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Abstract
We studied the genetic and clinical features of diabetic subjects in a five-generation Michigan-
Kentucky pedigree ascertained through a proband with pancreatic agenesis and homozygous for the
IPF1 mutation Pro63fsx60. Diabetic and nondiabetic family members were genotyped and
phenotyped. We also carried out genetic studies to determine the history of the IPF1 mutation in the
Michigan-Kentucky family and a Virginia family with the same mutation. We identified 110
individuals. Thirty-four are currently being treated for diabetes and ten of these are Pro63fsX60
carriers (i.e. MODY4). Subjects with MODY as well as those with type 2 diabetes are characterized
by obesity and hyperinsulinemia. Genetic studies suggest that the IPF1 mutation was inherited from
an ancestor common to both the Michigan-Kentucky and Virginia families. MODY4 and type 2
diabetes in the Michigan-Kentucky pedigree are associated with obesity and hyperinsulinemia.
Obesity and hyperinsulinemia have been observed occasionally in other subtypes of MODY
suggesting that hyperinsulinemia may be a general phenomenon when obesity occurs in MODY
subjects. Hypoinsulinemia in non-obese MODY subjects appears to be due to a functional defect in
the beta cell. Genetic testing should be considered in multigenerational obese diabetic subjects,
particularly when such families contain young diabetic members.

Keywords
Diabetes Mellitus; MODY4; IPF1; Obesity; Hyperinsulinemia; Insulin Resistance

INTRODUCTION
Maturity-onset diabetes of the young (MODY) is a heterogeneous group of disorders
characterized by diabetes mellitus, an autosomal dominant mode of inheritance, diagnosis
usually before the age of 25 years and frequently in childhood or adolescence, and a primary
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defect in beta-cell function. In contrast to subjects with type 2 diabetes, obesity occurs
infrequently in MODY subjects [1]. MODY can result from mutations in any one of at least
eight different genes: glucokinase (MODY2) [2,3], hepatocyte nuclear factor (HNF)-4α
(MODY1) [4], HNF-1α (MODY3) [5], insulin promoter factor-1 (IPF1, MODY4) [6,7],
HNF-1β (MODY5) [8], neurogenic differentiation factor 1 (MODY6) [9], carboxyl-ester lipase
(MODY7) [10] and insulin (MODY8) [11].

MODY4 is a rare form of MODY resulting from mutations in IPF1, a transcription factor that
plays a critical role in pancreatic and beta-cell development and function [12,13]. The largest
and best described MODY4 family is a 5-generation pedigree with the IPF1 mutation
Pro63fsdelC (Pro63fsX60; c.188delC) [6,7]. This Virginia family was ascertained through a
female infant with permanent neonatal diabetes and severe exocrine pancreatic insufficiency
due to pancreatic agenesis [6,7,14]. The infant was homozygous for the mutation Pro63fsX60
[6,7]. The parents were heterozygous carriers. The father had diabetes whereas the mother did
not. A consanguineous loop was observed in generation I linking the two families [6,7]. Eight
diabetic members were heterozygous carriers. Nonobese diabetic carriers in this pedigree had
a greatly decreased insulin response to glucose [15]. A second subject with permanent neonatal
diabetes, exocrine pancreatic insufficiency and pancreatic agenesis was described in
Switzerland [16]. This subject was a compound heterozygote: IPF1, Glu164Asp and
Glu178Lys. The infant’s mother carried the Glu164Asp mutation and the father the Glu178Lys
mutation. Both parents had normal oral glucose tolerance tests but were noted to have high
normal fasting plasma glucose levels (101 and 102 mg/dl, respectively). The mother had a
history of gestational diabetes. There was a two-generation family history of diabetes in each
parent. The studies, to date, of heterozygous carriers of IPF1 mutations suggest that MODY4
is a relatively mild disorder of glucose intolerance characterized by diminished insulin
secretion.

We recently described a third case of permanent neonatal diabetes, exocrine pancreatic
insufficiency and pancreatic agenesis due to an IPF1 mutation [17]. Interestingly, this infant
was homozygous for the same mutation (Pro63fsX60) as the first case from Virginia described
above [6,7]. Presentation of this infant initiated a study of the second extended 5-generation
pedigree (Michigan-Kentucky; R-T), a pedigree with permanent neonatal diabetes, obese
MODY4 and obese type 2 diabetes.

METHODS
Proband and family

The details of the presentation, diagnosis, treatment, and course of the male proband with
permanent neonatal diabetes, exocrine pancreatic insufficiency and pancreatic agenesis have
been presented [17]. Genetic testing showed that he was homozygous for the IPF1 mutation
Pro63fsX60.

The families of the proband’s father and mother came to Michigan independently from the
same town in eastern Kentucky in the early 1980s. The families were not known to be related.
Other family members remain in Kentucky. Most of those who came to Michigan have
subsequently moved to Florida, Kentucky, and Tennessee. We were able to construct a 5-
generation pedigree through interviews. The Michigan-Kentucky pedigree includes 110
individuals and 34 diabetic subjects (Fig. 1 and 2). Subjects II-8 and II-9 were reported to be
third cousins and further consanguinity is possible as both families came from the same town.
The surnames of members of the Michigan-Kentucky pedigree were different from those of
the Virginia pedigree having the same IPF1 mutation (W.L. Clarke, personal communication).
This study was approved by the University of Michigan Medical Center Institutional Review
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Board. All subjects or their parents provided written informed consent. The research was
carried out according to the principles of the Declarations of Helsinki.

Biochemical assays
Assays were performed in the Michigan Diabetes Research and Training Center Chemistry
Core Laboratory. All blood samples were collected on ice and stored at −70 °C until assayed.
Plasma glucose was measured on a Cobas Mira Plus analyzer using a hexokinase method. Inter-
assay variables are 3.15% at 84 mg/dL and 2.8% at 292 mg/dL (n=224). HbA1c was measured
in whole blood using the assay kit Unimate 3 from Roche Diagnostics. HbA1c and total
hemoglobin (Hb) are determined from hemolysate, prepared on-board the Cobas Mira
Chemistry analyzer from whole blood. HbA1c is measured from the hemolysate by a latex
enhanced turbidimetric immunoassay. The final test result is determined from the HbA1c/Hb
ratio, including a conversion formula to match a HPLC reference method. The inter-assay
variations are 3.7% at 5.7% HbA1c and 3.8% at 10.7% HbA1c (n=45). Immunoreactive insulin
was measured by double-antibody radioimmunoassay. Limit of sensitivity for the assay is 2.1
µU/ml, and inter-assay and intra-assay variables are 3.4% and 2.7% respectively at 25 µU/ml.

C-peptide was measured using a solid-phase two-site chemiluminescent immunometric assay
and Immulite Analyzer (Siemens Healthcare Diagnostics Inc.) (intra-assay CV 3.9%).
Calibration range is 0.1–15 ng/ml.

Molecular genetic testing
Family members were sent an Oragene™ DNA Self-Collection kit (DNA Genotek Inc.,
Ottawa, ON, Canada) to obtain a saliva sample for DNA. The IPF1 gene was amplified in two
segments using PCR and the Elongase Amplification System (Invitrogen, Carlsbad, CA) with
the following primers: exon 1, forward 5’-AAC GCC ACA CAG TGC CAA ATC-3’ and
reverse 5’-TTA GTC CGA CCC GGG ATA ATC-3’; and exon 2, 5’-GTT GGG CTG CGT
GGG TG-3’ and the reverse primer 5’-CCT GAG AGA GCG GGT TTT CC-3’. The PCR
conditions were: 94 °C 1 minute, 35 cycles of 94 °C for 30 seconds, 60 °C for 30 seconds and
68 °C for 90 seconds; 68 °C for 10 minutes and 10 °C for storage. We used identical primers
to sequence both strands of the two exons using a 3730xl DNA analyzer (Applied Biosystems,
Foster City, CA). The data analysis was done using the Mutation Surveyor software, version
3.0 (SoftGenetics, State College, PA).

To determine the extent of shared sequence conservation (i.e. identity-by-descent (IBD)) in
the region of the IPF1 gene between the Kentucky-Michigan and Virginia probands, we
genotyped DNA from the two probands on the Affymetrix Genome-Wide Human SNP Array
6.0, which includes probes for more than 906,600 SNPs. The data were pruned for minor allele
frequency (>5% in HAPMAP CEU), missing data (only perfect call rate accepted) and linkage
disequilibrium (intermarker distance >0.2 cM). Since the inheritance pattern of the disease is
consistent with a rare recessive genetic model, standard methods of detecting extended
haplotypes shared IBD are not applicable because they assume that the probability that two
ostensibly unrelated individuals share both segments of a chromosome IBD is negligible. Given
that these patients possess the same mutation in homozygous form, another method was
developed to identify the shared region. An artificial family structure including two
consanguineous loops was created to relate the unrelated probands (Figure A1), and test for
regions in their genomes homozygous by descent. We conducted linkage analyses with the
software program ALLEGRO [18] assuming a fully penetrant rare recessive model (f2 = 1; q
= 0.0001), and using allele frequencies estimated from the HapMap CEU samples.
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RESULTS
History of IPF1 mutation Pro63fsX60

The genetic studies of the Kentucky-Michigan and Virginia probands with pancreatic agenesis
showed that they shared a single homozygous 2.5 Mb region (chr 13: 27,374,368 - 29,837,334
bp, NCBI build 36.1) (Figure A2). This region includes the IPF1 gene (chr 13:
27,392,168-27,398,451 bp). The size of this shared region suggests that the Pro63fsX60
mutation emerged in a recent ancestor common to both probands, and that a complex pedigree
structure connects these two patients.

Michigan-Kentucky proband
Ultrasound examination at approximately one year of age revealed a very small amount of
tissue in the region of the head of the pancreas that was interpreted as being pancreatic tissue
(data not shown).

Parents and sister
The parents of the proband were heterozygous for the Pro63fsX60 mutation. The father (IV-23)
was 23 years old with a BMI of 39 (Fig. 1B). He had a history of polyuria, polydipsia and thirst
for 2 months at age 12 years and again for the last 3 months. Blood sugar levels have been
200–215 mg/dl since age 15 years. At age 17, he had postprandial blood glucose levels over
300 mg/dl, and once 461 mg/dl. He has been obese since age 12 years with maximum weight
of 260 pounds. At age 13–14 years, while a member of his high school football team, he lost
weight to 160 pounds while following a low caloric diet and a strenuous physical training
program. The mother of the proband (IV-24), age 21 years, and BMI 41.8, has been obese since
age 12 years. She was diagnosed with gestational diabetes at ages 17 and 20 years, respectively,
with blood glucose levels of 235 and 200 mg/dl, respectively. She was treated with insulin
during both pregnancies. The 3-year-old sister (V-4) is also a carrier. She has had postprandial
blood glucose tests since the birth of her brother. Intermittently, blood sugar levels have ranged
between 200 and 270 mg/dl while at other times they have been between 90 and 110 mg/dl.

Michigan-Kentucky pedigree
We identified 110 individuals in the 5-generation pedigree through interviews with members
of generations III and IV. Of these 110 subjects, 53 were genotyped. The pedigree includes 34
subjects with a known diagnosis of diabetes, 18 of whom have been genotyped for the
Pro63fsX60 mutation (Fig. 1A and 1B). One subject (the proband) is homozygous for the
mutation (V-5) and 9 are heterozygous. Eight diabetic subjects do not carry the mutation and
are classified as having type 2 diabetes. Four diabetic subjects can be presumed to be carriers
of the mutation (I-4, II-2, II-12, and III-7). Ten subjects who are heterozygous carriers of the
mutation have not been tested by blood glucose determinations (Fig. 1 and 2). The ages at
diagnosis of MODY4 range from intermittent diabetes at age 2-1/2 years, to the teens and up
to the early forties. Where information is available, 14 diabetic subjects have been treated with
oral hypoglycemic agents and 9 with insulin [(4 are mutation carriers (II-8, III-6, III-8, V-5)
and two are presumptive carriers (I-4, III-7)]. Coronary heart disease at an early age has been
reported in II-7 and in 3 siblings of generation III (III-3–5) of whom 2 are known mutation
carriers (Fig. 1A).

Obesity is a prominent feature of the this pedigree (Fig. 1). It has been reported in 26 subjects
of generations I–IV. As all but 5 subjects were unavailable for examination, it is recorded on
the basis of a relative’s statement of the presence of gross obesity, without data for height,
weight, or BMI. Most likely there is an underestimation of its presence. It occurs in subjects
regardless of whether they are carriers of the IPF1 mutation (N=10), presumptive carriers
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(N=4), non-carriers (N=8) or non-genotyped subjects (N=7). Obesity has not been observed
in children under the age of 12 years.

Oral glucose tolerance tests
We were able to carry out glucose tolerance tests on five members of the Michigan-Kentucky
pedigree. Other family members did not live in close proximity to the University of Michigan
and testing of additional subjects was, therefore, not possible. None of these five subjects had
been treated with oral hypoglycemic agents before these tests. As shown in Table 1, both the
proband’s father (IV-23) and mother (IV-24) had fasting hyperglycemia and elevated post-
glucose plasma glucose levels. Both had greatly elevated insulin and C-peptide levels in the
fasting state (insulin 98 and 39 µU/ml, respectively), and high postprandial levels. The
proband’s sister (V-4) who has intermittent diabetes had, at age 2 ½ years, a high normal fasting
plasma glucose level of 104 mg/dl (similar to what was found in both parents of the Swiss
patient with permanent neonatal diabetes due to IPF-1 deficiency [16]) and an elevated ½ hour
glucose level. Her insulin levels were in the normal range for a 3 year old child [19] (Table 1).
The proband’s maternal uncle (IV-25), who has a BMI of 31.8 and does not carry the IPF
mutation, had a glucose tolerance test in the diabetic range with elevated fasting and post-
glucose insulin levels. The paternal uncle (IV-22), also not a carrier, with a BMI of 31.4, had
a normal glucose tolerance test, a similarly fasting insulin level but considerably higher post-
glucose levels than did subject IV-25.

The lipid profile for the mother was as follows: cholesterol 169 mg/dl, triglycerides 74 mg/dl,
high density lipoprotein cholesterol 40 mg/dl and low density lipoprotein cholesterol 114 mg/
dl and those of the type 2 diabetic uncle were 199, 114, 38, and 138 mg/dl, respectively.

DISCUSSION
The clinical phenotype of the proband including severe neonatal diabetes and exocrine
pancreatic insufficiency suggested a diagnosis of pancreatic agenesis [6,7,14,16]. However,
an ultrasound study at 12 months of age suggested a very small amount of tissue in the region
of the head of the pancreas that was interpreted as possible pancreatic tissue. Dr. William
Clarke, together with a radiologist, recently reexamined the original ultrasound performed in
the Virginia proband in 1991. The report states “There may be a small amount of pancreatic
tissue in the region of the head but no definite pancreatic tissue in the region of the body or tail
(William Clarke, personal communication). Thus, pancreatic agenesis in both probands may
not be complete. Further studies of both subjects may provide insight as to the biological role
of IPF1 in pancreatic development in humans. In this regard, it is interesting to note that mice
lacking IPF1 have a dorsal pancreatic bud that undergoes limited proliferation. This outgrowth
does not contain insulin- or amylase-positive cells but glucagon-expressing cells are found
[20]. These findings support the interpretation of the ultrasound examinations above.

The Michigan-Kentucky pedigree, includes members with permanent neonatal diabetes,
MODY4 and type 2 diabetes. Among the presently known diabetic subjects who have been
genotyped, there are 10 diabetic subjects who carry the IPF1 mutation (and 4 who were not
genotyped but in whom it can be presumed; I-4, II-2, II-12, III-7) and 8 subjects who do not
and are classified as type 2 diabetic patients. In addition, 2 diabetic subjects who have not been
genotyped (III-12, and III-15) are most likely type 2 diabetic subjects (Fig. 1B) as none of their
siblings carried the IPF mutation. The presence of obesity in the majority of the adolescent
and adult MODY4 and type 2 diabetic subjects suggests that the family harbors an obesity
predisposing gene(s), the nature of which is unknown, in addition to environmental/behavioral
risk factors.
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The proband’s father (IV-23) and mother (IV-24) had high insulin concentrations during the
oral glucose tolerance tests. These obese MODY4 subjects are characterized by fasting and
post glucose hyperinsulinemia (Table 1). Their responses are very similar to what is seen in
the mildly diabetic, obese, but mutation-negative brother of the mother (IV-25). The
hyperinsulinemia seen in these MODY4 subjects is most likely a consequence of the obesity
and associated insulin resistance as seen in type 2 diabetic subjects. The hyperinsulinemia does
indicate that there is at least a partial compensatory response in these subjects and it is not
materially compromised, at least initially, due to the presence of the Pro63fsX60 mutation in
IPF1. In view of the small number of subjects available for testing (Table 1), further comparison
between mutation carrier and mutation negative diabetic subjects is not possible. In contrast
to the robust insulin response to the insulin resistance of obesity in these Pro63fsX60 diabetic
carriers is the finding in IPF1 haplo-insufficient mice that show a limited compensatory insulin
response to insulin resistance [21]. This suggests that hemizygous man is different from
hemizygous mice.

The phenotype of Pro63fsX60 carriers in the Michigan-Kentucky pedigree differs from that
observed in the Virginia pedigree where a decreased fasting insulin level and a decreased
insulin response to glucose were found in 7 non-obese members [15]. The results suggests that
the beta cell defect in non-obese Pro63fsX60 diabetic carriers is due to a functional defect at
least early in the natural history of the disease.

Previous studies suggest that the mutant protein may act in a dominant-negative fashion [22].
This particular mutation may be unique and the net effect of IPF1 expression and function may
be greater than that expected due to simple hemizygosity. Perhaps this accounts for the
phenotypic differences between carriers in our family compared to those of another family
with different mutations (16).

In general, obesity is uncommon in MODY diabetic subjects [1]. However, obesity and
hyperinsulinemia occur sporadically in some MODY families. In the RW HNF-4α/MODY1
pedigree, obesity is present in two diabetic members (mother IV-25, with insulin requiring
diabetes and daughter, age 7, fasting plasma glucose 203 mg/dl, HbA1c 9.7%, fasting
immunoreactive insulin 27 µU/ml) [23]. A 13.5 year old obese Israeli diabetic boy (BMI 29.8,
blood glucose 417 mg/dl, HbA1c 11.8%) with a mutation in the HNF-1α/MODY3 gene had an
elevated fasting C-peptide level of 1,489 pmol/l [24]. In a Czech study, diabetes was associated
with a mutation in the NeuroD1/MODY6 gene in 2 families, of whom all members were obese
and probands had high fasting C-peptide levels [25]. Also, in the original description of
NeuroD1/MODY6 form of diabetes [9], diabetic members of one of two families were obese
and had “relatively high insulin levels”. Thus, obesity and obesity-induced insulin resistance
and hyperinsulinemia have been observed in subjects with MODY1, MODY3, MODY4, and
MODY6 and thus may be a general phenomenon. Moreover, it suggests that beta-cell
compensation is not compromised in these individuals, at least at the time they were studied. .
Obese MODY and type 2 diabetic patients are phenotypically indistinguishable and can only
be differentiated by genetic studies [24].

In the Virginia MODY4 pedigree, the average age at diagnosis of diabetes at 35 years (range
17–67 years) suggests that expression of diabetes occurs at a later age in MODY4 than observed
for other subtypes of MODY [7]. As MODY may be a largely asymptomatic disease in younger
decades, particularly in non-obese subjects, age of diagnosis has limited meaning as
hyperglycemia may exist for years to decades before a diagnosis is made. Age at diagnosis of
MODY4 in the Michigan-Kentucky family ranges from intermittent diabetes, at age 2-1/2
years, to the teens and up to the early forties. The occurrence of obesity with an IPF1 mutation
may be a contributing factor for the earlier diagnosis of diabetes in these members as compared
to those in the Virginia pedigree.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

MODY maturity-onset diabetes of the young

IBD identity-by-descent
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Figure 1.
Michigan-Kentucky family with IPF1 mutation Pro63fsX60 and permanent neonatal diabetes,
MODY4, type 2 diabetes, obesity and hyperinsulinemia. Because of its large size we show the
pedigree in two panels, Figure 1A and 1B. Note that III-9 is shown in both Fig. 1A and B.
Subject III-9, the grandfather of proband V-5, had three wives, two of whom with their
offspring IV-16–20 are omitted from the figures. II-8 and II-9 were said to be third cousins.
Squares indicate male and circles female subjects. The proband is shown in blue. Dark red
denotes diabetic IPF-1 carrier (NM) or diabetic presumptive IPF1 carriers (I-4, II-2, II-12,
III-7). Dark green denotes type 2 diabetes (NN) or presumptive type 2 diabetes (III-12, III-15).
Black denotes non-genotyped diabetic subjects. Light red denotes untested (for carbohydrate
intolerance) IPF1 carriers (NM) and light green untested IPF1 non-carriers (NN). A diagonal
line through the symbol indicates normal glucose tolerance (IV-14 and -22). An open symbol
indicates untested for carbohydrate intolerance and non-genotyped. White vertical stripe (V-4)
indicates intermittent diabetes. A circle with slashes denotes gestational diabetes (IV-7). A
slash extending beyond symbol indicates that the subject is deceased. Generation number is
given on the left. The number to the upper left of individual subject gives individual numbers
within each generation. Number immediately below subject is present age, followed by
genotype (N = normal sequence allele, M – allele with Pro63fsX60 mutation). Number below
genotype is age at diagnosis of diabetes. OHA = oral hypoglycemic agent; insulin = insulin
therapy. Body weight: Obese, Normal = normal weight or thin.
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Figure 2.
Offspring of II-8 (panel A), II-9 (panel B) and III-16 (panel C). The symbols and abbreviations
are described in the legend to Figure 1.
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