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in 94 genes associated with hereditary tumors. The cohorts were also characterized
for the methylation profile and examined through a sample group analysis and a Sto-
chastic Epigenetic Mutations (SEMs) analysis in comparison with 29 age-matched
healthy controls. The multigene panel analysis revealed the presence of pathogenic
variants in non-mismatch repair (MMR) genes and three variants classified as patho-
genic/likely pathogenic possibly predisposing to LLS. The epigenetic analysis showed
epivariations targeting genes associated with LS or DNA repair, most of them associ-
ated with the Fanconi Anemia pathway, which could explain the susceptibility to can-
cer. Our results highlight the need for using extended genetic and epigenetic analyses

to understand the causal mechanism of LLS.

KEYWORDS
colorectal cancer, Lynch syndrome, Lynch-like syndrome, methylation, stochastic epigenetic
mutations

What's New?

Lynch-like syndrome is associated with development of colorectal cancer (CRC) with microsatel-
lite instability and loss of expression of certain mismatch repair (MMR) genes, similar to Lynch
syndrome, but unlike Lynch syndrome, the genetic cause of Lynch-like syndrome (LLS) remains
unknown. Here, the authors conducted a genetic and epigenetic study of 32 patients with LLS,
34 with Lynch syndrome, 29 with sporadic CRC, and 29 age-matched controls. A multigene
panel revealed pathogenic variants in non-MMR genes, and the epigenetic analysis revealed var-

iations affecting genes associated with the Fanconi anemia pathway.

1 | INTRODUCTION

Lynch-like syndrome (LLS) is a disorder characterized by the develop-
ment of CRC with microsatellite instability (MSI) and loss of expres-
sion of one of the mismatch repair (MMR) genes MSH2, MLH1, MSHé,
and PMS2 detected by immunohistochemistry (IHC). Unlike Lynch
syndrome (LS), these two features are not due to the presence of
germline alterations in the MMR genes, and the causal mechanism
remains unknown.? The clinical diagnosis of LS and LLS is reached by
applying the Amsterdam criteria? and integrating them with the
Bethesda criteria.®> According to the most recent guidelines, all CRC
patients are tested for MSI and/or deficiency of MMR genes (dIMMR)
in IHC and, possibly, for BRAF V600E mutation® and MLH1 promoter
hypermethylation. If the tests show MSI and/or dMMR (without BRAF
mutation and MLH1 hypermethylation), the patients are sent to
genetic counseling in order to evaluate the family history and the indi-
vidual clinical and histopathological features.?* The application of this
screening is not sufficient to make a diagnosis, but it allows the identi-
fication of high-risk patients.” The following step in the diagnostic
path is the identification of possible MMR gene alterations. When
germline testing confirms the presence of a pathogenic/likely patho-
genic variant, the patient is diagnosed with LS; otherwise, they are
indicated as LLS. About 55% of the patients suspected of LS, after the
genetic test, are classified as LLS cases.® LLS patients and their rela-
tives show an increased risk of CRC, even if lower compared to LS

patients, suggesting a hereditary component. Moreover, the age at

CRC diagnosis is slightly higher compared with LS patients (53.7 years
vs. 48.5 years), but still lower compared to sporadic CRC. LLS patients
are considered a heterogeneous group with characteristics between
LS and sporadic CRC due to the lack of a causal mechanism. Double
somatic hits in MMR genes can explain a fraction of LLS cases. How-
ever, they are usually found in patients without a family history of
cancer; therefore, they should be considered sporadic CRCs. There
are at least four potential causes of LLS. First, the presence of alter-
ations on MMR genes still considered as variants of uncertain signifi-
cance (VUS) or, second, not detected with the conventional diagnostic
methods, such as rearrangements or variants in regulatory regions.”®
Third, alterations in non-MMR genes like MUTYH,” EXO1, POLE,
POLD1, MCM8/9, WRN, BARD1, RCF1, RPA1, MLH3, and recently also
PPARG, CTC1, DCC, ALPK, and PRKDC™®*? have been associated
with the LLS phenotype. Fourth, additional mechanisms, such as
the presence of constitutional epigenetic alterations, can cause a
MMR-deficient phenotype and be inherited. Although less frequently,
constitutional epimutations in MLH1 and MSH2 have been associated
with LS through the literature.*®* It is not excluded that epimuta-
tions in other genes can play a causative role in the LLS.

In the present study, we explored the possible causes of LLS in
patients selected after genetic counseling and therefore, with a proven
cancer predisposition. Moreover, we used a panel of 94 genes fre-
quently mutated in hereditary tumors and a comprehensive epigenetic
characterization to evaluate possible causes and genetic/epigenetic

similarities with LS and sporadic cases.
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2 | MATERIALS AND METHODS

21 | Patients

A total of 95 CRC cases and 29 age-matched controls have been
recruited in five different Italian centers. Thirty-two patients were diag-
nosed with Lynch syndrome, 34 patients were included in the Lynch-
like syndrome cohort and 29 patients were diagnosed with sporadic
CRC. LS and LLS patients were recruited by the “IRCCS, Istituto
Romagnolo per lo Studio dei Tumori (IRST) Dino Amadori”’ of Meldola,
the “Centro di Riferimento Oncologico” (CRO) of Aviano, the
“Ospedale Vittorio Emanuele III” of Montecchio Maggiore, and the
“University of Modena and Reggio Emilia” (UniMoRe) in Modena. The
sporadic CRC patients were recruited by the IRST and the healthy con-
trols by the “Istituto Auxologico Italiano” of Milan. All patients with
suspected LS who showed high instability of microsatellites and/or
MMR deficiency in IHC were evaluated by genetic counseling and
assessed for the risk of hereditary syndromes based on the application
of the Amsterdam and Bethesda criteria between 1996 and 2020. The
patients that showed high risk were genetically tested to identify possi-
ble pathogenic variants in the MSH2, MLH1, MSHé6, PMS2 and EPCAM
genes. The patients with genetic alterations were diagnosed with LS,

and those without alterations were diagnosed with LLS.

2.2 | DNA extraction

For all the cohorts were collected only peripheral blood samples were
collected, and all the following experiments were conducted on germ-
line DNA. DNA isolation was performed using QlAamp DNA Mini Kit
(Qiagen, Hilden, Germany). DNA quantity and quality were tested by
NanoDrop ND 1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA) with Qubit dsDNA BR Assay Kit.

2.3 | Gene panel sequencing

Sequencing libraries were created starting from 50 ng of germline
DNA of LS, LLS, and Sporadic CRC patients, following the TruSight
Cancer (lllumina, San Diego, CA) protocol, which allows the analysis of
94 genes associated with hereditary cancers (Table S1). Sequencing
was performed on the MiSeq platform (lllumina) with MiSeq Reagent
Kit v2 configured for 2 x 150 cycles, according to the manufacturer's

instructions.

24 | Gene panel bioinformatics analysis

The raw data generated by the sequencer were analyzed with a cus-
tomized bioinformatic pipeline.!® FastQ files were aligned to the
UCSC-Build37/hg19 reference genome version using BWA software.'®
After alignment, duplicates were removed; sequences were locally

realigned around regions with indels using GATK indelRealigner and
remapped against Trusight Cancer Panel reference. Unified Genotyper
software, GATK version 3.2.217 was used to identify single nucleotide
variants (SNVs) and indels for variant analysis. The identified variants

were subjected to genomic and functional annotation using Annovar.*®

2.5 | Copy number variation assessment

The presence of large deletions/duplications of MMR genes and
EPCAM was assessed by Multiplex Ligation-dependent Probe Amplifi-
cation (MLPA) technique with the PO03-MLH1-MSH2, P072-MSHé,
and P008-PMS2 kits (MRC Holland, Amsterdam, The Netherlands) or
by Hereditary Cancer Solution (HCS)_v1_1 (Sophia Genetics).
Coffalyser.net software (MRC Holland) was used for the quantitative
analysis of the electropherograms, and the software SOPHIA DDM
(Analytics Platform for Genomics) was used for HCS_v1_1 analyses.
Sequencing Coverage and Quality Statistics are reported in Table S2.

2.6 | Microsatellite Instability Assessment

MSI analysis has been performed for diagnostic purposes using the
Promega MSI Analysis System version 1.2 (Promega, Madison, WI),
which amplifies five mononucleotide repeat markers (BAT-25, BAT-
26, NR-21, NR-24, and MONO-27) and two pentanucleotide repeat
markers (Penta C and Penta D). The fragment analysis of the
Multiplex PCR amplification products was carried out using the auto-
mated sequencer 3130 Genetic Analyzer (Applied Biosystems, Foster
City, CA) The results were visualized with GeneMapper software
(Applied Biosystems). As reported in the guidelines,® tumors with high
microsatellite instability (MSI-H) are defined by at least two unstable
microsatellites, cases with one unstable microsatellite are classified as
tumors with low microsatellite instability (MSI-L), while all the others

are classified as tumors with microsatellite stability (MSS).

2.7 | Variant classification

According to the International Agency for Research on Cancer (IARC),
all the genetic variants identified were divided into five classes: Benign
(class 1), Likely Benign (class 2), Variants of Uncertain Significance
(VUS) (class 3), Likely Pathogenic (class 4) and Pathogenic (class 5).2°
The process of variant classification was performed in accordance with
the guidelines of the American College of Medical Genetics (ACMG).2°
The interpretation of MMR gene variants was done using the Leiden
Open Variation Database (LOVD) [https://www.lovd.nl/], the Interna-
tional Agency of Research on Cancer-IARC database [https://www.
iarc.who.int/], the InSIGHT database [https://www.insight-group.org/
variants/databases/], and the ClinVar database [https://www.ncbi.nlm.
nih.gov/clinvar/]. The variants of other genes were classified using
comprehensive variant databases dbSNP [https://www.ncbi.nlm.nih.

gov/snp/], ClinVar, and VarSome [https://varsome.com/].
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28 | Genome-wide methylation profiling

Sodium bisulfite conversion of 900 ng of high-quality germline DNA
was performed by the EZ DNA Methylation Kit (Ref: D5001, Zymo
Research Corporation) and lllumina incubation conditions were used. In
order to assess conversion yield, a single-strand quantification of
bisulfate-converted DNA (bsDNA) was performed using an N60 Implen
Nanophotometer. Approximately 200 ng/pl of bisulfite-converted
DNA was used for hybridization on lllumina Infinium Methylation EPIC
BeadChips. Fluorescent signals were scanned using the lllumina iScan
scanner and saved as intensity data files (*.idat). The level of methyla-
tion for each CpG site is represented as f-values based on the fluores-
cent intensity ratio between methylated and unmethylated probes.
B-values may range between O (non-methylated) and 1 (completely

methylated).

2.9 | Differential methylation analyses

The B-value dataset of all samples was generated using the ChAMP
package®®: the quality control step discarded 125078 probes: 7875
probes with a detection p-value above 0.01, 2082 probes with a bead-
count <3 in at least 5% of samples, 2961 NoCG probes, 95,575 probes
potentially associated with SNPs as identified in Zhou's,?? 11 MultiHit
probes and 16,574 located on XY chromosomes. After the filtering pro-
cedure, 740,840 CpG sites were retained. After BMIQ normalization,
data were adjusted for batch effect by using ComBat library.2® An esti-
mate of the proportions of blood cells including CD8" T cells, CD4" T
cells, natural killer (NK) cells, B cells, monocytes, granulocytes, and
others, was assessed by using the DNA Methylation Age Calculator

analysis software (https://dnamage.genetics.ucla.edu/).2*

At the group
level, differential methylation analysis was conducted by computing p-
values using the limma method integrated in RnBeads package?’ for
both CpG sites and regions (Genes, promoters, CpG island, tiling). To
adjust for potential confounding factors, principal component analysis
(PCA) was performed to evaluate the association of age, sex, and blood
cell estimations with both dependent (disease groups) and independent
(methylation values) variables: significant associations were used as
covariates in the differential methylation analysis. Individual sample
analyses were carried out by identifying Stochastic Epigenetic Muta-
tions (SEMs) as described in?4?” SEMs represent extreme aberrant
methylation data points and were identified, for each CpG site, by com-
paring the methylation profile of each case to a reference methylation
range, calculated from a control population as follows: upper
value = Q3 + (k * IQR), lower value = Q1 — (k * IQR), where Q1 repre-
sents the first quartile, Q3 corresponds to the third quartile, IQR
(Interquartile Range) equals Q3 — Q1, and k is set at 3. Outlier values
were then classified as hyper-methylated or hypo-methylated with
respect to the median values of the controls' corresponding probes.
The identification of SEMs enriched regions (Epivariations) was carried
out at a genome-wide level through the application of hypergeometric
distribution statistical tests on (11-sites) sliding windows. Gene

annotation of SEMs/Epivariations was obtained using the web tool

JOURNAL of CANCER

WANNOVAR.?® Organization/investigation of results was conducted
according to the disease phenotypes/keywords by using VarElect (The
Next Generation Sequencing Phenotyper).?° Data/results were visual-
ized using specific packages in the R environment. The “ggplot2” pack-
age produced PCA charts, boxplots; “Pheatmap” package produced the
heatmaps, and “CMplot” the manhattan plots. Linear regressions or the
Wilcoxon-Mann-Whitney function were used to evaluate differences
in age, cell-type composition, and SEMs number between cases and
controls. Unless otherwise stated, the statistical significance threshold
was set to False Discovery Rate (FDR) <0.05.

210 | Statistical analyses

Patients characteristics were summarized by the median, interquartile
range, reporting the first (IQ) and third (lIQ) quartiles, and minimum
and maximum values for continuous variables and by means of abso-
lute frequencies and percentages for categorical ones. Comparisons
among patients with LS, LLS, and Sporadic CRC were performed using
Pearson's x? test of the Fisher exact test, as appropriate, for categori-
cal variables and through the Analysis of Variance (ANOVA) or the
Kruskal-Wallis test for continuous ones. All analyses were performed
with STATA 15.0 (College Station, TX).

3 | RESULTS

3.1 | Patient's characteristics

The study recruited LS, LLS, CRC patients, and healthy subjects. The
LS cohort was composed of 32 patients diagnosed with LS according
to Amsterdam and Bethesda guidelines and for the presence of patho-
genic variants in MMR genes identified by sequencing and copy num-
ber variant (CNV) analyses. The LLS cohort was composed of
34 patients who fulfilled the Amsterdam and Bethesda criteria but did
not present pathogenic variants in MMR genes. The Sporadic CRC
cohort was composed of 29 patients diagnosed with CRC at an age
>60 years and no relatives with LS-associated cancers, so defined as
“Sporadic” (Table 1). Twenty-nine age-matched healthy controls
(median age: 55 years, min-max: 35-67 years) were also recruited for
the epigenetic analysis. The LS cohort showed a higher percentage of
female patients (73.5%) compared with the LLS cohort (43.8%) and
sporadic CRC cohort (34.5%). The groups showed significant differ-
ences in terms of age and frequency of second tumors. The median
age of tumor onset was 43 years for the LS, 56.5 for the LLS, and
68 for Sporadic. The presence of secondary tumors was significantly
higher in the LS cohort (68.7%), followed by LLS (29.4%) and sporadic
(6.9%). Among LS patients, 31.3% presented a third tumor and 6.2% a
fourth tumor. The second tumors were frequent in colon (31.8%) and
endometrium (22.7%), in line with the literature and the guidelines30
while in LLS patients, the tumors were colon (40%) and breast (20%).
Overall, LLS patients showed intermediate characteristics between LS

and Sporadic.
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TABLE 1 Patients characteristics.

Lynch Lynch-like Sporadic
32 34 29
n % n % n % p
Sex
F 14 43.8 25 73.5 10 345 0.005
M 18 56.3 9 265 19 65.5
Age at diagnosis
Median [IQ-111Q] 43 [36.5-53.5] 56.5 [48-62] 68 [60-77] <0.001
Min-max 24-74 31-79 50-85
Tumor site
Colon (right) 12 414 17 51.5 13 48.2 0.469
Colon (left) 3 10.3 6 18.2 6 22.2
Colon (transverse) 4 13.8 2 6.1 1 3.7
Rectum 3 10.3 2 6.1 2 7.4
Sigmoid 1 35 2 6.1 4 14.8
Cecum 3 10.3 4 121 1 3.7
Duodenum 3 10.3 0 - 0 -
Missing 3 1 2
T
T1 3 13.0 2 6.9 2 6.9 0.048
T2 2 8.7 9 31.0 6 20.7
T3 12 522 18 62.1 16 55.2
T4 6 26.1 0 = 5 17.2
Missing 9 5 0
N
NO 19 73.1 26 81.3 20 69.0 0.733
N1 6 231 5 15.6 6 20.7
N2 1 3.9 1 31 3 10.3
Missing 6 2 0
M
MO 22 95.7 29 90.6 22 95.7 0.727
M1 1 44 3 9.4 1 44
Missing 2 2 6
MMR [HC
MLH1 1 5.0 10 37.0 0 = <0.001
MSH2 6 30.0 2 7.4 0 =
MSHé6 1 5.0 0 = 0 =
PMS2 0 = 74 0 =
MSH2/MSH6 11 55.0 2 74 0 =
MLH1/PMS2 1 5.0 12 444 5 100.0
Missing 12 6 24
Microsatelite instability
MSI-H 22 32 3
Missing 10 2 26

Second tumor
No 10 31.3 24 70.6 27 93.1 <0.001
Yes 22 68.8 10 29.4 2 6.9
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TABLE 1 (Continued)
Lynch
32
n %
Site of the second tumor
Breast 1 4.6
Colon 7 31.8
Endometrium 5 22.7
Uterus 1 4.6
Renal pelvis 2 9.1
Liver 2 9.1
Ovary 1 4.6
Bladder 1 4.6
Prostate 1 4.6
Skin 1 4.6
Tongue 0 -
Melanoma 0 -
Leukemia 0 -
Third tumor
No 22 68.8
Yes 10 313
Site of the third tumor
Breast 1 10
Colon 2 20
Endometrium 1 10
Uterus 1 10
Hodgkin's lymphoma 1 10
Bladder 3 30
Skin 1 10
Forth tumor
No 30 93.8
Yes 2 6.3
Site of the fourth tumor
Colon 1 50
Kidney 1 50

3.2 | Genomic characterization of LS, LLS and
Sporadic CRC

All LS patients presented a high microsatellite instability and/or an
aberrant MMR IHC staining, predominantly the loss of expression of
MSH2 or MSH2/MSHé6. The analysis of the LS cohort with the
94-gene panel (Table S1) and CNV analysis revealed that 78% of
the pathogenic variants in MMR genes targeted MSH2, followed by
MLH1 (16%), EPCAM (6%) and MSH6 (3%). Four LS patients showed
a double pathogenic variant, EPCAM/MSH2, ATM/MSH2, BUB1B/
MSH2, PALB2/MSH2. One patient showed a 187 Kb novel duplica-
tion including EPCAM and the first seven exons of MSH2, described
by our group in 2019.3 The genetic results were consistent with

INTERNATIONAL 793
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Lynch-like Sporadic
34 29
n % n % p
2 20 1 33.3
4 40 0 -
1 10 0 -
1 10 0 -
0 - 0 -
0 - 0 -
0 - 0 -
0 - 0 -
0 - 0 -
0 - 0 -
1 10 0 -
1 10 0 -
0 - 1 33.3
32 94.1 29 100.0 <0.001
2 5.9 0 -
0 - 0 -
0 - 0 -
0 - 0 -
2 100 0 -
0 - 0 -
0 - 0 -
0 - 0 -
0 - 0 - -

the MMR [HC results, confirming the prevalence of alterations in the
MSH2 gene. In total, the 32 cases presented 94 VUS (Figure S1).
The highest frequency of VUS was detected in the FANCA gene
(25%), followed by CDH1 and ATM (19%) and APC and DICER1
(12%). All patients in the LLS cohort showed a high microsatellite
instability and/or the loss of expression of MLH1 or MLH1/PMS2.
Only three pathogenic variants were found in non-MMR genes:
MUTYH (NM_001128425.2:c.734G > A), FANCM (NM_020937.4:
¢.5101C > T) and XPA (NM_000380.3:¢c.820T > G). In the LLS cohort,
108 VUS were reported, and the genes most frequently mutated
were FANCA (21%), ATM (26%), SLX4 (18%), ALK and MSH2 (15%)
and WRN (12%) (Figure S2). The sporadic cohort showed the pres-

ence of two pathogenic/likely pathogenic variants in FANCC
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TABLE 2 List of the VUS classified as likely pathogenic or pathogenic by VarSome Premium.
Position Ref Alt Gene Classification Transcript Codon change Samples
chr17:29686035 T G NF1 Likely Pathogenic NM_000267 c.8097 +2T>G S15, 53, 520
chrl7:41219639 ACA = BRCA1 Pathogenic NM_007294 ¢.5058_5060del 1396
chr6:35434020 G C FANCE Likely Pathogenic NM_021922 ¢c.1510-1G > C M196/01

(NM_001243743.2:c.346-1G > A) and FANCI (NM_001113378.2:
¢.1973delT). Ninety-seven VUS were found in the sporadic cases,
and the genes most frequently mutated were SLX4, FANCA, MSH2,
NF1, RECQL4 (17%), ATM, ERCC2, NBN, and XPC (14%, Figure S3).
For research purposes only, all the VUS have been classified by Var-
Some Premium, and three of them, all located in splicing regions in
three sporadic (515, S3, S20), one LLS (1396) and one Lynch patient
(M196/01) were classified as likely pathogenic/pathogenic (Table 2).

3.3 | Methylation profile of LS, LLS, or Sporadic
cases compared to healthy subjects

To evaluate the epigenetic contribution to the LLS phenotype, we
performed a two-step analysis, which included a sample group analy-
sis (RnBeads) and SEMs analysis comparing the results of the three
cohorts with the healthy controls (Figure S4).

3.3.1 | Sample-group characterization: differential
methylation analysis between the cohorts

First, an explorative principal component analysis (PCA) was per-
formed. At the CpG site level, no significant separations between the
cases (LS, LLS or Sporadic) and the reference population were noted
(Figure 1A).

A differential methylation analysis was conducted between groups
at the site level by adjusting for potential confounding factors (sex, age
and cellular components). The analysis identified 2121 differentially
methylated sites (1279 hypermethylated and 842 hypomethylated) in
the LS cohort, 266 (214 hypermethylated and 52 hypomethylated) in
LLS cohort, and 650 (64 hypermethylated and 587 hypomethylated) in
the Sporadic cohort (Figure 1B). Annotation of differentially methylated
CpG sites was performed for each comparison (Table S3). Initially, we
focused on gene loci, and we found isolated deregulations without any
specific gene loci enrichment. To refine our prioritization strategy, we
cross-referenced the three gene lists with the genes included in the
NGS panel (Table S1). For the LLS patients, a correspondence was
found in the MET and SLX4 genes; for the LS cohort in the SLX4 gene,
along with ALK, CDC73, EZH2, FANCC, KIT, RECQL4, RUNX1, and WRN,
while for Sporadic in EGFR. For all of these genes, the epigenetic dereg-
ulations were observed as isolated positions, scattered heteroge-
neously across the gene body or within the gene promoter region. At
the regional level (genes and promoters), no significant epigenetic
deregulation was observed.

3.3.2 | Single case characterization: epigenetic drift
The analysis of epigenetic drift was carried out by examining the bur-
den of SEMs defined Global Epi-Mutation-Load (EML), which occur,
for each patient, at specific sites when the methylation status exceeds
a reference methylation range. Methodology details are provided in
the methods section. The average SEM number in the healthy control
group (Reference) was 2270 (median: 1096; IQR: 906-2446), while in
the LLS cohort was 6215 (median: 3028; IQR: 1705-8160). For the
LS and Sporadic cohorts, the mean values were 9753 (median: 4034;
IQR: 1879-12,803) and 4699 (median: 3408; IQR: 1833-6389),
respectively. The multiple regression models, adjusted for covariates
including sex, age, and cellular components, confirmed a statistically
higher burden of SEMs across all three groups (LS: p = 3.1 x 107>,
LLS: p = 3.8 x 1073, Sporadic: p = 1.9 x 1079 (Figure 2).

We then focused on the burden of SEMs at the gene level by
identifying SEMs that enrich gene loci, called epivariations. For this
purpose, we used the validated methodology developed by Gentilini
et al. described in materials and methods. To enhance the robustness
of the deregulated genes identified across the three cohorts, we
removed all gene loci that showed enrichment in SEMs within the
control cohort, resulting in univocal gene lists (available as Tables S4--
Sé). The frequency of hypermethylated and hypomethylated genes
across the three cohorts is shown in Table S7.

Restricting prioritization to hypermethylation status, the Venn
analysis revealed 1071 unique genes for LS, 593 genes for LLS, and
311 genes for the Sporadic group (Figure 3A). A prioritization of the
LLS 593 unique genes for the LS phenotype with VarElect identified
46 genes directly related to the syndrome (Table S8). The gene with
the highest association is MLH1, followed by FAN1, EPM2AIP1, and
ERBB2. The VarElect prioritization of the 1071 unique genes in LS
identified 70 genes directly related to the syndrome (Table S9), and
the top four genes with the highest association are MSH2/KCNK12,
FAN1, ERBB2, and PTPN13, all hypermethylated in one patient each.
MSH2/ KCNK12 hypermethylation belongs to a patient with a CNV
mutation in MSH2. VarElect prioritization for the sporadic cohort
indicated the presence of hypermethylation of FANI1, TFCP2,
PRKDC, and HOXA11-AS in, respectively, 2, 1, 1, and 2 patients
(Table S10). The comparison of epivariations among the three
patient cohorts did not highlight significant differences. However,
we noticed 55 epivariations in common (Figure 3B). The prioritiza-
tion with VarElect of the 55 genes highlighted the presence of five
genes correlated with LS (FAN1, HOXA11-AS, OPCML, ENTPD1-AS,
ERBB4) but also other genes such as ASCL2 and CAVIN3 are in the
list (Table S11).



PIRINI €7 A TN e | COUICC L 725
(A) Lynch Lynch-like Sporadic

20~

n
=]

2

Principal component 2
04
[
[ ]
(]
)
e
®
[ ]
_ Principal component 2
3 <
°- o
[ ]
[ ]
L]
®
[ ]
o®
[ ]
[ )
e
Principal component 2
[ ]
[}
[ ]
()
J
(]
4
[ ]

1N
=]
[ )

-20- ® -20- [
-30- ° -30- -30- T
-50 25 0 25 -50 -25 0 25 -50 -25 0 25
Principal component 1 Principal component 1 Principal component 1
® Lynch ® Lynch-like ® Sporadic
® Reference ® Reference ® Reference
o Other groups © Other groups o Other groups

(B) Lynch Lynch-like Sporadic

a0 cnr2iChr22 Chry o cne2iChr22 Chry o chr2ichr22

FIGURE 1 (A) Scatter plots from principal component analysis (PCA) depicting the distribution of the sample cohorts across the first two principal
components at the CpG site level. (B) Circos plot illustrating the genomic distribution of differentially methylated sites (red dots) across the human
genome. These dots are positioned based on their -log10 (unadjusted p-value). Notably, the X and Y-chromosomes are excluded from the analysis.

Lynch Lynch-like Sporadic

6 p=3.1x10°* 6 p=3.8x10° 6 p=1.9x10°
I2|5- |2| 51 IE| o
m m m
n4 i 04 ¥ n4 i
o o =]
- - -
83 g3 33
- | -
2 i . 2; l ‘ 2 . .
Reference Lynch Reference Lynch-like Reference Sporadic
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within the box signifies the median of the dataset, and the box itself illustrates the interquartile range. By default, in the “ggplot” boxplot
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The causes for LLS are still unclear despite the research effort, but
possible reasons are the presence of variants of uncertain significance
not yet classified as pathogenic, the presence of pathogenic mutations
on non-MMR genes (MUTYH, FANCM and XPA) and the contribution
of epigenetics. Here we combined the sequencing of 94 genes
involved in hereditary pathologies as well as CNV analysis of MMR
genes on three cohorts of patients diagnosed through genetic
counseling and genetic testing as LS or LLS patients, or patients with
sporadic CRC. We then evaluated the contribution of epigenetics by
applying a method of analysis, which allows the identification of meth-
ylated genes in every single patient.

Our LLS patients present intermediate clinic-pathological charac-
teristics between LS and Sporadic in terms of age of onset and pres-
ence of second and third tumors. Furthermore, the tumor sites of
secondary tumors include colon but with a high percentage of breast.

At the genetic level, we identified three mutations on non-MMR
genes which could be considered the cause of susceptibility and could
explain the moderate penetrance of the disease in LLS patients. One
is a monoallelic pathogenic variant in MUTYH. Biallelic mutations of
the gene predispose to MUTYH-associated polyposis (MAP)*? but in
our case, the patient can not be classified as MAP. However, the asso-
ciation of MUTYH monoallelic mutations with an increased suscepti-
bility to CRC cancer risk has been already reported but is still
controversial.>3 The FANCM gene has been already reported in associ-
ation with familial breast cancer.>* FANCM encodes a protein that
interacts with several DNA repair proteins and that is fundamental in
the repair at stalled replication forks.3> The variant in XPA was a stop-

loss never reported before, and VarSome confirmed it as pathogenic.

Transcription Factor of Polymerase Il H (TFIIH). XPA is a protein
involved in nucleotide excision repair (NER) by verifying DNA damage
and stabilizing the DNA as it is repaired. Alterations in this gene are
associated with the hereditary disease Xeroderma pigmentosum, but
it cannot be excluded that dysfunctions in the NER and therefore in
XPA may predispose to the onset of CRC.3¢ Furthermore, two Spo-
radic patients presented pathogenic/likely pathogenic variants in
FANCC and FANCI, all genes involved in DNA repair mechanisms. The
alteration in FANCC is a loss-of-function variant in the splicing region
that has been already reported but not in correlation with LS,®” while
the FANCI alteration is a frameshift deletion never reported before.
Through VarSome analysis of VUSs, we identified 3 other three vari-
ants, albeit to be confirmed, in NF1 and BRCA-Fanconi Anemia
(FA) pathway (FANCE, BRCA1) but not reported before in association
with LS. The variant in NF1 (Neurofibrin 1) (c.8160 4+ 2T > G) is
reported as VUS in ClinVar; however, a possible correlation between
NF1 dysfunctions and an increased risk of developing GIST, gastroin-
testinal, and colorectal cancer has been reported.>®3° BRCA1 is a
well-known gene involved in the susceptibility to Hereditary Breast
and Ovarian Cancer (HBOC) syndrome,40 but the non-frameshift dele-
tion ¢.5058_5060del has never been reported. In addition, the variant
in FANCE has never been reported before in association with
LS. However, recent studies highlight the role of monoallelic muta-
tions in FA genes in increasing the susceptibility to breast/ovarian
cancer and, albeit to a lesser extent, in HNPCC.*! Due to the limita-
tions of the study, it was not possible to evaluate the presence of the
variants identified in LLS cases in family members nor to carry out
functional studies. In order to elucidate the role of epigenetics in LLS

cases, we performed a methylation characterization and analyzed the
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data by a two-step analysis. The principal component analysis (PCA)
revealed no discernible patterns of epigenetic variation between the
cohorts and control group, at CpG sites level and regions (genes/
promoters/CpG islands). At the site level, the analysis highlighted
group-specific signatures, enabling the identification of some genes
shared with the NGS panel. However, the deregulation appears to be
driven by individual single alterations rather than by a pattern of robust
enrichment of adjacent single deregulations. By the SEM analysis, we
observed a significantly higher epigenetic drift in all patient cohorts.
Regarding the LLS cohort, the increased SEM burden was confirmed on
the methylation profile of public cohorts (GSE128064 and GSE107353:
lllumina 450 K BeadChip, n = 112 LLS and n =41 controls, respec-

tively) (data not shown).**

These findings support the hypothesis that
LS, LLS, and Sporadic patients improperly accumulated SEMs. An
increased epigenetic drift could potentially exert a notable influence on
individual health, leading to enhanced genomic instability/abnormal
gene expression. At the gene level, we identified univocal Epivariations
on genes associated with LS or belonging to DNA repair systems. The
prioritization of the hypermethylated epivariations lists provides a num-
ber of possible candidates to explain susceptibility to cancer. In the LLS
cohort, the gene with the highest association is MLH1 that we found
hyper-methylated in the promoter region in one case, the same LLS
case that presented a pathogenic mutation in MUTYH, and that pre-
sents the lack of expression of MLH1 and PMS2. A similar case has
been reported by Zyla R. and colleagues where the patient was ulti-
mately diagnosed with Lynch Syndrome.*? Another gene with the high-
est association with LS was FAN1 hyper-methylated in two cases and
involved in DNA repair. Moreover, previous data showed that the
interaction between FAN1 and MLH1 prevents MLH1 binding to
MSHS3, thus inhibiting the assembly of a functional MMR complex.*344
The third gene in the list is EPM2AIP1 that shares the promoter with
MLH1; it is located head-to-head with MLH1 and is transcribed in the
opposite direction.*® In fact, EPM2AIP1 and MLH1 are both hyper-
methylated in the same patient. Another gene in the top four is ERBB2,
which showed a high mutation frequency in CRC patients fulfilling
Bethesda or Amsterdam |l criteria considered as LS or LLS, but the
impact of epimutations is not known.*® In the LS cohort, the gene with
the highest association is MSH2/KCNK12, followed by FAN1, ERBB2,
and PTPN13. KCNK12 is a gene coding for a potassium two-pore
domain channel subfamily K member 12 located in between MSH2 and
MSHé6. No direct associations with the syndrome are currently
reported, but the gene is often hypermethylated in CRC patients.*’
PTPN13 somatic mutations have been reported in MMR-deficient CRC,
but their role is not clear.*® In the Sporadic cohort, the genes with the
highest association are FAN1, TFCP2, PRKDC, HOXA11-AS. PRKDC pro-
duces a protein involved in cell cycle control that is able to interact
directly with MSH2. It is also involved in DNA non-homologous end
joining (NHEJ), required for double-strand break (DSB) repair and V(D)J
recombination.*’ Recently, founder mutations of the PRKDC gene have
been associated with an increased mutational load in CRC, and thus
the gene has been indicated as a new driver of tumor heterogeneity.>®
Over expression of HOXA11-AS is correlated with CRC progression
and poor prognosis and may promote metastasis, but no data are
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reported about its hyper-methylation.>* Analyzing epivariations based
on their association with the disease and in common between the
cohorts, we found that all three cohorts have patients with epivaria-
tions in FAN1, CAVIN3, and ASCL2. CAVIN3 is a putative tumor sup-
pressor gene, which has been found inactivated in many cancers. Its
role is pivotal for correct DNA repair because its protein interacts with
BRCA1, stabilizing it and ensuring its correct operation. When CAVIN3
is not expressed, the level of BRCA1 in the cell decreases, such as the
ability to repair the DNA.>? ASCL2 is a gene recently reported by a
study on epigenetic characteristics of LS. The author described a high
level of H3K27me3 in the promoter of stem cell marker genes including
ASCL2, suggesting its hyper-methylation.>® Further studies are needed
to understand the extent of the contribution of epivariations in terms
of expression of proteins, the heritability of these modifications, and
their penetrance. Our study identified pathogenic variants in MMR
genes and FA pathways that could reassign some but not all the LLS
patients to LS cases. The genetic analysis of sporadic patients is instru-
mental to the identification of pathogenic variants that could increase
cancer susceptibility. Our results reinforce the importance of using
extensive genetic panels in the diagnostic work-up in order to avoid
misclassifications preventing patients from being enrolled in the family
prevention and monitoring system. Furthermore, they suggest that
genetic analysis should also be extended to patients with sporadic can-
cer in order to avoid missed diagnoses. Despite the lack of functional
validation and familiar penetrance, our results provide novel insights
deserving validation in larger cohorts aiding to verify the role and risk
of deleterious variants and hypermethylation on non-MMR specific
genes on the onset of the disease and their potential inclusion in diag-

nostic tests.
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