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Abstract. Clear cell renal cell carcinoma (ccRCC) is a 
common renal cell carcinoma with a high mortality rate. 
Lung cancer‑associated transcript 1 (LUCAT1) has been 
reported to be a potential biomarker of prognosis in human 
ccRCC. However, the underlying mechanism of the func‑
tion of LUCAT1 in ccRCC remains poorly understood. The 
present study aimed to investigate the role and underlying 
mechanism of LUCAT1 in ccRCC. The expression level 
of LUCAT1, microRNA‑375 (miR‑375) and yes‑associated 
protein 1 (YAP1) in ccRCC tissues and cells was detected by 
reverse transcription‑quantitative PCR, and the protein level 
of YAP1 was detected by western blotting. The effects of 
LUCAT1 on cell proliferation, migration and invasion were 
analyzed using Cell Counting Kit‑8 and Transwell assays. The 
association between miR‑375 and LUCAT1 or miR‑375 and 
YAP1 was predicted by lncBase Predicted v.2 or TargetScan 
and verified using dual‑luciferase reporter assay. The effect of 
LUCAT1 on ccRCC progression in vivo was evaluated using a 
xenograft tumor model. The results revealed that LUCAT1 and 
YAP1 were upregulated and miR‑375 was downregulated in 
ccRCC tissues and cells. LUCAT1 knockdown suppressed cell 
proliferation, migration and invasion, which were reversed by 
the inhibition of miR‑375. In addition, YAP1 overexpression 
attenuated the inhibitory effects of miR‑375 overexpression 
on cell proliferation, migration and invasion. Subsequent 
experiments suggested that LUCAT1 regulated YAP1 expres‑
sion by sponging miR‑375. Therefore, LUCAT1 exerted its 
role by regulating the miR‑375/YAP1 axis in vitro. Moreover, 
LUCAT1 knockdown suppressed the growth of ccRCC xeno‑
graft tumors in vivo. These results collectively revealed that 

LUCAT1 promoted the proliferation, migration and invasion 
of ccRCC by the upregulation of YAP1 via sponging miR‑375, 
which may be used as a potential therapeutic target for ccRCC.

Introduction

Renal cell carcinoma (RCC) accounts for 5% of all adult 
malignancies with 300,000 new cases and 100,000 deaths 
per year worldwide (1). Clear cell RCC (ccRCC) is the most 
common subtype of renal cancer, which accounts for ~75% of 
RCC worldwide (2). ccRCC is resistant to chemotherapy and 
radiotherapy, therefore its clinical management has become 
a difficult issue (3). Although the diagnosis, treatment and 
overall survival rate of patients with ccRCC have been 
markedly improved in recent years, long‑term prognosis is still 
limited and ~30% of patients experience recurrence of renal 
cancer (4,5). Therefore, further studies are required to clarify 
the underlying mechanism of ccRCC progression and develop 
efficient therapeutic targets for ccRCC.

Long non‑coding RNAs (lncRNAs) are non‑coding RNAs 
with >200 nucleotides, and have been indicated to exert 
critical roles in various cellular and biological processes (6). 
Accumulating evidence has suggested that lncRNAs function 
as tumor suppressors or oncogenes in diverse tumors, including 
ccRCC. Liu et al (7) demonstrated that knockdown of lncRNA 
TP73‑AS1 inhibited cell proliferation and invasion, and induced 
cell apoptosis by binding to KISS1 in ccRCC. Hirata et al (8) 
reported that lncRNA MALAT1 served as an oncogene by 
promoting proliferation and suppressing apoptosis in ccRCC. 
Lung cancer‑associated transcript 1 (LUCAT1) has also been 
demonstrated to serve a vital role in ccRCC progression. For 
instance, a previous study has reported that LUCAT1 served 
as a poor prognostic factor in human ccRCC (9). Moreover, it 
has been demonstrated that LUCAT1 overexpression induced 
cell proliferation and invasion via the AKT/GSK‑3β signaling 
pathway, indicating that LUCAT1 may be used as a potential 
therapeutic target in ccRCC (10). Additionally, LUCAT1 
has been revealed to function as an oncogene via regulating 
the microRNA (miRNA/miR)‑495‑3p/SATB1 axis, thereby 
promoting cell proliferation and invasion in ccRCC (11). 
However, the molecular mechanism underlying the biological 
function of LUCAT1 in ccRCC remains to be fully elucidated.

miRNAs are non‑coding RNAs with 19‑22 nucleotides in 
length, which serve as important regulators of gene expression 
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via binding to the 3'‑untranslated region (3'‑UTR) of target 
mRNAs (12). Accumulating evidence has indicated that 
abnormal expression of miRNAs, functioning as oncogenes 
or tumor suppressors, was associated with the progression and 
development of cancer, including ccRCC (13). Several studies 
have demonstrated that miR‑375 was downregulated in several 
types of cancer, such as gastric cancer (14), glioma (15) and 
cervical cancer (16). In renal cancer, miR‑375 has been reported 
to act as a tumor suppressor via inhibiting cell proliferation, 
migration and invasion (17). Therefore, the aforementioned 
studies have indicated the pivotal role of miR‑375 in different 
types of cancer, especially in ccRCC, while few studies have 
examined the network of molecules upstream and downstream 
of miR‑375 in ccRCC.

Yes‑associated protein 1 (YAP1), which is a transcriptional 
co‑activator, has also been associated with the development 
of ccRCC. YAP1 has been demonstrated to serve an onco‑
genic role in various types of cancer, including ccRCC (18). 
Upregulation of YAP1 has been revealed to accelerate cell 
growth, migration, invasion and epithelial‑mesenchymal 
transition via modulating arrestin domain‑containing 
protein 1/3 (19), suggesting that YAP1 may participate in 
ccRCC development.

The present study aimed to investigate the role and under‑
lying mechanism of LUCAT1 in ccRCC in vitro and in vivo.

Materials and methods

Clinical specimens and cell culture. ccRCC tissues (n=62) 
and paired adjacent healthy tissues (n=62) were obtained from 
patients with ccRCC who were hospitalized at Chenzhou No. 1 
People's Hospital (Chenzhou, China) between May 2016 and 
March 2018. The patient age range was 34‑79 years, with a 
median age of 65 years, and 29 patients were females and 
33 were males. The inclusion criteria included a clinical and 
imaging diagnosis of primary non‑metastatic ccRCC. The 
exclusion criteria included patients with active malignancy 
other than RCC, cardiovascular disease, blood disease or other 
malignant tumor types. The present study was approved by the 
Ethics Committee of Chenzhou No. 1 People's Hospital and all 
participants provided written informed consent.

A normal human proximal tubular epithelial cell line (HK‑2) 
and RCC cell lines (786‑O, Caki‑1, A498, 769‑P and ACHN) 
were obtained from American Type Culture Collection. All 
RCC cell lines were cultured in RPMI‑1640 (Invitrogen; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/strep‑
tomycin (5,000 U/ml, Gibco; Thermo Fisher Scientific, Inc.). 
HK‑2 cells were cultured in DMEM supplemented with 
10% FBS (both from Gibco; Thermo Fisher Scientific, Inc.) 
and 1% penicillin/streptomycin. 293T cells were purchased 
from The Cell Bank of Type Culture Collection of the Chinese 
Academy of Sciences. 293T cells were cultured in DMEM 
supplemented with 10% FBS and 1% penicillin/streptomycin. 
The cells were maintained at 37˚C in a humidified incubator 
with 5% CO2.

Cell transfection. LUCAT1 overexpression vector was 
constructed by cloning full‑length LUCAT1 into pcDNA3.1 
(Invitrogen; Thermo Fisher Scientific, Inc.), and the empty 

vector pcDNA3.1 was used as the negative control. Small 
interfering (si)‑RNAs targeting LUCAT1 (si‑LUCAT1#1 
and #2; final concentration, 20 nM) and its scrambled nega‑
tive control (NC) siRNA (si‑NC; final concentration, 20 nM), 
miR‑375 inhibitor (final concentration, 30 nM) and control 
(miR‑NC; final concentration, 30 nM) and miR‑375 mimics 
(final concentration, 15 nM) and control (miR‑NC mimics; 
final concentration, 15 nM) were obtained from Shanghai 
GenePharma Co., Ltd. 1x106 Caki‑1 and A498 cells were 
plated into six‑well plates for 12 h, then the constructs were 
transfected into Caki‑1 and A498 cells by mixing with 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C for 15 min following the manufac‑
turer's instructions. A total of 24‑72 h after transfection, the 
transfected cells were collected for subsequent experiments. 
The sequences of the transfected molecules were as follows: 
si‑LUCAT1#1, 5'‑CCC AUC AGA AGA UGU CAG AAG AUA 
A‑3'; si‑LUCAT1#2, 5'‑UGU CCC UCA GUG UUC UAC UUC 
UUA A‑3'; si‑NC, 5'‑AAU UCU CCG AAC GUG UCA CGU‑3'; 
miR‑375 inhibitor, 5'‑UCA CGC GAG CCG AAC GAA CAA 
A‑3'; anti‑miR‑NC, 5'‑CAG UAC UUU UGU GUA GUA CAA 
A‑3'; miR‑375 mimic, 5'‑UUU GUU CGU UCG GCU CGC 
GUG A‑3'; miR‑NC, 5'‑GGU UCG UAC GUA CAC UGU UCA‑3'.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells (786‑O, Caki‑1, A498, 769‑P, 
ACHN and HK‑2) and ccRCC tissues using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and cDNA 
synthesis was performed using Maxima Probe qPCR Master 
mix (Fermentas; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. Quantitative analysis 
of LUCAT1 and YAP1 expression was performed using 
SYBR® Premix Ex Taq™ reagent (Takara Biotechnology 
Co., Ltd.) and GAPDH was used as the endogenous control. 
Thermocycling conditions were as follows: 94˚C for 3 min; 
40 cycles of 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 
1 min; and 72˚C for 10 min. The expression level of miR‑375 
was analyzed using SYBR PrimeScript™ miRNA RT‑PCR kit 
(Takara Biotechnology Co., Ltd.) and U6 small nuclear RNA 
was used as the internal reference. Thermocycling conditions 
were as follows: Denaturation at 95˚C for 10 sec; 40 cycles of 
95˚C for 5 sec and 60˚C for 20 sec; followed by dissociation 
curve analysis at 95˚C for 60 sec, 55˚C for 30 sec and 95˚C for 
30 sec. Relative expression levels were calculated using the 
2‑ΔΔCq method (20). Primer sequences were listed as follows: 
LUCAT1 forward, 5'‑GTG TCA AGC TCG GAT TGC CT‑3' and 
reverse, 5'‑GAG CCC ACA CAC TCA G‑3'; GAPDH forward, 
5'‑AGA AGG CTG GGG CTC ATT TG‑3' and reverse, 5'‑AGG 
GGC CAT CCA CAG TCT TC‑3'; YAP1 forward, 5'‑TGA CCC 
TCG TTT TGC CAT GA‑3' and reverse, 5'‑GTT GCT GCT GGT 
TGG AGT TG‑3'; miR‑375 forward, 5'‑GTG CAG GGT CCG 
AGG T‑3' and reverse, 5'‑AGC CGT TTG TTC GTT CGG CT‑3'; 
U6 forward, 5'‑CTC GCT TCG GCA GCA CA‑3' and reverse, 
5'‑AAC GCT TCA CGA ATT TGC GT‑3'.

Pathological analysis. In brief, the ccRCC tissues and paired 
adjacent healthy tissues were processed according to standard 
procedures, including 10% formalin fixation for 5 min at room 
temperature, dehydration in graded alcohol series (30, 50, 70, 
95 and twice 100% alcohol) and xylene and embedding in 
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paraffin. Subsequently, the tissue biopsies (3 µm) were stained 
with hematoxylin for 5 min and eosin for another 2 min at room 
temperature (Abcam). Finally, the tissues were observed under 
a light microscope at x200 magnification and photographed.

Dual‑luciferase reporter assay. The binding sites between 
miR‑375 and LUCAT1, as well as miR‑375 and YAP were 
predicted by lncBase Predicted v.2 (http://www.microrna.
gr/lncBase) or TargetScan software (http://www.targetscan.
org/vert_50/), respectively. LUCAT1 and YAP1 3'‑UTR 
containing the wild‑type (WT) or mutant (MUT) binding sites 
of miR‑375 was synthesized and cloned into pmirGLO lucif‑
erase reporter vector (Promega Corporation). Subsequently, 
1x106 293T cells were plated into six‑well plates for 12 h, then 
LUCAT1‑WT, LUCAT1‑MUT, YAP1‑WT or YAP1‑MUT 
were co‑transfected with miR‑375 mimics or miR‑NC into 
293T cells using Lipofectamine 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). A total of 48 h following 
transfection, the Renilla and firefly luciferase activity was 
measured using Luc‑Pair™ Duo‑Luciferase Assay kit 
(Shanghai Yeasen Biotechnology Co., Ltd.) according to the 
manufacturer's instructions. Renilla luciferase activity was 
used for normalization.

Western blotting. Total protein was extracted from Caki‑1 
and A498 cells using a Cell lysis buffer for Western and 
IP (Beyotime Institute of Biotechnology) following the 
manufacturer's protocol. The protein samples were quanti‑
fied using a BCA Protein Assay Kit (Beyotime Institute of 
Biotechnology). A total of 30 µg protein/sample were sepa‑
rated by 10% SDS‑PAGE, and subsequently transferred onto 
a nitrocellulose membrane (MilliporeSigma). The membrane 
was blocked with 5% skimmed milk in TBS‑Tween‑20 (0.1%) 
buffer for 1 h at room temperature. Subsequently, the membrane 
was incubated with primary antibodies against YAP1 (1:600; 
cat. no. ab52771) and GAPDH (1:4,000; cat. no. ab8245) (both 
from Abcam) overnight at 4˚C. Subsequently, the membranes 
were incubated with HRP‑conjugated goat anti‑rabbit IgG 
H&L secondary antibody (1:20,000; cat. no. ab6721; Abcam) 
for 1 h at room temperature. Finally, the protein bands were 
visualized with an ECL kit (GE Healthcare) and analyzed 
using ImageJ v1.8.0 software (National Institutes of Health).

Cell viability assay. A total of 2x103 Caki‑1 and A498 cells 
were seeded in a 96‑well plate. After incubation for 24, 
48 and 72 h, 10 µl CCK‑8 solution (Beyotime Institute of 
Biotechnology) was added to each well and incubated at 37˚C 
for 4 h according to the manufacturer's protocol. Subsequently, 
the absorbance at 450 nm was determined using an Elx800 
Absorbance Microplate Reader (BioTek Instruments, Inc.).

Cell migration and invasion assay. Transwell chambers 
(12‑well; MilliporeSigma) were used to assess the migra‑
tory and invasive abilities of Caki‑1 and A498 cells. In brief, 
1x105 cells were seeded into the upper chamber for the migra‑
tion assay, while 2x105 cells were plated into the upper chamber, 
which was pre‑coated with 50 µl Matrigel at 37˚C for 30 min 
(BD Biosciences), for the invasion assay. The cells were seeded 
in the upper chambers in serum‑free RPMI‑1640 medium, 
while RPMI‑1640 supplemented with 10% FBS was placed 

into the lower chamber. Following incubation for 24 h at 37˚C, 
the migrated/invaded cells were fixed with 100% methanol 
for 30 min and stained with 0.05% crystal violet for 20 min at 
room temperature. Finally, the cells were photographed using 
an inverted microscope at x400 magnification, and the average 
number of migrated or invaded cells in five random microscopic 
fields per Transwell was manually counted.

Tumor xenografts. The present study was approved by the 
Animal Ethics Committee of Chenzhou No. 1 People's 
Hospital (Chenzhou, China). Lentiviral‑based short hairpin 
(sh)‑LUCAT1 vector and lentiviral empty vector (sh‑NC) 
were obtained from Shanghai GeneChem Co., Ltd. The 
sequences of sh‑LUCAT1 or sh‑NC were cloned and inserted 
into hU6‑MCS‑Ubiquitin‑EGFP‑IRES‑puromycin lentiviral 
vector (Shanghai GeneChem Co., Ltd.) to construct the recom‑
binant lentiviral vector. 5x106 293T cells at the exponential 
growth phase were plated into 100 mm cell culture plates 
for 12 h, then the recombinant lentiviral vectors (16 µg) and 
20 µl Lenti‑Easy Packaging Mix (Shanghai GeneChem Co., 
Ltd.) were co‑transfected into 293T cells using Lipofectamine 
2000 for 48 h at 37˚C. A total of 48 h after transfection, the 
cell supernatants were collected and filtered using a 0.22 µM 
polyethersulfone membrane filter. The supernatants were 
then centrifuged at 8,000 x g for 10 min at 4˚C to collect the 
lentiviral particles. Subsequently, the titers were determined 
by fluorescent microscopy. The titer was approximately 
4‑10x108 infectious units/ml. To establish the stable LUCAT1 
knockdown cell line, 1x106 Caki‑1 cells were cultured in a 
six‑well plate with culture media containing lentivirus at 
50 MOI for 72 h. A total of 3 days after infection, the cells 
were incubated with 2 µg/ml puromycin for 2 weeks to select 
the stably transfected cells.

Five‑week‑old male BALB/c nude mice with an average 
body weight of ~20 g were provided by the Animal Center 
of Nanjing University (Nanjing, China), and were divided into 
two groups (6 mice in total; n=3 per group). All introduced 
mice were bio‑purified and were entered into the animal 
facility after veterinary authorization. The mice were housed 
in a pathogen‑free environment at 25˚C, 45‑50% humidity 
and a programmed 12 h light/12 h dark cycle. All mice were 
allowed free access to drinking water and a sterilized stan‑
dard diet. Any effort was made to avoid unnecessary pain of 
the animals. Stably transfected Caki‑1 cells (3x106 cells in 
100 µl PBS) were subcutaneously injected into the left flank 
of the nude mice. The volume of the tumors was measured 
every 6 days after 6 days of injection. A total of 30 days after 
injection, the mice were sacrificed by cervical dislocation 
after deep anesthesia with 2% isoflurane (Baxter International 
Inc.), and the tumors were excised and weighed. The level of 
LUCAT1 in the excised tumors was detected by RT‑qPCR. 
Additionally, the humane endpoint criteria used in the present 
study were as follows: During the post‑operative period, the 
mice were inspected daily to ensure their ability to eat, drink 
and ambulate normally; when they exhibited apparent physical 
defects, such as dry or dull eyes, sticky mucous membranes, 
ambulation difficulties, dyspnea or cachexia (loss of 15% of 
animal original body weight), the mice were deemed to meet 
the criteria of euthanasia and were sacrificed to minimize 
suffering and distress.
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Statistical analysis. Statistical analysis was performed using 
SPSS v20.0 software (IBM Corp.). All experiments were 
analyzed in triplicate and are presented as the mean ± SD. 
Pearson's correlation was used to assess the correlation 
between LUCAT1 and miR‑375, as well as miR‑375 and 
YAP1. Comparisons between two groups were performed 
using paired or unpaired Student's t‑test, while comparisons 
among ≥3 groups were performed using one‑way ANOVA 
followed by Tukey's post hoc test. Pearson's χ2 test or Fisher's 
exact test were used to assess categorical variables. P<0.05 
was considered to indicate a statistically significant difference.

Results

LUCAT1 and YAP1 expression levels are increased in ccRCC 
tissues and cells. LUCAT1 and YAP1 mRNA expression 
levels were significantly increased in ccRCC tissues, compared 
with the adjacent healthy tissues (Fig. 1A and C). Similarly, 
LUCAT1 and YAP1 mRNA expression levels were upregu‑
lated in ccRCC cell lines (786‑O, Caki‑1, A498, 769‑P and 
ACHN) compared with the human normal proximal tubular 
epithelial cell line HK‑2 (Fig. 1E and F). Pearson's correla‑
tion analysis demonstrated that the expression of LUCAT1 
was positively correlated to that of YAP1 in ccRCC tissues 
(Fig. 1D). To explore whether the expression of LUCAT1 was 
associated with prognosis, patients with ccRCC were divided 
in low (n=33) and high LUCAT1 group (n=29) according to 
the median expression of LUCAT1. The results revealed that 
the low LUCAT1 group exhibited a higher overall survival 
rate compared with the high LUCAT1 group (Fig. 1B), 
suggesting a close association between LUCAT1 expression 

level and prognosis. To further assess the role of LUCAT1 in 
the prognosis of ccRCC, patients were divided into two groups 
(high and low expression) based on the median expression 
levels of LUCAT1, and the association between LUCAT1 
expression and clinicopathological factors of patients with 
ccRCC was analyzed. The clinicopathological characteristics 
of all 62 patients are presented in Table I. Statistical analysis 
indicated that LUCAT1 expression was associated with the 
tumor stage, tumor size and lymph node metastasis of ccRCC. 
In addition, a significant association was observed between 
YAP1 expression level (low and high YAP1 expression level 
was divided based on the mean value of YAP1 expression 
level) and tumor stage, tumor size or lymph node metas‑
tasis in patients with ccRCC (Table SI). Furthermore, H&E 
staining of the adjacent healthy kidney group and ccRCC 
tissues is presented in Fig. S1. Compared with the adjacent 
healthy kidney group, the tumors displayed dense cellularity 
with brightly eosinophilic cytoplasm, and were arranged in 
nests. These results indicated that LUCAT1 and YAP1 were 
associated with ccRCC progression.

LUCAT1 directly targets miR‑375 in RCC cells. Increasing 
evidence has suggested that lncRNAs act as molecular 
sponges or competing endogenous RNAs (ceRNAs), regu‑
lating miRNA expression, thereby affecting their biological 
function (21). Using the bioinformatics tool lncBase Predicted 
v.2, LUCAT1 was predicted to contain complementary 
bases to miR‑375 (Fig. 2A). Transfection of miR‑375 mimics 
decreased the luciferase activity of the LUCAT1‑WT group 
compared with the miR‑NC mimics transfection (Fig. 2B), 
while there was little change in the luciferase activity of 

Figure 1. Expression of LUCAT1 and YAP1 in ccRCC tissues and cells. (A) The expression of LUCAT1 in 62 pairs of ccRCC tissues and adjacent healthy tissues 
was detected by RT‑qPCR. (B) The association between the expression level of LUCAT1 and the overall survival in patients with ccRCC was determined by 
Kaplan‑Meier analysis. (C) The expression of YAP1 in 62 pairs of ccRCC tissues and adjacent healthy tissues was detected by RT‑qPCR. (D) The correlation 
between LUCAT1 and YAP1 expression level in ccRCC tissues was assessed using Pearson's correlation analysis. The expression level of (E) LUCAT1 and 
(F) YAP1 in the normal human proximal tubular epithelial cell line HK‑2 and RCC cell lines (786‑O, Caki‑1, A498, 769‑P and ACHN) was determined by 
RT‑qPCR. *P<0.05 and **P<0.01 vs. healthy tissues or normal cells. RT‑qPCR, reverse transcription‑quantitative PCR; LUCAT1, lung cancer‑associated 
transcript 1; YAP1, yes‑associated protein 1; ccRCC, clear cell renal cell carcinoma.
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the LUCAT1‑MUT group, indicating that LUCAT1 directly 
targeted miR‑375. A negative correlation was also observed 
between miR‑375 and LUCAT1 expression level in ccRCC 
tissues (Fig. 2D). In addition, the results indicated that the 
expression level of miR‑375 was decreased in ccRCC tissues 
and cell lines compared with healthy tissues and normal cells, 
respectively (Fig. 2C and E). Moreover, based on the higher 
or lower than the median expression levels of miR‑375, the 
patients were divided into two groups, and the association 
between miR‑375 expression and clinicopathological factors 
of patients with ccRCC was analyzed. Our results indicated 
that the expression level of miR‑375 was associated with 
tumor stage, tumor size, lymph node metastasis and distant 
metastasis in patients with ccRCC (Table SII). Furthermore, 
LUCAT1 was upregulated, while miR‑375 was downregulated 
in LUCAT1‑overexpressing Caki‑1 and A498 cells compared 
with the vector‑NC group (Fig. 2F and H). In Caki‑1 and 
A498 cells transfected with si‑LUCAT1#1 or si‑LUCAT1#2, 
LUCAT1 expression level was decreased, while miR‑375 
expression level was increased compared with the si‑NC 
group (Fig. 2G and I). These results indicated that LUCAT1 
interacted with miR‑375.

LUCAT1 knockdown inhibits cell proliferation, migration 
and invasion via regulating miR‑375 in RCC cells. To 
explore the effects of LUCAT1 and miR‑375 in ccRCC cells, 
in vitro assays were performed. The transfection efficiency of 
miR‑375 mimics and inhibitor compared with their respective 

NCs in Caki‑1 and A498 cells was examined via RT‑qPCR 
(Fig. S2A and B). Caki‑1 and A498 cells were transfected 
with si‑NC, si‑LUCAT1#1, si‑LUCAT1#1 + miR‑NC or 
si‑LUCAT1#1 + miR‑375 inhibitor. RT‑qPCR analysis indi‑
cated that miR‑375 expression was increased in Caki‑1 and 
A498 cells transfected with si‑LUCAT1#1, but was inhibited 
by miR‑375 inhibitor (Fig. 3A). Subsequently, CCK‑8 and 
Transwell assays were performed to examine the role of 
LUCAT1 and miR‑375 in ccRCC progression. As demon‑
strated in Fig. 3B and C, LUCAT1 knockdown inhibited the 
proliferation of Caki‑1 and A498 cells, which was reversed by 
miR‑375 inhibition. Transwell assay revealed that LUCAT1 
silencing significantly inhibited the migratory and invasive 
abilities of Caki‑1 and A498 cells, while miR‑375 inhibitor 
inverted the si‑LUCAT1#1‑induced inhibitory effects on 
cell migration and invasion of Caki‑1 and A498 cells 
(Fig. 3D and E). Furthermore, the results of the present study 
also suggested that the overexpression of LUCAT1 promoted 
the proliferation, migration and invasion of Caki‑1 and 
A498 cells (Fig. S3). Together, these results demonstrated that 
LUCAT1 regulated cell proliferation, migration and invasion 
via targeting miR‑375 in RCC cells.

YAP1 is a target of miR‑375 in RCC cells. Previous studies 
have reported that miRNAs exert their function by targeting 
the 3'‑UTR of mRNAs (11,12). The TargetScan software 
indicated the existence of binding sites between miR‑375 and 
YAP1 (Fig. 4A). To further validate this prediction, YAP1‑WT 

Table I. Association of clinicopathological features with LUCAT1 expression in patients with clear cell renal cell carcinoma.

 LUCAT1 expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter Number of cases Low (n=33) High (n=29) P‑valuea

Sex    
  Female 30 16 14 0.124
  Male 32 17 15 
Age, years    
  ≤55 27 15 12 0.074
  >55 35 18 17 
Tumor stage    
  T1‑2 40 27 13 0.003b

  T3‑4 22 6 16 
Tumor size    
  ≤4 cm 28 20 8 0.005b

  >4 cm 34 13 21 
Lymph node metastasis    
  No 36 22 14 0.011b

  Yes 26 11 15 
Distant metastasis    
  No 39 21 18 0.086
  Yes 23 12 11 

aPearson's χ2 test was used. bP<0.05 was considered to indicate a statistically significant difference. T, tumor; LUCAT1, lung cancer‑associated 
transcript 1.
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or YAP1‑MUT reporter plasmids and miR‑NC or miR‑375 
mimics were co‑transfected into 293T cells. The luciferase 
activity of the YAP1‑WT reporter was suppressed in cells 
transfected with miR‑375 mimics, while a small alteration was 
observed in the luciferase activity of the YAP1‑MUT group 
compared with that of the miR‑NC group (Fig. 4B). Moreover, 
the expression level of miR‑375 was negatively correlated with 
that of YAP1 in ccRCC tissues (Fig. 4C). Subsequent western 
blot assays confirmed that overexpression of miR‑375 reduced 
the protein level of YAP1, while the protein level of YAP1 was 
increased by miR‑375 knockdown in Caki‑1 and A498 cells 
(Fig. 4D and E). These results indicated that miR‑375 directly 

targeted YAP1 and inhibited the transcription and translation 
of YAP1 in RCC cells.

miR‑375 suppresses cell proliferation, migration and inva‑
sion by targeting YAP1 in RCC cells. To further investigate 
whether miR‑375 exerted its function by targeting YAP1 in 
RCC, Caki‑1 and A498 cells were transfected with miR‑NC, 
miR‑375 mimics, miR‑375 mimics+vector or miR‑375 
mimics+YAP1. The transfection efficiency of the YAP1 over‑
expressing vector in Caki‑1 and A498 cells compared with its 
respective NC is presented in Fig. S2C and D. As depicted 
in Fig. 5A and B, the level of YAP1 mRNA was significantly 

Figure 2. LUCAT1 directly binds to miR‑375. (A) The binding sites between LUCAT1 and miR‑375 were predicted using the lncBase Predicted v.2 software. 
(B) The effects of miR‑375 overexpression on the luciferase activity of LUCAT1‑WT or LUCAT1‑MUT reporter were detected using a dual‑luciferase reporter 
assay. (C) miR‑375 expression in 62 pairs of ccRCC tissues and adjacent healthy tissues was measured by RT‑qPCR. (D) The correlation between LUCAT1 
and miR‑375 expression levels in ccRCC tissues was analyzed by Pearson's correlation analysis. (E) miR‑375 expression in the normal human proximal tubular 
epithelial cell line HK‑2 and RCC cell lines (786‑O, Caki‑1, A498, 769‑P and ACHN) was measured by RT‑qPCR. (F) Overexpression or (G) knockdown effi‑
ciency of LUCAT1 was determined by RT‑qPCR in ACHN and 769‑P cells or Caki‑1 and A498 cells, respectively. The effects of LUCAT1 (H) overexpression 
or (I) knockdown on miR‑375 level in ACHN and 769‑P cells or Caki‑1 and A498 cells, respectively, were measured by RT‑qPCR. **P<0.01 vs. the indicated 
groups or HK‑2 cells. RT‑qPCR, reverse transcription‑quantitative PCR; LUCAT1, lung cancer‑associated transcript 1; RCC, renal cell carcinoma; ccRCC, 
clear cell RCC; miR, microRNA; WT, wild‑type; MUT, mutant; si, small interfering; NC, negative control.
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decreased in miR‑375‑overexpressing Caki‑1 and A498 cells, 
which was partially reversed by the overexpression of YAP1. 
Overexpression of miR‑375 decreased the protein level of 
YAP1, while this decrease was abolished by YAP1 overexpres‑
sion (Fig. 5C and D). Furthermore, miR‑375 overexpression 
promoted cell proliferation, migration and invasion in Caki‑1 
and A498 cells, while these effects were reversed by YAP1 
overexpression (Fig. 5E‑H). These data suggested that miR‑375 
suppressed RCC phenotypes via targeting YAP1.

Knockdown of LUCAT1 suppresses cell proliferation, 
migration and invasion by regulating the miR‑375/YAP1 
axis in RCC cells. As aforementioned, the present study 
hypothesized that LUCAT1 exerted its carcinogenic 
role via the LUCAT1/miR‑375/YAP1 regulatory axis. 
RT‑qPCR results demonstrated that knockdown of LUCAT1 
decreased the mRNA level of YAP1, which was abolished 

by miR‑375 inhibition in RCC cells (Fig. 6A). Western blot‑
ting results confirmed that miR‑375 inhibitor reversed the 
si‑LUCAT1‑mediated inhibitory effect on YAP1 protein 
expression level in Caki‑1 and A498 cells (Fig. 6B and C). 
Furthermore, LUCAT1 knockdown decreased the level 
of YAP1 mRNA and YAP1 overexpression abolished this 
effect (Fig. 6D). LUCAT1 silencing also suppressed YAP1 
protein level, which was abolished by YAP1 overexpression 
(Fig. 6E and F). Therefore, the LUCAT1/miR‑375/YAP1 
regulatory axis may participate in the development of RCC. To 
further verify this hypothesis, CCK‑8 and Transwell experi‑
ments were performed. LUCAT1 knockdown suppressed the 
proliferation, migration and invasion of Caki‑1 and A498 cells, 
which were reversed by the restoration of YAP1 expression 
(Fig. 6G‑J). These results indicated that LUCAT1 knockdown 
suppressed RCC phenotypes via the miR‑375/YAP1 regula‑
tory axis.

Figure 3. LUCAT1 knockdown suppresses the proliferation, migration and invasion of renal cell carcinoma cells by regulating miR‑375 in vitro. (A) The 
expression level of miR‑375 was measured by reverse transcription‑quantitative PCR in Caki‑1 and A498 cells transfected with si‑NC, si‑LUCAT1#1, 
si‑LUCAT1#1+miR‑NC or si‑LUCAT1#1+miR‑375 inhibitor. Cell proliferation was examined using the Cell Counting Kit‑8 assay in transfected (B) Caki‑1 
and (C) A498 cells. (D) Cell migratory and (E) invasive capabilities were assessed by Transwell assay in transfected Caki‑1 and A498 cells. *P<0.05 and 
**P<0.01. LUCAT1, lung cancer‑associated transcript 1; miR, microRNA; si, small interfering; NC, negative control; OD, optical density.
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LUCAT1 deficiency suppresses ccRCC tumor growth 
in vivo. A xenograft tumor mouse model of ccRCC was 
used to verify the effect of LUCAT1 on tumor growth 
in vivo. Compared with the mice injected with sh‑NC, tumor 
volume and weight were reduced in the sh‑LUCAT1 group, 
indicating that LUCAT1 knockdown decreased the tumor 
growth of ccRCC in vivo (Fig. 7A‑C). Additionally, 
RT‑qPCR results verified that LUCAT1 was downregulated 
in the tumors of mice injected with sh‑LUCAT1‑transfected 
ccRCC Caki‑1 cells (Fig. 7D). Taken together, these data 
suggested that LUCAT1 silencing suppressed ccRCC tumor 
growth in vivo.

Discussion

Accumulating evidence has suggested that lncRNAs emerged 
as essential regulators in tumorigenesis and potential 
biomarkers for the diagnosis or prognosis of ccRCC (22). 
LUCAT1 is located on chromosome 5q14.3, and was first 
identified in airway epithelial cells (23). It has been demon‑
strated that LUCAT1 was upregulated in ccRCC tissues and 
promoted the proliferation and invasion of ccRCC cells (10). 
However, the potential role and the regulatory mechanism of 
LUCAT1 in ccRCC progression requires further elucidation. 
YAP1, a transcriptional co‑activator, has been indicated to 

promote tumorigenesis in various types of cancer, including 
ccRCC (18,19).

In the present study, LUCAT1 and YAP1 were mark‑
edly upregulated in ccRCC tissues and cell lines. LUCAT1 
expression was positively correlated with that of YAP1 in 
ccRCC tissues. In addition, LUCAT1 expression was closely 
associated with tumor stage, tumor size and lymph node 
metastasis in patients with ccRCC. Moreover, Kaplan‑Meier 
survival curves suggested a negative association between high 
LUCAT1 expression and the overall survival of patients with 
ccRCC.

An interaction between lncRNAs and miRNAs has been 
identified in various cancers, such as bladder cancer, gastric 
cancer and ccRCC (11,24,25). In the present study, miR‑375 
was revealed to be a direct target of LUCAT1. miR‑375 has 
been reported to be a tumor suppressor in various types of 
cancer, including gastric cancer, glioma and ccRCC (14‑17). 
For example, Wang and Sun (17) reported that miR‑375 
inhibited cell proliferation, migration and invasion via 
regulating 3‑phosphoinositide‑dependent protein kinase 
1 expression in renal cancer. Consistent with a previously 
published study (17), the results of the present study indicated 
that miR‑375 was significantly downregulated in ccRCC 
tissues and cell lines compared with healthy tissues and 
normal cells, respectively, and miR‑375 expression level was 

Figure 4. YAP1 is a direct target of miR‑375 in RCC cells. (A) Predicted binding sites between miR‑375 and YAP1‑WT or MUT sites in YAP1‑MUT reporter. 
(B) The effects of miR‑375 overexpression on the luciferase activity of YAP1‑WT or YAP1‑MUT reporter were determined using a dual‑luciferase reporter 
assay. (C) Pearson's correlation analysis was performed to assess the correlation between miR‑375 and YAP1 expression levels in clear cell RCC tissues. The 
effects of miR‑375 (D) overexpression or (E) knockdown on YAP1 protein expression were examined using western blot assay in Caki‑1 and A498 cells. 
**P<0.01. YAP1, yes‑associated protein 1; RCC, renal cell carcinoma; miR, microRNA; WT, wild‑type; MUT, mutant; NC, negative control.
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negatively correlated with that of LUCAT1 in ccRCC tissues. 
Furthermore, it was observed that LUCAT1 suppressed 
the expression of miR‑375 and promoted cell proliferation, 

migration and invasion by targeting miR‑375. Moreover, the 
tumor‑suppressive role of LUCAT1 knockdown in ccRCC 
was verified in vivo.

Figure 5. miR‑375 suppresses the progression of renal cell carcinoma cells by targeting YAP1. YAP1 mRNA expression was determined by reverse 
transcription‑quantitative PCR in (A) Caki‑1 and (B) A498 cells transfected with miR‑NC mimics, miR‑375 mimics, miR‑375 mimics+vector or miR‑375 
mimics+YAP1. YAP1 protein expression was detected by western blot in (C) Caki‑1 and (D) A498 cells transfected with miR‑NC mimics, miR‑375 mimics, 
miR‑375 mimics+vector or miR‑375 mimics+YAP1. Cell proliferation was assessed using the Cell Counting Kit‑8 assay in transfected (E) Caki‑1 and (F) A498 
cells. (G) Cell migratory and (H) invasive capabilities were assessed via Transwell assay in transfected Caki‑1 and A498 cells. *P<0.05 and **P<0.01. YAP1, 
yes‑associated protein 1; miR, microRNA; NC, negative control; OD, optical density.
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Figure 6. LUCAT1 enhances the proliferation, migration and invasion of renal cell carcinoma cells by targeting miR‑375 to regulate YAP1 in vitro. (A) YAP1 
mRNA expression was assessed by RT‑qPCR in Caki‑1 and A498 cells transfected with si‑NC, si‑LUCAT1#1, si‑LUCAT1#1+miR‑NC or si‑LUCAT1#1+miR‑375 
inhibitor. YAP1 protein expression was examined by western blotting in (B) Caki‑1 and (C) A498 cells transfected si‑NC, si‑LUCAT1#1, si‑LUCAT1#1+miR‑NC or 
si‑LUCAT1#1+miR‑375 inhibitor. (D) YAP1 mRNA level was assessed by RT‑qPCR in Caki‑1 and A498 cells transfected with si‑NC, si‑LUCAT1#1, si‑LUCAT1#1+vector 
or si‑LUCAT1#1+YAP1. YAP1 protein level was examined by western blotting in (E) Caki‑1 and (F) A498 cells transfected si‑NC, si‑LUCAT1#1, si‑LUCAT1#1+vector 
or si‑LUCAT1#1+YAP1. Cell proliferation was measured using Cell Counting Kit‑8 assay in transfected (G) Caki‑1 and (H) A498 cells. (I) Cell migratory and 
(J) invasive capabilities were assessed by Transwell assay in transfected Caki‑1 and A498 cells. *P<0.05; **P<0.01. LUCAT1, lung cancer‑associated transcript 1; YAP1, 
yes‑associated protein 1; miR, microRNA; NC, negative control; si, small interfering; RT‑qPCR, reverse transcription‑quantitative PCR; OD, optical density.
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It has been hypothesized that lncRNAs served as 
ceRNAs or miRNA sponges, regulating the expression of 
target mRNAs (26). Previous studies have demonstrated that 
miR‑375 was associated with the progression of human cancers 
by regulating the expression of its target genes, such as SP1, 
PI3K‑subunit α and HER2 (27‑29). In the present study, YAP1 
was revealed to be a target of miR‑375 in RCC cells and was 
negatively regulated by miR‑375. YAP1 has been indicated 
to be closely associated with cell proliferation, invasion and 
migration in prostate and colorectal cancer (30,31). YAP1 over‑
expression reversed the inhibitory effects of miR‑375 on the 
proliferation, migration and invasion of RCC cells, suggesting 
that miR‑375 inhibited tumor progression by targeting YAP1. 
These data were consistent with previous studies in ovarian 
cancer (32), gastric carcinogenesis (14) and osteosarcoma (33). 
In addition, the results of the current study demonstrated that 
LUCAT1 may regulate YAP1 expression by sponging miR‑375. 
Overexpression of YAP1 abolished the inhibitory effects 
of LUCAT1 knockdown on cell proliferation, invasion and 
migration in RCC cells, supporting the regulatory role of the 
LUCAT1/miR‑375/YAP1 axis in RCC progression. However, 
due to the limited experimental conditions, the lack of immu‑
nofluorescence experiments was a limitation to the present 
study.

In conclusion, the present study indicated that LUCAT1 
functioned as a sponge for miR‑375 to upregulate YAP1 
expression, thereby regulating the development of ccRCC. Our 
results revealed that LUCAT1 silencing suppressed the growth 
of ccRCC in vivo and in vitro. The present study also revealed 
that the LUCAT1/miR‑375/YAP1 axis may be a promising 
therapeutic target for patients with ccRCC.
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