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Abstract

Since fulminant type 1 diabetes was reported as a distinct subtype of type 1 diabetes in 2000, the Committee on Type
1 diabetes, Japan Diabetes Society has continuously recruited patients and conducted genomic research to elucidate the
genetic basis of fulminant type 1 diabetes. The contribution of the human leukocyte antigen complex (HLA) to genetic
susceptibility to fulminant type 1 diabetes was compared with that of other subtypes in 2009. The alleles and haplotypes
associated with fulminant type 1 diabetes were found to be different from acute-onset and slowly progressive type 1 diabetes.
DRBI*15:01-DQOBI1%*06:02, a protective haplotype against acute-onset type 1 diabetes, does not provide protection against
fulminant type 1 diabetes and DRBI*08:02-DQB1%*03:02, a susceptible haplotype to acute-onset type 1 diabetes, does not
confer susceptibility to fulminant type 1 diabetes. Recently, the first genome-wide association study (GWAS) of fulminant
type 1 diabetes was performed in Japanese individuals. A strong association was observed with multiple single nucleotide
polymorphisms (SNPs) in the HLA region, and the strongest association was observed with rs9268853 in the class II DR
region. In addition, 11 SNPs outside the HLA region showed some evidence of association with the disease. In particular,
rs11170445 in CSAD/Inc-ITGB7-1 on chromosome 12q13.13 showed an association at a genome-wide significance level.
Fine mapping revealed that rs3782151 in CSAD/Inc-ITGB7-1 showed the lowest P value. CSAD/Inc-ITGB7-1 was found to
be strongly associated with susceptibility to fulminant, but not classical, autoimmune type 1 diabetes, implicating this locus
in the distinct phenotype of fulminant type 1 diabetes.
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Introduction disturb quality of life and shorten life span. Most cases of

type 1 diabetes are thought to be of autoimmune etiology.

Since the first report on fulminant type 1 diabetes in 2000
[1], continuous effort led by the Committee on Type 1 dia-
betes, Japan Diabetes Society, revealed genetics, etiology
and pathogenesis of fulminant type 1 diabetes. This review
discusses recent progress in the genetics of fulminant type
1 diabetes in comparison with that of classical autoimmune
type 1 diabetes.

Type 1 diabetes is a multifactorial disease caused by the
destruction of insulin-producing f cells of the pancreas.
The resulting absolute insulin deficiency requires exog-
enous insulin for survival, and long-term complications can

< Yumiko Kawabata
kawabata@med.kindai.ac.jp

Department of Endocrinology, Metabolism and Diabetes,
Kindai University Faculty of Medicine, 377-2 Ohno-higashi,
Osaka-sayama, Osaka 589-8511, Japan

Fulminant type 1 diabetes is also immune-mediated, but
studies on genetics and pathogenesis suggest a difference
between fulminant and classical autoimmune type 1 diabetes
[2]. Type 1 diabetes develops as a consequence of a combi-
nation of genetic predisposition, environmental factors, and
precipitating events [3]. Identification of genes associated
with predisposition to common multifactorial diseases, such
as diabetes, is important in establishing effective methods for
prediction, prevention, and intervention in diseases.
Studies on type 1 diabetes genetics started in the 1970s
and revealed the key contribution of the human leukocyte
antigen (HLA) region to type 1 diabetes susceptibility.
Family studies and candidate gene approaches discovered
additional non-HLA loci associated with type 1 diabetes.
Starting in 2007, genome-wide association study (GWAS)
dramatically increased the number of loci associated with
type 1 diabetes to over 60 [4] (Table 1). However, few of
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Table 1 Loci associated with

Identified loci

- Reference
onset of Type 1 diabetes
identified in Caucasian WTCCC
populations Todd et al.?

Hakonarson et al.®
Hakonarson et al.9
Concannon et al.%)
Cooper et al.?
Grant et al.?)
Barrett et al.”

HLA-DRBI, INS, CTLA4, PTPN22, IL2RA, IFIHI, PPARG, KCNJ11, TCF7L2
PHTF1-PTPN22, ERBB3, CLECI16A, C120rf30

HLA-DRBI, HLA-DQA2, CLEC16A, INS, PTPN22

SUOX-IKZF4

INS, IFIHI, CLEC16A, UBASH3A

PTPN22, CTLA4, HLA, IL2RA, ERRB3, C120rf30, CLECI16A, PTPN2

EDG?7, BACH2, GLIS3, UBASH3A, RASGRP1

MHC, PTPN22, INS, C100rf59, SH2B3, ERBB3, CLEC16A, CTLA4, PTPN2,

IL2RA, IL27, C6orfl73, IL2, ORMDL3, GLIS3, CD69, IL10, IFIHI, UBA-
SH3A, COBL, BACH2, CTSH, PRKCQ, CIQTNF6, PGM1

Wallace et al.”
Bradfield et al.?

DLKI, TYK2
LMO7, EFR3B, 6¢27, TNFRSF11B, LOC100128081, FOSL2

2. the Wellcome Trust Case Control Consortium. Nature. 2007; 447:661-78
b: Todd JA et al. Nat Genet. 2007; 39: 85764

¢: Hakonarson H et al. Nature. 2007; 448: 5914

d. Hakonarson H et al. Diabetes. 2008; 57: 1143—6

¢: Concannon P et al. Diabetes. 2008; 57: 2858-61

f. Cooper JD et al. Nat Genet. 2008; 40: 1399-401

. Grant SF et al. Diabetes. 2009; 58: 290-5

h: Barrett JC et al. Nat Genet. 2009; 41: 703—7

i- Wallace C et al. Nat Genet. 2010; 42: 68-71

i: Bradfield JP et al. PLoS Genet. 2011; 7: €1002293

these loci have yet to be fine-scale mapped to causative vari-
ants or specific genes.

Almost all large-scale studies on type 1 diabetes to date
have been performed in Caucasian populations because
a large number of samples from cases and controls are
required to identify disease-causing variants with a modest
effect, as in the case of non-HLA genes for type 1 diabe-
tes. In the Japanese population, the number of samples was
limited because of the very low incidence (less than 1/10
of that in Caucasians) of type 1 diabetes [5]. To overcome
this limitation, seven leading groups in the field of genetics
of type 1 diabetes in Japan established the Study Group on
Type 1 Diabetes Genetics in 2003 [6], leading to the identifi-
cation of susceptibility genes for type 1 diabetes with special
reference to similarities and differences between Japanese
and Caucasian populations [7] (Table 2). More recently, the
Committee on Type 1 diabetes, Japan Diabetes Society has
been conducting genome research on type 1 diabetes, and
has contributed significantly to studies on the genetics of
fulminant type 1 diabetes in comparison with classical auto-
immune type 1 diabetes.

Fulminant type 1 diabetes has been reported mostly in
East Asian populations, which represents up to 20% of adult-
onset type 1 diabetes in Japan [2] and 7% of Korean type 1
diabetes [8], but only a limited number of cases have been
reported in Caucasian populations [9]. Therefore, the genet-
ics of fulminant type 1 diabetes can only be investigated
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in East Asian populations, particularly in the Japanese
population.

Familial clustering of type 1 diabetes

The degree of familial clustering of a disease can be esti-
mated from A, which is calculated by dividing the lifetime
risk in siblings of type 1 diabetic probands by that in the
general population. In Caucasian populations, A is estimated
at 15 (6%/0.4%) [10]. In the Japanese population, the fre-
quencies of type 1 diabetes in siblings of diabetic probands
(1.3-3.8%) are much higher than those in the general popu-
lation (0.01-0.02%) [11]. A, is estimated to be more than
65—much higher than that in Caucasian populations—indi-
cating that type 1 diabetes clusters in families, even in coun-
tries with low incidence, such as Japan. Familial clustering
of fulminant type 1 diabetes has not been clarified due to the
limited number of patients.

HLA region

In addition to linkage studies and candidate gene approaches,
GWASs have also demonstrated the absence of other
loci comparable to the HLA region in effect size. HLA is
reported to account for approximately 40-50% of familial
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Table 2 Association of candidate genes in non-HLA region for type 1 diabetes in Japanese and Caucasian populations

Gene Variant Association
Caucasian Japanese Remarks

INS Class I VNTR Yes Yes? Frequency of disease-susceptible class I haplotype is very high in Japanese popula-
tion

CTLA4 rs3087243 Yes Restricted®” Association is concentrated in a subtype of type 1 diabetes with autoimmune thyroid
disease (AITD)

PTPN22  R620W (rs2476601) Yes Unknown® Disease-susceptible Trp620 allele is absent in Asians

152488457 showed association with type 1 diabetes in Japanese population
IL2RA rs11594656 Yes No? The minor frequencies of the SNPs are very low in Japanese population
141295061 Yes No? rs706778 and rs3118470 showed association with type 1 diabetes in Japanese popu-

lation

ERBB3 rs2292399 Yes Yes®

CLECI16A 152903692 Yes Yes®

IFIHI 1s1990760 Yes No”

IL7R rs6897932 Yes Yes?

4. Awata T et al. J Clin Endocrinol Metab 2007; 92: 1791-5

b, Ikegami H al. J Clin Endocrinol Metab 2006; 91: 1087-92

¢: Kawasaki E et al. Am J Med Genet 2006; 140: 586-93

d. Kawasaki E et al. J Clin Endocrinol Metab 2009; 94: 947-52
¢: Awata T et al. J Clin Endocrinol Metab 2009; 94: 231-5

f. Yamashita H et al. Diabetes Metab Res Rev 2011; 27: 844-8

aggregation of type 1 diabetes [12, 13]. The highly polymor-
phic nature of each HLA locus as well as the strong linkage
disequilibrium (LD) between different HLA loci makes asso-
ciation analyses complicated and assessment of risk labor
intensive and challenging.

The susceptibility to type 1 diabetes is conferred mainly
by HLA class IT DR and DQ genes [14]. However, substan-
tial differences in alleles and haplotypes conferring suscep-
tibility to type 1 diabetes have been reported among different
ethnic groups. The DR3 (DRB1%03:01-DQBI1*02:01) and
DR4 (DRB1*04:01-DQBI1%03:02) haplotypes were posi-
tively associated with type 1 diabetes in Caucasian popula-
tions, whereas the DR4 (DRB1*04:05-DQB1%*04:01) and
DRO (DRBI1*09:01-DQBI1*03:03) haplotypes are associated
with the disease in Japanese and most East Asian popula-
tions [15-17]. The difference in HLA haplotypes associ-
ated with type 1 diabetes between Japanese and Caucasian
populations can be explained by the presence or absence of
haplotypes in each population [7, 18].

Very low frequency of fulminant type 1 diabetes in Cau-
casian populations makes such a trans-racial comparison
in fulminant type 1 diabetes impossible. Characteristics of
HLA in fulminant type 1 diabetes, however, can be clarified
by comparing different subtypes of type 1 diabetes in Japa-
nese populations where all three subtypes of type 1 diabetes,
acute-onset, fulminant, and slowly progressive, are present.
A nationwide effort conducted by the Committee on Type
1 diabetes clarified similarities and differences in the con-
tribution of HLA to genetic susceptibility to three subtypes

[19]. Class IT HLA is associated with all three subtypes, but
the alleles, haplotypes, and genotypes associated with the
disease are markedly different among the three subtypes.
The alleles and haplotypes associated with acute-onset and
slowly progressive type 1 diabetes were similar, whereas
those associated with fulminant type 1 diabetes were mostly
different from those in the other two subtypes of type 1 dia-
betes (Figs. 1, 2) [19]. Subsequent studies by the Commit-
tee with a larger number of samples with fulminant type 1
diabetes confirmed the association between fulminant type
1 diabetes and class II HLA and suggested a difference in
HLA between fulminant type 1 diabetes with and without
GAD antibodies [20].

The similarities and differences between fulminant
and other subtypes can be summarized as follows: (1)
DRBI1*15:01-DQBI1%*06:02, a protective haplotype against
acute-onset type 1 diabetes does not provide protec-
tion against fulminant type 1 diabetes. (2) DRBI*08:02-
DQBI%*03:02, a susceptible haplotype to acute-onset type 1
diabetes, does not confer susceptibility to fulminant type 1
diabetes. (3) DRB1*04:05-DQB1%04:01 and DRB1%09:01-
DQBI1*03:03 were associated with fulminant as well as
acute-onset and slowly progressive type 1 diabetes. The
fact that neither DRB1*1501-DQB1*0602 nor DRB1%*08:02-
DQB1%03:02 affected susceptibility and only Asian-specific
DRBI*0405-DQB1*0401 and DRB1*09:01-DQBI*03:03
conferred susceptibility to fulminant type 1 diabetes may
explain the reason why most people with fulminant type
1 diabetes are from East Asian countries [21], and only a
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Fig.2 Frequencies of DRBI-DQBI haplotypes providing protection
against autoimmune type 1 diabetes in patients with acute-onset, ful-
minant and slowly progressive type 1 diabetes, and control. *: odds
ratio. Data based on Ref. 19

limited number of cases were reported in the Caucasian
populations.

Non-HLA genes

Except for HLA, the genetic susceptibility to fulminant
type 1 diabetes is largely unknown. To identify susceptibil-
ity genes for fulminant type 1 diabetes, the Committee on
Type 1 diabetes performed the first GWAS in the Japanese
population, and identified variants in CSAD/Inc-ITGB7-1
on chromosome 12q13.13 associated with susceptibility to
fulminant type 1 diabetes [22].

Genotyping for 600,307 SNPs was performed with
unrelated Japanese patients with fulminant type 1 dia-
betes (n=257) and healthy controls (n=419) using the
Axiom Genome-Wide ASI 1 Array, which is the first array
designed to maximize genomic coverage of rare alleles of
a consensus East Asian genome. A highly significant asso-
ciation was observed for multiple SNPs in the HLA region
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on chromosome 6, and the strongest association was found
for rs9268853 in the HLA class II DR region (Fig. 3). In
addition, 11 SNPs outside the HLA region showed some
evidence of association with the disease. In particular,
rs11170445 on chromosome 12q13.13 was associated with
genome-wide significance (P="7.58x 107, OR 1.96). Fine
mapping of the region surrounding rs11170445 identified
multiple SNPs with low P values, and the strongest associa-
tion was observed for rs3782151 (P=4.60x 107, OR 1.97)
(Fig. 4). LD analysis identified a 65-kb LD block containing
three protein-coding genes (CSAD, ZNF740, and ITGB7). A
haplotype association test using all 13 SNPs in the LD block
suggested that the minor A allele of rs3782151 in CSAD is
primarily associated with susceptibility to fulminant type
1 diabetes.

To examine the interaction of SNPs in CSAD with HLA,
we performed a regression analysis using a top-hit SNP
in the HLA region, rs9268853, as a covariate. The results
showed that rs11170445 exhibited a strong association with
fulminant type 1 diabetes (P=6.23 x 107"). In addition, no
heterogeneity in the strength of the association was observed
depending on the presence or absence of susceptible HLA
haplotypes (Fig. 5).

The association of rs3782151 with autoimmune type 1
diabetes was weak compared with its very strong associa-
tion with fulminant type 1 diabetes (Fig. 6). The frequency
of the minor allele at rs3782151 was significantly higher
in fulminant type 1 diabetes than in autoimmune type 1
diabetes, suggesting that the association of rs3782151
in CSAD with type 1 diabetes is unique to the fulminant
subtype. In Caucasian populations, autoimmune type
1 diabetes was reported to be associated with a variant
in ITGB7 [23]. To investigate the contribution of the
CSAD-ITGB7 region to type 1 diabetes in different eth-
nic groups, rs3782151 in CSAD and rs2272299 in ITGB7
was studied in control subjects (n=225) and patients
with autoimmune type 1 diabetes (n=229) of Caucasian
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in Caucasian populations. *: odds ratio. **: samples of Caucasian
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descent. Autoimmune type 1 diabetes was associated with
rs2272299 in ITGB7, but not with rs3782151 in CSAD
in Caucasian populations (Fig. 6). This tendency is simi-
lar to that found in the Japanese population (Fig. 6). A
meta-analysis of the two populations showed the associa-
tion of r$2272299 in ITGB7 [summary OR 1.78 (95% CI
1.41-2.26), P=1.52x107°), but not rs3782151 in CSAD
[summary OR 1.17 (0.99-1.38), NS], with autoimmune
type 1 diabetes. These findings suggest that two distinct
loci for type 1 diabetes exist in the CSAD-ITGB7 region—
one in CSAD for the fulminant subtype and the second in
ITGB7 for the autoimmune subtype.
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CSAD encodes cysteine sulfinic acid decarboxylase,
which is a key enzyme in taurine synthesis. Taurine has
been reported to exert anti-inflammatory and cytoprotective
effects by attenuating apoptosis and stimulating antioxidant
activity [24-28]. Taurine is also important for mitochon-
drial function. Recent studies have indicated that taurine
modification of tRNAL"(UUR) ig defective in mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes (MELAS) [29]. Taurine supplementation prevented
the stroke-like episodes in MELAS [30]. The contribution of
taurine to the protection of pancreatic islets from destruction
has been reported in both type 1 diabetes and streptozotocin-
induced apoptosis [31, 32], suggesting that CSAD variants
might contribute to fulminant type 1 diabetes by impair-
ing the protection of pancreatic islets. To identify causal
variants in CSAD, the CSAD region was re-sequenced in
32 participants who were homozygous for the risk allele at
rs3782151 and 31 single nucleotides were identified. One
nonsynonymous variant (His288Arg) was identified in the
coding region, but the extremely low frequency of this vari-
ant suggests that the variants in the protein-coding region
of CSAD are unlikely to be a common cause of fulminant
type 1 diabetes.

The CSAD region encodes not only CSAD but also a long
noncoding (Inc) RNA known as lnc-ITGB7-1 [33]. The top-
hit SNP rs3782151 has been reported to be a cis eQTL of
ITGB7 in Caucasian populations [34]. In addition, several
SNPs flanking rs3782151 in the CSAD/Inc-ITGB7-1 region
have been reported to be cis eQTLs of ITGB7 in the Japa-
nese population [35, 36]. ITGB7 is involved in the migra-
tion, entry, and adhesion of lymphocytes in inflamed organs,
including the pancreas [37-41]. Disease-associated minor
alleles increase /ITGB7 expression [35, 36], which suggests
that the CSAD/Inc-ITGB7-1 region contributes to fulminant
type 1 diabetes through an increase in ITGB7 expression and
the acceleration of tissue destruction.

Conclusion

Genetic susceptibility to fulminant type 1 diabetes is distinct
from classical autoimmune diabetes in both HLA and non-
HLA genes. HLA associations with fulminant type 1 dia-
betes are qualitatively different from those with other sub-
types of type 1 diabetes in that DRBI*15:01- DQB1%06:02,
a well-known protective haplotype against acute-onset type
1 diabetes, does not provide protection and DRB1*08:02-
DQBI1*03:02, a susceptible haplotype to acute-onset type
1 diabetes, does not confer susceptibility to fulminant type
1 diabetes. The CSAD/Inc-ITGB7-1 region on chromosome
12q13.13 was identified by GWAS as the first non-HLA
susceptibility locus for fulminant type 1 diabetes that was
unique to fulminant, but not for classical autoimmune type



Genetics of fulminant type 1 diabetes

321

1 diabetes. Further studies are needed to clarify the under-
lying mechanisms of the contribution of identified SNPs to
the development of fulminant as well as classical type 1
diabetes.
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