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Precision Oncology
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Cancer is a disease of the genome Michael Berger



Precision Oncology

Lung Cancer

EGFR-mutant cancer
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EGFR inhibitors: | ,'.’ ‘
erlotinib, gefinitib 2

Lynch et al., NEJM, 2004
Paez et al., Science, 2004
Pao et al., PNAS, 2004
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BRAF-mutant cancer

5 s 2
BRAF inhibitor: ”ﬁ«‘! f 2
i SR

vemurafenib, dabrafenib

KIT

F/aherty et al., NEJM, 2010

Michael Berger



Precision Oncology

Lung Cancer Response to Dabrafenib

Baseline

6 weeks on
Dabrafenib

4 months on
Dabrafenib

Courtesy Dr. Greg Reily
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Challenge : Multiple Classes of Alterations

Point mutations

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

TP53 in many cancers

Amplification —D

Copy number alterations
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Activation of oncogenes
ERBB2 in breast cancer

Deletion —_—

Inactivation of TS genes-
RBT1in retinoblastoma

Translocations

Activation of many genes-
BCR-ABL in CML

MacConaill and Garraway, Journal of Clinical Oncology, 2010




Challenge : Single Tumor, Many Tests

EGFR exon 19

EGFR exon 20

ERBB2 exon 20

EGFR exon 21
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MSKCC — Molecular Diagnostics Service

Comprehensive set of next-generation sequencing (NGS) based assays

25,000 1
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Number of samples signed out
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Precision Oncology with MSK-IMPACT

|dentifies mutations, copy nhumber alterations, structural variants in 468 genes as
well as biomarkers that could predict treatment response such as MSI status or tumor

mutation burden (TMB)

Tumor Blood

1. Patient consent 2. Sample accessioning

Mutations

Copy number alterations

Il

Rearrangements

4. Sequencing 5. Bioinformatics
analysis

Zehir, Benayed et al., Nature Med 2017
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3. Sample preparation
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MPath :
T Clinical report
e —_—
Clinical trial
Once matching
Precision oncology
knowledge base Data mining &
interpretation
6. Case review and (&2” cBioPortal
slgn Out [} for Cancer Genomics



MSK-IMPACT current panel design

Panel includes exons, introns, and other noncoding regions

24,350 cases

341 genes: 2,861 cases
410 genes: 10,004 cases
468 genes: 11,525 cases

Cancer Gene Exons:

6,614 protein-coding exons of 468 genes
- actionable mutations
- targets of investigational agents
- frequently mutated in cancer
- cancer susceptibility genes

.| Cancer Gene Introns:

70 introns of 20 recurrently rearranged genes
Cancer Gene Promoters: TERT promoter

SNP Probes: >1,000 non-coding SNPs
- copy number analysis, various QC checks

Target Territory = 1.52 Mb



Transitioning into NGS assays

Technical needs for a comprehensive clinical sequencing program

* Track certain meta-data elements for the sample
* Review quality control data points and confirm technical success

« Track sample failures, repeats, multiple samples from the same patient

 Review & track mutations at the raw data level (.bam files)

 Review & track copy number alterations and structural variants

« Share data with the institute (clinicians + researchers)
» Create clinical reports easily

« Ease of accessibility and accountability



MPath — Data Management System (DMS)

=

=& 3

vcf files

-

O

Kicks-off whenever a run is completed on the sequencer

Automatically starts analysis pipeline and monitors progress

Monitors file storage and automatically backs up the data files

Tracks sample meta data, sample QC

De-identifies samples based on patient identifier and the assay type
Alerts users of successful completion of pipeline as well as errors regarding the analysis tess/

=
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MPath - Results Management System (RMS)

Pt. Name
MRN
Accession #
Tumor Type

Meta-data

Mutations
o i omi i -t 11 o) MPath NGS
Co% number alterations

Rearrangements

Analysis results



“ MSK-IMPACT®

MPath - NGS

Patientt Info Musations Copy ts S ur s DMS LMS QC

MSK-IMPACT® Al Search ~
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Whole gene level SCNA calls
Show / hide cokumns Search: [Sgaificant

Cytoband Gene Name Fold Change p_value Significance Comments Annota
17912 CDK12 7.5083 0.0 Significant Nons _ None
17912 ERBB2 0 11.0219 0.0 Significant s o
17q21 RARA 6.71832 0.0 Significant IR  None
7p11 EGFR @® 10.7302 0.0 Significant None None
8p11 WHSC1L1 162315 0.397694 Significant ab | Note:
8q24 AGO2 ® 1.76455 0.154817 Significant = ' ) ;m:

e -
8q24 RECQL4 1.68892 0.27688 Significant ab Noto:

DNA AA
r9ST>A p.VBOOE
MG>A p.Gi12S
BEG>A P.AT4ET
PSG>A p.R132H
[26AST p.Q2060L
404G p.HI1047R
85G>A p.G718S
TASC p.Q56P
P4G>A p.E542K
BaG>A P.VBOOM
3AST p.Q61H
PG>A p.G130
BC>A p.S3aY




Institutional data sharing

Genomic
Data

Clinicians Researchers




MPath - Reporter

Memorial Hospital For Cancer & Allied Diseases
Molecular Diagnostics Service, Department of Pathology
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Traditional clinical reports
Plain text based reporting

POSITIVE FOR THE FOLLOWING SOMATIC ALTERATIONS IN THE CLINICALLY VALIDATED PANEL:

1. TP53 (NM_000546) exonl® p.R342Pfs*5 (c.1024dupC)
MICROSATELLITE STABLE (MSS). See MSI note below.

POSITIVE FOR THE FOLLOWING SOMATIC ALTERATIONS IN

THE INVESTIGATIONAL PANEL:

TERT (NM_198253 - 5pl15.33) Amplification (Fold Change: 3.7)
FGFR4 (NM_213647 - 5g35.2) Amplification (Fold Change: 2.6)

NSD1 (NM_022455 - 5935.3) Amplification (Fold Change: 2.5)

SDHA (NM_004168 - 5p15.33) Amplification (Fold Change: 2.0)
CDKN2B (NM_004936 - 9p21.3) Deletion (Fold Change: -2.0)
CDKN2Ap16INK4A (NM_000077 - 9p21.3) Deletion (Fold Change: -2.0)
CDKN2Ap14ARF (NM_058195 - 9p21.3) Deletion (Fold Change: -2.0)
9. IGF2 (NM_001127598) exon3 p.G58E (c.173G>A)

10. KDM5C (NM_004187) exonl5 p.E698K (c.2092G>A)

11. SOS1 (NM_005633) exonl9 p.R989S (c.2967G>C)

12. TERT (NM_198253) exonl p.R41C (c.121C>T)

13. ZFHX3 (NM_006885) exon2 p.V190Afs*17 (c.569_576delTGTACCCG)

14. NSD1 (NM_022455) rearrangement: chr5:g.8599249 c.6258+66:NSD1linv

coONOYUL D WN

Note: The NSD1 rearrangement is predicted to result in the inversion of exons 1-21. The
functional significance is undetermined.
MSI Note: The MSIsensor score is 0.23.

MEAN OVERALL COVERAGE (SEQUENCING DEPTH) IN THIS SAMPLE: 748XUnless specified, all exons tested
had minimum depth of coverage of 100X.Mutation assessment: Mutations are called against the
patient's matched normal sample.

This assay reports somatic variants confirmed to be absent in the matched normal.

instability (MSI) status is assessed using the MSIsensor program (Niu B et al, 2014) that

Microsatellite instability (MSI) assessment by MSIsensor: MSIsensor Methodology: Microsatellite
interrogates the length distribution of all genomic microsatellite loci included in the (;;)



OncoKB: Precision oncology knowledge base

Clinical and biological effects of oncogenic variants

Variant Databases Gene Alteration
Statistical Recurrence E17K
Treat Guideli —’ = AR
¢ v
reatmen nes AKTI LSZR
Scientific Literature ’ Q79K
Data Sources Amplification
FDA-recognized biomarker ictive of response to an FDA-
approved drug in this indicgm\ }
StandardofcanbiomalkerpmdctiveofrapmsetoanFDA-]
approved drug in this indication*
Standard of care biomarker predictive of response to an FDA-
approved drug in another indication, but not standard of care
for this indication

Compelling clinical evidence supports the biomarker as being\
redictive of se to a drug in this indication, but neither
er nor are standard of care

J
Compolllr:g clinical evidence sluppons mel%mnm as being\
predictive of response to a n another indication, but

neither biomarker nor dmgg'r:gslandardol care

J

Compelling biological evidence supports the biomarker as
being predictive of response to a drug, but neither biomarker
nor drug are standard of care

2D DIDD

Tumor Type

Breast cancer -,

Ovarian cancer

Lung cancer

Standard
Therapeutic
Implications

*Includes biomarkers
that are recommended

as standard of care
by the NCCN or
other expert panels

Investigational
Therapeutic
Implications
possibly directed
1o cinical trials

herapeutic

peutic

Implications
based on

peelminary, non-
cincial data

Chakravarty et al, JCO Precision Oncology (2017)

Clinical Implications |, wireas.  OnceKB
Prevalence ‘ 1
Prognosis Clinical Genomics
NCCN guidelines Annotation Committee
Standard therapy : S
. an
Investigational therapy  curation review Ciration

AV

Standard of care biomarker predictive of resistance to an T:ot::::urg o
P S S e Implications
. ¥ Compelling clinical evidence supports the biomarker as being pothetical
predictive of resistance to a drug, but neither biomarker nor peutic
drug are standard of care Implications
y based on

¥ Compelling biological evidence supports the biomarker as preiminary, non-

ing predictive of resistance to a drug, but neither biomarker cincial data

nor drug are standard of care

https://oncokb.org



Cancer Center

Onc KB Home About Team Levelsof Evidence Actionable Genes Cancer Genes Data Access News Q @ Memorial Sloan Kettering

BRAF 117 annotated variants

Oncogene

Cancer Types with BRAF Mutations @
Highest level of evidence: Level 1

Also known as NS7, B-raf, BRAF], RAFBI, B-RAFI] Eg, 40
Isoform: ENSTO0000288602 RefSeq: NM_004333.4 § 30
W
>
BRAF, an intracellular kinase, is frequently mutated in melanoma, thyroid and lung g 20
cancers. ué
o
See BRAF background ® B -
=
* o""'c kb, s At “""2; s's"nbo
" oy 'i""os”’w, m4,,, °°" e ”&'%s:“bf“"#
’)' 4 VS, 4 Q%%Q%
%69'7,‘ %w
Annotated Mutation Distribution in MSK-IMPACT Clinical Sequencing Cohort (Zehir et al., Nature Medicine, 2017)
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0 . . - 09 @ 9P . . o owfes sum wee - ° *w o . .
o F oo | Piase T
0 200 400 600 766 a8
Clinically Relevant Variants (35) All Annotated Variants (117)
If you notice any mistakes or missing variants / citations, please send an email to feedback@oncokb.org.
Search
» Variant Cancer Type Drug(s) ~ Level Citations
Vemurafenib
Dabrafenib
Ve0oG Melanoma Dabrafenib + Trametinib 1 14 references

Vemurafenib + Cobimetinib

Chakravarty et al, JCO Precision Oncology (2017) https://oncokb.org



Prevalence of Actionable Mutations in MSK-IMPACT Cohort

37% of patients harbored =1 OncoKB-annotated actionable mutation

Level 3B (11%)

Level 1

Level 2A
Level 2B

Level 3A

Level 3B

Level 3A (7%)

/

Other (63%)

Gastrointestinal Stromal Tumor -

Level 2B (9%)
Level 2A (2%)
Level 1 (7%)

FDA-recognized biomarker for an
FDA-approved drug in the same indication

Standard of care biomarker for an
FDA-approved drug in the same indication

Standard of care biomarker for an
FDA-approved drug in another indication

Compelling clinical evidence supporting the
biomarker as being predictive of drug
response in the same indication

Compelling clinical evidence supporting the
biomarker as being predictive of

drug response in another indication

Thyroid Cancer

Breast Carcinoma
Melanoma

Glioma

Endometrial Cancer
Bladder Cancer

Biliary Cancer -

Non-Small Cell Lung Cancer -
Cervical Cancer -
Esophagogastric Carcinoma
Colorectal Cancer

Cancer of Unknown Primary
Salivary Carcinoma

Head and Neck Carcinoma
Soft Tissue Sarcoma
Ovarian Cancer

Skin Cancer, Non-Melanoma -[WllINY
Uterine Sarcoma -

Appendiceal Cancer -1
Renal Cell Carcinoma 1001
Germ Cell Tumor 1
GNET-I0
Pancreatic Cancer 101
Osteosarcoma |
Prostate Cancer ||
Embryonal Tumor -8
Small Cell Lung Cancer 1000
Non-Hodgkin Lymphoma i
Hepatocellular Carcinoma -1
Mesothelioma ||

0%

Debyani Chakravarty, Sarah Phillips, JJ Gao, Hongxin Zhang,

Ritika Kundra, Jioajioa Wang, Julia Rudolph, Niki Schultz

25% 50% 75%
Percent of patients

100%



Enhanced reports with clinical annotations

OncoKB Level 1 to 3 annotations included in molecular diagnostics reports

Memorial Hospital For Cancer & Allied Diseases
Molecular Diagnostics Service, Department of Pathology
1275 York Avenue New York, NY, 10065

Memorial Sloan Kettering Tel: (212) 639-8280 | Fax: (212) 717-3515
Cancer Center.. MSK-IMPACT Testing Report

Patient Ni FDA Approved and/or NCCN recommended biomarker:

Date of B . .

Gender | Alteration(s) Drugs(s) Annotation

Tumor Ty EGFR, a receptor tyrosine kinase, is altered by amplification, mutation and/or

Ref. Phys Level 1 Erlotinib overexpression in various cancers, most frequently in lung and brain cancers.

. EGFR Afatinib ’ The EGFR L747_P753delinsS alteration is known to be oncogenic. The EGFR
_DateofR{ | 747 P753delinsS Gefiti nil:; tyrosine kinase inhibitors erlotinib, afatinib and gefitinib are FDA-approved for
MAF: 42.3% the treatment of patients with non-small cell lung cancer harboring an EGFR

exon 19 deletion such as L747_P753delinsS. OncoKB version: v1.12.

Summary| . . .
Investigational biomarker:
MSI Statu

ALK, a receptor tyrosine kinase, is recurrently altered by chromosomal

;ﬂ',':,fnm Crizotinib rearrangements in various cancers including anaplastic large cell ymphoma,
Level 2B Ceritinib ’ non-small cell lung cancer and inflammatory myofibroblastic tumor. The
commen{ EML4-ALK Alecti nib’ EML4-ALK fusion is known to be oncogenic. While crizotinib, ceritinib, alectinib
— | Fusion Bri atinit’) and brigatinib are FDA-approved for the treatment of patients with ALK-fusion
9 positive lung cancer, their clinical utility in patients with ALK-fusion positive
: adenocarcinoma, NOS is unknown. OncoKB version: v1.12.
Somatic
MDM2, a ubiquitin ligase and p53 inhibitor, is amplified in a diverse range of
Level 3B cancers including well-differentiated liposarcomas. MDM2 amplification is
EGFR MDM2 Amplification RG7112, known to be oncogenic. While there is promising clinical data supporting the
CTWNBI | EG: 13,5 P DS-3032b use of MDM2-inhibitors such as RG7112 and DS-3032b in patients with
B MDM2-amplified liposarcomas, their clinical utility in patients with
MDM2-amplified lung adenocarcinoma is unknown. OncoKB version: v1.12.
MYC Whole gene Amplification 8qg24.21 FC:2.0
AGO2 Whole gene Amplification 8qg24.3 FC: 2.0
EMLAALK Fusion C867+4775/EML4 . 3066-360:ALKG Ev?{thiféoean :135 o

19-29




Institutional data sharing

Genomic
Data

Clinicians Researchers

Decision Clinical Trial Cohort level Raw data
Making Accruement data files




Data sharing with Clinicians

Clinical Trial Accruement

How do you tell clinicians that there is a patient whose tumor harbors genomic
alterations making them eligible for the clinical trial they are the Pl of?

' /night/y data \/o’ai/y alerts for\‘

update via Clinicians about .
RESTful APIs eligible patients [ \

MPath Reporter DARWIN Clinician
INnstitutional database

Able to connect with hospital
wide information systems
and identify patients based
on predetermined criteria

Stuart Gardos, Mike Eubank



Enrollment on Genomically Matched Trials

11% of patients with MSK-IMPACT were enrolled on an MSK trial based on a

target aberration*

Total patients 100%
...on any MSK trial 38%
...on a targeted trial 16%
...with a target aberration 11%
Mutation Amplification Deletion Fusion

Number of patients enrolled in a
targeted clinical trial

v fv o

V& D A
[ z
R & &6 Q“ <>C;<:;,<< @ A

(2

Alison Schram, David Hyman, Stu Gardos, Jonathan Wills * as of Sept 2016, first 5,000 patients
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Data sharing with Researchers

cBio Portal for cancer genomics

"'cBioPortal DataSets Tutorisls FAQ News Visualize Your Data About

Please adhere 10 the MSK-IMPACT publication guidelines when using MSK-IMPACT DATA in your publcations.
When writing manuscripts, please do not include private links to this portal.

Please cite Gao et al. Scl. Signal. 2013 & Cerami et al. Cancer Discov. 2012 when publishing results based on cBioPortal,

QUERY DOWNLOAD DATA
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-~
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Enter HUGO Gene Symbols or Gene Alases

Please select cne or more cancer studies.

www.cbioportal.org

¢ @®
What's New @cbioportal ¥

Boston-area users: Join us for a live demonstration
of cBioPonal basic & advanced features on Febd 23
#1 Dana-Farber. More details § ASVP:
900 ghforma/zl PunjRv.

Search -
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The portal contains 221 cancer studies (detals)
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Data sharing with Researchers
Cohort level data

MSK-IMPACT Clinical Sequencing Cohort (MSKCC)

Targeted sequencing of clinical cases via MSK-IMPACT. Please follow the publication guidelines when using this data in abstracts or journal anticles.
This data is lable 10 MSK ir gators only, not 10 be published or shared with anyone outside of MSK,

1 Study Summary | Clinical Data Mutated Genes

Selected: 24353 samples / 22487 patients (< | @ | & query genes - click to expand = | Query Select cases by IDs | Add Chart
Mutation Count vs. CNA
Cancer Type L ~ Freq Cancer Type Detailed » ~ Freq
M Non-Small Cell Lung Ca... 3673 15.08% M Lung Adenocarcinoma 2902 11.92% 500| o
W Breast Cancer 3614 14.84% W Breast Invasive Ductal ... 2412 9.90% r. . =
W Colorectal Cancer 2035 8.36% Prostate Adenocarcinoma 1561 6.41% 400 o ¢ =
M Prostate Cancer 1593 6.54% B Colon Adenocarcinoma 1464 6.01% g gve
M Pancreatic Cancer 1322 5.43% B Pancreatic Adenocarcinoma 1058 4.34% g 00| ®
N Glioma 1155 4.74% W Glioblastoma Multiforme 566 2.32% E s ;
M Soft Tissue Sarcoma 903 3.71% W Bladder Urothelial Carc... 541 2.22% °
M Melanoma 872 3.58% M Breast Invasive Lobular... 434 1.78% e 100
M Endometrial Cancer 758 3.11% B Cutaneous Melanoma 428 1.76%
B Cancer of Unknown Primary 734 3.01% B Rectal Adenocarcinoma 400 1.64% 0
W Bladder Cancer 731 3.00% W Invasive Breast Carcinoma 386 1.59% o Q(.,, .
Search... Search... Fraction of copy number altered genome
Mutated Genes (24353 profiled samples) CNA Genes (24350 profiled samples) # of Samples Per Patient Sex
Gene # Mut ® * Freq Gene Cytoband CNA # * Freq
P53 11063 10192 41.86% CDKN2A 9p21.3 DEL 2079 8.54%
KRAS 3843 3787 15.55% CDKN2...  9p21 DEL 2060 8.46%
PIK3CA 3713 3284 13.49% CDKN... 9p21 DEL 2045 8.40%
TERT 3355 3125 12.83% CDKN2B 9p21.3 DEL 1922 7.89%
APC 3550 2453 10.07% CCND1 11q13.3 AMP 1197 4.92%
ARID1A 2502 2005 8.23% MYC 8q24.21 AMP 1155 4.74%
KMT2D 2725 1934 7.94% FGF19 11q13.3 AMP 1117 4.59%
PTEN 1979 1645 6.76% FGF4 11q13.3 AMP 1080 4.44% %0000
EGFR 1953 1555 6.39% FGF3 11q13.3 AMP 1046 4.30% :m
KMT2C 1909 1530 6.28% ERBB2 17q12 AMP 892 3.66% 5000
NF1 1798 1423 5.84% MDM2 12q15 AMP 828 3.40% 0 e e

»earch. arch. Jon C
Sea Sear ™ 1884



Data sharing with Researchers
De-identifying patients

patientid sample id

Biopsy #1 —— [P-00012345{TO1HIM3
MRN < P>

Biopsy #2 P-00012345-T02HIM5| assay id
P> < P-000123451T02-AR1

MPath generates IDs for new samples as they are processed through the pipeline and
keeps track of the look up table

Clinical staff gets both IDs and researchers get only the de-identified ID

Unfortunately, clinical data collection is still mostly manual, done by medical fellows,
and is not standardized.



Data sharing with Researchers

Patient level data: integrated clinical and genomic data

Patient:  P-0003581, Female, 46 years old, Breast Cancer (Breast Invasive Ductal Carcinoma), HR+/HER2-, Breast Invasive Ductal Carcinoma with EIC, DECEASED (124 months) MSK-IMPACT Clinical Sequencing Cohort (MSKCC)
. Recurred/Progressed (64 months) €« < 8 of1Spatents > »
darwin

Samples: @ P-0003581-T02-1M6, Primary (Breast) © P-0000581-T01-25, Metastas's (Lver), ERWPR/MERZ- © P-0003581-T00-1M6, Metastass (Uver) © P-0000581-T04-IM6, Metastasis fUver)

Summary Clinical Data

Time since dagnoss ¢ b4 i d Y Y  d d ¥4 ¥ % b -
Surgery @
Stans L ]
Treatment
Adjuvant Systemic Therapy
AC-Pacitaxel ——
Tamaxifen
T « distant
GDCog80 B —
Packtaxel
Fulvestrant-Letrozole —
Abemacicib ———
P 1 . - e | ESR1 L536H in breast invasive ductal carcinoma Jiam im!
CLINICAL IMPLICATIONS BIOLOGICAL EFFECT ’
(2} 2%
o V. R ———
° ESR1 (estrogen receptor alpha) is a transcription factor that is most e
(4] frequently mutated in hormone-resistant metastatic breast cancers. These 2
2) mutations are often associated with resistance to estrogen deprivation 4
° therapies. ¢
o The ESR1 L536H mutation is likely oncogenic. $
While patients with ESR1-mutant breast cancer may have reduced benefit
7 Mutations (page 1 of 1) from aromatase inhibitors, there is promising clinical data that they may be — Q
more effectively treated with selective estrogen receptor downregulators
Tumors ¥ Gene Protein Change Annotation (SERDs) such as fulvestrant. COSMIC
o000 GATA3 C320L1s"32 ®
o000 GATA3 S426A15°82 ® Levei-associated 1
0000 PPM1D R52_PsSdel Lovel Alteration(s) Drug(s) cancer type(s) Citation(s)
Oncogenic Fulvestrant, Broast
s sl Sh— . @ Mutations AZD9496 Cancer o
o0 AXINZ R834Q
The information above is intended for research purposes only and should not
o ESm D538G ‘ be used as a substitute for professional diagnosis and treatment. 2
o KMT2C ROO4ESS*9 ®
Levels ¥ 4
OnceKB Feedback




Data sharing with Researchers

Raw data sharing

Challenges:

« Allow researchers to run their own algorithms, analyses on the data without PHI
« Allow researchers to combine clinical data with data generated in the research
setting

« Make sure different teams are not working on the same project without realizing it

Solution:

» (Create a de-identified .bam file repository, updated nightly
» Require researchers to register their projects with the Data Usage Committee
* Require researchers to register their projects with IRB via data protocols
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