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Abstract

Mutations in transcription factors hepatocyte nuclear factors (HNF)-1a and HNF-1b cause maturity-onset diabetes of the young
(MODY) types 3 and 5, respectively. HNF-1a and HNF-1b mutations are well studied in some tissues, but the mechanism by which
HNF-1a and HNF-1b mutations affect sucrase–isomaltase (SI) transcription in the small intestine is unclear. We studied the effects
of 13 HNF-1a mutants and 2 HNF-1bmutants on human SI gene transcription, which were identified in subjects with MODY3 and
MODY5, respectively. Transactivation activity of 11 HNF-1a and 2 HNF-1bmutants was significantly lower than that of wild (wt)-
HNF-1a and wt-HNF-1b. Furthermore, in co-expression studies with mutant (mu)-HNF-1a/wt-HNF-1b and wt-HNF-1a/mu-
HNF-1b, the combination of mu-HNF-1a (P379fsdelCT and T539fsdelC)/wt-HNF-1b impaired SI transcription, but the others
were not remarkably different from wt-HNF-1a/wt-HNF-1b. Although wt-HNF-1b inhibited the transactivation activity of wt-
HNF-1a on SI transcription, the inhibitory effect was reduced by 2 HNF-1b mutants. These results suggest that SI transcription
might tend to be unchanged or lower in MODY3, while occurring more in MODY5.
� 2004 Elsevier Inc. All rights reserved.
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Heterozygous mutations in hepatocyte nuclear factor
(HNF)-1a and HNF-1b cause maturity-onset diabetes of
the young (MODY) types 3 and 5, respectively. HNF-1a
and HNF-1b share >90% sequence homology in their
DNA-binding domains and recognize the same DNA-
binding site [1–3]. It has been reported that these tran-
scriptional factors bind to DNA as heterodimers or
homodimers, and are expressed in the liver, kidney, small
intestine, pancreas, and genitourinary tissues [4]. Muta-
tions of HNF-1a and HNF-1b genes lead to the synthesis
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of mutant proteins with simple loss of function or with
dominant-negative effect [5–7]. Clinical studies have
identified a primary deficiency of insulin secretion in
MODY3 patients [8,9]. The molecular mechanism of
MODY3 has also been well characterized. In the reports
using animals or cell models, HNF-1a has been shown to
regulate genes of glycolytic enzyme expressed in pancre-
atic b-cell, such as glucose transporter 2 (GLUT2) and L-
type pyruvate kinase (PKL) [10,11]. InMODY3 patients,
the decreased transcription of PKL and GLUT2 genes in
b-cells might impair insulin secretion. On the other hand,
only a few cases of MODY5 due to HNF-1b mutation
have been described. There has been almost no assess-
ment of the molecular mechanism of MODY5. There
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are no useful models of the role of HNF-1b in the b-cell
because the HNF-1b (�/�) mice die at an early embry-
onic stage (E7.5). Despite the ability of mutant HNF-
1b to impair insulin reporter gene transcription in
MIN6 and HepG2 cells [6], a clinical study has demon-
strated that b-cell functions in MODY5 patients do not
differ significantly from those in healthy subjects, and
that insulin resistance is characteristic [12].

In the small intestine, sucrase–isomaltase (SI) complex
is amajor component of a-glucosidase. SI transcription is
accelerated in diabetic patients [13,14]. We have also
found that SI transcription and activity are increased in
OLETF and STZ rats [15,16]. The incremental SI activity
may cause postprandial hyperglycemia (PPG) and fur-
ther aggravate the diabetic condition. SI transcription
has been reported to be regulated by several transcription
factors [17]. HNF-1a and HNF-1b are known as impor-
tant transcription factors of SI gene. HNF-1a and
HNF-1b bind to the promoter site of SI gene and directly
regulate its transcription [18]. However, there is little
information about the role of mutant (mu)-HNF-1a
and mu-HNF-1b in regulation of SI transcription.

To clarify changes in the level of SI transcription in
MODY3 and MODY5, we studied the effects of wt-
and mu-HNF-1a/HNF-1b on human SI transcription
in Caco-2 cells, which are cloned by human colon ade-
nocarcinoma [19–21].
Fig. 1. Transactivation activity of wild HNF-1a and wild HNF-1b.
Wild HNF-1a and wild HNF-1b were transfected with luciferase SI
reporter gene and p-act-b-gal plasmid in Caco-2 cells. Luciferase
activity was normalized by the activity of b-galactosidase. Vector only
was defined as 1. The results were from more than three independent
experiments. Bars represent mean ± SE. *P < 0.05, **P < 0.0001 vs.
vector only; ##P < 0.0001 vs. HNF-1a 2 lg; and §§P < 0.0005 vs.
HNF-1a 1 lg.
Materials and methods

HNF-1a and HNF-1b mutants. Thirteen mutants (L12H, R131W,
K158N, K159Q, R200Q, R203C, R229X, V233L, A239V, R271G,
R272H, P379fsdelCT, and T539fsdelC) and wild HNF-1a were used.
The mutation L12H-HNF-1a is located in the N-terminal dimerization
domain (amino acids 1–32), K158N, K159Q, R200Q, R203C, R229X,
V233L, A239V, R271G, and R272H-HNF-1a are located in the DNA-
binding domain (amino acids 150–280), and P379fsdelCT,
T539fsdelC–HNF-1a are in the C-terminal transactivation domain
(amino acids 281–631). R177X and A263fsinsGG-HNF-1b are located
in the DNA-binding domain.

Plasmid constructs.Human wild and mutant HNF-1a and HNF-1b
cDNA were subcloned into pCMV-6b vector. For luciferase reporter
assay, the promoter region (nucleotides �1244 bp to +46 bp relative to
the cap site) of human SI gene, including the HNF-1 binding sites
(SIF2: �88 to �68 and SIF3: �175 to �158) was subcloned into
pGL3-Basic reporter vector (Promega, Madison, WI, USA).
Table 1
Amount of plasmid for transfection

Wild
HNF-1

Wild HNF-1a and wild HNF-1b (Fig. 1) 0–2
Mutant HNF-1a (Fig. 2A) —
Mutant HNF-1b (Fig. 2B) —
Co-expression of wild and mutant HNF-1a (Fig. 3A) 1
Co-expression of wild and mutant HNF-1b (Fig. 3B) —
Co-expression of mutant HNF-1a and wild HNF-1b (Fig. 5) —
Co-expression of wild HNF-1a and mutant HNF-1b (Fig. 5) 1
Cell culture and transfection analysis. Caco-2 cells were maintained
in Dulbecco�s modified Eagle�s medium (DMEM) with 20% fetal calf
serum, 100 U/ml penicillin, and 100 g/ml streptomycin in 5% CO2 at
37 �C. Cells were seeded in six-well dishes 24 h before transfection and
grown in 50% confluence. Transient transfections were performed
using LipofectAmine Reagent (Life Technologies, Grand Island, NY).
The cells were transfected with plasmid mixture, which contained 0–
2 lg of wild or mutant HNF-1a, 0–2 lg of wild or mutant HNF-1b,
1 lg SI-luciferase reporter vector, and 1 lg p-act-b-gal for internal
control. The amounts of HNF-1 plasmid used in each experiment are
shown in more detail in Table 1. For 48 h after transfection, the cells
were harvested and cell extracts were prepared for luciferase assays and
b-galactosidase assays. All transfection experiments were repeated
more than three times.

Statistical analysis. Statistical evaluation was performed by
ANOVA. All data are shown as means ± SE, and statistical signifi-
cance is defined as P < 0.05.
Results

Transactivation activity of wild- HNF-1a and HNF-1b

SI transcriptional activity was activated 20 times
more by transfected wild (wt)-HNF-1a than by the vec-
a (lg)
Wild
HNF-1b (lg)

Mutant
HNF-1a (lg)

Mutant
HNF-1b (lg)

0–2 — —
— 1 —
— — 1
— 1 —
1 — 1
1 1 —
— — 1
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tor only. Wt-HNF-1b also facilitated transcriptional
activity, but the effects were significantly lower than
those of wt-HNF-1a (Fig. 1). When wt-HNF-1a was
co-transfected with wt-HNF-1b, the transactivation
activity was decreased compared with wt-HNF-1a alone
(Fig. 1).

Transactivation activity of mutant- HNF-1a and HNF-1b

The effects of 13 HNF-1a and 2 HNF-1b mutants on
SI transcriptional activity were studied. Eleven HNF-1a
mutants (R131W, K158N, R159Q, R200Q, R203C,
Fig. 2. Transactivation activity of wild and mutant of HNF-1a: HNF-1b.
luciferase SI reporter gene in Caco-2 cells. (B) Wild and mutant HNF-1b w
independent experiments. Bars represent mean ± SE. *P < 0.005, **P < 0.000

Fig. 3. Co-expression of wild and each mutant HNF-1a: HNF-1b. (A) SI repo
in Caco-2 cells. (B) SI reporter gene, wild HNF-1b, and each mutant HNF-1
three independent experiments. Bars represent mean ± SE. *P < 0.05, **P <
wt-HNF-1b 2 lg (B); and §P < 0.05, §§P < 0.0001 vs. wt-HNF-1a 1 lg (A) o
R229X, V233L, R271G, R272H, P379fsdelCT, and
T539fsdelC) showed significantly less activity than wt-
HNF-1a (Fig. 2A). Two HNF-1b mutants (R177X,
A263fsinsCG) had a repressive effect (Fig. 2B).

Interaction of wild/mutant- HNF-1a and HNF-1b

When each HNF-1a mutant was co-transfected with
wt-HNF-1a, 5 HNF-1a mutants (R203C, R271G,
R272H, P379fsdelCT, and T539fsdelC) showed signifi-
cantly less transactivation activity than with either 1 lg
wt-HNF-1a or 2 lg wt-HNF-1a (Fig. 3A). This suggests
(A) Wild HNF-1a and each mutant HNF-1a were transfected with
ere transfected in Caco-2 cells. The results were from more than three
1 vs. vector only; ##P < 0.0001 vs. wt-HNF-1a (A) or wt-HNF-1b (B).

rter gene, wild HNF-1a, and each mutant HNF-1a were co-transfected
b were co-transfected in Caco-2 cells. The results were from more than
0.0001 vs. vector only; #P < 0.05, ##P < 0.0001 vs. HNF-1a 2 lg (A) or
r wt-HNF-1b (B).
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that these mutants might have dominant-negative effects.
We also studied the effect of HNF-1b mutants on wt-
HNF-1b. R177X-HNF-1b showed significantly less
activity than either 1 lg wt-HNF-1b or 2 lg wt-HNF-
1b (Fig. 3B).

Study of the dominant-negative effect

To determine whether these HNF-1a mutants
(R203C, R271G, R272H, P379fsdelCT, and
T539fsdelC) act as a dominant-negative regulator, var-
ied amounts (0–2 lg) of the mutant constructs were
co-transfected with a constant amount of wild (0.5 lg)
Fig. 4. Study of the dominant-negative effect of HNF-1a and HNF-
1b. (A) 0.5 lg of wild HNF-1a was co-transfected with increasing
amounts (0, 0.5, 1, and 2 lg) of mutant HNF-1a (R203C, A239V,
R271G, R272H, P379fsdelCT, and T539fsdelC) in Caco-2 cells. The
total amount of DNA was adjusted to 4.5 lg using empty vector.
R203C, R271G, R272H, P379fsdelCT, and T539fsdelC had dose-
dependently reduced activity (P < 0.005 vs. wt-HNF-1a 0.5 lg). (B)
0.5 lg of wild HNF-1b was co-transfected with increasing amounts (0,
0.5, 1, and 2 lg) of mutant HNF-1b (R177X and A263fsinsGG) in
Caco-2 cells. The total amount of DNA was adjusted to 4.5 lg using
empty vector. R177X-HNF-1b had dose-dependently reduced activity
(P < 0.05 vs. wt-HNF-1b 0.5 lg). The results were from more than
three independent experiments. Data are shown as means ± SE.
in Caco-2 cells. Co-transfected mutant dose-dependently
reduced transactivation activity of wt-HNF-1a, suggest-
ing that they function as a dominant-negative regulator
(Fig. 4A). A239V-HNF-1a was used as a positive con-
trol, showing no dominant-negative effect. Transfection
of R177X-HNF-b also dose-dependently reduced trans-
activation activity of wt-HNF-1b, whereas that of
A263fsinsGG-HNF-1b led to results that were not sig-
nificantly different from those for wt-HNF-1b (Fig. 4B).

Interaction of wild-HNF-1a/mutant-HNF-1b or

mutant-HNF-1a/wild-HNF-1b

When each HNF-1a mutant was co-transfected to-
gether with wt-HNF-1b in Caco-2 cells, 11 HNF-1a
mutants (L12H, R131W, K158N, R159Q, R200Q,
R203C, R229X, V233L, A239V, R271G, and R272H)
had no significant changes compared with wt-HNF-
1a + wt-HNF-1b. Interestingly, HNF-1a (P379fsdelCT
and T539fsdelC) mutants were shown to reduce SI
transcription significantly (Fig. 5). SI transcription, in
which 2 HNF-1b mutants were co-transfected with
wt-HNF-1a, was significantly greater than with wt-
HNF-1a + wt-HNF-1b (Fig. 5).
Discussion

Mutations in HNF-1a and HNF-1b cause MODY3
and MODY5, respectively. HNF-1a and HNF-1bmuta-
tions have been reported to induce disorders of function,
especially in pancreas and kidney [22–24]. HNF-1a and
HNF-1b are also expressed in the small intestine and
regulate SI transcription [4]. HNF-1a and HNF-1b pro-
teins interact with two elements in the SI gene promoter,
SIF2 and SIF3 [18]. HNF-1a transactivates SI transcrip-
tion whereas HNF-1b has no activation effect [25]. Our
results showed that both wt-HNF-1a and wt-HNF-1b
transactivated SI gene transcription alone, but that the
transactivation activity of wt-HNF-1a was impaired
by co-expressed wt-HNF-1b (Fig. 1). Interestingly, in
co-expressed mu-HNF-1b and wt-HNF-1a (Fig. 5),
HNF-1b mutants lacked inhibitory effect on the transac-
tivation activity of wt-HNF-1a compared with wt-
HNF-1b. These results showed that the expression ratio
of HNF-1a/HNF-1b might be important in modulating
SI transcription.

In studies on the regulatory effect of mu-HNF-1a and
mu-HNF-b, HNF-1a and HNF-1b mutants impaired SI
transcription, except for L12H- and R239V-HNF-1a
(Fig. 2). It has also been reported that L12H-HNF-1a
does not reduce transcription activity when GLUT2
promoter is used [6]. R239V-HNF-1a function has not
been described. Despite the fact that HNF-1a mutations
are in the same gene, diverse effects have also been ob-
served [26].



Fig. 5. Co-expression of wild HNF-1a/mutant HNF-1b: mutant HNF-1a/wild HNF-1b. Wild HNF-1b was co-transfected with each mutant
HNF-1a, and wild HNF-1a was co-transfected with each mutant HNF-1b in Caco-2 cells. The results were from more than three independent
experiments. Bars represent mean ± SE. *P < 0.05, **P < 0.001 vs. vector only; #P < 0.05, ##P < 0.0001 vs. wt-HNF-1a + wt-HNF-1b.
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MODY3 and MODY5 carry a heterozygous muta-
tion [27]; we therefore estimated the SI transcription
by co-expression with wt/mu-HNF-1a and wt/mu-
HNF-1b. Five HNF-1a and 1 HNF-1b mutants signifi-
cantly decreased SI transcription levels and showed
dominant-negative effect (Figs. 3, and 4). Although
these mutations are located in the DNA-binding or
transactivation domain, they may form the homodimers
with wt-HNF-1a or wt-HNF-1b and interfere with their
normal functions. Although the dominant-negative ef-
fects of mutations found in this study are different from
those in previous reports [5,6,28], they may have a pro-
moter- and cell-specific transcriptional repressive effect.

Since HNF-1a and HNF-1b are expressed in the small
intestine simultaneously, the co-expression studies of wt-
HNF-1a/mu-HNF-1b or mu-HNF-1a/wt-HNF-1b were
performed (Fig. 5). The results suggested that HNF-1b
mutants lacked inhibitory effect on transactivation activ-
ity of wt-HNF-1a. However, except for P379fsdelCT and
T539fsdelC, HNF-1a mutants failed to affect transacti-
vation activity of wt-HNF-1b compared with wt-HNF-
1a + wt-HNF-1b. It seems that HNF-1a mutations in
the transactivation domain have significantly less trans-
activation activity than that in other domains. These
data show that SI transcription tends to be unchanged
or lower in MODY3, but higher in MODY5.

In general, abnormal increases in SI transcription le-
vel are observed in diabetic patients and animals [13–
16]. However, there are no reports of SI transcription
in MODY3 and MODY5 patients. In this study, though
SI transcription might tend to be lower or unchanged in
MODY3, it is not clear that SI transcription in MODY3
patients is different from that in other types of diabetic
patients. Furthermore, Takenoshita et al. [29] have
reported that insulin has a suppressive effect on the
synthesis of SI complex. It is surmised that insulin defi-
ciency in MODY3 might stimulate SI transcription.
Nearly all MODY3 and MODY5 patients have been
diagnosed after adolescence, because of the much great-
er insulin requirement. Abnormal SI activity may affect
absorption of carbohydrate from the small intestine,
which would change the quantity of insulin required.

We first investigated changes in SI transcription levels
by simulating the small intestine in cases of MODY3 and
MODY5. Molecular mechanisms by which mu-HNF-1a
and mu-HNF-1b influence SI transcription in MODY3
and MODY5 are rather complex, due to the synergistic
effects of insulin [29] and several transcription factors
[17]. Further detailed study is currently in progress.
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