PERSONALIZED RISK ASSESSMENT FOR PREVENTION AND EARLY
DETECTION OF BREAST CANCER: INTEGRATION & IMPLEMENTATION
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DURING THE LAST 25 YEARS, BREAST CANCER MORTALITY RATES HAVE
FALLEN BY DUE TO INCREASED MAMMOGRAPHY SCREENING AND
MORE EFFECTIVE THERAPIES



REDUCING BREAST CANCER MORTALITY

Coldman A et al. (2014) JNCI 106(11)

THE AVERAGE BREAST CANCER MORTALITY

DATA WERE OBTAINED ON AMONG PARTICIPANTS WAS
%
2796 472 40%
SCREENING PARTICIPANTS LOWER THAN EXPECTED WITH A RANGE
FROM 1990-2009 ACROSS PROVINCES OF 27% TO 59%

PARTICIPATION IN MAMMOGRAPHY SCREENING PROGRAMS IN CANADA WAS
ASSOCIATED WITH SUBSTANTIALLY REDUCED BREAST CANCER MORTALITY.



POLYGENIC SUSCEPTIBILITY TO BREAST CANCER

Polygenic susceptibility to breast cancer
and implications for prevention

Nature Genetics 2002 31:33-36
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POLYGENIC MODEL OF BREAST CANCER RISK
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" Although only 12% of the population has a 10% chance or more of developing breast
cancer before the age of 70, approximately 50% of all breast cancers are diagnosed in this
sub-population.

® On the other hand, 50% of the population has a risk equal to or less than 3% and this
subset represents only 12% of all cancers.

" The risk of breast cancer is determined by a combination of genetic and non-genetic
factors, such that the majority cases will be diagnosed in the minority of women who are

at a relatively high risk.
Pharoah, P.D. et al Nature Genetics 31: 33-56, 2002



GENETIC LOCI IDENTIFIED FOR BREAST CANCER BY RISK
ALLELE FREQUENCY AND RISK CONFERRED



ALLELIC ARCHITECTURE OF SNPS ASSOCIATED WITH BREAST CANCER
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PERSPECTIVE PROJECT (2013-2018)

(Personalized Risk Stratification for Prevention and Early Detection of Breast Cancer)

THIS PROJECT IS DESIGNED TO INCREASE EARLY DETECTION OF BREAST
CANCER BY EXTENDING CURRENT MAMMOGRAPHY SCREENING PROGRAMS
IN AN OPTIMALLY COST-BENEFICIAL AND TARGETED MANNER ESPECIALLY
FOR YOUNGER WOMEN (35 TO 49) AT HIGHER RISK.

THIS WILL BE ACHIEVED THROUGH THE DETERMINATION OF A GENETIC
RISK PROFILE WHICH WILL BE INCORPORATED INTO THE RISK PREDICTION
MODEL (BOADICEA) IN ORDER TO INCREASE THE PROPORTION OF WOMEN
IDENTIFIABLE IN THE HIGH-RISK CATEGORY.
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PERSONALISED RISK STRATIFICATION FOR
PREVENTION AND EARLY DETECTION OF BREAST CANCER



BREAST CANCER ASSOCIATION CONSORTIUM
> 105 STUDIES - ~¥393,000 SAMPLES - 36 COUNTRIES
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HUNDREDS OF RESEARCH
TEAMS FROM

50

COUNTRIES

“ONCOARRAY”

600 000
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ONCOARRAY NETWORK
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Nat Commun. 2019 10(1):431

Cross heritability among the six cancers
Table 1 Significant enrichment estimates of genomic
Prostate . functional categories, meta-analyzed across six cancer sites
Ovarian . 0.024 Category Enrichment (95% Cl) P-value
Conserved region 9.78 (5.72-13.84) 2.28x10-5
TFBS 4,04 (2.91-517) 1.43x10-7
0.16 -0.026
Hng . X nie H3K9ac 3.41 (214-4.69) 2.04x10~4
ok H3K4me3 3.23 (2.47-4.00) 8.91x10-9
Headneck . 057 0095 0.15 LRE Super Enhancer 2.56 (2.23-2.89) 1.99 x10-20
) H3K27ac (PGC) 2.36 (1.91-2.80) 212x10~°
H3K27ac (Hnisz) 1.90 (1.65-2.15) 1.86 x 1012
Coll tal i i i )7
olorecs . ~0.067 B0 0081 0] H3K4me? 184 (156-212) 2.57x10-9
Repressed region 0.34 (0.07-0.61) 115%10-6
Breast 0.15 0029 018 024 0.072
s 2 it 7 The meta-analysis was performed based on the enrichment estimates and standard errors
£y > N S o @ calculated using LD score regression in each individual cancer type. P-values were significant
& @o‘ b‘\zo \/&\ (5\\?’ & after Bonferroni correction (P < 0.05/24)
Q C)0\0 \2@0 o Q‘O TFBS transcription factor binding sites




BREAST CANCER DATA SETS
(GWAS — ICOGS — ONCOARRAY)

Europeans

ER+ 69,501
OncoArray iCOGS A
61,282/45,494 46,785/42,892
CIMBA BRCA1
11 GWA
GWAS 9,414/9,494

14,910/17,588

Asians .
OncoArray ICOGS

7,799/6,480 6,269/6,62
4



ASSOCIATIONS ANALYSES — BREAST CANCER

Identification of 75 new breast cancer risk loci, including 9 associated with estrogen-receptor
negative disease.

In total, common risk variants now explain 18% of the familial relative risk (FRR).

We estimate that variants imputable from the OncoArray explain ~41% of the FRR, and thus, the new
risk SNPs account for “44% of the FRR that can be explained by all imputable SNPs.

Enrichment analyses of genomic features and pathway analyses have shed light on the underlying
biological processes involved in breast cancer susceptibility.



GENETIC VARIANCE OF BREAST CANCER RISK
(AFTER iCOGS AND ONCOARRAY)

Unexplained: 36%

Other SNPs
imputed using
OncoArray data
23% BRCA1
BRCA2

17%

SNPs (5X10-8) Other genes

GWAS+iCOGS+0ncoArray (CHEK2, PALB2, ATM, TP53
18% PTEN, STK11 and CDH1)
6%



ASSOCIATION BETWEEN THE 313 SNP POLYGENIC RISK SCORE (PRS)
AND BREAST CANCER RISK IN WOMEN OF EUROPEAN ORIGIN

Mavaddat N et al. (2019) Am J Hum Genet. 104:21-34. doi: 10.1016/j.ajhg.2018.11.002.



CUMULATIVE AND 10-YEAR ABSOLUTE RISK OF DEVELOPING BREAST
CANCER BY PERCENTILES OF THE POLYGENIC RISK SCORE (PRS) (313 SNPs)

32.6%

'

Middle quintile

N Pt Screening

2.6% threshold

The average 10-year absolute risk of breast cancer for a 47 year old woman (i.e. the age at

which women become eligible to enter the UK breast cancer screening program) in the general
population is 2.6%.

However, the 19% of women with the highest PRS will attain this level of risk by age 40 years.

Mavaddat N et al. (2019) Am J Hum Genet. 104:21-34. doi: 10.1016/j.ajhg.2018.11.002.



PREDICTED BREAST CANCER RISKS IN BRCA1 MUTATION CARRIERS BY
PERCENTILE OF THE POLYGENIC RISK SCORE

The estrogen receptor—negative breast cancer PRS comprised of 53 SNPs was used for BRCA1 carriers

J Natl Cancer Inst. 2017 Jul 1;109(7). doi: 10.1093/jnci/djw302



Genet Med. 2019 Jan 15. doi: 10.1038/541436-018-0406-9



BOADICEA PREDICTED LIFETIME BREAST CANCER RISK FOR A WOMEN WITH
UNKNOWN FAMILY HISTORY OR WITH A MOTHER AFFECTED AT AGE 50
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BOADICEA PREDICTED LIFETIME BREAST CANCER RISK FOR A FEMALE INTERMEDIATE-RISK
RARE PATHOGENIC VARIANT CARRIER WITH UNKNOWN FAMILY HISTORY
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PREDICTED DISTRIBUTIONS OF WOMEN IN THE POPULATION
IN DIFFERENT RISK CATEGORIES (based on NICE guidelines)

Lifetime (20-80)
Family history QRF QRF PRS QRF,
Only and Only | MD and
MD PRS
Unknown Average population risk (%) 11.5
Family history % at near population risk 97.0 | 90.5 | 89.2 84.2
% at moderate risk 3.0 9.5 10.6 14.7
% at high risk 0.0 0.0 0.2 1.1
Mother % at near population risk 35.1 42.3 52.3 55.1
affected at % at moderate risk 64.4 53.6 | 45.6 38.0
age 50 % at high risk 0.5 4.1 2.1 6.8

QRF: Questionnaire based Risk Factors; MD: Mammographic Density; PRS: Polygenic Risk Score.

Genet Med. 2019 Jan 15. doi: 10.1038/541436-018-0406-9






POSSIBLE HYPOTHETICAL DISTRIBUTION OF ABSOLUTE RISK FOR BREAST CANCER DECISIONS
Possible clinical decisions

« Lifestyle changes

T T
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1 1
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lifestyle 1 mammography : + Enhanced screening and surveillance
« Mammography screening frequency : SeEElng . » Chemoprevention and/or endocrine therapy
tailored to risk y Discuss preventive | « Risk-reducing surgery (mastectomy, salpingo-oophorectomy)
| therapies |
1 1
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Nat Rev Genet. 2016 17(7):392-406



DECISION AID FOR BREAST CANCER RISK STRATIFICATION

Gagnon J et al. Current Oncology 2016 Dec; 23 (6): e615-e625



SOCIO ECONOMIC SIMULATION MODEL

INPUTS OUTPUTS

NUMBER OF LIVES SAVED

PROJECTED IMPACT / JUDICIOUS CHOICES
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HIGH RISK CANCER GENETIC CLINICS

Many women receive approximate risk
estimates based only on their family
history.

* Multi-gene panel tests often include
genes with unproven association.

® The majority of women with a family
history receive negative genetic test
result.

®* Numerous identified variants are of
uncertain significance and therefore
clinically uninformative.

23%

Other SNPs reliably
imputed using the
OncoArray

18%

Identified SNPs

69 o

36%

Unexplained

BRCA1
BRCA2

17%

POPULATION BREAST CANCER
SCREENING PROGRAM

Recommendations assume all women
have the same level of risk based on
their age.

® Qverscreening women at lower
risk and underscreening women at
high risk.

* Adapt existing healthcare systems
for risk-based screening.

Implementation issues to be

addressed:
o Invitation
o Risk assessment
o Linked to care pathway
o Communication
o Monitoring and evaluation

O

Costing data

O

Socio-ethical and legal issues



RESEARCH STRATEGY

OUR OVERARCHING GOALS ARE:

= To improve personalized risk assessment to offer cost-effective
risk-based screening and prevention of breast cancer to women
most likely to benefit.

= To determine the optimal implementation approaches within
the Canadian healthcare system.

OUR PROJECT WILL PROVIDE:

Patient-oriented: A more accurate risk prediction improving genetic
counselling of high risk women about screening and risk
reduction strategies.

Population-oriented: Real-life evidence on how to shift from
primarily age-based “one-size fits all” screening to risk-based
approaches to improve the balance of benefits to harms.



HIGH RISK CANCER GENETIC CLINICS
ACTIVITY 1

IDENTIFICATION OF NOVEL BREAST
CANCER SUSCEPTIBILITY GENES

WHOLE-EXOME SEQUENCING *

CASES CONTROLS

CANDIDATE GENE MUTATION SCREENING

% FUNCTIONAL ASSESSMENT
OF RARE VARIANTS

* This number will double in collaboration with the EU-funded Horizon 2020 BRIDGES project



HIGH RISK CANCER GENETIC CLINICS
ACTIVITY 1 ACTIVITY 2 RISk PREDICTION

IDENTIFICATION OF NOVEL BREAST

CANCER SUSCEPTIBILITY GENES
NON-EI%I'EI?PEAN

ESTIMATES
IMPROVED
POLYGENIC RISK NOVEL BC
SCORE SUSCEPTIBILITY
WHOLE-EXOME SEQUENCING * GENES
CASES CONTROLS
CANDIDATE GENE MUTATION SCREENING
IMPROVE:
* GENETIC COUNSELLING
COMMON &
ER-SPECIFIC RARE VARIANT « SHARED DECISION PROCESS
RISK JOINT EFFECTS
PREDICTION ABOUT SCREENING AND RISK
REDUCTION STRATEGIES
VARIANT
s FUNCTIONAL ASSESSMENT PATHOGENICITY * EFFECTIVENESS OF

OF RARE VARIANTS PRIMARY PREVENTION

* This number will double in collaboration with the EU-funded Horizon 2020 BRIDGES project



POPULATION BREAST CANCER SCREENING PROGRAM

RISK
STRATIFICATION
TOOLS

¢ CLINICAL-GRADE
POLYGENIC RISK
SCORE GENETIC
TEST

* COMPREHENSIVE
RISK PREDICTION
WEB-TOOL

e WEB-BASED RISK
COMMUNICATION
TOOL

e ECONOMIC
MICROSIMULATION
MODEL



POPULATION BREAST CANCER SCREENING PROGRAM
ACTIVITY 3

RISK -
Acceptability
STRATIFICATION Knowledge, Ao _
TOOLS Attitudes &Feasibility  yptake of Genetic
& Beliefs Testing

¢ CLINICAL-GRADE
POLYGENIC RISK
SCORE GENETIC
TEST

women enrolled
through mammography

centers RISK-BASED SCREENING APPROACH

* COMPREHENSIVE
RISK PREDICTION

WEB-TOOL s )
Becﬁgsmﬂﬁs Socio-s!Elthical
Outcomes Organizational Costing Legal Issues
o WEB-BASED RISK Readiness Data
COMMUNICATION
TOOL
* ECONOMIC

MICROSIMULATION
MODEL



POPULATION BREAST CANCER SCREENING PROGRAM
ACTIVITY 3

RISK -
Acceptability
STRATIFICATION Knowledge, Ao _
TOOLS Attitudes &Feasibility  yptake of Genetic
& Beliefs Testing

¢ CLINICAL-GRADE
POLYGENIC RISK
SCORE GENETIC
TEST

women enrolled
through mammograph

wren " RISK-BASED SCREENING APPROACH

* COMPREHENSIVE
RISK PREDICTION

WEB-TOOL s )
Becﬁgﬂgﬂ?s Socio-s!Elthical
Outcomes Organizational Costing Legal Issues

o WEB-BASED RISK Readiness Data

gg(l\)llLMUNICATION ACTIVITY 4

REAL WORLD COSTS FROM POPULATION-LEVEL DATABASES
e ECONOMIC

M'cfggLs'MULAT'ON EVIDENCE-BASED ACTIONABLE AND COST-EFFECTIVE
STRATEGIES FOR IMPLEMENTION



POPULATION BREAST CANCER SCREENING PROGRAM

ACTIVITY 3

RISK -
Acceptability
STRATIFICATION Knowledge T .
TOOLS Attitudes &Feasibility  yptake of Genetic
& Beliefs Testing
e CLINICAL-GRADE
POLYGENIC RISK
SCORE GENETIC
TEST women enrolled
through mammography
centers RISK-BASED SREENING APPROACH
e COMPREHENSIVE
RISK PREDICTION
WEB-TOOL Screening
Behaviours Socm-s!ilthlcal
Organizational Costing Legal Issues
« WEB-BASED RISK Outcomes Readiness Data

gg(l\)llLMUNICATION ACTIVITY 4

REAL WORLD COSTS FROM POPULATION-LEVEL DATABASES
e ECONOMIC

M'cfggLs'MULAT'ON EVIDENCE-BASED ACTIONABLE AND COST-EFFECTIVE
STRATEGIES FOR IMPLEMENTION

PROVIDE REAL-LIFE
EVIDENCE

ACTIONABLE
FRAMEWORK
TO SUPPORT THE
TRANSITION
FROM AGE-
BASED TO RISK-
BASED
SCREENING



ORGANIZATIONS INVOLVED IN ACHIEVING THE BENEFITS

Jean Latreille

Direction de la cancérologie

Laurence Eloy

Medical Coordinator - Québec Breast Cancer Screening
Program

Jocelyne Chiquette

Lead Physician, Coordination Center for the Québec Region
Québec Breast Cancer Screening Program

PERSPECTIVE 1&I

Community Voices Committee

Health System Policy and
Clinical Advisory Committee

Linda Rabeneck

Vice-President, Prevention and Cancer Control

Anna Chiarelli

Provincial Scientific Lead, Ontario Breast Screening Program

Nicole Mittmann
Chief Research Officer

Suzanne Kamel-Reid

Co-Chair, Molecular Oncology Advisory Committee

Andrea Eisen

Breast Cancer Lead



INTERNATIONAL COLLABORATIVE EFFORTS

Wisdom

MyPeBS compares personalised risk-
based screening to standard screening.

Women Informed to Screen Depending
on Measures of Risk (WISDOM)

= A mUIti'Centre, international, (] Recruiting 100’000 women from

randomised clinical study that will
recruit 85,000 women from
Belgium, France, Israel, Italy and
the United Kingdom.

Involves 26 partners from 7
different countries.

Will investigate whether the
personalised approach is at least
equally or maybe more acceptable
than the age based one.

throughout California, Minnesota,
lowa, North Dakota, South
Dakota.

Will evaluate if personalized
screening is as safe as annual
screening, if it causes fewer harms
such as unnecessary follow-up
screenings, biopsies or other
procedures, and whether women
accept the approach.



TAILORED BREAST SCREENING TO INDIVIDUAL RISK
(START/STOP AGE, FREQUENCY, MODALITIES) WILL LEAD TO:

* Identifiable high risk women * False positive screens

* Early detection * Overdiagnosis/Overtreatment
* Survival * Invasive treatments

* Quality of life * Psychosocial impacts

* Prevention * C(linical and economic burden

MAXIMIZE THE BENEFITS AND MINIMIZE THE HARMS






IMPLEMENTATION OF A RISK-BASED APPROACH:
SOCIO-ETHICAL AND LEGAL ISSUES

Extend the roles of health professionals in managing genomic testing

= Assess feasible extension of the roles of nurses
= Assess the acceptability of extending the role of nurses

Integrate information technologies to provide clinical and
informational support

= Assess the capacity of the legal framework to integrate and support telehealth technologies
= Assess the acceptability of providing telehealth counselling

Manage privacy when using BOADICEA with electronic health records

= Legal analysis of privacy management using BOADICEA with electronic health records
= Explore challenges of using BOADICEA with electronic records

Facilitate compliance with federal and provincial regulatory
requirements and technology transfer options

= Map out the regulatory approval process applicable to use the BOADICEA software as a medical device in
Canada

= Undertake interviews with stakeholders

Inform women on the possible risks of genetic discrimination and
existing protections to mitigate them



OVERALL STRUCTURE OF POPRISKS-BC

Population sample of
non-genetic risk
factors

l

Genetic Mixing Model
(GMM) for population
samples (includes
BOADICEA internal
data & algorithms

Fertility rates
(from Stat Can
LifePaths) and
nuptiality data
(from CPAC

-

Risk function for
occult tumour «birth»

AN

HPVMM)

Population
sample of PRS
—— BC.JAD.K.:EA @ & rare variants [<@=
for individual .
& family
history
-

Risk assessment

Incidence,
in situ or
invasive, growth,
spread,
(positive nodes,

\ metastasis) )

( Natural history \ —»{

Screening

'

“Actual” genetic risk using rare
variants + full polygenic risk (not PRS)

OncoSim-BC model

Local/Regional
reccurence
diagnosis

for
. A
- Distant
reccurence
diagnosis

population samples
(from CPAC)

Breast Cancer initial
diagnosis

(Age, stage, ER, PR, H2N,

grade known)

y

End-of-life
(last 3 montns of life)

Breast Cancer treatment

y

Stage 4 only

Breast cancer death




ECONOMIC ANALYSIS

Revised and updated computer simulation models

= Combine CPAC’s OncoSim-BC (Breast Cancer) with newest version
of BOADICEA risk stratification algorithm (from Activity 2)

= Using Genetic Mixing Model (GMM) to estimate population joint
distribution of family history and measured prevalences of rare
genetic variants plus newly published polygenic risk scores (from
Activity 1)
Develop real world costs for stratified BC screening
= Intensive use of ICES and CCO data
= Collect data from actual implementation of pilot risk-based
screening (from Activity 3)
Assess prospective cost-effectiveness

= Both health system (i.e. direct health care costs) and social (e.g.
also including labour market and income tax) perspectives



