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Abstract
Objectives: Nedd4 (neural precursor cell expressed
developmentally down-regulated protein 4) is a
member of the HECT E3 ubiquitin ligases, and is
elevated in prostate, bladder and colorectal cancers,
and promotes colonic cell population expansion.
Up to now, molecular mechanisms of how Nedd4
functions, have not been well understood.
Materials and methods: In this study, shRNA was
used to reduce expression of Nedd4 in the human
prostate carcinoma cell line DU145. To analyse
effects of Nedd4 on cell proliferation, MTT and
colony formation assays were performed. DAPI
staining and FACS analysis were used to investi-
gate outcomes of Nedd4 activity, on apoptosis.
Results of Nedd4 expression on lysosomal mem-
brane permeabilization and autophagy were further
investigated using acridine orange (AO) staining,
immunofluorescence and western blot analysis.
Results: We found that in HeLa cells, expression
of Nedd4 promoted cell proliferation, whereas its
knockdown inhibited colony formation and induced
apoptosis in DU145 cells. Furthermore, down-regu-
lation of Nedd4 in DU145 cells promoted lyso-
somal membrane permeabilization. We also found
that down-regulation of Nedd4 inhibited autophagy
in both DU145 and A549 cells. Investigation into
mechanisms involved revealed that knockdown of
endogenous Nedd4 expression notably increased
activated mTOR (p-mTOR) levels, which suggests
that mTOR signalling was involved in the Nedd4-
mediated autophagy.

Conclusions: Our results indicate that expression of
Nedd4 promoted cell proliferation and colony for-
mation but prevented apoptosis. Moreover, Nedd4
promoted autophagy and was associated with the
mTOR signalling pathway.

Introduction

Ubiquitination is a common post-translational modifica-
tion to proteins, which is catalysed by a series of ubiqui-
tination enzymes: ubiquitin activation enzyme (E1),
ubiquitin conjugation enzymes (E2s), and ubiquitin lig-
ases (E3s) (1,2). Ubiquitination and deubiquitination of
proteins plays an important role in tumourigenesis (3).
Ubiquitination occurs through a multiple enzyme cas-
cade, where recognition is specified by the ubiquitin lig-
ases (E3s); they specifically recognize a substrate for
modification temporally and spatially, and have impor-
tant roles in cell regulation. There are more than 500
E3s common to mammalian cells, which contain either a
RING (really interesting new gene) finger domain or a
HECT (homologous to E6-AP COOH terminus) domain.

The Nedd4 family belongs to HECT type E3 ubiqu-
itin ligases. Protein structure of Nedd4 contains three
functional domains, N-terminal C2 domain for Ca2+/
membrane binding; a central region containing WW
domains for protein–protein interaction (which contains
two conservative tryptophan (W)s separated by 21
amino acids) and a C-terminal HECT domain for trans-
fer ubiquitin from its cysteine residues to lysine residues
of the substrate protein. It is elevated in prostate, blad-
der and colorectal cancers and has been shown to pro-
mote colonic cell growth (4,5). Predominant phenotype
of Nedd4 knockout mice is of growth retardation, asso-
ciated with perinatal lethality. Mouse embryonic fibro-
blasts (MEFs) isolated from Nedd4 knockout embryos
have slower turnover (6). One previous study showed
that polyubiquitination by Nedd4 was thought to target
PTEN for proteasomal degradation (7), while covalent
attachment of a single ubiquitin molecule favoured its
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nuclear translocation (8). An alternative inactivation
pathway of PTEN during tumourigenesis may occur as a
result of Nedd4 overexpression in human bladder and
prostate carcinomas, in which aberrant degradation of
PTEN promotes AKT signalling and ultimately provides
an advantage to cell survival. Other reports however
have shown that Nedd4 knocking-out did not influence
degradation nor subcellular localization of PTEN (9).
Thus, it remained a challenge for future research to fur-
ther validate a role of Nedd4 in tumourigenesis.

A series of studies has suggested that occurrence of a
tumour is closely related to changes in various lysosomal
characteristics (10,11). Alteration of lysosomal membrane
permeabilization and release of hydrolytic enzymes are
important for death of tumour cells. The lysosome plays a
key role in apoptosis, and lysosomal permeabilization
appears to be an early event in the apoptotic cascade, pre-
ceding other hallmarks of apoptosis such as mitochondrial
destabilization and caspase activation (12–15). In this pro-
cess, proteases released from the lysosomal compartment
trigger initiating events of apoptosis, generally termed the
‘lysosomal pathway of apoptosis’.

Recently, it has been proposed that Nedd4 has
extended roles in cancer development (16), but the molec-
ular mechanisms have not been well understood. Here, we
demonstrate that expression of Nedd4 promoted cell pro-
liferation and autophagy in DU145 cells, and further stud-
ies indicated that mTOR signal activation was involved in
Nedd4-mediated promotion of autophagy.

Materials and methods

Materials and antibodies

All materials were from Sigma (St. Louis, MO, USA)
unless otherwise stated. Commercial antibodies were pur-
chased from the following sources: rabbit anti-Nedd4
(Abcam, Cambridge, UK), rabbit anti-LC3B (Sigma), rab-
bit anti-caspase-3, rabbit anti-caspase-8 and rabbit anti-
caspase-9 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Fluorophore and HRP-conjugated secondary anti-
bodies were obtained from Invitrogen (Carlsbad, CA,
USA), while pEGFP–Nedd4 plasmid was prepared in our
laboratory.

Cell culture

DU145 cells were grown at 37 °C under 5% CO2 in
RPMI 1640 medium, supplemented with 10% foetal
bovine serum (FBS) and HEK293T and HeLa cells were
grown at 37 °C under 5% CO2 in DMEM containing 10%
FBS. A549 cells were grown at 37 °C under 5% CO2 in
F12K containing 10% FBS. Cell transfections were

performed using TurboFect (Thermo Scientific, Waltham,
MA, USA) and Lipofectamine 2000 (Invitrogen) transfec-
tion reagents according to the manufacturer’s instructions.

RNA interference

Lentiviral vectors expressing five Nedd4-shRNAs
(TRCN0000272424 CCGGCGGTTGGAGAATGTAGC
AATACTCGAGTATTGCTACATTCTCCAACCGTTT
TTC; TRCN0000272425 CCGGAGTGCTACTCGCAG
CTATTTACTCGA GTAAATAGCTGCGAGTAGCAC
TTTTTTC; TRCN0000272476 CCGGGCTGA ACTAT
ACGGTTCAAATCTCGAGATTTGAACCGTATAGTT
CAGCTTTTTC; TRCN0000272477 CCGGTACGTG
AGAGTGACGTTATATCTCGAGATATAACGT CA
CTCTCACGTATTTTTC; TRCN0000284755 CCGGCC
GGAGAATTATGGG TGTCAACTCGAGTTGACACC
CATAATTCTCCGGTTTTTC) and a non-target shRNA
control vector (SHC002) were obtained from Sigma.
Lentiviruses were produced according to the manufac-
turer’s manual and cells were infected once, 3 days prior
to start of the experiments. DU145 cells were transduced
overnight then selected in 0.5 lg/ml puromycin to
obtain stable Nedd4 knockdown cell lines.

Stable cell lines

DU145 cell lines with stably knocked down Nedd4
(Nedd4-shRNA2-1#, Nedd4-shRNA2-2#) were obtained
by infection of Nedd4-shRNAs followed by selection in
0.5 lg/ml puromycin for 2 weeks.

Western blotting

Cultured cells were washed twice in PBS before addition
of ice cold lysis buffer (50 mM Tris–HCl pH 7.5, 150 mM

NaCl, 1 mM NaF, 1 mM phenylmethylsulphonyl fluoride,
4 mg/ml leupeptin and 1 mg/ml aprotinin, and 1% Noni-
det P-40). Equal amounts of protein were loaded into each
well and separated by 7%, 10% or 12% SDS-PAGE gel,
followed by transfer to nitrocellulose membranes. These
were blocked in PBST buffer containing 5% non-fat dry
milk for 1 hour at room temperature. Blots were then
incubated overnight at 4 °C with primary antibodies. Sec-
ondary antibody incubation was for 1 hour at room tem-
perature. Finally, Odyssey infrared laser imaging system
(LI-COR Biosciences, Lincoln, NE, USA) was used to
image the experimental results.

MTT assay

Cell proliferation was assessed using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide;
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thiazolyl blue) assay. Cells were plated (5000 cells/well)
in triplicate with 200 ll growth medium, in 96-well
plates, and cultured for the indicated period. Freshly pre-
pared MTT was added at final concentration of 0.5 mg/
ml, in PBS pH 7.4, and plates were incubated in the
dark for 4 h at 37 °C. Culture medium was then
removed and remaining blue precipitate was solubilized
in dimethylsulphoxide (DMSO). Absorbance was read at
570 nm using a microplate reader.

Colony formation assay

Cells were plated (800 cells/well) in triplicate with 2 ml
growth medium, in six-well plates. After 20 days, colo-

nies were either left unstained, or stained with 5 mg/ml
MTT (Sigma) and photographed.

Apoptosis assay

Treated cells were collected and washed in PBS, and
apoptosis was detected using Annexin V-FITC Apopto-
sis Detection Kit (Cat. No KGA106 KeyGEN Bio-
TECH, Nanjing, China) following the manufacturer’s
instructions. Cells were detected by flow cytometry and
data were analysed using CFlow 1.0.264.15 software.

Acridine orange (AO) staining

Cells were seeded on glass coverslips in six-well plates.
After treatment, they were washed twice in PBS then
incubated with 1 lM AO for 15 min at 37 °C. After
staining, cells were washed once in PBS. Coverslips
were counted over glass slides with PBS and immedi-
ately observed and photographed using a fluorescence
microscope (Olympus BX53F).

Immunofluorescence microscopy

Cells were grown on coverslips and fixed in 100%
methanol at 20 °C for 5 min. Specimens were incubated
for 60 min at RT with primary antibodies diluted in
PBS containing 0.5 mg/ml BSA, then washed three
times in PBS and incubated for a further 30 min at RT,
with fluorophore-conjugated secondary antibodies

Figure 1. Expression of Nedd4 protein in a panel of selected can-
cer cell lines. Cervical cancer cell line HeLa, breast cancer cell line
MDA-MB-231, colon cancer cell line SW620, gastric cancer cell line
MGC-803 and prostate cancer cell line DU145 were cultured in
DMEM or RPMI 1640 medium. Cells were collected and cell lysates
were analysed by western blotting, with antibodies to Nedd4, and
b-actin as loading control.

(a) (c)

(b)

Figure 2. Knockdown of Nedd4 expression
in DU145 cells by shRNA. (a) DU145 cells
were infected with 200 ll lentiviruses
expressing Nedd4-shRNAs, and expression of
Nedd4 was detected by western blotting. (b)
Nedd4 protein levels were detected by wes-
tern blotting, and quantitated using ImageJ
software. (c) expression of Nedd4 in Nedd4-
shRNA2-1# and Nedd4-shRNA2-2# stable
knockdown cell lines, were detected by wes-
tern blotting.
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diluted in PBS/BSA. Specimen coverslips were mounted
in Mowiol, allowed to dry and analysed using an Olym-
pus FV1000 confocal microscope with DT72 camera
and FV10-ASW 3.0 Viewer software.

Statistical analysis

Statistical analysis was performed using the v2 test or
Fisher’s exact test and Spearman’s rank correlation
coefficient analysis. P < 0.05 indicated significant differ-

ence, and P < 0.01 indicated that the difference was
highly significant.

Results

Nedd4 was overexpressed in prostate cancer cell line
DU145

To profile expression of Nedd4 protein across different
cancer cell lines, western blot analysis was performed

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. Expression of Nedd4 promoted
cell proliferation. (a), (b) DU145 cells were
infected with 200 ll lentiviruses expressing
Nedd4-shRNA2#, shRNA4#, control
S-shRNA, and the cell proliferation was anal-
ysed by MTT assay at 48 h, 72 h and 96 h
post-infection. Expression of Nedd4 was
detected by western blotting. Values represent
mean � S.E.M. of at least three independent
experiments, **P < 0.01. (c), (d) Cell prolif-
eration of DU145 cells stably expressing
Nedd4-shRNA2-1#, shRNA2-2# and the con-
trol S-shRNA was measured by MTT assay
48 h, 72 h and 96 h after culture initiation.
Expression of Nedd4 was detected by western
blotting. Values represent mean � S.E.M. of
at least three independent experiments,
**P < 0.01. (e), (f) Effects of Nedd4 expres-
sion on cell proliferation of HeLa cells were
determined by MTT assay. Results are repre-
sentative of three independent experiments.
(g) DU145 cells stably expressing Nedd4-
shRNA2-1#, shRNA2-2# and control S-
shRNA were used for colony formation
assays after 20 days culture, then plates were
photographed. (h) Quantification of efficiency
of colony formation by statistical analysis.
Values represent mean � S.E.M. of at least
three independent experiments, **P < 0.01.
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on a selected panel of cell lysates. As shown in Fig. 1,
it was most highly expressed in DU145 prostate cancer
cells, with medium levels in MDA-MB-231, MGC-803
and SW620 cells, and lower expression levels detected
in HeLa cells. Endogenous Nedd4 in DU145 cells was
then depleted by RNA interference, to study roles and
molecular mechanisms of Nedd4 in development of this
type of cancer.

Knockdown of endogenous Nedd4 in DU145 cells by
RNA interference

Previous studies have revealed that overexpression of
Nedd4 is abnormally reactivated in many prostate and
bladder cancers. To investigate the biological function
of Nedd4, shRNA was used to reduce its expression in
DU145 cells. Five pLKO.1/puro lentiviral vectors

expressing shRNAs (shRNA1#, shRNA2#, shRNA3#,
shRNA4# and shRNA5#) were designed to target vari-
ous regions in Nedd4 transcripts. The Nedd4-shRNAs
were individually co-transfected with lentiviral packag-
ing plasmids into HEK293T cells. Virus-containing
supernatant was harvested and used to infect the DU145
cells. Knockdown efficiency of Nedd4 protein was anal-
ysed by western blot analysis (Fig. 2a) and results
showed that its expression was significantly reduced
after infection with Nedd4-shRNA2# virus-containing
supernatant (Fig. 2b). Thus, lentiviral vector containing
Nedd4-shRNA#2 was selected to deplete Nedd4 and to
further investigate its role in tumourigenesis.

Nedd4-shRNA#2 was used to generate cell lines sta-
bly interfering with expression of Nedd4, and stable cell
lines generated were named Nedd4-shRNA#2-1 and
shRNA#2-2. DU145 cells infected with scrambled

(a) (b)

(d)(c)

Figure 4. Knockdown of endogenous Nedd4 expression induced apoptosis in DU145 cells. (a) DU145 cells stably expressing Nedd4-shRNA2-
1#, shRNA2-2# and control S-shRNA, were treated with 1.5 lM staurosporine for 24 h and 48 h, then stained with DAPI. Scale bar, 20 lm. (b)
Apoptotic cells were quantified by counting a minimum of four fields at 100 cells per field. (c) DU145 cells stably expressing Nedd4-shRNA2-1#,
shRNA2-2# and control S-shRNA, were treated with 1.5 lM staurosporine for 48 h, then double-labelled with annexin V/PI staining. Percentage of
apoptotic cells is sum of lower and upper right panels. (d) DU145 cells stably expressing Nedd4-shRNA2-1#, shRNA2-2# and control S-shRNA
were treated with 1.5 lM staurosporine for 6 h, and analysed by western blotting using antibodies against caspases -3, -8, -9, Nedd4 and b-actin.
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shRNA virus, S-shRNA, were used as negative control.
Western blot analysis confirmed depletion of Nedd4 in
the Nedd4 knockdown stable cell lines (Fig. 2c). These
results showed that expression of Nedd4 protein was
reduced by RNA interference using Nedd4-shRNA2#,
and that Nedd4 stably knocked-down cell lines would
be useful tools for subsequent functional analysis.

Expression of Nedd4 promoted cell proliferation

To analyse effects of Nedd4 on cell proliferation, MTT
and colony formation assays were performed. MTT
assays showed that Nedd4-shRNA2# and shRNA4#
transiently infected cell populations grew much more
slowly compared to negative control S-shRNA cells
(Fig. 3a, b), and a similar effect was also observed
using stably knocked-down Nedd4 in DU145 cells
(Fig. 3c, d). Furthermore, MTT cell assays indicated
that overexpression of Nedd4 in HeLa cells promoted
proliferation (Fig. 3e, f). Colony formation assays also
showed that cells stably expressing Nedd4-shRNA
formed far fewer colonies compared to control (Fig. 3g,
h). These results indicate that Nedd4 plays an important
role in the process of cell proliferation and colony
formation.

Knockdown of endogenous Nedd4 induced apoptosis in
DU145 cells

To investigate whether shRNA-mediated knockdown of
Nedd4 in DU145 cells induced apoptosis, DU145 cells
stably expressing Nedd4-shRNAs were treated with stauro-
sporine, a widely used chemotherapeutic agent, to induce

apoptosis in various types of cancer cells. As shown in
Fig. 4a and 4b, knockdown of Nedd4 increased frequency
of staurosporine-induced apoptosis in DU145 cells as
revealed by DAPI staining. Similar results were also found
using annexin V/PI staining with 0.6% apoptosis detected
in S-shRNA-expressing cells and 13.2% and 16.1% apop-
tosis in Nedd4-shRNA#2-1- and shRNA#2-2-expressing
cells, respectively (Fig. 4c). These results indicate that
depletion of Nedd4 in DU145 cells promoted apoptosis.

Apoptosis is triggered by two types of apoptotic
caspases, namely initiator caspases -2, -8, -9 and -10,
and effector caspases -3, -6 and -7. Initiator caspases
cleave and activate inactive forms of effector caspases,
and these activated effector caspases subsequently cleave
other protein substrates to trigger the apoptotic process.
To further assess Nedd4 knockdown-induced apoptosis
in DU145 cells, activity levels of these effector caspases
were investigated. We found that level of cleaved
caspase-3 increased in Nedd4-shRNA#2-1- and
shRNA#2-2-expressing cells, and that knockdown of
Nedd4 significantly increased levels of cleaved caspases
-8 and -9 (Fig. 4d). These data suggest that Nedd4
knockdown-induced apoptosis in DU145 cells acted
through both death receptor and mitochondria-dependent
pathways.

To investigate whether the lysosomal pathway was
involved in Nedd4-mediated apoptosis, lysosome mem-
brane permeabilization (LMP) was measured by lyso-
somotropic agent acridine orange (AO) staining and by
detection of cathepsin D in the cell cytosolic fraction.
AO is a weak base that moves freely across membranes
when uncharged, and accumulates in acid compartments
such as lysosomes, in its protonated form, where it

(a)

(b) (c)

Figure 5. Knockdown of endogenous
Nedd4 expression induced lysosome mem-
brane permeabilization. (a) DU145 cells sta-
bly expressing Nedd4-shRNA2-1#, shRNA2-
2# and control S-shRNA were treated with
1.5 lM staurosporine for 24 h. LMP was
detected by AO staining with visualization by
fluorescence microscopy. Scale bar, 10 lm.
(b, c) DU145 cells stably expressing Nedd4-
shRNA2-1#, shRNA2-2# and control S-
shRNA were treated with 1.5 lM stauro-
sporine for 24 h. Release of cathepsin D into
the cytosol and membranes were detected by
western blotting.
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forms bright red fluorescent aggregates. LMP is associ-
ated with proton release, which renders lysosomes more
alkaline and results in decreased red fluorescence.
Fluorescence microscopy analysis showed that higher
percentages of DU145 cells expressing control
S-shRNA, had intact acidic lysosomes (high levels of
red fluorescence corresponding to accumulation of AO).
In contrast, knockdown of Nedd4 led to reduced per-
centage of cells with red fluorescence (Fig. 5a).

Lysosomal proteases, such as cathepsin D, are
released from lysosomes into the cytosol under condi-
tions of lysosome membrane permeabilization. Western
blot analysis indicated that knockdown of Nedd4 led to
significant release of cathepsin D into the cytosol
(Fig. 5b, c). This further suggests that the lysosomal
pathway was involved in down-regulation of Nedd4-
induced apoptosis.

Expression of Nedd4 promoted autophagy in DU145
cells

To further investigate effects of down-regulation of
Nedd4 on autophagy in DU145 cells, immunofluores-
cence and western blotting were employed. Fluorescence
microscopy analysis showed that formation of autopha-
gic punctate structures with GFP-LC3 proteins was
reduced in Nedd4-shRNA#2-1- and shRNA#2-2-
expressing cells after treatment with rapamycin
(Fig. 6a), and a similar effect was also observed using
endogenous LC3 by immunofluorescence in A549 cells
(Fig 3b). Western blot data indicated that depletion of
Nedd4 reduced conversion of LC3B-I to LC3B-II
(Fig. 6c). Furthermore, overexpression of Nedd4 in
HeLa cells promoted conversion of LC3B-I to LC3B-II
after cell treatment with rapamycin (Fig. 6d). These

(a)

(b)

(c) (d)

Figure 6. Expression of Nedd4 promoted
autophagy. (a) DU145 cells stably expressing
Nedd4-shRNA2-1#, shRNA2-2# and control
S-shRNA were transfected with pEGFP-LC3
plasmid, then treated with 3 lM rapamycin
for 3 h before detection of GFP-LC3 expres-
sion with immunofluorescence microscopy.
Scale bar, 10 lm. (b) A549 cells transiently
infected with Nedd4-shRNA2#, shRNA4#
and control S-shRNA, then treated with 3 lM
rapamycin for 3 h before detection of endoge-
nous LC3 by immunofluorescence micros-
copy. Scale bar, 10 lm. (c) DU145 cells
stably expressing Nedd4-shRNA2-1#,
shRNA2-2# and control S-shRNA were trea-
ted with 3 lM rapamycin for 3 h, and conver-
sion of LC3B-I into LC3B-II was detected by
western blotting. (d) HeLa cells expressing
Nedd4 and the control were treated with
3 lM rapamycin for 3 h and conversion of
LC3B-I into LC3B-II was detected by
western blotting.
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results suggest that expression of Nedd4 promoted rapa-
mycin-induced autophagy.

mTOR signalling was involved in Nedd4-mediated
autophagy

Previous studies have revealed that mTOR signalling is
involved in the process of autophagy (17,18). To study
the mechanisms underlying Nedd4-mediated promotion
of autophagy induced by rapamycin, the mTOR signal
pathway was examined using Nedd4-depleted DU145
cells. Although overall mTOR protein levels were simi-
lar in Nedd4-shRNA#2-1-, shRNA#2-2- and S-shRNA-
expressing cells, specific levels of phosphorylated
mTOR (p-mTOR) protein species were notably higher
in Nedd4-depleted cells compared to control (Fig. 7).
This suggests that expression of Nedd4 in DU145 cells
promoted autophagy by down-regulation of mTOR sig-
nalling.

Discussion

Nedd4 is the product of neural precursor cell expressed
developmentally down-regulated gene 4 (Nedd4), origi-
nally implicated in regulation of fluid and electrolyte ho-
moeostasis, by controlling surface abundance of
epithelial cell sodium channel subunits. Recent studies
have revealed its role in cancer development; however,
its precise mechanisms of action are not well character-
ized. To address functional significance of Nedd4 in
cancer cells, we designed shRNA lentiviral vectors tar-

geting Nedd4, and tested the effect of Nedd4 down-reg-
ulation on cell proliferation, colony formation and
apoptosis, in DU145 cells. We found that expression of
Nedd4 was inhibited by more than 65%, as assessed by
western blot analysis, after infection with lentiviruses
expressing Nedd4-shRNA#2 (Fig. 2). Furthermore,
knockdown of Nedd4 inhibited cell proliferation and
colony formation and induced apoptosis in DU145 cells
(Figs. 3 and 4).

Lysosomal extracts, as well as selected purified cath-
epsins, have previously been shown to cleave, then
activate pro-apoptotic Bcl-2-like protein, Bid. Cathepsin
D triggers Bax activation and translocation to mitochon-
dria, where it induces opening of pores on outer mito-
chondrial membranes, and then directs induction of
mitochondrial damage as well as direct activation of
procaspases by lysosomal enzymes (19–21). We have
shown here that down-regulation of Nedd4 in DU145
cells promoted lysosome membrane permeabilization
and led to release of cathepsin D into the cytosol
(Fig. 5). Considering that down-regulation of Nedd4
induces apoptosis, we propose that a lysosomal pathway
for apoptosis involved in the Nedd4 down-regulation,
induced inhibition of cell population growth.

Autophagy plays a complex role in tumourigenesis
and drug treatment responsiveness. It may act in
tumour-suppression during early stages of tumourigene-
sis, however, in established tumours, the cancer cells
may be promoting autophagy to survive under metabolic
and therapeutic stresses associated with malignant trans-
formation (22–24). In this study, we found that forma-
tion of autophagic punctate structures with GFP-LC3
proteins was reduced and conversion of LC3B-I to
LC3B-II was lowered in Nedd4-depleted cells (Fig. 6a,
b). This indicates that knockdown of endogenous Nedd4
expression inhibited autophagy in DU145 cells. These
results suggest that autophagy may be tumour-promoting
in established prostate cancer cells, and that expression
of Nedd4 in DU145 and A549 cells promotes autophagy
and cell number expansion.

mTOR-mediated signalling is recognized to be the
most important pathway in autophagy, a process
required for recycling damaged organelles and cell adap-
tation to nutrient starvation (25). Constitutive activation
of PI3K-mTOR signalling observed in cancer cells
strongly inhibits autophagy. In mammals, mTORC1
(mammalian target of rapamycin complex 1) directly
phosphorylates and suppresses ULK1/Atg13/FIP200
(Unc-51-like kinase 1/mammalian autophagy-related
gene 13/focal adhesion kinase family-interacting protein
of 200 kDa), a kinase complex required to initiate auto-
phagy (26–28). Consistently, we found that knockdown
of endogenous Nedd4 expression significantly increased

Figure 7. mTOR signalling was involved in Nedd4-mediated
autophagy. DU145 cells stably expressing Nedd4-shRNA2-1#,
shRNA2-2# and control S-shRNA were treated with 3 lM rapamycin
for 3 h, and levels of mTOR and p-mTOR were detected by
western blotting.
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levels of activated mTOR (p-mTOR) (Fig. 7), which
suggests that mTOR signalling is involved in Nedd4-
mediated autophagy.

Other studies have shown that involvement of
mTOR in autophagy occurs in a rapamycin independent
manner (29–31), and it would be particularly interesting
from a mechanistic viewpoint, to determine rapamycin-
sensitivity of Nedd4 promotion of autophagy in prostate
cancer cells and other cell types.

Here, to explore mechanisms that underlie Nedd4-
mediated promotion of autophagy, the mTOR signal
pathway was examined in Nedd4-depleted DU145 cells.
Data show that down-regulation of Nedd4 inhibited rapa-
mycin-induced autophagy partly by up-regulation of p-
mTOR (Fig. 7). But reasons why down-regulation of
Nedd4 lead to regulation of mTOR requires more
detailed studies, specifically to identify substrates of
Nedd4 E3 ubiquitin ligase, involved in mTOR activation.

Consistent with our results, a recent study has
reported that Nedd4 functions as an E3 ligase of HER3
and regulates steady-state HER3 levels. Knockdown of
Nedd4 in MCF-7 and DU145 cells resulted in elevated
HER3 levels and enhanced NRG-1-dependent HER3
downstream AKT and ERK signalling (32). However,
other reports indicate that accumulation of Nedd4 inhib-
ited PTEN leads to activation of the downstream onco-
genic mTOR/Akt pathway (33). Potential reasons for
these apparent discrepancies are likely to be that Nedd4
has numerous physiological targets (7, 32–37), some of
which may have different roles in the mTOR/Akt path-
way under given microenvironments.

Taken together, we have demonstrated in this study
that expression of Nedd4 promoted cell proliferation and
colony formation and inhibited apoptosis in DU145
cells. Moreover, Nedd4 promoted autophagy and associ-
ated with the mTOR signalling pathway. These results
will help researchers understand modes of action of
Nedd4 in tumourigenesis and to provide important infor-
mation concerning feasibility of developing reagents for
therapeutic down-regulation of this protein in human
cancers.
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