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Abstract
Metastasis is the major cause of prostate cancer (PCa)-related mortality.
Epithelial-mesenchymal transition (EMT) is a vital characteristic feature that
empowers cancer cells to adapt and survive at the beginning ofmetastasis. There-
fore, it is essential to identify the regulatory mechanism of EMT in metastatic
prostate cancer (mPCa) and to develop a novel therapy to block PCa metastasis.
Here, we discovered a novel PCa metastasis oncogene, DEP domain containing
1B (DEPDC1B), which was positively correlated with the metastasis status, high
Gleason score, advanced tumor stage, and poor prognosis. Functional assays
revealed that DEPDC1B enhanced the migration, invasion, and proliferation of
PCa cells in vitro and promoted tumor metastasis and growth in vivo. Mechanis-
tic investigations clarified that DEPDC1B induced EMT and enhanced prolifera-
tion by binding to Rac1 and enhancing the Rac1-PAK1 pathway. This DEPDC1B-
mediated oncogenic effect was reversed by a Rac1-GTP inhibitor or Rac1

Abbreviations: (m)PCa, (metastatic) prostate cancer; BCR-free survival, biochemical recurrence-free survival; co-IP, coimmunoprecipitation;
DEPDC1B, DEP domain containing 1B; DFS, disease-free survival; EMT, epithelial-mesenchymal transition; GAPs, GTPase-activating proteins; GDIs,
guanine nucleotide dissociation inhibitors; GEFs, guanine nucleotide exchange factors; GEO, gene expression omnibus; GPCR, G protein-coupled
receptor; IHC, immunohistochemistry; MS, mass spectrometry; NSCLC, non-small-cell lung cancer; OS, overall survival; PPI, protein-protein
interaction; PSA, prostate-specific antigen; qRT-PCR, quantitative reverse transcriptase-polymerase chain reaction; siRNA, RNA interference; TCGA,
The Cancer Genome Atlas; TMA, tissue microarray; TURP, transurethral resection prostate
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knockdown. In conclusion, we discover that the DEPDC1B-Rac1-PAK1 signaling
pathway may serve as a multipotent target for clinical intervention in mPCa.
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1 INTRODUCTION

Prostate cancer (PCa) is the second most commonly diag-
nosed malignant tumor in men, with 1.3 million new cases
(13.5% of total cancer cases inmales) worldwide.1 Themor-
tality ofmetastatic PCa (mPCa) is significantly higher than
that of nonmetastatic PCa, and the death rate increases
to 71% within 5 years even if patients undergo radical
prostatectomy.1–4 Metastasis is a complex process involv-
ing the escape of cancer cells from the primary tumor into
the blood vessels or lymph channels, survival in the circu-
lation, arrest and extravasation into the secondary site, and
initiation and maintenance of growth to form clinically
detectablemetastases.5 Epithelial-mesenchymal transition
(EMT), an essential process for cancer metastasis, enables
cancer cells transform from polarized, differentiated, and
epithelial-like cells into isolated, undifferentiated, and
mesenchymal-like cells. Then, the tumor acquires stronger
migratory and invasive capabilities to metastasize.5 There-
fore, it is important to explore the mechanism of PCa
metastasis and identify a novel biomarker and treatment
target for mPCa.
As far as current research is concerned, multiple sig-

naling pathways, including wnt/β-catenin, Rho GTPase,
PI3K, and MAPK, which reprogram the cytoskeleton
and regulate cell-cell adhesion, are involved in cancer
metastasis.5–7 The Rho GTPase family, which consists
of several members, such as Rac1, cdc42, and Rnd1,
belongs to the Ras superfamily. In addition to mod-
ulating tumor metastasis, the Rho family is mainly
involved in the regulation of cell shape, differentiation,
and proliferation.8 Guanine nucleotide exchange factors
(GEFs), GTPase-activating proteins (GAPs), or guanine
nucleotide dissociation inhibitors (GDIs) are required
for modulating the functions of Rho family members.8
The GTPase Rac1 is a well-established master regulator
of cell motility and invasiveness contributing to cancer
metastasis. Dysregulation of the Rac1 signaling pathway,

resulting in elevated motile and invasive potential, has
been reported in PCa. Recent research showed that
P-REX1 and Vav3 were served as the regulator of Rac1 in
modulating the mobility of PCa.9,10 In addition, RhoH,
a regulator of Rac1, which depleted, is able to reduce
lamellipodium extension by regulating the localization of
Rac1.11 However, Rho signaling network is complex, and
the detail mechanism of Rac1 in mPCa remains largely
unknown.
DEPDC1B is a gene localized at human chromosome

5q12.1.12 It contains an inactive RhoGAP domain which
lacks a critical arginine residue to induce GAP activity,12,13
and a DEP domain which is responsible for specific
recognition of G protein-coupled receptor (GPCR).14,15
In a previous study, DEPDC1B was found to be a protein
involving in the cell cycle and mitotic entry. Knock-
down of DEPDC1B arrested the cell cycle at G2/M and
retarded entry into mitosis.16 DEPDC1B also participates
in the formation and dismantling of focal adhesions.17
Yang et al found that DEPDC1B is overexpressed in
non-small-cell lung cancer (NSCLC) and promotes the
migration ability of NSCLC cells via wnt/β-catenin.12
Additionally, Ying-Fang Su et al indicated that DEPDC1B
can enhance anchorage-independent growth and migra-
tion by activating the ERK signaling pathway.13In our
previous study, we found that increased expression of
DEPDC1B was associated with LN metastasis and poor
prognose of PCa.18 However, the detail biological function
and mechanism of DEPDC1B in PCa remained largely
unknown.
In our present study, DEPDC1B was overexpressed in

mPCa patients, and a high level of DEPDC1B positively
correlated with a high Gleason score and poor prognosis.
We also found that DEPDC1B binds with Rac1 and then
increases the Rac1-GTP level to enhance the Rac1-PAK1
signaling pathway, which can induce EMT and ulti-
mately enhance wnt/β-catenin signaling to promote PCa
metastasis and progression.
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F IGURE 1 DEPDC1B expression is correlatedwithmetastasis and poor prognosis of PCa. (A) The heatmap and unsupervised hierarchical
clustering ofmRNA expressed inmPCa, localized PCa and normal tissues in theGSE3325 dataset (fold change> 2.0, P< .05). The red color scale
represents a higher expression level, and the blue color scale represents a lower expression level. (B) Venn diagram shows the overlapping genes
with high expression in mPCa among three GEO datasets, including GSE3325 (mPCa vs. localized PCa and mPCa vs. normal), GSE6919 (mPCa
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TABLE 1 Associations between DEPDC1B expression and
clinicopathological characteristics of PCa patients in Cohort 2

Clinical
feature

Total
patients n.

Low
n.

High
n. P-value

Age
≤65 45 21 24 1
>65 57 27 30

Gleason score
≤6 29 20 9 .002**
3 + 4 14 9 5
4 + 3 12 6 6
≥8 47 13 34

T state
T1-2 20 15 5 .033*
T3-4 50 22 28

Lymph node metastasis
N0 41 26 15 .032*
N1 30 11 19

Distant metastasis
M0 21 14 7 .017*
M1 25 7 18

A P-value < .05 was considered significant. *P < .05, **P < .01, and ***P < .001

2 MATERIALS ANDMETHODS

2.1 Data analysis of GEO and TCGA
databases

Three datasets (GSE3325,19 GSE6919,20 and GSE6787221)
analyzed during the current study are available in theGene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.
gov/geo/). The three datasets were based on the GPL570,
GPL92, and GPL10361 platform, respectively. The GEO2R
tool was used to analyze the GSE3325 dataset (including
six normal samples, seven localized PCa samples, and six
mPCa samples), the GSE6919 (including 77 normal sam-
ples, 66 localized PCa samples, and 25 mPCa samples),
and GSE67872 (including three normal samples and three
mPCa samples from mice). Merely genes from GSE3325
and GSE67872 with | log2fold change | > 2 and P < .05 and
genes fromGSE6919with | log2fold change |> 1 and P< .05
were selected to further investigation.

The gene expression data of DEPDC1B and the clinical
information of The Cancer Genome Atlas (TCGA), includ-
ing 489 PCa samples and 51 adjacent normal prostate tissue
samples, were collected to analyze the clinical variables
and perform survival analysis. The cases without survival
data were excluded for analysis. The PCa samples were
classified as low or high level of DEPDC1B expression by
using the median.

2.2 Human tissue samples

A tissue microarray (TMA; n = 192; catalog no. PR1921c)
cohort (Cohort 1), including 160 PCa tissue samples and 32
adjacent or normal prostate tissue samples, was obtained
from Alenabio Biotechnology, Ltd. (Xi’an, China), a dis-
tributor of US Biomax, Inc. (Rockville,MD,USA) in China.
A total of 103 paraffin-embedded PCa tissues (Cohort

2) were obtained with the written consent of patients
who underwent radical prostatectomy or transurethral
resection prostate (TURP) at Sun Yat-sen University
Cancer Center (Guangzhou, China) between January
2000 and August 2018. All samples were diagnosed with
PCa by two independent pathologists. TNM stage and
Gleason score of PCa samples were confirmed according
to the guidelines. Ethical approval was obtained from Sun
Yat-sen University’s Committees for Ethical Review of
Research Involving Human Subjects. All patients were
followed up until December 2018.

2.3 IHC staining and scoring analyses

Paraffin sections of PCa tissues and TMA were first
deparaffinized and hydrated. All antigens were retrieved
by the microwave method, and endogenous peroxidase
activity was blocked by incubating the slides in 0.3%
H2O2. After incubation with the primary and secondary
antibodies, sections were developed with peroxidase and
3,3′-diaminobenzidine tetrahydrochloride. The sections
were then counterstained with hematoxylin and mounted
in nonaqueous mounting medium. An anti-DEPDC1B
antibody (1:20; HPA072558; Atlas Antibodies, Stockholm,
Sweden) was used to detect DEPDC1B expression in the

vs. normal, fold change > 2.0, P < .05), and GSE67872 (mPCa vs. normal, fold change > 1.5, P < .05). (C) The expression of DEPDC1B in TCGA
database. (D-F) The expression of DEPDC1B in comparison among normal tissue, localized PCa, and mPCa in GSE3325 (D) and GSE6919 (E),
and that in comparison between normal tissue with mPCa in the GSE67872 dataset (F). (G) Representative images of DEPDC1B expression in
tumor tissues and normal tissues. (H) Representative images of DEPDC1B expression in mPCa (T3N0M1) and non-mPCa (T3N0M0). (I-K)The
expression of DEPDC1B in Cohort 1 (I) that compared normal tissue with PCa, and in Cohort 2 that compared Gleason scores 6–7(3+4) with
Gleason scores 7(4+3)-10 (J), and compared non-mPCa with mPCa (K). (L and M) Kaplan-Meier curves for OS (L), BCR-free survival (M) of
PCa patients with high versus low expression of DEPDC1B in Cohort 2. (N-P) Kaplan-Meier curves for OS (N), DFS (O), and BCR-free survival
(P) of PCa patients with high versus low expression of DEPDC1B in TCGA. *P < .05, **P < .01, and ***P<.001,Scale bars: 50 µm

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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F IGURE 2 DEPDC1B promotes PCa cell metastasis and progression in vitro. (A and B) The qRT-PCR (A) and Western blot (B) analysis
of DEPDC1B expression levels in DEPDC1B-knockdown, -overexpressing cells, and control cells. (C and D) Representative images of migration
(C) and invasion (D) assays using DU145 and PC3 cells (left panels) and a quantification analysis of migrated or invaded cell counts (right
panels), showing cell migration and invasion after downregulation or upregulation of DEPDC1B. (E) Representative images of wound-healing
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specimens and mouse tumors. Antibodies against Ki67
(1:500; Servicebio; Wuhan, China), E-cadherin (1:200,
Cell Signaling Technology, Inc, Danvers, MA, USA), and
N-cadherin (1:200, Cell Signaling Technology) were used
to detect Ki67, E-cadherin, and N-cadherin expression,
respectively, in mouse tumors.
DEPDC1B expression in the PCa samples was blind

quantified by two pathologists. The immunostaining
intensity of each sample was divided into negative = 0,
weak = 1, moderate = 2, or strong = 3. The proportion of
positively stained cells was graded to<25%= 1, 25-50%= 2,
50-75% = 3, and >75% = 4. The score was then calculated
as the intensity score multiplied by the proportion score
(score = intensity × proportion score). The samples were
classified as low (score ≤6) or high (score > 6) DEPDC1B
expression. Images were visualized using a Nikon Eclipse
Ni-U (Nikon, Japan) microscope system and processed
with NIS-Elements software.

2.4 Cell culture

The human PCa cell lines (DU145 and PC3) and the
SV40-transformed kidney cell line 293T were purchased
from ATCC (American Type Culture Collection, Man-
assas, VA, USA). DU145 and 293T cells were cultured
in DMEM (Gibco, Shanghai, China), whereas PC3 cells
were cultured in RPMI 1640 (Gibco). All cell culture
medium was supplemented with 10% FBS and 1% peni-
cillin/streptomycin (Gibco). The Rac1-GTP inhibitor
NSC23766 (Cat. No. S8031) was purchased from Selleck
(Houston, TX, USA) and used at 30 µM for 48 h. Cells
were cultured in a humidified atmosphere of 5% CO2 at
37◦C (BB150, Thermo Scientific, Shanghai, China).

2.5 RNA isolation and qRT-PCR

Total RNA was isolated using RNAiso Plus (9109, TaKaRa,
Japan) according to the manufacturer’s instructions.
The cDNA was synthesized using the PrimeScript RT
Reagent Kit (RR047A, TaKaRa, China). The expression
of mRNA in prostate cell lines was determined with an
ABI QuantStudio Sequence Detection System (Applied
Biosystems). Each reaction was performed in triplicate.
The specific primers are listed in Supporting information
Table S1.

2.6 Transient transfection

RNA interference (siRNA) oligonucleotides targeting
DEPDC1B, Rac1, and negative control siRNAs were pur-
chased from GenePharma (Shanghai, China). The siRNA
sequences are listed in Supporting information Table S1.
siRNA transfections were performed using 75 nM siRNA
with 3 µL/mLLipofectamineRNAimax (Life Technologies,
Waltham, MA, USA) and incubated for 48 h for RNA iso-
lation and 72 h for protein collection.
The pcDNA3.1 Rac1(Q61L) (#13720, Addgene, Water-

town, USA) or an empty vector was transiently transfected
into prostate cells with X-tremeGENE HP DNA Transfec-
tion Reagent (6366546001, Roche, Basel, Switzerland) and
cultured for 72 h for further investigation.

2.7 Western blotting

Western blotting was performed as previously described.22
Primary antibodies specific to DEPDC1B (1:500, ab124182,
Abcam), Rac1 (1:1000, ab33186, Abcam), pPAK1 (2605S),
N-cadherin (13116S), E-cadherin (3195S), snail (3879S), slug
(9585S), claudin1 (13255), β-catenin (9562, 1:1000, Cell Sig-
naling Technology), PAK (A0809, ABclonal Biotechnology,
Wuhan, China), and actin (AA128, Beyotime, Shanghai,
China) were used. The blots were then incubated with
a goat antirabbit (cw0103s) or antimouse secondary
antibody (cw0102s, 1:10,000, Cwbiotech, Beijing, China),
and the blots were visualized using Immobilon Western
Chemiluminescent HRP Substrate (WBKLS0500, Merck
Millipore, Germany).

2.8 Coimmunoprecipitation (Co-IP)
assays

Co-IP assays of DEPDC1B and Rac1 were performed
according to the manufacturer’s instructions of the Pierce
Crosslink Magnetic IP/Co-IP Kit (88805, Thermo Scien-
tific). Briefly, 2 µg of an anti-Flag (14793), anti-IgG(3900,
CST), or anti-Rac1(ab33186, Abcam) antibody was bound
to Protein A/G Magnetic Beads, and the antibody was
covalently cross-linked to the beads using disuccinimidyl
suberate (DSS). The antibody cross-linked beads were
then incubated overnight at 4◦C with 400 µg cell lysate

assays using DU145 and PC3 cells, showing cell motility after downregulation or upregulation of DEPDC1B. (F) A quantification analysis of
the cell migration index is shown. (G) Representative images of three-dimensional (3D) cell culture using DU145 and PC3 cells, showing the
cell invasive ability in stereoscopic space. (H and I) Cell viability was evaluated in DEPDC1B-knockdown (H) or -overexpressing (I) DU145 and
PC3 cells. (J) Colony formation assays were constructed in DEPDC1B-knockdown or -overexpressing DU145 and PC3 cells. (K) A quantification
analysis of colony formation number was shown. *P < .05, **P < .01, and ***P<.001. Scale bars: 25 µm
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F IGURE 3 DEPDC1B facilitates the metastasis and proliferation of PCa cells in vivo. (A) Representative images of the nude BALB/c
mouse model of popliteal LN metastasis. The indicated PC3 cells were injected into the footpads of the nude mice, and the popliteal LNs were
enucleated and analyzed. (B and C) Representative images of bioluminescence (popliteal LNs) (B) and quantification analysis of popliteal LN
metastasis (C) in the indicated cell groups (n= 5 per group). (D and E) Representative images of dissected popliteal LNs (D) and quantification
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that contained Flag-DEPDC1B and Rac1. The beads were
washed to remove unbound proteins, and a low pH
elution buffer was used to dissociate bound antigen from
the antibody cross-linked beads. Neutralization buffer
was included to prevent precipitation of the isolated
antigen and to ensure protein activity in downstream
applications. Lane Marker Sample Buffer was used to
prepare samples for SDS-PAGE immunoblot analysis with
specific antibodies against or the SDS-PAGE gel was silver
stained by using the Pierce Silver Stain Kit (24612, Thermo
Scientific). The proteins eluted from magnetic beads were
followed by mass spectrometry (MS) analysis with an Easy
nanoLC 1200-Orbitrap Fusion (Thermo Fisher, USA),
and the proteins identified by MS were analyzed on the
Metascape website (http://metascape.org) and the String
website (https://string-db.org).

2.9 Active Rac1 pull-down assay

The RAC1 pull-down assay was constructed according to
the manufacturer’s instructions for the Rac1 Activation
Assay Biochem Kit (BK035, Cytoskeleton, Denver, USA).
Briefly, cell lysates were collected for Rac1 activation
studies when the cells had grown to approximately 70%
confluence. Then, 400 µg protein lysate was added to
a predetermined 10 µg amount of PAK-PBD beads. The
mixture was incubated at 4◦C on a rotator for 1 h. The
supernatant was carefully removed after the PAK-PBD
beads were pelleted by centrifugation, and the beads were
washed once with 500 µL of wash buffer. Then, 10-20 µL
of 2× Laemmli sample buffer was added to each tube,
and the bead samples were boiled for 2 min. Finally, the
samples were analyzed by SDS-PAGE and Western blot
analyses with an anti-Rac1 antibody.

2.10 Lentivirus transduction

To establish stable knockdown and overexpression
prostate cell lines, full-length DEPDC1B or shRNA
sequences that specifically target DEPDC1B were cloned
into the vectors pCDH-GFP-CMV-EF1-Puro-3xFlag
or pLKO.1-Puro. The sequences of the shRNAs are
listed in Supporting information Table S3. Lentivirus

production and infection were conducted as described
previously.23

2.11 Cell proliferation assay

The MTS assay and the colony formation assay were per-
formed to detect cell viability. PCa cells (1000 DU145 cells
or 1500 PC3 cells per well) were seeded into 96-well plates,
and 20 µL MTS (Promega, Beijing, China) was added to
each well for a 2 h incubation. Then, we measured the
absorbance of each well at 492 nm every 24 h six times.
The same cells were seeded into 6-well plates and cultured
for 10 days for the colony formation assay.

2.12 Cell migration and invasion assay

Amigration assaywas performed by filling the bottomwell
of the cell culture insert (353097, Corning, NY, USA) with
DMEM or RPMI 1640 medium containing 10% FBS. The
insert wells were covered with polyethylene terephthalate
(PET) membranes with 8-µm pores, and 40 000 cells/well
in serum-free DMEM or RPMI 1640 were added to the top
culture insert. The cell culture insert chamber was incu-
bated for 24 h at 37◦C to allow the possible migration
of cells through the membrane into the bottom chamber.
Membranes were stained using crystal violet. The cells in
the bottom chamber were counted using an Olympus IX71
inverted microscope (Olympus, Japan). The PET mem-
branes were covered with Matrigel Basement Membrane
Matrix (354234, Corning) for the cell invasion assay.

2.13 3D cell migration model

The 3D cell migration model was built using Matrigel
Basement Membrane Matrix (354234, c). One hundred
microliters of Matrigel was placed flat on the 24-well
plate, and the cell suspension (3000/well) was mixed with
the gel (vol:vol = 1:1) after incubation for 1 h at 37◦C.
Subsequently, the culture medium was added to the plate
after 24 h and cultured for 72 h until we observed it under
a Nikon Eclipse Ni-U upright microscope (Nikon, Tokyo,
Japan).

analysis (E) of the LN volume. (F) Representative images of H&E staining confirming the LN status (n = 5). The black arrow shows the PCa
cell. (G and H) Representative images of the tumors of DEPDC1B-knockdown (G) or -overexpression (H) groups and their respective controls.
(I) Tumor growth curves of DEPDC1B-knockdown (top panels) or -overexpression groups (bottom panels) are summarized in the line chart.
The average tumor volume is expressed as the mean ± SD of five mice. (J) Tumor weights were measured after the tumors were surgically
dissected. (K) The correlation of expression scores between Ki67 and DEPDC1B in xenograft tumors. (L) IHC examination of xenograft tumor
DEPDC1B and Ki67 expression. *P < .05, **P < .01, and ***P<.001. Scale bars: 50 µm (red), 500 µm (black)

http://metascape.org
https://string-db.org
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F IGURE 4 DEPDC1B regulates the Rho signaling pathway and binds to Rac1. (A) Representative image of silver-stained SDS-PAGE gels
showing separated proteins that were pulled down using Flag-labeled DEPDC1B. Anti-IgG was used as the negative control. (B) The bar graph
of top 10 nonredundant enrichment clusters of KEGG using the Metascape website. (C) PPI network visualization in String website showing
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2.14 In vivo metastasis and
tumorigenesis experiments

The in vivo metastasis assay was performed as previ-
ously described.24,25 All procedures involving animals
were approved by the Institute Animal Care and Use
Committee of Sun Yat-sen University. Male BALB/c nude
mice (4-6 weeks old) were purchased from the Exper-
imental Animal Center of Sun Yat-sen University and
housed in specific pathogen-free (SPF) barrier facilities.
Five mice were included in each group, and lentivirus-
transduced PC3 cells (5 × 106 cells) that stably expressed
firefly luciferase were injected into the mouse footpads.
Lymphatic metastasis was monitored and imaged using a
bioluminescence imaging system (Cypris FIS-250D [Xupu,
China]). Eight weeks after the injections, the mice were
euthanized, and the tumors were surgically dissected. The
popliteal lymph nodes (LNs) were embedded in paraffin.
The formalin-fixed, paraffin-embedded (FFPE) samples
were analyzed using hematoxylin-eosin (H&E) staining.
Images were captured using a Nikon Eclipse Ni-U system
with NIS-Elements software (Nikon, Tokyo, Japan)
A total of 3× 106 cells were injected subcutaneously into

the right side of the dorsum, and five mice were used in
each group. At 6 weeks after implantation, the mice were
euthanized, and the tumors were surgically dissected. The
tumor specimens were fixed in 4% paraformaldehyde. The
volumes of the tumor were calculated using the following
formula: tumor volume (mm3) = (length [mm]) × (width
[mm])2 × 0.5. The weight of the tumor was also recorded.

2.15 Statistical analyses

Quantitative data are presented as the means ± SDs of
three independent experiments. Differences between two
groups were analyzed using the unpaired t-test (two-tailed
tests). One-way ANOVA followed by Dunnett’s multiple
comparison test was performed to compare more than
two groups.26 Two-way ANOVA was performed to analyze
the factorial design to investigate the relationship between
DEPDC1B and Rac1.
All primary data in the TAM and clinical samples were

analyzed. Pearson’s χ2 test was used to analyze the clinical
variables. Cumulative survival time was calculated using
the Kaplan-Meier method and analyzed by the log-rank

test. All statistical analyses in this study were performed
using SPSS 20.0 software (SPSS, Armonk, NY, USA) or
GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA). A
P-value < .05 was considered significant.

3 RESULTS

3.1 Database-integrated screening
identifies that DEPDC1B correlates with
the PCa metastasis status

To identify potential mPCa oncogenes that could serve
as targets for mPCa treatment, we performed a compre-
hensive analysis to screen data sets correlated with mPCa
in the GEO database. First, we compared the expression
levels of genes among normal, localized, and metastatic
samples of the GSE3325 dataset and identified 581
metastasis-related genes (Figure 1A). Similarly, we then
identified 480 and 2945 metastasis-related genes in the
GSE6919 and GSE67872 databases, respectively. Further-
more, the genes that were overexpressed in mPCa samples
from three datasets were integrated, and eight genes
were selected (Figure 1B). To further identify a functional
oncogene involved in mPCa, we analyzed TCGA database
and found that four of these eight genes, DEPDC1B,
CEP55, GAS2L3, and PLXNA1, were correlated with the
prognosis of PCa and were significantly overexpressed in a
malignancy (Figure 1C). However, Kaplan-Meier survival
analysis of TCGA database showed that high expression of
CEP55, GAS2L, or PLXNA1 was only correlated with poor
prognosis in disease-free survival (DFS) but not correlated
with overall survival (OS) (Supporting information Figure
S1). Only DEPDC1B correlated with poor prognosis both
in DFS and OS (Figure 1N-P). In our previous study,
we found that increased expression of DEPDC1B was
associated with LN metastasis of PCa.18 However, the
mechanism of how DEPDC1B regulates mPCa remains
unclear. Then, DEPDC1B was selected for further investi-
gation. Moreover, DEPDC1B showed a higher expression
both in metastatic samples of PCa patients and metastatic
mouse model than normal prostate tissue (Figure 1D-F).
More importantly, the expression level of DEPDC1B was
higher in mPCa than in localized PCa (Figure 1D and E).
These results demonstrated that DEPDC1B positively
correlated with the metastatic status of PCa.

the proteins that related to DEPDC1B and Rac1. (D) The mass spectrum of a representative peptide fragment of Rac1. (E and F) Western blot
analysis determined that DEPDC1B is correlated with Rac1 after performing the pull-down assay with Flag-labeled DEPDC1B (E) and an anti-
Rac1 (F) immunoprecipitation antibody. Anti-IgG was used as the negative control protein in the pull-down assay. (G and H) Representative
image of the Western blotting analysis of active Rac1, total Rac1, phosphorylated PAK1, total PAK1 protein levels after DEPDC1B-knockdown
(G) or -overexpression (H) in DU145 and PC3 cells
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F IGURE 5 Inhibitor of active Rac1 (NSC23766) reverses the function in DEPDC1B-overexpressing cells. (A) The levels of active Rac1,
total Rac1, phosphorylated PAK1, and total PAK1 protein were detected by Western blotting in DEPDC1B-overexpressing cells combined with
NSC23766. (B andC)Representative images of cellmigration (B) and invasion (C)were analyzed usingDEPDC1B-overexpressing or control cells
combinedwith NSC23766 (left panels) and a quantification analysis of migrated or invaded cell counts (right panels). (D) Representative images
of wound-healing assays usingDEPDC1B-overexpressing or control cells combinedwithNSC23766 inDU145 (left panels) and PC3 (right panels)
cells, showing reversing cell motility after using NSC23766 in DEPDC1B-overexpressing cells. (E) A quantification analysis of cell migration
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3.2 DEPDC1B expression is correlated
with metastasis and poor prognosis of PCa

To further investigate whether DEPDC1B was involved in
clinical PCa progression at the protein level, we analyzed
a TMA cohort (Cohort 1) consisting of 192 samples that
included normal, primary tumors, and LN metastases and
a large-scale sample cohort (Cohort 2) containing 103 PCa
specimens. We found that the expression of DEPDC1B
was significantly higher in primary tumors than in normal
tissues (Figure 1G and I), while DEPDC1B expression
was associated with a higher Gleason score in Cohort 1
(Supporting information Table S2).
Moreover, the expression of DEPDC1B was signifi-

cantly upregulated inmPCa compared with nonmetastatic
tumors (Figure 1H and J). The analysis of Cohort 2 also
demonstrated that a high level of DEPDC1B positively cor-
related with a high Gleason score (P = .002), advanced
pathological tumor stage (P<.001), and a high incidence of
LN metastasis (P = .022; Figure 1J, Table 1). These results
were further confirmed by analyses of the TCGA database,
and we also found that a high level of DEPDC1B correlated
with distant metastasis (P = .017; Supporting information
Table S3).
Furthermore, Kaplan-Meier survival analysis showed

that high expression of DEPDC1Bwas correlatedwith poor
prognosis in not only OS but also biochemical recurrence
(BCR)-free survival (Figure 1L and M ). Consistent with
our data, the TCGA database revealed that patients with
high DEPDC1B-expressing PCa had significantly shorter
OS, BCR-free survival, and DFS times (Figure 1N-P). All
the results demonstrated that DEPDC1B was associated
with the metastasis and progression of PCa.

3.3 DEPDC1B promotes PCa cell
metastasis and proliferation in vitro

To investigate the function of DEPDC1B in the metasta-
sis of PCa, DU145 and PC3 cell lines were transfected with
two small interfering RNAs (siRNAs) targeting DEPDC1B
or were established to stably overexpress DEPDC1B
by lentiviral transfection. The efficiency of DEPDC1B-
knockdown and -overexpression was verified by qRT-
PCR and Western blotting. The results showed that the
mRNA and protein levels of DEPDC1B were significantly

downregulated or increased in DU145 and PC3 cell lines
(Figure 2A and B). Then, we performed cell migration,
invasion, wound-healing assays, and three-dimensional
(3D) cell culture to explore the role of DEPDC1B in regu-
lating motility and metastasis in PCa cells. Cell migration
and invasion assays revealed that knockdown of DEPDC1B
reduced the migration and invasion cell numbers, while
the opposite outcome was found after overexpressing
DEPDC1B (Figure 2C and D). Wound-healing assays
showed that silencing DEPDC1B decreased, whereas
upregulating DEPDC1B increased, the migratory speed of
DU145 and PC3 cells (Figure 2E and F). Moreover, DU145
and PC3 cells were embedded in Matrigel for 3D culture,
which mimics the process of tumor invasion in the base-
ment membrane, and we also found that DEPDC1B abla-
tion inhibited the invasive capability, while overexpress-
ing DEPDC1B accelerated invasion of PCa cell (Figure 2G).
Similar results were found in stable DEPD1B-knockdown
PCa cell lines (Supporting information Figure S2A-S2I).
Taken together, our results demonstrated that DEPDC1B
played a crucial role in PCa migration and invasion.
After detaching from the primary tumor, metastatic

cells should gain the significant ability of proliferation for
tumorigenesis when they settle at distal sites. Therefore,
we performed cell proliferation assays and colony forma-
tion assays to investigate the function of DEPDC1B in pro-
liferation. The results showed that silencing DEPDC1B
reduced the cell viability and colony formation ability of
DU145 and PC3 cells, while overexpression of DEPDC1B
enhanced the viability and colony formation ability of
PCa cells (Figure 2H-K). The stable DEPDC1B-knockdown
PCa cell lines showed analogous results (Supporting
information Figure S2J-S2L). These results indicated that
DEPDC1B was required for PCa metastasis and prolifera-
tion.

3.4 DEPDC1B facilitates metastasis
and tumor growth of PCa cells in vivo

To explore the effects of DEPDC1B in PCa metastasis in
vivo, a popliteal LN metastasis model was constructed
in nude mice (Figure 3A). PC3/luciferase (PC3/luc) PCa
cell lines with stable knockdown or overexpression of
DEPDC1B were inoculated into the footpads of BALB/c
nude mice. The primary footpad tumors were dissected

index is shown. (F) Representative images of three-dimensional (3D) cell culture using DEPDC1B-overexpressing or control cells combined
with NSC23766, showing reversing cell motility after using NSC23766 in DEPDC1B-overexpressing cells. (G) Cell viability was reversed by
using NSC23766 in DEPDC1B-overexpressing or control cells. (H) Colony formation assays were constructed in DEPDC1B-overexpressing or
control cells combined with NSC23766. (I) A quantification analysis of colony formation number was shown. NSC23766 was used at 30 µM for
48 h. Unpaired t-test was used to analyze two groups of data; *P < .05, **P < .01, and ***P<.001. Two-way ANOVA was performed to analyze
factorial designed data, # P < .05, ## P < .01, and ###P<.001. Scale bars: 25 µm
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F IGURE 6 Mutated active Rac1 plasmid (Q61L) recuses the function in DEPDC1B-knockdown cells. (A) The levels of active Rac1, total
Rac1, phosphorylated PAK1, and total PAK1 protein were detected by Western blotting in DEPDC1B-knockdown cells combined with Q61L.
(B and C) Representative images of cell migration (B) and invasion (C) were analyzed using DEPDC1B-knockdown or control cells combined
with Q61L (left panels), and a quantification analysis of the migrated or invaded cell counts (right panels) is shown. (D) Representative images
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with popliteal LNs after 8 weeks. Obviously, downregulat-
ing DEPDC1B significantly inhibited PCa cell metastasis
to LNs. In contrast, overexpression of DEPDC1B pro-
moted LN metastasis, as determined by bioluminescence
imaging system. Moreover, the volumes of the popliteal
LNs in DEPDC1B-overexpressing mice were largest,
while they were smallest in the DEPDC1B shRNA mice
(Figures 3B-E). H&E staining was also used to confirm
PCa cell metastatic LNs (Figure 3F).
To further investigate the function of DEPDC1B in PCa

tumorigenesis in vivo, stable DEPDC1B-overexpressing,
DEPDC1B-silenced, or control PC3 cells were subcuta-
neously injected into BALB/c nude mice, and the features
of the tumors weremeasured every 3 days. Strikingly, com-
pared with the control group, the growth rate, size, and
weight of tumors derived from the DEPDC1B-knockdown
group were significantly reduced. Conversely, DEPDC1B-
overexpression promoted the tumor growth of PCa cells
(Figures 3G-J). Moreover, the tumors derived from the
DEPDC1B-silencing group revealed lower expression of
the proliferationmarker Ki67 than the control group.How-
ever, the opposite results were found in the DEPDC1B-
upregulation group (Figure 3K and L). Taken together,
DEPDC1B facilitates metastasis and tumor growth of PCa
cells in vivo.

3.5 DEPDC1B interacts with Rac1 to
enhance theRac1-PAK1 signaling pathway

To explore the mechanism of DEPDC1B regulates the
metastasis in PCa. We performed a coimmunoprecipi-
tation (co-IP) experiment using Flag-labeled DEPDC1B
as bait to identify DEPDC1B-interacting proteins in PC3
cell line. The magnetic beads were collected for analysis
by MS, and an obvious band with a molecular weight
between 15 and 25 kDa was observed (Figure 4A). Sev-
eral proteins were hit by MS, and we constructed an
enrichment analysis and protein-protein interaction (PPI)
analysis by entering them into the Metascape website and
String website. The results are shown in Figure 4B and C.
Two of the top 10 enrichment pathways are related to
the Rho family, which is related to cell migration, while

PPI analysis showed that Rac1 is one of the members
correlated with DEPDC1B. The mass spectrometer of Rac1
is shown in Figure 4D. To confirm the interaction between
DEPDC1B and Rac1, the proteins that were pulled down
by Flag-labeled DEPDC1B were detected by the Rac1
antibody, and we found that DEPDC1B can interact with
Rac1 (Figure 4E and Supporting information Figure S3B).
Equivalently, the proteins that were pulled down by Rac1
could be detected by the DEPDC1B antibody (Figure 4F
and Supporting information Figure S3C). These results
indicated that DEPDC1B can bind to Rac1.
To further investigate the relationship between

DEPDC1B and the Rac1 signaling pathway, we con-
structed a PAK-PBD pull-down assay to explore whether
DEPDC1B can transfer Rac1-GDP to Rac1-GTP in PCa
cells. We found that overexpressing DEPDC1B increased
GTP loading in Rac1 proteins, while knockdown of
DEPDC1B reduced the level of Rac1-GTP (Figure 4G
and H, Supporting information Figure S3A). Moreover,
PAK1, downstream of Rac1, was phosphorylated when
DEPDC1B was upregulated, and the level of phosphory-
lated PAK1 was reduced by DEPDC1B ablation (Figure 4G
and H, Supporting information Figure S3A). The protein
levels of total Rac1 and PAK1 remained the same regardless
of how DEPDC1B changed. These results demonstrated
that DEPDC1B was a potential activator of Rac1 and
enhanced the Rac1-PAK1 signaling pathway to promote
PCa metastasis.

3.6 DEPDC1B facilitates PCa metastasis
and proliferation through Rac1-PAK1
pathway

To explore whether DEPDC1B regulates PCa cell in Rac1
dependent manner, we overexpressed DEPDC1B and
then used an inhibitor of Rac1-GTP (NSC23766) to inhibit
Rac1 specific activation and siRNAs to knockdown the
expression of Rac1 in PCa cells. Then, we found that both
NSC23766 and Rac1-specific siRNA reversed DEPDC1B-
induced activation of Rac1-GTP and phosphorylation of
PAK1 (Figure 5A and Supporting information Figure S3A).
Interestingly, reducing the level of Rac1-GTP attenuated

of wound-healing assays using DEPDC1B-knockdown or control cells combined with Q61L in DU145 (left panels) and PC3 (right panels) cells,
showing reversing cell motility after using Q61L in DEPDC1B-overexpressing cells. (E) A quantification analysis of cell migration index is
shown. (F) Representative images of three-dimensional (3D) cell culture using DEPDC1B-knockdown or control cells combined with Q61L
showing rescued cell motility after using Q61L in DEPDC1B-knockdown cells. (G) Cell viability was rescued by using Q61L in DEPDC1B-
knockdown or control cells. (H) Colony formation assays were constructed in DEPDC1B-knockdown or control cells combined with NSC23766.
(I) A quantification analysis of the colony formation number was shown. Unpaired t-test was used to analyze two groups of data; *P < .05,
**P < .01, and ***P<.001. Two-way ANOVA was performed to analyze factorial designed data, # P < .05, ##P < .01, and ###P<.001. Scale bars:
25 µm
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F IGURE 7 DEPDC1B promotes EMT to induce metastasis in PCa. (A and B) Representative image of the Western blotting analysis of
N-cadherin, E-cadherin, β-catenin, snail, slug, and claudin1 protein levels after DEPDC1B-knockdown (A) or -overexpression (B) in DU145 and
PC3 cells. (C) IHC examination of DEPDC1B, N-cadherin, and E-cadherin expression in xenograft tumors. (D) The correlation of expression
scores between DEPDC1B and N-cadherin (right panel) or E-cadherin (left panel) in xenograft tumors

the DEPDC1B-mediated role of the metastasis of PCa cells
in vitro (Figure 5B-F). As expected, the proliferation in
PCa cells enhanced by DEPDC1B was also eliminated
by NSC23766 (Figure 5G-I). The similar results were
found when we used Rac1-specific siRNAs to suppress
Rac1 expression in DEPDC1B-upregulated PCa cells
(Supporting information Figure S4).
To further address this, DEPDC1B knockdown PCa

cells were transfected with the Rac1 Q61L plasmid (a
constitutively active mutant of Rac1). The data showed
that transfection of the Q61L plasmid into stable knock-
down DEPDC1B PCa cells rescued DEPDC1B knockdown-
induced inhibition on the Rac1-PAK1 signaling pathway
(Figure 6A). The DEPDC1B knockdown-induced inhibi-
tion of metastasis and proliferation in PCa cells was res-
cued by transfection with the Q61L plasmid (Figure 6B-I).
All the results indicated that DEPDC1B promoted metas-
tasis and proliferation of PCa cell in Rac1-dependent
manner.

3.7 DEPDC1B promotes EMT to induce
metastasis in PCa

Accumulating evidences show that the Rac1-PAK1 signal-
ing pathway has been implicated in the process of cellular
migration by inducing EMT,27–29 and EMT is one of the
most important mechanisms in cancer metastasis.30,31 To
explore whether EMT is required for DEPDC1B-induced
PCa metastasis, we detected the EMT markers by western
blotting after overexpressing or silencing DEPDC1B. The
results revealed that DEPDC1B knockdown increased
the levels of E-cadherin and Claudin1 while reducing
the levels of N-cadherin, Snail, Slug, and β-catenin,
suggesting that the EMT process was inhibited (Figure 7A
and Supporting information Figure S5A). And DEPDC1B
overexpression-induced EMT in both DU145 and PC3
cell lines (Figure 7B and Supporting information Figure
S5A). Moreover, the DEPDC1B-silencing group showed
an increasing level of E-cadherin and reduced level of
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F IGURE 8 DEPDC1B inducesEMT inPCa via theRac1-PAK1 pathway. (A) The levels ofN-cadherin, E-cadherin, β-catenin, snail, slug, and
claudin1 proteinwere detected byWestern blotting inDEPDC1B-overexpressing cells combinedwithNSC23766. (B) The levels of N-cadherin, E-
cadherin, β-catenin, snail, slug, and claudin1 proteinwere detected byWestern blotting inDEPDC1B-knockdown cells combinedwithQ61L. (C)
The levels of N-cadherin, E-cadherin, β-catenin, snail, slug, and claudin1 proteinwere detected byWestern blotting inDEPDC1B-overexpressing
cells combined with Rac1 iRNA. (D) A schematic model of the mechanism underlying the role of DEPDC1B in PCa metastasis and progression
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N-cadherin in the tumors, while the opposite results were
found in the DEPDC1B-upregulation group (Figure 7C-D).
These results suggest that DEPDC1B promotes EMT to
induce metastasis in PCa.

3.8 DEPDC1B induces EMT in PCa via
the Rac1-PAK1 pathway

To further explore the molecular mechanism underlying
DEPDC1B-induced metastasis and proliferation in PCa,
we treated PCa cells stably overexpressing DEPDC1B with
NSC23766-specific or Rac1-specific siRNA. After treat-
ment with NSC23766-specific or Rac1-specific siRNAs, E-
cadherin, and claudin1 were increased while N-cadherin,
snail, slug, and β-catenin were reduced in DEPDC1B-
overexpressing PCa cells, which indicated inhibition of
the EMT process (Figure 8A and B). In contrast, trans-
fection of the Q61L plasmid rescued the reduction in N-
cadherin, snail, slug, and β-catenin, and the increase in
E-cadherin and Claudin1 induced by DEPDC1B knock-
down (Figure 8C). Collectively, DEPDC1B induces EMT
and enhances PCa cell migration and progression via the
Rac1-PAK1 signaling pathway.

4 DISCUSSION

Cancer metastasis is one of the most important causes of
mortality and contributes to approximately 90% of cancer
deaths, especially for PCa, for which the 5-year survival
rate is only 29% after metastasis.1,5 Therefore, it is emer-
gent to develop the novel effective treatment for mPCa.32
In the present study, we comprehensibly analyzed muti-
datasets and found a protein called DEPDC1B correlated
with mPCa. Overexpression of DEPDC1B correlated with
high Gleason scores and high malignancy. Furthermore,
we found that DEPDC1B plays a crucial role in mPCa and
may be a potential treatment target for mPCa.
Previous studies showed that DEPDC1B played a key

role in the GPCR and Rho signaling pathways.12,14,15 Here,
we found that DEPDC1B enhanced the transformation
fromRac1-GDP intoRac1-GTP and phosphorylate PAK1 by
interacting with Rac1 and then activating the Rac1-PAK1
signaling pathway. We hypothesized that the two domains
of DEPDC1B may contribute to elevating the level of Rac1-
GTP. First, the DEP domain of DEPDC1B interacted with
GPCRs and mediated GPCR signaling pathways. More-
over, it could interact with Rac1 to modulate its subcellular
localization and recruit the GEFs of Rac1 to transform
Rac1-GDP to Rac1-GTP.13,14 Second, the inactive RhoGAPs
domain of DEPDC1B might prevent the deactivation

Rac1-GTP from other GAPs. The ruffling of membrane,
a characteristic feature of many actively migrating cells,
was controlled by a group of enzymes, including Rac1,
which regulate it by modulating the polymerization of
actin at the leading edge.33 DEPDC1B also influences the
formation of focal adhesions to regulate the mortality
of cells.16 Therefore, our data suggested that DEPDC1B
might also regulate the ruffling of membrane to promote
metastasis via Rac1-PAK1 signaling in PCa. Ying-Fang Su
et al indicated that DEPDC1B is able to modulate Rac1 cel-
lular localization in rat embryonic fibroblasts and enhance
anchorage-independent growth by activating the Rac1-
ERK signaling pathway.13 Our study found that DEPDC1B
plays a different role in regulating PCa cell migration and
proliferation by inducing EMTvia theRac1-PAK1 signaling
pathway.
EMT is a gradual cellular process with several states

that plays a key role in cancer metastasis.30,34 A series
of heterotypic cell-cell signaling molecules, such as the
Wnt, TGFβ, and Notch signaling molecules, are involved
in inducing EMT.35 In general, epithelial markers, such
as E-cadherin, decrease while mesenchymal markers
increase during EMT. However, the variation in these
different markers is not the same in the different EMT
states.30,35 In our study, we found that overexpressed
DEPDC1B decreased the expression of E-cadherin and
Claudin1, while increased the expression of N-cadherin,
snail, and slug in PCa cells. Interestingly, we also found
that the level of β-catenin decreased when DEPDC1B
was knocked down. A previous study found that PAK1
can stabilize β-catenin by phosphorylating it, making the
transcription of β-catenin more active.36 To summarize,
DEPDC1B regulates the mobility of PCa by inducing EMT
and stabilizing Wnt/β-catenin signaling by activating the
Rac1-PAK1 pathway.
Additionally, we also found that DEPDC1B ablation also

inhibited the proliferation of PCa and that the function
was also regulated by DEPDC1B via Rac1-PAK1 signal-
ing. Several studies have demonstrated that Rac1-PAK1 sig-
naling can regulate the proliferation of cells via multi-
ple proteins such as Cyclin D1 and IL-2.37–40 In addition,
DEPDC1B might also influence proliferation by induc-
ing apoptosis or autophagy via modulating Wnt/β-catenin
signaling.41,42

5 CONCLUSIONS

It is our novel discovery that DEPDC1B induces EMT
and promotes the mobility and proliferation of PCa
via Rac1-PAK1 signaling pathway by interacting with
Rac1.Therefore, our findings provide insight into
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DEPDC1B and indicate that Rac1 might be an impor-
tant treatment target against mPCa (Figure 8D).
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