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Cancer Is a disease of the genome

 Theodor Boveri (1914)

e Chromosomal defects lead to
abnormal cell proliferation

Concerning the origin of malignant

tumors. T. Boveri
J. Cell Sci. doi:10.1242/jcs.025742

(translated 2008)




Cancer arises from alterations In

 Transforming src sequences
from the Rous Sarcoma Virus
are present in the DNA from
normal cells.

Stehelin, Dominique, Varmus, Bishop, &

Vogt, Nature 260, no. 5547 (1976): 170-
Normal avian 173.

genomic DNA




Major Categories of Tumor Genomic
Alterations

Point mutations Copy number alterations Translocations
AGT Amplification
Arg
CGT 5+ —_—
/ Cys
TGT
GGT ~ Ser
Gly N\
GAT
Asp
Activation of oncogenes-
EET Erbb2 in breast cancer
Activation of many genes-
GTT Deletion Ber-ABL in CML

Activation of oncogenas-
RAS in many cancers
Inactivation of TS genes-
TP&R3 in many cancers

Inactivation of TS genes-
Rb in retinoblastoma

MacConaill & Garraway, J. Clin. Oncol. (2010)




Cancer Genome Insights

Insights into biology

Insights into precision
medicine




Fundamental insights from cancer

genome sequencing - 1
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Garraway and Lander,
Cell (2013)

> Recurrent IDH1/2 mutations in GBM and AML link

genetics to cancer metabolism




Fundamental insights from cancer
genome sequencing - 2

Compacted chromatin

Garraway and Lander,
Cell (2013)

» Mutations that disrupt chromatin remodeling and DNA

methylation occur in many cancers




Fundamental insights from cancer
genome sequencing - 3
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» Mutations that disrupt mRNA splicing occur in
multiple cancer types

Garraway and Lander,
Cell (2013)



Fundamental insights from cancer
genome seguencing - 4
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» Many mutations (~30%) disrupt Notch signaling and squamous
differentiation in head/neck cancer (Stransky et al., Science 2011)

» Mutations that may dysrequlate squamous differentiation occur in
44% of lung squamous cancer (TCGA, Nature 2012)




“Chains” of rearrangements in prostate
cancer genomes

Berger et al., Nature, 2011



Generation of “closed chains” in ETS-positive
prostate cancers

Locus 1
Locus 2
Locus 3
Locus 4
Locus 5
Locus 6
Locus 7

Locus 8



Generation of “closed chains” in ETS-positive
prostate cancers
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Generation of “closed chains” in ETS-positive
prostate cancers



Chromosomal deletions reveal additional
chains

Site 1

Site 3

Sylvan Baca



breakpoints

breakpoints linked
by adjacency

breakpoints linked
by a deletion bridge

Create a graph representation of
rearrangement breakpoints (nodes)
and chromosomal deletion segments
(edges)

Search the graph for sets of connected
breakpoint nodes that are statistically
unlikely to have arisen independently

Baca at al.,
Cell (2013)



Chained rearrangements are common in
prostate cancer (“chromoplexy”)

P0O7-4941 P09-1042

84% of tumors have > 1 chain
65% of tumors have > 2 chains Baca at al.,
Some chains exhibit subclonality Cell (2013)




Cancer genes are often disrupted by
chromoplexy

PTEN
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Baca at al.,
Cell (2013)



Cancer genes are often disrupted by
chromoplexy

ERG (fusion with 15 (of 26 fusion-positive cases)
TMPRSS2)

PTEN 10
NKX3-1
TP53
CDKN1B
RB1
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Baca at al.,
Cell (2013)



Chromoplexy in other tumor lineages
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Fundamental insights from

cancer genome sequencing - 5

> A continuum model for tumor evolution

Genomic
derrangement

Point mutations, . o
singleton translocations closed chains Chromothripsis
and SCNAs o
'}?’- -.‘m \'.1‘
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Selective advantage
required for fixation

Berger et al.,
Nature (2011)

Baca at al.,
Cell (2013)



The “dark matter” of the cancer
genome

* Regions of the genome
that we cannot easily
Interpret

 Examples:
— regulatory regions
— Intergenic regions
— repeat-rich DNA

— “non-focal” copy number
alterations




|dentification of two recurrent mutations
In the TERT promoter

17 of 19 (89%) melanomas had one of two mutations within
100bp of the transcription start site of the TERT promoter

Both are C to T transitions (indicative of UV damage)
Mutations were mutually exclusive

(1,295,250)  (1,295,228)

100 C250T  C228T 1

TERT
promoter



50 of 70 (71%) harbor TERT promoter
mutations

Melanoma Tumors and STCs
(n=70)

C228T
(n=27)

29%
WT

(n = 20)

C250T
(n=23)

Huang, Hodis et al., Science (2013)



C228T and C250T create consensus
ETS sites (GGAA/T)

TERT promoter
+1
C228T
CCCCTTCCGGG
GGGGAAGGCCC
+1
C250T
CCCCTTCCGGG P
GGGGAAGGCCC

Huang, Hodis et al., Science (2013)



C228T and C250T mutations augment
transcriptional activity from the TERT promoter

Relative Luciferase Activity

Relative Luciferase Activity
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Recurrent TERT promoter mutations in
cancer cell lines

Number of Lines

Cell Lines
(n=150)
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Cancer Genome Insights

Insights into biology

Insights into precision
medicine




Genomics-Driven Cancer Medicine:
Guiding Principles

Principle #1: Molecular pathways
involved in tumor survival and

progression are often activated by
genetic alterations.

Garraway, J. Clin. Oncol., 2013



In several major tumor types, ~40-60%
harbor at least one genomic alteration
affecting an “actionable” proliferation or
survival mechanism.



Genomics-Driven Cancer Medicine:
Guiding Principles

Garraway, J. Clin. Oncol., 2013



Spectrum of Targeted Anticancer Agents In
Clinical Development
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v v

ERBB2 (breast cancer) Trastuzumab, Lapatinib
KIT (GIST) Imatinib
EGFR (lung cancer) Erlotinib
SMO (BCC) GDC0449, LDE225
ALK (lung cancer) Crixotinib

BRAF (melanoma) Vemurafenib, dabrafenib, trametinib

Y
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PET Scan PET Scan
Before Therapy After Therzpy

TUMOR DEPENDENCY :> RATIONAL THERAPEUTICS :> TUMOR RESPONSE
(advanced disease)

weeks-months
months-years
months
months
months
Months-1 yr



Genomics-Driven Cancer Medicine:
Guiding Principles




CanSeq: Prospective Whole Exome
Sequencing

Prospective whole-exome sequencing on patients at DFCI/BWH
with return of clinically actionable results to clinical care team

Metastatic Lung
Adenocarcinoma

CanSeq

Metastatic
Colorectal

Adenocarcinoma

Prior to 15
line
systemic
therapy

200
Patients

Metastatic

Castrate-Resistant
Prostate Cancer

Prior to 25
line systemic
therapy

200
Patients

Metastatic Her2+
or ER+ Breast
Adenocarcinoma

At
progression
on hormonal

therapy

150 Patients

Progression
on
trastuzumab
/endocrine
RX

100 Patients




Big Data in Oncology

Data points
per patient

WES, WGS 100,000
Transcriptome

Moore's Law

HHH“""'“‘”H” National Human History and Physical SNaPShot s }“u
||m “III Genome Research Labs, Imaging OncoMap j\\\ .

Institute Pathology... NN

genome.gov/sequencingcosts

$1K
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Source: NHGRI



Precision Heuristics for Interpreting the
Alteration Landscape (PHIAL)

LLTAG...
Insertion/ ...TCG...
Deletions ...AACCC...
Copy Number " , — PHIAL
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“May it be a light to you in dark places, when all other lights go out.” ]
Galadriel, The Fellowship of the Ring (Tolkein) Eli Van Allen



Evaluating Actionable Alterations

9 DANA-FARBER BZBROAD B NGNS Hotema

CANCER INSTITUTE INSTITUTE

CGEC Cancer Genome Report
+ Patient Information

+ Sequencing Metrics

- Actionable Alterations

+ Somatic Mutations and Indels

+ Somatic Copy Number Alterations

+ Germline Analysis

 Analysis and References

Eli Van Aller



Evaluating Actionable Alterations

-| Actionable Table and Details

Table 4. Actionable findings with details, sorted by actionability score

Gene Alteration Variant Coverage Allelic_fraction Tier Trials

KRAS p.A146V Missense Mutation 248 0.61 Actionable: Tier 2-A, Plausibly Actionable, Tier 1-B(R), Prognostie/Diagnostic-B  Click here
STK11 p.Gzyufs Frame Shift Del 273 0.48 Plausibly Actionable: Tier 1-C, 1-D, and 2-B Click here
ATM  p.KzoBfs Frame Shift Ins 30 0.36 Plausibly Actionable: Tier 2-B Click here
BCL6 p.Eq1gV Missense Mutation 112 0.53 Theoretically Actionable: Tier 2-E Click here

KRAS p.A146V: Activating mutations in KRAS are among the most common genetic alterations in human tumors. KRAS mutations play a central role in
tumor progression in multiple cancer types, and have been implicated in poor prognosis and resistance to therapy.

KRAS alterations are common across numerous malignancies. Activating KRAS mutations are found in 15 to 30% of all patients with non-small cell lung
cancer (NSCLC).

This alteration has rarely been found in other cancer types. This alteration has only been reported in 15 colorectal cancer cases in the COSMIC database. An
additional 68 cases of A146T have been reported in colorectal cancer in the COSMIC database. However, one systematic study of exon 4 mutations in
conorectal cancer demonstrated the presence of A146 mutations in 5% of colon cancers.

This alteration is a known activating mutation, though may be less potent than the more common codon 12 and 13 mutations.

Activating mutations in KRAS predict poor survival in patients with NSCLC, though these studies have generally only included codon 12 and 13 mutations.
Activating mutations in KRAS may predict sensitivity to inhibitors of the RAS/RAF/MEK/ERK pathway. Preclinical studies have shown that MEK inhibitors,
in particular, may be effective for KRAS mutant tumors, and these agents are in clinical trials for patients with KRAS mutant cancers. Activating KRAS
mutations may also predict resistance to anti-EGFR therapies.

STK11 p.G27ofs: STK11 is a well-known tumor suppressor (also known as LKB1) that is commonly inactivated in several cancers. Germline mutations in
STK11 cause Puetz-Jeghers Syndrome (PJS).

This gene has been implicated in NSCLC. In addition, it is commonly seen in conjunction with KRAS mutations

This gene has been implicated in NSCLC. This specific alteration has not been reported in the COSMIC database for NSCLC, though inactivating mutations in
STKi11 are common in this tumor type, ocurring at a rate of 5-15% of NSCLC. They commonly co-occur with KRAS mutations.

This alteration is likely inactivating, since it is a frameshift mutation that occurs at codon 279 out of 434.
Loss of STK11 activates the MTOR pathway and therefore may predict sensitivity to inhibitors of this pathway. Preclinical evidence suggests that MTOR

Eli Van Aller
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Reporting Results to Clinicians
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=  Acthating mutations in KRAS are among the most comman genetic alierations in human tumars.
CRAS mutations play @ central role in fumer progresdion in malliple cancer fypes, snd hive been
irplicated in poor progrosis and resisTance to therapy.

*  ERAS alerations ane cCOMMON J070SS mUMErSUS malgnancies. Activating KRAS mutations are
found In 15-30% of 2l patienks with momn-small cdl lung cancor [NSCLC].

*  This alteration is 2 known activating matation, though may B2 ks potent tham the more
cammen codan 1F and 13 mutatians {PRIID: J0570890§

*  Thin alteration ha not been reparted in the COSMIC database for NSCLE, furthermors, Al46
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study of exon 4 mutations im colorectal cancer demenstrated the presence of A145 mutatians in
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*  Activating mutations in KRAS predict poor survival in patiengs with NSOLC, though Eeve studie
have generally onldy included codon 12 and 13 mutations.

= Activating muetations in KRAS may predict serahilvity to Inhibitors of the RAS/RAF/MEK/ERE
pathway, Pradinkcal shadies kave shown that MEE inhibders, in particalar, may be effective for
CRAS mutant tumors, and these agents are in clinical thals for patents with ©2AS mutant
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A “Critical Path” to Effective Cancer

TUMOR DEPENDENCY

CURE OR
LONG-TERM
CONTROL

Treatment

:>‘ RATIONAL THERAPEUTICS

THERAPEUTIC L
COMBINATIONS |

TREATMENT
RESISTANCE

TUMOR RESPONSE
(transient)




Clinical Response and Resistance to
RAF or MEK Inhibition in Melanoma

October, 2009 January, 2010 March, 2010



MEKJ1 mutations and resistance to
RAF/MEK inhibition
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Genome-scale loss-of-function screens
for resistance to RAF inhibition
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NF1 mutations in patients with intrinsic
and acquired resistance to vemurafenib

Patient PFS Resistance cDNA Protein Candidate splice motif Splice motif sequence  Site
(months) broken?

45 5 Acquired c4023G>A pQ1341Q Splice site AACCTCCTTCAGAT Yes

S0 2 De novo cAD1BC>T p V1008V  Enhancer ATGGTC Yes

Steven Whittaker
Eli Van Allen
Nikhil Wagle



Approaches to Therapeutic
Combinations in Melanoma
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P13 kinase pathway? GEF/GTPase/PAK signaling?
GPCR pathway? Immune checkpoint mechanisms



The Engine of Precision Cancer
Medicine

Fresh biopsy Fresh biopsy Fresh biopsy

Patient
encounter

Data
interpretation

Management
decision

Omic profiling

Clinical
response?

Salvage or
new therapy?

resistance?




The Cancer Genomics Vision:
Looking Forward

 Completing the mutational
atlas for primary tumors

&  Expanding the atlas
beyond primary tumors

— Metastases
— Following relapse to therapy

e Systematic functional
annotation

W 3 e Systematic clinical
VG o o 4 Implementation

« Worldwide data sharing
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