Position statement

Proposed framework for triage of putative germline
variants detected via tumour genomic testing in UK

®

OPEN ACCESS

» Additional supplemental
material is published online
only. To view, please visit the
journal online (https://doi.org/
10.1136/jmg-2025-110947).

"Royal Marsden Hospital NHS
Trust, London, UK

The Institute of Cancer
Research, London, UK
3Faculty of Health and Life
Sciences, University of Exeter,
Exeter, UK

*Clinical Genetics Service, Royal
Devon University Healthcare
NHS Foundation Trust, Exeter,
UK

>Manchester Centre for
Genomic Medicine and North
West Genomics Laboratory Hub,
Manchester University NHS
Foundation Trust, Manchester,
UK

®Division of Cancer Sciences,
School of Medical Sciences,
Faculty of Biology, Medicine
and Health, The University of
Manchester, Manchester, UK
"Division of Genetics and
Epidemiology, The Institute of
Cancer Research, London, UK
&outhwest Thames Centre
for Genomics, St George's
University Hospitals NHS
Foundation Trust, London, UK
°City St George's, University of
London, London, UK

Correspondence to
Dr Terri Patricia McVeigh;
terri.mcveigh@nhs.net

Received 22 May 2025
Accepted 14 July 2025

| '.) Check for updates

© Author(s) (or their
employer(s)) 2025. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ Group.

To cite: McVeigh TP,
Hanson H, Burghel GJ, et al.
J Med Genet Epub ahead of
print: [please include Day
Month Year]. doi:10.1136/

jmg-2025-110947

oncology practice

Terri Patricia McVeigh
Clare Turnbull,” Katie Snape®?

ABSTRACT

In the UK, most patients receive publicly funded medical
care through the National Health Service (NHS), which
funds tumour and/or germline testing for eligible patients
with cancer to inform clinical management.

Testing on tumour-derived DNA may identify putative
heritable variants, with implications for the proband
and their wider family, but is not a reliable substitute
for germline genetic testing when hereditary cancer
predisposition is suspected.

The likelihood that a variant identified through tumour
testing is of germline origin depends on multiple clinical
and technical factors. Certain genotypes significantly
influence a patient’s cancer risk, and intervention in
those carriers may facilitate cancer prevention or early
detection, while other genotypes are associated with
lower cancer risk, and associated intervention in such
cases have limited clinical utility.

We convened a national meeting of clinical cancer
genetics and scientific leads to rationalise germline
follow-up testing of variants identified through tumour-
based testing. After contrasting potential approaches,
implementation of an NHS-contextualised ‘intermediate
conservative’ approach was agreed and refined by

the authors, with the final pathway recirculated to the
UK clinical and scientific community for consensus
agreement and publication.

We outline relevant patient, genetic and technical
considerations informing likely origin of variants, a
review of current relevant guidance and NHS laboratory
practices and a workflow for laboratory and clinical
teams to triage tumour-detected variants requiring
onward germline follow-up. This approach aims to direct
limited resources towards identifying germline variants
associated with the greatest potential clinical impact,
with a view to supporting more efficient and equitable
delivery of genomic medicine in oncology.

BACKGROUND

Traditionally, frameworks for evaluation of genetic
tests focused on factors related to the analytical and
clinical validity, ethical and medicolegal consider-
ations and clinical utility.! The National Health
Service (NHS) in the UK is a publicly funded
system. To ensure appropriate and fair allocation
of resources, decisions are underpinned by ethical
principles related to justice, equity, beneficence and
non-maleficence.” Services should be prioritised for
individuals in greatest clinical need, and to whom
the service will provide the greatest benefit, giving
due consideration for cost implications of testing
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WHAT IS ALREADY KNOW ON THIS TOPIC

= Tumour-based testing may lead to inadvertent
identification of putative heritable genetic
variants

= The estimated likelihood of germline origin of
variants picked up through tumour testing is
influenced by:

= factors related to the variant (gene in which it
has been identified, variant allele frequency,
population frequency, type of variant)

= patient-specific features (cancer type, age at
diagnosis, ethnicity, personal and family history)

= Technical considerations (proportion of DNA
from nucleated cancer cells compared relative
to that from normal cells, type and extent of
testing)

= Some, but not all, variants of putative germline
origin will require confirmation and onward
management.

= Tumour-testing should not be considered a
substitute for formal germline genetic testing
where an underlying hereditary cause is
suspected.

WHAT THIS STUDY ADDS

= We propose a workflow by which laboratory
and clinical teams can triage variants
ascertained through tumour testing, such
that resources for germline follow-up can be
focussed to those associated with greatest
clinical impact.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Germline follow-up testing should be reserved
for variants associated with highest clinical
utility, i.e. those associated with highest
clinically actionable cancer risk and/or those
likely causal for the patient phenotype. We hope
this work will help rationalise testing in the face
of increasing demands on overstretched clinical

and laboratory services.

and associated infrastructure required to interpret
and manage results.’ Increasing demands for limited
resources have prompted efforts in rationalising
and standardising indications for testing (‘who to
test’) and genes included on relevant panels (‘what
to test’), based on the clinical utility of the test and
likelihood of identification of carriers, balanced
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against the workload associated with analysis, interpretation and
reporting of results.’

NHS-funded standard-of-care testing is typically pheno-
type driven, but the extent of test targets and eligibility criteria
is expanding, such that additional and incidental findings are
more likely. Furthermore, NHS laboratories and clinical genetics
services frequently receive referrals related to patients under-
going broader pan-cancer gene testing on tumour and/or germ-
line DNA as part of research studies or clinical trials, through
direct-to-consumer testing or in the private sector.

WHO TO TEST?

In England and Scotland, indications for NHS-funded germ-
line genetic testing are outlined in the NHS England (NHSE)
Genomic Test Directory and Scottish Genomic Test Directory,
respectively, with testing practices in Northern Ireland and Wales
broadly aligned depending on local capacity. Germline genetic
testing is generally recommended where the a priori probability
of identifying a constitutional variant in a relevant gene is at
least 10%.> However, testing may be indicated at much lower
predicted diagnostic yield where the clinical utility of a result is
high. For example, where the result has implications for treat-
ment eligibility, or where a variant predisposes to cancers, where
the risk may be reduced through surgery, or where effective
surveillance for early detection exists. Eligibility for testing may
also be extended more widely where identification of presymp-
tomatic carriers enables risk-reducing interventions that may be
cost-effective or even cost-saving for the NHS.® 7 The clinical
utility of a test is limited where risks are low, uncertain, where
options for risk management are limited, or where survival
advantage has not been proven.®

WHAT TO TEST/REPORT?

In the UK, diagnostic germline genetic testing has traditionally
been phenotype driven and restricted to those genes for which
strong, consistent data for gene—disease association exist. Cura-
tion of gene panels is undertaken via PanelApp (https://panelapp.
genomicsengland.co.uk/), a crowdsourced platform developed
by Genomics England with the aim of standardising panels of
genes analysed for patients with specific phenotypes.” The pene-
trance and phenotype—and therefore benefit of risk-reducing
interventions—associated with constitutional variants in such
genes may be variant specific. Based on current knowledge, clas-
sifying individual variants as ‘high’, ‘moderate’ or ‘low’ risk is
difficult. Instead, the genes in which variants occur are classified
according to these categories, recognising that not all variants in
these genes will be associated with the purported risk category,
necessitating different management of variants associated with
‘standard’ compared with ‘reduced’ penetrance within a high-
risk gene.'® Complicating matters, penetrance may be further
modified by coexisting genetic and other modifiers, as well as
family history, such that the context in which a variant is identi-
fied must also be considered in order to provide accurate advice
to patients and their at-risk relatives.'' In the UK, it is gener-
ally accepted that testing for and reporting of variants should be
restricted to those with an associated OR in excess of 2 (lower CI
in excess of 1.5)" "—prompting reporting guidance for genes
where variant-specific risks straddle this threshold."*

INCIDENTAL FINDINGS

Although testing in the UK has, for the most part, been phenotype
driven, using small panels, broader testing using whole exome
or genome sequencing has become increasingly available, in the

context of cancer and in rare disease settings. Identification of
incidental findings (including recessive traits or clinically relevant
variants not known to be associated with the patient phenotype)
is consequently becoming an increasing issue. Some programmes
or research studies may purposefully report ‘secondary’ findings
not immediately related to the patient phenotype if the findings
are deemed clinically important, in which case they are consid-
ered ‘additional’ rather than ‘incidental’ findings."” The British
Society for Genetic Medicine (BSGM) has developed guidelines
for the management of incidental findings from germline genetic
tests undertaken as part of rare disease investigations.'’

When considering cancer, there is widespread availability of
pan-cancer predisposition panels that can be accessed in the
private sector, or direct-to-consumer, and variants not imme-
diately related to the patient/family phenotype are routinely
reported as additional findings. Furthermore, analysis of tumour-
derived DNA from tissue or circulating tumour DNA (ctDNA)
(through NHS standard of care testing or through privately or
self-funded commercial testing) may identify variants of putative
germline origin, that may be ‘on-tumour’ (associated with the
cancer in which it has been associated), ‘off-tumour’ (not known
to be associated with the cancer in question). Efforts are ongoing
to align the classification of variants detected in somatic and
germline contexts, but some tensions remain given the different
purposes of testing, and subtleties in distinction between patho-
genicity and oncogenicity.'® While the aim of constitutional
(germline) genetic testing is to detect heritable variants associated
with clinically meaningful cancer risk, the intention of somatic
testing is to identify relevant variants in tumour-derived DNA to
inform targeted therapeutic strategies or to aid diagnosis. Vari-
ants of putative germline origin may be reported when detected
via testing of tumour-derived DNA that would not be reported
if identified through standard diagnostic germline testing—for
example, missense variants in ATM or CHEK2."” '*

Recessive traits

Identification of a recessive trait may not have immediate impli-
cations for the proband, unless there is a reasonable suspicion
that the variant is contributory and another variant in trans has
not been identified. Arguments for identification of recessive
traits centre around implications for reproductive decision-
making, particularly if the likelihood of having a child affected
by a recessive disorder is high, for example, if they are in a
consanguineous relationship, or if their partner is from a popu-
lation where associated carrier frequency is high."” NHS-funded
testing of partners of carriers of recessive traits in a particular
gene is offered in cases of consanguinity or if the spouse/partner
is from a population where carrier frequency is at least one in
seventy—a threshold set to balance the burden of work associ-
ated with cascade and carrier testing against the likelihood of
conception of a child with a clinically relevant autosomal reces-
sive phenotype, while similar strategies have been recommended
in other jurisdictions.”” *' The UK Cancer Genetics Group
(UKCGG) has developed specific reporting and testing guid-
ance for variants in MUTYH, given disproportionate workload
compared with clinical utility, given that the associated pheno-
type is adult in onset, and carrier frequency relatively high in
certain populations, and considering relative genetic heteroge-
neity of polyposis and bowel cancer.*

Where a monoallelic variant is unlikely to be contributory to
the patient phenotype, the utility of follow-up testing depends
on the risk of having a child affected by an associated recessive
phenotype. This depends on the patient’s age and reproductive
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status, and the likelihood that their partner is also a carrier of a
variant in the same gene. If the carrier frequency in the general
population is low (rarer than one in seventy), cascade testing of
relatives/partner testing is not recommended as per the current
NHS genomic test directory. Therefore, reporting of recessive
traits unlikely to be contributory to the patient phenotype is not
routinely recommended.” When a single variant in a gene asso-
ciated with a recessive condition has been identified in a patient
with features potentially compatible with the disorder, the deci-
sion regarding reporting depends on the likelihood that the
variant may be contributory as well as the genetic heterogeneity
of the patient phenotype."

Dominant traits unrelated to patient phenotype

BSGM recommends that resources in NHS genomic labora-
tories should be focused on identifying and reporting of vari-
ants directly related to the indication for which the test was
requested. Secondary findings in cancer predisposition genes are
therefore not actively sought if unrelated to a rare disease indica-
tion. However, on occasion, a variant associated with dominant
cancer predisposition may be identified as an incidental finding
in the context of investigations undertaken for a rare disease.
In this situation, BSGM guidance recommends that reporting is
restricted to pathogenic variants only and that decisions to report
should be guided by the age of onset of an associated phenotype,
associated penetrance, as well as actionability (possible interven-
tion) and clinical context of the individual in whom it has been
identified."

In the context of ‘unselected’ testing—where an incidental
variant has been identified in a patient without a clear manifesting
phenotype, a more cautious approach is required in declaring a
variant as clinically actionable, for which reason, BSGM does
not advocate reporting of variants for which evidence is insuf-
ficient to classify as pathogenic. The BSGM guidance applies
to incidental constitutional variants detected in the context of
rare disease and, as written, is not directly intended to be appli-
cable to incidental findings of putative germline origin detected
through somatic testing in patients with cancer.

ANALYSIS OF TUMOUR-DERIVED DNA

Genetic variation is a fundamental driver of oncogenesis, with
relevant pathogenic variants occurring in either somatic or germ-
line contexts. Comprehensive analysis requires testing of DNA
derived from a sample enriched for neoplastic cells, and of DNA
from a paired representative constitutional DNA sample. Where
paired testing of neoplastic and non-neoplastic samples is not
possible, unpicking the origin of an identified variant may be
difficult. Inadvertent identification of germline genetic variants
is not infrequent, reported in 3-18%, depending on the number
and type of test targets,” > with detection likely to increase as
tumour-based testing of genes associated with cancer suscepti-
bility expands and with increasing application of broader, pan-
cancer panels.

The germline conversion rate (GCR) refers to the propor-
tion of variants detected in tumour-derived DNA that are likely
pathogenic/pathogenic and of germline origin relative to the total
number of tumour-detected variants in a particular gene. Factors
that should be considered in predicting likelihood of constitu-
tional origin of a variant picked up through testing of tumour-
derived DNA include the gene in which the variant has been
identified, proportion of neoplastic relative to non-neoplastic
cells, variant allele frequency (VAF) of the variant in question
as well as of any other coexisting variants, coexisting genomic

aberrations, type of variant, frequency of variant in germline
and somatic context, and the patient’s personal and family
phenotype. Distinguishing between relevant somatic drivers
and (possibly incidental) germline variants may have immediate
implications for patient treatment, as well as for estimating the
risk of future cancers and informing cancer risk management, for
them and their family members.

Variant allele frequency

VAF refers to the proportion of sequencing reads containing a
specific genetic variant at a given locus relative to the total reads
covering that position. Accurate interpretation of VAF relative
to the technical and clinical context is helpful in distinguishing
between variants of likely germline origin and those more likely
to be somatic.

The expected VAF of germline variants in constitutional DNA
is typically approximately 50% (heterozygous) or 100% (homo-
zygous/hemizygous), apart from exceptional cases of constitu-
tional mosaicism. However, in tumour-derived DNA, the VAF of
a significant proportion of germline variants deviates from these
typical numbers depending on the gene in question and coex-
isting copy number events or other mechanisms in cis or in trans
that may lead to spuriously low or spuriously high measures,
respectively, as well as issues related to bioinformatic pipelines
and other technical considerations.*® *’

Because of potential loss of the variant allele in tumour cells,
and because of technical limitations of testing (particularly of
fragmented DNA/DNA from Formalin-Fixed Paraffin-Embedded
(FFPE)-preserved tumours), tumour testing is 7ot a substitute for
germline testing.”®° Formal constitutional (germline) genetic
testing should be offered where clinically indicated and possible
in an eligible individual, even if testing of the relevant genes
using tumour-derived DNA is uninformative.

Somatic variants typically exhibit variable VAFs due to tumour
heterogeneity and inherent genomic instability, clonal evolu-
tion and coexisting genomic aberrations. Furthermore, it is
important to remember the influence of technical considerations
such as sequencing artefacts, particularly at shallow depths or
in regions of genomic complexity.’’ VAF is also influenced by
the proportion of DNA derived from neoplastic compared with
non-neoplastic cells across different samples. Nuclear genomic
DNA can be obtained from any nucleated cell, including cancer
cells, supporting stromal cells, tumour-associated normal cells
and tumour-infiltrating lymphocytes. Accurate assessment of
neoplastic cell content (NCC) is important to ensure a repre-
sentative DNA sample. NCC may be influenced by the physical
area of the tumour relative to non-cancerous tissue, cellularity
of the sample and the size of the cancer cells relative to normal
cells (bearing in mind that the amount of DNA per nucleated
cell is unchanged). Manual assessment of NCC has been shown
to be variable between pathologists,*® further complicating the
interpretation of VAFs.

The probability of a variant detected in tumour-derived
DNA being of germline origin is very low if the VAF is less
than approximately 30-35%.>* ** The likelihood of variants
detected in tumour-derived DNA being of germline origin if VAF
is greater than 35% depends on the gene in which the variant
is identified. Some genes are so commonly somatically altered
either pan-tumour (eg, TP53, RB1) or in related tumour pheno-
types (eg, APC in colorectal cancer, VHL in renal cell carcinoma)
that the GCR is low even at high VAF, and conversely, somatic
variation in other genes is rare such that a variant picked up in
such a gene is much more likely to be of constitutional origin.*®
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Relevance of patient and family phenotype

Constitutional variants in certain genes are associated with a
syndromic phenotype, such that the likelihood of constitutional
origin in a variant in such a gene in an otherwise ostensibly unaf-
fected individual is very low, although a cautious approach is
recommended for syndromic conditions associated with vari-
able expressivity and mild phenotypes (eg, neurofibromatosis
type 1).* GCR is also impacted by ascertainment, and whether
or not the gene in which the variant is identified is associated
with predisposition to the cancer tested (‘on-tumour’) or not
(‘off-tumour’).*® Clinical clues may help point to the origin of
a variant, as well as the tumour type in question. Other rele-
vant factors include age at diagnosis and personal/family cancer
history. Ethnicity is also relevant, given that patients from certain
populations are more likely to carry certain constitutional vari-
ants than others.

Founder/recurrent variants

Certain populations are enriched for certain variants—so-called
founder variants, arising from a common ancestor many gener-
ations previously.>® Variants may become enriched because
of population bottlenecks or isolation—for example, small
island populations with little inward migration, or in popula-
tions where genetic admixture is limited because endogamy is
routine.’” ** Examples include BRCA1/BRCA2 founder variants
in individuals of Ashkenazi Jewish heritage (BRCAT c.68 69del
p-(Glu23ValfsTer17)or  ¢.5266dup  p.(Gln1756ProfsTer74),
BRCA2 c.5946del p.(Ser1982ArgfsTer22)).>’ Where a known
founder variant is detected as part of analysis of tumour-derived
DNA, there should be a high index of suspicion of germline
origin, particularly if the patient has a relevant heritage, irre-
spective of the VAF or tumour type.”® It should be noted that
certain types of variants (including large genomic rearrange-
ments) may be more challenging to detect during analysis of
tumour-derived DNA, particularly if DNA is highly fragmented,
such that certain recurrent variants reported in different popu-
lations (deletion of exon 16 in MLH1 in Finnish patients,*’ or
deletions of exons 1-23 in BRCA1 in patients from the West of
Ireland*') may not be very obvious—formal genetic testing on
a representative sample of constitutional DNA is recommended
for eligible patients even if no variants are detected on tumour-
derived DNA, although the likelihood of identifying a variant is
lower if not from a population where large genomic rearrange-
ments are uncommon.

Targeted germline follow-up testing

Given that variants in most cancer susceptibility genes are asso-
ciated with incomplete penetrance, variable expressivity and
non-syndromic cancer predisposition, the only definitive way
to determine the origin of variants identified in tumour is to
undertake follow-up testing in constitutional DNA. In some
jurisdictions, paired tumour-normal testing happens as a matter
of routine practice, but in most circumstances in NHS services,
testing of tumour and constitutional samples is undertaken asyn-
chronously and very rarely contemporaneously. In a publicly
funded health system, germline follow-up of all variants in
cancer susceptibility genes picked up through tumour testing
is unrealistic, given limited capacity and resources. Follow-up
targeted germline testing of variants picked up during tumour
testing should therefore be rationalised, not only guided by the
GCR but also giving due consideration to the clinical utility of
confirming (or not) germline origin of a particular variant.

Table 1 Genes categorised by actionability as per the European
Society for Medical Oncology Precision Medicine Working Group™

Age at which germline follow-up of variants detected
through tumour testing should be considered

CSG actionability All ages Age<30 years
Most BRCA1, BRCA2, PALB2, MLH1,
MSH2, MSH6, RET*
High BRIP1, RAD51C, RAD51D, APC, PTEN, RB1, TP531*

PMS2, VHLt, TSC2, SDHB, SDHC,
SDHAF2, SDHD, TMEM127,
MUTYH%

ATM, BARDT, CHEKZ, NFT1,
FLCN, FH, POLE, POLDT, SDHA,
SMAD4, DICER1, SMARCB1,
SUFU, PTCH1, BAP1

*see Gene-specific and genotype-specific considerations section below.

tCertain tumours excluded because of high frequency of somatic events (TP53—
brain, VHL—kidney).

tBiallelic events only.

CSG, cancer susceptibility gene; MA, most actionable; SA, standard actionability.

Standard CDKNZA, SMARCA4

RECOMMENDATIONS OF THE EUROPEAN SOCIETY FOR
MEDICAL ONCOLOGY (ESMO) PRECISION MEDICINE
WORKING GROUP (PMWG)

The ESMO PMWG has provided data and recommendations to
inform somatic to germline testing pathways.*® Their analysis
of 49264 paired tumour-normal samples indicated that GCR of
pathogenic variants detected in tumour tissue is high (defined as
>10%), for certain genes (such as BRCA1, BRCA2 and PALB2),
when filtering based on a VAF of 30% (for Single Nucleotide
Variants (SNVs)) or 20% (for indels) is applied. Comparatively,
for certain other genes, GCR is very low, even after strict filtering
based on VAF has been applied, because somatic variation in
those genes is a common and early event.

The group has categorised 40 genes in which filtered tumour
variants demonstrate high GCR into three groups in terms of
‘actionability’ (most, high and standard), based on associated
penetrance, efficacy of risk-reducing interventions and ‘off-
tumour’ GCR (table 1) and have suggested four strategies for
follow-up germline testing of variants identified in these genes in
tumour-derived DNA (table 2) that could be applied depending
on locoregional capacity and resources, ranging from permis-
sive—germline follow-up for filtered variants in all 40 genes in all
tumour types—to conservative, with germline follow-up only in
‘associated’ tumour types (‘on-tumour’) for all genes. Additional
caveats are suggested for those genes in which somatic variation

Table 2  Strategies for germline follow-up of variants detected
through tumour testing as per the European Society for Medical
Oncology guidance®

Approach

Permissive Germline follow-up for all 40 genes in all tumour types.
Germline follow-up for all 23 MA-CSGs/HA-CSGs in all tumour
types, but germline follow-up only in ‘associated’ tumour types
for 17 SA CSGs.

Germline follow-up in all tumour types for the 7 MA-CSGs but

Intermediate
permissive

Intermediate

conservative germline follow-up only in ‘associated’ tumour types for the
other 33 HA-CSGs/SA-CSGs.
Conservative Germline follow-up only in ‘associated’ tumour types for all 40

genes.

CSGs, cancer susceptibility genes; HA, highly actionable; MA, most actionable; SA,
standard actionability.
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is particularly common in certain tumour types (eg, TP53 variants
in brain tumours, VHL variants in kidney cancers), and germline
follow-up is not required in such instances, although patients
meeting eligibility criteria for diagnostic germline testing should
still be offered the same.?® For other genes, follow-up germline
testing is only recommended when the patient is younger than
30 years of age.

ctDNA specific considerations

The increasing availability of the ‘liquid biopsy’ for the purpose
of analysis of ctDNA provides additional challenges. This
testing is now routinely available in the NHS for patients with
advanced lung or breast cancers.*” Application of pan-cancer,
tumour-agnostic panels for analysis of ctDNA means that inci-
dental findings are more likely. Although data regarding GCR of
variants ascertained through ctDNA testing is lacking, the prior
probability of a variant being of germline origin is higher, partic-
ularly if tumour fraction (TF) (proportion of tumour-derived
cfDNA) is low—in which case DNA being analysed is primarily
constitutional. It is important that due consideration be given to
factors such as patient age (influencing likelihood of coexisting
age-related clonal haematopoiesis) and tumour burden/fraction,
as well as other biological and clinical considerations as outlined
here above.

Gene-specific and genotype-specific considerations

RET

New data from population studies and broad diagnostic
testing for other indications have demonstrated that the
penetrance associated with (likely) pathogenic constitu-
tional variants in RET may not be as high as previously esti-
mated.®™ Ascertainment of such variants in the context of
a personal and/or family history of phenotypic features of
multiple endocrine neoplasia type 2 would traditionally lead
to an irreversible intervention (prophylactic thyroidectomy)
at very young ages, with potential associated morbidity, in
presymptomatic carriers.*® * However, it is unclear if the
risks associated with such intervention in carriers without
a personal/family history of a relevant phenotype outweigh
the relatively low medullary thyroid cancer risk in carriers
of most incidental RET variants, with a handful of notable
high-risk exceptions (box 1).

TP53

TP53 is the most frequently somatically mutated gene, with
variation evident across a host of cancer types. Somatic TP53
variants are associated with reduced survival rates, increased
resistance to chemoradiation and increased risk of disease
relapse and may be associated with aggressive transformation
in certain cancers.*®* Most pathogenic variants are missense
variants, but benign missense variation is also common in
TP53, complicating variant interpretation. Deleterious vari-
ants are commonly identified in the DNA binding domain,
and a significant proportion of deleterious somatic variants
occurs in hotspots at codons 133, 175, 213, 220, 245, 248,
273,282 and 337.°° The deleterious impact of TP53 variants
may be apparent through loss of function, including of tran-
scriptional regulation of genes mediating growth suppres-
sion, apoptosis and DNA repair, or conversely, through gain
of function and upregulation of proliferation, drug resistance
and metastatic potential.’'™? Variant TPS3 alleles may also
exert a dominant negative effect on the wild-type allele.’

Box 1 Highest risk RET genotypes

High risk genotypes—NM_020975.6(RET):

¢.2753T>C (p.Met918Thr)
codon 634 variants

= ¢.1900T>C (p.Cys634Arg)
= ¢.1900T>G (p.Cys634Gly)
= ¢.1901G>C, (p.Cys643Ser)
= ¢.1901G>A, p.Cys634Tyr
= €.1902C>G (p.Cys634Trp)

¢.2647_2648delinsTT (p.Ala883Phe)
Double mutations’~®:

Exon 14/Exon14: c.2410G>A (p.Val804Met)/c.2417A>G
(p.Tyr806Cys) (V804M/Y806C)

Exon 14/Exon 14: ¢.2410G>A (p.Val804Met)/c.2413G>A
(p.Glu805Lys) (V804M/ES05K)

Exon 14/Exon 15: c.2410G>A (p.Val804Met)/c.2711C>G
(p-Ser904Cys) (V804M/ S904C),

Exon 13/Exon 14: c.2410G>A (p.Val804Met)/c.2342A>G
(p-GIn781Arg) (V804M/Q781R)

Exon 13/Exon 16: c.2372A>T (p.Tyr791Phe)/c.2753T>C
(p.Met918Thr) (Y791F/M918T)

Exon 16/Exon16: ¢.2753T>C (p.Met918Thr)/c.2765C>A
(p-Ser922Tyr) (M918T1/5922Y)

Constitutional (likely) pathogenic variants are, in general, rare,
with a frequency of 1 in 3555 to 1 in 5476, except for a rela-
tively common founder variant in South Brazil.** ** The pheno-
type associated with constitutional variants in TP53 was initially
described as Li Fraumeni syndrome, which was described as a
clinical entity some fifty years ago.’® Early data suggested a very
high lifetime cancer risk, particularly of the breast, brain and
adrenal glands, as well as sarcoma. Early penetrance estimates
were subject to ascertainment bias, and it is becoming increas-
ingly apparent that cancer risks are dependent on variant type
and clinical context, including the patient’s personal and family
history, and other potential coexisting modifiers of disease.’® >’
Increasing availability of germline TPS53 testing, in addition to
improved survival of affected carriers, has provided data indi-
cating a broader phenotype than that suggested by classic or
Chompret diagnostic criteria for Li Fraumeni syndrome, such
that ‘heritable TP§3-related cancer (hTP53rc) syndromes’ has
been proposed as a more inclusive descriptive term for pheno-
types associated with constitutional TP53 variation.’” Providing
bespoke patient-specific or variant-specific risk estimates is,
at present, unfeasible, given the rarity of individual variants.
Furthermore, the relatively high contribution of de novo varia-
tion and mosaicism means that family history is not always infor-
mative, and the patient’s own phenotype may be atypical.*® *°
TPS53 is also one of the genes most commonly implicated in
clonal haematopoiesis of indeterminate potential—a common
phenomenon in older patients such that it is necessary to clarify
the origin of a variant identified in blood-derived DNA where
the phenotype of the patient in question is inconsistent with
constitutional variation in TP53.697%

Because of the wide phenotypic spectrum in carriers of
constitutional variants in TP33, cancer risk management is
challenging. For certain TP3$3-associated cancers, evidence for
surveillance/risk-reducing interventions is limited, although
annual whole-body, breast and brain MRI scans may facilitate
early cancer detection.®® ®* Guidelines for surveillance in patients
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with confirmed constitutional (likely) pathogenic variants in
TP53 have been defined by ERN Genturis (European Reference
Networks Genetic Tumour Risk Syndromes) and UKCGG, with
clinical examination, biochemical tests and imaging (abdominal
ultrasound, brain and whole body MRI) starting from birth,
with additional interventions later in life.’” ® Mastectomy is
preferred to breast conservation for female carriers who develop
breast cancer, to minimise potential risk of radiation-induced
primary cancers, and risk-reducing breast surgery may be offered
to presymptomatic female carriers.® A diagnosis of hTPS3rc
syndrome in a family is devastating, and the diagnosis itself, as
well as the burden associated with lifelong and intense surveil-
lance, is associated with a significant psychosocial morbidity.®”

TPS 3-specific variant interpretation guidance has been devel-
oped.®® Robust application of this guidance to all variants ascer-
tained in the somatic context may not be realistic, given that
some relevant points related to family history may be missing at
the time of reporting and given the high frequency of somatic
variants in this gene across different cancer types. However,
because of the significant implications of a potential diagnosis of
heritable TP53-related cancer syndromes, this guidance should
be applied for all variants of putative germline origin, to inform
when germline follow-up testing is indicated.

The GCR of TPS3 variants is low in certain tumour types (eg,
brain tumours) and in patients older than 30 years, such that
germline follow-up of variants detected in brain tumours or in
any tumour in patients older than this age is likely not required,
although consideration for formal diagnostic TP53 germline
testing should be given to patient fulfilling relevant eligibility
criteria.?’ ¥

Moderate-risk susceptibility genes

Gene panels used for germline genetic testing are increasing in
size as well as availability, with more frequent inclusion of genes
in which variants are associated with more modest risks. The
clinical utility of identifying moderate-risk susceptibility alleles
is less clear than the identification of high-risk variants, partic-
ularly if the associated disease is not typically associated with
high mortality.® The clinical utility of identifying low-risk vari-
ants is questionable and unlikely to justify the significant work-
load associated with interpretation, reporting or onward clinical
activity, such that current UK best practice guidance recommends
that variants associated with odds of disease less than twofold
are not reported.'”” ' '® This is particularly relevant for non-
truncating variants in ATM, CHEK2, RADS51C, RADS 1D, BRIP1
and BARD1 (with some notable exceptions), given that the risks
associated with such variants are lower than those associated
with truncating variants.®” Gene-specific reporting should be
considered for genes associated with multiple allelic disorders or
specific mechanisms of disease (eg, APC, RET, POLE, POLD1).**
It is generally recommended that germline follow-up of variants
ascertained through tumour-based testing is only offered if those
same variants would be reported if identified through formal
diagnostic germline genetic testing.

UKCGG/CANCER VARIANT INTERPRETATION GROUP
(CANVIG) PROPOSAL FOR GERMLINE FOLLOW-UP OF
VARIANTS PICKED UP THROUGH TUMOUR TESTING
Consensus meeting and working group activity

The UKCGG convened a meeting of clinical cancer genetics and
scientific leads (January 2025) with geographical representation
across all seven Genomic Laboratory Hubs, Genomic Medicine
Service Alliances and Regional Genetics Services in England,

with additional representation from clinical and scientific
colleagues in Scotland, Wales and Northern Ireland (Devolved
Nations). The NHSE Genomic Test Directory indication for
confirmatory germline testing of tumour-derived findings was
discussed. This discussion was also informed by communica-
tions related to NHSE plans for extension of tumour testing to
include MLH1, MSH2, MSH6, BRCA1, BRCA2 and PALB2, with
purposeful reporting in all tumour types of likely pathogenic/
pathogenic variants identified at VAF consistent with puta-
tive germline origin as part of their clinical trials recruitment
strategy. The meeting was attended by 39 clinical and scientific
leads.

A proposal for implementation of an ‘intermediate conser-
vative’ approach to germline follow-up testing of variants
identified through tumour-based testing was agreed. This was
selected as the most appropriate option for the NHS context,
considering cost and resource implications related to testing
and downward result management, clinical utility and poten-
tial patient benefit, as well as alignment with the clinical trials
strategy. This approach was preferred to the permissive or
intermediate-permissive strategies, as it was felt to align more
closely with current indications for diagnostic germline testing
of the genes in question. The conservative strategy was deemed
overly restrictive given expanding application of broader
testing in a host of cancer type, with associated likelihood of
‘off-tumour’ high-impact findings. Discussions regarding VAF
thresholds were informed by scientific leads and comments
regarding local practices. Consensus was reached that germline
follow-up testing would be recommended for variants meeting
other criteria at a VAF greater than 40% and considered for
those relevant variants at VAF 30-40%. The consensus was that
variants at VAF lower than 30% would be unlikely to warrant
germline follow-up, unless the variant in question was a known
founder/recurrent variant, or if the variant was identified in an
individual who would in any case fulfil criteria for diagnostic
germline genetic testing. NHS-specific modifications were
suggested, including major modification for the follow-up of
variants in RET. Following this provisional consensus approval,
the framework was discussed and refined by a small working
group (the authors). The final framework was drafted and circu-
lated for comment to all relevant cancer leads, and members of
the UKCGG Council and CanVIG-UK Steering and Advisory
Group, before wider dissemination of the finalised framework
to all ordinary members of UKCGG and CanVIG for final
consensus and agreement for publication.

In what circumstances should germline follow-up of variants
detected through tumour/ctDNA testing be offered?
Following this meeting, we propose that germline follow-up
testing of variants detected through tumour testing, using a
modified intermediate conservative strategy, should be consid-
ered in certain circumstances (figure 1). Follow-up germline
testing should be considered for variants in certain genes when:
» A variant is classified as likely pathogenic or pathogenic
based on relevant CanVIG-UK (gene-specific where avail-
able) variant interpretation guidelines.”’

» Tumour testing has been undertaken through a valid diag-
nostic laboratory (ie, not research).

» The variant is present at a VAF of at least approximately
30-40%, with due consideration to NCC/TF, testing tech-
nology and relevant biological and genomic context or the
identified variant is a known recurrent/founder variant.
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Consider germline follow-up testing of variants identified through analysis of tumour/ctDNA testing if:

o testing undertaken through accredited diagnostic laboratory
 Variant is classified as (likely) pathogenic as per germline variant interpretation guidelines
e Variant is present at VAF > ~30-40%* OR is a known founder variant
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Figure 1

Proposed workflow when considering reporting/germline follow-up testing of variants of putative germline origin detected through

tumour/circulating tumour DNA (ctDNA) testing. BSGM, British Society for Genetic Medicine; ESMO, European Society for Medical Oncology; MDT,

Multidisciplinary Team; NCC, neoplastic cell content.

Modified ‘most actionable genes’ list—all tumour types
BRCAT, BRCA2, PALB2, MLH1, MSH2, MSH6

We propose that germline follow-up of variants detected through
tumour testing should be offered for all variants meeting criteria
above in six of the most actionable genes (BRCA1, BRCA2,
PALB2, MLH1, MSH2, MSH6).

RET

While we do not recommend automatic germline follow-up of
all variants detected in RET, particularly if identified outside
of a relevant phenotype, given the uncertainties regarding
associated penetrance highlighted by recent population data,

we do recommend that follow-up germline testing should be
offered for the most highly penetrant variants (Box 1) in all
tumour types and meeting the criteria above.*?

TP53
We propose that germline follow-up of TPS53 variants
detected through tumour testing be offered where the
patient is aged younger than 30 years, for all tumours except
brain tumours and meeting the criteria above.

If a TP53 variant is identified in the tumour of a patient
aged older than 30 years, germline follow-up is recommended
where the patient’s personal/family history is consistent with
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hTP53rc syndrome such that they fulfil eligibility for diag-
nostic germline TP53 testing.

High/standard actionability genes—some tumours, some
variants

For other high and standard actionability genes, we propose
germline follow-up only when variants are ascertained in an ‘on
tumour’ context and fulfil other criteria as outlined here above.
Variants identified in the context of cancer of unknown primary
will need a multidisciplinary decision on whether germline
follow-up is appropriate given the lack of evidence for/against
an association in this scenario.

Germline follow-up is only recommended for variants for
which testing/reporting is routinely undertaken as part of diag-
nostic germline testing.'* Germline follow-up of RET variants
not considered ‘highest risk’ identified through tumour testing
should be considered for patients with a relevant phenotype, but
the majority of such patients will be eligible for formal germline
diagnostic RET testing in any case.?’

'Other’ variants highly likely to be of germline origin
Particular consideration should be given to incidental variants
of putative germline origin detected through ctDNA analysis
when NCC is low, where constitutional origin is almost certain
and where reporting following the proposed somatic to germ-
line pathway would not be recommended routinely. In such
circumstances, follow-up testing may be considered if the variant
meets criteria for reporting and onward clinical action as per
BSGM incidental findings guidance.” It should be noted that
this guidance is intended for use when germline testing identi-
fies pathogenic variants in cancer susceptibility genes in a patient
with a rare disease phenotype, so it cannot be directly applied to
variants of likely but unconfirmed germline origin detected in a
somatic context. In the specific scenario where ‘ctDNA testing’
identifies a variant that is almost certainly of germline origin,
we propose that follow-up be restricted to pathogenic variants
in the same list of genes in which germline variants are consid-
ered reportable in the rare disease context (online supplemental
table).

When variants in non-standard/most/high actionability genes
are incidentally identified, reporting and onward follow-up
should be restricted to pathogenic variants only, in line with
BSGM recommendations.

When, and by whom, should the patient be offered germline
confirmatory testing?

The majority of diagnostic germline genetic testing is now avail-
able in the mainstream setting, that is, through routine oncology,
surgery or other secondary care services. We propose that
germline follow-up testing for variants identified in an ‘on-tu-
mour’ setting be offered in the mainstream setting, to facilitate
timely confirmation and facilitate therapeutic decision-making,
informed by the result.

Confirmatory germline testing for ‘off-tumour’ findings, or
for incidentally ascertained variants of putative germline origin
in genes other than those standard/most/high actionability genes,
should be supported by a clinical genetics service according to
local policies and infrastructure. This will enable the nuances
associated with penetrance estimates in an unselected individual
to be discussed and bespoke advice to be provided as required.

For those patients where clinical suspicion of a putative germ-
line variant persists but variants reported through tumour testing
are reported at VAF lower than the proposed ~30% threshold,

( Testing of tumour-derived DNA )
|

v 3
Variant detected for which germline e variantg ‘.’f gutative dge""""e
follow-up testing recommended origin detecte

v : v
Patient/family Patient/family
phenotype likely phenotype not fully
explained by variant in explained by variant in
question if of germline question if of germline
origin origin

¥
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for formal diagno:

g
germline genetic test
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&—l—l

Ineligible for hroaderj [ Eligible - diagnostic

Targeted testing
for single variant
picked up through
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germline genetic
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Germline origin Z:{;acr";g?; No variants Germline
confirmed germline DNA detected variant(s) detected

{

further

investigation/ Refer to

clinical
genetics

Refer to
clinical

genetics

guided by patient/
family phenotype

Figure 2 Workflow—when to consider further diagnostic germline
genetic testing. NHS, National Health Service.

we recommend that the treating clinician discuss the case with
their local clinical genetics service, or at a local genomic tumour
advisory board.

Diagnostic germline panel testing after somatic testing
As previously highlighted, tumour-based testing should not be
considered a substitute for germline genetic testing.

Where germline follow-up for a variant of likely germline
origin is indicated, the extent of testing may range from targeted
testing of the specific variant to full panel testing, depending on
the personal and family history of the patient (figure 2). If the
patient’s personal and family history is likely to be explained by
the variant picked up through tumour testing, extended testing
beyond targeted follow-up testing for the variant in question
is unlikely to yield any additional variants. However, if a high
suspicion exists that the personal/family phenotype is not fully
explained by the variant of likely germline origin picked up
through tumour testing, full panel testing may be considered as a
first-line test. In this case, the laboratory team undertaking germ-
line testing should be provided with details of the variant picked
up through somatic testing, to inform reporting regarding the
presence/absence of the same in constitutional DNA.

If no variants are identified during tumour testing, or if a
variant detected as part of tumour testing is confirmed somatic in
origin, the patient may be eligible for further, formal diagnostic
germline genetic testing of a gene/panel of genes, depending on
their personal and family cancer history.

Worked example

A 23-year-old female patient was diagnosed with spindle cell
sarcoma at age 21. She had a strong family history of cancer,
including multiple paternal relatives with colorectal, endome-
trial and urinary tract cancers. Her father was known to carry a
pathogenic variant in MSH2. In addition, her paternal aunt had
a brain tumour at age 19, and one of her paternal cousins had a
known diagnosis of ataxia—telangiectasia.

Her oncology team arranged testing on DNA from her
tumour. Analysis was extended beyond standard-of-care testing
at the request of the treating team.

A number of variants were identified at high VAFs including
NM_000051.4(ATM):c.875C>T (p.Pro292Leu) (VAF 85.3%),
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NM 000251.3(MSH2): ¢.150_191delinsCC  p.(Leu51Prof-
sTer20)  (VAF  80.8%), NM_000321.3(RB1):c.958C>T
(p.Arg320Ter) (70.8%) and NM_000546.6(TPS3):c.455del
(p.Pro152fs) (76.8%).

This case highlights a number of key points. The MSH2 variant
in question is the same as the known familial variant, indicating
inadvertent identification of a known familial germline variant,
which should have been considered in advance of arranging
analysis including this gene. Confirmatory MSH2 testing using
DNA from whole blood was arranged.

Finding a number of variants at approximately the same VAF
is not an unusual finding in cancer, and typically indicates a
clonal event. However, in this instance, distinguishing between
variants of somatic and variants of germline origin is impossible
in the absence of a paired normal sample.

The known family history of ataxia—telangiectasia increases
suspicion that the identified ATM variant is of germline origin.
However, confirmatory germline testing was not offered for the
ATM variant identified in her sample, given that this is not a
variant for which reporting would be recommended if detected
through germline genetic testing based on UKCGG/CanVIG
reporting guidance, and the carrier frequency of ATM variants
in the general population does not meet the threshold at which
carrier testing for recessive traits is recommended.

Although the patient is younger than 30 years, follow-up
germline genetic testing for the RB1 variant was not recom-
mended given that the subtype of sarcoma in question is not
typically RB1 associated, and considering the lack of a personal
or family history of retinoblastoma.

In this case, formal diagnostic TP53 testing was offered, given
her own history of sarcoma and her paternal aunt’s history of a
brain tumour.

Non-SNV variation

Tumour testing may lead to the identification of copy number
variation and/or other structural variation involving relevant
cancer susceptibility genes. As well as considering the factors
here above, the size of the variant is relevant—very large genomic
rearrangements (such as whole gene deletions) are more likely to
represent somatic events occurring as a consequence of inherent
genomic instability. Often, very large rearrangements of consti-
tutional origin (ie, those detectable by microarray) involving loss
or gain of multiple genes are associated with a syndromic pheno-
type, such that ascertainment of similar rearrangements in the
somatic context would not necessarily lead to concern regarding
a heritable event if the patient had no other discernible pheno-
type. CNVs also require specialist interpretation, especially
duplications where orientation may not be immediately obvious,
or those at extreme 5" or 3” ends of the gene.

Results of tests from non-NHS laboratories

Where variants of likely or confirmed germline origin have
been ascertained by testing via non-NHS laboratories,
results should be discussed within the context of a multi-
disciplinary team meeting to determine actionability and
onward follow-up. It is important to consider whether the
laboratory undertaking the testing has relevant accredita-
tion necessary for germline testing and reporting, and if the
variant has been interpreted in line with best practice variant
interpretation guidelines. It is also important to consider
if the reported variant is considered reportable/actionable
through standard-of-care NHS testing—that is, is it a gene

for which diagnostic testing would be offered and is the
variant one for which reporting is routine.

SUMMARY

In summary, we propose implementation of a modified
‘intermediate-conservative’ approach to germline follow-up of
variants of putative germline origin in cancer susceptibility genes
ascertained through tumour testing, with certain gene-specific
considerations (figure 1).

Germline follow-up testing should be considered for vari-
ants classified as likely pathogenic or pathogenic, if present
at a VAF ~30-40% or higher (depending on clinical/biolog-
ical/technical context), or if the variant is a known recurrent/
founder germline variant, depending on the clinical context.
Germline follow-up testing is recommended for variants
fulfilling these criteria in genes in the most actionable cate-
gory in all tumour types; but for variants fulfilling these
criteria that are identified in high and standard actionable
categories, testing is recommended only when ascertained in
an associated tumour.

There may be instances where germline follow-up of vari-
ants reported at VAF lower than the proposed thresholds
may be considered (particularly in the context of ctDNA
with low TF, or where other reported variants are detected
at much lower VAF), if clinical suspicion persists. In such
cases, discussion at the local genomic tumour advisory board
may be helpful.

Germline follow-up testing of variants ascertained in a
relevant associated cancer should be offered in the main-
stream context, while onward action related to ‘off-tumour’
findings and decisions regarding germline follow-up of vari-
ants of putative germline origin in genes other than stan-
dard/high or most actionable genes should be undertaken
by a relevant professional within a clinical genetics service.

Formal diagnostic germline testing using a relevant multi-
gene panel may still be indicated in eligible patients where
tumour-based testing does not identify a putative heritable
variant, or where identified variants are confirmed somatic
in origin.

All germline genetic testing should be undertaken with
appropriate consent in line with best practice. Where vari-
ants are confirmed to be germline in origin, carrier patients
should be referred to clinical genetics for contextualised risk
assessment and for onward management of the patient and
family.
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