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Challenges for the Clinical Implementation of WES/WGS

e Sequencing technologies are changing rapidly

« Computational requirements are unprecedented

* Result confirmation with orthogonal methods: Sanger,
Independent NGS platform, genotyping, MLPA, FISH, CMA

« WES/WGS vs. Disease Panels: WES/WGS have reduced
analytic performance

« Return secondary findings
« Updating results over time

 Human variation is enormous and rare; phenotype and
genotype data sharing will be critical
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American College of Medical Genetics and Genomics (ACMG)

Policy Statement
Points to Consider in the Clinical Application of Genomic Sequencing

Major advances in DNA sequencing technology have made it possible to do large-scale sequencing, up to

Indications for Testing
Diagnostic:

No tests available, prior tests negative, testing likely to be lengthy/costly/low yield
Screening:

Preconception but not prenatal or newborn; healthy if high threshold for results return
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Pre-test Considerations

Counseling and consent

24 Secondary findings

Clinical vs. research (VUSs -> research)

t Clinical Testing and Results Reporting rncing
CLIA labs with boarded geneticists ing
&:l Test results can include: known genes, novel genes, secondary findings blogy.

ﬁ

Labs should have policies on the return of secondary findings and be given the optionto  |at a
‘ not receive secondary findings

Clinical geneticist involved in results return
Labs should share genotypic data from WGS/WES in public databases

ACMG Workgroups
Secondary Findings (Co-Chairs: Robert Green and Les Biesecker)
NGS/WES/WGS Laboratory Standards (Co-Chairs: Heidi Rehm and Pinar Bayrak-Toydemir)




One size does not fit all for WES/WGS Analysis

Sporadic disorders: Sequence parents/child trio and examine de novo

variants (1-2 per exome, ~175/genome)
Nachman MW, Crowell SL (2000) Estimate of the mutation rate per nucleotide in humans. Genetics 156(1): 297-304.

Recessive disorders: Examine genes with biallelic mutations (prioritize
those with truncating variants)

Power increased with multiple sibs
Consanguineous families: Search for homozygous rare variants

Dominant disorders: Examine multiple distantly affected family
members and select for shared variants

Can perform linkage to identify candidate genomic regions to
analyze

Cancer: Compare somatic and germline results
Identify variants sporadically occurring in tumor
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Approaches to improve WES and WGS Data

Supplement WGS with WES
* Improves coverage of exonic sequences for
which data analysis is primarily targeted

Supplement WES with Clinical Exome
* Improves analysis of genes with known
association to disease

Analyze genome/exome with multiple technologies
 Some errors are platform-specific
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Supplemental and Confirmatory Testing by Sanger

DNA ¢m Failed exons/bases
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PCR
Hundreds of assays per sample

* For targeted tests, missing data is added by Sanger

« Even for WES/WGS there may be critical content that must
be covered

« Adding custom design of confirmatory assays from
WES/WGS is a significant added challenge



Average Time to Assess a Variant

NVA Type Average
~300 NVAs/month INVA with no dbSNP/ESP data or publications|21.5 min
NVA with dbSNP/ESP data only 24.6 min
NVA with publications 119.6 min
4 )
Draft Reports : N Clinical
FellowZI/\F/QA;Ssidents Gerleng G:rlwirt]i(z:lijstts L/ S

Counselors

Pathologists

. Somatic Cancer ~/

NVA includes:

Searches (Google, PubMed, Variant Databases)
Assessment of data from literature and databases

In silico assessments (PolyPhen, alignments, splicing, etc)
Segregation studies with family members

Evidence-based classification
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HCM Gene Mutations — 3000 cases tested

>500 clinically significant mutations identified
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Hearing Loss Gene Mutations — 2000 Cases Tested

450
200 I 81% (423/523) of clinically significant variants have been seen in only one family
46% (423/910) of hearing loss gene variation is unique
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Variant Data Problem

dbSNP contains lots of data but is mostly un-annotated

Most annotated publically available variant data comes
from initial research studies with small control

populations.

« 27% (122 of 460) of literature-cited disease mutations were judged to be
common polymorphisms, sequencing errors or had a lack of evidence of
pathogenicity. (Bell et al., 2011)

Subsequent data sits in the clinical labs and is not well
published or available.
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Creation of a Universal Human Genomic Mutation Database

Variant Workgroups Phenotyping Workgroup

Variant Curation Standards and Phenotyping Approaches and
Data Dictionary Developed Data Collection Forms Defined

Aim 1

Policies, Standards and Sustainability Workgroup

Variant Classification and Curation Standards Approved
Data Sharing Models (De-identified, Opt-out, Consented) Approved
Sustainability Models Developed

. Curated Clinical Curated Uncurated
Aim 2 Lab Data LSDBs/OMIM Data Population Data

S
/ ClinVar \

Uncurated Data

Expert

Aim 3 w

( N\

K Clinical Grade Variant Database /

Engagement, Education, and Access Workgroup

Curated Data

Facilitate access to the resource by the community




Overview of Data Flows and Systems

Genotype and Phenotype Genotype and Phenotype
Data Submission Data Submission
(Genomic Case Data) (Variant /Case Observations)
WES . o MutaDATABASE
Vendor Supported pr Direct Submission
WGS OMIM
CMA
GeneReviews
Variant | QC check
\ 4 LSDBs/HVP
y N — Y
Data .
dbGAP aggregation Cllnvar
NCBI Controlled . : : )
Register new Retrieve variant Data Curation
Access variants accessions [ ]

\_ Archive -/ @
f /V[ dbSNP dbVar }
Uncurated population data .~ <50bps  >50bps Curators
(GWAS, 1000 Genomes
Project, Others) i
NCBI Public
KReference Archives/




The ISCA Consortium

Established in 2007
Over 160 institutional members worldwide
Over 1,200 registered individual members

The ISCA Consortium database now includes CNV
data on ~30,000 postnatal clinical cases




Laboratories Who Have Agreed to Share Data for U41 Grant

Laboratories HCM |Noonan [HCrC |Metabolism [DevDelay |CMD |PTEN [ZEB2 |Other Cases

Ackerman Lab, Mayo 1000 (LongQT)|[ 1000
Alfred | Dupont Hospital for Children 488 138 626
All Children's Hospital St. Petersburg TBD TBD|
ARUP 121| TBD 500 670 179 3800 5270
Athena Diagnostics TBD TBD|
Baylor Medical Genetic Laboratories TBD 17000 17000
Boston University TBD TBD TBD|
Children's Hospital Boston TBD TBD
Children's Hospital of Philadelphia 623 8 631
Children's Mercy Hospital, Kansas City, MO TBD 100 604 704
Cincinnati Children's Hospital 538 538
City of Hope Molecular Diagnostic Laboratory TBD TBD|
CureCMD 475 475
Detriot Medical Center TBD TBD
Emory University 395 195 700| 253| 255 80 8283| 10161
Fullerton Genetics Laboratory TBD TBD TBD|
GeneDx 2018 2300 727 400 4023 TBD| 9468
Genomic Medicine Institute, Cleveland Clinic TBD TBD
Greenwood Genetics 695 220 275 1190
Henry Ford Hospital 27 27
INSIGHT 25000 25000
LabCorp/Correlagen 1000 TBD| TBD 5500 6500
Mayo Clinic 9000 1450 945 11395
Mt. Sinai School of Medicine 193 193
Nationwide Children's Hospital 475 TBD 475
Nemours Biomolecular Core, Jefferson Medical College 348 348
Oregon Health Sciences University TBD TBD
Partners Laboratory for Molecular Medicine 3900 2426 10 53117 59453
Quest Diagnostics TBD TBD TBD TBD|
Transgenomics 1000 1000
University of Chicago 3215 46 5904 9165
University of Nebraska Medical Center 124 TBD 124
University of Oklahoma 107 107
University of Sydney 720 720
Women and Children's Hospital 100 100
Wayne State University School of Medicine TBD TBD
Cases Per Disease Area 8918 7672| 34205 3242 23911 728| 4732| 234 77208[160850




How do we update reported variant knowledge?

Laboratory Provider Receives
Sends Result Paper Report :
i i No Effective Methods
to Update Providers when
New Knowledge is
New Knowledge Discovered
Is Learned

ACMG 2007 Guidelines: The testing laboratory...should
make an effort to contact physicians of previously tested
patients in the event that new information changes the
initial clinical interpretation of their sequence variant.
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Variant Classification Changes — HCM Data

SSllan High Alerts
Likely Benign 4 A A
v [27 |1
Unknown Significance A A
N |44
Likely Pathogenic v .
Pathogenic

~300 category changes over 5 year (~4% of reports/yr)

Aronson SJ, Clark EH, Varugheese M, Baxter S, Babb LJ, Rehm HL. Communicating new
knowledge on previously reported genetic variants. Genetics in Medicine. Pub. online Apr. 2012.
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Genelnsight CliniceM Interface

Uzer Guide | Support

George, Curious G75245(DEMDA-MRN) 0S/01/1981 (13) Male IMPORTANT USAGE & DATA LIMITATIONS

lv Qutdsted) Clinical diagnesie of concentric HCM with Wolff- LMK _Blood, Peripheral, Germling

Parkinzon-White gyndrome 04022010

4]
(%]
i
£3
[=
o
B
Lv]
m
[=1
1
fa]
]

]

¥

Pl-08-3384 FINAL, HCK CardieChip (11 Gens
04052010 01:17  Sequence Confirmation Test

Wiew Report L& PI

nline 1 1 Pathogenic

report, pamanly defined by the ordered fest

1 1 Pathogenic ooy ifi -

Registered with FDA as a Class | Exempt Medical Device
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Updated Variant Information

Individual Reported Variant Interpretation History (Variant 1 of 1) IMPORTANT USAGE & DATA LIMITATIONS
warning: This page only [ists information on a single variant. This is outside of the patient report context and may be insufficient for
re-interpretation of the patient report.

Heterozygous ¢.1030C>T (p.His344 Tyr), Exon 9, PRKAG2 (Germline)

Report (FINAL, 04052010 01:17 PM}, HCM CardioChip (11 Genes Sequenced), Sequence Confirmation Test

Patient George, Curious 878245(DEMOA-MRN} 05/01/1551 (18] Male
Current Category” Pathogenic (Reported: drmmowmSignificamcs
Counts Reports (1}, Families (1
Alerts
Unreviewsd P 04062010 10:27 Nen-incidental Level The category for the PRKAGZ c.1030C>T (p.Hiz344Tyr) az=ociation to HCM changed from Unknown Significance
AN Changs te Pathogenic.
Mark Reviewed

Current Knowledge®™  Approved 04/05/2010 01:22 PM by Matthew Varughessze

HCM Pathogenic The Hiz344Tyr variant has not been reperted in the lterature nor previously identified in our laberatery. The Hiz344 residus iz well conzerved
from fruitfhy to mammalz, and the Hiz344Tyr variant occurs within the CBS domain region where all pathogenic PRICAGZ variants have been
identifisd to date. In addition, the prezence of concentric HCM and Wolff-Parkinzon-White yndrome in the first proband identified with this
mutation, which are clinical features conzigtent with PRICAGZ mutations, ag well as follow-up testing ghowing that the variant aroze de nove,
provide gtreng gupport for thiz variant being pathogenic.

A
PAR \ RS@ CENTER FOR PERSONALIZED
HEALTHCARE GENETIC MEDICINE




RISGIM Study (Refining IT Support for Genetics in Medicine)

Pl: David Bates NIH - NLM 1RC1LM010526-01

Completion Average Error-Free

Software Usability Assessment Rate (n=7) Grade (n=7) Rate (n=7)
Task 1 — GIC Report Alert — locate patient with new report
CRITICAL TASK 100% A 100%
Task 2 — View Test Report and ‘Mark Reviewed 100% A 100%
Task 3 — GIC Variant Alert — locate patient(s) with variant update

CRITICAL TASK 100% A- 100%
Task 4 — Locate unreviewed alert and change in variant interpretation
CRITICAL TASK 85.7% AJA- 71.4%
Task 5 — Locate overall report interpretation 100% A 71 4%
Task 6 — Locate number of reports and families with variant tested at lab 14.3% Bt * 14.3%
Task 7 — Locate evidence for variant update 100% A 100%
Task 8 — Mark variant reviewed 57 106 A* 57 19
Task 9 — Locate all of a patient’s variants. Locate reviewed variants info. 57 1% B+ 42.9%
Task 10 — Locate variant history for reviewed variant 85.7% B+/B 57 1%
Task 11 — Conduct patient search by variant 85 704 B 71 4%
Task 12 — Conduct a search for patients with unreviewed information 85 706 B+/B 85.7%
Task 13 — Locate alert on an benign/likely benign variant
LOW PRIORITY TASK

© © S 14.3% A/A- 14.3%
Task 14 — Review GIC Alert Summary Email 100% B 100%




Adapting Genelnsight Clinic for Genomic Medicine

Duck, Donald 104 {DEMOB-MRN) 0S/08/1318 (32) Male (MPORTANT USAGE & DATA LIMITATIONS

DEMO-000104 FINAL 0S/27/2011 Tumer Genotyping Panel A v3 (EGFR/KRAS) with PMA Mo indication 1. LMM_Lung - Fixed Tissue, Lung, Somatic
View Report 10:01 AM entered. Metastatic, adenccarcinoma, 30
Kark Report
Reviewed
C.2306_2320dup (p.A=p770_Valf74dup), Exen 20, EGFR (Somatic
Unreviewed report Reviewed report
Copyright 8 2010-2011 Pariners Healthcare Center for Perzonalized Genetic Medicine Wergion 3.8.1.GA (7)

» As reports scale in content, alerting process will adapt to clinical
decision support paradigms

« Up-to-date data is available when physician looks at a patient record

« Genetic data is accessed in real-time using CDS rules as needed
(drug dosing, etc)

* We may use infrastructure for clinical trial notification
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Genelnsight Laboratory Data Sharing Network
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Genelnsight Laboratory Data Sharing Network
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Shared Variant Knowledge and Interpretations

Variant Details: EGFR c.2369C>T (p.Thr790Met)
&
Gene: EGFR (NSCLC)
Transcript: NM_005228.32 [28 Exons, Coding 1..28]
Variant: c.22369C>T (p.Thr790Met) v
Edit Variant
Full Details | Freguency | MNotes | References | Interpretation | Interp. History | Assessments | Seq. Alignments | External Info. |
Ext. Source |Transcript |DNA |AA |Region |DNA Tyon. |AAType |1nterp |:: Rpts |:¢ Fams |Source
LABX MM_00522... c.2369C=T p.Thr790Met Ex 20 Sub Mis Resist (NSCLC) 37 36 |4 |
LABZ MM 00522... 2369C>T Ex 20 Sub Unclassified 1 1 b
Full Details | Frequency | MNotes | References | Interpretation | Interp. History | Assessments | Seq. Alignments | External Info.
LABX Information
]
# Reports # Families ]
37 36
Category/Inher.fExcl. Diseases/Drugs
Resistant Mon-Small Cell Lung Cancer
Variant Interpretation
The T790M mutation in combination with other EGFR kinase domain mutations has previously been described in individuals with acquired resistance to EGFR-tyrosine kinase inhibitors (TKIs,
Pao 2005). This mutation has been seen in tumors from patients who have been treated with TKIs and whose tumors also harbor a TKI susceptiblity mutation. N
References
| Source Author(s) Title Year |
|PUBMED 157283811 Kobayashi 5, Boggon T1, Dayaram T, Janne PA, Koch... | EGFR mutation and resistance of non-small-cell lung cancer to gef... | 2005 | E
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Shared Case Histories

& Report Search | -- Add Parameter -- |v| Variants Shown | Non-incidental |v| Prabands Only [] Include Non-clinical [] Join Param. Rows Using 'OR’ []
[d Source Instance | eguals |v | | Local and Remote |v |

[ Date: Sign Out [ equals [~ [08/30/2010] ] or [02/09/2012|FF] or

[ Test Code [ contains |~ | [SNaPshot | or [ImEGFR-a_L | or [ImOto-pnia_L |

—_— - woe o I - . T 1 _ .- T 1=

| Go | | Reset | | Count | -- Saved Searches -- |v| Load Delete

Matching Reports (List Variants for Currently Displayed Columns | Run Autodraft Analysis | Variant Column Help)
MNote: reports that are not FINAL or not CLINICAL are highlighted in red.
Click header to sort. Centreltclick header to remaowve sort.
Shift+click header to set last lecked column. Page 1of 1 < Prev | Next = Copy Selected Rows | Download
. Family Report Last Sign Out : KRAS KRAS EGFR EGFR EGFR E
Identifier (*Proband) Test(s) Status Date Result Actions | ¢35G>C (... | c.181C>T.. | c2369C>T.. | c.2235_22.. | c2573T>G.. | C
Path (... Path (.. Resist (... Resp (... Resp (...

TV-12-154321 Edit Rpt
Santa Claus 0= ImOto-pnla_L Amendment... |01/31/2012 ... |Negative Edit Case
Male
PM-10-G02235 Edit Rpt
SANTA CLAUS FAMODZ2 IMEGFR-a_L Final 03/30/2010 ... |Positive Edit Case No Allele St... | Mo Allele St...
Male, 61 yrs
MGH:MGH-2012... SNaPshot v3 Final 02/09/2012 ... ==Ng Allele ... | **No Allele ...
Hnge:P"1GH'2012"' SMaPshot v3 Amendment... |02/09/2012 ... Resistant =*=No Allele ... N
MGH:MGH-2012... SNaPshot v3 Final 02/09/2012 ...
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Central Components of PCPGM

CORE Labs

CLIA Lab /LMM

NGS/Sanger Sequencing
Genotyping
CNV Technologies

BioSample Service Facility
Sequencing
Genotyping
Microarray

RNA Seq

— -

-

Biorepository/ PBMD

200,000 Blood and
DNA Samples

RPDR / EMR

4 million Partners patients
Research Patient Data
Registry (RPDR)
Partners Clinical Genetic
Data Repository (PCGDR)

-

—_— -

Information Technology (IT) Infrastructure and Bioinformatics Support
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