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Abstract

Circulating microRNAs (c-miRs) are small noncoding RNA molecules that migrate

throughout the body and regulate gene expression. Global c-miR expression patterns

(c-miRnomes) change with sporadic carcinogenesis and have predictive potential in

early detection of cancers. However, there are no studies that have assessed

whether c-miRnomes display similar potential in carriers of inherited pathogenic

mismatch-repair gene variants (path_MMR), known as Lynch syndrome (LS), who are

predisposed to highly increased cancer risk. Using high-throughput sequencing and

bioinformatic approaches, we conducted an exploratory analysis to characterize

systemic c-miRnomes of path_MMR carriers, sporadic rectal cancer patients and

non-LS controls. We showed for the first time that cancer-free path_MMR carriers

have a systemic c-miRnome of 40 differentially expressed c-miRs that can distinguish

them from non-LS controls. The systemic c-miRnome of cancer-free path_MMR

carriers also resembles the systemic c-miRnomes of cancer patients with or without

path_MMR. Our pathway analysis linked the found differentially expressed c-miRs to

carcinogenesis. A total of 508 putative target genes were identified for 32 out of

40 differentially expressed c-miRs, and 238 of them were enriched in cancer-related

pathways. The most enriched c-miR-target genes include well-known oncogenes and

tumor suppressor genes such as BCL2, AKT3, PIK3CA, KRAS, NRAS, CDKN1A and

PIK3R1. Taken together, our findings suggest that LS and sporadic carcinogenesis

share common biological pathways and alterations in these pathways can produce a

c-miR signature which can track potential oncogenic stress in cancer-free path_MMR

carriers. Therefore, c-miRs hold potential in monitoring the LS risk stratification pat-

terns during clinical surveillance or cancer management.
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What's new?

Systemic circulating microRNA expression patterns (c-miRnomes) are altered during sporadic

carcinogenesis and they have predictive potential in early cancer detection. However, their

potential in carriers of inherited pathogenic mismatch-repair gene variants associated with

Lynch syndrome remains understudied. Using high-throughput sequencing and bioinformatics,

the authors show that Lynch syndrome and sporadic carcinogenesis share common biological

pathways. Alterations in these pathways produce a c-miRnome signature that could help track

oncogenic stress in cancer-free Lynch syndrome carriers. The findings suggest that systemic c-

miRnomes could potentially facilitate the monitoring of Lynch syndrome carriers that require

more intensive surveillance or clinical management.

1 | INTRODUCTION

Lynch syndrome (LS) is an inherited cancer predisposition syndrome

caused by pathogenic gene variants in DNA-mismatch repair

(path_MMR) genes MLH1, MSH2, MSH6 or PMS2.1 By genetic or epi-

genetic silencing, deficient MMR (dMMR) significantly increases cellu-

lar mutation rates thus predisposing path_MMR carriers to increased

cancer risk and excessive cancer occurrence.1,2 Colorectal cancer is a

traditional hallmark cancer of LS that is commonly cured by surveil-

lance, followed by modern surgical and oncological management, with

over 90% 10-year overall survival.2,3 Despite the good recovery rate

in first cancers, the persons at risk will develop frequently more lethal

cancers still at relatively young age.4 This highlights the need for an

improved molecular assessment and identification of which patients

would require more intensive surveillance or clinical management.

MicroRNAs (miRs) are small (18-25 nucleotides) noncoding

RNA-molecules that regulate gene expression by translational

repression.5 MiRs play a role in regulation of >30% of the human

genes controlling critical biological processes such as cell prolifera-

tion, cell differentiation, and apoptosis.5-7 In cancers, miRs can be

regarded as tumor suppressive or oncogenic, thus resulting in down-

regulation or upregulation of the affected target genes, respec-

tively.7 Compared to tissue-based miRs, circulating-miRs (c-miRs)

migrate throughout the body within various body fluids and are part

of active intertissue crosstalk.8,9 Nowadays, profiling of the global c-

miR expression levels (c-miRnome) has become prevalent and miR

expression can be correlated with cancer type, stage, and other clini-

cal variables.10-13 Therefore, aberrantly expressed miRs could have

diagnostic, predictive, and prognostic potential in molecular profiling

and early detection of cancers.

LS cohort provides an ideal population for biomarker mining due to

well-predicted cancer risk of persons under frequent surveillance. The role

of miRs in LS have remained understudied even if various studies have

shown that c-miR expression patterns change with carcinogenesis in vari-

ous sporadic cancers. Balaguer et al have shown that miRs can be used in

tumor classification and discrimination of sporadic and hereditary tumors

with microsatellite instability,14 thus highlighting the potential role of miRs

as LS biomarkers. In support, Valeri et al, Liccardo et al and Zhou et al pos-

tulated that miRs could have functional roles in LS carcinogenesis, for

example, by targeting MMR-proteins15,16 and various tumor-suppressor

genes.17 However, these studies along with other reports have assessed

miR functions in the colorectum and colorectal cancer tissues and cells as

well as with microarray data in silico14-19 but not in circulation.

Instead of using a targeted panel of a priori chosen c-miRs, it is

beneficial to characterize the systemic c-miRnome of path_MMR car-

riers. This “omics-approach” provides a more comprehensive view of

how c-miRs could contribute to LS pathogenesis, and plausibly pave

way for future use of c-miRs in risk stratification and early detection

of LS cancers. Our exploratory study compared the systemic c-

miRnome of cancer-free path_MMR carriers with c-miRnomes of non-

LS controls (discovery cohort), sporadic rectal cancer patients and

path_MMR carriers with cancer (cancer cohort) using high-throughput

sequencing and bioinformatic approaches.

2 | MATERIALS AND METHODS

2.1 | Study subjects

Our study consisted of independent discovery and cancer cohorts.

The discovery cohort (n = 118) was composed of 81 currently cancer-

free (healthy) Finnish path_MMR carriers and 37 non-LS controls

whose c-miRnomes were sequenced. The cancer cohort (n = 37) was

composed of 13 path_MMR carriers who currently had cancer and

24 sporadic rectal cancer patients whose c-miRnomes were

sequenced.

All path_MMR carriers were enrolled in the study and blood sam-

pling was performed at their regular colonoscopy surveillance

appointments at Helsinki University Central Hospital in Helsinki and

Central Finland Central Hospital in Jyväskylä, Finland. They were also

registered participants in the nationwide Finnish Lynch Syndrome

Research Registry (LSRFi, www.lynchsyndrooma.fi, accessed

05/2021). The families and individuals were identified in the registry

based on clinical criteria (Amsterdam and Bethesda criteria)20,21 and

subsequently through cascade testing of the families and universal

testing of tumors. Adult members of LSRFi with confirmed path_MMR

variants (classes 4 and 5 by InSiGHT criteria)22 were eligible for the

study.

Sporadic rectal cancer patients were enrolled, and blood sampling

performed at the time of their initial appointment for surgery at surgi-

cal clinic at the local tertiary center responsible for management of
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rectal cancer in the Southern Finland area (Helsinki University Central

Hospital, unit of rectal surgery, Helsinki, Finland).

Non-LS control samples were acquired from Biobank of Eastern

Finland, Kuopio, Finland (n = 27) in 2020 or were part of the Estro-

genic Regulation of Muscle Apoptosis (ERMA) cohort (n = 10) consist-

ing of healthy 47-55-years old women.23 ERMA samples were

collected at University of Jyväskylä in Jyväskylä, Finland. Persons with

no cancers, blood disorders, acute or chronic infectious diseases,

rheumatoid arthritis and known BRCA or MMR-gene germline muta-

tions were eligible for the non-LS control group. Ethnicity throughout

the study population was widely white Caucasian.

2.2 | Sample collection

Path_MMR carriers' and sporadic rectal cancer patients' venous blood

samples were drawn after surveillance colonoscopy visits at fasted

state. All ERMA participants fasted overnight before blood sampling.

The duration of fasting is not reported for the samples obtained

through biobank (n = 27). Samples were taken from antecubital vein

to standard serum tubes (455 092, Greiner). To separate serum, the

whole blood samples were allowed to clot for 30 minutes at room

temperature, centrifuged at 1800g for 10 min and aliquoted.

2.3 | Small-RNA isolation and quality evaluation

c-miR isolations from blood serum were carried out using affinity

column-based miRNeasy Serum/Plasma Advanced Kit (217204, Qia-

gen) according to the manufacturer's instructions. Briefly, 0.5 mL of

thawed serum was used to isolate miRs. All the required solutions

were added in amounts recommended by the manufacturer. Cel-miR-

39 miR mimic (MS00019789, Qiagen) was added to each sample to

serve as a spike-in control for monitoring the miR purification and

amplification. Phase separation centrifugation was executed in

12 000g for 3 min at room temperature (Heraeus, Biofuge Pico and

Fresco 17, ThermoFisher) and rest of the centrifugations were

performed at 16000g whenever a range of 8000-20000g was recom-

mended. C-miRs were eluted to nuclease-free water. Prior to the

library preparation, RNA quality and recovery were checked by

RT-qPCR (CFX96-RT-qPCR, Bio-Rad) according to manufacturer's

protocol (MiScript Primer assays and II RT kit for cDNA synthesis and

MiScript SYBR Green PCR Kit for RT-qPCR, 218 161, Qiagen) from

which the recovery of cel-miR-39 spike-in control was confirmed.

2.4 | Small-RNA library preparation and
sequencing

Small-RNA Library preparations were executed with QIAseq miRNA

Library Preparation Kit (1103679, Qiagen) according to the manufac-

turer's instructions using multiplexing adapters. Briefly, the small RNA

fractions were first ligated to sequencing adapters from both 50 and 30

ends, reverse transcribed into cDNA using UMI-assigning primers and

purified using magnetic beads. A universal indexing sequence was also

added in the reverse transcription step, thus allowing samples to be

distinguished from each other. The samples were then amplified with

standard thermocycler (Eppendorf), purified, and eluted into nuclease-

free water. Quality assessment of the libraries was completed with

TapeStation 4200 (Agilent). The library sample concentrations were

measured with Qubit fluorometer (Invitrogen), quantified, diluted,

and pooled into a single mixture in equal amounts (1.8 pM per sam-

ple) prior to sequencing. Sequencing of the small-RNA libraries

were done with NextSeq 500 (Illumina) using NextSeq 500/550

High Output Kit v. 2.5 with 75 cycles (15057934, Illumina) to pro-

duce 75-base pair single-end reads with aimed mean sequencing

depth of >5 M reads per sample as recommended by the manufac-

turer (Qiagen).

2.5 | Raw data processing and alignment

Sequencing output data was converted to FASTQ-format using

bcl2fastq software (v.2.20, Illumina, USA). FastQC was used for qual-

ity controls.24 The QIAseq sequencing adapters were trimmed from

the 30 end of the reads with FastX-toolkit25 using default parameters

with minimum alignment length-M 19. Only clipped reads >20 bp in

length were selected for downstream analysis. After adapter clipping,

the reads were trimmed to 22 bp to enrich miR-sequences and then

quality filtered with FastX-toolkit. Only high-quality reads (Phred

score >25) were selected for alignment to reference genome. Before

alignment, all the four sample lanes were merged to obtain the overall

sample read count and to ensure better mapping quality. Samples that

had <1 M reads were excluded from the analyses. Subsequently, the

preprocessed reads were mapped to human mature miR-genome

(miRbase v.22)26 with Bowtie alignment tool for single end data with

v-mode and best strata parameters.27 Only uniquely mapped miR-

reads were selected for differential expression (DE) analysis.

2.6 | Differential expression analysis

DE analyses from raw c-miR counts were based on statistical proce-

dures of EdgeR28 and DESeq229 packages and conducted in R-studio

(v. 3.6.3)30 (Supplementary file S3). Briefly, DE analyses were per-

formed on c-miR raw read count matrices after the low expressed

genes were filtered out, normalized with the median of ratios method

and variance stabilized in DESeq2. C-miRs that had more than 1 count

per million in 70% of the samples in a group were selected for DE ana-

lyses. Filtered and normalized c-miR counts were used to set up a

design matrix in DESeq2 that adjusted for sex and potential batch

effect. Benjamini-Hochberg procedure in DESeq2 was used to correct

for multiple testing. C-miRs that had a false discovery rate (FDR)

<0.05 were considered DE.
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2.7 | Dimension reduction analysis

Dimension reduction of the DESeq2-normalized data was conducted

using the t-distributed stochastic neighbor embedding (t-SNE) method,

which is a nonlinear and unsupervised technique to simplify high dimen-

sional data for visualization in low-dimensional space.31 t-SNE analysis

was performed to identify and visualize possible clustering of subpopula-

tions within the dataset. Rtsne package in R-studio was used with output

dimensionality set to 2, perplexity set to 35 and theta set to 0.5.

2.8 | Target gene prediction and pathway analysis

Putative miR-target gene prediction was performed using mirWalk tool

that utilizes a random-forest-based approach, an ensemble learning

method based on multiple decision trees, to predict target genes.32,33

Only the predicted miR-target genes targeting 30 untranslated region

with experimental validation from miRTarBase34 and which were

included and verified in mirDB35 and TargetScan36 databases were

selected for downstream gene set enrichment analysis (GSEA).37 GSEA

of gene ontology biological processes (GO:BP) and Kyoto Encyclopedia

of Genes and Genomes (KEGG)38 pathways were also conducted with

mirWalk. MirWalk provides a standard enrichment analysis based on

hypergeometric tests. GO and KEGG terms with FDR-corrected P-values

of <.05 were considered enriched. Cancer Gene Census of the Catalog

of Somatic Mutations in Cancer (COSMIC-CGC)39 project database were

used for target gene investigation.

2.9 | Statistical analysis

Data regarding study subjects are presented using means and stan-

dard deviations. DE-analyses were based on statistical procedures of

DESeq2 package accounting for normalization and exclusion of out-

liers. Mann-Whitney U-test and Kruskal-Wallis-test was used in the

validation analysis and cell line experiment (Supplementary file S1,

Supplementary materials and methods), respectively. Pearson correla-

tion was used to compare gene fold correlation between the discov-

ery and validation cohorts (Supplementary file S1, Supplementary

materials and methods). In all analyses, P-value, or FDR <.05 were

considered to indicate statistical significance.

3 | RESULTS

3.1 | A pool of 228 c-miRs is shared between the
discovery and cancer cohorts

Descriptive characteristics of study subjects in the discovery cohort

and cancer cohort are presented in Table 1.

Human genome encodes approximately 2600 mature miRs (miR-

base, v.22).26 To inspect the systemic c-miR content in the discovery

and cancer cohorts, we performed small-RNA sequencing experiment

to characterize the serum c-miRnomes. We identified a total of 1349

distinct c-miRs in three separate sequencing runs with an average

sequencing depth of 3.2 M reads per sample (Supplementary file S1,

Supplementary materials and methods and Supplementary file S1,

Table S1 and Supplementary file S2, Table S1). After processing of

raw data and filtering of low expressed c-miRs, 228 c-miRs common

to both cohorts were identified (Supplementary file S1, Figure S1 and

Supplementary file S2, Table S2).

The most highly expressed c-miRs among path_MMR carriers

with or without cancer were hsa-let-7a-5p, hsa-let-7b-5p, hsa-miR-

122-5p, hsa-miR-16-5p and hsa-mir-223-3p (Supplementary file S1,

Figure S2). The most abundant c-miRs in non-LS control group were

the same as in path_MMR carriers with or without cancer

(Supplementary file S1, Figure S3). Among sporadic rectal cancer

group, the top c-miRs were otherwise the same except hsa-miR-

451a replaced hsa-miR-122-5p (Supplementary file S1, Figure S4).

All these top c-miRs in total accounted for approximately 50% of all

c-miR counts in all cohorts, thus displaying major overrepresentation

that could have possibly affected the c-miR pool size. In summary,

our sequencing analysis provided moderate coverage of c-miRnomes

in LS.

3.2 | Healthy path_MMR carriers have a c-
miRnome that differs from non-LS controls but
resembles the c-miRnomes of patients with sporadic
or hereditary cancer

The phenotype and cancer risk spectrum vary within LS cohort, for

example, due to path_MMR variant and sex.1 As our discovery

cohort consisted of males and females with all path_MMR variants

included, we first explored whether these traits influenced c-miR

expression in healthy path_MMR carriers. We used the pool of iden-

tified 228 c-miRs to form the count matrix for all DE-analyses

(Supplementary file S3). Hsa-miR-206 and hsa-miR-223-5p were

observed downregulated in males compared to females and thus sex

was added as a covariate to further analyses (Supplementary file S3).

We did not find DE c-miRs when path_MMR variants were compared

to each other or when path_MLH1 carriers were compared to all

other path_MMR variants combined (Supplementary file S3). These

results show that different path_MMR variants do not cause hetero-

geneity that would generate a recognizable c-miR profile, thus sug-

gesting a shared systemic response common to all path_MMR

variants. Furthermore, we also tested if the c-miR expression profile

is altered in persons who had had cancer or multiple cancers previ-

ously, but we did not find significant differences (Supplementary

file S3).

Alterations in the immune cell abundance of normal colorectal

mucosa in cancer-free path_MMR carriers separate them from those

with cancer.40 To see whether we can identify a LS-specific c-miR sig-

nature, our primary objective was to characterize systemic c-miRnome

of healthy path_MMR carriers, which has not been done previously.

We thus performed DE-analysis within the discovery cohort and RT-
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qPCR validation analysis within similar but independent validation

cohort (Supplementary file S1, Supplementary materials and methods)

to compare healthy path_MMR carriers to healthy non-LS controls

(Supplementary file S1, Figure S5). In DE-analysis, we found 40 out of

228 c-miRs to display aberrant expression in healthy path_MMR

carriers (Table 2). Of them, 15 were upregulated and 25 downregu-

lated in path_MMR carriers compared to non-LS controls, but the fold

changes remained low varying from minimum of �0.88 to maximum

of 1.25 (Figure 1A). Hsa-miR-155-5p, hsa-let-7c-5p and -let-7 e-5p

and -122b-3p had the most significant upregulation within healthy

path_MMR carriers (Table 2). Of the downregulated c-miRs, hsa-miR-

15a-5p was the most significantly downregulated followed by hsa-

miR-185-5p, -320a-3p and -186-5p, respectively (Table 2). Overall,

aberrant expression of multiple c-miRs in healthy path_MMR carriers

might indicate that some systemic alterations in c-miR-mediated

regulation of biological pathways associated with dMMR may be

ongoing even at cancer-free state in path_MMR carriers.

To understand this phenomenon further, we explored whether the

path_MMR carriers who currently have cancer also display unique c-miR

expression. By using tumor samples, Balaguer et al have shown that

miR expression can distinguish LS tumors from sporadic tumors with

microsatellite instability.14 To test if we can similarly reveal differences

in c-miRs, we first inspected c-miRnomes within the cancer cohort but

did not find any differences (Figure 1B and Supplementary file S1,

Table S2), thus suggesting a mutual c-miR response among the cancer

types. Furthermore, our second analysis scheme comparing healthy

path_MMR carriers to sporadic rectal cancer patients (Figure 1C and

Table 2), our third analysis scheme comparing healthy path_MMR car-

riers to path_MMR carriers with cancer (Figure 1D and Table 2) and our

fourth analysis scheme comparing path_MMR carriers with cancer to

healthy non-LS controls (Figure 1E and Supplementary file S1, Table S2)

were also unable to detect DE c-miRs. These observations imply that c-

miRnomes within our dataset cannot discern healthy path_MMR carriers

from cancer patients with or without dMMR.

Several DE c-miRs have been implicated to sporadic cancer

progression.41,42 To study this in our dataset, we compared spo-

radic rectal cancer patients to non-LS controls. We found that hsa-

miR-200a-3p, -10a-5p, -196a-5p and -200c-3p were significantly

upregulated in sporadic rectal cancer patients differentiating them

from non-LS controls (Figure 1F and Table 2). All of these c-miRs

have earlier been shown to associate with colorectal cancer, and of

them, hsa-miR-200a-3p was also significantly upregulated in

healthy path_MMR carriers compared to non-LS controls with fold

change of 0.88. In this analysis scheme, the fold change in hsa-miR-

TABLE 1 Descriptive characteristics of study subjects in the discovery cohort and cancer cohort

Discovery cohort Cancer cohort

Variable
Path_MMR,
healthy

non-LS,
healthy

Path_MMR,
cancer

Sporadic rectal
cancer patients

N 81 37 13 24

Sex (N [%])

Male 40 (49.4) 18 (48.6) 10 (76.9) 10 (41.6)

Female 41 (50.6) 19 (51.4) 3 (23.1) 14 (58.4)

Age, years (mean ± SD) 59.5 (10.7) 54.9 (10.7) 60.7 (15.3) 69.8 (9.9)

Body mass index, kg/m2 (mean

± SD)a
27.3 (5.7) 28.0 (6.2) 28.2 (3.4) 27.6 (6.3)

Path_MMR (N [%])

MLH1 50 (61.7) – 8 (61.5) –

MSH2 17 (21.0) – 2 (15.4) –

MSH6 12 (14.8) – 3 (23.1) –

PMS2 2 (2.5) – 0 (0.0) –

Previous cancers (N [%])

Yes 42 (51.9) – 10 (76.9) –

No 39 (48.1) – 3 (23.1) –

Cancer type (N [%])

Colorectal cancer – – 5 (38.5) –

Prostate cancer – – 3 (23.0) –

Other cancerb – – 5 (38.5) –

Rectal cancer – – – 24 (100.0)

aMissing data: Discovery cohort, n = 12 in path_MMR carriers; Cancer cohort, n = 3 in path_MMR carriers.
bOther cancer include esophageal cancer, n = 1; spinocellular cancer, n = 1; glioblastoma, n = 1; gastric cancer, n = 1 and thymic cancer, n = 1.
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200a-3p was 1.76, indicating significantly higher expression

compared to the healthy non-LS controls (Table 2).

Taken together, our findings imply that healthy path_MMR

carriers have a systemic c-miRnome that separates them from

healthy non-LS persons but resemble the c-miRnome of cancer

patients with or without dMMR. Thus, these findings suggest

that sporadic and dMMR-directed carcinogenesis share common

miR-targeted biological pathways where potential alterations

may produce a detectable c-miR signature in the healthy

path_MMR carriers.

TABLE 2 DE and non-DE c-miRs within and between the discovery and cancer cohorts

Healthy path_MMR

vs non-LS control

Sporadic rectal cancer

patients vs healthy path_MMR

Healthy path_MMR

vs path_MMR with cancer

Sporadic rectal cancer

patients vs non-LS control

c-miR log2FC FDR c-miR log2FC FDR c-miR log2FC FDR c-miR log2FC FDR

hsa-miR-155-5p 0.905 <0.001 hsa-miR-10a-5p 0.700 0.088 hsa-miR-127-3p 1.548 0.277 hsa-miR-200a-3p 1.755 <0.001

hsa-let-7c-5p 0.729 <0.001 hsa-miR-1180-3p 1.147 0.155 hsa-let-7b-5p �0.250 0.991 hsa-miR-10a-5p 0.981 0.003

hsa-let-7 e-5p 0.955 <0.001 hsa-miR-126-3p �0.395 0.155 hsa-let-7c-5p 0.191 0.991 hsa-miR-196a-5p 1.813 0.028

hsa-miR-122b-3p 1.252 0.001 hsa-miR-148b-3p �0.336 0.155 hsa-let-7d-3p �0.146 0.991 hsa-miR-200c-3p 1.133 0.028

hsa-miR-15a-5p �0.677 0.001 hsa-miR-196a-5p 1.414 0.155 hsa-let-7d-5p �0.325 0.991

hsa-miR-185-5p �0.483 0.001 hsa-miR-320a-3p 0.557 0.155 hsa-let-7 e-5p 0.331 0.991

hsa-miR-320a-3p �0.709 0.001 hsa-miR-320b 0.845 0.155 hsa-let-7f-5p 0.174 0.991

hsa-miR-186-5p �0.548 0.002 hsa-miR-486-5p 0.542 0.243 hsa-let-7i-5p 0.067 0.991

hsa-let-7a-5p 0.535 0.003 hsa-miR-320c 1.097 0.262 hsa-miR-100-5p �0.453 0.991

hsa-miR-10b-5p 0.500 0.003 hsa-miR-185-5p 0.344 0.288 hsa-miR-101-3p 0.171 0.991

hsa-miR-3613-5p �0.880 0.003 hsa-miR-223-3p 0.413 0.288 hsa-miR-103a-3p 0.246 0.991

hsa-miR-22-3p �0.522 0.004 hsa-miR-483-5p 0.774 0.319 hsa-miR-103b 0.239 0.991

hsa-miR-19b-3p �0.490 0.005 hsa-miR-2110 1.198 0.342 hsa-miR-106b-3p �0.216 0.991

hsa-miR-125a-5p 0.490 0.007 hsa-miR-222-3p 0.750 0.342 hsa-miR-106b-5p 0.535 0.991

hsa-miR-451a �0.714 0.007 hsa-miR-486-3p 0.475 0.462 hsa-miR-107 0.243 0.991

hsa-miR-125b-5p 0.600 0.009 hsa-let-7d-3p 0.462 0.462 hsa-miR-10a-5p �0.194 0.991

hsa-miR-15b-5p �0.525 0.009 hsa-miR-11 400 �0.824 0.462 hsa-miR-10b-5p �0.170 0.991

hsa-miR-32-5p �0.564 0.009 hsa-miR-134-5p �0.670 0.462 hsa-miR-11 400 0.549 0.991

hsa-miR-339-5p �0.806 0.009 hsa-miR-193a-5p 0.532 0.462 hsa-miR-1180-3p �0.864 0.991

hsa-miR-107 �0.464 0.012 hsa-miR-196b-5p 0.447 0.462 hsa-miR-1255b-5p 0.373 0.991

hsa-miR-484 �0.748 0.012

hsa-let-7f-5p 0.328 0.015

hsa-miR-206 0.994 0.015

hsa-miR-25-3p �0.375 0.015

hsa-miR-27a-3p �0.373 0.015

hsa-miR-486-3p �0.565 0.015

hsa-miR-141-3p 0.874 0.016

hsa-miR-3074-5p �0.537 0.020

hsa-miR-126-3p 0.328 0.021

hsa-miR-200a-3p 0.884 0.021

hsa-miR-221-3p �0.312 0.033

hsa-miR-424-5p �0.662 0.034

hsa-let-7i-5p 0.275 0.040

hsa-miR-23a-3p �0.437 0.040

hsa-miR-27b-3p 0.420 0.040

hsa-miR-486-5p �0.447 0.040

hsa-miR-19a-3p �0.441 0.046

hsa-miR-222-3p �0.647 0.046

hsa-miR-363-3p �0.537 0.049

hsa-miR-92a-3p �0.370 0.050

Note: N, healthy path_MMR = 81; N, path_MMR with cancer = 13; N, sporadic rectal cancer patients = 24; N, non-LS controls = 37. FDR <0.05 highlighted with bold.

Abbreviations: c-miR, circulating microRNA; FDR, false discovery rate; log2FC, logarithmic2 fold change.
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3.3 | Dimension reduction analysis of multiple
traits was unable to discern path_MMR carriers from
sporadic rectal cancer patients

We did not identify DE c-miRs between path_MMR carriers and spo-

radic rectal cancer patients. Therefore, by using the expression data of

all 228 c-miRs shared between the discovery and cancer cohorts, we

performed a dimension reduction analysis with t-SNE to identify pos-

sible subpopulations within path_MMR carriers and sporadic rectal

cancer patients. First, we investigated if phenotypic traits such as

being path_MMR carrier, current cancer status, cancer history or

path_MMR variant type, would reveal clustering of samples, but did

not find any clear patterns (Figure 2A-D). We also investigated if age

or BMI would be the discerning traits, but they also failed to reveal

any clustering (Figure 2E-G). Finally, sex and the sequencing batch did

not form clusters within our dataset (Figure 2H,I). Taken together, the

t-SNE analysis supported the DE c-miR findings and was not able to

differentiate path_MMR carriers from sporadic cancer patients, which

may be an indicative of shared c-miR-mediated regulation as seen in

the DE-analyses.

3.4 | Pathway analysis revealed putative c-miR-
target genes that are linked to biological processes
and pathways associated with cancer

To further evaluate our hypothesis that healthy path_MMR carriers

might have a c-miRnome that resembles the c-miRnome of cancer

cohort due to shared miR-targeted biological pathways, we next

investigated what are the target genes of the observed DE c-miRs.

We also inspected what biological processes and pathways these tar-

get genes associate with. With mirWalk, we used random-forest-

based approach to predict the target genes using databases with

experimental validation and high confidence of reported miR-target

gene interactions. MirWalk identified a total of 1731 miR-target gene

interactions with 508 distinct putative target genes for 32 out of

F IGURE 1 Healthy path_MMR
carriers have a c-miRnome that differ
from non-LS controls but resembles the c-
miRnomes of patients with sporadic or
hereditary cancer. (A) DE c-miRs in
healthy path_MMR carriers vs non-LS
controls. (B) DE c-miRs in sporadic rectal
cancer patients vs path_MMR carriers
with cancer. (C) DE c-miRs in healthy

path_MMR carriers vs sporadic rectal
cancer patients. (D) DE c-miRs in healthy
path_MMR carriers vs path_MMR carriers
with cancer. (E) DE c-miRs in path_MMR
carriers with cancer vs non-LS controls.
(F) DE c-miRs in sporadic rectal cancers
patients vs non-LS controls. Blue dash
lines indicate negative fold change of
expression, red dash line indicate positive
fold change of expression and gray dash
line indicate FDR <0.05. Downregulated
c-miRs are highlighted in red, upregulated
c-miRs are highlighted in cyan and
nonsignificantly expressed c-miRs are
highlighted in gray. Dots represents
c-miRs. c-miR, circulating microRNA;
FDR, false discovery rate
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40 observed DE c-miRs from discovery cohort analysis

(Supplementary file S2, Tables S3 and S4).

We then performed mirWalk-GSEA analysis on the 508 pre-

dicted target genes to explore what functional roles the DE c-miRs

might possess. The GSEA analysis revealed 195 distinct signifi-

cantly enriched biological processes (Supplementary file S2,

Tables S5 and S6). To identify the key biological processes, we then

narrowed the given output list based on FDR and the number of

involved target genes to the top 30 most significantly enriched bio-

logical processes (Supplementary file S2, Table S7). Most of the dis-

covered biological processes were linked to apoptosis, regulation

of transcription, cell cycle, cell proliferation, DNA damage and sig-

nal transduction (Figure 3A). We then conducted a small-scale cell

line experiment to investigate how c-miR over- and underexpres-

sion affect Human colorectal cell line (HCT116) viability

(Supplementary file S1, Supplementary materials and methods). We

chose hsa-miR-122b and -451a as representatives of over- and

underexpressed miRs found in healthy path_MMR carriers vs non-

LS control comparisons. HCT116 cell line was chosen to mimic LS

colorectal cancer. The cell line experiment hinted that overexpres-

sion of hsa-miR-122b could reduce cell viability via increased apo-

ptosis whereas underexpression of hsa-miR-451a also resulted in

reduced viability but did not induce apoptosis of HCT116 cells

(Supplementary file S1, Figure S6). We observed considerable over-

lap between the identified pathways since 208 out of 508 identified

distinct c-miR-target genes contributed to the top biological pro-

cesses (Supplementary file S2, Table S8). TGFBR1, CDKN1A, IGF1,

TRAF6 and BCL2 genes were present in most of the observed bio-

logical processes along with several other genes (Supplementary

file S2, Table S8). The performed in silico target analysis showed

that TGFBR1 was targeted by hsa-miR-27b-3p, CDKN1A and IGF1

were targets of hsa-let-7 e-5p, TRAF6 was targeted by hsa-miR-

125a-5p and BCL2 was targeted by hsa-miR-125b-5p and hsa-miR-

15b-5p (Supplementary file S2, Table S3). Of these c-miRs, all
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F IGURE 2 Dimension reduction analysis of multiple traits was unable to discern path_MMR carriers from sporadic rectal cancer patients.
(A) Path_MMR carriers and sporadic rectal cancer patients. (B) Cancer status. Healthy, cancer-free path_MMR carriers; path_MMR
cancer, path_MMR carriers with cancer; path SR cancer, sporadic rectal cancer patients. (C) Cancer history. Current cancer, has cancer currently;
Never, currently healthy, never had cancers; Previous cancer, currently healthy, had had cancer or multiple cancers; (D) path_MMR variant.
(E) Dichotomous age. Over 60, persons >60-years of age; Under 60, persons <60-years of age. (F) Nondichotomous age. Over 60, persons
>60-years of age; Between 50 and 60, persons between 50 and 60-years of age; Under 50, persons <50-years of age. (G) BMI. Over 25, persons
with BMI > 25; Under 25, persons with BMI < 25; NA, no reported BMI. (H) Sex. M, males; F, females. (I) Batch effect of three separate
sequencing runs in running order. All t-SNE plots are 2D constructions. Dots represent study subjects. BMI, body mass index
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except hsa-miR-15b-5p were upregulated in path_MMR compared

to controls (Table 3).

Next, we explored how the c-miR-target genes interact with

KEGG pathways. GSEA analysis of the same gene set discovered

88 significantly enriched KEGG biological pathways (Supplementary

file S2, Tables S9 and S10). Again, to focus on the possible key path-

ways, we narrowed the output list to the top 30 of the most signifi-

cant pathways based on similar parameters than in the previous

analysis (Supplementary file S2, Table S11). A great majority of the

discovered pathways linked to cancer, cancer signaling and cell aging

(Figure 3B). Of the 508 predicted target genes, 113 were involved in

the discovered top KEGG pathways (Supplementary file S2,

Table S12). AKT3, PIK3R1 and PIK3CA genes were involved in 27 out

of 30 KEGG pathways, whereas KRAS had 26 and NRAS had

24 hits, respectively (Supplementary file S2, Table S12). AKT3 was

targeted by hsa-miR-15b-5p, PIK3R1 was targeted by hsa-miR-107

and hsa-miR-486-5p, PIK3CA was targeted by hsa-miR-19a-3p, KRAS

was targeted by hsa-miR-27a-3p and NRAS was a target of hsa-let-7a

and -7c-5p (Supplementary file S2, Table S3). Of these c-miRs, all

except hsa-let7a and -7c, were downregulated in path_MMR

compared to controls (Table 3).

As these key target genes were interacting in the majority of the

identified cancer-associated biological processes and pathways, we

then explored and validated their potential carcinogenic roles. We

submitted the gene set to COSMIC-CGC database and found that

BCL2, AKT3, PIK3CA, KRAS and NRAS possess oncogenic functions,

whereas CDKN1A is a potential oncogene or tumor suppressor gene

and PIK3R1 functions as a tumor suppressor gene (Table 3). All these

genes have well-documented roles in multiple tumor types, including

colorectal cancer, and with most having functions in hallmarks of

cancer.43 Of the target gene set, TGFBR1, IGF1 nor TRAF6 were not

included in COSMIC-CGC database. These results support our

F IGURE 3 Pathway analysis revealed
putative c-miR-target genes that are
linked to biological processes and
pathways associated with cancer. (A) Top
30 most enriched biological processes
annotated to the identified target genes
of 32 out of 40 DE c-miRs found in
healthy path_MMR carriers. FDR, false
discovery rate; GO:BP, Gene Ontology:

biological process; Hits, number of target
genes annotated to the biological process.
*Signal transduction by p53 class
mediator resulting in cell cycle arrest.
(B) Top 30 most enriched KEGG pathways
annotated to the identified target genes
of 32 out of 40 DE c-miRs found in
healthy path_MMR carriers. c-
miR, circulating microRNA; FDR, false
discovery rate; KEGG, Kyoto
Encyclopedia of Genes and Genomes
pathway; Hits, number of target genes
annotated to the pathway
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hypothesis that the observed resemblance of the c-miRnomes

between path_MMR carriers and sporadic rectal cancer patients can

be due to shared biological processes and pathways that include well-

known oncogenes and tumor-suppressor genes.

Taken together, our in silico analysis shows that the c-miRs

in hsa-let-7 family, as well as hsa-miR-15b-5p, hsa-miR-19a-3p, hsa-

miR-27a-3p and -27b-3p, hsa-miR-107, hsa-miR-125b-5p and hsa-

miR-486-5p could target genes that are ubiquitous in cancer-

associated biological processes and pathways. These findings imply

that the altered c-miRnome expression pattern of cancer-free

path_MMR carriers may hold predictive value by tracking potential

oncogenic stress caused by dMMR-driven distortions.

4 | DISCUSSION

Our study pioneered in characterizing the systemic c-miRnomes of

path_MMR carriers. By utilizing high throughput sequencing, a total

of 228 distinct c-miRs common to all study subjects were detected.

Of these, we showed healthy path_MMR carriers to have an exclusive

c-miRnome of 40 DE c-miRs that differs from non-LS-controls, but

that does not differ from the c-miRnome of cancer patients with or

without dMMR. Our c-miR expression analysis combined with in silico

tools revealed that the observed resemblance in the c-miRnomes is

possibly caused by distortions in several biological networks that are

governed by well-known oncogenes and tumor suppressor genes,

thus suggesting that c-miRnome could be used to track potential

oncogenic stress at cancer-free state.

There is a growing interest in exploiting miRs as cancer bio-

markers. Balaguer et al studied miRs that were extracted from

tumors of path_MMR carriers and sporadic colorectal cancer patients

with verified microsatellite instability and normal tissue sam-

ples.14,18 They used a set of >700 miR-probes with microarray anal-

ysis and detected hundreds of DE miRs among the tissue samples,

showing that LS tumors can be separated from sporadic tumors with

microsatellite instability, as well as that suspected LS samples dis-

cern from confirmed LS samples. Aligned with their study, we also

showed that different path_MMR variants do not display unique c-

miR expression thus implying a shared systemic response. However,

we could not pinpoint DE c-miRs that would distinguish path_MMR

carriers from sporadic cancer patients although we did, as well as in

numerous other studies, detect a c-miR signature unique to sporadic

cancer patients when compared to healthy non-LS controls. The

observation that path_MMR carriers do not differ from sporadic can-

cer patients in their c-miRnome was also supported by our t-SNE

analysis that did not reveal any clustering within our dataset based

on several variables. The reason behind the substantial difference in

DE c-miR numbers between our and the study by Balaguer et al is

likely explained by the study setting, used specimen type and meth-

odology. In our study, the DE c-miRs were sequenced from the cir-

culation of cancer-free persons where such a robust c-miR signature

is not presumably detected when compared to miRs at the site of

pathology.

Furthermore, Balaguer et al detected several DE miRs with diag-

nostic potential in LS, including hsa-miR-125b-5p, -137, -622, -192

and -1238, whereas Zhou et al displayed that hsa-miR-137, -520 e

and -590-3p are indicatives of LS by using a subset of path_MMR can-

cer tumor samples and normal tissue samples from the study by

Balaguer et al.17 We did not find significant overlapping of DE miR

content between our c-miRs and tumor-miRs from those studies,

except for hsa-miR-125b-5p, that was also identified by Balaguer

et al. Aberrant expression of hsa-miR-125b-5p has been reported for

multitude of cancer types and it has been implied to serve as a

circulating cancer biomarker by targeting apoptosis-regulating

oncogene BCL2.44

The most significant DE c-miR in our setting was hsa-miR-

155-5p, followed by hsa-let-7c-5p and -7 e-5p, -122b-3p and 15a-5p,

which all except hsa-miR-15a-5p were upregulated in healthy

path_MMR carriers. Valeri et al demonstrated that hsa-miR-155-5p

targets several MMR-genes and that overexpression of hsa-

miR155-5p downregulates MLH1 and MSH2 in colorectal cancer cell

lines.15 Within this concept, our DE findings also support the role of

hsa-miR-155p modulation in LS pathogenesis even though the per-

formed in silico analysis could not identify MMR-genes as targets of

hsa-miR-155-5p. miRs in hsa-let-7 family have been suggested to

increase colorectal cancer risk in path_MMR carriers with proficient

MMR by lowering the expression of TGFBR1 haplotype.45 We found

hsa-let-7 family to target TGFBR3 and hsa-miR-27b-3pto target

TGFBR1. We did not find experimentally verified target genes for hsa-

miR-122b-3p. However, we could see that overexpression of hsa-

miR-122b might result in reduced cell viability, plausibly due to

increased apoptosis. Previous studies have linked hsa-miR-15a-5p to

sporadic endometrial cancer46 and colorectal cancer,47 both being

hallmark cancers of LS. In our analysis, hsa-miR-15a-5p was seen to

target several genes, including known oncogenes and tumor suppres-

sor genes such as CCND1, CDK6 and DICER1, thus suggesting bio-

marker potential also in LS.

MiRs have critical functions across various biological processes

and pathways involved in carcinogenesis. We found 508 putative tar-

get genes for 32 out of 40 observed DE c-miRs that associate with

several pathways common to cancer. In addition to above mentioned

c-miRs, we also identified several other c-miRs that could be key regu-

lators in dMMR-driven carcinogenesis. The performed in silico analy-

sis indicated that all these c-miRs target several well-known

oncogenes and tumor suppressor genes such as KRAS, NRAS, PIK3RI,

and PIK3CA, that were significantly enriched in our pathway analysis.

Supported by our DE-analysis, the observation that these identified

DE c-miRs target known oncogenes and tumor suppressors, could

indicate upregulation of the oncogenes and consequently downregu-

lation of the tumor suppressor genes. However, since we studied cell-

free c-miRs without possibility to investigate expression levels of their

putative target genes, this suggestion remains hypothetical. Unfortu-

nately, c-miRs are not easily tracked where tracking of c-miRs would

provide us clues to what tissues they will be affecting and where to

seek further signs of cancer development. Matching pairwise tissue

samples to observed c-miRs could help elucidate these issues but we
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had no possibility to do so. Nevertheless, our exploratory findings

indicate that path_MMR carriers display oncogenic stress even when

they are cancer-free, but more studies are needed to verify our results

and to show if they have true power as a biomarkers of early cancer

development. A future goal is to determine whether the longitudinal

change or development of c-miRnomes appears in conjunction with

cancer incidence and treatment. The biological basis for aberrant c-

miR expression between path_MMR carriers and non-LS controls

remains a clinical question to be elucidated also in the future work.

A major strength of our study is that the study subjects had under-

gone comprehensive screenings of LS-predisposing mutations, with

ascertainment utilizing Amsterdam and Bethesda clinical criteria and

cascade testing. Also, instead of a priori chosen gene panel, we con-

ducted a systemic level investigation of c-miRnome, which provides a

more comprehensive view of how already identified c-miRs and puta-

tive target genes contribute to distorted biological networks in sporadic

and hereditary cancer. For example, our findings allow construction of

c-miRnome-target gene collection to be explored for potentially dis-

torted biological networks associated with dMMR. Also, it can be used

for establishing candidate hypotheses to drive further research and for

further exploratory c-miR analyses of potential contributing gene clus-

ters not previously discovered. Finally, the bioinformatic analyses in our

study were performed in precise detail according to the latest knowl-

edge using state-of-the-art tools and algorithms.

Our study has potential pitfalls. Although largest to date, the

study sample was relatively small especially in the cancer cohort,

which could have reduced the statistical power of DE-analyses.

Regarding the methodology, there is no conclusive rule which

sequencing depth should be aimed at when assessing DE of c-miRs. In

our study, the aimed mean sequencing depth was 5 M reads per sam-

ple, but the achieved mean sequencing depth was 3.2 M reads due to

underclustering issues in sequencing. The underclustering might have

affected c-miR detection by favoring highly expressed c-miRs and

thus resulting in overpresentation of these c-miRs and underpresenta-

tion or masking of c-miRs with low expression and potential cancer-

or dMMR-relevant functions. A common issue with c-miRs is the iden-

tification of their primary and target locations, and alike in many other

studies, we did not track the observed c-miRs to certain locations,

which introduce a certain degree of uncertainty over the interpreta-

tions of the observations. Unfortunately, our efforts to validate DE

findings with RT-qPCR were not completely successful when using an

independent validation cohort, although we observed a trend of paral-

lel expression in both cohorts in eight out of nine validation c-miRs.

Overall considerable variation in c-miR expression levels were

detected with both methods and cohorts, which could explain why

significant differences between groups in the smaller validation cohort

were not detected. Furthermore, we cannot completely exclude the

possibility that varying ascertainment site for sample collection may

have increased between sample variation and could thereby have

affected our analyses.

To conclude, our exploratory study was the first to characterize

the systemic c-miRnomes of path_MMR carriers. We showed that sys-

temic c-miRnome can be used to track potential oncogenic stress in

cancer-free path_MMR carriers thus paving way for the future investi-

gation of c-miRs in monitoring the risk stratification patterns during

the risk-reducing clinical surveillance and possible cancer

TABLE 3 Key target genes of DE c-miRs in healthy path_MMR carriers compared to non-LS controls

Key

target gene Gene name Hits COSMIC-CGC Role in cancer c-miR

GO:BP

TGFBR1 Transforming growth factor-beta receptor type 1 10 NA hsa-miR-27b-3p "
CDKN1A Cyclin dependent kinase inhibitor 1A 8 Oncogene, tumor suppressor

gene

hsa-let-7 e-5p "

IGF1 Insulin growth factor 1 7 NA hsa-let-7 e-5p "
TRAF6 TNF receptor-associated factor 6 7 NA hsa-miR-125a-5p "
BCL2 B-cell CLL/lymphoma 2 6 Oncogene, fusion hsa-miR-125b-5p " hsa-miR-15b-

5p #
KEGG

AKT3 V-akt murine thymoma viral oncogene homolog 3 27 Oncogene hsa-miR-15b-5p #
PIK3R1 Phosphoinositide-3-kinase. Regulatory subunit 1

(alpha)

27 Tumor suppressor gene hsa-miR-107 # hsa-miR-486-5p #

PIK3CA Phosphoinositide-3-kinase. Catalytic. alpha

polypeptide

27 Oncogene hsa-miR-19a-3p #

KRAS KRAS Proto-Oncogene, GTPase 26 Oncogene hsa-miR-27a-3p #
NRAS NRAS Proto-Oncogene, GTPase 24 Oncogene hsa-let-7a-5p " hsa-let-7c-5p "

Note: Arrows indicate up- (") or downregulation (#) of c-miR in DE-analysis. Hits indicate the number of top GO:BP or KEGG-pathways where the gene is

present.

Abbreviations: c-miR, circulating microRNA; COSMIC-CGC, The Catalogue of Somatic Mutations in Cancer and Cancer Gene Census database; GO:

BP, Gene Ontology:biological process; KEGG, Kyoto Encyclopedia of Genes and Genomes pathway.
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management. Our study also produced novel insight that allows con-

struction of a c-miRnome-target gene collection to be explored for

potentially distorted biological networks and c-miRnome-target gene

interactions in LS.
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