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Success and Challenges of Treating Pediatric Cancers
Genomics
Next-generation Sequencing
Application of next-generation sequencing:
* Diagnosis

e ldentification of molecular target

Precision Therapy



Childhood cancer

Childhood cancer: The beginning of a modern
medical success story

National Cancer Institute

Leukemia Lymphoma Wilms
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Mortality rates

However in the past 16 years no improvement in mortality
rates despite increased intensity of treatment

a All other cancer sites
* Lymphoma and leukemia

National Cancer Institute

Mortality Rate

1990 1995 2000 2006

Year

1975 1975 1985

Courtesy: Malcolm Smith



Ped

Metastatic, Recurrent, & Refractory Disease Remains Incurable
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Gene expression

The dramatic consequences of gene
expression 1n biology

Same genome >
Different expression pattern
Different proteome
Different tissues
Different physiology
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Gene expression
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Gene expression

Biology is driven by the simultaneous expression of
large numbers of genes acting in concert
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Phenotype
Cancer Diagnosis &
Response to

Treatment

~500,000
Protein




15 February

Nuclear fission.
Five-dmiensionil
encrgylandscapes -~
-— - - . e £

Seafloor spreading
Theyview fomeander
the Arllicice »

Sequence createst
opportunitics’ =

-

- E
HUMAN
GENOME

£

‘Vol. 291  No. 5507
Pages 1145-1434 S99




Genomic research

Genomic Research — identification of
biomarker, driver, and target

Jri\

Low or No Expression
in Normal Tissues

Therapeutic Target
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Gene measurement

Challenge: how to measure/detect genes and their
products in a massively parallel way?

« High-throughput technologies

- Computational power



First generation tools

1st generation genomic tool:
microarrays

Mechanical Electronic Piezo

N 1

Printing microarrays

Lithographic masks Digital micromirrow
and de-protection device (DMD)
through illumination B - T—

-~

oo B0 = Bl (] aee
=

- s
A Cs® Yt el A CER Y CES A:’”-Y!‘ﬂu
. | A e | Al A
(Ea] = | =~ 1] le’_ I‘A-;riwﬁ.
T mw T coime S gome S

e bt e g

v
>
©
e
—
o
o
—
S
=
Rard
v
D
. -
R
o=
—
w
=2
=
w
.
=




Microarrays

Microarrays — technologies of hybridization

1) Targets are isolated 2) LLabeled targets are
and labeled

combined with array
Healthy Cancerous

w
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4) Hybridized array 3) Array is washed after
is scanned hybridization™




Next-generation sequencing

Next-Generation Sequencing

Genomic DNA
or RNA

$ Fragmentation
° Size Selection

S S — DNA Fragments of
& Adaptors Ligation

Genomic DNA Library

R e e e e Align (Map) Reads
Faft Ganeme e e e e e e e e to Ref. Genome
L

AGCTGCTCGTCGCGAAACTCCGATCGACTGCTGATCGACTCGATCACTCGATCGTAGTCGAGAGTACTCGATGCT Ge nome se q uence



assively Parallel Sequencing

Massively Parallel Sequencing

Each spot = one Sanger sequencing
Hundred of millions spot in a flow cell

iHumina




Genomic Alterations

Genomic alterations detected by DNA sequencing

Non-human

Reference sequence
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Genomic Alterations

Genomic Alterations Detected by
RNA Transcriptome Sequencing

Igtron
E-—1N

Digital Gene Expression
Expressed Mutations
Alternative Splicing Events
Expressed Fusion
Transcripts

RNA editing

* Novel Transcripts

* Non-coding RNAs

Short read

Short read s spiit by
imtron when aligning
to reference Genome = —
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Properties

Properties of the next-generation
sequencing technologies

* No need to prepare clones for DNA fragments
* No need of prior knowledge for probe design

 Able to detect balanced genome structure
changes

- Parallel sequencing at basepair resolution—
massive-throughput (up to 100s Gb/run)

- Cheaper (per nucleotide) and faster per genome



Cancer Genomes

Next Generation Sequencing Allows for Comprehensive Analysis of
Cancer Genomes on the Same Platform

Germ line

DNA

Whole Genome Genome Partition Methylation ChIP-seq Messenger RNA Non coding RNA

(e.g. Whole Exome) (e.g. MBD) . E:A’\
micro Other

Next Generation Sequencing

Copy Number Gene Expression
Gene Rearrangement Chimeric Genes
Entire/Novel Methylome Splice Variants
Damaging Mutations Novel Transcripts
Damaging Mutations

Biomarkers: Diagnostic Prognostic
Biology: Drivers
Therapeutic Targets: Mutations
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Clinical Vignette

Clinical Vignhette
Use of Diaghostic Assay

e 4.5 year old female 2"9 opinion from POB,
NCI from Germany with questionable
Diagnosis

e 6-week history of weight loss, reduced
appetite, fever, abdominal pain

e On examination left sided abdominal mass
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Wilms tumor

MRI: 9 x 8 Xx 9 cm mass in upper pole left kidney, tumor in Left renal
vein and inferior vena cava

Initial diagnosis: Wilm’s tumor




Cancer diagnosis

3rd Principal Component

Diagnosis of cancers using gene expression profiles

RME

EWS

NE

(o1

Wilm’s tumor |

l

Neuroblastoma

e Patient was switched
to high risk
neuroblastoma
treatment included
stem cell transplant

e Doing well 1 yr after
diagnosis




Diagnosis

Diagnosis of fusion positive pediatric tumors
using whole genome sequencing

Rhabdomyosarcoma Lesser Allele Ewing’s Sarcoma
Frequency

Chromosome

t(2;13) PAX3-FOXO1 \ }éf/ '% w t(11;22) EWS-FLI1
et 2 W sw .
\

Loss of \

Heterozygosity Copy number

Shern et al., Cancer Discovery 2014, 4(2):216-31 Brohl et al., PLOS Genetics 2014, 10(7):e1004629



Rearrangement
Novel in-frame PAX3-INO8O0OD fusion with massive 2q

rearrangement in RMS,
Expression fusion gene verified by RNAseq

Chromosome 2
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Pediatric cancer mutations

Pediatric cancers have a low number of somatic
and actionable mutations at initial diagnosis

Adult Cancers
Maelariama

Stomach

Lerng squearmous cell cancinoma
Colorectal
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Esophageal ademnacancinoma
Glioblastoma multifonme

Head and nick

Diffuie large B-cell hymphoma
Ohrarian

Kidmey papsllary coll

Kiddrney chear cell

BMultipde monelornma

Breast

Lovwr—grache glicnna

Pamcreas

Is there an enrichment for actionable
mutations at relapse?
= Is the mutational load similarly low at

Chranic lyrmphocytic heukemia

 Prostate relapse?
Acute miyebold leukemia - - R -
Careinerd * Is there clinical utility of comprehensive
Pediatric Cancers genomics of cancers at relapse?
LR 3l ] = - - - =
Fusion Negative RMS » Feasibility of performing genome guided
WA SO - - - - - -
Medulioblastoma precision therapy trials in pediatrics?
PAX-Fusion RMS
Symadvial Sarcoama L . . .
o = o &

Somatic mutation frequency (per Mb)
2014, Cancer Discovery. Shern, J. F. ef al | Comprehensie Genomic Analysis of Rhabdomyosarcoma 2013, NMatwre, Larsrence, M. S, of al, Mutational helensgeneily in cancer



Clinomics for precision medicine

Personalized Medicine and Imaging Clinical

Cancer
Research

MultiDimensional ClinOmics for Precision Therapy
of Children and Adolescent Young Adults with

Relapsed and Refractory Cancer: A Report from

the Center for Cancer Research =

wWendy Chang'?3*, Andrew S. Broh!l'?, Rajesh Patidar', Sivasish Sindiri', Jack F. Shern'=,
Jun S. Wei', Young K. Song', Marielle E. Yohe'?, Berkley Gryder', Shile Zhang',

Kathleen A. Calzone®, Nityashree Shivaprasad', Xinyu Wen', Thomas C. Badgett"®,
Markku Miettinen’, Kip R. Hartman®?®, James C. League-Pascual®?®, Toby N. Trahair'®,
Brigitte C. Widemann?®, Melinda S. Merchant?, Rosandra N. Kaplan®, Jimmy C. Lin', and
Javed Khan'

Clin Cancer Res. May 2016

Protocol Number: 10-C-0086
Title: “Comprehensive Omics Analysis of Pediatric Solid Tumors and Establishment of a
Repository for Related Biological Studies” or Omics protocol
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Study design
Study Design

* Pilot study to determine the utility and feasibility of
performing comprehensive genomic analyses to
identify clinically actionable mutations in pediatric and
young adult patients with metastatic, refractory or
relapsed solid tumors

- 59 patients enrolled to the pediatric oncology branch,
Center for Cancer Research (CCR), NCI (2010-2014)

- Age 7 months-25 years
« 20 diagnostic categories (non-CNS, solid tumors)

e Comprehensive multi-omics exome germline & tumor,
RNAseq tumor & lllumina Omni SNP arrays of tumor
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Mutations
Definitions: Actionable

- Actionable germline mutation: loss of function

mutation or known hotspot activating mutation of
a cancer consensus gene or pathogenic or likely
pathogenic mutation of an American College of
Medical Genetics (ACMG) Gene

- Actionable somatic mutation: genomic
alterations that changes the patient’s diagnosis,
or may be targeted with FDA approved drugs or
INn the context of existing clinical trials according
to the NCIl-adult MATCH-Criteria




Multi-omics integrated landscape
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Diagnostic, Driver, Actionable

| DNAseq and RNAseq

Somatic: Driver, Actionable

DNA copy number & RNAseq
Somatic: Driver, Actionable

Germ line: Disease causing,
Actionable
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Somatic mutations

Somatic mutation burden at relapse increases 2-3X
Not all somatic SNVs are expressed in mRNA
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Match criteria

NCI-Adult MATCH

Criteria for Matching Mutation to Drug

Level 1

Gene variant approved for selection of an approved drug (BRAF V600E and vermurafenib).
The variant will be Level 1 in all tissues open to treatment with the approved drug.

Level 2a

Gene variant is an eligibility criteria for an ongoing clinical trial for that treatment.

Level 2b

Gene variant has been identified in an N of 1 responses (TSC1 and everolimus) for that
treatment

Level 3

Preclinical inferential data (in vivo and in vitro models) that provide biological evidence
sufficient to support the use of a variant for treatment selection, e.g.
° Models with variants respond to treatment and models without variant do not
respond to treatment
e Gain of function mutations demonstrated in pre-clinical model, e.g. D769H variant of
ERBB2 results in increased tyrosine Kinase-specific activity and up regulates pathway
signaling (does not require treatment evidence)
£l Loss of function genes, tumor suppressor or pathway inhibitor (e.g. NF1) any variant
that produces a stop codon including frameshift or demonstrated loss of function in pre-
clinical model (does not require treatment evidence




Tumor mutations

Approximately 50% of Pediatric and Adolescent Young Adults
with Cancers have Actionable Tumor Mutations
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Germline mutations

~10% of Pediatric and Adolescent Young Adults with Cancers
have Actionable Germline Mutations some Therapeutically

Sample | Diagnosis | Gene Mutation Disease Hotspot Motes Zce':eﬁ
Ataxia-Telangiectasia and Cancer Frameshift Inserion of
NCI0072 MM ATM p.¥380fs Predisposition Syndrome e Tumar Suppressor Gene Yes
Hereditary Breast and Owvarian .
MNCI0010 NB BRCAT Q1313 X Cancer Syndrome Yes Pathogenic, Reportable es
Lynch Syndrome and Mismatch Frameshift Deletion of Tumar
NCHo10 s PMS2 p.lS50fs Repair Cancer Syndrome o Suppressor Gene Yes
NET PTEN | p.Ri14fs | PTEN Hamartoma Tumor Syndrome Mo e Cn Ol | e
Suppressor Gene
MTC RET nM918T Multiple Endocrine Meoplasia 28 es F'athn-geni-::_ Reportable es
FPatient Tumor has LOH of
MNCI0152 | S5 — US TP53 R17sH Li-Fraumeni Syirdnome Yes Wild-Type TRPS53 on Other
Allale Mo
Tumor has LOH of Wild-Type
TPS53 on Other Allels, Nowel,
MNCID226 ACC TP53 A1 S9K Li-Fraumeni Syndromse Yes 2 Base Mon-Frameshift
Substitution,
©.358 359delGCinsTT Mo
Tuberous Sclerosis Type 1, Monsynonymous Sk,
Lymphangicleionmyomatosis, Focal Autosomal Dominant, Patient
‘ MM L p.S628R Cortical Dysplasia, and Everolimus Mo also has a Germline TSC2
Sensilivity Mutation ]
Monsynomymous Shiv,
Tuberous Sclerosis Type 2, and Autosomal Dominant, Patient
# MM rscz p-T246A Lymphangiokiomyomatosis ves also has a Germiine TSCA1
Mutation Mo

Chang et al. Clin Cancer Res. 2016
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Summary
Summary

- Demonstrated the importance and feasibility of performing multi-
dimensional ClinOmics in the clinical setting in real time

- ~50% of children with pediatric or AYA patients with relapsed or
refractory cancers have actionable somatic mutations

-~ 10% have actionable germline mutations

- Importance of performing parallel germline sequencing; some

therapeutically actionable (e.g. DNA repair, PTEN, TSC1, TSC2Z2,
HRAS, RET, ALK)

* Increased tumor burden in relapsed tumors; implications for
immunotherapy

- Single agent pediatric MATCH like trials are planned by COG-
NCI



= N/

Future Trials

Genomics Enabling Precision Therapy-The
Future for Pediatric Trials
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ClinOmics program

CCR ClIinOmics Program-CLIA
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Operational goals

Operational Goals

Clinical Research

Panel &
Exome for
tumor and
normal

fumor,
normal

= Methylation
arrays
fumor

PDX

- Exome /
RNAseq on
models

Patient-derived Biobanking
Genomics Comprehensive Tumor Models &Tissue
Platform Genomics - PDX from Repository
- Enable - RNAseq tumor and = Tumor,
precision transcript - blood germ line
therapy ome - Conditional - DNA, RNA
trials for analysis of reprogram- « Plasma
patients with tumor med cells Serum. ’
cancer- - SNP arrays from tumor, Urine,

Circulating
tumor cells,
DNA, RNA
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Exome vs. Panel

Exome vs. Panel (both CLIA)

- Exome-All Protein Coding Genes
— Mutations iIn dominant clone
— Novel driver mutations

— Actionable secondary/incidental findings in
germline in non-cancer genes

- Panel- Cancer Genes
— Validates exome NGS results
— Deeper coverage allows subclone detection
— Copy number changes and LOH
— Fusion gene detection




Clinomica Wesite

ClinOmics Website for
Data Presentation

S Ei!ps:”ir-s-gsg-onc-
ncifcrf.gov/ioncogenomics/public/
' H credential login

— Secured data deposit
— Access control
- Interactive Data viewing
— QC
— DNA sequencing: exome and cancer panel
— RNAseq




QC Report
Statistics
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QC report

QC Report: Coverage
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Mutation view
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Conclusions
Conclusions

1. Integrated analysis of the cancer genome
iIndentifies biologically relevant diagnostic,
prognostic biomarkers and novel targets for
therapy

2. Powerful emerging tools of next generation
sequencing (including whole genome, exome, and
transcriptome) will determine the complete
genomic portrait of pediatric cancers at the base
pair level

3. This will lead to the identification of key drivers and
will enable the development of future novel

therapies and precision therapy
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