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Background. Previous studies have shown that long noncoding RNAs (IncRNAs) play a key role in cancer, including colon cancer
(CC). However, the exact role of long noncoding RNA 01124 (LINC01124) in CC and its mechanisms of action remain unknown.
In this study, we investigated the functional effects and the possible mechanism of LINC01124 in CC. Methods. We first de-
termined the expression of LINC01124 in CC tissues (The Cancer Genome Atlas (TCGA) database) and cell lines (quantitative
real-time polymerase chain reaction (QRT-PCR)). Functional analysis via Cell Counting Kit-8 (CCK-8), colony formation, cell
cycle, wound healing and Transwell assays were performed, and a mechanistic experiment was performed with the western
blotting. The function of LINC01124 was also determined in vivo using nude BALB/c mice. Results. The results showed that
LINCO01124 was upregulated in CC tissues and cell lines. Functional studies showed that knockdown of LINC01124 significantly
suppressed the proliferation, migration, and invasion of colon cancer cells in vitro and in vivo. Subsequent mechanistic ex-
periments indicated that LINC01124 acted as a sponge to suppress microRNA 654-5p, which targeted HAX-1. Downregulation of
LINCO01124 decreased the expression of HAX-1, and overexpression of the miR-654-5p inhibitor attenuated the sh-LINC01124-
induced inhibition of CC cell proliferation, migration, and invasion. Conclusion. Collectively, this study revealed that the
knockdown of LINCO01124 inhibited the malignant behaviors of CC via the miR-654-5p/HAX-1 axis, suggesting that LINC01124
might be a therapeutic target for CC treatment.

1. Background

Colon cancer (CC) is the third most common malignancy
worldwide [1], with more than 1.2 million newly diagnosed
patients resulting in 551 thousand deaths each year
worldwide [2]. High morbidity and mortality make colon
tumors a serious threat to human health [3]. The lack of early
diagnosis is one of the most important reasons for the high
incidence of CC [4]. Another important reason is that
malignant CC often possesses the characteristics of rapid
progression and invasion, which can result in a poor
prognosis [5, 6]. Therefore, identifying key molecules in the
development of colorectal cancer (CRC) tumors may

provide breakthroughs in the targeting and biomarker se-
lection of antitumor drugs for this malignant disease.
Long noncoding RNA (IncRNA) is a nonprotein coding
RNA transcript with a length greater than 200 nucleotides
(nt) [7]. IncRNAs were found to be involved in regulating
varjous processes, and their dysfunctions have been asso-
ciated with the occurrence of many diseases, including tu-
mors [8]. They can exert their effects on gene expression at
transcriptional and post-transcriptional levels [9, 10]. For
instance, IncRNAs can bind to DNA, RNA, and proteins to
influence transcriptional initiation, RNA stability, or the
activity of signaling pathways [10]. They can also serve as
scaffolds for recruiting transcriptional factors to the
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promoter region to affect gene expression. The involvement
of IncRNAs and their critical roles have been reported in the
development of cancers, such as malignant proliferation,
metastasis, invasion, antiapoptosis effects, and therapeutic
resistance [8, 11]. The dysregulation of many IncRNAs, such
as IncRNA CCATI, IncRNA POU6F2-AS2, and IncRNA
ROR1-ASI, has been closely related to CRC progression
[12, 13]. A previous study also confirmed that LINC01124
significantly inhibited the proliferation, migration, and in-
vasive ability of non-small-cell lung carcinoma (NSCLC)
cells [14]. However, the potential effect and mechanism of
LINCO01124 on CC remain unclear. Therefore, we decided to
explore the potential functions of LINC01124 in CC.

HAX-1, located at chromosome 1 (1q21.3), is reported to
play an important role in various tumors [15-18]. For ex-
ample, HAX-1 was revealed to be overexpressed in hypo-
pharyngeal squamous cell carcinoma and promoted cancer
growth and migration [17]. HAX-1 was found to be targeted
by miR-100 to regulate the sensitivity of breast cancer cells to
cisplatin [16]. Moreover, in CRC, HAX-1 was reported to be
targeted by miR-654-5p to regulate its malignancy behaviors
[18].

LINCO01124 is located at chromosome 2q31.1 and con-
tains one exon. In the current study, we investigated the role
of LINC01124 in the progression of CC and explored its
underlying mechanisms. The results showed that
LINCO01124 was upregulated in CC tissues and cell lines.
Knockdown of LINC01124 suppressed cell proliferation,
migration, and invasion in vitro and in vivo. In addition,
miR-654-5p was verified to be target miRNA of LINCO01124,
and we showed that sh-LINCO01124 inhibited the progression
of CC by modulating the miR-654-5p-HAX-1 signaling
pathway. All these findings suggested that LINC01124 might
be an underlying biomarker and a potential therapeutic
target for CC.

2. Materials and Methods

2.1. Cell Culture. A human normal colonic epithelial cell line
(NCM460) and 5 human CC cell lines (LoVo, SW620, HT29,
HCT116, and SW480) were purchased from Nanjing
Cobioer Biotechnology Co. Ltd. (Nanjing, Jiangsu, China).
All CRC cell lines were cultured in RPMI 1640 (Roswell Park
Memorial Institute 1640) medium supplemented with 10%
fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and
1% penicillin-streptomycin. All cells were maintained in an
incubator at 37°C with 5% CO, in a humidified atmosphere
[19].

2.2. Transfection and Lentivirus Transduction. The miR-654-
5p inhibitor and its negative control (Ctrl) were purchased
from RiboBio, and oligonucleotide transfection was per-
formed using Lipofectamine 2000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). Short hairpin RNA (shRNA)
targeting LINCO1124 was designed by GenePharma
(Shanghai, China) and cloned into the pRNAT-u6.1/Neo
plasmid (Biovector, Beijing, China). To establish a cell line
with stable knockdown of LINCO01124, the plasmid carrying
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sh-LINCO01124 or sh-Ctrl was cotransfected with packaging
vectors to produce pseudotyped lentiviruses, which were
designated Lv-sh-LINC01124 and Lv-sh-Ctrl. The lentivi-
ruses were concentrated by ultracentrifugation and then
were used to infect CC cells [19].

2.3. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). After transfection, total RN A was extracted from cells
by TRIzol extraction (Invitrogen; Thermo Fisher Scientific,
Inc.). Then, RNA samples were reverse transcribed into
complementary DNA (cDNA) using a PrimeScript RT re-
agent kit (Takara). qRT-PCR analyses were performed with
SYBR Green (Takara). The primers are shown in Table 1. The
results were normalized to the expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Relative gene ex-
pression levels were calculated using the 274" method [14].

2.4. Cell Proliferation Analysis. For the Cell Counting Kit-8
(CCK-8) assay, 2000 cells were seeded into 96-well plates in
100 yl of complete medium and cultured for 1, 2, 3, 4, and 5
days. At each time point, 10 uL of the CCK-8 solution
(Dojindo, Kumamoto, Japan) was added to each well, and
the absorbance was then measured at 450nm using a
microplate reader after 2h at 37°C. The cells’ cell viability
was determined by measuring their absorbance. For colony
formation assays, the cells were seeded into 12-well plates at
a density of 500/well and incubated for 10-12 days. Then,
colonies were stained with 0.1% crystal violet (Sigma) and
counted [20].

2.5. Cell Cycle Analysis. HCT116 and SW480 cells were
washed with cold PBS and then fixed with ice-cold 70%
ethanol at 4°C overnight. On the second day, the cells were
washed with PBS, and intracellular DNA was labeled with
propidium iodide (PI, Sigma-Aldrich; Merck KGaA) at 4°C
for 30min and analyzed using BD FACSCalibur flow
cytometry (BD Bioscience, San Jose, CA, USA). ModFit
software (Verity Software House Inc., Topsham, ME, USA)
was used to analyze the proportions of cells in the GO/G1, S,
and G2/M phases [19].

2.6. Wound Healing Assay. Cells (1 x 10A5/well) were seeded
into 6-well plates. The cells were starved in fetal bovine
serum (FBS) free culture medium overnight. Then, a wound
was made using a 200 yl pipette tip. Next, the cells were
incubated with 2% FBS medium. The wound was imaged at
Oh and 36h [20].

2.7. Transwell Invasion Assay. 'The transwell chamber (8-ym
pore size, Corning, Cambridge, MA, USA) was used to
perform the invasion assay. Cells (2 x105/well) were cul-
tured in the upper chamber with Matrigel (BD Biosciences),
and a complete medium containing 20% FBS was added to
the lower chamber. After incubation for 36h at 37°C, cells
adhering to the lower surface of the transwell membrane
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TaBLE 1: Sequences of primers for qRT-PCR.

Name Sequence (5 to 3’)

PCR primers for GAPDH

Forward GTGGCTGGCTCAGAAAAAGG
Reverse GGGGAGATTCAGTGTGGTGG
PCR primers for LINC01124

Forward GGACTCCGAGCTTTCAACCA
Reverse AGCGATCTGGTTCCTTAGCG

were fixed in 20% methanol and stained with 0.1% crystal
violet. The number of invaded cells was analyzed [20].

2.8. Tumorigenesis Assay In Vivo. For the subcutaneous
xenograft assay, 5x105 cells infected with sh-Ctrl or sh-
LINCO01124 were subcutaneously inoculated into the flanks
of 5-week-old male athymic nude BALB/c mice. The tumor
volumes were examined using calipers every three days.
After 5 weeks, the mice were sacrificed by euthanasia. The
tumors were then removed and weighed [19]. All animal
studies were performed in strict accordance with the rec-
ommendations in the guidelines for the Animal Care and
Use Committee of the Traditional Chinese Medicine Uni-
versity of Guangzhou (Permit number: 20190228035).

2.9. Luciferase Reporter Assay. The binding sequences of
miR-654-5p and LINC01124 were predicted through online
websites (https://www.mircode.org/and https://cm.
jefferson.edu/ran22/Interacti-ve/). The potential binding
sequences of miR-654-5p and LINCO01124 (WT) and the
mutant (Mut) miR-654-5p binding sequences in LINC01124
were inserted into a pmirGL3-basic vector (Promega Cor-
poration, Madison, USA) to construct dual-luciferase re-
porter plasmids. Then, the cells were cotransfected with the
WT (or Mut) plasmid and a Ctrl mimic or miR-654-5p
mimic. After 48 h, luciferase activity was detected using a
dual-luciferase reporter gene assay kit (Beyotime Institute of
Biotechnology, Shanghai, China) according to the manu-
facturer’s protocol. The relative luciferase activity was
normalized to Renilla luciferase activity [20].

2.10. Western Blot. Protein samples were isolated with lysis
buffer (RIPA) containing protease inhibitors. After quan-
tification with a BCA kit (Beyotime, China), total protein
(25 ug) was separated by 8-15% SDS-PAGE and transferred
to polyvinylidene difluoride (PVDF) membranes. After
blocking with 5% skimmed milk for 60 min, the membranes
were incubated with primary antibodies anti-HAX-1
(ab137613, 1:500) and anti-GAPDH (#5174, CST, 1:1000)
overnight, followed by incubation with fluorescence-con-
jugated secondary antibodies (1:1,000) for 30 min. Bands
were detected by using a two-color infrared laser imaging
system (Odyssey; Li-Cor, Lincoln, NE, USA) [20].

2.11. Statistical Analysis. All data in this study were obtained
from experiments repeated at least three times and are

presented as the mean + standard deviation (SD). Two in-
dependent sample t-tests or one-way ANOVA for multiple
comparisons were performed using SPSS v22.0 (IBM,
Armonk, NY, USA). **p <0.01 or * p <0.05 was considered
statistically significant [20].

3. Results

3.1. The Expression of LINC01124 Was Upregulated in CC
Tissues and Cell Lines. To investigate the role of LINC01124
in CRC, we first analyzed the expression levels of LINC01124
in The Cancer Genome Atlas (TCGA) database (https://
gepia.cancer-pku.cn/index.html). As shown in Figure 1(a),
the expression of LINC01124 was significantly upregulated
in CRC tissues. Next, we analyzed the expression of
LINCO01124 in CC cell lines. As illustrated in Figure 1(b), the
expression of LINC01124 in all CC cell lines (LoVo, SW620,
HT29, HCT116, and SW480) was significantly higher than
that in the normal colonic epithelial cell line (NCM460).
HCT116 and SW480 cells were chosen for downstream
experiments based on their high expression. Our results
show that LINCO01124 was overexpressed in CC cell lines.

3.2. LINCO01124 Knockdown Inhibited Cell Proliferation In
Vitro. Loss-of-function experiments were performed by
knocking down LINCO01124 to explore the regulatory effect
of LINCO01124 on CC cell progression. We knocked down
LINCO01124 in HCT116 and SW480 cells. qRT-PCR results
showed that the expression of LINC01124 was significantly
downregulated in these cells by transfecting sh-LINCO01124
(Figure 2(a)). We then performed CCK-8 and colony for-
mation assays to evaluate cellular proliferation. The results
demonstrated that knockdown of LINC01124 significantly
inhibited cell proliferation (Figures 2(b)-2(d) and Supple-
mentary Figure 1). More importantly, FACS analysis indi-
cated that after transfection with sh-LINC01124, fewer cells
entered the S phase and G2/M phase, while more cells were
arrested in the G0/G1 phase (Figure 2(e)). Collectively, these
findings suggest that knockdown of LINCO01124 inhibited
CC cell proliferation in vitro.

3.3. LINCO01124 Knockdown Reduced Tumor Growth In Vivo.
We further investigated the function of LINC01124 in vivo.
sh-LINCO01124 or control SW480 cells were subcutaneously
injected into the flanks of nude mice. From the first week, we
measured the tumor volumes at indicative time points. After
5 weeks, the mice were sacrificed, and the tumors were
removed. As shown in Figures 3(a) and 3(b), knockdown of
LINCO01124 significantly inhibited tumor growth in vivo.
Moreover, the tumors in the sh-LINC01124 group were
smaller than those in the control group (Figure 3(c)). These
findings indicate that knockdown of LINC01124 could re-
duce CC progression in vivo.

3.4. LINCO01124 Knockdown Inhibited Cell Migration and
Invasion. We assessed the effects of LINC01124 depletion
on cell migration and invasion using wound healing and


https://www.mircode.org/
https://cm.jefferson.edu/ran22/Interacti-ve/
https://cm.jefferson.edu/ran22/Interacti-ve/
https://gepia.cancer-pku.cn/index.html
https://gepia.cancer-pku.cn/index.html

4
10
4 - 2
S 8
2
(5]
” 2
o) —_ Es‘ 6
5 37 o 2
\ <
£ B S 4
3 z
- ¥ Z 2
= 2 3 ,
q ¥ =2
=
(=}
U ..
&
— .
1 1 .
i w
i
0 - —

T N
(n=275) (n=349)

(a)

Evidence-Based Complementary and Alternative Medicine

*%

NCM460
LoVo
SW620
HT29
SW480
HCT116

(®)

FiGure 1: LINCO01124 was upregulated in human colon cancer tissues and cell lines. (a) LINCO01124 expression was analyzed in online public
databases comparing 275 colon cancer tissues and 349 adjacent normal tissues. (b) Comparison of the relative LINC01124 expression levels
between the normal colonic epithelial cell line (NCM460) and 5 CRC cell lines. Data are presented as the mean +SD, ** p <0.01.

transwell assays. As expected, knockdown of LINCO01124
significantly suppressed the migration and invasion of
HCT116 and SW480 cells (Figures 4(a) and 4(b)). Moreover,
the expression of metastasis-related protein VIM was sig-
nificantly downregulated, while another metastasis-related
protein, CDH1, was upregulated in HCT116 cells transfected
with sh-LINC01124 (Figure 4(c)). Collectively, these find-
ings indicate that LINC01124 may act as an oncogene in CC.

3.5. LINCO01124 Knockdown Inhibited the Progression of CC
via the miR-654-5p/HAX-1 Axis. IncRNAs have been
demonstrated to act as competing endogenous RNAs for
miRNAs. Thus, two different mRNA target prediction al-
gorithms, miRcode and RNA22, were used to predict the
potential miRNAs that directly bind to LINC01124. Among
all potential targets, we identified miR-654-5p, whose ex-
pression was downregulated in CC cells [18], as the most
promising candidate. The potential binding sequences of
miR-654-5p and LINCO01124 are shown in Figure 5(a).
Overexpression of miR-654-5p significantly suppressed the
expression of LINC01124 (Figure 5(b)), and overexpression
of LINCO01124 significantly suppressed the expression of
miR-654-5p (Supplementary Figure 2). To confirm the as-
sociation of LINCO01124 and miR-654-5p, the expression
levels of these two RN As were analyzed using TCGA data. As
shown in Supplementary Tables 1, 2 and Supplementary
Figure 3, there was an obvious negative correlation between
LINCO01124 and miR-654-5p, r=0.556966. Moreover, the
luciferase reporter assay indicated that overexpression of
miR-654-5p suppressed the luciferase activity in HCT116
and SW480 cells transfected with the WT-LINC01124 vector
(Figure 5(c)). It has been reported that miR-654-5p targets
HAX-1 to regulate the malignant behaviors of CRC cells
[18]; thus, we detected the expression of HAX-1 by the

western blotting in HCT116 and SW480 cell lines transfected
with sh-LINCO01124 or cotransfected with sh-LINC01124
and miR-654-5p inhibitors. As shown in Figure 5(d), the
expression of HAX-1 decreased when LINCO01124 was
knocked down; however, the opposite expression pattern of
HAX-1 was observed when sh-LINC01124 and miR-654-5p
inhibitors were cotransfected. Altogether, these findings
demonstrated that LINC01124 is directly bounded to miR-
654-5p in CC.

After confirming the direct interaction between miR-
654-5p and LINCO01124, rescue experiments were per-
formed. sh-LINC01124 and miR-654-5p inhibitors were
cotransfected into both HCT116 and SW480 cell lines. By
assessing cell proliferation, migration, and invasion using
colony formation, wound healing and transwell assays, we
found that the miR-654-5p inhibitor partly reversed the
suppressive effect of sh-LINC01124 on cell proliferation,
migration, and invasion (Figures 5(e)-5(g)). Taken together,
our findings suggested that LINC01124 acted as an oncogene
via inhibition of miR-654-5p by targeting HAX-1.

4. Discussion

Due to limitations in the early diagnosis of CC, its 5-year
survival rate is still less than 30% in many low-income
countries [21, 22]. An increasing number of methods are
being used to explore the pathogenesis of cancers, and ac-
cumulating evidence suggests that IncRNAs have important
biological functions [23-25]. IncRNAs were once considered
to be “transcriptional noise,” but now IncRNAs have been
proven to be involved in the regulation of tumorigenesis and
progression as tumor suppressor genes Or ONCogenes
[26-28].

For the past few years, an increasing number of re-
searchers have focused on the effect of IncRNAs on CC. For
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example, some scholars have shown that IncRNA ROR1-AS1
promoted the proliferation of CC by suppressing the ex-
pression of DUSP5/CDKNI1A [12], IncRNA NEATI regu-
lated invasion and migration in CC via the miR-185-5p/

IGF2 axis [29], IncRNA LINC00460 knockdown suppressed
EMT in CC by downregulating ANXA2 [30], IncRNA
POUG6F2-AS2 promoted drug resistance in CC by regulating
miR-377/BRD4 [13], and more. LINCO01124, which is located
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at chromosome 2q31.1, was shown to act as a tumor sup-  with paired normal lung tissues, and LINC01124 signifi-
pressor in NSCLC. The expression level of LINC01124 was  cantly inhibited the proliferation, migration, and invasive
reported to be downregulated in tumor tissues compared  ability of NSCLC cells [14]. However, the role of LINC01124
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in CC remained unclear. Here, we report for the first time
that LINC01124 is upregulated in CC tissues and cell lines.
The results showed that the downregulation of LINC01124
suppressed the proliferation, migration, and invasion of CC
cell lines in vitro and in vivo. This function of LINC01124 in
CC was the opposite of NSCLC cells.

Many studies have revealed some potential biological
mechanisms of IncRNAs, and the theory of competing for
endogenous RNAs (ceRNAs) is one of the commonly ac-
cepted theories [31]. ceRNAs can directly bind to miRNAs
and affect the expression of target mRNAs, thus affecting the
biological process of cells [32-34]. LINC01124 has not been
reported to function as a ceRNA until recently, so we hy-
pothesized that LINC01124 could regulate CC progression
by binding to miRNAs. Using an online database, we found
that miR-654-5p had a higher score for binding to
LINCO01124 and suppressed CC cell proliferation, migration,
and invasion [18]. The luciferase reporter assay confirmed
our prediction that LINC01124 could bind to miR-654-5p
directly.

Hematopoietic cell-specific protein 1 (HS-1)-associated
protein X-1 (HAX-1) is a 35kDa protein that can interact
with HS-1, an Src kinase substrate. HAX-1 was reported to
be composed of a putative transmembrane domain, a pu-
tative PEST sequence, and an acid box [35]. It has emerged as
an important factor in the mitochondrial-dependent cell
death pathway, characterized by the activation and per-
meabilization of mitochondria, resulting in the release of
cytochrome c and other proapoptotic molecules into cytosol
[36]. Previous studies demonstrated that HAX-1 was in-
volved in regulating mitochondrial membrane potential
during apoptosis [37, 38]. In addition, HAX-1 protein was
shown to interact with several cellular and viral proteins
[39, 40]. Despite several studies demonstrating that HAX-1
might be important in apoptosis and proliferation [41, 42],
its role in CRC remains under-investigated. In this present
study, our experiments showed that the downregulation of
LINCO01124 significantly decreased the levels of HAX-1,
which is the target gene of miR-654-5p. In addition, the miR-
654-5p inhibitor rescued the effects of sh-LINC01124 on CC
cell proliferation, migration, and invasion. All these findings
suggested that the miR-654-5p/HAX-1 axis might be in-
volved in the anti-CC effect of sh-LINCO01124. Further
bioinformatics analyses and in vitro and in vivo studies are
needed to further validate the potential clinical significance
of this axis in CC.

There were several limitations in this study. First, we did
not use CC patients’ tissues to determine the expression of
LINCO01124, which was only determined in the TCGA da-
tabase. Second, immunohistochemistry was not performed
to determine the association of LINC01124 with the survival
of CC patients. Third, drug experiments were not performed
to identify the optimal pharmacological therapies for pa-
tients overexpressing LINC01124. These issues could be
clarified in future studies to confirm the clinical and real-
world significance of LINC01124 as a therapeutic target for
CC.

Taken together, our data for the first time showed that
LINC01124 was upregulated in CC tissues and cell lines.
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Downregulation of LINC01124 was involved in malignant
behaviors in CC. In addition, we identified miR-654-5p as a
target of LINCO01124. Thus, these findings indicate the po-
tential role of the LINC01124/miR-654-5p/HAX-1 axis in
CC, suggesting LINC01124 as a novel diagnostic and
therapeutic target for CC.
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