Genomics & Cancer!l
Lecture 2/

' E ?JQSan‘Elf 0)y

, r 356
. httD //t egTantIab rg/blmm194



http://thegrantlab.org/bimm194

Today’s Menu

Cancer Fundamentals What is cancer and what causes it?

How do we identity genomic changes in

Cancer Genomics
cancer and new targets for therapy.

Targeted Therapy & |How are genomic approaches influencing
Monitoring cancer detection, monitoring & treatment?

How can genomics be used to harness
the patient’'s own immune system to fight
cancer?

Cancer Immunotherapy




What is Cancer?

“Cancer is a name given to a collection of related
diseases, where some of the body’s cells begin
to divide without stopping and spread into
surrounding tissue”

Source: https://www.cancer.gov NIH-NCI




Cancer Is a disease of the Genome

e Caused by changes to genes that
control the way our cells function,
especially how they grow and divide.

e A major challenge in treating cancer is
that every tumor is different: Each
person’s cancer has a unique
combination of genetic changes (both
“driver” & “passenger”).

e As the cancer continues to grow,
additional changes will occur.
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Goals of Cancer Genome Research

|dentify changes in the genomes of
tumors that drive cancer progression

|dentify new targets for therapy

Select drugs based on the genomics of
the tumor

Provide early cancer detection and
treatment response monitoring

Utilize cancer specific mutations to derive
neoantigen immunotherapy approaches



Finding Cancer Drivers




Motivation for adopting a
genomics approach...

e Cancer is caused by mutations to

specific genes AGCT — AGAT

-~

e 1st major Goal: N
Define ALL cancer genes!

e Knowing which genes and proteins
enables the development of targeted
treatments
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Use A Cancer Genomics Approach

Parallel Sequencing

ACTCAGCCCCAGCGGAGGTGAAGGACGTCCTTCCCCAGGAGCCGGTGAGA
AGCGCAGTCGGGGGCACGGGGATGAGCTCAGGGGCCTCTAGAAAGATGTA
GCTGGGACCTCGGGAAGCCCTGGCCTCCAGGTAGTCTCAGGAGAGCTACT
CAGGGTCGGGCTTGGGGAGAGGAGGAGCGGGGGTGAGGCCAGCAGCAGGG
GACTGGACCTGGGAAGGGCTGGGCAGCAGAGACGACCCGACCCGCTAGAA
GGTGGGGTGGGGAGAGCATGTGGACTAGGAGCTAAGCCACAGCAGGACCC
CCACGAGTTGTCACTGTCATTTATCGAGCACCTACTGGGTGTCCCCAGTG
TCCTCAGATCTCCATAACTGGGAAGCCAGGGGCAGCGACACGGTAGCTAG
CCGTCGATTGGAGAACTTTAAAATGAGGACTGAATTAGCTCATAAATGGA
AAACGGCGCTTAAATGTGAGGTTAGAGCTTAGAATGTGAAGGGAGAATGA
GGAATGCGAGACTGGGACTGAGATGGAACCGGCGGTGGGGAGGGGGAGGG
GGTGTGGAATTTGAACCCCGGGAGAGAAAGATGGAATTTTGGCTATGGAG
GCCGACCTGGGGATGGGGAAATAAGAGAAGACCAGGAGGGAGTTAAATAG
GGAATGGGTTGGGGGCGGCTTGGTAACTGTTTGTGCTGGGATTAGGCTGT
TGCAGATAATGGAGCAAGGCTTGGAAGGCTAACCTGGGGTGGGGCCGGGT
TGGGGTCGGGCTGGGGGCGGGAGGAGTCCTCACTGGCGGTTGATTGACAG
TTTCTCCTTCCCCAGACTGGCCAATCACAGGCAGGAAGATGAAGGTTCTG
TGGGCTGCCCCGACCCGCTAGAAGGTGGGGTGGGGAGAGCATGTGGACTA
GGAGCTAAGCCACAGCAGGACCCCCACGAGTTGTCACTGTCATTTATCGA
GCACCTACTGGGTGTCCCCAGTGTCCTCAGATCTCCATAACTGGGAAGCC
AGGGGCAGCGAC



Finding Cancer Associated Mutations
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Sequencing
machines
AATGCCA ACTGCCA
TCATGTC TCAGGTC
GGTATCG GGTATAG
CAGC ... TAGC ...

Somatic mutations

|dentify all mutations
specific to tumor cells

B

Filter out silent
mutations



Mutations detected:
Point mutations

Original (Tyrosine)

I
R e R

Silent Missense Nonsense
(Tyrosine) (Cystine) (STOP)




Mutations detected:
Indels

quanec 1 -~ CTGIGMGATT - - - Deletion
Sequence 1

T CTAG deleted

G CTAGIHEEE

l ATCA inserted

uono SIElA T C ALK -
Sequence2 __ CT CT--- Insertion

Reference

Sequence CT




Mutations detected:
Translocations
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What can go wrong in cancer genomes?

Type of change Some common technology to study changes

DNA mutations WGS, WXS

DNA structural variations WGS

Copy number variation (CNV) CGH array, SNP array, WGS

DNA methylation Methylation array, RRBS, WGBS
MRNA expression changes MRNA expression array, RNA-seq
mMiRNA expression changes MIRNA expression array, miRNA-seq

Protein expression Protein arrays, mass spectrometry

WGS = whole genome sequencing, WXS = whole exome sequencing
RRBS = reduced representation bisulfite sequencing, WGBS = whole genome bisulfite sequencing




B 15001 =

1000 Glicklastoma (35)'\;_0
\
S00 4 ¢—Head and neck cancer (56)
250 T I_Non Hodgkin -
= ympnoma (74 ——at \
[ \
T H \A’ I I l I I l t t [ _ung cancer (non-small cell)(147)
225 - o a ny u a I o n s a re \ b—l: ~ung cancer (small cell)(163)
8 - - Breast cancer (33) : Esophageal adenccarcinoma (57)
: ~f th typical e
g ere in typical cancers?
= 200 cancer (89) — celfcard{:cma (79)
@ Pancrotic ,\ e | .\Gast I\C cancer (53)
8- o cancer/(45) | \ \
2 L '/ / o—‘C-ol\orePtz;! cancer (66)
= O 15 ; | -
S = 150 - Ovanancancer(42)f, —— Endometrial cancer (49)
g g - = : [ @ Prostate cancer (41):-
: | o :
o L 126 Chrorié lymphoeytia BAR
— N = v/ leukemia (12) | S AN
o % N Hete mycloc\ — Melanoma (135)
= 5 100- L leukemiza (8) ’
>3 e
c E
~ 75 - Tl =
¢.D -
c -2 A
S A0 - | - { T
25 - = T Number of somatic
L R o mutations In
0 | | | | | | | | | i | : | = -
G0 0P 0o CET2s TE S0 o |ENENaNas representative human
- f A al - b — p—] S
- ] (v S ) @ & £ 0 2 0 5 £ ®©® 3 = il ~IRR o
=nopsrsel8feeseg2sesprreseh sz cancers, detected by
0D SsWwEST=C3gJLl3ragao == GBS GG
Nt el e 7 > © ) = . 0 : . .
=22 ET R8T Ego®8xn = Z 2 0 SN Ee genome-wide
2 E 22 §=TQgov o> 9 87T NS &P LTS L oS
g 35 2£58Z2 555 2 :533°92883 sequencing studies
= o T : - ! E o - - L
= SR3O0 @& = 85 S » £ E g =
g T W g2 £ € 8 E 2 S
L o L e
- E Pers M - o ;
Z S €2 < -
2 2§ 2 5 g Vogelstein et al.
R = = Q .
=4 O < Science (2013)

Mutagens Adult solid tumors Liquid' Pediatri;:



1500 7

B

~4 or5
mutations
-

~50-100 mutations

Cancers in adults have more
mutations than those in children
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mutations are likely
passenger” mutations

~4 or5
mutations
-

~50-100 mutations

Cancers in adults have more
mutations than those in children
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DNA damage from smoking

and sun exposure...
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Genomic approaches can identify the
genes most commonly mutated in cancer

Arrange all genes in a matrix, ordered by chromosomes



ldentifying genes most
commonly mutated in cancer

Add all data together to see which genes are most often mutated



ldentifying genes most
commonly mutated in cancer

Add all data together to see which genes are most often mutated



ldentifying genes most
commonly mutated in cancer

Many are famous porto-oncogenes, many others are new cancer genes!



Three Main Types of Cancer Genes:

e Oncogenes, such as Ras, normally function to accelerate
cell division and growth. They can be mutated to act like
stuck gas pedals.

 [umor suppressor genes, such as p53 normal act like
breaks. Mutations can cause these breaks to falil.

* DNA repair genes, such as BRCA1 & 2, normally function
to fix minor damage to DNA when it replicates. When
these genes are mutated, DNA damage can accumulate
and lead to cancer.



Functions of the 140 cancer genes

Current genomics approaches have identified ~140 cancer
genes. Of which there are:

e ~60 Oncogenes (normally stimulate growth)

e ~80 Suppressor genes (normally inhibit growth)



Functions of the 140 cancer genes

Current genomics approaches have identified ~140 cancer
genes. Of which there are:

Three main categories

Genome Maintenance

Cell Growth
& Survival

Cell Fate




Functions of the 140 cancer genes

Current genomics approaches have identified ~140 cancer
genes. Of which there are:

Three main categories

Genome Maintenance

<

Cell Growth
& Survival

O(0 Cell Fate



Cell growth and survival genes

Many participate in_signaling pathways that promote cell proliferation
(E.G. EGFR, Ras, BRAF, MEK etc.)

Growth Factor Binding

Activation

‘RIN] |P216AP ‘MEKKI ‘ RAF ‘ PI3K ‘ NF]GAP‘ ‘ AF6|

—_—
)

el prolferaton




Cell growth and survival genes

Many participate in_signaling pathways that promote cell proliferation
(E.G. EGFR, Ras, BRAF, MEK etc.)

Growth Factor Binding

‘RIN1 |P21GAP ‘MEKKI I RAF ‘ PI3K ‘ NF1GAP| ‘ AF6|

T

el polferation




Regulators of Cell Cycle and Cell Death

Some stimulate /_ l Some inhibit

the cell cycle \ the cell cycle

G - STV . @
o\ '

Oncogenes / Suppressor genes




P53 Regulates Cell Division

Probably the most famous cancer gene that is mutated in
about half of all tumors. Often called the ‘guardian of the

genome’
Stress

v

* p53 normally shuts down cell division when a cell is
stressed (e.g. by DNA damage)

e When DNA is damaged, p53 activates genes that
stop cell growth or trigger the cell to die.

lv

e Thus, p53 guards against changes to cells that Cell  Otherp33  Cell
might lead to tumor formation. Growth functions Death
(transcription
* |t appears necessary to inactivate p53 to develop factor)

many forms of cancer.



Functions of the 140 cancer genes

Current genomics approaches have identified ~140 cancer
genes. Of which there are:

Three main categories

Genome Maintenance
/
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Functions of the 140 cancer genes

Current genomics approaches have identified ~140 cancer
genes. Of which there are:

Three main categories

\

00 Cell Fate



How Can Mutations in Cell Fate
Genes Cause Cancer?

Iriggering cell death requires differentiation




How Can Mutations in Cell Fate
Genes Cause Cancer?

i | K l '- -.,l I Al ) bl.J] d—'Lu
can become malignant




Disrupting the normal processes of differentiation and
maturation of the intestinal epithelial cells can lead to cancer.

Clevers Lab|Digizyme

http://molecularmovies.com/movies/kellermcgill clonalconveyorbelt.mov



http://molecularmovies.com/movies/kellermcgill_clonalconveyorbelt.mov

Do We Need 140 Drugs for the
140 Cancer Genes?

Or can we simplify the problem?



Further Simplifying The Problem

The known driver genes can
be classified into one or more
major pathways (middle ring)
that confer a selective growth
advantage.

Selective
Growth

These pathways can

themselves be further J Advantage
organized into three core

cellular processes (outer ring).

Vogelstein et al. Science (2013)




Drugs That Block the Last Step
of a Pathway May Be Sufficient

® Growth factors

Slgnallng cascade molecules

"’Q»

Cell proliferation

Perhaps drugging the last step in the pathway may be sufficient especially
if we do not yet have a Ras directed chemotherapy?



Examples of targeted
drug therapies



Targeted Cancer Therapy

= =P -
= = <
= = =
- % = -1
= =
= -
Cancer-causing mutations with Mutation with no
drug treatment available drug available

® 8

Radiation and
chemotherapy

Cancer drug

Schema adapted from NY times



BCR-ABL fusion cause Chronic Myelogenous Leukemia (CML)

Changed chromosome 9

Normal
chromosome 9 Chromosomes break

Changed
chromosome 22
Normal (Philadelphia
chromosome 22 chromosome)

3 bcr-abl

1985



BCR-ABL: constitutive active ABL kinase activity

Growth factor

Mitochondrion

MAPK
pathway
p85 ) PI3K
—— o)
‘1:, '-: p ‘ " AR
SHC -
_ i I
(CBL (CRKL)
N
(CRK)
EN & :
\ el
Increased motility > Proliferation
Decreased adhesion

Nature Reviews | Cancer
Weisberg et al., Nature Reviews Cancer 2007



Imatinib inhibits tyrosine-kinase activity of ABL

Imatinib

Imatinib



Dramatically improved long term survival rates (95.2%) since

the introduction of Gleevec in 2001

Year Total Dead
w— 2001-present 415 35
: i ' - = 1991.2000 352 147
: . - : « 1983-1990 165 128
- 0.8 ":‘ b e N -'I'm-ri-n- — 1975-1982 110 106
R - » - .
h— . L - - <1975 106 106
— 1 ey,
Q ';. \ .. t?ﬁ,
T v "o _*M:l_*
L 06} % \ . i T p < 0.001
R * \ -. <
(a "', '
® i
2 04 ¢ \
= ™
> w X
@ e N AR i
0.2 .'.o.r "
L, BN
. S
'b.‘ S
“ . Y
4 'ﬁo.oooooouoo-‘~ = 1 P——— —_—
0.0 M 2 ‘..;.’.II.‘LIOOOSM M . 1
0 2 4 6 8 10 12 14 16 18 20
Years

Kantarjian et al., Blood 2012



RA

- Is frequently mutated in melanoma

BRAF mutation-positive
Normal cell melanoma cell

Normal signal source Normal signal source

Out-of-control

Normal cell growth




RA

- Is frequently mutated in melanoma

Normal cell

Normal signal source

Normal cell growth

BRAF mutation-positive
melanoma cell

Normal signal source

Out-of-control

u NDC 50242-09‘00“ V[
\Zelboraf"‘ B

(vemurafenib
tablets)

- 240 mg

Do not crush or chew tablet.

PLX432




\Zelbor;:‘“‘ [

2 m n (t\;er:;t:;afenib “
setma e.s ;*
Vemurafenib =

120 tablets

Gonentech | Daiichi Sankyo, Inc:

Vemurafenib

Personalized medicine / Precision medicine



PHARMED

Table 1. Anticancer Drugs Approved by the Food and
Drug Administration (FDA) with Labeling Regarding
Pharmacogenomic Biomarkers.*

Type of Biomarker and Assaociated Drug

Biomarker with pharmacokinetic effect
TPMT

Mercaptopurine

Thioguanine
UGTIAL

Irinotecan

Niotinb Anticancer drugs

Biomarker with pharmacodynamic effect

= approved by the Food

Erlotinib

Gefiind and Drug Administration

Panitumurmab

(RS with labeling regarding

Cetuximab

Panitmumab pharmacogenomic

ABL

Imatinib .
biomarkers
Nilotinib

C-Kit (KIT)
Imatinib

HER2/neu (ERBB2)
Lapatinib
Trastuzumab

Estrogen receptor
Tamoxifen

* Data are from the FDA's pharmacogenetics Web site
(www.fda.gov/Drugs/ScienceResearch/ResearchAreas/
Pharmacogenetics/ucm083378.htm). The biomarkers
have been separated into pharmacokinetic effect (drug Wang L et al. N Engl J Med 2011;364:1144-1153
metabolism) and pharmacodynamic effect (drug target). ) T ]
Biomarkers for cytogenetic alterations have been excluded.




Readings to find out more...

Leading Edge

The Genetic Basis
for Cancer Treatment Decisions

Janet E. Dancey,'-2 Philippe L. Bedard,3# Nicole Onetto,’ and Thomas J. Hudson?:5:6.*
1Ontario Institute for Cancer Research, Toronto, ON M5G 0A3, Canada

2NCIC-Clinical Trials Group, Queen’s University, Kingston, ON K7L 3N6, Canada

SPrincess Margaret Hospital, Division of Medical Oncology and Hematology, University Health Network
4Department of Medicine

SDepartment of Medical Biophysics

6Department of Molecular Genetics

University of Toronto, Toronto, ON M5S 1A1, Canada

*Correspondence: tom.hudson@oicr.on.ca

DOI 10.1016/j.cell.2012.01.014

Personalized cancer medicine is based on increased knowledge of the cancer mutation repertoire
and availability of agents that target altered genes or pathways. Given advances in cancer genetics,
technology, and therapeutics development, the timing is right to develop a clinical trial and research
framework to move future clinical decisions from heuristic to evidence-based decisions. Although
the challenges of integrating genomic testing into cancer treatment decision making are wide-rang-
ing and complex, there is a scientific and ethical imperative to realize the benefits of personalized
cancer medicine, given the overwhelming burden of cancer and the unprecedented opportunities
for advancements in outcomes for patients.




Genetic and genomic approaches
can identify a cancers molecular
signhature to usefully stratify
tumors for treatment



Stratify tumors based on molecular patterns

228 11
i 2 i k > > >
111R Sl 208

Good prognosis Bad prognosis

Increased toxicit
Favorable response Unfavorable response y



Stratify tumors based on molecular patterns

Series of tumours

s

Microarray analysis

-

Hierarchical clustering

Correlation with outcome and
clinicopathological features

1 1 | L ] 1 1
0 20 40 60 80 100 120 140
Months



TCGA Pan-Cancer project

12 tumor types

Lung adenocarcinoma

(LUAD)

Kidney (KIRC)

Endometrial (UCEC)

1

) Glioblastoma (GBM)

Breast (BRCA)

Ovarian (OV)

Thematic
pathways

Platforms

Omics characterizations

Mutation

“.. Copy number

Gene expression

DNA methylation
MicroRNA

RPPA

Clinical data



Classification of Breast Cancer

Infiltrating breast cancer

|
v

|ER IHC |
4-"‘-—-# - ‘--—*—“-‘EF
f_: o + &
HERD I SN
\ / .
» -
HERZ (+) Ih%‘#.' (<) ]
' ‘
ER+ luminal B ER+ luminal A |
HoR2Z vanam ' .
(tamoxifen and aromatase inhibitors)
: Luminal cells
ER-, HER2- ER-, HER2-
CKE&E+ andior EGFR+ CKS6- and EGFR-
| |
v '
Basal-ike phenotype Non-basal, inple negadve phenotype 1

(aggressive chemotherapy)




Cancer
Immunotherapy




Neoepitopes (Neoantigens)

* Cancers genomes accumulate mutations

e Mutations in coding regions are translated in
mutated protein sequences

e Mutated peptides can be presented as epitopes on

MHC to T cells

Neoepitopes are presumably
recognized by tumor-infiltrating
lymphocytes (TILSs)

Neoepitopes are highly
tumor-specific!

Coulie et al, Nat Rev Cancer. 2014 Feb;14(2):135-46
Schumacher & Schreiber, Science. 2015 Apr 3;348(6230):69-74

CD8

Putative
neoantigen

Tumour cell

Nucleus




Cancer Immunotherapy

» Vaccination: Introduce or boost an immune response against a
specific target (antigen)

* Cancer cells contain non-self antigens that could be recognized by T
cells, but presence of cancer means this mechanism has failed,
typically by the tumor suppressing immune responses

* Checkpoint blockade treatments: Block immune suppressive
mechanisms to boost T cell immune responses against cancer cells.

* Problem: Checkpoint blockade is unspecific, and will also boost
unwanted autoimmune responses

* Personalized Cancer Immunotherapy: Boost anti-tumor response with

vaccine containing peptides corresponding to cancer mutations that
can be recognized by T cells.

- How can such a vaccine be desighed?




DNA and RNA sequencing identifies tumor
specific somatic mutations

Exome Sequencing Exome Sequencing RNA Sequencing
Normal Tissue Tumor Tissue Tumor Tissue
Speeglsi:g [ Mapping ] [ Mapping ] [ Mapping ] STAR
Speedseq Variant calling ]
somatic

Filtering for
expressed
mutations

List of highly
expressed, high
MAF somatic
mutations

List of somatic
mutations

Which mutations can be recognized by
the patient’s T cells?

- Resulting peptides have to bind HLA
molecules of the patient




HLA Typing: Targeted sequencing of HLA locus

DNA Isolation

Sequence-Based
L PCR Primary Amplification Typ lng

(exons 1-5)

PCR Primary Amplification
Product Purification
Sequencing Reactions
(forward & reverse orientations)
Sequencing Reaction
Precipitation
Utilization of 96 sample
sequencing instrument
‘ Sequencing Analysis

*http://www.ashi-hla.org/publicationfiles/ASHI_Quarterly/25_2_ 2001/highthrusbt3.htm
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Your Turn

Read and share your thoughts on the following
class Readings

e Calling cancer's bluff with neoantigen vaccines

* Can genomics help detect early cancer and
monitor treatment effectiveness?

* The increasing cost of cancer therapies

https://bioboot.github.io/bimm194 W18/readings/



https://bioboot.github.io/bimm194_W18/readings/

