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ABSTR ACT

deficiency due to autoimmune β-cell destruction, or type
2 diabetes (~85%) characterised by insulin resistance and
relative insulin deficiency, other types of diabetes mellitus
do exist. In contrast to the more complex multifactorial
origin of type 1 and type 2 diabetes mellitus, some of the
less prevalent forms of diabetes have a monogenetic origin.
Of these, maternally inherited diabetes and deafness with
a prevalence of around 1% in de diabetic population,2 and
maturity onset diabetes of the young (MODY) constitute
the most important diabetes subtypes.
MODY comprises a distinct group of monogenic and
autosomal dominant inherited forms of diabetes mellitus
due to β-cell dysfunction with onset at a young age. It may
be difficult to distinguish from late onset type 1 diabetes
and early onset type 2 diabetes, due to the absence of clear
distinguishing features at diagnosis and relatively low
prevalence in the population.
In the present article we set out to give an overview of
MODY and describe the importance of considering and
confirming the diagnosis of MODY using a family case
report.

Maturity onset diabetes of the young (MODY) is
a monogenic, autosomal dominant form of diabetes
characterised by mutations in genes resulting in
dysfunction of pancreatic β-cells and subsequent insulin
production. We present a family with HNF1A-MODY
due to a likely pathogenic mutation in HNF1A (c.59G>A,
p.Gly20Glu), diagnosed a long time after the first diagnosis
of diabetes. Currently 13 MODY subtypes caused by
mutations in 13 genes, are known. We describe the four
most prevalent forms in more detail, i.e. HNF4A-MODY,
GCK-MODY, HNF1A-MODY and HNF1B-MODY, together
responsible for probably 99% of MODY cases. The different
forms of MODY vary in prevalence, severity of diabetes,
occurrence and severity of diabetic complications and
response to treatment. New tools, such as the MODY
probability calculator, may be of assistance in finding
those patients in whom further genetic testing for possible
MODY is warranted. However, as our described family
shows, a doctor’s clinical eye and taking the time for a
detailed family history may be equal to, or even better than,
the best prediction rule.

FA M I LY C A SE R E P OR T
K EY WOR DS

Patient 1
Our index patient was diagnosed with gestational diabetes
at the age of 31 years. Hyperglycaemia persisted after
delivery and five years later a probable diagnosis of
type 2 diabetes was made. At that time her body mass
index (BMI) was 25 kg/m2 and a C-peptide test showed
a good insulin reserve. After initial treatment with diet
only, metformin was started but glucose regulation did
not improve. A low dose of the sulfonylurea derivative
tolbutamide was added and a few years later replaced
by insulin therapy. Since the time of diagnosis, diabetic
nephropathy (microalbuminuria) and peripheral

Diabetes mellitus, HNF1A, MODY

INTRODUCTION
Diabetes mellitus is a worldwide disease associated with
microvascular and macrovascular complications and still
has an increasing prevalence and incidence.1
Although most patients with diabetes mellitus have either
type 1 diabetes (~10%) characterised by primary insulin
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Patient 2
The 12 years younger brother of patient 1 (subject IV-8.7
in figure 1) was diagnosed with type 2 diabetes at the age
of 24 years based on obesity and preserved insulin reserve
during a C-peptide test, after which therapy with NPH
insulin once daily was initiated. Major complications of
the diabetes developed partly due to the patient’s long
withdrawal from care. The patient developed diabetic
retinopathy and nephropathy before the age of 40, which
progressed to end-stage renal disease, followed by bilateral
Charcot feet. At age 44, intensive insulin therapy was
started, while three years later gastric bypass surgery
was performed because of persistent obesity (BMI
approximately 40 kg/m2). After his sister’s diagnosis of
HNF1A-MODY, the same HNF1A mutation was found
to be present and the insulin was withdrawn. Trials
with sulfonylurea derivatives and meglitinides (due to
postprandial hypoglycaemia with a low-dose sulfonylurea

polyneuropathy developed. Although the patient had
received care at our hospital for 25 years and earlier
correspondence reported a strong positive family history
of diabetes mellitus and cardiovascular disease, no detailed
family history was taken. A likely autosomal dominant
inheritance pattern of diabetes was discerned in her
extended pedigree ( figure 1) and genetic testing for the
presence of a mutation in the HNF1A gene was performed.
The patient (proband IV-8.2 in figure 1) was heterozygous
for a variant in HNF1A (c.59G>A, p.Gly20Glu) that had not
been detected previously. At the age of 61 her diagnosis
was therefore changed to possible HNF1A-MODY. As a
consequence, her insulin was stopped and a successful
sulfonylurea derivative trial was performed. At the moment
her HbA1c is stable at 55 mmol/mol (7.2%) on a diet while
taking gliclazide. The patient is currently not using any
insulin and reports an increase in the quality of life after
stopping insulin therapy.

Figure 1. Pedigree of our HNF1A-MODY family

Squares indicate male subjects, circles female subjects. Boxes with dotted lines indicate adopted subjects. I-V indicate the five different generations.
The arrow indicates the index patient
No known diabetes and no further data available
Diabetes and genetically proven HNF1A-MODY
Diabetes and clinically presumptive HNF1A-MODY
Assumptive HNF1A-MODY but no available data
Genetically proven HNF1A-mutation but no current diabetes
No diabetes and genetically proven absence of the HNF1A mutation
IFG = impaired fasting glucose. A diagonal line through the symbol indicates that the subject has died. In the textboxes next to subjects the current
age, absence or presence of diabetes with age of diagnosis (D) and absence or presence of cardiovascular disease with age of onset (CVD) are described.
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derivative) were performed. Currently the patient is not
using any oral glucose-lowering medication or insulin and
has stable glycaemic control at 42 mmol/mol on a diet.

in these patients was changed to HNF1A-MODY and the
treating physicians were informed including advice on
treatment.
In our pedigree we have 12 informative meioses in which
the mutation as well as the disease segregate together. A
‘rule of thumb’ is that each meiosis in which the mutation
segregates with the phenotype adds 0.3 to the total
likelihood of odds (LOD) score, giving a total LOD score
in our pedigree of ~3.6: > 3 is a significant association;
we could add some additional informative meioses higher
up in the pedigree and come to an estimated LOD score
of ~5.4. The mutation carriers who have no symptoms
(yet) fit in the reduced penetrance that is described for
MODY (proband IV-5.11)3 in combination with the relatively
young age of some family members (V-5.9.1, V-5.10.1 and
V-5.10.2) who may still develop diabetes in the coming
years and were advised to undergo yearly check-ups.

Family
The patients described here came from a large family of
Dutch and part Indonesian ancestry. After the probable
diagnosis of HNF1A-MODY in the two patients described
above, multiple family members with early onset diabetes
mellitus came forward for genetic testing. Figure 1
shows the extensive pedigree of the family with the high
prevalence of early diabetes and cardiovascular morbidity
and mortality and a suggestive autosomal dominant
inheritance pattern. Microvascular complications were
present in all the known HNF1A-MODY patients in this
family, except for the recently diagnosed son of the index
patient (V-8.2.1 in figure 1). The age at diagnosis of diabetes
mellitus in the family was between 21 and 40 years, with
one exception, who was only diagnosed after the discovery
of coronary artery disease at the age of 49. All patients
from the family with a prior diagnosis of type 2 diabetes
were found to be heterozygous for the earlier described
variant in HNF1A (table 1). Subsequently, the diagnosis

EPIDEMIOLOGY
The prevalence of MODY remains unknown but is
estimated to be responsible for 1-5% of cases of diabetes
mellitus. 4-6 As MODY shares clinical features with the
more common forms of diabetes mellitus, the true
prevalence is probably underestimated.
At present, mutations in 13 genes linked to different types
of MODY have been identified.7-9 In table 2 the currently
known subtypes of MODY are described with their related
proteins/genes and estimated prevalence.10-14
In general, GCK-MODY and HNF1A-MODY each represent
20-70% of all cases, HNF4A-MODY and HNF1B-MODY
each account for about 5%, while the other forms are
extremely rare.14 GCK-MODY is more commonly diagnosed
in countries where glucose testing of asymptomatic people
and paediatric cases is routine (Czech Republic, France,
Italy, Spain), whereas HNF1A-MODY is more often
diagnosed in countries where random blood glucose tests
are seldom done and elevated blood glucose is first found
after childhood (Denmark, the Netherlands, Norway,
United Kingdom).14,15

Table 1. Features of the genetically tested family
members
Individual

Gender

Current
age

Diabetes

HNF1A
mutation

IV-5.8

M

64

Yes

Yes

IV-5.10

M

59

Yes

Yes

IV-5.11

M

56

No

Yes

IV-6.5

F

54

Yes

Yes

IV-8.1

M

64

No

No

IV-8.2
(index patient)

F

63

Yes

Yes

IV-8.4

M

59

Yes

Yes

IV-8.7

M

51

Yes

Yes

V-5.4.1

M

46

Yes

Yes

V-5.8.2

M

26

No

No

V-5.9.1

M

29

No

Yes

V-5.9.2

M

25

No

No

V-5.10.1

M

23

No

Yes

V-5.10.2

F

20

No

Yes

V-8.1.2

F

30

No

No

V-8.2.1

M

33

Yes

Yes

PA T H O P H Y S I O L O G Y
MODY is caused by mutations resulting in pancreatic β-cell
dysfunction in the production or excretion of insulin.
Normally, glucose from the circulation is taken up
by the β-cell through the glucose transporter type 2
(GLUT 2) on the cell membrane. The enzyme glucokinase
(GCK) converts glucose into glucose-6-phosphate
which then undergoes glycolysis in the mitochondria
to produce adenosine triphosphate (ATP). The increase
of the ATP-ADP ratio causes the closure of the β-cell

M = male subject, F = female subject.
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Table 2. Currently known types of maturity onset diabetes of the young with their associated mutations and clinical
features
MODY
type

Protein/ gene

Relative
prevalence

Clinical features

1

Hepatocyte nuclear factor-4
alpha (HNF4A)

~5%

Neonatal hyperinsulinaemia and hypoglycaemia with associated
macrosomia, gestational diabetes, low serum levels of cholesterol,
marked sensitivity to sulfonylurea derivatives

2

Glucokinase (GCK)

20-70%

Mild fasting hyperglycaemia throughout life, often asymptomatic,
gestational diabetes, low birth weight (with unaffected mother)

3

Hepatocyte nuclear factor-1
alpha (HNF1A)

20-70%

Diminished renal threshold for glycosuria, marked sensitivity to
sulfonylurea derivatives

4

Insulin promoter factor 1 (IPF1)
or
pancreas/duodenum homeobox
protein 1 (PDX1)

Rare: < 1%

Pancreatic agenesis

5

Hepatocyte nuclear factor-1 beta
(HNF1B)

~5%

Renal abnormalities and insufficiency at young age, diabetes often
diagnosed later, hypomagnesaemia, hyperuricaemia, pancreatic
atrophy or partial agenesis, exocrine pancreatic dysfunction, liver test
abnormalities, genital abnormalities

6

Neurogenic differentiation 1
(NEUROD1)

Very rare

Pancreatic anomalies

7

Kruppel-like factor 11 (KLF11)

Very rare

Pancreatic malignancy

8

Carboxyl-ester lipase gene (CEL)

Very rare

Exocrine pancreatic dysfunction

9

Paired box gene 4 (PAX4 )

Very rare

10

Insulin gene (INS)

Very rare

11

Tyrosine kinase, B-lymphocyte
specific gene (BLK)

Very rare

12

ATP-binding cassette, subfamily
C, member 8 (ABCC8)

Very rare

Neonatal diabetes, sulfonylurea derivative responsive

13

Potassium channel, inwardly
rectifying, subfamily J, member
11 (KCNJ11)

Very rare

Neonatal diabetes, sulfonylurea derivative responsive

Neonatal diabetes

ATP-sensitive potassium channel (K ATP), preventing
potassium efflux, which leads to depolarisation of the
membrane and subsequently causes the opening of the
voltage-dependent calcium channels. The subsequent
influx of calcium into the cell stimulates exocytosis of
insulin-containing granules from the β-cell ( figure 2).16
GCK-MODY can be described as disturbed β-cell glucose
sensing. Mutations in the GCK gene cause a decrease in
glucose metabolism in the β-cell and therefore a rightward
shift of the dose-response curve of insulin secretion.
The hepatocyte nuclear factors (HNF)-4 alpha, -1 alpha and
-1 beta are transcription factors that form part of a network
of transcription factors that controls gene expression of
the insulin gene and genes encoding proteins involved in
glucose transport and metabolism. Mutations in the genes
of these transcription factors lead to reduced expression
of these genes in the β-cell and subsequently less insulin
production and release. Additionally, HNF-1 beta plays a

pivotal role in the development of the kidney, pancreas,
liver and genital tract, and mutations subsequently lead to
multi-organ consequences.
The variant in HNF1A found in the featured family is
located in the highly conserved N-terminal HNF-1A
dimerisation domain (up to frog considering 11 species).
Mutations in this domain disrupt formation of the HNF-1A
dimer and the functional DCoH-HNF-1A complex.17 These
mutations strongly argue against an obligate dominant
negative mode of action and support the idea that glucose
homeostasis in humans is sensitive to the dose of HNF-1A.
Various in silico algorithms (prediction programs) indicate
that the p.Gly20Glu variant is probably damaging. Two
other pathogenic amino acid substitutions in the same
codon (p.Gly20Arg and p.Gly20Ala)18,19 and 25 other
different amino acid substitutions in the dimerisation
domain have been described in patients with MODY
3.20 Additionally, the mutation was classified as likely
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Figure 2. Model of a pancreatic β-cell and the genes or proteins implicated in maturity onset diabetes of the young
(MODY)

pathogenic based on the American College of Medical
Genetics Standards and Guidelines recently published by
Richards et al.21
The rarer forms of MODY are caused by mutations in
other nuclear transcription factors regulating pancreatic
development and expression of the insulin gene, the
insulin gene itself (INS-MODY), or genes of proteins
involved in the ATP-sensitive potassium channel
(ABCC8-MODY and KCNJ11-MODY). They also result in
impaired β-cell function with reduced insulin production
and/or secretion.

An overview of the typical clinical features of the MODY
subtypes is shown in table 2.7-14,16,22,24-37

TREATMENT
Patients with HNF4A- and HNF1A-MODY are very
sensitive to the effect of sulfonylurea derivatives and
meglitinides.12,25,28,30,36,38 This efficacy can be explained by the
binding with the sulfonylurea receptor type 1 (SUR1) subunit
of the K ATP causing it to close and triggering opening
of the voltage-dependent calcium channels, stimulating
insulin release.28,30,36 As meglitinides cause a smaller insulin
peak and have a shorter half-life, MODY patients using
a meglitinide are less susceptible to hypoglycaemia than
during treatment with sulfonylurea derivatives.30,36 Despite
the efficacy of sulfonylurea derivative and meglitinide
treatment most of these patients will in time require insulin
as β-cell dysfunction progresses.14
GCK-MODY, which is often asymptomatic and therefore
diagnosed by screening, does not require treatment due
to the mild and stable hyperglycaemia with a raised
homeostatic set point (glycated haemoglobin (HbA1c)
without treatment usually below 64 mmol/mol (8%)).39
It has been shown that HNF1B patients do not respond well
to sulfonylurea derivatives and that they have a reduction

CLINICAL FEATURES
The mode of inheritance of MODY is autosomal dominant.
In general, the main characteristics of MODY are the
onset of diabetes at a young age with a prominent family
history of diabetes in multiple generations and, but not
necessarily, absence of obesity,22 as was shown in our
HNF1A-MODY family. Patients with MODY may easily be
misdiagnosed during pregnancy as gestational diabetes in
the context of increased insulin resistance, as described in
our index patient. It has been shown that carriers of GCK
and HNF1A mutations have an increased risk of gestational
diabetes mellitus.22,23
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in insulin sensitivity compared with HNF1A patients. 40 If
HNF1B patients are treated for their diabetes, the existing
studies show that they generally receive insulin.

HNF1A-MODY) or even withdrawal of medication
(GCK-MODY). Secondly, certain subtypes are associated
with specific medical problems entailing additional
diagnostic tests and screening. Lastly, the first-degree
relatives of MODY patients have a 50% probability of the
same mutation with, at least in the two most commonly
occurring MODY forms, a lifetime risk of > 95% of
developing diabetes. 45,46 As progression of diabetes is
generally slow in MODY patients, early diagnosis and start
of appropriate treatment might reduce the risk of diabetic
complications as described in a Norwegian family. 44 The
evidence for such an approach is, however, currently
lacking and is debatable in light of the possible financial
consequences for subjects with a suggestive genotype,
but in the absence of diabetes. In general, two simulation
studies show that screening may be cost-effective. 47,48
Several suggestions have been published for when to
consider genetic testing for MODY. Current European
guidelines are highly specific, but have a low sensitivity. 49
Correspondingly, widening of the clinical criteria
for genetic testing can double the number of MODY
diagnoses.50 Other recent literature describes additional
criteria and Thanabalasingham et al. and Naylor et al.
provided algorithms for the consideration of genetic
testing.14,51,52 In 2012 a novel approach to correctly allocate
genetic testing in Caucasian patients with an onset of
diabetes before the age of 35 was published.53 This clinical
prediction rule is available as an online calculator (www.
diabetesgenes.org/content/mody-probability-calculator).
Using the optimal cut-offs, it has an improved specificity
(94% vs 91%) and especially sensitivity (91% vs 72%) for
identifying MODY, compared with the criteria of diagnosis
< 25 years and a parent with diabetes. Interestingly,
applying the calculator to our patients would have advised

COMPLICATIONS
Although patients with GCK-MODY are exposed to a
lifetime of, albeit limited, hyperglycaemia, microvascular
and macrovascular complications in GCK-MODY seem
to be limited. 41 In patients with HNF1A-MODY both
microvascular and macrovascular complications are very
common, as was the case in our family. The prevalence is
similar to that of patients with type 1 and 2 diabetes, when
matched for duration and glycaemic control, 42,43 while early
detection and treatment may result in a reduced incidence
of diabetic complications. 44 It has been suggested that the
full spectrum of diabetes complications may also occur
in HNF4A-MODY patients, particularly retinopathy and
nephropathy.10 For HNF1B-MODY it is suggested that
microvascular diabetic complications are rare.11,29,34

CASE FINDING
Diagnosing MODY is challenging because of the relatively
low prevalence in the general population (1-5%) and shared
features with other types of diabetes (table 3). Limited
awareness of MODY as a separate entity and cause of
diabetes outside specialist centres combined with limited
time allocated to enquiring about family history further
hampers correct diagnosis, family screening and treatment.
A correct diagnosis of MODY might change the treatment
to oral glucose-lowering medication (HNF4A-and

Table 3. Comparison of the clinical and biochemical features of the most common types of diabetes
Features

Type 1 diabetes

Type 2 diabetes

GCK-MODY

HNF1A-/
HNF4A-MODY

Age of diagnosis

10-30

> 25

Present from birth,
diagnosis at any age

< 25
(15-45)

Diabetic ketoacidosis

Common

Rare

Rare

Rare

Insulin dependent

Yes

No

No

No

Parental history of diabetes

< 15%

> 50% (in young onset)

95-100%, if tested

60-90%

Obesity

Uncommon

Common

Uncommon

Uncommon

Insulin resistance

Uncommon

Common

Uncommon

Uncommon

Presence of β-cell antibodies

>90%

Negative

Rare

Rare

C-peptide concentrations

Undetectable/ low

Normal/ high

Normal

Normal

Optimal first line treatment

Insulin

Metformin

None/ diet

Sulfonylurea
derivative/ meglitinide
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Table 4. Clinical features suggestive for maturity onset diabetes of the young
Clinical features suggestive for MODY
Any of the following:
• Diabetes diagnosed ≤ 30 years
• Diabetes diagnosed ≤ 45 years in people without obesity/ insulin resistance/ metabolic syndrome
• Diabetes diagnosed ≤ 45 years and a family history of diabetes in ≥ 2 generations in an autosomal dominant fashion
And in absence of:
• Diabetic ketoacidosis
• Pancreatic islet autoantibodies
• No endogenous insulin production outside the honeymoon period of about 3 years (e.g. undetectable C-peptide)
Additionally, specific features of MODY subtypes may justify genetic testing:
• Glycosuria at blood glucose levels < 10 mmol/l (HNF1A-MODY)
• Marked sensitivity to sulfonylurea derivatives (HNF1A-/ HNF4A-MODY)
• Diabetes associated with extra pancreatic features: non-diabetic renal disease, renal anomalies, genital anomalies, abnormal liver
function tests (HNF1B-MODY)

against genetic testing. Probable reasons for this might be
limited accounting for family history and the importance of
BMI in the calculator. In addition, a specific HNF1B score
focusing on the extra-diabetic features of the disease has
recently been developed and validated to select patients for
genetic testing of HNF1B-MODY.37
In table 4 we have combined features and algorithms
suggestive of possible MODY from the available literature,
providing an optional tool for deciding on genetic testing.

CONCLUSION
Maturity onset diabetes of the young (MODY) encompasses
distinct clinical entities causing diabetes. Our presented
family illustrates the difficulties in diagnosing MODY, the
consequences for treatment with the correct diagnosis as
well as the long-term consequences. Correct identification
of patients with MODY will probably lead to earlier
diagnosis, family screening, earlier and correct treatment
and hopefully improved prognosis.

4.

Ledermann HM. Is maturity onset diabetes at young age (MODY) more
common in Europe than previously assumed? Lancet. 1995;345:648.

5.

Shields BM, Hicks S, Shepherd MH, Colclough K, Hattersley AT, Ellard S.
Maturity-onset diabetes of the young (MODY): how many cases are we
missing? Diabetologia. 2010;53:2504-8.

6.

Irgens HU, Molnes J, Johansson BB, et al. Prevalence of monogenic
diabetes in the population-based Norwegian Childhood Diabetes Registry.
Diabetologia. 2013;56:1512-9.

7.

Fajans SS, Bell GI. MODY: History, genetics, pathophysiology, and clinical
decision making. Diabetes Care. 2011;34:1878-84.

8.

Bowman P, Flanagan SE, Edghill EL, et al. Heterozygous ABCC8 mutations
are a cause of MODY. Diabetologia. 2012;55:123-127.

9.

Bonnefond A, Philippe J, Durand E, et al. Whole-exome sequencing and
high throughput genotyping identified KCNJ11 as the thirteenth MODY
gene. PLoS One. 2012;7:e37423.

11. Bingham C, Hattersley AT. Renal cysts and diabetes syndrome resulting
from mutations in hepatocyte nuclear factor-1beta. Nephrol Dial
Transplant. 2004;19:2703-8.
12. Pearson ER, Pruhova S, Tack CJ, et al. Molecular genetics and phenotypic
characteristics of MODY caused by hepatocyte nuclear factor 4alpha
mutations in a large European collection. Diabetologia. 2005;48:878-85.
13. Nyunt O, Wu JY, McGown IN, et al. Investigating maturity onset diabetes
of the young. Clin Biochem Rev. 2009;30:67-74.
14. Thanabalasingham G, Owen KR. Diagnosis and management of maturity
onset diabetes of the young (MODY). BMJ. 2011;343:d6044.
15. Estalella I, Rica I, Perez de Nanclares G, et al. Mutations in GCK and
HNF-1alpha explain the majority of cases with clinical diagnosis of MODY
in Spain. Clin Endocrinol (Oxf). 2007;67:538-46.

REFERENCES

2.

Miedzybrodzka Z, Hattersley AT, Ellard S, et al. Non-penetrance in a
MODY 3 family with a mutation in the hepatic nuclear factor 1alpha gene:
implications for predictive testing. Eur J Hum Genet. 1999;7:729-32.

10. Fajans SS, Bell GI, Polonsky KS. Molecular mechanisms and clinical
pathophysiology of maturity-onset diabetes of the young. N Engl J
Med. 2001;345:971-80.

Disclosures
The authors declare no conflicts of interest. No funding or
financial support was received.

1.

3.

16. Naylor RN, Greeley SA, Bell GI, Philipson LH. Genetics and
pathophysiology of neonatal diabetes mellitus. J Diabetes Investig.
2011;2:158-69.

Danaei G, Finucane MM, Lu Y, et al., for the Global Burden of Metabolic
Risk Factors of Chronic Diseases Collaborating Group (Blood Glucose).
National, regional, and global trends in fasting plasma glucose and
diabetes prevalence since 1980: Systematic analysis of health examination
surveys and epidemiological studies with 370 country-years and
2.7 million participants. Lancet. 2011;378:31-40.

17. Rose RB, Bayle JH, Endrizzi JA, Cronk JD, Crabtree GR, Alber T. Structural
basis of dimerization, coactivator recognition and MODY3 mutations in
HNF-1alpha. Nat Struct Biol. 2000;7:744-8.
18. Ng MC, Cockburn BN, Lindner TH, et al. Molecular genetics of diabetes
mellitus in Chinese subjects: identification of mutations in glucokinase
and hepatocyte nuclear factor-1alpha genes in patients with early-onset
type 2 diabetes mellitus/MODY. Diabet Med. 1999;16:956-63.

Murphy R, Turnbull DM, Walker M, Hattersley AT. Clinical features,
diagnosis and management of maternally inherited diabetes and deafness
(MIDD) associated with the 3243A>G mitochondrial point mutation.
Diabet Med. 2008;25:383-99.

Heuvel-Borsboom et al. Maturity onset diabetes of the young.
JUNE 2016 , VOL . 74, NO 5

199

The Netherlands Journal of Medicine

19. Bellanné-Chantelot C, Carette C, Riveline JP, et al. The type and the
position of HNF1A mutation modulate age at diagnosis of diabetes in
patients with maturity-onset diabetes of the young (MODY)-3. Diabetes.
2008;57:503-8.

37. Faguer S, Chassaing N, Bandin F, et al. The HNF1B score is a simple tool
to select patients for HNF1B gene analysis. Kidney Int. 2014;86:1007-15.

20. HGMD® Human Gene Mutation database: http://www.biobaseinternational.com/product/hgmd#resources.

38. Shepherd M, Shields B, Ellard S, Rubio-Cazebas O, Hattersley AT. A
genetic diagnosis of HNF1A diabetes alters treatment and improves
glycaemic control in the majority of insulin-treated patients. Diabet Med.
2009;26:437-41.

21. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recommendation
of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med. 2015;17:405-24.

39. Stride A, Shields B, Gill-Carey O, et al. Cross-sectional and longitudinal
studies suggest pharmacological treatment used in patients with
glucokinase mutations does not alter glycaemia. Diabetologia.
2014;57:54-6.

22. Fajans SS, Bell GI, Paz VP, et al. Obesity and hyperinsulinemia in a
family with pancreatic agenesis and MODY caused by the IPF1 mutation
Pro63fsX60. Transl Res. 2010;156:7-14.

40. Pearson ER, Badman MK, Lockwood CR, et al. Contrasting diabetes
phenotypes associated with hepatocyte nuclear factor-1alpha and -1beta
mutations. Diabetes Care. 2004;27:1102-7.

23. Shaat N, Karlsson E, Lernmark A, et al. Common variants in MODY
genes increase the risk of gestational diabetes mellitus. Diabetologia.
2006;49:1545-51.

41. Steele AM, Shields BM, Wensley KJ, Colclough K, Ellard S, Hattersley AT.
Prevalence of vascular complications among patients with glucokinase
mutations and prolonged, mild hyperglycemia. JAMA. 2014;311:279-86.

24. Weng J, Ekelund M, Lehto M, et al. Screening for MODY mutations, GAD
antibodies, and type 1 diabetes-associated HLA genotypes in women with
gestational diabetes mellitus. Diabetes Care. 2002;25:68-71.

42. Velho G, Vaxillaire M, Boccio V, Charpentier G, Froguel P. Diabetes
complications in NIDDM kindreds linked to the MODY3 locus on
chromosome 12q. Diabetes Care. 1996;19:915-9.

25. Fajans SS, Brown MB. Administration of sulfonylureas can increase
glucose-induced insulin secretion for decades in patients with
maturity-onset diabetes of the young. Diabetes Care. 1993;16:1254-61.

43. Isomaa B, Henricsson M, Lehto M, et al. Chronic diabetic complications
in patients with MODY3 diabetes. Diabetologia. 1998;41:467-73.
44. Sagen JV, Njølstad PR, Søvik O. Reduced prevalence of late-diabetic
complications in MODY3 with early diagnosis. Diabet Med.
2002;19:697-8.

26. Pontoglio M, Prié D, Cheret C, et al. HNF1alpha controls renal glucose
reabsorption in mouse and man. EMBO Rep. 2000;1:359-65.
27. Bingham C, Ellard S, Nicholls AJ, et al. The generalized aminoaciduria
seen in patients with hepatocyte nuclear factor-1alpha mutations is a
feature of all patients with diabetes and is associated with glucosuria.
Diabetes. 2001;50:2047-52.

45. Shepherd M, Ellis I, Ahmad AM, et al. Predictive genetic testing
in maturity-onset diabetes of the young (MODY). Diabet Med.
2001;18:417-21.
46. Stride A, Vaxillaire M, Tuomi T, et al. The genetic abnormality in the
beta cell determines the response to an oral glucose load. Diabetologia.
2002;45:427-35.

28. Pearson ER, Starkey BJ, Powell RJ, Gribble FM, Clark PM, Hattersley AT.
Genetic cause of hyperglycaemia and response to treatment in diabetes.
Lancet. 2003;362:1275-81.

47. Greeley SAW, John PM, Winn AN, et al. The cost-effectiveness of
personalized genetic medicine: The case of genetic testing in neonatal
diabetes. Diabetes Care. 2011;34:622-7.

29. Bellanné-Chantelot C, Chauveau D, Gautier JF, et al. Clinical spectrum
associated with hepatocyte nuclear factor-1beta mutations. Ann Intern
Med. 2004;140:510-7.

48. Naylor RN, John PM, Winn AN, et al. Cost-effectiveness of MODY genetic
testing: Translating genomic advances into practical health applications.
Diabetes Care. 2014;37:202-9.

30. Tuomi T, Honkanen EH, Isomaa B, Sarelin L, Groop LC. Improved
prandial glucose control with lower risk of hypoglycemia with nateglinide
than with glibenclamide in patients with maturity-onset diabetes of the
young type 3. Diabetes Care. 2006;29:189-94.

49. Ellard S, Bellanné-Chantelot C, Hattersley T, for the European Molecular
Genetics Quality Network MODY group. Best practice guidelines for the
molecular genetic diagnosis of maturity-onset diabetes of the young.
Diabetologia. 2008;51:546-53.

31. Pearson ER, Boj SF, Steele AM, et al. Macrosomia and hyperinsulinaemic
hypoglycaemia in patients with heterozygous mutations in the HNF4A
gene. PLoS Med. 2007;4:e118.
32. Pramfalk C, Karlsson E, Groop L, et al. Control of ACAT2 liver expression
by HNF4{alpha}: lesson from MODY1 patients. Arterioscler Thromb Vasc
Biol. 2009;29:1235-41.

50. Thanabalasingham G, Pal A, Selwood MP, et al. Systemic assessment of
etiology in adults with a clinical diagnosis of young-onset type 2 diabetes
is a successful strategy for identifying maturity-onset diabetes of the
young. Diabetes Care. 2012;35:1206-12.

33. Spyer G, Macleod KM, Shepherd M, Ellard S, Hattersley AT. Pregnancy
outcome in patients with raised blood glucose due to a heterozygous
glucokinase gene mutation. Diabet Med. 2009;26:14-8.

51. Hattersley A, Bruining J, Shield J, Njølstad P, Donaghue KC. The diagnosis
and management of monogenic diabetes in children and adolescents.
Pediatr Diabetes. 2009;10(Suppl 12):33-42.

34. Faguer S, Decramer S, Chassaing N, et al. Diagnosis, management,
and prognosis of HNF1B nephropathy in adulthood. Kidney Int.
2011;80:768-76.

52. Naylor R, Philipson LH. Who should have genetic testing for
maturity-onset diabetes of the young? Clin Endocrinol. 2011;75:422-6.
53. Shields BM, McDonald TJ, Ellard S, Campbell MJ, Hyde C, Hattersley
AT. The development and validation of a clinical prediction model to
determine the probability of MODY in patients with young-onset diabetes.
Diabetologia. 2012;55:1265-72.

35. Yin L, Ma H, Ge X, Edwards PA, Zhang Y. Hepatic hepatocyte nuclear
factor 4α is essential for maintaining triglyceride and cholesterol
homeostasis. Arterioscler Thromb Vasc Biol. 2011;31:328-36.
36. Becker M, Galler A, Raile K. Meglitinide analogues in adolescent patients
with HNF1A-MODY (MODY 3). Pediatrics. 2014;133:e775-9.

Heuvel-Borsboom et al. Maturity onset diabetes of the young.
JUNE 2016 , VOL . 74, NO 5

200

