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The NF-xB subunit RelB regulates the migration and invasion
abilities and the radio-sensitivity of prostate cancer cells

JIE WANG'", SUQIN YI**, JUN ZHOU', YOUTAO ZHANG' and FENG GUO'

ICentral Lab, The First Affiliated Hospital of Soochow University Suzhou, Jiangsu 215006;
2Department of Oncology, The First People's Hospital of Yancheng, Yancheng, Jiangsu 224000, P.R. China

Received December 16, 2015; Accepted April 11,2016

DOI: 10.3892/1j0.2016.3500

Abstract. NF-xB subunits play important roles in carcino-
genesis of a variety of human malignancies and response to
cancer therapy; however, the contribution of an individual
subunit has not been thoroughly defined. Constitutive acti-
vation of the canonical NF-xB subunit is a critical event in
prostate carcinogenesis. Recent findings point out that RelB,
which contributes to the non-canonical NF-xB activity, func-
tions importantly in the prostate cancer progression. Here,
we investigated systemically the functional roles of RelB in
prostate cancer and examine its significance as a therapeutic
target. Targeting RelB using short hairpin RNA approach in
androgen-independent DU145 prostate cancer cells interfered
with various biological behaviors of cells. We observed that
RelB knockdown inhibited prostate cancer cell growth,
migration, and invasion, and enhanced proteasome inhibitor
sensitivity. The altered expression of anti-apoptotic gene
Bcl-2 played critical roles in regulating both spontaneous and
radiation-induced apoptosis in the presence of RelB knock-
down. For the first time, we showed that RelB knockdown
significantly attenuated the migration and invasion of DU145
prostate cancer cells, due to the reduction of integrin -1.
Collectively, we provided evidence that RelB functioned as
an oncogene in prostate cancer. Developing a RelB-targeted
therapeutic intervention, is valuable in treating advanced,
metastatic prostate cancer.

Introduction
Prostate cancer is one of the most common cancer types and

the second leading cause of cancer-related death in males
in western countries (1). Its incidence has also kept rising in
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China during the past few years. Though surgical and radio-
logical interventions are the most popular regimens, the lack
of long-term clinical treatment options requires indentifying
more effective therapeutic targets to prevent metastasis and
recurrence of prostate cancer. Despite numerous reported
studies, there remain many unaddressed difficulties regarding
to biological mechanisms of prostate cancer initiation and
progression. Itis generally believed that prostate carcinogenesis
is a consequence of both genetic and epigenetic modifications,
converting normal prostate glandular epithelium to pre-
neoplastic lesions and finally invasive carcinoma. To develop
more specific diagnostic and prognostic biomarkers, which
demands a better understanding of the molecular pathogenesis
of prostate cancer, is necessary.

Nuclear factor k-light-chain-enhancer of activated B cells
(NF-«xB) family of transcription factors encompasses five
members including RelA, RelB, c-Rel, NF-kB1 (p50 and its
precursor pl05), and NF-kB2 (p52 and its precursor pl00) in
mammalian cells. NF-kB functions critically in a range of
biological processes such as inflammation, immune response,
carcinogenesis, and secondary lymphoid organogenesis. In
most cells, NF-xB subunits are sequestered in the cytoplasm
through binding to an inhibitory IxB family member and kept
inactive. Upon stimulation, the IxB protein could undergo
proteosomal degradation followed by the translocation of
NF-xB dimers into the nucleus to transactivate their target
genes. NF-xB dimers transduce the signaling through two
major pathways: the canonical and the non-canonical. The
canonical NF-«kB activity involves the proteasome-mediated
IkBa degradation and the subsequent activation of RelA-
p50 heterodimers. In the non-canonical pathway, NF-«xB2/
p100 functions as an IkB-like protein and retains RelB-p100
heterodimers in the cytoplasm. The stimulatory signaling trig-
gers NF-kB2/p100 phosphorylation and proteasome-mediated
degradation in an NF-kB-inducing kinase (NIK) and IxB
kinase (IKK)-dependent manner, thereby producing active
RelB-p52 heterodimers. The canonical NF-«kB signaling
pathway plays a role in immune responses, and inflammation
whereas the non-canonical pathway is rather implicated in the
secondary lymphoid organogenesis and the generation of B
lymphocytes (2-4).

Dysregulated NF-«xB activity leads to aberrant cell prolif-
eration and survival, angiogenesis, metastasis, and other
malignant phenotypes, which contributes to the development
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of many human malignancies including prostate cancer (5).
Previous studies have addressed intensively the biological
significance of the canonical NF-«B activity in carcinogenesis
of prostate cancer (6). Increasing attention has been paid to the
understanding of the role of the non-canonical NF-«B activity
in the pathogenesis of diverse hematological malignancies
and solid tumors; nevertheless, the significance of the non-
canonical NF-«kB activity in regulating the carcinogenesis of
prostate cancer is still largely unclear.

RelB complexes, representing the non-canonical NF-xB
activity, is the most frequently detected NF-xB subunit in the
nucleus of prostate cancer tissue and is correlated directly with
Gleason score, suggesting that RelB might be involved in pros-
tate cancer initiation or progression (7). Both the canonical and
the non-canonical NF-«B activities are present in the androgen-
independent human prostate cancer cell lines such as PC-3 and
DUI145, while the non-canonical NF-«kB activity is minimally
expressed in the androgen-dependent prostate cancer cell line
such as LnCaP (8.,9). Therefore, it is suggested that RelB is
likely implicated in the transition from androgen-dependent
into androgen-independent status. RelB-targeting decreases
cancer incidence and growth rate, and sensitizes prostate
cancer cells to ionizing radiation. RelB exerts a radio-protec-
tive role in aggressive prostate cancer cells, partially due to the
induction of the manganese superoxide dismutase (MnSOD)
gene. Targeting RelB is suggested to be a valuable strategy in
overcoming the radiation-resistance in both prostate and breast
cancer (10-12). Recent studies have suggested that IKKa, which
is a crucial upstream molecule in the NF-«xB signaling pathway,
is involved in both canonical and non-canonical NF-kB activa-
tion, promotes malignant phenotypes of prostate cancer. IKKa
is thereby considered to be an important therapeutic target in
treating prostate cancer (13,14).

Here, we examined systemically the functional roles of
RelB in prostate cancer cells and studied its significance as a
therapeutic target. Targeting RelB using short hairpin RNA
(shRNA) approach in DU145 prostate cancer cells had an
effect on varied biological behaviors of cells. Knockdown of
RelB slowed down cell growth due to increased apoptosis.
The downregulated expression of anti-apoptotic gene Bcl-2
played critical roles in regulating spontaneous and radiation-
induced apoptosis in the presence of RelB knockdown.
Importantly, RelB knockdown significantly diminished the
migration and invasion abilities of DU145 prostate cancer
cells, attributed at least partially to the clear reduction of
integrin B-1. RelB knockdown also enhanced the sensitivity
to proteasome inhibitor treatment. Collectively, we provided
evidence that RelB functioned as an oncogene in prostate
cancer and shows potential for targeted therapy in human
prostate cancer.

Materials and methods

Tissue culture and reagents. The human prostate cancer cell
line DU145 was cultured in RPMI-1640 media supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C
in a humidified atmosphere containing 5% CO,. Neomycin
(cat no. E859-5G) was purchased from Amresco. MG-132
(cat no. 474790) was purchased from Millipore.
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Cell transfection. An shRNA carrying sequence targeting the
RelB gene (275-293: 5'-GCACAGATGAATTGGAGAT-3") was
designed and chemically synthesized by Invitrogen (Beijing,
China). The shRNA-RelB was subcloned into the pSilencer3.1-
Hl-neo plasmid (cat no. 5770, Thermo Scientific™, China),
which was linearized by restriction endonucleases HindIII
and BamHI. The recombinant plasmid pSilencer3.1-siRelB
(carrying an shRNA targeting RelB) and the scrambled
control plasmid were then transduced into cells using
Lipofectamine 2000 (cat no. 12566014, Thermo Scientific™,
China) according to the manufacturer's instructions. To obtain
stably transfected cell lines, cells were selected in the presence
of neomycin for two weeks.

Quantitative real-time PCR (qRT-PCR). Total RNA was
extracted using TRIzol reagent (Tiangen Biotech Co., Ltd.,
Beijing, China) according to the manufacturer's instructions.
RNA yield and purity were determined spectrophotometri-
cally at 260-280 nm and the integrity of RNA was verified
by Nanodrop-1000 (Thermo Scientific). Total RNA (2 ug)
was reverse-transcribed with Superscript M-MLV (Promega,
China) according to the manufacturer's instructions. Triplicates
were performed for all reactions with a LightCycler 480 System
(Roche, China). Primers for qRT-PCR were designed using
Primer-BLAST (PubMed) and synthesized from Invitrogen.
A housekeeping gene, -actin, was always run together with
target genes. Data were analyzed with Pfaffl method that
provides a means for quantification of a target gene transcript
in comparison to a reference gene (15).

Western blot analysis. RIPA buffer supplemented with
proteinase inhibitor cocktail was used to prepare cell lysates.
Cell lysates including whole-cell extracts and cytoplasmic/
nuclear extracts were denatured by boiling in SDS-PAGE
sample buffer, fractionated on SDS-PAGE gels, and trans-
ferred onto nitrocellulose membranes. The membranes were
blocked in 5% skim milk for 1 h at room temperature and then
incubated with the indicated primary antibodies (Abs) over-
night followed by appropriate secondary Abs. Both primary
and secondary Abs were diluted well in advance according
to the manufacturer's instructions. Proteins were detected and
scanned with an Odyssey® infrared imaging system (LI-COR
Biosciences, USA). Band density was normalized to a-tubulin,
[B-actin or lamin reference. Abs against Bcl-2 (C-2, sc-7382),
NF-«B p65 (C-20,sc-372),RelB (C-19,sc-226),c-Rel (N, sc-70),
NF-B p«50 (H-119, sc-7178), NF-kB p52 (K-27, sc-298), and
Lamin A/C (H-110, sc-20681) were purchased from Santa Cruz
Biotechnology, Inc. Abs against Bel-xL (#2764), Bim (#2819),
Mcl-1 ((#4572), Survivin (#2808), MMP-2 (#4022), MMP-9
(#2270), and integrin -1 (#9699S) were obtained from Cell
Signaling Technology. B-actin (AT0001) was purchased from
CMCTAG, Inc. a-tubulin (AJ1034a) was purchased from
Abgent. IRDye 680CW (926-32222) and IRDye 800CW
secondary Abs (926-32210) were obtained from LI-COR
Biosciences.

Electro-mobility shift assay (EMSA). Nuclear extract prepa-
ration and EMSA were performed as previously described
(16). The integrity of nuclear extracts was checked using an
Oct-1 oligodeoxynucleotide probe. Briefly, nuclear extracts
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were incubated with an IRDye 800-labeled oligonucleotide
probe. The binding reactions occurred under specific salt/pH
conditions in a binding buffer. Poly (dI:dC) (Sigma-Aldrich,
China) was added to prevent non-specific binding of proteins
to the xB oligonucleotide probe. After binding, the samples
were separated on 5% non-denaturing PAGE gels and bands
were detected by scanning using Odyssey infrared imaging
system.

NF-kB activity assay. The activity of individual NF-«xB
members was quantified using an ELISA-based NF-«B
family transcription factor assay kit (Active Motif, Carlsbad,
CA, USA). In brief, 2 ug of nuclear extracts were incubated
in a 96-well plate with immobilized NF-«B consensus oligo-
nucleotides. Captured complexes were incubated with NF-kB
subunit-specific primary Abs and subsequently detected with
an HRP-conjugated secondary Ab, which provided a sensitive
colorimetric readout at 450 nm that was easily quantified by
spectrophotometry. All samples were tested in triplicates.

Cell growth assay. The xCelligence RTCA instrument (Roche)
was applied to monitor cell growth. In the assay, impedance for
indicated times was continuously monitored by the system, and
the value was indicated as ‘cell index’, which was determined
by the number of cells seeded, the overall size and morphology
of the cells, and the degree to which the cells interact with
the sensor surface. Following running the background blank
with 100 ¢l RPMI-1640 media supplemented with 10% FBS,
cells were seeded in wells and then the program was run. The
cell index was continuously monitored by the system, and data
were analyzed by RTCA software 1.2.

Cell migration and invasion assay. The cell migration and
invasion assay was also performed with the xCelligence RTCA
instrument. In this assay, a CIM-plate assembled with an upper
and lower chamber was used. RPMI-1640 (180 ul) media
supplemented with 10% FBS was added to each well on the
lower chamber. Cells were suspended in the serum-free media
and added into the upper chamber. For the cell invasion assay,
wells of the upper chamber were pre-coated with Matrigel
(cat. no. 356234, BD Biosciences, China) for =4 h. Following
attachment, cell migration or invasion through Matrigel
towards the lower chamber containing RPMI-1640 media
supplemented with 10% FBS was continuously monitored, and
data was collected and analyzed by RTCA software 1.2.

Cell cycle analysis. The cell cycle analysis and cellular DNA
content measurement were carried out by flow cytometry.
Cells were harvested and fixed with 70% ethanol for 24 h at
4°C. Subsequently, the single cell suspensions were prepared
to stain DNA using propidium iodide (PI) according to the
manufacturer's instructions. Cell cycle was measured by
FACSCalibur™ cytometer (BD Biosciences) with at least
three independent experiments performed.

CFSE assay. Cells (1x10°) were suspended in 1 ml phosphate-
buffered saline (PBS) and then stained with 2 ul CFSE
(cat no. C-1311, Molecular Probes). Afterwards, 5 ml pre-
cooled serum-free RPMI-1640 media was added to stop the
staining. After washed by RPMI-1640 media three times, cells
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were seeded into dishes and the fluorescence intensity was
detected using FACSCalibur™ cytometer.

Scratch healing assay. The confluent cell layers were scratched
using a 200 ul sterile pipette tip of and washed three times
with PBS. The scratched area was then imaged continuously at
magnifications of x10 with the light System Microscope 1X71
(Olympus, Japan). The migratory distance is used to measure
the migratory ability of cells.

Gelatinase zymography. Gelatin zymography assay was
performed in an 8% SDS-PAGE gel in the presence of 0.1%
gelatin under non-reducing conditions. Culture media with
sample buffer were loaded for SDS-PAGE with Tris-glycine
SDS buffer. Samples were not boiled before electrophoresis.
Following electrophoresis, the gels were washed twice in
2.5% Triton X-100 for 30 min at room temperature to remove
SDS. The gels were then incubated at 37°C overnight in
substrate buffer containing 50 mM Tris-HCI and 10 mM
CaC(l, at pH 8.0, and stained with 0.5% Coomassie Blue R250
in 50% methanol and 10% glacial acetic acid for 30 min, and
then destained. Upon renaturation of the enzyme, the gelati-
nases digested the gelatin in the gel to produce clear bands
against an intensely stained background.

Apoptosis assay. Cells were harvested and stained with
Annexin V and PI alone or in combination for 15 min at
room temperature according to the manufacturer's instruc-
tions (Invitrogen, China). Cells were subjected to flow
cytometric analysis with a FACSCalibur™ cytometer by using
CellQuestPro software.

Irradiation treatment. Cells were cultured overnight in
100-mm? plates at a density of 2x10%dish. Irradiation was
performed using Siemens Primus-M linear accelerator at room
temperature. Cells received a dose of 4 or 8 Gy per treatment
at an average dose rate of 2 Gy/min. The distance between the
radiation source and cells was 100 cm. Following the radia-
tion treatment, cells were incubated in RPMI-1640 media with
10% FBS for 24, 48 and 72 h respectively, and harvested for
the following experiments.

Statistical analysis. Data were expressed as mean + SD of at
least three separate experiments. All statistical analysis was
performed by Graphpad software. Differences between groups
were valued by Student's t-test. A p-value of <0.05 was consid-
ered significant, a p-value of <0.01 was considered as highly
significant, and a p-value of <0.001 was considered as very
highly significant.

Results

Introduction of shRNA-RelB into DUI45 prostate cancer
cells. To verify the functional significance of RelB in prostate
carcinogenesis, a plasmid containing either shIRNA-RelB
or shRNA-control was constructed and then transfected
into androgen-independent DU145 prostate cancer cells,
respectively. Cells were cultured in the presence of neomycin
(800 ng/ul) until single colonies appeared. The selected
monoclones were further expanded and examined for the
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Figure 1. Establishing a RelB low-expressing cell line. (A) qRT-PCR analysis of Re/B mRNA expression between the established cell lines. -actin normalized
gene expression, measured in triplicates is displayed. Data were analyzed with Pfaffl method. Significant differences are indicated (Student's t-test, ““p<0.001).
(B) Western blot analysis for protein levels of RelB expression in the DU145-sictrl and DU145-siRelB clones. The level of each protein was normalized against
actin. Independent experiments have been performed and the representative result is present. (C) Nuclear extracts of cells were prepared and tested for the
presence of NF-«xB subunits by incubation with an IRDye 800-labeled NF-xB probe followed by an EMSA assay. The Oct-1 activity was used as a loading
control. Arrows indicate the specific kB-binding bands. (D) Nuclear extracts were tested for the DNA-binding activities using the TransAM™ NF-xB family

transcription factor assay kit.

RelB expression. As shown in Fig. 1A, the RelB expression at
mRNA level detected by qRT-PCR was generally lower in the
DU145-siRelB group (transfected with the plasmid containing
shRNA-RelB) as compared with that in the DU145-sictrl
group (transfected with the plasmid containing shRNA-
control), albeit at different levels. The RelB expression of
clone nos. 3 and 6 in the DU145-siRelB group was signifi-
cantly downregulated compared to that of the DU145-sictrl
group. In line with the mRNA level, the RelB expression of
clone no. 3 in the DU145-siRelB group at protein level was
also evidently reduced by western blot analysis (Fig. 1B),
indicating a successful RNA interference (RNAIi) of the RelB
gene. Therefore, DU145-siRelB clone no. 3 was chosen to
carry out the following study. The kB- DNA-binding activity
in nuclear extracts of DU145-siRelB and DU145-sictr] cells
was measured by EMSA. Fig. 1C shows that the upper
complex was similar between the two cell lines, however,
the lower complex was attenuated in the DU145-siRelB cells
as compared with that in the DU145-sictrl cells. To dissect
the exact contribution of RelA and RelB to the kB-DNA
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Figure 2. RelB knockdown affects the expression of other NF-kB subunits.
Western blot analysis of the expression of individual NF-kB family members.
Protein expression in cytoplasmic (CE) and nuclear portion (NE) was nor-
malized against actin and Lamin A/C, respectively.
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binding complexes, an ELISA-based NF-kB activity assay
was performed. The average RelB activity in nuclear extracts
of DU145-siRelB was significantly decreased as compared
with that in the DU145-sictrl cells, while the average RelA,
p50, p52, and c-Rel activity was comparable (Fig. 1D).

Knockdown of RelB does not affect other NF-«xB subunits. To
investigate whether the RelB knockdown affected the expres-
sion of other NF-kB subunits, western blot analysis was carried
out. As shown in Fig. 2, the expression levels of RelA and p50,
contributing to the canonical NF-«B activity, were comparable
between the DU145-siRelB and DU145-sictrl cells at both
cytoplasmic (CE) and nuclear fractions (NE). Similarly, the

expression levels of p52 and c-Rel were not changed although
the RelB expression was clearly reduced in the DU145-siRelB
cells. The band densities for the western blot analysis were
analyzed and compared between the DU145-siRelB and
DU145-sictrl cells at both CE and NE, which further supported
that the NF-«xB subunits was not affected by the RelB knock-
down (data not shown). Thus, the data here indicated that the
RelB knockdown by RNAI did not affect the expression of
other NF-kB family members.

Knockdown of RelB suppresses DUI45 cell growth. Cell
growth assay was performed by a real-time xCelligence
system using E-plates to investigate whether RelB might
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Figure 4. RelB knockdown regulates the expression of apoptosis-related protein. (A) qRT-PCR analysis of the mRNA expression of pro-apoptotic and anti-
apoptotic genes. Significant differences are indicated (Student's t-test, ‘p<0.05). (B) Western blot analysis of pro-apoptotic and anti-apoptotic genes.

exert a biological activity on DU145 cell growth. As shown in
Fig. 3A, the DU145-siRelB cells grew much slower than that
of the DUI145-sictrl cells, and there was a statistically signifi-
cant difference between the two established cell lines after
culturing for 48 h and later. The cell growth curve clearly indi-
cated that RelB knockdown had suppressing effect on prostate
cancer cell growth. The cell cycle assay and cellular DNA
content measurement were performed by flow cytometry. The
percentages of the DU145-siRelB cells in the three cell cycle
phases (GO-Gl, S and G2-M) were 60.63+0.96, 19.49+5.23
and 18.47+3.72%; while those of the DU145-sictrl cells were
66.15+2.60, 15.92+2.51 and 16.48+0.73%, respectively. There
were no significant differences between the two groups in cell
cycle progression (Fig. 3B).

To investigate whether the RelB might affect the prolifera-
tion capability of DU145 cells, a CFSE cell proliferation assay
detected by flow cytometry was carried out. The fluorescence
intensities of CFSE were attenuated in both established cell
lines in a time-dependent manner. However, no significant
differences were observed between the DU145-siRelB and the
DU145-sictrl cells after culturing for 24,48 and 72 h (Fig. 3C).
Thus, RelB knockdown did not affect the cellular proliferation
ability of DU145 prostate cancer cells.

The Annexin V/PI assay was carried out to quantitatively
analyze the apoptosis. Both the two establish cell lines under-
went spontaneous apoptosis in a time-dependent manner. As
showed in Fig. 3D, the percentages of apoptotic cells in the
DU145-sictrl group were 0.24+0.05,2.69+1.20 and 4.17+1.30%
at 24,48 and 72 h, respectively; while those in the DU145-
siRelB group were 1.33+0.89, 8.50+2.35 and 11.25+3.50%.
Spontaneous apoptosis was markedly increased in the DU145-
siRelB cells, and there were statistically significant differences
between the two cell lines in the apoptosis rate at both 48- and
72-h time-points. Therefore, the data here showed that RelB
knockdown slowed down the cell growth of DU145 cells. The

enhanced apoptosis contributed to the inhibited cell growth
upon downregulation of RelB expression in DU145 prostate
cancer cells.

RelB regulates apoptosis-related protein. To gain insights into
the mechanism that RelB knockdown enhanced prostate cancer
cell apoptosis, the mRNA expressions of several pro-apoptotic
genes including Bax and Bim, as well as anti-apoptotic genes
including Bcl-2, Bcl-xL, Mcl-1 and Survivin were examined by
gRT-PCR analysis. As shown in Fig. 4A, the mRNA expression
of the anti-apoptotic gene, Bcl-2, was distinctly reduced in the
DU145-siRelB cells compared to that of the DU145-sictrl cells,
which was in line with the reduced Bcl-2 protein expression
measured by western blot analysis (Fig. 4B). The mRNA and
protein expression of other apoptosis-associated genes such as
the pro-apoptotic genes Bim and Bax, and the anti-apoptotic
genes Bcl-xL, Mcl-1 and Survivin appeared to be independent
of RelB status in the DU145 prostate cancer cells (Fig. 4).
Collectively, our data indicate that RelB exerted a crucial
apoptosis resistance function in DU145 cells by regulating an
anti-apoptotic NF-kB target gene, such as Bcl-2.

RelB affects the migration and invasion of DUI45 cells. In
order to investigate whether RelB expression level might
affect the migration ability of DU145 prostate cancer cells,
the cell migration assay was measured dynamically using
the real-time xCelligence system. As shown in Fig. 5A, the
DU145-siRelB cells migrated markedly slower than the
DU145-sictrl cells during the 24-h continuous monitoring.
There were significantly statistical differences in the migra-
tion assay between the two established cell lines. The in vitro
scratch assay was also carried out to evaluate the migration
ability of DUI145 cells. A scratched cell monolayer was
generated in both cell lines and images were captured after
culturing for 72 h. At the 72-h time-point of the assay, it



INTERNATIONAL JOURNAL OF ONCOLOGY 49: 381-392, 2016

A B
e Migration assay v
@ sictrl -
‘M siRrelB _— ‘.,.--.
x 1.0
,§ ***____.
E *%* 4
= kK .-""
9 0.5
4 -
'f- "..,..
g
0.0- — T T T T T
0h 4h B8h 12h 16h 20h 24h

387

sictrl

siRelB

Figure 5. RelB knockdown hampers the migration of DU145 cells. (A) The migration ability of DU145-sictrl and DU145-siRelB cells, detected by a real-time
xCelligence system using CIM-plates. Each plate was inoculated with 6,000 cells and the migration was monitored for 24 h. Significant differences are

ok

indicated (Student's t-test,

p<0.001). (B) Analysis of the migration ability of the two established cell lines detected by the wound healing assay at 72 h.

A
Invasion assay
0.69
@ sictrl
M siRelB . wx * :
x 0.4 1; _.._....—-".""
U -
o v
: - g B
S 0.2+ A
0‘0-—.. T T T T T T
Oh 4h 8h 12h 16h 20h 24h
B c
sictrl _siRelB
sictrl _ siRelB 92 kDa MMP-9
MMP-9 64 kDa
— - MMP-2
72 kDa
a-tubulin
D E
£ 04
‘é E3 sictrl
:Lu,s- B3 siRels sictrl  siRelB
>
é 0.24 Integrin B1
§ EEE
s tubulin
§ 0.17 . o-tubuli
3 0.0 : s
© ITGBA

Figure 6. RelB knockdown attenuates the invasion ability of DU145 cells. (A) Analysis of the invasion ability of the two established cell lines, detected by
a real-time xCelligence system using Matrigel (1:40 dilution)-coated CIM-plates. Each plate was inoculated with 6,000 cells and the invasion ability was
monitored for 24 h. (B) Gelatin zymography experiments analysis of the activity of MMP-2 and MMP-9. (C) Western blot analysis of MMP-2 and MMP-9.
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was shown that the DU145-siRelB cells migrated from the
edge towards the scratch center much slower than that of the

ability of the DU145-siRelB cells.

DU145-sictrl cells (Fig. 5B), indicating a defected migratory
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The cell invasion assay was also performed by the
real-time xCelligence system using Matrigel (dilution at
1:40)-coated CIM-plates. As shown in Fig. 6A, the DU145-
siRelB cells migrated and invaded through the Matrigel
clearly slower than the DU145-sictrl cells during the 24-h
continuous observation. There were statistically significant
differences between the two established cell lines at the
time-points of 8, 12, 16, 20 and 24 h. Gelatin zymography
experiment was further performed to examine the relative
amounts of active and inactive gelatinase MMP-2 or MMP-9,
members of the matrix metalloproteinases family. As shown
in Fig. 6B, the activity of MMP-2 and MMP-9 was evidently
reduced in the DU145-siRelB cells compared to that of the
DU145-sictrl cells, supporting the diminished invasion ability
of cells. Moreover, the expression of MMP-2 and MMP-9 in
the DU145-siRelB at protein level was also evidently lower
than the DU145-sictrl cells (Fig. 6C).

Integrin -1, encoded by the ITGBI gene, belongs to the
family of heterodimeric transmembrane cell surface recep-
tors. Integrin -1 activation is a key regulator in the switch
from cellular dormancy to metastatic growth in vitro and

in vivo. The ITGBI expression at mRNA level was signifi-
cantly decreased in the DU145-siRelB cells than that of the
DU145-sictrl cells, consistently; the protein level of integrin
B-1 was also reduced in the DU145-siRelB cells (Fig. 6D
and E). Thus, these results indicated that RelB knockdown
hindered the migration and invasion abilities of DU145 pros-
tate cancer cells, and the downregulated integrin -1 was
implicated in these processions.

RelB regulates the radio-sensitivity of DUI45 cells. Several
pieces of evidence have demonstrated that ionizing irradia-
tion can cause cytotoxicity to prostate cancer cells through
diverse mechanisms. In order to investigate the role of RelB
in the radio-sensitivity of prostate cancer cells, DU145 cells
were subjected to exposure at 4 and 8 Gy doses of ionizing
irradiation followed by cell survival assay. As shown in
Fig. 7A, the frequencies of apoptotic cells in the two estab-
lished cell lines were increased in a time-dependent and a
dose-dependent manner. Response to 4 or 8§ Gy doses of
ionizing irradiation, the DU145-siRelB cells had a much
higher apoptosis rate than that of the DU145-sictrl cells.
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indicated (Student's t-test, ““p<0.001).

There were statistically significant differences between the
two cell lines in the apoptosis rate after expose to irradiation
for 48 and 72 h.

Consistent with the results shown in Fig. 4B, the expres-
sion of one of the anti-apoptotic proteins, Bcl-2, was clearly
reduced in the DU145-siRelB cells. The expression level of
Bcl-2 was unchanged in response to 4 Gy doses of ionizing
irradiation, and was slightly decreased in response to 8 Gy
doses in the DU145-sictrl cells. However, the expression
level of Bcl-2 was decreased in a dose-dependent manner in
the DU145-siRelB cells in response to ionizing irradiation.
Another anti-apoptotic protein, Bcl-xL, was expressed at a
similar level between the DU145-sictrl and DU145-siRelB
cells. Irradiation exposure did not affect the expression
levels of Bcl-xL in the DU145-sictr] or the DU145-siRelB
cells (Fig. 7B). Cell cycle distribution was not significantly
affected in both DU145-sictrl and DU145-siRelB cells in
response to irradiation. The endogenous expression of p53
was reduced in the DU145-siRelB cells compared to that in
the DU145-sictrl cells. The expression level of p53 was not
changed in DU145-sictr]l or DU145-siRelB cells after expo-
sure to ionizing irradiation. The expression of p21 could not
be detected in DU145-sictr]l or DU145-siRelB cells (Fig. 7C).

RelB augments proteasome inhibitor-induced cell death. In
order to detect whether RelB might affect the proteasome
inhibitor-induced cell death of prostate cancer cells, both
cell lines were treated with MG-132 (1 uM). MG-132, a
proteasome inhibitor, caused considerable cell death in both
cell lines in a time-dependent manner (Fig. 8). After treated
with MG-132 for 24 and 48 h, the cell death in the DU145-
siRelB cells was 9.71+£0.10 and 25.18+0.93%, respectively,
which were similar to that in DU145-sictr] cells, 7.45+2.61
and 23.69+1.12%. Nevertheless, the percentage of cell death
in the DU145-siRelB cells was 41.75+5.75% after treated
with MG-132 for 72 h, while that in DU145-sictrl cells was
only 22.53+2.18%. There was statistically significant differ-
ence between the two established cell lines in the cell death
rate after treated with MG-132 for 72 h. Therefore, ShRNA
targeting RelB in the DU145 prostate cancer cells sensitized
proteasome inhibitor-treatment.
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Discussion

In this study, how the non-canonical NF-kB subunit RelB,
regulates diverse biological behaviors of prostate cancer cells
was extensively examined. RelB knockdown in the DUI145
human androgen-independent prostate cancer cells using
shRNA approach influenced multiple biological processes.
The suppressed functions of the RelB knockdown in prostate
cancer cell growth, migration, invasion, and the acquired
chemo-sensitivity were evidently observed in vitro. We provide
several lines of evidence that RelB plays an important role in
prostate cancer progression.

RelA,acanonical NF-xB subunit, is considered as an inde-
pendent biomarker of many human malignances including
prostate cancer. While RelA has been thoroughly examined
in the initiation and progression of prostate cancer, RelB,
representing the non-canonical NF-«xB activity has been less
studied in prostate cancer. Similar to the highly aggressive
prostate cancer PC-3 cell line, the aggressive DU145 cell line
is also androgen-independent and express both the canonical
and the non-canonical NF-kB signaling molecules.

To determine the relevance of endogenous RelB activation
in diverse aspects in prostate cancer cells, RelB was knocked
down in DU145 cells using shRNA approach in the study.
The stable downregulation of RelB expression in DU145 cells
did not affect the expression of other NF-kB family members
including RelA, c-Rel, NF-kB1, and NF-«kB2. We observed
significant inhibition of cell growth upon introducing shRNA-
RelB into DU145 cells and found that the enhanced apoptosis
contributed to the slow cell growth. Nevertheless, the cell
cycle distribution and cellular proliferation were not affected
by the knockdown of RelB in DUI145 cells. Previously, our
lab has reported that not only RelA but also RelB, subunits of
NF-«B family, played an important role in the cellular behav-
iors of chronic lymphocytic leukemia (CLL) cells from bone
marrow. The strength of RelB activity positively regulated
the cell survival in CLL cells. High RelB activity, together
with RelA activity, maintains the basal survival of CLL cells.
In addition, the induction of RelA and RelB expression in
the nucleus is responsible for better survival of CLL cells
supported by bone marrow stromal cells (16). Similar obser-
vations were recently reported that RelB-silencing decreases
the viability of Hodgkin lymphoma (HL) cells significantly
while the RelA activity is intact in HL cells (17). Silencing
of RelB transiently in DU145 cells through RNA interference
method, our lab has previously observed that RelB plays a
modest role in regulating the spontaneous cell death while
RelA mediates a selective survival advantage in DU145 pros-
tate cancer cells (8). It has been reported that inhibiting RelB
in PC-3 cells by small interfering RNA targeting reduces cell
growth and IL-8 expression, indicating a cancer-supportive
role of RelB in prostate cancer cells (18,19). Therefore, our
findings here were consistent with previous reports that high
RelB expression supports the survival of malignant cells
when the endogenous RelA activity is constitutively acti-
vated. However, the detailed underlying mechanism is still
undefined.

To further understand the mechanism of enhanced apop-
tosis upon introducing of shRNA-RelB into DU145 cells, we
examined a series of apoptosis-related molecules and finally
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focused on the NF-«B regulated anti-apoptotic gene, Bcl-2.
Both the western blot and qRT-PCR analysis pointed to a
clear downregulation of the Bcl-2 when RelB expression was
blocked. This was expected to trigger the apoptosis pathway,
contributing to enhanced apoptosis in the DU145-siRelB pros-
tate cancer cells.

The regulation of cell survival by RelB has also been found
in multiple myeloma (MM) cells. RelB-dependent induction
in cIAP2, an anti-apoptotic NF-kB target gene, constitutes
a strong pro-survival signal in MM cell lines and primary
cells from MM patients through its anti-apoptotic role. To
a lesser extent, the expression of other anti-apoptotic genes
such as Bcl-xL and Bcl-2 are also increased in MM cells (20).
Abundant RelB protein is expressed in highly aggressive
human breast cancer cell lines, for example MDA-MB-231
and Hs578T cells. RelB promotes cell survival to irradiation
and doxorubicin, likely due to the induction of anti-apoptotic
genes such as Survivin, MnSOD, and Bcl-2 in breast cancer
cells (12). Here, we presented evidence that RelB knockdown
in DUI145 prostate cancer cells inhibited cell growth, and the
dysregulated expression of apoptotic-related protein such as
Bcl-2 played important roles.

Furthermore, we showed that RelB knockdown suppressed
the migration and invasion abilities of DU145 prostate cancer
cells. Very few studies have reported the involvement of RelB
in the migration and invasion of malignant cells. Apigenin
could suppress migration of PC-3 prostate cancer cells by
inhibiting the IKKa/NF-kB activation (13). The nuclear
IKKa enhances metastasis by repressing transcription of
the Maspin gene (14), which inhibits cancer metastasis by
suppressing invasion and motility (21). RelB is found to repress
the expression of Maspin in prostate cancer cells, however,
the detailed investigation in this process still demands more
efforts (8). In breast cancer cell lines, RelB represses the
expression of estrogen receptor o (ERa) via the induction
of the B-lymphocyte-induced maturation protein (Blimpl),
which promotes a more migratory phenotype in breast and
lung cancer cells (22,23). Notably, RelB promotes a more
invasive phenotype in ERa-negative cancer via the induc-
tion of the anti-apoptotic gene, Bcl-2. RelB also functions in
epithelial to mesenchymal transition (EMT) in breast cancer
cells, and Bcl-2 is an important downstream mediator (24).
Protection from apoptosis by Bcl-2 has been proposed to have
an important role in promoting metastasis. Knockdown of
adhesion G protein-coupled receptors (ADGRG2) in Hs578T
and MDA-MB-231 breast cancer cells causes a strong reduc-
tion in cell adhesion and subsequent cell migration, which is
associated with RelB reduction (25). A recent report suggests
that RelB plays a critical role in promoting fibroblast migra-
tion prolonged tumor necrosis factor (TNF)-a treatment. The
migration-associated gene, the matrix metallopeptidase 3
(MMP-3) was identified as a novel target of RelB (26). For the
first time, we provided evidence that the RelB played a posi-
tive role in regulating the migration and invasion of DU145
prostate cancer cells, and therefore it functioned indeed as an
oncogene in prostate cancer cells.

Diverse molecular regulators, including adhesion receptor
families, receptor tyrosine kinase, cytoskeleton protein, adap-
tors, and signaling molecules, are involved in the regulation of
migration and invasion of cancer cells. Interestingly, we found
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that the expression of integrin (-1 was downregulated in the
DU145-siRelB cells. Integrin (3-1, encoded by the ITGBI gene,
belongs to the family of heterodimeric transmembrane cell
surface receptors that contain 18a and 8f subunits and bridge
the interaction between cell-cell and cell-extracellular matrix
(ECM). Overexpression of integrin 3-1 has been found in many
epithelial malignancies during invasion, angiogenesis, and
metastasis. Integrin (-1 silencing suppresses lung cancer cell
invasion and metastasis in vitro and in vivo (27). Integrin -1
and integrin-induced autophosphorylation of focal adhesion
kinase (FAK) are increased in prostate cancer cells, correlating
with metastatic potential in vivo (28). There is a direct interac-
tion between Maspin and integrin -1 by the reactive centre
loop of Maspin (29). The activation of the small cell lung cancer
(SCLC) H60O cell line by lipopolysaccharide (LPS) causes the
induction of RelB and p100 expression. Blocking RelB expres-
sion prevents the induction of integrin 3-1 and the attachment of
H69 cells. Since the ITGBI promoter does not contain NF-xB
consensus sequences, it is conceivable that the LPS-mediated
induction of integrin -1 could be through the expression of
HIF-1a (30). To understand whether similar mechanism would
occur in the prostate cancer cells is warranted.

Radiotherapy is one of the most commonly used therapies
for prostate cancer. However, radio-recurrent prostate cancer
and a poor long-term prognosis are experienced by many pros-
tate cancer patients, as ~30-40% of those individuals treated
with potentially curative doses develop radio-resistance (31).
RelB complex, representing the alternative NF-xB activity,
has been shown to confer radio-resistance in prostate cancer,
in part, by stimulating the expression of MnSOD. Selective
blocking RelB activation by SN52 suppresses MnSOD expres-
sion and sensitizes PC-3 prostate cancer cells to radiation
(10,32). Bel-xL, an NF-«xB target anti-apoptotic gene, whose
response is widely thought to be involved in both chemo-resis-
tance and radio-resistance, has also been modulated by RelB
in malignant cells. As shown in a recent study, RelB-siRNA
transfection into murine RM-1 prostate cancer cells increases
radiation-induced apoptosis by inhibiting the expression of
the Bcl-xL gene (33). In our study, RelB knockdown in DU145
prostate cancer cells sensitized radiation-induced apoptosis,
which was in line with previous studies. Unfortunately, we
could not perform the clonogenic survival assay successfully
for DU145-sictrl or DU145-siRelB cells after irradiation.
Though, both DU145-sictrl and DU145-siRelB cells without
irradiation formed colonies successfully. The number of
colonies was evidently low when cultured using the DU145-
siRelB cells, indicating the poor survival capacity (data not
shown). A marked reduction of Bcl-2 expression was observed
in response to irradiation in the presence of RelB knock-
down, nevertheless, changes in the expression of Bcl-xL in
response to irradiation were not detect in the DU145-sictrl or
DU145-siRelB cells. The expression of Bcl-2 was also slightly
reduced in the DU145-sictrl cells after exposure to 8-Gy
doses of ionizing irradiation, which was correlated with the
increased apoptosis. However, the expression level of Bcl-2
was decreased in a dose-dependent manner in the DU145-
siRelB cells in response to ionizing irradiation. The reduction
of Bcl-2 level also corresponded to the induction of apoptosis.
Bcl-2 has been previously reported as a direct target of RelB in
breast cancer cells (24). Bcl-2 plays an important role in radio-
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resistance of diverse cancer cells. The Bcl-2 protein expression
after radiotherapy correlates with both response and survival.
The Bcl-2 positive cancers show significantly poorer response
than the Bcl-2 negative cancers after radiation (34). In this
study, we found that the expression of Bcl-2 was regulated by
RelB, indicating that Bcl-2 is a potential target gene of RelB in
prostatic cancer cells. The Bcl-2 expression was reduced both
in the DU145-sictrl and DU145-siRelB cells after irradiation,
although with different levels. The reduced Bcl-2 expression
correlated with the increased apoptosis and the improved
radio-sensitivity after irradiation. Overall, when RelB was
silenced in the DUI145 cells, the radio-sensitivity was largely
increased due to the reduction of Bcl-2. However, the potential
mechanism underlying the reduction of Bcl-2 after irradia-
tion in the DU145 cells demands further study. The cell cycle
distribution was not significantly affected in DU145-sictrl or
DU145-siRelB cells. The expression of pS3 was reduced in the
DU145-siRelB cells compared to that in the DU145-sictrl cells.
The expression level of p53 was not changed in DU145-sictrl
or DU145-siRelB cells after exposure to ionizing irradiation.
The expression of p21 could not be detected in DU145-sictrl or
DU145-siRelB cells.

Besides its role in carcinogenesis of human cancers, RelB
might play a role in chemo-sensitivity. STI571, a tyrosine
kinase inhibitor, is effective for treating androgen-indepen-
dent, but not androgen-responsive prostate cancer cells in
the context of high levels of the RelB activity (35). Targeting
of the NF-«kB signaling pathway is proposed as a promising
therapeutic choice in cancer. An indirect approach to target
NF-kB is using proteasome inhibitors such as PS-341 (bort-
ezomib) or MG-132, which induce apoptosis in a variety of
malignant cells. Bortezomib manifests remarkable anticancer
activity in several hematological malignancies such as MM.
Bortezomib is less effective in prostate cancer and other
solid tumors; however, the mechanisms have not been fully
understood. Recent studies suggest that bortezomib treatment
in PC-3 and DU14S5 prostate cancer cells unexpectedly induces
the expression of pro-inflammatory chemokine IL-8, which
promotes cancer cell proliferation, survival, and angiogen-
esis. Moreover, bortezomib increases nuclear accumulation
of IKKa, and suppression of IKKa protein levels and enzy-
matic activity significantly decreases the bortezomib induced
IL-8 expression. Thus, the inactivation of the non-canonical
NF-«kB activity is expected to convey better effects of protea-
some inhibitor (36,37). In this study, we illustrated that RelB
knockdown in DU145 cells enhanced chemo-sensitivity to the
proteasome inhibitor MG-132. Treated with MG-132 for 72 h,
the DU145-siRelB cells showed much more cell death than
the DU145-sictrl cells, suggesting a supporting role of RelB
in proteasome inhibitor resistance in prostate cancer cells. It
has been reported that inhibition of RelB may be one of the
principal mechanisms of action of proteasome inhibitor in
MM cells (38). Therefore, low RelB expression in DU145 pros-
tate cancer cells was positively correlated with proteasome
inhibitor sensitivity. One of the main functions of proteasome
inhibitor is the suppressed proteasomal degradation of IkBa,
resulting in the inhibition of NF-kB activity and expression of
NF-«B target genes. NF-«xB activity is constitutively increased
in metastatic prostate cancer cells through the increased
activation of IKK, resulting in the increased cell survival and
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resistance to chemotherapy. Proteasome inhibitor has so far
failed to exhibit a significant clinical activity in prostate cancer
patients; the mechanisms are largely unknown. It has been
reported that proteasome inhibitor could increase the nuclear
levels of RelA in prostate cancer cells due to preventing the
proteasomal degradation of nuclear RelA. Targeting both
IKKa may increase the proteasome inhibitor effectiveness
in androgen-independent prostate cancer treatment. IKKa
is a critical molecule in the activation of the non-canonical
NF-«B signaling pathway, leading to the activation of RelB
predominantly. Therefore, it is assumed that targeting RelB
might improve proteasome inhibitor sensitivity. Nevertheless,
the molecular mechanism underling the improved sensitivity
to proteasome inhibitor treatment when RelB is silenced in the
prostatic cancer cells is warranted.

The above findings establish a key tumor-promoting role
of the non-canonical NF-«xB activity subunit RelB in the
carcinogenesis of prostate cancer. Our data shed light on
unexplored aspects of RelB in prostate cancer cells. RelB
controlled the spontaneous and radiation-induced cell survival
of prostate cancer cells by regulating Bcl-2 predominantly.
RelB played a supportive role in the migration and invasion
abilities of prostate cancer cells by regulating integrin (-1.
Given the potent effects on cell growth, migration, invasion,
and chemo-resistance, RelB represents an attractive target for
cancer therapy. To address the function of RelB in vivo, further
studies will be performed in the future.
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