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Preface

Alongside rapid advances in scientific understanding about cancer genomics, there
have been huge steps forward in genetic testing for pathogenic mutations in cancer
predisposing genes, as well as the management of cancer risks associated with these
mutations.

Until recently, families with a history of cancer suggesting high risk cancer
predisposition genes as their cause have been counselled and managed within
specialised genetic services. As the number of individuals eligible for cancer pre-
disposition testing is rapidly increasing and more management options and treat-
ments tailored to pathways disrupted by mutated cancer predisposition genes are
developed, oncologists, surgeons and other healthcare specialists treating these
patients have to become more involved in genetic testing and managing cancer risks
in their patients.

Much has been written about the diagnosis and management of patients with
common hereditary cancer such as breast/ovarian and colorectal cancer syndromes.
However, there is limited information available to health professionals who diag-
nose and manage rare hereditary cancer syndromes, some of which present in
childhood.

This book approaches the issue of the differential diagnosis and management of
rare hereditary cancer syndromes from a practical angle, addressing the issues for
each tumour type as seen by health professionals in their day-to-day practice.

The first chapter aims to update cancer specialists on the newest developments in
genetic testing technology. It describes the strengths, limitations and caveats
of these technologies to enable cancer specialists to use these tests safely and
effectively for the benefit of their patients.

The subsequent chapters describe how patients with specific rare hereditary
cancer syndromes may be identified through their personal and family history of
cancer, which genes should be tested based on these criteria, the clinical picture
of the respective cancer syndromes caused by mutations in these genes, as well as
the appropriate management options.

The final chapter deals with the wider issues involved in genetic counselling and
testing for cancer susceptibility for patients, families and health professionals.
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In summary, this book has been written by leading specialists in the field to
enable health professionals to correctly identify patients with these rare syndromes
who will benefit from genetic counselling and testing and to provide them with the
knowledge to manage patients and advise family members who may be at risk of an
inherited cancer predisposition.
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Advances in Genetic Testing
for Hereditary Cancer Syndromes

Ellen Thomas and Shehla Mohammed

Abstract
The ability to identify genetic mutations causing an increased risk of cancer
represents the first widespread example of personalised medicine, in which
genetic information is used to inform patients of their cancer risks and direct an
appropriate strategy to minimise those risks. Increasingly, an understanding of
the genetic basis of many cancers also facilitates selection of the most effective
therapeutic options. The technology underlying genetic testing has been
revolutionised in the years since the completion of the Human Genome Project
in 2001. This has advanced knowledge of the genetic factors underlying familial
cancer risk, and has also improved genetic testing capacity allowing a larger
number of patients to be tested for a constitutional cancer predisposition. To use
these tests safely and effectively, they must be assessed for their ability to
provide accurate and useful results, and be requested and interpreted by health
professionals with an understanding of their strengths and limitations. Genetic
testing is increasing in its scope and ambition with each year that passes,
requiring a greater proportion of the healthcare workforce to acquire a working
knowledge of genetics and genetic testing to manage their patients safely and
sensitively.
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1 Introduction

The genetics of cancer has been the focus of a huge research effort for several
decades. This can be divided into two main areas: firstly, the study of how genetic
changes within a particular organ arise and accumulate, causing the development of
an individual tumour; and secondly, the search for inherited genetic changes which
increase a person’s chance of developing cancer. The first category, known as
‘somatic’ genetic changes, occurs only in tumour cells and the tissue they devel-
oped from, while the second category, known as ‘germline’ or ‘constitutional’
genetic variants, is present in every cell in the body, including the germ cells (eggs
and sperm) which pass on DNA to the next generation.

Cancers are initiated and driven by changes in a cell’s DNA which cause it to
divide uncontrollably, and to this extent, all cancers are genetic diseases. However,
the majority of cancers are caused by a combination of lifestyle, environmental and
stochastic (chance) influences with only a minor contribution from constitutional
inherited genetic variation.

A significant minority of cancers (a variable proportion depending on the cancer
type) are caused more directly by a rare single mutation, which is usually inherited
in an autosomal dominant way. Diagnostic genetic testing can identify such
mutations in individuals with a personal and family history of cancer. These tests
must examine the entire sequence of the relevant gene(s) looking for the single
mutation which could be causing the family’s cancers. In some cases, even when
there is a high suspicion of an inherited predisposition to cancer, no genetic cause is
found, and the reasons for this will be discussed later in this chapter. Diagnostic
tests can be carried out in individuals with a family history but no personal history
of cancer. However, a negative test result in this situation is uninformative and of
limited value, as it is not possible to tell whether there is a mutation in a known
cancer gene in the family which has not been inherited by the individual tested, or
whether there is no mutation in a known gene and the tested individual could still be
at risk from an unidentified gene mutation.
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Once a cancer-predisposing mutation has been identified in a patient with cancer,
their relatives can be offered predictive testing to find out whether they have
inherited the mutation and may be at increased risk of developing cancer in the
future. This is a highly accurate test, because only the single genetic variant
identified in the family needs to be tested. In general, predictive tests are cheaper
and quicker than diagnostic tests, although their health implications are significant
and appropriate counselling is always required. Individuals in these families who
have inherited the mutation may have a very high risk of developing cancer—up to
100 % in some cases such as classical familial adenomatous polyposis. In addition,
the cancers are likely to occur at a younger age than sporadic non-familial cancers,
and may be of particular histological subtypes. A test showing that an individual
has not inherited the familial mutation removes any increased risk for that indi-
vidual related to their family history, unless they have a family history of cancers
which cannot be accounted for by the familial mutation, for example if relatives of
their unaffected parent have also had significant cancers. These individuals can be
reassured, and additional surveillance for that cancer is not required following this
test result.

Individuals who have a positive predictive testing result will be offered a range
of strategies to try to reduce their future cancer risks. Demand for genetic testing is
therefore increasing, from patients and healthcare professionals, and advances in
genetic testing technology described in this chapter have been introduced into
clinical practice with the aim of making access to genetic testing broader and more
equitable.

In between sporadic and inherited cancers are another loosely defined group
where the patient has a family history which is likely to be relevant to their own
cancer, but no mutation is detectable in a known gene. These families are likely to
have one or several variants which are contributing to an increased cancer risk, but
the level of risk is lower than with the inherited cancer gene faults. These families
may be offered some additional surveillance, but genetic testing is usually not
contributory or informative in this situation. However, this may change as our
understanding of the whole spectrum of constitutional genetic predisposition to
cancer improves with further large-scale genetic research projects.

2 Advances in Genetic Testing Technology

Traditionally, genetic testing for cancer predisposition genes has used capillary
sequencing (also known as Sanger sequencing), which is a highly accurate but
labour-intensive and expensive way of working through each individual exon of the
gene of interest, requiring a large DNA specimen. Genetic testing has therefore
been limited by cost and throughput to individuals with a clinical picture indicating
a high likelihood of a cancer-predisposing gene mutation (Table 1).
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In the last 15 years, rapid advances have been made in genetic and genomic
research and technology development, initially driven by the Human Genome
Project which was completed in the year 2000 (Lander et al. 2001). The HapMap
project then identified sites of common variation in different human populations
(The International HapMap Consortium 2005), which led to the development of
high-throughput accurate genotyping platforms.

This work laid the foundations for genome-wide association studies (GWAS), a
large-scale population-based case-control study design exploiting linkage disequi-
librium between ancient common variants to compare allele and haplotype fre-
quencies in large cohorts of patient and control subjects. The GWAS design is
based on the ‘common disease–common variant’ hypothesis that multiple small
genetic effects combine to predispose individuals to complex diseases. Several
thousand loci have now been reliably identified as contributing to a large range of
common diseases and other phenotypes by this method, and this has provided
insights into novel disease pathways and mechanisms (Hirschhorn and Gajdos
2011). However, in only a minority of cases has the precise gene or variant giving
rise to the association signal been identified and its mechanism of action has been
established, and the odds ratios for disease development associated with each
individual variant identified on GWAS tend to be in the region of 1.1–1.5, indi-
cating that their effect on disease risk in any individual person is small. Even when
an individual’s genotype at multiple risk single nucleotide polymorphisms (SNPs)
is taken into account, these results only account for a small amount of the variation

Table 1 Comparison of tests used to make genetic diagnoses

Test Use Strengths Limitations

Capillary
(Sanger)
sequencing

Sequencing of small
genomic regions, e.g.
individual exons

Highly accurate Low throughput, labour
intensive, expensive

Panel testing
using
next-generation
sequencing

Simultaneous
sequencing of genes
causing a particular
phenotype (up to
several hundred genes)

Allows multipanel
gene testing
Useful in
heterogeneous
conditions

Needs adjusting when
new genes are
discovered, and
coverage of each gene
may not be as good as
capillary sequencing

Array CGH Detection of large
structural chromosome
rearrangements

Highly accurate,
high throughput

Exome
sequencing

Simultaneous
sequencing of all
coding regions of the
genome

Streamlines lab
workflow and
useful extension
of the panel test

Coverage of some
genes is inadequate, no
information on
structural
rearrangements

Genome
sequencing

Sequencing of the
whole genome

More even
coverage of all
genes

Expensive, data storage
and analysis costs are
high, and non-coding
regions hard to interpret
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in cancer risk between individuals. The GWAS effort has contributed to our
understanding of the molecular processes and pathways underlying many diseases,
and it is hoped that this will be translated into therapeutic advances. However,
common SNP genotype tests have not been adopted as clinical tools due to their
limited clinical utility, and therefore, the original hope that GWAS would lead to
the use of SNP genotyping to stratify risk and deliver personalised medicine has not
been realised.

In parallel with the technology used for large-scale SNP genotyping, similar
protocols were developed to study larger changes in the genome known as struc-
tural variation (deletions—missing regions of the genome; duplications—extra
copies of regions of the genome; and inversions—sections of the genome which
have become rotated). It used to be thought that the overall structure of the healthy
human genome was relatively invariant, because large genome rearrangements
visible down the microscope were nearly all associated with significant medical and
developmental difficulties (in a constitutional form) or were found as somatic
changes in tumour cell genomes. However, once microarray techniques such as
comparative genome hybridisation (known as array CGH) were developed to study
copy number variation in more detail, it was discovered that smaller scale structural
changes are often well tolerated and may not lead to any detectable phenotype.
Array-CGH results have also led to the understanding that a significant minority of
monogenic disease is caused by a structural variant affecting an important gene, and
some families whose condition remained unexplained by DNA sequencing have a
whole gene deletion; for example, deletions of the APC gene cause classic familial
adenomatous polyposis.

The most recent major advance in genetic technology has been the exponential
increase in sequencing capacity brought about in the last decade by the
high-throughput platforms developed by Illumina (Bentley et al. 2008), Roche 454
(Margulies et al. 2005), ABI SOLiD (McKernan et al. 2009), and Complete
Genomics (Peters et al. 2012). This has been made possible by the use of massively
parallel sequencing, which uses simultaneous amplification of hundreds of millions
of individual DNA fragments, which are imaged after each sequencing cycle to
determine the order of nucleotides in each separate fragment simultaneously.
Having taken several decades to generate the first draft of the human genome
sequence in the years leading up to the millennium, in 2015 an entire individual
human genome takes around a week to sequence, at a basic test cost not greatly
exceeding $1000.

High-throughput sequencing generates huge volumes of data which require
specialist computer hardware, software and informatics expertise to analyse.
Bioinformaticians have developed many informatic techniques to map millions of
sequence reads varying in length from 35 base pairs to around 700 base pairs to the
genome, and to identify SNPs and structural rearrangements from the aligned reads
(known as variant calling). Extensive testing of these algorithms has established the
best parameters to maximise sensitivity of variant detection and minimise false
positive variant calls. More recently, the increased body of experience in analysis of
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high-throughput sequence data has allowed these analysis pipelines to become more
standardised and automatable.

Following the use of high-throughput sequencing for whole-genome sequencing,
technologies for sequencing selected parts of the genome have been developed.
These include automated multiplex polymerase chain reaction (PCR) systems,
where multiple individual targets are amplified using the traditional PCR technique
but at much higher throughput. The more widely adopted mechanism uses target
enrichment either of selected custom DNA targets such as a panel of genes known
to cause a particular condition, or generic targets such as the entire coding sequence
of the genome, known as the exome. This works by shearing DNA from the whole
genome into small pieces, then capturing the fragments covering the genome
regions of interest, before washing off the unwanted fragments, and sequencing the
enriched library of targeted sequences.

Using a targeted approach known as a ‘panel test’, sequence data can be gen-
erated in one test for anything from a handful of genes up to several hundred genes.
For example, the Lynch syndrome genes can be tested all together in a clinically
available panel of nine bowel cancer genes, which is quicker and cheaper than
sequencing each gene individually one after the other, and may avoid the need for
immunohistochemistry to direct where to start with single gene testing. Panel
testing has been introduced fairly widely to clinical practice, particularly in the
diagnosis of heterogeneous conditions, where mutations in a number of different
genes cause the same phenotype.

Exome sequencing has been used with great success to identify the genes
responsible for dozens of monogenic disorders since the first publication (Ng et al.
2009). More recently, exome sequencing has also been used as an extension of
panel testing in the clinical diagnostic context. The challenge with panel testing is
that new genes causing each heterogeneous phenotype are discovered each year,
and adding new genes to an existing panel test involves a lengthy and expensive
process of adaptation and revalidation of the test. As sequencing costs have fallen, it
has been suggested that it is more cost-effective to carry out exome sequencing by a
standardised protocol on every sample, and then select the relevant genes for
analysis. This provides a very flexible approach, where ‘virtual panels’ for analysis
can be changed swiftly in response to new gene discoveries, and data can be
revisited retrospectively without repeating the laboratory element of the assay.

The large volume of sequence data which has been generated in the last decade
has highlighted the extent of variation found in every individual genome. Every
exome or genome sequence identifies many thousands of variants, the majority of
which have no relevance to the phenotype in question, and the process of priori-
tising and filtering these variants is one of the greatest challenges currently facing
geneticists. Individual variants are commonly categorised using a five-point system,
as described in Box 2.

Assessing variant pathogenicity to place each variant into the categories given
above is a highly technical and time-consuming process which needs to be done by
experienced molecular geneticists, and which is not yet amenable to a high degree
of automation. This therefore represents the most significant bottleneck in the
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high-throughput molecular diagnostic context at this time. A number of factors and
techniques are commonly used to assess the pathogenicity of a variant; these are
discussed in Box 3.

In silico prediction tools such as Polyphen (Adzhubei et al. 2010), SIFT (Kumar
et al. 2009) and Condel (González-Pérez and López-Bigas 2011) can be used as
screening tools for large data sets. These use a combination of information on
amino acid structures, known protein structures and evolutionary conservation to
provide a quick and simple way of testing large batches of variants, but their
sensitivity and specificity are low. In future, it is likely to become possible to
prioritise non-coding variants using in silico tools as well, using data from projects
such as ENCODE (the Encyclopedia of DNA Elements), which aims to catalogue
functional and regulatory elements in the human genome (The ENCODE Project
Consortium 2011). At present, these tools can be used to give a consensus sug-
gestion about a particular variant, but they cannot be relied upon as a mainstay of
clinical diagnostic variant interpretation.

Whole-genome sequencing is also being investigated now as a clinical diag-
nostic tool, chiefly within the 100,000 Genomes Project in the UK, which is gen-
erating whole-genome sequences in thousands of patients with rare disease or
cancer in the NHS. Whole-genome sequencing is more expensive and generates
volumes of data which are difficult to store, but has a number of potential advan-
tages over exome sequencing. Firstly, an unknown proportion of disease-causing
variants may lie outside coding regions, either in introns affecting gene splicing, or
in promoter or enhancer regions affecting gene expression, and these variants will
always be missed by exome sequencing. Secondly, exome sequencing requires a
step in the DNA preparation where the coding regions of DNA are captured for
sequencing. Some genomic regions do not pull down well or are hard to map back
to the genome, due to repetitive DNA sequences or variations in the ratio of AT:
GC nucleotides. Some genes are therefore consistently difficult to capture with
exome sequencing, but genome sequencing does not involve this capture step and
therefore covers these difficult regions more completely. Thirdly, genome sequence
data allows structural variations (deletions, duplications, inversions) to be detected
reliably as well as small sequence variation, so it is possible that a genome sequence
will mean that array CGH will not be needed as a separate test.

3 Translation of Research Findings into Clinically Useful
Genetic Tests

As described above, the technological aspects of genetic testing have improved
rapidly over the last decade. These advances have been driven by the requirements
of research, often by extensive multinational collaborations such as the Human
Genome Project and the many international GWAS consortia. Following closely
behind these developments have been efforts to translate the technological advances
into clinical practice, to provide immediate clinical benefit for patients. However,
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the requirements of genetic testing in the clinical context are different from the
research context, as described in Table 2.

The ACCE framework (shown in Fig. 1) is a highly influential approach which
has been designed to evaluate whether a test is appropriate to be used in clinical
practice (Haddow and Palomaki 2003). This comprises a detailed assessment of the
following:

Table 2 Comparison between research and clinical priorities

Test
characteristic

Research priority Clinical test priority

Accuracy Global accuracy across the
project is important

Individual accuracy for a clinical report
for each patient is crucial

Throughput Often needs to be very high Healthcare system may not be able to
afford high throughput

Cost Moderate pressure to lower
costs

High pressure to lower costs due to the
requirement for cost-effectiveness
evidence before implementation

Completeness Some missing data will not
significantly compromise the
results

Missing data for an individual patient is
a big problem

Time and labour
required to
perform test

High priority to minimise
these, but no absolute
deadline for results

Reliable turnaround time needed for
clinical tests, including complex results

Fig. 1 The ACCE
framework to assess the
suitability of a genetic test for
use in clinical practice,
reproduced with permission
from Haddow and Palomaki
(2003)

8 E. Thomas and S. Mohammed



• Analytical validity,
• Clinical validity,
• Clinical utility and
• Ethical, legal and social implications of the test.

Analytical validity refers to the performance of the test in accurately identifying
DNA sequence variation in the gene(s) of interest and measures the aspects of the
test which occur in the clinical laboratory. Ensuring and demonstrating analytical
validity for a new technology requires labour-intensive validation, improving the
reliability and completeness of the test, testing samples with known mutations to
compare the test with current gold standard tests and finally piloting the test on
prospective clinical samples.

Clinical validity is a measure of the ability of the test to predict the disease or
phenotype in question. For example, many of the SNPs identified in genome-wide
association studies are readily measurable in the laboratory, but it would not be
appropriate to measure these as clinical assays because the increased risk of cancer
associated with each of these SNPs is so low that knowing an individual’s genotype
has no value in predicting their chance of developing cancer or tailoring their
treatment accordingly. Establishing clinical validity requires epidemiological data
on the clinical sensitivity and specificity of the test in a particular population, and
on the penetrance of the mutation; these data need to have been generated in the
research context before the test can be adopted for clinical use.

Clinical utility defines whether carrying out the test will lead to an improved
outcome for the patient receiving the test. This will depend on an accurate pre-
diction of the cancer risks caused by a particular mutation and the availability and
effectiveness of surveillance and cancer risk reducing measures, and also on less
tangible benefits such as the relief which some patients experience from under-
standing the cause of their personal and family history of cancer.

The ethical, legal and social implications of genetic tests also need to be con-
sidered. In addition, genetic tests can be expensive due to their complexity, and
cost-effectiveness analyses are therefore required to determine which tests to use in
which groups of patients to maximise the health benefit from these technologies.

4 Interpretation of Genetic Test Reports

4.1 Variants of Unknown Clinical Significance (VUS)

The advances in genetic testing described here are leading to ever-increasing
numbers of patients receiving a genetic diagnosis confirming a constitutional pre-
disposition to cancer running in their family. This enables patients and family
members to appreciate their risk of developing cancer in the future, and helps
clinicians to focus screening and prevention strategies on those at highest risk, who
stand to benefit the most from available interventions. Test results in cancer
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genetics must be accurate, robust and correctly interpreted to achieve these benefits.
For example, if a variant is incorrectly designated as being the cause of a patient’s
cancer, relatives may undergo predictive testing which does not accurately reflect
their future risk. This may lead to individuals being incorrectly informed that they
are at high risk and using this information to access prophylactic surgery or inform
reproductive decisions; it may also lead to inappropriate reassurance and removal of
screening from individuals at high risk who go on to develop cancer.

In order to avoid these serious errors, the burden of proof required to designate a
variant as pathogenic for diagnostic purposes is high. VUS results (see Box 2) are
not used for diagnostic, predictive or reproductive purposes, and the family is
managed as if no genetic diagnosis has been identified. As evidence accumulates,
VUS can sometimes be reclassified as pathogenic or benign, and laboratories will
revisit reports to assess this if requested.

4.2 Additional Unsought Genetic Findings

Traditional testing techniques only allowed one gene to be tested at a time, and
therefore, genes were only tested in individuals with an associated phenotype
predicted to have a high chance of being caused by a mutation in that gene. With
the widening of testing to examine many genes simultaneously, a greater focus is
needed on the relationship between mutations in a particular gene and the medical
consequences of that mutation, in the context of an individual’s lifestyle and
environment (known as the phenotype). For example, a patient with bowel cancer
who undergoes testing using the bowel cancer gene panel might be found to have a
mutation in one of the Lynch syndrome genes, which would have a high likelihood
of being pathogenic subject to the pathogenicity measures described above.
However, if a mutation was found in the gene for Peutz-Jeghers syndrome (PJS),
which is also on the panel because bowel cancer is part of this condition, the patient
would need to be examined for the other clinical features of PJS, such as peri-oral
pigmentation. If these features were found, the genotype and phenotype could be
confirmed to match and the diagnosis would be clear.

If on the other hand a patient has a mutation in a gene for which they exhibit few
or none of the classic clinical features, there are several possibilities which need to
be distinguished:

1. The patient has a condition which is not the classic presentation of mutations in
that particular gene, but the gene may be responsible for a more attenuated form
of the phenotype and the result may therefore be relevant to the patient’s pre-
sentation. This type of result occurs quite frequently, and our understanding of
the spectrum of phenotypes which can be associated with mutations in each
gene is increasing as a result.

2. The genetic variant is unrelated to the patient’s presenting phenotype and is
unlikely to be of medical relevance.
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3. The genetic variant is unrelated to the patient’s presenting phenotype but is
likely to have consequences for their health in other ways.

This third category of genetic variants are known as incidental findings or
additional findings, and they have been the subject of much debate in recent years.
Incidental findings are a standard part of clinical practice, but their frequency is
high in gene panel or exome tests because of the large number of variants found in
every genome.

Predicting the clinical consequences of these variants is complex. For example,
if a patient has their genome sequenced to diagnose their neurological condition, a
full analysis of the genome may reveal a mutation in the BRCA1 gene. If this patient
has a strong family history of breast cancer, this family can be managed as any
other BRCA1 mutation-carrying family. However, if the patient has no personal or
family history of breast or ovarian cancer, the significance of this mutation is less
clear. Perhaps the patient is an only child whose parents died young, or the majority
of close relatives are male; but it is also possible that the family carries other poorly
understood genetic variation which counteracts the harmful effects of the BRCA1
mutation (known as reduced penetrance of the mutation) and renders prophylactic
mastectomy less beneficial.

The American College of Medical Genetics has issued guidelines recommending
that additional findings are sought whenever a genomic test is used in a diagnostic
context (Green et al. 2013; ACMG Board of Directors 2015), but European experts
have urged caution due to an insufficient evidence base for this ‘opportunistic
screening’ and its acceptability to patients (Burke et al. 2013). In general, when
patients are asked if they wish to receive medically relevant additional findings,
they indicate that they do, but research has not yet shown whether this preference
persists once such a finding has actually been identified and returned (Bergner et al.
2014). Further data are being generated to address these uncertainties.

4.3 Interpreting Negative Test Results

In addition to appreciating the significance and management implications of posi-
tive genetic test results, it is equally important to understand the meaning of a
negative test result. The relevant information should all be present in the diagnostic
report, and if in doubt a clinical scientist can be consulted about what might have
been missed by the test.

Some tests are very focused and specific, for example a test for the Ashkenazi
Jewish founder mutations in the BRCA1 and BRCA2 genes. A negative result for
this test will eliminate the population-specific risk of being a BRCA1 or BRCA2
carrier for a woman of Ashkenazi Jewish descent, but she will still have the same
risk as a woman of any other ethnic origin of carrying a different BRCA1 or BRCA2
mutation, so it may be appropriate to continue to a full screen of these genes by full
sequencing of all of the exons. It is important that a partial gene screen of this type
is not over-interpreted to indicate the absence of a BRCA1 or BRCA2 mutation.
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Capillary sequencing of a single gene is in general the most complete and
authoritative test. If a complete gene sequence is negative, it is unlikely (although
not impossible) that there is a pathogenic mutation in the coding region of the gene
in that patient. However, there may still be a larger change such as one or more
whole exons deleted or duplicated, and an additional test is required to look for this,
commonly a multiplex ligation-dependent probe amplification test (MLPA).

A panel test or an exome sequence will study a much larger group of genes, and
therefore in heterogeneous conditions (where a large number of genes could have
caused the disease), these will have a higher overall detection rate. However, some
genes may not be completely sequenced by these tests, and therefore, if there is one
single gene of high importance for a particular phenotype, it may be more appro-
priate to request a single gene capillary sequencing test rather than a panel test.
Some panel and exome tests have sufficient coverage to detect whole exon deletions
or duplications reliably, while others do not. Some tests include additional capillary
sequencing to cover the gaps in important genes on panel or exome tests, while
others do not.

5 Direct-to-Consumer Genetic Testing

Developments in DNA analysis technology have also led to the emergence of
commercial genetic tests offered direct to the consumer. Regulation of these tests
varies widely around the world, and companies market the tests in different ways.
Some tests are offered for primarily non-medical reasons such as ancestry tracking,
while others are marketed as providing a health benefit. Because of the complexity
of genetic testing, its analysis and interpretation, there is considerable anxiety
amongst genetics health professionals that these direct-to-consumer tests may not
prepare customers adequately for the possible outcomes of the test and may not
provide appropriate information to patients about the significance of the results. As
with all commercial sectors, it is likely that some providers will offer services in a
responsible way which increases patients’ options and autonomy, while others will
offer inappropriate tests with insufficient or inaccurate information, and the regu-
latory context for these tests in many countries is aiming to address this.

6 Outlook

Genetic testing has made great advances in the last 15 years, and this is changing
the way patients with a constitutional predisposition to cancer are managed. Genetic
testing offers great benefits to cancer patients and their relatives in understanding
their disease and their future risk of developing cancer. The newer genetic tests are
technically complex, variable between diagnostic centres, and extensive in their
remit. To ensure that all eligible patients receive appropriate genetic testing, these
tests are increasingly being used in non-specialist mainstream clinics. This is
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essential, as clinical genetics services are unable to meet the increased demand for
genetic testing which has come with the testing advances, but it is crucial that
clinicians requesting the tests understand how they should be used, what the
implications of a positive and negative result may be, and when to seek specialist
advice.

Rapid genetic testing is now being introduced in some centres at the time of
cancer diagnosis, for example to assist with decision-making regarding the extent of
surgery for a primary tumour and to avoid the need for a second prophylactic
procedure following a primary tumour resection if the patient is found to be at high
genetic risk of developing a further cancer. In addition, treatment stratification
according to the underlying genetic cause of the cancer is also now becoming a
reality in some conditions, for example the use of poly ADP ribose polymerase
(PARP) inhibitors in breast and ovarian cancers in BRCA1 and BRCA2 mutation
carriers (Lee et al. 2014). More examples of treatment stratification by genetic
testing are likely to come into practice as our understanding of the inherited basis of
cancers increases, which will continue to increase the demand for rapid, reliable
genetic testing to inform management.

Genetic testing of somatic variation in tumours is also used to guide manage-
ment, both in terms of choosing the most appropriate chemotherapeutic agent and in
determining the likely course of the disease, and therefore the degree of aggression
required in selecting treatments. Many of the technologies described here are also
used in examination of tumour DNA, both in research and clinical practice. These
are not discussed here, but further information on this topic can be found in a recent
review (Forbes et al. 2015).

Box 1: Nomenclature referring to changes in the DNA sequence as compared
to the reference human genome

Variant: a position in the genome which is different from the reference human
genome. There are approximately 4 million variants in each individual’s
genome.
Mutation: a variant for which evidence is available that it causes a disease
phenotype. The word ‘mutation’ has negative associations for some people, and
therefore, a term such as ‘gene fault’ is frequently used by health professionals
when talking to patients.
Polymorphism: a variant which is known to be present in a proportion of the
population (between 1 and 50 % of the population), which is not associated with
a clinically significant risk of disease.
SNP (single nucleotide polymorphism): a common variant affecting a single
DNA base which does not cause a clinically significant risk of disease.

Structural change (deletion, duplication, inversion): a larger section of DNA
which is missing, duplicated or reversed compared to the reference human genome.
These can cause disease or can be benign and present in many generations of a
family.
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Box 2: The classification system for assessing the likely effect of individual
genetic variants and mutations

1. Definitely not pathogenic, for example a known common polymorphism.
2. No evidence that the variant is pathogenic.
3. Variant of unknown clinical significance (VUS or VUCS).
4. Expected to be pathogenic, for example a variant in a known gene where the

precise variant has not been seen before but is likely to have a similar effect to
known disease-causing variants.

5. Known pathogenic (disease-causing) variant in a known gene.

Box 3: Attributes of a genetic variant which are used to assign the variant to
one of the categories of the classification system shown in Box 2

• Segregation of the variant with the phenotype within families—checking that
the variant is present in people with the disease and absent in those without.

• Frequency of the variant in sequence data from control populations; there are
several publically available control data sets which are frequently used for this
purpose.

• Evidence in the literature and in locus-specific databases indicating whether the
variant has been observed before, in individuals with or without a similar
phenotype.

• The predicted effect of the variant on the protein, for example variants which
prevent a complete protein from being produced (known as truncating or non-
sense mutations) are more likely to be pathogenic.

• The degree of evolutionary conservation: variants affecting parts of the protein
which have been highly conserved through evolution are more likely to be
pathogenic.

• Knowledge of protein structure and function, for example mutations in func-
tional domains of a particular protein may be known to have a significant
functional impact.

• Animal studies of gene knockout or mutation may give an insight into potential
functional effects of mutations.

• In vitro studies using cell cultures or other functional assays are valuable in
determining the effect of a variant. However, these are beyond the capacity of a
clinical laboratory and are time-consuming and expensive, and require expertise,
so they are only available via interested research groups for a small minority of
genes or pathways.
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Diagnosis and Management
of Hereditary Meningioma
and Vestibular Schwannoma

Adam Shaw

Abstract
Bilateral vestibular schwannomata and meningiomata are the tumours most
commonly associated with neurofibromatosis type II (NF2). These tumours may
also be seen in patients with schwannomatosis and familial meningioma, but
these phenotypes are usually easy to distinguish. The main diagnostic challenge
when managing these tumours is distinguishing between sporadic disease which
carries low risk of subsequent tumours or NF2 with its associated morbidities
and reduced life expectancy. This chapter outlines some of the diagnostic and
management considerations along with associated evidence.
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1 Introduction

The main focus of this chapter is neurofibromatosis type II (NF2). Other genetic
conditions that can potentially cause meningioma or vestibular schwannoma
(VS) are also discussed, but these are rare and the predominant diagnostic challenge
faced by the clinician is distinguishing between sporadic occurrence of meningioma
and/or VS, and NF2, particularly in its mosaic form where only a proportion of the
body’s cells are affected. NF2 is most appropriately managed in specialist centres
with multidisciplinary input, due to the complex needs of the patients, high mor-
bidity and multiple available treatment modalities, all with significant associated
risk of complication. Suggestions for which patients with an apparently sporadic
VS or meningioma should be investigated for NF2 are provided.

Meningiomata are typically benign tumours arising from arachnoidal cap cells of
the meninges and are the most common primary brain tumour in adults accounting
for a third of such. Around 90 % occur in the cranium, with the remainder affecting
the spine. Malignant meningioma is rare, but occurs in around 2 % of cases. The
incidence of meningioma in the USA is estimated to be 1.8 and 4.2 per 100,000 for
men and women, respectively. True incidence may be higher due to
under-reporting, and one Finnish study calculated the incidence to be 2.9 and 13.0
per 100,000 for men and women, respectively (Larjavaara 2008). Risk factors for
sporadic meningioma include exposure to radiation, age and female gender.
Meningioma is rare in childhood and can occur at any age in adulthood, but is most
common over the age of 50 years.

Vestibular schwannomata (VS) are benign tumours arising from the eighth cranial
nerve and account for 10 % of primary intracranial tumours in adults. Sporadic VS are
typically very slow growing and may present as incidental findings on brain imaging.
A retrospective review of over 46,000 brain MRI scans (requested for reasons other
than to investigate auditory/vestibular symptoms) detected VS in 0.02 % (Lin 2005).
Symptomatic VS are less common and are estimated to occur in 1–2 per 100,000
(Stangerup 2010). Sporadic VS are rare in childhood, and most occur over the age of
50 years with a median age of diagnosis of 59 years (Carlson 2015).

Hereditary phenotypes that can be associated with meningioma and/or VS
include NF2 (OMIM 101000), meningioma, familial susceptibility to (OMIM
607174), and schwannomatosis (OMIM 162091). In diagnostic practice, the degree
of overlap between these conditions is limited. Constitutional or mosaic mutations
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in NF2 most commonly present with bilateral VS, with meningioma and/or
ependymoma, an additional feature in up to 50 % of patients. In majority of families
reported with a susceptibility to meningioma, the genetic aetiology is currently
unknown. Although familial meningiomata are a feature of NF2, this diagnosis is
extremely unlikely in the absence of VS. Of the two other genes associated with
familial susceptibility to meningioma, mutations in SUFU have only been described
in a single Finnish family, and mutations in SMARCB1 are associated with spinal
meningiomata rather than intracranial disease. Schwannomatosis is typically asso-
ciated with multiple peripheral schwannomata development, with VS and menin-
gioma occurring infrequently.

2 Risk Assessment

2.1 Meningioma

When assessing a patient with meningioma, consideration should be given to past
medical history (previous meningioma, schwannoma, neuropathy, cataract, poor
vision) and family history of neurological tumours (Table 1).

Although overt cataracts occur in NF2, milder posterior subcapsular lens
opacities are more common and frequently asymptomatic. Vision may also be
impaired in NF2 patients due to retinal hamartomata, epiretinal membrane and
papilloedema from raised intracranial pressure. Detailed examination by an expe-
rienced ophthalmologist is therefore recommended.

A family history of hearing loss, balance disturbance, neurological tumours or
unexplained neurology symptoms should be explored. A large proportion of cases
of NF2 occur due to a de novo mutation in the NF2 gene, and so the absence of a
family history does not rule out the diagnosis if other criteria are met (Table 3).

Table 1 Differential diagnosis for patient presenting with meningioma

Potential diagnosis Suggestive features

Sporadic meningioma No significant family history or personal history of
schwannomata

NF2 Other features include VS, ocular abnormalitiesa, neuropathy,
family history of NF2

Meningioma, familial
susceptibility to

Significant family history of meningioma

Schwannomatosis Multiple schwannomata
aPosterior subcapsular lens opacities, cataract, retinal hamartomata, epiretinal membrane and
papilloedema from raised intracranial pressure
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2.2 Vestibular Schwannoma

The presence of bilateral vestibular schwannomata is diagnostic for NF2. Some
patients presenting with metachronous bilateral VS may not have NF2 but sporadic
tumours occurring bilaterally, although this is likely to be rare. It should be con-
sidered in older patients and those in whom many years have passed before the
development of the contralateral tumour.

Evaluation of the patient with unilateral VS should include consideration of the
age at presentation, past history of VS, peripheral schwannoma, meningioma,
ependymoma, ocular abnormalities (as per meningioma, above) and family history
of hearing loss or neurological symptoms. The differential diagnosis is summarised
in Table 2. Diagnostic criteria for NF2 have been published and are shown in
Table 3. Genes known to be associated with genetic susceptibility to meningioma
and VS are summarised in Tables 4 and 5, respectively.

Table 2 Differential diagnosis for patient presenting with vestibular schwannoma

Potential
diagnosis

Suggestive features

Sporadic VS No significant family history, unilateral VS, no history of meningioma,
schwannoma, ependymoma, or ocular abnormalitiesa

NF2 Other features include meningioma, ocular abnormalitiesa, neuropathy,
family history of NF2
Consider mosaic NF2 in unilateral VS with other features

Schwannomatosis Multiple peripheral schwannomata, bilateral Vestibular schwannoma rare
aPosterior subcapsular lens opacities, cataract, retinal hamartomata, epiretinal membrane and
papilloedema from raised intracranial pressure

Table 3 Diagnostic criteria for NF2 (Baser 2002)

1 Bilateral vestibular schwannomata (VS)
or family history of NF2 plus unilateral VS
or any two of meningioma, glioma, neurofibroma, schwannoma, posterior subcapsular
lenticular opacities

2 Unilateral VS plus any two of meningioma, glioma, neurofibroma, schwannoma,
posterior subcapsular lenticular opacities

3 Two or more meningioma plus unilateral VS or any two of glioma, schwannoma and
cataract
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3 Differential Diagnosis

3.1 NF2 (OMIM 101000)

NF2 is a rare genetic condition with an estimated worldwide incidence of 1 in
33,000. It is inherited in an autosomal dominant fashion, but a high proportion of
cases occur de novo due to an NF2 mutation arising during meiosis. In addition, a
significant number are either proven or assumed mosaic for an NF2 mutation
arising during postzygotic mitosis. In this situation, only a proportion of the
patient’s cells carry the mutation; these might be distributed throughout the body,
restricted to an embryological tissue type, or an anatomical location. The NF2 gene
encodes the cell signalling protein neurofibromin 2 (also known as Merlin) which is
expressed in all cells but has tissue-dependent function. In eighth cranial nerve
Schwann cells, and in other neurological tissues, NF2 acts as a tumour suppressor
gene. Biallelic mutations can be demonstrated in DNA derived from sporadic VS
tissue. Patients with NF2 have a constitutional loss-of-function mutation in the NF2
gene, with a second-hit mutation deactivating the other allele in the tumour.

The hallmark of NF2 is the development of bilateral VS, typically becoming
symptomatic between the ages of 17 and 24 years, but earlier or later presentation is
common. Nearly all patients will develop symptoms before 30 years. Presentation
during childhood is often due to other features such as ocular abnormalities,
peripheral or spinal schwannoma, ependymoma or neuropathy. Approximately

Table 4 Genes associated with susceptibility to meningioma

Gene Penetrance Comment

NF2 30–50 % Neurofibromatosis type II
Diagnosis unlikely in the absence of vestibular schwannoma

SUFU Unknown Single Finnish family reported
(Aavikko 2012)

SMARCB1 5 % Schwannomatosis
Diagnosis unlikely in the absence of multiple peripheral
schwannomata

SMARCE1 Unknown Familial spinal meningioma

Table 5 Genes associated with susceptibility to vestibular schwannoma

Gene Penetrance Comment

NF2 Close to 100 %, lower for
mosaic disease

Neurofibromatosis type II

SMARCB1 Low Schwannomatosis
Typically multiple peripheral schwannomata,
Vestibular schwannoma rare
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one-third of individuals suffer reduced visual acuity in either eye due to cataract,
retinal hamartoma or epiretinal membrane. A mono- or polyneuropathy causing
focal weakness is the initial presenting feature in 12 % of cases (Evans 1992).

One-third to one-half of individuals develop one or more meningiomata during
their lifetime. Over one half of patients develop one or more non-vestibular
schwannomata, most commonly in the spine, fifth, seventh, ninth or twelfth cranial
nerves (Asthagiri 2009). Ependymomata are estimated to affect around one half of
individuals but are frequently asymptomatic and do not require intervention
(Plotkin 2011).

Age of first presentation of symptoms in NF2 is often remarkably consistent
within families, suggesting a significant role of the specific mutation on tumour
biology. Phenotype cannot be accurately predicted from the genotype of a particular
individual, but associations are recognised.

Missense mutations tend to be associated with a later presentation,
slower-growing VS and fewer other tumours. Nonsense and frameshift mutations
(protein-truncating) are more likely to cause younger presentation and greater
tumour load (Baser 2004). Mutations affecting donor or acceptor splice sites within
the gene have been reported with a wide spectrum of severity. Mutations occurring
towards the end of the gene and potentially producing a partially functional protein
are more likely to result in milder disease with lower risk of meningioma (Smith
2011).

3.2 Meningioma, Familial Susceptibility to (OMIM 607174)

Multiple familial meningiomata is a rare entity with no recognised diagnostic cri-
teria, or reliable estimates of incidence. The underlying molecular aetiology in the
majority of families is unknown. Mutations in SMARCE1 have been identified in
four families with multiple spinal clear cell meningiomata (Smith 2013). No
mutations in this gene were found in further 34 individuals with multiple cranial
meningiomata. Mutations in SUFU were found in a single Finnish family with
multiple cranial meningiomata, but no other cases with this association have been
reported (Aavikko 2012). Although meningioma can occur in patients with NF2
and schwannomatosis caused by mutations in SMARCB1, schwannomata are more
prevalent in these phenotypes (Bacci 2010). Insufficient data are currently available
to draw reliable genotype–phenotype correlations.

4 Genetic Testing

When arranging genetic testing and interpreting the results, it is always necessary to
consider which tissue the tested DNA is derived from and the likelihood of it being
representative of the tissue affected by disease. Most routine genetic testing is
performed on DNA derived from lymphocytes circulating in peripheral blood due
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to the ease of sampling, but this may miss mutations that are not present in all
tissues. Mutations associated with intracranial tumour development may have
occurred postconception and be restricted to neurological tissue which cannot be as
readily sampled.

4.1 Bilateral Vestibular Schwannomata

DNA extracted from peripheral blood lymphocytes should be sent for analysis of
the NF2 gene. If this result is normal, then consider NF2 analysis in tumour-derived
DNA if available, and if possible, from two separate tumours. Most laboratories
quote improved sensitivity and specificity with analysis from DNA extracted from
tissue fresh frozen in liquid nitrogen at the time of biopsy. Analysis of DNA
extracted from formalin-fixed, paraffin-embedded (FFPE) tissue may be possible,
and discussion with the genetics laboratory is advised in advance.

The introduction of massively parallel sequencing techniques has improved the
ability to detect low-level mosaicism for NF2 mutations over traditional Sanger
sequencing. Such techniques may detect mutations present in levels as low as 5–
10 % in the DNA sample analysed. Nonetheless, a normal result of NF2 testing on
lymphocyte DNA, even by this methodology, does not exclude mosaic disease as
many patients are likely to have mosaicism restricted to neural tissue.

Mosaicism for NF2 mutations appears to be very common. Up to 50 % of
patients meeting diagnostic criteria for NF2 have no NF2 mutation detectable in
lymphocyte-derived DNA. To date, no other genes have been associated with the
NF2 phenotype, and it is most likely that most if not all such patients are either
mosaic for NF2 gene mutations or have constitutional NF2 gene mutations that
have not been detected by current analysis methods.

4.2 Unilateral Vestibular Schwannoma

Analysis of lymphocyte-derived DNA for the NF2 gene should be considered in
patients with young age of onset, personal or family history of meningioma, or
other NF2-related pathology. If there is a history of peripheral schwannoma, then
consideration should be given to the diagnosis of schwannomatosis with analysis of
the SMARCB1 gene if appropriate.

4.3 Meningioma

No genetic testing is indicated for a single sporadic meningioma diagnosed over the
age of 50 years. In scenarios with a young age of diagnosis, multiple primary
meningiomata or multiple first-degree relatives with meningiomata, genetic testing
should be considered.
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If predominantly intracranial disease, consider NF2 gene testing in
lymphocyte-derived DNA, followed by SMARCB1 and SUFU if available. Muta-
tions in any of these genes are relatively unlikely given current data.

If predominantly spinal meningiomata, then testing of SMARCE1 in
lymphocyte-derived DNA may be indicated if available.

5 Management

5.1 Surveillance

NF2 should be managed within specialised services with multidisciplinary input to
ideally include neurosurgery, skull base surgery/ENT, neurology, ophthalmology,
audiology, mental health and medical genetics.

Growth of VS in both sporadic and NF2-related disease is nonlinear, and lon-
gitudinal observation to demonstrate active growth is essential before intervention
(Carlson 2015). Tumours can be very slow growing and exhibit reduction in size
over time. Individuals presenting with bilateral VS may have had the tumours for
many years with few or no symptoms. Surveillance interval should be decided
based on tumour size, patient age, prior growth rate, symptoms and potential risk to
hearing. Annual surveillance is common in adults under regular follow-up. Shorter
intervals such as 3–6 months are common at initial presentation or in symptomatic
paediatric patients. Older patients and those with evidence of static disease may
only require reimaging every 3–5 years.

Surveillance should be by contrast enhanced brain MRI with internal auditory
meatus protocols. Patients with cochlear or auditory brainstem implants with sub-
cutaneous ferrous components require head-wrapping to reduce discomfort during
MRI scanning. CT with contrast can be effective to monitor VS growth in patients
unable to tolerate MRI or in whom it is contraindicated.

5.2 Therapeutic and Risk-Reducing Options

5.2.1 Vestibular Schwannoma
Surgical treatment for VS carries a high risk of profound hearing deficit, tinnitus
and facial nerve damage. Other potential complications of skull base surgery
include other cranial nerve damage, CSF leak, infection, headache and unexpected
death. Nonetheless, surgical resection remains the treatment of choice for large VS
that are unlikely to be amenable to other therapies and have already resulted in
significant ipsilateral deafness.

Surgical approaches will depend on the tumour size, shape, relation to other
structures, whether lobulated/multifocal, whether hearing is still present and whe-
ther a cochlear or auditory brainstem implant is to be sited. The most common
surgical approach is translabyrinthine which results in the total loss of residual
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hearing, but provides optimal visualisation of the facial nerve, and allows siting of a
cochlear implant during surgery (Moffat 2013). A retrosigmoid approach provides a
more direct approach to expose VS tumours and can be used to preserve any
residual hearing, but may be associated with an increased risk of facial nerve
damage.

Radiotherapy (stereotactic radiosurgery/Gamma Knife) has been demonstrated
to provide effective control of tumour growth with a reasonable side effect profile,
although hearing outcomes are poor and the technique is most suitable for smaller
tumours (Mallory 2014).

Bevacizumab, a monoclonal antibody to the vascular endothelial growth factor
(VEGF), emerged as a potential treatment for NF2 due to VEGF receptor expres-
sion in VS tissue (Plotkin 2009). Ten patients were subsequently treated with 5 mg
per 5 kg of body weight for a median of 12 months, with concomitant tumour
shrinkage in 9. Further studies to validate these findings in larger populations are
ongoing. Questions remain surrounding the optimum length of treatment and
long-term effects. Proteinuria and hypertension are known associations, but in most
patients, toxicity appears to be relatively mild (Slusarz 2014). Additional barriers to
continuous treatment are that bevacizumab is contraindicated during pregnancy and
perisurgery, and emerging evidence suggests that other tumours occurring in NF2
are unlikely to show a similar response (Nunes 2013).

Given the almost inevitable hearing loss seen in NF2, and the high risk of dual
sensory impairment due to visual loss,hearing preservation or rehabilitation is a
significant component of clinical management. Pre-emptive measures include
presymptomatic learning of sign language and lip reading in patients known to be at
risk. Similarly, restoration of limited or primitive auditory sensory input from
cochlear implants and auditory brainstem implants, respectively, can potentially
improve quality of life.

5.2.2 Meningioma
Meningioma management in NF2 is similar to that of sporadic meningioma except
that additional complications from concurrent tumours and comorbidities may limit
surgical options and outcomes. Meningiomata in NF2 may follow a saltatory
growth pattern (Dirks 2012), so clear evidence of active tumour growth, attributable
symptoms and likelihood of good neurological outcome is needed before surgical
intervention. Radiotherapy may be considered when surgery is not considered
suitable, but there are limited data on outcomes.

5.3 Ongoing Research and Future Developments

Much focus in NF2 research is currently given to trials of experimental medical
treatments in the light of increasing understanding of the molecular pathophysiol-
ogy and the initial studies of anti-VEGF therapy. Further trials of bevacizumab
therapy are ongoing. Initial reports of everolimus therapy in NF2 are disappointing
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(Karajannis 2014) but other studies are ongoing. Other novel chemotherapeutic
agents such as lapatinib and axitinib are in trial (Karajannis 2015). The importance
of inclusion of quality of life measures in research outcomes must be stressed, due
to the complex symptom profile, progressive nature and reduced life expectancy
(Ferner 2014).

6 Summary

The majority of meningiomata and vestibular schwannomata that present as single
lesions are likely sporadic occurrences that do not appear to have a familial basis.
Multiple primary tumours in the same individual or a family history of such
tumours are suggestive of a genetic susceptibility. NF2, familial meningioma and
schwannomatosis are the only genetic conditions currently recognised with these
phenotypes. Management of these conditions is complex, requiring multidisci-
plinary input. Genetic testing can be a helpful component of management, but
diagnosis and management are mostly dependent on clinical considerations.
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Diagnosis and Management
of Hereditary Thyroid Cancer

Gul Bano and Shirley Hodgson

Abstract
Thyroid cancers are largely divided into medullary (MTC) and non-medullary
(NMTC) cancers, depending on the cell type of origin. Familial non-medullary
thyroid cancer (FNMTC) comprises about 5–15 % of NMTC and is a
heterogeneous group of diseases, including both non-syndromic and syndromic
forms. Non-syndromic FNMTC tends to manifest papillary thyroid carcinoma,
usually multifocal and bilateral. Several high-penetrance genes for FNMTC have
been identified, but they are often confined to a few or single families, and other
susceptibility loci appear to play a small part, conferring only small increments
in risk. Familial susceptibility is likely to be due to a combination of genetic and
environmental influences. The current focus of research in FNMTC is to
characterise the susceptibility genes and their role in carcinogenesis. FNMTC
can also occur as a part of multitumour genetic syndromes such as familial
adenomatous polyposis, Cowden’s disease, Werner’s syndrome and Carney
complex. These tend to present at an early age and are multicentric and bilateral
with distinct pathology. The clinical evaluation of these patients is similar to that
for most patients with a thyroid nodule. Medullary thyroid cancer (MTC) arises
from the parafollicular cells of the thyroid which release calcitonin. The familial
form of MTC accounts for 20–25 % of cases and presents as a part of the
multiple endocrine neoplasia type 2 (MEN 2) syndromes or as a pure familial
MTC (FMTC). They are caused by germline point mutations in the RET
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oncogene on chromosome 10q11.2. There is a clear genotype–phenotype
correlation, and the aggressiveness of FMTC depends on the specific genetic
mutation, which should determine the timing of surgery.

Keywords
Medullary Thyroid Cancer � Papillary Thyroid Cancer (non-medullary thyroid
cancer) �Oncogenes � Tumour suppressor genes �Multiple Endocrine neoplasia �
Genetic syndromes � Familial
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1 Introduction

Thyroid cancer is the most prevalent endocrine malignancy. The incidence of
primary epithelial cancer of the thyroid is 0.7 per 100,000 in males and 1.9 per
100,000 in females in the UK (Hodgson et al. 2014). The incidence of thyroid
cancer today is 2.4 times what it was 3 decades ago. The rising incidence of thyroid
cancer could be due to improved diagnostic procedures and advanced screening, but
the increase in the diagnosis of significantly larger tumours cannot be attributed to
improved screening alone (Davies and Welch 2006; Chen et al. 2009). Radiation is
the most important environmental predisposing factor for epithelial thyroid cancer.

The cell line from which the cancer originates determines the subtype:
parafollicular C cells for medullary thyroid cancer (MTC) and follicular cells for
non-medullary thyroid cancer (NMTC). Differentiated thyroid carcinoma
(DTC) comprises approximately 90 % of all cases of NMTC and consists of 2
distinct histological types: papillary thyroid cancer (PTC, 80–90 % of cases) and
follicular (FTC, 10 %). Less frequent types are Hürthle cell carcinomas, anaplastic
(undifferentiated) carcinomas and squamous cell carcinomas.
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Other non-epithelial malignancies that may be observed in the thyroid include
lymphomas and sarcomas. Rarely, thyroid paragangliomas have been reported, and
germline mutations in SDHA and SDHB have been detected in confirmed thyroid
paraganglioma cases (von Dobschuetz et al. 2015).

The aetiology of DTC is largely unknown and may vary according to histo-
logical type. The majority of PTC and FTC are sporadic, and familial tumours may
account for 5–15 % of thyroid carcinoma cases. These can be syndromic or
non-syndromic. A number of epidemiological studies have examined the risk of
DTC in relation to family history of thyroid disease and cancer. Many reported
familial clusters of thyroid cancer and several studies of families with clustering of
thyroid cancer demonstrate a more aggressive clinical course (Pal et al. 2001; Frich
et al. 2001; Hemminki and Dong 2000). Increased risk of DTC associated with a
family history of thyroid cancer has been observed in most case–control and Cancer
Registry studies, and thyroid cancer has one of the highest familial risks of all
cancers. The reported excess risk in relatives of index cases ranges from twofold to
tenfold. Individuals with a family history of PTC in first-degree relatives also have
an increased risk of PTC, this excess risk being greater in subjects who report a
family history of thyroid cancer in siblings (Xu et al. 2012). Additionally, among
patients with PTC, those with a family history of thyroid cancer tend to develop
multifocal primary tumours more frequently than those without a family history of
thyroid cancer (Uchino et al. 2002).

2 Familial Non-medullary Thyroid Cancer (FNMTC)

FNMTC is defined as the presence of well-differentiated thyroid cancer (WDTC) of
follicular cell origin in two or more first-degree relatives. FNMTC encompasses a
heterogeneous group of diseases, including both non-syndromic and syndromic
tumours (Sturgeon and Clark 2005).

The non-syndromic group of patients with FNMTC have familial follicular-
derived NMTC in the absence of a specific genetic syndrome. However, most
patients with FNMTC have familial papillary thyroid cancer (FPTC). Thyroid
cancers in FNMTC have a well-documented predisposition to be multicentric,
bilateral disease with early local invasion, extrathyroidal extension and lymph node
metastases. These cancers have an increased risk of recurrence and have charac-
teristic histology. The background thyroid may show lymphocytic thyroiditis,
multinodular hyperplasia and multiple adenomatous nodules. Benign thyroid dis-
ease such as multinodular goitre, thyroiditis and other neoplasms occurs with
increased frequency in this group of patients (Musholt et al. 2000). A large
population-based study from five Nordic countries found the cumulative risk of
WDTC by age 60 in relatives of FNMTC cases to be 46 times that of the general
population (9.2 vs. 0.2 %), and 164 times in at-risk men (14.8 vs. 0.09 %). It is
important to remember that even individuals with apparently sporadic WDTC may
be part of unrecognised FNMTC kindred due to incomplete penetrance, incomplete
family history or as yet unidentified disease in other family members.
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Numerous somatic genetic abnormalities are detected in sporadic papillary
thyroid cancers. RET/PTC rearrangements were the first genetic abnormalities to be
associated with sporadic papillary thyroid cancers. RET rearrangements occur most
often in papillary thyroid cancers associated with radiation exposure and in chil-
dren. RET/PTC1 and PTC3 rearrangements are the most frequent alterations, and 15
RET rearrangements have been documented (Navas-Carrillo et al. 2014; Grogan
et al. 2010). RET/PTC mutations have been reported both to be associated with
more and with less aggressive thyroid cancers, so probably do not influence tumour
behaviour (Giordano et al. 2005). A somatic BRAF point mutation is the most
common abnormality in sporadic PTC and is found in about 50 % of these tumours.
Most but not all reports suggest that BRAF mutations are more commonly asso-
ciated with aggressive pathological parameters, radioiodine refractory, lymph node
metastasis and increased cancer mortality. However, some reports suggest that up to
80 % of papillary thyroid cancers have a BRAF mutation, thus decreasing its
prognostic value (Vasko et al. 2005; Xing et al. 2005). Somatic RAS mutations are
reported to be more common in FTC than in PTC. RAS mutations are also found in
some benign thyroid tumours. TRK mutations are found in about 5–15 % of PTCs
(Grieco et al. 2009). Pax 8/PPAR gamma mutations are most often identified in
follicular thyroid cancers but also occur in follicular adenomas (Krol et al. 2000).
p53 mutations are almost exclusively found in anaplastic thyroid cancers and in
thyroid cancer cell lines. They may also be present in poorly differentiated thyroid
cancers (Jossart et al. 1996).

3 Genetics of Non-syndromic FNMTC

The causative genes for FNMTC are largely unknown, though many candidates
have been excluded, e.g. RET, RAS, PTEN and BRAF (Bonora et al. 2010). Several
susceptibility loci have been identified by genetic linkage analysis in FNMTC
families, including the TCO (thyroid cancer with oxyphilia) locus on chromosome
19p13.2 (Canzian et al. 1998), the PRN1 locus on chromosome 1q21 (Malchoff
et al. 2000) and the NMTC1 locus on chromosome 2q21 (Mckay et al. 2001). There
is also some evidence for the interaction of the TCO and NMTC1 loci leading to
increased risk in a small subset of FNMTC families. Other loci are being identified
(see Table 1), but given that each has only been found in 1 or a few families, none
accounts for the majority of FNMTC cases.

Germline mutations in DICER in man have been found to predispose to thyroid
disease, notably multinodular goitre, and in mice, there is evidence of early neo-
plastic changes in the thyroid gland in mutation carriers, but there is no clear
association with thyroid cancer in man (Slade et al. 2011). Germline alterations in
the ATM gene may also be associated with increased papillary thyroid cancer risk
(Gu et al. 2014). Some studies have revealed that common germline variants in the
RET proto-oncogene, DNA repair genes XRCC128 and XRCC329 and xenobiotic
metabolising genes GSTT1 and GSTM1 are significantly associated with DTC risk
(Xu et al. 2012).
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Some families have been reported with linkage to 14q, 19p, 2q, 1q, 8p, 6q and
12q, and many of these loci have been replicated by GWAS studies, but few
candidate genes have yet been identified, and those that are being defined are
usually regulatory (e.g. SRGAP1 on 12q14), which regulates CDC42, which in turn
acts as a signal convergence point in intracellular signalling networks). One family
with multiple cases of NMTC showed linkage with a mutation in an enhancer
region of 4q32 with binding sites for the POU2F1 and YY1 transcription factors.

Most highly penetrant mutations are only seen in isolated families, and the
current evidence is for a few rare high-penetrance genes and a larger number of
lower penetrance variants which contribute to thyroid cancer risk (Nagy and Ringel
2015; Nosé 2011).

4 Genetics of Syndromic FNMTC Cancers

Thyroid carcinomas may occur in several different multitumour genetic syndromes.
These cancers are heterogeneous and tend to have an early age at diagnosis, and be
multicentric and bilateral. The pathology of these tumours is distinct and should
alert the clinician to the possibility of a familial cancer syndrome (Mazeh and
Sippel 2013).

A number of syndromes are associated with an increased risk of NMTC. These
include familial adenomatous polyposis (FAP), Cowden syndrome, Gardner’s
syndrome, Werner’s syndrome and Carney complex.

Familial adenomatous polyposis (FAP) is an autosomal dominant disease
characterised by gastrointestinal polyposis and colorectal cancers. It is caused by a
germline mutation in the APC gene. Thyroid cancer is a rare manifestation
(cumulative risk 2.8 % by age 60) and is usually multifocal and bilateral with a

Table 1 Gene loci associated with thyroid cancer susceptibility

Tumour type Gene Chromosome Inheritance

Familial multinodular goitre with
progression to PTC

Unknown 14q31 aAD (Bignell et al.
1997)

PTC with papillary renal
neoplasia

PRN1 locus 1q21 Unknown
(Malchoff et al.
2000)

Thyroid cancer with oxyphilia Unknown/TCO/TIM44 19p13.2 aAD (Canzian et al.
1998)

Follicular variant of PTC (Ca
type 1)

NMTC1 2q21 Unknown (Mckay
et al. 2001)

Familial PTC Unknown 8p23.1-p22 Unknown (Cavaco
et al. 2008)

PTC Unknown 1q21 and
6q22

Unknown (Suh
et al. 2009)

aAD autosomal dominant
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characteristic cribriform pattern which differentiates it from sporadic papillary
cancer. Thyroid cancer mainly occurs with germline mutations between codons
1286 and 1513 of the APC gene. About 10 % of patients have metastases at the time
of diagnosis. Mesodermal tumours (desmoids, osteomata of the skull) and con-
genital hypertrophy of the retinal pigment epithelium (CHRPE) may occur in
addition to colonic polyposis (Xu et al. 2003). Gardner syndrome is characterised
by colonic polyposis typical of FAP together with osteomas and soft tissue tumours.
Screening by thyroid ultrasound examinations has been advocated.

Cowden syndrome is characterised by hamartomas, multiple papillomas, breast
cancer, colonic polyps and thyroid disease. The underlying mutation is in PTEN
although some cases are due to germline KILLIN methylation, and germline
mutations in SDHD and SDHB may cause conditions mimicking some features of
Cowden that is dominantly inherited (Bennett et al. 2010).

The thyroid cancer in Cowden syndrome, which is usually papillary, is often
preceded by multinodular goitre, and early histology shows microscopic follicular
adenomas. Thyroid disease both benign and malignant occurs in about two-thirds of
subjects. Follicular thyroid cancer is more common in patients with germline PTEN
mutations than those with SDHX and KILLIN alterations. PTEN frameshift muta-
tions were found in 31 % of patients with thyroid cancer in Cowden syndrome
compared to 17 % in those without thyroid cancer (Ngeow et al. 2011).

The autosomal recessive condition, Werner’s syndrome, is caused by germline
mutations in the WRN gene. Premature ageing begins in adolescence and early
adulthood, and features include scleroderma-like skin changes, cataracts and a high
incidence of neoplasia. Thyroid cancer, predominantly follicular, may occur (Ish-
ikawa et al. 1999).

Carney complex is an autosomal dominant condition characterised by myxomas,
pigmentation of the skin and mucosa and endocrine overactivity. The condition is
caused by mutations in the PRKAR1α gene. Approximately 11 % of patients have
thyroid pathology including adenomatous hyperplasia, follicular or papillary
hyperplasia and PTC (Stratakis et al. 1997).

There are less well-established associations of non-medullary thyroid carcinoma
with multiple endocrine neoplasia type 1 (MEN 1), McCune-Albright syndrome,
Peutz–Jegher’s syndrome and Ataxia–telangectasia (Harach 2001; Yang et al.
1999). Multiple endocrine neoplasia type 4 (MEN 4), a rare condition in individuals
with germline mutations in p27Kip1 (CDKN1B), who present with endocrine
lesions in the MEN 1 spectrum (commonly parathyroid and pituitary adenomas), is
occasionally associated with papillary thyroid cancer (Molatore et al. 2010)
(Table 2).
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5 Management of FNMTC

Despite common features, familial thyroid cancers are heterogeneous, show diverse
natural histories and require better characterisation in distinguishing one type from
another. The identification of hereditary cases and early diagnosis makes preventive
surgery and adequate treatment possible, with improved outcomes for patients and
their families.

The initial management of FNMTC includes a detailed family history and the
exclusion of known syndromes. A history of radiation exposure is also important.
The clinical evaluation of patients with FNMTC is similar to that for most patients
with a thyroid nodule. Although there are no established guidelines for screening
relatives of index cases with FNMTC, in those with a normal thyroid gland doc-
umented by physical examination, an ultrasound examination is recommended
beginning at age 10. This could continue on an annual basis. When a suspicious
nodule or nodules are identified, fine needle aspiration (FNA) for cytological
examination is recommended. FNA may not be as accurate in these patients
because of the multifocal nature of these tumours and coexisting benign thyroid
nodules that are also more common than in patients with sporadic thyroid tumours.
Metastatic disease may be the first presentation in these patients.

Table 2 Syndromes associated with an increased risk of thyroid cancer

Syndrome Gene Chromosome Inheritance Incidence
of thyroid
cancer

Type of thyroid
cancer

Familial
adenomatosis
polyposis (FAP)

APC 5q21 AD 2–12 % PTC
cribriform-morular or
classical variant

Gardner’s
syndrome

APC 5q21 AD 10 % PTC cribriform or
classical variant with
sclerosis

Peutz–Jeghers’
syndrome

STK11/
LKB1

19p13.3. AD Rare PTC

Cowden’s disease PTEN 10q22-23 AD >10 % Follicular and
occasional PTC

PTEN hamartoma
tumour syndrome
(PHTS)

PTEN 10q22-23.3 AD 5–10 % Follicular, occasional
PTC and anaplastic

Werner’s
syndrome (in
Japanese)

WRN 8p11-21 AR 18 % Follicular, anaplastic
and PTC

Carney complex PKAR1A 17q24 AD 4 and 60 % Follicular and PTC

McCune-Albright
syndrome

GNAS1 20q13.1-13.2 aMosaic Clear cell thyroid
carcinoma

aMosaic denotes the presence of two or more populations of cells with different genotypes in one
individual who has developed from a single fertilised egg
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Given the aggressive nature of the disease and the low sensitivity of FNA
cytology in FNMTC, the treatment of choice in a patient with a strong family
history and a nodule is total thyroidectomy. Ipsilateral or bilateral central neck
dissection and post-operative radioactive iodine ablative therapy along with thyroid
stimulating hormone (TSH) suppression should be considered depending on the
preoperative staging. The administration of radioiodine 1-131 is aimed at ablating
any remnant thyroid tissue and potential microscopic residual tumour. This pro-
cedure decreases the risk of regional recurrence and facilitates the long-term
surveillance based on serum thyroglobulin (Tg) measurement and diagnostic
radioiodine whole-body scan (WBS). Thyroid hormone suppression therapy is an
important part of the treatment of thyroid cancer. TSH suppressive treatment with
levothyroxine (LT4) is of benefit in high-risk thyroid cancer patients. Treatment of
regional disease is based on the combination of surgery and radioiodine therapy.
External beam radiotherapy may be indicated when complete surgical excision is
not possible or when there is no significant radioiodine uptake in the tumour.
Distant metastases are more successfully cured if they take up radioiodine and are
of small in size. Chemotherapy is not effective. Approximately 12 % of FNMTC
has persistent disease and 44 % develops recurrences emphasising the importance
of follow-up. Metastatic disease is managed as for sporadic cases (Mazeh and
Sippel 2013; Rivkees et al. 2011).

6 Medullary Thyroid Carcinoma (MTC)

MTC is a well-differentiated rare thyroid tumour that arises from the parafollicular-
or calcitonin (CT)-producing C cells derived from the neural crest. Its origin makes
it a separate entity from the other DTC. It releases several neuroendocrine peptides,
and these include calcitonin and carcinoembryonic antigen (CEA), which are useful
tumour markers. It occurs in sporadic and familial forms.

Both sporadic and familial (F) MTC arise at the junctions of the upper and
middle thirds of the lateral lobes, corresponding to the areas where C cells are
present. The overall prevalence comprises 5–10 % of all thyroid malignancies and
about 15 % of all thyroid cancer-related deaths. It is present in less than 1 % of
thyroid glands at autopsy. The clinical presentation of MTC occurs mainly in the
fourth and fifth decades, but a wide range of ages at diagnosis has been observed.

The familial form of MTC accounts for 20–25 % of cases and presents as a part
of the MEN 2 syndromes or as a pure familial MTC (FMTC). MEN 2 syndrome
consists of three variants: multiple endocrine neoplasia type 2a (MEN 2A), multiple
endocrine neoplasia type 2b (MEN 2B) and FMTC . Genotype–phenotype corre-
lations in MEN 2 and/or FTMC are well established.
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7 Sporadic MTC

This accounts for about 80 % cases of MTC. These are typically unilateral and have
no associated endocrinopathies. Peak age at diagnosis is between 40 and 60 years,
with a mean age 50 years and more common in females. One-third of the patients
will present with intractable diarrhoea due to increased gastrointestinal secretion
and hypermotility that is caused by raised calcitonin levels.

8 Familial or Inherited Medullary Carcinoma Without
Associated Endocrinopathies

This form is the least aggressive. It usually presents as a thyroid nodule. This group
of MTC patients usually have no other clinical manifestations. The peak incidence
is between the ages of 40 and 50 years (Mears and Diaz-Cano 2003).

9 MEN 2A (Sipple Syndrome)

MEN 2A syndrome patients tend to have bilateral medullary carcinoma or C-cell
hyperplasia (CCH), pheochromocytoma and hyperparathyroidism. This syndrome
is inherited as an autosomal dominant manner. Peak incidence of medullary car-
cinoma in these patients is in the 30s but can present in late adolescence or early
adulthood. Males and females are equally affected. An association with cutaneous
lichen amyloidosis (CLA), a characteristic pigmented and itchy skin lesion
specifically localised in the interscapular region of the back, has been reported in
less than 10 % of MEN 2A families and is associated with a specific RET 634
mutation. When present, CLA is almost invariably diagnostic of MEN 2A and may
be considered pathognomonic.

10 MEN 2B

MEN 2B syndrome is characterised by young age at onset MTC and pheochro-
mocytoma, but only rarely hyperparathyroidism. These patients have an unusual
appearance, which is characterised by mucosal ganglioneuromas and a marfanoid
habitus. Inheritance is autosomal dominant. MEN 2B patients usually develop
medullary carcinoma early in life, diagnosed in infancy or early childhood, and
males and females are equally affected.

MTC typically is the first abnormality observed in both MEN 2A and MEN 2B
syndromes.

Thyroid pathology in FMTC cases usually is characterised by multiple and
bilateral tumours, associated with neoplastic CCH and a tendency to early lymph
node metastases (Metzgera and Milasb 2014; Ganeshan et al. 2013) (Table 3).
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Hereditary MTC is caused by a germline point mutation in the RET oncogene on
chromosome 10q11.2. The RET oncogene has 21 exons distributed over 60 kb.
About 85 % of all mutations responsible for FMTC are well known. In the majority
of MEN 2A and FMTC patients, mutations are clustered in six cysteine residues
(codons 609, 611, 618 and 620 in exon 10, and codons 630 and 634 in exon 11) in
the RET cysteine-rich extracellular domain. These mutations have been detected in
about 95 % of MEN 2A and 85 % of FMTC families. Somatic RET point mutations
have been identified in the tumour in about 50 % of patients with sporadic MTC.

The clinical course and prognosis of MTC depend on whether it is hereditary or
sporadic and the type of RET mutation present. Sporadic MTC can present at any
age, and it is usually associated with a palpable mass and the presence of nodal
metastases.

11 Genotype and Phenotype

Since the initial discovery of RET mutations responsible for MEN 2, more than 50
different point mutations across 7 exons (exons 8, 10, 11, 13–16) have been
identified. Different mutations in the RET gene produce varying phenotypes of the
disease, including age of onset and aggressiveness of MTC, and the presence or
absence of other endocrine tumours. This should determine the timing and extent of
surgery (Krampitz and Norton 2014).

Approximately 98 % of patients with MEN 2 have mutations in the cysteine-rich
extracellular domain, especially codons 609, 611, 618, 620 and 634 of exons 10 and
11, and 85 % have a mutation of codon 634 of exon 11. Early aggressive behaviour
and metastasis in MEN 2A and MEN 2B are particularly associated with C634 and
M918T mutations. This requires early intervention. The 883RET mutation displays
a more indolent form of MTC compared with the M918T mutation for MEN 2B.
A polymorphism at codon 836 is associated with early metastases in patients with
hereditary or sporadic MTC. A mutation at codon 918 is almost exclusively found
in MEN 2B.

Table 3 Clinical features of the different forms of MTC

Clinical
presentation

Inheritance Features of
MTC

Associations

Sporadic MTC None Unifocal None

MEN 2A Autosomal
dominant

Multifocal,
bilateral

Pheochromocytoma (42 %)
Hyperparathyroidism (10–30 %)
Cutaneous lichen planus amyloidosis
(rare)
Hirschsprung disease (rare)

MEN 2B Autosomal
dominant

Multifocal,
bilateral

Pheochromocytoma (40 %)
Multiple mucosal neuromata (>95 %)
Marfanoid body habitus (80 %)

FMTC Autosomal
dominant

Multifocal,
bilateral

None
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12 Genetic Testing and Risk Stratification

Genetic testing detects germline RET mutations in most individuals with MTC, and
predictive testing is offered to all first-degree relatives of patients with newly
diagnosed hereditary MTC. Due to the varying clinical effects of RET mutations,
strategies based on clinical phenotype, age of onset and aggressiveness of MTC are
used to guide the management.

In 2010, the North American Neuroendocrine Tumor Society (NANETS) pub-
lished consensus guidelines for the diagnosis and management of MTC. These
guidelines were developed by classifying RET mutations into 3 groups based on
aggressiveness of MTC or levels of risk. Table 4 summarises the 3 groups of MTC
risk levels and the recommendations for the timing of prophylactic thyroidectomy
based on these risk levels (Wu et al. 2011; Elisei et al. 2012).

MTC patients with advanced disease have metastases to regional lymph nodes or
distant sites such as brain, bone, lung and liver. In these patients, thyroidectomy
with nodal clearance is rarely curative. Some patients undergo repeat operations to
remove residual tumour. Distant metastases limited to a single organ can be con-
sidered for curative surgical resection or another treatment modality, such as
radiofrequency ablation or external beam radiation therapy. Chemotherapy is
ineffective in patients with MTC, and the responses that occur are short-lived.
External beam radiotherapy may improve regional disease control, but survival is
not increased.

Recently, several molecular-targeted therapeutics (MTTs) have been used in
clinical trials of patients with locally advanced or metastatic MTC. The most
effective agents are the multityrosine kinase inhibitors, vandetanib and

Table 4 NANETS classification of MTC risk levels and management recommendations

NANETS risk
level for MTC

Most common
codon mutations

Age at prophylactic thyroidectomy

Level 1 609
630
768
790
791
804
891

By 5–10 years of age
By 5–10 years because of variability in onset of
tumours in some families

Level 2 611
618
620
634

By 5 year of age
By 5 years of age

Level 3 883
918
922

Within the first 6 months
of life (preferably in
the first month of life)
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cabozantinib, approved by the US Food and Drug Administration (FDA) for
patients with advanced MTC. Other multikinase inhibitors include sorafenib, axi-
tinib and motesanib. Measurements of serum markers calcitonin (CT) and CEA are
important in the post-surgical follow-up of patients with MTC because they reflect
the presence of persistent or recurrent disease. After surgery, serum CT levels
normalise (undetectable) in 60–90 % cases of patients with no lymph node
involvement but only in 20 % of those with lymph node metastases (Sakorafas et al.
2008; Daumerie et al. 2013).

13 Ongoing Research

The field of the genetics of endocrinology is advancing rapidly. The main thrust of
current research in FNMTC is to characterise the susceptibility genes which are
being identified by linkage analysis and genome-wide association studies. The
single nucleotide polymorphism (SNP) on 9q22-23, for instance, lies within the
linkage disequilibrium region where the FOXE1, XPA, HEMGN and C9orf156
genes lie, and the association with FOXE1 has also been shown by an independent
candidate gene association study. The FOXE1 and NKX2-1 genes have prominent
roles in thyroid development and differentiation and have altered expression in
thyroid tumours. They may alter the levels of TSH, and free T3 and T4. The role of
genes that regulate the expression of these genes is being studied. These genes are
central to a regulatory network of transcription factors, and alterations in the genes
involved may be related to thyroid cancer susceptibility (Kula et al. 2010). The SNP
on 14q13.3 is located in the linkage disequilibrium region containing BRMS1L,
MBIP, SFTA3 and NKX2-1, the latter of which is also involved in thyroid devel-
opment, and has altered levels in thyroid tumours. Variants in this gene appear to be
associated with altered levels of serum TSH, and further work is required to elu-
cidate the role of these genes in PTC development. Other genes that may play a part
in NMTC susceptibility are microRNA genes, such as miR-221 and miR-222, and
further work is underway to elucidate their role. Further areas of study are the part
played in the aetiology of well-defined syndromes, by newly identified genes that
cause already well-defined syndromes such as Cowden syndrome, with KILLIN and
SDHD and SDHB (von Dobschuetz et al. 2015).

Studies of the somatic genetic changes that occur in the development of NMTC
will allow further differentiation of these cancers into subtypes with different
molecular and environmental causes and lead to the development of improved
targeted treatments.

In the field of MTC, much work is being done to define the genotype/phenotype
correlations, which are very helpful in guiding clinical management of germline
mutation carriers.
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14 Summary

Thyroid cancers are largely divided into medullary and non-medullary cancers,
each with many subtypes. About 20–25 % of MTC cases occur in the context of
inherited syndromes due to different germline RET mutations, which are
well-defined entities with clear genotype–phenotype correlations and agreed man-
agement protocols. NMTC is often familial but as yet the genetic factors involved in
susceptibility to NMTC are ill-understood. Several high-penetrance genes for these
tumours have been identified in families with several cases of NMTC, but other loci
appear to play a small part, conferring only small increments in risk, such that the
familial component in NMTC susceptibility is likely to be due to a combination of
genetic factors and environmental influences which currently makes genetic testing
quite difficult

Key points

• Assessment of the possibility of a hereditary thyroid cancer syndrome should be
a part of first clinical episode in a patient with benign or malignant thyroid
disease.

• A history of papillary thyroid carcinoma in two or more first-degree relatives
should raise the question of FNMTC and more aggressive cancer.

• The initial management of FNMTC should include a detailed family history and
the exclusion of known syndromes. A history of radiation exposure is also
important.

• Ultrasound-based screening for thyroid disease should be a part of long-term
surveillance in patients with multitumour genetic syndromes causing a predis-
position to thyroid cancer.

• Lifetime cancer risks, including thyroid cancer, have been defined for individ-
uals with PTEN and other susceptibility gene mutations.

• Risk stratification by RET gene mutation, and new medical therapies, are
available for patients with hereditary MTC.

• North American Neuroendocrine Tumor Society (NANETS) consensus guide-
lines are useful in the diagnosis and management of MTC.

• Measurements of serum markers calcitonin (CT) and carcinoembryonic antigen
(CEA) are important in the post-surgical follow-up of patients with MTC
because they reflect the presence of persistent or recurrent disease.

• Serum CT level normalises (undetectable) in 60–90 % cases of patients with no
lymph node involvement but only in 20 % of those with lymph node metastases
after surgery.
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Diagnosis and Management
of Hereditary Gastric Cancer

Kevin John Monahan and Laura Hopkins

Abstract
A positive family history is consistently reported as a risk factor for gastric
cancer (GC), but the molecular basis for the familial aggregation is largely
unknown. The risk associated with having one first-degree relative (FDR) with
GC is approximately 1.3–3.5 fold increased. Hereditary cancer syndromes have
been relatively well characterised, but their rarity largely precludes the
development of trials of surveillance. In hereditary diffuse gastric cancer
(HDGC), patients have a CDH1 mutation that results in a high penetrance of GC
meaning that prophylactic gastrectomy is recommended, although this treatment
results in significant psychosocial issues. The management of HDGC patients
includes endoscopic surveillance, surgery and histological interpretation which
require a high degree of selective expertise. Much of the remaining heritable risk
of GC may be accounted for by low- and intermediate-penetrant genetic factors,
i.e. common and rare variants, respectively. The advent of new methods such as
next-generation sequencing has revealed a number of new candidate gene loci.
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1 Introduction

1.1 Epidemiology

Gastric cancer (GC) is the fifth most common cancer worldwide, and the third most
common cause of cancer death (Ferlay 2012). In 2012, GLOBOCAN estimated
952,000 individuals were diagnosed with the condition with 723,000 recorded
deaths. Significant variation between countries highlights the geographical impact
on disease epidemiology. The incidence rates vary around the world, but 70 % of
the cases occurred in developing countries with the highest rates in Eastern Asia,
around half the world total, and lowest in Western Africa (Ferlay 2012). Eastern
Asia also has the highest mortality rates with 24 per 100,000 in men and 9.8 per
100,000 in women (Ferlay 2012).

In Europe, 139,000 new cases of GC were diagnosed in 2012; however, the
incidence rates are falling in most European countries. This can be explained by
changes in lifestyle and environmental factors such as reduction in smoking and
identification and treatment of helicobacter pylori (HP) (Ferlay et al. 2013). How-
ever, unlike other common adult cancers, the risk of GC in migrants is similar to that
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of the population of origin and does not approach that of the host population in the
first-generation post-migration (Yaghoobi et al. 2010). Understanding the aetiology
of this disease is essential to improve early detection and therefore survival.

The risk of GC significantly increases with age as around 9 out of 10 new cases
occur in those over 55 years. The incidence rates significantly increase between the
ages of 60–64 (Cancer Research UK 2015). GC is a multi-factorial disease so both
genetic and environmental factors have a role in its aetiology. Environmental and
lifestyle risks include smoking, diet and alcohol consumption. Other factors include
HP infection, atrophic gastritis, exposure to ionising radiation, family history and
genetic disorders.

1.2 Histological Classification of GC

GC is a solid tumour with complex genetic and environmental interactions that
contribute to its initiation and progression. Most GCs are adenocarcinomas. Tra-
ditionally, GC is divided into two main subtypes on the basis of Lauren’s classi-
fication—intestinal and diffuse (Hu et al. 2012). The relative frequencies are
approximately 54 % for intestinal type, 32 % for the diffuse type and 15 % for the
indeterminate type. These subtypes have different molecular profiles, and their
development pathways are distinct. In ‘high-incidence’ areas, patients with Heli-
cobacter pylori-associated chronic gastritis may develop atrophy followed by
intestinal metaplasia which over time may culminate in neoplastic changes, espe-
cially adenocarcinoma of ‘intestinal’ type.

Diffuse gastric cancer (DGC) does not seem to arise from this stepwise neo-
plastic progression, arising instead from normal gastric mucosa with no definitive
premalignant stage; DGC is associated with pathological characteristics such as loss
of cell cohesion and signet-ring cells, and is often associated with a negative HP
status. The histological phenotype of hereditary DGC (HDGC) in early stage
includes patchy intramucosal signet-ring carcinoma cells in the lamina propria and
its unique feature of carcinoma in situ associated with pagetoid (upward) spread of
tumour cells along the preserved basement membrane. Over the past few decades,
advances in technology and high-throughput analysis have enabled a greater
appreciation of the molecular aspects of GC pathogenesis.

1.3 Screening and Surveillance for GC

The prognosis in unselected patients with cases of GC is poor, with an average
5-year survival rate of 20–25 % (Cancer Research UK 2015). This is because GC
symptoms are often absent or nonspecific in early disease stages, and existence of
symptoms, especially alarm symptoms, suggests that the GC is of very advanced
stage, for which curative surgical resection is often impossible. Preventing GC can
involve primary prevention and secondary prevention approaches. As a primary
preventative strategy, HP treatment is theoretically promising, acting by reducing
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gastric inflammation and subsequent mucosal changes such as atrophy or intestinal
metaplasia (IM). Regional guidelines recommend HP treatment for the purpose of
GC prevention in countries with high-risk populations.

Several screening methods, including barium meal, upper GI gastroscopy and
serum pepsinogen, have been proposed for the detection of early asymptomatic
GCs. The latest report on GC screening from the UK National Screening Com-
mittee found that mass screening of the asymptomatic population is not recom-
mended due to the low incidence of stomach cancer in the UK (Hillier and Fielder
2009). However, other countries with high incidence of GCs, such as Japan, have
adapted population-based screening programmes. Although no randomised con-
trolled trials have been reported, cohort and case-control studies generally showed a
decreased risk of mortality from GC in the screened subjects (Tsubono and Hisa-
michi 2000).

In general, it is recognised that individuals with dyspepsia associated with
chronic GI blood loss, progressive dysphagia, progressive unintentional weight
loss, persistent vomiting, iron deficiency anaemia, epigastric mass and abnormal
barium swallow should be referred for gastroscopy or upper GI cancer specialist.
Specific screening recommendations are made later in this chapter for those with
known hereditary syndromes who are at higher risk.

2 Family History, Heritability and GC Risk

About 10 % of gastric carcinomas show familial clustering, but only approximately
1–3 % of gastric carcinomas arise from inherited GC predisposition syndromes,
such as HDGC, familial adenomatous polyposis (FAP), MUTYH-associated
polyposis (MAP), Lynch syndrome, juvenile polyposis syndrome, Peutz–Jeghers
syndrome, Li–Fraumeni syndrome and gastric hyperplastic polyposis (van der Post
et al. 2015). The nature of heritable GC risk is not well understood outside the
context of these well-characterised cancer syndromes. Thus, empirical associations
based on family history may be drawn to determine those at increased lifetime risk.

Case-control studies consistently report that a family history of GC is an inde-
pendent risk factor; particularly if it is a first-degree relative affected. However, the
magnitude of the odds ratio (OR) associated with a positive family history varies
with the ethnic group and with the geographic region. In published case-control
studies, the OR varies from approximately 2 to 10, depending on the country. In the
majority of studies, the OR was between 1.5-fold and 3.5-fold, but studies from
Korea, Turkey and India reported higher OR. It is of interest that these three
countries with the highest reported familial relative risks have very high or very low
incidences of GC. Environmental risk factors, such as HP infection or diet, may
contribute to familial clustering. However, in studies which adjusted for one or
more of these risk factors, the impact of the relative risk associated with a positive
family history remained essentially unchanged, which is in favour of genetic
susceptibility underlying the observed familial clustering (Yaghoobi et al. 2010).
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The relevant genes are so far largely unknown. It is hoped that molecular studies,
including genome-wide association studies (GWAS), will illuminate the genetic
factors underlying this important association.

Currently, there are no UK or international surveillance guidelines for these
patients, although modification of lifestyle and environmental risk factors may have
a role in risk reduction.

3 Gastric Cancer and Hereditary Syndromes

The highest lifetime risk of inherited GC is associated with HDGC; thus, the focus
of this chapter is discussion of the management of HDGC.

3.1 Hereditary Diffuse Gastric Cancer (HDGC)

HDGC is an autosomal dominantly inherited cancer predisposition syndrome
caused by germline mutations in the CDH1 gene on chromosome 16q22. It com-
prises 16 exons transcribed into a 4.5-kb mRNA and encodes for the tumour
suppressor protein E-cadherin. E-cadherin is a transmembrane calcium-dependent
protein that is predominantly expressed at the basolateral membrane of epithelial
cells, where it has a key role in cell adhesion. An acquired somatic mutation of
CDH1 results in impaired protein function and, therefore, is widely associated with
cancers at many different sites.

GC will occur in 70–80 % of individuals with this mutation by 80 years. There is
also an increased risk of lobular breast cancer (LBC) with a cumulative risk in
women of 42 % by 80 years (van der Post et al. 2015).

For HDGC, there are established criteria to determine whether an individual is at
risk of and requires genetic testing for the condition. In 2014, the recommendations
were reviewed by van der Post et al. (2015), and their recent guidelines now include
the following criteria (Table 1).

Table 1 Criteria for offering genetic testing to individuals at risk of HDGC (van der Post et al.
2015)

Requires genetic testing for HDGC Consider genetic testing for HDGC

2 cases of GC (1 confirmed DGC) in
first- and second-degree relatives

Family history of 2 or more cases of LBC
diagnosed under the age of 50 years

1 case of DGC diagnosed under
40 years

History of bilateral LBC

Personal or family history of DGC and
LBC, 1 diagnosed under 50 years

Personal or family history of cleft lip/palate in a
patient with DGC

Evidence of in situ signet-ring cells and/or pagetoid
spread of signet-ring cells in the stomach
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If any of these criteria are met, then the individual is referred for genetic coun-
selling. Within this framework, a comprehensive family pedigree should be com-
pleted and histopathology results can be reviewed to confirm the diagnosis. The
initial evaluation will often involve a multi-disciplinary team (MDT) including a
geneticist with expertise in the field. Other members will include upper GI surgeons,
gastroenterologists, pathologists, breast oncologist, psychologists and dieticians.
This allows the patient to have open and detailed discussions about the implications
of a positive result including gastric surgery and the alternatives of surveillance. If
the patient is deemed high risk for carrying the mutation, they would be advised, at
the age of consent (16–18 years), to undergo genetic testing for the CDH1 gene.

Ideally, genetic testing should be carried out on the first family member affected
with HDGC. If they are deceased, then enquires should be made as to whether
frozen or formalin-fixed tissue is available for CDH1 testing. If this is not possible,
then it is appropriate to test the first-degree relative (FDR) unaffected by HDGC for
the mutation. They would be expected to meet the screening criteria for the
mutation and understand they only have a 50 % chance of having inherited the
mutated CDH1 allele.

3.2 HDGC: Genetic Testing

Genetic testing is performed on blood or tissue and should be done in a certified
molecular diagnostics laboratory. The analysis for CDH1 needs to include mutation
analysis of the entire open reading frame and is performed by combining Sanger
sequencing and multiplex ligation-dependent probe amplification (MLPA). This
gene is also included on the Illumina Trusight© next-generation sequencing panel.
Currently, there are >180 CDH1 mutations identified; mostly, they are truncating
mutations so produce a non-functioning protein, unable to carry out its function as a
tumour suppressor. For tumour formation, the loss or inactivation of the second
CDH1 allele is also required.

In HDGC, the mutation in CDH1 can take many forms (for example, a deletion,
frameshift mutation, splice-site mutation or missense mutation) that can involve a
variety of sites in the gene and is not only restricted to coding regions but could
include the untranslated regions. A loss-of-function mutation in the remaining allele
can be caused by a number of mechanisms, such as loss of heterozygosity or
promoter hypermethylation, and can lead to GC (Barber et al. 2008). The identi-
fication of germline CDH1 missense variants requires additional studies to assess
their putative pathogenicity. A multidisciplinary approach combining familial and
population data, in silico analysis and in vitro analysis is currently used to classify
the variants as neutral, pathogenic or a variant of uncertain significance (VUS).
Genetic parameters such as mutation frequency in healthy control population,
co-segregation of the mutation within the pedigree and recurrence of the mutation
in independent families may be considered as a first approach. However, the low
number of individuals affected by the disease, the small size of the pedigrees and
the absence of mutation hot spots (which prevents the establishment of any
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correlation between the mutation site and its functional consequence) make this
approach challenging. Currently, there is no international database containing all
germline CDH1 mutations and variants identified to date.

3.3 HDGC Management: Surveillance

The Cambridge Protocol for Upper Gastrointestinal Surveillance in HDGC
Once a patient is confirmed as a CDH1 mutation carrier, they will need a baseline
oesophago-gastroduodenoscopy (OGD) to look for any gastric tumours that will
change the long-term management plan. The OGD can also screen for other
pathology such as Barrett’s oesophagus as this may impact on the resection area.
Following the procedure, most individuals would be advised to have a prophylactic
gastrectomy. For many reasons, an individual may want to delay this procedure so
in these cases endoscopic surveillance is warranted. In families that meet the criteria
for developing HDGC but no mutation can be identified or in those individuals with
a CDH1 mutation of undetermined significance, it is recommended intensive
endoscopic surveillance should be offered.

Ideally, the surveillance OGD should be carried out at centres of expertise
annually. The endoscopy should be performed with white light definition with
repeated inflation/deflation techniques and thorough washing of the mucosa with
mucolytics and anti-foaming agents. Poor distension in any area is suggestive of a
submucosal lesion and would be considered an area of concern requiring further
investigation with a computerised tomography (CT) scan or endoscopic ultrasound
(EUS).

HP infection does not have a direct link to HDGC but it is a recognised risk
factor for sporadic GC. Therefore, at endoscopy, individuals should be tested for it
and if positive should be treated with eradication therapy.

The disease starts as a microscopic focus of signet-ring cells not apparent
macroscopically. By taking large numbers of random biopsies, the chance of
identify an abnormal area is significantly increased. Current guidance advises
biopsy of any visible lesions or ‘pale areas’ as well as random biopsies from the
antrum, transitional zone, body, fundus and cardia. The ‘Cambridge protocol’
advises a minimum of 30 biopsies are taken equating to 6 samples from each area
(van der Post et al. 2015).

3.4 Breast Cancer Surveillance

In 2000, the first reported association between breast cancer risk and HDGC was
published (Pharoah et al. 2001). Genotype–phenotype correlations show not all
families with HDGC have an increased risk of breast cancer, but it remains unclear
as to who should be screened. Therefore, at present, all women with the CDH1
mutation should be considered at risk and offered counselling on breast screening
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versus prophylactic mastectomy similar to the BRCA 1/2 guidance. Prophylactic
mastectomy is not routinely offered for CDH1 mutation carriers but considered case
by case.

HDGC is specifically associated with invasive LBC whereas BRCA 1/2 causes
invasive ductal cancer (DBC). LBC associated with the CDH1 mutation invades in
sheets or chords of cells not forming a well-defined mass like in DBC. This means
screening mammograms have a lower sensitivity so instead bilateral magnetic
resonance imaging (MRI) scans should be part of the standard screening protocol.
A breast MRI should be offered annually to women with the mutation from the age
of 30 (van der Post et al. 2015).

3.5 Endoscopic Surveillance of Colorectal Cancer

Currently, there is not enough evidence to suggest the risk of colorectal cancer
(CRC) in individuals with the CDH1 mutation is increased above that of the general
population. In HDGC families where there are confirmed cases of CRC, more
information about age of onset, which family members have been affected, and
histopathological characteristics should be collated. In these cases, colonoscopic
surveillance should be thought about from 40 years of age [according to new
international guidance (van der Post et al. 2015)]. In all other families, the national
CRC surveillance guidelines would apply.

3.6 Prophylactic Gastrectomy

All individuals with a proven CDH1 mutation should be offered a total gastrectomy.
This is the only way to completely eradicate their risk of GC and prevent their death
from invasive carcinoma. Most procedures are performed in early adulthood
between the ages of 20 and 30 years, and current guidelines would advocate this
(Blair et al. 2006). Due to the life-changing nature of the surgery, there needs to be
very careful consideration in those over 75 years. At the time of surgery, individuals
frequently have microscopic malignant changes in the removed stomach and are
often found to have stage T1, N0 tumours (Norton et al. 2007). This pattern sug-
gests there is likely to be dormant periods where the carcinoma does not spread
(Barber et al. 2008). In individuals who have symptoms with invasive GC, only
around 10 % have the chance of a cure (Koea et al. 2007).

The standard operation is a total gastrectomy with Roux-en-Y reconstruction and
the jejuno-jejunal anastomosis placed at least 50 cm from the oesophageal–gastric
anastomosis to reduce biliary reflux. The oesophageal resection line should be
examined in the operating room to ensure it is passing through squamous mucosa
and no gastric cardia remnants are left behind. Whether lymph nodes should be
removed in a prophylactic gastrectomy remains a point of discussion. In early
disease (T1a), the frequency of lymph node involvement is 2–5 %, but this
increases to 17–28 % in submucosal invasion (T1b tumours) (Kang et al. 2010).
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Therefore, because it is difficult to distinguish between these two with an OGD
lymph node stations 1–7 are excised as part of the operation. The operation can be
performed laparoscopically which is associated with shorter recovery and reduced
morbidity.

3.7 Histopathology

The pathology of HDGC is unique but requires a high level of expertise in order to
maximise recognition of specific findings. Multiple biopsies taken at endoscopy
should be examined with haematoxylin and eosin (H&E) staining at three levels
which facilitates easy detection of invasive DGC. The addition of the periodic
acid-Schiff (PAS)-diastase staining detects neutral mucins and is used to identify or
to confirm the presence of intramucosal lesions, helping to identify areas with a
focus of signet-ring cells that have not infiltrated through the muscularis mucosae.
There are two types of pre-invasive lesions in signet-ring cell carcinoma:

• In situ signet-ring cell carcinoma where the signet-ring cells in the basal
membrane of the glands have hyperchromatic and depolarised nuclei.

• Pagetoid spread of a row of signet-ring cells below the preserved epithelium of
the glands (Carneiro et al. 2012).

Following gastrectomy, the specimen should also be thoroughly examined by an
experienced pathologist. Data from over 100 gastrectomies for HDGC have high-
lighted the majority already contain a tiny focus of signet-ring carcinoma or the
pre-invasive lesions (van der Post et al. 2015). The pathologist should also com-
ment on the surgical margins to confirm they are free of abnormal tissue (an ‘R0’
resection in the residual tumour classification).

The specimens with advanced HDGC often present as a linitis plastica, with
diffuse infiltration of the stomach wall. The histology often shows an infiltrate of
pleomorphic neoplastic cells with minimal cell differentiation. On occasions, the
histology can show mainly or exclusively signet-ring cells. There is no specific
histological appearance that suggests the cancer is hereditary in nature, although
in situ lesions and pagetoid spread of signet-ring cells in the surrounding tissue do
provide supportive evidence of HDGC.

3.8 Postsurgical Care and Survivorship

Surgical gastrectomy is associated with significant morbidity and survivorship
issues, not only physiological but also psychological and social consequences.
These include problems with eating, weight loss, abdominal pain and distorted
body image. To support patients in this post-operative period, new guidelines
suggest the establishment of 12-month recovery programmes guided by MDTs
(van der Post et al. 2015).
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After surgery, a 15–20 % loss of body weight is reported with most occurring in
the first 6 months (Worster et al. 2014). Thus, dietary advice and specifically
involvement of a dietician is pivotal. Patients should be advised to eat frequent
small meals in order to avoid ‘dumping syndrome’ where the rapid entry of food
into the small intestine leads to a shift in fluid from the blood into the intestine
causing cardiovascular and abdominal symptoms that include nausea, vomiting,
bloating diarrhoea, sweating and dizziness. Many of these symptoms arise from
hypoglycaemia caused by the rapid transit of food into the small bowel stimulating
the pancreas to release excess amounts of insulin into the blood stream. Other
problems that are reported include lactose intolerance, steatorrhoea, small-bowel
bacterial overgrowth, strictures and early satiety. It is important to monitor for iron,
calcium and trace element deficiencies and ensure lifelong B12 injections due to the
loss of intrinsic factor production in the stomach.

4 The Management of Other Hereditary Syndromes
and GC Risk

Other syndromes that predispose to heritable gastric cancer risk include Lynch
syndrome, and polyposis syndromes discussed below. Prophylactic gastrectomy is
not recommended in these conditions; instead, an endoscopic surveillance protocol
may be administered, although this surveillance is applied due to empirical rather
than evidence from randomised controlled studies (Cairns et al. 2010). There are
also no studies of the efficacy of chemoprophylaxis for the risk reduction of GC
specifically in these syndromes, primarily because of the rarity of the GC phenotype
thereof. Single gene testing as well as panel-based testing using the Illumina
Trusight© provides comprehensive analysis of all of the syndromes discussed, as
well as mutations in another candidate genes CTNNA1, BRCA2 and PALB2.

4.1 Lynch Syndrome

Lynch syndrome is the most common hereditary CRC syndrome with an incidence
of 1/3100 of the general population. It is autosomal dominant. The mutations
accounting for Lynch syndrome are found in 5 mismatch repair genes: MSH2,
MLH1, MSH6, PMS2 and EPCAM2. The diagnostic guidelines used to identify
patients with lynch syndrome are the Amsterdam II or revised Bethesda criteria.

In Lynch syndrome, the penetrance for GC is 13–20 % (Hans et al. 1999). It has
been demonstrated in two studies that the majority of GCs associated with Lynch
syndrome are of the intestinal type (73–79 %). The goal of surveillance is to detect
precancerous lesions that are at a curable stage. According to guidelines, families
with two or more individuals with GC or mismatch repair gene carriers should have
an OGD every two years after the age of 50 (Cairns et al. 2010).

54 K.J. Monahan and L. Hopkins



Nevertheless, there is limited evidence for gastric screening or screening for
other cancers is effective in Lynch syndrome and so instead it is suggested aspirin
should be used to prevent extracolonic cancer following the CAPP2 study (Burn
et al. 2011).

4.2 Familial Adenomatous Polyposis (FAP)

There is a risk of upper gastrointestinal malignancy in FAP but this is from duo-
denal polyps. Although individuals with this condition have multiple fundic gland
polyps in the stomach, these polyps do not have malignant potential and so the
OGD surveillance is mainly used to screen the duodenum. Gastric cancer arises
from gastric adenomas (i.e. not from fundic gland polyps), although the incidence
of GC in FAP is not known. The guidelines recommend 3-yearly OGDs from the
age of 30 years unless there are very large numbers of duodenal polyps when it
should be reduced to annual surveillance (Cairns et al. 2010).

4.3 MUTYH-Associated Polyposis (MAP)

MAP is an inherited autosomal recessive condition where the individual affected
develops multiple adenomatous polyps throughout the colon. The lifetime risk in a
homozygous person developing CRC is 100 % at 60 years (Cairns et al. 2010). It
accounts for around 0.4–3 % of all CRCs. The MutY human homologue (MUTYH)
gene, located on chromosome 1p, encodes for MUTYH glycosylase which is
involved in DNA damage repair. Rarely, this condition results in upper gastroin-
testinal polyps in the duodenum and fundus of the stomach. Therefore, it is rec-
ommended the OGD surveillance is carried out from the age of 30 and then every
3–5 years (Cairns et al. 2010). Genetic screening should be offered to the partner
and FDRs of a homozygote individual.

4.4 Peutz–Jeghers Syndrome (PJS)

PJS is an autosomal dominant syndrome with high penetrance and characterised by
the association of gastrointestinal polyposis and mucocutaneous pigmentation.
A germline mutation within STK11 results in dysregulated signal transduction and
inhibition of the mTOR pathway. The gastrointestinal cancer risk includes
gastro-oesophageal, small-bowel, pancreatic and CRCs with a cumulative risk of
57 % by the age of 70 (Beggs et al. 2010). Guidelines recommend 2-yearly OGD
and colonoscopy from the age of 25 years (Cairns et al. 2010).
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4.5 Juvenile Polyposis Syndrome (JPS)

JPS is a rare autosomal dominant disorder with prevalence between 1/50,000 and
1/120,000 of the population. The germline mutations occur in 3 genes SMAD4,
BMPR1A and ENG1. It is defined by the presence of multiple hamartomatous
polyps throughout the gastrointestinal tract but predominantly in the colon and
rectum. The GC risk is around 21 %, and OGD surveillance should be performed 1–
2 yearly from the age of 25 years (Cairns et al. 2010).

4.6 Li–Fraumeni Syndrome

Li–Fraumeni syndrome is a rare hereditary cancer syndrome associated with
germline mutations in the TP53 gene. Although sarcomas, brain tumours, leukae-
mias, breast and adrenal cortical carcinomas are typically recognised as Li–Frau-
meni syndrome-associated tumours, the occurrence of GC is also recognised in up
to 4.9 % of families (Masciari et al. 2011). Surveillance guidelines do not currently
exist for these patients however (Table 2).

5 Ongoing and Future Research

5.1 Other Genes Involved in HDGC Predisposition

The molecular background of HDGC patients without CDH1 mutations remains to
be clarified, including any specific morphological features of GC in the setting of
other hereditary cancer syndromes. Additional molecular mechanisms might be

Table 2 Summary of inherited conditions associated with gastric cancer

Syndrome Gene mutation Mode of
inheritance

Phenotype

HDGC CDH1, CTNNA1 Autosomal
dominant

Gastric, breast, colorectal, thyroid cancer

Lynch
syndrome

MSH2, MLH1,
MSH6, PMS2, and
EPCAM2

Autosomal
dominant

Colorectal, gynaecological cancers
predominantly and some other sites
including gastric

FAP APC Autosomal
dominant

Colorectal and small-bowel tumours,
benign fundic gland polyps predominantly
and rarely gastric cancer arising from
adenomas

MAP MUTYH Autosomal
recessive

Similar to FAP but milder phenotype
typically

JPS/PJS BMPR1A,
SMAD4/STK11

Autosomal
dominant

Small and large bowel neoplasia
predominantly

Li–Fraumeni
Syndrome

TP53 Autosomal
dominant

Multiple sarcomas
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involved in the pathogenesis of HDGC that are not currently fully understood.
A truncating allele of CTNNA1 (which encodes catenin α-1) was identified by
exome sequencing in a family with multiple cases of GC over four generations, as
well as other family members who had premalignant gastric changes visible on
histology, but had no CDH1 germline mutation (Zang et al. 2012). This suggests
either that the pathogenicity of CTNNA1 mutations may be mediated through loss
of CDH1 function or that the cancer-initiating potential of CDH1 mutations is
imparted through α-catenin-associated pathways. More research is needed to
understand the role and mutation detection rate of CTNNA1 mutations.

Other families have recently been described with BRCA2 and PALB2mutations. It
is likely that other HDGC-associated genes will be discovered through whole exome/
genome- or other unbiased next-generation sequencing-empowered methodologies.

The use of hypothesis-free genome-wide association studies (GWAS) has
identified variation in novel susceptibility loci which confer lower penetrance risk.
A statistically significant association has been identified in a large Japanese pop-
ulation between diffuse GC and a polymorphic genetic variation (rs2294008 and
rs2976392) within exon 1 of the PSCA gene (which encodes prostate stem cell
antigen [PSCA]).

5.2 Data from High-Throughput Studies

Advances in technology, such as next-generation sequencing, have enabled the
emergence of new, exciting molecular profiling in the context of GC and other solid
tumours. Examples include exome-wide (DNA sequencing) and
transcriptome-wide (RNA sequencing) analysis. For instance, exome-wide
sequencing of 15 gastric adenocarcinomas and matched normal DNA identified a
cell adhesion pathway with molecular abnormalities that was associated with GC;
FAT4, a member of the cadherin family, was mutated in 5 % of the cancer cases
(Zang et al. 2012). Functionally, the study showed that FAT4 is a tumour sup-
pressor and that inactivation of the gene leads to cancer progression. Genes with
products involved in chromatin remodelling, such as ARID1A, were also prominent
in the cancer profile in this study. In addition, another group identified ARID1A as
an important gene in the development of GC, with a high mutation frequency (Zang
et al. 2012). Thus, high-throughput approaches have identified new driver gene
targets. However, fairly little is known about the function of these novel genes;
thus, the development of new targeted therapies may not be feasible currently.

The Cancer Genome Atlas Research (TGCA) Network performed extensive
molecular profiling of nearly 300-GC tissue samples using six discrete platforms
with the aim of identifying novel molecular characterisation of GC (The Cancer
Genome Atlas 2014). They identified four defined subtypes: tumours positive for
Epstein–Barr virus; tumours showing chromosomal instability; tumours with a
stable genome; and tumours with microsatellite instability. This molecular classi-
fication could be central to the development of novel targeted therapeutic strategies.
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5.3 Future Research on Gastric and Breast Surveillance

Multiple chromo-endoscopic technologies have emerged in the past 15 years, such
as autofluorescence imaging, narrow band imaging (NBI) and dye spray chro-
moendoscopy; however, the role for these methods for endoscopic monitoring of
individuals at risk for diffuse GC has not yet been elucidated. It is likely that the
Cambridge protocol where multiple biopsies are taken leads to scarring which can
masquerade as pale areas and therefore it would be valuable to compare the yield of
this technique and a more targeted biopsy approach offered by these new tech-
nologies. Such studies could also inform on the interobserver variation in the
identification of pale areas and help define features indicative of a signet-ring cell
focus.

There are no studies specifically addressing screening for LBC. Trials on breast
screening in the general population and MRI screening in high-risk groups or
BRCA1/2 are informative but do not directly extrapolate to the screening scenario in
HDGC. The outcomes of the above-stated recommendations of breast surveillance
in HDGC women should be further prospectively investigated.

6 Conclusions

Gastric cancer is a common disease worldwide with important environmental risk
factors such as HP status. HP infection is associated with one of the histological
subtypes, intestinal, but not with diffuse-type GC. Thus, HP does not appear to have
a role in GC pathogenesis in patients with HDGC.

A positive family history is a strong and consistently reported risk factor for GC,
but the molecular basis for the familial aggregation is largely unknown. A single
FDR with GC is associated with a 2- to 3-fold increased risk of GC.

The known cancer syndromes do not account for a large part of the familial
clustering. Unlike the situation for other common cancers, guidelines have not been
developed for the assessment of the family history of individuals with GC.

Although these hereditary cancer syndromes have been relatively well charac-
terised, the rarity of the GC phenotype precludes the development of trials of
surveillance. On the other hand, the high penetrance of GC in HDGC patients with
proven CDH1 mutations means that prophylactic gastrectomy is recommended,
although this treatment results in significant ‘survivorship’ issues; therefore, this is
not for other patients than this specific group.

New international guidelines for surveillance and management of HDGC have
been presented in this chapter. Surveillance of at-risk HDGC individuals requires a
high level of expertise both endoscopic and histological evaluation. The risk
associated with other inherited syndromes is managed by testing of at-risk indi-
viduals with regular endoscopic surveillance.
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Not all families who fulfil clinical criteria for HDGC have identifiable mutations
in CDH1. Other genes found to have germline predisposition to this syndrome
include CTNNA1, BRCA2 and PALB2. Carcinogenesis in many of these families
may be delivered through aberrantly activated α-catenin pathways.

Much of the remaining heritable risk may be accounted for by low- and
intermediate-penetrant genetic factors, i.e. common and rare variants, respectively.
The heritability of GC is poorly understood although advances in this field have
been forthcoming in recent years with the advent of new investigative technologies
including GWAS and whole-exomic sequencing.

Acknowledgements Prof. Rebecca Fitzgerald, Cambridge, kindly provided an advance copy of
the updated international guidelines for the management of HDGC (Published online http://www.
ncbi.nlm.nih.gov/pubmed/25979631).
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Diagnosis and Management
of Hereditary Pancreatic Cancer

Jeremy L. Humphris and Andrew V. Biankin

Abstract
Hereditary pancreatic cancer can be diagnosed through family history and/or a
personal history of pancreatitis or clinical features suggesting one of the known
pancreatic cancer predisposition syndromes. This chapter describes the currently
known hereditary pancreatic cancer predisposition syndromes, including Peutz–
Jeghers syndrome, familial atypical multiple mole melanoma, hereditary breast
and ovarian cancer, Li–Fraumeni syndrome, hereditary non-polyposis colon
cancer and familial adenomatous polyposis. Strategies for genetic testing for
hereditary pancreatic cancer and the appropriate options for surveillance and
cancer risk reduction are discussed. Finally, ongoing research and future
directions in the diagnosis and management of hereditary pancreatic cancer will
be considered.
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1 Introduction

Up to 10 % of pancreatic cancers (PCs) have a hereditary component, but the
underlying genetic cause has only been identified in a minority. Genetic counselling
and testing are important in suspected inherited PC cases, to disseminate infor-
mation regarding genetic testing and disease risk. Screening trials are available for
high-risk individuals (i.e. >5–10 % lifetime risk), although more long-term data are
required to determine the risks, benefits and optimal approaches to PC surveillance.
Novel approaches are needed to define the missing heritability in PCs and to
incorporate this into clinical practice.

2 Epidemiology

2.1 Demographics

2.1.1 Age
PC is largely a disease of advancing age with mean age at diagnosis of 71 years and
is rarely diagnosed before 40 years of age (Ryan et al. 2014). Only 5–10 % of cases
are diagnosed before 50 years, but this cohort may be enriched with individuals
with an inherited genetic predisposition (Raimondi et al. 2009). The incidence
increases exponentially in both sexes after age 40 from 2.3 cases per 100,000 for
40–44 year olds to 57 cases per 100,000 in those 70–74 years (AIHW 2014).
Reports of younger age at diagnosis in familial PC cases are inconclusive (Barton
et al. 2011), but some studies suggest earlier onset by 5 years and a higher pro-
portion (≈16 %) of young-onset disease (Petersen et al. 2006). In familial pancreatic
cancer (FPC) families with identified mutations, the median age of diagnosis was
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60–62.8 years for BRCA2 and 66.7 years for PALB2 (Hahn et al. 2003a; Jones
et al. 2009a). Anticipation has been reported in 32–85 % of FPC families with
successive generations developing PC 10–20 years earlier (McFaul et al. 2006).

2.1.2 Ethnicity
The worldwide incidence of PC shows significant variability with the highest rates
seen in the more developed regions of North America, Western and Central/Eastern
Europe and Australia/New Zealand. The lowest rates are seen on less developed
regions in Africa and South Asia. Subpopulation stratification shows variability
with higher risk in people of African American and Ashkenazi Jewish heritage
compare to those of Caucasian, Hispanic and Asian descent (Eldridge et al. 2011;
Raimondi et al. 2009). This is likely the culmination of both genetic and
non-genetic risk factors (Fig. 1).

2.1.3 Gender
In comparison with ethnicity, there are only small gender differences in the risk of
developing PC. The lifetime risk of developing PC before age 75 for males is 0.9
and 0.6 % for females (AIHW 2014) which has been attributed to higher cigarette
smoking rates in men (Raimondi et al. 2009).

Fig. 1 Age-specific pancreatic cancer incidence and mortality in worldwide populations. The
incidence to mortality ratio approaches 1 in all populations. Reproduced with permission (Ferlay J)
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2.2 Non-genetic Risk Factors

Epidemiologic studies have identified several environmental and lifestyle risk
factors for PC which frequently coexist and are likely to interact (Raimondi et al.
2009). These are summarised in Table 1.

2.2.1 Genetic Risk Factors
The conventional paradigm based on case–control and cohort studies is that 5–10 %
of patients diagnosed with PC have a hereditary component based on family history
of the disease (Ghadirian et al. 1991). Studies requiring histological confirmation
have shown lower rates (1.9–2.7 %) of familial aggregation (Bartsch et al. 2004;
Hemminki and Li 2003). The 5–10 % figure may be correct but as large sequence
cohorts are beginning to show germline mutations in cancer predisposition genes
frequently occur in the absence of family history, showing that while family history
is predictive of carrier status, it is imperfect (Grant et al. 2014). Inherited predis-
position to PC manifests as 3 distinct clinical scenarios (Bartsch et al. 2012):
(1) hereditary tumour predisposition syndromes including hereditary breast–ovarian
cancer (HBOC), Peutz–Jeghers Syndrome (PJS), familial atypical multiple mole
melanoma (FAMMM), Li–Fraumeni, hereditary nonpolyposis colorectal cancer
(HNPCC) and familial adenomatous polyposis (FAP) which account for 15–20 %
of the burden of inherited disease (Hruban et al. 2010) (2) hereditary pancreatitis
due to mutations in PRSS1 and 3. Familial PC (FPC) which is defined as a family
with at least 2 first-degree relatives with PC, which do not fulfil the diagnostic
criteria for an inherited tumour syndrome (Brand et al. 2007). The majority (80 %)
of hereditary PC is attributed to FPC with a pattern consistent with autosomal
dominant inheritance in 50–80 % of families (Lynch et al. 1990; McFaul et al.
2006) (Table 2).

Table 1 Non-genetic risk factors for PC

Risk factor Estimated risk (95 %
CI)

Active cigarette smoking (Bosetti et al. 2012) OR 2.20 (1.71–2.83)

Ceased cigarette smoking (Bosetti et al. 2012)

>1 but <10 years OR 1.64 (1.36–1.97)

>10 years OR 1.12 (0.86–1.44)

Diabetes mellitus (Li et al. 2011)

<2 years duration RR 7.94 (4.70–
12.55)

>10 years duration OR 1.51 (1.16–1.96)

BMI (>35 vs. <25) (Arslan et al. 2010) OR 1.55 (1.16–2.07)

Heavy alcohol (≥6 drinks/day) (Genkinger et al. 2009; Anderson et al.
2012)

OR 1.46 (1.16–1.83)

Chronic pancreatitis (>2 years) (Duell et al. 2012) OR 2.71 (1.96–3.74)

Allergy (hay fever and animal allergy) (Olson and Kurtz 2013;
Cotterchio et al. 2014)

OR 0.73 (0.64–0.74)
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Table 2 Genetic risk factors for PC–hereditary cancer syndrome and moderate- to
high-penetrance genes

Clinical risk group Syndrome Relative
risk
(95 %
CI)

Estimated
lifetime PC
risk (70–
80 years)

Other associated
tumours

Prevalence
in FPC
kindreds

General population NA 1 0.96

1 FDR PC NA 4.6 (0.5–
16.4)

2 FDR PC FPC 6.4 (1.8–
16.4)

≥3 FDR PC FPC 32
(10.2–
74.7)

Genetic risk group

BRCA2 (Grant et al.
2014; Couch et al.
2007a; Zhen et al.
2014)

HBOC/FPC 3.51 3.36 % Breast, ovarian 0.7–6 %

PALB2 (Schneider
et al. 2011a; Jones
et al. 2009; Zhen
et al. 2014)

FPC Elevated
but not
defined

Elevated but
not defined

Breast 0–3 %

BRCA1 HBOC 2.26 2.16 % Breast, ovarian 0.3–1.2 %

MSH2, MLH1,
MSH6, PMS2, 5′
EPCAM deletion
(Grant et al. 2014)

HNPCC 8.6 3.68 %
(1.45–
5.88 %)

Colon,
endometrial

Each <1 %

PRSS1 Hereditary
pancreatitis

58 30–40 % in
smokers,
20 % in
non-smokers

Pancreas only NA

STK11 (Grant et al.
2014; Schneider
et al. 2011b)

Peutz–Jeghers
syndrome

132 11–32 % Gastrointestinal,
breast,
gynaecologic,
pancreas

0 %

CDKN2A (Zhen
et al. 2014; Grant
et al. 2014)

FAMMM 38 17 % Melanoma 0–2.5 %a

ATM (monoallelic)
(Roberts et al.
2012b)

Ataxia
telangiectasia
(bi-allelic)

Elevated
but not
defined

Elevated but
not defined

Breast, colon 2.4 %

TP53 Li–Fraumeni
syndrome

Elevated
but not
defined

Elevated but
not defined

Sarcoma, breast,
brain,
adrenocortical

NA

aHigher prevalence in some populations, e.g. Italian (up to 30 % of FPC) (Ghiorzo et al. 2012)
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3 Main Section

3.1 Hereditary Tumour Predisposition Syndromes

3.1.1 Hereditary Breast–Ovarian Cancer
Inherited pathogenic germline BRCA2 mutations place carriers at increased risk of
cancers of the pancreas, prostate, gallbladder, bile duct, stomach and melanoma in
addition to breast and ovarian cancer (The Breast Cancer Linkage Consortium
1999; Moran et al. 2012). The prevalence of germline BRCA2 mutations in patients
with PC depends on the ethnic ancestry of the population studied and is higher in
groups with founder mutations such as those of Ashkenazi Jewish descent. In an
early report, Goggins et al. (1996) found BRCA2 mutations in 7 % of patients with
apparent sporadic PC (3 of 41) of which one was the Ashkenazi founder mutation.
Studies have shown BRCA2 mutations in 5–10 % of Ashkenazi Jews with PC
(Ozcelik et al. 1997; Ferrone et al. 2009). In familial PC, the mutation prevalence
increases with rising number of affected relatives: 6–12 % in families with two or
more with PC and 16 % from families in which 3 or more have PC (Murphy et al.
2002; Couch et al. 2007b). The relative risk of developing PC in BRCA2 mutation
carriers is approximately 3.5–6 (The Breast Cancer Linkage Consortium 1999;
Risch et al. 2006). A substantial proportion of mutation-positive PC patients report
neither a history of PC nor breast–ovarian cancer (Goggins et al. 1996; Murphy
et al. 2002). This is likely due to reduced penetrance for PC rather than there being
PC-specific genotype–phenotype correlation for BRCA2 mutations as has been
seen in some breast–ovarian cancers (Thompson and Easton 2001).

In contrast, the role of BRCA1 mutations in predisposition to PC is less well
established. Overall studies in BRCA1 kindreds with young-onset breast or ovarian
cancer suggested a 2.26-fold (95 % CI = 1.26–4.06) increased risk of pancreatic
cancer (Brose et al. 2002; Iqbal et al. 2012). BRCA1 mutations are uncommon
without a history of breast cancer (Skudra et al. 2007) or Ashkenazi heritage (Shi
et al. 2009; Lucas et al. 2013). Other studies have found no increase in the
prevalence of BRCA1 mutations in patients with pancreatic cancer (Ferrone et al.
2009; Axilbund et al. 2009).

3.1.2 Familial Atypical Multiple Mole Melanoma
Familial atypical multiple mole melanoma (FAMMM) is a syndrome characterised
by predisposition to melanoma and PC. Clinical diagnostic features include family
history of melanoma in at least one close relative, multiple melanocytic naevi
(often >50) some of which show visible atypical and characteristic microscopic
features. FAMMM is caused by germline mutations in CDKN2A (p16), which
encodes the tumour suppressors ARF and INK4A. Individuals with FAMMM have
a 38-fold increased risk of developing PC compared to the general population,
contributing to a lifetime risk of 17 % by age 75 (Rutter et al. 2004; Vasen et al.
2000).
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3.1.3 Peutz–Jeghers Syndrome
Peutz–Jeghers syndrome is an autosomal dominant disorder characterised by gas-
trointestinal tract hamartomatous polyps and mucocutaneous pigmentation (Beggs
et al. 2010). In 80–94 % of individuals who meet the clinical criteria, pathogenic
mutations (two-thirds single nucleotide variants and one-third large deletions) in
STK11 are identified (McGarrity et al. 2013). These individuals have a 132-fold
increased risk of pancreatic cancer compared with the general population, and the
lifetime risk of pancreatic cancer in these individuals has been estimated to be 11–
32 % (Hearle et al. 2006; Korsse et al. 2013).

3.1.4 Hereditary Nonpolyposis Colorectal Cancer
Hereditary nonpolyposis colorectal cancer (HNPCC or Lynch syndrome) is the
result of germline mutations in the DNA mismatch repair genes MSH2, MLH1,
MSH6, and PMS2. Recently, heritable somatic methylation of MSH2 has been
described due to germline deletion of the last two exons of EPCAM which produces
silencing of the adjacent gene, MSH2 (Ligtenberg et al. 2009; Kuiper et al. 2011).
Patients are at increased lifetime risk for a wide range of tumour types, but the
predominant malignancies are colonic and endometrial cancer. The other associated
tumour types are lower risk with <5 % lifetime risk and include PC, gastric, small
bowel, ureteric and skin tumours. A recent study of 147 families containing a
mutation in a mismatch gene reported a 8.6-fold (95 % CI, 4.7–15.7) increased risk
of pancreatic cancer compared with the general population (Kastrinos et al. 2009).
This corresponds to a 3.68 % (95 % CI, 1.45–5.88 %) lifetime (by age 70) risk of
pancreatic cancer (Kastrinos et al. 2009).

3.1.5 Familial Adenomatous Polyposis
Familial adenomatous polyposis (FAP) is an autosomal dominant disorder char-
acterised by the early development of hundreds to thousands of colonic adeno-
matous polyps. The natural history is that untreated nearly all affected patients will
develop colorectal carcinoma by age 40 (Vasen et al. 2009). In more than 70 % of
patients who meet the clinical criteria, a germline mutation in the APC can be
identified (Vasen et al. 2009; Groden et al. 1991). Patients with FAP are at
increased risk for other neoplasms, including thyroid tumours, gastric, duodenal and
ampullary adenocarcinoma. The relative risk for the development of PC is 4.46, and
some evidence suggests precursor lesions progress through the intraductal papillary
mucinous neoplasm (IPMN) pathway (Chetty et al. 2005).

3.1.6 Li–Fraumeni Syndrome
Li–Fraumeni syndrome (LFS) is an autosomal dominant highly penetrant cancer
predisposition syndrome characterised by a variety of early onset tumours. The
syndrome, described in 1969 by Li and Fraumeni based on a retrospective analysis
of families with childhood rhabdomyosarcoma(Li and Fraumeni 1969), was char-
acterised by the presence of five cancers: sarcoma, adrenocortical carcinoma, breast
cancer, leukemia, and brain tumours (Li et al. 1988; Garber et al. 1991). Several
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different clinical classification systems exist, but these tumour types form the core
clinical features. Li–Fraumeni Syndrome is caused by germline mutations in the
TP53 gene and is inherited in an autosomal dominant pattern. The risk of PC is
increased but has not been quantified (Birch et al. 2001; Ruijs et al. 2010).

3.1.7 Hereditary Pancreatitis
Hereditary pancreatitis is a rare autosomal dominant form of inherited pancreatitis.
This typically manifests as recurrent acute pancreatitis by age 10, chronic pancre-
atitis by age 20 and increased risk of PC after age 40 (Howes et al. 2004). In
families, meeting the clinical criteria gain-of-function mutations (missense and
rarely duplications or triplications) in the cationic trypsinogen gene (PRSS1) are
found in around 80 % (Whitcomb et al. 1996). Patients with hereditary pancreatitis
have a 58-fold (95 % CI 23–105) increased risk of developing pancreatic cancer and
a lifetime risk (by age 70) of 30–40 % (Lowenfels et al. 1997). Cigarette smoking
increases the risk by twofold and brings the age at diagnosis forward 20 years
(Lowenfels et al. 2001). The lifetime risk in non-smokers is estimated to be <20 %
(Rebours et al. 2009).

3.1.8 Familial Pancreatic Cancer
In FPC kindreds, the relative risk of developing PC escalates with increasing
number of affected first-degree relatives (FDR) from twofold with one affected FDR
to sixfold and 14–32-fold (up to 57-fold) with 2 and 3 affected FDRs, respectively
(Klein et al. 2004; Tersmette et al. 2001). FPC is likely to be a heterogeneous
syndrome with phenotype determined by the underlying genetic predisposition and
modified by environmental risk factors. Familial clustering can also occur through
phenocopying as a result of shared or common environmental exposures within
families, as suggested by a non-significant in FPC kindred’s spouses (Klein 2013a,
b). FPC kindreds also appear to be at increased risk of developing malignancy of
the breast, ovary, colorectum and melanoma, particularly if the proband developed
young-onset (<50 years) PC (Wang et al. 2009b; Brune et al. 2010). This finding is
consistent with previous reports where in 40 % of FPC families PC was the sole
tumour entity and in the remaining 60 % other tumour types, namely breast, colon
and lung, were seen (Schneider et al. 2011a). Defining the precise organotypic
distribution of tumours which cluster with PC is important because it (a) supports
an underlying genetic predisposition or common environmental factor potentially
even in the absence of multiple PC cases in the family, (b) allows a more precise
definition and clinical recognition of the syndrome and (c) facilitates broader and
more precise risk assessment and employment of risk reduction strategies in at-risk
family members (Wang et al. 2009a). These results highlight the importance of
complete family history of all cancer types in clinical assessment of FPC pedigrees
(Cote et al. 2007). The underlying genetic basis of PC predisposition has been
identified in less than 25 % of such families (Roberts et al. 2012a), despite 50–80 %
of families demonstrating an autosomal dominant inheritance pattern (Lynch et al.
1990; McFaul et al. 2006). Overall, 0.6 % of the general population is estimated to
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carry a mutation in a moderate- to high-risk pancreatic cancer predisposition gene
with an attendant lifetime risk of developing pancreatic cancer (by the age of 85) of
32 % (Klein et al. 2002).

Studies to date have delineated the underlying genetic basis in at best 25 % of
these families with mutations in BRCA2, PALB2 (Partner And Localizer of
BRCA2) and ATM (Ataxia telangiectasia) mutated accounting for 3.7–19 % (Hahn
et al. 2003; Couch et al. 2007a), 4.2 % (Jones et al. 2009) and 3.6 % (Roberts et al.
2012a), respectively (Lal et al. 2000). The prevalence of BRCA2 mutations in FPC
as discussed above depends in part on enrichment with family history of other
related cancers and ancestry particularly Ashkenazi Jewish heritage. PALB2 and
ATM are recently implicated as PC predisposition genes and demonstrate the
capability of next-generation sequencing of PC cohorts to identify new risk genes.
PALB2 binds to BRCA2 and stabilises it in the nucleus, truncating mutations are
found in 0.6–3 % of familial PC probands particularly those families with an
additional case(s) of breast cancer (Jones et al. 2009; Tischkowitz et al. 2009).
Truncating ATM mutations segregated with disease 2 FPC kindreds and were
subsequently identified in 2.5 % of FPC probands (Roberts et al. 2012b). The risk
of developing PC due to pathogenic germline PALB2 or ATM mutations and their
contribution to sporadic disease has not been defined.

Palladin (PALLD) a cytoskeletal protein when mutated is overexpressed in
non-neoplastic stromal cells where it facilitates tumour invasion and metastasis
(Brentnall et al. 2012). A missense mutation (p.P239S) in the palladin (PALLD) gene
was identified in a large FPC kindred which segregated with disease (Pogue-Geile
et al. 2006), but subsequent studies have failed to replicate this finding in other FPC
probands (Zogopoulos et al. 2007).

3.1.9 Low-Penetrance Susceptibility Variants
Seven PC genome-wide association studies have identified several relatively
common but low-penetrant loci associated with PC risk, including the ABO locus.
For a complete list of loci, see www.ebi.ac.uk/gwas.

4 Precursor Lesions and Progression to PC

Pancreatic cancer develops from solid and cystic precursor neoplasms through the
serial acquisition of mutations, which provide a selective advantage to the cells. The
evolution of PC progresses through several stages from non-invasive precursor
lesions such as pancreatic intraepithelial neoplasia (PanIN) or cystic neoplasms in
particular mucin-producing intraductal papillary mucinous neoplasm (IPMN) and
mucinous cystadenoma (Hruban et al. 2000). Based on the genetic evolution of PC,
it is estimated that it takes 10 years from the initiating mutation to the establishment
of the founder non-metastatic cancer cell and a further 5 years for the development of
metastatic potential (Yachida et al. 2010). The detection of PC precursors depends
on the underlying lesion, PanINs arise in the smaller pancreatic ducts and the vast
majority measure less than 5 mm, as such they are difficult to detect with current
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imaging techniques (Hruban et al. 2008). In contrast, mucinous cyst adenomas
(MCNs) and the duct obstruction and upstream dilatation produced by IPMN are
typically detectable on imaging studies (Hruban et al. 2004).

5 PC Risk Assessment

The primary goal of developing PC risk prediction models is to be able to per-
sonalise PC risk and in doing so inform genetic testing and potential screening
options (Klein 2013b). Multiple risk factors for PC have been identified, after
increasing age the next major risk factor is a family history of the disease (Lennon
et al. 2014). In those with a known mutation efforts have been made to quantitate
this risk, but the majority of individuals at increased genetic risk do not have a
known mutation and in effect each person presents with a unique risk factor profile.
PancPro is a Bayesian model developed from pedigree data from the National
Familial Pancreas Tumour Registry (NFPTR) and calculates the risk that a person
carries a high-penetrance PC gene and their risk by age of developing PC (Klein
2013b). The input variables required from each at-risk individual include personal
and family history of cancer, current age and age at cancer diagnosis. The model
has been validated in an independent cohort and shown an observed to predicted
pancreatic cancer ratio of 0.83 (95 % CI, 0.52–1.20) (Wang et al. 2007). PancPRO
may be a useful strategy to rank families based on their PC risk and suitability for a
screening programme (Leonardi et al. 2012).

6 Genetic Testing for Hereditary Pancreatic Cancer

6.1 Initial Approach

The initial assessment in the index patient should begin with a thorough personal
and family history of malignancy. This should include the presence and type of
cancer diagnoses in first- and second-degree relatives (±third-degree), age at
diagnosis and maternal or paternal lineage (Lu et al. 2014, Network, Version
2.2015). Using this information, a comprehensive, three-generation pedigree should
be generated and used to develop a preliminary determination of the risk of a
familial predisposition to cancer (Lu et al. 2014). Hallmark features suggestive of
an inherited predisposition include (a) personal history: early age at PC diagnosis
(<50 years) and previous cancer or premalignant diagnoses with unusual quantity or
histological appearance and (b) family history: kindreds with early onset cancer
diagnoses (<50 years), members with multiple synchronous or metachronous pri-
mary tumours, rare tumours, ancestry with established founder mutations, e.g.
Ashkenazi Jewish, and family history of multiple close relatives from the same
lineage with PC or spectrum of genetically related cancers (Whitcomb et al. 2015;
Syngal et al. 2015). Table 3 summarises the genes to consider for testing based on
clinical criteria.
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The potential benefits of genetic testing to the proband, although not typically
applicable in the PC setting, include provision of the risk estimation of developing
another cancer and implementation of risk reduction and preventative options
(Whitcomb et al. 2015). The result can also impact treatment with consideration of
a more extensive pancreatic resection as patients with inherited predisposition
frequently show multi-focal disease, and patients may benefit from a precision or
personalised treatment regimen, for example DNA damaging agent and/or PARP
inhibitor chemotherapy if a BRCA1/2 or PALB2 mutation is identified. Genes with
established clinical utility can be tested in family members and if found to carry the
mutation can be considered for early detection strategies for PC as part of a research
protocol and for other at-risk organs undergo surveillance and consider preventative
intervention in accordance with published guidelines.

The increasing access to and performance of genomic sequencing in clinical and
research settings has shown that a significant proportion of individuals with
germline cancer predisposing mutations do not fulfil the classic clinical diagnostic
criteria (Holter et al. 2015). This results from variability in the clinical genotype–
phenotype correlation and incomplete penetrance leading to limited sensitivity and
specificity of the classic diagnostic criteria. It is therefore imperative that the clinical
features and guidelines undergo revision and modification and incorporate new
findings as they arise. One approach is to integrate family history with specific
genomic feature in the tumour (Carnevale and Ashworth 2015), for example,
somatic hypermutation as a marker of microsatellite instability (The Cancer

Table 3 Indications for cancer predisposition assessment and consideration of genetic testing
(Whitcomb et al. 2015; Syngal et al. 2015; Network, version 2.2015; Hampel et al. 2014)

Clinical criteria Syndrome
to consider

Gene(s) to consider

1. PC diagnosed any age, if any of the following criteria
are met
– ≥2 cases PC in close relative (1st and 2nd degree)a

– ≥2 cases breast, ovarian or aggressive prostate cancer
in close relatives
– Ashkenazi Jewish ancestry

FPC
HBOC

BRCA2
BRCA1, BRCA2,
PALB2
BRCA1, BRCA2

2. PC and ≥1 PJ polyp PJS STK11

3. PC and ≥2 additional cases of any Lynch
syndrome-associated cancer in the same person or close
relative (LS tumour: CRC, EC, urothelial, gastric,
ovarian, SB cancer, glioblastoma, sebaceous
adenocarcinoma, biliary tract and PC)

Lynch
syndrome

MSH2, MLH1, PMS2,
MSH6, 5′ EPCAM
deletion

4. ≥3 cases of PC and/or melanoma in close relatives or
PC and melanoma in the same person

FAMMM CDKN2A

5. Personal history of ≥2 attacks of acute pancreatitis of
unknown aetiology, a family history of pancreatitis, or
early age of onset of chronic pancreatitis

HP PRSS1

aBRCA1, PALB2 and ATM mutation testing has also been suggested for FPC but the clinical utility
in this setting is not well established (Syngal et al. 2015)
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Genome Atlas Network 2012) or somatic genomic instability as a marker of
defective homologous recombination (Waddell et al. 2015). This approach may
optimise identification of individuals with genetic predisposition to cancer and
provide information on effective therapies, for example DNA damaging agents or
PARP inhibitors in BRCA deficient tumours and immune checkpoint inhibitors in
MMR-deficient tumours (Kaufman et al. 2015).

6.2 Surveillance and Management

The current evidence supporting PC surveillance strategies is at this time limited to
observational studies (Syngal et al. 2015). Although screening has intuitive appeal
with the potential benefit of early diagnosis and as a consequence improved treat-
ment and prognosis, it has not been demonstrated that this translates into better
outcome for patients. Demonstrating a reduction in mortality in a rare disease like
hereditary PC will take several years and a large number of patients (Syngal et al.
2015). Screening can be associated with lead-time and length bias, which can lead to
false conclusions of benefit (Grimes and Schulz 2002; Barratt et al. 2002). PCs
diagnosed in screening trials have predominantly but not universally been resectable.
However as with sporadic disease, resected patients often progress to metastatic
disease due to subclinical metastatic disease at diagnosis (Al-Sukhni et al. 2012).

Expert opinion has recommended that individuals with a relative risk of 5–
10-fold compared to the general population should be considered for PC surveil-
lance (Canto et al. 2013b; Del Chiaro et al. 2010) as summarised in Table 4. The
majority of significant lesions are found in older patients (>65 years); in view of
this, recent guidelines suggest screening begin at 50 years of age, or 10 years
younger than the earliest age of PC diagnosis in kindreds. Patients with PJS should
start surveillance at 35 years (Syngal et al. 2015). The majority of significant lesions
are found in older patients in particular >65 years (Canto et al. 2013a).

Table 4 Summary of the
Cancer of the Pancreas
Screening (CAPS) consortium
consensus statement of
criteria for consideration of
screening (Canto et al. 2013a)

Familial PC group

Individuals with three affected kindreds, of which at least one is
an FDR

Individuals with at least two affected FDRs with PC

Individuals with two or more affected blood relatives with PC,
with at least one affected FDR

Germline mutation carrier group

STK11 mutation carriers, regardless of family history of PC

CDKN2A carriers with one affected FDR

BRCA2 mutation carriers with one affected FDR

BRCA2 mutation carriers with two affected family members,
neither of which is a FDR

PALB2 mutation carriers with one affected FDR

Mismatch repair gene mutation carriers with one affected FDR
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Current PC screening trials are predominantly imaging based, which provides
limited or no information on the biology of the lesion. Biomarkers, of which
carbohydrate antigen 19.9 (CA19.9) is the only currently clinically used, have a
poor sensitivity for small pancreatic tumours with only 50 % of tumours <3 cm
having an elevated level (Steinberg 1990). As PC spreads outside the pancreas
abnormalities that are not produced by or specific to PC cells accumulate such as
inflammatory markers (Goggins 2011). These represent epiphenomena and are
unlikely to provide prognostic or predictive value. In view of recent large-scale
sequencing studies of PC, which highlight the significant heterogeneity of tumours,
it brings into question whether it is possible to identify a “one-size-fits-all” bio-
marker of early PC. Other biomarkers in blood ((e.g. PAM4-based immunoassay)
(Gold et al. 2010), MIC-1 (Koopmann et al. 2006), circulating-free DNA (Mulcahy
et al. 1998) and microRNA (Liu et al. 2012)), pancreatic juice (Berthelemy et al.
1995) and cyst fluid (Jabbar et al. 2014), either alone or in combination require
further prospective validation to determine their clinical utility.

In recent years, multiple PC surveillance programmes have been established and
initial findings reported (as shown in Table 5). The primary modalities used include
endoscopic ultrasound (EUS) and magnetic resonance imaging with/without
magnetic resonance cholangiopancreatography (MRI/MRCP) as they do not
involve radiation exposure. The sensitivity of these modalities to detect cystic
pancreatic lesions is 93 % with EUS, 81 % with MRCP and 27 % by Computerised
Tomography (CT) (Canto et al. 2012). The ability to detect PanIN is unknown but
likely to be much lower due to the aforementioned limitations. Overall, the studies
demonstrate that precursor lesions or invasive cancers can be demonstrated in a
variable but significant proportion of at-risk individuals but no study has shown
better outcomes for patients (Schneider et al. 2011b; Canto et al. 2012). The
variable yield (1–50 %) is partly dependent on the definition of the target lesions,
which range from early cancer and high-grade dysplastic precursor lesions to IPMN
with low–intermediate dysplasia to PanIN with any grade of dysplasia. The
prevalence of detectable neoplasia is also dependent on the risk in the population
being studied, the modalities used, the duration of follow-up and the number that
undergo definitive pathological assessment, i.e. surgical resection.

Therapeutic intervention if undertaken for precursor lesions in current clinical
practice constitutes a pancreatic resection. Pancreatectomy for a precursor lesion
with a low probability of progression is associated with significant morbidity and
unlikely to change the outcome for the patient. Typically, the long-term survivors,
after pancreatectomy for PC, are those with early-stage tumours (<2 cm and con-
fined to the pancreas) and lymph node-negative cancers (Agarwal et al. 2008).
However, even in this small group a high rate of nodal metastases and poor
prognosis has been described (Franko et al. 2013). Currently, early-stage cancers
along with the high-grade precursor lesions (IPMN, MCN and PanIN 3 and CIS),
represent the best opportunity to reduce mortality from PC as they are likely to
progress and are potentially curable. Improving our understanding of the inherited
predisposition to PC will lead to more precise risk assessment and potentially better
selection of candidates who will benefit from screening. Screening brings with it the
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risk of overtreatment and additional controlled trials are needed to determine the
risks, benefits and optimal approaches to PC screening. Most would agree that a
solid mass or cyst meeting current clinical guidelines should be resected, but
patients frequently have widespread abnormalities on EUS complicating this
decision.

7 Ongoing Research and Future Developments

Our traditional approach to understanding cancer predisposition emerged because
of limitations in our ability to sequence individual genes, let alone exomes or
genomes. The pragmatic reality of only testing those with a high risk of developing
a malignancy based on clinical history of malignancy has generated an acquisition
bias to our understanding of cancer predisposition today. This approach has been
successful and allowed definition of several highly penetrant cancer predisposition
genes and corresponding syndromes associated with PC, but most are predomi-
nantly characterised by malignancy in other organs. In some cases, e.g. BRCA
mutations, this has led to significant improvements in clinical management. This
“forward genetics” approach has served us well for many years, yet has instilled a
dogma that may limit progress in the emerging “reverse genetics” era. Now that the
challenges have completely shifted from the technological limitations of DNA
sequencing, to the far greater challenge of understanding the biological basis of
cancer predisposition and defining clinical validity and clinical utility, and then
delivering an appropriate and viable benefit to the community.

Several challenges and knowledge gaps materialised by the broader availability
and lower threshold for genomic sequencing. These include the following: (1) our
current knowledge allows us to accurately predict the relative risk of developing a
cancer in the setting of a family history. What we do not know is the risk of carriers
without a family history. The interpretation of deleterious variants and estimation of
risk in the absence of a related phenotype or family history is currently unknown,
and there is little evidence to guide counselling and clinical decision making. Even
in the presence of a potentially related phenotype, it may be difficult to assign
causality to a deleterious variant and additional evidence may be required
(MacArthur et al. 2014). (2) Current disease models propose a complex genetic
predisposition pattern for most PC, which results from the convergence of several
inherited and acquired (genetic and non-genetic) risk factors which interact and
increment leading to progression from precursor lesion to invasive cancer (Whit-
comb et al. 2015). Another challenge will be unravelling the contribution of mul-
tiple loci, including combinations of different genes, coexistent variants within
genes and gene-environment interactions (Walsh et al. 2011; Couch et al. 2014).
(3) Approximately 80 % of the heritability of PC remains unexplained, this has
been termed the “missing heritability” which may lie in common but low-penetrant
variants identified in genome-wide association studies, structural variants and
epigenetics (Manolio et al. 2009). (4) Currently, we only utilise limited endpoints to
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assess for cancer predisposition: increased incidence and young age of onset. Some
inherited deleterious variants may not substantially lower the age of onset, or
dramatically increase the incidence of a particular cancer, but may lead to a poor
prognosis cancer since the initiating mutation is still environmentally determined,
but “progressor” mutations may already be present. To circumvent these hurdles,
we need to identify other ways to gather the evidence required to impact on clinical
management (MacArthur et al. 2014). We also need to define the role of other
measures such as functional readouts, or surrogate measures of the consequences of
specific genomic variants, an example is using whole-genome sequences to identify
surrogates of genetic defects in tumours. Such examples include microsatellite
instability and mutational signatures associated with defects in DNA maintenance.
The latter is a specific signature of point mutations that are associated with defects
in BRCA1 and BRCA2 function (Alexandrov et al. 2013). Variants associated with
such surrogate measures can then focus experimental approaches to demonstrate the
functional significance of these variants.

To circumvent these hurdles along with the substantial diversity of the human
genome and the complexity of cancer genomes, infer that our traditional approach
to identifying predisposition genes and quantifying relative risk will require even
larger numbers. As we accumulate more cancer genomes through large-scale
international efforts such as the International Cancer Genome Consortium (ICGC)
(Hudson et al. 2010) and The Cancer Genome Atlas (TCGA), the germline
sequences that accompany these genomes will provide insights into the prevalence
of known predisposition loci in the germ line and perhaps point to novel candidates
(Stadler et al. 2014). In addition, familial tumour registries such as the National
Familial Pancreas Tumour Registry (NFPTR) (Klein 2013b) with detailed data and
biospecimen acquisition provide an important resource for identification of candi-
date risk genes, clustering of related tumour types, the estimation of risk and the
assessment of early detection strategies. Follow-up and biospecimen acquisition
(germ line DNA, and where appropriate, tumour DNA) of patients and their fam-
ilies for index cases with variants of unknown significance may also bear fruit in the
longer term. The concept of healthy controls of advanced age may be helpful and
requires assessment; however, it is likely that only large-scale “knowledge bank”
approaches that track generations over time with well-documented clinical histories
will begin to unravel this complexity.

8 Summary and Key Points

– A total of 5–10 % of PCs have a heritable component based on family history.
– The majority (80 %) of the heritability is currently unexplained by known

predisposition genes.
– Hereditary PC can occur in the setting of well-established inherited tumour

predisposition syndromes, but the majority do not fulfil these criteria.
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– Clinical genetic testing in probands fulfiling clinical criteria for genes with
current direct clinical utility.

– Screening can be considered if >5 % lifetime risk in a ethically approved
peer-reviewed research study.

– Improved genomic sequencing technology has led to greater throughput (cancer
gene panels or exome/genome sequencing) with increased availability and
lowering of testing thresholds. This posits several challenges and highlights
knowledge gaps and advocated for new approaches to cancer predisposition
assessment and incorporation into clinical care.
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Diagnosis and Management
of Hereditary Renal Cell Cancer

Fred H. Menko and Eamonn R. Maher

Abstract
Renal cell cancer (RCC) is the common denominator for a heterogeneous group
of diseases. The subclassification of these tumours is based on histological type
and molecular pathogenesis. Insight into molecular pathogenesis has led to the
development of targeted systemic therapies. Genetic susceptibility is the principal
cause of RCC in about 2–4 % of cases. Hereditary RCC is the umbrella term for
about a dozen different conditions, the most frequent of which is von Hippel–
Lindau disease. Here, we describe the main hereditary RCC syndromes, consider
criteria for referral of RCC patients for clinical genetic assessment and discuss
management options for patients with hereditary RCC and their at-risk relatives.
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1 Introduction

The kidneys are composed of a parenchyma and collecting system. In this chapter,
malignancies in adults that originate in the renal parenchyma are described. These
are adenocarcinomas, referred to as renal cell carcinomas (RCCs). The incidence of
renal cell cancer is variable across the world and even across Europe. A typical age
distribution is given in Fig. 1. Mean renal cell cancer risk until the age of 80 years is
about 1.2 for men and 0.7 for women.

Important risk factors for RCC are smoking, obesity and hypertension (Chow
et al. 2010). RCC risk is increased for first-degree relatives of patients, and this
reflects genetic predisposition factors (Clague et al. 2009). RCC is in fact the
common denominator for a heterogeneous group of conditions, and aetiology dif-
fers for the various subgroups. RCC may be subclassified according to histology

Fig. 1 Age distribution of renal cell cancer, The Netherlands, 2013 (Netherlands Cancer Registry)
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and molecular pathogenesis (Srigley et al. 2013; Shuch et al. 2015), and the current
classification is a refinement of the WHO classification established in 2004 (Eble
et al. 2004).

In Fig. 2, the main histological subtypes of RCC and their frequencies are
depicted (in which oncocytoma is a benign tumour). Clear cell renal cell cancer
(ccRCC) is the most common subtype.

In the past, almost all RCCs were diagnosed after clinical symptoms had
developed. At present, however, many renal tumours are found coincidentally on
abdominal imaging. About 80 % of small (≤4 cm) solid tumours found coinci-
dentally are malignant and about 20 % are benign (Frank et al. 2003; Gill et al.
2010). The hereditary RCC syndromes were originally defined on the basis of
clinical characteristics. From about 1990 onward, the development of DNA tech-
nology allowed the identification of the underlying genetic basis. Characteristics of
hereditary RCC include early age at onset (Shuch et al. 2014; Fig. 3), bilateral and
multifocal disease (Fig. 4), a typical histological pattern for each syndrome and
other manifestations of the syndrome involved.

A classical study on hereditary RCC (Cohen et al.) in 1979 identified a chro-
mosomal translocation involving chromosomes 3 and 8 in a kindred in which 10
patients in successive generations had renal cell cancer. Many years later, studies of
families with von Hippel–Lindau (VHL) disease led to the identification of the VHL
gene on the short arm of chromosome 3 (Latif et al. 1993). Subsequently, it was
shown that somatic mutations in the VHL gene were involved in most sporadic clear
cell RCCs. The VHL story has been outlined in detail by Richard et al. (2013) and
Gossage et al. (2015). It illustrates how the study of rare hereditary tumour syn-
dromes is important, not only for the families involved, but also for the clarification
of signalling pathways in sporadic cancer.

Fig. 2 The main histological subtypes of renal cell cancer and their frequencies (Linehan et al.
2003)
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2 Risk Assessment and Differential Diagnosis

About 2–4 % of RCC is due to high-penetrance germline mutations. The inheri-
tance patterns of these syndromes are autosomal dominant with high penetrance, i.e.
inherited from parent to child with a 50 % risk for children of affected individuals to
inherit the causative gene defect and a high risk of clinical manifestations in
mutation carriers. De novo germline mutations may also occur in which patients
have unaffected parents. The main hereditary renal cell cancer syndromes are
summarised in Table 1 (Maher 2011; Bausch et al. 2013).

Fig. 3 Age distribution of RCC in hereditary syndromes (left) in comparison with the age
distribution in the general population (right) (Shuch et al. 2014)

Fig. 4 Left A unilateral and unifocal sporadic renal cell cancer. Right Bilateral and multifocal
hereditary renal cell cancers (Linehan et al. 2003)
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2.1 von Hippel–Lindau Disease

In 1904, the ophthalmologist von Hippel examined a patient named Otto Mayer
who had retinal haemangioblastoma (von Hippel 1904). Lindau, in 1926, noted that
retinal haemangioblastomas occurred in combination with cerebellar haeman-
gioblastomas (Lindau 1926). VHL disease is now defined as an autosomal domi-
nant predisposition for haemangioblastomas of the retina and cerebellum, renal cell
cancer, phaeochromocytoma, non-functioning pancreatic islet cell tumours and
endolymphatic sac tumours. Renal, pancreatic and epididymal cysts also occur and
can be useful clinical indicators to the diagnosis (e.g. in a patient with cerebellar
haemangioblastoma) (Maher et al. 1990; Lonser et al. 2003; Maher et al. 2011). The
full spectrum of clinical features in VHL is depicted in Fig. 5.

Table 1 Hereditary renal cell cancer syndromes: an overviewa

Syndrome Inheritance Gene RCC risk Histological subtype of
renal tumour

von Hippel–Lindau
disease

AD VHL 70 % Clear cell RCC

Birt–Hogg–Dubé
syndrome

AD FLCN 15 % Chromophobe RCC,
chromophobe RCC and
oncocytoma,
clear cell RCC

Hereditary
leiomyomatosis and
renal cell cancer

AD FH 15 % Aggressive form of
papillary type 2 RCC

Hereditary papillary
renal cell carcinoma

AD MET Increased Papillary type 1 RCC

Paraganglioma-related
disorders

AD SDHB
SDHDb

SDHC
TMEM127

15 % Various types of RCC

Chromosome 3
translocations

Chromosomal Chromosome
3

Increased
(up to
70 %)

Clear cell RCC

PTEN hamartoma
tumour syndrome

AD PTEN 5–35 % Mostly papillary RCC

Tuberous sclerosis
complex

AD TSC1/TSC2 2–4 % Angiomyolipoma,
clear cell RCC

Hereditary BAP1
tumour syndrome

AD BAP1 Increased Clear cell RCC

aBased on Maher (2011) and Bausch et al. (2013)
bInheritance is characterised by maternal imprinting: the syndrome will only become clinically
manifest when the mutation is inherited from the father
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Renal cell cancer is a major complication of VHL with a risk of about 70 % by
the age of 60 years and is characterised by early age at onset, bilateral occurrence,
cystic appearance and clear cell histology.

2.2 Birt–Hogg–Dubé (BHD) Syndrome

In 1977, Birt, dermatologist, together with his colleagues Hogg, pathologist, and
Dubé, internist, described a large family with characteristic benign skin pathology,
now classified as fibrofolliculomas (Birt et al. 1977). In later years, lung cysts,
spontaneous pneumothorax and RCC were recognised as core features of BHD, and
in 2002, causative germline defects in the folliculin (FLCN) gene on chromosome
17p11.2 were identified (Nickerson et al. 2002; Schmidt 2013). Clinical expression
is variable, and the lesions may remain unnoticed at medical examination (Leter
et al. 2008; Menko et al. 2009) (Fig. 6).

Fig. 5 Organs involved in
von Hippel–Lindau disease
(Lonser et al. 2003)
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In 2009, the European BHD Consortium proposed clinical diagnostic criteria in
which multiple fibrofolliculomas or a combination of characteristic pulmonary and
renal features was considered to be diagnostic (Menko et al. 2009). In BHD, renal
cancer risk is about 15 % (5–25 %) (Houweling et al. 2011). Based on four studies
with a total number of 84 patients, most symptomatic RCCs are diagnosed between
35 and 55 years (range 20–83 years) (Pavlovich et al. 2002; Maffé et al. 2011;
Houweling et al. 2011; Benusiglio et al. 2014). Many investigators found a typical
RCC histology in BHD, consisting of a mixed type combining chromophobe with
oncocytic elements, but other subtypes including ccRCC do occur.

Any association between BHD and cancers other than RCC is controversial. In
some families, BHD may be associated with an increased colorectal cancer risk
(Nahorski et al. 2010). Facial angiofibromas may resemble fibrofolliculomas, and
therefore, tuberous sclerosis complex which also features lung and renal pathology
should be considered in the differential diagnosis of BHD.

2.3 Hereditary Leiomyomatosis and Renal Cell Cancer

Hereditary leiomyomatosis and renal cell cancer [sometimes called Reed’s syn-
drome, Reed et al. (1973)] is characterised by multiple cutaneous leiomyomas
(histologically confirmed in at least one lesion), severe symptoms due to early-onset
multiple uterine leiomyomas and early-onset type 2 papillary renal cell cancer
(Alam et al. 2005; Smit et al. 2011; Gardie et al. 2011; Lehtonen 2011; Schmidt and
Linehan 2014). The skin leiomyomas are illustrated in Fig. 7.

Recently, phaeochromocytoma/paraganglioma was identified as part of the
HLRCC phenotype (Castro-Vega et al. 2014; Clark et al. 2014), and almost 8 % of
patients with HLRCC show nodular adrenal hyperplasia (Shuch et al. 2013a).
Among 103 published cases with HLRCC-associated renal cell cancer, mean age at
diagnosis was 41 years with a wide range of 10–91 years. In 7 % of cases, RCC was
diagnosed before the age of 20 years (Menko et al. 2014). In HLRCC type 2

Fig. 6 Clinical appearance of
inconspicuous
fibrofolliculomas in a patient
with BHD who also had
spontaneous pneumothorax
and renal cell cancer (Menko
et al. 2013)
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papillary renal cancer shows typical cytological features and an aggressive bio-
logical behaviour. It is presently classified as a separate entity, “HLRCC-associated
renal cell cancer” (Srigley et al. 2013).

HLRCC is due to germline mutations in the FH (fumarate hydratase) gene on
chromosome 1q which encodes one of the enzymes of the mitochondrial tricar-
boxylic acid (TCA) or Krebs cycle (Tomlinson et al. 2002). The accumulation of
succinated proteins in tissues due to increased fumarate can be demonstrated by
an immunohistochemical assay and this can be applied for diagnostic purposes
(Bardella et al. 2011).

2.4 Hereditary Papillary Renal Cell Carcinoma

In 1994, Zbar et al. described a family with autosomal dominant predisposition for
papillary renal cell cancer, and subsequently, nine additional families with HPRCC
were identified (Zbar et al. 1995). The underlying gene defect was localised on
chromosome 7q, and activating germline mutations in the MET (mesenchymal–
epithelial transition factor) proto-oncogene were identified (Schmidt et al. 1997).
Papillary renal cell cancer is subdivided into two main histological subtypes, types
1 and 2, based on the description by Delahunt and Eble (1997). In HPRCC, the
papillary renal cancer is usually of the type 1 subtype.

At present, several dozen HPRCC families associated withMETmutations have been
reported (Olivero et al. 1999; Schmidt et al. 2004; Salvi et al. 2008; Wadt et al. 2012).

Fig. 7 HLRCC: the clinical and histological appearance of cutaneous leiomyomas (Menko et al.
2014)
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2.5 Paraganglioma-Related Disorders

A number of disorders are characterised by the development of RCC and para-
ganglioma. In addition to VHL disease and HLRCC (see above) they include
conditions with mutations in genes encoding subunits of succinate dehydrogenase
(an enzyme that is upstream of fumarate hydratase in the Krebs/TCA cycle). Thus,
SDHB mutation carriers are at increased risk for renal cell cancer (Ricketts et al.
2008), and RCC has also been described in carriers of SDHC and SDHD mutations
(Ricketts et al. 2008, 2010, 2012; Evenepoel et al. 2015). Oncocytoma may also be
associated with SDHB (Henderson et al. 2009). In the current classification of RCC,
SDHB-associated RCC is classified as a separate entity (Srigley et al. 2013; Gill
et al. 2014). Immunohistochemistry for SDHB expression is a sensitive investi-
gation for identifying tumours likely to be associated with a germline SDH mutation
(Van Nederveen et al. 2009; Gill et al. 2011; Papathomas et al. 2014). Recently,
TMEM127 mutations have been added to the list of causative gene defects
(Qin et al. 2014).

2.6 Chromosome 3 Translocations

Since the report by Cohen et al. in 1979, a series of reports have confirmed the
association between translocations involving chromosome 3 and renal cell cancer
(Valle et al. 2005; McKay et al. 2011). Age at diagnosis varied widely, and tumours
were often multifocal and bilateral. An association with thyroid cancer has been
suggested by Li et al. (1993). However, in the absence of a family history of RCC
or evidence of disruption of a specific tumour suppressor gene, chromosome 3
translocation carriers are not at high risk of developing RCC and do not need renal
surveillance (Woodward et al. 2010).

Familial RCC has also been described in a family with a chromosomal
translocation not involving chromosome 3, i.e. a chromosome 5;19 translocation
(Wake et al. 2013).

2.7 PTEN Hamartoma Tumour Syndrome

In 1963, Lloyd and Dennis described a patient named Rachel Cowden, with a
remarkable complex of clinical features, including mucocutaneous lesions, breast
pathology and a multinodular goitre, and they named the condition Cowden’s
disease. After identification, in 1996, of underlying mutations in the PTEN gene
localised on chromosome 10q23, it became clear that PTEN mutations could also be
found in associated conditions presenting in childhood: Bannayan–Riley–Ruval-
caba syndrome (BRRS), Proteus-like syndrome and macrocephaly with autism
and/or learning disability. In addition, these different syndromes could be present in
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one and the same family in which a germline PTEN mutation had been identified
(Lachlan et al. 2007).

Therefore, these syndromes are now grouped together as PTEN hamartoma
tumour syndrome (PHTS) (Mester and Eng 2015). PHTS is characterised by
mucocutaneous features, macrocephaly and an increased risk for various malig-
nancies including breast, non-medullary thyroid, endometrial, colorectal and renal
cell cancers.

The reported renal cell cancer risk in PHTS has varied between <10 and >30 %,
and this variation is probably due to differences in the ascertainment of families
(Tan et al. 2012; Daniels et al. 2012; Bubien et al. 2013; Nieuwenhuis et al. 2014).
Various histological RCC subtypes, mostly papillary, but also clear cell and
chromophobe tumours, have been observed (Mester et al. 2012; Shuch et al.
2013b).

2.8 Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is a multisystem autosomal dominant syndrome,
caused by germline mutations in the TSC1 or TSC2 gene. From childhood onward,
clinical symptoms may involve the skin, eyes, brain, heart, lungs and kidneys.
Characteristic lesions are facial angiofibromas, retinal hamartomas, hypomelanotic
macules, cerebral tubers, cardiac rhabdomyomas in childhood and lymphangi-
oleiomyomatosis (LAM) of the lungs. The main renal features include angiomy-
olipomas, renal cysts, polycystic renal disease and, infrequently, renal cell cancer.
The RCC risk is about 2–4 % with a mean age at diagnosis of around 30 years.
A variation of histological subtypes has been reported including mixed chromo-
phobe oncocytic lesions. Less often other tumour types may occur (Crino et al.
2006; Curatolo et al. 2008; Yang et al. 2014).

For revised diagnostic criteria, surveillance and management options, the reader
is referred to Northrup and Krueger (2013) and Krueger and Northrup (2013).

2.9 Hereditary BAP1 Tumour Syndrome

Germline BAP1 (BRCA1-associated protein 1) mutations lead to uveal melanoma,
skin melanoma, atypical melanocytic tumours and mesothelioma. Recently, BAP1
has been added to the list of renal cell cancer predisposition genes (Popova et al.
2013), and a family with a BAP1 mutation and renal cell cancer as the only clinical
manifestation has been described (Farley et al. 2013).

94 F.H. Menko and E.R. Maher



2.10 Other Hereditary Syndromes

Hyperparathyroidism jaw tumour syndrome (HPT-JT) is a rare autosomal dominant
predisposition for hyperparathyroidism, due to germline mutations in the HRPT2
(CDC73) gene (Jackson et al. 1990; Carpten et al. 2002). Various renal abnor-
malities have been reported in HPT-JT including renal cysts and hamartomas and a
single case of papillary renal cell carcinoma. In addition, Wilms’ tumour has been
observed in HPT-JT (Teh et al. 1996; Haven et al. 2000; Bricaire et al. 2013).
Germline mutations in CDKN2B have been associated with renal cell cancer in
several families (Jafri et al. 2015). Finally, a hereditary predisposition for thyroid
cancer and papillary renal cell cancer has been proposed (Malchoff et al. 2000).

2.11 Familial Non-syndromic RCC (FRCC)

FRCC refers to those patients and families with clinical characteristics of hereditary
RCC (early age at diagnosis, bilateral disease, a positive family history) but without
a known underlying syndrome. Tollefson et al. (2010) defined FRCC as the
occurrence of RCC in a proband and a first- or second-degree family member,
whereas Woodward et al. (2008) described clear cell FRCC as the occurrence of
RCC in at least two close relatives with a confirmed history of clear cell RCC in at
least one of these patients. The inheritance pattern of FRCC has not been estab-
lished. Whereas autosomal recessive inheritance has been proposed (Hemminki and
Li 2004), most kindreds show an autosomal dominant pattern (Woodward et al.
2008). FRCC is a diagnosis made by exclusion of a known hereditary syndrome,
and most probably, FRCC represents a heterogeneous group of conditions. Notably,
germline mutations in FLCN (the Birt–Hogg–Dubé syndrome gene), SDHB and
CDKN2B have each been reported in patients with features of non-syndromic
inherited RCC susceptibility such as familial, multicentric or early-onset RCC
(Ricketts et al. 2008; Woodward et al. 2008; Jafri et al. 2015).

3 Genetic Testing

Until recently, genetic testing was based on a specific clinical diagnosis. For
example, in a patient with a clinical diagnosis of VHL, the identification of a
pathogenic VHL germline mutation would confirm the clinical diagnosis and would
allow presymptomatic testing of at-risk relatives. However, a problem in diagnostic
genetic testing is the variability of clinical phenotypes, and therefore, the possibility
of a syndrome diagnosis in patients with RCC may be overlooked if some clinical
features are absent. Features suggestive of a hereditary renal cell cancer syndrome
and suggested referral criteria for formal genetic evaluation are summarised in
Table 2 (based on Reaume et al. 2013).
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Recently, next-generation sequencing has been introduced in which panels of
genes can be analysed in parallel. An example is RenalNext® developed by Ambry
Genetics, in which the following 18 genes have been incorporated: VHL, FLCN,
FH, MET, SDHA, SDHB, SDHC, SDHD, PTEN, TSC1, TSC2, MLH1, MSH2,
EPCAM, MSH6, PMS2, TP53 and MITF.

The possible advantages of these panels are obvious. However, these panels also
have several disadvantages. First, different panels have been developed, and in
some of these panels, genes have been incorporated which have a questionable
association with renal cell cancer, for example, the DNA mismatch repair
(MMR) genes, associated with Lynch syndrome. Germline mutations in MMR
genes may lead to cancer of the pelvis and ureter, but any association with renal cell
cancer is questionable.

Second, some of the tested genes may be involved in renal cell cancer but only
as medium- or low-penetrance genes, for example MITF. Identification of this type
of mutation may not fully explain the clinical phenotype. Third, DNA testing of a
series of genes will often lead to the identification of variants of unknown clinical
significance. Finally, the penetrance of the gene defects found by screening patients
without classical features may not necessarily be the same as the penetrance of
mutations found in the “classical” patients and families.

We would suggest to incorporate the following genes in a diagnostic panel for
renal cell cancer with features suggesting hereditary disease (early-onset and/or
bilateral/multifocal disease and/or non-clear cell histology and/or familial occur-
rence) and without evident syndromic features: VHL, FLCN, FH, MET, SDHB,
SDHC, SDHD and karyotyping. Further testing for BAP1 and TMEM127 mutations
might be considered in selected cases, but the more limited experience with these
genes means that variant interpretation may be more difficult. The introduction of

Table 2 Characteristics of hereditary renal cell cancer syndromes and criteria for referral for
formal genetic evaluation (based on Reaume et al. 2013)

Patient characteristics
Renal cell cancer
characteristics

Age at diagnosis ≤45 years
Bilateral and/or multifocal RCC
Non-clear cell histology

Additional syndromic
characteristics

Skin abnormalities: fibrofolliculomas, leiomyomas, angiofibromas
Pneumothorax
Phaeochromocytoma/paraganglioma

Family characteristics
Renal cell cancer Any form of RCC in a first- or second-degree relative, especially

with age at diagnosis ≤45 years, bilateral and/or multifocal
tumours, non-clear cell histology

Additional
characteristics

Syndromic features: skin abnormalities: fibrofolliculomas,
leiomyomas, angiofibromas
Pneumothorax
Phaeochromocytoma/paraganglioma
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next-generation sequencing should be the subject of monitoring and evaluation
(Domchek et al. 2013).

4 Management

Secondary prevention, i.e. early diagnosis and treatment, is a main goal of
diagnosing a hereditary RCC tumour syndrome. For some disorders, such as VHL,
renal screening is well established (in addition to screening for other manifestations
(see Maher et al. 2011) and annual magnetic resonance imaging (MRI) scanning
(MRI is more sensitive than renal ultrasonography and avoids the radiation asso-
ciated with computerised tomography (CT) scanning) is performed from age
16 years. Small renal tumours are followed by MRI scans until they reach a
diameter of 3 cm and then removed by a nephron-sparing approach. For BHD
syndrome, a similar approach can be adopted (though from age 20 years).
For HLRCC, a consensus statement suggested that annual MRI scans should be
considered from age of 8–10 years (though the risk of RCC before 20 years is very
low), and because of the aggressive nature of the tumours in this condition, small
tumours are removed without delay (i.e. the “3-cm rule” used in VHL disease, and
BHD syndrome is not applied). Also, though enucleation of tumours may be
suitable for small RCC in VHL disease, BHD syndrome and HPRCC wide excision
has been recommended for tumours due to HLRCC and SDH mutations (Barrisford
et al. 2011; Stamatakis et al. 2013; Metwalli and Linehan 2014). Comprehensive
screening protocols have been described for patients with Cowden’s
syndrome/germline PTEN mutations and suggest that renal imaging should be
performed every 2 years from age 40 years (Ngeow and Eng 2015). There are
standard surveillance schemes for SDH subunit mutation carriers, and renal
surveillance can be incorporated into the abdominal imaging protocol employed for
detecting phaeochromocytoma/paraganglioma. For SDH subunit mutation carriers
and other rare forms of inherited RCC, there is a pressing need for outcome data
from surveillance programmes in order to best inform the most appropriate
surveillance strategy. For familial non-syndromic RCC without a detectable
germline RCC gene mutation, a practical approach might be to offer annual renal
ultrasound scans from age 35 years (or 10 years before the earliest age at onset of
RCC in the family if there is early-onset RCC).

5 Summary

Hereditary RCC syndromes are clinically indicated by patient and family charac-
teristics, notably young age at diagnosis (≤45 years of age), bilateral or multifocal
disease, typical histology, a positive family history for RCC and, in addition,
manifestations of specific syndromes.
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For DNA-based diagnosis, next-generation sequencing has recently been intro-
duced into clinical practice. Since hereditary renal cell cancer is the umbrella term
for about a dozen different syndromes, the simultaneous analysis of a panel of genes
has obvious advantages. However, introduction of these techniques also has
potential disadvantages and therefore should be subjected to monitoring and
evaluation.

Insight into the molecular pathogenesis of renal cell cancer was based on the
meticulous study of rare hereditary tumour syndromes. The clarification of sig-
nalling pathways has led to targeted therapies for systemic treatment of sporadic
RCC. For hereditary tumour syndromes, specific recommendations for local and
systemic treatments apply.

6 Ongoing Research and Future Directions

Treatment of metastatic renal cell cancer is a fascinating subject, since new insights
in molecular pathogenesis have allowed the development of targeted therapies.
Most studies have been performed in sporadic ccRCC, and most targeted therapies
have been developed for the treatment of ccRCCs.

Main players in this field are the von Hippel–Lindau tumour suppressor/hy-
poxia-inducible factor (HIF) pathway, in which HIF stimulates VEGF vascular
endothelial growth factor, PDGF platelet-derived growth factor and EGF epidermal
growth factor, and the mTOR pathway. Targeted therapies aimed at these signalling
pathways include bevacizumab, pazopanib, axitinib, sunitinib, sorafenib, tem-
sirolimus and everolimus (Linehan et al. 2010a, b; Hu et al. 2012; Ljungberg et al.
2013). The VHL/HIF signalling pathway in ccRCC and targeted therapies based on
molecular pathogenesis are shown in Fig. 8.

Fewer studies have been performed in non-clear cell RCC. Insight into the HGF
(hepatocyte growth factor)/MET pathway has led to targeted therapy of papillary
renal cell cancer, for example, with foretinib, aimed at MET and VEGF (Albiges
et al. 2014; Fay et al. 2014).

In cancer cells, glucose is preferably metabolised into lactate despite the pres-
ence of oxygen. This aerobic glycolysis in cancer cells is referred to as the
“Warburg effect” (Otto Warburg 1883–1970). Recently, investigators have con-
centrated on the metabolic derangements in renal cell cancers, and forms of therapy
have been developed which are based on the abnormal cellular metabolic processes,
in particular glycolysis and the mitochondrial tricarboxylic acid or Krebs cycle
(Linehan et al. 2010a, b; Linehan 2012).

Targeted therapies for the hereditary tumour syndromes have also been devel-
oped. For example, sunitinib has been investigated for the treatment of RCC and
other syndromic lesions in VHL (Jonasch et al. 2011; Roma et al. 2015).

In hereditary leiomyomatosis and RCC due to germline FH (fumarate hydratase)
mutations, the accumulation of fumarate may lead to the activation of HIF,
increased angiogenesis and increased glycolysis (Bratslavsky et al. 2007; Sudarshan
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et al. 2013). The folliculin defect in Birt–Hogg–Dubé syndrome has been associated
with the disruption of multiple signalling pathways including the mTOR pathway,
suggesting that mTOR inhibitors might be appropriate for the treatment of the rare
cases of BHD syndrome with disseminated RCC (though topical rapamycin did not
improve facial fibrofolliculomas). The TSC1 or TSC2 gene encodes hamartin and
tuberin, respectively, and together these proteins also play a central role in the
mTOR pathway. Rapamycin and analogues which inhibit mTOR are of proven
benefit in reducing TSC-associated lesions including renal cell carcinoma (Pressey
et al. 2010).

The PTEN protein is part of the PTEN-PI3K-AKT-mTOR signalling pathway,
and in many sporadic tumours, PTEN is inactivated. Insight into the molecular
pathogenesis of PHTS has led to the development of targeted treatment in PHTS.

There is hope that as the molecular basis of the various causes of inherited RCC
is elucidated, precision therapies will be developed. Nevertheless, the optimal
strategy would be early detection of tumours by cost-effective targeted screening.
Due to the rarity of the syndromes described above, much emphasis should be put
on multicenter and international studies for the collection of clinical, pathological
and molecular data from carefully defined clinical cohorts.

Fig. 8 The VHL/HIF signalling pathway in ccRCC and targeted therapies based on molecular
pathogenesis.VEGF (vascular endothelial growth factor), PDGF (platelet-derived growth factor)
and EGF (epidermal growth factor) (Linehan et al. 2010b)
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Diagnosis and Management
of Hereditary Phaeochromocytoma
and Paraganglioma

Fiona Lalloo

Abstract
About 30 % of phaeochromocytomas or paragangliomas are genetic. Whilst
some individuals will have clinical features or a family history of inherited
cancer syndrome such as neurofibromatosis type 1 (NF1) or multiple endocrine
neoplasia 2 (MEN2), the majority will present as an isolated case. To date, 14
genes have been described in which pathogenic mutations have been demon-
strated to cause paraganglioma or phaeochromocytoma. Many cases with a
pathogenic mutation may be at risk of developing further tumours. Therefore,
identification of genetic cases is important in the long-term management of these
individuals, ensuring that they are entered into a surveillance programme.
Mutation testing also facilitates cascade testing within the family, allowing
identification of other at-risk individuals. Many algorithms have been described
to facilitate cost-effective genetic testing sequentially of these genes, with
phenotypically driven pathways. New genetic technologies including
next-generation sequencing and whole-exome sequencing will allow much
quicker, cheaper and extensive testing of individuals in whom a genetic
aetiology is suspected.
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1 Introduction

A paraganglioma (PG) is a rare neuroendocrine tumour that arises within para-
ganglia. These can be classified as adrenal or extra-adrenal. Within the adrenal
gland, they are referred to as phaeochromocytomas. The extra-adrenal type can be
subclassified into sympathetic and parasympathetic tumours. In general, the sym-
pathetic ganglia are found in the trunk and mediastinum along the prevertebral and
paravertebral chains. The parasympathetic paraganglia are usually located in the
head and neck, along the branches of the glossopharyngeal and vagus nerves.

Clinical symptoms of catecholamine excess are usually associated with the
lesions in the sympathetic chains, although some parasympathetic lesions can
produce catecholamines. The parasympathetic paraganglia are less likely to be
malignant than those on the sympathetic chain. Tumours in paraganglia should be
termed either functional or non-functional (Lack et al. 2003). There are over 20
different anatomical sites for paraganglia, but the most common head and neck
lesions are carotid body tumours and glomus jugulare tumours (see Fig. 1).

In the general population, the incidence of phaeochromocytomas and paragan-
gliomas is about 0.8 per 100,000 person-years. However, this is influenced by
altitude with a higher incidence of head and neck paragangliomas in communities
living at altitude. Historically, around 10 % of phaeochromocytomas/
paragangliomas have been considered to be genetic.
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In 2002, Neumann et al. studied 271 individuals with non-syndromic
phaeochromocytoma. Patients with clinical evidence of neurofibromatosis type 1
(NF1) or a family history of Von Hippel–Lindau syndrome (VHL) and MEN type 2
were excluded. Within this cohort, they demonstrated that 25 % individuals had a
genetic aetiology (pathogenic mutations in RET, VHL, SDHB or SDHD genes) with
a very clear inverse correlation of age at time of diagnosis and probability of
identifying a mutation.

Since 2002, a number of other genes have been implicated in hereditary
phaeochromocytoma and paraganglioma (see Table 1).

Fig. 1 Anatomical position of paraganglioma Source Lips et al. (2006)
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Table 1 Genes in which mutations cause paragangliomas or phaeochromocytomas

Gene Inheritance Phenotype Frequency

NF1 AD Café au lait spots, axillary freckling,
Lisch nodules, peripheral nervous
system neurofibromas

1 % patients with NF1
develop
phaeochromocytomas

1 % patients with
phaoechromocytomas

RET AD Multiple endocrine neoplasia type 2—
medullary thyroid carcinoma,
phaeochromocytomas and hyper
parathyroidism

50 % of patients develop
phaeochromocytomas

5 % patients with
phaeochromocytomas

VHL AD Cerebellar and spinal
haemangioblastomas, RETinal
angioma, phaeochromocytomas, renal
cell carcinoma

Penetrance varies with
mutation, up to about 20 %
individuals with VHL

5–10 % patients with
paragangliomas or
phaeochromocytomas

SDHB AD Phaeochromocytomas and
paragangliomas. High rate of
malignancy. Have been associated
with renal tumours

Penetrance about 50 %

10–15 % patients with
paragangliomas or
phaeochromocytomas

SDHD AD parent
of origin
effect

Phaeochromocytomas and
paragangliomas. Higher rate of head
and neck lesions. Usually
non-malignant, frequently multiple.
Only develop tumours if inherit from
father

Penetrance up to 75 %

5–10 % patients with
phaeochromocytomas
paragangliomas

SDHC AD Phaeochromocytomas and
paragangliomas. Mainly head and
neck lesions

Rare

SDHA AD Phaeochromocytomas and
paragangliomas. All locations describe

Penetrance difficult to assess

Accounts for less than 1 %
inherited paraganglioma

SDHAF2 AD parent
of origin
effect

Head and neck paragangliomas Penetrance unclear

Rare

MAX AD parent
of origin
effect

Phaeochromocytomas and
paragangliomas. Malignant cases have
been described. Only develop tumours
if inherit from father

Penetrance unknown

<1 % patients with
phaeochromocytomas

TMEM127 AD Phaeochromocytomas often bilateral
and multicentric. Malignancy rare.
Paragangliomas have been described

Penetrance unclear

1–2 % patients with
phaeochromocytomas

FH AD Usually associated with
leiomyomatosis and renal carcinoma.
Recent association with
phaeochromocytomas described

Penetrance is unknown

Very rarely found

(continued)
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2 Genes involved with hereditary paragangliomas
and phaeochromoctyomas

2.1 NF1 (17q11)

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder characterised by
café au lait spots, Lisch nodules, axillary freckling, short stature, varying degree of
learning disability and peripheral neurofibromatosis (McGaughran et al. 1999). The
diagnosis is usually made by clinical examination, although mutation testing is now
used routinely for clinical suspicion of mosaicism or to guide reproductive decision
making (Rauen et al. 2015). Phaeochromocytomas are a recognised association of
NF1 occurring in about 1 % of patients (Riccardi 1981). They usually occur in the
4th decade, around the same time as in the general population and are usually
benign, although younger-onset and malignant diseases have been described
(Bausch et al. 2006; Giovannoni et al. 2014) NF1 mutations account for 1 % of
patients with phaeochromocytomas.

2.2 VHL (3p25)

Von Hippel–Lindau (VHL) disease is an autosomal dominant condition predis-
posing to cerebellar and spinal haemangioblastomas, retinal angiomas, clear cell
renal carcinoma, non-secretory pancreatic neuroendocrine tumours and
phaeochromocytomas. The risk of phaeochromocytoma depends on the type of
mutation with a higher risk of phaeochromocytoma associated with missense
mutations (Ong et al. 2007; Hes et al. 2000). Up to 50 % of phaeochromocytoma
may be bilateral or multiple with an average age of diagnosis of 30 years. Head and
neck paraganglioma have been described in VHL (Hes et al. 2003; Maher et al.
1996; Gaal et al. 2009; Boedeker et al. 2009). VHL mutations are found in 5–10 %
of patients with phaeochromocytoma or paragangliomas.

Table 1 (continued)

Gene Inheritance Phenotype Frequency

KIF1Bβ Ad Phenotype unclear Penetrance unknown

Very rare

ELGN1 AD Paragangliomas and erythrocytosis Insufficient data available

EPAS1 AD Congenital polycythaemia and
paragangliomas

Insufficient data available

MDH2 AD Phaeochromocytomas Single family described
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2.3 RET (10q11)

Mutations in RET cause multiple endocrine neoplasia (MEN) type 2. MEN2 is rare,
occurring in about 1 in 200,000 live births. MEN2a accounts for around 70–80 % of
cases of MEN2, with MEN2b for about 5 %. Familial medullary thyroid cancer is
also caused by mutations in RET, but does not cause phaeochromocytoma and will
not be discussed further here (Moline and Eng 2011). Medullary thyroid carcinoma
(MTC) is the main feature of MEN2a with the majority of patients having bio-
chemical evidence of the disease by 35 years (Ponder et al. 1988). Prophylactic
thyroidectomy is advocated in all patients with MEN2a. Whilst MTC is the usual
presenting complaint in MEN2a, in around 13–27 % of patients, the phaeochro-
mocytoma will be the presenting complaint (Rodriguez et al. 2008; Frank-Raue
et al. 2011). Phaeochromocytoma occurs in about 50 % of patients with MEN2a.
Hyperparathyroidism is also a feature of MEN2a, usually caused by a parathyroid
adenoma or hyperplasia, and usually occurs after MTC.

MEN2b occurs in about 5 % of cases with MEN2 and is characterised with a
very aggressive form of MTC. The untreated natural history of the disease results in
death from MTC with an average age of 21 years. As a result, prophylactic thy-
roidectomy is recommended before the age of 1 year (Shepet et al. 2013). Indi-
viduals with MEN2b frequently have a Marfanoid habitus, often with
kyphoscoliosis or lordosis. Patients also have mucosal neuromas on the tongue,
palate or pharynx. They also have a typical facial appearance with thickened
“blubbery lips” appearing over time.

Phaeochromocytoma occurs in 50 % of individuals with MEN2b and is fre-
quently bilateral. The risk of malignant phaeochromocytoma is greater in MEN2b
than in MEN2a (Pacak et al. 2009).

MEN2 is caused by mutations in the RET proto-oncogene. This codes for a
transmembrane receptor tyrosine kinase. The protein has 3 functional domains
including an extracellular ligand binding domain, a transmembrane domain and a
cytoplasmic tyrosine kinase domain. RET is involved with cell signalling pathways
for cell survival, proliferation and differentiation of both enteric, neural and renal
cells (Krampitz and Norton 2014). There is a very clear genotype–phenotype
correlation in RET, with the level of risk of MTC being stratified according to the
specific mutation (Chen et al. 2010). This then guides management, in particular the
age at which preventative thyroidectomy is offered. There does not appear to be any
relationship between phenotype and phaeochromocytoma risk. Extra-adrenal
lesions are very rare but have been described in MEN2 (Boedeker et al. 2009).
About 5 % of sporadic phaeochromocytomas have germline RET mutations.
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2.4 SDH Mutations

In 2000, mutations were identified in SDHD in affected individuals with paragan-
glia (Baysal et al. 2000). SDHD is one of 4 subunits of a heterotetrameric enzyme
that is attached to the inner wall of the mitochondria. Succinate dehydrogenase
(SDH) has a role in the Krebs cycle and is the complex II component of the electron
transport chain. As mutations associated with hereditary paraganglioma were
identified in SDHD, the other subunits of the enzyme were investigated and
mutations identified in SDHC, SDHB and SDHA (Niemann and Müller 2000; Astuti
et al. 2001; Burnichon et al. 2010). SDHAF2 (succinate dehydrogenase assembly
factor 2) codes for a protein that ensures flavination of SDHA and therefore correct
assembly of the SDH complex (Hao et al. 2009).

2.4.1 SDHB (1p36)
SDHB mutations account for up to 40 % of hereditary paraganglioma families
(Buffet et al. 2012). Mutations in SDHB occur more commonly than mutations in
other genes and are more likely to cause phaeochromocytomas and functioning
paragangliomas than head and neck paragangliomas (Benn et al. 2006). They are
also more likely to be malignant. Van Hulsteijn et al. undertook a meta-analysis of
SDHB mutation carriers. Those studies including only manifesting mutation carriers
demonstrated a pooled incidence of malignant disease of 23 % (van Hulsteijn et al.
2012). Studies including both asymptomatic and manifesting mutation carriers
demonstrated an incidence of malignant disease of 17 %. Up to 50 % of individuals
presenting with a malignant phaeochromocytomas/paragangliomas may have a
germline SDHB mutation (Gimenez-Roqueplo et al. 2003; Ricketts et al. 2010; Jafri
and Maher 2012).

The average age of tumour development is younger than in the general popu-
lation with a mean age of about 30 years (Karasek et al. 2013) but with a very wide
range from 6 to 77 years. There is a high probability of multiple tumours although
less likely than with SDHD mutations. The penetrance of SDHB is lower than
originally thought, with recent studies suggesting that it may be less than 50 % for
phaeochromocytomas and less than 30 % for head and neck tumours at the age of
60 years (Ricketts et al. 2010).

There is huge variability in the phenotype with individuals in the same family
with the same mutation showing variability in the development, location and
severity of the associated lesions (Timmers et al. 2007; Brouwers et al. 2006).

SDHB mutations have also been associated with other tumours, most noticeably
renal cell carcinoma (Ricketts et al. 2008). These renal tumours appear to have a
specific morphology and may have frank sarcomatous changes (Gill et al. 2014).
Mutations have also been described with gastrointestinal stromal tumours (GIST)
(Carney and Stratakis 2002; Pasini et al. 2008) and thyroid tumours.
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SDHB mutations are inherited in an autosomal dominant fashion. Pathogenic
mutations include deletions, splice-site mutations, nonsense–missense and frame-
shift mutations (Jafri and Maher 2012).

2.4.2 SDHD (11q23)
SDHD mutations cause about 30 % mutations in hereditary paraganglioma (Buffet
et al. 2012) Mutations in SDHD account for the majority of head and neck para-
gangliomas. These are frequently multifocal and bilateral and are usually
non-functional (Benn et al. 2006). Tumours associated with SDHD mutations are
rarely malignant—in prevalence studies with mutation carriers with manifest dis-
ease, the malignancy rate was 3 % (van Hulsteijn et al. 2012). However, head and
neck tumours may result in severe morbidity because of their proximity to
important vascular and neurological structures (Papaspyrou et al. 2009). The pen-
etrance of mutations in SDHD is higher than that of SDHB mutations, with an
estimated penetrance of head and neck tumours of 71 % and phaeochromocytomas
of 29 % (Ricketts et al. 2010).

SDHD mutations are less commonly associated with other tumour types,
although mutations have been reported with renal tumours. Whilst an increase in
morbidity is recognised, mortality in patients with SDHD mutations is not signif-
icantly increased (van Hulsteijn et al. 2015).

SDHD mutations are inherited in an autosomal dominant fashion. However, the
phenotype demonstrates “parent of origin” with the development of tumours only if
the germline mutation is inherited via the paternal line. This was considered to be
due to maternal imprinting although subsequently biallelic expression has been
demonstrated in a variety of tissues (Baysal et al. 2000). Cases of tumours fol-
lowing maternal transmission, although rare, have been reported and offer insights
into the mechanisms underlying the “parent of origin” effect (Bayley et al. 2014).

Pathogenic mutations in SDHD include deletions, frameshifts, nonsense, mis-
sense and splice-site mutations (Jafri and Maher 2012). There are 2 founder
mutations in SDHD in the Dutch population and both of these result in a typical
phenotype of benign head and neck tumours (van Hulsteijn et al. 2013).

2.4.3 SDHC (1q23)
SDHC mutations account for between 4 and 8 % of hereditary paragangliomas
(Buffet et al. 2012). SDHC mutations are most often associated with head and neck
tumours which are usually benign and rarely multifocal (Schiavi et al. 2005). The
majority of tumours are head and neck tumours although sympathetic extra-adrenal
paragangliomas and phaeochromocytomas have been described with SDHC
mutations (Burnichon et al. 2012a, b). As mutations are rare, there is little clinical
information about the phenotype of SDHC mutations. However, the age range at
presentation may be very wide.
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SDHC mutations are inherited in an autosomal dominant fashion and a wide
variety of mutations described encompassing the whole genes.

2.4.4 SDHA (5p15)
Biallelic mutations in SDHA cause Leigh syndrome, a recessive neurodegenerative
condition. Due to the function of the protein within the complex II of the mito-
chondrion, SDHA was studied in patients with paragangliomas and phaeochro-
mocytomas. In 2010, Burnichon et al. (2010) identified mutations in SDHA in a
patient with and extra-adrenal paraganglioma. Few individuals with mutations have
been described to date, but have presented with a range of phenotypes including
abdominal and thoracic sympathetic tumours and head and neck tumours (Dwight
et al. 2013; Korpershoek et al. 2011).

SDHA mutations only account for 0.5–3 % of familial paragangliomas and are
inherited in an autosomal dominant fashion.

2.4.5 SDHAF2 (11q12)
SDHAF2 was originally mapped in 2009 (originally called SDH5) with mutations
shown to cause head and neck paragangliomas (Hao et al. 2009). Mutations in this
gene have not been associated with phaeochromocytomas, but are known to cause
multiple head and neck tumours. Mutations in SDHAF2 have a high penetrance
with a young age at onset and are frequently multifocal. As with SDHD, mutations
in SDHAF2 demonstrate a “parent of origin” effect with tumours developing only
following paternal transmission of the mutation (Bayley et al. 2010; Kunst et al.
2011). On radiological investigation of a large family with a mutation, a number of
individuals were diagnosed with asymptomatic lesions. To date, malignancies have
not been reported in families with SDHAF2 mutations.

Mutations in this gene are rare and account for a very small proportion of
families with inherited paragangliomas.

2.4.6 MAX (14q23)
Myc-associated factor—MAX—is a component of the MYC–MAX–MXD1 net-
work of transcription factors that regulate cell proliferation, differentiation and
apoptosis. Mutations in MAX were identified as a cause of phaeochromocytomas
following exome sequencing of 3 individuals with phaeochromocytomas. Further
studies suggested that mutations frequently cause bilateral and malignant disease
(Comino-Méndez et al. 2011). A more recent study suggested that 1.12 % of
phaeochromocytomas may harbour a mutation in MAX. The familial cases present
earlier that sporadic cases and that a parent of origin effect (paternal transmission
results in tumours) is likely (Burnichon et al. 2012a, b). Cases of paragangliomas
were also described, of which a proportion was malignant at presentation. The rate
of malignancy associated with MAX mutations is much lower than that associated
with SDHB mutations. These cases presented as a second tumour following an
initial phaeochromocytoma.
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2.4.7 TMEM127 (2q11)
Mutations in TMEM127 (transmembrane protein 127) have been described in
phaeochromocytoma (Qin et al. 2010; Elston et al. 2013). The phaeochromocy-
tomas appear to be multicentric and frequently bilateral. Malignancy is rare and the
penetrance is considered to be high (Yao et al. 2010; Toledo et al. 2015). Whilst the
majority of patients will have adrenal disease, cases of paragangliomas have been
described (Neumann et al. 2011). Other rare associations have been noted including
with renal cell carcinoma (Hernandez et al. 2015). TMEM127 mutations account for
between 1 and 2 % of phaeochromocytomas.

2.4.8 FH (1q43)
The FH gene encodes for fumerate hydratase, an enzyme within the Krebs
(TCA) cycle. Homozygote mutations cause fumarase deficiency, a mitochondrial
encephalopathy that usually results in death in infancy. Heterozygote mutations
have been described in hereditary leiomyomatosis and renal cell carcinoma syn-
drome (Alam et al. 2003)

Recently mutations have been identified in patients with phaeochromocytomas
and/or paragangliomas in the absence of renal cell carcinoma (Clark et al. 2014;
Castro-Vega et al. 2014). Small numbers of families have been described, but the
phenotype appears to include malignant disease. FH mutations account for less than
1 % of phaeochromocytomas

2.5 Other Rare Genes

VHL, NF1 and RET act in a developmental c-Jun-dependent apoptotic pathway.
During normal embryonic development, neuronal progenitor cells compete for
growth factors including nerve growth factor (NGF). Mutations in these genes
result in enhanced signalling and neuronal survival. Lee et al. demonstrated that
EglN3 (PHD3) mediates this pathway and that SDH gene products were also
affected. Members of the EglN family are known to hydroxylate HIF-α in vitro (Lee
et al. 2005). It has been demonstrated that KIF1Bβ acts downstream from ElgN3
and missense mutations in KIF1Bβ (1p36) have been described in phaeochromo-
cytoma (Schlisio et al. 2008).

ELGN1 (1q42) (previously termed PHD2) encodes for a protein involved in HIF
pathway. A mutation has been described in a patient with congenital erythrocytosis
and paraganglioma (Ladroue et al. 2008). A handful of cases with polycythaemia
and phaeochromocytoma have been described with mutations in this gene (Yang
et al. 2015). However, mutations are unlikely to be a common cause of familial
paraganglioma syndrome (Astuti et al. 2011).

Both germline and somatic mutations in EPAS1 (2p21)—previously known as
HIF2α-—have been described in patients with congenital polycythemia and
phaeochromocytomas and paragangliomas (Taïeb et al. 2013; Lorenzo et al. 2013).
These are extremely rare.
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A recent study undertaking whole-exome screening of individuals with para-
ganglioma or phaeochromocytoma identified a mutation in MDH2 (7q11) a gene
encoding for an enzyme in the Krebs cycle. This patient had multiple malignant
tumours (Cascón et al. 2015).

3 Who to Test

Any patient presenting with phaeochromocytoma or paraganglioma should have a
full personal history taken, in particular to assess the probability of features con-
sistent with one of the above inherited syndromes such as VHL, MEN2 or NF1.
Appropriate clinical examination should also be undertaken. A third-generation
pedigree should be taken on both sides of the family, again checking for other
members of the family with phaeochromocytomas, paragangliomas or other asso-
ciated problems. If there are obvious features of a specific condition, mutation
testing should be directed towards the relevant gene.

However, a lack of family history does not exclude an inherited
paraganglioma/phaeochromocytoma. For example, the parent of origin effect seen
with mutations in SDHD, SDHAF2 and MAX means that if the mutations are
inherited via mothers, tumours do not occur and the eventual transmission via a
father, resulting in a tumour could then look like a sporadic lesion in a family.

As with all cancer genetics, all diagnoses should be confirmed with pathology
reports of affected individuals obtained if possible. Other lesions may be assumed to
be paragangliomas or phaeochromocytomas on imaging, but on biopsy are shown
to be unrelated.

The presence of multiple cases within a family, or multiple tumours, bilateral or
multifocal or extra-adrenal disease within an individual increases the probability of a
germline mutation. Metastatic disease is also a marker of a germline mutation. Early
onset, less than 45 years of age, is suggestive of a mutation. It has been suggested
that a diagnosis of a lesion over the age of 50 years is unlikely to be due to a germline
mutation (Mannelli et al. 2009). There have been a number of algorithms produced
using these clinical features to stratify genetic testing within individuals (Jafri and
Maher 2012; Martins and Bugalho 2014; Martucci and Pacak 2014). Traditionally,
genes were sequenced sequentially, which is costly. This approach was recom-
mended in a clinical practice guideline from the Endocrine Society (Lenders et al.
2014). A recent UK study suggested that this approach could be cost-effective in the
context of clinical practice (Jafri et al. 2013).

The American Society of Clinical Oncology has suggested that all patients with
a 10 % chance of identifying a germline genetic mutation should be offered
mutation screening (Robson et al. 2010). A recent study by Brito et al. demon-
strated a detection rate of mutations of 11–13 % in sporadic phaeochromocytoma
and paraganglioma (Brito et al. 2014). This would suggest that all patients with a
phaeochromocytoma or paraganglioma should be offered testing.
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This is now becoming a possibility with the advent of next-generation sequencing
and gene panels. Cheaper massive parallel sequencing of multiple genes (along with
the advent of whole-exome and whole-genome sequencing) is resulting in the
availability of testing although this then throws up particular challenges. Currently,
in the UK, 9–12-gene panels are being offered for a price of £500–800, a substantial
saving compared to sequentially sequencing individual genes. Rattenbury (Ratten-
berry et al. 2013) demonstrated, in a feasibility study of a 9-gene panel, a 98.7 %
sensitivity for the genes and demonstrated a high degree of concordance with
conventional sequencing. However, there are limitations to this technology and
next-generation sequencing (NGS) panels will require considerable work generating
new libraries and revalidation to add newly discovered genes to the panels.

Alternatively, whole-exome sequencing and whole-genome sequencing are more
comprehensive options with the added advantage of identifying copy number gains
or losses. However, the cost at the moment is untenable in most healthcare systems.
More importantly, analysis of data generated by these systems and development of
analytical pipelines for groups of genes is a major bottleneck for delivery of
whole-exome sequencing (WES) and whole-genome sequencing (WGS) in a
clinical service (Bamshad et al. 2011). Toledo and Dahia have written an excellent
review of NGS in phaeochromocytoma and paraganglioma (Toledo and Dahia
2015).

One of the added complexities of this type of sequencing is the identification of
variants of unknown significance—missense mutations—resulting in uninformative
results. These become even more difficult to interpret in rare genes about which
there is currently little clinical information. All patients should therefore have
appropriate counselling about the limitations of genetic testing.

4 Management of Individuals

4.1 Genetic Testing

As with all of clinical genetics, testing can be divided into diagnostic testing of an
individual with the disease and predictive or cascade testing within the family. The
management of these individuals is very different.

4.1.1 Diagnostic Testing and Management of Affected
Individuals

These individuals are offered genetic testing due to the presence of a paraganglioma
or phaeochromocytoma. The major management issue for these individuals is the
medical management of the initial presenting lesion. Diagnosis often takes a long
time due to the variety of non-specific symptoms, although classically
phaeochromocytoma presents with triad of headaches, sweating and palpitations
(Manger 2009). It is now recommended (Lenders et al. 2014; Därr et al. 2012) that
the initial biochemical diagnosis is with urinary fractionated metanephrines or
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plasma metanephrines and that diagnosis is confirmed using CT as the imaging
modality of choice. However, in those patients with potential paragangliomas or
metastatic disease, MRI screening should be considered as the efficacy of detection
of skull-based lesions is improved (Sahdev et al. 2005). Functional imaging using
123I-MIBG (metaiodobenzylguanidine) is also suggested as secondary imaging and
may also indicate multiple lesions or metastatic disease.

Surgical treatment is the treatment of choice if possible although all patients with
functioning lesions will require preoperative blockade with α-adrenergic receptor
blockers. Phaeochromocytomas may be operated on laparoscopically, although
large or multiple tumours may still need an open approach (Martucci and Pacak
2014; Därr et al. 2012). In those patients with genetic disease and therefore an
increased probability of bilateral phaeochromocytomas, a small tumour may be
treated with cortex-sparing surgery which may negate the need for steroid
replacement. Repeated subtotal adrenalectomies may be performed successfully
(Grubbs et al. 2013; Fallon et al. 2013). Occasionally, radiofrequency ablation and
external beam radiation have been used for inoperable tumours (Martucci and
Pacak 2014).

MIBG therapy has been used as a treatment modality, although this is only
possible if the MIBG scintigraphy is positive. For those patients with metastatic
disease, chemotherapy may be useful in palliation or stabilisation of the tumours.
A number of chemotherapeutic agents have been used, but no large randomised
studies have been undertaken. Following treatment of the initial lesion, affected
individuals should then have life-long follow-up including surveillance for any of
the other features of inherited cancer syndromes.

4.1.2 Predictive Testing of Unaffected Family Members
Once a mutation has been identified in an affected patient, predictive testing may be
offered to other members of the family. This will identify individuals who may
benefit from target screening. The aim of surveillance is to detect any presymp-
tomatic phaeochromocytomas or paragangliomas to facilitate easier treatment. Any
individual identified with a mutation in a gene causing one of the classical inherited
cancer syndromes should be entered into the recommended screening programmes.

4.2 NF1

Although patients with NF1 have an increased risk of phaeochromocytoma, the
likelihood of this is low. However, screening is part of the recommended long-term
management of individuals with this condition (Ferner et al. 2007). Children should
be assessed on an annual basis and this should include measurement of blood
pressure. Assessment of urinary or plasma catecholamines is only recommended if
symptoms of phaeochromocytoma are present. Individuals with complex NF1
should be seen in a specialist NF1 clinic with multidisciplinary input.
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4.3 MEN2

Predictive testing for MEN2 is particularly important because of the requirement for
prophylactic thyroidectomy for individuals with a RET mutation. The age at which
the thyroid is removed is determined by the mutation, but is usually in childhood if
the family are known to genetic services. Following prophylactic thyroidectomy,
patients should be followed up on an annual basis and this should include
assessment of plasma or urinary catecholamines (Kloos et al. 2009; Waguespack
et al. 2011) to assess for the presence of phaeochromocytoma.

4.4 VHL

Asymptomatic patients with VHL mutations should be in an annual surveillance
programme. This includes an annual clinical neurological examination, annual
abdominal imaging with ultrasound scan (USS) or magnetic resonance imaging
(MRI), annual plasma or urinary catecholamines and annual fundoscopy. Some
authors would recommend imaging of the cerebellum and spine on an annual basis
(Schmid et al. 2014), others on a 3 yearly basis if the patient does not have
symptoms (Maher et al. 2011).

Mutations in the remaining genes generally increase the risk of paragangliomas
and phaeochromocytomas only, and this has been termed familial paraganglioma
syndrome. The screening and surveillance for asymptomatic carriers of this con-
dition is not so clear cut, with differing modalities suggested by different groups.
There is broad agreement that screening needs to be lifelong (Bayley et al. 2010;
Lenders et al. 2014; Persky et al. 2015) due the potential for multiple tumours and
that screening results in detection and early treatment of occult tumours (Heester-
man et al. 2012). Periodic screening using whole-body MRI screening has been
advocated on a 2–3 yearly basis (Benn et al. 2006; Lenders et al. 2014; Myssiorek
et al. 2008) with the addition of functional imaging if a lesion is suspected. Bio-
chemical screening has also been advocated on an annual basis. It is of note that
screening is not always advocated if a parent of origin effect has been described—
for example, individuals who have inherited an SDHD mutation from their mother
have a low risk of tumours and therefore should not be enrolled into a surveillance
programme.

One of the major differences between familial paraganglioma syndrome and the
other inherited cancer syndrome is the potentially low penetrance of some of these
genes—in particular SDHB mutations (Hes et al. 2010). There is concern that
patient anxiety is increased with genetic testing and subsequent screening of
individuals with a potential tumour risk of lower than 50 % (Raygada et al. 2014).
Only long-term follow-up of these patients in collaborative studies will provide
clear guidelines.
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5 Conclusion

It is now well recognised that about 30–40 % of phaeochromocytomas and para-
gangliomas are due to germline mutations in one of (currently) 14 genes. Mutations
in these genes are inherited in autosomal dominant fashion although a small number
exhibit a parent of origin effect such that tumours only develop if the mutations are
inherited via the paternal line. In the last 5 years, advances in genetic technologies
have resulted in next-generation gene panels which enable massive parallel
sequencing of multiple genes at a reasonable cost. It is therefore now both prac-
ticable and cost-effective to offer genetic testing to all cases of young-onset,
bilateral, or multiple phaeochromocytomas/paragangliomas. This will result in
improved management of these patients in both the short and long terms. It will also
facilitate genetic testing to unaffected at-risk relatives. Whilst the utility of
screening programmes is not yet proven, long-term follow-up of these individuals
in collaborative studies should give further information both about the efficacy of
screening and the most appropriate modalities for imaging.
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Abstract
Benign adrenocortical tumours (ACT) are relatively frequent lesions; on the
contrary, adrenocortical carcinoma (ACC) is a rare and aggressive malignancy
with unfavourable prognosis. Recent advances in the molecular understanding of
adrenal cancer offer promise for better therapies in the future. Many of these
advances stem from the molecular elucidation of genetic conditions predisposing
to the development of ACC. Six main clinical syndromes have been described to
be associated with hereditary adrenal cancer. In these conditions, genetic
counselling plays an important role for the early detection and follow-up of the
patients and the affected family members.
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1 Introduction

Adrenocortical tumours (ACT) represent a group of lesions arising from cells of the
adrenal cortex. The incidence of adrenal incidentalomas has been reported to be as
high as 8.7 % in autopsy series and 4 % in radiological studies (Arnaldi and
Boscaro 2012). However, adrenocortical carcinomas (ACCs) are rare neoplasms
with an incidence of 0.5–2 million per year leading to 0.2 % of all cancer deaths in
the USA. They are significantly more frequent in females in all ages. ACCs are
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usually aggressive tumours with poor prognosis and an only 16–44 % 5-year
survival rate (Fassnacht and Allolio 2009). The median age of diagnosis is at
approximately 46 years; an early peak of the disease between the ages of 5 and
7 years represents a clinically and molecularly different form of ACC. In childhood,
ACCs are slightly more frequent compared to adults, representing as many as 1.3 %
of the total number of cancers in children (Fassnacht and Allolio 2009; Icard et al.
2001).

The differential diagnosis between a benign ACT and an ACC can be chal-
lenging given the frequency of the former and the rarity of the latter. In addition,
about 60 % of ACC patients present with some hormone excess, but their detection
remains elusive because the steroid hormone secretion is either subclinical or not
typical of Cushing’s and Conn’s syndromes or hyperandrogenism (Arlt et al. 2011).

ACCs exhibit a complex pattern of genetic defects from many chromosomal
aberrations to somatic mutations in a number of genes; they can also be caused by
inherited mutations in specific cancer development-related genes (Lerario et al.
2014). Aside from genetic predisposition, no other risk factors have been estab-
lished. High levels of oestrogens have been suggested to increase the incidence of
ACC based on the observation of ACC development during pregnancy and the
much higher frequency of ACC in females. Indeed, in vitro studies show
growth-promoting effects of oestrogen on the ACC (Sirianni et al. 2012).

2 Genetic Syndromes Associated with ACC

The genetic defects and the manifested clinical syndromes associated with ACC are
also briefly described and summarized in Table 1.

2.1 Li–Fraumeni Syndrome (LFS)

LFS is a cancer predisposition syndrome first described in 1969; cancer predis-
position in this condition is inherited in an autosomal dominant manner. Half of the
patients with LFS develop at least one LFS-associated cancer by age 30; 90 % of
the patients develop a tumour by 60 years of age (Gonzalez et al. 2009; Sorrell et al.
2013). While many types of tumours can be seen in patients with LFS, the most
frequent include breast cancer, sarcoma and brain tumours.

Breast cancer accounts for 25–30 % of all LFS-associated tumours (Sorrell et al.
2013), sarcomas for 25–30 % (Gonzalez et al. 2009; Olivier et al. 2003) and brain
tumours for 9–16 % (Gonzalez et al. 2009; Olivier et al. 2003; Palmero et al. 2010).
ACC is a less frequent manifestation accounting for 10–14 % of cancers within the
context of LFS (Palmero et al. 2010). The next most frequently associated cancers
are leukaemia, lung, colorectal, skin, gastric and ovarian cancers (Sorrell et al.
2013; Olivier et al. 2003). As in other cancer predisposition syndromes, all cancers
in LFS are diagnosed at much younger ages than their sporadic counterparts.
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2.2 LFS: Diagnostic Criteria

The diagnostic criteria of LFS are presented in Table 2. The initial classical criteria
of LFS were developed in 1998 (Li et al. 1988) with a low sensitivity of 40 % and a
better specificity of 91 % (Gonzalez et al. 2009). Later, new diagnostic efforts led to
the adoption of the Birch and Eeles criteria that were developed for the inclusion of
families that had genetic defects leading to LFS but did not meet the criteria
established in 1998. The term ‘Li–Fraumeni-like syndrome’ (LFLS) is used for
these patients and families; the Birch criteria have a diagnostic sensitivity of 96 %
and a specificity of 38 % (Birch et al. 1994; Gonzalez et al. 2009), whereas the
Eeles criteria have a sensitivity of 97 % and a specificity of 16 % (Eeles 1995). In
2001, Chompret et al. (2000, 2001) proposed new criteria with a better sensitivity
(95 %), but with a lower specificity (52 %) (Gonzalez et al. 2009). The Chompret
criteria were most recently updated in 2009 to better identify families with milder
phenotypes (Gonzalez et al. 2009; Tinat et al. 2009; Bougeard et al. 2008).

Table 2 Description of the established clinical classification criteria for LFS

Classification scheme Description of the criteria

Classic LFS
(Li et al. 1988)

– Proband diagnosed with sarcoma before 45 years of age, and
– A first-degree relative with cancer before 45 years of age, and
– Another first- or second-degree relative with any cancer
diagnosed under 45 years of age or with sarcoma at any age

Birch
(Birch et al. 1994;
Gonzalez et al. 2009)

Among families that do not conform to classic LFS:
– Proband with any childhood cancer or sarcoma, brain tumour
or adrenocortical carcinoma diagnosed under 45 years of age,
and
– A first- or second-degree relative with a typical LFS-related
cancer (sarcoma, breast cancer, brain tumour, leukaemia or
adrenocortical carcinoma) diagnosed at any age, and
– A first- or second-degree relative in the same genetic lineage
with any cancer diagnosed under the age of 60 years

Eeles
Eeles (1995)

Among families that do not conform to classic LFS:
– Two different tumours that are part of extended LFS in first- or
second-degree relatives at any age (sarcoma, breast cancer, brain
tumour, leukaemia, adrenocortical tumour, melanoma, prostate
cancer and pancreatic cancer)

Chompret
Chompret et al. (2000,
2001)

Proband with sarcoma, brain tumour, breast cancer or
adrenocortical carcinoma before the age of 36 years, and
– At least one first- or second-degree relative with cancer (other
than breast cancer if the proband has breast cancer) under the
age of 46 years or a relative with multiple primaries at any age,
or a proband with multiple primary tumours, two of which are
sarcoma, brain tumour, breast cancer and/or adrenocortical
carcinoma, with the initial cancer occurring before the age of 36
years, regardless of the family history, or a proband with
adrenocortical carcinoma at any age of onset, regardless of the
family history

LFS Li–Fraumeni syndrome
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2.3 LFS: Genotype–Phenotype Correlations

TP53 germline mutations are the cause of LFS. The TP53 genotype in LFS is
predictive of age of tumour onset and overall tumour risk (Olivier et al. 2006;
Palmero et al. 2010). Mutations in the DNA-binding portion of the gene cause
highly penetrant disease with early onset cancers; mutations outside the core
DNA-binding domain are associated with slower rates of tumour development
(Varley et al. 1999). According to clinical studies, TP53-mutant ACCs are larger
and associated with a more advanced stage of tumour progression and shorter
disease-free survival compared to cases without TP53 mutations; this is similar to
non-LFS-associated ACC that carries somatic TP53 defects (Libe et al. 2007).
Furthermore, LFS-associated ACCs and ACCs with somatic TP53 mutations show
greater resistance to chemotherapy and radiation and overall higher rates of relapse
(Tabori et al. 2010; Fernandez-Cuesta et al. 2012).

2.4 LFS: Genetic Mutations and Genetic Testing

Germline mutations of the tumour suppressor TP53 gene are found in 70 % of cases
with LFS (Bachinski et al. 2005). The prevalence of germline TP53 mutations in
sporadic ACTs is 3–6 % in the adult population (Herrmann et al. 2012; Raymond
et al. 2013a) and significantly higher, approaching 50–80 %, in children (Varley
et al. 1999; Libe et al. 2007). TP53 inactivation in the somatic step is a late step in
tumorigenesis (Hollstein et al. 1991), but somatic mutations of the TP53 gene are
frequent in sporadic, non-LFS-associated ACC (Ohgaki et al. 1993).

Most TP53 mutations are missense alterations that render the gene inactive;
however, some reports have shown gain-of-function, oncogenic effects of some
TP53 mutations. A specific germline TP53 mutation (R337H) of the p53 protein
was identified in more than 80 % of children with ACT in Southern Brazil where
the incidence of ACT is 15 times higher than that in the rest of the world. The
R337H mutation is also seen in 13.5 % of Brazilian adults with ACT (Giacomazzi
et al. 2013; Petitjean et al. 2007).

TP53 genotyping is typically performed by DNA Sanger sequence analysis and
multiplex ligation-dependent probe assay (MLPA) or other techniques in order to
detect large rearrangements of portions of the gene. Molecular genetic testing for
TP53 germline mutations was developed in 1990 by David Malkin and colleagues
(Malkin et al. 1990) and was quickly used as a screening tool to identify patients
with hereditary forms of cancer. Currently, the growing availability and use of
whole-genome sequencing (WGS), whole-exome sequencing (WES),
whole-genome arrays and multigene panels increase the likelihood of detecting
unintentionally or unexpectedly TP53 mutation carriers. The National Compre-
hensive Cancer Network (NCCN) guidelines recommend TP53 analysis for indi-
viduals who meet either the classic LFS criteria, the Chompret criteria, or who were
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diagnosed with breast cancer under age 30 and are negative for BRCA1 or BRCA2
gene mutations.

2.5 LFS: Genetic Counselling

Decisions regarding germline TP53 testing should be made by healthcare profes-
sionals with training in clinical cancer genetics. Most germline TP53 mutations are
inherited from a parent, and only few are de novo. After identifying a mutation, the
proband’s parent with any pertinent cancer history or family history should be
tested first; otherwise, both parents should be tested. Siblings and offspring of the
proband should also be tested. If one of the proband’s parents carries the TP53
mutation, each sibling has a 50 % risk of having the mutation. If neither parent
carries the mutation, the risk to siblings is low, but they should be tested due to the
possibility of germline mosaicism. A family history can appear negative due to a
limited family structure or incomplete penetrance of the mutation. The frequency of
de novo mutations is not well established; however, based on two studies, the de
novo rate has been estimated to be between 7 and 24 % (Chompret et al. 2000;
Gonzalez et al. 2009).

LFS: Key point: Testing for all at risk for TP53 mutation should be considered
due to emerging evidence showing reduction of morbidity and mortality from
TP53-related malignancies when an early screening protocol was implemented
(Evans et al. 2010).

3 Beckwith–Wiedemann Syndrome (BWS)

BWS is one of the most common paediatric overgrowth disorders with an estimated
incidence of 1 in 13,700 neonates, affecting men and women with equal frequency
(Shuman et al. 1993). BWS is associated with epigenetic/genetic alterations on
chromosome 11p15 and usually occurs sporadically (85 %), although familial
transmission can also occur in 15 % of the cases (Weksberg et al. 2010). The
overall risk of tumour development in children with BWS has been estimated to
7.5 % (4–21 %) (Rump et al. 2005).

3.1 BWS: Diagnostic Criteria

No consensus diagnostic criteria for BWS have been established; however, the most
frequent features are anterior abdominal wall defects (80 %), macroglossia (97 %)
and overgrowth. Other features such as external ear cartilage abnormalities (76 %),
birth weight or postnatal growth over the 90th centile (88 %), facial naevus flam-
meus (62 %), neonatal hypoglycaemia, nephromegaly (59 %) and hemihypertrophy
(24 %) have been also described (Mazzuco et al. 2012; Elliott et al. 1994), in
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addition to tumours, including nephro- and hepatoblastoma and adrenal cancer.
Thus, the diagnosis of BWS is usually made when there is (i) positive family
history (a parent or a sibling with a clinical diagnosis or a history of BWS) and
(ii) the following: macroglossia, overgrowth (traditionally defined as height and
weight >97th centile), visceromegaly, renal abnormalities (nephrocalcinosis), ab-
dominal wall defect (omphalocele), embryonal tumours (nephroblastoma, hepato-
blastoma), foetal adrenocortical cytomegaly, hemihyperplasia, cleft lip/palate and
bifid uvula. Conditions that have also been described in association with BWS and
may be used in diagnosing the disease, are: prematurity, polyhydramnion, neonatal
hypoglycaemia, facial naevi and specific facial features such as prominent eyes,
mid-facial hypoplasia, prominent mandible (Weksberg et al. 2010; Shuman et al.
1993).

BWS can be suspected even in utero based on intrauterine findings such as
exomphalos, macroglossia, pancreatic hyperplasia, placentomegaly, as well as
substantially increased levels of beta-human chorionic gonadotropin (hCG) upon
maternal testing (Kagan et al. 2015).

3.2 BWS: Genotype–Phenotype Correlations

Increased insulin growth factor-2 (IGF2) signalling is the main molecular cause of
the phenotype associated with BWS. IGF2 overexpression has also been linked
with the development and progression of sporadic ACCs. In addition, molecular
partners of IGF2, such as IGF-2 binding protein, have also been correlated with
tumour volume in sporadic ACC (Boulle et al. 2001). Somatic hemihyperplasia is
associated with mosaicism for paternal disomy of 11p15 or molecular alterations at
imprinting centre 2 (IC2) or imprinting centre 1 (IC1) regulating IGF2 expression
(Ohta et al. 2013; Shuman et al. 1993; Enklaar et al. 2006). More recently,
mutations in the cyclin-dependent kinase inhibitor 1C (CDKN1C) gene or mi-
crodeletions at IC1 and rarely microduplication at IC2 were found to explain BWS
in cases with germline defects (Hatada et al. 1997; Enklaar et al. 2006; Bliek et al.
2009). Uniparental disomy of 11p15 or gain of methylation at IC1 is associated
with the highest risk for Wilms’ tumour and hepatoblastoma. Loss of methylation at
IC2 is associated with a lower risk for tumour development.

3.3 BWS: Genetic Mutations and Genetic Testing

BWS is associated with abnormal regulation of gene transcription in the imprinted
domain on chromosome 11p15.5. Normally, IGF2 gene is maternally imprinted;
therefore, only the paternal allele is expressed. On the other hand, the paternal
alleles of CDKN1C and H19 are silenced by imprinting; thus, only the maternal
alleles are expressed (Weksberg et al. 2010). It has been shown that the
BWS-associated defects on chromosome 11p15.5 result in the expression of the
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otherwise repressed maternal copy of the IGF2 gene, and in some cases, this is
accompanied by repression and DNA methylation of the maternal (otherwise
active) copy of the neighbouring H19 gene. Thus, in BWS, the more common
molecular genetic defects are as follows: (Weksberg et al. 2003, 2005): (1) loss of
methylation of the IC2 on the maternal chromosome leading to an increased activity
of the KCNQ1OT1 (opposite strand/antisense transcript 1) gene, (2) gain of
methylation of the IC1 on the maternal chromosome, (3) mutation of the maternal
CDKN1C allele, (4) paternal uniparental disomy of 11p15.5 and (5) duplication,
inversion or translocation of the 11p15.5.

The genetic tests that can detect more than 80 % of individuals with BWS are the
following: (1) molecular cytogenetic analysis of chromosome 11p and/or
(2) methylation studies of IC1 and IC2. Methylation-specific (MS) multiplex
ligation-dependent probe amplification (MLPA) is the most recently developed
robust testing methodology for these defects. Sequence analysis of CDKN1C
should be undertaken in familial cases, in individuals with BWS and cleft palate, or
in those who meet diagnostic criteria for BWS but have no detectable molecular
cytogenetic abnormalities of chromosome 11p, or methylation abnormalities.
Chromosome 11p-specific molecular cytogenetic analysis for the detection of
microdeletions or duplications may be undertaken in familial cases in which a
CDKN1C mutation has not been detected and conventional cytogenetics are normal
(Niemitz et al. 2004; Prawitt et al. 2005).

3.4 BWS: Genetic Counselling

Prenatal diagnosis for at-risk pregnancies in families with heritable forms of BWS
requires prior identification of the disease-causing defect in the family. Most
individuals with BWS are reported to have normal chromosome studies or kary-
otypes. Approximately 85 % of individuals with BWS have no family history of
BWS, while about 15 % have a family history consistent with autosomal dominant
transmission of BWS (Shuman et al. 1993). Specific prenatal testing is possible by
cytogenetic analysis for families with an inherited chromosome abnormality or by
molecular genetic testing for families in which the molecular mechanism of BWS
has been defined.

Key point: Due to the low incidence of ACC in BWS, no specific screening
recommendations for ACC exist (Else et al. 2014). Patients with BWS should be
monitored for the development of tumours, including ACC.

4 Multiple Endocrine Neoplasia Type 1 (MEN1)

MEN1 is a tumour syndrome that is caused by defects of the menin gene on
chromosome 11q13 and in most cases is inherited in an autosomal dominant
manner. Parathyroid tumours, resulting in primary hyperparathyroidism, are the
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most common feature (95 %), followed by pancreatic neuroendocrine tumours
(45 %), anterior pituitary tumours (40 %), thymic carcinoids, thyroid adenomas and
ACT. Adrenal involvement in MEN1 has been reported in 20–40 % of cases;
however, endoscopic ultrasound detected adrenal lesions in up to 73 % of MEN1
patients (Schaefer et al. 2008). ACCs is rare; less than 1 % of patients with MEN1
develop ACC, but the incidence increases to approximately 13 % among patients
with MEN1 and adrenal tumours larger than 1 cm (Gatta-Cherifi et al. 2012).

Most patients with MEN1 have bilateral adrenocortical hyperplasia (40 %) that
is usually non-functional and benign. Less than 10 % of patients with enlarged
adrenal glands have hormonal hypersecretion, and among these, primary aldos-
teronism and ACTH-independent Cushing’s syndrome are the most commonly
encountered conditions; hyperandrogenemia has been associated with
MEN1-associated ACCs (Gatta-Cherifi et al. 2012).

4.1 MEN1: Diagnostic Criteria

The diagnosis of the MEN1 syndrome is based on the presence of one of the three
following criteria:

i. A patient with 2 or more MEN1-associated endocrine tumours;
ii. A patient with MEN1-associated tumours and a first-degree relative with

MEN1;
iii. An individual who has a MEN1 mutation without clinical or biochemical

manifestations of MEN1 (Newey and Thakker 2011).

4.2 MEN1: Genotype–Phenotype Correlations

No correlation between the MEN1 genotype and phenotype has yet been clearly
identified. A study suggested that adrenal lesions usually develop in patients with
mutations in the exons 2 and 10 (Newey and Thakker 2011). Various clinical
manifestations may be caused by tissue-dependent factors such as epigenetics, as it
is found in parathyroid tumours associated with tissue-specific methylation.

4.3 MEN1: Genetic Mutations and Genetic Testing

MEN1 is caused by (typically) germline mutations of menin (MEN1 gene), a tu-
mour suppressor gene that predisposes to the development of endocrine and
non-endocrine tumours with variable penetrance. Menin is the major regulator of
transcription interacting with many molecules and signalling pathways (Wu and
Hua 2008; Marini et al. 2009). More than 1133 germline and 203 somatic mutations
of the MEN1 have been reported (Lemos and Thakker 2008). A number of MEN1
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polymorphisms have been identified and should be differentiated from pathogenic
mutations during genetic analysis (Lemos and Thakker 2008). Loss of heterozy-
gosity (LOH) involving the MEN1 locus on chromosome 11q13 has also been
observed in 5–50 % of sporadic endocrine tumours (Thakker et al. 2012), but
somatic MEN1 mutations are relatively rare in tumours compared to other tumour
suppressor genes. If MEN1 coding region mutations are not identified, then testing
for partial or whole-gene deletion or haplotype analysis of the MEN1 locus should
be considered.

More than 10 % of MEN1 germline mutations are found de novo and may be
transmitted to subsequent generations. Five to Twenty five percentage of patients
with MEN1 may not harbour germline mutations and these individuals may have
partial or whole-gene deletions, or mutations in the promoter or untranslated
regions (Newey and Thakker 2011; Thakker et al. 2012). In these cases, MLPA for
the detection of exonic deletions is recommended (Tham et al. 2007).

A few patients with MEN1 may have mutations in others genes, mostly p27
(CDK1NB); however, it is not known if these patients are at risk for ACC.

4.4 MEN1: Genetic Counselling

Relatives of a patient with a known MEN1 mutation should be offered MEN1
germline mutational analysis before any biochemical or radiological screening tests
for the detection of MEN1 tumours (Thakker et al. 2012).

Briefly, MEN1 mutational analysis should be undertaken in (i) patients with two
or more MEN1-associated endocrine tumours (Newey and Thakker 2011). Such
mutational analysis may be undertaken in (i) children within the first decade of life;
(ii) asymptomatic first-degree relative of a known MEN1 mutation carrier; and
(iii) patients with suspicious or atypical MEN1, which includes individuals with
parathyroid adenomas occurring before the age of 30 years; or multigland
parathyroid disease, gastrinoma and multiple pancreatic neuroendocrine tumour
(NET) at any age; or individuals who have two or more MEN1-associated tumours
that are not part of the classical triad of parathyroid, pancreatic islet and anterior
pituitary tumours.

Individuals with MEN1 mutations undergo biochemical screening at least once
per year and also have baseline pituitary and abdominal imaging. Screening begins
in early childhood because the disease has developed in some individuals by the age
of 5 years, and it should be repeated throughout life, since in some individuals
tumour may not develop until they are elderly (Thakker et al. 2012).

Key point: No regular monitoring for ACC is recommended in patients with
MEN1. However, because of the increased risk of malignant transformation of
pre-existing adrenal lesions, MEN1 patients should be monitored for possible ACC
as other patients with radiologically detectable ACTs.
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5 Familial Adenomatous Polyposis (FAP) and Lynch
Syndrome (LS)

FAP is a disorder inherited in an autosomal dominant manner and is primarily
associated with the early development of multiple colonic adenomatous polyps and
an increased risk of colorectal cancer; the prevalence of adrenal tumours in patients
with FAP varies from 7.4 to 13 %. LS is a disorder inherited in an autosomal
dominant manner that is also associated with an increased risk for colorectal cancer
as well as other malignancies such as carcinomas of endometrium, ovary, small
bowel, hepatobiliary system, central nervous system, lung adenocarcinoma, sar-
coma, melanoma and ACCs (Raymond et al. 2013b). Patients with FAP carry a
germline-inactivating mutation in the adenomatous polyposis coli (APC) gene,
whereas patients with LS carry germline mutations of genes important for DNA
mismatch repair. Recent studies showed that the prevalence of LS in patients with
ACC was 3 % comparable to their prevalence of colorectal and endometrial cancer
estimated at 2–5 % (Raymond et al. 2013b; Liu et al. 2014).

5.1 FAP and LS: Diagnostic Criteria

Diagnosis of LS is based on Amsterdam I and II criteria as well the most recently
revised Bethesda criteria which include also histological findings (Liu et al., 2014).
The revised Bethesda criteria include the following:

i. Colorectal cancer diagnosed in a patient who is less than 50 years of age;
ii. Presence of synchronous or metachronous colorectal or LS associated

tumours;
iii. Colorectal cancer with the microsatellite instability-high histology diagnosed

in a patient who is less than 60 years of age;
iv. Colorectal cancer or LS-associated tumour diagnosed under the age of

50 years in at least one first-degree relative;
v. Colorectal cancer or LS-associated tumour diagnosed at any age in two first-

or second-degree relatives.

5.2 FAP and LS: Genetic Mutations and Genetic Testing

APC-inactivating mutations result in constitutive activation of β-catenin and ele-
vated levels of β-catenin/TCF (T cell factor) target genes. Activation of this path-
way may play an important role in adrenocortical tumourigenesis through activating
mutations of the β-catenin gene (CTNNB1) in ACC. APC is a downstream regulator
of the Drosophila melanogaster wingless (Wnt) molecular signalling pathway.
Abnormal, constitutive Wnt activation is thought to be oncogenic (Karim et al.
2004). The majority of APC mutations are nucleotide substitutions and frameshift
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mutations that result in inactive APC and consequently overactive Wnt signalling.
APC promoter methylation may also result in suppressed APC activity (Raymond
et al. 2013b). Patients with LS have mutations of genes involved in DNA mismatch
repair such as MLH1, MSH2, MSH6 and PMS2 (Karamurzin et al. 2012). ACC
patients with a family history suggestive of LS should be considered for genetic risk
assessment. Immunohistochemical screening in all ACCs may be an effective
strategy for identifying these patients (Raymond et al. 2013b). This includes
immunochemistry for the 4 gene products as well as microsatellite instability
analysis. Full germline genetic testing for LS should include DNA sequencing and
large rearrangement analysis. Patients with multiple colorectal adenomas (>10)
should be considered for germline genetic testing of APC. Similarly, full germline
genetic testing for FAP should include DNA sequencing and large rearrangement
analysis (Stoffel et al. 2015).

5.3 FAP and LS: Genetic Counselling

Genetic counselling in patients with FAP or LS is necessary for follow-up and
therapeutic decisions. For example, in families with classic FAP, sigmoidoscopy or
colonoscopy should be carried out every 1–2 years starting at the age of 10–
11 years and continued lifelong in mutation carriers. Surgery is indicated if there are
large numbers of adenomas or adenomas with high degree of dysplasia. Generally,
screening for extracolonic tumours should be considered when colorectal polyposis
is diagnosed before the age of 25–30 years.

Key point: Routine screening for LS in ACC tumours by immunochemistry for
the protein products of the four responsible genes (MLH1, MSH2, MSH6 and
PMS2) is recommended regardless of the family history (Birch et al. 1994; Else
et al. 2014).

6 Carney Complex (CNC)

Carney complex is multiple tumour syndrome inherited in an autosomal dominant
disorder. The main endocrine manifestation of CNC is primary pigmented nodular
adrenocortical hyperplasia (PPNAD), a rare form of bilateral adrenocortical
hyperplasia featuring small to normal-sized adrenal glands that contain multiple
small and pigmented, cortical nodules with internodular atrophy (Stratakis et al.
2001). ACCs are extremely rare in this syndrome, and only two cases of ACC in
CNC have been reported.
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6.1 CNC: Diagnostic Criteria

The diagnosis of CNC is based on the presence of two or more major diagnostic
criteria or on the presence of just one major if the patient is a carrier of a known
inactivating mutation of the protein kinase regulatory subunit type 1 alpha gene
(PRKAR1A) (Bossis et al. 2004). The major diagnostic criteria for CNC include the
following:

i. Spotty skin pigmentation with typical distribution (lips, conjunctiva and
inner or outer canthi, vaginal and penile mucosal (Fig. 1));

ii. Cutaneous myxoma;
iii. Cardiac myxoma;
iv. Breast myxomatosis;
v. PPNAD or paradoxical positive response of urinary glucocorticosteroid

excretion to dexamethasone administration during Liddle’s test;
vi. Acromegaly due to GH-producing adenoma;
vii. Large cell calcifying Sertoli cell tumours (LCCSCT) or characteristic cal-

cifications on testicular ultrasound;
viii. Thyroid carcinoma or multiple, hypoechoic nodules on thyroid ultrasound in

a young patient;
ix. Psammomatous melanotic schwannomas;
x. Blue naevus, epithelioid blue naevus;
xi. Breast ductal adenoma;

Fig. 1 The classical facies of a patient with CNC and typical distribution
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xii. Osteochondromyxomas. Supplementary criteria include (Rodriguez et al.
2012; Boikos and Stratakis 2006): (i) affected first-degree relative and
(ii) inactivating mutation of the PRKAR1A gene.

6.2 CNC: Genotype–Phenotype Correlations

There seems to be no direct and consistent correlation between PRKAR1A muta-
tions described to date and the various CNC phenotypes. Only recently, certain
associations between specific mutations and particular sets of CNC manifestations
have emerged (Bertherat et al. 2009). Phosphodiesterases type 11A (PDE11A) and
type 8b (PDE8B) mutations have also been found in isolated micronodular
adrenocortical disease, a condition that is similar to PPNAD but distinct from CNC.
Interestingly, among CNC patients, germline protein-truncating mutations of
PDE11A predispose to a variety of endocrine tumours. A higher frequency of
PDE11A variants was found in cases with PPNAD and testicular tumours
(LCCSCTs). A base substitution (c.439A > G/p.S147G) in PRKAR1A identified to
a large family was found to cause a large spectrum of adrenal diseases that ranged
from lack of significant manifestations to ACC (Anselmo et al. 2012). Cases with
this mutation did not present myxomas, schwannomas or any other tumours
associated with CNC.

6.3 CNC: Genetic Mutations and Genetic Testing

Genetic linkage analysis identified two independent loci for CNC, one on chro-
mosome 17p22–24 and the other on chromosome 2p16. Most of the cases of CNC
are caused by inactivating mutations in the PRKAR1A gene located at 17q22–24
which encodes the most widely expressed of the protein kinase A (PKA) regulatory
subunits. Germline heterozygous PRKAR1A mutation most often create a premature
stop codon, and the resulting RNA is degraded by a mechanism of
nonsense-mediated mRNA decay, inactivating fully the mutant allele. More than
125 pathogenic mutations of the PRKAR1A gene in CNC patients have been
reported to date, but only approximately 70 % of CNC patients are found by Sanger
sequencing to carry PRKAR1A defects; a significant number (21.6 %) of patients
with CNC who are negative by currently available testing may have PRKAR1A
haploinsufficiency due to genomic defects that are not detected by Sanger
sequencing (Salpea et al. 2014). Array-based studies are necessary for diagnostic
confirmation of these defects and should be done in patients with unusual and/or
severe CNC phenotypes who are PRKAR1A mutation negative.
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6.4 CNC: Genetic Counselling

CNC–adrenal tumours are typically histologically benign lesions. However, two
cases of ACC with CNC have been described (Anselmo et al. 2012; Morin et al.
2012). The rarity of CNC and ACC precludes statistical demonstration of their
association.

Key point: ACCs are extremely rare in this syndrome, and therefore, genetic
testing for PRKAR1A mutation in ACCs should be reserved in cases with other
signs of Carney complex.

7 Neurofibromatosis Type 1 (NF1)

NF1 is an autosomal dominant disease with an incidence of one in 3–4000 cases.
ACC in patients with NF1 is rare: six case reports are available in the public domain
(Menon et al. 2014; Fienman and Yakovac 1970; Sorensen et al. 1986; Wagner
et al. 2005; Gutmann et al. 1994; Fraumeni and Miller 1967). Yet, there has not
been any clear evidence of a causal association between NF1 gene mutations and
development of adrenocortical tumours.

7.1 NF1: Diagnostic Criteria

Two or more of the following clinical features are sufficient to establish a diagnosis
of NF1:

i. Six or more café-au-lait macules (>0.5 cm at largest diameter in a prepubertal
child or >1.5 cm in postpubertal individuals);

ii. Axillary freckling or freckling in inguinal regions;
iii. Two or more neurofibromas of any type or one or more plexiform

neurofibromas;
iv. Two or more iris hamartomas (Lisch nodules);
v. Osseous lesion (sphenoid wing dysplasia, long-bone dysplasia);
vi. Optic pathway glioma;
vii. A first-degree relative with NF1 diagnosed by the above criteria.

7.2 NF1: Genotype–Phenotype Correlations

Patients with NF1 microdeletions tend to develop neurofibromas at an earlier age,
have a lower mean IQ, manifest abnormal facial features and are at increased risk of
developing malignant peripheral nerve sheath tumours (Menon et al. 2014). Patients
are susceptible to a variety of malignant tumours, of which the most common are
the sarcomas (leiomyosarcoma and neurofibrosarcoma), breast cancer and lung
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cancers and cancers of the gastrointestinal tract. A novel germline frameshift
mutation (c.5452_5453delAT) in exon 37 of the NF1 gene was recently associated
with the ACC development (Menon et al. 2014).

7.3 NF1: Genetic Mutations and Genetic Testing

At present, the diagnosis of NF1 is made using established clinical criteria,
reserving NF1 genetic testing for unusual presentations. NF1 results from a
loss-of-function mutation or deletion in the NF1 gene. NF1 is a tumour suppressor
gene encoding neurofibromin. This protein functions as a negative regulator of the
Ras proto-oncogene, which is a key signalling molecule in the control of cell
growth. About 50 % of individuals with NF1 have no family history of the disease,
and the disease is due to de novo mutations. In patients with a heterozygous
germline NF1 mutation, the loss of the other allele will lead to the complete loss of
neurofibromin function and the development of tumours, according to the two-hit
hypothesis. ACC development is linked to loss of heterozygosity of NF1 gene
(Menon et al. 2014). The NF1 gene mutation is found in approximately 85–95 % of
cases using a combination of molecular techniques, including denaturing
high-performance liquid chromatography (dHPLC), direct sequencing, fluorescence
in situ hybridization (FISH), MLPA and array comparative genomic hybridization
(CGH) (Ferner et al. 2007). Prenatal testing is possible by direct mutation testing of
foetal DNA extracted from chorionic villous sampling or amniocentesis.

7.4 NF1: Genetic Counselling

Genetic counselling is advised for patients with NF1, as neurofibromas often start to
develop in late adolescence. An individual with NF1 has a 50 % risk of passing on
the condition to an offspring, but the clinical manifestation cannot be predicted,
even within families. It is imperative to examine the parents for cutaneous stigmata
or for Lisch nodules. Genetic counselling prior to conception is advised in all NF1
individuals.

Key point: There are no recommendations for NF1 gene mutation screening in
patients with ACCs because of the rare cases described up to date in the literature
and the lack of a clear evidence of linking NF1 to ACCs (Ferner et al. 2007).

8 Conclusions

Every patient with ACC should receive a basic physical examination aimed at
finding clues of hereditary diseases. A detailed family history and a search for
malignancies even in second- and third-degree relatives should be obtained. If the
clinical history points to a specific disease, corresponding genes should be
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sequenced. Germline TP53 mutations have to be considered, since it is the
underlying genetic cause in the 50–80 % of all ACC cases in childhood. The
possibility of a TP53 mutation should not be dismissed because of a negative family
history as up to 25 % can occur de novo. However, next-generation sequencing
now allows sequencing of a panel of genes at the same time. This systematic
screening should be performed in the absence of family history. The design of the
arrays should include TP53, IGF-2, CDKN1C, KCNQ10T1, APC, MSH genes,
PRKAR1A, Menin and NF-1. The use of next-generation sequencing will be
especially helpful in permitting guided potential target therapy options.
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Diagnosis and Management
of Hereditary Carcinoids

Sarah Benafif and Rosalind Eeles

Abstract
Carcinoid tumours arise in cells of the diffuse neuroendocrine system and can
develop in a number of anatomical sites including the lungs and the
gastrointestinal tract. There has been a move away from the use of the term
carcinoid tumour to the more appropriate use of neuroendocrine tumour (NET)
to highlight the potential for invasion and metastasis associated with some
NETs. Although most cases are sporadic, 15–20 % of cases are related to a
hereditary syndrome, the most common of these being multiple endocrine
neoplasia 1 (MEN1). Other hereditary syndromes include the following: von
Hippel–Lindau (VHL), neurofibromatosis 1 and tuberous sclerosis complex
(TSC), which are all associated with a germline mutation of the associated
tumour suppressor gene and an autosomal dominant inheritance pattern. Familial
small intestinal NET (SI NET) is a recently described condition which is also
inherited in an autosomal dominant manner. There appears to be more than one
causative gene; thus far, only the IPMK gene has been identified as a causative
germline mutation. This was identified by carrying out whole-exome sequencing
of germline and tumour DNA in a family with multiple members diagnosed with
SI NET. Identification of NET predisposition genes in other families via these
methods will allow the development of dedicated NET gene panels which can be
used to screen NET patients and at-risk relatives for hereditary mutations. Close
surveillance of at-risk individuals is important to detect NETs early when
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curative surgery can be offered and the morbidity and mortality of metastatic
NETs can be avoided.
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Neuroendocrine tumour � NET � Carcinoid � Tumour suppressor gene � Genetics
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1 Introduction

Carcinoid tumours arise in cells of the diffuse neuroendocrine system and can
develop in a number of anatomical sites including the lungs and the gastrointestinal
tract. Historically, the term ‘carcinoid’ was coined by Siegfried Oberndorfer over
100 years ago to describe tumours of the small bowel which he noted were indolent
and slow growing in nature and resembled ‘little carcinomas’ (Modlin et al. 2004).
With the increasing study of carcinoid and neuroendocrine tumours (NETs), we
now know that there is a spectrum of disease with some tumours displaying
aggressive features such as invasion and metastasis. Carcinoid tumours may be
‘functional’ and secrete vasoactive peptides such as gastrin, glucagon or serotonin
(causing the classic carcinoid syndrome), while others are non-functional and
hormonally silent. There has been a call to move away from the term ‘carcinoid’
(Klimstra et al. 2010; Chetty 2008) due to the connotations of this being associated
with a benign condition when in fact all NETs have the propensity for malignant
behaviour and metastasis. It is still common for carcinoid and NET to be used
synonymously in the literature.

The classification systems for NETs have undergone several changes in recent
years as distinct molecular and pathological entities have emerged (Tables 1 and 2).
The main distinctions highlighted in these systems are that of well-differentiated
versus poorly differentiated tumours as a different management approach is used for
each of these categories (Klimstra et al. 2010). Secondly, with the gastroen-
teropancreatic (GEP-) NETs, the management of pancreatic NETs differs from
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non-pancreatic NETs; with the former, targeted agents such as sunitinib and
everolimus have been approved for use, whereas with the latter, somatostatin
analogues can be considered (Bergsland 2013). These distinctions are also impor-
tant as they influence eligibility for clinical trials.

The incidence and prevalence of NETs has risen in recent decades (Fig. 1) (Yao
et al. 2008). This rise has been ascribed in part to the increased use of diagnostic
technology such as computerised tomography, endoscopy, and endoscopic ultra-
sound, with a proportion of cases being detected incidentally, when patients are
investigated for unrelated conditions. The changes in classification of NETs have
also contributed to the rise in number of cases as tumours that are low grade and
indolent which would previously have been labelled as benign are now termed
well-differentiated NET.

Worldwide figures for incidence of NETs are not readily available due to the
rarity of the condition as well as the changes in pathological classification descri-
bed. Instead, population-based data from the USA and various European countries
have been published. Based on data analysed from the Surveillance, Epidemiology,
and End Results Program (SEER) database in the USA, the incidence of GI NETs is
estimated to be 2–5/100,000 with a prevalence of 35/100,000 (Yao et al. 2008). GI
NETs are more prevalent than gastric and pancreatic adenocarcinoma, probably due
to their indolent progression, and recognition of this has spurred on research in this
previously neglected field. Bronchial carcinoid makes up 25 % of NET cases and
has an incidence of 1.57/100,000 (Oberg et al. 2012). European incidence rates
appear to be similar ranging from 2 to 4/100,000 (Taal and Visser 2004; Hauso
et al. 2008). Distribution by gender appears to be equal though the primary site of

Table 1 WHO 2010 classification of gastroenteropancreatic neuroendocrine tumours
(GEP-NETs); hpf high powered field (Klimstra et al. 2010)

Differentiation Grade Proliferative rate WHO classification

Well
differentiated

1 (low grade) Ki-67 <3 % and
<2 mitoses/10 hpf

Neuroendocrine
neoplasm

2 (intermediate
grade)

Ki-67 3–20 % or
2–20 mitoses/10 hpf

Neuroendocrine
neoplasm

Poorly
differentiated

3 (high grade) Ki-67 >20 % or
>20 mitoses/10 hpf

Neuroendocrine
carcinoma

Table 2 WHO 2010 classification of lung and thymic NETs; hpf high powered field (Klimstra
et al. 2010)

Differentiation Grade Proliferative rate WHO classification

Well
differentiated

1 (low grade) No necrosis and
<2 mitoses/10 hpf

Typical carcinoid

2 (intermediate
grade)

Focal necrosis or
2–10 mitoses/10 hpf

Atypical carcinoid

Poorly
differentiated

3 (high grade) Extensive necrosis and
>10 mitoses/10 hpf

Small cell carcinoma; large cell
neuroendocrine carcinoma
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NET differs depending on gender. According to USA data, females are more likely
to have a lung, stomach, appendix or caecum primary NET, whereas the primary
site in males is more likely to be thymus, small bowel, pancreas or rectum
(Yao et al. 2008). Median age at diagnosis is 63 years though this can vary

Fig. 1 Incidence of neuroendocrine tumours (NETs) over time, by site and by disease stage.
a Annual age-adjusted incidence of NETs by year (1973–2004). The incidence is presented as the
number of tumours per 100,000 (with 95 % CIs) age-adjusted for the 2000 US standard
population. Cases were selected from the Surveillance, Epidemiology, and End Results database
(1973–2004) using International Classification of Diseases for Oncology histology codes 8150–
8157, 8240–8246 and 8249. b Time-trend analyses of the incidence of NETs by primary tumour
site (1973–2004). Statistically significant increases in incidence at all sites are shown (P < 0.001).
c The incidence of NETs by disease stage at diagnosis. Statistically significant increases in
incidence at all stages are shown (P < 0.001) (Yao et al. 2008). Reprinted with permission. © 2008
American Society of Clinical Oncology. All rights reserved
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according to race (median age in black people is 59 and white people is 64) and
primary site of NET (appendiceal NET median age 47) (Yao et al. 2008).

There are no known aetiological risk factors for the development of NET,
although the rise in gastric NET specifically has been theoretically linked to the
increased use of proton pump inhibitors. This has not been directly proven but is
proposed to be associated with prolonged achlorhydria secondary to proton pump
inhibition leading to gastric G cell hyperplasia and hypergastrinemia (Nikou and
Angelopoulos 2012).

Although the majority of NETs are sporadic, 15–20 % of cases are associated
with a hereditary syndrome (Kunz 2015) such as multiple endocrine neoplasia 1
(MEN1) which is the most common, neurofibromatosis 1 (NF1) and Von Hippel–
Lindau (VHL). In the setting of MEN1, a NET can develop at a much earlier age
than that of sporadic NET and earliest reported ages range from 8 to 12 years
(Thakker et al. 2012).

Recently, familial small intestinal NET (SI NET) has been described and appears
to be inherited in an autosomal dominant pattern. Outside the setting of a hereditary
syndrome, there is an increased risk of SI NET development if there is a positive
family history in a first-degree relative with a relative risk of 3.6 (Strosberg 2012).
The term ‘familial ileal endocrine carcinoma’ has been coined to describe familial
clustering of ileal carcinoid which has been reported by a number of groups. In the
largest study of 9 families and a total of 23 cases of ileal carcinoid, an autosomal
dominant inheritance pattern is described. Loss of chromosome 18q was found to
be an early event in both sporadic and familial ileal NETs, suggesting a shared
pathogenetic mechanism, though a specific gene mutation has not yet been iden-
tified (Cunningham et al. 2011).

As most cases of hereditary NETs develop within the context of an inherited
multisystem disorder, the diagnosis of a hereditary condition may already be known
at the time of NET diagnosis. In those without a known hereditary condition,
referral of a NET patient for genetic testing may be triggered by a family history of
NETs, personal history of conditions related to a particular syndrome associated
with NET development or due to a young age at presentation. In this setting,
next-generation sequencing (NGS) is now being increasingly used to detect sus-
pected genetic germline mutations. Using NGS, analysis of the coding and
non-coding regions as well as regulatory regions of a gene of interest can be carried
out simultaneously, thus detecting large intragenic deletions or duplications. It may
also reveal unexpected novel causative gene mutations (Marini et al. 2015). In the
context of hereditary cancers, hybridisation-based target enrichment can be utilised
to analyse large cancer gene panels. Although dedicated gene panels for certain
cancers are now offered by some molecular genetics laboratories, there is unlikely
to be a dedicated panel targeted to hereditary forms of carcinoid/NET. Instead,
genes of interest, e.g. MEN1, NF1 or VHL, can be selected from a large cancer gene
panel depending on the clinical context or suspected condition.
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Summary

• The incidence and prevalence of NETs is rising, possibly due to increased use of
diagnostic imaging and due to increased awareness among healthcare
professionals.

• Classification of NETs distinguishes between well-differentiated and poorly
differentiated tumours and between pancreatic and non-pancreatic tumours as
treatment differs for each of these.

• 15–20 % of NETs are associated with a familial syndrome and present at an
earlier age than sporadic cases.

• A family history of SI NET confers a relative risk of 3.6 for NET development
in first-degree relatives.

• NGS techniques can be utilised to produce cancer gene panels that can be used
for mutational analysis in suspected cases of hereditary NET.

2 Hereditary Conditions Associated with NETs

2.1 Multiple Endocrine Neoplasia (MEN1)

MEN1 is a tumour syndrome caused by a germline mutation of the MEN1 tumour
suppressor gene which lies on chromosome 11 at 11q13.1. This mutation can occur
sporadically or is inherited in an autosomal dominant manner and has a high
penetrance with clinical manifestations developing in 80 % of cases by the age of
50 (Thakker et al. 2012). The three most common tumours in MEN1 are
parathyroid adenomas (90–100 %), pituitary adenomas (10–60 %) and pancreatic
neuroendocrine tumours (60–70 %). Other tumours have been described as part of
MEN1 with over 20 tumour types including cutaneous, adrenal tumours and thymic
carcinoids (Toledo et al. 2013). In a Spanish study of 837 GEP-NETs, 5 % of cases
were diagnosed with MEN1 (Garcia-Carbonero et al. 2010). Diagnosis of MEN1 is
established when one of the following criteria is met (Thakker et al. 2012):

1. Development of ≥2 MEN1-related endocrine tumours (clinical diagnosis)
2. Development of 1 MEN1-related endocrine tumour in the context of a positive

family history for MEN1 in a first-degree relative
3. Identification of a germline MEN1 mutation

The incidence of MEN1 is estimated to be 0.25 %. In those presenting with
hyperparathyroidism, the incidence of MEN1 ranges between 1–18 % and in those
presenting with gastrinomas 16–38 %. The reported age range for MEN1 patients is
wide and lies between 5 and 81 years (Thakker et al. 2012). The pancreatic NETs in
MEN1 can be functioning such as gastrinomas, insulinomas and glucagonomas or
non-functioning. Non-pancreatic NETs and carcinoid tumours occur in >3 % of
patients. Of these, 10 % are gastric, 2 % are bronchial, and 2 % are in the thymus.
Thymic carcinoids are more common in male MEN1 patients (male:female 20:1)
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and are aggressive malignant tumours. This is true for European patients, but in
Japanese MEN1 patients with thymic carcinoid, the male:female ratio is 2:1.
Median survival from diagnosis of a thymic carcinoid tumour is 9.5 years, and 70 %
of patients die of their disease. In contrast, bronchial carcinoids are more frequent in
females (male:female ratio 1:4) and are less aggressive tumours (Toledo et al.
2013).

Primary hyperparathyroidism associated with parathyroid adenoma or hyper-
plasia is commonly a presenting feature of MEN1 and is diagnosed by the ages of
20–35 years in contrast to sporadic hyperparathyroidism which occurs in those over
50 years (Toledo et al. 2013).

The treatment of MEN1-associated tumours is similar to their sporadic coun-
terparts, but unfortunately treatment outcomes are not as good. One of the reasons
for this is that tumours tend to be multifocal in MEN1, such as multiple duodenal
gastrinomas which are difficult to cure surgically (15 % disease free after surgery
compared with 45 % in sporadic gastrinomas). Occult metastatic disease is more
common in MEN1 tumours; 50 % of MEN1-associated insulinoma develops
metastatic disease compared with 10 % of sporadic insulinoma. Lastly, MEN1
tumours may be larger, more aggressive and more resistant to treatment (Thakker
et al. 2012).

2.2 Genetics of MEN1

The MEN1 gene on chromosome 11q13 is made up of 10 exons encoding the
610-amino acid menin protein. MEN1 is a tumour suppressor gene, and menin
regulates transcription, genome stability and cell division (Thakker et al. 2012). In
the first decade after MEN1 was identified, 1133 germline mutations of the MEN1
gene were reported, consisting of 459 different mutations (Lemos and Thakker
2008). Seventy-five percent of mutations are inactivating mutations consistent with
MEN1’s function as a tumour suppressor gene, but there does not appear to be a
genotype/phenotype correlation according to the type of mutation seen. Indeed,
similar mutations have been observed in MEN1 patients and in familial isolated
hyperparathyroidism (FIHP), the latter being a condition that is not associated with
the development of other tumours (Lemos and Thakker 2008). Although there is no
clear genotype/phenotype correlation, a recently described double substitution in
Exon 2 (428T > A; 429C > T, p.Leu143His) of the MEN1 gene led to a limited
penetrance and milder form of MEN1 in affected family members (Ullmann et al.
2013). There was mild hyperparathyroidism, the development of multiple
well-differentiated pancreatic NETs and no pituitary adenomas at the time of
reporting. This is the only report of a specific genotype/phenotype correlation in
MEN1.

Between 5 and 25 % of MEN1 patients may not harbour a mutation in the
coding region of the MEN1 gene. In these cases, a mutation may lie in the gene
promoter or in non-coding regions, or there may be whole or partial gene deletions
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(Thakker et al. 2012). Published guidelines recommend that in such cases when a
MEN1 mutation is not detected, multiplex ligation-dependent probe amplification
(MPLA) analysis to detect exonic deletions should be carried out (Thakker et al.
2012).

Most laboratories use selective PCR-based amplification of MEN1 exons and
splice sites, followed by Sanger sequencing (Marini et al. 2015). If this initial test is
negative, only some laboratories carry out MPLA as described above. These
approaches can still fail to detect mutations in non-coding and regulatory regions
and also would not identify phenocopies. A phenocopy occurs when the clinical
manifestations of MEN1 are found to be associated with an alternative aetiology to
a MEN1 mutation; phenocopies have been reported in 5–10 % of MEN1 kindreds
(Thakker et al. 2012). Next-generation sequencing (NGS) is now being increasingly
used in this setting and would overcome these limitations (Marini et al. 2015).

MEN1 mutation analysis is indicated for the following individuals (Thakker
et al. 2012):

1. An index case diagnosed with ≥2 MEN1-related endocrine tumours (parathy-
roid, pancreatic or pituitary)

2. Asymptomatic first-degree relatives of a known MEN1 mutation carrier
3. Symptomatic first-degree relative of a MEN1 mutation carrier (i.e. diagnosed

with ≥1 MEN1-related tumour based on radiological or biochemical tests)
4. Suspicion of MEN1 including individuals with parathyroid adenomas under the

age of 30 years, or multigland parathyroid disease, multiple gastrinomas or
multiple pancreatic NETs at any age

5. An index case with ≥2 MEN1-related tumours not part of the classical triad of
MEN1.

Guidelines for MEN1 diagnosis and management published in 2012 recommend
that children in MEN1 families undergo MEN1 mutational analysis in the first
decade of life as there have been reports of MEN1-related tumours developing in
patients as young as 5 years of age (Thakker et al. 2012).

In a minority of patients with clinical evidence of MEN1 (i.e. 2 or more
MEN1-related tumours), mutations in MEN1 are not found. In 1.5 % of these cases,
germline mutation of CDKN1B is present which encodes cyclin-dependent kinase
inhibitor p27kip1, and in this cohort of patients, the clinical syndrome has been
termed MEN4 (Elston et al. 2009; Molatore et al. 2010; Pellegata et al. 2006).
CDKN1B mutation can be detected as part of a NGS cancer gene panel. Germline
mutations in CDK inhibitors p15, p18 and p21 have also been reported as the
probable cause of MEN1 in 1, 0.5 and 0.5 % of patients, respectively (Agarwal
et al. 2009).

The management approach to NETs in MEN1 patients (as with sporadic NETs)
depends on the presence of metastases (to the liver most often) and, if present,
whether they are deemed operable to prevent further metastases and improve sur-
vival. Over 50 % of GEP-NETs in MEN1 patients are gastrinomas and are most
commonly found in the duodenum. In non-MEN1 disease, the risk of hepatic
metastases secondary to NETs is related to tumour size with 25–40 % of patients
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with pancreatic NETs greater than 4 cm developing hepatic metastases. Survival in
MEN1 patients with non-metastatic gastrinomas measuring <2.5 cm is 100 % at
15 years, while in those with metastatic disease, survival is 52 % at 15 years.
Therefore, surgical excision of pancreatic gastrinomas is recommended in tumours
measuring ≥2 cm, whereas with duodenal gastrinomas, management is individu-
alised according to the extent of disease on pre-op and intraoperative imaging, as
MEN1 patients may have multiple tumours (unlike sporadic disease where tumours
are usually solitary) (Thakker et al. 2012). In patients with metastatic disease,
surgery may occasionally be considered. Other treatment options include
chemotherapy (streptozocin and 5FU have been used), and somatostatin analogues
such as octreotide and hepatic transarterial embolisation (Thakker et al. 2012).

Other functional NETs can also develop in the context of MEN1 such as
insulinoma, glucagonoma and VIPomas, and the management approach is similar to
that of gastrinoma with surgery being considered when there is limited operable
disease.

2.3 Management of Non-functional NETs

Non-functional NETs also occur in the context of MEN1 and may be detected
during surveillance imaging. Endoscopic ultrasound detects pancreatic
non-functioning NETs in 55 % of MEN1 patients screened (Thomas-Marques et al.
2006). Individuals are likely to be asymptomatic, and these non-functioning NETs
can occur in MEN1 carriers under 15 years of age. The management of such
asymptomatic tumours is controversial, but their identification is important as
malignant pancreatic NET is the most common cause of death in MEN1 individuals
(Goudet et al. 2010). Also, non-functioning pancreatic NETs are the most com-
monly occurring NET in MEN1 patients and carry a worse prognosis than other
functioning NETs (Triponez et al. 2006a).

Similar to functional NETs, surgical resection is considered for larger tumours
although various guidelines differ in the criteria for resection, ranging from >1 to
>2 cm (Thakker et al. 2012; Triponez et al. 2006b). The complications of pan-
creaticoduodenal surgery such as diabetes mellitus, steatorrhoea and GI symptoms
need to be balanced against the prevention of metastatic disease. The rate of growth
of a non-functional NET is also a factor that contributes to management decisions,
and a doubling in size over 3–6 months is deemed an indication for surgery
(Thakker et al. 2012).

Tyrosine kinase inhibitors such as sunitinib are approved for the treatment of
metastatic or locally advanced pancreatic NETs (Raymond et al. 2011). Inhibitors
of mammalian target of rapamycin (mTOR) such as everolimus are also effective
for treatment (Yao et al. 2011). Both targeted treatments showed a doubling of
progression-free survival (compared with placebo) in clinical trials treating pan-
creatic NET patients (Yao et al. 2011; Raymond et al. 2011). Although the majority
of these patients were non-MEN1 individuals, it is likely that these results can be
extended to MEN1 patients with advanced pancreatic NETs.
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2.4 Follow-up and Screening

Regular screening for MEN1 associated tumours is recommended for all known
MEN1 individuals so that diagnosis is made at an early stage and appropriate
management instituted. The MEN1 mutation appears to be non-penetrant in those
under the age of 5 years and more than 50 % penetrant by the age of 20 years
(Thakker et al. 2012). Therefore, screening is advised in those aged 5 years and
over. This consists of annual biochemical screening as well as regular imaging of
the abdomen and pituitary (Thakker et al. 2012). Biochemical tests include mea-
suring serum calcium and GI hormones such as gastrin, prolactin, fasting glucose,
and chromogranin A. The recommended age for the commencement of specific
investigations is summarised in Table 3.

Summary

• MEN1 is an autosomal condition with 80 % penetrance by the age of 50.
• MEN1 is associated with the development of parathyroid adenomas (90–

100 %), pituitary adenomas (10–60 %) and pancreatic NET (60–70 %). Pan-
creatic NETs can be functioning or non-functioning.

• Non-pancreatic NETs and carcinoid tumours occur in >3 % of patients.

Table 3 Guidelines for screening MEN1 individuals (Thakker et al. 2012)

Tumour Age to
start
screening

Penetrance Biochemical test (annual) Imaging test

Anterior
pituitary

5 30–40 % Prolactin
IGF-1

MRI 3 yearly

Parathyroid 8 90 % Calcium
PTH

None

Pancreatic
NET

30–70 %

Insulinoma 5 10 % Fasting glucose, insulin None

Gastrinoma 20 40 % Gastrin (±gastric pH) None

Other
pancreatic
NET

<10 CgA, pancreatic
polypeptide, glucagon,
VIP

MRI, CT or EUS
annually

Adrenal <10 Adrenal cortical
tumour 40 %

None unless symptoms
or signs evident, or
tumour >1 cm on
imaging

MRI or CT
annually
(alongside
pancreatic
imaging)

Phaeochromocytoma
<1 %

Thymic and
bronchial
carcinoid

15 2 % None CT or MRI every
1–2 years
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• MEN1 patients treated for NETs have poorer outcomes compared with sporadic
cases as tumours tend to be multifocal and more aggressive, and occult meta-
static disease is more common.

• MEN1 gene mutations can be detected via NGS gene panels which can also
include CDKN1B which accounts for 1.5 % of MEN cases and is termed MEN4.
Children in MEN1 families should be tested for a mutation in the first decade of
life.

• Management of MEN1-associated NETs is similar to that of sporadic cases with
surgery considered for operable tumours and systemic treatment in metastatic
cases or for symptomatic functioning tumours.

• Guidelines recommend commencing screening for MEN1 tumours early from
the age of 5 years, and this is continued lifelong.

2.5 Von Hippel–Lindau (VHL)

VHL disease is an autosomal dominant condition caused by mutation of the VHL
tumour suppressor gene which lies on the short arm of chromosome 3. The inci-
dence is reported to be 1 in 36,000 births, with 20 % of cases arising de novo and a
penetrance of up to 95 % by the age of 60 (Maher et al. 2011; Chou et al. 2013).
Similar to MEN1, there is marked phenotypic variability although there is an ele-
ment of genotype–phenotype correlation observed in some VHL families. The three
classical clinical features associated with VHL are retinal angiomas, CNS hae-
mangioblastomas and clear cell renal cell carcinomas (ccRCC). The lifetime risk of
developing these three features is 70 % although this can vary according to the
mutation involved (Woodward and Maher 2006).

Phaeochromocytomas and pancreatic NETs are also observed, and there are
reported cases of carcinoid tumours and hyperparathyroidism. VHL families have
been subdivided into the following groups according to the clinical manifestations
present (Woodward and Maher 2006):

Type 1: retinal and CNS haemangioblastoma and ccRCC; absence of
phaeochromocytoma
Type 2: phaeochromocytomas present and further divided into

Type 2A: with retinal and CNS haemangioblastomas, rarely RCC
Type 2B: haemangioblastomas, RCC and phaeochromocytoma
Type 2C: isolated familial phaeochromocytoma

Clinical diagnosis of VHL requires the development of a VHL-associated
tumour in an at-risk individual (i.e. a relative of a known VHL patient) or in
sporadic cases, the development of two VHL-associated tumours (Maher et al.
2011). Suspected VHL cases should be referred for genetic counselling and VHL
mutation analysis, as well as relatives of confirmed VHL mutation carriers. In those
who test positive for a VHL mutation, appropriate screening and surveillance are
then commenced.
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Pancreatic NETs occur in up to 10 % of VHL patients and are multifocal in 50 %
of these. As in the MEN1-associated cases, they occur at an earlier age than
sporadic cases with a mean age at diagnosis of 35 years (Maher et al. 2011;
Woodward and Maher 2006). Resection of tumours larger than 3 cm in VHL
patients has been recommended, while a more conservative approach can be taken
for smaller, slowly progressive tumours (Blansfield et al. 2007).

Mutations of the VHL gene have been described in more than 900 families
(Maher et al. 2011). The majority of these (30–40 %) consist of deletions, removing
one or more of the three coding exons. The remainder are made up of missense
substitutions and mutations that lead to a truncated protein. Genotype–phenotype
correlations have been described for the subgroups of VHL, with Type 1 VHL
being most commonly associated with truncating mutations or large deletions. Type
2 VHL individuals are associated with missense mutations that do not have total
loss of function. Specific missense mutations are associated with Type 2C isolated
phaeochromocytoma (Maher et al. 2011).

There is no specific genotype–phenotype correlation for the development of
pancreatic NETs although it appears to be more frequent in VHL individuals
developing phaeochromocytomas. In 40 % of VHL patients with a pancreatic NET,
adrenal phaeochromocytoma was also confirmed surgically (Marcos et al. 2002).

Regular screening for the complications of VHL as well as associated tumours is
commenced at an early age in known VHL individuals. Table 4 summarises the
recommended surveillance protocol (Maher et al. 2011).

Summary

• VHL is an autosomal dominant condition due to mutation of the VHL gene and
arises sporadically in 20 % of cases. Penetrance is 95 % by the age of 60 years.

• The three classical clinical features of VHL are retinal angiomas, CNS hae-
mangioblastomas and ccRCC.

• VHL is divided into type 1 and 2 depending on the absence or presence of
phaeochromocytoma, respectively. Type 1 is associated with deletions or
truncating mutations, while type 2 is associated with missense mutations.

Table 4 Guidelines for surveillance of VHL individuals (Maher et al. 2011)

Screening test Age to start screening Frequency

Ophthalmic examination for retinal angioma Infancy/early
childhood

Annual

MRI scans of head for CNS haemangioblastoma Adolescence 12–36 months

MRI or USS of abdomen for RCC and pancreatic
tumours

16 years Annual

BP monitoring for phaeochromocytomaa 8 years Annual
aIf high risk for phaeochromocytoma development, measurement of plasma normetanephrine
levels and adrenal imaging should be included. BP blood pressure, USS ultrasound scan, MRI
magnetic resonance imaging
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• Suspected VHL mutation carriers should be offered genetic testing. Relatives of
those who test positive should also be offered genetic testing.

• 10 % of cases develop pancreatic NETs and may be more frequent in VHL
individuals with phaeochromocytoma. A conservative approach may be taken to
smaller slow-growing tumours.

• Surveillance is commenced in childhood and continues lifelong.

2.6 Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) has also been associated with the development of
neuroendocrine and carcinoid tumours although these are less common in NF1 than
in the previously discussed hereditary conditions. It is an autosomal dominant
condition with complete penetrance by the age of 5 years and is caused by a
germline mutation of the NF1 tumour suppressor gene located on chromosome 17
(17q11.2). The condition arises de novo in 50 % of cases, and diagnosis is based on
the NIH (National Institutes of Health) criteria which require 2 of 7 clinical features
to be present (Box 1). Genetic testing for NF1 mutations is usually reserved for
uncertain cases or in the context of family planning and prenatal diagnosis (Hirbe
and Gutmann 2014).

Box 1: NIH Criteria for the diagnosis of NF1 (Hirbe and Gutmann 2014)

NF1 diagnosis requires ≥2 of the following features:

• ≥6 café-au-lait macules (>0.5 cm at largest diameter if prepubertal or
>1.5 cm if post-pubertal)

• Freckling in axillae or inguinal regions
• ≥2 neurofibromas of any type or ≥1 plexiform neurofibromas
• ≥2 Lisch nodules (iris hamartomas)
• A distinctive osseous lesion (sphenoid wing dysplasia, long-bone

dysplasia)
• An optic pathway glioma
• A first-degree relative with NF1 diagnosed by the above criteria

The worldwide prevalence of NF1 is between 1 in 2500 and 1 in 3000, with no
gender or ethnic predisposition. The classical cutaneous features develop in
childhood with café-au-lait macules evident by the age of 2 years and axillary and
inguinal freckling development between the ages of 5–8 years. Life expectancy for
NF1 individuals is reduced compared with the general population (mean age of
death 54.5 years versus 70.1 years) (Lin and Gutmann 2013). Death due to
malignancy is the predominant cause in those under 30 years and a high proportion
of these are due to malignant transformation of peripheral nerve sheath tumours
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(MPNST) (Lin and Gutmann 2013). Table 5 shows lifetime risks of various
malignancies including NETs in NF1 patients.

There are a limited amount of data related to genotype–phenotype correlation in
NF1, with the most significant finding in the last 20 years consisting of large
deletions spanning the whole NF1 gene being associated with a more severe phe-
notype including intellectual impairment and dysmorphic features (Cnossen et al.
1997). There are no data on genotype correlation with NET development.

Duodenal NETs arise in 1 % of NF1 individuals, often located in the peri-
ampullary region, causing jaundice and abdominal pain. They present at an earlier
age compared with sporadic cases and are treated with surgery where possible
(Hirbe and Gutmann 2014). In advanced disease, systemic treatment can be con-
sidered as with sporadic NET. Surveillance for NET development in NF1 indi-
viduals is not routinely recommended.

A multidisciplinary approach is taken with the management and follow-up of
NF1 individuals, especially in childhood; this includes regular monitoring for spinal
and skeletal defects, neurocognitive developmental delay and ophthalmological
impairment due to optic glioma. Otherwise, routine screening for other complica-
tions of NF1 is not recommended. Monitoring after early adulthood depends on the
severity of disease through childhood (Ferner et al. 2007).

Summary

• NF1 is an autosomal dominant condition that demonstrates complete penetrance
by the age of 5 years with 50 % of cases arising sporadically.

• The NIH criteria are used to clinically diagnose NF1. Genetic testing is not
routinely carried out unless there is uncertainty about the diagnosis. Genetic
analysis may be offered in the context of prenatal family planning.

• Duodenal NETs arise in 1 % of NF1 patients and present at an earlier age than
sporadic cases.

• Multidisciplinary management is required in children and adolescents, but
continued surveillance beyond early adulthood depends on the severity of
disease.

Table 5 Lifetime risk of
malignancy in NF1 (Hirbe
and Gutmann 2014)

Malignant condition Lifetime risk

Optic glioma 15–20 %

Other brain tumour >5× increase

Malignant PNST 8–13 %

GIST 4–25 %

Breast cancer 5× increase

Leukaemia 7× increase

Phaeochromocytoma 0.1–5.7 %

Duodenal carcinoid tumour 1 %

Rhabdomyosarcoma 1.4–6 %
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2.7 Tuberous Sclerosis Complex (TSC)

TSC is an autosomal dominant disorder characterised by the development of
multiple hamartomas in different organs. The incidence is thought to range from
1/6000 to 1/10,000 with a prevalence of 1/20,000 (Northrup et al. 2013). It is
caused by a germline mutation in either TSC1 (9q34) or TSC2 (16p13.3) genes and
has a high frequency of spontaneous development with 80 % of patients not having
a familial history of the disease (Dworakowska and Grossman 2009).

There have been multiple case reports of endocrine tumours (e.g. pituitary and
parathyroid adenomas) as well as NETs (pancreatic insulinomas and islet cell
tumours) in patients with TSC although it is still unclear whether these are truly
related to underlying TSC (Dworakowska and Grossman 2009). One of the proposed
mechanisms that TSC may lead to NET formation is due to loss of negative regu-
lation of mTOR signalling by the TSC1/TSC2 complex (Dworakowska and
Grossman 2009; Larson et al. 2012). The study of sporadic NETs has revealed
dysregulation of the mTOR cascade, and this has lead to the use of mTOR inhibitors
(e.g. Everolimus) in the treatment of some NETs. Therefore, there is a theoretical
rationale for the development of NETs in TSC patients, though there is not sufficient
evidence thus far to recommend surveillance for NETs routinely. Despite this, some
TSC specialist centres have chosen to incorporate abdominal imaging into their
surveillance programs after a small case series of TSC patients showed that the most
common pancreatic lesions in these patients were NETs rather than benign
angiomyolipomas which are commonly associated with TSC (Larson et al. 2012).

The criteria for diagnosis of TSC were modified in 2013 to include genetic
testing results as well as the previously used clinical criteria (Northrup et al. 2013).
Surveillance and management of TSC patients should be done in specialist centres
within a multidisciplinary team and involves lifelong monitoring from the time of
diagnosis (Krueger et al. 2013).

Summary

• TSC is an autosomal dominant condition which occurs sporadically in 80 % of
cases and is characterised by the development of multiple hamartomas.

• There are reports of NET development in some TSC patients although a true
relationship between the two conditions has not been proven. A proposed
mechanism for NET development may be related to loss of regulation of mTOR
signalling by the TSC1/2 complex.

• Surveillance guidelines for TSC patients do not include screening for NETs
although some centres have chosen to incorporate this into their local programme.

2.8 Hereditary Small Intestinal NET

As mentioned previously, a family history of SI NET confers a relative risk of 3.6
for the development of a SI NET in first-degree relatives. Recent investigation into
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familial clustering of SI NETs has revealed possible causative germline mutations
not previously recognised. As with the hereditary conditions discussed above, SI
NETs in these patients tend to be multifocal. In a small prospective American study
of 33 families with at least two members diagnosed with SI NET (Sei et al. 2015),
screening of asymptomatic relatives resulted in 34 % being diagnosed with a
SI NET and were treated with surgery. Linkage analysis and whole-exome
sequencing of germline and tumour DNA were carried out on 6 members of one
large family. This revealed a germline 4-bp deletion in the inositol polyphosphate
multikinase (IPMK) gene on chromosome 10. This mutation was subsequently
detected in all 11 affected individuals as well as 17 of 35 family members whose
carcinoid status was unknown (Sei et al. 2015).

The IPMK mutation leads to a truncated protein, and functional studies
demonstrate reduced kinase activity and nuclear localisation, which in turn reduces
p53 activity and promotes cell survival. The IPMK mutation was not found in any
of the affected individuals in the other 32 families, but this study did suggest a
benefit from screening asymptomatic family members as the detected SI NETs were
diagnosed at an earlier stage and were more likely to be operable compared with the
individuals who had already had a diagnosis made prior to the study.

Further study of the remaining families using whole-exome sequencing of
germline and tumour DNA is needed to identify other susceptibility genes so that
at-risk individuals can be identified and appropriate screening offered, as well as
being able to offer more refined genetic analysis to SI NET patients where there is
the suspicion of a hereditary predisposition (e.g. patients with multifocal tumours).

Summary

• Hereditary SI NET is a recently recognised condition characterised by familial
clustering of SI NETs.

• A germline mutation in the IPMK gene can lead to familial SI NET and is
inherited in an autosomal dominant manner.

• It is likely that a proportion of sporadic NETs that are multifocal and presenting
in younger patients are due to a germline mutation.

• In a family with more than one member diagnosed with a SI NET, screening of
asymptomatic relatives should be carried out to detect tumours at an early stage
when curative treatment can be offered.

• Further study of SI NET families using whole-exome sequencing of germline
and tumour DNA is required to identify other NET predisposition genes, so that
clinically relevant gene panels can be developed for identifying patients with
hereditary SI NETs when there is a high degree of suspicion.
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3 Summary

Although the majority of carcinoid and NETs are sporadic, 15–20 % of cases are
related to a hereditary syndrome. The most common of these is MEN1 which
underlies 5 % of GEP-NET diagnoses. NETs may be diagnosed in patients with
familial syndromes during surveillance including regular abdominal imaging or
biochemical testing. A hereditary cause for NET development should be suspected in:

Patients with a family history of NET, hyperparathyroidism/parathyroid ade-
noma or pituitary tumours.
Patients with a personal history of parathyroid adenoma, pituitary tumours or
phaeochromocytoma.
Patients without a family history but who present at a young age (e.g. <50–
60 years) and/or with multifocal disease.

With the advances in whole-exome sequencing techniques that can be applied to
the analysis of germline as well as tumour DNA, it is likely that further NET
predisposition genes will be identified in the future and we may find that the
proportion of hereditary NETs thus far has been underestimated (e.g. in sporadic
patients with younger onset disease). These can then be included in tailored NGS
gene panels alongside known genes such as MEN1, VHL, NF1 and TSC1/2 that can
be used to identify germline mutations in NET patients where a hereditary cause is
suspected or in at-risk relatives of known hereditary NET patients. NET surveil-
lance of at-risk individuals by appropriate imaging or biochemical testing is nec-
essary to diagnose NETs at an early stage when curative surgery can be offered and
reduce the risk of development of metastatic disease.
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Diagnosis and Management
of Hereditary Sarcoma

David M. Thomas and Mandy L. Ballinger

Abstract
Sarcomas are rare and heterogeneous diseases that affect a younger population
than most epithelial cancers. Epidemiologic studies suggest a strong genetic
component to sarcomas, and many familial cancer syndromes have been
described, in which sarcomas are a feature. The best known of these are the Li–
Fraumeni and retinoblastoma syndromes, study of which has been pivotal to
elucidating the molecular basis for the cell response to DNA damage and the cell
division. Although much has been learnt about cancer biology from the study of
sarcoma families, in general clinical management of increased sarcoma risk has
lagged behind other cancer predisposition syndromes. With the advent of
genomic tools for genetic testing, it is likely that a substantial fraction of sarcoma
patients will be identified as carriers of known risk alleles. The translation of this
knowledge into effective risk management programs and cancer treatments will
be essential to changes in routine clinical practice.
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1 Introduction

Sarcomas are a diverse set of malignancies of the connective tissues, with an esti-
mated incidence of 50–70 per million of the population (Fletcher et al. 2013).
Sarcomas are divided pathologically into those arising in soft tissues and those
arising in bone. There are in excess of 50 recognised subtypes of sarcomas, which
exacerbates problems of accurate classification and underlines the rarity of these
conditions. Sarcomas blur into a much more common group of benign connective
tissue tumours, and sarcomas not uncommonly arise in pre-existing benign lesions.
The strongest known environmental risk factor for sarcomas in general is ionising
radiation, with weaker evidence for arsenicals and herbicides (Thomas and Ballinger
2015). Many of the genes implicated in hereditary sarcomas outlined in this chapter
play important roles in the cellular response to DNA damage, which has clinical
implications for therapy.

Soft-tissue sarcomas are roughly four times more common than bone tumours.
The most common subtypes are undifferentiated pleomorphic sarcomas, followed
by liposarcomas, leiomyosarcomas and synovial sarcomas. The most common bone
tumours are osteosarcoma, Ewing sarcoma and chondrosarcoma. These categories
mask a further degree of genetic, histologic and clinical heterogeneity, further
complicating the challenges of accurate diagnosis and clinical management. As an
era of increasing targeted therapies emerges, the clinical importance of accurate
classification is only increasing.

This complexity is also important from a genetic perspective, because in addition
to a broad sarcoma susceptibility for genes, such as TP53, mutations in other genes
are associated with specific sarcoma subtypes. Because sarcomas often arise at a
younger age than most epithelial cancers (Fletcher et al. 2013), they likely carry a
significant burden of heritable aetiology. Ethnic variation in sarcoma incidence has
not been well mapped, again because of their rarity and difficulties in consistent
annotation. For example, Ewing sarcoma appears to be more common in Caucasians
(Worch et al. 2010), which suggests ethnic modifier influences for a disease which is
not associated with recognised familial clustering. Population-based studies suggest a
high frequency of multiple primary and secondary cancers in individuals who
develop sarcomas (Fernebro et al. 2006; Hemminki and Li 2001).
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Sarcoma-associated syndromes have contributed enormously to our under-
standing of cancer biology, disproportionate to their incidence. Many of these
typically autosomal dominant syndromes are described below, although interest-
ingly many of the sarcomas that arise earlier in life, such as Ewing and synovial
sarcoma, are not associated with dominant familial patterns. Despite their contri-
bution to biological knowledge, the clinical management of these syndromes has
lagged behind breast cancer and bowel cancer. In part, this may be because of the
difficulties in risk modification (for example, by early detection and prevention) of
cancers that are not only diverse and rare, but are also not limited to an anatomical
organ system. Recent advances in genomics as well as imaging technologies may
have a significant impact on our ability to identify and modify sarcoma risk.
Generating a comparable evidence base for altering clinical practice may be chal-
lenging because of their rarity. We summarise what is currently known about
hereditary aspects of sarcomas, consider some of the missing information in our
knowledge base and conclude by summarising likely future developments in this
fast-moving field of research.

2 Hereditary Conditions Predisposing to Sarcoma

2.1 Li–Fraumeni Syndrome

Li and Fraumeni described several families with a high frequency of bone and
soft-tissue sarcoma, breast cancer, brain tumours and leukaemia, suggesting a
dominantly inherited predisposition (Li et al. 1988; Li and Fraumeni 1969). Known
as Li–Fraumeni syndrome (LFS) (OMIM 151623), this constellation of features was
subsequently associated with germline mutations in the TP53 gene (Srivastava et al.
1990; Malkin et al. 1990). Other genes that may phenocopy LFS include CHEK2
and perhaps BRCA2 (Bell et al. 1999; Evans et al. 2008). Clinical criteria for
defining LFS and identifying candidates for TP53 testing have evolved (Table 1)
(Li et al. 1988; Bougeard et al. 2008; Chompret et al. 2001; Tinat et al. 2009;
Bougeard et al. 2015). A broad range of bone and soft-tissue sarcomas account for
approximately 25 % of cancers in LFS families, with osteosarcoma, leiomyosar-
coma and rhabdomyosarcoma the most common (Ognjanovic et al. 2012). There
are some phenotype–genotype correlations. Missense mutations in the TP53
DNA-binding domain are associated with the earlier age of tumour onset, while
frameshift, splice site and nonsense mutations are associated with leiomyosarcoma
in older patients (Ognjanovic et al. 2012). TP53 mutation carriers have an increased
lifetime risk of cancer, with estimates traditionally derived from families meeting
classical LFS or Chompret criteria (Table 1). In these families, the cancer risk is
almost 100 % for females and 73 % for males over a lifetime (Chompret et al. 2000;
Wu et al. 2006), with an early age of onset and increased risk of multiple malig-
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nancies (Gonzalez et al. 2009; Hisada et al. 1998; Mitchell et al. 2013). A reduced
cancer risk may occur in individuals not ascertained on LFS criteria, perhaps
reflecting unknown modifier influences that increase the penetrance of alleles in
familial settings (Mitchell et al. 2013).

Table 1 Modification of LFS classification criteria over time

Classification Year Criteria

Classic LFS 1988 Proband with a sarcoma diagnosed <45 years of age AND a first degree
relative to any cancer <45 years of age AND a first or second degree
relative to any cancer <45 years of age OR a sarcoma at any age

Chompret 2001 Proband with a anarrow spectrum LFS cancer <36 years of age AND ≥1
first or second degree relative to a narrow spectrum LFS cancer (except
breast cancer if the proband has breast cancer) <46 years of age OR
multiple primary cancers
OR
Proband with multiple primary cancers, 2 of which are narrow spectrum
LFS cancers and the first occurred <36 years of age, regardless of family
history
OR
Proband with adrenocortical carcinoma at any age regardless of family
history

2009 Proband with bLFS spectrum cancer <46 years of age AND ≥1 first or
second degree relative to a LFS spectrum cancer <56 years of age OR
with multiple cancers
OR
Proband with multiple cancers (except multiple breast cancers), 2 of
which are LFS spectrum cancers and the first occurred <46 years of age
OR
Proband with adrenocortical carcinoma or choroid plexus tumour
regardless of family history

2015 Proband with cLFS spectrum cancer <46 years of age AND ≥1 first or
second degree relative to a LFS spectrum cancer (except breast cancer if
the proband has breast cancer) <56 years of age OR multiple primary
cancers
OR
Proband with multiple primary cancers (except multiple breast cancers), 2
of which are LFS spectrum cancers and the first occurred <46 years of age
OR
Proband with adrenocortical carcinoma, choroid plexus tumour or
rhabdomyosarcoma of embryonal anaplastic subtype, regardless of family
history
OR
Proband with breast cancer <31 years of age

aNarrow spectrum LFS cancers include sarcoma, brain tumour, breast cancer and adrenocortical
carcinoma
bLFS spectrum cancers include soft-tissue sarcoma, osteosarcoma, brain tumour, premenopausal
breast cancer, adrenocortical carcinoma, leukaemia and lung bronchoalveolar cancer
cLFS spectrum cancers include soft-tissue sarcoma, osteosarcoma, CNS tumour, premenopausal
breast cancer and adrenocortical carcinoma
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Clinical guidelines for surveillance in TP53 mutation carriers currently centre on
breast and bowel cancer preventative measures (CINSW 2015; NCCN 2014; NICE
2013) with little account for sarcomas and other TP53-associated malignancies.
Research studies have implemented whole-body surveillance utilising various
methods including 18Fluorodeoxyglucose-Positron Emission Tomography/
Computed Tomography (FDG-PET/CT) (Masciari et al. 2008) and whole-body
magnetic resonance imaging (MRI; Villani et al. 2011). Although methodologically
limited by small sample size and lack of randomisation, screened individuals in the
latter study had better clinical outcomes than those who were not screened.
A Southern Brazilian study screened neonates for the TP53 R337H founder mutation
and went on to monitor mutation carriers for adrenocortical cancer, one of the
commonest malignancies associated with TP53 seen under 10 years of age (Custodio
et al. 2013). Tumours in screened carriers were identified at an earlier stage than
those who were not screened. There are several issues to consider in clinical man-
agement of TP53 mutation carriers including limiting radiation exposure (Heymann
et al. 2010) and the psychological effects and ethical issues associated with potential
young age of cancer (Fresneau et al. 2013; Alderfer et al. 2015). Several efforts are
underway internationally investigating the many aspects of comprehensive
surveillance protocols for TP53 mutation carriers (Villani et al. 2011; LIFSCREEN
2015; SIGNIFY 2015; ANZCTR 2015; Alderfer et al. 2015; CGP 2015).
A surveillance schedule has been proposed to facilitate a consistent international
approach while research efforts are ongoing (McBride et al. 2014).

2.2 Gastrointestinal Stromal Tumours (GIST) Predisposition
Syndromes

GISTs are a form of soft-tissue sarcoma arising in myenteric cells of Cajal within the
gastrointestinal tract, and most commonly affect patients aged 60–65 (Bachet et al.
2013). Most commonly, sporadic may also occur in an autosomally dominant
inherited pattern in less than 5 % of cases (Neuhann et al. 2013). The first report of a
family displaying characteristics consistent with heritable GIST was made in 1990
(Marshall et al. 1990). In 1998, a gain of function germline mutation in exon 11 of
KIT was identified in a case of heritable GIST (Nishida et al. 1998). Since then more
than 25 kindreds with inherited GIST syndromes (OMIM 606764) have been
reported, the majority with KIT mutations (Carballo et al. 2005; Robson et al. 2004)
reflecting the high frequency (80–85 %) of KIT mutations in sporadic GIST (Neu-
hann et al. 2013). The most common variants are in exon 11 (Nishida et al. 1998;
Carballo et al. 2005; Beghini et al. 2001; Maeyama et al. 2001; Adela Avila et al.
2014), but have also been found in exons 8 (Hartmann et al. 2005), 13 (Isozaki et al.
2000; Graham et al. 2007) and 17 (Hirota et al. 1998) of the KIT gene. In all reports,
an autosomal dominant pattern of inheritance is described with almost 100 %
penetrance (Bachet and Emile 2010). GISTs occur most commonly at a young age
(40–50 years) often with multiple tumours that are multifocal and arise in the
stomach or small intestine (Bachet et al. 2013). In addition to predisposing to GIST,
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different germline KIT mutations are associated with variable phenotypes, including
hyperpigmentation, dysphagia and mastocytosis/urticaria pigmentosa (Neuhann
et al. 2013), but consistent phenotype–genotype correlations are still to be
determined.

Other genes have been linked to familial GIST. GIST families with germline
mutations in PDGFRA (exons 12 and 14) (de Raedt et al. 2006; Chompret et al.
2004; Pasini et al. 2007) have also been identified, reflecting the incidence (5–
10 %) of somatic PDGFRA mutations in GIST (Neuhann et al. 2013). GIST clinical
manifestations in germline PDGFRA mutation carriers are similar to germline KIT
mutations with the age at GIST onset in these families being 40–50 years. Other
clinical observations in these families are variable but include multiple lipomas and
polyps in the small intestine (Pasini et al. 2007), intestinal neurofibromas (de Raedt
et al. 2006) and large hands (Chompret et al. 2004).

Approximately, 10 % of gastric GISTs have loss of function in the succinate
dehydrogenase (SDH) complex and are KIT/PDGFR wild-type (Miettinen et al.
2013). This is indicated by the loss of SDH subunit B (SDHB) staining by
immunohistochemistry and tumours are termed SDH-deficient. These
SDH-deficient gastric GISTs typically occur in children and young adults, form
multiple tumours and often follow an indolent course (Miettinen and Lasota 2014).
Carney triad (OMIM 604287) is a non-familial association of pulmonary chon-
droma, extra-adrenal paraganglioma and SDH-deficient GIST with a strong female
predilection (Carney et al. 1977; Zhang et al. 2010). However, the later-described
Carney-Stratakis syndrome (CSS) (OMIM 606864) is characterised by
SDH-deficient GIST and paragangliomas and is inherited in an autosomal dominant
manner with incomplete penetrance (Carney and Stratakis 2002). Germline muta-
tions in the SDH genes SDHB, SDHC and SDHD have been identified in these CSS
families (Pasini et al. 2008). More recently, SDHA germline mutations have been
found in SDH-deficient GIST patients (Miettinen et al. 2013; Miettinen and Lasota
2014; Pantaleo et al. 2011).

There are currently no evidence-based guidelines for risk management of
hereditary GIST syndromes. Criteria have been outlined for the identification of
potential germline KIT and PDGFRA mutation carriers and surveillance and
treatment recommendations made (Bachet et al. 2013). In clinical management of
affected individuals, KIT/PDGFR mutant tumours respond well to imatinib, while
SDH-deficient and wild-type tumours are less likely to respond as well. Patients
with advanced wild-type GIST do not respond to imatinib as well as patients with
KIT exon 11 mutations (Heinrich et al. 2008).

2.3 Neurofibromatosis Type 1 (NF1)

Neurofibromatosis type 1 (OMIM 162200) previously known as von Reckling-
hausen’s disease (Ferner 2007) is a tumour predisposition syndrome characterised
by neurofibromas, café au lait pigmentation, Lisch nodules in the eye, optic

174 D.M. Thomas and M.L. Ballinger



pathway gliomas and bony dysplasia. Cognitive disabilities in children and car-
diovascular problems in adults are also associated with this condition (Ferner 2007).
NF1 has an incidence of approximately 1 in 3000 individuals (Evans et al. 2010;
Huson et al. 1989; Ratner and Miller 2015). A region on chromosome 17 was
identified as being associated with NF1 (Barker et al. 1987) and subsequently the
NF1 gene was cloned and identified as a tumour suppressor (Viskochil et al. 1990;
Cawthon et al. 1990; Wallace et al. 1990). Germline NF1 mutations are inherited in
an autosomal dominant manner but phenotypic variability provides little evidence
for phenotype–genotype correlations (Ratner and Miller 2015). Type 1 neurofi-
bromatosis is diagnosed on clinical criteria with mutation testing generally limited
to the prenatal setting (Ferner 2007). In 1988, the National Institutes of Health
Consensus Development Conference on Neurofibromatosis set clinical criteria for
NF1 (Agaimy et al. 2012).

Germline NF1 mutation carriers are at increased risk of several malignancies
including malignant peripheral nerve sheath tumour (MPNST) (Evans et al. 2002)
and GIST (Miettinen et al. 2006) and more rarely juvenile leukaemias (Stiller et al.
1994), phaeochromocytoma (Walther et al. 1999), glomus tumours (Stewart et al.
2010) and rhabdomyosarcoma (Sung et al. 2004; Crucis et al. 2015). MPNSTs
contribute significantly to the mortality associated with NF1 (Evans et al. 2011) and
there is an 8–13 % lifetime risk (Evans et al. 2002). Individuals with microdeletions
in NF1 have an increased risk of MPNST compared to other NF1 mutation carriers
(De Raedt et al. 2003). The prevalence of GIST in patients with neurofibromatosis
has been reported at 7 % (Zoller et al. 1997), but higher rates have been recorded in
autopsy studies (Miettinen et al. 2006). Approximately 10 % of duodenal and
jejuno-ileal GISTs were associated with NF1 mutations in a large study at the
Armed Forces Institute of Pathology (Miettinen et al. 2006).

There is no evidence that specific surveillance for MPNST or GIST in NF1
mutation carriers provides benefit. Risk management guidelines have been for-
mulated by several groups and recommendations relevant to sarcoma include
annual physical examination, regular monitoring of central nervous system
abnormalities and other studies such as MRI only when clinically indicated (Hersh
and American Academy of Pediatrics Committee on 2008; Ferner 2007; Ferner
et al. 2007). Diagnosing malignant transformation in the setting of NF1 can be
fraught as the emergence of lumps is common, and benign tumours often produce
symptoms similar to malignancy (Ferner 2007). There is an increased risk of
MPNST following radiotherapy (Sharif et al. 2006), and therefore, the use of
radiotherapy should be carefully considered. NF1-associated GIST typically occurs
in the small intestine as multiple, small asymptomatic lesions (Miettinen and Lasota
2013) with a low mitotic index; however, clinical malignancy is not uncommon
(Agaimy et al. 2012). KIT and PDGFRA mutations are usually not present in these
tumours (Miettinen et al. 2006; Kinoshita et al. 2004) and generally respond
incompletely to imatinib (Lee et al. 2006; Mussi et al. 2008).
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2.4 Other Sarcoma-Associated Hereditary Syndromes

There is insufficient space to do justice to the many genes associated to date with
individual sarcoma subtypes, so a brief survey will suffice (Table 2). Osteosarcomas
are cancers of osteoblasts and are associated with germline mutations in some
well-known tumour suppressor genes. These include the Retinoblastoma gene
(RB1) and three helicases: RECQL4 in Rothmund-Thomson (OMIM 268400) and
RAPADILINO (OMIM 266280) syndromes; RECQL3 (BLM) in Bloom syndrome
(OMIM 210900); and RECQL2 (WRN) in Werner syndrome (OMIM 277700).
These are all extremely rare and in each case are associated with clinical features.
Mutations in RB1 are associated with childhood retinoblastoma (OMIM 180200)
(Balmer et al. 2006), while Werner syndrome is an autosomal recessive condition
associated with progeric features (Sugimoto 2014). Bloom and Rothmund
-Thomson syndromes, also autosomal recessive, are characterised by small sta-
ture and growth delay, and skin changes (Veith and Mangerich 2015). It should be
noted that other malignancies, including other sarcomas, are also reported in these
cancer types. Other syndromes linked to increased bone turnover are associated
with osteosarcomas, including Paget’s disease of bone (OMIM 602080,
TNFRSF11A, SQSTM1, PDB4) (Ralston and Albagha 2014) and McCune Albright
syndrome (OMIM 174800, GNAS) (Turan and Bastepe 2015).

Chondrosarcomas, or tumours of cartilage, are associated with a variety of
hereditary and congenital genetic conditions. Unlike osteosarcomas, chondrosar-
comas arise at an older age and are not chemo- or radio-sensitive. Early detection
and surgery is therefore critical to effective treatment. Frequently, syndromic
chondrosarcomas arise in the context of pre-existing benign skeletal lesions, such as
multiple osteochondromas due to mutations in EXT1 or EXT2 (OMIM 133700,
133701) (Musso et al. 2015; Jones et al. 2014; Ciavarella et al. 2013). Ollier’s
disease and Maffucci syndrome are the best known congenital (but not hereditary)
chondrodysplastic conditions that are associated with an increased risk of chon-
drosarcomas (Verdegaal et al. 2011). They are associated with early-onset chon-
droid lesions, and in the case of Maffucci syndrome, associated with vascular
anomalies, including a predilection for angiosarcomas (Fletcher et al. 2013). The
genetic basis for these diseases includes mutations in IDH1 and IDH2 (Amary et al.
2011), and PTHLH (Collinson et al. 2010). Perivascular epithelioid cell sarcomas
(PEComas) are associated with mutations in TSC1 and TSC2 and may respond to
mTOR inhibitors (Wagner et al. 2010).

Rhabdomyosarcomas are usually childhood cancers arising from skeletal muscle
and are associated with a wide range of syndromes, including LFS, basal cell naevus
syndrome (also known as Gorlin syndrome) (OMIM 109400). Gorlin syndrome is
due to mutations in PTCH1 and perhaps other members of the Hedgehog signalling
pathway including PTCH2 and SUFU (Pastorino et al. 2009; Fan et al. 2008;
Johnson et al. 1996) and clinical manifestations include basal cell carcinomas,
medulloblastoma and jaw cysts. Rhabdomyosarcoma is also associated with
Beckwith-Wiedemann syndrome (OMIM 130650) a disorder of epigenetic origin
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involving chromosome 11q15, although the precise genetic basis is not known
(Cohen 2005), type-1 neurofibromatosis (Sung et al. 2004; Crucis et al. 2015),
Nijmegen breakage syndrome (NBS1, a recessive condition associated with short
stature and microcephaly and immunodeficiency) (Chrzanowska et al. 2012), mosaic
variegated aneuploidy (BUB1B, associated with developmental delay and anoma-
lies) (Hanks et al. 2004), DICER1 syndrome (DICER1, associated with endocrine
phenomena) (Schultz et al. 2014) and Costello syndrome (a congenital myopathy
associated with mutations in HRAS) (Kratz et al. 2015).

Uterine leiomyosarcomas may be associated with hereditary leiomyomatosis and
renal cell carcinoma (HLRCC, OMIM 150800), a cancer predisposition syndrome
characterised by cutaneous leiomyomas, multiple benign uterine leiomyomas
(fibroids) and early-onset renal tumours with a specific type-II papillary morphol-
ogy (Schmidt and Linehan 2014; Launonen et al. 2001). Germline mutations in the
Fumarate Hydratase (FH) gene are associated with HLRCC (Tomlinson et al.
2002). The estimated lifetime risk of renal cancer is 15 % (Menko et al. 2014).
Surveillance recommendations for HLRCC centre around renal cancer risk, but an
annual gynaecological review has been suggested as warranted for possible
detection of malignancy (Refae et al. 2007). There are reproductive implications for
female FH mutation carriers to consider also as uterine leiomyomas typically affect
young women and may interfere with the ability to bear children.

3 Benign and Intermediate Connective Tissue Tumour
Syndromes

It is estimated that there are over 100 benign connective tissue tumours for every
sarcoma, and many of these are associated with a hereditary or constitutive genetic
basis (Gatta et al. 2011; Myhre-Jensen 1981). In addition to the morbidity due
directly to these diseases, the significance of these associations lies in the linkage to
both sarcomas and epithelial malignancies. Familial adenomatous polyposis (FAP)
should be suspected in individuals presenting with aggressive fibromatosis (AF;
also known as desmoid tumour) and is mostly due to germline mutations in the APC
gene (Fearnhead et al. 2001). This may occur in the absence of a family history, as
the de novo rate of APC mutations is estimated at 25 % (Bisgaard et al. 1994).
Germline APC mutation carriers have a lifetime risk of colorectal cancer nearing
100 % (Burn et al. 1991), and a 12 % risk of AF (Clark and Phillips 1996).
Although notionally benign, AF is one of the main causes of death in patients
post-colectomy (Sturt and Clark 2006). They are typically non-metastatic but
exhibit aggressive local growth patterns, and usually occur in the abdominal wall or
mesentery (Lung et al. 2015). Risk management for APC mutation carriers focuses
primarily on the risk of colorectal cancer but recommendations have included CT or
MRI for the detection of AF on an individualised basis (Leoz et al. 2015).
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4 Sarcomas not associated with Recognised Syndromes

It is interesting to consider the subset of sarcomas which are not characterised by
familial clustering. Many sarcomas are characterised by chromosomal instability
(for example, leiomyosarcoma, undifferentiated pleomorphic sarcoma, osteosar-
coma), particularly in association with LFS. However, most sarcomas characterised
by pathognomonic translocations, such as EWS-FLI1 in Ewing sarcoma (Lessnick
and Ladanyi 2012), FUS-CHOP in myxoid liposarcoma (Di Giandomenico et al.
2014) and SYT-SSX in synovial sarcoma (Thway and Fisher 2014), are not
associated with known syndromes. This is despite the case that Ewing sarcoma is
essentially a paediatric or young adult onset sarcoma, while synovial sarcoma also
affects a younger population than most sarcomas. Early age of cancer onset tends to
suggest a genetic basis, which makes the absence of reported families a little
surprising. Given the historical focus of cancer genetics on dominant cancer fam-
ilies, and single-gene testing based on linkage studies, it is possible that this may be
due to non-dominant genetic transmission, or to de novo events that we do not
recognise.

5 Future Directions

The traditional focus of cancer genetics on Mendelian dominant families,
single-gene testing and breast, bowel and ovarian cancer is going to change over the
next decade (Thomas et al. 2015). The driver behind these changes is the impact of
genomic tools on mutation identification. The technology ranges from boutique
panels comprising a few genes, to whole exome sequencing, and inevitably, whole
genome sequencing. A full discussion of this topic is beyond the scope of this
chapter. The coming era will see a shift towards ascertainment of risk directly
through genetic testing of a broader range of patients than previously. In respect of
sarcomas, a recent survey indicated that patients and their families have positive
attitudes towards genetic testing for heritable conditions and about genetic research
in general (Young et al. 2013).

As these tools are applied to broader populations of cancer patients—and maybe
ultimately to the population at large—the architecture of genetic cancer risk will
begin to include more quantitative, polygenic elements, as well as the current
dominant effects of major cancer genes. It is already clear from studies (predomi-
nantly in breast cancer) that common single nucleotide polymorphisms may coin-
cide within individuals with early-onset cancer (Sawyer et al. 2012). However, the
effect size attributable to each variant is small, when they overlap their combined
effect may be comparable to that seen in individuals carrying known dominant
causes of cancer. The key point is that as multiple-gene testing enters the clinic, the
ability to discern the effects of multiple variants within an individual will usher in a
much more complex era of variant classification. We predict that evidence will
accumulate over the next decade of the polygenic contribution to cancer risk at the
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population level. Of course, we next need to understand how this information is to
be used to help carriers.

Population- or clinic-based ascertainment will also identify the hidden burden of
de novo mutations in dominant genes in individuals who lack a classic family
history. The precise rates of de novo variation are not known for most genes with
certainty, and vary quite significantly from apparently negligible in the case of
BRCA1, to approximately 20 % in the case of TP53 (Schneider et al. 2013). For
sarcomas, it is possible that a combination of unrecognised de novo and polygenic
causes may in part account for the group of early-onset, translocation-associated
sarcomas.

Genomic studies are already underway in sarcoma populations to begin the
journey of mapping genetic risk. The low-hanging fruit from these studies will
come from determining the burden of risk attributable to genes already linked to
cancer risk in sarcomas, or for cancers in general. Based on current studies in breast
and ovarian cancers (Walsh et al. 2011), even the application of limited gene panels
will identify about 15–25 % of sarcoma subjects with known oncogenic germline
variation. The clinical importance of these early gene panels cannot be overstated,
since utility drives change in medical practice. For some of these genes, we have
accepted risk management protocols (e.g. for APC, BRCA1). Increasingly, germline
genetic variation may also be used to select patients for targeted therapies, such as
vismodegib for Gorlin’s syndrome (Lopez-Lerma et al. 2015) and poly-ADP ribose
polymerase inhibitors for carriers of mutations in BRCA1 or BRCA2 (Scott et al.
2015). It is also important to recognise that sarcomas are surgically curable if
caught at an early stage. The co-development of technologies such as whole-body
magnetic resonance imaging will be important to sarcoma-specific risk management
and early-detection programs, as is the case for any multiorgan cancer susceptibility
syndrome. Finally, it is likely that knowledge of germline variation in DNA repair
genes may directly influence decision-making in the treatment of sarcomas. Radi-
ation is the strongest known environmental risk factor for sarcoma development and
also forms a key treatment modality for patients with sarcoma—including in the
curative management of these diseases. In the future, the decision whether or not to
use radiotherapy may be informed by a more detailed knowledge of carriage of
variants impairing normal tissue responses to these treatments.

6 Summary

Sarcomas are rare and heterogeneous malignancies that affect the young. Early age
of cancer onset is an important guide to genetic risk. While the study of rare
families with excess sarcoma has contributed to fundamental insights into cancer
biology, including the TP53 and cell cycle pathways, a genetic basis for the
majority of sarcomas remains to be discovered. Clinically, despite long knowledge
of syndromes such as those due to mutations in TP53, risk management has lagged
behind more common hereditary cancer syndromes such as those associated with

Diagnosis and Management of Hereditary Sarcoma 181



breast and bowel cancer. This is likely because of the multiorgan nature of most
sarcoma susceptibility syndromes and because their rarity impedes the generation of
an evidence base for effective risk modification. Future developments in genomics,
imaging technologies and molecular therapeutics are likely to present opportunities
for both ascertainment of the genetic basis for sarcomas, early detection and
treatment of affected patients.
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Diagnosis and Management
of Hereditary Basal Cell Skin Cancer

Susan Shanley and Christopher McCormack

Abstract
Basal cell carcinoma (BCC) is the most common cancer in Caucasians
worldwide and its incidence is rising. It is generally considered a sporadic
tumour, most likely to affect fair-skinned individuals exposed to ultraviolet
(UV) radiation. This chapter focusses on the approach to recognising the
relatively few individuals in whom a high-risk hereditary susceptibility may be
present. Gorlin syndrome is the main consideration and the gene most
commonly mutated is PTCH1, a key regulator of the Hedgehog developmental
pathway. Recently, loss of function of another gene in the same pathway, SUFU,
has been found to explain a subset of families. Understanding the pathogenesis
of familial BCCs has advanced the understanding of the biology of sporadic
tumours and led to targeted therapy trials. The management of familial BCCs
remains a challenge due to significant unmet needs for non-surgical treatments
and a high burden of disease for the individual. Together with the prospect of
advances in gene discovery and translation, these challenges highlight the need
for ongoing review of at-risk and affected individuals by a multidisciplinary
team.
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1 Introduction

1.1 Basal Cell Carcinoma Biology

Basal cell carcinomas arise from progenitor cells located within the hair follicle and
the interfollicular epidermis (Youssef et al. 2012). Morphological subtypes include
nodular, micronodular, superficial and morpheaform tumours but a range of vari-
ants is described (Wade and Ackerman 1978). Some subtypes, e.g. morpheaform,
are associated with increased risk of local infiltration and recurrence (Rubin et al.
2005). Basal cell carcinomas are generally slow-growing and rarely metastasise, a
behaviour which is not well understood. It has been suggested that this may be due
to a stable genome but recent evidence is against this as sequencing of whole
exomes from 12 sporadic BCCs (subtypes not described) supports their having a
very high mutation rate (Jayaraman et al. 2014). Other explanations for a low
metastatic potential include the possibility that BCCs require specific stromal
conditions that are rarely met in metastatic environments (Epstein 2008).

192 S. Shanley and C. McCormack



1.2 Basal Cell Carcinoma Epidemiology

The highest incidence rates for BCCs are in Australia, where the last national
survey in 2002 reported 884 BCCs per 100,000 (age-standardised incidence)
(Staples et al. 2006). In the USA, rates are 166–310 per 100,000 in New Hampshire
(Karagas et al. 1999) and in the UK, 60 per 100,000 person years from 1996 to
2003 (Bath-Hextall et al. 2007). Lifetime risk in the 2012 Australian
Non-Melanoma Skin Cancer Survey (www.scfa.edu.au) was estimated at 52 % for
men by age 70 and 38 % for women. Elsewhere, lifetime risk in Caucasians is about
33–39 % in men and 23–28 % in women (www.americanskin.org and www.pcds.
org.uk). Much lower figures are reported for people with dark skin, with lifetime
risks about 5 times less than for light-skinned individuals (cited by Herbst M.C.,
www.cansa.org.za).

1.3 What Proportion of Basal Cell Carcinomas Are Due
to Hereditary Syndromes?

High-risk genetic predisposition accounts for very few instances of basal cell car-
cinoma. The main consideration is Gorlin syndrome, also known as naevoid basal
cell carcinoma syndrome. This had an estimated prevalence in 2005 of about 1 in
40,000 in the United Kingdom (Farndon 2005). Other high-risk hereditary condi-
tions (such as Bazex-Dupré-Christol and Rombo syndromes) are extremely rare.
Smaller influences on BCC risk are being sought by genome-wide association
studies. One such investigation, for example, of over 2000 Icelanders has identified
the locus TGM3, where a particular risk allele confers an odds ratio (OR) of 1.29
while a protective allele of RGS22 reduces the OR to 0.77. TGM3 has a role in
epidermal differentiation but the role of RGS22 is unknown (Stacey et al. 2014).

1.4 Risk Factors for Basal Cell Carcinoma

1.4.1 Ultraviolet Light (UV) and Determinants of Susceptibility
to Exposure

The rise in many countries in the incidence of BCCs may be due to increased UV
exposure, possibly from ozone depletion, sun exposure, and the use of tanning
beds. Molecular studies support a substantial role for UV radiation in BCC
development, as 75 % of mutations in a recent sequencing study of tumour exomes
were of the C- to T-type known to be UV-induced (Jayaraman et al. 2014).

Susceptibility to UV radiation comes with fair skin, light-coloured eyes, northern
European ancestry and childhood freckling (Gallagher et al. 1995). Three variants
in the MCR1 (melanocortin receptor 1 gene) increase risk of fair skin and red hair
and raise the odds ratio of non-melanoma skin cancer, including BCCs, to 3.15
(95 % CI 1.7–5.82) (Box et al. 2001). Other modifiers of UV response could
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include variants in the DNA repair gene, XRCC3, as homozygotes for rarer alleles
have reduced BCC risk (OR 0.61, 95 % CI 0.41–0.92) compared to those with more
common homozygous alleles (Surdu et al. 2014). Heightened susceptibility to UV
exposure is also part of the clinical picture of the rare high-risk BCC syndromes,
discussed later in this chapter.

1.4.2 Ionising Radiation
Ionising radiation increases the risk of cancers in the radiation field after a latency
of usually 20 years (Karagas et al. 1996; Lichter et al. 2000). This effect is more
marked in specific hereditary conditions such as Gorlin syndrome, where the
latency is more likely to be within 5 years.

1.4.3 Immune Suppression
A Dutch series of renal transplant patients studied between 1966 and 1988 showed
an increase in BCC risk by a factor of 10 compared to those who did not undergo
transplants (Hartevelt et al. 1990). Acute intermittent sunburn further increases
BCC risk post-transplant, suggesting that immune suppressive medication interacts
with UV radiation (Ramsay et al. 2003).

1.4.4 Arsenic
Chronic ingestion of trivalent inorganic arsenic in sources, such as water or in
medications, increases BCC risk (Boonchai et al. 2000), through unclear mecha-
nisms, which could include immune effects (Soto-Pena and Vega 2008).

2 Risk Assessment

The main considerations in looking for a hereditary basal cell carcinoma syndrome
are features that could point to a diagnosis of Gorlin syndrome, or the rarer
Bazex-Dupré-Christol or Rombo syndromes. Two major features or one major and
two minor features are usually required to make a clinical diagnosis of Gorlin
syndrome.

2.1 Diagnostic Criteria for Gorlin Syndrome
(Jones et al. 2011)

2.1.1 Major Criteria
• Lamellar (sheet-like) calcification of the falx (membrane between the cerebral

hemispheres) or clear evidence of calcification in an individual younger than
20 years of age. (Fig. 1)

• Jaw keratocyst (Fig. 2)
• Palmar or plantar pits (two or more) (Fig. 3)
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• Multiple or early onset BCCs* (Fig. 4). This criterion refers to a single BCC
occurring before age 30 or five or more BCCs* [five occurring at any age in low
prevalence countries is suggested by (Jones et al. 2011)]. Five BCCs before age
40 in higher prevalence countries is a reasonable modification, as the incidence
of multiple BCCs in the general population rises in Australia, for example, after
age 40 (Richmond-Sinclair et al. 2009)

• First-degree relative with Gorlin syndrome

Fig. 1 Calcification of falx membrane between cerebral hemispheres is the vertical opaque line at
the top of the image (reproduced with permission from Gorlin 2004)

Fig. 2 Jaw cysts appear as lucent areas on X-ray and can displace teeth, reproduced with the
permission from Manjima et al. (2015)
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Fig. 3 Palmar pits (left) and plantar pits (right) present as depressions in the skin which may be
colourless or red and vary from pinpricks to slightly larger defects in the skin (courtesy of Charles
Frewen Medical Visuals P/L)

Fig. 4 Basal cell carcinomas
in Gorlin syndrome show a
range of forms, including
nodular, pigmented and
superficial forms (courtesy of
Charles Frewen Medical
Visuals P/L)
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2.1.2 Minor Criteria (Jones et al. 2011)
• Childhood medulloblastoma
• Lympho-mesenteric or pleural cysts
• Macrocephaly (occipitofrontal circumference >97th centile), adjusted for height
• Cleft lip/palate
• Bifid/splayed/extra ribs; bifid vertebrae seen on X-ray
• Preaxial or postaxial polydactyly
• Ovarian/cardiac fibromas
• Ocular anomalies (cataract, developmental defects and pigmentary changes of

the retinal epithelium)

Potential triggers to undertake a full clinical evaluation for a basal cell carcinoma
syndrome therefore include:

• Early onset BCC before age 30 or 5 or more as described above
• Multiple BCCs in a radiation field, particularly with a latency of 5 years or less
• Any individual with an odontogenic (jaw) keratocyst
• Any child with a medulloblastoma before 3 years of age
• Any child with macrocephaly and other developmental anomalies such as cleft

lip/palate; structural eye anomalies, polydactyly or bifid ribs or butterfly
vertebrae

• Anyone with a family history of the above features in a close relative

2.2 The Approach to the Assessment

An approach to identifying a BCC predisposition syndrome includes seeking
environmental risk factors and genetic features in the history and examination.

1. Enquire about environmental risk factors for BCCs including:

– sun exposure history and how their skin reacts to sun exposure (Fitzpatrick
1988)

– the countries a person has the person lived in
– use of sunbeds
– use of medications that may have contained arsenic (e.g. Fowler’s solution,

Bell’s asthma mixture and some homeopathic therapies)
– occupational arsenic exposure, e.g. in tanning animal skins
– previous radiotherapy treatments

2. Construct a three generational family history noting diagnoses of cancers, with
particular attention to ‘skin cancers’ and other diagnostic criteria in relatives.

3. Enquire about a personal history of childhood problems, such as congenital
anomalies (including cleft lip/palate, polydactyly, cardiac fibromas, structural
eye anomalies), medulloblastoma, teenage onset problems such as jaw cysts and
note the number, type and location of any skin cancers reported, including the
ages of diagnoses.
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4. Examine the patient for evidence of UV exposure and UV sensitivity. This is
ideally done in a multidisciplinary setting where genetic and dermatological
expertise is available. Note the skin pigmentation, the degree of freckling and
nevi, hair colour, eye colour, other skin cancers or photodamage.

5. Examine for diagnostic features of Gorlin syndrome (as listed by Jones et al.
2011) and for other associated morphological features, namely head circum-
ference (adjusted for height) over 97th percentile, a prominent forehead (frontal
bossing) and arched eyebrows (Fig. 5). It is useful to soak the patient’s hands in
water for a few minutes as this can make the indentations of the palmar pits
(Fig. 3) more evident. Look for features that could indicate Bazex-Dupré-
Christol or Rombo syndromes—such as sparse hair, milia (small white
keratin-containing cysts, usually facial) and atrophoderma (localised areas of
skin atrophy). Examining parents and siblings may assist in determining whe-
ther pattern on inheritance fits with autosomal (Gorlin or Rombo syndromes) or
X-linked (Bazex-Dupré-Christol syndrome).
Investigations:

X-ray of the skull: One of the most useful tests in establishing a clinical
diagnosis of Gorlin syndrome is the skull X-ray. Arrange for review of old
X-rays where possible to avoid unnecessary irradiation or order a skull
anteroposterior (AP) X-ray to assess falcine calcification. Dense calcification
is seen in 79–92 % of individuals when systematically sought (Ratcliffe
et al. 1995; Kimonis et al. 2004). It is either double-layered (bi-lamellar) or a
2–3-mm single layer. If falcine calcification is absent over age 25, then the
diagnosis of Gorlin is very unlikely. Conversely, calcification is only seen in
around 37 % of patients with Gorlin syndrome aged less than 20 years

Fig. 5 Facial features of Gorlin syndrome include macrocephaly, prominent forehead, arched
eyebrows and wide-set eyes. The photograph on the right is 30 years on from those on the left and
demonstrates surgical scarring and alopecia from medication effects, in addition to the ageing
process (courtesy of Charles Frewen, Medical Visuals P/L)
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(Kimonis et al. 2004), so the greatest benefit as a diagnostic tool is in adults.
Calcification may also be seen on CT but MRI is likely to be less sensitive.
X-ray of the jaw [orthopantomogram (OPG)]: This is indicated to look for
jaw keratocysts in an individual aged 8 or above.
X-ray of spine and vertebrae: If the finding or one or two more minor
diagnostic criteria would make a clinical diagnosis, then it is useful to review
or arrange for X-rays of spine and vertebrae to look for features such as bifid
ribs or butterfly vertebrae. This can be of particular help in evaluating a child
where other age-dependent features of Gorlin syndrome including falcine
calcification may not yet have manifest.

6. Genetic testing: If a patient has sufficient clinical criteria to warrant a clinical
diagnosis of Gorlin syndrome, then mutation analysis of their germline DNA is
indicated.
Other situations that make a mutation highly likely include the following:

– an individual with an odontogenic keratocyst before age 35 (Pastorino et al.
2012)

– a child with desmoplastic medulloblastoma before age 3 (Garre et al. 2009)

Identifying a mutation may allow predictive testing of other relatives and guide
surveillance advice.

2.3 Genes Responsible for Hereditary Basal Cell Carcinoma
Syndromes

2.3.1 PTCH1
This is the most significant BCC susceptibility gene, found by linkage studies on
chromosome 9q22 (Hahn et al. 1996; Johnson et al. 1996) in families with clinical
diagnoses of Gorlin syndrome. Mutations are found in up to 67 % of individuals
with Gorlin syndrome (Smith et al. 2014) and in a similar proportion of sporadic
BCCs. Reifenberger et al. (2005) analysed 42 sporadic tumours, demonstrating
PTCH1 mutations in 28/42 (67 %) tumours, with 42 % demonstrating inactivation
of both alleles via mutation and loss of the second allele. Epigenetic inactivation of
PTCH1 in the germline has not been documented [although has been seen as
somatic event (Pan et al. 2010)].

PTCH1 encodes a transmembrane receptor protein which regulates a key
developmental process, the Hedgehog signalling pathway, responsible for deter-
mining embryonic patterning. Figure 6 (Epstein 2008) shows how loss of PTCH1
function upregulates the Hedgehog pathway, driving cellular proliferation. It also
impairs radiation-induced cell cycle checkpoints (the ATR-CHK1 checkpoint),
causing genomic instability (Leonard et al. 2008). Loss of PTCH1 function could
also contribute to the development of other tumours, including lung, breast, prostate
and pancreas (Jacob and Lum 2007).

PTCH1 gain of function mutations, including duplication, are also described in
a separate non-tumour predisposition condition. They confer a variable phenotype
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that includes degrees of holoprosencephaly (structural forebrain anomaly) and
impairment of intellect and facial formation.

The PTCH1 gene has 23 exons covering 34 kb, encoding 1447 amino acids (Lo
Muzio 2008). More than 224 mutations have been described, over 100 in the
germline, with most predicted to truncate the protein (Lindstrom et al. 2006).
Inheritance of PTCH1 mutations is autosomal dominant with apparently complete
penetrance but very variable expressivity. Up to 30 % of diagnoses may represent
de novo mutations [Evans and Farndon 2002 (updated 2013)] but mosaicism is not
well described in the literature. Mutations are clustered within loops within the
protein but no correlation has been seen between mutation location and phenotype.

PTCH1 has a homologue, PTCH2, located on chromosome 1p32, which has 23
exons and covers 15 kb encoding 1203 amino acids. Very rare mutations in PTCH2
have been demonstrated in BCCs and medulloblastomas (Smyth et al. 1999).
A frameshift PTCH2 mutation has been found in a 13-year-old Japanese girl with
multiple jaw cysts and rib anomalies (Fujii et al. 2013) but without sufficient
features yet to meet official criteria for diagnosing Gorlin syndrome. One Chinese

(a) (b)

Fig. 6 A basic schematic of the hedgehog (HH) signalling pathway reproduced with permission
from Epstein (2008). a The family of extracellular HH ligands, of which there are three in
mammals [sonic hedgehog (SHH), Indian hedgehog (IHH) and desert hedgehog (DHH)] bind to
the patched 1 (PTCH1) receptor. This relieves the inhibition of smoothened (SMO) by PTCH1,
and SMO sends signals through a series of interacting proteins, including suppressor of fused
(SUFU), resulting in activation of the downstream Gli family of transcription factors: GLI1, GLI2
and GLI3. b Loss of PTCH1 in patients with basal cell naevus syndrome predisposes them to basal
cell carcinoma (BCC) development. Sporadic BCCs routinely carry mutations in PTCH1 and
TP53, consistent with their having been produced by ultraviolet radiation and, in 10 % of
instances, in SMO. Other mutations have been implicated in BCC development, including genes
that regulate skin colour, DNA damage repair genes, members of the phosphoinositide 3-kinase
(PI3K)–Akt and the Wnt pathways and FOXM1
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family has been described with a possible missense mutation but overall the role of
the PTCH2 gene is not well characterised.

2.3.2 SUFU (Suppressor of Fused)
SUFU is another hedgehog pathway gene (Fig. 6) which acts downstream of
PTCH1 to transmit signals to Gli family transcription factors. Germline mutations
were first described in children with medulloblastoma (Brugieres et al. 2012).
Pastorino et al. (2012) and Smith et al. (2014) have described the SUFU phenotype
in 10 people. The SUFU phenotype seems to involve more BCCs and medul-
loblastomas than jaw cysts. A higher frequency of medulloblastomas than is
expected in PTCH1 carriers needs to be verified. Similarly, ovarian fibromas were
frequent, seen in 3/6 SUFU mutation carriers in one study, but greater numbers are
needed to establish how much phenotype may vary between PTCH1 and SUFU
mutation carriers and the mechanisms behind any differences.

2.4 Differential diagnosis (of individuals presenting
with a personal or family history of multiple BCC
predisposition)

2.4.1 Gorlin Syndrome (naevoid basal cell carcinoma syndrome)
Three large studies from the United Kingdom, Australia and America examined the
clinical features of Gorlin syndrome. Basal cell carcinomas were seen in 90–97 %
of participants, jaw cysts in 71–90 % and pitting in 71–87 %. There is striking
variation in expressivity, however, within and between families, which may be due
to the influences such as unknown modifier genes and epigenetic events. Timing of
the inactivation of the second PTCH1 allele in mouse models has been shown to
influence the type of BCC that developed (Zibat et al. 2009), so it has been sug-
gested that similarly this could explain some of the variation in humans (Jones et al.
2011).

Basal cell carcinomas in Gorlin Syndrome
BCCs have been reported in children before age 10, but this has been after exposure
to carcinogens, namely arsenic in asthma medication and cranial irradiation
(Shanley et al. 1994). In the UK, the cumulative incidence of BCCs in Gorlin
syndrome patients by age 20 is 12 % (Jones et al. 2011), compared to 47 % in
Australia (Shanley et al. 1994). Numbers of BCCs in an individual can range from a
few, for example, 5 in countries with little UV exposure, to hundreds to thousands
in Australian patients, hence a huge potential cosmetic and health impact (Figs. 4
and 5). In African American individuals with Gorlin syndrome, the proportion of
people reported to develop BCCs is less at 28 % (Goldstein et al. 1994) but tumours
can still develop at an early age.

Diagnosis and Management of Hereditary Basal Cell Skin Cancer 201



Jaw cysts—a single keratocyst is a major feature at any age
Keratocystic odontogenic tumours (KCOTs) usually present as painless jaw swel-
lings in the mid-teenage years, but they may be asymptomatic and found on X-ray
(Fig. 2). They may also cause misplaced teeth or abnormal taste due to infection.
They have characteristic microscopic features (summarised in Pastorino
et al. 2012). The likelihood of an individual with a KCOT having Gorlin syndrome
varies between studies from 1.4 to 25.6 %. Features highly suggestive of Gorlin
syndrome are onset before age 20 or multiple lesions, especially in the maxilla, as
sporadic lesions are more likely to affect only the mandible (Guo et al. 2013). Cyst
numbers range from 1 to 18 with 75 % manifesting by age 20 (Kimonis et al. 1997).

Pits
Pits appear as colourless or pink/red pinpricks in the palmar and plantar epithelium
(Fig. 3). They may be a difficult sign to interpret as they can be subtle but soaking
the hands in water for a few minutes can make the indentations more pronounced.
In some families, the observation of pitting has not correlated with the presence of a
known family PTCH1 mutation, so it is wise to be cautious in making a clinical
diagnosis if this feature is the tipping point (Wicking et al. 1997).

Other tumours in the Gorlin spectrum
Medulloblastoma is the most common brain malignancy in childhood in the
general population and affects up to 5 % of Gorlin syndrome patients. Recent
evidence suggests that risk may seem to be more relevant to those with SUFU than
with PTCH1-related disease, but confirming this in other studies is needed before
modifying advice. Tumours are mainly of the desmoplastic subtype occurring
before age 3 (Smith et al. 2014) compared to non-syndromic patients where median
onset is by about 5 years (Rudin et al. 2009). Other tumours in the Gorlin spectrum
include ovarian fibromas in 14–24 % of study participants, reviewed in (Kimonis
et al. 1997) as well as cardiac fibromas in 2.5 % of UK participants in Evans et al.
(1993) and occasional individuals with multiple meningiomas after cranial irradi-
ation (Kimonis et al. 1997).

Non-tumour features of Gorlin Syndrome
Ectopic calcification in the falx membrane between the cerebral hemispheres is
particularly useful as a diagnostic aid (see section on assessment). Other radio-
logical features are congenital anomalies in the ribs and spine, which can be most
useful in evaluating a child. This can be particularly helpful where a parent has a
clinical diagnosis of Gorlin syndrome but no mutation is available for predictive
testing. These features include bifid ribs, ribs with bony bridging or spina bifida
occulta. Rib anomalies were seen on 49 % of X-rays in individuals with a confident
clinical diagnosis of Gorlin syndrome based on other features. This frequency is far
greater than the 0.5–1 % prevalence in the general population (Ratcliffe et al. 1995).

Other congenital anomalies in Gorlin Syndrome
There are many other congenital features [summarised in Evans and Farndon 2002
(updated 2013)] that are considered part of Gorlin syndrome. Macrocephaly occurs
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in at least 50 % of individuals and may affect delivery of an affected child,
sometimes requiring a Caesarean. Cleft lip and palate are seen in 3–5 % individuals
and severe eye anomalies, such as microphthalmia, occur rarely (Ragge et al. 2005).

2.4.2 Other conditions to consider

1 Bazex-Dupre-Christol syndrome: First described in 1964, this X-linked
dominant condition has been described in approximately 20 families (Parren and
Frank 2011). Earliest features are usually sparseness of hair, with BCCs
developing from the first decade, earliest reported as at age 3. Other main
features are atrophoderma (localised skin atrophy) and milia (white small
keratin-filled facial cysts), while additional features include hyperpigmentation
of the face and trichoepitheliomas (benign hair follicle tumours). A candidate
region on Xq25-27.1 has been located but no gene has been identified to date.

2 Rombo syndrome: Rombo syndrome is a condition very similar to
Bazex-Christol-Dupré syndrome but with a dominant pattern of inheritance. It
is recorded in only a few families. Michaelsson et al. (1981) were first to
report patients with atrophoderma of the cheeks, elbows and hands and feet,
together with cyanosis of lips and extremities, milia and a BCC predisposition
manifesting in the thirties.

3 Familial clustering of basal cell carcinomas: Some families ascertained while
seeking Gorlin syndrome patients have manifested only BCCs but no other
features sufficient to make a clinical diagnosis. Some may represent clustering
due to shared UV exposure and UV sensitivity due to skin type or other shared
genes that are yet to be identified.

2.4.3 Basal cell cancers may form part of a clinical spectrum
in other disorders where they are not the primary
feature

1 Xeroderma pigmentosum (XP): This recessive condition is usually diagnosed
in infancy with severe skin sun sensitivity or marked development of lentigines
(freckling), seen by age 2. This is followed by the development of squamous cell
carcinomas (SCCs) as well as BCCs, melanomas and in some forms, neuro-
logical abnormalities. The median age for the onset of non-melanoma skin
cancers in a study by the National Institute for Health was 9 years of age and
22 years of age for melanoma (Bradford et al. 2011). Clinical features guide the
molecular analysis of potential genes which include 8 nucleotide excision repair
genes and one polymerase, (reviewed in Kraemer and DiGiovanna 1993).
Multigene panel testing is available.

2 Oculocutaneous albinism(OCA): Patients, particularly in African populations,
with OCA have been described as having an increase in a mixture of skin
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cancers, but the predominance of SCCs over BCCs appears more marked than in
XP (Luande et al. 1985). The diagnosis is usually clinical, based on the striking
reduction in pigment in skin, hair and the iris, but molecular testing of genes
such as the TYR tyrosinase gene and the OCA2 gene is available (Lewis 1993).

3 Epidermolysis bullosa (EB) simplex, Dowling-Meara type: (Fine et al. 2009):
A single record of registry data notes a lifetime risk of 44 % by age 55, but no
increase in SCC risk, unlike other EB conditions. This is an autosomal dominant
condition due to mutations in the KRT5 or KRT14 genes, where the main feature
is severe skin blistering from birth.

4 Uveal melanoma families: A recent report describes four families in which
BAP1 mutation carriers developed BCCs of which two tumours had lost BAP1
protein expression but this has yet to be investigated in depth (Wadt et al. 2014).
Other conditions may clinically mimic multiple BCCs, such as cylindromatosis
(Brooke–Spiegeler syndrome, turban tumour syndrome). This autosomal dom-
inant condition has strikingly variable expression and manifests as mainly head
and neck firm lesions, where the tumours are actually trichoepitheliomas and
spiroadenomas (tumours thought to originate from hair or sweat or sebaceous
glands) (Poblete Gutierrez et al. 2002).

2.5 Genetic Testing

PTCH1 testing: The sensitivity of exon sequencing in Gorlin syndrome patients in
one UK study of 171 individuals was 56 % but large rearrangement studies using
MLPA, and RNA studies increased this to 67 % (Smith et al. 2014). Intronic
splicing mutations have been described in occasional individuals (Bholah et al.
2014). Large chromosomal deletions of 9q22.3 that include PTCH1 have been
described. These would be considered if a patient had marked developmental
delay/intellectual disability and other features as described by Muller et al. (2012).

Clinical testing by sequencing and large rearrangement testing is available, both
for PTCH1 alone and as part of panel testing.

PTCH2 testing: PTCH2 testing is not routinely available as interpretation of
results remains difficult due to limited phenotypic data.

SUFU: Sensitivity of detection is difficult to estimate due to limited numbers of
individuals tested but clinical testing is available using sequencing and MLPA.

3 Management of BCC predisposition syndromes

3.1 Surveillance—Childhood

Specialist skin examination by a dermatologist or multidisciplinary unit from infancy
is recommended, despite a lack of evidence of the impact, as this may give maximum
opportunity for early treatment and may improve morbidity (Jones et al. 2011).
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Developmental assessment from infancy for the first few years of life may be
offered along with routine plotting of growth during childhood [Evans and Farndon
2002 (updated 2013)]. Imaging for medulloblastoma is not recommended univer-
sally (although undertaken with 6-monthly imaging at some centres). It is not
widely recommended due to low absolute level of tumour risk, lack of evidence for
the benefit of imaging and the need to sedate children for imaging.

Specialist dental review yearly from age 8 is advised for odontogenic keratocysts
(Farndon 2005).

3.2 Therapeutic Options

BCCs in patients with Gorlin syndrome have histologies indistinguishable from
sporadic tumours, but the challenge is to manage what may be hundreds to thou-
sands of lesions and to tailor the treatment to the patient and each lesion. The most
effective treatment for the majority of BCCs in any patient is surgical excision.
Superficial lesions may be treated with topical therapies such as the immune
modifying agent, imiquimod. Complete clearing of superficial lesions and partial
responses in nodular tumours are reported in a couple of very small studies of
Gorlin patients (Micali et al. 2002; Stockfleth et al. 2002). Photodynamic therapy is
another option. It generally uses a topically applied photosensitising agent such as 5
aminolaevulinic acid and light to target tumours, but the agents can also be
delivered systemically. One study of 33 Gorlin patients with 138 tumours showed
local control in 56 % of tumours at one year. Responses were similar in tumours
<2 mm (treated topically) and thicker lesions treated with systemic agents (Lon-
caster et al. 2009) but this and other reports have only short follow-up. Consensus
guidelines for the use of photodynamic therapy (PDT) in Gorlin syndrome have
been developed (Basset-Seguin et al. 2014).

3.3 Targeted Therapies for BCCs

The targeted therapy, vismodegib is the first of its kind, a drug that blocks the
Hedgehog pathway by inhibiting the protein smoothened (SMO), to which PTCH1
binds (see Fig. 6). Following very promising results of Phase 1 studies in a range of
solid tumours, including locally advanced and metastatic BCCs (Cowey 2013), 42
individuals with Gorlin syndrome were enrolled in a double-blind
placebo-controlled study. In patients treated daily for up to 18 months, there was
a significant reduction in new tumours and shrinkage of existing BCCs, but side
effects including weight loss, hair loss, altered taste and muscle cramps led 54 % of
participants to stop the medication and the rate of tumour formation increased with
medication cessation (Tang et al. 2014). Resistance to vismodegib can occur due to
acquired mutations in SMO (Pricl et al. 2015) and highlights the need for additional
targeting, for example with combinations of agents (Gonnissen et al. 2015). Agents
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acting further along the pathway would also be necessary to manage tumours with
SUFU mutations where the site of pathway activation is downstream of SMO.

Vismodegib is licensed for the treatment of advanced BCCs where surgery is not
indicated but it is not indicated for chemoprevention and patient access remains
extremely limited outside of trials (see, clinicaltrials.gov).

3.4 Treatment of Keratocysts

Keratocysts (KCOTs) are surgically treated but recurrence is a risk as daughter
cysts can form in the tumour wall (Shear 2002). Four of six Gorlin syndrome
patients treated with vismodegib had a reduction in size maintained for 9 months
while others had stable KCOTs on the medication (Ally et al. 2014). Side effects
and access to vismodegib limit its use, as they do for control of BCCs.

3.5 Prevention of BCCs in Gorlin Syndrome

Isotretinoin treatment has produced a decrease in new tumour formation in small
numbers of patients with Gorlin syndrome and is considered reasonable by some to
trial in individuals (Bettoli et al. 2013). It requires careful follow-up and avoidance
of pregnancy during treatment and for one month afterwards due to teratogenicity.
Vismodegib has shown effect in reducing new tumour development but is difficult
to tolerate and not readily available outside of trial settings. Avoidance of radiation
exposure is recommended, where possible, including maximal sun protection.

3.6 Quality of Life

The burden of disease with Gorlin syndrome can be very high, particularly due to
the BCC burden and the amount of time away from work in recovering from
multiple procedures (Ali et al. 2014). Mathias et al. (2014) are exploring emotional,
social and physical functioning, identifying reduced activities and the impact of
scarring as important themes in early data. This supports the role of regular review
of a patient and a family’s overall management, ideally by a multidisciplinary team
who can also signpost other supports. Peer support services have been established
in a number of countries and have important roles in education and advocacy.

Current research in familial BCC syndromes continues to look for more
mutations in the known genes and new candidates. Approaches include more
detailed conventional genetic analysis by sequencing and large rearrangement
analysis and germline exome sequencing. Unknown modifier genes are thought to
influence expression of PTCH and SUFU. Understanding the landscape of muta-
tions in BCCs from patients with Gorlin syndrome versus sporadic tumours may
help find to understand pathways, but is challenging as mutation rates in tumours
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appear high. Ongoing trials are examining the optimal dosing of PTCH1-targeted
therapies such as vismodegib (see, www.clinicaltrials.gov) and exploring the
impact of other points of hedgehog pathway inhibition.

4 Summary

Rare inherited susceptibility syndromes are important as they may be associated
with profuse BCCs, other cancers and specific management implications. Gorlin
syndrome is the exemplar, with autosomal dominant inheritance, complete pene-
trance but highly variable expressivity. It is the result of mutations in the Sonic
Hedgehog (SHH) developmental signalling pathway, most commonly in the
PTCH1 tumour suppressor gene and to a lesser extent, the SUFU gene. Diagnostic
testing is available for these two genes but other rarer BCC syndromes rely on
clinical diagnosis. Management is challenging and includes minimising exposure to
ionising and UV radiation, careful surveillance to minimise cosmetic issues with
repeated excisions, limited use of topical agents and recently the use of targeted
therapies in trials. There is much still to learn about the critical events in BCC
pathways that may inform understanding of tumour formation in multiple tissues.
Given the high disease burden for individuals, there is a marked need for better
support, including registries of those with high genetic risk to facilitate access to
targeted therapies and clinical trials.
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Genetic Testing for Rare Cancer:
The Wider Issues
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Abstract
Identification of a potential genetic susceptibility to cancer and confirmation of a
pathogenic gene mutation raises a number of challenging issues for the patient
with cancer, their relatives and the health professionals caring for them. The
specific risks and management issues associated with rare cancer types have
been addressed in the earlier chapters. This chapter considers the wider issues
involved in genetic counselling and genetic testing for a genetic susceptibility to
cancer for patients, families and health professionals. The first part of the chapter
will present the issues raised by the current practice in genetic counselling and
genetic testing for cancer susceptibility. The second part of the chapter will
address some of the issues raised by the advances in genetic testing technology
and the future opportunities provided by personalised medicine and targeted
cancer therapy. Facilitating these developments requires closer integration of
genomics into mainstream cancer care, challenging the existing paradigm of
genetic medicine, adding additional layers of complexity to the risk assessment
and management of cancer and presenting wider issues for patients, families,
health professionals and clinical services.
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1 Introduction

The current model of genetic medicine involves identifying patients with a possible
hereditary cancer from the phenotype (observable characteristics resulting from the
interaction between genes and environment) and/or family history. For most types
of cancer, referral to a genetics specialist is made following cancer treatment and
often at the instigation of family members. In some cancers, there is growing
evidence of a benefit to early identification of a pathogenic mutation (e.g. in BRCA1
or BRCA2 in patients with breast or ovarian cancer), resulting in increasing demand
for rapid turnaround of genetic counselling and genetic testing.

Within current practice, testing of one of more individual genes will be offered
following genetic counselling if the patient meets specified criteria and makes an
informed decision to have the test. If a pathogenic mutation is identified in the
patient with cancer (index patient), family members who may have inherited this
mutation (at-risk relatives) can then be offered a predictive test following genetic
counselling. This model of genetic medicine raises numerous practical, ethical and
psychological issues for patients and families but relatively few challenges for
referring health professionals, provided referral criteria are available and pathways
of communication between specialist areas are clear and well developed.
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Since mapping of the human genome in 2003, there have been rapid advances in
scientific knowledge and technology around the importance of genomics in health
care. Recognition of the potential benefit to patient outcomes through targeting of
specific therapies has resulted in recommendations that the use of genetic tech-
nology shifts from the confined area of medical genetics into all aspects of health
care (House of Lords Science and Technology Committee 2009).

Clinical genome sequencing (CGS) enables rapid characterisation of massive
volumes of DNA and the potential to undertake testing of the whole genome.
Alongside this, direct to consumer (DTC) genetic testing is becoming increasingly
available through internet-based companies. These developments challenge the
existing paradigm of genetic medicine, add additional layers of complexity to the
risk assessment and management of cancer and present wider issues for patients,
families, health professionals and clinical services in relation to rare cancers.

2 Identifying Patients with and at Risk of Hereditary
Cancer

Whether or not patients with a potential hereditary cancer are referred to a genetics
specialist is largely dependent on the knowledge, expertise and attitude of the
referring health professional. This is particularly the case for patients with rare types
of cancer.

Knowledge of genetics amongst physicians and nurses is low (Scheuner et al.
2008; Godino and Skirton 2012). Health professionals are not always confident to
make a risk assessment (Metcalfe et al. 2010), are not always clear whose
responsibility it is to make the referral (Lanceley et al. 2012) and do not consistently
refer patients even if they have been identified (Grover et al. 2004; Daniels et al.
2009; Meyer et al. 2010).

Understanding the polygenic and multifactorial nature of cancer risk and the
characteristics of hereditary cancer are essential skills for oncology practice. In the
UK, National Occupational Standards have been developed in genetics and geno-
mics education for non-genetics health professionals by the National Health Service
(NHS) National Genetics and Genomics Education Centre1, and training is avail-
able through NHS Health Education England.2 In the USA, core competencies in
genetic medicine have been integrated into oncology training requirements and
ongoing educational programmes are provided by the American Society of Clinical
Oncologists (ASCO) (Robson et al. 2015).

1http://www.geneticseducation.nhs.uk/for-practitioners-62/national-occupational-standards (last
accessed 20.10.15).
2https://www.genomicseducation.hee.nhs.uk (last accessed 20.10.15).
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3 Genetic Counselling About Hereditary Cancer

In North America, the UK and parts of Europe and Australasia genetic counselling
is offered prior to genetic testing. Genetic counselling about hereditary cancer is
usually provided by geneticists (medical specialists) and genetic counsellors
(non-medical specialists), often with specialist education and expertise in cancer
genetics.

Genetic counselling involves information-giving and education together with
facilitating psychological adaptation and informed decision-making and promoting
informed choice (ASHG 1975). The central ethos of genetic counselling is
non-directiveness, and the focus tends to be on care of the individual within the
wider family so that the implications for close and distant relatives are also
addressed. Genetic counselling may or may not also involve genetic testing,
depending on the wishes of the individual, their ability to give informed consent
and the likelihood of identifying a genetic susceptibility to the cancer.

A number of practical and ethical issues are raised for patients investigating their
family history, whether or not a genetic test is offered. For example, gathering the
family history information required in order to generate a three-generation family
pedigree can be difficult because family information may be sketchy, families have
lost touch or the subject is too sensitive to broach. Testing in order to make
information available for loved ones is a powerful motivator for genetic testing
(Julian-Reynier et al. 1998). It can be extremely challenging for the index patient if
relatives decide not to go ahead with testing once a pathogenic mutation has been
identified. There may be different views within families about investigating the
cause of the cancer, and once the outcome of genetic testing is known, there can be
a tension between the duty to inform and the right not to know. It can be difficult for
the patient with cancer to share the information with at-risk relatives, and there are
well-documented barriers to family communication including lack of close rela-
tionship, reluctance to cause upset and lack of understanding risks and benefits and
personal beliefs about the causes of family illness (Hughes et al. 2002; Forrest et al.
2003; Michie et al. 2003; Chivers Seymour et al. 2010).

One of the goals of genetic counselling is to facilitate informed consent. Con-
fidentiality regarding genetics issues is extremely important, and patients may be
deeply concerned about the protection of privacy for themselves and their relatives
regarding the release of genetic information. Clear guidance regarding issues of
consent and confidentiality in relation to sharing genetic information and genetic
testing is available (Royal College of Physicians Royal College of Pathologists and
British Society for Human Genetics 2011). Similarly, fear of discrimination
regarding life insurance or employment may be a barrier for genetic testing. Cur-
rently in the UK, there is a concordant between the British government and the
Association of British Insurers (ABI). This provides a moratorium on the use of
predictive genetic test results by all insurers until 2017. The moratorium has been in
place since 2001 and has been periodically extended in the past, although there is
no guarantee that it will continue to be extended beyond 2017. The moratorium
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allows those who have had predictive testing for a genetic susceptibility to cancer to
obtain significant levels of cover without disclosing the test results.3 The guidance
on this will vary from country to country, and it is important that health profes-
sionals are aware of how to access relevant information in order to inform patients.

There is a large body of research investigating the psychological impact of
genetic testing for cancer susceptibility. Much of this work has focused on women
with and at risk of hereditary breast cancer. These studies have shown that whilst
there is a short-term increase in anxiety related to the genetic test result, there is no
evidence of long-term adverse effects for the majority of patients (Meiser 2005).
Two systematic reviews have concluded that whilst there is no change in psy-
chological distress amongst individuals with cancer following genetic counselling,
the psychological response is mediated by personal cancer experience (Hallowell
et al. 2004; Vansenne et al. 2009).

Another area that may be addressed in genetic counselling relates to genetic
testing for reproductive decision-making and testing of minors. Prenatal genetic
testing and preimplantation genetic diagnosis may be available once a pathogenic
mutation has been identified in a family and, if relevant, will be discussed during
genetic counselling. Any discussion about genetic testing of children aims to ensure
that action is taken in the best interests of the child, balancing the need to test a
child to avert an adverse outcome (i.e. the occurrence of a cancer), against the
anxiety and wishes of the parent and the loss of the child’s future autonomy and
privacy (Clarke 2010). Specific guidance regarding genetic testing of children is
available within the UK (British Society for Human Genetics 2010) and the USA
(Botkin et al. 2015).

Criteria for genetic testing tend to be locally determined, although there are some
cancers where there are published and widely accepted genetic testing criteria (such
as TP53 testing). The decision to undertake genetic testing for rare cancers is often
based on multidisciplinary team discussion. As outlined above, genetic testing
raises many challenging issues for patients and families. Within current practice,
these issues will be discussed during genetic counselling and referral for further
support will be made where necessary.

4 Current Practice in Genetic Testing

4.1 Outcomes of Genetic Testing Available in Current
Practice

The genetic test offered in current clinical practice will depend on whether or
not there is a known pathogenic mutation in the family.

3https://www.abi.org.uk/News/News-releases/2011/04/Insurance-Genetics-Moratorium-extended-
to-2017 (last accessed 16.11.15).
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(a) Diagnostic genetic testing is generally offered to the index patient in order to
try and identify a genetic mutation that could predispose to the cancers in the
family. However as outlined below (under the heading ‘types of diagnostic
tests available in current practice’), there are some circumstances in which a
diagnostic test will be offered to an individual who has not had cancer. There
are three possible outcomes of diagnostic testing:

• A pathogenic mutation is detected: usually this resolves the question
about the cause of cancer in the family. However, if there are unexplained
cancers in the family, testing of other genes may be offered. If a pathogenic
mutation is detected a predictive genetic test can usually be offered to at-risk
relatives. Detection of a pathogenic mutation may also enable targeted
cancer treatment, surveillance or risk-reducing options for the index patient.

• No pathogenic mutation is detected: predictive testing will not be offered
to at-risk relatives. Depending on the cancer type and gene tested, a diag-
nostic test which reveals no pathogenic mutation in the index patient may
enable more accurate risk assessment for other relatives based on the family
history. However for some patients and families, the absence of a pathogenic
mutation can be disappointing as it does not resolve questions about the
cause of the cancer. This result can leave individuals and families feeling as
uninformed as they were in the first place about the cancer risk.

• A variant of unknown significance (VUS) is detected: a VUS is a
variation in the coding sequence of a gene where the effect of that change
in the sequence is unknown. In many cases, the variation may be a single
nucleotide substitution or missense variant resulting in a single amino acid
change. Although some missense variants alter the function of the gene, the
functional and therefore clinical significance for most variants is not
known. Classification systems are in place for some genes, and there are
some databases available to monitor variants that have previously been
reported, but the data are sketchy. Risk assessment following identification
of a VUS will usually be based on what is known about the variant and the
family history. However, predictive testing for family members is not
usually available following identification of a VUS (although there are
some circumstances where predictive testing can be offered; see heading
below ‘Interpretation of genetic variants of unknown significance’). It is
important that patients and relatives are not left with the misconception that
a pathogenic mutation has been identified if in fact a VUS has been
detected. The result inevitably presents a challenge to the diagnostic lab-
oratory and the clinician in terms of interpretation, reporting and com-
munication to the patient and family. Consequently, counselling patients
once a VUS has been detected can be extremely challenging, and this is
generally best managed by a specialist genetics health professional.

(b) Predictive testing becomes available for at-risk relatives if a pathogenic
mutation is identified at diagnostic testing. There are two definitive outcomes
of a predictive test:
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• The predictive test is positive, i.e. the individual has inherited the
pathogenic mutation.

• The predictive test is negative, i.e. the individual has not inherited the
pathogenic mutation.

4.2 Types of Diagnostic Test Available in Current Practice

Several types of diagnostic genetic test may be available in current practice:
(a) single gene testing, (b) multipanel testing, (c) founder mutation testing of par-
ticular ethnic groups and (d) diagnostic testing in an unaffected individual in
specific rare circumstances.

(a) Single gene testing: until recently diagnostic testing involved the consecutive
sequencing of the entire sequence of a single gene using Sanger technology. If
no pathogenic mutation is found, the decision may be made to proceed with
testing a further gene and so on. Single gene testing involves a process of
clinical decision-making to determine the order of testing, and whether or not
the cost of further testing is justified. Not only is this approach
time-consuming for the laboratory and clinical service, but it is also expensive
for the service provider and frustrating and anxiety-provoking for the patient
and family who may have to wait for several years for testing to be completed,
only to be left with an inconclusive result.

(b) Multiple gene testing panels: next-generation sequencing (NGS) is now
being used in many laboratories to test for cancer susceptibility. This tech-
nology enables multiple genes to be examined simultaneously allowing for
phenotypic targeting of specific groups of genes. This speeds up the process of
genetic testing for patients and increases the likelihood of identifying a
pathogenic mutation. However, there are disadvantages, such as increasing the
possibility of discovering unexpected cancer risks, increasing the risk of
identifying pathogenic mutations for which surveillance or risk-reducing
measures are not available or the risk management is unclear and a greater risk
of discovering a VUS.

(c) Founder mutation testing—testing for pathogenic mutations that are
common in particular ethnic groups: There is a higher incidence of specific
pathogenic (Founder) mutations within certain ethnic populations; for exam-
ple, there are pathogenic BRCA1/2 BRCA2 mutations that are known to be
more prevalent in the Ashkenazi Jewish population, although the penetrance is
lower than for other such mutations. In circumstances where a patient has not
been affected with cancer but has a particular ethnic background, a genetic test
may be available without first testing a relative with cancer.

(d) Diagnostic testing of an unaffected individual: very occasionally genetic
testing may be offered to an unaffected individual without a pathogenic
mutation having first been identified in an affected relative, for example where
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there is an unaffected relative who must be a carrier based on the analysis of
the family history (an obligate carrier). Occasionally there may be other cir-
cumstances where this testing is offered. The current guidelines for Familial
Breast Cancer in the UK (National Institute for Health and Care Excellence
2013) recommend testing an unaffected individual who has greater than 10 %
chance of having inherited a BRCA1 or BRCA2 pathogenic mutation in a
confirmed family history where there are no affected relatives available to test.
Diagnostic testing of an unaffected individual raises additional complex and
challenging issues, such as the difficulty of interpreting the risk for the indi-
vidual tested if no mutation is detected.

4.3 Direct to Consumer Testing

There is a growing interest in and availability of direct to consumer testing (DTC).
This is the purchase of genetic testing without any input from healthcare specialists,
usually via the Internet. For example, 23andMe offers a personal genome service in
the UK for £125.4 Based on the examination of saliva, reports are offered on over
100 health conditions and traits.

Advocates of DTC are of the opinion that people have a right to know their
genetic make-up and that this knowledge will empower them to better manage their
health. Opponents point out that many companies, such as 23andMe, do not provide
genetic counselling with their tests (Burton 2015) and that the clinical validity (the
disease causing potential) and the clinical utility (the ability of the test result to
enable the patient to make decisions that are beneficial to him or her) of many
genetic changes have yet to be determined.

This type of testing raises huge challenges for health professionals and clinical
services. The Association of Genetic Nurses and Counsellors (AGNC) in the UK
has recently published helpful guidance for the general public and genetics services
regarding DTC5.

5 The Future of Genetic Testing

5.1 Clinical Genome Sequencing (CGS)

Advances in genetic testing have led to the growing availability of clinical genome
sequencing (CGS). CGS includes whole exome and whole-genome sequencing of
the tumour and/or the patient’s genome (outlined in Chapter 1). CGS will result in a
paradigm shift away from a small number of high-risk cancer patients being

4https://www.23andme.com/en-int/ (last accessed 01.05.15).
5http://www.agnc.org.uk/information-education/documents,-websites-downloads/ (last accessed
16.11.15).
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referred to genetics services after treatment to large numbers of the population
accessing genetic testing within mainstream clinical services. This will be partic-
ularly important for the management of patients with rare cancer syndromes and
will lead to profound changes in the way a patient’s cancer risk is assessed and how
cancer is diagnosed and treated.

5.2 Targeted Treatment and Risk Management as a Result
of CGS of the Tumour and/or the Patient’s Genome

For individuals with cancer, these advances will enable targeted treatment and risk
management. Pharmacogenomics will address efficacy as well as toxicity of cancer
treatment in individual patients. For example, dihydropyrimidine dehydrogenase
(DPD) deficiency may result in severe toxicity if patients with such a deficiency
receive fluoropyrimidine as part of their cancer treatment (Thomas et al. 2015).
Therefore, screening for DPD deficiency in patients who are about to receive
fluoropyrimidine as part of their treatment may prove useful in the future. Cancer
treatment will be tailored to pathways disrupted through pathogenic mutations
specific for an individual cancer. A recent publication (Alexandrov et al. 2013) has
shown that cancer genomes bear the signature of their mutational processes (with
some of them present in many cancer types) which can be harnessed to develop
specific cancer treatments. Furthermore, some mutational signatures correlate to
ultraviolet light exposure or tobacco smoking, demonstrating the potential value of
such signatures for cancer prevention.

There are already a number of pathway tailored cancer treatments available, such
as the protein kinase inhibitor imatinib for chronic myeloid leukaemia (Roskoski
2015), poly(ADP-ribose) polymerase or PARP inhibitors for BRCA1 and BRCA2
deficient ovarian cancers and other solid tumours (Scott et al. 2015) and therapies
that target the human epidermal growth factor receptor 2 (HER2) in breast cancers
that overexpress HER2 (Hurvitz et al. 2013).

5.3 Challenges Around the Interpretation and Management
of CGS Findings

CGS, in contrast to single gene testing, will generate huge amounts of data, giving
rise to a number of challenges such as interpretation and decision-making regarding
communication of the findings to patients and their families.

Classification of newly identified cancer predisposition genes (CPGs)
Cancer predisposition genes (CPG) identified by CGS have to be classified with
regard to their cancer risks and the spectrum of cancers they cause in order to be
clinically useful. Classifying CPGs is a complex and demanding procedure, given
the rarity of most CPGs. Classification of CPGs requires correct interpretation of
genetic data as well as validated functional assays (Rahman 2014a) of which there
are only a few at the present time.
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Interpretation of genetic variants of unknown significance
Discussing variants of unknown significance with a patient is challenging. The
health professional needs to have a clear understanding of the likelihood that a
particular variant is either harmless or disease causing. In addition, the health
professional needs to be able to counsel the patient about appropriate cancer risk
management options if the variant is detected. For instance, it is appropriate to
discuss a bilateral risk-reducing mastectomy for a Class IV BRCA variant (for
classification of variants see Chap. 1), whereas it would be inappropriate to discuss
the same procedure with a patient who has a Class II variant or to offer predictive
testing to relatives.

Management of incidental findings (IF)
The American College Medical Genetics and Genomics (ACMG) (Green et al.
2013) defines incidental findings (IF) as ‘the result of a deliberate search for
pathogenic or likely pathogenic alterations in genes that are not apparently relevant
to the diagnostic indication for which the sequencing test was ordered’. Whether the
cancer risks of such findings are the same as in pathogenic mutations identified in
families with a substantial family history of cancer or suspicion of an inheritable
form of cancer (i.e. multiple tumours in a young person) remains to be seen.
The ACMG has recently issued guidelines for reporting IFs in clinical exome and
genome sequencing (Green et al. 2013). They recommend a ‘minimum list’ of 25
CPGs where IFs should be reported to the ordering physician. In contrast, the
European Society of Human Genetics (ESHG) advocates a targeted approach, i.e.
examining only the parts of the genome relevant to the clinical question (Wright
et al. 2013), and suggests developing guidelines for informed consent and testing
minors with regard to disclosing IFs.

Informed consent
It is questionable whether it is ever possible to give fully informed consent for a test
that could raise any number of possibilities. Hypothetical studies of patients’ views
about release of genetic information suggest disclosure of any result is preferred on
the basis of the perceived medical advantages of disclosure over non-disclosure
(Christenhusz et al. 2014). There is no consensus about how the issue of consent or
disclosure of IFs should be approached, which is unsurprising given the differences
in healthcare systems and societal attitudes around the world. Within the clinical
setting, however, there is general agreement on i) the use and content of an
informed consent form for whole-genome sequencing (Ayuso et al. 2013), ii) that
discussion should take place about findings that will or will not be disclosed and
iii) that clear, clinically important findings should be disclosed (Shked-Rafid et al.
2014). The ASCO guidelines (Robson et al. 2015) acknowledge the difficulty of
providing informed consent for clinical genome sequencing but emphasise that the
principle remains the same, i.e. individuals who undergo genetic susceptibility
testing should provide educated pre test consent for such testing. The guidelines
acknowledge that it is not feasible to discuss each gene individually as well as the
potential implications of a pathogenic mutation or VUS, and suggest batching the
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genes. The guidelines also point out that the pre test discussion will highlight the
purpose of the test, the potential outcomes and the implications for the patient and
family and the associated cancer risks, and explains the differences between
well-understood high penetrance genes and less well-understood moderate pene-
trance genes, the possibility of unexpectedly identifying a deleterious gene mutation
and the possible impact of this on the patient and family.

5.4 Examples of Development Projects that Are
Implementing CGS

In the UK, the 100,000 Genome Project6 was launched in 2012 to translate the
knowledge gained from the Human Genome Project into benefits for patients with
regard to prevention, diagnosis and treatment of diseases. A company was set up
which is owned and funded by the UK Department of Health with the aim of
sequencing 100,000 genomes from National Health Service patients until 2017 and
linking their genomic data with their medical records. With regard to cancer, the
programme focuses on breast, colon, lung ovarian and prostate cancer as well as
chronic lymphatic leukaemia. This project will allow the set up a Genomics Service
for the NHS and start the development of a UK Genomics Industry. The ultimate
goal is to personalise medicine for individual patients.

Another such example is the Melbourne Genomics Health Alliance Demon-
stration Project in Australia. The project considers whether there are advantages to
genome sequencing tests compared to the tests offered as part of usual care. The
website7 reports that to date there has been an increase in the rate of diagnosis of
rare genetic conditions in childhood (including some cancers), agreement on
common approaches to genetic testing and data management across all organisa-
tions involved and the establishment of multidisciplinary teams for interpreting the
clinical significance of the genetic data.

There are other research studies underway across the world, and the findings
from these studies will be hugely important in developing pathways and care
models in clinical practice.

5.5 The Challenges of Integrating CGS Testing into Clinical
Practice for Cancer Patients

There are a number of challenges that will need to be addressed prior to the
integration of CGS into mainstream medicine. As yet there is limited evidence or
experience of this and research is urgently required in order to design, develop and
evaluate models of delivery, to develop clear pathways and to develop nationally

6http://www.genomicsengland.co.uk/ (last accessed 21.09.15).
7http://www.melbournegenomics.org.au/our-work/demonstration-project (last accessed 17.11.15).
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agreed and evidence-based guidelines for the management of patients with muta-
tions in cancer predisposition genes.

As of 2014, 114 germline CPGs have been identified (Rahman 2014a) and more
CPGs are waiting to be detected. Emerging evidence demonstrates that mutated
CPGs alter cellular pathways mostly through loss of function, as the overwhelming
majority of known CPGs are tumour suppressor genes. There are, however, a few
genes such as RET and MET, which increase cancer risks through a gain of
function.

Identifying disrupted pathways opens up the possibility of targeted therapies.
Some of these drugs have already completed clinical trials and are about to become
routine treatment such as the PARP inhibitor olaparib for metastasized ovarian
cancer (Alsop et al. 2014). Therefore, genetic testing will soon become part of
cancer care.

So far, families with a history of cancer suggesting high-risk CPGs as their cause
have been counselled, and quite often managed as well, within specialised genetic
services (National Institute for Health and Care Excellence 2013). As the number of
individuals eligible for CPG testing conferring high cancer risks is rapidly
increasing and more treatments tailored to pathways disrupted by mutated CPGS
are developed, oncologists, surgeons and other specialists treating these patients
will become more involved in genetic testing and managing cancer risks in their
patients. Furthermore, oncologists and other healthcare professionals order more
and more multipanel gene tests through private companies.

One example of a research programme addressing this issue is ‘Mainstreaming
Cancer Genetics’ which is currently in progress at the Institute of Cancer Research
in partnership with the Royal Marsden NHS Foundation Trust (Rahman 2014b).
The aim of this programme was to develop a single test targeting 94 CPGs and 248
single nucleotide polymorphisms to analyse all relevant genes faster and cheaper
than before (now commercially available) and to develop the clinical infrastructure
and education to safely deliver this new pathway of cancer care with an increased
recognition of the benefits and implications of genetic testing in cancer.

What is still unclear is how genetic testing will be integrated into mainstream
cancer medicine in practice; what impact this will have on clinical services; who
will counsel patients about the implications of testing, facilitate informed consent
and address the issues currently dealt with in pre- and posttest genetic counselling;
what information will be communicated and how this will be framed; when this
testing will take place (i.e. close to diagnosis or later in the treatment pathway); and
what safety nets will be in place to ensure that relatives are aware of their risk and
the risk management options available to them. Work is required to investigate the
most effective models of delivering genetic testing in mainstream clinical practice
and to educate and upskill the workforce to deliver these challenging developments.

224 C. Jacobs and G. Pichert



6 Summary

This chapter has highlighted the wider issues involved for patients, families and
health professionals in current and future practice of genetic testing. The benefits of
the rapidly advancing technology in genetic testing for patients with rare cancer
include an increased likelihood of identifying a cancer predisposition which may
result in targeted therapy and the increased possibility of being able to offer pre-
dictive genetic testing to relatives in order to identify those at the highest risk.
Challenges include the high possibility of identifying VUSs or IFs, the difficulty of
obtaining informed consent, interpreting results and the limited availability of tar-
geted treatment and surveillance options. Other challenges in implementing these
technologies include educating health professionals, integrating the new technology
into mainstream medicine in order to provide patients with sufficient information
and support to be able to give informed consent, ensuring relatives continue to be
aware of the risks to themselves (whatever the diagnostic test result) and managing
the increased workload this will bring. Developing clear pathways enabling good
communication between oncology and genetics, and the provision of education for
health professionals and the general public will be essential for successful
implementation.
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