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Abstract

The human and other genome projects and subsequent resequencing programmes have pro-
vided new perspectives on the nature of the gene and how genes function. Understanding
the complexity of the eukaryotic nucleus and the diversity of genetic regulatory mechanisms,
including the role of non-coding RNAs, translational control mechanisms and the extraordi-
nary prevalence of splicing, will be central to understanding how genes function, as will the
recognition of gene dosage issues. This introduction to the 2010 Annual Review Issue, Genes,
Genomes and Disease, provides overviews of these areas and then considers their relevance
to a range of human diseases, including cardiovascular and renal disease, neural tube defects
and cancer. The p53 gene is considered as an example of a massively regulated gene and the
genetic perturbations in cancer are considered in a historical perspective. High-throughput
genomic and transcriptomic methods have led to a paradigm shift in the way cancers are
perceived and have changed the way translational research is performed. The progress in
our understanding of chromosomal rearrangements in cancer, once believed to be incredi-
bly rare events in epithelial malignancies, is discussed. The identification of low-penetrance
cancer susceptibility genes through genome-wide association studies and their implications
are reviewed. The contribution and limitations of expression profiling are discussed. In the
last series of reviews, future challenges are addressed: the promise of synthetic lethality
strategies in cancer therapy, a case for ‘systems’ approaches to genetic networks and the
potential of single molecule genetic technologies. Finally, the question ‘Does massively par-
allel DNA resequencing signify the end of histopathology as we know it?’ is posed. Readers
should find that the 2010 Annual Review Issue is an invaluable resource on contemporary
genetics and its applications to understanding disease.
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The impact of modern molecular biology on our
understanding of disease and disease processes has
been dramatic and inexorable. Barely a quarter of
a century ago, the cloning and sequencing of a
gene were perceived as monumental tasks, and the
understanding of its regulation and the properties
of its encoded polypeptide was a Herculean effort.
DNA sequencing was in its infancy and was slow,
labour-intensive and error-prone. While there were,
even then, promises of genetic information having
direct clinical impact, this was, in the 1980s, hardly
a realized goal. Moreover, our concept of a gene
was perhaps simplistic and naive and our perception
of genetic regulation and gene structure were, in
the context of mammalian systems, no more than
embryonic. Nevertheless, considerable progress was

made, even if it was patchy and disjointed. It did, of
course, preface the era of the human genome project
with its complex and troublesome conception and
gestation, which has been reviewed by key participants
[1,2]. The impact of the knowledge gained from the
sequencing of the human and many other genomes
has been astonishing and there have been dramatic
consequences for our understanding of how genes and
genomes work. Indeed, our view of the genome has
changed [3,4], with a new perception of the gene
as a complex highly regulated physiological unit, as
opposed to being merely a region that encodes a
polypeptide. We now recognize there to be widespread
transcription from much of the genome [5] and that
non-(protein) coding transcripts are extraordinarily
abundant [6]. Indeed, it is also becoming clear that
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there may often not be the colinearity between gene
sequences and resultant polypeptides that dogma has
long suggested [7].

Our developing understanding of the complexity of
genes and their regulation and the complex nature of
nuclear organization does, of course, have two impor-
tant consequences. First, it provides an intellectual
framework for the resolution of the gene number para-
dox, ie the relative paucity of genes in higher metazoan
genomes as compared with (for example) yeast. There
are perhaps no more than four times as many genes in
mammalian genomes compared with Saccharomyces
cerevisiae (~6300), with flies being intermediate with
~15000 genes. Clearly the architectural and develop-
mental complexity emanates from regulatory complex-
ity, as argued cogently by Davidson [8]. The second
and crucial consequence lies in our understanding of
human disease, which can only be understood at a
mechanistic level by considering our new and devel-
oping knowledge of genes and genomes. The focus of
this Annual Review Issue (the 11th in the series) is to
consider the biology of genes and genomes and how
they can go wrong in disease. We were prompted to
focus this issue on this area for many reasons, but were
persuaded by the rapid development of technologies
that are opening our eyes to the multilayered nature of
genetic information, and that are truly leading medical
research to a point where widespread clinical applica-
tions are becoming a reality, as opposed to unfulfilled
promises.

The first part of our Annual Review Issue focuses
on our developing understanding of basic regulatory
mechanisms that control gene function and expression.
The simple concept that the nucleus is merely a
haphazard arrangement of DNA and histones was
long ago dispelled and we now recognize that there
is a well-defined architecture and structure to this
organelle. Lever and Sheer [9] overview this topic
and provide a clear review of the essential anatomy
of the nucleus and how this modulates its physiology
and pathophysiology. The unravelling of these large-
scale factors is but one part of our new genetic
insight into cellular physiology. The central role of
non-coding RNAs (ncRNAs) in gene regulation was
discovered more than a decade ago and is now
seen to be relevant in the control of many cellular
processes and can be deranged in diverse disease
states. Compelling evidence for this comes from many
areas and the role of ncRNAs in haematopoiesis and its
reregulation in haematopoietic malignancy has been a
major stimulus in the field [10]. In this issue, Taft,
Pang, Mercer, Dinger and Mattick [11] provide a
comprehensive overview of ncRNAs and their role
in disease. This is timely, given the recent award of
the first Jeremy Jass Prize for Research Excellence
in Pathology to work in the epigenetic regulation of
miRNA in breast cancer [12]. One area where ncRNA
can have a clear role is in the context of regulation
of protein synthesis, and work in many laboratories
has opened our eyes to perturbation of this having
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pathogenetic roles; LeQuesne, Spriggs, Bushell and
Willis crystallize these ideas in their review [13].
Furthermore, analyses of ncRNAs in different types
of human cancers have helped resolve classification
dilemmas [14-16] and led to the identification of
genes that may be involved in the metastatic process
[17].

The use of alternate splicing to create diverse tran-
scripts and hence protein isoforms has been recognized
since the seminal observations of Sharp and Roberts,
who received the Nobel Prize for their discovery [18].
While this is well-recognized to occur in some genes,
the extraordinary prevalence of splicing in mammalian
genomes has only recently become apparent [19]. Not
only does this create diversity of potential protein iso-
forms, eg in p53 [20-22], it also creates yet more
layers of potential control [22,23]. The pathobiology
of splicing is here reviewed by Ward and Cooper [24].

The idea that gene dosage can have major impli-
cations for cellular function is not a new one but
the observation of copy number variation (CNV) has
reawakened our interest in this phenomenon [25].
The relevance to human disease is becoming apparent
with reports of CNV in neuropsychiatric conditions
[26], cardiovascular disease [27], neoplasia [28,29]
and many other conditions. Methods for easy anal-
ysis of CNV are being reported [30,31] and open the
door to a comprehensive analysis of this in clinical
samples, and hence the potential for a deeper under-
standing of the contribution of CNV to disease and
disease susceptibility. In fact, the systematic analy-
sis of CNVs has called into question the concept of
the ‘normal’, entirely diploid human genome, given
that distinct CNVs can be found in the genomes of
different somatic tissues from the same individual
[32] and between identical twins [33]. Building on a
recent review of genetic dominance and dominant neg-
ative mechanisms in disease [34], Veitia and Birchler
explore the whole area of gene dosage (including hap-
loinsufficiency and CNV) and its relevance to disease
processes [35].

With this background of contemporary perspectives
on some of the core mechanisms of genetic regulation
(and dysregulation in disease), we then turn to the
impact of such information in areas of clinical impor-
tance. We could not be comprehensive in coverage but
rather have focused on four areas where advances are
being turned into real clinical progress, namely car-
diovascular [36] and renal disease [37], neural tube
defects [38] and cancer [39-44]. Chico, Milo and
Crossman discuss the impact of emerging technolo-
gies, and information from model systems such as
zebrafish as well as clinical studies, on our understand-
ing of cardiovascular disease [36], while McKnight,
Currie and Maxwell comprehensively summarize our
current knowledge of the role of genetic factors in
chronic renal disease [37]. Neural tube defects (NTD)
cause untold misery for affected children and their
families, and in this issue Copp and Greene link our
extensive knowledge of the 200 or so genes that cause
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Figure 1. Timeline of high-throughput technologies for genome-wide characterization of copy number aberrations in human
cancers. The completion of the human genome draft has led to a ‘technological boom’, with the development of high-throughput
methods that can be used to interrogate the wealth of data available in the human genome. Technologies for the characterization of
the genomic profiles of human cancers have developed at an unprecedented pace, so much so that with massively parallel sequencing
(also called ‘next-generation sequencing’) approaches, it is possible to obtain information about copy number aberrations, allelic
information, somatic rearrangements and base pair sequence (and hence mutations and polymorphisms) in a given cancer in a

single experiment

NTD in mice to the developmental and cell biology of
the developing neuraxis and show how, in man, NTD
may result from a polygenic (or oligogenic) aetiol-
ogy [38]. Dietary folic acid supplements are already
generally advised in pregnancy but the potential for
additional prevention strategies based on this burgeon-
ing knowledge of the pathogenesis of NTD is real.
The genetics of cancer has long been a fruitful
ground for researchers and in this issue Bell sets the
scene by providing a comprehensive historical per-
spective of this huge field [39]. The organization of
the nucleus with the definition of chromosome ter-
ritories and domains is increasingly recognized, and
perturbation of this is increasingly seen as important
in cancer biology [9]. Furthermore, in the last few
years our understanding of somatic gene rearrange-
ments as pathogenetic factors in cancer has grown
beyond the examples seen in leukaemia and lym-
phoma, and Edwards reviews this area for us [40],
highlighting the developing concept that such rear-
rangements may be much more prevalent in epithe-
lial malignancies than we had hitherto suspected. One
could view the well-known examples in leukaemia
and lymphoma as ‘low-hanging fruit’, since techno-
logical advances and, in particular, high-throughput
sequencing now allow the identification of transloca-
tions hidden in incredibly complex karyotypes (such as

those of human carcinomas), which were undetectable
by conventional technologies. Similarly, the identifica-
tion of cancer susceptibility loci was restricted in the
past to a modest number of loci that conferred high
penetrance susceptibility. Here, Cazier and Tomlinson
review the progress being made in identifying low-
penetrance susceptibility genes through genome-wide
association studies [41]. One gene with a clear role in
cancer, and in the context of Li—Fraumeni syndrome
can be viewed as a cancer susceptibility locus, is TP53
[42]. In addition, the p53 protein is of such pivotal
importance to cellular stress responses that it is regu-
lated at seemingly every possible level. In this issue,
Hollstein and Hainaut [22] provide a detailed review
of the regulation of TP53 (and its encoded protein
isoforms) and argue that it is an example of a ‘mas-
sively regulated gene’: indeed, it could be that many
genes are controlled by such a multilayered system of
regulatory mechanisms.

The rapid pace of progress in cancer genetics and
genomics (Figure 1) has promised much in the past but
it could be argued that there has been relatively limited
translation into the clinic. Weigelt, Bachner and Reis-
Filho [43] provide us with a critical account of the
advances (and limitations) of gene expression profil-
ing in the classification, prognostication and prediction
of neoplasia, using breast cancer as an exemplar: there
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are many general points of importance in this compre-
hensive and rigorous analysis of this field. Another
area where progress has been promised but has some-
times been slow is in the development of therapeutics
based on our developing genetic and genomic insights.
Ashworth’s group has been at the forefront of using
innovative high-throughput strategies to tailor thera-
pies to specific genetic abnormalities, and in particu-
lar the use of synthetic lethal approaches to tumours
with defective DNA repair mechanisms. Here Martin,
Hewish and Ashworth review this important topic [44]
and Erler and Linding develop the notion that consid-
ering genetics in a ‘systems’ context will provide new
possibilities in terms of biomarkers and novel thera-
peutic strategies and enhance our understanding of the
genetics of disease [45].

Ultimately, the possibility of our knowledge of
genes and genetics having an impact on clinical care
(prevention, diagnosis, prognostication or treatment)
will depend on affordable, fast and easily applicable
technologies. Whilst we have many powerful tools
already, the potential for fast, cheap sequencing is
central to future applications, and McCaughan and
Dear [31] review for us the current state of play of
single-molecule approaches to genomics, which have
already had so much impact in genetic research.

We end this Annual Review Issue with some spec-
ulation. A decade ago, Aparicio, Ponder and Caldas
speculated whether massively parallel transcriptome
analysis might signify the end of cancer histopathol-
ogy as we know it [46]. For many reasons (see eg
[43]), the impact of expression array analysis in clini-
cal practice was much less than had been anticipated.
However, 10 years on we asked Aparicio and Hunts-
man to revisit this class of question [47] and ask
whether massively parallel DNA resequencing might
signify the end of histopathology as we know it. The
next few years will surely see huge strides and the
impact of the new technologies and our developing
understanding of genes, genomes and disease. The
days of ‘fishing with chips’ may be numbered [48]
and single-molecule genomics promises cheap, fast,
high-throughput genetic analysis [31,49]: this may be
the way forward. Real clinical impact cannot be far
away!

Teaching materials

A PowerPoint slide of the figure from this review
is supplied as supporting information in the online
version of this article.
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