Vanquishing Cancer
Through Genomics




The Genomic Assault on Cancer
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High Throughput DNA sequencing Has Revolutionized
Cancer Genomics

1 HiSeq2000 run / 11 days

600 x 10° bases
(2 whole genomes)

6 x 109 sequence reads

200 x 10° bytes/case




Cost per Genome
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Therapeutically Applicable Research
to Generate Effective Treatments

CTD?: A Bridge from Genomics to i/
Cancer Therapeutics <y
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The Mutational Burden of Human Cancer
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Increasing genomic
complexity

Mike Lawrence and Gaddy Getz



ARTICLE

doi:10.1038/naturel2222

Comprehensive molecular characterization
of clear cell renal cell carcinoma

The Cancer Genome Atlas Research Network*



Frequent Activation of the PI(3)K Pathway in
Clear Cell Renal Carcinoma

PI1(3)K aberratlons (28% of cases)

Response of RCC
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Four Molecular Subgroups of Endometrial Cancer
Defined by Integrative Analysis
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Molecular Subgroups Refine Histological Diagnosis
Of Endometrial Carcinoma
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Molecular Diagnosis of Endometrial Cancer May
Influence Choice of Therapy
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Novel Cancer Therapies
Based on
Structural Genomics



National Cancer Institute

U.S. DEPARTMENT
OF HEALTH AND
HUMAN SERVICES

National Institutes
of Health

TARGET

Therapeutically Applicable Research
to Generate Effective Treatments

Comprehensive characterization (GEP, CNA, and WXS or
WGX; epigenetics is part of most, but not all projects) of
100-200 cases of:

Acute lymphoblastic leukemia, dx and relapse

Acute myeloid leukemia (AML), dx and relapse

Neuroblastoma (stage 4)

Osteosarcoma

Wilms tumor (relapsed patients of favorable histology and
anaplasia)

pooood



Response of Pediatric B-ALL With a Novel
EBF1-PDGFRB Translocation to Imatinib

10 year old male

Refractory B-ALL — 70% blasts at day 29
Sagittal vein thrombosis

Cytogenetics: 59 alteration, otherwise normal
RNA-seq => EBF1-PDGFRB translocation

>
Q@

& <§\®
Commenced imatinib € &
Immediate clinical improvement _
1 week: morphologic remission =

2 weeks: MRD 0.017%

EBF1-
PDGFRB

Actin

B Weston et al, submitted



How to get the right drug to the
right patient?

Genotype to Phenotype

“Basket” studies
“N of 1”7



Molecular Analysis for Therapy Choice
(NCI MATCH)

Screen 1500 to 3000 patients (Target
enrollment 500 — 1000 patients)

Selected CLIA labs running comparable
screening diagnostic tests

Targeted agents committed: >30

Tumor genomics board to determine rules
for assignment to study drug

Barbara Conley MD, Alice Chen MD, Mickey Williams PhD
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How to get the right drug to the
right patient?

Phenotype to Genotype
Exceptional responders



Response to Everolimus — MSKCC Protocol 08-123

« 73 year old with metastatic bladder cancer.

« Complete response to everolimus (MTORC1 inhibitor) on MSKCC
protocol 08-123.

» The patient remains on drug with no evidence of disease 24
months after starting treatment.

« This patient was one of only 2 who responded to drug (of 45
patients). The drug did not achieve it’s pre-trial statistical
endpoint (>70% of patients progression free at 2 months).

Pre-Treatment 3 month 6 month 18 month

lyer et al. Science 338(6104):221 (2012)



Whole Genome Sequencing Reveals Molecular Basis for
Exceptional Response to Everolimus in Bladder Cancer
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Whole Genome Sequencing Reveals Molecular Basis for
Exceptional Response to Everolimus in Bladder Cancer
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NCI Exceptional Responders Initiative

Potential Review of
exceptional clinical
responder records to
(n=100) confirm

exceptional
-NCl trials status
-community
referral

Barbara Conley MD

Whole exome
Targeted
resequencing of
cancer panel
Transcriptome

Correlation of
genomic
aberrations
with drug
mechanism
of action




“Achilles Heel”
RNA Interference Screens
to Identify
New Molecular Targets
in Cancer



Achilles Heel Screen for Genes Essential for
Cancer Cell Proliferation and Survival

small hairpin
RNAs
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RNA interference
retrovirus library



Achilles Heel Screen for Genes Essential for
Cancer Cell Proliferation and Survival
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Achilles Heel Screen for Genes Essential for
Cancer Cell Proliferation and Survival
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Achilles Heel Screen for Genes Essential for
Cancer Cell Proliferation and Survival

small hairpin

RNAs

sk Infect 3 week
d d cancer growth

cells in vitro

O
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RNA interference

retrovirus library shRNA that blocks

gene essential for
_ cancercell
proliferation or survival



Interplay of Functional and Structural Genomics

Genome-wide
RNA interference screen Oncogenic somatic mutation

- _.,S)v.m

CACCTACGAGGTAAGGAGAGGGGCA
60 170 180

Essential

|
| !I\ —_y cancer
{\ | |'\| pathways
| A |

VL




Dissecting Cancer Into Molecularly and Clinically Distinct Subtypes
by Gene Expression Profiling
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Diffuse large B cell ymphoma

~40% of Non-Hodgkin lymphomas
~23,000 new diagnoses/yr
~50% cure rate

~10,000 deaths/yr



by Gene Expression Profiling
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Dissecting Cancer Into Molecularly and Clinically Distinct Subtypes
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specific
gene
expression
signatures




Dissecting Cancer Into Molecularly and Clinically Distinct Subtypes
by Gene Expression Profiling
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Dissecting Cancer Into Molecularly and Clinically Distinct Subtypes
by Gene Expression Profiling
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Molecular Pathogenesis of Diffuse Large B Cell Lymphoma
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Oncogenic Activation of NF-xB in ABC DLBCL




Chronic Active B Cell Receptor Signaling in ABC DLBCL

Chronic Active
BCR signaling
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Chronic Active B Cell Receptor Signaling in ABC DLBCL

Chronic Active
BCR signaling
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Chronic Active B Cell Receptor Signaling in ABC DLBCL

Chronic Active
BCR signaling
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Chronic Active B Cell Receptor Signaling in ABC DLBCL

Chronic Active
BCR signaling
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Chronic Active B Cell Receptor Signaling in ABC DLBCL
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Chronic Active B Cell Receptor Signaling in ABC DLBCL

Chronic Active
BCR signaling
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Critical Role of ITAM Motifs in B Cell Receptor Signaling

Ny?

B cell receptor




Preferential Mutation of CD79B in ABC DLBCL
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What Are the Functional Consequences of
CD79 Mutation in ABC DLBCL?



Critical Role of ITAM Motifs in B Cell Receptor Signaling
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CD79B Mutations in ABC DLBCL Disrupt the ITAM Motif
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CD79A Deletions in ABC DLBCL Disrupt the ITAM Motif

NMy?

B cell receptor




Antigenic Stimulate Promotes Endocytic Recycling
of the B Cell Receptor
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B cell receptor
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Endocytic
recycling
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Lymphoma-derived CD79B Mutations Block
Endocytic Recycling of the B Cell Receptor
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LYN Attenuates B Cell Receptor Signaling
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CD79B Mutants Decrease Negative Feedback by LYN
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Constitutive MYD88 Signaling in ABC DLBCL

Chronic Active Constitutive
BCR signaling MYD88 signaling
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Constitutive MYD88 Signaling in ABC DLBCL

Chronic Active Constitutive
BCR signaling MYD88 signaling
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MYDB88 is the Key Signaling Adapter Downstream
of Toll-like Receptors

PAMPs

dsDNA LPS
ssRNA lipids

MYD88
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MYDB88 is the Key Signaling Adapter Downstream
of Toll-like Receptors

PAMPs

dsDNA LPS
IL-6 IL-10 ssRNA lipids
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MYD88 L265P: A Frequent Oncogene in Diverse
Lymphoma Malignancies

ABC DLBCL

1° CNS DLBCL

ABC

1° cutaneous DLBCL, leg-type phenotype

1° testicular DLBCL

Waldenstrom’s
macroglobulinemia

IgM-MGUS
MALT lymphoma [}

Splenic MZ lymphoma

Chonic lymphocytic leukemia l

0 10 20 30 40 50 60 70 80 90 100
MYD88 L265P Prevalence (%)



Blockade of BCR Signaling in ABC DLBCL with Ibrutinib

Chronic Active
BCR signaling
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lbrutinib Covalently Binds to the BTK Active Site




The BTK Inhibitor Ibrutinib is Toxic for ABC DLBCL Cells
With Chronic Active B Cell Receptor Signaling
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Patient #2 on lbrutinib Phase 1b Trial
in Relapsed/refractory DLBCL

52 year old female
ABC DLBCL

CD79B Y196C mutations

Relapse following 2 prior chemotherapies
DA-EPOCH-R + Campath CR and relapse
DA-EPOCH-R CR and relapse

Single agent treatment with Ibrutinib
Complete response at week 8 by CT and PET scan



PET/CT Scan of Patient #2 With ABC DLBCL
Before and On Treatment With Ibrutinib

Lymphoma

Before Rx On Rx: week 8
Complete Response



Patient #9 on Pilot Trial of Ibrutinib (PCI-32765)
in Relapsed/refractory ABC DLBCL

59 year old female
ABC DLBCL

CD79B wild type
MYD88 wild type

Primary refractory disease
R-CHOP x 6: No response
R-ICE x 2: No response

Oxaliplatin + gemcitiabine x 3: No response
Single agent treatment with ibrutinib

Near complete response at week 3 by CT and PET scan



Rapid Normalization of LDH Following Treatment with
Ibrutinib (PCI-32765)
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Partial Remission of ABC DLBCL in Patient #3
on Pilot Trial of Ibrutinib
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Phase 2 Clinical Trial of Ibrutinib
in Relapsed/refractory DLBCL

Multicenter phase 2 trial
Relapsed/refractory DLBCL
(ABC and GCB subtypes)
Subtype determined by immunohistochemistry
and confirmed by gene expression profiling
Ibrutinib 560 mg p.o. daily
n=70



lbrutinib Extends Life in Relapsed/Refractory ABC DLBCL
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lbrutinib Causes Tumor Shrinkage Preferentially in ABC DLBCL
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Ibrutinib is Preferentially Active in ABC DLBCL
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lbrutinib Extends Progression-free Survival in Relapsed/Refractory

ABC DLBCL
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Ibrutinib Extends Overall Survival in Relapsed/Refractory

ABC DLBCL
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Can Analysis of Recurrent Genetic Lesions
Identify Ibrutinio Responders
Within ABC DLBCL?



Influence of B Cell Receptor and MYD88 Pathway Mutations
on |Ibrutinib Response in ABC DLBCL

CD79A/B ITAM motif
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Patient #3 on Pilot Trial of Ibrutinib in
Relapsed/refractory ABC DLBCL

48 year old male
ABC DLBCL

CD79B wild type
MYD88 wild type

Multiple prior relapses following chemotherapy and radiation
R-CHOP x 6

R-ESHAP

Autologous bone marrow transplant

Single agent treatment with ibrutinib

Complete response at week 10 by CT and PET scan



Complete Remission of ABC DLBCL in Patient #3
on Pilot Trial of Ibrutinib

Before Rx On Rx: week 10




Enrichment for a CD79A ITAM Mutation During Treatment
of ABC DLBCL With Ibrutinib

45 bp deletion
chr19: |
42I,384,900
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GGGTCCTGATGTTOGCTGCCTCAT TTCCATCCCAGGGCCTGAACCTGGACGACTGCTCCATGTATGAGGACATCTCOOGGGGCCTCCAGGGCACCTACC
L BN | WBN D SM Y E DI SR G.L Q T B
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biopsy
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Influence of B Cell Receptor and MYD88 Pathway Mutations
on lbrutinib Response in ABC DLBCL
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Influence of B Cell Receptor and MYD88 Pathway Mutations
on lbrutinib Response in ABC DLBCL

MYD88 TIR domain
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Influence of B Cell Receptor and MYD88 Pathway Mutations
on lbrutinib Response in ABC DLBCL

MYD88 TIR domain vs.
CD79A/B ITAM motif

100, p=0.0038
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Influence of B Cell Receptor and MYD88 Pathway Mutations
on lbrutinib Response in ABC DLBCL

MYD88 TIR domain vs.
CD79A/B ITAM motif
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Drugs That Target Oncogenic Pathways in ABC DLBCL

Chronic Active Constitutive Constitutive
BCR signaling MYD88 signaling cytokine signaling
IL-6 /

IFNAR1

Ruxolitinib

[I\L-1 0 /{FN'B
A \MRAK4 |RAKE

. . Ibrutinib (PRAK1 IRAK1I(P)
Fostamatinib ¢\ ®
BTK ) A
|
—_—
l ,

Dasatinib ND-2110 -
, SF MYD88

Sotrastaurin

BKM-120  pi3)k \@
* \ CQARDﬂ

MALT1

Rapamycin mTORC1

v

PI(3)K
pathway /




Drugs Targeting Many Pathways Synergize With Ibrutinib
in Killing ABC DLBCL Cells
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Targeted Therapy of ABC DLBCL

« |brutinib, a selective irreversible BTK inhibitor, induced
a high response rate in relapsed/refractory ABC DLBCL




Targeted Therapy of ABC DLBCL

* lbrutinib, a selective irreversible BTK inhibitor, induced
a high response rate in relapsed/refractory ABC DLBCL

2 CD79B mutant tumors responded frequently to ibrutinib,
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Targeted Therapy of ABC DLBCL

Ibrutinib, a selective irreversible BTK inhibitor, induced
a high response rate in relapsed/refractory ABC DLBCL

CD79B mutant tumors responded frequently to ibrutinib,
indicating that ibrutinib inhibits chronic active BCR
signaling in ABC DLBCL

Ibrutinib response did not require CD79B mutation,
suggesting that BCR pathway addiction can occur by
other means in ABC DLBCL

Ibrutinib synergizes with multiple targeted agents and
chemotherapy in killing ABC DLBCLs

Rational drug combinations hold promise in ABC DLBCL
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Major Categories of Tumor Genomic Alterations

Point mutations Copy number alterations Translocations

AGT Amplification s
Arg

CGT
/ Cys

GCT Activation of oncogenes-
Erbb2 in breast cancer

Activation of many genes-

GTT Deletion Ber-ABL in CML

Activation of oncogenes-
RAS in many cancers
Inactivation of TS genes-
TP53 in many cancers

Inactivation of TS genes-
Rb in retinoblastoma

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



ARTICLE

doi:10.1038/nature09837

Initial genome sequencing and analysis of
multiple myeloma

Michael A. Chapmaan, Michael S. Lawrencel, Jonathan J. Keatsz’3, Kristian Cibulskisl, Carrie Sougnezl, Anna C. Schinzel?,
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Ted Liefeldl, Sagar Lonial3’15, Scott Mahanl, Bunmi Mfuko3’6, Stefano Montil, Louise M. Perl<ins3’6, Robb Onofriol, Trevor]. Pughl,
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BRAF mutations in 4% of primary multiple myeloma cases

VG600E — 2.5%
K661N — 1.9%



Response of Multiple Myeloma With BRAF V600E
To Vemurafinib

Serum
M-spike
(g/L)

Baseline 0 28 56 84 112 140 168 196 224

Light
chain
in urine
(mg/d)

0 2'8 5I6 8I4 1%2 1;10 1EI38 156 2é4

Vemurafinib treatment (days)

Vemurafinib
day 28

pon
g
Baseline
.
3 \ -
TR e TP T v g - = R Bl
S D ‘,'.’r,’¢' 2 o 308 LR he "_. 6_‘0‘\1,,:',_ ..',, »
. . Las L Vnegqg P onfe b JTor b s, . L e end W Spnlil Vel 8
y ot Iyl SN en il L Ge #y VT Tan 8} v OOF 't
EMUraTINID (5 5565 Zogmi S0y EIf0 s o ot g e o, e
Eh Ak o S0, < f UMM M AL g AR o By sk 0 . ]
E.,‘_.._:l.:' o ._,\:‘0" of B2 DTN et WlTI%N t.( W w B e T W0 05,571
2 by o G Mg T 0% 2y GalTdn e Ui, ! e o Fase, s .
ARG * 2.%." 2" a v Db X o X ,:_. PAT T AP AT ..
oo Voo 38 TR 7. 0:‘.-.'—_.'..-,\.3 D‘@Q. "l s
STt SO i v @ S e e 0 ol Bhi LRl T A

Adapted from Andrulis et al Cancer Discovery 3:862 (2013)



Patients with ABC and GCB DLBCL Who Relapse Following R-CHOP Therapy
Have Equivalent Overall Survival Following Relapse

Overall survival following relapse
with R-CHOP Rx (yrs)

ABC DLBCL
GCB DLBCL &
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