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Background: Although inhibition of SGK1 has been shown to delay cancer progression, the underlying mechanisms have not yet
been elucidated.

Methods: We investigated the cellular responses to GSK650394 treatment and SGK1 silencing (or overexpression) in human
prostate cancer (PCa) cell lines and PC3 xenografts by flow cytometry, western blotting, immunofluorescence, transmission
electron microscopy and immunohistochemistry.

Results: In the present study, we demonstrated that SGK1 inhibition, mediated by either GSK650394 or SGK1 shRNA, induced G2/
M arrest, apoptosis and autophagy. Furthermore, 3MA-mediated autophagy inhibition attenuated SGK1 inhibition-induced
apoptosis, suggesting that induction of autophagy precedes apoptosis. Moreover, ectopic expression of SGK1 significantly
attenuated the GSK650394-induced effects. Suppression of mTOR and Foxo3a phosphorylation is critical for blockade of SGK1-
induced autophagy and apoptosis, at least partially via pFoxo3a (S253)-LC3 and pFoxo3a (S253)-p27 interactions. Dual inhibition
of mTOR and SGK1 enhances autophagy activation and leads to synergistic cytocidal effects in PCa cells.

Conclusions: In summary, our findings show that SGK1 inhibition exhibits significant antitumour effects against PCa in vitro and
in vivo. This study uncovered a novel mechanism of SGK1 inhibition in PCa, which is mediated, at least in part, by inducing
autophagy-dependent apoptosis via the mTOR-Foxo3a pathway.

Prostate cancer (PCa) remains the most common urological
malignancy and the second leading cause of male cancer-related
deaths in many developed countries (Siegel et al, 2016). Although
the improvements in PCa diagnostic strategies and in multiple
treatments have led to a significant decrease in PCa-related deaths
in the past three decades, most men initially diagnosed with early-
stage cancer eventually develop metastatic disease (Gundem et al,
2015). Thus, at this point, it remains practically incurable, and the
aims of therapy are the improvement of overall survival time and
quality of life. It is important to develop novel therapeutic

strategies in order to suppress tumour progression and restore
sensitivity to therapy.

Serum and glucocorticoid-induced protein kinase 1 (SGK1) is a
member of the ‘AGC’ subfamily of protein kinases, including
protein kinases A, G and C. Particularly, SGK1 shares B54%
identity of its catalytic domain with protein kinase B (PKB, also
called Akt), indicating analogous functions (Kobayashi et al, 1999).
SGK1 is ubiquitously expressed, and it covers a wide variety of
physiological functions (e.g., transport, hormone release, neuroex-
citability, cell proliferation and apoptosis) and contributes to a
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multitude of pathophysiological conditions (e.g., tumour growth,
neurodegeneration, fibrosing disease and the sequelae of ischae-
mia). Most notably, extensive research has shown that SGK1 is
closely related to the development and progression of multiple
types of tumours (Lang et al, 2006). Increased expression of SGK1
has been observed in several tumours, including gastric cancer
(Yao et al, 2016), ovarian cancer (Melhem et al, 2009) and PCa
(Szmulewitz et al, 2012). Particularly, SGK1-overexpressing PCa
xenografts displayed accelerated castrate-resistant tumour initia-
tion, supporting a role for SGK1-mediated CRPC progression
(Isikbay et al, 2014). However, the underlying mechanism is not
fully understood.

In this study, our data showed that SGK1 inhibition, mediated
by either GSK650394 or SGK1 shRNA, induced G2/M arrest and
apoptosis. Furthermore, the most interesting finding was a novel
response to GSK650394 in human PCa cells involving the
formation of acidic vesicular organelles, and autophagosomes were
observed. Given the dynamic role of autophagy in tumourigenesis
and that most cancer therapies induce autophagy, adjuvant
autophagy inhibition has become an area of research interest
(Vyas et al, 2013; Nguyen et al, 2014). Hence, we initially
hypothesised that GSK650394-induced autophagy is a cytoprotec-
tive response that PCa cells used to evade the antiproliferative
effects of GSK650394. In contrast to our initial hypothesis, our
further results indicated that GSK650394-induced autophagy was
cytotoxic, as evidenced by the restoration of cell viability in
GSK650394-treated PCa cells after treatment with autophagy
inhibitors. However, an understanding of the mechanism by which
SGK1 modulates apoptosis and autophagy is pivotal for its further
development as a clinically useful therapeutic target. Furthermore,
this knowledge could shed new light on the molecular mechanisms
underlying the development and progression of PCa and
contribute in developing more effective therapies in future clinical
trials.

MATERIALS AND METHODS

Cell lines and cell culture. PC3, LNCaP, DU145 and CWR22-Rv1
PCa cell lines were purchased from American Type Culture
Collection (Manassas, VA, USA), cells were cultured in RPMI-1640
media supplemented with 10% foetal bovine serum in 37 1C and
5% CO2 atmosphere.

Reagents and antibodies. GSK650394, chloroquine (CQ),
3-methyladenine (3MA), broad-spectrum caspase inhibitor
(z-VAD-fmk) and rapamycin were purchased from Selleck
(Shanghai, China). Acridine orange (AO), monodansylcadervarine
(MDC), DAPI (4’6-diamid ino-2-phe nylindole) and Hoechst
33342 were obtained from Beyotime (Haimen, China). Antibodies
against Bax4Bcl-2, Bim, caspase-3, caspase-8, caspase-9, poly
(ADPribose) polymerase (PARP), Fas, FasL, LC3B, p27, p21,
mTOR, pmTOR, pSGK1 (S78), Foxo3a, pFoxo3a, p53, Beclin 1,
GRP78 and GAPDH were purchased from Cell Signaling
Technology (Beverly, MA, USA). Antibodies against SGK1, pSGK1
(S422) and p62 were purchased from Abcam (Cambridge, MA,
USA). Secondary antibodies (HRP-conjugated sheep anti-rabbit
antibodies or HRP-conjugated sheep anti-mouse antibodies) for
western blot were obtained from Millipore, Billerica, MA, USA.
DyLight 488 AffiniPure Goat Anti-Rabbit IgG (Hþ L) for
immunofluorescence were obtained from Abbkine (Redlands,
CA, USA).

Immunohistochemistry and evaluation of immunostaining.
Briefly, 4-mm-thick sections mounted on glass slides were
processed for immunohistochemistry (IHC). All slides were
dewaxed in xylene and dehydrated in an alcohol gradient, and
then, endogenous peroxidase activity was quenched with 3%

hydrogen peroxide for 10 min. Antigen retrieval was achieved by
heating slides covered with citrate buffer (pH¼ 6.0) at 95 1C for
10 min. Then, 10% goat serum albumin was used to block
nonspecific binding by incubating sections for 2 h at room
temperature while gently tilting the sections without washing
them, followed by incubation with SGK1, Foxo3a, p-Foxo3a,
mTOR, pmTOR and LC3B antibodies at 4 1C overnight in a moist
chamber. After being washed three times with phosphate-buffered
saline (PBS), the sections were incubated with a secondary
antibody at room temperature for 1 h and rinsed in PBS.
Diaminobenzidine (DAB) was used as a chromogen, and sections
were counterstained with haematoxylin. Negative controls were
obtained by incubating specimens with PBS instead of primary
antibody. Brown particles present in the cytoplasm and/or nuclei
were considered positive signals.

The CCK-8 assay. Cell suspension of 100ml was dispensed
(4–6� 103 cells/well) in 96-well plates. The plates were pre-incubated
for 24 h, followed by the treatments of either DMSO (control) or
various concentrations of GSK650394 for 24, 48 and 72 h. Cell
proliferation was measured using a Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technologies, Kumamoto, Japan) following the
manufacturer’s instructions. The plate was incubated for 2 h in the
incubator. The absorbance was measured at 450 nm using a micro-
plate spectrophotometer (BIO-RAD xMark, Hercules, CA, USA).

Vital staining with AO or MDC. PCa cells were seeded in a 24-
well culture plate and after subsequent treatments, cells were
stained with AO (1mg ml� 1) or MDC (0.05 mmol l� 1) directly for
10 min at 37 1C, and then observed under the fluorescence
microscope (Olympus, Tokyo, Japan).

Transmission electron microscopy. Briefly, cells were harvested
after treatment with DMSO (control) or GSK650394, fixed with
ice-cold 2.5% glutaraldehyde in PBS (pH 7.3) for 2 h, post-fixed in
1% osmium tetroxide, dehydrated in a graded series of ethanol
(50–100%) and acetone, and embedded in Epon. Representative
areas were chosen for ultrathin sectioning and examined with a
transmission electron microscope (TEM).

Cell cycle analysis. Briefly, PCa cells were seeded at a density of
5� 105 cells per well in a six-well culture plate. The following day
the medium was replaced with serum-free medium, 24 h later cells
were stimulated to growth by adding 10% serum, after subsequent
treatments, PCa cells were collected and fixed with 70% ethanol in
PBS at � 20 1C overnight. Cell cycle analysis was performed using
PI/RNase staining buffer (BD Biosciences, San Diego, CA, USA)
according to the manufacturer’s specification, and cell cycle
distribution was analysed by flow cytometry and ModFit LT
software (FACSCalibur, BD, San Jose, CA, USA).

Detection of cell death. Apoptosis induction was quantified using
an Annexin V-PE/7-AAD kit (BD Biosciences) according to the
manufacturer’s instructions. Briefly, PCa cells were seeded at a
density of 5� 105 cells per well in a six-well culture plate, and after
subsequent treatments, cells were harvested following incubation
with PE-conjugated annexin V and 7-AAD for 15 min at room
temperature in the dark. Then, cells were washed with ice-cold PBS
and resuspended with 300 ml of PBS. Samples were analysed with a
flow cytometer (FACSCalibur) and CELLQuest software (FACS-
Calibur). In addition, following treatment with the indicated
concentrations of GSK650394, apoptotic nuclei were detected by
DAPI (4’6-diamidino-2-phenylindole) or Hoechst 33342 (Beyo-
time) staining.

Clone formation assay. Cells were seeded at 500 cells/well in six-
well plates and pipetted several times, so that most cells were in
single-cell forms. After 3 days of incubation, the cells were treated
with DMSO (vehicle control) or GSK650394 at various concentra-
tions (2.5–10 mM), and the covering medium was changed every 2
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or 3 days during culture. After 10–14 days, when the cells grew to
visible colonies, the medium was removed, and the cells were
washed with PBS twice. After being fixed with 4% paraformalde-
hyde for 15 min and washed with PBS, the cells were stained with
0.1% crystal violet for 10 min. Finally, the excess dye was washed
away with PBS, and then, cells were visualised using an ordinary
optical microscope (with � 4 objective). The plates were prepared
in triplicate, and 10 fields for each well were chosen randomly.
Then, the number of colonies in each field was counted, only
colonies containing more than approximately 50 cells were
counted, and the size of the colonies was measured.

Immunofluorescence. Cells were grown on glass coverslips, so that
they reached 30–50% confluence by the day of the experiment.
Then, they were treated with GSK650394 for 6, 24 and 48 h, washed
twice with PBS, and fixed for 10 min in 4% paraformaldehyde. Cells
were permeabilised in 0.5% Triton X-100, washed, and blocked for
2 h in 5% normal goat serum. After blocking, the cells were
incubated with primary antibody (1 : 200) for 24 h at 4 1C, washed
with PBS and incubated with fluorescently labelled secondary
antibody (1 : 200) and DAPI (5mg ml� 1) for 2 h at room
temperature. Finally, coverslips were washed and mounted with
Vectashield (Solarbio). Immunofluorescence staining was imaged
using a fluorescence microscope (Olympus). Five representative
fields were captured at � 200 magnification, and the numbers of
cells expressing target proteins in the cytoplasm and the nucleus
(overlapping with DAPI) cells were counted.

Transfection with lentiviral particles. To generate SGK1-silencing
and SGK1-overexpressing stable PCa cell lines, PCa cells were
infected with lentiviral particles. The lentiviral expression vectors
LV2-Control, LV2-shSGK1, LV6-Control and LV6-SGK1 (SGK1
overexpression) were purchased from Shanghai Gene Pharma
Company (Shanghai, China). In brief, the cells were seeded at
2� 105 cells/well in a 6-well plate before lentiviral particle infection
and incubated with 2 ml of complete medium for 24 h. Then, cells
were infected with lentiviral particles, and after 12 h, the virus-
containing medium of infected cells was substituted with fresh
complete medium, and infected cells were selected with 4mg ml� 1

puromycin for 96 h. Empty lentiviral vectors were used as a control.

Transfection with DNA and siRNAs. For transfection, Lipofec-
tamine 2000 (Invitrogen Life Technologies, Shanghai, China) was
used for PC3 and LNCaP cells, according to the manufacturer’s
user guides. GFP-LC3 plasmid was generously provided by the
laboratory of Ye Zhaoming. The siRNAs used in the study were
Foxo3a, 50-GCUGUCUCCAUGGACAAUATT-30; mTOR, 50-CC
ACCCGAAUUGGCAGAUUTT-30; and a negative control, 50-
UUCUCCGAACGUGUCACGUTT-30.

Immunoprecipitation. Cells were lysed in cell lysis buffer
containing proteinase and phosphatase inhibitors (Beyotime) for
western blotting and immunoprecipitation, and 500 mg of soluble
protein was first incubated with primary antibodies or immuno-
globulin G (IgG), as a negative control, overnight at 4 1C. The
immune complexes were recovered with 30 ml of protein A/G
magnetic beads (Bio-Rad) for 6 h at 4 1C. The immunoprecipitated
proteins were properly washed and then boiled with sample buffer
for 5 min, followed by separation by SDS–PAGE (SDS–polyacry-
lamide gel electrophoresis) and western blotting analysis.

Western blot analysis. PCa cells were seeded at a density of
5� 105 cells per well in a six-well culture plate and harvested after
subsequent treatments, whole-protein lysates were collected cells
using RIPA cell lysis reagent containing proteinase and phospha-
tase inhibitors (Solarbio, Beijing, China) at 4 1C for 30 min. Cell
lysates were centrifuged at 12 000 g for 20 min at 4 1C, and protein
concentrations of the supernatants were determined using the BCA
protein assay reagent kit (Beyotime). Then, the supernatants

containing total proteins were mixed with corresponding volume
of 5� SDS loading buffer and heated at 95 1C for 5 min, and 40 mg
of total protein from each sample were concentrated on 5% Tris–
glycine SDS gels, separated on 8% or 12% Tris–glycine SDS gels,
and transferred to 0.22 mm polyvinylidene fluoride membranes.
The membranes were blocked with 5% non-fat dry milk in TBST,
incubated overnight with the appropriate primary antibody. After
being washed three times for 30 min with TBST, the membrane
was incubated with HRP-conjugated secondary antibodies for 2 h
at room temperature. The bound antibodies were visualised using
an enhanced chemiluminescence kit (Millipore).

In vivo tumour biology. Animal studies were conducted in
accordance with institutional ethical guidelines for the care and use
of experimental animals. Briefly, 4-week-old female BALB/c-nu
mice were purchased from Shanghai Laboratory Animal Center of
the Chinese Academy of Sciences. They were maintained under
specific pathogen-free conditions and supplied with sterilised food
and water. For in vivo xenograft studies, ten mice were randomly
selected and divided into two groups. On day 0, 2� 106 PC3LV2-Ctrl

cells or 2� 106 PC3shSGK1 cells suspended in 0.2 ml of PBS were
inoculated subcutaneously in the right flank of each mouse (five
mice in each group). Tumour sizes were measured daily to observe
dynamic changes in tumour growth and calculated by a standard
formula, length�width� depth� 0.5236. Tumour formation was
defined as the time from inoculation until tumours measured
100 mm3. Subsequently, tumour volume measurements were
performed twice weekly, and when the tumours of the PC3LV2

group reached B500 mm3, all mice were killed. Tumours were
dissected and stored in liquid nitrogen or fixed in formalin for
further analysis. All treatment protocols were approved by the
Animal Care and Use Committee of Zhejiang University, China.

Statistical analysis. The values are shown as the means±s.d. for
triplicate experiments, and significant differences were calculated
using one-way ANOVA with Dunnett’s test or Newman–Keuls test
and Student’s two-tailed t-test. Levels of statistical significance
were set at Po0.05 or 0.01 as indicated.

RESULTS

GSK650394 inhibits cell viability in prostate cancer cells. To
investigate the cytotoxic effect of GSK650394 on PCa cells, we
treated PCa cells with different concentrations of GSK650394 (0,
10, 20, 40, 80, 100, 120, 160 mM) for various time points (12, 24, 48
and 72 h). GSK650394 inhibited cell viability in a time- and dose-
dependent manner (Figure 1A). While the treatment with less than
40 mM GSK650394 had little effect, treatments with more than
80 mM GSK650394 for 48 and 72 h significantly inhibited cell
viability. The IC50 values of GSK650394 for 48 h were B145.1 mM

for PC3, 81.5 mM for LNCaP, 113.4 mM for DU145 and 103.8 mM for
CWR22-Rv1 cells. In addition, clone formation in cells treated with
GSK650394 was markedly reduced in a dose-dependent manner
compared with control cells, and their proliferation potential was
also dramatically impaired based on the size of the colonies as
shown in Figure 1B. These results show that GSK650394 could
effectively inhibit the proliferation of PCa cells.

GSK650394 causes G2/M cell cycle arrest and switches
autophagy to apoptosis in prostate cancer cells. To investigate
the way in which GSK650394 inhibits cell viability, we used flow
cytometry to assess whether GSK650394 affected cell cycle
progression and apoptosis. GSK650394 blocked cell cycle progres-
sion in PC3 (Figure 2A) and LNCaP cells (data not shown). In PC3
cells, a significant increase in the proportion of the cell population
in G2/M phase was observed after 24 and 48 h of treatment with
GSK650394, concomitant with a dramatic increase in the

SGK1 inhibition induces autophagic apoptosis BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2017.293 1141

http://www.bjcancer.com


percentage of cells in sub G1 phase after 48 h treatment with
GSK650394 (Figure 2A), which indicated that apoptosis was
induced by GSK650394. An annexin V-PE/7-AAD assay further
confirmed that GSK650394 did not significantly induce apoptosis
in PC3 cells at 6 and 24 h but significantly induced apoptosis at
48 h (Figure 2B).

Interestingly, PCa cells treated with GSK650394 showed
morphological features of cytoplasmic vacuole accumulation that
were not observed in DMSO-treated cells (Supplementary
Figure 1). GSK650394 induced cytoplasmic vacuolation in a
time-dependent manner, and treatments with equal concentrations
of GSK650394 for 24 h and 48 h induced more cytoplasmic
vacuolation in PCa cells compared to 6 h of treatment

(Supplementary Figure 1a). In addition, GSK650394 at concentra-
tions of 80 and 160 mM induced more cytoplasmic vacuolation than
40 mM GSK650394 (Supplementary Figure 1b). On the basis of
previous research on Rottlerin-induced autophagic vacuoles
(Kumar et al, 2014) and the response of cancer treatment-induced
autophagy in PCa (Farrow et al, 2014), we preliminarily speculated
that a portion of the GSK650394-induced cytoplasmic vacuoles
were very likely autophagic vacuoles. To further demonstrate our
speculation, GSK650394-induced vacuolation was assessed by
immunofluorescence and TEM. We found that PC3 cells exhibited
a stark increase in discrete acidic vesicles after 6 h of treatment with
160 mM GSK650394, especially at 24 and 48 h treatment time
points, at which greater than 80% of the cells were MDC-positive,
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Figure 1. GSK650394 inhibits cell viability in prostate cancer cells. (A) Cell viability analysis using a CCK8 assay of prostate cancer cell lines after
treatment with various concentrations of GSK650394 or vehicle alone for the indicated time periods. Data are the means of triplicate experiments.
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and an average of more than 15 AO puncta were dispersed
throughout the cytoplasm in GSK650394-treated PC3 cells
(Figure 2C). Autophagy activity was further validated by visualis-
ing GSK650394-induced LC3 puncta in PC3 cells using immuno-
fluorescence microscopy (Figure 2D). Higher magnification of
autophagosomes revealed a smooth double-membrane containing
cellular material, and intense electron-dense lysosomal structures
were clearly observed in GSK650394-treated PC3 cells compared to

control cells (Figure 2E). Thus, these results collectively demon-
strated stimulation of autophagic flux upon GSK650394 treatment.

Next, the expression of cell cycle-, autophagy- and apoptosis-
related proteins in PC3 and LNCaP cells was measured. After 6, 24
and 48 h of incubation, GSK650394 upregulated the expression of
p21 (Figure 2F), which is also known as a cyclin-dependent kinase
(CDK) inhibitor that can inhibit the formation of the cyclin-CDK
complex, which leads to G2/M cell cycle arrest (Xiong et al, 1993).
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In addition, after treatment, immunoblotting revealed steady
conversion of cytosolic MAP1LC3B-I/LC3B-I (microtubule-asso-
ciated protein 1 light chain 3 b-I) to autophagosome-associated
MAP1LC3B-II/LC3B-II (microtubule-associated protein 1 light

chain 3 b-II) (Figure 2F), a well-known marker of autophagosome
assembly (Kaufmann et al, 2014). Moreover, to detect the effect of
GSK650394 on autophagic flux, the expression of SQSTM1
(sequestosome 1), also known as p62, a selective substrate of
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autophagy (Moscat and Diazmeco, 2009), was measured. The level
of p62 reduced gradually in a time-dependent manner when the
cells were treated with GSK650394, suggesting an enhanced
autophagic flux (Figure 2F). In contrast, the level of cleaved PARP
increased gradually in a time-dependent manner, but PARP
cleavage was not induced at the 6 h treatment time point. All in all,

based on the above results, we demonstrated that GSK650394
simultaneously induced G2/M cell cycle arrest, autophagy and
apoptosis. Furthermore, autophagy precedes apoptosis in
GSK650394-treated PCa cells, but the relationship between
GSK650394-induced autophagy and apoptosis needs to be further
investigated.
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GSK650394-induced autophagy contributes to caspase-depen-
dent apoptosis through intrinsic pathways. A complicated
interplay exists between autophagy and apoptosis that is highly
dependent on the cellular environment or the stimulus (Roos et al,
2016). To discern the relationship between GSK650394-induced
autophagy and apoptosis, a vitality assay was performed with PC3
and LNCaP cells pretreated with 5 mM 3MA, 10 mM CQ, 20 mM

z-VAD-fmk or vehicle alone before the addition of GSK650394.
Treatment with 3MA significantly decreased GSK650394-induced
AO puncta (Figure 3B and C) and GSK650394-dependent LC3-I to
LC3-II conversion, as expected (Figure 3F). Moreover, the
inhibition of autophagy by 3MA or CQ antagonised the inhibitory
effects of GSK650394 on cell viability (Figure 3A), thus suggesting
that, at least in PC3 and LNCaP cells, GSK650394-dependent
SGK1 inhibition activated cytotoxic autophagy, which can be
inhibited to restore cell viability. To further demonstrate whether
GSK650394-triggered autophagy inhibits or promotes apoptosis,
PC3 cells in which autophagy was suppressed by 3MA with or

without GSK650394 treatment underwent a flow cytometry
apoptosis assay, as shown in Figure 3D and E, and 3MA-mediated
autophagy inhibition moderately abrogated GSK650394-induced
apoptosis, which was consistent with the reduced cleaved caspase-3
and PARP cleavage (Figure 3F). Subsequently, the effect of
inhibition of apoptosis on autophagy was determined. As seen in
Figure 3B and C, z-VAD-fmk had a minimal effect on the number
of AO-staining red acidic vesicles induced by GSK650394, in
accordance with the expression of LC3-II (Figure 3F). However,
after pretreatment with z-VAD-fmk, a portion of the cell vitality
was successfully restored (Figure 3A), and apoptosis was nearly
abrogated in GSK650394-treated PCa cells as expected (Figure 3D
and E). Reduced caspase-3 and PARP cleavage further demon-
strated that z-VAD-fmk completely diminished GSK650394-
mediated apoptotic activity (Figure 3F), indicating that
GSK650394-induced apoptosis is caspase-dependent.

Apoptosis can be triggered either by extrinsic stimuli through
cell surface death receptors or by intrinsic stimuli through the

PC3A C D

E

F

B

G

PC3 IP

mTOR

pmTOR

GAPDH

LV
2-

C
tr

l

sh
S

G
K

1

si
S

cr

siS
cr

siF
ox

o3
a

sim
TO

R
siS

cr

siF
ox

o3
a

sim
TO

R

In
pu

t

Ig
G

+ +shSGK1

p27

LC3

pFoxo3a (S253)

I

II

–––

pF
ox

o3
a

(S
25

3)

si
S

cr

si
F

ox
o3

a

si
m

TO
R

p2
7

In
pu

t
In

pu
t

lg
G

lg
G

pF
ox

o3
a

(S
25

3)

LV
6-

C
tr

l

LV
6-

S
G

K
1

kDa kDa
kDa
54

289

kDa

IP

LC
3

In
pu

t

lg
G

IP

IP

97

27

kDa

97

16

14

kDa

27

16

14

97

21

27

16

14

97

289

289

37

97

97

95

289

289

75

54

27

16

116

89

37

14

Foxo3a

pFoxo3a (S253)

pFoxo3a (T32)

pFoxo3a (S253)

pFoxo3a (S253)

pFoxo3a (S253)

p27

LC3
I

II

pmTOR

pmTOR

SGK1

pSGK1 (S78)

pSGK1 (S78)

p27

p21

p27

I

II
LC3

LC3

PARP

PARP (CL)

GAPDH

I

II

mTOR

A
bs

or
ba

nc
e 

at
 4

50
 n

m

A
bs

or
ba

nc
e 

at
 4

50
 n

m

1.2
LNCaP PC3

* *
**

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

Figure 7. SGK1 inhibition-mediated mTOR dephosphorylation enhances autophagy activity through a p-Foxo3a-LC3 interaction. (A) Total
protein lysates of PC3 cells with stable knockdown or overexpression of SGK1 were assessed using western blotting against mTOR and pmTOR.
(B) LNCaP and PC3 cells were transfected with siFoxo3a, simTOR or siScr alone for 48 h, and cell viability was determined using a CCK8 assay.
(C) PC3 cells were transfected with siFoxo3a, simTOR or siScr alone, and total protein lysates were assessed using a western blot against the
indicated antigens. (D) Total protein lysates of LNCaP cells were prepared for co-IP using pFoxo3a (S253) antibody. (E) Total protein lysates of
LNCaP cells were prepared for co-IP using p27 antibody. (F) Total protein lysates of LNCaP cells were prepared for co-IP using LC3 antibody.
(G) PC3 cells were stably infected with the empty lentivirus control or shSGK1 lentivirus, and protein lysates collected for co-IP using pFoxo3a
(S253) antibody. All results are representative of three experiments and are expressed as the mean±s.d.; *Po0.05.

SGK1 inhibition induces autophagic apoptosis BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2017.293 1147

http://www.bjcancer.com


mitochondrial signalling pathway. Thus, which pathway was
involved in GSK650394-induced apoptosis was determined. As
shown in Figure 3F and G, GSK650394 markedly activated
caspase-3, -8 and -9 and led to Bax upregulation, Bcl-2
downregulation and PARP cleavage but had almost no effect on
Fas and FasL (Figure 3G). Thus, these data imply that GSK650394
triggers caspase-dependent apoptosis by activating the intrinsic
pathway rather than the extrinsic pathway.

SGK1 silencing causes G2/M arrest and activates autophagy-
dependent apoptosis. Given that the effectiveness of GSK650394
as a growth inhibitor has nonspecific inhibition of other kinases,
particularly other members of the SGK protein family, SGK2 and
SGK3 (Sherk et al, 2008). Hence, lentiviral shRNA-mediated SGK1
silencing was performed to further demonstrate GSK650394-
induced anti-tumour effects by impairing SGK1 activity. We first
investigated SGK1 expression in several commonly studied PCa
cell lines at baseline, as shown in Figure 4A, baseline SGK1
expression was high in AR-dependent cell line LNCaP (mutated
AR), while steady-state levels were low in AR-negative cell lines
PC3 and DU145, AR-positive but castration-resistant cell line
CWR22-Rv1 is demonstrated middle baseline SGK1 expression.
Thus, SGK1 was silenced in LNCaP and PC3 cells, as confirmed by
immunoblotting (Figure 4G), and eliminating SGK1 expression
impaired cell viability (Figure 4B), caused G2/M arrest with p21
protein upregulation (Figure 4C, D and G), promoted PARP and
caspase-3 cleavage and induced apoptosis both in LNCaP and PC3
cells (Figure 4C and D). However, the growth inhibition observed
with the SGK1 shRNA (shSGK1) seems to be less dramatic than
that observed following treatment with GSK650394. Autophagy
activity was also evaluated after SGK1 elimination, shSGK1
significantly increased LC3II protein levels both in LNCaP and
PC3 cells (Figure 4G), which was further confirmed by observing
LC3 redistribution and LC3 puncta (autophagosomes) formation
via transfecting LNCaP cells with pEGFP-LC3 fusion protein
(Figure 4F). Whereas, once shSGK1-triggered autophagy was
suppressed by 3 MA (Figure 4F and G), shSGK1-induced impaired
cell viability was partially restored (Figure 4B), and shSGK1-
induced apoptotic cell death was almost completely rescued
(Figure 4E). Western blot results further showed that 3 MA
blocked shSGK1-induced PARP cleavage but had no effect on
SGK1 and p21 protein expression. Collectively, these results
suggest that SGK1 silencing causes G2/M arrest and activates
autophagy-dependent apoptosis.

Ectopic expression of SGK1 attenuates GSK650394-induced
autophagy and apoptosis. Although GSK650394 was shown to
induce both autophagy and apoptosis, no direct evidence was
presented to verify whether the GSK650394-induced events
occurred by targeting SGK1. Therefore, we overexpressed SGK1
in PC3 and LNCaP cells. Cells infected with lentivirus containing
an SGK1 (LV6-SGK1) expression plasmid were shown to robustly
increase the protein level of SGK1 compared to an empty vector
(LV6-Ctrl) (Figure 5A), which resulted in significant enhancement
of cell viability both in PC3 and LNCaP cells (Figure 5B). Next,
PC3 cells stably overexpressing SGK1 or vector alone were treated
with 160 mM GSK650394 for 48 h. Interestingly, overexpression of
SGK1 was found to attenuate both the autophagy and apoptosis
induced by GSK650394, as shown by the levels of LC3 conversion,
p21, Bax, Bcl-2, cleaved caspase-3 and PARP cleavage (Figure 5E).
Furthermore, ectopic expression of SGK1 was also shown to reduce
the number of MDC-positive cells and apoptotic cells induced by
GSK650394 (Figure 5C and D), suggesting that SGK1 promotes
cell survival, in part by attenuating cytotoxic autophagy activation.
Therefore, a direct role of SGK1 in the regulation of autophagy was
demonstrated.

Suppression of Foxo3a phosphorylation is critical for blockade
of SGK1-induced apoptosis. To decipher the molecular mechan-
isms by which blockade of SGK1 induces events in PCa, we
investigated changes in signalling molecules downstream of the
SGK1 pathway. It was found that forkhead-transcription-factor 3
(Foxo3a), an important downstream target of SGK1 (You et al,
2004) and a potential tumour suppressor (Hu et al, 2004), was one
of the molecules that was not changed in PC3 cells treated with
GSK650394 nor in LNCaP cells with stable knockdown of SGK1
(Figure 6A). However, interestingly, SGK1 inhibition significantly
reduced pSGK1 (S78) and suppressed phosphorylation of endo-
genous Foxo3a at Ser-253 and Thr-32 (Figure 6A), and it
dramatically increased p27 and Bim levels according to western
blot analysis, which was consistent with our previous results (3.2
and 3.4) indicating that blockade of SGK1-induced G2/M arrest
and apoptosis. We next determined whether SGK1 also induces
phosphorylation of Foxo3a, and our results showed that SGK1
overexpression efficiently upregulated pSGK1 (S78), which con-
tributed to the phosphorylation of endogenous Foxo3a at Ser-253
and Thr-32 (Figure 6B) in PC3 cells, but the level of Foxo3a in
these cells was almost comparable with that in LV2-Ctrl-PC3 cells.
It appears that the level of Foxo3a phosphorylation is critical for
SGK1-mediated effects. The activity of Foxo3a can be affected by
post-translational modifications, such as phosphorylation and
acetylation, which inactivate Foxo3a protein and cause it to
translocate from the nucleus to the cytoplasm, resulting in the
promotion of cell proliferation by preventing Foxo3a from
inducing cell cycle arrest and apoptosis (Brunet et al, 2001).
Therefore, we further investigated Foxo3a localisation in PC3 cells
with stable knockdown or overexpression of SGK1 using an
immunofluorescence analysis. As shown in Figure 6C, SGK1
silencing induced nuclear accumulation of Foxo3a, whereas ectopic
expression of SGK1 triggered translocation of Foxo3a from the
nucleus into the cytoplasm. In summary, suppression of Foxo3a
phosphorylation is critical for blockade of SGK1-induced apoptosis.

SGK1 inhibition-mediated mTOR dephosphorylation enhances
autophagy activity through a p-Foxo3a-LC3 interaction. The
molecular mechanisms by which SGK1 affects autophagy regula-
tion are far from being elucidated. Given the importance of
mammalian target of rapamycin (mTOR) in autophagy regulation
(Kim et al, 2011; Seront et al, 2013), we investigated whether
mTOR was involved in SGK1 inhibition-triggered autophagy. Our
data showed that SGK1 silencing significantly decreased the
phosphorylation of mTOR, although it failed to affect the mTOR
protein level (Figure 7A). Our data further showed that SGK1
overexpression stimulated the phosphorylation of mTOR, but the
mTOR protein level was again not significantly altered (Figure 7A).
All of the above data suggested that Foxo3a and mTOR might be
involved in the SGK1-mediated effects in PCa. Therefore, we
investigated the roles of Foxo3a and mTOR by transfecting PCa
cells with siFoxo3a or simTOR for 48 h. Immunoblotting showed
that siFoxo3a and simTOR efficiently silenced Foxo3a and mTOR
expression, respectively, in PC3 (Figure 7C) and LNCaP cells (data
not shown). Then, the viability of PCa cells was assessed using
CCK8. As shown in the left panel of Figure 7B, siRNA-mediated
Foxo3a downregulation remarkably increased the viability of
LNCaP cells. Conversely, simTOR dramatically decreased the
viability of LNCaP cells compared to siScr, and similar results were
observed in PC3 cells, shown in the right panel of Figure 7B. Our
further results indicated that both simTOR and siFoxo3a could
induce LC3-I to LC3-II conversion, suggesting that mTOR
inhibition or Foxo3a inhibition can trigger autophagy. We further
found that Foxo3a silencing suppressed the phosphorylation of
Foxo3a at Ser-253 and Thr-32 and reduced the expression of p27,
but mTOR, pmTOR, SGK1, pSGK1 (S78), PARP and PARP (CL)
were not significantly altered (Figure 7C). Furthermore,
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interestingly, our results showed that mTOR knockdown in PC3
cells significantly reduced pmTOR, pSGK1 (S78), pFoxo3a (S253)
and pFoxo3a (T32) levels, markedly increased p27 levels and
moderately induced PARP cleavage but had no significant effect on
SGK1 and Foxo3a (Figure 7C). These results suggested that SGK1
inhibition-mediated mTOR dephosphorylation enhances autop-
hagy activity by suppressing the phosphorylation of Foxo3a.
Moreover, importantly, these results indicated that a positive
feedback loop between pSGK1 (S78) and pmTOR is involved in
autophagy and apoptosis modulation in PCa.

In view of the important role of pFoxo3a in SGK1-mediated
autophagy and apoptosis modulation, proteins of interest that may
interact with SGK1, pSGK1 (S78), pFoxo3a (T32) and pFoxo3a
(S253) were detected using co-immunoprecipitation (IP) in LNCaP
cells. It was found that three proteins, SGK1, pSGK1 (S78) and
pFoxo3a (T32) were unable to interact with each other, and they
had no interaction with LC3, p27, p21, mTOR or pmTOR (data
not shown). To our excitement, p27 and LC3 were found to
interact with pFoxo3a (S253) (Figure 7D), and this was further
confirmed using reverse IP with p27 and LC3 antibodies (Figure 7E

1.0

A

B

F G

E

C D

* *
*

*

*
*

*

*

*
*

*
*

*

*
*

*
*

*

0.8

0.6

Rapamycin

Rapamycin

– + – +

Rapamycin – + – +

A
bs

or
ba

nc
e 

at
 4

50
 n

m

%
 O

f c
el

ls
 w

ith
 m

or
e 

th
an

 1
5 

LC
3 

do
ts

PC3

LNCaP

LNCaP

LV2-Ctrl shSGK1

LNCaP

LNCaP

LNCaP

LNCaP

LV2-Ctrl

LV2-Ctrl

shSGK1

shSGK1

LV2-Ctrl

– + – +

shSGK1

LC
3

M
er

ge

LC3

20 µm

DAPI

0.4

0.2

100

80

60

40

20

0

0.0

0.8

0.6

A
bs

or
ba

nc
e 

at
 4

50
 n

m
A

po
pt

ot
ic

 r
at

e 
(%

)

0.4

0.2

0.0

40

30

20

10

I

Rapamycin – + – + kDa

16

14

116

89

37

LC3
II

PARP

GAPDH

PARP (CL)
0

LV
2-

Ctrl

sh
SGK1

siS
cr

sim
TO

R

Com
bo

Rapamycin

Rapamycin

LV2-Ctrl

– + – +

shSGK1

LV2-Ctrl

– + – +

shSGK1

105

104

7-
A

A
D

-A

103

102

105

104

7-
A

A
D

-A

103

102

105

104

7-
A

A
D

-A

103

102

105

104

7-
A

A
D

-A

103

102

102 103 104

PE-A
105 102 103 104

PE-A
105 102 103 104

PE-A
105 102 103 104

PE-A
105

Figure 8. Combined suppression of SGK1 and mTOR leads to a much more deleterious effect on PCa cell viability. (A) PC3 cells were infected
with shSGK1, transfected with simTOR, or a combination of both silencing treatments for 48 h, and cell viability was determined using a CCK8
assay. (B) LNCaP cells were treated with DMSO or rapamycin (100 nM) or infected with shSGK1 or a combination of both treatments for 48 h, and
cell viability was determined using a CCK8 assay. (C–G) LNCaP cells were treated as in B. Autophagy activity was determined with
immunofluorescence staining for LC3 puncta (C) and quantified (D). Apoptosis was analysed by flow cytometry with annexin V-PE/7-AAD (E), and
the apoptotic rate is shown from triplicate experiments (F). Total protein lysates of LNCaP cells were assessed using western blotting against the
indicated antigens. All results are representative of three experiments and expressed as the mean±s.d.; *Po0.05.

SGK1 inhibition induces autophagic apoptosis BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2017.293 1149

http://www.bjcancer.com


and F), although pSGK1 (S78), pmTOR and p21 did not interact
with pFoxo3a (S253) (Figure 7D). Moreover, SGK1 silencing
decreased pFoxo3a (S253)-LC3 and pFoxo3a (S253)-p27 interac-
tions (Figure 7G). Collectively, these data suggest that SGK1
inhibition-mediated mTOR dephosphorylation enhances autop-
hagy activity at least partially through a p-Foxo3a-LC3 interaction,
especially via pFoxo3a (S253) rather than pFoxo3a (T32).

Combined suppression of SGK1 and mTOR leads synergistic
cytocidal effects on PCa cells. Our results demonstrated that both
SGK1 inhibition and mTOR inhibition can induce autophagy and
impair cell viability of PCa cells. However, whether the combina-
tion of both could lead to more deleterious effect on PCa cell
viability needed to be further investigated. As expected, while the
impairment of cell viability upon SGK1 silencing or mTOR
silencing were modest, the combination of both induced a much
more deleterious effect when compared with the control in PC3
cells (Figure 8A). Similar results were also obtained in LNCaP cells;
the combination of rapamycin and shSGK1 led to a more
pronounced response than either treatment alone (Figure 8B).
We also examined the combination of rapamycin and shSGK1 on
the induction of autophagy in LNCaP cells using immunofluor-
escence staining for LC3. As shown in Figure 8C, treatment with
either rapamycin or SGK1-silencing shRNA significantly increased
LC3 puncta compared to vehicle control, and the combination of
both exhibited a synergistic effect, with B70% of the cells
exhibiting more LC3 dots than were observed with the individual
treatments (Figure 8D), which was further verified via LC3-I/LC3-
II conversion (Figure 8G). However, this seems to be slightly
inconsistent with the apoptosis results showing that treatment with
rapamycin alone induced significant autophagy rather than
apoptosis (Figure 8E). Interestingly, the combination of rapamycin

and SGK1 silencing induced more apoptotic cell death compared
with SGK1 silencing alone (Figure 8E and F). Moreover, it was
found that rapamycin failed to trigger PARP cleavage, whereas the
combination significantly increased cleaved PARP compared to
SGK1 silencing alone, indicating that rapamycin-induced autop-
hagy contributes to SGK1 inhibition-induced apoptotic cell death.

Downregulation of SGK1 inhibits prostate cancer growth
in vivo. We next expanded our results in vivo. The in vivo effect
of SGK1 inhibition in PCa was determined in a tumour-transplant
mouse model. It was found that injection of PC3 cells with stable
knockdown of SGK1 caused a 9.4% weight loss in mice 30 days
after inoculation (Figure 9A). In addition, it is worth noting that
the gap in tumour volume between the two groups gradually
became larger (Figure 9B), and there was a significant (80%)
reduction in tumour weight in mice inoculated with PC3shSGK1

cells when compared with LV2-Ctrl mice, as shown in Figure 9C.
Immunohistochemistry demonstrated that SGK1, pFoxo3a (S253)
and pmTOR were downregulated and LC3 was upregulated,
whereas mTOR and Foxo3a were not obviously altered in the
shSGK1 group compared to the LV2-Ctrl group (Figure 9D).
Immunoblotting results further confirmed that shSGK1 resulted in
inhibition of SGK1 and LC3-I/LC3-II conversion and an increase
in p21, p27 and cleaved caspase-3 in vivo (Figure 9E). Taken
together, these results indicate that SGK1 inhibition suppresses
PCa growth via activation of both autophagy and apoptosis in vivo.

DISCUSSION

SGK1, a serine/threonine protein kinase, has a pivotal role in
several oncogenic signalling cascades that are involved in cell
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transformation, tumour progression and chemo/radio resistance
(Lang et al, 2006; Shanmugam et al, 2007; Sherk et al, 2008; Pau
et al, 2016; Talarico et al, 2016). Although SGK1-specific
inhibitors, including GSK650394, EMD638683 and SI113 (Ortuso
et al, 2014), have been demonstrated to exhibit significant anti-
tumour effects by inducing G2/M arrest and apoptosis in vitro and
in vivo (Shanmugam et al, 2007; Sherk et al, 2008; Talarico et al,
2016), the mechanism underlying these effects is not fully
understood. The present work found that SGK1 inhibition,
mediated by either GSK650394 or shSGK1, not only induced G2/
M arrest and apoptosis but also enhanced autophagosome
biogenesis. We further provide evidence that SGK1 inhibition
induces autophagy-dependent apoptosis via the mTOR-Foxo3a
pathway, and dual inhibition of mTOR and SGK1 enhances
autophagy activation resulting in augmented cytocidal effects that
restrain PCa progression.

We have confirmed that SGK1 expression (shRNA-mediated
downregulation) and activity (GSK650394 studies) are required for
both AR-dependent and AR-independent PCa growth (Figures 1
and 4) and not just AR-dependent PCa cell growth (Shanmugam
et al, 2007; Sherk et al, 2008), indicating that SGK1 inhibition may
be a promising treatment strategy for aggressive androgen-
refractory PCa. Interestingly, it was found that the IC50 values of
GSK650394 at 48 h were higher in AR-negative cell lines (PC3 and
DU145) than in AR-positive cell lines (LNCaP and CWR22-Rv1)
(Figure 1), suggesting that AR-positive PCa cell lines are more
sensitive to GSK650394, which is consistent with our findings
regarding the high expression of SGK1 in AR-positive cell lines but
not in AR-negative cell lines. In addition, given the nonspecific
inhibitory effects of GSK650394 on other protein kinases, such as
SGK2, SGK3 and Akt (Sherk et al, 2008), which we have not
investigated in the present study, the possibility that these kinases
may also contribute to this difference needs to be further explored.
Furthermore, the inhibitory effects observed following treatment
with GSK650394 were more dramatic than those observed with
SGK1 shRNA (Figures 1 and 4). Similar results were reported by
Sherk et al (2008), and this might be ascribed to the residual
expression of SGK1 observed in our silencing experiments.

We have demonstrated that SGK1 inhibition suppressed cell
viability primarily by inducing G2/M arrest and apoptosis.
Although SGK1 inhibition-induced cell cycle arrest was also
observed by other research groups (Brunet et al, 2001; Tao et al,
2013), the delay in cell cycle progression at G1 or G2 was not
defined. On the one hand, SGK1-mediated p27 T157 phosphor-
ylation and cytoplasmic p27 mislocalisation facilitated the promo-
tion of G1 progression in breast cancer (Hong et al, 2008). On the
other hand, knockdown of SGK1 significantly increased p21 levels
(Fagerli et al, 2011), a negative regulator of cell cycle progression at
G1 (Xiong et al, 1993). Here, our results revealed that SGK1
inhibition caused G2/M arrest accompanied by p21 and p27
elevation, in line with recent investigations in HCC (Talarico et al,
2015, 2016). And similar results were observed in a synchronised
HeLa continuous cell line, the inhibition of SGK1 by its dominant
negative mutant caused a striking delay in the G2/M-phase entry
(Amato et al, 2009).

In addition, extensive studies demonstrated that SGK1 inhibi-
tion can significantly trigger apoptosis (Brunet et al, 2001; Sherk
et al, 2008; Tao et al, 2013; Talarico et al, 2016). However,
apoptosis can be triggered through both intrinsic and extrinsic
pathways, and these studies did not show further results examining
these pathways. Endo et al (2011) reported that SGK1 knockdown
activated the extrinsic apoptosis pathway in the ectoderm. In
contrast, our data demonstrated that SGK1 inhibition activated
apoptosis through the mitochondrial-mediated intrinsic pathway
rather than the extrinsic pathway in PCa. Thus, SGK1 inhibition-
induced cell cycle arrest and apoptosis are closely related to cell
type and cellular context.

Autophagy (also known as macroautophagy), or cellular self-
digestion, is a cellular pathway involved in the degradation of
proteins, lipids and organelles, with an astonishing number of
connections to human physiology and disease (Mizushima et al,
2008). In some cellular contexts, autophagy serves as a cell survival
pathway, preventing tumour cells from apoptosis induced by
cancer therapies, and in other contexts, prolonged stress and
progressive autophagy can eventually lead to cell death, either in
collaboration with apoptosis or as a backup mechanism (White
and Dipaola, 2011). Autophagy was induced, as demonstrated by
the accumulation of AO puncta, the formation of autophagosomes
observed with TEM and increased LC3-I/LC3-II conversion.
However, the interplay between autophagy and apoptosis induced
by SGK1 has not previously been investigated. We further revealed
that SGK1 inhibition-induced cell death was markedly restored by
3MA or z-VAD-fmk, indicating that SGK1 inhibition induced
autophagic cell death, which contributes to apoptosis and is
caspase-dependent. Recently, cytotoxic autophagy was also
observed in human glioblastoma multiforme cells (Talarico et al,
2016) and endometrial cancer cells (Conza et al, 2017) after
treatment with SI113, a novel SGK1 inhibitor, could significantly
decreased the expression endoplasmic reticulum stress markers
GRP78 (glucose-regulated protein 78, also known as BiP or
HSPA5) (Talarico et al, 2016). In contrast, SGK1 inhibition
dramaticlly increased the expression of GRP78 in PC3 cells
(Supplementary Figure 2a), which is in line with a recent report
(Conza et al, 2017). Intriguingly, suppression of SGK1-induced
autophagy has been used as an effective therapeutic approach to
suppressing glycogen accumulation without killing cells in Lafora
disease (LD) animal models (Andres-Mateos et al, 2013; Singh
et al, 2014).

Previous investigation indicates that autophagy and apoptosis
share the same set of cellular regulatory proteins (Pattingre et al,
2005). For example, the well-known anti-apoptotic proteins Bcl-2
and Bcl-X(L) suppress both mitochondria-mediated apoptosis,
through antagonising pro-apoptotic BH3-only proteins, and
autophagy, through binding and neutralising Beclin1, which
contains a BH3 domain (Shimizu et al, 2004; Maiuri et al, 2007).
In this regard, the mechanism of SGK1 inhibition-induced
autophagy may be attributable to Bcl-2 reduction (Figure 3G),
thereby releasing Beclin1 to trigger autophagy (Supplementary
Figure 2a). More importantly, our results showed that ectopic
expression of SGK1 significantly attenuated GSK650394-induced
autophagy and apoptosis. However, ectopic expression of SGK1
did not completely abrogate GSK650394-induced autophagy and
apoptosis, perhaps partially because GSK650394 seems also to
downregulate protein activity of ectopic SGK1 in addition to that
of the endogenous SGK1, indicating that SGK1 functions as a
negative regulator in autophagy and apoptosis modulation. Further
studies are needed to better understand the underlying mechanism
by which SGK1 inhibition induces autophagy.

Next, we explored the downstream pathways. Forkhead
transcription factor FKHRL1, also called Foxo3a, has a pro-
apoptotic role by inducing cell cycle arrest and apoptosis (Brunet
et al, 2001; Dehner et al, 2008). Post-translational modifications,
especially phosphorylation, have an important role in modulating
the activity of Foxo3a. Unphosphorylated Foxo3a has been
suggested to be its active form, which is primarily located in the
nucleus and functions as a transcriptional regulator for a variety of
genes (Brunet et al, 2001; Hu et al, 2004; Tao et al, 2013). Our data
revealed that SGK1 inhibition significantly suppressed phosphor-
ylation of endogenous Foxo3a at Ser-253 and Thr-32 and
dramatically increased p27 and Bim, according to western blot
analysis, which was consistent with previous studies (You et al,
2004; Tao et al, 2013). However, ectopic expression of SGK1-
induced phosphorylation of endogenous Foxo3a at Ser-253 and
Thr-32 and triggered the translocation of Foxo3a from the nucleus
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into the cytoplasm, which resulted in the promotion of cell
proliferation. Brunet et al (2001) also showed that SGK1, similar to
Akt, promoted cell survival and that it did so in part by
phosphorylating Foxo3a at Ser-253, Ser-315 and Thr-32, thereby
inactivating Foxo3a.

Despite these co-associations, molecular mechanisms linking
SGK1 and autophagy are undefined. Our data revealed that SGK1
silencing significantly decreased the phosphorylation of mTOR,
which contributed to the activation of autophagy, although it failed
to affect mTOR, a negative regulator of autophagy (Kim et al,
2011). Our data further suggested that SGK1 inhibition induced
autophagy by dephosphorylating Foxo3a, thereby activating
Foxo3a and attenuating a p-Foxo3a-LC3 interaction. This is the
first time that p-Foxo3a was demonstrated to interact with LC3.
Indeed, Foxo3a is required for fasting-induced autophagy
(Mammucari et al, 2007; Warr et al, 2013), and Foxo3a activation
significantly upregulates Foxo3a-target genes, including autop-
hagy-related gene 5 (Atg5), Atg6/Beclin, Atg12 and Atg7, thereby
activating autophagy (Chiacchiera and Simone, 2009). Surprisingly,
we also found that pFoxo3a could interact with p27. Therefore,
these data suggest that SGK1 inhibition-induced autophagy and
apoptosis can be attributed to two mechanisms, one is mediated by
Foxo3a activation-induced upregulation of Foxo3a target genes,
and the other is mediated by attenuating pFoxo3a-p27/LC3
interactions; however, the latter mechanism needs to be further
studied. In addition, we also found that, in PC3 cells, SGK1
inhibition significantly increased the expression level of p53
protein (Supplementary Figure 2a), a tumour suppressor, has an
important role in regulation of autophagy (Tasdemir et al, 2008).

Interestingly, a positive feedback loop between pSGK1 (S78) and
pmTOR was defined in the present study. Accumulating evidence
suggests that mTOR activation facilitates an increase in SGK1
phosphorylation, thereby activating the SGK1 signalling pathway
(Garcı́amartı́nez and Alessi, 2008; Hong et al, 2008; Pau et al,
2016), which is consistent with our results showing that siRNA-
mediated downregulation of mTOR remarkably decreased the
phosphorylation of SGK1. In addition, our data further showed
that SGK1 silencing significantly decreased the phosphorylation of
mTOR, and SGK1 overexpression stimulated the phosphorylation
of mTOR, but modulating SGK1 expression failed to affect the
total protein level of mTOR. What’s more, we also found that, in
PC3 cells, mTOR inhibition markedly attenuated the expression
level of pSGK1 (S422) protein (Supplementary Figure 2b), which is
in line with a previous report (Hong et al, 2008). Recently, Pau et al
(2016) demonstrated that PDK1-mediated SGK1 activation con-
tributes to the maintenance of residual mTORC1 activity through
direct phosphorylation and inhibition of TSC2, which further
confirms this positive feedback loop.

Therapies targeting autophagy combined with other therapeutic
strategies have been studied extensively (Kondo and Kondo, 2006;
Koukourakis et al, 2016). In fact, there are active clinical trials
involving patients using both autophagy inhibitors or inducers
together with other cancer treatments to achieve better curative
effects (Høyerhansen and Jäättelä, 2008). In our study, we showed
that mTOR inhibition-induced autophagy synergised with SGK1
inhibition and dramatically amplified the cytocidal effects in PCa
cells. In this regard, co-targeting mTOR and SGK1 prevents
Foxo3a phosphorylation, and may present a novel combination
therapy regimen that will benefit PCa patients due to the amplified
cytocidal effects that restrain cancer progression.

In summary, our findings show that SGK1 inhibition exhibits
significant antitumour effects against PCa in vitro and in vivo. This
study uncovered a novel mechanism of SGK1 inhibition in PCa,
which is mediated, at least in part, by inducing autophagy-dependent
apoptosis via the mTOR-Foxo3a pathway (Supplementary Figure 3),
and highlights how co-targeting SGK1 and autophagy can amplify
cytocidal effects and delay cancer progression.
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