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Abstract:

The development of type 2 diabetes (T2DM) is determined by two factors: genetics and environment. The genetic background of

T2DM is undoubtedly heterogeneous. Most patients with T2DM exhibit two different defects: the impairment of insulin secretion

and decreased insulin sensitivity. This means that there are at least two pathophysiological pathways and at least two groups of genes

that may be involved in the pathogenesis of T2DM. As far as genetic bacground of T2DM is concerned, the disease may be divided

into two large groups: monogenic and polygenic forms. In this review, we present genes known to cause rare monogenic forms of

diabetes with predominant insulin deficiency (MODY – maturity-onset diabetes of the young, MIDD – maternally inherited diabetes

with deafness) and uncommon syndromes of severe insulin resistance. We also describe some of the main approaches used to

identify genes involved in the more common forms of T2D and the reasons for the lack of spectacular success in this field. Although

major genes for T2DM still await to be discovered, we have probably established a “road map” that we should follow.
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Introduction

Diabetes is one of the most common metabolic disor-

ders. It is estimated that the number of diabetes pa-

tients worldwide has already exceeded 200 million

[92]. This creates a need to understand the etiology of

the disease, genetic and enviromental factors influ-

encing development of diabetes. Diabetes is a group

of metabolic diseases that are characterized by ele-

vated glucose level. Poorly controlled or undiagnosed

disease may be associated with so called late compli-

cations of diabetes such as accelerated atherosclero-

sis, blindness, renal insufficiency, stroke, and amputa-

tion of extremities. Diabetes is also associated with

a decrease in life expectancy. These facts make diabe-

tes a major health problem. There are two main forms

of diabetes: type 1 and type 2. It is type 2 diabetes

(T2DM), previously known as non-insulin dependent,

that is the much more prevalent form, responsible for

90% of the disease prevalence [92, 125]. In the major-

ity of the industrialised world societies this disease af-

fects a few percent of the entire population [125]. Re-

cent publications indicate an increase in the preva-

lence of diabetes world-wide, especially in younger

people [80] affecting a substantial percentage of the

pediatric age group in some populations [30]. T2DM

is characterised by the presence of two basic abnor-

malities: impairment of insulin secretion and decrease

in insulin sensitivity [52]. The disease creates a large

pathophysiological spectrum from a predominantly

secretory defect with moderate, if any, degree of insu-

lin resistance to a predominantly insulin resistant dis-

ease with relative insulin deficiency. Whereas insulin

resistance can be demonstrated early in life, many
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years before the diagnosis of diabetes, impairment of

insulin secretion develops later in life, usually along

with the onset of impaired glucose tolerance [52].

Genes and enviromental factors in the develop-

ment of type 2 diabetes

The susceptibility to the development of type 2 diabe-

tes (T2DM) is determined by two factors: genetics

and environment. The genetic background of T2DM

is undoubtedly heterogeneous. Most patients with

T2DM exhibit two different defects: the impairment

of insulin secretion and decreased insulin sensitivity.

This means that there are at least two groups of

T2DM susceptibility genes. The substantial contribu-

tion of genetic factors to the development of diabetes

has been known for many years. The important pieces

of evidence for the role of genes are the results of twin

studies showing higher concordance rate for T2DM

among monozygotic twins (between 41% and 55%) in

comparison to dizygotic twins (between 10% and

15%) [43, 84]. What is interesting, there are popula-

tions with extremely high prevalence of T2DM, for

example Pima Indians, that can not be explained

solely by environmental factors [117]. Supporting

evidence for the role of genes in development of

T2DM include also familial clustering of diabetes-

related traits. It was shown that the level of insulin

sensitivity in Caucasians is inherited and a low level

is a poor prognostic factor that precedes the develop-

ment of T2DM [68, 69, 115]. Similar observations

were published for other ethnic groups [9, 36, 60].

Those facts underline the importance of genetic fac-

tors. However, it is well known that the incidence of

T2DM is also associated with environmental factors.

Increasing incidence of T2DM during the last few

years with obvious links to lifestyle and diet points to

the role of enviromental factors in the development of

disease [80]. The differences in the prevalence of

T2DM in relative populations living in different geo-

graphical and cultural regions (for example Asians in

Japan and USA) also support the role of non-genetic

factors [27, 125]. The relations between genetic and

eviromental factors in the development of T2DM may

be complex. For instance, enviromental factors may

be responsible for the initiation of �-cell damage or

other metabolic abnormalities, while genes may regu-

late the rate of progression to overt diabetes. On the

other hand, in some cases genetic factors may be nec-

essary for environmental factors even to start pro-

cesses leading to the development of the disease.

Genes and T2DM – from “susceptibility”

to “determination”

As far as genetic bacground of T2DM is concerned,

the disease may be divided into two large groups:

monogenic and polygenic forms [71, 73] (Tab. 1).

Monogenic forms are a consequence of rare mutations

in a single gene [73]. Mutations may affect the struc-

ture and subsequently the function of a protein or

tRNA. In some cases they may be localised in regula-

tory parts of genes and alter gene expression. Mono-

genic forms are characterised by high phenotypic

penetrance, which means that the presence of the mu-

tation practically determines the development of the

disease. They are also characterised by early age of

diagnosis, and frequently, but not always, a severe

clinical picture, and occasionally the presence of

extra-pancreatic features. Genetic background plays

a critical role in their pathogenesis, while the environ-

ment only slightly modifies the clinical picture. The

known forms of monogenic T2DM are characterized

either by severe defect in insulin secretion or pro-

found decrease in insulin sensitivity. Like in other

Mendelian traits, in spite of their huge influence on

the health of some individuals and families, their role

in entire populations is very limited.

The clinical picture of complex T2DM, also called

polygenic or multifactorial, is a result of the interac-

tion between the environment and genetic background

understood as the contribution of many different

genes. Studies of patterns of inheritance indicate that
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Monogenic Polygenic, complex

1. Relatively rare, up to 10%

2. Consequence of rare, severe
mutations

3. Substantially impaired structure
and function of protein or tRNA

4. High phenotypic penetrance

5. Early age of diagnosis

6. Usually severe disease onset
and clinical picture

7. Critical role of genetic
background, marginal role
of environment

1. Frequent, about 90%

2. Consequence of frequent
polymorphisms

3. Interaction of environment and
some number of different genes

4. Alleles of these polymorphisms
are present, although with
different frequencies in T2DM
cases and controls

5. Late age of diagnosis, clinical
picture usually less severe than
in monogenic forms



probably multiple genes are involved [15, 93]. How-

ever the final number and the relative contributions of

these genes are uncertain. Different loci may contrib-

ute to the development of T2DM. They may belong to

the same or to different causal pathways. Some genes

may contribute substantially to the development of

diabetes in one population with no or very limited ef-

fect in another ethnic group. The susceptibility to

complex forms of T2DM is associated with frequent

polymorphisms that create amino acid variants in ex-

ons or influence the expression of genes in the regula-

tory parts [71, 73]. Alleles of those polymorphisms

are present in both healthy individuals and in T2DM

patients, although with different frequencies. Those

sequence differences are associated with just a limited

increase in the risk of developing the disease. So, they

can be considered susceptibility variants, but not

causative factors that unequivocally determine the

disease. The diagnosis of polygenic T2DM usually

occurs in the middle or late stage of life, and the level

of glycemia rises steeply over the years [71, 73].

Strategies of the search for T2DM genes

The search for genes responsible for the development

of T2DM is a real challenge. One of the major prob-

lems is a substantial role of environmental factors in

the pathogenesis of the complex form of disease. In

some cases exposed to a diabetogenic enviroment,

T2DM may occur even in the absence of predisposing

gene variants, especially in older populations (pheno-

copies). On the other hand, we may deal with patients

carrying variants increasing their risk of development

of diabetes, but since they are not exposed to envi-

romental predisposing factors, they will never de-

velop the disease.

In the search for monogenic and polygenic T2DM

genes, two major strategies are used: genome scans

and the candidate gene approach [18, 71, 73, 78, 119].

There are at least two major problems in the search

for genes for T2DM. First, only a small proportion of

human genes have known biological function. Sec-

ond, our knowledge concerning cellular pathways in-

volved in insulin action and insulin secretion is far

from being completed. This is why the basic strategy

in searching for genes responsible for diseases in hu-

mans is the genome scan. Nothing is assumed here

a priori on the physiology of the putative gene [73,

76, 89]. This method is based on searching, with the

use of appropriate laboratory and analytical methods,

for a statistical signal that indicates the probability of

co-segregation of a disease with a specific chromoso-

mal locus. Nowadays this task is much easier since

we can use dense maps of highly polymorphic mark-

ers (microsatellites). Most genome scans are based on

400 of such markers, corresponding to 10 cM spacing.

The presence of a positive signal is defined as linkage

between a trait under investigation and a given chro-

mosomal location. For genome scans of monogenic

diseases large, multigenerational families are used

[76, 89, 111, 119]. After the identification of the high

probability chromosomal region where the gene re-

sponsible for the disease is located, the next step,

called positional cloning, is a laborious and time-

consuming phase of the search within the critical re-

gion that is defined on the basis of recombination

events in one [8] or several families [74]. Systemati-

cally, the search for mutations is performed in all the

genes located in this region, whatever their biological

role is. The identified sequence differences are

examined for their role in the disease under investiga-

tion, which means check for the co-segregate with the

disease, for example diabetes, in linked families, for

the presence in a group of unrelated healthy controls

[122, 123]. Lastly, it is necessary to define the bio-

logical role of the identified sequence differences in

biological experiments [124]. Arguments that support

the hypothesis for the causative role of the mutation

are its segregation with the disease in families, for ex-

ample with T2DM, lack of its presence in the control

group, and alteration of protein function. The perfect

example of such a comprehensive approach is the suc-

cess story of the MODY3 gene identification [123, 124].

The candidate gene approach is a much simpler sci-

entific strategy. The first step is a selection of the gene

based on its biological function, that for example, for

T2DM should be associated with insulin secretion or

insulin action [71, 73]. The next step is a search for

a mutation, usually by direct sequencing. First, the se-

quencing covers the coding and regulatory parts of the

gene. After the mutation has been identified it should

go through the same verification procedure as de-

scribed above. The example of a successful gene

identification based on the candidate gene approach is

the study of NEUROD1 gene in a group of Caucasian

probands with autosomal dominant T2DM [66]. This

strategy can be modified by an initial search for link-

age in the chromosomal location of the candidate

gene. Such an example is the identification of glu-
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cokinase as the gene responsible for the MODY2

form [26].

In polygenic forms of T2DM, the susceptibility ge-

netic variants have very modest consequence at the

individual level, however, their population effects are

significant [71, 73, 78]. In case of polygenic diseases,

we search for common variants that are present in the

group of patients and in healthy controls. Those poly-

morphisms generate just a small increase in individual

risk. For common diabetes forms caused by many

genes and the environment the same strategies as de-

scribed above were generally used however, with

much less success. This fact is a result of fundamental

differences in the character of the genetic background

of both monogenic and complex forms. Many suscep-

tibility genes for T2DM have been suggested but in

majority of cases it is difficult to replicate the findings

in other populations. One of the major problems in the

search for genes responsible for common forms of

diabetes is the genetic heterogeneity of the disease

with different genes responsible for the development

of T2DM in different populations. Furthermore, even

within the same ethnic group, different genes may be

responsible for different subtypes of diabetes (for in-

stance with predominating failure in insulin secretion

or insulin resistance). This is why several genome

scans that have been completed so far are in general

not fully reproducible [17, 40, 72]. In addition to that,

there are multiple methodological problems. Re-

searchers were studying various populations differing

in age of onset of diabetes, severity of clinical picture

of the disease, and way of treatment of diabetes. In

general, for the purpose of genome scans the re-

searchers have to collect a large number of families

(rather small in size-for example sibs) [47, 71, 73, 76,

78, 89, 119]. In addition to that, analysis had different,

often weak, statistical power and at the level of inter-

pretation different criteria of significance were used.

Some studies were based on the very strict criteria

proposed by scientists from Massachusetts Institute of

Technology while others were analysed with the us-

age of more liberal rules [57]. This is why drawing more

general conclusions based on these studies should be very

careful.

The next step of this strategy, following finding

positive signal in linkage analysis (as described

above), is to search for the association between one

or more markers within the critical interval and the

disease under investigation. This is based on the con-

cept that the susceptibility allele is more prevalent in

the T2DM group, or any other disease, than in the

controls [3]. In the search for the association with the

complex diseases, such as T2DM, two basic ap-

proaches are used: family based study design and the

case-control study [2, 3, 18, 58, 81, 101]. In recent

years, the population based case-control studies of un-

related individuals earned the status of “gold stan-

dard” in the search for the association of the sequence

differences with complex diseases. The disadvantages

of this kind of study are frequent results of borderline

significance and lack of confirmatory reports from

other populations or ethnic groups [1–3]. Even when

the association of the marker is confirmed from the

statistical point of view, the open question remains as

to whether this sequence difference is indeed a predis-

posing variant or simply a marker in linkage disequi-

librium (LD) with another functional polymorphism.

LD is a special kind of allelic association where al-

leles of two different markers localised close to each

other co-exist on one haplotype with frequencies dif-

ferent than expected based on the frequencies of each

individual allele marker [71, 73]. So, the task is to

identify the right marker and the allele that really car-

ries the susceptibility to the disease. Indentyfying cal-

pain 10 as a gene responsible for increasing suscepti-

bility to development of T2DM is a good example of

success of the strategy described above.

The candidate gene strategy, founded on the selection

of a gene to study based on its biological properties, is

used for complex T2DM as well [1]. Within such a can-

didate gene the researchers look for informative markers

that may be used for the association analysis of the ex-

amined disease. The next step after the association has

been discovered is the final evaluation of the allele role

as in the genome scan strategy [1, 42, 104].

Monogenic T2DM

In the last decade of the 20th century, the identifica-

tion of monogenic diseases became almost a routine

procedure. So far, the molecular background of sev-

eral hundred Mendelian traits has been defined. In

spite of their huge influence on the health of some in-

dividuals and families, their influence on entire popu-

lations is very limited. It should be noted that the

penetrance of single mutations is very high and the

genotype/phenotype ratio is close to 1 [71, 73, 78].

Monogenic T2DM can be divided into forms with

predominant insulin deficiency or predominant insu-

lin resistance. It should be also noted that while the

genetic background of monogenic T2DM is dissected,
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the specific forms of the disease are moved into the

group of other specific types in WHO classification [92].

Predominantly insulin deficient monogenic T2DM

Insulin is being synthesised and secreted from pancre-

atic �-cells as a result of glucose and other nutrients

sensing and response to this sensing. The most potent

signal for insulin secretion is provided by utilisation

of glucose in �-cells. Glucose is being transported

into the cell by a specific carrier (GLUT2), then is

phosphorylated by glucokinase and finally is metabo-

lised by glycolysis and in the Krebs cycle. An in-

crease in the intracellular energy production leads to

the rise in the ATP/ADP ratio and the inhibition of the

ADP-dependent potassium channels. As a result de-

polarisation opens membrane Ca++ channels which

causes an increase in the cytosolic Ca++ concentra-

tion, fusion of insulin granules with the plasma mem-

brane, and insulin release. Pancreatic �-cells also react

to the glucose signal through the increase of preproinsu-

lin production in the reticulum, however the mechanism

through which glucose controls this process is not well

understood.

All the genes involved in these pathways, as well

as the genes involved in �-cells development and

turnover, may be considered candidate genes for

T2DM with predominant insulin deficiency.

The most frequent monogenic T2DM form, charac-

terized by severe impairment in insulin secretion, is

autosomal dominant diabetes. Its early onset form is

called MODY (maturity onset diabetes of the young).

Autosomal dominant traits are characterized by their

occurrence in a family in several subsequent genera-

tions, equal frequency in both genders, and the trans-

mission of the disease by men and women [67]. Sev-

eral decades ago it was noticed that in some families

diabetes of moderate clinical picture was also inher-

ited as an autosomal dominant trait [107]. In the years

that followed, many such families were described and

that fact influenced the genetic studies of this form of

diabetes. The term MODY was used for the first time

in scientific literature by Fajans and Tattersall in 1975

[107, 108]. MODY, while not included into the new

Classification of Diabetes by American Diabetes As-

sociation and World Health Organization [92], is

commonly used in hundreds of scientific articles pub-

lished worldwide every year [23, 44, 78, 107]. In ad-

dition to an autosomal dominant mode of inheritance,

MODY is characterized by a high phenotypic pene-

trance rate, early disease onset (usually second or

third decade of life), lack of obesity, as well as bio-

chemical and clinical features of impairment in insu-

lin secretion [14, 44, 78, 103, 107]. So far, six MODY

genes have been identified. This list includes hepato-

cyte nuclear factor -4�, -1�, -1� (HNF-4�, -1�, -1�),

glucokinase, insulin promoter factor 1� (IPF-1�), and

NEUROD1 [46, 66, 103, 111, 114, 122]. With the ex-

ception of glucokinase the other five proteins are tran-

scription factors. They bind to a specific DNA se-

quence in the promoter region of other genes and

regulate the expression of their proteins. For example,

they influence directly and indirectly the expression

of the insulin gene. The clinical picture of diabetes as-

sociated with transcription factors differs from the

glucokinase form [46, 103, 114, 122, 123]. Moreover,

there is some degree of heterogeneity among the

forms linked with specific transcription factors. Muta-

tions in HNF-1�, -4�, and -1� genes (MODY 1, 3, 5)

cause diabetes that is usually diagnosed in the 2nd and

3rd decades of life. The disease is characterized by

prominent hyperglycemia, mainly after meals, and the

necessity of insulin treatment after several or more

years of disease. These forms of diabetes are fre-

quently accompanied by chronic diabetes complica-

tions [14, 46, 78, 103, 122, 123]. Interestingly, some

extrapancreatic manifestations of the mutations in he-

patocyte nuclear factors were described, such as lipid

abnormalities, renal tubulopathy, and developmental

abnormalities of kidney and uterus [61, 75, 86, 97].

Patients with MODY3 are characterised by large sus-

ceptibility to sulphonylurea oral agents [100]. One of

the hypotheses suggests that this phenomenon is

probably caused by impaired uptake of their particles

by the hepatocytes of the mutation carriers [10]. Dia-

betes that is a consequence of the IPF-1� (MODY4)

and NEUROD1 (MODY6) genes differs in some pa-

thophysiological aspects from subtypes associated

with HNF-1�, -1� and -4�. The common functional

feature of IPF-1� and NEUROD1 proteins is a direct

interaction with the most active part of the insulin

promoter, so called mini-enhancer [37]. Some muta-

tions in IPF-1� and NEUROD1 cause the phenotype

that is similar to MODY 1, 3, and 5 [56, 66]. How-

ever, some other rare sequence differences in these

genes are associated with diabetes that does not meet

the strict, narrow criteria of MODY. For example, the

age of diabetes diagnosis may take place between 4th

and 6th decade of life. Some mutation carriers are

obese, and the insulin levels do not differ substantially

24 �����������	��� 
������ ����� ��� �����	� ��
��



from those in the healthy population [39, 64, 66].

Thus, hypoinsulinemia has rather relative character,

and the glucose tolerance abnormalities occur to-

gether with the presence of at least some degree of in-

sulin resistance. While the pathophysiological and

clinical differences between transcription factor dia-

betes are relatively limited, the glucokinase form is

quite distant from the others [44, 78, 114]. Glucokinase

is a key regulatory enzyme of the pancreatic �-cells

that catalyses glucose phosphorylation to glucose-6-

phos- phate. This step is crucial for the energy pro-

duction process and subsequently for ATP synthesis

and insulin secretion [48]. Mutations identified in the

glucokinase gene are responsible for a clinically mod-

est form of diabetes [7, 12, 44, 112]. Glucose metabo-

lism abnormalities, first of all impaired fasting glu-

cose, are present in early childhood and they are usu-

ally stable during the rest of one’s life. It should be

noted that the insulin response to a glucose oral load

or a mixed meal is well preserved. Chronic diabetes

complications are rare. A defect associated with glu-

cokinase mutations is based on a simple mechanism,

it is very “biochemical in nature” and thus results in

a modest phenotype. Diabetes associated with tran-

scription factors has a much more complicated “bio-

logical” mechanism that involves the process of �-cell

development and expression of many genes. This re-

sults in a more severe phenotype [25]. As mentioned

above, in a majority of cases the occurence of the mu-

tation practically determines the development of the

disease, however, the age of onset of the disease, the

severity of the clinical course of diabetes may vary

even among the carriers of the same mutations. This

may be related to the presence or absence of enviromen-

tal factors (obesity, diet, physical exercise), and to some,

so far unidentified, genetic or other factors [54].

Another monogenic form of T2DM defined on the

molecular level is maternally inherited diabetes. It is

a consequence of mutations in mitochondrial DNA

[5]. This form is characterised by early age of diagno-

sis, usually in the 3th–5th decade of life, and impair-

ment in insulin secretion. Maternally inherited diabe-

tes is frequently accompanied by hearing abnormali-

ties maternally inherited diabetes with deafness –

(MIDD) [63, 110]. There were many mutations in mi-

tochondrial DNA described in scientific literature that

were linked with diabetic phenotype. The most fre-

quent one is the A3243G substitution in the leucine

tRNA gene [110]. Diabetes that results from this mu-

tation may be a part of mitochondrial encephalopathy,

lactic acidosis, and stroke like episodes (MELAS)

syndrome [5]. The A3243G mutation was described

in all races and various ethnic groups [5, 35, 45, 63,

83, 87, 88, 94, 106, 110]. Its frequency in unselected

T2DM is around 1%. The mechanism of this and

other mitochondrial mutations’ action on glucose ho-

meostasis is probably associated with the impairment

of the glucosensoric function of the �-cell, as well as,

with its decreased ability to produce insulin. Autopsy

studies showed pancreatic islets’ atrophy and a reduc-

tion in the number of �-cells in the patients with MELAS

syndrome, which corresponds to the clinical picture of the

disease [35]. Many additional clinical features were de-

scribed together with mitochondrial diabetes [35]. It is not

exactly clear whether they are a direct consequence of the

mutation or just a complication of the disease.

Predominantly insulin resistant monogenic T2DM

In spite of the fact that insulin resistance plays an im-

portant role in the development of T2DM, its back-

ground is not well understood on the molecular level

[5, 118]. Insulin action at the cellular level is a com-

plex process. The first step is the binding of the insu-

lin to the specific insulin receptor. This activates insu-

lin receptor tyrosine kinase and leads to the phospho-

rylation of thyrosine residues on insulin receptor

substrates. Activated insulin receptor substrates then

bind and activate the whole group of proteins in the

insulin signalling cascade. Some of these proteins are

important in the metabolic effects of insulin (like

phosphatidylionositol 3-kinase), others in signal trans-

duction pathways like translocation of glucose trans-

porters to the plasma membrane.

Again, all these genes are potential candidate genes

for T2DM with predominant insulin resistance. Our

findings, however, in the field of the search for genes

responsible for the development of T2DM, often do

not meet our expectations. For example, mutations in

the insulin receptor (IR) gene that are responsible for

the monogenic form of disease are very rare. There is

some number of T2DM cases described with extreme

insulin resistance due to the mutations in one or two

alleles of the IR gene. The mechanisms of their action

on the functional level can be divided into several

groups, such as proreceptor abnormalities, impair-

ment in the IR transport on the cell surface, decreased

ability of binding with insulin, or low tyrosine phos-

phatase activity. In respect to the clinical picture,

those mutations can produce a few complex clinical

�����������	��� 
������ ����� ��� �����	� ��
�� 25

Genes and type 2 diabetes
������ �� ��	��
� �� ���



syndromes, for example type A syndrome of insulin

resistance [82] which in addition diabetes can lead to

skin changes such as acanthosis nigricans and hyper-

androgenism in women [51, 53]. The insulin resis-

tance form associated with IR mutations was known

for a long time. However, recently a few more genes

were linked to rare phenotypes of extreme insulin re-

sistance and subsequent diabetes. The possibility that

a post-receptor defect in insulin signaling can lead to

severe decrease in insulin sensitivity has been dis-

cussed for many years. However, it was only recently

that a mutation in AKT2 gene (known also as PKB�)

has been linked to this phenotype. AKT2 encodes the

serine/threonine kinase that is highly expressed in

insulin-sensitive tissues. The clinical picture of the

mutation carriers also includes lipodystrophy [28].

Another gene connected with the insulin resistant

monogenic T2DM is the peroxisome proliferator-

activated receptor � (PPAR�� gene encoding a tran-

scription factor from a nuclear receptor family. It

binds to specific DNA sequences (PPAR� responsive

elements) in the promoter of other genes and influ-

ences their expression [4]. Acting through this mecha-

nism PPAR� influences, for example, the fibroblast

differentiation in adipocytes and regulates their func-

tion [109]. PPAR� is also essential for insulin action

and glucose homeostasis. Rare mutations in this gene

cause the syndrome of severe insulin resistance and

subsequent T2DM that is accompanied by partial li-

podystrophy (absence of subcutaneous fat in the limbs

and gluteal region), lipid abnormalities (high triglyc-

erides, low high density lipoproteins (HDL) choles-

terol), hypertension, and hepatic steatosis [6, 95]. An-

other gene that should be mentioned here is lamin. It

is widely expressed in various tissuses, including

insulin-dependent ones [13, 105].

Its physiological role is not fully understood.

Lamins are components of the nuclear lamina, a fi-

brous layer on the nucleoplasmic side of the inner nu-

clear membrane, which is thought to provide a frame-

work for the nuclear envelope and may also interact

with chromatin and influence gene expression [34]. It

plays a key role in maintaining cellular resistance to

deformation and in nucleo-cytoskeletal integrity.

Mutations affecting lamin gene are localised

mainly in exon 8, and in particular codon 482. The

clinical picture includes diabetes, lipodystrophy and

lipid abnormalities [13, 105].

Genetics of complex T2DM

As far as the search for genes responsible for the de-

velopment of complex forms of diabetes is concerned,

researchers are faced by several serious problems. Ge-

netic heterogeneity, with different genes contributing

to T2DM in different populations, the presence of dif-

ferent subtypes of T2DM which may be accounted for

by different genes, population differences in linkage

disequilibrium between markers and causal variants

make the search for T2DM genes a real challange. In

recent years, hundreds of genes were examined for

their potential role in the predisposition to T2DM.

Out of many analysed genes only a few of them

were fully proven to influence the susceptibility to the

disease (Tab. 2).

It took several years of intensive searching to pin-

point calpain 10 as a gene responsible for linkage of

T2DM with a region on chromosome 2q in Mexican-

American population [40]. It was eventually estab-

lished that the association exists between several sin-

gle nucleotide polymorphisms (SNPs) of calpain 10,

a gene coding for the protein from the large family of

cytoplasmic proteases, and T2DM in the examined

population [40]. The risk of T2DM development was

associated with a haplotype created by three SNPs:

-19, -43 and -63, rather than with a variant of a single

polymorphism. All those SNPs are localised in in-

trons, and thus do not influence the amino acid struc-

ture of the protein. The likely pathophysiological

mechanism involves calpain 10 gene expression [40].

The importance of calpain 10 in the T2DM patho-

genesis is different in various populations. For exam-

ple, in Mexican-Americans this gene seems to be re-

sponsible for about 40% of T2DM familial clustering,

while in a British population this value is several

times lower [22, 40]. The way calpain 10 influences

T2DM risk in still uncertain. This protein participates

in the breakdown of other proteins and thus, through

its proteolytic function, it can modulate the activity of
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other enzymes, and also modify the apoptosis process

[102]. However, the molecular mechanism associated

with calpain 10, through which the impaired glucose

metabolism occurs, still awaits to be clarified. It likely

involves both an increase in insulin resistance and in-

sulin secretion impairment [99, 102]. The interesting

direct confirmation of pathogenetic importance of cal-

pains in T2DM pathogenesis is the occurrence of im-

paired glucose tolerance in AIDS patients that were

treated by proteases inhibitors [70].

Genes whose rare, severe mutations cause mono-

genic diseases in humans are excellent candidates for

the search of frequent polymorphisms that predispose

to polygenic disease forms. The large family of genes

and proteins that were extensively analysed in genetic

studies on the predisposition to T2DM were the tran-

scription factors already described in this review in

the paragraph on monogenic disease. As a result of

those efforts, Pro12Ala amino acid variant, a frequent

polymorphism in PPAR� gene, was proven to be asso-

ciated with T2DM [1, 42]. Proline, which is the more

frequent allele, was associated with a moderate

T2DM risk increase in a large meta-analysis sup-

ported by an independent replication study [42, 104].

This report was supported by clinical studies of quan-

titative traits showing that presence of proline in resi-

due 12 of PPAR� was associated with decreased sen-

sitivity to insulin [16, 20]. Interestingly, three studies

of another transcription factor, the HNF4� (MODY1)

gene, showed an association of a frequent polymor-

phism in the alternative P2 promoter with complex

T2DM [62, 98, 116]. In addition, the frequent E23K

variant in the KCJN11 gene encoding the ATP-

sensitive potassium-channel subunit Kir6.2 has re-

cently been associated with a slightly increased sus-

ceptibility to T2DM in a few populations [31, 33, 38,

85]. Interestingly, activating mutations in the same

gene have been described in patients with very early-

onset diabetes (< 6 months) [32].

There were some reports suggesting that genes

from other families and metabolic pathways, such as

adiponectine [55], HFE hereditary hemochromatosis

gene [79], insulin receptor gene (IRS-1) [49], and

some others [59] might influence the susceptibility to

T2DM. Future studies will unequivocally determine

their role in T2DM susceptibility. In summary, recent

reports on the role of calpain 10, PPAR�, Kir6.2, insu-

lin and some other genes in the pathogenesis of com-

plex T2DM constitutes a large step forward in under-

standing the genetic background of this disease and its

pathophysiological mechanisms. A number of obser-

vations from the studies on T2DM can be extrapo-

lated to other polygenic diseases. One of these obser-

vations is the difference in the role played by the

genes in various races and ethnic groups.

In the nearest future the effort of geneticists will

probably focus on cloning the genes within the re-

gions indicated by genome scans. The most promising

results concerning search for genes responsible for

complex forms of T2DM were described on chromo-

somes 20q, 12q, and 1q. The long arm of chromo-

some 20 is one of the most promising regions indenti-

fied during the search for the gene for complex forms

of T2DM. The first analysis linking this region with

T2DM was the study conducted by Ji et al., from

Joslin Diabetes Center [50]. They analysed a group of

families with an autosominal dominant mode of inher-

itence of diabetes, linked families were characterised by

the age of onset of disease above 47 years and predomi-

nant insulin-resistance. The results of this study were

later confirmed by reports based on Caucasian [11]

and French [126] populations and by wide-genome

scan analysis performed by the FUSION study

(Finland-United States Investigation of NIDMM Ge-

netics) [29] analysing Finnish population. Also, the

study performed on a Jewish population pointed to

chromosome 20q as carrying the gene for T2DM [91].

It should be mentioned that not only diabetes but also

diabetes-related phenotypes as obesity, insulin level,

fat tissue content were linked with chromosome 20 as

well. Despite the fact, that a majority of studies

showed positive signals at chromosome 20q13, the

peaks of linkage do not fully overlap, which may

mean that there are more than just one gene responsi-

ble for complex T2DM located in this region. One of

the most interesting genes in this region could be the

gene for tyrosine-phosphatase non receptor type 1

(PTP1�). It downregulates insulin action at the post-

receptor level. Another location that may contain

a gene for T2DM is chromosome 1q. This location

was shown by the authors of a wide genome scan per-

formed on a population of Pima Indians. Pima Indians

are particulary prone to develop T2DM, especially at

younger age [41]. This result was positively verified

by studies performed on a few Caucasian populations

pointing to the region around marker D1S2197 as

linked with T2DM. There are many interesting poten-

tial candidate genes there including lamin (character-

ised above as a gene related to monogenic forms of

diabetes and lipid abnormalities) [121]; upstream
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transcription factor (USF)-1 associated with lipid ab-

normalities in the Finnish population [90]; KCNJ9, po-

tentially influencing insulin secretion [24]; and

APOA2, related to lipid metabolism [77].

A gene or genes predisposing to the development

of T2DM may also be localised at chromosome 12.

The linkage of this chromosomal region with T2DM

was shown in Botnia study [65], among families with de-

creased insulin secretion in oral glucose tolerance test

(OGTT). This locus was later called NIDDM2 (name

NIDDM1 was assigned to chromosome 2 where calpain

gene was localised). At least two other studies suggest the

presence of gene for T2DM in this localisation [11, 96].

Suggestive evidence for linkage was also described

in other chromosomal regions including chromosome

10q (Mexican-American population) [19], 3q37 (French

population) [113], and 11q (Pima Indians) [41].

Future directions

At the level of populations, complex forms of T2DM

remain our main challange. We know that probably

there are no genes affecting so strongly predisposition

to the development of type 2 diabetes mellitus as hu-

man leucocyte antigen (HLA) complex in type 1 dia-

betes does. We do realise now, that T2DM mellitus

may be much more heterogeneous than we had ex-

pected. Although major genes for T2DM still wait to

be discovered, we have probably established a “road

map” that we should follow. First, we have to identify

genes responsible for peaks in several linkage studies.

The problem is, in contrast to linkage analysis in

monogenic disorders, linkage peaks in complex traits

are usually wide and recombination events are not

helpful here. The finding of mentioned genes will

probably be a time-consuming process. The narrow-

ing down of the critical regions will probably have to

engage SNP association analysis. On the other hand we

should continue a candidate-gene approach (also with

the usage of expression-profile analysis by microarray

technology) to identify genes with moderate effect, too

weak to produce significant peak in linkage analysis.

We may expect that now, with new approaches and

new technical devices, the search for the genes re-

sponsible for most common forms of T2DM mellitus

will continue much faster.
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