1414

Diabetes Care Volume 42, August 2019

EPIDEMIOLOGY/HEALTH SERVICES RESEARCH

Diabetes Care 2019;42:1414–1421 | https://doi.org/10.2337/dc18-2023

Meng Zhu,1,2,3 Kuanfeng Xu,1 Yang Chen,1
Yong Gu,1 Mei Zhang,1 Feihong Luo,4
Yu Liu,5 Wei Gu,6 Ji Hu,7 Haixia Xu,8
Zhiguo Xie,9,10,11 Chengjun Sun,4 Yuxiu Li,12
Min Sun,1 Xinyu Xu,1 Hsiang-Ting Hsu,1
Heng Chen,1 Qi Fu,1 Yun Shi,1 Jingjing Xu,1
Li Ji,1 Jin Liu,1 Lingling Bian,1 Jing Zhu,1
Shuang Chen,1 Lei Xiao,1 Xin Li,1
Hemin Jiang,1 Min Shen,1 Qianwen Huang,8
Chen Fang,7 Xia Li,9,10,11 Gan Huang,9,10,11
Jingyi Fan,2 Zhu Jiang,2 Yue Jiang,2
Juncheng Dai,2 Hongxia Ma,2 Shuai Zheng,1
Yun Cai,1 Hao Dai,1 Xuqin Zheng,1
Hongwen Zhou,1 Shining Ni,6
Guangfu Jin,2,3 Jin-Xiong She,13 Liping Yu,14
Constantin Polychronakos,15 Zhibin Hu,2,3
Zhiguang Zhou,9,10,11 Jianping Weng,8
Hongbing Shen,2,3 and Tao Yang1,16

OBJECTIVE

Type 1 diabetes (T1D) is a highly heritable disease with much lower incidence but
more adult-onset cases in the Chinese population. Although genome-wide association studies (GWAS) have identiﬁed >60 T1D loci in Caucasians, less is known in
Asians.
RESEARCH DESIGN AND METHODS

We performed the ﬁrst two-stage GWAS of T1D using 2,596 autoantibody-positive
T1D case subjects and 5,082 control subjects in a Chinese Han population and
evaluated the associations between the identiﬁed T1D risk loci and age and fasting
C-peptide levels at T1D diagnosis.
RESULTS

We observed a high genetic correlation between children/adolescents and adult
T1D case subjects (rg = 0.87), as well as subgroups of autoantibody status (rg ‡ 0.90).
We identiﬁed four T1D risk loci reaching genome-wide signiﬁcance in the Chinese
Han population, including two novel loci, rs4320356 near BTN3A1 (odds ratio [OR]
1.26, P = 2.70 3 1028) and rs3802604 in GATA3 (OR 1.24, P = 2.06 3 1028), and two
previously reported loci, rs1770 in MHC (OR 4.28, P = 2.25 3 102232) and rs705699 in
SUOX (OR 1.46, P = 7.48 3 10220). Further ﬁne mapping in the MHC region revealed
ﬁve independent variants, including another novel locus, HLA-C position 275 (omnibus P = 9.78 3 10212), speciﬁc to the Chinese population. Based on the identiﬁed
eight variants, we achieved an area under the curve value of 0.86 (95% CI 0.85–0.88).
By building a genetic risk score (GRS) with these variants, we observed that the
higher GRS were associated with an earlier age of T1D diagnosis (P = 9.08 3 10211)
and lower fasting C-peptide levels (P = 7.19 3 1023) in individuals newly diagnosed
with T1D.
CONCLUSIONS

Our results extend current knowledge on genetic contributions to T1D risk. Further
investigations in different populations are needed for genetic heterogeneity and
subsequent precision medicine.
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islet autoantibodies have been widely
used to clinically distinguish T1D from
type 2 diabetes, here we performed a
GWAS of T1D in a Chinese Han population
with autoantibody-positive T1D case
subjects of all ages of diagnosis.
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RESEARCH DESIGN AND METHODS
Participants

We performed a two-stage case-control
analysis (Supplementary Fig. 1) of T1D in
the Chinese Han population. The GWAS
scan included 1,045 T1D case and 1,308
control subjects recruited from The First
Afﬁliated Hospital of Nanjing Medical
University and the Children’s Hospital
of Nanjing Medical University between
January 2008 and December 2014. The
validation stage included 1,553 case and
3,774 control subjects (Supplementary
Table 1), who were recruited from southeast, central, and south China between
January 2015 and December 2016.
Only patients with diabetes with insulin dependence within 6 months after
diagnosis and the presence of at least one
positive autoantibody (15) were included
as T1D case subjects (regardless of age at
diagnosis). The control subjects were
outpatients without diabetes and family
history of diabetes from the same geographic areas, and some of the control
subjects were used in our previous study
(16). All samples were collected with
appropriate informed consent from all
participants or their guardians. The study
was approved by the ethics committee of
The First Afﬁliated Hospital of Nanjing
Medical University and conducted according to the principles of the Declaration of Helsinki.
Genotyping and Quality Control

The GWAS scan was conducted using
the Illumina Human OmniZhongHua-8
platform, which provides exceptional
coverage of common, intermediate,
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and rare variations speciﬁc to Chinese
populations. Systematic quality control
was performed before the association
analysis (Supplementary Fig. 1), including sample exclusions for ambiguous
sex, call rate ,95%, extreme heterozygosity rate (out of the mean 6 6 SD), any
duplicate or related individuals (PI_HAT
. 0.25), single nucleotide polymorphism (SNP) exclusions for monomorphic SNPs, SNPs with minor allele
frequency (MAF) ,0.01, SNPs with a
missingness rate .5%, SNPs not mapped on autosomal chromosomes (those
on chromosome X were retained), SNPs
that deviated from Hardy-Weinberg
equilibrium (P , 1 3 1024), and
SNPs with signiﬁcantly different missing
rates between case and control subjects
(P , 1 3 1025). After exclusion of
unqualiﬁed samples and SNPs, a total
of 787,224 qualiﬁed SNPs in 1,005 T1D
case and 1,257 control subjects remained in the association analysis. Principal component analysis showed that
the case and control subjects were
genetically matched (Supplementary
Fig. 2). A small genomic-control inﬂation
factor (l) of 1.05 indicated minimal
population stratiﬁcation among the subjects (Supplementary Fig. 3).
Genotyping in the validation stage
(13 SNPs) was mainly performed using
the iPLEX Sequenom MassARRAY platform; the other four SNPs, which failed
due to primer design in the ﬁrst round,
were genotyped using TaqMan assays
(Applied Biosystems).
Imputation and Association Analysis

Different imputation strategies were
used for the non-MHC and MHC regions.
Brieﬂy, imputation of the non-MHC region was conducted using IMPUTE2 software (V.2.2.2), which can automatically
ﬁnd haplotypes from the best matching
population of the entire population in the
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Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by T cell–
mediated destruction of pancreatic b-cells.
The incidence of T1D varies remarkably
among ethnicities, ranging from ,5 per
100,000 children in Asian countries (such
as China, Japan, and Korea) to .25 per
100,000 children in European and North
American countries (such as Finland and
Canada) (1). Although the cause of this
variation is not completely understood,
both genetic susceptibility and environmental triggers likely contribute to disease
incidence (2,3).
Polymorphisms in the genomic region
6p21, which encodes HLA class II genes
(primarily HLA-DRB1-DQA1-DQB1), have
long been recognized as a major T1D risk
factor (4,5). Further ﬁne mapping in this
region also identiﬁed several amino acid
positions in HLA-DQ and HLA-DR that
increase T1D risk independently (6). To
date, genome-wide association studies
(GWAS) of T1D from Caucasian populations have identiﬁed ;60 T1D non-MHC
susceptibility loci (2,7–13). Although
these results provide an overview of
the genetic basis of T1D, extrapolation
to other populations must take into
account the differences in risk allele
frequency, linkage disequilibrium (LD)
patterns, and phenotypic prevalence as
well as effect size in different ethnic
groups. Genetic studies in non-Caucasian
populations are necessary to fully uncover T1D risk loci and generate medical
advances addressing T1D in all populations.
Insulin dependence and early diagnosis in children or adolescents are two
common criteria that have been used to
deﬁne T1D cases in previous GWAS (7,8).
However, a large proportion of newonset T1D in China has occurred among
adults (14). The correlations of the
genetic basis among children, adolescents, and adults with T1D in Chinese
individuals are still unclear. As pancreatic
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Genetic Correlation Analysis

Genetic correlations across different subgroups were calculated with LD score
regression (LDSC) software. All genotyped SNPs that passed quality control
were used for LDSC analysis with default
parameters. The LD scores were computed using East Asians from 1000 Genomes. Due to the complexity of the LD
structure in the MHC region, an R script
named BUHMBOX was used to further
validate the results in the current study
(18). BUHMBOX evaluated the genetic
similarity based on genetic risk scores
(GRS), which were derived from independent top variants and less affected by
LD structure. Variants with P , 1.0 3
1024 were used in BUHMBOX with recommended parameters, and only the top
variants were kept if multiple variants
were in LD (r2 , 0.10).
Fine Mapping Analysis of MHC

Stepwise conditional analysis was performed to explore independently effective loci in the MHC region in a forward
stepwise manner. In each step, the most
signiﬁcant HLA variants were considered
as covariates in the next logistic model
until no variants satisﬁed the signiﬁcance
threshold of P , 5.00 3 1028. To identify
independent HLA associations outside of
the HLA-DRB1-DQA1-DQB1 locus, all
four-digit classical alleles of HLA-DRB1DQA1-DQB1 were adjusted.

In Silico Bioinformatics Analysis

To deﬁne potentially causal variants for
each locus, we calculated posterior probabilities (PPs) using the approximate
Bayesian factor under the assumption
of a single causal variant per locus, which
has previously been described (19).
Brieﬂy, the association effect sizes
were assumed to follow a distribution
of N (0, V) under H0, with V being the
squared SE. A distribution following N (0,
V + W) was assumed under H1, where W
is (ln[1.5]/1.96), reﬂecting the PP of
observing an odds ratio (OR) of 1.5.
For an observed effect size b, the approximate Bayesian factor was calculated
as the ratio of P (b|H0)/P (b|HA). Following calculation of the PP, we created
credible sets by sorting associations descending on the basis of their PP and
including associations such that the sum
of PP was .0.90. Conditional analyses in
logistic regression were performed to
determine the presence of multiple independent effects.
The most likely variants for each locus
were then assessed for overlap with
expression quantitative trait loci (eQTLs),
DNAse-I hypersensitive sites, enhancers,
promoters, and histone peaks. We used
eQTLs found in GTEx (https://gtexportal.
org/home/); a study assessing eQTLs in
CD4 and CD8 T cells, B cells, natural killer
cells, and monocytes in East Asians (20);
a sequencing-based eQTL meta-analysis
of 2,116 whole blood samples (21); and
a study of splicing QTLs (22). Only the
variant in high LD (r2 . 0.8) with the
top QTL for a given gene was considered
as a QTL overlapping.
For comparison of the genetic basis of
T1D between Caucasian and Chinese
populations, all reported T1D loci from
Caucasian GWAS were collected from the
GWAS Catalog (https://www.ebi.ac.uk/
gwas/). For variants without effect estimations in the GWAS Catalog or the
original publications, the effects were
obtained from the Wellcome Trust
Case Control Consortium (WTCCC) and
dbGaP (phs000180.v3.p2).
Utility and Effectiveness of GRS

To evaluate the effectiveness of our
ﬁndings, we derived a GRS in three
schemes: 1) including the ﬁve independent variants of the MHC region (model
A), 2) including all the eight identiﬁed
variants in the Chinese population
(model B), and 3) including both the

8 variants identiﬁed in the Chinese
population and the other 14 risk loci
reported in Caucasian populations that
were consistently signiﬁcant in our
GWAS (model C).
In each scheme, the GRS was generated by multiplying the number of risk
alleles for each variant by its respective
weight (lnOR) and then summing all the
variants together. Effect sizes for all
variants were derived from the association with T1D of Chinese descent in the
current study, and all ORs were calculated
with the nonrisk allele as a reference.
Laboratory Measurements for
Autoantibodies and C-Peptide in T1D
Patients

Pancreatic islet autoantibodies were
measured separately by protein A radiobinding assays (23) using [35s]methioninelabeled in vitro–transcribed/translated
recombinant human GAD65, insulinoma2–associated autoantibodies, and the carboxy-terminal portion of ZnT8 for the two
major variants at amino acid 325. In
addition, 300 patients newly diagnosed
with T1D were assayed for fasting Cpeptide levels by an automatic electrochemical luminescence instrument (Roche,
Basel, Switzerland).
Statistical Analyses

The signiﬁcant eigenvectors of ancestry
between case and control subjects (principal components 1, 3, 4, and 6) and sex
were included as covariates in the logistic
regression model when estimating the
ORs and 95% CIs. The results from different stages were combined with a ﬁxed
effects model in the meta-analysis. Subgroup analysis was performed according
to age at diagnosis and autoantibody
positivity. Assessment of the risk prediction model was performed with the R
package “PredictABEL.” The associations
between GRS and age at T1D diagnosis
were evaluated using Cox regression, and
the associations between GRS and fasting C-peptide levels were evaluated with
linear regression with adjustments for
sex and signiﬁcant eigenvectors. Heterogeneity of the associations was evaluated
using Cochran’s Q test, taking the log-ORs
and SE estimated from the different
subgroups. Cox regression was also
used to evaluate the associations between genome-wide variants and age
at T1D diagnosis directly in T1D patients
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1000 Genomes Project Phase 3. A prephasing strategy with SHAPEIT software
(V.2) was adopted to improve imputation
performance. Imputation of the MHC
region was performed with SNP2HLA
with default parameters, using a reference panel of Chinese Han provided by
BGI (17), which included 10,689 healthy
individuals of Chinese Han ancestry with
classical typing for HLA-A, HLA-B, HLA-C,
HLA-DRB1, HLA-DQA1, HLA-DQB1, HLADPA1, and HLA-DPB1.
Variants that were poorly imputed
(INFO score ,0.3), had low frequency
(MAF , 0.01), or deviated from HardyWeinberg equilibrium (P , 1 3 1024)
were excluded from the association
analysis. The association of uncertain
genotypes from IMPUTE2 was performed
with SNPTEST (V2.5.2), and the association of the dosage ﬁle from SNP2HLA was
tested with PLINK (version 1.9) as recommended with adjustments for signiﬁcant
eigenvectors and sex.
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Table 1—Different T1D subgroups show high correlations genetically
LDSC

BUHMBOX

Subgroup A

Subgroup B

rga

Pa

Number of SNPs

GRS,
P valueb

GRS, b
(95% CI)b

BUHMBOX,
P valueb

Age at diagnosis
(years)c

#17

.17

0.87

1.54 3 10226

106

2.70 3 102130

0.31 (0.28–0.34)

3.80 3 1029

Number of
autoantibodies

Single

Multiple

0.90

1.01 3 10220

121

1.40 3 102130

0.22 (0.20–0.24)

7.29 3 10248

0.17 (0.15–0.19)

1.18 3 10235

0.17 (0.15–0.19)

4.89 3 10260

0.21 (0.19–0.24)

1.12 3 10224

GADA
IA-2A
ZnT8A

Negative
Negative
Negative

Positive

0.91

Positive

0.98

Positive

0.92

229

2.72 3 10

242

3.29 3 10

24

1.71 3 10

256

1.21 3 10

134

291

2.87 3 10

117

2109

1.89 3 10

108

a

b

with adjustments for eigenvectors and
sex.
RESULTS
Different T1D Subgroups Share a
Similar Genetic Basis in the Chinese
Population

We ﬁrst calculated the genetic associations according to age at diagnosis and
autoantibody status (Supplementary Figs.
4 and 5) and then evaluated the genetic

correlations across different subgroups. LD
score regression analysis showed a highly
correlated genetic basis in patients with
early- and late-onset T1D (rg = 0.87), even
among children, adolescents, and adult
T1D patients (Supplementary Table 2).
Subgroups of different autoantibody status or the number of positive antibodies
also showed similar correlations (rg $
0.9) (Table 1 and Supplementary Fig. 6).
The results from BUHMBOX further

validated the genetic correlations among
these different subgroups (Table 1).
Two Novel Risk Loci, rs4320356 near
BTN3A1 and rs3802604 in GATA3, Are
Associated With T1D Risk

The high genetic correlation of different
T1D subgroups indicated that these cases
can be combined for analysis. Association
analysis revealed 17 distinct genomic
regions with P values ,1.00 3 1025 in

Table 2—Identiﬁcation of four loci associated with T1D risk in the Chinese population
Genotype distributionb
Locus
6p22.2
rs4320356

Gene
neighborhood
BTN3A1

C/Ta

Stage

Case
subjects

Control
subjects

MAF
Case
Control
subjects subjects

GATA3

T/Ca

HLA-DQB1

A/Ga

0.34

0.27

1.40 (1.22–1.60)

1.72 3 10

Replicationd

146/668/
729

272/1,569/
1,899

0.31

0.28

1.19 (1.08–1.31)

6.74 3 1024

0.358 0.03

1.26 (1.16–1.36)

2.70 3 1028

0.131 0.47

Discovery

182/475/
348

157/574/
524

0.42

0.35

1.35 (1.18–1.53)

4.78 3 1026

Replicationd

266/739/
522

545/1,733/
1,457

0.42

0.38

1.18 (1.08–1.30)

2.75 3 1024

0.080 0.60

1.24 (1.15–1.33)

2.06 3 1028

0.070 0.57

667/278/
58
990/424/
108

290/594/
373
819/1,752/
1,147

0.80

0.47

4.35 (3.85–5.00) 8.95 3 10283

0.79

0.46

4.22 (3.79–4.72) 1.42 3 102147 0.066 0.63

Discovery
Replicationd

C/Ta

SUOX

I2

81/512/664

4.28 (3.92–4.68) 2.25 3 102232 0.127 0.47

Combined
12q13.2
rs705699

Phet
26

112/458/
435

Combined
6p21.3 rs1770

Pc

Discovery

Combined
10p14
rs3802604

ORadd
(95% CI)c

Discovery

113/441/
451

67/478/712

0.33

0.24

1.56 (1.36–1.80) 2.88 3 10210

Replicationd

160/664/
696

244/1,435/
2,032

0.32

0.26

1.41 (1.27–1.55) 2.02 3 10211 0.304 0.16

Combined

1.46 (1.34–1.58) 7.48 3 10220 0.082 0.55

Combined, derived from discovery stage and replication stage using meta-analysis under the assumption of a ﬁxed model (combined results appear in
boldface type); Phet, P value of heterogeneity test. aMajor/minor alleles. bIndividuals homozygous for the minor allele/heterozygous/homozygous for
the major allele in control group. cORadd (95% CI) and Padd values were derived from logistic regression analysis with adjustment for sex and the
signiﬁcant eigenvectors (for the discovery and replication stage) under the assumption of an additive genetic model. dDerived from three centers in
China using meta-analysis under the assumption of a ﬁxed model.
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IA-2A, insulinoma-2–associated autoantibodies. Estimated genetic correlation based on all genotyped SNPs with LDSC. Estimated sharing of the
genetic basis of different subgroups with Mendelian randomization and BUHMBOX using the independent signiﬁcant SNPs of subgroup B (P , 1 3
1024). A signiﬁcant GRS P value indicates evidence of shared genetic structure; signiﬁcant BUHMBOX P value indicates evidence of subgroup
heterogeneity. cT1D patients were divided into early onset (#17 years) and late onset (.17 years) subgroups based on median of age at diagnosis in case
subjects.
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6p22.2 (PP = 0.14), rs9273471 at MHC
(PP = 0.43), rs10905277 at 10p14 (PP =
0.21), and rs773125 at 12q13.2 (PP = 0.27)
were the probable causal variants. Further
annotation revealed that rs4320356 and
rs10905277 were involved in the regulation of T cells and associated with the
expression of BTN3A1 and GATA3 in
whole blood, respectively (Supplementary
Tables 5 and 6), while rs9273471 (r2 = 0.99
with rs1770) was probably related to
primary B cells and natural killer cells
and associated with the expression of
HLA-DQA2 in monocytes (Supplementary
Tables 5 and 6). However, rs773125 at
12q13.2 was mainly overlapped with functional elements in the digestive system
and associated with the expression of
SUOX in these tissues, including the
pancreas (Supplementary Table 7).

Bayesian Fine Mapping Reveals
Candidate Causal Variants

The Genetic Basis of T1D Risk Loci Has
Both Similarities and Differences
Between Caucasian and Chinese
Populations

We constructed credible sets that were
90% likely to contain the potentially causal
SNP based on PP (Supplementary Table 4).
Of the identiﬁed four loci, rs4320356 at

Of the four loci reaching genome-wide
signiﬁcance of our study, MHC and

12q13.2 have been linked to T1D risk
previously reported in Caucasian populations (6,7); additionally, 6p22.2 and
10p14 were also signiﬁcantly associated
with increased risks of T1D in Caucasians
according to the WTCCC (P = 6.43 3 1026
and 5.05 3 1024, respectively) (Supplementary Table 8). Furthermore, we also
observed 14 other reported T1D risk
loci of Caucasians that were consistently
associated with T1D risk in the same
direction at P , 0.05 in our GWAS
(Fig. 1 and Supplementary Table 9).
Even with shared susceptibility loci,
the effect sizes were stronger for variants
at 6p22.2, 10p14, and 12q13.2 in the
Chinese population, and distinct differences in allele frequency were also observed, such as INS at 11p15.5 (MAF 0.04
in Chinese vs. 0.28 in Caucasian) (Fig. 1).
Moreover, 13 of the 61 reported loci
were nonpolymorphic or had very low
MAF (,0.01) in the Chinese population,
including PTPN22 at 1p13.2. However,
the other 32 reported T1D risk loci from
Caucasian GWAS were not replicated in
our study, which was probably due to

Figure 1—Frequencies and effect sizes of reported variants showed both similarities and differences between Caucasian and Chinese Han populations.
A: Comparison of frequencies and effect sizes for the 14 validated variants between Caucasians and Chinese Han. B: Comparison for the four identiﬁed
variants in the current study between Caucasians and Chinese Han. The effect sizes of Caucasians were collected from the GWAS Catalog (https://
www.ebi.ac.uk/gwas/). For variants without CIs in GWAS Catalog and the original publications, the effects were obtained from the WTCCC. All the effect
sizes and frequencies were calculated with the nonrisk allele as reference.
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the discovery stage (Supplementary Fig.
7). Promising variants from each region
were then genotyped with an additional
1,553 autoantibody-positive T1D case
and 3,774 nondiabetic control subjects of
Chinese Han ethnicity. Four of the tested
variants showed signiﬁcant associations
in the same direction as that observed in
the GWAS (Supplementary Table 3). After
combining the results from different
stages using meta-analysis, we found
that these four variants were signiﬁcantly
associated with T1D risk at genome-wide
signiﬁcance (P , 5.00 3 1028), including
rs4320356 at 6p22.2 (OR 1.26, P = 2.70 3
1028), rs1770 at MHC (OR 4.28, P = 2.25 3
102232), rs3802604 at 10p14 (OR 1.24, P =
2.06 3 1028), and rs705699 at 12q13.2
(OR 1.46, P = 7.48 3 10220) (Table 2 and
Supplementary Fig. 8).
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the limited sample size of our study
(Supplementary Table 9).
Fine Mapping of the MHC Region
Identiﬁes HLA-C 275 as a Novel Locus
Speciﬁc to the Chinese Population

Inconsistent with prior results, rs1770 was
the leading risk variant in our study (OR
4.35, P = 8.95 3 10283) rather than alanine
at HLA-DQb1 position 57 (OR 2.44, P =
2.46 3 10234) in Caucasian populations
(Supplementary Fig. 9). Although rs1770
does not directly change the amino acid
sequence of HLA molecules, it might
modulate HLA class II expression pattern
in humans (Supplementary Fig. 10).

Other than rs1770, HLA-DRb1 position
74 (omnibus P = 6.38 3 10224) and HLADRb1 position 11 (omnibus P = 8.47 3
10212) were also independently associated with T1D risk in the HLA-DRB1-DQA1DQB1 locus (Supplementary Table 10 and
Supplementary Fig. 11). After adjustment
for the four classical alleles in the HLADRB1-DQA1-DQB1 locus, HLA-A position
9 (omnibus P = 2.47 3 10211) and HLA-C
position 275 (omnibus P = 9.78 3 10212)
were also independently linked to T1D
risk in our study (Supplementary Table 11
and Supplementary Fig. 11).
Further analysis showed that the
amino acid residues in HLA-DRb1 and

HLA-A identiﬁed in our study were in
medium-high LD with those from Caucasian
populations (Supplementary Table 11).
Interestingly, the HLA-C position 275
was independent of any reported loci
in Caucasian populations (6).
The Identiﬁed Variants Show a High
Prediction Value of T1D Risk and Are
Signiﬁcantly Associated With Clinical
Features

Building a multivariable logistic regression model that included the eigenvectors, sex, and the ﬁve independent MHC
variants yielded an area under the curve
(AUC) of 0.85 (0.84–0.87) (Fig. 2A).
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Figure 2—The identiﬁed variants showed a high prediction value of T1D risk and were associated with clinical features. A: The ﬁve independent variants
of the MHC region (model A), the identiﬁed eight variants in the Chinese population (model B), and additional validated variants from the Caucasian
population (model C). B: The distribution of GRS in T1D case subjects and control subjects without diabetes based on all the identiﬁed eight variants
in the Chinese population (model C). C: The GRS were signiﬁcantly associated with age of onset in T1D case subjects, and individuals carrying low
GRS were older at onset (23.82 6 13.60 years) than those carrying medium GRS (19.43 6 13.25 years) and high GRS (16.54 6 11.83 years). D: Individuals
with low GRS showed signiﬁcantly higher(162.30 [94.05–304.25]) fasting C-peptide levels at diagnosis than those with medium GRS (144.20 [89.43–240.85])
and high GRS (133.50 [89.78–218.20]). ROC, receiver operating characteristic.
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MHC Showed Stronger Effect Sizes in
Patients With Early-Onset T1D

We also found that the prediction value
was more signiﬁcant in early-onset T1D
case subjects than in late-onset case
subjects (Supplementary Fig. 12). Although the associations in MHC were
consistently signiﬁcant in both earlyonset and late-onset subgroups, significant heterogeneity of effects was
observed for rs1770, HLA-DRB1*74, and
HLA-DRB1*11 across different age-groups
(I2 $ 75% and P # 0.05), with almost
double effects in the early-onset subgroup (Supplementary Table 12). When
we tested for the association with age at
T1D diagnosis directly with Cox regression, the MHC region was also the most
signiﬁcant locus, with rs1770 showing
the most signiﬁcant variant (hazard ratio
1.42 [95% CI 1.27–1.58], P = 1.53 3
10210) (Supplementary Fig. 13).
CONCLUSIONS

The proportion of T1D patients diagnosed at $20 years of age was 65.3%
in the Chinese population according
to the National Registration System of
China (14). Therefore, we performed
the ﬁrst GWAS of T1D in a Chinese
population with autoantibody-positive
T1D case subjects of all ages of diagnosis.
We observed high genetic correlations
across different T1D subgroups and identiﬁed two novel loci at 6p22.2 and 10p14,
as well as the novel variant HLA-C 275 in
MHC. Even though there were many
shared loci between Chinese and Caucasian populations, heterogeneity of allele
frequency and effects was observed across
these two populations. Importantly, the
GWAS-derived GRS signiﬁcantly predicted

T1D risk and was associated with age and
fasting C-peptide levels at T1D diagnosis.
Of the two novel loci, rs4320356 is
located 2 Mb away from the classical
MHC region and marks an 83 kb haplotype block that contains BTN3A1. This
marker is also a probable causal variant
with an eQTL effect for the majority of the
BTN family genes, including BTN3A1, in
different immune cell subsets. Studies
have indicated that BTN3A1 is involved
in the stimulation of human gd T cells,
which are essential effectors of T1D
(24–26). Second, rs3802604 is located
in an 18 kb haplotype containing a single
protein coding gene, GATA3, which has
conventionally been regarded as a transcription factor that drives the differentiation of T helper cells (27–29). In
addition, the haplotype has also been
linked to rheumatoid arthritis in both
Caucasians and Asians (30,31).
Interestingly, other than many similarities, substantial differences were also
observed in comparison of susceptibility
loci across Chinese and Caucasian populations. The most salient feature is that
approximately one-ﬁfth of the risk loci
reported in Caucasians were nonpolymorphic or had a very low frequency,
which might lead to a lower genetic risk
load in the Chinese population and might
be the reason for the lower T1D incidence
in China (1). In addition, higher effects
were observed for 6p22.2 and 10p14 in
the Chinese population, and the HLA-C
position 275 was identiﬁed only in the
Chinese population, most likely because
all T1D case subjects in our study were
autoantibody positive and these loci are
related to T-cell function (24,25,27,28,32).
However, the heterogeneity of the population may also be another possible
explanation.
T1D GRS combining MHC and nonMHC alleles have been developed and
validated to improve T1D prediction in
various settings from Caucasian populations (33,34). We achieved, for the ﬁrst
time, a similar prediction value in a Chinese population with ﬁve independent
MHC and three non-MHC loci. Our study
provided immediate cues for which variants should be included and the exact
effect sizes for the T1D prediction model
of the Chinese population. In addition,
we also found that higher GRS was also
an indicator of earlier age and reduced
islet function at diagnosis in autoantibodypositive T1D patients. Considering that

the majority of variants involved in the
construction of GRS were related to the
immune response (24, 26–29), a possible
explanation is that the derived GRS was
related to the severity of the autoimmunity of T1D in patients at diagnosis.
However, the exact mechanisms remain
to be explored in future studies.
In conclusion, the risk loci identiﬁed
in the current study provided additional
insights into the genetic basis of T1D
risk, which would further advance our
understanding of T1D susceptibility in
the Chinese population. More importantly, we validated in the current study
that GRS could be effectively used for T1D
risk prediction in the Chinese population,
potentially leading to practically feasible
clinical screening for individualized intervention in the future.
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Higher discriminations were achieved
when additional non-MHC variants
were added to the risk prediction model,
with a predicted AUC of 0.86 (0.85–0.88).
If we also included the other 14 validated variants, which were reported in
Caucasian populations, the AUC improved to 0.87 (0.86–0.89). Based on
the ﬁve independent MHC and three
non-MHC loci identiﬁed in our study,
an evident shift was observed for the
GRS in T1D case subjects (Fig. 2B). Furthermore, higher GRS were associated
with an earlier age at T1D diagnosis (P =
9.08 3 10211) (Fig. 2C) and lower fasting
C-peptide levels at T1D diagnosis (P =
7.19 3 1023) (Fig. 2D).
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