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PI3K-AKT signaling pathway
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Abstract

Docetaxel is a widely used first-line treatment for castration-resistant prostate cancer (CRPC). RhoB, a member

of the Rho GTPase family, plays a major role in prostate cancer metastasis by modulating the PI3K-AKT signaling
pathway. It is crucial in regulating cytoskeletal reassembly, cell migration, focal adhesion (FA) dynamics. To
investigate RhoB'’s function in prostate cancer, CRISPR/Cas9 gene editing technique was utilized to knock out the
RhoB gene in prostate cancer cells. Successful gene editing was confirmed by using T7 endonuclease | (T7El) assays
and Sanger sequencing. Knocking out RhoB enhanced epithelial-mesenchymal transition (EMT) and decreased the
IC50 value of docetaxel in RhoB-knockout PC-3 cells. This suggests increased sensitivity to docetaxel. Furthermore,
RhoB knockout prompted the migration and invasion of prostate cancer cells, effects that were reversed upon
RhoB overexpression. Interestingly, RhoB status did not significantly influence the cell cycle of prostate cancer

cells. RNA sequencing of PC-3 cells with either overexpressed or knock-out RhoB revealed that RhoB regulates
pathways involved in FA, ECM receptor interaction, and PI3K-AKT signaling. These pathways directly influence the
EMT process, cell migration, and invasion in prostate cancer cells. Notably, RhoB overexpression activated PI3K-
AKT signaling when PC-3 cells were treated with low concentration of DTXL (50 nM, 72 h). This activation reduced
DTXLs cytotoxicity, suggesting may confer chemoresistance via PI3K-AKT pathway activation.

Keywords Prostate cancer, RhoB, CRISPR/Cas9, RNA-Seq, Docetaxel

Tiantian Sheng and Hang Su contributed equally to this work.

*Correspondence:

Wenjuan Shao

Shaowenjuan1022@163.com

Xiangyu Zhang

zhangxiangyu666@126.com

'Department of Pathology, Jining No.1 People’s Hospital, Shandong First
Medical University, Jining 272000, Shandong, PR. China

Department of Hyperbaric Medicine, Jining No.1 People’s Hospital,
Shandong First Medical University, Jining 272000, Shandong, PR. China
3Department of Clinical Medicine, Jining Medical University,

Jining 272067, PR. China

“Department of Teaching and training, Jining No.1 People’s Hospital,
Shandong First Medical University, Jining 272000, Shandong, PR. China

Introduction

Rho GTPases are pivotal regulators of cancer metastasis.
These proteins influence actin cytoskeleton rearrange-
ments and focal adhesion (FA) dynamics. Among the
Rho subfamily isoforms- RhoA, RhoB, and RhoC-their
sequences are highly similar, though their C-termini dif-
fer, where post-translational modifications frequently
occur [1]. The RhoB protein, a member of this family,
cycles between its active GTP-bound and inactive GDP-
bound states. Unlike RAS, no constitutively active mutant
forms of RhoB have been identified [2]. RhoB is localized
to various cell compartments, including the cell mem-
brane, endosomes, multivesicular bodies and nucleus. It
regulates cytoskeleton reassembly, cell migration, and FA
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dynamics [3]. Its expression can be transiently induced
by stimuli such as ultraviolet ray, cytokines, growth fac-
tors, and certain drugs. RhoB modulates the intracellu-
lar structure and function through pathways involving
EGER, Ras, and PI3K/Akt signaling [4, 5]. Feedback loops
exist where EGFR, Ras, and PI3K-AKT signaling path-
ways downregulate RhoB, while RhoB regulates these
pathways in turn [6, 7].

Although RhoB is generally downregulated in can-
cer and regarded as a tumor suppressor [8], its altered
expression significantly impacts cancer progression.
Unlike RhoA and RhoC, which are positively associ-
ated with metastasis, RhoB is negatively correlated
with metastasis in some cancer types [9]. Rho GTPases,
including RhoB, also play important regulatory roles in
the epithelial-mesenchymal transition (EMT) process-
a key driver of cancer metastasis [10]. EMT is involved
in the disruption of epithelial cell-cell conjunctions,
loss of cell polarity, and reorganization of the cytoskel-
eton. Several transcription factors, such as Snail, Zeb-1,
and Slug, mediate EMT, enabling cancer cells to detach
from the primary tumor, migrate through the basement
membrane, invade the vasculature and metastasize [11].
In lung cancer, RhoB knockdown induces an elongated
cell morphology, reduces E-cadherin expression, and
increases Slug expression. RhoB interacts directly with
PP2A to regulate AKT1 dephosphorylation [12]. RhoA
and RhoC similarly regulate EMT in colon cancer, while
Racl activation can induce EMT [13]. RhoB negatively
regulates cell migration and invasion by modulating
Akt activity and influencing EMT [14]. Interesting, high
RhoB expression has been associated with worse over-
all survival in colorectal cancer patients, highlighting its
complex role in cancer biology.

Studies have indicated that RhoB may regulate the cell
cycle. In prostate cancer cells, RhoB knockout or over-
expression has been linked to cell cycle changes. Specifi-
cally, RhoB interacts with cyclin B1 and CDK1 to induce
G2/M phase arrest [15]. Among the different phases of
cell cycle, RhoB levels peak during the S phase, whereas
decline during the S/G2-M transition [16]. However,
other studies have suggested that RhoB deletion dose not
affect the cell cycle [17]. In addition to its role in the cell
cycle, RhoB is implicated in autophagy regulation. Phos-
phorylated RhoB enhances its interaction with TSC2,
and when the RhoB/TSC2 complex translocates to the
lysosome, it effectively inhibits the mTORCI functions,
thereby activating autophagy [18]. RhoB also interacts
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with Beclin 1 and HSP90, thus enhancing the clearance
of uropathogenic Escherichia coli predominately by pre-
venting Beclin 1 degradation [19]. RhoB exhibits rapid
turnover in cells, with its biosynthesis tightly regulated
by various growth and stress stimuli. Unlike many other
proteins, RhoB is degraded via the lysosomal pathway
rather than the ubiquitin—proteasome system [20]. RhoB
appears to act in a context-dependent manner. RhoB is
essential for inducing apoptosis in transformed cells fol-
lowing DNA damage or treatment with Taxol [4].

In this study, CRISPR/Cas9 gene-editing technology
was used to knock out the RhoB gene in PC-3 and DU145
cells. The effect of RhoB on EMT, DTXL sensitivity, cell
migration and invasion, and the cell cycle of prostate
cancer cells were examined. RNA sequencing (RNA-Seq)
was performed to identify differentially expressed genes
(DEGs) in PC-3 cells. RhoB was found to activate the
PI3K-AKT signaling pathway in PC-3 cells treated with
50 nM DTXL for 72 h. Finally, a prostate cancer xeno-
graft model was established to evaluate the effect of the
RhoB gene on tumor growth.

Materials and methods

Materials

PC-3 cells and DU145 cells were purchased from the
Chinese Academy of Typical Culture Collection Cell
Bank (Shanghai, China). PC-3 and DU145 cells were cul-
tured in DMEM/F12 and DMEM medium, respectively,
which were supplemented with 10% fetal bovine serum
(FBS), penicillin, and streptomycin. LentiCRISPR v2
was used for gene knockout, pCDH-CMV-MCS-EF1-
copGFP-T2A-Puro was used for gene overexpression,
and PCDH-CMV-mRFP-GFP-hLC3B-EF1A-Puro was
used to analyze autophagy; all of these three vectors were
obtained from Addgene company. The CRISPR/Cas9-
mediated RhoB gene knockout was performed via sgRNA
targeting at the exon of RhoB at approximately + 100 bp
downstream of the ATG- initiation codon. Oligonucle-
otide sequences were cloned into lentiCRISPR v2. The
insert sequences are listed in Table 1 and were synthe-
sized by GENERAL BIOL company (Chuzhou, Anhui,
China). NC sgRNA was used as a negative control. T7
endonuclease 1 (T7E1) was purchased from Vazyme
(Nanjing, China), and the pUCm-T vector from Beyo-
time (Shanghai, China). The IPTG/X-Gal plate was used
to screen the reconstructed amplicon, which was a white
bacterial colony. The corresponding white colony was

Table 1 Insert oligonucleotide sequences used for CRISPR/Cas9 knockdown

Primer Forward Reverse
NTC CACCGCACCACGGTCCATACATACA AAACTGTATGTATGGACCGTGGTGC
RhoB-1 CACCGCACATAGTTCTCGAAGACGG AAACCCGTCTTCGAGAACTATGTGC

RhoB-2

CACCGCACCGTCTTCGAGAACTATG

AAACCATAGTTCTCGAAGACGGTGC
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sequenced to assess the gene editing efficiency. Puromy-
cin was purchased from MedChemExpress.

Establishment of stable RhoB knockout or overexpressed
cell lines

Three plasmid systems were used to pack the lentivirus
system, and the virus was subsequently purified. The
HEK293T cells were transfected with psPAX2, pMD2.G,
and lentiCRISPR v2 or pCDH-CMV-MCS-EF1-copGFP-
T2A-Puro plasmid to package the lentivirus. The PC-3
and DU145 cells were transfected with the lentivirus,
and the successfully transfected cells were selected using
puromycin (5 pg/mL). sgRNA1 generates the knockout
cells and this cell line was used in subsequent studies.

T7El assay

RhoB knock-out cancer cells were seeded into 6-well
plate at a concentration of 5x10° cells/well, and their
genomic DNA was isolated by using the Universal
Genomic DNA Kit (CWBIO, CW2298) in accordance
with the manufacturer’s instructions. The targeted
genomic locus was amplified using PCR with the follow-
ing primers: F: ATGGCGGCCATCCGCAAG, R: TCAT
AGCACCTTGCAGCA, and the amplicon sizes of the
primers were 591 bp (Table 2). The amplicon was puri-
fied, and 200 ng of purified amplicons were denatured,
reannealed, and digested with T7EI (Vazyme). To deter-
mine the DNA sequence of the targeted gene, the PCR
product was TA-cloned into the pUCm-T vector.

Western blotting

PC-3 or DU145 cells with RhoB gene knockout or over-
expressed were seeded into 6-well culture plates. The
cells were also treated with DTXL (50 nM) for 72 h. Total
protein was extracted using a Westen blot lysis (Beyo-
time, China) and protein concentrations were deter-
mined using a BCA kit (Beyotime, China). Cell lysates
were separated through 10-15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a
polyvinylidene fluoride membrane. The membranes were
blocked with 5% milk and incubated with primary anti-
bodies overnight at 4 °C. The antibodies targeted the fol-
lowing proteins: B-catenin, vimentin, zonula occludens-1
(ZO-1), N-cadherin, E-cadherin, phospho-Akt (Thr308)
(13038 S, CST), phospho-AKT (Ser473) (80455-1-RR,
Proteintech), SRC (11097-1-AP, Proteintech), phos-
pho-Src Family (Tyr416) (6943, CST), phospho-Src
(Tyr30) (2105, CST), FAK (12636-1-AP, Proteintech),

Table 2 Primer for RhoB full length amplication

Primer Forward Reverse
RhoB full length ATGGCGGCCATCCG- TCATAGCACCTTG-
CAAG CAGCA
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phospho-FAK (Tyr397) (8556, CST), mTOR( 66888-1-
Ig, Proteintech), phospho-mTOR (Ser2448) (67778-1-
Ig, Proteintech), NF-kB p65 (10745-1-AP, Proteintech),
phospho-p44/42 MAPK (Erk1/2) (4370, CST), p44/42
MAPK (Erk1/2) (4695, CST), PI3 kinase pl10 alpha
(67071-1-1g, Proteintech), PI3 kinase p110 beta (20584-
1-AP, Proteintech), PI3 kinase p85 alpha (ab191606,
Abcam), PI3 kinase p85 beta (ab180967, Abcam), and
GAPDH. Secondary antibody incubation of the mem-
brane followed for 1 h. Protein bands were visualized
using a Tanon 2500R imaging system. Original gel files
are in the Supplementary Information. Membrane was
cut before hybridization with antibodies, but images of
adequate length are absent.

RhoB knockout sensitizes the cancer cells to DTXL

PC-3 cells were plated in 96-well plates and treated with
varying concentrations of DTXL for 24 h. Cell viability
was assessed using the MTT assay. The IC;, value for
DTXL was calculated based on cell inhibition rates. A
calcein/PI cell viability/cytotoxicity assay kit was used to
observe live and dead cells. To evaluate apoptosis, pros-
tate cancer cells with different RhoB expression levels
were treated with or without DTXL and analyzed using
the Annexin V apoptosis assay.

The effect of RhoB on cell migration and invasion

The impact of RhoB on the migration and invasion of
PC-3 or DU145 cells was evaluated using transwell
chamber assays. For the migration assay, uncoated tran-
swell chambers (8-um pores, Corning, NY, USA) were
used. For the invasion assay, 100 pL of Matrigel (356234;
Corning Inc.), which was diluted by mixing with DMEM
at a 1:8 ratio, was added to the upper chambers and incu-
bated for 1 h at 37 °C. A total of 5x 103 cells were seeded
into the upper chambers, while the lower chambers con-
tained 500 pL medium supplemented with 10% FBS.
After incubation, cells on the upper surface of the tran-
swell chambers were removed using cotton swabs, and
those on the lower surface were fixed and stained with
crystal violet for visualization.

Cell cycle analysis

Prostate cancer cells with RhoB knockout or overexpres-
sion were analyzed for cell cycle effects without syn-
chronization. The cells were seeded into 6-well plates at
a density of 1x10° cells/well. After 24 h, the cells were
washed with cold PBS, fixed in 70% ethanol overnight at
4 °C, treated with RNase A for 30 min, and stained with
propidium iodide (PI) for 30 min at 37 °C according to
the manufacturer’s protocol. The cell cycle was measured
using flow cytometry (BD FACS Caton, USA), and data
were analyzed using FlowJo software (version 10.9).
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RNA-Seq of RhoB knockout and overexpression in PC-3
cells

RNA-Seq was conducted to identify DEGs in PC-3 cells
with RhoB knockout (KO group), RhoB overexpressed
(OE group), and normal expression (CON group). Total
RNA was extracted from the cells, and gene expression
levels calculated as the mean value of log,(TPM +1).
Sequencing was performed using the BGISEQ, with
paired-end reads of 150 bp (PE150). After the raw reads
were filtered to obtain clean reads, the HISAT software
was used to BLAST the clean reads and align them to
the reference genome (GCF_000001405.39_GRCh38.
p13). Differential gene expression was identified using
a threshold of Q value<0.05 and |log2FC| > 1. Com-
parisons were made among KO vs. CON, OE vs. CON,
and OE vs. KO groups. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses of
DEGs were performed using the Dr. Tom online system
(BGI). Heatmaps were generated using the same online
platform.

Immunofluorescence staining

Wildtype PC-3 cells and RhoB KO and RhoB OE PC-3
cells were treated with DTXL at a concentration of 50
nM for 72 h. The cells were incubated with phospho-FAK
(Tyr397) (8556, CST) primary antibody overnight, fol-
lowed by incubation with goat anti-rabbit IgG H&L Alexa
Fluor® 488 at a 1:200 dilution for 2 h at room tempera-
ture. F-actin fibers were stained with actin-tracker Red-
Rhodamine (Beyotime, Shanghai) at a 1:100 dilution for
30 min at room temperature, and nuclei were stained
with DAPIL The distribution of p-FAK and F-actin fiber
was observed using a fluorescence microscope (BX53,
Olympus).

Tumor xenograft

To assess the effect of RhoB on tumor growth, subcuta-
neous xenografts were established in NOS-SCID mice
(gender: male; age: 4—6 weeks; body weight: 14-21 g).
Wildtype PC-3 cells, RhoB KO, and RhoB OE cells were
prepared at a concentration of 5x 10°/mL, and 200 L of
each cell suspension was injected subcutaneously into
the mice. To monitor tumor growth, 5 days later, the
long and short diameters of the tumor were measured.
These measurements were performed each day for 14
days post-tumor cell injection. Tumor volume was cal-
culated using the formula: tumor volume (mm?)=0.5 x
L x W2 where L is the longest dimension and W is the
perpendicular dimension. The mice were euthanized
through cervical dislocation, and tumors were excised
for histological and molecular analyses. Hematoxylin
and eosin (H&E) staining was performed to evaluate
histological changes. TUNEL staining was conducted
to assess tumor cell apoptosis. Immunohistochemical
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(IHC) staining was used to detect the expression of RhoB
(14326-1-AP, Proteintech), cleaved caspase-3 (GB11532-
100), Ki67 (GB121141-100) on the tumor cells. All mice
were maintained in a specific pathogen-free environment
and sourced from Shanghai Model Organisms (Shanghai,
China). The animal experimental procedures adhered
to institutional ethical guidelines and were approved by
the Ethics Committee of Jining No.1 People’s Hospital
(License No. JNRM-2022-DW-062).

Immunohistochemistry and tunnel staining

Xenograft tumor tissues from mice were embedded in
paraffin and sectioned. The sections were deparaffinized
and rehydrated. To block endogenous peroxidase activ-
ity, slides were treated with 3% hydrogen peroxide for
25 min. Non-specific binding was minimized by block-
ing the untargeted protein with 3% BSA for 1 h at room
temperature. Subsequently, the slides were incubated
overnight at 4 °C with primary antibodies against RhoB,
cleaved caspase3, Ki-67. After washing out the primary
antibodies, the slides were incubated with secondary
antibodies and stained using a DAB detection kit accord-
ing to manufacturer’s protocols. Protein expression was
scored and quantified using a staining index, calculated
by multiplying the average staining intensity (0—3) by the
extent of staining (0—4), resulting in a score ranging from
0 to 12. Two certified clinical pathologists independently
analyzed and confirmed the results.

For TUNNEL staining, the sections were treated with
protease K and then incubated with TDT enzyme, dUTP
and buffer according to the manufactures’ instructions.
The slides were counterstained with DAPI solution for
10 min at room temperature in the dark and observed
under a fluorescent microscope.

Statistical analysis

Quantitative data from western blot signal analyses,
DTXL IC;, determination, apoptosis rates, migration
and invasion assays, cell cycle assessments, tumor growth
curves, and IHC quantifications were analyzed for statis-
tical significance using one-way ANOVA, followed by the
Student—Newman—Keuls post hoc test (GraphPad Prism
9.5 software). Results are presented as mean+SD, with
statistical significance set at p<0.05 unless otherwise
indicated. The number of independent experiments, sam-
ples, or events is detailed in the respective figure legends.

Results

CRISPR/Cas9-mediated RhoB knockout in prostate cancer
cells

PC-3 cells were transduced with sgRNA1 or sgRNA2
using lentiCRISPR v2 lentivirus. Cleavage of the target
genome sequence was confirmed by the T7E1 assay, indi-
cating effective targeting by sgRNA1 and sgRNA2, but
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not by the non-target control (NTC) sgRNA (Fig. 1A).
Western blot analysis further confirmed that sgRNA1
and sgRNA2 induced complete RhoB knockout, while
NTC did not affect RhoB expression. Overexpression
lentivirus significantly increased RhoB protein levels
(Fig. 1B). On the contrary, NTC treatment did not affect
the alternation of RhoB protein expression, and overex-
pression lentivirus increased this expression remarkably
(Fig. 1B). To confirm RhoB gene mutation, sgRNAI-,
sgRNA2-, and NTC-treated PC-3 cells were used PCR

PC-3
A Control  sgRNA1 sgRNA2 NTC
- = + = ¥ =+ 1mE

M 1 2 3 4 5 6 7
1000 bp —
750 bp — s

S — — —

500 bp—— s 1
250 bp —— e 1

- -

sgRNAT

AGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAZ--=T ATGTGG
AGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTTATGTGG
AGTTCCCCGAGGTGTACGTGAICCACCGTCTTCGAGAAGITATGTGG
AGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTTATGTGG

AGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTGTGG

AGTTCCCCGAGGTGTACGTGCCCGICCGTCTTCGAGAACTTATGTGE

E
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amplifying the target sequence, subcloned into a T vec-
tor, and sequenced. Subsequently, we performed Sanger
sequencing of the target regions in the cells with muta-
tions, including insertions, deletions, and point muta-
tions, resulting from non-homologous end-joining repair
(Fig. 1C, D, E). Single clones of RhoB knockout PC-3 cells
were isolated through limiting dilution, expanded, and
observed microscopically (Fig. 1F).

PC-3

sgRNA1 sgRNA2 NTC OE

S NS G S— —

Control

-

sgRNA2

iccaccgtcttcgagaact atgtggccgacattgaggtggacggcaa
CCACCGTCTTCGAGAACT ATGTGGCCGACATTGAGGTGGACGGCAA
CCACCGTCTT[E===---= --|6TGGCCGACATTGAGGTGGACGGCAA
CCACCGTCTTCGAGAACTTATGTGGCCGACATTGAGGTGGACGGCAA

¢ CA I e [TGAGGTGGACGGCAA

CCACCGTCTTCGAGAACTGTGGCCGACATTGAGGTGGACGGCAA

CCACCGTCTTCGAGAACTGTGGCCGACATTGAGGTGGACGGCAA

NTC

agtaaggacgagttccccgaggtgtacgtgcccaccgtcttcgagaactatgkgg

AGTAAGGACGAGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTATGTGG
AGTAAGGACGAGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTATGTGG
AGTAAGGACGAGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTATGTGG
AGTAAGGACGAGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTATGTGG
AGTAAGGACGAGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTATGTGG

AGTAAGGACGAGTTCCCCGAGGTGTACGTGCCCACCGTCTTCGAGAACTATGTGG

Fig. 1 RhoB knockout with CRISPR/Cas9 and evaluation of the knockout efficiency in PC-3. (A) T7E1 assay was performed to determine the knockout ef-
ficiency of CRISPR/Cas9 in PC-3 cells; red arrows indicate the cleaved products mediated by the T7E1 enzyme. (B) The RhoB protein expression after gene
editing with CRISPR/Cas9 in PC-3 cells, while OF indicated the cells overexpressed in RhoB. (C) Sanger sequencing of the target region of the genome
after editing with sgRNAT CRSISPR-Cas9 in PC-3 cells, green dash rectangle indicates NGG. (D) Sanger sequencing of the target region of the genome
after editing with sgRNA2 CRSISPR-Cas9 in PC-3 cells, green dash rectangle indicates NGG. (E) Sanger sequencing of the target region of the genome
after editing with NTC sgRNA CRSISPR-Cas9 in PC-3 cells, green dash rectangle indicates NGG. (F) PC-3 cells after RhoB knockout with CRISPR/Cas9, and

the stably transient cells after treatment with puromycin
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EMT of prostate cancer cells after RhoB knockout

In PC-3 and DUI145 cells, RhoB knockout led to
decreased expression of epithelial markers E-cadherin
and ZO-1 and increased expression of the mesenchymal
marker vimentin, indicating effective induction of EMT.
Conversely, RhoB overexpression resulted in increased
E-cadherin expression, whereas decreased vimentin
expression, signifying the occurrence of mesenchymal-
epithelial transition. N-cadherin expression remained
largely unchanged under both conditions. Furthermore,
RhoB knockout elevated [-catenin expression levels,
suggesting activation of the -catenin signaling pathway
(Fig. 2, Figure S1).

Influence of RhoB on cytotoxicity of DTXL towards PC-3 cell
The ICy, values of DTXL in wildtype, RhoB KO, and
RhoB OE PC-3 cells were 190.8, 74.06, and 374 nM,
respectively. These results indicated that RhoB overex-
pression reduced DTXL sensitivity towards PC-3 cells,
whereas RhoB knockout increased it (Fig. 3A).

Dead cell analysis further supported these findings.
PC-3 cells treated with PBS but not with DTXL formed
the control group, and dead cells were absent. Some
dead cells were present in the control + DTXL group, sig-
nifying that DTXL had a cell-killing effect on the PC-3
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cells. However, with RhoB gene knockout, the number
of dead cells following DTXL treatment increased dra-
matically compared with that of the drug-treated wild-
type prostate cancer cells. On the contrary, following
RhoB gene knockout, the same concentration of DTXL
enhanced cytotoxicity toward cancer cells compared to
the control + DTXL group (Fig. 3B). Subsequently, PC-3
cell apoptosis after treatment with varying formulations
was measured through flow cytometry. Total apoptosis
rates (early plus late apoptosis rates) of the control, con-
trol+ DTXL, RhoB OE+DTXL, and RhoB KO +DTXL
groups were 0%, 34.29%, 9.90%, and 61.16%, respectively
(Fig. 3C).

Migration and invasion assays

The results demonstrated that RhoB overexpression sig-
nificantly inhibited prostate cancer cell migration com-
pared to the control group. Both PC-3 and DU145 cells
exhibited reduced migration (Fig. 4A). Conversely, RhoB
knockout significantly enhanced cell migration, as evi-
denced by a substantial increase in the number of cells
traversing the transwell membrane’s lower surface com-
pared to the control group (Fig. 4A). Similarly, RhoB
overexpression significantly suppressed the invasion of
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Fig. 2 EMT-related protein expression in PC-3 cells with RhoB KO or RhoB OE. 3-catenin, Vimentin, ZO-1, N-cadherin, and E-cadherin protein expressions
were evaluated by Western blotting (A), and signal densities of EMT-related proteins were normalized to those of GAPDH (B). Data were expressed as the
mean +SD (n=3), *P<0.05, when compared with indicated group, one way ANOVA
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Fig. 3 In vitro anti-tumor ability of DTXL in RhoB knockout or overexpression in prostate cancer cells. (A) Cell viability and ICs value of PC-3 cells toward
DTXL treatment. (B) Calcein AM and PI double staining of PC-3 cells for live and dead cell visualization after RhoB knockout or overexpression in cancer
cells treated with DTXL, green indicates live cells and red indicates dead cells. (C) PC-3 cell apoptosis was evaluated by flow cytometry after RhoB knockout
or overexpressed cancer cells were treated with DTXL. (D) The Early apoptosis (EA) rate, late apoptosis (LA) rate, and total apoptosis (TA) rate of different
groups were analyzed. Data were expressed as the mean +SD, *P <0.05, when compared with indicated group, one way ANOVA

PC-3 and DU145 cells, the number of invading cells com-
pared with the control group (Fig. 4B).

Cell-cycle analysis

The manipulation of RhoB expression-either through
knockout or overexpression-did not lead to notable
changes in the cell cycle distribution of PC-3 or DU145

cells. The proportions of cells in the G1, S, and G2/M
phases were statistically comparable among the control,
RhoB KO, and RhoB OE groups (Fig. 5A). Analysis from
triplicate experiments confirmed the absence of signifi-
cance across all experimental conditions (Fig. 5B).
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Fig.4 PC-3 celland DU145 cell migration (A) and invasion (B) were analyzed by transwell methods after RhoB knockout or overexpression in cancer cells.
Data were expressed as the mean+SD (n=3). *P<0.05, when compared with indicated group, one way ANOVA

RNA-Seq results of RhoB gene manipulation in PC-3
prostate cancer cells

RNA sequencing was conducted to identify DEGs result-
ing from RhoB KO, OE, and CON in PC-3 cells. In the
KO vs. CON comparison, 201 genes were upregulated,
whereas 62 were downregulated. In the OE vs. CON
comparison, 243 genes were upregulated, whereas 249
were downregulated. Finally, in the OE vs. KO com-
parison, 151 genes were upregulated, whereas 346 were
downregulated (Fig. 6A, B).

GO enrichment analysis identified significant terms
enriched in the DEGs. For KO vs. CON, the enriched
terms included FA, adherens junctions, cell-cell junc-
tions, and collagen-containing extracellular matrix. In OE
vs. CON, FA, adherens junction, lamellipodia, extracellu-
lar exosomes, and cell junctions were enriched. Similarly,
for OE vs. KO, enriched terms included FA, adherens
junctions, cell junctions, extracellular exosomes, and
endoplasmic reticulum. These findings suggest that FA of
PC-3 cells and related cellular structures are affected by
RhoB gene manipulation (Fig. 6C).

The KEGG pathway analysis revealed enrichment
in multiple signaling pathways. In KO vs. CON, the
enriched pathways included PI3K-AKT, ECM-receptor
interaction, FA, proteoglycans in cancer, cell adhesion
molecules, and oxidative phosphorylation. For OE vs.
CON, the enriched pathways included proteoglycans in
cancer, FA, pathways in cancer, oxidative phosphoryla-
tion, and adherens junctions. In OE vs. KO, the enriched
pathways were PI3K-AKT signaling, adherens junc-
tion, FA, proteoglycans in cancer, and pathways in can-
cer. These results indicated that the PI3K-AKT-signaling
pathway is significantly influenced by RhoB KO or OE
(Fig. 6D).

In the FA-signaling pathway of OE vs. CON, the DEGs
included ITGA2, EGFR, VEGFC, PPPICB, LAMC?2,
TNC, VEGFA, LAMA3, THBS1, and LAMB3 (Fig. 7A).
In the PI3K-AKT-signaling pathway of OE vs. CON,
the DEGs were THBS1, AREG, ITGA2, EGFR, VEGFC,
JAK1, ITGA5, LAMB2, COL6A3, TGFA, ERBB3, IL4R,
CDKNI1A, and IL6 (Fig. 7B). In the ECM—-receptor inter-
action-signaling pathway of KO vs. CON, the DEGs were
NPNT, COL6A3, ITGAV, COL4Al, ITGA5, COL4A2,
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Fig. 5 Cell cycle analysis of prostate cancer cells treated with DTXL. RhoB was knockout or overexpressed in prostate cancer cells. (A) The G1 phase, S
phase, and G2/M phase did not show any significant differences. (B) Data were expressed as the mean +SD (n=3). N.S no significant, when compared

with indicated group, one way ANOVA

COL1Al, and DAGI (Fig. 7C). Pathways in cancer signal-
ing were enriched in the DEGs of KO vs. CON, and the
DEGs included TGFB2, IL6, MSH2, COL4A2, NOTCH2,
MSH6, IL4R, NCOA3, EGLNI1, RUNXI1, STAT2,
NOTCHS3, and AKT3 (Fig. 7D).

RhoB activates PI3K-AKT signaling at low DTXL
concentration

Our study revealed that RhoB overexpression reduces
the sensitivity of PC-3 cells to DTXL (Fig. 3). Low DTXL
concentrations in prostate cancer tissues, often due to
limited drug distribution, necessitate further investiga-
tion into the effects of RhoB on DTXL sensitivity. To this
end, we selected a DTXL concentration of 50 nM, below
the ICy, for PC-3 cells with RhoB KO or OE. At 50 nM
DTXL, RhoB overexpression enhanced AKT phosphor-
ylation at T308, with increased levels of p-T308-AKT
observed in PC-3 cells treated for 72 h. However, phos-
phorylation at S473-AKT showed no remarkable change.
Regarding Src signaling, p-Y530-Src levels remained
unchanged in DTXL-treated cells, whereas p-Y416-Src
decreased in RhoB-overexpressing cancer cells, indicat-
ing downregulation independent of DTXL treatment.
Moreover, p-FAK levels increased after DTXL treatment,
but no remarkable changes were noted in the expres-
sion of PI3K subunits (p110«, p110fB, p85a, or p85p),
regardless of RhoB expression or DTXL treatment.
These findings suggest that RhoB OE activates the PI3K-
AKT-signaling pathway, whereas inhibits Src activity in

response to low-dose DTXL (50 nM, 72 h) treatment, but
RhoB did not affect Src activity (Fig. 8A).

Immunofluorescence results corroborated these obser-
vations, showing increased p-FAK in the cytoplasm of
cell groups treated with 50 nM DTXL for 72 h (Fig. 8A).
Additionally, F-actin levels decreased in the wild-type
and RhoB KO groups following DTXL treatment, but
remained unaffected in the RhoB OE group. This resis-
tance to F-actin reduction may contribute to decreased
DTXL sensitivity in RhoB OE cells (Fig. 8B).

RhoB knockout decreases tumor growth in prostate cancer
xenografts

To evaluate the in vivo effects of RhoB, prostate cancer
xenografts were established. Tumor growth curves indi-
cated that RhoB OE significantly inhibited tumor growth
(Fig. 9A, B). While cancer cell morphology exhibited no
discernible changes (Fig. 9E). TUNEL staining revealed
increased apoptosis in RhoB OE cells compared with
control or RhoB KO cells (Fig. 9F). IHC analysis further
confirmed elevated cleaved caspase 3 levels and reduced
Ki67 expression in the RhoB OE group, indicating
decreased proliferation and increased apoptosis (Fig. 9G-
]). Data from The Cancer Genome Atlas (TCGA) data-
base unveiled that reduced RhoB expression in prostate
adenocarcinoma (PRAD) tissues compared with normal
prostate tissues (Fig. 9C). Moreover, patients with RhoB
overexpression demonstrated significantly better prog-
noses than those with low/medium RhoB expression
(Fig. 9D).
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Fig. 6 RNA-seq analysis of RhoB knockout cells (KO), RhoB overexpressed cells (OE), and control cells (CON). (A) The number of differentially expressed
genes (DEGs) among the KO, O, and CON groups. (B) Venn diagram depicting the number of the DEGs in the KO/CON, OE/KO, and OE/CON groups. (C)
GO cellular component enrichment analyses of DEGs among KO/CON, OE/CON, and OE/KO. (D) The KEGG pathway enrichment analysis of DEGs among

KO/CON, OE/CON, and OE/KO

Discussion

EMT is a critical process driving prostate cancer metas-
tasis and is regulated by various molecular mechanisms
[21]. The incidence of prostate cancer has risen in China,
especially in developed regions, likely due to increased
PSA screening and improved biopsy techniques [22].
RhoB has previously been implicated in Taxol-induced
apoptosis of transformed cells, where it likely plays a pro-
apoptotic role [17]. Some studies have shown that EMT
is closely related to cancer cell migration and invasion,
and is crucial for cancer metastasis [23, 24]. In this study,
the RhoB gene in PC-3 and DU145 cells was success-
fully knocked out using the CRISPR/Cas9 gene editing

method, which was verified at the gene and protein level.
sgRNA targeted the exon of this gene at approxi-
mately + 100 bp downstream of the ATG initiation codon,
thereby effectively inducing INDEL in the RhoB gene, as
confirmed through Sanger sequencing. No cell type-spe-
cific off-target effects were noted; these effects depend on
the DSB repair pathway of the specific cell type [25].

Our study demonstrated that RhoB knockout induces
EMT in prostate cancer cells, as evidenced by decreased
E-cadherin and ZO-1 levels and increased vimentin and
B-catenin expression [26]. However, N-cadherin levels
remained unchanged in our study. Conversely, RhoB OE
inhibited EMT-associated proteins expression, reducing
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the migration and invasion capabilities of prostate can-
cer cells. These findings align with previous studies on
lung cancer cells, where RhoB KO augmented migration
and invasion. RhoB changes the morphology of bron-
chial cells, RhoB KO induces elongation of the cells, and
RhoB OE induces the round-shaped cells [12, 26, 27].
Thus, RhoB knockout can induce the mesenchymal phe-
notype of cancer cells and increase motility. RNA-Seq
analysis revealed that these genes pertaining to focal

adhesion, adherens junction, and cell-cell junction were
enriched in the DEGs of KO vs. CON. This suggests that
RhoB regulates genes involved in the aforementioned
processes, thereby playing a crucial role in maintaining
cell polarity and adhesion. Previous study has described
RhoB as an oncogene in breast cancer that phosphory-
lates the AKT protein and upregulates the expression
of hypoxia-inducible factor-la (HIFla) under hypoxic
conditions. However, our findings indicate that its role is
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context-dependent and influenced by the tumor micro-
environment [4, 28].

DTXL, a widely used chemotherapeutic agent for pros-
tate cancer, often encounters resistance with prolonged
therapy [29]. In our study, RhoB KO enhanced DTXL
cytotoxicity, as reflected by reduced IC;, values and
increased apoptosis in PC-3 cells. The Calcein AM/PI
assay exhibited that the number of dead cells was high in
the RhoB KO groups. Hence, RhoB KO appears to sensi-
tize prostate cancer cells to DTXL, thereby resulting in
their apoptosis. Conversely, RhoB OE conferred resis-
tance to DTXL in PC-3 cells, likely through the activation
of the PI3K-AKT signaling pathway. Specifically, RhoB
OE increased p-T308-AKT levels under low-dose DTXL
(50 nM, 72 h) but did not affect p-S473-AKT. Further-
more, RhoB OE reduced p-Y416-Src levels while leav-
ing p-Y530-Src unchanged. Low-dose DTXL increased
p-FAK levels, and RhoB KO reduced p85a levels. Immu-
nofluorescence confirmed that RhoB OE increased
p-FAK levels and stabilized F-actin levels under DTXL
treatment (50 nM, 72 h). In cancer cells not treated with
DTXL, RhoB loss seems to increase F-actin levels, which

was consistent with Transwell and EMT results. RhoB
exerts different effects on AKT in cancer cells treated
with DTXL and those untreated. DTXL may reverse the
effect of RhoB on AKT. In a study, RhoB OE endowed
lung cancer cells with resistance to erlotinib by activat-
ing AKT, and the RhoB/AKT axis played a crucial role
in the induction of this resistance [30]. Another study
reported that RhoB OE was related to the worse survival
of colorectal cancer patients who received chemotherapy
[31]. RhoB OE may induce resistance to chemothera-
peutic agents. Our results also indicated that RhoB OE
induces resistance to DTXL in PC-3 cells. In one study,
RhoB degradation increased FA formation, thereby
increasing cell invasion, and when RhoB interacted with
ARF6, RhoB KO enhanced F-actin activity; this is consis-
tent with our results.

In conclusion, RhoB plays a multifaceted role in pros-
tate cancer by regulating EMT, DTXL sensitivity, and
cell migration and invasion. RhoB KO, achieved through
CRISPR/Cas9, disrupted cellular junctions and basal-
apical polarity, enhancing motility and drug sensitivity.
Conversely, RhoB OE activated the PI3K-AKT-signaling
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pathway, inhibited Src activity, and conferred resistance
to low-dose DTXL. These results were verified using
RNA-Seq, which also indicated that RhoB is involved in
the cell FA and adherens junctions. However, the gene
did not affect the cell cycle. Furthermore, in PC-3 cells
that were treated with low-dose DTXL (50 nM, 72 h),
RhoB OE activated p-T308-AKT and inhibited p-Y416-
Src. However, the accurate mechanism needs to be eluci-
dated in the future. In vivo studies further demonstrated
that RhoB OE reduced tumor growth and increased
apoptosis, suggesting a potential therapeutic role for
targeting RhoB in combination with chemotherapeutic
agents. Our findings highlight the possibility of enhanc-
ing DTXL efficacy by combining it with AKT inhibitors
in RhoB-overexpressing prostate cancer.
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