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INTRODUCTION
C

ancer is one of the oldest diseases known to human society. The earliest written record we 
have of it is from the Egyptian Edwin Smith Papyrus, a supposed manual for military surgery 
that describes the characteristics of breast cancer. Examination and carbon dating of the 
scroll estimates that it was written around 1600BC, almost four millennia ago.

Scattered references appear in later documentation, but it wasn’t for roughly another 1,300 years that 
the term ‘cancer’ was used to label the disease. The name arose from an observation from Hippocrates 
that solid tumours surrounded by a web of blood vessels looked similar to a crab. This led to him calling 
the condition καρκίνος, the Greek word for crab, which was later translated to the Latin word cancer. 

Our understanding of the disease developed slowly from then on. Celsus (25BC – 50AD) was the first 
scholar to suggest using surgery as a treatment, but his recommendation was later overridden by Galen 
in the 2nd century. For almost a millennium, Galen’s treatment of purgatives was considered to be the 
best method of curing cancer. Later research linked cancer to imbalances in body fluids, blockages in 
important vessels, and even a contagious poison. The development and adoption of light microscopes 
in the 18th century changed cancer research, revealing that the disease created abnormal cells that had 
the capacity to move around the body. 

More recently, it is the development of next-generation sequencing and a stronger understanding of 
genetic mutations that have driven our knowledge further. 

With increased pollution and longer lifespans, the last century has seen cancer becoming more prevalent 
in society than ever before. According to a 2008 study done by the American Cancer Society, 1 in 2 men 
and 1 in 3 women will now develop cancer at some point in their lifetime. At the same time, our ability 
to detect and treat cancer has been improving and survival rates are higher than they have ever been; 
some studies estimate that they have as much as doubled in the last 4 decades.

This guide is intended to help you understand how cancers can develop in the body and what forms they 
can take, as well as taking you through the medical processes of diagnosis and treatment. With help from 
our sponsors and collaborators, we have tried to bring you a clear, unbiased guide to understanding 
of cancer and what options are currently available for patients. This e-book is not intended to act as an 
instruction manual for diagnosing or treating cancer, but instead hopes to introduce you to new topics. 

We hope that you find this guide to be interesting and, most importantly, useful. 
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ABBREVIATIONS
A (NUCLEOTIDE) 
Adenine

ADC
Antibody-Drug Conjugate

ALL
Acute Lymphoblastic Leukaemia

AML
Acute Myeloid Leukaemia

C (NUCLEOTIDE)
Cytosine

CAR-T THERAPY
Chimeric Antigen Receptor T-cell 
Therapy

CDX
Companion Diagnostics

CLL
Chronic Lymphoblastic Leukaemia

CML
Chronic Myeloid Leukaemia

DDPCR
Droplet Digital PCR

DNA
Deoxyribonucleic Acid

FFPE SAMPLE
Formalin-Fixed Paraffin-Embedded 
Sample

G (NUCLEOTIDE)
Guanine

HDR
Homology-Directed Repair

HPV
Human Papillomavirus

NGS
Next Generation Sequencing

NHEJ
Non-Homologous End Joining

PCR
Polymerase Chain Reaction

RNA
Ribonucleic Acid

RSV
Rous Sarcoma Virus

SNP
Single Nucleotide Polymorphism

T (NUCLEOTIDE)
Thymine

TNM SYSTEM
Tumour, Node, Metastasis System

VEGF
Vascular Endothelial Growth Factor
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CONTENTSGLOSSARY
ADJUVANT THERAPY
A combination approach to cancer 
treatment that involves removing the 
majority of diseased cells surgically, 
and then using chemotherapy to kill 
any that remain.

ANGIOGENESIS
The process by which new blood 
vessels are grown from pre-
existing vessels. 

APOPTOSIS
A process within multicellular 
organisms by which a single cell 
undergoes a programmed death. 

BIOPSY
A medical procedure that involves 
collecting a small amount of solid 
tissue from a patient for testing.

CANCER
A collection of diseases 
characterised by abnormal cells 
that divide uncontrollably and 
which have the potential to spread 
around the body.

CHEMOTHERAPY
A type of cancer treatment that 
uses cytotoxic chemicals to kill 
rapidly dividing cells. 

DOUBLE STRAND BREAK
A type of DNA damage where both 
strands of the double helix have 
been broken at the same place. 

FUSION GENE
A hybrid gene that is formed when 
two previously distinct genes are 
incorrectly combined, usually via 
chromosomal translocation.

METASTASES
The secondary tumours formed 
when cancer cells metastasise 
from the primary cancer site.

METASTASIS
The term for when cancer cells 
break away from the primary cancer, 
spread to another region in the 
body, and settle to form metastases.

MICROTOME
A tool that is capable of cutting 
a specimen into very thin slices, 
known as sections. 

MUTATION
A permanent change to the 
nucleotide sequence with the 
genome of an organism.

NEOPLASM
An abnormal growth of cells within 
the body, which can be malignant 
or benign. Also known as a Tumour. 

ONCOGENE
A mutated proto-oncogene 
that can cause a cell to become 
cancerous. 

PALLIATIVE CARE
A type of cancer treatment that is 
focused on preventing, managing, 
and relieving the symptoms of 
cancer and cancer treatments, 
instead of treating the cancer itself. 

PHOTOSENSITIZER
A molecule which generates singlet 
oxygen when exposed to a certain 
wavelength of light. 

PROOFREADING
A part of the DNA replication 
process that immediately identifies 
nucleotides that have been 
incorrectly added to the genomic 
sequence and removes them. 

PROTO-ONCOGENE
A gene that has the capacity to 
become mutated and become an 
oncogene.

PURINE
An aromatic organic compound 
consisting of a pyrimidine ring 
fused to an imidazole ring. Guanine 
and Adenine are purines.

PYRIMIDINE
A six-membered aromatic organic 
compound that contains two 
nitrogen atoms within the ring. 
Cytosine, Thymine, and Uracil are 
pyrimidines. 

RADIOTHERAPY
A type of cancer treatment that 
involves ionising cancerous tissue 
with high energy x-rays.

SPECIMEN
A biological sample that has been 
collected from a patient by a 
biopsy for testing.

TRANSCRIPTION
The process by which RNA 
molecules are synthesised 
according to the DNA sequence.

TRANSLOCATION
A type of genomic mutation that 
involves genetic material being 
transferred or exchanged between 
non-homologous chromosomes. 

TUMOUR
An abnormal growth of cells within 
the body, which can be malignant 
or benign. Also known as a 
neoplasm. 
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“CANCER IS NOW VIEWED AS A 
MOLECULAR DISEASE AND NOT AS A 

DISEASE OF AN ORGAN. WE ARE POISED 
TO DO WELL IN THE WAR AGAINST 

CANCER AND APPROACH CANCER WITH 
AN UNDERSTANDING THAT EVERYONE’S 

DISEASE IS DIFFERENT.”
- NAZNEEN AZIZ



CHAPTER 1:

THE BIOLOGY  
OF CANCER
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BIOLOGY OF CANCER

INTRODUCTION
Cancer was originally thought of as a single disease. Now, 
we understand that it is actually a range of different, related 
conditions. Continual research has increased our ability to identify 
and investigate these diseases, and, to some extent, to treat them. 
Most recently, improvements in next generation sequencing have 
helped us to better understand the genetic complexities and 
similarities behind different cancers. 

This chapter will discuss the main shared features of different 
forms of cancer and how those features combine to affect patient 
health. The chapter will also discuss what tools are available 
for doctors, patients, and researchers to better categorise and 
understand each patient’s condition. 

GENETIC ROOTS
Cancers have been found to be caused by a variety of different genetic 
factors and even with the vast amount of research that has been 
completed in the last few decades, there is still a lot that we do not 
know. That being said, we have started to build up an understanding 
of what biological changes occur in cells when they become cancerous 
and how these changes lead to disease progression.

As part of this, we have learned about what genetic factors can 
do to influence cancer development. For the most part, genes 
that have been linked to cancer are split across two categories: 
Oncogenes and Tumour Suppression genes. 

ONCOGENES AND TUMOUR SUPPRESSION GENES

Oncogenes are formed when a healthy proto-oncogene mutates, 
usually to form a novel dominant mutation. In healthy cells, 
proto-oncogenes code for proteins involved in cell division, cell 
differentiation, or cell death, all of which can be dysregulated in 
cancerous cells. For many proto-oncogenes, the encoded proteins 
are cell surface receptors or downstream signal molecules, which 
interact with growth factors from outside of the cell and transmit 
the signal to divide from that interaction to the internal cellular 
environment. Often, cancer-associated mutations in these genes 
cause them to become permanently ‘switched on’ and therefore 
overexpressed, ultimately resulting in cancer. 

The activity of proto-oncogenes can be dysregulated by a range of 
different mutations, such as:

• Point mutations in the gene itself or in the promoter regions 
that regulate expression

• Chromosomal translocations that disrupt stop codons 

• Chromosomal translocations that lead to the production of 
fusion proteins

In non-cancerous tissues, the majority of these genes will be very 
active during embryonic development, when an embryo has to 
grow very rapidly, and then switch off once the growth period is 
completed. When the tissue becomes diseased, these forms of 
mutations can prevent the genes from being switched off or can 
incorrectly reactivate them later in life. 
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Tumour suppression genes are treated differently to oncogenes 
in cancerous tissue. Instead of becoming permanently expressed, 
they are mutated and silenced so that they cannot inhibit cell 
proliferation as they do in healthy cells. They were first linked to 
cancer in 1969, when healthy cells were hybridised with cancerous 
cells and it was observed that the hybrids were unable to grow 
into tumours. It was reasoned that this must be because the 
healthy cells were preventing cell over-proliferation, and this 
led to the identification of the first tumour suppressor gene in 
retinoblastoma. 

At present, the most well-known tumour suppressing gene is p53, 
which regulates both cell cycle progression and apoptosis. When 
it is functional and no mutations are present, p53 is expressed 
when damaged DNA is detected and inhibits the cell cycle to avoid 
mutated DNA from being replicated into daughter cells, preventing 
mutation proliferation. If the DNA damage cannot be fixed, the 
gene then forces the cell to kill itself through the programmed cell 
death process, apoptosis.

Many cancers have been shown to inhibit p53 to prevent apoptosis 
from being triggered, and a multitude of available chemotherapy 
approaches are aimed at reactivating the gene. In response, some 
cancers have now been found to completely inactivate the gene 
(instead of inhibiting it) so that they can become resistant to this 
chemotherapy approach. 

A small number of cancers develop early in life as a result of a 
single mutation in either a proto-oncogene or a tumour suppressor 
gene, but the majority are more complex than that. Instead, they 
develop as a result of a series of mutations within both classes of 
genes that have a very large collective effect on the cell. 

Several tumour suppressing genes and oncogenes act on the 
same regulatory pathways as each other, with one set of genes 
repressing activity and the other stimulating it. The tumour 
suppressor gene PTEN, which is lost in 70% of prostate cancer 

cases, is a good example of this antagonism. When functional, the 
PTEN protein dephosphorylates certain molecules within a cell, 
including PIP3, which in turn inhibits the activity of proto-oncogene 
Akt. When PTEN is lost, PIP3 is not dephosphorylated and so Akt 
activity is increased, and apoptosis is inhibited.

It is when the balance between tumour suppressing genes and 
oncogenes is lost that cancers can occur and tumours begin to grow. 

TUMOURS
Tumours are abnormal growths that develop in tissues when 
cells divide more rapidly than they should. While the term is often 
closely associated with cancers, tumours can also be benign or pre-
cancerous, a term which denotes tumours that are not cancerous 
but have the potential to become so. Determining which of these 
three classes a patient’s tumour falls into is an important part of the 
diagnostic process and will guide all future treatment decisions.

Despite the name, benign tumours can pose serious health 
risks if they begin to press on nerves or organs. Fortunately, in 
most cases, they can be relatively easily removed; as they are 
non-cancerous, they do not spread to secondary sites within the 
body and will not invade surrounding tissues as cancerous (or 
malignant) tumours do.

Contrastingly, cancerous cells can be persistent and difficult to 
manage as they behave, grow, and function differently to healthy 
cells. They typically have nuclei that are larger than normal, can vary 
drastically in size and shape, and will likely demonstrate aneuploidy 
(meaning that they possess an abnormal number of chromosomes). 
Vitally, cancerous cells are capable of spreading around the body by 
metastasis, which is discussed later in this chapter, and can recur 
repeatedly after treatment and removal from the body. It is this 
persistency that has made cancers so difficult to treat and what can 
make them so dangerous for patients. 
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Cells within tumours, both benign and malignant, are classified 
as being abnormal and collectively display one of four possible 
characteristic sets:

• Hyperplasia – Hyperplasia is an abnormal increase in cell 
number, which can be benign, pre-cancerous, or cancerous.

• Metaplasia – This term is used to describe cells that appear to 
be normal or healthy, but which are the wrong type of tissue 
for the area in which they are growing, eg. liver cells growing 
amongst lung tissue. While it is not always the case, these cells 
are usually not pre-cancerous. 

• Dysplasia – This is an increase in the number of cells with 
abnormal development, appearance, and organisation. In 
almost all cases, dysplasia is involved in a pre-cancerous or 
cancerous condition.

• Atypia – Atypia occurs when cells appear abnormal in some 
way when observed under a microscope. While these cells 
may be cancerous, atypia can also be caused by healing or 
inflammation, and is frequently impermanent. 

Tumours are distinct from healthy tissue on more than just a 
cellular level, however. Rapid cell growth presents a series of 
logistical challenges for a tumour to overcome, the most important 
of which relates to blood supply. 

ANGIOGENESIS

All human cells require an unobstructed blood supply to provide 
them with oxygen and nutrients and to remove the waste products 
generated during metabolism and other cellular processes. 
Tumours have an unusually high cell density, in comparison to 
healthy tissues, and this means they need a greater blood flow to 
cater to their increased needs. Unfortunately, as they grow and 
multiply, tumour cells are forced further away from the naturally 
occurring blood vessels and thus it becomes impossible for 
molecules to diffuse in and out of them. Without a resolution to 
this problem, the cells in the tumour would quickly starve and die, 
severely limiting the possible size of the growth.

Cancers, therefore, have developed a way to extend the reach of 
nearby blood vessels by co-opting two natural processes called 
angiogenesis and lymphangiogenesis. These are the processes 
by which new blood and lymphatic vessels respectively are 
constructed and they are both used heavily during periods of 
physical growth, such as embryonic development and adolescence. 
In healthy tissues, the processes are regulated by carefully balanced 
promoter and inhibitor signals. 

Cancerous cells are capable of upseting this balance by producing 
angiogenesis activators, encouraging new blood vessels to grow 
into the tumour and thereby increasing the potential size of the 
mass.

Once angiogenesis has been activated by angiogenic factors, it 
follows a five stage process:

1. Endothelial cells in the nearby, pre-existing blood vessels start 
to produce matrix metalloproteinases that can degrade the 
basement membrane. 

2. Secondary endothelial cells which do not form part of the 
nearby vessels are also activated by angiogenic factors and 
migrate towards the site. 

3. The secondary cells pass through the newly-formed gap 
in the basement membrane, out of the blood and into the 
surrounding tissues.

4. Once out of the blood stream, the endothelial cells begin to 
proliferate and stabilise to form blood vessel ‘buds’, which 
ultimately grow into completed vessels. These networks are 
joined together with the help of adhesion factors such as 
Integrin α and β, and proteins like Angiotensin-1 and -2 help to 
stabilise growth.

5. Angiogenic factors continue to regulate the process over time. 
Normally, vascular endothelial cells only divide every 1,000 
days or so, which is too slow for cancer growth; to speed up 
the process, tumour cells will actively downregulate angiogenic 
inhibitors. 

In tumours, angiogenesis is activated beyond what it naturally 
would be so that cancer cells remain well supplied, but it is an 
imperfect process. The blood vessels that supply tumours are 
typically underdeveloped and ‘leaky’, increasing their permeability 
in a way that can both help and harm the cancer. 

One of the benefits for the tumour is that it enables cancerous cells 
to pass into the blood stream and move to other areas of the body 
to develop into secondary tumours (metastasis). 

However, the leaky vessels also increase cell accessibility for 
chemotherapeutic drugs and raise interstitial pressure, as materials 
leak out of the blood and lymphatic drainage becomes insufficient.  
This increased pressure causes cells at the centre of the mass to 
be crushed to death. In both healthy and neoplastic cells, there 
are many different biochemical factors capable of influencing 
angiogenesis, which use a multitude of biological pathways. 

“RAPID CELL GROWTH PRESENTS A 
SERIES OF LOGISTICAL CHALLENGES 
FOR A TUMOUR TO OVERCOME, 
THE MOST IMPORTANT OF WHICH 
RELATES TO BLOOD SUPPLY.”
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Angiogenic Activators: The most common activator is Vascular 
Endothelial Growth Factor (VEGF), but there are many others, such 
as angiogenin, basic Fibroblast Growth Factor (bFGF), Transforming 
Growth Factor α and β (TGF-α and TGF-β), and Tumour Necrosis 
Factor α (TNF-α), amongst others. What causes these factors to 
be expressed in cells varies; some are expressed during phases 
of planned growth and development, and others are triggered 
by hypoxia in cells when they have grown too far away from the 
nearest blood vessels to respire properly. 

VEGF and the corresponding receptors (VEGFR) are of particular 
interest for researchers studying angiogenesis in tumours, as 
they have been shown to be powerful angiogenic factors in both 
healthy and tumour cells. When tumour cells become hypoxic, 
they begin to produce VEGF via Hypoxia-Inducible Factor-1α 
(HIF-1α), resulting in blood vessel growth that can sustain the 
tumour. There are multiple variations of the protein; VEGF-A, -B, 
-C, and -E are all involved in angiogenesis, and VEGF-D is involved 
in lymphangiogenesis. VEGF-C, which may also be involved in 
lymphangiogenesis according to recent research, has been focused 
on by a handful of studies as it has not been linked to hypoxia. 
Instead, it has been tied to early development in humans and 
pathological environments, such as tumours.

Members of the VEGF and VEGFR families have been found to be 
expressed in many different types of cancer. Research in the last 
few years has indicated that angiogenic factor levels may reflect the 
aggressiveness of a patient’s cancer, potentially providing a method 
for predicting which patients are at higher risk, but this has not yet 
been clinically established on a wide scale. 

Angiogenic Inhibitors: Angiostatin, thrombospondin, endostatin, 
and Platelet Factor 4 are just some of the factors available that 
inhibit overexpression of angiogenesis. To ensure that angiogenesis 
can occur quickly enough to support tumour growth, cancer cells 
will maximise blood vessel growth by inhibiting these factors. 
Angiostatin and endostatin, in particular, have been shown to 
decrease expression of VEGF and bFGF when present in high levels 
and so are targeted by cancerous cells. 

Anti-cancer therapies that involve treating patients with 
angiogenesis inhibitors have been tested in the past. In theory, 
they should cause tumour cells to become necrotic or apoptotic 
and thus reduce their risk to the patient; unfortunately, testing 
has shown that this approach doesn’t promote long term survival 
rates. Nonetheless, there are some cancer treatments available 
that target angiogenesis and lymphangiogenesis, which will be 
discussed in more detail in Chapter 4. 

BONE MARROW MUTATIONS
Bone marrow is a soft, spongy tissue that grows inside the hollows 
of our bones and is responsible for producing blood cells. In adults, 
marrow can be found inside the spine, ribs, sternum, skull, and 
hips, with the spine and hips being the main blood producing 
centres of the body. 

Blood cells are produced when pluripotent stem cells within the 
marrow differentiate into the different types of cells (see Figure 1), 
with continual stem cell division replenishing their numbers over 
time. 

MYELOID STEM CELLS LYMPHOID STEM CELLS

LYMPHBLASTS

NEUTROPHILS EOSINOPHILS BASOPHILS MONOCYTES PLATELETS ERYTHROCYTES

PLURIPOTENT STEM CELL

MULTIPLE FORMS  
OF BLAST CELLS

BLAST CELLS

Figure 1: The differentiation pathway of blood cells, starting from pluripotent stem cells. Cell types in dark blue exist within the 
bone marrow, whereas cell types in light blue circulate within the blood stream.
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In healthy human tissue, millions of blood cells are produced every 
day to maintain the balance between cell death and production. 
Red blood cells, also known as erythrocytes, usually only survive 
for around 120 days before being broken down, and some types 
of white blood cell are thought to only last for a few hours or days. 
Because of these short lifespans, blood cell production has to be 
continually maintained at a high level and this rapid replication puts 
the cells at risk of developing mutations and becoming cancerous. 

Broadly, there are three different types of blood cancer: leukaemia, 
lymphoma, and multiple myeloma. Which of these three categories 
a patient’s cancer falls into depends on the type of blood cell 
affected by their condition. Leukaemia affects blood cells, in 
particular white blood cells, that develop from both myeloid and 
lymphoid stem cells; lymphoma originates in the lymphatic system 
and affects descendants of lymphoid stem cells; and multiple 
myeloma affects plasma cells (also known as plasmocytes), a type 
of white blood cell. 

LEUKAEMIA

There are four main types of leukaemia: acute myeloid leukaemia 
(AML), acute lymphoblastic leukaemia (ALL), chronic myeloid 
leukaemia (CML), and chronic lymphoblastic leukaemia (CLL). These 
categories are determined by the type of the origin cells and the 
nature of the disease.

Originating in 
Lymphoid Cells

Originating in  
Myeloid Cells

A persistent 
condition over a 

long period of time
CLL ALL

A short lived 
condition that 

develops abruptly
ALL AML

These different forms of leukaemia affect blood cells very 
differently, which in turn alters the symptoms and outlook for 
the patient. Acute forms of leukaemia (AML and ALL) cause 
immature cells known as blasts to be produced very quickly and 
prevents them from fully maturing. Without this maturation 
process, the blast cells cannot fulfil their function at all and the 
patients’ health will very quickly decline. In chronic leukaemia 
cases (CML and CLL), blast cells grow more slowly, allowing them 
a small amount of time to mature; as a result, they are capable 
of performing some of their functions and patients demonstrate 
less dramatic declines. 

LYMPHOMA

Lymphomas can be categorised as Hodgkin’s lymphoma or non-
Hodgkin’s lymphoma. In healthy people, the lymphatic system is 
responsible for producing, storing, and transporting white blood 
cells. As with other blood production, tissues involved in the 
system grow around the body, such as in the lymph nodes, thymus, 
adenoids and tonsils, spleen, and bone marrow. For patients with 

Hodgkin’s lymphoma, specific cells in their lymphatic system (B 
lymphocytes) begin to reproduce abnormally, which in turn makes 
the body less capable of fighting infections. Only around 20% of 
lymphoma cases are classified as Hodgkin’s; for patients whose 
lymphoma doesn’t fit into this category, their condition is classed as 
non-Hodgkin’s lymphoma.

Accounting for roughly 80% of lymphoma cases, non-Hodgkin’s 
lymphoma is by far the more common form of the disease. In truth, 
the name is used as a blanket term for more than 60 different 
subtypes of lymphoma, which can be split into high-grade (fast 
growing) and low-grade (slow growing). As lymphocytes can also 
travel in the blood, lymphoma tumours can grow outside of the 
lymphatic system, with some subtypes resulting in solid tumours in 
the stomach lining or, rarely, the brain. 

MULTIPLE MYELOMA

Cases of multiple myeloma are categorised by which type of 
immunoglobulin is being produced by the diseased cells. Myeloma 
affects plasma cells, which are a type of white blood cell capable of 
producing a range of antibodies in response to infections, known 
as immunoglobulins: IgM, IgG, IgA, IgD, and IgE. Healthy plasma 
cells will produce multiple types of immunoglobulin; in myeloma, a 
single plasma cell mutates and clones itself repeatedly to produce a 
colony of cells that synthesise large quantities of a single antibody. 
A patient’s myeloma is classified by which immunoglobulin is being 
overproduced, ie. a patient with raised levels of IgA would be 
recorded as having IgA myeloma. 

High quantities of mutated plasma cells and elevated antibody 
concentrations can cause a number of different physiological effects, 
most notably bone damage. Plasmocytomas (tumours that arise 
as a result of myeloma) can grow inside the patients’ bones and 
produce proteins and other chemicals that damage surrounding 
bone tissue, forming lytic lesions and causing pain. The presence 
of highly concentrated mutated cells also makes it more difficult 
for healthy bone marrow cells to survive and function; this kind 
of reduced bone marrow activity can lead to anaemia, infections, 
and poor blood clotting. Despite significant research into blood 
cancers, the causational factors behind each of them are still not 
clearly understood. Various studies have indicated a variety of 
lifestyle factors can influence a person’s risk, such as certain toxins 
or chemicals, but a clear disease progression has not yet been 
established. Some genetic factors, most notably a Philadelphia 
chromosome, which will be discussed in the following chapter, have 
been shown to significantly increase a person’s risk of these diseases, 
but there are still many unexplained cases of blood cancer.

CANCER DESIGNATIONS
When a physician first starts working with a new cancer patient, 
it is important that they are quickly able to understand as much 
as possible about the patient’s condition and the disease’s 
progression. Doing so means that they can start to work with the 
patient in a much shorter amount of time and prevents the need 
for repeating tests that have been performed previously. To this 
end, many cancers are given simple designations that represent 
their key features.  
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TNM SYSTEM

One of the most widely used of these designation systems is the 
TNM system. The letters and representative numbers change 
slightly for different types of cancer, but in general the system 
works like so:

T, Tumour: The letter T is recorded, followed by a number between 
0 and 4. The number describes the size and location of the tumour, 
with a higher number denoting a larger or more pervasive tumour.

N, Node: The letter N is recorded, followed by a number between 
0 and 3. This notation is used to describe whether or not the 
cancer has spread to the patient’s lymph nodes. In some cases, 
the number used refers to the quantity of lymph nodes that have 
cancer cells, but for other forms of cancer it can denote the location 
of the diseased nodes. 

M, Metastasis: The letter M is recorded, followed by either a 0 or 
a 1. If the patient is listed as M1, it means that their cancer has 
metastasised; if they are M0, then the cancer has not spread. 

The TNM system provides a simplified way of recording cancer 
data which can be quickly understood, but it is usually only 
applied to solid tumour cancers, such as breast or lung cancers. 
For other forms of cancer, the system is not always used or is 
used differently. In brain cancers, for example, it is very rare for 
diseased cells to spread outside of the brain and spine and thus 
only the T value is of importance. Likewise, childhood cancers utilise 
a separate system that varies depending on the specific type of 
cancer. 

GRADING

Another type of classification that is widely used is to record 
whether a cancer is high-grade or low-grade. These categories are 
determined by the appearance of the diseased cells when observed 
under a microscope; cells that look like normal, healthy cells are 
considered low-grade, whereas cells that are poorly differentiated 
(or undifferentiated) and appear unhealthy are considered high-
grade. While the information provided by these classifications is 
limited, it can indicate the severity of a patient’s condition. 

STAGING

Perhaps the most well-known method of categorising cancers, 
however, is to use a staging system. Under this system, after a 
patient has undergone their initial round of testing, their physician 
will assign the cancer a stage number depending on the disease’s 
progression and severity:

Stage 0. All cancer cells present in the body still reside in the same 
location as they originated and there has been no spreading into 
nearby tissues. Cancers that are categorised as Stage 0 are often 
treated via total surgical removal of the diseased cells and as such 
are usually highly curable. Only some forms of cancer have Stage 0 
categorisation. 

Stage 1. Also known as early stage cancers, Stage 1 cancers are 
typically small tumours that haven’t grown into the nearby tissues. 

Diseased cells haven’t spread to the patient’s lymph nodes or to 
elsewhere in the body. 

Stage 2/3. Stage 2 and Stage 3 cancers can be difficult to 
differentiate between, as both classifications refer to large cancers 
or tumours that have grown into nearby tissues that were not 
the origin of the disease. The cancer may also have spread to the 
nearest lymph nodes, but is not present in distant parts of the body 
at all. 

Stage 4. Stage 4 cancers are also known as advanced or metastatic 
cancers. In these cases, cancerous cells have used the blood or 
lymphatic system to spread from the region of origin to distant 
areas of the body to form metastases (secondary tumours). 
Metastasis will be discussed in more detail in the following section.

Once a physician has allocated a patient’s cancer to one of these 
stages, the categorisation will not change over time. For example, 
if a patient’s Stage 1 cancer later recurs or metastasises, it does 
not immediately become Stage 4. Instead, it keeps the same stage 
number as it was originally diagnosed with, unless the physician 
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chooses to restage it, although this is rare. If a cancer has been 
restaged, the new stage is recorded with an ‘r’ before the number.

As with the TNM system, staging is used as a way for medical 
professionals to quickly grasp the type and severity of the cancer 
they are dealing with when they start working with a new patient. 
It also makes it easier for researchers and drug developers to 
reasonably compare different cancer patients by sorting them 
into groups that are likely to demonstrate similar pharmaceutical 
responses. The system is not universal, however; cancers of the 
central nervous system (including brain cancers) do not have a 
single staging system for physicians to follow, and each blood 
cancer has its own system as well. Nonetheless, staging is a 
relatively simple way of expressing important information to 
medical professionals quickly. 

More recently, it has also become possible to record cancers 
according to their genetic mutations or the biomarkers that 
tumours release into the bloodstream, both of which can indicate 
the stage, severity, and risk of metastasis. This is something that 
will be discussed in a later chapter. 

METASTASIS

Metastasis is the medical term for the spread of a cancer from 
one area of the body (typically where the disease originated), to 
another. It occurs when cancerous cells break away from a tumour 
and either settle in a nearby area (as sometimes happens with 
cancers in the abdominal cavity) or use the blood and lymphatic 
systems to travel to elsewhere in the body. All cancers are capable 
of metastasis; each patient’s likelihood can be determined by 
examining the type and aggressiveness of their cancer, as well as 
how long the cancer has proliferated without treatment.

As metastasis is typically facilitated by the circulatory system, 
organs and tissues that are heavily dependent on blood flow 
or the lymphatic system are more likely to become the sites for 
metastases. The lymph nodes, brain, bones, lungs, and liver are 
all common metastases sites, for example. Further, some cancer 
types are more likely to spread to specific locations, such as is 
demonstrated in Figure 2.

It is important to note that metastases are still classified as the type 
of cancer they originated from. For example, if a patient has breast 
cancer which later metastasised to the liver, the secondary cancer 
is still considered breast cancer and not liver cancer. Despite this, 
research has found that the molecular and genetic properties of 
metastases are usually distinct from those of the original tumour, 
a feature that is called intrapatient tumour heterogeneity. This 
frequently means that the treatment for metastases will need 
to differ from that of the original tumour, to ensure that these 
variations are accounted for by the therapy being used. 

Unfortunately, most cases of metastatic cancer will not be ‘cured’. 
The pervasiveness of diseased tissue in metastatic cancer usually 
means that it cannot be entirely eradicated from a patient’s body 
using traditional treatments, although this is not always true. 
Fortunately, however, therapies are now available to patients which 
can slow the growth of cancerous tissue and reduce the symptoms 
of the disease down to a manageable level, enabling patients to live 
in relative health for years after their diagnosis.

SUMMARY
Over time, cancers become more and more genetically diverse 
and begin to spread through the body. As it does so, it becomes 
increasingly difficult to characterise and treat; it is therefore 
important for us to try to understand what causes cancers and 
what steps can be taken to minimise a person’s risk of developing a 
form of the disease. 

If cancers can be detected earlier in their development, then a 
patient is more likely to respond to treatment and recover. As our 
understanding of cancers grows, it is likely that we will be able 
to develop more accurate diagnostic tools and more effective 
treatments. It is hoped that these advancements will both improve 
patient outcomes. 

To do this, we need to understand exactly how cancers begin 
to develop. The next chapter will discuss the known causes and 
risk factors of cancer and, where possible, how to reduce the 
associated risk. n

ORIGINAL CANCER COMMON METASTASES SITES

Breast Cancer Bones, liver, lungs, brain, and chest wall

Prostate Cancer Bones

Lung Cancer Bones, liver, brain, and adrenal glands

Colorectal Cancers Liver and lungs

Figure 2: The most common sites for secondary metastases to form for different types of cancer.
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INTRODUCTION
When discussing the genetic factors involved in cancer, the most 
commonly heard term is ‘mutation.’ The word refers to sites in a 
cell’s genome where the nucleotide sequence has been somehow 
changed, altering the genes’ functionality and, in some cases, 
causing the cell to become cancerous. 

Genomic mutations are a vital part of life; without them, we would 
not have natural variation or evolution. However, by their nature, 
mutations develop randomly throughout the genome and this has 
the potential to be very harmful. This chapter will discuss the ways 
by which mutations can arise within cells and lead to abnormal 
cellular function or activity.

DNA REPLICATION AND REPAIR
In an average human lifetime, it is estimated that our cells undergo 
roughly 1016 growth and division cycles. For each of these cycles, 
every cell has to replicate 3 billion nucleotides in exactly the same 
order for the daughter cells and this presents a tremendous 
challenge. This is made worse by the level of risk involved; even 
a single mistake can be disastrous for a cell. What this means is 
that in our lives, our DNA has to replicate 3x1022 nucleotides as 
perfectly as possible. For comparison, a 300-page, professionally 
produced book will contain around 510,000 letters and, on average, 
6 typos.

DNA replication is managed by a collection of specialised enzymes. 
The process starts when DNA helicase unwinds the double strand 
and RNA primase binds a complementary primer sequence to the 
section of the genome to be replicated. That primer then directs 
DNA polymerase to begin adding complementary nucleotides to 
the two strands of the template. These nucleotides form genetic 
fragments that are sealed together into two continuous sequences 
by DNA ligase. The template and daughter strands then bind into two 
complete copies of the genome and DNA replication is completed. 

Because of the sheer quantity of DNA, and how often it needs 
to be replicated, mistakes do get made even with high fidelity 
DNA polymerase enzymes. The rate of mutation accumulation 
varies between organisms and between different regions of the 
genome, sometimes being as low as 1 mistake in 109 nucleotides, 
and sometimes as high as 1 mistake in 102 nucleotides. These 
mistakes most commonly take the form of incorrect bases being 
placed in the sequence (transversions and transitions) or too many 
or few nucleotides being inserted (indel mutations), and they can 
completely alter or remove gene functionality. Generally, mutations 
arising from replication errors will be the result of wobble, 
tautomeric shifts, or strand slippage.

WOBBLE, TAUTOMERIC SHIFTS, AND STRAND SLIPPAGE

In healthy DNA, the two DNA strands are made up of paired 
nucleotides that follow the genomic sequence. Each base pair 
consists of a purine base (G or A) and a pyrimidine base (C or T) 
and always involves either 2 hydrogen bonds between thymine and 
adenine or 3 hydrogen bonds between guanine and cytosine. 
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While this is true in healthy DNA, mutations can change these 
properties, either by inserting and deleting bases or by binding 
incorrect pairs together and thereby changing the genomic 
sequence. One of the most common types of mutations are single 
nucleotide polymorphisms (SNPs), which involve a change to a 
single nucleotide in the sequence. There are multiple suggested 
mechanisms for how SNPs can arise within the genome, but it is 
thought that the most common cause is wobble. 

Wobble is characterised by a deformity in the secondary structure 
of DNA from bases that have shifted in alignment because of non-
canonical binding. In some cases, wobble is the result of a normal 
G, C, T, or A base binding with a non-canonical nucleotide such as 
hypoxanthine or uracil; in others, both members of the pair are 
canonical bases. 

One such binding pair is guanine-thymine. This pairing doesn’t 
rely on ionisation and is instead achieved by the bases being 
significantly misaligned, bringing them into a position that enables 
two hydrogen bonds to form. While this is a slightly weaker 
interaction than a traditional guanine-cytosine bond, it is still 
comparable to other Watson and Crick interactions. 

Another possibility for wobble is for one of the nitrogen atoms of 
an adenine nucleotide to become ionised, changing that site from a 
hydrogen bond acceptor to a hydrogen bond donor. This prevents 
the adenine from binding to thymine as it usually would, by forcing 
two hydrogen bond donors together. The resulting repulsive forces 
hinder A-T bonds and instead promote the formation of two bonds 
with a cytosine nucleotide. 

It is thought that these types of mismatches are much more 
common than ones caused by tautomerisation. They are only 
made possible by the inherent flexibility of the DNA backbone, 
which enables nucleotides to shift out of position just far enough 
to align with the incorrect pair. For almost all cases, these mistakes 
are corrected by enzymes capable of recognising sites where the 
backbone has been twisted out of position, which will be discussed 
in the following section.

Another possible cause of SNPs is the tautomerisation of 
nucleotides that enables incorrect base pairing. Tautomers are 
two molecules with the same chemical formula and structure, 
with the exception of the placement of a single hydrogen atom. 
While tautomers are common in chemistry and usually only have a 
minor effect on reactivity, in DNA bases they can be very damaging. 
This is because DNA bases are paired through their ability to 
form hydrogen bonds with their complementary nucleotide. In 
tautomerised bases, the altered hydrogen configuration disrupts 
the hydrogen bonds holding the double strand together. 

Traditional Watson and Crick base pairing assumes that the bases 
will exist in their keto (G and T) or amino (C and A) forms, which 
are the most common configurations in nature. However, the 
bases can also form enol (G and T) and imine (C and A) tautomers, 
impacting their ability to form hydrogen bonds with their 
complementary nucleotide. Changing the hydrogen bond donor/
acceptor configuration of the bases significantly increases the 
chance of mismatches, where two bases that are not traditionally 
complementary become paired. Fortunately, while it is chemically 
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possible for DNA bases to form these tautomers, there is very 
limited evidence that they do so in vivo and compromise the double 
strand. If it does occur within the genome, it is believed that it only 
happens very rarely; instead, mutations arising from mismatches 
are more likely to be because of ‘wobble’.Wobble and tautomeric 
shifts can only account for SNPs, however. Indel mutations, where 
bases are incorrectly inserted or deleted from the sequence, are 
thought to be the result of strand slippage instead. Strand slippage 
happens with either the template strand or the daughter strand of 
DNA loops out during the replication process. When the daughter 
strand forms a loop, one of the template nucleotides is read twice 
and thus the corresponding base in the daughter strand is duplicated. 

Alternatively, if the template strand loops out, it prevents a nucleotide 
from being read and replicated, and so the complementary nucleotide 
in the daughter strand is missed. 

Research has shown that strand slippage is most common in 
areas of the genome with many small repeating sequences or 
nucleotides. It is thought that the nearby tandem repeats are able 
to stabilise the error, as is shown in the diagram, where repetitive 
thymine nucleotides stabilise the daughter strand adenines. This 
stabilisation enables replication to proceed as normal, despite  
the error, and thus the mutation is not corrected by DNA 
polymerase.  
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HOMOLOGY-DIRECTED REPAIR AND NON-HOMOLOGOUS  
END JOINING

It is thought that most cancerous mutations are the result of 
replication errors, but environmental and spontaneous DNA 
damage is also known to play a part in cancer development. 
Environmental damage takes place when the DNA comes into 
contact with radiation or toxins that are capable of disrupting the 
double strand. Environmental damage can therefore be minimised 
by limiting a person’s exposure to these damaging factors; 
spontaneous damage, on the other hand, is unavoidable. DNA 
damage is considered spontaneous when it is the result of normal 
cellular processes, most commonly hydrolysis. Typically, it takes the 
form of depurination or deamination reactions.

On average, it’s estimated that the genetic material of a cell will 
develop 10,000 instances of damage in a single day and without 
mechanisms to fix these problems, the genome would degrade 
rapidly. To sustain life and minimise the risk of DNA breakdown, 
human cells utilise two mechanisms of DNA repair which are capable 
of knitting the two ends of the break back together: homology-
directed repair (HDR) and non-homologous end joining (NHEJ).

HDR is the less commonly used of the two mechanisms, as it 
requires a DNA template to be near to the break at the time of 
repair and this is rarely the case in cells that are not dividing. 
Repair enzymes use this unbroken, identical template to act as 
a guide while they seal the break. Because there is a template, 
any nucleotides that have been lost or added to the site can be 
identified and corrected, ensuring that the overall sequence stays 
the same as it was before the break. As this method can correct for 
changes to the nucleotide sequence, HDR is considered the most 
accurate form of DNA repair. 

Despite being considerably more error-prone, NHEJ is much more 
commonly used to repair DNA damage than HDR. This is because it 
doesn’t require a DNA template to act as a guide and so is capable 
of repairing breaks in any situation, rather than being limited to 
periods of cell division. 

PROOFREADING AND MISMATCH REPAIR

Human DNA polymerase, the enzyme responsible for producing 
new daughter strands of DNA from the parental cell’s template, is 
considered to demonstrate high fidelity and therefore accuracy. 
Because of strand slippage and mismatches, however, DNA 
polymerase enzymes make roughly 1 mistake every 100,000 
nucleotides, on average. In a human diploid cell, this would mean 
that every daughter cell was carrying 120,000 mutations; obviously, 
this level of error is unsustainable. 

To counteract this problem, and sustain cells through multiple 
replication cycles, newly synthesised DNA immediately undergoes 
a process called proofreading. During this process incorrect 
bases are removed from the daughter strand and replaced with 
the correct nucleotide. When an incorrect base is added by DNA 
polymerase, the 3’-OH group of the incorrect nucleotide sits in the 
wrong position within the enzyme’s active site. This misplacement 
immediately halts replication as DNA polymerase recognises the 
mistake and corrects the error.

Proofreading is capable of resolving 99% of the mistakes made 
by DNA Polymerase, but this is still too many errors to sustain 
survival. Cells therefore use a secondary correction system after 
replication has been completed, known as mismatch repair, to ‘mop 
up’ remaining mutations. Mismatch repair is facilitated by enzymes 
that can detect when the secondary structure of the DNA has been 
deformed by incorrectly matched base pairs. When a mismatch site 
is found, the enzymes can fix the mistake. 

If any mistakes remain undetected after mismatch repair, then 
they become permanent mutations that will persist within 
the genome of future descendants. After the first division, all 
cells that descend from the mutated daughter cell will carry a 
transversion (replacement of a purine with a pyrimidine, or vice 
versa) or a transition (replacement of one type of base with the 
same type of base, eg. a purine for a purine). If such a mutation 
occurs in a germline cell, the mismatch can even be passed on to 
future generations.
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VIRUSES
Researchers have been linking viruses to cancer for decades, both 
as causative variables and as potential cures. The Rous Sarcoma 
Virus (RSV) is considered to be the first cancer-causing virus to be 
discovered, after it was identified by Peyton Rous in 1911 as a cause 
of sarcoma in chickens. (Prior to this discovery, Vilhelm Ellerman 
and Olaf Bang had managed to prove a link between the avian 
sarcoma leucosis virus and leukaemia in 1908. This is not usually 
listed as the first to be discovered, however, as leukaemia was not 
considered to be a cancer at the time of discovery.)

Now, research has identified 7 key viruses (EBV, HTLV-1, HPV, HBV, 
HCV, KSHV, and MCV) as being responsible for causing more than 
11% of all diagnosed cancer cases. There is significant variation in 
the biology and activity of these viruses; for example, some possess 
a DNA genome, whereas others use RNA instead.  
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The strand being synthesised has looped, causing an extra 
adenine nucleotide to be added to the daughter strand. 
(Insertion)

The template strand has looped, causing one of the 
adenine nucleotides that should be in the daughter 
strand to be missed. (Deletion)
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All cells descending from 
this line will carry the 

mutation.

Figure: During the first round of replication, a mismatch mutation arises in one of the strands which is not corrected by 
proofreading or mismatch repair. During the subsequent replication cycle, the mutated sequence is used as a template for 
one of the daughter cells and thus the mutation is carried into the new cell. 

The mechanism uses enzymes that stitch the two ends of the break 
back together directly, without taking into account the sequence of 
the nucleotides prior to the damage. 

This is not always a problem, but in some cases, separate enzymes 
remove a small number of nucleotides from either side of the break 
to ‘clean up’ the strand ends prior to the repair. As no template is 
available, NHEJ will not be able to replace the removed bases and 
so a few nucleotides will be permanently lost from the site.

It’s estimated that fewer than 1 in 1,000 of DNA lesions will become 
permanent mutations, and they are often not harmful to the cell 
as a whole. As stated in the previous chapter, however, it is also 
possible for a mutation to develop within a gene that has a critical 
function. If the mutation is sufficient to alter the action of the gene, 
such as changing the amino acid sequence being coded for, then it 
can lead to the cell becoming diseased. 
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Understanding how these viruses result in cancer has been very 
challenging, as the majority of viral infections will not cause the host 
cells to become cancerous. This makes the viruses very difficult to 
identify and therefore understand. In some cases, a virus will infect 
a cell, integrate its own genetic material into the host genome, 
and successfully proliferate without ever causing cancer; in others, 
the virus can exist solely as a plasmid that doesn’t interact with 
host DNA and yet will still have carcinogenic effects. This variation 
and variety has made it impossible to identify a logical, predictive 
pattern to follow. As a result, our knowledge of the pathological 
progression of virus-induced cancer is very limited. 

Recently, viruses have been of more interest to oncologists as a 
potential source of cancer therapies or preventative measures. 
Chapter 4 will discuss how viruses can be engineered to reduce 
a person’s risk of developing cancer or to selectively attack 
diseased cells. 

PREDISPOSITION GENES
All mutations have the capacity to affect the cellular environment, 
especially if they alter the amino acid sequence of an encoded protein. 
However, research has identified a number of mutations within certain 
genes that can be more harmful to the carrier and increase their 
likelihood of developing cancer. These genes are usually ones involved 
in promotion or inhibition of cellular division, DNA replication, and 
DNA repair, as was discussed in the previous chapter.

The first cancer-associated gene to be identified was HRAS, which 
was linked to bladder cancer in 1982. Subsequent work has shown 
that the protein the gene codes for is involved in the regulation 
of cell division; without a functional copy of the gene, cells can 
proliferate uncontrollably. 

Other genes have since been linked to cancer without a clear 
mechanism of action being uncovered. BRCA1, a gene that has 
been closely linked to breast and ovarian cancer, was one such 
gene until recently. Despite being identified in 1994, it wasn’t until 
October 2017 that the molecular mechanism by which BRCA1 
can influence cancer risk was revealed, when a research team 
uncovered how the encoded protein interacted with a secondary 
protein (BARD1) to help repair damaged DNA.Other genes which 
have been linked to increased cancer risk are listed in the table. 
There are many more genes that are involved in the development 
and progression of cancer than are listed here, and only some 
of them are understood. A more comprehensive resource is the 
Catalogue of Somatic Mutations in Cancer (COSMIC), which collates 
information on the impact of different cancer-associated variants. 

CHROMOSOMAL REARRANGEMENTS

In some cancers, genomic irregularities do not take the form of 
point mutations within the genes; instead, they are the result of 
an entire chromosome becoming distorted or ‘broken’. As with 
DNA, chromosomes naturally become damaged throughout the 
lifetime of a cell and so rely on DNA repair mechanisms to retain 
structural integrity. On rare occasions, these mechanisms fail and 
this can cause translocations to develop. A translocation is where 
one part of a chromosome is transferred to another, frequently 

resulting in two unrelated genes becoming fused together at the 
breakpoint, disrupting their functionality. In healthy cells, the 
likelihood of a translocation occurring is relatively low, but if the 
DNA repair mechanisms are being dysregulated by mutations, 
then the risk is increased. 

The causative factors behind chromosomal damage are 
still relatively unknown. There is evidence that exposure to 
environmental factors and cytotoxic chemicals, such as cigarette 
smoke, can increase the rate of chromosome damage, but largely, 
translocations go unexplained. Similarly, their role in cancer 
development is only partially understood. Studying their impact on 
disease progression has been made more difficult as, in most cases, 
the translocations involved in cancer occur very early on in the 
disease and may even play a role in tumourigenesis. 

The most well-known and understood translocation linked to 
cancer is the Philadelphia chromosome. This condition has been 
linked to leukaemia and is characterised by an abnormally short 
chromosome 22, genetic material has been exchanged between 
chromosomes 9 and 22 (a reciprocal translocation). Roughly 
95% of patients with CML, in particular, are thought to carry a 
Philadelphia chromosome.

After the translocation has taken place, chromosome 22 is left 
with a fusion gene known as BCR-ABL1, which codes for a tyrosine 
kinase signalling protein. When healthy, the ABL1 gene codes for 
the signalling protein, and the BCR gene mediates expression 
of another gene in the absence of activation signals. In BCR-
ABL1, because the genes have been fused and the action of BCR 
disrupted, the fusion gene cannot be ‘switched off’ and so is 
always expressed. This leads to the cells losing their control over 
ATP production and thus over a range of other cellular processes. 
Without this mechanism, the cell can rapidly become diseased.  

Traditionally, fusion genes brought about by chromosomal 
translocations have been linked to haematological cancers 
and mesenchymal tumours (in bone, muscle, fat, and cartilage 
tissue). More recently, they have been associated with a wider 
body of cancers, most notably epithelial cancers which have 
been linked to constitutively expressed tyrosine kinase signalling 
proteins like BCR-ABL1. 

Another class of fusion genes is transcription factor fusion genes. 
These abnormalities can increase the rate of transcription above 
usual levels, or critically suppress it, and have been linked to 
a number of cancers. For example, almost all cases of Ewing’s 
sarcoma have been linked to a fusion gene between EWSR1 
and one of a family of transcription genes, most commonly FLI1 
(roughly 85% of patients with Ewing’s sarcoma) or ERG (around 
10% of patients). 

Abnormal transcriptional activity has been well characterised 
through successive studies of the related fusion genes. 
Nonetheless, developing drugs which can selectively inhibit the 
abnormal activity of these fusions without impacting health 
cell function has been proven to be very difficult. In future, 
chromosomal rearrangements may be a suitable target for anti-
cancer therapies, but for now, that is rarely the case. 
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SUMMARY
Mutations can occur anywhere in the genome and their effects are frequently very difficult to predict. Nonetheless, researchers are 
continually trying to identify risk factors, such as mutations within the cancer-linked genes discussed in this chapter or chromosomal 
translocations that are known to form fusion genes. It is hoped that by increasing our understanding of these risk factors, we will be able to 
develop better diagnostic testing, more accurate risk prediction, and, if possible, effective preventative measures. Now that we have a firm 
understanding of how cancer can develop and what forms it can take, we can begin to look at how this information can be used by medical 
professionals to diagnose cancers in patients. The following chapter will examine the main diagnostic techniques currently in use and how 
they might improve in the future. n

ASSOCIATED CONDITIONS / GENES CANCERS AT INCREASED RISK

Lynch Syndrome (also known as Hereditary Non-Polyposis  
Colon Cancer) / MLH1, MSH2, MSH6, and PMS2

Bowel Cancer, Pancreatic Cancer, Ovarian Cancer,  
and Womb Cancer

BRCA1 Breast Cancer and Ovarian Cancer

BRCA2 Breast Cancer, Ovarian Cancer, Prostate Cancer, and  
Pancreatic Cancer

Tuberous Sclerosis / TSC1 and TSC2

Kidney Cancer

Von Hippel Lindau Syndrome / VHL

Birt Hogg Dube Syndrome / FLCN (also called BHD gene)

Hereditary Leiomyomatosis and Renal Carcinoma / FH

Isolated Hereditary Papillary Renal Cell Cancer / MET

RB1 Retinoblastoma

Multiple Enocrine Neoplasia / MEN 1, MEN2a, and MEN2b Pancreatic Cancer, Thyroid Cancer, and Bowel Cancer

RET Thyroid Cancer

Familial Atypical Multiple Mole Melanoma Syndrome
Melanoma

CDKN2A

Familial Adenomatous Polyposis / APC
Bowel Cancer and Pancreatic Cancer

Peutz Jeghers Syndrome / STK11

Cowden Syndrome / PTEN
Breast Cancer

Li Fraumeni Syndrome / TP53

MYH-Associated Polyposis / MYH
Bowel Cancer

Juvenile Polyposis Syndrome / BMPR1A and SMAD4
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To perform these tests, the healthcare team need to be able 
to collect a biological sample from the area of interest for the 
characterisation of their condition. Currently, this tends to involve 
collecting cancerous cells via a tissue biopsy. 

TRADITIONAL TISSUE BIOPSY

At present, tissue biopsies are the main method by which physicians 
are able to diagnose cancer. The practice involves collecting a small 
amount of the suspected cancerous tissue and then subjecting it to 
a series of tests and examinations, which will be discussed later in 
this chapter. While other methods of detecting cancer are starting to 
reach the clinic, tissue biopsies are the only widely-accepted method 
for achieving a firm cancer diagnosis at the moment. 

The type of tissue biopsy a patient is required to submit to is 
largely determined by the location of the tissue that needs 
to be collected. For cancers that occur near the surface of 
the skin, needle or skin biopsies are usually sufficient, but for 
deeper tumours, surgical intervention may be necessary. To 
accommodate for these requirements, a range of different biopsy 
techniques have been developed: 

Incisional Biopsy. A small incision is made to collect a small amount 
of tissue from just under the skin. These biopsies are only suitable 
for shallow tumours.

Excisional Biopsy. The entire area of suspicion is removed from the 
surface of the skin. This is common for aberrant skin features, such  
as moles that have changed shape or colour. 

INTRODUCTION
Over the last few decades, our ability to detect cancer has improved 
significantly, as has our success at identifying the patients who are 
most at risk. These advances are in part due to an increased range 
of tests available and improved test sensitivity, enabling clinicians 
to learn more about their patients’ condition than ever before. 

Nonetheless, diagnosing cancer is challenging for doctors; while it 
is important to identify the disease as early as possible to ensure 
the best treatment outcome, there is also a fear of misdiagnosis. 
For a patient, being told that you have cancer can be a life-altering 
moment, and so clinicians want to be certain of the diagnosis 
before reporting it.

This chapter will discuss the tools available to pathologists that can 
help them confirm or reject a cancer diagnosis and how the results 
of these tests are reported to primary care physicians.

SAMPLE COLLECTION
After initial imaging scans of the suspected tumour have been 
completed, doctors will usually turn to molecular testing to confirm 
a cancer diagnosis.  

These tests allow clinicians to investigate the chemistry of the area of 
interest, identify any cells which deviate from the norm, and, in some 
cases, conclude that the tissue being investigated is cancerous. 
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Endoscopic Biopsy. A thin, flexible tube with a light and a camera 
is inserted into the patient, either through the mouth or through a 
small surgical incision to locate the diseased tissue. Once located, 
forceps can be used to collect very small samples. 

The benefit of biopsies is that they provide the healthcare team 
with the exact tissue they need to analyse the patient’s condition, 
but there are downsides to them too. The most apparent one is 
that these procedures have the potential to hurt the patient. In 
almost all cases, patients will receive some level of anaesthesia 
prior to the biopsy, but this can cause medical complications and 
may demonstrate varying effectiveness. 

Another issue is that biopsies are not always an option for some 
types of cancer. If the tumour is growing very deeply within the 
body or in a region that is not easily accessible, such as within the 
brain, then it may not be possible for a sample to be retrieved 
and thus, a biopsy is unavailable. In other cases, it can be difficult 
to obtain a sufficiently large sample without repeated biopsies, 
increasing the discomfort of the patient. Initial testing and 
analysis of biopsy tissues will use up most small samples, leaving 
insufficient material for comprehensive molecular testing, which 
would tell the healthcare team more about the type of cancer they 
are dealing with. 

Despite the drawbacks, tissue biopsies are still the main technique 
being used for diagnosing cancer because they have been proven 
to be accurate and reliable. Using the samples collected by 
biopsies, researchers are able to determine whether the tissue 
is tumorous or not, and if so, whether it is malignant or benign. 
Results from these tests can usually be returned within two 
weeks (7-10 days in most cases) and future treatment decisions 
discussed with the patient. 

LIQUID BIOPSY

Also known as fluid phase biopsies, a liquid biopsy is a diagnostic 
tool which relies on collecting blood to detect cancerous mutations, 
instead of harvesting solid tissue. The practice of using a blood 
test to determine information about a patient’s health was initially 
developed as a technique for non-invasive prenatal testing. In that 
instance, the approach was made possible by the shedding of foetal 
DNA into the mother’s blood stream, which could then be collected 
using standard blood collection. By gathering foetal DNA, physicians 
can learn about the baby’s genetic make-up without having to use 
invasive and potentially harmful tests, such as amniocentesis or 
chorionic villus sampling. It was during the development of these 
non-invasive tests that researchers discovered that cancer cells also 
affect the DNA content of the blood stream and recognised how 
this could be used as a diagnostic tool. 

Due to increased cell permeability and ‘leaky’ blood vessels, as was 
mentioned in the first chapter, cancerous tumours shed genetic 
material into a patient’s blood stream. This material takes the form 
of circulating tumour DNA (ctDNA) and, in cases where the disease 
has progressed to the point of metastasis, circulating tumour cells 
(CTCs). Over the last few years, researchers have been developing 
diagnostic tests that are capable of detecting this genetic material 
in blood samples. 

Excisional biopsies can also be used for small growths just beneath 
the skin, but needle biopsies are generally more common in such 
cases. 

Punch Biopsy. A circular tool is used to ‘punch’ through the skin, 
collecting a sample of both skin and the tissue just below it.

Shave Biopsy. A sharp implement, such as a scalpel, is used to 
carefully scrape suspicious tissue from the surface of the skin. 
These biopsies are primarily used for masses or nodules that have 
begun to grow on the skin. 

Fine Needle Aspiration. A very thin needle is inserted through 
the skin and into the suspicious tissue, drawing a small sample of 
cells into a syringe. These biopsies are commonly used for masses 
that can be felt through the skin, but can also be used with deeper 
growths when combined with image-guided biopsy techniques. 

Core Needle Biopsy. These biopsies apply the same technique as 
fine needle aspiration, with the exception that they use a larger 
needle. This makes the biopsy more uncomfortable for a patient 
but allows the physician to collect a larger sample. 

Vacuum-Assisted Biopsy. A specially designed needle is inserted 
into the suspicious tissue and suction is used to draw up the 
sample. This allows for large samples or multiple samples to be 
drawn at the same site on a single occasion, so the needle only has 
to be inserted once and the process is easier for patients. 

Image-Guided Biopsy. Image-guided biopsies can be done using 
fine needle, core needle, or vacuum-assisted techniques. This 
method is used when a tumour is growing too deeply within the 
body to be felt and uses imaging techniques to guide the needle to 
the correct site. Different imaging techniques have been applied 
to image-guided biopsies; which one is used will typically depend 
on the location of the growth and how much tissue is required in 
the sample. MRIs, Ultrasounds, CT scans, X-rays, and Fluoroscopies 
have all been used in the past. 

Bone Marrow Aspiration/Bone Marrow Biopsy. These two 
techniques are usually performed in conjunction with one 
another, traditionally at a site on the patient’s pelvic bone. The 
biopsy collects solid bone marrow tissue for testing, whereas the 
aspiration is designed to collect a liquid sample, both of which can 
be used to diagnose blood cancer. 

“DESPITE THE DRAWBACKS, TISSUE 
BIOPSIES ARE STILL THE MAIN 
TECHNIQUE BEING USED FOR 
DIAGNOSING CANCER BECAUSE 
THEY HAVE BEEN PROVEN TO BE 
ACCURATE AND RELIABLE.”
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This is the basis of liquid biopsies. They work by taking a regular 
blood sample from a patient and isolating the genetic material 
contained within it for testing. Some of the material will be from 
healthy cells (known as cell free DNA), but a small percentage will 
originate from the cancerous tissue. If known cancer-associated 
mutations are present in the sample, then they can be detected by 
sequencing or genomic assays, and thus, the disease is identified. 
For patients who have already been diagnosed, liquid biopsies are 
also a possible avenue for treatment monitoring, which could help 
to guide treatment decisions. 

The clear advantage to liquid biopsies is that they would be 
much quicker and easier for the patient than traditional tissue 
biopsies. Instead of requiring a tissue sample, which in some 
cases can only be obtained through surgery, the tests would 
only require a blood sample, which could be drawn in a single 
appointment. This would be less traumatic for the patients 
involved, and wouldn’t require a period of recovery, which is 
occasionally necessary after tissue biopsies. 

The test would also be far more universal. As ctDNA is able to 
spread out from the tumour to the rest of the body, the test is 
independent of the location of the original cancer. This would mean 
that all patients would receive the same type of biopsy, irrespective 
of where the cancer originated in their body. This is particularly 
important for patients who are unable to supply a tissue sample 
because of the location of their cancer, or who could only supply 
a sample through highly invasive surgery. Liquid biopsies would 
mean that they could be as easily tested as a patient with skin 
cancer, for example.

This characteristic would also mean that the tests could be 
more easily performed by medical professionals. When a tissue 
biopsy can only be obtained through surgery, multiple healthcare 
professionals have to be involved in the process, all of whom 
require the specialised training that corresponds to the procedure. 
In the case of liquid biopsy, the only knowledge necessary is how to 
draw a blood sample, something which is already a well-known and 
used technique. As a result, the clinicians involved wouldn’t need to 
participate in any additional training. 

By reducing the necessary training, liquid biopsies may also offer 
a cheaper alternative to tissue-based techniques. Less frequent 
surgeries would also bring costs down, in part because of the 
reduced use of anaesthetic and antibiotics. 

These advantages mean that, if they can prove effective in the 
clinic, liquid biopsies could replace tissue biopsies and significantly 
improve diagnosis and monitoring of cancer patients. In June 2016, 
the US Food and Drug Administration (FDA) approved the first liquid 
biopsy test for cancer treatment in the United States. The test, the 
cobas EGFR Mutation Test v2 (cobas being a subsidiary of Roche), 
was approved for use in patients diagnosed with metastatic non-
small cell lung cancer. 

It works by checking a patient’s ctDNA for an exon 19 deletion and/
or a mutation in the L858R gene, which codes for tyrosine kinase 
inhibitor EGFR (epidermal growth factor receptor). If either of these 
mutations is detected, it allows their doctor to predict whether or 
not the patient is eligible for treatment with the drug erlotinib. 
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Medical professionals can use this information to draw conclusions 
about the patient’s condition, which is particularly helpful during 
treatment monitoring. 

Beyond the accessibility of blood samples, ddPCR has certain 
advantages over alternative cancer detection methods. Most 
notable of these is the speed of the technique, which doesn’t 
require equipment calibration or reference samples to generate 
an accurate quantification value; in a clinical setting, being able 
to complete a patient’s test in less time is a significant benefit. 
Research has also shown that the results obtained from ddPCR are 
sensitive and reproducible, increasing their reliability. 

The novelty of liquid biopsies and ddPCR has meant that the 
technique has not yet been adopted in the clinic. Despite this, some 
researchers and companies are confident that ddPCR will change 
the way we diagnose and monitor cancer patients in the future, 
helping us to move away from time-consuming and uncomfortable 
tissue biopsies. 

SAMPLE TESTING
Once a sample has been collected from a patient, whether it is 
a tissue or blood sample, it needs to undergo a series of tests to 
identify whether or not it is cancerous. In the past, these tests 
usually only took the form of examining cells beneath a microscope; 
now, developments in molecular testing over the last few decades 
have given clinicians a range of tests to use. 

BIOPSY TESTING

Biopsy testing is traditionally carried out by a specialised 
pathologist and primarily relies on examining the tissue cells 
(known as a specimen) under a light microscope. Now that 
molecular testing and sequencing have started to be more widely 
adopted in the clinic, some of the specimen is set aside prior to 
staining and examination for those tests, which will be discussed in 
the following sections. Microscopic examinations, however, are the 
traditional technique for investigating biopsies. 

The first stage of testing involves the pathologist performing a 
‘gross examination’ (also known as a macroscopic examination) of 
the specimen. This examination doesn’t require a microscope, and 
instead concerns the pathologist studying the specimen by eye to 
note the colour and size of it, alongside any other features of note. 
The description that the pathologist writes at this stage will form 
part of the report submitted at the end of the testing, which will be 
discussed later in this chapter. 

Once the gross examination is complete, the next stage is to 
perform microscopic examinations, but this first requires the 
production of a slide containing the specimen. There are a number 
of different ways that a slide can be prepared, depending on the 
type of specimen being examined:

Permanent Section. In a permanent section, the specimen is placed 
in a fixative for several hours, most commonly in formalin. During 
this time, the fixative will harden the proteins contained within the 
cells so that they will not move or degrade over time. Once the 

At present, there is still no liquid biopsy available that allows 
doctors to definitively diagnose cancer in a patient, although several 
commercial enterprises are working towards this goal. In March 
2017, Illumina spin-out GRAIL was able to raise a record breaking 
$900M in series B funding to help them develop a liquid biopsy test 
which can diagnose cancers before symptoms appear. Similarly, 
Guardant Health is currently undertaking a project called Guardant 
1 Million, which hopes to use their liquid biopsy test with 1,000,000 
people over the next 5 years to improve its diagnostic capabilities. 

However, while liquid biopsies have initially appeared to be very 
promising, there are still challenges to be overcome before they 
are integrated into mainstream healthcare. The biggest problem is 
that they are not yet as sensitive, or accurate, as traditional tissue 
biopsies. In particular, researchers are struggling because ctDNA 
only exists at very low levels in the blood stream. To counteract 
this problem, techniques are being developed which can artificially 
inflate ctDNA concentration, such as ddPCR. 

DROPLET DIGITAL PCR

Droplet digital PCR (ddPCR) is a variant on the traditional PCR 
workflow that involves creating a water-oil emulsion to disperse 
the genetic material involved. Chemical surfactants are added to 
the mixture to allow water droplets to form within the oil, inside 
of which the hydrophilic DNA molecules will accumulate. As the oil 
isolates the water droplets from each other, each droplet can be 
considered its own reaction vessel for PCR reactions. 

It is this massive sample partitioning that defines ddPCR and 
allows it to be of use in liquid biopsies. As the quantity of ctDNA in 
each blood sample is very low, traditional PCR is unable to amplify 
the correct sequences without putting the sample through serial 
dilutions. The dilution process can be lengthy and expensive, as 
well as introducing the risk of human error (particularly during 
pipetting) that can affect the results and invalidate gathered 
data. In ddPCR, the dilution caused by the emulsion allows the 
concentration of ctDNA to be greatly enhanced in each droplet 
without serial dilutions. 

With the sample partitioned like this, the reaction can proceed 
using PCR primers that target sequences known to be associated 
with cancer. If those sequences are present in the ctDNA, then the 
sequences will be amplified within their droplets to a detectable 
level; if they are not, then no amplification will take place. The 
difference between these droplets can be demonstrated by using 
a modified DNA polymerase enzyme during amplification which 
fluoresces when the double strands reform. Doing so means that 
droplets containing the target sequence will become fluorescent 
during amplification, and therefore be categorised as PCR positive. 
Those without the target sequence will not fluoresce and are 
therefore considered PCR negative. 

 ‘Droplet readers’ can be used to quantify the PCR positive and 
PCR negative droplets automatically and to generate a ratio of 
the two. Statistical analysis can then use this ratio to determine 
the absolute concentration of ctDNA in the original sample prior 
to amplification. The success of amplification also indicates that 
the sequence corresponding to the PCR primers is present in the 
ctDNA, providing an insight into the genetic make-up of the tumour. 
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In some cases, this testing can also indicate how advanced the 
cancer is. As cancers proliferate, they accumulate more and more 
mutations as the genome degrades and so it is possible to estimate 
the development of the cancer by the quantity and severity of 
mutations present. 

Most commonly, however, genomic tests have been used in cancer 
diagnosis and treatment as a way of predicting which patients 
will react successfully to selected drugs, a practice known as 
pharmacogenomics. 

The idea of our genes influencing our response to certain 
therapeutic agents has existed since the 1976, when it was 
discovered that the effectiveness of the breast cancer drug 
tamoxifen could be correlated to the status of the patient’s 
oestrogen receptors. Subsequent research in the 80s revealed 
a link between poor prognosis for breast cancer patients and 
amplification of the gene HER2.

Genentech, now a subsidiary of Roche, used this information 
to develop the first pharmacogenomics-based drug, Herceptin 
(trasfuzmab), which acts as an antagonist to HER2. Alongside the 
drug, the company produced an immunohistochemistry assay 
which could determine the status of a patient’s HER2 expression; 
if the assay detected overexpression, then it was an indication that 
Herceptin would be an effective treatment. The combined assay and 
drug were approved in the USA by the FDA in 1998, and now it is 
standard practice to test breast cancer tissue for HER2 expression. 

As our understanding of the genes involved in cancer grows, 
the number of tests available for pathologists during this stage 
of testing is increasing. Likewise, the number and range of 
pharmaceuticals being targeted towards specific mutations 
involved in cancer is rising, with the hopes of increasing 
chemotherapy success and patient outcomes. 

To enable patients to access the best treatments possible for their 
condition, the pathologist will screen their sample for the high-risk 
and targeted genes of their suspected condition and report the 
results to the physician.  

proteins have been immobilised, all the water in the specimen is 
removed and replaced with a different solution, usually paraffin 
wax, before the entire specimen is inserted into a larger block of 
paraffin. Once the specimen has been embedded in the paraffin 
block, it can be stored indefinitely and thus this technique is often 
used for long term storage of a patient’s historical samples.

When the pathologist is ready to examine the slide, they use a 
microtome to cut the specimen into thin slices known as histologic 
sections, and place one of the slices onto the glass slide. The 
paraffin is then dissolved, removed, and replaced with water once 
more. Finally, specialised dyes are used to stain the cells’ nuclei 
dark blue and the cytoplasm pink or orange. 

Frozen Section. Some specimens are frozen immediately after they 
have been surgically collected. As the contents of the cell have 
already been immobilised by being frozen, there is no need to 
undergo a fixation process and the specimen can be immediately 
cut into slices with a microtome-cryostat. The sections are stained 
in the same way as permanent sections and then observed through 
the microscope. Because this technique relies on freezing cells, the 
quality of the specimen is lower than it would be if formalin-fixation 
had been used, but the lack of a hardening period means that the 
examination can be done immediately after collection. 

Smear. If the specimen is a liquid or consists of a suspension of 
solid tissue within a liquid, it is not possible to generate histologic 
sections. Instead, a small quantity of the liquid is smeared onto 
a glass slide and then allowed to dry in air to remove excess 
moisture. Once the specimen is considered dry, the slide is either 
sprayed with or submerged in a fixative substance, before being 
stained, as with other techniques. 

No matter the method used, once the slide has been created, the 
pathologist can use a light microscope to observe the specimen. 
Generally, they will note the type of cells present, the cellular 
arrangement, and whether or not the cells are abnormal, as well as 
anything else that stands out. Traditionally, a diagnosis will hinge 
on the observations made during this examination. More recently, 
pathologists have a series of other tests available that can help 
them come to a clearer, more accurate diagnosis. 

NEXT GENERATION SEQUENCING

Since the completion of the human genome project in the early 
2000s, the ease and speed of genomic sequencing has been 
improving continuously. Now, it is possible for a clinician to 
collect a DNA sample from a patient, sequence it, and perform 
variant analysis to return results to the patient in a matter of days. 
This ability has greatly expanded the way in which healthcare 
professionals can study a patient’s cancer and what information 
they can extract from a sample. 

The previous chapter highlighted a number of genes that are 
known to be associated with specific types of cancer. Searching 
the genomes of cells within the specimen may be able to 
identify some of these known genes, which would help the 
pathologist to better understand the particular cancer they are 
working with. 

“ONCE A SAMPLE HAS BEEN 
COLLECTED FROM A PATIENT, 
WHETHER IT IS A TISSUE OR 

BLOOD SAMPLE, IT NEEDS TO 
UNDERGO A SERIES OF TESTS TO 

IDENTIFY WHETHER OR NOT  
IT IS CANCEROUS.”
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One technique for mitigating some of these issues is to use serial 
testing and then finding an average marker level over a selected 
period of time. This can minimise the problems cause by fluctuating 
marker levels, but it also significantly increases the time and cost 
commitment, as well as the inconvenience to the patient. It also 
means that a patient in need of rapid additional testing may not 
receive it because of the time delay between sample collections. 

Research is currently underway to improve our understanding 
of tumour markers, in particular around cancers for which there 
are no known markers. At present, however, their utility within 
the clinic is limited by their inconsistency and inability to provide 
conclusive evidence of cancer.

COMPLETE BLOOD COUNT TESTS

A complete blood count test (CBC) is a specialised type of blood test 
which is used to diagnose or monitor blood cancer. They are also 
used in patients with a type of cancer that is not based in the blood, 
to identify whether or not the disease has spread to the bone 
marrow, although this is less common. Most frequently, however, 
CBCs are one of the primary techniques used to monitor a patient 
over the course of their chemotherapy, to track their health and the 
state of their immune system. 

During a CBC, four measurements are collected:

1. The white blood cell count (also sometimes called the leukocyte 
count), which refers to the total number of white blood cells 
(WBCs) in a sample of known size. 

2. The white blood cell differential, which provides a ratio of the 
quantity of each type of WBC in the sample (i.e. lymphocytes : 
neutrophils : monocytes : basophils : eosinophils).

3. The red blood cell count (also called the erythrocyte count), which 
refers to the total number of red blood cells (RBCs) in a sample of 
known size. This value is given either as the percentage of blood 
that is made up of red blood cells (haematocrit) or as the amount 
of haemoglobin protein present. 

4. The platelet count, which refers to the number of platelets in a 
sample of known size. 

From these measurements, the healthcare team can draw a number 
of conclusions about the patient’s status and health: Figure 1

CLINICAL REPORTING
During cancer diagnosis, a number of different types of doctors 
will become involved in the process, including specialists on the 
region of the body being investigated, e.g. a dermatologist will be 
consulted about cancerous aberrations on the skin. Between these 
specialists, the team will use the results of the tests described here 
to build a clinical report that can be returned to the primary care 
physician and the patient. Between different labs and hospitals, 
there is some variation in the contents and layout of these reports, 
but the vast majority contain the same main categories:

TUMOUR BIOMARKERS

Generally, biomarkers take the form of proteins that indicate a 
particular physiological state and thus can be used to diagnose or 
monitor a patient’s condition. In the case of tumour markers, this 
means that clinicians can use a sample to test for known molecules 
that allow them to draw conclusions about their patient’s cancer. 
Biomarkers linked to cancer have been identified at high levels in 
the blood, urine, and tissue of some patients and so can be tested 
for using non-invasive procedures. In most cases, tumour markers 
are used to help guide treatment decisions, monitor any current 
treatments, and to track the risk of recurrence after treatment has 
been successfully completed. 

They have also been used as a target during cancer screening in 
high-risk patients, but the presence of a tumour marker in a patient’s 
blood or urine on its own is insufficient to diagnose cancer. Instead, 
marker detection will usually encourage further testing which can 
offer more conclusive proof. 

The main reason for this limitation is that, while tumour markers 
are usually increased in cancer patients, research has shown 
that they can also be generated by healthy cells. In some cases, 
markers have been found at high levels in completely healthy 
people. Alternatively, there are a number of diseases other than 
cancer which can influence the concentration of tumour markers in 
circulation. 

There are also problems regarding consistency of results. In most 
patients, the levels of tumour markers will vary significantly over 
time, irrespective of any changes to their cancer. In others, markers 
will not begin to appear at a detectable level until their cancer has 
worsened dramatically, limiting the possibility of using the markers 
as an early detection technique. Further, there are patients who 
have a type of cancer that is known to express tumour markers, but 
who themselves do not appear to have markers in their blood. It is 
not yet known why this is the case for some patients.
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tumour has grown into the surrounding tissue, as well as 
whether cancerous tissue was found at the lymph nodes. 
Further, this section will include information about the cancer’s 
grade and stage, and the tumour margin, which indicates 
whether or not all the cancer cells were removed by the biopsy. 
This section is also where the results of other testing (such as 
genetic assays) will be reported. 

• Diagnosis – This is where the information from the previous two 
sections is collated to generate a suggested diagnosis, including 
the type of cancer and any tumour markers that could be used 
for treatment monitoring. 

• Patient Details – This section allows people to differentiate 
between multiple reports. It will contain basic identifying 
information about the patient, their doctor, and the pathology 
lab that collated the report, as well as information of the type of 
sample being used. 

• Gross Description – This section includes a summary of the 
observations made during the pathologist’s macroscopic 
examination.

• Microscopic Description – This section contains the most 
important information for the clinician when they are making 
decisions about the patient’s next steps. It will outline whether 
or not the cancer is invasive and, if so, how significantly the 

OBSERVATION CONCLUSIONS

Low WBC Count

Several different types of chemotherapy can negatively impact 
a patient’s WBC count, which is why one of the primary side 
effects of those treatments is an increased risk of infection. 
It is for this reason that CBCs are used to monitor a patient 

undergoing chemotherapy; if their WBC levels start to drop too 
low, medical intervention may be needed. If a patient who is 

not undergoing chemotherapy demonstrates a low WBC count, 
it could be indicative of blood cancer.

Abnormal WBC Differentials

A significant decrease in the concentration of neutrophils (a 
condition known as neutrophenia) can be caused by certain 
chemotherapies. If their level of neutrophils drops too low, a 
patient will be at serious risk of infection and so the clinicians 
will either lower their drug dose or intervene with secondary 

drugs to promote neutrophil production.

Alternatively, raised levels of lymphocytes or monocytes, in 
particular the immature versions of these cells, can indicate 

blood cancer. 

Low RBC Count (Anaemia)

Anaemia is a condition that can affect otherwise healthy 
people with relative frequency. However, it can also be caused 
by chemo- and radiotherapies and, if it becomes severe, it can 
be very dangerous for the patient. It is a particular problem for 
patients who are required to undergo surgery (which will result 

in some level of blood loss), or for those who have a cancer 
that affects their bone marrow. The most common treatment 
for these patients is a blood transfusion, although this does 

carry some risk of rejection/immune response. 

Low Platelet Count (Thrombocytopenia)

Thrombocytopenia significantly increases a patient’s risk of 
bruising and bleeding (as platelets are responsible for blood 

clotting). It can be caused by cancers that affect the bone 
marrow, but it is also a side effect of some chemotherapies. In 

severe cases, patients may need to be treated  
with platelet transfers. 
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Array CGH (aCGH) is a tried and tested methodology for de-
tecting copy number variation (CNV), with a well-established 
track record and a library of supporting publications over the last 
two decades. Based on the fluorescent labeling of genomic DNA 
and the co-hybridization with normal reference DNA to probes 
spotted onto a glass slide or a chip, this technology has been 
used extensively for genetic analyses in various settings, includ-
ing biomedical research. The combination of high resolution data 
and robustness offers major advantages in choosing array CGH 
over traditional molecular biology techniques. Recent studies 
have demonstrated the ability of aCGH to detect submicroscopic 
chromosomal imbalances in the range of a few kilobases.1

Obstacles with CNVs: Difficult Samples
Derivative log ratio (DLR) scores are a measurement of point-

to-point consistency or noisiness in log ratio data. Low DLR 
scores reduce the need for experimental repeats and are key to 
the interpretation of aCGH data. Low DLR scores are difficult to 
achieve, especially when dealing with challenging samples and 
small DNA quantities, but can be directly correlated to the quality 
of the labeling. There is, therefore, a need for tools allowing en-
hanced labeling efficiency, better dye incorporation, and superior 
DLR scores. Difficult samples include those with low DNA yields, 
as well as particular complex biological sources. The same can 
be true for tissues suspected of containing cells with genetic ab-
errations, which can be very small in population, leading to ex-
tracts with very low DNA amounts. The standards for mosaicism 
are currently around 10% and 20-30% mosaicism, from whole 
chromosome and segmental aneuploidies respectively; below 
this amount has been considered too low to readily make clear 
calls due to inefficient labeling.2

Superior Labeling Efficiency for Low Input Samples
Enzo Life Sciences offers the CYTAG® SuperCGH Labeling 

Kit for high efficiency labeling of low input samples. Optimized 
to label as low as 50 ng of genomic DNA for dual sample CGH 
assays, CYTAG SuperCGH has been reported to efficiently label 
a variety of sample inputs.3,4

Scientists working on the aCGH platform have to rely on small 
amounts of genomic material, which are extracted and purified 
from a variety of samples including blood, tissue biopsies, and 
even amniotic fluid. The studies shown (right) examined the effi-
ciency of CYTAG SuperCGH Labeling Kit from Enzo Life Sciences 
to label DNA extracted from each of these sources, establishing 
the range of capabilities for this labeling kit. 

Conclusion
Less labor intensive sample preparation, a simpler workflow, 

and streamlined data analysis with low input samples, make 
aCGH with CYTAG SuperCGH a very attractive platform for  
examining gene expression, CNVs, and genotyping with minimal 
complexity and no need for amplification.

Figure 3: Comparative analysis of aCGH profiles in DNA samples. 500 ng, 100 ng, and 50 ng of 
DNA isolated from amniotic fluid were labeled with Enzo’s CYTAG SuperCGH Labeling Kit. 500 ng 
of DNA isolated from amniotic fluid was labeled with competitor’s labeling kit for comparison.
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Figure 1: Oligonucleotide microarray data demonstrating multiple genomic aberrations at chro- 
mosomes 7, 9, 10, and 19 (panels 1, 2, 3, and 4, respectively) in a glioma sample using only 8 ng 
DNA input. Sample was run on an Agilent 4x180k array, resulting in a DLR score of 0.19.

Figure 2: aCGH profiles showing higher signal-to-noise ratios when labeling 90 ng 
DNA isolated from cultured amniotic fluid. Top: 90 ng sample input labeled with CYTAG 
CGH Labeling Kit (DLR= 0.21) Bottom: 90 ng sample input labeled with our new CYTAG  
SuperCGH Labeling Kit results in lower DLR scores (DLR= 0.16)
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Deciding whether or not to tell a patient involves trying to quantify 
the risk that the mutation denotes, and this is almost always 
impossible. To help, the American Society of Human Genetics 
(ASHG) published a list in 2013 of 56 incidental findings that they 
believed should be reported if they appear during genomic testing. 

This list was the product of significant research and debate, and is 
thought to highlight the disease-linked genes which pose the most 
risk when mutated.

Nonetheless, contention remains around reporting incidental 
findings. Without firm legal requirements, whether or not they are 
reported in usually in the hands of the pathology lab performing 
the tests and so will vary between institutions. 

SUMMARY
Once the report has been put together by the healthcare team, it 
can be returned to the primary care physician to discuss the results 
with the patient. Using the information contained within, they will 
then need to discuss the future treatment options for the patient 
and what choices need to be made. 

It is important during this stage for the physician to explain what 
the possible treatments will entail and how they work; the following 
chapter will outline the most common treatment options currently 
available for cancer patients and how they might improve in future. n

Some reports may also have additional sections depending on the 
details of the case. For example, when the entire cancer has been 
removed during the biopsy, the report will include a synoptic report 
that highlights the most important results. Clinicians can then use 
that information to inform any further treatment decisions and 
estimate a patient’s chance of recovery. 

Similarly, if there has been previous testing done, the report may 
contain a section that lists the differences between the results of 
the past and present tests.

INCIDENTAL FINDINGS

In cases where genomic tests have been used to investigate the 
DNA of the sample, there is also the possibility of secondary or 
‘incidental’ findings. These findings tend to be mutations that occur 
within genes known to be disease-linked, but which are associated 
with a different condition than the one being tested for. Whether 
or not these findings should be included within a patient’s clinical 
report is a matter of some debate and carries some significant 
ethical questions. 

The issue is that a mutation within a diseased-link gene is not a 
guarantee that the relevant disease will develop in the future. 
If a patient is informed of their mutation, then they could find 
themselves worrying about a disease that they will ultimately never 
suffer. On the other hand, if a patient is not told and the disease 
does develop at a later date, it can be argued that they should have 
had the option of preventative treatments or regular screening. 
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“THE CLEAR 
ADVANTAGE TO LIQUID 
BIOPSIES IS THAT THEY 

WOULD BE MUCH 
QUICKER AND EASIER 

FOR THE PATIENT THAN 
TRADITIONAL TISSUE 

BIOPSIES.”
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to make the patients as comfortable as possible. As cancer cells 
cannot effectively repair the radiation damage, these pauses in 
treatment should not negatively affect the treatment outcome. 

Fortunately, the side effects of healthy tissue damage during 
radiotherapy are usually minimal. Patients typically experience 
symptoms that can be managed with secondary medications, 
such as tiredness and a dry mouth. It is also likely that patients will 
suffer hair loss at the treatment site. One of the more pressing side 
effects is that the radiation may cause changes within a patient’s 
blood; for this reason, the radiologists involved with the treatment 
will continually monitor the patient with blood tests. If their CBCs 
begin to show significant changes to the norm, secondary drugs or 
transfusions are used to correct for these issues.

While treatment is its primary function, radiotherapy isn’t always 
used as a potential cure for cancer. In some cases, it can be a tool 
to minimise cell growth and therefore reduce pain for a patient. In 
others, it is used as a way of preventing the spread of cancerous 
cells to other parts of the body; prophylactic cranial radiotherapy, 
for example, aims high energy x-rays at a patient’s head to prevent 
or delay the spread of cancer to the brain. 

Currently, it is very rare for a patient to be treated solely with 
radiotherapy. Instead, it is far more likely that the disease will 
be targeted by chemoradiation, a combination of x-rays and the 
cytotoxic agents used in chemotherapy.

CHEMOTHERAPY
The idea of chemotherapy was first developed in the 1940s, when 
nitrogen mustards were used as weapons during World War II. Two 
American researchers, Louis S. Goodman and Alfred Gilman, began 
to investigate the action of nitrogen mustards, before switching 
to sulphur mustards because of their increased stability. Their 
investigations allowed them to identify that the cause of death in 
people exposed to mustard gas was a rapid, critical suppression of 
myeloid and lymphoid blood cells. 

Using this revelation, another researcher, Stewart Francis 
Alexander, theorised that the reason blood cells were targeted was 
because they divide rapidly. If true, that would mean that mustards 
could also be used as a treatment for cancer. Goodman and Gilman 
therefore began to test mustards in mice with lymphomas; when 
their initial results were promising, they tested them in a human 
patient with non-Hodgkin’s lymphoma. 

These tests were the first evidence that cancers could be treated 
with chemical agents, something which had previously been 
thought to be impossible. From this research, the very first anti-
cancer drug, Mustargen (also known as mustine, chlormethine, and 
HN2), was brought to the market. 

After the war, Sidney Farber also began studying anti-cancer agents, 
this time with a focus on the effect of folic acid in cancer patients. 
He identified that folic acid is critical to DNA metabolism and, as the 
metabolic processes in cancer cells are abnormally increased, he 
hoped that targeting the vitamin would prevent cell proliferation. 
With this in mind, he developed two antagonists  to folic acid:  

INTRODUCTION
Being diagnosed with cancer is a life-changing experience. In 2015, 
it was predicted that roughly 1,685,000 people would be diagnosed 
with cancer in 2016 in the United States alone and almost 600,000 
patients would die from the disease. Over the last few decades, 
cancer survival rates have been steadily increasing, largely due 
to our improved understanding of the disease leading to more 
effective treatments. 

This chapter will discuss currently available cancer treatments and 
where they come from, as well as some of the most promising 
therapies being developed. 

RADIOTHERAPY
Radiotherapy is one of two traditional forms of cancer treatment, 
the other being chemotherapy. This treatment involves using high 
energy x-ray beams to irradiate and destroy cancer cells, while 
attempting to minimise the damage to healthy cells elsewhere in 
the body. X-rays are used because they are capable of penetrating 
the skin to reach a tumour, where they provide the energy 
necessary for breaking open the DNA double strand. At low levels 
in healthy cells, this isn’t overly harmful and x-rays have become 
an integral part in medical imaging. In cancer cells though, DNA 
repair mechanisms have been heavily impaired by mutations and 
so any DNA breaks will largely go unresolved. This means that when 
x-rays are supplied at high levels, they result in a breakdown of the 
cancerous genome and, ultimately, cell death. 

Broadly, there are two forms of radiotherapy available: external 
beam radiotherapy and internal radiotherapy. External beam is the 
method that is most commonly thought of when people consider 
radiotherapy; it involves using an x-ray source outside of the body 
and directing the beams towards the tumour. Internal radiotherapy, 
on the other hand, inserts the x-ray source into the body, either as 
a solid near the tumour (brachytherapy) or as a circulating liquid 
(radioisotope/radionuclide therapy). 

Despite the attempts at minimising damage to non-cancerous cells, 
radiotherapy is considered a non-specific form of treatment as it is 
impossible to avoid irradiating the healthy tissue growing near the 
cancer. Advances in technology have made it easier to try to match 
the shape of the radiation field to the shape of the tumour, but this 
is generally imperfect. Alternatively, if a patient has a small tumour, 
they may be suitable for stereotactic ablative radiotherapy (SABR), 
which emits very thin radiation beams from a rotating source. 
Because the beams approach the tumour from different angles, 
healthy tissues are only treated to a minimal dose. Even with these 
efforts, however, patients undergoing radiotherapy will suffer 
damage in their healthy cells.

To account for this, most patients are treated through small, daily 
doses, so that there is a reprieve of several hours between each 
radiation session, during which healthy cells can attempt to recover. 
For the same reason, patients will usually have one or two days a 
week where they receive no radiation at all. These recovery periods 
are necessary to ensure damage to healthy tissue is minimised and 
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TYPE OF DRUG NAME OF GROUP EXAMPLES

Alkylating Agents

Mustard Gas Derivatives Cyclophosphamide, Chlorambucil,  
and Melphalan.

Ethylenimines Thiotepa and Hexamethylmelamine.

Alkylsulfonates Busulfan.

Hydrazines/Triazines Temozolomide, Procarbazine,  
and Altretamine.

Metal Salts Cisplatin, Oxaliplatin, and Carboplatin.

Nitrosureas (can cross the Blood-Brain 
barrier) Carmustine and Streptozocin. 

Plant Alkaloids

Vinca Alkaloids Vinblastine, Vincristine, and Vinorelbine.

Taxanes Paclitaxel and Docetaxel.

Camptothecan Analogues Irinotecan and Topotecan.

Podophyllotoxins Etoposide and Tenisopide.

Antimetabolites

Folic Acid Antagonists Methotrexate and Aminopterin.

Purine Antagonists 6-Thioguanine and 6-Mercaptopurine.

Pyrimidine Antagonists 5-Fluorouracil, Capecitabine,  
and Foxuridine. 

Adenosine Deaminase Inhibitors Pentostatin, Nelarabine, and Cladribine.

Antitumour Antibiotics

Anthracyclines Epirubicin, Doxorubicin, and 
Mitoxantrone.

Chromomycins Dactinomycin and Plicamycin.

Mitomycins Mytomycin C.

Bleomycin Bleomycin

Topoisomerase Inhibitors
Topoisomerase I Inhibitors Ironotecan and Topotecan.

Topoisomerase II Inhibitors Etoposide, Teniposide, and Amsacrine.

Miscellaneous

Retinoids Bexarotene and Tretinoin.

Enzymes Pegaspargase and Asparaginase.

Adrenocortical Inhibitors Mitotane.

Antimicrotubule Agents Estramustine.

Ribonucleotide Reductase Inhibitors Hydroxyurea.

It was the work of these early scientists that started the field 
of chemotherapy. In the seventy years since then, many other 
therapeutic agents have been developed that are more effective 
and less harmful than these early attempts. Some of them 
utilise the same modes of action as HN2 and methotrexate, but 
other approaches have been discovered as well. The table lists 
the different classes of chemotherapy drugs that are currently 
available, along with some examples for each category. 

aminopterin and amethopterin (now known as methotrexate). 
Farber tested his compounds on a small cohort of paediatric 
ALL patients, and found that they were both capable of delaying 
cancer progression. 

In subsequent work, Jane C. Wright used methotrexate against solid 
tumours in breast cancer patients, proving that they had a wider 
scope of action than blood cancers. Methotrexate is still used in 
some chemotherapy regimens today. 
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ANTI-ANGIOGENIC TREATMENTS
The first chapter described how tumours hijack the body’s 
ability to grow new blood vessels so that they can increase their 
maximum size. As angiogenesis occurs at much higher rates in 
tumours than it does elsewhere in the body, it is generally thought 
of as a selective drug target for anti-cancer agents. 

Typically, anti-angiogenic treatments work by redressing the 
balance between inhibition and promotion of blood vessel growth, 
which has been upset by cancer cells.

Currently, there are four main classes of angiogenesis inhibitors:

• Inhibitors of proteases, which inhibit the matrix 
metalloproteinases that degrade the blood vessel basement 
membrane during angiogenesis.

• Inhibitors of endothelial cell migration and proliferation, which 
prevent the cells necessary for new blood vessel walls from 
moving towards the site.

• Inhibitors of angiogenic growth factors, which inhibit the signals 
necessary to start the overall process.

• Inhibitors of matrix proteins, which target proteins on the 
surface of endothelial cells, such as integrins, to prevent them 
from interacting and forming an extracellular network.

Beyond these categories, there are also some anti-angiogenic 
therapies that utilise unique mechanisms of action, but most drugs 
use one of these four approaches.   

These days, it is rare to treat patients with one drug at a time. In 
1965, James F. Holland, Emil Freireich, and Emil Frei theorised that 
by combining multiple anti-cancer agents together, they would 
be able to prevent the rise of drug resistance. To test this idea, 
they combined methotrexate, vincristine, 6-mercaptopurine, and 
prednisone to create a novel treatment for paediatric patients with 
ALL. Their results identified that the combination therapy was more 
effective than using each of the drugs in isolation and that the 
patients had better treatment outcomes. Their drug combination 
subsequently became known as the POMP regimen and is now 
regarded as the beginning of combined chemotherapy. 

Emil Frei later went on to also pioneer adjuvant therapy, which 
involves reducing the tumour burden through surgery before 
treating the patient with chemotherapy. While this isn’t possible 
with all patients, particularly if their cancer has metastasised, 
this approach has been shown to improve the effectiveness of 
treatment and rate of remission. 

Chemotherapy has been the frontline of defence against cancer 
since it was first developed in the 40s. As time goes by, the drugs 
available are becoming more effective and, in many cases, more 
specific, but the majority of them still work on the principle of 
targeting rapidly dividing cells. This is an effective strategy, as the 
speed of replication is a defining characteristic of cancer, but it 
doesn’t allow for much specificity. The most common side effects of 
chemotherapy are hair loss and immune deficiency, as both blood 
cells and the cells within hair follicles have a fast turnaround time. 

As a result, chemotherapy can be very unpleasant for patients. 
It also forces the drugs to be used at lower doses to minimise 
their risk to healthy cells, and this can restrict their effectiveness. 
To try to overcome these problems, there are now several other 
therapeutic approaches to treating cancer.
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As with chemo- and radiotherapy, anti-angiogenic treatments are 
not given to patients as the sole medication. In most cases, these 
drugs will be given to patients in combination with chemotherapy 
treatments to provide both direct and indirect suppression of the 
cancer. This combined treatment plan has been found to improve 
tumour response rates, but there are problems with it too. 

The main issue is that as the anti-angiogenic treatments work, 
they destroy the vasculature surrounding the tumour. While this 
severely limits the tumour’s access to the nutrients and oxygen that 
it needs, it also greatly reduces the ability of chemotherapy agents 
to reach the disease tissue. This means that over time, the anti-
angiogenic treatments will reduce the efficacy of the chemotherapy. 

PHOTODYNAMIC THERAPY
Photodynamic therapy (PDT) acts as a selective cancer treatment 
by exploiting diseased cells’ decreased ability to remove 
molecules from the cellular environment. Because of widespread 
mutations, many cancers have inadequacies in the mechanisms 
dedicated to regulating the flow of material across the cell 
membrane. PDT targets this weakness by injecting a patient with 
drugs that can be absorbed by all cells, but which are rapidly 
removed from healthy cells with functional clearing mechanisms. 
As cancer cells cannot use those mechanisms, the drugs build up 
within the diseased tissue. 

The chemical agents used in PDT are known as photosensitizers. 
When they are exposed to a specific wavelength of light, the 
molecules generate a highly reactive species of oxygen (singlet 
oxygen) that kills surrounding cells. They do so by reacting with 
the contents of the cells and the proteins coating the cellular 
membrane, breaking them down and eliminating their activity. In 
PDT, the photosensitizers are injected into a patient’s blood and left 
to circulate for between 24 and 72 hours, during which time they 
will accumulate in the cancerous tissue. Light is then shone on the 
tumour by a laser, an endoscope, or, for skin tumours, LEDs.

PDT has been shown to be able to kill cancer cells directly, but it 
also causes damage to the blood vessels within the tumour. As 
with anti-angiogenic treatments, this can harm the cancer cells 
by cutting off their supplies, but it also reduces the accessibility 
for other anti-cancer drugs over time. Some research has also 
suggested that the rapid cell death brought about by PDT may 
cause the immune system to begin targeting cancerous cells, but 
this has yet to be confirmed. 

There are other issues with PDT too. Shorter wavelength 
light is able to penetrate more deeply into the body; as each 
photosensitizer is responsive to a specific wavelength, the agent 
used will need to be matched to the location of the tumour. 
Nonetheless, even using very short wavelengths, light can only 
penetrate roughly 1/3rd of an inch through body tissue and so PDT 
is unavailable for deep tumours without surgery. This limitation also 
makes PDT a less suitable technique for patients with metastatic 
cancer, as multiple sites would need to be treated simultaneously. 

One of the biggest advantages of PDT is that there are only minimal 
side effects. Patients have reported light sensitivity in their eyes 

SCIENTISTS HAVE KNOWN THAT 
CERTAIN VIRUSES SPECIFICALLY TARGET 
AND KILL CANCER CELLS SINCE THE 

LATE 1800S, AND WE HAVE BEEN ATTEMPTING TO USE 
THEM AS A TREATMENT SINCE THE EARLY 1920S.”
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For the next few decades, research in this area continued, with 
several more failed trials taking place throughout the 50s and 60s. 
It wasn’t until the late 1990s and early 2000s when oncolytic viruses 
had their first clinical success: oncolytic adenovirus H101. The virus 
specifically targets and infects cells that are deficient in p53, which 
accounts for almost all cancers while avoiding healthy tissue. In 
2005, H101 was approved for cancer treatment in China. 

As with many other cancer therapies, oncolytic viruses exploit a 
weakness that is particular to cancer cells. Cancers are adapted to 
small scale evolution, meaning that they are optimised for rapidly 
multiplying and accumulating novel mutations. This is what allows 
them to develop resistance quickly and is one of the reasons 
that they are so difficult to treat in the later stages of the disease. 
However, for this ability to work, the cells have to sacrifice functional 
DNA repair mechanisms. Doing so enables mutation proliferation 
but it also makes them very susceptible to viral infections. Of course, 
even as treatments, natural viruses are a threat to patients. To try 
to minimise the risk of treatments like H101 from harming cancer 
patients, the viruses involved are modified to remove their ability 
to replicate in somatic cells. In many cases, this is achieved by 
removing the viral genes responsible for suppressing the apoplectic 
mechanisms in the host cell during infections; without those genes, 
somatic cells will die before the virus can replicate. As cancer 
cells do not typically have working apoplectic mechanisms, this 
modification has no effect. 

Despite these modifications, oncolytic viruses still carry some 
level of risk of infecting patients, especially those who are 
immunocompromised as a result of their condition or treatment. 
Research is underway to genetically modify viruses to be completely 
non-pathogenic in healthy cells, but generating 100% specificity 
has so far been ineffective. On the other hand, there is a chance 
that once the viruses are injected, the patient’s immune system will 
destroy them before they have a chance to infect the cancer cells. 
This is a particular problem for treatments that use a virus that 
patients have previously been exposed to. For those patients, their 
immune system has already had a chance to build up immunity to 
the virus and will be able to kill the infection very quickly. For this 
reason, oncolytic viruses may not be suitable for a patient if they 
have previously received the same treatment.

Another problem that can decrease the efficacy of oncolytic 
viruses is the tumour tissue itself. As they grow, tumours surround 
themselves with thick connective tissue that can block viruses from 
passing into the cells. Larger tumours are more at risk of this, and 
it can completely inactivate viral treatments. Early research has 
shown that pre-treatments intended to loosen the tissue could 
help to increase virus efficacy once more, but this has yet to be 
substantiated in trials.

Further, as has been mentioned previously, the core of a tumour 
typically consists of dead cells that have been starved and crushed 
by the increased interstitial pressure. This collection of dead cells, 
known as the necrotic region, will expand over time as the tumour 
grows larger. The problem is that tumours grow more quickly than 
viruses can replicate, so it is possible for viruses to infect cells 
that will die in the necrotic region before they have the chance to 
replicate and spread. When this happens, the virus is lost and the 
cancer will continue to grow.   

and skin for up to six weeks after treatment and the tissue around 
the tumour may be burned by the light, but otherwise, no ill 
effects have been reported. The FDA has currently only approved 
one form of PDT (Pinnacle Biologics’ Photofrin) for use in patients 
with oesophageal cancer or non-small cell lung cancer. More 
recently, the same treatment was also approved for patients with 
precancerous lesions in their oesophagus as well.

PDT is still a very recent advancement in cancer treatment. It’s 
possible that over time, more effective treatments will become 
available, but for now, PDT options are very limited. 

VIRAL ONCOLOGY
Scientists have known that certain viruses specifically target and kill 
cancer cells since the late 1800s, and we have been attempting to 
use them as a treatment since the early 1920s. These viruses have 
been dubbed as oncolytic viruses because of their cancer-killing 
properties, and they are of great interest for oncologists. During 
early research into them, our understanding of both cancers and 
viruses was very limited, so it wasn’t until 1949 that the first human 
trials tested viruses against the disease.

The results of this initial experimentation were mixed. Of the 
22 patients with Hodgkin’s lymphoma who were treated with 
tissue from Hepatitis patients, some did achieve remission for a 
short amount of time. However, the relapse rate was very high 
and almost all participants in the trial contracted Hepatitis B as a 
result of the tissue transfer. Any future trials were subsequently 
discontinued, for fear of making cancer patients’ conditions worse. 
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down the antibody and the low pH conditions cleave the linker via an 
acid catalysed reaction, releasing the cytotoxic drug. As these drugs take 
the form of small molecules, they are capable of passing through the 
lysosome membrane and into the cytoplasm, where they can bind to 
their target and bring about cell death. 

Typically, the cytotoxic drugs used for ADCs originated in 
chemotherapy development, but were discarded because they 
proved to be too toxic for targeted treatment. Used on their own, 
the drugs would cause too much damage to healthy tissue that 
would manifest as severe side effects and so would not be able to 
reach the market. In many cases, these drugs have been shown to 
be potent at a nanogram per kilogram concentration, putting them 
into the most potent class of chemotherapy drugs. They usually 
take the form of anti-microtubule agents, DNA minor groove 
binders, or alkylating agents. 

In contrast, the antibodies used are known to be highly selective 
to cancer cells but are insufficiently toxic on their own to trigger 
cell death. By combining them with chemical agents as ADCs, 
the two components are able to be both highly specific, and 
thus avoid significant side effects, and effective anti-cancer 
treatments. Despite this being a simple concept, designing ADCs 
is a complex process. 

A large part of the design process involves identifying a linker 
molecule that is suitable for the treatment and this requires it to 
fulfil a range of necessary properties. Firstly, the linker has to be 
stable under general physiological conditions so that it doesn’t 
break down in circulation or in healthy cells, but it also has to be 
easily cleavable within cancer cells. The linker also usually has to 
be bound to the small molecule in such a way that it inhibits its 
pharmaceutical properties, so that the drug only becomes active 
when released in the target cells. 

Balancing the binding affinity of the antibody can also be a challenge. 
In order for the treatment to be effective and targeted, the antibody 
needs to have a high affinity to the proteins on the surface of cancer 
cells. This is what allows the drug to reach the target in sufficiently 
high concentrations to generate a physiological response. However, 
if the antibody has an affinity that is too high, the ADCs will all be 
absorbed by cancer cells at the surface of the tumour and will have 
low penetrance. This means that repeated treatments would be 
needed to target all cancerous cells present, and this presents an 
opportunity for resistance to begin to develop. As a result, a balance 
has to be found between efficacy and tumour penetrance.

Despite the challenges involved in ADC development, three 
treatments have already obtained FDA approval in the United 
States (Seattle Genomics and Takeda’s Adcetris, Genentech’s 
Kadcyla, and Wyeth Pharmaceuticals’ Besponsa). A fourth ADC 
treatment (Wyeth’s Mylotarg) also achieved FDA approval in 2001, 
but it was withdrawn in 2010 when a clinical trial suggested the 
drug put patients at risk without offering significant benefits. In 
September 2017, after further testing, the drug was reintroduced 
to the American market once more. There are also a number 
of ADC treatments currently in development from a range of 
different biopharmaceutical companies. Some estimates state 
that there may be as many as 60 novel treatments currently 
undergoing clinical trials. 

Finally, while oncolytic viruses are capable of exploiting weaknesses 
in cancer cells, the same is true in reverse. If cancer cells stop 
displaying the surface proteins that are targeted by invading viruses, 
then infection is irreversibly halted and the cells are considered 
resistant. One way to avoid this may be to use a combination of 
viruses, as is done with chemotherapy agents, but no suitable 
combinations have yet been approved for use in patients. 

Despite the issues associated with oncolytic viruses, there is evidence 
that they could provide an effective, selective treatment for cancer. 
There is, however, another way in which viruses may be able to help 
cancer patients. Research has shown that some viruses have the 
capacity to act as an avenue for cancer prevention, most notably the 
human papillomavirus (HPV) in relation to cervical cancer.

While the majority of HPV infections are harmless, a small 
percentage can lead to the development of cancers of the cervix, 
vulva, vagina, penis, anus, and oropharynx (throat). Recent 
estimates suggest that around 17,600 women and 9,300 men in the 
US are currently affected by cancers derived from HPV infections. 
Some researchers theorised that if the population could be 
immunised against the virus, these cancer cases could be avoided. 
To that end, several pharmaceutical companies began developing 
HPV vaccines. 

In 2006, the FDA approved the first HPV vaccine (Merck’s Gardasil), 
an improved version of which was approved in 2014. It is hoped 
that by reducing the prevalence of the virus, cancer rates will also 
decrease; while this has been seen on a small scale so far, many 
areas still have rates of immunisation that are too low to generate 
a significant difference. If vaccination rates increase, we may be 
able to generate more significant data on the utility of using HPV 
vaccines to prevent cancer. 

ANTIBODY-DRUG CONJUGATES
Antibody-drug conjugates (ADCs) are a type of biopharmaceutical 
that combine the specificity of monoclonal antibodies with the 
cytotoxic properties of potent chemotherapy drugs. Each conjugate 
consists of a selective antibody and a highly potent drug, bound 
together by a specially designed linker.

When an ADC is injected into the body, the antibody selectively binds to 
an antigen that is displayed on the surface of cancer cells, but which is 
not present on the surface of healthy cells. The binding stimulates the 
internalisation of the conjugate into the cancer cell, where it is contained 
within a lysosome. Proteases within the lysosome environment break 

CHEMOTHERAPY HAS BEEN THE 
FRONTLINE OF DEFENCE AGAINST 
CANCER SINCE IT WAS FIRST DEVELOPED 

IN THE 40S. AS TIME GOES BY, THE DRUGS AVAILABLE ARE 
BECOMING MORE EFFECTIVE AND, IN MANY CASES, MORE 
SPECIFIC, BUT THE MAJORITY OF THEM STILL WORK ON 
THE PRINCIPLE OF TARGETING RAPIDLY DIVIDING CELLS.“
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ADCs are not the only anti-cancer treatment available that work 
by targeting cancer-specific surface proteins, however. A similar 
recognition mechanism has also been incorporated into a newer 
treatment approach: CAR-T therapy. 

CAR-T THERAPY
T-cells are a vital component of the cell-mediated immune system. 
They recognise foreign material by recognising surface proteins on 
the non-self cells that are known to not be native to the body. This 
recognition then triggers the T-cells to recruit the immune system 
to attack all material presenting those proteins. 

When cancer develops in the body, the diseased cells are adapted to 
avoid displaying any of the proteins that T-cells may be able to target, 
allowing the cancer to go ignored by the host’s immune system. 

Chimeric Antigen Receptor T-cell (CAR-T) therapy is a relatively 
novel technique that tries to correct this oversight. During 
treatment, T-cells are removed from a patient and undergo 
ex vivo modifications that enable them to detect cancer cells. 
These modifications take the form of arming the T-cells with 
chimeric antigen receptors on their surface that can recognise a 
cancer-specific protein, usually CD19. The modified cells are then 
reinserted into the patient, where they should detect the cancer 
cells and recruit the immune system to attack any cells present. 

At present, two CAR-T therapies have been approved by the FDA in the 
US: Kymriah from Novartis (approved in August 2017) and Yescarta from 
Gilead Sciences (approved in October 2017). Both of these treatments 
target CD19 and use autologous T-cells (native to the patient), reducing 
the risk of rejection but also increasing the cost of treatment. The 

high price tag for CAR-T therapies (e.g. $475,000 per dose of Kymriah) 
has been justified by the hope that a single treatment could achieve 
remission, but the cost of treatment is still a major problem. 

Recent research has suggested some ways to improve currently 
available treatments. For example, a study published in November 
2017 identified that a second surface protein, CD22, could 
be a suitable target for future CAR-T therapies, opening up 
the possibility of combination therapies. There are also some 
attempts, most notably by Cellectis, to develop a CAR-T therapy 
that uses allogeneic instead of autologous T-cells. This would 
mean that treatments wouldn’t have to be tailored to the patient, 
significantly lowering the cost and time involved, but it also 
increases the risk of rejection. So far, this approach has been 
unsuccessful in clinical trials but work is on-going. 

Currently, CAR-T therapies are quite limited in the clinic and are 
only available to a very select subset of patients. Nonetheless, the 
successes of Novartis and Gilead Sciences are an indication that 
CAR-T therapy may become an effective, specific form of cancer 
treatment. Further advancements will hopefully bring down the 
associated costs and minimise the risk of resistance developing, but 
for now, these prospects remain in development. 

SUMMARY
The last few decades have seen incredible advancements in cancer 
treatments. Just over 70 years ago, we still didn’t believe that cancer 
could be treated with chemical agents; now, there are hundreds of 
chemotherapy drugs available. Cancer is still a major cause of death 
around the world, but over time, there is hope that we will be able 
to reduce the number of fatalities.n
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