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Abstract. Prostate cancer is a main health risk for males 
with a high incidence and mortality. The present study aimed 
to examine the effects of long non‑coding RNA (lncRNA) 
MIR4435‑2HG binding with ST8SIA1 on the proliferation, 
invasion and migration of prostate cancer cells via the acti‑
vation of the FAK/AKT/β‑catenin signaling pathway. The 
expression of MIR4435‑2HG and ST8SIA1 in prostate cancer 
cell lines, and the transfection efficacy were analyzed by 
RT‑qPCR. The proliferation, clone formation ability, and the 
invasion and migration of transfected cells were detected by 
CCK‑8 assay, clone formation assay, Transwell assay and wound 
healing assay, respectively. Plasmids were injected subcutane‑
ously into mice to construct a xenograft tumor model. The 
expression levels of proteins related to proliferation, apoptosis, 
invasion and migration, and the FAK/AKT/β‑catenin pathway 
were detected by western blot analysis. The results revealed 
that MIR4435‑2HG expression was increased in the prostate 
cancer cell lines and MIR4435‑2HG expression was the 
highest in the PC‑3 cells. Interference with MIR4435‑2HG 
inhibited the proliferation, clone formation ability, and the 
invasion and migration of PC‑3 cells, as well as tumor growth 
by suppressing the activation of the FAK/AKT/β‑catenin 
signaling pathway. MIR4435‑2HG was demonstrated to target 
ST8SIA1. ST8SIA1 expression was also increased in the pros‑
tate cancer cell lines and MIR4435‑2HG expression was the 

highest in the PC‑3 cells. Interference with ST8SIA1 inhibited 
the promoting effects of MIR4435‑2HG on the proliferation, 
invasion and migration of PC‑3 cells, as well as tumor growth 
by suppressing the activation of the FAK/AKT/β‑catenin 
signaling pathway. On the whole, the present study demon‑
strates that interference with MIR4435‑2HG, combined with 
ST8SIA1, inhibits the proliferation, invasion and migration 
of prostate cancer cells in vitro and in vivo by blocking the 
activation of the FAK/AKT/β‑catenin signaling pathway.

Introduction

Prostate cancer has the second highest incidence and fifth 
highest mortality rates among all malignancies affecting males 
worldwide. According to the global cancer data reported in 
2018, the number of new prostate cancer cases worldwide was 
estimated to be ~1,276,106 annually, accounting for 13.5% of 
all new cases of male cancer in with a corresponding mortality 
rate of 6.7% (1). The incidence rate of prostate cancer in China 
has also been increasing annually and this disease has become 
one of the problems affecting the health of males in China. 
In recent years, the incidence rate of prostate cancer is 6th 
among malignant tumors affecting males, whereas it is mainly 
distributed in the age group >60 years and reaches a peak 
in the age group of 80 years (2). The 5‑year survival rate of 
patients with advanced prostate cancer is ~30% compared 
with the 5‑year survival rate of >99% for localized or locally 
advanced prostate cancer (3).

Long non‑coding RNAs (lncRNAs) have been exten‑
sively investigated with regard to their involvement in tumor 
progression. Recently, it was reported that multiple lncRNAs 
play an important role in prostate cancer  (4‑8). lncRNA 
MIR4435‑2HG, also known as LINC00978, has been shown to 
be highly expressed in hepatocellular carcinoma, bladder, lung 
and gastric cancer (9‑12). The knockdown of MIR4435‑2HG 
expression has been shown to inhibit the proliferation, inva‑
sion and migration of lung and bladder cancer cells (9,10). 
A previous study demonstrated that lncRNA MIR4435‑2HG 
induced β‑catenin expression in gastric cancer cells by 
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combining with desmoplakin to promote their proliferation, 
invasion and migration (11). MIR4435‑2HG has been shown 
to promote the proliferation and metastasis of hepatocellular 
carcinoma cells (12).

Starbase (http://starbase.sysu.edu.cn/index.php) has 
predicted that MIR4435‑2HG targets ST8SIA1. ST8SIA1 
expression has been found to be increased in breast cancer 
tissues and cells, and its inhibition completely suppresses 
tumor growth in vivo and the metastasis of triple‑negative 
breast cancer cells (13). ST8SIA1 has been shown to be highly 
expressed in colorectal cancer tissues and HCT‑8/5‑FU cells 
and it can promote the proliferation, invasion and migration 
of colon cancer cells (14). However, the expression levels and 
role of ST8SIA1 in prostate cancer cells remain unknown. 
In addition, ST8SIA1 activates the FAK/AKT/mammalian 
target of rapamycin (mTOR) signaling pathway to promote 
the progression of breast cancer  (13). The AKT/β‑catenin 
signaling pathway is a classic cancer‑promoting signaling 
pathway (15‑17).

Therefore, the aim of the present study was to examine the 
effects of miR4435‑2HG binding to ST8SIA1 on the prolif‑
eration, invasion and migration of prostate cancer cells and to 
explore the associated mechanism of action mediated by the 
activation of the FAK/AKT/β‑catenin signaling pathway.

Materials and methods

Cells and cell culture. The prostate cell line, WPMY‑1 
(CRL‑2854), and the prostate cancer cell lines, VCaP 
(CRL‑2876), LNCaP (CRL‑1740), DU145 (HTB‑81) and PC‑3 
(CRL‑1435), were purchased from the American Type Culture 
Collection (ATCC). The prostate cell line was cultured in 
KSLM medium containing 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.) and the prostate cancer cell lines were cultured 
in RPMI‑1640 medium containing 10% FBS in an incubator 
at 37˚C in the presence of 5% CO2 and saturated humidity.

Cell transfection. When the cells reached 80% confluency, they 
were transfected with the plasmids containing pcDNA‑nega‑
tive control (NC) (5 nM) and pcDNA‑miR4435‑2HG (5 nM) 
(Invitrogen; Thermo Fisher Scientific, Inc.) and the sequences 
short hairpin (sh)RNA‑NC (5 nM), shRNA‑miR4435‑2HG‑1 
(5 nM), shRNA‑miR4435‑2HG‑2 (5 nM), shRNA‑ST8SIA1‑1 
(5 nM) and shRNA‑ST8SIA1‑2 (5 nM) (Guangzhou RiboBio 
Co., Ltd.) using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). After 24 h of transfection, subsequent 
experiments were conducted.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
The TRIzol® kit was used to extract total RNA from the prostate 
cancer cells and the reverse transcription kit (TransGen Biotech 
Co., Ltd.) was used to reverse transcribe this into cDNA. The 
AceQ qPCR SYBR‑Green Master Mix (Bio‑Rad Laboratories, 
Inc.) was used for the qPCR reaction. The thermocycling condi‑
tions were as follows: initial denaturation at 96˚C for 4 min; 
followed by 40 cycles of denaturation at 95˚C for 20 sec, annealing 
at 60˚C for 30 sec and extension at 72˚C for 30 sec. The primer 
sequences were as follows: lncRNA MIR4435‑2HG forward, 
5'‑GGA​AGT​GGT​GGC​TAT​GAG​TCA​G‑3' and reverse, 5'‑TGT​
CAA​TTT​GAA​ACT​TAA​AAA​GCA​G‑3'; ST8SIA1 forward, 

5'‑TAC​TCT​CTC​TTC​CCA​CAG​G‑3' and reverse, 5'‑GAC​AAA​
GGA​GGG​AGA​TTG​C‑3'; GAPDH forward, 5'‑CAT​GAG​AAG​
TAT​GAC​AAC​AGC​CT‑3' and reverse, 5'‑AGT​CCT​TCC​ACG​
ATA​CCA​AAG​T‑3'. GAPDH was used as an internal refer‑
ence to calculate the expression levels of miR4435‑2HG and 
ST8SIA1 mRNA using the 2‑ΔΔCq method (18).

Cell Counting kit (CCK)‑8 assay. Following transfection for 
24 h, the prostate cancer cells were seeded into 96‑well plates 
at a density of 4x103 cells/well and cultured for 24, 48 and 72 h. 
A total of 10 µl CCK‑8 solution was added to each well and 
the plate was incubated at 37˚C for 4 h. The absorbance value 
was measured at 450 nm using a microplate reader (Multiskan 
MK3; Thermo Fisher Scientific, Inc.).

Colony formation assay. Following transfection for 24 h, the 
prostate cancer cells were collected, resuspended in medium 
and seeded into single‑cell suspension. Subsequently, the 
cells were counted and their density was adjusted to 500 cells 
per well. Following seeding, the KSLM medium was added 
to each well to a total volume of 300 µl. Following 14 days of 
cell culture, the culture medium was removed and the cells 
were rinsed with PBS twice. A total of 200 µl and 1% crystal 
violet dye solution (Beyotime Institute of Biotechnology) was 
added to each well, which was fully covered at the bottom of 
the hole. Following 20 min of incubation at room tempera‑
ture, the plate was washed using tap water and dried for assay 
detection.

Wound healing assay. The prostate cancer cells were 
transfected, cultured for 24 h and collected. The cells were 
resuspended in serum‑free medium and incubated in a 6‑well 
plate (5x104) (the incubated cells were covered with a layer of 
the culture plate the following day) for 24 h. Following incuba‑
tion at room temperature for 24 h, the cells were scratched with 
a 200‑µl sterile pipette tip and washed with PBS thrice. The 
migration of the cells was observed and images were captured 
at 0 and 24 h using a light microscope (magnification, x100; 
Olympus Corporation).

Transwell assay. Matrigel was dissolved overnight at 4˚C 
and diluted in pre‑cooled serum‑free medium. A total of 
40 µl Matrigel was added to a pre‑cooled Transwell chamber, 
which was allowed to solidify following incubation for 2 h 
at 37˚C. The transfected cells (1x105) were mixed with 100 µl 
serum‑free DMEM and added to the upper chamber. A total 
of 600 µl complete medium was added to the lower chamber. 
Following incubation of the cells at 37˚C with 5% CO2 for 
24 h, the cells in the upper chamber were wiped using a cotton 
swab, fixed with 4% paraformaldehyde for 15 min, washed 
with PBS once, stained with crystal violet for 10 min at room 
temperature, washed with PBS again, imaged and counted 
under a light microscope (Olympus Corporation).

Western blot analysis. The transfected cells and tumor 
tissues were lysed in RIPA lysis buffer (CWBio) on ice 
for 30  min and the mixture was centrifuged for 15  min 
(4˚C, 14,000  x  g) to obtain the supernatant. Following 
quantitative analysis using a BCA kit (Beyotime Institute of 
Biotechnology), the proteins were separated on 10% sodium 
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dodecyl sulfate polyacrylamide gels by electrophoresis, 
transferred to polyvinylidene difluoride membranes and 
incubated with 5% non‑fat milk for 2 h at room temperature. 
Subsequently, the membranes were incubated with anti‑
bodies against matrix metalloproteinase (MMP)2 (ab92536; 
dilution, 1:1,000), MMP9 (ab76003; dilution, 1:1,000), Ki67 
(ab92742; dilution, 1:5,000), survivin (ab208938; dilution, 
1:1,000), β‑catenin (ab6302; dilution, 1:4,000), c‑MYC 
(ab32072; dilution, 1:1,000), cyclin D1 (ab16663; dilution, 
1:200), phosphorylated (p)‑FAK (ab81298; dilution, 1:1,000), 
p‑AKT (ab81298; dilution, 1:1,000) and GAPDH (ab9485; 
1:1,000) (all from Abcam) at 4˚C overnight. The following 
day, the membranes were incubated with a horseradish 
peroxidase‑labeled secondary antibody (#7074; 1:1,000; 
Cell Signaling Technology, Inc.) at room temperature for 1 h 
and visualized using ECL reagents (Research‑bio). Relative 
protein expression was quantified using Image‑Pro Plus soft‑
ware (version 6.0; Media Cybernetics, Inc.).

Xenograft model. A total of 20 male nude mice were grown 
for 6‑8 weeks with a weight of 18±2 g and were provided from 
Shanghai Jesijie Experimental Animal Co., Ltd. These mice 
were divided (n=5) randomly into the following 4 groups: 
shRNA‑MIR4435‑2HG, pcDNA‑miR4435‑2HG, pcDNA‑mi
R4435‑2HG + shRNA‑ST8SIA1 and the control. PC‑3 cells 
were suspended with PBS. A total of 200 µl (1x104 cells/µl) cell 
suspension was transplanted subcutaneously into the back of 
right forelimb of the mice. The body weight and tumor volume 
were recorded on days 1, 5, 10, 15 and 20. Tumor volume 
was calculated as follows: tumor volume = (length x width x 
width)/2. At the end of the experiment (day 20), the 20 mice 
were euthanized with pentobarbital sodium (165 mg/kg, i.p.) 
and death was confirmed by monitoring the heartbeat. The 
tumors were weighed, and the maximum tumor diameter 
and volume obtained were 1.1 cm and 800 mm3, respectively. 
All procedures were approved by the Animal Care and Use 
Committee of the First Affiliated Hospital of Naval Medical 
University.

RNA binding protein immunoprecipitation (RIP). The binding 
sites of MIR4435‑2HG and ST8SIA1 are predicted by Starbase 
(http://starbase.sysu.edu.cn/index.php). RIP assays were 
performed using the Magna RIP Kit (Millipore, Bedford, MA, 
USA) according to manufacturer's instructions. The prostate 
cancer cells were lysed with RIPA lysis buffer on ice. The 
lysate was incubated with magnetic beads conjugated with IgG 
antibody, which were pre‑cleaned with RIP washing buffer 
twice. RNA‑protein complexes were immunoprecipitated 
with the Pierce Magnetic RNA‑Protein Pull‑Down kit (Pierce; 
Thermo Fisher Scientific, Inc.). Total RNA was extracted 
using TRIzol® reagent and RT‑qPCR was performed to detect 
the expression levels of miR4435‑2HG.

Statistical analysis. SPSS 22.0 (IBM Corp.) software was 
used for statistical analyses. All the data are presented as the 
means ± standard deviation. Two‑group comparisons were 
analyzed with a Student's t‑test, while comparisons between 
multiple groups were analyzed by one‑way ANOVA with 
Tukey's post hoc test. A value of P<0.05 was considered to 
indicate a statistically significant difference.

Results

MIR4435‑2HG expression levels are increased in prostate 
cancer cell lines. The MI4435‑2HG expression levels were 
increased in the prostate cancer cell lines (VCaP, LNCaP, 
DU145 and PC‑3 cells) compared with those in the WPMY‑1 
cells. miR4435‑2HG expression was highest in the PC‑3 cells, 
and these cells were thus selected for use in subsequent 
experiments (Fig. 1).

Knockdown of MIR4435‑2HG expression inhibits the 
proliferation of prostate cancer cells. The MIR4435‑2HG 
expression levels were decreased in the PC‑3  cells trans‑
fected with shRNA‑MIR4435‑2HG‑1/2. The MIR4435‑2HG 
expression levels in the shRNA‑MIR4435‑2HG‑1  group 
were lower than those in the shRNA‑MIR4435‑2HG‑2 group 
and shRNA‑MIR4435‑2HG‑1 was thus selected for use 
in subsequent experiments (Fig.  2A). The knockdown of 
MIR4435‑2HG expression suppressed the viability (Fig. 2B) 
and the clone formation ability (Fig. 2C) of the PC‑3 cells.

Knockdown of MIR4435‑2HG expression inhibits the inva‑
sion and migration of prostate cancer cells. The knockdown 
of MIR4435‑2HG expression inhibited the migration (Fig. 3A 
and B) and invasion (Fig. 3C and D) of PC‑3 cells. In addi‑
tion, the knockdown of MIR4435‑2HG expression led to the 
downregulation of the expression levels of MMP2 and MMP9 
in PC‑3 cells (Fig. 3E).

Knockdown of MIR4435‑2HG expression inhibits the growth 
of prostate cancer cells in  vivo. The visual investigation 
of euthanized mice and of their corresponding tumors is 
presented in Fig. 4. The knockdown of MIR4435‑2HG expres‑
sion decreased the tumor weight on the 20th day (Fig. 5A), 
whereas it also caused a gradual decrease in the body weight 
of the mice resulting, in a decrease in the tumor volume from 

Figure 1. MIR4435‑2HG expression is increased in prostate cancer cell lines. 
MIR4435‑2HG expression in the prostate cell line (WPMY‑1 cells) and pros‑
tate cancer cell lines (VCaP, LNCaP, DU145 and PC‑3 cells) was detected by 
RT‑qPCR. ***P<0.001 vs. the WPMY‑1 cells.
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Figure 3. Interference with MIR4435‑2HG inhibits the invasion and migration of prostate cancer cells. (A and B) The migration of PC‑3 cells trans‑
fected with shRNA‑MIR4435‑2HG was analyzed by wound healing assay (magnification, x100). (C and D) The invasion of PC‑3 cells transfected with 
shRNA‑MIR4435‑2HG was analyzed by Transwell assay (magnification, x100). (E) The expression of MMP2 and MMP9 in PC‑3 cells transfected with 
shRNA‑MIR4435‑2HG was detected by western blot analysis. ***P<0.001 vs. control group; ###P<0.001 vs. shRNA‑NC group.

Figure 2. Interference with MIR4435‑2HG inhibits the proliferation of prostate cancer cells. (A) MIR4435‑2HG expression in PC‑3 cells transfected with 
shRNA‑MIR4435‑2HG‑1/2 was detected by RT‑qPCR. ***P<0.001 vs. control group; ###P<0.001 vs. shRNA‑NC group; ∆P<0.05 vs. shRNA‑MIR4435‑2HG‑1 
group. (B)  The proliferation of PC‑3 cells transfected with shRNA‑MIR4435‑2HG was analyzed by CCK‑8 assay. ***P<0.001  vs.  control group; 
###P<0.001 vs. shRNA‑NC group. (C) The clone formation ability of PC‑3 cells transfected with shRNA‑MIR4435‑2HG was examined by clone formation assay.
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the 1st to the 20th day (Fig. 5B and C). Moreover, the knock‑
down of MIR4435‑2HG expression suppressed the expression 
levels of Ki67, survivin, MMP2 and MMP9 in the tumor 
tissues (Fig. 5D).

Knockdown of MIR4435‑2HG expression inhibits the 
activation of the FAK/AKT/β‑catenin signaling pathway 
in vitro and in vivo. The knockdown of MIR4435‑2HG expres‑
sion in the transfected PC‑3 cells decreased the expression levels 
of β‑catenin, c‑MYC and cyclin D1 (Fig. 6A). The expression 
levels of β‑catenin, c‑MYC and cyclin D1 in the tumor tissues 
were also downregulated in the shRNA‑MIR4435‑2HG group 
compared to those of the control group (Fig. 6B).

MIR4435‑2HG binds to ST8SIA1 in prostate cancer cells. The 
binding sites of MIR4435‑2HG and ST8SIA1 are illustrated 
in Fig. 7A. RIP assay indicated that MIR4435‑2HG bound to 
ST8SIA1 in prostate cancer cells (Fig. 7B). ST8SIA1 expres‑
sion was also increased in the prostate cancer cells compared 
with the WPMY‑1 cells, whereas the highest expression 
was noted in the PC‑3 cells (Fig. 7C). The knockdown of 
MIR4435‑2HG expression suppressed the expression of 
ST8SIA1 (Fig. 7D).

Knockdown of ST8SIA1 expression inhibits the effects of 
MIR4435‑2HG on the proliferation of prostate cancer cells. 
MIR4435‑2HG expression was increased in the PC‑3 cells 
transfected with pcDNA‑MIR4435‑2HG (Fig. 8A), whereas 
ST8SIA1 expression was decreased in the PC‑3 cells trans‑
fected with shRNA‑ST8SIA1‑1/2. ST8SIA1 protein expression 

was lower in the shRNA‑ST8SIA1‑1 group compared with 
that in the shRNA‑ST8SIA1‑2  group (Fig.  8B), whereas 
ST8SIA1 mRNA expression in the shRNA‑ST8SIA1‑2 group 
demonstrated similar changes to those noted for the protein 
expression levels of the ST8SIA1 (Fig. 8C). MIR4435‑2HG 
overexpression promoted the proliferation of the PC‑3 cells, 
which was reversed following the knockdown of ST8SIA1 
expression (Fig. 8D).

Knockdown of ST8SIA1 expression inhibits the effects of 
MIR4435‑2HG on the invasion and migration of prostate 
cancer cells. The invasion and migration of the PC‑3 cells was 
observed by wound healing and the Transwell assays following 
cell transfection (Fig. 9A and B). MIR4435‑2HG overexpres‑
sion promoted the migration (Fig. 9C) and invasion (Fig. 9D) 
of PC‑3 cells, which was reversed following the knockdown 
of ST8SIA1 expression. MIR4435‑2HG overexpression also 
increased the levels of MMP2 and MMP9 in PC‑3  cells, 
which were reversed following the knockdown of ST8SIA1 
expression (Fig. 9E).

Knockdown of ST8SIA1 expression inhibits the effects of 
MIR4435‑2HG on the growth of prostate cancer cells in vivo. 
The visual investigation of euthanized mice and their tumors is 
presented in Fig. 10. MIR4435‑2HG overexpression increased 
tumor weight in the mice and the knockdown of ST8SIA1 
expression suppressed the effects of MIR4435‑2HG overex‑
pression on cell proliferation on day 20 (Fig. 11A). As the time 
period of treatment increased, the body weights (Fig. 11B) of 
the mice and their tumor volume (Fig. 11C) gradually increased 

Figure 4. Interference with MIR4435‑2HG inhibits the growth of prostate cancer cells in vivo. (A) The appearance of euthanized mice subcutaneously injected 
with PC‑3 cells transfected with shRNA‑MIR4435‑2HG. (B) Tumor appearance.
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in the pcDNA‑MIR4435‑2HG group. The increase noted in the 
pcDNA‑MIR4435‑2HG + shRNA‑ST8SIA1 group was lower 
than that in the pcDNA‑MIR4435‑2HG group. MIR4435‑2HG 
overexpression also promoted the expression of KI67, 
survivin, MMP2 and MMP9 in the tumor tissues, whereas the 
knockdown of ST8SIA1 expression attenuated the effects of 
MIR4435‑2HG overexpression (Fig. 11D).

MIR4435‑2HG overexpression activates the FAK/AKT/β-
catenin signaling pathway, which is inhibited following the 
knockdown of ST8SIA1 expression. MIR4435‑2HG overex‑
pression caused an upregulation in the expression levels of 
p‑FAK, p‑AKT, β‑catenin, c‑MYC and cyclin D1, which was 

inhibited following the knockdown of ST8SIA1 expression in 
PC‑3 cells (Fig. 12A) and in tumor tissues (Fig. 12B).

Discussion

Prostate cancer is a malignant disease, which affects the health 
of male patients. It is not easily diagnosed due to the lack of 
specific tumor markers present in the early stages of the disease. 
Therefore, effective treatment is not usually applied at an early 
stage and the disease rapidly progresses (19). The prolifera‑
tion and invasion of the cells in malignant tumors remains a 
major obstacle in the treatment process of this disease. The 
reduction in the proliferative and invasive rate is conducive to 

Figure 5. Interference with MIR4435‑2HG inhibits the growth of prostate cancer cells in vivo. (A) Tumor weight. (B) Mouse body weight changing from the 1st 
to the 20th day. (C) Tumor volume changing from 1st to the 20th day. (D) The expression of KI67, survivin, MMP2 and MMP9 in tumor tissues was detected 
by western blot analysis. **P<0.01 and ***P<0.001 vs. control group.
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Figure 6. Interference with MIR4435‑2HG inhibits the activation of FAK‑AKT‑β‑catenin signaling pathway in vitro and in vivo. (A) The expression of 
β‑catenin, c‑MYC and cyclin D1 in PC‑3 cells transfected with shRNA‑MIR4435‑2HG was detected by western blot analysis. *P<0.05 and **P<0.01 vs. control 
group; #P<0.05 and ##P<0.01 vs. shRNA‑NC group. (B) The expression of β‑catenin, c‑MYC and cyclin D1 in tumor tissues of mice subcutaneously injected 
with PC‑3 cells transfected with shRNA‑MIR4435‑2HG was detected by western blot analysis. ***P<0.001 vs. control group.

Figure 7. MIR4435‑2HG binds to ST8SIA1 in prostate cancer cells. (A) The binding sites of MIR4435‑2HG and ST8SIA1. (B) MIR4435‑2HG was combined 
with ST8SIA1. ***P<0.001 vs. control group. (C) ST8SIA1 expression in a prostate cell line (WPMY‑1 cells) and prostate cancer cell lines (VCaP, LNCaP, 
DU145 and PC‑3 cells) detected by RT‑qPCR. ***P<0.001 vs. WPMY‑1 group. (D) ST8SIA1 expression in PC‑3 cells transfected with shRNA‑MIR4435‑2HG 
detected by RT‑qPCR. ***P<0.001 vs. control group; ###P<0.001 vs. shRNA‑NC group.
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the remission of the disease. Therefore, research on the targets 
genes that can reduce the proliferation and invasion of the cells 
may result in the treatment of this disease (20).

lncRNAs affect the proliferation, invasion and migration 
of multiple cancer types. MIR4435‑2HG expression has been 
shown to be upregulated in gastric cancer (21), hepatocellular 
carcinoma (22), glioblastoma (23), colorectal cancer (24) and 
oral squamous cell carcinoma  (25). This elevated expres‑
sion promotes the proliferation, invasion and migration of 
the aforementioned cancer cell types. In the present study, 
MIR4435‑2HG expression was also found to be elevated in 
prostate cancer cells, and the knockdown of its expression 
inhibited the proliferation, clone formation ability, invasion 
and migration of PC‑3 cells in vitro as well as their tumor 
growth in vivo.

ST8SIA1 is also known as ganglioside GD3 synthase 
(GD3s) (26,27). It has been reported that ST8SIA1 is highly 
expressed in tumors. Yamashiro  et  al  (28) examined the 
expression levels of ST8SIA1 in different tumor cell lines 
and found that it was highly expressed in melanoma, neuro‑
blastoma and glioma cells. ST8SIA1 has also been shown 
to be highly expressed in triple‑negative breast cancer (29). 
Previous studies have demonstrated that ST8SIA1 promotes 
the development of tumors by modulating GD3 and GD2 
and by various other mechanisms of action. Cazet et al (30) 
demonstrated that ST8SIA1 overexpression induced the accu‑
mulation of GD2 and GD3 on the surface of MDA‑MB‑231 
breast cancer cells, while it activated the downstream 
MEK/ERK and PI3K/Akt signaling pathways by activating 
C‑MET, which in turn promoted the proliferation of tumor 

Figure 8. Interference with ST8SIA1 inhibits the promoting effects of MIR4435‑2HG on the proliferation of prostate cancer cells. (A) MIR4435‑2HG expres‑
sion in PC‑3 cells transfected with pcDNA‑MIR4435‑2HG detected by RT‑qPCR. ***P<0.001 vs. control group; ###P<0.001 vs. pcDNA‑NC group. (B) ST8SIA1 
protein expression in PC‑3 cells transfected with shRNA‑ST8SIA1‑1/2 detected by western blot analysis. ***P<0.001 vs. control group; ###P<0.001 vs. shRNA‑NC 
group; ∆P<0.05 vs. shRNA‑ST8SIA1‑1 group. (C) ST8SIA1 mRNA expression in PC‑3 cells transfected with shRNA‑ST8SIA1‑1/2 detected by RT‑qPCR. 
***P<0.001 vs. control group; ###P<0.001 vs. shRNA‑NC group; ∆∆P<0.01 vs. shRNA‑ST8SIA1‑1 group. (D) The proliferation of PC‑3 cells transfected with 
pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 was analyzed by CCK‑8 assay. **P<0.01 and ***P<0.001 vs. control group; ###P<0.001 vs. pcDNA‑NC group. 
∆∆P<0.01 and ∆∆∆P<0.001 vs. pcDNA‑MIR4435‑2HG + shRNA‑NC group.
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Figure 10. Interference with ST8SIA1 inhibits the promoting effects of MIR4435‑2HG on the growth of prostate cancer cells in vivo. (A) The appearance of 
euthanized mice subcutaneously injected with PC‑3 cells transfected with pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1. (B) Tumor appearance.

Figure 9. Interference with ST8SIA1 inhibits the promoting effects of MIR4435‑2HG on the invasion and migration of prostate cancer cells. (A) Microscope 
images reflecting migration of PC‑3 cells transfected with pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 (magnification, x100). (B) Microscope images 
reflecting the invasion of PC‑3 cells transfected with pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 (magnification, x100). (C) The migration of PC‑3 cells 
transfected with pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 was detected by wound healing assay. (D) The invasion of PC‑3 cells transfected with 
pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 was detected by Transwell assay. (E) The MMP2 and MMP9 in PC‑3 cells transfected with pcDNA‑MIR4435‑2HG 
and shRNA‑ST8SIA1 was examined by western blot analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. control group; ###P<0.001 vs. pcDNA‑NC group. ∆P<0.05 
and ∆∆∆P<0.001 vs. pcDNA‑MIR4435‑2HG + shRNA‑NC group.
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cells. Moreover, ST8SIA1 stimulates the proliferation of 
melanoma cells (31). In SK‑MEL‑2 melanoma cells, NF‑κB 
regulates the transcriptional activity of ST8SIA1 and affects 
the concentration of GD3 acting as a tumor suppressor (32). 
In the present study, ST8SIA1 expression was increased in 
prostate cancer cells and the knockdown of its expression 
impaired the role of MIR4435‑2HG by suppressing the 

proliferation, invasion and migration of PC‑3 cells in vitro 
and their tumor growth in vivo.

FAK signaling plays a role in cell adhesion, migration 
and metastasis (33). FAK regulates various cellular activities 
including cell survival, adhesion, proliferation and migration by 
activating several signal transducers, such as PI3K, AKT and 
mTOR (34,35). The knockdown of ST8SIA1 expression inhibits 

Figure 11. Interference with ST8SIA1 inhibits the promoting effects of MIR4435‑2HG on the growth of prostate cancer cells in vivo. (A) Tumor weight. 
(B) Mouse body weight changes from the 1st to the 20th day. (C) Tumor volume changing from the 1st to the 20th day. (D) The expression of KI67, survivin, 
MMP2 and MMP9 in tumor tissues was detected by western blot analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. control group; #P<0.05 and ###P<0.001 
vs. pcDNA‑MIR4435‑2HG group.
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Figure 12. MIR4435‑2HG overexpression activates the FAK/AKT/β‑catenin signaling pathway, which is inhibited by interference with ST8SIA1. (A) The 
expression of β‑catenin, c‑MYC and cyclin D1 in PC‑3 cells transfected with pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 was detected by western blot 
analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. control group; ###P<0.001 vs. pcDNA‑NC group. ∆P<0.05, ∆∆P<0.01 and ∆∆∆P<0.001 vs. pcDNA‑MIR4435‑2HG + 
shRNA‑NC group. (B) The expression of β‑catenin, c‑MYC and cyclin D1 in tumor tissues of mice subcutaneously injected with PC‑3 cells transfected with 
pcDNA‑MIR4435‑2HG and shRNA‑ST8SIA1 was detected by western blot analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and 
###P<0.001 vs. pcDNA‑MIR4435‑2HG group.
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FAK/AKT/ERK/mTOR signaling in order to regulate the activity 
of breast cancer stem‑like cells in triple‑negative breast cancer 
(TNBC) (13). ST8SIA1 inhibition has been shown to suppress 
the FAK/Akt/mTOR pathway in chemoresistant TNBC cells 
and ST8SIA1 inhibition can cause the β‑catenin degradation and 
subsequent reduction of Wnt/β‑catenin activity. In addition, a 
previous study reported the decreased phosphorylation of FAK at 
Y861, Akt at Ser473 and mTOR at Ser2448 in ST8SIA1‑depleted 
MDA‑MB‑231‑dox‑r and BT 549‑pac‑r cells  (36). In the 
present study, the knockdown of ST8SIA1 also suppressed the 
FAK/Akt/β‑catenin signaling pathway. p‑AKT activates its 
downstream molecules. It can thus be hypothesized that the phos‑
phorylation of FAK at Y861, Akt at Ser473 and mTOR at Ser2448 
is also regulated by ST8SIA1; the authors aim to investigate this 
in future studies, as their functions are closely associated with 
tumor invasion and metastasis. The inhibition of AKT activation 
reduces the invasive and metastatic activities of multiple types 
of tumor cells (37). An increased AKT activity may increase the 
expression of the β‑catenin protein in tumor cells and promote 
its nuclear entry and transcriptional activity, which accelerates 
the migration and invasion of tumor cells (38). The present study 
demonstrated that the in vitro proliferation, invasion and migra‑
tion of PC‑3 cells and tumor growth in vivo were suppressed by 
the inhibition of the FAK/AKT/β‑catenin signaling pathway. 
It was hypothesized that there may be other existing pathways 
through which MIR4435‑2HG regulates FAK‑AKT‑β‑catenin. 
MIR4435‑2HG has been found to target miR‑330; miR‑330 has 
been demonstrated to regulate the PKC expression (39). miR‑330 
has been demonstrated to regulate the development of prostate 
cancer (40,41). According to KEGG pathway analysis, the PKC 
gene is the upstream gene of FAK. MIR4435‑2HG/miR‑330/FAK 
upstream gene (PKC) may be the other pathway through which 
MIR4435‑2HG regulates FAK/AKT/β‑catenin. In future studies, 
the authors aim to verify the combination of MIR4435‑2HG 
and miR‑330 and explore the mechanisms through which 
MIR4435‑2HG regulates miR‑330 expression. In the future, the 
authors also aim to investigate the effects of changes in miR‑330 
expression on the FAK/AKT/β‑catenin pathway.

In conclusion, the present study demonstrated that the 
knockdown of MIR4435‑2HG expression inhibited the prolif‑
eration, invasion and migration of prostate cancer cells in vitro 
and in vivo, whereas the knockdown of ST8SIA1 expression 
inhibited the effects of miR4435‑2HG on the in vitro prolif‑
eration, invasion and migration of PC‑3 cells and on the 
in vivo tumor growth by suppressing the FAK/AKT/β‑catenin 
signaling pathway.
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