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A novel frameshift mutation attributable to 14-nucleotide insertion in hepatocyte nuclear factor-1a (HNF-
1a) encoding a truncated HNF-1a (G554fsX556) with 76-amino acid deletion at its carboxyl terminus was
identified in a Thai family with maturity-onset diabetes of the young (MODY). The wild-type and mutant
HNF-1a proteins were expressed by in vitro transcription and translation (TNT) assay and by transfection
in HeLa cells. The wild-type and mutant HNF-1a could similarly bind to human glucose-transporter 2
(GLUT2) promoter examined by electrophoretic mobility shift assay (EMSA). However, the transactivation
activities of mutant HNF-1a on human GLUT2 and rat L-type pyruvate kinase (L-PK) promoters in HeLa
cells determined by luciferase reporter assay were reduced to approximately 55–60% of the wild-type
protein. These results suggested that the functional defect of novel truncated HNF-1a (G554fsX556) on
the transactivation of its target-gene promoters would account for the b-cell dysfunction associated with
the pathogenesis of MODY.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Maturity-onset diabetes of the young (MODY) is a genetically
heterogeneous monogenic form of diabetes characterized by an
early onset (usually before 25 years), absence of ketosis, and an
autosomal dominant pattern of inheritance [1–3]. Up to date,
abnormalities of six known genes including hepatocyte nuclear fac-
tor-4a (HNF-4a), glucokinase (GCK), HNF-1a, insulin promoter factor-
1 (IPF-1), HNF-1b, and neurogenic differentiation 1 (NeuroD 1), have
been identified to be responsible for MODY subtypes 1–6, respec-
tively [4]. The common subtype of MODY in Caucasian population
is MODY3 which is caused by defects of HNF-1a [5] while that in
French population is MODY2 which results from defects of GCK
[6]. It has been observed that MODY with unknown genetic defects
(MODY X) in Asian populations, accounting for 60–80% of MODY
cases [7,8], is more prevalent than that in Caucasian populations.
Our previous work indicated that genetic mutations of the six
known MODY genes may not be a major cause of MODY and
ll rights reserved.
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early-onset type 2 diabetes in Thais [9]. Nevertheless, mutations
of HNF-1a were detectable with a low frequency in Thai population
[9].

HNF-1a is a transcription factor that is expressed in liver, kid-
ney, intestine, stomach, and pancreas [10–12]. HNF-1a protein is
composed of three functional domains: an N-terminal dimeriza-
tion domain (residues 1–32), a DNA-binding domain (residues
150–280) with POU-like and homeodomain motif, and a C-termi-
nal transactivation domain (residues 281–631). It regulates
expression of several proteins including amylin [13], insulin [14],
GLUT2 [15] and L-type pyruvate kinase (L-PK), 3-hydroxy-3-meth-
ylglutaryl coenzyme A reductase, mitochondrial 2-oxoglutarate
dehydrogenase (OGDH) E1 subunit [16]. It also plays an important
role in glucose metabolism and insulin secretion [17,18].

Recently, our group identified a novel frameshift mutation with
14-nucleotide insertion at codon 554 in exon 9 of HNF-1a in a Thai
family with MODY. This mutation resulted in a replacement of two
amino acids (glycine and leucine by serine and glutamic acid) in
the protein and an introduction of a stop codon (GTA) at the posi-
tion 556 (G554fsX556). The encoded protein contained 555 amino
acids with a truncation of C-terminus, compared to the normal
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full-length HNF-1a protein. However, the functional effect of the
truncated HNF-1a to the b-cell function and pathogenesis of MODY
is unknown. We therefore, investigated into binding and transacti-
vation activities of the mutant HNF-1a on two target-gene promot-
ers in HeLa cells to understand its functional impact associated
with the pathogenesis of MODY.

Materials and methods

Analysis of genes responsible for MODY. This project was ap-
proved by the Human Ethics Committee of the Faculty of Medicine
Siriraj Hospital before its initiation. Fifty-one unrelated probands
with MODY were recruited at the diabetic clinic, Siriraj Hospital,
Thailand, according to the criteria as previously described [19].

Genomic DNAs were extracted from blood samples by a stan-
dard phenol/chloroform method. All exons, flanking introns, 50

flanking and minimal promoter regions of six known genes, HNF-
4a, GCK, HNF-1a, IPF-1, HNF-1b and NeuroD1, were analyzed by
the polymerase chain reaction-single strand conformation poly-
morphism (PCR-SSCP). The PCR product showing a mobility shift
on the SSCP gel was subjected to direct sequencing by using ABI
Prism BigDyeTM (Applied Biosystems, CA, USA), as described in the
manufacture’s instructions.

Construction of a recombinant plasmid containing a novel frame-
shift mutation with 14-nucleotide insertion in HNF-1a cDNA. A full-
length, human wild-type (WT) HNF-1a cDNA was cloned into
pcDNA3.1 to create pcDNA3.1-HNF-1a-WT. The 14-nt insertion
at codon 554 of HNF-1a (G554fsX556) was generated by using
modified site-directed ligase-independent mutagenesis (SLIM)
method described by Chiu et al. [20]. Briefly, two pairs of long-
tailed (FL and RL) and short-tailed (Fs and Rs) primers were de-
signed in order to insert 14 nucleotides at the codon 554 of the
HNF-1a cDNA construct. The two long-tailed primers contained
overhanging 14-nucleotides that would be inserted into the HNF-
1a cDNA at their termini which were complementary to each
other. The sequences of the two pairs of primers used for PCR were:
FL 50-AGTGAGTGAAGCCCGGGCTTCACACGCCGGCATCT-30, Rs 50-GG
ACTCACTGGAAGCTTCAGTGTC-30, and Fs 50-GGGCTTCACACGCCGG
CATCTCA G-30, RL 50-GGGCTTCACTCACTGGACTCACTGGAAGCTTCA
GT-30; the underlined regions were the complementary 14 nucleo-
tides to be inserted.

The linear PCR products from amplifications of the whole plas-
mid containing the 14-nt insert were obtained from two separate
reactions using two different pairs of primers as described. The
PCR products from two reactions were pooled together, denatured
and re-annealed to allow formation of double stranded DNA. The
re-annealed PCR products were transformed into competent Esch-
erichia coli cells. The E. coli colonies were screened for the presence
of the recombinant plasmid containing 14-nt insert within HNF-1a
cDNA, namely pcDNA3.1-HNF-1a-G554fsX556. The recombinant
plasmid was purified and its nucleotide sequence was examined
by sequencing.

Construction of pGL3-Basic luciferase reporter vector containing
human GLUT2 promoter or rat L-PK promoter. Human GLUT2 pro-
moter region from nucleotides �1296 to +312 was isolated from
human genomic DNA by PCR and cloned into pGL3-Basic luciferase
reporter vector (Promega Corp., Madison, WI). Rat L-type pyruvate
kinase (L-PK) gene was also regulated by HNF-1a [21,22]. Thus,
the rat L-PK promoter, between nucleotides �189 and +37 was
amplified by PCR and cloned into pGL3-Basic luciferase reporter
vector. Sequences of these constructs were verified by automated
DNA sequencing.

In vitro expression of wild-type and mutant HNF-1a. Wild-type
HNF-1a and mutant HNF-1a (G554fsX556) proteins were synthe-
sized by TNT assay (Promega) using pcDNA3.1-HNF-1a-WT and
pcDNA3.1-HNF-1a-G554fsX556 constructs. The proteins were sep-
arated on 10% SDS–PAGE and transferred onto a nitrocellulose
membrane by electroblotting. The membranes were incubated
with anti-HNF-1a antibody (Santa Cruz Biotechnology), followed
by horseradish peroxidase-conjugated anti-goat IgG (Santa Cruz
Biotechnology), and the antibody binding was detected by using
SuperSignal West Pico Chemiluminescence substrate (Pierce).

Expression of wild-type and mutant HNF-1a in HeLa cells. HeLa
cells were maintained in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal calf serum and transfected
with 2 lg each of pcDNA3.1, pcDNA3.1-HNF-1a-WT, or
pcDNA3.1-HNF-1a-G554fsX556 construct using FUGENE� 6 trans-
fection reagents (Roche Diagnostics). After 24 h, the transfected
cells were lysed in M-PER reagent (Pierce) following the manufac-
turer’s protocol. Then, 50 lg of protein were subjected to 10%
SDS–PAGE and transferred by electroblotting onto nitrocellulose
membrane. The expressed proteins were detected by Western blot
method using anti-HNF-1a antibody as previously described.

Electrophoretic-mobility shift assay (EMSA). HeLa cells were
transfected with either pcDNA3.1-HNF-1a-WT or pcDNA3.1-HNF-
1a-G554fsX556 and cultured for 24 h. The nuclear proteins con-
taining either wild-type or mutant HNF-1a were extracted by
using NE-PER extraction reagents (Pierce) as described in the man-
ufacturer’s protocol. The nuclear proteins were incubated with
double-stranded oligonucleotide containing HNF-1a-binding site
from the human GLUT2 promoter sequences [23]; one strand of
the oligonucleotides was labeled at its 50-end with biotin
(biotin-5’-tcctccTGCAATGCATAACTAGGCCtaggc-3’). The oligonu-
cleotide–protein binding reaction was performed following the
manufacturer’s protocol. The oligonucleotide–protein complexes
were separated on 5% non-denaturing polyacrylamide gel and sub-
jected to electrophoresis in 0.5� Tris–borate/EDTA. The complexes
were transferred to the membrane, fixed, and detected by using
LightShift Chemiluminescent EMSA kit (Pierce). To inhibit and con-
firm binding specificity, unlabeled double-stranded oligonucleo-
tides was added into the binding reaction and then similarly
processed. Electrophoretic mobility shift of the complexes, com-
pared with the free biotinylated oligonucleotides that could be in-
hibit by unlabeled oligonucleotides, indicated the specific binding
between the protein and biotinylated oligonucleotides.

Transactivation activities of wild-type and mutant HNF-1a deter-
mined by luciferase reporter assay. HeLa cells were transfected with
500 ng of either pcDNA3.1-HNF-1a-WT or pcDNA3.1-HNF-1a-
G554fsX556 using FUGENE� 6 transfection reagent (Roche
Diagnostics) along with 100 ng of either pGL3-human GLUT2 or
pGL3-rat L-PK promoter, and 10 ng of pRL-SV40 (to control trans-
fection efficiency). After 24 h, the transactivation activities of the
wild-type and mutant HNF-1a proteins were measured by means
of the Dual-Luciferase Reporter Assay System (Promega). For each
plasmid construct, the experiments were repeated three times.

Statistical analysis. The data were analyzed by using SPSS soft-
ware (version 11.5; SPSS Inc.), expressed as mean ± SD, and tested
for their difference by unpaired t-test. The p value < 0.05 was con-
sidered significant.

Results and discussion

A novel frameshift mutation attributable to an insertion of 14
nucleotides in exon 9 of HNF-1a introducing two amino-acid
changes in the protein and creating an early stop codon at the po-
sition 556 (HNF-1a-G554fsX556) was identified in a Thai family
with MODY (Fig. 1). Thus, the mutant HNF-1a protein was trun-
cated by the deletion of 76 amino acids at its C-terminus. The
mutation was observed in the male proband who had diabetes at
the age of 12 years and also in his mother who had the disease



Fig. 1. (A) The pedigree of Thai family with MODY. HNF-1a G554fsX556 mutation
was detected in the proband (III-1) and his affected mother (II-3) who had diabetes
at the ages of 12 and 26 years, respectively. Square and circular symbols represent
male and female members while filled and open symbols indicates diabetic and non-
diabetic individuals, respectively. Arrow indicates the proband. Roman numerals on
left site indicate the generation number and Arabic numbers on upper left of the
symbols indicate individual numbers in the generation. Age at onset of diabetes is
shown at the upper right of the symbol. The letters under the symbol indicate HNF-
1a genotypes: N, normal; M, mutant. (B) The result of HNF-1a mutation screening
(exon 9) by polymerase chain reaction-single strand conformation polymorphism
(PCR-SSCP). Positive screening results were found in the PCR products from the
mother (II-3) and proband (III-1) showing the mobility shift and double bands
(heteroduplexes) of DNA. Lanes are indicated above the gel: M, ladder of DNA
markers; I-1, II-2, II-3, and III-1 are the PCR products from the family members (the
numbers are corresponding to those in the pedigree); N, normal. (C) Sequencing
profiles of the exon 9 of HNF-1a in the mutation region: top panel, wild-type
sequence; lower panel, mutant sequence with 14-nucleotide insertion indicated by
box.

Table 1
Clinical characteristics of the patient, affected mother, an healthy father.

Proband Mother Father

Age (yrs) 18 50 52
Age at onset (yrs) 12 26 –
Duration (yrs) 6 24 –
BMI (kg/m2) 20.41 22.51 18.34
Waist (cm) 79 81 77
Hip (cm) 95 93 89
Waist/Hip ratio 0.83 0.87 0.86
FPG (mmol/l) 13.20 11.71 6.33
Serum creatinine (lmol/L) 61.88 79.56 –
Total cholesterol (mmol/l) 3.55 4.82 –
Triglyceride (mmol/l) 0.43 0.723 –
LDL (mmol/l) 1.77 3.24 –
Treatment OHA OHA –
Complications – Retinopathy mild neuropathy –

Normal range of fasting plasma glucose < 5.6 mmol/l.
Normal range of serum creatinine: adult males, 70.72–123.76 mg/dl; adult females,
53.04–97.24 mg/dl.
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at the age of 26 years while his father who was healthy did not car-
ry this mutation (Fig. 1). However, other members of the family
were not available for the studies. This mutation was not observed
in the screening of 214 non-diabetic subjects. Clinical findings of
the proband, his mother and father were shown in Table 1.
To examine expression of the mutant HNF-1a (G554fsX556)
protein and its functions in binding and transactivating target-
gene promoters, we constructed the recombinant plasmid contain-
ing HNF-1a G554fsX556 cDNA for the studies. The protein
expression was studied by TNT system and by HeLa cell transfec-
tion and detected by Western blot method. By both expression sys-
tems, the wild-type and mutant proteins were expressed to the
predicted sizes of 68 and 59 kDa, respectively (Fig. 2A and B). In
the transfected HeLa cells, we determined the expression of wild-
type and mutant proteins in whole cell lysate in three independent
experiments and found that the wild-type and mutant HNF-1a
proteins had relatively similar quantities calculated as ratios with
the densities of b-actin protein (p = 0.219) (Fig. 2B). When the cyto-
plasmic and nuclear compartments were separated, the wild-type
and mutant proteins were found to be predominantly expressed in
the nucleus (data not shown). This indicated that, similar to the
wild-type HNF-1a, the mutant was stable and could migrate to
localize in the nuclear compartment of the cells.

The binding abilities of the wild-type and mutant HNF-1a pro-
teins expressed in HeLa cells to human GLUT2 promoter containing
HNF-1a binding site were determined by electrophoretic mobility
shift assay (EMSA). The results showed that both wild-type and
mutant proteins were able to bind and cause electrophoretic
mobility shift of the biotinylated oligonucleotides (Fig. 2C), indicat-
ing that the binding ability of mutant protein to the HNF-1a bind-
ing site was still intact. In addition, their binding to the
biotinylated oligonuleotides could completely be blocked by the
addition of 200-fold excess of unlabeled oligonucleotide (Fig. 2C),
confirming their binding specificity.

Since HNF-1a is a transcription factor that activates expression
of GLUT2 and L-PK genes [21,24], we examine whether the mutant
HNF-1a protein, would exhibit any defect in activation of these
two promoters. Human GLUT2 or rat L-PK promoters cloned into
pGL3-Basic luciferase reporter vector were co-transfected with
either pcDNA3.1-HNF-1a-WT or pcDNA3.1-HNF-1a-G554fsX556
into HeLa cells, which has no endogenous HNF-1a [25]. The results
showed that the wild-type HNF-1a could transactivate the human
GLUT2 and rat L-PK promoters, resulting in markedly increased
luciferase activities. However, the mutant HNF-1a could not simi-
larly transactivate these two promoters but only at the levels of
60% and 55% of that of the wild-type protein, respectively
(Fig. 3A and B). The reduction of transactivation activity of the mu-
tant protein is most likely due to the defect from the deletion of
transactivation domain in its C-terminal region since similar
amounts of wild-type and mutant proteins were expressed in the
transfected HeLa cells as shown by the Western blot analysis



Fig. 2. (A) Western blot analysis of protein expression by TNT system. Equal
amounts of proteins were loaded on SDS–PAGE, transferred onto nitrocellulose
membrane, and detected by anti-HNF-1a antibody. The wild-type (HNF-1a WT)
and mutant (HNF-1a G554fsX556) proteins were expressed at the molecular
weights of 68 and 59 kDa, respectively. (B) Western blot analysis of protein
expression in HeLa cells. Equal amounts of proteins were loaded on SDS–PAGE,
transferred by onto nitrocellulose membrane, and detected by anti-HNF-1a
antibody: lanes 1 and 2, empty vectors; lane 3, wild-type protein; lane 4, mutant
protein. The wild-type and mutant proteins (in lanes 3 and 4) were expressed at the
molecular weights of 68 and 59 kDa, respectively. Lower panel were b-actin protein
with molecular weight of 42 kDa. (C) Electrophoretic mobility shift assay (EMSA)
for analysis of the binding between wild-type or mutant HNF-1a protein to GLUT2
promoter consisting of HNF-1a-binding sequence. The oligonucleotide–protein
complexes were analyzed on 5% non-denaturing polyacrylamide gel. In the
competitive assay, 200-fold excess of unlabeled double-stranded oligonucleotides
(competitor) were added into the binding reaction. Both wild-type and mutant
proteins (lanes 2 and 4) could bind to the biotinylated double-stranded oligonu-
cleotides, which could be inhibited by the competitor (lanes 3 and 5).

Fig. 3. (A) Transactivation activities of wild-type and mutant HNF-1a proteins on
human GLUT2 promoter in HeLa cells determined by dual-luciferase reporter assay.
HeLa cells were transfected with pcDNA3.1-empty vector, pcDNA3.1-HNF-1a WT, or
pcDNA3.1-HNF-1a G554fsX556 together with pGL3-human GLUT2 vector and pRL-
SV40. (B) Transactivation activities of wild-type and mutant HNF-1a proteins on rat
L-PK promoter in HeLa cells determined by luciferase reporter assay. HeLa cells
were transfected with pcDNA3.1-empty vector, pcDNA3.1-HNF-1a WT, or
pcDNA3.1-HNF-1a G554fsX556 together with pGL3-rat L-PK vector and pRL-SV40.
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(Fig. 2B) and both proteins could similarly attach to the HNF-1a
binding site in the human GLUT2 promoter (Fig. 2C).

The reduction in transcription activity of the mutant HNF-1a
(G554fsX556) protein may down regulate the expression of its
target genes such as GLUT2 and L-PK. GLUT2 is a major glucose trans-
porter in pancreatic b-cells and plays an important role in glucose-
induced insulin secretion [26]. Therefore, decrease in GLUT2 expres-
sion may lead to the impairment of insulin secretion [27–29]. On the
other hand, L-PK is an important enzyme in the glycolytic pathway in
liver, kidney, small intestine and pancreatic b-cells [30]. The defect
in L-PK expression may lead to defect in glucose metabolism that in-
volves in insulin secretion in pancreatic b-cells. Thus, the decrease in
transactivation of the mutant HNF-1a (G554fsX556) protein on
GLUT2 and L-PK may result in the defect of insulin secretion and asso-
ciated with MODY in the reported Thai family.

In conclusion, the HNF-1a G554fsX556 mutation identified in a
Thai family with MODY should be pathogenic because although the
mutant protein with truncation of the transactivation domain
could be expressed and attach to the HNF-1a binding site, its trans-
activation activities on GLUT2 and L-PK promoters was markedly
decreased. This may explain the impairment of insulin secretion
and insulin sensitivity leading to hyperglycemia in the patients
with MODY caused by this pathogenic mutation.
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