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Emerging Perspectives in Cancer :
Introduction to Molecular Biology
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Overview of Fundamentals of Cancer Care program 
objectives

Cancer is caused by progressive genetic alterations
What do we understand about normal cellular structures 
and functions?
How do cellular structures/pathways change to give rise to cancer?

Reproduced with permission from the Cytogenetics Laboratory, Brigham and Women's Hospital. 
http://publications.nigms.nih.gov/thenewgenetics/chapter1.html. Accessed December 19, 2014.  
Image courtesy: National Human Genome Research Institute.
Schilsky RL. Nature. 2014;11:432-438. Hanahan D, Weinberg RA. Cell. 2011;144:646-674.

Each patient’s tumor is unique
What can help us appreciate each patient’s unique characteristics in 
order to provide possible treatment options?

The current cancer therapeutic landscape is complex and continues 
to evolve

What do we know about the potential mechanisms of action of 
emerging targeted agents?
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Objectives

Review the basic structure of the human 
genome
Discuss how normal cells become malignant
Explore the types of mutations in human 
cancer
Review examples of mutations that contribute 
to cancer formation
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Structure of the human genome: DNA

DNA contains the genetic instructions 
for all living things
It has 2 strands that wind around each 
other to form a double helix

Each DNA strand is built of nucleotides, 
biological molecules that form the 
building blocks of DNA 
– These are adenine (A), guanine (G), 

thymine (T), and cytosine (C)

‒ A pairs with T, and G pairs with C

Talking glossary of genetic terms: DNA. Genome.gov website. 
http://www.genome.gov/Glossary/index.cfm?id=48. Accessed December 19, 2014.

Image courtesy: National Human Genome Research Institute.
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Two short DNA strand held loosely together by 
hydrogen bonds forming complementary base pairs.
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Structure of the human genome: 
Genetic organization

Levels of genetic organization
– Nucleosomes

‒ Nucleosomes are protein core 
structures made up of histone 
proteins, surrounded by DNA

– Chromatin
‒ Chromatin consists of a continuous 

string of several nucleosomes 

– Chromosomes
‒ Chromosomes are composed of 

tightly coiled chromatin 

Strachan T, Read AP. Human Molecular Genetics. 2nd ed. New York: Wiley-Liss; 1999. 
http://www.ncbi.nlm.nih.gov/books/NBK7572/. Accessed December 19, 2014.
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Structure of the human genome: Chromosomes

The human genome is structurally
organized into
– 23 pairs of chromosomes

22 pairs of autosomes
1 pair of sex chromosomes 
‒ XX in females
‒ XY in males

Each chromosome has 3 distinct 
structural features 
– A short arm (p arm)
– A long arm (q arm)
– A centromere

Image used courtesy of the National Human Genome Research Institute. http://www.genome.gov/Images/content/sky.gif. Accessed December 19, 
2014. Image adapted from the National Human Genome Research Institute. http://www.genome.gov/Glossary/index.cfm?id=29. Accessed 
December 19, 2014. Talking glossary of genetic terms: Chromosome. Genome.gov website. http://www.genome.gov/Glossary/index.cfm?id=33. 
Accessed December 19, 2014. Talking glossary of genetic terms: Sex chromosomes. Genome.gov website. 
http://www.genome.gov/Glossary/index.cfm?id=181. Accessed December 19, 2014. Talking glossary of genetic terms: Centromere. Genome.gov 
website. http://www.genome.gov/Glossary/index.cfm?id=29. Accessed December 19, 2014.

Autosomes

Sex chromosomes
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All chromosomes 
underlined in red constitute 
the �autosomes.�
The chromosomes circles in 
green are the sex 
chromosomes.

Metaphase chromosomes from one cell arranged in a�karyotype� from 
largest to smallest and most metacentric to least metacentric.
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Key steps in gene expression

The central dogma of biology defines 
gene expression as 

“DNA makes RNA
makes protein”

Step 1: transcription—
messenger RNA (mRNA) is 
made from DNA
Step 2: translation—
proteins are made
from mRNA

tRNA=transfer RNA.
Talking glossary of genetic terms: Transcription. Genome.gov website. 
http://www.genome.gov/Glossary/index.cfm?id=197. Accessed December 19, 2014. Talking glossary of 
genetic terms: Translation. Genome.gov website. http://www.genome.gov/Glossary/index.cfm?id=200. 
Accessed December 19, 2014.
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Transcription factors facilitate transcription

Transcription factors (TFs) are DNA-
binding proteins that regulate where 
and when a specific gene is expressed 
in the human body
TFs bind to specific sites on the gene’s 
regulatory region and initiate gene 
expression
A number of TFs are dysfunctional in 
tumor cells (eg, p53, myc, BCL6)

myc=myelocytomatosis; BCL6=B-cell chronic lymphocytic leukemia/lymphoma 6.
Nature Education. Glossary: transcription factor/transcription factors. Scitable website. http://www.nature.com/scitable/definition/transcription-factor-
transcription-factors-167. Accessed January 8, 2015. TP53 tumor protein p53. National Center for Biotechnology Information (NCBI) website. 
http://www.ncbi.nlm.nih.gov/gene/7157. Last updated December 19, 2014. Accessed December 22, 2014. BCL6 B-cell CLL/lymphoma 6 [Homo 
sapiens (human)]. National Center for Biotechnology Information (NCBI) website. http://www.ncbi.nlm.nih.gov/gene/604. Last updated December 7, 
2014. Accessed December 22, 2014. MYC v-myc myelocytomatosis viral oncogene homolog (avian) [Homo sapiens (human)]. National Center for 
Biotechnology Information (NCBI) website. http://www.ncbi.nlm.nih.gov/gene/4609. Last updated December 7, 2014. Accessed December 22, 2014.
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Codons allow translation to proteins

Each of the ~25,000 genes in the 
human genome can be read as a 
sentence with 3-letter words, each 
word a codon
A codon is a triplet of nucleotides
– There are 64 codons in the human 

genetic code

Each codon codes for a unique 
amino acid
– The start codon ATG codes for the amino 

acid methionine
– The stop codons are message termination 

signals and do not code for amino acids

Each gene is identified by
– The start codon (ATG) 
– 1 of the 3 stop codons (TAA, TAG, or TGA) 

Chromosome abnormalities. Genome.gov website. http://www.genome.gov/11508982. Last updated July 10, 2014. Accessed December 19, 2014. 
Talking glossary of genetic terms: Codon. Genome.gov website. http://www.genome.gov/Glossary/index.cfm?id=36. Accessed December 19, 2014. 
Bioinformatics: finding genes. Genome.gov website. http://www.genome.gov/25020001. Last updated March 18, 2013. Accessed December 19, 2014. 
Talking glossary of genetic terms: Stop codon. Genome.gov website. http://www.genome.gov/Glossary/index.cfm?id=189. Accessed 
December 19, 2014.
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Normal cell division

Normal cells divide only upon receiving accurate cellular instructions at specific points 
in time

Therefore, controlled cell division maintains a finite number of cells in a human body at 
any given time

Weinberg RA. Sci Am. 1996;275:62-70.
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Abnormal cell division

When cells acquire a series of mutations in regulatory genes, uncontrolled cell division 
may occur and lead to tumor growth

Talking glossary of genetic terms: Cancer. Genome.gov website. http://www.genome.gov/
glossary/index.cfm?id=20. Accessed December 19, 2014.
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What is a mutation? 

Mutations are changes in a DNA sequence
– The causes of mutations include copying mistakes during 

cell division and radiation exposure

Talking glossary of genetic terms: Mutation. Genome.gov website. 
http://www.genome.gov/Glossary/index.cfm?id=134. Accessed December 19, 2014.
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What is a mutation? 

Somatic mutations are acquired by 

individuals over a lifetime

– eg, BRAF, PIK3CA, and Kras
mutations in solid tumors

Germ line mutations are inherited from 

either parent

– Transmitted through reproductive 

cells (eggs and sperm)

– Reported in familial cancers 

(eg, BRCA1 and BRCA2 mutations 

in breast and ovarian cancers)

PIK3CA=phosphoinositide-3-kinase, catalytic, alpha polypeptide.

Images reproduced or adapted from open access journal articles are used under the terms of the Creative Commons Attribution License: Somatic 

Mutations: Adapted From Abubaker et al, Mol Cancer, 2009, Figure 1A (left), 1B; Germline mutations, BRCA1: Adapted from Zhang et al, Reprod Biol
Endocrinol, 2010, Figure 1A; Germline mutations, BRCA2: Adapted from Hansen et al, BMC Med Genet, 2008, Figure 2 (left).

Talking glossary of genetic terms: Mutation. Genome.gov website. http://www.genome.gov/Glossary/index.cfm?id=134. Accessed December 19, 2014. 

Sieber OM, et al. Nat Rev Cancer. 2003;3:701-708. Vogelstein B, Kinzler KW. Nat Med. 2004;10:789-799. Abubaker J, et al. Mol Cancer. 2009;8:51. 

Zhang L, et al. Reprod Biol Endocrinol. 2010;8:74. Hansen TV, et al. BMC Med Genet. 2008;9:58.

Ó 2013 Genentech USA, Inc. All rights reserved. 16

Translocation Deletion Duplication Inversion Insertion

Gene mutations that drive carcinogenesis can be 
structurally classified

Changes affecting 
single base pairs • Deletions

• Insertions
• Translocations

Point mutation 

• Abnormalities in 
number of 
chromosomes

Strachan T, Read AP. Human Molecular Genetics. 2nd ed. New York, NY: John Wiley & Sons, Inc; 
1999. Griffiths AJ, et al. Modern Genetic Analysis. New York, NY: WH Freeman; 1999. 
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Point mutations

2 types of point mutations are detected in cancer cells

A. Missense point mutations 
(eg, Kras mutations)

Talking glossary of genetic terms: Point mutation. Genome.gov website. 

http://www.genome.gov/glossary/index.cfm?id=156. Accessed December 19, 2014. Lopez-Crapez E, et al. 
Br J Cancer. 2010;102:1074-1075. Borg A, et al. Hum Mutat. 2010;31:E1200-E1240. 

The fat cat ate the wee rat 
(healthy sequence)

The fit cat ate the wee rat 
(missense mutant)

The fat cat ate the wee rat 
(healthy sequence)

The fct cat ate the wee rat 
(nonsense mutant)

B. Nonsense point mutation 
(eg, BRCA1 mutations)
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Frameshift mutations occur because of the insertion or deletion of nucleotide(s) in a 
codon (eg, microsatellite mutations in colorectal cancer)

A. Frameshift insertion mutation B. Frameshift deletion mutation

The fat cat ate the wee rat 
(healthy sequence)

The faa tca tat eth ewe era t 
(insertion of “a” results in 
a frameshift)

Frameshift mutations

Talking glossary of genetic terms: Frameshift mutation. Genome.gov website. 
http://www.genome.gov/glossary/index.cfm?id=68. Accessed December 19, 2014. 
Korff S, et al. BMC Cancer. 2008;8:329. 

The fat cat ate the wee rat 
(healthy sequence)

The fac ata tet hew eer at  
(deletion of “t” results in 
a frameshift)
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Genomic inversions

Genomic inversions occur when a stretch of DNA sequence is inverted

The fat cat ate the wee rat (healthy sequence)

The fat tar eew eht eta tac (inverted sequence)

Griffiths AJ, et al. Inversions. An Introduction to Genetic Analysis. 7th ed. New York: W. H. Freeman; 2000. 
http://www.ncbi.nlm.nih.gov/books/NBK22042/. Accessed December 19, 2014.
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Chromosomal alterations

Key chromosomal alterations in 

cancer include

– Aneuploidy: abnormal number of 

chromosomes

– Chromosomal deletions: deletion 

of part of the chromosome 

(eg, del 17p in CLL)

– Chromosomal translocations: 

swapping of chromosomal regions 

between chromosomes (eg, bcr-abl

translocation in CML)

CLL=chronic lymphocytic leukemia; CML=chronic myelogenous leukemia.

Griffiths AJ, et al. Aneuploidy. An Introduction to Genetic Analysis. 7th ed. New York: W. H. Freeman; 2000. 

http://www.ncbi.nlm.nih.gov/books/NBK21870/. Accessed December 19, 2014. Chiorazzi N, et al. N Engl J 
Med. 2005;352:804-815. Chromosome abnormalities. Genome.gov website. 

http://www.genome.gov/11508982. Last updated July 10, 2014. Accessed December 19, 2014. Vogelstein B, 

Kinzler KW. Nat Med. 2004;10:789-799.
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Aneuploidy:  Trisomy of 21

22

An aneuploid tumor karyotype of a Wilm�s tumor showing 
multiple abnormalities of chromosome number and/or structure

23

The Ph Chromosome:  t(9;22) Translocation

FUSION PROTEIN
WITH TYROSINE
KINASE ACTIVITY

22
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Chromosomal abnormality:  
Translocation (AML, M-2 classification)
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WHO Classification of Acute Myelogenous 
Leukemia 

Ó 2013 Genentech USA, Inc. All rights reserved. 26

Gene mutations that drive carcinogenesis can be 
structurally classified

CML — translocation

bcr
abl

22q11.2
9q34

• Deletions
• Insertions
• Translocations

Im age  cou rtesy  o f G enen tech .
C M L=ch ron ic  m ye logenous leukem ia ; H E R 2=hum an  ep ide rm a l g row th  fac to r recep to r-2 .
S trachan  T , R ead  A P . H um an  M o lecu la r G ene tics . 2nd  ed . N ew  Y o rk , N Y : John  W iley  &  S ons, Inc ; 1999 . Y a tabe Y , M itsudom i
T . P a tho l In t. 2007 ;57 :233 -244 . H an tsche l O , S upe rti-F u rga G . N at R ev M o l C e ll B io l. 2004 ;5 :33 -44 . S lam on D J, e t a l. S cience . 
1987 ;235 :177 -182 . 

Lung cancer —
single base pair mutation

Chromosome 7
Exon 21

Point mutation 

HER2 — gene 
amplification

27

Carcinogenesis: The loss of normal cell growth balance

2 major groups of genes 
are involved in cancer 
formation

Oncogenes stimulate cell 
growth
Tumor-suppressor genes 
restrain cell growth

Vogelstein B, Kinzler KW. Nat Med. 2004;10:789-799. Weinberg RA. Sci Am. 1996;62-70. 

Ó 2013 Genentech USA, Inc. All rights reserved. 28

Mutation

Oncogenes: 

Gain of function contributes to tumorigenesis

Gene
duplication

Proto-oncogene

Proto-oncogenes are normal genes with normal cellular functions
Weinberg RA. CA Cancer J Clin. 1994;44:160-170. Vogelstein B, et al. Nat Med. 2004;10:789-799. 

Ó 2013 Genentech USA, Inc. All rights reserved. 29

MutationMutation

Tumor-suppressor genes: 
Loss of function contributes to tumorigenesis

Loss of 
heterozygosity on 

paternal allele

Acquired mutation 
on maternal 

chromosome locus

Point 
mutation Deletion

1st Hit 2nd Hit
Tumor-
suppressor
gene

Vogelstein B, et al. Nat Med. 2004;10:789-799. 30

Oncogenes are abnormal genes

Oncogenes are abnormal 
genes that promote cell 
growth and division

Oncogenes can cause cells to 
copy themselves excessively
– These damaged genes 

make 
a cell’s growth-signaling 
pathway abnormally 
hyperactive

Weinberg RA. Sci Am. 1996;62-70. Adjei AA, Hidalgo M. J Clin Oncol. 2005;23:5386-5403.
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HER2 Signaling and Breast Cancer

References: 1. Ross JS et al. Oncologist. 2009;14:320-368. 2. Slamon DJ et al. Science. 1989;244(4905):707-712. 
3. Slamon DJ et al. Science. 1987;235(4785):177-182.

HER1
HER3

HER4

HER2 HER2
HER3

Signal 
transduction

HER2 and related receptors help regulate cell growth and survival.1

HER2+ tumor cells have up to 100 times more HER2 receptors than a normal cell.1

HER2 protein overexpression or HER2 gene amplification is observed in about 20% 
of breast cancer cases.2,3

32

Fluorescence In Situ Hybridization (FISH)

Cayre et al, 2007; Press et al, 1997; Wang et al, 2000; Wolff et al, 2007

FISH-negative

HER2-normal
Ratio <2.0

Chromosome 17
centromere 
(CEP17)

HER2-amplified
Ratio >2.0

FISH-positive

HER2 geneHER2 gene

Chromosome 17
centromere 
(CEP17)

*Since patients with FISH scores of 2.0-2.2 were eligible for the adjuvant trastuzumab trials, the guidelines 
conclude that the available data do not support excluding patients with these results from receiving trastuzumab.
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Tumor-suppressor genes are normal genes that 
slow down cell growth and division

How tumor-suppressor 
genes function

When tumor-suppressor genes 
are inactivated, cells can 
continue to 
divide and grow
When tumor-suppressor genes 
are inactivated due to mutation, 
the loss of functional 
suppressor proteins deprives 
the cell of crucial brakes that 
prevent inappropriate growth 

Weinberg RA. Sci Am. 1996;62-70.
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Cancer formation is a complex, multistep process

Cancer is the result of 
numerous genetic 
mutations

Malignant tumors are the result 
of a variety of genetic 
mutations
Tumor-suppressor genes have 
to be rendered inactive and 
oncogenes have to be 
activated in order for malignant 
tumors to develop

Rb=retinoblastoma; HER2=human epidermal growth factor receptor 2; BRCA=breast cancer.
Vogelstein B, Kinzler KW. Nat Med. 2004;10:789-799. Weinberg RA. Sci Am. 1996;62-70. National Cancer 
Institute. Understanding cancer series: cancer tends to involve multiple mutations. 
http://www.cancer.gov/cancertopics/understandingcancer/cancer/page49. Accessed July 5, 2013. 
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How does molecular biology impact diagnosis 
and treatment?

Tainsky MA. Biochim Biophys Acta. 2009;1796:176-193. National Cancer Institute. Targeted cancer therapies. 
http://www.cancer.gov/cancertopics/factsheet/Therapy/targeted. Accessed January 5, 2015.
Adapted with permission from the National Academy of Sciences. Sørlie T, et al. Proc Natl Acad Sci U S A. 2003;100:8418-8423. Copyright © 2003.

Genomics
(Information)

Proteomics
(Function)

Tumor cells and
endothelial cells

Normal cells

Genome-based treatments and customized multimodality therapy

Biomarkers 
• Diagnostic
• Prognostic
• Pharmacodynamic
• Pharmacogenomic

• Novel molecular 
targets

• Preclinical 
development

• Biomarker analysis 
for clinical trials
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Summary 

Several genetic alterations have been detected in cancer 
cells

Mutations result in loss of tumor-suppressor functions or 
activation of oncogenic signaling, both of which contribute 
to tumor formation

Genomic and proteomic information have diagnostic and 
prognostic value and can be utilized in the development 
of targeted agents

Vogelstein B, Kinzler KW. Nat Med. 2004;10:789-799. Hanahan D, Weinberg RA. Cell. 2011;144:646-674. 
Ludwig JA, Weinstein JN. Nat Rev Cancer. 2005;5:845-856.


