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Summary eBioMedicine
Background Lynch syndrome (LS) is one of the most common hereditary cancer syndromes worldwide. Dominantly ~2024103: 105111
inherited mutation in one of four DNA mismatch repair genes combined with somatic events leads to mismatch
repair deficiency and microsatellite instability (MSI) in tumours. Due to a high lifetime risk of cancer, regular
surveillance plays a key role in cancer prevention; yet the observation of frequent interval cancers points to insuf-
ficient cancer prevention by colonoscopy-based methods alone. This study aimed to identify precancerous functional
changes in colonic mucosa that could facilitate the monitoring and prevention of cancer development in LS.
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https://doi.org/10.
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Methods The study material comprised colon biopsy specimens (n = 71) collected during colonoscopy examinations
from LS carriers (tumour-free, or diagnosed with adenoma, or diagnosed with carcinoma) and a control group, which
included sporadic cases without LS or neoplasia. The majority (80%) of LS carriers had an inherited genetic MLH1
mutation. The remaining 20% included MSH2 mutation carriers (13%) and MSHG mutation carriers (7%). The
transcriptomes were first analysed with RNA-sequencing and followed up with Gorilla Ontology analysis and
Reactome Knowledgebase and Ingenuity Pathway Analyses to detect functional changes that might be associated
with the initiation of the neoplastic process in LS individuals.

Findings With pathway and gene ontology analyses combined with measurement of mitotic perimeters from colonic
mucosa and tumours, we found an increased tendency to chromosomal instability (CIN), already present in
macroscopically normal LS mucosa. Our results suggest that CIN is an earlier aberration than MSI and may be the
initial cancer driving aberration, whereas MSI accelerates tumour formation. Furthermore, our results suggest that
MLH1 deficiency plays a significant role in the development of CIN.

Interpretation The results validate our previous findings from mice and highlight early mitotic abnormalities as an
important contributor and precancerous marker of colorectal tumourigenesis in LS.
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Research in context

Evidence before this study

Lynch syndrome mutation carriers have a high lifetime
colorectal cancer risk, and regular surveillance is essential for
clinical management. The high occurrence of interval cancers
despite preventive colonoscopy and removal of visible
precursors poses a challenge to current surveillance methods,
particularly for individuals with MLH1 mutations. This may be
due to precursor lesions, such as flat lesions associated with
MLH1 mutation, that can go undetected during colonoscopy.
Recent findings indicate that different Lynch syndrome
susceptibility genes may lead to distinct differences in the
pathways of carcinogenesis, both at molecular and
morphological levels. This highlights the importance of
studying precancerous expression profiles linked to inherited
mutations in different MMR genes. In this way, possible
differences in respective carcinogenesis pathways can be
detected and help to enhance surveillance methods to achieve
more effective cancer prevention and treatment in patients
with Lynch syndrome.

Added value of this study
Our findings from MLH1 mutation carriers confirm our
previous results in mice, emphasizing the significance of early

Introduction
Lynch syndrome (LS) is one of the most common he-
reditary cancer syndromes accounting for some 3% of
all colorectal and endometrial cancer cases, and up to
15% of those with microsatellite instability (MSI) or
absent MMR protein(s) as evidence of mismatch repair
deficiency (dMMR) in tumours.’ Dominantly inherited
germline defects in DNA mismatch repair (MMR)
genes, MLH1, MSH2, MSHG6 and PMS2, underlie LS.?
Typically, the remaining functional allele of the
involved MMR gene is inactivated by loss of heterozy-
gosity (LOH) or a somatic mutation, leading to dMMR.
MSI is a hallmark of LS-related cancers and present in
nearly all LS colorectal cancers (CRCs).! However, it is
noteworthy that, in contrast to cancers, around 25% of
LS adenomas still retain MMR function,’ suggesting a
difference in the stage of tumour development.
Individuals who have inherited a mutation that cau-
ses LS (LS carriers) have a high lifetime risk of cancer,
and regular surveillance is an integral part of clinical
management. Despite undergoing preventive measures
such as colonoscopy and removal of visible precursors,
high incidence of CRC exists.”* This may be attributed
to missed precursor lesions, particularly flat lesions that
may go undetected during colonoscopy.® Moreover,
immunological,’ genetic’® or epigenetic'' mechanisms
in colonic mucosa may contribute to rapid cancer
development within surveillance interval.

chromosomal instability in colorectal tumour development.
Our findings indicate that MLH1 haploinsufficiency may
induce mitotic abnormalities by impacting the formation of a
functional mitotic spindle, disrupting the proper regulation of
spindle assembly checkpoint, and impairing the repair of DNA
double-strand breaks. The evidence we provide of mitotic
abnormalities as an early cancer driving aberration offers new
insights to the prevailing models of Lynch syndrome
tumourigenesis.

Implications of all the available evidence

The study provides insights into the molecular mechanisms
underlying the development of chromosomally unstable
colon cancer, particularly focusing on gene expression
differences and cellular functions related to chromosomal
instability and aneuploidy. Understanding these mechanisms
may have implications for cancer prevention and risk
assessment in genetically predisposed individuals, and
potentially aiding in the development of targeted prevention
strategies and treatments for chromosomally unstable colon
cancer.

In this study, we employed RNA-sequencing (RNA-
seq) to identify expression changes linked to the initia-
tion of a neoplastic process in macroscopically normal
colonic mucosa, which subsequently drives progressive
tumour development. Such changes could potentially be
utilized for monitoring of cancer risk among LS muta-
tion carriers. Building upon our previous research,
which examined cancer preceding field defects in
colonic mucosa using a mouse model,'” we compared
the transcriptomes of tumour-free (unaffected) LS mu-
tation carriers and sporadic cases to identify LS-specific
alterations. We further examined the association of
these alterations with tumour development by
comparing the expression profiles of unaffected LS
carriers with those of LS carriers diagnosed with colo-
rectal adenoma or carcinoma. Finally, we investigated
the significance of the LS-specific expression differences
to various biological functions. By analysing the results
with Gene Ontology and Pathway analyses, they clearly
and consistently showed an increased propensity for
mitotic abnormalities which was already present in LS
colonic mucosa, thus validating our previous findings
from mice.

Methods

Patient samples

The study material (Table 1, Supplementary Table S1)
consisted of fresh frozen (liquid nitrogen, N2) or
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Case category Tissue type Group ID No. of samples Mean age in years (SD) Mutated MMR gene (n)
Unaffected LS carriers Normal mucosa LS mucUA 18 45 (12) MSH2 (2)
MLH1 (16)
LS patients with adenoma Normal mucosa LS mucADE 18 54 (14) MSH6 (3)
MSH2 (3)
MLH1 (12)
LS patients with CRC Normal mucosa LS mucCRC 8 52 (12) MSH2 (1)
MLH1 (7)
LS patients with adenoma or CRC ADE LS ADE 11 55 (12) MSH6 (1)
MSH2 (1)
MLH1 (9)
CRC LS CRC 5 56 (11) MSH2 (1)
MLH1 (4)
Unaffected sporadic cases Normal mucosa SP mucUA 11 57 (17) -
ADE, adenoma; CRC, colorectal cancer; LS, Lynch syndrome; muc, normal mucosa; SP, sporadic; UA, unaffected.
Table 1: Characteristics of the sample groups.

RNAlater (Qiagen, Hilden, Germany) preserved colon
biopsy specimens. The samples were collected from two
separate groups of patients: from MMR gene mutation
carriers from known LS families registered in the
Finnish Hereditary Colon Cancer Registry, and
from sporadic cases who underwent colonoscopy
examinations at Helsinki University Central Hospital or
Jyviskyld Central Hospital between 2011 and 2019. Here
the term sporadic cases refers to individuals without LS
or neoplasia, who underwent colonoscopy for various
reasons but had no previous or concurrent diagnosis of
colon adenomas, carcinomas, or inflammatory bowel
disease, hence, referred to as unaffected. Samples from
sporadic cases were used as a control group.

Mucosal biopsies were obtained from proximal colon
(caecum to splenic flexure). Tumour biopsies were
paired with colonic mucosa samples from the same
colon location, avoiding immediate proximity to the
tumour. Sampling criteria included intact whole colon
without colectomy, absence of regular NSAID medica-
tion, potential tumour diagnosis located in the proximal
colon, and successful RNA extraction with sufficient
RIN values (average 8.3, range 6.3-9.9). In all study
groups, the sex distribution was quite even, while mean
age in patients with LS was clearly lower than in the
sporadic control group (45 and 57 years, respectively).
Only colonic mucosa samples were collected from the
sporadic cases (n = 11).

For patients with LS, biopsies were taken during
regular colonoscopy follow-ups and divided into three
groups (Table 1, Supplementary Table S1): unaffected
LS carriers with no history of colon adenomas, carci-
nomas, or inflammatory bowel disease at the time of
sampling (n = 18); LS carriers diagnosed with adenoma
(n = 18) at the time of sampling; and LS carriers diag-
nosed with carcinoma (n = 8) at the time of sampling.
The majority (80%) of LS carriers had an inherited
genetic MLH1 mutation. The remaining 20% included
MSH2 mutation carriers (13%) and MSHG6 mutation
carriers (7%) (Supplementary Table S1).
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Colonic mucosa samples (n = 55) were analysed from
all the sample donors, and tumours (n = 16) from
patients with LS whenever available. Fresh tissue
samples were supplemented with corresponding
archival formalin-fixed and paraffin-embedded (FFPE)
specimens for histopathological evaluation, immuno-
histochemistry analysis of MMR protein expression, and
morphological examination of mitoses.

Ethics

All biopsies were taken after patients’ informed consent.
The study was approved by the Institutional Review
Boards of the Central Finland Health Care District
(Dnro 10U/2011, 3.5.2011) and the Helsinki and Uusi-
maa Health Care District (HUS/390/2021, 23.2.2022).
The National Supervisory Authority for Welfare and
Health (Valvira) approved the collection of archival
specimens (Dnro 10741/06.01.03.01/2015, 14.1.2016).

Library construction and RNA-seq

The transcriptomes were analysed with RNA-
sequencing. Total RNA was extracted with the Rneasy
Plus Kit (Qiagen, Valencia, CA) or the AllPrep DNA/
RNA Mini Kit (Qiagen, Valencia, CA), and concentra-
tions were measured by the Qubit fluorometer
(RRID:SCR_018095). RNA integrity was confirmed with
Agilent 2100  Bioanalyzer = (RRID:SCR_018043).
Sequencing libraries were prepared from 500 ng of total
RNA with Illumina TruSeq stranded mRNA-kit.
Sequencing was performed on the Illumina Novaseq
6000 system (RRID:SCR_016387) on two separate runs.

Preprocessing of RNA-seq data

To generate read count data from acquired sequence
reads, the initial step involved adapter sequence removal
using the Trimmomatic program.” Trimmomatic was
executed with Illumina paired-end adapter sequences,
with pair end read type. Filter parameters were set using
the string”: 2:30:10:2:keepBothReads,” and the mini-
mum accepted read length was established at 20." For
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details on Trimmomatic parameters, please refer to its
manual.” These filtering rules, though lenient, aim to
effectively remove adapter sequences, trusting the sub-
sequent STAR aligner'* to discard any erroneous short
sequences. The primary focus here is on the efficient
removal of adapter sequences.

Following adapter removal, reads were mapped
against the human genome using the STAR aligner.
Genes were mapped to the ENSEMBL genome assembly
corresponding to GenBank Assembly ID GCA_0000
01405.27.

Count data from STAR alignments were generated
using the HTSEQ python library with the ENSEMBL
GTF file Homo_sapiens.GRCh38.96.gtf. Overlapping
sequence features were processed with ‘Intersection
Strict’ setting. The parallelization of HTSEQ was
executed with GNU-parallel.””

RNA-seq count data processing

DESeq2 program'® was employed for normalizing
various read libraries. Initially, we tested DESeq2 to
identify differentially expressed genes and mitigate batch
effects. However, the results were unsatisfactory,
revealing substantial correlations with batch groups.
Consequently, we opted to use DESeq2 solely for per-
forming library normalizations and generating the Vari-
ance Stabilizing Transformation (VST)" on the sequence
read data. Here the VST is a mapping that aims to adjust
variances to be independent of the mean.”

Batch correction with combat method

The Combat'® method was used for batch correction. In
ComBat, the data with batch effects are corrected with
shift and scale corrections (y and §). These are estimated
with Empirical Bayes model.

Analysis of differential gene expression

We used the Shrinkage-T test” for the analysis of dif-
ferential expression. Shrinkage-T uses a James Stein
estimate for variance estimation in T-test calculation.

Gene ontology and pathway analyses

To explore biological functions and pathways enriched
among differentially expressed genes (DEGs) between
different sample groups, we used the Gorilla gene
ontology (GO) analysis tool* and two commonly used
pathway enrichment analysis methods as suggested by
Chicco et al.”': Reactome Knowledgebase (version 83)*
and Ingenuity Pathway Analysis (IPA) (CAR-
RID:SCR_008653).>* Gorilla and Reactome represent
threshold-free enrichment analysis methods whereas
IPA was used as a threshold-based enrichment analysis.

Gorilla gene ontology analysis

Prior to GO enrichment analyses, DEGs were sorted
with positive (upregulated genes) and negative (down-
regulated genes) shrink-T scores, and the sorted gene

lists were used as separate inputs. In addition, for
comparative analysis, the sorted gene lists were addi-
tionally organized based on fold change values. Gorilla®
was run with default settings. The obsolete and recur-
ring ontologies were reduced with Revigo using default
settings, except that the resulting list was set to large
(0.9).* The result list consisted of up- and down-
regulated GO terms with FDR < 0.05.

Reactome Knowledgebase analysis

Reactome is a manually curated database that provides
bioinformatics tools for visualization and interpretation
of pathway data.”” Quantitative pathway analysis was
performed with the Reactome Gene Set Analysis (Reac-
tomeGSA*) using batch corrected VST-transformed
count data. ReactomeGSA performs threshold-free gene
set analysis using Reactome pathway groups. We selected
the CAMERA algorithm.* FDR < 0.05 was set as a
threshold for significantly differing pathways in
comparisons.

Qiagen Ingenuity Pathway Analysis
Qiagen IPA is a web-based, manually curated software
for analysing and interpreting diverse data sources,
including RNA-seq.” A total of 500 most up- and 500
most down-regulated genes between sample groups
were used as input. The settings for the core analysis
were ingenuity knowledge base (genes and endogenous
chemicals) with direct and indirect relationships and
default network interaction settings. Data sources were
used with stringent confidence (experimentally
observed, high predicted) and data from all species was
selected with a relaxed filter. In IPA the p-value is
calculated using the right-tailed Fishers Exact Test.
Methods behind gene ontology and pathway analyses
are discussed more in detail in the Statistics section.

Genome instability analyses

MSI analysis

MSI was assayed from tumours using mononucleotide
repeat markers BAT25 and BAT26 and following the
previously described protocol." A tumour was assessed
as MSI, if at least one of the two markers was unstable,
and as microsatellite stable (MSS) if both markers were
stable.

Morphological analysis of mitoses

Since chromosomal instability manifests as atypical
mitoses,” we reasoned it could be demonstrated by
measuring the size of mitoses as previously described
by Kesarkar et al.” Feulgen staining with light green
background stain was used as previously described' to
visualize nuclear material and mitoses in 4 carcinoma
(LS_CAR2, LS_CAR3, LS_CAR4, LS_CARS5), 3 adenoma
(LS_ADE9, LS_ADE11, LS_ADE12), and 5 colonic mu-
cosa samples from patients with LS diagnosed either
with adenoma (LS_N9, LS_N23) or carcinoma (LS_NS5,

www.thelancet.com Vol 103 May, 2024
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LS_N6, LS_N7) (Supplementary Table S1). A sigmoid
colon carcinoma previously confirmed as MMR profi-
cient (p)MMR) and CIN positive by comparative genomic
hybridization study (case no. 56:2)* was used as a
positive control for the comparison of mitotic sizes.
Here, we analysed all available specimens with suffi-
cient material.

The Feulgen-stained samples were scanned to whole
slide images (WSIs) using 3D HISTECH Pannoramic
250 Flash III slide scanner with 40x objective (3DHIS-
TEC, Budapest, Hungary). Mitoses were identified and
diagnosed normal/abnormal by their morphology and
size in the WSIs and mitoses indicating abnormality
were confirmed under light microscope (Zeiss Axio
Imager.A2, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany). Finally, the perimeters of metaphases
(viewed from above) were measured and the mean
perimeter differences between sample groups were
compared with independent samples t-test after data
was tested for normality (Q—Q plot) and homogeneity of
variance (Levenes test) (IBM SPSS Statistics, version
28.0.0.0, Armonk, NY: IBM Corp).

Statistics

Statistical analysis of RNA-seq data was performed
using R 4.3.1 (R Core Team (2021), Austria, Vienna).
First, the count data was processed with DESeq2'° to
normalize the different count datasets obtained from
each sample and to remove size deviations between
samples. Next, DESeq2 was used to calculate variance
estimates at different signal levels. RNA-seq data is
known for higher variance among lower signal levels
and could be balanced with these estimates using a
Variance Stabilizing Transformation (VST)."”

Finally, DESeq2 was used to test batch correction and
DGE analysis. Since the obtained expression values
showed strong correlations with batch signals, we next
decided to use the Combat batch correction method'
from the sva-package (R package version 3.47.0). We
used (VST) processed data from DESeq2 as input for
ComBat. Since our data contained two separate batch
effects, we used ComBat to first correct the stronger
batch from the separate sequencing runs and then the
batch from the two sample storage techniques. After
correction, the data showed good separation between
colonic mucosa, adenoma, and carcinoma sample
groups and an even distribution of batch sample groups
in the visualizations (Supplementary Fig. S1).

For DGE analysis, we used the shrinkage-T test
(Shrink-T)" from the st-package. Shrink-T provides a
more reliable T-test for small sample sizes by using the
Stein-estimate for variance. Because Shrink-T lacks
p-value estimates, we generated a set of permuted scores
for each gene and fitted a normal distribution to these
data. The p-values were corrected for false discovery rate
(FDR) using the Benjamini-Hochberg method,”’ with
the R-function p.adjust.

www.thelancet.com Vol 103 May, 2024

To reduce the impact of errors and increase reli-
ability when analysing pathways and biological groups
from RNA-seq data, we used three different enrichment
analysis methods in parallel. The simplest enrichment
analysis method was the Qiagen IPA pathway anal-
ysis,*** which tests a preselected set of genes for over-
representation of different pathways. These pathways
were predefined by Ingenuity and Fisher’s Exact Test
(FET) was used with a right tailed p-value. In IPA a
pathway is tested for its overrepresentation in a null
model of sampling without replacement. In the IPA
analysis, we used 500 genes with strongest upregulation
and 500 genes with strongest downregulation from
Shrink-T' in the IPA analysis. The group size was
determined according to the recommendations provided
by Qiagen Ingenuity Pathway Analysis.”

Our second enrichment method, GOrilla*® was run
from the website. It takes an ordered list of genes, tests
it at all possible threshold positions for over-
representation with FET, and selects the strongest score
obtained as the result. This result is compared to all
possible permutations of the input gene list to obtain a
p-value estimate. This method does not require a pre-
defined set of genes, as IPA pathway analysis does. It
generates a p-value with all possible permutations, but it
assumes that the genes in the list are independently
distributed, like FET. We used the T-test scores from
Shrink-T to order the genes. However, we also tested
GOrilla with fold change ordered genes. Gene Ontology
results obtained are often redundant and may contain
outdated categories. These were removed with Revigo*
using the default settings, except that the resulting list
was set to large (0.9).

The third enrichment method CAMERA* was used
from the REACTOME?” website (https://reactome.org/)
by providing it with batch-corrected data. CAMERA
corrects the independence assumptions of previous
methods by considering the correlations between genes
in its analysis. Next, the p-values are obtained from an
asymptotic distribution. However, these methods, and
especially GOrilla, can outperform CAMERA if the
pathway or process under investigation shows hetero-
geneous regulation. Since the three methods use
different ways to define the tested gene groups, their
parallel use gives us thorough picture of the different
signals among different pathways and biological
processes.

To study CIN at the tissue level, the perimeters of
metaphases (viewed from above) were measured, and
mean perimeter differences were compared between
sample groups. For continuous variables, an inde-
pendent samples T-test was used after testing for
normality and homogeneity of variance. Statistics were
calculated using IBM SPSS Statistics, version 28.0.0.0,
Armonk, NY: IBM Corp. Metaphase measurements
were performed blinded for all available FFPE
samples.
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Because p-values have often been claimed to be
misleading,* we included the Bayes Factor Bound (BFB)
in our analysis.”* It estimates the p-value as the Bayes
Factor, the ratio between the signal model and the null
model. We used R for the calculation.

In the visualization, we used Multi-Dimensional
Scaling. It compresses multidimensional information
into a low-dimensional representation while trying to
preserve pairwise distances. This was done in R with the
limma-package.**

The sample size was limited by the available patient
material. Randomizations, when used, were done in the
R environment by sampling without replacement.
Patient genotype (Lynch syndrome mutation carriers,
and sporadic non-carriers) was used to include each
sample in the correct sample group.

Role of funders

The funding sources did not have any role in the study
design, analyses, conclusions, and statements expressed
herein.

Results

Differential gene expression analysis revealed
distinct expression profiles for colonic mucosae
DGE analysis was performed to identify gene expression
changes potentially associated with the initiation of
tumourigenesis in LS. Gene ontology and cellular
function analyses were then conducted for DEGs
between different patient groups. To establish a base-
line, we compared the gene expression profiles of
colonic mucosa in unaffected LS carriers (LS mucUA)
and unaffected sporadic cases (SP mucUA). A total of
1564 transcripts exhibited differential expression (214
upregulated, and 1350 downregulated) with FDR < 0.05.
The top 100 DEGs with the highest absolute shrink-T
scores were further analysed. Hierarchical clustering
was applied, and a heat map (Fig. 1) was generated,
showing the distinct difference between LS mucUA and
SP mucUA.

Next, we compared LS mucUA with the expression
profiles of patients with LS diagnosed with adenoma
(LS mucADE) or CRC (LS mucCRC). For LS mucADE,
91 DEGs (70 upregulated, and 21 downregulated) with
FDR < 0.05 were identified. Similarly, 302 DEGs (101
upregulated, and 201 downregulated) were found for LS
mucCRC (FDR < 0.05). We focused on the top 100
genes with the highest absolute shrink-T scores by
calculating their average ordinal number across all
comparisons. Hierarchical clustering revealed distinct
clusters representing unaffected LS carriers, patients
with adenoma, and patients with CRC, although some
overlap was observed (Supplementary Fig. S2).

Finally, we compared the expression profiles of LS
mucUA to the expression profiles of LS adenomas and
CRCs. In adenomas, 9958 DEGs were found with FDR
< 0.05 (5394 upregulated and 4564 downregulated).

Similarly, in carcinomas, 11 830 DEGs were expressed
with FDR < 0.05 (4554 upregulated and 7276 down-
regulated). A heatmap of the top 100 genes
(Supplementary Fig. S3) was generated and showed a
clear distinction between the groups compared.

The Gene Ontology and Pathway Analyses Indicate
Dysregulation of the Cell Cycle and Point to Chromo-
somal Instability in Colonic Mucosa from Unaffected LS
carriers.

Here, we investigated the gene ontologies, Reactome
pathways, and IPA pathways enriched in the colonic
mucosa of unaffected LS carriers.

The entire set of 37 608 transcripts from the baseline
comparison was used as input in the GOrilla gene
ontology analysis, sorted separately by negative and
positive shrink-T scores. As a result, 298 GO terms with
FDR < 0.05 (Supplementary Table S2) were enriched.
The GOrilla analysis of Fold Change sorted data yielded
results that were quite similar to those obtained through
the shrink-T analysis (Supplementary Table S3). The
GO analysis indicated impaired cell cycle regulation and
mitosis in LS mucUA (Table 2). The most significantly
altered ontology was the Mitotic cell cycle process.
Among the top enriched GO terms, other cell cycle-
associated terms Regulation of mitotic cell cycle phase
transition, Cell cycle process, Regulation of cell cycle
phase transition, Regulation of cell cycle process, and
Regulation of mitotic cell cycle, further suggested
problems in cell cycle regulation. In addition, changes
in cell division and chromosome organization were
suggested by the enriched terms of Cell division,
Chromosome organization, and Regulation of chromo-
some organization (Table 2). Other ontologies enriched
among the top GO terms were linked to stress response,
DNA metabolic process, including DNA repair and
DNA replication, and immune system process.

Regarding the Reactome pathways, 286 pathways
were altered in unaffected LS mucosa with an FDR <
0.05 and Bayes Factor Bound (BFB) values between 13
and 1.29 x 10°. The most significantly altered hierar-
chical pathways DNA replication, Cell cycle, Metabolism
of RNA, and DNA repair were all predicted to be
downregulated. Cell cycle, and Cell Cycle Checkpoints,
including all the three main cell cycle checkpoints G1/S,
G2/M, and Spindle assembly checkpoint were down-
regulated in LS mucUA. The pathway analysis indicated
downregulation of cell division, as the two major tran-
sitions G2/M transition and Mitotic Metaphase and
Anaphase were downregulated when FDR < 0.05 was
used. Also, DNA replication and DNA repair, including
Mismatch repair, DNA Double-Strand Break Repair,
Base Excision Repair, and Nucleotide Excision Repair
were downregulated (Table 3, Supplementary Table S4).

In case of IPA pathways, we used 500 most up- and
downregulated genes (n = 1000, Supplementary
Table S5) between LS mucUA and SP mucUA as
input in the Qiagen IPA. 500 annotations of diseases or
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Sample type
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Fig. 1: Expression profiles of top 100 differentially expressed genes between colonic mucosa of unaffected LS carriers and unaffected sporadic cases.
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GO Term GO Term name LS mucUA -SP LS mucADE—LS LS mucCRC—LS LS ADE—LS LS CRC—LS
mucUA mucUA mucUA mucUA mucUA

G0:1903047 mitotic cell cycle process -11.91 -6.52 -24.63 438 52.48
G0:0006950 response to stress -11.09 3.14 4.56 16.31 16.98
G0:0006259 DNA metabolic process -10.94 -135 -25.11 5.14 34.16
G0:0006281 DNA repair -9.71 -2.54 -13.66 314 23.74
G0:0051276 chromosome organization -9.73 -3.79 -12.29 2.75 27.74
G0:0002376 immune system process -9.35 9.36 8.06 6.53 NA
G0:0080134 regulation of response to stress -9.33 178 3.91 9.87 733
G0:0006974 cellular response to DNA damage stimulus -9.33 -3.75 -12.29 5.51 28.88
G0:0006260 DNA replication -9.14 -161 -18.35 NA 28.60
G0:0033554 cellular response to stress -9.06 2.40 2.62 17.14 19.86
G0:1901990 regulation of mitotic cell cycle phase transition -9.08 NA -8.48 6.06 18.46
G0:0022402 cell cycle process -9.05 -9.44 -22.65 NA 49.20
G0:0090304 nucleic acid metabolic process -8.86 -2.22 -61.63 27.03 50.98
G0:0033044 regulation of chromosome organization -8.53 -171 -8.24 5.42 12.83
G0:0051052 regulation of DNA metabolic process -8.54 NA -4.10 NA 18.43
G0:1901987 regulation of cell cycle phase transition -8.49 NA -8.28 6.21 18.32
G0:0010564 regulation of cell cycle process -8.28 NA -10.55 5.82 25.64
G0:0006139 nucleobase-containing compound metabolic process -8.18 1.50 -58.02 30.94 49.40
G0:0043170 macromolecule metabolic process -8.18 2,51 -23.14 3148 33.20
G0:0046483 heterocycle metabolic process -8.11 2.23 -57.11 30.71 45.95
G0:0051301 cell division -7.61 -211 -20.31 4.52 29.97
G0:0071103 DNA conformation change -7.60 -2.12 -7.14 NA 13.83
G0:0006725 cellular aromatic compound metabolic process -7.30 2.75 -54.70 28.03 44.23
G0:0007346 regulation of mitotic cell cycle -7.31 NA -8.92 6.27 22.85
G0:0090329 regulation of DNA-dependent DNA replication -7.08 NA -2.67 NA 8.37

Values represent the absolute value of the logarithm of FDR multiplied by -1 or 1 (down- or upregulation of genes). The list is sorted by the biggest absolute values in the baseline comparison (LS mucUA—
SP mucUA). mucADE, normal mucosa from LS patient with adenoma; mucCRC, normal mucosa from LS patient with colorectal cancer; SP, sporadic; ADE, adenoma; CRC, colorectal cancer; UA, unaffected.

Table 2: Top 25 gene ontologies enriched in the baseline comparison, and in the normal mucosa and the tumours from LS patients with adenoma or CRC.

biological functions with p < 0.05 and BFB values be-
tween 16 and 6.6 x 10*” were made, of which 297/500
were related to cancer (Supplementary Table S6). Due to
recurring gene lists among cancer category functions,
we omitted the excess cancer-related functions except
for the most significant one, Cancer (p < 0.0001 Fisher’s
Exact Test, BFB 6.60 x 1037), which allowed us to
identify other altered functions in LS mucUA. Like the
Reactome pathway analysis, the G2/M phase of cell cy-
cle, and RNA metabolism were downregulated.
Furthermore, DNA repair was downregulated, and DNA
damage response of cells was altered (no z-score).
Overall, IPA predicted altered chromosomal functions
in LS mucUA such as increased Chromosomal insta-
bility as well as decreased Cycling of centrosome, and
decreased Duplication of centriole (Supplementary
Table S6).

The results suggest significant dysregulation in cell
cycle regulation, cell division, chromosome organiza-
tion, DNA replication, and DNA repair processes in
colonic mucosa of unaffected LS carriers highlighting
the potential implications for cancer-related functions.

Altered Cellular Functions Associated with Lynch
Syndrome are More Prominent in Colonic Mucosa of
Patients with Colonic Tumours.

We reasoned that if the altered cellular functions
in LS mucUA are linked to tumourigenesis, they
should also be enriched in colonic mucosa and tu-
mours of patients with LS. Therefore, we expanded
our analyses to include colonic mucosa and tumours
of patients with LS. Our focus was on functions
related to tumourigenesis, thus representing a cancer
preceding field defect. The analysis of colonic mucosa
from patients with LS-adenoma or LS-CRC revealed
significant alterations in gene ontologies and pathways
associated with cellular functions related to
tumourigenesis.

In comparison to SP mucUA, the gene ontologies
enriched in LS mucUA were also found to be altered in
LS mucosa with adenoma and/or CRC when FDR < 0.05
was used (Table 2). Notably, cell cycle-related functions
such as Mitotic cell cycle process, and Cell cycle process
as well as Cell division and Chromosome organization
were further altered in LS mucADE and LS mucCRC.
Moreover, DNA replication, DNA repair, and Cellular
response to DNA damage stimulus, along with Immune
effector process were significantly altered in both sam-
ple groups (Table 2, Supplementary Table S7) suggest-
ing escalation of these phenomena within mucosa of
patients with tumours.
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Hierarchical reactome pathways LS mucUA-SP LS mucADE-LS LS mucCRC-LS LS ADE-LS LS CRC-LS
mucUA mucUA mucUA mucUA mucUA
DNA replication -571 0.03 -0.87 5.53 423
DNA replication pre-initiation -4.90 0.52 -0.44 5.64 2.98
Synthesis of DNA -6.77 0.14 -1.46 8.10 6.18
Cell cycle -4.52 -2.69 -1.91 2.04 5.02
Cell cycle, Mitotic -4.54 -1.85 -1.51 2.32 4.82
Cell cycle checkpoints -6.24 -1.68 -1.98 4.20 6.54
Chromosome maintenance -3.21 -3.40 -2.72 174 3.90
Metabolism of RNA -3.70 033 -4.42 13.64 9.45
Processing of Capped Intron-Containing Pre-mRNA -3.88 -0.19 -2.09 7.14 7.78
Regulation of mRNA stability by proteins that bind -2.79 5.02 0.14 7.76 2.10
AU-rich elements
rRNA processing -2.26 1.97 -13.37 22.42 12.07
tRNA processing -4.00 -0.54 -3.85 6.26 7.78
Metabolism of non-coding RNA -6.19 -0.34 -1.73 3.74 6.74
DNA repair -2.67 -1.27 -1.79 1.61 3.42
Base excision repair -1.94 -0.09 -0.79 134 139
DNA damage bypass -234 -0.17 -0.39 113 172
DNA double-strand break repair -1.99 -3.74 -2.19 0.49 2.88
Nucleotide excision repair -170 -0.04 -0.92 2.98 2.85
Mismatch repair -2.59 -0.76 -0.57 0.39 1.70
Drug ADME 110 0.32 -0.08 -0.62 -1.43
Muscle contraction 1.06 -0.30 0.22 -0.89 -0.35
Immune system -0.68 131 136 0.24 0.03
Reproduction -0.65 -1.02 -0.13 0.04 0.30
Programmed cell death -0.63 3.29 152 1.01 -0.02
Organelle biogenesis and maintenance -0.58 -0.41 -0.30 0.01 0.17
Cellular responses to stimuli -0.57 2.05 0.01 255 0.52
Digestion and absorption 0.43 0.03 0.69 -0.48 -0.85
Transport of small molecules 0.42 0.87 112 -0.26 -1.27
Autophagy 0.38 2.63 1.62 -0.04 -1.43
Metabolism 0.38 2.26 0.02 -0.05 -0.94
Metabolism of proteins -0.36 1.04 0.02 1.47 0.22
Sensory perception 0.34 -0.08 0.08 -0.48 -0.60
Cell-cell communication 0.28 0.18 143 -0.10 -0.73
Neuronal system 0.23 -0.19 0.08 -0.46 -0.34
Disease -0.23 0.48 0.11 0.48 0.12
Protein localization 0.22 4.47 -0.18 0.06 -0.88
Extracellular matrix organization -0.15 0.34 0.11 0.26 110
Circadian clock 0.14 -0.21 1.65 -1.03 -0.45
Hemostasis -0.13 0.18 0.27 -0.02 -0.05
Developmental biology 0.12 0.12 0.00 0.08 -0.02
Chromatin organization -0.06 -2.07 -0.15 -0.02 0.50
Vesicle-mediated transport -0.06 0.93 119 -0.08 -0.95
Signal transduction 0.06 -0.08 0.62 -0.26 -0.11
Gene expression (Transcription) -0.05 -173 -0.58 -0.10 0.39
Values represent the absolute value of the logarithm of FDR multiplied by -1 or 1 (the predicted down- or upregulation). Sub-pathways are shown for hierarchical pathways
that were significantly altered in the baseline comparison. mucADE, normal mucosa from LS patient with adenoma; mucCRC, normal mucosa from LS patient with
colorectal cancer; SP, sporadic; ADE, adenoma; CRC, colorectal cancer; UA, unaffected.
Table 3: Hierarchical reactome pathways in normal mucosa of unaffected LS patients, LS patients with adenoma or CRC, and the tumours.

The Reactome pathway analysis demonstrated that a
considerable portion of the altered pathways observed in
the baseline comparison were further altered in
LS mucADE (48%, 138/286) and LS mucCRC (36%,
104/286) (Supplementary Table S8). The affected

www.thelancet.com Vol 103 May, 2024

pathways were mainly related to the cell cycle and cell
cycle checkpoints, with specific attention to the down-
regulation of the Mitotic spindle checkpoint (SAC) in
LS mucADE and LS mucCRC. Furthermore, DNA
metabolism related functions DNA strand elongation
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Diseases or functions annotation

LS mucUA—SP mucUA

LS mucADE—LS mucUA

LS mucCRC—LS mucUA

LS ADE—LS mucUA

LS CRC—LS mucUA

p value® z-score p value® z-score p value® z-score  p value® z-score  p value® z-score
Cancer 6.02x 10 -0152 140 x10°* 0288 1.48 x 107 1128 578 x10°%° 2403 7.28 x 107 198
Liver lesion 868 x10%  -0407 159x10%  -0089 570x10%°  -0427 3.60x1072  2.095 351 x107%*  -0.059
Brain lesion 4.83 x 1072 =i 565x 10" 058 7.05 x 10724 0481 826x102 1732 298 x 1072 0.076
Organismal death 9.47 x 1074 1939 236x10%  -1754  495x107  -1269 147 x10 0394 534 x107Y  -2.002
Organization of cytoplasm 2.04 x 107 0393 NA NA 130 x 107 0587 9.99x10°  -0363 103x10*  -0364
Lymphoproliferative disorder 6.17 x 107 0.947 NA NA 5.27 x 107 1.667 1.21 x 107 0.663 3.89 x 1074 -0.165
Organization of cytoskeleton 257 x 1079 0388 NA NA 174 x 107 0587  424x10° 0256 438x10*  -0364
Abnormality of endometrium 8.59 x 107 4.44 x 1073 3.83 x 107 0 936 x 107° 1.55 x 10723
Viral Infection 191 x 10 0242 786 x10°®  2.039 235x10°° -0476 1.81x1073 1.414 323 x 1072 0.092
Chromosomal instability 2.62 x 107 1363  NA NA 127 x 107 0257  NA NA 339x10™  -0326
Sensitivity of cells 152 x 107°° 2707 774 x10°% 0752 133x10°% 0794  NA NA 184 x10%  -2185
Cell death of fibroblast cell lines 3.03x10% 0924 684 x10% 0505 375x10°% 1062 NA NA 7.84 x 1078 1315
Cydling of centrosome 344 x10°%2 0514  NA NA 179 x10°° 1274 NA NA 8.47 x 108 1536
Infection by RNA virus 337 x 109 0089 376 x10% 2269 285x10% 0034 273x107" 2354 227 x 107 -0.105
Transactivation 153 %102 -1747  NA NA 856 x10°°  -0023 391x10” 2536 164 x10°°  -0558
Repair of DNA 172 x 1076 -153 752x10%  -1417 546 x 107 0.91 NA NA 2,01 x 107°° 1.298
Replication of virus 1.94 x 107% 0276  7.86x10%"  1.04 144 x10° 1082 NA NA 228 x10°%  -011
Renal lesion 5.75 x 1077 0692 571x10™ 0997 139 x 107 2042 3.00x10°%  -0212  421x10°°  -0.624
Transcription of RNA 424 x10°%  -1745 NA NA 773 x 107%° 2774  738x10°% 0693 698x10°°  -0.934
Infection of cells 406 x107%  -0611  582x10°° 2416 154 x 107 0119  271x107% 2711 791x10° 0245

The values indicate p values and z-scores for each comparison. Significantly altered pathways in the normal mucosa of LS CRC patients and their CRCs are presented. The list is sorted by the lowest p values
in the baseline comparison (LS mucUA—SP mucUA). mucADE, normal mucosa from LS patient with adenoma; mucCRC, normal mucosa from LS patient with colorectal cancer; SP, sporadic; ADE, adenoma;
CRC, colorectal cancer; UA, unaffected. ®Fisher’s exact test.

Table 4: IPA pathways in normal mucosa of unaffected LS patients, LS patients with adenoma or CRC, and tumours.

10

and Extension of telomeres were significantly down-
regulated in both sample groups. Interestingly,
Mismatch Repair (MMR)-related pathways were not
significantly altered in LS mucADE or LS mucCRC as
compared to LS mucUA (Supplementary Table S8),
indicating no substantial disruption of the MMR
mechanism in the mucosa of LS carriers who had
developed tumours. However, DNA double-strand break
(DSB) repair was significantly downregulated in LS
mucADE and LS mucCRC, and PCNA-dependent long
patch base excision repair and Transcription-coupled
nucleotide excision repair (TC-NER) were down-
regulated in LS mucCRC but not in LS mucADE.

In the IPA pathway analysis, a total of 231 out of 500
enriched functions were found to be associated with
cancer in LS mucADE, while LS mucCRC exhibited 255
out 0f 500 enriched functions related to cancer
(Supplementary Table S9). Again, to avoid redundancy,
we excluded additional cancer-related biological func-
tions, except for the most significant one, Cancer, which
was also the most altered annotation in LS mucADE
(p < Moreover, with p < 0.05 metabolism 0.0001 Fisher’s
Exact Test, BFB 212 x 10°!) and LS mucCRC
(p < 0.0001 Fisher’s Exact Test, BFB 1.64 x 10%%)
(Table 4, Supplementary Table S9). Moreover, with
p < 0.05 (Fisher’s Exact Test) metabolism of protein and
DNA repair were significantly altered in LS mucADE
and LS mucCRC. IPA also predicted increased Auto-
phagy in both sample groups (Table 4, Supplementary

Table S9) indicating cellular stress in the affected mu-
cosa. Furthermore, Transcription and DNA damage
response of cells were altered in LS mucCRC. Interest-
ingly, IPA predicted increased Chromosomal instability
(positive z-score) and decreased Cycling of centrosome
(negative z-score) in LS mucCRC compared to LS
mucUA suggesting enhanced functional aberration
along with tumour diagnosis (Table 4, Supplementary
Table S9).

The Gene Ontology and pathway analysis imply
chromosomal instability in LS tumours

The enrichment analysis of gene ontologies revealed
that a considerable portion of the ontologies enriched in
LS mucUA were significantly altered in LS adenomas
(52%) and carcinomas (70%) (Supplementary Table S7).
These alterations were predominantly related to key
cellular processes such as cell cycle and its regulation,
cell division, metabolism, stress response, and immune
system. Regarding the cell cycle, especially, mitotic cell
cycle, chromosome segregation, kinetochore organiza-
tion, spindle organization, and spindle assembly
checkpoint were strongly affected in both adenomas and
carcinomas. Additionally, DNA metabolic processes
including DNA replication and DNA recombination,
RNA metabolic processes, response to stress, cellular
response to DNA damage stimulus, and immune
effector processes showed significant changes in both
tumour types (Supplementary Table S7).
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Ensembl ID Gene symbol LS mucUA—SP mucUA LS mucADE—LS mucUA LS mucCRC—LS mucUA LS ADE—LS mucUA LS CRC—LS mucUA
shrink-T ~ FDR shrink-T ~ FDR shrink-T  FDR shrink-T  FDR shrink-T  FDR*

ENSG00000112742  TTK -2.63 9.04x10°%  -134 178 x 10" -3.08 2,00 x 10 2.93 410 x 100 844 1.85 x 1073
ENSG00000184445  KNTC1 -2.48 106 x 10?134 1.66 x 100 -2.25 1.80 x 10 0.99 353 x 107 4.59 314 x 107
ENSG00000164109  MAD2L1 -221 252 x 1002 -0.46 6.60 x 107" 34 7.00 x 10 336 110 x 10 1021 0
ENSG00000159055  MIS18A 212 266 x 10 -0.49 627 x 10" 249 1.09 x 10 29 4.40 x 107 1045 9.29 x 107%°
ENSG00000071539  TRIP13 -1.94 720 x10%%  -1.43 166 x 10" -3.14 150 x 1002 459 124 x 107 1221 0
ENSG00000088325  TPX2 -1.68 1.09 x 10" -1.48 146 x 10°"  -3.63 4.00 x 107 2.92 3.50 x 1073 9 9.07 x 107
ENSG00000117724  CENPF -1.67 114 x 100 -279 3.00x 10  -3.01 280 x10° 094 3.81 x 107 738 170 x 107
ENSG00000138778  CENPE -1.65 119 x 100" -2.66 540 x 103 -274 610 x 10 0.86 4.41 x 1071 7.76 170 x 1071
ENSG00000117399  CDC20 -1.41 1.86 x 10"  -077 469 x 10 -3.49 5.00 x 10°%*  3.81 200x10°% 89 0
ENSG00000178999  AURKB -0.7 523 x10°  -128 2,00 x 10 -353 6.00 x 10°°* 328 1.10 x 1073 8.17 0
ENSG00000166851  PLK1 -0.64 539 x 10" -131 2,00 x 10" -351 6.00 x 107 4.16 100 x 10 978 0
ENSG00000136811  ODF2 0.06 9.64 x 10" -135 192 x10° 257 950 x 1002 547 217 x107 1332 0

The values indicate FDR values and shrink-T scores for each comparison. mucADE, normal mucosa from LS patient with adenoma; mucCRC, normal mucosa from LS patient with colorectal cancer; SP,
sporadic; ADE, adenoma; CRC, colorectal cancer; UA, unaffected. “FDR-value < 2.3E-308 marked as 0.

Table 5: Expression values of SAC genes in LS colonic samples.

Of the Reactome pathways enriched in LS mucUA,
65% and 76% were significantly altered in LS adenomas
and carcinomas, respectively (Supplementary Table S8)
when FDR < 0.05 was used. The Reactome pathway
analysis further highlighted the significance of cell
cycle-related functions, such as mitotic cell cycle and cell
cycle checkpoints, which were enriched in both ade-
nomas and carcinomas (Supplementary Table S8). DNA
strand elongation and DNA repair were upregulated in
both tumour types, along with increased RNA meta-
bolism, including rRNA processing. Chromosome
maintenance and extension of telomeres among chro-
mosomal functions were also significantly upregulated.

In the IPA pathway analysis, various cancer-related
functions were again overrepresented as altogether
245/500 and 266/500 enriched functions in adenomas
and carcinomas, respectively, were related to cancer
(data not shown). As in previous comparisons, we
omitted the redundant cancer related biological func-
tions except for the most significant function, Cancer,
which was also the most altered annotation in LS ade-
nomas (p < 0.0001 Fisher’s Exact Test, BFB 3.49 x 107°)
and carcinomas (p < 0.0001 Fisher’s Exact Test, BFB
2.74 x 10”7). DNA repair was increased in carcinomas,
and Transcription of RNA decreased both in adenomas
and carcinomas. Importantly, IPA suggested alterations
in chromosomal instability and cycling of centrosome
(Table 4, Supplementary Table S9).

Altered spindle assembly checkpoint genes in
colonic samples

The mitotic cell cycle and spindle assembly checkpoint
were strongly altered in LS mucUA as compared to SP
mucUA, and the effect was further enhanced in LS
mucCRC as well as in the respective CRCs (Table 5). In
our previous study” with MIh1*/~ mouse model we
found a field defect of 10 chromosome segregation and
SAC related genes (Mlh1, Bubl, Mis18a, Tpx2, Rad9a,

www.thelancet.com Vol 103 May, 2024

Pms2, Cenpe, Ncapd3, Odf2 and Dclrelb) in the colonic
mucosa of mice with CRC. Here, we studied the
expression changes of these candidate genes in the
colonic samples of LS carriers. Of those MIS18A
(MIS18 kinetochore protein A), CENPE (centromere
protein E), TPX2 (TPX2 microtubule nucleation factor)
and ODF2 (outer dense fiber of sperm tails 2) were
downregulated in LS mucCRC with FDR < 0.05. Inter-
estingly, MIS18A was downregulated already in the
colonic mucosa of unaffected LS carriers suggesting an
early role in the generation of chromosomal instability.

Genomic instability assayed by MSI analysis and
mitosis perimeter measurement

MSI results

All carcinomas examined in our sample series (n = 5)
showed MSI (Supplementary Table S1) and negative
expression of the corresponding MMR protein by
immunohistochemistry. However, five of 11 (45%) LS
adenomas were MSS: two from MSHG, and three from
MLH]1 mutation carriers (Supplementary Table S1).

Mean perimeters of metaphases increase along with
malignancy

Archival tumour material was used for mitosis perim-
eter analyses as described in Materials and Methods.
The perimeters were measured blindly for each identi-
fied metaphase (viewed from above) in LS mucADE
(n =2), LS mucCRC (n = 3), in LS adenoma (n = 3), and
in LS CRC (n = 4) samples. A previously studied MMR
proficient and CIN positive CRC sample was used as a
positive control (case no. 56:2).*

Here, the average size of perimeters of metaphases
increased significantly along with increasing malig-
nancy being the highest in carcinomas and lowest in LS
mucADE (Fig. 2). The mean perimeter of the CIN
positive CRC sample (21.45 pm) and LS CRC samples
(21.03 pm) was almost the same (Fig. 2). Representative

11
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Sample type Metaphases Mean Range (um) Mean P
(n) (um [SD]) difference
(95% CI)
CIN positive control 76 21.46 (13.76-35.41)
(0.41)
LS carcinoma 157 21.03 (14.52-34.38) 0.43 0.40
(0.29) (-0.56-1.41)
Normal mucosa from LS 143 19.11 (13.57-27.19) 2.35 <0.0001
carcinoma patients (0.26) (1.43-3.26)
LS adenoma 46 19.72 (15.43-27.17) 1.73 0.010
(0.51) (0.42-3.05)
Normal mucosa from LS 15 17.6 (12.02-27.17) 3.85 0.0004
adenoma patients (1.16) (1.74-5.96)

Fig. 2: The size distribution of metaphases in different sample groups. (a) A scatter plot showing the size distribution of metaphase perimeters
in different sample groups. The CIN positive control and LS carcinomas exhibit nonsignificant difference in their size distributions of metaphases
(p 0.397). (b)The number and average size of the metaphases increases along with malignancy being highest in LS carcinomas and lowest in the
adenoma affected LS colonic mucosa. The p values represent the difference in mean perimeter of samples in comparison to CIN positive control.

Statistical analyses used a t-test.

images of metaphases are shown in Supplementary
Fig. S4.

Discussion

This study aimed to identify precancerous changes in
macroscopically normal colonic mucosa that could
facilitate the monitoring and prevention of cancer
development in LS. To determine an LS specific base-
line, we first compared the gene expression profiles of
colonic mucosa in unaffected LS carriers (LS mucUA),
and unaffected sporadic cases (SP mucUA) with no
history of colon tumours or Lynch syndrome.

DGE analysis clearly revealed distinct clustering of
the two unaffected sample groups (Fig. 1). Considering
the total number of differentially expressed genes, the
expression profile of unaffected LS mucosa differs more
from that of unaffected sporadic mucosa than from
tumour-affected LS mucosa. In the baseline compari-
son, 1564 genes were differentially expressed in the
unaffected LS mucosa with FDR < 0.05. This represents
approximately 17- and 5-fold difference in the number
of DEGs when LS mucUA was compared to LS
mucADE (1564/91 = 17.18) and LS mucCRC (1564/
302 =5.17), respectively. This suggests that LS mutation
carriers have a robust, transcriptome-wide field defect in
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their mucosa even before tumour development. The top
genes with the largest absolute shrink-T scores
(Supplementary Table S10) have roles in the immune
system, metabolism, cell cycle, cellular stress and
senescence, gene expression, mitochondrial function
and DNA repair, reflecting the wide range of affected
cellular functions in LS mucosa and tumours.***

Several cell functions that were already found to be
abnormal in colonic mucosa of tumour-free LS carriers
were enhanced in tumour-affected LS mucosa
(Supplementary Tables S7, S9, and S11). In addition to
extremely small p-values, the associated very large Bayes
factors indicated robust evidence in favour of these
pathway alterations being genuine rather than arising by
chance (Supplementary Tables S4, S6, and S9). Mitotic
cell cycle and cell cycle checkpoints were the most
altered functions in mucosa from both tumour-free and
tumour-affected patients with LS, and in LS tumours.
According to GOrilla and Reactome, all the three major
cell cycle checkpoints (G1/S, G2/M, and SAC) were
downregulated in LS mucUA, and the effect was further
enhanced in LS mucCRC (Supplementary Tables S7 and
S8). The most altered checkpoint was spindle assembly
checkpoint, SAC, which controls the proper attachment
of metaphase chromosomes to the mitotic spindle
apparatus. The malfunction of SAC genes allows cells to
transit through mitosis prematurely, which inevitably
leads to chromosomal instability and aneuploidy.**
Accordingly, IPA pathway analysis predicted increased
CIN in both LS mucUA and LS mucCRC
(Supplementary Table S9).

Our results, suggesting increased occurrence of
mitotic abnormalities in colonic mucosa, are consistent
and confirm our previous study with MIh1*/~ mouse
model, where we found a cancer preceding field defect
of downregulated SAC genes (n = 10) that predisposed
to CRC." Of those, MIS18A, CENPE, TPX2 and ODF2
were significantly downregulated in LS mucCRC
(Table 5) and MIS18A already in LS mucUA (Table 5).
MIS18A has a crucial role in regulating CENP-A chro-
matin assembly, chromosome segregation, and epige-
netic control of centromeric chromatin, and its shortage
leads to severe defects in chromosome segregation*
strongly suggesting chromosomal segregation defect in
LS mucosa. The other two SAC related genes from the
mouse study, TPX2 and ODF2, are both involved in
microtubule related processes in spindle formation.*
ODF?2 is fundamental for the proper structure of cen-
trioles® and its depletion causes the formation of tri-
polar spindles.” TPX2 is also essential for the
microtubule organization in mitotic spindle, and in
centrosome maturation.”** The expression level of
TPX2 is tightly regulated during mitosis, and abnormal
expression, downregulation, and upregulation, are both
linked to CIN and tumourigenesis.”** When abnormally
upregulated, TPX2 promotes colon tumourigenesis, and
metastasis.”"** Here, it was significantly upregulated in
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carcinomas as compared to LS mucUA (Table 5)
reflecting abnormal chromosome segregation and
increased oncogenic alterations in the carcinomas.
CENPE, a kinesin-like motor protein, is an efficient
stabilizer of microtubule capture at kinetochores and
hence essential for chromosome alignment.”*** It is
involved in the movement of chromosomes toward the
metaphase plate during mitosis, and necessary for the
mitotic checkpoint signal at the kinetochore to prevent
chromosome loss.”* The depletion of CENPE leads to
mitotic catastrophe and cell death.”® Yet also the upre-
gulation of CENPE has been reported for several cancer
types.” " Here it was significantly downregulated in LS
mucCRC and upregulated in the respective carcinomas
(Table 5).

SAC-related genes AURKB, CDC20, CENPF,
KNTC1, MAD2L1, PLKI1, TRIP13 and TTK were
downregulated in LS mucCRC and upregulated in the
respective carcinomas. Of those, KNTC1, TTK and
MAD2L1 were already downregulated in LS mucUA as
compared to SP mucUA (Table 5), suggesting an early
role in the development of CIN. Downregulation of SAC
genes may result from tumour suppressor gene inacti-
vation, epigenetic modifications, or dysregulation of
signalling pathways in colonic mucosa. Many SAC
genes being upregulated in the carcinomas reflect
increased proliferation rates and oncogenic alterations
in tumour cells, causing overexpression of mitotic reg-
ulators in carcinomas compared to the adjacent colonic
mucosa.***! Along with downregulation, also upregula-
tion of mitotic genes impairs precise chromosome
segregation in neoplastic cells*** hence contributing to
tumour progression.

The correct distribution and number of centrosomes
is crucial for normal chromosome distribution, and an
abnormal number of centrosomes can cause mitotic
chromosome distribution defects and aneuploidy.”
MMR proteins MLH3 and MSH2 are involved in the
regulation of chromosome distribution by controlling
the number of centrosomes.**> Our findings, mostly
derived from MLHI mutation carriers, suggest similar
role for MLH1. According to GOrilla, the regulation of
centriole replication, centrosome duplication, and
centrosome cycle regulation were all altered (gene
expression decreased) in LS mucUA (Supplementary
Table S2). Further, IPA predicted decreased cycling of
centrosomes in LS mucUA and during the development
of cancer since the phenomenon was further increased
in LS mucCRC (Supplementary Table S6). When
centrosome amplification is accompanied with defective
cell cycle checkpoints (Supplementary Table S9), the
potential for malignant growth increases.” As known
that the MLH1-mediated G2/M arrest and subsequent
apoptosis require full complement of the protein67,
downregulation of centrosome cycle in LS mucosa
suggests a natural effort to maintain cellular homeo-
stasis and counteract CIN. Additional mutations or
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epigenetic aberrations may lead to a failure in control-
ling centrosome number, further increasing the ten-
dency to aneuploidy and malignant process.”

Reactome indicated downregulation of MMR in LS
mucUA compared to SP mucUA (Supplementary
Table S4), which is explained by the inherited hetero-
zygote dysfunction of the MMR mechanism in LS.
Although, a second hit of the MMR gene is traditionally
thought to be a prerequisite for cancer development in
LS and although several studies link the existence of
MMR-deficient colorectal crypts in histologically normal
colonic mucosa to LS carrier status,** little information
is available about the precise molecular alterations in
these crypts or the associated clinicopathological corre-
lates. In a recent study,’® whole genome sequencing
analysis of 132 non-neoplastic crypts and glands from
LS individuals resulted in the detection of a single
MMR-deficient crypt; this crypt lacked LOH or other
plausible second hit, whereas copy number variants
indicative of CIN were present in 15.2% of LS crypts.” In
our study, MMR-related pathways were not significantly
altered in LS mucADE or LS mucCRC when compared to
LS mucUA. However, we did observe a significant over-
arching problem in DNA repair, specifically concerning
double-strand break (DSB) repair. This issue is prevalent
in both LS mucUA, LS mucADE, and LS mucCRC
(Supplementary Tables S2, S4, S6, and S7-S9).

Recent findings suggest that different LS suscepti-
bility genes have significant differences in the associated
carcinogenesis  pathways, both molecularly and
morphologically.” Furthermore, it is known that the
most common somatic second hit in MLHI LS is
LOH."”> Our findings indicate that MLHI1 hap-
loinsufficiency may induce mitotic abnormalities by
impacting the formation of a functional mitotic spindle,
disrupting the proper regulation of spindle assembly
checkpoint, and impairing the repair of DNA double-
strand breaks (Table 3, Supplementary Tables S2, S4,
S6-S10). As MLH1 protein has been shown to play a
role in DSB repair’*”® the defective DSB repair and
possibly also increased DSB propensity in MLH1 het-
erozygous cells may therefore explain the marked in-
crease in LOH”*”” and the loss of the wild-type MMR
gene allele which may eventually lead to dMMR and
MSI. Here, the MSI status of LS adenomas and carci-
nomas was investigated using two mononucleotide
repeat markers BAT25 and BAT26. Among adenomas,
45% were identified as MSS, and 55% were classified as
MSI. In contrast, all LS CRCs were determined to be
MSI. Markers were selected based on previous studies
where they had been shown to function as sensitive and
specific markers of high-degree MSI”*** and shown high
concordance between MSI status and loss of MMR
protein expression in Lynch syndrome-associated colo-
rectal tumours."* Also in our analyses, all tumours
identified as unstable according to MSI analysis showed

a deficiency of corresponding MMR protein in IHC
analysis.

Chromosomal instability manifests on tissue level as
atypical mitoses which differ morphologically from
normal, balanced mitotic figures.”® An increase in
mitotic perimeter directly indicates CIN, as it reflects
irregular mitotic division, often resulting in chromo-
somal rearrangements and potential genetic abnormal-
ities.”” Here, the mean perimeter of metaphases was
higher in LS mucCRC as compared to LS mucADE and
increased along with increasing malignancy of the
samples (Fig. 2). Also, morphologically abnormal mito-
ses with e.g., clumped chromatin but normal perimeter
were observed. However, the decision was made to
specifically compare the metaphase perimeter as an
indication of CIN. Although chromosomal aberrations
were not directly assessed at the DNA level and further
genomic studies are required to verify our findings, the
mean metaphase perimeter of LS CRCs (21.03 pm) was
shown to be equal to that of a sigmoid colon carcinoma
sample (21.45 pm), which was previously confirmed as
MMR proficient and CIN positive by comparative
genomic hybridization study.” Overall, the results
showed that the perimeters of metaphases from ade-
noma- and carcinoma affected LS mucosa and LS
tumours are highly consistent with the RNA-seq data
suggesting an increased tendency to CIN with
increasing malignancy in LS.

The main strengths in the present study are linked to
sample collection and high-quality bioinformatics. Bi-
opsy samples were collected from different stages of
tumourigenesis, including colonic mucosa from unaf-
fected patients, patients diagnosed with adenoma, and
patients diagnosed with CRC at the time of sampling.
Importantly, we were able to obtain mucosal samples
from unaffected sporadic individuals without Lynch
syndrome. This allowed us to compare events in colonic
mucosa between LS carriers and non-carriers prior to
any tumour formation. Our study is not without limi-
tations. The mean age of unaffected sporadic cases” was
12 years higher than the mean age of unaffected LS
mutation carriers” at inclusion in our investigation
(Table 1) which might reflect tendency to earlier cancer
occurrence in Lynch syndrome mutation carriers
(~40-60 years) compared to the average population
(~70 years). It is possible that the age difference may
have some impact on the expression profiles of the
respective sample groups. The other main difference
between the two sample groups was the sample pres-
ervation method which may have had some impact on
the expression profiles. In the LS mucUA, two different
sample preservation methods (N2 and Rnalater) were
used equally often, while in the SP mucUA group, all
samples were preserved in RNAlater. However, we
successfully corrected the technical variation (batch
effect) arising from the preservation method as shown
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in Supplementary Fig. S1 suggesting, that the observed
differences were true biological signals.

Our results highlight two important findings. First,
the primary role of MMR proteins has traditionally been
attributed to DNA mismatch repair and thereby main-
tenance of genomic stability. Based on our results, at
least MLH1 seems to play a significant role in the gen-
eration of chromosomal instability and aneuploidy. In
this study, the majority of sample donors with Lynch
syndrome had a mutation in MLH1, which is the main
susceptibility gene in Finnish LS families. However,
these results give reason to continue similar studies in
patients with Lynch syndrome who have inherited
mutations in other MMR genes. Second, previous
studies on the timing of dMMR emergence in the
multistage LS tumourigenesis have reached conflicting
interpretations. Our results suggest that mitotic abnor-
malities are an earlier phenomenon than MSI and may
be the initial cancer driving abnormality, while
MSI accelerates tumour formation. Up to 25% of
LS-adenomas and nearly 100% of LS-CRCs have MSI
and mutator phenotype,’ which is logical as wild-type
allelic loss and dMMR increase the mutation load up
to 100-1000 fold with each cell division.®” Therefore, it is
not unexpected that MSI becomes so common during
tumourigenesis. From a clinical perspective, precancer
expression profiles may help stratify genetically sus-
ceptible individuals according to their risk of developing
CRC. The potential value of our findings in cancer
prevention is still to be determined by further studies.
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