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IncRNA AL445238.2-USP4 axis regulates cell
survival and stemness in colon cancer
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Abstract. Local progression and metastasis remain the fore-
most impediments to long-term survival among patients with
colorectal cancer (CRC). long non-coding RNAs (IncRNAs)
have a pivotal role in the advancement of colorectal malignan-
cies. The aim of the present study was to elucidate the functional
role and underlying molecular mechanisms of the IncRNA
AL445238.2 in CRC progression. In the present study, overex-
pression/knockdown lentiviral vectors, protein half-life assays
and co-immunoprecipitation assays were used to explore the
regulatory relationship among AL 445238.2, ubiquitin-specific
protease 4 (USP4) and BCL2, combined with Transwell assays,
sphere formation assays and subcutaneous xenograft models
to demonstrate their effects on colon cancer proliferation and
stemness both in vitro and in vivo. The experimental find-
ings revealed that AL445238.2 was highly expressed in CRC
cells. AL445238 overexpression significantly enhanced the
proliferation of DLD1 and SW480 cells, reduced extracellular
lactate dehydrogenase release, diminished apoptotic activity
and increased cellular stemness, as evidenced by increased
CD133 expression and augmented tumor sphere formation,
together with enhanced mitochondrial activity. RNA pulldown
and immunofluorescence assays further demonstrated a direct
interaction between AL445238.2 and USP4, with the two
synergistically modulating the expression of the anti-apoptotic
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protein Bcl2 and the pro-apoptotic protein BAX to suppress
apoptosis. Moreover, in in vivo assays, USP4 independently
promoted cell proliferation, sustained stemness and enhanced
mitochondrial function, thereby increasing tumor growth.
Collectively, the findings of the present study revealed that
AL445238.2, through its interaction with USP4, orchestrated
the regulation of cell proliferation, apoptosis, stemness mainte-
nance and migration in CRC cells, offering novel insights into
the role of IncRNAs in cancer progression and highlighting
potential therapeutic targets.

Introduction

Colorectal cancer (CRC) is responsible for ~930,000 deaths
annually worldwide, making it the second most common
cause of cancer-related death globally (1). Metastasis and local
progression are the major limiting factors in the efficacy of
CRC treatment. The stemness of cancer cells and mitochon-
drial stability play pivotal roles in the invasion and metastasis
of CRC (2-4).

Cancer cell stemness is closely associated with tumor
progression and recurrence. CRC cells with enhanced stemness
are more likely to breach the basement membrane and enter the
circulatory system, thereby facilitating metastasis to distant
organs (5). These stem-like tumor cells also exhibit greater
resistance to conventional therapies, presenting a notable chal-
lenge in CRC treatment (6). Mitochondrial stability is central
to the metabolic adaptability and the anti-apoptotic capacity of
CRC cells (7,8). Through mitochondrial metabolic reprogram-
ming, tumor cells can adapt to various microenvironments,
thereby increasing their survival rate. Thus, the regulation of
stemness and mitochondrial stability influences the invasive-
ness and metastatic potential of CRC cells. Intervening in the
mechanisms governing stemness and mitochondrial stability
may offer novel strategies to enhance the therapeutic outcomes
of CRC.

Ubiquitin-specific protease 4 (USP4) plays crucial regula-
tory roles in multiple cellular processes implicated in cancer
development and progression. Accumulating evidence demon-
strates that USP4 regulates key players (namely WNT3A,
RADS50, TGFB1 and PRL3) in cancer-relevant pathways,
including cell proliferation, apoptosis and DNA damage
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responses (9-12). Given these multifaceted roles in cancer
biology, understanding how USP4 activity is regulated and
how its function can be modulated through interaction with
other regulatory molecules, such as long non-coding RNAs
(IncRNAs), represents an important avenue for cancer research
and therapeutic development.

IncRNAs are a class of RNAs >200 nucleotides in length
and lacking protein-coding sequences; they play crucial roles
in chromatin dynamics, gene expression regulation and cell
growth and differentiation (13-15). Whole-genome associa-
tion studies of tumor samples have confirmed that IncRNAs
are key factors in the initiation and progression of various
cancer types. For instance, IncRNA-H19 promotes the devel-
opment of gastric cancer, CRC and gliomas by encoding and
producing microRNA-675 (16,17). Moreover, linc02273 drives
breast cancer metastasis by upregulating the transcription of
AGR?2 (18). In addition, the oncogene c-Myc promotes tumor
formation by silencing p53 through the IncRNA MILIP (19).
Beyond their well-established roles in transcriptional and
post-transcriptional regulation, IncRNAs can serve as
molecular scaffolds that facilitate or modulate protein-protein
interactions, thereby affecting the enzymatic activity, substrate
specificity or stability of their protein partners (20,21). Several
studies have demonstrated that IncRNAs can directly bind to
deubiquitinating enzymes and influence their deubiquitinase
activity or subcellular localization, adding an additional layer
of complexity to post-translational regulatory networks in
cancer cells (22,23).

AL445238.2, located on the long arm of chromosome
13 (q21.31), consists of two exons and is 1,581 bp in length.
At present and to the best of our knowledge, there are no
published reports on AL445238.2. Targeting the cell survival
and metastasis mechanisms, such as by inhibiting the inter-
action between AL445238.2 and its downstream signaling
pathways, may provide novel strategies to improve CRC
treatment outcomes.

Materials and methods

Cell lines, cell culture and transfection. The CRC cell lines
SW480 and DLDI1 were purchased from the American
Type Culture Collection. Cells were cultured in Dulbecco's
Modified Eagle's Medium (Gibco; Thermo Fisher Scientific,
Inc.) containing 10% fetal bovine serum (FBS; HyClone™;
Cytiva) and incubated at 37°C with 5% CO,. Overexpression
or knockdown lentiviral vectors encoding AL445238.2,
USP4 or the corresponding empty vector were constructed
using the pLVX-IRES-Puro plasmid backbone by Shanghai
GeneChem Co., Ltd. Lentiviral particles were also produced
and concentrated to a titer of 1x10® TU/ml by Shanghai
GeneChem Co., Ltd. For lentiviral transduction, cells were
seeded at 30-40% confluency and transduced with lentiviral
particles at a multiplicity of infection of 10-20 in the presence
of 5 ug/ml polybrene (MilliporeSigma) at 37°C for 24 h. Stable
transfected cells were selected and maintained with 2 ug/ml
puromycin (MilliporeSigma) starting 72 h post-transfection.
All of the cell lines were confirmed to be free from myco-
plasma contamination and were authenticated by an expert
before being used for experimentation. All shRNA sequences
are listed in Table SI.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from SW480 and DLDI1 cells using
TRIzol reagent (MilliporeSigma) and RNA purity and integ-
rity were assessed by electrophoresis. RT was performed
using random primers at 42°C for 1 h (RevertAid First Strand
cDNA Synthesis Kit; Thermo Fisher Scientific, Inc.). The
target gene was then amplified in a 20 yl reaction system using
SYBR-Green qPCR Mix (Thermo Fisher Scientific, Inc.).
The PCR conditions were as follows: 50°C for 2 min, 95°C
for 2 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 32 sec. Relative gene expression levels were normalized
to the reference gene -actin and quantified using the 244
method (24). The primer sequences for gPCR are provided in
Table SII.

Western blot analysis. CRC cells were lysed in Cell Lysis Buffer
for Western and IP without Inhibitors (NCM Biotech; Suzhou
Xinsaimei Biotechnology Co., Ltd.) containing a protease and
phosphatase inhibitor mixture (Beyotime Biotechnology). The
protein concentration was determined using the BCA assay.
Denatured proteins (20 pg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on a 4-20%
gel and transferred to polyvinylidene fluoride membranes
(MilliporeSigma). Membranes were blocked with 5% non-fat
milk (BD Biosciences) in Tris-buffered saline containing
0.1% Tween-20 at room temperature for 1 h. Membranes were
incubated overnight at 4°C with primary antibodies (dilution
1:1,000) and then washed and incubated at room temperature
for 1 h with HRP-conjugated Goat Anti-Rabbit IgG (H+L)
secondary antibody (dilution 1:5,000). Enhanced chemilumi-
nescence (Thermo Fisher Scientific, Inc.) was used to detect
protein bands. GAPDH or [3-actin were used as the internal
control. Protein band intensities were quantified by densitom-
etry using ImagelJ software (version 1.53k; National Institutes
of Health). Antibody information is provided in Table SIII.

Co-immunoprecipitation (Co-IP) assay. Cells (1x107) were
harvested and lysed in IP lysis buffer (Pierce IP Lysis Buffer;
Thermo Fisher Scientific, Inc.; cat. no. 87787) supplemented
with protease inhibitor cocktail (1:100 dilution; Thermo Fisher
Scientific, Inc.; cat. no. 78430) and phosphatase inhibitor
cocktail (1:100 dilution; Thermo Fisher Scientific, Inc.; cat.
no. 78428) on ice for 30 min with intermittent vortexing.
Cell lysates were centrifuged at 14,000 x g for 15 min at 4°C,
and the supernatant was collected. Protein concentration was
determined using the BCA Protein Assay Kit (Thermo Fisher
Scientific, Inc.; cat. no. 23225). For each IP reaction, 500 ug
of total protein lysate was pre-cleared with 20 ul of Protein
A/G Magnetic Beads (Thermo Fisher Scientific, Inc.; cat.
no. 88802) at 4°C for 1 h with rotation to reduce non-specific
binding. After magnetic separation, the pre-cleared lysate was
incubated with 2 ug of anti-USP4 antibody (cat. no. ab108931;
Abcam) or normal rabbit IgG control antibody (cat. no. 2729;
Cell Signaling Technology, Inc.) overnight at 4°C with gentle
rotation. Subsequently, 30 ul of Protein A/G Magnetic Beads
were added to each sample and incubated for 2 h at 4°C with
rotation. The beads were then collected using a magnetic
separator and washed five times with IP wash buffer (25 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40 and
5% glycerol). After the final wash, beads were resuspended in
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30 pl of 2X SDS loading buffer and boiled at 95°C for 5 min to
elute the immunocomplexes. The supernatant was collected by
centrifugation at 1,000 x g for 1 min at room temperature and
subjected to western blot analysis.

Cell Counting Kit-8 (CCK-8) cell proliferation assay. CRC
cells (3x10° cells/well) were seeded into a 96-well plate. After
24,48 or 72 h of incubation, 10 ul CCK-8 reagent (Beijing
Solarbio Science & Technology Co., Ltd.) was added to each
well and incubated at 37°C for 60 min. Cell proliferation was
measured at 450 nm using a Varioskan LUX microplate reader.

Lactate dehydrogenase (LDH) release assay. Cytotoxicity
was assessed by measuring LDH release into the culture
medium using the CytoTox 96® Non-Radioactive Cytotoxicity
Assay (Promega Corporation; cat. no. G1780) according to
the manufacturer's instructions. Briefly, cells were seeded in
96-well plates at a density of 5x10° cells per well and cultured
for 24, 48 or 72 h. At each time point, 50 ul of culture super-
natant was transferred to a new 96-well plate and mixed
with 50 pl of CytoTox 96® Reagent. After incubating at room
temperature for 30 min in the dark, the reaction was stopped
by adding 50 ul of Stop Solution. Absorbance was measured
at 490 nm using a microplate reader (BioTek Instruments, Inc.;
Agilent Technologies, Inc.). LDH release was calculated as a
percentage of maximum LDH release (determined by lysing
cells with 1% Triton X-100). Background absorbance from
culture medium alone was subtracted from all measurements.
Each experiment was performed in triplicate and repeated
three times independently.

RNA pull-down assay. Cells (1x107) were collected and lysed in
RIPA buffer (Beyotime Biotechnology) with a protease inhib-
itor mixture (NCM Biotech; Suzhou Xinsaimei Biotechnology
Co., Ltd.). For each 1 ml of cell lysate, 10% was used as the
input control. Biotinylated AL.445238.2 sense probe and a
scrambled negative control probe with no homology to any
known transcripts were synthesized by GenePharma Co., Ltd.
AL445238.2 sense and scrambled probes were incubated with
the cell lysate at 4°C for 4 h. Next, streptavidin magnetic beads
were added and the mixture was incubated at 4°C for 1 h. After
boiling the magnetic beads in 0.1% sodium dodecyl sulfate
solution for 3 min, protein interactions with AL445238.2 were
detected by western blot. The control cells were treated with
an equal volume of beads with scrambled probes to assess
non-specific protein binding.

Flow cytometry. Apoptosis was detected using an Annexin
V-FITC/PI dual-staining apoptosis detection kit (Absin
Bioscience, Inc.) according to the manufacturer's instructions.
In brief, cells were harvested, washed with pre-chilled phos-
phate buffered saline (PBS), resuspended in 100 gl binding
buffer and sequentially stained with Annexin V-FITC (5 ul)
for 10 min in the dark at room temperature, followed by PI
(5 pl) for 5 min in the dark. After washing with PBS, the cells
were resuspended and analyzed by flow cytometry.

Stemness was assessed by staining with a FITC-conjugated
CD133 flow cytometric monoclonal antibody (cat. no. 372803;
BioLegend, Inc.). After collection, the cells were resuspended
in staining buffer (BioLegend, Inc.) at a concentration of
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1.25x10° cells/100 pl, incubated with 5 ul CD133 antibody in
the dark for 20 min at room temperature, washed with PBS
and resuspended in PBS for flow cytometry analysis.

Mitochondrial activity was assessed using the tetrameth-
ylrhodamine (TMRM) probe (cat. no. 134361 Invitrogen;
Thermo Fisher Scientific, Inc.). After collecting the cells, the
supernatant was discarded and the cells were incubated with
DMEM containing a 1:1,000 dilution of the TMRM probe at
37°C with 5% CO, for 30 min. After washing with PBS, the
cells were resuspended for flow cytometry analysis.

All flow cytometry data were collected using BD
FACSCelesta and analyzed using FlowJo software (version 10;
FlowJo LCC; BD Biosciences). Median fluorescence intensity
was calculated using the median fluorescence value for each
population.

Transwell migration assay. Transwell migration assays were
performed using Corning, Inc. Transwell chambers. In brief,
cells (1x10° cells/well) were seeded in the upper chambers
of 24-well plates with 100 yl serum-free medium. The lower
chambers were filled with 600 pl medium containing 30%
FBS. After 24 h of incubation at 37°C, cells that migrated to
the lower chambers were fixed with 4% paraformaldehyde at
room temperature for 15 min, washed with PBS and stained
with 0.1% crystal violet at room temperature for 20 min. The
number of migrated cells was counted under a light microscope
(Zeiss Axio Observer; Carl Zeiss AG) and quantified using
Image-Pro Plus software (version 6.0; Media Cybernetics,
Inc.). Images were acquired using ZEN imaging software
(version 2.3 blue edition; Carl Zeiss AG).

Cell immunofluorescence. Cells were seeded on glass slides
in 24-well plates and cultured for 24 h. After washing with
PBS, the cells were fixed with 4% paraformaldehyde at room
temperature for 10 min, followed by permeabilization with
0.5% Triton X-100 (PBS) for 15 min at room temperature.
After blocking with PBS containing 5% normal goat serum
(MilliporeSigma) at room temperature for 1 h, the cells were
incubated with the primary antibody (Anti-USP4; 1:500; cat.
no. ab181105; Abcam) overnight at 4°C, followed by incuba-
tion with Alexa Fluor 488-conjugated goat anti-rabbit IgG
(H+L) secondary antibody (1:500; cat. no. A11008; Thermo
Fisher Scientific, Inc.) for 1 h at room temperature in the dark.
For FISH staining of AL445238.2, after permeabilization,
cells were incubated with pre-hybridization buffer (Abnova
Corporation; cat. no. U0028) at 37°C for 30 min, then hybrid-
ized with Alexa Fluor 555-labeled FISH probe provided
by GenePharma Co., Ltd. at 37°C overnight in the dark.
Following hybridization, cells were washed with SSC buffer
(Thermo Fisher Scientific, Inc.; cat. no. J60839.K2; 2X SSC
for 5 min, 1X SSC for 5 min and 0.5X SSC for 5 min) at 37°C.
The slides were mounted using an anti-fade mounting medium
containing 4',6-diamidino-2-phenylindole and analyzed under
a fluorescence microscope.

Spheroid formation assay. Cells were dissociated into a
single-cell suspension and seeded at a density of 5x10° cells/well
in a 6-well ultra-low attachment plate (Corning, Inc.). Cells
were cultured in serum-free DMEM/F12 (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with epidermal growth
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factor (20 ng/ml; PeproTech, Inc.; Thermo Fisher Scientific,
Inc.) and B27 (2%; Gibco; Thermo Fisher Scientific, Inc.).
After 1-2 weeks of culture, the tumor spheroids were observed
under a light microscope and the size and number of spheroids
were measured using Image-Pro Plus software.

In vivo tumor xenograft model. A nude mouse xenograft
model was established using female BALB/c-nude immuno-
deficient mice aged 5-6 weeks (initial body weight: 18-20 g;
GemPharmatech, Co., Ltd.). Mice were randomly assigned to
3 groups using a random number generator, with each mouse
given a unique identification number before group allocation to
ensure unbiased distribution. The groups were subcutaneously
injected with SW480 cells transfected with empty vector, USP4
overexpression vector or AL445238.2 overexpression vector
(n=4 per group). The mice were housed under a 12-h light/dark
cycle with free access to food and water. Each mouse was
subcutaneously injected with 5x10° SW480 cells suspended in
100 g1 PBS into the right abdominal flank. Animal health and
behavior were monitored daily for signs of distress, weight loss
or abnormal behavior. Tumor size was measured twice weekly
using digital calipers and the tumor volume was calculated
using the formula: Volume (mm?3)=(length x width?)/2, where
length is the longest diameter and width is the perpendicular
diameter. After 12 weeks, the mice were euthanized using
CO, following the AVMA Guidelines for the Euthanasia of
Animals (25). Mice were placed in a clear euthanasia chamber
and 100% CO, from a compressed gas cylinder was introduced
using a gradual fill method with a displacement rate of 30% of
the chamber volume per min. The CO, flow was maintained for
at least 1 min after respiratory arrest and death was confirmed
by physical examination (absence of heartbeat and respiration
for at least 10 mi with graying of mucous membranes) before
tumor harvest.

The sample size for the animal study was determined
following the recommendations of the Animal Ethics
Committee of Wenzhou Medical University (Wenzhou, China)
to ensure the establishment of well-behaved animal models
with adequate statistical power. During the experiment, the
tumor diameter was not allowed to exceed 1.5 cm, nor was the
tumor volume allowed to exceed 15% of the total body volume
of the mouse. No animals reached these humane endpoints
during the study.

Statistical analysis. Data from three independent experi-
ments were analyzed using R (version 4.3.1; R Foundation
for Statistical Computing). Results are expressed as the
mean + standard deviation. Comparisons between two groups
were analyzed using unpaired Student's t-test. Multiple group
comparisons were performed using one-way ANOVA followed
by Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

AL445238.2 promotes CRC proliferation and inhibits apop-
tosis. After confirming the overexpression or knockdown
efficiency of AL445238.2 using qPCR (Fig. 1A), the impact
of AL445238.2 on CRC cell proliferation was assessed using
the CCK-8 assay and detection of LDH in the supernatant.

AL445238.2 overexpression significantly enhanced the prolif-
eration of DLD1 and SW480 CRC cells and reduced LDH levels
in the supernatant, suggesting decreased cytotoxicity and cell
membrane damage (Fig. 1B and C). Conversely, AL445238.2
knockdown weakened the proliferation of DLD1 and SW480
cells and increased LDH levels in the supernatant, suggesting
enhanced cytotoxicity. Apoptosis analysis by flow cytometry
revealed that overexpression of AL445238.2 reduced overall
apoptosis in both DLD1 and SW480 cells, whereas knockdown
of AL445238.2 increased overall apoptosis (Fig. 1D and E).
Taken together, these results demonstrated that AL445238.2
promoted CRC cell proliferation while protecting cells from
both cytotoxic damage and apoptotic cell death.

AL445238.2 enhances the stemness and mitochondrial
activity of CRC cells. Flow cytometry analysis of CD133
(a stem cell marker) expression on DLD1 and SW480 cells
showed that overexpression of AL445238.2 increased CDI133
expression on the cell surface compared with the empty
vector group, while knockdown of AL445238.2 decreased
CD133 expression (Fig. 2A and B). These results suggest that
AL445238.2 promotes stemness in CRC cells. Subsequently,
TMRM (a probe for assessing mitochondrial membrane
potential) flow cytometry analysis revealed that AL445238.2
overexpression enhanced TMRM fluorescence in DLDI1 and
SW480 cells, indicating increased mitochondrial activity,
whereas AL445238.2 knockdown decreased mitochondrial
activity (Fig. 2C and D).

To further explore the role of AL445238.2 in regu-
lating CRC cell stemness, a spheroid formation assay was
conducted. AL445238.2 overexpression in DLDI and SW480
cells increased the diameter of tumor spheroids, whereas
AL445238.2 knockdown reduced the spheroid size, suggesting
arole in stemness enhancement (Fig. 2E).

AL445238.2-USP4 complex stabilizes Bcl2 to promote
stemness and the survival of CRC cells. RNA pull-down
assays were performed to explore the molecular interactors
of AL445238.2, which revealed that AL445238.2 bound to
USP4 (Fig. 3A). Immunofluorescence confirmed the co-local-
ization of AL445238.2 with USP4, indicating an interaction
(Fig. 3B). The overexpression or knockdown efficiency of
USP4 was confirmed using qPCR (Fig. 3C). Overexpression
of AL445238.2 in SW480 cells upregulated Bcl2 and down-
regulated BAX and cleaved CASP3 (C-CASP3) expression,
whereas knockdown of AL445238.2 reduced Bcl2 expression
and increased BAX and C-CASP3 expression, suggesting that
AL445238.2 contributed to cell survival (Fig. 3D).

The expression of the stemness markers aldehyde dehy-
drogenase 1 family member A1 (ALDH1A1), B lymphoma
Mo-MLYV insertion region 1 (Bmil) and epithelial cell adhe-
sion molecule (EpCAM) in stable SW480 and DLDI cell
lines was further examined. Overexpression of AL445238.2
increased the levels of ALDH1A1, Bmil and EpCAM,
whereas knockdown of AL445238.2 reduced their expres-
sion, suggesting that AL445238.2 enhanced stemness in CRC
cells (Fig. 3E and F). Co-IP experiments were performed to
further how the AL445238.2-USP4 complex modulates the
apoptotic pathway. It was found that USP4 can interact with
Bcl2 (Fig. 3G). Knockdown of USP4 expression reduced Bcl2
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Figure 1. AL445238.2 regulates the survival of colon cancer cells. (A) Validation of gene manipulation efficiency in SW480 and DLD1 cell lines with stable
overexpression and knockdown of AL445238.2. (B) Cell Counting Kit-8 assay of SW480 and DLDI stable cell lines. (C) Proportion of apoptotic SW480 and
DLDI stable cell lines (percentage of supernatant LDH/total LDH). (D) Statistical analysis of the Annexin V and PI staining assay(Proportion percentage
of Apoptotic cells). (E) Annexin V and PI staining of SW480 and DLD1 stable cell lines. “P<0.01, **P<0.001, “*“P<0.0001. NC, negative control; sh, short

hairpin; OE, overexpression; LDH, lactate dehydrogenase; ns, not significant.

expression in colon cancer cells, which could be reversed
by MG132 (Fig. 3H). Further protein half-life experiments
confirmed that USP4 overexpression increased the stability of
Bcl2 protein and prolonged its half-life (Fig. 3I). Moreover, the
co-expression of USP4 and AL445238.2 could further enhance
the effect of USP4, extending the intracellular lifespan of Bcl2.
Therefore, we conclude that AL445238.2-USP4 regulates the
apoptotic pathway and exerts its subsequent functions by stabi-
lizing Bcl2 protein.

USP4 promotes CRC Cell proliferation and inhibits apop-
tosis. the impact on CRC cell proliferation was evaluated

using CCK-8 assays and LDH detection (Fig. 4A and B).
USP4 overexpression significantly enhanced the proliferation
of DLDI1 and SW480 cells and reduced LDH levels in the
supernatant, indicating reduced apoptosis. Conversely, USP4
knockdown weakened cell proliferation and increased LDH
levels, suggesting an increase in apoptosis. Flow cytom-
etry analysis confirmed that USP4 overexpression reduced
apoptosis in DLD1 and SW480 cells, whereas USP4 knock-
down increased apoptosis (Fig. 4C and D). Consistent with
AL445238.2, USP4 overexpression in SW480 cells upregu-
lated Bcl2 and downregulated BAX and C-CASP3 expression,
whereas USP4 knockdown reduced Bcl2 expression and
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increased BAX and C-CASP3 expression, suggesting that
USP4 suppresses cell apoptosis (Fig. 5A).

USP4 enhances stemness and mitochondrial activity in CRC
cells. Flow cytometry analysis revealed that USP4 overex-
pression increased CDI133 expression in DLD1 and SW480
cells, while USP4 knockdown decreased CDI133 expression,
suggesting that USP4 may promote stemness (Fig. 5B and C).
TMRM flow cytometry showed that USP4 overexpression
increased mitochondrial activity, whereas USP4 knockdown
decreased mitochondrial activity (Fig. 5D and E). Spheroid
formation assays confirmed that USP4 overexpression
in DLD1 and SW480 cells increased the tumor spheroid

diameter, whereas USP4 knockdown reduced the spheroid
size (Fig. 5F).

AL445238.2 relies on USP4 to promote CRC cell migra-
tion. Transwell migration assays demonstrated that both
AL445238.2 and USP4 overexpression enhanced the migratory
capacity of CRC cells (Fig. 6A-D). By contrast, AL445238.2
or USP4 knockdown impaired cell migration. Furthermore,
when USP4 was knocked down while AL445238.2 was
overexpressed, no significant increase in cell migration was
observed compared with the control group (Fig. 6E and F).
These findings suggest that AL445238.2 promotes CRC cell
migration in a USP4-dependent manner.
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AL445238.2 and USP4 promote CRC cell proliferation
in vivo. In vivo tumorigenesis experiments using SW480
cells demonstrated that the overexpression of AL445238.2
or USP4 increased the growth rate, final tumor size and
tumor weight of CRC cells in mice (Fig. 7A-D). These results
suggest that both AL445238.2 and USP4 contribute to CRC
cell proliferation in vivo.

Discussion

CRC is the third most prevalent malignancy worldwide, with
~1.8 million new cases diagnosed annually (26,27). Local
recurrence or distant metastasis remains the primary cause
of treatment failure in CRC (28,29). Consequently, there is an
urgent need to deepen our understanding of the mechanisms
underlying colon cancer progression and metastasis. The
role of IncRNAs in tumor biology has attracted increasing
attention in recent years. Mounting evidence suggests that
IncRNAs not only participate in transcriptional regulation and
chromatin remodeling but also modulate critical biological
processes such as cell cycle progression, apoptosis, stem-
ness maintenance and migration, thereby playing a notable
role in tumor initiation and progression (30-32). Numerous
studies have reported that the aberrant expression of various

P

P<0.0001. OE, overexpression;

IncRNAss in solid tumors, including CRC, is closely linked to
clinicopathological features and prognosis (33-37).

The present study demonstrated that IncRNA AL445238.2
may be associated with colon cancer progression and metas-
tasis. The experimental results demonstrated that AL445238.2
promoted the proliferation, survival, stemness maintenance
and migration of CRC cells through multiple pathways, with
its function largely dependent on the deubiquitinase, USP4.
This discovery enriches our understanding of the molecular
underpinnings of CRC and offers a promising target for
developing novel therapeutic strategies.

In the present study, initial in vitro experiments revealed
that overexpression of AL445238.2 significantly enhanced
the proliferative capacity of DLD1 and SW480 cells, simul-
taneously reducing extracellular LDH levels and overall
apoptosis rates, indicating a marked protective effect on cell
survival. Conversely, knocking down AL445238.2 expres-
sion led to diminished cell proliferation, increased LDH
levels and heightened apoptosis, confirming its critical role in
maintaining cell viability. It was also found that AL445238.2
promoted both the stem-like characteristics and mitochondrial
activity of CRC cells. Flow cytometry analysis of CD133
expression, TMRM staining and sphere formation assays
consistently indicated that elevated levels of AL445238.2
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enhanced cellular stemness and metabolic activity, potentially
underpinning the long-term survival and chemoresistance of
tumor cells. Notably, similar regulatory effects were observed
with changes in USP4 expression, suggesting a synergistic
interplay between AL445238.2 and USP4 in modulating cell
stemness and mitochondrial function.

In the present study, mechanistic investigations using
RNA pull-down assays and immunolocalization experiments
revealed a direct interaction between AL445238.2 and USP4,
thereby providing a molecular basis for their cooperative role
in signal transduction. High expression of either AL445238.2
or USP4 was associated with increased levels of the anti-apop-
totic protein Bcl2 and decreased levels of the pro-apoptotic
protein BAX, offering a plausible mechanism for their
inhibition of apoptosis. Cell migration assays demonstrated
that the pro-migratory effect of AL445238.2 was dependent
on the presence of USP4, further reinforcing the functional
connection between these molecules. Furthermore, in vivo
tumorigenesis experiments using SW480 cells showed that the
overexpression of either AL445238.2 or USP4 promoted tumor
growth, confirming that the AL445238.2-USP4 axis may play
a critical role in CRC tumorigenesis and validating the physi-
ological relevance of the in vitro findings. Collectively, these
data suggest that AL.445238.2 and USP4 may form a complex
regulatory network that governs cell proliferation, apoptosis,
stemness maintenance and migration, ultimately driving the
development and progression of CRC.

The findings of the present study align with and extend the
growing body of evidence regarding IncRNA involvement in
CRC pathogenesis. Consistent with previous reports demon-
strating that IncRNAs regulate critical cellular processes in
various cancer types (38,39), the present study showed that
AL445238.2 modulates multiple hallmarks of cancer progres-
sion, including proliferation, apoptosis resistance, stemness
and migration in CRC cells. Similar to other studies linking
aberrant IncRNA expression with adverse clinicopatho-
logical features in solid tumors (40,41), the results indicated
that AL445238.2 may serve as a prognostic indicator and
therapeutic target in colon cancer. However, the present study
provides novel mechanistic insights by identifying USP4 as
a key mediator of AL445238.2's oncogenic functions. While
deubiquitinases have been implicated in cancer stem cell
maintenance and chemoresistance in other contexts (42),
the specific AL445238.2-USP4 axis represents a previously
uncharacterized regulatory mechanism in CRC. These findings
not only corroborate the functional importance of IncRNAs in
CRC biology but also reveal a specific molecular pathway that
may be exploited for targeted therapeutic intervention.

Despite offering new insights into the molecular mecha-
nisms of CRC, the present study has certain limitations.
Although both the in vitro and in vivo experiments supported
the cooperative functions of AL445238.2 and USP4, further
elucidation of the precise molecular regulatory mechanisms
and downstream signaling pathways is required. In addition,
the limited sample size and experimental models may restrict
the generalizability of these findings; thus, future studies
should validate these observations across a broader range of
clinical samples and diverse cancer subtypes.

In summary, the present study revealed that AL445238.2,
through its interaction with USP4, promoted CRC cell

proliferation, inhibited apoptosis and enhanced both stemness
and migratory capabilities, thereby providing a novel molecular
target and theoretical foundation for the development of preci-
sion therapies against CRC. Future research should focus on
further delineating the intricacies of this regulatory network
and evaluating its potential clinical applications.
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