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Three and a half decades after the clinical description of “Maturity
Onset Diabetes of the Young” (MODY), and despite its low preva-
lence, important knowledge has been gathered concerning its
genetic basis, molecular pathways, clinical phenotypes and phar-
macogenetic issues. This knowledge has proved to be important
not only for the attention of subjects carrying a mutation but also
for the insight provided in Type 2 diabetes mellitus.
In recent years, a shift from the term “MODY” to “monogenic dia-
betes” has taken place, the latter term being a better and more
comprehensive descriptor. We stick to the “old” term because
information on other types of monogenic diabetes and pregnancy is
scarce. In this review we perform an overview of the entity, the
prevalence rates reported in women with gestational diabetes
mellitus and the specific impact of each type onpregnancy outcome.

� 2010 Elsevier Ltd. All rights reserved.
Summary

In relation to pregnancy, findings in monogenic diabetes have meant several turns of the screw in
our understanding. First, birth weight distribution in families with a glucokinase mutation have
illustrated that fetal genetics is at least as important as maternal glucose control; and indirectly that
near-normal glycemic control should be the gold standard for treatment of most but not all diabetic
pregnant women. In the opposite direction, the birth of a macrosomic baby that suffers from neonatal
hypoglycemia should not necessarily mean that the mother has had poorly regulated diabetes during
pregnancy; the possibility of a HNF-4amutation should be considered, especially in a context of strong
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family history of DM. And last but not least, the earlier age at diagnosis and at initiation of insulin
treatment in subjects with a HNF-1a mutation of maternal origin (in relation to those with a mutation
of paternal origin) is a clear example of intrauterine programming.
Practice points

� The prevalence of monogenic DM in pregnancy is low and routine testing is not justified
� Different mutations, especially those in glucokinase and HNF-4 a illustrate that in diabetic
pregnancy, fetal growth is not only a consequence of maternal glycemic control; fetal
genotype can mean a difference of up to 700 g

� Glucokinase deficiency exemplifies that near-normal glycemic control is not the gold stan-
dard in every diabetic pregnancy

� In women with glucokinase deficiency, maternal treatment should ideally be guided by fetal
genotype; guidance by fetal growth appears as a prudent surrogate option

� In carriers of a mutation in the HNF-1a gene, maternal origin implies an earlier age at
diagnosis and earlier initiation of insulin treatment; as intrauterine hyperglycaemia is the
likely culprit tight maternal glycemic control seems advisable.

� Macrosomic infants with transient or persistent hyperinsulinemic hypoglycaemia should be
screened for HNF 4a mutations if there is a family history of youth-onset diabetes.

� In diabetic and non-diabetic pregnant women, paternal history is important!

Research agenda

� Unbiased prevalence data of monogenic diabetes in pregnancy are lacking
� Observational data on pregnancy outcomes (not limited to birth weight) are needed for all
types of monogenic diabetes

� In women with a glucokinase mutation, guidance of maternal treatment after serial fetal
ultrasound measurements has been suggested but data on its performance are lacking

� In women with a HNF-1a mutation, the relationship between maternal glycemic control
during pregnancy and glucose tolerance in the offspring has not been addressed
Introduction

In 1974 Tattersall1 described three families with an autosomal dominant form of diabetes
mellitus (DM) presenting with an early onset, but having a mild and relatively uncomplicated
course. In the following years, further evidence of autosomal inheritance was provided2,3 and the
term ‘Maturity-Onset Diabetes of the young’ (MODY) was first used in 1976.4 Nowadays, the
preferred term is monogenic diabetes,5 since the disease is due to the transmission of an autosomal
dominant trait.

Up to now, ten defects have been described, all of them of genes affecting beta cell function
(Table 1). However, about 11% of patients with suspected monogenic diabetes have an unknown
genetic aetiology.6 The presentation is heterogeneous and depends on the specific mutation (Table 1).
The diagnosis is usually made in childhood, youth, or (especially for glucokinase (GCK) deficiency)
during pregnancy. In MODY3 and MODY5, insulin resistance is a contributory defect.7,8

The importance of monogenic DM is due to the 50% risk of inheritance in offspring of affected
subjects, the particular response of some types to sulphonylurea treatment,9 potential implications for
treatment during pregnancy, comorbidities in specific types (Hepatocyte nuclear factor-1b (HNF- 1b)),
and the insight provided for understanding gestational and Type 2 DM.10,11,12 In relation to the



Table 1
Types of monogenic diabetes mellitus described.10–12

MODY type Affected gene Frequency among
MODY diabetes

Age at diagnosis Severity

Additional manifestations Usual treatment Microvascular complications

MODY 1 Hepatocyte nuclear factor 4a
(HNF-4a)

3 Early adulthood Y plasma triglycerides Sensitivity to SU Frequent
Diet/SU/Insulin

MODY 2 Glucokinase (GCK) 14 Newborn/Teenager Y plasma triglycerides Diet þ exercise /insulin
during pregnancy

Rare

MODY 3 Hepatocyte nuclear factor 1a
(HNF-1a)

69 Teenager Y renal glucose threshold Sensitivity to SU Frequent
[ HDL-cholesterol Diet/ SU/Insulin

MODY 4 Pancreatic and duodenal
homeobox 1 gene (PDX1)

<1
- Newborn
(homozygotes)

- Young adult
(heterozygotes)

Pancreatic agenesis
- Insulin

- OHA / insulin (30%)

Little data

MODY 5 Hepatocyte nuclear factor 1b
(HNF-1b)

3 Newborn/Teenager Renal disease
Genital abnormalities
Pancreatic atrophy &
exocrine dysfunction
Liver dysfunction
Biliary disfunction

OHA and insulin Little data

MODY 6 Neurogenic differentiation
gene 1 (NEUROD1)

Extremely rare Young adult Insulin Little data

MODY 7 Kruppel-like factor 11 (KLF11) Extremely rare Young adult Little data Little data
MODY 8 Enzyme carboxyl ester

lipase (CEL)
Thai families Young adult Little data Little data

MODY 9 Paired box 4 gene (PAX4) Extremely rare Young adult Little data Little data
MODY 10 Insulin gene (INS) Extremely rare Little data Little data
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understanding of the genetics of common forms of DM, missense single nucleotide polymorphisms
within MODY genes seem to be associated with common Type 2 DM13,14 and common variants of GCK
and HNF-1a increase the risk of gestational diabetes mellitus (GDM).15 Guidelines for testing for MODY
have been provided16 (Table 2).

Other types of monogenic DM aside from MODY (such as maternally inherited DM with deafness,
permanent neonatal DM, insulin receptor gene mutations or lipodystrophies) will not be discussed
here due to the paucity of information in relation with pregnancy.17
Monogenic DM due to mutations in the glucokinase gene

Mutations in the GCK gene usually present as mild fasting hyperglycaemia. Outside pregnancy, the
following features have been identified as suggesting a GCK mutation and encouraging genetic testing
for it: 16

- Fasting hyperglycaemia �5.5 mmol/l, persistent and stable
- HbA1c typically just above the upper limit of normal
- In an oral glucose tolerance test the increment [(2 h glucose) � (fasting glucose)] is small, usually
<4.6 mmol/l

- Parents may have ‘type 2 DM’ with no complications or may not be diabetic

Prevalence (Table 2)

In addition with mild fasting hyperglycaemia, patients with DM due a mutated GCK gene typically
do not have signs of insulin resistance.11 If it has not been diagnosed before, the diagnosis will probably
be made during gestation because the physiological resistance to insulin during the second half of
pregnancy will uncover the defect in beta cell function.

Studies examining the prevalence of mutation GCK gene (Table 2)18–26 are characterized by
being restricted to subgroups of women with GDM in order to increase the yield of the test.
Commonly used criteria are a family history of DM19,23,26 and biochemical criteria, either a high
fasting plasma glucose in or outside pregnancy21,23,24 or a characteristically low increment of
plasma glucose after an oral glucose load23,24,26 and normal body weight26. In this context the
prevalence is in the range of 020,22 to 1224 % with the exception of the study using more restrictive
criteria23 where the prevalence was 80%.
Fetal impact (Table 3)

Short term

In the DM and pregnancy field, Pedersen’s hypothesis has been crucial to understanding fetal
growth: 27The fetus of a woman with poorly regulated DM during pregnancy, is exposed to a higher
than normal glucose load and responds with an increased insulin secretion which in turn leads to
increased fetal growth. After the seminal contribution of Hattersley in 1998,28 we now know that the
presence of a normal GCK genotype is essential for this response to take place. As GCK acts as the beta
cell glucose sensor,29 fetuses that carry a GCK mutation are not able to mount an appropriate insulin
response to the prevailing glucose levels and do not display the fetal growth that would be expected
from maternal glycaemia: non-affected fetuses of a GCK-deficient mother present with a high birth
weight (BW), GCK-deficient fetuses of a non-affected mother present with a low BW, whereas GCK-
deficient fetuses of a GCK-deficient mother present with an essentially normal BW. In summary,
harbouring a GCK mutation implies a BW reduction of more than 500 g. Extrapolation from GCK-
deficient adults to the fetus indicates that the presence of a GCK mutation would reduce fetal insulin
secretion by 70%.30 In pregnancies of GCK-deficient fetuses, placentas have a reduced size,31 which
clearly illustrate that fetal insulin is important for placental growth; on the other hand the reduced
placental size could contribute to the reduced fetal growth.



Table 2
MODY prevalence in patients with gestational diabetes mellitus.

Monogenic DM Reference N of subjects
studied

Selection criteria Prevalence (%)

GCK Zoualli 199318 17 - None 5

Stoffel 199319 40 - DM in FDR 5

Chiu 199420 45 - Black ethnicity
- No DM postpartum

0

Saker 199621 50 - Postpartum FPG 100 - 180 mg/dl (5.5-10.0 mmol/l) 6

Allan 199722 50 - None 0

Ellard 200023 15 - Hx of T2DM, GDM, or FPG >5.5 mmol/L in a FDR
- Tx: Insulin during pregnancy & only diet after delivery
- Persisting fasting hyperglycaemia outside pregnancy 99 - 144 mg/dl (5.5 - 8 mmol/l)
- D glucose OGTT< 83 mg/dl (4.6 mmol/l)

80

Kousta 200124 17 - FPG in pregnancy 99 - 144 mg/dl (5.5 - 8 mmol/l)
- FPG postpartum 99 - 144 mg/dl (5.5 -8 mmol/l)
- D glucose OGTT< 63 mg/dl (3.5 mmol/L)

12

Weng 200225 66 - positive family history 5

Zurawek 200726 119 at least 3 of the following:
- Caucasian ethnicity- Age <35- Prepregnancy BMI <25- D glucose OGTT< 83 mg/dl (4.6 mmol/l)
- T2DM or GDM in FDR

2.5

HNF-1a Weng 200225 66 - positive family history 1

Zurawek 200726 119 - at least 3 of the following:- Caucasian ethnicity
- Age <35
- Prepregnancy BMI <25
- D glucose OGTT< 83 mg/dl (4.6 mmol/l)
- T2DM or GDM in FDR

0

HNF- 4a Weng 200225 66 - positive family history 1

PDX1 Weng 200225 66 - positive family history 1

NEUROD1 Sagen 200559 51 - none 0

FDR: first degree relative; FPG: fasting plasma glucose; DM: Diabetes mellitus; GDM: gestational diabetes mellitus; OGTT: oral glucose tolerance test; BMI: body mass index; T2DM: Type 2
diabetes mellitus.

C.Colom
,R.Corcoy

/
Best

Practice
&

Research
Clinical

Endocrinology
&

M
etabolism

24
(2010)

605
–615

609



Table 3
Fetal impact of monogenic diabetes mellitus during pregnancy in the mother and/or the fetus.

Mutation Short Term Impact Long Term Impact

HNF- 4a50,54,55

� M? Fþ � Neonatal hyperinsulinemia
- Macrosomia in 56%
- Clinically persistent
hypoglycaemia in 15%

GCK28,32–36,41

� M- F-
� M- Fþ
� Mþ F-
� Mþ Fþ

� Low BW vs M-F-
� High BW vs M-F-
� Similar BW vs M-F-;
extremely reduced BW in
homozygote or compound
heterozygotes (neonatal DM)

� No difference accross groups
in weight, BMI, BP, ins sensivity
and insulin secretion32 or
small impact on glucose
homeostasis40.

HNF-1 a
� M? Fþ
� Mþ Fþ

� N BW 35,50

� earlier age of onset when the
mutation is of maternal origin,
pointing at an effect of intrauterine
hyperglycemia51,52

PDX1
� Mþ F?
� Mþ Fþ

� Miscarriages, neonatal death57

� Reduced BW vs Mþ F-

HNF-1b � Carriers presenting with neonatal
DM display low BW 58

BW: birth weigt; M-: non affected mother; Mþ : affectedmother; F-: non affected fetus; Fþ: affected fetus. HNF- 4a, GCK, HNF-1
a, PDX1, HNF-1b: see Table 1.
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Other articles following the Hattersley publication32–36 reported similar results: the inheritance of
a GCK defect by the fetus results in a reduction of BW. However, the groups studied were not as distinct
and in one study33, in mutations of maternal origin, fetal GCK deficiency only provided “partial”
protection of maternal hyperglycemia in terms of BW.

Moving frommutations to common variants of the GCK gene,Weedon et al reported that a common
variant of the GCK gene (rs1799884) was associated with an increased FPG and when present in the
mother, offspring had a 32 g increase in BW, which is consistent with the expected effect of the
increased maternal blood glucose. However, contrary to the effect of the corresponding mutation, no
influence of the fetal genotype was shown.37
Long-term

There are many studies linking fetal exposure to hyperglycaemia with a higher and earlier rate of
abnormal glucose tolerance, Type 2 DM or GDM.38 There are even abnormalities in insulin secretion in
healthy children of mothers with type 1 DM in pregnancy.39 However in subjects with GCK-deficiency,
no32 or few40 differences were detected in weight, height, or the secretion or insulin sensitivity in
adulthood. A possible explanation for the fact that fetuseswith a GCKmutation are apparently unaffected
byexposure tomaternal hyperglycaemia is that they face smaller glucose excursions (in relation to fetuses
ofmotherswith type1diabetes) orhave a lessdiabetes-pronegenotype (in relation to type2DMorGDM).

Treatment

During pregnancy it is very likely that women with DM due to a GCK mutation will present with
raised blood glucose values usually prompting pharmacological treatment. However, we have already
referred to the opposing effects of maternal hyperglycaemia and the presence of a fetal GCK muta-
tion30,32–36, so that maternal treatment should take into account the fetal genotype. Normal maternal
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blood glucose should be aimed at when the fetus does not have a GCK mutation but a less tight control
should be preferred when the fetus carries a GCK mutation. Should standard clinical care with tight
glucose control be used in every case, this would result in affected fetuses being small-for-gestational
age, as in the illustrative report of Spyer of two pregnancies in the same mother, with different fetal
genotype.41 The problem is that fetal genotype is not known and it does not seem justifiable to use
chorionic biopsy/ amniocentesis for this purpose. The proposal is to guide maternal therapy after serial
ultrasounds to assess fetal abdominal circumference.36,41 This has notbeen tested inmotherswith aGCK
mutation but has been the case in pregnancies with GDM. Several randomized clinical trials have been
performed comparing maternal therapy guided either after measurement of maternal capillary blood
glucose or after serial measurements of fetal abdominal circumferences. In the ultrasound arm, low risk
or high risk fetal abdominal circumference measurements are respectively followed by relaxed or strict
maternal glucose targets.42 The results of this therapeutic policy are at least as good as standard practice,
as acknowledged by the Fifth International Workshop-Conference on Gestational Diabetes Mellitus.43

In a recent observational report, Spyer et al describe a similar outcome in terms of BW in women
with a GCKmutation treated with insulin or diet, the crucial factor being fetal genotype36. The fact that
in pregnancies with an unaffected fetus, macrosomia is frequent despite maternal treatment with
insulin has been attributed to the difficulty in reducing maternal glycaemia in GCK carriers.36 In these
patients, counter-regulation occurs to maintain the higher glucose concentration44 and this adds an
extra difficulty to their clinical management.

In the Summary and Recommendations of the 5th International Workshop-Conference on GDM43 it is
acknowledged that after one randomized controlled trial during pregnancy45 and several supporting
observational studies, glyburide (glibenclamide) can be considered as a useful adjunct to medical nutri-
tional therapy/ physical activity regimens when additional therapy is needed to maintain target glucose
levels. Glyburide has not been tested in pregnant women with a GCK mutation but the fact that sulfo-
nylureas increase GCK expression in vitro46 and that a patientwith permanent neonatal DM secondary to
a homozygous GCKmutation displayed a partial response to treatment with sulfonylureas,47 would open
thepossibility thatpregnantpatientswithaGCKmutationare treatedwithglyburide.However thiswould
not include treatment during the first trimester inwomenwith pre-existing diabetes.48
Monogenic DM due to mutations in the transcription factor HNF-1a gene

Monogenic DM due tomutations in the gene transcription factor HNF-1a is themost common cause
of MODY diabetes in most populations investigated and accounts for 1–2% of all diabetes.49 Progressive
deterioration of insulin secretion does occur, often requires pharmacological treatment and patients
present late diabetic complications, especially microangiopathic ones.

Outside pregnancy, the following features have been identified as suggesting a HNF-1a mutation and
encouraginggenetic testing for it in childrenandyoungadultswithDMandastrong familyhistoryofDM: 16

- Young-onset DM (typically before 25 years old in at least one family member)
- Non-insulin-dependent diabetes outside the normal honeymoon period (3 years)
- Family history of DM in at least two generations
- Oralglucose tolerance tests inearlystages tendtoshowavery largeglucose increment,usually>5mmol/l
- Absence of pancreatic islet autoantibodies
- Glycosuria at blood glucose levels <10 mmol/l
- Marked sensitivity to sulphonlylureas
- Lack of features suggesting young-onset Type 2 DM: no marked obesity; no evidence of insulin
resistance in diabetic family members; an ethnic background with a low prevalence of Type 2 DM
Prevalence

Only two studies have addressed the prevalence of HNF-1a mutations in women with GDM,25,26

both of them applying selection criteria and the rates being 0 and 1%.



C. Colom, R. Corcoy / Best Practice & Research Clinical Endocrinology & Metabolism 24 (2010) 605–615612
Fetal impact

Short-term

Contrary to other forms of monogenic DM, a fetus carrying a mutation in HNF-1a does not display
differences in BW. Pearson et al,50 studied 134 subjects of 38 affected families and found no significant
influence of fetal genotype. Estalella et al also described that while BWof patients with a GCKmutation
was around the 10th centile of the population that of patients with a HNF-1awas similar to themean of
the population.35
Long term

Two publications in 2002 established that the parent of origin of the mutation influenced the age of
presentation of DM in HNF-1a carriers. While Stride et al reported that age at diagnosis was 12 years
earlier when the mutation was of maternal origin,51 Klupa et al described that in relation to carriers of
mutations of paternal origin, thosewith amutation of maternal origin displayed a shift to the left in the
curves of cumulative risk of DM and the requirement for insulin.52 Exposure to intrauterine hyper-
glycaemia is the most likely operating mechanism.

Treatment

The fact that maternal origin of the mutation has an important impact on the age at presentation of
DM in HNF-1a heterozygotes seems to put special emphasis on achieving near-normal maternal gly-
cemic control during pregnancy. However, there is no information relating glucose tolerance in the
offspring to maternal glucose control during pregnancy.

Patients with a HNF-1amutation show special sensitivity to sulfonylureas53 because these drugs act
on potassium channels of the beta cell, downstream of the defect in carbohydrate metabolism asso-
ciated to the mutation. Taking this information in conjunction with that of glyburide use in GDM
treatment mentioned under the heading of GCK, glyburide could be an option for treating womenwith
a HNF-1a mutation presenting with GDM. However, up to now there is no published report of gly-
buride use in this setting.

Monogenic DM due to mutations in the transcription factor HNF-4 a gene

The prevalence of mutations in HNF-4 a is much lower than that of HNF-1a. Outside pregnancy, the
following features have been identified as suggesting a HNF-4 a mutation and encouraging genetic
testing for it in children and young adults with DM and a strong family history of DM: 16

- Similar characteristics to HNF-1a (see above) but later onset and no renal glycosuria
- Similar characteristics to HNF-1a (see above) and negative genetic testing for HNF-1a
- Macrosomia and neonatal hypoglycemia

There is a single study addressing its prevalence in womenwith GDMwith a positive family history
of DM, the rate being 1%. However, in recent years important knowledge has been provided regarding
the phenotype in the neonatal period of mutation carriers. The seminal study of Pearson50 clearly
illustrated that newborns with the mutation displayed high BW and neonatal hyperinsulinemia. They
studied 108 members of 15 families with the mutation, 54 of them affected. BW of infants with the
mutation was on average 790 g higher, regardless of the origin of the mutation; the difference
remained in the 18 pairs of siblings discordant for the mutation. Regarding the rates of macrosomia,
13% of non-affected newborns had a BW over 4000 g vs 56% of affected newborns (64% when the
mutation was inherited from the mother and 46% when inherited from the father). Six cases of large
macrosomia (BW over 5000 g) were observed, all of them in affected newborns. Thus, in relation to
GCK, the influence of HNF-4 a on BW is of opposite direction and more pronounced. In this study,
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neonatal hypoglycaemia was reported in 8/54 mutation carriers (hyperinsulinemia documented in
three, independent of the origin of the mutation) but in none of the 54 non-mutation carriers. In six
subjects, neonatal hypoglycaemia was transient but two patients required treatment with diazoxide
and chlorothiazide for 1 and 6 months, respectively. These findings led the authors to hypothesize that
a single genetic defect affecting the beta cell would produce hyperfunction in the fetal and neonatal
period and defective beta cell function in adulthood.

Additional reports have been published of HNF-4 a heterozygotes presenting neonatal macrosomia
and neonatal hyperinsulinemic hypoglycaemia either transient or persistent.54,55 This has led to the
recommendation to test for HNF-4 amutations in macrosomic newborns with neonatal hypoglycemia
that have a family history of youth-onset DM. However, it has recently been reported that this
phenotype can also correspond to de novo HNF-4 a mutations.56

Monogenic DM due to mutations in the PDX1 gene

In the single study addressing the prevalence of PDX1 mutations in womenwith GDM and positive
family history of DM, the prevalence was 1%.25 As to its impact on pregnancy outcome, in an extended
Italian family, female carriers of mutations in PDX1 reported pregnancies complicated with miscar-
riages and early postnatal death; newborns carrying the mutation also had reduced birth weight.57

Monogenic DM due to mutations in the HNF-1-b gene

There are no data on the prevalence of HNF-1-b mutations in pregnancy. In relation to its potential
impact, infertility can result from repeated miscarriages secondary to genital anomalies [unpublished
observation]. In mutations leading to neonatal DM, Edghill has reported a decreased BW (52%
newborns were small-for-gestational age), that was especially pronounced when the mother did not
have the mutation.58 The impact on fetal growth of mutations displaying a less severe phenotype is not
known.

Monogenic diabetes due to mutations in the gene transcription factor Neuro D1

Only one study has investigated mutations of the NEUROD1 gene, in 51 women with GDM and no
mutation was found.59 The impact of this mutation on pregnancy outcome is not known.
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