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Cancer genetics
"All cancer is genetic, but some cancers are more genetic than others."
Paraphrased from Animal Farm, by George Orwell
Cell biology and molecular genetics have revolutionized our understanding of cancer in recent years; all cancer is a genetic disease of somatic cells because of aberrant cell
division or loss of normal programmed cell death, but a small proportion is strongly predisposed by inherited germ line mutations behaving as Mendelian traits. However, this does
not contradict our traditional understanding that for many cancers environmental factors are of primary etiological importance, whilst heredity seems to play little or no part. The
latter is certainly true of the 'industrial cancers', which result from prolonged exposure to carcinogenic chemicals. Examples include cancer of the skin in tar workers, cancer of the
bladder in aniline dye workers, angiosarcoma of the liver in process workers making polyvinyl chloride (PVC), and cancer of the lung in asbestos workers. Even so, for those who
have been exposed to these substances and are unfortunate enough to suffer, it is possible that a significant proportion may have a genetic predisposition to the activity of the
carcinogen. The link between cigarette smoking and lung cancer (as well as some other cancers) has been recognized for nearly half a century, but not all smokers develop a
tobacco-related malignancy. Recent studies have shown that smokers with short chromosome telomeres (p. 32) appear to be at substantially greater risk for tobacco-related
cancers than people with short telomeres who never smoked, or smokers who have long telomeres. The recognition that a number of rare cancer-predisposing syndromes, as well
as a small but significant proportion of common cancers having a hereditary basis, has led over the last 25 years to an explosion in our understanding of the genetic basis and
cellular biology of cancer in humans. As a general principle it is now clear that cancers arise as the end result of an accumulation of both inherited and somatic mutations in protooncogenes and tumor suppressor genes. A third class of genes - the DNA mismatch repair genes - are also important because their inactivation is believed to contribute to the
genesis of mutations in other genes directly affecting the survival and proliferation of cells.

What Is Cancer?

Cancer is a renegade system of growth that originates within a patient’s biosystem, more commonly known as the human body. There are many different
types of cancers, but all share one hallmark characteristic: unchecked growth that progresses toward limitless expansion.
It is difficult to imagine anyone who has not heard of this illness. Most people have been affected because either they or their loved ones or friends are
cancer survivors.
Because cancer is so prevalent, people have many questions about its biology, detection, diagnosis, possible causes, and strategies for prevention.

• Neoplasm (Tumour): is abnormal
tissue that grows beyond normal
cellular control mechanisms.
• Neoplasms may involve almost any
tissue in the body and may be either
benign or malignant.
• Neoplasia: is the pathological process that
results in the development of
neoplasms.

Different Kinds of Cancer
Some common
carcinomas:

Lung
Breast
(women)
Colon
Bladder
Prostate
(men)

Leukemia:

Bloodstream
Lymphomas:

Lymph nodes

Some common
sarcomas:

Fat
Bone
Muscle

Cancer can originate almost anywhere in the body.
Carcinomas, the most common types of cancer, arise from the cells that cover external and internal body surfaces. Lung, breast, and colon are the most
frequent cancers of this type in the United States.
Sarcomas are cancers arising from cells found in the supporting tissues of the body such as bone, cartilage, fat, connective tissue, and muscle.
Lymphomas are cancers that arise in the lymph nodes and tissues of the body’s immune system.
Leukemias are cancers of the immature blood cells that grow in the bone marrow and tend to accumulate in large numbers in the bloodstream.

Naming Cancers
Cancer Prefixes Point to Location
Prefix Meaning
adeno- gland
chondro- cartilage
erythro- red blood cell
hemangio- blood vessels
hepato- liver
lipo- fat
lympho- lymphocyte
melano- pigment cell
myelo- bone marrow
myo- muscle
osteo- bone

Scientists use a variety of technical names to distinguish the many different types of carcinomas, sarcomas, lymphomas, and leukemias. In general, these
names are created by using different Latin prefixes that stand for the location where the cancer began its unchecked growth. For example, the prefix
“osteo” means bone, so a cancer arising in bone is called an osteosarcoma. Similarly, the prefix “adeno” means gland, so a cancer of gland cells is called
adenocarcinoma--for example, a breast adenocarcinoma.

Cancer
• Uncontrolled cell cycle
• A mutated cell will
multiply unchecked
• Cancer cells break off
from the original tumor
and invade other parts
of the body

Loss of Normal Growth Control
Normal
cell
division
Cell Suicide or Apoptosis
Cell damage—
no repair

Cancer
cell
division

First
mutation

Second
mutation

Third
Fourth or
mutation later mutation
Uncontrolled growth

Cancer arises from a loss of normal growth control. In normal tissues, the rates of new cell growth and old cell death are kept in balance. In cancer, this
balance is disrupted. This disruption can result from uncontrolled cell growth or loss of a cell’s ability to undergo cell suicide by a process
called“apoptosis.” Apoptosis, or “cell suicide,” is the mechanism by which old or damaged cells normally self-destruct.

Tumors Are Clonal Expansions
Normal
Tumor

Example of Normal Growth
Dead cells
shed from
outer surface

Epidermis

Cell migration

Dividing cells in
basal layer
Dermis

To illustrate what is meant by normal growth control, consider the skin. The thin outermost layer of normal skin, called the epidermis, is roughly a dozen
cells thick. Cells in the bottom row of this layer, called the basal layer, divide just fast enough to reload cells that are continually being discard from the
surface of the skin. Each time one of these basal cells divides, it produces two cells. One remains in the basal layer and retains the capacity to divide. The
other migrates out of the basal layer and loses the capacity to divide. The number of dividing cells in the basal layer, therefore, stays the same.

The Beginning of Cancerous Growth

Underlying tissue
During the development of skin cancer, the normal balance between cell division and cell loss is disrupted. The basal cells now divide faster than is
needed to replenish the cells being shed from the surface of the skin. Each time one of these basal cells divides, the two newly formed cells will often
retain the capacity to divide, thereby leading to an increase in the total number of dividing cells.

Invasion and Metastasis

1
Cancer cells invade
surrounding tissues
and blood vessels
2
Cancer cells are
transported by
the circulatory
system to distant
sites
3
Cancer cells
reinvade and grow
at new location

Cancers are capable of spreading throughout the body by two mechanisms: invasion and metastasis. Invasion refers to the direct migration and
penetration by cancer cells into neighboring tissues. Metastasis refers to the ability of cancer cells to penetrate into lymphatic and blood vessels, circulate
through the bloodstream, and then invade normal tissues elsewhere in the body.

Malignant vs Benign Tumors
Benign (not cancer)
Malignant (cancer)
tumor cells grow
cells invade
only locally and cannot neighboring tissues,
spread by invasion or enter blood vessels,
metastasis
and metastasize to

different sites

Time
Depending on whether or not they can spread by invasion and metastasis, tumors are classified as being either benign or malignant. Benign tumors are
tumors that cannot spread by invasion or metastasis; hence, they only grow locally. Malignant tumors are tumors that are capable of spreading by
invasion and metastasis. By definition, the term “cancer” applies only to malignant tumors.

Why Cancer Is Potentially
Dangerous
Brain
Melanoma
cells travel
through
bloodstream

Liver
Melanoma
(initial tumor)

A malignant tumor, a “cancer,” is a more serious health problem than a benign tumor because cancer cells can spread to distant parts of the body. For
example, a melanoma (a cancer of pigmented cells) arising in the skin can have cells that enter the bloodstream and spread to distant organs such as the
liver or brain. Cancer cells in the liver would be called metastatic melanoma, not liver cancer. Metastases share the name of the original (“primary”) tumor.
Melanoma cells growing in the brain or liver can disrupt the functions of these vital organs and so are potentially life threatening.

The Cell Cycle
Oncogenes
M
(mitosis)

G1
(cell growth)

G2
DNA repair
genes REPAIRS
AHEAD

S (synthesis)
G0 (resting)
Tumor suppressor genes

CELL CYCLE
 The period between successive mitoses is known as the
interphase of the cell cycle.
 In rapidly dividing cells this lasts for between 16 and
24 hours.
 Interphase start with the G1 (G = gap) phase during
which the chromosomes become thin and extended.
 This phase of the cycle is very variable in length and is
responsible for the variation in generation time
between different cell populations.
 Cells which have stopped dividing, such as neurones,
usually arrest in this phase and are said to have
entered a non-cyclic stage known as Go.

CELL CYCLE

 The G1 phase is followed by the S phase (S = synthesis),
when DNA replication occurs and the chromatin of each
chromosome is replicated.
 This results in the formation of two chromatids which
give each chromosome its characteristic X-shaped

configuration.

What Causes Cancer?
 Cancers and tumors are the result of uncontrolled
proliferation of cells.

Cancer cells typically display three distinct
phenotypes that are not associated with normal

cells:
 Immortalization: indefinite proliferative life
span
 Transformation: loss of response to normal
regulators of cell growth

Metastasis: ability to leave a tumor and to
invade other cells/tissues at another location in
the body

What Causes Cancer?

Development of cancer is related to
environmental mutagens, somatic mutation, and
genetic predisposition.
 Molecular studies have shown that at least two
mutational events are required for the
development of malignancy.
 5-10% of common cancers (breast and colon
cancer) and a higher percentage of certain rare
cancer syndromes the first mutation are
inherited and in these conditions there is a high
risk of cancer in relatives.

DIFFERENTIATION BETWEEN GENETIC AND ENVIRONMENTAL FACTORS IN CANCER
In many cancers the differentiation between genetic and environmental etiological factors is not always obvious. In the majority of cancers in
humans there is no clear-cut mode of inheritance nor is there any clearly defined environmental cause. In certain of the common cancers, such
as breast and bowel, genetic factors play an important, but not exclusive, role in the etiology. Evidence to help differentiate environmental and
genetic factors can come from a combination of epidemiologic, family and twin studies, disease associations, biochemical factors and animal
studies.

What Causes Cancer?

Mutations (inherited and acquired) that
predispose to malignancy are commonly involved
three types of genes:

tumour suppressor genes,

Oncogenes, and
 genes involved in DNA repair mechanisms.
 Tumour suppressor and oncogenes are involved
in the control of cellular growth and
proliferation.

GENES AND CANCER
 Tumor suppressor genes
 The cell’s brakes for tumor growth
 Cancer arises when both brakes fail

 Oncogenes
 Accelerates cell division
 Cancer arises when stuck in “on” mode

 DNA damage-response genes
 The repair mechanics for DNA
 Cancer arises when both genes fail, speeding the
accumulation of mutations in other critical genes

The Cell Cycle
Oncogenes
M
(mitosis)

G1
(cell growth)

G2
DNA repair
genes REPAIRS
AHEAD

S (synthesis)
G0 (resting)
Tumor suppressor genes

Cancer Arises From Gene Mutations
Somatic mutations

Germline mutations
Parent
Mutation
in egg or
sperm





Child
All cells
affected in
offspring

Present in egg or sperm
Heritable
Cause cancer family
syndromes





Somatic
mutation (eg,
breast)

Occur in nongermline
tissues
Nonheritable

Mutations: Somatic and Germline
Somatic mutations

Germline mutations

Occur in nongermline tissues

Present in egg or sperm

Are nonheritable

Are heritable
Cause cancer family syndrome

Nonheritable

Somatic mutation
(e.g., breast)

Mutation in
All cells affected
egg or sperm
in offspring

Most cancers arise from several genetic mutations that accumulate in cells of the body over a person’s lifespan. These are called somatic mutations, and
the genes involved are usually located on autosomes (non-sex chromosomes). Cancer may also have a germline mutation component, meaning that they
occur in germ cells, better known as the ovum or sperm. Germline mutations may occur de novo (for the first time) or be inherited from parents’ germ
cells. An example of germline mutations linked to cancer are the ones that occur in cancer susceptibility genes, increasing a person’s risk for the disease.

TUMOR SUPPRESSOR
GENES (TSGS)

Tumor Suppressor Genes (TSGs)


Prevent cells from dividing too rapidly



Produce proteins that bind to transcription factors
Prevents mitosis



Mutated TSG allows mitosis to proceed unchecked



TSG acts
 To control cell proliferation, and
 Guaranteeing that abnormal cell division does not
occur (usually by inhibiting cell growth or promoting
cell death).

TUMOR SUPPRESSOR GENES
While the study of oncogenes has revealed much about the cellular biology of the somatic genetic events in the malignant process, the study of hereditary cancer in
humans has revealed the existence of what are known as tumor suppressor genes, which constitute the largest group of cloned hereditary cancer genes.

Figure 14.4 Section of an eye showing a retinoblastoma in situ.

Studies carried out by Harris and colleagues in the late 1960s, which involved fusion of malignant cells with non-malignant cells in culture, resulted in the suppression of
the malignant phenotype in the hybrid cells. The recurrence of the malignant phenotype with loss of certain chromosomes from the hybrid cells suggested that normal
cells contain a gene(s) with tumor suppressor activity that, if lost or inactive, can lead to malignancy and that was acting like a recessive trait. Such genes were initially
referred to as antioncogenes. This term was considered inappropriate since they do not oppose the action of the oncogenes and are more correctly known as tumor
suppressor genes. The paradigm for our understanding of the biology of tumor suppressor genes is the eye tumor retinoblastoma. It is important to appreciate, however,
that a germline mutation in a tumor suppressor gene (as with an oncogene) does not by itself provoke carcinogenesis: further somatic mutation at one or more loci is
necessary and environmental factors, such as ionizing radiation, may be significant in the process. Some 20 tumor suppressor genes have been identified.

Tumor Suppressor Genes (TSGs)



loss of activity of both copies of an autosomal gene is
required for malignancy to develop.



TSG inactivation occurs in both sporadic and
hereditary cancers.

Tumor Suppressor Genes
Normal genes
(prevent cancer)
1st mutation
(susceptible carrier)
2nd mutation or loss
(leads to cancer)

Mutations in Tumor Suppressor Genes
Tumor suppressor genes
Normal genes (regulate
cell growth)

Tumor suppressor genes

Active oncogene

1st mutation (susceptible
carrier)

No brakes!
2nd mutation or loss
(leads to cancer)

No brakes!

Active oncogene

Both copies of a tumor suppressor gene must be lost or mutated for cancer to occur. A person who carries a germline mutation in a tumor suppressor
gene has only one functional copy of the gene in all cells. For this person, loss or mutation of the second copy of the gene in any of these cells can lead to
cancer.

Retinoblastoma (Rb)
 1 in 20,000 children
 Most common eye tumor in
children
 Occurs in heritable and
nonheritable forms
 Identifying at-risk infants
considerably reduces
morbidity and mortality
RETINOBLASTOMA
Retinoblastoma (Rb) is a relatively rare, highly malignant childhood cancer of the developing retinal cells of the eye that usually occurs before the age of 5 years (Fig. 14.4). If diagnosed and treated at an early stage, it is associated with a good long-term outcome.
Retinoblastoma can occur either sporadically, the so-called 'non-hereditary' form, or be familial, the so-called 'hereditary' form, which is inherited in an autosomal dominant manner. Non-hereditary cases usually involve only one eye, whereas hereditary cases can be unilateral but are more commonly bilateral or occur in more than one site in one eye, i.e. are multifocal. The familial form also tends to present at an earlier age than the non-hereditary or sporadic form.
'Two-hit' hypothesis
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Figure 14.5 Retinoblastoma and Knudson's two-hit hypothesis. All cells in the hereditary form (A) have one mutated copy of the gene, RB1, i.e. the mutation is in the germline. In the non-hereditary form (B) a mutation in RB1 arises as a post-zygotic (somatic) event sometime early in development. The retinoblastoma tumor will only occur when both RB1 genes are mutated, i.e. after a(nother) somatic event, which is more likely to be earlier in life in the hereditary form compared to the non-hereditary form; it is also more likely to give rise to bilateral and multifocal tumors.

In 1971, Knudson carried out an epidemiological study of a large number of cases of both types of retinoblastoma and advanced a 'two-hit' hypothesis to explain the occurrence of this rare tumor in patients with and without a positive family history. He proposed that affected individuals with a positive family history had inherited one non-functional gene that was present in all the cells of the individual, or what is known as a germline mutation, with the second gene at the same locus becoming inactivated somatically in a developing retinal cell (Fig. 14.5). The occurrence of a second mutation was likely given the large number of retinal cells, explaining the autosomal dominant pattern of inheritance. This would also explain the observation that in hereditary retinoblastoma the tumors were often bilateral and multifocal. In contrast, in the non-heritable or sporadic form, two inactivating somatic mutations would need to occur independently in the same retinoblast (Fig. 14.5), which was much less likely to occur, explaining the fact that tumors in these patients were often unilateral and unifocal and usually occurred at a later age than in the hereditary form. Hence, although the hereditary form of retinoblastoma follows an autosomal
dominant pattern of inheritance, at the molecular level it is recessive because a tumor only occurs with loss of both alleles,

Figure 14.6 Two homologs of chromosome 13 from a patient with retinoblastoma showing an interstitial deletion of 13q14 in the right-hand homolog, as indicated.

It was also recognized, however, that approximately 5% of children presenting with retinoblastoma had other physical abnormalities along with developmental concerns. Detailed cytogenetic analysis of blood samples from these children revealed some of them to have an interstitial deletion involving the long arm of one of their number 13 chromosome pair. Comparison of the regions deleted revealed a common 'smallest region of overlap' involving the sub-band 13q14 (Fig. 14.6). The detection of a specific chromosomal region involved in the etiology of these cases of retinoblastoma (p. 276) suggested that it could also be the locus involved in the autosomal dominant familial form of retinoblastoma. Family studies using a polymorphic enzyme, esterase D, which had previously been mapped to that region, rapidly confirmed linkage of the hereditary form of retinoblastoma to that locus.
Loss of heterozygosity
Analyses of the DNA sequences in this region of chromosome 13 in the peripheral blood and in retinoblastoma tumor material of children who had inherited the gene for retinoblastoma showed them to have loss of an allele at the retinoblastoma locus in the tumor material, or what is known as loss of heterozygosity (LOH), or sometimes loss of constitutional heterozygosity. An example of this is shown in Figure 14.7A, in which the mother transmits the retinoblastoma gene along with allele 2 at a closely linked marker locus. The father is homozygous for allele 1 at this same locus, with the result that the child is constitutionally an obligate heterozygote at this locus. Analysis of the tumor tissue reveals apparent homozygosity for allele 2. In fact, there has been loss of the paternally derived allele 1, i.e. LOH in the tumor material. This LOH is consistent with the 'two-hit' hypothesis leading to development of the malignancy as proposed by Knudson.
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Figure 14.7 (A) Diagrammatic representation of the loss of heterozygosity (LOH) in the development of a tumor. The mother (M) and father (F) are both homozygous for different alleles at the same locus, 2-2 and 1-1, respectively. The child (C) will therefore be constitutionally heterozygous,1-2. If an analysis of DNA from a tumor at that locus reveals only a single allele, 2, this is consistent with LOH. (B) Diagrammatic representations of the mechanisms leading to the 'second hit' leading to the development of retinoblastoma.
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Table 14-2. Syndromes and cancers that show loss of heterozygosity and their chromosomal location

LOH can occur through several mechanisms, which include loss of a chromosome through mitotic non-disjunction (p. 276), a deletion on the chromosome carrying the corresponding allele, or a cross-over between the two homologous genes leading to homozygosity for the mutant allele (Fig. 14.7B). Observation of consistent cytogenetic rearrangements in other malignancies has led to demonstration of LOH in a number of other cancers (Table 14.2). Subsequent to the observation of LOH, linkage studies of familial cases can be carried out to determine whether the familial cases of a specific type of malignancy are due to mutations at the same locus and thus lead to the identification of the gene responsible, as occurred with the isolation of the RB1 gene.
Function of tumor suppressor genes
While familial retinoblastoma was classically considered to be an autosomal dominant trait, demonstration of the action of the retinoblastoma gene as a tumor suppressor gene is consistent with it being, in fact, a recessive trait, as originally suggested in the somatic cell hybridization studies carried out by Harris and his colleagues. In other words, absence of the gene product in the homozygous state leads to the development of this particular tumor. In contrast to oncogenes, tumor suppressor genes are a class of cellular genes whose normal function is to suppress inappropriate cell proliferation, i.e. the development of a malignancy is due to a loss-of-function mutation (p. 26).
The tumor suppressor activity of the retinoblastoma gene has been demonstrated in vitro in cancer cells. In addition, further support for the RB1 gene acting as a tumor suppressor gene comes from the recognition that individuals with the hereditary form of retinoblastoma have an increased risk of developing second new malignancies later in life, which include osteosarcoma, fibrosarcoma and chondrosarcoma.
The RB1 gene/p110(RB) protein
The RB1 gene specifies a 4.7kb transcript that encodes a nuclear protein called p110RB, which associates with DNA and is involved in the regulation of the cell cycle. Fortuitously, research on the mechanism of action of the E1A oncogene of human adenovirus demonstrated that p110RB forms a complex with E2F-1, which is an E1A oncogene-regulated inhibitor of the transcription factor E2F. The complex so formed interferes with the ability of E2F to activate transcription of some key proteins required for DNA synthesis. When p110RB is in a hyperphosphorylated state it does not interact readily with E2F-1, so permitting the cell cycle to proceed into the S phase (p. 43). Retinoblasts fail to differentiate normally in the presence of mutant p110RB.
p110RB interacts with several viral oncoproteins, such as the transforming proteins of SV40 (large T antigen) and papilloma virus (E7 protein), and is inactivated, thereby liberating cells from normal growth constraints.
These findings yield insight into the mechanisms of interaction between oncogenes and tumor suppressor genes. As research continues there could well be many other examples whereby oncogenes exert their influence by directly or indirectly inactivating the function of tumor suppressor gene-encoded proteins or other proteins intimately involved in the cell cycle.
Tp53
The p53 protein was first identified as a host cell protein bound to T antigen, the dominant transforming oncogene of the DNA tumor virus SV40. After the murine p53 gene was cloned it was shown to be able to cooperate with activated RAS and act as an oncogene transforming primary rodent cells in vitro, even though the rodent cells expressed the wild-type or normal p53. Subsequently, inactivation of p53 was frequently found in murine Friend virus-induced erythroleukemia cells, which led to the proposal that the Tp53 gene was, in fact, a tumor suppressor gene.
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The Tp53 gene is the most frequently mutated of all the known cancer genes. Twenty to 25% of breast and over 50% of bladder, colon and lung cancers have been found to have Tp53 mutations that, although occurring in different codons, are clustered in highly conserved regions in exons 5 to 10. This is in contrast to Tp53 mutations in hepatocellular carcinoma, which occur in a 'hot spot' in codon 249. The base change in this mutated codon, usually G to T, could be the result of an interaction with the carcinogen aflatoxin B1, which is associated with liver cancer in China and South Africa, or with the hepatitis B virus that is also implicated as a risk factor in hepatomas. Interestingly, aflatoxin B1, a ubiquitous food-contaminating aflatoxin in these areas, is a mutagen in many animal species and induces G to T substitutions in mutagenesis experiments. If an interaction between hepatitis B viral proteins and non-mutated Tp53 can be demonstrated, this will further support the role of this virus in the etiology of hepatocellular carcinomas.
Cancers frequently have a decreased cell death rate through apoptosis, and a major factor in the activation of apoptosis is Tp53 - p53 has been coined the 'guardian of the genome'. The p53 protein is a multimeric complex and it functions as a check-point control site in the cell cycle at G1 before the S phase, interacting with other factors, including cyclins and p21, preventing DNA damaged through normal 'wear and tear' from being replicated. Mutant p53 protein monomers are more stable than the normal p53 proteins and can form complexes with the normal wild-type Tp53, acting in a dominant-negative manner to inactivate it.
Li - Fraumeni syndrome
As mutations in Tp53 appear to be a common event in the genesis of many cancers, an inherited or germ-line mutation of Tp53 would be expected to have serious consequences. This hypothesis was substantiated with the discovery of such a defect in persons with Li-Fraumeni syndrome. Members of families with this rare syndrome (p. 220), which is inherited as an autosomal dominant trait, are highly susceptible to developing a variety of malignancies at a relatively early age. These include sarcomas, adrenal carcinomas and breast cancer. Point mutations in highly conserved regions of the Tp53 gene (codons 245-258) have been identified in the germ line of family members, with analysis of the tumor revealing loss of the normal allele.

RETINOBLASTOMA

Nonheritable vs. Heritable
Retinoblastoma
Heritable

Feature

Non-heritable

Tumor

Unilateral

Family history

None

20% of cases

Avr age @ diag

~2 years

<1 year

Increased risk of
second primaries

No

Osteosarcoma,
other sarcomas,
melanoma, others

*or

Usually bilateral

*

occur in more than one site in one eye (multifocal).

Nonheritable vs. Heritable
Retinoblastoma

Nonheritable
~60%

Heritable
~40%
Unilateral
~20%

All Retinoblastoma
Bilateral ~80%
Trilateral
Heritable Retinoblastoma (rare)

TWO HIT HYPOTHESIS
 This hypothesis states that the development of tumours
such as Rb requires two separate mutations

 in hereditary Rb, the first mutation is inherited and the
second mutation is acquired somatically.

 In most sporadic Rb both mutations occur somatically.

TWIN STUDIES
Concordance rates for breast cancer in twins are low for both types of twins, being only slightly greater in monozygotic female twins, at 17%,
than 13% in dizygotic female twins, suggesting that, overall, environmental factors are likely to be more important than genetic factors. Twin
studies in gastric cancer have not shown an increased concordance rate in monozygotic compared to dizygotic twins.

TWO HIT HYPOTHESIS
 This explains why hereditary Rb usually exhibit an earlier
age of onset and bilateral or multifocal occurrence more
often than sporadic Rb.

 The occurrence of a second mutation in a cell that already
carries a first (inherited) mutation is much more likely
than two independent somatic mutations in a single cell
lineage.

TWO HIT HYPOTHESIS
No cancer

Germline mutation
Somatic mutation

Cancer

If first hit is a
germline mutation,
second somatic mutation
more likely to enable
cancer

In 1971, Dr. Alfred Knudson proposed the two-hit hypothesis to explain the early onset at multiple sites in the body of an inherited form of cancer called
hereditary retinoblastoma. Inheriting one germline copy of a damaged gene present in every cell in the body was not sufficient to enable this cancer to
develop. A second hit (or loss) to the good copy in the gene pair could occur somatically, though, producing cancer. This hypothesis predicted that the
chances for a germline mutation carrier to get a second somatic mutation at any of multiple sites in his/her body cells was much greater than the chances
for a noncarrier to get two hits in the same cell.
Tumor suppressors act recessive at the phenotypic level (both alleles must be mutated/lost for cancer to develop), but the “first hit” germline
mutation at the genotypic level is actually inherited in an autosomal dominant fashion.

The Two-Hit Hypothesis
First hit

First hit in
germline of
child

Second hit
(tumor)

LOSS OF HETEROZYGOSITY (LOH)

 LOH implies loss of one chromosome or a part of it with
elimination of one allele of TSG.

 E.g. if a patient is heterozygous for a series of markers
on chromosome 17p in his normal tissues but is found to
show only one allele at each of these loci in tissue from
neoplasm, LOH is said to have occurred.

Mechanisms Leading to Loss of
Heterozygosity
Normal allele

Mutant allele

Loss of normal allele
Mitotic
Loss and
ChromosomeDeletion Unbalanced
translocation duplication recombina
loss
tion

Point
mutation

p53
 TSG
 Binds with DNA (dark
blue)
 Stops cell cycle to
enable cell to
Repair damaged
DNA or
Cause cell to go into
apoptosis (cell death)

Carcinogens Mutate p53
Cancer Types
• Bladder

Chemicals
Viruses
Radiation

• Blood
Mutate

p53 Gene

• Brain
• Breast
• Colon
• Esophagus
• Liver
• Lung
• Spleen
• Thyroid

p53
 Germ line mutation of p53 occur in LiFraumeni syndrome, a dominantly inherited
condition that strongly predisposes to
several kinds of malignancy (breast cancer,
sarcoma, and adrenal carcinoma).


Similar tumours often have similar p53
mutations, and different tumours usually
have different p53 mutations.

MOLECULAR ACTION OF P53

ONCOGENES

Proto-oncogene
 Gene that stimulates
rapid cell division
Embryonic growth
Wound repair

Proto-oncogene

 when mutated is
inappropriately
expressed and becomes
an oncogene

ONCOGENES

Figure 14.1 Model for acquisition of transforming ability in retroviruses. (A) Normal retroviral replication. (B) The Rous sarcoma virus has integrated near a cellular
oncogene. The transforming ability of this virus is due to the acquired homolog of the cellular oncogene, v-src. (C) A defective transforming virus carries an oncogene
similar to src but is defective in the structural genes, e.g. Moloney murine sarcoma virus, which carries mos.

Oncogenes are the altered forms of normal genes - proto-oncogenes - that have key roles in cell growth and differentiation pathways. In normal
mammalian cells there are sequences of DNA that are homologous to viral oncogenes, and it is these that are named proto-oncogenes or
cellular oncogenes. Although the terms proto-oncogene and cellular oncogene are often used interchangeably, strictly speaking protooncogene is reserved for the normal gene and cellular oncogene, or c-onc, refers to a mutated proto-oncogene, which has oncogenic
properties like the viral oncogenes, or v-onc. Some 30 oncogenes have been identified.

Exposure to Carcinogen=oncogene

Oncogene
 Proto-oncogene: a gene involved in control
of cell proliferation which, when
overactive can help to transform a normal
cell into a tumour cell.
 Separated DNA recombines incorrectly to
form an oncogene
 Onco = cancer
 Oncogene = cancer causing gene

Oncogene
 Proto-oncogenes must be activated
to express their oncogenes potential.
Activation of a proto-oncogene can
occur in a variety of ways:

Point mutation.
 chromosomal rearrangement.

gene amplification.

Oncogene
 Activation of more than one oncogene is usually
necessary to change a normal cell line into one
that exhibits fully neoplastic properties. This
observation is in occur with the multistep nature
of the neoplasia.
 An activated oncogene exhibits a dominant
phenotype at the cellular level i.e. one activated
allele is sufficient to produce its oncogenic
effect.
 Mutated oncogenes may occur in the germline
and be transmitted from generation to
generation

Oncogenes
Normal genes (regulate cell
growth)

1st mutation
(leads to accelerated cell
division)

1 mutation sufficient for role in cancer development

Abnormal Cell Growth: Oncogenes

Normal
genes
(regulate cell
growth)

1st mutation
(leads to
accelerated cell
division)

Proto-oncogene to oncogene

Most cancers have mutations in proto-oncogenes, the normal genes involved in the regulation of controlled cell growth. These genes encode proteins that
function as growth factors, growth factor receptors, signal-relaying molecules, and nuclear transcription factors (proteins that bind to genes to start
transcription). When the proto-oncogene is mutated or overregulated, it is called an oncogene and results in unregulated cell growth and transformation.
At the cellular level, only one mutation in a single allele is enough to trigger an oncogenic role in cancer development. The chance that such a mutation
will occur increases as a person ages.
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TUMOUR SUPPRESSOR AND ONCOGENES

DNA-REPAIR
MECHANISMS
 DNA-repair mechanisms exist to correct DNA damage
due to:



1- Environmental mutagens.
2-Accidental base misincorporation at the time
of DNA replication.

DNA-REPAIR
MECHANISMS
 There are four different types of DNA-repair
mechanisms:
 Excision repair
 Mismatch repair
 Recombination repair system
 Double-strand repair

EXCISION REPAIR
 Excision repair system : removing one strand
with damage DNA site.
 Excision repair can be
 Base-excision repair
 Nucleotide-excision repair

 The system recognise the damaged site which
caused by UV and radiation.
 Three protein are important in this process

EXCISION REPAIR
SYSTEM
 The process start by the action of exonuclease which
cleaves the damage strand at two site (27 nucleotides
before the damaged site and 29 nucleotides after the
damaged site) and removed
 Then, DNA synthesis will restore the missing strand
and DNA ligase close the gap.

MISMATCH REPAIR
SYSTEM

 Mismatch repair system corrects the errors of
replication
 Eight gene loci have been identified:
 MSH2

(2p16).

 MSH3

(5q3).

 MSH4

(6p21.3).

 MSH6

(2p16).

 MLH1
 MLH3

(3p21).
(14q24.3).

 PMS1

(2q31-33).

 PMS2

(7p22).

DNA Mismatch Repair process
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Mismatch repair system
The process begin by removing the strand
which have an error bases
DNA synthesis start by DNA polymerase
III, which replace the damages strand.
With somatic loss of the second normal
allele the cell will accumulate genetic
mutations and as a result of this, the pattern
of microsatellite repeats at a polymorphic
locus can differ from the surrounding normal
tissue (also called RER+, replication error
positive).

Mismatch Repair Failure Leads
to Microsatellite Instability (MSI)
Normal

Microsatellite
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Addition of
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Microsatellite Instability (MSI)
 10%–15% of sporadic tumors have MSI.
 95% of HNPCC tumors have MSI at multiple
loci.

Replication repair system
 DNA damage interfere with replication and
transcription.
 In replication: DNA damaged will affect the
leading strand
 In transcription: DNA damage will affect the
process due to RNA polymerase cannot use
the leading strand as a template.

Double-strand repair system
 Double-strand damage is a common
consequence of gamma radiation.
 The process require three important
genes
 ATM (ataxia telangiectasia)
 BRCA1
 BRCA2

CANCER S A MULTISTEP
CARCINOGENESIS
Cancer usually arises in a single
cell. The cell's progress
from normal to malignant to
metastasis appears to follow
a series of distinct steps,
each controlled by a
different gene or set of
genes. Persons with
hereditary cancer already
have the first mutation.

BREAST CANCER (BRC)

BREAST CANCER (BRC)
 The female lifetime risk of BRC is 1 in 12.
 The disease is inherited in 5-10%.
 Inherited BRC should be suspected if
 there is an early age of onset (under 40y),
 bilateral disease,
 coexistent ovarian cancer or
 family history of BRC or ovarian cancer.

Risk Factors for Breast Cancer
 Aging
 Family history
 Early menarche
 Late menopause
 Estrogen use
 Dietary factors (e.g. alcohol)

Genetics of Breast Cancer
Most inherited BRC is due to mutations in
BRCA1 or BRCA2 genes with a small
minority due to rare single gene
disorders.

Genetic Heterogeneity
Chr 17

Chr 13

Mutations in different
genes can cause the
same disease

BRCA1

BRCA2

Hereditary breast and ovarian cancer
ASCO

BRCA1




Tumor suppressor gene on chromosome 17
Protein has role in genomic stability
~500 different mutations reported

Nonsense

Missense

Splice-site

Causes of Hereditary
Susceptibility to Breast Cancer
Gene

Contribution to Hereditary
Breast Cancer

BRCA1

20%–40%

BRCA2

10%–30%

TP53

<1%

PTEN

<1%

Undiscovered genes

30%–70%

BRCA1-Associated Cancers:
Lifetime Risk
Breast cancer 50%-85% (often early age at onset)
Second primary breast cancer 40%-60%
Ovarian cancer 15%-45%

Possible increased risk of other cancers
(eg, prostate, colon)

BRCA2




Tumor suppressor gene on chromosome 13
Protein has role in genomic stability
~300 different mutations reported

Nonsense

Missense

Splice-site

BRCA2-Associated Cancers:
Lifetime Risk
breast cancer
(50%-85%)
male breast cancer
(6%)
ovarian cancer
(10%-20%)
Increased risk of prostate, laryngeal,
and pancreatic cancers (magnitude
unknown)

Features That Indicate Increased
Likelihood of Having BRCA
Mutations
 Multiple cases of early onset breast cancer
 Ovarian cancer (with family history of
breast or ovarian cancer)
 Breast and ovarian cancer in the same
woman
 Bilateral breast cancer
 Male breast cancer

COLORECTAL CANCER
(CRC)
 Population risk in UK is 1 in 50.
 The disease is hereditary in 5-15%.
 Most hereditary CRC is due to:
 hereditary non-polyposis colon cancer (HNPCC).
 Familial Adenomatous Polyposis (FAP).

Risk Factors for
Colorectal Cancer (CRC)
 Aging
 Personal history of CRC or adenomas
 High-fat, low-fiber diet
 Inflammatory bowel disease
 Family history of CRC
 Hereditary colon cancer syndromes

Risk of Colorectal Cancer (CRC)
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Risk Factors for
Colorectal Cancer (CRC)
 Inherited colon cancer should be
suspected if the tumour shows:
Microsatellite instability (a characteristic
feature of HNPCC).
If multiple polyps are present.
If there is an early age of onset.
If there is a family history of CRC or
other related cancer.

Genetics of FAP
 Autosomal dominant
inheritance
 Caused by mutations in
APC TSG on 5q
 Most families have
unique mutations

APC Gene Mutations Occur Early
in Colorectal Tumorigenesis
Loss of
APC

Normal
epithelium

Hyperproliferative
epithelium

Activation Deletion Loss of
Other
of K-ras of 18q TP53 alterations

Early
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Intermediate
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Late
adenoma

Carcinoma

Metastasis

Clinical Features of HNPCC
• Early but variable age at
CRC diagnosis (~45 years)
• Tumor site in proximal
colon predominates
• Extracolonic cancers:
endometrium, ovary,
stomach, urinary tract,
small bowel, bile ducts.

Genetic Features of HNPCC
 Autosomal dominant inheritance
 Penetrance ~80%
 Genes belong to DNA mismatch repair
(MMR) family
 Genetic heterogeneity (MLH1, MSH2,
MSH6, PMS1, PMS2)

Genetic Features of HNPCC
• If no information on the proband is
available,
– the risk to first degree relatives is 1 in 17 rising
to 1 in 10 if the proband was under 45y of age at
presentation.

• If a first and a second degree relative are
affected,
– the risk is 1 in 12 and if two first degree
relatives are affected the risk is 1 in 6.

• If no information on the proband is available,
the risk to first degree relatives is 1 in 17
rising to 1 in 10 if the proband was under
45y of age at presentation.
• If a first and a second degree relative are
affected, the risk is 1 in 12 and if two first
degree relatives are affected the risk is 1 in 6.

MACROSCOPIC APPEARANCE
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MICROSCOPIC APPEARANCE OF
COLONIC ADENOCARCINOMA

