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“All cancers arise as a
result of changes that have
occurred in the DNA
sequence of the genomes
of cancer cells”

Stratton, MR (2009) Nature 458:719




Key concepts

0 Sequential acquisition of
genomic (epigenomic) alterations
that favor tumorigenesis

O Clonal evolution and tumor
heterogeneity

0 Cancer genetics and cancer
genomes

Cancer: a disease of ageing
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Figure 11.1 The Biology of Cancer (© Garland Science 2007)




Cancer: it takes time
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Figure 11.2 The Biology of Cancer (© Garland Science 2007)

Multistep change in tissue architecture
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Figure 11.7 The Biology of Cancer (© Garland Science 2007)




Multistep change in genomic alterations
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Figure 11.9 The Biology of Cancer (© Garland Science 2007)

Multiple roads to the same destination
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Figure 11.11a The Biology of Cancer (© Garland Science 2007)




Multiple roads to the same destination
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Figure 11.11b The Biology of Cancer (© Garland Science 2007)

Clonal evolution & expansion
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Stem cells & clonal evolution
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Stem cells & clonal evolution
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Stem cells & clonal evolution
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Stem cells & clonal evolution
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Again, think heterogeneity

Figure 11.18 The Biology of Cancer (© Garland Science 2007)




...in other words, visualize

Not this This

The concept of genetic heterogeneity

Interphase FISH
for 2 loci (red
and green)

Figure 11.19 The Biology of Cancer (© Garland Science 2007) Why are all these thlngs different?
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U These are just two genomic loci

0 What about whole genomes (the
post-textbook era)?

Today’s reality
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A scientist works with a machine that reads DNA at the Life Technologies laboratory in Carisbad, Calif. The company says its

machine can decode a human genome in a day for $1,000 US. (Gregory BullAssociated Press)
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0 The need to understand cancer
genomes (& personal genomes)

UYour genome vs. the cancer genome

O Germline vs. sporadic

O Evolution of technologies to
enable this goal (fallout from the
human genome project)

Normal cell Cancer cell

One of these men will succumb to cancer

12



U Somatic: acquisition of
mutations that convert a normal cell
to a cancer cell

J Germline: inheritance of an
alteration or mutation that will
cause or predispose to cancer

A brief history of genetic variation

Timeline | Landmarks in the study of human genetic variation

(1960-1980) Analysis Jeffreysetal.reported | Independent reports™* (1989-1996) Microsatellites
of protein sequences | | Kanand Dozy hypervariability described the widespread became the gold-standard

from several discovered single at minisatellite existence of short sequence DNA markers for genetic

individuals revealed nucleotide variants in sequences’ and their repeat (SSR) variants, also called studies”** and thousands of

an extensive and the Hpal restriction use in assessing microsatellites or short tandem microsatellite markers were

largely unexpected site downstream of individual genetic repeats (STR) and their used to create linkage maps of The HapMap consortium

level of variation. the B-globin gene'. profiles*. application as genetic markers.  all human chromosomes' %, genotyped 1 million single SNPs™.

1991 2002 2004

(1975-1980) Wyman and White described a Nakamura et al. Genomic Identification thata Interrogation of Redon et al’’
Description of copy highly variable restriction described the rearrangements large subset of SNPs | | genomic variability by identified 1,447 copy
numbervariation of the | fragment length polymorphism | | use of variable areidentified as are paralogous array hybridization number variable
a-globingenesbyKan |  (RFLPY. number of tandem | the mutational sequence variants hod: that
and co-workers**, I repeat (VNTR) mechanism thatleads | (PSVs) and define the existence of copy atleast 12% of the
Botstein et al.® proposed to use markers forhuman  to Charcot-Marie— regions of structural | | number variants. human genome
RFLPs to generate linkage maps | | 9ene mapping®. Tooth disease type 1A variability*. (CNVs)»s36, contains CNVs.
of the human genome. (REF. 53).
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Circa 1980 (the
way it was)

Normal cell Cancer cell

DNA-mediated gene transfer

...and no internet

Activating oncogenic mutations

A point mutation is responsible for the acquisition
of transforming properties by
the T24 human bladder carcinoma oncogene
E. Premkumar Reddy, Roberta K. Reynolds, Eugenio Santos & Mariano Barbacid

Laboratory of Cellular and Molecular Biology, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20205, USA

The genetic change that leads to the activation af the oncogene in T24 human bladder carcinoma cells is shown to be
a single point ion of ine into thymidine. This itution results in the incorporation of valine instead of
glycine as the twelfth amino acid residue of the T24 oncogene-encoded p21 protein. Thus, a single amino acid substitution
appears to be sufficient to confer f ing properties on the gene product of the T24 human bladder carcinoma
oncogene.

Mechanism of activation of a human oncogene
Clifford J. Tabin, Scott M. Bradley, Cornelia I. Bargmann & Robert A. Weinberg

Whitehead Institute for Biomedical Research, Center for Cancer Research and Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

Alex G. Papageorge & Edward M. Scolnick

Merck Laboratories, West Point, Pennsylvania 19486, USA

Ravi Dhar, Douglas R. Lowy & Esther H. Chang’

Laboratories of Molecular Virology and Dermatology, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20205, USA
* Present address: Department of Pathology, Uniformed Services University for the Health Sciences, Bethesda, Maryland 20014, USA

The oncogene of the human EJ bladder carcinoma cell lines arose via ali ion of a cellular pi i
are presented that localize the genetic lesion that led to activation of the oncogene. The lesion has no affect an levels of
expression of the oncogene. Instead, it affects the structure of the oncogene-encoded protein.

0028-0836/82/450143—04501.00 © 1982 Macmillan Journals Ltd

circa 1982
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Fig. 5 Transfection data and struc- 1 kb

tures of in vitro genetic recombinants —

between the molecular clones of the EJ T S = = =E -

transforming gene (pEJ) and its normal £SF 3EEE 5 B g 4E Average foci No. of independently
cellular homologue (pEC). The restric- [=A A= < @ & @a | per 20 ng DNA transfected clones
tion map shows the cleavage sites for p\i'd L1 [l L | | 11

various enzymes within the 6.6-kb

BamHI insert in pBR322. All sites X "

specific for the enzymes are shown | 0 2
except for Xmal which cuts in several a 2 910 2
other places which have not been well

characterized. The site shown is the only | S S 0 2
Xmal site between the first BstEIl site b

and the Kpnl site. The solid boxes on 2 780 2
the map show the locations of coding N s

exons. pEJ/pEC chimaeras are shown, | 0 2
with segments derived from pEJ shown ¢ 2 720 1
as solid bars and segments from pEC

shown as open bars. pEJ and pEC were | » 2 0 3
cleaved with the indicated enzymes d 2 1030 3
either to completion or in a partial

digest as required to obtain each indi- X ] o

cated fragment. The products were sep- e 1 3
arated by electrophoresis through 1.2% 2 1070 3
agarose and eluted by melting in Nal x N x

and adsorbing to glass beads. The frag- ¢! 590 3
ment containing pBR322 was then 2 0 2
treated with calf intestinal phosphatase.

The indicated fragments were joined . B xm 730 s
either with the enzyme T4 DNA ligase g 0

or in a mock ligation without enzyme. 2 5
Constructs a-e were made in x B Xm K

bimolecular ligations. Constructs in f h! 0 5
were made by mixing the three frag- 2 800 5
ments simultaneously and in g and h by

mixing the four fragments simultaneously. The ligation mixtures were directly transformed into the HB101 strain of Escherichia coli. Only when colonies from
mock ligations were less than 2% of the ligations were colonies analysed for the presence of clones with appropriate restriction maps; 20 ng of each clone were
transfected to NIH 3T3 cells as described in Fig. 2 legend and then carried without selection until foci were visualized in 10-14 days. Results of the transfections
are shown in the first column. The second column shows the number of independent bacterial colonies screened and then transfected into NIH 3T3 cells.

Swapped tumor and normal DNA to find critical region

Activity could be mapped
to a 350bp fragment, which
was sequenced; single
mutation changes Gly to
Val

FYI: current day sequencing projects
involve 100,000,000,000bp (and increasing
rapidly)
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O Catalyzed the discovery of
many more cancer genes,

primarily through genetic linkage

positional cloning).

U...but painstakingly slow.

Table 1. Summary of genes responsible for inherited cancer predisposition, their chromosomal location, the syndromes they cause and
the functions of the gene products (mode of inheritance is shown in italics).

Gene Syndrome Location Principal function Principal malignancies

RBI familial retinoblastoma: 13q14 retinoblastoma
dominant

PI6ME familial melanoma; dominant  9p21 melanoma

CDK4 familial melanoma; dominant  12q13 melanoma

Ps3 Li-Fraumeni; dominant 17p13.1 transeription factor  sarcomas, breast cancer

APC familial adenomatous 5q21 growth factor colorectal cancer
polyposis: dominant signalling

CDHI hereditary diffuse gastric 16g22.1 cell-to-cell adhesion  diffuse gastric cancer
cancer; dominant

LKBI Peutz-Jeghers: dominant 19p13.3 serine threonine kinase gastrointestinal cancer

PTEN Cowden syndrome; juvenile  10g23.3 phosphatase, breast cancer, gastrointestinal
polyposis coli: dominant cytoskeletal protein?  cancer

SMAD4 juvenile polyposis coli; 18g21.2 growth factor gastrointestinal cancer
dominant signalling
multiple endocrine neoplasia  11q13 transeription co-factor  endocrine
type 1; dominant

RET multiple endocrine neoplasia  10q11.2 receptor tyrosine endocrine
type 2; dominant kinase

MET Hereditary papillary renal 7931 receptor tyrosine papillary renal cancer
cancer: dominant kinase

KIT familial gastrointestinal 4q12 receptor tyrosine gastrointestinal cancer
stromal tumours; dominant kinase (stromal)

PTCH basal cell nevus syndrome; 99223 membrane receptor  basal cell (skin)
dominant

NFI neurofibromatosis type 1: GTPase-activating neurofibrosarcomas

XPB: XPD others

ATM
NBS1
MLHI: MSH2
PMSI: PMS2:
MSH6

dominant

neurofibromatos
dominant
von Hippel-Lindau dominant

type

Wilms tumour: dominant
Bloom syndrome: recessive
Fanconi anaemia; recessive

xeroderma pigmentosum;
recessive
ataxia telangiectasia; recessive

Nijmegen breakage syndrome;

recessive

familial breast/ovarian cancer;

dominant

familial breast/ovarian cancer:

dominant
hereditary non-polypos
colorectal cancer: dominant

protein
cytoskeletal protein?

central nervous system
tumours
renal clear cell carcinomas,

3p25 protein maturation?
RNA clongation? pheochromocytomas
11p13 ion factor

1526.1 dsDNA repair?
16q24.3: 9922.3: ? dsDNA repair?

2q21: 19q13: 2 helicases. nucleotide
excision repair

11g22.3 serine-threonine protein
kinase

8921 transcription factor?
dsDNA repair?

1721 transeription factor?
dsDNA repair

1312 transcription factor?

dsDNA repair
3p21: 2pl6: 232 DNA mismatch repair
7p22: 2pl6

leukaemia, lymphoma
leukaemia

basal cell and squamous cell
inomas
Iymphoma, leukaemia

lymphoma
breast, ovarian cancer
breast, ovarian cancer

colorectal, endometrial cancer

Guilford (2000) Cell. Mol. Life Sci 57:589
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All of these are associated
with some obvious change
to the gene and usually the
encoded protein

...what can these include?

+ Substitutions « Copy number

* Insertions increase
(varying) « Copy number

- Deletions (varying)  decrease

- Rearrangements * Viral DNA
(inter and - Mitochondria

intrachromosomal) . Epigenetic

17



All of these are associated
with some obvious change
to the gene and usually the
encoded protein

...but not always. What are
some other possibilities?

« Amino acid change
» Splicing
* Regulatory

(promoter or
enhancer)

- UTR
* Non-coding RNA

Keep in mind the mechanistic heterogeneity; multiple
ways to gain or loose protein function

18



Status thus far?

+ ~350 of 22,000 protein encoding
genes show recurrent somatic
mutations

* Most by genetic and physical
mapping (again, painstaking)

* ldentifying genes with
transforming activity (i.e., H-RAS)

* Animal models
» Guess work?

Can we fully define the
range of somatic changes
that accompany the
conversion of a normal cell
to a cancer cell?

19



Understanding the cancer
genome requires that we
understand our own
genomes
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Human genome timeline

1988

2 National
5 es of

iate direc
alth and

establishes

the Office of

Human

Genome »
Research in

September 1988. Renamed

2gins to disct
a mammoth
project — of a
edented in biology —to
the complete human genome
DoE funding begins in 1987.

National Genter for Human
Research (NCHGR) a year later. its
director is James Watson,
co-discoverer of the double helix
structure of DNA. Watson
testimony to the US Congress, in
which he pledged to devote a small

Interested in affect of
radiation on mutation
(Department of Energy)

political support

sequence-later’ strategy.
In the early 1990s, two
Parisian la

Centre d'Etude du
Palymorphisme Humain

— underlining the: proje
international character.

Jean Weissenbach. Lat
genome project constructs a
olution m

the human genome.

Officially launched

Human genome timeline

n replaces
Watson as head o
NCHGR in April

h Craig Venter, starting with
Haemophilus
influgnzae.

then at NiH‘ over the patenting of DNA
fragments Known a:

Collins takes over

in Bermuda, international
agree to formalize the
f seque
data into public data me
to be known as the ‘Bermuda principles’
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Human genome timeline

1999 1999-2000
The public project responds Y/ mmm———y

to Venter's challenge. By
2
on track to ]
Jence

Increasingly

complete human
chromosome sequence
numbe
is publish

In May 1998, Venter forms a company to sequence the
nome within three years. The company, |
lera, wil use an ambitious ‘whole genome

shotgun’ method, which involves assembling the

genome without using maps. But its data release
will not follow the Bermuda principles.

n of Washington L
St Louis and John Sulston of the Sanger Centre are n .
pictured in a rare moment of rela ! senthal and Yoshiyuki Sakaki,
Trevor Hawkins and Elbert Brans ‘ (centre) is pictured here at
JGI prepare samples. - chro ne 21 pre ference in Tokyo.

Venter enters the

picture ($$$$9)

0n 26 June 2000, leaders of the public project and
Celera announce completion of a working draft of the
hums quence. Collins and Venter are seel
here on television with Ari Patrinps of the DoE. who cut

through the animosity between the rival projects to
broker the joint announcement at the White House in
hi

This week

Whitehead Institute, Baylor's

Richard Gibbs, and Wate
Wilson from

Washington University

Completion of draft
announced in 2000

H H : in Nature
Draft version published in s

2001 (complete in 2003)




13 years and $437 million
later, we have a ‘complete’
genome sequence

$3 billion allocated to
various genome projects
over this time

“Exploiting this variation
has huge implications for
cancer research, treatment,
and prevention”
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