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OBJECTIVE — Mutations in the highly homologous transcription factors hepatocyte nuclear
factor (HNF)-1� and -1� cause maturity-onset diabetes of the young types 3 and 5, respectively.
Diabetes due to HNF-1� mutations is well characterized. However, physiological assessment of
the HNF-1� phenotype is limited. We aimed to test the hypothesis that the diabetes phenotype
due to HNF-1� mutations is similar to that in HNF-1�.

RESEARCH DESIGN AND METHODS — Fasting biochemistry and a tolbutamide-
modified intravenous glucose tolerance test (IVGTT) were compared in matched HNF-1�,
HNF-1�, type 2 diabetic, and control subjects. Homeostasis model assessment indexes were
determined from fasting insulin and glucose. The peak measures for the insulin increment after
tolbutamide and for the insulin increment after glucose were determined from the IVGTT.

RESULTS — The HNF-1� patients showed a 2.4-fold reduction in insulin sensitivity com-
pared with the HNF-1� patients (P � 0.001) with fasting insulin concentrations 2.7-fold higher
(P � 0.004). HNF-1� patients had lower HDL cholesterol (1.17 vs. 1.46 mmol/l; P � 0.009) and
higher triglyceride (2.2 vs. 1.35 mmol/l; P � 0.015) levels than HNF-1� patients. The HNF-1�
patients had similar �-cell responses to tolbutamide and glucose as the type 2 diabetic patients,
but in the HNF-1� patients, the tolbutamide response was considerably increased relative to the
response to glucose (P � 0.002).

CONCLUSIONS — HNF-1� patients have a different diabetes phenotype than HNF-1�
patients. Those with HNF-1� mutations have hyperinsulinemia and associated dyslipidemia
consistent with insulin resistance and may have a different �-cell defect. This suggests that
despite considerable homology and a shared binding site, HNF-1� and HNF-1� have a different
role in maintaining normal glucose homeostasis. This result suggests a new etiological pathway
for insulin resistance involving HNF-1�.
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H eterozygous mutations in the tran-
scription factor genes hepatocyte
nuclear factor (HNF)-1� (TCF1)

and HNF-1� (TCF2) cause maturity-onset
diabetes of the young (MODY) types 3

and 5, respectively. The phenotype of
HNF-1� mutations is primarily character-
ized by diabetes (1). In contrast, muta-
tions in HNF-1� are associated with a
syndrome characterized predominantly

by nondiabetic renal dysfunction, partic-
ularly renal cystic disease, diabetes, geni-
tal tract malformation, abnormal liver
function, and hyperuricemia (2–13).

HNF-1� is a homeodomain tran-
scription factor, structurally related to
HNF-1�. They share �90% sequence ho-
mology in their DNA binding domains
and recognize the same DNA binding site.
HNF-1� and HNF-1� function as ho-
modimers or heterodimers (14). They are
expressed in a number of tissues includ-
ing liver, kidney, intestine, and pancreatic
islets where they play a role in embryonic
development of these organs and tissue-
specific gene expression. It is not clear
how the role of these transcription factors
differs in the complex transcription factor
network. However, they do differ both in
the proportion at which they are ex-
pressed in tissues (e.g., HNF-1� predom-
inates in the liver, whereas HNF-1�
predominates in the kidney) and in the
timing of expression during embryonic
development with HNF-1� being ex-
pressed earlier than HNF-1�.

Diabetes due to HNF-1� mutations
has been well characterized. Physiological
studies in humans have identified a pri-
mary �-cell defect (15) with an elevated
proinsulin-to-insulin ratio before the on-
set of diabetes (16). Animal and cell mod-
els of HNF-1� function in the �-cell
suggest the main sites of action are in the
glycolytic pathway (17,18).

The role of HNF-1� in the �-cell has
not been determined, and the diabetes
phenotype has only been described in a
few individual families. Decreased insulin
response to an oral glucose load has been
described in three individuals from three
families (5,7,11), consistent with reduced
�-cell function. No assessment of insulin
sensitivity has been described. There are
no useful models of the role of HNF-1� in
the �-cell because the HNF-1��/� mouse
dies at an early embryonic stage and there
is no published literature on HNF-1� in
pancreatic cell lines.

We hypothesize that because of the
close homology of the HNF-1� and
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HNF-1� transcription factors that the di-
abetes phenotype is similar. The aim of
this study was to compare measures of
�-cell function and insulin resistance in
patients with HNF-1� mutations,
HNF-1� mutations, type 2 diabetes, and
normal control subjects.

RESEARCH DESIGN AND
METHODS

Patients
All U.K. subjects with known HNF-1�
mutations who consented to at least fast-
ing blood testing (10 subjects from six
families: DUK 250, 298, 350, 448, 504,
507) were studied (7,9,10,19). Family
350 had a heterozygous mutation in the
splice site of intron 2 (IVS2nt � 3insT)
that showed cosegregation with diabetes
and cystic renal disease (C.B. Harries, un-
published data).

A fasting analysis was performed on
eight HNF-1� mutation carriers (with cre-
atinine clearance �60 ml/min) and com-
pared with 32 HNF-1� mutation carriers
matched for BMI and fasting plasma glu-
cose (FPG) and 32 normal control sub-
jects matched for BMI. Two HNF-1�
patients were excluded from fasting anal-
ysis due to severe or end-stage renal fail-
ure.

A tolbutamide-modified intravenous
glucose tolerance test (IVGTT) was per-
formed on five HNF-1� mutation carriers.
The creatinine clearance for four subjects
was 23, 70, 76, and 78 ml/min. The fifth

subject had end-stage renal failure and
continued on continuous ambulatory di-
alysis throughout the study. Comparison
was made with 10 patients with HNF-1�
mutations and 10 patients with type 2 di-
abetes matched for BMI and FPG. No pa-
tients were treated with lipid-lowering
agents.

All subjects fasted overnight before
the study. Diabetic subjects omitted oral
hypoglycemic agents and insulin for 12 h
before the study. Ethical permission was
obtained from the North and East Devon
Local Regional Ethics Committee. All pa-
tients gave written informed consent for
the study.

Pancreatic insulin secretory
response to tolbutamide
The acute pancreatic insulin secretory re-
sponse to tolbutamide was determined by
comparing the insulin secretory response
to an intravenous glucose bolus (0.3 g/kg)
with the insulin secretory response to a
tolbutamide bolus (3 mg/kg) in a tolbut-
amide-modified frequently sampled
IVGTT performed as previously de-
scribed (20,21). The acute insulin re-
sponse to glucose (PEAKglu) was assessed
by the peak increment from baseline. The
acute insulin response to tolbutamide
(PEAKtolb) was assessed by the peak in-
crement from the 19-min insulin (imme-
diately before the tolbutamide bolus).
When the insulin concentration was �10
pmol/l, the lower limit of detection of
the assay, this value was used in analysis.

Insulin was measured by an immunoen-
zymometric assay (Insulin EASIA; Bio-
source, Belgium) calibrated against the
International Reference Preparation 66/
304 with no detectable cross-reactivity
with intact proinsulin and 32-33 split
proinsulin.

Insulin sensitivity
Insulin sensitivity was calculated from the
FPG and specific insulin by homeostasis
model assessment (HOMA) (22,23). In-
sulin sensitivity determined by HOMA
has been validated by comparison with
IVGTT and euglycemic-hyperinsulinemic
clamp in normal subjects, impaired glu-
cose tolerant, and type 2 diabetic patients
(24).

Statistical analysis
Summary results are median (lower to
upper quartile). Comparison across the
groups (HNF-1�, HNF-1�, control or
HNF-1�, HNF-1�, type 2 diabetes) was
by a Kruskal-Wallis test. Where significant
difference was demonstrated across the
group, a Mann-Whitney U test was used
to compare individual groups. As three
separate groups were analyzed, a Bonfer-
roni correction for this multiple compar-
ison was applied, so a value of P � 0.017
was taken to be statistically significant.

RESULTS

Fasting analysis
The three groups analyzed in the fasting
state (HNF-1�, HNF-1�, and control)
were well matched for BMI, and the
HNF-1� and HNF-1� groups were well
matched for FPG (Table 1). The fasting
insulin concentration (Table 2) in
HNF-1� patients was elevated 2.5-fold
compared with the HNF-1� group (P �
0.004) and 1.8-fold compared with con-
trol subjects (P � 0.035). The fasting in-
sulin concentration was similar in
HNF-1� patients and control subjects
(P � 0.12).

In keeping with the hyperinsulin-
emia, the insulin sensitivity determined
by HOMA (Table 2) in HNF-1� was re-
duced 2.4-fold compared with HNF-1�
patients (P � 0.001) and 2.2-fold com-
pared with control subjects (P � 0.002).
There was no difference in insulin sensi-
tivity between HNF-1� and control sub-
jects (P � 0.663).

�-Cell function determined by
HOMA analysis was significantly reduced

Table 1—Characteristics of the subjects in the fasting and IVGTT studies

Fasting study HNF-1� HNF-1� Control

n 8 30 30
Age (years) 27 (20–34) 31 (24–44) 45 (27–57)*
Treatment (none/oral hypo-

glycemic agent/insulin)
3/0/5 12/13/5

Diabetes duration (years) 2 (0–13) 7 (1–25)
Sex (men/women) 2/6 11/19 15/15
BMI (kg/m2) 26.8 (21.3–30.8) 25.2 (23.3–27.7) 25.5 (24.4–27.0)
FPG (mmol/l) 9.2 (5.0–16.7) 10.3 (5.5–12.8) 5.0 (4.6–5.2)***

IVGTT study HNF-1� HNF-1� Type 2 diabetes

n 5 10 10
Age (years) 24 (19–43) 38 (30–54) 68 (60–71)†
Sex (men/women) 2/3 4/6 7/3
BMI (kg/m2) 27.5 (22.7–30.8) 25.6 (23.1–27.2) 25.1 (22.6–29.0)
FPG (mmol/l) 11.6 (6.35–18.9) 12.4 (8.0–15.5) 11.8 (6.8–14.6)

Data are medians (lower quartile – upper quartile). The three groups are compared by Kruskal-Wallis test.
*P � 0.05; †P � 0.001.
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in HNF-1� subjects (21% of control val-
ues; P � 0.001). �-Cell function in
HNF-1� subjects did not differ signifi-
cantly from control subjects (55% of con-
trol values; P � 0.112) or HNF-1�
subjects (P � 0.183), reflecting the wide
range of �-cell function in the HNF-1�
group (Table 2). The lipid changes in the
HNF-1� subjects were consistent with
the changes seen in insulin resistance.
The total cholesterol did not differ be-
tween groups; however, the HDL choles-
terol was lower in HNF-1� subjects
compared with HNF-1� (P � 0.009) and
control (P � 0.035) subjects. Triglyceride
concentrations were elevated in HNF-1�
subjects compared with HNF-1� (P �
0.015) and control (P � 0.001) subjects
(Table 2).

IVGTT
The characteristics of the three patient
groups (HNF-1�, HNF-1�, and type 2 di-
abetes) who had an IVGTT are shown in
Table 1. The results of the IVGTT are
shown in Fig. 1. Across the groups, the
PEAKglu and PEAKtolb were similar (P �
0.185 and P � 0.592, respectively) (Table
3), although it is difficult to make direct
comparisons in these groups because of
their differing insulin sensitivity.

The ratio PEAKtolb to PEAKglu rep-
resents the response to tolbutamide rela-
tive to the response to glucose. This was
markedly elevated in HNF-1� patients
compared with type 2 diabetic patients
(11.4 vs. 4.8; P � 0.002), reflecting a
maintained response to tolbutamide in
the face of a poor response to glucose. The
HNF-1� response is similar to type 2 di-
abetic patients (5.8 vs. 4.8; P � 0.594)
and reduced compared with HNF-1� pa-

tients, although this was not significantly
different (P � 0.11).

In keeping with the fasting study,
the fasting insulin concentration and in-
sulin sensitivity was similar in the
HNF-1� and type 2 diabetic patients
(41 vs. 49 pmol/l; P � 0.594; 87 vs. 77%
normal; P � 0.768).

CONCLUSIONS — We have de-
scribed the pathophysiology of diabetes
in patients with HNF-1� mutations and
demonstrated that, despite considerable
homology of HNF-1� and HNF-1�, there
appear to be differences in the associated
diabetes phenotypes in MODY3 and
MODY5. HNF-1� patients have fasting

Figure 1—IVGTT. Glucose is intravenously given at 0 min, and tolbutamide is intravenously
given at 19 min. Glucose results are presented as mean for HNF-1� (�), HNF-1� (E, dashed
line), and type 2 diabetic (‚) subjects. Insulin results are presented as geometric mean for HNF-1�
(f), HNF-1� (F, dashed line) and type 2 diabetic (Œ) subjects.

Table 2—Fasting study: comparison of HNF-1�, HNF-1�, and control subjects

Fasting study HNF-1� HNF-1� Control
Kruskal-
Wallis

P value (Mann-Whitney U)

HNF-1�
vs. control

HNF-1�
vs. control

HNF-1�
vs. HNF-1�

n 8 30 30
FPG (mmol/l) 9.2 (5.0–16.7) 10.3 (5.5–12.8) 5.0 (4.6–5.2)
Insulin (pmol/l) 83 (50–101) 33 (17–60) 45 (29–68) 0.01 0.035 0.135 0.004
HOMA B (% normal) 56 (22–127) 27 (9–56) 101 (82–121) �0.001 0.112 <0.001 0.183
HOMA S (% normal) 46 (25–57) 112 (70–190) 99 (67–171) 0.003 0.002 0.663 0.001
Total cholesterol (mmol/l) 4.6 (4.3–5.5) 4.9 (4.6–5.8) 5.5 (4.4–6.15) 0.464
HDL cholesterol (mmol/l) 1.17 (0.82–1.23) 1.46 (1.23–1.64) 1.39 (1.08–1.66) 0.037 0.035 0.514 0.009
Triglycerides (mmol/l) 2.2 (1.9–2.6) 1.35 (1.0–2.0) 1.3 (0.9–1.6) 0.005 <0.001 0.183 0.015

Data are medians (lower quartile – upper quartile). The three groups are compared by Kruskal-Wallis test, and when significant, comparison between groups is by
Mann-Whitney U test. Bold values significant at P � 0.017

HNF-1� and -1� diabetes phenotype
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hyperinsulinemia and dyslipidemia char-
acterized by a low HDL and raised triglyc-
erides. The response to tolbutamide
relative to glucose is increased in HNF-1�
patients, whereas the response in HNF-
1� patients is similar to type 2 diabetic
patients. Although the interpretation is
difficult due to the small number of
HNF-1� subjects studied, it appears that
HNF-1� patients have a phenotype much
more similar to type 2 diabetes than to
HNF-1� diabetic patients.

HNF-1� mutations are associated
with hyperinsulinemia and insulin resis-
tance determined by HOMA compared
with HNF-1� mutations and control sub-
jects. We were unable to calculate Si from
the frequently sampled intravenous glu-
cose tolerance test in three of the five
HNF-1� patients due to the severity of
their diabetes, meaning that there was an
inadequate insulin response to allow
modeling. It is not possible to draw a de-
finitive conclusion from fasting analysis
and HOMA-derived insulin resistance in
this small group of patients. Euglycemic-
hyperinsulinemic clamp studies are re-
quired to further define the etiology of the
hyperinsulinemia. However, there is
strong supporting evidence for insulin re-
sistance in HNF-1� patients. First, the el-
evated triglycerides and low HDL that we
have been shown in HNF-1� is typical of
dyslipidemia associated with insulin re-
sistance (25). The low HDL may be sec-
ondary to a direct loss of transcriptional
regulation due to HNF-1� mutations;
however, this would be unlikely as the
HDL is normal or high in HNF-1� muta-
tion carriers, and HNF-1� and HNF-1�
share the same DNA binding site. Second,
alanine aminotransferase was elevated
above the laboratory reference range in
four of seven HNF-1� patients. Elevated

alanine aminotransferase is associated
with hepatic steatosis and decreased he-
patic insulin sensitivity and predicts the
development of type 2 diabetes (26). Fi-
nally, hyperuricemia, which is commonly
seen in insulin-resistant states (27), has
been described in HNF-1� mutation
carriers (19).

Despite the evidence suggestive of in-
sulin resistance, insulin requirements in
patients with diabetes due to HNF-1�
tend to be low. The mean insulin require-
ment in the patients whose insulin doses
were known in our study was 0.45 U/kg,
and the published insulin requirements
are 0.26 U/kg (5), 34 U (8), and 27 U (8).
These low requirements could reflect that
patients still have considerable endoge-
nous insulin secretion. C-peptide is pre-
dominantly renally cleared, so it could
not be systematically studied in our pa-
tients. However, the two insulin-treated
HNF-1� patients whose renal function
was only mildly impaired (creatinine
clearance 78 and 70 ml/min) had fasting
C-peptides of 673 and 901 pmol/l, re-
spectively, which was consistent with en-
dogenous �-cell reserve.

An alternative explanation for hyper-
insulinemia in HNF-1� patients could be
impaired insulin clearance. The liver
clears �50% of endogenous portal insu-
lin, and the kidneys clear 50% of periph-
eral insulin (28). HNF-1� mutations are
associated with renal dysfunction, but in-
sulin concentration is not increased in re-
nal impairment until creatinine clearance
falls �60 ml/min (29). We excluded pa-
tients from fasting analysis with a creati-
nine clearance �60 ml/min, and the
creatinine clearance in our group was
only mildly reduced, and so impaired re-
nal clearance of insulin is unlikely to
cause the hyperinsulinemia seen in this

study. The main mechanism for insulin
clearance in the liver and kidney is by in-
ternalization of insulin bound to the insu-
lin receptor followed by degradation
initiated by insulin-degrading enzyme
(IDE) (28). One mechanism for the differ-
ences in insulin concentration in HNF-
1� and HNF-1� could be differences in
IDE expression in the liver or kidneys.
There are no in vivo experimental data
published on the role of the HNF-1 tran-
scription factors in regulating IDE tran-
scription. In silico analysis (for methods,
see reference 30) has identified a putative
HNF-1 binding site 739 bp upstream of
the transcription start site of the human
IDE gene (P � 0.01). However, a binding
site could not be demonstrated upstream
of the homologous rat IDE gene.

Whereas previous studies have
shown reduced �-cell function after oral
glucose tolerance test in individual pa-
tients (5,7,11), the �-cell function deter-
mined by HOMA in our study was not
reduced in HNF-1� subjects compared
with control subjects. This probably re-
flects the large variation in �-cell func-
tion in the group and the small number
studied; however, it also highlights the
considerable contribution of insulin resis-
tance to the pathogenesis of diabetes in
this group.

The PEAKtolb-to-PEAKglu ratio can
be considered a simple measure of func-
tion of the �-cell pathway downstream to,
and including, the sulfonylurea receptor
relative to the presulfonylurea receptor
pathway of glucose entry, glycolysis, and
mitochondrial metabolism. The main
metabolic defect in HNF-1��/� mouse is-
lets (31) and INS-1 cells overexpressing a
dominant negative HNF-1� mutation
(32) is in this presulfonylurea receptor
pathway causing decreased intracellular

Table 3—IVGTT study: comparison of HNF-1�, HNF-1�, and type 2 diabetic subjects

IVGTT study HNF-1� HNF-1� Type 2 diabetes
Kruskal-
Wallis

P value (Mann-Whitney U test)

HNF-1�
vs. type 2
diabetes

HNF-1�
vs. type 2
diabetes

HNF-1� vs.
HNF-1�

n 5 10 10
FPG (mmol/l) 11.6 (6.4–18.9) 12.4 (8.0–15.5) 11 (3.9)
PEAKglu (pmol/l) 36 (18–360) 22 (5–47) 54 (20–143) 0.185
PEAKtolb (pmol/l) 245 (129–685) 277 (108–453) 189 (92–389) 0.592
PEAKtolb-to-PEAKglu ratio 5.8 (1.3–15.7) 11.4 (8.9–42.0) 4.8 (2.5–5.9) 0.007 0.594 0.002 0.111

Data are medians (lower quartile – upper quartile). The three groups are compared by Kruskal-Wallis test, and when significant, comparison between groups is by
Mann-Whitney U test. Bold P values significant at P � 0.017.
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ATP. We have proposed that the high
PEAKtolb-to-PEAKglu ratio in HNF-1�
diabetes is due to the action of tolbut-
amide bypassing a severe defect in glu-
cose metabol i sm with a re la t ive
preservation of the signaling pathway
downstream of the sulfonylurea receptor
(21). The PEAKtolb-to-PEAKglu ratio in
HNF-1� subjects is similar to that of type
2 diabetic subjects and lower than in
HNF-1� subjects, although this was not
statistically significant. This suggests that
the �-cell defects in diabetic subjects
caused by HNF-1� mutations are qualita-
tively different from HNF-1� with differ-
ent sites or severity of defects. A recent
study has shown that HNF-1� is
expressed very early in pancreatic devel-
opment (HNF-1�� ductal precursor
cells) but are not present in mature �-cells
(33). Diabetes may develop in HNF-1�
mutation carriers from decreased genera-
tion of endocrine pancreatic cells during
embryogenesis and consequently reduced
�-cell mass. This contrasts with HNF-1�,
which is highly expressed in differenti-
ated �-cells, and HNF-1� haploinsuffi-
ciency causes diabetes primarily through
a severe defect in glucose metabolism.

The difference in insulin sensitivity
and �-cell response to tolbutamide rela-
tive to glucose in HNF-1� and HNF-1�
patients is likely to have implications for
pharmacological treatment of these pa-
tients. HNF-1� patients respond ex-
tremely well to sulfonylurea medication
(21). In some cases, this has allowed the
transfer of insulin (34). It is our clinical
experience that HNF-1� patients do not
respond particularly well to sulfonyl-
ureas, and this is consistent with the
PEAKtolb-to-PEAKgluc ratio being simi-
lar to type 2 diabetes. The low insulin sen-
sitivity in HNF-1� subjects suggests that
an insulin sensitizer such as metformin or
a peroxisome proliferator–activated re-
ceptor-	 agonist would be the oral agent
of choice.

In summary, HNF-1� patients have
a different diabetes phenotype than
HNF-1� patients. The differences in both
the pancreatic and extrapancreatic phe-
notypes of HNF-1� and HNF-1� muta-
tions is striking, particularly in view of the
close homology of these transcription fac-
tors and their shared binding site. Our
work suggests that HNF-1� and HNF-1�
have a different role in maintaining nor-
mal glucose homeostasis. Further studies
are needed to explain these differences

that may relate to specific actions of the
two transcription factors, as well as differ-
ing tissue expression at different stages of
fetal growth. This work suggests a novel
etiology for insulin resistance involving
the transcription factor HNF-1�.

Acknowledgments— This work was funded
by the Wellcome Trust (E.R.P. holds a Clinical
Training Fellowship GR065687MA). A.T.H
holds a Wellcome Trust Career Leave Fellow-
ship. Work identifying HNF-1� and HNF-1�
mutations was funded by Diabetes U.K. and
National Kidney Research Foundation. Uni-
versity Hospital Birmingham Charities funded
the insulin assays.

We thank the patients who took part in this
study. Jonathan Levy (Oxford Centre for Dia-
betes and Endocrinology and Metabolism, Ox-
ford, U.K.) supplied the HOMA computer
software.

References
1. Stride A, Hattersley AT: Different genes,

different diabetes: lessons from maturity-
onset diabetes of the young. Ann Med 34:
207–216, 2002

2. Horikawa Y, Iwasaki N, Hara M, Furuta
H, Hinokio Y, Cockburn B, Lindner T,
Yamagata K, Ogata M, Tomonaga O, Ku-
roki H, Kasahar T, Iwamoto Y, Bell GI:
Mutation in hepatocyte nuclear factor-1�
gene (TCF2) associated with MODY. Nat
Genet 17:384–385, 1997

3. Iwasaki N, Ogata M, Tomonaga O, Kuroki
H, Kasahara T, Yano N, Iwamoto Y: Liver
and kidney function in Japanese patients
with maturity-onset diabetes of the young.
Diabetes Care 21:2144–2148, 1998

4. Nishigori H, Yamada S, Kohama T, To-
mura H, Sho K, Horikawa Y, Bell GI,
Takeuchi T, Takeda J: Frameshift muta-
tion, A263fsinsGG, in the hepatocyte
nuclear factor-1� gene associated with di-
abetes and renal dysfunction. Diabetes 47:
1354–1355, 1998

5. Lindner TH, Njolstad PR, Horikawa Y,
Bostad L, Bell GI, Sovik O: A novel syn-
drome of diabetes mellitus, renal dysfunc-
tion and genital malformation associated
with a partial deletion of the pseudo-POU
domain of hepatocyte nuclear factor-1�.
Hum Mol Genet 8:2001–2008, 1999

6. Tomura H, Nishigori H, Sho K, Yamagata
K, Inoue I, Takeda J: Loss-of-function and
dominant-negative mechanisms associ-
ated with hepatocyte nuclear factor-1�
mutations in familial type 2 diabetes
mellitus. J Biol Chem 274:12975–12978,
1999

7. Bingham C, Ellard S, Allen L, Bulman M,
Shepherd M, Frayling T, Berry PJ, Clark
PM, Lindner T, Bell GI, Ryffel GU,

Nicholls AJ, Hattersley AT: Abnormal
nephron development associated with a
frameshift mutation in the transcription
factor hepatocyte nuclear factor-1�. Kid-
ney Int 57:898–907, 2000

8. Iwasaki N, Okabe I, Momoi MY, Ohashi
H, Ogata M, Iwamoto Y: Splice site muta-
tion in the hepatocyte nuclear factor-1�
gene, IVS2nt � 1G � A, associated with
maturity-onset diabetes of the young, re-
nal dysplasia and bicornuate uterus. Dia-
betologia 44:387–388, 2001

9. Bingham C, Bulman M, Ellard S, Allen L,
Lipkin G, van’t Hoff W, Woolf A, Rizzoni
G, Novelli G, Nicholls A, Hattersley A:
Mutations in the HNF1-� gene are asso-
ciated with familial hypoplastic glomeru-
locystic kidney disease. Am J Hum Genet
68:219–224, 2001

10. Bingham C, Ellard S, Cole TR, Jones KE,
Allen LI, Goodship JA, Goodship TH,
Bakalinova-Pugh D, Russell GI, Woolf AS,
Nicholls AJ, Hattersley AT: Solitary func-
tioning kidney and diverse genital tract
malformations associated with hepato-
cyte nuclear factor-1� mutations. Kidney
Int 61:1243–1251, 2002

11. Furuta H, Furuta M, Sanke T, Ekawa K,
Hanabusa T, Nishi M, Sasaki H, Nanjo K:
Nonsense and missense mutations in the
human hepatocyte nuclear factor-1� gene
(TCF2) and their relation to type 2 diabe-
tes in Japanese. J Clin Endocrinol Metab 87:
3859–3863, 2002

12. Mache CJ, Preisegger KH, Kopp S, Rats-
chek M, Ring E: De novo HNF-1� gene
mutation in familial hypoplastic glomeru-
locystic kidney disease. Pediatr Nephrol
17:1021–1026, 2002

13. Montoli A, Colussi G, Massa O, Caccia R,
Rizzoni G, Civati G, Barbetti F: Renal cysts
and diabetes syndrome linked to muta-
tions of the hepatocyte nuclear factor-1�
gene: description of a new family with as-
sociated liver involvement. Am J Kidney
Dis 40:397–402, 2002

14. Rey-Campos J, Chouard T, Yaniv M, Ce-
reghini S: vHNF1 is a homeoprotein that
activates transcription and forms het-
erodimers with HNF1. EMBO J 10:1445–
1457, 1991

15. Byrne MM, Sturis J, Menzel S, Yamagata
K, Fajans SS, Dronsfield MJ, Bain SC, Hat-
tersley AT, Velho G, Froguel P, Bell GI,
Polonsky KS: Altered insulin secretory re-
sponses to glucose in diabetic and nondi-
abetic subjects with mutations in the
diabetes susceptibility gene MODY3 on
chromosome 12. Diabetes 45:1503–1510,
1996

16. Pearson ER, Velho G, Clark P, Stride A,
Shepherd M, Frayling TM, Bulman MP,
Ellard S, Froguel P, Hattersley AT: �-Cell
genes and diabetes: quantitative and qual-
itative differences in the pathophysiology
of hepatic nuclear factor-1� and glucoki-

HNF-1� and -1� diabetes phenotype

1106 DIABETES CARE, VOLUME 27, NUMBER 5, MAY 2004

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/27/5/1102/565756/zdc00504001102.pdf by guest on 10 April 2024



nase mutations. Diabetes 50 (Suppl. 2):
S101–S107, 2001

17. Shih DQ, Screenan S, Munoz KN, Philip-
son L, Pontoglio M, Yaniv M, Polonsky
KS, Stoffel M: Loss of HNF-1� function in
mice leads to abnormal expression of
genes involved in pancreatic islet devel-
opment and metabolism. Diabetes 50:
2472–2480, 2001

18. Wang H, Antinozzi PA, Hagenfeldt KA,
Maechler P, Wollheim CB: Molecular tar-
gets of a human HNF1� mutation respon-
sible for pancreatic �-cell dysfunction.
EMBO J 19:4257–4264, 2000

19. Bingham C, Ellard S, Van’t Hoff WG, Sim-
monds HA, Marinaki AM, Badman MK,
Winocour PH, Stride A, Lockwood CR,
Nicholls AJ, Owen KR, Spyer G, Pearson
ER, Hattersley AT: Atypical familial juve-
nile hyperuricemic nephropathy associ-
ated with a hepatocyte nuclear factor-1�
gene mutation. Kidney Int 63:1645–1651,
2003

20. Hansen T, Eiberg H, Rouard M, Vaxillaire
M, Moller AM, Rasmussen SK, Fridberg
M, Urhammer SA, Holst JJ, Almind K,
Echwald SM, Hansen L, Bell GI, Pedersen
O: Novel MODY3 mutations in the he-
patic nuclear factor-1� gene: evidence for
a hyperexcitability of pancreatic B-cells to
intravenous secretagogues in a glucose
tolerant carrier of a P447L mutation. Di-
abetes 46:726–730, 1997

21. Pearson ER, Starkey BJ, Powell RJ, Gribble
FM, Clark PM, Hattersley AT: Genetic
cause of hyperglycaemia and response to
treatment in diabetes. Lancet 362:1275–
1281, 2003

22. Matthews DR, Hosker JP, Rudenski AS,

Naylor BA, Treacher DF, Turner RC: Ho-
meostasis model assessment (HOMA): in-
sulin resistance and �-cell function from
fasting plasma glucose and insulin con-
centrations in man. Diabetologia 28:412–
419, 1985

23. Levy JC, Matthews DR, Hermans MP:
Correct homeostasis model assessment
(HOMA) evaluation uses the computer
program (Letter). Diabetes Care 21:2191–
2192, 1998

24. Hermans MP, Levy JC, Morris RJ, Turner
RC: Comparison of insulin sensitivity
tests across a range of glucose tolerance
from normal to diabetes. Diabetologia 42:
678–687, 1999

25. Reaven G: Metabolic syndrome: patho-
physiology and implications for manage-
ment of cardiovascular disease. Circula-
tion 106:286–288, 2002

26. Vozarova B, Stefan N, Lindsay RS, Saremi
A, Pratley RE, Bogardus C, Tataranni PA:
High alanine aminotransferase is associ-
ated with decreased hepatic insulin sensi-
tivity and predicts the development of
type 2 diabetes. Diabetes 51:1889–1895,
2002

27. Bonora E, Targher G, Zenere MB, Saggiani
F, Cacciatori V, Tosi F, Travia D, Zenti
MG, Branzi P, Santi L, Muggeo M: Rela-
tionship of uric acid concentration to car-
diovascular risk factors in young men:
role of obesity and central fat distribution:
The Verona Young Men Atherosclerosis
Risk Factors Study. Int J Obes Relat Metab
Disord 20:975–980, 1996

28. Duckworth WC, Bennett RG, Hamel FG:
Insulin degradation: progress and poten-
tial. Endocr Rev 19:608–624, 1998

29. Yasuda K, Sato T, Furuyama T, Yashinaga
K: Relationship between insulin response
to oral glucose load and creatinine clear-
ance. Diabetes 24:1066–1071, 1975

30. Lockwood CR, Bingham C, Frayling TM:
In silico searching of human and mouse
genome data identifies known and un-
known HNF1 binding sites upstream of
�-cell genes. Mol Genet Metab 78:145–
151, 2003

31. Dukes ID, Sreenan S, Roe MW, Levisetti
M, Zhou YP, Ostrega D, Bell GI, Pontoglio
M, Yaniv M, Philipson L, Polonsky KS:
Defective pancreatic �-cell glycolytic sig-
naling in hepatocyte nuclear factor-1�-
deficient mice. J Biol Chem 273:24457–
24464, 1998

32. Wang H, Maechler P, Hagenfeldt KA,
Wollheim CB: Dominant-negative sup-
pression of HNF-1� function results in
defective insulin gene transcription and
impaired metabolism-secretion coupling
in a pancreatic �-cell line. EMBO J 17:
6701–6713, 1998

33. Maestro MA, Boj SF, Luco RF, Pierreux
CE, Cabedo J, Servitja JM, German MS,
Rousseau GG, Lemaigre FP, Ferrer J: Hnf6
and Tcf2 (MODY5) are linked in a gene
network operating in a precursor cell do-
main of the embryonic pancreas. Hum Mol
Genet 12:3307–3314, 2003

34. Shepherd M, Pearson ER, Houghton J,
Salt G, Ellard S, Hattersley AT: No deteri-
oration in glycemic control in HNF-1�
maturity-onset diabetes of the young fol-
lowing transfer from long-term insulin to
sulphonylureas (Letter). Diabetes Care 26:
3191–3192, 2003

Pearson and Associates

DIABETES CARE, VOLUME 27, NUMBER 5, MAY 2004 1107

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/27/5/1102/565756/zdc00504001102.pdf by guest on 10 April 2024


