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A clinical and genetic analysis of multiple primary
cancer referrals to genetics services

James Whitworth!2, Jon Hoffman?, Cyril Chapmanz, Kai Ren Ongz, Fiona Lalloo®, D Gareth Evans®
and Eamonn R Maher*1*

Multiple primary malignant tumours (MPMT) are frequently taken as an indicator of potential inherited cancer susceptibility and
occur at appreciable frequency both among unselected cancer patients and, particularly, among referrals to cancer genetics
services. However, there is a paucity of information on the clinical genetic evaluation of cohorts of MPMT patients representing
a variety of tumour types. We ascertained a referral-based series of MPMT cases and describe the patterns of tumours observed.
Service-based molecular genetic testing had demonstrated a pathogenic germline variant in an inherited cancer gene in fewer
than one in four unselected referrals. To assess for evidence of thus far unidentified variants in those who tested negative,
comparisons were made with those who tested positive. This revealed considerable overlap between the two groups with respect
to clinical characteristics indicative of an inherited cancer syndrome. We therefore proceeded to test a subset of unexplained
MPMT cases (n=62) for pathogenic germline variants in TP53 and PTEN but none were detected. Individuals with MPMT may

receive negative genetic test results for a number of reasons, which are discussed. Many of these may be addressed by the
increasing application of next generation sequencing techniques such as inherited cancer gene panels.
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INTRODUCTION
Multiple primary malignant tumours (MPMT) describes a scenario
whereby two or more histologically distinct malignant tumours not
due to metastasis, recurrence or local spread are diagnosed in the
same individual. These may be diagnosed at the same time (synchro-
nous) or separated by months to years (metachronous). The first
description of MPMT is attributed to Billroth in 1889' and it initially
appeared to be a rare phenomenon. However, with improved survival
from many forms of cancer,” MPMT is increasingly recognised as an
important medical problem.? Indeed, a review of 69 European cancer
registries revealed that 6.3% of registered tumours were part of an
MPMT clinical picture.* Furthermore, registry-based evidence
suggests that the incidence of cancer in previously diagnosed
individuals is greater than the expected population incidence with
an increased risk of a wide variety of concordant and discordant
tumours after an initial primary malignancy.®

Multiple factors may contribute to the occurrence of MPMT. Thus,
increased clinical surveillance following an initial diagnosis may lead
to increased detection of second malignancies through lead-time bias
or may identify cancers that would not present otherwise in
the individual’s lifetime. Alternatively, radiotherapy or cytotoxic
chemotherapy regimens for the initial tumour may predispose to
second primary tumours. Even non-cytotoxic drug treatment may
increase cancer risk as is seen for endometrial cancer after tamoxifen
treatment for breast cancer.® Two or more tumours may also result
from carcinogenic environmental exposures relevant to both cancer
types.” In addition, it is widely recognised that genetic susceptibility
can be a major cause of MPMT and many monogenic familial cancer

syndromes are associated with a high frequency of this phenomenon.?-1?

Indeed, particular combinations of multiple tumours may suggest
specific cancer syndromes (eg haemangioblastomas and renal cancers
in von Hippel-Lindau disease). Accordingly, many patients with
MPMT will be referred for clinical genetics evaluation because of a
suspicion of such a syndrome. However, the outcome of such
evaluation is not well described and although there are often large
published series of individuals with a specific familial cancer
syndrome, to our knowledge, there are no large studies of
individuals with MPMT referred for clinical genetics assessment. In
particular, it is highly relevant to know whether individuals with
MPMT who test negative for a suspected familial cancer syndrome are
likely to represent phenocopies or whether there is evidence to
indicate a need for more extensive genetic testing. To address these
questions, we undertook a retrospective review of referrals for MPMT
to two regional genetics centres. We hypothesized that a group of
patients with MPMT might harbour germline pathogenic variants in
TP53 or PTEN and consequently initiated analysis of these genes in a
subset of individuals.

MATERIALS AND METHODS

Ascertainment of cases

To identify MPMT cases referred for genetic assessment (directly or through a
family member), we undertook a records-based interrogation of two UK
Regional Genetics Services covering a combined population of >10
million.!>!* Firstly, the West Midlands Regional Genetics Service database
was used to identify individuals with two or more malignant tumours
diagnosed before the age of 60. Referrals and genetic analysis had taken
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place between February 1993 and February 2013. Medical and pathology
records were then inspected to confirm the inclusion criteria. Those
individuals with benign histology, metastases, recurrence of the primary
tumour or tumours of the same site and histological type were excluded
from further analysis if those tumour characteristics led to non-fulfilment of
the criteria. Multicentric or multifocal cancers were counted as a single
malignancy. Thus, the definition of MPMT was made according to
international guidelines.!” Additionally, two databases of individuals referred
to the North West regional genetics service in Manchester with a suspected
diagnosis of hereditary colorectal cancer or familial breast/ovarian cancer were
interrogated to identify additional cases of MPMT satisfying the same criteria
specified above.

Assessment of clinical indicators

To provide an indicator, in a broad range of clinical scenarios, of the strength
of the clinical evidence for an inherited cancer syndrome, we developed a
‘multiple tumour score’ (MTS). To record this score for individuals within the
series, clinical genetics case records were inspected to extract details of family
history, age at diagnosis and histopathological type of cancer. The MTS was
designed to be analogous to the Manchester score for prioritising genetic
testing in familial breast/ovarian cancer kindreds.!® This system assigns a score
for each cancer of a particular type that occurs in a single lineage, with higher
scores for tumours more characteristic of pathogenic BRCA1/BRCA2 variants
(Supplementary Table 1). The sum of scores is incorporated into clinical
guidelines, with > 15 providing a threshold for testing in breast/ovarian cancer
cases.!” Thus, within a single family lineage, the MTS was calculated according
to whether a common or rare cancer had occurred and the age at which it had
occurred (Table 1). Within the scoring system, rarer cancers were weighted
more heavily than common cancers (as phenocopies should be less likely for
the former). Cervical cancer is not a common cancer but as it is mostly
attributable to human papilloma virus (HPV) infection!®® and it was
therefore scored lower than other uncommon cancers. The development of
this malignancy may involve a degree of genetic predisposition interacting with
HPV infection. However, additional analyses were also performed excluding
cases within the series with cervical cancer as part of their MPMT clinical
presentation (results and Supplementary Information). For individuals with a
diagnosis of breast or ovarian cancer, the Manchester score was calculated and
fulfilment of the revised Bethesda criteria was noted if colorectal or
endometrial cancer had been diagnosed. The latter criteria are designed to
prompt microsatellite instability (MSI) analysis of colorectal tumours where
one or more of five clinical indicators are suggestive of Lynch syndrome
(Supplementary Table 2).2° Records of genetic testing were interrogated to
obtain details of assays performed and variants identified (including whether
deemed causative by the laboratory/clinical team). These are listed in
Supplementary Table 3 and were uploaded to public databases (MMR/APC/
MUTYH - chromium.liacs.nl/LOVD2/colon_cancer/home.php, BRCAI1/
BRCA2 — research.nhgri.nih.gov/bic, PTEN/RB1 — ncbi.nlm.nih.gov/clinvar).
Statistical significance testing was performed using two-tailed z-tests.

Table 1 Multiple tumour score

Age at

Malignant tumour diagnosis  Score

<30
30-39
40-49
50-59
>59
<50
50-59
>59

Breast, lung, colorectal, prostate, non-melanoma skin, cervical

Any other malignant tumour
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Sequencing of candidate genes

DNA samples from 62 patients with no detected causative variant and who had
given consent for diagnostic genetic testing were subjected to whole genome
amplification (REPLI-g Mini Kit, Qiagen, Hilden, Germany) according to the
manufacturer’s protocol, and targeted PCR amplification was then performed
to amplify PTEN exons 1-9 and TP53 exons 2—11. A 25 ul reaction volume was
used with 5 pl template DNA and 20 ul BioMix Red (Bioline, London, UK).
Primers used are listed in Supplementary Table 4. PCR reaction products were
cleaned with an equal volume of microCLEAN (Microzone, Haywards Heath,
UK) and subsequently added to a sequencing reaction incorporating (per
reaction) 0.5ul BigDye Terminator v3.1 Ready Reaction Mix and 2ul 5X
sequencing buffer from the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Austin TX, USA). Also added were 2 ul of 2 mm primer
solution and 5.5 ul water. Following an ethanol-based precipitation, products
were suspended in 10 ul Hi-Di Formamide sequenced with an ABI 3730
automated sequencer (Applied Biosystems). Obtained chromatograms were
analysed with the assistance of the Mutation Surveyor software package
(Softgenetics, State College, PA, USA) using reference sequences generated
from the GRCh37 assembly.

RESULTS

Evaluation and analysis of a series of MPMT cases — West Midlands
series

A total of 212 individuals with an MPMT phenotype (441 tumours)
satisfied the eligibility criteria for inclusion. Most individuals (179,
84.4%) were female and breast cancer was the most frequent tumour
type (Table 2). The most frequent combination of tumour types was
breast with ovarian followed by breast with non-melanoma skin
(NMSC), endometrial and colorectal cancers (Supplementary
Table 5).

At least one gene relevant to inherited cancer had been analysed in
111 of the 212 (52.3%) individuals. Tests were performed in BRCAI
(n=71 tests), BRCA2 (n=72), MSH2 (n=32), MLHI (n=29),
MSH6 (n=11), PMS2 (n=2), APC (n=3), MUTYH (n=5), PTEN
(n=4), TP53 (n=3) and RBI (n=2). Eight of these were tests for
known familial variants suspected to be present in the consultand
with MPMT and two cases were obligate carriers. Of BRCA1 and
BRCA2 analyses, 89% had sequenced the entire coding region with
MLPA being conducted in the same proportion. Other strategies
included sequencing of selected exons and heteroduplex analysis.
Of the 66 (excluding familial tests) mismatch repair gene analyses
performed, 48% sequenced the coding region and 33% were hetero-
duplex or single-strand conformation-based. MLPA was performed as
part of 63% of tests. MSI and/or immunohistochemistry (IHC)
analyses had been undertaken in 36 cases, with subsequent germline
analysis following 10 positive and 4 negative results. Seven analyses
(9%) were as part of a next generation sequencing (NGS) gene panel
(bowel cancer) approach. Of the other 17 analyses performed, 3 also
used this panel. All NGS analyses were among the last eight cases to
be referred. Nineteen of 30 initially non-direct sequencing based
approaches (PTT, SSCP, heteroduplex) were among the first 30
referred cases, whereas no such analyses were undertaken for the last
30 patients.

Comparison of tumour types between the 111 tested patients and
the 101 individuals who were not tested revealed similar tumour
frequencies (Table 2) with only thyroid cancer (higher P= <0.05)
and ovarian cancer (lower P= <0.05) being significantly different in
the untested group. There were no differences in gender distribution
between tested and untested groups (94/111, 84.7% female in tested
group vs 86/101, 85.1% female in untested group) but the mean age at
diagnosis of first (41.5 vs 43.2), second/synchronous (48.8 vs 50.7)
and all (45.2 vs 47.3) tumours was lower in those who had undergone
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Table 2 Tumour frequency among MPMT subgroups
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All tumours

Testing sent

No testing sent Test+ ve group (n Test—ve group

Tumour type (n=441) (n=234) (n=208) =96) (n=138)

Breast 128 (29%) 69 (29.5%) 59 (28.3%) 21 (21.9%) 48 (34.8%)
Ovarian 54 (12.2%) 35 (14.9%) 18 (8.6%) 14 (14.6%) 21 (15.2%)
Colorectal 71 (16.1%) 34 (14.5%) 37 (17.8%) 21 (21.9%) 13 (9.4%)

Endometrial 43 (9.7%) 28 (12%) 16 (7.7%) 12 (12.5%) 16 (11.6%)
Non-melanoma skin 42 (9.5%) 22 (9.4%) 21 (10.1%) 7 (7.3%) 15 (10.9%)
Other tumours individually comprising <5% 103 (23.3%) 46 (19.6%) 57 (27.4%) 21 (21.9%) 25 (18.1%)

total

testing. Where a particular tumour occurred and a genetic test was
performed, a pathogenic variant was identified in between 27.3%
(NMSC) and 61.8% (colorectal) of patients (Table 3). The relatively
high diagnostic rates for colorectal and endometrial tumours are likely
due to Lynch syndrome investigations prior to germline testing.

Overall, 44 of the 111 (39.6%) patients who underwent germline
genetic testing in one or more genes had a pathogenic variant
demonstrated (designated Test+ ve group) and 67 did not (desig-
nated Test —ve group). Of the cases, 22 had negative MSI and/or
THC analysis for suspected Lynch syndrome and did not proceed to
germline testing. These cases were not assigned Test —ve status
because of the fact that the sensitivity of these investigations is
quoted as between 55 and 83% depending on the gene involved and
the assay. Similarly, four cases who had positive MSI/THC but did not
have a germline test (because of death in three cases) were not
assigned Test + ve status because of high but incomplete specificity.?!
These individuals are nevertheless likely to have a mismatch repair
deficit and further calculations were performed (see below) where
these investigations were taken as negative or positive genetic tests,
respectively.

Pathogenic variants were most frequent in mismatch repair genes
(n=21, MSH2 (n=9), MLHI (n=9), MSH6 (n=3)) or BRCAI/
BRCA2 (n=16), BRCAI (n=12) and BRCA2 (n=4). Seven patients
harboured pathogenic variants in genes relevant to rarer syndromes
(PTEN (n=3), RBI (n=2), APC (n=1), MUTYH (homozygous)
(n=1)). Comparison of the Test+ ve and Test —ve groups revealed
that the mean MTS was significantly higher (21 vs 14.1, P= <0.01)
and the mean age at tumour diagnosis lower, though not statistically
significant, (44 vs 46, P=0.3271) (Table 4) in the Test+ ve group.
The proportion of cases with a concordant tumour in a first-degree
relative was also higher in the Test4ve group (63.6 vs 56.7%
P=10.4654) though again, this was not statistically significant.

There was, however, significant overlap between the MTS in the
Test + ve and Test —ve groups such that ~28% of Test —ve patients
had a value equal to or higher than the median seen in the Test + ve
group (Figure 1) and 88% had a score equal to or higher than the
lowest value in the Test 4 ve group. Of all cases without a causative
variant demonstrated, 21.4% (including those who had no germline
genetic testing performed and were therefore of unknown status) had
a MTS equal to or higher than the Test+ve group median. The
individual mean age at tumour diagnosis (combined age at diagnosis/
no. of primary tumours) was also calculated and 41.8% of Test —ve
cases had a value at or below the median value observed in the
Test + ve group (Figure 2). This figure was 39.9% if individuals who
had not undergone genetic testing were also included in analysis. If
the results of MSI/IHC analysis were given equal status to that of
germline genetic testing, then similar figures were observed. Of the

Table 3 Testing sent group — Genetic testing results by cancer type

No. of occurrences where
patient had causative variant

Cancer type demonstrated

Breast 21 (30.4%)
Ovarian 14 (40%)

Colorectal 21 (61.8%)
Endometrial 11 (39.3%)
Non melanoma skin 6 (27.3%)

Other tumours individually comprising <5% total 22 (47.8%)

revised Test —ve group, 28.1% had an MTS at or above and 38.6%
had an individual mean age of diagnosis below the revised Test + ve
medians; 55% had a first degree relative with a concordant tumour
compared with 62.5% in the revised Test+ ve group.

Analysis was also performed without the cervical cancers present in
the patients within the series. This led to the exclusion of nine
individuals, five of whom had received genetic testing with a causative
variant identified in four BRCAI, BRCA2 (n=2) and APC. Results
are shown in Supplementary Table 6. No significant differences in
results were shown between the two analyses both in terms of tumour
profile and clinical indicators of a causative variant.

Further evaluation of MPMT cases — North West series

To further evaluate MPMT referrals to cancer genetics services, we
analysed the characteristics of 240 further cases referred to the North
West region genetics service and entered into database of individuals
referred for suspected hereditary colorectal cancer or familial breast
cancer. Of them, 230 (95.8%) cases had at least one diagnosis of
breast, ovarian, colorectal or endometrial cancer; 166 cases had
received a diagnosis of breast and/or ovarian cancer and 144 had
previously had colorectal and/or endometrial malignancy. Details of
the tumour combinations are shown in Supplementary Table 7.

Comparison of MTS with existing scoring systems — combined
series

To consider the MTS compared with existing clinical evaluation
systems, the data from North West cases were combined with that
from those West Midlands patients who had breast and/or ovarian
cancer (combined total n=320) or colorectal and/or endometrial
cancer (combined total n=244). We then investigated the relation-
ships between MTS and Manchester score or fulfilment of revised
Bethesda criteria in the two cancer phenotype subgroups. The
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Table 4 Comparison of clinical indicators observed in West Midlands series

Causative variant ~ No causative variant identified

All cases identified and > 1 germline test No causative variant
Clinical indicator mh=212) (Test+ven=44) (Test—ven=67) identified (n=168)
Mean age at tumour diagnosis 46.2 SD 10.2 44 SD 10.9 46 (SD 9.8, P=0.3271) 46.8 (SD 9.9 1.85,
P=0.0643)
Mean age diagnosis first tumour 42.5SD11.3 39.4SD 123 42.9 (SD 10, P=0.1141) 43.1 (SD 10.7,
P=0.3681)
Mean age diagnosis second or synchronous tumour 49.6 SD 7.4 48.1 SD 6.8 49.2 (SD 8.4, P=0.4473) 50.1 (SD 7.2, P=0.0891)
Mean individual age at tumour diagnosis 46.2 SD 8.4 44.2 SD 8.6 46 (SD 8.6, P=0.2801) 46.7 (SD 8.3, P=0.0819)
% cases with individual mean age at tumour diagnosis < Test +ve N/A N/A 41.8 (28) 39.9 (67)
group median (46.25)
% cases with concordant tumour in first degree relative 52.3(111) 63.6 (28) 56.7 (38) (P=0.4654) 49.4 (83) (P=0.09296)
Mean multiple tumour score 14.6 SD 8.7 21 SD 14.3 14.1 (SD 5.4, P= <0.01) 12.9 (SD 5.6, P= <0.01)
% cases with multiple tumour score > Test+ ve group median (17) N/A N/A 28.3 (19) 21.4 (36)
Mean individual age at diagnosis = Combined age of tumours/number of tumours in individual.
P-values describe two-tailed comparison with Mut + group (HO = ul = pu2).
Multiple tumour score in Test-ve group Multiple tumour scores and fulfillment of Revised Bethesda criteria
35 in all patients with colorectal and/or endometrial cancers
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Individual case scores. Black indicates score = Test+ve group median

Figure 1 Individual case scores. Black indicates score > Test-ve group
median.
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Figure 2 Individual case mean age at tumour diagnosis. Black indicates

value < Test+ ve group median.

Correlation of multiple tumour scores and Manchester
scores in all cases with breast and/or ovarian cancer

Multiple tumour score
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Figure 3 Correlation of multiple tumour scores and Manchester scores in all
cases with breast and/or ovarian cancer.
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Individual case multiple tumour score. Black columns indicate Revised
Bethesda criteria not fulfilled

Figure 4 Multiple tumour scores and fulfilment of revised Bethesda criteria
in all patients with colorectal and/or endometrial cancers.

relationships are shown in Figures 3 and 4, respectively. Manchester
score showed a positive correlation with MTS. Among the colorectal/
endometrial cases, 58 (23.8%) had a MTS higher than 20. Four out of
the 59 (6.8%) individuals not fulfilling the Revised Bethesda criteria
had scores above this level. Therefore, the proportion of patients with
the highest MTSs were less likely to fall short of criteria fulfilment

Sequencing analysis of PTEN and TP53 in multiple primary
tumour cases

The overlap between Test 4 ve and Test —ve groups in MTS distribu-
tions and age at diagnosis suggested that some of the Test —ve group
might harbour a pathogenic variant in an unanalysed gene. To test
this, sequencing of the coding regions of PTEN and TP53 was
performed in 62 patients not previously tested for variants in these
genes. The details of the tumour phenotypes of the 62 patients are
shown in Supplementary Table 8. Of the 62 patients, 56 (90.3%) had
been diagnosed with a tumour previously associated with variants in
PTEN and/or TP532%23 (breast cancer in 42 patients, endometrial
carcinoma (n = 10), papillary thyroid cancer (n=2), sarcoma (n=1)
and gliomas (n=1)). Of the 62 patients, 41 (66.1%) had previously
undergone testing for BRCAI/BRCA2 and/or mismatch repair genes.
No germline test had been performed in 21 cases, 8 of whom had
negative MSI and/or THC analysis. The 13 remaining untested
patients all had been diagnosed with breast cancer in combination
with another tumour but there were no colorectal cancers among this
group. No pathogenic variants were detected in PTEN or TP53. The
common TP53 p.Pro72Arg variant was observed in the samples
although the genotype distribution (C;C~10%, C;G ~30%, G;G



~60%) among the series was similar to that expected in a European
population’* and no phenotypic differences were observed between
the different genotype groups.

DISCUSSION

We investigated the clinical features of a series of MPMT patients
referred to clinical genetics services. Half of the (West Midlands)
referrals that satisfied the inclusion criteria were referred in the last 7
years of the 20-year period, suggesting an increasing awareness among
non-genetic health-care professionals of the relevance of inherited
cancer syndromes for MPMT patients.

Clinical observations of MPMT patients have previously been made
at a population level. A series based on data from the Surveillance,
Epidemiology and End Results (SEER) programme collected between
1975 and 2001 identified 557 685 patients who had developed two
tumours at different sites. Only 10.1% of these cases had both cancers
diagnosed before the age of 60. Among this group, the most common
first tumours were breast (19.7%), lymphoma (11.6%), female genital
tract (10.9%), melanoma (9.5%) and colorectal (6.8%).> The high
proportion of lymphoma cases may, in part, be accounted for by
earlier carcinogenic treatments for this condition. In particular, the
risk of breast cancer post mantle radiotherapy in lymphoma cases
diagnosed under 30 years is known to be very high.>> Analysis of the
most frequent first tumours observed in our series reveals a similar
picture albeit with higher proportions of BRCAI/BRCA2 or Lynch
syndrome associated cancers with breast tumours making up 32.5%
of first diagnoses, female genital tract 18.9%, colorectal 17% and
melanoma 5.2%. Of the first cancers, 9% were NMSCs, but the
incidence of these was not quoted in the SEER data. There were no
cases of lymphoma and few cases with common cancers lung (5) or
prostate (3). The most frequent tumours observed in our series,
therefore, reflect both incidence in the general population and the
clinical genetics referral-based nature of the series. Breast, ovarian and
colorectal cancer referrals made up over 90% of cancer in a
descriptive study of referrals to cancer genetics services in the UK?®
with a figure of 82.2% in a similar analysis of French services.”” In
both reports, breast and bowel cancer accounted for around 60% and
20% of referrals, respectively. Breast, colorectal and NMSC were
among the five most frequent tumours, an observation that is also
seen in the UK population.?® Germline genetic cancer predisposition
may be suggested by rarer tumours but there is not a simple
relationship between the incidence of specific cancer types and a
genetic or environmental origin. Thus, assessment of the proportion
of cancer cases attributable to 14 common preventable environmental
exposures has shown relatively low figures for many of the most
frequent tumours in the series including breast (26.8%), colorectal
(54.4%), ovarian (20.7%) and uterine (36.9%).'® The remaining
proportion would include genetic factors and environmental
exposures not considered.

Only a minority of cases were ultimately identified with a
constitutional variant conferring cancer risk. Diagnostic rates are
influenced by clinical techniques to target testing, with more specific
criteria not only producing higher variant detection rates but also
excluding some potential carriers from analysis. Of the 71 (66.2%)
individuals undergoing BRCAI/BRCA?2 testing, 47 had a Manchester
score at or above the commonly used threshold of 15 and 34% of
these had a pathogenic variant, contrasting with none of the 24 cases
with a score under 15. Of the 34 (88.2%) cases having mismatch
repair gene analysis, 30 fulfilled revised Bethesda criteria with 21
(70%) causative variants identified and none in the remaining 4
patients. The clinical techniques used in the series, therefore, generally
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showed specificity. The sensitivity of services in detection of causative
variants is likely to improve with more widespread testing with NGS
gene panels, two of which were utilized in the series.

We compared clinical aspects of Test+ ve and Test —ve cases to
assess the clinical evidence for underlying causative variants in cancer
susceptibility genes in individuals not demonstrated to harbour one
by clinical investigation. The latter group reflects those individuals
where the testing pathway was completed (ie consent and blood
sample/s given, clinical suspicion present) and represents those who
may be candidates for more extensive analysis. Comparison of most
frequent tumours between the two groups revealed similar patterns
for cancer subtypes though a higher proportion of breast cancers was
observed in the Test —ve group, likely reflecting the fact that colorectal
cases are less likely to require germline testing following MSI/THC
analysis. Although, on average, comparison between Test+ ve and
Test —ve groups revealed a lower age at diagnosis, higher MTS and
more familial (first degree relative affected) cases in the former group,
our analysis also revealed a significant number of Test —ve individuals
with clinical indicators equally or more indicative of a causative
germline variant than many Test + ve group cases. This was also the
case if all individuals without a genetic diagnosis were analysed,
including those who had not had any genetic testing performed. This
suggests that there may be an appreciable, as yet unidentified genetic
aetiology contributing to tumourigenesis in these individuals.

Additional analysis revealed that individuals with a higher MTS
were more likely to have an elevated Manchester score or fulfil revised
Bethesda criteria, implying that MTS is also likely to be higher in
patients harbouring a variant predisposing to tumour development.
This in turn suggests that the development of validated scores along
similar lines incorporating all tumours may be useful in the
assessment of individuals referred to cancer genetics and that further
genotyping may be particularly likely to reveal causative variants in
cases within our series with an MTS at the higher end of the range.

What might be the possible reasons for an MPMT case, even with
other indicators suggestive of a constitutional genetic aetiology,
testing negative after genetic analysis? Multiple tumours may occur
by chance alone. A rough estimate of how frequent this could be
arrived at by considering the lifetime risk of developing cancer under
the age of 60 years,>>*" multiplying that probability and considering it
in the context of the observed age distribution in a population MPMT
cohort.? For each age group, an expected number of cases in a given
time period could be generated. Applied to the West Midlands
population, the sum of these figures suggests 16.8 cases per year, but
the lifetime risk figure notably does not include NMSC. Discounting
NMSC, the last 7 years of referral in our series produced 12.6
cases per year. Clearly, not all MPMT patients will be referred for
genetic assessment. Registry-based evidence from the same population
(1995-1999) showed 1425 new MPMT cases per year including
NMSC,? which would be estimated to be around 200 per year without
NMSC if it is considered that these cancers makes up around 23.6%
of diagnoses in the UK3! and assumed that these had a typical age
distribution and occurred evenly among first and second cancers. On
this basis, observed MPMT cases appear to be more frequent than
that expected by chance alone.

Environmental exposures relevant to the development of two or
more tumour types account for a proportion of MPMT cases and are
important to consider in the assessment of such patients. These may
be easily identifiable clinically such as a smoking history where, for
example, an increased risk of oral and pharyngeal cancers are
observed after an initial lung adenocarcinoma.?? Alternatively, they
may be less obvious and/or shared between family members so as to
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mimic constitutional genetic factors leading to cancer risk. A meta-
analysis of risk factors contributing to an early onset cancer Wilms
tumour identified some relevant in utero exposures (eg pesticides).>?
One pregnancy affected by these exposures could mimic a de novo
variant conferring cancer risk whereas further affected pregnancies
could produce a family history and falsely suggest inherited genetic
factors.

A causative variant might not be detected because the relevant gene
is overlooked. Possible reasons include a de novo mutation leading to
insufficient family history or a phenotype not highly characteristic of
a particular syndrome. To investigate this possibility, we undertook
analysis of TP53 and PTEN, variants in which are associated with a
wide range of cancers.?>?* Although many individuals in the Test —ve
group had cancers that are associated with germline aberrations in
these genes, we did not identify any in our series. These findings add
support to existing diagnostic criteria relating to these genes and in
particular are consistent with the finding that Cowden stigmata are
detectable in all individuals with a pathogenic PTEN variant** (none
of our tested cases had such findings). Previous studies have assessed
the frequency of deleterious variants in these genes within an MPMT
cohort. Shiseki et al?® found a pathogenic TP53 variant in one out of
five patients diagnosed with three primary cancers, though that
individual did conform to the Li Fraumeni syndrome (LES)
phenotype according to classical diagnostic criteria. Another
analysis of TP53 in 59 cases diagnosed with a second primary
cancer revealed four individuals with pathogenic variants.>® None of
these individuals fulfilled classical diagnostic criteria for LFS though
all met the Chompret criteria for TP53 testing.>” Deleterious variants
in TP53 were identified in only 1 case of 21 (5%) breast/sarcoma
double primaries not fulfilling classical criteria for LES*® and not
identified in a series of 88 breast cancer cases with a personal or
family history of MPMT.*® De Vivo et al*’ identified 5 individuals
harbouring germline PTEN variants (p.Vall19Leu x3 and p.Vall58Leu
x2) from a series of 103 MPMT cases from a cohort of 32 826 nurses.
There was no evidence of a diagnosis of Cowden syndrome among
the variant carriers but all had had a cancer associated with that
condition. Functional studies of the identified variants via PTEN-null
cell line transfection assays suggested an increase in cell size and
number, but lack of further clinical information regarding them
renders it difficult to interpret these findings as evidence that PTEN
variants are significant within the context of an MPMT cohort.

If a variant conferring cancer risk is mosaic, it may elude detection
by clinical tests because of relatively low sensitivity of Sanger
sequencing techniques to this phenomenon. Instances of mosaicism,
such as the detection of activating HIF2A variants in multiple
tumours but not in blood from patients with multiple paraganglio-
mas,*! may account for a proportion of individuals with MPMT and
no relevant family history. Further genetic studies in such cases may
still be revealing even without a pedigree consistent with inherited
predisposition.

Finally, variants in gene not previously associated with cancer risk
may be significant in a proportion of MPMT cases. Recently
identified inherited cancer genes (eg POLDI, POLE) associated with
colorectal and endometrial cancers*? had not been tested in our
cohort and might explain some cases.

We identified evidence in favour of the hypothesis that many
MPMT patients referred to clinical genetics services may harbour
causative constitutional variants in cancer predisposition genes but a
limited candidate gene approach to identify them did not do so.
The development and increased availability of massively parallel
sequencing platforms in clinical genetics service laboratories will
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enable individuals to be tested simultaneously for variants in multiple
inherited cancer genes and also provide better sensitivity for
mosaicism.
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