Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY LETTERS 32: 279, 2026

Mutational landscape in the precancerous
stages of sporadic colorectal cancer
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Abstract. Colorectal adenoma (CRA) is a precancerous lesion
that can progress to colorectal carcinoma (CRC); however, its
malignant potential varies considerably. The present study
aimed to characterize the putatively pathogenic variants
(PPVs) of CRA and to assess their potential clinical relevance
in identifying lesions with an increased risk of progression at
precancerous stages. PPVs in a panel of 176 cancer-associated
genes were analyzed in 67 CRA samples and matched adja-
cent normal mucosa using next-generation sequencing. The
panel included genes involved in DNA repair pathways,
cell cycle regulation and the genes directly associated with
CRC development. PPVs in CRA tissue were identified in
44 patients. The most frequently mutated genes were found
to be APC, KRAS, FBXW7, BRAF and MAP2K4, with APC
mutations being the most prevalent. A higher frequency of
PPVs was observed in CRA with high-grade dysplasia and
tubulo-villous features. Notably, among the entire sample
set, there were 10 hyperplastic polyps, which are generally
considered low risk; however, three carried PPVs, specifi-
cally one polyp carried APC, MAP2K4 and FENI mutations,
another polyp carried BRAF and POLQ mutation, and a
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third carried a MAP2K4 mutation. These findings suggested
that mutational profiling may provide additional molecular
information beyond histopathological assessment and could
support improved risk stratification of colorectal lesions in
early, precancerous stages. Such molecular characterization
may be of value for identifying subsets of patients who could
benefit from closer clinical surveillance.

Introduction

Colorectal carcinoma (CRC) is one of the leading global
cancers , causing ~1.9 million new cases and >900,000 deaths
annually, and ranking third in incidence and second in
cancer-related mortality worldwide (1). The majority of CRC
cases arise from a precursor lesions known as a colorectal
adenoma (CRA) (2), which undergoes a series of genetic and
epigenetic alterations in a process described by the Vogelstein
model of adenoma-carcinoma progression (3). This stepwise
accumulation of mutations enables the transformation of
normal colonic epithelium into invasive carcinoma (4).

While screening programs have reduced CRC incidence and
mortality through early CRA detection and removal, a subset of
CRA still carries higher malignant potential based on molecular
characteristics, such as dysplasia grade, histological subtype
and specific gene mutations (5). Thus, characterizing the
mutational landscape of the CRA can provide insight into early
oncogenic events and help identify lesions with a greater risk
of progression, potentially guiding personalized surveillance
strategies. Advances in next-generation sequencing (NGS) have
enabled the comprehensive characterization of these mutational
landscapes, identifying key driver genes that may distinguish
high-risk adenoma cases from those less likely to progress (6).

In addition to classical CRA, other types of colorectal
polyps have gained further attention, particularly hyperplastic
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polyps, which are traditionally regarded as low-risk or non-
neoplastic (7). While the majority of hyperplastic polyps are
considered to result from inflammatory or reactive processes,
occasional findings of somatic mutations in oncogenes raise
the possibility that a subset may harbor early neoplastic poten-
tial (8,9), especially in the context of the serrated neoplasia
pathway (10,11). Therefore, comprehensive genetic profiling
of both adenomas and hyperplastic polyps could improve risk
stratification and challenge current clinical assumptions.

Although previous studies (12-15), including an earlier
study by Jungwirth et al (6), have focused on the frequency
of mutations in well-known cancer-related genes, there
remains a need to explore these alterations in larger gene
panels, higher sample sizes and with improved technical
sensitivity. The present study builds upon this by analyzing the
mutational profile of CRA tissues and their adjacent mucosa
using NGS across an expanded gene panel. This approach
not only re-evaluated the prevalence of key driver mutations
in adenomas of varying dysplasia grades, but also examined
potential pathogenic alterations in hyperplastic polyps, thereby
offering new insights into early CRC development.

The present study aimed to further explore the profile of
the putatively pathogenic variants (PPVs) of CRA using a
targeted panel of 176 cancer-associated genes in a cohort of
CRA samples, with the goal of identifying recurrent PPVs and
evaluating their association with dysplasia grade and histo-
logical features. Ultimately, the present study may contribute
to the development of a clinically useful oncogene panel for
risk assessment and early detection of CRC.

Materials and methods

Sample collection. Workflow order is clarified in Fig. 1.
The present study included 67 consecutive analyzed patients
with CRA (Table I). The cohort consisted of 44 men (66%)
and 23 women (34%), with a median age of 65 years (range:
43-77 years). Patients were eligible for inclusion if they
were diagnosed with sporadic CRA detected during routine
screening or diagnostic colonoscopy. Only patients without
a personal history of CRC, and without clinical, endoscopic
or histopathological features suggestive of hereditary CRC
syndromes, including familial adenomatous polyposis or
Lynch syndrome, were included. Patients with a known heredi-
tary cancer syndrome, a personal history of any malignant
disease, synchronous CRC or inflammatory bowel disease
were excluded. In addition, patients with incomplete clinical
data or insufficient tissue material for molecular analysis were
not included in the present study. From each patient, a single
CRA and the corresponding adjacent normal mucosa were
obtained. Patients were recruited in the Czech Republic and
thus represented a Central European population.

The CRA tissue samples and adjacent mucosa were
collected during routine preventive colonoscopic examina-
tions performed after the age of 50 years or earlier upon
a physician's recommendation, between May 2017 and
November 2021, at the Department of Gastroenterology,
Thomayer University Hospital (Prague, Czech Republic)
and the Department of Hepatogastroenterology, Institute
for Clinical and Experimental Medicine (Prague, Czech
Republic). The present study was reviewed and approved by

the Institute for Clinical and Experimental Medicine and
Thomayer University Hospital, Institute of Experimental
Medicine Ethics Committee (Prague, Czech Republic;
approval no. G-17-03-02). All patients provided written
informed consent, prepared in accordance with the guidelines
of The Declaration of Helsinki.

The collected biopsies were immediately snap-frozen and
stored at -80°C. The characteristics of the adenomas were
subsequently determined by pathologists. The demographic
and clinicopathological characteristics of the patient cohort,
including age, sex, adenoma histology, grade of dysplasia and
colonic location, are summarized in Table 1.

Nucleic acid isolation. Total genomic DNA was isolated from
all samples using a DNA Mini Kit (Qiagen GmbH), according
to the manufacturer's instructions. The DNA concentration was
measured using a Qubit™ 3.0 fluorometer with Qubit dsDNA
High Sensitivity and Broad Range Assay Kits (Invitrogen;
Thermo Fisher Scientific, Inc.), and DNA purity was assessed
by OD260/280 and OD260/230 ratios using a NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific, Inc.).

Gene panel design and selection criteria. A custom 176-gene
panel was designed in-house to target genes with established
relevance to CRC development and genomic instability.
The gene selection strategy was based on an extensive
review of the literature, publicly available cancer genomics
resources, including cBioPortal for Cancer Genomics
(https://www.cbioportal.org/) and the NCI Genomic Data
Commons (https://portal.gdc.cancer.gov/), and previously
published and clinically used targeted sequencing panels,
including those developed for CRC (16-23). The panel included
key CRC driver genes and the components of major oncogenic
signaling pathways frequently altered in CRC, such as the
Wnt/B-catenin, MAPK, PI3K/Akt and TGF-p pathways, as
well as a comprehensive set of genes involved in DNA damage
response and DNA repair mechanisms. Probes were designed
by Altium International s.r.o. according to our specifications,
targeting the exonic regions defined by NM [NCBI Reference
Sequence (RefSeq) mRNA accession number] reference tran-
scripts with maximal coverage of alternative transcripts for
each gene. Gene reference sequences (NM accession numbers)
were obtained from the NCBI RefSeq database (https:/www.
ncbi.nlm.nih.gov/refseq/). The regions of interest included
approximately £10 bp of exon-intron boundaries, both
5" and 3' untranslated regions and promoter regions (-500 bp
upstream of the transcription start site). This approach ensured
comprehensive coverage of the coding and regulatory regions
relevant to CRC-associated genetic alterations.

Library preparation and DNA sequencing of a panel of
selected genes. A total of 250-300 ng DNA, isolated from
CRA and adjacent mucosa, was used for library preparation
according to the manufacturer's instructions of the SureSelect
XT HS Target Enrichment System for Illumina Paired-End
Multiplexed Sequencing [SureSelect XT Low Input Reagent Kiit
(1-96) cat. no. G9703A, SureSelect Enzymatic Fragmentation
Kit cat. no. 5191-4080; Agilent Technologies, Inc.]. DNA
concentration, quality and purity of the samples were assessed
using a Qubit™ 3.0 fluorometer (Invitrogen; Thermo Fisher
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Figure 1. Methodology diagram of the present study. Created using BioRender.com. CRA, colorectal adenoma; HS, high sensitivity; NGS, next-generation

sequencing.

Scientific, Inc.) and NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific, Inc.). The library preparation
process included enzymatic DNA fragmentation, end-repair
(dA-tailing), adapter ligation with molecular barcodes and
amplification using SureSelect XT HS Index Primer adapters
(cat. no. 5190-6444; Agilent Technologies, Inc.). Samples
were then pooled (48 samples per run) and hybridization with
custom-designed probes targeting 176 genes (Table SI) was
performed, followed by amplification of the targeted regions.

Each step was accompanied by purification and size selec-
tion of fragments using Agencourt® AMPure® XP Magnetic
Beads (New England Biolabs) and Dynabeads™ MyOne™
Streptavidin T1 (Invitrogen; Thermo Fisher Scientific, Inc.).
Library quality and fragment size were verified using an
Agilent High Sensitivity DNA chip on a 2100 Bioanalyzer
System (Agilent Technologies, Inc.).

The resulting library, with an average fragment size of
300 bp, was sequenced on the NextSeq 550 Sequencing
System (Illumina, Inc.) with NextSeq 500/550 Mid Output
Kit v2.5 (150 cycles) (cat. no. 20024904; Illumina, Inc.)
using paired-end sequencing (2x125 bp) with a target of
=10 million reads per sample. The final library was loaded at
a concentration of 1.5 pM in 1.3 ml standard loading volume.

Data processing. Standard bioinformatics tools were
used for data processing. Quality control was conducted
using FastQC (v0.11.9, https://www.ncbi.nlm.nih.
gov/sra/PRINA1441829) and MultiQC (v1.21) tools (24), while
Trimmomatic (v0.39) (25) was employed for preprocessing
sequencing data, including adapter removal, trimming of
low-quality sequences and filtering short reads. Sequencing
reads were subjected to quality trimming, with 95% of reads
passing the applied filters (minimum read length of 36 bp,
sliding window of four bases with a minimum average quality
score of 15 and retention of properly paired reads). After

trimming, the mean sequencing coverage for a sample was
105x and the alignment rate was >99%. The Burrows-Wheeler
Aligner (version 0.7.17-r1188) (26) was used to map the reads
to the human GENCODE genome reference (version 38).
The mean sequencing coverage across samples was 105.2x
(range: 14.9-279.2x). Duplicate reads were removed with
PicardTools (version 3.3.0.). The Genome Analysis Toolkit
(GATK; version 4.6.0.0.) (27) pipeline was applied to identify
somatic variants using the ‘Mutect2’ tool. The default filtering
parameters of GATK were used to exclude sequencing arte-
facts and low-confidence calls. Furthermore, for each patient,
sequencing data from CRA were paired with data from
adjacent mucosa, and the Broad Institute Panel of Normals
(https://console.cloud.google.com/storage/browser/gatk-best-prac-
tices/somatic-hg38%2F?prefix=) was used as a normal
reference to remove germline variants. Variant annotation
and functional prediction were performed using SnpEff
(version 5.2.c) (28). Only the variants predicted to have a
higher functional impact on the protein function (nonsense,
frameshift and missense variants) were considered as PPVs. In
addition, only variants with a read depth >60 and variant allele
frequency (VAF) >10% were considered.

Statistical analysis. To assess associations between PPVs and
the CRA grade groups, the Fisher's exact test was used. P<0.05
was considered to indicate a statistically significant difference.
The median read depth of the reported somatic PPVs was
239.5x (range: 63.0-560.0x) and the median VAF was 28.45%
(range: 10.04-75.30%), as summarized in Table SII.

Results

Library preparation was successfully completed and
sequenced for all samples. The present study focused on
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Table I. Demographic and clinicopathological characteristics
of patients with colorectal adenoma (n=67).

Characteristic Value
Sex, n (%)

Female 23 (34.0)

Male 44 (66.0)
Median age, years (IQR) 65 (55-72)
Histology, n (%)

Hyperplastic 10 (14.9)

Tubular 30 (44.8)

Tubulovillous 24 (35.8)

Serrated 3(4.5)
Grade, n (%)

Hyperplastic polyp 10 (14.9)

Low-grade 44 (65.7)

High-grade 13(194)
Location, n (%)

Proximal colon® 25(37.3)

Distal colon® 29 (43.3)

Rectum 13 (19.4)

*Cecum, colon ascendens, flexura hepatalis and colon transversum;
*flexura lienalis, colon descendens, sigmoideum and rectosigmoideum.

mutations in 176 genes, primarily associated with CRC devel-
opment in precancerous stages, using NGS methods. When
comparing adenoma tissue with the corresponding adjacent
mucosa focusing on somatic alterations, PPVs were identified
in 44 out of 67 (66%) patients, the most frequent detection of
these PPVs was identified in the APC (55.2%), KRAS (20.9%),
FBXW?7 (6.0%), BRAF (4.5%) and MAP2K4 (4.5%) genes
(Fig. 2; Table II).

The APC gene exhibited the highest PPV frequency, with
47 distinct PPVs identified in CRA tissue (Table SII). The
most common types were frameshift mutations (51.1%) and
nonsense mutations (44.7%), found in a total of 37 patients.
Notably, 19 patients carried >1 mutation in APC; one patient
had four mutations, one patient had three mutations and
16 patients had two mutations. There was no significant
difference in the APC mutation rate between low- and high-
grade CRAs (P=0.52; Table III), supporting APC as the early
driver mutation. The second most frequently mutated gene in
CRA was KRAS, detected in 14 patients with eight mutation
variants and predominantly in CRA samples with villous
features. In addition, the KRAS mutation rate was significantly
more frequent in high-grade CRAs compared with low-grade
(P<0.01; Table III), suggesting an association between KRAS
mutations and advanced dysplastic changes in CRA. No
formal statistical analysis of mutation frequency according to
histological subtype was performed due to the limited number
of cases in individual histological categories.

In 10 CRA samples, mutations were detected in
>3 different genes. The sample with the highest number
of mutated genes, nine in total, was a tubulo-villous CRA
obtained from the sigmoid colon of a 49-year-old man.

The second highest number of mutations, six, was found
in another tubulo-villous CRA sample collected from the
transverse colon of a 53-year-old woman. Notably, both
patients were relatively young. In addition, the patient with
the highest number of mutations was monitored for 7 years.
A recent follow-up total colonoscopy revealed no neoplastic
lesions and only occasional diverticula.

Notably, mutations were also detected in three hyperplastic
polyps in the entire sample set. In one case, a hyperplastic
polyp located in the cecum of a 69-year-old man harbored a
mutation in the APC gene, along with additional mutations
in the MAP2K4 and FENI genes. In the second case, another
hyperplastic polyp that was also retrieved from the cecum,
was found in a 77-year-old male patient and carried muta-
tions in BRAF and POLQ genes. In the third case, a MAP2K4
mutation was identified in a hyperplastic polyp found in the
rectum of a 43-year-old man.

Although hyperplastic polyps are generally considered
lesions with a very low risk of progressing to CRC (29,30), the
presence of mutations such as APC and BRAF genes warrants
caution. These genetic alterations may indicate an increased
risk for CRC development. In the patient with a BRA F-mutated
hyperplastic lesion, no colorectal pathology was observed
during a 4-year follow-up period, suggesting a stable course
despite the molecular alteration. Conversely, the patient with
an APC-mutated hyperplastic polyp underwent further endo-
scopic assessment after 4 years due to intestinal bleeding,
though no advanced neoplasia was detected. The patient
harboring a MAP2K4 mutation, with a history of irritable
bowel syndrome, histamine intolerance and suspected celiac
disease, underwent repeated endoscopic assessments that
revealed only mild chronic gastritis, focal intestinal metaplasia
and transient terminal ileitis, without histological evidence of
inflammatory bowel disease or advanced neoplasia.

Although TP53 is often one of the earliest mutated genes
in the development of CRC, in the present cohort, its muta-
tion was detected only once, in a tubulovillous adenoma with
high-grade dysplasia, obtained from the distal colon of a
76-year-old male patient.

In total, 23 out of 67 lesions showed no detectable muta-
tions, comprising predominantly low-grade adenomas (n=13),
followed by hyperplastic polyps (n=7) and a small subset of
high-grade adenomas (n=3). While the absence of mutations
in some high-grade adenomas is unexpected given their
typical association with genetic alterations, this distribution
still aligned with the general trend of an increasing mutational
burden with lesion progression (6,31,32). Notably, no other
common clinicopathological features were observed among
these mutation-negative samples, suggesting heterogeneity in
the underlying biology of early colorectal lesions.

Discussion

Adenoma-carcinoma sequences arising from healthy intes-
tinal epithelia have previously been investigated at the level of
somatic DNA mutations in our previous study (6). In that study,
mutations in a panel of 11 key genes implicated in colorectal
tumorigenesis (APC, BRAF, EGFR, NRAS, KRAS, PIK3CA,
POLE, POLDI, SMAD4, PTEN and TP53) were analyzed
using Sanger sequencing. Somatic alterations in these genes
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Figure 2. Distribution of genetic alterations detected in all colorectal adenoma samples. Each row represents a patient and each column represents a gene.
Different mutation types, histology, localization and sex are indicated by different colors.

were identified not only in carcinoma in situ but also in precan- The present follow-up study was initiated based on the
cerous lesions, with a notable association between mutation  hypothesis that the previously observed low frequency of
frequency and an increasing histological grade of dysplasia, detectable mutations in CRA samples was largely attribut-
particularly in APC, KRAS and TP53 genes. able to the limited scope of the gene panel used. To overcome
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Table II. Frequency of putatively pathogenic variants in the most commonly detected genes according to dysplasia status.

Gene name HP (n=10), n (%) LG adenoma (n=44), n (%) HG adenoma (n=13), n (%) All samples (n=67), %
APC 1 (10) 29 (65.9) 7 (53.8) 552
KRAS 0 (0) 7(15.9) 7(53.8) 20.9
FBXW7 0 (0) 2(4.5) 2(154) 6.0
BRAF 1(10) 1(2.3) 1(7.7) 4.5
MAP2K4 2 (20) 1(2.3) 0 (0) 4.5

HG, high-grade; HP, hyperplastic polyp; LG, low-grade.

Table III. Association between mutation frequency of APC and
KRAS and dysplasia grade.

Gene name P-value
APC 0.52
KRAS 001

P-value calculated by Fisher's exact test (low- vs. high-grade dysplasia).

this limitation, an NGS approach was employed, targeting
a broader set of 176 genes, selected for their established or
potential roles in colorectal carcinogenesis. These included
genes associated with DNA damage response and repair
mechanisms, regulation of the cell cycle, apoptosis and key
oncogenic signaling pathways (6). Analysis was conducted on
an independent cohort consisting exclusively of CRA samples,
which allowed for more targeted insights into the molecular
features of precancerous colorectal lesions. Library prepara-
tion was performed using a hybrid capture method with
custom-designed probes, enabling deep coverage across all
regions of interest.

Among the most frequently mutated genes were APC,
KRAS, BRAF, FBXW7 and MAP2K4, consistent with previous
findings (6). APC mutations, a hallmark of early Wnt signaling
dysregulation (33), were again the most prevalent. KRAS and
BRAF mutations further underscore the activation of the MAPK
pathway in early tumorigenesis (34). Notably, FBXW?7, a tumor
suppressor involved in the ubiquitin-proteasome pathway,
functions as the substrate recognition component of the SCF
(SKP1-CULI1-F-box) E3 ubiquitin ligase complex; it targets
several key oncoproteins, including cyclin E, c-Myc, Notch
and c-Jun, for phosphorylation-dependent ubiquitination and
subsequent proteasomal degradation. Loss-of-function muta-
tions in FBXW?7 impair this degradation process, leading to the
accumulation of these oncogenic substrates and promoting cell
cycle progression, genomic instability and tumorigenesis (35).
Its identification in the present cohort highlights its potential
role in early colorectal tumor progression.

An unexpected observation was the absence of detect-
able somatic PPVs in three high-grade adenomas. Given the
advanced histological grade, this finding was biologically
counterintuitive and likely reflected technical and biological
limitations rather than a true lack of oncogenic alterations.

First, the present analysis was restricted to a targeted panel of
176 genes and therefore did not capture the full spectrum of
genomic alterations, including mutations outside the selected
regions, structural variants or non-coding regulatory changes.
In addition, stringent variant filtering criteria, while reducing
false positives, may have limited sensitivity in samples with
low lesion purity or a substantial admixture of non-neoplastic
tissue, which can be particularly relevant in small or hetero-
geneous adenomas (36,37). Furthermore, driver events in
these lesions could be mediated by copy number alterations,
chromosomal instability or epigenetic mechanisms such as
DNA methylation changes, none of which are reliably detected
by targeted mutation profiling. Collectively, the absence
of detectable mutations in a small number of high-grade
adenomas should not be interpreted as evidence of molecular
quiescence, but rather highlights the complexity of early
colorectal tumorigenesis and the methodological constraints
of targeted sequencing approaches.

This broader panel also enabled the detection of mutations
in genes not commonly covered in standard panels, such as
FENI, MAP2K4 (a kinase in the JNK signaling cascade) and
POLQ (a DNA polymerase involved in alternative end-joining
repair). These findings not only supported the role of genomic
instability in early lesions but also highlighted a more diverse
molecular landscape than previously acknowledged (13,38).

Overall, the present results suggested that broader
sequencing approaches can uncover additional alterations
of potential relevance for early CRC risk stratification and
biomarker development. The observed mutational diversity
emphasized the importance of comprehensive molecular
profiling in precancerous lesions and may inform future efforts
to refine non-invasive diagnostic strategies.

Although relatively few studies (13,14,39) have specifi-
cally investigated the mutational landscape of CRC precursor
lesions (40), these findings are consistent with the present
observations. For example, Wolff et al (41) conducted
whole-exome sequencing (WES) on DNA isolated from
18 individuals bearing both CRA and matched tumor tissues.
Mutations in CRA were identified at frequencies exceeding
11.76% in genes such as APC, TTN, TP53, KRAS, OBSCN,
SOX9, PCDHI17, SIGLECI0, MYH6 and BRD9. Notably,
mutations in APC, TP53, KRAS and SOX9 were also observed
in tumor samples, whereas FBXW7 mutations were restricted
to CRC tissues, with a frequency of 11%. By contrast, FBXW7
mutations were already detectable at the CRA stage in the
present cohort.
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Consistently, Sievers et al (42) employed targeted
sequencing of the 50 most commonly mutated cancer-associ-
ated genes from 36 asymptomatic patients identified at normal
CRC screening and identified APC, KRAS/NRAS, BRAF,
FBXW?7 and TP53 as the most frequently mutated genes in
small intestinal polyps. Furthermore, Smit et al (43) demon-
strated, in an in vitro model using intestinal organoids, that
mutations in APC, KRAS, SMAD4 and TP53 were key drivers
of global mRNA deregulation during the adenoma-to-carci-
noma transition.

In another study, Lin et al (13) performed WES on DNA
derived from 149 CRA samples and their matched blood
samples, and subsequently proposed a 20 gene panel for the
detection of precancerous CRA lesions. This panel included
numerous genes also identified in the present study, including
TP53, KRAS, APC, PIK3CA and FBXW?7. The application
of CRC- and CRA-specific targeted gene panels may there-
fore represent a valuable strategy for the early detection of
colorectal neoplasia (23).

Overall, the present findings were in line with published
mutational profiling studies of CRA, which consistently identify
APC alterations and MAPK pathway activation (KRAS/BRAF)
as common early events, with additional recurrent involve-
ment of TP53 and FBXW?7 in subsets of lesions. In the present
cohort, APC, KRAS and BRAF represented the most frequently
altered genes, supporting their central role in early colorectal
neoplasia. Notably, FBXW?7 alterations were already detected
at the CRA stage, whereas a number of studies have reported
FBXW7 enrichment predominantly in CRC tissues, which may
reflect differences in cohort composition, lesion size/grade or
sequencing design. Differences across studies are also expected
given the variation in gene panel breadth, sequencing depth,
variant calling thresholds, tissue purity and sample processing
(for example, formalin-fixed, paraffin-embedded versus fresh,
and microdissected versus bulk tissue).

Notably, PPVs (in genes such as BRAF or MAP2K4) were
detected in a small subset of hyperplastic polyps. Given the
limited number of PPVs in hyperplastic lesions in the present
cohort and the absence of progression to advanced neoplasia
in the available follow-up data, these findings should be
interpreted cautiously. In addition, the role of certain variants
(such as MAP2K4 missense changes) in the earliest phases
of colorectal tumor initiation has not been well established.
Thus, rather than implying a definite neoplastic trajectory, the
present results suggested that a minority of lesions classified as
hyperplastic/serrated may harbor early molecular alterations
the clinical relevance of which remains uncertain, and should
be evaluated in larger longitudinal cohorts and functional
studies (44-46).

It should also be noted that the classification of variants as
putatively pathogenic in the present study was based primarily
on predicted functional impact rather than established clinical
pathogenicity frameworks. While nonsense and frameshift
variants are generally expected to disrupt protein function,
the biological relevance of missense variants is more vari-
able and context-dependent (47). In the absence of functional
validation or clinical outcome data, some of the reported
variants may represent passenger events or alterations with
limited biological importance. Therefore, the identified vari-
ants should be interpreted as candidates for further functional
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and longitudinal evaluation rather than as definitive clinically
pathogenic mutations.

Future studies should therefore aim to refine variant
classification by incorporating additional annotation layers
and validation strategies. This includes the use of numerous
in silico prediction tools, such as SIFT, PolyPhen-2,
MutationTaster and CADD, population frequency filtering
in large reference cohorts, and standardized classification
frameworks such as American College of Medical Genetics
and Genomics/Association for Molecular Pathology guide-
lines (47). Notably, functional validation of selected candidate
variants, particularly missense changes in genes such as
MAP2K4, FENI and POLQ, will be necessary to distinguish
true driver events from passenger or benign alterations.
Integration of molecular data with longitudinal clinical
follow-up will further enable assessment of the prognostic
and biological relevance of these variants in the context of
colorectal lesion progression.

The present study is limited by the lack of longitudinal
follow-up and functional validation of the identified vari-
ants, which restricted the ability to draw causal conclusions.
Nevertheless, a key strength lies in the use of the extended
targeted sequencing panel of 176 cancer-associated genes
applied to real-world screening samples, which enabled the
detection of a broad mutational spectrum and rare molecular
alterations detected in hyperplastic polyps traditionally
considered low-risk, the clinical relevance of which remains
to be determined. In conclusion, these findings provide
novel insights into the molecular landscape of precancerous
colorectal lesions, and highlight the potential of comprehen-
sive mutational profiling to refine risk stratification and guide
early detection strategies.
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