Am J Cancer Res 2024;14(11):5504-5520
www.ajcr.us /ISSN:2156-6976/ajcr0158835

Original Article

The small protein LINCO1547-ORF inhibits colorectal
cancer progression by regulating the
CLDN18-FAK-AKT axis

Shuai Zhang?, Siguang Xu?, Dandan Li?, Songxin Wu?, Miaomiao Han?, Yifei Han?, Zixi Wang?, Dan Qiao?,
Hang Yuan?, Baoshun Du3, Hongwei Chen?, Zheying Zhang?

1Department of Pathology, School of Basic Medical Sciences, Xinxiang Medical University, Xinxiang 453003,
Henan, China; 2Department of Emergency Center Emergency Critical Care, The Fourth Clinical College of Xinxiang
Medical College, Xinxiang 453003, Henan, China; 3Second Department of Neurosurgery, Xinxiang Central
Hospital, Xinxiang 453003, Henan, China

Received June 28, 2024; Accepted November 14, 2024; Epub November 15, 2024; Published November 30,
2024

Abstract: Long non-coding RNA (IncRNA)-encoded small proteins play a major role in colorectal cancer. To identify
more functional encoded small proteins, ribosome profiling data from colorectal cancer (CRC) cells were screened
for ribosome-associated INcCRNAs. The search identified LINCO1547 that was shown to encode a small protein of
76 amino acids, termed LINCO1547-ORF. Real-time quantitative fluorescence showed that LINCO1547 expression
was downregulated in colorectal cancer tissues. However, cell functional assays revealed that LINCO1547 inhibited
the proliferation and migration of colorectal cancer cell lines. Meanwhile, western blot and immunofluorescence
assays confirmed that LINCO1547 encoded LINCO1547-ORF. Cellular functional assays indicated that compared
with LINCO1547 itself, LINCO1547-ORF inhibited the proliferation and migration of colorectal cancer cell lines. Gene
set enrichment analysis identified enrichment in the focal adhesion pathway and association with CLDN18 pro-
tein, whereas protein molecular docking models revealed interacting domains and amino acid residue sites. Of
note, co-immunoprecipitation and immunofluorescence experiments showed that LINCO1547-ORF could bind to
the CLDN18 protein and that this interaction reduced CLDN18 ubiquitination, thereby promoting protein expression.
Finally, western blot and immunofluorescence assays confirmed that LINCO1547-ORF could target CLDN18 to in-
hibit the FAK/PI3K/AKT signaling pathway, suppressing colorectal cancer cell development. These findings suggest
that the LINCO1547-ORF-encoded small protein inhibits proliferation and migration in colorectal cancer, thereby
offering a promising direction for treating this disease.
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Introduction insights into the molecular regulatory networks
involved in CRC progression [3, 4].

Colorectal cancer (CRC), one of the most com-
mon malignancies, ranks third in incidence
among global cancers, with its mortality rate
exhibiting an increasing trend [1]. Approximately
60% of patients newly diagnosed with CRC
develop metastases, the primary cause of
death in these individuals. The underlying

mechanisms of CRC tumor development remain

A class of eukaryotic non-coding RNA molecules
> 200 nucleotides in length, INcRNAs perform
several biological functions [5]. Indeed, they are
involved in regulating genomic imprinting, stem
cell pluripotency, and various other biological
and physiological processes [6]. Data from the
Encyclopedia of DNA Elements project indicate
that there are many IncRNA transcripts in addi-

unclear [2]. In particular, the function of long
noncoding RNA (IncRNA)-derived microproteins
in CRC is poorly understood, and the character-
ization of these microproteins may provide

tion to protein-coding genes [7, 8]. Recent stud-
ies have revealed that such IncRNAs may con-
tain one or several short open reading frames
(sORFs) capable of encoding microproteins and
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peptides < 100 amino acids in size, which are
difficult to detect [9-13]. In the past 5 years,
with the advancement of high-throughput se-
quencing technologies, research on the mecha-
nism of IncRNA-encoded microproteins has
produced many groundbreaking findings [14,
15]. These studies have revealed that INcCRNA-
encoded microproteins can regulate homeosta-
sis, cancer progression, disease development,
embryogenesis, and other vital physiological
processes via their participation in mitochon-
drial metabolism regulation, transcriptional
control, translational regulation, mRNA splicing,
signal transduction, and cell senescence [10,
12, 16, 17].

The extracellular matrix (ECM) receptor interac-
tion pathway involves several interactions and
signaling processes between the cells and
ECM, a complex noncellular component com-
prising proteins and polysaccharides that pro-
vides structural support to cells and regulates
cellular behavior. This pathway involves various
molecules, including integrins, CD44, and
MMPs, among others. Integrins are a large fam-
ily of transmembrane receptors composed of «
and B subunits that interact with various pro-
teins in ECM, such as fibronectin, laminin, and
collagen [18, 19]. Integrins activation can trig-
ger multiple signaling pathways, such as FAK/
PI3K/AKT, thereby influencing cellular behavior.
The focal adhesion pathway involves many
molecular interactions and signaling processes
within the cell that regulate the formation and
disassembly of focal adhesions. Its key compo-
nents are integrins and focal adhesion kinase
(FAK). On integrin activation, FAK accumulates
at focal adhesion sites and initiates down-
stream signaling pathways via phosphorylation
[20].

The protein CLDN18, highly expressed in the
focal adhesion pathway, is a tight junction pro-
tein that helps maintain epithelial barrier func-
tions and regulate cell polarity. Under normal
physiological conditions, it is exclusively ex-
pressed on the differentiated epithelial cells of
the gastric mucosa and is not found on other
healthy tissues. However, its expression is
upregulated in gastric cancer and pancreatic
cancer as well as in primary malignancies such
as breast cancer, CRC, and liver cancer [21].
However, the role of claudins in carcinogenesis
is unclear. The CLDN18 gene can be aberrantly
activated and selectively and stably expressed
in specific tumor tissues, thereby participating
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in tumor cell proliferation, differentiation, and
migration. Thus, CLDN18 may be a potential
target for treating the malignant tumors of the
digestive system [22-24].

FAK is a nonreceptor cytoplasmic protein tyro-
sine kinase and member of the protein tyrosine
kinase superfamily. It plays a significant role in
cell signal transduction, acting as a central hub
for signals entering and leaving the cell and
mediating multiple signaling pathways [25, 26].
FAK received signals from integrins, growth fac-
tors, and mechanical stimuli to activate certain
intracellular signaling pathways. Upon activa-
tion, FAK forms a complex with Src, and its
Tyr397 directly binds with the SH2 domain of
PI3K, which then activates AKT to regulate cell
growth [26, 27]. In addition, FAK can induce
PI3K/AKT signaling cascade, leading to upregu-
lation of EMT markers [28]. Indeed, the FAK/
PI3BK/AKT pathway is closely associated with
the regulation of cell growth [25, 26, 29-31].
Meanwhile, the epithelial-mesenchymal transi-
tion is a biological process in which epithelial
cells lose their characteristics and gain several
mesenchymal cell features, including enhanced
migratory capacity, invasiveness, and resis-
tance to apoptosis [20].

In view of the important regulatory role of pep-
tide or small protein-encoding INncRNAs in
tumors, future studies should not only consider
IncRNA as an important regulatory RNA but
also fully explore small ORFs on these IncRNAs
to assess whether they encode functional pep-
tides and small proteins. These biomolecules
can be used as novel anticancer therapeutic
targets as well as diagnostic and prognostic
cancer markers to improve the overall effec-
tiveness of cancer diagnosis and treatment.

In the present study, a 76-amino-acid micropro-
tein encoded by LINCO1547, named LINCO1-
547-0ORF, was identified and its impact on the
proliferation and migration of CRC cell lines
was explored. In addition, whether LINCO1547-
ORF inhibits CRC growth by regulating the
CLDN18-FAK-AKT axis was evaluated.

Materials and methods
Cell culture
The human CRC cell lines LOVO, DLD-1, HCT-8,

HCT-116, SW620, and SW480 and the normal
intestinal mucosal epithelial cell line FHC were
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Table 1. Data statistics of CRC patients

Clinicopathological variables N percentage

Age (years)

<mean (57) 10 (62.5%)

> mean (57) 6 (37.5%)
Sex

Male, n (%) 8 (50%)

Female, n (%) 8 (50%)
AJCC TNM classification

I, n (%) 2 (12.5%)

I, n (%) 6 (37.5%)

I, n (%) 5 (31.25%)

IV, n (%) 3 (18.75%)
Lynph Metastasis

Yes, n (%) 7 (43.75%)

No, n (%) 9 (56.25%)
Distant Metastasis

Yes, n (%) 4 (25%)

No, n (%) 12 (75%)

purchased from the American Type Culture
Collection. The cells were cultured in DMEM,
supplemented with 10% fetal bovine serum, in
an incubator at 37°C and 5% CO,. All cell lines
were authenticated prior to their culture and
tested for mycoplasma contamination every 3
months. HCT-116 (ATCC-CCL 247), HCT-8 (ATCC-
CCL 244), SW480 (ATCC-CCL 228), SW620
(ATCC-CCL 227), RKO (ATCC-CRL 2577), LOVO
(ATCC-CCL 229), DLD-1 (ATCC-CCL 221), CACO2
(ATCC-HTB 37), and FHC (ATCC-CRL 1831).

Tissue samples

The present study analyzed 16 pairs of tissues
from patients with CRC, including 8 female and
8 male patients (Table 1). The patients had no
other symptoms and had not received treat-
ment. The CRC and paired adjacent healthy (5
cm from the tumor edge) tissues were collected
by professional technicians from patients
undergoing CRC surgery at the First Affiliated
Hospital of Xinxiang Medical University from
January 2021 to April 2022. All study proce-
dures were approved by the Ethics Committee
of Xinxiang Medical University. The tissues were
snap-frozen in liquid nitrogen within 10 min of
excision and then stored at -80°C. The number
of the ethics approval letter: No. XYLL-
2020126.
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Western blot assay

Proteins were first extracted using lysis buffer
(Beyotime Biotechnology) containing 100x pro-
tease inhibitors (Beyotime Biotechnology) and
then quantified using a bicinchoninic acid pro-
tein assay kit (KeyGen Biotech) following the
manufacturer’s instructions. 20 pg total pro-
teins were separated via 15% SDS-PAGE and
transferred to PVDF membranes (Roche), which
were blocked with 5% nonfat milk at room tem-
perature for two hours to prevent nonspecific
binding. The membranes were initially incubat-
ed with primary antibodies at 4°C overnight,
then washed three times, and subsequently
incubated with the corresponding secondary
antibodies at room temperature for 1 h.
Finally, protein bands were detected with the
Pierce ECL Western Blotting Substrate (Thermo
Scientific) and analyzed via densitometry using
the Image) software. Additional details on the
antibodies are provided in Table S1. (FLAG
(DYKDDDDK): Proteintech, 80010-1-RR, WB:
1:50000, 17 KD, rabbit); (CLDN18: Proteintech,
66167-1-1g, WB: 1:700, 28 KD, mouse); (p-FAK:
Affinity, AF3398, WB: 1:1000, 119 KD, rabbit);
(FAK: Proteintech, 12636-1-AP, WB: 1:1000,
119 KD, rabbit); (P-PI3K: Affinity, AF3241, WB:
1:1000, 80 KD, rabbit); (PI3K: Proteintech,
60225-1-1g, WB: 1:1500, 85 KD, mouse);
(P-AKT: Proteintech, 28731-1-AP, WB: 1:2000,
58 KD, rabbit); (AKT: Proteintech, 10176-2-AP,
WB: 1:5000, 56 KD, rabbit); (GAPDH: Pro-
teintech, 60004-1-Ig, WB: 1:50000, 36 KD,
mouse).

RNA extraction and RT-gPCR

Total RNA was extracted from each sample
using the TRIzol reagent and was then isolated
using chloroform, precipitated with isopropa-
nol, washed with 75% ethanol and dissolved
in DEPC water. cDNA was synthesized from
total RNA using a reverse transcription kit
(Servicebio, Wuhan, China), and qPCR was per-
formed with the SYBR Green dye (Vazyme,
Nanjing, China). The gPCR amplification condi-
tions were as follows: an initial denaturation at
95°C for 10 min, followed by denaturation at
95°C for 15 s; annealing/extension at 60°C for
1 h; and a melting curve analysis at 95°C for 15
s and 60°C for 1 min for 40 cycles. The results
were normalized to the expression of GAPDH
using the 222¢t method as previously described
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[32]. We calculate the difference of the target
gene ACt (AACt) between the experimental
sample and the control sample, and then use
the formula 2"-AACt to calculate the multiple of
change in the expression of the target gene in
the experimental sample relative to the control
sample. All primers are NCBI validated and pur-
chased from sangon (Shanghai, China). We
opened the official website of NCBI, entered
the target sequence in the Prime-blast page,
then set Primer parameters, and selected the
database and species. We run prime-blast and
get the results. The primer sequences were as
follows: LINC01547 forward 5-TTACAAACCC-
CAGTCCCAGC-3’ and reverse 5-ACTCAGAGCTT-
CTGTCCAGC-3’; CLDN18 forward 5-GTGGTTT-
CACTGATTGGGATTG-3’ and reverse 5-GTTGT-
TGTACAAGTCTTGGGTG-3’; and GAPDH forward
5-CAAGGCTGTGGGCAAGGTCATC-3’ and rever-
se 5-GTGTCGCTGTTGAAGTCAGAGGAG-3..

Cell transfection

All cells were passaged when they reached
80%-90% confluence. In particular, HCT-116
and SW480 cells were digested with 0.25%
trypsin, centrifuged, and resuspended in
serum-free medium. The following day, at 70%-
80% confluence, the medium was replaced
with serum-free medium and cells were trans-
fected with the appropriate plasmids (300-500
pg/ml) or siRNA (10 um) using Lipofectamine
8000 (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instruc-
tions. After 6-8 hours of cultivation at 37°C and
5% CO,, the cells were observed and the medi-
um was replaced with serum-containing medi-
um. The transfected cells cultured for 48-72 h
were collected for follow-up experiments. The
sequences of LINCO1547 siRNA fragment 1
were forward 5-CAAGAGACAACAGCGAUUATT-3’
and reverse 5’-UAAUCGCUGUUGUCUCUUGTT-3’
and those of siRNA fragment 2 were forward
5-GCCACCUGCAGUUUCAUAATT-3’ and reverse
5-UUAUGAAACUGCAGGUGGCTT-3. The se-
quences of CLDN18 siRNA fragment were for-
ward 5-GGACGAGGUACAAUCUUAUTT-3’ and
reverse 5-AUAAGAUUGUACCUCGUCCTT-3'. The
sequences of negative control siRNA fragment
were forward 5-UUCUCCGAACGUGUCACGUTT-
3’ and reverse 5-ACGUGACACGUUCGGAGAATT-
3". LINCO1547 siRNA, CLDN18 siRNA and neg-
ative control siRNA were all purchased from
GenePharma (Shanghai, China). All plasmids
were purchased from Tsingke (Beijing, China).

5507

Cell counting kit-8 (CCK-8) assay

Cell proliferation capacity was assessed by
using a CCK-8 kit (Beyotime Biotechnology)
according to the manufacturer’s instructions.
SW480 and HCT-116 cells transfected with the
plasmid LINCO1547-ORF (pcDNA3.1-3xFlag)
were inoculated into 96-well plates at a density
of 2 x 103 cells/well, and 10 yL CCK-8 solution
was added to each well on days 1-5. After incu-
bation at 37°C for 2 h, absorbance was mea-
sured at 450 nm using enzyme-linked immuno-
sorbent assay (Thermo, China) for 5 consecu-
tive days. The experiments were performed in
triplicate.

Transwell migration assay

SW480 and HCT-116 cells transfected with the
plasmid LINCO1547-ORF (pcDNA3.1-3xFlag)
were cultured for 2 days, digested, centrifuged,
and resuspended in serum-free medium for
enumeration. Next, 4 x 10* cells were seeded
into the upper chamber of a 24-well plate with
200 yL medium, and 700 yL FBS-supplemented
medium was added to the lower chamber. After
24 h of incubation, the chambers were removed,
and cells were fixed with 4% paraformaldehyde
for 30 min at room temperature and stained
with 1% crystal violet for 1 h at room tempera-
ture. The migrated cells were imaged and enu-
merated under an inverted microscope (8 ym
pore size; Corning, NY, USA).

Colony formation assay

SW480 and HCT-116 cells transfected with
LINCO1547-ORF (pcDNA3.1-3xFlag) were inoc-
ulated into 6-well plates at a density of 500
cells/well and cultured for 10-14 days. The
cells were fixed with 4% paraformaldehyde for
30 min at room temperature and stained with
1% crystal violet for 20 min at room tempera-
ture. Finally, cell colonies were photographed
for analysis.

Wound healing assay

HCT-116 and SW480 cells were seeded at a
density of 5 x 10° cells/well in a 6-well plate
and cultured to 80% confluency by the following
day. The cells were transfected with plasmid
LINCO1547-ORF (pcDNA3.1-3xFlag). A straight-
line scratch was made in the center of the wells
using a 200 pL pipette tip; three parallel
scratches were made per well with three repli-
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cates. After three washes with PBS, the cells
were cultured in serum-free medium in an incu-
bator at 37°C and 5% CO,. Images were cap-
tured under an inverted microscope at O and
48 h, and wound area was calculated using
imageJ to assess cell migration capability. First,
the image is converted to a grayscale image,
then the contrast is adjusted, the edges of the
scratches are searched, a suitable threshold is
set, and the measurement tool is used to calcu-
late the area of the scratch region. We calcu-
late 0 and 48 h wound areas. We calculated the
migration rate by subtracting the 48 hour
wound area from the O hour wound area and
dividing it by the O hour wound area.

Immunofluorescence (IF) staining

SWA480 and HCT-116 cells transfected with
plasmids were allowed to adhere to culture
plates and fixed with 4% paraformaldehyde for
30 min at room temperature. The cells were
treated with 0.5% Triton X-100 for 20 min at
room temperature and blocked with 5% bovine
serum albumin at room temperature for 30
min. Next, a primary antibody was added to the
cells and incubated at 4°C overnight. After
three times of washing with PBS, they were
incubated at room temperature with secondary
antibody for 1 h and stained at room tempera-
ture with DAPI (Beyotime Biotechnology) for 10
min. Finally, the slides were treated with an
anti-fading mounting medium and viewed un-
der a confocal microscope (AR 1+ Nikon,
Japan). (FLAG (DYKDDDDK): Proteintech,
80010-1-RR, IF: 1:100, rabbit); (CLDN18: Pro-
teintech, 66167-1-Ig, IF: 1:100, mouse); (p-FAK:
Affinity, AF3398, IF: 1:100, rabbit); (FITC:
Proteintech, SA00003-2, IF: 1:100, rabbit);
(FITC: Proteintech, SA00003-1, IF: 1:100,
mouse); (Cy3: Proteintech, SA00009-2, IF:
1:100, rabbit).

Immunohistochemistry (IHC)

IHC was performed as per the kit instructions
(Zhongshan Golden Bridge, Beijing, China).
After incubation, the slides were dewaxed, anti-
gen was retrieved, endogenous peroxidase
activity was blocked at room temperature for
20 min, and holes were sealed. The primary
antibody was then incubated overnight at 4°C
according to the manufacturer’s instructions,
and then incubated at room temperature for 30
min with an enhanced secondary antibody poly-
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mer detection system. DAB was used for color
development at room temperature for 3 min,
followed by hematoxylin staining at room tem-
perature for 1 min, differentiation, dehydration,
and sealing. Images were captured under an
inverted microscope. Two pathologists inde-
pendently evaluated the slides and scored
them. CLDN18 (1:50-400, Proteintech, 66167-
1-1g).

Co-immunoprecipitation (Co-IP)

Cell lysates from stable HCT-116 and SW480
cells were obtained after treating them with
300-500 ul lysis buffer (Beyotime Biotech-
nology) containing 100x protease inhibitors
(Beyotime Biotechnology). Next, Co-IP was per-
formed using antibodies against FLAG tag and
immune complexes were captured via 25-50 ul
Protein A/G Magnetic beads (HY-K0202, MCE).
The magnetic beads were separated from the
antibodies and washed four times with PBST
(1x PBS+0.5% Tween-20). The magnetic beads
and cell lysates were incubated in the turnover
apparatus for 4°C overnight, and then washed
four times. Elution buffer 60 ul was added to
the magnetic beads at 95 degrees for 5 min.
After separating the magnetic beads, the elu-
tion buffer is collected into the new EP tube.
The complexes were assessed using western
blot. FLAG (DYKDDDDK) (IP: 1:100, 21126-1-
AP, Proteintech).

Gene set enrichment analysis (GSEA)

GSEA is a computational method that employs
biological knowledge to interpret gene expres-
sion data. In the current study, data was first
ranked according to the correlation of all genes
with LINCO1547-ORF expression. Then, a pre-
defined set of genes were scored to obtain an
enrichment score, which is a measure of the
statistical evidence against the null hypothesis
that its components are randomly distributed
across the ranked list. Focal Adhesion (NES=
2.043), Ecm Receptor Interaction (NES=2.230),
Cell Adhesion Molecules Cams (NES=2.350).
GSEA was performed with The Cancer Genome
Atlas (TCGA) CRC dataset offered by the Broad
Institute of MIT using the GSEA software ver-
sion 2.2.

Statistical analysis

Data and figures were respectively processed
and analyzed by using the GraphPad Prism 8
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and ImageJ software. For comparisons involv-
ing three or more groups, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc
test was used to determine differences Stu-
dent’s t-test (two-tailed) or one-way ANOVA
were used to calculate the difference between
two groups or more than two groups. P < 0.05
was considered to indicate a statistically signifi-
cant difference.

Results

LINC01547 inhibits CRC cell proliferation and
migration

We used Translatome Database to obtain Ribo-
seq data SRR7073127 (GSE142386) of
colorectal cancer cell line HCT116, annotated
IncRNAs, and intersected with screened differ-
ential IncRNAs. Differential IncRNAs that can
bind to ribosomes are obtained (Tables S2 and
S3). Ribo-seq data suggested that LINCO1547
binds to the ribosome. Thus, 16 CRC tissues
and their matched adjacent healthy tissues
were analyzed for LINCO1547 expression by
using RT-gPCR, which showed that LINCO1547
expression was downregulated in 13 CRC sam-
ples (Figure 1A). Meanwhile, RT-qPCR analysis
performed for analyzing LINCO1547 expression
in eight CRC cell lines, including SW480,
SW620, HCT-8, HCT-116, LOVO, RKO, DLD-1,
and CACO2, and the normal intestinal mucosal
epithelial cell line FHC revealed that LINCO1547
expression was downregulated in CRC cells (*P
< 0.05, **P < 0.01, ***P < 0.001, Figure 1B).
To explore whether LINCO1547 regulated the
CRC cells phenotype, we selected HCT-116 and
SW480 with relatively high expression of
LINCO1547 using siRNA. The targeting efficien-
cy of si-LINCO1547-1 and si-LINCO1547-2 in
the CRC cell lines HCT-116 and SW480 was
confirmed via RT-qPCR, which revealed that the
knockdown efficiency of the two siRNAs was >
70% (***P < 0.001, Figure 1C). Next, CCK-8,
colony formation, transwell migration, and
wound healing assays were used to assess the
effect of LINCO1547 on the proliferation and
migration of HCT-116 and SW480 cells. The
results indicated that after the siRNA-mediated
knockdown of LINC01547, both cell prolifera-
tion and migration rates significantly increased,
suggesting that LINCO1547 inhibits CRC cell
proliferation and migration (***P < 0.001,
Figure 1D-G). These findings indicate that
LINCO1547 is downregulated in CRC tissues
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and cell lines and acts as an inhibitor in the pro-
liferation and migration of CRC cells.

LINC01547 encodes a microprotein

To verify the coding potential of LINCO1547 in
CRC cell lines. The sequence of LINCO1547
was retrieved, and the potential SORF was pre-
dicted using the EMBOSS: getorf website to
obtain the amino acid sequence (Tables S2
and S3). A series of constructs (the plasmid
pcDNA3.1-NC, pcDNA3.1-3xFlag, and pcDNA-
3.1-3x Flag-mut) were generated and the plas-
mid LINCO1547-ORF (pcDNA3.1-3xFlag) was
transfected into CRC cell lines, followed by
western blot using an antibody against the
FLAG tag. The findings showed that LINCO1547-
ORF (pcDNA3.1-3xFlag) was highly expressed
in CRC cell lines (Figure 2A).

To confirm the coding ability of LINCO1547,
plasmids pcDNA3.1-NC, pcDNA3.1-3xFlag, and
pcDNA3.1-3xFlag-mut were transfected into
the CRC cell lines LOVO, DLD-1, HCT-116, and
SWA480. Western blot indicated high micropro-
tein expression in the pcDNA3.1-3xFlag group
(Figure 2B). HCT-116 and SW480 cells, in which
the microprotein was highly expressed, were
selected for subsequent experiments. IF assays
used to detect microprotein expression in CRC
cell lines revealed a significant enhancement of
staining in the pcDNA3.1-3xFlag group (Figure
2C). In summary, LINCO1547 encoded the
microprotein LINCO1547-ORF.

LINC01547-ORF is not an IncRNA but inhibits
CRC cells proliferation and migration

To investigate whether the effect of the micro-
protein LINCO1547-ORF on CRC cells was
dependent on LINCO1547-based regulation,
plasmids pcDNA3.1-NC, pcDNA3.1-3xFlag, and
pcDNA3.1-3xFlag-mut were transfected into
the CRC cell lines HCT-116 and SW480 with low
LINCO1547 expression. CCK-8, colony forma-
tion, transwell migration, and wound healing
assays were performed to assess the effect of
LINCO1547-ORF on cell proliferation and migra-
tion (**P < 0.01, ***P < 0.001, Figure 3A-D).
The results suggested that LINCO1547-ORF is
not the same as LINCO1547 and that it inhibits
CRC cell proliferation and migration.

LINC0O1547-ORF binds to CLDN18 protein
Gene set enrichment analysis (GSEA) revealed

that the focal adhesion pathway, ECM, and cell
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Figure 1. LINCO1547 inhibits CRC cell proliferation and migration. A. RT-gPCR was used to validate the expression
of LINCO1547 in 16 colorectal cancer tissues and their matched normal adjacent tissues. B. RT-qPCR analysis of
LINCO1547 expression in CRC cells and the normal intestinal epithelial cell FHC. C. Two siRNAs targeting LINCO1547
were used to completely abolish its expression. The efficiency of these siRNAs was verified by RT-gPCR. D, E. The
effects of LINCO1547 on the proliferation of CRC cell lines HCT-116 and SW480 were studied using CCK-8 and
colony formation assays. F, G. Transwell migration assays and wound healing assays were performed to assess the
impact of LINCO1547 on the migratory abilities of CRC cell lines HCT-116 and SW480. *P < 0.05, **P < 0.01, ***P
< 0.001.

adhesion molecule signaling pathway were were related to LINCO1547-ORF (Figure 4A). To
related to LINCO1547-ORF and the focal adhe- identify the target of LINCO1547-ORF, the pro-
sion pathway CLDN18 and ECM protein COL6A6 tein CLDN18 from the focal adhesion pathway
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and COL6A6 from ECM proteins were investi-
gated. Co-IP confirmed the interaction between
LINCO1547-ORF and CLDN18 in HCT-116 cells
but not between LINCO1547-ORF and COL6AG
(Figure 4B). Using AlphaFold2 on the Google
Colab platform, the three-dimensional struc-
ture of the LINCO1547-ORF microprotein was
analyzed. In addition, the optimal model was
retrieved to predict the interaction between
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LINCO1547-ORF and CLDN18 to establish a
protein docking model to obtain information on
the interacting amino acid residues (LINCO15-
47-ORF: red, CLDN18: green) (Figure 4C; Table
S4). IF demonstrated the colocalization of
LINCO1547-ORF with CLDN18 in the cytoplasm
(Figure 4D). Meanwhile, plasmids pcDNA3.1-
NC, pcDNA3.1-3xFlag, and pcDNA3.1-3xFlag-
mut were transfected into the CRC cell lines

Am J Cancer Res 2024;14(11):5504-5520
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Figure 3. LINCO1547-ORF is not an IncRNA but inhibits CRC cells proliferation and migration. Plasmids pcDNA3.1-
NC, pcDNA3.1-3xFlag, and pcDNA3.1-3xFlag-mut were transfected into CRC cell lines HCT-116 and SW480 with low
expression of LINCO1547. Cell proliferation and migration abilities were measured using CCK8, colony formation,
transwell migration, and wound healing assays (A-D), with statistical analysis performed. *P < 0.05, **P < 0.01,

***P < 0.001.

HCT-116 and SW480 and the expression of
CLDN18 was validated using western blot,
RT-gPCR, and IF. The results showed that there
was no difference in RNA level between
LINCO1547-ORF and CLDN18. Due to the sta-
bility of transcriptional regulation mechanism
and the influence of intracellular negative feed-
back mechanism, the abundance of CLDN18
MRNA remained unchanged (Figure 4F). The
expression of CLDN18 protein was up-regulat-
ed after overexpression of LINCO1547-ORF.
LINCO1547-ORF inhibits the degradation of
CLDN18, causing the protein to accumulate in
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the cell. The expression of CLDN18 protein
was positively correlated with LINCO1547-ORF
(***P < 0.001, Figure 4E, 4G).

LINC01547-ORF binds to CLDN18 and pro-
motes its protein expression

To identify the interaction domain between
LINCO1547-ORF and CLDN18 protein, various
truncation mutants of CLDN18 were developed
(Figure 5A). The truncation mutants (1: CLDN18
1-190; 2: CLDN18 191-261) were immunopre-
cipitated using Flag-tagged pcDNA3.1-3xFlag
plasmid and Flag antibody, which showed that
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Figure 4. LINCO1547-ORF binds to CLDN18 protein. A. Enrichment analysis (GSEA) indicates a relationship between
focal adhesion, extracellular matrix, and cell adhesion molecule pathways with LINCO1547-ORF. B. Co-IP validated
the interaction between LINCO1547-ORF and CLDN18 protein, as well as COL6A6 protein. C. Construction of a
protein docking model. D. Immunofluorescence experiments confirmed the co-localization of LINCO1547-ORF with
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CLDN18 protein. E. Western blot analysis verified the correlation between CLDN18 protein and LINCO1547-ORF. F.
RT-gPCR was used to validate the correlation between CLDN18 and LINCO1547-ORF. G. CLDN18 antibody was used

to detect the fluorescence expression of LINCO1547-ORF in HCT-116 and SW480 cell lines.
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Figure 5. LINCO1547-ORF binds to CLDN18 and promotes its protein expression. A. Construction of truncation mu-

tants of different segments of CLDN18 (1: CLDN18 1-190;

2: CLDN18 191-261). B. Co-immunoprecipitation (COIP)

analysis of the interaction between LINCO1547-ORF and the truncation mutants of CLDN18. C. After treatment
with the proteasome inhibitor MG132 for varying hours, the levels of CLDN18 protein regulated by LINCO1547-ORF
in HCT-116 and SW480 cells were verified. D. Expression of protein in HCT-116 and SW480 cells pre-treated with
CHX (50 pg/mL) for different hours was detected by Western blot. E. Co-immunoprecipitation was used to verify the
ubiquitination level of CLDN18 regulated by LINCO1547-ORF.

the interaction with LINCO1547-ORF was me-
diated by CLDN18 1-190 amino acids (Figure
5B). Because LINC01547-ORF promoted CLD-
N18 protein expression, whether LINCO1547-
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ORF affects CLDN18 ubiquitination was next
assessed. After treatment with the proteasome
inhibitor MG132, western blot showed that
CLDN18 protein level was significantly
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increased in HCT-116 and SW480 cells (**P <
0.01, ***P < 0.001, Figure 5C). Moreover, in
HCT-116 and SW480 cells overexpressing
LINCO1547-ORF treated with the protein syn-
thesis inhibitor cycloheximide for various times,
western blot revealed a significant increase in
protein levels compared with the control group
(*P < 0.05, **P < 0.04, Figure 5D). We added
MG132 to prevent its proteasome degradation,
and added CLDN18 and LINC0O1547-ORF to
observe the ubiquitination of CLDN18 in HCT-
116 and SW480 cells. The results showed that
the ubiquitization of CLDN18 decreased signifi-
cantly after overexpression of LINCO1547-ORF.
Co-IP experiments confirmed that CLDN18
ubiquitination was mediated by LINCO1547-
ORF in HCT-116 and SW480 cells (Figure 5E).

LINCO1547-ORF regulates CLDN18 to inhibit
CRC cell proliferation and migration

To evaluate the function of LINCO1547-ORF in
regulating CLDN18 in CRC, clinical tissue sam-
ples were collected and IHC was performed to
measure CLDN18 expression in CRC and adja-
cent healthy tissues. The results showed that
CLDN218 expression was downregulated in CRC
tissues compared with adjacent healthy tis-
sues (Figure 6A). si-NC and si-CLDN18 were
transfected into CRC cell lines HCT-116 and
SW480, and Western blot analysis showed that
the protein expression of CLDN18 was signifi-
cantly reduced (**P < 0.01, ***P < 0.001,
Figure 6B). To investigate the effect of CLDN18
on CRC cell lines, the expression of CLDN18
was silenced. Cell function experiments showed
that CLDN18 silencing promoted the prolifera-
tion and migration of CRC cell lines (**P < 0.01,
***p < 0.001, Figure S1A-D). The results
showed that CLDN18 inhibited the proliferation
and migration of CRC cell lines. Upon LIN-
C01547-ORF (pcDNA3.1-3xFlag) overexpres-
sion and CLDN18 downregulation in CRC cell
lines, cell function experiments performed to
assess proliferation and migration (*P < 0.05,
**P < 0.01, ***P < 0.001, Figure 6C-F) indi-
cated that CLDN18 downregulation reversed
the inhibitory effect of LINCO1547-ORF on HCT-
116 and SW480 cells.

LINC01547-ORF inhibits CRC cell growth by
regulating CLDN18 and targeting the FAK/
PI3K/AKT pathway

Enrichment analysis suggested a relationship
of the focal adhesion pathway, ECM, and cell
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adhesion molecule signaling pathway with
LINCO1547-ORF (Figure 4A). The results
showed that LINCO1547-ORF binds to the focal
adhesion pathway CLDN18 protein (Figure
4B-D). Meanwhile, tumor invasion and metas-
tasis are highly correlated with FAK phosphory-
lation. To identify the target of LINCO1547-ORF
in inhibiting proliferation and migration after
regulating CLDN18, western blot and IF were
performed to analyze the role of LINCO1547-
ORF in targeting the phosphorylation of FAK.
Western blot results indicated that LINCO1547-
ORF inhibited FAK phosphorylation by targeting
CLDN18 protein (*P < 0.05, **P < 0.01, ***P
< 0.001, Figure 7A) and IF revealed a signifi-
cant decrease in FAK phosphorylation expres-
sion due to LINCO1547-ORF (Figure 7B), sug-
gesting that LINCO1547-ORF inhibits FAK phos-
phorylation via CLDN18 regulation.

In the search for downstream pathways, FAK
phosphorylation can activate EMT pathway.
Therefore, the epithelial-mesenchymal transi-
tion pathway was assessed. The results showed
no significant changes in the expression of the
mesenchymal markers vimentin and E-cadherin
in ORF and ORF+si-CLDN18 groups (*P < 0.05,
**P < 0.01, ***P < 0.001, Figure 7C). After
activation, FAK phosphorylation can activate
PI3K, which, in turn, activates AKT and regu-
lates cell growth. Western blot revealed that
the expression level of p-PI3K/PI3K and p-AKT/
AKT was significantly reduced and that inhibi-
tion was particularly strong (*P < 0.05, **P <
0.01, ***P < 0.001, Figure 7D). The results
show that LINCO1547-ORF can inhibit the FAK/
PI3K/AKT signaling pathway, and the silencing
of CLDN18 reverses the influence of
LINCO1547-ORF on the FAK/PI3K/AKT signal-
ing pathway. In summary, LINCO1547-ORF
inhibited CRC cell growth by regulating CLDN18
and targeting the FAK/PI3K/AKT pathway.

Discussion

IncRNAs are a class of eukaryotic RNA mole-
cules that exceed 200 nucleotides in length
and do not code for proteins. Recent studies
[14, 15, 33-36] have revealed that these
IncRNAs may contain one or several short
ORFs, potentially encoding microproteins of <
100 amino acids. Because to the small molecu-
lar weight of these microproteins and the limi-
tations of conservation analysis-based screen-
ing mechanisms and detection techniques,
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Figure 6. LINCO1547-ORF regulates CLDN18 to inhibit CRC cell proliferation and migration. A. Clinical tissue sam-
ples were collected and analyzed for the expression of CLDN18 in colorectal cancer tissues and normal adjacent tis-
sues using immunohistochemistry. B. Western blot analysis was used to verify the protein expression of si-CLDN18.
C-F. Upon overexpression of LINCO1547-ORF, the level of CLDN18 in colorectal cancer cell lines was downregulated,
and the effect was verified using CCK8 cell proliferation, colony formation, transwell migration, and wound healing
assays. *P < 0.05, **P < 0.01, ***P < 0.001.

these microproteins are often overlooked. This tion of these microproteins is particularly
oversight may keep many crucial regulatory important [37]. Inthe present study, LINCO1547
mechanisms “hidden”. Thus, the characteriza- was identified to harbor the ability to encode a
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Figure 7. LINCO1547-ORF inhibits CRC cell growth by regulating CLDN18 and targeting the FAK/PI3K/AKT pathway.
A. Upon overexpression of LINCO1547-ORF, the level of CLDN18 in colorectal cancer was downregulated, and the
expression of FAK phosphorylation was detected by Western blot. B. Immunofluorescence experiments were further
used to detect the correlation between LINCO1547-ORF and FAK phosphorylation, using P-FAK antibodies to stain
the cells. C. Western blot analysis was performed to detect the expression of the mesenchymal markers vimentin
and E-cadherin. D. Western blot analysis was used to test the expression of P-PI3K/PI3K and P-AKT/AKT.

microprotein. Indeed, western blot and IF
experiments revealed that LINCO1547 could
encode the 76-amino-acid microprotein LINCO-
1547-ORF. Cell function assays showed that
LINCO1547-ORF inhibited the proliferation and
migration of the CRC cell lines HCT-116 and
SW480.

Existing research has shown that in various
tumors, proteins can regulate tumor growth by
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targeting other proteins [15, 35, 36]. Recent
studies have also shown that microproteins
encoded by IncRNAs can exert their functions
through interactions with others proteins [14,
35, 36, 38]. Therefore, it was hypothesized that
LINCO1547-ORF inhibits CRC growth through a
similar mechanism. To test this hypothesis,
GSEA was performed, and the results indicated
that the focal adhesion pathway, ECM receptor
interaction pathway, and cell adhesion mole-
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Figure 8. Schematic representation of the data.

cule pathway are closely related to LINC01547-
ORF [39]. The protein CLDN18 from the focal
adhesion pathway and COL6A6 from the ECM
protein collagen VI family were selected for sub-
sequent assessments. Co-IP performed to
assess the relationship between LINCO1547-
ORF and CLDN18/COL6AG6 protein suggested
that LINCO1547-ORF interacts with only the
CLDN418 protein. Subsequently, IF experiments
revealed that LINCO1547-ORF and CLDN18
protein colocalized in the cytoplasm.

Ubiquitination plays a pivotal role in protein
covalent modification as well as in maintaining
protein homeostasis, participating in protein
localization and translocation, and regulating
protein activity and related functions, thereby
enabling the cell to respond rapidly and sensi-
tively to both external and internal stimuli [40-
43]. In particular, protein ubiquitination modifi-
cations are extensively involved in several
pathophysiological processes, such as the cell
cycle, apoptosis, and transcription factor regu-
lation. The regulation of CLDN18 by LINCO1547-
ORF in CRC was assessed using cell function
assays, which showed that CLDN18 downregu-
lation reversed the inhibitory effect of
LINCO1547-ORF on the CRC cell lines HCT-116
and SW480. These results suggest that
LINCO1547-ORF regulates CLDN18 to inhibit
CRC progression. It is reported that CLDN18-
mediated signaling pathways inhibit tumor pro-
gression [23, 24]. Therefore, it was hypothe-
sized that LINCO1547-ORF inhibits CRC devel-
opment by suppressing downstream path-
ways.
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Cancer growth
and metastasis

During the search for relevant
downstream pathways, GSEA
identified the focal adhesion
pathway, ECM receptor interac-
tion pathway, and cell adhesion
molecule pathway. It has been
reported that tumor invasion
and metastasis are highly cor-
related with FAK phosphoryla-
tion [25, 26]. Western blot and
IF experiments confirmed that
LINCO1547-ORF was closely
associated with FAK phosphor-
ylation. To explore additional
downstream pathways, epithe-
lial-mesenchymal transition pa-
thway was assessed. However,
western blot analysis revealed
no significant expression changes in the mes-
enchymal markers vimentin and E-cadherin. On
activation, FAK phosphorylation can activate
PI3K and subsequently AKT, thereby regulating
cell growth [26]. Therefore, the key genes
p-PI3K and p-AKT were evaluated, and the
results showed that LINCO1547-ORF inhibited
the FAK/PI3K/AKT signaling pathway by tar-
geting CLDN18, thereby inhibiting CRC
development.

In summary, the study findings suggest that
LINCO1547 encodes the 76-amino-acid micro-
protein LINCO1547-ORF, which can regulate
CLDN18 protein to target and inhibit the FAK/
PIBK/AKT pathway, ultimately suppressing CRC
cell migration and proliferation (Figure 8). To
our knowledge, this study confirmed the ability
of LINCO1547 to encode a microprotein and
inhibit CRC cell proliferation and migration.
Finally, it was hypothesized that the antitumor
effect of LINCO1547 on CRC is related to its
encoded microprotein, offering a promising
direction for the clinical treatment of CRC.
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Figure S1. CLDN18 inhibits CRC cell proliferation and migration. si-NC and si-CLDN18 were transfected into colorec-
tal cancer cell lines HCT-116 and SW480, Cell proliferation and migration abilities were measured using CCK8,
colony formation, transwell migration, and wound healing assays (A-D), with statistical analysis performed. *P <
0.05, **P < 0.01, ***P < 0.001.



