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a b s t r a c t
Maturity Onset Diabetes of the Young (MODY) is a heterogeneous group of genetic diseases characterized by
a primary defect in insulin secretion and hyperglycemia, non-ketotic disease, monogenic autosomal dominant mode of inheritance, age at onset less than 25 years, and lack of auto-antibodies. It accounts for 2–5%
of all cases of non-type 1 diabetes. MODY subtype 2 is caused by mutations in the glucokinase (GCK) gene.
In this study, we sequenced the GCK gene of two volunteers with clinical diagnosis for MODY2 and we
were able to identify four mutations including one for a premature stop codon (c.76C>T). Based on these results, we have developed a speciﬁc PCR-RFLP assay to detect this mutation and tested 122 related volunteers
from the same family. This mutation in the GCK gene was detected in 21 additional subjects who also had the
clinical features of this genetic disease. In conclusion, we identiﬁed new GCK gene mutations in a Brazilian
family of Italian descendance, with one due to a premature stop codon located in the second exon of the
gene. We also developed a speciﬁc assay that is fast, cheap and reliable to detect this mutation. Finally, we
built a molecular ancestry model based on our results for the migration of individuals carrying this genetic
mutation from Northern Italy to Brazil.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Maturity Onset Diabetes of the Young (MODY; OMIM# 606391) is
an autosomal dominant genetic disease characterized by an inherited
form of non-ketotic diabetes. The symptoms usually develop in childhood, adolescence or young adulthood. MODY is a heterogeneous disease regarding the genetic and clinical features, can affect individuals
worldwide and was described in all geographic locations and ethnic
groups (Fajans et al., 2001).
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There are 11 types of MODY described so far and each has a different group of genes involved in the clinical manifestations of the disease. At least seven genes have been associated with this genetic
disorder such as the glucokinase (GCK), hepatocyte nuclear
factor-1-alpha (HNF1A), pancreas/duodenum homeobox protein-1
(PDX1), among others.
The type 2 (MODY2) is deﬁned as a familial form of non-insulindependent diabetes mellitus (NIDDM), characterized by early onset
with an autosomal dominant inheritance pattern exhibiting a mild fasting
hyperglycemia (Fajans et al., 2001). It is caused by mutations in the glucokinase (GCK) gene, which encodes the ﬁrst enzyme of the glycolytic pathway. The GCK gene is mapped to human chromosome 7p15.3–p15.1 and
consists of 10 exons that span approximately 45.169 bp encoding a
465-amino-acid protein. There are three tissue-speciﬁc isoforms due to
an alternative splicing at exon 1 (Tinto et al., 2008). GCK acts as a glucose
sensor in the pancreas and liver, and presents a peculiar sigmoidal
glucose saturation curve, which indicates cooperative behavior.
Since the ﬁrst correlation between the glucokinase locus on chromosome 7q and NIDDM (Froguel et al., 1992; Vionnet et al., 1992),
many studies have shown several mutations in different exons of
the GCK gene (Osbak et al., 2009). In this report, we describe three
new mutations identiﬁed in the GCK gene and also a premature
stop codon, previously identiﬁed in Italy (Massa et al., 2001), in 23
probands (19%) from a Brazilian family throughout four generations.
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The family described in this study ﬁts the criteria for MODY2 both
clinically and molecularly. Finally, we used this genetic mutation as
an ancestry marker, since it ﬁrst appeared in European countries
such as Italy and later in Brazil after different waves of migration. A
model of migration for MODY2 affected individuals through time
was also built, helping us understand how this genetic mutation has
spread in different states from Brazil.

2. Materials and methods
2.1. Subjects
We have selected and included in this study 122 related Brazilian
volunteers of Italian ancestry, with or without history of impaired
fasting glucose or impaired glucose tolerance. Informed consent (IC)
was obtained from all participants or from a responsible parent and
was approved by the ethics committee from our institution (ref number
IBUSP 113/210 — FR. 387425). All data from this study is freely available
at the DataGenno's database (www.datagenno.com). DataGenno is an
open access online database that offers storage of genetic information
from speciﬁc scientiﬁc and medical studies on genetic diseases (Costa,
2011; Costa et al., 2011).

2.2. Sample collection, DNA extraction and sequencing
The samples were collected by buccal swab (Walker et al., 1999)
and the total DNA was extracted using a standard protocol
(Sambrook and Russel, 2001). The primers used in this study were
adapted from Boutin et al. (2001). The PCR was performed by
Go®Taq Flexi DNA Polymerase kit (Promega, Madison, WI, USA) following the manufacturer's instructions. The amplicons were cloned
with the TopoTA Cloning® kit (Invitrogen™ by Life Technologies, Foster City, CA, USA). Plasmidial DNA was prepared by the alkaline lysis
method (Sambrook and Russel, 2001) and the sequencing was carried
out using the Big Dye® Terminator v3.1 Cycle Sequencing (Applied
Biosystems™ by Life Technologies, Foster City, CA, USA) in an ABI 3100
instrument (Applied Biosystems™) according to the manufacturer's instructions. The sequences were analyzed using Lasergene® SeqMan™
II tools for Windows version 5.00 (DNASTAR) and were compared
against the GenBank human genomic plus transcript database
using the BLAST® tool (Zhang et al., 2000).
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2.3. PCR-RFLP assay for mutation detection
After the initial identiﬁcation by DNA sequencing of the mutation
c.76C>T, a speciﬁc region from exon 2 that covers this genetic change
was ampliﬁed by PCR with the primers MFw1 (5′ACCAGACTCTGC
TCTTCTGACT) and MRev1 (5′GTCAGGACTAGCTGGGCCC) using the
Go®Taq Flexi DNA Polymerase kit (Promega) and the PCR cycling conditions were as follows: hold at 95 °C 3 min, 30 cycles of 95 °C, 20 s, 60 °C
20 s, 72 °C 1 min. The amplicon from each proband was digested with
the restriction enzyme PstI (New England Biolabs, Ipswich, MA, USA) following the manufacturer's instructions. The digestion pattern was analyzed in 2% agarose gels in 50 × 1 mm wells and stained with
0.5 μg·ml − 1 ethidium bromide (Fig. 2).
3. Results
Our group started this study with proband 84 from an Italian
descendant Brazilian family who had a history of hyperglycemia diagnosed at 20 yr, evidence of an autosomal-dominant pattern of inheritance, with a vertical transmission of a similar phenotype through
three generations, and absence of insulin therapy in his lifetime [criteria
established by Vaxillaire and Froguel (2008)]. This subject also had
C-peptide and islet cell antibodies (ICAs) at normal levels (Table 1).
We sequenced this proband's GCK gene and, using this approach, we
identiﬁed a total of four changes. Three changes were not described so
far in 3 out of 10 exons of the GCK gene: two synonymous mutations
(c.246T>C and c.660C>T, exons 3 and 6 respectively) and one neutral
mutation (c.511A>T, exon 5). The fourth mutation found (c.76C>T,
exon 2) was described previously (Massa et al., 2001) and changes
the glutamine residue 26 (CAG) to the stop codon TAG (Table 1;
Figs. 1A and B).
Considering that the stop codon mutation was already correlated
with GCK MODY (Massa et al., 2001), we decided to investigate whether
other members of the same family harbored this mutation and sequenced exon 2 of proband 86 that had the same phenotype of proband
84. As seen in Fig. 1A, both probands are heterozygous for this mutation,
harboring both the wild type and the mutant alleles.
Following this, we developed a speciﬁc PCR-RFLP assay to detect
the c.76C>T mutation. The expected size of the amplicons was
1486 bp (Fig. 2B). When digested with the Pst1 restriction endonuclease, the normal amplicon was able to generate three bands: 256,
504 and 706 bp, while the affected amplicons had no restriction site
at position 256. The resulting pattern of digestion for the affected

Table 1
Clinical and molecular ﬁndings for probands 84 and 86.
Clinical ﬁndings

Proband 84 (P84)

Proband 86 (P86)

Reference values

Age of diagnosis
Family generation
Insulin therapy
Insulin level
C-peptide
GAD antibodies
ICAs
IFCC-HbA1c
FBG

20 yr
3th
No
–
0.70 nmol·l−1
–
0.40 U·ml−1
62 mmol·mol−1
7.4 mmol·l−1

7 yr
4th
No
2.00 μIU·ml−1
0.68 nmol·l−1
0.20 U·ml−1
0.20 U·ml−1
52 mmol·mol−1
7.1 mmol·l−1

Before 25 yr
Ideally three
No use at least 5 yr after diagnosis
b29.1 μIU·ml−1
0.9–7.1 nmol·l−1
≤1.00 U·ml−1
b0.50 U·ml−1
b53 mmol·mol−1
3.6–5.8 mmol·l−1

Molecular ﬁndingsa

Nucleotide change

Codon change

Residue change/references

P84 exon 2
P84 exon 3
P84 exon 5

c.76C>T
c.246T>C
c.511A>T
c.511T>C
c.512T>G
c.660C>T
c.76C>T

CAG>TAG
ACT>ACC
ATC>TTC
TTC>CTC
ATC>AGC
TGC>TGT
CAG>TAG

p.Q26X/Massa et al. (2001)/This study
p.T82T/This study
p.I171F/This study
p.F171L/Mantovani et al. (2003)
p.F171C/Osbak et al. (2009)
p.C220C/This study
p.Q26X/Massa et al. (2001)/This study

P84 exon 6
P86 exon 2

IFCC-HbA1c: glycated hemoglobin, FBG: fasting blood glucose; X: stop codon.
a
This study has identiﬁed 3 new mutations (c.246T>C, c.511A>T, c.660C>T) and the c.76C>T stop codon change already described by Massa et al. (2001). On GCK exon 5 there
were two mutations already described in the residue 171 (Mantovani et al., 2003; Osbak et al., 2009), but they are different compared to the one described in this study.
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Fig. 1. Schematic representation of a normal and an affected human GCK gene. (A) Chromatograms of the exon 2 sequence for GCK. Blue arrows show the correct base C, and red
arrows show the change to T. The comparison was done using the Blast N program. (B) BLASTN alignment of the sequence. The query corresponds to the sequence submitted and
the subject is the sequence from the GeneBank. The mutation is highlighted in yellow boxes with red letters. The sequences inside the boxes with an arrow correspond to the
primers used, upstream and downstream of the query. (C) Schematic representation of the mutations identiﬁed in this study. Ten exons of the GCK gene are represented in numbered boxes and introns are represented as lines. Four mutations for GCK are indicated below the corresponding exons. The asterisk indicates the stop codon mutation c.76C>T
previously identiﬁed by Massa et al. (2001) that was evaluated in this study. The GCK exons are not on scale.

heterozygous subjects was 256, 504, 706 and 982 bp (Fig. 2C). Next,
we screened 120 additional volunteers in three generations of the
same family (Table 2). Twenty-three probands showed the c.76C>T
mutation and their pedigrees are illustrated in Fig. 2A. A total of 19%
(23/122) of the individuals were positive for this mutation in the heterozygous form. Finally, based on the stop codon mutation identiﬁed,
we were able to develop a migration model from Europe to Brazil,
since this genetic mutation was ﬁrst described in the Veneto region
in Italy (Fig. 3), according to historical documents and family reports.
4. Discussion
MODY (Maturity Onset Diabetes of the Young) is a group of
well-deﬁned diseases with autosomal dominant inheritance clinically
characterized by onset before age 25 years that does not require insulin treatment (at least initially) to prevent the formation of ketone
bodies. Despite the importance of accurate classiﬁcation, it is not always simple to diagnose a young patient with diabetes, and genetic
studies are often improperly used for this genetic disease. Consequently, we are in need of more genetic studies to identify novel mutations associated with this spectrum of diseases.
Considerable progress has been made for a better understanding
of the different molecular abnormalities that cause MODY diseases

and the phenotypic consequences resulting from different genotypes.
MODY diabetes is very heterogeneous and it is the most common
form of monogenic diabetes. Its distribution is worldwide and the frequencies in each population can vary depending on the location, type
of study and environmental factors. To date, at least seven genes are
associated with MODY, with frequencies that differ from one population to another. Both subtypes 2 and 3 predominate, while other subtypes (1, 4, 5, 6 and 7) affect only a few families around the world
(Osbak et al., 2009). Since its discovery in the 1960s, studies have
succeeded in fully characterizing the epidemiological, molecular and
clinical diagnosis of each subtype to provide better care for patients
(Osbak et al., 2009). However, more studies aimed to detect novel
players and new mutations in genes already associated with MODY
are warranted.
The ﬁrst mutation in the GCK gene was reported in 1992, and now,
more than 600 mutations have been described in approximately 1500
families around the world. From these, approximately 200 mutations
are associated with MODY2. In our study, we sequenced the GCK gene
of two volunteers with clinical manifestation and diagnosis for
MODY2 and were able to identify three new mutations and one for
a premature stop codon (c.76C>T) already described (Massa et al.,
2001). Based on this result, we developed a speciﬁc PCR-RFLP assay
that is faster, cheaper and reliable to detect this speciﬁc mutation
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Fig. 2. Heredogram, PCR-RFLP assay and schematic representation of normal and affected alleles. (A) Heredogram of four generations for the family tested in this study. The pedigree of 40 probands is shown. Black boxes represent affected and blank boxes represent unaffected individuals. (B) PCR-RFLP assay shown in a 2% agarose gel stained with ethidium
bromide. (C) Amplicon map after digestion with the position of each restriction site for PstI. The numbers represent the expected size of each amplicon after the digestion. P means
the number of each proband and NT, non-tested individuals. N, Normal; A, Affected; L, DNA Ladder; NTC, No Template Control; NDA, Not Digested Amplicon.

and tested an additional 120 related volunteers from the same family.
Using this method, we were able to detect this mutation in the GCK
gene in 21 additional subjects; therefore, a total of 23 probands
from 122 individuals tested carried this stop codon mutation in the
second exon of the GCK gene. The stop codon characteristic of this
family generates a truncated GCK reading frame unable to function.
However, all the probands that were positive for this mutation were

Table 2
List of all subjects tested in Brazil (n = 122).
Brazilian state

Probands
n=

Affected
n=

Mato Grosso
Paraná
Goiás
Sanca Catarina
São Paulo
Rio Grande do Sul
Total

1
2
6
16
46
51
122

1
0
1
0
21
0
23

heterozygous, having a copy of the GCK enzyme that is functional.
This could explain the mild severity of the clinical manifestations of
the disease with no need for insulin therapy in all positive probands.
The prevalence of GCK-MODY is difﬁcult to assess as the mild hyperglycemia and the absence of symptoms means that patients are
frequently not diagnosed at an early stage. Another caveat is that
large-scale population studies to assess the prevalence of the disease
have not been done, making it difﬁcult to estimate the prevalence of
MODY, especially MODY2, in different geographic locations and ethnic groups (Osbak et al., 2009). It is already known that in Caucasians,
approximately 2% of the population will be diagnosed as having gestational diabetes, and of these, approximately 2–5% will have a GCK
mutation (Ellard, 2000). This would suggest a population prevalence
of 0.04–0.1%, which is underestimated since few studies evaluated
the presence of mutations in GCK. There is some discrepancy in the
literature on the prevalence of GCK MODY mutations in European
Caucasian families. In the United Kingdom, the prevalence is reported
to be 10–20% (Thomson et al., 2003), in France around 46–56%
(Froguel et al., 1993), 41–61% in Italy (Barrio et al., 2002; Mantovani
et al., 2003), 25–80% in Spain (Costa et al., 2000; Estalella et al.,
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Fig. 3. Model for the migration of individuals carrying the stop codon mutation
c.76C>T described in Massa et al. (2001) from Northern Italy to Brazil. Right: Veneto's
region from the North side of Italy. The putative sites that the migration could have
started were highlighted in orange. Arrows show the destination of the migrant population. Left: Brazil's map with regions highlighted in 5 colors (see descriptions in the
ﬁgure). Black arrows in the map show the migration waves from Italy to Brazil and internal migrations from second generation individuals of Italian ancestry inside Brazil.
Green pins indicate unaffected probands (South) and red pins indicate affected probands (Southeast and Midwest).

2007), 31% in the Czech Republic (Pruhova et al., 2003), 12% in Norway (Sagen et al., 2008), and 10% in Denmark (Johansen et al., 2005).
The origin of the Brazilian family that carries the mutation identiﬁed
in this study for a premature stop codon (c.76C>T) is Castelfranco in the
Veneto Region in Italy. The earliest records are from the twelfth century
and remained there until the nineteenth century, when this family
began to migrate to other countries in Europe, North America and
South America. In Brazil, immigration occurred in the late nineteenth
century and had the states of Rio Grande do Sul and São Paulo as
major destinations (Bertonha, 2005). It is important to note that the
height of Italian immigration to Brazil occurred between 1880 and
1930 speciﬁcally to these two states (Bertonha, 2005). The Italians
brought not only a different culture and work force, but also a genetic
heritage that helped to further increase the genetic background of a
highly admixed population.
In our study, all probands in the states of Rio Grande do Sul (51),
Santa Catarina (16) and Paraná (2) do not carry this mutation
(Fig. 3). All these probands descended from a single common ancestor that came from Treviso, Italy in 1892. In São Paulo, 21 probands
carry the same genetic trait (46 tested), in Goiás, 1 (6 tested) and
Mato Grosso 1 (only one tested) (Fig. 3). Importantly, all individuals
affected descended from a single common ancestor, coming from Padova in Italy in 1889 (Fig. 3). Based on the mutation identiﬁed and the
history associated with it, we were able to develop a model to explain
the patterns of genetic mutation according to the migration waves
from individuals coming from Italy to Brazil and through Brazilian
states with time (Fig. 3).
The model of migration was possible since this mutation has been
already described by Massa et al. (2001) for extensive studies done in
different regions of Italy (Massa et al., 2001). The authors do not mention the regions studied and which mutations were found in each region which prompted us to explore deeper if this mutation found in
Brazil comes from a common founder. Between the years 1880 and
1930, 24 million of Italians left Italy, mainly to other European countries
(12.5 million) and the Americas or Australia (11.5 million) (Bertonha,
2005). It is already known that low disease severity favors the maintenance of the mutant allele in the heterogeneous form in the population,
which leads us to speculate if in other countries that have received Italian immigrants the same allele was in their genetic background due to a

common genetic mutation founder. Thus, it is important to screen mutations in other countries since it has implications not only for public
health, but it also helps in our understanding of world history using molecular genetics tools.
It is important to note that, as for Brazilian families, there are just a
few studies in the literature for MODY diseases. These studies showed
that MODY3 was more prevalent (ranging from 13 to 33.3%), while
MODY2 has a prevalence of 8% in the population (Furuzawa et al.,
2008; Moises et al., 2001). The great heterogeneity in these results
can be explained by the genetic background and different criteria
for recruitment of volunteers together with the low number of families studied in Brazil (Furuzawa et al., 2008; Moises et al., 2001). In
our study, for example, the initial probands tested were selected
based on the clinical phenotype that is classical for MODY2. Another
factor that can contribute to the heterogeneity of this disease in Brazil
is the high degree of miscegenation of the Brazilian population (Parra
et al., 2003).
We described in the present study, three new mutations and one
from Italian ancestry in the GCK gene from two probands that had
their exons sequenced. We have also analyzed the same Brazilian
family over four generations using the PCR-RFLP test that was
designed to detect the mutation that yields the premature stop
codon (c.76C>T). Using this approach, we found this GCK gene mutation in 23 probands (19% of the individuals tested). The speciﬁc assay
developed in the present study is fast, cheap and reliable to detect
this mutation. So far, there are two described mutations (missense)
in the ﬁrst exon (Osbak et al., 2009), and this premature stop codon
that we identiﬁed is the ﬁfth mutation described from the 5′ end of
the second exon. Previous mutations described were also missense
in the second exon. The ﬁndings presented here reinforce the need
for more studies aimed at identifying mutations in MODY genes, especially for the gene GCK in MODY2.
In conclusion, we believe that correlating clinical ﬁndings and molecular genetics information as shown by our study may allow the detection
of speciﬁc mutations that will help elucidate structure/function relationships and differences in MODY disease phenotypes. Moreover, the identiﬁcation of new mutations in MODY genes could also shed some light in
world history through molecular ancestry studies as shown by the migration model that was built using a GCK gene mutation.
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