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Abstract

Background & Aims: Constitutional mismatch repair deficiency (CMMRD) is a rare recessive
childhood cancer predisposition syndrome caused by germline mismatch repair (MMR) variants.
Constitutional microsatellite instability (cMSI) is a CMMRD diagnostic hallmark and may associate
with cancer risk. We quantified cMSl in a large CMMRD patient cohort to explore genotype-
phenotype correlations, using novel MSI markers selected for instability in blood.

Methods: Three CMMRD, one Lynch syndrome (LS), and two control blood samples were genome
sequenced to >120x depth. A pilot cohort of eight CMMRD and 38 control blood samples, and a
blinded cohort of 56 CMMRD, eight suspected CMMRD, 40 LS, and 43 control blood samples were
amplicon sequenced to 5000x depth. Sample cMSI score was calculated using a published method
comparing microsatellite reference allele frequencies to 80 controls.

Results: Thirty-two mononucleotide repeats were selected from blood genome and pilot amplicon
sequencing data. cMSI scoring using these MSI markers achieved 100% sensitivity (95% Cl: 93.6-
100.0%) and specificity (95% Cl: 97.9-100.0%), was reproducible, and was superior to an established
tumour MSI marker panel. Lower cMSI scores were found in CMMRD patients with MSH6 deficiency
and patients with at least one MMR missense variant, whilst patients with biallelic truncating/copy
number variants had higher scores. cMSI score did not correlate with age at first tumour.
Conclusions: We present a cheap and scalable cMSI assay that enhances CMMRD detection relative
to existing methods. cMSlI score is associated with MMR genotype but not phenotype, suggesting it
is not a useful predictor of cancer risk.

Keywords: pediatric cancer; functional test; replication error repair; constitutional mutation burden

Word Count
6998
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Introduction

The DNA mismatch repair (MMR) system is conserved across all three domains of life. It mediates
the repair of base-to-base mismatches and small insertion-deletion loops generated during DNA
replication whilst signalling to the wider DNA damage response. The MMR system also detects base
mispairings caused by base modifications, such as cytosine deamination and guanine methylation?.
MMR function can be lost in a variety of neoplasias, affecting approximately one in four endometrial
cancers and one in seven colorectal cancers (CRCs)**. MMR-deficient tumours are often
hypermutated and display high levels of microsatellite instability (MSl), a molecular phenotype
defined as the accumulation of insertion and deletion mutations (indels) in short tandem repeat
sequences®. This elevated mutation rate has been proposed to drive tumorigenesis through
secondary mutation of onco- and tumour suppressor genes®*2.

Individuals with Lynch syndrome (LS) carry a germline pathogenic variant (PV) affecting one of the
four principal MMR genes (MLH1, MSH2, MSH6, or PMS2) and have an increased life-time risk of
adult-onset cancer, in particular CRC, endometrial cancer, and other tumours of the gastrointestinal
and genitourinary tracts®. LS is one of the most common hereditary cancer predisposition
syndromes, affecting approximately one in 300 individuals in the general population*. Constitutional
mismatch repair deficiency (CMMRD) is a far rarer childhood cancer predisposition syndrome caused
by germline variants affecting both alleles of MLH1, MSH2, MSH6, or PMS2, with an estimated birth
incidence of one per million®. The constitutional loss of MMR function in all tissues is associated
with an exceptionally high cancer risk, with a median age of onset <10 years. This characteristically
includes high grade brain tumours and haematological malignancies, as well as LS-associated cancers
in approximately one third of cases!®. CMMRD is also associated with several non-neoplastic
features, the most frequent of which are café-au-lait macules reminiscent of neurofibromatosis type
1%, Other features can include localised skin hypopigmentation, multiple developmental venous
anomalies, pilomatrixoma, and defective immunoglobulin class switch recombination?’*%, The
CMMRD cancer phenotype may depend on which MMR gene is affected in the patient’s germline. In
a review of 146 published cases, a comparison of MLH1- and MSH2-associated CMMRD with PMS2-
associated CMMRD found haematological malignancies were 1.77-fold more prevalent in the former
(p=0.04) whereas brain tumours were 1.75-fold more frequent in the latter (p=0.01). Furthermore,
MLH1- and MSH2-associated CMMRD cancers tended to occur earlier than those associated with
MSH6 or PMS2Y, which reflects the MMR gene-phenotype correlation seen in LS®,

For CMMRD diagnosis, assays of MMR function in non-neoplastic tissues provide important ancillary
tests to help interpret ambiguous results from genetic testing, in particular variants of uncertain
significance (VUS)* and variants in PMS2, the MMR gene affected in the majority of CMMRD
patients” for which specialist techniques are required to resolve exon 12-15 variants from those in
the closely related PMS2CL pseudogene®®. Immunohistochemistry of MMR proteins is one such
ancillary test, but it cannot detect missense PVs that retain protein expression, and is typically used
to assess non-neoplastic tissues in the context of resected tumour material where a lack of staining
in all cells may be interpreted as a technical failure!’. Methylation tolerance and ex vivo MS| are
highly sensitive methods to detect CMMRD, but require immortalisation and culture of patient
primary lymphocytes?®. CMMRD is also characterised by increased MSI in hon-neoplastic tissues but
PCR fragment length analysis traditionally used in tumours has too low a sensitivity to detect this
constitutional MSI (cMSI)?>%%, Early adaptations to improve the sensitivity of this method either used
laborious small pool PCRY or analysed dinucleotide repeats that are insensitive to MSH6



deficiency??. More recently, cMSI has been detected by massively parallel sequencing, with several
assays separating all CMMRD from control and LS blood samples analysed?>?2%, Whilst Chung et al®®
demonstrated that low pass whole genome sequencing (WGS) at 1x coverage also accurately detects
CMMRD, these assays can require millions of sequence reads per sample?-?*2>, which may limit
scalability for screening where laboratories do not have access to high-capacity sequencing
platforms.

We previously published an amplicon sequencing-based assay of 24 mononucleotide repeats that
generates a cMSI score for each sample, with higher scores indicating higher cMSI-burden. It
achieved separation of all CMMRD from control and LS blood samples analysed?, and its method is
scalable, low cost, and portable to diagnostic laboratories?®?’. However, the difference in cMSI score
between CMMRD and control samples was minimal, representing a continuum rather than two
distinct groups. Interestingly, we observed relatively low cMSI scores in CMMRD cases homozygous
for a hypomorphic PMS2 splice-site variant (NM_000535.5(PMS2):c.2002A>G) typified by an
attenuated phenotype more similar to early-onset LS than classical CMMRD%?, This observation
suggested cMSI-burden may correlate with CMMRD genotype and/or phenotype, in line with the
assumption that the malignant (and non-malignant) features of CMMRD are, to varying extents,
linked to constitutional mutation rate. However, more comprehensive analyses were precluded by
the limited cohort-size of 32 patients. Exploration of such correlations could broaden our
understanding of how MMR deficiency contributes to malignant transformation, aid variant
interpretation, and allow risk stratification to guide clinical management of CMMRD"/%°,

We aimed to first increase the separation of CMMRD patient blood samples from controls by our
cMSI assay, and subsequently explore the association of cMSI-burden with CMMRD genotype and
phenotype using a larger cohort. The assay originally used markers selected for MSI analysis of
tumours?*%*, which we hypothesised could limit its sensitivity for cMSI analysis. For example,
tumours may have different mechanisms and frequencies of microsatellite mutation caused by
dysregulated replication®., a possible mutator phenotype®?, and a common lineage whereby cancer
subclones are more likely to share mutations than the thousands of clones represented in healthy
peripheral blood®. Therefore, new MSI markers selected for blood analysis were desirable. Here, we
identify potentially informative MSI markers from high-depth WGS of CMMRD patient blood, and
use amplicon sequencing of a refined marker panel to quantify cMSl-burden in over 50 CMMRD
patients.

Materials and methods
Patient samples and ethical approval

Anonymised CMMRD peripheral blood leukocyte (PBL) genomic DNAs (gDNAs) were sourced from
the Medical University of Innsbruck, Innsbruck (n=31), Austria, the University of Manchester,
Manchester, UK (n=1), the Gustave Roussy Cancer Campus, Villejuif, France (n=9), the Institut Curie,
Université de Recherche Paris Sciences et Lettres, Paris, France (n=4), and the Cancer Centre de
Recherche Saint-Antoine, Sorbonne University, Paris, France (n=13). MMR variants were classified
according to InSiGHT criteria v2.4 (https://www.insight-group.org/criteria/). For patients with one or
more VUS, the diagnosis had been confirmed by assessment of MMR function in non-neoplastic
tissues, including assays of germline/constitutional MSI?223, and/or ex vivo MSI and methylation
tolerance®.



Anonymised PBL gDNAs from patients with a CMMRD-like phenotype, according to the C4ACMMRD
clinical scoring system?’, who tested negative for germline MMR PVs (CMMRD-negative) were
sourced from the Medical University of Innsbruck (n=8).

Anonymised control PBL gDNAs of patients tested for non-cancer related conditions were sourced
from the Medical University of Innsbruck (n=73) or as excess diagnostic material from the Northern
Genetics Service, Newcastle-upon-Tyne Hospitals NHS Foundation Trust, Newcastle-upon-Tyne, UK
(n=50).

Anonymised, genetically-diagnosed, LS PBL gDNAs were sourced from the Cancer Prevention
Programme Bioresource, Newcastle University, Newcastle-upon-Tyne, UK (n=40).

Anonymised CRC samples were sourced as excess diagnostic material from the Northern Genetics
Service as 10um FFPE tissue curls of resected tumours (n=192) or pre-extracted gDNAs from non-
fixed endoscopic biopsies (n=16). FFPE CRC gDNAs were extracted using the GeneRead DNA FFPE Kit
(QIAGEN).

Consent of the individual and/or their legally-responsible guardian for use of CMMRD, CMMRD-
negative, LS, and control PBL samples in research was received by each contributing institution. MSI
analysis of excess diagnostic control PBL and CRC samples was approved by the NHS Health Research
Authority (REC reference 13/L0/1514).

Samples were divided across several cohorts during selection of novel MSI markers and validation of
the new assay as described in the text and depicted in Supplementary Figure S1. PBL gDNA sample
and patient details are given in Supplementary Table S1.

Genome sequencing and variant analysis

Samples were prepared for WGS by 3 cycle PCR amplification using the NEBNext® Ultra™ Il DNA
Library Prep Kit for lllumina (New England Biolabs), and were sequenced to >120x coverage on a
NovaSeq (lllumina). Reads were aligned to human reference genome build hg19 using BWA mem3*
and BAM files were generated using SAMtools view, sort, and index®. Variants were called by a
somatic variant calling pipeline and panel of reference control genomes using GATK 4 MuTect2,
followed by GetPileupSummaries, CalculateContamination, and FilterMutectCalls, with
PCR_indel_model set to NONE3®¢, Microsatellites were considered to contain a germline variant if the
variant allele with highest frequency had a binomial probability >107 of equalling 0.5 or 1
(representing heterozygosity or homozygosity respectively).

For MSI marker selection, microsatellite variants flagged as germline and/or identified in the panel
of reference genomes were excluded. Variants annotated as clustered_events, multiallelic, slippage,
or PASS, and where the total variant allele frequency was <0.25 (to further exclude potential
germline variants) were retained and visually inspected using Integrative Genomics Viewer®’.
Microsatellites with variants captured by high quality read-alignments, not embedded within
conserved repetitive elements, and that had higher variant allele frequencies in CMMRD patients
than in controls were selected for further assessment by amplicon sequencing.

Single molecule molecular inversion probe design and amplicon sequencing

Single molecule molecular inversion probes (smMIPs) were designed using MIPgen3® to amplify MSI
markers with capture sizes between 100bp and 160bp, and an 8N molecular barcode with 4N
adjacent to both extension and ligation arms (Supplementary Table S2).



MSI markers were amplified from samples using a published smMIP and high fidelity polymerase-
based protocol?®. Amplicons were purified using AMPure XP beads (Beckman Coulter), quantified
using a QuBit fluorometer 2.0 (Invitrogen), diluted to 4nM using 10mM Tris-HCI, pH 8.5, and pooled
into 4nM sequencing libraries. Sequencing libraries were sequenced using custom sequencing
primers? on a MiSeq (lllumina) to a target depth of 5000x, following manufacturer’s protocols.

Microsatellite amplicon sequence analysis and microsatellite instability scoring

Amplicon sequence reads were aligned to human reference genome build hg19 using BWA mem?3*,
cMSI analysis of PBL samples followed our previously published analysis pipeline?. In brief, reads
sharing the same molecular barcode were grouped and the microsatellite length represented in the
majority (>50%) of reads was defined as the single molecule sequence (smSequence) for each group
to reduce PCR and sequencing error for low frequency variant detection. Groups containing only one
read or without a majority were discarded. Microsatellite reference allele frequencies (RAFs) in
smSequences were used to generate a cMSI score for each sample by comparison to RAFs of 80
known control samples. For any sample, MSI markers with a RAF <0.75 (probable germline variants)
or with <100 smSequences were excluded from cMSI scoring. For MSI analysis of CRCs, the samples
were divided between two cohorts to train and validate a previously published naive Bayesian MSI
classifier, which assesses both the frequency and allelic bias of microsatellite deletions in sequencing
reads to generate a tumour-MSl score®,

Statistical analyses and data availability

All analyses used R version 4.0.2 (https://www.r-project.org/). Comparisons of two sample groups
used the Mann-Whitney test. Comparisons of more than two sample groups used the Kruskal-Wallis
test. Correlation of variables that could be assumed to have a linear relationship used Pearson’s R
whereas Spearman’s Rho was used for variables where a monotonic but not necessarily linear
relationship could be assumed. For pairwise analyses of cMSI score in patients sharing the same
genotype, the significance of the correlation was assessed using a permutation test that takes into
account that individual cMSI scores may be used in multiple pairs. Confidence intervals for sensitivity
and specificity estimates used a binomial distribution.

Genome sequence BAM and amplicon sequence FASTQ files are available from the European
Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home) using Study IDs PRIEB39601 and
PRJIEB53321, respectively.

Results
Genome sequencing of blood identifies high sensitivity MSI markers

Three CMMRD (two PMS2- and one MSH6-associated), one LS (MLH1-associated), and two control
blood samples were whole genome sequenced (Supplementary Figure S1). An LS sample was
included as highly sensitive MSI analysis and single-base-mismatch repair assays have previously
detected reduced MMR function in blood and cell lines with one dysfunctional MMR allele3*4!, The
frequency of mononucleotide repeat (MNR) variants was increased in PMS2-associated and MSH6-
associated CMMRD samples relative to control and LS samples, whereas variants in longer motif
microsatellites were only increased in the PMS2-associated CMMRD samples (Supplementary
Figures S2A-B). To derive a novel marker panel for cMSI analysis, the WGS data were filtered for
microsatellites displaying an increase in non-germline variant alleles in the CMMRD samples
compared to the controls. This identified over 2000 loci of interest, the majority of which were 11-
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16bp A-homopolymers. Manual review of these loci short-listed 121 MNRs as candidate MSI markers
(Figure 1). Longer motif microsatellites were excluded as these did not show increased variants in
the MSH6-associated CMMRD blood sample compared to controls, consistent with MSI only
affecting MNRs in MSH6-deficient tissue??*2. smMIPs were designed to capture these 121 MNRs and
were assessed by smMIP amplicon sequencing of three control samples. Of these, 91 smMIPs
(capturing 98 MNRs) generated sufficient reads to be taken forward (Figure 1).

The MSI marker panel was refined based on the ability of candidate MNRs to discriminate between
MMR-deficient and MMR-proficient tissues using smMIP-amplicon sequencing of a pilot cohort of 8
CMMRD and 38 control PBL gDNAs, and 8 MMR deficient and 8 MMR proficient CRC gDNAs
(Supplementary Figure S1). All except seven control PBL samples had been previously analysed using
the 24 tumour-derived MNRs of the original MSI assay?, allowing comparison of marker sets. The
new MSI markers had much greater differences in RAF between MMR deficient and proficient
samples in both CRCs (p=1.8x10°) and PBLs (p=2.2x10%; Supplementary Figures S2C-D), indicating
they are more sensitive to MMR deficiency than the original MSI markers. Based on these data, the
candidate markers were refined to a panel of the most discriminatory 32 MNRs for cMSI analysis
(Figure 1; Supplementary Table S2).

New MSI markers enhance the detection of CMMRD

The 32 new MSI markers were amplified and sequenced from 80 control PBL gDNAs to provide a
reference for cMSI scoring, and a blinded cohort consisting of PBL gDNAs from 57 CMMRD patients,
eight CMMRD-negative patients (CMMRD-like phenotype but no germline MMR PVs), and 43 control
individuals. Forty LS PBL gDNAs (10 for each MMR gene) were also analysed to investigate if
increased cMSl is specific to biallelic loss of MMR function. One sample from the blinded cohort
failed to amplify, and was later revealed to be a CMMRD case. All other sample amplicons were
sequenced and a cMSI score generated for each. Markers with low (<100) smSequence counts were
observed in only four samples from the blinded cohort: Two had a single low count-marker, whilst
the other two had <100 smSequences in 217 MSI markers with equivalent results upon repeat
amplification and sequencing, suggesting poor sample quality. On un-blinding, these two poor
quality samples were revealed to be CMMRD cases.

The cMSI score identified CMMRD with 100% sensitivity (56/56; 95% Cl: 93.6-100.0%) and 100%
specificity (171/171; 95% Cl: 97.9-100.0%), including the two poor quality CMMRD samples. There
was a clear separation of all CMMRD samples from control, LS, and CMMRD-negative samples
(Figure 2A, Supplementary Table S1). cMSI score was associated with affected MMR gene (p=1.2x10
3); patients with MSH6 deficiency had significantly lower cMSI scores than patients with MSH2
deficiency (p=2.4x10*) or PMS2 deficiency (p=6.0x103), and a trend for lower scores than patients
with MLH1 deficiency (p=0.05, multiple testing significance at p<1.67x1072). LS cMSI scores were not
significantly different from controls (p=0.17), but it was notable that six scores (3.7-11.3) were
greater than the highest control score (3.6). CMMRD-negative samples overall had marginally higher
cMSI scores than controls (p=0.02), with two scores (4.1 and 5.3) being greater than the highest
control score (3.6). As these high scoring LS and CMMRD-negative samples had much lower cMSI
scores than the CMMRD samples, and due to unavailability of cancer data or MMR variant identity in
the LS patients, these were not analysed further. To assess cMSI assay reproducibility, residual DNA
samples available from 25 CMMRD patients and 33 controls were re-amplified, sequenced, and
scored, and a strong correlation was found between initial and repeat cMSI scores (R=0.994, p<107,
Figure 2B). There was no significant correlation in cMSI score between control repeats (R=0.105,
p=0.56), suggesting differences in cMSI score between controls is mostly random technical variation.
Although unlikely to affect sample classification, small but significant differences were observed
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between controls of different amplification and sequencing batches (maximum difference in median
control cMSI score=0.94, p=1.2x10%, Supplementary Figure S3).

Fifty CMMRD and 75 control samples were also analysed using the original 24 MSI markers?. The
new MSI markers had greater RAF-based ROC AUCs for CMMRD detection than the original set
(p=9.0x104, Supplementary Figure S4). The new MSI markers were longer (range 11-15bp versus 7-
12bp, p=1.9x107) and there was a positive correlation between marker length and ROC AUC
(Rho=0.730, p=1.8x10°). However, comparison of markers of equivalent size (11-12bp) found higher
ROC AUCs for the new markers than the original (p=2.5x10%, Figure 3A). The new MSI markers were
ranked by RAF ROC AUC to separate CMMRD from control samples (Supplementary Table S2) and
the most discriminatory 24 new MSI markers gave a large cMSI score separation of 15.3 between
CMMRD and control samples, compared to the 0.1 cMSI score overlap when using the original 24
MSI markers (Figure 3B). Using only three new MSI markers gave 100% accurate CMMRD detection
(Supplementary Figure S5). The new MSI markers also enhanced tumour-MSiI classification of CRCs
compared to the original set (Supplementary Figures S6A-D). Despite differences in variant allele
frequencies and indel size between CRCs and blood (Supplementary Figure S7), MSI marker RAF ROC
AUCs for the detection of MMR deficiency were correlated between the two tissue types
(Rho=0.715, p=9.0x107).

CMMRD cMSl-burden is associated with MMR variant but not age of tumour onset

There was a breadth of cMSI scores between CMMRD patients with deficiency of the same MMR
gene suggesting potential genotype or phenotype correlations with cMSI-burden. Variants were
labelled as one of three types, Truncating/CNV, Splicing, or Missense, according to their effect on
protein sequence - truncating and intragenic copy number variants (CNVs; i.e. deletions or
duplications of one or more exons) were grouped together due to their direct disruption of protein
structure and/or expression (Supplementary Table S1). There were three exceptions:
NM_000179.2(MSH6):c.2426_2428del was labelled as a single amino acid deletion (1AAdel),
NM_000179.2(MSH6):c.1763_1771dup was labelled as a triple amino acid duplication (3AAdup), and
NM_000535.5(PMS2):c.2002A>G was labelled as a Splicing(Missense) variant. The latter creates a
novel splice-site causing a p.(lle668*) truncation, but blood cells from these patients residually
express full length and translatable PMS2 mRNA containing the p.(lle668Val) missense variant®.
Patients were grouped by their variant types, and cMSI scores were found to be different between
the groups (p=3.0x1073, Figure 4A). No increase in cMSI score had been observed in LS blood samples
compared to controls, suggesting that cMSI score is determined predominantly by the least
disrupted MMR allele. In general, missense variants have more variable effect on protein function
than truncating variants or intragenic CNVs. Therefore, CMMRD patients with at least one missense
variant (excluding those patients with NM_000535.5(PMS2):c.2002A>G due to its splicing effect)
were compared to the rest of the cohort and were found to have significantly lower cMSI scores
(p=7.4x1073, Figure 4A). Conversely, patients with bi-allelic truncating variants or intragenic CNVs had
significantly higher cMSI scores than those without (p=0.02, Figure 4A). The frequency of mono- or
bi-allelic missense variants and the frequency of bi-allelic truncating variants/intragenic CNVs were
both equivalent between MMR genes (p=0.54, p=0.61, respectively) indicating these differences
were not due to an over-representation of variant types in any one gene. To further assess whether
MMR variants associate with cMSI-burden, cMSI score between patients sharing the same genotype
were compared. Twelve pairwise comparisons between siblings of eight CMMRD families were
possible, together with ten pairwise comparisons between five unrelated patients homozygous for
the recurrent variant NM_000535.5(PMS2):c.2007-2A>G. cMSlI scores were positively correlated
between pairs (R=0.744, permutation test p=2.9x10™, Figure 4B).
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A clinical history of tumour diagnoses was available for all CMMRD patients (n=56). Five patients had
no cancer history, and for another the age of tumour diagnosis was unknown, meaning age of first
cancer could be compared to cMSI score in 50 patients (Supplementary Table S1). cMSI score was
not significantly correlated with age of first tumour overall (Rho=-0.154, p=0.29, Figure 5), or in
subgroup analyses of MSH6-deficient patients (Rho=-0.342, p=0.20) and PMS2-deficient patients
(Rho=-0.013, p=0.95). It is possible that cMSI-burden is associated with the onset of specific tumour
types as there is evidence that both sporadic MMR-deficient and CMMRD-related brain and
haematological malignancies have reduced MSI compared to cancers within the LS spectrum®?2L,
However, no significant correlation was found between cMSI score and the age of onset of brain
tumours (Rho=-0.167, p=0.32), haematological malignancies (Rho=-0.285, p=0.27), or LS-associated
tumours (Rho=-0.143, p=0.58). There was also no significant association of age of first tumour with
affected MMR gene (p=0.48) or type of variant (p=0.38).

Other factors that might affect cMSI-burden include age at sample collection®**? and contaminating

tumour cells or DNA. Age at sample collection was not significantly correlated with cMSI score
among 30 CMMRD patients with data available (Rho=-0.310, p=0.10, Supplementary Figure 8A), but
was correlated with age of first tumour (R=0.727, p=3.9x10") as expected, given CMMRD diagnoses
are typically made at or after presentation of malignancy. Similarly, cMSI score was not significantly
correlated with age at sample collection in 50 controls with data available (p=0.65) or in the 40 LS
patients (p=0.28). For 27 CMMRD patients it was also known if a tumour was present at the time of
sample collection; the cMSI scores of the 18 patients with a tumour were not significantly different
to those without (p=0.50, Supplementary Figure 8B).

Discussion

In this study, novel MSI markers were selected from blood WGS to enhance an existing amplicon
sequencing-based cMSI assay, achieving excellent separation of CMMRD samples from controls.
MNRs were used as these showed increased instability in WGS data from both MSH6- and PMS2-
associated CMMRD blood samples, whereas increased instability in longer motif microsatellites was
found in the PMS2-associated CMMRD blood samples only. This is consistent with MSH6 being
involved in the repair of single base (but not larger) indel loops, whereas PMS?2 is active across MMR
as the endonuclease within the MutL complex®?. Hence, increased MSI is typically observed in MNRs
only in MSH6-deficient tissues?%2, The new MSI markers were longer than the original set, ranging
between 11bp and 15bp, which is equivalent to the most sensitive and specific A-homopolymers
identified in The Cancer Genome Atlas tumour exome sequencing data**. This suggests that a
microsatellite’s diagnostic utility may simply be a function of its length. However, the new blood-
derived MSI markers of 11-12bp have significantly higher ROC AUCs than the original tumour-
derived set of the same length, confirming this new selection has identified more discriminatory
markers regardless of their size. The new MSI markers also enhanced detection of MMR deficiency in
CRCs, suggesting that they will be sensitive irrespective of tissue type, despite our initial hypothesis
that some may be more sensitive in blood than in tumours. However, the original tumour-derived
set had also been selected to be <12bp to minimise PCR and sequencing error, and to have a SNP
within 30bp to allow the allelic-bias of microsatellite deletions to be used in tumour-MSlI
classification®. Therefore, different marker selection criteria preclude clear conclusions regarding
whether specific microsatellites are more sensitive to mutation in MMR-deficient tumours compared
to MMR-deficient blood.
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Sequencing-based MSI analysis of non-neoplastic tissues to detect CMMRD has now been
demonstrated with a variety of methods??32425, The smMIP amplicon-sequencing cMSI assay used
here is relatively cheap, with total reagent and sequencing costs of $25-50 per sample, based on
analysis of 32 MNRs in 80 or 12 samples on a MiSeq v3 or v2 Micro kit, respectively. These costs
could be reduced as only three MSI markers were required for separation of CMMRD from control
samples (Supplementary Figure S5). The method is scalable from functional testing of a few samples
to high throughput screening for CMMRD, as demonstrated in a study of >700 children with
neurofibromatosis type 1-like phenotypes but negative for NF1 or SPRED1 germline PVs, in whom
CMMRD is a differential diagnosis?®. Assay limitations include its use of custom sequencing primers,
which prevents combining the amplicon library with others, and its validation on a MiSeq, which may
not be the sequencing platform of choice. Batch effects were also observed, although these are
unlikely to affect sample classification given the very clear separation of CMMRD samples (including
individuals homozygous for hypomorphic MMR variants) from control, LS, and CMMRD-negative
samples, as well as the highly reproducible cMSI scores. A possible influence of batch on sample
classification was reduced by spreading the reference controls for cMSI score calculation across five
sequencing runs (Supplementary Table S1). Despite this, for clinical use it would be pertinent to
include a set of control samples on all runs to monitor batch effects. Hence, the present cMSI assay
could be a valuable asset to CMMRD diagnostics and screening studies. Our results also support
reclassification of eight MMR VUS (Supplementary Table S1) as pathogenic, at least in the context of
CMMRD.

CMMRD patient cMSI scores were associated with genotype. Previously, Gonzalez-Acosta et al?*

reported a reduced cMSI-burden in MSH6- versus MSH2-associated CMMRD patients using an
alternative amplicon sequencing assay. We have shown that this is also true for MSH6- versus PMS2-
associated CMMRD and that there is a similar trend comparing MSH6- to MLH1-associated CMMRD.
A reduced cMSI-burden of MSH6- compared to PMS2-associated CMMRD was also observed in our
WGS data, and is consistent with WGS of CRISPR-Cas9-knockout cell lines, which showed a reduced
indel frequency in MSH6- compared to MLH1-, MSH2-, or PMS2-deficient cells*. The redundancy for
1bp indel repair between MSH2-MSH6 (MutSa) and MSH2-MSH3 (MutSB) heterodimers®? likely
explains the reduced frequency of MNR variants in the constitutional tissues of MSH6-associated
CMMRD. We also observed genotype-phenotype correlations with respect to the type of MMR
variant and cMSI score, with missense variants and truncating and/or intragenic copy number
variants being associated with lower and higher cMSlI scores respectively. To our knowledge, this is a
novel observation for MMR genes and could have implications for our understanding of how MMR
genotype influences mutation rate. It would be interesting, for example, to explore if MMR missense
variants are associated with reduced MSI in MMR-deficient tumours, and whether this has any
association with clinical course.

No significant correlation of MMR genotype or cMSI score with age of first tumour was observed
among the 56 CMMRD patients analysed. Wimmer et al*’ previously found differences in the
incidence of CNS tumours and haematological malignancies, and the age of first tumour by affected
MMR gene in CMMRD, but analysed a larger cohort of 146 patients. In LS it is well established that
the MMR genes are associated with distinct cancer spectra and risks3. With respect to variant type,
Suerink et al* found both CRC and endometrial cancer occurred earlier in LS carriers of PMS2
variants that are predicted to cause loss of RNA expression compared to those that retain
expression. Ryan et al*’ similarly showed an association between truncating MLH1 PVs and earlier
onset of LS endometrial cancer. Otherwise, there is very limited data supporting an effect for type or
position of MMR PVs on clinical phenotype in LS*. Therefore, whilst a correlation of MMR genotype
with disease penetrance is probable in CMMRD, it is seemingly much weaker than that with cMSI-
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burden, and hence was not observable with our limited cohort size and method. Consequently, both
MMR genotype and cMSI score are, at most, weak predictors of age of tumour onset in CMMRD, and
may not be clinically-useful for risk stratification. However, it remains an intriguing observation that
some of the samples with lowest cMSI score include the three patients homozygous for the
hypomorphic Inuit founder variant NM_000535.5(PMS2):c.2002A>G, who have residual expression
of functional PMS2 and phenotypes more similar to early onset LS than classical CMMRD?,

A link between mutation rate and cancer risk is based, in part, on the increased mutation burden
and rate of tumours compared to healthy tissue?, as well as positive correlations of tissue-specific
cancer incidence with stem cell division rate* and cumulative mutation burden®. Further supporting
this link, very recently, increased mutation burdens in the normal intestinal crypts of cancer
predisposition syndromes associated with germline POLE and POLD1 PVs*! and germline biallelic
MUTYH PVs>? have been discovered, as well as increases in mutation rate in primary mammary cells
of BRCA1/2 PV carriers®3. The question then remains, why are cMSI score and disease phenotype not
more strongly correlated in CMMRD? A key limitation of our study is the restricted subgroup or
multivariate analyses that might disentangle possible confounding variables. For example, older
patients at the time of sampling will likely have higher cMSI-burdens, as has been observed in the
general population and LS using single molecule PCR techniques®>*. Therefore, when using cMSlI
score as an estimate of constitutional mutation rate, the positive correlation between age at
sampling and age of first tumour within our cohort is likely to confound detection of a negative
correlation between constitutional mutation rate and cancer onset. Different patient ages at
sampling may also impact other analyses, for example weakening the correlation in cMSI score
between patients sharing the same genotype. Analysing constitutional mutation rate directly may be
superior, but would require alternative methods to quantify, for example, serial sampling of
individuals or use of models, which have their own limitations. Furthermore, repair of microsatellite
indels is only one of several functions of the MMR system, which includes repair of single base
substitutions and induction of cell cycle arrest and apoptosis'2. Disruption of these pathways may be
more significant than repair of microsatellite indels in tumorigenesis®*, as may environmental and
genetic modifiers of cancer risk. Familial modifiers are known to have large effects on cancer risk in
LS>® and genetics may be of particular importance in CMMRD given parental consanguinity is seen in
approximately half of CMMRD families'’. We found no evidence that cMSI score was influenced by
presence of a tumour at the time of blood sampling in the CMMRD patients, but some CMMRD-
negative and LS samples showed marginally increased cMSI scores. We could not analyse these
further due to a lack of cancer data, but future exploration of the effect of contaminating MSI-H
circulating tumour cells or DNA on cMSI analysis may be warranted.

In summary, we have analysed cMSl-burden in a relatively large cohort of CMMRD patients given the
rarity of the syndrome, combining novel MSI markers and a simple amplicon-sequencing method to
enhance CMMRD diagnostics. Our data show a MMR genotype-phenotype correlation with both
gene affected and the type of variant influencing cMSl-burden, suggesting MMR genotype could also
have implications for tumour mutation burden. However, no association of cMSI score with clinical
phenotype was found, implying that environmental and/or other genetic factors could be more
significant contributors to tumorigenesis than an increased constitutional mutation rate. Therefore,
whilst cMSI score is a useful diagnostic biomarker, it likely cannot be used to stratify cancer risk in
CMMRD as we initially hypothesised.
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Figure 1: Flow chart of MSI marker selection. CMMRD: constitutional mismatch repair deficiency;
CRC: colorectal cancer; LS: Lynch syndrome; MMR: mismatch repair; MNR: mononucleotide repeat;
MSI: microsatellite instability; RAF: reference allele frequency; ROC AUC: receiver operator
characteristic area under curve; smMIP: single molecule molecular inversion probe; WGS: whole

genome sequencing.
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Figure 2: Sample cMS| scores. The cMSI scores of a blinded cohort of 56 CMMRD (MLH1 n=4, MSH2
n=5, MSH6 n=18, PMS2 n=29), 8 CMMRD-negative, and 43 control peripheral blood leukocyte (PBL)
gDNAs, 80 reference control PBL gDNAs, and 40 Lynch syndrome (LS; MLH1 n=10, MSH2 n=10, MSH6
n=10, PMS2 n=10) PBL gDNAs, derived from 32 new MSI markers using the amplicon-sequencing and
MSI scoring method of Gallon et al®*. CMMRD-negative refers to patients with a CMMRD-like
phenotype but no germline MMR variants. The y-axis is scaled based on a logit transformation (A). A
comparison of initial and repeat cMSI scores of 25 CMMRD (MLH1 n=2, MSH6 n=5, PMS2 n=18) and
33 control samples with residual sample available (B).

20



A 1.0 Rho =0.730, P=1.8x10" 000QE00 0o
8L g ¥ 3 o
@ [0,8)
(-] (o]
18 ° ° °
o] (e.e] (o]
oo ¢}
0.8 o § . [¢]
‘2’ °
o 0.71
o
14
(6]
0.6 1
05 MSI Marker Set
© Original
0.44 o @ New
7 8 9 10 11 12 13 14 15
MSI Marker Length bp
B 3001 ! I
MMR gene °
® MLH1 2 o 8
2001
® MSH2 e ocoo
© MSH6 T
wol| © PMS2 3 o33
o No variant ° ¥ %
oodoe e
[-] fole o}
501 o °
v 8 o * &
[e] [ 00
o ] ooo
w [ ] (-] 000 (=]
o 209 -] °
S . B8
= . o 888
101 [e1e] @
00000
8 oo
51 0oo
o O00000
® CO000
2 . o S
1 oo 000R0B0000 |
00800 0000000000 [
0.5 sol0 /00000000000 0000000030
0.2 OOO0O0BOO0COTIIITOOC00A00000C0 0000 IIIOO0CO |
Original New

MSI Marker Set

Figure 3: MSI marker characteristics and performance. A comparison of the length of each MSI
marker and its receiver operator characteristic area under curve (ROC AUC) to discriminate between
CMMRD and control PBL samples (A). A comparison of cMSI score of 50 CMMRD (MLH1 n=4, MISH2
n=5, MSH6 n=14, PMS2 n=27) and 75 control PBL samples using either the original 24 tumour-
derived MSI markers or an equivalent number of the most discriminatory of the new blood-derived
MSI markers. The y-axis is scaled based on a logit transformation (B).
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Figure 4: Sample cMS| scores by patient genotype. The cMSI scores of 56 CMMRD patients (MLH1
n=4, MSH2 n=5, MSH6 n=18, PMS2 n=29) grouped by the type of germline MMR variant according to
effect on protein sequence. The dotted boxes highlight patients with mono- or biallelic missense

variants and patients with biallelic truncating or copy number variants. AA: amino acid; Trunc.:
truncating; CNV: copy number variant (A). A pairwise comparison of the cMSI scores of CMMRD
patients who share the same MMR genotype. hom.: homozygous; comp.het.: compound
heterozygous (B).
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Figure 5: Associations of disease phenotype with cMSI score. The cMSI score and age of first tumour
of 50 CMMRD patients (MLH1 n=4, MSH2 n=5, MSH6 n=16, PMS2 n=25).
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