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mC®A-mediated LINC02038 inhibits colorectal cancer
progression via regulation of the FAM172A/PI3K/AKT
pathway via competitive binding with miR-552-5p
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Abstract. Long noncoding RNAs (IncRNAs) are a type of
regulatory molecule with potential roles in the development
of several different malignancies. However, the underlying
mechanisms of IncRNAs in colorectal cancer (CRC) are
incompletely understood. The present study investigated the
molecular mechanism of LINC02038 in CRC. LINC02038
expression was decreased in CRC tissues compared to the
para-cancerous tissues and LINC02038 overexpression mark-
edly reduced the proliferation, vitality, migration and invasive
ability and greatly accelerated apoptosis of colorectal cancer
cells. Bioinformatics examination indicated that LINC02038
may have targeted microRNA (miR)-552-5p. RNA immu-
noprecipitation and luciferase reporter assays showed that
LINCO02038 served as a sponge for miR-552-5p, hindering
target gene FAMI172A of miR-552-5p degradation. Moreover,
methylated RNA immunoprecipitation (MeRIP)-qualitative
PCR assays revealed that YTHDF2 could identify and regu-
late the METTL3-mediated LINC02038 N6-methyladenosine
(m°A) modification and increase its degradation, thereby
promoting CRC progression via the PI3K/AKT pathway.
Based on the CRC clinical specimens, it was shown that
LINCO02038 was negatively associated with lymphatic
metastasis and distant metastasis. These results revealed that
mSA/LINC02038/miR-552-5p/FAM172A may be a novel

Correspondence to: Dr Chengyu Yang, The First Department
of General Surgery, The Third Affiliated Hospital of Guangzhou
Medical University, 63 Duobao Road, Liwan, Guangzhou,
Guangdong 510150, P.R. China

E-mail: droctorycyl981@163.com

“Contributed equally

Key words: colorectal cancer, LINC02038, N6-methyladenosine,
ceRNA, progression

anti-tumor axis and LINC02038 may serve as a biomarker and
treatment option for colorectal cancer.

Introduction

Colorectal cancer (CRC) is the third commonest type of
cancer worldwide (1). Early clinical manifestations of CRC
are nonspecific and it demonstrates significant tumor growth
and early metastatic potential (2-4). Despite improvements in
early diagnosis and systemic therapies, China and developed
countries in Europe and the United States contribute to >50%
of new CRC cases and associated mortalities globally (5).
Consequently, there is an essential need to improve the under-
standing of the pathophysiology of CRC and provide CRC
patients with novel treatment options.

Long noncoding RNAs (IncRNAs) are transcripts
>200 nucleotides that do not encode proteins (6). IncRNAs
are involved in a range of molecular mechanisms of cancer
including miRNA sponging and RNA degradation (7-10). As
biological techniques have advanced, numerous CRCrelated
IncRNAs, including IncRNA GLCCI1 (11), IncRNA
ITGB8-ASI1 (12) and H19 (13), have been linked to the progres-
sion of CRC via a range of mechanisms. The long intergenic
noncoding RNA 2038 (LINC02038), which is located on chro-
mosome 3q29, was found to be associated with the growth of
CRC and serving as a crucial survival-related IncRNA (14).
IncRNAs can function as competitive endogenous (ce)RNAs,
which bind to microRNAs (miRNAs/miRs) in a competitive
manner (15). Therefore, investigating the LINC02038 ceRNA
pathways in CRC may uncover additional therapeutic options
for the management of CRC. The location of the family with
sequence similarity 172 member A (FAM172A) was discov-
ered in chromosome 5q15. According to previous studies,
FAMI172A expression is highly tissue-specific and it inhibits
the growth and metastasis of hepatocellular carcinoma (16).
Overexpression of the PI3K/AKT signaling pathway has been
linked to several types of cancer, including CRC and the
PI3K/AKT signaling pathway is essential for the growth and
metastasis of CRC (17).
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In humans, the most prevalent form of RNA modification
is N6-methyladenosine (m°A) modification, which regulates
RNA stability (18,19). A group of proteins regulate the cyto-
plasmic m°®A condition, termed ‘writers’ such as METTL3 and
METTLI4 and ‘readers’ such as YTHDF2 and YTHDC2 and
it has been shown that METTL3 was an important gene for
CRC cell development (20).

In the present study, a correlation between the expres-
sion of LINC02038 and the clinical value of CRC patients
was identified. Moreover, the functions of LINC02038
in cell growth, apoptosis and invasion from a functional
analysis were ascertained. Further investigation confirmed
that LINCO02038 served as a sponge for miR-552-5p in CRC,
enhancing its suppressive effect on FAM172A through
the PI3K/Akt pathway. Furthermore, METTL3 exerted its
function through weakening LINC02038 expression in an
mC®A-Y THDF2-dependent manner. LINC02038 may provide
novel CRC therapeutic approaches.

Materials and methods

Patients and tissue samples. A total of 68 CRC cases in total
were collected from patients who received surgery at the
First People's Hospital of Foshan between January 2018 and
January 2020. Prior to resection, these individuals had not
undergone chemotherapy or radiotherapy. All specimens were
snap-frozen in liquid nitrogen and stored at -80°C before use or
fixed and paraffin-embedded. All patients provided informed
consent and the Ethics Committee of the First People's
Hospital of Foshan approved the present study (approval no.
AF-SOP-18-1.6-2). The clinicopathological data of the patients
are presented in Table 1.

Cell culture and transfection. The human colorectal carcinoma
cell lines used were LoVo, RKO, SW480, HCT116, DLD-1 and
HT-29 cells and NCM460 normal colonic epithelial cell line
were used as the control cells. All cells were obtained from the
Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences. STR profiling was performed to verify the identity
of the HT-29 cells. Cells were cultured in RPMI-1640 media
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.) in a humidified incubator (95% humidity) supplied with 5%
CO,. Cells were routinely checked for Mycoplasma contamina-
tion. The overexpression vectors pcDNA3.1/Control (Vector)
and pcDNA3.1/LINC02038 (LINC02038) were purchased
from Shanghai GenePharma Co., Ltd.. Empty vector was used
as the negative control (NC) for LINC02038 overexpression. A
total of 3x10° cells/well were transfected with empty vector or
pcDNA3.1-LINC02038 plasmids (1.5 ug/ml), a total of 30 pmol/l
miR-552-5p mimics or mimic NC at room temperature for
48 h. The cells were collected for subsequent experiments at
48 h following transfection. miR-552-5p mimic and its nega-
tive control mimic for miR-552-5p, miR-552-5p inhibitor, were
purchased from Shanghai GenePharma Co., Ltd.. The sequences
were as follows: miR-552-5p mimics 5'-GUUUAACCUUUU
GCCUGUUGG-3' and mimic NC 5-UCACAACCUCCUAGA
AAGAGUAGA-3". Small interfering (si)RNAs against FAM172A
(siFAM172A) and its scramble control siRNA were purchased
from Shanghai GenePharma Co., Ltd. Vectors containing
short hairpin (sh)RNAs targeting METTL3 (shMETTL3, i.e.,

shMETTL3-1 and shMETTL3-2) or its non-targeting shRNA
sequence negative control (shNC METTL3), vectors containing
short hairpin RNAs (shRNAs) targeting YTHDF2 (shY THDF2,
i.e.,shY THDF2-1 and shY THDF2-2) or its non-targeting siIRNA
sequence negative control (shNC YTHDF2) were subcloned into
Lv5 lentiviruses (Shanghai GenePharma Co., Ltd.) and were
then transduced into the target cells. Transfection was performed
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.). The efficacy of transfection was confirmed by
reverse transcription-quantitative (RT-q) PCR.

Bioinformatics prediction. LINC02038, miR-552-5p and
FAMI172A levels were determined using The Cancer Genome
Atlas (TCGA; https://cancergenome.nih.gov/) and the
GEPIA (http://gepia.cancer-pku.cn) databases in CRC. The
biological roles of LINC02038 were identified using the Kyoto
Encyclopedia of Genes and Genomes (KEGG; https:/www.
genome.jp/kegg/). The miRcode (https:/www.mircode.org/)
and DIANA-LncBase Predicted v.2 (https://diana.e-ce.uth.
gr/Incbasev2/home) online set of tools was used to predict the
miRNAs targeted by LINC02038. TargetScan (http:/www.
targetscan.org/vert72/) and PicTar (https://pictar.mdcberlin.
de) were used to predict mRNA target sites of miR-552-5p.
SRAMP (http://www.cuilab.cn/sramp) was used to predict the
possible m®A modification locations of LINC02038.

RTgPCR. TRIzol® (Thermo Fisher Scientific, Inc.) was used
to isolate total RNA from tissues and cells at a density of
3x109. A total of 500 ng RNA was used to synthesize cDNA
by using a reverse transcriptase cDNA synthesis kit according
to the manufacturer's protocol (Takara Bio, Inc.). The
Hairpin-it MicroRNA and U6 snRNA Normalization RT-PCR
Quantification kits were used to perform RT for miRNAs
(Shanghai GenePharma, Co., Ltd.) according to the manu-
facturer's protocol. mRNA expression was determined using
SYBR Premix ExTaq II (Takara Bio, Inc.) according to the
manufacturer's protocol. The internal controls were GAPDH
and U6. The thermocycling conditions were: Initial denatur-
ation at 95°C for 40 sec followed by 40 cycles of 95°C for
10 sec, 20 sec at 60°C and dissociation at 72°C for 30 sec with
a final extension step of 72°C for 6 min. The 2-4°4 method was
used to calculate the fold change (21). The primer sequences
were: LINC02038 forward, 5'-ACCGTTTTTGATGGTGCT
GC-3' and reverse, 5" AAAACGCCTCTGTCGCAAAC-3';
METTL3 forward, 5-"AAGCTGCACTTCAGACGAAT-3'
and reverse,5-GGAATCACCTCCGACACTC-3"; YTHDF2
forward, 5'-AGCCCCACTTCCTACCAGATG-3' and reverse,
5" TGAGAACTGTTATTTCCCCATGC-3"; GAPDH forward,
5'-AATGGGCAGCCGTTAGGAAA-3' and reverse, 5'-GCC
CAATACGACCAAATCAGAG-3"; miR-552-5p forward,
5-GTTTAACCTTTTGCCTGTTGG-3' and reverse, 5'-CGA
ACGCTTCACGAATTTG-3"; U6 forward, 5-CTCGCTTCG
GCAGCACA-3' and reverse, 5-AACGCTTCACGAATTTGC
GT-3"; and FAMI172A forward, 5-CAACGAGAAGCCGAT
GTA-3' and reverse, 5'-GATGTGTCTAATGGTTCTGAG-3'.
All assays were repeated at least three times.

Cell Counting Kit8 (CCKS8) assay. Cell vitality was deter-
mined using a CCK-8 assay (Dojindo Molecular Technologies,
Inc.). LoVo and SW620 cells (1x10° cells/well) were plated
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Table I. Relationship between LINC02038 expression and clinical characteristics in patients with colorectal cancer (n=68).

LINC02038 expression

Parameter Number of patients Low High P-value

Patients (n) 68 35 33

Age (years) 0.902
<60 32 17 15
>60 36 18 18

Sex 0.736
Female 26 13 13
Male 42 22 20

TNM stage
I-11 29 10 19 0.011
I-1v 39 25 14

Distant metastasis 0.024
Absent 57 27 30
Present 11 8 3

Differentiation
Poorly or moderately 38 21 17 0411
Well 30 14 16

Tumor depth
TI1T2 32 12 20 0.022
T3T4 36 23 13

into 96-well plates. After 24, 48, 72 or 96 h of transfection,
each well was filled with RPMI-1640 containing 10% CCK-8
solution and cells were further incubated at 37°C for 1 h. To
assess the effectiveness of cell growth, a microplate reader
was used to measure the absorption at 450 nm (Thermo Fisher
Scientific, Inc.).

Flow cytometry. To fix cells, cells (2x10%) were placed in
70% precooled ethanol overnight at 4°C. To analyze cell cycle
distribution, 400 ul propidium iodide (PI; Beyotime Institute
of Biotechnology) was added to stain the cells, followed by
incubation in the dark for 25 min at room temperature at
37°C. A flow cytometer (FACScan; BD Biosciences) was
used to determine the proportion of cells in each phase of the
cell cycle. The data were analyzed using FlowJo 10 software
(Flowlo LLC).

Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) kits (Beyotime Institute of Biotechnology) were
used to examine cell apoptosis. The cell pellet was washed with
4°C precooled PBS followed by 1X binding buffer (centrifuga-
tion 300 x g, 5 min at 4°C). A total of 250 ul 1X binding buffer
was used to resuspend the cells and 5 yl Annexin V-FITC/PI
staining was applied to the cells for 20 min at room tempera-
ture in the dark. Subsequently, 100 xl 1X binding buffer was
added and flow cytometry was performed. The data (the
percentage of early + late apoptotic cells) was examined using
FlowJo 10 (FlowJo LLC).

Cell colony formation assay. A total of 1x10* cells/well were
incubated in 6-well plates using RPMI-1640 media containing
10% FBS at 37°C and 5% CO, for 14 days. Subsequently, cells

were fixed using methanol for 15 min and stained with 0.5%
crystal violet at room temperature for 8 min. The colonies
were counted using ImagelJ software (version 1.5; National
Institutes of Health).

Transwell assays. Cell migration and invasion were assessed
using Transwell inserts pre-coated with Matrigel at 37°C
for 1 h or without Matrigel (Corning Inc.). To the upper
chamber, 1x10* cells suspended in 200 ul serum-free RPMI
1640 was added. To the lower chamber, 600 ul supplemented
media was added. After 48 h of incubation, the cells that had
migrated to the lower chamber were fixed using 4% parafor-
maldehyde for 30 min at room temperature and then stained
with Giemsa for 15 min at room temperature. The number
of cells in five randomly selected fields of view were imaged
using a light microscope (Olympus Corporation). The
number of cells that had migrated or invaded per field was
determined using ImageJ (version 1.5; National Institutes of
Health).

Fluorescence in situ hybridization (FISH) assays. GFP-labeled
LINCO02038 probes were supplied by Shanghai GenePharma
Co., Ltd. A FISH kit (Shanghai GenePharma Co., Ltd.) was
used to perform the hybridization. After being preserved
with 4% paraformaldehyde at room temperature for 10 min,
2x10* cells/well were permeabilized with 0.5% Triton X-100.
and then washed three times with PBS. The cells were then
supplemented with a prehybridization solution and blocked for
25 min at 37°C. Cy3-labeled IncRNA FISH probes (Shanghai
GenePharma Co., Ltd.) were used to detect LINC02038.
The 2 ul and 15 uM probe mixture were added to the 100 ul
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hybridization solution and this solution was added to cells for
hybridization overnight at 37°C. The nuclei were stained for
fluorescence detection with DAPI at room temperature for
10 min and then mounted on glass slides in the dark setting.
The fluorescence images were captured with an IX81 inverted
fluorescence microscope with 5 fields of view being assessed
per slide (Olympus Corporation).

Dual-luciferase reporter assay. In LoVo and SW620 cells,
miR-552-5p interactions with LINC02038 or FAM172A were
identified. Cells were co-transfected with vector, pmirGLO
LINCO02038 wild type (WT) or LINC02038 mutant (MUT),
FAM172A WT or FAM172A MUT (Promega Corporation)
as well as miR-552-5p mimic using Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.). Luciferase
activity was determined after 48 h of transfection using the
Dual-Luciferase Reporter assay system (Promega Corporation)
according to the manufacturer's protocol.

RNA immunoprecipitation (RIP). To examine the relationship
between miR-552-5p with LINC02038 or FAM172A in CRC
cells,aMagna RIP RNA-Binding Protein Immunoprecipitation
kit (cat: no. 17-700; Sigma, Millipore) and anti-argonaute 2
(Ago2) antibody (5 pg; cat. no. ab32381; Abcam) was used
according to the manufacturer's protocol. Cells were centri-
fuged at 1,000 x g for 8 min at 4°C and lysed in 600 pl RIP
buffer (Millipore, Sigma). A total of 100 ul lysate was then
treated with 5 yl normal IgG or 5 pl Ago2 antibody. The levels
of LINCO02038 or FAM172A and miR-552-5p enriched on
beads were evaluated by RT-qPCR.

Western blotting. RIPA lysate solution (Invitrogen; Thermo
Fisher Scientific, Inc.) was used to lyse the cells. A BCA
assay (Beyotime Institute of Biotechnology) was used
to determine the protein concentration. Total protein
extracts (20 pg) was loaded on a 10% SDS-gel, resolved
using SDS-PAGE, transferred to PVDF membranes
(MilliporeSigma) and blocked for 1 h with 5% non-fat milk
at room temperature. After blocking, membranes were incu-
bated with one of the primary antibodies overnight at 4°C.
The antibodies used were: anti-FAM172A (cat. no. ab121364;
1:2,000; Abcam), anti-METTL3 (cat. no. ab195352; 1:1,000;
Abcam), anti-YTHDF2 (cat. no. ab220163; 1:1,000; Abcam),
anti-AKT (T308) (cat. no. ab38449; 1:1,000; Abcam),
anti-AKT (cat. no. ab8805; 1:500; Abcam), anti-PI3K
(cat. no. ab302958; 1:1,000; Abcam) and anti-GAPDH
(cat. no. ab8245; 1:4,000; Abcam). After washing with PBS,
the membranes were probed for 1 h at room temperature
and incubated with goat anti-rabbit IgG secondary antibody
(cat. no. ab97080; 1:5,000; Abcam) and goat anti-mouse IgG
secondary antibody (cat. no. ab97040; 1:5,000; Abcam).
Pierce ECL reagent (Pierce; Thermo Fisher Scientific, Inc.)
was used to observe the protein bands and ImagePro Plus
software version 6.0 (Media Cybernetics, Inc.) was used for
densitometry analysis.

In vivo experiments. A total of 18 male BALB/c nude mice
(age, 4 weeks; weight, 14-18 g) were purchased from Southern
Medical University Experimental Animal Centre and were
kept in the pathogen-free-grade research center at 28°C with

50% humidity, with a 12 h light/dark cycle and ad libitum
access to food and water. The Institutional Animal Care
and Use Committee of the Southern Medical University
approved the animal experiments (approval no. 2032101). A
total of 2x10* LoVo cells stably overexpressing LINC02038
or LINC02038 or pcDNA3.1/Control (Vector) were subcu-
taneously injected in the dorsal flank of mice. The weight
and growth of the tumor were assessed every 5 days. The
volume of the tumor was calculated as follows: Volume
(mm?)=(width? x length)/2. At 3 weeks following inoculation,
cervical dislocation was used to euthanize the mice after
isoflurane inhalation (5% for 5 min). Finally, tumor tissues
were used for immunohistochemistry (IHC) analysis. The
National Institutes of Health Guide for the Care and Use of
Laboratory Animals was followed when conducting the study.
The maximum tumor volume observed was 534 mm? and the
maximum tumor diameter was 17 mm.

Immunohistochemistry (IHC). After being fixed with 4% para-
formaldehyde at 4°C for 24 h and then dehydrated in ethanol
from low to high concentration, permeabilized using xylene
and embedded in paraffin, tumor tissues were embedded in
paraffin and sectioned at 4 ym. For inhibiting endogenous
peroxidases, dewaxed portions were cleared with xylene and
were then rehydrated in an descending ethanol gradient at
room temperature for 15 min prior to incubation with 3% H,0,
for 10 min. For antigen retrieval, samples were placed in citrate
solution (pH 6.0) at 95°C for 15 min. The plates were treated
with primary antibodies against Ki-67 (cat. no. ab15580; 1:400;
Abcam) and FAM172A (cat. no. ab121364; 1:300; Abcam)
overnight at 4°C. Subsequently, the sections were treated with
an HRP-conjugated secondary antibody for 60 min at 37°C
prior to incubation with diaminobenzidine (DAB). The slices
were counterstained with hematoxylin for 3 min at room
temperature. Images were captured using a light microscope
(Olympus Corporation).

mP®A quantification. Total RNA was quantified and purified
using a Dynabeads mRNA Purification kit (Thermo Fisher
Scientific, Inc.). The m®A quantification of mRNA was
measured using the EpiQuik m°A Methylation Quantification
kit according to the manufacturer's protocol (Colorimetric;
EpigenTek).

mS%A-RNA immunoprecipitation-qPCR (MeRIP-qPCR).
MeRIP-qPCR was performed as described previously (22).
Briefly, mRNA was isolated, purified and fragmented chemi-
cally using Ambion fragmentation reagent (Thermo Fisher
Scientific, Inc.) into 100-nt pieces prior to being incubated with
15 pul ChIP Protein Magnetic Beads (MilliporeSigma) conju-
gated to 2 ug of anti-m°A polyclonal antibody (cat. no.ab208577;
Abcam) or mouse control IgG in 1X IPP buffer, 250 ng mRNA
fragments were denatured at 65°C for 5 min. Subsequently,
incubation of mRNA with m°A-bound beads in IPP buffer at
4°C with constant rotation for 2 h was washed with different
types of buffers in turn. As the final step, the RNA was eluted
and purified using Qiagen RNeasy columns (Qiagen GmbH) in
200 ul RNase-free water. The abundance of RNA was assessed
using qPCR as described above according to the manufacturer's
protocol. The experiments were repeated three times.
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RNA stability. A total of 1x10° cells/well were incubated with
10 g/ml actinomycin D overnight in a CO,-free humidified
incubator. Total RNA was isolated and quantified after O, 1,
2,4, or 8 h of actinomycin D treatment, using RT-qPCR as
described above according to the manufacturer's protocol. The
experiments were repeated three times.

Statistical analysis. Analysis was performed using GraphPad
Prism version 9.0 (Dotmatics). Data are presented as the
mean + standard deviation. A Student's t-test or a one-way
ANOVA followed by Tukey's test was used to evaluate differ-
ences between groups. The association between LINC02038
transcript and clinicopathological characteristics were inves-
tigated using a Fisher's exact test or a %* test. Using linear
regression analysis, the association between two genes was
analyzed. Kaplan-Meier analysis with log-rank test was used
to assess the overall survival rate. P<0.05 was considered to
indicate a statistically significant difference.

Results

LINCO02038 is downregulated in CRC. The expression patterns
of IncRNAs in CRC specimens were obtained from the TCGA
and GTEx databases. LINC02038 was one of the most down-
regulated IncRNAs with a fold change (FC) of =5 and a P-value
of <0.05 (Fig. 1A), indicating that it could be a tumor suppressor
IncRNA as well as a therapeutic target and prognostic biomarker
in CRC. A total of 1,263 differentially expressed IncRNAs were
identified (Fig. 1B). The expression of LINC02038 in various
tumor types was assessed and found to be lower than in normal
samples when analyzed using the TCGA and GTEx datasets
(Fig. 1C). Additionally, GEO databases were examined using
the R tool to determine LINC02038 expression. The results
showed that LINC02038 expression was typically lower in
tumor specimens compared to normal tissues (Fig. 1D and E).
Furthermore, LINC02038 expression was positively associ-
ated with higher overall survival (OS) according to the GEPIA
database (Fig. 1F). KEGG analysis showed that LINC02038
was closely related to the PI3K/Akt signaling pathway (Fig. 1G).
Subsequently, the potential clinical relevance of LINC02038
was investigated. The results showed positive associations
between low LINC02038 expression and high invasion, distant
metastasis and higher TNM stage (Table I).

LINCO02038 regulates apoptosis and proliferation, migration
and invasion of CRC cells. To further verify the potential
of LINCO02038, its expression was analyzed in colorectal
cancer (CRC) specimens and cell lines (HT-29, LoVo,
SW620, SW480, HCT116 and DLD-1) using RT-qPCR.
RT-gPCR analysis showed that LINC02038 was considerably
downregulated in CRC tissues relative to adjacent normal
colorectal tissues (n=68 pairs; Fig. 2A). In comparison with
normal colorectal epithelial cells (NCM460), the expression
of LINC02038 was greatly decreased in various CRC cell
lines (Fig. 2B,C). To determine the role of LINC02038 in CRC
progression, LoVo and SW620 cells were transfected with
pcDNA3.1-LINCO02038. RT-qPCR results showed that trans-
fection with the LINC02038 vector dramatically increased
LINCO02038 expression (Fig. 2D). CCK-8 assay indicated
that the LINC02038-overexpressed LoVo and SW620 cells

proliferated a reduced amount than the control cells (Fig. 2E).
Colony formation assay results demonstrated that the upregu-
lation of LINC02038 inhibited the growth of LoVo and SW620
cells (Fig. 2G). Notably, an increasing number of CRC cells in
the G,/G, phase and a decrease in the number in the S phase
were detected in response to LINC02038 overexpression
compared to control groups using flow cytometry (Fig. 2F).
Furthermore, flow cytometry results showed that overexpres-
sion of LINC02038 increased the percentage of apoptotic cells
compared to the empty vector group (Fig. 2H). Cell motility
was measured using Transwell assays and the results showed
that overexpression of LINC02038 hindered migration and
invasion capacities of LoVo and SW620 cells (Fig. 2I and J).

LINCO02038 acts as a sponge for miR-552-5p in CRC. As the
role of IncRNAs can be determined by their subcellular loca-
tion, the subcellular localization of LINC02038 was observed
using FISH. The results showed that LINC02038 was predom-
inantly localized in the cytoplasm (Fig. 3A). Additionally,
the binding sites between LINC02038 and miR-552-5p were
predicted using miRcode and LncBase Predicted v.2 (Fig. 3B).
Furthermore, the relationship between LINC02038 and
miR-552-5p was investigated in data on patients with primary
colon adenocarcinoma (COAD) obtained from TCGA. The
results showed that LINC02038 expression was found to be
inversely associated with miR-552-5p expression in CRC
(Fig. 3C). Using the TCGA-COAD dataset, it was demon-
strated that miR-552-5p expression was significantly increased
in CRC tissues when compared with the adjacent normal
tissues (Fig. 3D). This result was confirmed using RT-qPCR
analysis which showed that miR-552-5p expression was higher
compared with adjacent tissues (Fig. 3E) and cells (Fig. 3F)
than that of the adjacent non-tumor tissues and NCM460
cells. Additionally, LINC02038 overexpression substantially
reduced miR-552-5p levels of CRC cells based on the results
of RT-qPCR (Fig. 3G).

To further confirm the interaction of LINC02038 with
miR-552-5p, dual-luciferase reporter plasmids with WT
or MUT putative binding sites of LINC02038 transcripts
were constructed. The luciferase activity was substantially
decreased in cells co-transfected with LINC02038-WT and
miR-552-5p mimics. However, no statistical changes in lucif-
erase activity were observed when cells were co-transfected
with LINC02038-MUT and miR-552-5p mimics (Fig. 3H). In
the cell cytoplasm, AGO2, together with GW182 have a role
in executing miRNA-mediated repression. While miRNAs
guide AGO?2 to target mRNAs, a direct interaction between
AGO2 and GW182 proteins is required for the assembly of
ribonucleoprotein complexes, named RNA-induced silencing
complexes (RISCs) and the recruitment of additional factors
involved in gene silencing, which is ultimately achieved
through the degradation of target mRNAs or translational
repression (23). RNA-binding protein immunoprecipitation
can systematically identify RISC-bound miRNAs and their
target mRNA sequences in mammalian cells (24). LINC02038
was enriched when the Ago2 antibody was used in RIP
studies in SW620 and LoVo cells (Fig. 31), demonstrating that
LINCO02038 directly binds to miR-552-5p. Additionally, there
was an inverse correlation between LINC02038 expression
and OS in the TCGA-COAD dataset (Fig. 3J).
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Figure 1. LINC02038 is downregulated in CRC. (A) Heatmap of IncRNAs. IncRNAs with an FC =5 and P<0.05 were considered down- or upregulated.
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Figure 2. LINC02038 suppresses CRC cell growth, motility and invasion while inducing apoptosis. (A) LINC02038 expression in 68 paired CRC and normal
colorectal tissue. (B and C) LINC02038 expression in several different CRC cell lines. (D) LINC02038 was successfully overexpressed in CRC cells trans-
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Figure 3. LINC02038 sponges miR-552-5p in the CRC cells. (A) LINC08038 localized to the cytoplasm (red) and nucleus (blue) in LoVo and SW620 cells using
FISH test. (B) The predicted binding site between LINC02038 and miR-552-5p. (C) Using data obtained from TCGA-COAD dataset, it was shown there was a
negative association between LINC02038 and miR-552-5p expression in CRC tissues. (D) TCGA-COAD database analysis confirmed that miR-552-5p expres-
sion was higher in CRC tissues than in matched and unpaired normal tissues. (E) RT-qPCR analysis of miR-552-5p expression in CRC and normal tissues.
(F) RT-qPCR detection of miR-552-5p expression in CRC cells. (G) miR-552-5p expression in LoVo and SW620 cells transfected with LINC02038 overexpres-
sion or an empty vector was determined using RT-qPCR. (H) The relative luciferase activity in LoVo and SW620 cells co-transfected with LINC02038 WT
or MUT and miR-552-5p mimics. (I) RIP assays were used to examine LINC02038 enrichment in LoVo and SW620 cells co-transfected with LINC0203
and miR-552-5p mimic. (J) The relationship between miR-552-5p and overall survival in CRC patients in TCGA-COAD dataset. “P<0.01, ““P<0.001. miR,
microRNA; CRC, colorectal cancer; FISH, Fluorescence in situ hybridization; TCGA, The Cancer Genome Atlas; COAD, colon adenocarcinoma; RT-qPCR,
reverse transcription quantitative PCR; MUT, mutant; WT, wild-type; Ago2, argonaute 2; RIP, RNA immunoprecipitation.

LINC02038 inhibits CRC progression by targeting
miR-552-5p. To study the effect of LINC02038 on miR-552-5p,
miR-552-5p mimic and inhibitor and LINC02038 overexpres-
sion vector were transfected into SW620 and LoVo cells. The
results indicated that overexpression of LINC02038 signifi-
cantly reduced miR-552-5p expression levels (Fig. 4A). It was
shown that miR-552-5p promoted proliferation, migration
and invasiveness as well as reduced apoptosis. To evaluate
whether miR-552-5p regulated the molecular functions of
LINCO02038 in SW620 and LoVo cells, rescue experiments
were conducted. The results showed that transfection of
LINCO02038 overexpression vector reversed the effect of
miR-552-5p mimics on growth (Fig. 4B and C), migration

(Fig. 4F) and invasiveness (Fig. 4G) and the inhibition of
cell apoptosis (Fig. 4E). Cell cycle analysis showed that the
proportion of SW620 and LoVo cells in the S phase of the
cycle was increased after miR-552-5p mimic transfection,
whereas LINCO02038 led to an arrest of cell in the G, phase
(Fig. 4D).

FAMI72A is a direct target gene of miR-552-5p. FAMI72A
binding to miR-552-5p was identified using TargetScan and
PicTar (Fig. 5A). Thus, FAMI172A expression was studied
in TCGA datasets. FAM172A in CRC tissues was lower
than in the non-tumor tissues (Fig. 5B and C). Furthermore,
RT-qPCR and western blot analyses indicated that FAM172A
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Figure 4. LINC02038 exerts its function by inhibiting miR-552-5p in CRC cells. (A) miR-552-5p expression was determined using RT-qPCR after transfection
with miR-552-5p mimic, LINC02038 overexpression + miR-552-5p mimic or the control. (B) CCK-8 and (C) colony formation assays were used to assess the
proliferation of transfected cells. (D and E) Flow cytometry was used to identify the cell cycle distribution and apoptosis of SW620 and LoVo cells transfected
with miR-552-5p mimic, LINC02038 overexpression + miR-552-5p mimic or the control. LINC02038 overexpression resulted in G, phase cell cycle arrest
and increased rates of apoptosis and partially reversed the effects of miR-552-5p mimic transfection in CRC cells. (F) Migration and (G) invasion rates were
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was downregulated compared to the normal colorectal cell
line (Fig. 5D) and tissues (Fig. 5E). In addition, luciferase
reporter assay showed a substantial decrease in luciferase
activity following co-transfection with the FAM172A-WT and
miR-552-5p mimics, while there was no substantial change in
cells co-transfected with FAM172A-MUT and miR-552-5p
mimics (Fig. 5F). RIP studies were performed using the
SW620 and LoVo cells. The results revealed that FAM172A
co-precipitated miR-552-5p (Fig. 5G). In addition, the GEPIA
database indicated that low FAMI172A expression was associ-
ated with a lower progression-free survival and OS (Fig. SH
and I).

FAMI172A silencing counteracts the inhibitory effects of
LINC02038 overexpression in CRC. To ascertain whether
the biological functions of LINC02038 would change if
FAMI172A was silenced, a FAMI172A knockdown vector
was transfected into CRC cells. The findings revealed that
FAMI172A expression was reduced in SW620 and LoVo
cells transfected with siFAM172A (Fig. 6A). Additionally,
the protein and mRNA expression levels of FAM172A
were significantly suppressed in the si-FAMI172A group,
but these effects were reversed after co-transfection of
LINCO02038 overexpression and si-FAM172A (Fig. 6B

and C). Downregulation of FAM172A increased proliferation
(Fig. 6D and E), migration and invasiveness (Fig. 6H and I)
and inhibited apoptosis (Fig. 6G) of the SW620 and LoVo
cells, but these effects were abolished by overexpression of
LINCO02038. Cell cycle distribution analysis revealed that in
SW620 and LoVo cells there was an increased proportion of
cells that had accumulated in the S phase of the cell cycle
following siFAM172A transfection. However, following
co-transfection of siFAMI172A and LINCO02038 overexpres-
sion in the CRC cells, G, phase arrest was observed (Fig. 6F).
Furthermore, p-Akt and PI3K protein expression levels were
increased after transfection of siFAM172A, whereas this was
reversed in the CRC cells co-transfected with LINC02038
overexpression and siFAM172A (Fig. 6J).

Effect of LINC02038 on tumor growth in vivo. In a xeno-
graft model of tumor growth, LoVo cells transfected with
LINCO02038 overexpression or an NC vector were subcutane-
ously implanted into nude mice. Mice were euthanized after
4 weeks of injection and tumors were retrieved. Compared
to the control group, the tumor volume and weight were
lower in the LINC02038 overexpression group (Fig. 7A-C).
Moreover, immunohistochemical staining of tumor specimens
showed that Ki-67 expression was significantly downregulated
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Figure 6. LINC02038 inhibits CRC progression by regulating FAM172A. (A) The knockdown efficiency of siRNAs targeting FAM172A was validated
using RT-qPCR. (B) FAM172A expression was examined using western blotting in the FAM172A knockdown cells and/or LINC02038 overexpressing cells.
(C) FAMI72A mRNA levels are shown in SW620 and LoVo cells co-transfected with siFAM172A and LINC02038 overexpression vector. (D and E) CCK-8
and colony formation assays were used to evaluate cell viability. (F) Flow cytometry was used to examine the cell cycle distribution. (G) Apoptosis was detected
in SW620 and LoVo cells using Annexin V/PI double-staining by fluorescence activated cell sorting. Transwell assays were used to evaluate (H) migration
and (I) invasion of SW620 and LoVo cells. Scale bars, 100 ym. (J) The protein expression levels of AKT, p-AKT and PI3K were analyzed by western blotting
in SW620 and LoVo cells. Data are presented as the mean + SD of three repeats. "P<0.05, “P<0.01. CRC, colorectal cancer; siRNA, small interfering RNA;
RT-qPCR, reverse transcription quantitative PCR; p-, phosphorylated.

but FAM172A expression was notably upregulated in the group (Fig. 7D). In vivo, LINC02038 effectively inhibited
LINCO02038 overexpression group compared with the control ~ tumor growth.
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Figure 7: In vivo, LINC02038 inhibits CRC tumorigenesis. (A) Images of the CRC tissues following subcutaneous injection of LoVo cells with LINC02038
overexpression or pcDNA3.1/Control empty vector. The (B) volume and (C) weight of xenograft tumors were measured. (D) Representative images of
THC-stained CRC tissues. Magnification, x100 and x200. Data are presented as the mean = SD of three repeats. ““P<0.01. CRC, colorectal cancer; IHC,

immunohistochemistry.

METTL3-mediated m°A modification is associated with
LINC02038 downregulation through a YTHDF2-dependent
mechanism in CRC. To further verify the regulatory mode
of LINC02038, SRAMP (http://www.cuilab.cn/sramp/)
analysis was utilized to predict m®*A modification sites. It
was discovered that LINC02038 contained an abundance
of m°A modification sites, indicating that it was particularly
susceptible to m°A methylation (Fig. 8A). Moreover, the
MeRIP results revealed that LINC02038 has a number of
fragments modified by RNA methylation (Fig. 8B). In addi-
tion, METTL3 was expression was downregulated in LoVo
and SW620 cells using two shRNAs targeting METTL3
(ShMETTL3-1 and shMETTL3-2), which markedly attenu-
ated the mRNA and protein expression of levels of METTL3
(Fig. 8C). According to the bioinformatics analysis using
TCGA, METTL3 expression was inversely correlated with
LINCO02038 expression (Fig. 8D). Additionally, LINC02038
expression was significantly upregulated in CRC cells
transfected with shMETTL3 (Fig. 8E). MeRIP-qPCR
results suggested that the m°A abundance in the LINC02038
mRNA was notably reduced following METTL3 knock-
down (Fig. 8F). Subsequently, the findings of the RIP
assays revealed that METTL3 and YTHDF2 could enrich
LINCO02038 (Fig. 8G). RT-qPCR results demonstrated that
YTHDF2 was successfully knocked down using two shRNA
targeting YTHDF2 (shYTHDF2-1 and shY THDF2-2) in
LoVo and SW620 cells, which markedly weakened YTHDF2
mRNA and protein levels (Fig. 8H); LINC02038 expression
was upregulated in LoVo and SW620 cells transfected with
shYTHDF2 (Fig. 81) and knockdown of YTHDF2 reduced
the degradation of LINC02038 (Fig. 8J).

Discussion

The aim of the present study was to determine the clinical
importance of LINC02038 and its role in the progression of
CRC, as well as to explore its potential molecular mechanisms.
TCGA and GEO datasets were analyzed and the results were
validated in CRC samples. It was discovered that LINC02038
played a significant role in CRC. The findings showed that
LINC02038 was notably downregulated in CRC tissues and
cell lines. Additionally, it was found that low expression of
LINCO02038 was associated with poor prognosis in CRC,
suggesting that it could have been a potential prognostic target
for this disease.

The present study examined whether LINC02038 was a
unique tumor-suppressing IncRNA that regulated the growth
and aggressiveness of CRC. The results of gain-of-function
assays showed that LINC02038 suppressed CRC cell prolifer-
ation, migration and invasiveness while promoting apoptosis.
In vivo experiments revealed that LINC02038 inhibited
CRC tumor growth, demonstrating its tumor suppressor
function in CRC. Studies have shown the importance of
IncRNAs in carcinogenesis and antitumor behavior, with
dysregulation of IncRNAs being closely associated with tumor
formation (25,26). CRC-specific diagnosis, prognosis and
therapies may target specific IncRNAs (27). Potentially viable
treatments for advanced CRC may involve regulating IncRNAs
with specific expression patterns. Therefore, understanding
the function and regulation processes of IncRNAs is critical.
LINCO02038 is a 2,434 nucleotide-long intergenic non-protein
coding RNA involved in CRC prognosis (14). However, its
ability to regulate cellular processes through interactions
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Figure 8. METTL3 knockdown reduces the stability of LINC02038 via an m°A-YTHDF2-dependent mechanism. (A) SRAMP was used to predict the
possible m°A modification locations of LINC02038. (B) The enrichment of m*A-modified LINC02038 was measured using a MeRIP-qPCR assay. (C) Using
RT-qPCR and western blotting, METTL3 expression was determined in CRC cells following METTL3 knockdown. (D) Correlation analysis of METTL3 and
LINC02038 mRNA on data obtained from TCGA. (E) LINC02038 expression in METTL3-deficient LoVo and SW620 cells was detected using RT-qPCR.
(F) shMETTL3-mediated LINC02038 m°A modifications were demonstrated in LoVo and SW620 cells. (G) The interaction between METTL3, METTL14,
FTO and YTHDF2. (H) YTHDF2 expression of LoVo and SW620 cells transfected with shYTHDF2 were detected using RT-qPCR and western blotting.
(I) LINC02038 expression was determined using RT-qPCR in YTHDF2-deficient LoVo and SW620 cells. (J) The expression of LINC02038 was detected
following treatment with Actinomycin D (5 mg/ml) in SW620 cells using RT-qPCR at the indicated time points. Data are presented as the mean + SD of three
repeats. "P<0.05, “P<0.01. m°A, N6-methyladenosine; MeRIP, methylated RNA immunoprecipitation; gPCR, quantitative PCR; RT-qPCR, reverse transcrip-

tion qPCR; TCGA, The Cancer Genome Atlas; shRNA, short hairpin RNA.

with other cellular components remains to be elucidated. To
understand the function of an IncRNA, knowledge about its
subcellular distribution within the cell is required (28). The
present study found that LINC02038 was mainly located in
the cytoplasm of CRC cells. Theoretically, LINC02038 may
affect fundamental biological processes such as methylation
and post-transcriptional regulation.

The majority of cytoplasmic IncRNAs act as ceRNAs to
modulate downstream mRNA expression by competitively
suppressing miRNA expression through the presence of
miRNA response elements (29). For example, LINC01133
can elicit biological behaviors as a ceRNA by interacting with
the target sequence of miR-106a-3p, thereby expanding the
roles of APC mRNA targets (30). Xu et al (31) reported that
IncRNA SNHG6 was elevated in colorectal cancer (CRC)
and enhanced the invasiveness of CRC cells by sponging

miR-26a/b and miR-214. Dual-luciferase reporter and RIP
assays indicated that LINC02038 absorbed miR-552-5p.
Previous studies have shown that miR-552-5p is an oncogene
in various types of human cancer and promotes cell prolif-
eration and metastasis (32,33). Mechanistically, LINC02038
functions as a ceRNA for miR-552-5p, inhibiting CRC cell
proliferation, migration and invasion while promoting apop-
tosis. These findings may offer novel therapeutic strategies
for CRC. The miRNA target gene is essential for the function
of IncRNAs as ceRNAs. Using TargetScan and PicTar online
databases, FAM172A was identified as a potential target
of miR-552-5p. Luciferase reporter and RIP assay results
showed that FAMI172A was a downstream target gene of
miR-552-5p. Previous studies have indicated that FAM172A
may play an important role in inhibiting human cancer
cell growth by regulating different signaling pathways. For



14 LIU et al: m*°A-MEDIATED LINC02038/miR-552-5p/FAM172A AXIS IN COLORECTAL CANCER

M Stability

NS

YTHDEF2 K\%ﬂ\;

LINC02038 ﬂ
v

NNN
NNN

LINC02038 degradation

H CRC apoptosis  CRC proliferation B Metastasis H

Sponge N
m—) ' N ﬂ

miR-552-5p

A AMAAMAA
mwwwwy  WWWWA
PI3K/AKT pathywayﬂ

= O

Figure 9. Graphic illustrating the m°A-dependent effects of the LINC02038/miR-552-5p/FAM172A/PI3K/AKT regulatory loop on CRC growth. m°A,

N6-methyladenosine; CRC, colorectal cancer; miR, microRNA.

example, FAMI172A inhibited CRC proliferation and inva-
sion by being regulated at the post-transcriptional level by
miR-27a via NF-»B pathways (34). Chen er al (35) reported
that FAM172A was downregulated in human pancreatic
cancer tissues and inhibited epithelial-mesenchymal transi-
tion (EMT) in pancreatic cancer cells via MAPK/ERK and
PI3K/Akt signaling.

In the present study, overexpression of LINC02038 partly
rescued the effects of FAM172A silencing on malignant pheno-
types of CRC cells, suggesting that FAM172A is essential for
the biological effects mediated by the LINC02038/miR-552-5p
axis in CRC cells. Emerging evidence reveals that RNA meth-
ylation plays a crucial role in the dysfunction of IncRNAs (36).
The most prevalent type of RNA modification is mSA
modification (37,38). The present study aimed to determine
whether m®A modification sites existed in the LINC02038
sequence. Notably, several sites with high confidence for mSA
modification were found on LINC02038. Therefore, it was
hypothesized that abnormal expression of LINC02038 may
be linked to m°A modification. RNA pull-down experiments
showed that LINC02038 specifically binds to METTL3 and
YTHDF2. METTL3, an m°A writer RNA methyltransferase,
was upregulated in CRC and regulated mRNA stability (39).
Knockdown of METTL3 enhanced LINCO02038 expression in
this study, rendering LINC02038 incapable of m°A modifica-
tion due to METTL3 deficiency. Furthermore, the m°A reader
YTHDEF?2 has been implicated in regulating methylated mRNA
stability and tumor progression in CRC (40,41). The present

study found that YTHDF?2 directly bound to specific m°A sites
on LINC02038 and regulated it in an m®A-dependent manner.
The results confirmed elevated expression of YTHDF2 in
CRC and its regulatory effect on LINC02038 instability to
promote CRC.

In summary, the present study demonstrated that
LINCO02038 is a novel tumor suppressor in CRC. Decreased
levels of LINCO02038 in CRC patients were associated with
increased tumor metastasis and worse survival due to m°A
modification. LINC02038 sponged miR-552-5p to impede
CRC development, which was mediated by FAM172A and
PI3K/Akt signaling in CRC cells. These results shed new
light on the mechanisms underlying the function of the
LINC02038 in CRC. Therefore, m®A modification of the
LINC02038/miR-552-5p/FAM172A axis may represent a
promising therapeutic approach and prognostic biomarker for
CRC (Fig. 9).
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