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Learning Goals for This Lecture

- To recognize that cancer largely is a preventable disease. 

- To recognize the differences between oncogenes and tumor 
suppressors.

- To recognize that cancer is a disease of our own genes.

- To appreciate the actions of carcinogens in mutating and 
rearranging DNA.

- To find the link between developmental genes and cancer genes.

Death Rates for the Main Causes of 
Death in the U.S.

What are the differences 100 years apart? 

Leading Sites of New Cases & Deaths 
(2015 estimates in the U.S.)
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Five-Year Relative Survival Rate (%) 
(by stage at diagnosis, 2004-2010 in the U.S.)

Trends in Age-adjusted Cancer Death Rates* 
(by site, males, 1930-2011, U.S.)

Lifetime Probability of Developing* & Dying from Cancer 
(for 23 Sites, 2009-2011, U.S.)

1 in 2!

1 in 4!

1 in 3!

1 in 5!

Benign tumors: 
•  cells resemble their tissue of origin
•  grow slowly
•  are localized to tissue of origin

Malignant tumors: 
•  cells do not resemble tissue of 

origin and has irregular structures
•  can invade surrounding tissues and 

spread to other organs  (metastasis)

Cancers Are Malignant Tumors

Cancer cells differ from the normal cells from which they originate:
    - cancer cells lose control over cell division

    - cancer cells can migrate to other locations in the body (metastasis)
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Carcinoma: epithelial cells

Sarcoma: connective tissues

Lymphoma and leukemia: hematopoietic cells

Germ cell tumor: seminoma (testis) and dysgerminoma (ovary) 

Blastoma: embryonic precursors 

Cancer Classification

Cancer development is a multistep process that takes a long time
- involves a series of genetic and cellular changes

- solid tumors need blood vessels to fuel its growth

How Do Cancers Arise?
(DNA mutations that impact cell growth)

Environmental factors: 
tobacco, diet and obesity, infections, radiation, lack of physical activity and 
environmental pollutants

Genetics:
only a small percentage of cancers are caused by inherited mutations, but 
our genomes have differences in susceptibility to carcinogens

Many mutagens are carcinogens but not all carcinogens are mutagens
(e.g. alcohol is not a mutagen) 

How Do Cancers Arise?
(DNA mutations that impact cell growth)

Cancers are primarily an environmental disease,
so they are largely a preventable disease! 

How Do Cancers Arise?
(DNA mutations that impact cell growth)

Cancers are primarily an environmental disease,
but we are different in susceptibility

Contagious cancer in Tasmanian Devils
(Devil Facial Tumor Disease or DFTD) Naked mole rats live long (32 years) 

but never develop cancer
(mice live 4 years and often die of cancer)
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Oncogene proteins: 
  - positive regulators to stimulate cancer cells to divide more 
  - mutated to be overly active or are present in excess
  - components in signal transduction pathways

Tumor suppressors:
  - negative regulators in both cancer and normal cells
  - become inactive in cancer cells

The importance of cell death

DNA Damage Causes Cancer by Mutating the 
Genes Controlling Cell Division & Survival

Somatic mutations: mutation occurs in cells of the body.
Germ line mutations: mutation occurs in the germ cells.

Peyton Rous & the Rous Sarcoma Virus (RSV)
(demonstrated first in 1910 that a virus could cause cancer in birds) 

Rous took a sample of a malignant tumor from the connective tissue of a hen: 

•  Initially showing the samples could cause cancer in another chicken even after passing 
them  through  filters  to  remove  all  cancer  cells  and  any  bacteria  or  just  using  a 
supernatant of emulsified tumor cells.

•  Further  showing  that  such  activity  was  lost  after  exposing  malignant  samples  to 
freezing, drying and radiation (to kill the virus).

•  Moreover, using tumors from bone, cartilage and blood vessels yielded the same result. 
•  Finally,  the  immune systems of  the  infected  chickens  were  producing  an antibody 

similar to those produced in response to harmful bacteria

But many were skeptical:
“But,  my  dear  fellow,  don’t  you  see, 
this can’t be cancer because you know 
its cause” – a British oncologist

Breakthrough in Our Understanding of 
Cancer Came from Studying Viruses

HPV vaccine is extremely effective in preventing cervical cancer

Nobel Prize at the Age of 85
(Physiology or Medicine, 1966)

The principle of delayed gratification in science!

“The  product  of  his  diligence  in  pursuing  a 
single chicken tumor nearly eighty years ago (1), 
Rous'  virus  remains  the  only  retrovirus  that 
could have satisfied the genetic and biochemical 
criteria for the work we accomplished in the era 
that preceded molecular cloning.” – H. Varmus

Peyton Rous & the Rous Sarcoma Virus (RSV)
(demonstrated first in 1910 that a virus could cause cancer in birds) 

1Rous P. (1911) A sarcoma of the fowl transmissible by an agent separable from the tumor cells. 
J. Exp. Med. 13:397–411
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Normal Cells Can Be Transformed

Photos: G. Steven Martin

Normal Cells
(contact inhibition of growth)

Transformed Cells
(no contact inhibition)

How Does RSV Cause Cancer?
(developing simpler assays to examine viral activity)

Martin. (2004) Oncogene 23:7910-7917

- Isolation of transformation-defective viral strains (unable to transmit tumor)
- Virus replication and transformation could be dissociated

The viral sequence responsible 
for transformation appeared to  
reside  in  a  single  contiguous 
segment near the 3’ terminus, 
most likely a single gene.
(Wang et al. PNAS 73:447-451, 1976)

How Does RSV Cause Cancer?
(comparing the genetic differences among viral strains)

Detected conserved 
sequence in normal 
chicken DNA!

RSV is a retrovirus
(using RNA as genetic material)

Stehelin et al. (1976)
J. Mol. Biol. 12:983–992

Nature 260:170-173

“My  commitment  to  experimental  science  occurred,  by  today's  standards, 
dangerously  late  in  a  prolonged  adolescence.  As  an  undergraduate  …  was 
devoted to Dickensian novels … marginally fulfilling pre-medical requirements 
… then indulged myself with a year of Anglo-Saxon and metaphysical poetry at 
Harvard graduate school, before beginning medical studies …” – Harold Varmus

How Does RSV Cause Cancer?
(the discovery of oncogene and protooncogene)

Harold E. VarmusJ. Michale Bishop

Nobel Prize
(Physiology or Medicine, 1989)
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Martin. (2001) Nat. Rev. Mol. Cell Biol. 2:467-475

How Does RSV Cause Cancer?
(the discovery of v-Src & c-Src)

Martin. (2001) Nat. Rev. Mol. Cell Biol. 2:467-475

•  The v-src  gene in RSV is required for the formation of cancer and that the 
other genes have no role in oncogenesis (H. Hanafusa, R. Erikson and others)

•  c-src  is a gene encoding a normal cellular protein that shares strong amino 
acid sequence homology with v-Src (J. M. Bishop and H. Varmus)

•  The v-Src protein lacks the inhibitory phosphorylation site (tyrosine-527) near 
the  C-terminus  and is  constitutively  active.  Normal  c-Src  is  only  activated 
under circumstances where it is required (e.g. growth factor signaling)

•  v-src is an oncogene whereas c-src is a proto-oncogene

How Does RSV Cause Cancer?
(the discovery of v-Src & c-Src)

Domain structure of Src family kinases
(Parsons & Parsons. Oncogene 23:7906-7909, 2004)

Scientific advance is a result of both the 
brilliance of one person & team Work!

Martin. (2001) Nat. Rev. Mol. Cell Biol. 2:467-475
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Philadelphia Chromosome
(makes a fusion gene (BCR-ALB)

How Do Viruses and 
Carcinogens Cause Cancer?

Viruses
•  Incorporate a proto-oncogene 

into its viral genome
•  Insert next to proto-oncogene in 

host DNA

Carcinogens 
•  Cause chromosome translocation
•  Mutate DNA by making deletions 

or changing nucleotides 

The Normal Function of Proto-Oncogenes Is to 
Control Cell Growth & Proliferation 

Well-Known
Oncogenes

Ras
Myc
Erb
Src
Abl
Bcl2

Ras Was the First Known Mutated  
Human Oncogene

Changing A Single Amino Acid 
Makes Normal Ras Oncogenic�

(mutations found in many human cancers)

H-RAS GOF mutation at the same codon 
as the worm homologue (let-60) GOF

Mutations are most at residue 12
(less frequently at 13 and 61)
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The Ras Signaling Pathway Oncogenes Can Initiate Tumorigenesis

Johnson et al. (2001) Nature. 410:1111-1116Guy et al. (1992) PNAS. 89:10578-10582

Non-activated
Neu

Activated
Neu

EGF Receptor 
(Her2/Neu)

K-Ras

Trastuzumab (Herceptin) is 
effective in treating breast cancer
(a mono-clonal antibody against Neu)

K-ras Is Essential for Development �
(humans and mice have 3 ras genes: H-ras, N-ras and K-ras)

K-ras−/−Normal K-ras−/−Normal

K-ras−/−Normal

Johnson et al. (1997) Genes Dev. 11:2468-2481

How Do Cancers Arise?
(it takes more than just one mutation)

A single oncogenic event is not sufficient for carcinogenesis

The efficiency of the ras lesion in initiating cellular transformation in 
primary cells was soon questioned when it was discovered that a ras 
oncogene  could  not  transform  freshly  isolated  rodent  embryo  cells. 
Consequently, three reports that were published in 1983 described the 
ability of H‑Ras-Val12 to transform primary cells that had previously 
been  immortalized  by  either  carcinogens  or  transfection  with  myc, 
SV40  large  T  antigen  or  adenovirus  E1A oncogene.  These  findings 
extended the  concept  of  multistep carcinogenesis  and suggested that 
mutant Ras proteins can only transform (to a tumorigenic state) cells 
that have undergone predisposing changes.

Karnoub & Weinberg. (2008) Nat. Rev. Mol. Cell Biol. 9:517-531
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How Do Cancers Arise?
(tumor suppressors)

There are “checkpoints” to prevent inappropriate proliferation

•  Activation of one 
oncogene allele is 
sufficient

•  Disruption of both 
tumor suppressor 
alleles is needed 

Well-Known Tumor Suppressors
(all are essential for embryonic development except TP53)

•  Rb and TP53 are the most frequently mutated genes in human 
cancers.

•  TP53  encodes the p53 protein that responds to DNA damage. 
Upon sensing DNA damage, p53 is activated, resulting in either 
G1 cell cycle arrest or apoptosis. 

•  PTEN encodes a phosphatase that inhibits kinase signaling.

•  BRCA1 and BRCA2 encode DNA binding proteins required for 
DNA damage repair.

TP53 homozygous mutant mice show no developmental defects 
but all develop and die of cancer during adult life

How Do Cancers Arise?
(p53 and tumor suppressors)

Lane & Levine. (2010)
Cold Spring Harb. Perspect. Biol. 
doi: 10.1101/cshperspect.a000893

How Do Cancers Arise?
(The Two-Hit Hypothesis by Alfred Knudson)

Knudson A. (1971) Proc. Natl. Acad. Sci. USA  68:820–823
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Tumor 
suppressors 

come in 
many 

different 
flavors

How to Target Cancer Cells

Prevention

Palliative care

Surgical removal

Chemotherapy

Radiation (ionizing)

Targeting
Breast
Cancer

Hudis C. A., NEJM (2007)

How to Target Cancer Cells

Understanding cancer risks, signaling pathways and individualized treatment! 

BRCA1 and BRCA2
   tumor suppressors (genetic diagnosis)

Human Epidermal Growth Factor Receptor type 2 (Her2/Neu)
    - overexpressed in 20-30% of invasive breast carcinomas and gene amplification
    - promotes cell proliferation (Ras-MAPK)
    - inhibits cell death (PI3K/Akt)

Trastuzumab (Herceptin)
    a mono-clonal antibody against Her2  
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Curtis et al., Shah et al., Sephens et al., Ellis et al, and Banerji et al., Nature, 2012

Germline and somatic variants influence tumour expression architecture

Oncogenomics: Genetic Diversity & Refined Classification 
(whole-genome analyses of different breast cancers) 

Understanding cancer risks and signaling pathways for individualized treatment! 

Key Concepts from This Lecture

1.  Cancer is a disease of our own genes and cells.  
2.  Carcinogens are compounds that cause cancer by mutating 

our genes.
3.  Proto-oncogenes normally promote cell division and get 

amplified/activated to become oncogenes in cancer.
4.  Tumor suppressors normally act to prevent cell division, and 

both copies of the genes are lost/deleted in cancer.
5.  Cancer usually requires activation of oncogenes and loss of 

tumor suppressors in the same cell.
6.  Cancer cells can hijack many cellular pathways to fuel their 

growth in a cancer-specific manner (personalized treatment).


