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Abstract  This chapter is aimed at a wide audience ranging from biologists to medi-
cal students and cancer specialists. It provides a comprehensive overview of systems 
approaches to the pathology and treatment of cancer. In particular, it addresses diag-
nosis and therapy by interconnecting various aspects of cancer at both the molecular 
and clinical level, and contrasts the unifying features of malignancies with the daunt-
ing diversity of cancer types, stages, and evolutionary processes during treatment. The 
importance is emphasized of both prevention and innovative treatments in reducing 
the cancer burden, and of early detection as the link between these two major areas. It 
sets the stage for analysis of cancer by means of systems biology, bioinformatics, and 
systems medicine. These methods involve the processing of cytological, histological, 
and imaging data, combined with genetic and expression profiling. The application 
of systems approaches to cancer-related clinical practice and research is discussed. 
The necessity is demonstrated for signalling pathways analysis to be fully integrated 
into grading and clinical staging of cancers, as well as into the process of discovering 
novel targets and biomarkers for diagnosis and prognosis. Key challenges and limi-
tations are outlined for systems approaches to cancer, and areas are indicated where 
research needs to be focused in the future. Finally, pointers are provided to the paths 
that must be followed in order to move from a carefully controlled biological investi-
gation, to approaches and technologies that will eventually accelerate the translation 
of new discoveries into prevention and clinical applications.

2.1 � Introduction

Cancer is one of the major health issues affecting our society, and is forecast to 
worsen globally as the population ages. The WHO statistics from 2008 (Boyle and 
Levin 2008) estimate an increase of new cancer cases from 12.4 million to 20 mil-
lion world-wide by 2030. Over the same period, the number of deaths from cancer 
will increase from 8.3 million to 12.9 million, and the number of patients living with 
cancer from 28 to 82 million, with similar trends in Europe (Ferlay et al. 2010a). 
In 2008, there were 1.7 million deaths due to cancer, a number that corresponds 
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to more than three deaths every minute; while the number of new cases was 3.2 
million. As the population ages, the burden is expected to increase even further. 
Moreover, as a result of more effective treatments for cancer, its prevalence as a 
chronic disease will sharply increase, particularly in countries such as the EU where 
life expectancy is already high. Cancer is one of the main chronic diseases, a fact 
that translates into a substantial extra demand on health care systems, because of 
the required surveillance and recurrent treatment of both the disease and observed 
side-effects.

Worldwide, lung cancer is the most frequent form of the disease and causes the 
majority of deaths. Among men, the commonest types of cancer are lung, prostate, 
stomach and colorectal; among women, breast, cervix, uteri, and colorectal. The 
principal cause of death is cancer of the lung, followed by stomach and liver (Ferlay 
et al. 2010b). There are many differences in occurrence between the more devel-
oped countries as compared to the less developed ones; for example, breast, pros-
tate, lung, and colorectal cancer are the most frequent malignancies in developed 
countries, while in less developed ones liver, cervical, and oesophageal cancers are 
more prevalent (Kamangar et al. 2006; Boyle and Levin 2008).

A number of factors affect incidence rates in different countries, the most im-
portant of which are demographic aspects, external environment, lifestyle, and eco-
nomic status. Differences in genetic risk factors can also contribute to dissimilarity 
and disparity in the results of diagnostic activities, and variations in the recording of 
cancer statistics make comparison between countries very difficult (Parkin 2004).

The cure rate of some cancers has increased significantly (for a review, see De-
Vita et al. 2008). For example, patients with some forms of leukaemias, lympho-
mas, and paediatric tumours have been treated successfully with combinations of 
antitumoural agents, while the increased cure rate for patients with cutaneous ma-
lignant melanoma is mainly owing to early detection (Cohn-Cedermark et al. 2000; 
Balch et al. 2003; Aitken et al. 2010). Early detection has improved the cure rate for 
breast cancer, with additional curative effects from both radiation therapy and an-
titumoural agents (Fletcher and Elmore 2003; Berry et al. 2005; Clarke et al. 2005, 
2008; Cuppone et al. 2008; Madarnas et al. 2008; Dowsett et al. 2010; Richards 
2009). The average mortality reduction for all forms of cancer is, however, modest. 
In the follow-up of the European Code against Cancer, a 9% reduction was achieved 
over a period of 15 years (Boyle et al. 2003b).

Significant relief of the cancer problem can only be achieved by concerted ac-
tions aimed at improving prevention and therapeutic strategies. Moreover, early 
detection is of fundamental importance both for prevention and improving can-
cer treatments. Prevention initiatives might focus on either high-risk individuals 
or total populations. Thanks to molecular genetics and epidemiological studies, a 
number of risk factors, both inherited and lifestyle-acquired, have been identified. 
Advances in understanding the molecular pathways involved in tumour initiation 
and progression have provided unique opportunities for research on the correlation 
between molecular biomarkers and risk factors. Approximately one-third of cancers 
are considered to be preventable. Successful prevention, however, largely depends 
on change in lifestyles, a challenging problem for behavioural sciences. Examples 
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of risk factors are tobacco smoking (Doll et al. 2004; Pleasance et al. 2010); Human 
papilloma virus (HPV) infections (Cogliano et al. 2005); alcohol abuse (Boffetta 
and Hashibe 2006); UV radiation, obesity and insufficient physical activity (Boyle 
et al. 2003a; Boyle and Levin 2008).

Early detection is often used synonymously with secondary prevention. For 
breast, cervical, and colorectal cancer population screening is considered to be a 
satisfactorily evidence-based method (Boyle and Levin 2008). An important area 
of modern cancer research is the identification of premalignant (precursor) lesions 
likely to progress to invasive cancers; this is crucial to the development of innova-
tive approaches to prevention. For prediction, appropriate molecular markers are 
required, since premalignant lesions represent a heterogeneous group intermingled 
with benign lesions unlikely to develop malignant behaviour.

Today’s treatment strategies aim to develop personalized cancer medicine based 
on the understanding of the molecular mechanisms underlying the disease. To 
achieve this goal, predictive biomarkers of primary and metastatic disease need to 
be identified, and sensitive and accurate methods have to be developed to monitor 
response to treatment and the occurrence of side-effects. Moreover, knowledge of 
the mechanisms underlying sensitivity and resistance to anticancer agents will con-
stitute an important aspect of the endeavour, given that treatment failures are often 
the result of existing or acquired drug resistance. A close coordination of preclinical 
with clinical research is required in order to gain insight into which of the mo-
lecular pathways are disturbed and drive tumour growth. Novel targets for therapy 
will thereby be generated, which should foster the development of new anticancer 
agents. We expect, however, that major advances can only be made in the short 
term by choosing the appropriate combination of already existing drugs based on 
extensive diagnostic information.

The purpose of this chapter is to provide a pathological and clinical overview 
of cancer, as well as to pinpoint major challenges that need to be addressed if we 
are to fulfil the goal of bringing individualized cancer care closer to reality. Ini-
tially, we cover tumour nomenclature, grading and staging, and various technologi-
cal approaches to categorizing morphology. The various methods and strategies for 
treatment are then outlined. With this background, several major cancers are then 
treated in detail, including various further classifications and modifications which 
have been developed for each individual type, leading to implications for treatment. 
Finally, these descriptions are linked to a systems biology and medicine context, 
demonstrating both the need for and the advantages of these approaches.

2.2 � Pathology Integration in Cancer Biology Systems

For many years, the study of morphology, as applied to biology and medicine, has 
played a major role in basic and clinical science, helping to establish and confirm 
the diagnosis and prognosis of disease. Histopathology, with the aid of old and new 
ancillary techniques, remains a key protagonist in medicine today. Nevertheless, 
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new complementary classifications based on gene expression profiles enhance or 
more accurately predict survival in the case of certain neoplasms (Gravendeel et al. 
2009; Aparicio and Huntsman 2010).

Over 150 years have elapsed since Rudolf Virchow postulated the key approach 
‘on the structural basis of diseases and their anatomical location as a consequence 
of an altered response to any external or internal injury produced to the cell or the 
tissue.’ Even though the biological concept of disease has changed to a great extent 
over the years, the anatomo-clinical approach for diagnosing diseases remains the 
basis of medicine (Llombart-Bosch 2001; Costa 2009).

This concept is particularly valid in oncology, where the notion of malignancy is 
associated with a loss of control in normal cell growth, tissue and cell differentia-
tion. Malignancy is a biological concept, according to which the anarchic prolifera-
tion rate of the newly transformed tissue overgrows the normal, and extends into 
distant areas of the organism (metastasis), often producing the death of the patient in 
what is known as the ‘natural history of cancer’. In this situation, the morphological 
(i.e. an image) diagnosis, provides objective support to the clinical diagnosis.

Histopathology and cytology, based upon the microscopic examination of tissues 
and cells, continue to play a seminal role, and are reliable methods for diagnosing 
patients with cancer. The hematoxylin-eosin (H&E) staining of paraffin-embedded 
tissues is considered the gold standard for the histological diagnosis of cancer (Ro-
sai 2007). In addition, a number of new technological approaches based both on the 
microscopical analysis of cells and tissues, such as electron microscopy, enzyme 
histochemistry, immunohistochemistry (IHC), fluorescence in situ hybridizations 
(FISH) etc., yield enhanced information on the initiation, promotion, and progres-
sion of cancer cells, both in human and experimental models. These technologies 
are described in detail in Sect. 2.3.

The findings obtained with these methods have been supplemented by the ap-
plication of molecular biology approaches to the study of cells in normal and patho-
logical conditions. Thus, molecular pathology, in the process of complementing 
conventional histopathology, raises new challenges for considering cancer not only 
as a disease of the organ-tissue-cell system, but also as a consequence of genetic 
disease involving several complex biological systems (Hahn and Weinberg 2002; 
Celis 2008; Abeloff et al. 2008).

Nevertheless, concepts such as benign or malignant, as well as tumour typing, 
continue to be connected to the conventional notion of pathology, as defined by use 
of a microscope. Thus, morphology continues to be a reliable tool for the diagnosis 
of a neoplasm, as well as for controlling tissue quality in molecular biological and 
oncological research (Rosai 2001; Llombart-Bosch 2001; Beckman 2006).

2.2.1  �Definition of a Neoplasm

A neoplasm consists of a new growth of cells, initiated within a tissue by substitut-
ing for normal cells and causing the emergence of a mass (tumour) in which the 
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cells exhibit high growth rate, loss of differentiation, self-autocrine feedback, loss 
of cell death self-control, ability for angiogenic modulation, and metastatic capac-
ity. The degree of failure in these biological controls, which conditions the benign 
or malignant nature of the neoplasm, threatens the death of the host. Evolution 
towards malignancy may be rendered irreversible by genomic instability and the 
acquisition of new biological properties, as a result of continuous genetic and epi-
genetic remodelling (Hanahan and Weinberg 2000; Weinberg 2007).

2.2.2  �Tumour Nomenclature

The nomenclature of tumours is based either on cell origin (histogenesis) or on 
microscopical similarity with normal tissue (histology); both categorizations may 
sometimes overlap.

Two types of tissue compose solid tumours: neoformed tissue ( parenchyma), 
whether carcinoma in epithelial context (tissue composed of cells that line the cavi-
ties and surfaces of the body) or sarcoma in mesenchymal (connective tissue, bone, 
cartilage, and circulatory and lymphatic); and the stroma component, which pro-
vides the support cells and the vessels. Haematological neoplasia ( leukaemia) lacks 
stroma while growing within the bone marrow and the blood compartment. The 
stroma component is an active partner in tumour behaviour and seems to be induced 
by the malignant cells in tumours, providing a decisive role in invasion and metas-
tasis. Interplay between both components varies from case to case, giving a fleshy 
or dense consistency. The amount of the collagenous involvement causes increased 
density or desmoplasia.

Tumour nomenclature is based upon the type of parenchymal cells. Two princi-
pal types of tumours occur, benign and malignant, although a number of intermedi-
ate clinical possibilities must also be considered, such as semi-malignant, pseudo-
malignant, and of questionable malignancy. The most important features used to 
characterize a tumour are its predictable clinical behaviour and its microscopical 
appearance. Benign neoplasms are harmless and slow-growing, whereas malignant 
lesions exhibit rapid proliferation, invade adjacent tissue, and metastasize.

In general, the suffix -oma follows the originating cell type, independently of 
grade (benign or malignant). Thus, the name for an epithelial benign tumour is 
adenoma when originating in glandular tissue (gastro-intestinal tract, breast, kidney 
or liver, etc.), and papilloma if the cells arise from the non-secretory epithelial sur-
faces (skin, respiratory mucosa, lower urinary tract). An additional number of terms 
complement this generic histological terminology, based on the presence of cysts, 
micropapillae, or mixed components. The terms for benign mesenchymal tumours 
are based on the cell type: fibroma is used when fibroblasts constitute the tumour, 
lipoma in the case of adipocytes, and osteoma for osteoblasts. Tumours may present 
a variable extent of interstitial components such as myxoid, angiomatous, colla-
gen, or elastic fibres. Mixed epithelial-mesenchymal tumours are named fibropapil-
loma, adenofibroma and so on. A polyp is a composite tumour containing both the 
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neoformed epithelial parenchyma and the stroma; it may be pediculated or sessile. 
The term polyp has no implication for clinical outcome.

The generic name for a malignant epithelial neoplasm is carcinoma. When a 
dual component is present, either glandular or ductal, the term is adenocarcinoma. 
A tumour originating in a specific cell type, such as terminal lobules of the breast, is 
named lobular carcinoma. When derived from squamous or keratin producing epi-
thelia, they are called squamous or epidermoid carcinomas. Neoplasms with hybrid 
features of glandular and squamous participation are known as adenosquamous car-
cinoma. Histological varieties of glandular differentiation such as cords, trabecula, 
tubes, papillae, or cysts, provide a variety of histological subtypes. Neoplasms may 
also be named by the organ from which they originate: hepatocellular carcinoma is 
a generic name for a malignant tumour originating from hepatocytes, and mesothe-
lioma for tumours of mesothelial origin.

The size of the cell is also used in some poorly differentiated neoplasms such as 
small-cell or large-cell carcinoma of the lung. Cell secretory activity provides addi-
tional varieties with names such as mucinous, colloid, serous, apocrine, or neuroen-
docrine for carcinomas in diverse anatomical locations such as breast, ovary, or GI 
tract. Malignant epithelial cells may suffer metaplasia, conditioning the so-called 
metaplastic carcinoma, in which the carcinomatous and sarcomatous components 
appear together.

Malignant tumours of mesenchymal origin are designated sarcomas; several va-
rieties of sarcomas are defined based upon their histological resemblance to the 
normal cell counterpart: liposarcoma resembles adipocytes, fibrosarcoma mimics 
fibroblasts, leiomyosarcoma resembles smooth muscle, angiosarcoma is similar to 
blood vessels.

The cell line of differentiation is not sufficient in several malignant mesenchy-
mal tumours to define their true nature, thus in these cases the terminology pleo-
morphic sarcoma, myxoid sarcoma, small round cell sarcoma, or spindle cell sar-
coma is employed, based exclusively on the cell configuration, cell size, and type 
of stroma. Composite tumours may be found within the same neoplasms ( dediffer-
entiated sarcomas). Epithelial-like components occur in some sarcomas ( synovial 
sarcoma, epithelioid sarcoma, alveolar sarcoma) making the differential diagnosis 
with carcinomas difficult.

The nomenclature for embryonal (occasionally ectopic) neoplasms (germ-cell 
tumours) of the testis or ovary is mainly dependent on tissue similarity to the cell of 
origin, while exhibiting malignant behaviour, and includes seminoma, embryonal 
carcinoma, yolk sac tumour, granulosa cell tumour. Teratoma, hamartoma, and 
choristoma are terms associated with embryonal cell growth, showing one, two, or 
all three germ-cell layers (ectoderm, endoderm, and mesoderm) in a variable degree 
of differentiation or state of maturation. No particular clinical outcome is implied 
by these terms for the patient. For example, teratoma may be malignant or benign 
depending on the cells present and their level of maturity.

Tumours of haematopoietic tissue are named either leukaemia or lymphoma. 
Lymphoma is frequently associated with haematogenous extension (leukemic). 
Leukaemia acquires a tumour component when seeding into a solid organ. Many 
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types are classified according to their cell of origin: cancer stem cell (lymphocytes, 
myelocytes, granulocytes, monocytes, erythrocytes) and their degree of maturation. 
For further details, see the WHO tumour classification (Chan 2001).

Tumours of the nervous system are often named from their similarity to the cells 
of origin. Other terms focus on histological similarities, as is the case for glioma, 
when initiated from the glial cells, medulloblastoma and neuroblastoma for primi-
tive stem neuroblasts or embryonal neuroblasts. A tumour derived from Schwann 
cell is called schwannoma when benign, and malignant peripheral nerve sheath 
tumour when malignant. As with haematological tumours, a large number of terms 
are employed for the several varieties existing within these tumours.

The term blastoma is used for tumours composed of germ cells of a highly ma-
lignant behaviour. The term is preceded by the name of the potential cancer stem 
cell that may be the origin of the neoplasm: nephroblastoma for embryonal tumour 
of the kidney (also called Wilm’s tumour); hepatoblastoma for a similar embryonal 
neoplasm of the liver. Malignantly transformed germinal cells of the ovary are re-
ferred to by the term disgerminoma. Highly malignant neoplasms such as grade III 
(see below) gliomas are denominated glioblastoma.

2.2.3  �Tumour Grading

Nomenclature provides only a partial view of the biology and clinical outcome of 
neoplasms. Additional information is therefore necessary for a clear characteriza-
tion of each tumour type. To this end, several grading systems have been proposed 
(Rosai and Ackerman 1996). Tumour grading, from benign to malignant, is based 
primarily on: degree of differentiation of the tumour cells, nuclear features, rate 
of growth (mitotic activity), stromal response (angiogenesis, inflammatory reac-
tion). The grading criteria vary greatly for different neoplasms and the correlation 
between histology and clinical behaviour is in some cases imperfect. Accuracy in 
grading is difficult because of the heterogeneity existing in some neoplasms as well 
as being dependent on site-related events.

2.2.3.1 � Benign Tumours

These lesions are made up of mature, differentiated cells mimicking the tissue from 
which they originate and resembling the normal tissue, but showing a lower grade 
of architectural organization: stroma is poor, and vessels scarce. Nuclear pleomor-
phism is almost absent or very rare, while mitosis may be limited, and there is a 
lack of chromosomal abnormalities. In most cases the nuclei have a diploid DNA 
content. The tumour is well delimited and is frequently encapsulated or polypoid. 
Such lesions are occasionally multiple and synchronous (uterine leiomyomas, breast 
fibroadenomas, GI polyps). Some reach large sizes ( fibromas, leiomyomas, ovarial 
enteral cysts, prostatic adenomas). Exceptionally, they are functional and hormone 
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producing ( pancreatic insular adenomas); nevertheless, they may cause severe clini-
cal problems and even a fatal outcome. Basically, a benign tumour is not a metasta-
sizing neoplasm, but benign metastasizing tumours have been described in solid or in 
endocrine organs (thyroid gland, kidney, ovary, testes) and bone (giant cell tumour). 
In order to distinguish a benign from a malignant well-differentiated neoplasm, me-
ticulous attention must be paid to the presence of any capsular or vascular infiltration 
which would indicate the capacity to metastasize. Tumours with potential metastatic 
capacity have also been defined as neoplasms with uncertain biological potential.

2.2.3.2 � Malignant Neoplasms

These lesions are characterized by a lesser degree of structural and architectural 
organization, providing a poor histological configuration when compared to their 
normal counterpart. Nevertheless, the degree of differentiation may vary from well 
to poor, from undifferentiated to dedifferentiated neoplasia. The latter two terms are 
used indiscriminately, even though they represent two diverse biological situations: 
the first means a lack of differentiation, while the second expresses a loss. Lack of 
differentiation is one of the major structural patterns of malignancy, since the tissue 
mimics its embryonal counterpart. The existence of ‘cancer committed stem cells’ 
as progenitors for tumours indicates that the arrest of tumour maturation in a given 
stage is probably the cause of loss of architectural organization. Additionally, the 
stroma plays a role in the loss of differentiation (Kalluri and Zeisberg 2006).

Neoplastic cells induce angiogenesis by secreting angiogenic factors, and also 
induce fibroblastic proliferation, interfering with the normal reparatory process as-
sociated with tumour growth (Bergers and Benjamin 2003). An inflammatory reac-
tion may participate in the process, imparting additional complexity to the tumour 
phenotype.

The cellular and nuclear pattern is the second attribute that characterizes a ma-
lignancy. The cytological criteria of a malignant tumour are well known and used 
for diagnosis, either by tumour scraping (cervical cytology) or by aspiration (fine 
needle aspiration cytology). Histology also provides adequate structural criteria. 
The loss of cytoplasm and nuclear structures varies greatly from tumour to tumour. 
Cells may be larger or smaller than normal cells, or they may resemble embryonic 
cells (loss of the nuclear to cytoplasmic ratio) with large nuclei and nucleoli, occa-
sionally multiple and with an irregular contour. The distribution and configuration 
of the chromatin varies widely from cell to cell (hyperchromatism). Total loss of 
cell configuration is described as anaplasia: the neoplasm lacks any structure that 
resembles its normal histological counterpart. Anaplasia is associated with higher 
malignancy, but may also be caused by therapy (chemo- or radiotherapy). In addi-
tion to undifferentiation and pleomorphism, some tumours present abundant cel-
lularity with dominance of the parenchyma over the stroma. Cell rich neoplasms, 
mainly in sarcomas, are associated with a poor prognosis.

Invasive growth is another characteristic of malignant neoplasms. In carcinomas, 
the normal surrounding tissue is infiltrated by neoplastic cells which disrupt the 
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basal membranes and extend into the neighbouring stroma, producing new struc-
tural patterns such as cords, trabecula, tubules or glands. The malignant cells may 
appear isolated within the neoformed stroma or produce tiny nests. Infiltration is 
a microscopic event and conditions the capacity of some tumours to local relapse. 
The lack of defined spatial limits is associated with the absence of a capsule as hap-
pens in benign neoplasms. Some slow-growing carcinomas may induce a pseudo-
capsular structure mimicking a benign tumour. Particular attention has to be paid to 
these tumours ( follicular carcinoma of the thyroid is an example) because they may 
be confused with an adenoma. Thus, the limits of invasion have to be confirmed in 
order to assure tumour-free margins for treatment. To this end, multiple histological 
sections of the neoplasia are necessary, and are made possible by colouring the exci-
sion margins with Indian ink (which resists discoloration when treated with alcohol-
xylene dehydration), embedding in paraffin, and staining with H&E.

Tumour invasion may affect the neighbouring tissues and vessels, thus originat-
ing local relapses. The invasion of the vessels involves regional (lymph nodes) or 
distant metastasis. A particular type of invasion is the so-called skip metastasis, 
corresponding to tumour implants in the skin adjacent to a primary neoplasm due 
to their local extension. This type of metastasis occurs mainly in melanomas or 
sarcomas.

Sarcomas possess highly invasive growth potential and imprecise margins, lack-
ing anatomical boundaries that necessitate large compartmental resections to avoid 
local relapses. The absence of invasion of the margins is a mandatory requisite, to 
assure the absence of relapse in the preserved limb. New therapeutic methodologies 
for malignant tumours have created the possibility of preserving organs or limbs, 
avoiding previously necessary organ resections.

Necrosis is another feature present mainly in malignant tumours. Tumour pro-
gression is dependent on a balance between cell proliferation, differentiation, and 
death. Necrosis is the usual end for many tumour cells, independently of apoptosis 
(programmed cell death). This variety of non-programmed destruction of cells is 
expressed by a loss of the architectural and cytological ( pyknosis, karyorrhexis, 
karyolysis) structures in a focal or large area within the tumour.

Most of these necrotic foci adopt a geographical distribution depending on the 
amount of neovascularisation. Only cells located at less than 200 µm from a vessel 
receive sufficient oxygen and nutrients to stay alive. Fast-growing carcinomas and 
sarcomas present an imbalance between angiogenesis and cell proliferation, and 
therefore suffer extensive areas of necrosis. In contrast, slow-growing epithelial 
or mesenchymal tumours maintain a good angiogenic capacity and so the degree 
of ischemia is more limited. This is also the case for benign tumours, which rarely 
suffer necrosis.

2.2.3.3 � Miscellaneous and Borderline Lesions

In addition to benign and malignant neoplasms, a number of biological possibili-
ties arise out of the clinical behaviour of some neoformations. Pseudomalignant 
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tumours are neoformations that express many of the attributes of malignancy such 
as cell pleomorphism, loss of architectural patterns, and mitosis. Nevertheless, their 
clinical behaviour is benign. Endocrine tumours such as pheochromocytoma or 
paraganglioma may present these peculiarities. The pleomorphic adenoma of the 
salivary glands also belongs to this category. In the skin, a keratoacanthoma may 
resemble a squamous epidermoid carcinoma, but with benign behaviour and may 
even regress spontaneously. Other examples are pigmented tumours in the skin such 
a cellular blue nevi or Spitz nevi. Some soft tissue neoplasms display this peculiarity 
( pseudosarcomatous fasciitis).

Semimalignant tumours are neoplasms with a peculiar biology. They express lo-
cal aggressivity like malignant neoplasms and have cell atypia and mitosis, infiltrat-
ing neighbouring tissues; nevertheless, they lack metastatic capacity, even if they 
may relapse locally. Basal cell carcinoma of the skin is a good example. Derma-
tofibrosarcoma protuberans can also be included in this category, as can phyllodes 
tumours of the breast, both of which rarely metastasize.

Currently there is a tendency to consider these neoplasms as low-grade tumours 
(tumours with questionable malignancy), meaning proliferations with scant aggres-
sivity, but which may occasionally relapse or even metastasize. Examples of these 
are atypical lipomatous tumour or the angiectatic pleomorphic tumour in soft tis-
sue. They should not be confused with another category of neoplasia: borderline le-
sions, a term denoting the inability of the pathologist to define the possible clinical 
outcome of neoplasms. The number of lesions classified within the context of bor-
derline is progressively increasing, and represents a substantial grey area between 
benign and malignant processes. Examples include borderline pigmented lesions of 
the skin, or borderline lesions in mucinous and serous tumours of the ovary, as well 
as lesions present in the breast or in the prostate.

2.2.4  �Growth Rate of a Tumour

Growth rate constitutes one of the main biological features marking the distinction 
between benign and malignant tumours. Within the latter category, slow-growing 
tumours are distinguished from those that possess a rapid rate of proliferation and 
therefore a higher biologically aggressive behaviour.

The study of tumour cell kinetics has clarified the mechanisms by which a tu-
mour proliferates. This rate is also dependent on the degree of differentiation (cell 
maturation) and programmed cell death (cell loss). Thus, it would be helpful to 
know not only how many cells replicate and go into mitosis, but also how many are 
within the cell cycle by maturation or remain outside the cycle (cancer progenitor 
stem cells). In addition, the growth rate is also dependent on other factors such as 
cell doubling time or the amount of the replicative pool. Finally, tumour growth is 
balanced between the predominance of cell proliferation over cell loss. Thus, in 
tumours with a relatively high growth fraction, the disparity is large; resulting in 
more rapid growth than in tumours in which cell production exceeds cell loss by 
only a small margin.
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The number of cells in mitosis or in cell cycle provides two ways to measure 
the growth rate within a neoplasm. Histologically, both features are easily and ob-
jectively assessable. Mitotic counts have been performed for many years as the 
most reliable way to measure the proliferation activity of a given neoplasm. It is 
well known that benign tumours lack or have few mitoses, while carcinomas and 
sarcomas display high mitotic count together with abnormal mitosis, aberrant chro-
mosomes and loss of ploidy (aneuploidy). There is a good correlation between the 
mitotic cell count in a tumour and prognosis. Breast carcinoma is a good example 
of this correlation with the so called Bloom index (Nottingham index) (Elston and 
Ellis 1998). In soft tissue sarcomas, all grading systems (American system, French 
Federation system) include the mitotic count as a reliable parameter to measure the 
histological grade of malignancy.

A second method is to evaluate the number of cycling cells. Several immuno-
histochemical techniques offer reliable ways to measure their number and establish 
correlations with the mitotic count and prognosis. Today, the most popular antibody 
used in histology is Ki67 (MIB1) for assessing the proliferative rate of a tumour. 
Numerous publications confirm its value (Ueda et al. 1989; Hoos et al. 2001; Meara 
et al. 2007; Lopez-Guerrero et al. 2011).

2.2.5  �Dysplasia and Carcinoma in situ

The process of cancer promotion and progression involves a number of genetic and 
molecular events that are variably expressed with a number of structural changes 
in the phenotype of the cell and tissue (Ponten 2001). The loss of cytological and 
architectural organization is consistent with the term dysplasia (altered form) and 
can be considered a step in the transition from normal to cancer cells. The pres-
ence of dysplasia in a tissue does not necessarily mean a precancerous lesion or in 
situ cancer. Many of the dysplastic alterations may reverse or are secondary to an 
adapted cell response to a metabolic injury, inflammation, or tissue repair. Thus, 
the distinction between what represents a harmless dysplasia and a precancerous 
lesion exceeds the limits of histology and occupies an imprecise grey area. Ger-
man pathologists of the early twentieth century used to consider this the realm of 
‘Persönlich einstellung’ (personal appreciation), because at that time histological 
diagnosis was based exclusively on the experience of the expert. One of the princi-
pal advances in modern genetics and molecular biology is to have provided objec-
tivity in differentiating these types of lesion, in which histopathology has a limited 
capacity for definition.

Most lesions presenting dysplasia occur in the epithelia, either stratified or glan-
dular, and are associated with metaplasia (transformation of a tissue originating 
in a given germ layer to another of the same origin) or hyperplasia (increase in 
the number of cell layers within an epithelia, but preserving their normal pheno-
type). Hyperplasia, metaplasia, and dysplasia are biological events that merge in 
both early precancerous lesions and carcinoma in situ or invasive cancer. Examples 
of these lesions can often be seen in resected specimens of the bronchial mucosa as-
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sociated with carcinoma of the lung (Franklin et al. 2004). Similarly, the presence of 
intestinal metaplasia of the gastric mucosa is consistent with a precancerous lesion 
(Whitehead 1994), while the processes of hyperplasia-metaplasia and dysplasia 
characterize GI polyps and are also related to the successive genetic rearrangements 
that precede carcinoma (Shia et al. 2003).

In situ carcinoma occurs in numerous stratified glandular epithelial mucosa and 
in the skin. Several examples have been described that characterize this entity. The 
most frequently quoted models are uterine cervix for squamous epithelia, and the 
breast for glandular epithelia, perhaps because they are commonly occurring lesions 
of a type easily defined by cytology or histology. This form of carcinoma depends 
primarily on two components that preserve the capacity of the transformed cells to 
maintain the organization and integrity of the epithelia, namely the continuity of the 
basal membrane that isolates the epithelia from the supporting connective tissue, 
and maintenance of cell to cell attachment, owing to the activation of several cyto-
plasmic and membranous adhesion molecules. The loss of these functions leads to 
early invasion and infiltration (microinvasion).

Additionally, the tumour induces angiogenesis which provides a seminal ca-
pacity for growth, invasion, and metastasis. The tumour vessel formation mimics 
vascular embryogenesis, promoting several processes. These mechanisms are very 
complex and may occur together inside the same tumour and their surrounding 
stroma. A number of possible processes have been recognized:

•	 Neo-angiogenesis: new vessels grow by branching from pre-existing vessels 
(mainly capillaries). The process occurs through vascular sprouting or by in-
tussusceptions in which interstitial columns of tissue are incorporated into the 
lumen of newly formed or pre-existing vessels.

•	 Vasculogenesis: de novo production of vessels originating from undifferentiated 
precursors (mesenchymal pluripotential cells with angioblastic capacity) form-
ing an initial tubular network. At this stage the endothelial cells mature and inte-
grate closely with smooth muscle cells, pericytes, and the surrounding matrix.

•	 Angiogenic remodelling: the initial network is modified by pruning and vessel 
enlargement to form interconnecting branching figures, characteristic of a more 
mature vasculature.

•	 Lymphangiogenesis: the endothelial vessels proliferate, producing new lymph 
vessels, either by angiogenesis or a vasculogenesis-like mechanism, induced by 
lymphatic endothelial growth factors and their receptors.

•	 Vascular co-option: groups of avascular tumour cells co-opt with pre-existing 
host vessels and initiate as well-vascularised small tumours.

•	 Mosaic vessels: the tumour cells come in contact with a lumen, together with 
neoformed endothelial cells, producing an interface or mosaic on the surface of 
the intratumoural capillaries.

•	 Vascular mimicry: the tumour cells transform themselves into a pseudoendothe-
lium, mimicking new vessels that are incorporated into the vascular network.

•	 Capillary drop-out: regression induced in recently developed microvessels by 
anti-angiogenic drugs, such as Avastin (bevacizumab).

A. Llombart-Bosch et al.



41

2.2.6  �Metastasis

Metastasis is an especially complex process which occurs through a series of se-
quential steps in which tumour cells first migrate from the primary tumour, pen-
etrate blood vessels, circulate within the bloodstream, and after migration, finally 
colonize distant sites, reproducing the disease. Metastases are tumour implants 
discontinuous with the primary tumour. New data indicates that the mechanisms 
controlling metastasis are regulated independently of the primary tumour growth 
and are due to a sequence of events mediated by different classes of metastatic 
genes (Meyer and Hart 1998; Chiang and Massague 2008; Nguyen et al. 2009). Ap-
proximately 30% of cancer patients harbouring solid tumours present metastases at 
diagnosis, this being the most common cause of death, even if the patients respond 
transiently to conventional therapy.

The dissemination of cancers may occur through several pathways: by direct 
extension and seeding into neighbouring organs, surfaces, or body cavities, or by 
either lymphatic or haematogenous vascular spread. Transplacental tumour exten-
sion has also been reported, even though it may be very unusual. Direct implants of 
tumour cells caused by surgery may rarely occur.

The term local metastasis refers to lymphatic invasion or direct spread of tu-
mour cells into the surrounding interstitial tissue and/or space, as in the case of 
the peritoneum, pleurae, SNC liquoral ventricles, etc. In the breast, local invasion 
of the subcutaneous tissue and dermis produces a skin retraction ( peau d’orange). 
Metastasis in continuity affects mainly the natural ducts such as the bronchial tree 
for lung cancer, or urethra in carcinoma of the bladder, due to the seeding of neo-
plastic cells in proximity of the original neoplasia. Children’s medulloblastoma in 
the Central Nervous System (CNS) may extend directly into the lateral and medial 
ventricles, while high-grade glioblastoma produces massive local invasive growth, 
but does not usually metastasize outside the CNS. A particular type of local invasion 
is Paget’s disease of the nipple, in which an intraductal breast carcinoma originat-
ing in the main collector ducts of the gland progressively substitutes, as isolated or 
small cell nests, for the normal superficial stratified cutaneous epithelia.

Tumour extension into the natural cavities affecting the serosa is frequent in the 
abdominal cavity and pleura, secondary to serous or mucinous carcinoma of the 
ovary or GI tract, lung carcinoma, and malignant mesothelioma. Tumour implants 
may be microscopical in size or form large nodules ( carcinomatosis peritonei/pleu-
rae). Primary peritoneal carcinomatosis (pseudomyxoma peritonei) is almost al-
ways secondary to a mucinous carcinoma of the appendix or the ovary, while in 
the pleural spaces, the origin of focal or diffuse pleuritis carcinomatosa is mainly 
secondary to carcinomas of the lung or the breast.

Peritoneal implants caused by borderline mucinous carcinoma of the ovary are 
not necessarily cases of true metastasis, in that the tumour deposits only super-
ficially and does not invade the serosa, prognosis being favourable in this case. 
Detection of pleural or peritoneal tumour extension is, however, an indication of 
poor clinical outcome.

2  Cancer: Clinical Background and Key Challenges



42

Lymphatic nodes may be colonized by tumour cells (mainly carcinomas and 
melanomas, more rarely sarcomas), a fact that signifies the regional extension of 
the tumour. The early detection of nodal metastasis is an important aim in cancer 
assessment. Contrast radiological lymphography has been used for years to detect 
the presence of metastasis in nodes. Other imaging technologies such as Positron 
Image Tomography—PET and Computed Tomography—CT/PET, have greatly im-
proved the detection of small metastasis in nodes, since they are able to detect and 
depict with high precision areas of relatively intense metabolism as actively repli-
cating tumour cells form in their growth process. Even so, the histological study of 
the resected lymph nodes is still required for the purpose of precisely determining 
the “pathological staging” of the tumour (pTNM, see Sect.  2.2.7). Small depos-
its of tumour cells have been called ‘clandestine metastasis’ and their prognostic 
and therapeutic significance is today of high oncological value. The presence of 
isolated tumour cells, freely located in the cortical sinus of a node, has no clinical 
significance, unless the tumour increases in size to 2 mm or more, in which case it 
is considered as a positive metastasis node.

The sentinel lymph node is the node anatomically located in closest proximity 
to the cancer, and provides excellent information on the extension of the neoplasia 
into the regional territory. This is of great value in breast carcinoma, sparing unnec-
essary surgery on the residual axillary nodes while the sentinel nodes continue to 
present negative. Other tumours may benefit from this approach (melanoma, gastric 
and colon cancer, prostate). In addition, the capsular invasion by tumour cells and 
their extra nodal extension are associated with a negative prognosis. Furthermore, 
histological study of all nodes remaining after surgery offers the possibility of gain-
ing additional information about the presence or absence of metastasis, which will 
condition both therapy and clinical outcome.

2.2.7  �Tumour Staging

Several types of local, regional, and distant metastasis are characterized by tumour 
staging, which is based upon the presence or absence of any various types of tumour 
extensions together with the size of the neoplasm. Staging of the tumour is an im-
portant procedure before deciding on treatment. The widely used classification and 
staging system is the Tumour Node Metastasis (TNM). Data for the vast majority 
of solid neoplasms is integrated in the framework of the TNM system. The T, N, 
and M parameters and their combination define the stage of disease and represent 
a powerful criterion in the therapeutic decision making process. The presence of 
distant metastasis puts the tumour at the most advanced stage, irrespective of the T 
and N status.

Two versions of TNM exist: the one developed by UICC, the International Union 
Against Cancer -http://www.uicc.org—(Sobin et al. 2009) and the other by AJCC, 
the American Joint Committee on Cancer—http://www.cancerstaging.org- (Edge 
et al. 2010).
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•	 T indicates the size of the primary tumour and its behaviour towards surrounding 
structures (adjacent/in contact versus infiltrating).

•	 N represents the involvement of regional lymph nodes.
•	 M the presence of metastases (loco-regional and/or distant).

The clinical staging (producing the cTNM status and the cStage), performed at the 
moment of the initial diagnosis, depends essentially on imaging techniques (Com-
puted Tomography (CT- and PET-CT); Nuclear Magnetic Resonance (NMR), Ul-
trasound (US), radionuclide scan, etc.) and outlines, defines the presence and char-
acteristics of the local and loco-regional disease (including the T and N status), and 
the presence and characteristics of loco-regional and distant metastases. Over time, 
the process of revision of the TNM staging system is a forum of continuous discus-
sion and validation. The pathological staging (producing the pTNM status and the 
pStage), assessed if surgery is performed, is essentially based on the final patholo-
gy. The T and N statuses are unequivocally characterised by histology. The M status 
can be confirmed cytologically or histologically if metastases are simply biopsied 
or surgically removed. The M status is recorded at the time of clinical staging as 
well as pathological staging, even if a final pathology is not obtained on neoplastic 
tissue originating from the detected metastases, because of the fact that these are not 
surgically removed (in general terms, in fact there is no surgical indication for the 
removal of local and distant metastase, except in selected cases).

An unusual situation arises where a tumour has been judged to be resectable 
owing to its locally advanced stage, as opposed to a cancer judged to be inoperable 
because of distant spread. Whereas chemotherapy and/or radiation is typically ad-
ministered as ‘adjuvant’ primary treatment for unresectable tumours. In such cases, 
after primary therapy has been administered, the tumour status is re-assessed in 
what is known as “clinical re-staging” and a yTNM plus yStage is produced. This 
provides a basis for clinicians to evaluate whether the situation is better (down-
staged), the same (unchanged), or worse (progression) and to make decisions as 
to further treatment options. If surgery is indicated, a pTNM and pStage will be 
determined.

Since staging is fundamental for the choice of local, loco-regional, or systemic 
treatment, it is important to improve staging methods. In the future, by using mo-
lecular biomarkers, it will be possible to predict local and metastatic disease with 
much higher precision. It may even be possible to predict different metastatic phe-
notypes of the primary tumour, such as regional and systemic metastases. Promising 
developments of both molecular pathology/cytology and imaging, which will incor-
porate molecular biomarker research outcomes into clinical technologies, should 
soon have an important impact on clinical staging procedures.

The presence of distant metastasis is associated with vascular spread and rep-
resents Stage IV of the disease (the most advanced). Patient survival at this stage 
is generally poor, with therapy being based on a palliative approach. Haematoge-
nous spread occurs when the tumour cells irrupt into the vessel, circulate within the 
blood, adhere to the endothelia, transverse the wall vessel, and invade, colonizing 
a distant tissue. The site of the metastasis depends on the anatomical configuration 
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and the local circulatory network in the distant organ, into which the tumour grafts 
and reproduces a new growth with some similarities to the original. Here again, 
the cancer cells induce their own new vessels by secreting vascular growth factors 
(Kerbel 2008). There are two main theories postulating the mechanism for meta-
static organ distribution. The ‘mechanical theory’ maintains that the spreading of 
metastasis depends primarily on the number of vessels present in the tissue: tissues 
with dense vascularisation are better predisposed to receive metastasis. This is the 
case for the liver, lung, CNS, or bone marrow, but not in others such as the spleen. 
There is evidence for a direct relationship between venous blood drainage and the 
anatomical location of the metastasis. Basically, some neoplasms show a tendency 
to venous invasion; an example is the paravertebral plexus in the prostate or renal 
veins in kidney carcinoma. Colon cancer extends not only to the local regional 
lymph-nodes, but can also affect the liver as the most frequent first distant loca-
tion. This is also the case in gastric cancer. Nguyen et al. 2009, and others before 
them (Mehlen and Puisieux 2006), have argued for another possible mechanism to 
explain the metastatic process known as the ‘root and seed’ process. This implies 
the existence of tumour cell specificity for dissemination and organ-specific colo-
nization. The organ specificity of the metastatic cells is determined by a particular 
infiltrative and colonizing capacity, gained after its dissemination from a primary 
tumour. For a given type of cancer, these events occur within particular temporal ki-
netics and in a unique organ site. The varied latency period for metastasis occurring 
in certain tumours suggests a need for a specific tumour progression allowing the 
cells to adapt to the microenvironments of the particular organ. The acquisition of 
specific pro-metastatic functions, earlier during primary tumour promotion, might 
enable distinct cancer types to express different timings to relapse.

Mehlen and Puisieux 2006 have provided additional evidence that metastatic 
potential is associated with an increased resistance to apoptosis. They postulate the 
concepts of anoikis and amorphosis as barriers to metastasis. Anoikis should be 
considered as cell death induced by disruption of the cell attachment and interac-
tions between the cell-matrix complexes, whereas amorphosis appears to depend on 
tumour cell death stimulated by the loss of cytoskeletal architecture. Both processes 
interfere with metastatic spread.

Sanchez-Garcia 2009 in a review on ‘the crossroads of oncogenesis and metas-
tasis’ analysed two known possibilities of the metastatic cascade in cancer. In the 
classic model of human cancer progression, the metastatic process occurs in the 
advanced clinical stage. However, recent studies support a second possibility that 
could be modulated by activation of protein expression that mediates the epithelial-
to-mesenchymal transition. This would concomitantly activate both the malignant 
conversion and the metastatic dissemination occurring in early tumour stages. Ac-
cording to this model, dissemination of the initiated malignant cells could happen 
at any time during cancer promotion or progression and not only in the advanced 
stage of the disease. If this theory were accepted, cancer could be considered as a 
systemic disease from its early phase ( ab initio) and should therefore be treated as 
such. Studies of certain ovarian and breast carcinomas (Naora and Montell 2005; 
Weigelt et al. 2005) support this possibility.
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In conclusion, evidence suggests that some tumours bear a genetically controlled 
metastatic phenotype, and are prone to dissemination from the beginning of their 
growth, even where the tumour size is so small that it cannot be clinically detected 
(generalized metastasis with unknown primary). A number of metastatic genes have 
been postulated to be involved in this process. The detection of what could be a 
metastatic phenotype, using biomarkers to identify distant metastases, would aid in 
the selection of patients to be treated with targeted therapy.

2.2.8  �Cytology and Diagnosis

Clinical cytology, used in conjunction with histology, is the most reliable tool avail-
able for the microscopical diagnosis of cancer for precancerous lesions and other 
pathological conditions such as atypical reactive proliferations or inflammatory 
processes. It has also been used for hormonal checks in women and in addition 
serves to orient a rapid diagnosis of internal lesions that are radiologically detect-
able as lumps or scars. Image diagnosis is complemented with a quite simple pro-
cedure using fine-needle aspiration (FNA) of the suspected process (Arisio et al. 
1998). This is an economical and very reliable way to assess pathology diagnosis 
of cancer in neoplasms located in deep organs which are not easily accessible and 
require surgery.

The application in population-based screening programs of systematic cytology 
examinations using cervical exfoliation or endometrial aspiration has provided one 
of the more valuable methods to detect early-stage cancer or precancerous lesions. 
The pioneering work of George Papanicolau deserves honourable mention; in 1941 
he proposed exfoliation of cells of the cervix as a reliable method for the diagnosis 
of cervical cancer. This simple and quite inexpensive test has probably saved more 
women’s lives than any other diagnostic procedure in clinical practice. Cervical 
screening with the ‘Pap-test’ has continued to be an almost indispensable system 
for controlling cervical cancer and following up the response to therapy or the hor-
monal status. The application of this test has been extended to other mucosa (oral 
mucosae, gastric, bronchial tree, and urinary tract) and corporeal fluids (urine, spu-
tum, liquids in pleural or peritoneal cavities).

The FNA technology was first developed at the Radiumhemmet, the Karolinska 
Hospital in Sweden in the early 1950 by the group of cytologists and pathologists 
lead by Sixten Franzén and Jozef Zajicek and extended rapidly to the USA, becom-
ing nowadays a very popular technique in pathology laboratories all over the world. 
Nonetheless, it must be taken into account that exfoliative or FNA cytology shares 
the limitations inherent in any clinical tests: the balance between sensitivity and 
specificity. Generally, few cases of neoplasia are missed when diagnosed by an 
expert cytopathologist, which means a higher sensitivity of the technique, neverthe-
less a number of patients without neoplastic disease will need additional follow-up 
testing which means a lower specificity. The balance between sensitivity and speci-
ficity varies greatly from organ to organ, and is also dependent on the good quality 
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of the material obtained by the technical extraction procedure of the cells (scraping 
or aspiration) and on the quality of smearing cells onto the slide together with good 
fixation and staining. Quality control within cytological laboratories and training of 
personnel is a major problem in developing countries, contributing to failures that 
may discredit this kind of test.

Cytology material has been successfully used in numerous conventional and mo-
lecular techniques, such as immunohistochemistry (IHC), morphometry, electron 
microscopy and in recent years in molecular biology DNA and RNA extraction for 
blotting, PCR, or microarray gene cluster analysis.

2.3 � Technological Approaches to Morphology  
and Pathology

2.3.1  �Hematoxylin-Eosin (H&E) Staining in Histological 
Diagnosis

The rising use and value of histopathology in cancer diagnosis has for many years 
been based mainly upon a relatively simple and economical technology that has stood 
the test of time and should continue to do so in the future, provided that it remains in 
the hands of adequately trained pathologists. Microscopical observation of tumour 
slides with hematoxylin-eosin (H&E) staining offers an especially selective and sensi-
tive means of approaching cancer diagnosis. Occasionally, however, H&E staining of 
paraffin-embedded tissue sections is insufficient to confirm a diagnosis of malignan-
cy: Immunohistochemistry (IHC) staining should additionally be performed to acquire 
sufficient information for a final diagnosis. There is no problem with IHC staining of 
formalin-fixed paraffin-embedded tissue, and it does not require the extra time or ma-
jor expense of more sophisticated diagnostic procedures such as electron microscopy 
(EM) or FISH. However, in view of the fact that some special stains have specific 
requirements for uncommon tissue fixation and processing, the need for special stains 
must be anticipated to ensure that adequate tissue samples are appropriately processed, 
e.g. fixation for electron microscopy or preservation of fresh tissue for cell cultures, 
xenografting or RNA extraction. Tissue banking, not only with paraffin blocks, but 
also with fresh normal and tumour tissue, is becoming mandatory in all modern, well-
equipped laboratories. The EM procedure is quite expensive and very time consuming 
when compared to IHC, so its use is therefore restricted to specific tumour types or 
the search for a particular inclusion. In fact, a large number of laboratories have aban-
doned this diagnostic procedure, limiting it to a very few research indications.

2.3.2  �Immunohistochemistry

Immunohistochemistry (IHC) is an important ancillary tool that has provided great 
support to the diagnosis and prognosis of tumours. IHC is an old technique, still used 
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in fluorescence microscopy, deriving from the pioneering work of Albert Coons in 
1941, who labelled antibodies with fluorescein isocyanate. The data it yields must 
be considered together with other information available, such as histology, molecu-
lar findings, and clinical records. It should not constitute the sole decision criterion 
for a final diagnosis, but must be integrated into the decision-making process of the 
pathologist (Taylor and Cote 1997; Natkunam and Mason 2006).

However, transmission light microscopy offers greater advantages in evaluating 
morphology over fluorescence, because cells and tissues are more clearly recog-
nized and tumour architecture is well preserved, allowing better histological cor-
relations. This makes enzyme IHC (peroxidase, alkaline phosphatase, biotin-avidin) 
more useful for routine diagnosis. The sensitivity of fluorescence is higher, but is 
mostly limited to FISH (Fluorescence In Situ Hybridization) for procedures such 
as detection of chromosomal segments or gene probes (Jin and Lloyd 1997). The 
enzymatic procedure involves three steps in which the selected antibody is first 
bound to an unlabeled antibody and posteriorly to a second antibody having generic 
specificity for the first, and is then conjugated with biotin, providing a bridge for the 
subsequent binding of an avidin-biotin horseradish peroxidase complex that com-
pletes the immunochemical assembly. Nuclei are counterstained with hematoxylin.

Usually the antigenic determinants that are targets of the IHC stains are not total-
ly tumour-specific. Therefore, it is necessary to employ more than one antibody in 
order to elaborate sets of primary antibodies for the identification of the subtype of 
a given tumour, thereby constructing an ‘antigenic fingerprint’ that will allow final 
interpretation. On this basis a number of algorithms have been constructed to facili-
tate the classification or differential diagnosis of histologically similar neoplasms.

Several examples of these antigenic fingerprints are discussed in Sect. 2.5, re-
lated to colorectal, breast and bronchial carcinoma. Differential diagnosis of ‘small 
round cell tumours’ including lymphomas located in soft tissue or in bone, provides 
a good model of integrating histology with a panel of IHC markers in molecular 
genetically similar neoplasms.

2.3.3  �Electron Microscopy

Electron microscopy (EM) can be especially helpful when other specialized tech-
niques do not provide a definitive diagnosis. It should not be expected to be able to 
differentiate benign from malignant cells, as they may not display specific patterns 
(Dardick and Herrera 1998; Ordonez and Mackay 1998). Samples have to be pre-
pared with extreme care; small pieces of tissue are processed in a special fixative, 
embedded in epoxy resin, and thinly sectioned (0.1 mm thick), after which they are 
impregnated with osmium. This technique, by enabling a differential absorption of 
the focused electron beam traversing through the specimen, can produce an image 
that is directly observed on a fluorescent screen, stored on photographic film, or dig-
itized. The image should be evaluated by a trained electron microscopist, analysing 
specific, but previously focused images at low magnification. Study of the cell con-
figuration, membrane preservation, and intracellular content has to be progressively 
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reviewed with higher magnifications to look for specific structural organelles and 
other features; the type of malignant cell may be characterized, as well as cytoplas-
mic contents such as filaments, neurosecretory granules, secretory material, lipid 
droplets, or inclusions such as viruses located either in the cytoplasm or nucleus. All 
this information has to be comprehensively analysed, by comparing conventional 
histological slides of the tumour and the semi-thin slides coloured with Alcian blue.

2.3.4  �Tissue Microarray (TMA)

Tissue microarray (TMA) technology is based upon the concept of obtaining high-
throughput phenotyping profiles of intact tissues. The conventional investigation 
of fresh frozen/paraffin embedded tissues is too expensive and time consuming for 
analysis of hundreds and thousands of genes associated with tumours. Therefore, 
TMA is based on the idea of miniaturization and a high-throughput rapid and cost 
effective approach to the validation of molecular targets in a large number of tissue 
specimens at DNA, RNA, or mainly protein level with IHC (Shergill et al. 2004).

Donor blocks must be at least 1 mm thick, but an optimal thickness of 3–4 mm 
is recommended for better results. Recipient array blocks are prepared by pouring 
paraffin into moulds of about 5–10 mm thickness. The block surface is made flat 
and parallel to the underside of the plastic cassette by trimming off in a microtome. 
The TMA technique has the advantage of permitting rapid analysis of genomic al-
terations in a large number of specimens, and of achieving an unprecedented level 
of standardization with minimal destruction of original tissue blocks. A uniform 
staining quality is also achieved with internal positive and negative controls, and 
efficiency is high, saving reagents, time, and money.

Nevertheless, the technique presents a number of limitations, such as possible 
loss on the glass slide of samples floated off during sectioning or unmasking proce-
dure, and the tendency of shallower samples to be used up more quickly. On some 
occasions inadequate tumour tissue is present in the sample, which may therefore 
fail to be representative of the entire lesion, owing to the tumour heterogeneity 
(cells may be intermingled with areas of stroma and necrosis). Even so, several 
studies have confirmed that two cores from each tumour give 95% accuracy (Kal-
lioniemi et al. 2001).

The applications of TMA are numerous. Some of the possibilities include routine 
protocols for IHC, in situ RNA hybridization, or interphase FISH. Another possible 
application is the analysis for prevalence of genetic alteration in one or more tumour 
samples lacking clinicopathological information. In addition, TMA can be used to 
analyse molecular markers in relation to various stages of the tumour, or for prog-
nosis studies linking molecular findings and clinical outcome.

The TMA technique, as distinct from gene microarrays, covers many samples 
for one antibody or in situ hybridization product, whereas with gene microarrays, 
one tissue sample analyses several probes delivering a gene expression profile of 
amplifications/deletions.
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Frozen tumour TMA technology (Schoenberg Fejzo and Slamon 2001) for the 
analysis of tumour RNA, DNA, and proteins may be useful in some circumstances. 
It is known that paraffin embedding incurs a problem of fixation, which could par-
tially mask some antigenic targets. This can introduce chemical modification of 
RNA, resulting in less optimal conditions for in situ analysis of DNA, RNA, or 
proteins. Frozen TMA for IHC and in situ RNA hybridization with FISH have been 
developed to overcome the fixation problem.

A matter of debate is whether TMA automation is necessary for routine pathol-
ogy. There are arguments in favour of automatic screening, since a pathologist may 
need to review up to 1000 samples in 1–2 h. An argument against automation is that 
the procedure is based on signal intensity/spot and lack of distinction between dif-
ferent cell types, such as epithelial and stromal. Automation may also underestimate 
staining in samples with few cancer cells.

Bioinformatics-type analyses in TMA ‘virtual cores’ with software tools have 
been developed for archival IHC data in TMA (Liu et al. 2002). Analysis and stor-
age of the large amount of data generated by the staining results is accomplished by 
recording directly into Microsoft Excel work sheets. Data is subsequently reorgan-
ised by a program (‘TMA -DECONVOLUTER’) into a format suitable for hierar-
chical cluster analysis. The immunoprofile of a case can be retrieved and reviewed 
by using the ‘STAINFINDER’ software. Digital images are available at <http://
genome- http://www.stanford.edu/TMA/explore.shtml>.

The National Human Genome Research Institute (NHGRI) and National Cancer 
Institute (NCI) have created the Tissue Array Research Program (TARP) (http://ccr.
cancer.gov/tech_initiatives/tarp/) of the National Cancer Institute (NCI) with the 
goal of promoting TMA research and development and providing assistance in ar-
raying unique tissue materials such as those collected from clinical trials. The TARP 
programme also provides training and arranges workshops and protocols concern-
ing the TMA technology.

2.4 � Treatments

In Western countries about half of cancer patients have advanced cancer at the time 
of diagnosis, with either advanced visible tumours or concurrent micrometastases. 
It therefore follows logically that treatment is mostly multimodal in nature, involv-
ing combinations of surgery, radiation therapy, and medical treatment. For example, 
in a Swedish investigation 84% of those patients treated by radiation therapy were 
also treated with surgery and/or antitumour agents (Ringborg et al. 2003). Multi-
disciplinarity, as reflected by diagnostic activities, is essential, as well as psychoso-
cial oncology, rehabilitation, high-quality supportive and palliative care. The cure 
rate of patients in European cancer registries was 21–47% in men and 38–59% in 
women (Francisci et al. 2009). In general, about 1/3 of patients are cured by surgery 
alone. The addition of radiation therapy increases the cure rate to about 50%, while 
further medical treatment increases the cure rate to about 60% in countries with 
well-developed cancer care. These, of course, are approximate.
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2.4.1  �Surgical Treatment

The main aim of surgical treatment is to remove the primary tumour and loco-
regional metastases. Over the years a number of surgical methods have been tested, 
all too often with mutilation as a consequence. During the last decades, however, 
our enhanced understanding of the biology underlying the various cancer types 
has resulted in a reduction of the invasiveness of surgical interventions (the “organ 
sparing” philosophy). Malignant melanoma is a good example of this trend, as the 
availability of better parameters for predicting recurrent disease has considerably 
reduced the size of resection margins (Cohn-Cedermark et al. 2000; Balch et al. 
2003). Similarly, combining surgery with radiation therapy in breast cancer has en-
abled strategies to be changed from mastectomies to breast-conserving treatments. 
The outcome is the same, but the quality of life of the patients is improved (Clarke 
et al. 2005). For other tumour types like rectal cancer, improved surgical techniques 
and combined chemo-radiation plus surgery approaches have reduced the local re-
currence rate and the need for extensive demolitive surgery (Simunovic et al. 2009). 
The same is true in head and neck cancer, where combined chemo-radiation therapy 
has replaced extensive surgery (Lango 2009).

2.4.2  �Radiation Therapy

Innovations in radiation physics have significantly improved the quality of radiation 
therapy (Levitt et al. 2006, 2008; Verellen et al. 2007). Modern imaging technolo-
gies now permit the volume of the tumour to be defined and delineated in a more 
precise way that facilitates image-guided radiotherapy. The availability of high-
energy, well-collimated radiation facilities, together with effective dose planning, 
makes it possible to save more normal tissue, while at the same time increasing the 
dose delivered to the tumour. Moreover, with intensity-modulated radiation therapy, 
the dose can be shaped to fit almost any irregular tumour mass in the body. Methods 
have also been developed for breathing-synchronized irradiation.

Stereotactic radiation therapy (radiosurgery) can effectively kill primary tu-
mours and metastases and can, for selected patients, replace surgery (Baumann 
et al. 2009). Some cancer centres are currently evaluating treatments with light ions 
having different radiobiological effects as compared to x-ray photons, the source of 
energy most widely used (Jakel et al. 2008).

The main role of radiation therapy is to eliminate loco-regional tumour disease. 
This is done by irradiating the total tissue volume around the primary tumour as well 
as the anatomical region where in-transit and lymph-node metastases may grow. To-
tal systems irradiation may be indicated in cases of sensitive disseminated disease. 
Radiation therapy also has an important role to play in the palliative treatment of pa-
tients. Prediction of regional metastases, in- transit, and/or lymph-node metastases is 
particularly important when they are microscopic. If these can be detected using bio-
markers, molecular imaging may be used to determine the target volume for radiation.
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An important area of research is the investigation of molecular mechanisms un-
derlying sensitivity and resistance to radiation therapy, since this has a bearing both 
for tumours and normal tissues. The optimal dose and optimal fractionation of the 
radiation are crucial questions. Here a number of radiobiological factors, includ-
ing molecular factors linked to DNA damage response, are of strategic importance 
(Sarkaria and Bristow 2008). Understanding the molecular radiobiology of ionizing 
radiation is expected to lead to new prediction methods regarding radiosensitivity 
and resistance. Currently, there is a trend to combine radiation therapy with antitu-
mour agents, with the aim of increasing the combined effect.

2.4.3  �Systemic Treatment

Medical treatment of malignancies is the youngest of the treatment modalities cur-
rently available. Even if surgery and radiation therapy jointly cure the majority of 
potentially curable patients, medical treatment is effective in several forms of the 
disease. Its role has increased considerably over time, as the main challenge is to 
solve the problem posed by disseminated disease, which currently have different 
levels of response to treatment (Table 2.1). A large number of antitumoural agents 
are in clinical use, with different modes of action (for a review, see Chabner and 
Longo 2006). Examples of cytostatic/cytotoxic agents are presented in Table 2.2.

2  Cancer: Clinical Background and Key Challenges

Treatment may cure
Acute leukaemia, above all in children
Choriocarcinoma
Malignant lymphoma
Testicular carcinoma
Wilm’s tumour

Treatment may prolong survival and be of palliative value
Breast cancer
Colorectal cancer
Chronic leukaemia
Myeloma
Ovarian carcinoma
Sarcoma
Small-cell lung cancer
Urinary bladder cancer
Cancer of corpus uteri

Treatment has modest effects
Gastrointestinal (except colorectal) cancer
Malignant glioma
Malignant melanoma
Prostate cancer

Table 2.1   Effects of cyto-
static/cytotoxic treatment



52

2.4.3.1 � Cytostatic/Cytotoxic Agents

Alkylating agents bind preferentially to the N7-position of guanine in DNA and 
are effective in the resting phase of the cell cycle. Some are monofunctional al-
kylating agents, but the majority of the agents are bifunctional and form intra- and 
interstrand crosslinks in DNA. There are two main groups of alkylating agents. 
Nitrogen mustard gas derivatives, which include melphalan, chlorambucil, cyclo-
phosphamide, and ifosfamide, are the most frequently used agents and are clinical-
ly active in the treatment of both haematological malignancies and solid tumours. 
The other group includes the nitrosureas which are represented by the lipid soluble 
chloroethylnitrosourea compounds carmustine (BCNU), lomustine (CCNU), and 
methyl-CCNU. Following intracellular degradation, the active part of the chloro-
ethylnitrosourea binds to the O6-position of guanine before crosslinking the DNA. 
The O6 of guanine is the target for the DNA repair protein O6 –methylguanine-
DNA methyltransferase, which can modify the cytotoxic effect of chloroethyl-
nitrosoureas (Bobola et  al. 2005; Hansen et  al. 2007). Antitumour effects are 

Alkylating agents and platinum 
compounds

Topoisomeras inhibitors

Busulfan Amsacrine
Cisplatin Daunomycin
Carboplatin Doxorubicin
Cyclophosfamide Epirubicin
Chlorambucil Etoposide
Dacarbazine Idarubicin
Ifosfamide Irinotecan
Lomustine Mitoxantron
Melphalan Topotecan
Oxaliplatin
Temozolomide

Antimetabolites Mitotic inhibitors
Azatioprine Docetaxel
Capecitabine Estramustin
Chlorodeoxyadenosine Paclitaxel
Cytarabine Vinblastine
Fludarabine Vincristine
Gemcitabine Vinorelbine
Mercaptopurine
Methotrexate
Thioguanine

Other drugs
Bleomycin
Actinomycin D
Mitomycin C

Table 2.2   Examples of 
cytostatic/cytotoxic drugs  
in clinical use
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observed in several types of malignancies such as lymphomas, small-cell lung 
cancer, melanoma, and brain tumours. Streptozotocin and chlorozotocin are vari-
ants of nitrosureas; they are monofunctional alkylating agents that are active in 
the treatment of endocrine pancreatic cancer. Busulfan, an alkyl alkan sulfonate, 
causes bifunctional DNA crosslinks and its antitumour activity has been shown in 
CML (chronic myelogeneous leukaemia). Procarbazine, a monofunctional akylat-
ing agent, is used in combination chemotherapy for malignant lymphoma, while 
dacarbazine (DTIC) is active in malignant melanoma. Temozolomide has a similar 
mode of action and has shown positive clinical effects in brain tumours and ma-
lignant melanoma.

Platinum compounds react with DNA, noting that the most frequent DNA le-
sions are intrastrand crosslinks. Cisplatin is active in several types of solid tumours, 
particularly in testicular carcinoma. Combination of chemotherapy with cisplatin 
cures 70% of patients with disseminated testicular cancer (Ehrlich et al. 2010). Car-
boplatin, a second-generation platinum agent, has similar antitumour effects, while 
oxaliplatin is a more complex molecule active in the treatment of colorectal cancer.

Topoisomerase inhibitors interfere with the rejoining of DNA strands after topoi-
somerase action (topoisomerase I and II). Antitumour antibiotics like the anthra-
cyclines daunorubin and doxorubicin are specific for the action of topoisomerase 
II. Daunorobicin has a role in treatment of leukaemias, while doxorubicin is active 
in the treatment of several solid tumours. Epirubicin is a derivative of the anthra-
cycline molecule with less cardiac toxicity as compared to doxorubicin. Idarubi-
cin is another anthracycline with activity in CML. Etoposide and teniposide are 
podophyllotoxin derivatives that interact with topoisomerase II. Etoposide has a 
role in the treatment of lung cancer, leukaemia, lymphomas, and testicular carci-
noma. Derivatives of camptotecin, such as topotecan and irinotecan, are inhibitors 
of topoisomerase I that have antitumour effects for several solid tumours. Mitoxan-
trone is used in the treatment of breast cancer and haematologic malignancies and 
amsacrine in the treatment of acute leukaemia.

Antimetabolites are substances that simulate normal precursors of DNA and 
RNA and are cell-cycle specific. Methotrexate is a folic acid analogue that inhibits 
dihydrofolate reductase. It is active in treatment of leukaemias and lymphomas, 
but also in the treatment of several solid tumours. Mercaptopurine, thioguanine, 
and azathioprine (Imuran, an immuno-suppressant), are purine analogues which are 
phosphorylated to triphosphates with inhibitory effect on DNA synthesis. They are 
used in the treatment of haematologic diseases. The purine nucleoside analogues 
chlorodeoxyadenosine and fludarabine are mainly active in myeloproliferative dis-
eases. Cytarabine is a pyrimidine analogue active in treatment of leukaemia. 5-Fluo-
rouracil is a fluoropyrimidine with antitumour activity in treatment of colorectal and 
breast cancer. Capecitabine is a pro-drug which is metabolized to 5-fluorouracil in 
the tumour. Gemcitabine, a cytidine analogue, inhibits ribonucleotide reductase and 
can also be incorporated into DNA. Gemcitabine is active in the treatment of several 
solid tumours, such as pancreatic, non-small-cell lung, and head-neck cancer.

Mitotic inhibitors are represented by vinca alkaloids (vinblastine, vincristine, 
vindesine, and vinorelbine), compounds that act by binding to tubulin. Neurotox-
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icity is a common side-effect particularly after treatment with vincristine, which 
is active in leukaemia, lymphoma, and testicular carcinoma. Vinblastine has 
fewer neurotoxic side-effects and is used in combination therapy for testicular 
and ovarian carcinoma as well as lymphoma. Vindesine is used in the treatment 
of ALL (acute lymphatic leukaemia) in children, malignant melanoma, and squa-
mous cell carcinoma. Vinorelbin is used in non-small-cell lung and breast cancer 
and has limited toxicity to normal tissues. Taxanes (paclitaxel and docetaxel) are 
mitotic inhibitors that interfere with microtubule function. Anticancer activity 
has been demonstrated for non-small-cell, ovarian, and breast cancer. Estramus-
tine, composed of estradiol and non-nitrogen mustard, is cytotoxic mainly by 
binding to tubulin and is used in the treatment of hormone refractory prostate 
cancer.

Bleomycin is a mixture of glycopeptides. Its cytotoxic effects are most probably 
caused by strand brakes in DNA. Bleomycin is used in the treatment of malignant 
lymphoma, testicular cancer, and squamous cell carcinoma of the head and neck 
and in combination with radiation therapy for penis and anal cancer. Actinomycin 
D, an inhibitor of RNA synthesis, is active in colon carcinoma, Wilm’s tumour, neu-
roblastoma, embryonic rhabdomyosarcoma, and Ewing sarcoma. Mitomycin D is a 
DNA crosslinker with antitumour effect in several solid tumours.

2.4.3.2 � Endocrine Treatment

A special area of medical oncology is endocrine treatment of malignant tumours, as 
several tumour diseases are dependent on both steroid and peptide hormones. Most 
endocrine therapies aim at decreasing the stimulating effects of steroid hormones 
in malignant cells. Examples are anti-oestrogen and aromatase inhibition of breast 
cancer (Dowsett et  al. 2010) and LHRH agonists for treatment of cancer of the 
breast (Sharma et al. 2008) and prostate (Albertsen 2009). Glycocorticoids may be 
effective in the treatment of lymphomas, and gestagenes in the treatment of breast 
cancer and corpus carcinoma. Tyrosine is used for treatment of thyroid carcinoma 
with the aim of decreasing the stimulatory effect of thyreotropin on the disease.

2.4.3.3 � Targeted Treatment

During recent decades, targeted therapies have been developed on the basis of en-
hanced knowledge of the molecular mechanisms underlying cancer (Chabner and 
Longo 2006; Baselga 2006; Baselga and Swain 2009; Yamanaka and Saya 2009, 
and references therein). The main molecular targets used to develop anticancer 
drugs are cell surface receptors, signal transduction pathways, gene transcription 
targets, ubiquitin-proteasome/heat shock proteins, and tumour microenvironment 
constituents (Fig. 2.1). Examples of targeted drugs are given in Tables 2.3 and 2.4 
and Fig.  2.1. Currently, there are widespread efforts to identify new targets and 
develop new compounds, and it is expected that about 10 new antitumoural agents 
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will be registered per year in the near future. Estimates indicate that there are 800–
1000 new compounds in the pipeline for anticancer drug development.

Today, most of the targeted therapies are aimed at growth factor signalling path-
ways and tyrosine-kinase receptors. The main group of trans-membrane tyrosine ki-
nase receptors correspond to the Erbb family that includes EGFR (epidermal growth 
factor receptor, HER1), ERBB2 (HER2), ERBB3 (HER3) and ERBB4 (HER4). 
The receptors have an extra-cellular domain which is a target for the ligand, a trans-
membrane segment, and an intracellular tyrosine kinase domain. Binding of the 
ligand to the receptor causes its dimerization and this in turn leads to receptor au-
tophosphorylation and to pathway activation and a cascade of downstream events. 

2  Cancer: Clinical Background and Key Challenges

Fig. 2.1   Molecular targeted therapy for glioma. A representation of signalling pathways and 
therapeutic molecular targets in glioma cells. ECM = extracellular matrix; EGF = epidermal 
growth factor; ERK = extracellular regulated kinase; FGF = fibroblast growth factor; GDP = gua-
nosine diphosphate; Grb2 = growth factor receptor-bound protein; GTP = guanosine triphosphate; 
HDAC = histone deacetylase; IGF = insulin-like growth factor; MEK = mitogen-activated protein 
extracellular regulated kinase; MMP = metalloproteinase; mTOR = mammalian target of rapamy-
cin; PDGF = platelet-derived growth factor; PI3K = phosphatidylinositide-3-kinase; PIP2 = phos-
phatidylinositol (4,5) biphosphate; PIP3 = phophatidylinositol (3,4,5) triphosphate; PKC = protein 
kinase C; PTEN = phophatase and tensin homolog; RTK = receptor tyrosin kinase; Shc = Src homol-
ogy 2 domain containing transforming protein; SOS = son of sevenless homolog; Src = Schmidt-
Ruppin A2 viral oncogene homolog; TGF = transforming growth factor; VEGF = vascular 
endothelial growth factor. From Yamanaka and Saya (2009)
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In many malignancies, overexpression and mutations of receptor tyrosine kinases 
cause pathologic molecular signalling which leads to uncontrolled cell proliferation 
and invasion. So far, drugs interfering with EGFR and HER2 have shown the most 
significant clinical effects. Targeting aberrant tyrosine kinase activities has opened 
new possibilities for therapies having more specific antitumour activity, and also 
fewer side-effects.

Imatinib, a small molecule inhibitor that binds to the site of tyrosine kinase activ-
ity, is a potent BCR-ABL inhibitor and the standard of care for first-line treatment of 
chronic myeloic leukaemia (CML) (Druker et al. 2001; O’Brien et al. 2003; Bacca-
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Target Clinical effects in
Imatinib BCR-ABL CML

c-Kit GIST
PDGFRA Chronic myelomonocytic 

leukaemia
Gefinitib EGFR Small-cell lung cancer
Erlotinib EGFR Non-small-cell lung cancer

Pancreatic cancer
Sunitinib VEGFR GIST

PDGFR Renal cell carcinoma
c-Kit

Sorafenib VEGFR Liver carcinoma
PDGFR Renal cell carcinoma

Dasatinib SRC-ABL CML
ALL

Lapatinib EGFR Breast cancer
HER2

Nilotinib BCR-ABL CML
Temsirolimus mTOR Renal cell carcinoma

Mantle cell lymphoma

Table 2.3   Examples of pro-
tein kinase inhibitors

Target Clinical effects in
Rituximab CD20 Follicular non-Hodgkin’s 

lymphoma
B-cell lymphoma
CLL

Trastuzumab HER2 Breast cancer
Alemtuzumab CD52 CLL

Sézary’s syndrome
Cutaneous T-cell lymphoma

Cetuximab EGFR Colorectal cancer
Head-neck carcinoma

Bevacizumab VEGF Colorectal cancer
Breast cancer
Non-small-cell lung cancer

Panitumumab EGFR Colorectal cancer

Table 2.4   Examples of 
monoclonal antibodies



57

rani et al. 2009). Imatinib also blocks other tyrosine kinases like c-Kit and PDGF re-
ceptors which are aberrantly expressed in GISTs (gastrointestinal stromal tumours) 
(van Oosterom et al. 2001; Heinrich et al. 2003; Heinrich and Corless 2004). Owing 
to other PDGF alterations, the antitumour activity of imatinib has also been demon-
strated for chronic myelomonocytic leukaemia (Baselga and Arribas 2004).

Trastuzumab is a monoclonal antibody that binds to the extra cellular domain of 
HER2. Amplification of the HER2 gene occurs in about 25% of invasive primary 
breast cancers (Slamon et al. 1987).Treatment of HER2-positive early breast can-
cer patients with trastuzumab has shown significant reduction of recurrent disease 
(Baselga 2006; Smith et al. 2007).

Cetuximab is an anti-EGFR monoclonal antibody with clinical effect in colorec-
tal and head and neck cancer. Gefinitib and erlotinib are small molecules that inhibit 
the tyrosine kinases associated with EGFR, effective against lung and pancreatic 
cancer. Dasatinib, a second generation of small molecules targeting tyrosine ki-
nases, is clinically active in patients with imatinib-resistant CML. Sunitinib, which 
targets different tyrosine kinases associated with EGFR, PDGFR, and c-Kit, has 
been shown to have anti tumour activity in imatinib resistant GISTs and renal cell 
carcinoma. Lapatinib, on the other hand, is a second generation of tyrosine kinase 
inhibitors associated with EGFR and HER2 that exhibits antitumoural effect in 
trastuzumab-resistant breast cancer. Sorafinib targets VEGFR and PDGF and is ef-
fective for the treatment of liver cancer and renal cell carcinoma. Bortezomib is a 
proteasome inhibitor which is used in the treatment of multiple myeloma. Retux-
imab binds to CD20 with antitumour activity on follicular non-Hodgkin’s lympho-
ma, diffuse large-cell B-cell lymphoma, and CLL (chronic lymphatic leukaemia). 
Alemtuzumab is another antibody that targets CD52 with clinical effects in treat-
ment of CLL, Sézary’s syndrome, and cutaneous T-cell lymphoma. Bevacizumab 
targets VEGF and interferes with the angiogenesis regulatory process. The antibody 
has been shown to have clinical effect for the treatment of colorectal carcinoma.

2.4.3.4 � Other Treatment Modalities

Biological treatment includes a group of agents with natural functions in the body. 
Some of them have antitumour characteristics, as is the case for interferons and in-
terleukins. Throughout the years, different types of immunotherapies have been ex-
plored, based on antibodies and cellular immunity (for a review, see Chabner and 
Longo 2006). From the increased knowledge about molecular defects causing tumour 
development, different possibilities to correct these defects have been identified in 
experimental systems, but so far gene therapy remains an experimental approach.

2.4.3.5 � Drug Resistance

Drug resistance is becoming an increasingly important clinical problem. Some 
tumours like melanoma, renal cell carcinoma, and non small-cell lung cancer are 
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often primarily resistant, while others like myeloma and breast cancer may recur 
after a remission. Recurrent disease may depend on the heterogeneity of the tu-
mour cell population with a minority of resistant cells surviving the primary treat-
ment. Several types of resistance mechanisms have been described. Some anti-
tumour agents are dependent on active transport through the cell membrane, and 
decreased uptake of the drug may lead to resistance. One special resistance mecha-
nism is linked to the action of the 170 kDa membrane protein from the MDR-1 
(multidrug resistance) gene which acts to transport molecules outside the cell, 
some cytostatics included (Marie et al. 1991). To be active, a number of anticancer 
agents require metabolization by specific enzymes. On the other hand, cytostatics 
may be inactivated by glutathione conjugation. Thus, changes in activation as well 
as inactivation may lead to drug resistance. Genetic instability of tumour cells may 
represent one of the main causes of acquired resistance. Gene amplification and 
mutations may cause alterations in the amount of target molecules, or cause quali-
tative changes of these molecules with decreased efficacy of the anticancer agent. 
Drugs causing DNA damage will be more or less effective depending upon DNA 
repair mechanisms. Examples are activities of 06-methylguanine-DNA-methyl-
transferase and nucleotide excision repair. Several antitumour agents induce apop-
tosis, and changes in apoptosis-regulating molecules may simultaneously confer 
drug resistance. This can be seen as a system-level phenomenon (see Chap. 12 
and 17).

2.4.3.6 � Side-Effects

An important aspect of treatment with anticancer agents is side-effects. Acute side-
effects like nausea, vomiting, and fatigue occur frequently. Depending on their 
mode of action, different anticancer agents cause organ related side-effects. A large 
number of anticancer agents produce alopecia, and neurotoxicity is common fol-
lowing treatment with vincristine and cisplatinum. A majority of antitumour agents 
cause bone marrow toxicity, and gastrointestinal side-effects are common after 
treatment with antimetabolites. Anthracyclines can induce specific cardiotoxic-
ity. Cisplatinum and methotrexate (Ledertrexate, an antineoplastic antimetabolite 
with immunosuppressant properties) are examples of drugs causing nefrotoxicity. 
A long-term side-effect may be secondary tumours caused mainly by alkylating 
agents.

2.4.4  �Treatment Strategies

Combining antitumour agents with different modes of action has been successful in 
the treatment of lymphomas and leukaemias (DeVita et al. 2008), with strong posi-
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tive effects being demonstrated in paediatric oncology (Pinkerton et al. 2007; Trigg 
et al. 2008). With some exceptions, e.g. in testicular carcinoma (Ehrlich et al. 2010), 
treatment of solid tumours poses a more difficult problem. An important concept is 
applying adjuvant systemic treatment at an early stage of the metastatic disease. For 
example, it has been shown that for breast cancer, being subject to most oncologic 
activities, adjuvant systemic treatment after primary surgery and radiation therapy 
in high-risk individuals, significantly improves survival (Clarke et al. 2005, 2008; 
Cuppone et al. 2008; Madarnas et al. 2008). For treatment of patients with solid tu-
mours, the general trend is towards systemic treatment after primary surgery/radia-
tion therapy for high-risk individuals, regarding the presence of micro-metastases. 
Another application of chemotherapy for solid tumours is in preoperative treatment 
in order to reduce the tumour volume before surgery and to treat potential metastatic 
disease as early as possible.

There are a large number of anticancer agents with positive clinical effects 
on only a fraction of patients and often for only a limited time. To improve cure 
rates, treatments tailored to the individual patient are required, taking into ac-
count the specific phenotypic and molecular characteristics of the tumour and 
the patient. This includes treatment of the cancers at an early stage. Early detec-
tion should therefore include prediction or detection of micrometastatic disease. 
Systemic treatment is indicated in such cases, as it will increase the probability 
of cure.

Personalized cancer medicine has as its goal delivery of ‘the right treatment to 
the right patient at the earliest possible time’. The time is now ripe to identify and 
validate prognostic biomarkers anticipating the risk that the patient will develop 
progressive disease and predictive biomarkers that point to the likely response 
of the tumour to a particular intervention as well as side-effects. There are three 
steps to biomarker discovery: identification, retrospective validation in archival 
material, and prospective validation in clinical trials. For this purpose we need 
molecular pathway-driven and adaptive clinical trials, before the potential ben-
efit of predictive biomarkers used for stratification of patients will be evaluated 
in randomized clinical trials. Since one expects a high correlation between the 
biomarker profile and the response to a particular treatment, this approach re-
quires trials with only a small number of patients in a specific treatment area. This 
strategy, along with the implementation of systems biology and systems medicine 
approaches, will likely help in solving the dilemma of the present approach of 
evidence-based cancer medicine, where large numbers of patients are needed for 
time-consuming trials which involve identifying small differences between treat-
ment groups. This should lead to a much faster development and implementation 
of new therapies. Molecular pathology/cytology will be fundamental in predicting 
prognosis and treatment outcomes. The development of imaging technologies, al-
ready spectacular, will benefit in the future from molecular pathology discoveries, 
making the biological analyses of tumours possible with fewer surgical interven-
tion (Fass 2008).
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2.5 � Major Cancers, Diagnosis, Disease-specific 
Supplementary Classifications, and Treatment 
Implications

In light of the evidence discussed so far we will now discuss the features and treat-
ment of some of the ‘big killers’ at a level of detail that illustrates the complexity 
which needs to be ultimately addressed by systems approaches in conjunction with 
existing classification methods, to produce improved outcomes for patients.

2.5.1  �Colorectal Cancer

Colon and rectal cancer (CRC) is a major cause of death in Western countries and 
the incidence is increasing rapidly worldwide due to the adoption of Western life-
styles and increased ageing of the population. About 1 out of 20 people will be af-
fected by this disease, and in the European Community alone around 200,000 new 
cases per year are diagnosed. Nevertheless, in recent years, understanding of the 
initiation and progression of the adenoma-to-carcinoma sequence, and the genes 
involved in these processes, has increased enormously, opening up new preventive 
and therapeutic approaches. Survival has increased thanks to better surgical treat-
ments, especially for rectal carcinoma, with a reduction in local recurrences, and 
to new targeted therapies with monoclonal antibodies, together with neoadjuvant 
radiotherapy and improved conventional chemotherapy.

In all these steps, accurate pathological reporting of the specimens plays an in-
creasing role in two situations: the diagnostic and the post-surgical phases (Bos-
man 1995). The role of histopathology consists both in confirming the presence of 
clinically suspected intestinal adenoma or atypical adenoma to in situ or invasive 
carcinoma sequence, and is furnishing a precise description of the surgically re-
sected specimen, including the resection margins and the nodes. This double role 
will influence the therapeutic approach and clinical management, and predict the 
survival of the patient.

The modified, original Duke’s prognostic classification (Hutter and Sobin 1986; 
Whitehead 1994; Fenoglio-Preiser et al. 1999) is based upon pathological examina-
tion of the surgically resected specimen and the assessment of the tumour extension 
in the depth of the intestinal wall affecting or not the neighbouring tissues together 
with nodal invasion or the presence of distal metastasis. This classification has been 
further improved with the addition of TNM staging (Edge et al. 2010). T describes 
the size of the tumour and whether it has invaded nearby tissue, N describes region-
al lymph nodes that are involved, M describes distant metastasis (spread of cancer 
from one body part to another).

Duke’s classification is based upon the depth of tumour invasion:

A:	� limited to the mucosa;
B1: � limited to the muscularis propria, but with negative nodes;
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B2:	� penetrates the muscularis propria, with negative nodes;
C1:	� limited to wall, but with positive nodes;
C2:	� extends through the wall and nodes are positive;
D:	� any grade, but with the presence of distal metastases.

Colorectal cancer–TNM classification (Sobin et al. 2009) includes four stages:

Stage I:	� Tumour invades muscularis propria, but has not spread to nearby lymph 
nodes.

Stage II:	� Tumour spreads into the subserosa and/or perirectal tissues with up to 
three regional lymph nodes, or directly invades adjacent tissues without 
lymph node involvement.

Stage III:	� Any depth of tumour invasion, with four or more positive lymph nodes, 
but without distant metastases.

Stage IV:	� Any depth of tumour involvement, any number of involved lymph 
nodes, with distant metastases.

Staging at diagnosis has been recognized as the most powerful indicator of clini-
cal outcomes (e.g. survival rates) in patients with colorectal malignancies, which 
varies from 3% to 100%, depending upon the grade and stage of the tumour. An 
especially important aspect of staging is the determination of the N status. The 
introduction of sentinel-node detection has proved to be of value, similar to that in 
breast carcinoma. In the majority of patients, the sentinel node procedure is suc-
cessful, and almost one-quarter of the clinically suspected node-negative patients 
have microscopic disease, which has profound implications for the outcome of the 
disease. However, approximately one-third of node-negative patients have recurrent 
disease. Another important parameter affecting prognosis and guidelines is accurate 
pathological staging after neoadjuvant radio- and chemotherapy prior to surgery. An 
added problem is the morphological prediction of response to therapy, but several 
approaches have been proposed with promising results (Dworak et al. 1997; Saad 
et al. 2006).

Histological typing of the tumour follows the accepted international histologi-
cal classification of CRC proposed by the WHO (Hamilton and Aaltonen 2000). 
Adenocarcinoma is the basic epithelial neoplasm displaying several histological 
varieties (mucinous-colloid, signet-ring cell, medullary, small-cell, squamous cell, 
adenosquamous, and undifferentiated). Several grading systems have been pro-
posed, but a common accepted standard is lacking. The College of American Pa-
thologists proposed a system based upon the proportion of gland formation, with an 
average of more than, or less than 50%, and also 0%, thus distinguishing between 
well-differentiated and undifferentiated adenocarcinoma. The proportion of glands 
present in the tumour allows a diagnosis of well/moderate, low grade (grades 1 and 
2) to poorly/undifferentiated, high grade carcinomas (grades 3 and 4). Some types 
are directly categorized as high grade: signet ring, small-cell, and undifferentiated 
carcinomas, while medullary carcinoma has a better prognosis. Neuroendocrine 
carcinomas, which may present a small-cell pattern or be undifferentiated with large 
cells, display a worse prognosis. The presence of isolated neuroendocrine cells in 
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a conventional adenocarcinoma does not, however, imply an adverse prognosis. In 
fact, patients with the worse prognosis tend to be at a more advanced stage of the 
disease, according to pTNM classification and pStage.

In colo-rectal cancer, completeness of the mesorectum removal during surgery 
allows a good assessment of the adequacy of excision and the regularity of the 
circumferential resection margin, while the evaluation of mesorectal complete-
ness provides significant information on the prognosis. Patients with an incom-
plete mesorectum have a higher risk of recurrence and the circumferential margin 
involvement is one of the most powerful predictors of local recurrence. Although 
there has been discussion about the definition of positive margins, Nagtegaal and 
van Krieken (2002) have shown that in order to predict local recurrence, margins 
smaller than or equal to 2 mm should be regarded as involving an increased risk of 
local recurrence, while margins of 1 mm or less are predictive of an increased risk 
of developing distant metastases and therefore of shorter survival times.

A decisive factor in prognosis is the presence of nodal metastases at the time of 
surgical treatment. The TNM guidelines recommend examining at least 12 lymph 
nodes; they must be tumour-free before a case can be classified as N0. In daily 
practice this number is hard to attain, and the number may vary from one patient to 
another; in elderly patients retrieved lymph-nodes are less numerous. In addition, 
pre-operative neoadjuvant treatment (normally chemo-radiotherapy) influences the 
number and status of lymph nodes that are resected and examined. Detailed macro-
scopical examination of the resected specimen is an important element in determin-
ing the number of lymph nodes as well; there are in fact considerable differences in 
the numbers of lymph nodes retrieved by different pathologists in different institu-
tions or even within the same laboratory (Ingoldsby and Callagy 2009).

However, data obtained from colon or colorectal cancer patients may not be 
applicable to rectal cancer patients. It is clear that the mean number of examined 
nodes in the ascending and descending colon may be almost twice as high as the 
number of nodes in the rectum. Very small lymph nodes that are missed using rou-
tine examination can be detected using fat clearance techniques. However, these 
techniques are time-consuming and expensive and might interfere with determina-
tion of the circumferential resection margin. Immunohistochemical and molecular 
support provide promising results, but their relevance is still not clear.

Several linear analyses (Jass 2007; Markowitz and Bertagnolli 2009) are con-
sistent with the subdivision of all CRC developed in the general population into 
five major classes: Hereditary nonpolyposis colorectal cancer (HNPCC), suspected 
HNPCC, juvenile cases, familial tumours, and apparently sporadic cases. All these 
cases evolve through several genetic pathways defined by specific molecular ex-
pressions: (1) DNA microsatellite instability (MSI) status being sub-stratified as 
MSI-high (MSI-H), MSI-low (MSI-L) and MS stable (MSS), and (2) CpG island 
methylated phenotype (CIMP) divided as CIMP-high, CIMP-low and CIMP-nega-
tive (CIMP-neg). Jass (2007) proposed the presence of a morphological correlation 
in the five molecular subtypes:

Type 1 (CIMP-high/MSI-H/BRAF mutation),
Type 2 (CIMP-high/MSI-L or MSS/BRAF mutation),
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Type 3 (CIMP-low/MSS or MSI-L/KRAS mutation),
Type 4 (CIMP-neg/MSS) and
Type 5 or Lynch syndrome (CIMP-neg/MSI-H).

These molecular states can be detected at an early evolutionary stage and are pres-
ent in polyps with precancerous lesions. For instance, serrated polyps are the pre-
cursors of Types 1 and 2 of CRC, whereas Types 4 and 5 evolve through the steps 
of conventional adenomatous polyp, in situ carcinoma, and invasive carcinoma se-
quence. Type 3 CRC may arise within either type of polyp.

In addition, a better understanding of the molecular pathways that character-
ize CRC cell growth, cell cycle, apoptosis, angiogenesis, and invasion has led to 
the identification of novel targets for cancer therapy. Duff et al. (2006) have given 
an interesting overview on proteins that play a role in CRC, grouped according to 
their location in the cell: membrane receptor targets (epidermal growth factor re-
ceptor (EGFR), vascular endothelial growth factor receptor (VEGFR), insulin-like 
growth factor receptor (IGFR), platelet-derived growth factor receptor (PDGFR), 
tumour necrosis factor-related apoptosis-inducing ligand receptor (TRAIL-R), and 
c-Met, intracellular signalling targets (Ras/Raf/MAPK pathway, phosphatidylinosi-
tol- 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR), src kinase, and 
p53/Hdm2, as well as other protein kinases that control cell division.

These molecular approaches give further understanding to the sequence of al-
ready well known morphological events. This evolution is a consequence of an 
aberrant gain in cell proliferation that starts with somatic or germinal mutations and 
leads to the gene instability that typifies the progression of CRC. Thanks to these 
findings, medicine today has a better opportunity to prevent and clinically manage 
the polyp-adenoma sequence before malignant transformation (Fearon and Vogel-
stein 1990; Lynch and de la Chapelle 2003).

2.5.2  �Breast Carcinoma

Breast neoplasms comprise a heterogeneous group of proliferative processes in-
cluding distinct entities, many of which present a malignant behaviour. Breast car-
cinoma is the primary cause of cancer morbidity in women in developed countries, 
and its incidence is increasing worldwide, resulting in more than 500,000 deaths 
annually according to the WHO.

Pathology participates decisively in combating this process through microscopi-
cal diagnosis, which joins other image techniques such as routine mammographic 
screening, echography, and MRI. Needle-core biopsy (NCB) is widely used, be-
ing a well validated technique that reduces the need for diagnostic breast surgery 
and almost totally excludes fine needle aspiration cytology. The current increase in 
cure rates is based on early and generalized tumour screening, improved surgery, 
better radiation therapy, and more effective chemotherapy regimens. Nevertheless, 
breast cancer mortality remains high, not only when the diagnosis is performed at 
advanced stages (Stages III and IV), but also in subgroups of patients affected with 
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small tumours in early stages (stage I and stage II) prior to any evidence of distant 
metastasis.

The advances attained on knowledge of the disease have been spectacular in 
recent decades; mainly thanks to the fields of genetics and molecular biology. New 
biological modulators and monoclonal antibodies targeted to specific cell pathways 
disturbed in cancer, have contributed to identifying particular types of tumours that 
benefit from a more effective therapy. Nevertheless, progress remains limited and 
many questions these new bio-technological approaches have raised are still largely 
a matter of laboratory and clinical investigation. Closer integration by systems ap-
proaches of diverse fields of science is a pressing and necessary desideration for 
conquering the scourge of cancer.

For many years the grading and the staging of breast tumours (Tavassoli and 
Devilee 2003) has constituted the basis for therapy, follow-up, and prognosis. In 
this context, determining the clinical status of the patient and the pathology of the 
tumour (TNM) is mandatory before starting any type of treatment. These include a 
number of clinical parameters such as the tumour size, the nodal status, the presence 
or absence of distant metastasis, and the histological type and grade. These have 
been historically complemented with the determination of the status of oestrogen 
(ER) and progesterone (PgR) receptors and more recently of the epidermal growth 
factor receptor 2 (HER2/neu) (Payne et al. 2008; Faratian and Bartlett 2008).

Malignant progression to carcinoma of the breast follows a successive num-
ber of steps similar to what happens in other glandular epithelia. In this process, 
a ductal-lobular unit initiates a hyperplastic focus proceeding to a usual dysplasia, 
which leads to an atypical ductal or lobular dysplasia (atypical intraductal or lobular 
proliferation), and eventually into an in situ carcinoma (ductal or lobular) which 
may progress to invasion and metastasis into axillary nodes or distant organs. Other 
changes include columnar cell changes, complex sclerosing lesions, and papillary 
proliferations. Obviously, not all breast carcinomas necessarily follow these succes-
sive steps, and a few probably become malignant ab initio (from the matter) without 
manifesting the precancerous stages. Fortunately, a large number of women suffer a 
dysplasia that will never progress into carcinoma.

The NHS proposed in 2001 (Hayes and Quinn 2009) a coding system designed 
to simplify the screening programs as guidelines for classifying the lesions obtained 
with NCB:

•	 normal non-malignant breast (B1),
•	 benign (B2),
•	 uncertain malignant potential (B3),
•	 suspicious of malignancy (B4), and
•	 malignant (B5).

Why there is so much heterogeneity in the biological and pathological behaviour 
of the mammary gland is still poorly understood. This diversity affects not only the 
histology of the dysplastic lesions, but also the varieties of in situ carcinoma includ-
ing their transition to infiltrating carcinoma. Below we highlight some particular 
breast cancer aspects of more general interest.

A. Llombart-Bosch et al.



65

2.5.2.1 � Histological Types: WHO Classification and Nottingham Grading

Three major histological varieties (Tavassoli and Devilee 2003) of invasive carci-
nomas can be distinguished: ductal carcinoma (IDC), some of which may lack a 
specific organization (not otherwise specified, NOS) 70%, lobular carcinoma (ILC) 
8%, and combined infiltrating ductal lobular carcinoma (IDLC) 12%. In addition, 
there are around 10% of cases with miscellaneous phenotypes (colloid, mucinous, 
secretory, medullary, papillary, micropapillary, anaplastic, etc.).

The most frequent form of breast carcinoma is IDC. This category mainly com-
prises those easily identifiable cases with enlarged ducts filled with more or less 
pleomorphic cells and necrosis (comedo-necrosis is not always seen). They pres-
ent a varied diversity of stroma infiltrations such as ducts, cords, papillae, or solid 
nests that extend into the fat tissue and invade local structures, large ducts, deep 
muscle, or superficial dermis. Most of the NOS varieties initiate as an IDC. The 
limits of the neoplasm are usually better defined than in ILC and contain grouped 
microcalcifications which help the mammographic detection in the early invasion 
stage or even as carcinoma in situ. Desmoplasia varies and the elastosis produces a 
central sclerotic core that mimics a benign radial sclerosis or sclerosing complex, 
lesions being visible senographically as a dense stellate lump. Their size varies and 
is a prognostic factor together with the presence or not of axillary nodal metastasis. 
Some histological varieties display better prognosis than others; tubular, papillary 
carcinomas are low-grade tumours, while solid invasive comedocarcinoma, micro-
papillary, or colloid IDC are high-grade. IDC varies widely in the expression of 
ER, PgR, HER2/neu, cytokeratins, EGFR, or proliferative markers such as MIB1. 
In addition, most cases express the E-Cadherin adhesion molecule, which helps 
differentiate them from the ILC negativity. New molecular microarray genetic 
expression analysis has led to a more advanced molecular classification with the 
support of IHC in paraffin slides, complementing present histological types and 
better adapted to the available targeted therapies (Reis-Filho et al. 2006; Badve and 
Nakshatri 2009).

ILC shows peculiar clinical characteristics in its lack of microcalcifications, the 
absence of distinct borders, and the difficulty in visualizing it with conventional 
mammography. Histological analysis may reveal remaining in situ areas with di-
lated lobules filled with small cells of bland nuclear appearance, associated with 
infiltration in files of single cells (Indian files) caused by the loss of expression of 
certain adhesion molecules such as E-Cadherin. There are subtypes that display 
major nuclear polymorphism and solid, alveolar, or mixed architecture with desmo-
plasia. Hormone receptors (ER and PgR) are positive in 90% of cases, while HER/
neu2-positive cases are low (about 8%) and mostly correspond to the pleomorphic 
subtype.

In terms of prognosis, ILC presents a better clinical outcome compared to IDC in 
early years, but this trend reverses later on, 6 years or more after diagnosis, achiev-
ing IDC mortality rates. Local recurrences and contralateral association are higher 
when compared to IDC, but total mastectomy is not justified, and lumpectomy is 
the choice for small tumours.
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Clinical and histological data may be used to stratify the carcinoma in order to 
determine its prognosis and therapy. The pTNM and WHO Stage classifications are 
based upon tumour size, axillary nodes status, and the presence of distal metastasis, 
in conjunction with histologic type and grade (Bloom and Richardson 1957 modi-
fied by Elston and Ellis 1998), known as the Nottingham grade. Computation of all 
this information stratifies carcinomas into low, intermediate, and high-grade, with 
an apparent different clinical outcome (relapse-free disease, disease-free survival, 
and overall survival) dependent on the response to therapy which combine neoadju-
vant and/or adjuvant chemotherapy, hormonal inhibitors, surgery, and high-energy 
beam radiotherapy, in regimens, depending on the patient’s age, the disease stage, 
and hormonal status (Eden et al. 2004).

There are, however, shortcomings in the results; they are not always as clear-cut 
as might be expected. Divergences between the clinical behaviour of tumours con-
sidered as low grade, but which relapse early or present shortened overall survival, 
are in contrast with high-grade neoplasms that display an unexpected favourable 
clinical outcome. Additionally, carcinomas with analogous grade and stage may 
respond differently to a similar therapeutical protocol. Mortality from breast cancer 
has tended to decline; an increase in survival of over 10% since the late nineties is 
attributable in part to early detection by population screening and the implementa-
tion of hormonal and adjuvant chemotherapy. However, the disease still remains a 
major cause of morbidity and mortality, and global survival rates are not satisfac-
tory. Further improvements are expected, given newly available diagnostics and 
targeted therapeutical agents.

2.5.2.2 � Immunohistochemistry and a New Molecular Classification

In recent years, microarray gene expression measurements on fresh tissue RNA, 
analysed by hierarchical clustering, have offered new possibilities for genetic pro-
filing of breast carcinomas (Perou et  al. 2000; O’Shaughnessy 2006; Reis-Filho 
et al. 2006). This technology has provided new sub-classifications, dividing breast 
carcinomas into groups that facilitate more precise prognostic and therapeutical ap-
proaches. Microarray technology is, however, impractical or difficult to implement 
in daily routine, partly because of current high costs (Desmedt et al. 2008; Correa 
Geyer and Reis-Filho 2009).

Nevertheless, these advances have provided seminal information leading to 
more accessible and cheaper methods, such as IHC in paraffin embedded tis-
sues combined with tissue microarray technology. Using these two techniques, 
large series of tumours can be tested in single slides with a particular antibody, 
not only retrospectively, but also in prospective studies. Carcinomas of the 
breast have been reclassified not only according to their histology, but also by 
the positive or negative expression of a number of marker proteins that possess 
clinical, prognostic, or therapeutic relevance. This classification has now been 
validated by retrospective clinical analysis, and new studies, currently underway, 
will combine microarray gene expression analysis with the methodology, hope-
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fully resulting in a better and more comprehensive view of breast cancer biology 
(Tang et al. 2009).

Four major types of breast carcinoma are recognized to date (McCafferty et al. 
2009). These types are known as: Luminal A, Luminal B, Basal-like, and HER2/neu; 
all identified using a four-marker immunopanel based on hormone receptor status: 
oestrogen receptor (ER) status, progesterone receptor (PR) status, HER2/neu, and 
Ki-67 proliferation index. At least two to four more subtypes have been proposed. 
The proposed addition of CK 5/6 and EGFR allows the sub-classification of the 
Basal-like subtypes in a triple negative and in core basal phenotypes. Moreover, an 
Apocrine phenotype (based upon AR status and GCDP-15), which is close to the 
HER2/neu and ‘Claudin 1 low’ (stem-cell like) phenotypes (Pinero-Madrona et al. 
2008), has been proposed. Although this immunohistochemical-molecular classifi-
cation has attracted wide interest, its clinical validation is still in progress.

The Luminal A subtype, which expresses ER and PR positivity, is HER2/neu 
negative, and displays a low proliferative index (KI-67). This is the most common 
breast tumour mimicking normal luminal cells (positivity for luminal low-molec-
ular-weight cytokeratins 8/18) involving genes associated with an active ER path-
way. It corresponds histologically to low grade carcinomas, mainly ductal, tubular, 
cribriform, and lobular, following the WHO classification, and therefore presents 
low clinical stages and favourable prognosis.

The Luminal B subtype is the second most frequent breast tumour. They express 
ER but the PR status is low or negative. The lesions are HER2/neu negative and 
show a high Ki-67 proliferative index. They consist of derivates of luminal cells 
(positivity for low molecular-weight cytokeratins 8/18), with activated ER gene 
pathways and p53 mutations. The histological counterparts are mainly high grade 
ductal, NOS, and micropapillary carcinomas. Clinical outcome and prognosis is 
worse than for tumours of luminal type A, but the B subtype responds well to che-
motherapy with Taxotere Adriamycin Ciclophosphamide (TAC) or Fluorouracil 
Adriamycin Cyclophosphamide (FAC), and to hormonal control. The clinical stages 
may be more advanced (stages II and III).

Basal-like subtypes comprise a low number of tumours (around 15% of breast 
carcinomas correspond to this category), but they can be subdivided in groups that 
have prognostic implications (Dent et al. 2007; Cheang et al. 2008). All basal-like 
carcinomas have the characteristics of positivity for basal high-molecular-weight 
cytokeratins and specific myoepithelial cell markers (CK5/6, CK17, Caveolin1, 
Calponin1, P63), as well as lack of ER, PR, and HER2/neu expression (triple nega-
tive). The lesions exhibit a high Ki-67 proliferation index and harbour both p53 
mutations and DNA repair defects. At present, there is controversy regarding these 
groups of tumours, because not all triple-negative types are genetically basal-like 
and not all basal-like genetically confirmed tumours display triple-negative fea-
tures (Rakha et al. 2006). Moreover, a subgroup of basal-like carcinomas expresses 
EGFR and C-KIT positivity. The latter have a worse prognosis when compared to 
the already known unfavourable clinical outcome and poor response to therapy of 
the subgroup. The basal-like category also covers medullary, adenoid cystic, and 
metaplastic carcinoma, and includes a small subgroup of high grade NOS in the 
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WHO classification. The category as a whole has more numerous BRCA1 germ line 
mutation carriers. Some authors prefer to consider as ‘unclassified’ those tumours 
with the triple negative features with negativity for CK5/6 and EGFR should be 
considered as unclassified tumours (Tang et al. 2009).

The HER2/neu subtype comprises carcinomas with definite positivity for im-
munostaining with this antibody (clone DAKO, 3+) and confirmation by FISH or 
CRIST analysis. These tumours may belong to the luminal B type, but the major-
ity correspond to the category of ER and PR negative tumours with a high Ki-67 
positivity and occasional low CK 5/6 expression. They are very aggressive high-
grade ductal NOS carcinomas; but respond well to HER2 tyrosine kinase inhibitors 
(trastuzumab).

The Apocrine type is very infrequently diagnosed. Focal apocrine features are 
found in the majority of ductal not-otherwise-specified (NOS) carcinomas; the term 
is limited to exceptionally pure histological apocrine carcinomas. Apocrine meta-
plasia is very usual in benign ductal dysplasia and less frequent in in-situ carcino-
ma. Clinically, apocrine carcinomas correspond to high grade tumours, are negative 
for ER and PR, and present AR positivity together with intense, but focal GCDP-15 
and occasionally HER2/neu 3+. Their genetic profile has recently been partially 
identified (Celis et al. 2007, 2008). However, it is not clear if this group, as is also 
the case for ‘Claudin1 low stem cell like carcinoma’ (Pinero-Madrona et al. 2008), 
constitute particular clinical entities or should be included within any of the above 
indicated categories.

Normal cell breast-like type carcinoma has been considered by some authors 
as another specific entity (Sorlie et al. 2006). However, the characteristics of this 
tumour, detected via unsupervised hierarchical clustering analysis by the Stanford 
group (Perou et al. 2000), are unclear because it mimics normal epithelial cells; its 
histological and clinical significance has still to be determined (Brenton et al. 2005; 
Tang et al. 2009).

Breast cancer control has progressed dramatically in the past few years, mainly 
because detection of clinical stage I disease has been improved by modern imaging 
and screening campaigns, thus reducing cases of more advanced phases involving 
regional tumour spread and distant metastasis. Simultaneously, a better understand-
ing of the morphological and molecular mechanisms underlying the disease has 
resulted in additional diagnostic tools and better tailored therapy approaches. Incor-
poration of this knowledge into systems biology is an example of the new modern 
approaches to enhancing prevention, early diagnosis, and cure of this disease.

2.5.2.3 � Tumorectomy vs. Mastectomy: Free Margins  
and Sentinel Lymph Nodes

Breast cancer is now considered as a systemic disease and not merely a localized 
problem. Hence, the approach to its control has changed, with surgery limited to 
lumpectomies with tumour excisions instead of large amputations (radical mas-
tectomy with complete dissection of axillary lymph nodes), and increased use of 
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adjuvant chemotherapy and targeted drugs including hormonal inhibitors. This new 
trend allows surgery to be geared to preserving the mammary gland in the case of 
small localized tumours. The axillary nodes too may be preserved if the sentinel 
lymph-node is free of metastasis.

The pathologist plays a seminal role in these new therapeutic directions. Keeping 
margins free from carcinoma invasion is essential, if local tumour relapse is to be 
avoided. To this end, it is necessary to excise at least 10 mm of tumour-free margins 
containing normal tissue surrounding the neoplasm (Lopez-Guerrero et al. 2006). 
Several procedures have been proposed for determining the extent of the tumour-
free margins in the resected surgical specimen; the usual procedure involves colour-
ing the resected specimen with permanent ink that resists embedding in paraffin 
and does not discolour in the histological section. The practice of free-margin tu-
morectomies does not preclude the need to complement the area around the excised 
tumour with local irradiation therapy: the incidence of tumour relapse decreases 
from 10% to 3–4% in irradiated patients (Lopez-Guerrero et al. 2006).

Sentinel-node biopsy is a standard procedure in operable breast cancer for clini-
cally negative axillae, replacing axillary node dissection in the staging of breast 
carcinoma. Its value has been confirmed by numerous randomized studies demon-
strating improved quality of life and reduced morbidity in patients that undergo this 
procedure.

Nevertheless, several problems have been raised regarding this new procedure, 
both of a technical and oncological nature. A technical problem is whether the pa-
thologist should perform a diagnosis of frozen samples, with or without the support 
of IHC. Another is the variability of histological techniques employed, leading to 
diversity of results emanating from the different laboratories. Although the Ameri-
can College of Pathology guidelines do not recommend routine IHC as mandatory 
for diagnosis, many pathologists use it (pan-cytokeratins cover over 90% of epithe-
lial cells, but also non epithelial cells such as the normal reticular cell) and conse-
quently not only metastasis (> 2 mm in size) but also micrometastases are detected 
(0.2–2 mm or isolated or grouped free tumour cells located in the cortical sinus). An 
oncological problem concerns the determination of micrometastases.

Another controversy concerns the substitution of conventional microscopy di-
agnosis traditionally performed by the pathologist, with molecular assaying tech-
niques (RT-PCR) based on GeneSearch and OSNA by Sysmex, both using cyto-
keratin 19. This molecular procedure requires lyzing the node and therefore causes 
loss of tissue. Nevertheless, preliminary results indicate that the diagnostic capacity 
of this assay is at least similar or superior to intra-operatory imprint cytology or 
frozen sections, even with the help of IHC.

2.5.3  �Lung Cancer

Bronchial carcinoma (lung cancer) is today the most common neoplasia in the 
world (12.6% of all new cancers) with a male-female gender ratio of 2.7:1 affecting 
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populations of both developed and developing countries. While the incidence in the 
developed countries remains stable or even decreases, in developing countries it is 
increasing. The primary cause of lung cancer in 90% of patients is smoking, and it 
is estimated that carcinoma will develop in 10–15% of all smokers. Environmental 
factors may play a role, as well as genetic predisposition in a multistep carcinogenic 
process, but stopping cigarette smoking is the most effective and least expensive 
means of reducing the risk.

Lung cancer is the deadliest of human neoplasiae, and yet no early diagnosis is 
currently available. Staging is still mainly based on histopathological and clinical 
criteria, which have a limited capacity to predict relapses and survival. In recent 
years, a major effort to improve the control of lung cancer has been carried out by 
introducing molecular profiling to typify different groups of bronchial carcinomas, 
and to provide more accurate predictions of the outcome after treatment, particu-
larly with new targeted therapies. A good example is the EGFR mutations and am-
plifications that identify patients with non-small-cell lung cancer who may respond 
well to EGFR tyrosine kinase inhibitors.

Four major histological groups have to be considered, aside from a small number 
of rarer tumours that display unusual behaviour. The main groups are: squamous 
carcinoma; adenocarcinoma; large-cell carcinoma; small-cell carcinoma. In addi-
tion, combined types exist such as adeno-squamous, neuroendocrine (carcinoids), 
sarcomatoid, and some other more infrequent carcinomas. Mesenchymal and lym-
phoid neoplasms, together with dysgenetic pulmonary blastoma, complete the 
picture of this family of malignant lung tumours, excluding pleural mesothelioma 
(Travis et al. 2004).

For the processes of clinical staging and therapeutic indications, tumours are 
divided in two major categories based upon cell size. ‘Small-cell Lung Cancer’ 
(SCLC) and ‘Large-cell Lung Cancer’ (LCLG) or ‘Non Small-cell lung Cancer’ 
(NSCLC). The last comprising squamous carcinoma, adenocarcinoma, large-cell 
carcinoma, and adeno-squamous carcinoma, each with different clinic outcomes 
and distinct available therapeutic approaches.

Small-cell lung cancer (SCLC) was previously known as ‘oat cell carcinoma’. 
It corresponds to an anaplastic epithelial neoplasm, microscopically composed of 
small cells of round and/or spindle contour, containing one nucleus with dense 
chromatin and scanty poorly-defined cytoplasm. It is not infrequently combined 
with composite structures (about 10% of the tumour extent is necessary for it to be 
considered a mixed type) such as spindle-shaped, squamous, adenomatous, large, 
or even giant cells. Mitotic activity is high and necrosis may be massive, producing 
a diagnostic dilemma when the sample is small. IHC support is necessary to dis-
tinguish SCLC from lymphomas or metastatic small-round-cell-tumours (SRCT) 
(see Sect. 2.5.4), found in other anatomical locations. The SCLC tumour expresses 
neuroendocrine antigens (chromogranin and synaptophysin) and TTF-1, contain-
ing neurosecretory granules which are detectable with EM. The p53 gene is very 
frequently mutated, with a type of mutation related to cigarette smoking, mainly in 
women. A large number of genetic rearrangements have been described, that not 
only differentiates from classic neuroendocrine carcinoma, but also from NSCLC. 
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There is no detectable in-situ phase. Histogenesis involves a pluripotential stem 
cell of the bronchial tree with neuroectodermal differentiation and neuroendocrine 
expression. The tumour is not however considered as a true member of the family 
of neuroendocrine carcinomas.

Due to its high malignancy and generally adverse but unpredictable clinical 
outcome, the neoplasia is not graded following the TNM system, but is clinically 
considered as being either at a limited or an advanced stage of the disease. The ad-
vanced stage is associated with the presence of distant metastasis. Clinical symptom 
diagnosis of SCLC are generally reflected in disseminated disease with metastasis 
in liver, brain, or bone marrow. Original neoplasms located in the hilar or parahilar 
area may be asymptomatic and remain occult, even where the mediastinal node is 
involved, or where distant metastasis exists.

Non small-cell lung cancer (NSCLC) comprises a large number of histologi-
cal varieties of bronchial carcinomas. For clinical purposes, three major histologic 
subtypes are considered: squamous-cell carcinoma, adenocarcinoma, and large-cell 
carcinoma. Smoking causes all types of lung cancer, but is more strongly linked 
with squamous-cell carcinoma, while adenocarcinoma is more frequent in patients 
who have not smoked. Staging of NSCLC is based on the TNM system. Before 
treatment, the tumour size, lymph-node status, and the possible presence of metas-
tases must be determined. Lung cancer often spreads to the nodes in the hilum and 
mediastinum. The combination of PET and X-ray CT scans appears to have great 
sensitivity and specificity, and the use of both is recommended as part of the clinical 
evaluation before making any therapeutical decision.

We now focus on the histology of the three major carcinomas and on recent ad-
vances in the molecular study of the origin and biology of squamous-cell carcinoma 
and adenocarcinoma (Pass et al. 2000).

Squamous cell carcinoma is more frequent in men (44%) than in women (25%). 
Microscopical investigation shows it to possess large cells with diverse amounts of 
keratinization and pearl formation. The relative amount of squamous maturation 
serves to stratify well-differentiated tumours (with abundant keratinization) and 
undifferentiated tumours (with intercellular bridges and focal cytoplasmic keratin 
only in occasional large cells). Cytologic atypia with highly hyperchromatic nuclei, 
mitosis, and necrosis are hallmarks of this type of tumour. Several subtypes are 
considered: clear-cell, small-cell, basaloid, and alveolar carcinomas, as well as the 
adenocarcinoma mixed phenotype. IHC supports the diagnosis with positivity for 
low- and high-weight molecular keratins. In addition, EMA (epithelial membrane 
antigen) and CEA (carcinoembryonic antigen) stain focally isolated cells. TTF1 
(thyroid transcriptions factor1) is positive only in some tumours.

Adenocarcinoma, which is becoming more frequent and surpassing the inci-
dence of squamous carcinoma, occurs currently at a rate of almost 80% of NSCLC 
(Thun et al. 2006), a fact that is explicable due to changes in smoking behaviour. 
Its anatomical location varies within the lung, most usually as a peripheral tumour 
close to the pleura or with mesothelioma-like pleural extension, followed by central 
bronchial and endobronchial siting. The tumour sometimes adopts a pneumonia-
like infiltration with nodular foci in the basal lobes owing to a bronchioloalveolar 

2  Cancer: Clinical Background and Key Challenges



72

extension. Scar carcinoma with desmoplasia is quite rare. In histology, glandular 
differentiation is the dominant pattern, with or without mucin secretion and aci-
nar, papillary, or bronchioloalveolar associated phenotypes. Some adenocarcinomas 
adopt a solid configuration in which mucin production is lost or limited to isolated 
fine droplets within the cell. During histological grading, in cases of mixed histol-
ogy, the least differentiated grade has to be measured. The bronchioloalveolar pat-
tern is consistent with a grade 1, while solid adenocarcinoma is grade 3.

For the differential diagnosis with a metastatic carcinoma in the lung, IHC may 
be of interest. CAM 5.2, EMA, CEA, and CK7 are very frequently positive, but 
provide little additional value for the differential diagnosis of a metastasis. TTF1 
positivity (75% of cases) gives support to the bronchial origin because other adeno-
carcinomas, excluding thyroid, are negative.

Large-cell carcinoma accounts for 9% of all lung cancers. This carcinoma com-
bines old terminology: large cell anaplastic carcinoma and large-cell undifferenti-
ated carcinoma, to which should be added the large-cell neuroendocrine carcinoma 
(LCNEC) and some rare combined forms (lymphoepithelioma-like, basaloid, and 
rhabdoid phenotype). The stage at diagnosis is similar to other NSCLC. Anatomi-
cally, they present large nodules generally located at the periphery of the lung, infil-
trating pleura and even the chest wall or large bronchi.

Their histology encompasses a variety of microscopical patterns that contain 
large undifferentiated cells with large polygonal cytoplasm and prominent nuclei 
exhibiting numerous mitosis, but lacking squamous, adenoid, or microcellular dif-
ferentiation. Large-cell neuroendocrine carcinomas (LCNEC) may present alone 
or be combined with other microscopical components such as adenocarcinoma, 
squamous, or even giant cells. They stain for chromogranin and synaptophysin, but 
also for TTF-1. Histological prognostic criteria for LCNEC are controversial, with 
apparently better outcome than with conventional large-cell carcinomas. Depend-
ing upon the staging, the 5-year survival of localized tumours with < 3 cm resected 
NSCLC reaches almost 100% (T1). The local IIA decreases to 55%, while locally 
advanced (IIB, IIIA, IIIB) shows 39%, 23% and 3%, while IIIB is quite similar to 
advanced stages (stage IV) (Spira and Ettinger 2004).

Several alterations have been found in histologically apparently normal speci-
mens of bronchial epithelium from smokers. Changes such as hyperplasia and meta-
plasia have been considered as a slightly abnormal epithelium and are regarded as 
early changes. The lesion affects normal bronchial mucosa composed of stratified 
cylindrical epithelia with cilia, and leads to a hyperplasia with or without metaplastic 
changes of squamous type. These modifications are not necessarily cancer precur-
sors and may regress spontaneously. Nevertheless, in smokers the epithelial meta-
plasia may progress into dysplasia and subsequently to in situ squamous carcinoma. 
These microscopic lesions are usually multicentric in the bronchial tree and are 
frequently found in resected lungs of smokers, cohabiting with invasive squamous 
carcinoma. The molecular variations detected in dysplasia are regarded as occurring 
at an intermediate stage, whereas those found in situ or in invasive carcinoma are 
consistent with late changes. This multiple-step genetic rearrangement present in 
most lung cancers varies in its progression during the preneoplastic process.

A. Llombart-Bosch et al.



73

In fact, the origin of lung cancer depends on a number of interactions between 
the environment and host genetic susceptibility, including changes in deregulated 
signalling pathways, which are potential targets for new therapeutical approaches. 
New techniques for genomic, transcriptomics, epigenetic, and proteomic profiling 
(Patz et al. 2007; Esteller 2008; Herbst et al. 2008) have improved the clinical ap-
proach to several histological varieties of NSCLC, identifying particular molecu-
lar markers of individual sensitivity, prognosis, and response to treatment. Good 
examples are the EGFR and VEGF inhibitors (erlotinib and bevacizumab), which 
have improved the clinical outcome in these patients (Shepherd et al. 2005; Sandler 
et al. 2006).

2.5.4  �Small Round Cell Tumours (SRCT)

This category comprises a number of malignancies consisting predominantly of 
small round cells or round-spindle cells, independently of their origin or anatomical 
setting. Their histological patterns are very similar, thus a differential diagnosis be-
comes necessary in order to provide clinical information for therapy and prognosis. 
Among these, the most frequent is Ewing’s Sarcoma (ES) and its family of tumours 
(ESFT) (including peripheral neuroectodermal tumour—PNET). Other frequent 
SRCT malignancies are neuroblastoma, rhabdomyosarcoma, and lymphoma (non-
Hodgkin). A more extensive categorization might include tumours such as micro-
cellular anaplastic osteosarcoma, myxoid chondrosarcoma, small-cell carcinoma of 
the lung, and small-cell neuroendocrine carcinoma ( e.g. Merkel’s tumour of the 
skin). Clinically, SRCT occurs in varied anatomical locations: not only bone and 
soft tissue, but also solid organs (ovary, testes, kidney, lung, meninges) and skin. 
There are no gender differences and it may occur at any age, although children 
and young adults are affected more frequently. Recently developed ancillary tech-
niques such as cytogenetics, molecular biology, FISH, DNA or RNA microarray, 
and TMA, are offering new diagnostic and prognostic possibilities. Nevertheless, 
immunohistochemistry and electron microscopy continue to play an important role 
in the characterization of SRCTs.

Histologically, several variants of ESFT have been described, combining images 
of conventional or classical ES with other varieties such as atypical ES with large 
cells, ES with neuroectodermal pattern, and ES with endothelial features (Llombart-
Bosch et al. 1996, 2009). Moreover, peripheral neuroepithelioma of soft tissue be-
longs to this group of neoplasms and may mimic a conventional undifferentiated 
neuroblastoma. Although neuroblastoma in adults is a rare event, it may still occur 
(Hasegawa et al. 2001); the differential diagnosis is mainly based upon immunohis-
tochemical and molecular genetic findings. Adamantinoma-like and desmoplastic 
ES are other unusual variants of this family (Folpe et al. 2005). Genetic confirma-
tion is essential for their identification.

Several immunohistochemical techniques are necessary for diagnosis. Antibody 
HNK 1 (CD 57), neuron-specific enolase, S-100, NF-70, synaptophysin, chromo-
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granin and PG-9.5, lend support to a neuroectodermal lineage (Navarro et al. 2007). 
Cytokeratin positivity (AE1/3) has been seen in several cases. The cell surface pro-
tein product p30/32 MIC-2 (Fellinger et al. 1991) CD99 is expressed in nearly 99% 
of cells in these tumours, independent of the histological subtype, but is absent in 
neuroblastoma, while positive in other SRCT unrelated to ESFT, such as B-lympho-
mas, rhabdomyosarcomas, synovial sarcomas (Weidner and Tjoe 1994; Llombart-
Bosch et al. 2009). Caveolin 1 has also been confirmed as an excellent marker for 
this family of tumours (Llombart-Bosch et al. 2009).

Moreover, it has been demonstrated (Nilsson et al. 1999) that the 68 kDa fusion 
protein derived from the EWS/FLI1 hybrid gene can be specifically detected by 
Western blotting using a polyclonal antibody to the C-terminal of FLI1 on fresh 
tissue as well as paraffin-embedded ES. Eighty percent of the tumours exhibited a 
positive reaction for the FLI1 antibody, mainly with a nuclear location, but negative 
in neuroblastoma (Llombart-Bosch and Navarro 2001; Folpe et al. 2005).

Combining histology with immunohistochemistry confirms the structural het-
erogeneity of ESFT, which varies from conventional ES to atypical ES (including 
the large-cell variants) to PNET, with numerous Homer-Wright rosettes. Interme-
diate types may be found within a single tumour, reinforcing this heterogeneous 
microscopic pattern, such as the presence of vascular lakes with endothelial-like 
cells. The combination of staining with four antibodies, CD99, HNK1, FLI1, and 
Caveolin1, provides 100% of positivities in genetically confirmed tumours (Llom-
bart-Bosch et al. 2009) aside from their histology.

Electron microscopy provides further support to the diagnosis. The cells are 
characterized according to their homogeneity. Large amounts of well-preserved 
glycogen are seen, and cell contacts show desmosomes. The detection of neurose-
cretion does not alone exclude ESFT; exclusion is confirmed by other cytoplasmic 
inclusions such as myofilaments (rhabdomyosarcoma) or interstitial deposits of os-
teoid material (small-cell osteosarcoma) (Llombart-Bosch et al. 1996).

Accuracy in diagnosis additionally requires confirmation by cytogenetic and 
molecular biology, which should indicate the chromosomal and genetic rearrange-
ments detected in this group of tumours (Table  2.5). Moreover, the EWS gene 
presents fusion products with transcription factors: ATF (clear cell sarcoma of soft 
tissue), WT1 (desmoplastic small round cell tumour), and TEC (myxoid chondro-
sarcoma).

The detection of a balanced translocation in the ES/pPNET tumours, t(11;22)
(q24;q12) shown in Table 2.5, turned out to be a formidable diagnostic marker pro-

Table 2.5   Chromosomal and genetic rearrangements in ES/pPNET tumours
Tumour Translocation Fusion gene Frequency (%)
ES/pPNET t(11;22)(q24;q12) EWS/FLI-1 85
ES/pPNET t(21;22)(q22;q12) EWS/ERG 10
ES/pPNET t(7;22)(p22;q12) EWS/ETV1 < 1
ES/pPNET t(17;22)(q12;q12) EWS/EA1AF < 1
ES/pPNET t(2;22)(q33;q12) EWS/FEV < 1
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viding a new phenotypic trait in this group of SRCT. More recently, new chromo-
somal translocations have been observed, independent of the morphological sub-
type of tumour. These, in decreasing frequency, are as follows: t(21;22)(q22;q12) 
in approximately 10% of cases; t(7;22)(q22;q12) in approximately 1% of tumours; 
t(17;22)(q12;q12) also in less than 1% of tumours, and finally a very rare transloca-
tion t(2;22)(q33;q12) described only in three ES/pPNET tumours. Thus, this family 
of tumours is characterized by at least five variants of translocations, in which the 
locus of the chromosome 22q12 is affected (Delattre 2008).

Nonetheless, approximately 5% of ES/PNET tumours with histological consis-
tency and clinical evidence, using RT-PCR, remain negative for such types of tran-
script, with the result that a small number of SRCTs still remain outside any geneti-
cal phenotyping. New tools are evolving to facilitate the discrimination of most of 
these breakpoints. For example, the complementary technique of FISH employs 
specific probes flanking the ES breakpoint regions, not just metaphase chromo-
somes, but interphase nuclei as well (Bridge et al. 2006; Machado et al. 2009) (see 
Fig. 2.2a–d).

Gene expression profiling using cDNA microarrays, which allows simultaneous 
analysis of multiple markers, has been used to categorize different types of SRCT, 
especially when complemented with artificial neural networks (ANNs) (Khan et al. 
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2001; Kauer et al. 2009; Zambelli et al. 2010). Gene-expression signatures associ-
ated with specific variants of these tumours have thereby been identified: ESFT 
versus neuroblastoma, rhabdomyosarcoma, and Burkitt lymphoma.

These findings confirm the number of additional mutations that have occurred 
in ES, which add further insights into the malignant transformation of the initiating 
cell. These new mutations are not necessarily tumour specific, but may account for 
the clinical and histological variability of these neoplasms and even show prognos-
tic value. Among them, trisomy 8 appears in 50% of ES and trisomy 12 appears in 
20% of tumours. Moreover, an unbalanced translocation t(1;16) has been described 
in several tumours with ES phenotype. Furthermore, several oncogenes, such as 
ras, CMYC, MDM2 and tumour suppressor genes (p53, p16, pRb) have been ana-
lysed in ES tumours. Alterations expressed in oncogenes are not representative, 
while suppressor genes may play a major role. The frequency of p53 mutation is 
low (approximately 10% of ES) and pRb is not inactivated (Parham et al. 1999). In 
contrast, p16 homozygous deletions have been described in one third of ES without 
chromosomal aberrations of the 9q21 locus for the p16 gene (Kovar et al. 1997). 
In addition, our group has performed a molecular analysis of the 9p21 locus and 
p53 genes in this family of tumours using cell lines and original neoplasms (Lopez-
Guerrero et  al. 2001). Hence, the molecular alteration in either or both the pRB 
and p53 pathways seems to constitute a multi-step process with equivalent cellular 
effects, in which the EWS-ETS gene fusion seems to be the initiating mechanism.

A search for prognostic factors is necessary, since only one third of children with 
non-metastatic disease and 10% of metastatic patients survive the neoplasm. Sev-
eral multivariate analyses show that the clinical prognosis provides the most valid 
criteria at present: those criteria are male sex, age greater than 12, fever at presenta-
tion, anaemia, high lactate dehydrogenase, axial location, and older chemotherapy 
regimes associated with adverse outcome (Cotterill et al. 2000). The determination 
of neuroectodermal expression in ES provides no differences in overall survival 
or disease-free survival, but histological atypical variants show a worse clinical 
outcome when compared to classical ES (Terrier et al. 1995; Parham et al. 1999; 
Llombart-Bosch et al. 2009).

Several assays have been undertaken to ascertain the molecular changes that 
could indicate further clinical prognostic markers in ES. In the analysis of the EWS/
ETS gene fusion types, it was found that the most common fusion type is EWS/
FLI-1 exon 7/6 (type 1), whereas in a third of cases the FLI-1 exon 5 is included 
in the transcript joined to the EWS exon 7 (type 2 fusion seen in 30% of cases). 
More occasionally, the fusions result in inclusion of the EWS exon 9 or 10 (10%) 
with FLI-1 exon 4 or 6 (10%) (Ladanyi 1995). Other studies (Zoubek et al. 1996) 
suggest a better clinical outcome for patients with localized ES, carrying mutation 
type 1. Thus, the EWS/ETS gene fusion type could serve as a prognostic indicator 
in both localized and metastatic disease (de Alava et  al. 1998). Other molecular 
factors could also play an important role from the prognostic point of view. These 
genes include the cell cycle regulators p53 and p16 and the recently demonstrated 
Ki67 in localized disease, whereby those cases expressing Ki67 in more than 5% of 
nuclei of tumour cells had the worst behaviour independently of the type of treat-
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ment (Lopez-Guerrero 2010). In addition, Zambelli et al. (2010) have proposed that 
lectin galactoside-binding soluble 3 binding protein (LGALS3BP) is a novel and 
reliable prognostic indicator for ES/PNET patients showing associated high mRNA 
expression levels of HINT1, STOML2 and c.MYC.

2.5.5  �Leukaemias and Lymphomas

Molecular genetics has been at the forefront of research into cancer pathogenesis. 
The identification of recurrent chromosomal translocations has provided insights 
into the molecular events leading to leukaemic transformation. The classification of 
leukaemias has been, until recently, based on morphology and immunophenotype. 
The recognition of the correlation between distinctive morphologies and specific 
translocations mainly occurring in de novo leukaemias has had an indisputable im-
pact on leukaemia classification, leading to the introduction of a subset of “acute 
myeloid leukaemias (AML) with recurrent genetic abnormalities” in the new WHO 
classification of acute leukaemias. The majority of the translocation events produce 
a fusion gene that encodes an aberrant protein, in which the ‘5 end of one transloca-
tion partner encodes the N-terminal protein sequence of the fusion protein, and the 
3’ end of the other translocation partner encodes the C-terminal protein sequence 
of the fusion protein. The fusion genes produced as a result of translocation events 
or the mutated genes are transcriptional regulatory proteins with altered properties 
of transcriptional activation or repression. It is now realized that many leukaemia 
cases that appear to be cytogenetically normal have point mutations or deletions 
in genes encoding key regulatory proteins, such as the fms-like tyrosine kinase-3 
(FLT3) or the CCAAT/enhancer binding protein-α (C/EBPα).

More than one genetic hit is usually necessary for the development of leukaemia. 
The concept that multiple genetic defects are involved in leukaemogenesis is sup-
ported by the discovery of frequent FLT3 mutations in leukaemias with recurrent 
translocations. The breakthroughs in understanding the molecular genetics of leu-
kaemia have had a direct impact on clinical treatment. In this respect, chronic my-
eloid leukaemia (CML) has been the paradigm for the translation of basic research 
to clinical treatment. CML was the first leukaemia to be associated with a recurrent 
translocation, t(9;22)(q34;q11) (the Philadelphia chromosome) and the first leukae-
mia for which the product of the translocation, BCR-ABL, was characterized. In 
addition, a specific molecular inhibitor, imatinib (Gleevec), was designed for CML 
and was successfully used for patient treatment. The Philadelphia (Ph) chromo-
some is also the most frequent recurring translocation in adult acute lymphoblastic 
leukaemia (ALL) occurring in 15–30% of patients, and is also present in 5% of pae-
diatric B-cell ALL. In both clinical scenarios, it is an adverse prognostic factor. The 
most common breakpoint region within the BCR gene, the major breakpoint clus-
ter region (M-bcr), results in a fusion protein of 210 kD, referred to as p210bcr-abl. 
A minor breakpoint, the m-bcr, results in a truncated fusion protein of 190  kD  
(p190 bcr-abl). Importantly, p210bcr-abl is much more common in CML, whereas 
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p190 bcr-abl is present in 80–90% of paediatric Ph+ ALL and 50% of adult Ph+ ALL. 
BCR-ABL has leukaemogenic properties as a constitutive tyrosine kinase that acti-
vates multiple downstream signal transduction intermediates, including ras, PLCγ 
and PI3 kinase, leading to proliferation and resistance to apoptosis.

Conceivably, similar mechanisms are operative in Ph+ ALL, a disease whose 
treatment is highly problematic. Remissions tend to be short-lived and stem cell 
transplantation is the most effective way of attaining durable control of the disease. 
The 2-phenylaminopyrimidine derivative, imatinib, is an ABL-specific tyrosine 
kinase inhibitor that constrains the proliferation of CML cell lines by inhibiting 
BCR-ABL kinase activity. The drug is administered orally and is generally well 
tolerated. In a multicenter phase II trial, imatinib at 400 mg/d induced a complete 
haematological response in 95% of patients and a major cytogenetic response in 
60% (Kantarjian et al. 2002). After a median follow-up of 18 months, 95% of the 
patients were alive and CML had progressed to accelerated or blast crisis in 11% of 
patients. This has represented a dramatic breakthrough in the treatment of CML, a 
disease context where initial therapies were aimed at controlling the elevated white 
blood cell count, reducing the symptoms of concomitant splenomegaly, and treat-
ing metabolic complications arising from profound marrow proliferation, such as 
hyperuricaemia and gout.

Unfortunately, the issue of resistance to imatinib is beginning to emerge. Of 
patients who start imatinib in the early chronic, late chronic, and accelerated phases 
of CML, 12%, 32%, and 62% respectively develop resistance mutations within two 
years of commencing treatment, these being attributable to either a single amino 
acid substitution in the ATP-binding region of BCR-ABL or, occasionally, to pro-
gressive BCR-ABL gene amplification. New BCR-ABL tyrosine kinase inhibitors 
are currently being evaluated in clinical trials: the improved-potency, selective Abl 
inhibitor nilotinib, and the highly potent dual Src/Abl inhibitor dasatinib. Despite 
their greater activity, there is some concern arising from in vitro studies of dasatinib 
that these drugs too will turn out to be unable to clear the leukaemic stem cells 
(Copland et al. 2006). Clinical trials will show whether these second-generation ty-
rosine kinase inhibitors should be used alone or in combination as first-line therapy 
for newly diagnosed CML.

Another elegant example of the interaction between molecular advances and 
clinical treatment is the case of acute promyelocytic leukaemia (APL). The t(15;17)
(q22;q21) translocation in APL is associated with the characteristic morphology of 
hypergranular blast cells with frequent Auer rods or the microgranular variant. An 
initial report from China (Huang et al. 1988) indicated that APL could be treated 
successfully with all-trans retinoic acid (ATRA). This observation preceded the dis-
covery that the t(15;17) translocation involved the retinoic acid-α gene on chromo-
some 17. In the t(15;17)(q22;q21), the most common translocation associated with 
APL, the 5’ portion of the fusion protein is encoded by the PML (promyelocytic 
leukaemia) gene from 15q22, and the 3’ portion is encoded by the RARα gene 
from 17q21. The wild-type RARα is a nuclear receptor acting as a transcription 
factor and binding to retinoic acid response elements (RARE) in the promoter of 
many genes, including those implicated in myeloid differentiation (granulocyte col-
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ony-stimulating factor [G-CSF], cell-surface adhesion molecules [CD18, CD11b], 
regulators of apoptosis [Bcl-2], and several transcription factors). In the absence of 
retinoic acid, the wild-type RARα binds to corepressor proteins and histone deacet-
ylates, resulting in transcriptional repression. Wild-type PML protein is localized 
in subnuclear oncogenic domains, called nuclear bodies, and may act as a tumour-
suppressor protein, although it does not bind DNA directly. In APL, the aberrant fu-
sion protein PML-RARα is delocalized from the nuclear bodies to a microspeckled 
nuclear pattern and acts in a dominant negative manner, competing with wild-type 
RARα for binding to the RAREs in the absence of ligand. However, pharmaco-
logical concentrations of retinoic acid are required to convert PML-RARα into a 
transcriptional activator. These observations have provided the rational basis for the 
efficacy of ATRA treatment in patients with APL to induce the differentiation of 
leukemic promyelocytes.

The t(8;21) translocation is present in approximately 15% of patients with AML 
and involves the RUNX1 (AML1) gene which is located on chromosome 21q22.3. 
The fusion partner of RUNX1 in t(8;21) is named eight-twenty-one (ETO) and is 
a transcriptional regulator. The murine counterpart of RUNX1 was first described 
as part of the core binding factors, which are essential for haematopoietic develop-
ment, as indicated by gene deletion experiments in mice. RUNX1 is a transcrip-
tional activator regulating lymphoid genes such as B-cell tyrosine kinase, T-cell 
receptor α and β, interleukin (IL)-3, and granulocyte proteins. The RUNX1-ETO 
fusion protein binds to the same DNA-binding site as RUNX1 and acts as a domi-
nant negative inhibitor of wild-type RUNX1 but also as an active transcriptional 
repressor. Targets of RUNX1-ETO repression are presumed to be genes important 
for granulocytic differentiation and tumour suppressors such as p14ARF and NF1.

More recently, development of the technology of microarray analysis has led to a 
better understanding of the global changes in gene expression that occur as a result 
of leukaemic transformation and has allowed the subtyping of acute leukaemias. 
When patients with AML are grouped on the basis of gene expression signatures, 
most clusters correspond to the common recurrent translocations or known gene 
mutations. Valk et al. 2004 identified 16 groups when analysing blood or bone mar-
row from 285 patients with AML. Patients with recurrent translocations (t(8;21), 
t(15;17) and inv(16)), and thus with cytogenetically defined disease subsets, formed 
clear clusters, thus validating the significance of the gene expression patterns and 
suggesting that microarray analysis may allow subclassification of leukaemias into 
meaningful groups with unique prognosis and pathogenesis.

Lymphomas are a heterogeneous group of malignant diseases of the lymphoid 
system, whose classification remains a confusing and controversial issue. They 
comprise the non-Hodgkin lymphomas (NHL) and Hodgkin lymphoma (HL). In 
1994, the Revised European American Lymphoma (REAL) classification was pro-
posed and listed “real disease entities recognized and diagnosed in daily practice”. 
More recently, the WHO classification has provided a comprehensive definition of 
lymphomas by morphology, immunophenotype, genetics, and clinical information. 
The NHL are a diverse collection of lymphoid neoplasms with varied pathology, 
cell of origin, natural history, and response to treatment. The histological diagno-
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sis of NHL is among the most difficult tasks that surgical pathologists are asked 
to undertake. The molecular genetic lesions of pathogenic importance in selected 
forms of NHL have recently been unravelled via the molecular analysis of structural 
chromosomal abnormalities that alter critical genes regulating growth and/or dif-
ferentiation.

There is a worldwide epidemic of NHL and its rise has been faster than that of 
all other malignancies except lung cancer in women, melanoma, and prostate can-
cer. More than 60,000 new cases per year will be diagnosed in the United States 
in the 2000s. The majority of patients with NHL presents with painless lymphoad-
enopathy, more commonly in the cervical or supraclavicular regions, but extranodal 
disease, mainly of the gastrointestinal tract, can be detected at presentation in up to 
40% of patients. Systemic symptoms are associated with advanced stages of disease 
and portend a poor prognosis. Actually, there is no substitute for tissue diagnosis, 
although PET scanning using 18F-fluorodeoxyglucose has been used as a diagnostic 
technique for disseminated disease and to assess treatment response (Haioun et al. 
2005). Disease prognosis is highly variable, as might be expected from the broad 
spectrum of NHL subtypes, and biological differences have been described between 
young and old patients, translating into a greater mortality in some series of elderly 
patients compared with younger cohorts. The type of therapy is generally based on 
pathology and its intensity is based on both pathology and stage of disease. Inde-
pendent prognostic determinants include advanced stage, tumour bulk as reflected 
by size and LDH, and number of extranodal sites of involvement.

Recent advances in clinical scoring systems and in molecular and phenotypic 
markers have improved our ability to predict therapeutic responses. In this respect, 
immunotherapy approaches are rapidly advancing and include non-specific im-
munostimulation with interferons, passive therapy with anti-lymphoid antibodies 
such as rituximab, radioimmunotherapy, patient-specific autologous anti-idiotype 
vaccines, and novel cellular immunotherapy modalities. Rituximab is a chimeric 
IgG anti-CD20 monoclonal antibody composed by fusing a light and heavy chain-
variable domain of a murine IgG with a human IgG light and heavy chain-constant 
region. Rituximab has rapidly become an effective component as a single agent or 
in combination with chemotherapy in the treatment of all types of NHL, produc-
ing an undisputed survival advantage over chemotherapy alone. New monoclonal 
antibodies directed against CD20 and other B-cell antigens are under investigation, 
including epratuzumab, a chimeric anti-CD22 antibody.

Multiple myeloma (MM) is a highly treatable but incurable neoplastic plasma-
cell dyscrasia characterized by the clinical pentad of anaemia, a monoclonal protein 
in the serum and/or urine, abnormal radiographs and bone pain, hyperuricaemia, 
and renal insufficiency or failure. Until recently, the higher response rates seen with 
regimens that combine multiple agents as initial therapy (alkylators, anthracyclines, 
corticosteroids, and interferon) had not resulted in improved survival rates. Over the 
last five years, we have witnessed enormous progress in fundamental and therapeu-
tic research in MM. The current preferred therapies are all in the “novel” category. 
In particular, a new class of immune modulatory drugs has dramatically changed 
the previous scenario. The recognition in 1999 of the activity of thalidomide against 
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MM and the subsequent development of lenalinomide and bortezomib, has made 
MM treatment more promising and rewarding. Thalidomide is believed to inhibit 
angiogenesis in MM but also to target the surrounding stroma and cytokines and to 
affect NK cells. When used as a single agent, thalidomide induces response rates 
of 25% in previously untreated patients and is now considered a standard therapy 
for MM. Bortezomib is the first drug in its class of proteasome inhibitors. Bortezo-
mib selectively and reversibly inhibits the proteasome, an intracellular complex 
that degrades ubiquitinated proteins and plays a key role in cell cycle regulation, 
protein degradation, and gene expression. Single-agent response rates in relapsed/
refractory MM range from 28% to 38% and the median duration of response is 
8 months (Weber et al. 2003). The long-term outcome of treatment with novel drugs 
is presently not known, because of the short duration of follow-up. The protagonists 
of the current treatment armamentarium embrace a holistic total-therapy approach 
and combine multiple agents. In the near future, we may be able to ascertain bio-
logical differences among disease subsets and direct specific forms of therapies to 
their biology. Cytogenetic testing is an integral element to establish prognosis and 
a treatment plan for newly diagnosed MM. Nearly all MM patients have cytoge-
netic abnormalities diagnosed by FISH, but abnormal karyotypes are seen in only 
18–30% of cases. Molecular classification systems have been proposed based on 
gene expression profiling but these are deemed not to be ready for general clini-
cal application, as distinct from cytogenetic classification systems that are easily 
applied to the clinic at present. Nearly 85% of newly diagnosed MM patients have 
gene expression-defined good risk features and fare so well that the prospect of 
cure has become a reality. By using high-density oligonucleotide microarrays and 
hierarchical clustering analysis, four distinct subgroups of MM (MM1, MM2, MM3 
and MM4) have been identified (Zhan et al. 2003). Of interest, clinical variables 
associated with poor prognosis, including abnormal karyotype and high serum 
β2-microglobulin levels, were most prevalent in MM4. Also, over-expression of 
genes involved in DNA metabolism and cell cycle control was primarily observed 
in MM4. Whether this information may be incorporated into novel prognostic al-
gorithms and be used to tailor current treatment strategies, remains to be addressed.

2.6 � Systems Biology of Cancer: Key Challenges  
for the Future

As mentioned earlier, recent advances in molecular and cellular cancer biology, 
as well as the explosion of novel technologies within genomics, transcriptomics, 
proteomics, and functional genomics, promise to have a major impact on clinical 
practice. These developments are likely to change the way in which diseases will 
be diagnosed, treated, and monitored in the future (Celis et  al. 2005). Major ar-
eas of research that will benefit from these developments include the identification 
of molecular biomarkers for non-invasive early diagnosis, subclassification based 
on clinical outcome, prediction of prognosis and response to treatment, as well as 
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determination of drug efficacy and toxicity (Zhang et al. 2007; Ransohoff 2009; 
Alymani et al. 2010 and references therein). Also, the identification of novel thera-
peutic targets—identified on the basis of systems biology approaches to the analysis 
of pathways that are affected in cancer cells (Aebersold et al. 2009; Laubenbacher 
et al. 2009; Kreeger and Lauffenburger 2010)—will be another area that will greatly 
benefit from high-throughput ‘omic’ technologies (Sara et al. 2010).

Research efforts in these areas, however, must be supported by the development 
of bioinformatics and modelling tools for integrating and mining data, as well as by 
proper technological and clinical infrastructures. In the long run, this integrated ap-
proach should lead to a better understanding of the biology underlying cancer cells, 
which in turn will lead to a more effective translation of basic discoveries into new 
diagnostics and therapies (Fig. 2.3). The daunting heterogeneity of human cancer, 
in terms of cellular phenotypes, genetic make-up, molecular profiling, and clinical 
behaviour is however posing major challenges that must be addressed if we are to 
fulfil the dream of bringing personalized medicine and individualized cancer care 
closer to reality. Tumours usually contain malignant cells showing different degrees 
of differentiation (Celis et al. 2003; Celis et al. 2007) as well as other cell types, 
which together compose the ‘tumour microenvironment’ (Celis et al. 2004; Tlsty 
and Coussens 2006; Witz 2009). The heterogeneity-related problems in character-
ization and treatment have been partially addressed using techniques that allow the 
dissection of a defined set of purified cell populations (Espina et al. 2007), but these 
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Fig. 2.3   Graphical illustration of stakeholders and support infrastructures in discovery-driven 
translational cancer research
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technologies cannot solve the problem altogether, as heterogeneity can be observed 
even in a small number of cells within a given lesion, as illustrated in Fig.  2.4. 
In this particular case a breast carcinoma in situ has been stained with antibodies 
against cytokeratins 8, 15, and 19. As seen in Fig. 2.4, the heterogeneity of the epi-
thelial cells in terms of phenotype is such that it would be very difficult to interpret 
expression data generated from it, unless one had access to speedy procedures for 
validation at the cellular level; for example, using a large battery of specific anti-
bodies (Tlsty and Coussens 2006). The fact that only a few cells in this pre-cancer-
ous lesion may harbour the malignant phenotype underlines the complexity of the 
problem and emphasizes the need to develop strategies to identify biomarkers that 
specifically predict the prognosis of each cell type expressing a given phenotype. In 
addition, we must increase our efforts to identify cancer stem cells (which generate 
cellular heterogeneity), as these will be the focus for developing new targeted thera-
pies (Nirmalanandhan and Sittampalam 2009; Watt and Driskell 2010).

It is also urgent to address the problem of clinical relevance when selecting the 
source of samples used to derive new biomarkers and targets (Celis et al. 2005). 
The use of well-annotated and accessible clinically relevant samples to generate 
new data is important, as the final outcome will very much depend on the quality 
and relevance of the data. Accordingly, we are increasingly moving from the study 
of cultured cells to the analysis of freshly collected cells, tissue samples, and bio-
fluids, but one of the main challenges one faces is how best to apply the powerful 
‘omics’ technologies to the study of clinically relevant samples in a well-defined 
clinical and pathological framework (Celis et al. 2003). There is still a significant 
gap between mechanistic research based on cellular model systems, and their po-
tential in clinical applications.
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Fig. 2.4   Triple IHC stained 
of a breast carcinoma 
in situ reacted with antibod-
ies against CK’s 8, 15, 
and 19. Photograph kindly 
provided by Jose Moreira
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Finally, we must also acknowledge the value of long-term research and provide 
the appropriate legal and ethical framework to encourage collaboration among all 
the stakeholders in the cancer continuum. Bridging the gap between basic and clini-
cal research, facilitating the engagement of industry, establishing new infrastruc-
tures, as well creating innovative clinical trials, are among the items that require ur-
gent action (Fig. 2.3). The aim of cancer research is to improve the life expectancy 
and quality of life of patients and we must make every effort to coordinate current 
activities in order to achieve this goal.
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