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1. Background

,e principles for screening were defined in 1968 by Wilson
and Junger, with a central tenant—“on the one hand,
bringing to treatment those with previously undetected dis-
ease, and, on the other, avoiding harm to those persons not in
need of treatment” [1].

,e question of whether genomic screening should be
introduced to detect predisposition to cancer is complex. Its
key elements are fourfold. “Should” implies a duty to screen.
,e duty would be if the benefit of screening outweighed
harm and the potential benefits and harms need to be
considered with respect to the patient, the wider population,
and the economy. “All individuals” suggests indiscriminate
application of screening test as opposed to a target pop-
ulation. Does “Genetic Predisposition” include monogenic
changes, polygenic changes, or both? What about pene-
trance? Finally, “Cancer” needs further definition. All can-
cers? Solid tumours only? Particular types of cancer? To
screen everyone for all genetic changes which can predispose
to all types of cancer is ambitious to say the least. It would
surpass the scale of any national screening programme to
date. In order to answer this question, it is perhaps best to
first consider the concept of a health-screening programme.

2. Genetic Variation

,anks to evolution, human beings are genetically diverse.
,e estimated number of variants in the normal human

genome is approximately 5,000,000, of which approximately
10,000 are protein changing, 150 are protein truncating, and
an estimated 40–100 arise as de novo events [2].,emajority
of these variants have only a slight, or no, deleterious impact
on health. Most known disease-causing variants are located
in the coding part of our DNA, which accounts for only 2%
of our genomic material. Genetic testing using multigene
panels or whole exome sequencing focuses on the coding
sequence, but more recently, application of whole genome
sequencing to detect cancer predisposing variation has come
to the fore. Most genetic predisposition to cancer relates to
sequence variation, but there are other genetic mechanisms
which may influence cancer risk, such as methylation defects
(constitutional MLH1 hypermethylation [3]), imprinting
disorders (e.g., Beckwith–Wiedemann syndrome [4]), and
copy-neutral structural rearrangements [5] (e.g., MSH2
inversion [6] and chromosome 3 translocations involving
VHL [7]), which are not readily detected by whole genome
sequencing.

2.1. Genetic Predisposition to Disease. Mendelian disorders
are generally associated with variants in a single gene or
family of genes, which are typically identified through
linkage studies involving families affected with a specific
disorder. Variants associated with common complex dis-
orders are typically identified through large-scale genome-
wide association involving cases compared to unaffected
controls. Most such variants are intergenic rather than in the
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coding DNA and individually exert only a slight influence on
risk. A polygenic risk score is the quantification of the
cumulative effect of a number of genetic variants which
individually have a small effect on susceptibility to disease of
interest. Variants associated with cancer are associated with
different risks, depending on patient age/gender, the type of
variant, the gene/part of the gene in which they are located,
and other coinherited genetic modifiers. ,e risk of cancer
may also be modified further by lifestyle/environmental
factors.

3. Genetic Screening for Cancer Predisposition

,e World Health Organization defines screening as “the
presumptive identification of unrecognised disease in an
apparently healthy, asymptomatic population by means of
tests, examinations or other procedures that can be applied
rapidly and easily to the target population” [8]. Breast,
bowel, and cervical cancers are the UK’s main cancer
screening programmes. ,ese programmes have been
guided by the screening criteria developed by Wilson and
Junger in 1968.

,e criteria can be split into three main components
based on the questions set byWilson and Junger [9] (Table 1
in Supplementary Materials): the disease, screening test, and
diagnosis and treatment.

3.1. 1e Disease. ,ere is no doubt that cancer is an im-
portant health problem.,e principle cause of death globally
is cardiovascular disease, and cancer is second [10].,e depth
of our knowledge and understanding surrounding the nat-
ural history of cancer is constantly improving. Many cancers
have well-defined natural history, such as the adenoma-
carcinoma sequence of colorectal cancer and carcinoma in
situ to invasive breast cancer, while others are less clear cut
(p53 signature, serous tubal intraepithelial cancer to ovarian
cancer, etc.). ,ose cancers associated with cancer predis-
position syndromes may be associated with alternative or
accelerated natural histories (e.g., mismatch repair
crypts—carcinoma in patients with Lynch syndrome). ,e
time lag from an asymptomatic to symptomatic patient is
highly variable and dependent on a multitude of factors.
Genetically, predisposed carriers of variants associated with
incomplete penetrancemay never develop a cancer but have a
higher risk of doing so and generally at younger ages than the
same cancers in the general population. However, the time
lag is usually sufficient to enrol an individual into a relevant
screening/surveillance programme or to initiate surgical/
chemoprophylaxis, where appropriate risk-reduction strat-
egies are available.

3.2. 1e Screening Test. ,e ACCE model proposed by the
Centers for Disease Control and Prevention, Office of Public
Health Genomics suggests that a genetic test should be
evaluated based on four key criteria, namely, analytical
validity, clinical validity, clinical utility, and ethical, legal,
and societal implications [11], metrics that have been further
expanded by the UK Genetic Testing Network to include

evidence of gene-disease association, and feasibility of test
delivery [12].

Assessment of analytical validity should include con-
sideration of analytical sensitivity and specificity as well as
clinical sensitivity and specificity (Table 2 in Supplementary
Materials) [13, 14]. Assessment of clinical sensitivity/spec-
ificity is particularly challenging when considering tests in
patients with cancer, considering the broad genetic het-
erogeneity and possible contribution of polygenic risk.
Assessment of such parameters is also challenging in the case
of patients without a cancer phenotype.

Most contemporary genetic testing is performed using
next-generation technology but can vary from single gene to
many dozens or even hundreds of genes of interest. More
recently, whole exome sequencing (WES) and whole genome
sequencing (WGS) tests have become available in the diag-
nostic setting. Analysis of data arising fromWES/WGSmay be
focused to specific genes/regions of interest, so-called “virtual
panels,” or may be unrestricted, with the potential of inad-
vertently identifying incidental findings (Table 3 in Supple-
mentary Materials). As genomic testing becomes increasingly
cost-effective, multigene panels are becoming bigger, incor-
porating numerous genes, many of which have a weak or
unproven association with cancer risk. As the number of genes
included on panels increases, so too does the likelihood of
identifying a pathogenic variant, as does the likelihood of
identifying variants of uncertain significance [15].

All tests have limitations, and it is important to take into
account that certain regions of the human genome are
technically challenging to sequence, such as repetitive or,
GC-rich regions, and may be complicated by the presence of
pseudogenes [13]. Cautious interpretation of negative results
related to regions of the genome where coverage is sub-
optimal is recommended where clinical suspicion is high.

,e practical issues around delivery of germline genetic
tests include shortages in expertise to counsel and consent
patients appropriately and staff to accurately perform the
test and analyse the results.

Standards and guidance to genetic variant interpretation
was published by the ACMG in 2017 [16]. ,e aim was to
provide consensus on how laboratories and clinicians across
the world interpret genetic results. In the UK, the Cancer
Variant Interpretation group provides a national forum for
variant interpretation to help standardise practices in lab-
oratory hubs [17]. Other international expert panels
(ClinGen expert groups [18], ENIGMA [19], and INSiGHT
[20]) represent a global multidisciplinary effort to guide
variant classification. Despite availability of global expertise,
variant interpretation and classification is complex, partic-
ularly if a variant is identified in a patient without a readily
available phenotype. Many variants cannot be definitively
classified as pathogenic or benign, thus being classified as
“variants of uncertain significance.” Benign variants are
rarely reported back to the patient. Communication of a
pathogenic result is relatively straightforward (depending on
gene and estimated associated risks). Explaining that a
variant of uncertain significance (VUS) has been identified is
less so.,ere is a lack of global consensus about how variants
of uncertain significance should be followed (how regularly
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or by whom). Some laboratories/clinical services maintain
registers, perform systematic reinterpretation regularly;
other services lack the workforce capacity to provide any
such systematic review [21]. Patient ability to deal with an
uncertain result, like a VUS, has been shown to hinge on
their pretest and posttest counselling: the adequacy and
clarity of explaining a VUS is key [22]. Patient anxiety and
distress is something which should be addressed as potential
harm. Female carriers of BRCA1/2 VUS have been shown to
have greater levels of anxiety and distress when compared to
females with definite pathogenic or benign results [23].
However, when a result is pathogenic, the potential benefits
are only as good as the onward screening which can be
offered.

Whilst the costs of genetic tests are falling, as illustrated
by the cost of sequencing a whole genome following the
prediction of Moore’s law [24], this is not the whole eco-
nomic picture. Affordability of cancer predisposition
screening should consider all relevant costs. ,is should
encompass the patient journey from screening invite, de-
livery of results, to any necessary screening or treatment.
Multiple highly skilled staff members are required to fa-
cilitate genetic screening. Raw material costs from blood
tubes and primers and even the cost of postage should be
included. ,ere would also be the initial outlay cost to set up
such a screening programme.,ereafter, the associated costs
of cancer diagnosis and treatment are cancer type-
dependent.

4. Risk Estimation and Mitigation

Well-established cancer screening programmes show that
early intervention can improve clinical outcomes. In patients
with hereditary cancer predisposition syndromes, mortality
rates can be significantly mitigated by screening, such as
colonoscopy in Lynch syndrome or MRI/mammograms in
hereditary breast and ovarian cancer syndrome [25, 26]. For
certain types of cancers, or for genes associated with broad
poorly defined phenotype, a robust screening test may not be
readily available, either because a screening test has not been
proven to confer survival advantage or because the public
health system cannot readily provide access to same [27, 28].
For a number of cancers, prophylactic surgery may not be
feasible, and for others, the potential risk associated with
prophylactic surgery may outweigh the potential benefit.
Where an onward screening exists, there is a potential
benefit for the patient and associated cost-effectiveness for
the wider economy, the aim being to detect disease early and
therefore at a more treatable/curable stage. If there is no
onward screening, the patient may be informed that they are
at increased risk, without a clear management plan. ,is can
cause anxiety, distress, uncertainty, and ultimately harm for
the patient.

Once pathogenicity of a variant has been established,
questions still remain with respect to penetrance and ex-
pressivity. ,e cancer risk associated with a pathogenic
variant is gene specific and may be further modified by other
environmental and genomic factors. Cancer risk estimates
for pathogenic variants in particular genes and

recommendations for management of carriers are broadly
based on epidemiological studies of highly selected groups.
Traditional criteria for genetic testing aim to identify pa-
tients with a high a priori probability of variant detection
based on their personal and family history. ,e risk esti-
mates for patients with a high-risk personal and family
history of cancer may be vastly in excess of those in un-
selected patients detected as part of a population genetic
screening initiative. ,is has significant implications in
feasibility and cost-effectiveness of associated cancer sur-
veillance, with increasing numbers needed to screen to
detect one cancer. Furthermore, this has implications for
surgical and anaesthetic workload, as many carriers may
choose risk-reducing surgery. ,ere is some evidence to
suggest that population-level screening for highly penetrant
genetic variants predisposing to potentially preventable
cancers may be cost-effective [29].

5. Discussion

Having considered the screening criteria developed by
Wilson and Junger, it is clear that there is some way to go
before all individuals could be screened for genetic pre-
disposition to cancer. A different question to ask that may be
more readily feasible is “Could we screen all individuals for
predisposition to certain cancers?”

According to UK cancer statistics, the most common
cancers are breast, bowel, lung, and prostate [30]. ,ese
account for >50% of new cancer cases per year. Breast cancer
is the most common cancer in women and prostate the most
common in men [31]. ,e commonest heritable cancers are
breast and bowel cancer. ,ere are already national clinical
screening programmes in place for breast and bowel cancers,
as well as programmes tailored to hereditary forms of these
cancers. ,erefore, screening for genetic predisposition to
breast and bowel cancers would be logical areas to explore.
Ovarian cancer, though less common, is associated with high
cost of treatment and high mortality but has a significant
heritable contribution and may be prevented if early risk-
reducing bilateral salpingo-oophorectomy is undertaken.
Population-based genetic screening for high-risk variants
predisposing to this type of cancer has already been shown to
be cost-effective [29].

An important consideration is whether or not individ-
uals actually want genetic screening. ,ere is evidence that
the general population have an increased awareness of ge-
netic testing and cancer risk leading to an inevitable increase
in demand [32]. ,e advent of direct-to-consumer testing
has already enabled individuals to explore their genetic risk
independently with the inevitable result that clinicians be-
come involved when the result is reported as anything other
than “normal” [33]. Overall, the population has positive
attitudes towards genetic testing [34]. ,e best known ex-
ample of increased uptake in genetic testing is for breast and
ovarian cancers and can be traced back to the “Angelina Jolie
effect” [35]. Data from the UK female population highlight
that they are already accepting population breast and
ovarian cancer genetic testing with consistency across dif-
ferent demographics [36].,ese factors are encouraging and
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generally support a willingness from the population for
population genetic screening.

,e ethnicity of the people in the screened cohort should
be considered in determining feasibility of a genetic
screening programme and numbers needed to test to detect a
mutation carrier. Individuals of Ashkenazi Jewish descent,
for example, have a prior probability of carrying a patho-
genic variant in BRCA1 or BRCA2 of 1 in 40, compared to a
frequency of 1/195 in non-Finnish Europeans [37]. Indi-
viduals of non-European ancestry are largely underrepre-
sented in population-level genomic studies, and so carrier
frequency in this patient population is less well defined. ,is
fact also increases challenges in variant interpretation.

Adequate genetic counselling would be critical if offering
a population screening programme;it has been purported
that genetic testing without appropriate pretest counselling
may be more risky than beneficial. Current literature focuses
on individuals undergoing BRCA testing. Importantly, there
is currently no data from a randomised control trial which
has considered pretest counselling vs no pretest counselling
in population BRCA testing [38]. But, when considering the
psychological impact of BRCA testing, there is much con-
flicting evidence [39]. ,e common themes are that cancer-
related distress and anxiety are significantly increased in
those who carry a pathogenic variant, particularly in the
short term, with levels generally returning to normal with
time [40, 41]. For individuals who receive a VUS, there
would be an increased need for support and counselling to
understand the implications of the result and what pro-
phylactic/screening options are available to the individual
[42]. Younger women in particular have been highlighted as
a more vulnerable group in BRCA1 testing [43]. ,is can be
extrapolated to other young individuals undergoing cancer
genetic testing. For example, such individuals may be too
young to enter a particular screening programme, or they
may feel constraint around life choices, like having children
at a younger age than they originally planned [38]. In
contrast to these concerns, a recent study investigating
population BRCA testing in the North London Ashkenazi
Jewish population was very positive about population
screening. It found that an economically suitable pro-
gramme could be delivered which included adequate pretest
counselling [33]. More widespread delivery of genetic
counselling at population scale will be a significant chal-
lenge. ,e resources required to counsel individuals both
before and after a test as necessary are vast. ,e clinical
genetics services currently do not have the capacity for this
[44]. Digital media could provide an alternative or adjunct to
face-to-face counselling [45]; an interactive online hub for
the target screening population could be a solution. ,is
would require considerable initial investment when setting
up a screening programme.

Genetic laboratories across the UK are similarly under
pressure to address current demands for diagnostic testing.
,e laboratory hubs currently offer a variety of cancer gene
tests, which are currently easily and rapidly accessible for
patients meeting testing criteria within the NHS.,e volume
of genetic test requests would significantly increase if a
screening programme was implemented, and the current

service offered by genetic laboratories would not be sus-
tainable. Again, significant investment in laboratories,
bioinformatics support, and secure data solutions would be
required.

,e interpretation of genetic variants is another potential
pitfall. Variants can be upgraded or downgraded as and
when evidence changes. A system to account for this would
need to be established. ,ere are multiple variant reclassi-
fication scenarios, all of which can have implications for the
individual(s) and families whose result it is.,e possibility of
results changing would have to be addressed when indi-
viduals consent to genetic testing.

,e recent update on Consent and Confidentiality in Ge-
nomic Medicine provides a Record of Discussion regarding
testing and/or storage of genetic material [46]. ,is can be used
for mainstream genetic testing and so in theory, it could be a
suitable basis for consent to genetic screening tests. ,e issue of
insurance would also need to be addressed before an individual
undertook genetic testing. Identifying a pathogenic variant can
have significant implications in this field.

Issues discussed so far primarily address issues around
monogenic germline variants. However, it is more com-
plicated in reality. Polygenic risk has not been addressed.
Polygenic risk is a culmination of common, rare, and in-
termediate genetic variants and their interactions which
influence an individual’s susceptibility to disease [47].
Polygenic risk plays a greater overall role in cancer sus-
ceptibility than monogenic variants [48], but the practi-
calities of assessing this pose significant hurdles
computationally [23].

Several hundred low-risk alleles that influence cancer
risk have been identified. Polygenic risk scores (PRS) attempt
to quantify the cumulative effect of a number of common
genetic variants which individually have a small effect on
susceptibility to the disease of interest. ,e polygenic risk
score can only be used to provide information about risk
relative to the population in which it was derived—it is not
possible to generate an absolute risk estimate. PRS follow a
normal distribution across a population, such that indi-
viduals in the 90% centile have a risk of disease that is
several-fold higher than those individuals in the 10th centile.
PRS can be significantly influenced by ethnicity, with many
PRS based on European White populations. PRS must also
be interpreted with consideration of the patient’s age. PRS to
predict future cancer risk in unaffected individuals are being
investigated on a research basis in a number of studies,
including the BARCODE1 study, which aims to determine
the utility of a custom-designed PRS in stratifying the risk of
prostate cancer in men in the general population to inform
targeted screening. For a comprehensive assessment of an
individual’s heritable cancer risk, testing to include mono-
genic and polygenic risk factors should be undertaken, and
the interpretation of such risk scores should be carefully
considered in the context of the wider family history and
other heritable mechanisms of disease that may not be
detected using standard next-generation techniques. ,e use
of PRS in stratifying cancer risk in carriers of high-risk
variants in BRCA1, BRCA2, or other genes, may soon be-
come available for clinical use [49–51].
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Modifiable risk factors also have their part to play. ,ese
account for approximately 35% of cancer deaths globally
[52]. Should factors such as smoking, obesity, and alcohol
consumption be included towards an individual’s risk? It
could be argued that focus should be on tackling modifiable
risk factors as opposed to nonmodifiable risk factors. ,is
could give a greater net benefit to the population as a whole.

,ere are many more points which could be discussed,
all at considerable length, but they are beyond the scope of
this discussion. Given the complexity of genetic predispo-
sition to cancer for each individual, implementing an ap-
propriate screening programme for this is simply not
feasible at present. Should is arguably the key word in the
question posed. One thing this discussion has not addressed
is the ethics of such screening. However, when only con-
sidering the current state of the NHS and the pressures it
faces on its limited resources, I would argue that we should
not screen all individuals for genetic predisposition to
cancer. Screening programmes need considerable health
resources, robust infrastructure, and capacity within the
country’s health care system to cope. To screen all indi-
viduals for genetic predisposition to cancer in the broadest
sense would make demands which the NHS and current
genetics services simply could not fulfil. A more refined
screening programme could be explored and lessons learned
could guide any future programmes.

“In theory, screening is an admirable method of combating
disease . . . [but] in practice, there are snags.” [1]
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Supplementary Materials

Table 1: the key elements of Wilson and Junger screening
criteria, 1968 [9]. Table 2: definitions for clinical and ana-
lytical sensitivity and specificity [8]. Table 3: a comparison of
contemporary genetic testing. ∗ indicates gene-dependent,
which can be more expensive than gene panels. (Supple-
mentary Materials)
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“RevistingWilson and Jungner in the genomic age: a review of
screening criteria over the past 40 years,” Bulletin of theWorld
Health Organization, vol. 86, no. 4, pp. 317–319, 2008.

[10] M. N. Krstic, D. D. Mijac, D. D. Popovic, A. P. Markovic, and
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