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Prohibitin-2 negatively regulates AKT?2 expression
to promote prostate cancer cell migration
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Abstract. Prostate cancer (PCa) is a leading cause of
cancer-associated mortality in men; however, the factors that
contribute to disease development have yet to be fully elucidated.
Previous studies have suggested that prohibitin-2 (PHB2), which
is a multifunctional protein that contributes to various cellular
processes, is positively correlated with malignant progression of
PCa; however, the molecular mechanisms underlying the effects
of PHB2 on the enhancement of cell migration have not been
identified. The present study induced overexpression and knock-
down of PHB2 in PCa cell lines (PC3 and DU145) with the aim of
examining the effects of PHB2 on PCa cell migration via wound
healing assays. The results indicated that PHB2 overexpression
promoted migration of both cell lines. AKT serine/threonine
kinase 2 (AKT?2), which interacts with PHB2, has been reported
to participate in cell migration; therefore, the present study exam-
ined the effects PHB2 overexpression and knockdown on AKT2
in PCa cells. The present study demonstrated that overexpres-
sion of PHB2 reduced the expression of AKT2, whereas PHB2
knockdown increased AKT?2 expression in both PCa cell lines.
In addition, knockdown of PHB2 enhanced the protein stability
of AKT2. Furthermore, AKT2 overexpression resulted in a
significant decrease in migration, whereas AKT2 knockdown
promoted migration of PC3 and DU145 PCa cells. The combined
overexpression of PHB2 and AKT?2 inhibited migration of both
cell lines, thus suggesting that AKT2 overexpression abolished
PHB2-induced migration. Mechanistically, the present study
suggested that PHB2 may promote PCa cell migration by inhib-
iting the expression of AKT?2. These results provide information
regarding the role of PHB2 in PCa migration and malignancy.
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Introduction

Prostate cancer (PCa) is a major cause of morbidity and
mortality among men worldwide, with recent trends indicating
that younger men are being affected and that the incidence rates
are increasing annually (1). PCa is also associated with other
diseases, including metabolic syndrome and diabetes mellitus.
As with other types of cancer, tumor metastasis is the main cause
of mortality in patients with PCa; and cell migration and inva-
sion are two important features of metastasis and the spread of
tumor cells. The processes that control migration, invasion and
ultimately tumor metastasis are not yet fully understood (2,3).
At the molecular and cellular level, metastasizing prostate tumor
cells undergo numerous alterations, including cell-cell and
cell-matrix adhesion, cytoskeletal reorganization and activa-
tion of various signaling pathways. Although numerous studies
have investigated cell migration and invasion, their underlying
mechanisms are not yet fully understood (4,5).

Prohibitin 2 (PHB2), also known as BAP37, REA and
prohibitone, is one of two highly homologous inhibitins. As
a multifunctional protein, PHB2 participates in numerous
important cellular processes, including cell survival, apoptosis,
metabolism, inflammation, gene transcription and signal trans-
duction (6,7). PHB2 is predominantly located in the cell nucleus,
mitochondria and cell membrane, and is highly expressed in PCa,
liver cancer, pancreatic carcinoma and breast cancer compared
with in corresponding normal tissues (8-11). These observations
may be associated with the fact that PHB2 serves prominent
roles in maintaining mitochondrial function, and promoting cell
proliferation and survival (12-14). Furthermore, PHB2 is involved
in cell growth, resistance to chemotherapy and tumor metastasis
by modulating the transcriptional activity of transforming growth
factor-} in the Ras-cRaf-mitogen-activated protein kinase kinase-
extracellular signal-regulated kinase signaling pathway (15,16). In
addition, the expression of PHB2 has been revealed to be upregu-
lated in early invasive stages but downregulated in later stages in
hepatocellular carcinoma (17). To the best of our knowledge, a
single report demonstrated that knockdown of PHB2 abolished
insulin-like growth factor-binding protein-6 (IGFBP-6)-induced
Rh30 cell migration (18). In addition, relatively little is known
about PHB2 and migration, which is the focus of the present study.

As a serine protein kinase, AKT serine/threonine kinase
(AKT) modulates various cellular processes, including
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metabolism, proliferation, migration, apoptosis and angiogenesis
by phosphorylating downstream substrates (19). AKT2 was the
first gene identified in the AKT family that could change at the
genomic level in diabetes patients and serve a key role in the
malignant process (20-22). In PC3 PCa cells, AKT2 has been
reported to inhibit cell migration and invasion by activating
B-integrin. Conversely, silencing of AKT?2 resulted in an
increase in focal adhesion size, upregulation of microRNA-200
family expression and improvement of integrin activity, which
may eventually enhance cell motility (23). In addition, AKT2
knockout enhanced cell migration by regulating the Rac/Pak
signaling pathway in mouse embryonic fibroblast cells (24). One
possible reason for the participation of AKT?2 in cell migra-
tion is that AKT2 upregulates K18 and vimentin expression
by increasing mRNA stability, which may affect intermediate
filament expression (25). Similarly, as a multifunctional protein,
AKT?2 is located in the mitochondria, nuclei and cell membrane,
and is involved in several cellular processes, including cell cycle
regulation, mitochondrial stability and cell migration. Notably,
there is some overlap in the cellular processes regulated by
AKT?2 and PHB2, thus indicating a potential functional correla-
tion between them.

There are many similarities in the cellular localization and
function of AKT2 and PHB2. Both are located in the mitochon-
dria, nucleus and cell membrane, which may be associated with
their signal transduction function (11,23,26). Localization of
PHB?2 in the nucleus allows it to partially interact with AKT2
in differentiated fibroblasts. In addition, there appears to be a
negative correlation between AKT2 and PHB2 protein levels;
AKT2-silenced cells exhibited increased levels of PHB2, whereas
AKT2overexpressionresulted in decreased PHB2 expression, thus
suggesting overlapping functions between the two proteins (27).
In myoblasts, AKT2 negatively modulates the expression of
PHB?2, and exerts negative feedback regulation (28,29).

Previous studies have indicated that AKT2 is a negative regu-
lator of cell migration in PCa, whereas PHB2 may be positively
correlated with the malignant progression of PCa (23). Therefore,
it may be hypothesized that a regulatory interaction between
AKT?2 and PHB2 exists, which is associated with migration of
PCa cells. The present study demonstrated that PHB2 could
significantly accelerate migration of PCa cells and negatively
modulate AKT?2 expression. Furthermore, knockdown of PHB2
increased the stability of AKT2 protein expression, whereas
co-overexpression of PHB2 and AKT2 inhibited cell migration.
These results indicated that PHB2 may promote the migration of
PCa cells by inhibiting AKT2 expression.

Materials and methods

Cell culture and treatment. RWPE-1 and BPH-1 cell lines were
provided as gifts from Professor Helmut Klocker (Innsbruck
University School of Medicine (Innsbruck, Austria). The human
PCa cell line PC3 was purchased from the Deutsche Sammlung
fuer Mikroorganismen und Zellkulturen (Braunschweig,
Germany) and the PCa cell line DU145 was obtained from the
American Type Culture Collection (ATCC,Manassas, VA, USA).
RWPE-1 cells were cultured in keratinocyte serum-free medium
(ATCC) supplemented with 0.05 mg/ml bovine pituitary extract
(cat. no. 0713; ScienCell, San Diego, CA, USA) and 5 ng/ml
human recombinant epidermal growth factor (cat. no. 10784-015;
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Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
The other cell lines were cultured in RPMI-1640 medium
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supple-
mented with 100 mg/ml penicillin/streptomycin (HyClone;
GE Healthcare Life Sciences, Logan, UT, USA) and 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). Cells
were routinely cultured in a 5% CO, incubator at 37°C.

Oncomine data analysis. Oncomine is freely available to the
academic research community at http://www.oncomine.org.
The method was performed as described previously (30,31).

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
from PC3 and DU145 cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). RT was performed for 2 h at
37°C as described previously (32). RT-PCR reagents were
purchased from Invitrogen; Thermo Fisher Scientific, Inc.
(cat. no. AM1005M). The relative gene expression levels were
determined using the comparative Cq method (33) and were
normalized to the housekeeping gene hypoxanthine phosphori-
bosyltransferase 1 (HPRT). Primer sequences were as follows:
HPRT, sense, 5" TGACACTGGCAAAACAATGCA-3" and
antisense, 5-GGTCCTTTTCACCAGCAAGCT-3'; PHB2,
sense, 5'-ACAGAGCCATCTTCTTCAATC-3' and antisense,
5-CTCGTTCCTCGTAGTCCAG-3"; and AKT?2, sense, 5'-CCC
GGTTTTATGGTGCAGAGAT-3" and antisense, 5'-GGCC
GCACATCATCTCGTACAT-3. SYBR-Green I-based real-
time quantitative PCR was performed on an MJ Research DNA
Engine Opticon continuous fluorescence detection system
(Opticon Monitor IT; MJ Research, Inc.). SYBR™-Green PCR
Master Mix was obtained from Invitrogen; Thermo Fisher
Scientific, Inc. (cat. no. 4309155). The thermocycling conditions
were as follows: step 1, 95°C for 5 min; step 2, 95°C for 30 sec;
step 3, 58-65°C for 30 sec; step 4, 72°C for 30 sec; step 5, repeat
from step 2 for 39 cycles; step 6, 72°C for 2 min.

Plasmids, small interfering (si)RNA and transient transfection.
PHB?2 or AKT?2 fragments were obtained by PCR amplification
of cDNA collected from PC3 cells, and were cloned into the
expression vector pcDNA3.1 (Addgene, Cambridge, MA, USA).

Specific siRNA oligonucleotides targeting PHB2 and AKT?2
mRNA were designed by Shanghai GenePharma Co., Ltd.
(Shanghai, China). The oligonucleotide sequences were as
follows: PHB2, 5-CUGAACCCCUCUUGGAUUAAGTT-3,
PHB2 siNC, 5-UUCUCCGAACGUGUCACGUTT-3' and
AKT2, 5-AAGAGTGGATGCGGGCTATCC-3' (34). Cell
transfection was performed using Lipofectamine™ 3000
(Invitrogen; Thermo Fisher Scientific, Inc.). PC3 and DUI145
were seeded into 6-well plates at approximately 70-90% conflu-
ence and transduced with Lipofectamine 3000 and plasmid/
siRNA, at a ratio of 1:1. Transfected cells were harvested after
72 h of transfection for RNA or protein extraction. The plasmid
concentration was 2.5 ug for a 6-well, and siRNA was 75 pmol.

Western blot analysis. Cells were lysed with radioimmu-
noprecipitation assay buffer (cat. no. 89900; Thermo Fisher
Scientific, Inc.) for 30 min at ice to extract the total protein,
then centrifuged for 10 min and the supernatant was aspirated.
Protein was quantified using the bicinchoninic acid method.
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Figure 1. PHB2 expression in prostate cancer. (A) PHB2 expression is lower in
normal prostate tissues compared with in cancer tissues, as determined using
data from Oncomine [Welsh (40), Singh (41), Lapointe (42), Varambally (43),
Liu (44)]. (B) Reverse transcription-quantitative polymerase chain reaction
analysis of PHB2 mRNA in various prostate epithelial cells (n=3). RWPE-1
is an immortalized human normal prostate cell line (RWPE-1), BPH-1 is a
human benign prostate hyperplasia cell line, whereas DU145 and PC3 are
human androgen-independent brain and bone metastastic prostate cancer cell
lines. (C) Western blot analysis of PHB2 in various prostate epithelial cells.
(D) Semi-quantitative analysis of (C). Data are presented as the means + stan-
dard deviation from three independent experiments. 'P<0.05 compared with
normal prostate tissue or cell lines. PHB2, prohibitin-2.

Proteins extracted from PC3 and DU145 cells (30 ug protein)
were separated by 10% SDS-PAGE and were transferred onto
polyvinylidene fluoride membranes. The membranes were
blocked in 4% skim milk powder for 1 h at room tempera-
ture. Antibodies against PHB2 (sc-67045; 1:1,000), AKT2
(sc-5270; 1:1,000) and GAPDH (sc-47724; 1: 5,000) (all from
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were used.
The membranes were incubated overnight at 4°C. Proteins were
detected using appropriate horseradish peroxidase-conjugated
secondary antibodies (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) followed by enhanced chemiluminescence detection
(Amersham; GE Healthcare Life Sciences, Little Chalfont,
UK). The secondary antibodies were incubated for 1 h at
room temperature and the antibodies information was as
follows: goat anti-rabbit IgG-HRP (sc-2004; 1:5,000); goat
anti-mouse IgG-HRP (sc-2005; 1:5,000) (both from Santa Cruz
Biotechnology, Inc.). ImagelJ 1.47v software (National Institutes
of Health, Bethesda, MD, YSA) was used for densitometry
quantification.

Wound healing assay. A wound healing assay was performed
as previously described (35). Briefly, DU145 and PC3 PCa cells
were seeded into 6-well plates and were transiently transfected
with the appropriate plasmids or siRNAs once cell density
reached 80-90%. Subsequently, mitomycin (10 ng/ml) was
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added, and after 2 h scratch wounds were made by scraping the
cell layer in each culture plate using the tip of a sterile pipette.
The cells were then washed with 1X D-Hank's buffered saline.
The wounded cultures were incubated with medium containing
mitomycin (10 ng/ml). Imagel] software (1.47v; National
Institutes of Health, Bethesda, MD, USA) was used to calcu-
late cell migration distance. Cell images were captured using
Olympus CX41 microscope (Olympus, Tokyo, Japan) 24 h later.
The experiments were performed in triplicate.

Transwell migration assay. Transwell inserts (8 ym pore size;
BD Biosciences, Franklin Lakes, NJ, USA) were used for
migration assays and were placed in 24-well plates. DU145 and
PC3 transfected with PHB2 and/or AKT2 were resuspended
in serum-free RPMI-1640 medium in the upper chamber at
40,000 cells/well 48 h after transfection. RPMI-1640 medium
containing 10% FBS was added to the bottom chamber. Plates
were incubated for 24 h, after which migrated cells were fixed
with 4% paraformaldehyde and stained with 10% crystal violet.
The stained cells were mounted and visualized in the bright field
with an Olympus CX41 microscope. Positively stained cells were
counted in at least 9 randomly selected microscopic fields and
counted by ImageJ 1.47v software (National Institutes of Health).

Statistical analysis. Data are presented as the means + standard
deviation. Significance was assessed using Student's paired
t-test. Data between multiple groups were compared using two-
tailed unpaired t-test or analysis of variance. All data analyses
were performed using SPSS 16.0 software (SPSS Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

PHB?2 expression in prostate tissues. Oncomine data demon-
strated that PHB2 is highly expressed in PCa tissues compared
with in normal tissues. Oncomine data demonstrated the same
trend (Fig. 1A). In addition, RT-qPCR and western blot analysis
were used to detect the expression levels of PHB2 in four pros-
tate epithelial cell lines with various degrees of malignancy:
RWPE-1, BPH-1, DU145 and PC3. PHB2 expression in the
PCa cells, DU145 and PC3, was higher than in the RWPE-1
and BPH-1 cells (Fig. 1B-D). It is well known that the degree of
malignancy is higher in DU145 and PC3 cells compared with
in RWPE-1 and BPH-1 cells. These results indicated that PHB2
expression was increased in PCa cells with higher malignancy.

PHB?2 promotes PCa cell migration. To further investigate
the association between PHB2 and PCa cell migration,
pcDNA3.1-PHB2 plasmid or siPHB2 were transiently trans-
fected into PC3 and DUI145 cells, in order to examine the
effects on cell migration. Transfection efficiency was assessed
by RT-qPCR and western blot analysis (Fig. 2A-C). In order to
determine the association between PHB2 and PCa migration,
a wound healing assay was conducted in PC3 and DU145 cells
with PHB2 overexpression and PHB2 knockdown. Wound
healing was examined at O and 24 h. The migratory ability
of PC3 and DUI145 cells with PHB2 overexpression was
significantly enhanced, whereas PHB2 knockdown significantly
reduced migration compared with in the control group within
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Figure 2. Effects of PHB2 on DU145 and PC3 cell migration. (A) Reverse transcription-quantitative polymerase chain reaction analysis of PHB2 expression
in DU145 and PC3 cells in response to overexpression or knockdown of PHB2 (n=3). (B) Western blot analysis of of PHB2 expression in DU145 and PC3 cells
in response to overexpression or knockdown of PHB2 (n=3). (C) Semi-quantitative analysis of (B). (D and E) Wound healing assay analysis of migration of
DU145 and PC3 cells with PHB2 overexpression or knockdown (magnification, x100). Scale bar, 200 ym. Results of the migration assay were semi-quantified.
Data are presented as the means + standard deviation from three independent experiments. "P<0.05 compared with the control. NC, negative control; PHB2,

prohibitin-2; si, small interfering RNA.

24 h (Fig. 2D and E). These results suggested that PHB2 may
promote the migration of PC3 and DU145 PCa cells, whereas
PHB2 knockdown had no effect. Therefore, PHB2 may be a
positive regulator of migration in PC3 and DU145 cells. In addi-

tion, PHB2 overexpression was induced in BPH-1 cells, which
have relatively lower expression levels of PHB2 compared with
PC3 and DU145; the results indicated that PHB2 overexpression

24 h

could promote migration of BPH-1 cells (Fig. 3).

PC3
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Figure 3. Effects of PHB2 on BPH-1 cell migration. (A) Western blot analysis of PHB2 expression in BPH-1 cells with PBH2 and/or AKT2 overexpression for 48 h
(n=3). (B) Semi-quantitative analysis of (A). (C) Wound healing assay analysis of cell migration in BPH-1 cells with PHB2 and/or AKT?2 overexpression (magni-
fication, x100). Scale bar, 200 ym. (D) Semi-quantitative analysis of the relative migration distance presented in (C). Data are presented as the mean =+ standard
deviation from three independent experiments. "P<0.05 compared with the control. AKT2, AKT serine/threonine kinase 2; PHB2, prohibitin-2.

PHB?2 inhibits AKT2 expression. To determine whether PHB2
could affect the expression of AKT2, the expression levels of
AKT?2 were detected by RT-qPCR and western blot analysis in
DUI145 and PC3 cells. As shown in Fig. 4, the mRNA expres-
sion levels of AKT2 were decreased in PC3 and DU145 cells
with PHB2 overexpression; however, they were increased in
response to PHB2 knockdown for 24 h (Fig. 4A). Notably,
western blotting indicated that AKT?2 expression was markedly
decreased in cells with PHB2 overexpression (Fig. 4B and C);
these results suggested that AKT2 expression was regulated
by PHB2. In addition, overexpression of PHB2 could down-
regulate the protein expression levels of AKT2 in BPH-1
cells (Fig. 3A and B).

Since PHB2 may promote cell migration and inhibit AKT2
expression, it was hypothesized that overexpression of AKT2
may reduce PHB2-induced migration. Therefore, cells were
cotransfected with PHB2 and AKT2 vectors/siRNAs, and
the effects on migration were detected. The protein expres-
sion levels of PHB2 and AKT2 were significantly increased
following cotransfection with overexpression vectors, and
were decreased following cotransfection with siRNAs
(Fig. 5A). Results of the wound healing assay indicated that
the migration of PC3 and DU145 cells with PHB2 and AKT2
co-overexpression was significantly decreased after 24 h
compared with in the control group; however, knockdown of
both AKT2 and PHB2 enhanced migration compared with
in the control group within 24 h (Fig. 5B and C). The results
of the wound healing assay were confirmed by a Transwell

migration assay (Fig. 5D and E). In addition, these findings
were verified in BPH-1 cells (Fig. 3C and D). In conclusion,
AKT2 may reduce PHB2-induced migration, thus suggesting
that PHB2 promotes the migration of PC3 and DU145 PCa
cells by inhibiting the expression of AKT2.

Discussion

Previous studies have reported that PHB2 is highly expressed
in various types of cancer, including liver, breast and bladder
cancer; and likely promotes or inhibits neoplastic progres-
sion depending on PHB2 transcription, post-translational
modifications and translation in various tumor types (6,10,36).
PHB?2 is a multifunctional protein that serves diverse func-
tions depending on cellular localization. The transportation
of PHB2 into the nucleus and cytoplasm may be crucial for
its ‘functional shift’. It has previously been reported that
knockdown of PHB2 abolishes IGFBP-6-induced Rh30
cell migration (18); however, how PHB2 participates in the
progression of PCa remains unclear, and reports that examine
the association between PHB2 and cell migration are currently
lacking. We found that PHB2 expression was increased in PCa
cells with higher malignancy (37). Therefore, in the present
study, wound healing assays were used to examine cell migra-
tion; the results indicated that cell migration was enhanced
upon transfection with a PHB2 overexpression plasmid in
DU145, PC3 and BPH-1 cells, whereas it was reduced upon
PHB?2 siRNA transfection. These data suggested that PHB2
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(C) Semi-quantitative analysis of (B). (D) Western blot analysis of the expres-

sion of AKT?2 in cells transfected with siPHB2 or the control, and treated with CHX at various time points in PC3 cells to detect AKT2 stability. GAPDH was
used as a loading control. (E) Semi-quantitative analysis of (D). Data are presented as the means + standard deviation from three independent experiments.
“P<0.05 compared with the control; “P<0.05 compared with 0 h. AKT2, AKT serine/threonine kinase 2; CHX, cycloheximide; NC, negative control; PHB2,

prohibitin-2; si, small interfering RNA.

may be considered a positive regulatory factor in PCa cell
migration.

AKT?2 is a promigratory kinase that is well defined in
breast cancer (38). However, unlike in breast cancer, AKT2
functions as a negative regulator of cell migration and invasion
in PC3 PCa cells (23,24,39). Cariaga-Martinez et al reported

that AKT?2 ablation increased migration of PC3 cells (26). The
present study hypothesized that a relationship between PHB2
and AKT?2 may exist. The results indicated that overexpres-
sion of PHB2 reduced the protein expression levels of AKT2.
Conversely, knockdown of PHB2 increased the expression
of AKT2 in DUI145 and PC3 cells. In addition, the stability
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Figure 5. Effects of PHB2 and AKT2 co-overexpression on DU145 and PC3 cell migration. (A) Western blot analysis of PHB2 and AKT2 expression in DU145 and
PC3 cells with AKT2 and/or PHB2 overexpression or knockdown (n=3). (B) Wound healing assay analysis of DU145 and PC3 cell migration in response to AKT2
and/or PHB2 overexpression or knockdown (magnification, x100). Scale bar, 200 ym. (C) Semi-quantitative analysis of the relative migration distance presented
in (B). (D) Transwell invasion assay demonstrated that DU145 and PC3 cells cotransfected with PHB2 and AKT2 were less invasive than the control group cells
(magnification, x100). Scale bar, 200 ym. (E) Semi-quantitative analysis of (D). Data are presented as the means + standard deviation from three independent
experiments. "P<0.05 compared with the control. AKT2, AKT serine/threonine kinase 2; NC, negative control; PHB2, prohibitin-2; si, small interfering RNA.

of AKT2 expression was increased in PCa cells with PHB2
knockdown. These findings suggested that PHB2-mediated
cell migration may be regulated by AKT2. Potentially, AKT2
may counteract PHB2-induced migration, whereas PHB2 may
promote cell migration by inhibiting the expression of AKT2
in PC3 and DUI45 cells. Furthermore, the present study
indicated that co-overexpression of PHB2 and AKT?2 signifi-

cantly decreased migration of PCa cells, which supports our
hypothesis. These results are in agreement with those reported
in muscle cells, in which feedback regulation between AKT?2
and PHB2 maintained a dynamic balance (27).

At present, the mortality rate of PCa continues to rise each
year in China, thus underscoring the importance of under-
standing the pathogenesis of PCa. PCa morbidity is affected by
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complications that arise from tumor invasion, including bone and
lymphatic metastases, which can ultimately lead to mortality.
Therefore, understanding the process of PCa is of clinical signifi-
cance. While PHB2 is known to promote PCa progression, its
role in PCa migration has not been well studied. The present
study demonstrated that PHB2 could promote cell migration,
and revealed that AKT2 was negatively regulated by PHB2
in PCa. The present study provides information regarding the
function of PHB2 in the pathological process of PCa migration.
These findings may potentially lay the foundation for designing
targeted drugs that have clinical value in the treatment of PCa.
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