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Structure of a gene

EXxonsTranscribed and spliced together to form
messenger RNA (mRN&Agjgodes for protein

Transcription Transcription
initiation termination
lExon 1 iition 4 Exon 2 Exon 3 l

5.

Intron 2
— -

.

Promoter
region Translatlon start Translation
codon (ATG) STOP codon

Introns: are transcribed but then removed from mRN/&
part codefor regulatory RNA






Base pair matching DNANA; DNARNA

A5b! Kl a n af Si0S Nanded
I TAGC: Thymine, Adenine, Cytosine, Guanine
A DNA bases pair asA'& GG, permitting the two

complementary strands of the double helix to
replicate precisely

A RNA has 4 bases and is single stranded
I UACG: Uracil, Adenine, Cytosine, Guanine

A DNARNA bases pair asAT AU, & GG



How base pairing works

Nucleotide Pairing
H- bonds

Thymidine
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DNA— RNA: making mRNA

Complementary

DNA strand of mRNA

3 consecutive bases code
for an amino acid the
building blocks of proteiq
this Is the real genetic code




Note The genetic codeRNA Stop

redundancy

codons
Second letter

U G A
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Some types of mutation

Missense | ! | |! [D  TyX:Ser
LD ITYKArg

Insertion | ! } I D Ty:Ser —
UAUGAGUTyr:Glu

Deleton | ! | | D TyX:Ser
UA%GA X Tyr:Glu —

Nonsense | ! | | D TyX:Ser
I
I

(UAG is a stop codon)

Might change
protein function

Frameshifig
everything
changed from
this point

Truncated proteirg
R
- I Oyx| not usually functional



Chromosomal translocatione.g. synovial
sarcoma, Ewing sarcomatc

Before translocation After translocation
Derivative
Chromosome 20 Chromosome 20

A=

Derivative
Chromosome 4

Chromosome 4

Result can be gain of function or loss of function



Complex karyotype sarcongee.g. LMS, UPS:
multiple duplications, deletions, translocations,
etc. ¢ due to failure of DNA repair?
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Typesof DNArepair

A BaseExcision Repair (BER
A MismatchRepair (MMR)

A SingleStrand Breaks (SSBs
A DoubleStrand Breaks (DSB

ExampleNucleotide

—>

Excision RepaiNER)
removing a thymidine
dimer from DNA

- Repairing a DSAuch
more complicated




Genomics DNA sequencing In sarcoma

A Few sarcomas are driven by specific mutations
I ActivatedKITin GIST Is an exception

A Gene sequencing studies have as yet had a relatively
low yield for identifying targetable drivers

I Some new targets discovered, e.g. NTRK2

A Understanding inherited predisposition may improve
our understanding of the underlying molecular
mechanisms involving sarcomas



Moleculartargets in sarcomas

A Tumouespecific mutations

| activating receptor tyrosine kinase
Ae.g. KIT in GIST

I loss of function of tumour suppressor genes
Ae.g. TSC1/2 iREComactivatesmTORpathway

A Translocatiorrelated targets

| activate key gene or lose suppression
Ae.g. COL1A1/PDGFB in DFSP; loss of SMARCBL in synovial

A Gene amplification

I usually activation
Ae.g. CDK4/MDM2 amplification dediff liposarcoma

A Angiogenesis / tumout stromal interactions



ASCO 201Next GenerationSquencing
(NGS) In 4900 sarcoma pts

Goundetet al, JClinOncol2017;35(15 suppl) 11001

A 62,000 mutations, 1200 fusions
A 8%-I 0y 2 NXY ladtidnablS &0 8a | LILINRAED S R
necessarily proven activity

A 9%- possibly actionable by drugs approved for other
Indications

A 40%- a biomarker or possible driver linked to
Investigational agents

A 9%- germline abnormalitiesificl BRCA1/2ARID1,
FANCX

A Potentiallyd | O (1 A anyithtionsickided:AKT, ESR1,
BRCA, NTRK, PTCH1, SMARCB1 & others



ASCO 2017 N@bsarcomas

Gounderet al, JClinOncol2017;35(15 suppl) 11001

A Partial /Complete responses seen with inhibitors of
NTRK, IDH1, BRAF, PBKOR MDM, SMARCB1

A NGS changed diagnosis and treatment in 5% and
avoided futile therapy in 5%

A NGS could have major impact in future, but requires
further validation



ASCO 2017 NGS In sarcomas
Italiano et al linOncol2017;35(15 suppl)11002

A AACR GENIE consortium 587 pts

I 10 most frequently mutated gene$P53 (35%),
ATRX, KMT2D, NF1, ATM, PI3KCA, ERBB4, PTE
ARID1A

I Most frequently amplified geneddDM2, CDKA4,
MAP2KA, TERT

I Most frequently deleted genefRB1, CDKNZ2A,
TP53, PTEN

I High percentage gbotentiallyactionable
mutations



Cancer predisposition syndromes
assoclated with sarcoma

A LiFraumeni(TP53); all sarcomas

A Hereditary retinoblastomaRB1); osteosarcoma, LMS, others
A Neurofibromatosis(NF1)c MPNST

A Familial adenomatous polyposi&APY; desmoidtumour

A Familial, syndromic GIST(KIT) SDI in CarneyStratakis
syndrome

A Tuberous sclerosis compléfSC1/2) PEComa

A Hereditaryleiomyomatosisc (FH) - mainly benign leiomyomata
(rarely malignant) and renal cancer



COMPLEX GENOTYPE SARCOMAS DISPLAY FAMILIAL INHERITANCE

INDEPENDENT OF KNOWN CANCER PREDISPOSITION SYNDROMES
Kevin B. Jones, Josh Schiffman, Wendy Kohlmann, R. Lor Randall, Stephen L.
Lessnick, and Lisa A. Cannon-Albright

CancelEpidemioBiomarkerdPrev2011 May ; 20(5): 75I/57.

A Utah Cancer Registry atttah Population Database (2.3
million people)interrogated for sarcomas split into complex
genotype and balanced translocation

A Geneologicalndex for Familiality (GIF)calculated and relative
risk (RR) forsy, 2nd | 39 degree relatives estimated

A 229 balanced and 1161 complex genotype sarcomas identifiec
with at least 3 generations of ancestral information

A No evidence inherited risk for balanced translocation group,
but significant GIF (p=0.03) in complex genotype group

Aun KAIK NRAEA]l LISRAINBSaEAY bHp a
known syndromes



Germline, i.e.inherited, PTPRDMutations in Ewing

Sarcoma: Biologic and Clinidahplications

Yunyun Jiang, Filip Janku, Vivek Subbiah , Laura S. Angelo, Aung Naing,
Peter M. Anderson, Cynthia E. Herzog, Siging Fu, Robert S. Benjamin,
Razelle Kurzrock

Oncotarget 2013 ;4(6):884 -889

A Novel germline mutation in tumour suppressor gene
Protein tyrosine phosphatase delta (PTPIRE3)8 pts with
metastatic Ewing sarcoma (37.5%)

A Impact expected to be loss of STAIERphosphorylationa
function of PTPRD

A STAT3 phosphorylated after recruitment to {&F so
mutation could lead to constitutive activation of [GR

A 2/3 pts with germline PTPRButatoinsachieved durable
responses following treatment with IGIRMAD ¢ based
therapy



Response to IGER inhibition in patient with
PTPRDnutant Ewing sarcoma

Prior to treatment 15 months after treatment

Patient 1 demonstrated a durable complete response to therapy with an IGF-1R inhibitor.

Jiang et aloncotarget 2013;4(6):884 -889



Frequentinactivating germline mutations in DNA repair genes in

patients with Ewing sarcoma Germline mutations in Ewing sarcon
AndrewBrohl RajesHPatidar ClessonTurner,XinyuWen, Young Songlun Wei Kathleen
CalzoneJavedKhan.

Genet Med 2017:19:95858

A Germline sequencing 175 pts with Ewing sarcoma
A 51 tier 1 variants, 23 likely pathogeniéncluding
APC, BLM, BRCA1, ERCC3, FANCC, FANCM, MIT]
PTCH2, RAD51, RET, TP53
A Genes involved in doublstrand DNA repair
enriched
A Number of potentially actionable mutations, e.g.
BRCA1/2PARP inhibitorf TCH1/2Hedgehog

pathway inhibitors



Different approaches to studying
cancer predisposition

GeMCaS

Genetics of Multiple Cancers Study

The ROYAL MARSDEN i < : R

Molecular investigations into the genetic causes of multiple

primary cancers: Pilot Phase

Short Title: Genetics of Multiple Cancers Study (GeMCaS)
Chief Investigator : Clare Turnbull

The International Sarcoma Kindred Study:

A global multisite prospective cancer genetics study
Chief investigator David Thomas, Sydney



International Sarcoma Kindred Study

A Recruit sarcoma patients and their families

A Obtain germline DNA (from blood) from both
patient and relatives fland 29 degree)

A Construct family tree, or pedigree, of cancer
history

I Particular interest in patients with multiple
primary tumours

A Study genetics initially by sequencing known
or likely cancer genes, later whole genome



Monogenic and polygenic determinants of sarcoma risk:
an international genetic study

Mandy L Ballinger*, David L Goode*, Isabelle Ray-Coquard, Paul A James, Gillian Mitchell, Eveline Niedermayr, Ajay Puri, Joshua D Schiffman,

Gillian S Dite, Arcadi Cipponi, Robert G Maki, Andrew S Brohl, Ola Myklebost, Eva W Stratford, Susanne Lorenz, Sung-Min Ahn, Jir Ahn,
Jeong Eun Kim, Sue Shanley, Victoria Beshay, Robert Lor Randall, lan Judson, Beatrice Seddon, lan G Campbell, Mary-Anne Young,
Jean-Yves Blay, Sedn | 0'Donoghue, David M Thomas, for the International Sarcoma Kindred Studyt

Participants
Male
Female
Mean age at diagnosig/(stSD
First cance
Sarcomi

Numberwith multiple primary cancers
2 primary cancel
3 primary cancel
X N LINGancdr NE

Pedigree classification

Hereditary breast/ovarian canc
Hereditary colorectal canc
Clinicallysuspicious

Other

Uninformative 256

6
14
87
14

>%® Ballinger et al.
Lancet Oncology
2016;17(9):126471

Proband International
c86 Sarcoma
=76 Kindred Study

44.1+18.5
45.2+18.9

170(15%)
128
32
10

Risks to FDR

Number (95% CiI)
No syndrom: 669
ClassicChompretlLi FraumeniSyndrome 116

0.79 (0.710.88)

2.36 (1.952.87) 16%

2.64 (1.325.28) _

220 (L3g.79) [~ recognisable
1.83 (1.552.15) syndromes
1.2 (0.891.61)



Clinically actionable mutations

(American College of Genetics and Genomics reporting guidelit

Genetics
inMedicine

© Amerkan Collgeof Medial Genetcs and Genomis ACMG POLICY STATEMENT

ACMG recommendations for reporting of incidental findings
in clinical exome and genome sequencing

Robert C. Green, MD, MPH'2, Jonathan S. Berg, MD, PhD?, Wayne W. Grody, MD, PhD*#,
Sarah S. Kalia, ScM, CGC', Bruce R. Korf, MD, PhD’, Christa L. Martin, PhD, FACMGS8,
Amy L. McGuire, JD, PhD?, Robert L. Nussbaum, MD'®, Julianne M. O’Daniel, MS, CGC,
Kelly E. Ormond, MS, CGC', Heidi L. Rehm, PhD, FACMG?'?, Michael S. Watson, PhD, FACMG',
Marc S. Williams, MD, FACMG" and Leslie G. Biesecker, MD'>

Genet Med2013;15(7):56574



Some key recommended reportable
findings relating to cance(ca4/s)

Gene Number

Colorectal cancer

APC 6
MMR 11
Breast/ ovarian cancer
BRCA1 9
BRCA2 19
PALB2 5
Gastric cancer
CDH1 6
Chompret LFS
TP53 12
Neurofibromatosis
NFL 4
Gorlin syndrome
PTCH1 3
Paraganglioma
DHB 2
Other
T2/ RB1/ PTEN 3

Total 80




Sequence variant classification and reporting:
recommendations for improving the interpretation
of cancer susceptibility genetic test results

Sharon E. Plon1,*#, Diana M. Eccles2,*, Douglas Easton3, William D.
Foulkes4, Maurizio Genuardi5, Marc S. Greenblatt6, Frans B.L. Hogervorst7,
Nicoline Hoogerbrugge8, Amanda B. Spurdle9, and Sean Tavtigian10 for the
IARC Unclassified Genetic Variants Wor ki ng Gr oupA

HumMutat. 2008 November ; 29(11): 1282291



Classification System for Sequence
Variants Identified by Genetic Testing

Probability of being

Class Description Pathogenic
5 Definitely Pathogenic >0.99
4 Likely Pathogenic 0.950.99
3 Uncertain 0.05¢0.949
2 Likely Not Pathogenic o 0.001¢0.049
of Little Clinical
Significance
1 Not Pathogenic or of Nc <0.001

Clinical Significance



Diverse patterns of inheritance

w0 O
Bladder 51
Lung 70

ast Leukemia 35
8) © O
com




dN/ dSratio & other abbreviations

A dS synonymous variantsnucleotide substitutions
UKFGO R2Yy QU OKIy3aIS GKS
A dN: non-synonymous variantsnucleotide

substitutions that change the amino acid, i.e.
potentially meaningful mutations

A ThedN/dSratio indicates the amount of alteration
from the norm, in normal or in cancer evolution

A SNV single nucleotide variation
A Indel¢ insertion or deletion
A ExAa; Exome Aggregation Consortiurbrowser



Rare variant calling algorithm

All variants Filter onquality : : Rare variants
(SNVsihdelg metrics iy sl (<1% IrEXAG

Known
pathogenic (C5)

Expected

dN/dSratio pathogenic (C4)
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Predicted
pathogenic (C3)

David Goode



Between cohort analyses: casentrol
design, number of different series

@

Sarcoma probands

TCGA/NoSarc

All C3/C4/C5 Variants

Odds ratio (95% Cl)

vs combined controls 5 R 1-43 (124 to 1-64

vs ISKS controls — 128 §1‘02 to 1-61

vs LifePool controls ¢ —.— 1-47 (1-27 to 1-69
C4 & C5 Variants ;

vs combined controls : . 172 §1 34 to 2.2)2

vs ISKS controls - 1.47 (0:96 to 2-32)

vs LifePool controls : —a— 1.8 (1.3910 2.34)
C3 Variants :

vs combined controls e 1-34 (1-1510 1-57

vs ISKS controls - 1-22 (0:95 to 1-58

vs LifePool controls S — 137 (117 to 1-61
All C3/C4/CS5 Variants :

vs combined controls ¢ e 163 (1-25to 1-87

vs ISKS controls R 1:29 3098 to 1-71§

vs LifePool controls : - e 1-58 (1-28 to 1-93
C4 & C5 Variants

vs combined controls : ———  2:68(1-951t0 3-66

vs ISKS controls s ° 2:03 §1~27 to 3-32;

vs LifePool controls : —_— 277 (19910 3-83
C3 Variants

vs combined controls . 144 (11510 1~8£

vs ISKS controls —_————— 1.25(0:921t0 1.7 {

vs LifePool controls e 1-48 (1-18 to 1-86

| | | 1 |
-2 -1 0 1 2

<Increased burden in controls

Log2 Odds Ratio

Increased burden in cases>

P-value

2:75x 1077
0-031
1.06 x 10~7

1.26 x 105
0-083
6.28 x 106



Within cohort analyses: age at firs

©
2
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£
- |
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No vars
C4&C5 vars

onset as index of risk

100+

— No variants (n = 524)

C48&C5 variants (n = 207)

©
2
<
3
]
50+ g
=
£
>
—
Hazard ratio 1-24 [1-04-1-48]
P <0-001
c L) L L) LJ
0 20 40 60 80 100
Age at first cancer onset (years)
100 89 64 24 1 No vars
100 81 53 19 0 C3vars

100+

50+

Hazard ratio 1-19 [1-04-1-36]

— No variants (n = 524)
C3 variants (n = 431)

P=0-001
c L L) L Ll L)
0 20 40 60 80
Age at first cancer onset (years)
100 89 64 24 1
100 82 58 19 1



Polygenic inheritance and cancer burden

Odds ratio (95% Cl)  P-value

0 Vs Combined Controls —a— 1.15(0.6510 1.65) 12x 100
5 VsISKS Controls ———=——  065(-0.22t0161)  0.079

B Vs LifePool Controls . —m— 127(07310182)  55x107
3 z

CE) Vs Combined Controls —.— 0.9 (0.14t0 1.63) 0.0098
pd Vs ISKS Controls - 0.41 (-0.651t0 1.51) 0.26

< VsLioPool Controls —e— 102(0.2810179)  0.0053
O E

I_

<Increased burden in controls Increased burden in cases>
Log2 Odds ratio

Slide courtesy of David Thomas



Polygenic inheritance and age at first cancer as
measure of Impact



