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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
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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
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Brain stem glioma cancer

Certain cancers remain incurable- brain stem glioma
Cancer when spread remains incurable (<30% survive)

“hoa aa—aman,,
AAL— Ak M AML— &

A M

g 80 Local Regional Disease
=

=

D gl .

8 Ewing’s Sarcoma

= 0]

S

i

National Cancer Institute

Distant Mctastases

T T T T T 1
o 20 40 60 80 100 120
Time to Event (Months)

100 —

= Ovwverall Survival
Event Free Survival
80 .
= 1960 Metastatic (Spread)
W 1990s  © 6o Rhabdomyosarcoma
50 =
=3
40 @ Lo
30 =. 1 26%
20 ' ] 20 27% : 24%
s ' | I
o T )
Acute Myeloid High Risk Brain Stem o 1 2 3 a 5 6 7 8 o 10

Leukemia Neuroblastoma Glioma Time (years)



Gene expression

The dramatic consequences of gene
expression 1n biology

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




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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Genomic research

Genomic Research — identification of
biomarker, driver, and target
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Next-Generation Sequencing
(Massively Parallel Sequencing)




Next-generation sequencing

Next-Generation Sequencing

Genomic DNA
or RNA

$ Fragmentation
° Size Selection
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Massively Parallel Sequencing

Massively Parallel Sequencing

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

Genomic alterations detected by DNA sequencing
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Genomic Alterations

Genomic Alterations Detected by
RNA Transcriptome Sequencing
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o - Digital Gene Expression

B e - Expressed Mutations
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* Novel Transcripts
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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




Diagnosis

3rd Principal Component

Diagnosis of cancers using gene expression profiles

Wilm’s tumor ’

|

Neuroblastoma

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

e Doing well 1 yr after
diagnosis




MS subtypes

Distinguish RMS sub-types using unsupervised
clustering of transcriptome data

Fusion-negative RMS

RMS.2068

RAMS.209 - P3F

Fusion-positive RMS

RAMS.2074 - P7TF
RMS.2080
RMS.2078

Shern et al., Cancer Discovery 2014, 4(2):216-31



Diagnosis

Diagnosis of fusion positive pediatric tumors
using whole genome sequencing

Rhabdomyosarcoma Lesser Allele Ewing’s Sarcoma
Frequency

Chromosome
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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
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Correct Diagnosis

Correct Diagnosis using whole genome sequencing

Case 1
. Original Histology: Sarcoma, undifferentiated RMS, not otherwise
specified.
= Had ALK-NPM1 fusion by whole genome sequencing;
- Review of Histology = Hematological malignancy- most likely

misdiagnosed ALCL

Case 2
- Original Histology: Consistent with RMS
= Presence of RET-NCO4 fusion by whole genome sequencing which

has been reported in papillary thyroid carcinoma.
= Likely misdiagnosed or sample label error from the source



Correct Diagnosis

Correct Diagnosis using whole genome sequencing

Case 1
- Original Histology: Sarcoma, undifferentiated RMS, not otherwise
specified.

- Had ALK-NPM1 fusion by whole genome sequencing;

Review of Histology = Hematological malignancy- most likely
misdiagnosed ALCL

Case 2

- Original Histology: Consistent with RMS

- Presence of RET-NCO4 fusion by whole genome sequencing which
has been reported in papillary thyroid carcinoma.

Likely misdiagnosed or sample label error from the source
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Neuroblastoma

Neuroblastoma: an enigmatic cancer of
childhood

* Very diverse outcomes

e Survival rate for patients with high-risk neuroblastoma
is <50% despite of intensive multimodal therapies

e Current cytotoxic therapies result in high morbidity
rate

- High mortality and morbidity is substantial for patients
with metastatic pediatric tumors

* Novel targeted therapies are highly desirable
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Neuroblastoma Stage 4S

Survival >90%




Event-free Survival (%)

/

Cure Rate

Cure rate for metastatic neuroblastoma remains poor
despite of aggressive treatment

Mission of Oncogenomics Section
100~ High Risk (Metastatic)

Neuroblastoma Apply high throughput genomic and
636 proteomic methods to investigate
' these cancers

Immunotherapy
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. . Decipher biology
42+6 Standard therapy -Identlfy and validate novel
diagnostic and prognostic

N
wn
1

P=0.02 :
0 biomarkers
0 1 2 3 J ; -therapeutic targets
Years since Randomization * Translation of our discoveries

to the clinic
Yu et al. 2010 NEJM



Neuroblastoma mutations

Relative paucity of recurrent somatic
mutations in neuroblastoma
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Neuroblastoma

Neuroblastoma has a low somatic

f

mutation rate
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High-risk neuroblastoma
Patient (19yr)

Metl-BM:
Diagnosis bone marrow biopsy
at diagnosis.
= 4 cycles > B ) e S ; >80% tumor
~4 Months Induction
=A3973
v

eattadt) o 12 801 B, P2 2asNen % o8 Primary: tumor
Surgery T AR W L Y removed by surgery
P W, viable margin

= 8 cycles of
Salvage

3 years Therapy

= 7 cycles of RA

| = Radiation
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Experimental design

Experimental Design

Index metastasis Germ Line
(Met2) DNA (Sskin) DNA
\ Y J Whole genome sequencing
8508 somatic small variants
(Somatic score >-10)
+ ANNOVAR annotation
61 Inon~svn0nymous mutatinnsl
+ Orthogonal re-sequencing validation
44 | validated mutations for Met2 ||
Orthogonal re-sequencing
_A
» v v v ~
Bone Marrow metastasis Primary Tumor (PT) Primary Tumor (PT) Primary Tumor (PT) Primary Tumor (PT)
(Metl) DNA Section 34 Section 35 Section 36 Section 37
14 I common mutations I I unique mutations for Met2 I 30
¢ Whole transcriptome sequencing

(Metl, PT section 35, and Met2)

12 I Expressed mutated genes I
—

¢ Mutated genes expressing high fraction
of mutant allele (>30%)

3 | NUFIP1, GATA2, LPARI |




Mutations

Whole genome sequencing identified 44 non-synonomous
mutations with many structural alterations

Chromosome 4

Junctions

Copy Number

60 61 62 63 64 65 66 67 68 million
Chromosome coordinate

Chromosome 13
T - i T e e - B T e VO e

Copy Number  Junctions

43.0 435 44.0 44.5 45.0 45.5 million
Chromosome coordinate



ATRX gene

ATRX gene is hemizyously deleted in Met2
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ATRX gene is mutated in “40% adolescent and young adult neuroblastoma patients

(Cheung et. al. 2012, JAMA)




ATRX deletion

ATRX deletion was detected in both
diagnostic sample and primary tumor

v

769167055, 76932434
TGTG( CTTETTGGC TCCceG

3!

Met2

Met1

PT




Somatic mutations

Accumulation of De Novo somatic mutations in Met2
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Tumor mutations

Mutations are expressed in tumors

' Shared mutations “Unique mutations for Met2 J
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LPAR1

LPAR1 (LPA1; lysophosphatidic acid receptor 1) is involved
in key pathways relevant to neuroblastoma biology and

inhibitors are available
LPA
Debio O719——Il
_ PRI |
G protein-coupled |§L$A!
! w

receptor S ‘JT\ —— :

<5

Neuron development

Cell migration and

differentiation '(_J L‘ =
Cell SurVivaI [ROCK][ SRF E?Izzﬂ] E_ig;] [MAPK] [ Akt ][ Rac ] [cAMP]

Choi et al, Annu. Rev. Pharmacol. Toxicol. 2010. 50:157-86



LPAR1 pathway

Microarray analysis of cell expressing WT or MT LPAR1
stimulated with LPA shows enrichment directional cell
motility genes through Rho-ROCK pathway

Extracellular loops
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LPAR1 and migration

Normalized Cell Growth (Fold)

R163W mutations of LPAR1I does not alter growth but
increases migration in 3T3 cells
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LPAR1 mutations

R163W mutations results in enhanced signaling
through Rho-ROCK pathway

; WT MT Vector
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RHO kinase inhibitor

RHO kinase inhibitor Y27632 reduced cell motility
mediated by the mutant LPAR1 receptor

Y27632 vehicle control
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RHOA pathway

RHOA pathway activation was associated with defects in
neuritogenesis genes in high-risk neuroblastoma
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Summary

Summary

Whole genome sequencing showed massive chromosomal
alterations together with a small set of somatically acquired
expressed mutations in Met2.

Examination of somatic mutations in additional tumor samples
revealed rapid accumulation of de novo mutations during
therapy.

Parallel whole genome and transcriptome sequencing
identified a cell motility driver mutation in the LPAR1 gene,
suggesting such combinatorial approach may be leveraged for
precision therapy by targeting expressed driver mutations.

RHO pathway activation may play an important role in high-
risk neuroblastoma
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Procurement protocol

Discovery: Comprehensive Omics &Tissue
Procurement Protocol- 10-C-0086
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Use sequencing to inform in clinic: CCR
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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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