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Abstract

Obijective: Germline pathogenic variants (PVs) in the DNA mismatch repair (MMR) genes
and in the base excision repair gene MUT YH underlie hereditary colorectal cancer (CRC)
and polyposis syndromes. We evaluated the robustness and discriminatory potential of tumour
mutational signatures in CRCs for identifying germline PV carriers.

Design: Whole exome sequencing of formalin-fixed paraffin embedded (FFPE) CRC tissue
was performed on 33 MMR germline PV carriers, 12 biallelic MUTYH germline PV carriers,

25 sporadic MLH1 methylated MMR-deficient CRCs (MMRd controls) and 160 sporadic MMR-
proficient CRCs (MMRp controls) and included 498 TCGA CRC tumours. COSMIC V3 single
base substitution (SBS) and indel (ID) mutational signatures were assessed for their ability to
differentiate CRCs that developed in carriers from non-carriers.

Results: The combination of mutational signatures SBS18 and SBS36 contributing >30% of

a CRC’s signature profile was able to discriminate biallelic MUTYH carriers from all other
non-carrier control CRCs with 100% accuracy (area under the curve (AUC) 1.0). SBS18 and
SBS36 were associated with specific MUT YH variants p.Gly396Asp (p=0.025) and p.Tyr179Cys
(p=5x107%), respectively. The combination of ID2 and ID7 could discriminate the 33 MMR PV
carrier CRCs from the MMRp control CRCs (AUC 0.99), however, SBS and ID signatures, alone
or in combination, could not provide complete discrimination (AUC 0.79) between CRCs from
MMR PV carriers and sporadic MMRd controls.

Conclusion: Assessment of SBS and ID signatures can discriminate CRCs from biallelic
MUTYH carriers and MMR PV carriers from non-carriers with high accuracy, demonstrating
utility as a potential diagnostic and variant classification tool.

Keywords

tumour mutational signatures; colorectal cancer; hereditary colorectal cancer; Lynch syndrome;
DNA mismatch repair; MUTYH ; base excision repair

Gut. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Georgeson et al. Page 3

INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide and is

a leading cause of cancer-related morbidity and mortality [1]. Currently, 5-10% of CRCs
develop in individuals who carry a pathogenic variant (PV) in a known hereditary CRC
and/or polyposis susceptibility gene, including the DNA mismatch repair (MMR) genes
(MLH1, MSHZ2, MSH6, PMS2) and the base excision repair (BER) gene MUTYH [2]
(reviewed in [3]). Identifying carriers of PVs in these susceptibility genes has important
implications for preventing subsequent primary cancers in the proband [4,5] and for the
prevention of CRC in relatives through targeted screening approaches such as colonoscopy
with polypectomy [6,7].

Currently, the most common strategy to identify MMR gene PV carriers (Lynch syndrome)
starts with testing the tumour for microsatellite instability (MSI) and/or loss of MMR
protein expression by immunohistochemistry [8]. However, loss of MMR protein expression
(MMR-deficiency) in a CRC is not diagnostic for carrying a PV because MMR-deficiency
can be caused by epigenetic inactivation of the MMR genes (hypermethylation of the

ML H1 gene promoter) or biallelic somatic mutations of MMR genes [9,10]. Moreover,

no tumour-based approach is routinely applied to identify biallelic carriers in MUTYH,
currently germline testing is guided by the presence of associated phenotypic features [3],
although the phenotype for biallelic MUTYH carriers has been shown to be variable, making
this approach suboptimal [11]. Furthermore, the transition of clinical genetics to multi-gene
panel testing for identifying hereditary CRC and polyposis syndromes has led to further
challenges with the classification of variants of uncertain clinical significance (VUS)[12].

The determination of tumour mutational signatures (TMS) is an emerging approach that
integrates the somatic mutation landscape within a single tumour to identify patterns
associated with distinct oncogenic pathways [13-16]. Most commonly, each TMS is derived
from compositional changes of single base substitutions (SBS), indels (ID), and doublets.
Version 3 of the predominant TMS framework published on the Catalogue of Somatic
Mutations in Cancer (COSMIC) website defines 95 signatures, of which a proposed
aetiology is available for 63 (66%) [17]. To date, multiple TMS have been identified that
relate to defective DNA repair including MMR (SBS6, SBS14, SBS15, SBS20, SBS21,
SBS26, SBS44, ID1, 1D2, 1D7), and BER defects caused by dysfunctional NTHL1 (SBS30)
[18] and MUTYH (SBS18 and SBS36) [19,20].

Although TMS show substantial promise in the translational setting, clinical adoption has
been limited [21]. In this study, we evaluated the SBS and ID TMS landscapes in CRCs
caused by germline PVs in the MMR genes or by biallelic PVs in the MUTYH gene, to test
the clinical utility of TMS for predicting PVs in these specific genes. We assessed the effect
of experimental settings and quantified the discriminatory potential of TMS for identifying
PV carriers from non-carrier CRCs.
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MATERIALS AND METHODS
Study Cohort

CRC-affected individuals with tumour and matched germline whole exome sequencing
(WES) data from five studies were included in the analysis: the Australasian (ACCFR)

and Ontario (OCCFR) sites of the Colon Cancer Family Registry [22,23], the ANGELS
study, WEHI study and The Cancer Genome Atlas (TCGA) colon adenocarcinoma (COAD)
and rectum adenocarcinoma (READ) study [24] (Figure 1, Supplementary Table 1,
Supplementary Table 2). Formalin-fixed paraffin embedded (FFPE) CRCs from carriers

of germline PVs in MLHI1, MSHZ or MSH6 (n=33), from biallelic or monoallelic carriers
of PVs in MUTYH (n=21) and from an individual carrying a PV and a VUS in MUTYH
were included. Tumour MMR status was determined by immunohistochemistry with details
of the tumour and germline characterisation undertaken described previously [25,26].

Two groups of FFPE CRCs were selected as non-hereditary controls: 1) MMR-proficient
(MMRp) CRCs without a known germline mutation in the MUTYH or MMR genes were
included as “MMRp controls” (n=160), and 2) MMR-deficient (MMRd) CRCs resulting
from somatic MLH1 gene promoter hypermethylation were included as “MMRd controls”
(n=25). Tumours were then separated into discovery (n=142) and validation groups (n=97)
based on their recruitment origin from either clinic-based (discovery) or population-based
(validation). Furthermore, 498 CRC tumours from TCGA COAD and READ studies [24]
were included as an additional set of fresh-frozen, non-hereditary CRCs (Supplementary
Table 2). MMR status was determined using MSlseq [27], enabling stratification into 446
MMRp (“TCGA MMRp controls”) and 52 MMRd (“TCGA MMRd controls™), where each
of the 52 MMRd controls were confirmed to have tumour hypermethylation of the MLH1
gene promoter (Supplementary Methods).

Whole Exome Sequencing and Analysis

FFPE CRC tissues were macrodissected and sequenced as tumour with matching peripheral
blood-derived DNA sequenced as germline (Supplementary Methods). Somatic single-
nucleotide variants (SNVs) and short insertion and deletions (indels) were called with
Strelka 2.9.2 and used to calculate TMS using the simulated annealing method previously
described by SignatureEstimation [28] from the set of COSMIC version 3 signatures [17]
(Supplementary Methods). The impact of experimental settings was explored by filtering
variants based on depth of coverage (DP) and the variant allele fraction (VAF) in the tumour,
then calculating TMS at each filter point. Details of the TCGA analysis are provided in the
Supplementary Methods.

We measured the separability of each hereditary CRC group from the non-hereditary CRC
group, at each filtering setting, for each relevant TMS. We measured the difference in the
means of the two groups, and statistical significance was determined using a one-sided t-test.
To further discriminate groups with high (or perfect) area under the curve (AUC) of the
receiver operator curve, we also calculated Fisher’s linear discriminant (LD) [29], which
measures the distance between the means relative to the average standard deviation of the
groups, which provides a quantitative measure of separability even when the groups have an
AUC of 1.0 [30] (Supplementary Methods).
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To find the optimal subset of TMS for identifying each hereditary group, we applied forward
selection, an algorithm that is suitable for datasets with many potentially explanatory
variables [31]. We maximised AUC and the mean difference between the groups, with
stringent requirements to reduce the likelihood of overfitting. We adjusted and report p-
values with Bonferroni correction applied [32] (Supplementary Methods).

Patient and Public Involvement

RESULTS

There has been no patient or public involvement in the generation of this research report.

Overall TMS Results

The overview of all 737 CRCs analysed in this study and their breakdown by hereditary
(n=54) and non-hereditary (n=683) subtype and distribution in the discovery (n=142) and
validation (n=595) sets are shown in Figure 1 and Supplementary Table 3. The hereditary
CRC group were not significantly different in their age at diagnosis compared with the non-
hereditary CRCs (48.2+12.6 years versus 51.5+16.9 years, p=0.19) but were significantly
younger when compared with the 498 TCGA tumours (66.6+12.5 years, p=1x10722). The
characteristics of each individual and their CRC are provided in Supplementary Table 1 and
Supplementary Table 2.

The calculated SBS and ID TMS compositions for each of the 142 CRCs in the discovery set
and for each of the 97 CRCs in the validation set are shown in Figure 2 and Supplementary
Figure 1, respectively. The mean+SD for each SBS and ID TMS were compared between

the CRCs from either the biallelic MUTYH carriers or from the MMR PV carriers with the
non-hereditary CRCs to identify hereditary CRC associated SBS or ID TMS (Figure 3).

Identifying biallelic MUTYH PV carrier TMS in CRC

For the 12 biallelic MUTYH carrier CRCs, SBS18 (mean+SD; 27.5+18.2%) and SBS36
(29.0£18.8%) were significantly enriched when compared with non-MUTYH CRCs (groups
C, K and L) (1.6+3.9%; p=1x10734 and 0.1+0.7%; p=2x1076, respectively; Figure 3) and
when compared with the TCGA tumours (2.7+5.0%; p=5x10"42 and 0.3+1.5%; p=2x10~115,
respectively; Figure 3).

The SBS18 and SBS36 TMS differed by the underlying germline MUTYH PV. The CRCs
from homozygous carriers of the ¢.536A>G p.Tyr179Cys PV (n=5) showed significantly
higher proportions of SBS36 (p=5x1075), while the CRCs from homozygous carriers of
the ¢.1187G>A p.Gly396Asp variant (n=4) showed higher proportions of SBS18 (p=0.025)
(Figure 4a and Figure 4b). SNV-derived mutational burden was higher in CRCs from
biallelic MUT YH carriers compared with MMRp controls (p=1x107) (Figure 4e), but no
association was observed for the indel-derived mutation burden (Figure 4f). When stratified
by PV, homozygous or compound heterozygous carriers of the ¢.536A>G p.Tyr179Cys
(n=8) showed a significantly higher SNV-derived mutational burden compared with the
p.Gly396Asp homozygous carriers (8.98+2.34 versus 4.27+0.82 mutations/Mb; p=0.0051).
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We investigated the ability of TMS to differentiate CRCs from biallelic MUTYH carriers
from non-carriers by training a classifier using forward selection on the discovery set
(n=136) and applying this to the validation sets of FFPE CRCs (n=94) and fresh-frozen
CRCs from TCGA (n=498). The combination of SBS18 and SBS36 provided the most
effective discrimination (AUC 1.0) and highest difference between TMS means (55.6
percentage points(pp)) of CRCs from biallelic MUT YH carriers from non-carriers in the
discovery set (Table 1). The combination of SBS18 and SBS36 was similarly effective

in discriminating the four MUTYH biallelic CRCs in the validation and TCGA set each
with an AUC of 1.0 (Table 1). The sum of SBS18 and SBS36 accounted for, on average,
more than half of the total signature composition for all 12 biallelic MUTYH CRCs
(56.5£13.6%); range 32.1% to 70.0%) but had a negligible contribution to all other CRCs
in the study (Non-MUTYH carrier CRCs: 1.8+3.9%; range 0.0% to 26.6%, p=5x10~%;
TCGA: 3.0+5.2%; range 0.0% to 29.3%, p=9x10~130; Figure 4b).

We found that the robustness of TMS was dependent on different minimum VAF and
minimum DP variant filtering settings. A minimum VAF threshold between 5% and 20%
(Figure 5a and Figure 5c¢), and a minimum DP threshold of at least 30 reads (Figure 5b

and Figure 5d) effectively separated biallelic MUTYH carrier CRCs from non-carrier CRCs.
A minimum VAF of 10% and minimum DP of 50 reads were selected to maximise the
capacity of TMS to identify CRCs from biallelic MUTYH carriers. Our analysis of the
discovery set predicts that a CRC with a combined SBS18 and SBS36 proportion of >34%
has a >95% likelihood of having biallelic MUTYH (Figure 5c and Figure 5d). Applied to
the validation set, the 95% likelihood threshold achieved 100% specificity, but marginally
misclassified one of the four biallelic carrier CRCs (M09; SBS18/SBS36 observed signature
profile 32.6%). With all 12 biallelic carriers combined, 100% accuracy could be achieved
with a threshold of 30% (Supplementary Table 4).

We applied these thresholds in two scenarios: 1) evaluating monoallelic MUTYH PV
carriers, and 2) classifying a VUS. The sum of SBS18 and SBS36 was evaluated in eight
monoallelic MUTYH PV carriers (W01-W08): with the exception of W07, the combined
SBS18/SBS36 TMS was not observed (1.7+2.9%; range 0.0 to 7.6%), suggesting that
monoallelic MUTYH PVs do not alone result in BER deficiency. No identifiable second
somatic “hits” (SNV, indel or loss of heterozygosity) in MUTYH were evident in these
seven monoallelic CRCs, however W07 exhibited combined SBS18/SBS36 of 51%, highly
indicative of biallelic inactivation of MUTYH in this CRC. In addition to the germline
NM_001128425.2:¢.504+19 504+31del PV (ClinVar [33]), a somatic loss of heterozygosity
event spanning the MUTYH gene was subsequently identified in W07 confirming biallelic
MUTYH inactivation (Supplementary Figure 2).

We then applied our combined SBS18/SBS36 TMS threshold to a CRC (W09) from

a person who carried a heterozygous MUTYH ¢.1187G>A p.Gly396Asp PV and a
heterozygous MUTYH ¢c.912C>G p.Ser304Arg variant classified as a VUS in ClinVar [33].
Both SBS18 and SBS36 were 0% and, therefore, there is a <1% likelihood that this CRC has
biallelic MUTYH inactivation (Figure 5¢ and Figure 5d). This suggests that the ¢.912C>G
p.Ser304Arg variant is likely to be benign or is /n cis with the ¢.1187G>A p.Gly396Asp PV.
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Identifying an MMR gene carrier TMS in CRC

We investigated the utility of TMS related to defective MMR for identifying MMR PV
carriers from both MMRp CRCs and sporadic MMRd CRCs. The MMR PV carriers (LO1-
L43) showed significantly higher levels of SBS6, SBS15, SBS20, ID2 and 1D7 (p=1x1072,
4x10711 2x10732, 4x10728, p=1x10714 respectively) compared with the non-hereditary
MMRp control CRCs (Figure 3). When comparing the MMR PV carriers to the MMRd
control group of CRCs (K01-K25), only SBS1 showed a significant difference between the
groups (34.6£13.7% v. 19.7+10.3%, p=0.020) (Figure 3). TMS of interest were found to be
consistent at VAF thresholds between 0.00 and 0.15, and DP thresholds between 10 and 150
(Figure 6, 7).

Determining MMRd and MMRp CRCs is a common molecular stratification in the diagnosis
and treatment of CRC. We applied the forward selection classifier to discriminate MMRd
CRC, comprising both Lynch- and MLHI methylated-CRCs (n=30) from MMRp CRCs
(n=112) in the discovery group. This identified ID2 and ID7 as the most informative
combination of TMS, achieving an AUC of 1.0, and difference of 60.8pp between the

means of the groups and a high degree of replication in the validation and TCGA tumour
groups (Table 1). The mean number of indel mutations in the MMRd and MMRp CRCs
from both discovery and validation CRCs combined was significantly different (23.0£14.7
versus 0.29+0.35; p=6x1070; Figure 4f).

We then applied forward selection to discriminate MMR PV carriers (n=17) from the
MMRp CRCs in the discovery group, also identifying ID2 and ID7 as the most informative
combination of TMS, achieving an AUC of 1.0, and difference of 57.8pp between the means
of the groups (Table 1, Figure 4d), a result that showed a high degree of replication in the
validation and TCGA MMRp control groups (Table 1, Figure 4d). When considering the
sum of ID2 and ID7, the likelihood of a MMR PV carrier relative to a MMRp CRC was
>95% at values >77% (Figure 7a and Figure 7b). Applied to the validation set, the sum

of ID2 and ID7 yielded an AUC of 0.986 (Table 1). The 95% threshold exhibited 100%
sensitivity and 98.8% specificity (Supplementary Table 5). Two MMRp tumours incorrectly
classified as MMRd — C31 and C150 — had TMS sums of 74% and 100% respectively. We
found no evidence of a germline MMR gene PV in these two people. Both tumours did,
however, exhibit low indel counts: 4 and 1 respectively, which increases the uncertainty in
calculated TMS (high reconstruction error) as has previously been noted [34,35], therefore,
these two MMRp CRCs are likely false positives.

A common diagnostic challenge is to differentiate hereditary (Lynch syndrome) from
sporadic (MLHI methylated) MMRd CRC. Forward selection showed no significant TMS in
the discovery group (n=30), but when applied to the full dataset (n=58), SBS1 was the best
performing and only significant TMS (p=0.02) that could discriminate MMR PV carriers
(LO1-L43) from the MMRd control CRCs (K01-K25). However, SBS1 only achieved an
AUC of 0.805 (Table 1). This result improved marginally (AUC 0.837) when a larger group
of TCGA MMRd controls (n=52) were utilised (Table 1). Consequently, the MMR PV
carriers and sporadic MMRd CRCs could not be separated with high confidence.
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DISCUSSION

Germline PVs in the DNA MMR genes and biallelic PVs in MUTYHresult in a high risk

of developing CRC as well as extra-colonic cancers [6,7,36], therefore, the identification of
carriers is of great importance for cancer prevention [18,37]. In this study, we demonstrated
the utility of a combined SBS18 and SBS36 TMS for discriminating CRCs from biallelic
MUTYH carriers from non-carriers and the utility of a combined ID2 and ID7 TMS for
discriminating both MMRd and MMR PV carriers from MMRp CRCs. Our analysis showed
that a combined SBS18 and SBS36 TMS proportion threshold of 30% provided 100%
sensitivity and specificity for identification of CRCs from biallelic MUTY'H carriers in both
discovery and validation sets in this study. Although the sum of SBS18 and SBS36 was
more effective than each of these signatures alone in being able to differentiate biallelic
MUTYH carriers from non-carriers, associations between individual TMS and PV type were
observed, namely the p.Tyr179Cys PV and SBS36 and p.Gly396Asp and SBS18. CRCs

that developed in MMR PV carriers could be effectively differentiated from non-hereditary
MMRp CRCs by a combination of TMS derived from somatic indel mutations (ID2

and ID7), achieving 100% sensitivity and 99.4% specificity in the pooled discovery and
validation sets when the combined ID2 and ID7 TMS proportion threshold was 75%. TMS
were less effective at discriminating MMR PV carriers from sporadic MMR-deficient CRCs
resulting from MLHI gene promoter hypermethylation (SBS1 validation set AUC: 0.789).
The findings for a combined SBS18 and SBS36 TMS and for a combined ID2 and ID7 TMS
were consistent when assessed against the TCGA MMRp and MMRd fresh-frozen tumours,
highlighting both the robustness and reproducibility of these findings and supporting the
utility of deriving TMS from CRCs to identify carriers of PVs in MUTYH and MMR genes,
respectively.

SBS18 and SBS36 were individually associated with CRCs from biallelic MUTYH carriers
in our cohort, but neither TMS alone completely separated the carriers from the non-
MUTYH CRCs (AUC 0.981 and 0.956 respectively). Combining SBS18 and SBS36 resulted
in complete separation from the non-MUTYH carrier CRCs. This was also observed for the
MMR PV carriers where the combination of ID2 and ID7 resulted in improved separation
from the MMRp CRCs in the validation set (combined ID2 and ID7 AUC 0.986 v.

0.939 (ID2) and 0.922 (1D7)), highlighting the benefit of combining TMS for improved
discrimination.

This study confirms previous reports of the association of SBS18 and SBS36 with CRCs
from biallelic MUTYH carriers [19,20], however we have demonstrated several novel
findings in our study: We 1) showed the effectiveness of a combined SBS18/SBS36 TMS
profile for identifying biallelic MUTYH carriers, 2) quantified the capacity of combined
SBS18/SBS36 TMS of 30% which could identify MUT YH biallelic carriers with 100%
accuracy, 3) identified a significant association between germline MUTYH PV carrier CRCs
and individual SBS18 and/or SBS36 TMS, 4) observed a significantly elevated SNV-derived
mutational burden in CRCs from homozygous p.Tyr179Cys PV carriers relative to the
homozygous p.Gly396Asp PV carriers (p=0.0051) and to the MMRp controls (excluding

3 ultra-hypermutated CRCs each with a pathogenic POL E exonuclease domain somatic
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mutations, p=1x107%), and 5) provided an example of the application of the SBS18/SBS36
TMS for variant classification.

Monoallelic MUTYH PV carriers are reported to have a small but significant increased risk
of CRC [25,38]. A previous study identified high levels of SBS18 in the CRCs from two
monoallelic germline MUTYH PV carriers where loss of the wildtype allele was observed
in the tumour [19]. In this study, SBS18 and/or SBS36 were not increased in the CRCs

from seven of the eight monoallelic MUTYH carriers, nor did we find evidence of a

second somatic hit in their CRCs. One monoallelic NM_001128425.2:¢.504+19_504+31del
PV carrier (WQ7) that exhibited high levels of SBS18/36 also harboured a large somatic
deletion across the MUTYH gene region, thus providing the second inactivating event.

Our findings support the notion that biallelic MUTYH inactivation is necessary to promote
BER deficiency-related CRC tumourigenesis. This approach could be applied to rare variant
classification, including VUSs. We explored this in a CRC (WQ09) from a carrier of a
MUTYHPV (p.Gly396Asp) and a VUS (p.Ser304Arg). The absence of both SBS18 and
SBS36 suggests that this VUS is not pathogenic and could be further supported by exclusion
of the variant being /n cis with the p.Gly396Asp PV through parent genotyping.

The current proposed mechanism for the accumulation of MMRd associated somatic
mutations is based on polymerase slippage, particularly during replication of low complexity
regions such as homopolymers, followed by defective repair of these errors [39]. Our results
reflect this underlying molecular mechanism, showing that ID signatures more effectively
differentiated MMRd CRCs from MMRp CRCs compared with SBS TMS. ID2 and ID7
were the most relevant TMS out of the 10 MMRd-related TMS assessed, and are primarily
composed of 1bp homopolymer deletions. The combined ID2 and ID7 TMS profile was
able to differentiate MMRd CRC from MMRp CRC with high accuracy (validation set
AUC 0.986), a result that is comparable to MMR immunohistochemistry [40,41], which is
recommended to be performed on all newly diagnosed CRCs to screen for Lynch syndrome
[8]. As tumour sequencing becomes more widely implemented, calculating TMS on CRCs
could supersede the need for MMR immunohistochemistry. When comparing MMR PV
carriers to the MMRd control group, SBS1 had the greatest capacity to separate the two
groups, but with substantial overlap (AUC 0.805; p=0.020). From our analysis we find that
the current TMS framework cannot completely differentiate MMR PV carriers from MLH1
methylated CRCs, but note that age of diagnosis was significantly different between these
two groups (p=1.4x1078), and may be a confounder for the association observed with SBS1,
as this particular TMS is known to be associated with aging (referred to as the “clock-like
signature” in COSMIC). A larger age-matched study could determine if SBS1 is informative
for this comparison or rather, a proxy for age. Investigating novel approaches to derive TMS
that are focused on differentiating these two important MMRd subtypes may provide a better
discrimination tool.

We demonstrated experimental settings where our TMS findings were robust. A minimum
VAF threshold from 0.05 to 0.2 and minimum DP threshold from 25 to 100 resulted in stable
somatic mutation counts and consequently provided robustness of the hereditary CRC-
associated TMS. Filtering VAF and DP too leniently (increased artefacts) or too stringently
(reduced number of variants) resulted in substantial changes to the TMS proportions,
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including loss of the biallelic MUTYH and Lynch syndrome-related TMS in the CRC.

To overcome a potential limitation of selecting a set of fixed optimal filtering settings we
generated progression graphs that illustrate the robustness of a tumour’s TMS profile across
different filtering settings (Figure 5a—b, 6a—f), providing a visual confirmation of a single
tumour’s TMS robustness when compared to presenting a tumour’s profile as a “mutagraph”
(Figure 2). The progression graphs demonstrate that these potential MUTYHand MMR

PV diagnostic TMS are not diminished by subtle changes in experimental conditions
related to tumour purity, differences in variant calling settings and DNA sequencing
technology that might be experienced in different laboratories across the world, adding to
the likelihood that TMS analysis can be implemented in routine diagnostic tumour testing.
Furthermore, our findings were replicated between FFPE CRCs and fresh-frozen CRCs
from TCGA, providing further evidence of the robustness of our findings and the potential
implementation of this approach.

This study has some limitations. Doublet signatures were excluded from this study due

to low numbers in WES data, and high reconstruction error, although doublet signatures

are not reported to be a significant component of CRC [16]. We developed this TMS
profiling approach and thresholds using WES data, however, further calibration of these
TMS thresholds may be required when applied to whole genome tumour sequencing

or targeted tumour sequencing of CRCs, where greater and fewer numbers of somatic
mutations, respectively, may influence TMS resolution and reconstruction error. In addition,
biallelic MUTYH and Lynch syndrome carriers develop extra-colonic cancers, however,
extrapolation of our CRC TMS findings to extra-colonic cancers is unknown. Validation of
our findings in relation to PV-specific TMS, and elevated SNV-derived mutational burden
in CRCs from homozygous p.Tyr179Cys PV, is needed. It remains to be determined if the
TMS composition will differ for carriers of MUTYH PVs other than these two PVs that

are relatively common in individuals with European ancestry. Additional application of the
biallelic MUTYH SBS18/SBS36 TMS for variant classification needs to be demonstrated.
Our calculation of recommended minimum sample sizes (Supplementary Table 6) indicated
that overfitting should be carefully assessed. Due to the simplicity of the selected models
and their consistent accuracy when applied to two independent datasets (validation and
TCGA), we concluded that although overfitting is not present, an increased sample size may
improve our reported AUC confidence intervals.

CONCLUSIONS

Understanding the somatic mutational landscape can enhance precision oncology by
enabling us to pinpoint biomarkers relevant to diagnosis and targeted treatment [42]. As
access to tumour sequencing increases, the opportunity to derive TMS, at minimal additional
cost, can provide improved diagnostic yield and guide therapeutic options [21]. We have
shown that CRCs from biallelic MUTY'H carriers exhibit TMS profiles that distinguish
them from CRCs from non-carriers, evidenced by the combination of SBS18 and SBS36.
These distinct TMS profiles have the potential to aid in variant classification for these

genes. Furthermore, we identified a novel association between both the proportion of SBS18
and SBS36 and the SNV-derived TMB for specific MUTYH PVs. Our results highlight

the additional utility of ID-derived TMS for determining defective DNA MMR where the
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combination of ID2 and ID7 effectively differentiated MMR PV carriers from MMRp
CRCs. We have shown that TMS generated from WES of FFPE-CRCs can effectively
identify carriers of hereditary CRC and polyposis syndromes and provides a functional
assay to aid in the clinical genetics of CRC. Further work is needed to distinguish germline
MMR-deficiency from somatic MMR-deficiency in order to improve the diagnosis of Lynch
syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE OF THE STUDY
What is already known about this subject?

. Identifying carriers of pathogenic variants (PVs) in moderate/high-risk
colorectal cancer (CRC) and polyposis susceptibility genes has clinical
relevance for diagnosis, targeted screening and prevention strategies,
prognosis, and treatment options. However, challenges still remain in the
identification of carriers and the classification of rare variants in these genes.

. Previous studies have identified tumour mutational signatures that result from
defective DNA repair including DNA mismatch repair (MMR) deficiency
and base excision repair defects, DNA repair mechanisms that underlie the
common hereditary CRC and polyposis syndromes but their diagnostic utility
in CRC is unknown.

What are the new findings?

. Single base substitution (SBS)-related mutational signatures derived from
whole exome sequencing of formalin-fixed paraffin embedded (FFPE)-
derived CRC tissue DNA can effectively discriminate CRCs that developed in
biallelic MUTYH PV carriers from CRC-affected non-carriers.

. CRCs that develop in MMR PV carriers (Lynch syndrome) can be effectively
differentiated from sporadic MMR-proficient CRC by a combination of
indel (ID) signatures, but the SBS and ID tumour mutational signatures are
less effective at discriminating Lynch syndrome-related CRC from sporadic
MMR-deficient CRC resulting from MLHI gene promoter hypermethylation.

. The SBS and ID mutational signatures associated with biallelic MUTYH PV
carriers and MMR PV carriers are robust to changes in experimental settings.

. We demonstrate the optimal experimental settings for calculating mutational
signatures and define thresholds that optimise sensitivity and specificity for
classifying CRC aetiology as hereditary or non-hereditary.

How might it impact on clinical practice in the foreseeable future?

. Deriving SBS- and ID-related mutational signatures from CRCs can identify
carriers of PVs in hereditary CRC and polyposis susceptibility genes.

. The application of mutational signatures has the potential to improve the
diagnosis of hereditary CRC and aid in variant classification, leading to
improved clinical management and CRC prevention.
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Figure 1.

Breakdown of tumours, their male/female ratio and mean age at diagnosis (xSD) included

in this study from the ACCFR, OCCFR, ANGELS, WEHI and TCGA studies. In total,

737 CRCs were analysed, consisting of 54 hereditary CRCs and 683 non-hereditary

CRCs. A discovery group of 142 CRCs were selected from clinic-based studies, while

the validation group of 97 CRCs was selected from population-based studies. An additional
498 tumours sourced from colorectal adenocarcinoma (COAD) and rectal adenocarcinoma
(READ) studies of TCGA were included as an additional comparison group. Non-hereditary
CRCs were stratified into mismatch repair-proficient (MMRp controls) and mismatch repair-
deficient (MMRd controls) tumours.

Gut. Author manuscript; available in PMC 2021 November 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Georgeson et al.

Contribution of SBS signatures to overall mutational profile (%) @

=~
g

Contribution of ID signatures to overall mutational profile (%)

100

80

60

40

20

80

60

40

20

Page 17

SBS (a) and ID (b) tumour mutational signature profiles for each CRC in the discovery set
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Figure 2.

The tumour mutational signature (TMS) profiles based on the COSMIC v3 signature
set for each of the 142 CRCs tested by whole exome sequencing and included in the
discovery group: (a) Single base substitution (SBS)-derived TMS and (b) insertion and

deletion (ID)-derived TMS profiles. CRCs were grouped by subtype: (i) biallelic MUTYH

pathogenic variant carriers, (ii) monoallelic MUT YH pathogenic variant carriers, (iii)
mismatch repair (MMR) gene pathogenic variant carriers (Lynch syndrome), (iv) MMR-
deficient (MMRd) controls related to MLHI gene promoter hypermethylation and (v)
MMR-proficient (MMRp) controls. Individual SBS or ID TMS with proportional values
below 5% across all the CRC samples were excluded.
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Hereditary and non-hereditary groups included in TMS testing (no.)

Mean + SD of tumour mutational signatures (TMS) associated with biallelic MUTYH or Lynch Syndrome CRCs
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MUTYH Monoallelic (8) 60
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l SBS18 SBS36 SBS30 | SBS6  SBS14 SBS15 SBS20 SBS21 SBS26 SBS44 ID2 ID7 | SBS1 ID1 | [ Clock-like TMS

SBS and ID TMS shown to be associated with base excision repair (BER) and mismatch repair (MMR) deficiency according to COSMIC

Figure 3.
Heatmap showing the mean * SD of each tumour mutational signature (TMS) in the

hereditary and non-hereditary CRC groups included in the study. X-axis. COSMIC v3
TMS reported to be associated with defective base excision repair (BER; SBS18, SBS36,
SBS30), with defective mismatch repair (MMR; SBS6, SBS14, SBS15, SBS20, SBS21,
SBS26, SBS44, ID2, and 1D7) and with ageing or “clock-like” signatures (SBS1 and ID1).
Y-axis. hereditary CRC groups (biallelic MUTYH and monoallelic MUTYH pathogenic
variant carriers and MLH1, MSHZ and MSH6 gene pathogenic variant carriers (Lynch)) and
the non-hereditary and TCGA CRC:s stratified by MMRd and MMRp controls. Red boxes
highlight TMS signatures found in this study to be significantly associated with CRCs from
biallelic MUTYH pathogenic variant carriers or with CRCs from Lynch syndrome carriers
when compared with all CRC controls (n=185) or with MMRp control CRCs (n=160),
respectively.
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(a) Contribution of SBS18 and SBS36 to overall TMS composition (%) (b) SBS18 and SBS36 proportion by underlying germline MUTYH
2 p.Gly396Asp and p.Tyr179Cys pathogenic variant
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Figure 4.
The investigation of MUTYH pathogenic variant (PV) and MMR gene specific tumour

mutational signatures (TMS) profiles: (a) The contribution of the biallelic MUTYH-
associated signatures SBS18 and SBS36 to each of the 12 biallelic MUTYH related CRCs
by their underlying germline PVs: (i) homozygous p.Gly396Asp carriers, (ii) homozygous
p.Tyrl79Cys carriers and (iii) compound heterozygous p.Tyr179Cys carriers, (b) The
mean+SD of SBS18, SBS36 and combined SBS18/SBS36 by underlying germline MUTYH
pathogenic variant carrier group and CRC control groups. P-values indicate difference
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between CRCs from homozygous p.Gly396Asp carriers and homozygous p.Tyr179Cys
carriers, (c) The contribution of the Lynch syndrome-associated TMS identified in our
study for each of the 33 CRCs from the MLH1, MSHZ and MSH6 gene pathogenic variant
carriers, (d) The distribution of each of the Lynch syndrome-associated TMS across the

14 CRCs from MLHI carriers, 12 CRCs from MSHZ carriers, and 7 CRCs from the

MSHe6 carriers and controls groups. P-values indicate differences between the six groups for
each individual TMS as measured by ANOVA. (e) Somatic single nucleotide variant (SNV)-
derived tumour mutational burden for hereditary and non-hereditary CRCs. CRCs from

both biallelic MUTYH carriers and Lynch syndrome carriers exhibited significantly higher
SNV-derived mutational burden compared with CRCs from MMRp controls (p=1.1x1078
and p=2x10748, respectively; excluding three ultra-hypermutated CRCs related to somatic
mutations within the exonuclease domain of POLE), (f) Somatic insertion and deletion
(Indel)-derived tumour mutational burden for hereditary and non-hereditary CRCs. CRCs
from Lynch syndrome carriers exhibited significantly higher Indel-derived mutational
burden compared with CRCs from MMRp controls (p=5x10"°7, while CRCs from biallelic
MUTYH carriers were not found to have a significant difference in Indel-derived mutational
burden compared with CRCs from MMRp controls (p=0.31).
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(a) TMS detected in MUTYH biallelic CRC MO5 at varying VAF cutoffs (b) TMS detected in MUTYH biallelic CRC MO5 at varying minimum DP cutoffs
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Figure 5.
Tumour mutational signature (TMS) assessment for biallelic MUTYH-carrier CRCs. A

representative CRC from a biallelic MUTYH-carrier (M05) was selected to demonstrate the
changes in the SBS18 and SBS36 TMS profile related to changes in experimental conditions
namely, (a), changes in variant allele fraction (VAF) filtering (at a minimum read depth (DP)
fixed at 50bp), and (b) changes in minimum DP (at a VAF fixed at 0.1). The SBS18 and
SBS36 TMS were robust and dominant with VAF thresholds between 0.075 and 0.25 (a),
and with DP thresholds between 25-100bp (b) across all 12 biallelic MUTYH carrier CRCs
(images not shown), with the upper thresholds of VAF and DP corresponding to limits where
the number of somatic variants started to decline and the TMS error increased. The sum of
SBS18 and SBS36 separated CRCs from biallelic MUTYH carriers (light green) from CRCs
from the MMRp and MMRd controls (brown) from the discovery group when the VAF was
between 0.075 and 0.175 (c) and when DP was >25 (d). The calculated 95% (blue line),

and 5% (red line) probabilities reflect the likelihood that a CRC is from a biallelic MUTYH
pathogenic variant carrier. When applied to the validation set of CRCs, the sum of SBS18
and SBS36 similarly provided the best separation of CRCs from biallelic MUTYH carriers
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from the MMRp and MMRJd control CRCs at VAF thresholds between 0.075 and 0.15 (e)
and at DP thresholds between 25bp and 100bp (f).
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(a) SBS TMS detected in MSH2 PV carrier LO1 at varying minimum allele fraction thresholds
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ID TMS detected in MSH2 PV carrier LO1 at varying minimum VAF cutoffs

. D1
- D2
D4
D5
= D7
D9
D12
D13
D14
D15
ID16
D17

0.2 0.3
Minimum VAF

ID TMS detected in MSH6 PV carrier L21 at varying minimum allele fraction thresholds

500

e
©

S
o

L4
=

0.0
0.2

2k

1k

1 - D1
- D2
= D7

D12

0.0 0.1 0.2 0.3 0.4 0.5
Minimum VAF
ID TMS detected in MLH1 PV carrier L34 at varying minimum VAF cutoffs
1 == D1
- D2
- D7
D12

0.0 0.1 0.4 0.5

0.2 0.3
Minimum VAF

Assessment of single base substitution (SBS) and indel (ID) tumour mutational signatures
(TMS) while varying the VAF threshold, for samples L01 (a, b), L21 (c, d), and L34

(e, ), representing a CRC from a carrier of a germline pathogenic variant in the MSH?Z,
MSH6, and MLHI genes, respectively. In all cases, ID signatures that have previously been
associated with MMRd dominate at most VAF thresholds (b, d, f), while relevant SBS
signatures are also present but less dominant, particularly at highly stringent settings (a, c,

e).
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Figure 7.

The sum of ID2 and 1D7 effectively separated CRCs from MMR pathogenic variant carriers
(n=17) from the MMRp control CRCs (n=98) at low somatic VAF thresholds (<0.2) (a) and
across a broad range of minimum DP thresholds (>25bp) (b) when applied to the CRCs

in the discovery set. When applied to the validation set of CRCs, we similarly observe a
combined ID2 and ID7 TMS could effectively discriminate CRCs from MMR pathogenic
variant carriers from CRCs from the MMRp controls at low VAF thresholds (<0.1) (c¢) and
across broad range of minimum DP thresholds (d).
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Table 1.

Individual tumour mutational signatures (TMS) identified to be associated with a hereditary CRC group from
the analysis of 737 CRCs. Individual TMS with an AUC>0.90 and/or mean difference >10pp are shown, as
well as the best combination of TMS determined using forward selection applied to the discovery group. The
robustness of these results are illustrated by the accuracy obtained when applied to an independent validation
set, and when our MMRp and MMRd control groups were replaced with TCGA MMRp and MMRd CRCs.

Comparison Cohort TMS AUC (95% CI) LD Mean p-value Carriers  Non-
Diff adjusted carriers
MUTYH v. non- Discovery SBS18 0.960 (0.864-1.000)  1.108 0.218 5.46E-13 8 128
MUTYH
Discovery SBS36 0.936 (0.816-1.000)  2.992 0.337 8.57E-38 8 128
Discovery SBS18, 1.000 (0.910-1.000)  20.81 0.556 4.29E-58 8 128
SBS36
Validation SBS18, 1.000 ¥ 10.99 0.529 7.40E-38 4 90
SBS36
Combined SBS18, 1.000 (0.960-1.000)  16.17 0.547 4.60E-98 12 218
SBS36
MUTYH v. TCGA TCGA SBS18, 1.000 (0.960-1.000) 14.551 0.535 5.03E-127 12 498
Validation SBS36
MMRd v. MMRp  Discovery 1D2 0.974 (0.934-1.000)  5.161 0.395 1.76E-24 30 112
LKv.MWC Discovery ID7 0.947 (0.890-1.000)  2.266 0.213 2.81E-19 30 112
Discovery SBS20 0.950 (0.894-1.000)  2.585 0.078 3.29E-31 30 112
Discovery 1D2,ID7 1.000 (0.980-1.000)  13.85 0.608 3.96E-42 30 112
Validation 1D2,1D7 0.985 (0.953-1.000)  7.633 0.6 2.12E-23 28 68
Combined 1D2,1D7 0.994 (0.981-1.000) 10.5 0.603 3.38E-66 58 180
TCGA-MMRd v. TCGA 1D2,1D7 0.995 (0.981-1.000)  25.989 0.784 9.86E-149 52 446

TCGA-MMRp Validation

MMR PV carrier Discovery 1D2 0.986 (0.946-1.000)  7.102 0.434 1.10E-18 17 112

v. MMRp
Discovery ID7 0.915 (0.822-1.000) 2.025 0.143 7.66E-08 17 112
Discovery SBS15 0.861 (0.747-0.976)  1.131 0.113 5.66E-06 17 112
Discovery SBS20 0.912 (0.817-1.000) 1.54 0.061 4.91E-20 17 112
Discovery 1D2,1D7 1.000 (0.960-1.000) 13.21 0.578 2.52E-27 17 112
Validation 1D2,1D7 0.985 (0.943-1.000) 8.14 0.614 5.67E-16 16 68
Combined 1D2,ID7 0.994 (0.976-1.000)  10.53 0.594 1.54E-44 33 180

L v. TCGA- TCGA 1D2,1D7 0.994 (0.976-1.000)  26.526 0.775 2.51E-111 33 446

MMRp Validation

MMR PV carrier Discovery ID12 0.952 (0.875-1.000) 3.512 0.071 1.64E-04 17 13

v. MLH1

methylated

Lv.K Discovery SBS1 0.817 (0.665-0.969)  0.826 0.155 1 17 13
Validation SBS1 0.789 (0.621-0.957)  0.727 0.143 1 16 12
Combined SBS1 0.805 (0.694-0.916)  0.759 0.149 2.03E-02 33 25

L v. TCGA- TCGA SBS1 0.837 (0.743-0.931)  0.979 0.163 3.21E-06 33 52

MMRd Validation

M= MMRp CRCs that are from biallelic MUTYH PV carriers (M01-M12)
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W= MMRp CRCs that are from monoallelic MUTYH PV carriers (W01-W09)

L= MMRd CRCs from people with MLH1, MSHZ2 or MSH6 gene mutations (MMR PV carrier; L01-L43)
K= MMRd control CRCs with evidence of MLH1 gene promoter hypermethylation (K01-K25)

C= MMRp control CRCs from the ACCFR (C01-C162)

* Accurate Cl estimates are not available for comparisons with less than 5 samples in one group.
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