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Abstract

Prostate stem cell antigen (PSCA), a pivotal member of the lymphocyte antigen-6 (Ly6)
protein family, has been implicated in the tumorigenesis and neoplastic progression of
diverse cancer types. In this study, we conducted a thorough investigation into the role
of PSCA in the development of colorectal cancer (CRC). Survival analysis based on The
Cancer Genome Atlas (TCGA) dataset demonstrated that elevated expression of PSCA
was tightly correlated with unfavorable overall survival, inferior relapse-free survival,
and worse post-progression survival among CRC patients. Additionally, PSCA exhibited
significantly higher expression levels in colorectal cancer stem cell (CRC-5Cs) relative to
CRC cell lines. Loss-of-function assays using small interfering RNA (siRNA)-mediated
silencing were performed to evaluate the effects of PSCA downregulation on the stemness
properties of CRC-SCs, including proliferative capacity, invasive potential, and apoptotic
rate, which were assessed by MTS assay, transwell invasion assay, and flow cytometry
analysis, respectively. The results showed that silencing PSCA markedly suppressed the
proliferation and invasion of CRC-SCs, while significantly promoting cellular apoptosis.
RNA sequencing was performed to identify differentially expressed genes (DEGs) in the
PSCA knockdown group compared to the negative control group. Follow-up analyses using
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) indicated
that these DEGs were significantly enriched in the cell-substrate adherens junction term and
the mitogen-activated protein kinase IMAPK signaling pathway. Moreover, PSCA silencing
substantially reduced the phosphorylation levels of the core MAPK signaling constituents,
pBRAF and pERK1/2; conversely, PSCA overexpression prominently upregulated the
expression of pPBRAF and pERK1/2. In nude mice with CRC-SCs cancer xenograft tumors,
treatment with PSCA siRNA significantly decreased tumor volume and weight, while also
notably extending the survival time of the tumor-bearing mice compared to the control
group. Collectively, these findings confirm that PSCA plays a critical oncogenic role in
CRC cancer growth and malignant progression, suggesting its potential as a novel and
promising therapeutic target for CRC.

Keywords: cancer stem cells; colorectal cancer; MAPK; PSCA; siRNA

1. Introduction

Colorectal cancer (CRC) has long been considered a widespread malignant neoplasm,
and its incidence has increased among young people in recent years [1,2]. Most patients
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with advanced CRC suffer from liver and/or lung metastases, resulting in an unfavorable
prognosis [3-6]. As scientific research advances in depth, a growing number of therapeutic
targets for CRC have been identified, including various proteins, long noncoding RNAs
(IncRNAs), and microRNAs (miRNAs); however, there is still no effective treatment for
CRC at present [7-9]. Consequently, it is essential to identify new therapeutic targets and
elucidate the molecular mechanisms involved in CRC progression.

Malignancy is intricately associated with tumor heterogeneity. Cancer stem cells
(CSCs), a minor subset of cancer cells linked to this heterogeneity, possess the abilities of
self-renewal, differentiation, and tumor initiation. These properties allow CSCs to mediate
drug resistance and cancer progression, thereby triggering tumor recurrence and distant
metastasis [10-14]. Furthermore, CSCs have high plasticity, enabling them to differentiate
into diverse cell populations. They also demonstrate strong resistance to harsh conditions
in the tumor microenvironment and chemotherapeutic agents and can invade healthy
tissues [14—-19]. Targeting CSCs is a promising strategy to enhance the prognosis of patients
with CRC [20,21]. Colorectal cancer stem cells (CRC-SCs) are the initiating cells of CRC
and are deemed to promote CRC occurrence, proliferation, and metastasis [22-24]. Thus,
exploring the mechanisms through which CRC-SCs initiate CRC is crucial for identifying
targets for the curative treatment of CRC.

The lymphocyte antigen-6 (Ly6) superfamily is a large protein group that comprises a
subfamily of glycosylphosphatidylinositol (GPI)-anchored membrane proteins, including
Ly6a, Ly6d, Ly6e, PSCA, and Lynx1. In recent years, these proteins have drawn increasing
attention due to their potential involvement in tumor progression [25,26]. Aberrantly ex-
pressed in pituitary and lung malignancies, Ly6a is particularly recognized as a biomarker
of lung tumor initiation [27,28]. However, Ly6d plays dichotomous roles, acting as a tumor
suppressor in prostate cancer yet an oncogenic driver in squamous cell carcinoma [29-31].
Furthermore, Ly6e accelerates CRC progression [32,33], while Lynx1 promotes the develop-
ment of pancreatic ductal cancer [34].

Prostate stem cell antigen (PSCA) is an oncogene that resides on chromosome 8q24.3,
a chromosome harboring a variety of other oncogenes [35-37]. In prostate and ovarian
cancers, PSCA is aberrantly overexpressed and exhibits a strong positive correlation with
poor patient prognosis [38—40]. Moreover, increased PSCA expression is associated with
more advanced cancer stages and higher Gleason scores in prostate cancer [38,41]. However,
the correlation between PSCA and CRC has not been fully elucidated. Growing evidence
indicates that PSCA can drive oncogenic phenotypes by upregulating c-Myc across multiple
epithelial malignancies [42]. The transcription factor c-Myc acts as a core upstream regulator
of the core pluripotency transcription factors Oct-4, Sox-2, and Nanog; together, this
quartet forms a coordinated transcriptional network that maintains self-renewal, sphere-
forming capacity, and stemness signatures in colorectal cancer stem cells [43]. Aberrantly
elevated c-Myc directly activates the promoters of Oct-4, Sox-2, and Nanog in CRC cell
lines, thereby sustaining the malignant stem-like state and promoting metastasis and
chemoresistance [44]. Although the individual oncogenic functions of PSCA, c-Myc, and
these pluripotency markers have been separately documented in the previous literature,
whether PSCA remodels colorectal cancer stem cell properties through the c-Myc/Oct-
4/Sox-2/Nanog regulatory axis remains poorly characterized. Accordingly, we detected
the above pluripotency markers across our constructed cell models to dissect the potential
PSCA-mediated molecular cascade governing CRC stemness [45]. This study was designed
to explore the relationship between PSCA and CRC.

To identify an appropriate in vitro model for investigating PSCA-mediated stemness
and malignant progression, we screened multiple classic human colorectal cancer cell lines
and finally selected HCT116 and SW620 for subsequent research. Western blot screening
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revealed that HCT116 exhibits the highest endogenous PSCA expression level among all
detected cell lines including HT29, COLO205, SW480, and SW620, while SW620 presents
relatively low basal PSCA abundance. The distinct endogenous PSCA expression levels
between the two cell lines provide ideal contrasting conditions to explore the biological
function of PSCA, making them suitable models to dissect how PSCA regulates CRC
stem-like phenotypes and its downstream signaling cascades.

Multiple complementary experimental systems were adopted to systematically dissect
the biological function and molecular mechanism of PSCA in colorectal cancer stem cells.
Gain- and loss-of-function cell models constructed using PSCA overexpression plasmids
and siRNA interference were applied to establish the causal link between PSCA and malig-
nant stem-like phenotypes. A panel of functional assays, including sphere formation, MTS,
transwell, and apoptosis assays, were conducted to evaluate self-renewal, proliferation, in-
vasion, and chemoresistance. RNA-seq, coupled with GO and KEGG enrichment analyses,
was used to preliminarily screen differentially altered signaling cascades, and Western blot
further validated the expression changes of core regulatory proteins. Finally, subcutaneous
xenograft models in nude mice were established to verify the tumor-suppressive effect of
siPSCA at the in vivo level. This integrated in vitro and in vivo research strategy repre-
sents a standard and rigorous experimental framework for investigating gene regulatory
networks in CRC stem cell studies, allowing comprehensive and robust characterization of
PSCA-mediated oncogenic signaling.

2. Materials and Methods
2.1. Cells Culture

Human colorectal cancer cell lines (COLO 205, HT-29, HCT116, SW480, and SW620)
were obtained from the Cell Bank of the Chinese Academy of Sciences (CAS, Shanghai,
China) and cultured in RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Bohemia,
NY, USA) supplemented with 10% fetal bovine serum (FBS). Cells were cultured in the
incubator at 37 °C and 5% CO, air atmosphere.

CD44*CD326* colorectal cancer stem cells (HCT116SCs derived from HCT116 and
SW620SCs derived from SW620) were cultured in serum-free DMEM /F12 medium (Gibco,
Thermo Fisher Scientific, Bohemia, NY, USA). The culture medium was supplemented
with 20 ng/mL epidermal growth factor (EGEF, Invitrogen, Thermo Fisher Scientific, VNO,
Vilnius, Lithuania), 20 ng/mL basic fibroblast growth factor (bFGEF, Invitrogen, Carlsbad,
CA, USA), and 1x B27 serum-free supplement (Gibco, Thermo Fisher Scientific, Bohemia,
NY, USA). Cells were maintained in a humidified atmosphere at 37 °C and 5% CO, to form
tumor spheres. The medium was refreshed with growth factors once every three days to
sustain stem cell properties.

2.2. Magnetic-Activated Cell Sorting (MACS)

CD44*CD326* colorectal cancer stem cells were isolated via immunomagnetic bead
sorting following the standard protocol of the CELLection Biotin Binder kit (Invitrogen,
Thermo Fisher Scientific, VNO, Vilnius, Lithuania). In short, digested single-CRC-cell
suspensions (4.0 x 107 cells) were collected and resuspended in separation buffer matched
with the kit. Cells were mixed with Dynabeads® conjugated to anti-CD44 antibody (Invit-
rogen, Thermo Fisher Scientific, VNO, Vilnius, Lithuania) and incubated at 4 °C with slow
shaking for 20 min. After incubation, test tubes were placed on magnetic stands to retain
CD44* cells combined with magnetic beads, while unmarked negative cells were removed
by absorbing the supernatant. Captured CD44" cells were dissociated from Dynabeads
according to kit instructions to obtain a pure suspension of CD44" CRC cells.

https://doi.org/10.3390/cimb48070737


https://doi.org/10.3390/cimb48070737

Curr. Issues Mol. Biol. 2026, 48, 737

4 0f22

For secondary sorting, the enriched CD44" cell population was incubated with anti-
CD326 antibody-coated Dynabeads® under identical incubation conditions (4 °C, rotating
for 20 min). The same magnetic separation and bead-release procedures described above
were repeated to isolate the CD326™ subpopulation from CD44* cells, yielding purified
double-positive CD44*CD326" CRC cells for subsequent sphere culture.

2.3. Cell Transfection

PSCA and negative control (NC) siRNAs were obtained from Ribo Bio (Guangzhou,
China). The PSCA siRNA sequences were as follows: siPSCA#1 (5'-TCRCTGACRCGTCATC
AGCAA-3'), PSCA siRNA#2 (5-GCTTGAACTGCGTGGATGA-3'), and PSCA siRNA#3
(5'-GTGGGCAAGAAGAACATCA-3'). pc-DNA3.1 empty vector and pc-DNA3.1-PSCA
(pc-PSCA) overexpression plasmid were provided by the Public Protein/Plasmid Library
(PPL; Nanjing, China). All plasmids were purified with endotoxin-free extraction kits prior
to transfection to avoid cytotoxicity.

Three-day cultured CR-CSC tumor spheres were digested into single-cell suspensions.
Cells were counted and seeded in six-well plates at a density of (1.0 x 10°) cells/well with
antibiotic-free CR-CSC medium. Transfection was conducted using Hieff Trans™ Liposo-
mal Transfection Reagent (Yeasen, Shanghai, China) in accordance with the manufacturer’s
protocol. To elaborate, siRNA fragments or plasmid DNA, together with liposome transfec-
tion reagent, were diluted separately with Opti-MEM medium. After uniform mixing and
5 min standing at room temperature to form transfection complexes, the mixture was slowly
added to cell layers. Cells were incubated at 37 °C under 5% CO; and harvested 48 h later
for subsequent experiments. The experimental groups were set as follows: Blank group,
cells without siRNA and transfection reagent; Mock group, cells treated with transfection
reagent only without siRNA or plasmid; NC group, cells transfected with transfection
reagent plus negative control siRNA (for knockdown) or empty pc-DNA3.1 plasmid and
pc-DNA3.1-PSCA plasmid (for overexpression).

2.4. Cell Proliferation
2.4.1. MTS Assay

Cell proliferation was quantified using a commercial MTS assay kit purchased from
Promega Corporation (Madison, WI, USA). In brief, cells treated with siRNA or plasmids
following the protocol in Section 2.3 were resuspended and evenly planted into 96-well
plates at 1.0 x 10* cells per well using antibiotic-free CRC-SC medium. Six duplicate
wells were set for each group to minimize experimental deviation. After 48 h of routine
incubation at 37 °C and 5% CO;, 20 uL MTS working solution was added to each well.
The plates were incubated for an additional 2 h in the incubator protected from light. The
absorbance value (OD value) of each well was recorded at a wavelength of 450 nm using a
microplate reader to reflect relative cell viability and proliferation capacity.

2.4.2. Colony Formation Assay

Transfected single-cell suspensions were counted, and 1.0 x 103 viable cells were
inoculated into each 6 cm culture dish with 5 mL RPMI 1640 medium (Gibco, Thermo
Fisher, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco,
Thermo Fisher). Cells were maintained in a humidified incubator at 37 °C with 5% COs.
The full culture medium was replaced with fresh medium every 3 days to sustain cell
growth. After continuous culture for 14 days, visible cell colonies were formed. The culture
medium was discarded, and cells were washed gently with pre-cooled phosphate-buffered
saline (PBS). Cells were fixed with 4% paraformaldehyde (Biosharp, Hefei, China) at room
temperature for 15 min, followed by rinsing with PBS again. Fixed colonies were stained
with 1% crystal violet solution (Solarbio Life Sciences, Beijing, China) for 10 min. Excess
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staining solution was washed off with running water, and plates were air-dried naturally
for subsequent colony counting and imaging analysis.

2.5. Pharmacological Rescue of ERK1/2 Activity

Tert-butyl hydroquinone (TBHQ, MedChemExpress, Monmouth Junction, NJ, USA)
was utilized as a specific activator of ERK1/2 phosphorylation in this study. At 6 h after cell
transfection, a final concentration of 60 uM TBHQ was added to the cell culture medium.
The cells were continuously cultured for another 42 h under standard incubator conditions
(37 °C, 5% CO») to complete ERK1/2 pathway activation and then harvested for subsequent
functional and molecular detection experiments.

2.6. Cell Apoptosis

Cell apoptotic rates were quantitatively detected at 48 h post-transfection using the
FITC-Annexin V/PI apoptosis detection kit (Becton Dickinson and Company, San Diego,
CA, USA). Simply put, roughly 1.0 x 10° cells were collected from every group. Cell
precipitates were washed twice with pre-cooled 1x PBS to eliminate residual culture
medium and cell fragments. Cells were resuspended in binding buffer and double-stained
with 5 puL FITC-Annexin V and 5 pL PI working fluid. After incubation for 15 min at
room temperature in the dark, cell apoptosis was analyzed by flow cytometry within 1 h to
ensure the accuracy of fluorescence signals. All apoptosis experiments were repeated at
least three times independently.

2.7. Cell Invasion

Cell invasive ability was evaluated using 8 pm pore-size Transwell invasion chambers
(Corning, Corning, NY, USA) pre-coated with uniform Matrigel matrix (Becton Dickinson
and Company, San Diego, CA, USA). Prior to seeding, transfected cells were starved in
serum-free DMEM/F12 medium. Then, 1.0 x 10° cells suspended in 100 uL serum-free
DMEM/F12 medium were added to the upper compartment of chambers. Meanwhile,
500 L. DMEM /F12 complete medium containing 10% FBS was poured into the lower
chamber to serve as chemotactic inducer. After 48 h of routine culture, the non-invasive
cells remaining on the upper membrane surface were gently wiped off. The invasive cells
on the lower membrane were fixed and stained with crystal violet solution (Solarbio Life
Sciences, Beijing, China). For quantitative analysis, three random and independent visual
fields per chamber were photographed under a microscope, and the number of invasive
cells was counted for statistical analysis. All invasion assays were performed in triplicate.

2.8. RNA-Seq and Bioinformatics Analysis
2.8.1. RNA-Seq

Cells transfected with negative control siRNA and PSCA siRNA were collected sepa-
rately, and TRIzol reagent (Invitrogen) was adopted to extract total RNA following official
product instructions. RNA integrity and purity were detected before constructing sequenc-
ing libraries. Sequencing libraries were built using the NEBNext® Ultra™ RNA Library
Prep Kit for Illumina® (NEB; Ipswich, MA, USA), and unique index barcodes were added to
each sample for read classification. Cluster amplification was performed on a cBot Cluster
Generation System with the TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA,
USA), followed by paired-end RNA sequencing on the Illumina platform.

All raw RNA-seq sequencing data generated in this study have been deposited into
the NCBI Gene Expression Omnibus (GEO) database under accession number GSE337374,
which is publicly accessible for further validation.
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2.8.2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Enrichment Analyses

Differentially expressed genes (DEGs) between the NC and siPSCA groups were
subjected to GO enrichment analysis with the clusterProfiler R package. GO entries are di-
vided into three categories: biological process (BP), cellular component (CC), and molecular
function. GO terms with p < 0.05 and log, |[FC| > 0.5 were regarded as significantly enriched.

The Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/
kegg/ (accessed on 23 September 2022)) database was used to perform enrichment analysis
of DEGs between the two groups via the clusterProfiler R package (R version 4.2.1). KEGG
pathways with p < 0.05 and log,|FC| > 0.5 were defined as significantly enriched pathways.

2.9. Western Blotting

Total cellular protein of each experimental group was extracted with RIPA lysis buffer
(DINGGUO, Beijing, China) pre-mixed with fresh protease inhibitor cocktail (Beyotime
Biotechnology, Shanghai, China). Protein samples with consistent loading quantity were
separated via SDS-PAGE gel electrophoresis and electrically transferred onto PVDF mem-
branes. Membranes were sealed with 5% skim milk without fat at room temperature for one
hour to block non-specific binding sites. The membranes were then incubated overnight
at 4 °C with primary antibodies against target proteins, including anti-PSCA (Abcam),
anti-BRAF, anti-pBRAF, anti-ERK1/2, anti-pERK1/2 (Cell Signaling Technology), and anti-
GAPDH (Beyotime Biotechnology) as a loading control, all at a dilution of 1:1000. After
extensive washing with TBST, the membranes were incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG secondary antibody (1:2000, Beyotime Biotechnology) for
1 h at 25 °C. Protein bands were visualized using an enhanced chemiluminescence (ECL)
detection reagent (Yeasen, Shanghai, China) and imaged with a Tanon Imaging System
(Tanon, Shanghai, China). All Western blot experiments were independently repeated at
least three times (biological replicates).

2.10. Animals

Six-week-old SPF-grade male BALB/c nude mice without thymus were bought from
Beijing HFK Bioscience Co., Ltd., Beijing, China. Animals were raised in standardized
SPF animal rooms, where temperature stayed steady at 22-25 °C with a 12 h light-dark
shift. Sterile water and conventional mouse feed were supplied freely during the whole
experiment. All animal operations and in vivo experimental schemes followed the unified
animal welfare standards authorized by the Animal Care Committee of Jilin University
(Ethics Certificate No. 20210065).

For the in vivo xenograft experiment, mice were randomly divided into three experi-
mental groups, including a Blank group, NC group, and siPSCA group, with 5 mice per
group to ensure biological reproducibility.

2.11. Xenograft Assay

All animal experiments were carried out in compliance with the protocols approved
by the institutional animal care and use committee. For the in vivo subcutaneous xenograft
tumor model, 5.0 x 10° HCT116 stem cells (HCT116SCs) were resuspended in sterile
phosphate-buffered saline (PBS) and subcutaneously injected into the right flank of each
BALB/c nude mouse. When the subcutaneous tumor volume reached approximately
50 mm?, mice with uniform tumor size were randomly assigned into two groups. Intratu-
moral injection of NC siRNA or PSCA siRNA was performed three times per week for a
continuous three weeks.

The body weight of each mouse and tumor dimensions were measured every other

day at a fixed time point. Tumor volume was calculated using the formula V = (a x b?)/2,
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where a represents the maximum tumor length and b represents the maximum tumor
width measured by a digital caliper.

2.12. Histological Staining and Histomorphological Analysis

Tumor tissues separated from xenograft mice were fixed in 4% paraformaldehyde
immediately, followed by standard dehydration and paraffin embedding to make tissue wax
blocks. Continuous paraffin slices with a thickness of 4 pm were prepared for hematoxylin-
eosin (HE) and immunohistochemistry (IHC) staining.

For HE staining: Tissue sections were deparaffinized in xylene and rehydrated through
a graded ethanol series. After hematoxylin nuclear staining and eosin cytoplasmic counter-
staining, sections were dehydrated, cleared, and mounted for microscopic observation.

For IHC staining: Deparaffinized and rehydrated sections were treated with 3% HyO,
for 30 min at room temperature to block endogenous peroxidase activity. Antigen retrieval
was performed by microwave heating in 10 mM citrate buffer (pH 6.0) for 15 min, and then
sections were cooled naturally to room temperature. After blocking non-specific binding
sites, slides were incubated overnight at 4 °C with primary antibodies diluted at 1:100,
including PSCA (Abcam), pERK1/2, Ki67, Bcl-2, Bax, caspase-3, caspase-7, E-cadherin,
N-cadherin, vimentin, and ZEB1 (CST). The next day, sections were incubated with biotin-
conjugated secondary antibody and streptavidin working solution sequentially. DAB
Horseradish Peroxidase Color Development Kit (Beyotime Biotechnology) was applied for
chromogenic reaction under visual monitoring. All stained slices were counterstained with
hematoxylin, dehydrated, and sealed for image acquisition and quantitative analysis.

2.13. Statistical Analysis

GraphPad Prism 9.5.1 (GraphPad Software, San Diego, CA, USA) was used for all
statistical evaluations. All quantitative data were expressed as mean + SEM. The Shapiro—
Wilk test was utilized to assess the normal distribution of each dataset prior to parametric
statistical comparison. Only data with normal distribution were analyzed by two-tailed
Student’s t-test and two-way analysis of variance (ANOVA), which supports the rational
application of parametric tests in this work. Quantitative information, including biological
replicates of cellular experiments and the exact number of mice in each xenograft group,
has been clearly described in the corresponding method subsections above. Differences
with p < 0.05 were considered statistically significant.

3. Results
3.1. PSCA Expression in CRC and Isolation, Identification of CRC-5Cs

We utilized the online Kaplan—Meier Plotter survival database (https://kmplot.com/
analysis/ (accessed on 21 May 2023)) to systematically investigate the clinical correlation be-
tween PSCA expression and long-term survival outcomes among human colorectal cancer
patients. Our bioinformatic analysis clearly demonstrated that aberrantly elevated PSCA
expression is tightly associated with unfavorable clinical prognosis in CRC cohorts. Specifi-
cally, patient subgroups with high PSCA expression displayed remarkably worse overall
survival, relapse-free survival, and post-progression survival curves when compared to
patients carrying low PSCA levels (Figure 1A). Subsequently, we performed Western blot
detection to quantify endogenous PSCA protein abundance across a panel of common CRC
cell lines. The detection results illustrated that PSCA expression reached the highest level
in HCT116 cells, while SW620 cells presented the lowest endogenous PSCA expression
(Figure 1B).
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Figure 1. PSCA expression in CRC and isolation, identification of CRC-SCs. (A) Survival curves
generated by Kaplan—-Meier plotter illustrating the overall survival, relapse-free survival, and post-
progression survival of CRC patients stratified by high and low PSCA expression levels. (B) Relative
PSCA protein expression in CRC cell lines assessed by Western blotting (** p < 0.01, *** p < 0.001).
(C) In vitro culture of HCT116SCs and SW620SCs in serum-free DMEM /F12 medium for 4 days.
(D) Tumor sphere formation from HCT116SCs and SW620SCs. (E) Differentiation of CRC-SCs into
adherent cells induced by medium supplemented with 10% FBS. (F) Flow cytometric analysis of
CD44 and CD326 expression in CRC-SCs and parental CRC cells. (G) Western blotting analysis of
c-Myc, Sox-2, Nanog, and Oct-4 expression in CRC-5Cs and parental CRC cells (* p < 0.05, ** p < 0.01).
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To further characterize the endogenous expression profile of PSCA in colorectal cancer
stem cells (CRC-SCs), we isolated CRC-SC subpopulations from wild-type HCT116 and
SW620 cells by magnetic-activated cell sorting (MACS) using CD44 and CD326 as surface
markers [46-48], designated as HCT116SCs and SW620SCs, respectively. Flow cytome-
try was performed to quantitatively assess the proportion of CD44*CD326" cells in the
sorted populations. The results confirmed that the proportion of CD44*CD326* cells was
significantly higher in the sorted CRC-SC groups than in the unsorted parental CRC cells,
indicating the successful isolation of CRC-5C subpopulations via MACS (Figure 1F).

Following four consecutive days of serum-free in vitro incubation, the purified CRC-
SCs spontaneously formed round, compact tumor spheres under suspension culture
conditions (Figure 1C). Notably, even a single isolated HCT116SC or SW620SC cell pos-
sessed sufficient self-renewal capacity to independently develop an intact, viable tumor
sphere (Figure 1D). Moreover, the primary tumor spheres generated from HCT1165Cs
and SW620SCs retained intact multi-lineage differentiation potential and were able to
convert into adherent epithelial tumor cells under appropriate adherent induction culture
(Figure 1E). In parallel, quantitative Western blotting experiments further verified that the
protein expression of canonical stemness markers (c-Myc, Nanog, Sox-2, and Oct-4) was
significantly upregulated in both types of CRC-SCs when matched with their corresponding
parental cell lines (Figure 1G).

3.2. PSCA Is Highly Expressed in CRC-SCs and Modulates Stemness-Associated
Transcription Factors

To clarify the differential expression pattern of PSCA between colorectal cancer bulk
cells and their corresponding stem cell subpopulations, we performed Western blotting to
quantify endogenous PSCA protein levels in paired HCT116 parental cells and HCT116SCs.
Quantitative gray-scale analysis of blotting bands revealed that the protein abundance
of PSCA was remarkably and statistically higher in HCT1165Cs than in conventional
adherent HCT116 cells (Figure 2A). Parallel Western blotting detection was also con-
ducted using SW620 parental cells and sorted SW620SCs, which yielded consistent results:
SW6205Cs exhibited markedly elevated PSCA expression compared with unsorted SW620
cells (Figure 2B).

We next made a direct comparison of PSCA expression between the two CRC stem cell
lines. The quantitative immunoblot data showed that HCT116SCs possessed significantly
stronger PSCA protein signals than SW620SCs (Figure 2C). Collectively, these expression
differences implied that PSCA may exert critical regulatory functions in maintaining the
malignant stem-like characteristics of CRC-SCs. Accordingly, we constructed two sets
of cell models to explore the biological function of PSCA: PSCA knockdown models in
HCT116SCs and PSCA overexpression models in SW620SCs.

Three independent siRNA sequences targeting PSCA (siPSCA1, siPSCA2, siPSCA3)
were separately transfected into HCT1165Cs, with Blank, Mock-transfected, and negative
control (NC) groups set as parallel controls. Western blotting was performed to detect
PSCA and stemness transcription factors (c-Myc, Oct-4, Nanog, and Sox-2) protein levels.
The band quantification results illustrated that all three siPSCA fragments effectively
suppressed endogenous PSCA expression; meanwhile, the expression of the four stemness-
related transcriptional regulators was synchronously and significantly decreased relative
to all three control groups (Figure 2D,E).
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Figure 2. High PSCA expression in CRC-SCs regulates stemness-associated transcription factors.
(A) PSCA protein expression in HCT116 cells and HCT116SCs (* p < 0.05). (B) PSCA protein levels in
SW620 cells and SW620SCs (* p < 0.05 vs. SW620). (C) PSCA protein expression in HCT1165Cs and
SW620SCs (** p < 0.01). (D) PSCA protein levels in HCT116SCs after siPSCA-mediated knockdown
(** p <0.01 vs. Blank; & p < 0.05, && p < 0.01 vs. Mock; ## p < 0.01 vs. NC). (E) Expression of stemness
transcription factors (c-Myc, Oct-4, Nanog, and Sox-2) after PSCA knockdown (* p < 0.05, ** p < 0.01,
*** p < 0.001 vs. Blank; & p < 0.05, && p < 0.01 vs. Mock; # p < 0.05, ## p < 0.01 vs. NC). (F) PSCA
protein levels in SW620SCs after pcDNA3.1-PSCA-mediated overexpression (** p < 0.01 vs. pcDNA3.1
control). (G) Expression of c-Myc, Oct-4, Nanog, and Sox-2 after PSCA overexpression.(* p < 0.05,
**p <0.01).
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For gain-of-function verification, the overexpression plasmid pc-DNA3.1-PSCA (abbre-
viated as pc-PSCA) and empty vector pc-DNA3.1 were separately delivered into SW620SCs.
Immunoblotting results validated that ectopic PSCA overexpression successfully boosted
PSCA protein abundance. Correspondingly, the expression of c-Myc, Oct-4, Nanog, and
Sox-2 was simultaneously upregulated in the pc-PSCA group versus the empty vector
control group (Figure 2EG). Taken together, these loss- and gain-of-function assays demon-
strated that PSCA positively regulates the expression of key stemness transcription factors
in CRC-SCs.

3.3. PSCA Modulates the Stemness of CRC-SCs, Encompassing Their Proliferation, Invasion,
and Apoptosis

As demonstrated in the above immunoblotting results, silencing endogenous PSCA
in HCT1165Cs markedly suppressed the expression levels of core stemness transcription
factors. To further elaborate the functional influence of PSCA depletion on multiple
malignant stem-like phenotypes of HCT1165Cs, we systematically examined three key
biological characteristics closely associated with tumor stemness, namely cell proliferative
activity, apoptotic level, and cellular invasive potential.

Quantitative detection via MTS colorimetric viability assay and plate colony formation
assay consistently displayed that the proliferative activity of HCT116SCs was remarkably
impaired upon PSCA knockdown relative to the Blank, Mock, and NC control groups
(Figure 3A,B). Flow-cytometry-based Annexin V/PI double staining was subsequently
applied to quantitatively measure cellular apoptosis. Statistical analysis of flow cytometric
data uncovered a prominent elevation in the overall apoptotic level of HCT116SCs after
PSCA silencing compared with all control counterparts (Figure 3C). Matrigel-precoated
Transwell invasion chambers were next utilized to evaluate cell invasive ability. Manual
counting of stained penetrating cells under a microscope verified that PSCA knockdown
substantially weakened the invasive capacity of HCT116SCs (Figure 3D).

To reciprocally validate the positive regulatory role of PSCA on CRC-SC stemness, we
constructed a PSCA overexpression cell model in SW620SCs and detected changes in cell
proliferation, apoptosis, and invasive capacity. MTS and colony formation assays illustrated
that forced exogenous overexpression of PSCA significantly accelerated the proliferative
rate of SW620SCs when compared with cells transfected with blank pc-DNA3.1 empty
vector control (Figure 3E,F). In contrast, flow cytometric apoptosis detection suggested no
obvious statistical discrepancy in overall apoptotic levels between the PSCA-overexpressing
group and empty vector control group (Figure 3G). This phenomenon may be attributed to
the inherently low basal apoptotic level of wild-type SW620SCs, leaving limited room for
further anti-apoptotic improvement upon exogenous PSCA overexpression. Meanwhile,
Transwell invasion tests confirmed that ectopic PSCA expression dramatically strengthened
the invasive capability of SW620SCs versus empty vector control cells (Figure 3H).

3.4. PSCA Modulates the Stemness of CRC-SCs Through the MAPK Signaling Pathway

To explore the mechanism by which PSCA downregulation affects CRC-SCs, RNA
sequencing was performed on HCT116SCs transfected with siPSCA or NC siRNA. Differen-
tially expressed genes (DEGs) were identified and subjected to GO and KEGG enrichment
analyses. GO analysis revealed significant enrichment of these DEGs in cellular compo-
nents associated with focal adhesions, cell-substrate junctions, and adherens junctions
(Figure 4A). Additionally, KEGG analysis showed that these DEGs were primarily enriched
in the MAPK signaling pathway (Figure 4B). Western blotting further revealed that the
phosphorylation levels of BRAF and ERK1/2 (key components in the MAPK pathway)
were decreased after PSCA knockdown (Figure 4C). Conversely, PSCA overexpression in
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SW620SCs significantly increased p-BRAF and p-ERK1/2 levels (Figure 4D). These findings
indicated that PSCA acts upstream of the MAPK pathway.
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Figure 3. In vitro biological behavior assays of PSCA in CRC-SCs. (A,B) MTS and colony forma-
tion assays showing proliferation of HCT116SCs after siPSCA-mediated knockdown (** p < 0.01,
*** p < 0.001 vs. Blank; && p < 0.01 vs. Mock; ## p < 0.01, ### p < 0.001 vs. NC). (C) Flow cytomet-
ric analysis of apoptotic HCT116SCs after siPSCA transfection using Annexin V-FITC/PI staining.
(D) Representative images and quantification of invaded HCT116SCs in the Transwell assay after
siPSCA transfection (** p < 0.01 vs. Blank; & p < 0.05 vs. Mock; ## p < 0.01 vs. NC). (E,F) MTS
and colony formation assays showing proliferation of SW620SCs after pcDNA3.1-PSCA-mediated
overexpression (** p < 0.01 vs. pcDNA3.1). (G) Flow cytometric analysis of apoptotic SW620SCs
after pcDNA3.1-PSCA transfection using Annexin V-FITC/PI staining. (H) Representative images
and quantification of invaded SW620SCs in the Transwell assay after pcDNA3.1-PSCA transfection
(** p<0.01 vs. pcDNA3.1).

https:/ /doi.org/10.3390/cimb48070737


https://doi.org/10.3390/cimb48070737

Curr. Issues Mol. Biol. 2026, 48, 737

13 of 22

A

ribonucleoprotein complex biogenesis | ® ||

Huntington disease

proteasomal protein catabolic process Cell cycle )
ncRNA processing{ Endocytosis {
TRNA metabolic process Themmogenesis {
ribosome biogenesis | L] ] Cellular senescence { o
. oo i bneniert ety A pe0csh | L] 3 Human papillomavirus infection{ ()
proteasome- mediated ubiquiin- dependent roein catabolic process A ‘Spliceosome | P —_—
o _ autophagy ' Autophagy - animal ®
process utilizing autophagic mechanism-{ 5 Alhkng disease PY
2 Protein processing in endoplasmic reticulum [ ] .
centrosome | ® 5 Pyrimidine metabolism 1 °
cell- substrate adherens junction () Human T- cell leukemia virus 1 infection [}
focal adhesion 15 Oxidative phosphorylation { ® 6
cell- substrate junction Purine metabolism 4 ®
vacuolar membrane { o 10 Mitophagy - animal ° 4
‘mitochondrial matrix: [ ] Lz Ubiquitin mediated proteolysis { o
lysosomal membrane 1 . " MAPK signaling pathway {8 "
Iytic vacuole membrane 1 () coun Chronic myeloid leukemia ° Goun
mkochondrel proek complex : ® 30 Pancreatic cancer ° ® 0o
nuclear envelope Lysosome P
S— , i ® Parkinson disease ° ® 10
ubiquitin- like protein transferase activity ® «w v ® o0
catalytic activity, acting on RNA Focal adhesion ®
ATPase activity ® @ o Colorectal cancer ® @ 20
ubiquitin- protein transferase activity P53 signaling pathway °
ATPase activity, coupled |~ @ - Inositol phosphate metabolism 4 °
ubiquitin- like protein ligase binding () b RNA transport { ]
ubiquiin protein ligase binding | @ Fanconi anemia pathway .
nucleoside- triphosphatase regulator activity | @ Non- alcoholic fatty liver disease (NAFLD) )
GTPase regulator activity{ Epithelial cell signaling in Helicobacter pylori infection °
catalytic activity, acting on DNA{__® Shigellosis { °
112 114 136 118 1400 1125 1450 1.175
Enrichment Enrichment
N
L &
Q R
(4 (4 . .-
2129 3 Q 218 2
H i i
H — H 2
i PBRAF [ - | A |
2 0s4 F AR g N
- [ H §
2 0.4 K £
K I H
g pERK1Z | S 5
2 o0 - & fp e’y
& ©
A ERK1 2 — |
L LR
§ 129 @g
H
i 5 0o 0 & L
k] U ) x
ERK1/2 § os S & & ¢
P —_—— - s Q ¥y &
] T XV xT 9 9
H IR O O L 8
§ 0.4 w e LR &
o
e [0 B e
4 0.0 -
R -
& TS S ERK1/2 o
£ i SEE S

G

“

NC+DMSO

NC+TBHQ

& EF &
&

. siPSCA+DMSO _ siPSCA+TBHQ

“10.85%

Proliferation rate (%)

5.08%

2

“10.26% 4.82%)| " 138.48%

103

102

-0.95%

10!

°
°

18.82%| ~112.90%

4.98%)

2 100

103 10 100 10!

Annexin V-FITC

Number of invasion cells

Figure 4. Mechanism exploration and functional verification of PSCA-directed modulation in CRC-
SCs. (A) GO enrichment profiling of DEGs in HCT116SCs subjected to siPSCA or NC siRNA
transfection. (B) KEGG enrichment of DEGs in HCT116SCs following siPSCA or NC siRNA transfec-
tion. (C) Phosphorylation levels of BRAF and ERK1/2 in HCT116SCs upon PSCA silencing (* p < 0.05,
**p <0.01, ** p <0.001 vs. Blank; & p < 0.05, && p < 0.01, &&& p < 0.001 vs. Mock; # p < 0.05,
##p <0.01 vs. NC). (D) Phosphorylation levels of BRAF and ERK1/2 in SW620SCs upon PSCA
ectopic expression (* p < 0.05, ** p < 0.01 vs. pcDNA3.1). (E) p-ERK1/2 abundance in HCT116SCs fol-
lowing siPSCA transfection in the presence or absence of tert-butylhydroquinone (TBHQ) (* p < 0.05,
** p < 0.01). (F) Proliferative capacity of HCT116SCs following siPSCA transfection with or without
TBHQ supplementation (* p < 0.05, ** p < 0.01). (G) Apoptotic ratio of HCT116SCs following siPSCA
transfection with or without TBHQ exposure. (H) Invasive capability of HCT1165Cs following siP-
SCA transfection with or without TBHQ administration, as evaluated by Transwell assay (** p < 0.01,

4 < 0.001).
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To further confirm the regulatory effect of PSCA on the MAPK signaling pathway,
rescue experiments were performed using tert-butylhydroquinone (TBHQ), an ERK1/2
activator. Western blotting results exhibited that TBHQ treatment partially reversed the
decrease in p-ERK1/2 induced by PSCA knockdown (Figure 4E) and partially restored the
reduced proliferation and invasion capacities (Figure 4FH). Similarly, TBHQ attenuated the
increased apoptotic rate caused by PSCA knockdown (Figure 4G). Collectively, these results
demonstrate that PSCA regulates the proliferation, apoptosis, and invasion of CRC-SCs via
the MAPK/ERK signaling pathway.

Furthermore, DUSP4 was predicted to interact with both PSCA and ERK1/2 in the Gen-
eMANIA database (http://genemania.org) (Supplementary Figure S1A). KEGG database
analysis (https://www.kegg jp/, accessed on 9 July 2026) further indicated that DUSP4
dephosphorylates and thereby inactivates ERK1/2 (Supplementary Figure S1B), suggesting
that DUSP4-mediated ERK1/2 inactivation may underlie PSCA’s regulatory effect on the
signaling pathway.

Further investigation revealed that PSCA regulates DUSP4 expression: Western blot-
ting results demonstrated PSCA knockdown significantly upregulated DUSP4 expres-
sion (Supplementary Figure S2A), whereas PSCA overexpression downregulated DUSP4
(Supplementary Figure S2B). These results suggest that PSCA may regulates ERK1/2
phosphorylation through DUSP4.

3.5. siPSCA-Mediated Suppression of CRC Xenograft Tumor Progression

In vivo xenograft tumor models were established using HCT116-derived colorectal
cancer stem cells (CR-CSCs) to clarify the functional role of PSCA knockdown in regulating
CRC tumor progression. Consistent with the in vitro phenotypic changes, the in vivo
tumor growth curve showed that the tumor growth rate in the siPSCA intervention group
was markedly slower than that in the Blank and NC control groups during the entire
observation period. After continuous treatment, the final tumor volume and tumor weight
of xenografts in the siPSCA group were significantly decreased compared with those in
the two control groups (Figure 5A,B), indicating that PSCA silencing effectively inhibits
CR-CSC-derived tumor proliferation in vivo.

Survival analysis of tumor-bearing mice further demonstrated the protective effect of
PSCA knockdown. All mice in the Blank and NC control groups died within the 60-day
observation period. The siPSCA-treated mice exhibited a significantly prolonged survival
time compared with the control mice (Figure 5C). Additionally, no significant differences
in body weight were observed among the Blank, NC, and siPSCA groups throughout
the animal experiment (Figure 5D), confirming that intratumoral siPSCA intervention
possessed good biosafety and did not cause obvious systemic toxicity in nude mice.

Histopathological morphological changes of xenograft tumors were further observed
via HE staining. Tumor tissues from the Blank and NC groups exhibited typical malignant
pathological characteristics, including large and hyperchromatic nuclei, minimal cyto-
plasmic volume, dense and orderly tumor cell arrangement, and rare necrotic areas. In
comparison, tumor tissues in the siPSCA group displayed obvious malignant phenotypic
regression: tumor cells were loosely arranged with disordered tissue structure, accompa-
nied by widespread nuclear pyknosis, nuclear fragmentation, and cytoplasmic vacuolation.
In addition, increased inflammatory cell infiltration and large-scale necrotic lesions were
extensively observed in siPSCA-treated tumor tissues (Figure 5E), suggesting that PSCA
knockdown triggers tumor cell necrosis and suppresses the malignant proliferation of
xenograft tumors.
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Figure 5. PSCA silencing suppresses xenograft tumorigenesis and prolongs overall survival of
tumor-bearing mice. (A) In vivo tumor growth curves of HCT116SC xenografts in mice treated with
3-week siPSCA treatment (*** p < 0.001 vs. Blank; ### p < 0.001 vs. NC). (B) Terminal xenograft
weights following 3-week siPSCA treatment (** p < 0.01, *** p < 0.001). (C) siPSCA treatment signifi-
cantly prolongs the overall survival of HCT116SC-derived xenograft mice (*** p < 0.001 vs. Blank;
##H# p < 0.001 vs. NC). (D) Effects of 3-week siPSCA treatment on host body weight in tumor-bearing
mice. (E) Hematoxylin and eosin (H&E) histomorphology of neoplasms. (F-H) Immunohistochemical
profiling of xenograft tissue: (F) PSCA, pERK1/2, DUSP4, and Ki67; (G) apoptosis regulators (Bcl-2,
Bax, cleaved caspase-3, cleaved caspase-7, and cleaved caspase-9); and (H) epithelial-mesenchymal
transition (EMT) markers (E-cadherin, N-cadherin, vimentin, and ZEB1). Scale bar, 10 um.

IHC staining was performed to further verify the molecular regulatory mechanism of
siPSCA in vivo. The results revealed that the protein expression level of PSCA was promi-
nently downregulated in the siPSCA group, confirming the stable knockdown efficiency of
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PSCA in xenograft tumor tissues. Mechanistically, the phosphorylation level of ERK1/2
(pERK1/2), the core effector of the MAPK signaling pathway, was significantly decreased
after PSCA silencing, whereas the expression of pERK1/2 dephosphorylation regulator
DUSP4 was markedly upregulated (Figure 5F). Correspondingly, the expression of the
proliferation biomarker Ki-67 was significantly reduced in the siPSCA group, indicating
that PSCA knockdown efficiently represses in vivo tumor proliferative activity.

Furthermore, the apoptosis-related protein expression pattern was distinctly altered
following PSCA inhibition. The expression of the anti-apoptotic protein Bcl-2 was signif-
icantly downregulated in siPSCA tumor tissues. In contrast, the levels of pro-apoptotic
proteins, including Bax, cleaved-caspase-3, cleaved-caspase-7, and cleaved-caspase-9, were
significantly elevated in the siPSCA group (Figure 5G), demonstrating that PSCA silencing
facilitates tumor cell apoptosis in vivo.

Moreover, the EMT phenotype of xenograft tumors was notably suppressed after
PSCA knockdown. IHC results showed that the expression of the epithelial marker E-
cadherin was significantly upregulated in the siPSCA group. Meanwhile, the mesenchymal
markers N-cadherin and vimentin and the EMT transcription factor ZEB1 were significantly
downregulated (Figure 5H), indicating that siPSCA effectively blocks EMT progression
and further restrains the invasive and metastatic potential of CRC xenograft tumors.

In summary, consistent with the in vitro findings, in vivo xenograft experiments con-
firmed that PSCA knockdown suppresses CR-CSC tumor growth, induces tumor necrosis
and cell apoptosis, inhibits cell proliferation and EMT progression, and prolongs the
survival of tumor-bearing mice via negative regulation of the MAPK signaling pathway.
Collectively, these results demonstrate that PSCA acts as a critical oncogenic regulator
during CRC progression.

4. Discussion

Genes belonging to the Ly6 family are localized on chromosome 8q24.3, a genomic
region that frequently undergoes amplification of human oncogenes [26]. Previous research
has demonstrated that specific members of the Ly6 family contribute to the progression
of tumors [26,27,45]. Ly6a functions as a tumor-initiating biomarker in lung cancer [28]
and plays a role in regulating the development of breast tumors as well as the migration of
breast cancer cells [49,50]. Ly6d acts as a prognostic indicator for advanced prostate cancer,
with its expression closely correlated with prostate cancer stem cells (CSCs) [51]. As an
independent prognostic factor for colorectal cancer (CRC), Ly6e is closely related to the
migration and invasion capabilities of CRC cells [32,33]. Additionally, Ly6k also facilitates
the progression of ovarian and breast cancers [52,53].

As a member of the Ly6 family, PSCA has been previously recognized as a prognostic
biomarker for bladder and gastric cancers [54,55]. In the present study, high expression of
PSCA was observed in CRC-SCs, which prompted us to examine the impacts of siPSCA on
the proliferation, invasion, and apoptosis of CRC-SCs. The results indicated that siPSCA
treatment is capable of reducing CRC-SCs’ proliferation and invasion while enhancing CRC-
SCs” apoptosis. To clarify the molecular mechanism through which PSCA exerts its effects,
RNA sequencing (RNA-Seq) was conducted. The analysis revealed that the differentially
expressed genes in the groups treated with siPSCA were significantly enriched in the
MAPK pathway, which is consistent with earlier findings showing that Lynx1 knockdown
results in reduced pMEK expression within the MAPK pathway [56]. Further investigations
confirmed that downregulating PSCA in HCT1165SCs effectively lowered the expression
levels of pPBRAF and pERK1/2, while upregulating PSCA in SW620SCs notably elevated
the expressions of these two proteins. As key components of the MAPK pathway, pBRAF
and pERK1/2 have been well documented to promote the proliferation and migration of
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various types of cancer cells [57-59]. The in vivo xenograft immunohistochemistry (IHC)
results also demonstrated that the expression of pERK1/2 in tumors from the siPSCA
group was lower than that in the Blank and NC groups. Collectively, the current findings
suggest that PSCA enhances CRC-SCs’ proliferation and invasion while inhibiting CRC-
SCs’” apoptosis via the MAPK pathway. Furthermore, IHC results showed an elevated
expression of the epithelial-mesenchymal transition (EMT) marker E-cad in tumors from
mice treated with siPSCA, whereas the expressions of N-cad, vimentin, and ZEB1 were
reduced. Similar observations have been reported, where downregulation of Ly6e inhibits
EMT in non-small-cell lung cancer cells [60]. To verify the regulatory effect of PSCA on
ERK1/2, TBHQ—an ERK1/2 activator that can upregulate pERK1/2 expression to promote
cell proliferation, migration, and invasion—was used in related experiments [61,62]. Our
results showed that TBHQ partially counteracted the effects of siPSCA, leading to increased
proliferation and invasion as well as decreased apoptosis in HCT1165Cs.

It is worth noting that PSCA knockdown significantly elevated both the apoptotic
and necrotic levels of HCT1165Cs. However, overexpression of PSCA did not cause any
significant changes in the apoptotic and necrotic levels of SW620SCs. To date, there are no
published reports that link Ly6 family members to tumor necrosis. Based on our experi-
mental findings, the promotion of tumor necrosis by siPSCA may involve other signaling
pathways, which requires further exploration. Focusing on apoptosis and necrosis, future
studies ought to investigate the effects of ERK1/2 inhibitors on PSCA overexpression in
SW620SCs. Moreover, a detailed investigation into the specific mechanism by which PSCA
influences cell apoptosis in CRC-5Cs through the MAPK pathway should be conducted
in subsequent research. Overall, the in vivo and in vitro results of this study indicate that
PSCA could serve as a potential therapeutic target for CRC, and siPSCA treatment may
enhance the prognosis of CRC via the MAPK pathway.

Building on the above mechanistic findings, we discuss the translational value of
PSCA-targeted therapy. Systematic research confirms PSCA is highly upregulated in
multiple malignancies as a promising therapeutic target [45]. Preclinical PSCA-targeted
ADCs and CAR immune cells exert specific anti-tumor effects on PSCA-high tumor cells
with mild side effects [63,64]. Matching our observation of elevated PSCA in CRC-SCs,
antibody-conjugated nanoparticles deliver siRNA to eliminate drug-resistant stem cells
without systemic toxicity [65].

Our data indicate PSCA suppression exerts therapeutic effects on PSCA-overexpressing
CRC. PSCA silencing inhibits MAPK/ERK1/2 activation to block CRC-SC proliferation, in-
vasion, and EMT, and induces stem cell apoptosis to synergize with chemotherapy. Existing
studies show sustained MAPK stabilizes c-Myc, while ERK1/2 upregulates Oct-4, Sox-2,
and Nanog to sustain stemness and chemoresistance, which drive CRC recurrence [66,67].
Thus PSCA-mediated MAPK inhibition may downregulate these stemness regulators and
improve chemosensitivity. Combining PSCA-targeted agents with MAPK or immune
checkpoint inhibitors yields synergistic anti-tumor effects. Our findings provide a preclini-
cal basis for therapies against PSCA-high CRC-SCs, though further translational research is
needed for clinical transformation [45,68].

5. Conclusions

This paper systematically extends the present knowledge of the functional pathway
mediated by PSCA, naturally leading to the conclusion that the results will provide a more
solid theoretical basis for the diagnosis and treatment of colorectal cancer (CRC). It has
clearly shown that an ERK1/2 activator promotes pERK1/2 expression in CRC stem cells
(CRC-5Cs), which in turn enhances cell proliferation and invasion, but it also appropriately
points out that the next logical step is to investigate how ERK1/2 inhibitors regulate the
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MAPK pathway in CRC, as this will yield deeper insights into the role of PSCA in the
MAPK pathway of CRC. Finally, a more complete framework for PSCA’s role in tumor
development can be built from there.

The present paper clearly and convincingly shows that PSCA regulates the stemness
of CRC-5Cs with respect to proliferation, apoptosis, and invasion via the BRAF-ERK1/2
axis of the MAPK pathway (Figure 6). Therefore, it is reasonable to conclude that PSCA is a
very promising therapeutic target for CRC.
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Figure 6. A schematic illustration of how PSCA influences CRC-SCs’ proliferation, apoptosis, and
invasion at the molecular level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb48070737 /s1.

Author Contributions: Y.W. (Yi Wang) conceived this study, and discussed, reviewed, and revised the
manuscript. J.D. performed the experiments, data collection, and statistical analysis, and drafted this
manuscript. Y.Z., Y.Q. and C.W. assisted in performing the experiments. J.L. and Q.L. conducted the
RNA sequencing analysis. Y.W. (Yujue Wang) assisted in performing data collection and interpretation.
C.F, Z.C. and M.S. assisted in discussing, reviewing, and revising the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the Jilin Provincial Department of Education Science and
Technology Research Project (no. JJKH20262196BS), Graduate Innovation Fund of Jilin University
(no. 2025CX327), College Student Innovation Fund of Beihua University (no. $202510201165), and
Doctoral Research Startup Fund of Beihua University (no. 160324100).

Institutional Review Board Statement: The animal study protocol was approved by Jilin University
Animal Care Committee (protocol code No. 20210065; approval date 20 October 2021).

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/cimb48070737


https://www.mdpi.com/article/10.3390/cimb48070737/s1
https://www.mdpi.com/article/10.3390/cimb48070737/s1
https://doi.org/10.3390/cimb48070737

Curr. Issues Mol. Biol. 2026, 48, 737 19 of 22

Data Availability Statement: Raw RNA-seq data produced in this research have been uploaded to
the NCBI GEO database with accession ID GSE337374. Other datasets generated and analyzed in this
paper can be obtained from the corresponding author with reasonable application.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Spaander, M.C.W.; Zauber, A.G.; Syngal, S.; Blaser, M.].; Sung, ].].; You, Y.N.; Kuipers, E.J. Young-onset colorectal cancer. Nat. Rev.
Dis. Primers 2023, 9, 21. [CrossRef] [PubMed]

Ryon, E.E; Feliberti, A.; Shah, P.; Kuvshinoff, S.; Sundaram, V.; Gaughan, B.; Gantt, N.; Livingstone, A.; Merchant, N.; Dudeja, V.
Colon cancer among young patients: A more aggressive disease on the rise. J. Am. Coll. Surg. 2019, 229, S53. [CrossRef]

Li, X.; Yang, Z.; Chen, B.; Gu, L,; Tian, G.; Sui, X. SOCS3 as a potential driver of lung metastasis in colon cancer patients. Front.
Immunol. 2023, 14, 1088542. [CrossRef] [PubMed]

Rajamanickam, V.; Yan, T.; Xu, S.; Hui, J.; Xu, X;; Ren, L.; Liu, Z.; Liang, G.; Wang, O.; Wang, Y. Selective targeting of the TLR4
co-receptor, MD2, prevents colon cancer growth and lung metastasis. Int. J. Biol. Sci. 2020, 16, 1288-1301. Erratum in Int. ]. Biol.
Sci. 2022, 18, 3102-3103. https:/ /doi.org/10.7150/ijbs.74103. [CrossRef] [PubMed]

Miyazaki, T.; Chung, S.; Sakai, H.; Ohata, H.; Obata, Y.; Shiokawa, D.; Mizoguchi, Y.; Kubo, T.; Ichikawa, H.; Taniguchi, H.; et al.
Stemness and immune evasion conferred by the TDO2-AHR pathway are associated with liver metastasis of colon cancer. Cancer
Sci. 2022, 113, 170-181. [PubMed]

Ji, H.; Kim, TW.; Lee, W].; Jeong, S.D.; Cho, Y.B.; Kim, H.H. Two circPPFIA1s negatively regulate liver metastasis of colon cancer
via miR-155-5p/CDX1 and HuR/RAB36. Mol. Cancer 2022, 21, 197. [CrossRef] [PubMed]

Yang, J.; Xing, P; Kong, Y.; Xu, M.; Zhang, L. PD-1 inhibitor combined with radiotherapy and GM-CSF in MSS/pMMR metastatic
colon cancer: A case report. Front. Oncol. 2023, 13, 1078915. [CrossRef] [PubMed]

Wu, Q.; Wei, J.; Zhao, C.; Xiang, S.; Shi, M.; Wang, Y. Targeting LncRNA EPIC1 to inhibit human colon cancer cell progression.
Aging 2023, 15, 583-5%4.

Lulla, A.R; Slifker, M.].; Zhou, Y.; Lev, A.; Einarson, M.B.; Dicker, D.T.; El-Deiry, W.S. miR-6883 Family miRNAs Target CDK4/6
to Induce G1 Phase Cell-Cycle Arrest in colon cancer Cells. Cancer Res. 2017, 77, 6902-6913. [CrossRef] [PubMed]

Algarni, A.; Jasim, S.A.; Altalbawy, EM.A.; Kaur, H.; Kaur, I.; Rodriguez-Benites, C.; Deorari, M.; Alwaily, E.R.; Al-Ani, AM,;
Redhee, A.H. Challenges and opportunities for cancer stem cell-targeted immunotherapies include immune checkpoint inhibitor,
cancer stem cell-dendritic cell vaccine, chimeric antigen receptor immune cells, and modified exosomes. J. Biochem. Mol. Toxicol.
2024, 38, €23719. [CrossRef] [PubMed]

Mangiapane, L.R.; Nicotra, A.; Turdo, A.; Gaggianesi, M.; Bianca, P.; Franco, S.D.; Sardina, D.S.; Veschi, V.; Signore, M.; Beyes,
S.; et al. PI3K-driven HER2 expression is a potential therapeutic target in colorectal cancer stem cells. Gut 2022, 71, 119-128.
[PubMed]

Du, L.; Cheng, Q.; Zheng, H.; Liu, J.; Liu, L.; Chen, Q. Targeting stemness of cancer stem cells to fight colorectal cancers. Semin.
Cancer Biol. 2022, 82, 150-161. [CrossRef] [PubMed]

Garza Trevifo, E.N.; Quiroz Garza, A.G.; Rojas Murillo, J.A.; de la Garza Kalife, D.A.; Delgado Gonzalez, P,; Islas, ].E; Estrada
Rodriguez, A.E.; Gonzalez Villarreal, C.A. Cell Therapy as Target Therapy against colon cancer Stem Cells. Int. ]. Mol. Sci. 2023,
24, 8163. [CrossRef] [PubMed]

Jiang, X.; Liu, ].; Mao, J.; Han, W.; Fan, Y.; Luo, T.; Xia, ].; Lee, M.].; Lin, W. Pharmacological ascorbate potentiates combination
nanomedicines and reduces cancer cell stemness to prevent post-surgery recurrence and systemic metastasis. Biomaterials 2023,
295, 122037. [CrossRef] [PubMed]

Duan, Y,; Li, A.; Miao, D.; Tan, D.; Wang, K.; Shi, ]. Colorectal cancer stem cells crosstalk in tumor immune microenvironment and
targeted therapeutic strategies. Front. Immunol. 2025, 16, 1714954. [CrossRef] [PubMed]

Saw, PE.; Liu, Q.; Wong, P.P.; Song, E. Cancer stem cell mimicry for immune evasion and therapeutic resistance. Cell Stem Cell
2024, 31, 1101-1112. [CrossRef] [PubMed]

Dong, J.P; Pil, S.S.; Jung-Hee, K.; Gil, W.L.; Jeong, W.J.; Eun, S.J.; Si, H.B.; Jong, Y.C.; Seung, K.Y. EpCAM-high liver cancer stem
cells resist natural killer cell-mediated cytotoxicity by upregulating CEACAMI. J. Immunother. Cancer 2020, 8, €000301. [CrossRef]
Sun, Q.; Wang, Y.; Officer, A.; Pecknold, B.; Lee, G.; Harismendy, O.; Desgrosellier, J.S. Stem-like breast cancer cells in the activated
state resist genetic stress via TGFBI-ZEB1. npj Breast Cancer 2022, 8, 5. [CrossRef] [PubMed]

Huang, D.; Guo, N.; Peng, Y.; Nie, Z.; Gao, Y.; Cao, H.; Wang, S.; Chen, M.; Wen, X.,; Wang, Z.; et al. Long-term resident
adipose-derived stromal stem cells in the microenvironment remodeling BLCA cell stemness and EMT promotes bladder cancer
progression. Sci. Rep. 2025, 15, 23049. [CrossRef] [PubMed]

Abedizadeh, R.; Majidi, F.; Khorasani, H.R.; Abedi, H.; Sabour, D. Colorectal cancer: A comprehensive review of carcinogenesis,
diagnosis, and novel strategies for classified treatments. Cancer Metastasis Rev. 2024, 43, 729-753. [PubMed]

https:/ /doi.org/10.3390/cimb48070737


https://doi.org/10.1038/s41572-023-00432-7
https://www.ncbi.nlm.nih.gov/pubmed/37105987
https://doi.org/10.1016/j.jamcollsurg.2019.08.130
https://doi.org/10.3389/fimmu.2023.1088542
https://www.ncbi.nlm.nih.gov/pubmed/38299142
https://doi.org/10.7150/ijbs.74103
https://doi.org/10.7150/ijbs.39098
https://www.ncbi.nlm.nih.gov/pubmed/32210720
https://www.ncbi.nlm.nih.gov/pubmed/34714577
https://doi.org/10.1186/s12943-022-01667-w
https://www.ncbi.nlm.nih.gov/pubmed/36224588
https://doi.org/10.3389/fonc.2023.1078915
https://www.ncbi.nlm.nih.gov/pubmed/38322291
https://doi.org/10.1158/0008-5472.can-17-1767
https://www.ncbi.nlm.nih.gov/pubmed/29061672
https://doi.org/10.1002/jbt.23719
https://www.ncbi.nlm.nih.gov/pubmed/38764138
https://www.ncbi.nlm.nih.gov/pubmed/33436496
https://doi.org/10.1016/j.semcancer.2021.02.012
https://www.ncbi.nlm.nih.gov/pubmed/33631296
https://doi.org/10.3390/ijms24098163
https://www.ncbi.nlm.nih.gov/pubmed/37175871
https://doi.org/10.1016/j.biomaterials.2023.122037
https://www.ncbi.nlm.nih.gov/pubmed/36773429
https://doi.org/10.3389/fimmu.2025.1714954
https://www.ncbi.nlm.nih.gov/pubmed/41583447
https://doi.org/10.1016/j.stem.2024.06.003
https://www.ncbi.nlm.nih.gov/pubmed/38925125
https://doi.org/10.1136/jitc-2019-000301
https://doi.org/10.1038/s41523-021-00375-w
https://www.ncbi.nlm.nih.gov/pubmed/35027548
https://doi.org/10.1038/s41598-025-07387-7
https://www.ncbi.nlm.nih.gov/pubmed/40596589
https://www.ncbi.nlm.nih.gov/pubmed/38112903
https://doi.org/10.3390/cimb48070737

Curr. Issues Mol. Biol. 2026, 48, 737 20 of 22

21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tape, C.J. Plastic persisters: Revival stem cells in colorectal cancer. Trends Cancer 2024, 10, 185-195. [CrossRef] [PubMed]
Matsuda, T.; Fujimoto, A.; Igarashi, Y. Colorectal Cancer: Epidemiology, Risk Factors, and Public Health Strategies. Digestion
2025, 106, 91-99. [CrossRef] [PubMed]

Sedlak, J.C.; Yilmaz, O.H.; Roper, J. Metabolism and Colorectal Cancer. Annu. Rev. Pathol. 2023, 18, 467-492. [CrossRef] [PubMed]
Yasodha, K.; Mary, L.L.; Surajit, P; Satish, R. Exosomes from metastatic colon cancer cells drive the proliferation and migration of
primary colon cancer through increased expression of cancer stem cell markers CD133 and DCLKI. Tissue Cell 2023, 84, 102163.
[CrossRef] [PubMed]

Wang, M.; Li, L.; Guo, Q.; Zhang, S.; Ji, D.; Li, H. Identification and expression of a new Ly6 gene cluster in zebrafish Danio rerio,
with implications of being involved in embryonic immunity. Fish Shellfish Immunol. 2016, 54, 230-240. [CrossRef] [PubMed]
Upadhyay, G. Emerging Role of Lymphocyte Antigen-6 Family of Genes in Cancer and Immune Cells. Front. Immunol. 2019, 10,
819. [CrossRef] [PubMed]

Liu, D.; Xu, C,; Liu, Y.; Ouyang, W,; Lin, S.; Xu, A.; Zhang, Y.; Xie, Y.; Huang, Q.; Zhao, W.; et al. A systematic survey of LU
domain-containing proteins reveals a novel human gene, LY6A, which encodes the candidate ortholog of mouse Ly-6A /Sca-1
and is aberrantly expressed in pituitary tumors. Front. Med. 2023, 17, 458-475. [CrossRef] [PubMed]

Semba, T.; Sato, R.; Kasuga, A.; Suina, K,; Shibata, T.; Kohno, T.; Suzuki, M.; Saya, H.; Arima, Y. Lung Adenocarcinoma Mouse
Models Based on Orthotopic Transplantation of Syngeneic Tumor-Initiating Cells Expressing EpCAM, SCA-1, and Ly6d. Cancers
2020, 12, 3805. [CrossRef] [PubMed]

Haensel, D.; Gaddam, S.; Li, N.Y.; Gonzalez, F; Patel, T.; Cloutier, ].M.; Sarin, K.Y.; Tang, ].Y.; Rieger, K.E.; Aasi, S.Z.; et al. LY6D
marks pre-existing resistant basosquamous tumor subpopulations. Nat. Commun. 2022, 13, 7520. [CrossRef] [PubMed]

Linn, D.E.; Barros-Silva, J.D.; Guo, G.; Brown, M.; Ashton, G.; Clarke, N.W,; Yuan, G.C.; Orkin, S.H.; Baena, E.; Li, Z. Single cell
analysis identified LY6D as a novel marker of castration-resistant multipotent luminal progenitors. Cancer Res. 2016, 76, LB-275.
[CrossRef]

Barros-Silva, J.D.; Linn, D.E.; Steiner, I.; Guo, G.; Ali, A.; Pakula, H.; Ashton, G.; Peset, I.; Brown, M.; Clarke, N.W.; et al.
Single-Cell Analysis Identifies LY6D as a Marker Linking Castration-Resistant Prostate Luminal Cells to Prostate Progenitors and
Cancer. Cell Rep. 2018, 25, 3504-3518.e6. [CrossRef] [PubMed]

Jung, H.; Baek, M.; Ahn, T.; Park, D.; Um, J.; Lee, S. LY6E (Lymphocyte Antigen 6 Complex Locus) is Associated with Invasion
and Poor Prognosis in colorectal cancer. Ann. Surg. Oncol. 2017, 24, S89. [CrossRef]

Kim, H.J.; Hong, I; Roh, S.; Kim, S.; Kim, H.; Oh, S.; Ahn, T.S.; Kang, D.H.; Baek, M.].; Jeong, D. High expression of LY6E is an
independent prognostic factor of colorectal cancer patients. Oncol. Rep. 2023, 49, 80. [CrossRef] [PubMed]

Ali, D.; Zepp, M.; Bozza, M.; Nikolova, M.; Harbottle, R.; Berger, M.R. Ly6-neurotoxinl knockout in PDAC cells inhibits their
growth in vitro and in vivo. Cancer Res. 2020, 80, 4717. [CrossRef]

Amara, N.; Palapattu, G.S.; Schrage, M.; Gu, Z.; Thomas, G.V.; Dorey, E; Said, J.; Reiter, R.E. Prostate stem cell antigen is
overexpressed in human transitional cell carcinoma. Cancer Res. 2001, 61, 4660-4665. [PubMed]

Reiter, R.E.; Gu, Z.; Watabe, T.; Thomas, G.; Szigeti, K.; Davis, E.; Wahl, M.; Nisitani, S.; Yamashiro, J.; Le Beau, M.M,; et al.
Prostate stem cell antigen: A cell surface marker overexpressed in prostate cancer. Proc. Natl. Acad. Sci. USA 1998, 95, 1735-1740.
[CrossRef] [PubMed]

Argani, P; Rosty, C.; Reiter, R.E.; Wilentz, R.E.; Murugesan, S.R.; Leach, S.D.; Ryu, B.; Skinner, H.G.; Goggins, M.; Jaffee, EM.;
et al. Discovery of new markers of cancer through serial analysis of gene expression: Prostate stem cell antigen is overexpressed
in pancreatic adenocarcinoma. Cancer Res. 2001, 61, 4320-4324. [PubMed]

Gu, Z.; Thomas, G.; Yamashiro, J.; Shintaku, L.P.; Dorey, F; Raitano, A.; Witte, O.; Said, ].; Loda, M.; Reiter, R. Prostate stem cell
antigen (PSCA) expression increases with high gleason score, advanced stage and bone metastasis in prostate cancer. Oncogene
2000, 19, 1288-1296. [CrossRef] [PubMed]

Tsai, WK,; Zettlitz, K.A.; Tavar, R.; Kobayashi, N.; Reiter, R.E.; Wu, A M. Dual-Modality ImmunoPET /Fluorescence Imaging of
Prostate Cancer with an Anti-PSCA Cys-Minibody. Theranostics 2018, 8, 5903-5914. [CrossRef] [PubMed]

Cao, D.; Ji, H.; Ronnett, B.M. Expression of mesothelin, fascin, and prostate stem cell antigen in primary ovarian mucinous tumors
and their utility in differentiating primary ovarian mucinous tumors from metastatic pancreatic mucinous carcinomas in the
ovary. Int. ]. Gynecol. Pathol. 2005, 24, 67-72. [CrossRef] [PubMed]

Han, K,; Seligson, D.B.; Liu, X.; Horvath, S.; Shintaku, P.I.; Thomas, G.V.; Said, ].W.; Reiter, R.E. Prostate Stem Cell Antigen (PSCA)
Expression is Associated with Gleason Score, Seminal Vesicle Invasion, and Capsular Invasion in Prostate Cancer. J. Urol. 2004,
171, 227-228. [CrossRef]

Li, E; Liu, L,; Li, F; Luo, L.; Zhao, S.; Wang, J.; Kang, R.; Luo, J.; Zhao, Z. PSCA promotes prostate cancer proliferation and
cell-cycle progression by up-regulating c-Myc. Prostate 2017, 77, 1563-1572. [CrossRef] [PubMed]

Elbadawy, M.; Usui, T.; Yamawaki, H.; Sasaki, K. Emerging Roles of C-Myc in Cancer Stem Cell-Related Signaling and Resistance
to Cancer Chemotherapy: A Potential Therapeutic Target Against Colorectal Cancer. Int. ]. Mol. Sci. 2019, 20, 2340. [CrossRef]
[PubMed]

https:/ /doi.org/10.3390/cimb48070737


https://doi.org/10.1016/j.trecan.2023.11.003
https://www.ncbi.nlm.nih.gov/pubmed/38071119
https://doi.org/10.1159/000543921
https://www.ncbi.nlm.nih.gov/pubmed/39938491
https://doi.org/10.1146/annurev-pathmechdis-031521-041113
https://www.ncbi.nlm.nih.gov/pubmed/36323004
https://doi.org/10.1016/j.tice.2023.102163
https://www.ncbi.nlm.nih.gov/pubmed/37487255
https://doi.org/10.1016/j.fsi.2016.04.005
https://www.ncbi.nlm.nih.gov/pubmed/27071517
https://doi.org/10.3389/fimmu.2019.00819
https://www.ncbi.nlm.nih.gov/pubmed/31068932
https://doi.org/10.1007/s11684-022-0968-4
https://www.ncbi.nlm.nih.gov/pubmed/36928550
https://doi.org/10.3390/cancers12123805
https://www.ncbi.nlm.nih.gov/pubmed/33348616
https://doi.org/10.1038/s41467-022-35020-y
https://www.ncbi.nlm.nih.gov/pubmed/36473848
https://doi.org/10.1158/1538-7445.am2016-lb-275
https://doi.org/10.1016/j.celrep.2018.11.069
https://www.ncbi.nlm.nih.gov/pubmed/30566873
https://doi.org/10.1245/s10434-017-5907-2
https://doi.org/10.3892/or.2023.8517
https://www.ncbi.nlm.nih.gov/pubmed/36866762
https://doi.org/10.1158/1538-7445.am2020-4717
https://www.ncbi.nlm.nih.gov/pubmed/11406532
https://doi.org/10.1073/pnas.95.4.1735
https://www.ncbi.nlm.nih.gov/pubmed/9465086
https://www.ncbi.nlm.nih.gov/pubmed/11389052
https://doi.org/10.1038/sj.onc.1203426
https://www.ncbi.nlm.nih.gov/pubmed/10713670
https://doi.org/10.7150/thno.27679
https://www.ncbi.nlm.nih.gov/pubmed/30613270
https://doi.org/10.1016/j.chaos.2004.09.084
https://www.ncbi.nlm.nih.gov/pubmed/15626919
https://doi.org/10.1016/s0022-5347(18)38109-6
https://doi.org/10.1002/pros.23432
https://www.ncbi.nlm.nih.gov/pubmed/28971496
https://doi.org/10.3390/ijms20092340
https://www.ncbi.nlm.nih.gov/pubmed/31083525
https://doi.org/10.3390/cimb48070737

Curr. Issues Mol. Biol. 2026, 48, 737 21 of 22

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Li, Z,; Yang, Z.; Liu, W,; Zhu, W.; Yin, L.; Han, Z.; Xian, Y.; Wen, J.; Tang, H.; Lin, X,; et al. Disheveled3 enhanced EMT and cancer
stem-like cells properties via Wnt/ 3-catenin/c-Myc/SOX2 pathway in colorectal cancer. J. Transl. Med. 2023, 21, 302. [CrossRef]
[PubMed]

Nayerpour Dizaj, T.; Doustmihan, A.; Sadeghzadeh Oskouei, B.; Akbari, M.; Jaymand, M.; Mazloomi, M.; Jahanban-Esfahlan, R.
Significance of PSCA as a novel prognostic marker and therapeutic target for cancer. Cancer Cell Int. 2024, 24, 135. [CrossRef]
[PubMed]

Duan, J.; Wang, Y.; Chen, Y,; Wang, Y.; Li, Q.; Liu, J.; Fu, C.; Cao, C.; Cong, Z.; Su, M. Silencing LY6D Expression Inhibits Colon
Cancer in Xenograft Mice and Regulates Colon Cancer Stem Cells” Proliferation, Stemness, Invasion, and Apoptosis via the
MAPK Pathway. Molecules 2023, 28, 7776. [CrossRef] [PubMed]

Fu, C.; Xiao, X.; Xu, H.; Lu, W.; Wang, Y. Efficacy of atovaquone on EpCAM+CD44+ HCT-116 human colon cancer stem cells
under hypoxia. Exp. Ther. Med. 2020, 20, 286. [CrossRef] [PubMed]

Fu, C; Chen, K.; Duan, J.; Liu, K.; Li, M.; Chen, Y.; Cong, Z.; Wang, Y. Silencing LY6K Suppresses CD44+ EpCAM+ HCT116
Human Colon Cancer Stem Cells Growth: Insights from In Vitro and In Vivo Evidence. Curr. Issues Mol. Biol. 2024, 46,
14045-14057. [CrossRef] [PubMed]

Bhuvaneshwar, K.; Alhossiny, M.; Gusev, Y.; Madhavan, S.; Upadhyay, G. Variant analysis of LY6 genes in TCGA ovarian cancer.
Cancer Res. 2018, 78, LB-392. [CrossRef]

Batts, T.D.; Machado, H.L.; Zhang, Y.; Creighton, C.J.; Li, Y.; Rosen, ].M. Stem Cell Antigen-1 (Sca-1) Regulates Mammary Tumor
Development and Cell Migration. PLoS ONE 2011, 6, e27841. [CrossRef] [PubMed]

Loughner, C.L.; Bruford, E.A.; McAndrews, M.S,; Delp, E.E.; Swamynathan, S.; Swamynathan, S.K. Organization, evolution and
functions of the human and mouse Ly6/uPAR family genes. Hum. Genom. 2016, 10, 10. [CrossRef]

Geng, L.; Wang, Z.; Tian, Y. Down-regulation of ZNF252P-AS1 alleviates ovarian cancer progression by binding miR-324-3p to
downregulate LY6K. J. Ovarian Res. 2022, 15, 1. [CrossRef] [PubMed]

Kim, Y.S,; Park, SJ; Lee, Y.S.; Kong, HK.; Park, ].H. miRNAs involved in LY6K and estrogen receptor-a contribute to tamoxifen
susceptibility in breast cancer. Oncotarget 2016, 7, 42261-42273. [CrossRef] [PubMed]

Xu, L.P; Qiu, H.B,; Yuan, S.Q.; Chen, Y.M.; Zhou, Z.W.; Chen, Y.B. Downregulation of PSCA promotes gastric cancer proliferation
and is related to poor prognosis. J. Cancer 2020, 11, 2708-2715. [CrossRef] [PubMed]

Bahrenberg, G.; Brauers, A.; Joost, H.G.; Jakse, G. Reduced Expression of PSCA, a Member of the LY-6 Family of Cell Surface
Antigens, in Bladder, Esophagus, and Stomach Tumors. Biochem. Biophys. Res. Commun. 2000, 275, 783-788. [CrossRef] [PubMed]
Miwa, .M. Lynx1 prototoxins: Critical accessory proteins of neuronal nicotinic acetylcholine receptors. Curr. Opin. Pharmacol.
2021, 56, 46-51. [CrossRef] [PubMed]

Fan, J.; Ren, D.; Wang, J.; Liu, X,; Zhang, H.; Wu, M.; Yang, G. Bruceine D induces lung cancer cell apoptosis and autophagy via
the ROS/MAPK signaling pathway in vitro and in vivo. Cell Death Dis. 2020, 11, 126. [CrossRef] [PubMed]

Chu, J.E.; Kugathasan, L.; Morris, VK.; Raghav, K.; Swanson, L.; Lim, H.; Renouf, D.J.; Gill, S.; Wolber, R.; Karsan, A.; et al.
Population-based Screening for BRAF V600E in Metastatic colorectal cancer Reveals Increased Prevalence and Poor Prognosis.
Clin. Cancer Res. 2020, 26, 4599—-4605. [CrossRef] [PubMed]

Zhao, S.; Qiu, Z.; Zhang, L.; Li, W. Prognostic values of ERK1/2 and p-ERK1/2 expressions for poor survival in non-small cell
lung cancer. Tumor Biol. 2015, 36, 4143—4150. [CrossRef]

Zhang, Q.; Jia, Y,; Pan, P; Zhang, X,; Jia, Y.; Zhu, P; Chen, X,; Jiao, Y.; Kang, G.; Zhang, L.; et al. ®5-nAChR associated with Ly6E
modulates cell migration via TGF-31/Smad signaling in non-small cell lung cancer. Carcinogenesis 2022, 43, 393-404. [CrossRef]
[PubMed]

Hu, H.; Dong, Z.; Wang, X; Bai, L.; Lei, Q.; Yang, J.; Li, L.; Li, Q.; Liu, L.; Zhang, Y.; et al. Dehydrocorydaline Inhibits Cell
Proliferation, Migration and Invasion via Suppressing MEK1/2-ERK1/2 Cascade in Melanoma. OncoTargets Ther. 2019, 12,
5163-5175. Erratum in OncoTargets Ther. 2021, 14, 5333-5334. https://doi.org/10.2147 / ott.s350023. [CrossRef]

Li, R; Li, H,; Lan, J.; Yang, D.; Lin, X.; Xu, H.; Han, B.; Yang, M.; Su, B.; Liu, F; et al. Damnacanthal isolated from morinda
species inhibited ovarian cancer cell proliferation and migration through activating autophagy. Phytomedicine 2022, 100, 154089.
[CrossRef]

Chu, X; Shin, S.; Baek, D.S.; Zhang, L.; Conard, A.; Shi, M.; Kim, Y.J.; Adams, C.; Hines, M.; Liu, X.; et al. Discovery of a novel
highly specific, fully human PSCA antibody and its application as an antibody-drug conjugate in prostate cancer. MAbs 2024, 16,
2387240. [CrossRef] [PubMed]

Teng, K.Y.; Mansour, A.G.; Zhu, Z; Li, Z,; Tian, L.; Ma, S.; Xu, B,; Lu, T.; Chen, H.; Hou, D.; et al. Off-the-Shelf Prostate Stem Cell
Antigen-Directed Chimeric Antigen Receptor Natural Killer Cell Therapy to Treat Pancreatic Cancer. Gastroenterology 2022, 162,
1319-1333. [CrossRef] [PubMed]

Jugel, W.; Aigner, A.; Michen, S.; Hagstotz, A.; Ewe, A.; Appelhans, D.; Schackert, G.; Temme, A.; Tietze, S. Targeted RNAi of
BIRC5/Survivin Using Antibody-Conjugated Poly(Propylene Imine)-Based Polyplexes Inhibits Growth of PSCA-Positive Tumors.
Pharmaceutics 2021, 13, 676. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48070737


https://doi.org/10.1186/s12967-023-04120-8
https://www.ncbi.nlm.nih.gov/pubmed/37147666
https://doi.org/10.1186/s12935-024-03320-6
https://www.ncbi.nlm.nih.gov/pubmed/38627732
https://doi.org/10.3390/molecules28237776
https://www.ncbi.nlm.nih.gov/pubmed/38067506
https://doi.org/10.3892/etm.2020.9416
https://www.ncbi.nlm.nih.gov/pubmed/33209130
https://doi.org/10.3390/cimb46120840
https://www.ncbi.nlm.nih.gov/pubmed/39727968
https://doi.org/10.1158/1538-7445.am2018-lb-392
https://doi.org/10.1371/journal.pone.0027841
https://www.ncbi.nlm.nih.gov/pubmed/22140470
https://doi.org/10.1186/s40246-016-0074-2
https://doi.org/10.1186/s13048-021-00933-7
https://www.ncbi.nlm.nih.gov/pubmed/34980214
https://doi.org/10.18632/oncotarget.9950
https://www.ncbi.nlm.nih.gov/pubmed/27304060
https://doi.org/10.7150/jca.33575
https://www.ncbi.nlm.nih.gov/pubmed/32201541
https://doi.org/10.1006/bbrc.2000.3393
https://www.ncbi.nlm.nih.gov/pubmed/10973799
https://doi.org/10.1016/j.coph.2020.09.016
https://www.ncbi.nlm.nih.gov/pubmed/33254061
https://doi.org/10.1038/s41419-020-2317-3
https://www.ncbi.nlm.nih.gov/pubmed/32071301
https://doi.org/10.1158/1078-0432.ccr-20-1024
https://www.ncbi.nlm.nih.gov/pubmed/32571791
https://doi.org/10.1007/s13277-015-3048-4
https://doi.org/10.1093/carcin/bgac003
https://www.ncbi.nlm.nih.gov/pubmed/34994389
https://doi.org/10.2147/ott.s350023
https://doi.org/10.2147/ott.s183558
https://doi.org/10.1016/j.phymed.2022.154084
https://doi.org/10.1080/19420862.2024.2387240
https://www.ncbi.nlm.nih.gov/pubmed/39113562
https://doi.org/10.1053/j.gastro.2021.12.281
https://www.ncbi.nlm.nih.gov/pubmed/34999097
https://doi.org/10.3390/pharmaceutics13050676
https://www.ncbi.nlm.nih.gov/pubmed/34066833
https://doi.org/10.3390/cimb48070737

Curr. Issues Mol. Biol. 2026, 48, 737 22 of 22

66.

67.

68.

Lepore Signorile, M.; Grossi, V.; Fasano, C.; Forte, G.; Disciglio, V.; Sanese, P.; De Marco, K.; La Rocca, F.; Armentano, R.; Valentini,
A.M,; et al. c-MYC Protein Stability Is Sustained by MAPKSs in Colorectal Cancer. Cancers 2022, 14, 4840. Correction in Cancers
2024, 16, 3704. https:/ /doi.org/10.3390/ cancers16213704. [CrossRef] [PubMed]

Ruan, H.X,; Fang, Y.L.; Qin, X.N; Lin, L. Interleukin-22 promotes cancer stemness and chemotherapy resistance in colorectal
cancer via epidermal growth factor receptor/extracellular signal-regulated kinase pathway. World |. Gastrointest. Oncol. 2025, 17,
108535. [CrossRef] [PubMed]

Priceman, S.J.; Gerdts, E.A.; Tilakawardane, D.; Kennewick, K.T.; Murad, J.P.; Park, A K,; Jeang, B.; Yamaguchi, Y.; Yang, X.;
Urak, R.; et al. Co-stimulatory signaling determines tumor antigen sensitivity and persistence of CAR T cells targeting PSCA+
metastatic prostate cancer. Oncoimmunology 2017, 7, €1380764. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/cimb48070737


https://doi.org/10.3390/cancers16213704
https://doi.org/10.3390/cancers14194840
https://www.ncbi.nlm.nih.gov/pubmed/36230763
https://doi.org/10.4251/wjgo.v17.i8.108535
https://www.ncbi.nlm.nih.gov/pubmed/40837778
https://doi.org/10.1080/2162402x.2017.1380764
https://www.ncbi.nlm.nih.gov/pubmed/29308300
https://doi.org/10.3390/cimb48070737

	Introduction 
	Materials and Methods 
	Cells Culture 
	Magnetic-Activated Cell Sorting (MACS) 
	Cell Transfection 
	Cell Proliferation 
	MTS Assay 
	Colony Formation Assay 

	Pharmacological Rescue of ERK1/2 Activity 
	Cell Apoptosis 
	Cell Invasion 
	RNA-Seq and Bioinformatics Analysis 
	RNA-Seq 
	Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analyses 

	Western Blotting 
	Animals 
	Xenograft Assay 
	Histological Staining and Histomorphological Analysis 
	Statistical Analysis 

	Results 
	PSCA Expression in CRC and Isolation, Identification of CRC-SCs 
	PSCA Is Highly Expressed in CRC-SCs and Modulates Stemness-Associated Transcription Factors 
	PSCA Modulates the Stemness of CRC-SCs, Encompassing Their Proliferation, Invasion, and Apoptosis 
	PSCA Modulates the Stemness of CRC-SCs Through the MAPK Signaling Pathway 
	siPSCA-Mediated Suppression of CRC Xenograft Tumor Progression 

	Discussion 
	Conclusions 
	References

