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Background: This study systematically evaluated the expression profile and functional significance of minichromosome main-
tenance 10 (MCM10) in colorectal cancer (CRC), assessed its association with the tumor immune microenvironment, and in-
vestigated its role in regulating cellular proliferation, migration, invasion, and stemness, thereby highlighting its potential as a
therapeutic candidate.

Methods: Transcriptomic datasets were accessed from publicly available databases (GEO and TCGA). The data were analyzed to
determine MCM 10 expression and assess its association with immune cell infiltration. Functional enrichment profiling and molec-
ular network modeling were performed to uncover underlying mechanisms. Furthermore, in vitro validation, including quantita-
tive real-time polymerase chain reaction (QRT-PCR), Western blot analysis, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) proliferation assays, Transwell migration and invasion assays, and tumor sphere formation assays, was conducted
to determine the biological effects of MCM10 on CRC cells.

Results: MCM10 was upregulated in CRC tissues and demonstrated a positive association with immune-cell infiltration, partic-
ularly helper T cells and T helper 2 (Th2) cells. Notably, MCM10 expression was substantially higher in CRC tissues compared
with adjacent normal tissues (p < 0.001), consistent with TCGA and GTEx cohort analyses. Furthermore, MCM10 was en-
riched in cancer-related signaling pathways and immune regulatory processes. Functional assays demonstrated that MCM10
overexpression promoted CRC cell proliferation, migration, invasion, and stemness, while its knockdown produced the opposite
effects.

Conclusion: Our findings confirm a pivotal role of MCM10 in CRC, suggesting its potential as a diagnostic biomarker and
therapeutic target. The findings offer promising insights into the molecular biology of CRC and provide a foundation for the
development of precision treatment strategies.
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Introduction

Colorectal cancer (CRC) is a frequently diagnosed
malignant tumor worldwide, with approximately 2 million
new cases reported in 2020 [1]. Multiple variables con-
tribute to its development and progression, including age,
gender, genetic predisposition, increased body mass, and
smoking [2]. Current treatment for CRC includes endo-
scopic interventions, surgical resection, radiation therapy,
chemotherapy, targeted therapies, and immunotherapy. For
metastatic CRC, regimens that combine a targeted agent
are recommended [3,4]. Despite advances in diagnosis
and therapy, CRC-associated morbidity and mortality re-
main significantly high, and the prognostic outcomes for
metastatic disease are still suboptimal, with a median over-
all survival time of about 25-30 months and a five-year sur-
vival rate below 20% [4,5]. Therefore, exploring the bi-
ological features of distinct CRC subsets may help iden-

tify predictive biomarkers for diagnosis and prognosis and
guide more individualized treatment approaches.

T and B cells play critical roles in adaptive immune
responses and have been linked to improved prognosis in
patients with CRC [6-8]. Mature tertiary lymphoid struc-
tures (TLSs) are characterized by organized T-cell and
B-cell zones and represent ectopic lymphoid organs that
help sustain immune response at sites of chronic inflam-
mation [9]. TLSs have been identified across multiple
cancer types, with context-dependent effects [10]; how-
ever, tumor-related TLSs are generally linked to a favorable
prognosis [11]. In CRC, both the distribution and density
of TLSs have been associated with molecular subtypes and
survival in metastatic cases [12], suggesting their poten-
tial relevance to anti-CRC therapeutic approaches. Further-
more, experimental evidence demonstrated that Helicobac-
ter hepaticus-induced T follicular helper cells can promote
TLS formation and inhibit CRC growth [13]. Currently, ro-
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bust identification and quantification of TLS are challeng-
ing, but transcriptomic approaches provide an opportunity
to derive TLS-associated gene signatures for more com-
prehensive evaluation [14]. Therefore, investigating TLS-
related gene signatures may improve prognostic prediction
in CRC.

Minichromosome maintenance proteins (MCMs) are
a family of highly conserved proteins that are crucial for
initiating eukaryotic genome replication and may also af-
fect cell-cycle regulation and cellular proliferation [15,16].
Studies have indicated that MCMs are valuable for diagno-
sis and prognostic prediction across different malignancies
[17-19]. MCM10, a member of this family, plays an essen-
tial role in DNA replication, and its dysregulation can lead
to genomic instability and carcinogenesis [20]. Aberrant
MCM10 expression has been reported in several patholog-
ical conditions, including various malignancies, and sup-
ports its potential as a prognostic biomarker [16,18]. In
CRC specifically, MCM10 has been reported to be upregu-
lated and has been proposed as a signature gene [21]. How-
ever, the explicit role of MCM10 in CRC remains to be elu-
cidated.

In this study, we systematically assessed the expres-
sion patterns and functional relevance of MCM10 in CRC
using an integrated approach combining bioinformatics
analyses with in vitro experiments. Using publicly avail-
able transcriptomic datasets, we analyzed the correlation
between MCM10 expression and the CRC immune milieu
and explored potential underlying molecular mechanisms
through functional enrichment analyses and molecular net-
work construction. Furthermore, we validated these find-
ings experimentally by evaluating how MCM10 affects can-
cer cell proliferation, migration, invasion, and stemness in
vitro. The findings provide multi-dimensional evidence
supporting MCM10’s role in CRC biology, enhance under-
standing of molecular mechanisms underlying CRC devel-
opment and progression, and indicate MCM10 as a potential
candidate for precision diagnosis, biomarker development,
and personalized therapeutic approaches.

Materials and Methods

Data Source and Expression Analysis

Three CRC datasets (GSE22598, GSE32323, and
GSE110224) were retrieved from the GEO repository. The
gene expression arrays in these 3 datasets were generated
using the Affymetrix GPL570 (U133 Plus 2) microarray
platform. The datasets were merged using the inSilicoM-
erging R package (version 1.24.0), and batch effects were
removed using the method described by Johnson WE et
al. [22]. Batch correction was conducted using the em-
pirical Bayes—based ComBat algorithm implemented in the
sva R package (version 3.44.0). The impact of batch adjust-
ment was assessed using boxplots, density plots, and uni-
form manifold approximation and projection (UMAP) visu-

alizations generated with the ggplot2 R package, comparing
distribution pre- and post-correction. The differentially ex-
pressed genes (DEGs) between CRC and control samples
were determined using the limma package (version 3.52.2)
in R (version 4.2.1; R Foundation for Statistical Comput-
ing, Vienna, Austria), applying thresholds of |logoFC| >1
and adjusted p < 0.05.

Immune Cell Infiltration in CRC Patients

The immune infiltration pattern in the tumor microen-
vironment (TME) of CRC patients was assessed with the
Microenvironment Cell Populations-counter (MCPcounter)
algorithm using the MCPcounter package (version 1.2.0)
[23]. MCPcounter quantifies the relative abundance of
immune-cell landscape across samples based on represen-
tative marker genes. Ten different immune cell types were
quantified, including B lineage, cytotoxic lymphocytes
(CD87T and related T-cell subsets), NK cells, monocyte-
derived populations, myeloid DCs, endothelial cells, fi-
broblasts, and neutrophils, as well as overall T cell signals.
The abundance of these immune cell populations was com-
pared between colorectal carcinoma tissues and surround-
ing non-tumor colorectal tissues. Results were presented as
a heatmap using the R pheatmap package (version 1.0.12).
Furthermore, the expression levels of TLS signature genes,
Tth-associated genes, TLS chemokines, and Th1/B cell sig-
nature genes were compared between CRC and adjacent
normal samples and displayed using boxplots.

MCM 10 Expression and Correlation With CRC
Immunity

Using RNA-seq data from the TCGA-COAD and
TCGA-READ projects along with normal tissue data from
the GTEx database, MCM10 expression was compared in
both paired and unpaired samples and visualized accord-
ingly. Pan-cancer expression levels of MCM10 across di-
verse tumor types were evaluated using TCGA data and
visualized as boxplots. Immunohistochemical staining re-
sults for MCM10 in CRC and normal tissues were sourced
from The Human Protein Atlas (HPA) database (https://ww
w.proteinatlas.org/). Associations between MCM10 levels
and immune-cell infiltration in CRC were evaluated using
single-sample gene set enrichment analysis (ssGSEA) im-
plemented in the GSVA R package (version 1.44.5). Re-
lationships between MCM10 levels and clinicopathologic
features of CRC patients were assessed and outlined in Ta-
ble 1. Finally, the diagnostic performance of MCMI10 to
differentiate between CRC tissues and adjacent normal tis-
sues was evaluated using the receiver operating character-
istic (ROC) curve analysis in the pROC package (version
1.18.0).

Single-Gene Differential Analysis of MCM10 in CRC

Using RNA-seq data from the TCGA-COAD and
TCGA-READ cohorts, single-gene differential analysis for
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Table 1. Correlation between MCM10 expression and the clinicopathologic features of CRC patients.

Characteristic Low expression of MCM10  High expression of MCM10  p-value

n 54 77

Pathological T stage, n (%) 0.564
T1 & T2 11 (8.4%) 19 (14.5%)
T3 & T4 43 (32.8%) 58 (44.3%)

Pathological N stage, n (%) 0.037
NO 23 (17.6%) 47 (35.9%)
N1 & N2 31 (23.7%) 30 (22.9%)

Pathological M stage, n (%) 0.192
MO 45 (34.4%) 70 (53.4%)
M1 9 (6.9%) 7 (5.3%)

Pathological stage, n (%) 0.037
Stage I & Stage 11 23 (17.6%) 47 (35.9%)
Stage III & Stage IV 31 (23.7%) 30 (22.9%)

BMI, n (%) 0.232
<25 13 (9.9%) 26 (19.8%)
>25 41 (31.3%) 51 (38.9%)

Histological type, n (%) 1.000
Adenocarcinoma 49 (37.4%) 71 (54.2%)
Mucinous adenocarcinoma 5(3.8%) 6 (4.6%)

Residual tumor, n (%) 0.639
RO 54 (41.2%) 75 (57.3%)
R1 & R2 0 (0%) 2 (1.5%)

Perineural invasion, n (%) 0.422
No 38 (29%) 59 (45%)
Yes 16 (12.2%) 18 (13.7%)

Lymphatic invasion, n (%) 0.152
No 36 (27.5%) 60 (45.8%)
Yes 18 (13.7%) 17 (13%)

History of colon polyps, n (%) <0.001
No 40 (30.5%) 73 (55.7%)
Yes 14 (10.7%) 4 (3.1%)

Colon polyps present, n (%) 0.152
No 36 (27.5%) 60 (45.8%)
Yes 18 (13.7%) 17 (13%)

Neoplasm type, n (%) 0.464
Colon adenocarcinoma 41 (31.3%) 54 (41.2%)
Rectum adenocarcinoma 13 (9.9%) 23 (17.6%)

OS event, n (%) 0.311

Alive
Dead

46 (35.1%)
8 (6.1%)

MCM10, minichromosome maintenance 10; CRC, colorectal cancer.

70 (53.4%)
7(5.3%)

MCM10 in CRC was conducted using the DESeq2 R pack-
age (version 1.34.0) implemented in R software (version
4.2.1; R Foundation for Statistical Computing, Vienna,
Austria). CRC samples were then stratified into the high- or
low-MCM10 expression groups. The DEGs between these
two groups were determined using thresholds of |logaFC]
>1 and adjusted p < 0.05. The resulting DEGs were sub-
jected to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses using
the clusterProfiler R package (version 4.6.0), and the re-

sults were visualized with the ggplot2 R package (version
3.4.0), as bubble plots or bar plots. Additionally, gene set
enrichment analysis (GSEA) was performed using the clus-
terProfiler R package (version 4.6.0), and the results were
visualized with the enrichplot (version 1.18.0) and ggridges
(version 0.5.4) R packages.
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Identification of Molecular Subtypes and Correlation
With Gene Mutation

Differential expression of TLS signature genes in
CRC and adjacent normal tissues was analyzed using the
limma R package (version 3.52.2) and visualized as a
heatmap. CRC patients were then stratified into TLS-
positive and TLS-negative subgroups using the Consensus-
ClusterPlus R package (version 1.60.0) based on the expres-
sion of TLS signature genes [24]. The optimal number of
clusters was set to two, guided by the consensus distribution
function and the delta-area plot.

Gene annotation files (gff3, v22, and v23) were re-
trieved from the GENCODE database (https://www.gencod
egenes.org/human/). DEGs between Cluster 1 (C1, TLS-
positive) and Cluster 2 (C2, TLS-negative) were identi-
fied using thresholds of [logoFC| >1 and adjusted p <
0.05, followed by GO and KEGG enrichment analyses.
For genomic variation analyses, mutation types and mu-
tation burdens were compared between C1 and C2. So-
matic mutational data in mutation annotation format were
acquired from Genomic Data Commons. Analyses assessed
non-synonymous variants, including nonsense, missense,
frameshift, splice-site, and in-frame mutations, to evaluate
their relationships with immune signatures. Finally, signif-
icantly mutated genes were identified using the MutSigCV
algorithm (version 1.41), developed by the Broad Institute
(Cambridge, MA, USA).

Experimental Validation
Cell Culture and Grouping

This study employed fetal human colonic epithelial
cells (FHC) and two CRC cell lines (HCT116 and SW480)
to investigate the role of MCM10 in CRC. FHC (CRL-
1831) and HCT116 (CCL-247) cells were obtained from
ATCC, and SW480 (GDCO0143) cells were purchased from
CCTCC. All cell lines were authenticated by short tandem
repeat (STR) profiling prior to use, and the results were con-
firmed to be consistent with the reference profiles provided
by the corresponding cell banks. All cell lines were cul-
tured in RPMI-1640 medium containing 10% fetal bovine
serum and incubated at 37 °C in a humidified incubator with
5% CO2. Mycoplasma testing was conducted before ex-
periments, and only mycoplasma-free cultures were used
in subsequent analyses.

The baseline groups included FHC, HCT116, and
SW480 cells. For HCT116 cells, additional transfec-
tion groups were established to modulate MCM10 expres-
sion: a sh-NC group (HCT116 cells transfected with con-
trol shRNA), a sh-MCM10 group (cells transfected with
MCM10-interfering shRNA), an oe-NC group (cells trans-
fected with the negative control pcDNA3.1 plasmid), and an
0e-MCM10 group (cells transfected with the MCM 10 over-
expression plasmid pcDNA3.1-MCM10). The pcDNA3.1-
MCMI10 overexpression plasmid and the corresponding
pcDNA3.1 empty vector (oe-NC) were constructed by a

commercial biotechnology company (Yujia Biotechnology,
Guangzhou, China).

For MCM10 knockdown, a short hairpin RNA tar-
geting human MCM10 (sh-MCM10, targeting sequence:
5'-GGAGAAACAGGAGAGACAAGA-3’) and a non-
targeting control shRNA (sh-NC, targeting sequence: 5'-
CAACAAGATGAAGAGCACCAA-3') were used. The
sh-NC plasmid was the MISSION® pLKO.1-puro Non-
Mammalian shRNA Control (Sigma-Aldrich, SHC002),
which does not target any known mammalian gene.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was isolated from cells in each group
(FHC, HCT116, SW480, sh-NC, sh-MCM 10, oe-NC, and
0e-MCM10) using Trizol reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA, Cat. No. 15596026). RNA pu-
rity was determined by ensuring an A260/A280 ratio of 1.8—
2.0. Subsequently, 1 pg of total RNA was converted into
cDNA using a commercial reverse transcription kit. qRT-
PCR was then performed with MCM10-specific primers
(Table 2) using SYBR Green chemistry (Thermo Fisher
Scientific, Waltham, MA, USA, Cat. No. 4402959) on a
QuantStudio™ 5 Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA, USA, Cat. No. A28140). The
thermocycler conditions included an initial denaturation at
95 °C for 3 minutes, followed by 40 amplification cycles of
95 °C for 15 seconds and 60 °C for 30 seconds. A melting-
curve analysis was performed to verify amplification speci-
ficity. Relative gene expression was quantified using the
2-AAC approach: ACt values were obtained by normaliz-
ing the target gene to the reference gene, and AACt values
were calculated by comparing experimental groups with the
corresponding controls.

Western Blotting

Western blotting was conducted to determine protein
expression levels. Cells were lysed in RIPA lysis and ex-
traction buffer (Thermo Fisher Scientific, Waltham, MA,
USA, Cat. No. 89900), and total protein concentrations
were quantified using the bicinchoninic acid (BCA) as-
say (Thermo Fisher Scientific, Waltham, MA, USA, Cat.
No. 23225). Equal amounts of protein (30 pg per lane)
were resolved on SDS-PAGE and subsequently transferred
onto PVDF membranes (IPVH00010, Millipore, Biller-
ica, MA, USA). After blocking with 5% skim milk for
one hour at room temperature, membranes were incubated
overnight at 4 °C with primary antibodies against MCM10
(1:1000, Abcam, ab3733, Cambridge, UK), SOX2 (1:1500,
Abcam, ab97959, Cambridge, UK), Oct4 (1:1000, Ab-
cam, ab181557, Cambridge, UK), NANOG (1:1000, Ab-
cam, ab109250, Cambridge, UK), KLF4 (1:1000, Ab-
cam, ab215036, Cambridge, UK), and S-actin (1:5000, Ab-
cam, ab8227, Cambridge, UK). The following day, mem-
branes were incubated for 1 hour at room temperature with
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Table 2. Primers used in this study.

Name Forward primer (5'-3") Reverse primer (5'-3")
MCMI10 CCGGCATCGGCCAAGAT GGCTGACTCATTTTCTTCCAGC
GAPDH AAGATCATCAGCAATGCCTCC AGGTTTTTCTAGACGGCAGG

MCM10, minichromosome maintenance 10; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

an HRP-conjugated goat anti-rabbit IgG secondary anti-
body (1:5000, Abcam, ab205718, Cambridge, UK). Pro-
tein bands were visualized using a ChemiDoc™ MP Imag-
ing System (Bio-Rad, Hercules, CA, USA) and quantified
using Image] software (Version 1.53, NIH, Bethesda, MD,
USA).

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) Assay

Cell proliferation was assessed using the MTT as-
say. Cells from each group were seeded into 96-well plates
at a density of 1 x 10* cells per well and incubated for
24, 48, or 72 hours. At each time point, 20 pL of MTT
reagent (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA;
Cat. No. M5655) was added, followed by a 4-hour in-
cubation at 37 °C in 5% CO; to allow formazan crystal
formation. The supernatant was then removed, and 150
uL of DMSO (DMSO; Sigma-Aldrich, St. Louis, MO,
USA; Cat. No. D2650) was added to solubilize the crys-
tals. Culture plates were gently agitated for 10 minutes at
37 °C, and absorbance was recorded at 570 nm using a mi-
croplate reader (Model 680, Bio-Rad, Hercules, CA, USA).
All measurements were conducted within the linear detec-
tion range specified by the manufacturer. Cell viability was
expressed as a percentage of the absorbance relative to the
corresponding control group (sh-NC or oe-NC).

Transwell Assay

Transwell assays were conducted using chambers fit-
ted with 8-pum pore inserts. For migration assays, inserts
were used without coating, while for invasion assays, the
inserts were precoated with Matrigel (BD Biosciences, San
Jose, CA, USA; Cat. No. 356234), which was allowed to
polymerize at 37 °C for 30 minutes. Cells in the logarith-
mic growth phase were collected, resuspended in serum-
free medium, and adjusted to a final density of 5 x 10%
cells/mL. A 200 uL of the cell suspension was added to the
upper chamber, and 600 pL of medium supplemented with
10% FBS was added to the lower chamber as a chemoattrac-
tant. The chambers were incubated for 24 hours (migration)
or 48 hours (invasion).

Following incubation, inserts were washed twice with
PBS, fixed with 4% paraformaldehyde for 15 minutes, and
subsequently stained with crystal violet (Sigma-Aldrich,
St. Louis, MO, USA; Cat. No. C0775) for 10 minutes.
Non-migrated/non-invaded cells on the upper surface of the
membrane were removed gently with a cotton swab, leaving
cells that had migrated or invaded for analysis. Migrated

or invaded cells were enumerated using an Olympus 1X73
microscope (Olympus Corporation, Tokyo, Japan) in five
randomly selected fields per insert. To ensure reliability
and comparability, Matrigel coating and cell seeding were
kept uniform across groups. Cell counting was performed
independently by two investigators in a blinded manner to
minimize subjective bias.

Sphere Formation Assay

The tumorsphere formation assay was used to eval-
uate the stemness of colorectal cancer cells and to exam-
ine the regulatory effect of MCM10 on cellular stemness.
FHC and HCT116 cells from the sh-NC, sh-MCM10, oe-
NC, and 0e-MCM10 groups were used in this assay. Fol-
lowing trypsinization, a single-cell suspension was pre-
pared (1 x 10* cells/mL) and seeded into low-attachment
6-well plates in serum-free DMEM/F12 (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA, Cat. No. 11320033)
containing 20 ng/mL EGF (Gibco™, Thermo Fisher Sci-
entific, Waltham, MA, USA, Cat. No. PHGO0311), 10
ng/mL bFGF (Thermo Fisher Scientific, Waltham, MA,
USA, Cat. No. 13256-029), and B27 (1 x) (Thermo Fisher
Scientific, Waltham, MA, USA, Cat. No. 17504044).
Cells were incubated for 7 days at 37 °C in 5% COs, with
half of the medium replaced every 3 days. Sphere forma-
tion was observed using an inverted microscope (Olympus
IX73, Olympus Corporation, Tokyo, Japan). The number
of spheres with a diameter >50 pm was recorded, and their
diameters were measured. Quantification was conducted
using ImagelJ. To reduce technical bias, single-cell suspen-
sion quality, medium sterility, and consistent microscope
settings were maintained during data collection. All sphere
formation assays were performed in at least three indepen-
dent biological replicates, and serum-free medium compo-
nents were obtained from the same lot to reduce batch-to-
batch variation.

Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism version 8.0.2. Continuous variables were expressed
as mean =+ standard deviation (SD). Comparisons between
groups were performed using either #-tests or one-way
ANOVA, as appropriate. Categorical clinicopathologic
parameters were analyzed using the Chi-square test, and
Fisher’s exact test was applied when expected cell counts
were below 5. A p-value < 0.05 (two-sided) was consid-
ered statistically significant.
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Fig. 1. Integration of multiple CRC datasets from GEO. (A,B) Box plot, (C) UMAP plot, and (D) density plot indicating the patient
sample distribution before (upper panel) and after (lower panel) removing the batch effects. CRC, colorectal cancer; UMAP, uniform

manifold approximation and projection.

Results

Identification of Differentially Expressed Genes in
CRC

Three CRC datasets (GSE110224, GSE22598, and
GSE32323) were combined after correcting for batch ef-
fects. As shown in Fig. 1 A, the intersection among the three
datasets was examined, and significant differences among
the datasets were observed. Boxplots, UMAP projections,
and density plots showed significant between-dataset vari-

ation, consistent with batch effects arising from differences
in experimental conditions and library preparation meth-
ods. These batch effects were effectively reduced using

the method reported by Johnson WE et al. [

22], yielding

improved alignment of sample distributions across datasets

(Fig. 1B-D).
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Immune Cell Composition and Association With
TLSs in CRC

The tumor microenvironment (TME) plays a crucial
role in cancer development and progression, and its cel-
lular composition is associated with immune responses to
anti-tumor therapies [25]. We profiled the composition
of immune cells in CRC using the merged GEO datasets
(Fig. 2A). Overall immune-cell enrichment, especially for
B cells, T cells, and neutrophils, was substantially lower in
CRC tissues than in adjacent normal samples.

Subsequently, we evaluated the correlation between
TLS-associated signature genes and CRC. Several T fol-
licular helper (TFH) signature genes, including FBLN7,
SGPP2, and SH2DIA, were downregulated in CRC,

whereas CD200, ICOS, TIGIT and PDCDI showed no
significant differences between CRC and normal adja-
cent tissues (Fig. 2B). Moreover, analysis of TLS-related
chemokines revealed that CXCL9, CXCLI10, CXCLI1I,
CCL3 and CCL4 were upregulated, while CXCL13, CCL2,
CCL5, CCLS, CCL21, and CCL19 were downregulated
in CRC (Fig. 2C,D). Furthermore, expression analysis of
TH1B signature genes indicated that GFI1, ILIR1, ILIR?2,
IL10, IRF4, TNFRSF17, CD4, CCRS5, IGSF6, CD38, and
MS4A41 were downregulated, while CCL20, CSF2, and
SDC1 were upregulated in CRC tissues (Fig. 2E,F).
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Fig. 3. Expression levels of MCM10 in CRC at the molecular and tissue levels. (A) MCM10 expression in COAD, COADREAD,
and READ samples and normal adjacent tissues in TCGA and GTEx databases. (B) MCM10 expression in unpaired CRC and normal
tissues in the TCGA database. (C) MCM10 expression in paired CRC and normal tissues in the TCGA database. Representative im-
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(https://www.proteinatlas.org/ENSG00000065328-MCM10/cancer/colorectal+cancer) (F) The correlation between MCM 10 expression
and immune cell infiltration in CRC was analyzed using ssGSEA. (G) The correlation between MCM10 expression and immune cell
infiltration in different CRC datasets. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
ns, not statistically significant; HPA, Human Protein Atlas; ssGSEA, single-sample gene set enrichment analysis.

MCM10 is Differentially Expressed in CRC sections (Fig. 3D) than in adjacent normal tissues (Fig. 3E).
Furthermore, the association between MCM10 levels and
immune-cell infiltration in CRC was assessed using the ss-
GSEA. MCM10 expression exhibited positive correlation
with T helper 2 (Th2) cells (R = 0.54), T helper cells (R =
0.428), central memory T cells (Tcm, R = 0.166), activated
dendritic cells (aDC, R = 0.151), and macrophages (R =
0.086). However, it was negatively correlated with plas-
macytoid dendritic cells (pDC, R = —0.27), eosinophils (R
=-0.197), Th17 cells (R =-0.195), iDC (R =-0.176), MK
cells (R=-0.164), mast cells (R =—0.146), NK CD56bright

The expression pattern of MCM10 in CRC was as-
sessed using RNA-seq data from the TCGA and GTEx
databases. = MCMI10 was significantly upregulated in
COAD+READ, COAD, and READ samples compared
with normal tissues from the GTEx database (Fig. 3A). Sim-
ilarly, analysis of unpaired TCGA-COAD/READ samples
indicated higher MCM10 expression in CRC (Fig. 3B), and
paired tumor-normal comparisons in TCGA further vali-
dated this increase in CRC (Fig. 3C).

Immunohistochemical staining results from the HPA
database also supported these observations, with a signif-
icant abundance of MCM10-positive cells in CRC tissue

cells (R =-0.125), Tth cells (R =—0.106), and B cells (R =
—0.08) (Fig. 3F). A heatmap indicating association across
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differentially expressed genes.

several CRC datasets further demonstrated that MCM10
expression was consistently positively correlated with T-
proliferating cell infiltration (Fig. 3G). Overall, these find-
ings indicate that MCM10 is upregulated in CRC and is as-
sociated with distinct patterns of immune-cell infiltration.

Enrichment Analysis of MCM10 in CRC

DEGs between the high or low-MCM10 CRC groups
were identified using TCGA-COAD and TCGA-READ.
Then, GSEA was performed to decipher MCM10-related
CRC hallmarks, and functional enrichment analyses were
conducted for the identified DEGs.

GO analysis revealed that MCMI0 expression was
significantly associated with biological processes, includ-
ing hydrogen peroxide catabolism, plasma lipoprotein
particle remodeling, and protein-lipid complex remodel-
ing. Enriched cellular components included the collagen-
containing ECM, endoplasmic reticulum lumen, and blood
microparticle. Enriched molecular functions involved en-
dopeptidase regulator activity, antioxidant activity, and
lipoprotein particle receptor binding. Furthermore, KEGG
enrichment analyses suggested links between MCM10 and

signaling pathways related to neuroactive ligand-receptor
interaction, salivary secretion, and complement and coagu-
lation cascades (Fig. 4A,B). Consistent with these findings,
GSEA revealed significant enrichment of gene sets corre-
lated with the complement system, endocrine system, im-
mune system, and hemostasis (Fig. 4C—F).

Association of MCM10 With Clinical Features of
CRC Patients

The pan-cancer expression profile of MCM10 was
evaluated using TCGA dataset. MCM10 was found to be
upregulated across several types of cancer, including blad-
der cancer, breast cancer, colorectal cancer, among others
(Fig. 5A). Moreover, we found that the expression pattern
showed significant difference in different clinical pheno-
types. As illustrated in Fig. 5B, MCM10 expression level
was lower in patients with a history of colon polyps, those
with lymphatic invasion, and those with a BMI >25.

Furthermore, MCM 10 levels were significantly corre-
lated with pathologic N stage (p =0.037), overall pathologic
stage (I-1V) (p = 0.037), and a history of colon polyps (p
< 0.001, Table 1). ROC curve analysis yielded an AUC of
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0.950 (95% CI: 0.926-0.973), suggesting strong diagnostic
performance of MCM10 for differentiating CRC from nor-
mal tissues (Fig. 5C).

Identification of Molecular Subtypes and Correlation
With Gene Mutation

Given the altered expression of TLS signature genes in
the CRC tumor microenvironment, we further investigated
TLS-related molecular subtypes. Differential expression of
TLS-related genes between CRC and normal tissues was
visualized by heatmap (Fig. 6A). Based on consensus clus-
tering of TLS signature genes, patients were stratified into
two subgroups: C1 (TLS-positive) and C2 (TLS-negative)
(Fig. 6B). TLS signature genes were significantly upreg-
ulated in the C1 subgroup (Fig. 6C). Mutation analysis re-
vealed no significant differences in the frequencies of driver
gene mutations between the two subgroups (Fig. 6D).

We identified 424 upregulated and 11 downregulated
DEGs between Cl and C2 (Fig. 6E). GO enrichment
analysis of the upregulated genes indicated their roles in
cell activation, immunoglobulin-mediated responses, and

leukocyte-mediated immunity, whereas KEGG analysis re-
vealed significant enrichment in pathways associated with
bacterial infection and immune-related diseases (Fig. 6F).
In contrast, the downregulated genes were primarily asso-
ciated with immune-cell migration and chemokine activity,
and KEGG analysis indicated enrichment in the IL-17 sig-
naling pathway and sulfur metabolism (Fig. 6G).

MCM10 Expression in CRC and Its Impact on Cell
Viability, Invasion, and Migration

The role of MCM10 in CRC was further validated
through multiple experiments. qRT-PCR and Western blot
analyses revealed that MCMI10 mRNA and protein lev-
els were significantly upregulated in HCT116 and SW480
compared to FHC, with the higher expression observed in
the HCT116 group (Fig. 7A,B). In HCT116 cells, its ex-
pression was significantly reduced in the sh-MCM10 group
and substantially elevated in the oe-MCM10 group at both
mRNA and protein levels. However, no significant differ-
ences were observed between the sh-NC and oe-NC groups
(Fig. 7C,D).
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MTT assay results showed that the viability of sh-
MCMI10 cells was significantly reduced compared to the
sh-NC group, whereas the viability of oe-MCM10 cells was
significantly increased compared with the oe-NC group.
Moreover, cellular viability increased over time in all
groups (Fig. 7E). Transwell assays further demonstrated
that the invasion and migration capabilities were signifi-
cantly reduced in sh-MCMI10 cells compared with the sh-
NC group; in contrast, cellular migration and invasion were
significantly increased in oe-MCM10 cells compared to the
oe-NC group (Fig. 7F,G).

MCM10 Regulated the Sphere-Forming Capacity
and Expression of Key Proteins

The results demonstrated that MCM10 expression sig-
nificantly affected stemness-related properties in HCT116
cells. In the sphere formation assay, MCMI0 knock-
down (sh-MCM10) significantly reduced sphere formation,
whereas MCM10 overexpression (oe-MCM10) markedly
enhanced sphere-forming capacity compared with their re-
spective control groups. Quantitative analysis confirmed
a significant decrease in the number of tumor spheres in
the sh-MCM10 group and a significant increase in the oe-
MCM10 group (Fig. 8A).
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negative control.

Western blot analysis revealed that the expression lev-
els of stemness-related proteins, including SOX2, Oct4,
NANOG, and KLF4, were significantly downregulated in
the sh-MCM10 group compared with the sh-NC group,
whereas their expression levels were upregulated in the oe-
MCM10 group compared with the oe-NC group (Fig. §B).
Quantitative analysis showed that the expression levels of
SOX2, Oct4, NANOG, and KLF4 were markedly reduced
in the sh-MCM10 group, whereas they were substantially
increased in the 0e-MCM10 group. No significant differ-
ences were observed between the sh-NC and oe-NC groups
(Fig. 8C). These findings suggest that MCM10 regulates the
expression levels of stemness-related proteins and signifi-
cantly modulates the sphere-forming capacity of colorectal
cancer cells, providing critical evidence for further investi-
gation of MCM10 in cancer stem cells.

Discussion

Colorectal cancer is the third leading cause of cancer-
related death worldwide. Genetic alterations play a vital
role in CRC pathogenesis, and accumulated DNA muta-
tions can drive the progression of both sporadic and hered-
itary forms of the disease [26]. MCMI0 is a key factor
required for DNA replication in eukaryotes, and its dys-
regulation can contribute to carcinogenesis [27]. In this
study, we found differential expression of TLS-related sig-
nature genes in CRC and, through transcriptomic analyses
of public databases, observed that MCM10 is upregulated
in CRC tissues. Furthermore, we identified correlations be-
tween MCM10 levels and patterns of immune-cell infiltra-
tion, indicating that MCM 10 might be a novel prognostic
and therapeutic biomarker in CRC [28]. However, since
TCGA and GTEx samples differ in demographic character-
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istics and tissue collection protocols, residual confounding
cannot be fully excluded when comparing tumor and nor-
mal tissues.

Cancer-related immunity affects tumor development
and progression, response to therapy, and overall clinical
outcome [29]. Although lymph nodes are well recognized
as the primary site of anti-tumor immunity, increasing ev-
idence revealed that TLSs can contribute to the induction
or reactivation of anti-cancer immunity [30], and serve as a
positive prognostic marker in various malignancies [28,31].
TLSs resemble lymph nodes in both structure and develop-
mental processes and contain diverse immune-cell subsets
[30]. Therefore, transcriptomic signatures have been pro-
posed to detect TLS presence and maturity.

Several chemokines and immune signatures are
closely associated with TLS biology. For example,
CXCLI13, a key B-cell-attracting chemokine, is strongly
associated with TLS formation. CXCL13-producing Thf
cells are enriched within TLSs and promote the activation
and organization of local T-cell-mediated immunity. Other
chemokines, including CCL2, CCL3, CCL4, and CCLS,
are related to B and T-cell chemotaxis and have been re-
ported across various TLS maturation stages [32]. More-
over, the Th1/B cell-associated signature genes such as
CCR5, CXCR3, ILIRI, ILIR2, and IL10 are implicated in
the proliferation of B cells or T cells, and are associated
with T-cell activation and Th cell differentiation [33].

In this study, we evaluated immune-cell composition
in the TME of CRC. Infiltration of key immune cells, par-
ticularly T cells and B cells, was decreased in tumor tissues
relative to the surrounding normal tissues, consistent with
an immunosuppressive microenvironment. The expression
of many signature genes associated with Thf cells, Th1/B
cells, and chemokines was significantly downregulated in
CRC. Notably, some signature genes, such as CCL3, CCL4,
and CCL20, showed upregulation in CRC, and were in line
with the previous research [34]. Furthermore, consensus
clustering was performed using TLS signature genes, and
CRC patients were divided into the TLS-positive and TLS-
negative clusters. Differential expression analysis between
these clusters revealed genes enriched for pathways asso-
ciated with lymphocyte activation and migration. These
findings should be interpreted cautiously, as MCPcounter
provides only signature-based estimates with limited reso-
lution for specific immune-cell subtypes and does not fully
reflect cellular heterogeneity within the TME.

Our study demonstrated that MCM 10 expression lev-
els were positively correlated with Th2 cells (R = 0.540),
overall Th cells, central memory cells (Tem), and aDCs,
while showing negative associations with pDCs, Thl17
cells, and NK cells. These findings suggest that MCM10
may play an immunomodulatory role within the tumor im-
mune microenvironment. Previous studies have shown that
upregulation of Th2 cells is often associated with an im-
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munosuppressive tumor state, promoting immune evasion
by inhibiting Thl-type cytotoxic responses [35,36]. Addi-
tionally, the positive association between MCM10 and Tcm
cells may help maintain the weakly immunogenic “cold tu-
mor” phenotype. In contrast, the negative correlations with
NK cells and Th17 cells, both of which can contribute to
antitumor properties, further support the hypothesis that in-
creased MCMI10 is associated with immune suppression.
Collectively, these findings suggest that high MCM10 ex-
pression may not only enhance aggressive tumor behavior
but also facilitate CRC progression by remodeling the im-
mune microenvironment in ways that favor immune eva-
sion.

MCMI10 serves as a firing (activating) factor of the
DNA replication origin and has been linked to replication
catastrophe, which can result in genomic instability and ul-
timately carcinogenesis [37,38]. Substantial evidence in-
dicated that MCM10 is overexpressed in multiple cancer
types and demonstrates oncogenic activity that supports
cancer progression. For example, MCMI10 is highly ex-
pressed in breast cancer and facilitates cellular prolifer-
ation, migration, and invasion through activation of the
Wnt/B-catenin pathway [39]. Similarly, increased MCM10
expression in prostate cancer has been associated with en-
hanced proliferation and reduced apoptosis [40]. Addition-
ally, pan-cancer analysis revealed that MCM10 is a reliable
biomarker with diagnostic and prognostic values in the pan-
cancer analysis [41,42].

Consistent with these reports, our study identified that
MCMI10 is substantially upregulated in CRC tissues rela-
tive to the adjacent normal tissues. Notably, recent CRC-
specific studies also support the biological relevance of
MCMI10 in colorectal tumorigenesis. Lu ef al. [21] re-
ported that MCM10 is strongly associated with chromo-
somal instability and stemness-related transcriptional pro-
grams in CRC. Moreover, MCM10 has been implicated in
sustaining Myc-driven replication stress [38], a pathway
closely linked to Wnt/g3-catenin signaling, suggesting that
aberrant MCM 10 expression may cooperate with canoni-
cal oncogenic pathways in CRC. Consistent with this pat-
tern, our co-expression and enrichment analyses further in-
dicated that MCM 10-related genes were predominantly en-
riched in pathways associated with molecular transport and
immune regulation. Furthermore, ROC analysis supported
the diagnostic potential of MCM10 in CRC, yielding an
AUC of 0.95. The variation in the 95% CI likely reflects
cross-platform differences between TCGA tumor samples
and GTEx normal tissues, which can affect the stability of
ROC estimation, rather than indicating overfitting.

Our in vitro experimental results further confirmed
the critical role of MCM10 in CRC, particularly in pro-
moting tumor progression and sustaining stemness-related
phenotypes. qRT-PCR and Western blot analyses revealed
that MCM10 mRNA and protein levels were significantly
higher in HCT116 and SW480 compared to FHC. Addi-

tionally, functional experiments further clarified its specific
oncogenic effects: MCM10 knockdown (sh-MCM10) sig-
nificantly decreased cell viability, invasion, and migration,
whereas MCM10 overexpression (oe-MCM10) improved
these behaviors. These results were consistent with previ-
ous studies, including findings in gastric cancer [43], where
high MCM10 expression has been shown to enhance the
migratory and invasive capabilities of cancer cells and pro-
mote resistance to apoptosis.

To further investigate the impact of MCM10 on CRC
stemness, we conducted sphere formation assays and ana-
lyzed the expression of stemness-related proteins. The re-
sults indicated that MCM10 might enhance the stemness
of CRC cells by regulating the expression of stemness-
associated proteins, thereby supporting tumor maintenance
and progression. Nevertheless, our experimental workflow
was limited to HCT116 and SW480 cell lines, which can-
not fully represent major CRC molecular subtypes, such as
MSI or CMS. Future studies should incorporate additional
subtype-representative cell lines and patient-derived CRC
models to improve generalizability. Overall, by integrating
bioinformatics/transcriptomic analyses with experimental
validation, this study highlights the critical role of MCM 10
in CRC and supports its potential as a reliable diagnostic,
immunological, and prognostic biomarker, as well as a can-
didate therapeutic target.

Although this study underscores the significance of
MCM10 in CRC through integrated bioinformatic analyses
and experimental validation, several limitations remain to
be addressed. First, the study primarily relies on in vitro ex-
periments and bioinformatic analyses of publicly available
databases, with limited validation in in vivo models, which
may limit the applicability of the findings. Second, while
the study identified a strong correlation between MCM10
and immune-cell infiltration as well as stemness-associated
protein expression, the precise regulatory mechanisms re-
main unclear, particularly whether MCM10 exerts its ef-
fects through specific signaling pathways.

Future studies should therefore: (i) validate the role
of MCMI10 in tumorigenesis and immune regulation us-
ing appropriate animal models; (ii) elucidate the interac-
tion of MCM 10 with key signaling pathways and its molec-
ular mechanisms in tumor resistance and recurrence; (iii)
conduct multicenter studies to determine the diagnostic
and prognostic utility of MCM10 in CRC; and (iv) de-
velop and assess MCM10-targeted interventions, such as
small-molecule inhibitors or RNA-based techniques, both
as monotherapies or in combination regimens.

Conclusion

In summary, our findings demonstrate that MCM10
is significantly overexpressed in colorectal cancer and is
strongly associated with immune-cell infiltration, enhanced
tumor cell proliferation, migration, invasion, and stemness.
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Functional enrichment analyses further linked MCM10 to
key cancer-related signaling and immune regulatory path-
ways. These results underscore the potential of MCM1(0 as a
promising diagnostic and prognostic biomarker and provide
arationale for future studies investigating it as a therapeutic
target in colorectal cancer.
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