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Summary
Regulation of gene expression is a crucial step
in the maintenance of cellular homeostasis. The
control of gene expression can occur in multiple
steps. The overwhelming majority of regulatory
events occur at the level of transcription. To initiate transcription eukaryotic polymerase RNA II
requires the close collaboration of a battery of proteins collectively termed transcription factors.
Transcription factors are generally divided into
two groups: (1) the basal transcription factors
which are ubiquitous and recruit the RNA polymerase II multi-protein complex to the minimal
promoter; (2) gene-specific transcription factors
that activate or repress basal transcription. These
proteins bind to regulatory sequences organized in
a series of regulatory modules along the DNA.
Thus, the molecular basis for transcriptional regulation of gene expression is the binding of transacting proteins (transcription factors) to cis-acting

sequences (binding sites). A growing list of human
diseases are due to genetic defects in transcription
factors. In most cases, mutations in transcription
factors lead to pleiotropic effects. Clinical observations can be explained at the molecular level by
the fact that these trans-acting factors control the
expression of many genes, usually in combination
with one or more further activators. In addition,
many events that lead to the process of tumourigenesis in leukaemias and in solid tumours implicate overexpression or mutations of transcription
factors. This review describes human diseases attributable to mutations in the genes coding for
transcription factors or mutations in their cognate
binding sites.
Key words: transcription factors; genetic diseases;
promoter; chromatin structure; cancer; MHC class II
deficiency
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The phenotypic differences that distinguish
the various kinds of cells in higher eukaryotes are
largely due to differences in the expression of genes
that code for proteins. Cellular proliferation and
differentiation processes underlying human development are controlled by programs of regulated
gene expression within the embryo. As is the case
in development after birth, humans must continue
to respond to a variety of endogenous and exogenous stimuli to maintain the correct functioning of
the adult organism. These stimuli induce specific
adaptive responses that involve quantitative or
qualitative changes in gene expression. Regulation
of gene expression is the crucial step that allows the
maintenance of cellular and organism homeostasis. Gene expression can be regulated at any of at
least seven potential control steps [1, 2].
(1) chromatin structure
(2) initiation of transcription
(3) processing of the transcript
(4) transport to the cytoplasm
(5) translation of mRNA
(6) mRNA stability
(7) protein activity stability.

The first step is implied by the fact that the
genes may exist in either of two structural conditions. The genomes of eukaryotic organisms are
packaged into chromatin. Some forms of chromatin are so highly compacted that the packaged
genes are transcriptionally silent. In some cases,
this silencing can be reversed and the packaged
genes activated. Relative to the state of most of the
genome, genes are found in an “active” state in the
cells in which they are expressed. Histone acetylation and the state of gene methylation are two
mechanisms that are mainly implicated in the
change of structure which can render the gene
“transcribable” [3, 4]. Although the control of gene
expression can occur at multiple stages, it is well
demonstrated that the overwhelming majority of
regulatory events occur at the initiation of gene
transcription [5].
Although prokaryotic RNA polymerase can
initiate transcription on its own, eukaryotic polymerases require the prior assembly of general transcription factors at the promoter. This assembly
provides several steps at which the initiation of
transcription can be regulated, and many eukary-
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otic regulatory proteins are thought to work by facilitating or hindering this process. Some of these
proteins are transcriptional activators, while others are transcriptional repressors. These proteins
bind to regulatory sequences organized into a series of regulatory modules along the DNA. Thus,
the molecular basis for transcriptional regulation

of gene expression is the binding of trans-acting
proteins (transcription factors) to cis-acting sequences (binding sites) [5]. This review focuses on
these two elements in relation to human diseases
attributable to mutations in the genes coding for
transcription factors or mutations in their cognate
binding sites.

Cis-acting DNA elements
Transcription is initiated by assembly of a transcription initiation complex composed of RNA
polymerase II and other associated basal factors
(general transcription factors). This multi-protein
complex binds to a short DNA sequence called the
minimal promoter, which often contains a conserved DNA sequence motif called the TATA box
situated 20–30 nucleotides upstream of the transcription initiation site. The general transcription
factors are characterized by their ability to control
the activity of RNA polymerase II on the minimal
promoter (Fig. 1). This step is in principle sufficient to initiate transcription but its regulation is
mediated by others factors that bind the different
regulatory elements briefly described below [6, 7].
Upstream of the minimal promoter cis-acting
sequences, in an orientation-dependent fashion,
called proximal promoter elements are found;
these sequences are bound by specific transcription
factors whose presence increases or decreases
transcriptional activity of the genes (Fig. 1). In
addition to promoter regions, other cis-acting
elements can be arranged within several hundred
or thousand base pairs of DNA situated 5’ or 3’ of
the initiation site (in an intron for example). These
elements are also binding sites for sequence-specific transcription factors. In contrast to promoters, the position and orientation of these elements
are variable with regard to the genes (Fig. 1). These
elements are called enhancers if the specific factors
that bind to the elements activate transcription,

coactivator

Figure 1
Prototypical promoter with the transcription factors. The
minimal promoter is the DNA sequence at which the general
transcription factors and RNA polymerase II assemble. The
regulatory DNA sequence motifs serve as binding sites for
regulatory proteins. These sequences can be located adjacent to the minimal promoter (proximal promoter, unidirectional), far upstream of it (bi-directional, up to several kilobases), or even downstream of the gene. Enhancers are
cis-acting sequences that serve as specific binding site for
transcription factors to activate transcription. Silencers are
cis-acting sequences that serve as specific binding site for
transcription factors to inhibit transcription. DNA looping
is thought to allow gene regulatory proteins to bind at any
of these positions to interact with the proteins that assemble at the promoter. The combination of regulatory proteins
and their binding sites relative to the promoter are different
for each gene.

and silencers if they repress transcription [8]. The
importance of a particular cis-acting element can
vary greatly in different cell types and in response
to different physiological stimuli because the transcription factors that bind to these elements may
vary in abundance or in ability to function in different tissues and under different circumstances
[5, 9].
Overlapping or superimposed binding sites for
multiple factors can result in different positive and
negative factors competing for sites. In some cases,
synergistic effects that are dependent on strict
spacing between adjacent cis-acting elements have
been observed. Various types of silencer elements
can block activity of cis-linked enhancers. Although the interplay between the various factors
that may bind to these regions is not always reported, it is the combination of cis-acting elements
arranged in a unique configuration that seems to
confer an individualized spatial and temporal transcription program on each gene [5, 9].
Some genes respond to additional regulatory
elements as well as to promoters and enhancers.
These different cis-acting elements exert their effects over very large distances that may encompass
entire clusters of genes. Such elements are called
locus control regions (LCR). They appear to establish chromatin domains in which transcription
factors are able to gain access to their binding sites
and activate transcription [10, 11].
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Trans-acting factors
General transcription factors
RNA polymerases (I, II and III) cannot initiate transcription in eukaryotic genes on their own.
They require additional proteins, the general transcription factors (Fig. 1). These proteins have to
assemble with RNA polymerase into a complex on
the promoter DNA. To date, at least 40 proteins
grouped into subcomplexes have been identified.
Careful order of addition experiments with purified components of the general transcription machinery have suggested a stepwise assembly of initiation complexes in vitro [9, 12]. The exact role of
all these proteins is not clear. Some are implicated
in modifications that occur before the beginning
of transcription. These steps include conformational changes, stimulation of enzymatic activities,
for example, via phosphorylation, or chromatin remodelling activity. In the context of this review,
one of these general transcription factor multiprotein complexes is of special interest, TFIIH.
TFIIH consists of 9 subunits with helicase, ATPase
and kinase activities. Some of these subunits are
also essential for the mechanisms of DNA repair
coupled with transcription [7, 12, 13]. Genetic
defects in two TFIIH subunits are implicated in a
rare human disease which is discussed below.
Transcription activators
Regulatory transcription factors are proteins
that positively or negatively affect the rate of transcription (activators and repressors, respectively)
by specific interaction with regulatory DNA sequences and by interactions with other proteins
(Fig. 1). Most of these transcription factors are activators and have several modules in common.
(1) A DNA binding domain that positions the
protein on specific sequences. When the DNA
binding domains are compared, many transcription factors fall into groups defined by related
motifs that define a protein structure capable of
binding DNA. The four well-described motifs are
the basic helix-loop-helix (HLH) motif, the basic
leucine zipper (LZ) motif, the zinc finger (ZF)
motif, and helix-turn-helix (HTH) domains.

(2) Transcription factors generally contain activation domains which are often characterized by
motifs rich in glutamine, rich in proline or rich in
acidic amino acids. Activation domains could work
by recruiting or accelerating the assembly of the
general transcription factors on the promoter, but
their mode of action remains unclear.
(3) The majority of transcription factors bind
DNA as homo- or heterodimers, and they thus
have a dimerization domain.
(4) Some transcription factors also have ligand
binding domains, such as hormone binding
domains, which are essential for controlling this
activity.
The exact way regulatory transcription factors
affect the level of transcription has not been clearly
demonstrated but they probably work by the recruitment and/or stabilization of general transcription factors, the induction of a modification,
the induction of a conformational change or the
stimulation of an enzymatic activity of the basal
transcription machinery [14, 15]. Moreover, some
trans-acting factors may be implicated in chromatin remodelling to permit enhanced accessibility to general transcription factors or specific activators [4]. These different roles can be promoted
directly via protein–protein interactions with the
basal transcription machinery, or via interactions
with other trans-acting factors. In addition, some
regulatory transcriptions factors do not contact the
basal machinery directly, but instead bind co-activators that in turn contact the basal apparatus. Coactivators may be regarded as transcription factors
whose specificity is conferred by the ability to bind
to DNA-binding transcription factors instead of
directly to DNA (Fig. 1) [16, 17]. The formation
and dissociation of trans-acting factor complexes
are an integral part of the regulation of many
cellular processes. The combinatorial action of
trans-activators confers specificity and synergistic
activation of gene expression.

Cis-acting DNA elements and disease
Haemophilia B Leyden
Mutations in the X-linked factor IX gene result in haemophilia B. The majority of cases are
due to mutations in the coding protein sequence.
However, in a small number of cases the disease is
due to mutations in the regulatory region of the
factor IX gene. Patients with haemophilia B Leyden present with severe bleeding symptoms and
<1% of the normal amounts of plasma factor IX in
childhood. After puberty, the clinical symptoms
improve gradually and plasma factor IX concen-

trations rise to 60% of normal. All patients studied have mutations within 20 bp of the factor IX
gene transcription initiation site. These mutations
disrupt the binding of transcription factors that is
essential for factor IX gene expression. For example, mutation at –20 disrupts binding of hepatocyte
nuclear factor 4 (HFN4). In addition, the promoter region of factor IX contains a binding site
for the androgen receptor at –22 to –38 which
overlaps the HFN4 binding site. At puberty, binding of the androgen receptor to this site can com-
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pensate for the lack of HFN4 or other transcription factors to activate the factor IX gene. Certain
mutations of the –22 to –38 region, named the
Brandbourg variant, prevent this compensation, so
that there is no improvement at puberty [18, 19].
Haemoglobinopathies
Hereditary persistence of foetal haemoglobin
(HPFH), in which g-globin expression persists
into adult life, is another example of human disease resulting from mutations in cis-acting elements. Point mutations have been identified in the
promoter region of the Ag-globin gene (nt –175 of
the initiation site) to which the GATA-1 transcription factor binds. The Ag-globin gene cannot be
repressed [20]. GATA-1 binding sites are also
present in the LCR. This could partly explain what
occurs in Hispanic (gdb) thalassaemia in which a
deletion of most of the LCR leaves the gene cluster in a chromatin conformation that is inaccessible to DNase I and leads to the absence of globin
gene expression [21]. Mutations in the TATA box
(–28 to –31) and in the CACC box (–92 to –105)
have also been described in b-thalassaemias, characterized by a decrease in b-globin gene expression
[22].
Progressive myoclonus epilepsy
Progressive myoclonus epilepsy of the Unverricht-Lundborg type (EPM1) is a rare autosomal
recessive disorder with onset between 6 and 13
years followed by variable progression to mental
deterioration and cerebellar ataxia. This disease is
characterized in the majority of the cases by alleles containing expansions of a dodecamer (12-mer)
sequence located about –70 from the transcription
initiation site (more than 60 copies instead of the
2 or 3 in the normal alleles) of the cysteine proteinase inhibitor gene cystatin B (CSTB). Reduction of CSTB gene expression is thought to be due
to increasing distance between cis-acting binding
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sites for cell specific transcription factors and the
transcription initiation site. Another possibility is
that this dodecamer sequence is being recognized
by a repressor and the presence of many copies of
this sequence results in a multiplicity of negative
regulatory effects [23].
Promoter polymorphisms and human
diseases
Promoter polymorphisms affecting the expression levels of certain genes may be implicated
in a variety of pathologies. Differential expression
of different MHC class II alleles may be associated
with promoter polymorphisms. For example, the
finding that some alleles of the HLA-DQ gene differ in promoter strength in response to cytokines
such as TNFa suggests a mechanism for the association of certain alleles of this gene with susceptibility to auto-immune diseases [24].
A rare allele of the human TNFa promoter
called TNF2 which is located close to a well-defined HLA-A1 haplotype is associated with autoimmunity and high TNFa production. A high
plasma level of TNFa is correlated with severity
in malaria and leishmania infections. In addition,
patients homozygous for the TNF2 allele exhibit
a significantly higher incidence of death from cerebral malaria [25].
Reports have correlated progression of AIDS
with a promoter variant of the CCR5 gene. The
CCR5 gene encodes a cell surface chemokine
receptor molecule that serves as the principal coreceptor with CD4 for macrophage-tropic (R5)
strains of human immunodeficiency virus-type 1
(HIV-1). Genetic association analysis of five cohorts of people with AIDS revealed that infected
individuals homozygous for the promoter allele
called CCR5P1, progress to AIDS more rapidly
than those with other CCR5 promoter genotypes,
particularly in the early years after the infection
[26].

Trans-acting factors and disease
The vital role of transcription factors together
with the fact that a single factor can affect the expression of many genes, suggest that the inactivation of transcription factors as a result of an inherited mutation is incompatible with survival. This
is probably true in many cases, but mutations of
some transcription factors are compatible with
survival and result in specific diseases. In the past
few years a growing number of mutations in genes
encoding transcription regulators have been
shown to be associated with a number of congenital syndromes [27]. The consequences are malformations, disruption of physiological pathways or
tumourigenesis. The abnormalities observed are
often confined to a subset of tissues that express
the affected gene. In most cases, the phenotypes

are pleiotropic, reflecting the fact that transcription factors control the expression of many genes.
Mutation analysis, comparison with homologous
mouse models, and the uncovering of the molecular mechanisms by which these proteins act together, give unparalleled insight into the major
physiological processes controlled by these genes.
In addition to congenital syndromes, a number of somatic mutations of certain transcription
factors contribute to the multi-step processes of
tumourigenesis and lead to the growing list of cancers, in which these processes may play a role.
Chromosomal translocations observed in certain
tumours such as human leukaemias, result in a rearrangement of the regulatory and coding regions
of a variety of transcription factor genes [28] (Fig. 2).
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Figure 2
Transcription regulation defects and
human disorders.
A compilation of
components that can
be affected in mutations is shown.
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General transcription factors mutations
and human diseases
Among the large number of general transcriptions factors implicated in the initiation stage of
transcription by RNA polymerase II, TFIIH is of
special interest [30]. This multi-subunit protein
complex is deficient in certain patients suffering
from xeroderma pigmentosum. Xeroderma pigmentosum (XP) is characterized by an extreme
sensitivity to sunlight-induced skin damage, hypoand hyperpigmentation, and a marked predisposition to skin cancers. The disease is due to a deficiency in one of the mechanisms implicated in
DNA repair. Two subunits of TFIIH (XP-B and
XP-D) are essential for DNA nucleotide excision
repair. Both proteins have helicase activity. These
two subunits are mutated in some patients with XP
[30]. In addition, a subset of XP patients exhibit
ocular or neurological abnormalities such as mental retardation and poor physical and sexual development, but are not cancer prone (Cockayne syndrome [CS] and trichothiodystrophy [TTD]).
These clinical symptoms are difficult to rationalise
as DNA repair defects. The patients with mutations in the XP-B or XP-D genes have XP and CS
or TTD clinical characteristics. The finding that
TFIIH plays a role in both DNA repair and transcription led to the hypothesis that the unusual variety of clinical symptoms exhibited by patients
with mutations in genes that encode subunits of
TFIIH, do not result from defective DNA repair,
but rather from defects in transcription [31].
Mutations of chromatin remodelling factors
and co-activators in human diseases
Trans-acting proteins may affect gene expression by influencing chromatin structure. A group
of genes in yeast, termed SWI/SNF, have emerged
as strong candidates to encode proteins that directly alter the chromatin structure. The exact
mode of action of these proteins, which form a
large multi-protein complex, is still not clearly understood [4]. Some of these proteins have well
characterized domains such as the ATPase/heli-
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case domain, a putative DNA binding domain
(zinc finger domain). In humans, several homologues of the SWI/SNF genes have been described. One of these is ATRX, a gene found to be
mutated in an X-linked human syndrome, characterized by mental retardation, a-thalassaemia, genital abnormalities and facial dysmorphism [29].
The co-activator CREB binding protein
(CBP) is also implicated in chromatin remodelling
and has been found to be mutated in a rare human
syndrome [32, 33]. One of the features that distinguishes active from inactive chromatin, is the
acetylated state of histones. Histones are the principal structural proteins of eukaryotic chromosomes and play a crucial role in the packing of the
DNA into chromatin. In transcriptionally active
regions, the chromatin is less condensed and the
histones are highly acetylated. The RubinsteinTaby syndrome is a well defined syndrome characterized by facial abnormalities, broad thumbs,
broad big toes and mental retardation. The disease
is due to mutations in the gene coding for CBP
which is a nuclear protein with histone acetylase
activity [32, 33].
Activators and human inherited syndrome
Transcription activator mutations and development
The prototypical example of a transcription
factor that is mutated in a human disease is Pit-1.
This is a transcription factor characterized by a
POU-type homeodomain (POU domain). It is
expressed in the anterior pituitary gland and is
required for the proliferation and survival of cells
that produce growth hormone (GH), prolactin
hormone (PRL) and thyroid stimulating hormone
(TSH). Mutations in Pit-1 lead to mental retardation with combined pituitary hormone deficiency
(CPHD). A number of humans with CPHD and
Pit-1 gene mutations have been described. Since
Pit-1 has different functions, phenotypic variability seen in patients with Pit-1 mutations is consistent with the different locations and types of Pit-1
mutations. In certain cases, the transmission is autosomal dominant. The mutated version of Pit-1
binds to its site and not only fails to stimulate gene
expression but also prevents the binding of the
normal protein. This mutated Pit-1 acts as a dominant negative [34, 35].
A growing list of transcription factors turn out
to be mutated in developmental syndromes. Mutations in most of these factors lead to complex and
pleiotropic phenotypes. Detailed study, as it has
been the case for Pit-1, of how mutations elicit
their effect will provide important insight into the
mechanisms of developmental regulation by transcriptional control. For some of them, the clinical
features are simpler; for example, the mutation of
POU4F3 in a case of autosomal dominant inherited progressive hearing loss recently described.
The study of POU4F3 allows a better understanding of certain physiological features of the sense of
hearing and of the physiopathological processes
that can lead to hearing loss [36].

576

Transcription regulation and human diseases

Figure 3
Molecular analysis of
patients with MHC-II
deficiency has led to
the identification of
four trans-acting proteins essential for
MHC-II gene expression. MHC-II promoter contains three
conserved cis-acting
boxes, X, X2 and Y.
The four trans-acting
factors mutated in
each four complementation groups are
indicated. Co-activator CIITA is finely regulated and plays a
master role in the
specificity and in the
inducibility of the
cells. RFX5, RFXAP
and RFXANK are the
three subunits of the
RFX complex which
bind the X box. Each
mutated gene is essential and specific
for MHC-II expression. X2BP and NF-Y
are also multi-protein
complexes but not
specific for MHC-II
gene expression.

Transcription activator mutations
and steroid hormone receptors
Steroid and thyroid hormones, as well as vitamin D, retinoids and some nutrient metabolites
such as fatty acids and prostaglandins, exert their
effect by binding to members of the zinc-finger superfamily of nuclear hormone receptors. All members of this family share a poorly conserved aminoterminal region containing the transactivation domain responsible for gene activation, a zinc finger
DNA binding domain, and a highly conserved carboxyl-terminal domain involved in ligand binding.
The family is composed of the androgen receptor,
the oestrogen receptor, the glucocorticoid receptor, the vitamin D3 receptor, the thyroid hormone
receptor, the retinoic acid receptor and several
orphan receptors. Nuclear hormone receptor proteins regulate expression of specific target genes by
ligand-dependent activation of the receptors with
subsequent dimer formation and DNA binding
[37, 38]. Hereditary mutations in nuclear hormone
receptors lead to rare inherited syndromes of
hormone resistance, characterized by abnormal
hormone responses either in adults or during development. Among the best documented examples
are androgen receptor mutations which can lead to
a severe form of testicular feminization. There are
other mutations with a less severe phenotype such
as the Reifenstein syndrome which is characterized
by a male phenotype with hypogonadism, crytorchidism and hypospadias. Some mutations lead
to an intermediate phenotype with incomplete
testicular feminization. Interestingly, there is no
correlation between the localization of the mutations (DNA binding domain or hormone binding
domain) and the severity of the phenotype. However, the severity of the syndrome is correlated
with the extent to which the function of the DNA
binding domain or the hormone binding domain
is disrupted. In addition, a very different syndrome
called the Kennedy disease, characterized by spinal
and bulbar muscular atrophy, is due to an expansion of a CAG (Q) trinucleotide repeat in the
activation domain (amino-terminal part) of the
androgen receptor [39].
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Transcription activator mutations in other
miscellaneous human diseases
In contrast to most of the human diseases described above, some other diseases are characterized by less pleitropic phenotypes. The transcription factors mutated in these diseases are more specific to more or less well defined physiological
processes. The identification and the mutation
analysis of such transcription factors are of great
interest for a better understanding of the biological pathway in which they are involved.
Maturity-onset diabetes of the young
(MODY) is a genetically heterogeneous monogenic form of non-insulin dependent (type 2)
diabetes mellitus (NIDDM). It is characterized by
early onset, usually before 25 years of age and often
in adolescence or childhood, and autosomal dominant inheritance. MODY subjects have normal
insulin sensitivity but suffer from a defect in glucose-stimulated insulin secretion, suggesting that
pancreatic b-cell dysfunction rather than insulin
resistance is the primary defect [40]. Linkage studies have localized at least four genes that can be
mutated in MODY. The hepatic nuclear factor
(HNF) 4-alpha gene is mutated in MODY1 [41].
The HNF 1-alpha gene is mutated in MODY3
[42]. The insulin promoter factor-1 (IPF1) gene
is mutated in MODY4 [43]. All three proteins
are transcription factors. Auto-immune polyendocrinopathy-candidiasis-ectodermal dystrophy
(APECED) is a rare autoimmune disease. This is
the first report of a single-gene defect causing a
systemic human auto-immune disease. AIRE, the
novel gene mutated in this disease, encodes a putative transcription factor with zinc finger motifs
[44].
MHC class II deficiency syndrome is a rare
primary immunodeficiency and is a very interesting example of transcription factor defects in
human disease. Although the phenotype is homogenous, the disease is genetically heterogeneous.
The MHC class II genes are intact and the disease
has been shown to be caused by several regulation
defects. Four specific transcription factors have
been isolated, corresponding to four groups of patients. In group A, the CIITA gene is mutated. In
groups B, C and D, three subunits of the multiprotein complex, RFX, RFXANK, RFX5, RFXAP,
that bind to MHC class II promoters are defective.
RFXANK is mutated in group B, RFX5 is mutated
in group C, and RFXAP is mutated in group D. In
MHC class II deficiency, these four transcription
factors are not only essential but also specific for
MHC class II expression (Fig. 3) [45, 46].
Transcription activators mutation and cancer
Cancer often results from the aberrant activation of specific genes known as oncogenes, which
encode components of the cellular machinery that
regulate normal growth processes. Either over expression of these genes or mutations, which lead
to the formation of a more active product, can result in deregulated control of cellular proliferation
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Figure 4
Schematic view of a
recurrent molecular
consequence of chromosomal abnormalities in human cancer.
The creation of a
chromosomal abnormality results in an
oncogenic protein in
the mutant cell. The
structure of such proteins is usually composed of a transcriptional activation
capacity (AD) associated with a DNAbinding domain
(DNA-BD). As a result
of this chimeric protein, cell proliferation
and cell differentiation control can
be affected in
leukaemias and
malignant solid
tumours.
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and conversion to the malignant phenotype. Considering the importance of transcription factors in
the control of all cellular processes, it is not surprising that a large group of oncogenes encode
transcription factors engaged in cell cycle control.
Moreover, a number of developmental decisions
as well as cell type differentiation, are under the
control of oncogenic transcriptions factors, which
are often the final signal targets of signal transduction pathways [47].
The role of oncogenic transcription factors in
contributing to malignancy by altering programs
of cell growth, differentiation and development is
most obvious in the case of human leukaemia. Abnormal expression or inappropriate activation of
specific oncogenes encoding transcription factors
cause a variety of leukaemias which are characterized by genetic rearrangements induced by particular chromosomal translocations and gene amplifications. The translocation can result in the relocalisation of the gene encoding the transcription
factor to a position where it is adjacent to a highly
expressed gene (an immunoglobulin gene in B-cell
leukaemia or a T-cell receptor gene in T-cell
leukaemia). A second type of defect results when
the breakpoints of the translocations fuse portions
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of two genes and create a hybrid protein comprised
of domains derived from both genes. Such rearrangements presumably result in leukaemia because the hybrid protein exhibits properties that
are distinct from those of either protein and it has
the capacity to transform the cell into a malignant
phenotype. Such fusion proteins give rise to hybrid
transcription factors that possess the DNA-binding specificity of one parental protein and the activation characteristics of another [28, 48]. One example of gene fusion has been demonstrated in
acute promyelocytic leukaemia (APL) with the
translocation t(15;17). The translocation breakpoints consistently occur within the retinoic acid
receptor a (RARa) gene (a member of the nuclear
receptor superfamily), which is fused to the zinc
finger-containing PML transcription factor in all
cases of promyelocytic leukaemia (Fig. 4) [49].
In addition to leukaemia, the link between
oncogenesis and transcriptional deregulation has
been further strengthened by the recent cloning of
chromosomal abnormalities associated with solid
tumours. In Wilms’ tumour, for example, the
amino-terminal domain of the EWS transcription
factor is fused to the last three zinc fingers of the
DNA-binding domain of WTI. In Wilms’ tumour,
but also in melanoma of soft tissue, where EWS is
implicated, the oncogenic conversion of EWS follows a common scheme of activation, exchanging
its putative RNA binding domain with a part of different DNA binding domains: WTI in Wilms’ tumour and ATF-1 in soft tissue melanoma. Thus,
the DNA binding domains appear to be tumour
specific [50].
A number of anti-oncogenes or tumour suppressor genes, like p53, encode transcription factors. The mutational inactivation or deletion
of such genes can result in cancer. Germ-line
mutations of transcriptions factors with tumour
suppressor function are responsible for inherited
cancers (Li-Fraumeni syndrome for p53, Wilms’
tumour for WT1 or retinoblastoma for Rb) [51].
Somatic mutations of the same genes appear to
play prominent roles in the development of a wide
variety of more common sporadic human cancers
including various carcinomas, brain tumours,
sarcomas, and leukaemias [52].

Conclusion
Mutations in gene encoding proteins involved
in the initiation of gene transcription play a key
role in a wide variety of human diseases. Amongst
these transcription factor mutations are the largest
group. They represent more than 60 inherited
human diseases, most of which are characterized
by malformation syndromes. Mutation of transcription factors leads in most cases to pleiotropic
effects because these factors control the expression
of many genes. There are hundreds of regulatory

transcription factors that function by binding
DNA sequences within their target genes. Most of
these proteins are encoded by multi-gene families
with well conserved motifs (particularly the DNA
binding domain). Members of a given family display the same structural fold for binding DNA and
recognize similar DNA sequences.
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How can specificity be obtained
within such a complex world?
As mentioned earlier, combinatorial arrays of
multiple proteins add specificity and stability to
DNA-protein interactions. Homodimers and heterodimers can be formed between members of the
same gene family. Alternatively, partnerships can
be formed between proteins that belong to unrelated groups. In addition, two activators can act
synergistically by binding to DNA cooperatively.
Synergism can also be obtained by indirect interactions in which the two activators do not contact
each other but simultaneously bind to different
sites within a single transcription complex. All this
complexity renders the correlation between a particular transcription factor mutation and a human
phenotype difficult to analyze. A mutation that
completely disrupts the DNA binding domain can
result in a phenotype completely different from a
mutation, that modifies the co-operative stability
between two partners, for example. This has been
well studied for the Pit-1 protein. Since Pit-1 has
different functions in cells producing growth hormone (GH), prolactin hormone (PRL) and the
thyroid stimulating hormone (TSH), the phenotypic variability seen in patients with Pit-1 mutations is consistent with the different locations and
types of Pit-1 mutations. The consequences of
mutations in transcription factors seem to be, in a
majority of cases, a loss of function (deletions and
premature protein truncations), reinforcing the
idea that correct dosage is crucial and most diseases
results from haplo-insufficiency. This evidence
also suggests that increased doses of some tran-

scription factors could be deleterious. However,
while the genetic defects of most of the syndromes
discussed here are identified, the exact role and the
different modes of action of most of the transcription factors presented are not yet well understood.
Polymorphisms in the coding region of transcription factors have not been discussed in this
work. Nevertheless, it will certainly become important in the future to better understand the
pathogenesis of more common diseases. The combination of a mutation in a transactivator A and a
polymorphism in another transactivator B, both
being implicated in the activation of one or more
genes, may lead to differential phenotypes.
In contrast to mutations in trans-acting factors, which are implicated in a growing list of
pleiotropic human syndromes and a variety of cancers, only relatively few syndromes have been
shown to be due to mutations in cis-acting DNA
sequence elements. Regulatory regions such as enhancers can be localized very distant from the coding region and the scarcity of syndromes due to
mutations in cis-acting elements may be explained
by our ignorance of the regulatory elements of
most of the genes studied.
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