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On a weekly basis, as we discuss new oesophago-gastric cancer cases within a 
multidisciplinary team, I am reminded of how dismal cancer is for the majority of 
patients. The lucky ones in whom we can achieve a cure are, generally speaking, 
those who present with early-stage disease.

It has been recognized for almost two centuries that pre-cancerous conditions 
exist, and indeed it is now known that most cancers develop over a period of years 
through a series of pre-invasive stages. This being the case there should be ample 
opportunity to intervene early in the natural history of cancer in order to improve 
outcomes. To do this effectively requires an understanding of the molecular and 
cellular basis for the disease.

Whilst the concept of early detection and prevention of cancer is an attractive 
one there are many questions which remain unanswered. For example, what are the 
causes of pre-invasive lesions, are they as a result of inherited genetic susceptibility 
or environmental factors, and how then can we use this information to minimize 
risk? At a population level, one could intervene through promotion of a healthier 
diet or smoking cessation programmes; at an individual level, one could implement 
screening programmes to identify individuals at increased risk due to pre-invasive 
lesions. Screening is already widely adopted for colon, cervix, and breast cancers 
but remains a controversial subject. It is hotly debated whether the magnitude of the 
risk justifies screening interventions which incur individual and societal costs, both 
fiscal and psychological. Once pre-invasive lesions are identified the clinician is 
faced with complex management decisions which might entail monitoring (surveil-
lance), chemoprevention, or removal through endoscopic or surgical means.

There are currently exciting opportunities to revolutionise our approach to pre-
invasive disease with an explosion of technological advances for understanding the 
cancer genome at an increasing level of detail. Clinical modalities have also pro-
gressed rapidly with the advent of new imaging and therapeutic options which 
incorporate knowledge of the molecular characteristics of the disease. Surgery is 
becoming less and less invasive and minimally invasive approaches using endos-
copy and laparoscopy are ideally placed to treat small, early lesions.

Whilst cancer is widely studied and written about, pre-invasive disease has 
lagged behind. In addition, discourse on basic biology and clinical approaches to 
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pre-invasive disease are seldom brought together. The purpose of this monograph 
is to bring together expert knowledge on this area in one volume. It has been a 
pleasure to bring this book to fruition, and I hope that it will be a valuable resource 
for all those interested in this fascinating area of research and clinical practice. 
Most of all I hope that it spurs us all on, as there are many unanswered questions 
still to be addressed.

Cambridge, UK Rebecca Fitzgerald  
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Questions in the Study of Epithelial Preneoplasia

Bruce Ponder

The practical interest in preneoplasia is because it offers the possibility of diagnosis 
of cancer at an early, pre-invasive stage, and of successful intervention by local 
(endoscopy, surgery, irradiation) or systemic therapies. The preneoplastic lesion 
can potentially be the means to recognition of the developing cancer, to insights 
into mechanism and hence strategies for treatment and prevention, and to early 
read-out of response.

This however raises several questions, many of them still awaiting a complete 
answer.

The yield: what proportion of cancers with lethal potential at different sites evolve 
through an identifiable pre-invasive stage and so in principle could be detected and 
dealt with early?

The answer must be defined in terms of the methods at hand. Estimates are hard to 
find even though they would presumably be part of the public health decisions that 
underlie screening policy. For colorectal cancer, it seems that 90% or more of 
potentially lethal cancers are detectable at a curable stage by endoscopy; for breast 
cancer and mammography maybe 25% of deaths are prevented; for prostate cancer 
and PSA screening possibly 50%; for adenocarcinoma of the oesophagus by detec-
tion and follow-up of the Barrett’s lesion, maybe 50% or fewer [1]. This is with 
current detection methods: can we make any estimate of which cancers have the 
best potential for improvement, if methods could be improved?

More sensitive detection raises a second question, the reverse side of the coin:

The trade-off: what is the potential cost of early detection in terms of over-diagnosis 
and over-treatment?

The prevalence, in all of us, of multiple lesions in different tissues that have 
morphological features of early cancer but which have very low or uncertain 
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probability of progression to clinically significant disease, has been recognised for 
many years. In the context of PSA screening for early diagnosis of prostate cancer, 
it has been estimated that 48 men must undergo radical treatment to save one pros-
tate cancer death [2]. CT scan-based screening for lung cancer detects many periph-
eral lung nodules with the morphological appearances of cancer; but the screening 
studies show no shift in the stage distribution of lung cancers away from the more 
advanced stages [3]. It was shown in the 1970s that 30% of moderate or severe 
dysplasia detected in cervical cancer screening regressed without treatment [4]; 
more recent studies show that even in patients with recognised pre-invasive lesions 
such as dysplasia of the bronchial epithelium or Barrett’s oesophagus, the annual 
probability of invasive cancer is of the order of 1 in 100 or less. This implies pro-
longed surveillance of large groups of individuals and possibly quite significant 
interventions, for small yield and the possibility of inadvertent harm.

There is thus a balance to be struck between the potential costs and benefits of 
programmes of early detection and surveillance, which demands attention. To resolve 
this balance in each case requires better information about risk and to predict behav-
iour of each lesion. Will the new technologies of genetic analysis, applied to either 
lesion or normal tissue of the host, allow us to achieve this? For discussion this ques-
tion can be split into three overlapping parts. The first relates to predicting the behav-
iour of a specific lesion, the second to the risks and behaviour of future lesions and 
thus to issues of intervention and surveillance, and the third to overall estimates of 
individual risk and thus to stratification of the population into groups at different risk 
and hence different potential to benefit from programmes of early detection.

Predicting the behaviour of a specific lesion and the need for intervention.

If we knew which screen-detected lesions were of clinical significance, we could 
match the treatment appropriately and avoid over-treatment – as for example in 
PSA-detected prostate cancer, described above. Pathologists have for many years 
used morphological criteria on tissue sections to do this: but the examples of loca-
lised breast cancer, PSA-detected prostate cancer and of Barrett’s oesophagus show 
that, as detection methods become more sensitive and the prevalence of pre-inva-
sive and early invasive lesions increases, these criteria are no longer sufficient. 
Gene expression profiling of the primary lesion has the potential to do better, as for 
example in breast cancer, where the subset of apparently localised cancers that have 
metastasised can be identified with useful sensitivity and specificity by gene 
expression profiling of the primary tumour. This provides optimism that molecular 
analysis can predict the behaviour of a single lesion. The next question is whether 
it can also be predictive for other lesions in the same tissue:

Can analysis of a single lesion predict the risks and behaviour of subsequent 
lesions within the same epithelium?

If this were so, the prediction would be useful for the design of programmes of 
surveillance, and of possible tissue-wide efforts at prevention. The underlying ques-
tion is one of biology. The development of a cancer is thought of as the accumulation 
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of successive stochastic genetic or epigenetic events. Are these events truly inde-
pendent in multiple cancers within a single tissue, or are they to some extent deter-
mined or constrained by host factors – genetic background or exposure? If the 
latter, then depending upon the strength of the constraints, different lesions within 
an individual will tend to be similar, and the characteristics of one lesion will to 
some degree be predictive for others.

Evidence that such constraints exist comes from studies of inherited susceptibil-
ity. In familial breast cancer, the gene expression profiles (and estrogen receptor 
(ER) status) of tumours from women who carry a mutation in BRCA1, in BRCA2, 
or in neither gene, are different [5]. BRCA mutations are strongly predisposing, so 
this might be discounted as an extreme case: but characteristic molecular subtypes 
and ER status are also seen in the associations between common, weakly predispos-
ing gene variants such as FGFR2 and breast cancer [6]. Specific exposures may 
also drive characteristic patterns of altered gene expression: for example the 
changes in the airway epithelium in response to cigarette smoke [7].

In principle, then, multiple lesions within a single epithelium are likely to be 
more similar, because of host factors, than lesions from different individuals. This 
similarity may be even greater if the lesions have arisen from within the same 
extended mutant clone, and so share some of the initial events. Whether and in what 
circumstances these effects are strong enough to provide clinically useful predictors 
is for empirical test. Formal data are hand to find, but current clinical practice sug-
gests that these circumstances are few.

If such constraints exist, they will presumably be mediated through, or reflected 
in, the molecular and cellular phenotype of the cognate normal epithelium – the 
“soil” in which the malignancies arise. This leads to the final question:

Can analysis of the apparently normal tissue from which the cancer will arise pro-
vide a prediction of future cancer risk (and possibly behaviour)?

If this were so the prediction would have important applications in stratification of 
the population in terms of risk, and thus in terms of the cost/benefit balance of entry 
into programmes of early detection. If the prediction were not just of risk of cancer, 
but of risk of clinically significant cancer, the application would be even greater.

The factors that will differ between individuals and which can be expected to 
influence risks of cancer and cancer type are, broadly, individual genetic make-up 
and exposure. What is the potential size of these effects and how can they be 
measured?

The majority of strongly predisposing genes for cancer have been identified, but 
these account for under 5% of overall cancer incidence. For most of the common 
cancers (e.g. breast, prostate, lung) some 70% of the estimated inherited cancer risk 
is still unexplained. This 70% is thought to be made up of probably hundreds of 
common and rare genetic variants, each of small effect, but in combination these 
may be potentially very significant in terms of distribution of risk in the population, 
and hence in terms of application to the stratification of risk. Imagine these normal 
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genetic variants dealt out at conception like a hand of cards: it has been estimated 
that for breast cancer the 20% of women with the “worst” hand will have on aver-
age a 30–40-fold greater risk than the 20% with the “best” hand [8]. This means 
that half of all breast cancers will occur in the 12% of women at greatest [genetic] 
risk. As noted above, some of these variants increase the risk of different molecular 
subtypes of breast cancer more than others; and it is possible that they may also 
influence aggressiveness and outcome.

Most environmental exposures are difficult to quantify. Smoking is relatively 
easy because it is a well-defined behaviour that can be measured in pack-years of 
exposure reaching back many years, and so is UV damage resulting in sunburn; but 
accurate dietary history is notoriously difficult to obtain even in the present, 
let alone after the lapse of many years. Even if data on exposures and genetics were 
available, the multiple interactions between the hundreds of components would 
present a daunting problem.

An interesting possibility, so far not widely explored, is that the history of these 
genetic effects and exposure and their many interactions, in so far as it impinges on 
cancer risk and behaviour, should be written in an integrated form in the tissue from 
which the cancers will arise. (This is not to exclude direct effects on the emerging 
cancer: but many of these, for example differences in DNA repair, or immune or 
paracrine effects may also be written in the uninvolved tissue).

Following this idea, cancer – and other diseases such as diabetes – can be 
thought of as “an emergent property of a regulatory network” [9]: a gene regulatory 
network which can be perturbed by inherited or somatic mutation, normal genetic 
variation, or causes external to the tissue (for example hormones, or external expo-
sures and the damage resulting from them). If this is correct, gene expression pro-
files of uninvolved tissue would be expected to differ between individuals, and it 
might be possible using the training set/validation set approach that has been exten-
sively applied to cancer tissues to define subsets of those cancers, also to define 
patterns in the uninvolved tissue that are predictive of the risk of cancer. There are 
obvious pitfalls to be avoided, for example the possibility of sampling emergent 
altered clones that are not representative: but there are already several reports sug-
gesting that this approach might work. They include a series of papers (e.g. 10) by 
Spira and colleagues on the patterns of gene expression in bronchial and upper 
airway epithelium, showing a similar signature of smoking, but different signatures 
in smokers with and without lung cancer; and publications reporting on a variety of 
phenotypic measures in colorectal mucosa and their association with the presence 
of polyps [11, 12]. Further prospective validation of these potential predictors is 
however required.

Schadt and others [13] have taken the analysis a step further to the definition of 
specific gene regulatory networks, and putative functional molecules within them. 
Others have defined gene expression profiles in terms of signatures of the activities 
of different signalling pathways [14]. Kopelovich [15] pointed out a decade ago the 
potential of using accessible tissues as surrogates for tissues difficult to access (for 
example, oral or nasal epithelium for bronchus), an important concept that also 
requires further validation.
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Summary

Setting aside practical issues of access to certain tissues, the challenges that cur-
rently threaten to limit the use of preneoplasias as a route to cancer prevention, are 
about the balance of cost and benefit. The costs are in terms of resources and false 
positive diagnosis, when screening for preneoplasias at the population level; and in 
terms of over-treatment by interventions for lesions only a minority of which will 
progress to clinically significant disease. The commonly used multi-stage process 
of screening, combining sensitivity with increasing levels of specificity, recognises 
this. Careful phenotyping of the epithelium from which the lesions arise, as well as 
analysis of the lesions themselves, may allow us to refine and improve this 
process.
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Abstract Tumours are thought to contain a subpopulation of self-renewing stem 
cells, the so-called cancer stem cells, which maintain the tumour. Moreover, tumours 
themselves are thought to arise from organ-specific stem cells. In epithelia, transfor-
mation of these cells leads to spread of a mutated stem cell clone through the epithe-
lial sheet, leading to the development of a pre-invasive lesion. Barrett’s oesophagus 
is used as an example of the role of stem cells in the development of such a pre-inva-
sive lesion. This is an intriguing condition where the stratified squamous epithelium 
of the lower oesophagus is replaced with a metaplastic epithelium, which usually 
shows goblet cell-containing crypts. A similar metaplasia occurs in the stomach in 
chronic atrophic gastritis. In both cases these epithelial fields can becomes geneti-
cally unstable and develop a considerable mutation burden, including mutations 
in important tumour-suppressor genes, setting in motion the so-called metaplasia/
dysplasia/carcinoma sequence. There has long been argument about the nature of 
this metaplasia, but in the stomach we have shown that it represents a clonal pro-
liferation and arises through a process of monoclonal conversion from gastric stem 
cells to the intestinal phenotype in individual gastric glands. We have further shown 
clonal spread of the metaplastic process within the epithelium, mediated through 
the mechanism of crypt fission. In Barrett’s mucosa however, we have shown that 
the mucosa is composed of numbers of discrete mutated clones, all of which may 
compete, providing a stimulus for clonal progression and thus malignant change. We 
also propose that the origin of these multiple clones is from stem cells in the ducts 
of the oesophageal glands found in the lower oesophagus.
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Introduction

There is a now a growing appreciation that tumours contain a subpopulation of 
self-renewing stem cells, the so-called cancer stem cells, held to be responsible for 
maintaining the tumour and for the development of a hierarchy of proliferating and 
differentiating cells which are claimed – by their proponents – to be responsible for the 
well-recognised phenomenon of tumour heterogeneity (see for example [1]). At the 
same time it is now widely accepted that tumours arise as a result of a series of muta-
tions occurring in an appropriate cell. In the colonic epithelium, for example, many of 
the mutations necessary for malignant progression have been identified. A shibboleth 
of modern tumour biology is that such a series of mutations accumulates in a single 
cell: this single cell, through mutation and selection, acquires properties which endow 
it with characteristics which ensure it’s growth and survival as a mutant clone, which 
then undergoes a series of divisions which results in the development of a neoplasm. 
Similar series of molecular events is envisioned for the development of other epithelial 
tumours – for example the lung, the stomach and the skin [2]. This immediately raises 
the problem of the identification of these important cells. There is a growing school of 
thought, which proposes that such cells are the organ-specific stem cells.

Once established within the epithelium, a mechanism must exist for the growth and 
propagation of the mutant clone within the epithelium. This can occur by the accumu-
lation of a discrete mass of such transformed cells within the epithelium, sometimes 
termed an adenoma in tissues such as the colon, stomach or skin. Perhaps more com-
monly there is diffuse spread of a mutated clone through the epithelium, often over 
considerable distances. This is usually often accompanied by morphological changes 
of malignancy, termed dysplasia, and accompanies conditions such as ulcerative colitis 
in the colon, squamous metaplasia in the bronchus, actinic keratosis in the skin, ductal 
carcinoma in situ (DCIS) in the breast, pancreatic intra-epithelial neoplasia (PIN) in 
the pancreas and is also thought to occur in Barrett’s oesophagus. These are the pre-
invasive lesions, and it is a general rule that all epithelial tumours go through such a 
stage before invading into the subjacent stroma and metastasising.

It is the purpose of this chapter to examine some of the recent evidence for this 
proposal that tumours arise from epithelial organ-specific stem cells, and to use the 
example of the phenomenon of intestinal metaplasia – widely accepted as the pre-
cursor lesion for dysplasia in the stomach and in Barrett’s oesophagus – for an in-
depth look at the role of stem cells in the development of the pre-invasive lesion 
which leads to Barrett’s carcinoma.

The Stem Cell Origin of Cancer

It is an interesting proposal that all tumours arise from stem cells. This chapter will 
address this concept with special reference to pre-invasive disease, a common fea-
ture of most, if not all, epithelial cancers. So, why do we propose that all such 
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tumours originate in a stem cell or stem cells? This is usually explained on two 
major counts: firstly they possess the self-renewal mechanisms required for the 
maintenance and expansion of stem cell numbers, and secondly particularly in 
renewing populations such as the gut and skin, stem cells are thought to be located 
in a stem cell niche in which they stay, maintaining their numbers by asymmetric 
cell division, which provides the requisite time for the acquisition of further muta-
tions. Daughter cells are lost relatively quickly from the population, and might not 
be thought to linger long enough to accumulate the necessary mutation burden 
required for transformation.

An excellent example of this is seen in the intestine, where the pre-invasive 
lesion is the adenoma: it has been known for many years that most carcinomas in 
the intestine originate in the adenoma – the so-called adenoma: carcinoma sequence 
(see [3] for review). Thus, in mouse small intestine there is both a stem cell com-
partment at about 4–5 cell positions from the base, thought to be slowly cycling [4] 
together with a rapidly cycling stem cell compartment composed of slender cells – 
the crypt base columnar cells sited between the Paneth cells at the base of the crypt 
[5]. This is usually regarded as the intestinal stem cell niche, considered to be a 
privileged site where stem cells derive – from their daughter cells – all lineages 
within the tissue, maintaining their own numbers by asymmetric division. Genetic 
lineage tracking techniques show that at cell position 4–5 cells the cells express 
Bmi1, and knocking in a tamoxifen-inducible Cre into the Bmi1 locus in Bmi1Cre-ER/+; 
Rosa26LacZ/+ mice gave clones containing all intestinal lineages – thus the cells are 
multipotential. The crypt base columnar cells express the Wnt target gene Lgr5 but 
are also multipotential, shown by an inducible Cre knock-in allele in the Lgr5 locus 
crossed with the Cre-activatable RosalacZ reporter [5]. That these cells are the 
origin to adenomas was shown by targeted deletion of Apc in the Lrg5-expressing 
crypt base columnar cells (using Lgr5-EGFP-creERT2/Apcflox/flox mice), which 
gives rapidly growing adenomas. However, and importantly, deletion of Apc in the 
dividing transit or amplifying cells found higher in the crypt (using Ah-cre/
Rosa26R/ Apcflox/flox mice) produced no adenomas [6]. Thus underlines the 
importance of having the mutation in the stem cell population. In fact, Lgr5 expres-
sion in mice overlaps with prominin 1 (CD133) expression, and induction of Wnt 
signaling in these cells with a Cre-dependent mutant allele of b-catenin (Ctnnb1lox 
(ex3)) showed origin of the adenomas from prominin 1-positive cells [7]. In both 
these models established colonic and small intestinal adenomas contained about 
6.5% of Lgr5-positive cells, and interestingly the frequency of prominin 1-positive 
cells in the adenomas at 7% was the same.

However, stem cells at positions 4–5 can also apparently initiate intestinal 
tumours: it is here that Wip1 phosphatase, an enzyme that inhibits the DNA damage 
response, is located in cells at this position. ApcMin/+/Wip1-null mice have a 
severely reduced adenoma burdens, mediated by p53-dependent apoptosis of stem 
cells [8]. Loss of CD44 will also reduce adenoma burden in Apc/Min/+ mice, pos-
sibly through increased apoptosis of initiated cells, since CD44 is putatively 
expressed only by the crypt base columnar cells and early transit amplifying cells, 
and hence the cells that presumably start adenoma formation [9].
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In the prostate, it was generally accepted that tumours arise from the 
androgen receptor-negative basal cells [10]. Inhibition of androgen actions 
does not reduce the clonogenicity in prostatic cancer cell lines but the size 
of the colonies was reduced, suggesting that androgen-independent self-
renewal of cells with stem cell properties occurs, but that transit amplifying 
cells were androgen-dependent [11]. However, it has been reported that in 
human prostate cancer cell lines the CD133+ tumour propagating cells are 
positive for androgen receptor, indicating an origin from luminal cells [12] 
Returning to the mouse, after castration a very small (<1%) population of 
luminal cells, which are castration-resistant, express the Nkx3-1 homeodo-
main-containing transcription factor. The properties of these cells include 
self-renewal and bipotential differentiation capacity: when androgen is given 
to mice with targeted deletion of Pten in these cells, prostatic intraepithelial 
neoplasia is seen with microinvasion [13]. Consequently, the prostate may 
contain two distinct target cells for tumour initiation: since basal cells are 
absent from prostatic adenocarcinoma, a luminal origin would be consistent 
with these observations.

In the breast also, there may be more than one cell type from which cancer 
develops. Many breast cancers are believed to have their origins in undifferenti-
ated oestrogen receptor (ER)-negative multipotential stem cells, but in basal-like 
breast cancers, gene expression profiling suggests that they originate from luminal 
progenitors. Moreover luminal progenitors are expanded in preneoplastic tissue 
from BRCA1 mutation carriers [14]. Furthermore, in the testis, pluripotent germ 
cell tumours (teratomas) are thought to arise from the maturation arrest of foetal 
germ cells or gonocytes – cells bearing a close resemblance to the likely probable 
precursor lesion, carcinoma in situ (CIS) of the testis [15].

The liver is thought to have two distinct (stem) cell populations, which can give 
rise to hepatocellular carcinoma. A derivation of this tumour from hepatocytes has 
been suggested in several animal models of hepatocellular carcinoma, since trans-
genes, which induce such tumours, can be conveniently driven by the albumin 
promoter. But hepatic progenitor cells (HPCs) originate from a so-called facultative 
stem cell compartment, thought to be derived from small biliary ductules, which 
proliferate in response to chronic liver damage such as cirrhosis. In most in cidences, 
cirrhosis is itself the usual precursor lesion of hepatocellular carcinoma. This 
makes these cells probable carcinogen target cells [16]. Thus should tumours arise 
from HPCs, then there could be a block in stem cell differentiation, so-called ‘stem 
cell maturation arrest’. In this respect it has been suggested that there are four sub-
types of hepatocellular carcinoma, which corresponds to a hierarchy of liver cell 
lineages [17]. It is interesting to note that those patients with the poorest prognosis 
show a larger fraction of either EpCAM+/AFP+ cells (which show the features of 
embryonic hepatoblasts) or EpCAM−/AFP+ cells which are HPC-like: however, 
patients with EpCAM−/AFP− cells – resembling mature hepatocytes or EpCAM+/
AFP− cells – cholangiocyte-like – had a more favourable outcome. Gene exp-
ression profiling has also revealed a subset of HCCs, which share a poor prognosis, 
which also have a profile suggesting an origin from HPCs [18]. When these 
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tumours are divided into categories with high and low expression of the HPC 
marker CK19−, a group of patients can be recognised who experience a shorter 
time to recurrence [19].

There are several different histological types of lung cancer, in addition to which 
many show a mixed phenotype. This heterogeneity, often said to be related to their 
anatomical location within the lung, may reflect of region-specific variations in the 
stem cell composition of the tracheobronchial tree [20]. These stem cells may 
occupy a so-called pro-oncogenic stem cell niche: there are mouse models where 
global knock-down of a tumour suppressor gene such as p53 has been achieved – or 
indeed up-regulation of an oncogene regulated by a lung-specific promoter which 
is widely expressed in the lung. This produces a phenomenon called in humans field 
cancerization, where the same pro-oncogenic genetic change is found over large 
areas of the tracheobronchial epithelium. Such a situation was described by 
Franklin et al. [21], where the same p53 mutation was found throughout the tra-
cheobronchial epithelium of a smoker. Nevertheless, although k-ras mutations are 
often seem in human non-small cell lung cancer [22], mouse models with wide-
spread k-ras mutations give rise only to bronchioalveolar adenocarcinomas [23]. 
This is possibly due to the induction of self-renewing, multipotent bronchioalveolar 
stem cells (BASCs) which are found at the bronchioalveolar duct junction [24]. 
Human small cell lung cancers usually arise from mid-level bronchioles where the 
neuroendocrine precursors are found, but squamous cell carcinomas originate in the 
proximal major bronchi, possibly developing from CK14-positive basal cells 
located in the submucosal gland ducts or the inter-cartilaginous boundaries [25].

Stem Cells in the Development of Intestinal Metaplasia 
and Barrett’s Oesophagus

I shall now explore in more detail the possible role of stem cells in the initiation 
and progression of a relatively common pre-invasive lesion – Barrett’s oesopha-
gus, widely-regarded as the precursor of oesophageal adenocarcinoma. Carcinoma 
of the oesophagus is one of the sixth leading causes of deaths from cancer in men 
in the Western World, and increasing in incidence. While squamous cell carci-
noma arises from the stratified squamous oesophageal epithelium, it is the adeno-
carcinoma, which is known to arise in a fascinating lesion called Barrett’s esophagus, 
which is responsible for the increase in interest in carcinoma of the oesophagus. 
The English surgeon Norman Barrett first brought this condition to prominence: 
Barrett’s oesophagus is the replacement of the normal oesophageal stratified 
squamous epithelium with metaplastic glandular epithelium in response to inflam-
mation and ulceration. It is probably provoked by duodeno-gastroesophageal reflux, 
with chronic exposure to acid and bile, which causes damage and inflammation in 
the oesophageal squamous epithelium.

The diagnosis of Barrett’s depends on endoscopic examination with biopsy 
and the recognition of characteristic histological appearances is required. These 
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usually include the appearance of a metaplastic epithelium very dissimilar from 
the stratified squamous epithelium of the native oesophagus, in which many as 
essential for the diagnosis regard the presence of mucin-secreting goblet cells. It 
is from this metaplastic epithelium which oesophageal adenocarcinoma can arise 
from progression through a metaplasia–dysplasia–carcinoma sequence. The 
presence of Barrett’s oesophagus increases the risk of oesophageal aden ocarcinoma 
by 30–40% [26].

Management of Barrett’s oesophagus consists of treating the reflux, and 
controversially by surveillance for the early detection of carcinoma. Treatment 
consists of medications such as proton pump inhibitors, which reduce acid 
output, or by anti-reflux surgery.

In the prediction of malignancy, the histological grade of dysplasia is usually 
been used to assess the probability of progression towards malignancy. Lesions are 
graded variously as negative for dysplasia, indefinite for dysplasia, low-grade 
dy splasia, high-grade dysplasia or carcinoma. There is no degree of certainty in this 
process, since while some grades do indeed progress, others regress, and some 
lesions can remain stable for many years. Moreover, histological interpretation 
shows considerable inter- and intra-observer variation [27].

Aspects of Molecular Changes in Barrett’s Oesophagus

Invaluable information has been derived from taking serial biopsies from cohorts 
of patients with Barrett’s oesophagus and subjecting them to molecular analysis. 
In this way the evolution of mutations common tumour suppressor genes through-
out the progression of the metaplasia/dysplasia/carcinoma sequence. Two of the 
most important genes are the cyclin-dependent kinase N2 (p16) and TP53 (p53) 
tumour suppressor genes: inactivation of these genes occurs early in the metaplasia/
dysplasia/carcinoma sequence [28] – as many as 88% of Barrett’s patient’s 
without dysplasia show a p16 lesion [29]. Similar studies showed that clonal p16 
and p53 lesions were seen throughout long segments of Barrett’s oesophagus 
[28,30] has led to the proposal that there exists a precursor cell or cells that 
expands in a clonal manner, with the important prediction that there has to be a 
founder mutation which is maintained in all descendant cells. This is indeed a 
useful way of looking at the clonal expansion of cells with mutations: a basic 
premise of this idea is the concept that Barrett’s – or a mutated cell in any other 
genetically unstable epithelial field progresses as a consequence of sequential 
tumour suppressor gene inactivation which causes a selective growth advantage. 
This leads to the establishment of the mutated cell and its direct descendants – a 
mutant clone. Consequent to this there is preferential expansion of this mutated 
clone. When the mutation has expanded throughout an entire field, extinguishing 
all competing clones, it is said to have ‘gone to fixation’ (see Fig. 1.1). The pro-
cess by which this occurs is thought to be natural selection acting through the 
selective advantage possessed by the clone, driving a mutation to fixation and is 
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sometimes called a selective sweep [33,34]. Thus loss of both p16 alleles is 
thought to cause a selective sweep: consequently p16 mutation fixation occurs 
early in the progression of Barrett’s oesophagus [34]. There is good evidence that 
widespread clonal expansion with fixation of p16 mutations occurs in Barrett’s 
oesophagus [29].

To understand what is happening in Barrett’s we need to look closely at the 
nature of the morphological change in Barrett’s mucosa – usually called intestinal 
metaplasia.

Fig. 1.1 Different models for clonal evolution models in Barrett’s oesophagus and similar pre-
invasive lesions. (a) The model of clonal evolution according to Carlo Maley and colleagues [31] 
A founder mutation (red cross) occurs in a single progenitor (stem cell) and giving that cell a 
growth advantage leading to a selective sweep. Then successive selective sweeps leads to progres-
sion along the metaplasia–dysplasia pathway. In this model clone bifurcation is responsible for 
clonal heterogeneity (b) The model according to Leedham et al. [32] based on the mutation of 
multiple progenitor or stem cells within the oesophageal gland squamous ducts (red crosses). Here 
multiple independent clones occur which evolve separately. The giving rise to a mosaic clonal 
pattern of the Barrett’s segment shown by the striped areas (from [32] with permission)
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The Nature of Intestinal Metaplasia

Most work on intestinal metaplasia has been carried out in the context of its occurrence 
in the stomach. Intestinal metaplasia is usually defined on the basis of its histologi-
cal appearance and particularly by the presence of intestinal-type cells such as 
goblet, absorptive and sometimes Paneth, cells and is usually found in the context 
of chronic and/or atrophic gastritis. In the stomach, intestinal metaplasia has long 
been regarded as a pre-malignant condition leading to the development of the intes-
tinal type of gastric adenocarcinoma. Various attempts have been made to identify 
which histological features are associated with the development of malignancy (see 
for example [35]). Classically, intestinal metaplasia has been classified into the 
complete or the incomplete type – sometimes called Type I and Type II, dependent 
on the presence of absence of typical Paneth and absorptive cells. However, a Type 
IIb or Type III metaplasia is also recognised, where the mucus cells contain sulpho-
mucins rather than the usual acid sialomucin (see, for example [36,37]). Though 
these classifications have been generally accepted, they have overemphasized the 
characteristics common to cells in the small intestine, while neglecting to take into 
account the preserved gastric phenotype. Others have proposed classifications are 
based on the presence or absence of gastric-type cells in intestinal metaplasia – for 
example that due to [38,39], where intestinal metaplasia is subdivided into two 
major types, (a) mixed gastric and intestinal type and (b) a solely intestinal type. 
Thus intestinal type metaplastic glands are composed entirely of intestinal type 
cells, whereas the mixed-type also contains gastric cells. However, these authors 
have observed that the mixed typed glands appear to gradually become intestinal 
type glands [38]. It is clear, therefore, that a conversion of glands formed of gastric 
type cells to wholly intestinal lineages is occurring though an intermediate stage 
where the gland contains both lineages: how does this occur?

The Stem Cell/Clonal Origins of Intestinal Metaplasia

There has been some dispute about whether gastric glands in both animals and 
man are clonally derived – i.e. derived originally from the progeny of a single 
stem cell. Using male: female chimaeric mice, Thompson et al. [40] showed that 
gastric glands in the mouse were indeed clonal populations. Nomura et al. [41] 
showed that, like intestinal crypts, stomach glands commence development as 
polyclonal units, but by adulthood (6 weeks), the majority had progressed to 
monoclonal units. However, this has not been the story in the human stomach: 
thus, using X-chromosome inactivation with the human androgen receptor gene 
(HUMARA), Nomura et al. [42] reported that sixty percent of single corpus 
glands were homotypic or clonally derived, but 40% were heterotypic – containing 
mixed cells of different allelic methylation: moreover, when the clonality of the 
upper parts and that of the lower parts were analyzed separately, eleven glands 
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were heterotypic in either part and four glands were homotypic in the upper part 
and in the lower part. However, ninety-six percent of the single p yloric glands 
were homotypic and therefore clonal. This argues for complex stem cell arc-
hitecture in normal human corpus gastric glands.

Studies using the same method on intestinal metaplastic glands showed that 
48% were heterotypic while 52% were homotypic, although once again almost all 
the single pyloric glands were homotypic [43]. Importantly, 11 of 13 intestinal 
metaplastic mucosae that were 6 mm in diameter contained glands that had 
or iginated from different cells. In this respect, Mihara et al. [44], analysing methy-
lation of multiple CpG islands in several genes in a single gland, showed that of 
those isolated from a gland with intestinal metaplasia, most were methylated. It 
was suggested that methylation occurred multifocally and that that methylation of 
multiple genes occurs independently in multiple glands, each possessing its own 
stem cell, Thus, on this view, intestinal metaplastic glands initially appear multifo-
cally in the pyloric area – multiple gastric glands aberrantly differentiate into those 
with intestinal characteristics, and then gradually spread into the corpus area as an 
independent and polyclonal process. Mihara et al. [44] regarded the presence of a 
very variable pattern (eight patterns among eight methylated DNA molecules) of 
methylation in a non-cancerous gastric mucosae confirmed the polyclonal origins 
of intestinal metaplasia. But even in populations known to be clonal, methylation 
patterns soon diverge (Graham et al. in preparation).

Thus prevailing opinion states that intestinal metaplastic glands are polyclonal, and 
each gland arises independently of its neighbour by an altered pattern of differentiation 
in its stem cell(s). Thus intestinal metaplasia is regarded as quintessentially a 
polyclonal disorder of the stomach. On the other hand there is now good evidence 
that normal colonic and small intestinal crypts are clonal populations. Using the 
X-inactivation inactivation of a defective glucose-6-phosphate dehydrogenase (G6PD) 
gene in a population of Sardinian women, Novelli et al. [45] showed that human small 
intestinal crypts were clonal, staining for either the defective gene product or for the 
wild type protein – there were no mixed crypts. Similarly, in a very rare XO/XY 
patient with familial adenomatous polyposis (FAP) the crypts were either positive or 
negative for the Y chromosome and again never mixed [46], again indicating the clonal 
nature of human intestinal crypts. Taking advantage of naturally occurring mutations 
in the cytochrome c oxidase gene, a gene encoded by the mitochondrial genome, a 
technique introduced by Taylor et al. [47], we have used enzyme histochemistry for 
cytochrome c oxidase and succinate dehydrogenase in normal human duodenal crypts 
together with laser-capture, and the entire mitochondrial genome was amplified using 
a nested PCR protocol. Sequencing identified mutations and immunohistochemistry 
demonstrated specific cell lineages. We were able to show that all negative crypts 
contained the same clonal mutation and all differentiated epithelial lineages were pres-
ent, indicating a common stem cell origin. Mixed crypts were also detected, confirming 
the existence of multiple stem cells. Thus normal human intestinal crypts are clonal 
and are maintained by multiple stem cells. We were able to show that patches of 
mutated crypts contained the same mutation, and that thus mutations spread in the 
small intestine [48] and that these mutations spread by crypt fission [49].
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Similarly, there is now good evidence that corpus glands in the human also 
clonal populations: McDonald et al. [50] using the same technique of enzyme 
histochemistry for cytochrome c oxidase and succinate dehydrogenase coupled 
with laser microdissection and mtDNA sequencing, have observed gastric units 
that were partially mutated, evidence for the presence of multiple stem cells in 
such corpus gastric glands, since such units contain at least two different pop-
ulations of stem cells, one expressing and one not expressing cytochrome c 
oxidase activity. But there are also entirely mutated gastric units in which a 
mutated stem cell has expanded to take over the entire stem cell population. 
Different regions of cytochrome c oxidase-deficient gastric units which have been 
laser-captured and the mitochondrial genome sequenced, showed that the foveolus, 
neck region, and base of the negative gastric unit possess the same mtDNA 
mutation whereas the neighbouring cytochrome c oxidase-positive glands were 
wild type. Its is clear that monoclonal conversion of the gastric unit has taken 
place where one cytochrome c oxidase-deficient stem cell has stochastically 
replaced all the cytochrome c oxidase-normal stem cells, resulting in a clonally 
deficient unit. Thus, contrary to findings using the HUMARA method, corpus 
gastric glands are clonal populations, and all cell types are clonally derived 
from the contained stem cells (Fig. 1.2).

Intestinal Metaplasia is a Clonal Proliferation

The understanding of the nature of metaplasia in Barrett’s is really now dependent 
of our appreciation of the changes in the organ-specific stem cells which are 
thought to initiate the change. It is therefore worthwhile asking again whether intes-
tinal metaplasia is really a clonal phenomenon and due to re-programming of stem 
cells – in the stomach these would be gastric stem cells, and in the oesophagus, 
presumably the stem cells of the oesophageal squamous epithelium.

We have discussed above results from X-inactivation and methylation studies, 
which suggest that the progression of intestinal metaplasia occurs in a polyclonal 
manner. However, we have been able to show that intestinal metaplastic crypts in the 
human stomach is clonal: we demonstrated the presence of entirely cytochrome c 
oxidase-deficient metaplastic crypts from a region of intestinal metaplasia and also 
show partially mutated crypts, suggesting that intestinal metaplastic crypts have 
multiple stem cells ([50]; Fig. 1.3). We were also able to show that all the differenti-
ated intestinal-type epithelial cells are present within a cytochrome c oxidase-deficient 
crypt, and thus contain multipotential stem cells. Patches of multiple cytochrome c 
oxidase-deficient metaplastic crypts were also observed, and the same mutation was 
only in the cytochrome c oxidase-deficient crypts and not in the positive ones, showing 
that the patch is derived from a single founder crypt that has been expanded by fis-
sion (Fig. 1.3). We therefore conclude that intestinal metaplasia is a clonal proliferation, 
due to a change in stem cell determination, and that patches of intestinal metaplasia, 
and therefore mutations, expand by crypt or gland fission.
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In work in preparation we have shown that other mutations, such as in p53 and 
APC, are also clonal in intestinal metaplastic crypts and expand clonally in the 
same manner. Thus there is good evidence that intestinal metaplasia is a clonal 
proliferation, initiated by a change in a single stem cell.

The Origin of Barrett’s Metaplasia

It is becoming clear that, far from there being a singe clone source in Barrett’s 
oesophagus, the epithelium contains multiple mutated clones (see [31,32], and 
Fig. 1.1). We should note at the outset that the reason for the clonal heterogeneity 
seen in both of these models is different: in the Maley model clone bifurcation 
is responsible, while in the Leedham model multiple independent clones then 
arise which evolve separately. The question then rises – what is the source of 

Fig. 1.2 Normal human gastric glands are shown to be clonal. (a) A cytochrome c oxidase-deficient 
gastric gland. (b) Negative cells have been dissected from the foveolus (1), from the neck region 
(2) and the base (3) of a negative-staining gland, and also from the base (4) of an adjacent positive 
gland. (c) MtDNA sequencing showed a T → C transition at position 8181 (reproduced from [50] 
with permission)
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these m ultiple clones? A clue to this can be found in the origin of the neo-
squamous islands of epithelium that arise within Barrett’s oesophagus, usually 
as a consequence of medical or surgical therapy, or after endoscopic ablation. 
Paulson et al. [51] isolated islands of the neo-squamous epithelium and the sur-
rounding Barrett’s epithelium looked for genetic alterations in the p16 or the 
TP53 genes. In nearly all the patients studied the neo-squamous islands were 
wild-type for p16 or TP53, indicating that it originates in cells different from 
those responsible for Barrett’s epithelium.

We have suggested that non-mutated squamous ducts are likely to be the 
source of wild-type squamous islands [52]. When we analysed the genotype of 
neo-squamous islands, all but one of the dissected squamous islands were wild-
type, even though they were surrounded by mutated Barrett’s crypts. Wild-type 
squamous islands were also seen growing over mutated deeper Barrett’s crypts. 
As we previously showed [52], squamous islands are almost always situated 
overlying deeper oesophageal glands or gland ducts, if traced in serial section. 
We were able to show a squamous island arising from an oesophageal gland duct, 
and while the surrounding Barrett’s epithelium revealed a p53 non-sense point 
mutation, the underlying squamous island and oesophageal gland squamous duct 
were p53 wild-type, and thus of a different clonal origin to the surrounding 
Barrett’s dysplastic mucosa [32]. Moreover, in another case the metaplastic 
ep ithelium revealed a silent point mutation in exon 2 of p16, also present in the 

Fig. 1.3 Patches of cytochrome c oxidase-deficient metaplastic crypts are clonal and expand by 
fission. (a) Shows a patch of negative crypts (blue) crypts pre-laser capture. (b) Post-laser capture 
(1–3, blue; 4 and 5, brown). (c) Sequencing showed a T → C transition (at position 8503 in the 
mtATP8 gene) in the cytochrome c oxidase-deficient cells (1 and 3), but not in the cytochrome 
c oxidase-positive cells (5) (reproduced from [50] with permission)
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duct (and in the underlying oesophageal gland). Although the mutation was non-coding 
it serves as a useful marker, suggesting a clonal origin of both epithelial lineages, 
and also that metaplastic epithelium arises from the duct. That the same mutation 
was found in the oesophageal gland acini suggests a bi-directional flow of cells 
perhaps from a stem cell niche in somewhere in the duct, as has been reported for 
Brunner’s glands [53].

Together with the demonstration of multiple competing independent clones and 
a possible identification of the origin of Barrett’s oesophagus from the oesophageal 
gland duct, structures which are present throughout the length of the oesophagus, 
suggests to us that reflux-induced ulceration and consequent inflammation induce 
tumour suppressor gene mutations in the stem cell populations in oesophageal 
gland ducts. These multiple clones then compete until the fittest clone outstrips the 
rest to progress to carcinoma. This introduces the concept of clonal competition.

The Nature of Clonal Competition

How does competition between clones increase the propensity for malignant change, 
and how do such clones expand at the expense of others? These are important ques-
tions for which there are as yet no convincing answers, but a good deal of interesting 
speculation, some of it based on experiment. Merlo et al. [54] have analysed the 
development of cancer as an evolutionary and ecological process: ecology usually 
entails analysing the dynamics of communities of species and their interactions and 
can be classified by the effects of the fitness of the individual – here a clone – on 
other individuals. In this context, fitness usually defined in terms of both survival 
and reproduction capability and thus its average contribution to future generations. 
There are several such interactions possible, of which competition is just one.

In a population of cells such as occurs in Barrett’s oesophagus, competition can 
of course exist as compete for resources such as oxygen [54] but there is increasing 
evidence that mutated clones can directly influence the growth of their neighbours: 
thus two subpopulations of tumour cells isolated from the same colonic tumour in 
rats, when injected into opposite flanks of syngeneic rats, can inhibit the growth of 
the other [55]. But some of the best evidence for competition between clones has 
come from work on Drosophila, where several genetic methods can be used to 
make patches of mutant cells in a field of wild-type tissue – not dissimilar, it might 
be thought, from the situation in Barrett’s mucosa [56,57]. When cells which have 
mutations in ribosomal genes (Minutes) were mixed with wild-type cells, Minute 
heterozygous cells proliferate less and are replaced by surrounding wild-type cells. 
Thus the loss of the slower growing clones was caused by the wild-type cells – cell 
competition Moreover, in the mouse, when wild-type cells were injected into 
heterozygous blastocysts wild-type cells contribute much more to several tissues.

Additionally, in Drosophila, clones mutant for dMyc, the homologue of myc, lose 
out to wild-type cells in the developing wing imaginal discs, and importantly, cells 
over-expressing dMyc can eliminate wild-type cells, so-called super-competitors, 
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and take over the entire wing epithelia. Although the dMyc-over-expressing cells 
grow at a faster rate, this excess growth is accompanied by the death of wild-type 
cells so that cell numbers were not altered and no morphological malformations 
appear in the discs or in the wing structure. The Salvador–Warts–Hippo (SWH) 
pathway is thought to control organ size through the modulation of cell growth, 
proliferation and apoptosis, and in Drosophila marked increases in organ size occur 
when this pathway is dysregulated [58]. SWH pathway components are conserved 
from yeast to humans, and the pathway has been implicated in the development of 
human cancers. This pathway may also be involved in clonal competition [59]. Cells 
expressing such mutations show overgrowth in the presence of wild-type cells. The 
fact that both deregulation of dMyc and the Hippo pathway are associated with tum-
origenesis points to a possible link between cell super competition and cancer.

These mechanisms may act through apoptosis: if apoptosis is prevented 
then both clones survive both groups coexist, even though the proliferation 
advantage remains. Thus it is the killing surrounding cells that allows the 
expansion of the dominant cell or clone [57]. There are therefore several steps 
in this process: after a mutation in Minute or dMyc the fitness of a clone is 
altered which appears to result in imbalances in morphogen and survival factor 
signalling. Cells appear able to monitor the signalling levels of adjacent clones 
and a secreted signal to kill the ‘loser’ clone, possibly via a secreted molecule. 
Finally, c-jun N-terminal kinase signalling and caspase activation in the loser 
clone induces an engulfment response in the dominant clone, which is removed 
from the epithelial layer [57].

Of course, in the context of Barrett’s oesophagus, even in the presence of dyspla-
sia, clones are disposed within crypts. There is little doubt that clonal expansion, at 
least in non-dysplastic crypts, occurs by the process of crypt fission [50], although 
when severe dysplasia occurs, there is evidence that the dysplastic epithelium can 
invade other crypt territories from the surface [60]. We do not presently know what 
molecular events enable clones of crypts to dominate through this fission process, 
but Leedham et al. [60] examined individual crypts from the non-cancerous mucosa 
of patients with colitis-associated neoplasia. APC, p53, K-RAS, and 17p LOH and 
mutation burden was established and in most lesions an oncogenic mutation could 
be identified in all crypts across the lesion independent of the morphological appear-
ances, indicating origin from a single crypt. We have seen above that localised 
sweeps of clonal expansion among multiple independent clones occurs in Barrett’s 
mucosa, and again it is probable that this occurs by crypt fission. Whether such 
dominant clones of crypts achieve clonal dominance in the manner suggested by the 
above experiments in Drosophila is an interesting possibility.

Conclusion

We have seen that there is good emerging evidence supporting the proposal that 
epithelial tumours arise from the lineage-labelling, organ-specific stem cells. We 
have used the example of Barrett’s oesophagus – an interesting condition where the 
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squamous epithelium of the lower oesophagus is replaced with an intestinalised 
epithelium composed of crypt systems. We have discussed the stem cell and thus 
clonal architecture of such intestinal metaplasia, and concluded that it is a clonal 
proliferation. The changes which occur in the mucosa during the development of 
dysplasia and carcinoma are complex, but appear to involve the evolution of mul-
tiple clones, which, through competition leads to the emergence of a dominant 
clone which evolves into dysplasia and hence to carcinoma. We need to find out 
much more about how mutant clones become dominant and spread, and how com-
petition between clones promotes the development of cancer in humans.
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Abstract The microenvironment has a critical impact on the malignant potential 
and eventual outcome of a pre-invasive lesion. A tumour-promoting microenvi-
ronment contains many of the cells and mediators of chronic inflammation. The 
origins of this may be extrinsic i.e. inflammatory stimuli cause or exacerbate the 
evolution of cells with malignant potential, or intrinsic i.e. the oncogenic changes 
in the initiated cells induce inflammatory pathways.

Introduction

The microenvironment has a critical impact on the malignant potential and eventual 
outcome of a pre-invasive lesion. An initiated cell with malignant potential can be 
seen as a troublesome youth – put in a ‘good’ environment with schools, parks, 
youth clubs etc. their future will be positive; in a ‘bad’ environment with poor hous-
ing, drugs, gangs etc. their future will be uncertain.

In terms of pre-invasive cancers, the ‘bad’ microenvironment has many of the 
cells and mediators of chronic inflammation. The origins of this inflammatory 
microenvironment may be extrinsic i.e. inflammatory stimuli cause or exacerbate 
the evolution of cells with malignant potential, or intrinsic i.e. the oncogenic 
changes in the initiated cells induce inflammatory pathways [1]. These two path-
ways are not mutually exclusive and the outcomes are essentially the same. In pre-
invasive lesions, cancer-related inflammation can exacerbate genetic damage in 
initiated/malignant cells, stimulate their survival and growth, inhibit useful anti-
tumour immune responses, recruit tumor-promoting leukocytes and construct a 
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tissue microenvironment where neo-vascularisation and tissue remodeling aid the 
growth and spread of the malignant cells. While these actions are the same in a 
variety of cancers, the effector cells and mediators seem to vary with different tis-
sues and oncogenic changes [2].

An inflammatory pro-tumour microenvironment is involved every stage of 
malignancy but is particularly well defined in studies of experimental pre-invasive 
lesions.

Malignant Change Induces Inflammatory Pathways

The presence of an inflammatory component in the microenvironment of pre-invasive 
lesions that have no epidemiologic link to inflammatory disease, suggested that 
genetic events causing neoplasia could be responsible for the development of an 
inflammatory microenvironment. One of the first papers to provide evidence for 
this idea came from Mantovani and colleagues and concerned papillary thyroid 
carcinoma, PTC. Rearrangement of the RET tyrosine kinase (RET/PTC) represents 
a frequent, early, causative and sufficient genetic event in the pathogenesis of PTC. 
In primary human thyrocytes, RET/PTC activates an inflammatory program [3]. 
The transcriptome of RET/PTC-activated cells includes colony-stimulating factors, 
CSFs, which promote leukocyte recruitment and survival; interleukin-1, IL-1, a 
major inflammatory cytokine; cyclooxygenase 2, COX2, an inflammatory enzyme 
that is frequently over-expressed in cancer; chemokines attracting monocytes and 
dendritic cells CCL2, CCL20; angiogenic chemokines e.g. CXCL8. In addition 
RET/PTC activation induces the chemokine receptor CXCR4 on the initiated cells. 
Key elements of the RET/PTC-activated inflammatory programme were found in 
biopsy specimens and patients with lymph node metastasis showed higher levels of 
the inflammatory molecules in their primary tumours [3]; these results show that 
this early, causative and sufficient genetic event involved in the pathogenesis of a 
human tumour directly promotes an inflammatory microenvironment [3, 4].

Ras is the most frequently mutated dominant oncogene in human cancer and 
activated oncogenic components of the ras–raf signalling pathway also induce the 
production of tumor promoting inflammatory cytokines and chemokines [5, 6]. 
Myc is over-expressed in many human tumours – its activation initiates and main-
tains key aspects of the tumour phenotype. In addition to promoting cell autono-
mous proliferation, myc instructs remodelling of the extracellular microenvironment 
with inflammatory cells and mediators playing key roles. In a pancreatic islet 
tumour model, a first wave of myc-driven angiogenesis in early pre-invasive lesion 
was induced by the inflammatory cytokine IL-1 [7]. The myc-activated genetic 
programme also included chemokines recruiting mast cells that sustained new vessel 
formation and tumour growth [8].

Mutations in tumour suppressor genes can also regulate inflammatory pathways 
and two examples of this involve von Hippel Lindau, VHL, tumour suppressor gene 
and transforming growth factor b (TGF-b). The VHL is part of a molecular complex 
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that targets degradation of hypoxia inducible factor (HIF-1a). VHL mutations 
increase HIF-1a protein in malignant cells and this increases the cell and tissue 
response to hypoxia, including angiogenesis. HIF-1a interfaces with NF-kB and 
increases protein levels of the inflammatory cytokine TNF-a[9] and the chemokine 
receptor CXCR4 in human renal cell carcinoma cells [10].

Similarly, genetic inactivation of the type II TGF-b receptor unleashes produc-
tion of the chemokines CXCL5 and CXCL12 [11]. These chemokines attract 
immune suppressive myeloid derived suppressor cells (MDSC) that may inhibit a 
useful antitumor immune response and directly facilitate metastasis.

Thus, oncogenes representative of different molecular classes and modes of 
action (tyrosine kinases; ras-raf; nuclear oncogenes; tumour suppressors) are all 
able to orchestrate pro-inflammatory programs. These programs involve the major 
inflammatory cytokines known to be involved in cancer-related inflammation, 
TNF-a [12] IL-1b [13] and IL-6 [14], and/or certain chemokines [15]. In addition, 
induction of at least one chemokine receptor CXCR4 that is involved in survival 
and chemotactic migration of the malignant cells, has been linked to oncogenic 
mutations [16]. The oncogene-orchestrated inflammatory response also appears to 
share common elements e.g. a link to angiogenesis and recruitment of cells of 
myelomonocytic origin.

Recent experiments have implicated the inflammatory cytokine IL-6 in an even 
earlier event in carcinogenesis, the switch from an immortalised to a transformed 
cell. Interestingly, this key step in cancer progression involved an epigenetic switch 
in response to autocrine inflammatory stimuli, as opposed to a mutational change 
in a tumor suppressor gene or oncogene. When the Src oncoprotein was transiently 
activated in immortalised mammary epithelial cells, it caused a stable epigenetic 
switch to transformed cells that formed self-renewing mammospheres containing 
cancer stem cells and grew in nude mice [17]. The mechanism of this stable but 
epigenetic change involved activation of NF-kB and the microRNA suppressor 
Lin28 that led to a rapid reduction of let-7 microRNA levels. Let-7 inhibits IL-6 
hence there was a rapid increase in IL-6 production in the Src transformed cells. 
IL-6 alone could transform the immortalized mammary cells and anti-IL-6 antibod-
ies inhibited their growth in vitro and in vivo. There was a strong inverse correlation 
between let-7a and IL-6 expression levels in human breast, prostate and hepatocel-
lular carcinoma tissues. Thus, the epigenetic switch that led to stable transforma-
tion of cells was caused by an inflammatory positive feedback loop, a transient 
inflammatory signal being converted to a chronic inflammatory state maintained by 
activated NF-kB.

Tumor-Promoting Inflammation and Pre-invasive Malignancies

One of the founding tenets of research into cancer-related inflammation is evidence 
that many inflammatory stimuli or chronic inflammatory conditions increase the 
incidence of malignancy [1, 18]. Whether the stimuli are due to infection, chemicals, 
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irradiation or chronic inflammation of unknown cause, pre-invasive lesions that prog-
ress to invasive cancers are commonly found at sites of inflammation. Well-
documented examples in humans include chronic Helicobacter pylori infection 
leading to gastric cancer and MALT lymphoma; hepatitis and hepatocellular carci-
noma; schistosomiasis and bladder cancer; asbestosis and mesothelioma; prostatitis 
and prostate cancer; pancreatitis and pancreatic cancer, inflammatory bowel disease 
and colon cancers; Barrett’s oesophagus and oesophageal carcinoma.

Mouse models have provided experimental evidence that many different inflam-
matory stimuli can induce pre-invasive cancers that progress to invasive lesions. 
Examples are chemically induced hepatitis [19, 20] and colitis [21, 22] and mouse 
models of Helicobacter gastritis [23]. Such models have again identified inflamma-
tory cytokines such as TNF-a and IL-6 and the transcription factor complexes 
STAT3 and NF-kB as being key molecular mediators [24]. Myeloid cells have 
important tumor-promoting influences in many of the models, such as M2-like 
tumour associated macrophages or myeloid-derived suppressor cells and inflamma-
tory signaling from both non-malignant leukocytes and the malignant cells is 
important in the evolution of these cancers.

Links Between the Intrinsic and Extrinsic Pathways 
of Cancer-Related Inflammation

The intrinsic and extrinsic pathways that lead to a tumour-promoting microenvi-
ronment in pre-invasive lesions are not mutually exclusive. For instance, the 
carcinogenic activity of H. pylori is genetically linked with the inflammatory 
cytokine TNF-a – members of the Tipa gene family in H. pylori are potent TNF 
inducers and in combination with Ras activation, can render gastric epithelial 
cells malignant [25].

Another example relates to pancreatic cancer, in which pancreatitis increases the 
risk of tumor development and K-ras mutations are frequently found. In a mouse 
genetic model of pancreatic cancer, adult mice were resistant to K-ras pancreatic 
carcinogenesis [5]. However, when mild chronic pancreatitis was induced in these 
mice, pancreatic intraepithelial neoplasia and invasive ductal carcinoma developed 
[5]. Thus, while ras/raf oncogenes may drive some cancer-promoting inflammation, 
an extrinsic inflammatory condition (pancreatitis) is required to drive carcinogen-
esis in the mouse and presumably human pancreatic cancer.

Finally, going back to one of the first experiments to make a link between 
inflammatory cytokines and cancer, pre-invasive papillomas were induced on 
mouse skin by a single topical application of the carcinogen DMBA, causing a ras 
mutation, and then skin inflammation induced by repeated doses of TPA. Alone, 
neither of these can cause these benign skin cancers but together they provide a 
powerful model of initiation and promotion. However, TNF-a knockout mice were 
profoundly resistant to this papilloma development [26].



252 The Inflammatory Tissue Microenvironment and the Early Stages of Malignancy

Cancer-Related Inflammation in Experimental 
 Pre-invasive Lesions

To my knowledge, there is no human or murine malignancy that does not have 
histologic evidence of ‘inflammatory’ stroma – some form of leukocyte infiltrate 
and tumor-associated fibroblasts in some areas of the tumour – but the extent and 
phenotype is variable. Genetic mouse cancer models have permitted investigation 
of the critical chemical mediators such as cytokines and transcription factors as 
well as the cellular components of this microenvironment. Mice can be examined 
at all stages of development of malignancy, but especially the earliest pre-invasive 
lesions.

In the K14-HPV16 model of squamous carcinogenesis, B cells and humoral 
immunity foster the development of dysplastic lesions by activating Fcg receptors 
on resident myeloid cells in premalignant skin [27, 28]. The inflammatory microen-
vironment that precedes the pre-malignant lesions, and the subsequent dysplasia/
malignancy, is strongly inhibited when these mice are crossed to B cell deficient or 
Fcg knockout mice. However, in other genetic models of cancer e.g. breast cancer, 
T cells were found to be major players in tumour-promoting inflammation, at least 
in terms of promoting metastasis from primary lesions [29].

In genetic models of colitis-induced cancer and hepatocellular carcinoma, 
deletion of NF-kB transcription factors in cells of the myeloid lineage inhibited 
development of pre-invasive lesions [19, 22]. Macrophages are also strongly 
implicated in the progression to invasive metastatic lesions in a genetic model of 
breast cancer [30].

In the APCmin model of colon adenomatous polyposis, endogenous T regulatory 
cells, Treg, enhanced in vivo mast cell differentiation and a tumour-promoting 
microenvironment [31, 32]. This positive feedback loop seems to allow mast cells 
to reprogramme Treg towards inflammation and these cells in turn attract additional 
mast cells to the premalignant lesions.

Along with leukocytes, there are other stromal cells, such as fibroblasts, in the 
tumour microenvironment that can contribute to the inflammatory milieu. 
Research into links between cancer-related inflammation and cancer-associated 
fibroblasts, CAFs, has not been so extensive, but it has been accepted for many 
years that these cells are phenotypically and functionally different from normal 
tissue fibroblasts, and that they can have tumour-promoting activity [33]. Recent 
experiments using the K14-HPV16 skin carcinoma model described above [27] 
have focused on the role of CAF in hyperplastic and dysplastic lesions. CAFs 
purified from such lesions show a distinctive pro-inflammatory gene profile that 
includes upregulation of genes such as IL-1b, IL-6, CCL1, CCL5 and CXCL2 
[34]. Similar profiles were seen in CAFs isolated from human malignancies. This 
CAF pro-inflammatory gene signature was a very early event in the K14-HPV16 
model but was maintained in invasive carcinomas and was implicated in develop-
ment of tumour vasculature. The sequence of cell involvement proposed in this 
model was that the initiated cells at the earliest stages of malignancy recruited 
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resident immune cells that in turn activated normal fibroblasts into CAFs via 
NF-kB signaling [34].

It is also relevant that in the first study of gene expression in microdissected 
stroma from human Barrett’s oesophagus metasplasia and oesophageal carcinoma, 
inflammatory pathways, and genes such as IL-6 were upregulated during cancer 
progression [35].

These examples of the research in this area, taken together with many other studies 
on depletion of inflammatory cytokines and inflammatory transcription factors in 
genetic, inflammation-induced and transplantable tumour models (reviewed in [1]), 
show us that inflammatory mediators and cells are ‘hard-wired’ into the evolution 
of pre-invasive cancers, as summarized in Fig. 2.1.

Translating this Knowledge into Clinical Management 
of Pre-invasive Malignancy

Clinical trials that target the cytokines and chemokines characteristic of cancer-
related inflammation are still at an early stage and are mainly focused on patients 
with advanced malignancy [36]. However principles learnt from this clinical 
research with cytokine and chemokine antagonists may eventually be useful in 
devising novel approaches to the management of pre-invasive cancers [37].

There are also compelling epidemiologic and clinical data that NSAIDs can 
protect against development of pre-invasive and invasive lesions in colorectal car-
cinoma and possibly other cancers such as breast, prostate, lung stomach and 

Fig. 2.1 Pathways of cancer-related inflammation (adapted from [1])
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oesophageal [38–40]. However, there are insufficient data on the risk-benefit profile 
for cancer prevention to make any therapeutic recommendations [41]. Aspirin is the 
most studied NSAID but 10 years exposure is required before benefit is seen. As 
the main side effect of aspirin is peptic ulcers co-administration with a proton-
pump inhibitor is currently being studied in clinical trial [41]. Other NSAIDs and 
selective COX-2 inhibitors are given to patients at high risk of colorectal cancer 
[42]. Many other agents of potential in cancer prevention e.g. curcumin [43], green 
tea [44], are also anti-inflammatory.

Conclusion

This chapter has described a role for inflammatory processes in the earliest stages 
of malignancy and identified a number of mouse models where this can be manipu-
lated. While the mediators and cells that drive cancer-related inflammation may 
vary with oncogenic pathway and tissue of origin, there are some common path-
ways and leading to development of a tumour-promoting microenvironment. There 
is now a need for systematic study of anti-inflammatory approaches that may either 
inhibit or re-align the cancer-promoting microenvironment that is an important 
driver of pre-invasive malignancies. These approaches have great potential for pre-
vention and treatment of pre-invasive disease.
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Abstract Cancer tends to run in families, a fact that has been recognised since 
Roman times and Paul Broca’s description of a multi-case, multi-generation breast 
cancer family is over 140 years old [29]. Since then much has been learned 
about the contribution of heritable factors to the incidence of many invasive  
cancers. In contrast, much less is known about the role of germline genetics 
in pre-invasive disease. In this chapter I will briefly describe the state of our 
current knowledge of the genetics of the common cancers, with reference to 
pre-invasive disease where relevant. I will then describe how this knowledge 
might be used to improve the efficiency and effectiveness of early detection 
screening modalities.

The Genetics of Cancer

Inherited predisposition is well established as a risk factor for most of the  
common cancers and for many rare cancers. Many epidemiological studies have 
shown that an individual with a family history of cancer is at increased risk of 
developing the same cancer. The familial relative risk (FRR or l) is a measure of 
how much more likely an individual with a given family history will develop 
disease compared to an individual without a family history. In general, the FRR 
is greater the closer the affected relative [1], and increases with the number of 
affected relatives in the family [2]. If a cancer develops at an early age in an 
individual the relative risk in the first relatives of that person will be greater, with 
the relative risk being greatest in young relatives of young cases. This pattern of 
age-specific FRRs has been confirmed in most of the common cancers and is 
likely to be true for all cancers. The FRR associated with a single, affected first-degree 
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relative (l1) varies for different cancers, but for most of the common cancers l
1
 

is between two and three [2]. The FRR for less common cancers tends to be 
higher.

Most of what we know of the familial basis of cancer relates to invasive disease and 
there are almost no data evaluating the familial risks of pre-invasive disease. 
Perhaps the primary reason for this is the difficulty of studying pre-invasive disease. 
In particular most epidemiological studies rely on study participants recall of dis-
ease in family members – pre-invasive disease is less likely to have been diagnosed 
in older family members when present, and even where such a diagnosis has been 
made, it is unlikely that it would be accurately recalled. Furthermore, diagnosis and 
recording of pre-invasive diagnoses are much less likely to be complete than for 
invasive disease.

In principle, familial aggregation of disease may either be the results of genes 
segregating within families or may be due to environmental and lifestyle exposures 
that tend to be shared within families. Both these factors are probably relevant for 
most cancers, but twin studies show that inherited genetic factors are generally 
more important [3].

Disease predisposition alleles can be broadly characterised by their frequency in 
the population and the magnitude of the risk of disease in risk allele carriers (pen-
etrance). Predisposition alleles that are rare in the general population can poten-
tially be low or high penetrance, but the science of genetic epidemiology is 
currently unable to identify rare, low-penetrance disease alleles. Such alleles are 
likely to exist and may even account for the majority of the genetic component of 
cancer risk. Common predisposition alleles cannot be highly penetrant. If they were 
the disease would be common in the population and even so called common cancers 
are relatively rare at the population level – the lifetime risk of breast cancer, the 
commonest cancer in women in western populations, is only about one in ten. Thus, 
cancer predisposition alleles are generally categorised as either rare, high-penetrance 
alleles, or common, low-penetrance alleles.

In principle, genetic susceptibility to invasive cancer could operate at any point 
in the process of malignant transformation from normal epithelium to metastatic 
cancer. Our understanding of the inherited basis of cancer is, with few exceptions, 
too limited to define precisely the point along the pathway that a given predisposi-
tion allele operates.

Rare, High Penetrance Cancer Susceptibility Alleles

Family based linkage studies followed by positional cloning was very successful in 
the 1980s and 1990s in identifying rare, highly penetrant alleles associated with 
cancer predisposition syndromes. Colorectal cancer is a major feature of several of 
these syndromes including familial adenomatosis polyposis (FAP) and hereditary 
non-polyposis colorectal cancer (HNPCC) or Lynch syndrome. In both these disor-
ders colonic adenomas are present as precursor lesions to invasive disease. 
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The syndromes provide a paradigm for the clinical utility of testing for genetic 
predisposition for a pre-invasive lesion and subsequent intervention in at risk indi-
viduals to reduce the risk of morbidity from invasive disease. FAP is associated 
with germline mutations in APC. Individuals who carry these mutations develop 
hundreds or thousands of adenomatous polyps in the colon in adolescence and early 
adulthood. Untreated, 100% of carriers go on to develop invasive colorectal carci-
noma. The mainstay of the clinical management of carriers is prophylactic colec-
tomy. HNPCC occurs in individuals with mutations in genes involved in DNA 
mis-match repair – MLH1, MSH2, MSH3, MSH6, PMS1 and PMS2 (reviewed in 
[4]). Deleterious mutations in these genes predispose carriers to multiple malignan-
cies including colorectal, endometrial, ovarian, and renal, stomach, pancreas, small 
bowel and brain cancers. Predisposition to colorectal cancer occurs as a result of 
predisposition to colorectal adenomas, but carriers typically develop these lesions 
in early middle age with far fewer lesions than seen in FAP (typically less than 
100). Untreated, the lifetime risk of invasive colorectal cancer is around 60–80% 
[5]. The clinical management of carriers is based around early detection and resec-
tion of pre-invasive disease by colonoscopy.

FAP and HNPCC are both examples of how genetic predisposition to pre-invasive 
disease can be used to identify individuals at high risk and offer them interventions 
aimed at reducing morbidity and mortality from invasive disease. However, the 
effectiveness of this approach is the result of several features of the genes involved 
and the related disease phenotype. First, genetic predisposition to invasive disease 
occurs through predisposition to a clearly identifiable, pre-invasive stage of disease. 
Thus it is possible to identify individuals at high risk of pre-invasive disease using 
genetic testing. Second, it is possible to identify pre-invasive stage of disease in at 
risk individuals using colonoscopy. Finally it is possible to reduce the risk of inva-
sive disease in those with pre-invasive disease by polypectomy or prophylactic 
colectomy.

There are many other rare, inherited familial cancer syndromes some of which 
include pre-invasive lesions as part of the characteristic phenotype. However, it is 
beyond the scope of this chapter to discuss them all in detail.

Common, Low-Penetrance Cancer Susceptibility

The common disease, common variant hypothesis states that spontaneous muta-
tions occurring during meiosis may become common in the population, as a result 
of factors including selective advantage (people with the gene variant are more 
likely to survive and reproduce) and population bottlenecks or expansions. Some of 
these variants will be harmful because they predispose to common diseases; com-
binations of variants underlie differences in disease susceptibility within the 
population.

However, until recently little was known about common genetic variation and cancer 
susceptibility. The emergence of high-throughput genotyping platforms combined with 
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ever increasing information about genetic variation throughout the genome has enabled 
scientists to carry out empirical studies that evaluate common genetic variation across the 
genome for disease susceptibility in genome-wide association studies (GWAS). The com-
monest form of genetic variation in the human genome is the single nucleotide polymor-
phisms (SNP) and the currently available genotyping platforms that capture common 
variation across the genome genotype 500 k to 1.2 M SNPs. The last 2 years has seen the 
publication of a plethora GWAS for common diseases including several common cancers, 
notably breast, prostate and colorectal cancers [6]. At the time of writing, 27 loci with 
common susceptibility alleles had been reported for prostate cancer, 13 for breast cancer 
and 11 for colorectal cancer. GWAS in lung cancer [7,8], pancreatic cancer [9], ovarian 
cancer [10], melanoma [11,12], non-melanoma skin cancer [12], leukaemia [13] and 
glioma [14] have also been published. With the exception of breast and colorectal cancer, 
these cancers do not have a well-defined, easily-detectable, pre-invasive disease stage.

The pre-invasive lesion of breast cancer is ductal carcinoma in situ (DCIS) and lobular 
carcinoma in situ (LCIS). However, the epidemiology and molecular biology of malignant 
transformation from in situ to invasive disease is not well understood in breast cancer. It 
is clear that DCIS predisposes to invasive disease, but it is also clear that many in situ 
lesions do not become invasive, and some may even regress. Little is known about the 
natural history of the disease. There are no known factors that predispose to invasive 
change, including inherited genetic factors, and clinicopathological features of in situ 
disease that predict invasive change are not well established. Furthermore, it is not known 
whether all invasive cancer progress through a pre-invasive stage, or how long the duration 
an invasive cancer spends in the pre-invasive state.

The 13, established breast cancer susceptibility loci have been identified using 
standard genetic association study designs in which the frequency of putative risk 
alleles is compared in cases with disease and disease free controls. The 13 breast 
cancer susceptibility loci with common risk alleles that have been identified to 
date are listed in Table 3.1. These alleles have several, notable common character-
istics: They act under a co-dominant genetic model with increasing risk for each 

Table 3.1 Common, low-penetrance breast cancer susceptibility alleles

Locus
Locus/nearest 
gene SNP

Risk 
allele freq

Per-allele 
relative risk References

10q26 FGFR2 rs2981582 0.38 1.26 [16]
16q12 TOX3 rs12443621 0.46 1.20 [16,24]
2q35 2q35 rs13387042 0.50 1.20 [19,24]
6p12 ESR1 rs2046210 0.40 1.20 [25]
5p12 5p12 rs4415084 0.40 1.19 [26]
1p11 NOTCH2 rs11249433 0.39 1.16 [27]
14q24 RAD51L rs999737 0.76 1.15 [27]
2q33 CASP8 rs1045485 0.85 1.14 [18]
5q11 MAP3K1 rs889312 0.28 1.13 [16]
3p24 NEK10, SLC4A7 rs4973768 0.46 1.11 [28]
8q24 8q24 rs13281615 0.40 1.08 [16]
11p15 LSP1 rs3817198 0.31 1.07 [16]
17q COX11 rs6504950 0.73 1.05 [28]
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copy of the risk allele carried; the per-allele relative risks are modest – the allele 
with the biggest effect, rs2981582 at the FGFR2 locus, confers a per allele risk of 
just 1.26; and the risk allele is generally the minor allele. Some of the SNPs lie 
within, or close to known genes, and others lie is regions of the genome with no 
known genes. The molecular mechanism of action of the SNPs on gene function 
have not yet been identified for any of the SNPs [15]. It is not even clear that any 
of the SNPs identified are the causal variants themselves – they may simply be 
markers strongly correlated with the true causal variant. Once the causal variant is 
identified, it will still be hard to determine how they alter gene function as they 
may not even lie within a gene or close to the gene of interest.

All these studies have used cases of invasive breast cancer as the primary disease 
phenotype, and no study designed to specifically investigate genetic susceptibility to 
in situ disease or to investigate the genetic determinants of the (putative) transition 
between in situ and invasive disease have been published. There have been no suscep-
tibility alleles identified through the primary study of pre-invasive disease. Genome-
wide association studies of pre-invasive breast cancer have not been carried out. 
Identifying alleles with risks of this magnitude requires extremely large sample sizes. 
For example, the data reported by Easton and colleagues [16] was based on over 
20,000 invasive breast cancer cases and 20,000 controls from 22 different studies. 
Part of the reason for this is that extremely stringent levels of statistical significance 
are required in genetic association studies in order to reduce the problem of false 
positive associations. Genome-wide significance is generally quoted at about P < 10−8 
[17]. It seems unlikely that the magnitude of the relative risk for putative susceptibil-
ity variants for pre-invasive disease will be very different, and until large cohorts of 
pre-invasive disease are assembled adequately powered studies of pre-invasive dis-
ease will not be possible.

Some of the studies cited in Table 3.1 also reported the effect of the risk allele on 
carcinoma in situ. In all cases the sample size was small, with less than 1,000 in situ 
cases with available genotype data, and detecting modest risks at stringent significance 
levels would not be possible. Nevertheless, for the polymorphisms at the FGFR2, 
2q35, CASP8, MAP3K1, 8q24 and LSP1 loci there was no significant difference in 
the risk of invasive disease and in situ disease [16,18,19]. At the 16q12 locus the risk 
of in situ disease was reported to be significantly higher than that for invasive disease 
[16]. The effect of the other six loci on risk of in situ disease was not reported. Given 
our limited understanding of the biological mechanisms of the associations, it is not 
possible to speculate how these loci might affect the risk of pre-invasive disease.

The Clinical Utility of Polygenic Disease Risk Prediction

The clinical utility of testing for rare, high-penetrance alleles is not questioned. 
However, these alleles account for a small fraction of the familial risk of 
 disease and only a small proportion of cases will be carriers of such m utations. 
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Consequently, the potential for reducing the burden of disease in the popula-
tion by intervening in mutation carriers will be, at best, small.

Novel methods for identifying individuals with pre-invasive disease described in 
other chapters (for example Chaps. 9 (Biomarkers), 10 (Molecular Imaging), 14 
(Lung), 16 (Barrett’s oesophagus)) provide new opportunities for reducing morbidity 
from invasive disease. However, many of these methods will not be suitable for appli-
cation in unselected populations and may only be clinically useful in sub-groups of the 
population at high risk of (pre-invasive) disease. It would be possible to identify indi-
viduals at high risk of disease by testing for common, low-penetrance alleles. The 
potential of such polygenic risk prediction in a clinical setting has been widely debated 
[20–22] but as yet there is no consensus about the likely clinical utility. In reality, the 
clinical utility will depend not only on the predictive performance of the genetic test, 
but also on the options for management of individuals deemed to be at high risk. As 
technology for detecting pre-invasive disease becomes more advanced and options for 
management of individuals with pre-invasive disease are developed (e.g. Endoscopic 
treatment discussed in Chap. 12), the clinical utility of genetic risk prediction will also 
change. I will discuss some of the issues with specific reference to polygenic testing 
for breast cancer, but the principles could equally be applied to any other cancer.

In general, single risk alleles are likely to have extremely limited clinical utility, 
as the risks they confer will be modest. For example, the relative risks of breast 
cancer compared with the average risk in the population (relative risk of unity) are 
0.83 for carriers of two low-risk alleles (common allele homozygotes) of FGFR2 
rs2981582, 1.05 for carriers of one high and one low risk allele (heterozygotes), and 
1.38 for carriers of two high risk alleles (rare allele homozygotes). These risks are 
based on the published per-allele relative risk of 1.26 with the genotype-specific 
risks adjusted to be relative to the average population risk. They correspond to 
lifetime risks of 9.8% for women who carry one risk allele (47% of the population) 
and 12.7% for women who carry two risk alleles (14% of the populations) com-
pared with a population average lifetime risk of 9.4% in the United Kingdom. 
Using genotype at this locus as a test for increased risk and considering all women 
who carry one or two risk alleles (61% of the population) as “at risk”, the test would 
have a sensitivity of 68% (probability that someone who will get disease is tests 
positive) and specificity of just 39% (probability that someone who will not get 
disease is test negative), with a positive predictive value of 10.5% (probability that 
someone who tests positive will get breast cancer or their average lifetime risk).

A test based on genotype at multiple loci would be expected to perform better and 
so have greater clinical utility. In combination multiple alleles at different loci appear 
to combine multiplicatively on the relative risk scale. This is the log-additive, poly-
genic model of disease susceptibility. It is therefore relatively straightforward to 
compute the genotype specific risk based on the combined genotypes for any indi-
vidual. Based on the 13 loci described above there are almost 1.6 million possible 
different genotype combinations. Some of these will be very rare in the population 
– only two women in a billion would be expected to carry two high risk alleles at each 
locus. Under the log-additive, polygenic model the distribution of relative risk in the 
population will follow a log-normal distribution. Based on the predicted distribution 
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of risk in the population, women on the lowest centile of risk will have a 59% reduc-
tion in risk (relative risk 0.41) compared to the population average (relative risk 1), 
whereas those on the top centile of risk will have an 115% increase in risk (relative 
risk 2.15). Ninety percent of women – those between the 5th and 95th centiles will 
have relative risks between 0.5 and 1.7. Women above the top centile would account 
for 2% of all cases, women above the 20th centile would account for 31% of cases 
and women in the top half of the risk distribution would account for 64% of all cases. 
Figure 3.1 shows the proportion of cases accounted for by proportion of population 
at highest risk. This is known as the receiver operator characteristic curve (ROC), and 
the area under this curve (AUC) gives a measure of the utility of a predictive test, 
where an AUC of 0.5 is no better than tossing a coin as a predictor of disease. The 
area under the curve for polygenic risk profiling is 0.60. For comparison, the figure 
shows the ROC curve if the effects of known lifestyle risk factors for breast cancer 
were added to the genetic factors (AUC = 0.64), and the ROC curve that would be 
generated if all possible susceptibility genes were known (AUC = 0.81) [23].

Thus, even using a combination of 13 loci the clinical utility of a polygenic test 
will be limited in predicting future disease for the individual – most women are at 
only slight increased risk, and the risk is only modest, even in the very small num-
ber at highest risk.

Nevertheless, polygenic risk profiles may provide useful risk stratification in the 
context of population-based screening programmes, particularly if combined with 
lifestyle risk factors [22]. The UK National Health Service breast screening pro-
gram is currently offered to all women aged 50 and above, irrespective of family 
history or other risk factors. A 50 year old woman in the UK general population has 
a 2.3% chance of breast cancer within the next 10 years of her life. If we assume 

Fig. 3.1 The proportion of cases of breast cancer accounted for by the proportion of the population 
at highest risk. Black line – risk based on 13 known breast cancer susceptibility alleles; purple line – 
risk based on 13 known breast cancer susceptibility alleles and known lifestyle risk factors; blue 
line – risk based on all possible breast cancer susceptibility genes
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that 2.3% is the threshold at which the screening program has a net benefit, it makes 
sense to offer screening to all women with that level of risk, irrespective of age. 
Similarly, women at a lower risk would not be eligible for screening, also irrespec-
tive of age. A 40 year old woman with a 10-year risk of 2.3% would be offered 
screening, whereas a 55 year old woman with a 10-year risk of 1% would not. If 
such a strategy was implemented, the efficiency of the screening program would 
increase because it would be targeted at women at highest risk. The cost of a 
genetic test for purposes of risk profiling would be minimal compared with the 
costs of a lifetime screening program. Similar absolute risk arguments support the 
UK National Institute for Health and Clinical Excellence (NICE) guidelines for 
women with a family history of breast cancer, which recommend mammographic 
screening for women over the age of 40 if their 10-year risk is over 3% based on 
family history alone – the “moderate” risk group of women with an affected first 
degree relative under 40 or two affected first degree relatives, who account for less 
than 5% of the population.

It would be possible to offer every woman a personalized screening program 
in which age of starting screening would vary, based on her breast-cancer risk 
profile. A test using the 13 known loci would identify 10% of women with a 
relative risk of 1.55 or greater, which corresponds to a 10-year risk of 2.3% at 
age 40. Such women may benefit from additional screening outside the current 
NHS screening programme. There are, of course, many issues and questions 
that need to be addressed before such an approach became standard practice. 
For example, the simple models we describe make several assumptions, some 
of which may not be robust. The assumption that the benefit of mammographic 
screening for an individual woman is a simple function of absolute risk is 
clearly an oversimplification. The sensitivity of mammography is reduced in 
younger women and the true benefit is more likely to be a complex interaction 
between age and absolute risk. Furthermore, a population-oriented prevention 
program that is based on individual risk would be too complex for the marginal 
improvement in efficiency that it might bring. There would also be issues of 
patient and professional acceptance. Nevertheless, some companies are already 
offering polygenic testing and risk prediction and the age of personalised pre-
vention based on personalised risk has already arrived.

Similar polygenic risk profiles could be used to identify individuals at increased 
risk of any cancer in order to identify a sub-group of the population that might 
benefit from enhanced screening that would include any screening modality that 
identifies individuals with pre-invasive disease.

Conclusion

There is a substantial inherited genetic component of the risk of most cancers and 
the molecular genetic basis for this is beginning to be unravelled. The potential 
benefit of genetic risk profiling is already evident, but may have real clinical utility 
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with further developments in our understanding of the biology of pre-invasive 
di sease. The next 10 years is likely to see continued developments in the genetic 
epidemiology of cancer. Large scale cohorts of patients with pre-invasive disease, 
such as those with in situ carcinoma of the breast and colorectal adenomatosis, are 
currently in progress and common genetic variants involved in susceptibility to pre-
invasive disease and in the transformation from pre-invasive to invasive disease are 
sure to be identified. Next generation sequencing technologies may also make it 
possible to identify less common variants that confer low-penetrance susceptibility. 
Further research into the interface between risk and disease prevention is needed, 
but early disease detection programmes targeted at those at highest risk are a real 
possibility.

References

 1. Amundadottir LT, Thorvaldsson S, Gudbjartsson DF et al (2004) Cancer as a complex pheno-
type: pattern of cancer distribution within and beyond the nuclear family. PLoS Med 1:e65

 2. Houlston RS, Peto J (2004) Genetics and the common cancers. In: Eeles RA, Easton DF, 
Ponder BAJ, Eng C (eds) Genetic predisposition to cancer. Chapman and Hall, London, pp 
235–247

 3. Lichtenstein P, Holm NV, Verkasalo PK et al (2000) Environmental and heritable factors in 
the causation of cancer – analyses of cohorts of twins from Sweden, Denmark and Finland. N 
Engl J Med 343:78–85

 4. Farrington SM, Dunlop MG (2004) Familial colon cacner syndromes and their genetics. In: 
Eeles RA, Easton DF, Ponder BAJ, Eng C (eds) Genetic predisposition to cancer. Arnold, 
London, pp 315–330

 5. Vasen HF, Wijnen JT, Menko FH et al (1996) Cancer risk in families with hereditary nonpoly-
posis colorectal cancer diagnosed by mutation analysis. Gastroenterology 110:1020–1027

 6. Easton DF, Eeles RA (2008) Genome-wide association studies in cancer. Hum Mol Genet 
17:R109–R115

 7. Hung RJ, McKay JD, Gaborieau V et al (2008) A susceptibility locus for lung cancer maps to 
nicotinic acetylcholine receptor subunit genes on 15q25. Nature 452:633–637

 8. Thorgeirsson TE, Geller F, Sulem P et al (2008) A variant associated with nicotine depen-
dence, lung cancer and peripheral arterial disease. Nature 452:638–642

 9. Amundadottir L, Kraft P, Stolzenberg-Solomon RZ et al (2009) Genome-wide association 
study identifies variants in the ABO locus associated with susceptibility to pancreatic cancer. 
Nat Genet 41:986–990

 10. Song H, Ramus SJ, Tyrer J et al (2009) A genome-wide association study identifies a new 
ovarian cancer susceptibility locus on 9p22.2. Nat Genet 41:996–1000

 11. Brown KM, Macgregor S, Montgomery GW et al (2008) Common sequence variants on 
20q11.22 confer melanoma susceptibility. Nat Genet 40(7):838–840

 12. Gudbjartsson DF, Sulem P, Stacey SN et al (2008) ASIP and TYR pigmentation variants 
associate with cutaneous melanoma and basal cell carcinoma. Nat Genet 40(7):886–891

 13. Papaemmanuil E, Hosking FJ, Vijayakrishnan J et al (2009) Loci on 7p12.2, 10q21.2 and 
14q11.2 are associated with risk of childhood acute lymphoblastic leukemia. Nat Genet 
41:1006–1010

 14. Shete S, Hosking FJ, Robertson LB et al (2009) Genome-wide association study identifies five 
susceptibility loci for glioma. Nat Genet 41:899–904



40 P.D.P. Pharoah

 15. Ghoussaini M, Pharoah PD (2009) Polygenic susceptibility to breast cancer: current state-of-
the-art. Future Oncol 5:689–701

 16. Easton DF, Pooley KA, Dunning AM et al (2007) Genome-wide association study identifies 
novel breast cancer susceptibility loci. Nature 447:1087–1093

 17. Pe’er I, Yelensky R, Altshuler D, Daly MJ (2008) Estimation of the multiple testing burden 
for genomewide association studies of nearly all common variants. Genet Epidemiol 32: 
381–385

 18. Cox A, Dunning AM, Garcia-Closas M et al (2007) A common coding variant in CASP8 is 
associated with breast cancer risk. Nat Genet 39:352–358

 19. Milne RL, Benitez J, Nevanlinna H et al (2009) Risk of estrogen receptor-positive and -negative 
breast cancer and single-nucleotide polymorphism 2q35-rs13387042. J Natl Cancer Inst 
101:1012–1018

 20. Gail MH (2008) Discriminatory accuracy from single-nucleotide polymorphisms in models to 
predict breast cancer risk. J Natl Cancer Inst 100:1037–1041

 21. Janssens AC, van Duijn CM (2008) Genome-based prediction of common diseases: advances 
and prospects. Hum Mol Genet 17:R166–R173

 22. Pharoah PD, Antoniou AC, Easton DF, Ponder BA (2008) Polygenes, risk prediction, and 
targeted prevention of breast cancer. N Engl J Med 358:2796–2803

 23. Pharoah PDP, Antoniou A, Bobrow M et al (2002) Polygenic susceptibility to breast cancer: 
implications for prevention. Nat Genet 31:33–36

 24. Stacey SN, Manolescu A, Sulem P et al (2007) Common variants on chromosomes 2q35 and 
16q12 confer susceptibility to estrogen receptor-positive breast cancer. Nat Genet 39: 
865–869

 25. Zheng W, Long J, Gao YT et al (2009) Genome-wide association study identifies a new breast 
cancer susceptibility locus at 6q25.1. Nat Genet 41:324–328

 26. Stacey SN, Manolescu A, Sulem P et al (2008) Common variants on chromosome 5p12 confer 
susceptibility to estrogen receptor-positive breast cancer. Nat Genet 40:703–706

 27. Thomas G, Jacobs KB, Kraft P et al (2009) A multistage genome-wide association study in 
breast cancer identifies two new risk alleles at 1p11.2 and 14q24.1 (RAD51L1). Nat Genet 
41:579–584

 28. Ahmed S, Thomas G, Ghoussaini M et al (2009) Newly discovered breast cancer susceptibil-
ity loci on 3p24 and 17q23.2. Nat Genet 41:585–590

 29. Broca PP (1866) Traites des tumeurs. Asselin, Paris



41R.C. Fitzgerald (ed.), Pre-Invasive Disease: Pathogenesis and Clinical Management, 
DOI 10.1007/978-1-4419-6694-0_4, © Springer Science+Business Media, LLC 2011

Abstract The study of molecular processes driving human neoplasia development is  
achieving critical gains in terms of better detection and treatment. Current medicine 
already benefits from discovering genetic signatures of distinct cancers, and therapies 
have become more specifically targeted to the molecular aberrations defining parti-
cular cancers (e.g.: chronic myelogenous leukemia is now diagnosed by detecting 
the t(9;22)(q34;q11) translocation, and therapy is based on inhibitors of the aberrant 
bcr-abl kinase). Epigenetic processes complement the genetic determinants of the 
cellular phenotype, and their study is of great interest for cancer researchers.

The primary physiologic role of epigenetics is to govern cellular differentiation. 
Epigenetics have particular importance in organogenesis and also in maintaining 
the proper phenotypic profile of each cell in distinct organs and systems. The vast 
majority of current studies address DNA methylation changes pertinent to different 
tumor types. The global hypomethylation occurring in cancer results in genetic 
instability and may trigger enhanced expression of particular oncogenes. In contrast, 
aberrant promoter hypermethylation may reduce the expression of proteins that are 
critical for tissue homeostasis. This mechanism may reduce the expression of 
important tumor suppressor genes or the level of proteins critically involved in 
DNA maintenance and repair, cellular adhesion and intracellular signaling. Apart 
from methylation, neoplasia related perturbations were identified in virtually all  
of the epigenetic machinery. Proteins controlling DNA conformation (such as 
histone– modifying enzymes, or components of ATP-dependent remodeling and 
poly-ADP ribosylation) show reduced expression or activity in several distinct 
tumor types, providing evidence that epigenetics are critically involved in cancer 
development. The dynamic profile of epigenetic changes provides valuable back-
ground for clinical applications. Based on the particular epigenetic signatures 
described for different tumors, current studies focus on the development of epige-
netic tests not only to diagnose cancer in early stages including pre-invasive disease, but 
also to identify patients at risk for tumor development. In addition, neoplasia-related 
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epigenetic changes open a new therapeutic approach in human cancers, with drugs 
that undergo or have already passed clinical trials.

Epigenetics are therefore emerging as a promising field for both diagnostic and 
therapeutic approaches of human neoplasia and pre-invasive disease.

Introduction

All cells in the human organism share the same genotype. However, each cell type 
is characterized by a unique gene expression pattern. During cellular differentiation 
and maturation, the expression of certain sets of genes is silenced. The phenotypes 
of individual cell types are subsequently maintained throughout future generations. 
The gene expression profile of each cell type is programmed through changes in 
genomic DNA conformation, but not in DNA sequence (except for cells involved 
in immunoglobin synthesis).

Epigenetics describes heritable chromatin changes that exclude DNA sequence 
alterations [1]. A multitude of epigenetic events govern cellular phenotypic 
changes occurring along the normal – dysplasia – neoplasia axis. Studies of 
epigenetic modifications, especially methylation, elucidate cancer pathogenesis 
and contribute to the development of biomarkers in these devastating diseases. 
Discovering epigenetic modifications that occur in early cancer stages is therefore 
a key step in the identification of markers of pre-invasive disease. In the current 
chapter, we first describe different types of epigenetic events and explore their 
potential value in diagnosing cancer. In addition, because of the dynamic and 
reversible nature of epigenetic processes, we explore how the identification of 
particular epigenetic features in cancer may also hold therapeutic value.

Genomic DNA is wound around histone proteins to form a complex tertiary struc-
ture that can allow or impede transcription. Euchromatin (the “open” transcriptionally 
active state) grants transcription factors access to genomic DNA and facilitates gene 
expression. In contrast, heterochromatin (the compact form) silences gene transcription. 
The repeating unit of chromatin is termed the nucleosome. It comprises of 147 DNA 
base pairs wrapped around a basic protein octamer core. Two molecules of each of the 
core histones H2A, H2B, H3 and H4 co-associate to form this core. 50 base pairs of 
DNA sequence separate adjacent nucleosomes. Histone H1 binds to this 50-nucleotide 
linker sequence and stabilizes the complex between DNA and the histone octamer core. 
This interaction between DNA and histones is dynamic. Both DNA and histone proteins 
are subject to various modifications that affect their affinities for each other.

Dysregulated Epigenetic Mechanisms Occurring in Cancer

Several mechanisms act in a complementary fashion to dictate chromatin confor-
mation. Of these, DNA methylation is currently the most widely studied. However, 
histone acetylation and methylation, poly-ADP ribosylation, and ATP-dependent 



434 Epigenetic Alterations as Contributors to the Pathogenesis, Detection, Prognosis

chromatin remodeling also contribute to shaping chromatin spatial organization, 
with important effects on DNA repair and gene transcription.

ATP-Dependent Chromatin Remodeling

DNA packaging on histones is under the control of ATP-dependent chromatin 
remodeling complexes. Four classes of such chromatin remodelers have been 
described: switch/sucrose non-fermenting (SWI/SNF), imitation SWI (SWI), 
chromodomain-helicase-DNA-binding (CHD), and inositol/choline-responsive 
element-dependent gene activation mutant 80 (INO80). These classes all employ 
ATP hydrolysis to dynamically alter DNA-histone interactions. At the cellular 
level, chromatin remodeling ATPases participate in DNA repair, cell prolifera-
tion, and control and also help coordinate gene transcription [2]. Therefore, any 
modifications in their expression or function can significantly impact embryonic 
development and contribute to carcinogenesis.

The SWI/SNF family comprises two members: BRM (Drosophila protein 
Brahma homologue) and BRG1 (BRM/SWI2-related gene). Each of these proteins 
associates with BAFs (BRM/BRG1-associated factors) to form either BRM/BAF or 
BRG1/BAF complexes. BRM expression is decreased in gastric cancers, where 
BRM levels correlate with tumor histology and differentiation grade [3]. In prostate 
cancers, increased BRG1 levels are correlated with tumor size and invasiveness. 
Interestingly, BRM expression is inversely correlated with that of BRG1 in prostate 
cancer, suggesting different functions for each of these proteins in the development 
of prostatic neoplasia [4]. In contrast, the expression of both BRM and BRG1 is lost 
in 10% of lung cancers and correlates with decreased survival [5]. BAF proteins are 
designated by numbers, according to their molecular weight. BAF47 deletions were 
reported in blood dyscrasias (chronic myelogenous leukemia and in a subset of 
patients with Hodgkin Lymphoma) and in rhabdoid tumors of children [6–11]. Loss 
of BAF47 expression (through deletion of one allele and mutation or methylation 
of the second) is rare in rhabdoid tumors of adult patients.

ISWI (imitation switch) complexes are smaller than SWI/SNF chromatin 
remodelers. There are two classes of ISWI complexes, named after the ATPase they 
contain: Snf2h or Snf2l. Snf2h complexes are expressed in rapidly proliferating 
cells, in which they participate in chromatin assembly. In contrast, Snf2l complexes 
are present in differentiated cells, where they regulate gene transcription associated 
with the differentiation process. Increased expression of ISWI proteins has been 
reported in prostatic neoplasia [12].

CHD (chromodomain helicase DNA binding) ATPases are characterized by the 
presence of tandem chromodomains and of an SNF2-like helicase domain in their 
structure. Three subfamilies of CHD proteins have been described: the CHD1-
CHD2, CHD3-CHD4, and CHD5-CHD9 subfamilies) [13]. Recent data indicate 
that CHD2 may function as a tumor suppressor, as CHD2-deficient mice develop 
lymhomas [14]. CHD3 and CHD4 associate with other proteins in large complexes 
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termed NURDs (nucleosome remodeling and histone deacetylases), which alter 
chromatin conformation through both ATP-dependent remodeling and histone 
deacetylation. NURD complexes contain MTA (metastasis-associated) proteins. Of 
these, MTA1 promotes invasion in breast cancer [15]. CHD5 expression may be lost 
in human cancer, either via deletions or methylation. CHD5 deletion has been 
reported in neuroblastomas [16, 17]. Aberrant promoter hypermethylation is respon-
sible for decreased CDH5 expression in gliomas, breast and colon cancers [18].

Histone Posttranslational Modifications

Changes in chromatin conformation are achieved not only by DNA modifications, 
but also by posttranslational changes in DNA-associated proteins. Histones can 
be posttranslationally modified via phosphorylation, ubiquitination, acetylation, or 
methylation. All these processes are interrelated and have important consequences 
on gene transcription, DNA stability and cell proliferation. Different patterns of 
posttranslational histone modifications correlate with distinct survival intervals in 
esophageal, breast, kidney and non-small-cell lung cancers [13–17]. Histone acety-
lation and methylation are the most widely studied of these modifications. Apart 
from differences in histone acetylation and methylation patterns, current studies in 
different tumors show modified expression or enzymatic activity of enzymes 
responsible for histone processing [1, 19, 20].

Histone acetylation occurs either on lysine groups located at amino-terminal 
tails or on the core domain or histones. Adding acetyl groups to these lysine residues 
neutralizes their positive charge and decreases interaction between histones and the 
negative phosphate groups on DNA. Enhanced histone acetylation in promoter 
regions may activate oncogene transcription. Conversely, decreased histone acety-
lation (e.g., as reported in prostate cancers) may silence the expression of tumor 
suppressor genes, such as p21 WAF1/Cip1 [21, 22]. Histone acetylation status 
depends on the ratio between the activities of histone acetyltransferases (HATs) and 
histone deacetylases (HDACs).

Four HAT classes have been described: the GNAT family (Gcn5-related N-acetyl 
transferase), the MYSF family (comprising the enzymes MOZ, YBF2/SAS3, SAS2 
and TIP60) and the p300CBP family. HATs interact with proteins involved in critical 
cellular decisions (e.g., p53, Rb) or involved in important signaling pathways (e.g., 
Wnt) [23]. HAT overexpression has been reported in breast and ovarian tumors [24].

Genetic modifications of HATs significantly contribute to carcinogenesis. Mutations 
or translocations affecting CBP/p300 are linked to Rubinstein–Taiby syndrome, 
characterized by an increased predisposition to cancer. Numerous other translocations 
involving histone-processing enzymes have been described in acute myelogenous 
leukemia: T(8; 16)(p11; p13.3), resulting in a MOZ/CBP fusion protein; T(8; 22)
(p11; q13) MORF/CBP fusion; T(10; 22)(q22; q13) MOZ/p300 chimeric protein, 
and inv (8)(p1 1q13.1), fusing MOZ to TIF2. HAT genetic aberrations have also 
been described in solid tumors as P300 missense or truncating mutation has been 
observed in colorectal and gastric cancers [25].
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Histone deacetylation occurs through removal of acetyl groups in reactions 
catalyzed by histone deacetylases (HADCs). Currently, 18 different HDACs have 
been described. HDACs1-11 have Zn2+ dependent activity. HDAC1 is overexpressed 
in gastric, colon, prostate, and breast cancers [23–27]. HDAC2 overexpression is 
reported in gastric tumors [26]. HDAC6 expression is reduced in ERa-positive breast 
cancer, while HDAC1 levels are decreased in lung tumors [27, 28]. Genetic translocations 
may create chimeric proteins that result in defective HDAC recruitment. Previous 
studies of this class of modifications revealed T(15; 17) PML/RAR in promyelocytic 
leukemia and AML1/ETD in acute myelogenous leukemia [29, 30].

Sirtuins (Sirt1-7) comprise a distinct class of HDACs [24]. SIRT1, overex-
pressed in leukemias and glioblastomas, may alter apoptosis and cell growth [31, 
32]. Enhanced SIRT7 levels have been observed in thyroid cancer [33, 34].

Histone methylation, occurring on either lysine or arginine residues in histone 
proteins, modifies the access of transcription factors to DNA. Divergent effects are 
exerted by this alteration, depending on methylation site. Generally, H3K4, H3K36 
and H3K79 methylation exerts a permissive effect on gene transcription, while 
H3K9, H3K27 and H4K20 methylation is associated with transcriptional silencing 
[35]. Three classes of histone methyltransferases have been described: SET domain 
lysil methyltransferases, non-SET domain lysil methyltransferases, and arginine 
methyltransferases. Enhancer of zeste homolog2 (EZH2, belonging to the SET 
domain lysil methyltransferase family) is an important component of polycomb 
complexes, which have a silencing effect on gene expression. Two classes of pro-
tein methyltransferases (PRMT I and PRMT II) are responsible for maintaining 
arginine methylation.

Histone methylation is a reversible process. Removal of methyl moieties is accom-
plished by histone demethylases. Lysine-specific demethylase 1 (LSD1) removes 
methyl groups from H3K4 by amine oxidation in a flavin adenine dinucleotide 
(FAD)-dependent reaction. LSD1 overexpression has been reported in poorly differ-
entiated neuroblastoma [36]. In contrast, LSD1 expression is diminished in breast 
adenocarcinomas [37]. A second class of histone-demethylating enzymes comprises 
the Jumonji C (JmjC) domain demethylases, which remove methyl groups through an 
oxidative reaction. By removing the H3K27 methylation mark, JmjC domain dem-
ethylases prevent the polycomb PRC1 group of proteins from silencing gene tran-
scription. Several JmjC domain demethylases have been linked to human neoplasia. 
JARID1B is overexpressed in esophageal, breast, prostate and testicular cancers [38, 
39]. Demethylation of arginine-bound methyl groups is accomplished by petidylargi-
nine deiminase 4 (PADI4) in a chemical reaction, which, instead of removing the 
methyl group, converts the methyl-arginine to citrulline [40, 41].

Polycomb/Trithorax Protein Function and DNA Methylation 
(Fig. 4.1)

Polycomb and Trithorax work antagonistically to maintain a stable gene expression 
pattern across multiple generations of cells. The balance between the activities of 
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Polycomb and Trithorax proteins is important in maintaining stem cell identity and 
cellular differentiation [42–44].

Two different Polycomb complexes have been described: (1) the PRC1 
complex, containing BMI1, MEL1 and CBX proteins; and (2) PRC2, comprising 
three components: enhancer of zeste homolog2 (EZH2), suppressor of zeste 12 
homolog (SUZ12), and embryonic ectodermal development (EED) [45]. Proteins 
in each of the PRC complexes cooperate to achieve histone H3 lysine 27 trimethy-
lation and to close the chromatin structure, functioning as marks that favor DNA 
methylation. The repressive function of PRC proteins on gene transcription has 
important consequences on cellular differentiation and cancer [46–48]. Several 
PRC2 components are overexpressed in different human cancers. EZH2 levels are 
increased in gastrointestinal cancers [49–51], tumors of the lung [52], skin [53, 
54], breast [55, 56], prostate [53, 57–59], bladder [60], and endometrium [53], as 
well as in lymphomas [61] and myelomas [62]. SUZ12 overexpression has been 
reported in colon, breast and liver carcinomas [50, 63]. The PRC1 complex member 
Bmi1 is overexpressed in prostate [59], colon [64], and liver cancers [65]. Aberrant 
coexpression of EZH2 and BMI1 has been observed in liver cancer and in B-cell 
non-Hodgkin lymphomas, and their expression levels correlate with disease 
progression in the latter disease [50, 51, 60].

Poly-ADP ribosylation is a posttranslational modification in which homopolymers 
of ADP-ribose (PAR) are attached to various proteins by poly-ADP-ribose poly-
merase (PARP). The removal of PAR polymers from proteins is accomplished by 
poly-ADP-ribose glycohydrolase (PARG). When affecting histones, poly-ADP 
ribosylation converges with histone acetylation to relax the chromatin structure. 
PARP activity is associated not only with transcriptional control, but also with 
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Fig. 4.1 Epigenetic processes and their involvement in basic oncogenesis mechanisms.
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DNA repair, cell cycle regulation, cell differentiation, and apoptosis [66]. Changes 
in poly-ADP-ribose polymer length and increased histone poly-ADP ribosylation 
have been reported in oral cancers. Multiple PARP enzymes have been identified. 
Most of the data regarding the role of PARP in cancer concerns PARP1. 
Interestingly, PARP1 levels vary widely in different cancer types. Thus, Ewing’s 
sarcomas and malignant lymphomas, hepatocellular carcinomas, and early endo-
metrial and colon cancers show increased PARP expression [67, 68]. In contrast, 
diminished PARP1 expression has been reported in breast, lung and laryngeal 
tumors [67, 69, 70].

DNA methylation is the most widely studied epigenetic mechanism in cancer. It 
comprises the covalent binding of a methyl group to the C5 of cytosines present in 
CpG dinucleotides. Although CpG dinucleotides represent only 1% of the entire 
genome, the 5¢-ends of genes are particularly prone to DNA methylation, possessing 
a CpG content higher than 60%.

Aberrant hypermethylation of the CpG islands in gene promoters results in 
decreased gene expression. This methylation pattern is established during early 
development by DNMT3A and DNMT3B (de novo methylation) and is maintained 
in subsequent cell generations by DNMT1 [71, 72]. Methyl groups are transferred 
from S-adenosyl-methionine to cytosine. Aberrantly decreased methylation may 
result from decreased synthesis of S-adenosyl-methionine due to insufficient dietary 
intake of folate, methionine, vitamins B6 and B12 [73]. Aging and inflammation are the 
principal factors increasing CpG methylation during normal life [74, 75].

Methylation changes observed in neoplasia comprise global hypomethylation 
and promoter hypermethylation [76]. Decreased global methylation has a permissive 
effect on DNA point mutations and chromosomal instability [77]. Global hypom-
ethylation is particularly relevant when it affects repetitive elements in the genomic 
DNA. As a result, parasitic sequences (LINE and SINE) can be activated and tran-
scribed, leading to their elongation and movement. Another consequence of DNA 
demethylation is the reactivation of viral sequences integrated in the genome (e.g., 
hypomethylation of genomically integrated HPV16 DNA is correlated with cervical 
cancer progression) [78].

Numerous genes are silenced by aberrant promoter methylation. As a conse-
quence, multiple cellular processes are disturbed, including DNA repair, cell cycle 
control, cellular commitment to apoptosis, and cell adhesion.

Aberrant promoter hypermethylation may contribute to cancer by inactivating 
tumor suppressor genes. Rb inactivation by multiple genetic hits, for example, 
provided the basis for Knudson’s “two-hit hypothesis” [79]. However, while one 
copy of the gene is lost through gene deletion or mutation, silencing of the second 
copy may occur through aberrant promoter hypermethylation, resulting in loss of 
protein expression [80].

Specific gene sets have been suggested to become methylated either due to aging 
(type A genes), or related to cancer development (type C genes). The latter set has 
been used to define a “CpG Island Methylator Phenotype” (CIMP), initially 
described in gastric and colorectal cancers [81–83]. MLH1 and p16 are notable 
members of the type C group.
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A distinct set of genes undergoing aberrant promoter hypermethylation cancer 
is involved in maintaining DNA integrity. Defective DNA mismatch repair resulting 
from reduced expression of DNA repair proteins has been well-documented in 
hereditary nonpolyposis colorectal cancer (HNPCC) [84, 85]. Decreased hMLH1 
or hMSH2 expression due to promoter hypermethylation or mutation has been 
reported in breast, colorectal and gastric carcinomas and leukemias [86–90].

Dysfunctional cell cycle control is caused by reduced expression of proteins 
involved in mitotic checkpoints. Aberrant promoter hypermethylation of p16, p15 
and p14 occurs in multiple human neoplasias and can correlate with clinical prognosis 
[91–98].

Methylation-induced silencing of genes involved in both the execution and regu-
lation of apoptosis is another epigenetic feature of cancers. This process allows 
tumor cells to survive despite genetic errors, hypoxia, or other cell death-inducing 
conditions. A new concept of an “apoptotic methylation signature” has emerged in 
the progression of prostate tumors [99]. TNFa hypermethylation has been reported 
in a subset of T-cell lymphomas [100]. TRAIL signaling is dysregulated in 
ependymomas through aberrant methylation of proteins involved in this pathway 
[101]. Increased promoter methylation of DR4, a TRAIL receptor, reported in 
astroctymas and a subset of ovarian cancers, is considered to be responsible for 
cellular resistance to TRAIL-induced apoptosis [102, 103]. Aberrant hypermethylation 
of caspase-8 is a prominent feature of relapsing gliomas and mediates resistance to 
apoptosis in small cell lung cancers [104, 105]. Promoter hypermethylation of Bik, 
reported in renal carcinomas, suggests that pro-apoptotic regulators are also 
silenced through epigenetic mechanisms [106].

Another set of genes aberrantly hypermethylated in cancer is important in the 
control of cell migration and metastasis. Cadherins play important roles in cell 
adhesion, and their dysregulation may exert important consequences on cancer 
development [107]. The E-cadherin (CDH1) promoter is hypermethylated in 
colorectal, hepatic, breast, ovarian, and prostate carcinomas [108–114]. H-cadherin 
(CDH-13) undergoes promoter hypermethylation in esophageal breast, lung and 
colon cancers [115–119].

Cellular secreted proteases allow cell invasion and metastasis by degrading the 
intercellular matrix. Their actions are controlled by protease inhibitors, which may 
be silenced by aberrant methylation. Reduced expression of tissue inhibitor of 
matrix-metalloprotease 3 (TIMP3), occurring due to hypermethylation in cancer, 
permits easier dissemination of tumor cells [120].

Still another set of genes showing promoter hypermethylation encodes proteins 
involved in intracellular cell signaling. Wnt signaling is particularly important for 
cell proliferation and in the control of stem cell differentiation. We discuss the Wnt 
cascade not only because of its importance and complexity, but also due to its 
correlation with multiple signaling cascades and its interaction with proteins 
involved in cellular adhesion and differentiation. All of these factors converge to 
render the Wnt pathway particularly susceptible to being dysregulated through 
mutation or aberrant hypermethylation of proteins involved in its function and regulation. 
The central event in the canonical Wnt signaling cascade is b-catenin accumulation 
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in the cytoplasm, followed by its translocation into the nucleus. Inside the nucleus, 
b-catenin binds TCF/LEF (T cell factor/lymphoid enhancer factor) to initiate tran-
scription. In the cytoplasm, b-catenin is bound and phosphorylated in a protein 
complex comprising glycogen synthase kinase 3b (GSK-3b), casein kinase I (CKI), 
axin, and adenomatous polyposis coli (APC). Phosphorylated b-catenin is subse-
quently degraded through proteolysis. The binding of Wnt ligands to their cognate 
Frizzled receptor proteins activates the Disheveled family and subsequently 
inhibits the GSK-3b/CKI/axin/APC complex. The lipoprotein receptor-related protein 
(LRP5/6) also binds Wnt to allow activation of the signaling cascade. As a result of 
this binding, b-catenin is no longer degraded and, upon its cytoplasmic accumulation, 
it translocates to nucleus. Wnt signaling is regulated at both the intra- and extracel-
lular levels. Inside the cell, apart from the GSK-3b/CKI/ axin/APC complex, Hint1, 
PKC1 and ICAT prevent b-catenin-initiated transcription. Extracellularly, Wnt 
inhibitory factor 1 (Wif-1) and soluble frizzled-related proteins (SFRPs) bind Wnt 
and prevent its interaction with Frizzled. Dickkopf proteins bind LRP5/6 to induce 
its endocytosis and prevent Wnt signaling [121]. APC methylation has been 
reported in multiple neoplasias, including esophageal, gastric, lung, breast, and 
prostate cancers [92, 110, 122–125]. APC, alone as part of a panel of methylated 
genes detected in serum, can be used to predict prognosis. Detection of APC methy-
lation in serum is a poor prognostic factor in esophageal and prostate carcinomas 
[124, 126, 127]. Methylated APC and CDKN2A are markers of the progression of 
Barrett’s esophagus (BE) to high-grade dysplasia (HGD) or esophageal adenocar-
cinoma (EAC) [120, 126, 128]. For the early detection of EAC, our group have 
demonstrated that additional genes (including RUNX3, HPP1, Reprimo, NELL1, 
TAC1, SST, AKAP12 and CDH13) undergo promoter methylation early in 
BE-associated neoplasia [115, 129–134]. As we will discuss below, these genes 
may serve as methylation biomarkers to identify BE patients at risk of developing 
future HGD or EAC.

Methylated APC and RASSF1A detected in serum also represent markers of 
circulating tumor cells and also correlate with advanced breast cancer stage [135]. 
Soluble Frizzle-Related Proteins (SFRPs) are important extracellular regulators of 
Wnt signaling. SFRP protein promoters are hypermethylated in gastrointestinal, 
lung, and genitourinary cancers, as well as in blood dyscrasias such as acute 
and chronic myelogenous leukemia, chronic lymphocytic leukemia, or multiple 
myeloma [4, 136–150].

Wif-1 shows promoter hypermethylation in hepatocellular carcinoma [151], 
gastrointestinal tumors [1, 152], lung cancer [98, 153], mesothelioma [154] and 
bladder cancer [143] Detection of methylated Wif-1 in pleural effusions may poten-
tially complement the cytologic examination of pleural effusion to detect potential 
neoplastic origin [155].

Dickkopf proteins (DKK) represent an additional extracellular regulator of Wnt 
signaling, since they exhibit promoter hypermethylation in gastrointestinal and 
breast cancers and in acute myeloid leukemia [156].

A new set of candidate tumor suppressors comprises the RASSF genes, encoding 
proteins characterized by the presence of a Ras association domain. The presence 
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of this domain allows these genes to function as negative effectors of Ras. As a 
result, RASSF proteins act by inhibiting proliferation and enhancing apoptosis 
[157]. RASFF1A hypermethylation has been detected in sera of patients with different 
types of neoplasia and is included in gene panels for which methylation is measured 
in diagnostic approaches [119, 158].

Another interesting finding is the presence of both aberrant methylation and 
mutation of HLA loci in gastric cancers and T-cell lymphomas, providing an insight 
into mechanisms mediating immune escape of tumor cells [159, 160].

Interestingly as well, hypomethylation of certain genes is also involved in human 
neoplasia. Promoter hypomethylation of multidrug resistance 1 gene (MDR1) is 
reported in tumors and sera of patients with invasive ductal breast carcinomas and 
correlates with tumor aggresivity [161]. Insulin-like growth factor 2 (IGF2) manifests 
promoter hypomethylation in osteosarcomas and cancers of the breast, colorectum, 
and liver and may potentially serve as a neoplasia biomarker [162–164].

Clinical Applications Related to Epigenetic Modifications 
Occurring in Neoplastic Disease

In addition to providing extremely valuable insights into the molecular mechanisms 
driving cancer development and progression, the study of epigenetic alterations has 
opened up a broad field for two important clinical applications. Because of the relative 
stability of the DNA molecule, the methylation status of different genes is a new 
category of test, which may serve as a powerful clinical biomarker. Another application 
currently under study is to develop new therapeutic agents based on disturbed 
epigenetic processes occurring in human cancer.

Biomarkers of Neoplastic and Pre-invasive Disease

A tremendous amount of information has accumulated with regard to epigenetic 
modifications occurring in cancer or preneoplastic lesions. The application of 
epigenetic markers has followed several avenues: (1) identifying the presence of a 
tumor, (2) predicting how aggressively the tumor will grow and spread, (3) predicting 
response to treatment, and (4) identifying patients at risk for a certain cancer even 
before the tumor occurs. As already discussed, numerous individual genes have 
emerged as strong candidates for methylation-related markers. We have discussed 
individual epigenetic events that characterize different tumors. To increase both the 
sensitivity and the specificity of a given epigenetic test, one new approach is to 
simultaneously investigate the methylation status in a panel of several genes and 
to eventually include other clinical parameters in the analysis, for both screening 
and prognosis-related purposes [165–170].
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Various types of patient-derived samples have been studied, including tumor 
tissue and different body fluids, depending on the nature of the cancer studied. 
Numerous investigators are attempting to establish unique gene panels, which 
could potentially distinguish the presence of different tumor types by methylation 
levels of the investigated genes in patients’ sera [143, 169, 171]. Methylation has 
also been studied for its ability to detect the presence of cancer cells in sputum 
samples from lung cancer patients [172–175]. Assessing the methylation status of 
difference genes in urine has value in identifying urinary tract cancers [176–179].

Increased desquamation of tumor cells within the gastrointestinal tract may pro-
vide a source of aberrantly methylated DNA that can be assessed to successfully 
identify tumors in stool specimens [180–182].

Early detection of any tumor is key to the success of any therapeutic strategy. 
Distinct sets of epigenetic events closely parallel phenotypic changes that occur 
during neoplasia development. Decreased H4K20 trimethylation occurs in precursor 
lesions of lung cancer [183]. As discussed, a much larger amount of information 
has accumulated concerning genes that undergo aberrant promoter hypermethylation 
in preneoplastic lesions and early in tumor development. Of particular interest for 
both understanding disease progression and for biomarker development, Barrett’s 
esophagus represents a preneoplastic lesion that may or may not develop into cancer. 
BE is histologically characterized by the replacement of the squamous epithelial 
lining of the lower esophagus with intestinal-like metaplastic columnar epithelium 
[184]. The current strategy of clinically surveillance is to employ endoscopy for the 
periodically screening of BE patients. The dysplasia grade is assessed for identifying 
patients at risk for EAC development [184, 185]. However, the predictive value of 
dysplasia relatively is limited and tissue sampling (by the endoscopists) and interob-
server variability (for the pathologists) add to the difficulty of classifying particular 
lesions [186]. The current screening approach also suffers from the discomfort 
imposed on patients and the high costs incurred by endoscopic surveillance. It is 
therefore stringently necessary to develop a more robust panel of biomarkers for 
assessing the BE patient’s risk to progress to EAC.

Our group discovered a set of genes that undergo promoter hypermethylation 
early in the normal-dysplasia-neoplasia sequence [115, 129–134]. We have demon-
strated that hypermethylation of CDKN2A, RUNX3 and HPP represent early 
epigenetic events occurring in progressing BE and that the methylation status of 
these genes correlates with patients’ prognosis [129]. A subsequent study in our lab 
demonstrated Reprimo hypermethylation occurs early in EAC development and 
may serve as a neoplasia biomarker [130]. We additionally identified NELL1, 
TAC1, SST, AKAP12 and CDH13 as early methylated genes in EAC progression 
[115, 131–134]. Consolidating these findings, we havedeveloped a risk stratification 
model to predict which BE patients are at risk to progress to EAC [167, 168]. These 
studies suggest that assessing promoter hypermethylation of certain genes and 
correlating them with certain clinical parameters may improve detection from early, 
preinvasive stages of frank neoplasia to the identification of preneoplastic lesions 
prone to cancer progression.
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These results provide a basis for developing panels consisting of both genes and 
clinical parameters, which may predict which patients progress from preneoplastic 
to frank neoplastic lesions (e.g., EAC), as well as their response to therapy [129, 
167, 168, 187, 188].

Numerous techniques have been established to determine the methylation status 
of specific genes; each technique has its own strengths and weaknesses [189]. 
However, translating epigenetic discoveries into daily clinical practice will require 
much effort applied to validating biomarker-related findings and developing 
standardized techniques for obtaining, preparing/preserving, and processing samples, 
to allow comparison of epigenetic data obtained in different clinical settings.

Novel Therapeutic Approaches to Neoplastic Disease

In contrast to genetic modifications that occur in cancer, epigenetic changes may be 
reversed. Each epigenetic mechanism employs several classes of specific enzymes. 
As a result, a multitude of pharmacological inhibitors are under development, either 
as single or as adjuvant agents.

Depending on chemical structure, four classes of histone deacetylase inhibitors 
(HDACi) have been described: hydroxamic acid derivates (vorinostat, trichostatin, 
LAQ824, panobinostat, belinostat and ITF 2357), cyclic tetrapeptides (depsipeptide), ben-
zamide (entinostat, MGCD0103) and short-chain aliphatic acids (valproic acid, 
phenylbutyrate and AN-9). Thus far, only vorinostat has obtained FDA approval, for 
treating cutaneous T-cell lymphoma (CTCL) [190]. Vorinostat, depsipeptide and 
MGCD0103 are currently in phase I and II clinical trials in both hematologic and 
solid tumors [191]. Histone methylation is also a susceptible target in cancer ther-
apy. Both lysine and arginine methyltransferase inhibitors have been developed, 
and their activity is under study in different cancer models [20].

The potential use of PARP inhibitors in cancer therapy was suggested by the 
involvement of PARP in DNA repair. PARP inhibitors may work either alone (e.g., 
in tumors with deficient DNA repair mechanisms due to BRCA1 or BRCA2 
deficiency) or in association with DNA-damaging chemo- or radiotherapeutic regimens 
[192, 193]. AGO14699 and INO-1001 have undergone phase I clinical trials in 
melanoma in combination with temozolomide [194, 195].

The demethylating agents 5-azacytidine and 5-aza-2¢-deoxycytidine (decitabine) 
showed encouraging results in the treatment of myelodysplastic syndrome [196–198].

Conclusions

The study of epigenetic mechanisms that are dysregulated in cancer is a rewarding 
field. Not only does this study provide insights into cancer development, but it also 
furnishes clues to develop diagnostic and therapeutic tools. These efforts are far 
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from over. However, by applying multiple gene panels, improved future diagnostic 
tools are now possible. In the therapeutic arena, multiple enzyme inhibitors are 
currently undergoing clinical trials, and a number of other new inhibitors have also 
been developed. A critical mass of information has been reached, and this mile-
stone may lead to breakthroughs in the early diagnosis and treatment of human 
cancers.
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Introduction

Most human invasive carcinomas are thought to evolve through a series of increasingly 
abnormal “stages” over many years, decades in most cases. In general terms, the 
stages are often referred to as hyperplasia, atypical hyperplasia, and carcinoma in 
situ. The transition from one stage to the next is primarily dependent on the accu-
mulation of random genetic mutations in epithelial cells, so progression is non-
obligatory. It is becoming clear that other forces are also at play, such as alterations 
of epigenetic gene regulation, and adjacent stromal cells promoting tumor progres-
sion, among others, which we are only beginning to understand. Carcinoma in situ 
is a late stage of tumor progression, and the immediate precursor of invasive disease. 
In this setting, “carcinoma” means that there is an ab normal increase in the growth 
of tumor epithelial cells which accumulate in their normal environment (e.g. 
within ducts and lobules of the breast), but they do not invade out into the sur-
rounding stroma or beyond. This chapter will discuss the development of invasive 
breast carcinomas (IBCs) as an example of the evolution of malignant epithelial 
neoplasms in general (Fig. 5.1). The general principles of the development and 
progression of invasive carcinomas are similar in many solid organs, although 
specific details may vary.
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The Evolution of Invasive Cancer in the Breast

Normal Epithelium

The human breast is capable of producing a large number of histologically defined 
abnormalities of growth. However, only a handful appears to have any significance 
as risk factors or precursors of breast cancer [1–3]. All of these abnormalities arise 
from normal breast epithelial cells within terminal duct-lobular unit (TDLU) 
(Fig. 5.1a). TDLUs are the smallest terminal branches of the ductal system ending 
in a grape-like cluster of acini whose primary function is to produce milk.

Recent studies have shown that histologically normal appearing breast epithe-
lium are not always normal at the molecular level, and some of these morphologi-
cally silent genetic abnormalities (e.g. allelic imbalance, mutations) may predispose 
the cells to premalignant or malignant transformation. Although the overall fr equency 
of abnormalities is quite low, it is significantly higher in normal cells adjacent to 
cancer cells than normal cells at a distance [4]. Some of these genetic defects may 
be shared with the adjacent cancer [4], although the majority are not and appear to 
be random [5].

Fig. 5.1 Stages in the development and progression of premalignant (i.e. pre-invasive) breast 
cancer, including: (a) normal terminal duct-lobular unit (TDLU), (b) columnar cell hyperplasia 
(CCH), (c) atypical ductal hyperplasia (ADH), (d) ductal carcinoma in situ (DCIS), low-grade, 
(e) DCIS, intermediate-grade, and (f) DCIS, high-grade
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Other studies have shown that breast tissue, especially in women at high risk for 
breast cancer, may contain regions of histologically normal appearing cells where 
activity of the p16 tumor suppressor gene is suppressed [6–8]. Compared to adjacent 
cells with normal p16 function, these cells show increased proliferation and elevated 
expression of cyclooxygenase 2 (COX2), and the latter appears to be associated with 
the development of many types of epithelial cancers. There are likely to be many 
other acquired and inherited molecular abnormalities in otherwise normal appearing 
cells to explain the broad range of risk of developing breast cancer between women.

Hyperplasia

Columnar cell hyperplasia (CCH) is the lesion thought to represent the earliest histo-
logically identifiable potential precursor of breast cancer, which was suggested more 
than a century ago (Fig. 5.1b). CCH is characterized by expansion of lobular units by 
hyperplastic epithelial cells which are usually columnar in shape and show varying 
degrees of cytological stratification and atypia. These lesions are often multifocal, 
bilateral, and up to 100-fold larger (volume and numbers of cells) than the TDLUs 
they evolve from, representing a major alteration of growth [9]. The underlying 
causes of progression of normal mammary epithelium to CCH are mostly unknown. 
There is evidence for the role of estrogen in this process. For example, CCH is more 
common in pre-menopausal than post-menopausal breasts [3], and in cancerous com-
pared to non-cancerous breasts [3, 10] where increased estrogen exposure is such a 
strong risk factor for developing breast cancer [11]. A recent study in mice over-
expressing ERa in mammary epithelium noted the rapid development of hyperplasias 
which occasionally progressed to cancer [12], supporting the idea that elevated ERa 
may be partially responsible for the development and progression of CCH. Another 
recent study of Macaque monkeys with prolonged exposure to high levels of estrogen 
showed the rapid development of lesions histologically similar CCH in humans, 
occasionally progressed to more advanced precursors [13].

Several recent studies have shown highly elevated expression of ERa in the epithe-
lial cells lining CCH [9, 14, 15]. Essentially all CCH express ERa in some cells and 
80–90% show very high levels in nearly all cells, which is about threefold above nor-
mal [9]. There is also an increase in proliferation, and a decrease in apoptosis of similar 
(approximately threefold) magnitude, so the overall growth of CCH is due to an 
increase in cell number as well as a decrease in cell death. Since estrogen, mediated 
by ERa, stimulates proliferation [16] and suppresses apoptosis [17] in normal cells, 
elevated ERa in CCH may be a fundamental alteration leading to increased growth, 
although the cause of the elevation is unknown. Another recently discovered uniform 
molecular alteration in CCH compared to TDLUs is a decrease in epidermal growth 
factor (EGF) and an increase in amphiregulin (AREG) expression of very large 
ma gnitude [18–20]. These genes are important in the differentiation of adult breast, 
and embryonic breast development, respectively. Interestingly, they are both ligands 
for erbB1 TK receptor (also referred to as the epidermal growth factor receptor).
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Because CCHs are so common in the population, and share important biological 
characteristics such as highly elevated ERa and changes in growth factors, their 
beginnings seem more likely to reflect alterations of development or differen-
tiation rather than genetic mutations – perhaps adaptive in response to environ-
mental stress such as increased estrogen exposure. Regardless, the end result is 
increased growth, creating fertile soil for accumulating random genetic defects 
leading to diversity and progression to other more advanced precursors of 
breast cancer.

Atypical Hyperplasia

The major type of atypical hyperplasia in the breast is referred to as atypical ductal 
hyperplasia (ADH) (Fig. 5.1c). ADH is rare, being found in only 2–3% of benign 
biopsies usually performed for unrelated reasons, and the incidence is probably 
even less in the population at large [3, 21, 22]. Histologically, ADH are character-
ized by small uniform mildly atypical hyperplastic epithelial cells which pile up on 
themselves, frequently in cribriform arrangements, mildly distending the ducts and 
acini they occupy, which are often found within or around CCH. By definition, 
ADH are very small (e.g. < 2 mm).

Relatively little is known about the biological features of ADH, primarily 
because they are so rare and small, and because there are no representative animal 
models. However, a few things have been learned, primarily from IHC studies of 
formalin-fixed paraffin-embedded tissue (FFPET) samples from human patients. 
For example, IHC studies have shown that essentially 100% of ADH express high 
levels of ERa in nearly all cells, which is three- to fourfold higher than the aver-
age in normal cells [23, 24]. Average proliferation (about 5%) is also increased 
two- to threefold above that observed in normal cells [25, 26] and the majority of 
ERa-positive cells are proliferating [27, 28], which is unlike normal and similar 
to cancer cells. Preliminary studies also suggest that average apoptosis in ADH 
is decreased about two- to threefold relative to normal [29, 30], so growth appears 
to be accomplished through increased proliferation and decreased cell death. 
These characteristics are all very similar to CCH, which is not surprising in the 
sense that they are thought to be non-obligate precursors of ADH. The reciprocal 
changes in the expression of EGF and AREG observed in microarray studies of 
CCH are also present in ADH [18].

The ability of the epithelial cells in ADH to detach from the basement mem-
brane and grow on top of themselves within ducts and acini probably represents 
a seminal event in the progression from a polyclonal (i.e. CCH) to a monoclonal 
(i.e. ADH) neoplasm, although the fundamental causes are unknown. This idea is 
reinforced by the relatively high incidence (>50%) of clonal allelic imbalances 
observed in ADH compared to CCH, many of which are shared with breast 
c ancers, especially when they occur in the same breast, which makes sense if 
ADH is indeed a precursor of these lesions [1, 31–38].



695 The Progression of Pre-invasive to Invasive Cancer

In Situ Carcinoma

The most common type of in situ carcinoma in the breast is referred to as ductal 
carcinoma in situ (DCIS) (Figs. 5.1d–f). DCIS currently account for 20–25% of all 
newly diagnosed breast cancers [39, 40]. Most are detected by screening mammog-
raphy, and they were rare (<5%) prior to screening [39–43]. DCIS show a contin-
uum of histological diversity ranging from very well to very poorly differentiated 
[44–48] although, in clinical practice, they are often simply divided into two (e.g. 
non-comedo vs. comedo) or sometimes three (e.g. low vs. intermediate vs. high 
grade) categories, which fails to adequately convey their true diversity [48, 49]. 
Earlier precursors (CCH and ADH), as they are currently defined, are well differ-
entiated, so substantial diversity appears to emerge primarily at the stage of DCIS 
during breast cancer evolution.

There are strong correlations between histological differentiation in DCIS and 
standard prognostic biomarkers in breast cancer. For example, nearly all well dif-
ferentiated or low-grade DCIS express high levels of ERa and PgR in nearly all 
cells [24, 44–46, 50–59]. The proportion of cases expressing these receptors gradu-
ally declines to about 20% in the most poorly differentiated lesions, and there is 
also a decrease in the average proportion of positive cells [45]. Amplification and 
over-expression of erbB2 [42, 43, 45, 49, 50, 54, 60–71], and inactivating mutations 
of p53 [45, 50, 51, 56, 58, 59, 64, 71–79] are rare (5–10%) in well differentiated 
DCIS, but gradually increase to about 60% in the most poorly differentiated lesions. 
Average proliferation also gradually increases from <5% to nearly 40% from lowest 
to highest grade [45, 50, 59, 64, 67, 80, 81]. Apoptosis varies in the same direction 
from <1% to over 5% [29, 82, 83]. Apoptosis is quite low (average <1%) in normal 
cells and earlier precursors, and the elevated levels observed in higher grade DCIS, 
which have a large positive growth imbalance, demonstrates that the equilibrium 
between cell proliferation and death may not be accurately portrayed by the static 
methods used to measure these dynamic processes.

The correlations between histological differentiation and standard biomarkers in 
DCIS are nearly identical in IBCs, as well as in the DCIS component of IBCs, which is 
present in nearly all cases [45]. Thus, major diversity for these features appears to 
evolve first in DCIS and is later propagated to IBC, which was proposed at least a 
decade ago [84]. Although these features do not appear to influence the ultimate ability 
of DCIS to progress to invasive disease, they are associated with the rate of progression, 
as demonstrated by clinical studies showing a much higher rate of short-term local 
recurrence in higher-grade DCIS compared to lower-grade lesions treated by lumpec-
tomy, although the rates converge with longer follow-up [85]. DCIS and IBCs have also 
been shown to be very similar at the high resolution of global gene expression evaluated 
by microarrays and other high throughput technologies, including similar distributions 
of luminal, basal, and erbB2 intrinsic molecular subtypes [45, 86–88].

Understanding the source, magnitude, and characteristics of the diversity in 
DCIS is important clinically because it may influence the rate of progression to 
IBC, the sensitivity to specific therapies, and point to new strategies for breast 
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ca ncer prevention. One compelling hypothesis is that higher-grade DCIS gradually 
evolve from lower-grade DCIS and, thus, indirectly from ADH, by accumulating 
random genetic abnormalities over time. Furthermore, this “vertical” progression 
from low to high grade DCIS appears to be independent of the “lateral” progression 
to invasion. This is essentially the hypothesis of Darwinian clonal evolution, which 
is sometimes regarded as being contrary to the cancer stem cell hypothesis [89–91]. 
However, both ideas are based on persuasive evidence and, hopefully, future studies 
will reconcile some of the apparent inconsistencies [89, 90].

Studies of allelic imbalance by loss of heterozygosity and comparative genomic 
hybridization have shown that nearly all DCIS contain multiple clonal genetic 
abnormalities. The complexity of the imbalances is very large, involving at least 
100 genetic loci on 17 chromosomes [31, 92–103], which rivals that observed in 
IBCs. Although this complexity suggests that there is a prominent randomness to 
the damage, there are hot spots on chromosomes 16q, 17p, and 17q where the over-
all incidence exceeds 40% [31, 93]. Interestingly, the specific identity of the major-
ity of defects appears to be independent of histological differentiation, although the 
absolute number is substantially higher in more poorly differentiated lesions [31, 
45, 93]. One of the hot spots (17p loss) spans the p53 locus, and DCIS with this 
defect show at least twice the frequency of imbalances as those without [45], sug-
gesting that genetic instability and the passage of time are plausible mechanisms 
for the progression of lower grade to higher grade DCIS.

Invasive Carcinoma

The progression of in situ to invasive carcinoma (Fig. 5.2) is one of the most impor-
tant steps in the progression of breast (or any other) type of carcinoma because it 
transforms an essentially harmless growth into a potentially lethal disease. The 
c ellular and molecular alterations responsible for tumor invasion are a fascinating 
and evolving story. The vast majority of genetic and molecular alterations identified 
in the epithelium DCIS and IBCs are identical, which is surprising since invasion 
is such an enormous difference. Obviously, there must be differences responsible 
for invasion, but they have been surprisingly difficult to identify so far. One of the 
most important advances during the past decade was the understanding that 
s urrounding stromal cells are playing an active role in tumor invasion [104]. There 
are many types of stromal cells in the breast, including fibroblasts, smooth muscle, 
endothelium, neurons, and macrophages, among others. Collectively, they perform 
many functions, including the production of extra-cellular matrix, which consists of 
many structural and regulatory proteins. In response to traumatic tissue injury, 
many of these cells and proteins are activated and involved in wound healing [105]. 
There are many similarities between the stroma of invasive carcinomas and healing 
wounds [106, 107]. For example, carcinoma-associated fibroblasts (CAFs) from 
several types of tumors, including breast cancer, show elevated expression of many 
growth factors involved in wound healing [108, 109]. CAFs can even promote 
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benign epithelial cells to form invasive carcinomas in certain xenografts models 
[110], which is an unequivocal demonstration of the importance of stromal cells to 
tumor progression. Clonal genetic alterations (e.g. mutations, allelic imbalances, etc.) 
are essentially always found in the epithelium of invasive carcinomas [90, 111], but 
rarely in the adjacent stromal cells [111–113]. Genetic mutations in tumor epithe-
lium are central to the development and progression of carcinomas, including pro-
gression to invasion, although the specific alterations which activate the stroma are 
largely unknown and the focus of considerable research today.
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Abstract The term -omics refers to a biological field of study in which large scale 
network analysis techniques are used to interrogate various biological processes. 
Omics based technologies have been widely applied to studies of primary cancers. 
More recently, improvements in these techniques, such as increased sensitivity 
and decreased amounts of input sample has allowed their utilisation in the study 
of p remalignant and preinvasive disease. Many premalignant lesions are known 
to persist for lengthy periods of time before progressing to cancer in only a small 
proportion of patients. Identification of the key genes and molecular mechanisms 
involved in progression may aid in identifying patients at high risk of progression 
and play a role in determining potential targets for prevention or treatment. This 
chapter outlines the current contribution of -omics technologies to our understanding 
of preinvasive and premalignant lesions of various types of adenocarcinomas.

Introduction

The completion of the human genome project in 2003 has generated large amounts 
of data which has potential use in the biomedical sciences. Identification of all 
genes in the human genome as well as the determination of their DNA sequences 
has facilitated the development of what has been termed the “-omics” era of 
sc ience. New and more powerful genomics tools have been developed allowing 
researchers to interrogate the vast amounts of genomic information which is being 
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generated. This allows for a more comprehensive and unbiased analysis of the 
events leading to the development of many disease types, including cancer.

There are four major types of “-omics”-based technologies, all capable of gen-
erating high throughput measurements and large amounts of data. Examples of 
those currently utilized and most commonly performed are: genomic SNP analysis 
(which detects single nucleotide polymorphisms); transcriptome analysis (a co ncurrent 
measure of the expression of all genes in a given tissue sample); pr oteomics (identi-
fication of all proteins in a given sample) and; metabolomics (quantitation and 
identification of all metabolites in a sample). Each of these four approaches offers 
its own insight into identifying variability in the components and function of a 
given sample. Each of these approaches also generates large amounts of data 
requiring powerful bioinformatic tools in order to perform analysis. The advent of 
whole genome sequencing is a further evolution of technology in the genomic and 
transcriptomic groups which adds data processing of some orders of magnitude to 
the technologies above.

Techniques facilitating genome wide analysis of DNA, RNA and proteins have 
been applied to research into most cancer types. These methods have provided 
researchers with the means to compare neoplastic samples with normal tissue and 
have resulted in the identification of gene expression patterns (also known as 
molecular signatures) helping advance our understanding of cancer biology. The 
information gained from these studies is now being applied to premalignant disease 
and pre-invasive disease. “Omics”-based studies have been performed for most 
cancer types however the study of premalignant diseases using these techniques has 
been very limited.

This chapter describes how “-omics”-based technologies have helped advance 
our understanding of the progression towards cancer with a few selected examples 
of cancers with well established pre-invasive and premalignant lesions such as 
adenocarcinoma of the esophagus, stomach and colon.

The -Omic Technologies

Transcriptomics

The transcriptome is the entire set of RNA transcripts which is produced by the 
genome at any one time. Transcriptomics is the global study of gene expression 
at the RNA level. Also known as genome-wide expression profiling or global 
analysis of gene expression this important tool has been instrumental in inc-
reasing our understanding of cell biology and the molecular mechanisms 
fu ndamental to both normal and defective biological processes. This technol-
ogy has enabled researchers to identify new biomarkers of disease, targets for 
gene therapy and even drug de velopment. One of the most widely used tools in 
this area is DNA microarrays. Recent technological advances allow the concurrent 
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analysis of thousands of individual DNA sequences or probes on one array. 
Whilst these arrays have been widely used in the studies pertaining to RNA 
expression, arrays have now been developed for many other applications 
including, but not limited to, identifying changes in DNA copy number, 
ep igenetic changes such as methylation as well as DNA mutations. Below is a 
brief description of some of the more widely used genomics platforms utilized 
in studies of pre-invasive and premalignant lesions.

Expression Analysis

Several high density DNA microarray platforms have been utilized in research. The 
most commonly used types of arrays are spotted arrays and in situ synthesized 
oligonucleotide arrays. Data from the first spotted array was published by Schena 
et al. in 1995 in a study examining the transcriptional activity of only 45 genes in 
yeast [1]. Technological advances since these early pioneering papers, as well as the 
completion of the human genome project, have resulted in arrays allowing the 
expression of genes in the full human genome to be studied. Much of the advance 
in technology has been fuelled by industry which sounded a death knell for institu-
tional array services. Spotted arrays are prepared by robotic printing and can be 
further subdivided into two types: cDNA microarrays and oligonucleotide arrays. 
cDNA arrays use PCR amplified cDNA clones as the probe and thus can be gener-
ated without any prior sequence information. Disadvantages of this system are 
technical artifacts such as variable probe length and GC content between different 
clones. Oligonucleotide arrays, whereby long oligonucleotides of between 45 and 
90 nucleotides in length, are deposited onto a slide are considered to be more 
r eliable; however design of the oligonucleotides themselves requires prior sequence 
information. Both types of spotted arrays are prepared by mechanical deposition of 
the probes onto the surface of a glass slide using either robotic or inkjet based 
machinery. This process is usually imprecise and cDNA quantity can vary between 
print runs. In order to overcome these issues, co-hybridization of two targets, 
di fferentially labeled with fluorescent dyes (such as Cy3 and Cy5) is typically 
pe rformed [2]. To allow comparisons to be made between large sample sets, the test 
samples are usually co-hybridized with a common reference as an internal control 
and then relative gene expression is determined. Pooled RNA from samples that 
have biological reference to the test samples are commonly used as the reference.

The principles of running two-color expression arrays involves extracting total 
RNA from the sample of interest as well as a reference sample and reverse transcribing 
into cDNA. Both the sample and the reference are then tagged with one of two dyes 
with spectrally distinct properties (i.e., Cy3 or Cy5). The samples are then pooled 
together and hybridized onto a single microarray. During this stage the labeled 
cDNA competitively binds to complementary sequences on the array. All remaining 
unbound and non-specific sample is then washed off the array and the array is 
scanned. Scanning is performed with a CCD or confocal based scanner. The laser 
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excites the tagging dyes and the emissions are detected. The relative abundance of 
transcripts is measured by intensity of the probe after hybridization.

Commercial versions of expression arrays have been developed by several 
co mpanies. One example is Affymetrix™ which is one of the largest commercial sup-
pliers of microarrays. Affymetrix™ arrays are produced by direct synthesis of short 
oligonucleotides directly onto the substrate by a process known as photolithography. 
This mask-based fabrication process achieves a very high degree of reproducibility 
between slides and negligible variation in the printing procedure. This allows measure-
ments of gene activity to be made without the need for an internal reference control. 
This one color (or single channel) detection system allows samples from two indepen-
dent chips to be directly compared with each other. Technically the procedure is similar 
to that for spotted arrays, RNA is reverse transcribed to cDNA which is then labeled and 
hybridized to complementary nucleic acids attached to the chip. Fluorescence is still 
used to determine expression levels at a given location on the chip. An added advantage 
of these arrays is rather than having a single probe to represent each gene; each array 
contains a “probe set” consisting of a set of 25-mer oligonucleotides. Each probe set 
consists of both matching and mismatched sequences with the mismatched probes 
allowing for the control of non-specific hybridization and background. Over the years 
Affymetrix™ has been successful in decreasing feature size whilst increasing the infor-
mation content available on their arrays.

Illumina is another provider of gene expression arrays; their technology is based 
on 3 mm silica beads which assemble in microwells on either fibre optic bundles or 
planar silica slides. Each bead is covered in many copies of an oligonucleotide which 
acts as a capture sequence. The process for determining gene expression levels of a 
given sample is very similar to that for other array types. A reverse tr anscription step 
of RNA is followed by an in vitro transcription step during which biotin labeled 
nucleotides are incorporated. This is followed by hybridization, blocking and was-
hing steps and then staining with streptavidin conjugated Cy3. The fluorescence 
emission of Cy3 is the readout. Illumina have developed several variations of this 
protocol including one which allows for the analysis of partially degraded RNA and 
for RNA isolated from formalin fixed paraffin embedded sections.

Quantitative Real time polymerase chain reaction (qRT-PCR)

Real time PCR is commonly used for validating a small number of candidate genes 
identified in high throughput expression array studies. Commercially designed 
primers can be purchased or can be designed by the investigator and manufactured. 
This is a very sensitive method, requiring very low levels of input cDNA, which 
quantifies the relative abundance of mRNA present in the sample. The delta-delta 
Ct method of analysis allows the researcher to normalize the expression of each 
sample to an internal housekeeping gene (such as actin or GAPDH) and then to 
compare the expression of the gene of interest by comparing two independent 
samples to each other (i.e., normal and tumour). Real time PCR is generally highly 
prone to cross contamination and may also exhibit experimental variation between 
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runs. These disadvantages can be minimized by the use of liquid handling robots to set 
up reactions. Alternatively, high throughput microfluidic cards in a 384 well format 
containing primers for a boutique list of genes supplied by the customer can be 
custom made and purchased. Real time PCR can also be used to validate copy 
number changes in genomic DNA sequences.

miRNA Screen

MicroRNAs (miRNAs) are short regulatory non-coding RNA molecules (16–29 
nucleotides) which regulate gene expression. They are encoded by genes that are 
transcribed into primary transcripts which are then processed into pre-mRNA tran-
scripts with a stem-loop structure by interaction with DICER (an endonuclease). 
DICER then cleaves the stem-loop structure forming two complementary short RNA 
molecules which are then incorporated into the RNA-induced silencing complex 
(RISC) which is then guided to the target mRNA. In conjunction with RISC, 
mi RNAs then degrade the target mRNA (either by degradation or inhibiting transla-
tion) resulting in deregulated gene expression. It has been shown that miRNAs can 
act as tumour supressors or oncogenes and that their expression has been correlated 
with many human cancers (reviewed in [3]). miRNA expression can be detected by 
a variety of different methods which are variations of some of the techniques 
di scussed above. Quantitative real time PCR assays have been developed whereby a 
modified reverse transcription protocol is followed by a real time assay and quantita-
tion is via the routine delta delta Ct method. MiRNA microarrays and microfluidics 
chips specific for detecting miRNAs have also been developed by several companies 
(for example http://www.affymetrix.com and http://www.chem.agilent.com).

Genomic DNA Analysis

The term genomics refers to the comprehensive analysis of the function and structure of 
DNA. Genomic changes are known to play a role in the development of many diseases 
including cancer. Copy number gains have been linked to oncogene activation whilst 
copy number loss has been associated with inactivation of tumor suppressor genes. 
Several platforms for measuring copy number changes are currently being utilized and 
technology in this -omics field is constantly developing with new and improved varia-
tions on the current genomics platforms regularly being made available.

Array Comparative Genomic Hybridization (aCGH)

Comparative genomic hybridization (CGH) is a molecular cytogenetic method which 
can be used to identify changes in copy number occurring in chromosome specific 

http://www.affymetrix.com
http://www.chem.agilent.com
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regions of DNA. Array-CGH (aCGH) works on a combination of the principles of 
classical CGH and expression based arrays. Samples from test and reference samples 
which have been differentially labeled are hybridized to slides containing probes 
covering the entire genome and changes are detected by comparing the ratios of 
fl uorescence detected for each of the test or reference samples. Copy number changes 
such as mutations and deletions can be detected by this method and its increased 
sensitivity over regular CGH allows the genomic location of each change to be more 
accurately mapped and identified. The advantage of this technique over the previ-
ously used karyotyping methods is that it is not necessary to prepare metaphase 
chromosomes from the “test” samples. This, along with the development and 
advancements in other techniques (such as micro-dissection and genomic DNA 
amplification) have made it possible to compare copy number changes in archived 
normal and “test” samples as well as those that are very small and heterogeneous.

The two types of aCGH arrays currently available are bacterial artificial chromo-
some (BAC) arrays and oligonucleotide based arrays. A more detailed performance 
comparison of the two techniques has been reported by Wicker et al. [4]. BAC arrays 
were the first type of array CGH to be introduced and are able to detect single copy 
changes with high sensitivity. They are prepared by spotting BAC clones into a slide 
which is subsequently processed by co-hybridizing fluorescently labelled test and 
reference samples as described earlier. The limitations with these arrays are the high 
cost associated with preparing the BAC clones as well as the limited resolution due 
to the large size of the BACS in comparison to oligonucleotide CGH arrays.

Oligonucleotide CGH arrays are prepared in much the same way as printed 
oligonucleotide expression arrays. They have the advantages of detecting changes 
with high resolution and are able to detect focal amplifications and deletions as 
small as 100 kb as well as single copy number change and loss. Overall they pro-
vide a more refined genomic profile than BAC arrays [5].

Single Nucleotide Polymorphism (SNP) Arrays

Single nucleotide polymorphisms (SNPs) are sequence variations occurring in the 
DNA of an individual when a single nucleotide in the genome is replaced with 
another. These types of changes occur approximately once every 100–300 bases 
with each individual harboring in excess of a million SNPs. They can occur in 
co ding or non-coding regions of DNA and may not necessarily change the amino 
acid sequence of the resulting protein. However this is not always the case and SNP 
alleles have been reported to contribute to the development of disease. In addition 
they are known to serve as useful markers for some diseases.

SNP arrays provide two sets of information: SNP signal intensity and allelic 
imbalance. The SNP signal intensity provides copy number information whilst 
allelic imbalance allows for the detection of loss of heterozygosity (LOH). LOH 
occurs when one allele is already lost and the second is also deleted or mutated. 
Whole genome SNP arrays can be run at varying densities depending on the type 
of array chosen.
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One of the major providers of genome arrays is Affymetrix™. This technology 
is designed for whole-genome SNP analysis. The procedure involves amplifying a 
subset of the human genome through a PCR based single primer amplification 
using input DNA which has been enzyme digested and ligated with an adaptor. 
Prior to hybridization to a GeneChip array the DNA is fragmented and labeled. 
Affymetrix™ provides arrays of varying densities ranging from the 10 K array 
covering the entire genome with 10,204 SNPs through to the SNP 6.0 array 
co ntaining 906,600 SNPs as well as 946,000 additional non-polymorphic probes 
that are able to detect genetic differences such as copy number variation.

Another major provider of whole genome arrays is Illumina™. This is based on 
the same bead chip technology which was discussed earlier for expression analysis. 
Several different array types are available with the number of markers available on 
the array varying from about 650,000 to 1.1 × 106. The process involves two stages: 
the first is whole-genome amplification without the need for PCR or ligation steps 
and hybridization to the bead array. The second stage is an enzymatic single base 
extension which incorporates a labeled nucleotide for assay readout. One major 
advantage of this system is the low input amount of DNA required (200 ng) which 
makes it possible to analyze samples with low DNA yield. This is important for 
sample collection for some of these premalignant conditions which may be resected 
using small biopsies rather than surgically resected specimens (see later).

Proteomics

Proteomics involves the comprehensive study of proteins including their detection, 
characterization, identification, modification, function and regulation. The chal-
lenge of studying proteins is that their expression and stability (or half life) tends 
to vary in different cell types. Initial proteomics techniques include Western blot, 
enzyme-linked immuno-sorbent assay (ELISA), immunoprecipitation (IP) and use 
of immunohistochemistry (IHC) on tissue microarrays (TMAs). Evolving technolo-
gies for proteomic analysis have utilized Two-Dimensional Polyacrylamide Gel 
Electrophoresis (2D-PAGE), liquid chromatography and different mass spectros-
copy devices to interrogate large numbers of proteins or peptides. More recently 
high throughput technologies have been incorporated in protein chemistry with the 
utilization of matrix assisted laser desorption/ionization – time of flight (MALDI-
TOF) and surface enhanced laser desorption ionization – time of flight (SELDI-TOF) 
devices. These mass spectroscopy devices interrogate large numbers of peptides after 
appropriate separation usually based on peptide size or charge.

IHC is the process by which the presence and distribution of specific proteins or 
antigens in a cell or tissue can be determined. Briefly, the process involves the expo-
sure of the tissue to a specific primary antibody to the antigen. A secondary antibody 
conjugated with an enzyme then binds to the primary antigen. The addition of chro-
magen and a substrate binds to the enzyme allowing visualization of the staining.

TMAs are paraffin blocks containing a large number of samples and allow high 
throughput and simultaneous analysis of samples interest to be observed on the 
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same slide. They are prepared by identifying regions of interest from H&E slides 
of the required samples. Cores of 0.6 to 2 mm in diameter are then taken from 
conventional “donor” paraffin blocks using a hollow needle and placed into a 
recipient paraffin block [6, 7]. Sections can then be cut from the block and subject 
to a variety of processes including ISH, FISH and immunohistochemistry. TMAs 
have been widely used in the validation of many cancer studies [8, 9] including 
those using IHC to validate the expression of candidate genes in various preinvasive 
lesions in comparison to normal or tumour tissues.

Application of -Omics Technologies to Selected Preinvasive 
Diseases

As discussed in previous chapters a greater understanding of carcinogenic pa thways 
from pre-invasive to invasive disease may enable the development of strategies to 
intervene in the natural history of the cancer.

In the following sections we discuss the current status of “-omics”-based studies 
relating to some well known precursor lesions which lead to adenocarcinomas as 
an endpoint and how this information might be applied clinically in the future.

Barrett’s Esophagus/Dysplasia/Esophageal Adenocarcinoma

Barrett’s esophagus (BE) is the precursor lesion for esophageal adenocarcinoma as 
discussed in Chap. 16 and summarised in Fig. 6.1. One of the key clinical chal-
lenges is to predict the patients most at risk of malignant progression. Most of our 
knowledge on the natural history of Barrett’s carcinogenesis has come from a study 
of candidate genes, selected because of their established role in cancer, at different 

Fig. 6.1 Schematic of progressive pathway to esophageal adenocarcinoma (EADC). Normal 
squamous epithelium (NSE) may become inflammed as a result of persistent acid reflux. The cells 
may then become metaplastic in a condition known as Barrett’s esophagus (BE). Dysplasia may 
then develop, followed by esophageal adenocarcinoma (EADC)
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stages in the metaplasia-dysplasia-carcinoma sequence. However, more recently 
use of the -omic technologies has enhanced our understanding and the genes identi-
fied form these studies are summarised in Table 6.1.

A number of -omics based studies have been dedicated to the investigation of 
BE. One of the earliest studies published in 2002 by Selaru et al. [10] used cDNA 
microarrays to perform gene expression analysis on seven BE and six esophageal 
carcinoma samples of varying subtypes (squamous cell carcinoma, adenoca rcinoma 
and one signet-ring carcinoma). Although the total number of samples used in the 
study was very small, of interest was the observation that the esophageal 
a denocarcinoma (EADC) samples tended to cluster more closely with other 
ca rcinoma samples rather than the BE samples from which they are thought to 
originate. Although a rudimentary analysis, this finding, not surprisingly, suggests 
there are significant gene expression changes between BE and established EADC 
[10]. This group also used artificial neural networks (ANN) to investigate diff-
erences in these groups. ANN is a supervised classification technique which is 
useful for analyzing more complex data. Their study shows that ANN is capable of 
distinguishing between BE and EADC [11].

This finding was further explored in a subsequent paper from the same group. 
This time the cohort consisted of 51 samples; 24 of which were normal esophageal 
mucosa (squamous), 18 were BE and the remaining nine were EADC samples [12]. 
In a comparison between normal esophagus and BE a total of 295 genes were 
di fferentially expressed with 162 of these genes up-regulated and the remaining 133 
down-regulated. However, only 36 genes were differentially expressed when 
c omparing BE samples with EADC samples suggesting that BE has more in 
co mmon on a transcriptional level with EADC than it has with normal mucosa. 
These authors postulate that this finding supports the hypothesis that BE is an inter-
mediate stage in esophageal carcinogenesis [12], however the differences detected 
may simply be highlighting the differences between normal mucosa and the 
properties of the new metaplastic BE cells. These authors also report 212 genes that 
were commonly differentially expressed in BE and EADC samples when compared 
to normal mucosa. These changes in expression are most likely to have occurred 
during the period of transition from BE to EADC [12].

In an attempt to identify potential biomarkers specific to BE these authors also 
compared the expression profile of BE samples from patients with (BE + EADC) 
and without (BE − EADC) concurrent EADC. Only three genes were found to be 
differentially expressed. CXCL3, TNFRSF12A (Fn14) and MYADM were all up-
regulated in the BE + EADC samples. When this analysis was extended by grouping 
the BE + EADC samples with the EADC samples and then looking for differentially 
expressed genes in comparison with the BE − EADC samples 12 genes were found 
to be differentially expressed with nine of these being up-regulated and the remain-
der down-regulated. Four of these were selected for validation by quantitative real 
time PCR (qRT-PCR). CXCL3, TNFRSF12A and MMP7 were found to exhibit a 
progressive increase in expression corresponding to the progressive stages of the 
pathway. Additionally, in concordance with the microarray results, expression of 
C10orf116 was found to progressively decrease in expression from normal mucosa 
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Esophageal Adenocarcinoma

RNA miRNA DNA Proteomics

Genes/loci 
differentially 
expressed/gained in 
positive direction CXCL3a [12] miR-196e [32] 8qe, f, g [34] MLCBd [44]

TNFRS12Aa [12] 6pe, f, g [34] TPM2 [44]
MMP7a, b [12] 20qf, g [34] AKR1B10d [44]
MYADM [12] 2pf, g [34] HNRPK [44]
DUSP2 [12] 10qf, g [34]
SC65 [12] 15qf, g [34]
PLAUR [12] 17qf [34]
PRG1[12] 7qg [34]

ANXA4 [19]
ARPC1B [19]
BIN1 [19]
CTSS [19]
GATA6a [26,28]
HLA-F [19]
HOXB7a [19]
IFI30 [19]
KIAA0062 [19]
KIF3B [19]
NICAL [19]
RAB20 [19]
RRBP1 [19]
TCF3a [19]
UCP2 [19]

COL6A1 [27]
COL12A1 [27]
COL3A1 [27]
COL5A2c [27]
CSPG2 [27]
POSTNc [27]

IL1R2 [20]
CCL20 [20]
CCL18 [20]
IL4R [20]
IFNAR2 [20]
ADH1B [20]
DGKQ [20]

MU2C [21]
MUC5ACa [29,35]
MUC6 [21]
TFF1a, b [29,35]
TFF3 [21]
HOXB5 [21]
HOXB6 [21]
FOXA3 [21]
TCF2 [21]

(continued)
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RNA miRNA DNA Proteomics

NR1H3 [21]
NR1L2 [21]
MUC3B [21]
villin [21]

Genes/loci 
differentially 
expressed/gained in 
negative direction C10orf116a [12] 18qe, g [34] S100A6 [44]

HSPE1 [12] Ye, f, g [34] S100A8 [44]
EREG [12] DRP2 [44]
CNN3 [12] 9pf, g [34] TXN [44]

7qf [34] TXN2 [44]

CALML3 [19] 14qf, g [34] S100A9d, b 
[53,35]

ZNF185 [19] RPS15Ad [44]
KANK [19] 4q [35] ATP5D [44]
FCER1A [19] 5q [35] LSM1 [44]
BNIP3 [19] UBE2V2d [44]
FLJ2259 [19] 9p21 [40] EIF5Ad [44]
S100A2a [19] 3p14 [40] NM23d [44]
SCCA1a [19] 13q22 [40] STMN1d [44]
SPRR3a [19] CBX3d [44]

CMPK [44]
ARHGDIBd, b 

[44]
ARHGDIA [44]
PSMB4d [44]
PSMA2d [44]
ATP6V1E1 [44]
GSTO1 [44]
PSMA1d [44]
PPd [44]
TPM1d [44]
ENO1d, b [44]
LMNAd, b [44]

[12] – reference compares BE+EADC and EADC vs. BE−EADC
[19] – reference compares the progression of BE and EADC vs. normal squamous epithelium
[27] – reference compares BE vs. normal squamous epithelium
[20] – reference compares BE vs. normal squamous epithelium
[21] – reference compares BE vs. normal squamous epithelium
[34] – reference compares BE+HGD vs. normal squamous epithelium
[44] – reference compares BE vs. EADC
N/A – Not applicable
aValidated by qRT-PCR
bValidated by IHC
cValidated by ISH
dProtein and mRNA levels were correlated
eChange occuring in BE
fChange occuring in LGD
gChange occuring in HGD
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through to EADC. MMP7 has also been reported to be overexpressed in gastric and 
colorectal cancers [13, 14]. There is some evidence suggesting MMP7 could be a 
target in the Wnt signalling pathway which is known to play a role in cancer forma-
tion. In addition the MMPs are known to play a role in the breakdown of the extra-
cellular matrix which can affect tumor growth. TNFRSF12A has been implicated 
in invasion [15], migration [16] and angiogenesis [17] whilst overexpression of 
CXCL3 in EADC has been confirmed by other groups using both microarray and 
immunohistochemistry methods [18]. CXCL3 and TNFRSF12A are both involved 
in cytokine–cytokine receptor interaction, which is a cancer related pathway [12].

A study by Kimchi et al. [19] using Affymetrix™ U133A genechip arrays exam-
ined samples of normal squamous mucosa, BE and EADC samples each collected 
from 24 patients. They identified 351 genes which were differentially expressed 
only in EADC samples and 104 expressed only in BE samples when compared to 
normal squamous mucosa. They identified a further 96 genes that were differen-
tially expressed in both BE and EADC samples and proposed that these genes may 
potentially serve as prognostic or diagnostic markers. Further analysis of the data 
filtered this gene list down to 21 genes which were validated by qRT-PCR. Six of 
these genes are known to play a role in epidermal differentiation. Of these GATA6, 
HOXB7 and TCF3 were found to be up-regulated in the progression from squamous 
esophagus to BE to EADC. In contrast S100A2, SCCA1 and SPRR3 were progres-
sively down-regulated. Further investigation showed that whilst each of these genes 
can be used on its own to discriminate between normal mucosa and EADC only 
HOXB7 expression levels can differentiate between normal mucosa and BE. The 
expression level of no single gene was able to accurately distinguish normal 
mucosa, BE and EADC into three subgroups.

These authors then looked at combinations of these genes and found that calcu-
lating the ratios of GATA6 and SPRR3 expression allows them to differentiate 
between normal mucosa (lowest), BE (moderate) and EADC (highest). They suggest 
that this marker combination may be useful for determining the risk of progression 
from BE to EADC, however further studies with a larger sample size would be 
needed to confirm this. There has not been further investigation on the potential role 
these genes play in the mechanism of carcinogenesis. The results of these studies 
remain associations between expression and stages of disease.

Another gene expression based study performed by Hao et al. using in house 
cDNA arrays had a sample cohort consisting of 48 biopsy samples obtained from 
17 patients. From each patient biopsies were taken from normal esophagus, BE, 
EADC (if present) as well as duodenum. This group identified 648 genes with a 
fourfold difference in expression between BE and normal esophageal mucosa. 
Further analysis of these genes using a software package called PAM, which works 
by performing sample classification of gene expression data predicted that expres-
sion of AGR2 was sufficient to distinguish the difference between BE and normal 
samples. Thirty seven stromal genes including collagens (COL6A1, COL12A1, 
COL3A1 and COL5A2), CSPG2 and POSTN were found to be highly expressed in 
BE and EADC in comparison with normal mucosa. Of these, expression of COL5A2 
and POSTN were validated using in situ hybridization. The authors postulate that 
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the high expression of these stromal genes prior to dysplasia and EADC suggests 
that modification of the extracellular matrix is an early event in the development of 
EADC. In addition to normal esophageal mucosa, BE and EADC samples these 
authors included duodenum samples in their analysis as a control for the intestinal 
metaplasia phenotype observed in BE. These samples clustered closely to the BE 
samples and this similarity indicates the effects that cell lineage has on the cluster-
ing of samples.

A comprehensive study which compared expression levels of ten BE and five 
EADC samples as well as gastric samples including intestinal metaplasia (IM) of 
the stomach (n = 9) (similar to BE and discussed in more detail in the next section) 
and intestinal type gastric cancer (n = 12) was performed by Gomes et al. [20]. This 
group performed an analysis of functional modules which identified glycerolipid 
metabolism and cytokine/cytokine receptor modules to be active in greater than 
50% of BE and IM samples. Further examination of these modules implicated several 
key genes within each module which are responsible for their activation. Within the 
glycerolipid metabolism module IL1R2, CCL20, CCL18, IL4R and IFNAR2 were 
more highly expressed in BE and IM samples whilst ADH1B and DGKQ appeared 
to be key activators of the cytokine/cytokine receptor module. No validation was 
performed for any of these genes.

Greenawalt et al. performed a comprehensive analysis of gene expression pro-
files in a cohort of 128 samples including: normal mucosa, BE, EADC and SCC 
samples [21]. Gene ontology analysis was used to identify specific gene functions 
which are differentially expressed between the four groups. The samples were found 
to separate into four distinct clusters with BE and EADC samples (both of which 
exhibit a columnar phenotype) clustering separately from the normal and SCC 
samples which have a more squamous phenotype. The data obtained from this, and 
other studies indicate that genes which play a role in tissue development including 
those involved in keratinization, intercellular junctions, calcium-ion binding and 
endopeptidase activity were over represented in the comparison of BE and EADC 
samples compared to normal mucosa [12, 21]. Over-representation of genes involved 
in immune and inflammatory response and proteolysis were found specifically in 
EADC samples whilst genes involved in alcohol and digestive metabolism were found 
to be overrepresented only in BE samples [21]. Many of these pathways have been 
previously reported in the study by Wang et al. [12] and were discussed previously, 
however there was little overlap in the key genes identified in the two studies.

Greenawalt et al. also performed hierarchical clustering analysis of differen-
tially expressed genes [21]. Several distinguishing clusters were identified. One of 
these clusters contained genes which were upregulated in SCC, EADC and BE 
samples in comparison to normal mucosa (squamous epithelium). Most of the 
genes are plasma membrane related and more specifically included MHC class I 
receptors and immune response genes. The second of the clusters contained 
genes which were specific to esophageal cancers and which the authors refer to as 
the “esophageal cancer cluster” and were differentially expressed in SCC and 
EADC samples only. This cluster consisted of several overlapping subclusters 
including the “SPARC” cluster, proliferation cluster and immune response cluster. 
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SPARC is an extracellular matrix protein known to be expressed in many advanced 
cancers including EADC [22]. It plays a role in extracellular matrix remodeling and 
could contribute to invasion by causing stromal de-adhesion [23, 24]. Indeed SPARC 
expression was found by one group to increase with the onset of BE and further 
increase with the development of dysplasia although this was limited to studying 
expression of mRNA by RT-PCR [22]. This is further evidence for the intermediate 
position of BE in the progression to EADC discussed by Wang et al. [12].

The proliferation cluster specifically contains genes involved in the M phase of 
the cell cycle whilst the immune response cluster contains MMP3 and MMP10 as 
well as PTGS2 (COX2) which has been linked to inflammation and proliferation. 
COX2 held significant promise as a target for intervention studies to try and miti-
gate the progression from BE to EADC. Treatment of a mouse model of BE with 
an inhibitor of COX2 was found to reduce incidence of progression to EADC [25]. 
Unfortunately a Phase IIb clinical trial of Celecoxib, a selective COX-2 non-steroidal 
anti-inflammatory drug (NSAID) failed to prevent progression from BE to EADC 
in humans [26].

Genes that were differentially expressed only in the EADC and BE samples 
compared to normal and squamous cell carcinoma samples consist mainly of genes 
which differentiate between squamous and columnar phenotypes. More specifically 
up-regulated genes include the mucins (MUC2, MUC5AC and MUC6) as well as 
mucin associated genes (TFF1 and TFF3). A transcription factor cluster was also 
identified including HOXB5 and 6, FOXA3 and GATA6, which is consistent with 
the Kimchi study described earlier [19].

These authors also identified differentially expressed genes which are spe-
cific only to BE. Up-regulated genes were specific to mitochondria, cellular lipid 
metabolism and oxidoreductase activity suggesting that these pathways may play 
an early role in the transition to EADC.

Although the Greenawalt study identified many genes that may play a role in the 
progression pathway through to EADC, none of these findings were validated. It is 
encouraging however that some of these genes have also been identified as candi-
dates in other studies and have undergone further validation by other groups.

Microarray data obtained from several of the studies described above by Hao et al. 
[27] and Greenawalt et al. [21] as well as a study by Boussioutas et al. [28], which 
looked at gene expression in gastric samples (and which is discussed in more detail 
in the intestinal metaplasia section below) were interrogated by Lao-Sirieix and col-
leagues [29]. Their aim was to identify putative biomarkers with the ability to dis-
criminate BE from normal esophageal or gastric mucosa for use in a non-invasive, 
non-endoscopic cytological screening device called a capsule sponge. This screening 
method involves the patient swallowing a capsulised sponge attached to a string. 
Once swallowed the capsule dissolves and the sponge can be retrieved by pulling the 
string allowing sampling from the esophagus on withdrawal. Cells can them be iso-
lated from the sponge, embedded in paraffin and subsequently be analysed by IHC. 
Following validation of the 14 candidate genes identified by qRT-PCR and IHC, 
TFF3 was found to be both BE specific and highly expressed on the luminal surface 
epithelium of BE at the protein level indicating that TFF3 could potentially be used 
as a marker for BE. A validation study using TFF3 applied to the capsule sponge 
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specimens in patients with known BE (n = 47) compared to healthy controls (n = 99) 
suggested a sensitivity of 78% and a specificity of 94% [29] (see also Chap. 16).

Determination of microRNA expression has also been used as a tool to study 
differences between various stages in the carcinogenic pathway leading to EADC. 
The trends observed in a study by Feber et al. [30] using Illumina bioarrays mim-
icked those observed in the study of total RNA expression. Each pathological 
subgroup was separated using microRNA profiles. BE (n = 5) and EADC (n = 10) 
subgroups appeared to be more similar to each other rather than the normal 
squamous mucosa (n = 9). No specific miRNAs were found to be specific to BE. In 
contrast, a study by Luthra et al. reported that miR-196a levels were up-regulated 
in EADC samples compared with normal mucosa and that ANXA1 (a potential 
tumor suppressor gene) is a direct target of this microRNA [31]. A subsequent 
study by the same group identified three potential in silico targets of miR-196a 
based on their reported down-regulation in the progression from BE to EADC [32]. 
Their results show that increased expression of miR-196a in the progression from 
normal mucosa, BE, LGD, HGD and then EADC is correlated with decreasing 
expression of KRT5, SPRR2C and S100A9. These authors suggest that these 
genes are direct targets of miR-196a and that expression levels of miR-196a 
may be a useful marker for predicting progression from BE to EADC. 
Interestingly,  other predicted in silico targets of miR-196a included GATA6 and 
HOXB7 which have been previously identified as being progressively up-regulated 
in the progression from normal mucosa to BE and then to EADC as discussed above 
[19]. Further analysis did not indicate any negative correlation between miR-196a 
expression levels and those of GATA6 or HOXB7 leading the authors to postulate 
that miR-196a is most likely not involved in the regulation of these genes [32]. It is 
encouraging that there is consistency between these reports and earlier studies show-
ing differential expression of similar genes (SPRR2C and S100A9).

As well as changes in expression, several studies have also attempted to identify 
copy number changes occurring during the progression from precursor changes to 
EADC. A study by Walch et al. used CGH to characterize chromosomal changes in 
EADC and its precursor changes [33]. The study cohort consisted of 30 tumour 
samples and 25 precursor lesions (consisting of 11 HGD, 8 LGD and 6 metapla-
sias). They observed a step wise increase in the number of aberrations detected at 
each progressive stage from BE (seven chromosomal imbalances per case) to LGD 
(10.8) to HGD (13.4) and finally EADC (13.3). The most common changes (>25% 
of samples) observed in BE were gains on 8q and 6p and losses on 18q and the Y 
chromosome [33]. Gains were commonly observed on 8q, 20q, 2p, 10q, 6p, 15q 
and 17q in LGD with losses occurring 9p, 7q, 14q and Y. The number of chromo-
somal changes per sample increased again for HGD with gains on 8q, 20q, 2p, 7q, 
10q, 6p and 15q. Deletions occurred on 4q, 5q, 9p, 18q, 14q and chromosome Y. 
The same changes occurred in EADC samples with additional regions having gains 
on 17q and loss on 7q [33]. The implication of Y chromosome aberrations (50% of 
BE cases, 100% LGD cases and 90% HGD cases) is interesting in the setting of 
well recognized gender differences in EADC incidence favoring males by 2:1.

A similar study by Riegman et al. reported the same trend of increasing number 
of chromosomal aberrations with increasing stepwise progression through the 
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metaplasia-dysplasia-adenocarcinoma sequence, however they did not detect any 
copy number changes in their cohort of 6 BE samples [34]. These authors acknowl-
edge that their data is not in agreement with the reports of others who have also 
detected chromosomal imbalance in BE samples [35–37] and have suggested that 
criteria used in sample selection may account for these discrepancies, although it is 
also feasible that the inconsistencies observed may be the result of low sample 
number. Another study by Croft et al. using CGH was unable to detect any signifi-
cant chromosomal changes even in LGD samples [38]. It is clear however that 
common regions of LOH have been found in multiple studies including deletions 
in 5q which contains candidate genes APC and MCC [34].

To date there has been only one published report utilizing SNP analysis to study 
genomic changes in precursor lesions that lead to EADC [39]. Their results confirm 
that 5K BAC arrays and an Affymetrix™ 50K array are able to detect most of the 
same changes provided that the change is greater than 1 Mb in size, however 
smaller copy number changes were only detectable using the higher resolution 
Affymetrix™ array. Whilst between 73 and 1,860 copy number changes were 
detected in each of the BE biopsy samples studied most of the regions were unique 
to one of the six samples suggesting that they are not necessarily required changes 
for progression [39]. Three main regions of loss were detected: losses on chromo-
some 9p21 and 3p14 were detected in five of the six samples studied and of these 
5 samples 3 had an additional deletion on chromosome 13q22. The observed dele-
tion on 9p21 (also observed in the Walch study) is not surprising since the cohort 
was selected to enrich for samples exhibiting loss at the CDKN2A (p16) locus. 
Allelic loss of this locus and mutations in the CDKN/p16 gene has been previously 
implicated in early progression to EADC [40–42].

Further studies of the pre-neoplastic lesions of EADC using high resolution 
“-omic” techniques with a greater sample size and controlling for sample selection 
bias, may provide further information of the relationship of copy number change 
and the progression pathway.

Proteomics techniques were used by Zhao et al. to identify proteins which are 
differentially expressed between BE and EADC which may potentially act as can-
didate markers for the progression from BE to EADC [43]. They obtained paired 
samples from six patients and utilized liquid phase separation in the first dimension 
and NPS-RP HPLC in the second dimension followed by ESI-TOF mass spectrom-
etry to identify 38 candidate proteins. Interestingly only around 50% of these were 
found to have similar expression levels at the mRNA level as determined by 
Affymetrix U133 arrays. Increased protein and mRNA expression in EADC com-
pared to BE was also validated by IHC for ARHDIGB, Lamin A (LMNA) and 
Alpha-Enolase 1(ENO1) [43].

Intestinal Metaplasia/Dysplasia/Gastric Adenocarcinoma

As discussed in Chap. 17 gastric cancer (GC), particularly of the Intestinal type 
(IGC) has well defined premalignant stages that were initially found in an  
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epidemiologic association as described by Correa [44]. The risk of progression 
from gastric IM to carcinoma has been difficult to quantify and is dependent on host 
and environmental factors. In a study from a high risk environment (East Asia) 
there was significant progression to more advanced lesions once IM was 
established [45].

The premalignant cascade first proposed by Correa is thought to be initiated by 
chronic infection with the bacterium Helicobacter pylori through a sequence of 
changes consisting of chronic atrophic gastritis (CG), intestinal metaplasia (IM), 
dysplasia and invasive neoplasia each of which is easily distinguished using histo-
logical techniques (Fig. 6.2).

There is relatively little known about the key genetic events in IM however 
genomics studies have helped to identify key genes involved in the progression from 
normal mucosa via the intermediates of IM and dysplasia to GC. A summary of the 
key changes observed in the premalignant stages of GC are listed in Table 6.2.

The first reported microarray gene expression profiling study looking at expres-
sion levels of premalignant vs. tumor samples was performed in our laboratory [28]. 
This study compared gastric cancer and precursor lesions in samples sourced from 
Australian (n = 91) and Chinese patients (n = 33). Tumor and adjacent non-neoplastic 
mucosal samples were collected from patients with GC at the time of resection. Non-
neoplastic samples were classified as normal (n = 9), chronic gastritis (n = 27) or IM 
(n = 22). Unsupervised clustering of the data classified the samples into distinct 
groups of malignant and non-malignant. The same unsupervised analysis also 
distinguished the different histological groups within the premalignant (Chronic gas-
tritis and IM) and malignant subgroups. Chronic gastritis was characterized by a 
mitochondrial gene expression signature with up-regulated genes such as cyto-
chrome c oxidase (COX) and NADH dehydrogenase (NDUF) [28]. It is proposed 
that this gene signature was linked to the presence of H. pylori which tends to colo-
nize gastritic mucosa in preference to IM or malignant mucosa.

Fig. 6.2 Schematic diagram of premalignant lesions in gastric cancer. H. pylori has been associated 
with the development of atrophic chronic gastritis (ACG) from normal gastric epithelium (NGE). 
This may trigger a metaplastic process in which the cells take on characteristics of the intestine, a 
condition known as intestinal metaplasia (IM). This may then progress into dysplasia and then 
gastric adenocarcinoma (GC)
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Analysis of IM samples identified elevated expression of genes characteristic of 
the intestine and consistent with a transdifferentiation of the mucosa from a gastric to 
an intestinal phenotype (see Fig. 6.3). Genes that are involved in differentiation of the 
intestinal phenotype include CDX1, a homeodomain transcription factor whose expres-
sion is normally localized to the mucosa of the colon and Villin1 (a structural protein 
involved in the formation of microvilli in the small intestine). Villin 1 has also been 
reported to be up-regulated in chronic gastritis [46]. Other genes of interest which were 
consistently up-regulated in IM are FAT, a tumor suppressor that is related to the 
cadherin family of genes and TFF1 (Trefoil factor 1) which is also found to be a tumor 
suppressor and down-regulated in GC [47–49].

A similar study was performed by Meireles et al. [50] who used custom cDNA 
arrays created to enrich for genes either known to be differentially expressed in 
GC or other cancers. Their data was able to discriminate between each of the 

Fig. 6.3 H&E and Alcian-blue periodic acid Schiff staining of human IM (×200) (a) H&E and 
(b) AB/PAS of complete type IM. (c) H&E and (d) AP/PAS of incomplete type IM. Black arrows 
represent goblet cells and red arrows indicate presence of a brush border
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Table 6.2 Summary of key candidate genes/loci which are changed in precursor lesions of 
Gastric Adenocarcinoma

RNA miRNA DNA Proteomics

Genes/loci differentially 
expressed/gained in 
positive direction cdx1a [36] N/A N/A Pepsin A [81]¥

villin1 [36] Pepsin B [81]¥
FAT [36] Gastric lipase [81]¥
TFF1b [36]
MYO1A [36] a1-antitrypsin 

[81]@
MTP [36]
cholecystokinin [36]
PSG [36]
KLF-4 [36]
TGFalpha [36]
COL1A1 [75]@
FN1 [75]@
CTSB [75]@
COL1A2 [75]@
Hs.17781 [75]@
DAF [75]@
VIM [75]@

KRT20 [75]§
TUBB [75]§
KRT19 [75]§
CDH1 [75]§
KRT17 [75]§
DAF [75]§
CTSB [75]§

Genes/loci differentially 
expressed/gained in 
negative direction PRPF8 [75]@ N/A N/A

Hs.327751 [75]@
VHL [75]@
LCK [75]@
BAD [75]@
VEGFB [75]@
POLR2h [75]@

PTSGS2 [75]§

[36] – reference compares IM vs. normal gastric mucosa
[75]@ – reference compares the progression of IM and IGC vs. normal gastric mucosa
[75]§ – reference compares IM vs. normal gastric mucosa
[81]¥ – reference compares IM vs. GC (gastric juice)
[81]@ – reference compares the progression of IM and IGC vs. normal gastric mucosa (gastric juice)
N/A not applicable
aValidated by qRT-PCR
bValidated by IHC
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histological subtypes with more genes being differentially expressed between 
tumors when compared to normal stomach than in IM vs. normal which is con-
sistent with the Boussioutas et al. data set. They were unable to identify any genes 
which were differentially expressed between normal and chronic gastritis samples 
but this could be explained by the way they curated their genes for their array. 
A further analysis aimed to identify any genes which are differentially expressed 
in the Correa pathway from normal through to IM and then to IGC. They identified 
COL1A1, FN1, CTSB, COL1A2, Hs.177781, DAF and VIM as the seven top genes 
with highest increased expression and PRPF8. Hs.327751, VHL, LCK, BAD, 
VEGFB and POLR2H were the seven genes with decreased expression pattern. 
This analysis excluded tumors of the diffuse type. Tissue microarrays were used 
to validate findings in this study [50]. It is encouraging to see different datasets 
produce the same results when comparing IM. Many of the genes that were char-
acteristic of IM were differentiation markers for the intestinal phenotype. 
However, the Meireles study found differential gene expression in IM despite 
using genes that were selected for cancer.

To date there have not been any studies of microRNA expression levels involving 
IM samples however in comparison to normal gastric mucosa multiple miRs have 
been found to be differentially expressed in GC [51, 52].

Whilst there have been several publications investigating genomic changes 
between normal tissues and GC [53, 54], at this stage there have not been any spe-
cific studies examining IM at the genomic level. It is conceivable that IM may 
harbor genomic aberrations in the form of DNA amplifications and/or deletions 
which are cumulative in IM and precede the transformation into GC although these 
are more likely to arise in dysplastic tissue.

One of the limitations of studies involving IM whether they are -omics based or 
otherwise is they rarely distinguish subtypes of IM (reviewed in [55]). It is possible 
that differences exist between these subgroups at the transcriptome, genome or 
protein level that may warrant further investigation. In addition it is possible that 
combining the data from the two subtypes (which may in fact be distinct from each 
other) could dilute out any interesting or relevant -omics based changes which 
would become apparent if they were analyzed as separate entities. This would 
require larger numbers of samples to allow significant distinction between the sub-
types which are only subtly different histomorphologically.

Proteomics based studies in IM have been limited. One study used 2DGE to 
identify proteins which were present in the gastric juices of patients with varying 
stages of gastric disorders [56]. They observed that pepsin A and B as well as gas-
tric lipase were common in the gastric juices of patients with normal mucosa and 
IM as well as ChG but were absent in about 60% of tumor samples in their cohort. 
Conversely a

1
-antitrypsin exhibited increasing levels with progression and was 

detected in about 60% of the tumor samples. Further analysis by MALDI-TOF MS 
and nanoelectrospray MS/MS showed that the form of a

1
-antitrypsin found in gastric 

juices varies slightly from that found in plasma. These authors suggest that 
a

1
-antitrypsin may be a suitable prognostic marker for GC however no further 

validation of this hypothesis has been reported.
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Adenoma/Dysplasia/Colorectal Carcinoma

v to the upper GI tract discussed previously, CRC is a potentially curable disease if 
detected and treated early. It is understood to develop via a stepwise progression 
termed the “adenoma-carcinoma” sequence first proposed by Fearon and Vogelstein 
in 1990 [57] and as discussed in Chaps. 5 and 18. In this pathway normal colonic 
mucosa proceeds to adenocarcinoma via an adenoma, which is defined as a dys-
plastic polyp in the colon (Fig. 6.4). This process is believed to take as long as 10 
years allowing ample time for early detection and intervention [58].

Even though the pathway leading to CRC has been well described, information relat-
ing to the molecular mechanisms is still lacking. Table 6.3 summarizes some of the data 
obtained using -omics based technologies to study premalignant stages of CRC.

Notterman et al. [59] used Affymetrix™ RNA expression arrays to identify changes 
between normal colonic mucosa (n = 18), adenomas (n = 4) and adenocarcinomas 
(n = 18). They reported that several changes observed in the carcinomas were also 
present in the adenomas suggesting that they are early changes in the progression 
pathway. These changes included increases in M

1
 100,000 coactivator, BIGH3, 

ckshs2, MGSA and matrilysin, Genes found to be up-regulated in adenomas in 
comparison to adenocarcinomas are guanylin, down-regulated in adenocarcinoma 
and hevin. Several genes including transcription factors (XBP-1, SSRP-1, ETS-2 and 
SOX9) as well as ribosomal proteins (s9 and S29) were mostly highly expressed in 
the adenoma group. The authors suggest that increased expression of these genes may 
be important in the transition between adenoma and adenocarcinoma [59]. The data 
from this study must however be interpreted with caution as the sample number for 
the adenoma group was low (n = 4) and two different Affymetrix™ platforms were 

Fig. 6.4 Progressive pathway to colorectal adenocarcinoma. This pathway first described by 
Vogelstein details the role of mutations in the APC, KRAS and TP53 genes which trigger a malig-
nant cascade from normal colonic epithelium (NCE) via adenoma, which becomes increasingly 
dysplastic finally leading to colorectal adenocarcinoma (CRC) as an end-point
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Table 6.3 Summary of key candidate genes/loci which are changed in precursor lesions of 
Colorectal Adenocarcinoma

RNA miRNA DNA Proteomics

Genes/loci differentially 
expressed/gained in 
positive direction

M1 100,000 
coactivator [88]@

miR-17 [93] 17p [96] N/A

BIGH3 [88]@ miR-19a [93] 13q [96]
ckshs2 [88]@ miR-20a [93]
MGSA [88]@ miR-19b-1  

[93]
7 [97]

Matrilysin [88]@ miR-92a-1 [93] 20q [97]
13 [97]

Guanylin [88]¥ miR-21 [112]
Downregulated in 

adenocarcinoma 
[88]¥

miR-181b  
[112]

Hevin [88]¥
XBP-1 [88]‡
SSRP-1 [88]‡
ETS-2 [88]‡
SOX9 [88]‡
s9 [88]‡
s29 [88]‡

GPX2 [92]
PPIA [92]
GAPD [92]
ANXA2 [92]
ALDH1 [92]
ADAR [92]

TFF1a, b [110]
CTSAa, b [110]
PLAG2A [111]
NPM1 [111]
ROS1 [111]
TNFRSF10Aa [111]
ITGA6 [111]
FAT [111]
VSX1 [111]
WASF2 [111]
HDAC1 [111]
SPINK1 [111]
RHEB [111]
IFITM1 [111]
WEE1 [111]
CASP1 [111]
EPHB3 [111]
PHB [111]
SOD1 [111]

(continued)
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Table 6.3  (continued)

RNA miRNA DNA Proteomics

Genes/loci differentially 
expressed/gained in 
negative direction PGK1 [92] N/A 17p [96] N/A

LDHA [92] 11q [96]

PSMD7 [92]

PSMB8 [92]

C20orf24 [100]

AURKA [100]

RNPC1 [100]

THL1 [100]

ADRM1 [100]

C20orf20 [100]

TCFL5 [100]

SIAT7D [111]

RARAa [111]

CSK [111]

BENEa [111]

RGS19IP1 [111]

VDR [111]

UGDH [111]

[88]@ – reference compares the progression of adenoma and CRC vs. normal colonic mucosa
[88]¥ – reference compares adenoma vs. CRC
[88]‡ – reference compares adenoma vs. normal colon and CRC
[92] – reference compares adenoma vs. CRC
[100] – reference compares adenoma vs. CRC (thought to occur as a consequence of gain on Chr. 20)
Changes in bold represent changes in SSA vs. normal
N/A not applicable
aValidated by qRT-PCR
bValidated by IHC

used to compare adenocarcinoma with paired normals (Affymetrix™ 6500 GeneChip 
set) and adenoma with their matched normals (Affymetrix™ 6800 Genechip set).

A more substantial study by Nosho et al. looked at gene expression of 34 
adenomas and 14 early invasive carcinomas each with a matched paired normal 
sample using cDNA arrays [60]. Cell signaling genes made up the majority of the 
genes which were up-regulated in adenomas compared to the carcinomas. 
Interestingly two of the genes found more highly expressed in the carcinomas are 
tumor suppressor genes (Smad4 and nm23) however both of these genes have 
previously been reported to be inactivated or down-regulated in late stage CRC 
samples [61, 62]. Nosho et al. suggest that this discrepancy may be due to the fact 
that the carcinomas in their study were early stage carcinomas and did not exhibit 
any invasion or metastasis [60].
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Another cDNA based study by Yin et al. looked at 9 adenomas, 11 adenocar-
cinomas and matched normal tissue from each patient [63]. They identified 51 
genes commonly up-regulated in both adenomas and adenocarcinomas. These 
genes encode for proteins involved in RNA/protein processing, cell adhesion 
molecules, oncogenes, cell cycle control, transcription factors and tumor associ-
ated molecules [63]. Commonly down-regulated genes include genes involved in 
programmed cell death, tumor suppression, immunity, cell adhesion molecules 
and growth suppression [63]. When directly comparing genes differentially 
expressed between adenomas and adenocarcinomas these authors found that 
genes involved in adaptation to low oxygen conditions (GPX2, PPIA, GAPD, 
ANXA2, ALDH1, ADAR) were highly expressed in adenomas. Genes known to be 
either induced or known to accumulate under conditions of hypoxia (PGK1, 
LDHA, PSMD7 and PSMB8) were found to be expressed more highly in the 
adenocarcinoma cells [63].

Over-expression and down-regulation of specific miRNAs have been reported to 
play a role in both the development and progression of CRC. Over-expression of all 
of the genes comprising the mIR-17-92 cluster (miRs -17, -18a, -19a, -20a, 19b-1, 
92a-1) with the exception of miR-18a has been correlated with copy number gain 
on chromosome 13q31 and expression has been shown to increase with progression 
from adenoma to CRC [64]. It has previously been shown that this miR cluster is 
regulated by c-myc which is located on chromosome 8q24. A recent review by 
Aslam et al. has extensively discussed the possible role of specific miRNAs in the 
early detection and therapy of CRC as well as in determination of patient prognosis, 
however these will not be discussed here in any more detail [65].

The Vogelstein model proposes that colorectal carcinogenesis occurs via a series 
of intermediate stages as a result of mutation accumulation in key regulatory genes. 
The sequential acquisition of specific genetic changes is directly related to the pro-
gression via the adenoma-carcinoma sequence. These changes have been well 
described and were characterized well before the advent of the -omics era using 
karyotyping techniques. Mutation in the APC gene is believed to be the first change 
which initiates the progressive pathway and occurs in up to 80% of adenomas and 
adenocarcinomas. This tumor suppressor gene encodes a protein which acts by bind-
ing to b-catenin. A mutation in this gene or this pathway results in defective Wnt 
signalling. The second key mutation in Vogelstein’s progression pathway occurs in 
the KRAS gene (a well known oncogene). KRAS mutations are also an early event 
in the sequence but are found in only a low percentage of CRCs. The final stage in 
the progressive pathway is mutation or LOH in the p53 gene (Fig. 6.4).

Whilst the adenoma-carcinoma model suggests that mutation (or LOH) of the 
tumour suppressor genes APC and TP53 as well as mutation of the KRAS oncogene 
are required in order for colorectal carcinogenesis to occur several groups have 
argued that this is an overly simplistic hypothesis and have demonstrated that muta-
tions in TP53 and KRAS very rarely both occur in the same tumor [66, 67]. CGH 
based studies have identified several chromosomal changes which occur even more 
frequently than these mutations. For example, a study looking at the frequency of 
chromosomal aberrations as well as APC, KRAS and TP53 mutations in adenomas 
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they showed that whilst APC mutations were the most common single event, gains 
in 7p and 13q as well as losses on 17p and 11q occurred with a higher frequency 
than KRAS mutations [68]. This suggests a role for these aberrations in the develop-
ment of CRC. Another study detected gains on chromosome 7, 13 and 20q in ade-
noma samples [69] as well as in adenocarcinoma samples and liver metastases.

More recently, several groups have performed correlative studies which aimed 
to identify common genetic changes occurring in colon cancer and then identifying 
genes residing within these regions. This is important as tumor suppressor genes 
are likely to be inactivated by a deletion whereas oncogenes can be activated by 
copy number amplification. Tsafrir et al. [70] demonstrated that >60% of differen-
tially expressed sites are associated with gain or loss in the corresponding genomic 
region in CRC. Sheffer et al. [71] performed an elaborate study comparing SNP 
data generated using Affymetrix™ 50K arrays with expression data from Affymetrix™ 
U133A arrays from samples at varying stages of the adenoma-carcinoma sequence. 
The analysis of the data focused mainly on the changes occurring in tumor samples 
however they did identify significant copy number changes on chromosomes 14q, 
20q, 20p and 8q between adenomas and Stage I CRC tumors, which are being inter-
preted as early events. Consistent with other studies amplification on chromosomal 
arm 20q was the most frequently occurring change and was observed in 91% of 
tumors and in some adenomas [71]. Gains on 20q have been observed in other 
tumor types and have been previously implicated with poor outcome in patients 
with CRC as well as GC.

In order to identify genes which may be differentially expressed as a result of 
copy number amplification on chromosome 20, Carvalho et al. performed copy 
number and gene expression analysis on early and advanced stage adenoma samples 
as well as colorectal adenocarcinomas [72]. They identified seven genes as putative 
oncogenes that were over-expressed in carcinomas as a consequence of copy number 
gain on chr20. They then proposed that these genes (C20orf24, AURKA, RNPC1, 
THL1, ADRM1, C20orf20 and TCFL5) are implicated in the progression from 
adenoma to CRC and suggest that they may potentially serve a role as biomarkers 
for progression [72]. This assertion remains untested in an independent cohort and 
would ideally require a prospective trial to determine progression.

Proteomic techniques have been utilized by several groups in an attempt to iden-
tify proteins involved in the CRC using either tumor issue or serum samples from 
cancer patients with varying degrees of success. To our knowledge, there is no litera-
ture available that describes proteins which are differentially regulated in adenomas.

Colon cancers themselves are often classified using the Dukes or TNM staging 
systems which are pathological assessments of tumor extent and give very good 
prognostic information [73]. The Dukes stages indicate more advanced disease 
from Dukes A (cancer confined to mucosa) through to Dukes D (cancer infiltrating 
adjacent organ or with distant metastases). A study by Birkenkamp-Demtroder 
et al. used Affymetrix™ genechip microarrays to identify candidate tumor supressors 
and oncogenes which may play a role in the progression of CRC through the Dukes 
stages [74]. They were also able to identify candidate genes specific to only one or 
two stages of the Dukes classification system. These genes could subsequently be 



102 R.A. Busuttil and A. Boussioutas

used to identify specific stages of the disease however these were not extensively 
discussed in the manuscript [74].

These authors identified 226 known genes which were differentially expressed 
from normal colonic epithelium to CRC. Of these, 70 were candidate tumor sup-
pressors which were found to be down-regulated in the cancer specimens and 88 
genes were oncogenes and were over-expressed in the cancer samples. Interestingly 
genes which were over-expressed in cancers encoded for proteins which are 
involved in methylation, metabolism, cell cycle, cell adhesion and translation. 
Genes which were down-regulated in cancers encoded for proteins involved in 
membrane and protein trafficking, lipid metabolism and membrane proteins as well 
as kinases and phophorylases [74]. Most of the changes in gene expression occurred 
during the transition between normal colonic mucosa (n = 6) to Dukes A cancers 
(n = 5) and very few changes of expression during the progression through the 
Dukes stages (Dukes B n = 6, Dukes C n = 4). These authors postulate that tumors 
acquire their basic properties early on and that the subsequent changes are probably 
not required till later stages [74]. A similar study by Frederiksen et al. was able to 
further characterize five each of Dukes B and C tumors reporting a decreased 
expression in nuclear encoded mitochondrial genes in Dukes B compared to normal 
samples (n = 5). This decrease in expression was further attenuated in the Dukes C 
samples. Genes which were found to be progressively increased in Dukes B and C 
when compared to normal samples were mainly stromal related genes and include 
thrombospondin 2 and platelet derived growth factor (PDGF) [75].

Several recent studies have exploited the fact that cells in the colon are consis-
tently shed into the lumen and replenished. These cells are potentially detectable in 
stool samples. It is possible to extract DNA from these cells and subsequently per-
form genomic analysis as a means of screening for genomic events known to be 
implicated in CRC. The most common genetic markers used to-date includes KRAS, 
APC and TP53 which are often mutated in CRC. Since each of these mutation types 
occur in only a small amount of CRC they individually confer low specificity. Using 
several markers in combination tends to give better accuracy. This screening method 
has been successful to some extent with several groups developing assays containing 
a panel of target genes; the specificity of the tests is currently up to 90%. Whilst these 
tests appear to be relatively successful in the identification of CRC they are usually 
not as sensitive in their ability to detect the premalignant adenoma. A recent publica-
tion by Glockner et al. has identified TFPI2 as a gene which has promoter hyperm-
ethylation in CRC as well as its precursor lesions [76]. This gene is believed to act 
as a tumour suppressor gene and is known to inhibit tumor proliferation in vitro. 
During the adenoma-carcinoma sequence hypermethylation of the promoter of this 
gene results in its expression being silenced which may confer pro-invasive proper-
ties to the cell. This group has validated its ability to detect hypermethylation of 
the TFPI2 promoter in stool samples and propose that it could be a used as an 
epigenetic marker which could identify patients with CRC or its precursor lesions 
at early stage [76]. Other genes which have been investigated as potential single gene 
epigenetic markers for CRC and its precursors, and which are also detectable in stool, 
include SFRP2 [77] and vimentin [78].
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In addition to the well-characterized Vogelstein pathway described above, there 
has been increasing interest in an alternative pathway of progression to CRC known 
as the serrated pathway (Fig. 6.5) [79]. Proponents of this pathway of colorectal 
carcinogenesis suggest a proportion of colorectal cancer may arise through a par-
ticular type of hyperplastic polyp as precursor lesion. Although these lesions have 
previously been considered harmless there is increasing evidence that a specific 
subtype known as sessile serated adenomas (SSA) have malignant potential and 
that these lesions may play a role in the development of colorectal adenocarcino-
mas. Histologically SSA are usually large and exhibit abnormal architecture and 
excessive mucin secretion and are characterized by somatic mutation of the BRAF 
gene (V600E) as well as methylation [80]. Although the serrated pathway of CRC 
is most often associated with a genetic predisposition there is evidence that it can occur 
in sporadic lesions [81].

To date the number of -omics based studies investigated key genes and pathways 
involved in the serrated pathway are few. A recent study by Caruso et al. used in-
house cDNA arrays to identify genes differentially expressed between SSA and 
tubular adenomas [82]. The top two genes TFF1 and CTSE were then validated by 
qRT-PCR and IHC. Expression of CTSE was found to be upregulated in SSA in 
comparison to normal mucosa with 50% of samples showing a 25- to 96-fold 
increase in expression. TFF1 was also found to be overexpressed up to 44-fold in 
the SSA samples. The potential use of these genes as biomarkers is promising but 
requires further validation.

A comparison of gene expression levels in serrated adenomas compared to normal 
colonic mucosa performed by Kim et al. identified 73 genes which were up-regulated 
by at least twofold and 51 genes down-regulated more than 50% [83]. The 24 
most highly expressed genes (up- or down-regulated) are listed in Table 6.3. 

Fig. 6.5 Progressive pathway to serrated adenocarcinoma. This alternative pathway of CRC is 
characterised by mutations in the KRAS or BRAF genes which trigger a malignant cascade from 
normal colonic epithelium (NCE) via sessile serrated adenoma (SSA), which becomes increas-
ingly dysplastic finally leading to serrated adenocarcinoma (SA) as an end-point cells and red 
arrows indicate presence of a brush border
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These authors chose to validate expression of three of these genes (TNFRSF10A/
TRAIL, BENE and RARA) by qRT-PCR. After considering the functions of the 
differentially expressed genes the authors propose that activation of proliferation 
signals, modified cell structure and inhibition of apoptosis are all early events in the 
progression to carcinoma via the serrated pathway [83].

A study by Schmitz et al. has shown that elevated expression levels of miR-21 
miR-181b are characteristic of SSA in comparison to normal mucosa [84]. This sug-
gests that these miR’s may be biologically relevant in the sessile serrated pathway.

Limitations to Genomics

Whilst -omics based studies have been found to contribute to our knowledge of 
preinvasive lesions and their corresponding cancers it is also apparent that each 
technique has its own limitations. In addition it is very difficult to make direct 
comparisons between studies as a result of differences in platforms, methods of 
analysis and study design. Below are a few examples of such issues which should 
be considered when designing and performing experiments as well as while inter-
preting findings from the available literature.

Care should be taken at the very early stage of sample selection. It is necessary 
to select a study cohort which is randomized (as much as is reasonably possible) 
and in which known confounders (such as age, sex, tumor stage) are equally repre-
sented to account for potential sample bias.

In cases where DNA and RNA need to be extracted, immediate collection in 
liquid nitrogen and subsequent storage in liquid nitrogen or −80°C is required. This 
is not often feasible in a surgical setting where there is a delay between a sample 
being removed from the patient and being accessed by the researcher. Often this 
occurs when there is a need for pathological review of the entire sample before 
being released for research use. Improper tissue collection and storage may 
compromise RNA and/or DNA integrity and may result in poor quality data.

Preparation of samples for analysis is also important. Tumors and biopsy 
samples of tissues of interest are recognized as heterogeneous. In order for a 
researcher to ensure that they are analyzing a “pure” sample it is important to 
control for contamination by normal host tissue such as stromal and inflammatory 
components. The total percentage of the tissue being studied in a sample should 
also be taken into consideration, with many studies imposing a minimum of 
70–80% sample tissue content for selection into -omics experiments. In the case 
of studies involving the study of pre-invasive lesions similar cutoffs/criteria for 
sample selection would also be necessary. For example in IM of the stomach only 
a certain number of glands within a sample may be affected and, if samples are not 
selected or prepared correctly it is possible that the effect of IM in these samples 
may be diluted out or disguised by the presence of larger amounts of normal 
glands. Selection for particular cell types within a sample may be facilitated by the 
use of some recent advances in techniques and technologies including needle 
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microdissection as well as laser capture microscopy (LCM). LCM is useful for 
isolating homogeneous cell populations within a sample but has the disadvantages 
of increased sample processing time as well as having high costs associated with 
purchase and maintainence of the equipment. Alternatively, the “contamination” 
by other cell types may be characteristic of that disorder and may be an important 
factor to profile with -omics technologies. This makes the deconvolution of the 
data more onerous for the bioinformaticians but could lead to important avenues 
of research into pathogenesis.

Experimental variation may also be a factor, which needs to be taken into 
account during data analysis and experimental design. Array to array variation may 
occur between batches of arrays. Additionally batch to batch variation can occur 
when samples which are to be analyzed together are prepared and hybridized on 
different days. Ideally all samples within a study should be prepared and hybridized 
on the same day however this is often not feasible especially where the sample 
number is large. Some analysis software now applies algorithms which can take 
into account and remove batch effect during the analysis procedure.

A major criticism that we have of several publications reviewed during the process 
of preparing this chapter is the number of studies involving small numbers of samples. 
This may in some cases be attributed to the high cost associated with these experiments. 
Indeed the cost of arrays has been significant and is a limiting factor in several studies. 
Alternatively small sample size may be the result of lack of available samples either for 
the preliminary analysis or for validation of the findings. Findings from these studies 
need to be interpreted with caution as low sample number may introduce data bias.

The use of archival formalin fixed paraffin embedded (FFPE) samples would 
serve many advantages in studies of the progression of premalignant/preinvasive 
lesions. As well as having a long history of clinical data from these patients it is 
also likely that biopsies may be available for different stages of progression in the 
same patient which would allow genomic changes to be identified between each 
stage without having to take into consideration person to person variation. To date, 
use of FFPE samples has been restricted as DNA and RNA extracted from these 
samples has been of low abundance and/or poor quality. More recently however 
techniques are being developed to circumvent these issues and limitations.

In addition to the limitations arising from experimental design and sample 
preparation there are also potential issues associated with data analysis and subse-
quent interpretation. These issues have been reviewed extensively elsewhere and 
will not be discussed here [85].

Conclusions

Trends in the use of -omics for the study of disease reveal that the early studies in 
a particular disease or biological process are observational or hypothesis generating 
and progress towards their use in more targeted hypothesis driven research. 
Currently, -omics based studies on premalignant lesions are in this early phase 



106 R.A. Busuttil and A. Boussioutas

often with small sample sizes. Large amounts of data are generated with each of the 
-omics platforms and although many candidate genes are identified very few of 
these have been validated and even less have progressed to serve any clinical utility. 
One of the better examples of this would be the study by Lao-Sirieix et al. which 
was discussed in the Barrett’s esophagus section of this chapter [29]. This shows 
how a genomics based approach was used to identify candidate genes that were 
validated and finally applied to a clinical cohort as a diagnostic test. This test has 
several benefits over existing endoscopy based screening techniques as it is non-
invasive and significantly cheaper.

Theoretically the ability to identify candidate genes which might predict the 
progression of a patient to cancer would be of great benefit. The premalignant conditions 
described here present as metaplastic or dysplastic changes in the tissue that may 
subsequently become cancerous. It then needs to be determined whether the dif-
ferentially expressed genes are genuine markers of progression or whether they 
reflect the differentiation state of the tissue and may simply be bystanders rather 
than drivers of the phenotype.

To date there have been very few extensive correlative studies published which 
use multiple -omics based techniques in the same cohort of samples. Although cur-
rently cost prohibitive, a well designed study that aims to identify and link copy 
number change, expression and miRNA profiles in samples derived from the same 
patient would be an invaluable resource. Any findings would be difficult to validate 
in a prospective study due to the difficulties in designing a prospective clinical trial 
that is long enough or large enough to see an effect on cancer as an outcome. One 
alternative would be to apply a range of -omics based platforms to animal model 
systems which mimic the human progression pathways to cancer via premalignant 
intermediates. This would allow sampling from the same animal at each of the 
stages of progression and at varying time points.

There is considerable effort and resources being invested in designing these trials 
to answer these important questions. The ability to predict which individuals will 
progress to cancer if they develop a particular premalignant lesion remains the “holy 
grail” for molecular preventative medicine. Once this goal is reached the benefits of 
early detection of cancer can only then be realized. This may require the combina-
tion of clinical, demographic, pathological and molecular factors.
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Abstract Cancers develop through a process of somatic evolution. Thus, cancer 
prevention can be viewed as an attempt to change the selective pressures on tis-
sues to either prevent or delay cancer onset. However, chemoprevention efforts 
have met with mixed success to date. Most of the cancer prevention trials that have 
failed have been in high risk patients that are either late in progression or have had 
chronic mutagenic exposures like cigarette smoke. We hypothesize that some of 
these trials fail because they select for clones that are resistant to the intervention 
and actually benefit those clones by suppressing their competitors. The evolution-
ary understanding of neoplastic progression leads to a variety of predictions and 
prescriptions for cancer prevention: We should be measuring the selective impact 
of our interventions in order to discover and manage the evolution of resistance. 
Pre-clinical models with extensive intratumor genetic heterogeneity should be 
developed to better predict clinical outcomes. Resistance is less likely to develop 
prior to the evolution of genetic and epigenetic instability. We should develop mea-
sures of the dynamics of somatic evolution so that we can develop interventions to 
slow the process of neoplastic progression. Multidrug cancer prevention cocktails 
should be developed that require multiple alterations in order for cells to become 
resistant to the cocktail. Finally, we should develop cancer prevention interventions 
with the goal of preventing, channeling or managing somatic evolution. Because 
somatic evolution is at the heart of neoplastic progression, it must be at the heart of 
how we manage the disease.
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Evolution and the Challenges of Cancer

Somatic cells in our bodies evolve by natural selection long before the emergence of 
malignancy [1, 2]. Somatic cells acquire epigenetic alterations as well as genetic 
lesions (point mutations, copy number changes, translocations and loss of heterozy-
gosity) that they pass on to their daughter cells upon division. Some of those heritable 
changes affect the fitness (proliferation and survival) of the clones and so there is 
natural selection in our somatic tissues. In fact, all of the hallmarks of cancer [3] are 
phenotypes that increase the fitness of a mutant clone over competitor clones lacking 
the phenotype. Thus, natural selection drives neoplastic progression. Cancer preven-
tion is properly seen to be an attempt to intervene in this evolutionary process, either 
through applying new selective pressures to the somatic cells or by slowing the evo-
lutionary process. But does cancer prevention, like cancer therapy, select for resistant 
clones, and if so, how can we improve cancer prevention efforts?

Therapeutic Resistance and the Rationale for Cancer Prevention

Cancer survival rates have changed little over the last 30 years, despite intense 
efforts to develop cancer therapies [4, 5]. Many therapies only extend life by a matter 
of months until a resistant clone emerges, apparently deriving from resistant cells 
present in the neoplasm before therapy [6, 7]. In fact, resistance to interventions has 
plagued cancer therapy efforts since their inception [8]. In a tumor composed of bil-
lions of cells, harboring hundreds to thousands of mutations [9–11], it is no longer 
surprising that some of those mutant cells will be resistant to an intervention. 
Relapse is then a matter of selection at the cellular level. Resistance to an interven-
tion provides an enormous survival advantage to the resistant clone. The somatic 
evolution of neoplastic clones is thus central to our difficulties in curing cancer.

The response to the challenges of eradicating this evolving disease has taken one of 
three forms. First, combining multiple drugs in a cocktail to reduce the probability of a 
resistant cell clearly works better than single drug therapies [12, 13], though it can lead to 
increased toxicity and it has not led to the breakthroughs in the common epithelial cancers 
that it has in HIV [14]. Second, early detection of cancer may allow for surgical removal 
of the neoplasm as well as reduce the number of cells in the neoplasm at time of therapy 
and thereby reduce the probability that the neoplasm contains a resistant clone. Third, 
treatment of preinvasive conditions (in other words, cancer prevention) is implicitly based 
on the belief that fewer mutations will have accumulated in pre-malignant tissue and so it 
will be less likely to contain a resistant clone compared to a malignant neoplasm.

The Nature of Neoplastic Progression

We now know that cancer arises in the context of a variety of lesions in proto-
oncogenes and tumor suppressor genes and that neoplasms accumulate large numbers 
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of genetic and epigenetic alterations (hereafter referred to as (epi)genetic alterations), 
but how can they do so in the short span of a human life? Loeb recognized that the 
probability of a cell accumulating even a handful of independent mutations necessary 
and sufficient for cancer was vanishingly small [15, 16]. There are two solutions to 
Loeb’s paradox. First, the mutator hypothesis posits that the mutation rate (or rate of 
(epi)genetic alterations) in pre-malignant tissue may be dramatically elevated, com-
pared to normal somatic mutation rates. There are several potential types of increased 
mutation rate, including chromosome instability, microsatellite instability, point 
mutations and epigenetic mutations. There is strong support for the presence of 
chromosome instability, which has been defined as an increased rate of gain or loss 
of whole chromosomes or large regions of chromosomes, and which develops early 
in colonic neoplastic progression as well as other cancers [17]. Microsatellite insta-
bility is a second, well established type of genomic instability [17]. Second, the 
mutations are not independent. If a mutation gives a clone a fitness advantage over 
other cells in and around a neoplasm, then that clone will expand, potentially to bil-
lions of cells. Again, this dramatically increases the chance of accumulating more 
mutations in that clone [18, 19].

The two solutions to Loeb’s paradox are not mutually exclusive, and in fact, 
mirror the main ingredients necessary to generate natural selection: if there is heri-
table variation in the population, and some of that variation causes differences in 
relative fitness between cells, then natural selection will ensue. As a case in point, 
we found that the clonal expansion of a genetically unstable clone in Barrett’s 
esophagus predicted progression to malignancy [20].

Heterogeneity in Neoplasms

There is extensive evidence for heterogeneity in the phenotypes, genotypes and 
epigenotypes within neoplasms and pre-malignant tissues. To the extent that the 
phenotypic heterogeneity is encoded by genetic and epigenetic differences between 
cells, that heterogeneity will be subject to natural selection. Thus, one of the fun-
damental questions in the study of epigenetics in cancer biology is whether the 
daughter cells inherit the parental cell’s epigenetic state upon cell division. This is 
clearly true for methylation of CpG sites, due to the activity of methyltransferases. 
The low fidelity of epigenetic inheritance (high epigenetic mutation rate), relative 
to genetic mutation rates, suggests that much of the early dynamics of neoplastic 
progression may be driven by natural selection on epigenetic traits. However, this 
remains to be shown, and chromosome instability has also been reported early in 
progression [17].

Epigenetic heterogeneity within neoplasms has been demonstrated for specific 
loci in the genome. Shibata and Tavaré used such heterogeneity to infer an early 
clonal expansion followed by long term coexistance of clones in colon cancer [21]. 
Varley et al. demonstrated the presence of sub-clonal structure in endometrial neo-
plasms, based on the methylation state at the promoter of a DNA mismatch repair 
gene, MLH1 [22]. As this case shows, aberrant methylation can silence genes 
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involved in genome maintenance, and so the generation of epigenetic heterogeneity 
is likely to lead to genetic heterogeneity in some cases.

Genetic heterogeneity has been demonstrated by almost every form of genetic assay 
used on a neoplasm. The earliest work used cytogenetics to detect different patterns of 
translocations and chromosomal alterations in hematopoietic neoplasms [23–28]. 
Because these neoplasms could be tracked longitudinally, investigators were able to 
observe the evolution of sub-clones, as a cytogenetically defined clone acquired new 
chromosomal alterations. This early work led to Nowell’s original description of cancer 
as an evolutionary process [29]. Later investigators found a diversity of clones in neo-
plasms based on modern forms of cytogenetics (spectral karyotyping} [30], sequence 
mutations [31], microsatellite mutations [32–34], loss of heterozygosity (LOH) [35], 
copy number alterations in both single cells, by fluorescent in situ hybridization (FISH) 
[36], and in larger samples, by comparative genomic hybridization [37].

Evolution in Stem Cells

Most epithelial tissues are organized into a hierarchy of differentiation with tissue 
specific stem cells, transient amplifying cells, and fully differentiated cells. It is 
important to note that tissues can only accumulate somatic alterations over the long 
term if those alterations happen in self-renewing cells [38]. If the phenotypic het-
erogeneity observed in neoplasms and pre-malignant tissues is only a matter of 
different stages of differentiation, and the self-renewing cells are genetically and 
epigenetically homogeneous, then natural selection cannot occur in that tissue. 
Since self-renewal is a distinguishing characteristic of stem cells, this means that 
all of the heterogeneity relevant to neoplastic progression is the heterogeneity 
within the stem cells and any other cells that have acquired the abnormal ability to 
self-renew. For natural selection to occur, and for a neoplasm to progress, there 
must be heterogeneity within the self-renewing cell population.

Natural Selection in Neoplasms

Natural selection does occur in neoplasms and pre-malignant tissues. The signature 
of natural selection is a clonal expansion. Clonal expansions have been detected in 
the presence of the same point mutation, or loss of the same set of alleles across a 
region of a chromosome, in so many samples from a tissue that the pattern cannot 
be explained by chance (convergent evolution) [39, 40]. While there may be selec-
tion for inactivation of a gene that might cause convergent evolution in independent 
cells, the particular basepair that gets mutated, or the exact break points for a copy 
number alteration, are essentially arbitrary and they are extremely unlikely to be 
replicated in independent genetic lesions. Clonal expansions can also be detected 
by shared neutral genetic lesions that have no effect on fitness [39] and so should 
not be the subject of convergent evolution. In some cases, the clonal expansions can 
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be quite small [41], but in other cases they can be extremely large, filling an entire 
lung [40, 42], covering the surface of a bladder [43, 44], or spreading across as 
many as 16 cm in the esophagus [39].

The rate of clonal expansion depends on the relative fitness differential between a 
clone and its competitors. In most of the cases where a clonal expansion has been 
documented, it has been associated with a lesion in TP53 (p53) or CDKN2A (p16). 
TP53 and CDKN2A are two of the most commonly lost tumor suppressor genes, and 
as cell cycle check points, there is good reason to believe that loss of those genes would 
give a clone a proliferative and/or survival advantage. However, the relative fitness of 
those clones have not yet been measured in vivo, and the exact fitness effects of their 
loss will depend on the microenvironment of the clones. By the same token, we should 
be able to manipulate the relative fitness of clones by manipulating the microenviron-
ment. By reducing the fitness benefits of (epi)genetic lesions in neoplastic cells, or 
increasing the relative fitness of normal cells or benign clones [45], we should be able 
to slow progression and delay or prevent the onset of cancer.

Artificial Selection in Neoplasms

Cancer therapy and chemoprevention are forms of artificial selection on the neoplas-
tic cell population. They are attempts to reduce the relative fitness of neoplastic cells 
in relation to normal cells. Most therapies generate a large fitness differential between 
sensitive cells and resistant cells, and thus select for therapeutic resistance. In most 
cases, therapy has been found to select for alterations in the gene target that make the 
neoplastic cells resistant to the agent. For example, 5-flurouracil and methotrexate 
select for gene amplification of their targets, TYMS and DHFR respectively [46–51]. 
Targetted therapies such as imatinib (Gleevec) and gefitinib select for point mutations 
in their targets, BCR-ABL and EGFR [52–55]. By studying longitudinal samples of 
chronic myeloid leukemia (CML) patients, investigators have been able to make rapid 
progress in both determining the mechanism of therapeutic resistance [6, 52], and in 
developing second line therapies, such as dasatinib, that are effective against imatinib-
resistant CML [55]. Further work has shown that these second line therapies select 
for additional mutations that make the CML resistant to dasatinib [55].

The presence of (epi)genetic heterogeneity within pre-malignant tissues implies 
that cancer prevention interventions will also select for clones resistant to the inter-
vention. However, to our knowledge, no one to date has studied the selective effects 
of cancer prevention agents on the (epi)genetics of the pre-malignant cells in order 
to determine why those interventions might fail.

Evolution and Cancer Prevention

When we change the microenvironment of a neoplasm or its precursor, as we do with 
any intervention, we change the selective pressures on those somatic cells. The goal 
of such interventions can be seen as an attempt to decrease the fitness of neoplastic 
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cells, relative to normal or more benign cells, or to slow the process of somatic evolution. 
Unfortunately, to date, cancer prevention has not been informed by evolutionary biology, 
so the change of relative fitness of neoplastic and normal cells in vivo under a pre-
vention intervention has not yet been measured.

Progress to date in cancer prevention has been mixed. There have been notable 
successes in breast and colon cancer, and notable failures in lung cancer, along with 
many non-significant results.

There are many reasons a cancer prevention trial might fail, most of them shared 
with any clinical trial. The study may not have adequate power to detect a significant 
effect; adequate controls for comparison might not have been included; the partici-
pants may not have been randomly assigned to the different conditions or sampling 
bias may have crept in due to exclusion/inclusion criteria; biological heterogeneity 
among participants may obscure effects in subgroups of the cohort; the chosen dose 
may not be optimal for prevention or the intervention may take longer to act than the 
time frame of the intervention. Finally, the intervention under study may be ineffec-
tive. This final concern has led to calls for more studies of cancer preventive agents 
in pre-clinical models to determine the mechanism of action and for early phase 
clinical trials to optimize agent delivery and to determine preliminary efficacy prior 
to engaging in large definitive efficacy phase III clinical trials. We propose that a 
prevention trial may fail due to an evolutionary mechanism, and actually accelerate 
the development of cancer, even when none of these previous conditions are met.

We hypothesize that a chemopreventive agent may increase the incidence of 
cancer when a neoplasm is composed of both benign, susceptible clones and at least 
one relatively resistant clone. In such a situation, the application of a chemopreven-
tive agent will give a competitive advantage to the resistant clone by inhibiting or 
eliminating its competitor clones. Evolutionary theory predicts that neoplasms late 
in progression and those chronically exposed to mutagens are more likely to harbor 
resistant clones than neoplasms early in progression due to the development of 
genetic instability, an accumulation of mutations, and the presence of clonal hetero-
geneity [56]. Of note, this hypothesis predicts that an intervention may be success-
ful at preventing cancer in early neoplasms before the development of extensive 
(epi)genetic heterogeneity, yet fail or even accelerate progress at a later stage when 
heterogeneity generates clonal competition. The hypothesis also predicts that the 
negative effects of the intervention may persist after the intervention is stopped if a 
new dominant aggressive clone has emerged as a result of the intervention. We 
therefore hypothesize that chemoprevention will tend to be more successful before 
the development of extensive clonal heterogeneity.

Interventions That Inadvertently Increased Cancer Incidence

Some of the most striking results in cancer prevention have been cases where a 
promising agent was shown to increase the incidence of cancer. In most cases, the 
cause of this increase remains unknown.
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Beta-Carotene

Low levels of beta-carotene in serum and plasma were consistently associated 
with development of lung cancer [57–60]. Further, beta-carotene’s protective 
effects were supported by results in experimental models [61, 62]. On the basis 
of this evidence, two prospective lung cancer prevention trials were initiated. 
Contrary to expectation, beta-carotene increased the risk of developing lung 
cancer by as much as 28% as well as increasing all cause mortality [63, 64]. The 
effect was worse in consumers of tobacco and alcohol [63, 64]. A similar trial 
evaluating the use of beta-carotene to prevent recurrence of colorectal adenomas 
found a protective effect in participants that neither smoked nor drank, though 
again, there were indications that it might exacerbate adenoma risk in tobacco 
and alcohol users [65]. These combined data suggest that the interaction of 
smoking and beta-carotene is responsible for enhanced carcinogenesis poten-
tially in multiple organ sites, an effect that could not be easily ascertained by 
epidemiologic studies.

Retinoids

Retinoids, including Vitamin A and its derivatives, have shown promise as chemo-
preventive agents [66, 67]. Isotretinoin (13-cis-retinoic acid) was found to reverse 
oral premalignant lesions and prevented second primary tumors in the head and 
neck in initial studies [68–71]. Since head and neck cancer and the majority of lung 
cancer share a common pathogenesis related to tobacco exposure, it was hypothe-
sized that isotretinoin could be effective in preventing lung cancer as well [66]. 
Unfortunately, isotretinoin had no significant preventive effect when compared to 
placebo in a phase III definitive efficacy clinical trial. However, smokers were sig-
nificantly more likely to have recurrence of non-small cell lung cancer than non-
smokers when treated with isotretinoin [72].

For another retinoid, all-trans-retinoic acid, phase I and II trials showed a posi-
tive effect of the drug on cervical interepithelial neoplasia [73]. A phase III trial 
followed these results and found that application of all-trans-retinoic acid led to 
complete regression in 43% of women with moderate cervical dysplasia compared 
to 27% (P < 0.05) in the placebo group. However, all-trans-retinoic acid had no 
significant effect on women with severe cervical dysplasia when compared to the 
placebo group [74]. Reduced efficacy of all-trans-retinoic acid in severe cervical 
dysplasia compared to moderate cervical dysplasia was also found in a more recent 
randomized, placebo controlled trial [75].

Use of fenretinide, a synthetic retinoid, to prevent second primary breast cancers 
initially resulted in no over-all effect, but secondary analyses and 15 years of follow-
up revealed a 38% reduction in breast cancers in pre-menopausal women but (not 
quite statistically significant) evidence of a 23% increased risk of breast cancer in 
post-menopausal women (n = 867, RR = 1.23, 95% CI, 0.63–2.40). The younger the 
woman, the greater the protective effect [76].
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Risk–Benefit Balance in Cancer Prevention

All health care interventions require an assessment of the balance between the 
potential benefits of treating the disease process and the potential risks and side 
effects from the intervention. Cancer prevention trials are further complicated by 
the fact that in the absence of the intervention, only a fraction of the participants 
will progress to cancer. In addition, the nature of neoplastic progression may well 
require chemoprevention applied over long periods of time, perhaps indefinitely. 
Thus, the risks associated with the intervention must be properly balanced with the 
risk of progressing to cancer. Cancer prevention trials therefore need to assess all 
cause mortality and morbidity from non-cancer diseases to account for the risks 
incurred by the intervention as well as any reduced risk of cancer. This issue was 
highlighted by the results from colorectal cancer trials showing that the cyclooxygenase-2 
(COX-2) inhibitors rofecoxib and celecoxib increase cardiovascular disease occur-
rence despite significant efficacy in reducing colorectal adenoma recurrence [77, 
78]. The routine use of these agents for colorectal cancer prevention is therefore not 
recommended.

Unfortunately, the early stages of progression that our theory predicts will be the 
most likely to respond to a cancer prevention intervention, are the stages with the 
smallest probability of progressing to cancer during the lifetime of the participant, 
and thus require the most stringent safety criteria for our interventions and much 
larger cohorts to detect an effect on cancer/mortality outcome. There are at least 
three approaches to this problem. First, we may intervene at early stages but focus 
on dietary or drug interventions that have been shown to have minimal risks. 
Second, we may focus on cohorts with a high risk of progressing to cancer that is 
not based on increased genetic instability. Some genetic predispositions, such as 
inactivation of Rb, may provide useful cancer prevention cohorts. Third, we may 
focus on high risk groups where the safety criteria are less stringent, but take steps 
to address the likely problem of resistance, such as using multi-drug cocktails 
[79–81], adding drugs that specifically target the common resistance phenotypes 
(e.g., dasatinib for imatinib resistant CML (55), or targeting the ATP-binding cas-
sette transporters [82]), or boosting the fitness of benign cells in and around the 
neoplasm [45].

Making Progress in Cancer Prevention

The challenges of cancer prevention are well illustrated by the previously discussed 
trials. Most of them were preceded by promising pre-clinical evidence and, often, 
observational studies in humans. They serve as a reminder of the importance of 
testing promising agents in randomized, double-blind, placebo controlled trials. 
They also serve as a reminder of the importance of following participants to a 
cancer endpoint and measuring morbidity and mortality from other disease processes, 
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to account for interventions that may cause more harm than good in participants, 
many of whom would never have developed cancer even in the absence of the inter-
vention. All of these recommendations are standard in the field of cancer preven-
tion. However, the evolutionary theory of cancer provides further guidance for the 
development of cancer prevention strategies.

Longitudinal Surveillance

The first recommendation is simply to take longitudinal tissue samples before, dur-
ing and after the trial. Though not every trial will result in an intervention that can 
reduce cancer burden, every trial should be designed so that if it fails, it should be 
possible to discover the reason for failure. In order to study our impact on somatic 
evolution, we need to be able to survey the genetics and epigenetics of the tissue 
prior to the intervention and compare that to the population of cells that survive the 
intervention, as has been done in CML [55]. Additional assays may reveal the phe-
notypic and (epi)genetic characteristics of participants and their neoplasms that do 
not even initially respond to the intervention.

Identify (Epi)Genetic Causes of Resistance and Test  
for Them Prior to Intervention

By comparing the epigenetics and genetics of the cell population prior to therapy and at 
the end of the trial, it is possible to discover the cause of acquired resistance [54, 55]. 
Once those (epi)genetic lesions are identified, they should be used as biomarkers prior to 
intervention, to predict who is likely to benefit from a cancer preventive intervention.

Develop Markers for the Forms of (Epi)Genetic Instability That Tend  
to Generate Resistance to the Intervention

There are many types and manifestations of genomic instability including chromo-
some instability with large scale copy number alterations, and loss of heterozygosity, 
microsatellite instability, point mutations, small insertions and deletions, transloca-
tions, as well as epigenetic alterations such as hypo- and hypermethylation of gene 
promoters. Most of these have been implicated in some form of acquired therapeutic 
resistance [46, 53, 55, 83, 84]. The results of experiments to identify the cause of 
resistance should lead to assays not only for the resistance lesion itself, but also for 
the type of instability that may be easier to detect throughout a neoplasm than a very 
rare clone with the specific resistance lesion. Once we have measures for the degree 
of the relevant form of instability, then we can begin developing interventions to 
reduce that instability as alternate or adjuvant forms of cancer prevention. This 
would be a fundamentally different approach to cancer prevention than targeting a 
specific gene implicated as a driver of clonal expansions in progression.
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Intervene Prior to Genomic Instability

There is a trade-off between intervening early, when the likelihood of a resistant clone 
having evolved is minimized, versus intervening in high risk individuals who are most 
likely to progress to cancer and thus stand to benefit from an intervention. Ideally we 
would intervene before initiation [85], as in the case of oncogenic virus vaccines [86, 
87]. Failing that, evolutionary theory suggests that we should try to intervene in high 
risk individuals prior to the evolution of genomic instability, if possible. This may 
require the development of assays to detect such high risk individuals prior to 
genomic instability and the refinement of assays to detect genomic instability itself.

Test for Differential Effects on Low and High Risk Patients

The essence of our hypothesis is that high risk patients are likely to have more genetic 
diversity within their tissues and thus are more likely to harbor resistance mutations 
than low risk patients. Therefore, early trials of a cancer prevention intervention should 
include the full spectrum of the disease and be powered to detect differential effects on 
low versus high risk patients. In the ideal setting, separate trials would be designed for 
different risk groups, using interventions specifically tailored to each group.

Use Pre-clinical Models with Extensive Intratumor Genetic Heterogeneity

We predict that one reason promising pre-clinical results often do not translate 
into clinical benefit is that the pre-clinical models do not capture the intratumor 
genetic heterogeneity of a spontaneous human neoplasm. Thus, the pre-clinical 
models fail to predict the kind of resistance that evolves in the human trials. 
Better pre-clinical models would include extensive genetic and/or epigenetic 
heterogeneity within each neoplasm so that we can identify agents that are likely 
to work even in the face of that heterogeneity and we can also discover the 
mechanisms of acquired resistance even before an agent is tested in humans. 
While there is a role for genetically homogeneous pre-clinical models in the 
development of an agent, because they are more likely to produce reproducible 
results, it may be a mistake to move an agent into clinical trials until the nature 
and likelihood of resistance is understood.

Measure the Dynamics of Evolution and Develop Interventions  
That Slow Evolution

A general principle in both science and engineering is that it is difficult to control 
a system if you cannot measure it. Evolutionary theory suggests that a particularly 
effective form of cancer prevention would be to slow the process of somatic evolu-
tion (Fig. 7.1). The rate of evolution is determined by four parameters:
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Fig. 7.1 A potential strategy for cancer prevention would be to slow the dynamics of somatic 
evolution. A mutation or epigenetic change can arise in normal epithelium. If it is selected, it 
will undergo clonal expansion (“neoplastic clone” in the figure). Additional mutations may be 
neutral (gray clones) or selectively advantageous and undergo further expansion. Expansion of 
a genetically unstable clone can produce many variants (red and blue shaded clonal expansions) 
that increase the risk of progression to cancer (maroon). (a) In the absence of an intervention, 
some individuals may progress to cancer. (b) If the mutation rate could be slowed, new clones 
would arise less frequently and the onset of cancer should be delayed substantially, perhaps for 
the lifespan of the individual. (c) If the generation time of the self-renewing cells in a neoplasm 
could be increased, both the mutation rate and the rate of clonal expansion would be reduced, 
thereby leading to risk reduction by substantially delaying the onset of cancer. (d) Most inter-
ventions (interval in gray) are designed to reduce the cell population size of a neoplasm. This 
should also be effective because it reduces the number of cells that can acquire new mutations 
and so effectively reduces the mutation rate. Neoplastic cells may remain if they are in locations 
inaccessible to the intervention (a form of non-genetic resistance). (e) An intervention may 
select for a resistant clone, which might be evolutionarily neutral in the absence of the interven-
tion, but have a selective advantage in the presence of the intervention (light blue). Because an 
intervention suppresses competitor clones, and resistant clones are more likely to be generated 
by a genetically unstable clone, an intervention could, paradoxically, increase the rate of pro-
gression to cancer
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 (1) Mutation rate
 (2) Population size
 (3) Generation time
 (4) The relative fitness effects of adaptive (epi)genetic lesions

If we had measures of those parameters in vivo, we could begin to develop interven-
tions to slow somatic evolution. This should not only delay cancer onset, but it 
should also delay the evolution of resistance to the intervention.

Combine Multiple Agents/Interventions

The same logic that recommends multidrug cocktails in cancer (and HIV) therapy 
applies to cancer prevention. The chance that a neoplastic cell will be resistant to 
multiple agents/interventions should be much lower than the chance it will be resis-
tant to a single agent [81]. It is important to design combination therapies that require 
different (epi)genetic alterations for acquired resistance, lest a single multidrug resis-
tance lesion render the entire cocktail ineffective. Thus, the development of multidrug 
therapies should be guided by the nature of resistance likely to evolve to each agent.

Channel Somatic Evolution

Developing better cancer prevention interventions will require a better understand-
ing of how our interventions are impacting somatic evolution. This leads to the 
question, how would we like to change those pressures and what would we like to 
select for? One potential answer is that we would like to select for benign cells, a 
strategy we have called benign cell boosters [45]. Alternatively, we could look for 
agents that select for quiescent or genetically stable cells, or perhaps cells that are 
easy to target with other agents (a.k.a., “the sucker’s gambit”) [45].

Conclusions

Neoplastic progression is fundamentally a somatic evolutionary process, and so 
cancer prevention is an exercise in controlling that evolution. Some of the failures 
of cancer prevention trials have led to calls for increased attention to the molecular 
mechanisms action for a proposed agent [88]. We also call for increased attention 
to the evolutionary mechanism of action. How does the intervention impact the 
population (epi)genetics of cells in and around a neoplasm?

It is no accident that the results for cancer prevention trials have mimicked the 
results for chemotherapy. The characteristics that make cancer hard to cure, the 
genetic instability and clonal evolution, arise long before the neoplasm becomes 
malignant. Our therapies tend to work on early stage cancers, when they can still 
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be surgically removed, or relatively homogeneous cancers like childhood leukemia 
[89–91], which are less likely to harbor resistant clones. Similarly, we hypothesize 
that non-surgical interventions for pre-malignant neoplasms are less likely to work 
for neoplasms late in progression or chronically exposed to mutagens, like cigarette 
smoke, relative to neoplasms early in progression, because of the evolution of resis-
tant clones. In particular, we suggest that the application of chemopreventive agents 
may actually increase the risk of cancer in some cases by biasing the clonal evolu-
tion within a neoplasm in favor of resistant, and likely genetically unstable clones.

There are many plausible reasons that one can find to explain the failure of any par-
ticular trial. The fact that in most cases we do not know why a cancer prevention trial did 
not succeed highlights the need to collect longitudinal tissue samples during trials. These 
repositories should be made available to the community to help determine how our inter-
ventions impact the evolution of neoplastic clones and potentially select for resistance.

Failures in cancer prevention trials do not imply that cancer prevention efforts 
should be abandoned. On the contrary, the original rationale for cancer prevention, 
that intervening early in progression should prove more efficacious than intervening 
in advanced stages of disease, is as strong as ever. It is our hope that a better under-
standing of the difficulties in cancer prevention efforts will help to guide and facilitate 
future trials. For example, careful identification of markers of (epi)genetic instability 
or the presence of an (epi)genetic lesion associated with resistance at baseline may 
help to focus efforts on subjects likely to benefit from a particular intervention. 
Accrual in chemoprevention trials may be facilitated if prospective participants may 
be enrolled in separate high risk and low risk cohorts, with the low risk cohorts fol-
lowed to intermediate endpoints, ideally using valid measures of somatic evolution.

Attempts to influence the process of somatic evolution for cancer prevention 
may take the form of preventing the process from starting in the first place, by 
preventing initiation, or changing the selective pressures on the somatic cells 
through the introduction of an agent that changes the microenvironment of the cells. 
By focusing on our impact of our interventions on somatic evolution, we should be 
able to improve efforts in cancer prevention.
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The natural history of cancer is still not clear. The clinical starting point has been 
identified in precancerous intraepithelial neoplasms. We currently think of neoplas-
tic progression as a multi-step continuum involving multiple somatic mutations. 
Early detection programs have had enormous effects on mortality rates of some 
cancers. However, some patient populations seem to elude our best treatment 
efforts. Studies of epithelial precancers in animal models support the notion that the 
biological potential of the neoplastic cells is fully encoded in the precancer. This 
implies that the subsequent events are primarily epigenetic and that the “code” will 
be better understood by examining the precancers rather than the end-stage cancer. 
In this review and opinion we will focus primarily on breast cancer and some of the 
experimental models of breast cancer because they offer the richest data sets for 
answering the question posed in the title: Sequentially acquired or predetermined? 
In large measure, this is the result of three critical components: (1) Longstanding 
efforts to stratify breast cancer and precancer for prognosis and therapy response; 
(2) An array of genetically engineered mouse (GEM) models of breast cancer; and 
(3) Experimental model systems including mouse transplantation technologies. 
There is emerging data which is similar, however, in other organ sites, both epithe-
lial (prostate, pancreas, intestine) and non-epithelial (glia, lymphoid), that may lead 
to related conclusions [1–5].

History of Precancer

The idea that cancers emerge from pre-existing morphological change dates back to 
the pre-microscopic anatomical pathology era of the early nineteenth century [6]. 
The concept was promulgated and validated during the early era of microscopic 
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pathology [7]. “Precancer”, a term first used in the English literature by James 
Ewing [8], was recognized as a focal atypia associated with cancer in the early 1900s 
[9]. Eventually, cytological criteria were associated with precancer in the early twen-
tieth century [10]. The predictive significance of cytological atypia was not fully 
realized until documented by Papanicolaou and Traut in the 1940s and was recom-
mended by the American Cancer Society as a universal predictive tool in 1945. The 
concept and the test reduced the incidence of cervical cancer 73%, saving countless 
lives. This led to the universal acceptance of the “Pap” smear and other “early detec-
tion” crusades of the later twentieth century. These public health campaigns have 
reduced the cancer mortality from numerous epithelial neoplasms [11].

Precancerous hyperplasias were first described in the mouse in the early twen-
tieth century [12]. As in human, the evidence was the remarkable association of 
cancer with multifocal atypical nodules in tumor-bearing mice [13]. Experimental 
carcinogenesis in the mouse and rabbit was also associated with a precursor lesion. 
Experimental carcinogenesis in the skin suggested a multistage progression with 
two steps, initiation and promotion [14] that was elegantly documented by Shubik 
and Berenblum [15–17]. Foulds, using the mouse mammary gland as an experi-
mental model, wrote elegant essays and three monographs on neoplastic progres-
sion [18–21]. Other investigators found early morphological lesions in most 
organs of the mouse, rat and other laboratory animals [22–26]. In all cases, the 
focal atypias outnumbered the tumors, making it difficult to ascertain the exact 
relationship between them.

Foulds’ monographs discuss neoplastic progression in all known animal and 
human tumors. These suggested a multi-stage model for every epithelial neoplasm. 
The multi-stage seems to be validated by epidemiological and clinical evidence of 
“multiple-hit” kinetics in most human cancers [27–29]. The more recent molecular 
analyses of colon cancer reinforced the notion that step-wise acquisition of mor-
phological traits is associated with sequential acquisition of specific molecular 
lesions [30, 31]. We emerged from the twentieth century using a multi-stage, multi-
step model with the sequential acquisition of genetic and morphological traits as a 
practical guide to neoplastic progression. The promise of the model is that treat-
ment provided before the last “hit” in the sequence could prevent progression to the 
fatal disease.

Biological Predeterminism

Although the multi-stage, multi-step concept of neoplastic progression with sequential 
acquisition of gene alterations remains useful, it has never explained all of the natural his-
tory of cancer. For example, in 1951 Ian MacDonald was writing essays on biological 
predeterminism in breast and gastric cancer. MacDonald suggested that clinical outcome 
was more commonly determined by inherent or predetermined natural history than treat-
ment [32–34]. Some patients seemed to start with aggressive or high mortality risk cancer 
phenotypes. Alternatively they may have simply progressed so quickly through a stepwise 
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morphological continuum that many of the steps were not observable. In the current field 
of human breast cancer, the “triple negative” phenotype (estrogen receptor (ER) negative, 
progesterone receptor (PR) negative, and Her2/neu ERBB2 non-amplified) is associated 
with aggressive clinical progression [35]. Loss of ER/PR expression might be an acquired 
trait in the evolution of a breast cancer, but Her2/neu is the result of amplification of the 
ERBB2 genetic locus at multiple chromosomal insertion sites. Loss of this amplification 
seems unlikely, even if anti-ERBB2 specific antibody therapy (Traztusumab) resistance 
may be acquired. Meanwhile, the working clinical hypothesis in breast cancer is one of 
intrinsic subtypes which remain fixed, even as that subtype evolves to survive selective 
pressures such as anti-hormonal or anti-ERRB2 therapies. Are there similar “intrinsic 
subtypes” of other organ site cancers? The answer is “yes”, some we have recognized by 
morphologic phenotype for many years, others, we are just beginning to understand. Can 
intrinsic subtypes evolve and adapt? Again the answer is “yes”. Can the ability to adapt 
be predicted? This is the challenge before us, and it may involve the laws of probability 
as much as the biology of genetics and environment. The door is open to determining how 
much is programmed, how much can be manipulated, and how much is left to chance.

From select examples of cancer programmed at initiation it is not clear whether the 
sequential acquisition hypothesis is wrong, or if the exception “proved the rule”. Following 
Karl Popper’s famous negation rule, the hypothesis can be negated by a single example 
[36]. Many have come to believe that something is amiss with our concepts of multi-stage, 
multi-step progression with sequential acquisition but were understandably reluctant to 
accept the seemingly futile view of biological predeterminism [37].

The examples that have emerged have caused reexamination of the sequential acquisi-
tion hypothesis of cancer. Perhaps the best clinical example is cervical cancer. The con-
founding factor in human cervical cancer is the serotype of the human papilloma virus 
that has infected the woman’s cervix years before emergence of an identifiable lesion 
[38]. The woman either has the HPV 16/18 serotype and progresses or she does not.

Other examples can be cited. Risk of progression in bladder cancer is more 
related to the p53 mutation than the cytology [39]. “Low grade” PIN is no longer 
considered to confer risk of prostate cancer [40]. Mathematical modeling of exist-
ing data concerning ductal carcinoma in situ (DCIS) of the breast and colorectal 
cancers better fit a parallel, rather than a sequential, model of neoplastic progres-
sion [41]. In vitro molecular models of human breast cancer suggest that the major 
changes in breast cancer occur before the emergence of DCIS [42]. Molecular 
analysis has failed to find any consistent changes associated with neoplastic pro-
gression in human DCIS to invasive breast cancer [43–46]. In other words, biologi-
cal predeterminism is a viable model with molecular support.

Animal Models

The concept of biological predeterminism was developed in clinical cancer and 
vigorously attacked for lack of rigorous data [37]. With the lack of experimental 
data in humans, science has always turned to animal models. The inbred mouse has 
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been the primary model for experimental cancer research since the early 1900s 
[47]. The development of the Jensen line provided the first in vivo transplantable 
cancer cell line in 1907, laying the foundation for experimental cancer research 
[47]. Many, if not all, of our concepts of neoplastic progression have been developed 
or tested in mouse models [48]. Precancer in animals was first documented by 
Apolant’s hyperplastic alveolar nodules (HAN) in mice with tumors [12]. This type 
of “guilt-by-association” was confirmed and documented through numerous com-
parisons between tumor-free and tumor-prone mouse strains [49]. The virus (MMTV)-
infected mice have many more “nodules” than malignancies. Surely, not all HAN advance 
at the same rate. This was a perplexing dilemma. Which HAN become tumors?

This problem was solved with the creation of the gland-free mammary fat pad 
technique. DeOme and colleagues proved by identification, isolation and transplan-
tation that the mouse mammary HAN of Apolant and Haaland had a high risk of 
malignant change [23]. This technique led the way for experimental examination of 
individual HANs, documenting their heterogeneity and providing rigorous opera-
tional definitions of two steps of progression: nodulogenesis and tumorigenesis 
[50] (Fig. 8.1).

The biological potential of each nodule can be tested by transplantation 
(Fig. 8.1). The technique involves identifying the HAN in situ, surgically 
removing each nodule and transplanting them into gland-cleared mammary 
fat pads of syngeneic animals. The test-by-transplantation provided an opera-
tional definition of “preneoplasia” [23]. Studies in the subsequent 60 years 
have demonstrated that HAN are transformed, immortalized foci that can be 
serially transplanted and maintained in gland-cleared fat pads but, in contrast 
to malignancies, cannot grow in ectopic sites. These HAN transplants all are 
at high risk of developing malignancies at a predicable rate but each “line” 
has an individual, independent biology [51, 52]. Molecular analysis has 
shown that each HAN line is a unique clone [53–55]. These studies in the 
mammary gland have been recapitulated using other organ systems, establish-
ing precancer lines in mice [56].

Fig. 8.1 (continued) in transplantation provides an operational definition of their biological potential. This 
test-by-transplantation uses the response of these tissues to normal growth controls to define each bio-
logical stage. Transplantation in orthotopic or ectopic sites provides an experimental definition for normal 
(a), hyperplasia (b), precancer (c), or cancer (d) mammary epithelial tissues. Fresh fragments of mam-
mary tissue can be harvested from a “donor” mouse and transplanted into a “recipient” mouse, either in 
the orthotopic site – a gland cleared mammary fat pad – where the tissue proximal to the lymph node in 
the inguinal mammary stroma is removed at 3 weeks of age; or, in an ectopic site such as subcutaneous 
stroma. (a) Normal mammary tissue transplanted into the orthotopic site yields a normal branched ductal 
outgrowth, but does not grow in ectopic sites. After sequential “serial” transplant generations, the normal 
tissue will senesce, eventually resulting in no outgrowth. (b) Hyperplasias, in contrast, produce abnormal 
outgrowths and will not senesce after multiple serial transplant generations, but they still will not grow 
ectopically. (c) Precancerous mammary tissues are defined by immortal growth in serial transplantation 
in gland free fat pads, by lack of growth as ectopic transplants, and by eventual progression to malig-
nancy that will grow ectopically. (d) Malignant mammary tissues, meanwhile, are able to grow consistently 
in either the orthotopic or ectopic site
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a

b

c

d

Fig. 8.1 The test-by-transplantation. A wide variety of mammary tissues types will grow in predictable 
patterns when transplanted into the gland-cleared (gland free) mouse mammary fat pad. Their behavior 
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Genetically Engineered Mouse Models

With the advent of genetic engineering, the repertoire of mouse models of human 
cancer has expanded [57, 58]. Potentially premalignant lesions have now been 
identified in different organ systems in numerous GEM [59]. The epithelial lesions 
are characterized by early appearance of focal atypical hyperplasia or dysplasia 
[59] (Figs. 8.2–8.4). The natural history of the disease can determine whether a 
given atypia is associated with emergence of cancer by simply following the time 
course in multiple mice. However, in the absence of evidence of progression to 
overt malignancy, many investigators are relying on the morphological distinction 
between in-situ and micro-invasive carcinoma as evidence of malignant potential 
[60]. Criteria for diagnosis of intraepithelial neoplasia have been established in 
several organs [59, 61]. The diagnosis for micro-invasion is more subtle. The 
recommendation for the mouse prostate provides sound principles [60].

The test-by-transplantation (Fig. 8.1) is the experimental alternative to 
morphological interpretation and guilt-by-association [62]. In the case of the 
mammary and prostate glands the focal atypias can be identified in situ, surgically 
isolated and transplanted into syngeneic or immunodeficient animals [63, 64]. 
The test-by-transplantation provides definitive assessment of the biological 
potential of the lesion [65].

The GEM are prone to multifocal early (precancer) lesions in any organ targeted 
[59] (Figs. 8.2 and 8.3). As in their wild type cousins, not all of the atypical lesions 
progress to malignancy. Atypical lesions from the same mammary gland have been 
isolated from the Tg(PyVmT) (Fig. 8.2) and serially transplanted [66] (Figs. 8.3 and 
8.4). Each atypical lesion grows as a separate mammary intraepithelial neoplastic 
outgrowth (MINO) with different phenotypic characteristics [66] (Fig. 8.3). Even all 
MINOs from one gland, although initiated by the same oncogene, (polyoma virus 
middle T (PyVmT)) from the same mouse and the same mammary tree (Fig. 8.2c), 
have different histological patterns, tumor latencies and metastatic rates [64, 66] 
(Fig. 8.3). The origin of the heterogeneity from such a homogeneous genetic and 
molecular background is very perplexing. The major changes in expression pattern 
are found in the transition from normal to precancer and relatively few additional 
changes are found in the transition to cancer [67]. Each MINO is clonal with differ-
ent and unique karyotypes. The karyotype and biology are very stable over multiple 
transplant generations [68]. These studies imply, as do studies with MMTV-infected 
HAN outgrowths, that the biological potential for each clone is pre-encoded and, 
therefore, genetically determined before the precancer emerges [69].

The evidence currently appears to be more consistent with a “parallel” rather than 
“sequential” model of neoplastic progression [69] (Fig. 8.5). Each MIN lesion isolated 
is uniquely encoded with its full biological potential by the time that a morphological 
lesion can be identified. The MINO system, described here, provides no evidence of 
genetic instability or sequential acquisition of mutations. Although the model might 
not be generalizable to all clinical situations, it fits with the mathematical predictions 
of Sontag and Axelrod and the culture-based model of Chin et al. [41, 42]. It suggests 
that cancer biology can be predetermined.
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Fig. 8.2 Gross and low magnification images of multi-focal, preinvasive carcinoma. These images illustrate 
the principles of preinvasive cancer multifocality in (a) mouse prostate, (b) mouse small intestine and (c) 
mouse mammary gland. (a) Back lit photoimage of a dissected prostate from a Tg(SV40-Tag) (TRAMP) 
mouse showing the focal thickened epithelium scattered throughout the specimen. The diagnosis of pre-
cancer in the three areas marked was confirmed microscopically. (Photoimage courtesy of Drs. Danjacour 
and Cunha, UCSF). (b) H&E stained image of a “Swiss Roll ” made from the intestinal tract of a Tg(APC) 
(MIN) mouse showing multiple dark blue dysplastic crypts throughout the intestine. The three arrows 
point to three of the many dysplastic crypts. One of the images is seen in Fig. 8.3i as a dysplastic crypt. 
(c) Mammary gland whole mount stained with hematoxylin to illustrate the multiple preinvasive mam-
mary intraepithelial neoplasm (MIN) in a number 4 (inguinal) fat pad. The double “down” arrows point 
to a malignant tumor. The single “up” arrow points to one of the numerous foci of MIN
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Fig. 8.3 Microscopic images of preinvasive cancers in various organs. High power images of 
preinvasive cancers. Note that all examples are focal atypias with adjacent, and frequently contigu-
ous, normal epithelium. Fig. 8.1b is stained using anti-FoxA2 for immuno-histochemistry. All other 
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The implications of these observations are profound. First, the critical somatic 
mutations that determine the cell’s fate occur before the appearance of the actual mor-
phological lesion. If true, the understanding of the natural history of cancer will be 
based on the examination of the precursor cell. Once the code is understood, we should 
be able to predict outcome by examining the precancer cells. The fact is, this has 
already been done in human cervical cancer and HPV validates the concept. Second, 
the transition from precancer to invasive cancer is not necessarily caused by genetic 
instability but is more likely epigenetic. In gene expression analysis of DCIS and adja-
cent invasive ductal carcinomas, the cells of DCIS are essentially identical to the cells 
in the invasive cancer. In genomic content analysis there are few changes between the 
precancer and the invasive cancer, despite a typical finding that the DCIS harbors 
marked genetic change, copy number changes, amplifications, deletions and transloca-
tions. In the broad sense, epigenetics includes the environment, and interaction of the 
tumor or pretumor cells with the environment. It seems likely that the local DCIS 
environment influences progression to invasive carcinoma. More specifically, epige-
netic modification of DNA may occur as a programmed response to the environment, 
and these changes may lead to progression. There is a long and growing list of epige-
netically regulated genes implicated in cancer progression, chiefly tumor suppressors 
whose expression is down-regulated through promoter methylation [70].

Cancer Initiating Cells, Stem Cells and Precancer

If the pre-encoded model is accurate, we reasoned that a “cancer initiating cell” 
would be found in the MINO. Individual cells from enzymatically disassociated 
MINOs were isolated and placed in Matrigel. A small proportion of the individual 

Fig. 8.3 (continued) samples are stained with hematoxylin and eosin. (a) Shows a small cluster of 
deep blue neuroendocrine cells in a TM(p53xCDN1−/−) mouse. The neuroendocrine cells have 
small dense nuclei with scanty cytoplasm creating dense mass under the tall columnar respiratory 
epithelium. Note that the neoplastic cells do not extend beyond the basement membrane. (b) The 
anti-FoxA2 stain for neuroendocrine cells in a Tg(SV40-Tag) (TRAMP) mouse prostate showing 
small clusters of atypical neuroendocrine cells beneath the luminal epithelium but within the base-
ment membrane. (c) Atypical epithelial clusters (arrows) within the lumens of mouse prostatic glands 
lined by otherwise normal epithelium from a Tm(Pten−/−) mouse. (d) Small and large clusters of 
atypical foci in direct continuity with normal prostatic epithelium (arrows) from a Tm(NKT3.1−/−) 
male. (e) An expansile mass (arrow) of neoplastic neuroendocrine cells in a “RIP-Tag” mouse. The 
mass contains a uniform population of insulin-producing cells. (f) An inflamed pancreatic lobule 
with a small focus atypical cells without the characteristic bright red zymogen granules (arrow) of 
the exocrine pancreas and large pleomorphic nuclei. (g) The squamo-columnar junction (arrow) 
from a Tg(HPV6) uterus. Note the cluster of large atypical cells at the junction. (h) The squamo-
columnar junction in a Tg(HPV6) uterus showing atypical squamous metaplasia with gland 
involvement (arrow). (i) A high magnification image of a “dysplastic crypt” in a Tg(APC) mouse 
small intestine. Note how darkly stained the crypt cells are. (j) Atypical foci in mammary gland of 
Tm(STAT1−/−). The atypical foci standout with large cells with abundant cytoplasm in the acini and 
along the otherwise normal ducts (arrows). (k) Atypical acini in a Tg(cNeu) mammary gland. They 
stand out from the background as solid nodules (arrows). (l) A cluster of atypical acini in at 
Tg(cNeux Cox2−/−) mammary gland. Note that the adjacent mammary gland (arrow) is lactational
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Fig. 8.4 Whole mount images of MINO transplant lines showing heterogeneity. Whole mounts 
of preinvasive mammary intraepithelial neoplasms (MIN) transplanted into the number 4 gland-
cleared mammary fat pad. Note the lack of the normal branched ductal tree expected in transplants 
of normal mammary epithelium. Lines 4 came from transplants of three areas of the mammary 
bud in a 4 week old Tg(PyVmT) female. Lines 8 came from transplants of three MIN in the same 
mammary gland from a 8 week old Tg(PyVmT) female. All six transplants developed unique 
morphological, histological and biological properties upon serial transplantation (Images courtesy 
of Dr. J. Maglione, UCSD)

cells developed into epithelial spheres (MINOspheres) in Matrigel. Individual 
MINOspheres were transplanted into gland-cleared fat pads where they developed 
into hyperplastic MIN outgrowths that were consistent with the tissue of origin 
and developed malignancies at a predictable rate. The isolated MINO cells clearly 
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recapitulated the entire biological scenario and outcome. Thus, cells with the 
pre-encoded biological outcome can be found in the precancer.

Cancer initiating cells may be referred to as “cancer stem cells” if they are capable 
of self renewal as well as asymmetric division (Table 8.1) to yield differentiated cells 
(and their precursors) which reconstitute the heterogeneity seen in the parent tumor 
[71]. The MINO experiments fulfill the self renewal criteria which is proved by addi-
tional serial transplantations which again result in the complete precancer phenotype 
comprised of multiple cell types, and a predictable transition to invasive carcinoma 
[72]. “Precancer stem cells” can therefore be defined as cells capable of self renewal 
as well as asymmetric division to yield the heterogeneous cell types constituting a 
precancer. Here, differentiation is a bit easier to define than in the cancer state. Here, 
there are distinct cell types which mimic more closely the cell types in the normal 
tissue. In the example of the mammary gland the clear division is between basal/
myoepithelial lineage, and luminal epithelial lineage.

Note that this definition of cancer stem cells does not require that a normal 
breast “stem cell” be the cell of origin of the tumor, although it has long been 
suspected that cancers do arise from precursor cells and not “terminally differentiated” 
cells. The cell of origin for cancers, including breast cancers, is very likely to be 
important with different cells of origin giving rise, perhaps, to different phenotypes 
(or “intrinsic subtypes”) of cancer. In order to understand the relationship between 
the cell of origin and cancer phenotypes, several foundations are required, and, to 
date, many of these are not experimentally defined.

First, the tissue ontogeny must be known. What are the common and restricted 
precursors, and what is the complete spectrum of differentiated cells? In the mouse 
mammary gland, several proposed ontogenies have been described, with stem cells 
giving rise to both basal and luminal epithelia [73, 74]. Luminal epithelia clearly 
diverge into multiple functional cell types, including estrogen receptor positive and 
negative cells. It remains controversial, however, if the ER expression is fixed or 
plastic in an individual “terminally differentiated” luminal epithelial cell. 
Furthermore, it is becoming increasingly clear that the simple ontogenies do not 
reflect the true complexity.

Second, can differentiated cells “dedifferentiate” or go in reverse ontogeny? Cell 
tracking markers make these studies possible, but the question is currently unre-
solved. It is likely to be highly dependent on the context, i.e. the precise cell of 
origin. Some cells may be incapable of reverse differentiation, whereas others may 
do so commonly, even as a normal function. Some cell types may dedifferentiate 
only rarely as a result of rare accumulations of molecular changes.

Third, can each of the cell types in the normal ontogeny be identified with markers? If 
so, do these markers persist after transformation, are they altered in consistent ways, or 
are they gained or lost inconsistently. The mouse mammary gland has been reported to 
have stem cells marked by cell surface antigens, and these are reported to mark also the 
cancer stem cells in some GEM mammary carcinoma models [75–78]. The markers 
enrich for “stem like” behavior, which can only be tested via transplantation experiments 
using the precleared mammary fat pad, just as we have described for the MINO propagation. 
Because 100% of cells marked and tested in this biologic assay do not successfully give 
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Table 8.1 Glossary of precancer and cancer concept terminology

Tumor initiating cell A cell capable of re-establishing a tumor, usually defined 
experimentally by transplantation. Tumor initiation does not 
necessarily require self renewal, i.e. the stem population may 
be lost in the course of serial transplant generations

Cancer stem cell A cell capable of re-establishing a tumor and self renewal
Precancer stem cell A cell capable of re-establishing a precancer with self renewal.  

A precancer should obey some normal growth controls, growing 
within a defined normal space even if the morphology is not 
normal. To be a precancer, rather than atypical hyperplasia, 
the precancer must progress to the cancer phenotype which no 
longer obeys the normal growth controls

Stem-like behavior Self-renewal and multilineage differentiation in symmetric and 
asymmetric cell division

Intrinsic subtype A cancer with innate properties defined by gene expression. 
The subtype is defined at initiation, and does not transit to a 
different subtype over time

Symmetric cell division Self-renewal through division to yield two new identical daughter 
cells

Asymmetric cell division Cell division resulting in one cell identical to the original cell and a 
second cell with more differentiated properties

Differentiation Cell specialization with normal cell type lineage properties
Dedifferentiation Loss of normal lineage properties resulting in a more  

primitive cell
Multipotential A cell which may differentiate along more than one lineage
Metaplastic carcinoma A cancer of epithelial cell origin which changes its differentiation 

to a new lineage, such as a mesenchymal cell lineage
Epithelial mesenchymal 

transition (EMT)
A cancer which differentiates into a mesenchymal lineage, at least 

in a subset of cells. Metaplastic carcinoma is a rare form of 
EMT which is relatively complete in all of the cancer cells 
which remain mesenchymal, and do not re-transition from 
mesenchymal to epithelial differentiation (MET)

Plasticity Cancers and cancer cells with greater plasticity are more readily 
able to adapt to their environment. EMT and MET maybe one 
form of cancer plasticity. Plasticity is likely to be a virulence 
factor for cancers

Fig. 8.5 Conceptual models of mammary cancer development. A morphologic spectrum of normal 
terminal duct-lobular units (TDLU), hyperplasia, atypia, ductal carcinoma in situ, and invasive 
and metastatic carcinoma suggests a stepwise progression (a). In the linear progression model, 
morphologic changes along the apparent spectrum are associated with the accumulation of 
molecular changes (b). In the telomere crisis model, the molecular changes occur much more 
rapidly as the cells approach telomere crisis. Cells which restabilize the telomere may survive and 
give rise to precancers with a permanent aberrant genetic profile. A lower level of ongoing insta-
bility may contribute to further progression (c). In the imprinted stem cell model, initiation may 
occur with or without genetic instability. Once an initiating oncogene or constellation of onco-
genic changes are imprinted in the precancer stem cell generating an intrinsic subtype of cancer, 
progression is programmed, and is the result of conditioning of the microenvironment as the result 
of the precancer tissue and host interaction (d)
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rise to either a normal mammary tree, (for normal stem cell assays) or reinitiated cancer 
(in cancer stem cell assays) there are two possible explanations which are not mutually 
exclusive. (1) The marker profile is incomplete, and results in a population which con-
tains stem cells and non-stem cells and/or (2) the biologic assays are an under-estimate 
of individual cell potential. Cells in the bioassay are prone to lose their ability to grow, 
perhaps artifactually, but are very unlikely to gain the ability to grow if they did not initially 
have this potential.

Finally, the GEM technology is critical to the model of cell of origin. One of the 
major advances of the MINO mouse is that it isolates single cancer initiation foci in 
the transgenic mouse mammary gland where MMTV-LTR promoter/enhancer elements 
drive high level expression of an oncogene (PyVmT) throughout the mammary epithe-
lia [66]. This result in multiple initiation foci in the GEM mouse. Alternative strate-
gies, such as transplantation of the TP53 null mouse mammary epithelium result in 
heterogeneous phenotypes, perhaps in part because all of the cell types in this model 
carry the loss of p53 and subsequent susceptibility to genetic instability [79].

If there are cancer stem cells, are these cells the same, or different from the precancer 
stem cells? Do precancer stem cells evolve to become cancer stem cells, and if so what 
are the triggers? If not, what are the conditions under which the precancer stem cells 
give rise to invasive cancers?

Precancer Initiation and Genetic Instability

Significant somatic genome alterations, chromosome and allele amplifications and 
deletions, mutations, and microsatellite instability is the rule in many types of cancer, 
including breast cancer. Some have proposed that the initial alteration leading to cancer 
is a defect in DNA repair leading to a cell or cells with a “mutator phenotype” [80, 81], 
whereby mutations occur much more rapidly than normal yielding a statistical increase 
in the likelihood of a tumor initiating mutation or constellation of mutations. Extending 
this hypothesis is evidence that the rate of instability increases dramatically as prolif-
erative cells reach “telomere crisis,” a point where chromosome’s telomeres are too 
short to protect the chromosome from significant alteration during DNA replication 
[42]. Cells which reactivate their telomerase restabilize their chromosomes and may 
survive the telomere crisis, and furthermore may have acquired tumor initiating chro-
mosomal changes which are imprinted in the stabilized nascent cancer. Ongoing 
instability is common, but is reduced in its rate (Fig. 8.5b). Is the ongoing instability 
required for tumor progression? This is an important question. Many people think so, 
and this fits very well with the common conceptual model for cancer progression, 
progressive accumulation of molecular changes with corresponding progressive mor-
phologic changes (Fig. 8.5a).

However, there is little evidence for the kind of direct linear model simplistically 
proposed. For example, there is no good evidence that hyperplastic lesions, or even atypi-
cal lesions in the breast are clonally related to DCIS lesions that occur in the same 
patients. In fact, there is more evidence that the “normal” appearing ducts are clonally 
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related to the DCIS [82]. Some have assumed that these genetic markers, loss of 
heterozygosity and microsatellite length changes are early markers of premalignancy. It 
seems equally possible that changes might occur in the developing duct in childhood and 
during puberty, and that these changes might indicate an “at risk” branch of the mam-
mary tree, but the changes occurred well prior to the onset of DCIS and are not causal. 
Additionally, patients with DCIS lesions do not typically show evidence of progression 
from low grade patterns of DCIS to high grade lesions. Instead, DCIS remains low grade 
even when it recurs much later. Lastly, the cancer phenotype is relatively fixed, and has 
been shown to have an intrinsic type. While this may be the result of different cells of 
origin, as described above, it is notable that even within the type, cancers retain their 
grade and differentiation over time and do not evolve to new phenotypes. This is not to 
say that cancers cannot be selected, under pressure, for example for chemotherapy resistance. 
The question is whether or not the ability to become resistant to therapy is, itself, an 
intrinsic property of the initiated cancer stem cell. Recent clinical evidence for the prog-
nostic role of a “complete pathologic response” to chemotherapy, where patients treated 
with chemotherapy before local excision therapy showing no evidence of residual viable 
cancer have a much better prognosis than those who do have residual disease (even after 
dramatic shrinkage) suggests that it is an intrinsic property [83, 84]. Metastatic capacity 
is also likely to be intrinsically programmed. Evidence for a specific plasticity phenotype 
in some breast cancers is manifest as “epithelial to mesenchymal transition” EMT and 
correlates with metastatic capacity [72, 85].

Epigenetic Imprinting/Epigenetic Plasticity

The MINO mouse model of precancer proves that additional factors affect the pro-
gram of the precancer beyond the initiating oncogene. The six individual MINO lines 
have distinct programs for latency to invasive carcinoma, and for metastatic capacity, 
despite the fact that they were isolated from the same mammary gland (Fig. 8.3). This 
could be an artifact of the model system, and it could even reflect slightly different 
cells of origin. The germline genetics and environment are controlled. It is also 
clearly possible that different patterns of DNA methylation were imprinted on each 
of the six lines, and these might account for the differences in programming.

Lastly, once other possibilities are excluded, such as accumulation of additional 
molecular “hits”, or even differences in the oncogene expression level, how can we 
explain a precancer tissue transitioning to the invasive cancer phenotype. We 
hypothesize that the precancer phenotype, programmed from initiation, and repro-
duced by retransplantation of the programmed precancer stem cell results in a 
conditioning of the microenvironment. It is the feedback, then, from this condi-
tioned microenvironment that induces the precancer to behave as an invasive can-
cer, and the invasive cancer then perpetuates the environmental conditioning 
(Fig. 8.5c). If this conceptual model is true, we would expect that the precancer 
stem cell could be recovered from the cancer, and, minus the conditioned environ-
ment would revert to the precancer phenotype. Similarly, the precancer might be 



146 R.D. Cardiff and A.D. Borowsky

induced to more rapidly transit to the invasive cancer phenotype if the cancer 
microenvironment were recombined with the precancer cells upon transplant. 
These hypotheses are currently being tested in experiments in our laboratory.

Conclusions and Implications

These views of precancer have profound experimental and clinical implications. 
Perhaps, the biological predeterminism of MacDonald is correct. Although the 
critics pointed out that the concept was never rigorously tested, the weight of the 
experimental data now suggests that the biology is predetermined in the stem cell 
population. With the emerging interest in stem cells and cancer initiating cells, 
we can find new hope for the futile cases of high risk cancers. (“It is in the stem 
cells, stupid!”) If instead cancers can continue to evolve through genetic and 
epigenetic changes from one cancer subtype to another, specifically targeted 
therapies may never be effective. Fortunately, it appears that the intrinsic subtypes 
are just that, intrinsic. Even if adaptations occur, the cancer is still essentially the 
same cancer. In this context, it seems likely that the most successful (and lethal) 
cancers will be those with intrinsic adaptability or a plasticity phenotype. 
Epithelial to mesenchymal tumorigenesis is also characterized by mesenchymal 
to epithelial transition, a version of plasticity that has begun to be unraveled. 
One can anticipate that a book of codes, with a volume for each organ site, will 
be decoded, not by examining the final product that has undergone numerous 
secondary changes on the way to metastases, but in the precancer cells themselves. 
Once the signatures of fatality are known and recognized, they can be detected 
either in circulating cells or by fine needle biopsy of the precancers. Once 
detected and the signatures deciphered, we can develop new strategies to prevent 
their emergence or halt their progression.
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Abstract Biological characteristics have been used for millennia to characterise 
and diagnose ailments and we now term these biomarkers. With the advent of the 
“omics” era the knowledge of the molecular events involved in carcinogenesis has 
increased greatly and this has been followed by the expectation that clinical prac-
tice could be revolutionised by novel molecular approaches. The National Institute 
of Health (NIH) has initiated a Biomarker workforce to clearly define biomarkers 
and the Early Detection Research Network Group offer guidelines for the develop-
ment and validation of cancer biomarkers. The idea is that these more stringent 
guidelines will reduce the number of badly designed, underpowered biomarker 
studies so that quality data can be collected which will help bring biomarkers into 
clinical use. Although developed for invasive cancer these definitions and guide-
lines also apply to markers for intraepithelial neoplasia (IEN). The identification of 
these pre-malignant lesions may be central to reduction of cancer mortality since 
they are indolent and allow time for chemoprevention and/or treatment measures 
before cancer develops to an incurable stage. Biomarkers are needed to allow for 
detection of IENs and to predict which lesions are at highest risk of progression. 
The development and validation of cancer biomarkers is riddled with practical dif-
ficulties such as sample collection and identification of confounding factors and 
these are in many cases highly problematic in the case of IEN. Although a number 
of biomarkers are under evaluation for IEN, there are currently no biomarkers in 
clinical practice that were developed specifically for this purpose. Screening mark-
ers such as prostate serum albumin and faecal occult blood test do however also 
detect early cancers including a small proportion of IEN. There is a real clinical 
need for biomarkers in the field of preinvasive disease however it is likely that prog-
ress will only be made if strong collaborative links are forged between academia, 
industry and clinical practice.
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Introduction

The evolution of biomarkers is a remarkable story. Biomarkers were identified in 
easily accessible body fluids like the urine or the blood and as technology evolved 
the focus of biomarker identification changed to analysis of tissue itself. With the 
recent advances in proteomics and for purely pragmatic reasons, the focus has 
shifted back to easily accessible body fluids. Advances in technology have played 
a major role with each milestone of biomarker development.

While the term biomarker was first coined in the twentieth century, biomarkers 
have been used for millennia to diagnose ailments. The Ebers Papyrus, dated 
around 1600–1500 BC but thought to be a copy of a text written around 3000 BC, 
describes anatomical observations with surprising accuracy as well as treatments 
for various conditions. The presence of honey-sweet urine that attracted flies 
and ants was used as a specific sign for polyuria. It was in 1674 that Thomas 
Willis made the distinction between diabetes, characterised by the sweet urine, and 
other causes of polyuria, therefore using the presence of glucose in the urine 
as a biomarker. The description of a protein in the acidified urine of patients with 
multiple myeloma in 1846 heralded the advent of cancer biomarkers [1]. After a 
period of almost nine decades, little progress was made until acid phosphatase was 
highlighted as a marker for metastatic prostate cancer [2]. However, the low 
sensitivity and specificity of most early tests hindered the clinical use of biomarkers. 
The development of a sensitive and specific radioimmunoassay for the quantifi-
cation of insulin in 1960 made it possible to measure small concentrations of 
solute in biological fluids and has paved the way for biomarker detection in 
body fluids [3]. Alpha fetoprotein, first discovered in 1956 [4], was identified in 
mice with hepatocellular cancer [5] and thence in humans [6]. Similarly carci-
noembryonic antigen (CEA) first described in 1965 in human colon cancer tissue 
extracts [7] was later measured in serum using a sensitive radioimmunoassay 
technique [8]. Introduction of monoclonal antibodies in 1975 [9] initiated a 
phase of intense discovery of new tumour tissue antigens shed into the plasma 
like the cancer antigen 125 (CA 125) first reported in 1984 [10] and others such 
as CA 15.3, CA19.9 and PSA [11].

The 1970’s were marked by rapid advances in the understanding of carcinogenesis 
and discovery of oncogenes led to identification of genetic mutations associated 
with cancer development [12]. Genetic changes were initially analyzed in tumour 
biopsies, but the reporting of DNA in serum of cancer patients in 1977 [13], using 
radioimmunoassay, opened up new avenues for screening. Cancer-associated mutations 
in p53 and RAS were identified in the 1991 and 1992 in urine and stools of cancer 
patients [14, 15]. To detect these mutations micrograms of DNA were needed 
requiring a sensitive assay. In 2001 a dramatic improvement in technology with 
microarrays and mass spectrometry has led to an exponential increase in the publi-
cations of biomarkers [16] (Fig. 9.1).

In more recent years, it has become recognised that most epithelial tumours 
develop through a pre-invasive stage, often referred to as intra-epithelial neoplasia 
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(IEN) [17]. In some ways, discovery of a biomarker to detect IEN has become a 
Holy Grail for early detection. Indeed, theses lesions are considered to be reversible. 
Their small size and the long lag period, from years to decades, before invasive 
cancer develops affords the opportunity for early detection and curative treatment. 
Volgenstein was the first to map the accumulation of molecular alterations required 
for colon cancer development [18]. Like colon cancers, most epithelial tumours 
develop through the accumulation of molecular alterations many of which precede 
the invasive phenotype. Most IEN lesions display profound molecular abnormali-
ties than can be used for diagnosis and for patient management [17, 19] (Fig. 9.2) 
(and see disease specific Chapters).

With the advent of the “omics” era, the knowledge of the molecular events 
involved in carcinogenesis has increased greatly (see Chap. 6) and has been 
followed by the expectations that clinical practice could be revolutionised by 
novel molecular approaches. So far, few biomarkers have been approved by the 
FDA in the US [11] and even less are being developed for detection of IEN. 
The lack of novel clinical tools can be explained by a numbers of reasons [20]. 
First the perceived value of novel therapies is higher than that of diagnostic 
tests and treatments are therefore better reimbursed by many insurance compa-
nies. It is also perceived that novel diagnostics are evaluated more rigorously 
since a significant improvements over existing tests need to be proven together 
with complex economic modelling. In contrast a new therapy, to be successful, 
needs to be an improvement on a current one or needs to present less side 
effects. These two factors have detracted large pharmaceutical companies from 
developing diagnostics tests. Furthermore, the need to access human specimens 
for pre-clinical validation studies adds practical and feasibility issues. Guidelines 
have been published for the validation of biomarker assays. While these are 
not followed as strictly as the phases of development of therapeutics, regula-
tory agencies will require a high level of validation before any approval is 
granted [21].

Fig. 9.1 Number of publications identified in Pubmed with “biomarker” or “cancer biomarker” 
as search terms in the title of articles since 1995
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Definitions

With the exponential increase in publications related to biomarkers in the last 15 
years (Fig. 9.1), efforts have been made by the Biomarker Definition Working 
Group, under the initiative of the National Institute of Heath, to create standardised 
definitions and to classify biomarkers based on their application [22]. The following 
definitions were given by the Biomarker Definition Working Group:

Biological markers (biomarker): a characteristic that is objectively measured and  –
evaluated as an indicator of normal biological processes, pathogenic processes, 
or pharmacological responses to a therapeutic intervention”.
Clinical endpoint: A characteristic or variable that reflects how a patient feels,  –
functions, or survives.
Surrogate endpoint: A biomarker that is intended to substitute for a clinical end- –
point. A surrogate endpoint is expected to predict clinical benefit (or harm or 
lack of benefit) based on epidemiologic, therapeutic, pathophysiologic, or other 
scientific evidence.

Clinical and surrogate endpoints will not be discussed here. In the context of this 
chapter, the term biomarker will be used in the sense of a biological marker as per 
the Biomarker Definition from the Working Group [22].

Biomarkers can be further sub-classified according to their intended use.

 (1)  Diagnostic markers: these markers inform on the presence or absence of cancer, 
or a premalignant condition, deserving clinical attention at a given point in time. 
Biomarkers can be used as adjuncts to diagnosis or a diagnostic modality on 
their own. For example measurement of the blood levels of a-fetoprotein is 
recommended for diagnosis of hepatocellular cancer in conjunction with 
abdominal ultrasound [23]. On the other hand, prostate specific antigen (PSA) 
is used for screening for prostate cancer and is one of the most widely used 
diagnostic biomarkers [11]. Though it has been approved by FDA for screen-
ing, its use still has limitations and remains controversial [24].

 (2)  Markers of progression: These markers are used to assess the risk a particular 
patient has to progress to cancer over a given period of time. The quantitative or 
qualitative assessment of risk of developing a cancer may rely on the use of 
mathematical or statistical modelling to predict the probability of developing 
cancer [25]. For example, the cumulative risk of carriers of BRCA1 and BRCA2 
mutations, found in ductal carcinoma in situ [26], to develop breast cancer at 
age 70 was 57% (95% CI 47–66) and 49% (95% CI 40–57%) respectively [27]. 
Another example is the detection of mismatch-repair genes (primarily MLH1 
and MSH2) mutations which can predict lifetime risk of colorectal cancer of 
about 80% in at risk families [28]. In keeping with this idea the low expression 
of MLH1 in normal colonic tissue has been suggested to predict, to some extent, 
the risk of developing adenomas [29].

 (3)  Prognostic marker: These are markers indicative of the probability of survival. 
Gene signatures were identified in breast and prostate cancer that outperformed 
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or provided additional value to the current clinical staging algorithms used to 
predict patient survival [30–32].

 (4)  Predictive markers: Markers predictive of therapeutic efficacy. Oestrogen receptor 
positivity is currently used as a predictor of response to targeted hormonal agent 
like tamoxifen [33] and HER2/NEU positivity for therapy with trastuzumab [34].

Diagnostic biomarkers and risk of progression markers are applicable to IEN and 
as this is the focus of the Monograph only these will be discussed further.

Sources of Biomarker Material

As mentioned earlier a potential biomarker can be tested from different specimens 
or sources which include blood or body fluids or ideally material from the lesion 
itself. However, the acquisition of human tissue, which can be done using a variety 
of techniques, such as biopsy, surgery, brushing, or scraping, remains a real hurdle 
to biomarker discovery and validation. In most cases, IENs with the most active 
biomarker research are those in which tissues are more readily accessible. These 
include IEN of the head and neck (oral and larynx), gastrointestinal tract (oesophagus, 
gastric and colonic), bronchus, cervix and skin (see disease specific chapters). The 
attraction of these is mainly practical. Even in situations where it is easy to obtain 
specimens, it is likely that there will be an associated morbidity. For example, 
endoscopic biopsying of the oesophagus or stomach carries a risk of perforation or 
bleeding of about 0.03%. Though this may seem uncommon, these small risks 
become significant when applied to a large number of individuals to test [35]. In 
other cases the very anatomical location of an organ makes it difficult to obtain 
tissue; for example the pancreas and ovaries require surgery or high risk procedures 
to collect tumour specimens.

Given the difficulties in accessing the tissues of interest directly, blood or body 
fluids are more appealing for the application of biomarkers as sample collection is 
less invasive, easier to perform and is the most cost-effective way to collect human 
samples [36]. Numerous biomedical studies have demonstrated that plasma protein 
levels reflect human physiological or pathological states and can be used for disease 
diagnosis and prognosis [16]. Various tumour products or products from pre-invasive 
tissue, like circulating cells, cell-free DNA and RNA, peptides, proteins and metabo-
lites can be measured in the blood. However, these attractive sources of material 
have their own limitations. The chance of detecting a protein or any other solute 
specific to an IEN is likely to be small because of the total body volume and attempting 
to identify a specific biomarker in litres of blood, which contain abundant proteins, 
from a peripheral site will prove problematic [36]. In keeping with this there has been 
evidence of poor concordance between tissue and plasma concentration of variety of 
molecules [37–39]. Furthermore, the blood proteome is very sensitive to environ-
mental changes and controlling for this has its own challenges. Depending on the 
localisation of the IEN, other body fluids such as nipple aspirate, urine, saliva, pleural 
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effusion, ascites, bronchoalveolar lavage, synovial aspirate and cerebrospinal fluid 
[40] may be used. These are however likely to have the same limitations as blood.

Furthermore, cancer is often associated with inflammation and trying to tease 
out inflammatory markers from cancer markers may prove difficult [41] (see also 
Chap. 2). Diseases such as infections, hepatic and renal conditions, concomitant to 
the cancer may also influence the biomarker levels (Table 9.1). Benign tumours 
adjacent to an invasive tumour have also been reported to harbour increased expression 
of biomarkers. Life style factors like smoking and medical factors like medication 
including chemotherapy; instrumentation such as cystoscopy and laproscopy may 
influence the biomarkers [42]. It is therefore important to be aware of confounding 
factors when reporting test results.

In order to preserve the proteins and nucleic acid, in most instances, the tissue 
samples need to be flash frozen within minutes and stored at −80°C [47]. This may 
have cost implications, the timing of collection and preservation, method of extraction 
of nucleic acid, quantity of tissue may impact on sample quality and hence reli-
ability of results [48, 49]. Measurements of a-fetoprotein, carcinoembryonic antigen 
and CA 125 are more readily affected by long-term frozen storage compared with 
frequent freezing-thawing, and CA 19-9 is generally relatively unstable [50]. The 
stability of PSA is critical and appropriate storage temperatures should be adhered 
to for reliable screening results [46].

Further to these purely practical hurdles, most countries require ethical approval 
for studies involving human participants and in many cases an integrated clinical 
team of research nurses and clinicians is required to streamline the collection pro-
cess. This may prove very problematic for some scientists not actively involved in 
clinical collaborations.

Biomarker Development and Validation

Most biomarkers in current use were derived empirically and despite a large number of 
novel biomarkers proposed in the literature, very few have made it to the clinic. Indeed, 
the “omics” have streamlined the discovery process and opened the door to a wide 
variety of molecular markers ranging from genetic alterations (e.g. mutations, SNP, 
allelic loss, DNA content abnormalities, translocation) to epigenetic alterations  

Table 9.1 Clinical condition affecting biomarker levels

Biomarker Cancer type Conditions affecting biomarker level

CA 125 Ovarian Endometriosis [43]
Heart failure [44]
Hepatitis/Liver failure [42]

CA 19-9 Pancreatic Chronic hepatitis [45]
Cholestasis [42]

PSA Prostate Urinary tract infection [46]
Benign prostatic hyperplasia [46]
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(e.g. methylation, acetylation) and variation in expression of miRNA, mRNA or 
proteins (see Fig. 5, Chap. 16). Whether identified markers are single markers or 
signatures, stringent validation is required to ensure the clinical applicability of a given 
marker [37]. The more specific the design of the discovery experiment, the most likely 
it is to yield a biomarker test that will be validated across different centres and 
populations.

Phases of development of diagnostic biomarkers can be compared to some extent 
to drug discovery with a set of preclinical phases encompassing the discovery phase, 
internal and external validation phases usually in a retrospective setting and a set of 
clinical phases, usually prospective, testing the applicability of the test to the popula-
tion of interest and to assess the health and economical benefits afforded. Under the 
impulsion of the National Institute of Health, the Early Detection Research Network 
(EDRN) there are published guidelines for the development of biomarkers of risk of 
progression to cancer [51] (Fig. 9.3). These guidelines, or rather their principles, can 
easily be applied to other types of biomarkers such as those described in Fig. 9.2.

As mentioned the discovery phase may be based on a candidate target approach 
or “omics” approach. The first validation phase in both cases assesses the presence 
of the marker in disease samples versus normal control samples or at different 
stages of the disease. Validation of diagnostic markers follows retrospective internal 
and external validation ideally in a multi-centred study to take into account regional 
or national variations. The prospective clinical phases assess the applicability of the 
test in the clinical setting of choice followed by a larger study testing the decrease 
in mortality afforded by the test. For predictors of risk biomarkers need to be 
assessed at different stages of disease progression (i.e. normal tissue, pre-malignant 
tissue and cancer tissue) and then in a case–control study in which patients who 
progressed to cancer are compared to non-progressors. This is followed by a 
prospective phase and then study one in which clinical management is modified 
depending on the results of the biomarker test.

Practical issues may hamper the development and validation of novel markers. 
For a biomarker to be clinically viable the technique used to measure it should be 
simple. Immunohistochemistry is used routinely in pathology departments across 
the world. Unfortunately technological issues way not permit the perfect biomarker 
to leave the confine of the research setting. For example, DNA content abnormalities, 
tetraploidy and aneuploidy, have been evaluated in a phase 4 study as defined by the 

Translational phase Clinical phase

Fig. 9.3 Phases of biomarker development
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EDRN and shown to accurately predict the risk of progression to adenocarcinoma in 
patient affected by its precursor, Barrett’s oesophagus [52]. However, the methodology 
used to assess the markers is very technically demanding, expensive and requires 
state-of-the art research facilities. Unless alternative approaches are developed, these 
markers will not be used clinically despite their accuracy at assessing the risk of 
progression to cancer of patients with Barrett’s oesophagus (see also Chap. 16). 
Cyclin D1 in the context of Barrett’s oesophagus illustrates the point of external 
validation beautifully. Cyclin D1 overexpression was described as a marker of risk 
of progression in a relatively small cohort [53] and generated a lot of excitement in 
the Barrett’s community. A few years later, the predictive risk of Cyclin D1 was not 
confirmed in a large population based cohort [54] (see also Chap. 16).

For a biomarker to be clinically useful the assays developed should be accurate 
and precise. An example of a complex clinical marker is epidermal growth factor 
receptor 2, ERBB2 (referred to clinically as HER2). HER2 is amplified in approxi-
mately 18–20% of breast cancers [55] (see also Chap. 20). HER2 positivity predicts 
poor prognosis but also therapeutic response to trastuzumab treatment which 
improves time to progression and survival [34]. Given the significant cardiac events 
associated with trastuzumab [56] and the expenditure associated with such a drug, 
the accuracy of testing for HER2 is essential for good patient management. 
Following FDA approval of testing for HER2 by immunohistochemistry (IHC) and 
fluorescence in-situ hybridisation (FISH) based assays [11], the American Society 
of Clinical Oncology and College of American Pathologists has published guide-
lines for HER2 testing [57, 58]. While both tests have merits, they also have disad-
vantages. Provided that the samples are preserved adequately [59], HER2 IHC is 
simple and straightforward; however patients with an intermediate score (2+) are 
considered equivocal thus requiring further confirmation of their status by FISH. 
FISH is more expensive and 3% of patients will have a score close to the accepted 
cut-off and will be considered equivocal [59]. The concordance between HER2 
gene amplification, FISH, and HER2 protein overexpression assessed by IHC has 
been an issue and only 24% of specimens with 2+ immunostaining scores had 
HER2 amplification [60]. There are however disagreements with the current guide-
lines suggesting that because of concerns with tissue fixation and reproducibility of 
IHC, FISH should be the primary HER2 test [61]. Furthermore, FDA also allowed 
pathology labs to develop their own assays, but around 26% of these assays at the 
local community testing do not correlate with the central labs [62].

Benefits of Biomarkers

Histopathology was and remains the “gold standard” for diagnosing established cancer 
and IEN. One of the main issues with pathological diagnosis is the delay in therapy. 
In more general terms, by the time a cancer becomes manifest on the standard histology 
slide, it has advanced far beyond the inception stage where the available curative 
therapies for cancer become ineffective. For IEN, the issues in pathology lie more 
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with the difficulty in correctly diagnosing lesions. Very often, the lesions are small 
and associated with inflammation which may mask the extent of dysplasia. The grading 
of dysplasia is used to make important clinical decisions such as offering patients 
treatments that tend to be invasive and associated with a high physical or psychological 
morbidity such as oesophagectomy or prostatectomy. Worldwide, it has been recognised 
that early detection is central to reducing morality for many cancer types and that late 
presentation of patients which is a major cause for cancer mortality [63, 64]. 
Molecular alterations and secreted factors may allow for clinician to gauge the risk of 
a patient with a premalignant condition developing a cancer. In case of a high risk, 
the patient could be offered early, ideally non-invasive, treatment to eliminate the risk. 
Conversely, if the patient was considered to be at low risk, they could reassured and 
subsequently discharged from expensive clinical follow up, if appropriate. Barrett’s 
oesophagus, the premalignant condition leading to oesophageal adenocarcinoma is a 
perfect example of this. Patients with Barrett’s oesophagus are currently involved in 
an expensive and stressful clinical programme of repeated endoscopies to assess the 
presence of dysplasia and cancer [65]. However the low conversion rate of Barrett’s 
to adenocarcinoma [66] means that most patients will never develop cancer but are 
still invited in two-yearly to yearly endoscopy. However, the recent development of a 
novel treatment called radiofrequency ablation, with low invasiveness compared to 
the standard of oesophagectomy, opens the possibility to offer treatment to patients 
with pre-invasive disease [67] (see also Chap. 12).

The development of screening tests, designed to detect IEN and/or early cancer 
in the population before symptom development, is also central to early diagnosis. 
Some of the screening tests rely on biomarkers such as PSA for prostate cancer 
[68], fecal occult blood for colorectal cancer [69] and so on. To be effective, screening 
tests need to be rolled out nationally and are as such regulated very tightly. Further 
to the development of the test per se, 23 stringent criteria, the Wilson-Jungner 
criteria, need to be met [70–72] (see Chap. 13).

Other biomarkers are used to offer additional information to the traditional 
histopathological assessment. For example a fetoprotein and human chorionic 
gonadotrophin in germ cell tumours are used in diagnosis but are also helpful in 
differentiating the type and stage of tumour [73]; and detection of BRAC 1 mutations 
is used both to inform on the risk of progression and for prognosis [74].

Despite the great promise of biomarkers to improve the diagnosis of cancers, very 
few have been approved by regulatory authorities and are in current clinical use.

Disease Specific Examples of Promising Biomarkers  
and Biomarkers in Clinical Use

Barrett’s Oesophagus

There are currently no biomarkers in routine clinical use for the diagnosis of 
Barrett’s oesophagus and associated cancers. A non-endoscopic screening test for 
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Barrett’s oesophagus based on a novel sampling device called the Cytosponge and 
a biomarker, trefoil factor 3 (TFF3) is currently under assessment in a clinical trial 
based in the primary care (see also Chap. 16). This is the only biomarker in clinical 
trial in Barrett’s oesophagus. However, during the last 20 years, there has been a 
wealth of interest in the identification of markers of risk of progression. No 
biomarker has made it to the clinic despite impressive data from the so-called 
“Seattle panel”. This panel incorporates 9p and 17p LOH as well as DNA content 
abnormalities and patients harbouring all three of these have a relative risk of 
progression of 38.7 (95% CI 10.8–138.5; p < 0.001) with a 5 year cumulative 
incidence of oesophageal adenocarcinoma of 79.1% compared to those with no 
abnormalities who had a 0% cumulative incidence of cancer [75]. The methodology 
used to assess the panel is not amenable to routine practice, however alternative 
approaches, such as the use of SNP array, are being developed [76, 77].

Prostatic Intraepithelial Neoplasia

Prostate-specific antigen (PSA) is an androgen-regulated serine protease, a member 
of the glandular kallikrein family. It is produced by normal prostate epithelial cells 
and its expression is confined to seminal fluid with concentrations 105 fold higher 
than in blood. During progression to cancer the architectural disruption of prostate 
gland leads to an increased release into the circulation to the same as in the semen 
[78]. The FDA approved PSA for monitoring patients after definitive treatment for 
prostate cancer in 1986 [78] and approval for diagnosis was granted in 1994 [78]. 
Not all patients enrolled in studies have prostate biopsies taken and since the number 
of biopsies taken during a single procedure influences the detection rate of cancer, 
calculating the precise sensitivity and specificity of PSA is difficult [78, 79]. 
A systematic review reported a sensitivity of 78–100% and specificity from 6 to 
66% for total PSA, with the highest values being reported by the smallest studies 
[80]. A recent randomised control trial reported a positive predictive value of 24.1% 
(range, 18.6–29.6) [81]. Elevated levels have also been identified in cases with 
high-grade prostate intraepithelial neoplasia (HGPIN) [82]. In most cases, patients 
with HGPIN, are being followed up since up to 20% of these will develop a prostate 
cancer [82]. However, contrary to the oesophagus since prostate cancer are rela-
tively slow to develop, there is no clinical pressure to detect all cases of HGPIN 
especially since, some argue that PSA for prostate cancer screening was adopted 
too early without strong enough scientific evidence [83] and it still remains unclear 
whether or not prostate cancer screening saves lives [84].

Colonic Adenomas

The detection of abnormal DNA and occult blood in stools are the most frequently 
used biomarkers for colorectal cancer screening. More than four different FDA 
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approved faecal occult blood tests (FOBT) exist and are recommended by major 
societies for screening of colorectal cancer [85–87]. FOBT was recently demon-
strated in a Cochrane Review to reduce mortality and incidence of colorectal cancer 
[88]. The sensitivity of faecal occult blood test ranges from 37.1 to 90.9% depending 
on the test used and on the size of lesion to detect [87]. The associated specificity 
is in the region of 90–95% [87]. A positive FOBT is generally followed by a 
colonoscopy during which any visible adenoma will be removed. The sensitivity of 
FOBT to detect adenomas of ³10 mm ranges from 29.5 to 54.4%. It is not clear 
whether the practice of colonic adenoma removal reduces the risk of cancer develop-
ment especially since a number of adenomas will be small, flat and undetectable.

Conclusions

The rapid expansion of potential biomarkers has driven a lot enthusiasm and hope 
for the early detection of many malignancies. To date, only a few tests have delivered 
on these promises and have been integrated into the clinical setting. Surprisingly, 
there are currently no biomarkers which were developed with the specific intent of 
diagnosing IEN which have been incorporated into routine clinical practice. The 
development of strict guidelines for the discovery and validation, akin to those 
available for the drug discovery, will lead to less empirical discovery and less appli-
cation of improperly validated markers such as PSA. This will hopefully lead to 
higher quality data on biomarkers, but the worry is that researchers will be deterred 
from working in this area. Strong collaborative links between industry and academia 
will need to be developed to ensure a fast and reliable delivery of biomarkers. It is 
expected that the advent of targeted therapy will prime the major pharmaceutical 
companies to develop biomarkers side-by-side with their novel drugs or therapies.
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Abstract The fluorescence microscope is a standard tool in any cell biology lab, 
enabling the visualisation of appropriately labelled probe molecules in the context 
of cell anatomy. These probe molecules can be used to image various aspects of cell 
physiology and biochemistry, for example, the levels of intracellular Ca2+, the loca-
tion, binding and mobility of specific proteins and, using gene reporter constructs, 
the transcriptional activity of specific genes. The techniques of molecular imaging 
allow similar measurements to be made deep inside the tissues of a living organism, 
for example in tumours in mouse models of cancer. Since many of the molecular 
imaging modalities that are employed in the laboratory can also be used clinically, 
the techniques of molecular imaging, in principle, also permit investigation of these 
fundamental aspects of tumour biology in the clinic. These techniques are set to play 
a key role in translational research, that is in translating our growing understanding 
of the cell biology of cancer and pre-invasive disease into new ways of detecting and 
treating the disease.

Introduction

Tumour detection and assessment of treatment response has, to date, relied principally 
on radiological measurements of tissue anatomy and tumour size respectively [1], 
using mainly X-ray computed tomography (CT) and magnetic resonance imaging 
(MRI). These measurements can lack sensitivity, often do not provide any prognostic 
information and, in the case of treatment response monitoring, cannot detect the 
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effects of those drugs which only arrest tumour growth rather induce tumour regression. 
The techniques of molecular imaging can provide more sensitive detection of a 
primary tumour and its possible metastases, can be used to stage and grade tumours 
and thus provide prognostic information and can detect treatment response long 
before there is any evidence of tumour regression [2–13].

The aim of “molecular imaging” is to transfer into a conventional image of tissue 
anatomy, information about underlying tissue biology and physiology. This may be 
accomplished, for example, by injection of an appropriately labelled probe molecule, 
which can then be imaged using a clinically applicable imaging modality, such as 
MRI, positron emission tomography (PET), single photon computed tomography 
(SPECT), ultrasound or some form of optical or near-infrared (NIR) imaging. The 
image of probe distribution can then be co-registered with an image of tissue anat-
omy, typically acquired using MRI or CT. In the case of a tumour this may, for 
example, involve a labelled probe molecule that binds to a receptor expressed on the 
tumour cell, whose expression may be increased by tumour progression and which 
may be down regulated following successful treatment. As our understanding of the 
molecular basis of cancer improves there will be further opportunities to design 
molecular imaging probes that report on specific aspects of a tumour’s biology and 
the changes in this biology with tumour progression and treatment. This develop-
ment has been facilitated by the availability of the clinical imaging modalities listed 
above in relatively high-resolution configurations that are suitable for imaging small 
animal models of disease, notably mice [14]. Techniques developed in the animal 
models can then be translated, fairly straightforwardly, to the clinic. This process of 
translation is also being helped by the development of mouse models of disease that 
more faithfully reproduce the molecular and physiological characteristics of the 
human disease [15]. Thus these models could be used both to develop new treat-
ments and also the imaging methods that could then be used to determine whether 
these treatments are working in the clinic, possibly in an iterative way.

Molecular imaging techniques, particularly those that are MRI- or radionuclide-
based, are relatively slow and expensive and it is unlikely that they will be used for 
patient screening, unless that patient population has already been heavily stratified, 
for example if genomic analyses indicate that the group is highly pre-disposed to 
develop a particular cancer. Instead molecular imaging is more likely to be used to 
locate tumour(s) in those patients that have already been identified as having disease, 
for staging and grading and for assessment of treatment response. In the latter case, 
by detecting early evidence of treatment response, imaging could be used to guide 
subsequent treatment, with ineffective treatments being discarded at an early stage 
allowing selection of the most effective treatment for the individual patient. However, 
for some molecular imaging techniques, for example optical and NIR imaging, and 
in some situations, it is feasible to use molecular imaging techniques to detect pre-
invasive disease. Several optical endoscopy-based imaging methods have been used 
to screen and diagnose patients with tumours of the GI tract [16, 17] and lung [18]. 
For example, optical coherence tomography can be used to measure differential 
reflectance of infrared light to identify pre-malignant lesions on the luminal surface 
of the GI tract [16]. Autofluorescence and narrow-band imaging endoscopic methods 
have been used to detect pre-malignant oesophageal lesions in patients, either by 
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measuring intrinsic differences in image contrast or differences in mucosal morphology 
between healthy and diseased tissue [17]. Novel tumour-specific fluorescent dyes 
have also been reported recently that can enhance endoscopic detection of dysplastic 
lesions in the colon. Regions of the colon that appear suspect under white light can 
be sprayed with these dyes and then washed, with pre-malignant lesions retaining 
the fluorescent label [19]. Prostate cancer can grow so slowly that many patients will 
die with the disease rather than of the disease, however if the cancer does metastasise 
then there is currently no cure and the cancer becomes lethal. MRI measurements of 
tissue morphology and 1H MR spectroscopic imaging measurements of tissue 
metabolite levels have shown some promise for detecting the more aggressive 
tumours that are likely to metastasise [20]. This information can then be used to 
guide subsequent therapy.

Genomic analyses of tumour biopsies, including microarray analyses of mRNAs 
and miRNAs and tumour genome sequencing are already impacting prognosis and 
predicting individual patient responses to specific drugs [21]. Proteomic analyses of 
serum samples may help with the detection of disease and in predicting response to 
treatment [22]. These “omic” methods are complementary to those of imaging and 
indeed may assist in the identification of new molecular imaging targets that report 
on specific aspects of the disease, its progression and its response to treatment. Imaging, 
however, has some important advantages. The techniques are non-invasive and there-
fore allow longitudinal monitoring of disease development and treatment response at 
multiple disease foci. The imaging methods cover the entire tumour, which may often 
be grossly heterogeneous, and with higher resolution imaging techniques, such as 
MRI, information can be obtained from specific regions within a tumour. Obtaining 
this information by biopsy would be difficult, if not impossible, moreover the data 
may be biased by the selection of biopsy site within the tumour. The biopsy needle 
may even miss the tumour. In the prostate, for example, biopsy sampling error, even 
when ultrasound-guided, can lead to false negative rates as high as 40% [23].

In this review we outline the physical principles behind those molecular imaging 
techniques that have been used in the clinic and show, with examples, how they can 
be used to detect, stage and monitor the treatment response of tumours. We also 
discuss preclinical studies that should facilitate the development and translation of 
new imaging probes and molecular imaging techniques to the clinic. Radiology has 
traditionally been a discipline that images tissue anatomy, in the future, using the 
techniques of molecular imaging, it will also become a discipline that images tissue 
biology, biochemistry and physiology.

Magnetic Resonance Imaging and Spectroscopy

MRI can give excellent images of soft tissues, such as tumours (Fig. 10.1). The 
technique works by mapping, in 3D, the distribution and MR properties of tissue 
water protons, which are very abundant (60–70 M) and is a mainstay of any hos-
pital Radiology Department. MRI was first described in the early 1970s [24] and 
its development led to the award of the Nobel Prize for Physiology and Medicine 
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to Paul Lauterbur and Sir Peter Mansfield in 2003. Magnetic resonance, in the 
form of magnetic resonance spectroscopy (MRS), can also be used to detect non-
invasively small molecule metabolites in tissues. These studies, which again began 
in the early 1970s, started with 31P MRS measurements of ATP, Pi, phosphocre-
atine and sugar phosphates in skeletal muscle [25, 26]. There were also early 31P 
MRS studies in tumours, which demonstrated that tumours had relatively high 
levels of the phosphomonesters, phosphocholine and phosphoethanolamine 
[27, 28], when compared to other tissues (a typical 31P NMR spectrum of a tumour 
is shown in Fig. 10.2).

A detailed discussion of the physical principles of this technique is beyond the 
scope of this review and the reader is referred to some excellent textbooks in this 
area [29, 30]. However, a brief introduction is necessary if the reader is to under-
stand the potential and also the limitations of the techniques of MRI and MRS.

Some atomic nuclei possess the property of spin. The combination of spin and 
charge results in a magnetic dipole and, when placed in a magnetic field, the spins 
will tend to align with field. However, it is such a weak interaction that there are 
nearly an equal number of spins aligned against the field. For spin ½ nuclei, such 
as 1H, 31P and 13C, there are two allowed energy levels. The lower energy level 
corresponds to spins aligned with the field and the higher energy level against the 
field. There is a slight excess of spins in the lower energy level and as a result a 
net magnetization (M

z
) or polarization that lies along the field direction (B

0
) 

(Fig. 10.3). At the magnetic field strengths commonly used in the clinic (1.5–3 T; 
the earths magnetic field is ~60 mT) the excess of spins in the lower energy level 
amounts to only a few ppm and it is this very low level of polarization that is 
responsible for the insensitivity of magnetic resonance techniques when compared 
to the other imaging modalities.

The magnetic dipoles associated with the spins do not simply align with the 
applied magnetic field (B

0
) but precess about it at a frequency (w) that is a charac-

teristic of the particular atomic nucleus, which is given by its gyromagnetic ratio (g), 

Fig. 10.1 The pre-contrast image on the left shows a tumour on the lower flank of a mouse (arrowed). 
The image on the right was acquired a few minutes after the intravenous injection of a Gd3+-based 
contrast agent, which gives positive contrast. The low molecular weight agent readily exits the leaky 
vasculature, enhancing signal from the tumour. Images courtesy of Dr Mikko Kettunen



17110 Molecular Imaging of Cancer and the Implications for Pre-invasive Disease 

Fig. 10.2 Localised 31P MR spectrum from an implanted tumour in a mouse. The spectrum shows 
signals from the g-, a- and b-phosphates of nucleoside triphosphates (predominantly ATP), from 
phosphocreatine, which is from underlying muscle tissue, from phosphodiester compounds (PDE), 
such as glycerophosphorylcholine, from intracellular inorganic phosphate (the chemical shift or fre-
quency of this resonance can be used to determine intracellular pH) and phosphomonoesters (PME), 
which are predominantly phosphocholine and phosphoethanolamine. The low intensity of the b-ATP 
resonance, which should be comparable in intensity to the other ATP resonances, is an artefact of the 
pulse sequence used to localise signal from the tumour. Data courtesy of Drs Mikko Kettunen and 
Mariagnese Barbera

Fig. 10.3 Spin ½ nuclei can align with or against the field. There is a slight excess of spins 
aligned with the field (lower energy), which gives rise to a net magnetization (M

z
) lying along 

the direction of the main magnetic field (B
0
). Application of an oscillating magnetic field (B

1
) 

at right angles to the main magnetic field, and resonant with the spin precession frequency, 
induces transitions between the two energy levels and tips the net magnetization (M

z
) into the 

x-y plane
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and which is a linear function of the applied magnetic field (B
0
). At a field of 9.4 T, 

for example, 1H spins precess at 400 MHz, 31P at 162 MHz and 13C at 100 MHz.

w g= 0B

If we apply an oscillating magnetic field at right angles to the main field, B
0
, and 

which rotates at the same frequency as the spin precession frequency (w) i.e. it is 
resonant with the spin precession frequency, then we will induce transitions 
between the two energy levels. This is the phenomenon of nuclear magnetic reso-
nance. It is more convenient, for the purposes of this discussion, to consider what 
happens to the net magnetization vector (M

z
) associated with the ensemble of spins. 

This will now rotate about the applied oscillating magnetic field (see Fig. 10.3) and 
as a result we can tip this vector into the x-y plane, where it gives rise to a signal in 
the NMR receiver coil (this coil is also often used to apply the oscillating magnetic 
field, B

1
). Depending on how long we apply the B

1
 field will determine where the 

net vector associated with the spins ends up. The B
1
 field is typically applied in the 

form of a pulse (called a radiofrequency or r.f. pulse); a 90° pulse will tip M
z
 fully 

into the x-y plane, while a 180° pulse (which is twice the length of the 90° pulse) 
will tip it along the −z direction. When in the x-y plane the individual vectors will 
dephase, due to B

0
 field inhomogeneties (the variations in B

0
 will cause them to 

precess at different frequencies) and also to lose amplitude due to spin–spin interac-
tions or spin–spin relaxation. This spin–spin relaxation is a first order process and 
is described by the time constant T

2
, which is typically in the msec range. If T

2
 is 

short then there is a rapid loss of signal in the x-y plane. The recovery of the 
magnetization along the M

z
 or B

0
 field direction is also a first order process and is 

described by the spin lattice relaxation time T
1
, which is typically in the sec range. 

This relaxation process is determined by dipole–dipole interactions between the 
spins and between the spins and their environment (T

1
 ³ T

2
).

The precessional frequency of the spins is modulated by their chemical environ-
ment. The surrounding electrons produce varying degrees of shielding of the B

0
 field 

and hence relatively small changes in frequency. This is known as chemical shift and 
is expressed in ppm of the B

1
 frequency. For 1H the chemical shift range is typically 

10 ppm (so for 1H at 9.4 T, where the resonance frequency is 400 MHz, 10 ppm 
corresponds to 4,000 Hz). This sensitivity to chemical environment is what has made 
NMR such a powerful technique in analytical chemistry and for protein structure 
determination [31, 32]. The B

1
 field, when applied in the form of a high intensity 

pulse, has a large bandwidth (the bandwidth, Dv, is »1/t
p
, where t

p
 is the pulse width, 

so a 10 ms pulse will have a bandwidth of ~100 kHz). Following the B
1
 pulse all the 

resonances are excited simultaneously and their magnetization vectors will precess 
at different frequencies in the x-y plane and decay according to their T

1
 and T

2
 

relaxation times. Fourier transformation of these signals, which are acquired simulta-
neously, turns this amplitude – time domain signal into an amplitude – frequency domain 
spectrum, where position on the x axis indicates frequency or chemical shift 
(Fig. 10.2). Because of the lack of sensitivity, the B

1
 pulse may be repeated multiple 

times (depending on the time resolution and signal-to-noise required) and the resulting 
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signals averaged to improve the signal-to-noise ratio, which increases as the square 
root of the number of scans. The peak intensities are proportional to the number of 
spins and the peak width at half maximum is »1/pT

2
.

Imaging works by frequency encoding space. Imagine a sphere of water in a 
homogeneous magnetic field (B

0
) (Fig. 10.4). A 1H spectrum of this sphere will 

give a single peak from the protons in the water molecules. If we superimpose on 
the main magnetic field, B

0
, a linear magnetic field gradient across the sample, for 

example along the z axis (G
z
), then since frequency is a linear function of the mag-

netic field strength the spins will resonate at different frequencies according to their 
position in this gradient. If we acquire a spectrum in the presence of this gradient 
then we will get a profile of the sphere in the z direction. This is the essence of all 
imaging and localised spectroscopy experiments. Images are acquired using a 
series of r.f. pulses and gradient pulses in the x, y and z directions. A fuller descrip-
tion of imaging is beyond the scope of this chapter and the reader is referred to an 
excellent and very readable text on this subject [30].

MRI has the advantages over X-ray CT that it doesn’t use ionizing radiation and 
image contrast for soft tissues is much greater. Moreover, this contrast can be 
manipulated, by the use of appropriate r.f. pulse sequences, to interrogate some 
aspects of tissue biology. For example, deoxygenated haemoglobin is paramagnetic 
and its presence can be detected in T

2
-weighted images, where it results in loss of 

signal intensity. The exploitation of this phenomenon in imaging of human brain 
function is well known (functional or fMRI) [33]. Increased neuronal firing, in 
response to some stimulus, causes an increase in blood flow to the region of the brain 
affected, without a corresponding increase in oxygen consumption. As a result there 
is a decrease in the level of deoxygenated haemoglobin in that region of the brain 
and consequently an increase in signal intensity in a T

2
-weighted image. This has 

proved to be a very powerful method for mapping human brain activity in response 

Fig. 10.4 Consider a sphere of water in a uniform magnetic field (B
0
). This will give rise to a 

single resonance in the 1H MR spectrum. If we superimpose a linear magnetic field gradient (G) 
on the main magnetic field, then the resulting 1H MR spectrum will give a profile of the sphere of 
water in the direction of the gradient
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to specific stimuli or mental tasks [34]. In tumours this so called BOLD (Blood 
Oxygen Level Dependent) effect can be used to detect changes in tumour blood 
flow, for example in response to carbogen breathing [35].

The MRI experiment is intrinsically sensitive to diffusion. If there is rapid diffusion 
of the water molecules during the imaging pulse sequence then this can lead to loss 
of signal intensity, an effect which is increased by the inclusion of diffusion-weighting 
magnetic field gradients within the pulse sequence [36]. By incrementing these 
gradient pulses it is possible to measure the apparent diffusion coefficient (ADC) 
of the water molecules. In a tumour these ADC measurements are sensitive to the 
cellularity of the tumour and can be used to detect a decrease in cellularity follow-
ing a positive response to treatment [37, 38]. For example, in glioma patients ADC 
measurements were used to detect response to treatment before there was evidence 
of tumour regression [39].

Molecular imaging using 1H MRI of tissue water can be accomplished using 
paramagnetically labelled probe molecules. These can be detected through the 
effects that they have on the water T

1
 and T

2
 relaxation times. A T

1
 agent, like a 

Gd3+-chelate (Gd3+ has seven unpaired electrons and is highly paramagnetic) can 
cause rapid T

1
 relaxation of water protons. If signal is acquired rapidly, that is the 

next B
1
 pulse is applied before the magnetization has had time to relax back along 

the z axis, then less signal will be obtained with the next and successive B
1
 pulses 

and the signal becomes “saturated”. The Gd3+-chelate, by accelerating relaxation 
along the z axis, relieves this saturation and thus increases signal intensity in the 
image. It is a positive contrast agent (see Fig. 10.1). Since water molecules coordi-
nated with the Gd3+ (inner sphere relaxation) exchange rapidly with the bulk water 
the effect is amplified and it has been estimated that as little as 100 mM contrast 
agent can be detected in this way in tissue [40]. Note, however, that this sensitivity 
is poor when compared with the pM sensitivity of radionuclide imaging (see 
below). The paramagnetic Gd3+ also increases T

2
 relaxation, but the effects of this 

on image intensity can be minimised by appropriate choice of imaging pulse 
sequence. A T

2
 agent, like a superparamagnetic iron oxide (SPIO) nanoparticle, 

distorts the magnetic field around the particle, inducing rapid dephasing in the x-y 
plane and loss of signal intensity [41]. The drawback of these agents as molecular 
imaging probes is that they give negative contrast, which in a tumour can be diffi-
cult to detect, although there are imaging pulse sequences that can turn this into 
positive contrast [42], and they are relatively large (10–50 nm). This large size can 
restrict tissue penetration of the SPIO-labelled probe molecule, even in a tumour 
where the vasculature can be very leaky, and perhaps more importantly clearance 
of unbound probe molecule and hence the generation of tissue contrast. Of course 
this is not a problem if the imaging target is presented in the vasculature [43]. An 
application where SPIO nanoparticles have proved to be very useful is for cell 
labelling and cell tracking in vivo [41]. Many cells will readily endocytose SPIO 
nanoparticles (and also micron sized particles which are even more sensitive to 
detection [44]) and accumulate these in endocytic vesicles, where they distort the 
magnetic field way beyond the cell’s plasma membrane. Thus, even though MR 
image resolution in the clinic (1–2 mm) is not at a cellular level, the fact that the 
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field distortion extends beyond the cell, and thus water molecules moving in the 
vicinity of the cell are affected, means that effectively single cells can be detected 
using this technique [44]. The technique has already been used in the clinic to track 
implanted dendritic cells in melanoma patients [45].

The simplest molecular imaging probes used in MRI are the non-targeted Gd3+-
chelates that have been used in the clinic to image tumour perfusion and vascular 
permeability. The agent is injected intravenously and then a series of rapidly 
acquired T

1
-weighted images are collected and used to estimate changes in tumour 

contrast agent concentration as the agent extravasates into the tumour interstitium 
(so called dynamic contrast agent enhanced (DCE) MRI). By fitting these data to 
appropriate kinetic models estimates can be made of the vascular volume and per-
meability [46], although the relatively small size of these agents (500–1,000 Da) 
makes estimates of permeability problematic and this is perhaps better achieved 
using macromolecular agents, which cross the vessel walls more slowly [47]. 
Macromolecular contrast agents suited to this task, and which could be used clinically, 
are in development [48]. The increased permeability of tumour vasculature, which 
is often the result of tumour angiogenesis and increased endothelial cell proliferation 
[49], means that these agents also allow ready visualisation of tumours (Fig. 10.1).

One of their main applications in clinical oncology has been to assess the effi-
cacy of drugs targeted at the tumour vasculature; anti-vascular drugs that selectively 
disrupt tumour vasculature and anti-angiogenic drugs that inhibit the growth of new 
blood vessels [49–52]. Since these drugs often do not produce tumour regression 
their effects cannot be assessed using the standard RECIST criteria [1], which are 
based on tumour size. Drug-induced changes in tumour vascular function, however, 
can readily be detected using DCE MRI. For example, in patients that showed a 
positive response to treatment with an anti-angiogenic agent there were significantly 
greater reductions in a pharmacokinetic parameter related to vessel permeability 
than in those patients with progressive disease [53]. DCE-MRI was used to evaluate 
the efficacy of the anti-vascular drug, combretastatin A4 phosphate, in a phase-I 
clinical trial, where tumour perfusion was shown to be decreased in eight out of ten 
patients with advanced solid malignancies [54].

The Gd3+-chelates can be engineered so that accessibility of water to the paramag-
netic metal is a function of some aspect of the tumour microenvironment; perhaps the 
most interesting of these from the perspective of tumour biology are the pH-sensitive 
agents [55]. The low extracellular pH in tumours, which is due to a number of factors, 
including increased lactic acid production, reduced interstitial fluid buffering and 
reduced perfusion, has been correlated with both prognosis and response to treatment 
[56]. However, determination of tissue pH using these agents is challenging since an 
independent estimate of contrast agent concentration in the tissue is required in order 
to calculate the pH from the change in water signal intensity [57]. Various approaches 
are being tried to address this issue, although none of these agents has yet progressed 
to the clinic. Another class of agents in this group assess pH in a different way, by 
exploiting the fact that the chemical shift of water bound to some lanthanides is very 
different from free water and is pH dependent. This bound water is then detected by 
measuring exchange of magnetization between the free and bound water, due to 
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chemical exchange, and which is manifest as a decrease in intensity of the free water 
resonance when the bound water resonance is selectively saturated [58].

SPIO nanoparticles and Gd3+-chelates can be attached to various ligands and 
used as targeted imaging probes. An antibody against the Her2/neu receptor, which 
is up-regulated on some breast cancer cells, was labelled with SPIO nanoparticles 
and with Gd3+-chelates and used to image these cells in vitro and in a tumour xeno-
graft in vivo [59, 60]. In the latter case the antibody was biotinylated and then 
linked to avidin, to which Gd3+-chelates had been attached covalently. The integrin 
a

v
b

3
, which is up-regulated on proliferating endothelial cells and is thus a marker 

of tumour angiogenesis, was imaged in an animal tumour model using an antibody 
labelled with liposome-encapsulated Gd3+-chelates [61]. The attachment of multi-
ple paramagnetic ions in the liposome increased the sensitivity of detection. This 
integrin has also been imaged in animal tumour models using integrin-binding 
peptides, containing the arginine–glycine–aspartic acid (RGD) motif, that had been 
labelled with paramagnetic nanoparticles [62]. Tumour cell death post-treatment 
has been imaged using paramagnetically-labelled proteins that bind the phosphati-
dylserine that is exposed on the surface of apoptotic cells and on the interior of 
necrotic cells [63–65]. An example is shown in Fig. 10.5.

Targeted MRI probes have the advantage over radionuclide-labelled probes that 
they do not involve the use of ionizing radiation, which makes them easy to handle, 
and image resolution is much better, which is a particular advantage for small animal 
imaging. However, the large size of some of these agents can make tissue penetration 

Fig. 10.5 Detection of treatment-induced tumour cell death using a targeted MRI contrast agent that 
binds phosphatidylserine. The top left image shows a conventional gray scale image of tissue water. 
The tumour margin is outlined. The false colour images show the concentration of the targeted con-
trast agent; the “colder” the colour the higher the concentration of the agent. The bottom left image 
was acquired prior to injection of the contrast agent. Image (a) shows accumulation of the contrast 
agent in a drug-treated tumour 24 h after injection of the agent. There was very little accumulation 
in non-treated tumours (c). Images (b) and (d) were acquired from drug-treated and non drug treated 
animals respectively, which had been injected with a site-directed mutant of the targeted agent that 
no longer bound phosphatidylserine. Reproduced, with permission, from [65]
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and clearance more difficult and while they avoid the use of ionizing radiation there 
may be a toxicity hazard. The recent toxicity problems encountered with a low 
molecular weight Gd3+-chelate used in the clinic, in patients with renal insufficiency, 
signals a potential problem for any targeted Gd3+-based MR contrast agent. The toxic-
ity in these patients was thought to be due to the long lifetime of the agent in the body, 
which can simply be avoided by not giving these agents to such patients [66]. 
However, it seems inevitable that most targeted agents will have a long half-life in the 
body and therefore for this reason it would seem prudent to be cautious about their 
possible future use in the clinic. Another potential problem with transferring these 
agents to the clinic is simply the amount of material that is required, which is a reflec-
tion of their relative insensitivity when compared to radionuclide-labelled agents. 
While this is not a problem for a 25 g mouse the amount required for a 70 kg man 
could be prohibitively expensive. As far as we are aware there are currently no tar-
geted MR imaging agents that have been approved for clinical use.

Magnetic resonance spectroscopy is unique amongst the molecular imaging 
techniques in terms of the wealth of chemical information that it can provide, being 
capable, in principle, of providing a profile of tissue metabolites in a non-invasive 
manner. However, these metabolites are present in only mM concentrations, about 
104× less than the water protons used for imaging, and in practice the limited sen-
sitivity of the technique means that data acquisition times are long and resolution 
is relatively poor, with single voxels in localised spectroscopy of 1–8 cm3, or with 
spectroscopic imaging resolutions of 0.25–1 cm3 [67, 68]. Even then only a handful 
of metabolites can be detected. Nevertheless, this limited set of detectable tumour 
metabolites can be used to give useful information in the clinic on tumour grade 
and treatment response.

The early 31P MRS studies showed that tumours were often characterised by 
relatively high levels of choline-containing metabolites and, in general, elevated 
levels of phosphocholine (PC) were associated with tumour cell proliferation and 
decreases with a positive response to treatment [28]. The level of choline kinase, 
the first enzyme in the pathway of phosphatidylcholine biosynthesis and which is 
responsible for the synthesis of PC from choline and ATP, was shown to be 
increased in biopsy material from animal and human tumours. Ras oncogene trans-
formation was shown to stimulate choline kinase activity, leading to increased 
levels of PC. However, the relatively low sensitivity of 31P compared to 1H MRS 
(6.6 relative to proton at 100) and the fact that these metabolites often give resolved 
resonances in the 1H as well as the 31P MR spectrum, has meant that, in the clinic, 
the tumour levels of these phospholipid metabolites have tended to be investigated 
using 1H spectroscopy.

The choline metabolite profile is being used increasingly as an adjunct for diag-
nosis of primary malignant tumours in the breast, prostate and brain and decreases 
in the levels of choline-containing compounds in these tumours following treatment 
have been shown to be predictive of treatment response [69, 70]. Prostate epithelial 
cells synthesize and secrete large quantities of citrate and so the 1H spectra of 
healthy prostate tissue are characterized by resonances from citrate, whereas in 
spectra taken from regions of prostate cancer, citrate and polyamines are reduced 
or absent, while choline is elevated. The ratio of the resonances: Citrate/(Choline+Creatine) 
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is commonly employed to distinguish between prostate cancer, benign prostatic 
hyperplasia and normal tissue, and to grade malignancy [71], where a linear 
correlation has been demonstrated between the decrease in citrate and elevation of 
choline with the pathologic Gleason score [20]. The use of 1H spectroscopic imag-
ing, in addition to conventional MRI in the initial diagnosis of prostate cancer, has 
also been shown to improve the localization of the disease [72, 73]. In the brain the 
Choline/N-acetyl aspartate (NAA) ratio has been demonstrated as a prognostic 
marker to distinguish low- and high-grade disease in astrocytomas [74, 75] and the 
Choline/Creatine ratio can differentiate high- from low-grade oligodendroglial 
tumors [76]. In meningioma, a mostly benign disease, decreased NAA [77] or ele-
vated levels of alanine and glutamate [78] are markers of the disease. Multivariate 
statistical analysis has been applied to these tumour-type specific changes in 
metabolite profiles and used to develop pattern recognition techniques that can clas-
sify brain tumours with 89% accuracy [79]. The hope is that imaging alone could 
be used to provide a diagnosis, avoiding the requirement for biopsy with its associ-
ated morbidity.

1H spectra can provide a measure of the steady state concentrations of some 
tumour metabolites, however they tell us little of the dynamics of tumour cell 
metabolism. For this we either need to acquire a series of spectra following some 
form of perturbation or to introduce an isotopically labelled cell substrate whose 
metabolites can be detected in the tumour. The 13C nucleus is NMR-active and only 
1.1% naturally abundant, which means isotope labelling studies can be performed 
with 13C-enriched cell substrates. However, 13C is even less sensitive to NMR detec-
tion than the 31P nucleus (1.6 relative to the 1H at 100), and so kinetic and imaging 
studies in the clinic are challenging. Nevertheless, measurements have been made 
of muscle and liver glycogenesis using 13C-enriched glucose [80]. Recently a tech-
nique has been described, which can increase sensitivity in the 13C NMR experi-
ment by more than 104-fold [81]. In this technique, which has been termed 
dissolution dynamic nuclear polarization (DNP), the 13C-labelled cell substrate of 
interest is mixed with a stable free radical and rapidly frozen to form a glass. The 
sample is then cooled in a bath of liquid helium under vacuum to ~1.2 K and placed 
in a magnetic field. At this temperature the electron spins on the radical become 
almost completely polarized. This polarization is then transferred, by microwave 
irradiation, to the 13C spins and polarizations in excess of 50% can be achieved in 
the solid state. The sample is then rapidly warmed to room temperature, with little 
loss of polarization, using pressurized superheated buffer (~180°C at ~10 bar) and 
injected into the biological system of interest, for example into the tail vein of a 
tumour-bearing mouse (Fig. 10.6). The huge gain in sensitivity means that we can 
now image the hyperpolarized 13C-labelled molecule (the expected spatial resolu-
tion in the clinic is of the order of 2 mm) and, more importantly, the kinetics of its 
metabolic conversion into other cell metabolites. The technique promises new 
insights into the dynamics of tissue metabolism in vivo, both in the laboratory and 
in the clinic [82]. A drawback of the technique, however, is that the polarization, 
which is determined by the spin lattice relaxation time (T

1
) of the hyperpolarized 

spin, is relatively short-lived. If the 13C label is placed in a COOH group, where 
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there are no directly bonded protons, the T
1
 can be as long as 30–40 s in vivo. 

However, this still means that the material must be injected and any imaging experi-
ments accomplished within the 2–2.5 min before the polarization has decayed. 
Moreover, the imaging experiment must make very efficient use of the spin polar-
ization since each excitation pulse inevitably destroys some of the polarization [82]. 
Another fundamental requirement is that the labelled hyperpolarized molecule 
must rapidly gain access to the tissue of interest, be rapidly transported into the cell 
and its subsequent metabolism must be fast, such that there is significant metabolism 
of the molecule within the life time of the polarization. Despite these limitations 
numerous studies have now been published in mice and in larger animals, which 
have demonstrated the potential of the technique and a clinical trial with hyperpo-
larized 13C-labelled pyruvate in prostate cancer is expected to begin soon.

Most of the studies to date have used hyperpolarized [1-13C]pyruvate. The label can 
exchange with alanine or lactate, in the reactions catalysed by alanine aminotransferase 
or lactate dehydrogenase respectively, or lost as CO

2
, in the irreversible reaction cataly-

sed by mitochondrial pyruvate dehydrogenase. The exchange reactions are readily 
observable in tumours, however there appears to be insufficient PDH activity in tumours 
to give significant hyperpolarized 13CO

2
 production, although this reaction has been 

observed in heart muscle [83]. There is good evidence that the flux of label between 
pyruvate and lactate in tumours is due mainly to exchange between the labelled pyru-
vate and an endogenous lactate pool rather than net conversion of pyruvate to lactate [84]. 
The high levels of tumour lactate are a well-known consequence of the high levels of 

Fig. 10.6 The images on the left are conventional 1H images of an implanted murine lymphoma 
tumour before (a) and after drug treatment (b). The tumour margins are indicated. The images on 
the right are false colour images of signal from hyperpolarised [1,4-13C]malate and fumarate fol-
lowing intravenous injection of hyperpolarized [1,4-13C]fumarate. The increased malate signal in 
the drug-treated tumour is thought to be due to tumour cell necrosis. Images adapted, with permis-
sion, from [87]
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aerobic glycolysis that characterise many tumours (the “Warburg effect”) [85]. In the 
TRAMP model of prostate cancer the degree of lactate labelling was shown to correlate 
with cancer development and progression [86]. In a murine lymphoma model treated 
with a cytotoxic agent, the degree of lactate labelling was markedly reduced at 24 h after 
drug treatment [84]. This decrease in labelling was thought to be due to a number of 
factors, including loss of LDH activity, loss of tumour cellularity, a decrease in tumour 
lactate concentration and a decrease in the concentration of the coenzymes NAD+ and 
NADH. The latter was shown to be due to drug-induced DNA damage and consequent 
activation of poly-ADP ribose polymerase (PARP), which uses NAD+ as a substrate 
and is activated as part of the DNA damage response. Remarkably, PARP activation 
substantially depletes the cells of NAD(H).

The labelled pyruvate experiment indicates that the drug has damaged the cells 
but it doesn’t necessarily mean that the cells have actually died. In a subsequent 
study it was shown that drug-induced tumour cell necrosis could be detected using 
another hyperpolarized 13C-labelled cell substrate, [1,4-13C]fumarate. Fumarate is 
an intermediate in the Krebs cycle and is converted into malate in the reaction 
catalysed by intramitochondrial fumarase. In viable cells transport of fumarate 
across the cell and/or mitochondrial membrane is too slow for there to be signifi-
cant conversion of hyperpolarized [1,4-13C]fumarate to malate within the lifetime 
of the polarization. However, when this permeability barrier is removed by the 
onset of cellular necrosis there was a marked increase in the rate of malate production 
and hyperpolarized [1,4-13C]malate was observed in the drug-treated tumour [87] 
(see Fig. 10.6).

Another interesting substrate from the perspective of tumour cell metabolism is 
glutamine. As well as providing nitrogen for amino acid and nucleotide biosynthe-
sis it also an important respiratory substrate in tumour cells. Glutaminase, an 
intramitochondrial enzyme, converts glutamine to glutamate, which undergoes 
transamination to form a-ketoglutarate, which can then be oxidised in the Krebs 
cycle, providing reduced coenzymes for oxidative phosphorylation and ATP syn-
thesis. [5-13C]glutamine has been hyperpolarised and its uptake and conversion to 
glutamate in a human heptoma cell line (HepG2) was sufficiently rapid to allow 
detection within the lifetime of the polarisation (the T

1
 is this case was only ~16 s).

Since glutamine utilisation has been correlated with cell proliferation this may 
be used in vivo to detect the effects of cytostatic drugs, in much the same way as 
18FLT has been used in PET [88]. However, the levels of polarisation obtained were 
relatively modest (~5%) and these would need to be improved before this experi-
ment could be used to image tumour responses to cytostatic drugs in vivo. 
Moreover, it is not yet clear whether all tumour cell types have sufficient glutamine 
transport rates and glutaminase activity to make this technique applicable 
generally.

The low extracellular pH in tumours has been imaged by intravenous injection 
of hyperpolarised 13C-labelled bicarbonate into tumour-bearing mice [89]. The 
labelled bicarbonate is rapidly converted into carbon dioxide in a pH-dependent 
reaction that is near-to-equilibrium in the body. The reaction is catalysed by carbonic 
anhydrase, although the non-catalysed reaction is also extremely rapid. Thus the 
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ratio of the 13C signal intensities from bicarbonate and carbon dioxide can be used 
to estimate the pH using the Henderson Haselbalch equation:

3
10

2

log
HCO

pH pKa
CO

− 
= +  

 

A ratio image, obtained by dividing the CO
2
 image by the bicarbonate image, 

can be used to calculate a map of tumour pH (Fig. 10.7). Since a low tissue pH is 
a characteristic of various disease states, including cancer, this is potentially a very 
powerful measurement that could be used in the clinic to detect the presence of 
disease and its response to treatment. Currently there are no practicab le methods 
for imaging tissue pH in the clinic.

Since these hyperpolarised 13C-labelled cell substrates are endogenous molecules, that 
have already been safely infused into humans at relatively high concentrations, there is a 
reasonable expectation that these will translate into clinical application in the future.

Fig. 10.7 Image (a) shows a 1H image of an implanted murine lymphoma. The tumour margin is 
indicated. Image (c) is a 13C image of hyperpolarized H13CO

3
− obtained immediately following 

intravenous injection of hyperpolarized H13CO
3
−. Note the high levels of signal in an underlying 

blood vessel. Image (d) shows the corresponding 13C image of hyperpolarized 13CO
2
. The ratio of 

these two images can be used to calculate a pH image (b). Note the relatively low extracellular pH 
in the tumour. Images adapted, with permission, from [89]
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Radionuclide-Based Imaging Techniques

Positron Emission Tomography (PET) and Single Photon Emission Computed 
Tomography (SPECT) are non-invasive molecular imaging techniques that rely 
upon the detection of radio-labelled molecules. Both techniques possess excel-
lent sensitivity when compared to other imaging techniques, such as MRI (e.g. 
PET £ 10−12 mol/L, SPECT £ 10−11 mol/L and MRI £ 10−5 mol/L [90]). Overlying 
tissue does not significantly attenuate signal, so trace quantities of probe can be 
visualised and accurately quantified from deep tissue locations in the body. 
However, the resolution of both techniques is relatively low (³5 mm for PET 
and SPECT in the clinic, ~1 mm for PET and £1 mm for SPECT in the labora-
tory) and images typically comprise a map of signal intensity without providing 
anatomic detail.

SPECT imaging is performed in the clinic more often than PET, largely because 
the hardware and running costs are lower and the necessary infrastructure is much 
more widespread. Indeed, figures released by the World Nuclear Association 
(http://www.world-nuclear.org/) in January 2010 state that the g-emitter 99mTc is 
used in about 80% of all nuclear medicine procedures performed worldwide, which 
amounts to an approximate total of 70,000 procedures per day.

A critical issue when considering clinical PET and SPECT is the total exposure 
of the patient to ionising radiation. The total radiation dose will increase further 
should CT (X-ray computed tomography) be employed for attenuation correction 
purposes at each imaging time point. There is still some debate over what consti-
tutes an acceptable exposure limit and the potential benefits resulting from multiple 
scans must be balanced against the risks associated with radiation exposure. For 
example, the risk of a cancer patient developing a secondary malignancy related to 
radioisotope exposure will be increased in subjects with a predicted long life-
expectancy, so highly involved PET or SPECT imaging schedules need to be con-
sidered carefully prior to imaging children or young adults [91].

PET

Due to the excellent sensitivity afforded by Positron Emission Tomography (PET) 
imaging, this technique is currently the most effective molecular imaging modality 
in the clinic. PET can detect pM quantities of a labelled molecule and so can detect, 
non-invasively, targets in the body that are present at very low concentrations.

As the name suggests, PET utilises molecular probes that emit positrons, 
although the positron itself is not detected directly. Once emitted, the positron 
passes through tissue until it encounters an electron. This results in an annihilation 
event which produces two 511 keV gamma rays that travel in opposite directions 
relative to one another. The PET scanner comprises a ring of scintillation detectors 
that encircle the subject and this arrangement allows for the detection of coincident 
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gamma rays produced from a single annihilation event (see Fig. 10.8). The origin 
of positron annihilation is then computed by analysing thousands of independent 
coincidence events.

The resolution of PET is relatively low and is affected by the energy of the emit-
ted positron (i.e. higher energy positrons tend to travel further from source prior to 
annihilation) but is typically ~5–8 mm in the clinic and ~1 mm with small animal 
preclinical scanners.

As the annihilation of a positron results in the generation of two gamma rays, 
which always have an energy of 511 keV, it is not possible to differentiate the signal 
produced by multiple labelled probes simultaneously. Any given PET probe must 
therefore be cleared by the body or decay prior to the imaging of a second probe. 
Although the energies of the g-rays emitted from a positron annihilation event are 
relatively high and can readily pass through tissue, there are greater levels of attenu-
ation when passing through bone than soft-tissue and this can affect the determination 
of probe concentration. The introduction of clinical PET/CT scanners has largely 
alleviated this problem as they allow a CT scan to be taken prior to the PET scan 
to generate a map of g-ray transmission throughout the body. This CT image 
subsequently enables attenuation correction of the final PET image and more accu-
rate localisation and quantification of signal [92]. Another technique, termed time 
of flight PET (TOF PET), has also been used to further improve the localisation of 
the annihilation event within the body. The method relies upon very fast detectors 
to measure the very small time difference (currently limited to 600 ps) between 

Fig. 10.8 The detector arrangement in a PET scanner. This enables the detection of coincident 
511 keV g-rays that result from the annihilation of a positron with an electron. Image reproduced 
with permission from [12]
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coincident detection events that arise from a single annihilation event, thus enabling 
the mapping of the annihilation event along the line of response [93].

Various positron emitting isotopes (see Table 10.1) can be used to label a PET 
probe and these possess different properties in terms of their emission energies, 
half-life (t

1/2
) and the chemistry associated with probe incorporation. As many 

positron-emitting isotopes possess a relatively short t
1/2

, an efficient and rapid pro-
tocol for probe synthesis is a prequisite for PET. An advantage of PET is that it 
allows for true isotopic labelling of endogenous cell substrates, for example substi-
tution of naturally abundant 12C with the positron emitting isotope of carbon, 11C. 
Thus the incorporation of 11C as a positron source will not affect the molecule’s 
chemistry. A major consideration with 11C however is the associated short t

1/2
 

(20 min). Its use therefore necessitates that the imaging facility is in close proximity 
to a cyclotron, in which PET isotopes are generated. Several examples of useful 
11C-labelled PET probes include 11C-labelled methionine, which has shown promise 
for staging glioma in the clinic [94]. Also 11C-labelled acetate, which has shown 
utility for imaging tumour cell metabolism in a broad variety of tumour types, but 
in particular may prove most useful for imaging the metabolism of tumours that are 
not glucose avid (e.g. the prostate) [95].

Another positron-emitting isotope, which is of both preclinical and clinical 
interest, is 64Cu. Compared to many of the commonly employed positron-emitting 
isotopes, 64Cu has a relatively long half-life, which means that it can be synthesised 
in bulk from a centralised facility and shipped to distant imaging facilities. The long 
half-life is also favourable for labelling probes that have a long life-time in the 
circulation, for example antibodies, and which are therefore cleared slowly. Further, 
because 64Cu decays by both positron and gamma emission, this could prove a use-
ful isotope for therapeutic purposes as well as for PET imaging. A novel copper-
chelator, called SarAr [96], has been described recently that can very stably retain 
copper under physiological conditions and a monoclonal antibody labelled with 
this chelate has demonstrated the utility of 64Cu imaging by enabling PET imaging 
of both neuroblastoma and melanoma in vivo [97].

The most common PET probe used in clinical oncology is 2-[18F]fluoro-2-deoxy-
D-glucose (FDG). When FDG is taken up by a cell it is phosphorylated, in the 
reaction catalysed by hexokinase, to produce FDG 6-phosphate, which is then 
retained by the cell, resulting in accumulation of radiolabel. There are two main 

Table 10.1 Positron emitting isotopes commonly employed in PET imaging

Positron (b+) emitting isotope Half-life Emission energy (keV) Decay product
18F 110 min 633 18O
11C 20 min 960 11B
13N 10 min 1,199 13C
15O 2 min 1,732 15N
124I 100 h 1,535 124Te
68Ga 68 min 1,899 68Zn
64Cu 12.7 h 653 – b+ (17.9%)

579 – b− (39%)

64Ni
64Zn
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reasons why this probe is so successful at detecting a variety of tumours and their 
response to therapy. Many tumour types are glucose avid and take up glucose at 
higher rates than normal tissue. It is also well established that many tumour cells 
exhibit significantly higher rates of aerobic glycolysis compared to normal cells 
(the Warburg effect) [85]. Effective tumour treatment perturbs both glucose uptake 
and cellular metabolism. FDG-PET scans taken before and after treatment can 
therefore provide the clinician with an early indicator of drug efficacy. If little or no 
effect is detected, non-responding patients can be identified rapidly and alternative 
tumour management strategies can be considered [10].

However, several tumour types are difficult to image with FDG PET, in particu-
lar brain and prostate tumours. Normal brain tissue is also highly glucose avid 
whereas prostate tumours tend to have relatively low rates of glucose metabolism 
and non-metabolised FDG is excreted in the urine [98]. In both cases, high levels 
of background compared to signal compromise the ability to detect tumours residing 
close to these locations.

Several other PET probes have been developed to image various aspects of tumour 
biology and have the potential to influence clinical management of the disease.

A good example is [18F]-Galacto-RGD, which has been used to image tumour 
angiogenesis and exploits the high affinity between the arginine-glycine-aspartate 
(RGD) peptide motif and the a

v
b

3
-integrin receptor. Studies have shown that 

[18F]-Galacto-RGD uptake correlates well with a
v
b

3
-integrin expression levels and 

not with overall tumour size across a broad range of human tumour types [99]. The 
exceptions to this correlation arose largely from tumour types that also express 
a

v
b

3
-integrin on their cell surface (e.g. melanoma cells in lymph node metastases). 

Expression of the a
v
b

3
-integrin has been suggested to be a marker of metastatic 

potential and so this probe could also prove useful as a prognostic indicator and for 
non-invasive tumour staging. Sequential PET scans of metastatic lesions with 
[18F]-FDG and [18F]-Galacto-RGD look different, which adds support to the notion 
that [18F]-Galacto-RGD PET imaging enables the measurement of a qualitatively 
different aspect of tumour biology in vivo (i.e. angiogenesis) that cannot be mea-
sured by imaging glucose metabolism [100].

Another PET probe, 18F-fluoroestradiol ([18F]-FES), has been used to image the 
estrogen receptor status of human breast tumours [101, 102]. A high level of the 
receptor on the surface of breast cancer cells has been associated with a positive 
outcome to hormone therapy and so it is useful to be able to measure the receptor 
status of patients non-invasively prior to treatment. Other studies have shown that 
sequential imaging regimens with [18F]-FES and [18F]-FDG provide complimentary 
read-outs for predicting and assessing breast tumour treatment response to 
Tamoxifen. [18F]-FES PET uptake was shown to correlate well with predicted 
ou tcome to treatment. In treatment responders, [18F]-FDG uptake was seen to 
increase (termed a metabolic flare) 7–10 days after treatment, whereas the levels of 
[18F]-FDG uptake remained unaffected in non-responders [103].

Several PET probes have also been developed to image apoptosis, a common 
mechanism that underlies the effects of many effective cancer treatments in the 
clinic. The development of imaging methods that enable the sensitive detection of 
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apoptosis would therefore offer a very powerful means to rapidly evaluate the effi-
cacy of clinical intervention.

An early biomarker of apoptosis is the appearance of phophatidylserine (PS) on 
the outer surface of the plasma membrane. Annexin V, a 35 kDa protein that has a 
high affinity for PS, has been used as an imaging probe for apoptosis. A 18F-labelled 
derivative of annexin V has been used in preclinical PET studies to detect apoptosis 
in tumours following drug treatment [104] and a 99mTc-labelled derivative of 
annexin V is currently undergoing clinical trials as a SPECT imaging probe (see 
next section). Another apoptosis-specific PET probe currently in development is 
[18F]-ML-10 or ApoSense [105]. This is a much smaller molecule (206 Da) than 
annexin V, which should improve tissue bioavailability and also clearance of 
unbound material and hence the generation of tissue contrast. It is believed that this 
molecule gives an apoptosis-specific readout by being able to cross the plasma 
membrane of early stage apoptotic cells in a caspase-dependent manner. Interestingly, 
ML-10 does not accumulate in cells with disrupted membranes and so does not 
detect necrotic cell death. Another probe described recently, [18F]ICMT-11, which 
is based on istatin sulphonamide, detects apoptosis by binding to the activated 
forms of caspase 3 and 7 (two of the effector proteins of apoptosis) [106]. In a 
preclinical study this molecule showed increased cellular uptake and retention in 
apoptotic tumour cells within 24 h of drug treatment in vivo, although a high back-
ground was observed in the liver and intestine, which may limit future clinical 
applications in the abdomen.

Labelled fluoromisonidazole or [18F]FMISO has proven useful for imaging 
tumour hypoxia. Low levels of oxygen are often present within tumours because of 
high cellular demand and poor supply and this can affect the outcome of treatment, 
especially radiotherapy. Techniques to measure non-invasively the levels of tumour 
hypoxia in vivo would therefore be useful for the clinical management of the dis-
ease. In normoxic conditions, [18F]FMISO can diffuse freely through tissue. In low 
oxygen conditions however, [18F]FMISO is reduced and retained in hypoxic cells.

FMISO-PET imaging has been shown to be useful in predicting treatment 
response of patients with non-small cell lung carcinoma, head and neck cancer and 
glioblastoma multiforme [107, 108]. The relationship between hypoxia, as deter-
mined by FMISO-PET, and treatment outcome may be context-dependent. For 
example, a recent study found no clear correlation between hypoxia (as determined 
by FMISO-PET) and treatment outcome for a cohort of patients with head and neck 
cancer receiving cisplatin and radiotherapy treatment [109]. Another recent preclinical 
study found a poor correlation between HIF1a levels and activity (a biomarker of 
hypoxia) and the accumulation of FMISO [110]. This discrepancy can potentially be 
explained if intratumoural hypoxia is a transient and dynamic process, as FMISO 
labelling only offers a “snap-shot” view of tissue hypoxia upon administration. 
Alternatively, it could be that the levels of hypoxia detected by imidazole-containing 
compounds are less physiologically relevant than HIF1a biomarker readouts.

The relative abundance of somatostatin receptors have also been imaged with 
PET using a molecule called Dotatoc [111], however, this topic will be discussed 
further in Sect. 3.2 (see SPECT).
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Several PET reporter transgenes have been developed, including a virally 
derived thymidine kinase (HSV1-tk) and a sodium iodide symporter (NIS). HSV1-tk 
can phosphorylate a range of synthetic nucleoside analogues (based upon pyrimidine or 
acycloguanosine structures) that are poor substrates for the endogenous mammalian 
thymidine kinase. These nucleosides are retained by the cell upon phosphorylation, 
thus HSV1-tk labelled cells accumulate radiolabel over time relative to non-labelled 
cells. Various nucleoside-based probes can be used in conjunction with HSV1-tk to 
image labelled cells by PET including [18F]FIAU, [18F]FMAU, [18F]FEAU and [18F]
FHGB [112–114]. Further, HSV1-tk can also be used as a therapeutic transgene 
since it can activate the pro-drug gancyclovir into a cytotoxic form [115, 116]. An 
engineered mutant transgene called HSV1-sr39tk has been reported that confers 
greater imaging sensitivity relative to HSV1-tk since it exhibits preferential kinase 
activity with synthetic nucleosides over activity with thymidine [117]. The sodium 
iodide symporter (NIS), which is expressed naturally by the human thyroid gland, 
where it transports iodine, can also be used as a gene reporter. Radiolabelled iso-
topes (123I, 124I or 99mTcO4-pertechnetate) have been shown to be actively pumped 
into NIS-expressing tumour cells in the laboratory, thus conferring a specific imaging 
readout for PET or SPECT. Expression of NIS may also confer a potential radio-
therapeutic benefit (with 131I) [118–122].

Reporter transgene based PET imaging approaches have to date proven most 
useful as a means of assessing the efficiency of therapeutic gene delivery and 
persistence of therapeutic gene expression in gene therapy studies or for tracking 
the progress of cell based therapies, both in the lab and in the clinic [120, 123–
126]. As discussed in Sect. 4.1, reporter transgene-based imaging methods can 
also confer a high degree of versatility in terms of imaging readout. This is true 
also for PET reporter transgenes and tumour related PET imaging readouts for 
p53 response, hypoxia and HSP70 response have all been described in preclinical 
studies [127–129].

Combined PET/CT scanners can provide functional information (PET) with 
anatomical context (CT), as well as enabling attenuation correction of clinical 
PET scans. Significant effort is now also being made in the development of com-
bined PET/MRI scanners. As outlined in Sect. 2, many MRI-based techniques 
have been developed that enable the clinician or researcher far greater insight into 
the biology of cancer than simply anatomy alone. For example, [18F]-FDG PET 
is regularly used to measure the efficacy of cancer treatments in the clinic, how-
ever, a drop in signal post-treatment could be explained by either a decrease in 
tumour cell viability or a down-regulation of glucose transporter expression. The 
ability to simultaneously perform diffusion-weighted MRI on such a subject to 
assess viable cell density [39] would therefore be very informative in this regard. 
Further, unlike MRI, the use of CT involves exposing the patient to an additional 
amount of ionising radiation.

The combination of MRI and PET presents a significant technical challenge as 
the PET detectors must be functional in a high magnetic field and the MRI scan 
must be functional in the presence of g-ray detection hardware. Significant progress 
has been made however, and combined scanners have been demonstrated recently 
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in both the laboratory and the clinic [130, 131]. Efforts have also been made to 
develop MRI-based attenuation correction algorithms for PET scans [132, 133].

SPECT

SPECT relies upon the detection of molecular probes labelled with g-emitting isotopes. 
Unlike PET, in which co-incident g-rays striking the detector ring aid computation 
of the position of the signal, SPECT probes emit single g-rays that travel in random 
directions through the subject. Consequently, to deduce the origin of g-emission, 
collimators are needed to restrict the g-rays that reach the detector to a defined 
angle. This in turn means that, with a conventional parallel-hole collimator, only a 
small percentage (~0.02%) of emitted g-rays reach the detector, which reduces the 
sensitivity of SPECT relative to PET. However, as the g-rays are emitted directly 
from the SPECT probe, unlike the g-rays generated by positron emission, the reso-
lution of SPECT is theoretically greater than that of PET.

The development of multi-pinhole collimators has dramatically improved the reso-
lution and sensitivity of small animal SPECT in the laboratory (see Fig. 10.9). Because 
emitted g-rays travel in a straight line, pinhole collimation has a magnification effect on 
the image (reviewed in [134]), in a manner similar to the pinhole cameras and projec-
tors from the Victorian era. Upon de-magnification, the resultant image has signifi-
cantly better resolution than an equivalent image taken with parallel collimation. 
Further, if the subject is placed close to the pinhole, significant sensitivity gains can 
also be achieved. Following acquisition, sophisticated software algorithms are used to 
reconstruct an image from the multiple projections produced by the multi-pinhole col-
limators, the result being sub-millimetre resolution and approximately a tenfold gain 
in sensitivity [134]. This collimation approach is less well suited to imaging human-
sized subjects but can still be effective if the field of view is substantially reduced.

The isotopes routinely employed in SPECT imaging (see Table 10.2) are not usu-
ally found in biologically relevant molecules. This means that the g-emitter cannot be 
incorporated into a probe via the substitution of a native atom, but requires attach-
ment, for example in the case of the metals, via a chelating group (e.g. DOTA) [135]. 
This can be viewed as advantageous in one respect, as the labelling of a molecule with 
a chelate can greatly simplify the radio-chemistry of probe synthesis. This can also 
be viewed as a disadvantage, however, as the addition of a chelate group to a molecu-
lar probe will alter the overall size, shape and charge of the molecule, which in turn 
may give rise to differences in biodistribution in vivo and biological activity relative 
to the native molecule. Another useful feature of SPECT isotopes, such as 111In, is that 
the radiochemistry required to label a probe is very similar to that of 68Ga, thus a PET 
probe counterpart can be rapidly developed from a validated SPECT probe [135]. 
Since the energy of g-ray emission from the commonly used SPECT isotopes are also 
very different, the simultaneous detection of multiple SPECT probes in a patient is 
possible [136–138], although not performed routinely in the clinic.
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Many of the imaging probes mentioned in the previous section on PET have also 
been labelled with g emitters and used in SPECT imaging studies. For example, a 
99mTc-labelled version of annexin V, 99mTc-HYNIC annexin V [139], has shown 
promise as a generic marker of tumour cell death in the clinic [140].

Fig. 10.9 The principles of multi-pinhole SPECT. Image (a) illustrates how multiple pinholes 
result in the projection of magnified and overlapping images onto a single g-detector. Image 
(b) illustrates how four of the detectors depicted in (a) are organised around the bore of a multi-
pinhole SPECT system. Image (c) depicts what an overlapping multi-pinhole SPECT projection 
looks like prior to image processing. Image (d) shows the processed image from (c). Images 
kindly provided by Dr Christian Lackas and Dr Staf Van Cauter, Bioscan Inc
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Other notable and clinically applicable SPECT probes that have tumour-specific 
targets, which have not yet been addressed in this review, include probes that target 
the somatostatin receptor and probes that measure multi-drug resistant p-glycoprotein 
expression levels.

Octreoscan (Mallinkrodt Medical), an 111In-DPTA labelled form of octreotide, is 
a synthetic somatostatin analogue with high binding affinity for the family of soma-
tostatin receptors (sst1 to sst5) [141, 142]. These receptors and in particular sst2, 
are abundantly expressed, relative to normal tissue, in a variety of malignant human 
tumours, including neuroendocrine, small cell lung and breast tumours. Once 
bound, the receptor-ligand complex is internalised by the cell, which results in 
tumour-specific retention of signal.

99mTc-MIBI (99mTc-methoxyisobutylisonitrile) has been used as a means of 
assessing the relative expression levels of MDR1 and MRP1 in tumours. These 
genes encode transmembrane drug efflux pumps and confer a drug-resistant pheno-
type to tumours when overexpressed. Poor uptake of 99mTc-MIBI correlates strongly 
with MDR1 and MRP1 overexpression and so enables prediction of which tumours 
will respond well to chemotherapy [143]. 99mTc-MIBI has also been used clinically 
as a means to differentiate malignant and benign lesions since it shows preferential 
retention in malignant cells [144].

Optical Molecular Imaging Techniques

Optical techniques rely upon the detection of visible or near-visible light to image 
tumour biology non-invasively. There are primarily two distinct modalities that are 
used for this purpose; bioluminescence and fluorescence imaging. The former is at 
present used solely for preclinical research and relies upon the detection of chemi-
luminescence resulting from the oxidation of a substrate catalyzed by a reporter 
protein. The latter technique, from a molecular imaging standpoint, has also been 
used primarily in a preclinical context. In a fashion similar to the radionuclide 
imaging techniques described in Sect. 3, a molecule can be converted into a fluo-
rescent imaging probe by attaching a fluorescent moiety prior to administration 
in vivo. Alternatively, target cells may be labelled with a reporter gene that 
expresses a fluorescent protein, and a broad range of colours are available [145].

Table 10.2 Radio-isotopes commonly used in preclinical and clinical SPECT imaging

g (b−) emitting isotope Half-life Energy (keV) Decay product
99mTc 6 h 140 99Tc
123I 13 h 159 123Te
111In 67 h 245

172

111Cd

67Ga 78 h 70–80 67Zn
125I 60 days 35a 125Te
aEnergy too low for effective clinical imaging
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Fluorescence imaging techniques are now also being applied in the clinic to aid 
surgeons determine tumour resection boundaries and to map sentinel lymph nodes 
in cancer patients in real time [146, 147]. Wavelengths in the near-infrared (NIR) 
region of the spectrum (between 700 and 1,000 nm) transmit most efficiently 
through tissue, with longer and shorter wavelengths being absorbed by water and 
haemoglobin respectively. This so-called tissue “window” is being exploited by 
fluorescence-based molecular imaging techniques through the use of labels that 
excite and emit in this wavelength range [148].

Bioluminescence Imaging

Bioluminescence Imaging (BLI) is a sensitive, versatile, low cost and relatively high-
throughput technique for preclinical cancer research. BLI relies upon the expression of 
a luciferase transgene to generate signal from a target population of cells. This can be 
achieved simply by labelling cells ex vivo for xenograft based models, or via the gen-
eration of a transgenic mouse for imaging spontaneous tumour models [149]. There 
are multiple bioluminescent reporter transgenes available that can be used for BLI 
in vivo, the most commonly employed being firefly luciferase (FLuc, Photinus pyra-
lis), but importantly also Renilla luciferase (RLuc, Renilla reniformis) and the secreted 
Gaussia luciferase (GLuc, Gaussia princeps). To image luciferase transgene expres-
sion in vivo, a substrate is first administered, typically i.p. or alternatively i.v. 
D-Luciferin (in the presence of ATP and O

2
) is used to image FLuc and coelenterazine 

(in the presence of O
2
) to image RLuc and GLuc. These substrates do not cross-react 

and so in principal dual labelling strategies may be employed to monitor an additional 
biological feature within the same subject. The spectrum of emitted light is broad for 
these enzymes (>100 nm), with an emission maximum of 560 nm for FLuc, 480 nm 
for RLuc [150] and 480 nm for GLuc [151]. The suboptimal colour of emitted light 
from GLuc is compensated for by being >1,000-fold brighter than native RLuc. GLuc 
bioluminescence in vivo appears approximately as bright as FLuc, even though FLuc 
has a more favourable emission spectrum for light transmission through tissue. Several 
RLuc mutants have recently been described that are both relatively brighter and red-
shifted in terms of their emission spectra than native RLuc (RLuc7-521 and Rluc8.6-
535 with emission maxima of 521 and 535 nm respectively [152, 153]).

The amount of light produced in a typical BLI experiment in vivo is very low and 
requires a highly sensitive detector to be measured. These are available commer-
cially and typically comprise a super-cooled (<−90°C) CCD chip housed in a light-
tight box (see Fig. 10.10). Light is typically detected from a single aspect and results 
in a 2-D bioluminescent intensity map across the field of view. This image is then 
superimposed on a regular digital photograph of the subject to provide anatomic 
context. Regular BLI acquisitions are short, ranging from 1 to 300 s depending upon 
the extent of luciferase expression and the size and depth of the target cell population. 
This coupled with the fact that up to five subjects may be imaged simultaneously 
makes BLI the molecular imaging modality with the highest throughput.
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Despite the fact that overall light output is low and prone to attenuation and scatter 
from overlying tissue, background light emission from non-labelled tissue is essen-
tially absent so BLI is a very sensitive technique. It has been reported that as few 
as three labelled cells implanted subcutaneously can be detected in vivo [154] and 
another study, which employed multi-modal reporters, recommended BLI over 
PET as the method of choice to detect the smallest tumours in vivo [155]. Such 
sensitivity limits are highly dependent upon experimental context, however, and are 
affected by levels of reporter expression, depth of signal and optical noise arising 
from other distinct populations of labelled cells in the proximity of the tumour.

In most cases, the analysis of 2-D images provides sufficient information to inter-
pret experimental results. Even though the light emitted from populations of cells 
located at deep body locations is prone to greater levels of attenuation and scattering 
than an equivalent cell population located more superficially, the quantification of 
light emission provides a relative measure of that feature of the tumour’s biology 
which is being probed. When multiple images of a subject are acquired over time 
(e.g. before and after treatment), the relative changes in tumour biology can be readily 
visualised irrespective of signal depth and the absolute amount of light detected. If 
required, the depth of signal can be computed by analysing a series of planar bio-
luminescent images acquired with a range of defined bandwidth filters. Red 

Fig. 10.10 A camera system for detecting bioluminescence in vivo. The schematic depicted in 
(a) shows a side-projection cut-away of a commercially available optical in vivo imaging system, 
capable of both BLI and fluorescence imaging, with key features annotated. (Image kindly 
provided by David Panzarella and Stephen Oldfield, Caliper LifeSciences Inc.) The image in 
(b) shows a typical in vivo bioluminescence image. In this image, the mouse has a <100 mm3 
luciferase-labelled LL2 (Lewis Lung) tumour developing subcutaneously on its left flank (5 s acqui-
sition, small binning, fstop 2; Dr Scott Lyons, unpublished data)
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wavelengths pass through tissue more efficiently than green, so the ratio of red to 
green light on the surface of the subject is indicative of relative tissue depth [156].

Luciferase transgene expression may be regulated at the transcriptional or post-
translational level and this confers a great degree of versatility in terms of imaging 
read-out. Transcriptional regulation can be modified by varying the promoter used. 
For example, a constitutive promoter (e.g. CMV or CAGGS) will result in robust 
steady-state expression of luciferase. In such circumstances the extent of biolumines-
cence detected in vivo from a population of labelled cells will be proportional to 
viable cell number. This strategy has been employed extensively with firefly luciferase 
to evaluate tumour cell kill following treatment as only viable cells bioluminesce (n.b. 
FLuc requires ATP and O

2
 to generate light [157–159]). A reduction in tumour cell 

viability can be identified, therefore, by BLI at early time points when typically there 
has been little evident change in tumour volume or anatomic structure.

Tissue or cell-type specific promoters can also be employed to restrict luciferase 
expression to a specific organ or to a cell type within an organ. This has been par-
ticularly useful in the development of luciferase expressing transgenic mice for 
imaging spontaneous tumour models as background bioluminescence arising from 
other body locations, which can severely impact signal-to-noise and overall image 
sensitivity, is minimised [149, 160, 161]. Context specific promoters have also been 
used to restrict reporter expression to populations of cells in a defined physiological 
state. For example, certain promoters may be employed to restrict transgene expression 
to a specific phase of the cell cycle [162] or in response to a stimulus such as DNA 
damage [163]. Such reporters have the potential to provide a deeper mechanistic 
understanding of tumour response to therapy than could be garnered by imaging 
anatomy alone.

Regulation of luciferase function at the post-translational level has also provided 
an opportunity to measure key aspects of tumour biology non-invasively in real-
time. For example, several apoptosis specific reporters have been developed 
whereby the firefly luciferase protein has been fused to inhibitory peptides at both 
N- and C-terminal ends [164], with all three domains separated by the canonical 
caspase-3 cleavage motif DEVD. Consequently, upon the induction of apoptosis, 
this non-functional luciferase fusion protein is cleaved, resulting in restoration of 
function and an overall increase in bioluminescence [165]. A further example of 
post-translational control of luciferase function is a modified reporter allele that 
assumes a non-functional conformation until phosphorylated by Akt [166]. This 
experiment serves as an important paradigm, showing that the relative activity of 
key cellular signalling pathways can be measured with BLI.

Intracellular protein–protein interactions have also been measured by BLI via 
the application of a split luciferase allele strategy. The coding sequences of both 
RLuc and FLuc have been split into two independently non-functional domains 
[167, 168]. When either half is fused to two other independent proteins, biolumi-
nescence is conditionally restored only when those proteins bind to each other and 
the two luciferase halves come into close proximity. This has proven to be a highly 
effective means of screening the effectiveness of chemicals that modulate tumour 
related protein–protein interactions. For example, molecules that affect homo- and 
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hetero-dimerisation of the CXCR4 and CXCR7 chemokine receptors [169], 
tumour-related Hsp90/p23 interaction [170], and that promote or antagonise folding of 
the human estrogen receptor ligand binding domain [171] have all been screened in 
this way.

Collectively these examples serve to illustrate the versatility of preclinical BLI 
applications. Several major issues currently prevent the translation of BLI to the clinic 
however. It is currently not possible to efficiently and safely deliver luciferase trans-
gene expression to target populations of cells in the clinic. Further, it is likely that the 
increased tissue-depths associated with clinical imaging will give rise to problematic 
levels of signal attenuation. Given today’s imaging technology this would limit any 
potential clinical BLI applications to relatively superficial locations in the body.

Fluorescence Imaging

Fluorescence imaging has proven to be an effective and highly versatile molecular 
imaging modality. Although not as sensitive as PET, SPECT or BLI, this approach 
is still very useful for whole body imaging in vivo and has the added advantage that 
certain applications can uniquely facilitate microscopic detection of labelled cells 
in vivo. Further, promising fluorescently-labelled probes developed in the labora-
tory can in principal be translated directly to clinical application, which cannot yet 
be said for the other optical imaging approach, BLI.

When a fluorophore absorbs a photon of a defined wavelength it briefly enters an 
excited electronic state. One way that this energy can be lost is by emitting a photon 
with a lower energy and hence longer wavelength. It is this red-shifted light that is 
detected as signal in a fluorescence imaging experiment. Although fluorescence 
imaging requires and generates substantially more light than a typical in vivo biolu-
minescence experiment, the sensitivity of whole body imaging, especially when 
employing labels that excite in the visible range of the spectrum, is relatively poor 
for several reasons. Both the excitation and the emission wavelengths of probes that 
fluoresce in the visible region of the spectrum do not pass efficiently through tissue. 
Furthermore, much of the visible spectrum, especially green light, generates appre-
ciable amounts of autofluorescence from non-labelled tissue and from some food-
types in the digestive tract [172]. Taken together this means that many of the 
fluorophores that have proven so successful in the field of microscopy are poorly 
suited for non-invasive whole-body fluorescence imaging in vivo. Fluorophores that 
excite and emit in the far-red and near-infrared portion of the spectrum are better 
suited, however, as the tissue penetrance of both the exciting and emitted light is 
improved and background autofluorescence is markedly reduced [148].

Several imaging techniques have been developed for fluorescence imaging 
in vivo. These include reflectance imaging, where the top surface of the subject or 
tissue is both illuminated by the excitation light (epi-illumination) and the resultant 
fluorescence signal is collected. In transmission imaging, the excitation light shines 
through the subject (trans-illumination) and the resulting fluorescence emission is 
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collected on the opposite side. Reflectance imaging appears to be best suited for 
fluorescent targets that are located relatively superficially in the subject or tissue 
whereas transmission imaging is better for targets in deeper body locations. In both 
cases the use of appropriate and defined optical band-pass filters ensure that only 
the light emitted from the fluorescent source reaches the detector. Autofluorescence 
background can also be largely subtracted from these images by acquiring and 
subtracting a second image that employs an excitation wavelength close to the 
absorption maximum of the fluorophore, but which is incapable of exciting it.

The signals from several fluorescent labels may also be acquired simultaneously 
in vivo and differentiated on the basis of their emitted wavelengths using advanced 
image analysis techniques such as spectral unmixing [173]. In addition to enabling 
more accurate quantification of multiplex analyses, this analysis method also pro-
vides a useful means of reducing tissue autofluorescence.

Another important whole-body fluorescence imaging technique, termed FMT 
(fluorescence mediated tomography) involves restraining the subject in a tight-fitting 
chamber prior to the acquisition of two optical measurements. The first comprises a 
raster scan of the entire subject to model light transmission through the subject at 
thousands of co-ordinate points. A second raster scan of the whole subject is then 
taken with light that excites the fluorescent label. These data sets are then paired and 
processed to accurately quantify the relative amounts of fluorescence at deep-tissue 
locations, correcting for artefacts arising from differential signal transmission 
through heterogeneous surrounding tissue. The resolution of this technique has been 
markedly improved by using custom-built hardware that specifically detects only the 
very first emitted photons that transmit through the tissue [174]. These early-
detected photons reach the detector first because they have undergone less scattering 
and so the resolution of the technique is correspondingly improved.

Several other important invasive techniques have also been developed to detect 
fluorescence in vivo. These include both preclinical and clinical fluorescence 
endoscopy [175–178] and a technique termed intravital microscopy [179]. A key 
advantage of these techniques over the non-invasive approaches already mentioned 
is that the target population of labelled cells can be imaged directly without 
overlying tissue impeding light transmission. This enables a significant gain in 
sensitivity and resolution, albeit with a substantial reduction in the field of view, 
and small lesions that would not have been detected via non-invasive whole-body 
imaging are now visible. Moreover, magnification of the field of view is also 
possible and intravital microscopy can image tumour biology with single cell reso-
lution. This technique has proven particularly powerful for real-time visualisation 
of tumour angiogenic processes [180], of cellular mobility and escape from a 
primary tumour [181] and of cell fate in the establishment of brain metastases 
[182]. Models of this type involve the engraftment of a glass window into tissue 
to facilitate the direct detection of labelled cells, so it should not be discounted that 
this local perturbation of tissue may in some way influence tumour biology. Non-
invasive multiphoton fluorescence microscopy is also possible in vivo, however, 
tissue penetration depth is shallow (<1 mm [183]), effectively limiting this 
approach to studies of the skin.
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A molecule that is not natively fluorescent can be converted into a fluorescent 
probe by attaching a fluorescent moiety such as a dye or quantum dot. Such simple 
constitutively fluorescent molecular conjugates can be used to study molecular phar-
macokinetics [184] or to image vascular volume following in vivo administration 
[185]. Should the labelled probe have affinity for a molecular target in the body, such 
labelling approaches, although not as sensitive as PET or SPECT, can be used to 
measure the relative location and abundance of a target molecule. In the context of 
cancer biology, those targets have been markers presented by primary tumours [186, 
187] or tumour-associated vasculature [188, 189] and metastatic lesions [190].

However an important advantage that fluorescent imaging has over PET and 
SPECT has been the development of activatable probes. These are molecules that 
are non-fluorescent when administered, but become fluorescent upon encountering 
their target. Such probes have proven very useful in measuring the relative activity 
of several tumour related classes of proteolytic enzyme such as the caspases, 
matrix-metalloproteinases and papains [191–195]. This has, in general, been 
achieved by positioning a light absorbing moiety (or quencher) adjacent to the 
fluorophore such that no light is emitted by the intact probe upon excitation. 
A protease-specific cleavage motif is also incorporated into the molecule so that 
both fluorescent and quenching domains become spatially separated following the 
specific proteolytic processing of the probe, resulting in a gain of fluorescence.

A new class of pH-activatable fluorescent probes has also been reported recently, 
whereby a conjugated fluorophore is inactive until endocytosed by the cell and 
exposed to the low pH conditions present within the lysosome. This breaks down the 
conjugate, freeing the fluorophore and establishing fluorescence. In this way it was 
possible to image the binding of a labelled therapeutic antibody to the Her2 receptor 
on the surface of tumour cells and serves as a new method to image receptor-mediated 
endocytosis in vivo [196, 197]. Moreover, as the acidic conditions within the lyso-
some are energy dependent, only viable cells are visualised by this approach, so this 
may also serve as a useful tool to image tumour response to treatment in the future.

Cells have also been labelled with fluorescent reporter transgenes and imaged 
in vivo in the laboratory. Non-invasive whole-body imaging of tumours labelled with 
fluorescent reporter transgene expression has been demonstrated [198, 199], however, 
the signal-to-noise ratio is relatively low and the lack of sensitivity at deep-tissue 
locations can be problematic when trying to image small lesions. Reporter transgenes 
have, however, proven particularly useful when imaged with intravital microscopy as 
light transmission is not impeded by overlying tissue and labelled cells can be 
detected without any of the complications associated with probe-based imaging, such 
as bioavailability, half-life in serum, clearance etc. For example, tumour and stromal/
vascular cells have been constitutively and differentially labelled with two colours of 
fluorescent reporter transgene to facilitate the study of tumour angiogenesis in vivo 
[200]. Another recent study has reported the development of a fluorescence reporter 
transgene method to identify replicating cells in vivo. Both GFP and RFP transgenes 
were fused to two independent peptide domains derived from proteins that are nor-
mally tightly regulated at the posttranslational level at different phases of the cell 
cycle. This labelling strategy resulted in red cells at G1 and green cells at S/G2/M 
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stages of the cell cycle [201]. Cycling cells could clearly be seen in tumours in vivo 
using intravital microscopy. The relative ease with which fluorescence can be 
detected at the microscopic level ex vivo has also made these reporter transgenes use-
ful for co-labelling purposes (e.g. for facilitating the assessment of transgene delivery 
from a therapeutic vector [202, 203]). Several triple modality reporter constructs have 
also been validated in recent years that can confer fluorescence, bioluminescence and 
PET imaging capabilities to labelled cells [204, 205].

An entirely new class of fluorescent protein has been described recently based 
upon a phytochrome molecule from the radiation resistant bacterium Deinococcus 
radiodurans [206]. This new fluorescent protein excites and emits in the infrared 
region of the spectrum (684 and 708 nm respectively), which is very promising from 
a whole-body imaging perspective as these wavelengths will pass efficiently through 
tissue. This new class of proteins is currently not very bright (they possess a low 
quantum yield), however, future research will undoubtedly improve this and open up 
new possibilities for molecular imaging with fluorescence reporter transgenes.

Conclusions

Remarkable progress has been made in the field of molecular imaging within the 
past decade and this has ultimately resulted in a deeper understanding of the 
cellular biology of tumours and in the clinic has opened up new ways of detecting 
tumours, of grading and staging them and detecting their response to treatment. 
This progress has been partly driven by hardware development, with the advent of 
new preclinical imaging techniques such as hyperpolarised MRI, micro-PET, multi-
pinhole SPECT and BLI offering new and innovative imaging possibilities. Some 
of these new approaches are starting to be evaluated in the clinic and have the 
potential to further impact clinical practice in the near future.

Novel imaging technologies continue to be developed and several are well posi-
tioned for evaluation in tumour-related imaging applications. For example, a new intra-
vital microscopy approach, called optical frequency domain imaging [207], images 
tissue with light between 1,250 and 1,350 nm and can produce images of tumour vas-
culature and tissue viability without the use of any contrast agents. Another promising 
approach has been termed photoacoustic or optoacoustic imaging [208, 209]. This 
approach uses pulses of light to cause transitory temperature increases in tissue, which 
in turn give rise to the generation of acoustic waves that are detected in a similar fashion 
to ultrasound. The technique combines a strength of optical imaging, high contrast, with 
a strength of acoustic-based imaging, high resolution. New forms of targeted contrast 
media are also being evaluated, using materials that efficiently absorb light and convert 
that energy into heat (e.g. gold-plated carbon nanotubules [210]).

As the more established techniques mentioned in this chapter continue to be 
refined and exciting new modalities continue to be developed, it is clear that 
molecular imaging could transform the way that cancer is managed in the clinic 
including in some instances earlier detection of cancers at the pre-invasive stage.
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Introduction

In the developed world mortality from major chronic diseases such as cardiovascular 
and cerebrovascular disease has decreased substantially in the past half century, 
whilst cancer mortality has only recently shown a modest decline [1]. Despite 
novel chemotherapeutic and biological agents for cancer treatment, prognosis 
for the large majority of patients diagnosed with advanced cancer remains poor, 
and cancer is now the most frequent cause of death in men and women under 85 
years in the United States [2]. A promising alternative approach is to prevent the 
development of invasive disease by treating carcinogenesis rather than cancer 
itself. Cancer chemoprevention is classically defined as the use of natural, 
synthetic, or biological chemical agents to interfere with the process of carcino-
genesis by either preventing the development of a pre-invasive lesion, inhibiting 
the progression of a pre-invasive lesion into an invasive cancer, or causing a 
reversal of a pre-invasive lesion towards the normal state [3]. Although there is 
a large body of pre-clinical data supporting the concept of cancer chemoprevention, 
a relatively small number of clinical chemoprevention trials have reported 
significant benefits, and the use of chemopreventive agents in routine clinical 
practice is currently limited to hig h-risk cancer predisposition syndromes.

This chapter describes how pre-invasive disease is embedded in the key principles 
of chemoprevention, has provided a platform for clinical trials of chemopreventive 
agents, and will be instrumental in achieving personalised chemoprevention.
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Principles of Chemoprevention and Influence  
of Pre-invasive Disease

Population-Based and Individualised Cancer Prevention 
Strategies

Data from observational studies indicating differential cancer risk in population 
subgroups defined by lifestyle or dietary factors implies that cancer prevention may be 
possible through modification of such risk factors. For example, the recent World 
Cancer Research Fund/American Institute for Cancer Research report into food, 
nu trition, physical activity and the prevention of cancer judged regular physical 
ex ercise, foods containing dietary fibre, garlic, and milk to be protective against col-
orectal c ancer (CRC), whilst alcohol, abdominal obesity, and processed or red meats 
confer increased CRC risk [4]. Lifestyle and dietary interventions are generally 
po pulation-based prevention strategies designed to reduce risk factor prevalence in the 
whole population and target cancer risk broadly, with a less predictable impact on any 
one person’s cancer risk. In contrast, chemoprevention is more suited to individualised 
prevention strategies where agents are targeted to subgroups of the population who are 
at high cancer risk. Population-based chemoprevention is unlikely to be acceptable 
since large numbers of subjects at low risk of cancer would be exposed to potential 
adverse effects. A diagnosis of pre-invasive disease, identified either through screening 
programmes or direct referral pathways on development of symptoms, usually confers 
a substantially increased risk of invasive disease. Thus, pre-invasive disease provides 
an opportunity for individualised cancer prevention by identifying subjects at greater 
risk of cancer compared to the background population and thus likely to gain differential 
benefit from chemopreventive agents.

The majority of CRC, for example, are thought to develop from colorectal 
adenoma (CRA) via the adenoma-carcinoma sequence, and development of CRA 
is one of the most relevant risk factors for CRC, conferring a two- to fourfold 
increased risk depending on size and histological features [5]. Observational data 
indicates that endoscopic resection of CRA reduces risk of subsequent invasive 
disease by 75–90%, although no confirmatory randomised data are available [6]. 
Thus CRA resection is a form of surgical or local cancer prevention, a further 
example being colposcopy and excision of cervical pre-invasive lesions identified 
though cervical smear-test screening. One-off colonoscopy and resection of CRA 
alone, however, may not convert an individual’s CRC risk back to the population 
risk, since pre-invasive disease confers an increased risk of further pre-invasive 
lesions. The “field cancerisation” concept of carcinogenesis proposed by Slaughter 
and colleagues in 1953 [7], postulated that insult from a carcinogen occurs across 
an entire epithelial field, giving rise to multiple, independent sites of carcinogenesis. 
Subsequent molecular findings of field-wide genetically altered cells have sup-
ported this hypothesis, which explains in part why succe ssful local control of 
neoplasia frequently does not prevent second, genetically distinct pre-invasive and 
invasive lesions occurring in the same epithelial field. Repeated endoscopic examinations 
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do not necessarily solve this problem due to the development of interval lesions. By 
acting systemically, chemoprevention has the potential to impact the whole field, 
complementing local preventive strategies when used simultaneously.

Cancer Risk Prediction Models

Accurate prediction of cancer risk is a cornerstone of chemoprevention. The popula-
tion lifetime risk of developing even common cancers is low, for example ~12% for 
breast cancer and ~5% for CRC, thus most individuals will remain cancer free over 
considerable periods of time. Individualised prevention strategies such as chemopre-
vention rely on cancer risk prediction models to identify high risk individuals to 
maximize efficacy and favourably shift the risk-benefit ratio where even minimal 
potential side-effects exist. However, unless the relative risks conferred by single or 
combinations of risk factors are high, perhaps as high as 20-fold or more, the 
pr obability that a person with a particular risk factor profile will develop cancer 
(positive predictive value) will be low due to the low baseline risk [8]. Without 
ca ncer risk prediction models with high discriminatory power, population prevention 
strategies aimed at reducing risk factor prevalence in the whole population will yield 
greater benefits, since targeting high risk individuals based on inaccurate risk factor 
profiles may miss a substantial number of individuals who will ultimately develop 
disease. Overall, the more predictable the cancer risk, the greater the rationale for 
focusing prevention strategies on high risk individuals.

An important step in cancer risk modelling is accurate estimation of the rela-
tive and attributable risks for aetiologic factors, including age, gender, ethnicity, 
reproductive factors, lifestyle factors (such as smoking and physical exercise), 
dietary patterns, medication use, genetic factors (including family history and 
polymorphic variants), and clinical markers (such as serum cancer marker levels, 
enzyme levels, and histopathologic factors). An understanding of how these fac-
tors interact to influence cancer risk is also important. These risk estimates can 
be obtained from a number of different study designs including case-control, 
cohort, and clinical studies, national databases, and cross-sectional population 
surveys. The changing nature and effect magnitude of individual risk factors over 
time may also need to be considered, and different risk models will be required 
for cancer-specific su btypes such as oestrogen receptor positive and negative 
breast cancer.

A diagnosis of pre-invasive disease has the potential to be a powerful predictive 
factor for development of invasive cancer. An example of a cancer risk prediction 
model that includes pre-invasive disease as a risk factor is the Gail Breast Cancer Risk 
Assessment Model [9]. This model was adapted to design the Breast Cancer 
Prevention Trial (BCPT), which investigated tamoxifen chemoprevention in women 
at elevated risk of breast cancer, and includes atypical hyperplasia in biopsy 
sp ecimens as a risk factor for subsequent invasive disease [10]. Pre-invasive disease 
may also interact with other factors to determine cancer risk. For example, studies 
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in animal models of colon cancer indicate that folic acid supplementation initiated 
prior to the development of pre-invasive lesions has a protective effect against 
development of malignancy, whilst supplementation started after pre-invasive 
lesions have been initiated has a detrimental effect [11, 12]. Current understanding 
of the risk implications of pre-invasive disease is incomplete, even for well-studied 
lesions such as CRA. Recent data, for example, indicates that removal of CRA does 
not impact significantly on subsequent risk of proximal colon cancers [13]. 
Furthermore, all pre-invasive lesions are not equal in terms of impact on cancer 
risk; it is estimated that only 2–5% of sporadic CRA have the potential to progress 
to malignancy, thus the majority of CRA identified at screening and subsequent 
surveillance are clinically insignificant lesions [14].

Cancer risk prediction has been recognised as an area of extraordinary research 
opportunity [8]. Further studies investigating the relationships between pre-invasive 
and invasive disease are required, and should include an assessment of the impact 
of molecular heterogeneity of pre-invasive lesions, and interactions with other 
potential risk factors, in particular polymorphic genetic variants.

Toxicity Avoidance

Adverse events represent a major obstacle to the routine use of chemopreventive 
agents. The low absolute population risk of common cancers means that a large 
proportion of individuals will remain cancer free, even in subgroups defined by risk 
factors conferring high relative risk, thus all subjects receiving chemoprevention are 
exposed to toxicity whilst only a proportion will experience potential benefit. In the 
setting of chemoprevention trials, evaluating adverse events is as important as preventive 
efficacy.

Early chemoprevention studies investigated natural agents assumed to be vir-
tually free of toxicity, however supplement doses were selected that raised levels 
10- to 20-fold greater than physiologic levels, and unexpected adverse events 
were encountered [15]. Lung cancer prevention trials of b-carotene in combina-
tion with a-tocopherol or retinol reported significantly increased incidences of 
lung cancer and cardiovascular disease [16, 17], a meta-analysis of trials of anti-
oxidant supplements indicated increased mortality with supplement use [18], 
whilst high dose folic acid supplements (1,000 mcg daily) increased recurrence 
of advanced CRA [19]. Vitamin supplementation does not appear to confer 
ca ncer reduction when administered to a non-deficient population, and at supra-
physiologic doses may increase cancer incidence and cause other adverse effects. 
Long-term administration of drugs in randomised chemoprevention studies can 
also reveal unexpected adverse effects of drugs already in routine use in other 
clinical scenarios. The increased incidence of cardiovascular events and mortality 
associated with cyclo-oxygenase-2 (COX-2) inhibitors was discovered in CRA 
recurrence prevention trials, but had not been encountered in shorter trials in 
arthritis and familial adenomatous polyposis [20].
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The risk of adverse events will not be uniform across a population receiving 
chemoprevention. For example, although the BCPT demonstrated that tamoxifen 
reduced invasive breast cancer in women at increased disease risk, adverse events 
such as stroke, pulmonary embolism, and endometrial cancer occurred more often 
in women taking tamoxifen, and the risk increased with advancing age [21]. Hence 
the level of risk needed to justify the use of tamoxifen for breast cancer prevention 
was much higher in older women who had higher risks of adverse events. Similarly, 
the risk of gastric or duodenal ulceration and serious gastrointestinal bleeding in 
subjects taking regular aspirin or NSAID increases with advancing age [22].

Pre-invasive disease may beneficially influence the risk-benefit ratio of chemo-
preventive agents in two different ways. Firstly, it informs risk prediction models 
allowing more accurate delineation of high-risk individuals as discussed above. 
Secondly, examining the somatic genetic alterations and molecular aberrations 
present in the pre-invasive lesion will potentially allow rational selection of the 
chemopreventive agent most likely to provide maximal preventive efficacy. Such 
molecular targeting of chemoprevention has already being examined in clinical 
chemopreventive trials with favourable outcomes when compared with non-targeted 
chemoprevention, and examples are discussed below.

The more tangible nature of pre-malignant lesions compared to other risk 
factors may result in an inappropriate acceptance of potential adverse effects, 
particularly if pre-malignancy occurs in the setting of other emotive risk factors 
such as a positive family history. It is the responsibility of chemoprevention 
trialists to ensure that careful evaluation of side effects is undertaken, even when 
studying agents with an established adverse effect profile. Consideration of the 
expected frequency of toxicity is also required when designing chemoprevention 
trials since most studies will be underpowered to detect significant differences 
in rarely occurring but clinically significant side effects. In the context of 
chemoprevention even subtle adverse effects such as increases in mean blood 
sugar or blood pressure are important when treating a healthy population, and 
may have a major influence on clinical utility.

Molecular-Targeted Chemoprevention

The proof of principle of chemoprevention was demonstrated by Hong and 
coworkers [23] in a trial initiated in 1983 which showed that adjuvant high dose 
13-cis-retinoic acid prevented second primary tumours in patients with curatively 
treated stage I–IV head and neck cancer. Subsequent nutritional supplement can-
cer ch emoprevention trials were largely negative or even harmful as discussed 
above, and culminated in the negative Selenium and Vitamin E prostate Cancer 
Prevention Trial (SELECT) in over 35,000 men [24]. Chemoprevention trials 
designed on the basis of an understanding of molecular mechanisms involved in 
carcinogenesis have been more successful, and three examples are discussed 
below.
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Selective Oestrogen Receptor Modulators (SERMs)  
and Breast Cancer Prevention

The reduced risk of contralateral breast cancers in women taking tamoxifen 
co mpared to those randomised to placebo in adjuvant endocrine therapy trials, 
led to the initiation of randomised, placebo-controlled tamoxifen chemopreven-
tion tr ials. The BCPT (National Surgical Adjuvant Breast and Bowel Project 
Protocol-1, NSABP P-1 trial) [21] was the largest of these studies, and ran-
domised 13,888 women at high risk for breast cancer on the basis of age ³60 
years, a Gail model 5-year predicted breast cancer risk of ³1.66%, or history of 
lobular carcinoma in situ, to either tamoxifen 20 mg daily or placebo for 5 years. 
At a median follow-up of 55 months, tamoxifen significantly reduced the risk of 
invasive breast cancer by 49% and non-invasive breast lesions by 50%. The pro-
tective effect was limited to oestrogen-receptor (ER) positive tumours, and a 
recent update after 7 years of follow-up indicated a continuing significant breast 
cancer risk reduction [25]. Tamoxifen reduced hip fractures, consistent with 
oestrogen agonist effects in bone, however the incidence of endometrial cancer 
in women over 50 years was also significantly increased, as was the incidence 
of thromboembolic events. A meta-analysis of the BCPT and three other tamox-
ifen chemoprevention trials reported a 48% reduction in ER-positive breast 
cancer (95% confidence interval (CI); 36–58%) [26], and tamoxifen was 
approved by the US Food and Drug Administration (FDA) for breast cancer risk 
reduction in 1998.

Despite the proven cancer prevention efficacy of tamoxifen, only a small 
p roportion of eligible high-risk women are offered and accept tamoxifen for 
primary breast cancer prevention, largely due to concerns over potential side 
effects, illustrating the difficulties of implementing chemopreventive strategies 
in a healthy population. The Study of Tamoxifen and Raloxifene trial (STAR) 
aimed to address these concerns by testing the hypothesis that raloxifene would 
have equivalent breast cancer preventive efficacy with fewer side effects [27]. 
Raloxifene is a SERM with oestrogen antagonist effects on breast and endo-
metrium, and oestrogen agonist effects on bone, lipid metabolism and coagulation. 
Studies with raloxifene in individuals with osteoporosis or coronary heart disease 
had indicated a breast cancer preventive effect [28, 29]. In the STAR trial 19,747 
post-menopausal women at increased breast cancer risk were randomised to 
tamoxifen (20 mg daily) or raloxifene (60 mg daily) for 5 years. After a median 
follow-up of 3.9 years both tamoxifen and raloxifene reduced invasive breast 
cancer incidence by 50%, however raloxifene did not provide protection against 
non-invasive breast cancer whereas tamoxifen decreased the incidence by 
half. Rates of endometrial cancer and thromboembolic events were significantly 
lower in raloxifene treated individuals. These data support the hypothesis that 
raloxifene is a safer chemopreventive agent and raloxifene is FDA approved for 
breast cancer chemoprevention in po st-menopausal women with osteoporosis 
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or post-menopausal women with high risk for breast cancer. Currently over half a 
million post-menopausal women in the US take raloxifene, although the large 
majority is prescribed for osteoporosis.

5a-Reductase Inhibition and Prostate Cancer Prevention

The enzyme 5a-reductase catalyses the conversion of testosterone to the more 
potent androgen dihydrotestosterone. The Prostate Cancer Prevention Trial 
(PCPT) tested the hypothesis that the 5a-reductase inhibitor finasteride would 
prevent androgen driven prostate cancer development [30]. This study randomly 
assigned 18,882 men with normal digital rectal examination (DRE) and a pros-
tate specific antigen £3.0 ng/mL to placebo or finasteride 5 mg daily. Subjects 
were followed up with annual DRE, and prostate biopsies were performed for 
abnormal DRE or elevated PSA ³4.0 ng/mL, and at the end of the 7-year study 
period. The prevalence of prostate cancer was significantly reduced in the finas-
teride group (18.4% compared to 24.4% in the placebo group). However, initial 
results also indicated an increased prevalence of high-grade (Gleason grade 
7–10) prostate cancer (6.4% compared to 5.1%), which led to a lack of enthusi-
asm for rec ommending finasteride as a preventive agent. As expected, there were 
improved urinary symptoms but increased sexual dysfunction in the finasteride 
group. Subsequent analyses have found that the elevated prevalence of high-
grade cancers in the finasteride treated group was an artefact secondary to 
enhanced detection. Finasteride increases the sensitivity of both PSA and DRE 
for cancer detection, and improves the diagnostic accuracy of prostate biopsy 
due to the ~25% reduction in prostate size with finasteride [31]. Analyses 
accounting for these factors indicated that participants taking finasteride were at 
significantly reduced risk of both tumours with Gleason grade £6 and those with 
grade 7–10.

Finasteride is currently the only agent to have proven prostate cancer chemopre-
ventive efficacy and modelling analyses have calculated an overall population 
s urvival benefit of ~1.7 months [32]. Remaining questions include the optimal age 
to initiate chemoprevention, and optimal duration.

Cyclooxygenase-2 (COX-2) Inhibition and Colorectal Cancer 
Prevention

Aspirin and non-steriodal anti-inflammatory drugs (NSAIDs) inhibit the cycloox-
ygenase activity of prostaglandin G/H synthase (PTGS or COX), thereby blocking 
prostaglandin synthesis [33]. There are two isoforms of the COX enzyme; COX-1 
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inhibition results in the adverse effect of promoting gastric ulceration, whilst 
COX-2 inhibition mediates the beneficial anti-inflammatory effects of NSAIDs. 
Low dose aspirin is a relatively selective inhibitor of COX-1 in platelets but at 
higher doses inhibits both COX-1 and COX-2, whilst sulindac, ibuprofen and most 
other NSAIDs inhibit both isoforms to the same extent [34]. COX-2 selective 
inhibitors, such as celecoxib and refecoxib, take advantage of structural differ-
ences at the active sites of the two enzymes to selectively inhibit only the COX-2 
isoform, leading to a significantly improved gastrointestinal side effect profile 
[35].

Aspirin and non-aspirin NSAIDs are known to stimulate apoptosis and inhibit 
angiogenesis, and as a consequence there has been much interest in their potential 
as anticancer drugs [36]. Many epidemiological, in vitro, animal-model, and human 
interventional studies have been performed investigating the effects of NSAIDs in a 
variety of tumour types, with the most substantial evidence for benefit being shown 
in colorectal carcinogenesis [34]. At least 36 epidemiologic studies have investi-
gated the relationship between regular aspirin or other NSAID use and risk of CRC 
or CRA in different populations and using various study designs, and all but one 
have found an approximately 30–50% reduced risk in regular users [34, 37]. Data 
also suggest that the protective effect of aspirin in preventing CRC is dependent on 
dose and duration of treatment, with a benefit only being observed with higher doses 
(>150 mg daily) and after more than 5 years of regular use [38, 39].

A randomised trial of sulindac in 77 patients with Familial Adenomatous 
Polyposis (FAP), a hereditary condition characterised by the development of 100–
1,000s of adenomatous polyps and CRC by the third or fourth decade, provided 
proof of principle that COX-inhibition could influence colorectal carcinogenesis 
[40]. Celecoxib caused regression of existing polyps and reduced new polyp forma-
tion, and was approved for use as an adjunct to standard care in FAP patients. In 
contrast, two randomised primary prevention trials using aspirin in the general US 
population reported no significant effect on CRC incidence for either males or 
females [41, 42]. The first trial, the Physicians’ Health Study, was designed to 
investigate the effects of aspirin on primary prevention of cardiovascular disease, 
and randomised to intervention for only 5 years [41]. This relatively short duration 
of aspirin use, combined with a relatively low dose (325 mg every other day), and 
the lack of systematic screening for either CRA or CRC at either trial entry or ter-
mination makes interpretation of the data on CRC incidence difficult. The second 
study, the Women’s Health Study, also used a dose of aspirin, 100 mg daily, that 
was probably too low to demonstrate protective effects against CRC development 
[42]. More recently, a combined analysis of the long-term effects of aspirin use in 
two UK based randomised trials, the British Doctors Aspirin Trial and the UK-TIA 
Aspirin Trial, which randomised to 5 years of 500 mg daily use and 1–7 years of 
1,200 mg daily use respectively, reported a 26% reduction in CRC risk in those 
allocated to aspirin, which was greatest in those who received aspirin for 5 or more 
years, and was only seen after a latency of 10 years [43].

Four randomised trials have investigated the influence of various doses of aspirin 
(81–325 mg daily) in the setting of CRA recurrence [44–47]. These trials aimed to 
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maximize the likelihood of observing a protective effect of aspirin intervention by 
enrolling subjects who had already been diagnosed with either CRA [44, 45, 47] or 
CRC [46], and who were therefore at high risk of recurrent CRA. The use of CRA 
recurrence as a surrogate endpoint for CRC development also allowed the interven-
tion period to be shortened to 3–6 years, rather than the 10–15 years that would 
likely be required to demonstrate primary preventive effects. All four studies 
reported a reduction in CRA recurrence in subjects receiving aspirin, and in a pooled 
analysis (including 2,698 patients, 1,542 of whom received aspirin, with a median 
follow-up of 33 months), the pooled risk ratio was 0.83 (95%CI, 0.72–0.96) for any 
adenoma recurrence, and 0.72 (95%CI, 0.57–0.90) for adenoma deemed “advanced” 
on the basis of size or adverse histological features [48]. Collectively the results of 
these randomised trials indicate that aspirin has a modest beneficial effect in second-
ary prevention of CRA recurrence, although the optimal dose is unclear.

The use of COX-2 selective inhibitors appeared to have the potential to achieve 
the benefits of unselective inhibitors such as aspirin in terms of colorectal neoplasia 
prevention, without the side-effects of gastric irritation and bleeding associated 
with COX-1 inhibition. Randomised trials of rofexocib and celecoxib confirmed 
their efficacy in preventing CRA recurrence, but unfortunately also reported an 
increased incidence of serious cardiovascular events, precluding their use in 
pr imary or secondary prevention [20, 49]. However, recent analyses of data from 
phase III trials of celecoxib for non-arthritic conditions indicate that celecoxib did 
not increase cardiovascular adverse events in individuals with low baseline cardio-
vascular risk, which may provide an opportunity for selective use in such patients 
with high CRA/CRC risk [50].

The proven benefits of aspirin for cardiovascular disease give it an advantage 
over other NSAIDs for further study in cancer chemoprevention, although other 
NSAIDs such as sulindac warrant investigation. Aspirin or NSAIDs may be 
ef fective for secondary chemoprevention of colorectal and other gastrointestinal 
cancers in individuals with no prior history of gastrointestinal bleeding. An alterna-
tive approach is combination therapy with a proton-pump inhibitor, and this is 
c urrently being studied in the AspECT study of omeprazole and aspirin in patients 
with Barrett’s oesophagus [51].

Combination Chemoprevention

Chemotherapy agents are often used in combination to treat invasive cancer with 
the aim of preventing the emergence of drug resistant clones by combining agents 
with different mechanisms of action. Combination chemoprevention may lead to a 
similar gain in efficacy with the additional benefit of potentially allowing reduced 
toxicities by lowered doses of individual agents. Pre-clinical data linking increased 
polyamine synthesis and inflammation with colon carcinogenesis led to a clinical 
trial in patients with resected CRA combining the NSAID sulindac with difluo-
romethylornithine (DMFO), an irreversible inhibitor of ornithine decarboxylase 
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(ODC) [52]. Polyamines affect many processes in carcinogenesis, and ODC is the 
rate-limiting enzyme in the polyamine synthesis pathway. Inhibition of polyamine 
synthesis is associated with reduced cell proliferation, increased apoptosis, and 
suppression of angiogenesis, whilst ODC activity and polyamine levels are 
increased in many human epithelial tumours including colon cancer [53]. NSAIDs 
influence polyamine levels by induction of polyamine catabolism, and this may 
account in part for their chemopreventive effects on colorectal neoplasia [53]. 
Hence NSAIDs and DMFO act independently at different stages of polyamine 
metabolism to reduce tissue polyamine levels (Fig. 11.1). In the clinical trial 

Polyamines

Fig. 11.1 Schematic representation of polyamine metabolism. The metabolism of arginine in the 
urea cycle results in ornithine production. Ornithine decarboxylase (ODC) catalyses the first step 
in polyamine synthesis in which ornithine is decarboxylated to produce putrescine. Spermidine 
synthase (SRM) converts putrescine to spermidine which is subsequently converted to spermine 
by spermine synthase (SMS). Spermidine/spermine N1-acetyltransferase (SSAT) acetylates sper-
midine and spermine which are then either converted back to putrescine or exported from the cell 
and excreted in urine. ODC is inhibited by difluoromethylornithine (DMFO), reducing polyamine 
synthesis. Aspirin and other non-steroidal anti-inflammatory drugs (NSAID) induce SSAT tran-
scription, promoting polyamine metabolism
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patients received either both chemopreventive agents or placebo for 36 months 
[52]. CRA recurrence rates were 12% in the combination group vs. 41% in the 
placebo group, and advanced adenoma rates were 0.7 and 8.5% respectively – a 
highly significant relative risk reduction of over 90%, whilst rates of serious 
adverse events were similar between the study arms. The drugs for this combination 
chemoprevention trial were selected on the basis of extensive animal testing [54, 
55], and the doses chosen following careful dose de-escalation studies with assess-
ment of polyamine levels in target tissue [56]. This landmark study has validated 
the concept of combination chemoprevention, with favourable efficacy compared to 
previous adenoma recurrence prevention trials with single agent aspirin or COX-2 
inhibitors. Furthermore, the doses of each agent were lower than that previously 
shown to be ineffective in advanced colorectal cancer, indicating that drugs with 
little or no activity in advanced disease may still possess preventive activity at ear-
lier stages of carcinogenesis.

Incorporating Biomarker Data in Chemoprevention Strategies

The identification of predictive markers of response to established and emerg-
ing anti-cancer agents is widely recognised as a research priority, with the aim 
of improving clinical outcomes and cost-efficiency, whilst avoiding toxicity 
[57]. This is particularly relevant to chemoprevention where treatment of indi-
viduals who may be at high-risk but are currently unaffected by cancer broad-
ens the acceptable therapeutic window. Research into the molecular genetic 
features of pre-invasive disease may identify predictive markers for chemopre-
ventive agents, and a promising example is COX-2 expression level in colorec-
tal neoplasia and response to aspirin chemoprevention. Aspirin has proven 
efficacy in secondary prevention of CRA, but the balance of risk and benefit is 
not considered sufficient to routinely recommend aspirin use in individuals 
diagnosed with CRA or CRC. COX-2 is over-expressed in ~80% of CRC and 
~50% of CRA [58], and the likelihood of COX-2 over-expression varies in 
different CRC subgroups defined by molecular chara cteristics such as microsat-
ellite instability [59], and increases with increasing CRA size and degree of 
epithelial dysplasia [60].

Two provocative studies by Chan and coworkers suggest that COX-2 expres-
sion levels in colorectal tumour tissue are a predictor of aspirin efficacy in both 
primary and secondary prevention of CRC [61, 62]. Both studies were retrospec-
tive an alyses of two large independent cohorts of US women, the Nurses’ Health 
Study (NHS), and US men, the Health Professionals Follow-up Study (HPFS). 
In the first study [61] the influence of regular aspirin use on CRC risk was evalu-
ated according to over-expression of COX-2 in the tumour. For the analysis, 
participants taking two or more standard (325 mg) aspirin tablets per week, or 
aspirin on two or more occasions per week were considered to be regular aspirin 
users. Out of 1,994 CRCs that were recorded in the follow-up period, COX-2 
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expression was assessed using immunohistochemistry in 636 (32%), and 
over-expression was present in 67% of tumours. As had been previously noted 
in these cohorts, the overall risk of CRC was significantly reduced by regular 
aspirin use. However, the benefit of aspirin appeared to be confined to cancers 
with COX-2 over-expression (RR 0.64; 95%CI, 0.52–0.78), with no significant 
association observed in CRCs with weak or absent COX-2 expression (RR 0.96; 
95%CI, 0.73–1.26). Furthermore, significant dose-response and duration-
response effects were noted in the influence of regular asp irin use on risk of only 
COX-2 over-expressing CRC. Remarkably similar results were observed in the 
two independent cohorts when analysed separately, and these results were con-
sistent with an earlier case-control study in which the association of NSAID use 
with a reduced risk of CRA was most apparent in cases with high expression of 
COX-2 mRNA [63].

The second study extended these observations to the effect of tumour COX-2 
expression on the associations between regular aspirin use and CRC-specific and 
overall s urvival following a diagnosis of stage I–III CRC [62]. The same patient 
cohorts, definitions of regular aspirin use, and immunohistochemical methods for 
assessment of COX-2 expression were used, and the influence of aspirin use pre- 
and post-diagnosis were analysed both together and separately. Overall, regular 
aspirin use prior to diagnosis had no significant influence on either CRC-specific 
or overall mortality, whereas aspirin use after diagnosis was associated with signifi-
cant risk reductions of 29 and 21%, respectively. Further analyses of the effect of 
post-diagnosis aspirin use indicated that the beneficial effects were confined to 
those individuals who initiated aspirin use following diagnosis rather than those 
who continued ex isting pre-diagnosis aspirin use. COX-2 expression status 
impacted significantly on the association, with the benefit of post-diagnosis aspirin 
use being confined to individuals with COX-2 over-expressing tumours, particu-
larly in those initiating aspirin use post-diagnosis who benefited from a 78% 
(95%CI, 26–93%) reduction in risk of CRC-specific mortality. Receipt of adjuvant 
chemotherapy did not influence these associations, and aspirin use did not affect the 
likelihood of receiving adjuvant chemotherapy. These findings corroborated results 
from a prior analysis of participants in a study of adjuvant therapy in resected stage 
III colon cancer [64], in whom regular aspirin use conferred a significant prolonga-
tion of disease free survival. Together, these studies suggest that aspirin may have 
a specific effect on the prevention of micrometastases among individuals with inva-
sive disease, that this effect will be absent in tumours which develop in the presence 
of aspirin, and that COX-2 expression in the tumour is a marker of aspirin 
efficacy.

Although both studies by Chan and coworkers were retrospective, assessed the 
influence of non-randomised aspirin administration, and did not consider non-
aspirin NSAID or COX-2 selective inhibitor use, the predictive influence of COX-2 
over-expression in determining benefit from aspirin use is compelling. Randomised 
studies of aspirin in patients diagnosed with CRA or CRC stratified by intra-lesion 
COX-2 expression are warranted.
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Influence of Polymorphic Variation on Chemoprevention 
Efficacy and Toxicity

Recent genome wide association studies in common cancers and other com-
mon chronic diseases have confirmed that germline genetic variants with high 
population frequency can confer small but highly significant influences on 
disease risk, which when combined with other similar variants can have a 
clinically relevant impact on individual risk [65]. Polymorphic variation has 
also been shown to influence drug bioavailability, activity, and toxicity in the 
treatment of invasive cancer, and it is very probable that similar polymorphic 
influences exist for chemopreventive agents.

Although pharmacogenomics in the setting of chemoprevention is still in its 
infancy, important associations have already been identified. Expression of ODC, 
the rate limiting enzyme in polyamine synthesis, is altered by a functional polymor-
phism, ODC G316A, which lies between two promoter-region transcription factor 
binding sites, with the minor A allele conferring reduced enzyme expression [66]. 
Genotyping of participants in a CRA recurrence pr evention study investigating the 
effect of a wheat bran fiber intervention i nitially reported a 50% reduction in CRA 
recurrence in individuals with homozygous ODC 316AA genotype compared to 
wild-type individuals [66]. Aspirin impacts on the same metabolic pathway by 
inducing polyamine catabolism, and ODC 316AA genotype participants who 
reported aspirin use had a 90% reduction in recurrence risk compared to wild-type 
non-aspirin users. These findings were corroborated in a UK-based trial of aspirin 
for CRA recurrence prevention, in which ODC 316AA genotype participants were 
at similar significantly decreased risk of recurrence compared to those with ODC 
316GG or ODC 316GA genotypes combined (relative risk 0.43), with a more pro-
nounced effect in those taking aspirin [67]. Finally, a third study by Barry and 
coworkers, who genotyped participants in an independent randomised trial of aspi-
rin for CRA recurrence prevention, found that ODC 316AA genotype did not have 
an independent prognostic effect, but was a significant predictor of response to 
aspirin [68]. Pooling the results of all three studies provides compelling evidence 
of a predictive influence of ODC 316AA genotype on the response to aspirin in 
preventing CRA recurrence (Fig. 11.2) [67]. Although only ~5% of Caucasians 
carry the ODC 316AA genotype, this group appear to gain differential benefit from 
aspirin in preventing colorectal neoplasia, offering the potential for targeted 
chemoprevention.

Conclusion

Diagnosis of a pre-invasive lesion significantly influences cancer risk and 
p rovides an opportunity to intervene with chemopreventive agents prior to the 
development of invasive disease. The challenge to researchers is to individualise 
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Fig. 11.2 Relative risks (RRs) and 95% confidence intervals (CIs) for adenoma recurrence 
stratified by ODC G316A genotype and aspirin exposure in Hubner et al. [67] (a), Martinez 
et al. [66] (b), Barry et al. [68] (c), and pooled analysis (d). In each panel the reference 
group is individuals with either ODC 316GG or 316GA genotypes who were not exposed 
to aspirin. For panels B and C RRs and 95%CIs were calculated from published raw data 
without adjustment
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chemopreventive therapy by determining which agent or combination of agents 
should be used, at what dose, and for what duration to achieve maximal preven-
tive efficacy and minimal toxicity. Factors that will impact on the o ptimal 
choice of chemopreventive agent include individual level of cancer risk, molec-
ular features of the pre-invasive lesion, host genotype, and the availability of 
other pharmacological and non-pharmacological alternatives for cancer 
pr evention. Such personalised chemoprevention strategies will maximize the 
likelihood of an individual avoiding cancer.
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Clinical Vignette

A 50-year old white male presents for surveillance endoscopy for Barrett’s esophagus. 
He was diagnosed with Barrett’s esophagus 3 years ago after he underwent upper 
endoscopy for longstanding heartburn. Biopsies from the esophagus then showed 
intestinal metaplasia with no dysplasia. Currently, upper endoscopy reveals columnar 
mucosa in the distal 6 cm of the esophagus with no discernible mucosal nodularity. 
Biopsies show high grade dysplasia. He has no other complaints or comorbidities 
and physical examination is unremarkable.

How should his condition be managed?

Basic Principles for the Treatment of Pre-invasive Disease

There are two major issues for treatment of pre-invasive cancer. The first is the 
determination that the lesion truly is pre-invasive. Although the appearance of the 
lesion can give some information regarding the depth of invasive, for instance, a 
patient with dysphagia and a long concentric stenotic esophageal cancer almost 
always has a T3 cancer that is deeply invasive [1]. It is usually necessary to estab-
lish lack of invasion through either careful ultrasonography or through actual resec-
tion of any lesion. Endoscopic ultrasonography is fairly specific for deep invasion 
but not very sensitive. One of the problems is that ultrasound usually must see full 
thickness invasion to establish an invasive tumor. In addition, endoscopic ultra-
sound in the luminal GI tract is difficult to perform without compressing the lesion 
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in question since an acoustical interface must be established. In order to truly visu-
alize the lesion, the area must be water filled and the patient rotated so that the pool 
of water encompasses the lesion. This is not readily doable in areas such as the 
pulmonary tree or even areas outside of the esophagus [2]. 

Once the lesion is removed and invasion is excluded, the other problem is to 
decide whether or not field carcinogenesis has occurred. Most epithelial cancers 
form because of chronic inflammation and there is a reasonable chance that histo-
logical normal appearing mucosa harbor genetic mutations that will generate 
metachronous cancers. This is not always simple to identify since these changes are 
so small, that there is no easy method to detect them without performing tests for 
chromosomal instability or methylation arrays that characterize the pheotype of this 
tissue [3]. The treatment of some of these epithelial lesions is difficult since these 
changes are not visible, they may also involve large areas of epithelium.

Chemoprevention with non-steroidal anti-inflammatories that interferes with 
COX-2 production of PGE2 which produces epithelial proliferation would be rea-
sonable although this effect may depend on whether or not the oncogenic pathways 
are still susceptible to this manipulation [4–6]. Agents with less side effect profiles 
are also being investigated since this strategy could decrease cancer formation and 
decrease the need for further endoscopic procedures.

There is also ablation of the residual tissue which is done particularly in Barrett’s 
esophagus due ot the high rate of metachronous lesions [7]. Squamous cell cancer 
is more difficult to assess if abnormal tissue is present usually chronic surveillance 
will need to be done in this high risk subset. In the colon, if there is a hereditary 
component that satisfies Amsterdam criteria, then surveillance colonscopy is rec-
ommended for the life of the patient. Pulmonary tissue is also surveyed periodically 
since most of the risk factors affect both lungs.

Gastrointestinal Pre-invasive Diseases

Barrett’s esophagus is a condition characterized by the replacement of normal 
esophageal squamous epithelium with metaplastic columnar epithelium [1] resulting 
in the proximal migration of the squamocolumnar junction. This occurs in response 
to chronic gastroesophageal reflux. Its significance stems from the 30- to 50-fold 
increase in the risk of esophageal adenocarcinoma [2]. The incidence of esophageal 
cancer has increased by over 500% in the past 3 decades in the West [3] and confers 
a dismal 5-year survival of 13% despite the advances in diagnosis and treatment [4]. 
Although Barrett’s esophagus confers a substantial relative risk of developing cancer, 
the absolute risk of neoplastic progression in an individual patient with Barrett’s 
esophagus is small at less than 0.5% per year [5]. Hence interventions aimed at 
preventing the development of invasive adenocarcinoma have focused on identifying 
high-risk subgroups amongst patients with Barrett’s esophagus.

The risk of neoplastic progression in Barrett’s esophagus is stratified based on the 
degree of dysplasia detected on biopsy. This continues to be the main  determinant of 
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the need for treatment despite several limitations which include interobserver variabil-
ity in interpretation of dysplasia, misdiagnosis of regenerative changes as dysplasia 
and sampling errors in biopsy. All of these issues compromise the therapy of this dis-
order and has led to redundancy in the evaluation. In the clinical vignette presented, 
the biopsies need to be examined by an experienced pathologist to determine if the 
diagnosis can be substantiated to decrease the variation in interpretation. Patients with 
non-dysplastic Barrett’s esophagus and low grade dysplasia have 0.5–0.6% [6] risk of 
developing cancer per year respectively. While a recent meta-analysis suggests possi-
ble benefit from endoscopic ablation in these patients [7], the risks from presently 
available treatment modalities often outweigh the potential risk of neoplastic progres-
sion to justify treatment in these patients. Furthermore eradication of the columnar 
mucosa does not obviate the need for continued endoscopic surveillance as intestinal 
metaplasia and dysplasia can recur after endoscopic eradication. The recurrence rates 
and potential cancer risk reduction of ablative therapies is not well defined and the 
randomized controlled trials have not obtained important endpoints such as survival 
and cancer related survival. These endpoints are often impractical given the longevity 
of these patients and the limitations of conducting clinical trials. It is recommended 
that patients undergo periodic endoscopic surveillance to detect high grade dysplasia. 
The presence of high grade dysplasia is associated with a 30% risk of progression to 
invasive adenocarcinoma and represents the currently accepted threshold for interven-
tion. The current guidelines recommend that one of the following options may be 
considered in patients with high grade dysplasia – esophagectomy, endoscopic therapy 
or intensive surveillance to detect esophageal adenocarcinoma [1].

Esophagectomy has traditionally been the treatment of choice for high grade 
dysplasia. Patients with high grade dysplasia harbor carcinoma in adjacent segments 
of the Barrett’s mucosa in as many as 40% [8] though more recent studies suggest 
a much lower rate of synchronous lesions [9]. Esophagectomy may completely 
removes at risk mucosa and may reduce the need for subsequent surveillance 
although intestinal metaplasia has been reported in the residual esophagus even after 
surgical resection. However the procedure is associated with significant morbidity 
and mortality risks even in experienced hands. The morbidity rates are 30–50% [10] 
and mortality rates of 1–2% in high-volume centres and 10–18% in lower volume 
centres have been reported [11]. Vagal sparing esophagectomies have been reported 
that reduce the gastric emptying problems after esophagectomy but the procedure is 
still associated with significant morbidity despite reporting better outcomes than 
transhiatal esophagectomy [12]. Minimally invasive esophagectomy has been pro-
posed with the gastric resection performed using laparoscopic techniques with the 
cervical esophagus anastomosis performed with thoracoscopic methods. Though 
incisions as much smaller than traditional trans-thoracic and trans-hiatal esophagec-
tomy the overall complications and time in hospital is not reduced. The advanced 
age and concurrent comorbidities in a typical patient in their sixth decade of life 
with Barrett’s neoplasia often preclude surgery as a treatment option.

Continued endoscopic surveillance has been recommended in patients with high grade 
dysplasia. This used to be an option in patients who were deemed to be unfit or unwilling 
to undergo esophagectomy as progression to invasive cancer was not invariable. 



230 N. Vikneswaran and K.K. Wang

However, this incurs the risk of progression to inoperable cancer in between surveil-
lance endoscopies which would preclude curative treatment. The advent of endo-
scopic therapy and the accumulating evidence of its efficacy and safety may render 
“watchful waiting” an less tenable option in the near future except for patients with 
limited life expectancy. The ability to intervene should a cancer develop using endo-
scopic therapies may be viable in those patients with severe co-morbidities.

Endoscopic Therapy

Endoscopic therapy is based on the principle that injury to metaplastic epithelium 
followed by healing and acid suppression could lead to re-epithelialization with a 
neosquamous lining of the esophagus [13, 14]. Endoscopic therapy is directed at high 
grade dysplasia and intramucosal adenocarcinoma as these lesions generally have a 
less than 5% risk of nodal metastases [15] which is comparable to the operative mor-
tality of esophagectomies [11, 16, 17]. The presence of submucosal invasion and 
nodal metastases generally precludes endoscopic therapy as a curative option 
although the combination of endoscopic therapy with adjuvant chemoradiation ther-
apy has been performed. The basic tenants of endoscopic therapy are to begin by 
removing the most neoplastic appearing lesions such as nodules or areas of mucosal 
irregularly detected with either white light or advanced imaging techniques such as 
narrow band imaging, laser confocal endoscopy, or chromoendoscopy. After clear-
ance of visible lesions which have the highest potential for neoplasia, the second goal 
of endoscopic therapy is to eradicate the residual columnar mucosa that harbors the 
potential for malignant change. This endpoint has served as a surrogate measure of 
endoscopic efficacy in clinical trials despite its limitations due to the large number of 
patients and the long periods of follow-up required to demonstrate an actual survival 
benefit in a prospective study. The eradication of columnar mucosa can be achieved 
either by endoscopic resection or ablation of columnar mucosa with ablation being 
the most commonly applied method since there is less morbidity associated with 
these techniques. There are several methods of endoscopic ablation of which radiof-
requency ablation, photodynamic therapy and cryotherapy show the most promise. 
Endoscopic therapy is always combined with acid suppression to facilitate mucosal 
healing though the optimal dose of acid suppressive medication has not been ascer-
tained. In practice, endoscopic mucosal resection and ablative techniques are often 
combined to achieve complete eradication of dysplastic mucosa.

Endoscopic Mucosal Resection

Endoscopic Mucosal Resection (EMR) is a technique which involves the removal 
of a localized segment of mucosa with a modified snare for diagnostic or therapeutic 
purposes. The basic principle underlying EMR is the mucosa and the muscle layer 
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of the gastrointestinal wall may be separated by the injection of saline into the 
submucosa thereby facilitating mucosal resection while mitigating the risk of per-
foration. Developed over 25 years ago in Japan for the treatment of early gastric 
cancer [18], there are several techniques currently used for performing EMR. The 
most commonly used technique is the suck-and-cut technique. This involves the 
creation of a polyp by aspiration of the mucosa into a device followed by resection 
using snare and electrocautery. This may be performed by two techniques. The cap 
(EMR-C) technique [19] employs a transparent cap affixed to the distal end of the 
endoscope. The cap contains a groove on which a specially designed small-diameter 
crescent-shaped snare is placed. Following injection of diluted epinephrine, the 
mucosa is retracted into the cap by suction and resected by closure of the snare and 
electrocautery (Fig. 12.1). Alternatively, the ligation (EMR-L) technique employs 
a method similar to variceal band ligation. A band ligation device is placed over the 
mucosal lesion. The mucosa is aspirated into the cap and a band is deployed. The 
captured mucosa is then resected with electrocautery with the aid of a snare 
deployed either above or below the band. The development of multiband mucosec-
tomy devices allows for multiple sequential ligations and resections to be per-
formed in a single intubation. The cap and ligation methods have largely replaced 
the original strip biopsy method of EMR and its variants as they are easier to perform, 
provide larger specimens and are associated with lower rates of bleeding [20]. EMR 
is applied focally to resect visible lesions although more recent studies have described 
circumferential EMR which entails the removal of the entire Barrett’s segment [21].

The main advantage of EMR over the ablative techniques is that it provides tis-
sue for histological analysis. The resected specimens are superior to biopsy 

Fig. 12.1 Esophageal ulceration following cap assisted EMR
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 specimens in assessing the depth of tumour invasion and demonstrate better diag-
nostic reproducibility as the specimens are larger and mucosal landmarks are pre-
served [22]. This influences management by altering the assessment of the degree 
of dysplasia and tumour invasion that was seen on biopsy specimens.

EMR is presently the most reliable investigation for assessing the T stage of 
esophageal cancer [23].

Several single centre studies have demonstrated the efficacy of EMR in combina-
tion with endoscopic ablation in the treatment of high grade dysplasia and intramucosal 
adenocarcinoma. Endoscopic remission of dysplasia has been reported in over 95% 
of patients with high grade dysplasia and intramucosal adenocarcinoma [24, 25]. 
The overall survival in patients with mucosal carcinoma treated endoscopically is com-
parable to patients undergoing esophagectomy (17 vs. 20%, p = 0.75) [26]. Complications 
have been reported in 13–16.6% of patients. These are mainly esophageal strictures 
which are amenable to dilatations and minor bleeding [25, 26].

Recurrence of high grade dysplasia may occur in 12–21.5% of patients. The risk 
of recurrence is higher in patients with long-segment Barrett’s esophagus, those 
who had piecemeal resection and/or multifocal neoplasia [25]. The size of speci-
mens that may be resected with EMR is less than 20 mm. Larger lesions require 
piecemeal resection which creates uncertainties in the assessment of involvement 
of the lateral margins of the resected specimens by tumour and this in turn is associ-
ated with an increased rate of tumour recurrence [27, 28]. Recurrent lesions are 
usually amenable to endoscopic treatment. The risk of recurrence mandates continued 
endoscopic surveillance after resection.

Circumferential resection of the entire Barrett’s segment (Circumferential EMR) 
has been described in an attempt to completely remove at risk mucosa to reduce 
recurrence. Several studies with short term follow-up have demonstrated the feasi-
bility of circumferential EMR but the reported rates of esophageal stenoses are 
much higher at 12–56% of patients [21, 29, 30].

Endoscopic Submucosal Dissection

Endoscopic submucosal dissection (ESD) was developed in Japan to achieve en 
bloc resection of larger early gastric cancers. This differs from EMR in its use of 
an endoscopic knife to incise the margins of the tumour prior to its dissection. The 
advantage over mucosal resection is the preservation of the tissue margins in 
lesions that are larger than 1.5–2.0 cm in diameter. Though the feasibility and effi-
cacy of this technique has been well documented in the gastric cancers [31] and 
esophageal squamous cell cancers [32, 33], there is limited experience in the setting 
of Barrett’s related neoplasia. The procedural duration is much longer than EMR 
and is associated with higher rates of perforation even in high volume centres. 
Dissection of Barrett’s related neoplasia in the gastroesophageal junction would be 
technically challenging and the presence of fibrosis and reflux-induced inflammation 
would conceivably increase the level of difficulty.
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Ablation Techniques

Radiofrequency Ablation

Radiofrequency Ablation (RFA) delivers radiofrequency energy to ablate columnar 
mucosa in the esophagus. The energy is delivered by a 3-cm long ablation balloon 
catheter that contains multiple electrodes that transmit RF energy in a circumferen-
tial manner. The balloon-based delivery system allows for the uniform delivery of 
RF energy to large segments of the esophagus. Close apposition of the balloon to 
the mucosa is essential in order to achieve optimal ablation. The ablation balloon 
catheter comes in different sizes. A sizing balloon catheter is used to ascertain the 
appropriate size of the balloon catheter required to deliver the RF energy. The siz-
ing balloon is inserted into the esophagus and inflated to an appropriate pressure by 
a foot pedal. The balloon inflation machine recommends the appropriate size of 
balloon for ablation. The ablation balloon catheter is then inserted to ablate the 
mucosa in 3-cm segments under direct endoscopic vision (Fig. 12.2). The mucosa 
is ablated twice in each treatment session. Following each ablation, the catheter is 
removed and the sloughed mucosa (Fig. 12.3) is scraped off with a cap affixed to 
the endoscope before ablation is repeated over the same region. This ensures 
 optimal contact between the balloon and the mucosa during the second ablation.

Alternatively, an endoscopically mounted catheter may deliver RF energy to 
focal segments of columnar mucosa. This is typically used to ablate residual 
tongues of columnar mucosa following circumferential ablation with the 

Fig. 12.2 RFA Balloon in situ
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 balloon-based delivery system. Several sessions of ablation is usually required to 
eradicate dysplastic mucosa. The treatment sessions are usually performed at 2–3 
monthly intervals to allow for healing of mucosal ulceration prior to repeat 
ablation.

RFA is best suited for patients that have a non-nodular esophageal mucosa in a 
relatively straight tubular esophagus with no strictures or tortuosity. This facilitates 
optimal contact between the ablation balloon and the esophageal mucosa – a pre-
requisite for effective ablation. Nodules should be endoscopically resected for 
optimal treatment as well as definitive characterization of histology.

A recently published multi-centre randomised sham-controlled study reported 
eradication of high grade dysplasia in over 80% of patients and reduced neoplastic 
progression over a short-term period [34]. However, long-term results are needed 
to demonstrate the durability of treatment response as intestinal metaplasia and 
dysplasia may recur following treatment.

RFA is well tolerated with chest pain being the commonest adverse effect. The 
reported rate of esophageal strictures with RFA (6%) is lower than other ablative 
modalities. This is probably a consequence of the effects of RFA being confined to 
the mucosa. The strictures are usually amenable to endoscopic dilatation. Significant 
bleeding and perforation are uncommon.

RFA results in the ablated columnar mucosa being replaced by neosquamous 
epithelium which effectively results in a caudad regression of the squamocolumnar 
junction often into the gastric cardia. The long-term clinical consequence of this 
reversal of an essentially adaptive response in a patient predisposed to chronic acid 
reflux is not known.

Fig. 12.3 Mucosal slough following balloon RFA
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Photodynamic Therapy

Photodynamic Therapy (PDT) ablates esophageal mucosa by using light of a specific 
wavelength (630 nm) on mucosa sensitized by the prior administration of a sys-
temic photosensitizing agent to generate reactive oxygen molecules. These reactive 
oxygen species mediate tissue ablation in the esophageal mucosa by inducing apop-
tosis, vascular injury and an immune response [35]. Intravenous porfirmer and oral 
5 aminolevulinic acid (ALA) are the two photosensitisers commonly used in PDT. 
These photosensitisers have a propensity to bind to neoplastic tissue and induce cell 
death under light of the appropriate wavelength.

Porfimer is administered intravenously 48 h before the procedure and 5 aminolevu-
linic acid is taken orally 4 h before. Photoradiation is then applied using either a bare 
cylindrical diffusing fiber or centering balloons. The cylindrical diffusing fiber is passed 
through the accessory channel of the endoscope and placed in the center of the esopha-
geal lumen. The light is delivered from a laser (Figs. 12.4 and 12.5). Alternatively, the 
centering balloon is passed into the esophagus over a guide wire, endoscopically posi-
tioned adjacent to the targeted area of Barrett’s mucosa, and then inflated.

PDT with porfirmer is effective in ablating high grade dysplasia (77 vs. 39% 
p < 0.0001) and reducing the incidence of adenocarcinoma in patients with high grade 
dysplasia (13 vs. 28% p < 0.006) compared to acid suppression alone [36]. Follow-up 
studies demonstrate a sustained benefit 5 years after treatment [37]. A retrospective 
cohort study reports similar survival outcomes between PDT either alone or in com-
bination with EMR and esophagectomy [38] in patients with high grade dysplasia.

Fig. 12.4 Photodynamic therapy
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However, adverse effects may occur in as many as 94% of patients. Esophageal 
strictures may occur in 20–36% of patients undergoing PDT, more frequent than 
other ablative modalities. These are more likely to occur in patients who have pre-
existing strictures, those who have undergone prior EMR, multiple PDT applica-
tions in a single session [39] and length of segment of Barrett’s esophagus [40]. 
These typically present with symptoms 3–4 weeks after PDT [39]. The strictures 
are usually thick-walled hence aggressive endoscopic dilatations causing a signifi-
cant tear is needed to treat these strictures. Often multiple serial endoscopic dilata-
tions performed more than once weekly is needed. One patient in a study by the 
authors’ centre required 42 dilatations and continued self dilatation at home [39]. 
These adverse events has limited the application of this technique to patients who 
have an unusual anatomy that is not amendable to other therapies.

PDT may also cause cutaneous phototoxicity that usually manifests as sunburn 
in exposed body surface. Patients need to avoid bright light for at least 30 days after 
administration of the photosensitizer. This may not be feasible in patients living in 
sunny, tropical climates. PDT with ALA seems to be associated with a lower incidence 
of adverse effects but it is less efficacious [41, 42].

Biomarkers have been studied to predict patients’ response to PDT in an attempt 
to individualise therapy. The loss of p16 allele is associated with a diminished 
response to PDT [43] while persistence of biomarkers following PDT is associated 
with increased risk of neoplastic recurrence following PDT [44]. Currently, the use 
of biomarkers is restricted to research applications. Biomarkers may help determine 
the best therapy for an individual patient.

Fig. 12.5 Necrotic mucosa following PDT
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Cryotherapy

Cryotherapy is a non-contact method of ablation that employs an endoscopically 
delivered cryogen – either liquid nitrogen or carbon dioxide. Tissue injury with cryo-
therapy occur via two main mechanisms – an immediate phase of direct cell injury 
caused by formation of ice crystals in the tissue and a delayed phase characterized by 
tissue ischemia from endothelial damage and microthrombi formation. Repetitive 
cycles of rapid freezing and slow thawing are the basic features of cryotherapy [45].

Though freezing techniques have been used in the palliation of esophageal can-
cers with modest efficacy in the past, the use of cryotherapy in the ablation of 
Barrett’s dysplasia has only recently gained prominence [46]. Earlier devices which 
relied on direct contact between a cryoprobe and the esophagus to achieve cryoab-
lation were unable to achieve uniform tissue ablation and were associated with 
perforation as direct contact with the mucosa resulted in the probe binding to the 
esophagus [47].

Current devices administer cryogens as a low pressure spray via a catheter 
passed through the working channel of the endoscope [47]. The spray method of 
delivery allows for a more uniform application of cryogen to the mucosal surface 
without the need for direct mucosal contact. There are two commercially available 
systems. The Polar Wand cryotherapy device (GI Supply, Camp Hill, PA, USA) 
uses carbon dioxide while the CryoSpray Ablation system (CSA Medical, Inc., 
Baltimore, MD, USA) uses low pressure liquid nitrogen which achieves a signifi-
cantly lower temperature. The liquid nitrogen is stored in a console which regulates 
the dose with a timer. A decompression tube is inserted endoscopically prior to the 
administration of the cryogen to prevent gaseous distension of the stomach which 
may lead to perforation [47].

Uncontrolled studies have reported promising safety and efficacy with cryotherapy 
[48, 49] but long term data is lacking. Cryotherapy facilitates treatment of uneven 
mucosal surfaces unlike RFA as mucosal contact is not required. However, the 
presence of frosting on the tip of endoscope often obscures vision during the 
procedure. The presence of a tight stricture may preclude its use if both the endoscope 
and the suction catheter cannot be accommodated within the esophageal lumen. The 
dosimetry needs to be clarified as studies thus far have reported varying freeze times.

Multipolar Electrocoagulation and Argon Plasma Coagulation

Multipolar electrocoagulation (MPEC) utilizes thermal energy to cause tissue 
injury by passing a current between electrodes that are in contact with tissue. 
Studies on the utility of MPEC have mainly focused on patients with non-dysplastic 
Barrett’s esophagus [50] and have relatively small cohorts with short periods of 
follow-up. A randomized control trial comparing MPEC with argon plasma coagula-
tion in patients with mainly non dysplastic Barrett’s esophagus showed a statistically 
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insignificant superiority of MPEC in the eradication of Barrett’s esophagus 
(75 vs. 63% p = 0.49) [51].

Argon plasma coagulation (APC) uses ionised argon gas to deliver a monopolar 
current to coagulate tissue. Several prospective studies which primarily studied 
patients with non dysplastic Barrett’s esophagus have reported variable efficacy 
(65–100%) [52, 53] and high rates of recurrence of intestinal metaplasia of up to 
66% and subsquamous Barrett’s esophagus [54, 55] possibly due to the superficial 
depth of injury. Complications of perforation and pneumomediastinum have been 
reported [53, 56]. With the advent of superior ablative modalities, MPEC and APC 
have been relegated to ablating residual tongues of columnar mucosa in the occa-
sional patient who had been ablated with another modality. Fundamentally, these 
techniques were developed for treating very small regions of mucosa.

Clinical Evaluation and Management

Successful outcome with endoscopic therapy for Barrett’s neoplasia is contingent 
on careful patient selection. Indiscriminate application of endoscopic therapy may 
result in progression to incurable cancer in a patient who might otherwise have 
benefited from a curative esophagectomy. What would be the principal consider-
ations governing therapy in patients with Barrett’s neoplasia?

Confirmation of Dysplasia

The degree of dysplasia seen on biopsy specimens should be confirmed with an 
expert GI pathologist as there may be interobserver variability in interpretation of 
dysplasia and concomitant inflammation may result in a misdiagnosis of dysplasia. 
Endoscopic biopsies should be repeated in patients with erosive esophagitis after a 
course of acid suppression. There is an increased risk of neoplastic progression 
when the presence of dysplasia is confirmed by two or more pathologists [57]. The 
confirmation of high grade dysplasia should prompt more thorough surveillance 
biopsies taken from the four quadrants every one centimeter.

Assessment for Nodal Metastases

The risk of nodal metastases in esophageal adenocarcinoma is related to the depth 
of tumor invasion. The risk of nodal metastases in esophageal cancer increases 
from less than 1% for tumors confined to the lamina propria to 35–50% with sub-
mucosal invasion. Careful staging of the disease is crucial as the presence of dis-
seminated disease precludes endoscopic resection as a curative treatment. Patients 
with high grade  dysplasia or intramucosal adenocarcinoma confined to the mucosa 
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may undergo  curative endoscopic resection. TNM staging is performed with 
 computerized  tomography (CT) chest and abdomen to detect disseminated metas-
tases (M) and endoscopic ultrasound (EUS) to detect nodal metastases (N). EUS, 
however, only has modest accuracy [23] in ascertaining the depth of tumour inva-
sion (T) as the findings may be confounded by the presence of inflammation or the 
inability to traverse a stricture with an echoendoscope. Presently, EMR offers the 
most reliable means of T staging. Patients with no evidence of metastases on CT 
and EUS may be considered for EMR.

Esophagectomy or Endoscopic Therapy?

The choice of treatment modality would be governed by several factors. The avail-
ability of local surgical and endoscopic expertise would influence the choice of 
therapy. Outcomes with esophagectomy are superior in centres with high volume 
[11]. Conversely, most of the outcomes for endoscopic therapy have been reported 
by centres of excellence with dedicated endoscopists experienced in the detection 
of subtle lesions and resection and GI pathologists experienced in the recognition 
and grading of dysplasia. The reported results probably represent the best outcomes 
one may expect from endoscopic therapy. It remains to be seen if these can be 
replicated in a community practice.

There is limited evidence on the durability of treatment response for ablation and 
resection beyond 5 years. The length of the segment has also been implicated has a 
factor that may predict response to endoscopic therapy [58]. A younger patient with 
a ten centimeter segment of Barrett’s esophagus and multifocal dysplasia might 
conceivably benefit more from surgery than an elderly patient with comorbidities 
that preclude surgery.

Furthermore patients undergoing endoscopic therapy require several sessions of 
treatment which may require a year to completely eradicate dysplasia. This is followed by 
intensive endoscopic surveillance every 3–6 months to detect metachronous lesions. 
The impact of a protracted course of treatment for cancer on the patient’s quality of 
life has not been ascertained. Clearly, a patient who has difficulty adhering to a rigor-
ous treatment and surveillance regimen may be better suited to undergo surgery.

There are no prospective randomized trials comparing outcomes with esophagec-
tomy and endoscopic therapy and it is unlikely one will ever be performed as patients 
are unlikely to agree to undergo randomization to two radically different treatment 
arms. Indeed anecdotal evidence suggests that the choice of therapy is often influ-
enced by patients’ values and concerns – the fear of missing invasive cancer versus 
the fear of morbid surgery. Patients undergoing endoscopic therapy need to be 
informed of the risk of failure of endoscopic treatment, albeit remote which may 
necessitate surgical resection. This may be related to difficult resections from scarring, 
undetected submucosal cancers and mucosal non-healing which may preclude further 
endoscopic therapy [25]. The authors believe a discussion of the risks and benefits in 
consultation with the thoracic surgeon should be carried out for each patient.
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Resection, Ablation or Both?

Patient’s undergoing endoscopic therapy should undergo meticulous surveillance of 
the columnar mucosa for mucosal abnormalities. Narrow band imaging which 
utilizes light of short wavelength (blue light) to achieve more superficial tissue 
penetration to highlight mucosal surface patterns and details of microvasculature is 
used in conjunction with white light endoscopy to visualize the mucosal landscape 
and identify mucosal abnormalities and nodularities. Any focal lesion especially 
mucosal nodularities should be targeted for resection as they are associated with 
coexistent carcinoma [59]. Mucosal resection, unlike ablation, allows for definitive 
histological assessment of grade and the presence of lymphovascular invasion 
which are associated with an increased risk of metastatic lymphadenopathy.

The remaining columnar mucosa may be targeted for circumferential resection 
which involves the complete resection of the entire columnar segment but it is asso-
ciated with a much higher rate of symptomatic esophageal stenoses. Alternatively, 
endoscopic resection of focal abnormalities is combined with ablation of the residual 
columnar mucosa by either RFA or PDT. Ablation is usually performed at least 
4 weeks after resection to allow for healing of mucosal ulceration acid suppressive 
therapy prior to ablation. RFA is preferred in patients with a non-nodular mucosa in 
a relatively straight tubular esophagus with no strictures or tortuosity. Cryotherapy 
may be performed in patients with uneven mucosal surfaces which precludes opti-
mal tissue contact with the RFA balloon. Mapping biopsies are obtained during each 
endoscopy and treatment is continued until there is no evidence of dysplasia. 
Patients continue to undergo 3–6 monthly endoscopic surveillance with progres-
sively increasing intervals depending on the biopsy findings. Endoscopic ultrasound 
is performed annually at the authors’ unit to detect lymph node metastases.

Conclusion

The patient presented in the clinical vignette has high grade dysplasia in the setting 
of Barrett’s esophagus. This would be confirmed by a repeat endoscopy with thor-
ough biopsies taken from every centimeter each quadrant. The specimens should be 
reviewed by an expert GI pathologist to confirm the findings.

Once high grade dysplasia is confirmed, the patient should be advised on his 
treatment options preferably in conjunction with a thoracic surgical consult. CT 
chest and abdomen and EUS should be performed to exclude disseminated disease. 
Endoscopic resection of any mucosal abnormalities seen on white light endoscopy 
or NBI is performed to stage the lesions. The residual dysplastic mucosa is then 
resected or ablated every 3 months until biopsies no longer show any dysplasia. The 
patient should continue to undergo periodic surveillance endoscopy to assess for 
recurrence. The precise interval has not been established but in the authors experi-
ence, should be based on the degree of dysplasia prior ablation with more intensive 
surveillance for early cancer and less intensive for low grade dysplasia.
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Introduction

Screening is an important strategy for reducing cancer-related mortality in devel-
oped countries. Programmes for breast and cervical cancer screening are well 
established, while protocols for prostate, colorectal and ovarian cancer are still 
being developed [1–7]. Population screening programmes help to detect both inva-
sive cancers and pre-malignant disease. Prompt treatment of those identified with 
ca ncer can reduce mortality, although screening trials do not consistently improve 
survival [8–12]. Diagnosing cancer early may mean that less invasive treatments 
with better clinical outcomes can be offered to patients [13, 14]. The detection of 
pre-malignant disease through screening also allows sufferers to be offered lifestyle 
modification advice, entry into surveillance programmes and prophylactic therapy 
[15–18]. This may help to reduce the incidence of invasive cancers amongst some 
high-risk populations [17, 19, 20]. In recent years, genetic screening has also 
helped to predict those at risk of developing cancer in the future, permitting 
co unselling of mutation carriers and their offspring [21–23].

Decisions on the efficacy, acceptability and timing of population screening tests 
are complex. In 1968, Wilson and Junger published ten criteria on behalf of the 
World Health Organisation to guide the development of screening programmes 
(Table 13.1) [24]. These stipulated that the disease being screened for must be an 
important health problem with a recognised and efficacious treatment. In addition, 
the disease should be detectable at an early stage with a screening test that is sensi-
tive, specific and easy to perform. In order to ensure that adequate screening uptake 
is achieved, the test and its subsequent treatment should be acceptable to patients. 
The vast majority of people who participate in cancer screening programmes will 
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not be diagnosed with cancer. Healthy participants are, therefore, exposed to physi-
cal and psychological risks that may be detrimental to them. The morbidity and 
mortality associated with screening should be balanced against the sum benefit to 
the entire at-risk population. The long-term cost-effectiveness of any screening 
programme should also be taken into consideration, including adequate financial 
and manpower provision for both diagnosis and treatment.

Individual emotional, social and psychological reactions to cancer screening 
vary markedly. Some patients may experience anxiety or distress when initially 
contacted for screening [25–27]. This may be related to the fear of undergoing an 
invasive test or of being diagnosed with cancer [28, 29]. In certain cases, pre-test 
distress may present a barrier to screening [30–32]. There is also evidence that 
pre-test anxiety is associated with persistently elevated levels of anxiety after 
screening [33, 34]. Cancer worry, anxiety, and fear can conversely motivate 
patients to enter cancer screening programmes [35, 36]. A negative screening 
test may provide reassurance, alleviate cancer worry and reduce distress [37–39]. 
A positive test, by contrast, may cause short or medium-term distress, which often 
improves with time [38, 40]. The sensitivity and specificity of the screening test is 
also important. False-positive screening tests may mean that patients are required 
to undergo unnecessary ad ditional procedures, which may cause further disc-
omfort and distress. False-negative screening tests give disease sufferers false 
reassurance. The impact of cancer screening therefore on emotional, social and 
psychological outcomes is va riable and depends on the test result, the disease site 
and the population studied [40–42].

Understanding the psychosocial impact of screening for cancer will provide 
information that can be useful to inform attendees of possible experiences and 
o utcomes. The information can also be used to inform policy makers regarding 
decisions to implement screening. It may be possible that psychosocial outcomes 
associated with particular screening tests may also be used decide between two 
screening modalities when there is clinical equipoise, for instance, when two 
screening tests have similar clinical outcomes and cost-effectiveness. This chapter 
will consider the measures and methods for assessing psycho-social outcomes in 

Table 13.1 Wilson’s and Junger criteria for establishing screening programs [168]

Wilson’s criteria [24]
The condition being screened for should be an important health problem
The natural history of the condition should be well understood
There should be a detectable early stage
Treatment at an early stage should be of more benefit than at a later stage
A suitable test should be devised for the early stage
The test should be acceptable
Intervals for repeating the test should be determined
Adequate health service provision should be made for the extra clinical workload resulting from 

screening
The risks, both physical and psychological, should be less than the benefits
The costs should be balanced against the benefits
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cancer screening trials. It will review the published literature related to these issues 
in breast, cervix, prostate, ovary and gastrointestinal cancer. There will be final 
sections considering the psycho-social implications of screening for genetic disor-
ders and future research.

Measuring Psycho-social Outcomes of Screening

Assessing psychosocial outcomes of screening has been undertaken using a combi-
nation of quantitative and qualitative methodologies. In some early work observer 
assessment of anxiety caused by screening tests was performed, but more recently 
it has been recognised that it is necessary to gain information from patients them-
selves to avoid potential problems with observer bias. Many trials therefore initially 
incorporated a measure of health-related quality of life (HRQL) into the protocol. 
Measures of HRQL, however, may not be suitable for this purpose because the 
majority of them were developed to assess cancer related symptoms and treatment 
side effects (rather than issues related to the impact of screening itself in a healthy 
population). More recently screening trials have incorporated questionnaires devel-
oped for assessing anxiety and specific psychosocial issues related to screening. 
The past decade has seen a change in the nomenclature of tools assessing self-
reported health and these are now collectively referred to as patient reported outcomes 
measures (PROMs). The definition of a PROM is that the instrument assesses any 
aspect of health reported by the patient themselves and it is not a measure of health 
interpreted by an observer [43]. In screening trials, this is a key feature and using 
observers’ impressions of the impact of screening on psychosocial issues is likely 
to be inaccurate (leading to both over rating and underscoring the true value). 
Qualitative research has also been used to understand how screening impacts on 
participants’ experiences and perceptions. Qualitative data may supplement infor-
mation from questionnaire studies and be used to understand responses from par-
ticipants (and carers). The following sections will review the literature regarding 
psychosocial outcomes of screening for specific cancers including published stud-
ies that have included validated PROMs.

Quantitative Methods

A wide range of PROMs have been used to assess the psychosocial impact of 
screening for pre-invasive disease and cancer. Many have been designed specifi-
cally for the study being undertaken and it is not uncommon for such question-
naires to lack full psychometric evaluation [44–46]. Studies using this ad hoc 
approach will provide data that may be unreliable. Others have used more well 
validated and rigorously designed questionnaires, such as the Spielberger State-trait 
Anxiety Inventory (S-STAI), the Centre for Epidemiological Studies Depression 
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Scale (CES-D), the Hospital Anxiety and Depression Scale (HADS), and the 
EuroQol 5D (EQ-5D) questionnaire [47–50]. Some of these, including the 
S-STAI and CES-D, assess affective symptoms such as anxiety and depression 
related to screening, while others including the EuroQol-5D and the Short Form-36 
(SF-36) have been used to measure the impact of screening on HRQL [51–53]. In 
addition, many cancer screening studies have developed and used PROMs that 
assess the level of cancer worry and distress in participants. This section will 
consider the different types of PROM that have been used in cancer screening 
trials and their relative merits and flaws.

Health-Related Quality of Life

Questionnaires assessing health-related quality of life (HRQL) were the first 
PROMs to be used in cancer screening trials. Most generic HRQL measures 
assess physical, social, emotional, role and cognitive function, and common 
symptoms. Examples include the SF-36, the EQ-5D, the European Organisation 
for Research and Treatment of Cancer (EORTC) QLQ-C30 and the Functional 
Assessment of Cancer Therapy General (FACT-G) [50, 52, 54, 55]. None of 
these tools were sp ecifically developed to assess issues related to screening, 
although the SF-36 was designed to assess the population health but it is 
unlikely to be sensitive enough to act as a measure of anxiety related to screen-
ing. The EORTC and FACT systems were developed in patients with cancer 
and therefore they focus on the presence of sy mptoms related to the disease 
and side effects of specific treatments. Some of these items and domains may 
not be relevant in cancer screening studies, where the majority of participants 
are healthy and asymptomatic.

Anxiety and Depression

Other cancer screening studies have used PROMs that assess the presence of affec-
tive symptoms such as anxiety and depression in patients prior to and following 
screening. These are perhaps the most widely used PROMs in cancer screening 
trials and their use is based on the assumption that screening can cause clinically 
detectable levels of anxiety and depression. The S-STAI is a 40-item questionnaire 
divided into two 20-item sections to assess state and trait anxiety [47]. State anxiety 
pertains to the emotional response one feels when placed in a situation which 
appropriately generates anxiety which then subsequently subsides once the stim-
ulus has been removed, for instance when undergoing a stressful event such as 
cancer screening. Trait anxiety refers to the background level of anxiety that each 
individual experiences throughout their adult lives. Reliability and validity data for 
the S-STAI have been widely published, although only rarely in cancer screening 
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studies [47, 56–59]. Internal consistency estimates of both the state and trait anxiety 
scales are on the whole very high (Cronbach’s a > 0.90), while the S-STAI has also 
demonstrated good reliability [58]. State anxiety is an appropriate psychosocial 
outcome in cancer screening studies, as both the anticipation and performance of 
invasive screening procedures, such as colonoscopy or colposcopy, may induce 
temporary anxiety. In addition, the S-STAI can distinguish between the anxiety 
related to a particular event and that which is part of the patient’s pre-screening 
baseline level. However, the S-STAI does not address other issues that may be 
important to patients undergoing cancer screening, such as the presence of 
unwanted physical side effects related to the screening test, and it may also miss 
sub-clinical levels of cancer-worry. Supplementing the S-STAI with a screening 
specific tool may address this deficit.

The CES-D is another commonly used PROM in cancer screening trials, consist-
ing of 20-items that assess mood, somatic complaints, interactions with others and 
motor functioning. It was originally developed from Beck’s Depression Inventory 
and Zung’s Depression Scale [48, 60–63]. Responses are on a 4-point Likert scale 
aimed at quantifying the prevalence of depressive symptoms over the preceding 
week. In this questionnaire, high scores indicate a greater incidence of negative 
mood symptoms. Since the CES-D was introduced a voluminous amount of 
ps ychometric data have been published, and it has generally demonstrated good 
internal consistency and reliability [63, 64]. The CES-D has also been widely used 
in studies of patients diagnosed with cancer although its reliability and validity in 
healthy screening participants is uncertain [65, 66]. The measurement of depressive 
symptoms in patients undergoing cancer screening may be inappropriate, however, 
as the tests are unlikely cause clinically detectable levels of depression and are 
much more likely to cause temporary worry, anxiety and distress which will usually 
resolve in the short-term. Distinguishing between pre-morbid depression, coinci-
dental post-procedure depression and depressive symptoms directly attributable to 
the screening process is highly problematic and confounds results.

The Hospital Anxiety and Depression Scale (HADS) has similar limitations 
as other PROMs that assess affective symptoms [49]. It was originally designed 
for use in hospital inpatients and consists of two 7-item scales which are 
co ncerned with different aspects anxiety and depression. A review of the 
ps ychometric data on the HADS found that internal consistency estimates were 
repeatedly high (Cronbach’s a 0.7–0.9) for both the anxiety and depression 
scales [67]. In addition, the HADS has been used in screening trials of colo-
rectal, prostate, breast and cervical cancer, making it one of the most widely 
used PROMs in cancer screening [38, 42, 67–72]. However, its use makes the 
assumption that cancer screening programmes will induce clinically detectable 
levels of anxiety and depression, which may be unrealistic. It may not, 
th erefore, be sensitive enough to detect minor changes in psychosocial well-
being which may be important in the acceptance of and adherence to screening 
p rogrammes. The HADS alone also does not provide sufficient information on 
the psychosocial impact of screening, and neglects the impact of physical side 
effects of screening, such as embarrassment or pain.
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Cancer Worry and Distress

Many studies of cancer screening incorporate either a generic or disease-specific 
assessment of cancer-related worry in patients undergoing screening [73, 74]. Worry 
is a symptom related to anxiety, but is less serious and could be conceived as a normal 
reaction to a stressful situation, whereas anxiety may be considered as the excessive 
manifestation of extreme worry. Patients are more likely to be worried by undergoing 
cancer screening than to develop frank anxiety as a consequence. Therefore, the 
assessment of cancer worry is perhaps more appropriate and even more sensitive than 
using measures of clinical anxiety, which may miss a large proportion of frankly wor-
ried but non-anxious participants. Nonetheless it is still important to identify those 
patients in whom screening-associated anxiety is an issue and, therefore, the use of 
cancer-worry scales or questions alone is not advocated.

The Impact of Events Scale (IES) was first published in 1979 as a subjective tool 
to assess distress for any given life event [75]. It is composed of 15-items, eight of 
which assess avoidance of distressing thoughts and seven of which assess the pres-
ence of intrusive thoughts. The scale has demonstrated good internal consistency, 
reliability and validity in a range of disease states [75–77]. The IES is perhaps the 
most appropriate tool to use to assess the impact of cancer screening tests on 
ps ychosocial well-being. Indeed, the IES measures the incidence of distressing 
thoughts related to a specific experience, such undergoing a screening test. By 
contrast, other measures either lack formal psychometric testing or assess affective 
symptoms or HRQL, which although potentially related to screening, may also be 
pre-morbid or insensitive.

Qualitative Methods

Qualitative studies embedded within well-designed screening trials provide rich 
data that can be used to supplement quantitative information collected in self report 
health questionnaires. The role of qualitative research, however, is important to 
understand because the samples studied are deliberately small and because many 
researchers are unfamiliar with these processes. Qualitative research aims to exam-
ine people’s subjective experiences and understandings of what has happened to 
them and to interpret social phenomena in terms of the meanings people bring to 
them; because of this it may be referred to as interpretative research. It also studies 
people in their natural settings rather than in artificial or experimental ones, a phe-
nomenon known as naturalism. Standard qualitative methods include talking with 
people (interviews, focus groups and informal chatting) and observing them (as a 
participant or non-participant of the situation). Analyses of the data from these 
processes require considerable time and energy. Interviews or natural settings are 
audio and/or video-recorded and the outputs transcribed verbatim for analysis. It is 
then necessary to develop themes from the data (using Grounded theory) and check 
for reliability and validity by an iterative process of triangulating information. 
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Accurately interpreting this information (which is often contradictory), to a plausible 
finding that is relevant to practice is the final and most challenging part. Qualitative 
interviews enable the perspective of the patient to be brought to the fore, narrowing 
the gap between the assumptions of health-care professionals and the patient’s 
experience of decisions-making in relation to screening attendance and whether test 
results are pursued with further investigations.

Psycho-social Outcomes of Cancer Screening Trials

Breast Cancer

The transient anxiety associated with mammographic screening for breast cancer 
has been well-established [27, 34, 78]. This experience may influence some wom-
en’s intentions to re-attend for future screening [27, 34] and efforts to reduce this 
distress have been unsuccessful [79, 80]. Nine studies, (one randomised trial [81], 
five prospective [27, 74, 82–84] and three cross-sectional studies [85–87]) have 
demonstrated adverse psychosocial outcomes, most notably high rates of anxiety 
[27, 82, 83, 87], depression [85, 86], and cancer specific concerns [74, 81] associ-
ated with abnormal mammographic findings. The extent to which the requirement 
for additional diagnostic interventions contributes to these outcomes, however, is 
inconsistent. Whilst two studies suggested the intensity of follow up and particu-
larly the need for a diagnostic biopsy was related to the amount of anxiety [87] and 
distress [81] that women experienced, another study suggested that the type of 
intervention required, whether biopsy or increased mammographic surveillance had 
little impact on psychosocial distress [84]. Some evidence suggests that responses 
to mammographic abnormalities may be mediated by individuals’ coping strategies 
[82], and that factors such as reduced waiting periods, consistency in healthcare 
professionals, giving results in person and good information may also be important 
in reducing psychosocial distress in these women [87].

Interventions aimed at reducing these adverse experiences such as improved 
information provision [88], counselling [89], teaching coping skills [81] and imme-
diate reading of mammography [81] may ameliorate the negative psychological 
effects of an abnormal mammogram. The success of these interventions, however, 
has been variable. No differences in psychological or behavioural measures were 
seen in response to additional information provision [88] or as a result of teaching 
patients additional coping skills [81]. Counselling, however, did appear to decrease 
dysfunction at follow-up [89] and immediate reading of mammograms significantly 
decreased anxiety in the abnormal result group [81].

There has also been work studying how chemoprevention of breast cancer affects 
psychological health in women. Tamoxifen reduces the occurrence of breast cancer 
[90–92], but its rare and life threatening adverse effects, particularly en dometrial 
cancer and thromboembolic disease have restricted its prophylactic use in all but the 
highest risk groups [93]. Alternative chemopreventative agents such as raloxifene 
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and aromatase inhibitors have therefore been investigated [94]. Two large 
randomised clinical trials, IBIS II [95] and the NSABP STAR P-2 [96] have evalu-
ated clinical and psychosocial outcomes of these drugs. Anastrozole (an aromatase 
inhibitor) does not cause problems with cognitive impairment [95] and there do not 
seem to be adverse health-related quality of life effects of gonadotrophic-releasing 
hormone agonists [97] used in a chemopreventative setting. The STAR-P2 [96] 
study compared tamoxifen with raloxifene and although side effect profiles differed 
for these treatments, the study demonstrated no significant differences between the 
drugs in terms of key aspects of health-related quality of life. An additional large 
RCT, the NCIC CTG MAP.3 study evaluating the clinical effectiveness and health-
related quality of life impact of the steroidal aromatase inhibitor exemestane versus 
placebo for prevention of breast cancer in post-menopausal women is currently 
ongoing [98]. With such significant potential benefits associated with the use of 
chemoprevention, two further studies have explored whether psychosocial factors, 
particularly distress and satisfaction with information influence treatment uptake. 
One study found that high risk women may wish to take prophylactic tamoxifen, but 
they may be dissatisfied with this [99]. There is therefore a need for more research 
into understanding how women perceive and experience chemoprevention to inform 
this debate. It is also necessary to develop interventions to allow women to make 
fully informed decisions.

Cervical Cancer

There has been routine screening for cervical carcinoma in the UK since the 
1980s and estimates suggest that this has reduced mortality by around 80% [100]. 
Cervical papaninicolaou (Pap) smears are the mainstay of cervical screening but 
are hampered by low sensitivity and the need for colposcopy and/or invasive cone 
biopsy in screening-positive individuals [101]. Pre-test worry is high amongst 
women contacted for colposcopy, with up to 50% of women admitting to avoid-
ing or delaying Pap smears due to worries or anxieties about the invasiveness or 
consequences of screening [32, 102]. This is perhaps compounded by the wide-
spread knowledge that equivocal results are commonplace with the need for reg-
ular follow-up. Indeed, there is evidence to suggest that anxiety prior to 
colposcopy is directly associated with ongoing post-test anxiety, indicative of 
dissatisfaction with the embarrassing nature of the test and concern over the 
po ssibility of positive or equivocal test results [33]. Despite this, it has also been 
shown that most women report a favourable attitude to future colposcopy perhaps 
because of the reassurance that a negative screening test provides [103].

On the whole negative cytological and Human Papilloma Virus (HPV) screen-
ing have been shown to reduce anxiety and induce relief amongst those screened 
[104, 105]. Another study has, however, shown women not to be reassured by a 
negative HPV test [106]. Positive screening results, by contrast, are marred by the 
low specificity of cervical smears making the interpretation of psychosocial 
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responses to screening complicated by the high incidence of false positive test 
results. Equivocal or inadequate smears are associated with a higher level of 
co ncern at 3 months even in women who later return a normal smear [45]. State 
anxiety was initially raised in these women, but subsequently reduced to baseline 
at 3 months indicating that the negative psychosocial effects of colposcopy are 
short-lived. Interestingly, women with initially inadequate smears who then had 
normal smears experienced relief at the result, but still had higher levels of co ncern 
and lower satisfaction than those who initially tested normal [45].

Women who receive abnormal smear results feel frustrated, unprepared, dis-
empowered, anxious and distressed [107–110]. Sexual promiscuity is often 
perceived as a cause of an abnormal smear result and those women who identi-
fied promiscuity with their abnormal result felt ashamed and were embarrassed 
by the result [110]. A perceived increased risk of cancer and concerns over 
future fertility have also been associated with negative feelings following an 
abnormal cytology result [109, 110]. As previously mentioned, test-induced 
anxiety may be short-lived with reassurance being gained from future screening 
[108, 109, 111]. Despite this, a subset of women report lasting negative effects 
from screening especially on their sexual health [109].

Prostate Cancer

The clinical role of screening for prostate cancer with PSA (prostate specific anti-
gen) testing remains controversial. In the past few years major randomised trials 
from the US (PLC, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial) 
and continental Europe (ERSPC, European Randomised Study of Screening for 
Prostate Cancer) have published some inconclusive evidence testing [11, 112]. 
These both included validated PROMs although it appears that these were assessed 
within subgroups. In the ERSPC trial, the short term effects of screening for prostate 
cancer were measured with the SF-36, EQ-5D and the State-Trait Anxiety Inventory 
[113] before and immediately prior to testing and after receiving the PSA results. 
Results showed that participants reported few problems related to screening except 
that men with a predisposition for anxiety experienced high anxiety levels through-
out the process. Data from the Swedish part of the ERSPC trial including 1,781 
screen detected men who also showed that anxiety levels were moderate to low dur-
ing the screening process although there is a subset of men who had severe anxiety 
[114]. In the US PLCO trial using the mental health component of the SF12 and four 
items from the IES (assessing intrusion specific to cancer distress) a small sample of 
149 men and women being screened for lung, prostate, ovarian and colorectal cancer 
showed higher levels of intrusive thoughts about cancer than those with all normal 
results in the short term, but these reduced by the intermediate term follow up (where 
abnormal screening results had been verified) [40]. In the UK, a screening trial 
including a comprehensive assessment of PROMs is underway [115] 
(ISRCTN92187251). Some of the early prospective longitudinal data nested within 
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the study reports results from the HADS and SF-12 questionnaires and a validated 
measure of lower urinary tract symptoms [116]. Results from men before PSA test-
ing and in those with raised PSA levels prior to biopsy show similar scores, implying 
very little impact of the process on anxiety and depression [71]. Another report from 
the same study in men responding or not responding to invitations for PSA testing 
and from men with raised PSA levels undergoing or refusing a biopsy [69] found 
similar PROM scores between men accepting or non-responding to invitations for a 
PSA test, but men subsequently accepting biopsy were more likely to report more 
lower urinary tract symptoms than those declining this test. These results are impor-
tant because they suggest that men do not understand the association between lower 
urinary tract symptoms and the risk of prostate cancer. A qualitative study integrated 
with this trial explored men’s views and perceptions of these processes and confirmed 
this hypothesis [117]. In addition to these trials, there have been several prospective 
cohorts and cross sectional studies examining these issues, however, it is necessary to 
wait for the full results from the three randomised trials to be able to inform men of 
the overall impact of screening on psycho-social health.

Ovarian Cancer

Some of Wilson’s and Junger’s criteria for screening are met for ovarian cancer 
because it is a fatal illness that can be effectively treated with early intervention. There 
are problems, however, with this disease as the natural history and development and 
risk factors are uncertain. Other issues are that the screening and diagnostic tests for 
ovarian cancer require high sensitivity and specificity because currently the only 
certain way to confirm the diagnosis is surgery and excision of the fallopian tube. 
Because of these challenging issues there is no regular screening program in existence 
for ovarian cancer in the developed world although these issues are the focus of 
se veral large RCTs that are expected to report in the next few years [7, 11].

Colorectal Cancer

There is a lack of published data regarding the impact of screening in healthy 
po pulations for colorectal cancer on PROMs, although several studies have consid-
ered these issues within high risk populations (e.g. HPNCC with a genetic tendency 
for polyp formation). Investigations used for colorectal cancer screening including 
faecal occult blood testing and endoscopic examination of the gastrointestinal tract 
are associated with physical side effects, embarrassment and fear. These tests also 
require fairly extensive preparation by the patient (to empty and clear the bowel) 
[118–120]. The invasive nature of these tests and associated embarrassment is likely 
to be implicated in the lower overall attendance rate for screening for colorectal can-
cer than for breast cancer (data for colorectal in US/UK versus breast).
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The impact of undergoing screening was initially thought to have little effect on 
anxiety and depression when participants were compared with controls using the 
HADS [121]. In a multi-centre prospective study with a baseline assessment of anxiety 
and a comprehensive battery of tests designed to measure the psychological conse-
quences of screening in 3,535 participants, it was found that bowel cancer worry 
decreased significantly following flexible sigmoidoscopic screening, although partici-
pants with high health anxiety were less likely to be reassured by screening than those 
with health anxiety levels within normal limits [26]. Patients with a high health anxiety, 
however, showed the greatest reduction in state and trait anxiety (measured with the 
S-STAI) after screening and were more likely to report positive emotional responses to 
screening [26]. In another large prospective study of 1,951 patients undergoing flexible 
sigmoidoscopic screening, state anxiety was shown to drop after screening [39]. In addi-
tion, bowel cancer worry reduced most dramatically after screening in those participants 
who had a high level of anxiety at baseline [39]. Other authors have shown an improve-
ment in certain HRQL domains including vitality and role function after colonoscopic 
screening [41]. Taken as a whole screening for colorectal cancer seems to alleviate anxi-
ety and cancer worry and provide reassurance to those who have been screened.

Oesophago-gastric Cancer

The increasing incidence of adeno-carcinoma of the oesophagus and gastric cardia in 
Western parts of the world and the knowledge that early disease is often asymptomatic 
raises the important role of screening in this area. Early work evaluating endoscopic 
screening and surveillance for Barrett’s oesophagus has shown inconclusive evidence 
of the impact on mortality and efforts to evaluate the psycho-social impact are limited 
[122]. In some parts of the world efforts to screen for gastric cancer with endoscopy 
may be more acceptable because of the high incidence of the disease, however, few 
studies have comprehensively evaluated how testing impacts on patient-reported out-
comes. In the UK cu rrent efforts to evaluate chemoprevention and the incidence of 
upper GI cancers are underway with integrated assessment of psycho-social health 
[123]. It is necessary however, to link these studies with trials evaluating treatment of 
upper GI cancer because of the current risks and negative impact of surgical approaches 
on HRQL. Until minimal access endoscopic techniques can successfully treat early 
lesions it is unlikely that screening or surveillance will be shown to be cost effective. 
Encouraging results using radiofrequency ablation [124] have just been published.

Lung Cancer

Lung cancer is the most common cancer worldwide and since the widespread use 
of computerised tomography (CT), the role of screening for this malignancy has 
increased. A Cochrane review summarised the trials addressing the role of chest 
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X ray (CXR) and found six randomised studies addressing this issue, although there 
were no studies with an unscreened control group [125]. There was some reduction 
in mortality associated with CXR screening, although many trials were method-
ologically weak and none assessed HRQL. The impact of using CT for lung cancer 
screening is awaited [126–128]. Some of the results from the NELSON trial, a 
Dutch-Belgian CT screening trial in high risk subjects using the IES before and 
6 months after CT have been published [129]. They showed that a subset of partici-
pants with a high risk perception remained more anxious 6 months after the CT 
than participants with low risk perception. This shows that within the screening 
populations there is a subset of anxious participants who need attention whilst 
undergoing investigations. Whether population based testing for lung cancer 
becomes established remains a subject of debate.

Impact of Genetic Screening on Psychosocial Health

The advent of modern molecular genetics has lead to an upsurge in the identification 
of mutations that predispose to common forms of cancer. Testing for these mutations 
has become commonplace in families with a disproportionately high incidence of 
certain malignancies at younger ages. Testing positive to a specific mutation means 
sufferers are at a greater risk of developing cancer and this carries with it a signifi-
cant psychological burden. Consequently, genetic counselling is routinely offered 
prior to testing to help to address and limit some of the psychosocial impact of 
genetic screening. Much of the current literature has focussed on the BRCA1 and 
BRCA2 mutations in breast cancer, although there is a growing volume of research 
looking at the effect of screening for Familial Adenomatous Polyposis (FAP) and 
Hereditary Non-polyposis Colorectal Cancer (HNPCC). This section will sum-
marise the current literature in this area.

Hereditary Breast Cancer

Identifying hereditary breast cancer genes (BRCA1/2) in high-risk women allows 
affected individuals the opportunity to take part in appropriate risk reduction strate-
gies. The process of genetic counselling, testing and the subsequent knowledge of 
BRCA status, however, may dramatically affect the well-being of both the individual 
and their family and the impact of genetic testing on psychosocial outcomes has 
become the subject of intensive research in recent years. Genetic counselling primar-
ily aims to meet the psychosocial need of those being screened by providing infor-
mation and support, allowing individuals to form more accurate assessments of their 
genetic risk and thus make informed decisions about genetic testing. High risk 
women seeking testing for BRCA1/2 have been shown to experience high levels of 
anxiety and distress [130]. Although counselling appears to address women’s 
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psychosocial concerns, decreasing anxiety, depression and cancer related distress 
[131–134], it has little or no impact on improving the accuracy of their cancer risk 
assessments. Women in all studies consistently overestimated their breast cancer risk 
[131–133, 135, 136]. Low satisfaction with the genetic counselling process has also 
been associated with high levels of general and cancer specific distress [137], a 
prevalent outcome in women awaiting genetic counselling [138] and of particular 
relevance given the high rates of depressive symptoms reported in this population 
[139]. Additionally, high levels of cancer specific distress and low levels of social 
support may act as barriers to participation in counselling interventions [140, 141].

Despite the explosion in the number of publications in this area, there remains 
a lack of consensus regarding the psychosocial impact of testing for BRCA1/2. 
Although a number of well-designed prospective studies suggest that genetic 
testing has no adverse long-term psychological sequalae [42, 142–146], the 
short-term effects on both individuals and their families [147–150] are more 
controversial and may be influenced by a number of factors, most notably carrier 
status. Receiving a negative screening test has consistently been shown to reduce 
anxiety as well as general and cancer-specific distress [151–156]. A positive 
BRCA1/2 test, by contrast, increases general and cancer-specific distress in the 
weeks following disclosure of carrier status and although the levels of distress 
decrease over time, they remain higher than in non-carriers [155, 157]. The 
po sitive impact of genetic testing is mediated at least in part through the elimina-
tion of uncertainty. The disclosure of an inconclusive fi nding or “variant of 
uncertain clinical significance” (VUCS) has therefore been the subject of 
increasing interest as these women are not provided with a definitive result. 
Some studies [152, 153, 156] suggest that compared with true ne gatives, women 
with inconclusive test results report more cancer worry, higher perceived cancer 
risks and impaired quality of life as a consequence of undergoing genetic testing 
[153]. By contrast, it has also been suggested that the receipt of an inconclusive 
result has no adverse effects on psychosocial outcomes [144, 158, 159]. The 
heterogeneity of the inconclusive group, however, has been highlighted and an 
individualised approach to each woman recommended [156]. A number of fac-
tors other than carrier status may also influence women’s responses to genetic 
testing. Pre-testing levels of cancer worry [68, 142, 160], personality traits [68, 
142], passive coping mechanisms [160, 161], inadequate social and family 
su pport [162, 163], parental cancer [164], gender [165] and less open communi-
cations [160] have all been shown to be predictive of increased psychosocial 
distress associated with genetic testing.

Hereditary Colon Cancer

In comparison to hereditary breast cancer, few studies have assessed the effect that 
genetic counselling and testing have on people undergoing screening for FAP and 
HNPCC. Furthermore, many of the studies that have been undertaken are cro ss-sectional 
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or have a small sample size, limiting their validity and widespread application [25, 44, 
68]. In hereditary colorectal cancer, carrier status is again a strong predictor of the psy-
chological response to genetic testing, with the levels of cancer worry, distress, anxiety 
and depression being greater amongst carriers than non-carriers [37, 38, 44]. Distress, 
anxiety and depression generally decreased with time irrespective of carrier status [38, 
42, 166, 167], although persistently elevated levels of cancer worry amongst carriers of 
genetic mutations have been shown even at long-term follow-up [37]. Patients from 
high-risk families but without a proven mutation also had more anxiety and depression 
than sufferers with a proven mutation [68].

Summary

Population screening programmes are being increasingly utilised in the Western world for 
the early detection of cancer and pre-invasive disease. The screening tests themselves are 
often invasive and embarrassing and can have temporary or lasting effects on the psycho-
logical health of participants. The tests also carry physical risks and occasionally lack 
sensitivity and specificity meaning that participants are exposed to the possibility of 
missed diagnoses or unnecessary additional procedures. The measurement of PROs is, 
therefore, warranted in all studies of cancer screening to ensure that the full scale of the 
psychological burden placed on participants is well understood and catered for. Improving 
patient satisfaction with the screening process is likely to increase compliance, which it is 
hoped will have an ensuing effect on cancer-related deaths and survival.

Psychosocial responses to screening vary significantly between individuals, and while 
it is expected that embarrassing screening tests will induce anxiety and distress and 
reduce HRQL, this is not always the case. Indeed, some studies have shown that psycho-
social outcomes improve after screening, and this is likely to be the consequence of the 
reassurance that the participant receives. Any negative psychological impact of screening 
is, on the whole, short-lived and many studies have shown that anxiety, depression and 
distress levels return to baseline by a year, even in participants who have a positive 
screening result. These results are encouraging and suggest that although screening can 
impact negatively on psychological well-being in the short-term, there is little evidence 
for a long-term detrimental effect. The main exception to this, however, is in participants 
who have high levels of pre-test anxiety or depression, who have been shown to have 
enduring psychological symptoms following screening. Improving counselling services 
and patient information, offering prompt test results and addressing pre-test psychologi-
cal problems in susceptible individuals may help to alleviate these sequelae. The psycho-
logical response to screening is also highly dependent upon whether a positive, negative 
or inconclusive result is obtained, with screening-positive individuals often showing 
worse psychosocial function that those who test negative, although this is not a universal 
finding. At present, there is a paucity of research into the effect on psychosocial out-
comes of false positive, false negative and inconclusive test results and further work is 
warranted in this area, as these participants are likely to be subjected to unique psycho-
logical sequelae not experienced by others undergoing screening.
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A wide range of PROMs have been used in clinical trials of cancer screening, 
however, most of these were initially developed to measure affective symptoms, 
distress and HRQL in other disease settings. Their use may thus be inappropriate 
and the data collected may be unreliable or invalid. In addition, many studies use 
questionnaires designed specifically for the study being undertaken meaning that 
the results are often heterogeneous and non-comparable between studies, hinder-
ing meta-analyses of data. At present no PROM exists that has been specifically 
designed and validated for use in cancer screening trials and this is an area for 
future work. A proportion of studies assessing the psychosocial impact of cancer 
screening have lacked power and longevity of follow-up, meaning that there is a 
need for further well-designed longitudinal trials with appropriate PROMs, 
es pecially in colorectal, ovarian and prostate cancer. Breast cancer is a notable 
exception, where significant research resources have already been invested. 
Cancer screening is also a growing phenomenon and with the introduction of full-
body computed tomography or magnetic resonance scanning, patients will be 
able to opt for comprehensive periodic screening at their discretion. In addition, 
genetic profiling will become available in future years, allowing the prediction of 
patients likely to develop certain forms of cancer in later life. These two new-
forms of cancer screening raise important ethical issues with potentially profound 
effects on the way cancer screening is conducted, and consequently will need to 
be addressed in future psychosocial studies.

This chapter has reviewed the impact that screening for cancer and pre-invasive 
disease has on psychosocial well-being. The PROMs most commonly used in these 
assessments have been discussed and their weaknesses and appropriateness for use 
in cancer screening trials evaluated. The literature for each of the major forms of 
cancer that are routinely screened for has also been critically reviewed and areas for 
future research identified. As screening programmes are continuously improved 
attention to these details will enhance participant understanding of the benefits and 
risks (including psychosocial impact) of screening.

Conclusions

Understanding how screening for cancer and pre-invasive disease impacts of psy-
cho-social health is important to inform participants and to identify high risk indi-
viduals with higher anxiety levels to assist them during the process. Well designed 
trials including valid relevant PROMs are needed to answer these questions and 
integrating qualitative research can yield useful information to understand health 
behaviours related to screening. Valid measures of anxiety most suited to screening 
trials include the Impact of Events Scale and the SF12 and STAI/TRAIT measures. 
The timing of assessments needs to be chosen carefully to avoid missing transient 
changes. Many screening programmes have been introduced without these issues 
being fully evaluated and it is recommended that new methods (e.g. whole body 
PET) are evaluated comprehensively from the outset. There is also a lack of data 
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about the long term impact for screening on psycho-social health. Finally methods 
are needed to develop a comprehensive communication system to ensure that 
p articipants appreciate the short and long term risks and benefits on anxiety of 
screening and that they receive information about the potential impact of experienc-
ing false negative and positive results.
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Abstract Histologically distinct pre-invasive lesions have been identified as pre-
cursors, or putative precursors, of lung cancer; the extent to which pre-invasive 
disease precedes invasive disease is, however, still unknown. In the context of lung 
cancer screening, understanding the biology behind pre-invasive disease is potentially 
of importance as it may lead to the identification of specific and selective markers 
of pre-invasive lesions at high risk to develop into invasive lung cancer, useful for 
both the development of screening tools and also for the development of effective 
targeted strategies for chemoprevention and early treatment of such disease. In this 
chapter we focus on current knowledge and future directions of research on pulmo-
nary pre-invasive lesions.

Abbreviations

AAH atypical adenomatous hyperplasia
AFB autofluorescence bronchoscopy
BAC bronchiolo-alveolar carcinoma
CIS carcinoma in situ
CT computed tomography
DIPNECH diffuse idiopathic pulmonary neuroendocrine hyperplasia
FDG-PET [18F]fluoro-2-deoxy-d-glucose positron emission tomography
HGL high grade lesion
LDCT low dose spiral computed tomography
LGL low grade lesion
LOH loss of heterozygosity
Nd-YAG neodymium:yttrium-aluminum-garnet
OCT optical coherence tomography
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PDT photodynamic therapy
PET positron emission tomography
SHR-CT super high-resolution computed tomography
SqCC squamous cell carcinoma
WHO World Health Organization
WLB white light bronchoscopy

Lung cancer is the leading cause of cancer death in Europe, with an estimated 
386,000 new cases and 334,800 deaths in 2006, corresponding to 12% of all cancers 
diagnosed and 20% of total cancer deaths, respectively [27]. Most patients with 
lung cancer are diagnosed with disease that is at least locally advanced and often 
incurable [43, 113]; in Western countries the overall survival rate at 5-years from 
diagnosis is only 5–16% [40, 94, 98].

As first proposed by Doll and Hill in their seminal early epidemiological study 
[25], smoking is the single most important cause of lung cancer. Major international 
research efforts are currently focused on screening methods to identify lung cancer 
at an early and potentially curable stage in cohorts of heavy smokers using low-
dose spiral computed tomography (LDCT) [29]. However, even if the ongoing 
randomized LDCT screening trials demonstrate a reduction in lung cancer mortal-
ity, it is likely that the costs and workload of screening millions of smokers will be 
prohibitive for many health-care services, especially in developing countries where 
lung cancer incidence rates are increasing more rapidly. There remains therefore a 
need to develop novel, reliable, quick, cheap and non-invasive screening strategies 
that can be easily applied to large populations to further identify the subset of smokers 
at higher risk, in whom the potential of LDCT screening is likely to be greatest. In 
addition, LDCT is not as sensitive in detecting small central cancers and airway 
tumours (usually squamous cell carcinomas, more likely to be diagnosed in smokers) 
as it is for small peripheral cancers (usually adenocarcinomas) [37]. This limitation 
may be overcome using a screening approach that integrates LDCT and autofluo-
rescence bronchoscopy (AFB). In fact, bronchoscopy allows the direct evaluation 
of the central airways and the identification of early, centrally located, tumours and 
pre-invasive lesions; AFB further increases the ability of the bronchoscopist to 
detect pre-invasive lesions [47]. However, AFB is an invasive procedure requiring 
highly trained bronchoscopists. Encouraging results have been reported for this 
bimodality approach [35, 69] but further studies are necessary to address the impact 
on lung cancer mortality and the cost-effectiveness of this strategy. It will however 
be impractical and not cost-effective to screen the entire population of at risk smokers; 
therefore further targeting of the highest risk population is required, hence the value 
of the novel, cheap, rapid and accurate screening strategies to further risk stratify 
the at-risk population.

Histologically distinct pre-invasive lesions have been identified as precursors, or 
putative precursors, of lung cancer; the extent to which pre-invasive disease pre-
cedes invasive disease is, however, still unknown. In the context of lung cancer 
screening, understanding the biology behind pre-invasive disease is potentially of 
importance as it may lead to the identification of specific and selective markers of 
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pre-invasive lesions at high risk to develop into invasive lung cancer, useful for both 
the development of screening tools and also for the development of effective 
targeted strategies for chemoprevention and early treatment of such disease.

In the current World Health Organization (WHO) histological classification of 
lung cancer (2004), three morphologically distinct pulmonary preneoplastic lesions 
are listed: bronchial dysplasia and carcinoma in situ (CIS), a precursor for bronchial 
squamous cell carcinoma (SqCC); atypical adenomatous hyperplasia (AAH), the 
putative precursor for adenocarcinomas with bronchiolo-alveolar carcinoma (BAC) 
component; and diffuse idiopathic pulmonary neuroendocrine cell hyperplasia 
(DIPNECH), which is the proposed precursor for carcinoid tumours (Table 14.1) [117]. 
No morphological precursor for small cell lung cancer has been identified so far.

In this chapter we focus on current knowledge and future directions of research 
on pulmonary pre-invasive disease.

Bronchial Dysplasia and Carcinoma In Situ

Definition, General Overview

Pre-invasive bronchial lesions are defined as “a precursor lesion of squamous cell 
carcinoma arising in the bronchial epithelium. Squamous dysplasia and carcinoma in 
situ are a continuum of recognizable histologic changes in the large airways. They can 
occur as single or multifocal lesions throughout the tracheobronchial tree. Dysplasia 
or carcinoma in situ may exist as an isolated finding or as a bronchial surface lesion 
accompanying invasive carcinoma” [117]. The model of multistep carcinogenesis 
from normal bronchial mucosa to invasive SqCC is shown in Fig. 14.1.

The association between pre-invasive bronchial lesions and squamous cell 
carcinoma was first described in the 1950s by Auerbach and colleagues [6, 7]. 
Saccomanno et al. subsequently reported that, on serial sputum cytology in a cohort 
of uranium miners, the presence of abnormal cells with increasingly malignant 
characteristics preceded the development of lung cancer [96]. It was however only 
in 1981 that pre-invasive bronchial lesions were added to the WHO classification 
of lung and pleural tumours [128].

Microscopic parameters for the diagnosis and grading of pre-invasive bronchial 
lesions include thickness of the bronchial epithelium, cell size, cell maturation and 
orientation, nuclear/cytoplasmic ratio and other nuclear characteristics [117]. In the 
grading between normal bronchial epithelium and invasive SqCC, bronchial hyper-
plasia and metaplasia are viewed as reactive changes rather than pre-invasive 
lesions. Dysplasia and carcinoma in situ are considered pre-invasive lesions, with 
mild and moderate dysplasia often grouped together as low-grade lesions (LGL), 
and severe dysplasia and carcinoma in situ referred to as high-grade lesions (HGL), 
at higher risk of progression to invasive cancer [35].

The term “angiogenic squamous dysplasia” has been introduced to refer to 
dysplastic bronchial mucosa associated with intramucosal capillary loops observed 
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in approximately one-third of subjects at high risk for lung cancer enrolled in 
autofluorescence bronchoscopy trials at a single North-American institution [46]. 
To date, only few prevalence data are available for angiogenic squamous dyspla-
sia; prospective surveillance studies will address the natural history of this distinct 
lesion and whether the presence of neoangiogenesis is a marker for invasive poten-
tial in pre-invasive bronchial lesions. This hypothesis is supported by the fact that 
neoangiogenesis is critical for tumour growth, invasion and metastasis [32]. If 
longitudinal studies confirm angiogenic squamous dysplasia as a high-risk lesion, 
a chemoprevention strategy including anti-angiogenic drug(s) is worthy of inves-
tigation in patients with these lesions.

Squamous dysplasia and carcinoma in situ are virtually always observed in subjects 
with a history of smoking, suggesting that cigarette smoking is the main cause of 
pre-invasive lesions in ever smokers [7, 8, 82].

Genomic Instability and Molecular Abnormalities

Advances in molecular techniques have enabled the study of the molecular genetics 
and biology of invasive lung cancer, and abnormalities specific for different histo-
logical types have been reported [39, 101, 120]. As molecular abnormalities were 
detected in fully invasive tumours and chromosomal regions or candidate genes 
were identified, it became possible to interrogate their involvement at the pre-
invasive stage. Molecular studies on bronchial pre-invasive lesions are much more 

Normal
bronchial
mucosa

Carcinoma
in situ 

Invasive 
squamous 

cell 
carcinoma

3p LOH, 9p LOH, 17p LOH

8p LOH, telomerase dysregulation

5q LOH, 3q amplification, cyclin D1
overexpression, VEGF overexpression

CDKN2A methylation, survivin overexpression,
S100A overexpression

p53 mutation

Basal
hyperplasia

Squamous
metaplasia

Squamous
dysplasia

Fig. 14.1 Model of multistep carcinogenesis of lung squamous cell carcinoma
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challenging: their small size makes detection difficult and severely limits the scope 
of molecular analysis.

Nevertheless, over the past 20 years, several molecular abnormalities have 
been described in pre-invasive bronchial lesions, with a direct correlation between 
the frequency of the specific molecular changes and the severity of the lesion as 
defined by histology (Fig. 14.1). The most common genetic changes in pre-
invasive lesions include gain at 3q [74, 75, 91] and 1p [33], loss/deletion at 3p, 
5q, 8p, 9p, 17p [20, 106, 114, 125, 126]. Also, mutations of K-RAS [110] and p53 [92, 
99, 111]; overexpression of cyclin D1 [44], survivin [2], VEGF [60, 76], S100A2 
[104], heterogeneous nuclear ribonucleoprotein A2/B1 [71]; increased telomerase 
activity [102]; and a two-step evolution of microRNAs expression levels [73] 
have been described in the progression towards invasive cancer. Most of the studies 
above however are not longitudinal studies, i.e. studies that report on molecular 
changes in the same lesions over time. It should also be noted that different 
lesions in different locations in a single patient may have different genetic 
profiles [10, 14]. These same molecular changes have previously been reported 
for invasive SqCC [100].

Molecular abnormalities in pre-invasive lesions are expected to be fewer than 
in invasive tumours [114]. The study of pre-invasive disease at a molecular level 
should therefore be more informative with regards to the relevant genes driving 
tumour initiation and progression. Nevertheless, a potentially confounding fac-
tor to the identification of the relevant molecular abnormalities for lesion pro-
gression is the observation of similar genetic changes in histologically normal or 
metaplastic bronchial biopsies of healthy former or current heavy smokers, 
including 3p14 LOH, 9p21 LOH and 17p13 LOH [72, 124]. This is consistent 
with the concept of “field cancerization”, first introduced by Danely Slaughter 
in 1953 to refer to the presence of “multifocal areas of precancerous change” in 
the oral mucosa of patients with SqCC of the oral cavity [103], and subsequently 
extended to the entire upper aerodigestive tract [109]. This should be taken into 
account when developing these molecular changes as biomarkers for early detec-
tion as they would not have the specificity required. In fact, there is a need to 
differentiate cigarette smoke markers from malignant potential markers, and 
also to determine HGL with malignant potential from HGL with likelihood to 
regress. Therefore, an ideal marker, or panel of markers, for early detection will 
be associated with HGL with the greatest malignant potential, and not with nor-
mal bronchial mucosa or LGL.

No mouse models corresponding to human squamous bronchial dysplasia 
have yet been reported through gene targeting to the mouse bronchial epithelium 
but a potentially useful model has been generated in mice in which the Nkx2.8 
gene (a homeodomain transcription factor) was constitutionally inactivated. 
Although the expectation was that the Nkx2.8−/− mice would show abnormal 
liver development, fortuitously, these mice were observed to have bronchial 
hyperplasia from birth and dysplasia in their large airways by 1 year. Mice sac-
rificed later had occasionally developed fully malignant lung tumours including 
squamous cell carcinoma [116].
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Detection

Pre-invasive bronchial lesions are usually very small, not visible radiologically and 
easily missed using conventional white light bronchoscopy (WLB) [127]. The detec-
tion rate of these lesions has significantly increased since the introduction of auto-
fluorescence bronchoscopy (AFB), developed in the late 1980s at the British 
Columbia Cancer Agency in Vancouver [42, 53]. AFB is based on the observation 
that normal bronchial mucosa and pre-invasive lesions/microinvasive SqCC fluo-
resce differently when exposed to violet-blue light (380–450 nm wavelength) due to 
differences in tissue architecture and fluorophores present [42, 93]. Specifically, 
normal bronchial mucosa fluoresces green much greater than red, while pre-invasive 
lesions and microinvasive SqCC show a decrease in the intensity of green fluores-
cence but no change in red fluorescence, and usually appear red-brownish. Since its 
introduction, AFB has become the gold standard for the detection of pre-invasive 
bronchial lesions. At present, several autofluorescence bronchoscopy systems are 
commercially available, including the Storz D-light (Karl Storz, Tuttlingen, 
Germany), SAFE 3000 (Pentax Europe, Hamburg, Germany), EVIS Lucera 
(Olympus, Tokyo, Japan), and PINPOINT (Novadaq Technologies, Mississauga, 
Canada). Overall, AFB has a sensitivity of 80% (range 43–100%) compared to 40% 
(range 0–78%) with WLB, increasing the detection of pre-invasive bronchial lesions 
by 1.2–6.2-fold [9, 47]. These figures are however obtained against random biopsies 
rather than a systematic histological assessment of the bronchial mucosa accessible 
to bronchoscopy. The variability in sensitivity may be explained by differences 
among series in terms of (1) experience of the bronchoscopist; (2) population stud-
ied; (3) indication for bronchoscopy; (4) type of lesions looked for (i.e. all lesions 
vs. LGL and/or HGL and/or invasive SqCC). The quality of the WL and AF images 
and inter-observer variability are rarely an issue. Despite a significant improvement 
in sensitivity, AFB has a lower specificity compared with WLB (60 and 81% respec-
tively) (Kennedy 2007): positive lesions on AFB may include benign lesions such as 
inflammation, granulomas, benign tumours, areas of traumatized mucosa but also 
histopathologically normal areas, still harboring chromosomal aberrations [36]. To 
increase the specificity of AFB, the use of colour fluorescence ratio (red reflectance 
to green fluorescence ratio) combined with visual score has recently been proposed 
and prospectively validated, resulting in 80% sensitivity and 88% specificity [63].

In order to improve the accuracy of the detection of pre-invasive lesions and to 
identify alternative procedures to fiberoptic bronchoscopy when the latter is not 
feasible, contraindicated or when the patient refuses it, novel technologies have 
been evaluated, including [18F]fluoro-2-deoxy-d-glucose positron emission tomog-
raphy, virtual bronchoscopy, super high-resolution computed tomography scan and 
optical coherence tomography. The role of [18F]fluoro-2-deoxy-d-glucose positron 
emission tomography (FDG-PET) for the detection and staging of radiologically 
occult pre-invasive bronchial lesions and early SqCC has been investigated in a 
small study from a single institution [90]. Eleven of 13 (85%) histologically proven 
dysplastic bronchial lesions were FDG-PET negative, whereas 8 of 11 microinva-
sive SqCC were FDG positive. In general, two characteristics of pre-invasive bronchial 
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lesions, namely small size and superficial spread, may limit the usefulness of FDG-
PET making the lesion FDG-PET negative even if the abnormal cells may have 
increased glucose uptake. Based on these limited and preliminary data, pre-invasive 
bronchial lesions seem to be FDG-PET negative. A larger multicenter and ideally 
longitudinal study is required to definitely address the role of FDG-PET in the 
detection and characterization of pre-invasive bronchial lesions or evaluate alternative 
tracers to detect lesions rather than glucose, although PET positivity might be 
altered by biopsy.

Only very limited data are available for the evaluation of mucosal abnormalities 
by virtual bronchoscopy (VB) and super high-resolution computed tomography scan 
(SHR-CT) [30, 31, 67]. Sensitivity of SHR-CT scans and VB was low (range 0–16%) 
suggesting that these technologies are currently not reliable for the detection of pre-
invasive lesions. Despite the development of inhaled contrast agents that might 
improve the diagnostic value of CT based imaging in this setting, important limita-
tions to the use of VB for the diagnosis and surveillance of pre-invasive bronchial lesions 
include inability to visualize and biopsy the lesion, radiation exposure, and cost.

Optical coherence tomography (OCT) is a promising imaging method for the 
characterization of white-light and AFB detected lesions is. OCT is an interfero-
metric imaging technique that translates depth-wise reflections of near-infrared 
light from tissues in cross-sectional images [130]. In a recent study, Lam et al. 
demonstrated that OCT of AFB positive lesions can discriminate invasive carci-
noma from CIS, and dysplasia from metaplasia, hyperplasia or normal bronchial 
mucosa [58]. The main advantage of OCT is that it provides a reliable assessment 
of pre-invasive lesions without the need for a biopsy. This is most important in the 
setting of surveillance and chemoprevention studies where conclusions are under-
mined by the possibility that the diagnostic/surveillance biopsies might be responsible 
for the frequently observed lesion regression due to complete excision.

Prevalence

Pre-invasive bronchial lesions are almost exclusively observed in ever smokers. In 
the 1950s, Auerbach et al. were the first to report prevalence data on pre-invasive 
bronchial lesions (Auerbach 1957); the value of this report is, however, largely 
historical as (1) all pre-invasive bronchial lesions were labeled as carcinoma in situ, 
defined as “all bronchial epithelial lesions composed entirely of atypical cells and 
lacking cilia”, with no distinction between lesions that would currently be classified 
as “dysplasia” and carcinoma in situ; (2) changes in smoking behavior, cigarette 
design (i.e. the introduction of filter tips) and tobacco preparation (including low 
tar and nicotine cigarettes) over the past decades have resulted in changes in the 
histopathology of lung cancer, with an increase in the incidence of adenocarcinoma 
and a decline of SqCC [115]. It is likely that the prevalence of different lung cancer 
precursor lesions may have changed as well.

Contemporary prevalence data are available from the chemoprevention studies 
by Lam et al. where 401 volunteer smokers older than 40 years of age underwent 
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AFB. The prevalence of carcinoma in situ was 1.8%, severe dysplasia 6.5%, moderate 
dysplasia 14% and mild dysplasia 40% [54]. Paris et al. investigated the prevalence 
of high grade bronchial pre-invasive lesions detected by AFB in a population at 
high risk for lung cancer as defined by the International Association for the Study 
of Lung Cancer, including 241 patients with a personal history of treated lung or 
head and neck cancer, a cigarette smoking history of ³30 pack-years or exposure to 
occupational respiratory carcinogens for >10 years. In this group of patients at 
much higher risk than in the chemoprevention studies, the overall prevalence of 
high grade pre-invasive bronchial lesions was 9%, ranging from 4 to 12% in former 
and current smokers, respectively.

Natural History

Invasive bronchial SqCC is believed to be the final stage of the multistep process: 
normal epithelium → hyperplasia/metaplasia → dysplasia → carcinoma in situ → inva-
sive cancer. To date, a small number of studies have investigated the natural history 
of pre-invasive bronchial lesions [13, 16, 35, 41, 44, 56, 57, 59, 83, 99, 114]. The 
overall limited number of lesions along with the heterogeneity of patient inclusion 
criteria, schedule for follow-up, duration of follow-up, criteria for intervention, defi-
nition of response and the unavoidable involvement of different pathologists, make 
it difficult to draw definitive conclusions from these studies [11]. The interpretation 
of these findings is further complicated by the possibility of surveillance biopsies 
removing the whole pre-invasive lesion, resulting in apparent complete regression at 
the following surveillance biopsy [13]. With these limitations, it is however accepted 
that (1) bronchial pre-invasive lesions may spontaneously regress; (2) the probability 
of regression decreases with the severity of the pre-invasive lesion; (3) the probability 
of progression to invasive SqCC increases with the severity of the lesion, being 
higher for high-grade lesions than low-grade lesions.

Figure 14.2a summarizes the outcome of pre-invasive lesions from 11 studies 
in the literature [13, 16, 35, 41, 44, 56, 57, 59, 83, 99, 114]. Overall, progression 
rate for HGL is 22%; this is probably an underestimate as in the study by Bota 
et al. which includes 59 out of 165 HGL considered, the 49 CIS lesions were fol-
lowed for only 3 months before endobronchial treatment in case of persistent 
HGL [13].

At present, the natural history of pre-invasive bronchial lesions remains ill 
defined: the proportion of CIS that progress to invasive cancer varies widely among 
studies, ranging from 16 to 67% and there are no validated molecular features pre-
dictive of outcome. A well-designed, long-term, large, multicentre, international, 
prospective surveillance study with well-defined inclusion criteria, follow-up 
schedule, intervention criteria and centralized pathology review is required in order 
to (1) determine the natural history of pre-invasive bronchial lesions; (2) provide 
scientists with sequential biopsies from the same lesion to enable the identification 
of molecular changes associated with progression to invasive disease.
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Management

In the absence of a predictive morphological or molecular marker(s) to identify 
lesions at higher risk of progression, the management of patients with pre-invasive 
bronchial disease is challenging and controversial.

The only treatment available and proven to be curative for early invasive lung 
cancer is surgery. Even when the disease is identified by either sputum cytology or 
bronchoscopy when still roentgenographically occult, treatment with curative 
intent requires at least a lobectomy, potentially leaving the patient without the 
option of further surgery in the event of a second lung primary cancer [22]. In this 
scenario, the observation that HGL may remain stable, or even regress to LGL or 
histologically normal mucosa, supports a watchful waiting strategy, with surgical 
treatment being considered only when there is evidence of microinvasive disease. 
However, support for a more aggressive approach for HGL and in particular CIS 
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comes from the fact that when the disease is still at a pre-invasive stage (i.e. CIS), 
cure rate with radical surgery is theoretically 100%, while survival figures for 
patients with early invasive lung cancer (i.e. stage IA, pT1N0M0) report a 5-year 
survival rate of 70% following surgery with radical intent [18, 84].

The recent development of endobronchial therapies provides treatments that 
may be effective while sparing lung, and therefore lung function, and can be used 
at the pre-invasive stage and also in medically inoperable patients. Endobronchial 
treatments include photodynamic therapy (PDT), electrocautery, cryotherapy, 
brachytherapy and neodymium:yttrium-aluminum-garnet (Nd-YAG) laser. Several 
studies have investigated the efficacy of endobronchial treatments for pre-invasive 
bronchial lesions, in particular the use of PDT for HGL. As shown in Fig. 14.2b, 
summarizing data from seven studies, almost one-third of treated HGL progressed 
to invasive cancer during follow-up after endobronchial treatment [24, 55–57, 83, 
107, 119]. Interestingly, endobronchial treatment does not seem to impact on the 
outcome of LGL, with outcome figures very similar between untreated (Fig. 14.2a) 
and treated (Fig. 14.2b) lesions.

In 2007 the American College of Chest Physicians published evidence-based 
guidelines for bronchial intraepithelial neoplasia/early central airways lung cancer 
[47]. These guidelines recommend bronchoscopic follow-up of moderate/severe 
dysplasia and carcinoma in situ, using WLB and also AFB, when available; treat-
ment is recommended only for microinvasive/invasive carcinoma. Surgery is the 
treatment of choice if the patient is operable and the disease is resectable; when the 
patient is not fit for surgery or a complete resection is not feasible, curative endo-
bronchial treatment is recommended and treatment options include photodynamic 
therapy (PDT), electrocautery, cryotherapy and brachytherapy. Nd-YAG laser is not 
recommended due to the risk of perforation.

Finally, smoking cessation may play an important role in patients with pre-invasive 
bronchial lesions. It is possible that smoking cessation might reduce the likelihood 
of these lesions progressing towards invasive cancer. So far, published data show that 
(1) the prevalence of pre-invasive bronchial lesions is higher in current than in former 
smokers (12 and 4%, respectively) [89]; (2) the severity of pre-invasive bronchial 
lesions in current smokers correlates with the duration and number of pack year 
smoking [82]. Therefore, smoking cessation counseling should then be encouraged 
in patients with pre-invasive bronchial lesions and the diagnostic/surveillance bron-
choscopy should be considered a “teachable moment” for smoking cessation.

Chemoprevention

Based on epidemiologic observations and preclinical data, two large randomized 
trials evaluated the chemopreventive efficacy of vitamin supplementation to reduce lung 
cancer incidence and mortality in heavy smokers. In the ATBC trial, over 29,000 
subjects were randomized to alpha-tocopherol (vitamin E) and/or beta-carotene 
or placebo [12]; in the CARET trial, over 18,000 subjects were randomized 



28314 Pre-invasive Disease of the Lung

to retinol (vitamin A) and beta-carotene or placebo [88]. Both studies failed to dem-
onstrate a reduction in lung cancer incidence or mortality. Even more disappointing, 
there was an increased incidence of lung cancer in current smokers randomized to 
receive beta-carotene, either alone or in combination. Time and effort (of patients 
and clinicians) as well as cost of these and other large negative trials [12, 68, 88, 
118] cannot be underestimated. Therefore, to increase the success rate of random-
ized phase III chemopreventive trials, there is a need to improve the design of phase 
II studies, to better select the candidate chemopreventive agents more likely to be 
effective when tested in subsequent larger studies. Intermediate surrogate endpoints 
to be used instead of lung cancer are then required. In this context, the evaluation of 
pre-invasive lesions has been proposed, and several studies have already been con-
ducted using this endpoint [52, 55, 57, 61]. Nevertheless, to date, there is no consen-
sus on the criteria to assess the histological changes of these lesions. There is no way 
to discriminate between the effects of the chemopreventive agent(s) and the natural 
history of the lesion under observation, as the natural (i.e. untreated) history of the 
individual lesion cannot be predicted using any known criteria. Moreover, no valida-
tion of surrogate endpoints is however possible in this setting, until there will be an 
effective chemopreventive strategy.

In general, chemoprevention studies looking at histological endpoints are very 
difficult to conduct, as the following issues need to be addressed: (1) availability of 
bronchoscopy facilities and experienced bronchoscopists; (2) high costs due to 
bronchoscopy facility time, histopathology and bronchoscopy equipment; (3) low 
patient accrual rate, due to the overall low prevalence of detectable pre-invasive 
bronchial lesions in the smokers population and also due to the evolving prevalence 
of the different lung cancer histological types, with a decreasing incidence of SqCC 
in favor of more peripheral adenocarcinomas; (4) possible high patient drop-out 
rate due to refusal to undergo repeated bronchoscopies; (5) the influence of biopsy 
on the natural history and outcome of an individual lesion.

Atypical Adenomatous Hyperplasia

Definition, General Overview

The association between atypical epithelial proliferation and peripheral lung carci-
nomas was first described by Meyer and Liebow in the 1960s [77]. It was 20 years 
later that Miller et al. paid renewed interest to this topic, with the observation of 
localized foci of atypical bronchioloalveolar cells proliferation associated with lung 
adenocarcinoma and proposed the hypothesis of these lesions being precursors for 
peripherally arising lung adenocarcinoma [78].

Atypical adenomatous hyperplasia (AAH) is the term currently used to refer to 
these areas of abnormal proliferation, although other terms are being used including 
atypical alveolar hyperplasia, bronchioloalveolar cell adenoma, atypical cuboidal 
cell hyperplasia, and alveolar atypical hyperplasia. AAH is defined as “a localized 
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proliferation of mild to moderately atypical cells lining involved alveoli and, some-
times, respiratory bronchioles, resulting in focal lesions in peripheral alveolated 
lung, usually less than 5 mm in diameter and generally in the absence of underlying 
interstitial inflammation and fibrosis” [117]. AAH can present as a single or more 
frequently as multiple lesions, with up to 161 AAH lesions reported in an individual 
patient [3]. Typically, AAH is found in conjunction with BAC and/or invasive 
adenocarcinoma. The model of multistep cancerogenesis from normal alveolar 
mucosa to adenocarcinoma with BAC component is shown in Fig. 14.3.

In the spectrum of histology towards invasive cancer, AAH is believed to progress 
to non-mucinous bronchioloalveolar carcinoma (BAC), which is defined as “growth 
of neoplastic cells along pre-existing alveolar structures (lepidic growth) without 
evidence of stromal, vascular or pleural invasion” [117]. Two histological variants 
have been described: mucinous BAC and non-mucinous BAC. The distinction 
between AAH and a small non-mucinous BAC may be difficult; in general, differential 
diagnosis between AAH and BAC is based on multiple criteria, including morpho-
logical features and lesion diameter, usually ³10 mm for BAC [117]. The pure localized 
BAC is an adenocarcinoma in situ, by definition a pre-invasive lesion.

Most of the literature on AAH and BAC until recently has been produced by 
groups based in Japan and East Asia, where adenocarcinoma has always been the 
most common histology for lung cancer.

Molecular Abnormalities

Several genetic and molecular changes have been described in AAH, including 
LOH at 3p (ROBO1/DUTT1 gene, FHIT gene, RASSF1A, FUS-1, BAP-1), 9p 
(CDKN2A), 17p (p53), K-RAS mutations (mainly codon 12), p53 mutations, EGFR 
mutations and gene amplification, promoter hypermethylation of genes involved in 
lung cancer pathogenesis (p16, TIMP3, DAPK, MGMT, RARb, hTERT, Wnt antag-
onists), increased Ki-67 proliferation index [48, 51, 65, 66, 105, 123].

The observation that EGFR and KRAS mutations in AAH are mutually exclusive 
suggests the existence of two distinct AAH subtypes and therefore two pathways 
for the development of invasive adenocarcinoma from AAH [97, 105, 129]. The 
study by Sakamoto et al. shows that the frequency of KRAS mutations decreases 
along the putative progression process from AAH (33%) through BAC (12%), then 
minimally invasive adenocarcinoma (8%), to well differentiated adenocarcinoma 
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Fig. 14.3 Model of multistep carcinogenesis of lung adenocarcinoma
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(0%); the frequency of EGFR mutations does not show a clear trend being 25, 36, 
86 and 67% in AAH, non-mucinous BAC, minimally invasive adenocarcinoma and 
well differentiated adenocarcinoma, respectively. Based on these observations, a 
novel theory for lung adenocarcinoma development is proposed, where both EGFR 
and KRAS mutations can result in AAH but only EGFR mutated AAH may prog-
ress to BAC and then invasive adenocarcinoma, while KRAS mutated AAH do not 
progress or do so at a lesser extent [97]. This hypothesis also includes the existence 
of another distinct pathway for the development of lung adenocarcinoma, to explain 
the presence of KRAS mutations in invasive adenocarcinomas. Larger studies are 
required to address this hypothesis. The correlation between KRAS and EGFR 
mutations and smoking status in AAH remains unclear [97, 129].

Detection

There are no typical clinical signs or symptoms and in most cases AAH is detected 
as an incidental finding in lung specimens resected for lung cancer [15]. 
Bronchoscopy is of no use for its detection and surveillance due to the peripheral 
location in the airways. AAH is usually not visualized on chest X-ray. Computed 
tomography (CT) may detect AAH, which usually appears as a ground-glass opacity 
[50, 86, 87]. Pulmonary nodules with ground-glass opacity are a frequent finding 
of lung cancer screening trials with low-dose CT in asymptomatic smokers [38, 64]. 
The appearance or increase of a solid component is observed with the progression 
towards BAC and invasive adenocarcinoma, probably reflecting a decrease in the 
air content and increase in cellular content [49]. To date, no validated radiological 
criteria for the differentiation of AAH, BAC and invasive carcinoma with predominant 
BAC component on CT imaging have been established, although nodular sphericity 
and internal air bronchograms have been proposed to differentiate between AAH 
and BAC [87].

Prevalence

The prevalence of AAH in lungs resected for primary lung cancer ranges between 
9 and 21% [19, 79, 81, 85, 122]. This rate increases up to 35.5% in patients with 
lung adenocarcinoma (range 16–35%), while it is lower in SqCC (3–11%) [19, 79, 
81, 85, 122]. AAH has also been detected in patients undergoing resection for cancer 
other than lung (range 4–11%) [19, 81, 122] and in 2% of noncancerous patients at 
autopsy [108]. The relatively wide variation in prevalence of AAH among series 
within each population may be partially due to differences in sampling technique: 
it might also reflect a true prevalence difference between Caucasian and East Asian 
patients.



286 O. Belvedere et al.

Natural History and Management

Longitudinal studies for the understanding of the natural history of AAH are virtually 
impossible for two reasons: (1) AAH lesions are usually too peripheral to be accessible 
to bronchoscopy or other direct visualization methods that would allow the repeat 
biopsies required to characterize and follow the development of these lesions; 
(2) AAH is usually identified in resected lung specimens when the natural history 
of the lesion has already been changed by the surgical removal.

Insights on the natural history of AAH however come from the follow-up of 
patients who underwent curative surgery for lung adenocarcinoma and had incidental 
finding of AAH in the resected lung specimen. Based on the observation that AAH 
is usually multifocal [3, 19], the assumption is that these patients still have AAH 
lesions in the remaining lung tissue. No difference has been observed in terms of 
postoperative survival between these patients and patients with similar stage adeno-
carcinoma who also underwent curative surgery but did not have coexisting AAH 
in the resected lung [19, 70, 95, 112]. Based on this observation, the detection of 
AAH in resected lung does not affect the decision on postoperative (adjuvant) treat-
ment. Similarly, the detection of AAH in the absence of a known or suspected lung 
cancer does not prompt treatment. Close follow-up and smoking cessation, if appli-
cable, are warranted; participation in chemoprevention trials should be offered, 
whenever available.

Diffuse Idiopathic Pulmonary Neuroendocrine Cell Hyperplasia

Definition, General Overview

Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia (DIPNECH) is a 
very rare pre-invasive lesion first described in the 1950s by Felton and Colleagues 
in a case report of “peripheral bronchial adenomas” [26]. Other authors reported a 
few similar cases in the following decades but it was only in 1992 that this histo-
logical entity was better characterized and named “diffuse idiopathic pulmonary 
neuroendocrine cell hyperplasia” by Aguayo et al. [1]. DIPNECH is a putative 
precursor of peripheral tumourlets and typical and atypical carcinoids. To date, 
there is no large study on DIPNECH. A PubMed search performed at the time of 
writing using the search string “Diffuse idiopathic pulmonary neuroendocrine cell 
hyperplasia” returned only 32 items, mainly case reports.

DIPNECH is defined as “a generalized proliferation of scattered single cells, small 
nodules (neuroendocrine bodies) or linear proliferations of pulmonary neuroendocrine 
cells that may be confined to the bronchial and bronchiolar epithelium, include extralu-
minal proliferation in the form of tumorlets, or extend to the development of carcinoid 
tumors. It is sometimes accompanied by intra- and extraluminal fibrosis of involved 
airways, but other pathology that might induce reactive pulmonary neuroendocrine 
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cells proliferation is absent” [117]. When the pulmonary neuroendocrine cells breach 
the basement membrane with local invasion, the lesion is then referred to as “tumour-
let” if the lesion diameter is £5 mm or carcinoid if the diameter is >5 mm [117]. The 
proposed model of multistep carcinogenesis from normal pulmonary neuroendocrine 
cells to carcinoid tumours is shown in Fig. 14.4.

DIPNECH is typically observed in women in their 50s or 60s and long standing 
dry cough and dyspnoea usually precedes the diagnosis [1, 4, 23, 28, 34, 80, 95].

Molecular Abnormalities

To date, only few, small studies have reported on the molecular features of DIPNECH 
and most of them have focused on the expression of one or few specific markers by 
immunohistochemistry rather than providing a molecular profile of the disease [21, 
23, 34, 121]. No data are available on genetic abnormalities in this disease.

Detection

DIPNECH is often an incidental finding in patients asymptomatic for the disease 
undergoing investigations for other diseases [23]. Nonetheless, most of the reports 
of DIPNECH in the literature describe case histories of years of persistent and often 
slowly progressive nonproductive cough and dyspnea, typically initially misdiag-
nosed as asthma.

Standard chest radiography may be within normal limits, whereas chest CT scan 
usually shows mosaic attenuation pattern suggestive of small airways obstruction 
[23]. Multiple millimetric nodules can also be present, usually corresponding to 
tumourlets or carcinoids [1, 4, 17, 23, 62].

Prevalence

Prevalence data for DIPNECH are limited to small series of patients treated with 
surgery for lung cancer. In a series of 28 patients treated with surgery for multiple 
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carcinoid tumours and tumourlets, Aubry et al. identified only one case of 
DIPNECH (3.6%) [5]. Ruffini et al. identified three cases of DIPNECH in a series 
of 55 patients resected for neuroendocrine tumours (5.4%): typical carcinoid was 
the primary tumour in these patients [95].

Natural History and Management

DIPNECH is listed among the pre-invasive lesions of the lung as precursor of 
pulmonary tumourlets and carcinoid tumours but very little is known about its biology 
and natural history. Similar to AAH, longitudinal studies for the understanding of 
the natural history of DIPNECH are virtually impossible as such lesions are usually 
too peripheral to be accessible to bronchoscopy or other direct visualization methods 
that would allow the repeat biopsies required to characterize and follow the devel-
opment of these lesions.

Based on limited follow-up in the small series reported in the literature, 
DIPNECH is typically an indolent and slow progressive disease. For most of the 
patients, clinical and radiologic follow-up is a reasonable strategy; no specific 
therapy is however available and treatment is usually symptomatic.
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Abstract A chief barrier to prevention of oral squamous cell carcinoma is our 
limited ability to differentiate oral premalignant lesions (OPLs) that are likely to 
progress to cancer from their more benign counterparts. This paper describes some 
of the newer technologies being used to capture novel information in OPLs of clini-
cal, histological and molecular changes that are associated with progression risk. 
These approaches include: the use of tissue optics and molecular paints to improve 
lesion visualization; high resolution computer microscopy to detect subtle histo-
logical change; and genomics for tracking high-risk molecular clones across the 
oral mucosa and for gene-specific targeting of future drug therapies. The integra-
tion of information from these different approaches into multifaceted risk models 
can guide the evolution of new strategies for detecting and managing OPLs.

Introduction

The surge of biological and technological discovery in recent years has begun to 
shine new light on the myriad of tissue changes accompanying evolution of normal 
tissue to cancer. The integration of this knowledge into new multifaceted models 
for oral carcinogenesis is greatly needed if we are to improve oral cancer control.

Oral squamous cell carcinoma (OSCC) is a disease of high public health impact 
with nearly 300,000 cases identified annually worldwide [13]. It has a poor prognosis 
with 5-year survival rates of only 30–60%, depending on the global locale. This is 

M.P. Rosin (*) 
Department of Cancer Control Research, British Columbia Cancer Agency Research Centre, 
University of British Columbia, Vancouver, BC, Canada 
and 
Department of Biomedical Physiology and Kinesiology, Simon Fraser University, 
Burnaby, BC, Canada 
and 
BC Oral Cancer Prevention Program, British Columbia Cancer Agency Research Centre,  
675 West 10th Avenue, Vancouver, BC, Canada 
e-mail: mrosin@bccrc.ca

Chapter 15
Progress in Early Detection and Management  
of Oral Dysplasia: Components  
for a Multifaceted Progression Risk Model

Miriam P. Rosin, Catherine F. Poh, S.Y. Catherine Kang,  
Calum E. MacAulay, and Lewei Zhang 



298 M.P. Rosin et al.

largely attributed to diagnosis at late-stage when therapies have had only a limited 
impact [61, 72]. The ability to detect high-risk disease at a premalignant stage, and take 
action to pre-empt or delay the onset of cancer, is the “grail” that many of us seek.

A chief barrier to such early intervention is our limited ability to detect oral 
premalignant lesions (OPLs) and to classify them into risk categories. OPLs com-
prise a wide spectrum of lesions with variable outcome. Rates of malignant trans-
formation for leukoplakia, the most commonly diagnosed OPL, diverge widely and 
time to progression ranges from months to decades [2, 36, 57–59]. The presence of 
dysplastic areas in OPLs provides some indication of risk, especially for high-grade 
dysplasia [36, 58]. However, a lesion can have little or no dysplasia and yet have a 
significant risk of progression [38, 59, 69]. An intriguing question is whether the 
recent acceleration in pathway specific discovery in cancer biology can be focused 
more tightly on the premalignant process, to provide biomarkers that let us better 
predict behaviour for OPLs (see also Chap. 9 for discussion of biomarkers).

This paper will describe some of the newer technologies being used to capture 
critical information on OPLs and progression risk. These include: tissue optics, 
molecular paints, computer-based microscopy and genomics. These technologies 
are still at an early stage of development; however, they each have the potential of 
impacting significantly on our understanding of oral mucosal fields. The objective 
of this paper is to demonstrate that the integration of this technology into clinical 
settings can be a driving force for change, creating new paradigms and strategies 
for detecting and managing OPLs.

Evaluating Tissue Change in a Technological Era

One of the goals for new technology in the health field is to feed information on 
tissue change into a knowledge framework for use in building disease models. From 
a cancer standpoint, such models are beginning to shift away from a focus centred 
on microscopically identified premalignant and malignant foci alone to a study that 
also encompasses the niches in which these cells reside.

Squamous epithelium is maintained throughout adult life by stem cells, with their 
activity regulated by intercellular crosstalk and cell-stroma interaction [10] (see 
Fig. 15.1). It is well accepted that genetic and epigenetic alterations in these stem cells 
are critical to the necessary deregulation of signaling pathways that is required for 
carcinogenesis [23]. However, there is also growing support for involvement of 
microenvironment modification in cancer initiation and progression [20]. Evidence 
suggests that changes in the stem cell niche, abnormal cell-cell interaction and loss of 
extrinsic control facilitate the initiation and maintain these genetic and epigenetic 
mutations [70]. Over time there is an outgrowth of molecularly altered cells to abnor-
mal clones or patches that are clinically, histologically and molecularly heteroge-
neous. They can be discrete or multifocal or can be scattered across the affected 
epithelium, sometimes clinically and histologically  apparent and at other times not. 
These lesions alter with time, with changes extending over decades.
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From the clinical standpoint, there is a need for discovery of markers for all of 
these different types of change, clinical, histological and molecular, and for an 
integration of these different approaches to create new strategies for risk stratifica-
tion. Given the dynamic nature of the processes involved, ideal biomarkers should 
reflect the complexity of change occurring within the tissue and the driving forces 
involved, providing “windows” to ongoing alteration in the individual’s clinical 
condition and enhancing our ability to identify and monitor high-risk subgroups. 
The following sections describe progress in identifying such biomarkers.

Visualization of Clinical Change

One the critical challenges to risk determination lies in the capacity of clinicians 
to discriminate sometimes subtle premalignant lesions and cancers from reactive 
and inflammatory conditions. The decision made at this point determines whether 
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Fig. 15.1 Intrinsic and extrinsic contributions to cancer initiation and progression. Normal tissue 
is regulated by crosstalk between stem cells (dark), their differentiated cells (light) and the stromal 
microenvironment. Genetic and epigenetic in these stem cells, results in inactivation of tumour 
suppressor genes and activation of oncogenes. Positive selection of cells with such change leads 
to clonal outgrowth through processes that involve the stem cell niche, cell-cell interactions and 
microenvironmental modification. The integration of innovative visualization, computer imaging 
technology and novel biomarkers into the assessment of OPLs can produce risk models that 
enhance our ability to distinguish high risk OPLs from benign lesions, a process that is essential 
for effective intervention, and ultimately prevention of oral cancer
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or not the lesion will undergo biopsy for assessment of presence and degree of 
dysplasia – hence whether a high-risk lesion will be detected. It also impacts on 
the selection of site for tissue sampling, with failure to biopsy in the highest risk 
area affecting patient management. Tissue sampling also impacts on molecular 
profiling and biomarker discovery. In the future, tissue optics and contrast agents 
may complement the clinical exam and provide us with an ability to better character-
ize field change in situ in a non-invasive fashion, facilitating decisions on where and 
when to biopsy. These two approaches to tissue visualization are described below.

Optical devices use alterations in the interaction of light with tissue to identify 
change in its morphology, chemistry and structure. One such approach, autofluo-
rescence (AF) imaging shows promise for detecting and delineating fields of altera-
tion in the oral mucosa of patients with oral cancer and premalignancy [32, 43, 
45–47]. This approach is already accepted as a standard of care for early lung can-
cer detection, with near clinical utility for several other sites, e.g., the bladder, 
colon, cervix, skin, esophagus [11, 31, 50, 74], (see also Chap. 10 on molecular 
imaging as well as Chap. 14 on lung lesions).

Changes in AF reflect a complex interplay of alterations to fluorophores in the 
tissue and structural changes in tissue morphology. AF originates from endonge-
nous fluorophores in the oral mucosa. Important fluorophores in the epithelial layer 
include the metabolic co-factors NADH and FAD while cross-links of the collagen 
are the principle fluorophores of the lamina propria [49, 51]. Alterations to fluoro-
phore distribution include tissue remodeling such as the breakdown of the collagen 
matrix and elastin composition as well as alterations to metabolism [14]. The inter-
action between the light source and tissue is also affected by alterations to epithelial 
thickness, nuclear morphology (dysplastic nuclei) and vascularization, all charac-
teristic changes associated with disease progression.

Several studies have shown that spectroscopy of AF can discriminate between 
normal and neoplastic mucosa (for review see [43]). However, clinical application 
of this approach to the oral cavity has occurred only in recent years, beginning with 
the development of a simple handheld device for real time AF visualization in 
patients within an ongoing Oral Cancer Prediction Longitudinal (OCPL) Study in 
British Columbia. That study is following ~400 patients with primary dysplasia, 
developing and validating markers for progression [53, 54]. This developmental 
device allowed for rapid direct visualization of alterations to autofluorescence across 
the oral mucosa, with these changes apparent to the viewer as an alteration from the 
pale green of normal tissue to dark brown to black regions in abnormal tissue.

Initial reports with this approach described pilot work in a very small number of 
patients (N = 44). That work was promising with a 98% sensitivity and 100% specific-
ity for discriminating dysplasia and cancers from normals [32]. Since then, interim 
analysis of a further number of cases as they entered the OCPL study has shown that 
the approach correctly identifies nearly all cases of invasive OSCC (~95% of 120 
examined) and severe dysplasia/carcinoma in situ (82 of 83 cases). In addition, 59 of 
76 low-grade (mild/moderate) dysplasias had loss of AF. An intriguing possibility 
being explored is that low-grade lesions with AF might  represent lesions with a 
greater risk of malignant transformation. Follow-up time for these cases (~24 months) 
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at the interim analysis was too short to make this determination. Although its long 
term clinical value in screening needs to be determined, a tool using this technology 
is already commercially available, marketed as VELscope® (LED Med., Inc.).

A further interesting observation made during patient follow-up was that AF was 
detecting lesions that were clinically occult under white light inspection, yet 
showed dysplasia and/or cancer at biopsy (example in Fig. 15.2) [46]. This ability 
is being further monitored in the OCPL study. However, an offshoot of this observation 
has been the demonstration that AF can provide real-time guidance to surgical 
tumor margin delineation for invasive and pre-invasive cancer. Local recurrence is 
a frequent problem for OSCC (occurring in up to 30% of cases) [6, 25, 34, 40, 62, 
63] and is thought to be associated with occult residual disease left at the surgery 
site. A small pilot study of 20 consecutive patients has shown that loss of AF 
extends beyond clinically apparent tumors in the majority of cases, with the extension 
varying from 4 to 25 mm. These AF positive, clinically occult margins were high-
risk histologically and/or molecularly. Of 36 margins, 17 had OSCC or severe 
dysplasia/carcinoma in situ, 15 were mild/moderate dysplasia and only four were 
benign with no dysplasia. Molecular analysis of the margins with low-grade or no 
dysplasia showed the presence of high-risk molecular patterns (loss of heterozygosity 
patterns, to be described in Sect. 5.3) in 12 of 19 cases.

Will use of AF to guide margins reduce disease recurrence? We recently reported 
on data from 60 patients undergoing surgery between 2004 and 2008; 38 had 
AF-guided surgery (the surgical margin was placed at 10 mm beyond the perimeter 
of AF loss), the remaining patients (control group) had the surgical margin placed at 
10 mm beyond the tumor edge defined by standard white-light examination. Seven 
of the 60 cases (12%) developed a recurrence of severe dysplasia or worse neoplasia 

Fig. 15.2 Example of a high-risk occult lesion detected with AF visualization. A 58-year-old 
male in follow-up 15 months after surgical excision of carcinoma in situ. (a) White light image 
showed a well-healed scar at right floor of mouth close to lingual frenum (arrow) with no clinically 
visible lesion. (b) The same area (arrow) under FV showing a dark area of AF loss. Comparative 
biopsy of this area showed recurrent carcinoma in situ



302 M.P. Rosin et al.

at the treated site, all in the control group (P = 0.002) [45]. A large randomized multi-
centre trial is now being planned to further test this association among patients with 
T1/T2 OSCC and with preinvasive disease (severe dysplasia/CIS).

AF imaging systems are continuing to evolve. Studies to date have been largely 
restricted to referral settings and to use by oral specialists. They have not addressed 
the device utility within the typical spectrum of oral pathologies seen in community 
settings where the more common benign inflammatory conditions are the more 
prevalent clinical presentation. Several approaches are being taken in an attempt to 
improve the ability of the device to discriminate such lesions from OPLs in prepara-
tion for making this transition. These approaches include alterations to wavelengths 
illuminations for excitation (the Identifi™ 3000 – Trimera™ system), integration 
of reflectance imaging [44] and computer manipulation of fluorescence/reflectance 
image data to generate probability maps [52].

Another approach to lesion visualization that has yet to be explored is to couple 
the use of AF to use of contrast agents to better define clinical fields. Contrast 
agents are optically active agents that can be “painted” on the tissue surface to 
increase our ability to distinguish normal structures from abnormal structures.

There is some precedence for this approach based on use of toluidine blue (TB), a 
metachromatic vital dye. TB has been used for over 40 years to detect oral mucosal 
abnormalities, with numerous reports on its utility for screening, although primarily 
within secondary care settings. There is a general consensus that the dye has a fairly 
high sensitivity for cancer in such settings [44]; however, specificity can be low and is 
usually associated with nonspecific binding of the dye to rough areas of the tissue, 
generated by inflammation and trauma. Of interest is recent work with the dye in 
patients with OPLs. Data from the OCPL study suggests that TB may preferentially 
stain lesions with an increased risk of cancer development [75]. An early report showed 
a strong correlation between TB staining and clinicopathological risk features, high-risk 
molecular patterns (loss of heterozygosity profiles, described in Sect. 5.3) and outcome. 
Overall there was a sixfold elevation in cancer risk for OPLs positive for this dye.

The hope for the future will be to engineer markers that link molecular probes 
to nontoxic delivery systems (e.g., nanoparticles, nano-rods, fluorescent markers, 
beacons to create paints that can track the spread of high-risk clones across the 
surface of the oral mucosa). [44]. This will be critical to both risk assessment and 
treatment, allowing the clinician to directly map tissue with specific molecular 
change and to assess the impact of drugs on that tissue.

Histology and Risk Assessment: Optimizing Microscopy  
by Integrating Computer Technology

The classification of dysplasia is built on consensus among pathologists of the 
association of specific features with the likely progression to cancer. The current 
WHO criteria is based on 16 features (nine cytological and seven architectural) and 
a judgment of their severity [3]. However, dysplasia represents a spectrum of 
change and categorization is challenging.



30315 Progress in Early Detection and Management of Oral Dysplasia

The strongest association with transformation is for the higher grade severe dysplasia 
which are often linked with carcinoma in situ (CIS) as high-risk OPLs that are charac-
terized by persistence, recurrence, and a high probability of eventual progression to 
invasive squamous cell carcinoma [9, 15, 24, 60]. Our experience in the OCPL study 
is consistent with this observation. We determined frequency of progression for 124 
such lesions, 68 of which had been treated with conventional surgical excision and 54 
left to follow-up (decision to treat had been left to the referring clinician). Progression 
to cancer occurred in 45% of patients not receiving treatment compared with 22% of 
the lesions that were treated (P = 0.045). These high progression rates have resulted in 
the development of a consensus in British Columbia for treatment of this stage, at this 
point, by surgery, with recognition of the need to set guidelines for surgical margins 
for such treatment. To this end, the multi-centre AF surgery trial mentioned above will 
include severe dysplasia/CIS lesions in addition to T1/T2 OSCC to look for impact of 
AF as a guide to margin delineation at this preinvasive stage.

In contrast to the association of severe dysplasia with outcome, determination of 
prognosis for lesions with histological changes that are less than severe is more 
problematic. The majority of OPLs without dysplasia or with low-grade dysplasia 
(mild and moderate dysplasia) will not progress into cancer [5, 38, 57, 59, 71] and 
histology alone does not clearly differentiate between those that will progress and 
those that will not. Unfortunately, as a group, these lesions represent the bulk of 
leukoplakia and account for the majority of cases that later progress to cancer.

The rapid evolution of computer imaging and processing technology is creating a 
framework that will in future impact significantly on the way in which we describe 
and objectively quantify the myriad combinations of subtle alterations to histological 
and cytological features that associate with outcome prediction. High resolution com-
puter imaging systems have been developed for many tumor sites with some of these 
commercially available. What has been lacking has been a harnessing of this technol-
ogy to address specific questions on probability of progression for premalignant 
lesions. A key barrier to such development has been the access to the critical speci-
mens with known outcome required for training such systems. We have taken advan-
tage of the ongoing OCPL study to develop a Quantitative Tissue Pathology (QTP) 
imaging system that is targeted toward prediction of progression for OPLs [76]. The 
system semi-automatically detects and quantifies alteration to ~110 nuclear features 
in cell nuclei of hundreds of cells in each tissue specimen, looking at not only size 
and shape of the nuclei but also distribution of DNA within the nuclei (see Fig. 15.3). 
For example, for hyperchromasia, one of the criteria used in dysplasia assessment, the 
computer measures multiple features, such as whether the increased DNA is distrib-
uted around the edge of the nucleus or clustered in the center; whether the nucleus is 
dark with light areas or light with dark areas; whether the increased chromatin is 
evenly distributed (euchromatin) or clumped locally (heterochromatin); what is the 
distance between the locally clumped chromatin or the fraction of nuclear diameter 
one can travel before an intensity change is encountered and others. The components 
of the nuclear phenotypes are broken down into multiple quantifiable units to be 
studied independently and in combination to obtain diagnostic algorithms. A recent 
study evaluated the use of this system to judge progression risk of OPLs with no or 
low-grade (mild/moderate) dysplasias, using five of these system features combined 



304 M.P. Rosin et al.

to derive a nuclear phenotype score (NPS) [21]. Elevated NPS was strongly associ-
ated with risk of malignant progression, with a tenfold increase in progression for 
dysplasia with high NPS. Of further interest, lesions with high NPS also showed an 
increased presence of high-risk molecular patterns (loss of heterozygosity profiles, to 
be discussed in the next section). In a multivariate Cox model, LOH and NPS together 
provided the strongest prediction for cancer development, supporting a fusion of 
quantitative pathology and molecular analysis as the best judge of progression risk.

Fig. 15.3 Quantitative tissue phenotype of an oral dysplastic epithelium. (a) Delineation of the 
region of interest manually by the pathologist (area with dark staining nuclei). Nuclei within this 
region are automatically segmented by the computer and assessed for 100 features. (b) Histogram 
distribution of one of the 110 nuclear features in cell population of region of interest. (c) Top row, 
graphic representation of three of the five textural changes chosen for progression risk assessment. 
OD-Skewness measures whether the nucleus is dark with light areas or light with dark areas (first 
two images on far left). Long90_Run measures the fraction of nuclear diameter one can travel 
before an intensity change is encountered (center two images). Fractal_area1 measures hetero-
chromatin versus euchromatin organization, i.e., large intensity contrast between highly con-
densed chromatin and noncondensed chromatin (images on the far right). Middle and lower rows, 
captured images of nuclei showing these features
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These findings are very exciting. From a mechanistic point of view, the results 
confirm that histomorphological changes are critical for cancer progression, and that 
there are indeed microscopic differences between OPLs with no/mild/moderate 
dysplasia that are at high risk of cancer progression and similar lesions that are at 
low-risk. From a diagnostic point of view, such imaging systems can be easily 
adopted by any pathologist for use on tissue sections from the routine diagnostic 
paraffin block. In the future, this approach might provide a quick, reliable method of 
triaging OPLs with no/mild/moderate dysplasia for further risk assessment by 
molecular analysis. The combination of multiple biomarkers will improve the accu-
racy of the risk model.

Molecular Markers of Progression Risk

Building the Multifaceted Risk Model

The above text has shown how visualization and high resolution computer micros-
copy can facilitate sample collection for molecular analysis, providing critical 
specimens for biomarker discovery targeted to better prediction of behaviour of 
OPLs. The challenge is to use molecular analysis of such samples to further drive 
technological development, for example, to optimize visualization tools and create 
molecular paints to better target high-risk clinical change and to expand computer 
imaging systems to allow them to histologically track molecular clones through 
tissue samples. This will involve the construction of high-risk molecular profiles 
more tightly focused on the premalignant process, with pathway specific discovery 
leading to new gene and protein targets for OPL risk stratification. The selection of 
pathways and gene targets associated with key biological events may further facili-
tate this process, for example, a focus on altered genes that impact on stem cell 
regulation and microenvironmental change. In future such information will guide 
choice of which lesions to treat (through risk stratification), choice of treatment 
(e.g., surgical excision for tightly confined lesions and drug therapy for more dif-
fuse or multifocal lesions), choice of drugs in chemopreventive therapies (use of 
drugs that target lesions with specific molecular alterations) and a more precise 
method of monitoring the success of interventions (e.g., visualization of clones left 
behind, early identification of disease recurrence, identification of new foci in 
patients with high-risk disease).

We are still at a very early stage in the molecular analysis of oral premalignant 
disease. Most molecular profiling has occurred in frank cancers: however an 
increasing number of publications deal with OPLs. At present, the majority of such 
studies are cross sectional in nature, with associations to clinical OPLs and dyspla-
sias, sometimes reporting on low-grade versus high-grade disease. A few studies 
have examined molecular changes in progressing OPLs versus non-progressing 
lesions. Figure 15.4 presents a summary of such studies and the biomarkers exam-
ined. These studies will be discussed briefly below.
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Molecular Profiling

Molecular profiling of progressing and non-progressing lesions has been limited to 
only a few studies. A recent article used high resolution genomic analysis with tiling-
path array comparative genomic hybridization (CGH) [17, 18] to compare genomic 
imbalances in low-grade (mild and moderate) dysplastic lesions that progressed to 
cancer to histologically similar non-progressors. That study showed a significant 
difference in the number of genomic segmental alterations in progressors compared 
to non-progressors (P < 10−4). Non-progressors showed little chromosomal altera-
tion. The probability of a lesion having chromosomal alterations in two or more 
regions was markedly higher in progressive lesions than in non-progressive counter-
parts (OR 48; 95% CI, 43.7–487.3), suggesting that overall genetic instability can be 
a valuable predictive marker for progressive risk of low-grade dysplasia. In a second 
study, segmental alterations to chromosome 3p were determined using the same 
genomic profiling technique. Analysis showed six regions of recurrent alteration in 
high-grade dysplasia as well as OSCC; change in these regions was present at a 
significantly higher frequency in progressive low-grade dysplasia compared with 
non-progressive counterparts (OR 22.75; 95% CI, 20.14–175.5) [66]. These altera-
tions to CGH profiles appear to have potential clinical significance. [65] mapped out 
the regions of recurrent DNA amplifications and homozygous deletions in a set of 
OPLs and looked for expression changes in these regions using five  independent 

Effect Size, 95% Ci95% CiEffect SizeMarkerReference
Rosin, 2000 3p LOH 3.74 [1.98, 4.19]

9p LOH 3.97 [2.29, 5.18]

[20.80, 151.9]24.103p and/or 9p LOH
3p and/or 9p LOH + LOH at any other arm 33.40 [28.92, 215.6]

Guillaud, 2008 Nuclear phenotype score 10.30 [7.40, 49.70]
Garnis, 2009 Chromosomal alteration (≥2 regions) 48.00 [43.70, 487.3]   

[20.14, 175.5]22.753p segmental deletionTsui, 2008
Torres-Rendon, 2009 Aneuploidy 2.63 NR

[0.80, 1.40]1.85Chromosomal polysomyLee, 2000
[0.62, 1.06]1.53p53 (parabasal layer)

LOH 3p or 9p 1.94 [1.35, 2.29]
[1.13, 1.39]2.27CP.p53.LOH combined

CP.p53.LOH & Histology (multicovariate) 2.68 [1.11, 1.91]

Hall, 2009 & Cao, 2009 [2.40, 4.35]5.37p16 methylation (pooled)
Cao, 2009 p16 methylation (age adjusted; ≥ 60yr) 12.00 [9.64, 49.05]

Kawaguchi, 2009 Podoplanin
Saintigny, 2009 ∆Np63 

Intraepithelial inflammatory cells (EIC) 2.03 [1.05, 2.18]
Podoplanin, ∆Np63 and EIC combined 4.37 [2.46, 5.62]

Benchekroun, 2010 EGFR 

3.09 [1.56, 3.14]
3.31 [1.65, 3.27]

3.62 [2.18, 5.48]
Yoon, 2009 pChk2 10.50 [5.70, 12.10]

pChk2 (risk of progression in < 3yr) 5.80 [3.40, 8.00]

pChk2 (risk of progression in > 3yr) 19.90 [12.60, 35.60]

0.10 1.00 10.00 100.00 1000.00 

Fig. 15.4 Biomarkers of progression risk for OPLs. HR, RR or OR are shown as presented in the 
indicated publications. If not given, they were calculated for this article. They are graphed as an 
estimation of effect size, i.e., the measure of the strength of the relationship between the presence 
of the markers in OPL and the risk of progression. Ratios greater than one indicate an increased 
risk for malignant progression. CI confidence interval, LOH loss of heterozygosity, CP chromo-
somal polysomy, EGFR epidermal growth factor, pChk2 checkpoint kinase 2, NR not reported
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head and neck datasets. Genes showing alteration belonged to several critical signal-
ling pathways, including the canonical ERK/MAPK, FGF, p53, PTEN and P13K/
AKT pathways, which share common nodes and interplay as a single network [65]. 
These changes were present in severe dysplasia and in progressing low-grade dys-
plasia but were not observed in non-progressing low-grade dysplasia.

LOH as an Example of a Risk Indicator

Virtually all biomarker studies based on known outcome for OPL have come from 
single institutional analyses. An exception to this has been the use of loss of 
heterozygosity (LOH) in key chromosomal loci, a finding that has been consistently 
identified in several laboratories as an independent indicator of risk of progression 
of OPLs to malignancy [7, 35, 37]. In an early study, Mao and workers showed that 
patients with OPLs with LOH at 3p14 (location of FHIT) and/or 9p21 regions (loca-
tion of p16/p15/p14) had a substantially increased risk of developing OSCC com-
pared to those with retention of these loci. These observations were confirmed in a 
subsequent study by [55] that assessed LOH at these regions plus loci on an addi-
tional five arms (4q, 8p, 11q, 13q, and 17p). That study showed that LOH at 3p14 or 
9p21 increased the risk of progression by 3.74 and 3.97-fold respectively and that 
additional losses on 4q, 8p, 11q, or 17p further contributed to cancer progression by 
increasing the risk of SCC by 33-fold, with 47% of such cases progressing to cancer 
within 5 years. This strong association of LOH and risk of progression is currently 
being validated in an independent prospectively collected set of OPLs from the 
OCPL study. LOH analysis is already being used to select high-risk patients with 
OPLs for chemoprevention in two multi-institutional chemoprevention trials: the 
phase III Erlotinib Prevention of Oral Cancer (EPOC) study [26] and the phase II 
Cetuximab for treatment of high-risk pre-malignant upper aerodigestive lesions [27]. 
As mentioned previously, the process of integrating LOH analysis with other tech-
nologies is already ongoing, with associations reported among toluidine blue-
positive OPLs, LOH status and outcome [75] and among nuclear phenotype score 
(using quantitative tissue phenotype analysis), LOH status and outcome [21].

p16 Promoter Hypermethylation

CpG hypermethylation of p16 has been shown to correlate with the degree of oral 
dysplasia in multiple cross-sectional studies [39, 67]. Recently, two case-control 
studies demonstrated that p16 promoter methylation may also be a novel predictor 
of risk for progression of OPLs. Cao et al. [8] showed an increased risk of developing 
OSCC for cases with hypermethylated p16, with 14 of 32 (44%) of such cases 
progressing to cancer compared with eight of 46 (17.4%) of cases with 
 unmethylated p16 (OR 3.7; 95% CI, 1.31–10.39; P = 0.013). This association was 
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highest among individuals ³60 years (age-adjusted OR 12.0, 95% CI, 2.36–61.05; 
P = 0.003), which is consistent with the often reported association of methylation 
and aging [28]. In a separate study. Hall et al. [22] reported the presence of p16 
CpG methylation in 57% (8 of 14) of patients with progressing OPLs compared 
with only 8% (2 or 24) of non-progressors OPL. In this study, the investigators 
collected biopsies as well as scrapes of histologically confirmed oral epithelial 
dysplasia. When methylation status was compared between the two sources of 
DNA, 80% of the samples showed concordant methylation (61 of 76 samples). 
Interestingly, among 15 discordant results, p16 promoter methylation was more 
frequently detected in the scrapes, suggesting that the brushing technique may be 
a noninvasive alternative to biopsy.

Aneuploidy

Most solid tumor cells are aneuploid [30]; that is, they do not have the normal 
complement of genetic material. i.e. the cells have 0, 1 or 2+ copies of part or all 
of some chromosomes. The association between cancer and abnormal chromosome 
distribution was noted as far back at 1890 by van Hansemann [68].

Aneuploidy has been shown to be related to a high risk of progression at some 
sites, for example in Barrett’s oesophagus [12, 41], (see Chap. 16); however its 
association with progression risk in OPLs is less well documented. Correlation 
between the DNA ploidy status and a risk of progression of OPLs was investi-
gated in a recent case-control study using cell suspensions generated from thick 
tissue sections [64]. The study showed that 14 of 19 aneuploid OPL (74%) pro-
gressed to SCC compared with 28 of 67 (42%) diploid lesions. Also, the cancer 
free survival rate was significantly lower in the aneuploid cases (HR 2.63; log 
rank, P = 0.003).

Lee et al. [33] examined the association of five potential biomarkers in OPL 
with risk of progression to cancer: chromosomal polysomy, p53 parabasal pro-
tein expression, loss of heterozygosity at chromosome 3p or 9p, retinoic acid 
receptor b and micronuclei. The univariant Cox proportional hazards model 
showed a significant association with only one of these features, chromosomal 
polysomy, as an independent predictor of progression risk; however, in the mul-
tivariant analysis, the combined biomarker score of chromosomal polysomy, p53 
and LOH were each strongly associated with cancer risk (RR 2.27; 95% CI, 
1.14–3.66; P = 0.0008).

Our data from more than 500 cases suggests that an automated cytological 
image analysis system, based on targeted brushing of suspect lesions, which uses 
the frequency of aneuploid cells could be an efficient and effective second step 
when used in combination with AF in a comprehensive screening program, directing 
the high risk patient population to appropriate care while not necessitating a large 
number of biopsies.
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Specific Gene Biomarkers of Risk

A few promising gene-specific markers have been reported that are able to differentiate 
OPL progressors from non-progressors, but these data are restricted to single institu-
tional studies, requiring validation on independent cohorts. These include podoplanin, 
∆Np63, pChk2 and EGFR, described below.

Podoplanin, is a member of the type-1 transmembrane sialomucin-like glyco-
protein family and has been used previously as a biomarker of lymphatic vessels. 
Its overexpression is associated with lymph node metastasis and poor survival in 
OSCC [42, 48]. Kawaguchi et al. reported a strong association between expression 
level of podoplanin, the presence of dysplasia and risk of progression for OPLs 
[29]. At 5 years after the sample assessment, less than 8% of the patients with negative 
podoplanin expression developed oral cancer (95% CI, 0.86–0.98), compared with 
37% of those with positive podoplanin expression (95% CI, 0.51–0.77; P < 0.001) 
The hazard ratio of cancer progression in podoplanin-positive cases was 3.09 (95% 
CI, 1.530–6.231; P = 0.002).

∆Np63 is a homologue of the p53 tumour suppressor gene. The first demonstra-
tion of ∆Np63 as a potential biomarker for progressive OPL appeared in a cohort 
study conducted by Saintigny et al [56]. That study showed that ∆Np63 expression 
in low grade dysplasia is strongly associated with risk of progression to OSCC (HR 
3.308; 95% CI, 1.663–6.580; P = 0.0007). An increase of immune cell infiltration 
has been associated with dysplastic progression from hyperkeratosis to dysplasia to 
OSCC and so this association was examined in that same study [16]. Although 
association between clusters of intraepithelial inflammatory cells (EIC) in the basal 
cell layer and progression risk was not statistically significant, (P = 0.057), a con-
current expression of all three markers, podoplanin, ∆Np63 and EIC, showed the 
highest risk of malignant transformation (HR 4.37; 95% CI, 1.912–9.992; 
P = 0.0005).

pChk2 is a mediator of cell cycle checkpoint in response to DNA damage. The 
pChk2 isoform has recently been shown to be expressed at exceptionally high levels 
in premalignant lesions and to persist throughout malignant transformation [1, 19]. 
Yoon et al. undertook a retrospective case-control study to investigate the value of 
pChk2 as an early indicator of cancer progression. pChk2-positive OPL lesions 
showed a 10.5-fold increase in risk of cancer development compared with pChk2-
negative OPLs (OR 10.5; 95% CI, 4.8–22.6). The risk of progressing to SCC after 
3 years was 19.9 times higher in pChk2-positive group than it was in pChk2-negative 
OPL (95% CI, 7.3–55.5) [73].

Epidermal Growth Factor Receptor (EGFR) signaling occurs through a multidi-
mensional pathway, of which deregulation plays a profound role in tumor prolifera-
tion and patient survival in many cancers. A recent novel report describes EGFR 
expression and gene copy number in OPLs in a series of longitudinal and prospec-
tively collected samples [4]. It showed that a striking increase in progression to oral 
squamous cell carcinoma (OSCC) occurred among EGFR overexpressors that also 
had an increased EGFR gene copy number, as measured by fluorescence in situ 
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hybridization (FISH). Only 40% of patients with lesions expressing high level of 
EGFR and chromosome 7 remained cancer-free for 5 years while 79% of patients 
with low expression remained cancer-free for the same period of time (HR 3.620; 
95% CI, 1.439–9.104). The significant association between high level of EGFR and 
the risk of development of oral cancer suggests that EGFR-targeted chemotherapy 
may enable effective intervention of high risk premalignant lesions and enhance 
cancer-free survival rates. These data suggest that EGFR copy number change 
could be a targetable marker, indicating a higher-risk group with a potentially 
higher likelihood of benefit from EGFR inhibitors.

Conclusion

The harnessing of new technology to explore clinical issues is a powerful way in which 
to drive the development of new paradigms for disease management. Although the 
potential of molecular analysis is widely discussed in the literature as a promising 
approach to gathering information on the critical genetic and epigenetic change under-
lying cancer development, attention needs to be paid to parallel and complementary 
devices that will facilitate the collection of molecular information that is better targeted 
towards direct clinical application. As discussed in this paper, focusing such technol-
ogy on OPLs has already created useful information about clinical and histological 
change that would otherwise not be available. The integration of such technology with 
molecular analysis will drive this process forward more quickly. It is time to begin to 
build new, more multifaceted risk models that incorporate a broader vision of the 
dynamic change that is occurring during oral carcinogenesis.

Acknowledgements Supported by grants from the National Institute of Dental and Craniofacial 
Research R01DE13124 and R01 DE17013R01DE13124.

References

 1. Ahn J, Urist M, Prives C (2004) The Chk2 protein kinase. DNA Repair 3:1039–1047
 2. Axell T, Pindborg JJ, Smith CJ et al (1996) Oral white lesions with special reference to pre-

cancerous and tobacco-related lesions: conclusions of an international symposium held in 
Uppsala, Sweden, May 18–21, 1994. International Collaborative Group on Oral White 
Lesions. J Oral Pathol Med 25:49–54

 3. Barnes L, Eveson J, Reichart P et al (eds) (2005) World Health Organization classification of 
tumours: pathology and genetics of head and neck tumours. IARC, Lyon

 4. Benchekroun MT, Saintigny P, Thomas SM, et al (2010) Epidermal growth factor receptor 
expression and gene copy number in the risk of oral cancer. Cancer Prev Res [Epub ahead of 
print] PMID:20570883

 5. Bouquot J (1999) Oral cancers with leukoplakia. Oral Dis 5:183–184
 6. Brennan JA, Mao L, Hruban RH et al (1995) Molecular assessment of histopathological stag-

ing in squamous-cell carcinoma of the head and neck. N Engl J Med 332:429–435
 7. Califano J, van der Riet P, Westra W et al (1996) Genetic progression model for head and neck 

cancer: implications for field cancerization. Cancer Res 56:2488–2492



31115 Progress in Early Detection and Management of Oral Dysplasia

 8. Cao J, Zhou J, Gao Y et al (2009) Methylation of p16 CpG island associated with malignant 
progression of oral epithelial dysplasia: a prospective cohort study. Clin Cancer Res 
15:5178–5183

 9. Crissman JD, Zarbo RJ (1989) Dysplasia, in situ carcinoma, and progression to invasive 
squamous cell carcinoma of the upper aerodigestive tract. Am J Surg Pathol 13(Suppl 1): 
5–16

 10. Donjacour AA, Cunha GR (1991) Stromal regulation of epithelial function. Cancer Treat Res 
53:335–364

 11. Drezek R, Guillaud M, Collier T et al (2003) Light scattering from cervical cells throughout 
neoplastic progression: influence of nuclear morphology, DNA content, and chromatin tex-
ture. J Biomed Opt 8:7–16

 12. Fang M, Lew E, Klein M et al (2004) DNA abnormalities as marker of risk for progression of 
Barrett’s esophagus to adenocarcinoma: image cytometric DNA analysis in formalin-fixed 
tissues. Am J Gastroenterol 99:1887–1894

 13. Ferlay J, Bray F, Pisani P, GLOBOCAN et al (2004) Cancer incidence, mortality and preva-
lence worldwide. IARC cancer base no. 5 version 2.0. IARC, Lyon

 14. Follen M, Crain S, MacAulay C et al (2005) Optical technologies for cervical neoplasia: 
update of an NCI program project grant. Clin Adv Hematol Oncol 3:41–53

 15. Fresko D, Lazarus SS (1981) Oral carcinoma in situ. Its progression to squamous, 
basosquamous, and basal-cell carcinoma. Arch Pathol Lab Med 105:15–19

 16. Gannot G, Gannot I, Vered H et al (2002) Increase in immune cell infiltration with progres-
sion of oral epithelium from hyperkeratosis to dysplasia and carcinoma. Br J Cancer 86: 
1444–1448

 17. Garnis C, Campbell J, Zhang L et al (2004) OCGR array: an oral cancer genomic regional 
array for comparative genomic hybridization analysis. Oral Oncol 40:511–519

 18. Garnis C, Chari R, Buys TP et al (2009) Genomic imbalances in precancerous tissues signal 
oral cancer risk. Mol Cancer 8:50

 19. Gorgoulis VG, Vassiliou LV, Karakaidos P et al (2005) Activation of the DNA damage check-
point and genomic instability in human precancerous lesions. Nature 434:907–913

 20. Gudjonsson T, Magnusson MK (2005) Stem cell biology and the cellular pathways of carcino-
genesis. APMIS 113:922–929

 21. Guillaud M, Zhang L, Poh C et al (2008) Potential use of quantitative tissue phenotype to 
predict malignant risk for oral premalignant lesions. Cancer Res 68:3099–3107

 22. Hall GL, Shaw RJ, Field EA et al (2008) p16 Promoter methylation is a potential predictor of 
malignant transformation in oral epithelial dysplasia. Cancer Epidemiol Biomarkers Prev 
17:2174–2179

 23. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57–70
 24. Hayward JR, Regezi JA (1977) Oral dysplasia and in situ carcinoma: clinicopathologic cor-

relations of eight patients. J Oral Surg 35:756–762
 25. Hittelman WN, Kim HJ, Lee JS et al (1996) Detection of chromosome instability of tissue 

fields at risk: in situ hybridization. J Cell Biochem Suppl 25:57–62
 26. A Service of the U.S. National Institute of Health (2006) Erlotinib prevention of oral cancer 

(EPOC). http://www.clinicaltrials.gov/ct2/show/NCT00402779
 27. ClinicalTrials.gov – A Service of the U.S. National Institute of Health (2007) Phase II study 

of single-agent Cetuximab for treatment of high-risk pre-malignant upper aerodigestive 
lesions. http://www.clinicaltrials.gov/ct2/show/NCT00524017

 28. Issa JP, Ottaviano YL, Celano P et al (1994) Methylation of the oestrogen receptor CpG island 
links ageing and neoplasia in human colon. Nat Genet 7:536–540

 29. Kawaguchi H, El-Naggar AK, Papadimitrakopoulou V et al (2008) Podoplanin: a novel 
marker for oral cancer risk in patients with oral premalignancy. J Clin Oncol 26:354–360

 30. Kops GJ, Weaver BA, Cleveland DW (2005) On the road to cancer: aneuploidy and the mitotic 
checkpoint. Nat Rev Cancer 5:773–785

 31. Lam S, MacAulay C, Hung J et al (1993) Detection of dysplasia and carcinoma in situ with a 
lung imaging fluorescence endoscope device. J Thorac Cardiovasc Surg 105:1035–1040

http://www.clinicaltrials.gov/ct2/show/NCT00402779
http://www.clinicaltrials.gov/ct2/show/NCT00524017


312 M.P. Rosin et al.

 32. Lane PM, Gilhuly T, Whitehead P et al (2006) Simple device for the direct visualization of 
oral-cavity tissue fluorescence. J Biomed Opt 11:24006

 33. Lee JJ, Hong WK, Hittelman WN et al (2000) Predicting cancer development in oral 
 leukoplakia: ten years of translational research. Clin Cancer Res 6:1702–1710

 34. Leemans CR, Tiwari R, Nauta JJ et al (1994) Recurrence at the primary site in head and neck 
cancer and the significance of neck lymph node metastases as a prognostic factor. Cancer 
73:187–190

 35. Lippman SM, Hong WK (2001) Molecular markers of the risk of oral cancer. N Engl J Med 
344:1323–1326

 36. Lumerman H, Freedman P, Kerpel S (1995) Oral epithelial dysplasia and the development of 
invasive squamous cell carcinoma. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 
79:321–329

 37. Mao L, Lee JS, Fan YH et al (1996) Frequent microsatellite alterations at chromosomes 9p21 
and 3p14 in oral premalignant lesions and their value in cancer risk assessment. Nat Med 
2:682–685

 38. Mincer HH, Coleman SA, Hopkins KP (1972) Observations on the clinical characteristics of 
oral lesions showing histologic epithelial dysplasia. Oral Surg Oral Med Oral Pathol 
33:389–399

 39. Papadimitrakopoulou V, Izzo J, Lippman SM et al (1997) Frequent inactivation of p16INK4a 
in oral premalignant lesions. Oncogene 14:1799–1803

 40. Partridge M, Pateromichelakis S, Phillips E et al (2000) A case-control study confirms that 
microsatellite assay can identify patients at risk of developing oral squamous cell carcinoma 
within a field of cancerization. Cancer Res 60:3893–3898

 41. Paulson TG, Maley CC, Li X et al (2009) Chromosomal instability and copy number altera-
tions in Barrett’s esophagus and esophageal adenocarcinoma. Clin Cancer Res 15(10): 3305–3314

 42. Petrova TV, Makinen T, Makela TP et al (2002) Lymphatic endothelial reprogramming of vascular 
endothelial cells by the Prox-1 homeobox transcription factor. EMBO J 21:4593–4599

 43. Poh C, Lane P, MacAulay C et al (2009) The application of tissue autofluorescence in detection 
and management of oral cancer and premalignant lesions. Springer, New York

 44. Poh C, MacAulay C, Laronde D, et al (2010) Squamous cell carcinoma and precursor lesions: 
diagnosis and screening in a technical era. Periodontology 2000 (in press)

 45. Poh CF, MacAulay CE, Zhang L et al (2009) Tracing the “at-risk” oral mucosa field with 
autofluorescence: steps toward clinical impact. Cancer Prev Res 2:401–404

 46. Poh CF, Ng SP, Williams PM et al (2007) Direct fluorescence visualization of clinically occult 
high-risk oral premalignant disease using a simple hand-held device. Head Neck 29:71–76

 47. Poh CF, Zhang L, Anderson DW et al (2006) Fluorescence visualization detection of field 
alterations in tumor margins of oral cancer patients. Clin Cancer Res 12:6716–6722

 48. Raica M, Cimpean AM, Ribatti D (2008) The role of podoplanin in tumor progression and 
metastasis. Anticancer Res 28:2997–3006

 49. Ramanujam N (2000) Fluorescence spectroscopy of neoplastic and non-neoplastic tissues. 
Neoplasia 2:89–117

 50. Ramanujam N, Mitchell MF, Mahadevan A et al (1994) In vivo diagnosis of cervical intraepi-
thelial neoplasia using 337-nm-excited laser-induced fluorescence. Proc Natl Acad Sci U S A 
91:10193–10197

 51. Richards-Kortum R, Sevick-Muraca E (1996) Quantitative optical spectroscopy for tissue 
diagnosis. Annu Rev Phys Chem 47:555–606

 52. Roblyer D, Kurachi C, Stepanek V et al (2009) Objective detection and delineation of oral 
neoplasia using autofluorescence imaging. Cancer Prev Res 2:423–431

 53. Rosin MP, Poh CF, Elwood JM et al (2008) New hope for an oral cancer solution: together we 
can make a difference. J Can Dent Assoc 74:261–266

 54. Rosin MP, Poh CF, Guillard M et al (2007) Visualization and other emerging technologies as 
change makers for oral cancer prevention. Ann N Y Acad Sci 1098:167–183



31315 Progress in Early Detection and Management of Oral Dysplasia

 55. Rosin MP, Cheng X, Poh C et al (2000) Use of allelic loss to predict malignant risk for 
 low-grade oral epithelial dysplasia. Clin Cancer Res 6(2):357–362

 56. Saintigny P, El-Naggar AK, Papadimitrakopoulou V et al (2009) DeltaNp63 overexpression, 
alone and in combination with other biomarkers, predicts the development of oral cancer in 
patients with leukoplakia. Clin Cancer Res 15:6284–6291

 57. Schepman KP, van der Meij EH, Smeele LE et al (1998) Malignant transformation of oral 
leukoplakia: a follow-up study of a hospital-based population of 166 patients with oral leuko-
plakia from The Netherlands. Oral Oncol 34:270–275

 58. Silverman S, Gorsky M, Kaugars GE (1996) Leukoplakia, dysplasia, and malignant transfor-
mation. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 82:117

 59. Silverman S, Gorsky M, Lozada F (1984) Oral leukoplakia and malignant transformation. 
A follow-up study of 257 patients. Cancer 53:563–568

 60. Summerlin DJ (1996) Precancerous and cancerous lesions of the oral cavity. Dermatol Clin 
14:205–223

 61. Surveillance Epidemiology and End Results (SEER) Program, National Cancer Institute 
Surveillance Research Program (2006) Oral cancer 5-year survival rates by race, gender, and 
stage of diagnosis, vol. 2008

 62. Tabor MP, Brakenhoff RH, Ruijter-Schippers HJ et al (2004) Genetically altered fields as 
origin of locally recurrent head and neck cancer: a retrospective study. Clin Cancer Res 
10:3607–3613

 63. Tabor MP, Brakenhoff RH, van Houten VM et al (2001) Persistence of genetically altered 
fields in head and neck cancer patients: biological and clinical implications. Clin Cancer Res 
7:1523–1532

 64. Torres-Rendon A, Stewart R, Craig GT et al (2009) DNA ploidy analysis by image cytometry 
helps to identify oral epithelial dysplasias with a high risk of malignant progression. Oral 
Oncol 45:468–473

 65. Tsui IF, Poh CF, Garnis C et al (2009) Multiple pathways in the FGF signaling network are 
frequently deregulated by gene amplification in oral dysplasias. Int J Cancer 125:2219–2228

 66. Tsui IF, Rosin MP, Zhang L et al (2008) Multiple aberrations of chromosome 3p detected in 
oral premalignant lesions. Cancer Prev Res 1:424–429

 67. Vairaktaris E, Yapijakis C, Psyrri A et al (2007) Loss of tumour suppressor p16 expression in 
initial stages of oral oncogenesis. Anticancer Res 27:979–984

 68. von Hansemann D (1890) Ueber asymmetrische zellheilteilung in epithelkrebsen und deren 
biologische bedeutung. Virschows Arch Pathol Anat 199:299–326

 69. Waldron CA, Shafer WG (1975) Leukoplakia revisited. A clinicopathologic study 3256 oral 
leukoplakias. Cancer 36:1386–1392

 70. Walker M, Patel KK, Stappenbeck TS (2009) The stem cell niche. J Pathol 217(2):169–180
 71. Wright JM (1998) A review and update of oral precancerous lesions. Tex Dent J 115:15–19
 72. Yeole BB, Ramanakumar AV, Sankaranarayanan R (2003) Survival from oral cancer in 

Mumbai (Bombay), India. Cancer Causes Control 14:945–952
 73. Yoon AJ, Shen J, Santella RM et al (2007) Activated checkpoint kinase 2 expression and risk 

for oral squamous cell carcinoma. Cancer Epidemiol Biomarkers Prev 16:2768–2772
 74. Zeng H, McLean DI, MacAulay C, et al (2000) Autofluorescence properties of skin and 

applications in dermatology. In: Proceedings of the SPIE – the international society for optical 
engineering biomedical photonics and optoelectronic imaging, vol. 4224, pp. 366–373, 8–10 
November 2000

 75. Zhang L, Williams M, Poh CF et al (2005) Toluidine blue staining identifies high-risk primary 
oral premalignant lesions with poor outcome. Cancer Res 65:8017–8021

 76. Guillard M, Zhang L, Poh CF et al (2008) Potential use of quantitative tissue phenotyne to 
predict malignant risk for oral premalignant lesions. Cancer Res 68:1–9



315R.C. Fitzgerald (ed.), Pre-Invasive Disease: Pathogenesis and Clinical Management, 
DOI 10.1007/978-1-4419-6694-0_16, © Springer Science+Business Media, LLC 2011

Abstract Barrett’s oesophagus (or columnar lined epithelium of the oesophagus) 
is the precursor lesion for oesophageal adenocarcinoma which is a cancer with a 
very poor prognosis. The clinical accessibility of the Barrett’s segment and the 
opportunity for repeated, longitudinal sampling make it an ideal system in which to 
study the pathogenesis of metaplasia and the progression to cancer. From a clinical 
standpoint there has been much controversy over how to manage patients with this 
condition since it is often clinically silent, only a minority of patients will progress 
to cancer and until recently the treatment options have been limited and highly 
invasive. The two key clinical questions are therefore: how to identify patients 
with Barrett’s oesophagus who are at high risk for progression to adenocarcinoma 
and how to manage those at high risk in order to prevent cancer development. It is 
also possible that if one had a thorough understanding of the disease pathogenesis 
then maybe one could prevent individuals with duodeno-gastro-oesophageal reflux 
developing Barrett’s oesophagus in the first place. The explosion in endoscopic 
technology coupled with molecular biology tools at the –omics level mean that 
advances are being made which are having an impact on clinical practice although 
the field remains dogged by a lack of consensus in many areas.

Introduction

Oesophageal adenocarcinoma has been highlighted as a public health concern in 
the western world due to its increasing incidence and poor prognosis [1]. It is not 
yet clear whether or not this alarming increase in incidence that has occurred over 
the last 30 years is waning [2, 3]. There is also the possibility that we are starting 
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to witness an increase in the incidence of this oesophageal cancer subtype in the 
east, where traditionally squamous cell carcinoma has predominated [4]. One strat-
egy to reduce the incidence of this disease and to improve outcomes is through 
early detection at the pre-invasive stage.

Barrett’s oesophagus is the precursor lesion for oesophageal adenocarcinoma 
and hence the race, ethnicity and sex differences are similar in these conditions with 
a preponderance in white, males with a peak incidence in the sixth decade [5]. 
Barrett’s oesophagus is defined as a metaplastic columnar-lined epithelium which 
is visible endoscopically with histopathological confirmation of glandular mucosa, 
(Fig. 16.1). The glandular mucosa is considered to be a result of a metaplastic 
processs, in which the mature adult squamous epithelium has been replaced by a 
glandular phenotype. The presence of intestinal cells including mucous producing 
goblet within the metaplasia has up until recently generally a pre-requisite for 
diagnosis in order to avoid mis-diagnosis of a hiatus hernia and since this is the 
subtype with the highest risk of malignant progression [6]. The British Society of 
Gastroenterology also include the gastric sub-type in their diagnostic classification 
[7] and this broader definition is currently a subject of debate by other International 
societies. How these subtypes relate to each other is not clear but it has been 
suggested that metaplastic gastric epithelium may occur prior to the formation of 
goblet cells, since non-goblet columnar epithelium has been shown to have expression 
of intestinal immunohistochemical markers such as MUC2 and villin [8, 9].

The risk of progression to adenocarcinoma is 5.98 per 1,000 patient years in 
patients with non-dysplastic Barrett’s oesophagus increasing to 16.98 and 65.8 per 
1,000 patient years for patients with low grade and high grade dysplasia respectively 
[10]. This is a 30–50 fold increased risk compared to the general population. 
Hence, although the absolute risk of progression to cancer is small the relative 
increase is significant.

Fig. 16.1 (a) Endoscopic appearance of Barrett’s oesophagus and (b) corresponding light micro-
scopic section with goblet cells characteristic of intestinal metaplasia
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The more frequent diagnosis of individuals with Barrett’s oesophagus [5] 
coupled with the poor outcome for invasive oesophageal adenocarcinoma compels 
us to understand the underlying pathophysiology in order to manage these individuals 
appropriately.

Molecular Pathophysiology

Remarkably little is understood about the pathogenesis of Barrett’s oesophagus at 
a cell and molecular level. One hypothesis is that Barrett’s metaplasia may be 
considered as a wounding response to injurious factors in the luminal environment 
(refluxate, dietary factors such as nitric oxide) and in the stroma (inflammatory 
cells). This chronic injury may result in stem cells undergoing a fundamental 
switch in their transcriptional regulation with the result that a columnar phenotype 
is generated. Continued injurious inflammation secondary to reflux exposure may 
then set the scene for an accumulation and clonal expansion of cancer causing 
mutations (Fig. 16.2).

Cell of Origin and Stem Cells

Embryologically, the oesophagus starts life as columnar in origin and “transdif-
ferentiates” to a squamous epithelium as a result of altered expression of key 
transcriptional regulators [11]. This process has been observed in the developing 
murine oesophagus in which a proportion of cells co-express markers of both 
squamous (cytokeratin 14) and columnar (cytokeratin 8) differentiation during this 

Fig. 16.2 A model for Barrett’s pathogenesis. In the normal stratified squamous oesophagus 
putative stem cells (red) reside in both the basal epithelial cell layer and in the submucosal gland 
(SG) ducts. Injurious factors in the luminal environment (refluxate, dietary nitric oxide) and in the 
stroma (inflammatory cells: yellow, fibroblasts: blue) are hypothesized to cause wounding thereby 
inducing metaplasia. Increasing inflammation and the expansion of mutated epithelial clones 
(green) drive an invasive phenotype
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conversion process [12]. This switch is thought to be independent of cell proliferation 
and apoptosis and to depend on alterations in gene expression.

In contrast to transdifferentiation of fully differentiated cell types another 
theory is that Barrett’s occurs as a change in the commitment of multipotent 
stem cells (see Chap. 1 on stem cells in intraepithelial neoplasia). Surprisingly 
the stem cells of the normal human oesophagus have not been clearly identified. 
It has been suggested that candidate stem cells may be identified on the basis 
their undergoing asymmetric cell division, (i.e. division to generate one basal 
and one suprabasal layer daughter cell). A study using conventional 2D histo-
logical sectioning suggested that cells which undergo asymmetric division lie 
in the inter-papillary zone of the human basal layer [13]. However, these cells 
had several surprising characteristics including low expression of the epidermal 
stem cell marker b1 integrin [14]. Another possibility is that stem cells could 
reside within submucosal gland ducts [15], (Fig. 16.2), which are interestingly 
often seen in continuity with Barrett’s epithelium [16] and contain columnar 
cells in their proximal potion [17]. This hypothesis is based on the ulcer-associated 
cell lineage [18], in which there is a migration of the glandular cells to the 
surface adjacent to areas of ulceration in the gastro-intestinal tract. There are 
several lines of evidence in support of this theory. An immunohistochemical 
characterization study in pig tissues and cultures indicated similarities between 
the submucosal glands and BE [19]. A molecular analysis of microdissected 
areas from the same resection specimen demonstrated a common p16 mutation 
in a submucosal gland duct and adjacent Barrett’s epithelium suggesting a 
common genetic origin for these cells [15]. In a similar study islands of neo-
squamous epithelium were found to be wild type at genetic loci containing 
mutations within the adjacent Barrett’s epithelium. This suggests that the neo-
squamous epithelium originates in different cells from those responsible for 
self-renewal of the Barrett’s epithelium and again gland ducts have been sug-
gested as a possible source [20]. (3) In a study in which retinoic acid (RA) was 
applied as a stimulus for cell differentiation ex vivo, columnar epithelium 
appeared to originate from the stromal compartment via a process of remodel-
ing [21]. Whilst the cell of origin for these changes was not proven the submu-
cosal glands are a possible source of columnar cells since these are a key 
component of the stroma.

More work is required to establish for certain the cell of origin of Barrett’s 
metaplasia and the role of the squamous oesophageal stem cells.

As stated earlier metaplasia at a number of anatomical sites is induced by tissue 
injury, and in Barrett’s oesophagus damage induced by reflux components has been 
widely established as a risk factor (e.g. [22]), (Fig. 16.2). However, reflux is a very 
common symptom which in the majority of individuals does not lead to Barrett’s 
oesophagus [23, 24]. This therefore calls into question which constellation of risk 
factors, both environmental and perhaps genetic lead to individual susceptibility to 
this disease (see Chap. 3). These risk factors may be relevant both for the development 
of Barrett’s metaplasia as well as in the progression to cancer and it is sometimes 
difficult to tease their precise role apart.
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Risk Factors

The chronic exposures to damaging agents required for cancer in general to occur 
are reflected in the long lag phase from development of a pre-invasive lesion to the 
development of the invasive stage. Precise data is not available for Barrett’s oesoph-
agus, but in colorectal tumorigenesis comparative lesion sequencing suggests that 
it takes 17 years, and around four clonal expansions with an accumulation of muta-
tions, for a large benign adenoma to evolve into advanced cancer [25]. Similar time 
frames are likely to be true for mutagens to sensitize the Barrett’s epithelium [26].

Whilst for some cancers, such as tobacco smoke and lung cancer, the carcinogens 
are clearly delineated for Barrett’s oesophagus and oesophageal adenocarcinoma the 
stimulus is less clear. As stated earlier, it has long been known that Barrett’s oesoph-
agus occurs on the background of chronic gastro-oesophageal reflux disease [27, 
28], and heartburn symptoms are an independent risk factor for oesophageal adeno-
carcinoma [29]. More recently it has become apparent that these diseases are another 
casualty of the rising prevalence of obesity and maybe connected with a metabolic 
syndrome [30–32]. Smoking may play some roel but is not a strong risk factor and 
modest alcohol consumption may have a protective effect [33–35]. The male pre-
ponderance with a lag-phase for the age-related incidence in women has raised 
questions about whether hormones and iron status are important [36]. Relatively 
little is understood about dietary factors and the risk of Barrett’s oesophagus, 
although a diet rich in fruit and vegetables appears to be protective [37] and dietary 
nitrates may increase the local oesophageal concentrations of nitric oxide [38, 39]. 
There has been no convincing evidence to date for an infective cause for Barrett’s in 
contrast to the link between H. pylori infection and intestinal metaplasia of the 
stomach and thence gastric carcinoma or the link between Human Paplilloma Virus 
and cervical metaplasia, for example (discussed in Chaps. 17 and 21). Recently a 
study of the microbiome has suggested a correlation between the microorganisms 
colonizing the lower oesophagus and the type of oesophageal disease [40].

There is still a gap between our understanding of risk factors and disease causation 
and how to use this to aid patient management. The questions that arise are whether 
modification of risk factors could prevent the development of Barrett’s oesophagus 
and cancer or help in the identification of high risk individuals to screen (for example, 
obese, males with reflux).

Relationship Between Risk Factors and Disease Pathogenesis 
(Fig. 16.3)

Reflux Components

The acid and bile constituents of reflux have been shown to induce expression of 
caudal homeobox genes such as CDX1 and CDX2 in in vitro experiments using cell 
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lines [41–44]. Cdx genes are transcription factors which are critical determinants of 
cell fate in embryogenesis and hence their designation “homeobox” from the Greek 
homeosis meaning a shift in structural development. Aberrant expression of these 
factors in adulthood can influence cell fate [45, 46]. However, despite attempts by 
a number of investigators, induction of Cdx2 alone does not appear to be sufficient 
to generate the metaplastic phenotype [47–49]. This failure could be as a result of 
problems of using murine models with very different gastro-oesophageal physiol-
ogy, inability to transfect the appropriate cell of origin, or misguided focus on a 
single transcription factor when 3 or 4 are likely to be required [50].

Homeobox gene expression is epigenetically regulated via alterations in methy-
lation status [41, 48] as well as via cell signaling pathways including hedgehog, 
bone morphogenetic proteins (BMPs) (belonging to the transforming growth factor 
beta family) and growth factor signaling pathways such as fibroblast growth factor. 
BMP4 expression is increased in Barrett’s metaplasia compared with normal 
squamous oesophagus and in a rat model of GERD induced Barrett’s, BMP4 
expression was increased in the stroma underlying the Barrett’s epithelium [51]. 
Furthermore, culture of human oesophageal squamous cells with BMP4 led to 
induction of cytokeratins specific for columnar cells [51]. It has also been shown 
that bile acids alone or in combination with acid, can lead to CDX2 induction 
through ligand-dependent transactivation of the epidermal growth factor receptor 
[52]. It has therefore been suggested that GERD induced CDX genes, via BMP4 
and perhaps EGFR, might mediate the development of Barrett’s oesophagus [46].

With regards to the role of reflux exposure in the progression of Barrett’s 
oesophagus it is not clear whether refluxate can cause tumor initiation. There is 
a direct cytotoxic effect of H+ ions, but the main consequence of repeated acid 
and bile exposure is a chronic inflammatory response which in turn causes epi-
thelial damage. For example, recent data suggests that acid exposure can induce 

Fig. 16.3 A summary of the main identified demographic, pathophysiological and environmental 
risk factors for Barrett’s oesophagus and progression to cancer. The far right column suggests the 
mechanisms or broad cell processes via which these risk factors might influence cancer risk
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double strand DNA breaks [53] and the bile acid deoxycholic acid can induce 
DNA damage in a dose-dependent, but non-linear fashion [54, 55]. Both of 
these effects appear to be mediated by reactive oxygen species raising questions 
about the potential therapeutic role of antioxidants. Acid and bile have also 
been shown to lead to altered cell kinetics [56–59] which in the context of 
sustained DNA damage may enable Barrett’s cells to resist apoptosis via activa-
tion of the NFkappaB pathway [60]. These findings are in keeping with other 
evidence suggesting that increased NFkappaB activity [61] and other parts of 
the inflammatory response are modulated by acid and bile [62–64]. For exam-
ple, the farnesoid X receptor (FXR), which is involved in regulation of bile acid 
synthesis, is up-regulated by deoxycholic acid in vitro and is also involved in 
the induction of the innate immune response [65]. Bile acid can also dysregulate 
the newly identified inflammation associated pathway tuberous sclerosis com-
plex 1 (SC1) and mammalian target of rapamycin (mTOR) through I kappaB 
kinases (IKK) beta signaling [66].

The role of specific components of reflux induced inflammation in Barrett’s 
carcinogenesis still needs further analysis but as discussed in Chap. 2, it is well 
known from other cancer types that inflammation aids proliferation and survival of 
malignant cells, stimulates angiogenesis and metastasis, subverts adaptive immu-
nity and alters response to hormones and chemotherapy [67]. It would be surprising 
if this is not the case in this disease.

Obesity, Metabolic Syndrome and Dietary Factors

It is possible that obesity is relevant in Barrett’s pathogenesis simply as a conse-
quence of mechanical effects on the usual anatomical anti-reflux barrier. However, 
in view of the association between Barrett’s oesophagus, obesity and inflammation 
it has been hypothesized that the adipocytokines associated with the metabolic 
syndrome of central adiposity may also be relevant [68]. In keeping with this there 
is an increased prevalence of central adiposity associated with hypertension and 
hyper-insulinaemia in the Barrett’s population compared to that expected from the 
general population [69]. The causal and mechanistic relationship between the meta-
bolic syndrome and Barrett’s carcinogenesis remains to be established.

The role of specific dietary factors in Barrett’s pathogenesis is largely unknown. 
As discussed above dietary nitrates in the context of GERD may increase the local 
oesophageal concentrations of nitric oxide [38, 39] and the resulting nitrosating 
species are capable of causing ds DNA breaks in vitro probably secondary to stalled 
replication forks [53]. Reactive oxygen species (ROS) also play important dose 
dependent roles in the regulation of cell survival and induction of p53 target genes 
is a conserved response to oxidative stress [70]. The level of ROS is tightly con-
trolled but there is recent evidence to suggest that the endogenous anti-oxidases 
may be silenced by hypermethylation in Barrett’s adenocarcinoma [71]. It has also 
been suggested that the protective effect of moderate alcohol consumption might be 
secondary to the reduction of oxidative stress via polyphenols [33].
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Alterations in intracellular iron transport have been linked to cancer and recently 
this has been demonstrated in the context of Barrett’s metaplasia with effects on cell 
proliferation in vitro [72]. It has been suggested that reduced iron levels in pre-
menopausal women may explain the delayed onset for adenocarcinoma in females 
[36]. It is interesting to note that there is no link between hemochromatosis gene 
status and Barrett’s oesophagus suggesting that any relationship between iron 
metabolism and disease may not be straightforward [73].

Causal Somatic Genetic Changes

Whatever the causative factors underlying oesophageal carcinogenesis these will 
lead to pathogenic genetic and epigenetic alterations within the Barrett’s tissue. The 
precise sequence of changes has been difficult to elucidate and the literature 
appears conflicting and imprecise with lack of a clear sequence. This is in contrast 
to the linear accumulation of mutations common across the majority of cases for 
colonic and pancreatic cancer, for example which have led to the concept of a 
“Vogelgram” (see Chap. 18). This difficulty in defining a precise sequence is likely 
to be due to the enormous genetic heterogeneity of Barrett’s oesophagus and 
oesophageal adenocarcinoma which is also dominated by alterations in tumor sup-
pressor genes (for review see [74, 75] and Chap. 1). Furthermore, some of these 
molecular changes are likely to be by-products of the high cell turnover and genetic 
instability leading to “hitchhiker mutations” rather than being causally related to 
cancer development and progression [76]. It therefore follows that it is not clear the 
extent to which the observed genetic changes lead to oncogenic dependence 
(defined as the situation whereby a particular genetic change is essential for tumor 
maintenance) which could be exploited for diagnosis and therapy.

Having said this there are some genetic alterations which occur at high fre-
quency in the progression from Barrett’s metaplasia to adenocarcinoma and these 
particularly relate to tumor suppressor genes p16 and TP53 (Fig. 16.4). Loss of one 
functional p16 (CDKN2A) allele occurs prior to the onset of dysplasia in over 85% 
of cases (Fig. 16.4 panel b), [77, 78]. This is generally caused by promoter methyla-
tion and less frequently by mutation [79]. The mutation spectrum is consistent with 
that caused by oxidative damage and chronic inflammation [80]. This early clone 
expands and is associated with the loss of the second p16 allele, commonly by loss 
of heterozygosity (LOH), thus creating a p16 null clone (Fig. 16.4, panel c), [77, 
78, 81]. These changes are initiating events and as such are devoid of alterations in 
proliferation and the cells remain diploid. As a result no dysplasia is evident histo-
pathologically [80, 82]. Due to the high frequency of p16 loss this is not a useful 
biomarker for predicting future adenocarcinoma risk [76].

The p16 (CDKN2A) gene shares its exon 2 region with p14ARF (or Alternate 
Reading Frame, ARF), another tumour suppressor which is estimated to be silenced 
in 30% of cancers overall. There has therefore been interest in whether this is 
simultaneously lost early in Barrett’s carcinogenesis. Data suggests that in Barrett’s 
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p14ARF loss occurs secondary to CpG or histone methylation and is a relatively 
late event independent of p16 loss [83].

The development of low grade dysplasia (LGD) is commonly seen to coincide 
with the loss of functional protein expression from one or both TP53 alleles. This 
occurs by promoter CpG island methylation, mutation or LOH within the p16 null 
clones (Fig. 16.4, panel d). The timing of TP53 mutation is in keeping with data 
from other tumors with a pre-invasive stage [25, 84]. When TP53 LOH is present 
there is an increased progression rate to cancer with a relative risk (RR) of 16 com-
pared to those with no loss [85]. Depending on the precise mechanism for TP53 
inactivation there may be a nuclear accumulation of non-functional p53 protein 

Fig. 16.4 A schematic illustrating the sequential somatic genetic changes in the progression 
from the squamous esophagus to Barrett’s oesophagus to adenocarcinoma. The normal squamous 
oesophagus (a) undergoes a metaplastic transformation with the oxidative damage and chronic 
inflammation that accompanies chronic gastro-oesophageal reflux. The initial metaplastic 
change is followed early on by the loss of one p16 allele (b); this clone may then expand (pink 
area panel c), followed by loss of the second p16 allele and the formation of some p16 null clones 
(blue area, c). The subsequent loss of p53 may be associated with morphological changes of low 
grade dysplasia (LGD), (d). Genetic instability may lead to aneuploidy, which is commonly seen 
with high grade dysplasia (HGD), (panel e). Numerous clones may develop, and there may be 
heterogeneity within clones especially as the degree of genetic instability increases and invasive 
adenocarcinoma develops (f)
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which can be detected by immunohistochemistry. A population based nested case-control 
study demonstrated that p53 positive immunostaining is associated with an OR 
for adenocarcinoma development of 11.7 (95% CI 1.93, 71.4) [86]. Subsequent to 
TP53 LOH, an increased tetraploid fraction followed by aneuploidy develops and 
this correlates with increased cell proliferation and an expansion of the proliferative 
compartment towards the cell surface [87–89]. In keeping with the higher proliferative 
index there is an increase of cells in the S phase of the cell cycle [80, 90] and 
increased expression of cell cycle related proteins such as cyclins [80, 91, 92]. 
These changes can be detected as high grade dysplasia histopathologically 
(Fig. 16.4, panel e). The development of widespread cytogenetic abnormalities and 
TP53 LOH further increases future cancer risk [93, 94]. The explanation for this 
may be because there is increasing sensitivity to mutagens [26]. At these advanced 
stages there are often multiple different clones present within the Barrett’s segment 
which have expanded to differing degrees [95]. A higher degree of clonal diversity 
in itself is associated with an increased risk of adenocarcinoma development 
[93, 96]. This is consistent with the recent observation of a large degree of genomic 
heterogeneity when fine mapping was performed on microdissected epithelial tis-
sue from an adenocarcinoma resection specimen with differing degrees of dysplasia 
[15]. Here the heterogeneity was so rife that even neighboring crypts could harbor 
distinct genetic profiles. These findings could be explained by the idea that 
microenvironmental niches could result in small scale regional variation or alterna-
tively that they are due to a large degree of genetic instability [96]. However, it 
should be noted that unlike in colorectal carcinogenesis microsatellite instability 
does not seem to occur to any significant degree in Barrett’s carcinogenesis [97].

The presence of aneuploidy is known to have diverse effects on cell metabolism, 
proliferation and immortalization [98]. Chromosomal copy number changes are not 
believed to be random events in Barrett’s oesophagus. Chromosome 4 and 7 aneu-
ploidy tends to occur early, followed by chromosome 8 and 17 aneuploidy and then 
loss of the Y chromosome in males [99, 100]. The presence of ploidy abnormalities 
have been shown to dramatically increase the RR of adenocarcinoma development 
(4.4 and 11 for tetraploidy and aneuploidy respectively) and this increases to 20 if 
both abnormalities are present [101].

Genome Wide Approaches to Understanding Molecular 
Pathogenesis

The rapid advancement in technology over the past 5–10 years has meant that in 
contrast to the candidate approach, which has largely been responsible for our 
understanding of disease progression as outlined above, it is now possible to per-
form genome wide analyses for a number of parameters without an a priori 
hypotheses (see Chap. 6). These analyses include gene profiling at the level of the 
chromosome, transcriptome (RNA and small interfering RNAs), epigenome and 
proteome (Fig. 16.5). Recently large-scale sequencing of the vast majority of 
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protein-coding genes in human tumors has become possible [25]. Furthermore, 
microdissection and low input amplification protocols has enabled researchers to 
look at the contribution of individual cell types to the observed changes and to 
perform fine-mapping across the Barrett’s segment [15]. It will take a while before 

Fig. 16.5 A summary of the –omics technologies (right hand column) which have been applied 
to understanding cancer, and more recently to pre-invasive disease, from the level of the chromo-
some through to the protein
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these technologies are applied to oesophageal datasets with large enough sample 
sizes to perform robust statistical analyses.

As mentioned above copy number alterations are common in cancer and in con-
trast to cytogenetic analyses of specific loci of interest, genome wide analyses are 
possible using chromosome (BAC) array genomic hybridisation [102] and now 
using high density single nucleotide polymorphism (SNP) technology [103]. The 
BAC arrays revealed that copy number aberrations correlated highly with aneu-
ploidy and increased during the progression to cancer. The changes included high-
level amplifications and provided possible biomarkers for validation [102]. In 
keeping with work that has gone before, the SNP arrays demonstrated that copy 
gains and losses increased with disease stage (except for 9pLOH) and that measures 
of chromosomal instability using this platform have the potential to be used for 
stratification of cancer risk [103].

Genome wide expression arrays at the level of the transcriptome for Barrett’s 
oesophagus and adenocarcinoma have largely been proof of principle. Several studies 
have demonstrated that RNA expression profiles were able to distinguish between 
normal squamous oesophagus, Barrett’s, oesophageal adenocarcinoma and 
squamous cell carcinoma of the oesophagus [104–108]. From such analyses it was 
noteworthy that Barrett’s was more similar to adenocarcinoma that normal oesoph-
agus, although it should be remembered that this may reflect the glandular cell 
phenotype common to these two conditions. Pathways up-regulated in both 
Barrett’s and adenocarcinoma include those involved in tissue development, prolif-
eration, immune response and extracellular matrix genes [107].

Published studies on methylation so far have focused on genes known to be 
methylated in other cancer types [109, 110]. These data sets have shown that there 
is similarity of aberrant DNA methylation in Barrett’s oesophagus and oesopha-
geal adenocarcinoma and that DNA methylation occurs in metaplastic Barrett’s 
tissue even prior to the onset of dysplasia [111, 112]. It is also possible that the 
microenvironment, including reflux exposure, could induce such epigenetic 
changes (e.g. [71]).

MicroRNAs (miRNAs) are abundant small non-protein coding RNAs that have 
recently emerged as important mechanisms for gene silencing in cancer [113, 114]. 
MicroRNAs have been identified as potential markers of progression for Barrett’s 
metaplasia [40, 113].

Analysis of whole tissues will encompass the gene expression of normal 
epithelial cells as well as associated stroma. A pilot study demonstrated that when 
laser captured tissue was used additional information is revealed [115]. An expres-
sion array study of microdissected epithelial cells without contaminating stroma 
revealed differential gene expression in high grade dysplasia including up-regulation 
of novel genes such as lipocalin-2, S100A9, and down-regulation of trefoil 
factor 1 (TFF1) which could be validated at the protein level [116]. This is not to 
say that the stroma itself is not important. It is increasingly recognised that 
stromal-epithelial interactions have profound effects on the pathogenesis of cancer 
[117–119]. For example, manipulation of TGFb signaling in the stromal compart-
ment of mice, such as deletion of its receptor or inactivation of a signaling molecule 
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SMAD in T cells has been shown to induce intraepithelial neoplasia in the prostate 
and invasive squamous cell carcinoma of the forestomach [120]. In Barrett’s 
oesophagus a gene expression profiling study identified a stromal signature by 
subtraction of an epithelial cell line signature from that obtained from whole 
biopsy samples [121]. In order to then more directly examine the contribution of 
the stroma this compartment was microdissected from samples from each of the 
different stages of Barrett’s oesophagus [122]. Supervised clustering of gene 
expression profiles from microdissected stroma identified a gene signature which 
could distinguish between Barrett’s metaplasia, dysplasia and adenocarcinoma. 
Patients with adenocarcinoma over-expressing any of five genes (TMEPAI, JMY, 
TSP1, FAPa, BCL6) identified from this stromal signature had a significantly 
poorer outcome. Gene ontology analysis identified a strong inflammatory compo-
nent in progression of Barrett’s oesophagus and key pathways included cytokine-
cytokine receptor interactions and TGFb. Increased protein levels of inflammatory 
related genes significantly up-regulated in adenocarcinoma compared with pre-
invasive stages were confirmed in the stroma of independent samples and in vitro 
assays confirmed functional relevance of these genes. This is in keeping with pre-
vious data suggesting TGFbeta is dysregulated in Barrett’s carcinogenesis [123, 
124] and fits with the idea that the inflammatory microenvironment can be consid-
ered as the seventh cancer hallmark [125].

High throughput proteomics technologies have been technically more difficult 
than genomics but mass spectrometry (MALDI TOF MS) has identified candidate 
novel proteins for further study [126]. Quantitative differential protein expression 
analysis in oesophageal adenocarcinoma has indentified four cellular stress 
response proteins (heat-shock protein (HSP) 27, HSP60, glucose-regulated protein 
(GRP) 94, and GRP78) associated with response to chemotherapy in 34 patients 
[127]. These findings have not yet been externally validated and it is not yet clear 
what role, if any they play in the preinvasive state.

Overall, these molecular alterations are in many cases a descriptive catalogue 
rather than explaining cause and effect. Never the less, whilst many biological 
questions still need addressing in the meantime this knowledge can be put to use 
for the identification of clinical biomarkers.

Biomarkers for Screening and Surveillance

Screening to detect Barrett’s oesophagus is not yet part of routine clinical practice 
but merits consideration since it is estimated that only 5% of patients with this 
condition are currently diagnosed despite the increasing use of endoscopy [128]. 
Hitherto the utility of screening for BE has been questionable given the lack of 
treatment options. However, there has been rapid advancement in technologies such 
as endoscopic mucosal resection and radiofrequency ablation with randomised 
controlled trial evidence to support their efficacy [129, 130], (see also Chap. 12). In 
addition, chemoprevention measures are being evaluated in a large CRUK funded 
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trial (AspECT), [131]. Therefore screening-detected cases of Barrett’s oesophagus 
could potentially be coupled to interventions to prevent adenocarcinoma thus avoiding 
the need for oesophagectomy which has significant mortality and morbidity [132].

As discussed the current diagnosis of Barrett’s depends on an endoscopic evalu-
ation which is invasive for the patient and costly for the health care provider. 
Alternative screening modalities include video capsule endoscopy and ultra-thin 
transnasal endoscopy [133, 134]. However, the video capsule does not permit tissue 
sampling and both require expensive technology. The sensitivity and specificity for 
the diagnosis of Barrett’s oesophagus, even for the video capsule, remain relatively 
low with values of 78 and 88% respectively [135].

We have recently developed a novel immuno-cytological approach (Cytosponge) 
for screening. This device comprises a spherical sponge which is tethered onto a 
string and compressed into a capsule. The capsule is swallowed and after entering 
the proximal stomach it dissolves after 3–5 min allowing the expanded to be pulled 
back out through the mouth thus collecting cells from along the length of the 
oesophagus. Use of a biomarker specific for Barrett’s oesophageal cells permits one 
to diagnose Barrett’s oesophagus. This approach is proving to be sensitive and 
specific; overcomes issues of sampling bias; is applicable to primary care; is 
acceptable to patients and cost effective (International patent filed in UK and 
Internationally, MHRA approved 2007), (Fig. 16.6). The biomarkers have been 
selected using a candidate approach [88] as well as from gene expression profiling 
datasets to select genes significantly up-regulated in Barrett’s oesophagus com-
pared with adjacent squamous oesophagus and gastric cardia, which are also sam-
pled by the Cytosponge [136]. In studies comparing Cytosponge specimens from 
patients with known Barrett’s oesophagus compared with healthy volunteers the 
most promising biomarkers were an antibody raised against the proliferation 

Fig. 16.6 (a) Cytosponge within the capsule (left) and expanded (right) in comparison to a UK£ 
1 coin. Once withdrawn the expanded device is placed in a container with preservative and pro-
cessed for immunohistochemistry. (b) A representative picture of positive TFF3 staining in a 
sample from a patient with Barrett’s oesophagus
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marker Mcm2; and a mucin characteristic of the intestinal metaplastic phenotype 
TFF3 [136, 137]. We chose protein based assays on the basis that these are cur-
rently the preferred platform for routine clinical diagnostic pathology laboratories. 
This test has now been piloted in a primary care cohort study of 500 individuals 
with a history of reflux and the sensitivity and specificity of the TFF3 immuno-test 
compared with gastroscopy was 73.3 and 93.5% for ³1 cm circumferential (C1 
using the Prague classification, [138]) and 90.0 and 93.5% for ³C2. The mcm2 
biomarker lacked sufficient sensitivity and specificity. Any anxiety returned to low 
levels by day 7 and Impact of Events Scale suggested that <4.5% displayed signifi-
cant distress [162]. The Cytosponge test now requires further validation in a larger 
primary care screening trial.

Once Barrett’s oesophagus has been diagnosed the holy grail is to identify those 
at greatest risk for progression to cancer. As alluded to above there has been much 
interest in using the information gained about key molecular changes for use as 
predictive biomarkers. Currently, dysplasia grade is the only biomarker used to 
risk-stratify patients in clinical practice.

Even when sound scientific data exists to support the use of a biomarker a 
number of practical hurdles must be overcome before they can be considered for 
clinical practice. These include clinically reliable assays, biomarkers deemed to be 
“reasonable and necessary” using a cost-benefit analysis and regulatory approvals. 
Five conceptual phases of biomarker development have been proposed [139] and 
out of the many biomarkers which have been proposed in the field only a few 
describe phase 3 and 4 studies according to Early Detection Research Network 
(EDRN) criteria.

Much of the biomarker work has focused on the confirmed, common abnormali-
ties of TP53 LOH, p16 LOH and ploidy discussed earlier. These biomarkers are 
predictive individually but with significantly increased OR when used in combina-
tion [140] and when the size of the clone is taken into account [93]. It is now 
becoming possible to replace the complex flow cytometry based assays previously 
required to evaluate these biomarkers with single nucleotide polymorphism-based 
chromosome copy number analyses which may be more amenable to clinical appli-
cations [103].

An alternative methodology which is being actively explored is the use of FISH 
on oesophageal brushings in an attempt to overcome cell sampling bias. This 
approach has been quite successful [141–143] although there has been concern that 
FISH will miss LOH without copy number change and that dual probe FISH is 
required to detect the complex genetic changes associated with a tetraploid inter-
mediate [144]. Phase 3 and 4 studies using FISH assessment of genome specific 
copy number changes are required to determine the utility of this approach. As an 
extension of cytological based cell collection methods there has recently been interest 
in applying biomarkers to non-endoscopic screening tools including the Cytosponge 
device described above [137].

There is also interest in using epigenetic changes as biomarkers. These molecular 
readouts can also be usefully combined with clinical characteristics such as age, sex 
and length of segment and an example of this is a three-tiered risk stratification 
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strategy, based on systematically selected epigenetic and clinical parameters [145]. 
Further work is required to validate these models on independent datasets and to 
develop clinically applicable methylation assays. It may also be possible to apply these 
biomarkers to the cytosponge.

In addition to biomarkers predictive for the future development of cancer, bio-
markers may also have a role in the identification of clinically silent advanced pre-
invasive lesions (high grade dysplasia) which arise in flat mucosa. For example, in 
the future it is hoped that molecular biomarkers will also be coupled to endoscopic 
imaging modalities in order to target biopsies towards dysplastic areas (see Chap. 10 
on molecular imaging). Proof of principle studies have been performed for colonic 
adenomas in which peptides specific for dysplasia determined from a peptide 
library screen were fluorescently labeled and tested in vivo [146].

Another potential application of biomarkers is as a prognostic tool to determine 
the likelihood of recurrence following endoscopic treatment (see Chap. 12). Most 
studies to date have been performed in the context of photodynamic therapy (PDT), 
but now attention is turning towards patients who have received radiofrequency 
ablation (RFA). FISH for a panel of biomarkers in a small number of patients dem-
onstrated that patients with persistently positive biomarkers appeared to be at a 
higher risk of recurrent HGD [147] and patients with p16 allelic loss were more 
likely to be resistant to therapy [148].

In order to move biomarkers into the clinical arena the current challenge for the 
academic community is to form consortia which together have large tissue sets to 
perform appropriately powered validation studies.

Applications of Pathophysiology Knowledge to Therapy

Aside from improving diagnostics it is also hoped that improved knowledge of the 
pathophysiology of Barrett’s carcinogenesis will lead to improved treatment 
options. Endoscopic therapies have improved significantly over recent years and 
provide the opportunity to treat those with early lesions confined to the submucosa 
(see Chap. 12). As mentioned above, longer-term follow-up is required to determine 
the longevity of response and whether the underlying molecular abnormalities are 
eradicated or just temporarily stalled.

Prior to the development of high grade dysplasia and cancer, and in contrast to 
the endoscopic “slash and burn” type of approaches, there has been interest in how 
one might use our knowledge of disease pathogenesis to prevent cancer from devel-
oping in the first place. For example, due to the causal role of refluxate there has 
been interest in the role of pharmacological and surgical anti-reflux treatments as 
chemoprevention strategies. Even though anti-reflux treatments may reduce molecu-
lar endpoints associated with the cancer phenotype (e.g. [149, 150]), as well as 
decrease the risk of dysplasia [151–153], these drugs may not reduce the formation 
of DNA adducts [154]. Overall, although there is some suggestive data with regards 
cancer incidence [155] the efficacy of these measures in reducing the incidence of 
cancer is unknown. Additionally, there have been concerns about the sequelae 
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of hypergastrinaema resulting from proton pump inhibitors [161] (Harris 2004). 
Prospective randomized controlled trials are required in additional to current data 
from longitudinal follow-up studies.

Similarly, in view of the mounting evidence for a role of chemokines and cytok-
ines in Barrett’s progression there is interest in anti-inflammatory agents, aspirin 
and selective cyclo-oxygenase inhibitors. A meta-analysis of observational human 
studies demonstrated a 33% reduction in the odds ratio of developing oesophageal 
adenocarcinoma for patients using aspirin or NSAIDs with a dose dependent effect 
[156], although the frequency and duration of usage did not have an impact [94]. 
There are few randomized controlled trials and most of these do not have cancer as 
the endpoint. In a trial in which patients with Barrett’s oesophagus received either 
celecoxib or placebo there was no difference in the overall area of Barrett’s or the 
grading of dysplasia [157]. In view of the interest in oxidative stress and the devel-
opment of oesophageal adenocarcinoma there has been an interest in using antioxi-
dants as a chemopreventive measure. To date there is little clinical trial data 
although a cohort study showed favorable results for individuals who used multivi-
tamins and antioxidant supplements [158].

The advent of therapies targeted against specific molecular abnormalities has led 
to a new era of cancer therapy. These agents are generally well tolerated and it is 
possible that they could be used in the chemopreventative setting for intraepithelial 
neoplasia (HGD), as shown through a number of animal studies [159]. The key 
alterations described in the biomarker literature for Barrett’s, such as TP53, do not 
lend themselves well to therapy. However, the finding that HER-2 or ErbB2 is over-
expressed secondary to genomic amplification in the transition from dysplasia to 
adenocarcinoma is an example of how these drugs could be applied in the future 
[160]. However, it is becoming clear that due to the low frequency of such changes 
a personalised approach or a multidrug regime may be required.

Conclusions

The catalogue of molecular abnormalities in Barrett’s has exploded with the 
advance of high throughput screening for genomic and epigenetic alterations. 
However, an understanding of the functional relevance of these findings and how to 
relate them to improved patient management lags behind. Cross disciplinary inputs 
including the application of concepts from evolutionary biology (see Chap. 7) and 
bioinformatics (see Chap. 6) should enable progress to be made in understanding 
causality of molecular genetic changes. There are developments in technologies 
for: detecting Barrett’s oesophagus, for example the Cytosponge linked to a protein 
phenotypic biomarker; and for treatments of early lesions through radiofrequency 
ablation and mucosal resection. The advances in diagnostic and therapeutic endos-
copy offer an exciting opportunity to revolutionise the diagnostic and treatment 
algorithms for Barrett’s oesophagus but coupling this with our knowledge of 
molecular pathophysiology will be essential to accurately target our interventions 
to those individuals at greatest risk.
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Abstract Many malignancies that arise in areas of inflammation progress through a 
series of architectural changes prior to becoming frankly malignant. These changes 
are often times linked to the acquisition of distinct genetic defects, and predictably 
the appearance of distinctive lesions depends upon these changes. Gastric cancer 
arising from Helicobacter infection is associated with architectural changes similar 
to those seen in other inflammatory driven malignancies. Tissue progresses from 
chronic active inflammation to atrophy. Within atrophic mucosa, metaplastic cell 
types begin to appear, and with long standing disease, adenocarcinoma can result. 
While temporally associated, it is not clear if the progression of changes from 
“premalignant” to malignant are causally related. Here we describe the sequence 
of events leading to the mucosal changes seen, and explore the data which relates 
these changes to the eventual appearance of gastric adenocarcinoma.

Gastric Cancer: Background and History

Gastric cancer remains the second leading cause of cancer related deaths world-
wide, accounting for 650,000 deaths per year. Until about 25 years ago, the cause 
of gastric cancer was largely an enigma. However with the discovery of Helicobacter 
pylori, our understanding of the etiology of gastric cancer, and particularly distal 
gastric cancer, has improved dramatically. Here we will review how Helicobacter 
colonization alters the gastric environment and impacts the mucosal architecture 
leading to preinvasive and invasive disease.
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Helicobacter Infection: An Overview

Helicobacter pylori is a gram-negative microaerophilic bacterium which is perhaps the  
most common chronic infection in the world, competing with Streptococcus mutans, 
a leading cause of dental caries, for first place distinction. Warren and Marshall first 
identified and cultured Helicobacter pylori (then named Campylobacter pylori) in 
1982 and developed their hypothesis that Helicobacter infection was the cause of 
peptic ulcer disease 1984. After attempts to infect piglets with the bacterium failed, 
Marshall ingested bacterial culture obtained from a patient’s gastric biopsy and 
became the first documented acute Helicobacter pylori infection. He quickly devel-
oped symptomatic gastritis [1], thus opening a new direction of research in the field 
of gastroenterology. By the early to mid 1990s, Helicobacter pylori was accepted 
as the cause of antral gastritis, gastric and duodenal ulcers, gastric adenocarcinoma 
and gastric MALT lymphoma.

Since the discovery of a bacterial origin of gastric cancer, research has focused 
on several areas of interest including bacterial factors [2], immune response [3–7], 
environmental factors [8, 9] and host genetics [10–13]. This chapter will focus on 
the impact of mucosal changes and the relationship, and progression of premalig-
nant to invasive disease.

General Bacterial Features

H. pylori is a microaerophilic gram-negative spiral bacterium, approximately 3 mm 
long and 0.5 mm wide. It contains a hydrogenase which is used to oxidizing molecu-
lar hydrogen produced by intestinal bacteria, for its own energy source. The bacte-
rium also produces urease, oxidase and catalase. It is capable of forming biofilms, a 
complex protective matrix created by the bacteria which affords sessile bacteria 
protection from the local environment, allows growth in hostile environments, and 
alters host physiology [14]. The bacterium can exist as an active spiral form, or as a 
viable but metabolically inactive (and therefore poorly cultured and detectable) coc-
coid form. H. pylori possesses five major outer membrane protein (OMP) families. 
The largest family is the adhesins. Other families include porins, iron transporters, 
flagellum-associated proteins, and other proteins of unclear function [15]. H. pylori 
has a weak LPS, and elicits a weak immune response (relative to strong LPS produc-
ers such as E. coli) [16]. The O antigen of LPS may be fucosylated and mimic Lewis 
blood group antigens found on the gastric epithelium, further contributing to immune 
response to the bacteria [16]. H. pylori has 4–6 flagella making this organism highly 
motile, which is a necessary attribute for successful colonization [17].

Bacterial Colonization of the Stomach

The first step in the process of Hp induced mucosal alterations, begins with bacterial 
colonization. To successfully colonize the stomach, H. pylori must first survive the acidic 
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pH of the stomach long enough to penetrate through the protective mucus layer and 
either adhere to or at least remain near the gastric epithelial cell surface. This task is 
accomplished effectively by several necessary attributes of the bacterium. Perhaps most 
important is the organisms highly motile nature. Bacterial flagella allow the rapid and 
directed movement of ingested bacteria through the mucus layer. By sensing pH gradi-
ents, the bacteria are able to migrate away from the acidic lumen, toward the more neutral 
pH at the cell surface. A combination of collagenases [18] and proteases secreted by the 
bacteria alter the viscosity of the mucus overlying the gastric mucosa making penetration 
easier. After successful penetration and colonization, direct contact of the bacteria with 
the gastric epithelium affects mucosal gene expression such that the type of mucus pro-
duced by epithelial cells [19] is altered. This change leads to further increased mobility 
of bacteria along the mucosal surface, allowing the bacterium to spread. The bacterium 
adheres to the epithelial layer using a large family of 32 related outer-membrane proteins 
(Hop proteins) that include the adhesions which bind to membrane-associated carbohy-
drates and lipids. One of the best characterized adhesin is BabA, encoded by the strain-
specific gene babA2, a member of a highly conserved family of outer membrane 
proteins. BabA binds to the fucosylated Lewis B blood group antigen present on gastric 
epithelial cells and acts as a scaffold for bacterial growth. Bacterial strains which posses 
the babA2 gene adhere more tightly to epithelial cells and promote a more aggressive 
clinical infection, higher incidence of preinvasive architectural changes in the mucosa 
and a higher incidence of gastric adenocarcinoma. Animal studies using transgenic mice 
carrying the Lewis B blood group antigen are more likely to develop severe gastritis, 
atrophy and anti-parietal cell antibodies when challenged with babA+ H. pylori strains 
then when challenged with babA- strains of bacteria [20]. It is presumed that this increase 
in clinical disease is due to increased bacterial adherence to mucosal cells causing an 
augmented host immune response. From these and other studies, a direct role for babA+ 
in cancer has been implied; however, it has not been conclusively proven.

Urease Production

In addition, H. pylori produces large amounts of the enzyme urease, which breaks 
down urea within the stomach. The breakdown of urea produces carbon dioxide and 
ammonia with the ultimate outcome of bicarbonate production which neutralizes gas-
tric acid. The survival of H. pylori in the stomach is dependent on urease because the 
bacteria requires a neutral pH for continued growth and survival. In addition to changes 
in pH affecting the gastric mucosal environment, ammonia and other secreted products 
are toxic to epithelial cells and may lead directly to mucosal damage.

Clinical Disease Overview

Colonization of the stomach by H. pylori results in a chronic active gastritis, com-
posed of both neutrophils and lymphocytes infiltrating the submucosa and intraepi-
thelial space between gastric glands. Colonization elicits both an innate and 
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adaptive response, with ineffective antibody production. Though there are reports 
of early spontaneous clearing of infection in some patients, the majority of patients 
have lifelong persistent infection.

Infected patients all develop a chronic active gastritis, however, the majority of 
patients remain asymptomatic. Though the risk varies with age, geographical loca-
tion and ethnicity, overall fifteen to twenty percent of infected patients will develop 
gastric or duodenal ulcer disease and from less than 1% to 3% of patients will 
develop gastric adenocarcinoma [21, 22] or MALT lymphoma. Unfortunately, 
symptoms and disease are poorly correlated, and many cases of gastric cancer are 
detected late in disease progression, when they are incurable. Like many cancers 
which arise in chronically inflamed tissue, the progression to gastric cancer is 
associated with distinct histological changes within the mucosa. It is still debated 
if these alterations mark “at risk tissue,” are direct precursors to cancer, or are 
merely associated with the same environment but not linked causally.

In order to understand the association of mucosal changes with the development 
of cancer, we must first understand the myriad of changes that occur during the 
course of Helicobacter infection. Infection induces a gastritis which can be broadly 
classified into one of two patterns – antral predominant gastritis and pan gastritis. 
The pattern of gastritis has been shown to correlate strongly with the risk of devel-
oping gastric adenocarcinoma and with the appearance of cellular changes thought 
to be premalignant. Patients who develop antral-predominant gastritis (the most 
common manifestation) are at a higher risk of developing duodenal ulcers, while 
those that develop corpus-predominant gastritis and multifocal atrophic gastritis are 
at a higher risk of developing gastric ulcers, and of progressing to intestinal meta-
plasia, dysplasia and adenocarcinoma [23].

Gastric cancers arising distal to the gastric cardia (which are considered 
more part of the spectrum of gastro-oesophageal adenocarcinomas) are divided 
into two histologically distinct types termed intestinal type adenocarcinoma 
and diffuse type adenocarcinoma [24]. Intestinal-type gastric adenocarcinoma 
forms gland-like structures [25] and arises after the mucosa has progressed 
through a stepwise series of changes from normal mucosa through atrophic 
gastritis, atrophy, and intestinal metaplasia. These have been termed the so 
called “premalignant lesions” though it must be stressed that this is an area of 
controversy. It is in the setting of atrophy and metaplasia that dysplasia arises, 
and overtime a stomach that contains these lesions my progress to adenocarcinoma 
[26], however the point of transition from a “premalignant” to “malignant” 
lesion has not been identified, nor is it clear if one lesion is actually a precursor 
of the next in the sequence of events. In contrast to intestinal type gastric cancer, 
diffuse-type gastric cancer is composed of individual neoplastic cells which 
infiltrate the gastric mucosa without forming glandular structures. There is no 
associated atrophy or intestinal metaplasia, and there is no stepwise progression 
as suggested in intestinal type cancer [27]. There is a stronger genetic component 
to the diffuse type of gastric cancer. For this chapter, we will focus our discussion 
on intestinal-type gastric adenocarcinoma, and the architectural changes that 
are associated with it.
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Host Immunity Determines Disease Outcome

An important determinant of Helicobacter-related disease is the host immune 
response. And indeed- it is clear that chronic inflammation is necessary for both 
the mucosal alterations of atrophy/metaplasia/dysplasia and adenocarcioma. We 
will begin by defining what we know about the initial events in immune recogni-
tion of the bacterium, and outline how the polarity and strength of the adaptive 
response impacts disease outcomes by the effect it has on the mucosal 
architecture.

The Innate Immune Response to H. pylori

TLR 2 and TLR 4

Helicobacter activates several different classes of innate immune receptors includ-
ing the Toll-like receptors (TLRs) on the cell surface (TLR2 and TLR4) and within 
endosomes (TLR9), as well as cytosolic NOD1 and helicase (RIG-I) receptors 
[28–30]. Whole Helicobacter bacteria (H. pylori, H. hepaticus and H. felis) activate 
immune response in macrophages by TLR2, but not TLR4, the classic Gram nega-
tive LPS receptor [28]. Indeed, expression of human TLR2 has been shown to be 
sufficient to confer responsiveness to intact Helicobacter bacteria, whereas TLR4 
was not. Cag pathogenicity island genes may modulate the TLR2-agonist activity 
of H. pylori as CagA+ bacteria are more active on a per cell basis compared to 
cagA- bacteria when response is measured by IL-8 cytokine secretion [28]. In con-
trast, macrophages from both wild type and TLR-4 deficient mice produce a robust 
cytokine secretion response (IL-6 and MCP1) when stimulated with intact 
Helicobacter bacteria, while macrophages from TLR2-deficient mice were pro-
foundly unresponsive to intact bacteria, failing to secrete cytokines even at high 
(100:1) bacteria-to-macrophage ratios. Because the quantity and strength of bacte-
rial LPS is so weak, the involvement of TLR4 in clinical disease is unclear and 
in vitro and in vivo studies suggest that TLR2 may be the dominant innate immune 
receptor for recognition of gastrointestinal Helicobacter species [28].

Helicobacter produces a tetracylated LPS that is up to 10,000-folds less active 
then LPS of other gram-negative bacteria, such as E. coli [32–34]. While we know 
that LPS from gram-negative bacteria, such as E. coli, predominantly stimulate 
innate immunity through TLR4, the LPS of some gram negative organisms such as 
Poryphorymonas gingivalis activate TLR2 [35]. Data regarding H. pylori LPS are 
contradictory, with reports of activation of both TLR4 [36, 37] and TLR2 [29] in 
gastric epithelial cells. These contradictions may be explained by differences in 
bacterial strain, different bacterial concentrations used or trace contaminants in the 
LPS preparations such as peptidoglycan or lipopeptides, both which signal via 
TLR2 receptor.
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TRL-5

Flagellin proteins are recognized by TLR-5, however a physiologic role for TLR-5 
in Helicobacter recognition has not been established. In culture, gastric mucosal 
cells express low but detectable amounts of TLR-5 [38], but neither FlaA nor FlaB 
appear to have immunostimulatory potential on gastric cells. However the HEK293 
(human embryonic kidney cells 293) cell line when transfected with TLR5 is able 
to respond to partially purified flagellin from H. pylori [29].

TLR9

Dendritic cells phagocytose Helicobacter bacteria and activate additional intracel-
lular receptors including TLR9 in the endosomes, and NOD1 and RIG-I in the 
cytosol [30, 31]. NOD1 is a receptor for peptidoglycan while TLR9 is activated by 
CpG rich DNA. TLR9 is also triggered by the sugar backbone of dsDNA [39]. It is 
thought that the endosomal location of TLR9 prevent its activation by self-DNA 
while directing TLR9 to phagocytosed DNA [40].

Interaction between TLR9 and CpGs molecules in the endosome recruits the 
MyD88 adapter protein and triggers a strong Th1 immune response [40]. While 
there is no direct data linking the immune response to Helicobacter with 
Helicobacter-specific CpG sequences, a role for TLR9 in pathogenesis of 
Helicobacter related disease has been suggested. TLR2, like TLR9, is also 
linked to Th1 immune responses. A Th1 immune response, while associated 
with more severe damage, is also associated with decreased bacterial loads 
[41]. Oral administration of CpGs ODN concomitant with Helicobacter in a 
mouse model of infection limits the extent of Helicobacter pylori colonization 
[41]. Intragastric administration of a single dose of CpG ODN significantly 
increased the production of local chemokines and cytokines (MIP1alpha, 
MIP1beta, RANTES and IFN gamma inducible protein 10) in the stomach and 
small intestine, with reduced bacterial load in pre-established infection models. 
Consistent with a role for Th1 cytokines in initiating and perpetuating the 
mucosal damage of Helicobacter, mice infected with H. pylori and treated with 
CpGs ODN had higher levels of mucosal inflammation compared to controls 
which were infected but did not receive CpG ODN, or that received non-CpG 
ODN [41], suggesting that CpG from Helicobacter influences the immune 
response to acute and established Helicobacter infections.

Which Cells Act As the First Line of Recognition?

While the cell type responsible for initiation of the immune response has not been 
identified, it is possible that the gastric immune cells themselves act as the first 
line of recognition. Gastric epithelial cells reportedly fail to express TLR2 on 
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their surface [42], but they do express TLR4 [37]. However, in vitro work suggests 
TLR2, -4, and -5 may all be expressed [29]. In addition to LPS acting locally, it 
may gain access to the blood stream to be detected by peripheral blood mono-
cytes [43].

The innate immune response to Helicobacter, particularly the dendritic cell 
response, drives the adaptive immune response to the bacteria [31, 44, 45]. 
Differences in the response of different inbred mouse strains to Helicobacter 
infection have been suggested to reflect differences in expression and function 
of Toll-like receptors in dendritic cells from Balb/C (resistant host) and 
C57BL/6 (susceptible host) mice to the corresponding ligands [45]. Freshly 
isolated splenic dendritic cells from C57BL/6 express higher levels of TLR9 
mRNA and lower levels of TLR2, -4, -5 and -6 mRNAs than Balb/C dendritic 
cells. LPS, lipoprotein, and CpG produced higher levels of IL-12 and lower 
levels of monocyte chemoattractant protein 1 (MCP-1) in C57BL/6 dendritic 
cells compared to those from the Balb/C. DC maturation markers such as 
CD40, CD86 and Stat4 are expressed in higher levels in DC from C57BL/6 
mice then Balb/C mice [46]. These differences in innate immune response may 
help explain the subsequent differences in adaptive immunity to Helicobacter 
infection between the C57BL/6 and Balb/C mouse stains. TLRs signaling are 
required only for Th1 type of adaptive immunity, not for the development of 
Th2 type lymphocyte subsets. Th2 cells are most likely activated by another 
distinctive (but presently unknown) pathway. In the absence of induced IL-12 
production by dendritic cells, a Th2 response appears to the “default” pathway 
[47]. Additional differences between the Balb/C and C57BL/6 mice include an 
exuberant PGE2 response by Balb/C macrophages, which may further inhibit a 
Th1 response upon LPS stimulation [48].

Adaptive Immunity to Helicobacter Infection

Most of our information regarding the effects of the immune system on gastric 
mucosal damage comes from mouse models of infection (Table 17.1). For exam-
ple the role of the inflammatory response in the pathogenesis of gastric cancer 
began by determining that T-cells were vital for mucosal damage. Infection in 
recombinase activating gene (RAG) deficient mice, severe combined immunode-
ficiency (SCID) mice, and T-cell deficient mice failed to produce tissue damage 
or recreate the metaplasia-dysplasia-carcinoma sequence [3, 49] despite active 
bacterial colonization. B-cell responses are not necessary for mucosal disease as 
shown by infection in B cell-deficient mice (which retain a normal T-cell 
response) which develop infection and disease indistinguishable from that found 
in the wild type mice of the same strain. These findings stress a crucial role for 
CD4 T-lymphocytes in defining disease [49]. To further define the mechanism of 
disease progression, Th1/Th2 cytokine patterns were evaluated between different 
strains of mice and compared to their susceptibility to disease. Strains of mice 
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which are susceptible to helicobacter induced gastric atrophy and adenocarci-
noma (such as the C57BL/6) mounts a strong Th1 response [5, 7] and strains such 
as the BALB/c which are resistant to developing atrophy and adenocarcinoma 
develop a polarized Th2 cytokine response [5]. Interestingly, strains such as the 
C3H, which have a mixed Th1/Th2 cytokine profile develop an intermediate pat-
tern of disease and more closely represent the diverse disease presentation seen 
in humans. These findings suggest that cytokines within an immune response 
interact to form a continuum of disease rather than discrete disease states. Several 
studies have examined the role of individual cytokines in disease progression, 
however, these studies must be interpreted cautiously as over expression or 
knockout of an individual cytokine impacts the expression and function of other 

Table 17.1 Mouse models which have shaped our understanding of Helicobacter 
induced gastric cancer

Mouse model Susceptible/resistant
Immune response/histology in 
response to Helicobacter infection

C57BL/6 Susceptible Th1 response. “Classic” model 
for progression of mucosal 
changes to adenocarcinoma

Balb/C Resistant Th2 response. Immune infiltrates, 
with mucosal sparing. Develops 
MALT lymphoma

C3H Mixed Mixed Th1/Th2 cytokine pattern 
with mixed mucosal changes

SCID Resistant B cell and T cell deficient. Resistant 
to mucosal damage

Rag deficient Resistant B cell and T cell deficient. Resistant 
to mucosal damage

B-cell deficient Susceptible Lack mature B cell function. In the 
C57BL/6 background, maintain 
progression of mucosal changes 
to adenocarcinoma

IFN KO Resistant Immune infiltrates without parietal 
and chief cell loss (no atrophy). 
Resistant to adenocarcinoma

IL-10 KO Susceptible Severe unrelenting inflammation 
with mucosal damage and 
adenocarcinoma formation

T-bet KO Resistant Mixed mucosal cytokine pattern 
with elevated IL10 and low TNF-
alpha and IL-1beta. Intermediate 
IFN gamma levels. Mucosal 
sparing

Fas Ag KO Susceptible Preservation of parietal and chief 
cells. Progression of metaplasia 
and dysplasia to adenocarcinoma

Fas L KO Susceptible Preservation of parietal and chief 
cells. Progression of metaplasia 
and dysplasia to adenocarcinoma
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signaling cascades. Therefore, effects seen may be direct, or may be due to the 
effects of secondary pathways. For example, the IFN-g knockout mouse does not 
develop Helicobacter induced atrophy [5, 7], while IFN-g infusion into the 
infected C57BL/6 mouse accelerates disease progression [50]. The IL-10 knock-
out develops severe atrophic gastritis [5, 7], possibly due to the inability to con-
tain the immune response. To further address this issue, we and others have 
physiologically manipulated the immune response within wild type strains. 
Infection of the susceptible strain, C57BL/6 with Heligmosomoides polygyrus, an 
intestinal helminth, skews the immune response to subsequent Helicobacter 
infection towards a Th2 polarized response and protects against atrophy and 
metaplasia [51]. Looking at the flip side of this immunological coin, co-infection 
with Toxoplasma gondii in the Balb/C mouse forces a Th1 skewed response to 
Helicobacter infection. These mice develop atrophy, metaplasia and dysplasia 
[52] essentially converting a resistant mouse strain to a susceptible strain. 
Additional work taking advantage of the T-bet knock out (T-bet KO) mouse has 
been done to sort out the impact of cytokines. T-bet is a member of the T-box 
family of transcription factors, and appears to regulate the commitment of Th 
cells to the Th1 lineage at least in part through transactivation of IFN-g [53]. 
T-bet KO mice have several immune defects including the inability to mount a 
Th1 immune response and markedly impaired IFN-g production in natural killer 
cells. IFN-g production in cytotoxic CD8+ T cell remains intact. We used the 
T-bet KO mouse to directly assess Th1 responses in the C57BL/6 mouse model 
with minimal alterations of other immune functions, without the effects of global 
cytokine deficiency seen in other transgenic models and without the confounding 
effects of other coexisting infectious diseases. T-bet knockout mice in the 
C57BL/6 background or their wild type (WT) liter mates were infected with 
Helicobacter felis (H. felis) and followed for up to 15 months for disease progres-
sion. Analysis of mucosal cytokine patterns and H. felis specific IgG subclass 
analysis confirmed a blunted Th1 response in the T-bet KO mice. WT mice 
showed the expected progression of tissue alterations beginning with metaplasia 
and atrophy and continuing to dysplasia and carcinoma. In sharp contrast, the 
T-bet KO mice did not develop atrophy, and instead maintained parietal and chief 
cell populations, mucosal integrity and failed to develop adenocarcioma. 
Interestingly, when the composite cytokine profiles within the gastric mucosa 
were examined, there was a clear association between IL1-b and TNF-a in the 
pathogenesis of Helicobacter induced gastric adenocarcinoma [54]. Surprisingly, 
a direct role for IFN-g was not shown. The cytokine pattern in these mouse mod-
els parallel cytokine patterns seen in susceptible human populations suggesting 
differences in T-bet regulation may underlie the mucosal alterations and suscep-
tibility to gastric cancer in human populations.

Indeed, when one looks at the data emerging from human population based stud-
ies, interleukin-1 b, TNF-a and IL-10 emerge as key players. Patients with genetic 
polymorphisms that create a gastric inflammatory environment significant for high 
levels of IL-1b, TNF-a and low IL-10 have a 50-fold increased risk of gastric can-
cer as a result of Helicobacter infection [12, 13, 55].
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Alterations in Gastric Mucosal Signaling; Regulation 
of Apoptotic and Proliferative Pathways Underlying 
the Development of Atrophy

How exactly do cytokines within the gastric mucosal environment effect the 
mucosal changes we characterize as “premalignant”? The host response to infec-
tion induces multiple changes within the gastric mucosa leading up to the forma-
tion of adenocarcinoma. Early on in infection, the balance between apoptosis and 
proliferation is distorted resulting in changes in the number and type of cells 
within the mucosa. Metaplastic lineages emerge, likely as a result of altered cell–
cell signaling.

Helicobacter pylori in humans has been associated with both an increase and 
decrease in apoptosis, depending upon the cell population studied and the timing 
of the investigation [56, 57]. Increase in proliferation appears to be a universal 
finding. Apoptosis and proliferation are intimately linked physiologic processes 
and the regulation of these pathways is best discussed together. Apoptosis is a 
physiological process of cell death which is a defense against propagating dam-
aged cells. High levels of apoptosis relative to proliferation, likely result in ulcer 
formation and the drop out of chief and parietal cells which are the hallmark of 
atrophy. On the other hand dysregulated proliferation may lead to transformation 
of cells leading to gastric adenocarcinoma. There are many pathways that regulate 
proliferation and apoptosis.

One pathway which has received the most attention with regard to Helicobacter 
induced disease is the Fas Ag (CD95) pathway which is responsible for the major-
ity of apoptosis seen secondary to infection. Helicobacter bacteria directly and 
indirectly (through cytokine production) induces Fas Ag and Fas ligand expression 
on gastric epithelial cells. [56–61]. In non-transformed cell cultures, direct bacte-
rial contact does not appear sufficient for induction and activation of the Fas Ag 
pathway, but instead requires cytokines generated by the host immune response to 
infection. On the other hand, Helicobacter pylori can directly induce and activate 
the Fas pathway in transformed cell lines [57] without the requirement of a con-
ducive immune response, suggesting significant differences in the response by 
epithelial cells before and after malignant transformation. Importantly, Fas signal-
ing can be utilized by metaplastic, dysplastic and malignant cells for proliferative 
signaling as well, essentially converting a tumor suppressor to a tumor promoter 
as disease progresses.

Our laboratory has shown that IL1-b, TNF-a and to a lesser degree IFN-g 
within the gastric mucosa [54, 61] regulates surface Fas Ag expression on gastric 
mucosal cells. At low receptor abundance, activation of the Fas pathway leads to 
proliferation while at high receptor abundance, cells undergo apoptosis [62]. 
Parietal and chief cells appear to carry the highest levels of surface receptor and 
therefore are preferentially lost to apoptosis. This leads to several substantial 
alterations within the mucosa which have profound effects long term. Several 
mouse models have been used to investigate the role of Fas mediated apoptosis 
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in gastric cancer. The B.6MRL-FASlpr (lpr) Fas Ag knockout mouse lacks Fas 
Ag protein and subsequently is deficient in all downstream signaling. This 
mouse is resistant to Helicobacter induced apoptosis and atrophy [60]. Long 
term infection in the mouse lacking Fas Ag presents the curious combination of 
intact parietal and chief cell lineages and an earlier onset of gastric cancer [63] 
suggesting that Fas mediated apoptosis not only eliminates parietal and chief 
cell populations, but may also function to remove cells at risk for neoplastic 
transformation. Fas L (gld) deficient mice show a similar phenotype, in that they 
develop more severe premalignant mucosal changes in response to infection 
with H. pylori [64] further supporting anti-apoptotic mechanisms in the develop-
ment of gastric adenocarcinoma.

We hypothesize that in addition to apoptotic signaling, non-apoptotic Fas signaling 
is important in gastric mucosal disease. As the lpr mouse lacks all Fas signaling, it 
cannot be used as a model to address the contribution of alternate Fas signaling path-
ways in gastric disease, and this question will require additional models for study.

With ongoing tissue destruction, proliferation is increased and homeostasis is 
maintained at the cost of increased cell turnover. Persistent infection leads to 
metaplastic and dysplastic populations of cells which become resistant to Fas 
mediated apoptosis [65, 66] and may use the Fas pathway instead for proliferative 
signaling [62].

Once cells transform, factors that alter the immune-mediated removal of tumor 
cells may be important for continued tumor survival. Fas ligand is not normally 
expressed by gastric mucosal cells, but is highly expressed on the surface of intes-
tinal type tumors, and at much lower abundance on diffuse type gastric carcinoma. 
The tumor cells themselves are apoptosis resistant through a variety of mechanisms 
[65–68]. Expression of Fas L on gastric mucosal cell which have acquired apopto-
sis resistance, may allow self-signaling, and stimulation of adjacent cells for prolif-
eration. Also, lymphocytes infiltrating Fas L-bearing tumors undergo apoptosis at 
a high rate, implying that Fas L may be involved in a tumor initiated immune-
counter attack [69–71]. This differential expression of Fas L suggests that intestinal 
and diffuse types of gastric carcinoma may arise through distinct mechanisms.

In addition to the Fas pathway, there are several other mechanisms for apoptotic 
cell death within the infected/inflamed gastric mucosa. TNF-a and IFN-g can 
directly induce apoptosis [72–75] and nitric-oxide- can directly influence mito-
chondrial pathways of apoptosis [76], and contributes to signal transduction altera-
tions at multiple levels during infections.

Expression of MHCII may play a role in gastric carcinogenesis. Cells expressing 
MHCII bind Helicobacter, process antigens and present them to lymphocytes to 
initiate and perpetuate the immune response. Under usual conditions, MHCII mol-
ecules are not expressed on gastric epithelial cells but they can be upregulated dur-
ing Helicobacter infection by IFN-g [68, 77–80]. MHCII expressing gastric mucosal 
cells are able to weakly present antigens [68, 80, 81]. Binding of H. pylori to 
MHCII induces apoptosis in cultured cells [79], suggesting alternate functions for 
this complex. Indeed, gastric mucosal cells co-expressing Fas Ag and MHCII mol-
ecules are resistant to Fas mediated apoptosis via impaired receptor aggregation 
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and DISC (death inducing signal complex) formation [68]. Different MHCII alleles 
may interact with the bacterium and/or the Fas pathway differently, potentially 
explaining differences in gastric cancer susceptibility. For example, patients who 
have the MHC DQA1*0102 allele have an increased risk of intestinal type gastric 
adenocarcinoma [82], compared to patients without this allele.

Bacterial factors such as VacA, which has been reported to insert directly into the 
membrane of mitochondria, leading to cytochrome c release and apoptosis [83] may 
directly induce apoptosis of gastric mucosal cells. Apoptosis leads to cell loss, which 
is replaced through ramped up proliferation. Unlike normal proliferation, prolifera-
tion within areas of chronic injury and repair is an ongoing event, and not self lim-
ited. As such, many growth control mechanisms are bypassed, predisposing cells to 
acquiring and perpetuating mutations. Apoptosis also leads to an altered mucosal 
architecture. Parietal and chief cells are lost, and over time may be inadequately 
replaced. This loss of specialized cells, the hallmark of atrophy, likely results from 
a combination of events including reversible environmental influences on progenitor 
cell differentiation [84] and later on from permanent alterations to progenitor popu-
lations [85]. This atrophy has dire consequences for the gastric epithelium.

In addition to the immune response of the host regulating proliferation and apop-
tosis, bacterial products may also play a role in growth decisions. CagA protein 
interacts with the Ras/MEK/ERK pathway [86] and the Src family of protein-
tyrosine kinases [87] which may explain differences in apoptosis/proliferation 
between individuals infected with different strains of Helicobacter pylori [57, 58, 
88, 89]. Higher proliferation and lower apoptosis rates have been reported in 
patients infected with cagA+ isolates compared to those infected with cagA- 
strains, or uninfected controls [90, 91]. Also, activation of the Erk pathway in 
gastric epithelial cells may direct Fas signaling to proliferative signaling [92].

Endocrine Regulation of Proliferation

Gastrin is a peptide hormone produced primarily by G-cells located in the gastric 
antrum. G-cells are activated by neural and hormonal factors, intraluminal contents 
and by mechanical stimulation through protein kinase A activation, cAMP signal-
ing and mitogen-activated protein kinase phosphorylation [93]. Alterations in gas-
trin levels seen during Helicobacter infection may be directly related to alterations 
in luminal acidity, direct effects of the bacteria and alterations in parietal cell num-
ber [94]. In addition to regulation of gastric acid secretion, gastrin has been shown 
to regulate oxyntic gland proliferation, and may directly synergize with Helicobacter 
to induce cell growth alterations and gastric tissue damage.

The gastrin expression pattern of the insulin-gastrin (INS-GAS) transgenic 
mouse mimics the serum G-17/G-gly profile seen in patients who develop gastric 
atrophy and cancer. Helicobacter infection in these mice produce an early increase 
in acid secretion followed over time by atrophy, achlorhydria, hyperplasia, metapla-
sia, dysplasia and invasive gastric cancer by 8 months of age [95].
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Direct Effects of Inflammation on the Gastric Mucosa  
May Lead to Mutations Within Progenitor Cells

Ongoing inflammation generates mutagenic substances such as reactive nitrogen 
species (nitric oxide, peroxynitrite, nitrogen dioxide, nitrosoperoxy carbonate) [96] 
and reactive oxygen species (superoxide anions, hydrogen peroxide, hydroxyl and 
hydroperoxyl radicals) [97] which can directly damage DNA. These reactive nitro-
gen and oxygen species can also directly alter cell growth and cell death pathways 
[98–100]. H. pylori itself may also decrease the antioxidant properties of the gastric 
mucosa, thus leading to damage by these reactive species [101].

Cell–Cell Cross Talk and Signal Disruption Leading 
to Premalignant Disease

Parietal Cells as the Regulator of Cell Differentiation

Parietal cell loss is temporally associated with atrophy, mucous cell metaplasia and 
initiation of dysplastic changes [4], suggesting a cause and effect relationship. In 
addition to production of acid, the parietal cell regulates key differentiation deci-
sions in the fundic oxyntic glands. Ablation of parietal cells is associated with the 
appearance and expansion of undifferentiated cell types. Is this coincidental parietal 
cell loss and abnormal differentiation of cells, only temporally related because of 
some environmental changes driving both phenotypes simultaneously? Or does 
parietal cell loss lead to these changes? The experimental data to date strongly sup-
ports the latter. Parietal cells secrete a number of factors which are important for 
the differentiation and growth of gastric progenitor cells. For example, parietal cells 
are a rich source of sonic hedge hog (Shh), one of a family of Hedgehog proteins 
which have a central role in embryonic development of the gut. Within the stomach, 
hedgehog signaling is responsible for gastric epithelial cell differentiation and 
maturation at least in part through Shh effect on bone morphogenic protein and 
hepatocyte nuclear factor 3b [102]. Parietal cells can also be induced to secrete a 
variety of growth factors. Cytokines such as IL-1b and hormones such as gastrin 
stimulate secretion of heparin binding epidermal growth factor and amphiregulin 
[103] from parietal cells, which in turn induces proliferation of surrounding epithe-
lial cells. Early in helicobacter infection, parietal cell signaling is intact, and normal 
parietal signaling results in gastric mucosal cell proliferation, ordered differentia-
tion and maturation of cells aimed at maintaining the injured or damaged epithe-
lium. As infection progresses and parietal cells are lost to apoptosis, a severe 
distortion of differentiation signals leads to atrophy, metaplasia and disordered 
growth of gastric progenitor cells [104]. Indeed, dysregulated proliferation of 
poorly differentiated precursor cells is often associated with the appearance of a 
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mucus neck cell lineage expressing trefoil factor 2 (TFF2) or spasmolytic polypeptide 
(SP). TFF2 is felt to have a physiological a role in cytoprotection and maintenance 
of mucosal integrity and repair [105, 106] because it is usually expressed at 
the edges of healing ulcers, with down regulation of expression once restitution and 
healing are complete. Continued expression of TFF2 is seen in mucous cell meta-
plasia and is associated with dysplasia and progression to cancer. However it is not 
clear if TFF2 marks a population of cells which have not down-regulated their 
“repair” phenotype, or if TFF2 expression is causally related to progression to pre-
malignant histology. Parietal cell loss also leads to hypocholorhydria, hypergas-
trinemia, and bacterial overgrowth which may contribute independently to tissue 
damage and abnormal cell signaling.

Are “Premalignant Lesions” Really Premalignant?

Long-standing helicobacter infection is the leading cause of gastric cancer. Atrophy 
and intestinal metaplasia have been linked to progression to adenocarcinoma 
because both lesions can be found in the stomach with long-standing Helicobacter 
infection. But- does this mean these lesions are the direct precursor to the adeno-
carcinoma? While the association between these lesions and adenocarcinoma is 
present, direct cell progression through these stages has not been conclusively dem-
onstrated. In order to directly prove this progression, researchers have sought to 
determine the mutations responsible for gastric cancer initiation and progression, 
and follow the acquisition of these mutations through various cell changes. To date, 
they have not been successful. We have been unable to identify a logical progres-
sion of acquired damage akin to what is seen in colorectal cancer [107]. What we 
do see is that p53 is most commonly mutated in gastric adenocarcinoma (60–70% 
of cancers) [108], while mutations in Ras and Myc are rare [109]. Other genetic 
abnormalities found at high frequency include deletions or suppression of the frag-
ile histadine triad gene (FHIT) (60%), adenomatous polyposis coli gene (APC) 
(50%) and deleted in colorectal cancer gene (DCC) (50%), while overexpression/
amplification of cyclooxygenase 2 (COX-2) (70%), HGF/SF (60%), VEGF (50%), 
c-met (45%), AIB-1 (40%), b-catenin (25%), microsatellite instability (25–40%) 
and DNA aneuploidy (60–75%) have also been demonstrated [110]. Unfortunately, 
most mutations studied to date appear to accumulate once the cell has undergone 
malignant transformation [111], and we do not see a pattern of mutations as the 
epithelium progresses through the various “premalignant” stages. The precise role, 
if any, these mutations play in initiating malignant transformation is therefore, not 
clear. In addition to the usually studied tumor suppressors and tumor promoters, 
there are proposed gastric specific tumor suppressor genes, specifically Trefoil fac-
tor family-1 TFF1 [112] and RUNX3 [113] have been identified. TFF1 has been 
shown to be a key gastric tumor-suppressor gene. Human gastric cancers typically 
lack TFF1 expression suggesting loss of this protein may be instrumental in cancer 
progression. Indeed, TFF1 knockout mice develop multiple gastric adenomas and 
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carcinomas, solidifying this hypothesis [114]. RUNX3 is frequently inactivated in 
gastric cancer by hypermethylation leading to loss of expression or through aber-
rant protein localization [115]. These may represent “gatekeepers” of the gastric 
cancer pathway, and as such represent logical targets for further study. Investigations 
into these genes and their contributions to the gastric cancer phenotype will prove 
valuable to our understanding of disease progression.

Recent attention has been given to activation and silencing of developmental 
pathways in cancer initiation and progression [116]. Inappropriate activation of spe-
cific developmental pathways may be involved in the development of intestinal 
metaplasia – a predicted candidate precursor of intestinal-type gastric carcinomas. 
Caudal type homeobox transcription factor 2 (Cdx2) directs several events during 
early embryogenesis in mice including intestinal development. Cdx2 plays an 
important role in small bowel development and differentiation, and it is normally 
expressed in the proximal intestine, not the distal, and is not expressed in the stom-
ach. Because intestinal metaplasia is characterized by the trans-differentiation of 
gastric epithelial cells to an intestinal phenotype, the role of small bowel specific 
developmental programs has been investigated. Ectopic expression of Cdx2 in the 
gastric mucosa in transgenic mice induces intestinal metaplasia [117], and is accom-
panied by the expression of intestine-specific genes; including MUC2, sucrase/
isomaltase and carbonic anhydrase I. Ectopic expression of Cdx2 successfully pro-
duces ectopic intestinal tissue akin to “metaplasia,” however, progression to dyspla-
sia and cancer has not been noted. These findings suggesting that additional factors 
in the infected gastric milieu which favor intestinal cell development are responsible 
for transformation. Of interest, ectopic expression of Cdx2 has been shown in malig-
nancies other than gastric adenocarcinoma; the most notable being acute myeloid 
leukemia (AML), where more than 85% of AML patient samples express ectopic 
Cdx2. Indeed ectopic expression of Cdx2 in murine bone marrow induces AML in 
mice and upregulate Hox genes in bone marrow progenitors [118, 119] further sup-
porting a causative role. Perhaps the cell type (epithelial cell vs BM) in which it is 
expressed dictates whether Cdx2 expression will lead to terminal differentiation of 
on intestinal phenotype, or to malignancy.

What Is the Progression of Gastric Lesions Leading  
up to Gastric Cancer?

Most infected individuals never develop clinical symptoms though all have chronic 
gastritis. Approximately 10–20% develop gastric and duodenal ulcers [120], 1–2% will 
progress to gastric adenocarcinoma and less than 1% will develop gastric MALT lym-
phoma [120]. How can we predict which patients will progress to cancer? Is there a 
specific gastric lesion which accurately predicts who will progress, allowing us to reli-
ably identify patients at highest risk? In order to address this, researchers began with the 
end product – namely chronically infected stomachs, and chronically infected stomachs 
which had developed gastric cancer, and began to work their way backwards. The 
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presumption was that cancer arose in a “field” of abnormal tissue, therefore, if the cancer 
was the center of a chosen field – as one moved away for the center, you would encounter 
lesions which were premalignant, with the most highly associated lesions in closest 
proximity to the cancer, and lesions perhaps further back on the evolutionary time line – 
further away. The presence of gastric lesions adjacent to gastric adenocarcinoma was 
described first in surgical gastrectomy specimens which provided the largest and most 
complete map of the gastric mucosal changes, and later in endoscopic biopsy speci-
mens, which only provide a limited “snap-shop” of the changes which are occurring. 
When these studies are looked at together, several important points emerge regarding 
the evolution of the stomach during infection to cancer (Fig. 17.1). Chronic active non-
atrophic gastritis is the most common finding, followed over time by the presence of 
multifocal atrophy, then intestinal metaplasia (first complete, then incomplete). Long 
standing infection is associated with a small number of patients developing dysplasia 
and invasive carcinoma. These lesions are well-characterized histopathologically, 
though the distinction between dysplasia and cancer has not always been clear, and the 
diagnosis differs between pathologists. Though there is clearly an accumulation of these 
lesions as the time of infection progresses, it is still not clear if one lesion is a precursor 
to the next, and which lesion, if any, is a direct precursor of gastric adenocarcinoma.

Chronic Active Nonatrophic Gastritis

This lesion is characterized by infiltration of the gastric mucosa diffusely with 
neutrophils, lymphocytes, plasma cells, and macrophages with scattered eosino-
phils and mast cells. Inflammatory infiltrates as seen as small aggregates within 
both the submucosa and the epithelial layer, intercalating between glands and at 
times forming small intraglandular microabscesses. There is no loss of glands 
(atrophy) at this early stage of Helicobacter induced mucosal disease, and this 
lesion is termed “nonatrophic gastritis” [121]. For the most part, non-atrophic gastritis 
is found predominantly in the antrum, where it remains confined, and is not associ-
ated with “progression” to more advanced lesions. If patients are receiving acid 
suppression therapy however, this inflammation can become prominent in the cor-
pus (oxyntic) mucosa as well. Interpretation of studies looking at the effects of 
bacterial eradication on progression of lesions or restoration of mucosal architec-
ture in humans has been difficult to interpret for a variety of reasons including the 
inability to fully characterize the mucosal changes from small biopsy specimens, 
difficulty in determining the length of infection, genetic variability between patient 
populations and the relatively low number of patients who progress to dysplasia and 
carcinoma. For these reasons, we turned to animal models of Helicobacter infec-
tion to address the notion of progression and reversal of lesions. Studies done in 
the C57BL/6 mouse model of infection demonstrate that bacterial eradication at 
the stage of chronic active non-atrophic gastritis leads to complete regression of 
inflammation, restoration of normal mucosal architecture and the prevention of 
gastric adenocarcinoma [122].



Fig. 17.1 Progression of mucosal changes in Helicobacter infection in the human stomach.  
(a) Nonatrophic gastritis. Antral gastric mucosa with diffuse mononuclear leukocytic infiltration and 
well-preserved glands. (b) Multifocal atrophic gastritis. The antral glands have disappeared from the 
center of the field and are replaced by fibrous tissue. Diffuse mononuclear leukocytic infiltrate is also 
observed in the lamina propria. (c) Multifocal atrophic gastritis with complete intestinal metaplasia. 
The arrow points to absorptive enterocytes with a brush border, markers of complete metaplasia. The 
original glands have disappeared from the center of the field and are replaced with metaplastic cells, 
extending to the surface. The metaplastic epithelium consists of eosinophilic absorptive enterocytes 
with a well-defined brush border. Well developed goblet cells are seen at regular intervals, and Paneth 
cells in the deep glands. (d) Multifocal atrophic gastritis with incomplete intestinal metaplasia. The 
epithelium consists of multiple, irregular goblet cells and there is an absence of brush border. The arrow 
points to goblet cells with several irregular vacuoles and without a brush border, markers of incomplete 
metaplasia. (e) Low-grade gastric dysplasia. Abnormal presence of irregular glands lined by epithelial 
cells with crowded, enlarged, hyperchromatic, pseudostratified nuclei, and frequent mitosis. The 
dysplastic changes extend to the surface epithelium but do not dip below the basement membrane
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Multifocal Atrophic Gastritis

Some patients with longstanding infection will develop atrophic gastritis consisting 
of focal loss of glands (atrophy), first seen at the antrum–corpus junction and most 
prominently at the incisura angularis. This lesion is associated with more virulent 
bacterial strains and what has been termed a “permissive” host immune response 
(high levels of IL-1b, TNF-a and low levels of IL-10). It is also more frequently seen 
in populations at higher risk for gastric cancer. At this stage of mucosal alteration, it 
is believed the alterations in cell–cell signaling due to parietal and chief cell loss, and 
the expansion of stromal fibrous tissue leads to an influx of bone marrow derived 
stem cells which (at least in the mouse model) are the precursor cells for adenocar-
cinoma [85]. Indeed, this concept of recruited bone marrow derived stem cells to 
areas of inflammation was tested in the C57BL/6 mouse model of gastric cancer. We 
hypothesized that bone marrow derived stem cells represent the ultimate uncommit-
ted adult stem cell and are the ideal candidate for transformation if placed in a favor-
able environment. For these studies, C57BL/6J mice were irradiated and transplanted 
with gender-mismatched bone marrow from mice that express a non-mammalian 
beta-galactosidase enzyme [C57BL/6JGtrosa26 (ROSA 26)], mice that expressed 
green fluorescent protein [C57BL/6J-beta-actin-EGFP (GFP)], or control C57BL/6J 
liter mates. A variety of detection methods were used to verify engrafted cells were 
of donor origin, including specific B-galactosidase immunohistochemistry (IHC) 
detection of LacZNeo fusion gene sequence by PCR, GFP detected by fluorescence 
activated cell sorting, GFP immunohistochemistry and X/Y chromosome fluores-
cent in situ hybridization and the epithelial lineage confirmed by specific cytokeratin 
staining, and the absence of the leukocyte marker CD45 [85]. As would be predicted, 
infection is associated with an influx of marrow derived inflammatory cells. At early 
time points, we did not detect any engraftment or differentiation of BMDCs to an 
epithelial cell phenotype. At 30 weeks of infection, when antralized glands (SPEM) 
and metaplastic cells were prominent, the metaplastic cells at the squamocolumnar 
junction were replaced by marrow derived cell. By 1 year of infection, invasive 
neoplastic glands were seen in nearly all the mice. These intraepithelial neoplastic 
lesions arose from donor marrow cells, supporting an inherent vulnerability of the 
marrow derived stem cell is population to malignant progression. In addition to 
epithelial cells within the tumor, BMDCs also contributed to activated fibroblasts, 
endothelial cells and adipose tissue within the tumor stroma and within seemingly 
uninvolved epithelium and subepithelial spaces adjacent to the tumors (Fig. 17.2).

Intestinal Metaplasia

In the context of mucosal atrophy, original gastric glands and specialized epithelial 
cells are replaced by cells with an intestinal phenotype. Initially, metaplastic cells 
resemble small intestinal mucosa with absorptive cells containing well developed 



Fig. 17.2 The role of BMDC in mucosal disease and repair. Bacterial factors and host factors recruit 
inflammatory cells to the gastric mucosa. Lone BMDC rarely engraft as differentiated cells (shown here 
marked in green) in early infection when cell loss is minimal. With ongoing inflammation and damage, 
the mucosa becomes atrophic and peripheral stem cell loss is evident. With time, chemokines such as 
SDF-1 recruit BMDC into the stem cell niche (shown here for an antral gland). These stem cells divide 
and repopulate entire gastric units. With time, BMDC acquire mutations and transform. BMDC also 
contribute to cancer-associated fibroblasts and incorporate into tumor vasculature. The illustration on the 
left depicts these events. The photomicrographs on the right demonstrate beta-galactosidase-labeled 
BMDC (brown cytoplasmic staining), which are dysplastic, and comprise entire glandular units
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microvilli and mucin-filled goblet cells. This type of metaplasia has been termed 
small intestinal type, type I, and “complete,” metaplasia because these cells secrete 
the normal set of digestive enzymes. [123] Complete metaplasia has decreased 
levels of expression of “gastric” mucins (MUC1, MUC5AC, and MUC6) and 
expresses MUC2, an intestinal mucin. Complete metaplastic cells stain for intesti-
nal type of acid mucins (Alcian blue at pH 2.5) and sulfated HID-positive mucins 
and not for colonic mucins (sulfomucins with high iron diamine (HID)).

As injury and repair continue, the metaplastic phenotype changes to a more 
colonic type of tissue with loss of the small bowel absorptive cells, while retaining 
goblet cells. This type of metaplasia is called “incomplete” or colonic metaplasia 
and includes both types II and III. Incomplete metaplasia coexpresses the typical 
“gastric mucins” (MUC1, MUC5AC, and MUC6) along with MUC2 mucin and 
also expresses the large intestine marker Das-112. Based on the mucin expression 
pattern, it does not appear that there is sequential pathway of intestinal metaplasia 
from type I to types II and III [124].

Examination of small presumably early carcinoma may reveal areas of incomplete 
metaplasia surrounding the tumor. Larger more extensive carcinomas do not show this 
association. The evolution of mucosal alterations of the infected gastric mucosa begins 
with inflammation and atrophy and gradually progresses from small intestinal metapla-
sia to a metaplasia with more of a colonic phenotype. This process usually takes 
decades and once initiated is progressive. It is difficult to determine the progression 
from one lesion to the next in human studies, or to determine reversibility with bacterial 
eradication. Indeed, different groups have found different findings using biopsy speci-
mens from patients undergoing upper endoscopy [125–131]. Mouse models of infec-
tion demonstrate that at least in the C57BL/6 model, eradication of Helicobacter after 
metaplasia has been established results in reappearance of parietal and chief cells, and 
diminution of metaplasia, though not a complete restoration of normal architecture. In 
the setting of bacterial eradication, metaplasia and dysplasia/carcinoma exist in the 
context of normal parietal cell populations suggesting the loss of specialized cells and 
the appearance of metaplastic cells may occur temporally, but may not be causally 
related [122]. Alternately, though there is not a clear cut evolution of one lesion to the 
next, these findings support the notion that environmental factors including bacterial 
products, dietary components, loss of cell–cell signaling and the cytokine environment 
may initially act to disturb differentiation decisions of progenitor cells via epigenetic 
changes. These changes may be reversible with bacterial eradication and restoration of 
a normal immune response. With time however, permanent changes in the stem cell 
compartment are likely to have occurred and are irreversible and progressive.

SPEM in Humans

The presence of glands with gastric antrum phenotype in the oxyntic mucosa has 
been described as “antralization” or “pseudopyloric metaplasia.”[132] and has 
been given the name spasmolytic polypeptide expressing metaplasia (SPEM). This 
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lesion was first recognized in the mouse model of disease, and was uncommonly 
reported in human specimens. For a while, it was felt to be a unique pre-cancerous 
lesion in the rodent model with questionable relevance to human disease. Recently 
however, this metaplasia has received renewed attention. Studies have been carried 
out predominantly in Asian populations who have developed gastric reminant 
carcinoma years after gastric resection for benign ulcer disease or gastric carci-
noma. Spasmolytic polypeptide expressing metaplasia (SPEM) was found to be 
ubiquitously expressed in the mucosa surrounding the remnant carcinomas and in 
dysplastic and neoplastic cells whereas intestinal metaplasia was found in only 
about half of the cancer specimens [125], making the association of SPEM and 
gastric adenocarcinoma stronger than the association between intestinal metaplasia 
and carcinoma.

Dysplasia

In dysplasia nuclei become enlarged, hyperchromatic, irregular in shape, and lose 
their basal polarity. The architecture becomes highly irregular, but the atypical 
changes are confined to the mucosal layer and are not found below the basement 
membrane. Dysplasia is classified as low grade or high-grade, based on the degree 
of nuclear atypia and architectural distortion. Once abnormal cells are found 
below the basement membrane, they are classified as invasive carcinomas. It is 
generally agreed that dysplastic epithelium is in fact neoplastic, and as such, dys-
plasia is termed intraepithelial neoplasia [133]. High grade dysplasia has been 
reported to progress to invasive cancer from 60 to 85% if left untreated. 
Interestingly, when one looks at the mouse model of infection, dysplasia pro-
gresses uniformly to invasive cancer. Eradication therapy slows the progression to 
invasive lesions and symptomatic cancer, however the risk of histological progres-
sion is not completely eliminated suggesting there may be a “point of no return” 
in the progression of lesions [122].

Summary

The leading cause of gastric cancer is infection with Helicobacter pylori. The 
chronic inflammatory environment of the infected stomach combined with host 
genetics and environmental factors leads to a series of mucosal alterations with 
adenocarcinoma the most dreaded end point of changes. Similar to the changes 
which occur in the colonic mucosa prior to colon cancer, examination of the gastric 
mucosa reveals a series of changes ranging from inflammation and hyperplasia to 
atrophy, metaplasia, dysplasia and cancer. Unlike colon cancer however, there is 
no clear evidence that one lesion leads to the next in an orderly progression, nor 
has a progressive accumulation of genetic mutations been mapped out which is 
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necessary for the progression from benign to malignant disease. The strongest 
association between mucosal alterations and progression to adenocarcinoma 
appears to be with SPEM. Examination of resected gastric carcinoma specimens 
showed a 100% correlation between adenocarcinoma and the presence of sur-
rounding SPEM lesions clearly establishing association. Direct progression from 
suspected premalignant lesions to malignancy however, has still has not been 
conclusively shown. Delineating the point in the progression where elimination 
of infection/inflammation leads to regression of disease, and identifying points in 
the progression where the genetic changes dictate progressive disease will allow 
a more effective approach to gastric cancer prevention and treatment.
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Abbreviations

ACFs aberrant crypt foci
APC adenomatous polyposis coli
CIN chromosomal instability
CIMP CpG island methylator phenotype
MMR DNA mismatch repair
FAP familial adenomatous polyposis
GCSPs goblet-cell serrated polyps
HP hyperplastic polyposis
IBD inflammatory bowel disease
MSI microsatellite instability
MVSPs  microvesicular serrated polyps
SAs serrated adenomas
SSAs sessile serrated adenomas

Introduction

Colorectal tumorigenesis is one of the best known processes of cellular transformation 
in humans. Its characterization has moved ahead by leaps and bounds during the 
last three decades thanks to major advances in the fields of endoscopy, histology 
and molecular pathology. And as often happens when a human disease is subjected 
to in-depth investigation, what originally appeared to be a single entity turns out to 
include several distinct clinical, histologic, and molecular phenotypes. Among other 
things, tumor phenotypes can tell us a great deal about the route taken by the tumor 
cells on their journey toward malignancy. Not surprisingly, some tumors develop 
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along pathways that are “heavily   trafficked” (and for this reason, relatively well 
known); others follow the “roads less traveled.” But if obstacles arise along the way, 
tumor cells are adept at exploiting alternative routes that permit them to continue 
their journey toward cancer, and these deviations can give rise to mixed phenotypes. 
These phenotypes are nonetheless consistent with the concept of carcinogenesis as 
a nonrandom – and therefore, predictable – process. Each pathway, each crossroads 
is the result of a specific set of genetic or epigenetic alterations. Many are already 
well defined, others are only partially characterized, and some are still in the realm 
of hypothesis. Thus far, we have fairly reliable maps of at least two of the major 
pathways to colorectal cancer, but with increasingly sophisticated molecular analysis 
of preinvasive lesions, there is little doubt that we will eventually identify variants of 
these pathways and uncover others whose existence was not even suspected.

In this chapter, we have attempted to provide an overview of the enormous amount of 
work and progress that has characterized this field over the past 30 years or so – a challenging 
task that has involved a number of difficult choices. Some aspects undeniably deserved 
much more attention than they have received, and important references have regrettably 
been omitted. We have kept our focus on the basic pathogenesis of preinvasive lesions 
of the colorectum; as for their clinical management, there are several excellent articles 
that can and should be consulted [1–10].

On the Way to Cancer

Preinvasive lesions of the human colorectum are small areas of tissue that alter the surface 
contour of the gut mucosa. They are conventionally referred to as “polyps,” which indi-
cates growth protruding into the intestinal lumen, and this is indeed a fair description of 
most premalignant colorectal lesions. But we now know that there are also others, which 
are only slightly raised above the mucosal surface, or flat, or even depressed. Standard 
colonoscopy is performed to identify and resect these benign lesions in the belief that 
some of them will progress to cancer. Figure 18.1 illustrates the conventional pathway by 
which this progression is thought to occur. The first step is the development of early mor-
phologic changes in discrete clusters of epithelial crypts. The benign polypoid lesion in 
panel C is believed to represent an intermediate stage between these aberrant crypt foci 
(ACFs) and invasive adenocarcinoma. The transformation process summarized in the 
figure has never been directly documented – when a preinvasive neoplasm is found at 

Fig. 18.1 (continued) and longer with initial signs of branching and infolding of the epithelium. 
The epithelial lining presents low-grade dysplasia (mild mucin depletion, hyperchromatic nuclei, 
initial signs of nuclear enlargement, occasional areas of stratification). In the lower left corner, the 
crypt lumens are enlarged – a frequent finding at the borders of ACFs. (c) The adenomatous poly-
poid lesion shows a prevalent tubular growth pattern with some villous projections. The degree of 
dysplasia varies from low-grade (left half of the lesion) to high-grade (right half, superficial). 
In the lower left corner is present a portion of normal mucosa of the stalk. (d) (adenocarcinoma): 
irregular branching of glands showing atypical epithelium. They are surrounded by stroma 
composed of dense fibrous tissue comprising spindle cells in a collagenuos and inflammatory 
background (desmoplastic reaction). (Magnification: Normal mucosa, 10×; ACF, 10×; Adenoma, 
2×; Adenocarcinoma, 10×)
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Fig. 18.1 A simplified 4-stage model of the transformation of normal colorectal mucosa into 
adenocarcinoma. The figure shows the histologic features of the four stages of the adenoma-
carcinoma pathway to colorectal cancer: (a) normal mucosa; (b) aberrant crypt focus (ACF); 
(c) tubulo-villous adenoma with epithelial dysplasia; and (d) invasive adenocarcinoma. The dys-
plastic ACF shown in panel B came from the colon of a patient with colon cancer (H&E staining, 
25× magnification). The photomicrogram shows approximately 12 of the 50 or so aberrant crypts 
included in the ACF, which is slightly raised above (»500 mm) the surface of the gut mucosa. 
Compared with the surrounding normal crypts (right, upper corner), the aberrant crypts are larger 
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endoscopy, it has to be removed, so its natural history can never be monitored – but it is 
consistent with the findings of innumerable endoscopic and histologic studies performed 
over the last three decades.

In mucosal biopsies stained with methylene blue, ACFs appear darker than the 
normal mucosa surrounding them [11]. In situ, these minute lesions are invisible 
during standard colonoscopy, but they are easily identified when magnifying endo-
scopes are used with dyes (e.g., indigo carmine or methylene blue) that enhance 
mucosal detail, a process known as high-magnification-chromoscopic-colonoscopy 
or, more simply, magnifying chromoendoscopy [12]. The aberrant crypts are usu-
ally larger than normal and have thicker epithelial linings and dilated or slit-like 
openings that are raised slightly above the adjacent mucosa.

ACFs are classified histologically as dysplastic and nondysplastic. Apart from 
their size, nondysplastic crypts are not remarkably abnormal, and their proliferative 
compartments are confined to the lower portion of the glands, as they should be. 
However, they often display signs of hyperplasia and infolding of the epithelium into 
the crypt lumen, a phenomenon referred to as serration, which is discussed in greater 
detail below. Dysplastic crypts, in contrast, present signs of cellular atypia (mucin 
depletion, nuclear enlargement, stratification, and loss of polarity) and upward 
expansion of the proliferative compartment toward the mouth of the crypts.

Around 60% of all healthy adults have a few ACFs in their colons, but these lesions 
are rarely dysplastic. ACFs are encountered much more frequently in colons harboring 
adenomatous polyps or adenocarcinomas (80–100% of all cases), and 20–50% of these 
show signs of dysplasia [13]. Dysplastic ACFs are also frequently detected in the colons 
of patients with familial adenomatous polyposis (FAP) [14], a high-penetrance genetic 
condition that causes a clear predisposition to colorectal cancer. And in ulcerative colitis 
(a chronic inflammatory disease that also increases the risk for colorectal cancer), the 
number of ACFs increases when the colon also presents signs of epithelial dysplasia or 
cancer [15]. The view of ACFs as probable precursors of preinvasive colorectal neo-
plasms is supported by findings of identical molecular changes in both types of lesions. 
Indeed, although they are more common features of premalignant neoplasms, mutations 
involving the KRAS or BRAF oncogene or the adenomatous polyposis coli (APC) tumor-
suppressor gene, nuclear accumulation of b-catenin, aberrant DNA methylation, and 
low-level genomic instability have also been reported in some ACFs.

It is widely acknowledged that, while a few ACFs will progress to the preinva-
sive and, later, invasive stages (adenocarcinomas), others will not, and some might 
actually regress spontaneously [16]. These lesions are so small and so numerous 
that it is virtually impossible to eliminate them by endoscopic resection (which is 
no problem with larger preinvasive lesions), but they do seem to respond to chemo-
prevention [13]. The weight that should be assigned to ACFs – their presence, 
number, and type – in planning surveillance colonoscopy is currently unclear, but 
the increasing use of magnifying chromoendoscopy is expected to provide impor-
tant information on this question.

Preinvasive neoplasms – the next stage – are also a frequent finding. They are 
identified in roughly one third of all asymptomatic adults undergoing standard 
colonoscopy, but, like ACFs, some may regress on their own, and only a fraction will 
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be transformed into cancers. The progression process generally involves increases in 
size and in the degree of cellular atypia. Lesions over 1 cm in diameter with high-grade 
dysplasia (referred to as advanced adenomas) are the ones farthest along on the road 
toward malignancy. (The term adenoma is used hereafter to refer to neoplasms – 
regardless of their macroscopic appearance – that display epithelial dysplasia.)

Several lines of evidence indicate that some of these preinvasive lesions will 
indeed give rise to colorectal cancers. For one thing, the frequency of these benign 
neoplasms and that of colorectal cancers both increase with age, but the age/preva-
lence curve for the former is shifted to the left by ~10 years. The regional distribu-
tion of cancers within the colon also parallels that of large adenomas. In addition, 
the expected incidence of colorectal cancer is substantially reduced by colonoscopy 
with polypectomy (even though 10–20% of all premalignant lesions, mainly those 
with diameters <5 mm, are likely to be missed on standard endoscopy) [17]. And 
finally, there is the impressive frequency at which invasive adenocarcinomas are 
detected within an advanced adenoma, especially those displaying villous growth 
patterns and particularly severe dysplasia. About half of all adenocarcinomas are 
elevated above the surrounding mucosa, and in the other half growth occurs at or 
below the surface of the normal tissue, so it seems that both polypoid and nonpoly-
poid benign lesions give rise to cancer.

Breaking Convention: The Contributions of Modern 
Endoscopy and Histology

For decades, all preinvasive colorectal lesions were referred to as polyps. Pre-neoplastic 
growth that did not protrude into the gut lumen was first detected in the eighties by 
Japanese endoscopists [18]. Once these nonprojecting lesions were recognized, 
they were reported with increasing frequency in other countries as well, where they 
represented 10–40% of all the preinvasive neoplasms encountered during screening 
colonoscopy [19].

Since then, attempts have been made to reclassify preinvasive lesions of the 
digestive tract. These efforts have been more or less successful, but older terms are 
still encountered, and they can be a source of considerable confusion. When pos-
sible, we will give preference in this chapter to the newer, more precise terminol-
ogy, which refers to all protruding lesions as polypoid and sub-classifies them as 
pedunculated (attached with a pedicle or stalk) or sessile (attached by a broad 
base). At the other end of the spectrum are the nonpolypoid lesions. They are still 
widely referred to as “flat” although most are actually slightly elevated (<2.5 mm 
above the surface of the gut mucosa); those that are completely flat or slightly 
depressed are rare, but even when they are small, they are generally farther along 
on the road to cancer (Fig. 18.2) [20]. O’Brien et al. highlighted the impact of the 
new terminology in their recent reassessment of 1,505 superficial neoplasms clas-
sified as polyps in the United States’ National Polyp Study. Around 30% – specifi-
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Fig. 18.2 Polypoid and nonpolypoid preinvasive lesions of the colorectum. (a, b), Types of 
tumor growth associated with the development of colorectal neoplasia (Paris classification, 
ref. [20]). Polypoid (a) lesions can be pedunculated (Type Ip) or sessile (Type Is); most 
nonpolypoid (b) lesions are slightly elevated (Type IIa), but some are completely flat (Type IIb) 
or depressed (Type IIc). Mixed growth patterns can also be found. The endoscopic appearances 
of polypoid (pedunculated) and nonpolypoid (slightly elevated) lesions are shown in panel 
(c) and (d), respectively. Histological examination shows conventional adenomatous features 
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cally, two-thirds of those originally considered sessile polyps – met the new criteria 
for nonpolypoid neoplasms [21].

These lesions had all been detected in the 1980s with standard colonoscopy. In a 
more recent study based on high-magnification chromoendoscopy, 38% of the ade-
nomatous lesions were nonpolypoid [22]. This approach also allows accurate in vivo 
classification of lesions based on surface morphology. The shape of the colon crypt 
lumen in particular (the so-called pit pattern) has proved to be a very reliable predic-
tor of a lesion’s histologic features [23]. These newer techniques are becoming 
increasingly popular, and their use will undoubtedly improve the accuracy of endo-
scopic diagnoses. Nevertheless, high-quality standard colonoscopy – that is, com-
plete examination of a clean colon, all the way to the cecum, with slow, careful 
withdrawal and re-examination of potential blind spots – is still widely regarded as 
a reliable tool for detecting preinvasive lesions and preventing colorectal cancer.

The more accurate endoscopic classification of preinvasive colorectal lesions led 
to some important observations. While true polypoid lesions were more frequently 
detected in the left colon (from the splenic flexure to rectum), nonpolypoid neo-
plasms were more common in the right colon (from the cecum to the splenic flexure). 
Even more important was the discovery that, while most of the latter lesions had 
classic adenomatous features, others presented a peculiar histologic pattern charac-
terized by infolding of the glandular epithelium. As noted earlier, this phenomenon 
is referred to as serration, because it produces a saw-toothed (or serrated) pattern 
in longitudinally sectioned crypts [24] (Fig. 18.2e, f). On cross-section, the serrated 
crypt has a star-shaped appearance, and this feature can also be discerned in vivo 
by careful examination of crypt mouths with magnification chromoendoscopy.

Serrated crypt architecture proved to be typical of lesions that were then (and 
sometimes still are) being referred to as hyperplastic polyps. They had long been 
considered innocuous with a negligible risk for progression to cancer, mainly 
because, in spite of their architectural abnormality, they showed no clear signs of 
epithelial dysplasia. The term hyperplastic polyp is gradually being abandoned in 
favor of nondysplastic serrated polyp (although in both cases, the term “polyp” is 
a misnomer since many of these lesions are nonpolypoid). It is also becoming 
increasingly clear that this category includes morphologically and molecularly 
distinct subsets with different propensities for malignant transformation.

Three major histologic subtypes have been identified thus far (see [25] for 
details). Goblet-cell serrated polyps (GCSPs) have the fewest architectural anoma-
lies, and it is generally agreed that they are unlikely to progress to cancer. These 
lesions are found primarily in the left colon, and most are small rectal lesions. They 
contain enlarged, nonbranching crypts displaying little or no epithelial infolding. 
Their main abnormality consists in an increased goblet cell/columnar cell ratio that 

 Fig. 18.2 (continued) (tubular proliferation withlow-grade epithelial dysplasia) in a pedunculated 
polyp (e; magnification, 10×) and the serrated pattern (irregular shape of the crypts with 
serration of glandular lumens) in a nonpolypoid lesion (f; magnification, 10×). (See text for 
description of the histotypes.) Either of these histological patterns can be found in polypoid and 
nonpolypoid lesions
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affects the entire length of the gland. Microvesicular serrated polyps (MVSPs) are 
more common than GCSPs. They are found throughout the colon, although their 
frequency is also highest in the left colon and rectum. The crypts are elongated and 
funnel-shaped, but the proliferative compartment is normally confined to the bottom 
of the gland. The upper crypts contain numerous microvacuolated columnar cells. 
The upper two-third of the crypt (and less commonly the crypt base as well) typi-
cally presents epithelial serration. The third subset comprises lesions that are still 
widely referred to as sessile serrated adenomas (SSAs). The term is imprecise: 
first, because the group includes both sessile polyps and nonpolypoid lesions, and 
second, because the dysplasia that is the hallmark of an adenoma is absent in these 
lesions. SSAs are generally found in the right colon. They are characterized by 
L-shaped or inverted-T shaped crypts lined with infolded epithelium from base to 
mouth. The proliferative compartment is sometimes expanded, but as noted, there 
is no real cytologic dysplasia.

Histologic and molecular findings (detailed in the next section) suggest that 
SSAs evolve from MVSPs and that some do eventually become dysplastic. But at 
this point, they are usually referred to as serrated adenomas (SAs). The histologic 
definition of this term is still a matter of debate among pathologists so their diag-
nosis displays substantial interobserver variation. Because cellular dysplasia is an 
essential feature of SAs, some are likely to be classified as conventional adenomas. 
Mixed lesions containing serrated areas interspersed with areas displaying conven-
tional adenomatous changes can also be found [26].

In a recent study [27], 65% of the premalignant lesions resected during standard 
colonoscopy were conventional adenomas. The other 35% displayed serrated architec-
ture and were generally classified as “hyperplastic polyps.” Most of the latter were 
MVSPs or GCSPs (30%), a few were SSAs (~4%), and less than 2% were dysplastic. 
Similar figures (~60% conventional adenomas, ~40% serrated lesions) emerged from 
another study based on magnifying chromoendoscopy [28]. Nine percent of all lesions 
removed in this study were SSAs, and 2.4% were dysplastic (SAs). The coexistence 
of adenomatous and serrated lesions in the same patient is a common finding.

Therefore, alongside the conventional adenoma-carcinoma pathway illustrated in 
Fig. 18.1, there seems to be a second, less-frequented route, the serrated pathway, 
which also leads to the development of colorectal adenocarcinoma (Fig. 18.3). There 
is evidence of its existence at both ends of the transformation process. Serrated/ 
stellate crypt morphology has, in fact, been described in some nondysplastic 
(or hyperplastic) ACFs [29], and ~10% of all colorectal cancers have predominantly 
serrated histologic patterns (the serrated adenocarcinomas) [30] or contain periph-
eral remnants of serrated adenoma [31]. The mixed (serrated and conventionally 
adenomatous) histology observed in some preinvasive lesions suggests that the two 
pathways have somehow intersected or merged during tumorigenesis.

In summary, two out of three preinvasive colorectal lesions discovered at endos-
copy are classic adenomas with tubular and/or villous architecture and some degree 
of dysplasia (Figs. 18.1 and 18.2e). The third will present a serrated histological 
pattern, in rare cases combined with dysplastic changes (Fig. 18.2f). The classic 
adenomas are usually pedunculated (or less frequently, sessile) polyps, but around 
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Fig. 18.3 The best characterized pathways to colorectal adenocarcinoma. The conventional 
adenomatous pathway is the most common route to adenocarcinoma. The cancers that arise 
through this pathway can be located anywhere in the colorectum, but they are more frequent 
in the left colon and rectum. Progressively severe cellular and architectural dysplasia (shaded 
region) is the hallmark of this pathway. It can already be found in the earliest-stage lesions, 
such as ACFs. The putative stations in the “less traveled” serrated pathway are shown on the 
right. Architectural abnormalities are an early feature of this pathway, whereas cellular dys-
plasia appears late (details in the text). Among the lesions that develop through this pathway, 
those most likely to develop into cancer are located in the right colon
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one-third are nonpolypoid [22, 27, 28] (Fig. 18.2a–d). Among serrated lesions, 
polypoid and nonpolypoid growth patterns are more or less equally represented. 
Small serrated polyps (<5 mm in diameter) with microvesicular or goblet-cell fea-
tures are likely to be encountered in the left colon and rectum. Larger MVSPs 
(which are usually sessile polyps or nonpolypoid lesions) and SSAs are more fre-
quently found in the right colon. As for the dysplastic serrated lesions (SA), over 
two-thirds are polypoid, and most are located in the left colon [32]. However, there 
is compelling molecular evidence (see next section) that their less common, right-
colon counterparts are far more important: these proximal SAs seem to be the ones 
that evolve along the serrated pathway, presumably giving rise to ~20% of adeno-
carcinomas found in the colorectum.

Advances in the fields of endoscopy and pathology have provided us with a 
more accurate classification of preinvasive lesions that better reflects their relevance 
in colorectal tumorigenesis. In the next section, we will review the results of studies 
aimed at defining the molecular features of these lesions.

Convention-Breaking Findings from Molecular Biology

The availability of tissue samples of preinvasive lesions removed during endoscopy or 
surgery fuelled attempts to identify the crucial molecular events that allow these lesions 
to form and progress toward cancer. In general, increases in lesion size – from tiny 
ACFs to advanced adenomas over 1 cm in diameter – are paralleled by increasingly 
bizarre architectural and cytologic atypia, and the larger lesions (polypoid or nonpoly-
poid) are the ones most likely to become malignant. Analyzing lesions of different sizes 
thus reveals distinct stages or steps in the transformation process. And when molecular 
changes are discovered in malignant tumors (adenocarcinomas), we can backtrack 
along the various steps of the pathway to find out when (and perhaps why) the alteration 
appeared. Some abnormalities can even be traced back to the normal mucosa, where 
they reflect a genetically- and/or environmentally-determined field defect.

Interestingly, molecular alterations considered highly relevant to the transforma-
tion process in the colon are often found in some but not all premalignant lesions, 
and when they are present, their prevalence frequently correlates poorly with the size 
or severity of lesions. Some well known examples are oncogene mutations (KRAS 
and BRAF) and more extensive genetic or epigenetic alterations, such as microsatel-
lite instability or the methylator phenotype (see below). The fact that some of these 
changes appear to be mutually exclusive suggests that pre-cancerous cells can be 
transformed into invasive cancer cells by different sequences of mutations.

Nevertheless, there does seem to be a common denominator in the onset and 
progression of most, if not all, pre-cancerous lesions of the colorectum: aberrant 
activation of the Wnt signaling cascade. Canonical Wnt signaling is a crucial driver 
of epithelial-cell division within the lower third of the intestinal crypt, which rep-
resents one of the simplest self-renewing biological entities in mammals [33]. 
In this proliferative compartment of the gland, secreted Wnt proteins interact with 
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serpentine receptors of the frizzled family and low-density lipid receptors 5 or 6 
expressed by the dividing epithelial cells. Signal transduction activated by this 
binding inhibits the formation of a cytoplasmic complex whose core components 
include APC (a multidomain protein encoded by the adenomatous polyposis coli 
gene), glycogen synthase kinase-3b, the scaffolding protein axin, and casein kinase 1. 
This so-called destruction complex catalyzes the phosphorylation of b-catenin, 
thereby targeting it for ubiquitin-mediated degradation. In its absence, b-catenin 
accumulates in the cytoplasm and eventually translocates into nucleus, where it 
encounters DNA-binding proteins of the T-cell factor (TCF)/lymphoid enhancer 
factor (LEF) family. b-catenin binding converts the TCF and LEF1 proteins from 
transcription repressors to transcription activators. Among their targets are genes 
whose products play fundamental roles in maintaining stem- and cycling-cell popu-
lations at the bases of colon crypts (other transcription factors like CMYC, the cell 
cycle kinase activator cyclin D, and matrix metalloproteinase 7, to name a few). 
Cells in the upper two-thirds of the crypt are not stimulated by Wnt signaling pro-
teins, so the b-catenin in these cells is recruited to the destruction complex and 
promptly degraded. This leaves the upper-crypt cells free to differentiate as they 
migrate upward toward the intestinal lumen.

Constitutive Wnt signaling leads to an expansion of the proliferative compart-
ment of the crypt, destroying the equilibrium between proliferation and differentia-
tion, and this loss generally coincides with the development of precancerous 
lesions. In virtually all colorectal tumors (preinvasive and invasive), this inappropri-
ate signaling reflects abnormal stabilization of b-catenin, and in 60–80%, the cause 
is homozygous mutation of the well-known tumor suppressor gene APC [34–37] 
(Fig. 18.4), which presumably occurs in the progenitor stem cells at the crypt base 
[38, 39]. APC mutation is therefore a frequent event in the initial stages of colon 
tumorigenesis, but it is not the only cause of the altered stability and distribution of 
b-catenin that characterize colorectal tumors. Wnt signaling can also be constitu-
tively activated by somatic changes affecting other crucial pathway components. 
They can be genetic (e.g., mutations involving the gene that encodes b-catenin, 
which generally result in substitution of serine or threonine residues whose phos-
phorylation allows the protein to be degraded by the destruction complex [40–42]) 
or epigenetic (transcriptional silencing of the SFRP1 gene [43], which encodes a 
receptor that normally inhibits Wnt signaling).

APC and b-catenin mutations are mutually exclusive in colorectal neoplasms, 
but other genetic and epigenetic changes in Wnt-pathway components are often 
found together in the same tumor. Many human tumors develop and evolve as a 
result of the deregulation of multiple signaling pathways, and this is undoubtedly 
true of colorectal tumors as well, but colorectal tumorigenesis also seems to be 
characterized by the selection of repeated alterations (or “hits”) involving the Wnt 
pathway. These observations suggest that Wnt signalling dysregulation itself may 
be modulated during transformation to meet the specific needs of the tumor at vari-
ous points in its journey.

Changes of this type can naturally have an impact on the tumor phenotype. For 
example, biallelic mutation of tumor suppressor genes is generally envisioned as 
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Fig. 18.4 Molecular pathways and crossroads in colorectal transformation. The conventional ade-
nomatous pathway and the serrated pathway are currently the best characterized stepwise models of 
colorectal carcinogenesis. In both, dysregulation of Wnt signaling (b-catenin stabilization and nuclear 
translocation) is an early event. It can be caused by different (epi)mutations. (In the conventional 
adenomatous pathway, the most frequent cause is APC mutation). Other early events have also been 
documented, including mutations affecting components of the MAPK/ERK cascades (i.e., KRAS or 
BRAF mutations, which are mutually exclusive) and chromosomal changes, like CIN (lower-level 
compared to that seen in advanced adenocarcinomas) or CIMP. And there are undoubtedly others that 
have yet to be discovered. They account for roughly half of all adenocarcinomas, i.e., those with no 
evidence of the early alterations listed above (far right column – light blue segment). Mutations 
involving “survival signaling” cascades (e.g., MAPK/ERK) alter the normal homeostatic equilibrium 
between proliferation, checkpoint repair of DNA damage, and apoptosis, allowing preinvasive lesions 
to survive for years. Additional mutations are necessary to allow the tumor to move on into the 
advanced stage, where malignancy is imminent. The nature of these “brake-releasing” events differs, 
depending on which pathway the tumor is moving along. Crossroad warning sign: Examples from the 
literature [26, 55–58, 64] of “molecular deviation” from the original pathway, a phenomenon that can 
occur at almost any stage of carcinogenesis. Accelerators: Colon cancer predisposition syndromes – 
each represents high-speed transformation along one of the pathways shown in this figure: the ade-
nomatous pathway in Lynch syndrome and familial adenomatous polyposis; the serrated pathway in 
hyperplastic polyposis. The information reported in this figure is based on rates of detection of a dozen 
or so genetic and epigenetic alterations in preinvasive colorectal lesions and their persistence in 
advanced adenocarcinomas. The relative frequency of a given alteration or combination of alterations 
can vary considerably from study to study owing to differences in inclusion criteria (i.e., types of 
lesion studied), in the number and type of molecular changes investigated, and in the method(s)  
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causing loss of protein function, but in the case of APC, the mutant gene products 
are usually stable, truncated proteins that may well retain some ability to interact 
with b-catenin, for example [44]. The mutant alleles (i.e., the first and second hits) 
seem to be co-selected to achieve a level of aberrant Wnt signaling that is “optimal” 
for tumor cell proliferation and DNA replication. During tumor progression, how-
ever, one of the two APC alleles may develop a second mutation – a “third hit” that 
readjusts the level or characteristics of the dysregulated signaling to meet the 
tumor’s current needs [45].

The quality of the dysregulated signaling also changes when one pathway com-
ponent instead of another is altered. For instance, compared with tumors bearing 
b-catenin mutations, those with abnormal APC function are thought to be more 
prone to DNA ploidy changes, because APC is also involved in mitotic spindle 
formation and chromosome segregation, processes that are essential for the main-
tenance of chromosomal stability [46]. Low-level chromosomal instability has in 
fact been detected in adenomatous polyps (mainly gains of chromosome 7 and 20, 
as well as deletions in multiple regions) and in dysplastic ACFs of patients with 
APC mutations [47, 48], although no genomic imbalances were found when a small 
series of adenomas with biallelic APC mutations were recently subjected to com-
parative genomic hybridization analysis [49].

The RAS/RAF/MEK/ERK (or MAPK/ERK) cascade is another signaling path-
way that is frequently dysregulated in colorectal carcinogenesis, and it, too, trans-
forms extracellular signals into transcriptional regulation. The MAPK/ERK cascade 
is a classical “survival” pathway, in that it promotes cell proliferation and prevents 
apoptosis. Two of its gene components, KRAS and BRAF, are known oncogenes that 
often present gain-of-function mutations in preinvasive colorectal lesions. The 
hyperactive mutant kinases they encode (KRASG12D and BRAFV600E, for example) 
maintain a state of chronically activated “survival signaling” in premalignant cells.

The level of this aberrant MAPK/ERK activity has yet to be well defined, but the 
balance between cellular proliferation and apoptosis undoubtedly differs from that 
observed in the normal mucosa. Loss of this normal homeostatic equilibrium seems 
to be associated with a substantial increase in DNA replication stress. Unlike the 
proliferating cells of normal colorectal crypts, premalignant epithelial cells with 
oncogene-activated survival signaling display classic examples of cellular responses 
to DNA damage, including phosphorylation of checkpoint kinase CHK2 and the 
histone protein H2AX, or signs of telomere attrition [50, 51]. These events halt the 
cells at a specific stage of the cell cycle so that the DNA damage can be repaired. 
This checkpoint repair system is probably one of several mechanisms that put a 
brake on the progression of tumorigenesis and allow lesions to remain in the prein-
vasive stage for years (Fig. 18.4).

BRAF and KRAS oncogene mutations are early mutually exclusive events that 
can already be detected in ACFs [29]. The former is more frequent in serrated 
ACFs, and the latter is more common in ACFs that lack serration. Interestingly 

Fig. 18.4 (continued) employed to detect these changes. Abbreviations: CIN (chromosomal 
instability); CIMP (CpG island methylator phenotype); MIN: microsatellite instability
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enough, this difference is maintained as transformation progresses. In fact, BRAF 
mutations are found in over two-thirds of all MVSPs, SSAs, and dysplastic SAs, 
and they are also present in ~15% of all adenocarcinomas, mainly those right-colon 
cancers that develop along the serrated pathway. KRAS mutations are detected in 
30–40% of conventional adenomas and in approximately one-third of all adenocar-
cinomas [31, 52] (Fig. 18.4).

Therefore, although KRAS is located immediately upstream to BRAF in the 
MAPK/ERK signaling pathway and each intermediate is frequently mutated in 
preinvasive colorectal lesions, the phenotypic consequences of these mutations are 
quite different. (We saw the same thing above, when we looked at mutations of 
APC and b-catenin in the Wnt pathway.) The distinctive effects of mutations 
involving two components of a given pathway, even those that are adjacent to one 
another in the signaling cascade, are not surprising, because each component is 
transduced differently downstream and each interacts in its own way with factors 
of other signaling pathways (e.g., cross-talk between components of the MAPK/
ERK and PTEN/PI3K/AKT/mTOR pathways [53]).

While activating mutation of KRAS or BRAF seems to be an early event in the 
process of colorectal transformation, 50–60% of all colorectal adenocarcinomas 
show no sign of either mutation (Fig. 18.4). If, as it seems, oncogene activation of 
survival signaling allows preinvasive lesions to avoid cell death for many years, it 
seems reasonable to expect that benign lesions without KRAS or BRAF mutation 
would have mutations/alterations involving other oncogenes. To date, however, 
none have been identified.

The end of this more or less lengthy preinvasive stage and the onset of true 
malignancy is believed to be caused by the addition of one or more new genetic or 
epigenetic alterations. The “brake-releasing” events are nonrandom, but they may 
differ, depending on the nature of the preinvasive neoplasm. Some lesions are set in 
motion by mutation of the tumor-suppressor gene TP53, which is often altered in 
advanced colorectal tumors; in others, the crucial event affects another survival 
signaling pathway (e.g., mutation of PIK3CA or PTEN in the PTEN/PI3K/AKT/
mTOR pathway [54]) or another Wnt signaling protein; and in others, the brake-
releasing hit targets a gene needed for genomic stability (the DNA mismatch repair 
gene, MLH1, for example). The type of event(s) necessary to provoke the transition 
to invasiveness seems to be dictated at least in part by the original genetic features 
of the premalignant lesion. (Somatic MLH1 silencing, for instance, seems to be the 
most common trigger for progression of BRAF-mutated serrated lesions.)

Analysis of a dozen or more different genetic and epigenetic alterations in a 
substantial number of colorectal neoplasms has revealed at least two clearly dis-
cernable paths toward the invasive stage (Fig. 18.4). Each includes a number of 
molecular crossroads, however, and the tumor-in-motion can thus be deviated 
toward a different pathway by biological obstacles encountered during progression 
(most of which have yet to be characterized). Route changes of this type can result 
in mixed phenotypes [55–58].

The serrated pathway shown in Fig. 18.4 generates colorectal neoplasms that are 
phenotypically distinct from those that develop through the conventional, APC-driven, 
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adenoma-carcinoma sequence. BRAF-mutated, serrated lesions give rise to sporadic 
MLH1-deficient cancers of the right colon, which are more frequent in women and occur 
later than other sporadic colorectal cancers (peak prevalence between the ages of 70 and 
80 years). A frequent feature of these neoplasms is the CpG island methylator phenotype 
(CIMP), which is characterized by nonrandom transcriptional silencing of several can-
cer-relevant gene promoters, like those of p16 and MLH1 [31, 59–66]. Relatively rare in 
conventional adenomas, the CIMP is found in 70–80% of all dysplastic serrated lesions 
of the right colon, and it is closely associated with BRAF mutations. The basis of this 
association is unknown, and it is also unclear why CIMP-positive tumors prefer the right 
colon of women. The latter aspect presumably highlights roles played by hormonal and 
environmental factors (including cigarette smoking [67] and hypoxia [68, 69]).

High-throughput sequencing technology and system biology studies (based on 
genomics, transcriptomics, and proteomics, and other more specific – omics) will 
certainly improve mutation detection, providing us with a more precise picture of 
the colorectal oncogenetic tree [70, 71] than the one represented in Fig. 18.4. These 
advances will bring us several steps closer to the goal of type-specific treatment for 
colorectal cancers. The different phenotypes might also have specific mechanisms 
for developing resistance to treatment regimens, so detailed knowledge of a given 
phenotype might also facilitate the early detection and prompt treatment of tumors 
that are no longer responding to treatment.

Fast-Track Transformation Models: Inherited Syndromes 
and Inflammatory Bowel Disease

The adenomatous and serrated pathways of colorectal transformation can be 
discerned within three inherited syndromes that are major risk factors for the devel-
opment of colon cancer. Because the susceptibility to cancer is inherited, tumori-
genesis generally begins earlier and proceeds more rapidly than it does in sporadic 
disease, and mutation carriers frequently develop adenocarcinomas between the 
third and fifth decades of life.

Familial adenomatous polyposis – Less than 1% of all colorectal cancers are 
related to familial adenomatous polyposis (FAP), but this syndrome provides us 
with an invaluable “fast-forward” view of mutant APC-driven transformation 
through the adenomatous pathway. Individuals with FAP are born with a heterozy-
gous germ-line mutation in APC, and by adolescence or early adulthood, their 
colons are filled with hundreds or thousands of classical adenomatous polyps. They 
also develop extracolonic disease, such as congenital hypertrophy of the retinal 
pigment epithelium, desmoid tumors of the abdomen, upper gastrointestinal ade-
nomas and carcinomas, and, less frequently, osteomas, dental abnormalities, lipo-
mas, and epidermoid cysts. Malignant tumors of the brain, thyroid, and hepatobiliary 
tract have also been associated with FAP.
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FAP is transmitted in an autosomal dominant fashion, although ~30% of all 
patients represent new cases in the family (i.e., de novo mutations). There is also a 
milder variant, attenuated FAP, characterized by later disease onset and a smaller 
number of colorectal polyps (conventionally, fewer than 100) [72]. But since 
approximately 5% of all adenomas eventually become cancers, the probability of 
colorectal cancer by the age of 40–50 years is 100% even in these patients. FAP 
adenomas do not seem to be more prone to transformation than their sporadic coun-
terparts. The accelerated tumorigenesis associated with this syndrome appears to be 
related primarily to the prodigious numbers of polyps that form and the early age 
at which they appear.

APC encodes a 2843-amino-acid protein with several functional domains, 
including several that bind with b-catenin and others that interacts with axin. As 
mentioned in the previous section, nonsense germ-line APC mutations usually gen-
erate partially functional N-terminal APC fragments lacking one or more of these 
domains. Variability in the domain make-up of these truncated proteins is reflected 
by different degrees of Wnt signaling dysregulation, which produce different 
effects on cell–cell adhesion, cell migration, cell division, and chromosomal stabil-
ity [73]. This is the basis for the genotype–phenotype association model of FAP 
(reviewed in [74]), which holds that the severity of the disease – in terms of number 
and onset of colorectal adenomas and extracolonic manifestations – depends on the 
location of the germ-line mutation within the APC gene.

The model has some obvious shortcomings. For one thing, past analyses have been 
largely restricted to the mutation cluster region of APC, and this may have provided a 
skewed picture of the mutational spectrum in this gene. Furthermore, the transformation 
process within single lesions can also be influenced by the characteristics of second and 
(in some cases) third hits involving APC at the somatic level (as discussed in the previous 
section). Numerous studies have revealed inconsistencies and contradictions in the geno-
type-phenotype association model, the most striking of which is the fact that, in 30–50% 
of patients with FAP or attenuated FAP phenotypes, current testing methods reveal no 
APC mutations at all! In some of these cases, bi-allelic germ-line mutations involving the 
base excision repair gene MYH have been detected. They represent a recessively inherited 
variant of FAP (or attenuated FAP), in which the development of adenomatous polyposis 
is believed to be triggered by somatic APC mutations resulting from defective processing 
of oxidative DNA damage by the base excision repair system [75–77].

Lynch syndrome – This is the most common colorectal cancer predisposition 
syndrome of known etiology and the cause of ~3% of all adenocarcinomas of the 
colon. Like FAP, Lynch syndrome is a model of accelerated transformation along 
the conventional adenomatous pathway, but the driving force here is completely 
different. Lynch syndrome patients generally harbor a heterozygous germ-line 
mutation involving one of four genes that are essential for DNA mismatch repair 
(MMR): MSH2, MSH6, MLH1, and PMS2. As a result, base/base mismatches and 
strand misalignments generated during DNA replication by polymerase d or e go 
unrepaired, and the rate of mutations rises markedly (reviewed in [78]). This defect 
results in what is known as a mutator phenotype characterized by the accumulation 
of large numbers of mutations in the genome.
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MMR is normally initiated when a mispair or misalignment is bound by the 
mismatch recognition complex, MSH2/MSH6. The heterodimer then undergoes an 
ATP-driven conformational change, which allows it to interact with another MMR 
protein heterodimer, MLH1/PMS2. This interaction activates the endonucleolytic 
function of PMS2, which nicks the newly synthesized DNA strand on the 3¢ and 5¢ 
sides of the mismatch. Exonuclease 1 then degrades the mispair-containing segment, 
beginning at the 5¢ nick, and the resulting gap is then filled in with the correct 
sequence by replicating DNA polymerase d or e.

Genes whose germ-line mutations cause inherited forms of cancer are often 
found to be somatically altered in certain sporadic tumors, and the MMR genes are 
no exception [79]. This is especially true of MLH1. Loss of MLH1 expression is 
found in approximately 10% of all colorectal carcinomas, and the vast majority are 
unrelated to Lynch syndrome. Sporadic, MLH1-defective tumors are in fact the 
most common MMR-defective colorectal cancers. These are the cancers discussed 
in the previous section, the ones that are almost always found in the right colon. 
They arise through the serrated pathway and are often characterized by BRAF 
mutations and CIMP-positivity, which leads to somatic silencing of MLH1 via 
bi-allelic methylation of its promoter.

In contrast, the inherited MMR-defective colorectal cancers associated with 
Lynch syndrome develop along the conventional adenomatous pathway. The first 
hit – heterozygous germ-line mutation of one of the MMR genes – predisposes the 
carrier to MMR deficiency, but the system remains proficient until some somatic 
event leads to the mutation or loss of the wild-type allele of this gene. So, the dis-
ease is inherited as an autosomal dominant predisposition, but it is recessive at the 
somatic level. Consequently, the affected MMR protein is fully expressed in normal 
tissue, where heterozygosity has been maintained, but absent in tumor cells, where 
the wild-type allele has been lost.

When does this second hit occur in the epithelial cells of the colon? 
Heterozygosity is generally believed to be lost fairly early in the pre-cancerous 
adenomatous polyp stage [80]. Failure of the MMR system gives rise to a mutator 
phenotype and microsatellite instability, which should markedly accelerate the 
adenoma’s transformation, and Lynch syndrome adenomas do indeed progress to 
adenocarcinoma more rapidly (within 2–5 years) and at a higher frequency than their 
sporadic counterparts. As noted above, adenoma formation itself seems to be trig-
gered by dysregulation of Wnt signaling, which is a very early event in colorectal 
tumorigenesis (Fig. 18.4). In fact, although the temporal relationships between the 
various events are still fairly obscure, aberrant Wnt signaling almost certainly 
precedes the loss of the wild type MMR allele. The adenomatous polyps associated 
with Lynch syndrome are by no means as numerous as those seen in FAP. In most 
cases, the patient presents with a single adenoma, and there are rarely more than 
five or six. It seems then that these early dysplastic lesions somehow favor the loss 
of MMR in heterozygous cells.

In summary, the MMR-defective colorectal cancers associated with the Lynch 
syndrome arise from isolated adenomatous lesions, which undergo “fast-track” 
transformation driven by high-rate mutation that often targets tumor suppressor 
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genes [81, 82]. This mechanism probably predominates over chromosomal instability 
(another frequent driver of carcinogenesis), since MMR-deficient tumors have few 
chromosomal gains and losses and are often near-diploid (Fig. 18.4). Later on, their 
aggressiveness and invasiveness are fortunately curbed by a strong antitumor 
immune response. The molecular components of this response are now under 
 investigation [70], but the trigger seems to consist in the presentation of novel anti-
gens produced by highly mutable, MMR-defective tumor cells.

Hyperplastic polyposis – The paradigm of “fast-track transformation” along the 
serrated pathway is the syndrome known as hyperplastic polyposis (HP), a rare (and 
underdiagnosed) condition that is often associated with BRAFV600E and the CIMP. 
HP is diagnosed when there are [83]:(a) at least five histologically diagnosed hyper-
plastic polyps proximal to the sigmoid colon, including two with diameters exceed-
ing 10 mm; (b) any number of hyperplastic polyps proximal to the sigmoid colon 
plus first-degree kinship with a patient known to have HP; or (c) over 30 hyperplas-
tic polyps distributed throughout the colon. HP presents with a variety of preinva-
sive lesions, which include not only hyperplastic polyps but also larger SSAs and 
even classical adenomas. The syndrome is now known to confer an increased risk 
for malignant transformation, although the reported magnitude of this risk varies to 
some extent from study to study [84–86]. HP-related colorectal cancers show a 
predilection for the proximal colon, and their onset occurs roughly 10 years earlier 
than that of sporadic colorectal cancers and about two decades later than those 
related to the Lynch syndrome.

Fewer than 150 cases of HP have been reported to date, and the picture that is 
emerging is that of a heterogeneous entity. Some authors have suggested [87] that there 
are actually two different phenotypes. They advocate reserving the term “hyperplastic 
polyposis” for cases characterized by multiple, small, pancolonic hyperplastic polyps 
and using “serrated adenomatous polyposis” when there are smaller numbers of rela-
tively large, proximal, hyperplastic polyps with features of SSA. Familial aggregation 
has been documented in relatively few cases. When present, it seems to reflect domi-
nant transmission of an unidentified genetic predisposition to CIMP, which frequently 
leads to somatic methylation of the MLH1 promoter [88, 89]. Compared with patients 
harboring sporadic serrated lesions, those with HP have a significantly higher fre-
quency of methylated alleles in the normal colon mucosa [90, 91], and this finding is 
also consistent with the possibility of genetically determined CIMP.

Inflammatory bowel disease – Third on the list of conditions conferring high risk 
for colorectal cancer – after the Lynch syndrome and FAP – is inflammatory bowel 
disease (IBD). Ulcerative colitis and Crohn’s disease are chronic disorders with an 
onset peak between the second and fourth decades of life. They are caused by the 
combined effects of genetic, immune, and environmental factors – most of which 
are still poorly characterized. Strong evidence supports the view that both involve 
a dysregulated immune response to commensal bacteria in genetically susceptible 
individuals [92, 93]. The risk for IBD has been linked to variations in numerous 
genes [94].

Both ulcerative colitis and Crohn’s disease confer an increased risk for colorec-
tal cancer, but this risk varies with disease duration, the extent of colonic involve-
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ment, age at diagnosis, the severity of inflammation, family history of colon cancer, 
and the presence or absence of primary sclerosing cholangitis. The cumulative risk 
in patients with ulcerative colitis was recently estimated to be 8% at 20 years and 
18% at 30 years; similar figures have been reported for Crohn’s disease [95, 96]. 
Most of what we know about colitis-associated carcinogenesis comes from studies 
of ulcerative colitis, so the rest of this section will focus mainly on this IBD.

The mechanism that links chronic inflammation to carcinogenesis has never 
been precisely defined. However, persistent inflammation is believed to trigger and 
sustain oxidative stress that increases proliferation and eventually leads to dysplasia 
[97]. Two important features of colitis-associated dysplasia are macroscopic 
heterogeneity and multifocality [98]. Elevated lesions (sometimes referred to as 
DALM [dysplasia-associated lesion or mass]) range from circumscribed, peduncu-
lated or sessile polyps that resemble noncolitic adenomas to nonadenoma-like 
lesions that are irregular, broad-based, or poorly circumscribed. These latter lesions 
often contain ulcerated or hemorrhagic foci, and the flat mucosa surrounding them 
is also frequently dysplastic. They have often been referred to as “invisible dysplasia,” 
because they are usually undetectable with standard colonoscopy. The only way to 
demonstrate their existence was to collect large numbers of biopsies from randomly 
selected sites throughout the colon, and this approach is still used today. However, 
thanks to the introduction of magnifying chromoendoscopy, these flat lesions can 
be identified and biopsied, and this advance has greatly facilitated the demonstration 
of IBD-related dysplasia [99].

The finding of flat or elevated areas of high-grade dysplasia in a patient with 
ulcerative colitis is an indication for proctocolectomy because these lesions are 
likely to be multifocal, and their presence is associated with a high risk (~50%) for 
concurrent or imminent colorectal cancer [100]. Prophylactic surgery for low-grade 
dysplasia is more controversial [101], in part because there is no real consensus on 
the criteria for a pathologic diagnosis of this type. Endoscopic detection of prein-
vasive lesions and histologic assessment of dysplasia are problematic in settings of 
chronic inflammation, but thus far colorectal carcinogenesis in ulcerative colitis 
also seems to involve the development of dysplastic ACFs followed by low-grade 
and then high-grade dysplastic lesions that are eventually transformed into cancers. 
The identification of molecular markers of these stages will undoubtedly improve 
the quality of the clinical choices during the follow up of these patients.

Numerous studies have analyzed the molecular profiles of colitis-associated 
preinvasive lesions and the nonlesional inflamed mucosa. The typical approach 
involves the search for molecular abnormalities found in noncolitic carcinogenesis – 
the chromosomal and microsatellite instability, epigenetic alterations, and onco-
gene and tumor-suppressor-gene mutations mentioned in the previous sections. As 
expected, most have also been detectable in colitis-associated mucosal lesions, but 
in many cases it is still unclear how their frequency and timing differ from those 
observed in the absence of chronic inflammation.

The discrepancies that have arisen were to be expected for several reasons. The 
availability of tissue samples of colitis-associated lesions is limited, and the linear 
correlation between lesion size and disease severity observed in noncolitic tumori-
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Fig. 18.5 Chromosomal instability in preinvasive and invasive colorectal lesions from patients 
with and without ulcerative colitis. Histograms show the frequency of genomic imbalances in 
selected colorectal tissue samples (gains appear in green above the baseline; losses appear below 
in red). In ulcerative colitis (upper panel), chromosomal aberrations leading to clonal imbalances 
can already be observed in nondysplastic tissues. Examples are the recurring deletions involving 
the long arms of chromosomes 5 and 18, which increase in frequency as malignancy progresses. 
Interestingly, both aberrations are earlier and more frequent events in tumorigenesis associated 
with ulcerative colitis than in sporadic adenomatous tumorigenesis (two lower panels) or FAP-
related tumorigenesis, where 5q deletions are rarely detected (data not shown). During progression, 
colitis-associated lesions accumulate most of the other genomic imbalances observed in sporadic 
tumors, namely gains of chromosomes 7, 8q, 13q, 20 and X, as well as deletions of chromosomes 
4 and 8p. The data was extracted from the Progenetix database (www.progenetix.net; [109])

http://www.progenetix.net
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genesis tends to break down in IBD, where small lesions are often advanced and 
molecular changes can also be found in the inflamed, nonneoplastic mucosa. 
The molecular analyses were also marred by selection biases related to the difficul-
ties mentioned above in the endoscopic detection and histologic classification of 
colitis-associated lesions, as well as other methodologic flaws that had hampered 
the molecular investigation of noncolitic lesions (analysis restricted to the most 
 frequently mutated regions of genes, the use of different – sometimes incomplete – 
marker panels for the detection of specific phenotypes, suboptimal diagnostic reli-
ability of most of the methods used).

Nevertheless, certain differences with respect to noncolitic carcinogenesis have 
emerged from these studies. KRAS and APC mutations, for example, are rare in IBD-
related carcinogenesis, whereas TP53 mutations are frequently encountered in the early 
stages and are sometimes found even in nondysplastic mucosa [15, 102–104]. DNA 
methylation [105] and microsatellite instability [106] seem to play less important roles, 
but chromosomal instability is very common and appears to be an early event that prob-
ably stems from TP53 mutations and inflammation-triggered DNA damage [107]. 
Genome-wide screening with comparative genomic hybridization has revealed several 
recurrent genomic imbalances. Losses of chromosome 5q and 18q, for example, were 
found in nondysplastic colitis tissue [108] (Fig. 18.5), but their frequency was higher in 
dysplastic colitis tissue and higher still in colitis-associated colorectal cancer. Progression 
was also associated with the accumulation of other genomic imbalances typical of col-
orectal cancer such as −4, +7, +8q, +13q, +20q and +X. Changes detected in premalignant 
colitis tissue were encountered more often in colitis-associated colorectal cancers than in 
their sporadic counterparts (for example: −5q: 53% vs. 10%; −18q: 76% vs. 49%; 
Fig. 18.5) (data through www.progenetix.net; [109]). The presence of specific genomic 
changes in colon tissues from patients with ulcerative colitis is evidence of preinvasive 
clonal expansion, and it might someday serve as an additional marker for disease monitor-
ing in these patients.

In conclusion, magnifying chromoendoscopy and the analysis of TP53 muta-
tions and chromosomal abnormalities in endoscopic biopsies are important tools 
that can substantially improve early diagnosis of colorectal cancer in patients with 
ulcerative colitis. The challenge is to implement these adjunctive diagnostic modal-
ities in the surveillance of all patients with long-standing ulcerative in a way that 
optimizes the cost-benefit ratio.
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Abstract Pancreatic ductal adenocarcinoma (a.k.a. PDAC) is a disease of 
near-uniform lethality. Multiple lines of evidence suggest that PDAC does not 
arise de novo. Several distinct subtypes of non-invasive precursors of PDAC have 
been identified in the past two decades, including the microscopic Pancreatic 
intraepith elial neoplasia (PanIN), which is by far the most common precursor 
lesion, f ollowed by the macroscopic (cystic) precursor lesions, comprised of 
Intraductal Papillary Mucinous Neoplasm (IPMN) and Mucinous Cystic Neoplasm 
(MCN). In this review, we discuss the diagnostic features for each of these PDAC 
precursor subtypes, and present the salient molecular alterations underlying their 
path ogenesis and progression to invasive neoplasia. Finally, the translational impli-
cations of identifying PDAC precursor lesions are discussed, particularly in the 
context of early detection of PDAC in at-risk populations.

Introduction

Pancreatic ductal adenocarcinoma (a.k.a. PDAC) is a cancer of near uniform lethal-
ity. The American Cancer Society estimates that in 2009, the incidence of PDAC 
will be 42,470 in the United States, whereas the cancer-related mortality will be 
35,240, reinforcing the dire prognosis of this disease [1]. The high mortality of 
PDAC stems primarily from the fact that nearly 80% of patients present with either 
distant metastatic or locally advanced disease that is not amenable to surgical resec-
tion [2]. Current chemo-radiation therapeutic strategies are largely ineffective in 
ameliorating the natural history observed in most patients following diagnosis. 
Therefore, it is paramount that PDAC is identified at an early, and hence potentially 
curable, stage of the disease.
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As elegantly outlined throughout this textbook, most epithelial cancers arise 
through a multistep progression, initiating as non-invasive precursor lesions that 
undergo increasing degrees of epithelial atypia within the confines of the b asement 
membrane, eventually culminating in invasive neoplasia. Several lines of evidence, 
including meticulous morphological studies and molecular analyses, have established 
that PDAC follows this general trend of multistep progression. Understanding the 
biology and natural history of precursor lesions of epithelial cancer is not simply a 
matter of academic interest, but rather forms the underlying basis for designing ratio-
nal early detection and chemoprevention strategies. This has been exemplified time 
and again in the context of numerous epithelial malignancies like colorectal, cervical 
and breast cancers [3–6]. In this chapter, we will discuss the three common subtypes 
of PDAC precursor lesions, beginning with Pancreatic Intraepithelial Neoplasia or 
PanINs followed by the two macroscopic (cystic) precursor lesions, Intraductal 
Papillary Mucinous Neoplasm (IPMN) and Mucinous Cystic Neoplasm (MCN).  
A comparison of their most characteristic features is shown in Table 19.1.

Pancreatic Intraepithelial Neoplasia

Clinical Features and Morphology of PanINs

Ductal epithelial changes consistent with PanIN lesions were first described over a 
century ago in the European literature [7]. However, their recognition as bona fide 
precursors to invasive PDAC, including their detailed molecular characterization 

Table 19.1 Clinical features of PDAC precursor lesions

PanIN IPMN MCN

Predominant age
Prevalence increases 

with age 60–70 yeears 40–50 years

Gender ratio 
(female: male)

1:1 2:3 20:1

Predominant 
intrapancreatic 
localization

Head > body/tail Head Body/tail

Multifocal growth Often In 20–30% Rare
Communication of the 

cysts with larger 
pancreatic ducts

N/A Arises in major or branch 
ducts

Rare

Stroma Collagen-rich Collagen-rich Ovarian-type
Cyst fluid quality N/A Mucoid Mucoid
Muzin oozing from 

papilla
No Yes No

Characteristic ERCP 
finding

Normal Dilated pancreatic duct 
and filling defects

Displaced or 
compressed 
pancreatic duct
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and a consensus nomenclature, has only become established over the past two 
decades. PanINs represent the most frequently observed epithelial precursor lesion 
in the pancreas, with an increasing prevalence with age, such that autopsy studies 
have documented that more than 50% of the population older than 65 years harbor 
these lesions [8, 9]. Of note, these “incidental” PanIN lesions are almost always 
low-grade, and it is unusual to find higher-grade lesions in the absence of a neoplasm 
in the pancreas. For example, Cubilla and Fitzgerald analyzed 227 pancreata of 
patients with PDAC, as well as 100 pancreata of patients without cancer [8]. 
Lesions corresponding to intermediate grade PanINs were observed three times 
more often in association with, than in the absence of, a carcinoma, while the high-
est grade “carcinoma-in situ” lesions (corresponding to PanIN-3, see below) were 
found exclusively in pancreata with concomitant PDAC. PanINs are more fre-
quently located in the pancreatic head than the tail, which mirrors the distribution 
of PDAC. PanINs are also found with a higher propensity in the setting of chronic 
pancreatitis, which might explain the epidemiological association between long 
standing pancreatitis and an increased risk of subsequent malignancy. Thus, Andea 
et al. examined 234 pancreata, and found PanIN lesions in 60% of the pancreata 
with chronic pancreatitis (4% of which were PanIN-3), and in 82% of the pancreata 
with invasive cancers (40% corresponding to PanIN-3). In contrast, only 16% of 
normal pancreata harbored PanIN lesions [10].

Morphologically, PanINs are microscopic lesions found in the smaller pancreatic 
ducts with a diameter less than 0.5 cm [11, 12]. They are divided into three grades 
with respect to their grade of cytologic atypia and architecture (Fig. 19.1). PanIN-1A 
lesions have a flat epithelium consisting of columnar mucin producing cells with 
basally located uniform nuclei; PanIN-1B lesions are similar to PanIN-1A lesions, 
except for a more papillary growth pattern. PanIN-2 lesions demonstrate somewhat 
greater architectural complexity than PanIN-1 lesions, as well as nuclear abnormali-
ties, including loss of nuclear polarity, hyperchromasia (i.e., darker nuclei), pleomor-
phism (i.e., differences in nuclear sizes), and “pseudostratification” (i.e. piling up of 
nuclei, as opposed to an organized basal orientation). PanIN-3 lesions (“carcinoma-
in situ”) show marked architectural and cytological atypia, such as “cribriforming” 
(the formation of so-called “Roman bridges” between tufts), severe loss of nuclear 
polarity, hyperchromasia, and presence of mitotic figures, including occasional 
abnormal mitotic figures. PanINs need to be distinguished from IPMNs, which are 
typically larger lesions visible on radiology and by gross examination as cystic struc-
tures in the pancreas [12]. As described subsequently, IPMNs harbor more pro minent 
papillary structures and a distinct immunohistochemical and molecular profile com-
pared to PanIN lesions. Nevertheless, occasional lesions fall into an “intermediate” 
category, leading to an emerging concept that some PanIN lesions might undergo 
transition over time into IPMNs.

One newly described feature associated with PanINs has emerged as an example of 
how meticulous morphological observations can be translated into clinical care. Thus, 
Brune et al. and Detlefsen et al. have described a characteristic “lobulo-centric atrophy” 
in the pancreatic parenchyma surrounding PanINs, including low-grade lesions 
(Fig. 19.2) [13, 14]. Lobulocentric atrophy represents an area of localized pancreatitis, 
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Fig. 19.2 An example of lobulo-centric atrophy in the pancreatic parenchyma adjacent to a PanIN 
lesion. Multifocal PanINs and associated lobulo-centric atrophy can be present in pancreata of 
individuals belonging to high-risk familial PDAC kindred, and is visualized on endoscopic ultra-
sound (EUS) as a diffuse chronic pancreatitis-like pattern. Photomicrograph courtesy of Professor 
Ralph Hruban, Sol Goldman Pancreatic Cancer Research Center, Johns Hopkins University 
School of Medicine, Baltimore, Maryland

Fig. 19.1 Histological grades of PanIN lesions, including PanIN-1A (panel a), PanIN-1B (panel b), 
PanIN-2 (panel c), and PanIN-3 (panel d)
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likely because the intraductal PanIN lesion hampers the flow of secretions, resulting in 
the secondary release of acinar enzymes into the surrounding parenchyma. In patients 
with multifocal PanIN lesions (for example, as is observed in patients with a family 
history of PDAC, see below), the associated multifocal lobulocentric atrophy can be 
visualized by imaging as a distinctive pattern, providing a relatively non-invasive basis 
for monitoring early pancreatic neoplasia [15].

Molecular Alterations in PanINs

A large compendium of studies in the past decade has cataloged the molecular 
alterations in PanIN lesions and demonstrated that histological progression is mir-
rored by progressive accumulation of genetic changes [16–23]. A “PanINgram” 
model of genetic progression delineates changes that are observed more frequently 
in early, intermediate and later grades of PanIN lesions (Fig. 19.3); nevertheless, it 
is important to stress that the alterations may not necessarily occur in a linear 
sequence in all instances during the progression to cancer.

Multiple oncogenes have been identified that contribute to pancreatic carcinogen-
esis, but none are probably as near-ubiquitous in PDAC as activating point mutations 
in the KRAS2 gene [24, 25]. The RAS family of proto-oncogenes encodes for small 
GTP-binding proteins. Mutations of KRAS2 causes activation of downstream effector 
cascades, including mitogen-activated protein kinase (MAPK), PI-3-Kinase/AKT, 

Fig. 19.3 A “PanIN-gram” model of genetic alterations occurring during the multistep progression 
to invasive PDAC. Molecular abnormalities observed in PanIN progression can be broadly classified 
as “early”, “intermediate” and “late”, the last usually appearing at the stage of PanIN-3 lesions and 
beyond. Reproduced with permission from [16]
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and the RalGDS pathways, which promote cancer development [26, 27]. Mutations of 
KRAS2 in PDAC and PanINs are almost always restricted to codons 12 or 13. The 
frequency of KRAS2 mutations increases from low to high grade PanIN lesions 
(for example, 36, 44 and 87% in PanIN-1A, PanIN-1B and PanIN 2/3 lesions, respectively, 
in one study) [28]. The importance of KRAS2 to PanIN formation is underscored by 
recently developed mouse models of PDAC, where expression of a mutant KrasG12D 
allele from its endogenous promoter leads to formation of murine PanIN (mPanIN) 
lesions with near uniform penetrance in mice (see below) [29, 30].

Tumor suppressor genes (TSGs) encode for proteins that inhibit cell growth and 
proliferation [31]. As the recent sequencing of the PDAC genome has demonstrated, 
loss of function of three TSGs – CDKN2A/p16 (on chromosome 9p21), TP53 
(on chromosome 17p13), and DPC4/SMAD4 (on chromosome 18q21) are observed 
in the majority of invasive adenocarcinomas [24]. Not surprisingly, alterations at 
these TSG loci are also observed in PanIN lesions. For example, an immunohis-
tochemical analysis for p16 protein expression during PanIN progression by Wilentz 
and co lleagues revealed that 30% of PanIN-1A lesions, 55% of PanIN-1B and 
PanIN-2 lesions, and 71% of PanIN-3 lesions display loss of p16 expression [32]. 
At the genetic level, inactivation of CDKN2A/p16 in PDAC occurs through multiple 
mechanisms, including homozygous deletion (40%), intragenic mutations with loss 
of the second allele (40%) and epigenetic silencing (15%) [33, 34]. Accordingly, 
aberrant methylation of the CDKN2A/p16 promoter has been reported in 12% of 
PanIN-1A lesions, 4.5% of PanIN-2 lesions, and in 21.4% of PanIN-3 lesions [21]. 
Similarly, loss of heterozygosity (LOH) at the chromosome 9p21 CDKN2A/p16 
locus has been reported in PanIN lesions [17]. The p16 protein causes cell-cycle 
arrest through binding to the cyclin dependent kinases, CDK4 and CDK6. As a 
result, loss of protein function leads to reduced phosphorylation of the retinoblas-
toma protein Rb-1, facilitating G1 to S transition of the cell cycle [35]. Notably, 
inherited mutations in the CDKN2A/p16 gene are responsible for the familial atypical 
multiple mole melanoma syndrome (FAMM), wherein individuals carrying the 
mutation harbor an increased risk of developing melanoma and PDACs [36, 37].

Comparable to other solid cancers, inactivation of TP53 is also relatively fre-
quent in PDAC (approximately 50–75%) [38, 39]. This genetic alteration is mostly 
mediated through intragenic mutations and loss of the second allele. The p53 
pr otein has multifaceted roles in tumor suppression, including regulation of the 
G1/S cell-cycle checkpoint, maintaining G2/M arrest, and inducing apoptosis in the 
face of DNA damage [40]. Owing to the fact that mutated p53 protein is resistant 
to ubiquitin-mediated degradation and accumulates in the nucleus, immunohis-
tochemical assessment for nuclear p53 expression has proven to be a relatively 
reliable surrogate for genetic status [41]. Nuclear accumulation of p53 is seen 
p rimarily in PanIN-3 lesions, and therefore, TP53 inactivation appears to be a late 
event during pancreatic carcinogenesis [16].

DPC4/SMAD4 on chromosome 18q21 is another TSG that is inactivated in 
approximately 55% of PDACs [42]. This inactivation is mediated by homozygous 
deletion in 30% of cancers, and by intragenic mutation combined with loss of the 
second allele in 25% of patients [43]. The protein encoded by DPC4/SMAD4 
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tr ansduces growth inhibitory signals that are caused by the binding of transforming 
growth factor b (TGF-b) ligand to its surface receptors [44]. Thus, inactivation of 
Smad4 function results in escape from TGF-b mediated growth inhibition. Similar 
to TP53, inactivation of DPC4/SMAD4 occurs relatively late in the multistep 
pr ogression of PanINs to PDAC [16, 45].

In addition to oncogenes and TSGs, a third category of genes implicated in 
tu morigenesis are the so-called “caretaker” genes, which are responsible for main-
tenance of genomic stability [31]. Of particular interest in the context of PDAC is 
the breast and ovarian cancer susceptibility gene (BRCA2) on chromosome 13q, a 
member of the Fanconi anemia gene family. The product of BRCA2 contributes to 
DNA repair by a mechanism known as homologous recombination repair, where it 
partners with other member proteins of the Fanconi anemia family in a multi-protein 
complex at sites of DNA damage [46]. Germline mutations of BRCA2 are detected 
in 5–10% of familial PDAC and are particularly common in PDAC patients of 
Ashkenazi Jewish heritage [47]; recent studies have identified germline mutations 
of the BRCA2 binding and localizing partner PALB2 in a minor fraction of familial 
PDAC cases [48]. Loss of BRCA2 (assessed by LOH on chromosome 13q) is 
observed mainly in PanIN-3 lesions, suggesting that this is a relatively late alteration 
in progression [49].

Chromosomal instability (CIN), characterized by structural and numerical chro-
mosomal aberrations, is a hallmark of PDAC [50, 51]. It is postulated that structural 
integrity of chromosomes is maintained by protective caps of hexameric DNA 
repeats, known as telomeres, which prevent chromosomal ends from sticking 
together during mitosis [52]. Telomere length is maintained by the enzyme telom-
erase, for the discovery of which Elizabeth Blackburn and Carol Greider received 
the 2009 Nobel prize in Medicine [53]; telomerase is typically silent in most somatic 
cells but is reactivated in cancers. Loss of telomere function (as assessed by 
decreased telomere length using a fluorescence in situ hybridization technique, 
TEL-FISH) is observed in greater of 90% of PanIN lesions, including PanIN-1, 
rendering it as one of the earliest demonstrable somatic molecular alterations in 
PDAC pathogenesis [54]. While loss of telomere integrity is, in and of itself, unlikely 
to be a tumor promoter, it likely facilitates onset of CIN within the incipient PanIN 
epithelium, and accelerates tumorigenesis through secondary loss of TSG function. 
This possibly explains why LOH events are observed even in the earliest PanIN 
lesions, and can precede the acquisition of somatic point mutations [22].

Epigenetic regulation of gene expression through differential promoter methylation 
has emerged as an important mechanism of transcriptional regulation in mammalian 
cells [55]. In fact, aberrant hypermethylation of gene promoters appears to be the most 
common mechanism through which cancer cells abrogate TSG function. Not surpris-
ingly, hypermethylation of TSG promoters is frequently observed in PDAC [34, 56, 
57] and epigenetic silencing of a subset of these genes is also found in the non-invasive 
precursor lesions [21, 58–60]. For example, Goggins and colleagues determined the 
methylation status of 8 genes frequently altered in invasive adenocarcinomas (ST14, 
CDH3, CLDN5, LHX1, NPTX2, SARP2, SPARC, and Reprimo) in a series of 65 PanIN 
lesions, and found at least one of these genes to be aberrantly methylated in 71% of 
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PanIN-1 lesions. Furthermore, PanIN-3 lesions demonstrated a significant increase in 
methylated loci compared to PanIN-1 and 2 lesions, underscoring the paradigm that 
epigenetic abnormalities, like their genetic counterparts, also mirror the histological 
progression of PanINs to adenocarcinoma [60]. The clinical implications of studying 
epigenetic alterations in PanINs stems from the potential for utilizing aberrantly 
methylated DNA as biomarkers for early pancreatic neoplasia in clinical specimens, 
like pancreatic juice or cyst fluid samples [61–63].

In addition to genetic and epigenetic abnormalities, solid cancers and their pre-
cursors also harbor a compendium of aberrantly expressed transcripts discernible 
through global expression profiling [64]. In some instances, transcript overexpres-
sion has an underlying genomic component (for example, a copy number gain or 
promoter hypomethylation) [65–68], and in other instances, it is secondary to 
abnormal activation of transcription factors that drive expression [69]. In the past 
decade, a number of global expression profiling studies have been conducted in 
PDACs, and have identified a consistent repertoire of genes that are aberrantly 
expressed in this neoplasm [24, 70–74]. Subsequent analyses of PanIN lesions have 
confirmed aberrant upregulation of the corresponding protein products during multistep 
progression [16]. It is not only critical that we catalog these transcriptomic abnor-
malities in PanIN lesions, but clearly elucidate at which point in the “PanINgram” 
model these alterations are observed, as this has direct relevance for the design of 
biomarker and chemoprevention strategies. For example, prostate stem cell antigen 
(PSCA) and mesothelin transcripts are both upregulated in the majority of PDACs, 
as confirmed by more than profiling technology [70, 75, 76]. PSCA protein is 
detected in 30% of PanIN-1 lesions, 40% of PanIN-2, and 60% of PanIN-3 lesions. 
In contrast to PSCA, mesothelin is expressed essentially in high-grade PanIN-3 
lesions and in invasive adenocarcinomas [16]. Thus, overexpression of mesothelin 
in either biopsy samples or in juice specimens possibly represents a more ominous 
lesion than PSCA alone.

A class of cell surface proteins that have both biological and diagnostic signifi-
cance for PanIN lesions are the cellular apomucins (MUC proteins) [77]. PanINs 
typically express a profile comprised of MUC1, MUC4, and MUC5AC, whereas 
MUC2 is usually not expressed [78]. The expression of apomucins also demon-
strates a stepwise progression, suggesting an association with increased potential for 
invasive neoplasia. Thus, MUC4 expression was detected in 17% of PanIN-1 lesions, 
36% of PanIN-2 lesions, 85% of PanIN-3 lesions, and 89% of PDACs, respectively 
[79]. From a diagnostic standpoint, the apomucin pattern of PanINs differs from 
that IPMNs (specifically the intestinal subtypes, see below), in that PanINs are 
MUC1+, MUC2-, while IPMNs are typically MUC1-, MUC2+ [80, 81]. This can 
be a useful ancillary parameter for the differential diagnosis of IPMNs vs. PanINs in 
tissue or cytology specimens. From a biological context, PDAC arising in the back-
ground of MUC1-expressing precursors tend to be inherently more aggressive than 
the PDAC that arise in the backdrop of MUC2-expressing IPMNs, suggesting a 
dichotomy in terms of pathway to invasive ne oplasia of the exocrine pancreas [82].

Finally, we will conclude the discussion on molecular pathology of PanINs with 
reference to so-called developmental or embryonic signaling pathways, principally 
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the Hedgehog (Hh) and Notch pathways. These two pathways are required for 
developmental patterning, as well as for mature tissue homeostasis [83, 84]. 
Reactivation of Hh and Notch signaling has been reported at the earliest stages of 
PDAC initiation in animal models (i.e., in murine PanINs) [29, 85–87], and aber-
rant expression of pathway components is also observed in corresponding human 
precursor lesions [88, 89]. A global profiling study of low-grade human PanINs 
found an RNA expression profile that recapitulated what is observed with ectopic 
activation of Hh signaling in pancreatic ductal cells, validating the notion that this 
pathway has a role at the earliest stages of human PDAC [90]. Recently, Bardeesy 
and colleagues have demonstrated the potential chemopreventive utility of targeting 
Notch signaling in a genetically engineered PDAC model [91]; both the frequency 
of high-grade mPanINs and of invasive carcinomas were significantly reduced in 
mice receiving an orally bioavailable Notch inhibitor. The Hh and Notch pathways 
appear to not only play a role in tumor initiation, but also in tumor maintenance. 
Thus, small molecule inhibitors of these pathways have been shown to inhibit 
p rimary tumor growth and metastases in animal models of PDAC [91–95], and this 
new class of drugs has very recently entered the clinic for evaluation in patients 
with solid cancers [96].

Intraductal Papillary Mucinous Neoplasms

Clinical Appearance and Morphology of IPMNs

IPMNs are mucin-producing epithelial lesions arising from the main pancreatic duct 
(Fig. 19.4a) or from one of its side branches [97, 98]. They are generally located in 
the pancreatic head rather than in the pancreatic body or tail. In contrast to MCNs 
(see below), IPMNs occur somewhat more commonly in men than in women. 
The observation that invasive IPMNs are more frequent in older patients, and that 
patients often suffer from abdominal symptoms for a long period of time prior to 
their final diagnosis suggests a critical diagnostic window for detecting and treating 
IPMNs before they can progress to invasive cancer [99]. This is underscored by studies 
that show that the ~90% 5-year survival of patients with non-invasive IPMNs drops 
to ~50% survival with concomitant invasion [100, 101]. Symptoms reported by 
patients presenting with IPMN are generally non-specific (e.g. abdominal d iscomfort, 
nausea and vomiting, and back pain), highlighting the difficulty for early detection 
in the absence of an antecedent risk factor like family history.

Since IPMNs are frequently larger than 1 cm in maximum diameter they account 
for grossly visible and, most importantly, radiologically detectable precursor 
lesions. Partly owing to the improvements in imaging techniques and the greater 
inclusion of the pancreas in imaging studies for symptoms outside of the epigastric 
region, a dramatic increase in the number of asymptomatic or incidental pancreatic 
cysts has been noted [102, 103]. In case the underlying pancreatic cyst is an IPMN, 
computerized tomography typically shows a cystic lesion with dilatation of the 
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main pancreatic duct or several cystic lesions as a consequence of dilated branch 
ducts. A virtually diagnostic sign during upper gastrointestinal endoscopy is mucin 
oozing from a patulous ampulla of Vater. Apart from dilated pancreatic ducts, endo-
scopic retrograde cholangiopancreaticography (ERCP) occasionally shows mural 
nodules. Serum levels of tumor markers such as carcinoembryonic antigen (CEA) 
or CA19-9 are usually not elevated in non-invasive IPMN lesions [104], but CEA 
levels in cyst fluid aspirate can be elevated in up to two thirds of patients, and can 
provide ancillary diagnostic information [105, 106].

Two major clinical subtypes of non-invasive IPMN lesions are the main duct 
type and the branch duct type IPMNs, based on the epicenter of the lesion [107]. 
A combined main and branch duct involvement may be seen in some patients [108]. 
The location of the IPMN has histopathological and clinical implications, as 
d iscussed below. Based on the degree of architectural and cytological atypia, 
IPMNs are graded into mild dysplasia (adenoma; Fig. 19.4b), moderate dysplasia 
and severe dysplasia (carcinoma in situ, Fig. 19.4c). IPMN lesions of the main duct 
type tend to exhibit a higher degree of dysplasia and are more frequently observed 
in association with an invasive carcinoma compared to IPMNs of branch duct type. 

Fig. 19.4 Gross appearance of a surgically resected Intraductal papillary mucinous neoplasm 
(IPMN) of the pancreas (panel a). Note the dilated main pancreatic duct within which the IPMN 
has arisen, and the glistening surface of the neoplasm consistent with extruded mucin. 
Photomicrographs of IPMNs demonstrating examples of low-grade dysplasia (panel b) and high-
grade dysplasia (panel c), respectively. An IPMN lesion with loss of Lkb1 expression in the neo-
plastic epithelium (panel d)
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Based on these data, a recent international consensus conference has outlined 
criteria for management of pancreatic cysts determined to be IPMNs based on radiology 
and/or preoperative biopsy diagnosis [109]. Specifically, the recommendations 
include surgical resection of all main duct IPMNs, and those branch duct lesions 
that are greater than 3 cm in diameter, or contain mural nodules, or are symptom-
atic. Most of the other branch duct lesions that do not meet these so-called “Tanaka 
criteria” for resection can be conservatively followed [110, 111]. An important 
caveat vis-à-vis IPMNs pertains to their multifocality in the pancreas; therefore 
even if the primary cyst is removed by partial pancreatectomy, the remnant pa ncreas 
remains at risk for progression of existing synchronous lesions, or the development 
of new metachronous lesions, including invasive cancer [112–114]. As a result, 
patients who retain a portion of their pancreas following an IPMN diagnosis need 
lifelong imaging and follow up.

Based on the morphology of their papillary epithelium in the resection specimen, 
IPMNs are recognized as gastric type, intestinal type, or pancreatobiliary type [115]. 
Main duct IPMNs are typically intestinal or pancreatobiliary types, while the branch 
duct IPMNs are almost always gastric type. Every IPMN epithelial type expresses a 
characteristic pattern of apomucin: thus, the intestinal type expresses MUC2, the 
pancreatobiliary type expresses MUC1, and the gastric type expresses MUC5AC but 
typically lacks MUC1 and MUC2 expression [81, 116]. Approximately one third of 
IPMNs are associated with an invasive carcinoma, which can either be so-called 
“colloid” carcinomas or garden-variety ductal adenocarcinoma. The “colloid” 
ca ncers are characterized by abundant extracellular pools of mucin, in which float-
ing neoplastic epithelium can be observed [117]. Colloid cancers generally arise in 
the backdrop of MUC2-expressing intestinal type IPMNs, while the ductal adeno-
carcinomas are associated with MUC1-expressing pancreatobiliary type lesions. The 
gastric type IPMNs are only infrequently associated with malignant progression, 
further justifying a conservative treatment approach to most branch-duct IPMNs 
where this epithelium is usually present [118]. Nonetheless, given the rather 
dr amatic differences in 5-year survival rates between non-invasive IPMNs and those 
with invasion (90% vs. 50%, respectively) [119], it is essential that the presence of 
an invasive component be excluded by meticulous histopathological assessment of 
the sample, including submission of the entire specimen, if warranted.

Molecular Alterations in IPMNs

It is becoming increasingly apparent that the spectrum of genetic alterations in 
IPMNs differs from that observed in PanINs. We have already alluded to the di stinct 
apomucin patterns in IPMNs vs. PanINs. The incidence of KRAS2 mutations is lower 
in IPMNs than in PanINs, and is typically present in cysts with higher grades of 
epithelial dysplasia [120]. Loss of DPC4/SMAD4 is rarely observed in non-invasive 
IPMNs, and is essentially seen in the invasive component [121]. IPMNs also tend to 
harbor alterations that are rarely observed in PanINs, or ductal adenocarcinomas. 
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For example, the serine threonine kinase encoding gene STK11/LKB1, which is 
mutated in the germline in patients with the Peutz-Jeghers polyposis syndrome, is 
inactivated in up to a quarter of IPMNs (Fig. 19.4d) [122, 123]. Similarly, the 
PIK3CA gene, whose product is an essential component of Akt oncogenic signaling 
pathway, is mutated in 10% of IPMNs [124]. Recent transcriptomic studies of 
IPMNs using oligonucleotide microarrays have identified a number of differentially 
expressed genes (claudin 4, CXCR4, S100A4, and mesothelin) that are selectively 
overexpressed in the invasive compared to non-invasive IPMN lesions [125]. Thus, 
the products of these transcripts might be involved in facilitating pr ogression of the 
non-invasive epithelium towards stromal invasion.

MicroRNAs (miRNAs) are 21-23 nucleotide long non-coding RNAs that are 
involved in translational regulation of coding transcripts [126]. Aberrant miRNA 
expression has emerged as a hallmark of human neoplasia, including PDAC [127–129]. 
Habbe et al. assessed relative expression levels of a panel of twelve miR-
NAs known to be upregulated in PDAC in 15 non-invasive IPMNs, with miR-21 
(mean 12.1-fold) and miR-155 (mean 11.6-fold) identified as the most promising 
ca ndidates [130]. Furthermore, upregulation of miR-155 transcripts were observed 
in 6 of 10 (60%) IPMN-associated cyst fluid specimens compared to 0 of 5 (0%) 
disease controls. Therefore, aberrant miRNA expression in clinical material like 
cyst fluid samples might serve as an ancillary diagnostic tool for IPMNs.

Mucinous Cystic Neoplasms

Clinical Appearance and Morphology of MCNs

MCNs are the least common of the three known precursor lesions of PDAC. MCNs 
are epithelial cystic neoplasms with mucinous and sometimes hemorrhagic cyst content. 
These neoplasms are significantly more common in women than in men (9:1 
ratio) and patients are usually between 40 and 50 years at primary diagnosis [131]. 
Symptoms of an underlying MCN can be vague and comprise of abdominal discom-
fort or sensations of an epigastric mass. Comparable to IPMNs, non-invasive MCNs 
are on average detected in younger patients, whereas MCNs with an associated 
in vasive carcinoma occurs approximately a decade later in life [119]. On imaging, 
MCN presents as a well circumscribed cystic lesion, which is usually multiloculated. 
In contrast to IPMNs, there is no dilatation of the main pancreatic duct, and the lesion 
does not demonstrate any obvious communication with the ductal system. The lesions 
are mostly located in the pancreatic body or tail rather than in the head. Circulating 
tumor markers such as carcinoembryonic antigen (CEA) or cancer antigen 19-9 
(CA 19-9) are not elevated in the absence of an invasive carcinoma, although these 
may be elevated in the cyst fluid aspirate [132, 133].

Histologically, the epithelial lining of MCN consists of mucin-producing colum-
nar cells with a varying degree of dysplasia [134]. Thus, MCN adenomas (mild 
dysplasia) demonstrate minimal architectural and cytological atypia. The lining 
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cells contain abundant mucin overlying basally oriented nuclei, and are strongly 
positive for MUC5AC labeling. In MCNs with moderate dysplasia, the nuclei begin 
to lose polarity and vary in morphology and size. MCN lesions with severe dyspla-
sia (carcinoma in situ) demonstrate marked architectural and cytological abnor-
malities; one curious feature that may be observed in the cyst lining is an abrupt 
transition between areas of severe and mild dysplasia. A diagnostic sine qua non of 
MCNs is the presence of an ovarian-like stroma underlying the neoplastic epithe-
lium [135]. The stroma expresses progesterone and estrogen receptors, and can 
even undergo luteinization akin to the actual ovarian stroma. Comparable to 
IPMNs, one third of MCNs are associated with an invasive adenocarcinoma, which 
are of the usual ductal type [119]. Patients who undergo resection for an MCN with 
an associated invasive cancer have a 5-year survival of 50–60%. In comparison, 
patients with a non-invasive MCN usually have an excellent outcome, with a dis-
ease-specific 5-year survival rate of almost 100% [136, 137]. In contrast to IPMNs 
(see above), MCNs are typically unifocal lesions. Therefore, documenting the pres-
ence of an invasive component is critical in the resection specimen, since non-
invasive MCNs, including those harboring severe dysplasia, are essentially cured 
following surgical resection [134, 136, 137].

Molecular Alterations in MCNs

The molecular pathology of MCNs is a work in progress due to the infrequency 
of these lesions. Activating KRAS2 mutations are observed even in lower grades 
of dysplasia, while TP53 and DPC4/SMAD4 mutations usually occur at a later 
stage, including in the invasive component [138, 139]. The expression of cellular 
apomucins MUC5AC and MUC2 are observed in non-invasive MCNs, while 
appearance of MUC1 expression is associated with acquisition of invasive prop-
erties [140]. Global expression profiling has detected a range of differentially 
expressed transcripts in either the epithelium or the ovarian-like stroma of 
MCNs [141]. Thus, potential oncogenic transcripts like S100P, PSCA, MYC, 
MET, and cathepsin E are upregulated in the neoplastic epithelial cells, while the 
steroidogenic acute regulatory protein (STAR) and estrogen receptor-1 (ESR-1) 
are expressed in the stroma. Furthermore, transcripts corresponding to Jagged-1 
and Hes1, key components of Notch signaling, are overexpressed, suggesting a 
reactivation of this “druggable” pathway in MCN.

Genetically Engineered Models of PDAC and Precursor Lesions

The pancreas was one of the first organs in which transgenesis was attempted in 
mouse models [142, 143]. Unfortunately, most of these early models developed 
carcinomas of acinar cell origin, which are rare neoplasms in humans, and did not 
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manifest the multistep progression observed in the cognate disease. The first series 
of models that recapitulated human PDAC progression were generated in 2003 by 
conditional expression of a mutant KrasG12D (or KrasG12V) “knock-in” allele from its 
endogenous promoter [29]. Expression of the mutant allele was activated by Cre-
mediated recombination during pancreas development, by driving recombinase 
within the Pdx1 expression domain. Pdx1 is a developmental transcription factor 
expressed within the entire pancreatic anlage [144]. Mice with pancreas specific 
mutant Kras expression develop the entire histological compendium of ductal 
precursor lesions, designated as murine PanINs or “mPanINs” (Fig. 19.5) [145]. 
A minor fraction of these mice (<10%) develops invasive neoplasia and metastatic 
disease. However, when additional genetic hits (such as expression of a dominant 
negative Trp53R72H allele, or conditional bi-allelic knockout of Inka4a/Arf) are 
superimposed, the mice rapidly progress to invasive adenocarcinomas with near 
uniform penetrance [30, 146, 147]. These studies have reinforced a critical require-
ment for mutant Kras expressed at endogenous (physiologic) levels in order for 
mPanIN development (“tumor initiation”), with the cooperating genetic hits serving 
to accelerate progression to invasive adenocarcinoma and metastases.

The choice of the cooperating genetic hit does appear to influence the 
mo rphology of additional precursor-like lesions that develops in these mice. For 
example, Schmid and colleagues generated mice that combined pancreas-specific 
mutant Kras expression with overexpression of the transforming growth factor a 
(TGFa), which resulted in accelerated development of metastatic adenocarcino-
mas in the backdrop of mPanINs [148]. At the same time, cystic papillary lesions 

Fig. 19.5 A murine PanIN (mPanIN) lesion occurring in a genetically engineered mouse model 
of PDAC
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resembling human IPMNs were identified in the pancreata of compound 
heterozygous mice. Similarly, Hingorani and colleagues generated mice that 
express mutant Kras with hemi-allelic deletion of Smad4 in the pancreas, result-
ing in the development of grossly visible cystic neoplasms in the body and tail 
[149]. On histopathological assessment, the murine pancreata harbored “classic” 
mPanINs as well as cystic lesions with histological characteristics comparable to 
that of human MCNs; loss of the second Smad4 allele is associated with progres-
sion invasive PDAC and metastases in these mice.

The genetically engineered models of PDAC and associated murine precursor 
lesions have proven to be a rich seedbed for preclinical translational studies with 
direct relevance to the human disease. For example, these models have been utilized 
to generate a proteomic signature of early pancreatic neoplasia using circulating 
biomarkers identified by a mass spectrometry-based approach [29, 150, 151]. The 
validation of these markers in human serum samples confirms the utility of this 
comparative proteomics approach. More recently, the genetically engineered mod-
els have been utilized to test the efficacy of chemoprevention strategies aimed at 
ameliorating the progression of mPanIN lesions to invasive cancers [91, 152, 153]; 
pharmacological agents such as the cyclooxygenase inhibitor aspirin and the angio-
tensin receptor antagonist enalapril have been shown to be efficacious in stemming 
the progression to PDAC in this model, a finding that can be translated with relative 
ease to high-risk cohorts such as familial PDAC kindred or those harboring ger-
mline mutations in PDAC-predisposing genes [154].

In addition to studies with clinical relevance, the genetically engineered models 
have provided unique biological insights into the cellular origins of mPanIN, 
and by extension, human PanINs. In the “classic” models of mPanIN and PDAC, 
recombination and expression was enabled in the Pdx1-expression domain during 
development [29, 30, 146, 147]. Since Pdx1 is expressed in the entire pancreatic 
anlage, the precise cell of origin transforming into mPanIN lesions was undeter-
mined. A series of subsequent studies have confirmed the striking plasticity of 
terminally differentiated cells in the mature pancreas, which have the ability to 
generate mPanIN lesions in the appropriate genetic context. For example, Guerra 
et al. and Habbe et al. demonstrated the ability of elastase-expressing mature acinar 
cells to generate mPanINs upon expression of mutant Kras allele in these cells 
[155, 156]; of note, the former study required the concomitant induction of chronic 
pancreatits in order to initiate mPanINs, while this phenomenon was spontaneously 
observed in the latter study. More recently Jacks and colleagues have extended this 
phenomenon even further, by expressing mutant Kras in several discrete compart-
ments of the mature pancreas using tamoxifen-inducible Cre “driver” mice [157]; 
in their study, a mature Pdx1 expressing population, likely residing within the exo-
crine compartment, demonstrated the highest efficiency of spontaneous mPanIN 
generation. Even insulin-positive endocrine cells retained the ability to generate 
mPanINs with a low efficiency (accelerated upon chronic pancreatitis induction), 
underscoring the rather remarkable ability of mature pancreatic cells of all lineages 
to potentially transdifferentiate into the mPanIN phenotype.
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Clinical Implications of Pancreatic Cancer Precursor Lesions

The identification of tangible precursor lesions for a highly aggressive, often fatal, 
neoplasm like PDAC has engendered the promise of early detection and secondary 
prevention of invasive neoplasia. At the same time, the dictum of “primum non 
nocere” mandates that physicians avoid the pitfall of over-treatment and surgical 
resection for those precursor lesions that have minimal, if any risk for progression. 
The standards for conservative vs. interventional therapies for PDAC precursor 
lesions remain a work in progress; however, it is becoming increasingly apparent 
that a multi-disciplinary team approach, including surgeons, gastroenterologists, 
radiologists, pathologists, and molecular diagnosticians, will be required for the 
appropriate risk stratification and management of these lesions [158]. Population 
screening for PDAC is confounded by the relative infrequency of the neoplasm, and 
the inaccessibility of the source organ compared to superficial sites such as the 
breast and cervix. Nonetheless, at least two “at-risk” subgroups have been id entified 
where intensive screening efforts clearly have a role. The first are individuals that 
belong to high-risk familial pancreatic cancer kindred [47, 159]. In some instances 
the underlying germline mutation predisposing to inherited disease risk is known 
[48], while other kindred are simply identified on the basis of multiple affected 
family members and the disease-predisposing mutation remains undetermined 
[159]. The significantly increased risk of prospective, often metastatic, pancreatic 
cancers in these high-risk kindred is unequivocal [160]. Many tertiary centers in the 
United States and other countries now screen asymptomatic family members for 
early pancreatic neoplasia using sophisticated imaging techniques like endoscopic 
ultrasound (EUS). For example, Canto et al. screened 78 asymptomatic individuals 
with a family history of pancreatic cancer using computerized tomography and 
EUS. PDAC precursor lesions, including high-grade IPMN and PanIN lesions and 
at least one micro-invasive carcinoma, were found in 10% of individuals [161]. 
These pancreata typically harbor multifocal PanIN lesions (simulating “polyposis” 
of the pancreas), secondarily resulting in multifocal “lobulo-centric atrophy” of the 
adjacent parenchyma, as described above; such a pattern of diffuse echogenicity 
can be discerned by EUS and provides a radiographic readout of inherited risk for 
PDAC in affected individuals [15, 162].

A second “at-risk” category pertains to individuals identified as harboring an 
asymptomatic pancreatic cyst (“pancreatic incidentaloma”). With improvements 
in imaging techniques and the widespread use of CT scans, approximately 1% of 
the general population undergoing abdominal scans are diagnosed with an inciden-
tal pancreatic cyst [163–165]; the proportion of individuals harboring such cysts 
rises even further with advancing age [103, 166]. Histological examination of 
surgically resected cysts has established that a little over half of those lesions harbor 
one of the two mucinous precursors of PDAC (IPMN or MCN, respectively) 
[165, 166]. The last decade has seen considerable inter-institutional variations in 
the management of incidental pancreatic cysts, with some centers aggressively 
resecting any lesion deemed on radiology as a potential precursor, and others 
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implementing a more conservative approach. The confusion has abated to some 
extent in recent years with the publication of the so-called “Tanaka criteria” for 
determining cyst resectability (see above) [109], and the subsequent validation of 
these criteria in independent studies [110, 111, 167, 168]. Nonetheless, these cri-
teria are not perfect, and in spite of guidelines, the management of patients with 
small cystic lesions remains problematic. This was exemplified in a study by Tada 
et al., wherein 7 of 197 patients harboring a pancreatic cystic lesion eventually 
developed invasive pancreatic cancer [169]. Notably, three of the invasive cysts 
were £1 cm in maximum diameter. This prevailing uncertainty provides an 
op portunity for developing ancillary molecular markers, including methylation 
and miRNA profiles of cyst fluid [130, 170], in order to enable better stratification 
of malignancy risk in pancreatic cysts. By far, this is one of the most intensive 
areas of research in the field of PDAC precursor lesions [119].

Finally, we will mention two clinical caveats that are particular to the entity of 
IPMNs. The first, which was discussed above, pertains to the multifocal nature of 
these precursor lesions, such that patients undergoing partial pancreas resections 
are at lifetime risk for recurrence in the remnant organ [112–114]. In a series by 
Chari et al. 5 of 60 patients relapsed after partial pancreatectomy for non-invasive 
IPMN [112]. In contrast, thirteen patients who underwent total pancreatectomy 
did not develop a recurrent lesion. The second unique characteristic for IPMNs 
is that patients may also develop extrapancreatic malignancies [171–175]. To quote 
selected examples, Kamisawa et al. described that 12 out of 79 patients with 
IPMN suffered from synchronous or metachronous gastric cancer and 7 patients 
had colorectal cancer [176]. In another study Eguchi et al. of 69 IPMN patients 3 
(4%) had a history of gastric and another ten patients (12%) had a history of 
colorectal cancer [177]. Follow-up ex amination must therefore include a systemic 
check-up in patients who received surgery for IPMNs, even in those with tumor-
free resection margins.

Conclusions

With significant advances in understanding carcinogenesis of pancreatic cancer, 
translation of our current knowledge into early detection and treatment before the 
onset of malignancy remains a major clinical challenge of the next years. Ongoing 
studies addressing early detection aim for screening methods on molecular basis 
whereas no cost effective screening method has been established so far. The 
dr amatic increase of pancreatic “incidentalomas” diagnosed through improved 
imaging represents a double-edged sword. On the one hand, even tiny morphologic 
irregularities may be detected enabling early detection. On the other hand, in many 
individuals clinically irrelevant lesions attract undeserved attention. Selection of 
patients eligible for surgery should be performed carefully because in spite of 
si gnificant advances in operative and perioperative treatment pancreatic surgery 
still harbors a risk for severe morbidity. Conclusively, there is a need for appropriate 
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prospective studies and subsequent evidence based guidelines for the management 
of pancreatic incidentaloma. Last not least, the authors emphasize that the manage-
ment of patients with pancreatic lesions should be performed by an experienced 
multidisciplinary team in centers of high patient volume.
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Introduction

Ductal carcinoma in situ (DCIS) of the breast is a proliferation of malignant epithelial 
cells within parenchymal structures of the breast, which is distinguished from invasive 
carcinoma by the absence of stromal invasion through the limiting basement membrane. 
Although the incidence of DCIS has apparently increased over the last 20 years, this is 
interpreted as a result of the enhanced detection through mammographic breast screen-
ing programmes rather than a true increase in frequency of the disease. However, despite 
the increased numbers of radiologically identified and surgically excised cases, less is 
understood about the biological and clinical aspects of DCIS than invasive breast cancer. 
Indeed, research into all aspects, including risk factors, genetics, biology, biomarkers, 
prognostic factors and the clinical management, of DCIS all lapse behind the significant 
translational knowledge gained into invasive breast cancer in the last decade.

Precursors of Invasive Breast Cancer

The presence of an epithelial proliferation within the breast parenchymal structures 
is associated with an increased risk of the subsequent development of invasive breast 
cancer. It is clear that for some intraductal epithelial proliferations, such as moderate 
or florid usual epithelial hyperplasia, this risk may only be marginally increased 
(less than 2×) over the general population level, whilst other, atypical, intraductal 
and intralobular lesions confer a more significant risk for the individual. For example, 
atypical ductal hyperplasia (ADH) confers a 4–5× increased risk [1]. This is greater 
if there is also a family history of breast carcinoma, when the relative risk can be 
approximately 10× that of the general population [1, 2].
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ADH is an uncommon lesion, although it has long been recognised that it is 
seen with increased frequency as a result of microcalcification detected in 
mammographic breast screening programmes [3]. Its relevance in the context of 
a chapter on DCIS is that the condition was modeled on small cell DCIS of 
cribriform and micropapillary architecture. Thus histological features of low 
grade DCIS, including a uniform population of cells, smooth geometric spaces 
between cells or micropapillary formations with evenly placed cells and hyper-
chromatic nuclei were used to define the ADH lesion [1]. In essence, ADH is a 
small, microfocal lesion which shows some, but not all of the features of low 
grade DCIS, or all of the features in less than two complete duct spaces (or less 
than 2 mm in size [4]). Although immunohistochemical assays for oestrogen 
receptor [5] and basal type cytokeratins (e.g. Ck5 and Ck14 [6]) show homoge-
neous staining, inferring clonality, in an ADH or low grade DCIS lesion com-
pared to heterogeneous expression in usual epithelial hyperplasia, there are no 
markers of value in distinguishing ADH from low grade DCIS. Similarly, stud-
ies showing loss of heterozygosity in low grade DCIS and ADH have, unsur-
prisingly, revealed similar genetic changes in the two processes, whilst the 
frequency of loss of heterozygosity in cases of usual hyperplasia is much lower 
[7]. More recently, DNA microarrays applied to microdissected tissue showed 
small numbers of genes (n = 61) which were differentially expressed between 
ADH and DCIS and the expression differences were reproduced in an independent 
cohort of lesions by quantitative real-time PCR [8]. Whilst such findings are 
reassuring diagnostically they are not surprising, given that the diagnosis of 
ADH is based on its morphological (and immunohistochemical) equivalence to a 
small focus of low grade DCIS and to some extent are therefore a self-fulfilling 
prophecy. What is less explicable biologically, however, is the bilateral increased 
risk of developing invasive breast cancer seen following a diagnosis of ADH [9], 
compared to the unilateral risk of progression to invasive breast carcinoma of 
DCIS, see below.

DCIS, Precursor Risk

The outcome of DCIS treated by biopsy alone, and thus inference of the fre-
quency and rate at which invasive carcinoma develops, remains debated; series 
of cases treated in this manner are generally small and are from the era when 
only large cell (high grade) comedo type of disease was recognised. The most 
widely quoted of the series (from the 1930s and 1940s) demonstrated a 50% 
rate of progression to invasive carcinoma after three years when DCIS was 
treated by biopsy alone [10]. Reviews of the natural history of lesions originally 
classified as benign and treated by biopsy alone [11, 12] often show lower fre-
quencies of recurrence and progression to invasive carcinoma with approximately 
20–30% of patients developing invasive cancer and doing so over a longer time, of 
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15–20 years. However, the invasive lesion occurs in the same area as the origi-
nal lesion, indicating a true precursor process [11, 13]. Of note, these latter 
series were predominantly of morphologically different lesions to those of the 
early studies of high grade DCIS and comprised mostly small cell (low grade) 
DCIS that was missed on initial histological examination. As described below, 
there is convincing evidence that low grade and high grade DCIS have different 
genetic and biological profiles and it is not surprising if they have somewhat 
dissimilar clinical behaviour.

Apart from the limited availability of clinical evidence of the precursor risk of 
DCIS, there is support from the routine morphological assessment of the disease 
that DCIS progresses to invasive breast cancer. Cytonuclear grade of DCIS is most 
commonly the same as that of invasive disease when present synchronously; thus, 
in tumours composed of both invasive carcinoma and DCIS, there is a significant 
correlation between the grade of the DCIS and that of the invasive portion [14, 15]. 
Indeed, no progression in grade is seen between the in situ, invasive, locally recur-
rent and metastatic phases of a breast carcinoma [16], in keeping with the concept 
that there is, non-obligate, progression. Perhaps more robust evidence regarding the 
precursor nature of DCIS comes from comparative genomic hybridization series 
which confirm that, when DCIS and invasive carcinoma are synchronously present, 
there is a high degree of genetic homology between the in situ and invasive com-
ponents [17, 18].

Presentation

The mode of clinical presentation of DCIS has changed considerably in the last 
20 years or so. Prior to mammography, DCIS usually presented as a palpable mass 
or with nipple discharge, often bloodstained. However, all forms of DCIS have a 
propensity to undergo microcalcification, either within inspissated secretion or 
within comedo-type necrosis in the remaining luminal space of the duct. This 
allows detection of the disease as fine or coarse microcalcification, respectively, 
which can be seen radiologically. Prior to the widespread use of mammographic 
breast screening programmes, DCIS constituted 5% or less of cases of breast cancer 
but in the era of mammography, its frequency is typically 15–20% [19–21]. DCIS 
may also still present as a mass in the breast, or as Paget’s disease of the nipple. 
This latter disease is clinically similar to eczema or non-specific dermatitis but is a 
manifestation of, typically high grade, DCIS when it involves subareolar ducts and 
extends, still within the confines of the duct and epidermal basement membrane, 
into the epidermis. Indeed, high grade DCIS is almost always identified in at least 
one subareolar duct in such cases, with careful scrutiny. A proportion of patients 
will also have developed associated invasive carcinoma derived from the DCIS; 
thus between 35 and 50% of patients are reported to have associated invasive 
adenocarcinoma in older series [22].



424 J.P. Brown and S.E. Pinder

Biology (see also Chap. 5)

DCIS is a unicentric process and typically involves one duct system [23]. Unlike 
some other in situ cancers this disease does not appear to arise in an extensive area 
of “field change” involving all of one, or both, breasts. Indeed, stereoscopic exami-
nation showing a multifocal distribution is very uncommon; a gap of 40 mm or 
more between foci was seen in only one of 60 mastectomy specimens in the most 
thorough examination published [24]. In particular, although 8% of DCIS has 
apparent “gaps” of more than 10 mm between histologically identifiable foci within 
a duct system, this is most common in low grade disease, whilst high grade DCIS 
tends to have a continuous growth pattern.

This understanding of the unicentricity and distribution of DCIS has significant 
implications for therapeutic management; the optimum treatment of DCIS is surgi-
cal excision with clear margins [25], although the optimal width of uninvolved 
surrounding tissue is a matter of significant controversy [26]. Local “recurrence” of 
DCIS typically occurs at the site of previous excision and it is therefore better 
interpreted as residual disease, as demonstrated by studies showing concordance of 
genetic pattern with comparative genomic hybridization (CGH) in primary and 
recurrent lesions [27]. Particularly as approximately half of the recurrences after 
wide local excision for DCIS are as invasive disease [28], it is essential to adequate 
excise and treat the primary DCIS/precursor lesion.

However, DCIS is typically impalpable and invisible to the naked eye and thus 
poses problems in surgical excision by therapeutic breast conserving surgery and 
also laboratory assessment. The site of the radiological microcalcifications are 
“marked” by the insertion of one or more wires by the radiologist, generally under 
stereotactic or ultrasound guidance, to enable the surgeon to identify the area 
requiring therapeutic excision. Subsequent specimen radiography is then used 
intraoperatively to determine whether the radiological calcification has been 
removed with a rim of surrounding normal tissue. However, not all of a DCIS lesion 
is generally visible on X-ray; 85% of comedo/solid DCIS is seen mammographi-
cally but only 50% of the area of micropapillary/cribriform disease may be evident 
[29]. Radiology tends therefore to underestimate the size of DCIS, particularly low 
grade disease, with the associated risk that the apparently “normal” tissue surround-
ing the mammographic calcifications may still bear DCIS. This discrepancy is less 
than 20 mm in 80–85% of the cases if modern mammography, including magnifica-
tion views, is used [23]. However, thorough pathological sampling of the lesion, 
including both the non-calcified areas close to the radiological abnormality and the 
margins of the surgical specimen, may result in the discovery of a greater extent of 
disease than suspected by X-ray. As a result further surgery to obtain complete 
excision of the process is more often required than for invasive breast cancer. 
Guidelines on pathology specimen handling and reporting, including methods for 
the estimation of DCIS size and margin width have been outlined in an excellent 
recent College of American Pathologists protocol document and will not be described 
in detail in this chapter [30].
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Histological Features

DCIS is a markedly heterogeneous disease in almost all aspects, including 
histological appearance. As a result, a number of systems for categorisation have 
been described; historically DCIS was classified based on the architectural 
growth pattern into comedo, cribriform, micropapillary, solid or mixed types. 
This system provides some information regarding likely extent of disease; 
micropapillary DCIS is more often multiquadrant (71%) than comedo-type dis-
ease (8%) [31]. However, lesions are frequently (62%) of mixed architecture 
[32], and the reproducibility of this classification is poor. Other systems utilising 
nuclear grade alone, which is less often variable within a case (15.7%), or nuclear 
grade in combination with the presence of comedo-type necrosis, have therefore 
proven popular.

High nuclear grade DCIS (Fig. 20.1) is composed of large atypical pleomorphic 
epithelial cells that usually show a lack of polarisation. The nuclei of the disease 
are typically more than two and a half erythrocytes in size [30]. The nuclear chro-
matin is typically coarse. Large, often multiple, nucleoli are common. Frequent 
mitoses are seen and atypical forms may be identified. Architecturally the disease 
typically forms a solid growth pattern, although cribriform and micropapillary 
architecture may occur. Central comedo-type necrosis (often, at least focally, calci-
fying, due to the release of high levels of calcium from damaged cell membranes) 
is seen within a duct distended by the malignant cells. Periductal chronic inflam-
mation and fibrosis may be present (Fig. 20.2).

At the other end of the spectrum, low nuclear grade DCIS is composed of evenly 
spaced cells with small, regular nuclei that are typically between one and a half to 

Fig. 20.1 High grade DCIS involving multiple adjacent duct spaces. The neoplastic cells are large 
and pleomorphic with mitoses, including abnormal forms, evident
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two times the size of an erythrocyte [30]. Nucleoli, if present, are indistinct and the 
chromatin pattern is fine and evenly distributed in the nucleus. The malignant cells 
are typically polarized around the classical “punched-out” cribriform spaces or the 
intraluminal bulbous projections of the micropapillary architecture. These two 
growth patterns are commonly seen admixed in a single lesion. Indeed the architec-
ture of a DCIS lesion is frequently of mixed type growth pattern, as noted above 
[32] which limits its value in classification for therapeutic purposes. A solid growth 
pattern of low grade DCIS is less frequently seen. Mitoses are infrequent and necro-
sis is uncommon. Unlike high grade DCIS, the small islands of laminated micro-
calcification present is seen in luminal secretions corresponding to the clusters of 
fine granular microcalcification present mammographically. Of interest, there is 
some suggestion that pure DCIS in males (i.e. in the absence of invasive breast 
cancer) is especially rare and is usually of low nuclear grade [33].

The nuclei in intermediate nuclear grade DCIS (Fig. 20.3) show less pleo-
morphism than in high-grade disease and lack the uniformity of the low-grade 
type. The nuclei are between 2 and 2.5 red blood cells in size [30]. Nucleoli may 
be present but usually are not large. Necrosis may be present, but is not extensive. 
There may be some cell polarization. The architectural pattern may be solid, 
cribriform, or micropapillary. Thus the diagnosis of intermediate grade DCIS is 
largely one of exclusion; the features are not those of high grade, or low grade, 
disease. Indeed this is highlighted by the document from the College of American 
Pathologists [30] which lists “intermediate” for all relevant features for the 
classification of intermediate grade DCIS. It is perhaps not surpri sing, therefore, 
that the reproducibility of intermediate grade DCIS has poor agreement in 
the UK National Health Service Breast Screening Programme External Quality 

Fig. 20.2 High grade DCIS in a single duct space, with surrounding periductal fibrosis and 
chronic inflammatory infiltrate
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Assurance Scheme (kappa value = 0.23), although the agreement for classification 
as high grade DCIS is moderate (kappa = 0.51) [34]. Overall this system of clas-
sification by assessment of cytonuclear grade has clinical relevance and shows 
reasonable reproducibility [35]. Nevertheless, the reproducibility of grade of DCIS 
does not typically reach that of invasive breast cancer, which has more strictly 
defined criteria and cut-offs for each component; further research and application 
to developing and defining the grading system of DCIS is warranted.

Other systems for typing of DCIS have been proposed and are in use. In particu-
lar forms of categorisation based on a combination of nuclear grade and the 
presence of comedo-type necrosis have some support because of the good 
reproducibility of classification [36, 37]. Such categorisation, into high-grade, 
non-high-grade with necrosis, and non-high-grade without necrosis has, as with 
nuclear grade, been shown to be associated with local recurrence and disease-free 
survival [38].

In addition to classification according to the preferred system for grading of 
DCIS, rare morphological types can be seen either in pure form, or admixed with 
more typical variants, including apocrine, signet ring, neuroendocrine and cystic 
hypersecretory DCIS. The genetic alterations associated with these forms, and any 
clinical relevance of the different histology, are poorly understood; these forms are 
at present of greatest relevance in relation to the potential for difficulties or errors 
in histological diagnosis. Thus, whilst overtly malignant apocrine epithelial prolif-
erations showing marked nuclear pleomorphism and comedo-type necrosis are easy 
to diagnose as high grade DCIS, lesions with lesser degrees of apocrine atypia can 
be difficult to categorise [39] and the clinical behaviour is even more difficult to 
predict than “classical” forms of the disease.

Fig. 20.3 Intermediate grade DCIS of solid papillary architecture (seen as fibrovascular cores 
bearing erythrocytes)
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Treatment and Prognostic Factors

Historically the treatment for DCIS was mastectomy, which conferred a 98–99% 
cure rate. Although, breast-conserving surgery is associated with a higher rate of 
local recurrence than mastectomy it is now recognized to be appropriate for many 
DCIS lesions, dependent on the lesion extent, the patient’s wishes and breast size. 
In essence the choice of surgical options is related to the likelihood of obtaining a 
good cosmetic result balanced with completely excising the lesion with surround-
ing normal tissue margin. It is now established that radiotherapy after wide local 
excision reduces the risk of local recurrence of disease by approximately half [40, 
41]. However, in addition to radiotherapy, a number of prognostic markers of DCIS 
have been identified in randomized clinical trials and in other series [40, 42–46]. 
These factors include the width of the surrounding, uninvolved, margin of tissue, 
the nuclear grade and architectural growth pattern of the DCIS and the presence of 
comedo-type necrosis. In addition, larger lesion size, young age of patient and 
symptomatic detection have been recognised to be poor prognostic factors and to 
correlate with increased likelihood of local recurrence of disease. However, 
although there is clearly importance in developing these, and more sophisticated, 
markers to predict which patients with DCIS are at high risk of recurrence after 
conservative surgery and potentially a group who could avoid adjuvant radiother-
apy, relatively little research has been undertaken into combinations of markers, or 
describing molecular or genetic signatures.

In addition to being a prognostic marker, the nuclear grade of DCIS in core 
biopsy specimens is also clinically relevant with regard to the likelihood of there 
being radiologically undetected invasion; if more than 40 flecks of calcification are 
seen on the mammogram and core biopsy demonstrates high grade DCIS, the risk 
of an invasive focus that has not been identified radiologically (as, for example, an 
associated mass lesion), approaches 50% [47]. For this reason assessing the nuclear 
grade of DCIS in pre-operative specimens may be valuable as such patients may 
benefit from a sentinel lymph nodes procedure at the time of primary breast 
surgery, rather than awaiting the discovery of invasive disease and requiring a second 
surgical procedure. However, in the vast majority of patients with localized DCIS, 
no axillary node surgery is required, or indeed recommended. Axillary nodal 
involvement is described in older symptomatic series of DCIS at frequencies of 
only around 1–2%, usually in association with extensive disease in which small foci 
of invasive carcinoma may be missed histologically, presumably due to the difficul-
ties of extensively examining very large lesions.

Biomarkers in DCIS

As described above, it is clear that different histological forms of DCIS exist and that 
these have varying clinical and radiological presentation and morphological appear-
ance which is reflected in differing likely clinical outcomes. That these different 
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morphological forms of DCIS reflect true biological variation, rather than histological 
mirage, is supported by the findings of a range of biomarkers. Thus, it has long been 
recognized that high grade DCIS is often positive for HER2 (Fig. 20.4) and p53 and 
to have an intermediate or high proliferation index (Fig. 20.5), whilst conversely it may 
be negative for oestrogen receptor, progesterone receptor and bcl-2 [48–50]. This is not 
invariably the case and high grade DCIS is often ER positive (see Fig. 20.6). Conversely, 
however, examples of low-grade DCIS are typically negative for HER2 and p53 and 
have a low proliferation rate, whilst being typically strongly positive for oestrogen 
receptor, as well as progesterone receptor and bcl-2. This is essentially similar to the 
patterns of these markers and histological grade in invasive breast carcinoma.

Fig. 20.4 HER2 positive high grade DCIS

Fig. 20.5 Ki67 expression in high grade DCIS
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Numerous series have reported on the frequency and pattern of expression of a 
range of markers in, albeit often small numbers of, cases of DCIS. However, assess-
ment of the literature regarding the clinical significance of such differences in 
marker expression is hampered by the use of different antibodies, methodologies and 
cut-offs, as is often the case with immunohistochemical series of invasive cancers 
from any organ. The nature of the cases included also makes interpretation difficult; 
some authors have examined series of pure DCIS whilst others have compared 
expression of matched DCIS with associated synchronous invasive carcinoma. In 
particular, although some studies have included only patients with pure DCIS, the 
size of the disease, the margins of excision of surrounding uninvolved tissue and the 
cytonuclear grade frequencies (i.e. other known prognostic factors) have varied 
enormously, subsequent adjuvant treatment (e.g. radiotherapy or hormone therapy or 
none) has varied within the study population, and differing lengths of follow-up 
information have been available, significantly confounding the results.

Nevertheless, such histological and cytogenetic studies as there are, largely sup-
port the concept that morphological forms of DCIS express different markers and 
suggest that there are different routes by which low grade and high grade invasive 
carcinomas evolve from this precursor lesion. Indeed, genetic studies suggest that 
low and high grade DCIS have different alterations, in keeping with the concept 
that this is a group of pre-invasive processes, rather than a single disease [51]. Thus 
most authorities support the view that it is not the case that low grade DCIS pro-
gresses to high grade DCIS and that lesion subsequently develops into invasive breast 
carcinoma. Rather, low grade DCIS generally progresses to grade 1 invasive cancer 
[52] and high grade DCIS to grade 2 and grade 3 invasive lesions. Whilst it has been 
reported that a mixture of grades and of biomarker expression may frequently be 

Fig. 20.6 High grade DCIS showing extensive (approaching 100%) nuclear positivity with 
oestrogen receptor
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seen within an individual case of DCIS [53], this is not widely recorded. Indeed 
reconciliation of this suggestion with more established data indicating genetic 
homology between DCIS and invasive carcinoma [54, 55] is problematic.

DCIS appears to bear most of the molecular and genetic changes that characterize 
invasive breast cancer [56–62]. Partly for this reason, the search has turned to exami-
nation of potential genomic differences between DCIS and invasive carcinoma 
which may provide a clue to genes involved in the invasive transition (rather than 
genes associated with the malignant phenotype). More recent studies have examined 
the gene expression patterns of cells from pure DCIS, DCIS matched with co-
existing invasive carcinoma and invasive carcinoma. As might be predicted, the cells 
from the pure DCIS have been reported to exhibit the most divergent molecular 
profile whilst those from the in situ component of lesions with co-existing invasive 
carcinoma were very similar to cells from invasive lesions [63]. However, some 
groups have identified potential genes of interest; Castro et al [63], for example, 
found 147 genes differentially expressed between pure DCIS and the in situ compo-
nent of lesions with co-existing invasion, and which, they suggested, could discrimi-
nate samples representative of the in situ component of lesions present in association 
with invasive carcinoma from 60% of pure DCIS samples. Among these genes, LOX 
and SULF-1 were potential participants. As is frequently the case with series of 
DCIS, such data is intriguing, but is based on small numbers of a heterogeneous and 
complex entity; in the series of Castro et el [63] only five cases of pure DCIS were 
assessed, three were of high grade and one of mixed intermediate and high grade 
whilst the cytonuclear grade of one was not determined.

Advances in invasive breast cancer genomics have shown that at least four major 
categories of invasive breast cancer can be identified by gene expression profiling, 
and that these are associated with different clinical outcome [64, 65]. The categori-
sation of invasive breast cancer into groups according to histological tumour type 
and grade is straightforward and routinely performed, but additional information 
can be obtained by assessment of the gene profile with carcinomas typically 
grouped into: luminal A, luminal B, HER2 and basal-like invasive breast carcino-
mas. Such molecular sub-typing is now widely accepted. The prevalence of these 
gene expression groups in DCIS is clearly more difficult to assess, in particular 
because access to frozen tissue is more difficult to obtain and fewer cells are present 
when such material is available. Researchers have therefore resorted to comparing 
immunohistochemical profiles, which are recognized to be roughly equivalent to 
the genomic types in invasive carcinoma [66] but now also in assessing DCIS. For 
example, Tamini et al found that the prevalence of the “molecular phenotypes” dif-
fered significantly between DCIS (n = 272) and invasive breast cancers (n = 2,249) 
when immunohistochemical profiles from tissue microarray sections were exam-
ined [67]. These authors found that the luminal A immunophenotype was signifi-
cantly more frequent among invasive cancers (73.4%) than among DCIS (62.5%), 
whilst the luminal B and HER2 immunophenotypes were both more frequently 
seen in DCIS (13.2 and 13.6%) compared to invasive lesions (5.2 and 5.7%). 
Interestingly, the basal-like phenotype was (non-significantly) more frequent 
among the invasive cancers (10.9%) than in DCIS (7.7%). As described above, 
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these authors confirmed that high grade DCIS was more likely to be HER2 positive, 
but also to be basal-like, than low or intermediate grade lesions. The question of why 
the frequency of the phenotype groups differs between DCIS and invasive carcinoma 
requires further investigation, but it is likely that the low grade invasive path-
way is contributed to by other precursors, such as lobular in situ neoplasia and flat 
epithelial atypia.

Such immunohistochemical profiling is far simpler and less expensive to under-
take that gene profiling, particularly in cases of DCIS, and confirms that the 
molecular immunophenotypes described in invasive breast cancer are also seen 
among cases of DCIS. As with immunohistochemical assessment of series of invasive 
breast carcinoma, the reported frequency of the types varies, according to the criteria 
and definitions of the “profile” required (as well almost certainly as the nature of 
the cases recruited). For example, although Livasy et al [68] found that 8% of cases 
were “basal-like”, defined as ER negative, HER2 negative, EGFR positive 
(Fig. 20.7) and/or cytokeratin 5/6 positive and Bryan et al [69] similarly reported 
that 8% of cases were “triple negative” (ER negative, PR negative and HER2 nega-
tive), the latter authors also noted that 32% showed expression of any basal marker 
(CK5/6, Ck14 or Ck17). Thus, although examination of panels of immunohis-
tochemical markers has a significant attraction for categorisation of groups of 
DCIS, the absence of any consensus regarding the antibodies to be examined, the 
methodology and assessment has proven disappointing to date in the classification 
of both DCIS and of invasive breast cancer.

In conclusion, DCIS is a complex and heterogeneous lesion. Translational 
research into pre-invasive breast disease is hampered by limited funding [70], but 
especially by availability of sufficient numbers and quantity of high quality tissue 
samples, particularly fresh material, from patients with adequate length of follow-up 

Fig. 20.7 EGFR expression in high grade DCIS; both membrane and cytoplasmic reactivity is 
seen in all neoplastic cells
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for meaningful comparison of outcome. As described in the Breast Cancer 
Campaign analysis of gaps in current knowledge in breast cancer research [70], 
there remains a substantial challenge to understand the causative factors underlying 
progression of DCIS to invasive breast cancer and factors related to recurrence, a 
lack of biomarkers for selection of therapies (e.g. endocrine treatment and/or radio-
therapy) and for recognition of targets to potentially subvert progression into 
invasive breast cancer.
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Abstract The major public health burden of cervical cancer and its associated 
lesions warrants the development of effective preventive measures and successful 
therapies. Cervical cancer is the second most common female cancer worldwide, 
with approximately 493,000 diagnoses and 270,000 deaths annually. The disease 
can be detected early by cervical cytology in the pre-malignant phase, in the form 
of high-grade squamous intraepithelial lesions, and treated by a variety of methods 
including loop electrosurgical excision procedure. As human papillomavirus (HPV) 
has been identified as the major causative agent of cervical dysplasia and cervical 
cancer, HPV DNA testing and genotyping are also valuable in enhancing the 
sensitivity and specificity of cervical cancer screening. Advances in the understanding 
of HPV pathogenesis have led to the concept that persistent infection with high-risk 
HPV (hrHPV) genotypes is recognized as a necessary though not sufficient step in 
causing cervical cancer. This has led to the identification of tumor-promoting markers 
that may be required in cervical carcinogenesis. Further investigation of these markers 
may potentially be useful for risk stratification in screening. The knowledge of HPV 
virology and its role in cervical carcinogenesis leads to the potential prevention and 
treatment of cervical cancer. The current status of HPV vaccines is also discussed.
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Introduction

Cervical cancer is the second most common cancer in women worldwide, with 
approximately 493,000 women diagnosed and 270,000 deaths annually [1]. The 
incidence of cervical cancer among countries is greatly influenced by the effectiveness 
of population-based screening programs. In developed countries such as the United 
States, the incidence and mortality rate of invasive cervical cancer has declined over 
the past decades as a result of the introduction of effective cytology screening 
programs [1]. The majority of cervical cancer cases (>80%) come from developing 
countries, where medical facilities are limited.

Premalignant Cervical Lesions

Cervical cancer arises from premalignant cervical lesions. The premalignant 
cervical lesions are classified according to their histopathologic features, clinical 
behavior and the current concepts regarding its pathogenesis. In 1932, carcinoma 
in situ was believed to be the precursor of invasive cervical cancer [2]. Carcinoma 
in situ is characterized by the replacement of the entire thickness of normal 
epithelium with markedly dysplastic cells, but an intact basement membrane and 
was considered to have progressed to cancer following the invasion of tumor cells 
into and beyond the basement membrane. Later on, other types of noninvasive 
cervical lesions were recognized. These lesions had epithelial abnormalities that 
were cytologically and histologically less severe than carcinoma in situ. They 
were classified as mild, moderate and severe dysplasia. In 1969, Dr. Ralph M. 
Richart hypothesized that cervical cancer developed in a linear, multi-step progres-
sion from non-invasive stages and that all types of precursor lesions represented 
a disease process [3]. On the basis of this concept, Dr. Richart introduced the 
terminology of cervical intraepithelial neoplasia (CIN) [4].

The CIN terminology divided cervical cancer precursors into three stages 
(Fig. 21.1). CIN 1 is the stage where undifferentiated, basaloid cells occupy the lower 
third of the epithelium, corresponding to mild dysplasia. CIN 2 is the stage where 
undifferentiated, basaloid cells occupy the lower third to two-thirds of the epithelium, 
corresponding to moderate dysplasia. CIN 3 describes the stage where undifferenti-
ated, basaloid cells occupy two-thirds to the entire thickness of the epithelium, 
corresponding to severe dysplasia and carcinoma in situ; CIN 3 includes both severe 
dysplasia and carcinoma in situ because pathologists cannot usually distinguish these 
two consistently [5]. It was believed that CIN lesions of all grades were precursors 
and that all, even CIN 1 lesions in very unusual situations, had the potential to progress 
to invasive cancer if untreated.

However, advances in the understanding of cervical cancer pathogenesis has 
now found that the spectrum of histopathologic changes referred to as CIN does not 
represent a single disease process at different stages but instead two distinct entities: 
(1) productive HPV infection and (2) a true neoplastic process (cancerous precursors) 
[5]. In the majority of patients, productive HPV infections are self-limiting and 
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result in CIN 1 in the form of flat or exophytic lesions (condylomata acuminata). 
The flat lesions can be caused by any of the more than 40 different HPV types that 
infect the human anogenital tract [6–9]. In contrast, for true neoplastic processes, it 
is well recognized that invasive squamous cell carcinomas and adenocarcinomas of 
the cervix and their premalignant lesions are highly associated with high-risk HPV 
(hrHPV), including HPV-16, 18, 31, 45 and 56 [6–10].

To better reflect the biologic processes underlying these precancerous cervical 
lesions, the terminology was changed to the Bethesda System for reporting results 
of cervical cytology and histology [11]. This two-tiered classification system uses 
“low-grade squamous intraepithelial lesion” (LSIL) for lesions previously named 
as CIN 1 and “high-grade squamous intraepithelial lesion” (HSIL) for lesions 
previously classified as CIN 2 and CIN 3 [11, 12]. This terminology reflects our 

Fig. 21.1 Cervical squamous intraepithelial lesions (SILs) and HPV-associated pathogenesis. 
The two distinct pathways of HPV-associated pathogenesis: productive viral infection (b) and 
cancerous precursors (c, d) are shown above as bolded arrows, accompanied by corresponding 
histopathologic lesions. (a) The normal cervical squamocolumnar junction. The layer of basal 
cells rests on the basement membrane, which is the normal barrier of epithelium and its underlying 
stromal tissue. The parabasal cells form layers of one to two cells thick just above the basal cell 
layer. Normal squamous epithelium differentiates as shown, with decreasing nuclear/cytoplasmic 
ratio toward the surface. The squamocolumnar junction is the most common site for the development 
of cervical cancer. (b) Low-grade squamous intraepithelial lesions. Productive HPV infections 
produce low-grade squamous intraepithelial lesions (LSILs), which are also known as cervical 
intraepithelial neoplasia (CIN) 1, in which the basaloid cells occupy the lower third of the epithelium. 
(c) High-grade squamous intraepithelial lesions. Cancerous precursor pathway is usually initiated 
by a significant fraction of high-risk HPV infections (hrHPV) and produce high-grade squamous 
intraepithelial lesions (HSILs) also known as CIN 2/3. HSILs show less cellular differentiation 
and the basaloid cells occupy the lower one-third to full-thickness of the epithelium. Pap smear 
and HPV tests can be used to detect SILs. (d) Invasive cancer. If untreated, premalignant lesions 
can progress into microinvasive or invasive cancer, in which tumor cells break the basement 
membrane. The process is associated with integration of the HPV genome into the host chromo-
somes, loss of E2 and upregulation of viral oncogene expression and genomic instability (modified 
from [16])
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current knowledge of the pathobiology of HPV infection. Figure 21.1 shows the 
correlation of this terminology with the old terminology and the corresponding 
distinct biologic processes of HPV infection.

Molecular Pathogenesis

HPV As a Causative Agent of Cervical Cancer

Harald zur Hausen made the Nobel Prize-winning discovery that human papilloma-
virus is associated with cervical cancer [13, 14]. His work laid the foundation for 
our current understanding that HPV is the etiologic agent of almost all cervical 
cancers and a subset of anogenital malignancies and oropharyngeal cancers [15], 
accounting for about 5% of all cancer cases worldwide [1]. More than 100 different 
HPV genotypes have been identified and can be classified into low- or high-risk by 
their inclination to cause cervical cancer. Low-risk (lr) HPV types, typified by types 
6 and 11, produce benign genital warts. High-risk (hr) types, most notably types 16 
and 18, are associated with cervical cancers. Although HPV-16 accounts for about 
50% of all cervical cancers, and HPV-18 an additional 15–20%, there are at least 
15 known oncogenic HPV types [16]. Molecular studies have also revealed the 
deregulated expression of viral oncogenes, HPV E6 and E7, as necessary factors for 
the malignant phenotype of cervical cancer cells.

Molecular Biology of HPV

HPV are epithelial-tropic, non-enveloped DNA viruses with a double-stranded 
genome of around 8,000 base pairs. The HPV genome consists of at least six early 
genes (E1, E2, E4, E5, E6, E7), two late genes (L1, L2) and a non-coding long 
control region. The early genes encode protein that are expressed before the onset 
of viral DNA replication and then regulate viral DNA replication. The two late 
genes, L1 and L2, encode two structural proteins comprising the major and minor 
viral capsid proteins, respectively. The non-coding region contains regulatory 
elements. Three of the early genes (E5, E6 and E7) mediate the transformation 
process of HPV. E4 facilitates cytoskeletal reorganization. E1 and E2 are two regu-
latory proteins, which regulate replication and transcription. Importantly, E2 is the 
transcriptional repressor of E6 and E7 [17].

HPV-Associated Pathogenesis

While infection with hrHPV is necessary for the progression of cervical cancer, it 
is not sufficient. Most hrHPV infections are subclinical, with only a minority of 
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hrHPV infections producing squamous intraepithelial lesions (SILs) [18], and a 
small fraction of SILs leading to cervical cancers. It has been shown that most HPV 
infections and HPV-related intraepithelial lesions are cleared, probably by immune 
mechanisms [19, 20]. While these immune mechanisms are not clearly understood, 
a more comprehensive picture of viral carcinogenesis has emerged from many studies. 
It may be possible to differentiate between benign lesions that do not progress to 
cervical cancer and precursor lesions that may progress to cervical cancer as the 
onset of cancer depends predominantly on the deregulation of viral gene expression 
of E6 and E7 oncoproteins. Therefore, as previously mentioned, the currently 
accepted model for HPV-associated pathogenesis can be classified into two distinct 

Fig. 21.2 Two pathways of HPV-associated pathogenesis. Basal cells in the cervical epithelium 
rest on the basement membrane, which is supported by the dermis. Human papillomavirus (HPV) 
is thought to access the basal cells through micro-abrasions in the cervical epithelium. In productive 
viral infection, the early HPV genes E1, E2, E4, E5, E6 and E7 are expressed and the viral DNA 
replicates from episomal DNA. In the upper layers of epithelium (the midzone and superficial 
zone) the viral genome is replicated further, and the late genes L1 and L2, and E4 are expressed. 
L1 and L2 encapsidate the viral genomes to form progeny virions in the nucleus. The shed virus 
can then initiate a new infection. Low-grade intraepithelial lesions support productive viral replication. 
There may be episomal DNA or integrated DNA in high-grade cervical intraepithelial neoplasia 
(cancerous precursors). Integration of the HPV genome into the host chromosomes is associated 
with loss or disruption of E2, and subsequent upregulation of E6 and E7 oncogene expression. 
LCR, long control region



442 W.-C. Chen et al.

pathways: (1) productive viral infection (associated with LSILs and rarely progress 
to neoplasia) or (2) cancerous precursors (associated with HSILs) (Fig. 21.2).

Productive Viral Infection

Papillomavirus infection requires infection of the basal cells, which are the only 
cells in the squamous epithelium able to undergo long-term cell division. It is 
believed that microtrauma to the cervical epithelium of the transformation zone is 
required to provide access of the virus to the basal cells. Virions bind first to the 
basement membrane at sites of trauma, undergo a conformational change in which 
L2 minor capsid protein is cleaved by a proprotein convertase (PC), furin, or PC5/6, 
and undergo another subsequent conformational change that exposes L2 neutralization 
(aa 17–36) epitope, bestowing the ability of the virion to bind to the cell surface 
[21] (Fig. 21.3). Virions can bind to heparan sulfate proteoglycans [22] of the 
exposed basement membrane and enter into the basal cells of the epithelium via 
clathrin-dependent, receptor-mediated endocytosis [23, 24]. Within the endosomes 
of the basal cell, viral particles are disassembled and the viral genomic DNA is 
localized to the nucleus with the assistance of minor capsid protein L2 [23].

Fig. 21.3 Initial steps leading to HPV infection. HPV infection requires infection of the basal 
cells, which are the only cells in the squamous epithelium able to undergo long-term cell division. 
It is believed that microtrauma to the cervical epithelium of the transformation zone is required to 
provide access of the virus to the basal cells. Virions bind first to the basement membrane at sites 
of trauma, undergo a conformational change in which L2 minor capsid protein is cleaved by a 
proprotein convertase (PC), furin, or PC5/6, and undergo another subsequent conformational 
change that exposes L2 neutralization (aa 17–36) epitope, bestowing the ability of the virion to 
bind to the cell surface. Virions can bind to heparan sulfate proteoglycans (HSPG) of the exposed 
basement membrane and enter into the migrated basal cells of the epithelium via endocytosis 
(Virion not drawn to scale. Modified from [21])
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The replicative phase of the HPV life cycle is closely associated with the 
differentiation of the infected squamous epithelium (Fig. 21.2). As mentioned 
above, initial infection occurs in the basal cells and the HPV genome is maintained 
as a low copy number episome in the nuclei of infected host cells. Hence, HPV 
infection is established with the expression of viral replication proteins E1 and E2, 
which are required for genomic amplification. The cells above the basal layer are 
forced into a state of increased proliferation to support the production of HPV virions. 
As the keratinocytes differentiate, the early HPV genes E1, E2, E4, E5, E6, and E7 
are expressed while the viral DNA continues to replicate from the episomal DNA. 
The binding of E2 protein to the HPV genome recruits E1 helicase to the viral 
origin of replication and leads to the association of E1 protein with other host 
factors required for viral DNA replication, such as DNA polymerase a primase and 
protein A [25–28]. It is also believed that E2 behaves as a transcriptional activator 
when present at low levels in the cell [29]. As the amount of E2 increases during 
maturation of the infected keratinocytes, binding of E2 to HPV DNA causes 
displacement of transcription factors such as TATA-binding protein and Sp1, which 
are essential for promoter activation, and therefore inhibit expression of the E6 and 
E7 viral oncoproteins [30]. Consequently, the levels of HPV E6 and E7 are invariably 
downregulated as the infection progresses. In terminally differentiated cells, the 
virus replicates to a high copy number and the expression of E6/E7 is effectively 
repressed by E2. The L1 and L2 capsid proteins are also expressed in terminally 
differentiated cells and serve to package the viral genomes to form progeny virions 
in the nucleus. E4 associates with keratin intermediate filaments and mediates 
cytoskeletal changes for the release of virions [31]. The shed infectious viral 
particles can then initiate a new infection.

In HPV-infected cells, HPV E5, E6, E7 induce cell proliferation. Specifically, 
E5, located on the endoplasmic reticulum of the infected cell, stimulates cell 
growth by forming a complex with epidermal growth factor receptor, the platelet-
derived growth factor b receptor and the colony-stimulating factor 1 receptor [32]. 
E5 can also increase phosphorylation of epidermal growth factor receptor and 
prolong signaling necessary for the maintenance of an environment favorable for 
cell proliferation [33], potentially through inhibiting the acidification of endosomes 
by associating with and disrupting the function of ATPase-driven proton pumps on 
the endosomal membrane [34, 35].

E6 and E7 normally inhibit p53 and retinoblastoma (Rb) tumor suppressor pathways, 
respectively. Therefore, the repression of E6 and E7 mediated by E2 in productive 
viral infection results in the reactivation of the tumor suppressor genes, inducing 
cell cycle arrest and cellular senescence. Unlike their role in the cancerous precursor 
pathway, E6 and E7 do not act as viral oncoproteins in the productive viral infection 
pathway. Rather, they are associated with facilitating viral replication and promoting 
cervical cell proliferation. It has been shown that E6 and E7 of low-risk HPV types are 
important for the maintenance of episomal viral DNA [36] and the maintenance of 
extrachromosomal forms of HPV in undifferentiated basal cells [37]. While the specific 
mechanisms of E6 and E7 in low-risk HPV types are not fully elucidated in the context 
of the viral life cycle, it is likely that HPV must block normal cellular checkpoints to 
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allow for the persistence of viral episomes since the presence of extrachromosomal 
DNA in normal cells is likely sensed as DNA damage. More studies are required to 
understand the role of E6 and E7 in productive viral infection.

The production of progeny virions is usually limited to LSIL lesions, as the full 
viral replication cycle is tied to the differentiation process. LSIL lesions often contain 
low-risk HPVs that are unlikely to cause cervical cancer [9]. Even in the cases where 
LSIL lesions harbor high-risk HPV types, viral gene expression analysis frequently 
indicates productive viral infection rather than cancerous precursors [38, 39]. Hence, 
LSIL is associated with the maintenance of the viral genome as an episome and 
low-level expression of E6 and E7. The pathogenesis pathway of productive viral 
infection may be seen as one in which the virus productively amplifies itself within 
the host but does not induce malignant transformation of infected cells.

Cancerous Precursors

The cancerous precursor pathway refers to cases of HPV infection that result in 
HSIL lesions that will progress to malignant cancer. One of the key steps of HPV-
induced cervical carcinogenesis is the integration of the HPV genome into host-cell 
genome, resulting in the deletion of several viral genes (E2, E4, E5, L1, L2). The 
role of E5 in cervical carcinogenesis has been explored in several studies as it has 
transformative properties [40–43]. However, since E5 is often deleted upon integration 
and is not obligatory in late events of HPV-mediated carcinogenesis, the main focus 
of cervical carcinogenesis has been on the primary oncoproteins expressed in cervical 
cancer cells – E6 and E7. As E2 is the transcriptional repressor protein of E6 and 
E7, the loss of E2 leaves E6 and E7 as the principal proteins expressed within the 
infected cell [44]. The interference of viral genes E6 and E7 with cellular pathways 
essential to cell cycle regulation may result in genomic instability, leading to the 
continuous and deregulated expression of viral oncogenes E6/E7 in infected basal 
cells. These cells therefore have a greater chance of acquiring secondary genomic 
abnormalities that may drive malignant progression to cancer (for a review, see [45]).

The transforming activity of the E6 viral oncoprotein is attributed to its interaction 
with p53. E6 targets p53 tumor suppressor protein, which governs G1 arrest and DNA 
repair, for proteasomal degradation by complexing with ubiquitin ligase E6-AP. E6 
also interacts with and degrades the proapoptotic protein Bak. The downregulation of 
p53 and Bak by E6 leads to progression through the cell cycle, resistance to apoptosis, 
and chromosomal instability [46–48]. In addition, E6 activates telomerase and may 
inhibit proteolysis of the SRC-family kinases to further stimulate cell growth and 
proliferation [49]. While the downregulation of p53 by E6 is associated with high-risk 
HPV types, some evidence suggests that E6 of low-risk HPV types may also bind to 
p53 with lower affinity [50–52]. However, it has also been shown that low-risk HPV 
E6 have significantly lower transforming activity in that they do not interact efficiently 
with p53 [52], are incompetent for p53 degradation [53], and do not induce telomerase 
activity [54]. More recently, it has been found that E6 also promotes carcinogenesis by 
epigenetically silencing production of interferon-kappa, an immune protein produced 
in keratinocytes important in the stimulation of innate immunity [55].
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The transforming activity of E7 is attributed to its interaction with the Rb 
protein. Specifically, E7 binds and degrades the hypophosphorylated form of Rb 
complex, which releases the transcription factor E2F and allows the infected cells 
to remain active in the S phase of the cell cycle as they leave the basal layer [56]. 
The release of transcription factor E2F upregulates cyclin-dependent kinase inhibitor 
INK4A (also known as p16) and accumulation of E2F may lead to apoptosis in 
E7-expressing cells. While low-risk forms of E7 have been shown to bind to Rb, 
they do so with a lower affinity compared to high-risk forms of E7 [57–59] and do 
not destabilize Rb [60, 61]. High-risk forms of E7 also stimulate S-phase genes 
cyclin A and cyclin E [62] and inactivate cyclin-dependent kinase inhibitors WAF1 
(also known as p21) and KIP1 (also known as p27) [63–65], while low-risk E7 
proteins have no such effect [66]. Interestingly, E7 may also exert an antiapoptotic 
effect by upregulating serine/threonine kinase AKT [67]. However, it is not clear 
whether anti-apoptotic or apoptosis-promoting effects are dominant in E7.

The functions of the HPV oncoproteins E6 and E7 complement one another to 
induce efficient malignant transformation of normal cells (for review, see [17]). 
While E6 and E7 are independently able to immortalize various human cell types 
in tissue culture, their efficiency is increased when they are expressed together [68]. 
The transforming activities of E6 are blocked by p16, a protein inhibitor of cyclin 
D1-CDK complexes, which blocks progression into S-phase of the cell cycle by 
inhibiting expression of cyclin E. However, E7 is able to bypass this obstacle by 
directly stimulating expression of cyclins E and A. The cell is therefore driven 
through the cell cycle without much resistance. Furthermore, although E7-mediated 
activation of E2F may contribute to the onset of apoptotic signals in the cell, E6 
causes degradation of the apoptosis-promoting proteins p53 and Bak, thereby 
disrupting the transmission of these signals to downstream effector molecules [62, 
69]. High-risk forms of E6 and E7 deregulate the key cell cycle checkpoints (G1/S, 
G2/M) and their persistent viral oncogenic E6/E7 activity in cervical cells repre-
sents an essential step in cervical carcinogenesis.

The cancerous precursors are best characterized by, and likely a result of, a dramatic, 
uncontrolled E6/E7 expression that can occur as a result of integration of viral DNA 
into host genome [38, 39]. The exact molecular mechanisms accounting for the 
deregulated increase in E6/E7 production are not completely understood, though 
experiments with epithelial raft cultures have indicated that aberrant histone 
deacetylation may be a potential underlying factor [70]. Other mechanisms, such as 
promoter methylation and direct mutation of E2 may also be responsible for upregu-
lation of E6/E7 [71–73].

Tumor-Promoting Risk Factors

The onset of cervical dysplasia and cancer requires not only persistent infection 
with a high-risk type of HPV, but also the presence of a tumor-promoting risk factor. 
The transformative ability of high risk HPV types was discovered by findings that 
demonstrated that human primary keratinocytes could be immortalized by the 
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expression of E6 and E7 [74–77] and that culturing these cells for extended periods 
of time resulted in the emergence of tumorigenic clones [78, 79]. Several in vitro 
models have identified principal characteristics of HPV-transformed epithelial 
cells: prolonged lifespan, immortalization, anchorage-independent proliferation, 
and tumorigenicity. These characteristics are recessive and arise from deregulation 
of tumor suppressor pathways [78, 79]. Also, for all of these properties, in vitro 
complementation assays have been performed, and the chromosomal changes 
likely responsible for each one have been proposed. Remarkably, these changes 
correlate closely with those observed in cervical cancer samples derived from 
human patients, suggesting that a conserved set of genetic alterations underlie both 
in vitro HPV-induced cellular transformation and in vivo cervical carcinogenesis 
[78, 79].

Immortalization

Although HPV-infected cells with deregulated E6/E7 expression are able to resist 
entry into cellular senescence [46, 80], these cells are often observed to undergo crisis, 
a condition in which the majority of cells die and immortal clones emerge at low 
frequency. Passage through crisis and the attainment of an immortal status is likely 
attributable to the activation of the telomerase reverse transcriptase enzyme [81, 82].

Telomerase activity is an important HPV-dependent effect strongly induced in 
cancer cells. Each round of DNA replication leads to erosion of the telomeric ends 
of chromosomes, serving as a mechanism for restricting the proliferative capacity 
of normal cells [83]. Since telomerase adds on hexamer repeats to the telomeric 
ends of chromosomes, increased telomerase activity can prolong the life of cells. 
Telomerase activity is upregulated in cancer cells and depends on the expression 
level of human telomerase reverse transcriptase (hTERT), the catalytic subunit of 
this enzyme [84]. The importance of hTERT in the immortalization of hrHPV-
infected cells is demonstrated by experiments in which HPV-16 and HPV-18-
containing epithelial cells ectopically expressing hTERT were resistant to telomere 
erosion and apoptotic effects of crisis [85]. While E6 is implicated in hTERT 
production [54], the susceptibility to crisis of hrHPV-infected cells (without ectopic 
introduction of hTERT) suggests that other cellular changes are necessary for 
telomerase activation [81, 85, 86]. Several groups have conducted experiments in 
which regions of human chromosomes 2, 3, 4, and 6 were transferred into HPV-
immortalized cells, leading to growth arrest [85, 87–90]. These findings suggest 
that some host cell genes have the potential to suppress telomerase activation, and 
that the loss of these genes may facilitate, in conjunction with E6, the immortalization 
of high risk HPV-infected cells. Later reports identified portions of chromosomes 
3, 4, and 6 to directly exert a suppressive effect on telomerase activity [85, 87]. For 
example, ectopic expression of hTERT counteracted growth arrest mediated by 
chromosome 6 in HPV16+ cells, showing that parts of this chromosome interfere 
with telomerase function.
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These in vitro data correlate strongly with information derived from clinical 
specimens. Elevated hTERT expression and subsequent increased telomerase 
activity has been reported in nearly all cervical squamous cell carcinomas and in 
about 40% of CIN 3 lesions but not in CIN 1 [91]. Furthermore, in these HSIL+ 
lesions with increased telomerase activity, allelic imbalances were widely observed 
on chromosome 6 [92], implicating the presence of a telomerase suppressor on this 
chromosome. Furthermore, deletions at chromosomes 3, 4, and 10 are commonly 
found in cervical carcinomas and in HSILs [88, 89, 92]. Although additional studies 
are necessary to identify specific genes on these chromosomes responsible for 
their presumed antiproliferative function, it is clear that they play important roles 
in repressing cellular immortalization.

Tumorigenicity and Anchorage-Independent Proliferation

In vitro studies have suggested that the tumorigenicity of cervical cancer cells is 
dependent on loss or suppression of certain genes at chromosome 11, as treatment 
of the cells with this chromosome rendered them incapable of establishing tumors 
in nude mice [93]. These results are verified by clinical observations of chromo-
some 11 deletions in a variety of cervical carcinomas [94]. Further exploration into 
this phenomenon has recently revealed that the tumor suppressor in lung cancer 1 
(TSLC1) gene in particular may be lost in cervical cancer cells [95], which confers 
the properties of tumorigenicity and anchorage-independent proliferation to these 
cells. The TSLC1 gene encodes an immunoglobulin-like cell surface protein called 
Necl-2, which helps mediate cell-cell adhesion by homotypic or heterotypic inter-
actions [96]. The lack of TSLC1 in epithelial cells eliminates their adhesive potential 
and contributes to their anchorage-independent cell growth. In addition, Necl-2 
interacts with class I-restricted T cell-associated molecule (CRTAM) – a receptor 
protein expressed on activated CD8+ T cells and natural killer cells – and thereby 
can promote an anticancer immune response [97]. Thus, the loss of Necl-2 in cervical 
cancer cells is likely to increase their tumorigenicity by facilitating a state of immu-
nological privilege.

The importance of TSLC1 in HPV-mediated cervical cancer progression is 
supported by several clinical studies. For example, it has been shown that this gene 
is repressed in approximately 90% of cervical cancer cell lines due to allelic loss or 
promoter hypermethylation [95]. Similar results were noted in about 60% of cervical 
carcinomas and 40% of HSILs, but not in LSILs. Additionally, ectopic TSLC1 
protected against tumor formation in nude mice and abolished anchorage-independent 
proliferation of cervical cancer cell lines [95]. Altogether, these findings suggest 
that loss of TSLC1 occurs during cervical carcinogenesis, disrupting cell–cell 
contacts and potentially facilitating tumor immune escape. However, it is unlikely 
that changes in expression of this one gene alone are sufficient for inducing 
tumorigenicity in cervical cancer cells.

It has also been found that alterations in the composition of the AP-1 complex are 
also important for tumorigenicity [98–100]. The AP-1 transcription factor, which 



448 W.-C. Chen et al.

consists of the subunits c-Jun, c-Fos, or Fra-1 associated as homo or heterodimers, 
regulates multiple cellular pathways, including differentiation and proliferation. In 
normal cells, AP-1 exists predominately as Jun/Fra-1 complexes, but in cervical 
cancer cells, c-Fos is constitutively expressed (with concomitant reduction of Fra-1 
levels), resulting in a significant shift towards Jun/c-Fos [98, 99]. It is probable that 
this change affects the ability of transformed cells to form tumors in vivo, since 
ectopic expression c-Fos in nontumorigenic cell lines drove the cells towards a 
tumorigenic phenotype [98]. Reports of upregulation of c-Fos in human cervical 
carcinomas [101] also support a role for abnormal AP-1 composition in HPV-
mediated cervical carcinogenesis.

Furthermore, gain of chromosomal segment 3q is frequently observed in cases 
of cervical carcinoma and oftentimes marks the shift from dysplasia to invasive 
cancer [102]. Although the specific genes present on 3q that contribute to tumori-
genesis are currently unknown, it is likely that this region of the chromosome 
contains one or more oncogenes.

Screening and Detection of Pre-malignant Cervical Lesions

Because of the long latency between the development of cervical dysplasia and the 
development of invasive cancer, it is possible to prevent the development of precursor 
lesions into malignant cancer through early detection and treatment methods.

Conventional Pap Smear

Premalignant cervical lesions are generally screened by cervical cytologic smears. 
Papanicolaou tests, also known as Pap smears, were created by Dr. George 
Papanicolaou and Dr. Herbert Traut in 1941, when they demonstrated that exfolia-
tive cytology could be used to detect in situ and invasive cervical carcinomas [103]. 
The Pap smear involves the examination of cells collected from the cervix for the 
presence of any cellular abnormalities (multinucleation, koilocytosis, abnormal 
mitosis) that may be associated with cancerous precursor lesions or cancer. Pap 
smear screening performed yearly is estimated to reduce a woman’s risk of invasive 
cervical cancer by 93% [104]. However, despite its effectiveness, a single cervical 
smear has low sensitivity for detecting cervical cancer precursors [105]. More 
recently, the guidelines for cervical screening have changed to lessen the frequency 
of screening. Current general guidelines recommend that women should have a Pap 
test every 2 years starting at the age of 21 years as opposed to the yearly screening 
that women have had in years past [106]. In women 30 years and older who have 
had three normal Pap results in a row, they may reduce frequency of Pap smear 
screening to every 3 years if they have no history of moderate or severe dysplasia, 
are not immune-deficient, were not exposed to diethylstilbestrol before birth and 
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are not infected with HIV. The guidelines were revised based on studies that have 
shown that risk of cervical cancer is same in women who have screening every  
2 years compared with women annually screened.

The results of a Pap smear are reported using the Bethesda System of terminol-
ogy. Pap smear samples that have no cell abnormalities are negative for intraepithe-
lial lesions. Atypical squamous cells (ASC) refer to samples where atypical 
squamous cell changes cannot be reliably distinguished as normal or clearly abnor-
mal [107]. In 2001, ASC was subdivided into atypical squamous cells of undeter-
mined significance (ASC-US) and atypical squamous cells – “cannot rule out high 
grade squamous intraepithelial lesion” (ASC-H) [108], with ASC-H indicating a 
higher probability of precancerous lesions than ASC-US. Atypical glandular cells 
(AGC) imply abnormal changes to the mucus-producing glandular cells located in 
the upper cervix or uterus. LSIL and HSIL are diagnostic terms, as described earlier 
in Premalignant Cervical Lesions section.

One of the most powerful advances in the recent decade for collection and 
preparation of cytologic specimens has been the introduction of liquid-based 
cytology (LBC). To date, there are currently three FDA-approved LBC methods – 
ThinPrep Pap Test (Hologic (merged with Cytyc Corp in 2007), Bedford, MA, 
USA), SurePathTM Pap Test (Becton, Dickinson and Company (acquired TriPath 
Imaging Inc in 2006), Franklin Lakes, NJ, USA), MonoPrep System (MPPT; 
MonoGen, Lincolnshire, IL, USA) [105, 109–112]. Whereas conventional Pap 
smear involves smearing the sample onto a microscope slide, LBC transfers all 
cervical tissue collected on the sampling device (cervical brush) into a preservative 
solution, producing a cell suspension. The cells are fixed immediately and can be 
well preserved at room temperature for several weeks. Many reports have showed 
significant improvement of diagnostic sensitivity compared to conventional cytology 
[113–116]. Moreover, less unsatisfactory slides are found using LBC [114, 115]. 
Since only a small aliquot of cell suspension is removed for preparing cytologic 
glass slides, LBC technique is also advantageous in providing a residual specimen 
for additional tests such as cervical cancer testing, HPV testing, chlamydia testing 
and gonorrhea testing. In particular, ThinPrep Pap Test is the only pap test that is 
FDA-approved for additional testing from a single pap sample [111]. These 
supplementary tests may further improve the specificity and sensitivity of the 
screening tests and offer more accurate risk stratification for women whose 
cytological interpretations are controversial, such as atypical squamous cells of 
undetermined significance (ASC-US).

HPV Testing

The concept that infection with hrHPV is a necessary though insufficient step in 
cervical carcinogenesis provides the rationale for the development of molecular 
techniques to identify oncogenic HPV in cervical sample and improve the quality 
of cervical screening. For example, cross sectional and large randomized studies 



450 W.-C. Chen et al.

had proven the use of hrHPV testing for triage in abnormal Pap smears [117–119]. 
Women with ASC-US are best managed by HPV testing, with women positive for 
HPV triaged to colposcopy and women negative for HPV safely placed in a 
12-month cytology follow-up [120, 121]. However, the high rate of HPV-positive 
LSIL and low specificity of HPV testing in this group of cytologic interpretation 
preclude the HPV testing in the triage of LSIL [117, 122, 123]. Subsequently, other 
large studies expand the roles of hrHPV testing and verify its clinical use in post-
colposcopy management of women referred for ASC-US, ASC-H, AGC, LSIL not 
found to have CIN2, 3 or cancer (CIN2+) or adenocarcinoma in situ (AIS) at initial 
colposcopy, in post-treatment of CIN 2+ surveillance, and in co-testing with the 
Pap smear of women age 30 and over (for review, see [119]).

The development of assays to accurately diagnose the HPV infection currently 
relies on the detection of HPV genome in cervical specimens. There are a wide 
variety of methods for HPV DNA testing in cytological specimens, which can be 
divided into two broad categories – with or without amplification. Two methods of 
HPV testing without amplification are Southern blot and in situ hybridization and 
use nucleic acid probes. However, these two methods are largely replaced in clinical 
use by amplification techniques due to the disadvantages of low sensitivity and 
labor intensiveness [109, 124]. Amplification techniques can be further divided into 
those using target amplification (such as PCR, which amplifies a target nucleic 
acid) and those using signal amplification (a signal generated from each probe is 
amplified by a compound-probe). The analytic sensitivity and reproducibility of 
results by PCR are different and depend on the methods used to detect the amplifi-
cation product (such as nucleic acid hybridization, restriction fragment length 
polymorphism or sequencing). PCR assays can also be greatly affected by various 
unrelated substances that can inhibit the amplification reaction [109].

Two currently commercially available hrHPV DNA tests are Digene Hybrid 
Capture 2 HPV DNA Test (Qiagen, (formerly Digene), Gaithersburg, MD, USA) 
and Roche Amplicor® HPV test (Roche Molecular Systems, Branchburg, NJ, 
USA). Digene HC2 is the only non-type-specific HPV DNA testing kit currently 
approved by the US Food and Drug Administration (FDA). HC2 uses the principle 
of signal amplification by utilizing a RNA probe cocktail that detects 13 hrHPV 
types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68) and 5 lrHPV types (6, 11, 
42, 43, 44). Digene HC2 is currently the most commonly used and clinically 
validated assay and is becoming a standard of care for cervical cancer prevention 
for use together with Pap test in women age 30 and older. It is also less vulnerable 
to error than the Pap smear and the combination of both identifies 95–100% of 
women who are later confirmed to have advanced cervical disease [125]. Digene 
HC2 has become the standard of care in the United States.

Roche Amplicor® HPV test has demonstrated comparable results in comparison 
to Digene HC2 in detecting HPV DNA in cervical samples [126]. In contrast to 
Digene HC2, Roche Amplicor® uses a target amplification method to detect the 
same 13 hrHPV types. However, Amplicor® is not yet FDA approved for use in the 
United States, though it is registered for use in the European Union, Canada and 
Japan [127]. As both Amplicor® and Digene HC2 are not type-specific, they can 
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only differentiate the presence of hrHPV infection or no hrHPV infection. Neither 
one can recognize potential multiple types of hrHPV infection in one specimen nor 
allow for the identification of type-specific persistent HPV infection.

Recently, in March 2009, FDA approved two HPV tests, the Invader 14-type 
HPV DNA panel test, CervistaTM HPV HR Test [128] and the type-specific 
CervistaTM HPV 16/18 test (Hologic, Bedford, MA, USA) for clinical use [129]. 
CervistaTM HPV HR detects 14 hrHPV types using three probe sets. The probe set 
A5/A6 detects HPV types 51, 56 and 66. Whereas the probe set A7 detects HPV 
subtypes often found in glandular lesions (HPV types 18, 39, 45, 59 and 68), the 
probe set A9 detects HPV subtypes found more frequently in squamous lesions 
(HPV types 16, 31, 33, 35, 52 and 58). The results from the probe set gives an 
indication of which group of types the infection may be derived from and also helps 
facilitate subsequent clinical management [119]. The CervistaTM HPV 16/18 test is 
the first HPV test approved for genotyping for HPV types 16 and 18. The CervistaTM 
HPV HR and CervistaTM HPV 16/18 tests are both based on Invader chemistry, a 
patented technology owned by Hologic that uses the principle of signal amplifica-
tion [130]. Both tests are approved for use utilizing the sample collected with the 
ThinPrep Pap Test, offering additional convenience for the healthcare provider. 
Patient management can be guided with the help of the results of these two types 
of tests along with the physician’s assessment of cytology history, other risk factors, 
and professional guidelines.

Qiagen has also developed a new generation of screening test called the careHPV 
test [131]. The careHPV test has promising clinical implications for cervical cancer 
screening. Cervical cancer incidence and mortality is higher in developing countries, 
where regular screening is absent and there are limited resources. The careHPV test 
uses a battery-operated instrument, easy-to-use reagents and a simple procedure. 
Therefore, medical workers in screening sites in remote areas can be easily trained 
to operate the system, perform tests and report results. The careHPV test may facilitate 
early detection of pre-malignant cervical lesions in low resource settings.

Other Markers

Other markers that monitor oncogenesis of cervical cancers, such as p16 and HPV 
messenger RNA (mRNA), are also available commercially and considered to have 
potential roles in future cervical cancer screening and clinical management [132]. 
Ideally, these markers should have high positive predictive value for progression of 
cervical cancers, such as prediction of HSIL, to be potentially clinically useful.

P16INK4A is a cell cycle inhibitor whose expression is increased in response to the 
expression of hrHPV oncogenes E6 and E7 in CIN2+ [133]. Physiologically, Rb 
may act as a negative regulator of P16INK4A expression [134]. The mechanism is lost 
when Rb is inactivated by hrHPV E7. Several studies have shown the clinical utility 
of this biomarker to improve ascertainment of difficult histological interpretations, 
and in triage of risk for CIN2+ in ASC-US and LSIL [135, 136]. However, P16INK4A 
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was also found to be expressed in metaplastic, atrophic and endocervical cells, 
which represent different cell differentiation instead of preneoplastic conditions 
[137]. More studies are needed to verify the value of P16INK4A immunocytostaining 
in cervical cancer screening.

HPV mRNA testing for hrHPV may be better correlated with the progression of 
preinvasive cervical lesions. First, HPV E6 expression is regulated at transcriptional 
or post-transcriptional level. HPV-16 E6/E7 has different transcripts that are either 
unspliced (full length-FL-E6/E7 transcripts) or spliced. Only FL E6 protein was 
found to bind strongly to p53, promote its degradation and be more strongly associated 
with tumorigenicity [138, 139]. Hence, full-length E6/E7 mRNA transcripts may 
serve as a better, more accurate marker than E6/E7 DNA. Second, almost all HPV 
DNA assays detect presence of viral DNA by detecting the L1 region, which may 
be deleted upon integration of the viral genome into the host cell. Since HPV 
mRNA testing detects E6/E7 transcripts, it may correlate well with the transforming 
activity of HPV in precancerous or cancerous cells [109].

PreTect HPV-Proofer (NorChip, AS, Klokkarstua, Norway) represents a new 
generation of assays focused on the pathogenic factors that underlie the develop-
ment of HPV-associated tumors – the constitutive expression of the viral onco-
genes E6 and E7 [140–142]. PreTect HPV-Proofer is a commercially available 
HPV RNA assay based on nucleic acid sequence-based amplification technology, 
detecting type-specific E6/E7 mRNA expression from carcinogenic HPV types 
16, 18, 31, 33 and 45. A second mRNA-based assay is the Aptima HPV Assay 
(GenProbe, Inc, San Diego, CA), a 14-type E6/E7 mRNA test approved by Conformité 
Européenne (CE). A recent study compared APTIMA HPV assay and Digene 
HC2 test and showed 91% clinical sensitivity and >55% specificity for detection 
of CIN2+ in APTIMA assay, with 95% and 47% in the Digene HC2 test [143]. 
The introduction of mRNA testing has great potential in increasing the diagnostic 
accuracy of Pap smear and DNA test through utilizing the understanding of E6 
and E7 deregulation in HPV-associated tumors. By identifying type-specific E6 
and E7 mRNA, HPV mRNA testing can enable better identification of infections 
that are transient and infections that are more likely to persist and induce HSIL+ 
lesions in the future.

Clinical Management of Pre-malignant Cervical Lesions

Screening and detection of pre-malignant cervical lesions require concomitant therapies 
in order to be effective in lowering cervical cancer incidence. Current conventional 
clinical management of abnormal (ASC-US or ASC-H) or SIL interpretation of Pap 
smears consists of colposcopy, cervical biopsy, endocervical sampling, cervical 
conization and other treatment modalities (for comprehensive guidelines, see [120, 
144]). In general, women with ASC-US can: (1) undergo reflex-testing for hrHPV 
and colposcopy if hrHPV positive, (2) be followed by repeated Pap smears at 6 and 
12 months, or (3) be referred directly for evaluation by colposcopy. Women with 
ASC-H or LSIL are often referred for colposcopic examination while women whose 
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Pap smears indicate HSIL are referred immediately for treatment such as loop 
electrosurgical excision procedure (LEEP) or colposcopy examination.

Colposcopy is a stereoscopic binocular magnification procedure that provides a 
three-dimensional visualization of the tissue surfaces examined [5]. Before colpo-
scopic examination, a 3–5% solution of acetic acid is applied to the cervical surface 
to dehydrate cells and remove mucus. Colposcopic diagnosis is based on the 
morphologic evaluation of surface contour, color tone, border and subepithelial 
vascular network of cervical tissue examined. The examination is limited to the 
exocervix and outer third of the endocervical canal. To evaluate lesions within the 
endocervix, an endocervical sampling (or endocervical curettage) is usually 
performed during the colposcopic examination. Endocervical sampling contributes 
to the diagnostic accuracy of the colposcopic evaluation [145–147]. During colpo-
scopic evaluation, if necessary, cervical biopsy is performed at the regions with the 
most remarkable abnormality using a punch biopsy instrument.

Cervical conization (cone biopsy) is a technique that may follow the colposcopic 
examination with both diagnostic and therapeutic purposes. Cervical conization is 
conically shaped cutting of the cervix. Indications for a cervical conization include: 
normal colposcopy but persistent abnormal cytology or positive endocervical 
sampling; abnormal cytology but squamocolumnar junction not visualized under 
colposcopy; lesions not visualized in its entirety under colposcopy; microinvasive 
carcinoma or adenocarcinoma in situ on biopsy; and lack of correlation among 
cytologic, colposcopic and histologic findings [5].

Treatment modalities for preinvasive lesions of the cervix include cryosurgery, 
carbon dioxide laser or loop electrosurgical excision procedure [5]. Cryosurgery is 
a cryodestructive method for ablating SIL by using a cryoprobe below −22°C 
applied to the cervix. In experienced hands, the failure or residual rate (5–15%) and 
the long-term recurrence rate (0.1%) of cryosurgery do not exceed that of therapeutic 
conization [148, 149]. Another method is the carbon dioxide laser, which utilizes 
parallel beams of uniform wavelength (10.6 mm) to create a very high energy density 
on targeted cervical premalignant lesions. The tissue fluids boil and expand, and 
the cells are evaporated and destroyed. Since less necrosis is caused, it permits 
more rapid healing with less vaginal discharge than cryosurgery [150]. However, 
the major disadvantage of carbon dioxide laser is its high cost. The loop electrosur-
gical excision procedure is another technique that is used with increasing frequency 
to treat premalignant cervical lesions. A tissue specimen is obtained by a thin wire 
loop electrode that simultaneously cuts and coagulates the tissue. Because a tissue 
specimen is obtained, the method is both diagnostic and therapeutic.

HPV Vaccination

Preventive HPV Vaccines

In order to develop preventive HPV vaccines, it is important to generate protective 
humoral immune responses that are capable of neutralizing the HPV virus by targeting 
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L1 and/or L2 HPV viral capsid proteins. In the early 1990s, investigators began the 
search for a way to produce HPV 16 L1 capsid proteins that could be used for 
the building blocks for the virus-like particles (VLPs) in the preventive HPV 
vaccines [151]. Early studies suggested that L1-protective epitopes were probably 
dependent on native conformation due to poor effectiveness of vaccination with 
denatured L1 [152, 153]. Subsequent efforts showed that the expression of recom-
binant L1 in mammalian [154, 155], insect [156, 157], yeast [158] and even bacterial 
cells [159] results in spontaneous assembly of VLPs that were morphologically and 
immunologically [156, 157, 160] similar to native virions. Vaccination of animal 
models with L1 VLPs protects them from subsequent exposure to the homologous 
virus [152]. Later, a landmark controlled trial of HPV-preventive vaccine in human 
subjects showed that vaccination three times with HPV-16 L1 VLPs formulated in 
the adjuvant alum provided 100% protection from the natural acquisition of persis-
tent HPV-16 infection over an average of 17.4 months [161]. Impressively, all cases 
of incident HPV16-related CIN were confined to the placebo group, indicating that 
vaccination protects against HPV-related disease. L1 VLP vaccines could produce 
high titers of neutralizing IgG antibodies, even up to 40 times those found in natural 
infection with HPV-16 [162, 163].

There are currently two commercially available, FDA-approved HPV vaccines 
in the United States – Gardasil and Cervarix (for review, see [164]). Gardasil is a 
quadrivalent vaccine produced by Merck containing recombinant L1 VLPs for 
HPV genotypes 6, 11, 16 and 18 whereas the bivalent vaccine Cervarix produced 
by GlaxoSmithKline contains L1 VLPs for HPV-16 and 18 (Table 21.1). Cervarix 
and Gardasil, are produced in insect cells and yeast, respectively. Gardasil was 
approved in 2006 and in October 2009, Cervarix was FDA-approved in the United 
States for use in girls and young women ages 10–25 [165]. Recently, the use of 
Gardasil was also FDA-approved or use in boys and men (aged 9–26) for the prevention 
of genital warts caused by HPV-6 and HPV-11 and to help prevent the spread of 
cervical cancer [166]. To date, Cervarix and Gardasil clinical trials have been very 
encouraging with regard to safety and efficacy in generating neutralizing antibodies 
[167–177]. However, the antibody response generated is type-restricted to those 
HPV genotypes contained within the vaccines, although there is some low-level 
cross-protection against other closely related genotypes (HPV-16 cross-protects 
HPV-31; HPV-18 cross-protects HPV-45) [178]. It is estimated that a preventive 
vaccine would need to contain the eight most common HPV types found in cancer 
to create >90% protection against cervical cancer – a costly and complex process 
[179]. Furthermore, due to the high prevalence of HPV in the population and slow 
process of cervical carcinogenesis, it is estimated that a reduction in cervical cancer 
rates will take at least 20 years after mass vaccination.

The main issues for future generations of preventive vaccines are making the 
vaccine more cost-effective in order to increase availability of the vaccine in devel-
oping countries and increasing the number of HPV types covered in order to maximize 
protection against HPV-associated malignancies. A potential approach to substantially 
reduce the cost of producing L1 vaccines is the employment of L1 capsomers 
produced in recombinant Escherichia coli. The production of the vaccine in E. coli 
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has been successful in generating protective antibodies in animal models [180–182]. 
Additionally, L1 capsomer vaccines are stable at room temperature, negating the 
need for refrigeration. Needle-free routes of administration such as transdermal 
application [183] and nasal inhalation [184] have also been investigated, with 
potential implications for future L1 capsomer vaccines.

A method to overcome the genotype restriction of L1 vaccines is through poly-
valent L1 vaccines containing VLPs for several HPV types. Merck is currently 
recruiting for Phase II clinical trials of a nine-valent vaccine, V503 [185]. Another 
attractive strategy is the employment of the highly conserved and thus cross-reactive 
L2. L2-based vaccines can also be produced using E. coli to reduce costs and 
increase availability to the developing world. However, L2 vaccines are less immu-
nogenic than their L1 counterparts, generating relatively lower titers of neutralizing 
antibodies, and consequently would most likely be boosted with the use of an adjuvant 
(for review, see [186, 187]).

Therapeutic HPV Vaccines

Although preventive HPV vaccines are safe and effective in preventing HPV infection, 
they are unlikely to impact HPV prevalence and cervical cancer rates for many 
years. The currently available preventive vaccines are relatively expensive and 

Table 21.1 Comparison of currently available preventive HPV vaccines

Cervarix® Gardasil®

Manufacturer GlaxoSmithKline Merck
Vaccine composition HPV-16, 18 VLP HPV-6, 11, 16, 18 VLP
Antigen (per dose) 20 mg HPV 16 L1 40 mg HPV 6 L1

20 mg HPV 18 L1 20 mg HPV 11 L1
40 mg HPV 16 L1
20 mg HPV 18 L1

Antigen source Baculovirus expression system in 
Trichoplusia ni insect cells

Yeast expression system 
in Saccharomyces 
cerevisiae

Adjuvant AS04: 500 mg aluminum hydroxide, 
50 mg MPL (3-O-desacyl-4¢-
monophosphoryl lipid A)

Alum: 225 mg aluminum 
hydroxyphosphate 
sulfate

Recommended 
administration

Intramuscular injection of 0.5 mL dose 
at 0, 1, 6 months

Intramuscular injection of 
0.5 mL dose at 0, 2, 6 
months

Approx price (USD) $100 per dose $120 per dose
Approved for ages Females: 10–25 Females: 9–26

Males: 9–26
Protection (HPV types) HPV-16, 18 HPV-6, 11, 16, 18

Cross-protection: HPV-31, 33, 45 Cross-protection: HPV-31
Antibody titers of HPV-16 

and HPV-18 at month 
7 in a head to head trial 
[167]

HPV16: 31715 HPV 16: 8682
HPV 18: 13732 HPV 18: 1886

Cevarix produced 3.7-fold higher antibody titers for HPV-16 and 
7.3-fold higher antibody titers for HPV-18 than did Gardasil
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require appropriate facilities of storage, precluding their availability to developing 
countries. Furthermore, since HPV-infected basal epithelial cells, cervical cancer 
cells and its precursor cells do not express detectable levels of capsid protein 
(L1 and/or L2), preventive vaccines are unlikely to be effective in the elimination 
of pre-existing infection and HPV-related cancer [188]. Current commercial 
preventive vaccines have also demonstrated an inability to treat established lesions 
[164]. In order to further reduce the burden of HPV infections and cervical cancer 
worldwide, therapeutic vaccines are being developed.

Therapeutic HPV vaccines should focus on HPV viral antigens that are constitu-
tively expressed in HPV-associated malignancies and its precursors. From our under-
standing of the molecular pathogenesis of cervical cancer, HPV E6 and E7 proteins 
represent ideal target antigens for therapeutic HPV vaccines. Since they are expressed 
only in tumor cells and not in normal cells, there is no issue of immune tolerance. 
Furthermore, they are constitutively expressed in malignant cervical cells. Currently, 
there are various forms of therapeutic vaccines targeting E6 and E7 that have been 
tested in preclinical and clinical trials, such as live vector-based vaccines, peptide or 
protein-based vaccines, tumor-cell based vaccines, dendritic cell-based vaccines, 
DNA-based vaccines and RNA-based vaccines (for a review, see [189]). Promising 
preclinical data has led to several ongoing or completed clinical trials.

Conclusion

There have been many significant advances in methods for the early detection and 
subsequent management of pre-malignant cervical lesions. The conventional Pap 
smear has dramatically decreased cervical cancer rates in industrialized countries. 
As developing countries have limited access to resources needed for screening 
programs, the creation of the cost-effective and simple HPV test suitable for remote 
areas may offer great promise in further impacting cervical cancer incidence. 
Additionally, the insight gained from knowledge of pathogenesis of HPV infections 
and its progression to cervical cancer has also been used to develop type-specific 
HPV DNA tests and E6/E7 mRNA-based assays. These new tests have higher 
specificity and positive predictive value, potentially reducing unnecessary stress 
and costs for women with transient infections and allowing for better identification 
of infections more likely to persist and become HSIL+ lesions. Furthermore, a 
significant milestone has been reached in the development and recent approval of 
Cervarix and Gardasil for the prevention of cervical cancer. It is foreseeable that the 
future strategy of cervical cancer prevention will shift from traditional screening by 
Pap smear to the primary prevention with HPV vaccination combined with secondary 
detection of pre-invasive cervical lesions by HPV testing. The combination of our 
increased understanding of HPV virology, optimization of screening and detection 
methods of pre-invasive cervical lesions, clinical management of these lesions and 
implementation of preventive vaccination programs may offer the opportunity to 
eradicate cervical cancer.



45721 Molecular Pathogenesis, Detection and Clinical Management 

Acknowledgements This review is not intended to be an encyclopedic one, and the authors 
apologize to those not cited. This work was supported by the NCI SPORE in Cervical Cancer P50 
CA098252, NCI 1RO1 CA114425-01 and 1RO1 CA118790.

References

 1. Parkin DM, Bray F, Ferlay J, Pisani P (2005) Global cancer statistics, 2002. CA Cancer  
J Clin 55(2):74–108

 2. Broders A (1932) Carcinoma in situ contrasted with benign penetrating epithelium. JAMA 
99:1670–1674

 3. Richart RM (1973) Cervical intraepithelial neoplasia. Pathol Annu 8:301–328
 4. Richart RM (1969) A theory of cervical carcinogenesis. Obstet Gynecol Surv 24(7 Pt 2): 

874–879
 5. Wright TC KR, Ferenczy A (2002) Precancerous lesions of the cervix. In: Kurman R (ed) 

Blaustein’s pathology of the female genital tract, 5th edn. Springer-Verlag, New York, pp 
253–324

 6. Bergeron C, Barrasso R, Beaudenon S, Flamant P, Croissant O, Orth G (1992) Human papil-
lomaviruses associated with cervical intraepithelial neoplasia. Great diversity and distinct 
distribution in low- and high-grade lesions. Am J Surg Pathol 16(7):641–649

 7. Kalantari M, Karlsen F, Johansson B, Sigurjonsson T, Warleby B, Hagmar B (1997) Human 
papillomavirus findings in relation to cervical intraepithelial neoplasia grade: a study on 476 
Stockholm women, using PCR for detection and typing of HPV. Hum Pathol 28(8):899–904

 8. Lorincz AT, Reid R, Jenson AB, Greenberg MD, Lancaster W, Kurman RJ (1992) Human 
papillomavirus infection of the cervix: relative risk associations of 15 common anogenital 
types. Obstet Gynecol 79(3):328–337

 9. Lungu O, Sun XW, Felix J, Richart RM, Silverstein S, Wright TC Jr (1992) Relationship of 
human papillomavirus type to grade of cervical intraepithelial neoplasia. JAMA 
267(18):2493–2496

 10. Franquemont DW, Ward BE, Andersen WA, Crum CP (1989) Prediction of ‘high-risk’ cervical 
papillomavirus infection by biopsy morphology. Am J Clin Pathol 92(5):577–582

 11. (1989) The 1988 Bethesda System for reporting cervical/vaginal cytological diagnoses. 
National Cancer Institute Workshop. JAMA 262(7):931–934

 12. Luff RD (1992) The Bethesda System for reporting cervical/vaginal cytologic diagnoses: 
report of the 1991 Bethesda workshop. The Bethesda System Editorial Committee. Hum 
Pathol 23(7):719–721

 13. Durst M, Gissmann L, Ikenberg H, zur Hausen H (1983) A papillomavirus DNA from a 
cervical carcinoma and its prevalence in cancer biopsy samples from different geographic 
regions. Proc Natl Acad Sci U S A 80(12):3812–3815

 14. Boshart M, Gissmann L, Ikenberg H, Kleinheinz A, Scheurlen W, zur Hausen H (1984)  
A new type of papillomavirus DNA, its presence in genital cancer biopsies and in cell lines 
derived from cervical cancer. EMBO J 3(5):1151–1157

 15. Hoory T, Monie A, Gravitt P, Wu TC (2008) Molecular epidemiology of human papilloma-
virus. J Formos Med Assoc 107:198–217

 16. Roden R, Wu TC (2006) How will HPV vaccines affect cervical cancer? Nat Rev Cancer 
6(10):753–763

 17. Munger K, Baldwin A, Edwards KM, Hayakawa H, Nguyen CL, Owens M, Grace M, Huh K 
(2004) Mechanisms of human papillomavirus-induced oncogenesis. J Virol 78(21):11451–11460

 18. Kurman RJ, Malkasian GD Jr, Sedlis A, Solomon D (1991) From Papanicolaou to Bethesda: 
the rationale for a new cervical cytologic classification. Obstet Gynecol 77(5):779–782

 19. Ho GY, Bierman R, Beardsley L, Chang CJ, Burk RD (1998) Natural history of cervicovagi-
nal papillomavirus infection in young women. N Engl J Med 338(7):423–428



458 W.-C. Chen et al.

 20. Trimble CL, Piantadosi S, Gravitt P et al (2005) Spontaneous regression of high-grade cervical 
dysplasia: effects of human papillomavirus type and HLA phenotype. Clin Cancer Res 
11(13):4717–4723

 21. Kines RC, Thompson CD, Lowy DR, Schiller JT, Day PM (2009) The initial steps leading 
to papillomavirus infection occur on the basement membrane prior to cell surface binding. 
Proc Natl Acad Sci U S A 106(48):20458–20463

 22. Patterson NA, Smith JL, Ozbun MA (2005) Human papillomavirus type 31b infection of 
human keratinocytes does not require heparan sulfate. J Virol 79:6838–6847

 23. Day PM, Baker CC, Lowy DR, Schiller JT (2004) Establishment of papillomavirus infection 
is enhanced by promyelocytic leukemia protein (PML) expression. Proc Natl Acad Sci U S A 
101(39):14252–14257

 24. Day PM, Lowy DR, Schiller JT (2003) Papillomaviruses infect cells via a clathrin-dependent 
pathway. Virology 307(1):1–11

 25. Conger KL, Liu J-S, Kuo S-R, Chow LT, Wang TSF (1999) Human papillomavirus DNA 
replication. Interactions between the viral E1 protein and two subunits of human DNA poly-
merase alpha/primase. J Biol Chem 274:2696–2705

 26. Han Y, Loo Y-M, Militello KT, Melendy T (1999) Interactions of the papovavirus DNA 
replication initiator proteins, bovine papillomavirus type 1 E1 and simian virus 40 large T 
antigen, with human replication protein A. J Virol 73:4899–4907

 27. Loo Y-M, Melendy T (2004) Recruitment of replication protein A by the papillomavirus E1 
protein and modulation by single-stranded DNA. J Virol 78:1605–1615

 28. Masterson PJ, Stanley MA, Lewis AP, Romanos MA (1998) A C-terminal helicase domain 
of the human papillomavirus E1 protein binds E2 and the DNA polymerase alpha-primase 
p68 subunit. J Virol 72:7407–7419

 29. Demeret C, Goyat S, Yaniv M, Thierry F (1998) The human papillomavirus type 18 (HPV18) 
replication protein E1 is a transcriptional activator when interacting with HPV18 E2. 
Virology 242(2):378–386

 30. Steger G, Corbach S (1997) Dose-dependent regulation of the early promoter of human 
papillomavirus type 18 by the viral E2 protein. J Virol 71:50–58

 31. Doorbar J, Ely S, Sterling J, McLean C, Crawford L (1991) Specific interaction between 
HPV-16 E1-E4 and cytokeratins results in collapse of the epithelial cell intermediate filament 
network. Nature 352(6338):824–827

 32. Hwang ES, Nottoli T, Dimaio D (1995) The HPV16 E5 protein: expression, detection, and stable 
complex formation with transmembrane proteins in COS cells. Virology 211(1):227–233

 33. Crusius K, Rodriguez I, Alonso A (2000) The human papillomavirus type 16 E5 protein 
modulates ERK1/2 and p38 MAP kinase activation by an EGFR-independent process in 
stressed human keratinocytes. Virus genes 20(1):65–69

 34. Disbrow GL, Hanover JA, Schlegel R (2005) Endoplasmic reticulum-localized human papilloma-
virus type 16 E5 protein alters endosomal pH but not trans-Golgi pH. J Virol 79:5839–5846

 35. Straight SW, Herman B, McCance DJ (1995) The E5 oncoprotein of human papillomavirus 
type 16 inhibits the acidification of endosomes in human keratinocytes. J Virol 69:3185–3192

 36. Oh ST, Longworth MS, Laimins LA (2004) Roles of the E6 and E7 proteins in the life cycle 
of low-risk human papillomavirus type 11. J Virol 78(5):2620–2626

 37. Thomas JT, Hubert WG, Ruesch MN, Laimins LA (1999) Human papillomavirus type 31 
oncoproteins E6 and E7 are required for the maintenance of episomes during the viral life 
cycle in normal human keratinocytes. Proc Natl Acad Sci U S A 96(15):8449–8454

 38. Stoler MH, Rhodes CR, Whitbeck A, Wolinsky SM, Chow LT, Broker TR (1992) Human papil-
lomavirus type 16 and 18 gene expression in cervical neoplasias. Hum Pathol 23(2):117–128

 39. Durst M, Glitz D, Schneider A, zur Hausen H (1992) Human papillomavirus type 16 (HPV 
16) gene expression and DNA replication in cervical neoplasia: analysis by in situ hybridiza-
tion. Virology 189(1):132–140

 40. Oh JM, Kim SH, Cho EA, Song YS, Kim WH, Juhnn YS (2010) Human papillomavirus type 16 
E5 protein inhibits hydrogen peroxide-induced apoptosis by stimulating ubiquitin/proteasome-
mediated degradation of Bax in human cervical cancer cells. Carcinogenesis 31(3):402–410



45921 Molecular Pathogenesis, Detection and Clinical Management 

 41. Oh JM, Kim SH, Lee YI, Seo M, Kim SY, Song YS, Kim WH, Juhnn YS (2009) Human 
papillomavirus E5 protein induces expression of the EP4 subtype of prostaglandin E2 receptor 
in cyclic AMP response element-dependent pathways in cervical cancer cells. Carcinogenesis 
30(1):141–149

 42. Kim SH, Oh JM, No JH, Bang YJ, Juhnn YS, Song YS (2009) Involvement of NF-kappaB 
and AP-1 in COX-2 upregulation by human papillomavirus 16 E5 oncoprotein. Carcinogenesis 
30(5):753–757

 43. Stoppler MC, Straight SW, Tsao G, Schlegel R, McCance DJ (1996) The E5 gene of HPV-16 
enhances keratinocyte immortalization by full-length DNA. Virology 223(1):251–254

 44. zur Hausen H (2002) Papillomaviruses and cancer: from basic studies to clinical application. 
Nat Rev Cancer 2(5):342–350

 45. Duensing S, Munger K (2004) Mechanisms of genomic instability in human cancer: insights 
from studies with human papillomavirus oncoproteins. Int J Cancer 109(2):157–162

 46. Horner SM, DeFilippis RA, Manuelidis L, DiMaio D (2004) Repression of the human papil-
lomavirus E6 gene initiates p53-dependent, telomerase-independent senescence and apoptosis 
in HeLa cervical carcinoma cells. J Virol 78(8):4063–4073

 47. Plug-DeMaggio AW, Sundsvold T, Wurscher MA, Koop JI, Klingelhutz AJ, McDougall JK 
(2004) Telomere erosion and chromosomal instability in cells expressing the HPV oncogene 
16E6. Oncogene 23(20):3561–3571

 48. Jackson S, Harwood C, Thomas M, Banks L, Storey A (2000) Role of Bak in UV-induced 
apoptosis in skin cancer and abrogation by HPV E6 proteins. Genes Dev 14(23):3065–3073

 49. Oda H, Kumar S, Howley PM (1999) Regulation of the Src family tyrosine kinase Blk 
through E6AP-mediated ubiquitination. Proc Natl Acad Sci U S A 96(17):9557–9562

 50. Li X, Coffino P (1996) High-risk human papillomavirus E6 protein has two distinct binding 
sites within p53, of which only one determines degradation. J Virol 70(7):4509–4516

 51. Crook T, Tidy JA, Vousden KH (1991) Degradation of p53 can be targeted by HPV E6 sequences 
distinct from those required for p53 binding and trans-activation. Cell 67(3):547–556

 52. Werness BA, Levine AJ, Howley PM (1990) Association of human papillomavirus types 16 
and 18 E6 proteins with p53. Science 248(4951):76–79

 53. Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM (1990) The E6 oncoprotein 
encoded by human papillomavirus types 16 and 18 promotes the degradation of p53. Cell 
63(6):1129–1136

 54. Klingelhutz AJ, Foster SA, McDougall JK (1996) Telomerase activation by the E6 gene 
product of human papillomavirus type 16. Nature 380(6569):79–82

 55. Rincon-Orozco B, Halec G, Rosenberger S et al (2009) Epigenetic silencing of interferon-
kappa in human papillomavirus type 16-positive cells. Cancer Res 69(22):8718–8725

 56. Cheng S, Schmidt-Grimminger DC, Murant T, Broker TR, Chow LT (1995) Differentiation-
dependent up-regulation of the human papillomavirus E7 gene reactivates cellular DNA 
replication in suprabasal differentiated keratinocytes. Genes Dev 9(19):2335–2349

 57. Heck DV, Yee CL, Howley PM, Munger K (1992) Efficiency of binding the retinoblastoma 
protein correlates with the transforming capacity of the E7 oncoproteins of the human papil-
lomaviruses. Proc Natl Acad Sci U S A 89(10):4442–4446

 58. Gage JR, Meyers C, Wettstein FO (1990) The E7 proteins of the nononcogenic human papil-
lomavirus type 6b (HPV-6b) and of the oncogenic HPV-16 differ in retinoblastoma protein 
binding and other properties. J Virol 64(2):723–730

 59. Munger K, Werness BA, Dyson N, Phelps WC, Harlow E, Howley PM (1989) Complex 
formation of human papillomavirus E7 proteins with the retinoblastoma tumor suppressor 
gene product. EMBO J 8(13):4099–4105

 60. Gonzalez SL, Stremlau M, He X, Basile JR, Munger K (2001) Degradation of the retinoblastoma 
tumor suppressor by the human papillomavirus type 16 E7 oncoprotein is important for functional 
inactivation and is separable from proteasomal degradation of E7. J Virol 75(16):7583–7591

 61. Munger K, Basile JR, Duensing S, Eichten A, Gonzalez SL, Grace M, Zacny VL (2001) 
Biological activities and molecular targets of the human papillomavirus E7 oncoprotein. 
Oncogene 20(54):7888–7898



460 W.-C. Chen et al.

 62. Zerfass K, Schulze A, Spitkovsky D, Friedman V, Henglein B, Jansen-Durr P (1995) 
Sequential activation of cyclin E and cyclin A gene expression by human papillomavirus 
type 16 E7 through sequences necessary for transformation. J Virol 69(10):6389–6399

 63. Jones DL, Alani RM, Munger K (1997) The human papillomavirus E7 oncoprotein can 
uncouple cellular differentiation and proliferation in human keratinocytes by abrogating 
p21Cip1-mediated inhibition of cdk2. Genes Dev 11(16):2101–2111

 64. Funk JO, Waga S, Harry JB, Espling E, Stillman B, Galloway DA (1997) Inhibition of CDK 
activity and PCNA-dependent DNA replication by p21 is blocked by interaction with the 
HPV-16 E7 oncoprotein. Genes Dev 11:2090–2100

 65. Zerfass-Thome K, Zwerschke W, Mannhardt B, Tindle R, Botz JW, Jansen-Durr P (1996) 
Inactivation of the cdk inhibitor p27KIP1 by the human papillomavirus type 16 E7 oncopro-
tein. Oncogene 13(11):2323–2330

 66. Martin LG, Demers GW, Galloway DA (1998) Disruption of the G1/S transition in human 
papillomavirus type 16 E7-expressing human cells is associated with altered regulation of 
cyclin E. J Virol 72(2):975–985

 67. Menges CW, Baglia LA, Lapoint R, McCance DJ (2006) Human papillomavirus type 16 E7 
up-regulates AKT activity through the retinoblastoma protein. Cancer Res 66(11):5555–5559

 68. McDougall JK (1994) Immortalization and transformation of human cells by human papil-
lomavirus. Curr Top Microbiol Immunol 186:101–119

 69. Thomas JT, Laimins LA (1998) Human papillomavirus oncoproteins E6 and E7 indepen-
dently abrogate the mitotic spindle checkpoint. J Virol 72(2):1131–1137

 70. Zhao W, Noya F, Chen WY, Townes TM, Chow LT, Broker TR (1999) Trichostatin A 
up-regulates human papillomavirus type 11 upstream regulatory region-E6 promoter activity 
in undifferentiated primary human keratinocytes. J Virol 73(6):5026–5033

 71. Kalantari M, Calleja-Macias IE, Tewari D, Hagmar B, Lie K, Barrera-Saldana HA, Wiley 
DJ, Bernard HU (2004) Conserved methylation patterns of human papillomavirus type 16 
DNA in asymptomatic infection and cervical neoplasia. J Virol 78(23):12762–12772

 72. Turan T, Kalantari M, Calleja-Macias IE et al (2006) Methylation of the human papilloma-
virus-18 L1 gene: a biomarker of neoplastic progression? Virology 349(1):175–183

 73. Turan T, Kalantari M, Cuschieri K, Cubie HA, Skomedal H, Bernard HU (2007) High-
throughput detection of human papillomavirus-18 L1 gene methylation, a candidate 
biomarker for the progression of cervical neoplasia. Virology 361(1):185–193

 74. Durst M, Dzarlieva-Petrusevska RT, Boukamp P, Fusenig NE, Gissmann L (1987) Molecular 
and cytogenetic analysis of immortalized human primary keratinocytes obtained after trans-
fection with human papillomavirus type 16 DNA. Oncogene 1(3):251–256

 75. Pirisi L, Yasumoto S, Feller M, Doniger J, DiPaolo JA (1987) Transformation of human fibro-
blasts and keratinocytes with human papillomavirus type 16 DNA. J Virol 61(4):1061–1066

 76. Munger K, Phelps WC, Bubb V, Howley PM, Schlegel R (1989) The E6 and E7 genes of the 
human papillomavirus type 16 together are necessary and sufficient for transformation of 
primary human keratinocytes. J Virol 63(10):4417–4421

 77. Hawley-Nelson P, Vousden KH, Hubbert NL, Lowy DR, Schiller JT (1989) HPV16 E6 and 
E7 proteins cooperate to immortalize human foreskin keratinocytes. EMBO J 
8(12):3905–3910

 78. Chen TM, Pecoraro G, Defendi V (1993) Genetic analysis of in vitro progression of human 
papillomavirus-transfected human cervical cells. Cancer Res 53(5):1167–1171

 79. Seagon S, Durst M (1994) Genetic analysis of an in vitro model system for human papillo-
mavirus type 16-associated tumorigenesis. Cancer Res 54(21):5593–5598

 80. Psyrri A, DeFilippis RA, Edwards AP, Yates KE, Manuelidis L, DiMaio D (2004) Role of 
the retinoblastoma pathway in senescence triggered by repression of the human papilloma-
virus E7 protein in cervical carcinoma cells. Cancer Res 64(9):3079–3086

 81. Steenbergen RD, Walboomers JM, Meijer CJ, van der Raaij-Helmer EM, Parker JN, Chow 
LT, Broker TR, Snijders PJ (1996) Transition of human papillomavirus type 16 and 18 trans-
fected human foreskin keratinocytes towards immortality: activation of telomerase and allele 
losses at 3p, 10p, 11q and/or 18q. Oncogene 13(6):1249–1257



46121 Molecular Pathogenesis, Detection and Clinical Management 

 82. Klingelhutz AJ, Barber SA, Smith PP, Dyer K, McDougall JK (1994) Restoration of telomeres 
in human papillomavirus-immortalized human anogenital epithelial cells. Mol Cell Biol 
14(2):961–969

 83. Kim NW, Piatyszek MA, Prowse KR et al (1994) Specific association of human telomerase 
activity with immortal cells and cancer. Science 266(5193):2011–2015

 84. Meyerson M, Counter CM, Eaton EN et al (1997) hEST2, the putative human telomerase catalytic 
subunit gene, is up-regulated in tumor cells and during immortalization. Cell 90(4):785–795

 85. Steenbergen RD, Kramer D, Meijer CJ et al (2001) Telomerase suppression by chromosome 
6 in a human papillomavirus type 16-immortalized keratinocyte cell line and in a cervical 
cancer cell line. J Natl Cancer Inst 93(11):865–872

 86. Sprague DL, Phillips SL, Mitchell CJ, Berger KL, Lace M, Turek LP, Klingelhutz AJ (2002) 
Telomerase activation in cervical keratinocytes containing stably replicating human papil-
lomavirus type 16 episomes. Virology 301(2):247–254

 87. Backsch C, Wagenbach N, Nonn M, Leistritz S, Stanbridge E, Schneider A, Durst M (2001) 
Microcell-mediated transfer of chromosome 4 into HeLa cells suppresses telomerase activity. 
Genes Chromosomes Cancer 31(2):196–198

 88. Backsch C, Rudolph B, Kuhne-Heid R et al (2005) A region on human chromosome  
4 (q35.1→qter) induces senescence in cell hybrids and is involved in cervical carcinogenesis. 
Genes Chromosomes Cancer 43(3):260–272

 89. Poignee M, Backsch C, Beer K et al (2001) Evidence for a putative senescence gene locus 
within the chromosomal region 10p14-p15. Cancer Res 61(19):7118–7121

 90. Uejima H, Mitsuya K, Kugoh H, Horikawa I, Oshimura M (1995) Normal human chromo-
some 2 induces cellular senescence in the human cervical carcinoma cell line SiHa. Genes 
Chromosomes Cancer 14(2):120–127

 91. Snijders PJ, van Duin M, Walboomers JM, Steenbergen RD, Risse EK, Helmerhorst TJ, 
Verheijen RH, Meijer CJ (1998) Telomerase activity exclusively in cervical carcinomas and 
a subset of cervical intraepithelial neoplasia grade III lesions: strong association with 
elevated messenger RNA levels of its catalytic subunit and high-risk human papillomavirus 
DNA. Cancer Res 58(17):3812–3818

 92. van Duin M, Steenbergen RD, de Wilde J, Helmerhorst TJ, Verheijen RH, Risse EK, Meijer 
CJ, Snijders PJ (2003) Telomerase activity in high-grade cervical lesions is associated with 
allelic imbalance at 6Q14-22. Int J Cancer 105(5):577–582

 93. Koi M, Morita H, Yamada H, Satoh H, Barrett JC, Oshimura M (1989) Normal human chro-
mosome 11 suppresses tumorigenicity of human cervical tumor cell line SiHa. Mol Carcinog 
2(1):12–21

 94. Hampton GM, Penny LA, Baergen RN et al (1994) Loss of heterozygosity in cervical carcinoma: 
subchromosomal localization of a putative tumor-suppressor gene to chromosome 11q22-q24. 
Proc Natl Acad Sci U S A 91(15):6953–6957

 95. Steenbergen RD, Kramer D, Braakhuis BJ, Stern PL, Verheijen RH, Meijer CJ, Snijders PJ 
(2004) TSLC1 gene silencing in cervical cancer cell lines and cervical neoplasia. J Natl 
Cancer Inst 96(4):294–305

 96. Shingai T, Ikeda W, Kakunaga S et al (2003) Implications of nectin-like molecule-2/IGSF4/
RA175/SgIGSF/TSLC1/SynCAM1 in cell-cell adhesion and transmembrane protein local-
ization in epithelial cells. J Biol Chem 278(37):35421–35427

 97. Boles KS, Barchet W, Diacovo T, Cella M, Colonna M (2005) The tumor suppressor TSLC1/
NECL-2 triggers NK-cell and CD8+ T-cell responses through the cell-surface receptor 
CRTAM. Blood 106(3):779–786

 98. Soto U, Das BC, Lengert M, Finzer P, zur Hausen H, Rosl F (1999) Conversion of HPV 18 
positive non-tumorigenic HeLa-fibroblast hybrids to invasive growth involves loss of TNF-
alpha mediated repression of viral transcription and modification of the AP-1 transcription 
complex. Oncogene 18(21):3187–3198

 99. Soto U, Denk C, Finzer P, Hutter KJ, zur Hausen H, Rosl F (2000) Genetic complementation 
to non-tumorigenicity in cervical-carcinoma cells correlates with alterations in AP-1 compo-
sition. Int J Cancer 86(6):811–817



462 W.-C. Chen et al.

 100. Finzer P, Soto U, Delius H, Patzelt A, Coy JF, Poustka A, zur Hausen H, Rosl F (2000) 
Differential transcriptional regulation of the monocyte-chemoattractant protein-1 (MCP-1) 
gene in tumorigenic and non-tumorigenic HPV 18 positive cells: the role of the chromatin 
structure and AP-1 composition. Oncogene 19(29):3235–3244

 101. Cheung TH, Leung JO, Chung TK, Lam SK, To KF, Wong YF (1997) c-fos overexpression 
is associated with the pathoneogenesis of invasive cervical cancer. Gynecol Obstet Invest 
43(3):200–203

 102. Heselmeyer K, Schrock E, du Manoir S, Blegen H, Shah K, Steinbeck R, Auer G, Ried T 
(1996) Gain of chromosome 3q defines the transition from severe dysplasia to invasive 
carcinoma of the uterine cervix. Proc Natl Acad Sci U S A 93(1):479–484

 103. Papanicolaou GN, Traut HF (1941) The diagnostic value of vaginal smears in carcinoma of 
the uterus. Am J Obstet Gynecol 42:193–206

 104. Parkin DM (1991) Screening for cervix cancer in developing countries. In: Miller AB (ed) 
Cancer screening. Cambridge University Press, Cambridge, pp 184–198

 105. Cibas ES, Alonzo TA, Austin RM et al (2008) The MonoPrep Pap test for the detection of 
cervical cancer and its precursors. Part I: results of a multicenter clinical trial. Am J Clin 
Pathol 129(2):193–201

 106. ACOG (2009 Dec) ACOG Education Pamphlet AP085 – The Pap Test
 107. (1989) The 1988 Bethesda System for reporting cervical/vaginal cytologic diagnoses. 

Developed and approved at a National Cancer Institute Workshop, Bethesda, Maryland, 
U.S.A., December 12–13, 1988. Anal Quant Cytol Histol 11(5):291–297

 108. Solomon D, Davey D, Kurman R et al (2002) The 2001 Bethesda System: terminology for 
reporting results of cervical cytology. JAMA 287(16):2114–2119

 109. Zappacosta R, Rosini S (2008) Cervical cancer screening: from molecular basis to diagnostic 
practice, going through new technologies. Technol Cancer Res Treat 7(3):161–174

 110. MonoPrep Pap Test – P040052. 2006. [cited 2010 Jan 2]; Available from: http://www.fda.
gov/MedicalDevices/ProductsandMedicalProcedures/DeviceApprovalsandClearances/
Recently-ApprovedDevices/ucm078291.htm

 111. ThinPrep Pap Test. 2009 [cited 2010 Jan 2]; Available from: http://www.thinprep.com/index.
html

 112. BD SurePath Liquid-based Pap Test. 2010. [cited 2010 Jan 3]; Available from: http://www.
bd.com/tripath/products/surepath/index.asp

 113. Bernstein SJ, Sanchez-Ramos L, Ndubisi B (2001) Liquid-based cervical cytologic smear 
study and conventional Papanicolaou smears: a metaanalysis of prospective studies comparing 
cytologic diagnosis and sample adequacy. Am J Obstet Gynecol 185(2):308–317

 114. Davey E, D’Assuncao J, Irwig L, Macaskill P, Chan SF, Richards A, Farnsworth A (2007) 
Accuracy of reading liquid based cytology slides using the ThinPrep Imager compared with 
conventional cytology: prospective study. BMJ 335(7609):31

 115. Nance KV (2007) Evolution of Pap testing at a community hospital: a ten year experience. 
Diagn Cytopathol 35(3):148–153

 116. Papillo JL, St John TL, Leiman G (2008) Effectiveness of the ThinPrep Imaging System: 
clinical experience in a low risk screening population. Diagn Cytopathol 36(3):155–160

 117. Schiffman M, Adrianza ME (2000) ASCUS-LSIL Triage Study. Design, methods and char-
acteristics of trial participants. Acta Cytol 44(5):726–742

 118. Manos MM, Kinney WK, Hurley LB et al (1999) Identifying women with cervical neoplasia: 
using human papillomavirus DNA testing for equivocal Papanicolaou results. JAMA 
281(17):1605–1610

 119. Cox JT (2009) History of the use of HPV testing in cervical screening and in the manage-
ment of abnormal cervical screening results. J Clin Virol 45(Suppl 1):S3–S12

 120. Wright TC Jr, Massad LS, Dunton CJ, Spitzer M, Wilkinson EJ, Solomon D (2007) 2006 
consensus guidelines for the management of women with abnormal cervical screening tests. 
J Low Genit Tract Dis 11(4):201–222

 121. Wright TC Jr, Massad LS, Dunton CJ, Spitzer M, Wilkinson EJ, Solomon D (2007) 2006 
consensus guidelines for the management of women with abnormal cervical cancer screening 
tests. Am J Obstet Gynecol 197(4):346–355



46321 Molecular Pathogenesis, Detection and Clinical Management 

 122. Arbyn M, Buntinx F, Van Ranst M, Paraskevaidis E, Martin-Hirsch P, Dillner J (2004) 
Virologic versus cytologic triage of women with equivocal Pap smears: a meta-analysis of the 
accuracy to detect high-grade intraepithelial neoplasia. J Natl Cancer Inst 96(4):280–293

 123. Wright TC Jr, Lorincz A, Ferris DG, Richart RM, Ferenczy A, Mielzynska I, Borgatta L 
(1998) Reflex human papillomavirus deoxyribonucleic acid testing in women with abnormal 
Papanicolaou smears. Am J Obstet Gynecol 178(5):962–966

 124. Caussy D, Orr W, Daya AD, Roth P, Reeves W, Rawls W (1988) Evaluation of methods for 
detecting human papillomavirus deoxyribonucleotide sequences in clinical specimens. J Clin 
Microbiol 26(2):236–243

 125. The digene HPV Test. 2009. [cited 2010 Jan 4]; Available from: http://www.thehpvtest.com/
default.html

 126. Sandri MT, Lentati P, Benini E et al (2006) Comparison of the Digene HC2 assay and the 
Roche AMPLICOR human papillomavirus (HPV) test for detection of high-risk HPV geno-
types in cervical samples. J Clin Microbiol 44(6):2141–2146

 127. Roche Molecular Diagnostics Amplicor HPV Test. 2009 [cited 2010 Jan 4]; Available from: 
http://molecular.roche.com/diagnostics/hpv_ctng/hpv_test_1.html

 128. Day SP, Hudson A, Mast A et al (2009) Analytical performance of the Investigational Use Only 
Cervista HPV HR test as determined by a multi-center study. J Clin Virol 45(Suppl 1):S63–S72

 129. FDA Approves Two Hologic HPV Tests. 2009 March 13 [cited 2010 Jan 4]; Available from: 
http://www.hologic.com/news-releases/view/173-year.2009_173-id.234881444.html

 130. Cervista HPV. 2009. [cited 2010 Jan 4]; Available from: http://www.cervistahpv.com/index.html
 131. Qiao YL, Sellors JW, Eder PS et al (2008) A new HPV-DNA test for cervical-cancer screening 

in developing regions: a cross-sectional study of clinical accuracy in rural China. Lancet 
Oncol 9(10):929–936

 132. Cuschieri K, Wentzensen N (2008) Human papillomavirus mRNA and p16 detection as 
biomarkers for the improved diagnosis of cervical neoplasia. Cancer Epidemiol Biomarkers 
Prev 17(10):2536–2545

 133. Villa LL (2008) Assessment of new technologies for cervical cancer screening. Lancet Oncol 
9(10):910–911

 134. Lambert AP, Anschau F, Schmitt VM (2006) p16INK4A expression in cervical premalignant 
and malignant lesions. Exp Mol Pathol 80(2):192–196

 135. Horn LC, Reichert A, Oster A et al (2008) Immunostaining for p16INK4a used as a conjunc-
tive tool improves interobserver agreement of the histologic diagnosis of cervical intraepi-
thelial neoplasia. Am J Surg Pathol 32(4):502–512

 136. Carozzi F, Confortini M, Dalla Palma P et al (2008) Use of p16-INK4A overexpression to 
increase the specificity of human papillomavirus testing: a nested substudy of the NTCC 
randomised controlled trial. Lancet Oncol 9(10):937–945

 137. Eleuterio J Jr, Giraldo PC, Goncalves AK, Cavalcante DI, de Almeida Ferreira FV, Mesquita 
SM, Morais SS (2007) Prognostic markers of high-grade squamous intraepithelial lesions: 
the role of p16INK4a and high-risk human papillomavirus. Acta Obstet Gynecol Scand 
86(1):94–98

 138. Asadurian Y, Kurilin H, Lichtig H, Jackman A, Gonen P, Tommasino M, Zehbe I, Sherman 
L (2007) Activities of human papillomavirus 16 E6 natural variants in human keratinocytes. 
J Med Virol 79(11):1751–1760

 139. Wise-Draper TM, Wells SI (2008) Papillomavirus E6 and E7 proteins and their cellular targets. 
Front Biosci 13:1003–1017

 140. Dixon EP, King LM, Adams MD et al (2008) Isolation of RNA from residual BD SurePath 
liquid-based cytology specimens and detection of HPV E6/E7 mRNA using the PreTectt 
HPV-Proofer assay. J Virol Methods 154(1–2):220–222

 141. Jeantet D, Schwarzmann F, Tromp J, Melchers WJ, van der Wurff AA, Oosterlaken T, Jacobs 
M, Troesch A (2009) NucliSENS EasyQ HPV v1 test - Testing for oncogenic activity of 
human papillomaviruses. J Clin Virol 45(Suppl 1):S29–S37

 142. Szarewski A, Ambroisine L, Cadman L et al (2008) Comparison of predictors for high-grade 
cervical intraepithelial neoplasia in women with abnormal smears. Cancer Epidemiol 
Biomarkers Prev 17(11):3033–3042



464 W.-C. Chen et al.

 143. Dockter J, Schroder A, Hill C, Guzenski L, Monsonego J, Giachetti C (2009) Clinical 
performance of the APTIMA HPV Assay for the detection of high-risk HPV and high-grade 
cervical lesions. J Clin Virol 45(Suppl 1):S55–S61

 144. Wright TC Jr, Massad LS, Dunton CJ, Spitzer M, Wilkinson EJ, Solomon D (2007) 2006 
consensus guidelines for the management of women with cervical intraepithelial neoplasia 
or adenocarcinoma in situ. J Low Genit Tract Dis 11(4):223–239

 145. Helmerhorst TJ (1992) Clinical significance of endocervical curettage as part of colposcopic 
evaluation. A review. Int J Gynecol Cancer 2(5):256–262

 146. Hoffman MS, Sterghos S Jr, Gordy LW, Gunasekaran S, Cavanagh D (1993) Evaluation of 
the cervical canal with the endocervical brush. Obstet Gynecol 82(4 Pt 1):573–577

 147. Klam S, Arseneau J, Mansour N, Franco E, Ferenczy A (2000) Comparison of endocervical 
curettage and endocervical brushing. Obstet Gynecol 96(1):90–94

 148. Mitchell MF, Tortolero-Luna G, Cook E, Whittaker L, Rhodes-Morris H, Silva E (1998) 
A randomized clinical trial of cryotherapy, laser vaporization, and loop electrosurgical exci-
sion for treatment of squamous intraepithelial lesions of the cervix. Obstet Gynecol 
92(5):737–744

 149. Townsend DE, Richart RM (1983) Cryotherapy and carbon dioxide laser management of 
cervical intraepithelial neoplasia: a controlled comparison. Obstet Gynecol 61(1):75–78

 150. Stafl A, Wilkinson EJ, Mattingly RF (1977) Laser treatment of cervical and vaginal neoplasia. 
Am J Obstet Gynecol 128(2):128–136

 151. Zhou J, Sun XY, Davies H, Crawford L, Park D, Frazer IH (1992) Definition of linear anti-
genic regions of the HPV16 L1 capsid protein using synthetic virion-like particles. Virology 
189(2):592–599

 152. Breitburd F, Kirnbauer R, Hubbert NL, Nonnenmacher B, Trin-Dinh-Desmarquet C, Orth G, 
Schiller JT, Lowy DR (1995) Immunization with viruslike particles from cottontail rabbit 
papillomavirus (CRPV) can protect against experimental CRPV infection. J Virol 
69(6):3959–3963

 153. Lin YL, Borenstein LA, Ahmed R, Wettstein FO (1993) Cottontail rabbit papillomavirus L1 
protein-based vaccines: protection is achieved only with a full-length, nondenatured product. 
J Virol 67(7):4154–4162

 154. Hagensee ME, Yaegashi N, Galloway DA (1993) Self-assembly of human papillomavirus 
type 1 capsids by expression of the L1 protein alone or by coexpression of the L1 and L2 
capsid proteins. J Virol 67(1):315–322

 155. Heino P, Dillner J, Schwartz S (1995) Human papillomavirus type 16 capsid proteins 
produced from recombinant Semliki Forest virus assemble into virus-like particles. Virology 
214(2):349–359

 156. Kirnbauer R, Booy F, Cheng N, Lowy DR, Schiller JT (1992) Papillomavirus L1 major 
capsid protein self-assembles into virus-like particles that are highly immunogenic. Proc 
Natl Acad Sci U S A 89(24):12180–12184

 157. Rose RC, Reichman RC, Bonnez W (1994) Human papillomavirus (HPV) type 11 recombi-
nant virus-like particles induce the formation of neutralizing antibodies and detect HPV-
specific antibodies in human sera. J Gen Virol 75(Pt 8):2075–2079

 158. Sasagawa T, Pushko P, Steers G, Gschmeissner SE, Hajibagheri MA, Finch J, Crawford 
L, Tommasino M (1995) Synthesis and assembly of virus-like particles of human papil-
lomaviruses type 6 and type 16 in fission yeast Schizosaccharomyces pombe. Virology 
206(1):126–135

 159. Nardelli-Haefliger D, Roden RB, Benyacoub J et al (1997) Human papillomavirus type 16 
virus-like particles expressed in attenuated Salmonella typhimurium elicit mucosal and systemic 
neutralizing antibodies in mice. Infect Immun 65(8):3328–3336

 160. Ghim SJ, Jenson AB, Schlegel R (1992) HPV-1 L1 protein expressed in cos cells displays 
conformational epitopes found on intact virions. Virology 190(1):548–552

 161. Koutsky LA, Ault KA, Wheeler CM, Brown DR, Barr E, Alvarez FB, Chiacchierini LM, 
Jansen KU (2002) A controlled trial of a human papillomavirus type 16 vaccine. N Engl J 
Med 347(21):1645–1651



46521 Molecular Pathogenesis, Detection and Clinical Management 

 162. Evans TG, Bonnez W, Rose RC et al (2001) A Phase 1 study of a recombinant viruslike 
particle vaccine against human papillomavirus type 11 in healthy adult volunteers. J Infect 
Dis 183(10):1485–1493

 163. Harro CD, Pang YY, Roden RB et al (2001) Safety and immunogenicity trial in adult volun-
teers of a human papillomavirus 16 L1 virus-like particle vaccine. J Natl Cancer Inst 
93(4):284–292

 164. Harper DM (2009) Currently approved prophylactic HPV vaccines. Expert Rev Vaccines 
8(12):1663–1679

 165. FDA Approves New Vaccine for Prevention of Cervical Cancer. 2009 Oct 16 [cited 2009 
Dec 29]; Available from: http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/
ucm187048.htm

 166. FDA Approves New Indication for Gardasil to Prevent Genital Warts in Men and Boys. 2009 
Oct 16 Dec 29 2009 [cited 2009 Dec 29]; Available from: http://www.fda.gov/NewsEvents/
Newsroom/PressAnnouncements/ucm187003.htm

 167. Einstein MH, Baron M, Levin MJ et al (2009) Comparison of the immunogenicity and safety 
of Cervarix() and Gardasil((R)) human papillomavirus (HPV) cervical cancer vaccines in 
healthy women aged 18-45 years. Hum Vaccin 5(10):705–719

 168. Munoz N, Manalastas R Jr, Pitisuttithum P et al (2009) Safety, immunogenicity, and efficacy 
of quadrivalent human papillomavirus (types 6, 11, 16, 18) recombinant vaccine in women 
aged 24-45 years: a randomised, double-blind trial. Lancet 373(9679):1949–1957

 169. Kjaer SK, Sigurdsson K, Iversen OE et al (2009) A pooled analysis of continued prophylactic 
efficacy of quadrivalent human papillomavirus (Types 6/11/16/18) vaccine against high-
grade cervical and external genital lesions. Cancer Prev Res (Phila Pa) 2(10):868–878

 170. Paavonen J, Naud P, Salmeron J et al (2009) Efficacy of human papillomavirus (HPV)-16/18 
AS04-adjuvanted vaccine against cervical infection and precancer caused by oncogenic HPV 
types (PATRICIA): final analysis of a double-blind, randomised study in young women. 
Lancet 374(9686):301–314

 171. David MP, Van Herck K, Hardt K, Tibaldi F, Dubin G, Descamps D, Van Damme P (2009) 
Long-term persistence of anti-HPV-16 and -18 antibodies induced by vaccination with the 
AS04-adjuvanted cervical cancer vaccine: modeling of sustained antibody responses. 
Gynecol Oncol 2009 Dec; 115 (3 Suppl):51–56

 172. Rowhani-Rahbar A, Mao C, Hughes JP, Alvarez FB, Bryan JT, Hawes SE, Weiss NS, 
Koutsky LA (2009) Longer term efficacy of a prophylactic monovalent human papillomavirus 
type 16 vaccine. Vaccine 27(41):5612–5619

 173. Garland SM, Hernandez-Avila M, Wheeler CM et al (2007) Quadrivalent vaccine against 
human papillomavirus to prevent anogenital diseases. N Engl J Med 356(19):1928–1943

 174. Paavonen J, Jenkins D, Bosch FX et al (2007) Efficacy of a prophylactic adjuvanted bivalent 
L1 virus-like-particle vaccine against infection with human papillomavirus types 16 and 18 
in young women: an interim analysis of a phase III double-blind, randomised controlled trial. 
Lancet 369(9580):2161–2170

 175. Reisinger KS, Block SL, Lazcano-Ponce E et al (2007) Safety and persistent immunogenic-
ity of a quadrivalent human papillomavirus types 6, 11, 16, 18 L1 virus-like particle vaccine 
in preadolescents and adolescents: a randomized controlled trial. Pediatr Infect Dis J 
26(3):201–209

 176. Mao C, Koutsky LA, Ault KA et al (2006) Efficacy of human papillomavirus-16 vaccine to 
prevent cervical intraepithelial neoplasia: a randomized controlled trial. Obstet Gynecol 
107(1):18–27

 177. Block SL, Nolan T, Sattler C et al (2006) Comparison of the immunogenicity and reactoge-
nicity of a prophylactic quadrivalent human papillomavirus (types 6, 11, 16, and 18) L1 
virus-like particle vaccine in male and female adolescents and young adult women. Pediatrics 
118(5):2135–2145

 178. Harper DM, Franco EL, Wheeler CM et al (2006) Sustained efficacy up to 4.5 years of a 
bivalent L1 virus-like particle vaccine against human papillomavirus types 16 and 18: 
follow-up from a randomised control trial. Lancet 367(9518):1247–1255



466 W.-C. Chen et al.

 179. Munoz N, Bosch FX, Castellsague X, Diaz M, de Sanjose S, Hammouda D, Shah KV, Meijer 
CJ (2004) Against which human papillomavirus types shall we vaccinate and screen? The 
international perspective. Int J Cancer 111(2):278–285

 180. Chen XS, Garcea RL, Goldberg I, Casini G, Harrison SC (2000) Structure of small virus-like 
particles assembled from the L1 protein of human papillomavirus 16. Mol Cell 
5(3):557–567

 181. Rose RC, White WI, Li M, Suzich JA, Lane C, Garcea RL (1998) Human papillomavirus 
type 11 recombinant L1 capsomeres induce virus-neutralizing antibodies. J Virol 
72(7):6151–6154

 182. Li M, Cripe TP, Estes PA, Lyon MK, Rose RC, Garcea RL (1997) Expression of the human 
papillomavirus type 11 L1 capsid protein in Escherichia coli: characterization of protein 
domains involved in DNA binding and capsid assembly. J Virol 71(4):2988–2995

 183. Rechtsteiner G, Warger T, Osterloh P, Schild H, Radsak MP (2005) Cutting edge: priming of 
CTL by transcutaneous peptide immunization with imiquimod. J Immunol 174(5):2476–2480

 184. Nardelli-Haefliger D, Lurati F, Wirthner D, Spertini F, Schiller JT, Lowy DR, Ponci F, De 
Grandi P (2005) Immune responses induced by lower airway mucosal immunisation with a 
human papillomavirus type 16 virus-like particle vaccine. Vaccine 23(28):3634–3641

 185. Merck. A study of V503 in Preadolescents and Adolescents. 2009 [cited 2009 Dec 20]; 
Available from: http://clinicaltrials.gov/ct2/show/NCT00943722

 186. Roden RB, Gravitt P, Wu TC (2008) Towards global prevention of human papillomavirus-
induced cancer. Eur J Immunol 38(2):323–326

 187. Roden R, Monie A, Wu TC (2006) The impact of preventive HPV vaccination. Discov Med 
6(35):175–181

 188. Schiller JT, Castellsague X, Villa LL, Hildesheim A (2008) An update of prophylactic 
human papillomavirus L1 virus-like particle vaccine clinical trial results. Vaccine 26(Suppl 
10):K53–K61

 189. Hung CF, Ma B, Monie A, Tsen SW, Wu TC (2008) Therapeutic human papillomavirus 
vaccines: current clinical trials and future directions. Expert Opin Biol Ther 8(4):421–439



467R.C. Fitzgerald (ed.), Pre-Invasive Disease: Pathogenesis and Clinical Management, 
DOI 10.1007/978-1-4419-6694-0_22, © Springer Science+Business Media, LLC 2011

Abstract Carcinoma of the prostate (CaP) is the most common non-cutaneous 
cancer in men and the second most common cause of cancer related death. 
Mortality remains high despite improvements in diagnosis in the developed world. 
A better understanding of the mechanisms involved in the development of prostate 
cancer should allow targeted diagnosis, prevention and treatment, and may improve 
mortality. In this chapter, we outline the two principal pre-malignant histological 
types, prostate intraepithelial neoplasia (PIN) and atypical small acinar proliferation 
(ASAP) and the likelihood of progression to CaP if these diagnoses are made. We 
then assess current understanding of factors contributing to the initiation of pre-
malignant disease and progression to CaP as they relate to stem cells, inflammation, 
diet and specific genetic mutations or aberrant pathways. Finally, we discuss the 
translational potential of these factors in early detection and prevention of CaP.

Introduction

Carcinoma of the prostate (CaP) is the most common non-cutaneous cancer in men 
and the second most common cause of cancer related death, killing approximately 
10,000 men annually in the UK [1]. The majority of prostate cancer deaths occur in 
men aged 65 and over (Fig. 22.1); however, the disease is also found amongst 
younger men, with prevalence rates of up to 30% in 30–50 year olds reported on post-
mortem analysis [2]. There is a 15-fold variation in prostate cancer mortality rates 
worldwide, and although North America ranks first in terms of incidence, mainly 
owing to high levels of PSA testing, it is eighth for mortality, with the highest mortality 
rates being recorded in the Caribbean (Fig. 22.2). Countries with higher levels of PSA 
testing detect a greater proportion of early stage disease, the consequent lead-time bias 
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giving higher survival rates compared to incidence [3]. Overall in the United 
Kingdom, prostate cancer mortality was fairly stable, but began to increase in the 
early 1980s. Mortality peaked in the early 1990s when the age-standardised death rate 
reached 30 per 100,000 in 1992. Since then there has been a slight fall in rates and in 
2007, the age standardised rate was 25 per 100,000 (Fig. 22.3) [4]. Prostate cancer 
mortality remains high despite improvements in diagnosis in the developed world. 
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A better understanding of the mechanisms involved in the development of prostate 
cancer would allow targeted diagnosis, prevention and treatment, and may improve 
mortality.

Prostate cancer is a heterogeneous, often multifocal disease with numerous factors 
contributing to its initiation and progression. In this chapter, the two principal 
pre-malignant histological types will be outlined and current understanding of factors 
contributing to development of CaP will be assessed as they relate to stem cells, 
inflammation, diet and specific genetic mutations or aberrant pathways. Finally, the 
translational potential of these factors in early detection and prevention of CaP will 
be discussed.

Normal Prostate

The prostate is an accessory sexual organ with exocrine and endocrine functions, 
responsible for production and storage of 25–30% of constituents of the seminal 
fluid. Prostatic fluid is alkaline, which protects spermatozoa in the acidic environment 
of the vagina. The protein content of prostatic secretions is less than 1% and 
includes proteolytic enzymes, prostate acid phosphatase and prostate specific antigen 
as well as minerals such as zinc (free and protein bound) which has antimicrobial 
and semen coagulant effects [5, 6].

The prostate develops as part of the urogenital sinus (endodermal in origin) with 
contributions from the Wolffian ducts and from the surrounding mesenchyme. The 
prostate consists of branching ducts and acini which are often referred to as prostate 
glands collectively. The cells lining ducts and acini are identical with the exception 
of the larger peri-urethral ducts that have a urothelial lining. There are four main 
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anatomically distinct cell types (Fig. 22.4). First, prostate basal cells form a largely 
structural basal layer encircling each prostatic duct or acinus. Second, luminal (or 
glandular) cells form a columnar layer that make up the functional secretory surface 
of the glandular lumen. Third, rare neuroendocrine cells are interspersed between 
the basal and luminal cells. These are endocrine and sensory cells thought to share 
structural, functional and metabolic properties with neuronal cells found in the pros-
tate. They secrete neuroendocrine peptides that support epithelial growth and viabil-
ity [7]. Fourth, stromal cells surround the prostate glandular structures to guide and 
support growth and differentiation of the epithelium. Stromal cells include fibro-
blasts, myofibroblasts and smooth muscle cells and are derived from mesenchyme. 
Stem cells are generally thought to reside in the basal layer of the prostate contribut-
ing to all epithelial cell types of the prostate. The significance of prostate stem cells 
in development of prostate cancer will be discussed.

Prostatic Intraepithelial Neoplasia

Prostatic intra-epithelial neoplasia (PIN) is defined as the presence of cytologically 
atypical cells within a generally normal ductal or acinar outline in the presence of 
a basal layer of cells. PIN is conventionally divided into low grade (LG) and high 
grade (HG). Morphologically, HGPIN is identified by enlarged, crowded, often 
multilayered nuclei with irregular spacing, prominent nucleoli and amphophilic 

Fig. 22.4 Schematic of the prostate from organ to glands (ducts and acini). Different cell-types 
shown. Haematoxylin and Eosin sections show normal prostate, prostatic intraepithelial neoplasia 
(PIN) and Gleason score 6 carcinoma
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cytoplasm, features also found in high Gleason grade carcinoma (Fig. 22.4) [8]. 
The essential distinguishing feature between HGPIN and carcinoma is the presence 
of basal cells, which, though often patchy in HGPIN are always present [9]. 
LGPIN, by contrast, shows a lesser degree of atypia and lacks prominent nucleoli. 
Clinically, LGPIN is not reported as such because of poor reproducibility and 
uncertain diagnostic significance, instead being classified as benign prostatic tissue 
[10]. Genetic and molecular factors contributing towards the development of PIN 
will be discussed in subsequent sections.

There is strong histological evidence implicating HGPIN as a pre-neoplastic 
lesion. Morphologically, HGPIN is primarily found in the peripheral zone, in proximity 
to invasive CaP [11], is multifocal and similar in cytological appearance to CaP [6], 
and it generally precedes CaP by at least 10 years, consistent with a linear progression 
[2, 12]. At a cellular level, HGPIN displays similar chromosomal abnormalities to 
early invasive CaP [13] as well as similar markers of differentiation [14]. However, 
the question remains open as to whether PIN is truly a precursor lesion of CaP or 
whether the two conditions are simply commonly associated.

A diagnosis of PIN has important clinical implications. There is general consen-
sus regarding the diagnosis of HGPIN and also regarding the general relationship of 
HGPIN to CaP [8, 15, 16]. The reported incidence of HGPIN on  transrectal ultra-
sound (TRUS) biopsy varies considerably at 0.6–24% (mean 7.7%), largely depen-
dent on variation in the population under study, with HGPIN incidence increasing 
with age [17]. There is less consensus regarding the actual risk of diagnosing CaP 
on repeat biopsy with figures ranging from 50% from studies in the 1990s compared 
to 20% in recent studies, which is little different from the risk after a “normal” 
biopsy [17, 18]. The explanation lies in the extent of HGPIN and timing of biopsy. 
HGPIN that is multifocal and present throughout the gland, as determined by 
involvement of multiple (two or more cores) biopsies, is associated with a 39–80% 
risk of CaP depending on the study [19, 20]. Similarly, delaying biopsy has been 
reported to increase the detection rate of CaP from 25% at 6 months to 44.6% at 1 
year [21]. This has led to the advice that patients with HGPIN in more than one core 
should have repeat biopsies after a 1 year interval [22].

Atypical Small Acinar Proliferation

Atypical small acinar proliferation (ASAP) describes a group of small, often 
closely packed, acini that are regarded by the pathologist as being atypical, but 
lacking in sufficient morphological abnormalities to be regarded as unequivocally 
diagnostic of carcinoma. Although generally used to indicate a suspicion of malig-
nancy, this term encompasses a range of pathological conditions including benign 
mimics of CaP such as atypical adenomatous hyperplasia (AAH) in the transition 
zone, reactive atypia and atrophy, high grade PIN and acini that are cytologically 
suspicious, but too few in number to allow a confident diagnosis of malignancy 
[8, 23]. ASAP is detectable in a mean of 5% of biopsies and is accepted as being 
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highly predictive for CaP on subsequent biopsies, with a 34–60% second biopsy 
detection rate [17, 24]. Advice at the time of writing is for repeat biopsy in the 
presence of ASAP within 3–6 months [22].

The Role of Stem Cells in the Initiation of Prostate Cancer

Stem cells or early progenitors in the prostate are thought to reside in the basal layer 
of the prostate. This is based on the observation that there is preferential survival of 
the basal layer of the prostate during androgen ablation with apoptosis of androgen 
receptor (AR)-expressing differentiated luminal cells [25]. It is supported by findings 
that mice null for the basal cell marker p63 are born without prostates (or mammary 
glands) [26, 27]. The existence and site of prostate stem cells has been most recently 
elucidated following studies  incorporating murine renal-subcapsular grafting of a 
single adult mouse prostate stem cell defined by Lin−Sca-1+CD133+CD44+CD117+ 
and located in the periurethral prostate. These cells are able to generate functioning 
secreting prostate tissue with long term self renewal capacity as demonstrated by 
serial transplantation in vivo [28]. This prostate tissue contains all three epithelial 
cell-types including neuroendocrine cells, dispelling previous notions that this rarer 
prostate cell may have a distinct cell of origin, common with surrounding neuroec-
todermal or stromal cells (Fig. 22.5) [7]. The peri-urethral region in the mouse pros-
tate is rich in basal cells and characterized by a morphologically distinct band of 
smooth muscle rich in TGF-b, known to promote stem cell quiescence, consistent 
with this site being a prostate stem cell niche [29]. However, the site of prostate stem 
cells remains controversial, with another recent paper identifying cells in the luminal 
epithelium with full regenerative potential, defined by NKX3-1+CK18+AR+ [30], and 
these studies are yet to be replicated with human tissue. This debate has important 
implications for the cell of origin in prostate cancer.
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Fig. 22.5 Cell lineages of the prostate. The three epithelial cell types of the prostate are derived 
from a single epithelial stem cell. Stromal constituents are independently derived. Surface markers 
for different cell types as shown
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The current dogma of stem cells as quiescent, slow-cycling cells, able to self-renew 
and pluripotent provides a strong case for these cells being the cell of origin in cancer. 
This was originally proposed in acute myeloid leukaemia [31], and subsequently many 
epithelial cancers including prostate [32–34]. Pathways that normally govern self-
renewal or proliferation – such as PI3K [35], Wnt [36], SHh [37] and Notch [36] in 
haematopoietic, neural and epithelial systems – if dysregulated can contribute to 
tumorigenesis, for example in colon and mammary cancer, medulloblastoma, leukaemia 
and CaP. There are two main reasons for this. First, because stem cells have activated 
machinery for self-renewal, maintaining this activation may be easier than turning it 
on de novo. Second, if a number of mutations are required for neoplastic transformation 
to take place, then cells with longer lifespans have greater potential to accumulate 
these mutations and drive cancer [38]. The specific mutations involved in prostate 
cancer will be discussed later in this chapter.

Several properties of human prostate cancer suggest the disease may arise from 
a stem-like cancer initiating cell. The progression to androgen independent castrate 
resistant prostate cancer (CRPC) during androgen ablation therapy is consistent 
with prostate tumours containing populations of androgen-independent cells that 
survive and can expand in the absence of androgen. Given their androgen indepen-
dent nature, prostate stem cells are a possible candidate. If the population of cells 
with such tumour regenerative potential is small this would fit with conventional 
wisdom regarding a precursor stem cell. However, it is also possible that a larger 
proportion of cells in a prostate tumour retains stem-like potential (a tumour is, 
after all, by definition, not fully differentiated), and when stressed by androgen 
ablation these cells alter their phenotype in a manner that is advantageous to their 
survival. One example of this is the propensity for castrate resistant prostate cancer 
to display a luminal to neuroendocrine shift [39].

Sub-populations of cells within prostate cancer cell lines with increased prolif-
erative capacity in vitro and increased tumour initiating and metastatic capacity 
in vivo have been shown to possess a CD44+CD133+CD117+ profile similar to 
prostate stem cells [34, 40, 41], as well as expressing a2b1integrin consistent with 
membrane adhesional properties encouraging metastasis [34], and demonstrate 
higher levels of Oct4, Sox2, Nanog, Nestin [41–43], all markers of “stemness” or 
pluripotency. They are predominantly AR−. However, they are also p63− [24, 41], 
suggesting that cancer stem cells are probably an intermediate cell type; not luminal, 
but not truly basal either.

In summary, prostate cancers are heterogeneous and contain subpopulations of 
cells that have increased tumorigenic potential compared to surrounding cells. 
These cells are characterised by markers that are similar, if not identical to those 
thought to define prostate stem cells. These “cancer stem cells” are thought by 
some to be the sites of initiation and maintenance of prostate cancer.

There are several questions that still need to be answered. First, most work on 
prostate cancer stem cells has been performed on cells that are already malignant – if 
prostate cancer stem cells really are transformed normal prostate stem cells then what 
is or are the initiating event/s? Which factors dysregulate the self-renewal pathways 
in normal prostate cancer stem cells? Second, can it be assumed that prostate cancer 
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stem cells really are dysregulated normal prostate stem cells? Or, are they committed 
progenitors/transit amplifying cells which retain some self-renewal and multipotent 
properties? Or are they de-differentiated terminally differentiated (luminal) cells that 
re-acquire stem-like properties and phenotypic versatility when stressed (e.g. by 
androgen deprivation)? Third, if prostate cancer stem cells are the initiating event in 
prostate cancer, and the source of repopulation in recurrent tumours, is there a unify-
ing pathway that can be targeted therapeutically either to destroy the stem cells with 
malignant potential, or to prevent expansion of their malignant progeny? There is no 
clear answer to any of these three questions at the time of writing.

The Role of Inflammation in the Initiation of Prostate Cancer

Chronic inflammation is implicated in the development of a diverse range of human 
cancers, with evidence causally linking it to several cancers of the gastrointestinal 
tract, bladder and lung [44]. In these cancers, inflammation often collaborates with 
environmental exposures such as dietary toxins to increase the risk further [45]. The 
molecular mechanisms that underlie the pathogenesis of inflammation-associated 
cancer are complex and involve both the adaptive and innate immune system 
[46–48]. The release of highly reactive compounds such as hydrogen peroxide, 
nitric oxide and superoxide by activated phagocytic cells of the innate immune 
system damages DNA in epithelial cells, leading to increased cell division to 
replace these damaged cells, these dividing cells then being further exposed to 
mutagenic agents. The release of cytokines by inflammatory cells promotes cell 
proliferation and stimulates angiogenesis further enhancing tumorigenesis. In addition, 
during chronic inflammation, T and B cell-mediated antibody activity of the adaptive 
immune response can cause excessive and prolonged activation of innate immune 
cells [47].

The prostate has been shown to harbour focal areas of epithelial atrophy, some-
times associated with inflammatory infiltrates. These are common in the ageing 
prostate and often encompass a large fraction of the peripheral zone [49]. Despite 
the atrophic architectural appearance, there is an increased fraction of epithelial 
cells in such lesions. One term that has been used to describe those which are also 
associated with an inflammatory infiltrate is proliferative inflammatory atrophy 
(PIA) [50]. These areas of PIA have been observed to transition to HGPIN and 
adenocarcinoma in morphological studies [51–54], although some debate persists 
regarding this continuum and the validity of the separation of PIA from other forms 
of atrophy [55, 56].

In most cases, the precise cause of prostatic inflammation is unclear. However, 
potential sources include (Fig. 22.6):

Infectious agents (viral or bacterial)•	
Reflux of urine into the prostatic ducts•	
Hormonal agents (e.g. oestrogen)•	
Dietary factors [•	 57]
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Infectious agents. Sexually transmitted organisms that are known to infect the pros-
tate include Gonorrhoea [58], Chlamydia [59], and Trichomonas vaginalis [60], 
while non-sexually transmitted bacteria include Gram-negative organisms such as 
Escherichia coli [61]. These can cause acute or chronic prostatitis, however severe 
acute inflammation and formation of prostatic abscesses is rare with antibiotic treat-
ment, although TRUS biopsy of the prostate does increase this risk [62]. 
Nonetheless, asymptomatic infection and inflammation can still occur [58]. Viruses 
such as human papillomavirus (HPV) [63], cytomegalovirus (CMV) [64] and 
human herpes simplex virus (HSV) [65] have been detected in the prostate, 
although the extent to which they elicit an inflammatory response is largely 
unknown. It is possible that, in analogy to H. pylori in gastritis, there is a previously 
unidentified causative organism for PIA [57]. There is limited evidence linking 
specific infectious organisms with prostate cancer risk. This amounts to a lack of 
data rather than negative data per se, most likely due to the difficulties in assaying 
colonisation of the prostate. With prostatic massage being the only means of accurately 

Fig. 22.6 Causes of inflammation in the prostate
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obtaining prostatic fluid cultures directly from the prostate it is difficult to accurately 
identify and quantify the extent of prostatic colonisation [66] and to correlate 
causative organisms with prostate cancer risk. There is also no evidence of an asso-
ciation between clinical prostatitis and prostate cancer, although this may be due to 
the complex nature and classification of clinical prostatitis which is not a true 
reflection of histological prostate inflammation [67]. The link is implicit. Infectious 
agents cause inflammation in the prostate, often chronic, and chronic inflammation 
causes PIA which is associated with prostate cancer risk.

One recent development has been the discovery of Xenotropic murine leukaemia-
virus related virus (XMRV) in human prostate cancers. Gammaretroviruses have well-
characterised oncogenic effects in animals but this is the first such virus known to infect 
humans. XMRV infection has been shown to be associated with a common polymor-
phism of the RNASEL gene [68]. XMRV transcripts and protein, when present, have 
been found to be predominantly expressed in malignant epithelial cells, especially more 
aggressive tumours [69]. This is, at present, still only an associative link.

Urine reflux. Chemical or traumatic irritation have been linked with inflammation 
in the prostate [70] for example, uric acid has been shown to directly engage 
inflammasomes, pro-inflammatory intracytoplasmic complexes in cells of the innate 
immune system, especially macrophages, resulting in recruitment of other inflam-
matory cells [71]. A rat model of partial urethral obstruction has shown increased 
Cox-2 levels in response to intraprostatic urinary reflux [72]. In addition the 
retrograde movement of spermatozoa into the prostate has been found in association 
with prostatic inflammation probably due to the adaptive immune response to these 
immune privileged cells [73].

Hormonal influence – oestrogen. Increased levels of oestrogens have long been 
seen to affect the growth and development of the prostate, which is known to 
express oestrogen receptor-a (ERa) primarily in the stroma and oestrogen receptor-
b (ERb) in the epithelium [74, 75]. Administration of oestrogens to neonatal 
rodents induces developmental defects, but also results in inflammation as well as 
hyperplasia, dysplasia or PIN [51]. It is therefore reasonable to associate oestrogens 
with chronic inflammation and prostate cancer risk in the adult prostate, although 
further work needs to be done.

In summary many mechanisms might lead to prostate epithelial inflammation. 
Continuous exposure to the stimulating agent can set up a sustained or chronic 
inflammatory response leading to PIA and potentially to cancer. Questions that still 
need to be answered include: first, does the breakdown of prostate epithelial cells 
(e.g. in response to chemical injury) release antigens that either initiate an autoim-
mune response or reduce tolerance to future injuries? Indeed, a T-cell immune 
response to PSA in patients with chronic prostatitis has already been reported [76]. 
Second, do the endogenous inflammatory cells present in normal prostate, such as 
T-lymphocytes contribute to PIA and carcinogenesis? Methods such as automated 
quantitative image analysis are crucial to answer this [77]. Third, are there specific 
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polymorphisms or mutations in inflammation-related genes that predispose an area 
of PIA to initiation of prostate cancer? Aspects of this last question will be 
answered later in this chapter.

The Role of Diet in the Initiation of Prostate Cancer

Epidemiological studies have revealed a link between prostate cancer incidence and 
mortality and the consumption of red meat and animal fats [78]. North-east Asian 
and Northern Atlantic populations have the lowest international prevalence of prostate 
cancer and yet they assume western risk profiles within two generations on migration 
[79]. This is generally thought to be due to dietary factors. Saturated and monoun-
saturated animal fat as well as linoleic acid have been associated in a number of 
case control and cohort studies with a higher risk of prostate cancer [80, 81]. By 
contrast, Japanese studies have demonstrated a negative association with soybean 
products, isoflavones, and long-chain polyunsaturated fatty acids such as eicosap-
entaenic acid (EPA) and docosahexanoic acid (DHA) [82]. In addition trace metals 
such as zinc supplements in the VITamins And Lifestyle (VITAL) cohort have been 
associated with a decreased risk of advanced prostate cancer [83].

Studies of the Mediterranean diet (Greece in particular) have revealed a protective 
effect for lycopenes, selenium, vitamin E, pulses and high plasma 1,25-dihydroxyvitamin 
D levels. Foods high in calcium such as milk, which is also rich in insulin-like growth 
factor-1 (IGF-1), increase the risk of prostate cancer [84].

Mechanisms by which dietary fat could affect CaP development include effects 
on insulin IGF-1 [85], steroid hormone metabolism, free radical damage and fatty 
acid metabolism pathways. Transgenic mice fed with low versus high fat diets have 
shown a significant delay in progression from mouse PIN to CaP and a reduction 
in AKT activation consistent with an IGF-mediated role (see explanatory box) [86]. 
This study used the probasin directed Hi-Myc model of mouse CaP; as yet, it has 
not been replicated in other models.

One mechanism by which meats might stimulate cancer development is through 
the formation of heterocyclic amines (HCAs), molecules produced by cooking red 
meat at high temperatures, and which can be metabolised to DNA damaging agents. 
Rat exposure to the most abundant HCA, 2-amino-1-methyl-6-phenylimidazo[4,5-b]
pyridine (PhIP), results in intestinal carcinomas, mammary tumours and CaP [87, 88]. 
PhIP has also been shown to recruit epithelial macrophages and stromal mast cells 
and induce PIA before inducing PIN and CaP [89].

Recently, it has been shown that genistein, the major isoflavone of soy, and 
resveratrol, a polyphenolic phytoalexin found in red wine and grape-derived products, 
suppress the development of CaP in transgenic rat models when administered either 
alone or in combination. These nutritional polyphenols reduce cell proliferation and 
induce apoptosis by reducing levels of growth factors such as IGF-1 and steroid 
signalling proteins such as SRC-3 [90].
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In summary, although conclusive evidence is limited, it is possible that a diet 
high in soybean products, fish, fruit and vegetables, and low in red meat, dairy 
products and calcium, similar to the Japanese or Greek diets may reduce the risk of 
prostate cancer [91]. However, well-designed epidemiological studies such as 
nested case-control studies with nutritional analyses of blood samples are needed 
to confirm these associations. In addition further laboratory studies in vivo models of 
prostate cancer are required to elucidate the mechanisms.

The Role of Specific Genetic Mutations and Pathways  
in the Initiation of Prostate Cancer (Table 22.1)

Nkx3-1/8p. The NKX3-1 homeobox gene regulates prostate epithelial differentiation. 
One of the commonest events in prostate carcinogenesis (in ~80% of CaP) is loss of 
specific regions of chromosome 8p which encodes NKX3-1 [92]. Fluorescence in situ 
hybridisation (FISH) and allelic imbalance analysis studies concur that loss of 8p12-
21 is an early event, while 8p22 is more common in advanced CaP [93]. Chromosome 
8p deletions are also present in lung and colorectal tumours, but NKX3-1 expression 
is restricted to the prostate in adult tissues. NKX3-1 homozygous mutant mice 
develop PIN by 1 year of age [94]. In the intact adult mouse prostate, all luminal cells 
and 10% of basal cells express Nkx3-1. Expression is virtually abolished on castration 
and quickly restored after androgen re-administration. The small number of residual 
Nkx3-1 expressing cells has been further characterised with serial single cell trans-
plantation and with lineage-marked Nkx3-1 knock-in mice to show that HGPIN and 
CaP develops from these cells in an inducible PTEN deletion mouse model of CaP. 
Nkx3-1 is therefore proposed as a marker of a cell of origin for CaP. As discussed 
earlier in this chapter, these cells also express the androgen receptor (AR) and 
keratin 18 (CK18) consistent with a luminal origin [30].

PTEN. Mutations involving phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) are common with loss of function mutations being reported in 
~30% of primary cancers and ~60% of metastatic lesions [95]. PTEN dephospho-
rylates phophatidylinositol 3,4,5-triphosphate (PIP3) which is a product of phos-
phoinositide 3-kinase (Pi3K) activity. Increased levels of PIP3 in PTEN-deficient 
conditions alter the rate of protein translation, susceptibility to apoptosis and anoikis, 
entry in the cell cycle, differentiation and motility [35]. Key downstream effectors 
of PIP3 are PDK1, AKT and mTOR1&2, which play a fundamental role in supporting 
cancer cell metabolism, growth and survival [96]. Deletion of PTEN in the developing 
murine prostate leads to early onset and rapidly progressive neoplasia [97]. 
Cre-recombinase mediated PTEN excision in the murine prostate gland after 
puberty instead leads to a gradual onset of pre-malignant conditions within 16– 
20 weeks, following by progression to CaP at 1 year [98]. The delayed latency 
occurred despite evidence of prominent AKT/mTOR activation from the time of 
PTEN deletion. This indolent evolution of the disease after PTEN deletion in the 
mature mouse is reflective of disease initiation and progression in humans and is 
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Table 22.1 Common genetic and somatic changes in initiation of CaP

Gene Location Notes

Nkx3-1 [30, 117, 
118]

8p12-22 Homeodomain transcription factor. Prostate specific 
– suppresses growth of epithelial cells/maintains 
prostate stem cells. One allele frequently deleted 
in primary tumours. Possible marker of CaP cell 
of origin

PTEN [98, 119] 10q23.31 Lipid phosphatase that suppresses cell proliferation 
and increases apoptosis. One allele lost in ~30% of 
primary tumours. Mutations in 60% of metastatic 
lesions. Constitutive PTEN deletion in mouse 
prostates leads to rapid CaP. Post-pubescent deletion 
leads to PIN and slow development of CaP at 1 year

AKT [99] 14q32.32 Pi3K pathway. Inhibited by PTEN. Activation of murine 
AKT induces uniform highly penetrant PIN. Only 
progresses to CaP if there is a secondary hit (e.g. p27)

Myc [107, 108, 120] 8q24 Transcription factor with multiple regulatory roles in 
epithelial proliferation, senescence, apoptosis and 
metabolism. Overexpression can directly transform 
cells. Amplified in ~70% of castrate resistant tumours

ERG 21q22.3 Encode ETS transcription factors. Fusion transcripts with 
androgen-regulated TMPRSS2 present in ~50% of 
CaP at all disease stages. Particularly implicated in 
progression of PIN to CaP

7p21.2
ETV 1-4 [101, 103, 

104] (ETS)
19q13.12
1q21-q23
17q21.31

p27 [99, 121] 
(CDKN1B)

12p12.3 Cell cycle regulator – regulates cyclin-CDK to inhibit 
cell cycle progression. Reduced levels observed in 
CaP progression. Ablation of p27 in mouse PIN 
induces CaP

Rb [122] 13q Cell cycle regulator. Infrequently mutated in humans 
but homozygous mutant mice develop hyperplasia, 
dysplasia and CaP

Telomerase [123] Chromosome 
termini

Maintains chromosomal stability. Shortened telomeres 
found in >90% of PIN and CaP

E-cadherin [124] 16q22.1 Cell adhesion. Prevents migration of epithelial cells. 
Reduced expression in PIN and CaP

c-Met [125, 126] 7q31 Tyrosine-kinase receptor. Overexpressed in PIN, CaP and 
metastasis. Levels repressed by normal AR signalling

FGFs [127, 128] 7:15q15-21.1 Growth factors. Regulators of prostate growth. FGF7 
& 10 associated with progression in TRAMP mice. 
FGF8 enhances cell migration

8:10q24
10:5p12-13

p53 [118, 129] 17p13.1 Regulates apoptosis/senescence in response to DNA 
damage or telomere dysfunction. Mutations less 
common in primary CaP but occur in 50% of castrate 
resistant cancers

AR [130] Xq11-12 Expressed in most primary CaP. Amplified or mutated in 
~30% of castrate resistant tumours
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consistent with PTEN deletion being one of the key genetic modifications accumu-
lated in the development of prostate cancer. Inactivation of PTEN leads to deregulated 
PI3K signalling and subsequent AKT activation. Transgenic overexpression of 
AKT1 in luminal cells of the ventral murine prostate has been shown to induce PIN 
with increased expression of senescence markers which are proposed to limit 
progression to CaP. Only on genetic ablation of p27Kip1 does progression occur. 
Similarly, in humans, senescence markers such as p27 are seen to be elevated in 
PIN that does not progress to CaP as opposed to cancer-associated PIN and CaP 
[99]. This is consistent with the need for a double hit: lesions initiated by PTEN 
deletion and upregulation of AKT also need inactivation of cell cycle limiters such 
as p27 in order for progression to CaP to take place.

TMPRSS2-ETS. Gene fusions involving members of the ETS family of transcrip-
tion factors occur frequently in human CaP. The TMPRSS2-ERG fusion gene is 
generated by an interstitial deletion on chromosome 21 or by reciprocal transloca-
tion and is the most common rearrangement in CaP, being found in ~50% of localised 
tumours [100]. Cell line experiments suggest that the androgen-responsive 
promoter elements of TMPRSS2 mediate overexpression of ERG (or other ETS 
family members) [101]. Microdissection and fluorescence in situ hybridisation 
(FISH) studies have shown that, when present, the fusion is detected in essentially 
all the malignant cells within a focus of tumour, as well as in adjacent PIN. 
However, it is less commonly found in premalignant PIN when there is no tumour 
present [102]. Mice with probasin driven overexpression of ERG alone do not 
develop premalignant changes [103]. However, when TMPRSS2-ERG fusion mice 
are crossed with PTEN deletion/AKT activation, all mice develop PIN at 6 months, 
and CaP by 10–12 months [104]. This suggests that PI3K pathway changes are 
necessary for disease initiation and development of PIN, while ETS fusion rear-
rangements play a role in disease progression from PIN to CaP.

Myc/8q24. Chromosome 8q24 is an established risk locus for many common epi-
thelial cancers, including prostate, colon, breast and bladder. It was originally dis-
covered by fine mapping of a prostate cancer linkage peak from a family based 
study [105]. Most of the single nucleotide polymorphisms (SNPs) at 8q24 are con-
tained within an approximately 500 kb sequence devoid of well-characterised 
genes. However, c-Myc, a well known oncogene in these cancers is nearby [106]. 
Copy number gain and amplification of 8q24 and increased c-Myc activity has been 
shown as an early event in some prostate cancers and in a high proportion of resis-
tant tumours [107,108]. c-Myc has been shown to have varying  oncogenic/tumour 
suppressor effects, from direct malignant transformation of benign cells in culture 
and induction of a pro-resistance phenotype [109] to increases in cell prolifera-
tion rates and recruitment of quiescent stem cells into rapidly dividing intermediate 
progenitors [91], to induction of apoptosis and senescence via effects on p53 and 
p21 [110, 111]. Overexpression of c-Myc in mouse prostates under the control of 
probasin (Lo-Myc) and probasin/AR promoters (Hi-Myc) leads to development of 
murine PIN and rapid development of invasive CaP within 6–12 months. These 
mice were also found to have a distinct loss of Nkx3-1 expression at the transition 
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from PIN to CaP but Nkx3-1 is not directly regulated by c-Myc [108]. With c-Myc 
having such varied effects it remains crucial to delineate its direct targets in prostate 
carcinogenesis and to clarify its interaction with the other pathways mentioned here. 
Cooperativity between c-Myc and PTEN deletion has been recently shown in 
development of HGPIN and CaP. PTEN deletion alone in mouse prostates was 
shown to activate p53, thought to have a “protective” senescent effect to limit the 
extent of malignant transformation. However, concomitant c-Myc activation sup-
pressed the protective effect, probably by regulation of p21, to magnify the prolifera-
tive and tumorigenic effect [109].

SNPs/GWAS. Genome-wide association studies (GWAS) have emerged as a powerful 
approach to identify common disease alleles without prior knowledge of position or 
function. Genotype frequencies are compared between cases and controls at large 
numbers of single nucleotide polymorphisms (SNPs), chosen to report on most 
known common variants in the genome [112]. This technique has identified several 
interesting loci associated with CaP. Most recently, analysis of around 500,000 SNPs 
in 2,000 cases and controls, followed up with analysis of smaller numbers of SNPs in 
greater numbers of cases (4,000 cases in the second stage; 16,000 in the third) have 
revealed prostate cancer susceptibility loci in 14 separate chromosomal regions [112, 
113], as well as eight loci in the 8q24 region [114] (Table 22.2) and it is expected that 
more will soon follow. These studies confirm that CaP is genetically complex and 

Table 22.2 Single nucleotide polymorphisms (SNPs) associated with prostate cancer

Chromosome SNP Marker Potentially causative genes

3 [111] rs2660753 CHMP2B, POU1F1
6 [111] rs9364554 SLC22A3, SLC22A2, LPAL2, LPA
7 [111] rs6465657 LMTk2, BHLHB8
10 [111] rs7920517, rs10993994 MSMB
11 [111] rs7931342
19 [111] rs2659056, rs266849, rs2735839 kLk2, kLk3(PSA)
X [111] rs594561 x NUDT10, NUDT11, GSPT2, 

MAGED1/4B/4, CTD-
2267G17.3, xAGE2/1C/1D/5/3, 
SSx8/7/2/2B, SPANxN5, 
TMEM29B/29

8q24 [113] rs12543663, rs10086908, rs1016343, 
rs13252298, rs6983561, rs620861, 
rs6983267, rs10090154

c-Myc

2p21 [112] rs1465618 THADA
2q31 [112] rs12621278 ITGA6
4q32 [112] rs17021918 PDLIM5
4q24 [112] rs7679673 TET2
8p21 [112] rs2928679, rs1512268 Nkx3-1
11p15 [112] rs7127900 IGF2, IGF2AS, INS, TH
22q13 [112] rs5759167 TTLL1, BIk, MCAT, PACIN2

Potentially causative genes coded by or regions of regulation associated with these SNPs as 
shown
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help to clarify the genetic architecture of CaP. Few of these loci are located directly 
within exon coding sequences (with the exception of MSMB and LMTK2) suggest-
ing that diverse regulatory pathways are likely to be involved.

In summary, there are multiple specific genetic and regulatory pathway changes 
that occur in the development of CaP, some of which have been outlined here 
(Fig. 22.7). There is no doubt that there is parallel and chronological heterogeneity 
with a variety of factors interacting alongside each other in initiation of PIN and at 
subsequent progression to CaP and also to more resistant disease. A more complete 
understanding of these changes and their interactions will provide biomarkers for 
disease risk and deliver targets for therapeutic manipulation.

Implications for Early Detection and Prevention  
of Prostate Cancer

Specificity in therapeutic targeting of cancer stem cells will always be difficult. We 
are in a unique position with prostate cancer in that the patient population who 
develop the disease are rarely in need of their prostate. Therefore, a treatment 
targeted specifically to prostate stem cells, even if not specific to prostate cancer 
stem cells, is a viable option. However, few of the markers for prostate cancer stem 
cells discussed in this chapter is specific to the prostate. There is one exception: 
NKX3-1 is specific to the prostate after puberty and is a putative marker for the cell 
of origin for prostate cancer. If the cells that accumulate the genetic changes 
responsible for initiation and progression of prostate cancer could be destroyed then 
prostate cancer would not develop/progress. No compounds capable of this have yet 
been developed.

By contrast, treatment of inflammation is well established. The results of 
multicentre randomised controlled trials are awaited, for example studying the 
effect of non-steroidal anti-inflammatories (NSAIDS) in prevention of CaP. 

Fig. 22.7 Summary of current knowledge of the key steps involved in the initiation and progression 
of prostate cancer, as well as in development of resistant disease (not covered in this chapter). 
SC stem cell; AR androgen receptor; NE neuroendocrine
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However, a recent study of neoadjuvant celecoxib in clinically localised prostate 
cancer reported no difference in primary or secondary outcomes [115]. The search 
continues for an effective way to manipulate CaP risk by anti-inflammatory treatment: 
a randomised trial assessing the effect of treatment at the pre-malignant stage is 
needed. The discovery of viruses associated with CaP such as XMRV also raises 
the possibility of using vaccines or anti-retroviral drugs to treat CaP-associated 
infections and lower the risk the disease. Given its association with higher risk 
disease, XMRV might also serve as a useful marker to identify patients that 
would most benefit from early treatment [69].

Biomarkers of disease risk and likelihood of recurrence and progression will be 
an important means of targeting appropriate treatment. Biomarker information can 
be readily obtained from serum or urine samples, attractive to patients because of 
their non-invasive nature. In addition, more detailed analysis of prostate biopsy 
material with particular attention to field tumourigensis of ‘near normal’ tissue 
[115], will allow more information to be obtained from currently available material. 
Functional understanding is not a prerequisite for a biomarker to be useful in pro-
viding diagnostic and prognostic information when candidates have been rigor-
ously validated by correlation of tissue expression and clinical outcome. For 
example, microseminomaprotein-beta (MSMB) expression is consistently high in 
normal prostate tissue and PIN, but lost in CaP [116]. This could be useful in assist-
ing TRUS biopsy diagnostics and in directing the need for repeat biopsy. However, 
given the heterogeneity of prostate cancer development, a more complete knowl-
edge of the key genetic players and their functional interactions will be required 
and this will most likely lead to a validated panel of diagnostic and prognostic 
markers for use in the clinical setting.

The identification of prostate cancer susceptibility genes by GWAS has a variety 
of clinical implications. The location of SNPs within regions that directly code for 
MSMB and LMTK2 suggest that these proteins might have a role in prostate cancer 
screening or provide potential therapeutic targets [111]. There are also implications 
for risk counselling although the relative risks conferred by each loci is modest 
(odds ratio of 2 at best) suggesting that “at-risk” SNP identification will be most 
useful at a population rather than individual level.

Conclusion

Prostate cancer is a heterogeneous disease with multiple factors contributing to the 
development of pre-malignant lesions and progression to adenocarcinoma. The 
role of cancer stem cells, inflammation, diet and certain specific genetic changes 
have been discussed in this chapter. With the identification of specific dietary fac-
tors contributing to the development of CaP the outlook is positive for lifestyle 
modification making a significant difference to the impact felt by this disease. It 
may be that targeting particular high risk populations identified through SNP pro-
filing could lead to early preventative interventions. Prostate cancer research is a 
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rapidly developing field with a healthy commitment of personnel and resources 
and new genetic players are being identified all the time. The jigsaw of heteroge-
neity is beginning to be pieced together and, it is hoped, will soon provide us with 
exciting new additions to the currently available diagnostic and therapeutic 
options.

Comment Boxes

Exocrine: Exocrine glands secrete their products (excluding hormones and other 
chemical messengers) into ducts (duct glands) which lead directly into the external 
environment. They are the counterparts to endocrine glands, which secrete their 
products (hormones) directly into the bloodstream (ductless glands) or paracrine 
glands that release hormones that affect only target cells nearby the release site. 
Examples include the sweat and salivary glands (exocrine), stomach, liver, pan-
creas, and prostate (mixed).

Wolffian duct: The Wolffian duct is a paired organ found in mammals during 
embryogenesis. It was named by Caspar Friedrich Wolff in 1759. It connects the 
primitive kidney to the cloaca and serves as a clustering site for embryonic cells of 
the reproductive tracts. The Wolffian duct goes on to form the epididymis, vas 
deferens and seminal vesicles.

Acinus: Acinus refers to the cluster of cells that make up the termination of an 
exocrine gland such as the prostate. Acinus is Latin for berry.

Gleason: The Gleason staging system is based upon the microscopic architectural 
appearance (size, spacing and irregularity) of the prostate glands. The pathologist 
assigns a grade (from 1 to 5) to the most common tumour pattern and a second 
grade to the next most common. The combined score is the Gleason score. In practice 
the lowest score commonly allocated is 6 and the highest score is 10.

Lin−Sca-1+CD133+CD44+CD117+: Cells can be sorted according to the presence of 
cell surface proteins which act as specific markers for different groups of cells. 
These particular cell surface markers have been proposed as the unique signature 
of stem cells in the mouse prostate.

IGF-1: Insulin-like growth factor (IGF-1) is a protein hormone similar to insulin in 
molecular structure. It has an important role in child growth and continues to have 
anabolic effects in adulthood. It is stimulated by growth hormone. 98% is protein 
bound by one of 6 binding proteins (IGF-BP). It binds to IGF-1 receptor (IGF1R), 
a tyrosine kinase receptor, to initiate intracellular signalling and is one of the most 
potent activators of Pi3K/AKT signalling and has been implicated in 
carcinogenesis.

Probasin (PB): Probasin (PB) is a prostate-specific nuclear and secreted protein 
found in differentiated luminal epithelial cells. The probasin promoter is used in 
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mouse and rat models to direct transgene expression specifically to prostate epithelial 
cells. This commonly-used technology may not allow for tumour initiating events 
that occur in undifferentiated prostate stem cells.

Anoikis: Apoptosis triggered by detachment of anchorage-dependent cells from 
surrounding extracellular matrix. Metastatic tumour cells resist anoikis to allow 
survival and attachment at distant sites. Anoikis is a Greek derivative meaning “the 
state of being without a home”.

SNPs: A single-nucleotide polymorphism (SNP, pronounced snip) is a DNA 
sequence variation occurring when a single nucleotide in the genome (or other 
shared sequence) differs between members of a species (or between paired chromo-
somes in an individual). For example, two sequenced DNA fragments from different 
individuals, AAGCCTA to AAGCTTA, contain a difference in a single nucleotide.
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Abstract This chapter attempts to summarise and comment on the preceding 
chapters. It begins with some thoughts on differences between prevention and 
treatment. It notes that we have achieved a great deal in the accumulation of 
empirical data on cancer but still lack a coherent overall theory. The chapter then 
discusses, in the light of the rest of the book, the classification of cancers into five 
groups, based on the likely effectiveness of screening, early detection, and subse-
quent treatment and prevention strategies. It then notes, again referring to the 
earlier chapters, the next steps that might better inform our detection of early 
lesions. A section on the development, testing, and use of new screening markers 
follows, with an emphasis, as elsewhere in the chapter, on the problem of studies 
that are too small. The final section is concerned with the repeated failure of 
chemoprevention to deliver on its promise. It notes, in particular, the very primi-
tive approach that we take in using single agents, a practice that we abandoned 
decades ago in chemotherapy, because clonal selection and progression are known 
to result. We do not yet seem to have noticed that the same is frequently true with 
chemoprevention.

Much of human medical history can be characterized, at its best, as the healer 
providing comfort and support to the patient while both waited for the condition to 
improve or to worsen and perhaps kill. This picture can be decorated with the use 
of some more-effective, but often less-effective, sometimes bizarre, remedies but 
time has almost always been a key element in therapy. Some medical systems have 
been better than others at prevention (e.g. Ayurveda, Chinese medicine) but, until 
the twentieth century, there was little difference in the effectiveness of treatment. 
The development in the nineteenth century of the germ theory of infectious disease 
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led eventually to a rational approach to diagnosis and treatment.1 Antibiotics joined 
a handful of existing empirically effective therapeutic agents (e.g., digitalis) but did 
so perhaps as the first agents used to directly combat what were known to be causal 
agents of disease. Indeed, the development of germ theory eventually not only led 
to effective therapeutic approaches to infection but also provided a theoretical 
underpinning for already existing empirical approaches to prevention: improved 
living conditions; clean water; hygiene; quarantine.

The discovery of the natural history and aetiology of deficiency diseases (exog-
enous like vitamin deficiencies; endogenous like Type I diabetes mellitus) again led 
to rational approaches to therapy and prevention. The twentieth century also saw the 
emergence of an understanding of the natural history of cardiovascular disease, to 
the point where precursor states (for example, the hyperlipidaemias, hypertension) 
have themselves become the focus of therapy and provide targets for the prevention 
of both coronary heart disease and stroke.

Cancer has proved to be more elusive, partly because it is a multiplicity of different 
diseases (even within the same organ), partly because many of the organs are not readily 
accessible (consider, for example, pancreas, brain, ovary, lung), and partly because we 
still do not have a very complete theoretical understanding of the cause and progression 
of cancer. If this last is not so, why do we seek to explain the international variation of 
cancer (which, for some cancers, measures more than 2 orders of magnitude) among a 
spectrum of specific allelic variants that carry a 10–20% excess risk?

Nonetheless, despite this failure of theory, our empirical understanding of cancer 
has improved greatly due to: large-scale epidemiologic studies, which have 
provided evidence for most of the known environmental and host factors (for 
example, smoking, radiation, microbiologic agents, asbestos, solvents, hormones, 
obesity, lack of physical activity); markedly improved imaging modalities; similarly 
improved direct-visualization capacity (endoscopic access to most hollow organs); 
and histologic, and subsequently molecular, characterization of normal and patho-
logic tissues. Even if these developments have not resulted in a complete and coherent 
theory of cancer, they have allowed a much better description of its natural history, 
such that much earlier manifestations of the disease can be identified, examined, 
and treated. This, in turn, has allowed improved screening, earlier diagnosis, treat-
ment at earlier stages, and improved survival.

It is this empirical success that has driven the search for a better understanding 
of early disease and for better ways to detect and treat these early lesions.

Early Detection: Some Classes of Cancers

If early lesions are useful in the detection and possible interruption of the course of 
a fatal cancer, the first important question that arises is whether cancers detected 
early and treated successfully are just a random subset of all cancers. If the answer 
to that is “Yes”, then the more lesions that are detected early, the greater will be the 
improvement in cancer survival across the population. If, however, early-detected 
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lesions are biologically distinct (if they are slower growing, more benign, for 
instance, this would facilitate early detection), then increasing the detection rate of 
such lesions, which may have more favorable outcomes irrespective of when they 
are detected, will have a more modest impact on survival patterns.

The second important question is how often are early lesions of no clinical 
significance for the individual concerned, even if they are clearly both on the patho-
biologic pathway to cancer and have predictive power for clinical cancer at the 
population level. There is evidence for several cancers that, indeed, surveillance 
results in the detection of lesions that would never present clinically. This is true 
not only of PSA-detected prostate cancer [1] but also of mammography-detected 
breast cancer [2]. This is important because there is good evidence that mammo-
graphic-screening programs reduce breast cancer mortality; therefore, at least some 
early-detection approaches not only over-diagnose and over-treat some individuals 
but also result in overall population benefit. This complex balance among individ-
ual benefit and harm and population benefit (and perhaps population harm in some 
circumstances) will only become more difficult to achieve as possible new modali-
ties detect other cancers at yet earlier stages and, therefore, detect even more pre-
cancers. The data in Chap. 22 on early prostate lesions (PIN and ASAP) and their 
possible causes and progression may eventually provide a basis for more rational 
early intervention but, at present, we cannot distinguish aggressive lesions that kill 
from those that will cause no clinical problem within the lifetime of the patient; 
this, for prostate (and other) cancers, is the key screening issue. Indeed, what needs 
to be established for each cancer for which there is enough understanding of early 
lesions and the technologic capacity to detect such lesions, is whether the detection 
and treatment of such early disease actually results in benefit. The field has moved 
very slowly towards the acceptance of this need, despite the fact that we laid out the 
blueprint almost a decade ago [3]. This paper is much cited, but its philosophic 
underpinnings do not drive the whole research programme. We need much better 
powered studies and considerably improved integration across biologic, clinical, and 
population research.

There is a second group of cancers in which screening, early detection, and treat-
ment work very well. This group includes mouth, skin, colorectal, and cervix can-
cers. These organs allow direct visualization of the relevant epithelium (see 
Chap. 12) and, for colon and skin (and sometimes for cervix), both diagnosis and 
curative treatment can be accomplished at the same time. This results in extensive 
saving in time and effort for both patient and therapist [4]. It seems appropriate to 
ask whether we can improve on such direct visualization by molecular or other 
screens. For instance, colonoscopy is very expensive, so a first-stage test that uses 
additional data to identify those who will most probably benefit from such screen-
ing would be very valuable, not only in populations that can afford widespread 
colonoscopic screening, but especially in those that cannot. There are some possi-
ble directions (see Chap. 18) but no strong candidates have emerged to replace 
insensitive, non-specific FOBT as a first-stage screen. For both colon and skin, 
because we detect non-malignant/pre-malignant lesions, there is a reduction of 
incidence (screening for most cancers increases incidence even if it reduces case 
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fatality), which is the probable explanation of the declining incidence of colorectal 
cancer in whites in United States. Again, there are more lesions detected and 
removed than would ever present as clinical disease – and, perversely, still a very 
high incidence of both skin and colorectal cancer.

It is unclear whether direct visualization modalities can be applied more widely 
to routinely screen other hollow organs but the possibility of imaging other organs 
in ways that could parallel mammography in impact, does not seem far-fetched. 
What we learn from modalities that screen, diagnose, and treat in one sitting is that 
these have a considerable impact on mortality, despite considerable over-diagnosis 
and over-treatment. They might be regarded as the closest we currently have to a 
gold standard for early detection. For multicentric, more diffuse lesions, such as 
Barrett’s oesophagus (see Chap. 16), even when they are accessible to endoscopy, 
there is no equivalent simple strategy to the excision of polyps or skin BCCs. 
Nonetheless, in Chap. 12, Vikneswaran and Wang describe a variety of endoscopic 
ablation techniques, particularly of mucosa. However, if the underlying problem is 
not epithelial but more derived from tissue architecture, including stroma [5, 6], 
(see Chap. 2) or especially if there is a systemic disorder, then ablation may only be 
a temporary solution or even, eventually, a source of selective pressure (see Chap. 7) 
that facilitates, rather than impairs, progression. It is noteworthy in this context that 
endoscopic removal of adenomatous colorectal polyps almost always ablates the 
relevant stroma as well.

A third group of cancers includes those where causal agents are detectable and 
either preventable by immunization in high-risk populations (for example, hepatitis B), 
treatable (for example, hepatitis C), or both (HPV). Stomach cancer could fall into 
the detectable-and-treatable-agent group (Helicobacter pylori) or even be immunizable 
against, but there are few appropriate research or implementation programmes in 
the relevant populations. Much is known about H. pylori infection and about the 
emergence and progression of premalignant lesions (see Chap. 17); there would 
appear to be many steps in the process that could be expected to improve the 
currently poor survival, from immunization to the detection of metaplasia and dys-
plasia, but, to date, effective immunization in support of the intrinsic immune 
response has been elusive and the disease often remains clinically silent until very 
late. Stomach is still the second most common cancer in the world, only recently 
bumped from the top spot by lung cancer, which is itself one of the most preventable 
but least detectable cancers.

A fourth group of cancers includes those where we have some capacity to detect 
disease before it presents clinically, but no evidence that this is effective in reducing 
mortality. Some of these cancers are accessible to direct visualization, for example 
oesophagus and stomach, but these are thought to occur too infrequently in many 
general populations (though not in Japan, where stomach cancer remains high) to 
be applied without preliminary screening to enrich for a truly high-risk group. 
Nonetheless, colon cancer occurs much less frequently than stomach cancer world-
wide, so the choice that we make regarding population screening depends, in part, 
on cost to the individual patient as well as cost to the society per screen-detected 
cancer. Other screening approaches include the use of specific blood markers 
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(for example ovary [7]) or imaging (see Chap. 14) but large questions remain for 
these, not least because of the very large studies that are needed to establish the 
efficacy of screening and, in addition, because of the way in which the waters have 
been muddied by studies done less well than is appropriate [8].

The final group includes those cancers where we lack most of the necessary 
understanding to detect early disease. The most prominent of this group is pancreas 
cancer. In Chap. 19, Matthaei and Maitra identify two at-risk groups that they 
regard as proper targets of screening: firstly, those from known pancreas-cancer 
families (whether the germline lesion is known or not); and secondly, those diag-
nosed with asymptomatic pancreatic cysts, which frequently include mucinous 
precursors of pancreas cancer. These are important groups clinically but account for 
a very small proportion of the pancreas-cancer burden in the population. This can-
cer exemplifies above all others (but see also Chap. 8) the value of animal models. 
The disease in humans remains occult clinically, even as it is beginning to yield 
some molecular secrets. Animal models that are specifically constructed to mimic 
the human disease present the best opportunity we have to explore early markers 
for screening and diagnosis, molecular and histologic progression, response to 
therapy, and prevention [9–11]. At present, many would argue that lung also falls 
into this final category; indeed, Bach argues that all relevant studies show that 
early-stage histologically confirmed lung cancers that have been identified by 
screening are not themselves precursors of advanced disease and, thus, do not 
 provide a useful route to early detection [12].

Next Steps

What does current research hold for understanding early disease sufficiently well 
to improve the detectability, treatment, and survival of human cancers? The chap-
ters in this book have provided us with some excellent directions, but we are not 
close to cost-effective population screening modalities that are based on molecular-
level understanding.

As already noted, we lack a coherent global theory of cancer, even though we 
have a rich understanding of many aspects of the biology of cancer. Part 1 exempli-
fies both of these features of our understanding: as the individual chapters show, 
several aspects of cancer biology can be laid out in detail:

 1. There may be a role for cancer stem cells (analogues of stem cells in developing 
embryonic tissues). In Chap. 1, Wright, using Barrett oesophagus and other 
metaplasias as models, notes the way in which whole epithelial fields become 
genetically unstable, leading to widespread mutations. He argues that, in stom-
ach cancer, the data show that the process involves monoclonal conversion from 
gastric stem cells and that, subsequently, crypt fission leads to clonal spread. He 
further notes that, in Barrett oesophagus, aberrant stem cells arise in a multifocal 
way. He says, in his final sentence, “We need to find out much more about how 
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mutant clones become dominant and spread, and how competition between 
clones promotes the development of cancer in humans.” However, it seems to me 
that the most important question to ask is why the metaplasias arise in the first 
place. What makes an epithelial field unstable? How much are we missing 
because we lack a comprehensive theory [6]?

 2. There is very consistent evidence that inflammation acts as an important stimu-
lus to neoplastic growth (see Chap 2). For instance, there are a variety of chronic 
inflammatory conditions (without causal agents, at least to date), for example, 
chronic ulcerative colitis, Barrett esophagus, as well as some known infectious 
conditions, for example, chronic viral hepatitis and chronic H pylori infection, 
that markedly elevate cancer risk. In addition, many tumors over-express the 
pro-inflammatory COX2. Further, epidemiologic data, animal studies, and 
human intervention trials have established that aspirin and other non-steroidal 
anti-inflammatory drugs inhibit carcinogenesis in rats and humans (see also 
Chap. 11). Finally, genetic variation in both metabolic and signalling parts of the 
inflammation network modify cancer and pre-cancer risk.

 3. The ways in which the readability of DNA can be ordered and disordered by 
normal and abnormal DNA de/methylation and histone de/acetylation provide 
yet another set of tools for screening that, nonetheless, remain to establish their 
worth (see Chap. 4).

 4. In Chap. 3, Pharoah takes the position that genetic predisposition is not only 
important in aetiology, but also can be used in the screening of individuals for 
cancer risk. This is clearly a useful tool in the clinical screening of individuals 
who are members of rare high-risk families, allowing management decisions 
to be made on the basis of carrier state. Pharoah focuses most of his discussion 
on breast cancer but other familial cancers are similar, even pancreas (see 
Chap. 19). He reaches a little further in making the proposal that polygenic 
profiles, combined with known “lifestyle risk factors” (which, we should note 
again, explain international variation considerably better on their own than 
does genetic variation), could be used as a basis for population-based screen-
ing. He then takes a final step, arguing: “It would be possible to offer every 
woman a personalized screening program in which age of starting screening 
would vary, based on her breast-cancer risk profile. A test using the thirteen 
known loci would identify 10% of women with a relative risk of 1.55 or greater, 
which corresponds to a 10 year risk of 2.3% at age 40.” Appropriately, he then 
notes that there “are, of course, many issues and questions that need to be 
addressed before such an approach became standard practice.” For the foresee-
able future, genetic screening will be a management tool most appropriate in 
the clinic, rather than the population and not really a useful way to undertake 
widespread screening.

 5. Chapter 7 moves towards a more comprehensive theoretical basis for further 
thinking about cancer, arguing that progression can be usefully characterized as 
somatic evolution. Therefore, Maley et al. argue further, prevention (perhaps 
even therapy?) becomes an exercise in purposefully changing the selection pres-
sures on clones of pre-cancer cells to prevent or delay progression. They note 
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(as have others – see the section on chemoprevention below), that some attempts 
at chemoprevention have been diametrically counterproductive. They describe a 
well thought-out approach both to better characterizing the nature of somatic 
evolution and to developing strategies and agents to push selection in a different 
direction or deny any selective advantage to the pre-cancer cells: they propose, 
among other steps, identifying (epi)genetic causes of resistance and testing for 
them prior to intervention; developing markers for the forms of (epi)genetic 
instability that tend to generate resistance to the intervention; and intervening 
prior to genomic instability. They promote the idea of using multiple agents as a 
proper approach to the problem of malignant clonal selection by agents designed 
to be beneficial. To date, there are few empirical data to support the utility of this 
approach, but it has the advantage of being consistent with much wider aspects 
of biology and of explaining data that many others are ignoring. It needs testing 
thoroughly. The authors note: “Finally, we should develop cancer prevention 
interventions with the goal of preventing, channeling or managing somatic evo-
lution. Because somatic evolution is at the heart of neoplastic progression, it 
must be at the heart of how we manage the disease.”

 6. Finally, “-omics” approaches to the biology of cancer have been employed to 
understand progression, to classify tumours to predict response to therapy, and to 
develop markers of risk, progression, prognosis, and recurrence. In Chap. 6, 
Busuttil and Boussioutas describe this field as involving large-scale network 
analysis of biologic processes (for example, genetic variants, gene expression, 
proteins, signalling pathways, metabolic processes). In pursuit of early detection 
markers, studies of cancer are increasingly giving way to studies of pre-cancer. 
Success to date has been, at best, modest. The chapter is particularly important 
because it captures at least 2 issues, one technical, one design, that plague the 
studies in this area. The authors note that sample preparation is often poorly car-
ried out – and, one might add, often differentially carried out, so that cases and 
controls are almost certain to show differences [13]. They note: “Improper tissue 
collection and storage may compromise RNA and/or DNA integrity and may 
result in poor quality data.” The design issue is one which is discussed above, but 
their succinct summary of it is worth repeating: “A major criticism that we have, 
of several publications reviewed during the process of preparing this chapter, is 
the number of studies involving small numbers of samples.” They briefly spoil 
this key insight by then confusing observations and experiments [14] but they are 
right that study size is a central problem (perhaps the central problem) across the 
whole field of early detection.

There is no chapter on the role of stroma and tissue organization per se (although 
some authors address it in passing (for example, see Chaps. 5, 7 and 16) but that 
area too, has added greatly to what we know [15]. Nonetheless, at present, these 
various aspects of cancer biology (stem cells, inflammation, epigenetics, genetics, 
clonal selection, “-omics”, stroma) remain to be integrated into a unified theory and 
this, in turn, hampers our capacity to identify, visualize, treat, and prevent the early 
lesions that give rise to clinical cancer.
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How will we Develop, Test, and Use New Screening Tests?

Some new techniques that show promise were discussed in Parts 1 and 2. Tissue, 
blood, and body fluids can provide the material to explore an extensive range of 
biomarkers using expression, proteins, metabolites etc (see Chap. 9). Because all 
indications are that a global screen for cancer is unlikely in the near future, our 
primary concern is what is happening in the tissue of interest (of interest for reasons 
other than symptoms, in the case of population screening). However, many tissues, 
as we have already noted, are not readily accessible. Hence the interest in surrogate 
tissues; for example, is a buccal swab in smokers useful for describing what is hap-
pening at cell and tissue level in the lung or larynx? The value of blood and urine 
is that they are, respectively a fluid that has been everywhere and its ultrafiltrate. 
They are thus, jointly, a resource that carries discarded cells and cell products, a 
vast range of metabolites, nutrients, etc., as well as immune and blood cells. We are, 
nonetheless, currently poorly equipped to fully exploit these resources: for cell-
focussed assays, we remain ignorant about how large many tumours have to be 
before there are detectable numbers of cells – and whether that occurs before the 
cancer is detectable by other means; for proteins, metabolites, etc., the comparable 
problem is concentration; for both, there is the question of timing and time-interval 
for screening to be cost-effective. As an interesting place to look, it seems worth-
while to ask whether there are multiplier phenomena such that small concentrations 
of an abnormal metabolite provide a readable magnified signal in the immune 
 system or in an endocrine response.

The advantage of DNA or RNA as screening substrates (genetics, epigenetics, 
expression) is having four bases in essentially equal proportions in the setting of 
rather uniform structures. Proteins, in contrast, show extensive structural varia-
tion and a dynamic range across about 12 orders of magnitude. Given the 
pathophysiologic variation within and between humans and within and between 
stages of disease, an ensemble of markers looks most attractive as a concept (e.g., 
a positive first-stage test is one where three out of five markers of interest are 
positive – this works as a diagnostic classifier e.g., in colorectal cancer to define 
micro-satellite instability) but remains elusive in practice for screening, not least 
because there are very few single markers with appropriate characteristics that 
could be concatenated into an ensemble for any cancer. And for every marker, we 
need a defined series of increasingly large studies to establish its utility in 
 practice [3], (see also Chap. 9).

Another approach that attempts to encompass the whole organ (like direct 
visualization and less indirectly than using biomarkers) is the use of imaging 
(see Chap. 10). At its simplest, this is an X-ray technique, such as mammogra-
phy but there are an increasing number of ways to enhance metabolic, chemical, 
and physical signals in order to detect static or dynamic pathophysiologic 
changes in tissue that may be the hallmarks of an early lesion. In this regard, it 
is worth considering an important lesson from mammography: mammographic 
density is itself a (heritable) marker of breast cancer risk [16], but this is an 
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empirical observation without any substantial theoretical explanation for its 
capacity to predict disease. In the absence of a comprehensive theory on what 
exactly we should look for, in order to image, say, an early pancreas, lung, or 
ovary lesion, we are likely to make slow progress. Again, some empirical find-
ings will get us started (tissue anoxia, the Warburg effect, tissue density) but a 
more  complete theory would be better.

All such tests must eventually prove to be sensitive (a high capacity to identify 
those with disease), specific (a high capacity to exclude those without disease). 
Screening tests always identify some individuals who are, in fact, without disease 
(false positives) and, in the case of cancer screening, these people suffer distress as 
they go through further diagnostic procedures. The most important issue, however, 
is to minimize the number of those who, in fact, have disease but are screen-nega-
tive (false negatives). These are always the most poorly served in a screening pro-
gramme. In practice, there is always a trade-off between sensitivity and specificity 
and, with an effective screening tool, the cut point will be driven by considerations 
of cost. If we are to have an extensive capacity to detect many cancers early, there 
will have to be further technical developments across a variety of screening 
modalities.

Chemoprevention

Imagine for a moment that we can solve the problem of how to identify true precursors 
of clinical cancer, the eradication of which would have important consequences for 
both the quality and duration of a patient’s life; that is, imagine that we can detect 
an early cancer or pre-cancer not only with high sensitivity, but also with high 
specificity. From that position, we could then treat those with real disease and be 
sure that the vast majority of those who are negative on a screening test are truly 
disease-free.

How can we manage these true early lesions that we identify with sensitivity, 
specificity, and precision? For some lesions, the choice is easy: we are already able 
to remove many early colorectal, breast, skin, and cervical lesions surgically or 
with topical treatment. And, with many of these interventions, even the risks of 
over-treatment are modest. However multiple, diffuse disease (oral leukoplakia, 
Barrett’s oesophagus, ulcerative colitis, diffuse multifocal pre-neoplastic disease of 
breast, even of pancreas) are much more difficult to treat definitively and require 
regular surveillance and intermittent surgical or topical therapy, at least until we 
learn how to reverse the underlying process.

Chemoprevention, a clinical analogue of public-health prevention strategies, is 
often proposed (see Chap. 11) as a method of reducing cancer incidence and mortal-
ity but has a wider context in possibly lowering risk of other chronic diseases. 
Chemoprevention has had some successes but a number of highly visible failures; 
failures, in this context, encompass not only null results but, more crucially, a find-
ing of harm when the agent was specifically hypothesized to protect or reduce risk. 
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Maley et al., in Chap. 7, allude to this and provide some data but, in a recent invited 
AACR presentation [17], I detailed a more comprehensive catalogue of deleterious 
consequences and the differences from study settings in which chemoprevention 
was successful, specifically:

 1. The b-carotene trials showed that not only does supplemental high-dose b-carotene 
not reduce cancer incidence, it increases risk in high-risk groups (ATBC [18, 
19]). As I noted when the results were published [20], “A null answer to the 
chemoprevention question can mean: good hypothesis, good science, but wrong 
agent. An increase in risk, however, strongly suggests that the [theory], not the 
agent, is wrong.” Subsequently, it has been shown that b-carotene supplementa-
tion is not only deleterious, but it actually attenuates the protective effects of 
vegetables and fruits on lung cancer risk in the very population in which one of 
the trials was carried out [21].

 2. Classic NSAIDs provide chemopreventive benefit against metachronous ade-
nomatous polyps [22, 23] but colorectal cancer reduction is not consistently 
seen and shows sex differences, with effectiveness against CRC in men per-
haps [24] but not in women [25]. Although aspirin is beneficial in heart dis-
ease, GI bleeding remains a concern in relation to widespread use as a cancer 
preventive. Finally, specific COX-2 inhibitors are not appropriate in low-risk 
individuals or the general population because of their serious cardiovascular 
consequences [26–28].

 3. Folate prevents neural-tube defects and almost certainly prevents early-stage or 
early-life colon lesions as the epidemiology consistently shows. However, folate 
promotes even early-stage lesions in polyp formers as the clinical-trial data show 
[29]. In this regard, there are relevant animal experiments and, of course, it has 
been long established that anti-folates are excellent chemotherapeutic agents 
[30]. Further, this same trial showed an excess of prostate cancer in the active 
(folate) arm compared with placebo [31]. In all three of these cases — b-caro-
tene, NSAIDs, folate — there are deleterious consequences as a result of agents 
that were thought to be generally benign and hypothesized to be specifically 
effective against cancer; and in all three cases, deleterious consequences arose in 
the setting of attempts at single-agent chemoprevention.

 4. Vitamins C and E, for instance, generally show neither beneficial nor deleterious 
consequences for cancer in populations where nutrition levels are adequate. 
However, in a deficient population, use of specific supplements has been shown 
to have clear benefits, including cancer prevention [32], when used in combina-
tions not as single agents, and in doses designed to overcome known deficiency 
not at supra-physiologic levels, as has been the case in many of the other trials of 
chemoprevention.

 5. There is an extensive body of literature – epidemiologic, animal experimental, 
small-scale human mechanistic trials, and large-scale clinical trials – pointing 
towards a protective role for calcium (particularly in the presence of adequate 
vitamin D) in colorectal neoplasia [33, 34]. However, there is some concern that 
it may not be beneficial for prostate cancer [35].
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 6. Sex steroid hormones were hypothesized in 1980 to reduce risk of colon cancer 
[36]. In 1983, we showed that oral contraceptives were associated with lower risk 
of colon cancer [37] and subsequently that post-menopausal hormones (PMH) 
were associated with reduced risk of colorectal adenomas [38]. In 2004, almost a 
quarter century after the original hypothesis, it was shown in a well conducted 
clinical trial, that PMH prevents CRC [39]. However, in the interim, it had been 
shown, in the same clinical trial, that PMH was deleterious for breast cancer [40] 
and even for coronary heart disease [41]. Naturally occurring soy estrogens may 
be effective against breast cancer when consumed in low doses in food and from 
an early age, at least as early as adolescence, but not later in life [42].

 7. The problem of chemoprevention is not confined to cancer: there have also been 
deleterious outcomes from the use of single agents against heart disease and this 
casts light on the problem of primitive thinking about chemoprevention gener-
ally. Rosiglitazone is a PPAR-g agonist that has been used to control diabetes but 
the pseudo-physiologic reasoning that reducing high levels of glycated hemoglo-
bin will improve health outcomes was proved false as patients treated in this way 
had substantial increases in myocardial infarction and death from cardiovascular 
causes [43]. These findings that were late in the life of the drug and elicited 
strong condemnation [44].

 8. Nonetheless, some single agents have beneficial effects, e.g., statins lower risk of 
both heart disease [45] and prostate cancer [46] and tamoxifen is clearly  beneficial 
in preventing ER+ breast cancer, particularly in women with a prior history but 
may increase ER- contralateral cancers [47]. It seems likely that these agents 
may work as a result of having pleiotropic effects, interdicting more than one 
pathway and thus acting like a multi-agent intervention. As noted above, multi-
agent interventions work against cancer, particularly in deficient populations. 
Furthermore, diet (low-dose and multi-agent by necessity) and exercise interventions 
reduce the risk of several cancers – again consistent with the notion that multiple 
strategies, and multiple agents in physiologic doses, can be effective.

As often as possible, chemotherapy in the treatment of cancer involves multiple 
agents in order to prevent clonal selection. We need to ask what light this long and 
successful experience (especially in the treatment of childhood cancer) sheds on the 
theory and practice of chemoprevention. Do we even have a theory that underpins 
chemoprevention? Do we need to reconsider the whole enterprise? For early detec-
tion to be effective, we need a strategy to prevent, not enhance, progression. As a 
research and practice community, there is much for us to do.
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Apolant’s hyperplastic alveolar nodules 
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Argon plasma coagulation (APC), 237
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imitation SWI (SWI), 43
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clinical history, 286
definition, 283–284
detection, 285
management, 286
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Atypical ductal hyperplasia (ADH), 68, 421
Atypical small acinar proliferation (ASAP), 
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B
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adenocarcinoma, 315
biomarkers, 160–161
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radiofrequency ablation (RFA), 327, 330
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dietary nitrates, 321
endoscopic appearance, 316
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Esophageal adenocarcinoma)
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complete/incomplete type, 10
gastric-type cells, 10
stem cell/clonal origins, 10–12

iron transport, 322
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neoplastic progression, 227–228
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pathogenesis

epigenome and proteome, 324–325
MALDI TOF MS, 327
microRNAs, 326

pathophysiology
endoscopic therapies, 330
NSAIDs, 331

reflux components
caudal homeobox genes, 319
epidermal growth factor, 320
NFkappaB pathway, 321

risk factors, 319, 320
somatic genetic changes
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p16 null clone, 322, 323
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Bioluminescence imaging (BLI)

camera system, 191–192
luciferase transgene expression in vivo, 191
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post-translational level regulation, 193
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transcriptional regulation, 193
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classification, 155–156
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risk predictors, 158

progression, 155
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personalized screening program, 38
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psycho-social outcomes

chemoprevention, 251–252
interventions, 251
transient anxiety, 251
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single risk alleles, 36
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Breast Cancer Prevention Trial (BCPT),  
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CAF. See Carcinoma-associated fibroblasts
Cancer prevention and somatic evolution

cancer incidence, 116–117
chemopreventive agents, 116
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low and high risk patients, 120
multidrug cocktails, 122

pre-clinical models, intratumor genetic 
heterogeneity, 120

risk–benefit balance, 118
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therapeutic resistance, 112

Cancer-related inflammation
chronic inflammation, 24
experimental pre-invasive lesions
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polyposis, 25

breast cancer, 25
cancer-associated fibroblasts (CAFs), 

25–26
colitis-induced cancer and 

hepatocellular carcinoma, 25
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carcinogenesis, 25
NSAIDs, 26–27

Helicobacter pylori infection, 24
inflammatory stimuli, 23–24
intrinsic and extrinsic pathways, 24

Cancer susceptibility
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breast cancer, 34–35
carcinoma in situ, 35
ductal carcinoma in situ (DCIS), 34
genome-wide association studies 

(GWAS), 34–35
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Carcinoembryonic antigen (CEA), 404
Carcinoma-associated fibroblasts (CAFs), 

70–71
Carcinoma in situ. See Pre-invasive bronchial 
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Carcinoma of the prostate (CaP), 467–469. 

See also Prostate cancer
Castrate resistant prostate cancer (CRPC), 473
Caudal type homeobox transcription factor 2 

(Cdx2), 355
Cell−cell cross talk, Helicobacter

chronic active nonatrophic gastritis, 356
dysplasia, 361
human SPEM, 360–361
multifocal atrophic gastritis

intestinal metaplasia, 358–360
LacZNeo fusion gene, 358
role of BMDC, 358, 359

parietal cells
sonic hedge hog (Shh), 353
trefoil factor 2 (TFF2), 354

premalignant lesions
intestinal metaplasia, 355
TFF1 expression, 354
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screening and detection
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HPV testing, 449–451
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Chemoprevention
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toxicity avoidance

adverse effects, 213
natural agents, 212
risk-benefit ratio, 213
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(CHD), 43–44

Colorectal adenocarcinoma (CRC)
adenoma-carcinoma model, 100–101
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development and progression,  

miRNAs, 100
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gene expression, Dukes stages, 102
genetic changes, 101
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miR–21 expression, SSA, 104
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Vogelstein’s progression pathway, 100
Colorectal cancer, 32–33
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cellular transformation, 369
endoscopy and histology
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373, 374
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Wnt signaling, 379
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Combination chemoprevention, 217–219
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biopsy, 422
genomic hybridization, 423

treatment and prognostic factors, 428
Dukes classification system, 101–102
Dysplasia-associated lesion or mass  

(DALM), 387

E
EADC. See Esophageal adenocarcinoma
Early detection research network (EDRN), 
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chemoprevention
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Eicosapentaenic acid (EPA), 477
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Goblet-cell serrated polyps (GCSPs), 375
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H
Heat-shock protein (HSP), 327
Helicobacter pylori infection, 498

adaptive immunity
cytokines, 348
Helicobacter felis (H. felis), 349
mouse models, 347, 348

bacterial colonization, 342–343
bacterial features, 342
cell−cell cross talk (see Cell−cell cross 

talk, Helicobacter)
clinical disease, 343–344
endocrine regulation, 352
gastric cancer, 341
gastric mucosa inflammation, 353
gastric mucosal signaling

apoptosis and proliferation, 350
CagA protein, 352
MHCII expression, 351

host immunity, 345
innate immune response

TLR 2 and TLR 4, 345
TLR9 and TRL–5, 346

urease production, 343
Heligmosomoides polygyrus, 349
Hereditary factors. See also Cancer 

susceptibility
cancer genetics

disease predisposition alleles, 32
familial relative risk (FRR), 31–32
inherited genetic factor, 32

polygenic risk profiles
log-additive and polygenic model, 

36–37
personalized screening program, 38
population-based screening 

programmes, 37–38
single risk alleles, 36

Hereditary non-polyposis colorectal cancer 
(HNPCC), 32–33

Heterocyclic amines (HCAs), 477
High-grade prostate intraepithelial neoplasia 

(HGPIN), 161
High-grade squamous intraepithelial lesion 

(HSIL), 439
High iron diamine (HID), 360
Histone deacetylase inhibitors (HDACi), 52
Human herpes simplex virus (HSV), 475
Human papillomavirus (HPV), cervical 

lesions, 440
cancerous precursors, 444–445
molecular biology of, 440
pathways of, 441–442
tumor-promoting risk factors

allelic imbalance, 447
anchorage-independent  

proliferation, 447
HPV-transformed epithelial cells, 446
immortalization, 446–447
tumorigenicity, 447–448

viral infection
basal cell, 442
E5, E6 and E7, 443–444
replicative phase, 443

Human telomerase reverse transcriptase 
(hTERT), 446

Hypermethylation
methylation-induced silencing, 48
promoter hypermethylation

CpG, 46–47
Dickkopf proteins (DKK), 49
E-cadherin (CDH1), 48
RASSF genes, 49–50
soluble Frizzle-Related Proteins 

(SFRPs), 49
Wif–1, 49
Wnt pathway, 47–48

protease inhibitor silencing, 48
Hyperplastic alveolar nodules (HAN), 

134–135
Hyperplastic polyposis (HP), 386

I
Imitation SWI (SWI), 43
Inflammatory bowel disease (IBD)

chromosomal instability, 388, 389
Crohn’s disease, 386–387
magnifying chromoendoscopy, 389
prophylactic surgery, 386–387
ulcerative colitis, 386–387

Inflammatory tissue microenvironment
cancer-related inflammation, 21–22 (see 

also Cancer-related inflammation)
intrinsic and extrinsic, 21
malignant changes

inflammatory cytokine IL–6, 23
myc over expression, 22
oncogene-orchestrated inflammatory 

response, 23
Ras oncogene, 22
RET tyrosine kinase (RET/PTC), 22
transforming growth factor b  

(TGF-b), 23
von Hippel Lindau (VHL), 22–23

pro-tumour microenvironment, 22
tumor-promoting inflammation, 23–24

Insulin-gastrin (INS-GAS), 352
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Intestinal metaplasia (IM)
clonal proliferation, 12–13
complete/incomplete type, 10
gastric-type cells, 10
stem cell/clonal origins

corpus glands, 12
gastric glands, 10–11
intestinal crypts, mutation, 11
methylation patterns, 11

Intraductal papillary mucinous neoplasm 
(IPMN), 396

colloid cancer, 405
molecular alterations, 405–406
surgical resection, 403–405

Intraepithelial neoplasia (IEN). See also 
Biomarkers

Barrett’s oesophagus, 160–161
benefits, 159–160
classification, 155–156
colonic adenomas, 161–162
prostate intraepithelial neoplasia, 161
sources, 156–157

Invasive breast carcinomas (IBCs)
atypical ductal hyperplasia  

(ADH), 68
development and progression stages, 

65–66
hyperplasia, 67–68
in situ carcinoma, 69–70
invasive carcinoma, 70–71
normal epithelium, 66–67

J
Junger criteria, 246

L
Lobulo-centric atrophy, 397, 398
Loop electrosurgical excision procedure 

(LEEP), 453
Loss of heterozygosity (LOH), 307
Low grade dysplasia (LGD), 323
Lung cancer

autofluorescence bronchoscopy  
(AFB), 272

lowdose spiral computed tomography 
(LDCT), 272

pre-invasive lesions (see Pre-invasive 
bronchial lesions)

psycho-social outcomes, 255–256
WHO histological classification, 272

Lymphoid enhancer factor (LEF), 379
Lynch syndrome, 32–33

adenomatous pathway, 385
chromosomal instability, 386
mismatch repair (MMR), 384

Lysine-specific demethylase 1 (LSD1), 45

M
Magnetic resonance imaging and spectroscopy

advantages, 173–174
apparent diffusion coefficient (ADC), 174
choline-containing metabolites, 31P MRS, 

177–178
13C-labelled cell substrate, 178–179
frequency encoding space, 173
glutamine, 180
hyperpolarised 13C-labelled bicarbonate, 

180–181
hyperpolarized [1–13C]pyruvate, 179–180
magnetic field (B

0
), 170, 172

31P MR spectrum, implanted tumour,  
170, 171

precessional frequency, 172–173
spin property, 170, 171
targeted MRI probes

DCE-MRI, 175
Gd3+-chelate, 174
non-targeted Gd3+-chelates, 175
pH-sensitive agents, 175–176
vs. radionuclide-labelled probes, 

176–177
superparamagnetic iron oxide (SPIO) 

nanoparticle, 174–176
tissue metabolites, 177

Mammary intraepithelial neoplastic outgrowth 
(MINO)

cancer
development, 136, 142–143
initiating cell, 139–141
initiation foci, 144
stem cells, 141

DCIS, 139
invasive ductal carcinomas, 139
somatic mutations, 139
tissue ontogeny, 141, 144
TP53 null mouse mammary epithelium 

transplantation, 144
transplant lines, 140

MCN. See Mucinous cystic neoplasm
MicroRNAs (miRNAs), 81
Microseminomaprotein-beta (MSMB) 

expression, 483
Microvesicular serrated polyps (MVSPs), 376
Mismatch repair (MMR), 384
Mitogen-activated protein kinase (MAPK), 399
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Molecular markers, OPL
aneuploidy, 308
LOH, 307
molecular profiling

chromosomal alterations, 306
signalling pathway, 307

multifaceted risk model
biomarkers, 305, 306
premalignant process, 305

p16 promoter hypermethylation, 307–308
specific gene biomarkers

EGFR-targeted chemotherapy, 310
Podoplanin, 309

Molecular-targeted chemoprevention
COX–2 inhibition, colorectal cancer 

prevention, 215–217
5a-reductase inhibition, prostate cancer 

prevention, 214
SERMs, breast cancer prevention, 214

Monocyte chemoattractant protein 1 (MCP–1)
Mucinous cystic neoplasm (MCN)

clinical appearance and morphology
abdominal discomfort, 406
invasive adenocarcinoma, 407

molecular alterations, 407
Multipolar electrocoagulation (MPEC), 237

N
Neoplasms

artificial selection, 115
heterogeneity

epigenetic heterogeneity, 113–114
genetic heterogeneity, 114
phenotypic heterogeneity, 113

natural selection, 114–115
progression, 112–113

Non-steriodal anti-inflammatory drugs 
(NSAIDs), 215–217, 482

Nuclear phenotype score (NPS), 304
Nucleosome remodeling and histone 

deacetylases (NURDs), 44

O
Oesophageal adenocarcinoma. See Barrett’s 

oesophagus
Omics technology

colorectal adenocarcinoma (see Colorectal 
adenocarcinoma (CRC))

DNA analysis (see Genomic DNA 
analysis)

esophageal adenocarcinoma (see Esophageal 
adenocarcinoma (EADC))

gastric adenocarcinoma (see Gastric 
adenocarcinoma)

proteomics, 83–84
transcriptomics (see Transcriptomics)

Optical molecular imaging techniques
bioluminescence imaging (BLI)  

(see Bioluminescence imaging (BLI))
fluorescence imaging (see Fluorescence 

imaging)
Oral cancer prediction longitudinal  

(OCPL), 300
Oral premalignant lesions (OPLs)

clinical change visualization
autofluorescence (AF), 300
biopsy, 299–300
molecular analysis, 301
molecular probes, 302
occult lesion, 301
reflectance imaging, 302

histology and risk assessment
cancer progression, 305
carcinoma in situ (CIS), 303
quantitative tissue phenotype,  

303, 304
malignant tranformation, 298
molecular markers (see Molecular  

markers, OPL)
multifaceted models, 297
tissue changes

genetic and epigenetic mutation,  
298, 299

risk stratification, 299
Oral squamous cell carcinoma (OSCC), 297
Ornithine decarboxylase (ODC), 217
Outer membrane protein (OMP), 342
Ovarian cancer, psycho-social outcomes, 254

P
Paget’s disease, 423
Pancreatic cancer

chemo-radiation therapy, 395
clinical implications

endoscopic ultrasound (EUS), 410
Tanaka criteria, 411

genetically engineered models
chemoprevention, 409
murine PanINs, 408
transgenesis, 407

intraductal papillary mucinous neoplasm 
(IPMN)

colloid cancer, 405
molecular alterations, 405–406
surgical resection, 403–405
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intraepithelial neoplasia (see Pancreatic 
intraepithelial neoplasia (PanINs))

precursor lesions, 396
Pancreatic ductal adenocarcinoma  

(PDAC), 395
Pancreatic intraepithelial neoplasia (PanINs)

clinical features and morphology
epithelial changes, 396
precursor lesions, 397, 398
pseudostratification, 397

molecular alterations
CDKN2A/p16 promoter, 400
chromosomal instability (CIN), 401
Hedgehog and Notch pathway, 403
methylated DNA, 402
MUC proteins, 402
PanIN-gram, 399

Patient reported outcomes measures  
(PROMs)

anxiety and depression
CES-D, 249
Hospital Anxiety and Depression Scale 

(HADS), 249
S-STAI, 248–249

cancer worry and distress, 250
definition, 247
health-related quality of life (HRQL), 248

Photodynamic therapy (PDT), 330. See also 
Esophageal adenocarcinoma

Pleiotropic effects, 505
Poly-ADP-ribose glycohydrolase (PARG),  

46, 52
Polycomb complexes, 46
Population-based chemoprevention, 210
Population screening programmes, 245
Positron emission tomography (PET)

gamma rays, 183–184
PET/CT scanners, 187
PET/MRI scanners, 187–188
positron annihilation, 182–183
positron emitting isotopes, 184
probes

apoptosis-specific PET probe,  
185–186

11C, 184
64Cu, 184
2-[18F]fluoro–2-deoxy-D-glucose 

(FDG), 184–185
18F-fluoroestradiol ([18F]-FES), 185
[18F]-Galacto-RGD, 185
labelled fluoromisonidazole ([18F]

FMISO), tumour hypoxia, 186
reporter transgenes, 187
resolution of, 183

Post-menopausal hormones (PMH), 505
Precancer, animal models

Apolant’s hyperplastic alveolar nodules 
(HAN), 134–135

biological predeterminism, 132–133
cancer initiating cell, 139–141
cancer initiation, 144
epigenetic imprinting and plasticity, 

145–146
GEM models

DCIS, 139
MINO (see Mammary  

intraepithelial neoplastic  
outgrowth (MINO))

somatic mutations, 139
test-by-transplantation, 135

genetic instability, 144–145
history, 131–132

Predictive markers, 156
Pre-invasive bronchial lesions

atypical adenomatous hyperplasia
bronchioloalveolar carcinoma  

(BAC), 284
clinical history, 286
definition, 283–284
detection, 285
management, 286
molecular abnormalities,  

284–285
prevalence, 285

DIPNECH
clinical history, 288
definition, 286
detection, 287
management, 288
molecular abnormalities, 287
prevalence data, 287–288

dysplasia and carcinoma in situ
angiogenic squamous dysplasia,  

273, 276
chemoprevention, 282–283
clinical history, 280–281
definition, 273
detection, 278–279
diagnosis and grading, 273
features, 274–275
genomic instability and molecular 

abnormalities, 276–277
management, 281–282
prevalence, 279–280
squamous cell carcinoma, 273, 276

Prognostic marker, 155–156
Proliferative inflammatory atrophy  

(PIA), 474
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Prostate cancer
atypical small acinar proliferation (ASAP), 

471–472
diet, 477–478
early detection and prevention, 482–483
genetic mutations

Myc/8q24, 480–481
PTEN, 478–480
SNPs/GWAS, 481–482
somatic changes, 479
TMPRSS2-ETS, 480

inflammation
angiogenesis, 474
causes of, 474–475
hormonal influence, 476
infectious agents, 475–476
urine reflux, 476

initiation and progression, 482
multifocal disease, 469
normal prostate, 469–470
prostatic intra-epithelial neoplasia (PIN)

biomarkers, 161
definition of, 470
gleason grade carcinoma, 470, 471

psycho-social outcomes, 253–254
stem cells

ablation therapy, 473
cell lineages, 472
recurrent tumours, 474

UK age-specific mortality rates, 468, 469
urogenital sinus, 469
world age-standardised incidence and 

mortality, 467–468
Prostate Cancer Prevention Trial (PCPT), 215
Prostate-specific antigen (PSA), 161
Prostate stem cell antigen (PSCA), 402
Proteomics, 83–84

BE to EADC, 92
gastric cancer (GC), 96

Psycho-social outcomes
breast cancer

chemoprevention, 251–252
interventions, 251
transient anxiety, 251

cervical carcinoma
negative cytological and HPV 

screening, 252–253
Pap smears, 252
sexual promiscuity, 253

colorectal cancer, 254–255
genetic screening, psychosocial health

hereditary breast cancer, 256–257
hereditary colon cancer, 257–258

lung cancer, 255–256

oesophago-gastric cancer, 255
ovarian cancer, 254
prostate cancer, 253–254
qualitative studies (see Qualitative studies)
quantitative methods (see Patient reported 

outcomes measures (PROMs))

Q
Quantitative tissue pathology (QTP), 303

R
Radiofrequency ablation (RFA), 327, 330. 

See also Esophageal 
adenocarcinoma

Radionuclide-based imaging techniques
positron emission tomography (see 

Positron emission tomography 
(PET))

SPECT (see Single photon emission 
computed tomography (SPECT))

Radiotherapy, 428
Reactive oxygen species (ROS), 321
Recombinase activating gene (RAG), 347
Retinoids, 117

S
Salvador–Warts–Hippo (SWH) pathway, 16
Selective oestrogen receptor modulators 

(SERMs), 214
Selenium and Vitamin E prostate Cancer 

Prevention Trial (SELECT), 213
Sessile serated adenomas (SSAs), 376

histology, 103
miR–21 expression, 104
TFF1 and CTSE gene, 103

Severe combined immunodeficiency (SCID), 347
Single nucleotide polymorphism (SNP) 

technology
Barrett’s esophagus (BE), 326
prostate cancer, 481
signal intensity and allelic imbalance, 82
whole-genome SNP analysis, 83

Single photon emission computed tomography 
(SPECT)

99mTc-HYNIC annexin V, 189
99mTc-MIBI (99mTc-

methoxyisobutylisonitrile), 190
multi-pinhole SPECT, 188, 189
Octreoscan (Mallinkrodt Medical), 190
radio-isotopes, 188, 190

Sirtuins (Sirt1–7), 45
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Soluble Frizzle-Related Proteins (SFRPs), 49
Somatic evolution

cancer prevention (see Cancer prevention 
and somatic evolution)

neoplasms
artificial selection, 115
heterogeneity, 113–114
natural selection, 114–115
progression, 112–113

Spasmolytic polypeptide expressing 
metaplasia (SPEM), 361

Squamous cell carcinoma. See also  
Pre-invasive bronchial lesions

angiogenic squamous dysplasia, 273, 276
autofluorescence bronchoscopy (AFB), 278
carcinogenesis, 273, 276
clinical history, 280
diagnosis and grading, 273
[18F]fluoro–2-deoxy-d-glucose  

positron emission tomography 
(FDG-PET), 278

oral cavity, 277
prevalence, 279

Squamous intraepithelial lesions (SILs), 441
Stem cells, cancer origin

Barrett’s oesophagus (see also Barrett’s 
oesophagus)

diagnosis, 7–8
dysplasia, malignancy prediction, 8
management, 8

breast cancer, 6
clonal competition

crypt fission, 16
dMyc-over-expressing cells, 15–16
Salvador–Warts–Hippo (SWH) 

pathway, 16
hepatocellular carcinoma, 6–7
intestinal tumours, 5
lung cancer, 7
multiple clones, 15
prostate cancer, 6
self-renewal mechanisms, 5
wild-type squamous islands, 14–15

Steroidogenic acute regulatory protein 
(STAR), 407

Switch/sucrose non-fermenting (SWI/SNF), 43

T
Terminal duct-lobular unit (TDLU), 66
Therapeutic HPV vaccines, 455–456
Tissue inhibitor of matrix-metalloprotease 3 

(TIMP3), 48
Toluidine blue (TB), 302
Toxoplasma gondii, 349
Transcriptomics

DNA microarrays, 77–78
expression analysis

Affymetrix™, 80
illumina, 80
spotted arrays, 79
two-color expression arrays,  

79–80
quantitative Real time polymerase chain 

reaction (qRT-PCR)
disadvantages, 80–81
genomic DNA analysis, 81

Transrectal ultrasound (TRUS), 471
Tumorigenesis

familial adenomatous polyposis  
(FAP), 384

HPV, 447–448
Tumor suppressor genes (TSGs), 400

U
Ulcerative colitis, 386–387

V
Virus-like particles (VLPs), 454
VITamins and lifestyle (VITAL), 477
Vogelstein’s progression pathway, 100

W
Warburg effect, 503
Wilson’s criteria, 246
Wnt inhibitory factor 1 (Wif–1), 49

X
Xenotropic murine leukaemiavirus related 

virus (XMRV), 476
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