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ABSTRACT

Germline mutations in cancer-susceptibility-genes (CSG) can dramatically increase women'’s lifetime
risk of ovarian, endometrial, breast and bowel cancers. Identification of unaffected carriers is
important to enable proactive engagement with highly effective screening and preventive options to
minimise cancer risk. Currently a family-history model, is used to identify individuals with CSGs.
Complex regional referral guidelines, specify the family-history criteria required before an individual
is eligible for genetic-testing. This model is ineffective, resource intense, misses >50% CSG carriers, is
associated with underutilisation of genetic-testing services and delays detection of mutation carriers.
Although awareness and detection of CSG-carriers has improved, over 97% carriers remain
unidentified. This reflects significant missed opportunities for precision-prevention. Population-based
genetic-testing (PBGT) represents a novel healthcare strategy with the potential to dramatically
improve detection of unaffected CSG-carriers along-with enabling population risk-stratification for
cancer precision-prevention. Several research studies have assessed the impact, feasibility,
acceptability, long-term psychological outcomes and cost-effectiveness of population-based BRCA-
testing in the Ashkenazi-Jewish population. Initial data on PBGT in the general-population is beginning
to emerge and large implementation studies investigating PBGT in the general-population are needed.
This review will summarise the current research into the clinical, psycho-social, health-economic,

societal and ethical consequences of a PBGT model for women’s cancer precision-prevention.

KEYWORDS

BRCA, Population-Based Genetic Testing, Cancer, Ovarian, Breast, Endometrial, Lynch Syndrome

Word Count = 9005



HIGHLIGHTS

=  Population-based Genetic Testing identifies more unaffected mutation carriers than current
clinical strategies

=  Founder populations have demonstrated high acceptability of PBGT

= Unselected BRCA testing in the Jewish population is feasible, has high satisfaction, doesn’t
harm psychological wellbeing or quality of life, reduces anxiety and is potentially cost-saving.

=  Economic modelling suggests PBGT reduces cancer incidence and is cost-effective

=  Future work should focus on multi-panel cancer susceptibility genes testing, and use of
complex cancer prediction algorithms for risk-adapted population stratification and precision

prevention.



Units and Abbreviations

ATM ATM serine/threonine kinase
BRCA1 Breast Cancer Gene Type 1
BRCA2 Breast Cancer Gene Type 2
BRIP1 BRCAL1 interacting protein C-terminal helicase 1
CDH1 Cadherin 1

PALB2 Partner and localizer of BRCA2
PARP Poly ADP-ribose Inhibitor
RAD51C RAD51 paralog C

RAD51D | RAD51 paralog D

STK11 Serine/threonine kinase 11
TP53 Tumor protein p53




INTRODUCTION

An individual’s genetic background influences many aspects of carcinogenesis. Subsequently, the
evolving clinicopathological characteristics of tumours have their origins within genetics. Classically,
highly penetrant cancer-susceptibility genes (CSG) have been the focus of oncogenetic research. The
most well-defined are BRCA1 and BRCA2 mutations which disturb the cellular DNA repair pathway.
Knowledge of a cancer patient’s genetic landscape has been utilized primarily for targeting cancer
therapy through ‘Precision Medicine’ approaches. A classic example is PARP inhibitors which disable
tumours affected by dysfunctional BRCA pathways in BRCA1 and BRCA2 mutation carriers. Olaparib as
first line maintenance therapy significantly improves progression free survival in BRCA-mutated
ovarian cancer.[1] BRCA testing is now advocated for all high-grade non-mucinous epithelial OC
patients. However, the maximum impact on burden of cancers in the population from CSG
identification is likely to come not from targeted therapies but from ‘Precision Prevention’. ‘Precision
Prevention’ is a prevention strategy which incorporates individual variability in non-genetic (e.g.
environment, epidemiologic, hormonal, lifestyle, behavioural), as well as genetic and even epi-genetic
risk-factors. This comprises both primary prevention (disease prevention) and secondary prevention

(screening/early-detection).

Breast, ovarian and endometrial cancer constitute 40.1% of all female cancers in the UK, representing
71’605 new cases in 2016[2]. Although cancer treatment is improving these three cancers still resulted
in 17°775 deaths in 2017[2]. Germline mutations in CSGs contribute to a significant minority of these
cases (3% of Endometrial, 6% Breast, 15-20% OC)[3-6]. Although with increasing awareness and
accessibility, those with cancer are more likely than ever to receive genetic testing, there is still
massive under-utilisation of genetic services with some studies suggesting only 20% of eligible
individuals access testing.[7] Additionally, identification of CSG carriers before they develop cancer

remains extremely limited. Crucially, early recognition enables women to proactively participate in



high-risk screening programs, chemoprevention and risk-reducing surgery. These clinically effective
preventative strategies have a substantial impact in reducing the morbidity and mortality of women’s
cancers[8-11]. Furthermore, knowledge of carrier status provides opportunity for making lifestyle and
reproductive choices, preimplantation genetic diagnosis during family planning as well as cascade

testing in other unaffected relatives.

In the United Kingdom (UK) National Health Service (NHS), conventional access to genetic testing is
based on a family-history model (FHM) with individuals with a >10% probability of carrying a BRCA
mutations offered BRCA testing[12]. Similar thresholds exist in many other health systems. However
the FHM has been acknowledged to have several limitations[13]. Inequality exists for unaffected
individuals at every stage of the FHM. It requires healthy individuals to be aware of their family history
spanning across three generations (both maternal and paternal) and for them and their doctor to
comprehend its significance. This requires understanding of genetic inheritance and hereditary
cancers. Awareness of CSGs is greater in higher socio-economic groups, Caucasian populations and
founder populations such as the Ashkenazi Jewish population [14-19]. Furthermore, those with small
family units, those with estranged, adopted or families dispersed due to migration lack the ability to
identify this clustering and are disadvantaged. For genes which predispose to women’s cancers, male
predominance and paternal inheritance (or pure chance) may conceal its visibility through
generations[20]. Similarly, those who have a de novo germline mutation will lack an appropriate family
history[21, 22]. Research suggests 50-60% of patients with a BRCA mutation are not eligible for
genetic-testing and are missed through the FHM[23-25]. Complex referral guidelines exist for those
with familial cancer clusters, and acceptance to genetic services is dependent on clinical testing criteria
and risk algorithms[26-30]. As a result of the aforementioned limitations, only 2.6% of BRCA carriers
in Greater London have been detected with a FHM[31] and detection of other CSG such as Lynch
Syndrome is worse still, with a US study estimating only 1.2% of carriers are aware of their

diagnosis[32, 33].



Population-based genetic testing (PBGT) for CSGs is a novel healthcare initiative. In principle, this
involves unselected genetic testing being available to the general population irrespective of family
history. This has the potential to overcome the limitations of the FHM and increase carrier
ascertainment maximising the access to precision-prevention approaches. Additionally, it enables
population stratification by cancer risk (beyond just CSGs) for targeted risk adapted screening and
prevention. Complex risk models which incorporate validated common genetic variants or single
nucleotide polymorphisms (SNPs) along with non-genetic epidemiologic/hormonal data with/without
moderate-high penetrance genes can be used to predict personalised lifetime risk estimates for

targeting screening/preventive interventions of therapeutic benefit.

Wilson and Jungner outlined the ten principles of screening for disease in 1968. The UK National
Screening Committee has published updated criteria for its national screening programmes[34].
Additionally new emerging criteria regarding integration of education and clinical services,
confidentiality, equality and self-evaluation, analytic/clinical validity, clinical utility,
ethical/legal/social implications, cost-effectiveness[35-38] require consideration. These frameworks

provide focus and structure in the analysis of PBGT for precision prevention.

A growing body of research is addressing the feasibility, acceptability, cost-effectiveness and
psychological outcomes of PBGT. The vast majority of data comes from unselected BRCA testing in the
Ashkenazi Jewish population[20, 23, 25, 39, 40]. More recent ongoing research studies within low-
risk, unaffected cohorts are providing initial data on the ongoing ethical, psychological, logistical and

clinical considerations for PGBT[41, 42].

WHAT IS THE PREVALENCE AND RISKS OF CANCER SUSCEPTIBILITY GENES FOR WOMEN’S CANCER?



Fundamentally, in Wilson and Jungner’s criteria, the epidemiology of the condition must be well
understood and represent a significant health burden. The BRCA genes were discovered ~25 years ago
the precise cancer risk associated with them has evolved. Initial overestimates originated from
enriched family clusters were the gene was first identified.[43, 44] However, subsequent analyses
have corrected for ascertainment and estimate the cumulative lifetime risk at 80 years for breast
cancer (BC) is 72% for BRCA1 and 69% for BRCA2 respectively[45]. The cumulative ovarian cancer (OC)
risk is, 44% for BRCA1 and 17% for BRCA2[45]. International data regarding Lynch Syndrome, caused
by mutations in mismatch repair genes have outlined the lifetime risk of endometrial cancer to range
from 43-57% and OC to range from 10-17% with MLH1/MSH2/MSH6 mismatch repair mutation
carriers. In addition these genes are associated with an increased risk of colorectal cancer ranging
from 15-46%.[46] More recently, moderate-penetrance OC gene-mutations such as, RAD51C (lifetime
OC-risk 11.2%),[47] RAD51D (lifetime OC-risk 11.9%)[48] and BRIP1 (lifetime OC-risk 5.8%)[49] were
identified and validated. Additionally PALB2 has emerged as a high risk BC (lifetime BC-risk 53%) and
moderate risk OC (lifetime OC-risk 5%) gene.[50] In principle, these genes have established clinical
utility as their cancer risks are above the risk threshold at which an effective clinical intervention of

therapeutic benefit is available to reduce risk and prevent cancers in unaffected individuals.

BRCA1/2 mutations are responsible for ~15% OCs[51] and 5% BCs[52] in general-population women
and for 30-40% OCs[53, 54] and 10% BCs[55] in AJ women. Non-BRCA1/2 mutations of clinical utility
probably account for around another 2.5% OCs[56, 57] and 1% BCs.[51, 52]

BRCA1/2 mutations effect ~1:150 to 1:200 members of the general population,[58, 59] with Lynch
Syndrome affecting 1:370[60]. Global variation exists and certain communities contain a higher
prevalence. The Ashkenazi Jewish (AJ) population harbours three BRCA founder mutations (BRCA1

5382insC, 185delAG mutation, and BRCA2 6174delT). These historical genetic changes are present in



~1:40 of this community[25, 40, 61, 62]. This high prevalence has prompted five trials to conduct PBGT

for founder mutations in these communities.

POPULATION-BASED TESTING OF BRCA FOUNDER MUTATIONS USING THE JEWISH MODEL

Richards et al conducted an initial pilot study in Texas, recruiting 309 AJ participants in 1997[39]. This
group tested only for the 185DelAG BRCA1 mutation which was validated in 1996, later testing for the
BRCA2 mutation. Six BRCA1 & seven BRCA2 pathogenic variants were detected. This resulted in a
higher than expected incidence of 4.2%. However this sample was enriched with families affected by
BC or OC constituting a selection bias. Hartge et al tested 5318 men and women in the Washington

Ashkenazi Study in 1996 and found a founder mutation prevalence of 2.3%.[63]

The Polish ‘Twoj Styl’ study tested 5024 for three founder BRCA1 mutations common in Poland[64].
Novel recruitment via a one-time advert in a popular magazine was extremely successful with 5024
respondents undergoing genetic testing. 3.9% BRCA1 carriers were identified. Although recruited via
a population-based advertisement, the inclusion criteria and ascertainment was biased by family
history, as it required participants to have a personal or family history of BC or OC. Therefore, this was

not true population based testing and the findings are not comparable to PBGT.

Metcalfe et al. recruited 6108 Canadian Jewish women in a PBGT study[20, 65]. Although the group
did not exclude those with personal history of BC or OC, a very low proportion of participants had a
personal history recorded. This may explain the detection rate of 1.1% (68 carriers) which is lower

than the expected 2.5% incidence within AJ communities[61, 62].



Gabia-Kapara et al. conducted the largest study recruiting 8195 unaffected Israeli men in an attempt
to avoid selection bias[25] and estimate penetrance. Participants were recruited from general medical
clinics irrespective of family history of cancer. The study identified 175 pathogenic mutations, resulting

in a detection rate of 2.17%.

Manchanda et al. published the first randomised control trial, comparing PBGT to FHM. Recruitment
of 1042 AJ participants occurred via religious charities and community groups, with 89% consenting
to genetic testing[23]. This study analysed Ashkenazi Jewish founder BRCA detection for 504
participants in a FHM-arm compared to a 530 participants randomly allocated to the PBGT-arm.
Within the PBGT-arm all participants received genetic testing and 13 participants were found to have
pathogenic mutations (incidence 2.45%). After three-years of follow-up was completed, the family
history negative participants in the FHM-arm were offered genetic testing, and a further 8 BRCA

carriers identified. The total incidence was therefore 30/1034 (2.9%)[40].

Does PBGT detect more pathogenic variants than a Family History Model?

The Jewish population based studies provide strong evidence that PBGT is more effective than the
FHM for BRCA detection in unaffected carriers. Manchanda et al found that overall, 18 of the 30
pathogenic carriers detected were not eligible for family-history based testing according to current

clinical criteria and would have been missed[40].

Metcalfe et al. also compared FHM referrals to the Toronto genetic clinical services over the same
time period (2007-2012) as their PBGT study[65]. 192/437 FHM referrals were eligible for testing and
22 carriers identified (11.5%). However, PBGT was more effective in identifying unaffected carriers (n

=92) than the FHM (n = 29).
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Gabai-Kapara also reported family history characteristics of participants. Participants were defined as
‘high incidence families’ if they contained a case of pre-menopausal BC, 23 BC at any age, any male BC
or any OC. Based on current UK criteria these families would be able to access genetic testing through
the FHM. Low incidence families did not meet any of the criteria listed. Of the mutation carriers in this
PBGT study, 49% were from high incidence families (family history positive) but 51% were from low
incidence families (family history negative)[25]. Similar corroborating data are available from
unselected genetic testing at cancer diagnosis[66] and return of secondary findings in larger general
population cohorts[59] where 50% of carriers identified would not have met genetic testing criteria.
Together, these studies demonstrate that PBGT enables more effective detection of unaffected BRCA

carriers than a FHM.

DECTECTION OF OTHER CSG IN THE GENERAL POPULATION USING PBGT MODEL

The fall in the cost of genetic testing and the availability of next generation sequencing has prompted
a rise in the use of ‘multi-gene panel’ testing, where multiple genes are analysed simultaneously.
There is significant variability regarding which genes are offered on panel testing in clinical
practice[67]. The ACCE model regarding analytical and clinical validity should be adhered to in
selecting appropriate gene panels which contain only genes with clinical utility[68]. Recently validated
OC CGSs include RAD51C, RAD51D, BRIP1, PALB2, associated with lifetime risk 5-11%[50, 69, 70] and

have been included in several recent PBGT studies.

Rowley et al. 2018 published an Australian study of 5908 unselected women, recruited from a
government funded breast screening programme[71]. Although population-based in selection, this
study was not specifically designed for PBGT, genetic testing was added as a ‘bolt-on’. Patients were

not recruited for this purpose. This ‘bolt-on’ model of returning additional ‘secondary-findings’ is not
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the same as analysing the prospective uptake of population genetic testing for genes of established
clinical utility based on principles of population screening. This group use a multi-gene panel of eleven
CSG (BRCA1, BRCA2, PALB2, ATM, CDH1, PTEN, STK11, TP53, BRIP1, RAD51C and RAD51D) which have
a range of accompanying risks of breast and OC[72-74]. Overall, incidence of pathogenic mutation
incidence was 1.77% (0.64% in high-risk genes and 1.13% in moderate risk genes respectively).
Participants with a family history of BC, are more likely to have participated in Rowley et al. study
inadvertently leading to a selection bias. This is evidenced in the familial characteristics of the 38
participants with pathogenic variants. Twenty-four had a first-degree relative with BC or OC. As this
study was not designed primarily for PBGT, it is difficult to draw strong inferences apart from some
estimates of mutation prevalence. These studies show acceptability of returning clinically relevant
genetic research results or secondary findings and are supportive of the concept of broadening access
towards a population-based approach. However, they do not address in a prospective unbiased

fashion key questions around delivery and impact of population testing.

An unpublished UK pilot study, PROMISE-FS assessed the feasibility of PBGT using a panel of CSGs
(BRCA1, BRCA2, RAD51C, RAD51D, BRIP1) in combination with OC-SNP polygenic risk scores and
epidemiological risk factors to increase precision of risk estimates to predict lifetime ovarian cancer
risk and stratify a low risk unaffected population into risk categories (low/intermediate/high) as well
as offer appropriate downstream management[42]. This study will provide important insights into the
feasibility and acceptability of PBGT in unselected women for multigene testing and predicting lifetime

ovarian cancer risk.

Regarding low-risk general population studies, the ongoing Canadian ‘Screen Project’ is offering PBGT
for BRCA1 and BRCA2 for $165 in a direct-to-consumer model. Initial commentary reported a

detection rate of 3.3% among the initial 150 participants[41]. Three of the five detected pathogenic
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mutations, did not meet criteria for testing in a FHM [41]. However, direct-to-consumer models
currently offered by commercial companies are biased by a potential healthy volunteer effect and may
have a higher ascertainment rate due to individuals aware of a strong family history being more likely

to undergo testing.

WHAT TYPE OF GENETIC COUNSELLING IS APPROPRIATE FOR PBGT?

Genetic counselling is recommended by international consensus prior to and following genetic testing.
Pre-test genetic counselling provides risk awareness and helps patients understand their genetic
testing options and potential outcomes. Post-test counselling helps patients understand the results,

and the medical implications. This is a resource intense and time-consuming process.

In order for the successful implementation of PBGT, novel alternatives must be explored to avoid
overwhelming current genetics services. Research studies have explored group sessions, DVD-based
approaches, telephone and telemedicine consults as alternatives approaches and found non-inferior
with similar patient satisfaction[75]. A DVD method was found to be non-inferior and deliver cost-
savings of £14/volunteer compared to a traditional approach [76].Unsurprisingly, PBGT studies have

adopted a variety of methods.

It is important to differentiate ‘patient education’ from ‘counselling’, two concepts which are often
intertwined. Most PBGT studies have prioritising the educational focus and did not provide any pre-
test counselling [64, 65]. This risks neglecting the core counselling element which explores the
concerns and expectations of genetic testing. Richards et al. provided community pre-test counselling
in group sessions (50 participants per-session)[39]. In comparison, Manchanda et al. provided

traditional pre-test counselling to all participants in the randomised control trial. Pre-test counselling
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was found to increase awareness of disadvantages of BRCA testing, influencing the final cost-benefit

perception and decision-making on undergoing testing.[18]

Metcalfe et al. compared counselling work-load per pathogenic mutation, in PBGT (average = 2.6
hours) versus FHM (average = 12.7 hours) demonstrating the significant clinical burden of the
traditional method[65]. At one year following PBGT 56% of carriers and 19% participants overall
retrospectively wished they had received formal pre-test counselling[77]. A pilot UK study
demonstrated feasibility of using a web-based decision aid and telephone helpline for population
testing feasibility of this approach[78] and a recent AJ population study has also used an online pre-

test education and consent process.[79]

Most studies opted to provide individual face-to-face post-test counselling for those with pathogenic

mutations or very strong family histories. Rowley et al. was the only study to not conduct this.

WHAT ARE THE CLINICAL CONSEQUENCES FOR THOSE IDENTIFIED WITH A CSG THROUGH PBGT?

Risk-reducing strategies

A key question is whether women with a pathogenic variant detected though PBGT have the same
health behaviours as those detected traditionally through FHM. Personal and family experience of
cancer is a fundamental motivator in participating in risk-reducing strategies[80]. Therefore, it could
be hypothesised that PBGT detection may result in less proactive clinical decision making. Data on this
are limited but emerging and appear reassuring. Metcalfe et al. reported 100% uptake of breast
screening, 90% incidence of risk-reducing salpingo-oophorectomy (RRSO), 11% rate of risk-reducing

mastectomy (RRM) in PBGT-detected carriers, rates similar to Canadian population norms[81].
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Rowley et al. reported 46% of the BRCA mutation carriers opted for RRSO. At the time of publication,
none had chosen bilateral risk-reducing mastectomy[71]. The uptake of RRM is lower than reported
levels in those detected via FHM[81, 82]. However, this may reflect the longer median time to surgery
from diagnosis for RRM than RRSO[83] as well as the short follow-up time available for population
based studies. Furthermore, internationally only 3.4% of RRM were conducted in women over 60

years old, close to the mean age (59.2 years) of Rowley cohort[82].

Notably Rowley et al did not inform participants of pathogenic variants in moderate risk genes
(RAD51C, RAD51D, BRIP1) which increased the risk of OC by 5-11%[84]. The threshold for OC
prophylactic surgery has been defined to be 4-5% therefore, carriers of these moderate risk genes

would have potentially benefited from RRSO.

Cascade Testing

Once a pathogenic mutation is identified, individuals are invited to refer at risk relatives for genetic
testing; a process referred to as cascade testing. The impact of PBGT on this practice has been reported
by several studies. Rowley et al. noted the number of relatives referred for cascade testing did not
differ in those identified in PBGT (referred 3.3 relatives) compared to local FHM norms (3.1 referred)
[71]. Similarly, Gabai-Kapari reported an average of 3.7 relatives referred per mutation identified[25].
Thus far, pro-band detection via PBGT doesn’t appear to affect cascade testing in the AJ population.
However as increasing data becomes available, it is likely that the rate of cascade testing will increase
as current uptake is limited by number of identified carriers through these studies. However, this does
highlight an important point that PBGT needs to be accompanied by public health campaigns to raise

awareness of unselected testing and its benefits.

False reassurance effect
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The ‘false reassurance effect’ involves the welfare of individuals who undergo PBGT but are found not
to carrier a mutation. There exists a theoretical concern these non-carriers may be incorrectly
dissuaded from attending national screening or seeking medical advice for cancerous symptoms.
Richards et al. reported no significant difference in the rate of mammography attendance in non-
carriers in the years following negative result (88.3% in year 1, 91.7% in year 2). Although, notably this
cohort was highly educated with 50% attaining graduate level education [85]. Data on long-term
health behavioural outcomes related to uptake of routine screening programmes in those testing
negative following PBGT is limited and more research into the subsequent health-behaviours of this

cohort is required.

WHAT ARE THE PSYCHOLOGICAL CONSEQUENCES OF PBGT?

The psychological impact of PBGT has been assessed by two of the published trials. Metcalfe et al.
monitored cancer-related distress in 2074 participants undergoing PBGT for BRCA mutations. The
impact of events scale was used to measure this variable pre-testing and one year following. For non-
carriers there was no significant difference. However, for BRCA mutation carriers cancer-related
distress was significantly higher at one year post results[77]. This cancer-related distress had returned
to low pre-test values at 2-years following PBGT diagnosis. Although, limited participants completed
questionnaires at all three time intervals (number =19), exploratory findings suggest that risk-reducing
surgery is fundamental in improving cancer-related distress[81]. Lieberman et al in a study of 1771
participants also found that at 6 months, carriers had significantly increased distress and anxiety,
greater knowledge, and similar satisfaction as non-carriers.[86] The Metcalfe and Lieberman studies

lacked a control arm and did not provide pre-test counselling.
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Manchanda et al used a variety of validated questionnaires to compared quality of life, anxiety,
depression, health anxiety, impact of testing and cancer-worry between PBGT and FHM in a
randomised design[23]. These variables were measured at baseline, 7 days, 3 months and at yearly
intervals until 3-years following diagnostic results. Over three years, the participants in the PBGT-arm
had a statistically significant decrease in anxiety and total anxiety and depression scores compared
with the FH-arm over 3 years. Otherwise, there was no statistical difference in other psychological or
quality-of-life variables between PBGT and FHM[23] testing strategies. All participants in this study

received pre-test genetic-counselling. All studies reported high satisfaction rates of 90-95%.

There is currently no published literature on the psychological effects of PBGT for CSG in a low-risk
non-Jewish general population. The results of the PROMISE feasibility study which has investigated

psychological outcomes following PBGT are awaited[42].

FACILITATORS AND BARRIERS TO PBGT?

Being married/cohabiting is associated with a four-fold higher odds of uptake of genetic testing.[18]
Higher levels of BRCA-related knowledge and lower anxiety was positively associated with uptake of
genetic testing. Perceived benefits have been associated with greater interest and intention but not
necessarily uptake of genetic testing.[18] Genetic discrimination by employers and insurance
organisations is a greater concern in societies with private healthcare systems[87]. Regarding
women’s cancer prevention a minority of AJ participants declined PBGT on account of this reason in
privatised (US)/semi-privatised (Israel) healthcare systems [25, 39]. Qualitative research has
demonstrated more pressing social concerns centre around community discrimination, for example
reduced marriage prospects [88]. A small but not insignificant proportion (3-13%) of individuals felt

PBGT may increase anti-Semitism [88, 89]. Data from the population based UK study showed that
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increased levels of concern associated with singling out an ethnic group, stigmatisation and marriage
ability were associated with significantly lower interest/intention and lower odds of uptake of BRCA
testing.[18] Concerns regarding confidentiality, insurance, emotional impact are associated with lower
uptake of BRCA-testing. Despite these concerns, overall PBGT testing for BRCA mutations appears
acceptable in Jewish communities, 90-95% participants felt genetic testing should be available to all
Jewish women([77]. Overall the facilitators and barriers to PBGT appear similar to those found in high

risk women undergoing testing through cancer genetics clinics.

Further research regarding unaffected population opinions of PBGT in non-Jewish and ethnic minority
populations would be beneficial. It will be important to elicit specific cultural concerns prior to
implementation, so counselling and education can be tailored as appropriate to ensure PBGT

programmes are inclusive.

VARIANTS OF UNKNOWN SIGNIFICANCE

The majority of PBGT studies for founder BRCA mutations were detected by polymerase chain
reaction, or specific exon analysis[20, 23, 25, 39]. PBGT in a low-risk general population requires very
different processing due to national diversity and the vast array of unique mutations. Genes are
analysed by next-generation sequencing (NGS) which involves much greater analytical detail.
Interpretation is more complex, partially due to the higher incidence of variants of unknown
significance (VUS)[90]. These represent genetic anomalies which currently cannot be identified as
pathogenic or benign. Pervasive racial disparities in genomic medicine can lead to more frequent VUS
results for black and ethnic minority populations[91-93]. Additionally VUS rates will increase with the

number of genes included in a test.

18



Contrary to current clinical practice, PBGT trials have not informed participants of VUS results. This is
due to academic concerns they would evoke unnecessary confusion, potentially increased anxiety and
lead to misinterpretation leading to inappropriate management or unnecessary clinical
interventions[94]. However, as genomic technologies evolve and more variant data accumulate, it is
inevitable a proportion of PBGT results will be reclassified from VUS to pathogenic. Logistically the
clinical responsibility of informing patients and managing these variants in the long-term must be
accounted for in healthcare frameworks. The public must be aware about the potential for results to
change many years after PBGT. Clarity regarding medicolegal consequences of this issue will also be
important. A potential stop gap measure until the above issues are resolved is not to report VUS with
PBGT. Although this limits sensitivity due to some false negatives, in the context of population
screening, it can be argued that for a screening programme it is not essential to identify 100% of

individuals at risk.

WHAT ARE THE ECONOMIC CONSEQUENCES OF PBGT?

As with all new healthcare innovations, it is vital the economic implications are assessed. In order for
new strategies and interventions to be sustainable they need to be cost-effective. This is essential for
health policy decision-making to enable equitable and effective resource allocation across different
types of health interventions. Several studies have sought to evaluate the cost-effectiveness of PBGT.
Rubenstein et al showed PBGT for BRCA founder mutations was cost-effective compared to no testing.
However, this did not use the standard of care (FH-testing) as the comparator. Manchanda et al
published three cost-effectiveness analyses for BRCA testing in the Jewish population, (a) a UK analysis
from a randomised trial,[95] (b) a UK and US analysis with varying grandparent ancestry[96] and (c) a
Sephardi Jewish analysis[97]. These analysis showed that population-based BRCA testing (compared

to FHM) in the Jewish population is highly cost-effective and is cost-saving in most scenarios. . Within
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this community, PBGT was found to improve QALYs and reduce incidence of OC (0.34%) and BC

(0.62%)[95].

More recently Manchanda et al. modelled the cost-effectiveness of PBGT for six high and moderate-
risk OC and BC genes (BRCA1, BRCA2, RAD51C, RAD51D, BRIP1, PALB2)[98]. In the UK & US modelling
multi-gene panel testing was more cost-effective than any FHM strategy (compared to FH-based BRCA
testing alone or compared to FH-based panel testing). The incremental cost-effectiveness ratio were
below the willingness to pay threshold of £30°000/QALY (ICER = £21’599.96/QALY) in the UK, as well
as $100,000/QALY (ICER = $54769.78) in the US. PBGT for this 6-gene panel on probabilistic sensitivity
analysis was cost-effective in 83.7% and 92.7% simulations for UK and USA health systems
respectively.[98] This panel-testing could prevent BC (2420/2386) and OC (657/655) in UK/US women
per million [98]. This translates to potentially preventing an additional 17,505 ovarian cancer cases
and 64,493 breast cancer cases in UK women, and 65,221 ovarian cancer and 237,610 breast cancer
cases in US women. Of late, an Australian study showed that PBGT for BRCA1, BRCA2, MLH1, MSH2,
cystic fibrosis (CF), spinal muscular atrophy (SMA), and fragile X syndrome (FXS), in an Australian

population was extremely cost-effective (ICER= 7286 AUD/QALY).[99, 100]

SHOULD BOTH WOMEN AND MEN BE OFFERED PBGT IRRESPECTIVE OF AGE?

The variation in age of eligibility used in economic modelling research is reflected in PBGT trials. Each
study had selected age threshold between 18 and 30. Broadly speaking, main differences originate
from opposing views on whether PGBT should be available from legally defined adulthood or from the
point at which preventative strategies are available [101]. In the UK, based on a FHM genetic testing
for CSG is available from 18. Awareness before availability of preventative strategies still has benefit.

Receiving a genetic diagnosis is a major event, and time to digest and understand its implications are
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beneficial. Several of the surgical risk options require extensive personal consideration and removing
time-pressure from this decision may lead to improved long-term psychological outcomes. Separately,
early knowledge enables women to proactively engage in family planning such as making reproductive
and contraceptive choices which can impact risk as well as considering pre-implantation genetic
diagnosis to prevent continued genetic transmission of the CSG. We argue for testing being made
available from the age of 18 years similar to what it is in genetic testing in clinical practice today.
Similarly, further discussion regarding maximum age are required. Women over 70 years remain
eligible for risk reducing strategies, therefore this upper threshold is punitive. Additionally, older
women are likely to have unaffected family members who can benefit from cascade testing and
subsequently access preventive interventions to reduce cancer risk. We do not favour an upper age

threshold for genetic-testing.

Current PBGT research also varies on gender eligibility. There are several arguments for men receiving
PBGT for CSG in this context. For example, men who are BRCA2 carriers can develop breast-cancer,
prostate cancer and pancreatic cancer. [102-105]. Additionally, paternal transmission to children is an
important consideration, and men should be permitted opportunity for family planning and
preimplantation genetic diagnosis. Additionally, men may have other unaffected female relatives who
can benefit from cascade testing. These are strong arguments for PBGT to be made available for both

men and women.

SOME ETHICAL CONSEQUENCES OF PBGT

While, there are a host of ethical consequences related to PBGT, we reflect on a few topical issues
below. The diagnosis of a CSG mutation represents an increased risk of developing a life-limiting

disease. This knowledge can become a substantial psychological and emotional burden[106]. The
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impact of genetic diagnosis on family dynamic are complex, and the guilt of ‘passing on’ the mutation
to relatives is a key source of distress[107, 108]. Occasionally, probands choose not to inform relatives
of their diagnosis. This decision has difficult ethical consequences, and causes confliction in a

clinician’s ability to abide by the fundamental principles of bioethics[109].

Currently, the individual’s right to confidentially regarding their genetic results is valued as paramount
in clinical practice[110]. Healthcare professionals do not conduct carrier tracing, to identify at risk
relatives without the pro-band consents. However, respecting the value of confidentiality negates
clinician’s ability to apply the principles of non-maleficence to relatives. Within the context of
Huntington’s disease, this ethical challenge is under legal review in the case ABC vs St Georges

Healthcare NHS Trust and others[111].

The General Medical Council recommend that confidentiality is not absolute, and should be violated
in cases where ‘failure to do so may expose others to risk of death or serious harm’[112]. However,
specific guidance on what constitutes ‘serious harm’ is unavailable. What level of increased risk of
ovarian, breast and endometrial cancer would qualify? The issue of VUS management and whether to

report it or not has not yet been resolved.

Additionally, individuals with a pathogenic mutation may inadvertently reveal the results of a parent,
an ‘obligate carrier’ who had declined testing. In some instances, this could remove an individual’s

autonomy to refuse testing.

It is important to establish clear medico-legal guidance regarding these issues as we move towards

mainstreaming of PBGT.
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SUMMARY

PBGT has been proposed as an alternative strategy to the FHM to improve detection in unaffected
carriers of CSG who can benefit from precision prevention. Initial studies regarding Ashkenazi Jewish
BRCA PBGT testing has prompted global debate about the role of CSG in women’s cancer prevention,

and more broadly into societal opinions about PBGT[37, 94, 101, 113].

PGBT founder studies demonstrated superior detection of pathogenic mutations in unaffected
individuals[23, 65]. Diagnosis was demonstrated to result in excellent uptake of cancer preventative
strategies[81, 85]. Overall compared to FHM this was associated with reduced anxiety in the
population and did not cause psychological harm.[40] The Psychological impact in those testing
positive appeared transient as is seen in those testing positive from high risk clinics.[40, 81] The PBGT
process was associated with high satisfaction rates (90-95%) and a high proportion of AJ communities
were supportive of PBGT [76, 88, 114]. This strategy is cost-effective and it is high time policy changed

to offering PBGT in the Jewish population.

Clearly the experience of founder-populations alone is not directly applicable to the broader general
society. Fundamentally, the difference in prevalence and subsequent health burden is influential. It
needs to be established whether the wider general population would be as driven to participate in
PBGT for women’s cancer prevention and whether the outcomes and health impact in them will be

similar.

Undeniably public awareness of genetic cancer predisposition has surged with the aid of celebrity and

political endorsements[115]. Additionally, the multi-million-pound industry of direct-to-consumer
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genetic tests is testament to an increasing appetite for knowledge of personal genetics. Whether this

interest will be cross-sectional across society is not known.

Significant logistical questions regarding the national implementation of PBGT remain. Consensus
regarding eligibility criteria, genetic counselling/education protocol, and VUS management represent
some of the major issues which require addressing. It is likely we will need different models/pathways

for different health systems which are context specific.

PBGT for CSG has been demonstrated to have important health-empowering benefits. The ability to
improve identification of unaffected carriers is promising, and potential to reduce the morbidity and
mortality of women’s cancer is clear. Therefore, despite the logistical challenges, translational work
must continue to focus on the integration of cancer-susceptibility genes into population healthcare,

promoting precision medicine.

PRACTICE POINTS

e 50-60% of patients with a BRCA mutation are not eligible for genetic-testing and are missed
through the FHM[23-25].

e PGBT founder studies demonstrated superior detection of pathogenic mutations in
unaffected individuals[23, 65].

e Psychological consequences of detection of CSG from PBGT appear comparable to those

detected in a FHM.

RESEARCH AGENDA
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e The outcomes and acceptability of conducting PBGT for CSGs in low risk populations.

e Further reflect the large variation of CSGs with validated clinical utility, including BRCA1,
BRCA2, PALB2, RAD51C, RAD51D, BRIP1, MLH1, MSH2 and MSH6.

e Evaluating more complex risk adapted modelling strategies for population stratification for
targeted screening and prevention.

e The optimum structure of genetic counselling service to accompany PBGT
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MULTIPLE CHOICE QUETIONS
Question 1

1. Population-Based Genetic Testing (PBGT) for founder BRCA1 & BRCA2 mutations in the
Ashkenazi Jewish community:

Has an acceptability level of 34-40%, evidenced by current research studies.

B. Has been found to be cost-saving compared to family-history model, when analysed by
economic decision models.

C. Isless effective at detecting unaffected carriers than a family history model.

D. Utilises next generation sequencing methods to analysis the entire BRCA1 and BRCA2
genes

E. Has been explored due to the high prevalence of these mutations (1 in 200) within this
population.

Answers to Question 1

A = False; B =True; C = False; D = False; E = False

Explanation to Question 1

A. This is incorrect as research studies have demonstrated higher levels of acceptability (90-95%) in
the Ashkenazi Jewish Community for PBGT of BRCA1 & BRCA2 founder mutations. [23, 77, 88, 116].
B. Manchanda et al demonstrated that PBGT is cost-saving with a baseline discounted incremental
cost-effectiveness ration of -£2079/QALY when compared to the existing family history model[95].
C. This is incorrect, PBGT has been demonstrated to detected 50-56% more pathogenic mutations
carriers than the family history model[23-25]. This is due to the stringent family history criteria
which must be achieved before genetic testing is offered in the current system. PBGT does not have

such restrictive barriers.

D. Actually, genetic testing for founder mutations does not involve analysis of the entire genes. In
clinical practice and in research settings, polymerase chain reaction tools or exome analysis are used
to identify the three common founder mutations (BRCA1 5382insC, 185delAG mutation, and BRCA2

6174delT) which are present in Ashkenazi Jewish community [20, 23, 25, 39].
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E. This is false because the aforementioned founder mutations are present in 1:40 members of the

Ashkenazi Jewish community[61, 62].

Question 2

2. Research studies have demonstrated the following psychological consequences of PBGT in
Ashkenazi Jewish Community:

Cancer-related distress is better in mutation carriers at one year following results

B. Quality of life is better in those who underwent family history genetic testing rather than
PBGT

C. Anxiety and depression increases in the three years following PBGT compared to family
history model.

D. Anxiety decreases in the long-term following PBGT compared to the family history
model

E. PBGT resulted in more long-term uncertainty than a family-history model of testing

Answers to Questions 2

A = False; B = False; C = False; D = True; E = False

Explanation to Question 2

A . Unsurprisingly Metcalfe et al. found cancer-related distress was worse in the one year following
pathogenic mutation was found. However, this was a small cohort (18 x carriers) so more work is
required to clearly outline the short-term psychological consequences upon carriers after PBGT[77].
B. This is incorrect as Manchanda et al. demonstrated that there was no statistically significant
difference in overall quality of life scores between the PBGT-arm and the family history-arm of a
randomised controlled trial. C. Contrast tests showed a statistically significant decrease in overall
HADS (p=-0.0012) scores in the PS arm compared with the FH arm over three years. D. Metcalfe et
al. and Manchanda et al. group demonstrated that the decrease in anxiety observed after BRCA
testing was maintained into the long-term[40, 81]. This was more significant for PBGT-arm versus
those who had testing via a family history model[40]. E. Manchanda et al. found that there was no

statistically significant difference in long-term uncertainty for PBGT (MICRA uncertainty score mean
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2.9 (Standard error =0.24) compared to a family-history model (MICRA uncertainty score mean

3.8(Standard error =0.57) [40].

Question 3

3. What s cascade genetic testing for cancer susceptibility genes (CSG)?

Offering a multi-gene panel based on the type of cancers present in a family history

B. Offering full BRCA gene analysis via next generation sequencing rather than only the
three Ashkenazi Jewish Founder mutations

C. Genetic testing for cancer susceptibility genes which is offered to patients following a
cancer diagnosis

D. Offering at-risk family members genetic testing for CSG mutation after it has been
located in a relative

E. Sequential analysis of individual cancer susceptibility genes until a pathogenic mutation
is identified

Answers to Question 3

Answer: A-False, B-False, C-False, D — True, E- False

Explanation to Question 3

A. Cascade testing does not refer to the multi-gene panel process.

B. Cascade testing does not refer to the type of genetic analysis genes undergo for detection.

C. Cascade testing does not refer to the process of offering patients a genetic testing after cancer

diagnosis.

D. Cascade testing is the systematic process of offering genetic testing to biologic relatives of a

proband once a pathogenic variant[117].

E. The sequential analysis of different CSG is not cascade testing.
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