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INTRODUCTION

Hepatocellular carcinoma (HCC) is the third-leading cause of 

cancer-related death worldwide.1,2 Although curative treatment 

options such as surgical resection and liver transplantation are 

feasible for patients with early-stage HCC, the overall survival re-

mains rather low because of frequent tumor recurrence and me-

tastasis after curative treatments.3 Therefore, it is important to 

elucidate the mechanisms underlying HCC invasion and metasta-

sis to establish new therapeutic targets to improve the prognosis 

of HCC.

The importance of epithelial-to-mesenchymal transition (EMT) 

in tumor metastasis has been recognized in many cancers, includ-

ing HCC.4 EMT is a key initiating step in cancer invasion and me-

tastasis,5-7 during which epithelial cells lose intercellular adhesion 

ability and acquire mesenchymal characteristics, resulting in an 

increase in their migratory and invasive properties.8 Among the 

mechanisms controlling the EMT process, transcriptional regula-

tion by Snail plays an important role.9 Snail, a zinc-finger tran-

scription factor, shuttles between the cytoplasm and nucleus, 

where it binds to an E-box site in the promoter of the E-cadherin-

encoding gene10 and inhibits E-cadherin transcription, thereby 

triggering EMT.11-13 Another factor involved in EMT regulation is 

glycogen synthase kinase-3 (GSK-3). Although the role of GSK-3 in 

cancer progression is ambiguous, it has been shown that this ki-

nase could act as a tumor suppressor through phosphorylation of 

β-catenin and inhibition of the Wnt/β-catenin pathway, which re-

sults in preventing EMT, cancer development, and metastasis.14 

Furthermore, GSK-3 is known to participate in the ubiquitination 

and degradation of β-catenin and Snail.15

The phosphorylation-dependent activation of GSK-3 is con-

trolled through the phosphatidylinositol 3-kinase (PI3K)/Akt path-

way, which is established to play a critical role in EMT, in particu-

lar by directly upregulating the expression of Snail.16 When the 

PI3K/Akt pathway is activated through stimulation of receptor ty-

rosine kinases, the p85-p110 complex is recruited to the mem-

brane, where it generates second messengers, which trigger a 

signaling cascade resulting in the activation of AKT, which phos-
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phorylates GSK-3.17 The PI3K p110-encoding gene (PIK3CA) is ab-

errantly expressed in many cancers, such as breast, digestive 

tract, ovarian, and thyroid cancers and lymphomas, which have 

high metastatic capacity.18 Therefore, PI3K inhibitors have been 

extensively investigated for their anticancer activity in multiple 

clinical trials. Among such inhibitors, idelalisib (also known as 

CAL-101), which specifically downregulates p110δ expression that 

is increased in metastatic tumors,19,20 has been approved by the 

US Food and Drug Administration for the treatment of chronic 

lymphocytic leukemia and various lymphomas. However, there 

have been no studies about the therapeutic effect of idelalisib on 

HCC. LY294002, another PI3K inhibitor, acts by suppressing PI3K 

enzymatic activity, blocking cell proliferation and promoting 

apoptosis in HCC cells.21 Because of their activity in cancer cells, 

idelalisib and LY294002 have attracted attention as potential 

agents for the treatment of metastatic tumors.22,23

In this study, we examined whether PI3K inhibitors suppress 

EMT in HCC cells through deactivation of Snail.

MATERIALS AND METHODS

Cell culture and drug treatment

Huh-BAT and HepG2 human HCC cells were obtained from the 

Korean Cell Line Bank (Seoul, Korea). HCC cells were cultured in 

Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific, 

Inc., Waltham, MA, USA) supplemented with 10% fetal bovine 

serum (FBS) (Thermo Fisher Scientific, Inc.), 100 U/mL penicillin 

and 100 mg/mL streptomycin. They were cultured in fresh medium 

for 24 hours at 37°C in a humidified atmosphere containing 5% 

CO2 and then treated with different concentrations of LY294002 

(Calbiochem, La Jolla, CA, USA) or idelalisib (LC Laboratories, 

Woburn, MA, USA). Control cells were cultured in medium with 

10% FBS without any additional treatments.

Cell proliferation assay

Huh-BAT and HepG2 cells were plated in 96-well plates (5×103 

cells/well), and 24 hours later, they were incubated with 

LY294002 or idelalisib for 2, 6, 24, or 48 hours. Cell viability was 

assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide assay following the manufacturer’s protocols. The cells 

were incubated with 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (Amresco Inc., Solon, OH, USA) at 

37°C for 3 hours. Dimethyl sulfoxide (Sigma-Aldrich, St. Louis, 

MO, USA) was added to each well. The absorbance was detected 

at 540 nm using a plate reader. Each experiment was repeated 

three times.

Cell cycle analysis

Huh-BAT and HepG2 cells were collected by trypsinization and 

then fixed in precooled 70% ethanol at 4°C for 20 minutes. After 

washing with phosphate-buffered saline (PBS), they were incu-

bated with 100 μg/mL RNase A (Amresco Inc.) at 37°C for 50 

minutes. Each sample was stained with 1 mg/mL propidium io-

dide (Sigma-Aldrich). Cell cycle distributions were detected using 

a FACS Calibur flow cytometer and BD CellQuestTM Pro software 

version 5.2.1 (BD Biosciences, San Jose, CA, USA).

Invasion assay

The invasion assay was performed using 24-well Transwell 

plates (Millipore, Billerica, MA, USA). Briefly, Huh-BAT and HepG2 

cells were seeded in the upper chamber in serum-free medium in 

the presence or absence of 20 μM LY294002 or idelalisib for 24 

hours at 37°C, after which 500 μL media containing 10% FBS 

was added to the lower chamber. Then, cells invading through the 

membrane were stained with crystal violet (Sigma-Aldrich) for 10 

minutes. Three random fields of the air-dried membrane were 

photographed under the microscope.

Immunofluorescence assay

Cells were grown on coverslips in 12-well culture plates and 

then exposed to 20 μM LY294002 or idelalisib for 24 hours. Fol-

lowing fixation with 4% paraformaldehyde for 20 minutes at 

room temperature, the cells were permeabilized with 0.5% Triton 

X-100 for 15 minutes. After blocking with 10% normal goat se-

rum (Vector Laboratories, Ltd., Peterborough, UK) for 1 hour at 

room temperature (23.8±6.3°C), cells were incubated with E-cad-

herin (1:50; cat. no. 3195; Cell Signaling Technology, Inc., Dan-

vers, MA, USA) and GSK-3β (1:50; cat. no. 610202; BD Bioscienc-

es) at 4°C overnight. Alexa Fluor 488-conjugated antibody (1:50; 

cat. no. ab150113; Abcam, Cambridge, UK) was applied for 1 

hour at room temperature. The cell nuclei were stained with 

4’,6-diamidino-2-phenylindole, and the images were viewed un-

der a confocal microscope.
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Quantitative real-time polymerase chain reaction 
(RT-PCR)

Total RNA of HCC cells was extracted after treatment for 24 

hours using the RNA extraction reagent TRIzol (Life Technologies, 

Carlsbad, CA, USA). PCR primers were synthesized by Bioneer 

(Daejeon, Korea). The following primers were used: SNAI1 (Snail) 

forward 5’-GCGAGCTGCAGGACTCTAAT-3’ and reverse 5’-GGA-

CAGAGTCCCAGATGAGCC-3’; CTNNB1  (β-catenin) forward 

5’-GCTTGGTTCACCAGTGGATT-3’ and reverse 5’-GTTGAG-

CAAGGCAACCATTT–3’; and GAPDH forward 5’-CAGCCTCAA-

GATCATCAGCA-3’ and reverse 5’-TGGAAGGACTCATGACCA-

CA-3’. Reverse transcription reagents (Enzynomics, Daejeon, 

Korea) were used for cDNA reverse transcription. PCR amplifica-

tion was conducted using a 7500 Real Time PCR system (Thermo 

Fisher Scientific, Inc.) using SYBR green-containing AccuPower 2X 

GreenStarq PCR Master Mix (Bioneer) with synthesized cDNA ac-

cording to the manufacturer’s protocol. The following thermocy-

cling conditions were used: 95°C for 10 minutes, followed by 40 

PCR amplification cycles at 95, 60, and 95°C for 60 seconds at 

each temperature, and extension at 60°C for another 1 minute. 

Relative expression of the target genes was calculated after nor-

malizing to GAPDH expression using the 2-ΔΔCTq method.24 All 

reactions were performed in triplicate.

Nuclear protein extraction and immunoblotting

Cells were lysed in hypotonic buffer (10 mM HEPES, pH 7.9, 10 

mM KCl, 100 μM EDTA, 1 mM DTT) containing a cocktail of pro-

tease inhibitors (Sigma-Aldrich) on ice for 5 minutes. Lysates were 

homogenized gently and centrifuged at 12,000 RPM for 30 sec-

onds at 4°C; supernatants containing the cytosolic fraction were 

collected, whereas nuclear pellets were washed with ice-cold PBS 

and extracted with hypotonic buffer containing 400 mM NaCl 

and protease inhibitors. After centrifugation at 12,000 RPM, su-

pernatants were collected and used as nuclear extracts. Protein 

concentration in whole cell lysates and nuclear extracts was de-

termined using the bicinchoninic acid assay (Thermo Fisher Scien-

tific, Inc.). The protein samples (25 μg) were separated by 10% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Pro-

teins were electrotransferred onto polyvinylidene fluoride mem-

branes (Millipore) that were subsequently booked in 5% skim milk 

in tris-buffered saline with tween 20 buffer for 1 hour and then 

incubated overnight at 4°C with primary antibodies against the 

following proteins: β-actin (1:2,000 dilution, cat. no. sc-47778; 

Santa Cruz Biotechnology, Inc., Dallas, TX, USA), HDAC1 (1:1,000 

dilution, cat. no. sc-81598; Santa Cruz Biotechnology, Inc.), 

α-tubulin (1:2,000 dilution, cat. no. sc-8035; Santa Cruz Biotech-

nology, Inc.), E-cadherin (1:1,000 dilution), N-cadherin (1:1,000 

dilution, cat. no. 13116; Cell Signaling Technology, Inc.), β-catenin 

(1:2,000 dilution, cat. no. 610154, BD Biosciences), GSK-3β 

(1:2,000 dilution), Snail (1:1,000 dilution, cat. no. 3879; Cell Sig-

naling Technology, Inc.), Akt (1:4,000 dilution, cat. no. 4691; Cell 

Signaling Technology, Inc.), and phospho-Akt (1:2,000 dilution, 

cat. no. 4060; Cell Signaling Technology, Inc.). Then, either goat 

anti-rabbit horseradish peroxidase (HRP)-conjugated secondary 

antibody (1:2,000 dilution, cat. no. sc-2357; Santa Cruz Biotech-

nology, Inc.) or goat anti-mouse HRP-conjugated secondary anti-

body (1:4,000 dilution, cat. no. 31430; Thermo Fisher Scientific, 

Inc.) was applied to the membranes. The blots were developed 

using enhanced chemiluminescence detection reagents (Promega 

Corporation, Madison WI, USA). The densitometry of the protein 

bands was performed using Image J software version 1.51 (Na-

tional Institutes of Health, Bethesda, MD, USA). All western blot-

ting experiments were performed in triplicate.

Statistical analysis

All analyses were performed using three independent experi-

ments. Statistical analyses were performed using IBM SPSS for 

Windows version 22.0 (IBM Corp., Armonk, NY, USA), and Stu-

dent’s t-tests were carried out for statistical comparisons. P-values 

<0.05 were considered statistically significant.

RESULTS

Inhibition of PI3K reduced HCC proliferation and 
induced cell cycle arrest

Microscopic analysis of LY294002- and idelalisib-treated cells 

revealed that the inhibitors markedly altered cell morphology and 

reduced the number and size of cell colonies (Fig. 1A). These ob-

servations were confirmed by the results of the cell viability assay 

conducted at different drug concentrations, which indicated that 

treatment with LY294002 or idelalisib decreased the viability of 

Huh-BAT and HepG2 cells in a concentration-dependent manner 

(Fig. 1B). Furthermore, cell cycle analysis revealed a significant in-

crease in cells arrested at the G0/G1 phase after treatment with 

LY294002 or idelalisib (Fig. 1C, D; *P<0.05 and †P<0.01, respec-
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Figure 1. LY294002 and idelalisib reduce cellular proliferation and induce cell cycle arrest at the G0/G1 phase. (A) Huh-BAT and HepG2 cells were treat-
ed with 20 μM LY294002 or idelalisib for 48 hours. Cell morphology was observed by phase-contrast microscopy. Scale bar, 100 μm. (B) Huh-BAT and 
HepG2 cells were treated with different concentrations of LY294002 or idelalisib (5, 10, and 20 μM) for 2, 6, 24, and 48 hours. Cell viability was measured 
using the MTT assay. Flow cytometry analysis were monitored to measure cell cycle distributions (C, D). Cells were treated with 20 μM LY294002 or 
idelalisib for 48 hours. The percentage of cell cycle progression was evaluated from three independent experiments. (E) The protein expression of cy-
clin D, cyclin E and CDK6, total Akt, and phosphor-Akt was detected by immunoblotting, and quantifications are shown. Data are presented as the 
mean±standard deviation. *P<0.05 and †P<0.01 compared with untreated control cells.
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tively). To address the mechanisms underlying cell cycle arrest in-

duced by PI3K inhibitors, we examined the expression of cyclin D, 

cyclin E, and CDK6 and found that they were decreased in 

LY294002- and idelalisib-treated cells compared to untreated 

control cells. Akt signaling was blocked only in the HepG2 cell line 

(Fig. 1E). Collectively, these findings suggest that LY294002 and 

idelalisib induced Huh-BAT and HepG2 cell death through G0/G1 

phase arrest.

Figure 2. LY294002 and idelalisib suppress the epithelial-mesenchymal transition. (A, B) Huh-BAT and HepG2 cells were treated with 20 μM LY294002 
or idelalisib, for 48 hours, and invasion capability was measured with an invasion assay. The resulting colonies were stained and quantified. All data are 
expressed as the mean±standard deviation. *P<0.05. (C) Huh-BAT and HepG2 cells were treated with 20 μM LY294002 or idelalisib, for 48 hours. E-cad-
herin expression was measured by confocal fluorescence microscopy (magnification, ×400). (D) Changes in the protein levels of E-cadherin and  
N-cadherin were analyzed by immunoblotting following 48 hours of treatment with 20 μM LY294002 or idelalisib. DAPI, 4',6-diamidino-2-phenylindole.
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PI3K inhibitors suppressed EMT

The invasion ability of HCC cells treated with PI3K inhibitors 

was measured by the Transwell invasion assay. The results dem-

onstrated that exposure to LY294002 or idelalisib decreased cell 

invasion compared to that in the control (Fig. 2A, B). At the same 

time, immunocytochemistry analysis showed upregulation of E-

cadherin expressions (Fig. 2C) in PI3K inhibitor-treated cells. Im-

munoblotting experiments confirmed these results and revealed a 

decrease in the expressions of N-cadherin (Fig. 2D). These find-

ings suggest that LY294002 and idelalisib decreased HCC cell in-

vasion by inhibiting EMT through maintaining cellular epithelial 

characteristics.
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PI3K inhibitors downregulated Snail expression

To investigate whether the PI3K/Akt pathway was involved in 

the regulation of EMT and Snail expression in HCC cells, we ex-

amined the protein and mRNA levels of Snail and β-catenin in 

Huh-BAT and HepG2 cells treated with PI3K inhibitors. The PI3K 

inhibitors decreased the transcription of Snail (Fig. 3A) but in-

creased the transcription of β-catenin (Fig. 3B). Consistent with 

these results, Snail protein expression was significantly decreased 

in LY294002- and idelalisib-treated cells in a time-dependent 

manner (Fig. 3C, D).

GSK-3β is a downstream target of Akt kinase that is responsible 

for Snail protein stability.25 To determine whether the decrease in 

Snail expression was mediated by GSK-3β, we assessed GSK-3β 

protein levels in whole lysates of HCC cells treated with PI3K in-

hibitors for different time points. Immunoblotting analysis re-

vealed a decrease in the phosphorylation of GSK-3β (Fig. 3E, F). 

These results imply that inhibition of the PI3K pathway results in 

the downregulation of Snail expression via dephosphorylation of 

GSK-3β in HCC cells.

PI3K inhibitors prevent EMT by downregulating Snail 
expression via the nuclear translocation of GSK-3β

Immunoblotting analysis of nuclear extracts revealed that the 

nuclear expression of GSK-3β was increased, whereas that of 

Snail and β-catenin was decreased in LY294002- and idelalisib-

treated Huh-BAT and HepG2 cells (Fig. 4A). Immunocytochemistry 

staining also showed that GSK-3β was mostly translocated to the 

nucleus after treatment with LY294002 and idelalisib (Fig. 4B). 

These results indicated that PI3K inhibition prevented EMT by re-

ducing the expression of Snail via the nuclear translocation of 

GSK-3β.

DISCUSSION

EMT is an essential physiological process during cancer metas-

tasis and invasion. Although EMT-related signal transduction 

pathways and transcription factors involved in tumor cell invasion 

and metastasis have been studied as targets in HCC prevention 

and treatment,26 the underlying mechanisms are not fully under-

stood. In this study, we showed that the inhibition of the PI3K 

pathway by LY294002 and idelalisib downregulates Snail and 

β-catenin expression by increasing GSK-3β nuclear translocation, 

ultimately suppressing EMT and HCC cell proliferation.

Aberrant activation of the PI3K/Akt pathway is often observed 

during the EMT process and correlates with the progression of 

different types of human cancer, including HCC.27,28 Therefore, 

PI3K/Akt inhibitors have been examined as a chemotherapeutic 

approach against malignant tumors.29 In this study, we showed 

that the inhibition of the PI3K pathway by LY294002 and idelalisib 

suppressed HCC cell proliferation and invasion, and reversed the 

activation of EMT markers, probably through downregulation of 

LY294002

β-catenin

GSK-3β

Snail

α-tubulin

HDAC1

Idelalisib

β-catenin

GSK-3β

Snail

α-tubulin

HDAC1

Nuclear
-        +

Nuclear
-        +

Cytosolic
-        +
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-        +
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Figure 4. LY294002 and idelalisib regulate cellular translocalization of proteins. (A) Huh-BAT cells were treated with 20 μM LY294002 or idelalisib for 48 
hours. Protein expression levels of β-catenin, GSK-3β and Snail were evaluated by immunoblotting in both nuclear and cytosolic compartments. 
α-tubulin and HDAC1 were used as nuclear and cytosolic loading controls, respectively. (B) Huh-BAT cells were treated with 20 μM LY294002 or idelalis-
ib for 48 hours. Following treatments, localization of GSK-3β was evaluated using immunofluorescence. GSK-3β, glycogen synthase kinase-3β; DAPI, 
4',6-diamidino-2-phenylindole.
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Snail expression at both the mRNA and protein levels. These re-

sults are consistent with those of a previous study showing that a 

PI3K inhibitor reduced Snail expression at the transcriptional and 

translational levels and promoted the acquisition of the epithelial 

phenotype in oral cancer cells.26

To investigate the molecular mechanism underlying PI3K/Akt-

mediated Snail inhibition, we analyzed the expression level of 

GSK-3β, a downstream effector of Akt, in whole cell lysates, as 

well as in the nuclear and cytosolic compartments. GSK-3β plays 

an important role in suppressing tumor development by phos-

phorylating β-catenin and Snail, which promotes their ubiquitina-

tion and subsequent degradation and is regulated through PI3K/

Akt signaling. Our results indicate that the levels of GSK-3β in the 

nuclei were markedly increased by PI3K inhibitors in HCC cells, 

suggesting that nuclear translocation of GSK-3β may be the cause 

of the reduction in Snail expression and inhibition of the EMT pro-

cess.30,31 These findings are consistent with a previous study 

showing that GSK-3β localized to the nucleus decreased Snail 

protein expression, whereas a GSK-3β mutant localized to the cy-

tosol increased Snail nuclear levels and are in line with the notion 

that subcellular localization of GSK-3β is a key element in the 

pathway regulating Snail and β-catenin activity.32

Molecular interactions defining nuclear or cytosolic GSK-3β lo-

calization have not been fully clarified, and further studies are 

needed to investigate the detailed mechanism underlying GSK-3β 

nuclear translocation and its association with Snail, which is sug-

gested by the results of this and other studies. Although de-

creased phosphorylation of GSK-3β can lead to Snail downregula-

tion and promote β-catenin protein degradation, PI3K inhibitors 

decreased the transcription of Snail and increased the transcrip-

tion of β-catenin in this study. This contradictory phenomenon 

could be explained by the fact that many factors might be associ-

ated with the nuclear localization of β-catenin.33 Among them, 

MUC-1 promotes nuclear translocation and blocks GSK-3β-

mediated phosphorylation and degradation of β-catenin.34 Thus, 

disruption of the MUC-1 binding site or nuclear localization signals 

(NLSs) on β-catenin or stimulation of nuclear export pathway pro-

teins, such as APC/AXIN, can prevent nuclear localization of 

β-catenin. These dephosphorylated (active state) GSK-3β can 

translocate into the nucleus via mammalian target of rapamycin 

complex 1 (mTORC1) and NLS and downregulate Snail and 

β-catenin expression. However, degradation of β-catenin can be 

blocked by MUC-1, since it can inhibit phosphorylation of 

β-catenin by GSK-3β. mTORC1 has been reported as a regulator 

of GSK-3β nuclear localization.35,36 Inhibition of the mechanistic 

target of mTORC1 leads to a partial redistribution of GSK-3β from 

the cytosol to the nucleus and a GSK-3β-dependent reduction in 

the expression of c-Myc and Snail. Snail is a substrate of GSK-3β. 

Thus, it can be controlled by mutations in the localization se-

quence of GSK-3β or suppression of mTORC1. A recent report in-

dicates that Axin2, a GSK-3β scaffolding protein, is involved in 

shuttling GSK-3β from the nucleus, which results in the activation 

of the Wnt signaling cascade, whereas Axin2 silencing promotes 

the nuclear localization of GSK-3β.37 It would be interesting to ex-

amine whether manipulation of Axin2 expression would confirm 

the inverse correlation between nuclear GSK-3β levels and Snail 

protein stability.

In conclusion, the current study demonstrates that PI3K inhibi-

tors, including LY294002 and idelalisib, suppress the proliferation 

and invasion of HCC cells in vitro by promoting the nuclear trans-

location of GSK-3β, which results in the downregulation of Snail 

and β-catenin expression. These results suggest that PI3K/Akt 

pathway might be a promising target for HCC treatment.
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