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ABSTRACT

Oncogenic mutations in PIK3CA, the gene encoding the catalytic subunit of 
phosphoinositide 3-kinase (PI3K), occur with high frequency in hepatocellular 
carcinoma (HCC). The protein kinase Akt is considered to be the primary effector of 
PI3K, but there is evidence to suggest that serum and glucocorticoid kinase 3 (SGK3) 
acts in an Akt-independent manner downstream of PI3K. In this report, we found that 
SGK3 promotes epithelial-mesenchymal transition (EMT) and reduces phosphorylation-
dependent degradation of β-catenin in HCC cells. We determined that miR-155, 
previously shown to promote EMT, stimulates the expression of SGK3 by targeting and 
repressing P85α, thereby removing its inhibitory effect on PI3K-AKT signaling. These 
findings suggest that miR-155 promotes EMT and metastatic properties in HCC cells 
through activation of PI3K/SGK3/β-catenin signaling pathways.

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the 
most common liver malignancies and the second most 
frequent cause of cancer related death [1]. Metastasis 
is the primary cause of death in cancer patients, 
and EMT (EMT) is predicted to be necessary for 
metastatic progression. The complex transcriptional and 
posttranscriptional regulatory network that controls the 
EMT process provides an attractive target to disrupt the 
progression of metastasis.

MicroRNAs (miRNAs) are short, ~22 nucleotide 
noncoding RNAs that target specific mRNAs for cleavage 
or translational repression [2] and play important roles 
in cancer pathogenesis, acting as either oncogenes or 
tumor suppressors [3]. Many miRNAs, including miR-
155, stimulate HCC development [4]; of these, several 
are associated with EMT [5]. MicroRNA-155 (miR-
155) acts as an oncogene and is up-regulated in several 
human cancers, including HCC [6] and our prior research 
demonstrates that miR-155 promotes EMT and cancer 
stem cell phenotypes [7, 8].

The phosphatidylinositol 3 kinase (PI3K) 
pathway is one of the most important pathways in 
cancer metabolism and growth [9]. Arguably the best-
understood effector of PI3K is the serine/threonine 

protein kinase Akt/protein kinase B. A recent study 
showed that PIK3R1 (p85α), a negative regulator of the 
phosphatidylinositol 3-kinase (PI3K)–AKT pathway, 
is a direct target of miR-155 [10]. Our previous results 
indicated that Akt1 promotes enrichment of cancer stem 
cell-like cells and chemoresistance in HCC cells [11], but 
despite numerous studies pointing to Akt as a primary 
transducer of the PI3K signal, PIK3CA mutant tumors 
have strikingly low levels of phosphorylated (activated) 
Akt, indicating that other effectors must link PI3K to 
tumorigenesis [12]. A recent study suggested that SGK3 
promotes breast cancer through an Akt-independent 
mechanism and promotes cell proliferation and survival 
in hepatocellular carcinoma [13–15].

The AGC protein kinase family encompasses three 
isoforms SGK1, SGK2, and SGK3, which share ~55% 
sequence identity with the Akt1-3 catalytic domains [16–18]. 
Like Akt, SGKs are reportedly involved in the regulation 
of cell growth, proliferation, survival, and migration [19, 
20]. SGK3 has been implicated in the regulation of the 
interleukin(IL)-3-dependent survival pathway [21], but 
there is no evidence demonstrating a direct relationship 
between SGK3 and EMT. Also, whether miR-155 acts 
through SGK3 or Akt to promote EMT in HCC cells is not 
clear. Furthermore, the proteins functioning downstream of 
SGK3 remain unknown (Figure 1). We sought to examine 
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the regulation of SGK3 through miR155 and whether SGK3 
plays a significant role in EMT of HCC cells.

RESULTS

SGK3 promotes cell migration and invasive 
potential in HCC cells

Studies suggest that SGK3 has strong oncogenic 
potential and is amplified and hyperactivated in breast cancer 
and hepatocellular carcinoma [14, 15]. We hypothesized that 
SGK3 is potentially oncogenic due to its regulation of EMT 
in liver cells. We used siRNA to silence the expression of 
SGK3 in the HCC cell culture lines SMMC-7721 and Huh-
7. (Figure 2A). Because EMT increases cell motility and 
invasiveness [22, 23], we tested the effect of SGK3 depletion 
on cell migration and invasion ability by performing 
transwell migration and invasion assays. Silencing the 
expression of SGK3 decreased invasion ability (P<0.02) and 
migration ability (P<0.02) in both SMMC-7721 and Huh-7 
cells (Figure 2C, 2E)

Lentiviral overexpression of SGK3 in SMMC-7721 
and Huh-7 cells (Figure 2B) enhanced their invasion 
(Figure 2D) (P<0.01 for both) and migration ability 
(Figure 2F) (P<0.01 and P<0.03). Overexpression of 
SGK3 increased the wound-healing capacity, and therefore 
migration ability, of both SMMC-7721 cells (Figure 3A) 
(P<0.01) and Huh-7 cells (Figure 3B) (P<0.01).

SGK3 promotes the expression of epithelial and 
mesenchymal markers

Enhanced cell migration and invasion properties are 
important consequences of EMT [24]. Morphological and 
phenotypic EMT-like changes are accompanied by the 
down-regulation of the epithelial marker E-cadherin and 
the up-regulation of mesenchymal markers Vimentin and 
N-cadherin [25, 26]. Depletion of SGK3 in SMMC-7721 
and Huh-7 cells led to the up-regulation of E-cadherin 
and the down-regulation of both N-cadherin and Vimentin 
(Figure 4A). Overexpression of SGK3 in SMMC-7721 and 
Huh-7 cells led to the down-regulation of E-cadherin and the 
up-regulation of both N-cadherin and Vimentin (Figure 4B).

MiR-155 stimulates EMT through activation of 
SGK3 by targeting P85α

Our prior research revealed that miR-155 could 
promote EMT in HCC cells [7]. We hypothesized 
that miR-155 may exert its effect of EMT through a 
relationship with SGK3. MiR-155 was transiently down-
regulated following transfection of miR-155 inhibitor or 
NC in both SMMC-7721 and Huh-7 cells. At 48 h post 
transfection, we detected the expression of SGK3, p-Akt 
and total Akt by Western blot analysis. Down-regulation of 
miR-155 decreased the expression of SGK3 (Figure 5A), 
but had no apparent effect on the level of p-Akt.

Figure 1: The theoretical roles and regulation of SGK3, miR-155, and Akt1 in EMT.
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Figure 2: SGK3 promotes cell migration and invasive potential. A. Depletion of SGK3 in SMMC-7721 and Huh-7 cells. Cells 
were transfected with siRNAs against AGK3 and controls, and then subjected to Western blotting with an anti-SGK3 antibody. β-actin was 
used as loading control. B. Overexpression of SGK3 in SMMC-7721 and Huh-7 cells. Cells were transfected with empty vector or a vector 
expressing SGK3, and then subjected to Western blot analysis with an anti-SGK3 antibody. β-actin was used as loading control. C. Control 
and SGK3-depleted SMMC-7721 and Huh-7 cells were subjected to a transwell Matrigel invasion assays D. Empty vector and SGK3-
overexpressing SMMC-7721 and Huh-7 cells were subjected to a transwell Matrigel invasion assays E. Control and SGK3-depleted 
SMMC-7721 and Huh-7 cells were subjected to a transwell migration assays F. Empty vector and SGK3-overexpressing SMMC-7721 and 
Huh-7 cells were subjected to transwell migration assays. All experiments were performed in triplicate, and the results are shown as the 
mean ± standard deviation.
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Figure 3: Overexpression of SGK3 promotes wound-healing capacity of HCC cells. A. A wound-healing assay was 
performed to determine the migratory capacity of SMMC-7721 cells transfected with empty vector or SGK3-overexpressing lentiviral 
vector. B. A wound-healing assay was performed to determine the migratory capacity of Huh-7 cells transfected with empty vector or 
SGK3-overexpressing lentiviral vector. All experiments were performed in triplicate, and the results are shown as the mean ± standard 
deviation.

Figure 4: SGK3 regulates the expression of epithelial and mesenchymal markers. A. Depletion of SGK3 resulted in a 
gain of E-cadherin expression and a loss of N-cadherin and Vimentin expression in SMMC-7721 and Huh-7 cells. B. Overexpression of 
SGK3 resulted in a loss of E-cadherin expression and a gain of N-cadherin and Vimentin expression in SMMC-7721 and Huh-7 cells. 
The expression of E-cadherin, N-cadherin and Vimentin was detected by Western blot analysis. β-actin was used as loading control. All 
experiments were performed in triplicate.
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Next, we used miR-155 mimics or NC to up-
regulate miR-155 in both SMMC-7721 and Huh-7 
cells. The expression level of SGK3 was increased 
in the miR-155 mimics group compared with the NC 
group in both SMMC-7721 and Huh-7 cells. However, 
there was no apparent effect on the level of p-Akt 
(Figure 5B).

To verify whether silencing SGK3 largely reduces 
the miR-155 induced EMT, a rescue experiment was 
performed. We transfected SMMC-7721 cells with mimics 
to miR-155 plus SGK3 siRNA or with the same mimics 
plus NC, cells co-transfected SGK3 siRNA and miR-155 
mimics rescued the inhibition of EMT by SGK3 siRNA 
(Figure 5C).

Figure 5: miR-155 stimulates EMT through by targeting P85α to activate SGK3. The expression of SGK3, p-AKT, AKT in 
SMMC-7721 and Huh-7 cells A. treated with miR-155 inhibitors or B. overexpressing miR-155 was measured by Western blot analysis. 
β-actin was used as a loading control. All experiments were performed in triplicate. C. The suppression of SGK3 in SMMC-7721 cells 
transiently overexpressing miR-155 resulted in a rescue of EMT inhibition detected by western blot. D. Western blot shows decreased 
expression of endogenous P85α due to miR-155 overexpression in SMMC-7721 and Huh-7 cells. E. The suppression of P85α in SMMC-
7721 cells with transiently repressed miR-155 resulted in a rescue of SGK3 suppression detected by western blot.
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Recent studies show that P85α, a negative regulator 
of the phosphatidylinositol 3-kinase (PI3K)–AKT pathway, 
is a direct target of miR-155 [10]. As expected, P85α protein 
expression was significantly down-regulated in miR-155 
overexpressing SMMC-7721 and Huh-7 cells compared to 
miR-NC (Figure 5D). We performed a rescue experiment to 
verify whether miR-155 promotes the expression of SGK3 by 
targeting and repressing P85α. Co-transfection with miR-155 
inhibitors and P85α siRNA rescued the suppression of SGK3 
by miR-155 inhibitors (Figure 5E).

SGK3 stimulates β-catenin signaling in HCC 
cells

Loss of E-cadherin often leads to the up-
regulation of β-catenin signaling pathways [27, 28] 

and increased transcriptional activity of β-catenin is 
associated with EMT [22, 29, 30]. In the WNT signaling 
pathway, GSK-3β forms a destruction complex with 
Axin and adenomatous polyposis coli (APC) for 
the phosphorylation and subsequent degradation of 
β-catenin. There is evidence to suggest that SGK3 
promotes the phosphorylation of GSK-3β on Ser9 [15]. 
However, a direct relationship between SGK3 and 
β-catenin has not been demonstrated. Therefore, we 
sought to elucidate a potential role for SGK3 in β-catenin 
signaling. Reduction of SGK3 expression using siRNA 
in SMMC-7721 and Huh-7 cells markedly reduced the 
level of active β-catenin (dephosphorylated on Ser37 and 
Ser41) (Figure 6A). This effect of SGK3 depletion on 
β-catenin was blocked in the presence of the proteasome 
inhibitor MG132, suggesting that the degradation of 

Figure 6: SGK3 regulates β-catenin signaling in HCC cells. A. The expression of SGK3, active β-catenin and total β-catenin were 
detected by Western blot analysis in SMMC-7721 and Huh-7 cells with SGK3 knocked down. β-actin was used as a loading control. B. Use 
of the proteasome inhibitor MG132 (10 μM; 8 hours) prevented the degradation of β-catenin induced by SGK3 depletion. All experiments 
were performed in triplicate. C. Schematic illustration of SGK3 promotion of EMT. miR-155 stimulates the expression of SGK3 to promote 
β-catenin signaling in HCC cells.
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β-catenin is mediated by the proteasome (Figure 6B). 
Taken together, these data indicate a novel role of SGK3 
in the β-catenin pathway in HCC cells (Figure 6C).

DISCUSSION

The SGK family exhibits structural similarity to 
Akt, arousing interest in their functions because Akt 
plays important roles in cell survival, proliferation, 
and metabolism. We sought to understand the role 
of SGK3 in regulation of EMT. Down-regulation of 
SGK3 decreased the migration and invasive potential 
of SMMC-7721 and Huh-7 cells and resulted in 
up-regulation of the epithelial marker E-cadherin 
and down-regulation of the mesenchymal markers 
N-cadherin and Vimentin. Overexpresssion of SGK3 
had the inverse effect, increasing the wound-healing 
capacity of HCC cells.

MicroRNA-155 (miR-155) acts as an oncogene 
and is overexpressed in several types of human 
cancers, including hepatocellular carcinoma [6]. It 
should be noted that miR-155 has many cancer-related 
targets, such as P85α and DMTF1 [10, 31]. We now 
propose that miR-155 regulates SGK3 by targeting 
and repressing P85α, which in turn stimulates EMT 
in HCC cells. This is supported by the fact that miR-
155 inhibitors decreased the expression of SGK3 but 
had no effect on the levels of Akt. miR-155 mimics 
increased SGK3 levels and, to a lesser extent, Akt 
levels. The rescue experiment proves that the effect of 
miR-155 on EMT could be blocked by SGK3 siRNA 
in SMMC-7721 cells. In SMMC-7721 and Huh-7 cells, 
up-regulation of miR-155 decreased the expression of 
P85α. In our rescue experiment, P85α siRNA rescued 
the suppression of SGK3 by miR-155 inhibitors. It 
should be noticed that miR-155 could directly act on 
SGK3 to modulate the progression of neuropathic pain 
[32]. We hypothesize that miR-155 may have different 
effects in different types of cells.

During tumorigenesis, EMT is associated with 
aberrant activation of the canonical Wnt pathway, 
which inactivates GSK-3β and stabilizes β-catenin 
and snail, respectively [33, 34]. SGK3 enhances the 
phosphorylation of GSK-3β on Thr9 (inactivated) to 
inhibit GSK-3β- mediated degradation of β-catenin 
[35]. We therefore hypothesized that SGK3 also has an 
effect on the regulation of β-catenin. Our results show 
that down-regulating SGK3 decreases the level of active 
β-catenin (dephosphorylated on Ser37 and Ser41). Use 
of the proteasome inhibitor MG132 blocked SGK3’s 
effect on β-catenin. Taken together, this suggests 
that SGK3 can stabilize β-catenin by inhibiting its 
proteosomal degradation.

In conclusion, our data suggests that miR-155 
promotes EMT in HCC cells through the PI3K/SGK3 
signaling pathway. Furthermore, SGK3 promotes 

the dephosphorylation of β-catenin to prevent its 
degradation in HCC cells. Future in vivo experiments 
will be performed to study the role of SGK3 in 
hepatocellular cancer stem cells to characterize the 
pathogenesis of HCC.

MATERIALS AND METHODS

Cell lines and culture

Human HCC cell lines Huh-7 and SMMC-7721 were 
purchased from the cell bank of the Chinese Academy of 
Sciences, Shanghai, China, in October 2014. All cell lines 
have been authenticated using DNA-Fingerprinting in the 
cell bank and confirmed to be mycoplasma-negative using 
Hoechst staining. We did not find other microorganisms 
in these new cell lines. Cells used for experiments were 
passaged for fewer than five generations. All cell lines were 
maintained in Dulbecco’s modified Eagle medium (DMEM; 
Gibco) supplemented with 10% fetal bovine serum (FBS; 
Gibco), 100 units/ml penicillin, and 100 ug/ml streptomycin 
in a 37°C incubator with 5% CO2.

Cell transfection

MiR-155 mimics, inhibitors, SGK3 siRNA, 
and negative controls (NC) were designed and 
synthesized by GenePharma (Shanghai, China). 
Sequences used for SGK3 siRNA, p85α siRNA, and 
NC were 5’-GCAUUGGGUUACAUUTT-3’,5’-AACAG 
CAACUGGCUAUGGCdTdT-3’and 5’-UGACCUCAA 
CUACAUGGUUTT-3’, respectively. Sequences used 
for the miR-155 mimics and the corresponding control 
were 5’-UUAAUGCUAAUCGUGAUAGGGGU-3’ and 
5’-UUCUCCGAACGUGUCACGUTT-3’, respectively. 
Sequences used for the miR-155 inhibitors and 
the corresponding control were 5’-ACCCCUA 
UCACGAUUAGCAUUAA-3’ and 5’-UUCUCCGAAC 
GUGUCACGUTT-3’, respectively. The cells were 
transfected using siRNA-MateTM (GenePharma) according 
to the manufacturer’s protocol. Briefly, the cells were seeded 
at 2-3×105 cells per well in 6 well cell culture plates and 
grown to 30%-50% confluence. Transfection complexes 
were prepared according to the manufacturer’s instructions 
and were added directly to the cells. The SGK3 inhibitor, 
miR-155 mimics, and negative controls were used at a final 
concentration of 50 nM, and the miR-155 inhibitors, siRNA, 
and negative controls were used at a final concentration of 
100 nM. Western blotting was used to determine the level 
of protein expression after incubation with siRNA for 48 h.

Establishment of the SGK3 stable expression cell 
line

To establish stable transduction, we purchased 
a high-expressing lentiviral vector from GenePharma 
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containing the SGK3 or control primary transcripts 
(Shanghai, China). Transfection was performed using 
Polybrene (GenePharma) according to the manufacturer’s 
instructions. Briefly, the cells were seeded at 1x105 cells 
per well in a 24 well cell culture plate and grown to 20%-
40% confluence. Next, the cells were transfected at a 
multiplicity of infection of 40 in the presence of 8 μg/ml 
Polybrene. After 72-96 h, protein expression was verified 
by fluorescence microscopy.

Transwell migration assay and Matrigel invasion 
assay

For the Transwell migration assay, 1×104 cells 
were seeded per well; 5×104 cells/well were seeded for 
the invasion assay. Cells were resuspended in 200 μl of 
serum-free DMEM and seeded in the upper chamber 
of a 24-well Transwell® plate with an 8.0-μm pore 
polycarbonate membrane insert (Corning). A total of 700 
μl of culture medium containing 10% fetal bovine serum 
was added to the lower chamber to create a gradient. 
The inserts was maintained at 37°C in 5% CO2 for 24 h. 
Next, the non-invading cells in the upper chamber were 
gently removed with a cotton swab. The cells migrating 
through the polycarbonate membrane were fixed with 4% 
paraformaldehyde for 20 minutes and stained with 0.1% 
crystal violet for 20 minutes. The cells were counted 
under a microscope in five randomized fields. For the cell 
invasion assay, the steps were the same as the migration 
assay, except that the polycarbonate membrane was coated 
with Matrigel (BD Biosciences), and the inserts were 
maintained at 37°C in 5% CO2 for 48 h.

Wound healing assays

After the cells were grown to approximately 100% 
confluence in a 6 well cell culture plate, wound healing 
assays were performed with a 200-μl sterile pipette tip 
to make a scratch through the confluent monolayer. The 
old culture medium was then replaced with serum-free 
medium. The cells were maintained at 37°C in 5% CO2. 
Five marked fields were observed at 0 and 24 h to assess 
the rate of gap closure.

Protein extraction and Western blotting

Total protein was extracted from the cells using 
RIPA lysis buffer (CWBIO), and the protein concentration 
was determined using a BCA Kit (Pierce). The proteins 
were separated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis and transferred to polyvinylidene 
difluoride membranes (Millipore). The membranes were 
incubated overnight at 4°C with primary antibodies 
after blocking with 5% skim milk. The membranes were 
subsequently washed using Tris-buffered saline with 
0.1% Tween and incubated with horseradish peroxidase-

linked secondary antibody for 1 h. The blots were 
visualized using enhanced chemiluminescence reagent 
(Engreen). The following antibodies were used: Rabbit 
anti-E-cadherin (ab40772; abcam), Rabbit anti-β-actin 
(YT0099, Immunoway), Rabbit anti-vimentin (ab92547, 
abcam), Rabbit anti-N-cadherin (ab76011;abcam), Rabbit 
anti-Akt1 (ab32505), Rabbit anti-Akt1 (phosphoS473) 
(ab81283), Rabbit anti-SGK3 (#5642;CST), Rabbit anti-
β-catenin(#8480, CST), Rabbit anti-non-phospho (Active) 
β-Catenin (Ser33/37/Thr41) (#8814, CST), Rabbit anti-
AKT1 (S473)(ab81283), Mouse anti- p85α(#13666;CST).

Statistical analysis

SPSS 22 software was used for statistical analysis. 
All data were acquired from at least three independent 
experiments and are presented as the mean ± SD. Student’s 
t-test was used for comparisons between two independent 
groups. P<0.05 was considered to be statistically significant.

ACKNOWLEDGMENTS

This work was supported by the National Natural 
Science Foundation of China (81572888); Science and 
technology research project by Chongqing Municipal 
Education Commission (KJ1400214); Science and 
technology planning project by Yuzhong District of 
Chongqing (20140102).

CONFLICTS OF INTEREST

No conflict of interest exists in the submission of 
this manuscript and the manuscript is approved by all 
authors for publication.

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E and Forman 
D. Global cancer statistics. CA: a cancer journal for 
clinicians. 2011; 61:69-90.

2. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell. 2004; 116:281-297.

3. Chen CZ. MicroRNAs as oncogenes and tumor 
suppressors. The New England journal of medicine. 2005; 
353:1768-1771.

4. Callegari E, Gramantieri L, Domenicali M, D’Abundo 
L, Sabbioni S and Negrini M. MicroRNAs in liver 
cancer: a model for investigating pathogenesis and novel 
therapeutic approaches. Cell death and differentiation. 
2015; 22:46-57.

5. Ceppi P and Peter ME. MicroRNAs regulate both epithelial-
to-mesenchymal transition and cancer stem cells. Oncogene. 
2014; 33:269-278.

6. Ji J, Yamashita T, Budhu A, Forgues M, Jia HL, Li C, Deng 
C, Wauthier E, Reid LM, Ye QH, Qin LX, Yang W, Wang 



Oncotarget66059www.impactjournals.com/oncotarget

HY, Tang ZY, Croce CM and Wang XW. Identification of 
microRNA-181 by genome-wide screening as a critical 
player in EpCAM-positive hepatic cancer stem cells. 
Hepatology. 2009; 50:472-480.

7. Liu F, Kong X, Lv L and Gao J. TGF-beta1 acts through 
miR-155 to down-regulate TP53INP1 in promoting 
epithelial-mesenchymal transition and cancer stem cell 
phenotypes. Cancer letters. 2015; 359:288-298.

8. Liu F, Kong X, Lv L and Gao J. MiR-155 targets TP53INP1 
to regulate liver cancer stem cell acquisition and self-
renewal. FEBS letters. 2015; 589:500-506.

9. Vivanco I and Sawyers CL. The phosphatidylinositol 
3-Kinase AKT pathway in human cancer. Nature reviews 
Cancer. 2002; 2:489-501.

10. Huang X, Shen Y, Liu M, Bi C, Jiang C, Iqbal J, McKeithan 
TW, Chan WC, Ding SJ and Fu K. Quantitative proteomics 
reveals that miR-155 regulates the PI3K-AKT pathway in 
diffuse large B-cell lymphoma. The American journal of 
pathology. 2012; 181:26-33.

11. Zhang XL, Jia Q, Lv L, Deng T and Gao J. Tumorspheres 
Derived from HCC Cells are Enriched with Cancer 
Stem Cell-like Cells and Present High Chemoresistance 
Dependent on the Akt Pathway. Anti-cancer agents in 
medicinal chemistry. 2015; 15:755-763.

12. Stemke-Hale K, Gonzalez-Angulo AM, Lluch A, Neve 
RM, Kuo WL, Davies M, Carey M, Hu Z, Guan Y, Sahin A, 
Symmans WF, Pusztai L, Nolden LK, et al. An integrative 
genomic and proteomic analysis of PIK3CA, PTEN, and 
AKT mutations in breast cancer. Cancer research. 2008; 
68:6084-6091.

13. Vasudevan KM, Barbie DA, Davies MA, Rabinovsky R, 
McNear CJ, Kim JJ, Hennessy BT, Tseng H, Pochanard 
P, Kim SY, Dunn IF, Schinzel AC, Sandy P, et al. AKT-
independent signaling downstream of oncogenic PIK3CA 
mutations in human cancer. Cancer cell. 2009; 16:21-32.

14. Gasser JA, Inuzuka H, Lau AW, Wei W, Beroukhim R and 
Toker A. SGK3 mediates INPP4B-dependent PI3K signaling 
in breast cancer. Molecular cell. 2014; 56:595-607.

15. Liu M, Chen L, Chan TH, Wang J, Li Y, Li Y, Zeng 
TT, Yuan YF and Guan XY. Serum and glucocorticoid 
kinase 3 at 8q13.1 promotes cell proliferation and 
survival in hepatocellular carcinoma. Hepatology. 2012; 
55:1754-1765.

16. Kobayashi T and Cohen P. Activation of serum- and 
glucocorticoid-regulated protein kinase by agonists 
that activate phosphatidylinositide 3-kinase is mediated 
by 3-phosphoinositide-dependent protein kinase-1 
(PDK1) and PDK2. The Biochemical journal. 1999; 
339:319-328.

17. Tessier M and Woodgett JR. Serum and glucocorticoid-
regulated protein kinases: variations on a theme. Journal of 
cellular biochemistry. 2006; 98:1391-1407.

18. Firestone GL, Giampaolo JR and O’Keeffe BA. Stimulus-
dependent regulation of serum and glucocorticoid 

inducible protein kinase (SGK) transcription, subcellular 
localization and enzymatic activity. Cellular physiology and 
biochemistry. 2003; 13:1-12.

19. Bruhn MA, Pearson RB, Hannan RD and Sheppard KE. 
Second AKT: the rise of SGK in cancer signalling. Growth 
factors. 2010; 28:394-408.

20. Loffing J, Flores SY and Staub O. Sgk kinases and their role 
in epithelial transport. Annual review of physiology. 2006; 
68:461-490.

21. Liu D, Yang X and Songyang Z. Identification of CISK, a 
new member of the SGK kinase family that promotes IL-3-
dependent survival. Current biology. 2000; 10:1233-1236.

22. Kalluri R and Weinberg RA. The basics of epithelial-
mesenchymal transition. The Journal of clinical 
investigation. 2009; 119:1420-1428.

23. Kalluri R. EMT: when epithelial cells decide to 
become mesenchymal-like cells. The Journal of clinical 
investigation. 2009; 119:1417-1419.

24. Yilmaz M and Christofori G. EMT, the cytoskeleton, and 
cancer cell invasion. Cancer metastasis reviews. 2009; 
28:15-33.

25. Turley EA, Veiseh M, Radisky DC and Bissell MJ. 
Mechanisms of disease: epithelial-mesenchymal transition-
-does cellular plasticity fuel neoplastic progression? Nature 
clinical practice Oncology. 2008; 5:280-290.

26. Sarrio D, Rodriguez-Pinilla SM, Hardisson D, Cano A, 
Moreno-Bueno G and Palacios J. Epithelial-mesenchymal 
transition in breast cancer relates to the basal-like 
phenotype. Cancer research. 2008; 68:989-997.

27. Orsulic S, Huber O, Aberle H, Arnold S and Kemler R. 
E-cadherin binding prevents beta-catenin nuclear localization 
and beta-catenin/LEF-1-mediated transactivation. Journal of 
cell science. 1999; 112:1237-1245.

28. Li J and Zhou BP. Activation of beta-catenin and Akt 
pathways by Twist are critical for the maintenance of EMT 
associated cancer stem cell-like characters. BMC cancer. 
2011; 11:49.

29. Kim K, Lu Z and Hay ED. Direct evidence for a role of 
beta-catenin/LEF-1 signaling pathway in induction of EMT. 
Cell biology international. 2002; 26:463-476.

30. Schramp M, Thapa N, Heck J and Anderson R. 
PIPKIgamma regulates beta-catenin transcriptional activity 
downstream of growth factor receptor signaling. Cancer 
research. 2011; 71:1282-1291.

31. Peng Y, Dong W, Lin TX, Zhong GZ, Liao B, Wang B, 
Gu P, Huang L, Xie Y, Lu FD, Chen X, Xie WB, He W, 
Wu SX and Huang J. MicroRNA-155 promotes bladder 
cancer growth by repressing the tumor suppressor 
DMTF1. Oncotarget. 2015; 6:16043-16058. doi: 10.18632/
oncotarget.3755.

32. Liu S, Zhu B, Sun Y and Xie X. miR-155 modulates the 
progression of neuropathic pain through targeting SGK3. 
International journal of clinical and experimental pathology. 
2015; 8:14374-14382.



Oncotarget66060www.impactjournals.com/oncotarget

33. Fukumoto S, Hsieh CM, Maemura K, Layne MD, Yet SF, 
Lee KH, Matsui T, Rosenzweig A, Taylor WG, Rubin JS, 
Perrella MA and Lee ME. Akt participation in the Wnt 
signaling pathway through Dishevelled. The Journal of 
biological chemistry. 2001; 276:17479-17483.

34. Zhou BP, Deng J, Xia W, Xu J, Li YM, Gunduz 
M and Hung MC. Dual regulation of Snail by 

GSK-3beta-mediated phosphorylation in control of 
epithelial-mesenchymal transition. Nature cell biology. 
2004; 6:931-940.

35. Voulgari A and Pintzas A. Epithelial-mesenchymal 
transition in cancer metastasis: mechanisms, markers 
and strategies to overcome drug resistance in the clinic. 
Biochimica et biophysica acta. 2009; 1796:75-90.


