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Maturity-onset diabetes of the young
(MODY) is a monogenic form of dia-
betes with an early age at onset (usu-

ally 25 years) and autosomal dominant
inheritance (1). Heterozygous mutations in
five genes have been shown to cause
MODY1–MODY5. MODY1 is caused by
mutations in the hepatocyte nuclear factor
( H N F ) - 4 gene on chromosome 20,
MODY2 is caused by mutations in the glu-
cokinase gene on chromosome 7, MODY3 is
caused by mutations in the HNF-1 gene on
c h romosome 12, MODY4 is caused by
mutations in the insulin promoter factor 1
(IPF-1) gene on chromosome 13, and
MODY5 is caused by mutations in the HNF-
1 gene on chromosome 17 (2–6). Muta-
tions in HNF-1 and glucokinase genes
appear to be relatively common causes of
M O D Y, and HNF-1 mutations have also
been found in patients with type 2 diabetes
(7,8). Two additional genes, HNF-3 a n d
the dimerization cofactor of HNF-1
(DCOH), have not been previously identi-
fied as MODY genes but are good candidates
because of their functional relationship to
the HNF-1 and HNF-4 genes (9,10).

The Pima Indians of Arizona have the
highest re p o rted prevalence of type 2 dia-
betes of any population in the world. Their
f o rm of diabetes is prototypical of this dis-
ease and is characterized by obesity, insulin
resistance, insulin secre t o ry dysfunction,
and increased rates of endogenous glucose
p roduction (11). However, the average age
at onset of diabetes is much earlier in Pima
Indians than in other populations. More
than 50% of Pima Indians aged between 35
and 44 years have type 2 diabetes. In addi-
tion, early-onset type 2 diabetes is also
o b s e rved in some Pima Indians; the pre v a-
lence of type 2 diabetes in Pima Indians
aged between 15 and 24 years is 5%. Dia-
betes in Pima Indians, even at these young
ages, is exclusively type 2 and is character-
ized by not requiring insulin for surv i v a l ,
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Mutations in the Genes for Hepatocyt e
Nuclear Factor (HNF)-1 , -4 , -1 , and 
-3 ; the Dimerization Cofactor of HNF-1;
and Insulin Promoter Factor 1 Are Not
Common Causes of Early-Onset Type 2
Diabetes in Pima Indians 

O R I G I N A L  A R T I C L E

O B J E C T I V E — Maturity-onset diabetes of the young (MODY) is a genetically hetero g e n e o u s
subtype of type 2 diabetes characterized by an early age at onset and autosomal dominant
inheritance. MODY can result from heterozygous mutations in at least five genes. The purpose
of this study was to determine whether alterations in known MODY genes and two MODY can-
didate genes contribute to the development of early-onset type 2 diabetes in Pima Indians.

RESEARCH DESIGN AND METHODS — The coding regions of the known MODY
genes hepatocyte nuclear factor (HNF)-1 , HNF-4 , HNF-1 , and insulin promoter factor 1
and the coding regions of two MODY candidate genes, HNF-3 and the dimerization cofactor
of HNF-1, were sequenced in genomic DNA from Pima Indians. The primary “affected” study
population consisted of 46 Pima Indians whose age at onset of type 2 diabetes was 20 years.
DNA sequence variants identified in the affected group were then analyzed in a group of 80
“ u n a ffected” Pima Indians who were at least 40 years old and had normal glucose tolerance.

R E S U LT S — A total of 11 polymorphisms were detected in these genes. However, none of
the polymorphisms diff e red in frequency among Pima Indians with an early age at onset of dia-
betes compared with older Pima Indians with normal glucose tolerance.

C O N C L U S I O N S — Mutations in these known MODY or MODY candidate genes are not a
common cause of early-onset diabetes in Pima Indians.
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resistance to ketosis, and absence of islet cell
antibodies, including GAD65 antibody (12).
The high prevalence and young age at onset
of type 2 diabetes in this population suggest
that MODY may exist in some of the Pima
p e d i g rees. MODY2, however, is unlikely to
exist in Pima Indians because a polymorphic
dinucleotide repeat marker flanking the glu-
cokinase gene was previously genotyped in
470 Pima sib pairs, and no evidence for
linkage between glucokinase and acute
insulin secretion or type 2 diabetes was
detected (13). In addition, prior sequencing
of all of the exons, splice sites, and the liver-
and -cell–specific promoters of the glu-
cokinase gene in 10 Pima Indians with early-
onset type 2 diabetes revealed several
variants, none of which was associated with
early-onset diabetes. There f o re, in the pre s-
ent study, we screened the additional known
MODY genes and the two HNF-re l a t e d
genes (DCOH and HNF-3 ) to determ i n e
whether mutations in these genes may con-
tribute to the early-onset type 2 diabetes
o b s e rved in Pima Indians.

RESEARCH DESIGN AND 
M E T H O D S

Subjects
The subjects were part of our ongoing lon-
gitudinal study of the etiology of type 2 dia-
betes among the Gila River Indian
Community in central Arizona. All indi-
viduals who are aged 5 years are invited
to participate in a standardized health
examination every 2 years. A 75-g oral glu-
cose tolerance test is administered, and the
results are interpreted according to the cri-
teria of the World Health Org a n i z a t i o n
(14). For this study of the MODY genes,
the primary “affected” study population
consisted of 46 Pima Indians whose age at
onset of type 2 diabetes was 20 years
( Table 1). All of these individuals had at
least one parent with type 2 diabetes, and
13 of these individuals had one parent with
an age at onset of 25 years. To date, 30 of
those 46 subjects have been diagnosed with
diabetic nephropathy as defined by an
a l b u m i n / c reatinine ratio of 30 mg/g. A

total of 18 subjects were diagnosed with
n e p h ropathy before 25 years of age.

DNA sequence variants identified in the
a ffected group were then analyzed in a gro u p
of 80 “unaffected” (control) Pima Indians
who were at least 40 years old and had nor-
mal glucose tolerance. All subjects were full-
blooded Pima and/or Tohono O’odham
Indians, and no subject was a first-degre e
relative of another subject. Written inform e d
consent was obtained before part i c i p a t i o n ,
and the studies were approved by the Tr i b a l
Council and the Intramural Review Board of
the National Institute of Diabetes and Diges-
tive and Kidney Diseases.

DNA sequencing
All of the exons, including intro n / e x o n
boundaries, for HNF-1 , HNF-4 , HNF-
1 , HNF-3 , DCOH, and IPF-1 (2,4,6,
7,15) were polymerase chain reaction (PCR)
amplified from genomic DNA from the 46
“ a ffected” Pima Indians. The products were
purified by using QIAquick PCR Purifica-
tion Plates (Qiagen, Valencia, CA) and were
d i rectly sequenced on an Applied Biosys-
tems 377 automated sequencer using the
Big Dye Te rminator Cycle Sequencing Kit
( P.E. Applied Biosystems, Foster City, CA). 

Statistical methods
Allele frequencies of the variants in the
a ffected and control groups were compare d
with 2 a n a l y s i s .

R E S U LT S — Several DNA polymor-
phisms were detected within the coding
regions for the HNF genes (Table 2). Six sin-
gle nucleotide substitutions were identified
in exons 1, 4, and 7 of HNF-1 . Four of the
polymorphisms were silent, and two pre-
dicted missense substitutions. One of the
silent substitutions (C to A predicting a
P ro→P ro) was at codon 291 in the poly-C
tract of exon 4, which has been noted to be
a mutational “hotspot” in previous studies of
early-onset diabetes and MODY (7). A single
polymorphism was detected in the HNF-4
gene that predicts a Met→Val substitution in
the alternatively spliced exon 1c. A single
polymorphism was also detected in the
H N F - 1 coding region. This C to G poly-
morphism predicts an Asn→Lys substi-
t ution at codon 228 in exon 3. This
substitution is positioned immediately adja-
cent to the homeobox of HNF-1 , a re g i o n
essential for DNA binding. Similarly, a single
missense polymorphism was detected in the
H N F - 3 gene, a gene that has not pre v i o u s l y
been identified as a MODY gene but has
been shown to regulate HNF-1 , HNF-4 ,
H N F - 1 , IPF-1, and their downstream tar-
gets positively. This C to A polymorphism in
exon 3 of HNF-3 p redicts a Pro→Thr sub-
stitution at codon 419, which is positioned
between two transactivation domains.

The DCOH and IPF-1 genes were also
s c reened for mutations. Although not pre-

Table 1—Clinical characteristics of affected and unaffected subjects

Age (years) Age of onset (years) BMI (kg/m2)

A ffected subjects 17.2 ± 0.3 14.6 ± 0.5 35.4 ± 1.1
U n a ffected subjects 43.8 ± 0.3 — 36.4 ± 1.0

Data are means ± SEM.

Table 2—Polymorphisms detected in six MODY candidate genes

Nucleic acid (fre q u e n c y ) P re d i c t e d
G e n e E x o n C o d o n A ff e c t e d U n a ff e c t e d amino acid

H N F - 1 1 1 7 C (0.63) G (0.37) C (0.64) G (0.36) L e u→L e u
1 2 7 A (0.45) C (0.55) A (0.47) C (0.53) I l e→L e u
4 2 2 8 G (0.24) C (0.76) G (0.21) C (0.79) G l y→G l y
4 2 9 1 C (0.87) A (0.13) C (0.93) A (0.07) P ro→P ro
7 4 5 9 C (0.73) T (0.27) C (0.75) T (0.25) L e u→L e u
7 4 8 7 G (0.83) A (0.17) G (0.88) A (0.12) A s n→S e r

H N F - 4 1 c 4 9 A (0.57) G (0.43) A (0.60) G (0.40) M e t→Va l
H N F - 1 3 2 2 8 C (0.85) G (0.15) C (0.91) G (0.09) A s n→Ly s
H N F - 3 3 4 1 9 C (0.89) A (0.11) C (0.92) A (0.08) P ro→T h r
D C O H P ro m o t e r — G (0.73) A (0.24) G (0.73) A (0.27) —

( 4 6 ) *
P ro m o t e r — G (0.81) A (0.19) G (0.80) A (0.20) —
( 1 3 2 ) *

I P F - 1 — — — —

*Positions of the polymorphisms in DCOH are relative to the A nucleotide of the initiator ATG in the cod-
ing sequence.
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viously identified as a MODY gene, DCOH
was screened as a candidate in our study
because it is a stabilization factor for
homodimers or heterodimers of HNF-1
and HNF-1 , which then complex to bind
DNA target sequences (10). DCOH is
identical to the enzyme pterin-4- -
carbinolamine dehydratase. No polymor-
phisms were detected in the coding re g i o n
of DCOH; however, two polymorphisms
w e re found in the promoter region. In
contrast, heterozygous mutations in IPF-1
a re known to have a role in MODY (5),
and a homozygous deletion has been
shown to cause pancreatic agenesis (16).
H o w e v e r, no polymorphisms were
detected in either of the two exons of IPF-1
in Pima Indians.

All of the nucleotide variants detected
in Pima Indians with early-onset type 2 dia-
betes were further analyzed in the contro l
g roup of 80 Pima Indians with normal glu-
cose tolerance who were at least 40 years of
age. None of the polymorphisms exhibited
f requencies that diff e red between the
a ffected and the unaffected groups; there-
f o re, none of these polymorphisms appear
to be associated with early-onset diabetes in
Pima Indians.

C O N C L U S I O N S — None of the
known MODY genes appears to have a sig-
nificant role in the development of early-
onset  diabetes in the Pima Indian
population. In contrast, a novel G319S
variant in HNF-1 is highly associated with
early-onset diabetes in the Oji-Cree popu-
lation of Canada (17). The G319S variant
was remarkably common in the Oji-Cre e
and was present in 40% of diabetic sub-
jects. The Pima Indians and the Oji-Cre e
a re both aboriginal populations of Nort h
America and share a strong genetic pre d i s-
position to obesity and type 2 diabetes
(18–20). However, our data showing that
the G319S variant is not present in Pima
Indians, and that HNF-1 has no signifi-
cant role in the development of early-onset
diabetes in Pima Indians, imply that the
underlying genetic basis of type 2 diabetes
is diff e rent among these two populations.
To g e t h e r, these data underscore the impor-
tance of genetic heterogeneity for type 2
diabetes, even among aboriginal people of
N o rth America.
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