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Long non-coding RNA LINC00473 acts as

a microRNA-29%9a-3p sponge to promote
hepatocellular carcinoma development

by activating Robo1-dependent PI3K/AKT/
MTOR signaling pathway
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Abstract

Background: Long non-coding RNAs have suppressive or oncogenic effects in various types
of cancers by serving as competing endogenous RNAs for specific microRNAs. In the present
study, we aim to delineate the underlying mechanism by which the LINC00473/miR-2%9a-3p/
Robo1 axis affects cell proliferation, migration, invasion, and metastasis in hepatocellular
carcinoma (HCC).

Methods: The level of Robo1 was examined in HCC tissues and cells, along with its
regulatory effects on proliferation, migration, and invasion of HCC cells. Afterwards, the
possible involvement of the PI3K/AKT/mTOR signaling pathway was determined. Next,
miR-29a-3p expression was overexpressed or inhibited to investigate its regulatory role

on HCC cell activities. The interaction among miR-2%9a-3p, Robo1, and LINC00473 was
further characterized. Finally, a xenograft tumor in nude mice was conducted to measure
tumorigenesis and metastasis in vivo.

Results: miR-29a-3p was downregulated while Robo1 was upregulated in HCC tissues and
cells. miR-29a-3p targeted Robo1 and negatively regulated its expression. In response to
miR-29a-3p overexpression, Robo1 silencing or LINC00473 silencing, HCC cell proliferation,
migration, invasion, tumor progression, and metastasis were impeded, which was involved
with the inactivation of the PISK/AKT/mTOR signaling pathway. Notably, LINC00473 could
competitively bind to miR-29a-3p to upregulate Robo1 expression.

Conclusion: LINC00473 might be involved in HCC progression by acting as a miR-29a-3p
sponge to upregulate the expression of Robo1 that activates the PI3K/AKT/mTOR signaling
pathway, which leads to enhanced cell proliferation, migration, invasion, tumor progression,
and metastasis in HCC.
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malignancies.! According to the World Health
Organization, there are about 56,400 new cases of
HCC reported annually worldwide, with the high-
est incidence in developing countries.? Several
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Hepatocellular carcinoma (HCC) is a malignancy
of the liver and is known to be a fatal type of liver
cancer, accounting for approximately 30% of all
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predisposing factors responsible for the develop-
ment of HCC include hepatitis virus infection
(esp. hepatitis B or C viruses), alcohol abuse, and
exposure to aflatoxin in food.? Despite significant
advancements in therapeutic approaches for
HCC, such as surgery and chemotherapy, HCC
still shows a poor prognosis and high metastatic
tendency.* Thus, it is essential to explore the
underlying molecular mechanisms regarding the
tumorigenesis of HCC.>

Long non-coding RNAs (IncRNAs) have been
found to play promising roles in the prevention,
early detection, diagnosis and treatment of HCC.®
For example, IncRNA LINC00473 is amplified in
HCC tissue and is associated with the accelerated
proliferation and invasion of HCC cells, indicat-
ing its potential role in HCC treatment.” In addi-
tion to that, IncRNA LINC00473 functions as an
oncogene in colorectal cancer and its depletion
impairs tumor cell vitality, colony formation, and
the ability of migration or invasion.® IncRNAs act
as competing endogenous RNAs (ceRNAs) for
specific microRNAs (miRNAs or miRs) and regu-
late functions of miRNAs as well as their target
gene expression, thereby affecting HCC develop-
ment.>»!® A bioinformatics website available at
http://www.microrna.org predicted a binding site
between IncRNA LINCO00473 and miR-29a-3p.
The dysregulation of several miRNAs has been
linked with underlying pathophysiology of various
human malignancies, including HCC.!! miR-
29a-3p has recently been in the spotlight as a
tumor suppressor whose encoding gene is fre-
quently suppressed in cancers; one study reveals
its ability to inhibit HCC cell migration and prolif-
eration by decreasing expression of insulin-like
growth factor 1 receptor.!? Furthermore, miR-
29a-3p has a suppressive role in the development
of gastric cancer and its downregulation has been
linked to the growth, migration, and invasion of
gastric cancer cells.!?> The biological prediction
and dual luciferase reporter gene assay results
revealed that miR-29a-3p targeted roundabout
homolog 1 (Robol). Robol belongs to immuno-
globulin superfamily and is cleaved by gamma-
secretase and metalloproteinases, which can
metastasize to the cell nucleus of cancer.'* Robol
is a prominent molecular barrier for tumor cells to
obtain an invasive phenotype in prostate cancer.!>
A previous study suggested that Robol partici-
pates in the progression of HCC and can serve as
a promising predictor for the prognosis of the dis-
ease.!® Inhibition of Robol has been shown to
prevent the formation of gastrointestinal vascular

malformation by blocking the phosphoinositide-3
kinase (PI3K)/protein kinase B (AKT) signaling
pathway.!” The PI3K/AKT/mammalian target of
rapamycin (mTOR) signaling pathway is mainly
involved in the progression and treatment of can-
cers.!8 Another study showed an increased activa-
tion of the PI3K/AKT/mTOR signaling pathway
in almost half of the HCC cases included in the
study.!® Based on the previously mentioned find-
ings, we hypothesized that the possible interaction
between LINCO00473, miR-29a-3p, Robol and
the PI3K/AKT/mTOR signaling pathway might
affect the progression of HCC. Thus, the present
study was conducted to clarify the potential roles
of LINC00473 and miR-29a-3p in regulating
HCC cell behaviors, with aims of identifying a
therapeutic target to prevent HCC progression.

Methods

Ethical statement

The current study was conducted in strict accord-
ance with the Declaration of Helsinki and
approved by the Institutional Review Board of
Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology
(No. 201112005). Written informed consent was
obtained from each participant prior to sample
collection. Animal experiments were approved by
the Ethnic Committee of Tongji Medical College,
Huazhong University of Science and Technology
(No. 201304002) and performed in strict accord-
ance with the standard of the Guide for the Care
and Use of Laboratory Animals published by the
Ministry of Science and Technology of the
People’s Republic of China in 2006.

Study subjects

HCC tissues and paracancerous tissues were col-
lected from 108 patients pathologically confirmed
with HCC at the Tongji Hospital, Tongji Medical
College, Huazhong University of Science and
Technology from January 2012 to January 2013.
There were 90 male patients and 18 female
patients with the mean age of 50.21 = 7.47 years.
Among these patients, 18 of them (11 males and
7 females, aged 24—62years, with a mean age of
45 + 9.50years) were recruited for experiments to
detect the relevant expression in their clinical
samples and paracancerous tissue samples. The
90 HCC cases included 11 cases with extrahe-
patic metastases, 76 with tumor recurrence, and
64 cases of intrahepatic recurrence. In addition,

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
http://www.microrna.org

Q Song, H Zhang et al.

all 90 patients with HCC (Table 1) had regular
follow-up visits and regular monitoring, which
lasted until January 2018, for a mean duration of
30.5months (1-60 months). If tumor recurrence
was detected, computed tomography scan or
magnetic resonance imaging was conducted. The
tumors were pathologically classified according to
the guidelines of the International Union Against
Cancer (UICC). All clinical specimens were col-
lected from Tongji Hospital, Tongji Medical
College, Huazhong University of Science and
Technology (Wuhan, Hubei, China). The tissue
samples were immediately frozen at —80°C fol-
lowing surgery.

Cell culture

Human HCC cell lines HepG2, Huh7, HCCLM3
and SK-Hep-1 and immortalized human liver cell
line .02 purchased from China Center for Type
Culture Collection of Wuhan University (Wuhan,
Hubei, China) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Gibco, Germany,
Grand Island, NY, USA) conjugated with 10%
fetal bovine serum (FBS, Gibco, Germany,
Grand Island, NY, USA) with 5% CO, at 37°C.

Lentiviral vector transduction

Lentivirus (LV)-miR-29a-3p, LLV-negative con-
trol (NC), miR-29a-3p-Sponge, LV-Sponge,
LV-Robol, LV-Con, LV-short hairpin RNA
(sh)-Robol, LV-shCon, LV-sh-NC, and LV-
shLINC00473 were purchased from Shanghai
Genechem Co., Ltd. (Shanghai, China). Lenti-
virus overexpression vector was LLV5 [EF-1a pro-
moter, conjugated with green fluorescent protein
(GFP)], and lentivirus shRNA vector with
pGLVHI1 (cytomegalovirus promoter, conju-
gated with GFP) (Shanghai Genechem Co.,
Ltd., Shanghai, China). LV-miR-29a-3p,
LV-NC, LV-Robol and LV-Con were trans-
duced into LV5, while LV-Sponge, miR-29a-3p-
Sponge, LLV-sh Robol, LV-shCon, LV-sh-NC,
and LV-shLINCO00473 were transduced into
pGLVHI.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR]

Following total RNA extraction from cells and
tissues with the use of the Trizol kit (Invitrogen,
Carlsbad, CA, USA), reverse transcription was
performed to synthesize first-strand complemen-
tary DNA (cDNA) using Transcript RT Kit

(Tiangen Biotech, Beijing, China). The relative
expression levels of miR-29a-3p, Robol, and
LINCO00473 were detected using the TagMan
Human MiRNA Assay kit (GeneCopoeia,
Guangzhou, China) and the SYBR Premix Ex
TaqTM Kit (Takara, Shiga, Japan). U6 was con-
sidered as the internal control for miR-29a-3p,
while glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was regarded as a loading control
for Robol and LINCO00473. The primers for
miR-29a-3p, Robol, LINCO00473, U6, and
GAPDH were synthesized by Takara (Tokyo,
Japan) (Table 2). Relative quantification method
2-ACt was used to calculate the relative transcrip-
tion level of target gene mRNA with ACt calcu-
lated as follows: ACt=Ct (aer gene) = Ct Ginternal
ACt=

control)? Ct (experimental group) ~ Ct (control group)*

Western blot analysis

The total protein was extracted from cells and tis-
sues using radio immunoprecipitation assay
(RIPA) lysis buffer containing phenylmethane-
sulfonyl fluoride (R0010, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China). A
bicinchoninic acid assay kit (Invitrogen Life
Technologies, Carlsbad, CA, USA) was used to
determine protein concentration. Next, the pro-
teins were separated using 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis
(Beyotime Biotechnology, Shanghai, China),
transferred onto a nitrocellulose membrane
(Invitrogen Life Technologies, Carlsbad, CA,
USA) and blocked with 5% skim milk powder
overnight at 4°C. Subsequently, the membrane
underwent incubation with primary rabbit anti-
bodies against Robol (ab7279, 1:1000, Abcam,
Cambridge, MA, USA), p-AKT (Serd73, #
4060, 1:1000, Cell Signaling, Danvers, MA,
USA), AKT (#4691, 1:1000, Cell Signaling,
Danvers, MA, USA), p-mTOR (ser2448, #5536,
1:1000, Cell Signaling, Danvers, MA, USA),
mTOR (#2983, 1:1000, Cell Signaling, Danvers,
MA, USA), p-PI3K (abs130868, 1:1000, Absin
Bioscience, Inc. Shanghai, China), PI3K
(abs119725, 1:1000, Absin Bioscience, Inc.
Shanghai, China), and GAPDH (ab8245, 1:1000,
Abcam, Cambridge, MA, USA) at 4°C overnight.
Enhanced chemiluminescence (ECL) solution
(1 ml) was prepared according to the instructions
of SuperSignal® West Dura Extended Duration
Substrate, followed by incubation at room tem-
perature and transferring onto the membrane.
After 1 min the ECL solution was removed and
the membrane was sealed with fresh-keeping film
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Table 1. Association between miR-29a-3p/Robo1 expression and clinicopathological characteristics of HCC patients (n=90).

Clinical feature Number miR-29a-3p expression p value Robo1 expression p value

(n=30) High Low High Low

(n=45) (n=45) (n=45) (n=45)

Gender 0.069 0.069
Male 77 42 (54.54%) 35 (45.45%) 35 (45.45%) 42 (54.54%)
Female 13 3(23.08%) 10 (76.92%) 10 (76.92%) 3(23.08%)
Age 0.131 0.132
>50years 36 22 (61.11%) 14 (38.89%) 14 (38.89%) 22 (61.11%)
<50year 54 23 (42.59%) 31 (57.41%) 31 (57.41%) 23 (42.59%)
HBsAg 0.014 0.014
positive 77 43 (55.84%) 34 (44.16%) 34 (44.16%) 43 (55.84%)
negative 13 2(15.38%) 11 (84.62%) 11 (84.62%) 2 (15.38%)
Cirrhosis 0.397 0.089
yes 49 22 (44.90%) 27 (55.10%) 29 (59.18%) 20 (40.82%)
no 41 23 (56.10%) 18 (43.90%) 16 (39.02%) 25 (60.98%)
AFP 0.82 0.495
=20ng/ml 62 30 (48.39%) 32(51.61%) 29 (46.77%) 33 (53.23%)
<20ng/ml 28 15 (53.57%) 13 (46.43%) 16 (57.14%) 12 (42.86%)
Tumor size 0.202 >0.999
>5cm 51 22 (43.14%) 29 (56.86%) 26 (50.98%) 25 (49.02%)
<5cm 39 23 (58.97%) 16 (41.03%) 19 (48.72%) 20 (51.28%)
Tumor number 0.495 0.495
multiple 28 12 (42.86%) 16 (57.14%) 12 (42.86%) 16 (57.14%)
single 62 33 (53.23%) 29 (46.77%) 33(53.23%) 29 (46.77%)
Tumor thrombus 0.028 0.08
yes 33 22 (66.67%) 11 (33.33%) 12 (36.36%) 21 (63.64%)
no 57 23 (40.35%) 34 (59.65%) 33(57.89%) 24 (42.11%)
Edmondson-Steiner 0.003 0.001
111 45 30 (66.67%) 15 (33.33%) 14 (31.11%) 31(68.89%)
-1V 45 15 (33.33%) 30 (66.67%) 31(68.69%) 14 (31.11%)
TNM stage 0.005 0.001
I-11 40 13 (32.50%) 27 (67.50%) 28 (70.00%) 12 (30.00%)
-1V 50 32 (64.00%) 18 (36.00%) 17 (34.00%) 33 (66.00%)

Chi-square test was applied to access the association between miR-29a-3p/Robo1 expression and the clinicopathological characteristics.
AFP, alpha fetoprotein; HBsAg, hepatitis B surface antigen; HCC, hepatocellular carcinoma; miR-2%9a-3p, microRNA-291-3p; Robo1, roundabout
homolog 1; TNM, tumor lymph node metastasis.
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and placed in a dark box for 5-10min of X-ray
film exposure for development. The immuno-
complexes on the membrane were visualized
using luminometer (GE, USA), band intensities
were quantified using the Image Pro Plus 6.0
(Media Cybernetics, USA). The ratio of the gray
value of the target band to GAPDH was repre-
sentative of the relative protein expression. The
experiment was run in triplicate independently.

Immunohistochemistry

HCC and paracancerous tissues, normal liver and
subcutaneous tumor tissues were fixed in 10% for-
malin solution, paraffin-embedded, and sliced into
sections. After being dewaxed, the sections were
hydrated and blocked with endogenous peroxidase
followed by microwave treatment with 10 mmol/L
sodium citrate buffer for 20 min. Next, incubation
was carried out on the sections with the primary
antibody against Robol (ab7279, 1:100) and
Ki-67 (ab16667, 1:1000) overnight at 4°C. After
being rinsed three times with phosphate buffer
saline (PBS), the sections were incubated with sec-
ondary horseradish peroxidase-labeled goat anti-
rabbit immunoglobulin G (IgG; 1: 1000, ab6721).
All antibodies were purchased from Abcam
(Cambridge, MA, USA). The primary antibody
was replaced with PBS as a NC. Five high-power
fields were randomly selected and observed under
an optical microscope (CX41-12C02, Olympus,
Tokyo, Japan); the cells which appeared to have
brown-yellow particles were considered positive.
Afterwards, four representative images were cap-
tured using a 200X optical microscope (CX41-
12C02, Olympus, Tokyo, Japan) under the same
setting model. Robol positive cells were counted.
The glass slides were set at the uniform model to
record the staining of each antibody. Robol posi-
tively stained integral optical density (IOD) was
measured in each image, and the ratio of IOD to
the total area of each image was regarded as the
density of Robo1.20

Immunofluorescence staining

After 48-h transfection, the cell slide was washed
three times with PBS (5min each time), fixed with
4% of paraformaldehyde at room temperature for
30min, and treated with 0.2% of Triton X-100 at
room temperature for 15min, after which it was
blocked with 3% bovine serum albumin at 4°C for
30min. Next, the cell slide was incubated first with
primary antibodies against Robol (1:50, ab7279)
and alpha fetoprotein (AFP) (1:100, ab169552),

Table 2. Primer sequences for RT-qPCR.

Gene Primer sequence
miR-29a-3p F: 5'-GGGTAGCACCATCTGAAAT-3'
R:5'-CAGTGCGTGTCGTGGAGT-3'
LINC00473 F:5'-GGCAGCCTCAGGTTACAAAT-3'
R: 5'-AGGAGCAGGTAGGGAAATGA-3'
Robo1 F:5'-AAAGTAGCACGACGGCAAAT-3'
R: 5'-GGCACTGAGACGCATGAAA-3'
ué F:5'-CTCGCTTCGGCAGCACA-3'
R: 5'-AACGCTTCACGAATTTGCGT-3'
GAPDH F: 5'-AGCCACATCGCTCAGACAC-3'
R: 5'-GCCCAATACGACCAAATCC-3'

F, forward; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LINC00473, long
non-coding RNA LINC00473; miR-29a-3p, microRNA-29a-3p; R, reverse; Robo1,
roundabout homolog 1; RT-gqPCR, reverse transcription quantitative polymerase

chain reaction.

then with fluorescent secondary antibodies
(ab150077, 1:200; ab150115, 1:200) avoiding light
exposure at room temperature for 2h. All the anti-
bodies were purchased from Abcam (Cambridge,
MA, USA). Afterwards, 4',6-diamidino-2-phe-
nylindole (ab104139, 1:100, Abcam, Cambridge,
MA, USA) was added to the cell slide for 10-min
staining at room temperature devoid of light expo-
sure. The slide was then washed 3 times with PBS
(5min/time) and sealed with mounting medium,
after which it was observed under an inverted fluo-
rescence microscope.

Dual-luciferase reporter gene assay

Target binding site of miR-29a-3p and Robol
was predicted using the TargetScan database
(www.targetscan.org). The synthetic wild type
(WT) and mutant (MUT) 3' untranslated region
(3'-UTR) of Robol genes were inserted into the
luciferase reporter vector pGL3-control vector
(Promega, Madison, WI, USA). The correctly
sequenced luciferase reporter plasmids WT and
MUT were then co-transfected with miR-29a-3p
mimic, mimic NC, miR-29a-3p inhibitor, or
inhibitor NC into 293T cells. Following 48-h
transfection, the cells were collected and lysed.
Subsequently, the luciferase activity was meas-
ured using a luciferase assay kit (K801-200,
Biovision, San Francisco, USA) and a Glomax
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20/20 luminometer fluorescence detector (Promega,
Madison, Wisconsin, USA). The target relation-
ship between LINC00473 and miR-29a-3p was
detected using the same method mentioned in
the previous. The experiment was conducted in
triplicate.

Cell counting kit-8 (CCK-8] assay

The cells were seeded in a 96-well plate at a den-
sity of 2 X 103 cells/well (approximately 100 ul cell
suspension/well), involved at least 3 wells, each
repeated in triplicate, which was considered as the
starting point (Oh). Then the cells were added with
100 ul CCK-8 in order to assess cell activity at the
wavelength of 450 nm at 0, 24, 48, and 72h accord-
ing to the CCK-8 kit (Beyotime Biotechnology,
Wuhan, Hubei, China).?!

Colony formation assay

After transfection, 200 cells were counted and
plated onto 12-well plates. Fresh culture
medium was replaced every 3 days, and colonies
were counted 14 days after plating. The cells
were then stained with crystal violet. The num-
ber of colonies containing more than 50 cells
was assessed under a microscope, as previously
described. All experiments were performed in
triplicate.??

Transwell assay

Transwell chambers (Boyden chambers; Corning,
Cambridge, MA, USA) were used to detect cell
invasion and migration. The cells were suspended
in serum-free medium at a density of 5 X 105 cells/
ml. A total of 200 ul cell suspension was added to
the apical chamber of Transwell chambers to
detect cell migration. Next, 200 ul cell suspension
was added to the Transwell apical chamber
coated with Matrigel (Corning, Cambridge, MA,
USA) to measure cell invasion. Next, 600 ul
DMEM containing 10% FBS was added to the
Transwell basolateral chamber. After 24-h incu-
bation, the cells in the apical chamber were wiped
off with a cotton swab, and the remaining cells
were fixed with formaldehyde, and stained using
crystal violet (Sigma Aldrich, San Francisco,
CA, USA) for 10min. Finally, the cells were
observed in five randomly selected visual fields
under an inverted microscope (CX22; Olympus,
Tokyo, Japan). The experiment was conducted
in triplicate.

Xenograft tumor in nude mice

BALB/c nude mice (aged 4—6weeks; weighing
16-20g) (Hunan SJA Laboratory Animal Co.,
Ltd., Hunan, China) were raised at constant tem-
perature of 25-27°C and humidity of 45-50%.
Next, 2 X 10 Huh7-Luc-labeled cells (Genechem,
Shanghai, China) were re-suspended in 200 ul
normal saline, after which they were subcutane-
ously injected into the left or right forelimb of each
nude mouse. When the tumor volume exceeded
100mm? in all nude mice, the nude mice were
randomly classified into 6 groups with 15 mice
placed in each group: (a) blank group, (b)
LV-miR-29a-3p group, (¢) LV-NC group, (d)
LV-sh Robol group, (¢) LV-shCon group, (f)
LV-miR-29a-3p + LLV-sh Robol group. The mice
in the blank group were injected with normal
saline, while the mice in the remaining groups
were injected with the corresponding lentiviruses
(5nmol/mouse, 3days/time) for 14days. The
tumor length (L) and width (W) of the mice were
measured by Vernier calipers every 3days. The
tumor volume was calculated using the following
formula: V=L XW?2X 0.5. The growth curve was
drawn. All nude mice were euthanized 15days
after inoculation, and the tumors were excised and
weighed. Tumor tissues were obtained for immu-
nohistochemistry and immunofluorescence.

Subsequently, the previously mentioned tumor
tissues that had been injected with Huh7-Luc-
labeled cells were cut into 1 mm? of pieces and
implanted into the left lobe of each BALB/c male
nude mouse. The nude mice were grouped using
the same method mentioned previously, and then
transduced with corresponding lentiviruses via
tail vein injection (20nmol/mouse, 3 days/time)
for 15 days. The i vivo imaging of mice was per-
formed using the Xenogen IVIS system on the
9th day and the 15th day to observe the growth,
invasion, metastasis, and survival of the tumor.

RNA-binding protein immunoprecipitation

RIP kit (Millipore, Stafford, VA, USA) was used
for detection. The HCCLM3 cells were washed
with pre-cooled PBS, after which the supernatant
was removed. The cells were then lysed with an
equal volume of RIPA lysis buffer (Sigma Aldrich,
SF, CA, USA) for 5min in an ice bath, and the
supernatant was obtained. Next, the cells were
incubated with 5 ug rabbit antibody against Ago2
(ab32381, 1:50, Abcam, Cambridge, MA, USA)
for combination. The magnetic bead—antibody
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complex was re-suspended in 900ul RIP wash
buffer and incubated with 100l cell extract at
4°C overnight. IgG (Millipore, Stafford, VA,
USA) served as a NC and SNRNP70 (Millipore,
Stafford, VA, USA) was considered as the posi-
tive control. RNA was extracted for subsequent
PCR detection.

RNA-pull down assay

HCCLMS3 cells were transfected with Biotinylated
miR-129-5p-Bio, miR-129-5p-Bio-MUT and
corresponding NC-Bio.23 After 48h of transfec-
tion, the cells were lysed with lysis buffer and
incubation was carried out with streptavidin mag-
netic beads (Life Technologies, Carlsbad, CA,
USA) at 4°C for 4h. Next, RNA was extracted
using Trizol, and RT-qPCR was carried out to
detect the expression of IncRNA LINC00473.

Statistical analysis

All data were processed using SPSS 21.0 statisti-
cal software (IBM Corp. Armonk, NY, USA).
The measurement data were expressed as
mean =+ standard deviation. All data were tested
for normal distribution and homogeneity of vari-
ances. If no deviations were observed, the paired
t-test was used for intragroup comparison, while
unpaired z-test was used for comparison between
groups, and one-way analysis of variance
(ANOVA) or repeated measures ANOVA was
performed for comparison among multiple
groups. Otherwise, the rank test was carried out.
p<0.05 was considered a statistically significant
difference.

Results

HCC tissues and cells exhibit elevated

expression of Robol

RT-qPCR and Western blot analysis were con-
ducted in order to examine the expression of
Robol in HCC, paracancerous, and normal liver
tissues to determine its role in the development of
HCC. The results showed that there was a higher
expression of Robol in HCC tissues compared
with the paracancerous and normal liver tissues
(Figure 1A—C). As determined by immunohisto-
chemistry and immunofluorescence staining, the
ratio of Robol positive cells was increased in
HCC tissues relative to paracancerous and nor-
mal liver tissues, which provided further evidence
that Robol was upregulated in HCC tissues and

had more stable expression than the commonly
used tumor marker AFP (Figure 1D). Moreover,
the expression of Robol was correlated with
HBsAg (»p=0.014) and Edmondson-Steiner
(p=0.001) classification in HCC patients (Table
1). HCC patients with upregulated Robol pre-
sented with a lower survival rate (Figure 1E) but
higher recurrence rate than those with downregu-
lated Robol (Figure 1F). Next, the expression of
Robol was determined in four human HCC cell
lines and one immortalized human liver cell line.
Based on the findings there was a higher expres-
sion of Robol in the four HCC cell lines versus
the immortalized human liver cell line 102
(Figure 1G-H). These results suggested that the
up-regulation of Robol might be associated with
HCC tumorigenesis.

Silencing of Robo1 suppresses cell

proliferation, migration, and invasion in HCC

After Robol was knocked down in HCCLM3
and HepG2 cells, the Robol expression was
decreased. LV-sh-Robol#1 was then selected for
subsequent experiments (Figure 2A). The results
from CCK-8 (Figure 2B) revealed that cell prolif-
eration was inhibited following the knockdown of
Robol, which was further demonstrated in col-
ony formation assay (Figure 2C). Transwell assay
was performed to evaluate the effects of the
knockdown of Robol on HCC cell migration and
invasion. It was shown that Robol silencing could
result in the inhibition of HCC cell migration and
invasion (Figure 2D). A previous study revealed
that Robol affects tumor growth in breast cancer
through the PI3K/AKT signaling pathway.?*
Consistently, our findings also demonstrated that
knockdown of Robol led to the inactivation of the
PIBK/AKT/mTOR signaling pathway (Figure 2E).
The previously mentioned findings suggested that
HCC cell proliferation, migration, and invasion
were suppressed as a result of Robol silencing.

miR-29a-3p targets and negatively regulates
RoboT

The regulatory effect of miRNA on Robol was
predicted using 5 databases including DIANA to
broaden our understanding on the effect of Robol
on HCC, and the results found an intersection
between the 5 databases (Figure 3A). Finally, five
potential regulatory miRNAs of Robol gene were
found. Further quantitative analysis on these 5
miRNAs revealed that miR-29a-3p had the most
significant differential expression in HCC.
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Figure 1. Robo1 was highly expressed in HCC tissues and cells. (A) the expression of Robo1 in 18 cases of
HCC tissue samples determined by RT-qPCR, normalized to GAPDH; the number in the graph represented the
sample number; (B) the expression of Robo1 in 18 cases of HCC tissues, 18 cases of paracancerous tissues
and 12 cases of normal liver tissues examined by RT-gPCR; (C) the protein expression of Robo1 in HCC,
paracancerous and normal liver tissues detected by Western blot analysis. The value of each sample point

in the statistical graph = gray value of Robo1 protein band in samples/gray value of GAPDH protein band in
samples/normalization value. (p <0.05, "p <0.01, ""p<0.001]); (D) the expression of Robo1 in HCC tissues
examined by immunohistochemistry, and immunofluorescence staining (left, 200X; right, 400x]; (E) the
correlation between survival rate of HCC patients and expression of Robo1 analyzed by Kaplan-Meier method;
(F) the correlation between recurrence rate of HCC patients and expression of Robo1 analyzed by Kaplan-
Meier method; (G) the expression of Robo1 in HCC and normal liver cell lines; (H] the expression of Robo1 in
HCC and normal liver cell lines determined by Western blot analysis; n=3. Data were analyzed using one-way
analysis of variance.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HCC, hepatocellular carcinoma; RT-qPCR, reverse transcription
quantitative polymerase chain reaction.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Q Song, H Zhang et al.

HCCLM3

>

o o
o

Relative expression of Robo1
o
3

Relative expression of Robo1

o
o

HepG2
*

HCCLM3 HepG2

c,°¢ o\"(\ o’&g,
Y & 4 S
N3 & & 3
e S &
B S > <
HeeLma HepG2 c _Hcems _HepG2
2.0 7% LV-sh Con 2.0q -® LV-sh Con HCCLM3 HepG2
= LV-sh-Robo1 = LV-sh-Robo — "
5
15 15 2
_ £ 150 N
E £ 2
S 1. 1.0
g 2 5 100 iR
8]
05 05 [ 50
LV-sh Con LV-sh Robo1
0.0 T . : 0.0 . r . o
& N Q& N
24h 48h 72h 24h 48h 72h & ono & 5
HCCLM3 HepG2 27 N 2 N
D N 35 N 3
LV-sh R N N
TR
HCCLM3 HepG2
Hl LV-sh Con El LV-sh Con

Il LV-sh Con
1.5+ W LV-sh Robo1

0.5

Relative protein expression

P-P13K

P13K

I LV-sh Robo1

Cell numbers per field
Cell numbers per field

Invasion

Migration

HCCLM3 HepG2

W LV-sh Con
8 LV-sh Robo1

o

o

nd
o

Relative protein expression

o
o

P-AKT AKT P-mTOR  mTOR P-P13K P13K P-AKT AKT

Migration

I LV-sh Robo1#1

Invasion

P-mTOR mTOR
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ANOVA, analysis of variance; HCC, hepatocellular carcinoma; LV-sh, lentivirus short hairpin; RT-qPCR, reverse transcription quantitative polymerase

chain reaction.

TargetScan website predicted a binding site
between miR-29a-3p and the 3'-UTR of Robol.
Dual-luciferase reporter gene assay showed that in
the presence of miR-29a-3p mimic, there was a
decrease in the luciferase activity of WT-Robol
but the luciferase activity of MUT-Robol was not

affected. However, in the presence of miR-29a-3p
inhibitor, the luciferase activity of WT-Robol was
increased while that of MUT-Robol showed no
changes (Figure 3B). Furthermore, overexpres-
sion of miR-29a-3p resulted in a reduction in
Robol mRNA and protein levels, and silencing of
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3'-UTR, 3’ untranslated region; HCC, hepatocellular carcinoma; LV-NC, lentivirus-negative control; miRNAs, microRNAs; RT-qPCR, reverse

transcription quantitative polymerase chain reaction.
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miR-29a-3p led to opposite results (Figure 3C—
D). In addition, a negative correlation was
observed between miR-29a-3p and Robol expres-
sion by Pearson’s correlation analysis (r=—0.663,
$<0.001; Figure 3E). Hence, these findings indi-
cated that miR-29a-3p might play an essential
part in tumorigenesis by downregulating Robol.

miR-29a-3p is poorly expressed in HCC tissues
and cells

RT-qPCR was conducted to evaluate the expres-
sion of miR-29a-3p in HCC, paracancerous and
normal liver tissues to determine its specific role
in the progression of HCC. The results (Figure
3F, G) clarified that the expression of miR-29a-3p
was lower in HCC tissues than that in paracan-
cerous and normal liver tissues. HCC cell lines
also presented with lower expression of miR-
29a-3p (Figure 3H). Moreover, the expression
of miR-29a-3p was associated with HBsAg
(»p=0.014), tumor thrombosis (p=0.028),
Edmondson—Steiner classification (p=0.003)
and tumor node metastasis stage (p=0.005) of
HCC patients (Table 1). HCC patients with
higher expression of miR-29a-3p presented with a
higher survival rate (Figure 3I) but lower recur-
rence rate than those with lower expression
(Figure 3]), all of which indicated that miR-
29a-3p was decreased in HCC tissues and cells.

Robol rescues the inhibitory effect of miR-2%a-

3p on proliferation, migration, and invasion of

HCC cells

In order to determine the regulatory effects of
miR-29a-3p on HCC proliferation, migration,
and invasion, miR-29-3p expression was overex-
pressed or inhibited (Figure 4A). It was observed
that LV-miR-29a-3p promoted miR-29a-3p
expression, and miR-29a-3p-sponge resulted in
the suppression of its expression. From the previ-
ously mentioned assays, HCCLM3 and Huh7
cells were selected for the following experiments.
CCK-8 and colony formation assay showed that
the overexpression of miR-29a-3p inhibited pro-
liferation and clone formation of HCCLM3 cells.
However, the downregulation of miR-29a-3p led
to an enhancement in proliferation and clone for-
mation of Huh7 cells (Figure 4B, C). As detected
by Transwell assay, miR-29a-3p upregulation
could lead to the suppression of migration and
invasion of HCCLM3 cells, while downregula-
tion of miR-29a-3p induced migration and inva-
sion of Huh7 cells (Figure 4D). Moreover,

Western blot analysis suggested that miR-29a-3p
elevation inactivated the PI3K/AKT/mTOR sign-
aling pathway, whereas miR-29a-3p silencing
activated the PI3K/AKT/mTOR signaling path-
way (Figure 4E). In addition, the inhibitory
effects of miR-29a-3p on proliferation, colony
formation, migration, and invasion on HCCLM?3
cells could be reversed by Robol (Figure 4B-D).
The aforementioned findings suggested that
Robol could rescue the inhibitory effects of miR-
29a-3p on proliferation, migration, and invasion
of HCC cells.

miR-29a-3p overexpression or inhibited Robo1
represses HCC cell growth and metastasis in

vivo

Xenograft tumor in nude mice was performed to
further verify the aforementioned results i vivo,
and the results found that elevated miR-29a-3p
expression or inhibited Robol resulted in the sup-
pression of tumor volume and growth n wvivo
(Figure 5A—C). As determined by immunohisto-
chemistry, the level of Ki-67 and HCC cell prolif-
eration were repressed in response to the
miR-29a-3p upregulation or Robol downregula-
tion i vivo (Figure 5D). The results of immuno-
histochemistry and immunofluorescence suggested
that there was a decrease in Robol, and its expres-
sion could be inhibited by miR-29a-3p following
the knockdown of Robol (Figure 5E). In vivo fluo-
rescence imaging further confirmed that miR-
29a-3p overexpression or Robol knockdown
attenuated tumor growth and metastasis to the
spleen, lung, kidney, and intestine on day 15
(Figure 5F). Survival analysis revealed that the
elevation of miR-29a-3p or silencing of Robol
promoted survival of nude mice (Figure 5G). The
aforementioned results provided evidence that
miR-29a-3p overexpression or Robol silencing
resulted in the inhibition of HCC cell growth and
metastasis . vivo.

LINC00473 competitively binds to miR-29a-3p

to upregulate RoboT expression

A previous study that was conducted to identify
the subcellular location of LINCO00473 in cells
revealed that LINC00473 was expressed in both
nucleus and cytoplasm.?> In recent years, the
interaction pattern of ceRNA has been widely
reported. Therefore, in order to determine
whether LINCO00473 served as a ceRNA in HCC,
the binding site between LINC00473 and miR-
29a-3p was predicted using bioinformatics (http://
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Figure 4. Robo1 reversed the inhibitory role of miR-29a-3p in proliferation, migration, and invasion of HCC cells. (A) the expression
of miR-29a-3p in HCC cells examined by RT-qPCR; (B) the proliferation of HCC cells examined by CCK-8 assay; [C) the number of
clones of HCC cells examined by colony formation assay; (D) the migration and invasion of HCC cells determined by Transwell assay
(200x]; (E) Western blot analysis of the PI3K/AKT/mTOR signaling pathway-related proteins in cells; "p < 0.05, compared with the LV-
Sponge group or the LV-NC group; #p <0.05, compared with the LV-miR-2%9a-3p or miR-29a-3p-Sponge groups; Data in panel B were
analyzed by repeated measures ANOVA, and data in the remaining panels were analyzed by one-way ANOVA.
ANOVA, analysis of variance; HCC, hepatocellular carcinoma; LV-NC, lentivirus-negative control; RT-qPCR, reverse transcription quantitative

polymerase chain reaction.

www.microrna.org) (Figure 6A), which was then
validated by a series of experiments including
RNA immunoprecipitation, RNA-pull down, and
dual-luciferase reporter gene assay. The results of
RNA immunoprecipitation showed a significant
increase in LINC00473 enrichment (Figure 6B).
The results from RNA pull down revealed that
miR-29a-3p could pull down more LINC00473
(Figure 6C). Dual-luciferase reporter gene assay
revealed an obvious decrease in luciferase activity
when miR-29a-3p was co-transfected with
LINC00473-WT (Figure 6D). These results
demonstrated the interaction between miR-
29a-3p and LINCO00473. Subsequently, the role
of LINCO00473 was further investigated by detect-
ing its expression in HCC-LM3 cell lines, and the
results showed that LINC00473 expression was
upregulated in the HCC-LM3 cell lines (Figure
6E, F). This finding suggests that LINC00473 is
reversely associated with the level of miR-29a-3p
in HCC. To verify this hypothesis, RT-qPCR was
conducted to detect changes in miR-29a-3p
expression after silencing of LINC00473, which
revealed that miR-29a-3p expression was

increased following ILINC00473 silencing, which
was similar to the findings from the correlation
analysis (Figure 6C, D). Moreover, correlation
analysis identified a positive interaction between
LINCO00473 and Robol (Figure 6I). In summary,
LINCO00473 could competitively bind to miR-
29a-3p to upregulate the expression of Robol.

Knockout of LINC0O0473 inhibits the

proliferation, migration, and invasion of HCC

cells

We next intended to further verify the role of
LINC00473 in HCC cells. First, we infected
HCCLM3 and HepG2 cells with lentivirus
expressing sh-LINCO00473, and then conducted
CCK-8, colony formation, and Transwell assays.
The results showed significantly reduced expres-
sion of LINCO00473 in HCC cells treated with
sh-LINC00473#1, sh-LINC00473#2 and sh-
LINCO00473#3, among which sh-LLINC00473#2
showed the lowest LINCO00473 expression
(Figure 7A) and therefore used for subsequent
experiments. As depicted in Figure 7B-D,
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Figure 5. miR-29a-3p overexpression inhibited tumor growth and metastasis in nude mice with HCC. (A)
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HCC, hepatocellular carcinoma; LV-NC, lentivirus-negative control; LV-sh, LV short hairpin.

silencing of LINCO00473 resulted in an obvious
decline in cell proliferation, migration, and inva-
sion. Therefore, silencing of LINC00473 could
impede the proliferation, migration, and invasion
of HCC cells.

importance to clarify more specific biomarkers for
the early detection, prevention, and treatment of
HCC.?27 There is a correlation between the dys-
regulation of miRNAs and the pathogenesis and
progression of HCC, which are widely highlighted
as underlying biomarkers for HCC.?8 In addition,
IncRNAs are also identified as novel biomarkers
for the early detection, diagnosis and treatment of
HCC.% Therefore, on the basis of pre-existing

Discussion
Although the natural history and pathologic char-

acteristics of human HCC are well documented,
the molecular pathogenesis of HCC remains
poorly understood.?® Thus, it is of significant

data, we conducted the present study to investi-
gate the potential mechanisms of LINC00473
and miR-29a-3p in the development of HCC. In
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HCC, hepatocellular carcinoma; NC, negative control; RT-qPCR, reverse transcription quantitative polymerase chain reaction; WT, wild type.

conclusion, our findings demonstrated that miR-
29-3p overexpression resulted in the inhibition of
HCC cell proliferation, migration, invasion, and
metastasis by inactivating the PI3K/AKT/mTOR
signaling pathway via Robol downregulation and
that LINC00473 might participate in HCC pro-
gression by acting as a ceRNA of miR-29a-3p.

The first observation was that Robol was highly
expressed in HCC tissues and cells. Similar to our
finding, another research reveals that Robol

expresses at a high level in HCC, and its high
expression may indicate its underlying role as a
target protein for immunotherapy.?° In addition,
our study found that the silencing of Robol
resulted in the inhibition of the proliferation,
migration, and invasion of HCC cells and tumor
growth. Robol plays an essential part in cell
motility and migration during embryogenesis and
organogenesis and in numerous primary tumors.!>
Robol has also been identified as a suppressor in
both prostate and breast cancer and correlates
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ANOVA, analysis of variance; HCC, hepatocellular carcinoma; LV-sh, lentivirus short hairpin; RT-qPCR, reverse transcription quantitative polymerase

chain reaction.

with an improved prognosis.?* Moreover, Robol
has been associated with tumor metastasis and
angiogenesis in small cell lung cancer.?? Slit2/

Robol signaling has been shown to suppress
tumor cell proliferation and migration in lung
carcinogenesis and the Slit/Robo1 axis is involved
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3p to promote Robo1 expression, which results in augmented HCC cell proliferation, migration, invasion, and
metastasis via activating the PI3K/AKT/mTOR signaling pathway.

ceRNA, competing endogenous RNAs; HCC, hepatocellular carcinoma.

in cancer pathogenesis of esophageal squamous
cell carcinoma by mediating cell invasion.31:32
Furthermore, our study showed that the role of
Robol silencing in HCC was achieved through
inactivation of the PI3K/AKT/mTOR signaling
pathway. Consistent to our results, a prior study
suggested that Robol inhibits PI3K/AKT path-
way to suppress angiogenesis in diabetic nephrop-
athy.33 There is evidence showing that the PI3K/
AKT/mTOR signaling pathway is frequently acti-
vated in HCC and its aberrant activation is cor-
related with poor HCC prognosis.34

Moreover, the poor expression of miR-29a-3p
has been observed in HCC tissues and cells. miR-
29 family members are frequently downregulated
in diverse cancer types and therefore could be
considered as potential tumor suppressors.3> For
instance, there is a reduction in miR-29a-3p
expression in gastric cancer, which is known to
exert tumor inhibitory function by suppressing
cell growth and metastasis.?® In addition, it was
observed that elevation of miR-29a-3p resulted in
the inhibition of tumorigenesis and metastasis i
vitro as well as repressed tumor growth in vivo
possibly via the inactivation of the PI3K/AKT/
mTOR signaling pathway. Wang ez al. also dem-
onstrated that the overexpression of miR-29a-3p
resulted in the suppression of HCC cell prolifera-
tion and migration, which further verifies miR-
29a-3p as a tumor suppressor with critical
functions in HCC tumorigenesis.!? PI3K/AKT/

mTOR signaling pathway was found to be acti-
vated in HCC, which is linked to HCC cell
growth and apoptosis.3” miR-29 is essential for
the proliferation of human lung fibroblasts due to
its ability to inactivate the PI3K/AKT signaling
pathway.38 Furthermore, Robol was verified to
be a target gene of miR-29a-3p. Liu ez al. sug-
gested in their study that the dysregulation of
Robol is related to a number of cancer types and
its expression could be negatively regulated by
miR-29a in gastric cancer cells.?®

Dysregulation of IncRNAs has been reported to
participate in the initiation and progression of
different diseases wia direct regulation of pro-
teins or indirect regulation of miRNA-target
genes.® The obtained results from the current
study also revealed that LINCO00473 could
competitively bind to miR-29a-3p to upregu-
late Robol expression. IncRNAs can act as
ceRNAs of miRNAs to reverse-mediate the
expression of miRNAs.#0 A previous study
showed that LINC005 promotes proliferation,
invasion, and tumor angiogenesis in pancreatic
ductal adenocarcinoma by acting as a sponge
for miR-29b-3p.4! LINCO00473 also serves as an
oncogene in HCC to promote proliferative and
invasive abilities of HCC cells potentially via the
mechanism of recruiting deubiquitinase USP9X
to suppress survivin ubiquitination level.?
Moreover, although overexpression of miR-195
results in the inhibition of survival and
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metastasis of Wilms tumor, LINC00473 could
counteract this inhibitory effect by binding to
miR-195 to restrain its  availability.?>
LINCO00473 was found to competitively bind to
miR-29a-3p to regulate Robol expression; how-
ever, further studies are required to elucidate the
specific role of LINC00473 on HCC cell prolif-
eration, migration, and invasion.

In conclusion, the current study unraveled the
involvement of the LINCO00473/miR-29-3p/
Robol axis in the development of HCC
(Figure 8). Upregulated miR-29-3p could inhibit
HCC proliferation, migration, invasion, and
metastasis through inhibition of Robol and
inactivation of PI3K/Akt/mTOR signaling path-
way. Meanwhile, LINC00473 could act as a
miR-29-3p sponge to upregulate the Robol
expression, which allows for a better under-
standing for the role of miR-29-3p and
LINCO00473 in hepatocarcinogenesis. Thus,
miR-29a-3p may serve as a cancer suppressor
and a potential therapeutic target of HCC.
However, owing to the limitation of expendi-
ture, more efforts should be done in future stud-
ies to elucidate the specific mechanisms by which
LINCO00473 influences the initiation and pro-
gression of HCC.
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