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Abstract. Prostate cancer (PCa) is the most common cancer
type in men worldwide. Currently, the management of meta-
static PCa (mPCa) remains a challenge to urologists. The
analysis of hub genes and pathways may facilitate the under-
standing of the molecular mechanism of PCa. In the present
study, to identify the hub genes in the mPCa, the three datasets
GSE3325, GSE6919 and GSE38241 were downloaded from the
platform of the Gene Expression Omnibus and function enrich-
ment analysis of differentially expressed genes (DEGs) was
performed. A total of 168 DEGs were obtained and the DEGs
were significantly enriched in ‘cell junction’ and ‘cell adhesion’,
among others. The Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis demonstrated that DEGs were
enriched in three pathways including ‘focal adhesion’, ‘renal
cell carcinoma’ and ‘Hippo signaling pathway’. The results of
the protein-protein interaction network revealed that the hub
genes in mPCa were separately PTEN, Rac GTPase-activating
protein 1, protein regulator of cytokinesis 1, PDZ binding
kinase, centromere-associated protein E, NUF2 component of
NDCB80 kinetochore complex, TPX2 microtubule nucleation
factor, SOX2,CD44 and ubiquitin-like with PHD and ring finger
domains 1. As a hub gene, CD44 was differentially expressed
in PCa, as determined by Oncomine analysis. Further experi-
ments in vivo demonstrated that SB-3CT, a selective matrix
metalloproteinase inhibitor that has been reported to block
CD44 cleavage and inhibit the downstream signaling pathway,
suppressed the tumorigenicity of PCa cells by decreasing
the expression levels of pyruvate dehydrogenase kinase 1
and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4.
Moreover, the combination therapy with SB-3CT and docetaxel
was more effective in inhibiting PCa compared with mono-
therapy. In conclusion, the identification of DEGs and the
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in vivo experimental results helped to elucidate the molecular
mechanisms of PCa and provided a potential strategy for the
treatment of PCa.

Introduction

Prostate cancer (PCa) is the second most common cancer type
worldwide and was ranked fifth with regards to cancer-related
mortality rates in men in 2018 globally (1). Localized PCa can
be treated using radical prostatectomy or radiation therapy (2).
However, the disease control of metastatic PCa (mPCa) remains
unsatisfactory (3). Although hormonal therapy has been widely
used for mPCa, recurrence nearly always occurs after the initial
period of treatment response and the cancer inevitably progresses
to metastasis castrate-resistant PCa, which is extremely diffi-
cult to treat (4,5). Therefore, it is crucial to identify the exact
molecular mechanism of the progression of mPCa, which may
provide novel diagnostic and therapeutic targets.

Over the last decades, the technology of gene microarray and
bioinformatic analysis has been applied for the examination of
genetic alterations, which has enabled the identification of differ-
entially expressed genes (DEGs) between mPCa and normal
prostate tissues (6). In the present study, different microarray data-
sets were downloaded from the Gene Expression Omnibus (GEO)
and multivariate statistical techniques were used for analysis.
Analysis of the protein-protein interaction (PPI) network, enrich-
ment analysis of Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway were performed to predict
the hub genes and the molecular mechanism of mPCa among the
DEGs, which could guide future experiments in vitro and in vivo.

CD44 is a cell-surface receptor that is expressed in the
majority of normal and cancer tissues (7). CD44 is a cell-surface
marker that is associated with the stemness, initiation and inva-
siveness of tumor cells (8). It has been reported that cell adhesion
is primarily mediated by the CD44 signaling pathway, which is
initiated by cleavages of CD44 ectodomain. Cleavages of CD44
ectodomain induced CD44 intracellular domain cleavage, and
the subsequently generated intracellular domain fragment, can
regulate signaling transcription (9). It has been revealed that
MMPs are involved in the cleavage of CD44 ectodomain (10).
Previous findings have observed that PC-3 cells expressed
CD44, while LNCaP cells did not (11). It was also reported that
CD44 could regulate cell proliferation, invasion and migration
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via pyruvate dehydrogenase kinase 1 (PDK1) and 6-phospho-
fructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKB4) in PCa
cells (12). Additionally, MMP inhibitor (SB-3CT) could decrease
glycolytic activity via the inhibition of CD44 in PCa cells, and
combination therapy with SB-3CT and docetaxel was more
effective in inhibiting PCa compared with monotherapy (12).

Based on the results of previous studies in vitro, the present
study performed additional experiments in vivo to further
determine the role of CD44 in the progression of PCa and the
role of SB-3CT in PCa.

Materials and methods

Information of microarray data. GEO (http:/www.ncbi.nlm.
nih.gov/geo) is a public repository of high-throughput func-
tional genomics data (13,14). In total, three datasets (GSE3325,
GSE6919 and GSE38241) were downloaded from GEO to
compare gene expression between metastasis prostate cancer
tissues and normal prostate tissues. The organism of the selected
datasets was homo sapiens, and the experiment type was expres-
sion profiling array. The probes of each dataset were annotated
by the gene symbol, according to the information of the platform.
The dataset of GSE3325 contained six mPCa tissue samples
and six normal prostate tissue samples (15), while GSE6919
contained 25 mPCa tissue samples and 17 normal prostate
tissue samples (16,17), and GSE38241 contained 18 mPCa tissue
samples and 21 normal prostate tissue samples (18).

Identification of differentially expressed genes. The DEGs
between mPCa and normal prostate samples were screened using
statistical software R (https:/www.r-project.org; version 3.6.0).
Data standardization and quality detection were performed prior
to analysis. DEGs were identified using the Empirical Bayes
method according to the ‘limma’ package of Bioconductor
(https://bioconductor.org) (19). In addition, llog2FCI>1 was set as
the cut-off value and adjusted P<0.05 was considered significant.
A volcano plot of the DEGs was conducted based on the ‘ggplot2’
package of R (https://CRAN.R-project.org/package=ggplot2;
version 3.2.1). A heatmap of the DEGs was constructed
using the ‘pheatmap’ package of R (https://CRAN.R-project.
org/package=pheatmap; version 1.0.12).

Enrichment analysis of GO term and KEGG pathway. GO
term enrichment analysis of DEGs including biological
process (BP), cellular component (CC) and molecular func-
tion (MF) was conducted using the ‘clusterProfiler’ package of
Bioconductor (20). The KEGG pathway enrichment analysis of
DEGs was performed using the DAVID database (https:/david.
nciferf.gov; version 6.8), which provides functional annotation
tools online for understanding biological processes. P<0.05 was
considered to indicate a statistically significant difference (21,22).

Analysis of PPI network and hub gene identification. PPI
network analysis was performed to identify hub genes and
to evaluate the interactions among DEGs using the online
database of Search Tool for the Retrieval of Interacting Genes
(STRING; https://string-db.org; version 11.0) and Cytoscape
software (Www.cytoscape.org; version 3.7.1) (23,24). Firstly, the
network of DEGs was mapped using STRING database with an
interaction score >0.4. Then, the network was visualized using

Cytoscape software. The top 10 hub genes among the DEGs
were identified using the cytoHubba plugin of Cytoscape (25).

PCa cell line and cell culture. LNCap and PC-3 cells (obtained
from the Cell Bank of Type Culture Collection of Chinese
Academy of Sciences) were cultured in RPMI-1640 medium
(Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Thermo Fisher Scientific, Inc.). The cells were cultured in an
incubator at 37°C and 5% CO,. Negative control groups were
designed and performed in the experiments, and experiments
were repeated at least three times.

Cell transfection. The sequences of short hairpin (sh)RNA
targeting PDKI or PFKFB4 and the negative control were
inserted into the lentiviral vector. A non-targeting sequence
(forward sequence 5'-CCGGCAACAAGATGAAGAGCA
CCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT-3")
was used as the negative control. Lentiviruses with the pack-
aging plasmid (PG-P1-VSVG, PG-P2-REV, PG-P3-RRE and
pGLV3/H1/GFP) and shRNA plasmid were produced via the
transfection of 293T cells. Supernatants with lentiviral were
collected after transfection and filtered using a 0.45-um strainer.
The lentiviral-expressing CD44 was harvested by inserting the
sequences of CD44 into a pLVX-EF1la vector. An empty vector
was used as the negative control. The lentiviral vector was used
to infect PC-3 cells for 24 h at 37°C. Using the same method,
LNCaP cells were transfected with CD44 overexpression lenti-
viral vector. PC-3 and LNCaP cells infected by lentiviral vector
were cultured for 72 h before subsequent experiments. Plasmid
was purchased from BioVector NTCC Inc.

Western blot analysis. Cell extraction was performed using lysis
buffer (Thermo Fisher Scientific, Inc.) and protein was separated
via 10% SDS-PAGE. The concentration of protein was quanti-
fied by the bicinchoninic acid method. The protein extracted
from the NC, SB-3CT, SB-3CT + Docetaxel (5 mg/kg), and
SB-3CT + Docetaxel (10 mg/kg) groups were loaded in different
western blot lanes, respectively. Then, the separated protein was
transferred onto a polyvinylidene fluoride membrane. After
blocking with 5% skimmed milk, the membrane was incubated
with primary antibodies specific for PDK1 (cat. no. ab110025;
1:500 dilution, Abcam), PFKFB4 (cat. no. ab137785; 1:500 dilu-
tion, Abcam) or GAPDH (cat. no. ab181602; 1:1,000 dilution,
Abcam), followed by incubation with secondary antibody IgG
(cat. no. R4880; 1:1,000 dilution, Sigma-Aldrich; Merck KGaA).
The protein was visualized using enhanced chemiluminescence
and analysed using software by Labworks Analysis Software.

Immunohistochemical staining. Immunohistochemical
staining was performed on paraffin-embedded tumor tissue
sections using anti-PDK1 (cat. no. ab110025; 1:1,000 dilution,
Abcam) or anti-PFKFB4 (cat. no. ab137785; 1:1,000 dilution,
Abcam) antibodies according to the manufacturer's protocol.
The tissue sample was fixed with 4% paraformaldehyde at 4°C
for 12 h. After staining, the sections (5 ym) were observed at
x100 and x400 magnification using a light microscope. Positive
cells were distinguished by strong staining of the membrane.

Tumor xenograft model in vivo. Animal experiments were
permitted by the Ethics Committee of the People's Hospital of
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Figure 1. Volcano plots of DEGs. Volcano plots of DEGs in metastasis prostate cancer and normal prostate samples in the datasets of (A) GSE3325, (B) GSE6919
and (C) GSE38241. DEGs were selected using llog,FCI>1 and an adjusted P<0.05. Colors refer to the different genes: Grey represents genes without signifi-
cantly different expression. Red represents genes that are upregulated in metastasis prostate cancer tissues compared with normal prostate tissues and blue

indicates genes that are downregulated. DEG, differentially expressed genes.

Guangxi Zhuang Autonomous Region (approval no. 2014-010).
A total of 40 BALB/c nude mice (age, 4-6 weeks; male; weight,
20-25 g) were obtained from Guangdong Medical Laboratory
Animal Center and maintained in a specific pathogen-free
environment which consisted of individually ventilated cages
and isolator modules. The mice were injected with treated
PCa cells in the armpit. PC-3 cells, PC-3 cells infected with
shRNA-PDK1 or shRNA-PFKFB4, and LNCaP cells infected
with vector-expressing CD44 or negative control were subcutane-
ously injected into BALB/c nude mice. The BALB/c nude mice
injected with PC-3 cells were considered as the negative control.
The tumor volume was observed and measured up to 33 days.
Tumor weight was measured after mice were euthanized.

For the evaluation of CD44 in the treatment of PCa in vivo,
PC-3 cells were subcutaneously injected into BALB/c nude
mice and SB-3CT or SB-3CT combined with docetaxel (5 or
10 mg/kg) was injected into the mice via the tail vein. The
tumor volume and weight were measured, and the tumor
tissues were dissected for western blotting and immunohisto-
chemical staining. BALB/c nude mice injected with PC-3 cells
were considered the negative control.

During the experiment, 40 BALB/c nude mice were used.
Mice were kept on a 12 h light-dark cycle at 50-60% humidity
and 23-25°C and fed chow and water ad libitum. The health
and behavior of the mice were monitored twice daily, which
included weight, water and food intake, and animal posture. Sign
of weight loss, rapid breathing, bloating, reduced food intake,
and visible tumor under the skin was regarded as illness, which
led to the euthanasia of mice. All 40 mice were euthanized
as tumors were observed under the skin, using pentobarbital
sodium (100 mg/kg) in the study. The pentobarbital sodium
was injected via the tail vein. The maximum tumor size in the
mice allowed to grow was 2,000 mm?® (not exceed 20 mm in
any direction) before euthanasia. In the research, ulceration of
tumors was not observed in any of the mice, and metastatic
tumors to the lung were evident in 8 of the 40 mice.

Statistical analysis. The statistical analysis was performed
using SPSS software (version 19.0; IBM Corp.) and the graphs

were created using GraphPad Prism software (version 6.0;
GraphPad Software, Inc.). Data were analysed using the
Student's t-test (independent t-test) or a one-way ANOVA with
Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Identification of DEGs in mPCa. The datasets of GSE3325,
GSE6919 and GSE38241 were downloaded from the GEO
platform. A total of 4,790, 1,144 and 1,920 DEGs were screened
from GSE3325, GSE6919 and GSE38241, respectively
(Fig. 1A-C). In addition, 168 common DEGs were identified
among the three datasets (Fig. 2A) and the expression levels
of the common DEGs in the three datasets are presented
(Fig. 2B-D).

Enrichment analysis of GO term. The results of GO enrich-
ment analysis varied with regards to the GO term and the
different expression of common DEGs (Fig. 3A). The result
of GO enrichment analysis in BP showed that the common
DEGs were significantly enriched in ‘cell junction’, ‘cell adhe-
sion’, ‘epithelial to mesenchymal transition’ and ‘epithelial cell
proliferation’, among others (Fig. 3B). With regards to CC, the
common DEGs were significantly enriched in ‘adherens junc-
tion’, ‘cell junction’, ‘focal adhesion’ and ‘myofibril’, among
others (Fig. 3C). For MF, the common DEGs were significantly
enriched in ‘actin binding’, ‘collagen binding’, ‘proximal
promoter sequence-specific DNA binding’, ‘guanyl nucleotide
binding’ and ‘guanyl ribonucleotide binding’ (Fig. 3D).

Enrichment analysis of KEGG pathway. The results of KEGG
pathway enrichment analysis demonstrated that the common
DEGs were significantly enriched in the ‘Focal adhesion’,
‘Hippo’ and ‘Renal cell carcinoma’ signaling pathways (Fig. 4).

Analysis of PPI network and hub gene. The PPI network
consisted of 167 nodes and 168 edges based on STRING
database, and the network was visualized using Cytoscape
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Figure 2. Venn diagram and heatmap of common DEGs. (A) Venn diagram indicates the number of common DEGs in the three datasets. Heatmap of common
DEGs in the datasets of (B) GSE38241, (C) GSE3325 and (D) GSE6919. In the heatmap of common DEGs, blue indicates downregulated and red represents

upregulated genes. DEG, differentially expressed genes.

software (Fig. 5). The top 10 common DEGs with the highest
degree were screened as the hub genes of mPCa and their
names and functions are presented in Table I.

Knockdown of PDKI or PFKFB4 inhibits tumorigenicity
of PCa cells in vivo. The BALB/c nude mice were injected
subcutaneously with PC-3 cells infected with shRNA-PDK1
or shRNA-PFKFB4. Tumors dissected from mice were
imaged and measured (Fig. 6A). The maximum tumor size
was 1,775.74 mm?. It was found that knockdown of PDK1
or PFKFB4 inhibited the tumor growth of PCa cells in vivo
(Fig. 6B). Similar results were observed for tumor weight
(Fig. 6C).

Overexpression of CD44 promotes tumorigenicity of PCa
cells in vivo. The BALB/c nude mice were subcutaneously
injected with LNCaP cells transfected with CD44 overexpres-
sion vector or NC. Tumors dissected from mice were imaged
and measured (Fig. 7A). The maximum tumor size was

1,932.95 mm?®. The results indicated that overexpression of
CD44 promoted the tumor growth and tumor weight of PCa
xenografts in vivo (Fig. 7B and C).

Inhibition of CD44 suppresses tumorigenicity of PCa cells
in vivo and the CD44 inhibitor (SB-3CT) combined with
docetaxel inhibits the tumorigenicity of PCa. The BALB/c
nude mice were subcutaneously injected with PC-3 cells. After
inoculation, SB-3CT or SB-3CT combined with docetaxel
(5 or 10 mg/kg) was injected into mice via the tail vein. Tumors
dissected from mice were imaged and measured (Fig. 8A). The
maximum tumor size was 1,775.74 mm?. It was identified that
combined therapy with CD44 inhibitor (SB-3CT) and docetaxel
could significantly inhibit tumor growth compared with treat-
ment with the CD44 inhibitor (SB-3CT) alone. Moreover, it
was found that a high concentration of docetaxel (10 mg/kg)
could achieve higher inhibitory effects compared with the
low concentration (5 mg/kg) (Fig. 8B and C). The expression
levels of PDK1 and PFKFB4 in tumor tissue were examined,
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Figure 3. GO enrichment analysis of common DEGs. (A) Results of GO enrichment analysis. The x-axis indicates the number of genes enriched in the marked
category. The y-axis represents the functional categories. Only categories of GO with P<0.05 are shown. Bubble charts for (B) BPs, (C) CCs and (D) MFs.
The x-axis represents the ratio of common DEGs enriched in the marked category. The size of the bubble indicates the number of common DEGs enriched
in the marked category and color refers to the value of difference. GO, Gene Ontology; BP, Biological Processes; CC, Cellular Components; MF, Molecular
Functions; DEG, differentially expressed genes.

and were found to be significantly downregulated both in the
monotherapy and combined therapy groups. Similar results
were also observed in the results of immunohistochemical
staining (Fig. 8D-G). Based on these aforementioned results,
it was suggested that SB-3CT combined with a high dose of
docetaxel could inhibit tumor growth more effectively than

SB-3CT alone.

Discussion

Although significant progress has been achieved in the
management of mPCa, the pathogenesis of mPCa has not
been fully elucidated due to the potentially complex biological
traits of cancer. Microarray technology enables researchers to
screen hub genes and primary pathways that are associated
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with mPCa, and has proven to be a helpful technology (26).
Therefore, microarray technology has been used to identify
genetic alterations involved in the pathogenesis and progres-
sion of diseases.

In the present study, three microarray databases were
accessed to identify DEGs between mPCa tissues and normal
prostate tissues. A total of 168 common DEGs were obtained
for further analysis. To reveal interactions among the common
DEGs, GO and KEGG pathways, enrichment analysis was
performed. GO enrichment analysis indicated that the DEGs

Table I. Functional roles of top 10 hub genes with a degree =8.

LIN et al: HUB GENES AND THE ROLE OF CD44 IN PROSTATE CANCER

were mostly enriched in ‘cell junction’ and ‘cell adhesion’.
The results of GO analysis are consistent with previous
studies, which reported that ‘cell junction’ is associated with
paracellular diffusion regulation and that ‘cell adhesion’
serves a crucial role in the transformation and progression of
cancer (27-29). The KEGG pathway enrichment analysis indi-
cated that the DEGs were mostly enriched in ‘Hippo signaling
pathway’, ‘focal adhesion’ and ‘renal cell carcinoma’. Previous
studies have reported that the hippo signaling pathway is
involved in the regulation of cell proliferation and cell apop-
tosis, and is upregulated in tumors (30,31). In the present study,
the top 10 common DEGs with highest degree were screened
as the hub genes, including PTEN, Rac GTPase-activating
protein 1, Protein regulator of cytokinesis 1, PDZ binding
kinase, Centromere-associated protein E, NUF2 component
of NDCB80 kinetochore complex, TPX2 microtubule nucle-
ation factor, SOX2, CD44 and ubiquitin-like with PHD and
ring finger domains 1. Previous findings have revealed that
CD44 is an adhesion molecule and is involved in the processes
of invasion and metastasis in tumor cells (10). The present
bioinformatics analysis results were consistent with these
aforementioned findings. Based on the current results of the
bioinformatics analysis, it was suggested that CD44 could
regulate cell proliferation, migration and invasion in PCa.
The results of our previous study revealed that inhibition of
CD44 using SB-3CT could suppress proliferation, invasion and
migration in PCa cells by regulating PDK1 and PFKFB4 expres-
sion levels (12). Based on the present bioinformatics analysis
results and our previous study, additional experiments in vivo
were performed, including tumor formation assay and tumor
metastasis experiments. In the present study, the results of tumor
xenograft implantation demonstrated that knockdown of PDK1
or PFKFB4 in PC-3 cells inhibited the tumorigenicity of PCa
in vivo. Further experiments indicated that inhibition of CD44
using an MMP inhibitor (SB-3CT) in PC-3 cells suppressed the
tumorigenicity of PCa and inhibited the expression levels of

No. Gene symbol Full name Function (Ref.)
1 PTEN Phosphatase and tensin homolog PTEN acts as a tumor suppressor through regulating AKT/PKB
signaling pathway negatively (41)
2 RACGAPI Rac GTPase-activating protein 1 RACGAPI can regulate the progression of cytokinesis, cell
growth and differentiation (42)
3 PRCI Protein regulator of cytokinesis 1 PRCI is associated with cytokinesis (43)
4 PBK PDZ binding kinase High expression of PBK is associated with tumorigenesis (44)
5 CENPE Centromere-associated protein E CENPE is necessary for stable spindle microtubule capture (45)
6 NUF2 NUF2 component of NDC80 NUF2 is associated with centromeres of mitotic (46)
kinetochore complex
7 TPX2 TPX2 microtubule nucleation factor ~ TPX2 is implicated as a regulator of cell apoptosis (47)
8 SOX2 SRY-box transcription factor 2 Transcription factors encoded by SOX?2 play a regulatory role in
embryonic development (48)
9 CD44 CD44 molecule CD44 is associated with cell-cell interaction, cell migration and
adhesion (10)
10 UHRF1 Ubiquitin-like with PHD and ring UHREF1 is overexpressed in various types of cancer (49)

finger domains 1
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Figure 5. PPI network and module analysis of common DEGs. A total of 167 DEGs were screened using the STRING database and the PPI network was
constructed using Cytoscape. The color is indicative of the different genes: Blue represents downregulated genes, while red indicates upregulated genes.
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interaction.

PDK1 and PFKFB4 in PC-3 cells. SB-3CT, a selective MMP
inhibitor, has been reported to block CD44 cleavage and inhibit
downstream signaling pathway (32). Taken together, the present
results indicated that CD44 suppressed the tumorigenicity of
PCa via PDK1 and PFKFB4 in vivo, which was consistent with
the results of previous study in vitro (12). As aforementioned,
previous studies have reported that PC-3 cells expressed CD44,
while LNCaP cells did not (11). In the present study, CD44 was
overexpressed in LNCaP cells and this overexpression promoted
the tumorigenicity of PCa. Tumor metastasis experiments were
also performed. In the present study, metastatic tumors were
found in the lung of the mice. However, the difference between
two groups in the number of metastatic tumors in the lung was
not significant.

Currently, hormonal therapy and chemotherapy are the
first line choice for the treatment of mPCa, and adverse events
were frequent in the two protocols (33). The combination of
hormonal therapy and docetaxel became a novel therapy for
mPCa. The results of the present study demonstrated that
CD44 regulated the tumorigenicity of PCa in vivo, which
suggested that inhibition of CD44 using SB-3CT is a novel
potential treatment of PCa. According to current combined

therapy of mPCa, it was suggested that the combination of
CD44 inhibitor and docetaxel may be a beneficial strategy. Our
previous study revealed that the combination of docetaxel and
SB-3CT could significantly decrease the viability of PC-3 cells
compared with single treatment of docetaxel at the concentra-
tion of 5 or 10 mg/kg (12). The present study evaluated the
effect of combined therapy with CD44 inhibitor (SB-3CT)
and docetaxel. The results indicated that treatment with CD44
inhibitor and docetaxel inhibited tumor growth and decreased
expression levels of PDK1 and PFKFB4. Moreover, it was
identified that treatment with high concentration of docetaxel
induced a more positive response compared with the low
concentration. Although the combined therapy was effective,
sequential therapy is another potential therapy, but requires
further investigation (34).

CD44 is a cell-surface receptor for hyaluronic acid and
extracellular matrix components, and it serves a critical role
in connecting the microenvironments in cancer. CD44 enables
cancer cells to perceive the changes of microenvironments and
can mediate the transduction of growth factor and cytokine
signaling which can promote cell invasion and metastasis.
Growth factors from microenvironments mediated by CD44,
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Figure 6. Knockdown of PDK1 or PFKFB4 inhibits tumorigenicity of prostate cancer cells in vivo. (A) Tumors dissected from 15 BALB/c nude mice are
presented (n=>5 for each group). (B) Tumor volume curve of NC, PDK1 and PFKFB4 treatment groups. Asterisk in the red tumor volume curve indicates that the
shRNA-PDKI1 group is significantly different compared to the NC group. Asterisk in the blue tumor volume curve indicates that the siIRNA-PFKFB4 group is
significantly different compared to the NC group. (C) Tumor weight of NC, PDK1 and PFKFB4 treatment groups. Knockdown of PDK1 or PFKFB4 inhibited
the tumor growth of prostate cancer cells in vivo. Data are analysed using an ANOVA with Tukey's post hoc test. Data are presented as the mean + SD. "P<0.05.
NC, negative control; PDK1, pyruvate dehydrogenase kinase 1; PFKB4, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4.
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Figure 7. Overexpression of CD44 promotes tumorigenicity of prostate cancer cells in vivo. (A) Tumors dissected from 10 BALB/c nude mice are presented
(n=5 for each group). (B) Tumor volume curve of NC and CD44 treatment groups. (C) Tumor weight of NC and CD44 treatment groups. Overexpression
of CD44 promoted the tumor growth of prostate cancer cells in vivo. Data are analysed using a Student's t-test (independent t-test) or an ANOVA with
Tukey's post hoc test. Data are presented as the mean + SD. "P<0.05. NC, negative control; PDK1, pyruvate dehydrogenase kinase 1; PFKB4, 6-phospho-

fructo-2-kinase/fructose-2,6-biphosphatase 4.

including EDF, FGF, HGF, VEGF, TGF-p, can also regulate
tumorigenicity (35). It has been reported that CD44 could
regulate the activation of macrophages in tumors, which was
associated with tumorigenicity (36,37). As aforementioned,
the regulation of microenvironments or macrophages by
CD44 could affect tumorigenicity, but this required further
examination. CD44 can also regulate EMT and reactive
oxygen species (ROS) metabolism. Moreover, CD44 may
regulate glucose metabolism in PCa (38). With increased
glycolytic activity, reduced mitochondrial respiration leads
to decreased ROS levels (39). Previous in vitro studies have
reported that inhibition of CD44 expression could decrease
glucose consumption and increase ROS level. Based on these
results, it was suggested that CD44 could regulate the tumori-
genicity of PCa cells via the regulation of ROS via PDK1 or
PFKFB4.

The 70-kDa ribosomal protein S6 kinase, known as
p70S6K, is a dual pathway kinase which acts downstream
of PI3K pathway and mTOR pathway in response to growth
factors and cytokines to regulate cell growth and inhibit
cell apoptosis. Previous findings showed that p70S6K was

regulated by PDK1 in PI3K pathway and could suppress
BAD-induced cell apoptosis by the phosphorylation of
Ser-136 on BAD (40). In our study, it was suggested that
CD44 could suppress the tumorigenicity of prostate cancer
by decreasing PDK1 and PFKFB4. Consequently, we hypoth-
esized that CD44 could regulate the apoptosis of prostate
cancer cells through p70S6K. In future, the effect of CD44
on the apoptosis of prostate cancer and its mechanism may
be the focus of future research.

However, the present study has some limitations. CD44 has
two variable regions and various CD44 isoforms produced by
alternative splicing, which may have diverse effects on cancer
progression. Thus, the CD44 isoforms should be analyzed
and examined further in PCa tissues. Our previous findings
demonstrated the difference between combined treatment and
docetaxel alone in vitro. In addition, docetaxel was the first-line
treatment for castration-resistant prostate cancer, which had
been confirmed by lots of experiments in vivo and clinical prac-
tices. The main purpose of the present study was confirming
the benefits of combined treatment with docetaxel and SB-3CT,
a novel compound for prostate cancer treatment. Based on the
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Figure 8.Inhibition of CD44 suppresses tumorigenicity of prostate cancer cells in vivo and the CD44 inhibitor (SB-3CT) combined with docetaxel inhibits tumorigenicity
of prostate cancer. (A) Tumors dissected from BALB/c nude mice are presented (n=>5 for each group). (B) Tumor volume curve of NC, SB-3CT, SB-3CT + Docetaxel
(5 mg/kg) and SB-3CT + Docetaxel (10 mg/kg) treatment groups. (C) Tumor weight of NC, SB-3CT, SB-3CT + Docetaxel (5 mg/kg) and SB-3CT + Docetaxel
(10 mg/kg) treatment groups. (D and E) PDK1 and PFKFB4 expression levels were downregulated in the PC-3 + SB-3T group, PC-3 + SB-3T + Docetaxel (5 mg/kg)
group and PC-3 + SB-3T + Docetaxel (10 mg/kg) group compared with the PC-3 + NC group. (F) PDK1 expression levels were downregulated in the PC-3 + SB-3T
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the PC-3 + NC group. Data are analysed using an ANOVA with Tukey's post hoc test. Data are presented as the mean = SD. "P<0.05. NC, negative control; PDK1,

pyruvate dehydrogenase kinase 1; PFKB4, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4.
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aforementioned findings, SB-3CT alone was designed as the
control group; however, it would be more reasonable to add
docetaxel as monotherapy as a further control group.

In conclusion, a total of 168 common DEGs were identified
and 10 hub genes were considered as biomarkers for mPCa.
Further experimental results indicated that CD44 regulated
the tumorigenicity of PCa via PDK1 and PFKFB4 in vivo. The
present results demonstrated that the combination of SB-3CT
and docetaxel was more effective in the inhibition of tumor
growth, which suggested that combination therapy is a poten-
tial therapeutic strategy for mPCa.
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