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Abstract
Background: Docetaxel is the preferred chemotherapeutic agent for patients with hormone-refractory PCa.
LncRNAs play important roles in the development of docetaxel resistance in patients with PCa. We
evaluated the effects of the lncRNA LINC00313 on growth and metastasis in docetaxel-resistant PCa
cells, and the molecular mechanisms underlying these effects.

Methods: The mRNA dataset (GSE102124 and GSE55945) and lncRNA dataset (GSE115414) were
downloaded from the GEO database. The DEGs were identi�ed using the “R package limma”. WGCNA
were performed to identify the modules and genes associated with PCa. A PPI network was constructed
using the STRING database and visualized using Cytoscape. The Cytohubba plug-in was used to identify
the hub genes and cytoNCA plug-in was used to identify the highest linkage hub genes. Based on lncRNA-
miRNA pairs and miRNA-mRNA pairs using StarBase and TargetScan databases, a ceRNA network was
constructed. Functional analysis was performed via GO, GSEA, and GSVA analysis. Cell proliferation,
apoptosis, cell cycle progression, migration, and invasion were evaluated by CCK-8, colony formation,
�ow cytometry, transwell, and wound healing assays. RT-PCR, western blot, and immunohistochemistry
were used to evaluate mRNA and protein expression. The oncogenicity of LINC00313 in docetaxel-
resistant PCa cells was determined by tumor transplantation in nude mice. Luciferase reporter and RNA
pull-down assays were used to evaluate interactions between LINC00313 and miR-19a-3p as well as
between miR-19a-3p and PTEN.

Results: LINC00313-miR-19a-3p-PTEN was a core network of ceRNA network. Cox regression analysis
identi�ed LINC00313 as an independent prognostic variable for OS in patients with PCa. LINC00313
overexpression in docetaxel-resistant PCa cells suppressed proliferation, invasion, and migration, and
induced apoptosis and cell cycle arrested at the G1 phase. These changes were related to changes in
cyclinD1, p27, Ki67, Bax, Bcl-2, caspase-3/9, E-cadherin, N-cadherin, Vimentin, and MMP-2 expression.
Animal experiments showed that LINC00313 silencing promoted tumor formation. Co-transfection with
LINC00313‐WT and miR-19a-3p mimic reduced luciferase activity, and co-transfection with PTEN‐WT and
LINC00313 increased luciferase activity. The effects of LINC00313, including increased PTEN, decreased
PIP3 expression, and the inhibition of proliferation and metastasis in docetaxel-resistant PC cells, were
abolished by miR-19a-3p mimic.

Conclusion: LINC00313 overexpression suppressed the proliferation and metastasis of docetaxel-
resistant PC cells by competitively binding to miR-19a-3p to regulate PTEN expression and inhibit the
activation of the PI3K/Akt signaling pathway.

Introduction
PCa is a serious health issue, particularly in elderly men. The incidence of PCa in China is increasing
rapidly, and many patients exhibit distant invasion and metastasis [1]. Standard endocrine castration
therapy (androgen deprivation therapy) is the �rst-line treatment [2]. However, most patients eventually
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progress to CRPC. Various mechanisms may explain this progression, including (1) abnormal expression
of apoptosis-related genes, oncogenes, tumor suppressor genes, and signaling pathways; (2) presence of
tumor stem cells; (3) androgen receptor variation; (4) androgen receptor hyperactivation; and (5) ligand-
independent androgen receptor activation [3–5]. However, the speci�c mechanism is still unclear.

CRPC remains a challenge with respect to clinical treatment. Paclitaxel [6], docetaxel [7], and cabazitaxel
[8] are used as �rst-line chemotherapy and androgen receptor-targeted drugs (enzalutamide and
abiraterone) are used as second-line drugs. However, about 1% of the patients are insensitive to these
therapies. On average, about 24 months after the development of drug resistance (primary resistance),
PCa worsens, and acquired resistance eventually develops [9]. Therefore, detailed analyses of the
mechanism underlying the development of drug resistance in PCa, and the identi�cation of key cellular
signal transduction pathways are urgently needed for the development of a new therapeutic strategy.

LncRNAs are a class of untranslated transcripts that are more than 200 bp in length. They are widely
found in eukaryotic cells and can affect tumor cell proliferation, growth, and angiogenesis via
transcriptional activation and interference, genomic imprinting, X-chromosome silencing, regulation of
proto-oncogene activation, chromatin modi�cation, and intranuclear transport [10–17]. LncRNAs
contribute to the occurrence and progression of PCa by regulating the cell cycle, Toll-like receptors,
epithelial–mesenchymal transformation, and drug resistance development [18, 19]. LINC00313 is
overexpressed in thyroid carcinoma and its downregulation inhibits the proliferation, migration, and
invasion of thyroid cancer cells by inhibiting the activation of the Akt/mTOR signaling pathway [20].
LINC00313 acts as an oncogene in papillary thyroid cancer by sponging miR-4429 and is recognized as a
differentially expressed lncRNA in early-stage lung cancer [21, 22]. These previous studies clearly
establish the relationship between LINC00313 and cancer. Furthermore, studies have shown that
LINC00313 is a member of the lncRNA-miRNA-mRNA network in PC [23]. However, detailed analyses of
LINC00313 have focused on thyroid cancer and papillary thyroid cancer, and little is known about its roles
in other cancers. An analysis based on GEO database has shown that LINC00313 is a differentially
expressed lncRNA in PCa, and downregulation in tumor tissues. Therefore, in this study, the roles and
mechanism of action of LINC00313 were comprehensively evaluated in PCa.

Materials And Methods
Microarray data and Differential expression analysis

The microarray data of a lncRNA expression pro�les were collected from the GEO database (GSE115414)
and the microarray data of two mRNA expression pro�les (GSE55945 and GSE102124) were collected
from the GEO database. We used the Limma R package to explore the signi�cantly differentially
expressed genes between tumorous and normal tissues. The cut-off value was |log2FC| >1 and FDR
<0.05 (FC, fold change; FDR, false discovery rate). Due to the public availability of data on the GEO
database, ethical approval or informed consent was not required for this study.

Ethics statement
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Approval of this study protocol was obtained from the Ethics Committee of Zhujiang Hospital, Southern
Medical University, and written informed consent was provided from all subjects. All experiments were
performed in accordance with the relevant guidelines and regulations of Zhujiang Hospital, Southern
Medical University. This study conformed to the principles outlined in the Declaration of Helsinki adopted
by the World Medical Association's General Assembly.

Predictions of target miRNA and miRNA target genes

The Starbase and miRbase databases were used to predict target miRNAs, their miRNA binding sites and
the structure of miRNA. Interactions between miRNA and mRNA were predicted based on the Starbase
database. Moreover, intersections with the DEGs were identi�ed to screen out the hub genes targeted by
the potential target miRNAs. Only one target mRNA recognized was considered as candidate mRNAs.

Construction of the CeRNA network

The lncRNA-miRNA-mRNA regulatory network was constructed by using a combination of lncRNA-miRNA
pairs and miRNA-mRNA pairs and visualized by Cytoscape 3.6.1.

Prediction of target miRNA and mRNA

StarBase V2.0 database (http://starbase.sysu.edu.cn/starbase2/index.php) is used to predict the target
miRNAs of LINC00313 and TargetScan 7.2 (http://www.targetscan.org/vert_72/) is used to predict the
target mRNAs of miR-19a-3p.

GO functional analysis

The DEGs were evaluated by GO annotation using clusterPro�ler package in R. P value <0.05 served as
the cut-off point to assess the functional pathways.

Gene functional analysis

GSEA is a computational method for assessing whether a set of genes de�ned by a priori show
statistically signi�cant, consistent differences between two biological states. GSEA was performed to
analyze the enrichment of datasets between control group and experiment group. A false discovery rate
(FDR) <25% and nominal P-value <5% were set as the cut-off criteria. In addition, GSVA was used to �nd
the most relevant pathways of hub genes, according to the gene sets �les from the KEGG databases.

PPI network construction and hub genes selection

The STRING database (http://string-db.org/) provides a signi�cant association of protein‐protein
interactions (PPIs). Cytoscape is used for the visual exploration of interaction networks. In this study, DEG
PPI networks were analyzed by the STRING database and subsequently visualized by using Cytoscape.
The cutoff criterion was set as a combined score >0.4. The plug-in CytoHubba of Cytoscape was used to
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identify the top 10 hub genes according to ‘Degree’ method. In addition, other add-ins of Cytoscape,
CytoNCA, was employed to discover the highest linkage hub genes in the network

Patients and tissue samples

A total of 82 prostate cancer patients admitted to Zhujiang Hospital, Southern Medical University
between 2015 and 2018, were included in this study. All patients had undergone a radical prostatectomy,
and had not received chemotherapy, radiation therapy or androgen-deprivation treatment. Prostate cancer
tissue samples were placed into 10% buffered formalin, and then subjected to gradient dehydration, wax
dipping and embedding. Sections (5-µm thick) of each sample were placed on glass slides, dewaxed,
dehydrated and stained with hematoxylin-eosin. All para�n-embedded tissues for each sample were
subject to histopathological examination by hematoxylin-eosin staining. The histopathological grading of
samples for all cases was performed by experienced pathologists on hematoxylin-eosin stained sections
to con�rm diagnosis and tumor content as >70% prostate cancer cells in the tissue samples. The
clinicopathological and demographic data pre- and post-operation were preserved in medical records. The
biochemical and clinicopathological parameters for each patient, including clinical stage, Gleason score,
margin status, angiolymphatic invasion status, seminal vesicle invasion status and biochemical
recurrence were all recorded. The summary of clinicopathological characteristics for all patients is
presented in Table 1. The biochemical recurrence (BCR) is a surrogate endpoint when prostate-speci�c
antigen (PSA) levels are ≥0.2 ng/ml in the patient's serum following surgical treatment. The date of
prostatectomy was recognized as the beginning of the follow-up period. Any patients that did not survive
due to unexpected events or diseases other than prostate cancer were excluded from the study. The
primary prostate cancer tissues and paired noncancerous prostate tissues from 82 cases were collected
and frozen in liquid nitrogen and stored at −80°C prior to use.

Cell Culture

Human prostate cell lines, LNcap, PC3 and DU145 were originally obtained from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Cells were maintained in RPMI 1640 medium (Gibco, Rockville,
MD, USA) supplemented with 10% fetal bovine serum (Sigma Aldrich, Oakville, ON) and 100 U/ml of
penicillin/streptomycin (Life Technologies, Burlington, ON) at 37℃ in a humidi�ed atmosphere with 5%
CO2. Docetaxel was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO).

Establishment of Dox-resistant cells

Dox-resistant cells PC3-DR and DU145-DR were incubated from parental PC3 and DU145 cells under
continuous exposure to Dox with gradually increasing concentrations of docetaxel from 5 nM to 200 nM
in the culture medium. Brie�y, PC3 and DU145 cells were incubated �rst with 5 nM Dox for 2 days
followed by incubation in the absence of Dox until the Dox-sensitive clones died. Then, survivable cells
were cultured in the presence of 10 nM Dox. The same procedure was repeated until cells that were viable
at 200 nM Dox were obtained. The surviving cells repopulated and after 10 months, the cells dividing
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freely in 10 nM and 200 nM Dox-containing media were considered as resistant cell lines and labeled as
“PC3-DR” and “DU145-DR,” respectively.

Cell transfections

Vectors expressing LINC00313 and PTEN were constructed by GenePharma (Shanghai, China). Empty
vectors were also purchased from GenePharma. Small interfering (si) RNA targeting LINC00313#1 or
LINC00313#2 and siPTEN and nontargeting negative control (siNC) were obtained from GenePharma
(Shanghai, China). MiR-19a-3p mimic, miR-19a-3p inhibitor and scrambled negative control miRNA (miR
Ctrl mimic/inhibitor) were purchased from Sigma‐Aldrich. Cell transfections were performed using
Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA) with all operations performed in strict accordance
with manufacturer's instructions. Cells were transfected with 15 nM vectors, 20 nM siRNAs and 40 nM
miRNAs, respectively, when cells reached 30-50% con�uence. After 48 hours of transfection using
Lipofectamine 2000 (Life Technologies) according to the manufacturer’s protocol.

Flow cytometry analysis for cell cycle

Flow cytometry was applied to evaluate cell cycle progression. Brie�y, 2 × 105 cells were placed into 6-
well plates and incubated for 48 hours. Subsequently, cells were collected, washed three times with ice‐
cold PBS, �xed with ice‐cold 70% ethanol overnight and stained using propidium iodide. Finally, cell cycle
was evaluated using the FACSVerse �ow cytometer (Becton Dickinson). All the experiments were
performed in triplicates.

Western blot assays

Proteins were extracted from clinical tissue samples and culturing cells using the RIPA buffer
supplemented with proteinase inhibitor cocktail (Pierce Biotechnology, IL, USA) according to the
manufacturer's protocols. Protein concentrations were determined using the BCA Protein Assay Kit
(Pierce). Extracted proteins were isolated using 10% SDS‐polyacrylamide gel electrophoresis and then
transferred onto the PVDF membranes, followed by 5% nonfat milk blocking. Afterward, the membranes
were probed using primary antibodies. The primary antibodies were listed as followed: anti-cyclinD1, anti-
p27, anti-Ki67, anti-Bax, anti-Bcl-2, anti-cleaved caspase-3/-9, anti-E-cadherin, anti-N-cadherin, anti-
Vimentin, anti-MMP2, anti-GAPDH, anti-PTEN, anti-PIP3, anti-PI3K, anti-AKT, anti- phosphorylation
(phosph)-PI3K, anti-phosph-AKT, and anti-GAPDHFollowing incubation with HRP-conjugated secondary
antibody, the blots were visualized using the ECL detection system (Amersham, Shanghai, China).

RT-PCR analysis

Total RNAs were collected from the patient specimens and cultured cells using TRIzol reagent (Thermo
Fisher Scienti�c, Inc.) according to the manufacturer's protocol. RNA (2 µg) was reversed transcribed into
cDNA using TaqMan™ Reverse Transcription reagents (Thermo Fisher Scienti�c, Inc.). The expression
levels of miRNA-19a-3p, PTEN, and LINC00313 were analyzed using the DyNAmo ColorFlash SYBR-Green
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qPCR kit (Thermo Fisher Scienti�c, Inc.) with the ABI Prism 7700 Sequence Detection system (Applied
Biosystems; Thermo Fisher Scienti�c, Inc.). U6 and GAPDH were used as the internal controls. The
sequences of the primers were listed in Table 2. The reaction conditions were: 95°C for 30 sec, followed
by 40 cycles of 95°C for 3 sec and 60°C for 34 sec. The relative expression of target genes was calculated
using the 2−ΔΔCq method.

Cell viability assay

After transfection, CCK-8 assay was performed to detect cell proliferation. Cells were collected and cell
suspensions with a cell density of 6 × 104 cells per ml were prepared. Each well of a 96-well plate was
�lled with a 0.1-mL cell suspension containing 6 × 103 cells and cells were cultured in an incubator (37°C,
5% CO2). CCK-8 solution (10 uL, Sigma-Aldrich) was added 24, 48, 72, and 96 h later. After that, cells were
cultured for an additional 4 h and OD values at 450 nM were measured using a Fisherbrand™ accuSkan™
GO UV/Vis Microplate Spectrophotometer (Fisher Scienti�c).

Cell apoptosis assay

After transfection, cell apoptosis assay was performed to detect cell apoptosis. Cells were mixed with
serum-free medium to prepare cell suspensions at a cell density of 6 × 104 cells per ml. We added 10 mL
of cell suspension into each well of a 6-well plate. Cells were cultured for 48 h, followed by digestion with
0.25% trypsin. Cells were then harvested and dissolved in DMEM medium. After centrifugation at 1000 g
for 5 min, cells were stained with Annexin V-FITC (Dojindo, Japan) and propidium iodide (PI), followed by
�ow cytometry to detect apoptotic cells.

Colony formation assay

Transfected cells were seeded into 12-well plates at a density of 1000 cells/ml (2 mL per well). After
14 days culture, the cells were washed with PBS and then �xed with 3.7% methanol for 15 min and
stained with 0.1% crystal violet for 30 min at room temperature. Clones with > 50 cells were counted, and
images of the colonies were captured by an inverted microscope (Leica, Germany).

RNA Pull-down

For the RNA pulldown assay, the Biotin RNA Labeling Mix (Roche, Basel, Switzerland) was used to
transcribe and label probe-control or probe-ATB from ATB shRNA lenti vector in vitro. An RNA structure
buffer (Thermo, MA, USA) was used to induce secondary structure formation from the biotin-labeled
RNAs. Streptavidin beads (Thermo) were washed three times with 500 μL of RNA immunoprecipitation
wash buffer (Thermo) and then added to the biotinylated RNAs at 4°C overnight. The overnight mixture
was separated by a magnetic �eld so that streptavidin bead-RNA complexes could be obtained. Then,
lysates of cells were added to the complexes and incubated on a rotator at room temperature for 1 h. The
incubated mixture was again separated with a magnetic �eld so that streptavidin bead-RNA-protein
complexes could be obtained.
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Dual-luciferase reporter gene assay

Luciferase vectors LINC00313 wild-type (WT) and LINC00313 mutant (MUT) were constructed by
Promega. Subsequently, the cells were seeded in 24-well plates and were transfected with the LINC00313
WT or LINC00313 MUT and miR-19a-3p mimic/inhibitor or a scramble using Lipofectamine 2000
(Thermo Fisher Scienti�c, Inc.). The luciferase activity in the transfected cells was analyzed using the
dual-luciferase assay system (Promega Corporation), following the manufacturer's protocol.

Luciferase vectors PTEN-WT and PTEN-MUT were constructed by Promega. Subsequently, the cells were
seeded in 24-well plates and were transfected with the PTEN WT or PTEN MUT and miR-19a-3p
mimic/inhibitor or a scramble using Lipofectamine 2000 (Thermo Fisher Scienti�c, Inc.). The luciferase
activity in the transfected cells was analyzed using the dual-luciferase assay system (Promega
Corporation), following the manufacturer's protocol.

In addition, the cells were seeded in 24-well plates and were transfected with the PTEN WT or PTEN MUT
and vectors expressing LINC00313/or vector using Lipofectamine 2000 (Thermo Fisher Scienti�c, Inc.).
The luciferase activity in the transfected cells was analyzed using the dual-luciferase assay system
(Promega Corporation), following the manufacturer's protocol.

Transwell Assay

For cell invasion analysis, transwell assay was performed in this study. The upper chamber is pre-treated
with 100 μL of Matrigel. The cells were seeded into the upper chamber in media with 1% FBS, and the
density was adjusted to about 1 × 106 cells per chamber. RPMI1640 medium with 10% FBS was added to
the lower chamber. After 24 h of incubation at 37°C, the transwell chamber was rinsed twice with PBS (5
min per time), �xed by 5% glutaraldehyde at 4°C and stained with 0.1% crystal violet for 30 min. The
transwell chamber was washed twice with PBS and then observed under a microscope. The number of
cells invading the Matrigel was regarded to be a re�ection of the invasion ability.

Wound healing assay

Cells were seeded in a 6-well plate with 5.0 × 105 cells/well. An arti�cial wound was created in the
con�uent cell monolayer using a 200 μL pipette tip. Wound closure images were taken at 0 and 24 h
using an inverted microscope, respectively. Relative distance of wound healing was calculated.

Tumor Xenograft Model

BALB/c nude mice were purchased from Beijing Vital River Laboratory Animal Technology Company
Limited (Beijing China) and housed in a speci�c pathogen–free facility. All animal protocols were
performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of
Southern Medical University. For subcutaneous injections, 1 × 107 vectors expressing LINC00313
transfected PC3-DR cells or siRNA targeting LINC00313 transfected DU145-DR cells were resuspended
with 100 μL of 1 × PBS and injected into right �ank of BALB/nude mice (male, 4 weeks of age). Tumor
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volume and body weight (g) was measured every 3 days. About 4 weeks later, all the animals were
sacri�ced, and tumor tissues were harvested, photographed, measured. Tumor volume was calculated
according to the following formula: Volume (mm3) = [width2 (mm2) × length (mm)]/2. Harvested tumor
tissues were placed in liquid nitrogen and then frozen at −80°C or �xed in 10% buffered formalin,
embedded in para�n, sectioned and stained.

Immunohistochemistry (IHC)

Formalin-�xed, para�n-embedded tissues were used to detect the expression of Ki67, cleaved caspase-3
and E-cadherin. The sections were incubated with anti-Ki67, anti-cleaved caspase-3 and anti-E-cadherin
rabbit polyclonal antibodies (Abcam) at 1:200 dilution. Staining intensity was classi�ed as 0 (negative), 1
(weak), 2 (moderate), and 3 (strong). Staining extent depended on the percentage of positive cells and
was divided into 0 (<5%), 1 (5–25%), 2 (26–50%), 3 (51–75%), and 4 (>75%). According to the staining
intensity and the staining extent scores, the IHC result was classi�ed as 0–1, negative (−); 2–4, weakly
positive (+); 5–8, moderately positive (++); and 9–12, strongly positive (+++).

Statistical analysis

Statistical analyses were performed using SPSS 19.0 (IBM, Armonk, NY, USA). Correlations between
LINC00313 expression and the clinicopathological variables were analyzed using the Pearson
χ2 analysis. The average value of LINC00313 > 1.37 as high expression. Survival was analyzed using the
Kaplan-Meier method, and differences were evaluated using the log-rank test. The Cox proportional
hazards model was used for univariate analysis or multivariate analysis to examine the potential
prognostic value of different variables on overall survival (OS). Data were evaluated using ANOVA with
LSD test for multiple comparisons and Student’s t test between two groups. P < 0.05 was considered to
indicate a statistically signi�cant difference.

Results
Identi�cation of DE_lncRNAs and WGCNA co-expression network

A total of 12289 lncRNAs in GSE115414 data set were obtained after reannotation. Based on the cut-off
criteria, 1691 lncRNAs (including 643 upregulated and 1048 downregulated) were signi�cantly
differentially expressed, as shown in Figure 1a and 1b, and were used to construct a WGCNA co-
expression network. In order to evaluate the outliers of 24 samples (8 control and 26 NAFLD), sample
clustering methods were used based on the distribution of the expression values of the samples (Figure
1c), with no signi�cant difference detected in the samples included in the WGCNA. The scale-free
topology index and mean connectivity were applied during the current study to determine the soft
threshold in WGCNA. The higher the scale-free topology index value was indicative of a strong probability
of a non-scale feature. Power = 10 was selected in the event of the correlation coe�cient between log (k)
and log P (k) reached 0.9 for the �rst time (Figure 1d-f). Within the gene co-expression network module
recognition, the maximum number of genes processed by computer was maxBlockSize = 5,000, the
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minimum number of genes of each module was minModuleSize = 30, and the module merge threshold
was set as mergeCutHeight = 0.25. The 31 identi�ed modules are depicted in Figure 1g, whereby the
different modules were marked using different colors. As can be seen from a multidimensional scaling
(MDS) for gene expression data of the three modules (Figure 1h), lncRNAs in black, red, green, and
turquoise modules showed dissimilar expression. The co-expression of the lncRNAs of the modules in
lightgreen was relatively high. The correlation between the module lncRNAs is illustrated in Figure 1i. In
addition, three module values were calculated in each module and a clustering tree is presented in Figure
1j. In order to obtain the lncRNA modules closely related to PCa, the relevant clinical information of the
sample was extracted from the microarray, and the correlation between the above three different color
modules and the 3 clinical characteristics were analyzed. The heatmap of the module and the clinical
correlation is demonstrated in Figure 1k. We observed that the grey module shared the closest correlation
to PCa, which was identi�ed to be a positive association. The correlation coe�cient reached 0.9, which
was considered to be an indication that the lncRNAs in this module were highly likely to be positively
affected by the development of PCa. The lncRNAs in 31 modules were used to construct a co-expression
network with 609 edges and 7274 nodes (Figure 1l) using Cytoscape software and the top 10 hub genes
of the network was identi�ed using cytohubba plug-in based on ‘Degree’ method (Figure 1m). The hub
lncRNAs above are named LINC00313, LINC00393, AC007422.1, LINC00351, AC023796, AL133166,
JRKL-AS1, MIR381HG, LINC01568, and AP001116.

Identi�cation of DEGs and functional enrichment analysis in GSE55945 data set

A total of 24442 genes in GSE55945 data set were obtained after reannotation. Based on the cut-off
criteria, 663 genes (including 210 upregulated and 453 downregulated) were signi�cantly differentially
expressed, as shown in Figure 2a and 2b. We performed GSEA and GSVA analysis to further investigate
the potential functions of these 663 DEGs in prostate malignant tumor. As shown in Figure 2c, these
DEGs in prostate malignant tumor group were mainly enriched in “glyoxylate and dicarboxylate
metabolism”, “ribosome”, “fructose and mannose metabolism”, “homologous recombination”, and
“maturity onset diabetes of the young” pathways based on GSEA results. GSVA con�rmed that these
gene sets were close relationship with circadian rhythm mammal, basal transcription factors, abc
transporters, adherens junction, AKT signaling pathway, and ether lipid metabolism (Figure 2d). The
results of GO analysis were divided into biological processes (BP), cellular component (CC) and
molecular function (MF). GO results indicated that the these DEGs were signi�cantly enriched in BP, CC,
and MF (Figure 2e and 2f). BP includes morphogenesis of an epithelium, muscle contraction and protein
heterotetramerization. CC includes extracellular matrix, contractile �ber, and myo�bril. And MF includes
actin binding, extracellular matrix structural constituent, and chromatin DNA binding.

Identi�cation of DEGs and functional enrichment analysis in GSE102124 data set

A total of 30905 genes in GSE102124 data set were obtained after reannotation. Based on the cut-off
criteria, 572 genes (including 62 upregulated and 510 downregulated) were signi�cantly differentially
expressed, as shown in Figure 2g and 2h. We performed GSEA and GSVA analysis to further investigate
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the potential functions of these 572 DEGs in PCa patients receiving treatment. As shown in Figure 2i,
these DEGs in treated group were mainly enriched in “pyruvate metabolism”, “primary bile acid
biosynthesis”, “glycolysis gluconeogenesis”, “arginine and proline metabolism”, and “nicotinate and
nicotinamide metabolism” pathways based on GSEA results. GSVA con�rmed that these gene sets were
close relationship with protein export, glyoxylate and dicarboxylate metabolism, steroid biosynthesis,
proteasome, peroxisome, N glycan biosynthesis, ribo�avin metabolism, butanoate metabolism, sulfur
metabolism, glycosylphosphatidylinositol gpi anchor biosynthesis, and valine leucine and isoleucine
degradation (Figure 2j). GO results indicated that the these DEGs were signi�cantly enriched in BP
(carboxylic acid biosynthetic process, organic acid biosynthetic process, and Golgi vesicle transport), CC
(endosome membrane, transport vesicle, and focal adhesion), and MF (exopeptidase activity, GDP
binding, and myosin binding) (Figure 2k and 2l).

WGCNA co-expression network of GSE55945 data set

A total of 663 DEGs in GSE55945 data set were used to construct a WGCNA co-expression network. In
order to evaluate the outliers of 21 samples (8 normal and 13 prostate malignant tumor), sample
clustering methods were used based on the distribution of the expression values of the samples (Figure
3a), with no signi�cant difference detected in the samples included in the WGCNA. Power = 20 was
selected in the event of the correlation coe�cient between log (k) and log P (k) reached 0.91 for the �rst
time (Figure 3b-d). The module merge threshold was set as mergeCutHeight = 0.25. The 10 identi�ed
modules are depicted in Figure 3e, whereby the different modules were marked using different colors. As
can be seen from a multidimensional scaling (MDS) for gene expression data of the 10 modules (Figure
3f). The co-expression of the genes of the modules in grey was relatively high. The correlation between
the module genes is illustrated in Figure 3g. In addition, three module values were calculated in each
module and a clustering tree is presented in Figure 3h. In order to obtain the gene modules closely related
to malignant tumor, the relevant clinical information of the sample was extracted from the microarray,
and the correlation between the above three different color modules and the 2 clinical characteristics
were analyzed. The heatmap of the module and the clinical correlation is demonstrated in Figure 3i. We
observed that the grey module shared the closest correlation to malignant tumor, which was identi�ed to
be a positive association. The correlation coe�cient reached 0.69, which was considered to be an
indication that the genes in this module were highly likely to be positively affected by the development of
PCa. The genes in 10 modules were used to construct a co-expression network with 467 edges and 1113
nodes (Figure 3j) using Cytoscape software and the top 10 hub genes of the network was identi�ed using
cytohubba plug-in based on ‘Degree’ method (Figure 3k). The hub lncRNAs above are named CDKN2A,
PTEN, NCAM1, BDNF, KRT19, SPP1, CAV1, CALM1, KRT5, and BMP2.

WGCNA co-expression network of GSE102124 data set

A total of 572 DEGs in GSE102124 data set were used to construct a WGCNA co-expression network. In
order to evaluate the outliers of 22 samples (3 control and 19 treated), sample clustering methods were
used based on the distribution of the expression values of the samples (Figure 3l), with no signi�cant
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difference detected in the samples included in the WGCNA. Power = 20 was selected in the event of the
correlation coe�cient between log (k) and log P (k) reached 0.75 for the �rst time (Figure 3m-o). The
module merge threshold was set as mergeCutHeight = 0.25. The 10 identi�ed modules are depicted in
Figure 3p, whereby the different modules were marked using different colors. As can be seen from a
multidimensional scaling (MDS) for gene expression data of the 10 modules. The co-expression of the
genes of the modules in grey was relatively high (Figure 3q). The correlation between the module genes is
illustrated in Figure 3r. In addition, three module values were calculated in each module and a clustering
tree is presented in Figure 3s. In order to obtain the gene modules closely related to treated group, the
relevant clinical information of the sample was extracted from the microarray, and the correlation
between the above three different color modules and the 2 clinical characteristics were analyzed. The
heatmap of the module and the clinical correlation is demonstrated in Figure 3t. We observed that the
grey module shared the closest correlation to treated group, which was identi�ed to be a positive
association. The correlation coe�cient reached 0.9, which was considered to be an indication that the
genes in this module were highly likely to be positively affected by the development of PCa. The genes in
10 modules were used to construct a co-expression network with 327 edges and 1080 nodes (Figure 3u)
using Cytoscape software and the top 10 hub genes of the network was identi�ed using cytohubba plug-
in based on ‘Degree’ method (Figure 3v). The hub lncRNAs above are named GAPDH, HSPA5, CANX,
CDH1, HSP90B1, PTEN, SEC61A1, VEGFA, RPN1, and DNAJC3.

Construction of lncRNA-associated ceRNA network

LINC00313 was the top one hub gene of WGCNA co-expression network in GSE115414 data set. PTEN
was the only one overlapping DEG between GSE55945 and GSE102124 data sets (Figure 3w). 

miRNAs targeted by LINC00313 and PTEN were screened via using StarBase database. A ceRNA network
was constructed using lncRNA–mRNA–miRNA pairs (Figure 3x). Furthermore, CytoNCA, a Cytoscape
plugin, was used for centrality analysis of the PPI network to identify crucial genes. Therefore,
LINC00313-miR-19a-3p-PTEN was identi�ed as a core network (Figure 3y).

Low LINC00313 expression was detected in PCa tumor tissues and dox-resistant PCa cells, and had a
poor survival

RT-PCR showed that LINC00313 expression is lower in PCa tumor tissues than that in matched adjacent
tissues (Figure 4a). Low LINC00313 expression was correlated with a longer OS in patients with PC
(Figure 4b). To investigate the relationship between LINC00313 expression and the clinicopathological
features of the patients with PCa. Our results showed that LINC00313 expression was signi�cantly
associated with histological grade, preoperative PSA, Gleason score, angiolymphatic invasion, and
biochemical recurrence, respectively (P < 0.05; Table 1 and Figure 4c) and was not associated with age,
pathological stage, lymph node metastasis, and surgical margin status. Univariate and multivariate Cox
regression analyses of overall survival (OS; Figure 4d and 4e) suggested that LINC00313 is an
independent prognostic factor in PCa (P < 0.05). We further found that LINC00313 expression is
signi�cantly decreased in dox-resistant PC cells (PC3-DR, and DU145-DR) (Figure 4g).
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LINC00313 overexpression resulted in inhibited viability, proliferation, invasion, and migration, and
induced apoptosis and cell cycle arrested at the G1 phase in dox-resistant PCa cells, in addition to the
regulation of protein expression

Vectors expressing LINC00313 were transfected into PC3-DR, and DU145-DR cells, followed by
veri�cation of high LINC00313 expression (Figure 5a). The proliferation of dox-resistant PC cells was
signi�cantly inhibited in response to LINC00313 overexpression, as determined by CCK-8 and colony
formation assays (Figure 5b and 5c). Flow cytometry showed that overexpression of LINC00313
promotes apoptosis in dox-resistant PCa cells and induces cell cycle arrest at the G1 phase (Figure 5d
and 5e). As expected, the invasion and migration of dox-resistant PCa cells were signi�cantly inhibited in
response to LINC00313 overexpression (Figure 5f and 5g). Next, we found that LINC00313
overexpression resulted in increased protein levels of p27, Bax, cleaved caspase-3/9, and E-cadherin, and
decreased cyclinD1, Ki67, Bcl-2, N-cadherin, Vimentin, MMP-2, and PIP3 protein levels in PC3-DR, and
DU145-DR cells (Figure 5h-i).

LINC00313 inhibition resulted in increased viability, proliferation, invasion, and migration, and suppressed
apoptosis and cell cycle progression in dox-resistant PCa cells, in addition to the regulation protein
expression

SiRNA targeting LINC00313#1 or LINC00313#2 were transfected into PC3-DR, and DU145-DR cells,
followed by veri�cation of low LINC00313 expression (Figure 6a-c). The proliferation of dox-resistant PCa
cells was signi�cantly increased in response to LINC00313 inhibition, as determined by CCK-8 and colony
formation assays (Figure 6d-g). Flow cytometry analysis showed that inhibition of LINC00313 inhibits
apoptosis and cell cycle progression in dox-resistant PCa cells (Figure 6h and 6i). As expected, the
invasion and migration of dox-resistant PCa cells were signi�cantly upregulated in response to
LINC00313 inhibition (Figure 6j-l). Next, we found that LINC00313 inhibition resulted in decreased protein
levels of p27, Bax, cleaved caspase-3/-9, and E-cadherin and increased cyclinD1, Ki67, Bcl-2, N-cadherin,
Vimentin, MMP-2, and PIP3 protein levels in PC3-DR, and DU145-DR cells (Figure 6k and 6l).

LINC00313 affects the oncogenicity of dox-resistant PCa cells in vivo

PC3-DR cells transfected with vectors expressing LINC00313 were subcutaneously injected into nude
mice. Tumor weights and volumes were measured using an electronic balance and Vernier calipers
(Figure 7a). LINC00313 overexpression resulted in reduced the tumor volume and weight (Figure 7b and
7c). Next, DU145-DR cells transfected with siRNA against LINC00313 were subcutaneously injected into
nude mice; this was followed by similar analyses of tumor weight and volume (Figure 7d). Inhibition of
LINC00313 increased the tumor volume and weight (Figure 7e and 7f). IHC staining showed that Ki67
expression was reduced and cleaved caspase-3 and E-cadherin levels were increased in response to
LINC00313 overexpression in the tumor tissues of nude mice, whereas Ki67 expression was increased
and cleaved caspase-3 and E-cadherin levels were decreased in response to LINC00313 inhibition (Figure
7g).
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miR-19a-3p, identi�ed as a target miRNA of LINC00313, was upregulated in tumor tissues of patients with
PCa and in dox-resistant PCa cells and PTEN was target gene of miR-19a-3p.

The binding sites and modi�ed sequence in the LINC00313 3′ UTR are shown in Figure 8a. In a dual-
luciferase reporter assay, the luciferase activity in cells with LINC00313‐WT transfection was signi�cantly
decreased in response to an miR‐19a-3p mimic and was signi�cantly increased in response to an miR‐
19a-3p inhibitor. There were no alterations in the LINC00313‐MUT-transfected cells (Figure 8b).
Furthermore, RT-qPCR con�rmed that the levels of miR-19a-3p in PC3-DR, and DU145-DR cells were
signi�cantly reduced in response to overexpression and were increased in response to the inhibition of
LINC00313 (Figure 8c and 8d). In addition, in a biotin-labeled pull‐down assay, miR-19a-3p was e�ciently
pulled down by LINC00313 (Figure 8e) but not by bio‐LINC00313 MUT. A Spearman’s correlation analysis
proved that LINC00313 expression was negatively correlated with miR-19a-3p expression in 82 patients
with PCa (Figure 8f). A miR‐19a‐3p mimic or inhibitor was transfected into PC3-DR, and DU145-DR cells,
and the transfection e�ciency was veri�ed by RT-qPCR. RT-qPCR showed that the levels of miR-19a-3p in
PC3-DR, and DU145-DR cells were signi�cantly increased by the miR‐19a-3p mimic and inhibited by the
miR‐19a-3p inhibitor (Figure 8g). The levels of miR-19a-3p in tumor tissues of patients with PCa and in
dox-resistant PCa cells were signi�cantly higher than those in normal adjacent tissues PCa cells (Figure
8h-i). Additionally, miRbase and TargetScan databases were used to predict the stem-loop structure of
miR-19a-3p and the binding site to the PTEN, respectively. The stem-loop structure of miR-19a-3p and the
binding site to the PTEN was presented in Figure 8j and 8k using R software (RNAcofold and RNAfold)
and the MFE value was -9 kcal/mol. Dual-luciferase reporter assay suggested that the luciferase activity
of cells with PTEN-WT transfection was signi�cantly decreased by miR-19a-3p mimic and the luciferase
activity of cells with PTEN-WT transfection was signi�cantly increased by miR-19a-3p inhibitor, while
there was no alteration in PTEN-MUT transfected group (Figure 8l and 8m). To further con�rm this result,
miR-19a-3p mimic or inhibitor was transfected into PC3-DR, and DU145-DR cells, and transfection
e�ciency was evaluated by RT-qPCR and western blot assays. Further, RT‐qPCR and western blot assays
proved that the mRNA level of PTEN in PC3-DR, and DU145-DR cells was signi�cantly reduced by miR-
19a-3p mimic, while increased by miR-19a-3p inhibitor (Figure 8n-q). A Spearman’s correlation analysis
proved that miR-19a-3p expression was negatively correlated with PTEN expression in 82 patients with
PCa (Figure 8r). PTEN expression in tumor tissues of patients with PCa and in dox-resistant PCa cells
were signi�cantly lower than those in normal adjacent tissues PCa cells (Figure 8s and 8t).

LINC00313 regulates proliferation, apoptosis, cell cycle, invasion, and migration by targeting miR-19a-3p
to affect PTEN expression, thereby regulating the activation of the PI3K/Akt signaling pathway

Firstly, western blot and RT-qPCR assays revealed that in PC3-DR cells with vectors expressing PTEN
transfection, the protein and mRNA levels of PTEN was signi�cantly increased, and in PC3-DR cells with
siRNA targeting PTEN transfection, the protein and mRNA levels of PTEN was signi�cantly decreased
(Figure 9a). Next, CCK-8, colony formation, and �ow cytometry assays demonstrated that the
overexpression of PTEN counteracts the inhibition of proliferation and promotion of apoptosis by miR-
19a-3p inhibitor (Figure 9b-d). As expected, miR-19a-3p inhibitor-induced G1 phase cell cycle arrest and
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inhibition of PC3-DR cells invasion and migration were reversed by overexpression of PTEN (Figure 9e-g).
We found that miR-19a-3p inhibitor resulted in increased protein levels of p27, Bax, cleaved caspase-3,
and E-cadherin, and decreased cyclinD1, Ki67, Bcl-2, N-cadherin, and MMP-2 protein levels in PC3-DR cells
(Figure 9h). These functions of miR-19a-3p inhibitor in the above protein expression were reversed by
overexpression of PTEN. Further, in PC3-DR cells with miR-19a-3p inhibitor transfection, PTEN protein
expression increased signi�cantly and PIP3 protein expression decreased signi�cantly, meanwhile, the
phosphorylation levels of PI3K and AKT suppressed signi�cantly. However, overexpression of PTEN
abolished the effects of miR-19a-3p inhibitor on the expression of cyclinD1, p27, Ki67, Bax, Bcl-2, cleaved
caspase-3, E-cadherin, N-cadherin, MMP2, PTEN, PIP3, phosphorylation (phosph)-PI3K, and phosph-AKT
in PC3-DR cells with miR-19a-3p inhibitor transfection. In a dual-luciferase reporter assay, the luciferase
activity in cells with PTEN‐WT transfection was signi�cantly increased in response to LINC00313
overexpression. There were no alterations in the PTEN‐MUT-transfected cells (Figure 9i). Vectors
expressing LINC00313 were transfected into PC3-DR cells, followed by veri�cation of high PTEN
expression and siRNA targeting LINC00313#1 or LINC00313#2 were transfected into PC3-DR cells,
followed by veri�cation of low PTEN expression (Figure 9j). Our results showed that PTEN silencing
promoted the proliferation, invasion, and migration and inhibited the apoptosis of PC3-DR cells (Figure
9k-o). Analogously, rescue experiments showed that the functions of overexpression of LINC00313 in
inhibiting cell proliferation, invasion, and migration, promoting cell apoptosis, and inducing cell cycle
arrest at the G1 phase were reversed by PTEN silencing in PCa cell.

Discussion
Firstly, LINC00313 was a core lncRNA of WGCNA co-expression network about PCa. A ceRNA network of
LINC00313-miR-19a-3p-PTEN was further determined using bioinformatics analysis. Next, we detected
low LINC00313 expression in the tumor tissues of patients with PCa and found that low LINC00313
levels are associated with poor survival. These results suggest that LINC00313 is an anti-oncogene in
PCa. More importantly, LINC00313 expression was signi�cantly reduced in dox-resistant PCa cells. Nearly
all patients with PCa develop drug resistance and refractory CRPC during treatment. Therefore, these
�ndings substantially improve our understanding of the mechanisms underlying CRPC. Furthermore,
LINC00313 overexpression in dox-resistant PCa cells resulted in inhibited viability, proliferation, invasion,
and migration and induced apoptosis and cell cycle arrest at the G1 phase in vitro and inhibited tumor
growth in vivo. LINC00313 inhibition in dox-resistant PCa cells promoted viability, proliferation, invasion,
and migration, and inhibited apoptosis and cell cycle progression in vitro and promoted tumor growth in
vivo. These results proved that overexpression of LINC00313 reduces dox resistance in PCa. These
changes are closely related to changes in protein expression. The cell cycle plays an important role in cell
growth and differentiation. Cell cycle regulation is mainly mediated by two types of regulatory factors
(positive regulatory proteins and inhibitory regulatory proteins). Positive regulatory proteins mainly
include the cell cycle-dependent kinases (CDKs) cyclinD1-CDK4/6 and cyclinDE/A-CDK2. Inhibitory
regulatory proteins mainly include cyclin-dependent protein kinase inhibitors (CDKIs) [24]. CyclinD1 and
p27 belong to the CDK and CDKI families, respectively, and can inhibit the cell cycle [25]. Our results
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showed that cyclinD1 expression was decreased and p27 expression was increased in response to the
overexpression of LINC00313, whereas cyclinD1 expression was increased and p27 expression was
decreased in response to the inhibition of LINC00313 in dox-resistant PCa cells. These results suggest
that LINC00313 regulates the cell cycle at the G1 phase. Ki67, Bax, Bcl-2, and caspase-3/9 are marker
proteins related to proliferation and apoptosis. High Ki67 expression in tumor tissues is related to the
promotion of tumor progression [26]. As a critical apoptotic executor downstream of the caspase
cascade, the activation of caspase-3 largely depends on the release of Cyt-c. Bcl-2 and Bax, members of
the Bcl-2 family, are the most important regulators of apoptosis [27]. They can mediate the release of Cyt-
c and other molecules via the mitochondrial pathway. Bcl-2 and Bax not only act as upstream regulators
of caspase-3, but can also act downstream as direct substrates of caspase-3 [28]. They not only interact
with but also restrict each other’s activity during apoptosis. Our results suggest that LINC00313
upregulates the expression of the pro-apoptotic proteins Bax and caspase-3/9 and inhibits the expression
of the anti-apoptotic protein Bcl-2. E-cadherin, N-cadherin, Vimentin, and MMP-2 are markers of cell
migration and invasion [29]. N-cadherin, Vimentin, and MMP-2 expression was signi�cantly inhibited in
response to the overexpression of LINC00313 in cells, and E-cadherin expression was signi�cantly
increased in response to LINC00313 overexpression. These results further prove that LINC00313 affects
cell proliferation, apoptosis, migration, and invasion by regulating the expression of proteins related to the
cell cycle, proliferation, apoptosis, migration, and invasion.

It has been reported that miR-19a-3p is expressed at low levels in the plasma of patients with heart failure
[30]. miR-19a-3p inhibits autophagy-mediated �brogenesis by targeting TGF-β RII, a molecule that has not
been reported in cancer. MiR-19a-3p is the target miRNA of LINC00313, and its high expression was
detected in tumor tissues and dox-resistant PCa cells. Bioinformatic analysis further showed that PTEN is
a target gene of miR-19a-3p. Cell function experiments con�rmed that the miR-19a-3p inhibitor-induced
decreases in viability, proliferation, invasion, and migration, increases in cell cycle arrest and apoptosis,
and regulation of protein expression in dox-resistant PCa cells were abolished by an PTEN
overexpression. And then, rescue experiments further con�rmed that the LINC00313 overexpression-
induced decreases in viability, proliferation, invasion, and migration, increases in cell cycle arrest and
apoptosis, and regulation of protein expression in dox-resistant PCa cells were abolished by PTEN
silencing. Dual-luciferase reporter assay suggested that the luciferase activity of cells with LINC00313-
WT transfection was signi�cantly decreased by miR-19a-3p mimic, the luciferase activity of cells with
PTEN-WT transfection was signi�cantly decreased by miR-19a-3p mimic, and the luciferase activity of
cells with PTEN-WT transfection was signi�cantly increased by LINC00313 overexpression. This
suggests that LINC00313 functions as a ceRNA to promote PTEN by sponging miR-19a-3p, thereby
regulating the proliferation and metastasis of dox-resistant PCa cells. Our previous results have shown
that docetaxel resistance in human PCa cells is suppressed by blocking the PI3K/Akt signaling pathway.
As an important intracellular signal transduction pathway, the PI3K/Akt signaling pathway regulates
apoptosis, proliferation, migration, and invasion.

PTEN is a negative regulator of the PI3K/Akt signal transduction pathway [31]. When activated,
phosphatidylinositol (3,4,5)-triphosphate (PIP3) can be dephosphorized, acidi�ed, and hydrolyzed to
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phosphatidylinositol (4,5)-diphosphate (PIP2). PIP3 is a product of PI3K and mediates the activation of
Akt. Therefore, the increased expression of PTEN can reduce the expression of PIP3 and lead to the
inhibition of the PI3K/Akt signaling pathway, thereby promoting apoptosis and inhibiting cell proliferation
and metastasis [32, 33]. Our results showed that the overexpression of LINC00313 results in the
upregulation of PTEN and downregulation of PIP3, while also manifesting overexpression of LINC00313
inhibited the activation of PI3K/AKT signaling pathway. However, a rescue experiment indicated that the
functions of miR-19a-3p inhibitor in suppressing the phosphorylation levels of PI3K and AKT were
reversed by overexpression of PTEN. These results suggest that LINC00313 inhibits the activation of the
PTEN/PI3K/Akt signaling pathway by sponging miR-19a-3p.

In conclusion, LINC00313 expression is low in PCa tumor tissues and serves as an independent
prognostic factor for patients with PCa. miR-19a-3p was identi�ed as a target miRNA of LINC00313, and
PTEN was a target of miR-19a-3p. The effects of LINC00662 overexpression on the proliferation and
metastasis of dox-resistant PCa cells were reversed by an miR-19a-3p overexpression, thereby
upregulating PTEN expression and blocking the PI3K/Akt signaling pathway. Therefore, LINC00313 might
function as a potential anti-oncogene in CRPC.
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Table 1
Relationship between LINC00313 expression and clinical parameters

Subgroup Number LINC00313 expression χ2 P-value

    Low (n = 42) High (n = 40)    

Age       1.209 0.272

<=65 42 24 18    

> 65 40 18 22    

Histological grade       12.770 0.000

G1 + G2 45 15 30    

G3 37 27 10    

Preoperative PSA       10.998 0.004

< 4 ng/mL 38 12 26    

4–10 ng/mL 27 18 9    

> 10 ng/mL 17 12 5    

Pathological stage       0.245 0.621

I + II 33 18 15    

III + IV 49 24 25    

Gleason score       15.022 0.001

< 7 36 10 26    

= 7 21 13 8    

> 7 25 19 6    

Lymph node metastasis       1.757 0.185

negative 41 18 23    

positive 41 24 17    

Surgical margin status       0.802 0.370

negative 39 22 17    

positive 43 20 23    

Angiolymphatic invasion       8.531 0.003

*P < 0.05 was considered as signi�cant; PSA: prostate-speci�c antigen
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Subgroup Number LINC00313 expression χ2 P-value

negative 46 17 29    

positive 36 25 11    

Biochemical recurrence       4.940 0.026

negative 43 17 26    

positive 39 25 14    

*P < 0.05 was considered as signi�cant; PSA: prostate-speci�c antigen

Table 2
Gene primer sequences

Gene Sequences

miRNA-19a-3p-F CATGCAACTGTGTCCCGGTTTA

miRNA-19a-3p-R GCTTCATTTAGAAGCCGCTCGCGAT

miRNA-19b-3p-F CCTGTGTGCAAACTGTCCATGCATT

miRNA-19b-3p-R TTGTGCATGGCTAATGCCTGCAACCA

LINC00313-F TGCCCCGAATGTGTCCCTCGGTCAATG

LINC00313-R AACTCTCAAGCGCTGTGCCCTGGG

GAPDH-F TGTGTCCATGTAATGTTGTTACCC

GAPDH-R TGGGTCGTCAAATGTCATCGTAGTC

PTEN-F TGCCTGATGTGTCCAACTGTTG

PTEN-R CCGTGAACGCTTAGCGCTAATGTGAAA

U6-F CGTGTGCATAGTAGATCGTCTCTTCA

U6-R TCCCTGTATCCCTAGCTAGTATAACT

Figures
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Figure 1

Identi�cation of DE_lncRNAs and WGCNA co-expression network Heatmap (a) and volcano plot (b) were
used to displayed DE_lncRNAs (643 upregulated lncRNAs and 1048 downregulated lncRNAs). Green
represents upregulated DE_lncRNAs. Red represents downregulated DE_lncRNAs. Black indicates no
signi�cantly DE_lncRNAs. (c) Sample clustering dendrogram from WGCNA. (d) Analysis of the scale-free
�t index for various soft-thresholding powers (β). (e) Analysis of the mean connectivity for various soft-
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thresholding powers. In all, 10 was the most �t power value. (f) scale-free topology. (g) Cluster
dendrogram of all DE-lncRNAs. (h) 3D solid �gure that an MDS plot displaying expression data of genes
in different modules. (i) The heatmap of co-expression gene module, the intensity of the yellow inside the
heatmap represents the overlap degree of overlap, with a darker yellow representing an increased overlap.
(j) Clustering tree based on the module eigengenes of modules. (k) the correlation between WGCNA
modules and the clinical features of the sample. Each row corresponds to a module, and the column
corresponds to different clinical features. The numbers in the �gure represent the correlation between the
corresponding module and the clinical feature with the P value displayed in parentheses. (The red
represents a positive correlation, whereas blue indicates a negative correlation). (l) PPI analysis of all
DE_lncRNAs in these modules. (m) The network of the top 10 hub lncRNAs in PPI network.
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thresholding powers. In all, 10 was the most �t power value. (f) scale-free topology. (g) Cluster
dendrogram of all DE-lncRNAs. (h) 3D solid �gure that an MDS plot displaying expression data of genes
in different modules. (i) The heatmap of co-expression gene module, the intensity of the yellow inside the
heatmap represents the overlap degree of overlap, with a darker yellow representing an increased overlap.
(j) Clustering tree based on the module eigengenes of modules. (k) the correlation between WGCNA
modules and the clinical features of the sample. Each row corresponds to a module, and the column
corresponds to different clinical features. The numbers in the �gure represent the correlation between the
corresponding module and the clinical feature with the P value displayed in parentheses. (The red
represents a positive correlation, whereas blue indicates a negative correlation). (l) PPI analysis of all
DE_lncRNAs in these modules. (m) The network of the top 10 hub lncRNAs in PPI network.
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Figure 2

Identi�cation of DEGs and functional enrichment analysis in GSE55945 and GSE102124 datasets In
GSE55945 dataset, heatmap (a) and volcano plot (b) were used to displayed DEGs (210 upregulated
genes and 453 downregulated genes). Green represents upregulated DEGs. Red represents
downregulated DEGs. Black indicates no signi�cantly DEGs. (c) Top 10 gene sets (according to GSEA
enrichment score) enriched in prostate malignant tumor group of DEGs. (d) GSVA-derived clustering
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heatmaps of differentially expressed pathways for the DEGs. (e and f) The top 30 GO terms of the DEGs,
Biological process (BP), Cellular component (CC), and Molecular function (MF). In GSE102124 dataset,
heatmap (g) and volcano plot (h) were used to displayed DEGs (62 upregulated genes and 510
downregulated genes). Green represents upregulated DEGs. Red represents downregulated DEGs. Black
indicates no signi�cantly DEGs. (i) Top 10 gene sets (according to GSEA enrichment score) enriched in
prostate malignant tumor group of DEGs. (j) GSVA-derived clustering heatmaps of differentially
expressed pathways for the DEGs. (k and l) The top 30 GO terms of the DEGs, BP, CC, and MF.
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Figure 3

WGCNA co-expression network of GSE55945 and GSE102124 data sets and an ceRNA network In
GSE55945 dataset, (a) Sample clustering dendrogram from WGCNA. (b) Analysis of the scale-free �t
index for various soft-thresholding powers (β). (c) Analysis of the mean connectivity for various soft-
thresholding powers. In all, 20 was the most �t power value. (d) scale-free topology. (e) Cluster
dendrogram of all DEGs. (f) 3D solid �gure that an MDS plot displaying expression data of genes in
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different modules. (g) The heatmap of co-expression gene module, the intensity of the yellow inside the
heatmap represents the overlap degree of overlap, with a darker yellow representing an increased overlap.
(h) Clustering tree based on the module eigengenes of modules. (i) the correlation between WGCNA
modules and the clinical features of the sample. Each row corresponds to a module, and the column
corresponds to different clinical features. The numbers in the �gure represent the correlation between the
corresponding module and the clinical feature with the P value displayed in parentheses. (The red
represents a positive correlation, whereas blue indicates a negative correlation). (j) PPI analysis of all
DEGs in these modules. (k) The network of the top 10 hub genes in PPI network. In GSE102124 dataset,
(l) Sample clustering dendrogram from WGCNA. (m) Analysis of the scale-free �t index for various soft-
thresholding powers (β). (n) Analysis of the mean connectivity for various soft-thresholding powers. In all,
20 was the most �t power value. (o) scale-free topology. (p) Cluster dendrogram of all DEGs. (q) 3D solid
�gure that an MDS plot displaying expression data of genes in different modules. (r) The heatmap of co-
expression gene module, the intensity of the yellow inside the heatmap represents the overlap degree of
overlap, with a darker yellow representing an increased overlap. (s) Clustering tree based on the module
eigengenes of modules. (t) the correlation between WGCNA modules and the clinical features of the
sample. Each row corresponds to a module, and the column corresponds to different clinical features.
The numbers in the �gure represent the correlation between the corresponding module and the clinical
feature with the P value displayed in parentheses. (The red represents a positive correlation, whereas blue
indicates a negative correlation). (u) PPI analysis of all DEGs in these modules. (v) The network of the top
10 hub genes in PPI network. (w) Venn plot of overlapping hub genes. (x) An ceRNA network. (y)
LINC00313-miR-19a-3p-PTEN network.
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different modules. (g) The heatmap of co-expression gene module, the intensity of the yellow inside the
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Figure 4

Low LINC00313 expression was detected in PCa tumor tissues and dox-resistant PCa cells, and had a
poor survival (a) The mRNA level of LINC00313 between normal adjacent group and PC tumor group was
detected by RT-qPCR assay. (b) Survival curve was performed by using the Kaplan‐Meier method, and
differences between the curves in LINC00313 high expression group and LINC00313 low expression
group were determined by log‐rank test. (c) Statistical graphs of the relationship between LINC00313
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expression and histological grade, preoperative PSA, Gleason score, angiolymphatic invasion,
biochemical recurrence, age, pathological stage, lymph node metastasis, and surgical margin status. (d)
Forest plots showing the univariate analysis of COX regression for overall survival. (e) Forest plots
showing the multivariate analysis of COX regression for overall survival. (f) The mRNA level of
LINC00313 between PC/or DU145 cells and PC-DR/or DU145-DR cells was detected by RT-qPCR assay.
GAPDH was used as a load control Data are presented as the mean ± standard deviation. **P < 0.01 vs.
tumor group/PC3 group, ##P < 0.01 vs. DU145 group.



Page 37/49

Figure 4

Low LINC00313 expression was detected in PCa tumor tissues and dox-resistant PCa cells, and had a
poor survival (a) The mRNA level of LINC00313 between normal adjacent group and PC tumor group was
detected by RT-qPCR assay. (b) Survival curve was performed by using the Kaplan‐Meier method, and
differences between the curves in LINC00313 high expression group and LINC00313 low expression
group were determined by log‐rank test. (c) Statistical graphs of the relationship between LINC00313
expression and histological grade, preoperative PSA, Gleason score, angiolymphatic invasion,
biochemical recurrence, age, pathological stage, lymph node metastasis, and surgical margin status. (d)
Forest plots showing the univariate analysis of COX regression for overall survival. (e) Forest plots
showing the multivariate analysis of COX regression for overall survival. (f) The mRNA level of
LINC00313 between PC/or DU145 cells and PC-DR/or DU145-DR cells was detected by RT-qPCR assay.
GAPDH was used as a load control Data are presented as the mean ± standard deviation. **P < 0.01 vs.
tumor group/PC3 group, ##P < 0.01 vs. DU145 group.

Figure 5

LINC00313 overexpression resulted in inhibited viability, proliferation, invasion, and migration, and
induced apoptosis and cell cycle arrested at the G1 phase in dox-resistant PCa cells, in addition to the
regulation of protein expression After vectors expressing LINC00313 was transfected into PC3-DR, and
DU145-DR cells, (a) LINC00313 mRNA expression was detected by RT-qPCR assay, (b) cell viability was
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detected by CCK-8 assay, (c) cell proliferation was detected by colony formation assay, (d and e) cell
apoptosis and cell cycle were detected by �ow cytometry analysis, (f) cell invasion was detected by
transwell assay, (g) cell migration was detected by Scratch-Wound assay, and the protein levels of
cyclinD1, p27, Ki67, Bax, Bcl-2, cleaved caspase-3/-9, E-cadherin, N-cadherin, Vimentin, MMP-2, and PIP3
in (h) PC3-DR cells, and (i) DU145-DR cells were detected by detected by western blot assay. GAPDH was
used as a load control Data are presented as the mean ± standard deviation. **P < 0.01 vs. vector group.
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Figure 6

LINC00313 inhibition resulted in increased viability, proliferation, invasion, and migration, and suppressed
apoptosis and cell cycle progression in dox-resistant PCa cells, in addition to the regulation protein
expression After siRNA targeting LINC00313#1 or LINC00313#2 was transfected into PC3-DR, and
DU145-DR cells, (a, b) LINC00313 mRNA expression was detected by RT-PCR assay, (c, d) cell viability
was detected by CCK-8 assay, (e) cell proliferation was detected by colony formation assay, (f) cell
apoptosis was detected by �ow cytometry analysis, (g) cell cycle was detected by �ow cytometry
analysis, (h) cell invasion was detected by transwell assay, and (i and j) cell migration was detected by
Scratch-Wound assay, and the protein levels of cyclinD1, p27, Ki67, Bax, Bcl-2, cleaved caspase-3/-9, E-
cadherin, N-cadherin, Vimentin, MMP-2, and PIP3 in (k) PC3-DR cells, and (l) DU145-DR cells were
detected by detected by western blot assay. GAPDH was used as a load control Data are presented as the
mean ± standard deviation. **P < 0.01 vs. siNC group.
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Figure 7

LINC00313 affected the oncogenicity of dox-resistant PC cells in vivo Vectors expressing LINC00313
transfected PC3-DR cells were subcutaneously injected into the nude mice, (a) The nude mice were
sacri�ced, and the tumors were collected after 30 day, (b) the volume of the tumors were determined, (c)
the weight of the tumors were determined. siRNA targeting LINC00313#1 transfected DU145-DR cells
were subcutaneously injected into the nude mice, (d) The nude mice were sacri�ced, and the tumors were
collected after 30 day, (e) the volume of the tumors were determined, (f) the weight of the tumors were
determined. (g) IHC assay was used to detected Ki67, cleaved caspase-3, and E-cadherin expression in
tumor tissue between vector group and LINC00313 group or between siNC group or siLINC00313 group.
Data are presented as the mean ± standard deviation. **P < 0.01 vs. siNC/or vector group.
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Figure 8

miR-19a-3p, identi�ed as a target miRNA of LINC00313, was upregulated in tumor tissues of patients with
PCa and in dox-resistant PCa cells and PTEN was target gene of miR-19a-3p (a) Starbase v2.0 database
showed that binding site of LINC00313 and miR-19a-3p; (b) Luciferase reporter assays were used to
prove that miR-19a-3p can target LINC00313. After LINC00313 overexpression or inhibition were
transfected into PC3-DR, and DU145-DR cells, miR-19a-3p expression in (c) PC3-DR and DU145-DR cells
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was detected by RT-qPCR assay. After siRNA targeting LINC00313#1 or LINC00313#2 were transfected
into PC3-DR, and DU145-DR cells, miR-19a-3p expression in (d) PC3-DR and DU145-DR cells was detected
by RT-qPCR assay. (e) Biotin-labeled LINC00313 RNA and antisense RNA were incubated with PC3-DR,
and DU145-DR cells lysate to pull down RNAs, and subsequently RT-PCR was performed to analyze the
miR-19a-3p amount. (f) Correlation analysis of LINC00313 and miR-19a-3p. After miR-19a-3p mimic or
inhibitor were transfected into PC3-DR, and DU145-DR cells, miR-19a-3p expression in (g) PC3-DR and
DU145-DR cells was detected by RT-qPCR assay. (h) The mRNA level of miR-19a-3p between normal
adjacent group and PC tumor group was detected by RT-qPCR assay. (i) The mRNA level of miR-19a-3p
between PC/or DU145 cells and PC-DR/or DU145-DR cells was detected by RT-qPCR assay. (j) Predicted
secondary stem-loop structure of hsa-miR-19a-3p (the colors in each base pair represent its probabilities)
and the binding site between miR-19a-3p and PTEN (mfe: −9.00 kcal/mol—generated with BibiServ—
RNAhybrid). (k) A putative binding site of PTEN-3’-UTR for miR-19a-3p was shown. (l, m) the dual
luciferase reporter assays to verify miR-19a-3p targeting PTEN. (n) PTEN mRNA expression in PC3-DR
and DU145-DR cells with miR-19a-3p mimic/inhibitor transfection was detected by RT-qPCR. (o-q) PTEN
protein expression in PC3-DR and DU145-DR cells with miR-19a-3p mimic/inhibitor transfection was
detected by western blotting. (r) Correlation analysis of PTEN and miR-19a-3p. (s) The mRNA level of
miR-19a-3p between normal adjacent group and PC tumor group was detected by RT-qPCR assay. (t) The
mRNA level of PTEN between PC/or DU145 cells and PC-DR/or DU145-DR cells was detected by RT-qPCR
assay. GAPDH or U6 was used as a load control. Data are presented as the mean ± standard deviation.
**P < 0.01 vs. miR Ctrl mimic/or vector/or Bio-NC-probe/or siNC/or tumor/or PC3 group, ##P < 0.01 vs.
miR Ctrl inhibitor/or DU145 group.
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was detected by RT-qPCR assay. After siRNA targeting LINC00313#1 or LINC00313#2 were transfected
into PC3-DR, and DU145-DR cells, miR-19a-3p expression in (d) PC3-DR and DU145-DR cells was detected
by RT-qPCR assay. (e) Biotin-labeled LINC00313 RNA and antisense RNA were incubated with PC3-DR,
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inhibitor were transfected into PC3-DR, and DU145-DR cells, miR-19a-3p expression in (g) PC3-DR and
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between PC/or DU145 cells and PC-DR/or DU145-DR cells was detected by RT-qPCR assay. (j) Predicted
secondary stem-loop structure of hsa-miR-19a-3p (the colors in each base pair represent its probabilities)
and the binding site between miR-19a-3p and PTEN (mfe: −9.00 kcal/mol—generated with BibiServ—
RNAhybrid). (k) A putative binding site of PTEN-3’-UTR for miR-19a-3p was shown. (l, m) the dual
luciferase reporter assays to verify miR-19a-3p targeting PTEN. (n) PTEN mRNA expression in PC3-DR
and DU145-DR cells with miR-19a-3p mimic/inhibitor transfection was detected by RT-qPCR. (o-q) PTEN
protein expression in PC3-DR and DU145-DR cells with miR-19a-3p mimic/inhibitor transfection was
detected by western blotting. (r) Correlation analysis of PTEN and miR-19a-3p. (s) The mRNA level of
miR-19a-3p between normal adjacent group and PC tumor group was detected by RT-qPCR assay. (t) The
mRNA level of PTEN between PC/or DU145 cells and PC-DR/or DU145-DR cells was detected by RT-qPCR
assay. GAPDH or U6 was used as a load control. Data are presented as the mean ± standard deviation.
**P < 0.01 vs. miR Ctrl mimic/or vector/or Bio-NC-probe/or siNC/or tumor/or PC3 group, ##P < 0.01 vs.
miR Ctrl inhibitor/or DU145 group.
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Figure 9

LINC00313 regulates proliferation, apoptosis, cell cycle, invasion, and migration by targeting miR-19a-3p
to affect PTEN expression, thereby regulating the activation of the PI3K/Akt signaling pathway (a) PTEN
expression in PTEN and siPTEN groups was detected by RT-qPCR and western blot assay. After miR-19a-
3p inhibitor and PTEN overexpression were co-transfected into PC3-DR cells, (b) cell viability was
detected by CCK-8 assay, (c) cell proliferation was detected by colony formation assay, (d) cell apoptosis
was detected by �ow cytometry analysis, (e) cell cycle was detected by �ow cytometry analysis, (f) cell
invasion was detected by transwell assay, and (g) cell migration was detected by Scratch-Wound assay,
and (h) the protein levels of cyclinD1, p27, Ki67, Bax, Bcl-2, cleaved caspase-3/-9, E-cadherin, N-cadherin,
Vimentin, MMP-2, PTEN, PIP3, phosph-PI3K, PI3K, phosph-AKT, and AKT were detected by western blot
assay. (i) Luciferase reporter assays were used to prove that LINC00313 can target PTEN. (j) PTEN
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expression in LINC00313 and siLINC00313#1/or #2 groups was detected by RT-qPCR assay. After
LINC00313 overexpression and siPTEN were co-transfected into PC3-DR cells, (k) cell proliferation was
detected by colony formation assay, (l) cell apoptosis was detected by �ow cytometry analysis, (m) cell
cycle was detected by �ow cytometry analysis, (n) cell invasion was detected by transwell assay, and (o)
cell migration was detected by Scratch-Wound assay. GAPDH or U6 was used as a load control. Data are
presented as the mean ± standard deviation. **P < 0.01 vs. miR Ctrl inhibitor/or vector/or siNC group, ##P
< 0.01 vs. miR-19a-3p inhibitor/or LINC00313 group, and ^^P < 0.01 vs. siPTEN group.
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3p inhibitor and PTEN overexpression were co-transfected into PC3-DR cells, (b) cell viability was
detected by CCK-8 assay, (c) cell proliferation was detected by colony formation assay, (d) cell apoptosis
was detected by �ow cytometry analysis, (e) cell cycle was detected by �ow cytometry analysis, (f) cell
invasion was detected by transwell assay, and (g) cell migration was detected by Scratch-Wound assay,
and (h) the protein levels of cyclinD1, p27, Ki67, Bax, Bcl-2, cleaved caspase-3/-9, E-cadherin, N-cadherin,
Vimentin, MMP-2, PTEN, PIP3, phosph-PI3K, PI3K, phosph-AKT, and AKT were detected by western blot
assay. (i) Luciferase reporter assays were used to prove that LINC00313 can target PTEN. (j) PTEN
expression in LINC00313 and siLINC00313#1/or #2 groups was detected by RT-qPCR assay. After
LINC00313 overexpression and siPTEN were co-transfected into PC3-DR cells, (k) cell proliferation was
detected by colony formation assay, (l) cell apoptosis was detected by �ow cytometry analysis, (m) cell
cycle was detected by �ow cytometry analysis, (n) cell invasion was detected by transwell assay, and (o)
cell migration was detected by Scratch-Wound assay. GAPDH or U6 was used as a load control. Data are
presented as the mean ± standard deviation. **P < 0.01 vs. miR Ctrl inhibitor/or vector/or siNC group, ##P
< 0.01 vs. miR-19a-3p inhibitor/or LINC00313 group, and ^^P < 0.01 vs. siPTEN group.


