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Background: Treatment of castration-resistant prostate cancer (CRPC) is an enormous chal-
lenge. As E2F transcription factor 1 (E2F1) is an essential factor in CRPC, this study investigated
the genes and pathways controlled by E2F1 and their effects on cellular behavior in CRPC.
Methods: In vitro assays were used to evaluate cellular proliferation, apoptosis, and
behavior. Cellular expression was quantified by RNA sequencing (RNA-seq). Gene co-
expression was assessed using the GeneMANIA database, and correlations were analyzed
with the GEPIA server. Altered pathways of differentially expressed genes (DEGs) were
revealed by functional annotation. Module analysis was performed using the STRING
database and hub genes were filtered with the Cytoscape software. Some DEGs were
validated by real-time quantitative PCR (RT-qPCR).

Results: Knockdown of E2F1 significantly inhibited proliferation and accelerated apoptosis
in PC3 cells but not in DU145 cells. Invasion and migration were reduced for both cell lines.
A total of 1811 DEGs were identified in PC3 cells and 27 DEGs in DU145 cells exhibiting
E2F1 knockdown. Ten overlapping DEGs, including TMOD?2 and AIFIL, were identified in
both knockdown cell lines and were significantly enriched for association with actin filament
organization pathways. TMOD2 and KREMEN2 were genes co-expressed with E2F1; six
overlapping DEGs were positively correlated with transcription factor E2F1. DEGs of the
PC3 and DU145 groups were associated with multiple pathways. Five DEGs that overlapped
between the two cell lines and three hub DEGs from PC3 cells were validated by RT-qPCR.
Conclusion: The results of this study suggest that E2F1 has a critical role in regulating actin
filaments, as indicated by the change in expression level of several genes, including TMOD?2
and A/FIL, in CRPC. This extends our understanding of the cellular responses affected by
E2F1 in CRPC.
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Introduction

Prostate cancer (PCa) has a high mortality rate and is one of the most common
cancers in males worldwide." Although prostate cancer responds to therapy after
diagnosis, it can also develop into a generally fatal form, castration-resistant PCa
(CRPC).” The androgen receptor (AR) in CRPC can function in an androgen-
independent manner, signaling to other pro-survival and proliferative pathways
and leading to cancer cell progression.™*

Using a comprehensive CRPC regulatory network,” we identified E2F transcription
factor 1 (E2F1) as an essential target gene that could affect the AR. E2F1 can regulate
the transcription of target genes and was the first member of the E2F family of
transcription factors to be identified.® It is a crucial factor in many cancers, including
CRPC,”” and is involved in AR-independent CRPC development in vivo.'’
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Furthermore, all genes were negatively regulated by E2F1 in
the CRPC regulatory network, which raised the question: are
there genes that are negatively regulated by E2F1 in CRPC?

Although the cellular function of E2F1 in CRPC has been
investigated,'' ™ the underlying genetic mechanism of regu-
lation remains unknown. Further study is needed to understand
the regulation of genes by E2F1 at the transcriptome level,
especially essential genes negatively regulated by E2F1. RNA
sequencing (RNA-seq) provides an efficient method for tran-
scriptome analyses of gene expression, enabling the detection
of differentially expressed genes (DEGs) during biological
progression.'*'> RNA-seq has been used to analyze copper
exposure knockout cells with downregulation of ATP7B and
identify 103 DEGs that regulate autophagy.'® Thus, RNA-seq
was a suitable technique to test our hypothesis.

In the present study, we performed cellular experiments in
PC3 and DU145 cell lines with knockdown of E2F1 expres-
sion, because this gene is overexpressed in CRPC cells.'” The
effect of E2F1 on cellular behavior in CRPC was studied, and
DEGs and pathways controlled by E2F1 were investigated.
Subsequently, several DEGs were validated by real-time quan-
titative PCR (RT-qPCR), and protein expression in tissues and
correlation analysis were assessed using various databases. We
found E2F1-related signaling pathways and investigated sig-
nificant DEGs in CRPC, thereby extending our understanding
of CRPC cellular responses affected by E2F1.

Materials And Methods

Cell Culture And Infection

PC3 and DU14S5 cells were obtained from the Suzhou Institute
of Biomedical Engineering and Technology, Chinese
Academy of Sciences, and cultured at 37 °C in RPMI-1640
containing 10% fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA). A virus expressing a short hairpin RNA (shRNA)
targeting E2F1 and a TMOD?2 overexpression virus were
obtained from GenePharma Co., Ltd. (Shanghai, China) and
used for infection. The E2F1 targeted shRNA sequence was as
follows: 5-GCUAUGAGACCUCACUGAATT-3"."® Stably
infected cell lines were obtained by selective screening with
puromycin (1 mg/mL; Solarbio, Beijing, China) for one week.

Determination Of Knockdown And

Overexpression Efficiency

Total RNA was extracted from the control samples
(PC3_vector and DU145 vector) as well as from the
experimental samples (PC3_shE2F1 and DU145 shE2F1)
using the AxyPrep TM Multisource Total RNA Miniprep

Kit (Corning Incorporated; NY, USA). Total RNA was
used to synthesize cDNA using the HiScript II 1st Strand
cDNA Synthesis Kit (Vazyme, Nanjing, China). RT-qPCR
was performed in triplicate using TB Green™ Premix Ex
Tag™ 1II (Tli RNaseH Plus) (Takara Biomedical
Technology Co., Ltd., Japan). The relative mRNA expres-
sion levels of PC3 and DU145 were normalized to that of
GAPDH (glyceraldehyde-phosphate dehydrogenase) and
compared with the control, and experimental groups were
determined by the 2-AACT method. The quantitative RT-
PCR primers for human E2F1 are as Table S1.

For the Western blot analysis, post-transfection PC3 and
DU145 cells that had been incubated for 48 hrs were col-
lected for protein isolation. Each protein was separated on a
10% sodium dodecyl sulfate polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride membrane (Millipore,
MA, USA). These membranes were incubated with block
buffer (Beyotime, Beijing, China) and probed with the pri-
mary antibody for E2F1 (cat. no., 3742; anti-rabbit; 1:2,000;
Cell Signaling Technology Inc., Danvers, MA, USA) or
TMOD?2 (cat. no., ab124833; anti-rabbit; 1:2,000; Abcam
Inc., Cambridge, MA, USA), GAPDH (cat. no., 10494-1-
AP; anti-rabbit; 1:2,000; ProteinTech Group, Inc., Wuhan,
China) at 4 °C overnight. Then, membranes were incubated
with the corresponding second antibody (cat. no., SA00001-
2; 1:10,000; ProteinTech Group, Inc., Wuhan, China) at 4 °C
for 2 h before being scanned and photographed.

Cell Proliferation Assays

A total of 2.5x10° cells were seeded in 96-well plates, and cell
viability was determined at 24 h, 48 h, 72 h, and 96 h using a
Cell Counting Kit-8 (CCK-8; Dojindo, Japan) according to the
manufacturer’s protocol. The absorbance values of the 96-well
plates were measured at 450 nm with a Quant Microplate
Spectrophotometer (BioTek, Winooski, VT, USA).

Cell Invasion And Migration Assays

The chambers of 8-uM-pore transwell plates (Corning
Incorporated; Corning, NY, USA) were coated with or with-
out Matrigel (BD Biosciences, NJ, USA) at 37 °C for 1 h.
Then, 700 pl medium containing 10% (v/v) FBS was added
into the lower chamber, and 5x10* hungry cells diluted in
serum-free medium were seeded into the upper chamber.
After incubation at 37 °C for 48 h, the upper chambers were
fixed using 100% methanol and stained with 1% crystal
violet at room temperature for 15 min. Cells in the upper
chambers were then photographed at x10 magnification
using an inverted phase contrast microscope (DMi8;
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Table | Important DEGs Of PC3 And DUI45 With Down-Regulation Of E2F|

Ensemble ID Symbol log,(FC) In PC3 FDR Value In PC3 log,(FC) In DUI145 FDR Value In DUI145
ENSG00000101412 E2FI —2.61432 5.00E-05 —2.5441 5.00E-05
ENSG00000126878 AIFIL —3.43702 0.00017381 1 —1.47779 0.00101361
ENSG0000000097 | CFH 2.90022 0.00017381 1 1.30114 0.00101361
ENSG00000166979 EVAIC 1.33751 0.00017381 1 —1.50594 0.00101361
ENSGO000001 15602 ILIRLI 1.23207 0.00017381 1 1.09823 0.00101361
ENSG00000124102 PI3 —3.27983 5.00E-05 1.10943 0.03955
ENSG00000128872 TMOD2 —2.10635 0.00017381 1 —-1.1513 0.00101361
ENSG00000122574 WIPF3 —1.48107 0.000173811 —-1.07579 0.00101361
ENSG00000182379 NXPH4 —3.14647 0.00017381 1 —1.57074 0.00327102
ENSGO00000131650 KREMEN2 —1.25661 0.000173811 —1.11658 0.025229
ENSG00000039068 CDHI —2.90928 5.00E-05 - -
ENSGO000001 12715 VEGFA -2.1199 5.00E-05 - -
ENSGO00000108691 CCL2 2.90527 0.0112 - -
ENSGO00000138685 FGF2 2.00624 5.00E-05 - -
ENSGO00000137462 TLR2 —3.46122 5.00E-05 - -
ENSG00000073756 PTGS2 —3.3403 5.00E-05 - -
ENSGO00000 164690 SHH —2.57515 5.00E-05 - -
ENSG00000125730 Cc3 —4.2796 5.00E-05 - -
ENSG00000261371 PECAMI —2.0528 5.00E-05 - -
ENSG00000121966 CXCR4 2.32067 5.00E-05 - -
ENSGO00000074181 NOTCH3 —4.36646 5.00E-05 - -
ENSG00000015475 BID —1.20627 5.00E-05 - -
ENSG000001 15415 STATI 1.5853 5.00E-05 - -

Abbreviations: DEGs, differentially expressed genes; E2F|, E2F transcription factor |; FC, Fold Change; FDR, False Discovery Rate; CFH, complement factor H; ILIRLI,
interleukin | receptor-like I; EVAIC, Eva-1 homolog C; TMOD?2, tropomodulin 2; AIFIL, allograft inflammatory factor | like; WIPF3, WAS/WASL-interacting protein family
member 3; NXPH4, neurexophilin-4; KREMEN2, kremen protein |; PI3, peptidase inhibitor 3; CCL2, C-C motif chemokine ligand 2; FGF2, fibroblast growth factor 2; TLR2,
toll-like receptor 2, CDHI, cadherin |; PTGS2, prostaglandin-endoperoxide synthase 2; SHH, sonic hedgehog signaling molecule; C3, complement C3; VEGFA, vascular
endothelial growth factor A; PECAMI, platelet and endothelial cell adhesion molecule |; CXCR4, C-X-C motif chemokine receptor 4, NOTCH3, notch receptor 3; BID,
BH3 interacting domain death agonis; STAT I, signal transducer and activator of transcription I.

LEICA Corporation, Germany). The crystal violet in the
upper chamber was washed with 33% acetic acid, and the
wash solution was transferred to 96-well plates. The absorp-
tion value at 570 nm was measured with an ELISA reader
(BioTek, Winooski, VT, USA)."

Cell Apoptosis Analysis

Apoptosis was detected in each group using an Annexin V-
APC/7-AAD apoptosis kit (Multi Sciences, Hangzhou,
China) according to the manufacturer’s protocol. The
results were analyzed with CellQuest Pro 6.0.

RNA Sequencing

The sequencing was performed in triplicate. The cDNA of
each sample was synthesized from 1 pg total RNA using
SuperScript II Reverse Transcriptase (Thermo Fisher
Scientific, Waltham, MA, USA), and the cDNA library was
prepared according to the Illumina TruSeq Stranded Total
RNA Reference Guide. We used RNA-seq (Illumina
NextSeq 500) to obtain about 8 G reads per sample. The

sequencing data were submitted to the Gene Expression
Omnibus database (https://www.ncbi.nlm.nih.gov/geo/) with
accession number GSE121258.

RNA-Seq Alignment Of Data
We used the Illumina BaseSpace platform (https:/www.illu
mina.com/products/by-type/informatics-products/basespace-

sequence-hub/apps.html) to analyze the RNA-seq data. The

FastQC application was used to analyze the quality control of
pre-processing data. For the RNA-seq alignment, we chose
Homo sapiens (PAR-masked)/hg38 (RefSeq) as the reference
sequence, with STAR as the aligner, and used Call Fusions and
the Trim TruSeq Adapter. Principal component analysis
(PCA) was used to analyze the clustering of samples, and
the Pearson correlation was calculated.

DEG Analysis
In the Cufflinks Assembly & DE application, Homo sapiens

(PAR-masked)/hg38 (RefSeq) was also used as a reference
sequence, with the first strand selected as the strandedness
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parameter, and STAR as the aligner. After the Cufflinks
treated reads, Cuffdiff 2 was used to analyze the DEGs.
The false discovery rate value < 0.05 and the |log, fold
change| > 1 were used as the DEG standards. Interactive
networks of co-expressed DEGs of PC3 and DU145 cells
were generated using GeneMANIA to establish gene inter-
actions and predict gene co-expression.”’ The GEPIA data-
base was used to obtain expression patterns and for
correlation analysis of DEGs.*'

Functional Annotations Of The DEGs
Functional analysis was performed for DEGs between the
PC3 group (including the PC3 vector group and the
PC3_shE2F1 group) and DU145 group (DU145 vector
group and DU145_shE2F1 group). The Metascape database
was used for pathway enrichment analysis.** The selection
criterion for significant pathways was a P-value < 0.05.

Construction Of PPl Network And

Screening Of Hub DEGs

The DEGs of the PC3 group were submitted to the STRING
database” to obtain a protein—protein interaction (PPI) net-
work. Cytoscape (version 3.7.1)** was used for the analysis
of PPI networks, with a combined score > 0.9 as the cut-off
criterion. Cytoscape plugin CytoHubba?® was used to select
the top 10 hub genes, then molecular complex detection
with MCODE was performed to obtain the module.

Validation For DEGs

RT-qPCR was performed to assess five overlapping DEGs of
the PC3 and DU145 cell group, and three hub DEGs of the
PC3 cell group, and the expression levels were compared
with those of the vector group. The primers used in this
experiment are listed in Table S1. The expression level of
each example was normalized to GAPDH, and the 244"
method was used to analyze the results. Protein expression
levels of DEGs in normal tissues and PCa tissues were
determined using the Human Protein Atlas (www.proteina
tlas.org). A box map was used to illustrate the expression
levels of 492 tumor samples and 152 normal samples.

Patients And Samples

Five human PCa tissue samples and five normal prostate
tissue samples were obtained from patients at the First
Affiliated Hospital Medical
(Nanning, China). Final histological diagnosis of PCa

of Guangxi University

samples was confirmed by two pathologists. The study

of the Ethics
Committee of Guangxi Medical University, and written

was conducted with the approval
informed consent was provided by all participants. RNA
extraction and RT-qPCR were performed to assess expres-

sion levels of DEGs in these tissues.

Results
Proliferation, Apoptosis, And Behavior Of
CRPC Cells With Knockdown Of E2FI

PC3 and DU145 cell lines were constructed with the deple-
tion of E2F1. Whereas PC3 was phenotypically different,
the DU145 cell line was similar to the control (Figure 1A
and B). Protein expression of E2F1 was suppressed by
shE2F1 in both cell lines (P < 0.001; Figure 1C and D).

To investigate the impact of E2F1 depletion on the CRPC
cell lines, we assessed apoptosis, proliferation, migration,
and invasion of DU145 and PC3 cells after knockdown of
E2F1. As shown in Figure 2A, compared with PC3 cells
transfected with the vector alone (PC3_vector), cells trans-
fected with shE2F1 (PC3_shE2F1) showed an increase in
early apoptosis from 1.4% to 22.3%, and in late-stage apop-
tosis from 0.5% to 4.6%, with the most significant change
occurring during the early apoptosis stage (P < 0.001). By
contrast, in DU145 cells, E2F1 depletion did not cause any
change compared with controls (P > 0.05). In the CCK-8
experiment, knockdown of E2F1 significantly reduced cell
growth in PC3 cells (Figure 2B) but did not repress the
proliferation ability of DU145 cells (Figure 2C). In addition,
the invasion and migration activities of both cell types were
suppressed by downregulation of E2F1. After incubation,
migration and invasion rates were reduced by almost 50%
in PC3 cells with the downregulation of E2F1, compared
with PC3 cells transfected with the vector control (migration,
P <0.01; invasion, P < 0.01; Figure 2D and E). Cell numbers
of DU14S5 cells with E2F1 knockdown were also decreased
compared with controls (migration and invasion, P < 0.01;
Figure 2F and G).

Overview Of RNA Sequencing Data From
CRPC Cells With E2F| Knockdown

To study the molecular mechanisms of E2F1 regulation in
CRPC, and to determine why downregulation of E2F1
affected PC3 and DUI145 cells differently, RNA-seq was
used for transcript profiling. Using vector cells and E2F1
knockdown in PC3 and DU145 cells, 12 sequencing samples
were prepared, with each of the four experimental groups
having three replicates. There was good internal consistency
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Figure 2 Cellular experiments for PC3 and DU145 after knockdown of E2FI.
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of replicate samples in each of the groups, PC3 vector,
DU145 vector, PC3_shE2F1, and DU145 shE2F1 (Figure 3).

Identification Of DEGs Associated With
Downregulation Of E2F|

In total, the RNA-seq included 26,354 annotated transcripts
for each type of cell. For PC3_shE2F1 cells, compared with
PC3 vector cells, 1811 DEGs were identified, including 800
upregulated and 1011 downregulated genes (Figure 4A). DEG
expression patterns for PC3 cells are shown in Figure 4B.
Surprisingly, we only identified 27 DEGs in DU145_shE2F1
cells compared with DU145_vector cells, including six upre-
gulated and 21 downregulated genes (Figure 4A). A Venn
diagram (Figure 4C) was used to identify overlapping DEGs
in the knockdown cell lines of PC3 and DU145; these included
CFH (complement factor H), IL/RLI (interleukin 1 receptor-
like 1), EVAIC (Eva-1 homolog C), TMOD? (tropomodulin
2), AIFIL (allograft inflammatory factor 1 like), WIPF3
(WAS/WASL-interacting protein family member 3), NXPH4
(neurexophilin-4), KREMEN? (kremen protein 1), PI3 (pepti-
dase inhibitor 3), and E2F]. Details of these 10 overlapping
DEGs are given in Table 1.

Gene Co-Expression Network And
Correlation Analysis Of Overlapping

DEGs With Depletion Of E2F|

To clarify the relationship of the 10 overlapping DEGs
found in the two cell lines with E2F1 knockdown,

A

PC3-vector

DU145-shE2F1

5K

PC2 (12.20%)
&
X

-10K

30K 25K -20K -15K -10K -5K 0 5K 10K 15K 20K 25K 30K
PC1 (77.41%)

Figure 3 Data quality of RNA-seq.

analysis with the GeneMANIA database was used to
establish gene interactive networks and to identify poten-
tial co-expressed genes in CRPC cells. Surprisingly, there
were no direct inactive relationships for these 10 DEGs,
and only a few overlapping DEGs showed potential co-
expression with other genes (Figure 5A). The gene co-
expression network was divided into two modules,
KREMEN2 and TMOD?2,
which were isolated from the other overlapping DEGs.
However, CFH, EVAIC, AIFIL, and WIPF3 were not co-
expressed with any DEGs according to our predictions.
To investigate which DEGs were potentially regulated
by E2F1, we analyzed that CFH, ILIRLI, EVAIC,
WIPF3, NXPH4, and KREMEN2 expression levels were
positively correlated with those of transcription factor
E2F1 (Figure 5B). However, to determine whether E2F1
interacted directly with these factors would require

co-expressed with E2F1,

further experimentation.

Functional Enrichment In Response To

E2F| Downregulation

To determine which pathways were changed after downre-
gulation of E2F1, we searched the Metascape database for
functional enrichment. The overlapping DEGs of the PC3
and DU145 groups were enriched in only one pathway, actin
filament organization (Figure 6A). The 800 upregulated
genes from the PC3 group were mainly associated with
various signal pathways, such as defense responses to virus,
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cytokine signaling in the immune system, and responses to
interferon-gamma, whereas the 1011 downregulated genes
were mainly enriched in regulation of cell adhesion, epider-
mis development, and chemotaxis (Figure 6B and C). By
contrast, the 27 DEGs of the DU145 group were enriched in
two pathways: NABA ECM regulators and actin filament

organization (Figure 6D).

Module Analysis And ldentification Of
Hub DEGs For The PC3 Group

To assess whether the increased number of DEGs for the
PC3 group were reflected in changes in several pathways
and differences in cellular proliferation, apoptosis, and
behavior, module analysis was carried out to identify rele-
vant pathways and hub DEGs. Initially, we obtained
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Figure 5 Gene co-expression network analysis and correlation analysis of overlapping DEGs with the depletion of E2FI.
Notes: Gene co-expression network analysis of |0 overlapping DEGs (A). Correlation analysis of six overlapping DEGs and E2F| (B).

modules with 153 nodes and 624 edges in total. From
these, we selected the top four modules to be analyzed in
terms of enriched pathways (Figure 7A—H). The DEGs in
the top four modules were related to several significant

signaling pathways. For example, DEGs in module 1 were

significantly enriched for the interferon alpha/beta signal-
ing pathway and responses to the interferon gamma path-
way. DEGs in module 2 were significantly enriched for the
G alpha signaling events pathway and neuropeptide sig-
naling pathway. These top four modules were also
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associated with cellular behavior pathways. For example,
DEGs in module 3 were significantly enriched for mor-
phogenesis of epithelium. In module 4, the associations
were with the epithelial cell morphogenesis pathway,
epithelium migration pathway, and cell junction assembly
pathway. For the DU145 groups, no interactions were
found for the 27 DEGs using the STRING database; there-
fore, module analysis was not performed for DU145 with
downregulation of E2F1.

The top 10 hub DEGs of the PC3 cell group with
depletion of E2F1 were identified using the plug-in
CytoHubba, which revealed interactions among these
genes (Figure 71). The top 10 hub DEGs included CCL2
(C-C motif chemokine ligand 2), FGF2 (fibroblast growth
factor 2), TLR2 (toll-like receptor 2), CDHI (cadherin 1),
PTGS2 (prostaglandin-endoperoxide synthase 2), SHH
(sonic hedgehog signaling molecule), C3 (complement
C3), VEGFA (vascular endothelial growth factor A),
PECAM]1 (platelet and endothelial cell adhesion molecule
1), and CXCR4 (C-X-C motif chemokine receptor 4).
Some other important DEGs of PC3, including NOTCH3
(notch receptor 3), BID (BH3 interacting domain death
agonist), and STAT! (signal transducer and activator of
transcription 1) were also analyzed. Details of the 10 hub
DEGs and three additional important DEGs are shown in
Table 1.

Validation Of DEGs With Depletion Of

E2FI
To confirm the DEGs of CRPC cells determined by RNA-seq,
we examined expression levels of five overlapping genes and
three hub DEGs of the PC3 group by RT-qPCR. The expres-
sion levels of CFH and ILIRLI were higher in the two cell
lines with knockdown of E2F1. By contrast, the levels of
AIF1L and TMOD? expression in PC3 and DU145 cells with
knockdown of E2F1 were lower than those in cells transfected
with the vector control. Notably, £VA1C expression was higher
for PC3 cells and lower for DU145 cells with knockdown of
E2F1 (Figure 8A). Levels of CDHI and VEGFA expression in
PC3 cells with knockdown of E2F1 were lower than those in
cells transfected with the vector control, whereas CCL2 expres-
sion levels were higher than in control cells (Figure 8B). To
assess whether TMOD? affected the invasion and migration
ability of CRPC cells, we constructed PC3 cells with over-
expression of TMOD? (Figure 8C). The invasion and migra-
tion activities of PC3 were enhanced by overexpression of
TMOD? (migration and invasion, P < 0.05; Figure 8D and E).
To determine whether the DEGs were clinically relevant
in PCa, we also analyzed their expression levels in clinical
specimens. Expression levels of three overlapping DEGs,
CFH, EVAIC, and ILIRLI, were lower in PCa tissue than
in normal prostate tissue (Figure 9A, C and E). Consistently,
CFH, EVAIC, and ILIRLI mRNA levels were higher in
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normal prostate tissue than in PCa tissue (P <0.05) according ~ with normal prostate tissue (Figure 9G and I). Similarly,
to the GEPIA database (Figure 9B, D and F). The expression =~ CDH1I was overexpressed (P < 0.05) and PTGS2 was down-
levels of two DEGs of the PC3 group, CDHI and PTGS2, regulated (P < 0.05) in PCa compared with normal tissue
were higher and lower, respectively, in PCa tissue compared  (Figure 9H and J). Expression levels of CFH, EVAIC,
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ILIRLI, and CDH1 were validated in five human PCa tissue
samples and five noncancerous tissue samples collected from
patients (Figure 9K-N).

Discussion

In this study, we constructed CRPC cells with depletion of
E2F1 and found that knockdown of E2F1 had an impact on
PC3 cells and DU145 cells in terms of cell proliferation,
apoptosis, and behavior. We identified DEGs and associated
pathways of CRPC cells by RNA-seq. Furthermore, using a
series of bioinformatics tools, we identified several path-
ways and genes that were controlled by E2F1 and were

potentially meaningful in CRPC or PCa. In addition, some
DEGs were validated by RT-qPCR in cell lines and clinical
tissues.

Our main concern was to identify pathways and DEGs
linked to invasive migratory or metastatic abilities of CRPC
cells with depletion of E2F1. Based on RNA-seq and Venn
analysis, 10 overlapping DEGs were identified, TMOD?2,
CFH, ILIRLI, EVAIC, AIFIL, WIPF3, NXPH4, PI3,
KREMEN?2, and E2F1. These 10 overlapping DEGs were
all enriched in one pathway, actin filament organization.
Accumulating evidence suggests that the actin filament,
which forms the cytoskeleton, is correlated with actin-driven
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processes such as invasion, migration, and metastasis of
various cancer cells.’®?” Data indicate that reorganization
of actin filaments is a crucial component of the invasive
characteristics acquired by cancer cells. Collapsing response
mediator protein-1, which is involved in actin organization,
is a potential target for restricting metastasis in PCa.*®
Notably, alendronate has been shown to stimulate destruction
of the actin cytoskeleton and to reduce the migratory and
invasive power of CRPC cells.”® Although multiple actin
filament pointed-end capping proteins are crucial regulators
of the cytoskeleton, TMOD is the only protein family that has
been shown to cap the slowly growing pointed end.*® Based

on our analysis, TMOD2, a member of the TMOD family,3 !

was co-expressed with E2FI, as determined by
GeneMANIA, and its differential expression level in the
PC3 and DU145 groups was also validated by RT-qPCR. A
previous study indicated that TMOD? increases the level of
dendritic branching and number of mature dendritic spines;**
however, most functional studies of TMOD_2 have been con-
cerned with neuron development.®' There has been no report
on how TMOD? affects the migratory and invasive power of
CRPC cells. In the present study, we confirmed that over-
expression of TMOD?2 enhances the invasion and migration

ability of PC3 cells. A previous study showed that the actin-
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bundling protein AIF1L stabilized actomyosin contractility
by regulation of podocytes’ filopodial extension.>* However,
besides these results for TMOD2 and AIF 1L, there has been a
lack of research relating to the other eight overlapping DEGs
in terms of actin filaments. In the current study, the invasion
and migration of the two cell lines were changed by down-
regulation of E2F1. Thus, alterations in the actin organization
pathway could alter CRPC cell migration and invasion,
which could affect CRPC metastasis and progression. Our
study was the first to examine the impact of E2F1 on CRPC
cellular migration and invasion through regulation of the
actin filament organization pathway, via the expression of
TMOD?. 1t is possible that some of the other overlapping
DEGs are also involved in actin filament organization, as
their functions were not clearly defined.

Subsequently, we obtained a gene co-expression net-
work for the 10 overlapping DEGs using GeneMANIA. A
previous study showed that the gene KREMEN2, which is
co-expressed with E2F1, is an effective inhibitor of cell
death, which is triggered by Kremenl in a variety of
cancers.>* Moreover, the expression of KREMEN2 could
serve as one of the combined predictive markers of PCa
bone metastasis.®> Another study showed that most of the
downregulated genes related to CFH were associated with
immunity and inflammation in PCa tissue;*® inflammation
can change the osmotic pressure and behavior of cells.
Thus, KREMEN2 and CFH were identified as essential
regulatory factors in PCa and CRPC. With regard to
CRPC and PCa, there have been no previous reports for
the seven other overlapping DEGs, TMODZ2, EVAIC,
ILIRLI, AIFIL, PI3, WIPF3, and NXPH4. Our gene co-
expression network could be divided into two parts:
KREMEN2 and TMOD2 were co-expressed with E2F],
which was isolated from other overlapping DEGs.
However, analysis showed that CFH, ILIRLI, EVAIC,
WIPF3, NXPH4, and KREMEN2 expression levels were
positively correlated with those of transcription factor
E2F1. For the other four independent DEGs, CFH,
EVAIC, AIFIL, and WIPF3, it is possible that one or
two of them might react or be co-expressed with E2F]
and /LIRLI, bridging the connection between the two
parts of the co-expressed gene network. However, testing
of such a hypothesis would require further experimenta-
tion. Currently, there are insufficient data to support an
interactive relationship of the 10 overlapping DEGs in
CRPC or PCa; however, the results of the current study
suggest that future work on evaluating the interaction and
co-expression of these genes would be valuable.

Next, we focused on why CRPC cell lines performed
differently upon downregulation of E2F1. The PC3 group
had more DEGs and, consequently, more pathways asso-
ciated with downregulation of E2F1. The top 10 hub DEGs
of PC3 cells with downregulation of E2F1 were CDHI,
VEGFA, CCL2, FGF2, TLR2, PTGS2, SHH, C3,
PECAM]I, and CXCR4. Previous studies have suggested
that CDH1 is closely associated with metastasis in patients
with CRPC,*” and also associated with PCa.*® Several
studies have indicated that VEGFA plays an essential part
in angiogenesis by inducing cell proliferation and
migration.”** Accumulating evidence indicates that higher
expression levels of CCL2 regulate CRPC through cell
migration,*'*? and studies have identified FGF2 as a driv-
ing force for chromosomal instability via regulating epithe-
lial-to-mesenchymal transition (EMT) in PCa.**** Notably,
PTGS2, also known as COX2, was reported to trigger the
inhibition of motility and metastasis in PCa cells.*’ A study
also revealed that 7LR4 regulates PCa cell proliferation,
migration, and invasion,*® whereas SHH has been shown
to promote metastasis of PCa by affecting tumor-stromal
cell interactions.*” Another study showed that enhancing the
expression of CXCR4 promoted migration and stimulated
metastasis through EMT of PCa cells.*® Thus, the hub
DEGs identified in PC3 cells with downregulation of
E2F1 have been shown to participate in cellular prolifera-
tion, apoptosis, and behavior changes of CRPC cells.

Besides the hub DEGs, other important DEGs such as
NOTCH3, BID, and STATI also have essential roles in
growth and apoptosis in cells. The Notch pathway has
been shown to be involved with the growth and invasion
of T2E-positive PCa cells.*” NOTCH3 is a member of the
Notch signaling pathway, which promotes cell growth in

. . 1
various dlSCaSGS,SO’5

and participates in androgen depriva-
tion in PCa.’> Moreover, BID is a well-known factor
associated with cell death.>® Expression levels of Bid are
increasingly used to measure apoptosis of PCa cells.’*
Multiple studies have reported that STAT! participates in
pathways that induce apoptosis in various cancers.”® % It
may also promote recurrence in patients with AR-indepen-
dent PCa by increasing cell apoptosis.”® As well as the
DEGs, another difference between the PC3 and DU145
cell lines is that PC3 is a PTEN mutant, whereas DU145 is
a wild-type CRPC cell line.*>®' This might be significant
as stimulation of the PTEN-PI3K pathway sustains
growth, proliferation, invasion, and apoptosis of cancer
cells.®*® Previous evidence indicated that PTEN loss

cooperates with a PIK3CA mutation to accelerate
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progression of CRPC growth,** and further research has
linked the expression of PTEN with proliferation and
apoptosis of PCa cells.®> Consistent with these results,
we observed that knockdown of E2F1 inhibited prolifera-
tion and accelerated apoptosis in PC3 cells but not in
DU145 cells. Hence, these DEGs might not only alter
cellular migration and invasion but also participate in
proliferation and apoptosis of PC3 cells. We also observed
that PC3 with knockdown of E2F1 was quite different
from the control in terms of phenotypic characterization,
whereas DU145 with depletion of E2F1 was similar to the
control. Therefore, more diversified pathways and DEGs
might affect the cellular behavior and appearance of PC3
cells compared with DU145 cells, with a potential impact
on the development of CRPC and PCa.

In our validation analysis, five DEGs in the the Human
Protein Atlas and GEPIA database, CFH, EVAIC, ILIRLI,
CDHI, and PTGS2, were differently expressed in PCa
samples compared with normal tissues, suggesting that
these DEGs might have essential roles in PCa. The differ-
ent expression levels of CFH, EVAIC, ILIRLI, and CDH1
were validated in the PCa and normal tissue samples we
collected. Although CFH and CDH1 have been previously
reported,’®” EVAIC and ILIRLI are presented here for
the first time as candidate diagnostic biomarkers of PCa.

Conclusion

This study found that downregulation of E2F1 suppressed
migration and invasion of CRPC cells by regulating a large
number of important genes, including TMOD?2 and AIF1L,
which are associated with the actin filament organization
pathway. However, the molecular mechanisms and interac-
tive relationships of these genes are still unknown. Therefore,
further experiments are required to study the mechanisms of
these genes and of E2F1 regulation of actin filaments.
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