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Summary The beta-cell/liver glucose transporter 
(GLUT2) gene was screened for mutations using 
single-strand conformation polymorphism analysis 
(SSCP) in 30 Japanese subjects with non-insulin de- 
pendent diabetes mellitus (NIDDM). Analysis of all 
exons and adjacent intron regions identified six 
SSCP polymorphisms, three of which resulted in ami- 
no acid substitutions: V101I, T l l 0 I  and G519E. The 
V101I and G519E substitutions represent new poly- 
morphisms in this gene. The six polymorphisms were 
observed in both NIDDM and control groups and 
there were no significant differences in allele fre- 
quencies between groups. A portion of the insulin re- 
ceptor substrate i gene in 30 NIDDM subjects and in 
normal control subjects was also screened for muta- 

tions. Two SSCP variants that change the sequence 
of the protein, AS686/687 (deletion of the codons for 
serine-686 and 687) and G972R, were identified in 
two different NIDDM subjects, both whom were 
also heterozygous for the V101I polymorphism in 
GLUT2. The GLUT2 and IRS1 amino acid polymor- 
phisms did not show a simple pattern of co-inheri- 
tance with NIDDM in the families of these subjects 
suggesting that neither polymorphism is sufficient to 
cause NIDDM but may increase diabetes-susceptibil- 
ity through their interaction with other loci and envi- 
ronmental factors. [Diabetologia (1995) 38: 211-215] 
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Genetic factors play an important role in the develop- 
ment of non-insulin dependent diabetes mellitus 
(NIDDM), a heterogeneous disorder characterized 
by defects in insulin secretion as well as insulin ac- 
tion [1]. Mutations associated with NIDDM have 
been identified in the insulin [2], insulin receptor [3, 
4], glucokinase [5-7] and mitochondrial genes [8, 9]. 
This suggests that direct screening of other candidate 
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genes for mutations in a cohort of well-characterized 
subjects may lead to the identification of other dia- 
betes-susceptibility loci. 

GLUT2 is the glucose transporter isoform respon- 
sible for the transport of glucose across the plasma 
membrane of the beta cell and hepatocyte [10]. De- 
creased expression of this glucose transporter has 
been associated with defects in glucose-stimulated in- 
sulin secretion in animal models of NIDDM and 
IDDM [11, 12]. The results of association studies to 
assess the contribution of GLUT2 to the develop- 
ment of NIDDM have been inconsistent [13, 14]. 
However, recent studies in Pima Indians have shown 
evidence of linkage between GLUT2 and acute insu- 
lin response. These studies also identified an amino 
acid polymorphism in GLUT2, Tl10I, although this 
polymorphism could not account for the linkage be- 
tween GLUT2 and acute insulin response [15]. Di- 
rect screening of GLUT2 for mutations in a cohort 
of African-American women who had gestational 
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Table 1. Clinical features of study subjects 

NIDDM Control 
patients subjects 

n 30 48 
Age (years) 47.7 + 2.7 48.7 +_ 1.3 
Body mass index (kg/m 2) 21.7 + 0.4 22.9 • 0.4 
Age at diagnosis (years) 37.5 -+ 3.3 - 
Family history of diabetes 56.7 % 0 % 

Treatment 
Diet 23,3 % 
Oral agent 36.7 % 
Insulin 40.0 % 

d iabe tes  and  d e v e l o p e d  N I D D M  af te r  de l ivery  iden-  
t if ied 12 nuc leo t ide  subst i tut ions,  two of  which  gave  
rise to a m i n o  acid subst i tut ions,  T110I  and  V197I ,  
the  f o r m e r  be ing  also p r e s en t  in P i m a  Ind ians  [16]. 
In vitro express ion  s tudies  s h o w e d  tha t  the  I le-110 
va r i an t  was able  to eff ic ient ly  t r a n s p o r t  2 -deoxy-  
g lucose  w h e r e a s  the  I le-197 va r i an t  was func t iona l ly  
inact ive,  suggest ing tha t  G L U T 2  m u t a t i o n s  m a y  
cause  N I D D M  [17]. 

We  h a v e  s c r eened  G L U T 2  for  m u t a t i o n s  using sin- 
gle s t r anded  c o n f o r m a t i o n  p o l y m o r p h i s m  (SSCP)  in 
a cohor t  of  30 u n r e l a t e d  J a p a n e s e  subjects  with 
N I D D M .  Six nuc leo t ide  subst i tu t ions  were  ident i -  
fied, th ree  of  which  resu l ted  in a m i n o  acid subst i tu-  
t ions including V101I  and  G 5 1 9 E  as well  as the  prev i -  
ously ident i f ied  T110I.  

Materials and methods 

Subjects. Thirty subjects with NIDDM and 48 normal control 
subjects were studied (Table 1). The control subjects had no 
family history of diabetes and normal glucose tolerance on ad- 
ministration of a 75-g oral glucose tolerance test. The diagnosis 
of NIDDM was based on World Health Organisation criteria 
[18], All patients were informed of the purpose of study and 
gave their informed consent. These studies were approved by 
the ethics committee of Chiba University Hospital. 
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Screening for nucleotide substitutions in GLUT2 and insulin re- 
ceptor substrate-1. DNA was isolated from human lympho- 
cytes. The 11 exons and adjacent introns of GLUT2 [!9] were 
amplified using polymerase chains reaction (PCR) and prim- 
ers specific for each exon. A region of IRS1 [20] representing 
amino acids 445 to 1028 [21] was also screened for mutations 
by SSCR (The sequences of the primers used to amplify 
GLUT2 and IRS1 are available from the authors on request). 
Standard PCR conditions were used with 3~P-labelled primers. 
The PCR products were diluted 15-fold with formamide buf- 
fer (95 % formamide, 0.05 % bromphenol blue and 0.05 % xy- 
lene cyanol), heated at 95 ~ for 3 rain and 1.5 gl of each sam- 
ple was loaded onto a 5 % non-denaturing polyacrylamide gel 
(30 • 40 x 0.03; acrylamide:N,N'-methylene-bis-acrylamide = 
49:1). Each sample was run on four gels containing 0 or 10 % 
glycerol at room temperature or 4 ~ The gels were then trans- 
ferred to paper, dried and exposed to film (XAR-5; Kodak, 
Rochester, N.Y., USA) with an intensifying screen for ~[2 h at 
-70~ The sequences of novel bands observed by SSCP were 
determined directly and also after subcloning the amplified 
DNA into M13. 

Statistical analysis 

Data are given as mean + SEM. The association of polymor- 
phisms with NIDDM was analysed by 2 x 2 contingency tables 
and the significance of difference was tested by a Fisher's exact 
test. 

Results 

Polymorphisms in GLUT2.  Six SSCP var iants  were  
ident i f ied  on screening  the  ent i re  p ro t e in  coding re-  
gion of  G L U T 2  toge the r  with ad jacen t  in t ron  seg- 
men t s  in 30 J apanese  subjects  wi th  N I D D M  (Ta- 
ble 2). The  T l l 0 I  p o l y m o r p h i s m ,  the  si lent  subst i tu-  
t ions in the  codons  for  Thr-198 and  Phe-479,  and  the  
C/T  p o l y m o r p h i s m  15 bp  be fo r e  the  sp l ice -accep tor  
site of  exon  5 have  b e e n  descr ibed  previously.  The  
subst i tu t ions  V101I  and  G 5 1 9 E  r e p r e s e n t  n e w  poly-  
morphisms/variants [16]. The  V101I  was m o s t  easi ly 
ident i f ied  by  SSCP in a 5 % p o l y a c r y l a m i d e  gel wi th  

Table 2. Polymorphisms in GLUT2 and IRS-1 in Japanese subjects 

Location Nucleotide change 

GLUT2 Exon3 Codon 101 GTA --~ ATA 
Exon3 c Codon 110 ACT -4 ATT 
Exonl0 Codon 519 GGA -~ GAA 
Exon4B c Codon 198 ACG -4 ACA 
Intron5 ~ C --~ T 
Exonl0 Codon 479 TTC -4 TTT 

IRS-1 Codon 686/687 AAGCIAGC 
Codon 972 GGG -~ AGG 
Codon 805 GCA -4 GCG 

an = 96 (48 individuals, including 30subjects screened by 
SSCP and 18 others); b n = 96 (48 individuals); c These poly- 
morphisms were found in the same subjects and thus may be 

Amino acid Allele frequency (%) 

NIDDM a Control b 

Val -~ Ile 7.3 412 
Thr -4 Ile 4.2 3.1 
Gly ~ Glu 1.0 1.0 
Thr -4 Thr 4.2 3.1 

4.2 3.1 
Phe -4 Phe 22.9 27.0 
ASer/Ser 1.0 0 
Gly --+ Arg 1.0 a 0 
Ala -4 Ala 39.6 37.5 

in linkage disequilibrium; d this substitution was found only in 
members of the FA family 
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Fig. 1. Pedigree of NIDDM subjects 
with both GLUT2 and IRS1 polymor- 
phisms. Male R; female �9 closed sym- 
bols, individuals with NIDDM; diagonal 
shading, individuals with impaired glu- 
cose tolerance; open symbols, individu- 
als with normoglycaemia; nd, individual 
who was not available for testing. Ge- 
notypes are noted under each symbol. 
Bold type indicates variant amino acids 

10 % glycerol at room temperature and G519E with a 
5 % polyacrylamide gel without glycerol at 4 ~ We 
also tested 18 additional subjects with NIDDM and 
48 non-diabetic subjects for these polymorphisms. 
There was no difference in frequency of any of these 
polymorphisms between NIDDM and non-diabetic 
groups (Table 2). 

The G519E variant was identified in an NIDDM 
subject who was also heterozygous for the V101I 
polymorphism (Fig. 1). Thus, this subject (FA II-1) 
was a compound heterozygote. Characterization of 
the pattern of segregation of these two polymor- 
phisms in the subject's family indicated that the al- 
lele haplotypes are l l~ 519 and Vl~ the native 
haplotype is v l ~  519. 

Polymorphisms in IRS1. Almid et al. [22] have re- 
ported two amino acid variants/polymorphisms in 
IRS1, A513P and G972R, and suggested that amino 
acid polymorphisms in IRS1 may be involved in the 
development of NIDDM. We screened the region of 
amino acids 445 to 1028 of IRS1 for mutations in 30 
Japanese subjects with NIDDM. Three SSCP vari- 
ants were noted (Table 2): a silent substitution in the 
codon for Ala-805 (GCA/GCG), the G972R poly- 
morphism, and a six nucleotide deletion resulting in 
the deletion of the codons for Ser-686 and Set 687 
(AS686/687). We also tested 18 additional subjects 
with NIDDM and 48 non-diabetic subjects for 
G972R and AS686/687. These variants were found in 
one NIDDM subject each and in none of the non-dia- 
betic subjects (Table 2). 

Presence of  GLUT2 and IRS1 amino acid polymor- 
phisms in the same subject. The two IRS1 amino acid 
polymorphisms were present in subjects with the 
V101I polymorphism in GLUT2, one of whom was 
also a compound heterozygote of GLUT2 (Fig.l). 
Analysis of the co-segregation of the GLUT2 and 
IRS1 variants with NIDDM in these families did not 
show a simple pattern of inheritance. 

Discussion 

GLUT2 is the major glucose transporter expressed in 
beta cells and hepatocytes and plays a central role in 
the regulation of glucose metabolism in these cells. 
Diabetes is characterized in part by the inability of 
the beta cell to secrete insulin in response to glucose 
whereas the response to non-glucose secretagogues 
is retained, and it has been proposed that decreased 
expression of beta-cell GLUT2 is responsible for the 
loss of the glucose-stimulated insulin secretory re- 
sponse [23]. The decreased levels of GLUT2 may im- 
pair the glucose-stimulated insulin secretory response 
by reducing high K m glucose transport. They may also 
affect glucose responsiveness directly by uncoupling 
GLUT2 and cellular proteins and/or structures in- 
volved in glucose signalling such as glucokinase. In 
this regard Hughes et al., [24] have shown that the 
heterologous expression of GLUT2 confers glucose 
responsiveness to non-beta cells. 

If decreased GLUT2 expression impairs glucose 
sensing, mutations in GLUT2 may have a similar ef- 
fect. Four amino acid polymorphisms V10I, Tl l0I ,  
V197I and G519E have now been described in 
GLUT2 (Fig. 2). They are located in transmembrane 
segments 2 (V101 and T l l0 )  and 5 (V197), and the in- 
tracellular COOH-terminal domain (G519). The 
T l l 0 I  and V197I mutations have been expressed in vi- 
tro. The Ile-110 change had no effect on 2-deoxy- 
glucose uptake whereas the Ile-197 change abolished 
transport activity [17]. The effect of substitutions at 
Val-101 and Gly-519 on GLUT2 transport activity 
have not been determined. The residue Val-101 is in- 
variant in sequences of the mammalian facilitative glu- 
cose/fructose transporter family [25, 26], and thus its 
mutation may affect transporter activity or function. 
However, the V101I substitution was present in both 
NIDDM and non-diabetic subjects suggesting that its 
presence per se is not sufficient to cause NIDDM al- 
though it may contribute to the development of 
NIDDM in the presence of other genetic or acquired 
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Fig,2. Model for the orientation of 
GLUT2 in the plasma membrane. 
The 12 transmembrane-spanning a- 
helical segments are shown as boxes 
and are numbered 1-12. The poten- 
tial site for N-glycation in the extra- 
cellular loop connecting trans- 
membrane segments I and 2 is noted 
by "CHO". Invariant residues in the 
facilitative glucose/fructose trans- 
porter family are shown using the 
single-letter abbreviations for the 
amino acids. The four residues in 
which amino acid polymorphisms/ 
mutations have been identified are 
shown as filled circles and labelled 

defec ts  in be ta -ce l l  func t ion  and  insulin ac t ion  or both .  
The  res idue  Gly-519 in G L U T 2  is not  conse rved  and  
is G l y  in the  h u m a n  and ra t  and  A l a  in m o u s e  [26], 
and  its e f fec t  on  be ta-ce l l  func t ion  is unknown .  

D u r i n g  the  course  of  this study, two famil ies  we re  
ident i f ied  tha t  we re  segrega t ing  a m i n o  acid p o l y m o r -  
ph i sms  in b o t h  G L U T 2  and  IRS1 t o g e t h e r  wi th  
N I D D M .  This m a y  be  co inc identa l  or  m a y  suggest  
tha t  b o t h  loci con t r ibu te  to the  d e v e l o p m e n t  of  
N I D D M .  H o w e v e r ,  the  p a t t e r n  of  inher i t ance  of  the  
G L U T 2  and  IRS1 p o l y m o r p h i s m s  with  N I D D M  was 
no t  cons is ten t  wi th  a s imple  m o d e l  for  genet ic  liabili- 
ty. The  ident i f ica t ion  of  add i t iona l  famil ies  in which 
these  p o l y m o r p h i s m s  are  segrega t ing  m a y  reso lve  
the i r  re la t ive  con t r ibu t ion  to the  d e v e l o p m e n t  of  glu- 
cose  in to l e rance  and  diabetes .  
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