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Abstract
Mutations in hepatocyte nuclear factor-1b (HNF-1b) lead to

type 5 maturity-onset diabetes of the young (MODY5).

Moreover, mutations in the HNF-1b gene might cause

multiorgan abnormalities including renal diseases, genital

malformations, and abnormal liver function. The objective

of this study was to investigate the molecular mechanism of

diabetes mellitus, intrauterine growth retardation, and

cholestasis observed in MODY5 patients. We analyzed the

transactivity of wild-type and three mutant HNF-1b on native
human insulin, IGF-I, and multidrug resistance protein 2

(MRP2) promoters in combination with HNF-1a, using a

reporter-assay system in transiently transfected mammalian

cells. In the human insulin gene promoter, we found that the

cooperation of HNF-1a and HNF-1b is prominent. Absence

of this cooperationwas observed in all of theHNF-1bmutants.

In the human IGF-I and MRP2 promoters, we found that the
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HNF-1b His153Asn (H153N) mutant had a mutant-specific

repressive effect on both HNF-1a and wild-type HNF-1b
transactivity. Absence of the cooperation of HNF-1bmutants

with HNF-1a in the human insulin gene promoter might be

one cause of defective insulin secretion. The H153N mutant-

specific repression of HNF-1a and HNF-1b transactivity in

human IGF-I and MRP2 promoters might explain the case-

specific clinical features of growth retardation and cholestasis

observed only in early infancy. We found differential property

of HNF-1a/HNF-1b activity and the effect of HNF-1b
mutants by the promoters. We consider that analyses of HNF-

1b mutants on the intended human native promoters in

combination with HNF-1amay be useful in investigating the

molecular mechanisms of the various features in MODY5.
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Introduction

Maturity-onset diabetes of the young (MODY) is a form of

diabetes characterized by the autosomal dominant mode of

inheritance, early onset (usually diagnosed before the age of

25), and impaired glucose-stimulated insulin secretion (Fajans

et al. 2001, Ryffel 2001). The type 5 form of MODY,

MODY5, has been reported to be caused by heterozygous

mutations in the homeodomain-containing transcription

factor, hepatocyte nuclear factor-1b (HNF-1b) (Horikawa

et al. 1997). Patients with HNF-1b mutation are most

commonly characterized by renal diseases including renal

cysts and dysplasia (Bingham & Hattersley 2004, Edghill et al.

2006). As more subjects have been reported, it has become

apparent that mutations in the HNF-1b gene may cause a

multisystem disorder. Additional features including genital

malformations, abnormal liver function, hyperuricemia, and

cholestasis differ in individuals (Bingham et al. 2002, 2003,

Bingham & Hattersley 2004, Kitanaka et al. 2004).

HNF-1b is closely related to HNF-1a, a gene hetero-

zygouslymutated inMODY3 (Yamagata et al. 1996).HNF-1a
and HNF-1b bind to the same consensus HNF-1 site and

function as homodimers or heterodimers. Various target genes

have been identified including insulin, albumin, glucose

transporter-2, and a-fetoprotein for both HNF-1a and

HNF-1b, and insulin growth factor-I (IGF-I), and L-type

pyruvate kinase for HNF-1a. Transcriptional modification by

the co-expression of HNF-1a and HNF-1b has been studied

in some promoters and is known to differ with the promoter

(Song et al. 1998, Boudreau et al. 2001, Kitanaka et al. 2004).

Considered together with the changes in the ratio of HNF-1b
expression to HNF-1a during development, it was suggested

that HNF-1b has a regulatory role in HNF-1a and HNF-1b
target gene regulation (Cereghini et al. 1992, Song et al. 1998,

Boudreau et al. 2001).

The molecular mechanisms by which mutations in HNF-1b
cause various clinical features have been only partly investigated.

The transcriptional inhibition of genes including Pkhd1 by

HNF-1b mutants has recently been reported in mice, which

might be related to the formation of renal cysts (Gresh et al.

2004, Hiesberger et al. 2004). The molecular mechanism of

diabetes mellitus by HNF-1a mutations in MODY3 has been
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attributed to the decreased transcription of genes including

insulin, glucose transporter 2, and L-type pyruvate kinase

(Wang et al. 1998, 2000).However, althoughHNF-1b is known
to be essential for normal glucose-stimulated insulin secretion

from the analysis of b-cell-conditional Hnf-1b knockout mice

(Wang et al. 2004) and MODY5 patients (Lindner et al. 1999,

Bingham et al.2000, Furuta et al.2002,Bellanne-Chantelot et al.

2004, Kitanaka et al. 2004), the molecular mechanism of

MODY5 diabetes has not been elucidated. Furthermore,

although severe growth retardation was observed in liver- and

bile duct-conditional Hnf-1b knockout mice (Coffinier et al.

2002), the molecular mechanism is unknown. Growth

retardation was similarly observed in Hnf-1a knockout mice,

most likely due to the loss of expressionof IGF-I in the liver (Lee

et al. 1998). Moreover, HNF-1b has been shown to play an

important role in the development of the bile system from the

analysis of liver- and bile duct-conditional Hnf-1b knockout

mice (Coffinier et al. 2002). Cholestasis and conjugated

hyperbilirubinemia have also been reported inMODY5patients

(Bellanne-Chantelot et al. 2004, Kitanaka et al. 2004). A single

gene, organic anion transporting polypeptide 1 (Oatp1), was

downregulated inHnf-1b knockoutmice (Coffinier et al. 2002).

However, since OATP1 is a basolateral sinusoidal bilirubin

transporter which mediates the hepatocellular uptake of

unconjugated bilirubin, the molecular mechanism of con-

jugated hyperbilirubinemia could not be explained. Multidrug

resistance protein 2 (MRP2), also known as the canalicular

multispecific organic anion transporter, is indispensable for the

excretion of conjugated bilirubin from hepatocytes to the bile

duct. Mutations in the MRP2 gene lead to Dubin–Johnson

syndrome, a formof hereditary-conjugated hyperbilirubinemia.

We have previously reported a novel HNF-1b missense

mutation, His153Asn (H153N), in a patient with MODY5

(Kitanaka et al. 2004). This patient had specific features of

neonatal cholestasis and intrauterine growth retardation

together with the common MODY5 features of diabetes

mellitus and renal cysts. Interestingly, functional analyses

revealed that HNF-1b H153N mutant had diminished

transcriptional activity and a promoter-specific transcriptional

repressive effect not only on wild-type HNF-1b but also on

HNF-1a (Kitanaka et al. 2004). In this report, based on the

presumption that the phenotype of patients with MODY5

might be related to the mutant HNF-1b property on each

promoter, we analyzed the function of HNF-1b mutants on

native human promoters in combination with HNF-1a to

investigate the molecular mechanism of diabetes mellitus,

intrauterine growth retardation, and cholestasis observed in

our patient. We found that the cooperation of HNF-1a and

HNF-1b is prominent in the regulation of human insulin gene

transcription. Absence of this cooperation was observed in

HNF-1bmutants,whichmight be one of the causes of defective

insulin secretion. Moreover, we found that HNF-1b H153N

mutant had amutant-specific transcriptional repressive effect on

both HNF-1a and wild-type HNF-1b transactivity in human

IGF-I and in human MRP2 promoters.
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Materials and Methods

Construction of plasmids

The constructs of wild-type (WT)HNF-1b expression plasmid

pCMV-1bWTand HNF-1a expression plasmid pCMV-1a in

pCMV6b were described previously (Tomura et al. 1999).

His153Asn (H153N), Glu101Ter (E101X), and Arg177Ter

(R177X) mutations in pCMV-1b were introduced with a

Quick Change site-directed mutagenesis kit (Stratagene, La

Jolla,CA,USA).Constructionof the luciferase reporter plasmid

with the human insulin gene promoter region (K362 toC27

relative to the cap site) andhumanMRP2genepromoter region

(K179 to C248 relative to the major transcription initiation

site) was described previously (Okita et al. 1999, Tanaka et al.

1999). Human IGF-I reporter plasmid was constructed by

subcloning a fragment (K488 to C54 relative to the major

transcription site) amplified by PCR using sense primer

50-GGGGCTAGCTGTCTTCCAATCTACTTTAC-30 and

antisense primer 5 0-GGGAAGCTTTATTCCATTGCG-

CAGGC-3 0 (restriction sites are in italics) into NheI and

HindIII site of pGL3-basic (Promega). The constructs were

checked by sequencing.
Cell transfection and luciferase assay

HeLa cells and HepG2 cells were maintained in Dulbecco’s

modified Eagle’s medium supplemented with 10% FBS. Cells

cultured in six-well plates were transfected with 100 ng of the

reporter gene, the indicated amounts of each HNF-1

expression plasmid, and 0.5 ng pRL-CMV (Promega) using

LipofectAMINE PLUS (Invitrogen Corp.) according to the

manufacturer’s protocol in a culture medium of 200 ml. The
total amount of the plasmids was adjusted to 250 ng by empty

pCMV vector. After 24 h, transcriptional activity was assayed

using a Dual-Luciferase Reporter Assay System (Promega).

The relative luciferase activity (Firefly/Renilla) was measured

by five independent experiments and is presented as the

meanGS.E.M. The statistical significance of differences

between the means was evaluated by one-way ANOVA

followed by post hoc Bonferroni/Dunn’s test (Fig. 1A) or

Dunnett’s test (others). A P value of !0.05 was considered

significant.
Results

Regulation of human insulin promoter activity by HNF-1b
and HNF-1a

Human insulin promoter has an HNF-1 site and has been

reported to be activated by HNF-1a or HNF-1b (Okita et al.

1999); however, transcriptional activity by the co-expression

of HNF-1a and HNF-1b is unknown. We first analyzed

the regulation of human insulin promoter activity by the

co-expression of HNF-1a and HNF-1b. Transfection of half
www.endocrinology-journals.org
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Figure 1 Regulation of human insulin promoter activity by HNF-1a
and HNF-1b and the activity of HNF-1b mutants. (A) The indicated
amounts of pCMV-1a, pCMV-1bWT, pCMV-1b mutants (H153N,
E101X, R177X) were transfected with 100 ng human insulin reporter
plasmid into HeLa cells. Fold induction refers to the activity without
any HNF-1a or HNF-1b. (B) The indicated amounts of pCMV-1bWT
or pCMV-1b mutants (H153N, E101X, R177X) were co-transfected
with 20 ng of pCMV-1a, 100 ng human insulin reporter plasmid into
HeLa cells. Fold induction refers to the activity with 20 ng pCMV-1a.
The relative luciferase activity (Firefly/Renilla) was measured by five
independent experiments. The meanGS.E.M. is shown. *P!0.05,
†P!0.01 compared with no HNF-1a/HNF-1b or as indicated (A), or
compared with no HNF-1b (B).
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amounts of HNF-1a and HNF-1b showed higher transcrip-

tional activity than individually (Fig. 1A). We next examined

the activity of HNF-1b mutants on human insulin promoter.

HNF-1b H153N mutant had no transcriptional activity on

the insulin promoter (Fig. 1A). Another two mutants, E101X

and R177X, reported to have diminished transcriptional

activity on other promoters (Tomura et al. 1999, Bohn et al.

2003), also had no transcriptional activity.

We next examined the effect of HNF-1b mutants on

HNF-1a transcriptional activity in the human insulin

promoter. Wild-type HNF-1b showed an apparent coopera-

tive effect on HNF-1a as already shown; however, no

HNF-1b mutants showed any cooperative effect on HNF-1a
www.endocrinology-journals.org
(Fig. 1B). None of the mutants had a significant repressive

effect either on HNF-1a or on wild-type HNF-1b (Fig. 1B

and data not shown). All the results were similar in HepG2

cells (data not shown). Taken together, these results suggested

that the cooperation of HNF-1a and HNF-1b is prominent

in human insulin promoter, and all the HNF-1bmutants lack

the cooperative effect.
Regulation of human IGF-I promoter activity by HNF-1b
and HNF-1a

Our patient had intrauterine growth retardation (39 weeks,

2390 g) and catch-up growth was observed during infancy

(Kitanaka et al. 2004). IGF-I is well known to be important in

fetal growth (Nakae et al. 2001) and the human gene has been

identified as one of the target genes of HNF-1a (Nolten et al.

1995). However, the regulation of human IGF-I by HNF-1b
and by the co-expression of HNF-1a and HNF-1b are

unknown. We first examined the transcriptional activity of

HNF-1a and HNF-1b on human IGF-I promoter. Transfec-

tion of wild-type HNF-1b showed dose-dependent tran-

scriptional activity (Fig. 2A). The co-expression of HNF-1a
and HNF-1b showed intermediate activity between them,

suggesting that they do not have a cooperating effect on the

human IGF-I promoter. HNF-1b mutants H153N, E101X,

and R177X had no or negligible transcriptional activity

(Fig. 2A).

We next examined the effect of wild-type and mutant

HNF-1b on HNF-1a transcriptional activity in the human

IGF-I promoter. Wild-type HNF-1b had slight but not

significant additional transcriptional activity (Fig. 2B);

however, HNF-1b H153N mutant showed significant

repressive effect on HNF-1a transcriptional activity. Other

mutants showed no repressive effect, suggesting that this

repression was specific to the H153N mutant.

Since HNF-1b mutation in MODY5 is heterozygous, we

next examined the dominant-negative effect of HNF-1b
mutants on wild-type HNF-1b transactivity. Transfection of

equal amounts of the HNF-1b H153N mutant showed a

significant repressive effect on wild-type HNF-1b (Fig. 2C);

however, other mutants hadno repressive effect.All of the results

were similar in HepG2 cells (data not shown). Taken together,

these results indicated that the HNF-1b H153N mutant has a

mutant-specific repressive effect both on HNF-1a and wild-

type HNF-1b in the human IGF-I promoter.
Regulation of human MRP2 promoter activity by HNF-1b and
HNF-1a

Our patient had neonatal hyperbilirubinemia and improved

spontaneously by 9 months of age (Kitanaka et al. 2004). The

hyperbilirubinemia and histological findings were similar to

the liver- and bile duct-conditional Hnf-1b knockout mice

(Coffinier et al. 2002). The conjugated hyperbilirubinemia in

the knockout mice and in our patient suggested that the

abnormality lay in the process after the conjugation of
Journal of Endocrinology (2007) 192, 141–147
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bilirubin in the hepatocytes. Human MRP2 promoter has an

HNF-1 site near one of the transcription initiation sites

(Tanaka et al. 1999); however, the regulation of MRP2

promoter by HNF-1a and HNF-1b are unknown. Thus, we

first analyzed HNF-1a and HNF-1b transactivity on the

human MRP2 promoter. HNF-1a had high transcriptional
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activity and wild-type HNF-1b also had dose-dependent

transcriptional activity (Fig. 3A). This result indicated that the

human MRP2 gene is regulated mainly by HNF-1a and also

by HNF-1b. None of the HNF-1b mutants had transcrip-

tional activity (Fig. 3A).

We next examined the effect of wild-type and mutant

HNF-1b on HNF-1a transcriptional activity in the human

MRP2 promoter. Wild-type HNF-1b had a slightly

repressive effect on HNF-1a transcriptional activity

(Fig. 3B). Among the mutants, HNF-1b H153N showed

more repressive effect than wild-type HNF-1b; this repres-
sion was specific to the H153N mutant.

We next examined the dominant-negative effect of

HNF-1b mutants on wild-type HNF-1b transactivity.

Transfection of equal amounts of HNF-1b H153N mutant

showed an apparent repressive effect on wild-type HNF-1b
(Fig. 3C); however, other mutants had no repressive effect. All

the results were similar in HepG2 cells (data not shown).

Taken together, these results indicated that the HNF-1b
H153Nmutant has a mutant-specific repressive effect on both

HNF-1a and wild-type HNF-1b in the human MRP2

promoter.
Discussion

In this report, we found that not only HNF-1a and HNF-1b
independent activity, but also the activity by their co-expression

differ among the analyzed promoters (i.e. insulin, JGF-1 and

MRP2). The most differential property was observed in the

co-expression activity; the results of adding HNF-1b to HNF-

1a ranged from prominent cooperation in human insulin

promoter to repression in human MRP2 promoter. The

repression of HNF-1a activity by HNF-1b has been reported

in other promoters (Song et al. 1998, Boudreau et al. 2001);

however, high cooperationobserved inhuman insulin promoter

has not been reported in any other promoters and may be

specific to the human insulin promoter. Our findings assist the

concept that the relative abundance of HNF-1b to HNF-1a
defines each promoter activity in a specific way.
Figure 2 Regulation of human IGF-I promoter activity by HNF-1a
and HNF-1b, and the activity of HNF-1b mutants. (A) The indicated
amounts of pCMV-1a, pCMV-1bWT, pCMV-1b mutants (H153N,
E101X, R177X) were transfected with 100 ng human IGF-I reporter
plasmid into HeLa cells. Fold induction refers to the activity without
any HNF-1a or HNF-1b. (B) The indicated amounts of pCMV-1bWT
or pCMV-1b mutants (H153N, E101X, R177X) were co-transfected
with 20 ng pCMV-1a, 100 ng human IGF-I reporter plasmid into
HeLa cells. Fold induction refers to the activity with 20 ng pCMV-
1a. (C) The indicated amounts of pCMV-1b mutants (H153N,
E101X, R177X) were co-transfected with 10 ng pCMV-1bWT,
100 ng human IGF-I reporter plasmid into HeLa cells. The ratio of
mutant:wild-type was set to 1:1 reflecting the in vivo state. The
relative luciferase activity (Firefly/Renilla) was measured by five
independent experiments. The meanGS.E.M. is shown. *P!0.05,
†P!0.01 compared with no HNF-1a/HNF-1b (A), compared with
no HNF-1b (B), or compared with no HNF-1b mutants (C).
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We also found in this and in our previous report that the

effect of HNF-1b mutants on wild-type HNF-1b and

HNF-1a differs with the promoter (Kitanaka et al. 2004).

We have reported that this difference may be caused by

the difference in DNA binding affinity (Kitanaka et al. 2004).

The dominant-negative effect of R177X mutant on wild-

type HNF-1b has also been reported to differ with cells and
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promoters (Tomura et al. 1999, Barbacci et al. 2004, Gu et al.

2004). From these observations, we consider that analyses of

the intended native promoters in combination with wild-type

HNF-1b and HNF-1a are essential to investigate the function

of HNF-1b mutants.

The mechanism of diabetes mellitus in MODY5 has not

been fully elucidated. It is considered that the major cause of

diabetes may be due to the abnormality in pancreas

development from the findings of Hnf-1b-disrupted mice

and of MODY5 patients (Bellanne-Chantelot et al. 2004,

Haumaitre et al. 2005). However, decreased insulin response

to glucose loading has been reported in several MODY5

patients and in b-cells-conditional Hnf-1b knockout mice,

suggesting that HNF-1b has a function in insulin secretion

(Lindner et al. 1999, Bingham et al. 2000, Furuta et al. 2002,

Bellanne-Chantelot et al. 2004, Wang et al. 2004). In this

study, we found that the co-expression of HNF-1a and

HNF-1b had higher transcriptional activity than individual

expression on human insulin promoter; mutant HNF-1b did

not have such cooperation. Thus, we consider that

cooperation of HNF-1a and HNF-1b is important and that

abnormal HNF-1b may result in defective insulin gene

transcription due to the lack of cooperation with HNF-1a.
Although the expression of HNF-1b is less abundant than

HNF-1a in the b-cells, small amounts of HNF-1b may have

cooperative effect on HNF-1a from our preliminary results.

However, further studies of the biological implications of our

data are necessary considering the report of the differential

expression of Hnf-1a and Hnf-1b genes in the b-cells of mice

(Maestro et al. 2003).

IGF-I is essential in fetal growth and is produced mainly in

the liver (Nakae et al. 2001). The human IGF-I gene is known

as one of the target genes of HNF-1a (Nolten et al. 1995).

Growth retardation was observed in Hnf-1a knockout mice,

most likely due to the loss of IGF-I expression in the liver (Lee

et al. 1998). Since the expression of HNF-1b precedes that of

HNF-1a during development (Cereghini et al. 1992), we

considered that HNF-1b abnormality might affect IGF-I

gene transcription. We found that the human IGF-I gene is

regulated by HNF-1b as well as by HNF-1a and that the

HNF-1b H153N mutant had mutant-specific repression on
Figure 3 Regulation of human MRP2 promoter activity by HNF-1a
and HNF-1b, and the activity of HNF-1b mutants. (A) The indicated
amounts of pCMV-1a, pCMV-1bWT, pCMV-1b mutants (H153N,
E101X, R177X) were transfected with 100 ng human MRP2 reporter
plasmid into HeLa cells. Fold induction refers to the activity without
any HNF-1a or HNF-1b. (B) The indicated amounts of pCMV-1bWT
or pCMV-1b mutants (H153N, E101X, R177X) were co-transfected
with 20 ng pCMV-1a, 100 ng human MRP2 reporter plasmid into
HeLa cells. Fold induction refers to the activity with 20 ng pCMV-
1a. (C) The indicated amounts of pCMV-1b mutants (H153N,
E101X, R177X) were co-transfected with 10 ng pCMV-1bWT,
100 ng human MRP2 reporter plasmid into HeLa cells. The ratio of
mutant:wild-type was set to 1:1 reflecting the in vivo state. The
relative luciferase activity (Firefly/Renilla) was measured by five
independent experiments. The meanGS.E.M. is shown. *P!0.05,
†P!0.01 compared with no HNF-1a/HNF-1b (A), compared with
no HNF-1b (B), or compared with no HNF-1b mutants (C).
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HNF-1a and wild-type HNF-1b activity. From these

findings, we considered that the heterozygous HNF-1b
H153Nmutant repressed IGF-I gene transcription during the

fetal period when HNF-1b is dominant and this repression

was eliminated with the decreasing HNF-1b expression after

birth. This expectation will explain the clinical findings that

our patient had intrauterine growth retardation and that

spontaneous catch-up growth was observed after birth.

However, we do not know whether other MODY5 patients,

especially those with E101X and R177X mutation, had

intrauterine growth retardation.

Our patient had neonatal cholestasis of unknown etiology

and recovered spontaneously in infancy. Another patient with

MODY5 has also been reported to have cholestasis

(Bellanne-Chantelot et al. 2004). It has been shown that

HNF-1b is expressed in the biliary system from the fetal

period to adulthood and that both HNF-1a and HNF-1b are

important for normal bile production (Coffinier et al. 1999,

2002, Shih et al. 2001). The histological data of the liver in

our patient were quite similar to liver- and bile duct-

conditional Hnf-1b knockout mice, including cholestasis and

a decreased number of intrahepatic bile ducts (Coffinier et al.

2002). HNF-1b might have a function in intrahepatic bile

duct formation; however, the spontaneous improvement of

cholestasis in our patient suggests that other factors are

involved in the presentation of cholestasis.

In the liver- and bile duct-conditional Hnf-1b knockout

mice, the expression ofOatp1was diminished among multiple

bile-related genes (Coffinier et al. 2002); however, the clinical

condition of high direct bilirubin could not be explained only

by this abnormality. Therefore, we suspected that another gene

involved in post-conjugationmight be affected.We focused on

MRP2 and found that the human MRP2 promoter is

regulated by both HNF-1a and HNF-1b and that the

HNF-1b H153N mutant had a mutant-specific repressive

effect on both HNF-1a and HNF-1b. We consider from these

results that MRP2 transcription may be repressed when the

expression of HNF-1b is dominant, resulting in high direct

bilirubin levels. Moreover, cholestasis may spontaneously

improve by the decrement in HNF-1b expression. Alter-

natively, since cholestasis inHnf-1b conditional knockoutmice

was observed in the homozygotes, the repressive effect only on

HNF-1b may be the cause of cholestasis.

We found in this study that only theH153Nmissense mutant

had a repressive effect and the other twomutants did not. All the

mutants had an intact dimerization domain and defective DNA

binding ability (Tomura et al. 1999, Bohn et al. 2003, Kitanaka

et al. 2004). We have shown that the repression by H153N

mutant may be caused by inhibiting the DNA binding of

HNF-1a and HNF-1b in another promoter (Kitanaka et al.

2004). Thus, we consider that the repressive effect in this study

is also caused by inhibiting the binding of HNF-1a and

HNF-1b to the promoters, but left to be confirmed.Moreover,

since the other two mutants are nonsense mutants, further

analyses on other missense mutants are necessary to investigate

whether this repressive effect is specific to this mutant.
Journal of Endocrinology (2007) 192, 141–147
Our study had several limitations. First, these analyses were

reporter assays using a transfected reporter plasmid and not by

chromosomal genes. There are many factors controlling the

chromosomal structure in transcription, so we should be

careful about the interpretation of the results on the model

system. Secondly, we do not know how these genes are

actually regulated by HNF-1a and HNF-1b in vivo. We do

not know whether these gene expression was actually reduced

in our patient and could not examine the cosegregation of the

features and the mutation. Thus, it is speculated that the

clinical features are caused by other known and unknown

factors regulated or not by HNF-1b. Further, accumulation

of patients and mutational analyses are necessary to uncover

the mechanism of the clinical features.

In conclusion, we found that the cooperation of HNF-1a
and HNF-1b is prominent in the regulation of human insulin

gene transcription. Absence of this cooperation in HNF-1b
mutants may be one cause of defective insulin secretion in

MODY5 patients. Furthermore, we found that the HNF-1b
H153N mutant had a mutant-specific transcriptional repres-

sive effect on both HNF-1a and wild-type HNF-1b
transactivity in human IGF-I and human MRP2 promoters.

These observations might explain the variety of clinical

features of MODY5. We consider that analysis of each human

native promoter is essential to investigate the function of

HNF-1b mutants.
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