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Abstract

Aims/hypothesis. The aim of this study was to exam-
ine the putative role of mutations in the insulin pro-
moter 1 (IPFI) gene in early-onset diabetes.
Methods. We carried out mutation screening of the
IPFI gene in 115 Scandinavian families with at least
two members with onset of diabetes younger than
40 years. The allele frequencies were also tested in
183 unrelated patients with late-onset Type II (non-
insulin-dependent) diabetes mellitus and in 92 non-
diabetic control subjects.

Results. Two novel IPFI variants (G212R and
P239Q) and one previously reported (D76N) IPFI
variant were identified in the 115 families (3.5%).
The D76N variant was found in one MODY?3 family
(S315fsinsA of HNFIa) and also in two families with
late-onset Type II diabetes. The P239Q variant was
identified in two families with early-onset diabetes in-
cluding one with MODY?3 (R272C of HNF 10 and in
three families with late-onset Type II diabetes. De-

spite the fact that the variants did not segregate com-
pletely with diabetes, the non-diabetic carriers of the
IPF1] variants had increased blood glucose concentra-
tions (p <0.05) and reduced insulin:glucose ratios
(p < 0.05) during an oral glucose tolerance test com-
pared with non-diabetic family members without
these variants. In addition, when the G212R and
P239Q variants were expressed in cells without /PFI
i.e.. Nes2y cells, both variants showed about a 50 %
reduction in their ability to activate insulin gene tran-
scription compared to wild-type IPFI, as measured
by reporter gene assay.

Conclusion/interpretation. Although mutations in the
IPF-1 gene are rare in early- (3.5%) and late-onset
(2.7 %) Type 11 diabetes, they are functionally impor-
tant and occur also in families with other MODY mu-
tations. [Diabetologia (2001) 44: 249-258]
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Type II (non-insulin-dependent) diabetes mellitus is
a common disorder affecting more than 100 million
people throughout the world. In most cases it shows
a strong genetic component, particularly in families
with an earlier onset of the disease. Apart from the
successful identification of the underlying genetic de-
fects in the relatively rare monogenic forms of matu-
rity-onset diabetes in the young (MODY) little suc-
cess has been made so far in the dissection of the ge-
netic causes of the presumably polygenic forms of
late-onset Type II diabetes. To date five genes have
been associated with MODY, i.e. hepatocyte nuclear
factor (HNF 40 (MODY1), glucokinase (GCK)
(MODY?2), the HNF-1a. gene (MODY?3), insulin pro-
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Table 1. PCR conditions and sequences of primers for the amplification, sequencing and SSOs

Region Forward primer(5°-3’) Reverse primer (5°-3) Denatur- Anneal- Exten- cycles Product
ation ing sion
(C°/S)  (C°/S) (C°/S) size(bp)
Exon 1 GGAATTCGGCTGTGG- CAGAGAGAAGGCTCCTG 96/30 53/30  72/120 26
TTCCCTCT (step 1) (step 1)
(Nested PCR) AACGCCACACAGTGC- GGGACGCTTGGAGGTAA 96/30 58/30  72/60  26* 566
CAAATCCC (step 2) (step 2)
Exon 2-1 GCTCCGGGGGCCACACT- TCACGGCGCAGTCCTGC- 96/30 68/30  72/30 35 320
CACGCCCT TACGGCTC
Exon-2-2 CATCAAGATCTGGTTC- AGTGGTTGAAGCCCCTC- 96/30 60/30  72/30  37° 318
CAAAACCGC AGCCA
Probes for SSOs CCGACGACCCCGCGGTG CCGACAACCCCGCGGTG
(Normal) (Mutant )

a b 49%formamid and 5% DMSO was used in the PCR reaction, respectively. Substituted base in the probe is underlined

moter factor 1 (IPFI) (MODY4) and HNF-1p
(MODY)) [1, 2].

Early-onset Type II diabetes, with age at onset
younger than 40 years represents a heterogeneous
group including both MODY and mis-classified Type
II (insulin-dependent) diabetes mellitus. In a previ-
ous study of 115 Scandinavian families with early-on-
set diabetes, we identified mutations in the HNF-4a.,
GCK, HNF-1o. and mitochondrial tRNALet (UUR)
genes in 15 out of the 115 families studied (13 %) [3].
In 4 of the families we also identified a novel variant
in the HNF-1§ gene [4]. In the remaining 96 families,
however, we did not find any MODY1-3 and
MODYS gene mutations.

The IPF1 (also named STF1, IDX1, and PDX1) is
a transcription factor that regulates early pancreatic
development and mediates expression of insulin and
other beta-cell-specific genes [5, 6, 7]. A single nucle-
otide deletion at codon 63 (Pro63fsdelC) of the IPFI
gene was described in an extended family in which a
homozygous mutation carrier had pancreatic agene-
sis whereas the heterozygous carriers developed ear-
ly-onset diabetes [8]. Missense mutations in the IPFI
gene have also been shown to be predisposed to
Type 1I diabetes [9, 10].

To test whether genetic variants in the IPFI con-
tribute to the pathogenesis of early-onset Type II dia-
betes, we screened the coding regions and the flank-
ing introns of the IPFI gene in the same cohort of
115 families with early-onset Type II diabetes. We
also report three amino acid substitutions of the
IPFI gene and analysis of their functional conse-
quences.

Subjects and methods

Subjects. Mutation screening of the human /PFI gene was car-
ried out in 115 Scandinavian families with early-onset diabetes.
On average, the pedigrees included 9 subjects with 4 diabetic
patients. Of them, there were 3 families with 1 patient, 41 fam-

ilies with 2 patients, 71 families with 3 or more patients diag-
nosed with diabetes at age 40 or younger [3]. One diabetic pa-
tient from each family was chosen for single strand conforma-
tion polymorphism (SSCP) analysis of the IPFI gene. The
prevalence rate of the IPFI sequence variants was also tested
in 183 unrelated late-onset diabetic subjects and in 92 non-dia-
betic control subjects without a family history of diabetes from
the Botnia study [11]. The patients with early-onset diabetes
had a mean age at diagnosis of 25 + 10 years, duration of dia-
betes of 20 + 13 years, BMI of 26.5+ 5.5 kg/m® and fasting
plasma glucose of 9.6 + 3.9 mmol/l [3]. Among the 115 families
with early-onset diabetes, two MODY1, four MODY?2, six
MODY3, and three mutations in mitochondrial DNA has
been previously reported. In addition, a novel HNF-1f variant
has been found in four families. The late-onset Type II diabetic
patients had an age at onset of diabetes of 50 + 5 years, BMI of
28.7 + 4.5 kg/m? and fasting blood glucose of 9.9 + 4.4 mmol/l.
The protocols were approved by the local ethics committees
and all subjects gave their informed consent to participate.

Mutation screening. Mutation screening of the /PFI gene was
carried out with radioactive-SSCP analysis. The exon 1 was
amplified with nested PCR and the products were digested
with BsiWI before the SSCP analysis. The exon 2 was ampli-
fied with two pairs of primers resulting in overlapping PCR
fragments. Primer sequences and the PCR conditions for each
specific fragment are shown (Table 1). Initial denaturation at
96°C for 5 min and final extension at 72°C for 10 min were
used in all PCR applications. Samples having mobility shift in
the SSCP-analysis were re-amplified with PCR without radio-
activity, whereafter products were purified and sequenced on
an ABI377 sequencer according to the manufacturer’s instruc-
tions (Applied Biosystems, Foster City, Calif., USA).

Detection of the IPFI gene variants. Sequence-specific oligonu-
cleotide (SSO) technique was used to detect the variant
Asp76Asn (GAC-AAC, D76N) in the late-onset Type II dia-
betes and control subjects. The PCR products were dotted
onto positively charged nylon membranes (HybondTM-N +,
Amersham, UK) and hybridized with SSOs at 55°C (in
50 mmol/l Tris-Base, 2 mmol/l EDTA, 0.1 % SDS, 3 mol/l te-
tramethylammonium chloride, 5 - Denhardt’s, and 0.1 mg/ml
herring sperm DNA) (Table 1). The SSOs were labelled with
digoxigenin (DIG Oligonucleotide 3’-End Labeling Kit, Boeh-
ringer Mannheim, Germany), and the bound probes were de-
tected with alkaline phosphatase conjugated antidigoxigenin
and chemiluminescent substrate CSPD (DIG Luminescent
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Detect Kit, Boehringer Mannheim, Germany). The PCR-
RFLP technique was used to test the prevalence of the
G212R (BsmFT) and the P239Q (PstI) variants.

Analytical methods. Blood glucose during the OGTT was mea-
sured by a hexokinase method (Boehringer Mannheim, Mann-
heim, Germany). HaemoglobinA,, was measured by high-
pressure liquid chromatography with a normal range of 4.0 to
6.0% (Diamat Analyzer, Biorad Laboratories, Germany). Se-
rum insulin concentrations were measured by a double-anti-
body radioimmunoassay (Pharmacia, Uppsala, Sweden) with
an interassay coefficient of variation of 7%. Serum total cho-
lesterol, HDL subfractions (after precipitation) and triglycer-
ide concentrations were measured on a Cobas Mira analyzer
(Hoffman LaRoche, Basel, Switzerland).

Mutagenesis and Expression of IPF1 Mutants. Mutagenesis of
the IPF-1 gene was done using the Altered Sites Il Mammalian
Mutagenesis System (Promega, U.K.) and was carried out ac-
cording to the manufacturer’s protocols. Two 18-mer oligonu-
cleotides (Cruachem, U.K.) containing single base mutations
were utilised to introduce the G212R and P239Q mutations.
Each mutant oligonucleotide was used in conjunction with the
Ampicillin repair oligonucleotide provided with the vector
(Promega). Mutagenesis was confirmed by standard dideoxy
sequencing of both strands of the mutant plasmids (USB,
USA). Mutant proteins were expressed in Nes2y cells directly
from the pALTER vector, which uses a eukaryotic CMV pro-
moter. Plasmid DNA was prepared using the Qiagen Endotox-
in-Free Maxiprep Kit, (Qiagen, U.K.) according to the manu-
facturer’s protocols. Transfections were done using a minimum
of two separate plasmid preparations and DNA was analysed
spectrophotometrically for purity and quantification.

Transfections. The Nes2y cells were grown and transfected as
described previously [12]. To investigate the ability of the mu-
tant IPF1 proteins, to activate transcription of the insulin
gene, cells expressing normal IPF1, G121R or P239Q were
transfected with pGL-Luc200, a reporter gene construct con-
taining the —60 to —260 region of the human insulin gene pro-
moter (LUC200) or a control construct, pGL-Luc, lacking the
—60 to —260 region. Treatment of transfected cells started with
a 5h preincubation in RPMI containing 3 mmol/l glucose.
Where appropriate, cells were stimulated for 30 min (cell ex-
tracts) or 3 h (reporter gene assays) with 20 mmol/l glucose.
Cells were then removed from the wells and a cell pellet recov-
ered by centrifugation at 7000 rpm for 30 s. The cell pellet was
resuspended in 70 pl of 100 mmol/l KH,PO, pH 7.8/ 1 mmol/l
DTT solution and lysed by freeze/thawing three times. Cell de-
bris was removed by centrifugation at 13000 rpm for 1 min.
Nuclear extract preparation, luciferase assays and protein
quantitations were carried out as described previously [12].
Transient CAT reporter gene assays were done using the
Quant-T-CAT Assay System (Amersham, U.K.) according to
the manufacturer’s protocols. Samples were equalised for pro-
tein concentrations.

Plasmids. The reporter gene constructs pGL-LUC and pGL-
LUC200 were as described previously [12]. Construct
pCATS5xB contains five copies of oligonucleotide B (contain-
ing the A3 site of the human insulin gene promoter) upstream
of the chloramphenicol acetyl transferase (CAT) reporter
gene [13]. The Gal4 fusion constructs [14] were as follows:
pGAL-CAT contains five copies of the Gal4 DNA binding
site cloned upstream of the CAT reporter gene, pGal-empty is
an expression plasmid containing the GAL4 DNA binding
domain, and plasmids pGAL-IPFI, pGAL-G212R and
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pGALP239Q are derived from this vector, with IPFI, G212R
or P239Q cDNAs cloned immediately downstream of the
Gal4 sequence, respectively.

Western Blotting. Western blot analysis was carried out using a
specific IPF1 antibody (a kind gift from Dr C.V. Wright, Van-
derbilt University, USA). Nuclear extracts were prepared as
described previously [9]. Samples were equalised for protein
concentration. The 1 ug samples of cell extract were fractionat-
ed by SDS-PAGE and blotted on to ECL-nitrocellulose mem-
brane (Amersham) and incubated for 60 min in a buffer con-
taining 10 mmol/l Tris-HCI, 0.05% (v/v) Tween 20, 0.5 mol/l
NaCl, and a 1:5000 dilution of anti-IPF1 antibody. The anti-
gen-antibody complex was then detected by incubating the
membrane for a further 60 min in buffer containing a 1: 5000
dilution of horseradish-peroxidase conjugated anti-rabbit IgG
secondary antibody.

Electrophoretic mobility shift assay (EMSA). Analysis of bind-
ing activity was done by electrophoretic mobility shift assay
(EMSA), using the A3 site of the human insulin gene promoter
as described previously [9, 12]. Nuclear extracts were prepared
from untransfected Nes2y cells and from Nes2y cells over-ex-
pressing IPF1, G212R or P239Q. Samples were equalised for
protein concentration. These extracts (0.5 g of protein) were
then incubated with radiolabelled probe for 20 min at room
temperature in buffer containing 10 mmol/l Tris-HCI pH 7.5,
50 mmol/l KCI, 5 mmol/l dithiothreitol, 1 mmol/l EDTA, and
5% (vol/vol) glycerol. To confirm equal loading of the sam-
ples, the same nuclear extracts were analysed for the binding
activity of a second transcription factor USF (upstream stimu-
latory factor), which binds to an adjacent site within the human
insulin gene promoter [9]. The USF binding activity was com-
parable in all five samples (data not shown).

Statistical analysis. The results are presented as means + SEM.
Significance of differences between group means was tested by
the Mann-Whitney U test. A p value less than 0.05 was consid-
ered as statistically significant.

Results

Mutation screening. We screened 115 Scandinavian
families with early-onset Type II diabetes (on-
set < 40 years) for variants in the IPFI gene using
SSCP and direct sequencing and found three se-
quence variants (Table 2). To obtain estimates of al-
lele frequencies in the patients with late-onset Type
II diabetes and healthy control subjects, we also
screened 183 patients with Type II diabetes and
92 healthy control subjects without family history of
diabetes.

A missense mutation D76N (GAC—AAC) was
found in exon 1 of the IPFI gene in family GS
(Fig.1). The diabetic members of this family also car-
ried an insertion mutation in the HNF-lo gene
(S315fsinsA, MODY3). All 14 tested diabetic pa-
tients in the family carried the S315fsinsA mutation
in the HNF-1a gene. The D76N variation was detect-
ed in only two out of 35 family members in the GS
family (Fig.1). The IPFI D76N variant is most likely
transmitted from the non-diabetic mother to the af-
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Table 2. Variants in the insulin promoter factor 1 (IPFI) gene in patients with early-onset Type II diabetes (age at on-
set < 40 years), patients with late-onset Type II diabetes and in non-diabetic control subjects without a family history of diabetes

Exon Codon Amino acid variant Allele frequencies
Early onset diabetes  Late onset diabetes Non-diabetic control subjects
n=115(%) n=183(%) n=92(%)

1 76 Asp (GAC)-Asn (AAC)* 1(0.4) 2(0.5) 0

2 212 Gly (GGG)-Arg (AGG) 1(0.4) 0 0

2 239 Pro (CCG)-GIn (CAG)*? 2(0.8) 3(0.8) 1(0.5)

a

Also identified in families with MODY3

fected daughter. The affected daughter (with variants
in the /PFI and HNF-Ilo. genes) required insulin
treatment after 7 years, whereas her cousin with only
the HNF-1o gene mutation required insulin after
14 years. The D76N variant was also detected in 2 of
the 183 patients with late-onset Type II diabetes but
in none of the control subjects. It did, however, not
co-segregate with diabetes in these families; only 2
out of 11 family members carried the variant in family
E and F (Fig.1).

Two novel missense mutations were identified in
exon 2 of the IPFI gene: G212R (GGG—AGG) and
P239Q (CCG—CAGQG). The amino acid substitution
G212R, which results in loss of a BsmFI restriction
site, was found in family B, in which it did not coseg-
regate with diabetes (Fig.1). Three out of 13 family
members (6 diabetic patients) carried this mutation.
There was no G212R mutation carrier in the patients
with late-onset Type II diabetes or in the control
group.

The third sequence variant P239Q, which induces
a Pstl restriction site, was identified in two families
with early-onset diabetes (C and JS in Fig.1). Again,
one of them (JS family) also had mutations in the
HNF-1a gene (R272C). All 4 diabetic patients in the
JS family carried the R272C mutation in the HNF-
Ia gene, 2 of the 4 diabetic patients also had the
P239Q IPFI mutation. The diabetic patients carrying
both the IPFI and HNF-1o mutations required insu-
lin treatment after 5 and 2 years, respectively, where-
as none of the MODY?3 patients with mutations in
only the HINFIo gene was on insulin treatment after
33 and 8 years (Fig.1, family JS). Three carriers of
the P239Q variant were found among the patients
with late-onset Type II diabetes and in one of the
non-diabetic control subjects (Fig.1; A, D, G). The
prevalence of the P239Q variant did not differ be-
tween the patients with early-onset (1.7%) or late-
onset (1.6 %) Type II diabetes, neither did it differ
from that in the control subjects (1.1 % ). Only in one
family, the P239Q variant co-segregated with diabe-
tes (Fig.1, A).

Functional analysis of IPFI mutants. The functional
activity of the missense mutations G212R and
P239Q was compared with normal /PF-1 by examin-

ing three critical and well established /PFI functional
characteristics: The presence of active IPFI in the
beta-cell nucleus upon glucose stimulation, binding
activity to the insulin promoter, and the ability to ac-
tivate insulin gene transcription. Each mutant form
of IPFI was constructed by site-directed mutagenesis
and expressed in Nes2y cells. The Nes2y cells repre-
sented a proliferating human beta-cell line, which re-
sponds to glucose in the normal physiological range,
and which normally lacks functional levels of the
IPF1 protein [12, 13]. Over-expression of normal
IPF1 in these cells has previously been shown to re-
store a pattern of glucose regulation of the insulin
gene promoter (reporter gene analysis) and glucose
regulation of endogenous insulin mRNA concentra-
tion (northern blotting) which mimics that seen in
isolated human islets of Langerhans [15].

Western blot analysis of Nes2y cells expressing
IPF1, G212R or P239Q confirmed that all three pro-
teins expressed were similar concentrations and all
active (DNA-binding) forms of the IPF1 protein
were present in comparable quantities in the beta-
cell nucleus upon stimulation of the cells with high
glucose concentrations (Fig.2A, lanes 2, 3 and 4, re-
spectively). As previously established [13], untrans-
fected Nes2y cells have no detectable IPF1 protein
(lane 1). EMSA analysis of the respective binding ac-
tivities of the two mutants showed that both bind to
the A3 site of the human insulin gene promoter with
equal affinity to the wild-type IPF1 protein (Fig.2B,
lanes 2, 3 and 4). Densitometric analyses confirmed
that no statistically significant differences occurred
with G212R and P239Q binding activity in compari-
son to the wild-type protein (not shown). Again, no
IPF1 was detectable in untransfected cells (lane 1).
As in previous studies [9, 12, 13], binding specificity
was confirmed by antibody and oligonucleotide com-
petition EMSA analysis (data not shown). Samples
were equalised for protein concentration, and confir-
mation of equal loading was done by analysis of the
binding activity of an unrelated basal transcription
factor USF. The USF binding activity was compara-
ble in all four samples [9].

To investigate the ability of the mutant IPF1 pro-
teins to activate transcription of the insulin gene, cells
expressing normal IPF1, G212R or P239Q were
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Fig.1. Diabetic pedigrees in which variants in the /PFI gene
were detected. Family GS and JS also had the S315fsinsA and
R272C mutation of HNFIa gene. Filled, 2-quarter filled, up-
per half filled, open and crossed symbols represent subjects
with Type II diabetes, Type I diabetes, impaired glucose toler-
ance, normal glucose tolerance and subjects who were not test-
ed. Under each symbol, the first line indicates the present age,
the second line represents age at onset of diabetes or impaired
glucose tolerance and the third line shows the genotype of the
IPFI variants: N, normal allele; M, mutant allele; * indicates
that an OGTT was done. ll Type 2 diabetes; ™g Type 1 dia-
tebes; [] Male, healthy; O Female, healthy; ® IGT, impaired
glucose tolerance; B4 not tested; & dead

transfected with pGL-Luc200, a reporter gene con-
struct containing the —60 to —260 region of the human
insulin gene promoter (LUC200) or a control con-
struct, pGL-Luc (LUC), lacking the —60 to —260 re-
gion (Fig.3). When IPF1 is expressed in these cells
(Fig.3, panel B), the control construct LUC was unaf-
fected, but the LUC200 activity increased fourfold in
high glucose compared with low glucose, due to
IPFI activation of the insulin promoter. No effect of
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glucose was observed on either construct in the
Nes2y cells lacking IPF1 (panel A). The expression
of the two mutants G212R (panel C) and P239Q
(panel D) had no effect on the control construct
LUC, or on the LUC200 construct in low glucose con-
centrations. At high glucose concentrations, however,
both showed a reduced ability to activate the insulin
gene promoter compared with wild-type [PFI
(G212R 55%: P239Q 52.5%). As in previous studies
(9, 12, 13, 15), to control for any differences in trans-
fection efficiency, samples were equalised for protein
concentration, each value represents an average of
six replicates, and each result has been reproduced
in three separate experiments. Error bars represent
standard deviation.

Because the binding activities of the mutant pro-
teins appeared normal, effects on transcriptional acti-
vation were confirmed firstly by analysis of the acti-
vation of a CAT reporter gene construct containing 5
copies of the A3 site of the human insulin gene pro-
moter (pCAT5xB, Fig.4). As observed with the insu-
lin gene promoter constructs, both G212R (lane 3)
and P239Q (lane 4) showed a reduced ability to acti-
vate reporter gene transcription in comparison to
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Fig.2 A, B. Analysis of IPFI, G212R and P239Q expression in
Nes2y cells. (A) Western blot analysis of nuclear cell extracts
prepared from Nes2y cells incubated in 20 mmol/l glucose and
untransfected (lane 1); overexpressing IPFI (lane 2); overex-
pressing G212R (lane 3) or overexpressing P239Q (lane 4). 1
ug of each sample was analysed, and blotting done using a spe-
cific anti-/PFI antibody. An arrow indicates the IPFI protein,
which is observed at 46 kDa in the beta-cell nucleus under high
glucose conditions. Results are representative of three separate
experiments. (B) EMSA analysis of /PFI binding activity in nu-
clear extracts prepared from untransfected Nes2y cells (lane 1)
or cells expressing normal /PFI (lane 2), G212R (lane 3), or
P239Q (lane 4) respectively, using the A3 site of the human in-
sulin gene promoter as probe. The arrow indicates IPF-1 bind-
ing activity. 0.5 mg of each sample was analysed and the results
are representative of three separate experiments. Densitomet-
ric analysis confirms that no differences in binding activity oc-
cur between the mutant and wild-type proteins

the wild-type protein shown in lane 2 (G212R 42 %,
P239Q 44 %).

Analysis of the effects of these mutations on the
transcriptional activation properties of IPFI was fi-
nally confirmed by the creation of Gal4 fusion pro-
teins linking /PFI, G212R or P239Q to the Gal4
DNA binding domain, and analysing the activation
of a reporter gene construct containing five copies of
the Gal4 DNA binding site cloned upstream of the
CAT reporter gene (pGAL-CAT, Fig.5). Again these
studies were done on Nes2y cells. As observed previ-
ously, G212 (lane 4) and P239Q (lane 5) both showed
reduced transcriptional activation capacity (G212R
35%: P239Q 30% ) compared to the wild-type IPF1
protein (lane 3). As would be expected, the pGAL-
empty expression vector, which expresses the Gal4
DNA binding domain, but no transcriptional activa-
tion domain, had no significant effect on the tran-
scriptional activation (lane 2) compared with the re-
porter gene pGAL-CAT alone (lane 1).
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Theseresults of the functional analyses confirm that
mutations G212R and P239Q have no effect on DNA
binding activity but instead have more significant ef-
fects on transcription of the insulin gene through re-
ducing the transcriptional activation abilities of these
mutant proteins than in the wild-type IPF1.

Phenotypic consequences of the variants. To study
whether these variants had consequences on the phe-
notype, we compared clinical variables between dia-
betic and non-diabetic carriers of any variant (Ta-
ble 3, Fig.6) because all three tested /PFI gene muta-
tions seem to lead to similar defects. Subjects carry-
ing a MODY3 mutation were excluded from the
analysis (Table 3). There were no significant differ-
ences in age, age at onset of diabetes, BMI, blood
pressure, HbA, ., triglyceride and fasting glucose con-
centrations between the diabetic subjects with the
IPFI mutation (n = 10) or without (n = 15) the IPF1
mutation. Non-diabetic carriers of the variant, how-
ever, had higher blood glucose concentrations
(p < 0.05) and lower insulin: glucose ratios (p < 0.05)
during the OGTT than non-diabetic family members
without these variants (Fig.6). In addition, the dia-
betic mutation carriers had higher cholesterol
concentrations than the diabetic non-carriers of the
variants (6.5 + 0.5 mmol/l vs. 5.3 +0.2 mmol/l;
p =0.0047).

Discussion

Here we identified two novel (G212R and P239Q)
and one (D76N) previously reported variant in the
IPFI gene in patients with early-onset and late-onset
Type II diabetes. Although the variants were rare,
they turned out to be functionally active and associat-
ed with impaired insulin response to the OGTT rela-
tive to the increased plasma glucose concentrations.
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Fig.3. Analysis of the transcriptional activation of the insulin
gene in Nes2y cells. Relative luciferase activity from control
construct pGL-Luc (LUC), or from a construct containing the
—60 to —260 region of the human insulin gene promoter pGL-
Luc200 (LUC200), in 3 mmol/l (hatched) or 20 mmol/l (solid)
glucose. Reporter gene activity was analysed in untransfected
Nes2y cells (¥, panel A), or in Nes2y cells expressing nor-
mal IPFI (* i, panel B), G212R (M W, panel C), or P239Q
(* M, panel D), respectively. Values are shown as relative lu-
ciferase activity standardised against protein content. Values
represent an average from 6 replicates, error bars represent
standard deviation. Each set of values has been reproduced in
three separate experiments, [ 3 mmol/l glucose, ll 20 mmol/l
glucose
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Fig.4. Relative Activation of CAT reporter gene pCAT5xB.
Relative activation of the CAT reporter gene construct
pCAT5xB, which contains five copies of the A3 site of the hu-
man insulin gene promoter, in Nes2y cells which are untrans-
fected ([, lane 1), or overexpressing IPFI (i1, lane 2),
G212R (M, lane 3) or P239Q (M, lane 4) respectively. Values
are shown as relative luciferase activity standardised against
protein content. Values represent an average from 6 replicates,
error bars represent standard deviation. Each set of values has
been reproduced in three separate experiments
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Fig.5. Relative transcriptional activation of Gal4-IPF1I fusion
proteins. Relative activation of the reporter gene construct
pGAL-CAT, which contains five copies of the Gal4 DNA
binding site (G) upstream of the CAT reporter gene. Analysis
was done in Nes2y cells ([], lane 1); cotransfected with the
pGAL-Empty vector, expressing only the Gal4 DNA binding
domain (I, lane 2), or overexpressing the Gal4 DNA binding
domain fused to IPFI (i, lane 3), G212R (M. lane 4) or
P239Q (M, lane 5) respectively. Values are shown as relative lu-
ciferase activity standardised against protein content. Values
represent an average from 6 replicates, error bars represent
standard deviation. Each set of values has been reproduced in
three separate experiments

Surprisingly, two of the variants were found in fami-
lies with MODY3 mutations.

The amino acids at codons 76 (Asp), 212 (Gly) and
239 (Pro) are highly conserved between the human,
mouse and rat IPF1 protein sequences. The D76N
mutation occurred in the amino terminal region of
IPFI that is required for transcriptional activation of
the insulin gene [16]. This variant has been shown to
have decreased binding activity to the A3 site of the
human insulin gene promoter resulting in a 28 % re-
duced expression of the insulin gene using a pGL-
Luc200 reporter gene [9]. The same variant was also
detected in French families [10]. In this case function-
al studies showed that the D76N variant had a pro-
nounced inhibitory effect on the ability of endoge-
nous /PFI to activate the insulin gene promoter in
HIT-T15 cells compared with the wild-type [PFI.
Furthermore, the French non-diabetic carriers of the
D76N variant had lower insulin concentrations and
insulin:glucose ratios during OGTT compared with
non-diabetic subjects without the variant. In both
the English and the French study the variant was as-
sociated with late-onset Type II diabetes rather than
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Table 3. Diabetic and non-diabetic subjects with* and without variants in the /PFI gene

Diabetic mutation
carriers

Diabetic subjects
without mutations

Non-diabetic
mutation carriers

Non-diabetic subjects
without mutations

(n=10) (n=15) (n=12) (n=24)
Age (years) 615 535 42 + 4 39+3
BMI (kg/m?) 25612 249 +1.0 26.1+32 244 +44
Age at onset (years) 43+ 6 46 £ 6 - -
Systolic BP (mmHg) 136 £7 143 +7 128 +3 123 +4
Diastolic BP (mmHg) 77+3 82+3 79+2 78+2
HbA,, (%) 72+0.5 71+£04 - -
Cholesterol (mmol/1) 6.5 +0.3* 53 +0.2% 55+04 5.0+02
Triglyceride (mmol/l) 21+04 1.5+£0.2 1.8+0.4 1.3+0.1
Fasting BG (mmol/l) 10.7 £ 1.9 8.0+1.0 49+0.1 47+0.1

2 Including 3 D76N, 6 P239Q and 1 G212R diabetic mutation carriers and 2 D76N, 8 P239Q and 2 G212R non-diabetic mutation
carriers. Subjects carrying both MODY4 and MODY3 gene mutations are not included. BP: blood pressure. * p < 0.01

with MODY. In a Danish study, however, the D76N
variant did not show any reduction in transcriptional
activation of the insulin promoter when expressed in
NIH-3T3 cells [17]. In the present study, the D76N
variant was identified in one MODY3 family
(S315fsinsA of HNF-Io gene) and in two families
with late-onset diabetes. This emphasizes the need
to include also patients with known MODY or other
diabetes mutations in the search for novel susceptibil-
ity genes for diabetes.

The novel amino acid substitution G212R was de-
tected in only one family with early-onset diabetes.
This family fulfilled many features of MODY with
an apparent autosomal dominant inheritance and di-
abetes in at least two subjects with an onset younger
than 25 years of age. The variant was, however, also
detected in two non-diabetic family members and
thus did not co-segregate with diabetes in this family.
The P239Q variant was the most common /PFI vari-
ant in this cohort and was identified in two families
with early-onset diabetes, one of which had MODY3
(R272C) and in 3 families with late-onset Type II dia-
betes except for one control subject without family
history of diabetes. This mutation seems to be in a po-
lyproline stretch, which has been associated with late-
onset Type II diabetes [19].

In this study, functional analyses indicated that
both these novel variants in the /PFI gene, G212R
and P239Q were associated with decreased in vitro
activation of human insulin gene transcription com-
pared with the wild-type /PFI. Unlike IPFI muta-
tions identified previously C18R, D76N, and R197H
[9], all of which had deleterious effects on insulin
gene transcription through a reduced ability of the
proteins to bind to the gene promoter, the G212R
and P239Q mutations identified here have normal
binding activity. We confirm that these mutations
have significant effects on insulin gene transcription
through reduced transcriptional activation, a finding
supported by our observed effects on activation of
the pCATS5xB reporter gene construct, and by analy-
sis of transcriptional activation properties of these

mutants through the creation and analyses of Gal4 fu-
sion proteins. Although it has been questioned in oth-
er cell lines whether the C-terminus has any transacti-
vation potential [20, 21], these in vitro data are sup-
ported by the clinical finding of impaired insulin re-
sponse to OGTT (relative to the glucose concentra-
tion) in carriers of both of these variants (7 out of
10 had the P239Q variant).

The question arises as to whether the IPFI gene
should be considered a MODY gene or whether it in-
creases susceptibility to the more common form of
late-onset Type II diabetes. Homozygous mice with
targeted disruption of the IPFI gene selectively lack
pancreas and die within a few days of birth, suggesting
that the /PF1 gene plays a pivotal part in the develop-
ment of the pancreas. There were no phenotypic dif-
ferences, however, between heterozygous mutant and
wild-type mice [7, 19]. Furthermore, adult mice with
heterozygous disruption of the /PFI gene developed
normally but had impaired glucose tolerance [22], sug-
gesting that /PFI could be required for maintaining
normal glucose tolerance. Thus, variants in the IPF1
gene might predispose certain subjects to late-onset
Type 11 diabetes, particularly if other genetic variants
are present [22]. In humans, the /PFI Pro63fsdelC mu-
tation reported in a family with MODY4 not only re-
sults in a truncated protein which lacks part of the
homeodomain region required for DNA binding and
nuclear localization but also directs expression of a
dominant negative isoprotein that inhibits transacti-
vation of the wild-type IPFI protein [23]. The average
age at onset of diabetes in this MODY4 family was
35 years (17-67 years), which is much later than in
families with classical MODY. Only one heterozygous
mutation carrier developed diabetes before 25 years
of age, whereas three heterozygous mutation carriers
(22, 23 and 29 years old) did not develop diabetes at
the last ascertainment [8].

At present, 5 functional /PFI variants have been
confirmed to predispose to or cause impaired insulin
secretion in Type II diabetes: CI18R, Q59L, D76N,
R197H and insertion CCG 243. In this study, we con-
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firmed the D76N mutation and identified two novel
functional mutations G212R and P239Q in families
with late-onset Type II diabetes and MODY3
(D76N in GS and P239Q in JS family). It is obvious
from the pedigrees that the variants do not co-segre-
gate with diabetes in the families. This does not rule
out the possibility that they can increase susceptibili-
ty to diabetes. It is noteworthy that the non-diabetic
carriers of the variants already showed decreased in-
sulin secretion after glucose challenge compared
with their non-diabetic relatives without the variants.
When expressed in vitro, the mutants (G212R and
P239Q) showed normal expression and binding activ-
ity to the insulin gene promoter but reduced activa-
tion of insulin-gene transcription in response to in-
creased glucose concentrations compared with the
wild-type IPFI protein.

The diabetic mutation carriers also showed higher
cholesterol concentrations than the diabetic non-car-
riers of the mutations. We have no apparent explana-
tion for this finding, but changes in lipid concentra-
tions have also been reported with mutations in an-
other transcription factor, HNF-4a and ascribed to
effects on expression of apolipoproteins [24]. We
have no information on whether /PFI would influ-
ence genes involved in cholesterol metabolism.

In conclusion, our data suggest that heterozygous
variants in the /PFI gene are associated with im-
paired in vitro transcription of the insulin gene at
high glucose concentrations and in vivo with im-
paired insulin response to oral glucose. These vari-
ants are not restricted to patients with early-onset di-
abetes or MODY. Their occurrence in families with
MODY3 mutations rather suggest that they act as
modifying genes which together with variants in oth-
er genes could increase susceptibility to different
types of diabetes.
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