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Purpose: Radioresistance in response to radiotherapy leads to cancer recurrence and poor

survival in hypopharyngeal carcinoma patients. Previous studies indicate that ionizing

radiation (IR) can induce epithelial–mesenchymal transition (EMT) that promotes the radio-

resistance, migration and invasiveness of tumors. The aim of this study was to explore the

role of Snail in EMT and acquired radioresistance in hypopharyngeal carcinoma.

Methods: Radioresistance human hypopharyngeal carcinoma cells (FaduRR) were pre-

viously established from the Fadu cell line. Radiosensitivity was measured by colony

forming assay. Western blot and Quantitative real-time PCR were used to detect the expres-

sion of EMT phenotypes and AKT/GSK-3β/Snail signaling pathway related proteins in Fadu

+4Gy and FaduRR cells. Transwell and wound-healing assays were used to measure cell

migration and invasiveness. EMT-related proteins and Snail expression were assessed in 80

hypopharyngeal carcinoma patient samples from radiosensitive and radioresistance groups

using immunohistochemistry. Snail was silenced to evaluate its effects on EMT, radio-

resistance, migration, and invasiveness of FaduRR cells.

Results: The molecular characteristics of EMT were observed following radiation treatment,

with migration, invasiveness and radioresistance enhanced in Fadu+4Gy and FaduRR cells.

Moreover, we demonstrated that IR-induced EMT by activating the AKT/GSK-3β/Snail

signaling pathway and that Snail silencing reversed EMT and attenuated radioresistance in

FaduRR cells. Significant differences in EMT-related proteins and Snail expression were

observed between radiosensitive and resistant group.

Conclusion: We demonstrate that IR can trigger EMT and enhance the migration, invasive-

ness, and radioresistance of FaduRR cells through the AKT/GSK-3β/Snail axis. Snail silen-

cing could attenuate these effects and represents a novel therapeutic target for EMT-induced

radioresistance in hypopharyngeal carcinoma.
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Introduction
Hypopharyngeal carcinoma is one of the worst prognosis head and neck malignancy

with prominent morbidity and mortality. Especially in hypopharyngeal squamous cell

carcinoma (HSCC). Commonly, the standard therapy strategy for HSCC is surgery

combined with concurrent chemoradiotherapy. IR is used to treat low-grade tumors

for larynx preservation, whilst surgery is essential for high-grade HSCC prior to- or

following IR.1–5 Although progress has been made in radio-therapeutic strategies for

HSCC, distant metastases and local recurrence remain a challenge to HSCC
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treatment, the 5-year survival rates as low as 25–40% due to

tumor acquired radioresistance.6 New strategies to over-

come radioresistance in HSCC are therefore urgently

required.

EMT is an essential biological process in which epithe-

lial tumor cells lose epithelial polarity, adhesion and moti-

lity, and translate to a mesenchymal phenotype. EMT is

considered crucial during tumor progression, involving

cancer stem cells, wound healing, invasion to distant meta-

static disease, and chemotherapeutic resistance.7–12

Recently, IR has been shown to induce EMT leading to

acquired radioresistance.13–16 However, the underlying

mechanisms governing these effects are largely unknown.

Knowledge of the potential mechanisms of EMT during

radioresistance are required for the development of more

potent anti-HSCC therapeutics.

Snail, as one of the Snail family of zinc finger transcription

factors, regulates and induces EMT. Previous studies have

shown that Snail contributes to the pathogenesis of malignant

tumors, and mediates EMT progression and increases the

migratory and invasive behavior.17 A negative correlation

between Snail and E-cadherin expression have been reported

in an array of cancer types.18 Recently, Snail has been shown

to mediate specific features of cancer stem cells shifting them

towards chemoresistant and radioresistant phenotypes in ovar-

ian cancer cells.19 EMT regulates a plethora of pro-oncogenic

signaling cascades including IL-6/JAK/STAT3,20 and AKT/

GSK-3β.21 In addition, a central feature of EMT occurs

through the activation of PI3K/AKT/GSK-3β signaling path-

way, in which the expression of Snail is regulated by GSK-3β

through posttranslational modifications.22 The specific role of

Snail in IR-induced EMT and acquired radioresistance is

essential in HSCC. These findings highlight the importance

of AKT/GSK-3β/Snail signaling pathway in the regulation

of EMT.

In this study, we demonstrate that IR can induce EMT

and promote radioresistance via the AKT/GSK-3β/Snail

axis in HSCC cells. We further found that the depletion

of Snail could reverse IR-induced EMT and radioresis-

tance, providing a new therapeutic strategy for much

needed anti-HSCC therapeutics.

Materials and Methods
Patients and Tissue Samples
A written informed consent which protected their safety

and privacy was obtained from the patients in accordance

with the Declaration of Helsinki and approved by the

Institutional Review Board of Chongqing Medical

University. A total of 80 HSCC patients were enrolled

from the First Affiliated Hospital of Chongqing Medical

University during 2010 to 2019. Inclusion criteria: (1)

patients diagnosed with HSCC by hypopharyngeal biopsy

and histopathological. (2) Patients received no treatment

prior to admission. (3) Patients treated with single mod-

ality radiotherapy with curative intent. (4) Clinical data

including age, gender, differentiation, CT, and MRI were

available. The radiotherapy dose administered was either

70 Gy in 33 fractions or 60 Gy in 33 fractions.

The Response Evaluation Criteria for Solid Tumors

(RECIST) version 1.1 was used to estimate treatment

responses. Two experienced radiologists were invited to

assess the radiographic images, involving magnetic reso-

nance imaging (MRI) and computed tomography (CT).

Partial (PR) and complete responses (CR) were included

in the radiosensitivity group. Progressive period (PD) and

stable periods (SD) were used as the radioresistance group.

Immunohistochemistry (IHC)
IHC was performed on 4 μm sections that were fixed with

formalin and paraffin embedded. Sections were dewaxed in

xylene and rehydrated in a graded alcohol series. Citrate

buffer was used for antigen retrieval at 100°C for 30 min,

and slides were pre-processed with Peroxidase Block

(ZSGB-BIO, Beijing, China) for 20 min to ensure the

quenching of endogenous peroxidase activity. Sections

were washed three times in PBS for 5 min. Primary anti-

bodies including E-cadherin, Vimentin, and N-cadherin

were obtained from CST. Sections were probed with anti-

Snail antibodies (Abcam, London, UK) were applied at

1:100 dilution, placed in 4°C refrigerator overnight.

The second day slides were washed twice using cold PBS

and labeled with secondary antibodies for 25 min. Sections

were stained with DAB (ZSGB-BIO, Beijing, China).

IHC was evaluated by two experienced pathologists and

using a double-blind method. According to total area and

intensity of the staining, the expression of Snail, Vimentin,

N-cadherin and E-cadherin were scored as either negative

(< 50% of cells) or positive (> 50% of cells).

Cell Culture, Irradiation and Reagents
The human hypopharyngeal carcinoma cell line Fadu was

obtained from the Standard cell bank of the Chinese

Academy of Sciences, and a humidified incubator contain-

ing DMEM/high glucose medium (Hyclone, Logan, USA)

supplemented with 10% FBS (Gibco, Waltham, USA) was
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used to culture cells at 37°C in a 5% CO2 atmosphere.

When cells were grown to approximately 70% confluence,

they were irradiated with 2Gy of X-ray in a linear 6 MV

X-ray accelerator (UNIQUE, Varian, Palo Alto, CA,

USA). Irradiated cells were grown to 70% confluence

and fractional doses were gradually aggrandized prior to

reaching 10 Gy. The final dose reached 60 Gy. Resistance

levels were determined using colony-forming assays and

radioresistant cells were termed FaduRR. Cells were estab-

lished over an 8 month period using 4 and 10 generations

for subsequent experiments.

Clonogenic Assays
Clonogenic potency was measured through clonogenic

assays. Parental hypopharyngeal cancer cells and radio-

resistance hypopharyngeal cancer cells in the exponential

growth period were seeded in six-well plates (500, 1000,

2000, 3000, 4000 and 5000 per well) and incubated over-

night. Cells were treated with irradiation doses (0Gy, 2Gy,

4Gy, 6Gy, 8Gy and 10Gy, respectively) of 6-MV X-ray.

Following irradiation, cells were incubated at 37°C in

a 5% CO2 incubator for 15 d. After 15 d, the culture

medium was discarded, cells were washed with phosphate

buffer (PBS), and colonies were fixed in 100% methanol

for 25 min, an stained with 0.1% crystal violet. Colony

numbers were then counted (Visible colonies were defined

as > 50 cells) counted on an inverted microscope. The

extrapolation number (N) values, average lethal dosage

(D0), quasi-field dosage (Dq), and sensitization enhance-

ment ratio (SER) were assessed. Surviving fractions were

estimated as (colony number)/(cell number seeded

×Plating Efficiency) ×100%. A multitarget-single click

mathematical model was used to fit the survival curve

using GraphPad Prism 5.

Western Blot Analysis
Following irradiation, cells were harvested at the specified

time points and lysed in RIPA buffer. BCA assays

(Beyotime Institute of Biotechnology, Nantong, China) were

used to determine protein concentrations. Equal amounts of

total protein were resolved by 10% SDS-PAGE and trans-

ferred onto PVDF membranes. Membranes were blocked

with 5% non-fat dry milk for 2 h at room temperature, and

probed with primary antibodies at 4°C overnight. Membranes

were labeled with HRP-conjugated secondary antibodies at

room temperature for 1 h and washed three times in PBS.

Proteins were visualized using the ECL system (Pierce,

Thermo, USA). Antibodies were purchased from CST (Cell

Signaling Technology, Beverly,MA) and included: rabbit anti-

E-cadherin (catalog no. 3195), rabbit anti-N-cadherin (catalog

no. 13116), rabbit anti-Vimentin (catalog no. 5741), rabbit

anti-Snail (catalog no. 3879), rabbit anti-GSK-3β(catalog no.

12456), rabbit anti-phosphorylated GSK-3β (p-GSK-3β) (cat-
alog no. 14310), rabbit anti-AKT (catalog no. 4685), rabbit

anti-phosphorylated AKT (p-AKT) (catalog no. 12178), rabbit

anti-Cleaved caspase 3 (catalog no. 9654), rabbit anti-Bcl-2

(catalog no. 15071), rabbit anti-Bax (catalog no. 14796).

Quantitative Real-Time PCR Assays
Quantitative real-time PCR (Q-PCR) assays were used to

assess the relative expression of E-cadherin, N-cadherin,

Vimentin and Snail. RNA was extracted in Trizol Reagent

(Invitrogen, Carlsbad, USA) and cDNA was synthesized

using PrimerScript™ RT Reagent Kits with a gDNA

Eraser (Takara, Dalian, China) was performed to reverse

transcribe total RNA into cDNA according to the manu-

facturer’s instructions. A MyiQ thermal cycler (Bio-RAD

CFX96, Hercules, CA, USA) and the SYBR Premix Ex

Taq (Takara, Dalian, China) were used to perform

Q-PCRs. Reactions were performed in triplicate. Primer

sequences are listed in Table 1. Data were analyzed using

the ΔΔCt method.

Wound-Healing Assays
Cells treated with IR were seeded into six-well plates and

cultured until 80% confluent. A 10 µL pipette tip was used

to generate a scratch in the surface of the cells and cells

were washed twice in PBS and cultured. Images were

obtained at 0 h, 24 h and 48 h intervals on a light

microscope.

Transwell Migration and Invasion Assays
An 8 µm chemotaxis chamber (Corning, Acton, MA) was

used to measure cell invasiveness and migration. Briefly,

to the upper chambers, 2 mg/mL Matrigel (BD

Biosciences, Bedford, MA, USA) including 1×105 cells

were incubated in 200 µL of culture medium, and the

lower chambers were filled with 600 µL of medium con-

taining 10% FBS. Cells were grown at 37°C in a 5% CO2

humidified incubator for 24 h to permit invasion into the

lower chamber. Non-migratory cells in the upper surface

of the chamber were scraped and washed with PBS.

Invaded cells were fixed with paraformaldehyde (Ding

guo, Beijing, china), stained with Giemsa and assessed

on a light microscope. For the assessment of cell migra-

tion, assays were repeated in transwells lacking matrigel.
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Cell Transfection
Specific siRNA oligonucleotides (Genepharma, Shanghai,

China) were synthesized to silence Snail. The sequence of

the siRNA oligonucleotides (si-Snail) were as follows: 5ʹ-CA

GGACUCUAAUCCAGAGUTT-3ʹ, negative control group

(si-NC): 5ʹ-ACUCUGGAUUAGAGUCCUGTT-3ʹ. Briefly,

FaduRR cells were seeded into six-well plates at a density of

1 × 106/well and divided into blank control, si-NC and si-Snail

groups. Blank groups were treated with PBS. When the

FaduRR cells grew to 70% confluence, cells were transfected

with si-NC or si-Snail using Lipofectamine RNA iMAX

(Invitrogen, Carlsbad, CA, USA). Q-PCR and Western blot

were performed to measure the efficiency of Snail silencing.

Statistical Analysis
SPSS version 22.0 was used for data analysis. Datas were

presented as mean ± SD. Group differences were assessed

using a Student’s t-test. Differences in clinical character-

istics were evaluated using a Chi-square test or Fisher’s

exact test. Statistical significance was considered as

P-values< 0.05 (*P< 0.05; **P < 0.01; ***P < 0.001).

Results
EMT-Related Proteins and Snail

Expression Predicted Radioresistance in

Patients with Hypopharyngeal Carcinoma
Of the patients with hypopharyngeal carcinoma, 46 were

divided into the radiosensitivity group and the remaining 34

patients were assigned to the radioresistance group. Compared

to the radiosensitivity group, epithelial biomarker E-cadherin

expression was downregulated (p<0.006, 63.04% vs 32.35%),

however, the mesenchymal biomarkers Vimentin, N-cadherin

and Snail were upregulated in the radioresistance group

(p<0.005, p<0.002, p<0.011, 30.43% vs 61.76%, 39.13% vs

73.52%, 45.65% vs 73.52%) (Figure 1). The relationship

between clinicopathologic features and EMT expression are

shown in Tables 2 and 3. The results indicated that patients

with low E-cadherin expression and high N-cadherin,

Vimentin and Snail expression had higher rates of radioresis-

tance compared to those with high E-cadherin expression and

low N-cadherin, Vimentin and Snail expression. The high

Snail expression showed a negatively correlation with the

expression of E-cadherin in the radioresistance group, the

high expression of Snail was positively correlated with

N-cadherin and Vimentin expression in the radioresistance

group. Moreover, the expression of E-cadherin, Vimentin,

N-cadherin and Snail in hypopharyngeal carcinoma samples

showed significant differences between advanced pathological

stages (T3–T4) and early pathological stages (T1–T2).

However, there are no significant differences between the

expression of E-cadherin, N-cadherin, Vimentin and Snail

with regard to gender, age and differentiation. These data

suggested that radiotherapy resistant patients exhibit EMT.

Importantly, the high Snail expression foreboded the radio-

resistance in patients with HSCC.

EMT Phenotypes are Induced by IR in

Fadu Cells
Fadu cells under 0 Gy were brick shaped and with tight cell-

cell adhesion. The morphology of the cells changed however

after treatment with 4 Gy and 8 Gy IR, in which cells

possessed a mesenchymal phenotype with an irregular and

narrow phenotype, and a loss of cell polarity and adhesion

(Figure 2A). Morphological changes of Fadu were observed

at increasing irradiation doses (4, 8Gy) which were similar to

the typical morphological changes associated with EMT. To

investigate whether these morphological transformations

occurred in cells treated with IR and were consistent with

EMT, transwell assays were performed to assess the effects

of IR on themigratory and invasive capabilities of Fadu cells.

Transwell assays showed enhanced migration and invasive

capacity of Fadu cells after treatment with IR (Figure 2B).

We detected the expression of EMT-related proteins using

Western blot analysis. The results (Figure 2C) demonstrated

that the expression of N-cadherin, Vimentin and Snail were

enhanced, whilst the expression of E-cadherin declined in

Table 1 The Primer Sequences Used for Real-Time Quantitative

Polymerase Chain Reaction

Name Primer Sequence

E-cadherin F:5ʹ-GCTCTTCCAGGAACCTCTGTGATG-3ʹ

R:5ʹ-AAGCGATGGCGGCATTGTAGG-3’

N-cadherin F:5ʹ-AAGGTGGATGAAGATGGCATGGTG-3ʹ

R:5ʹ-TGCTGACTCCTTCACTGACTCCTC-3’

Vimentin F:5ʹ-TTGCCGTTGAAGCTGCTAACTACC-3ʹ

R:5ʹ-AATCCTGCTCTCTCCTCGCCTTCC-3’

Snail F:5ʹ-GGCTCCTTCGTCCTTCTCCTCTAC-3ʹ

R:5ʹ-CCAGGCTGAGGTATTCCTTGTTGC-3’

GAPDH F:5ʹ-CCGGGAAACTGTGGCGTGATGG-3ʹ

R:5ʹ-AGGTGGAGGAGTGGGTGTCGCTCT-3’

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; F, Forward;

R, Reverse.
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Figure 1 Expression of EMT surface marker proteins in HSCC tissue detected by immunohistochemistry (IHC) (200× magnification).

Abbreviation: EMT, epithelial mesenchymal transformation.
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Fadu cells exposed to IR compared to parental cells. These

results indicate that EMT is induced by IR in Fadu cells.

EMT Phenotypes are Acquired in FaduRR

Cells
As shown in Figure 3A, FaduRR cells showed amesenchymal

morphology. The morphologies of FaduRR and Fadu cells

after treatment with 4Gy (Fadu+4Gy) were long and narrow,

spindle-shaped, and extended with pseudopodia and increased

cell spaces, whilst the morphology of Fadu cells were round

and pebble-shaped, with tight cell connections. Compared to

parental cells, the morphological changes of FaduRR were

similar to the typical cellular morphological changes of EMT.

To assess whether EMTwas induced by IR in radioresistance

Table 2 Clinical Characteristics Associated with the Expression of E-Cadherin and N-Cadherin

Clinicopathologic Factors n E-Cadherin p N-Cadherin p

Positive (%) Negative (%) Positive (%) Negative (%)

Gender

Male 75 39(52.00) 36(48.00) 0.179 41(54.66) 34(45.34) 0.428

Female 5 1(20.00) 4(80.00) 2(40.00) 3(60.00)

Age

≥60 54 30(55.55) 24(44.45) 0.833 30(55.55) 24(44.45) 0.409

<60 26 10(38.46) 16(61.36) 13(50.00) 13(50.00)

Differentiation

Well and moderate 67 35(52.23) 32(47.77) 0.273 31(46.62) 36(63.38) 0.112

Poor 13 5(38.46) 8(61.52) 9(69.23) 4(30.76)

Tumor stage

Ⅰ+Ⅱ 51 31(60.79) 20(39.21) 0.021* 24(47.05) 27(52.95) 0.004*

Ⅲ+Ⅳ 29 10(34.49) 19(65.51) 23(79.31) 6(20.68)

Response

Radiosensitive 46 29(63.04) 17(36.96) 0.006* 18(39.13) 28(60.87) 0.002*

Radioresistance 34 11(32.35) 23(67.65) 25(73.52) 9(26.48)

Note: *p<0.05.

Table 3 Clinical Characteristics Associated with the Expression of Vimentin and Snail

Clinicopathologic Factors n Vimentin p Snail p

Positive (%) Negative (%) Positive (%) Negative (%)

Gender

Male 75 32(42.66) 43(57.34) 0.381 44(58.66) 31(41.33) 0.358

Female 5 3(60.00) 2(40.00) 2(40.00) 3(60.00)

Age

≥60 54 29(53.70) 25(46.30) 0.338 33(61.11) 21(38.88) 0.090

<60 26 16(61.53) 10(38.47) 11(42.30) 15(57.70)

Differentiation

Well and moderate 67 27(40.29) 40(59.70) 0.270 29(43.28) 38(56.72) 0.542

Poor 13 8(61.53) 5(38.47) 6(46.15) 7(53.84)

Tumor stage

Ⅰ+Ⅱ 51 19(37.25) 32(62.74) 0.000* 20(39.21) 31(60.79) 0.000*

Ⅲ+Ⅳ 29 10(34.49) 19(65.51) 21(72.41) 8(27.59)

Response

Radiosensitive 46 14(30.43) 32(69.57) 0.005* 21(45.65) 25(54.34) 0.011*

Radioresistance 34 21(61.76) 13(38.23) 26(76.47) 8(23.52)

Note: *p<0.05.
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FaduRR cells, we measured the expression of EMT-related

proteins using Western blot and Q-PCR assays. As shown in

Figure 3B andC, compared to Fadu cells, the expression of the

EMT marker protein E-cadherin decreased, whilst the expres-

sion of the mesenchymal marker protein N-cadherin and

Vimentin were enhanced in Fadu+4Gy and FaduRR. These

findings validated that IR can induce EMT in FaduRR cells.

IR Enhances Migration, Invasiveness and

Activates AKT/GSK-3β/Snail Pathway in

FaduRR Cells
Many studies have demonstrated that EMT plays a vital

role in migration and invasiveness, our results have

showed that IR can induce EMT in FaduRR cells. The

effects of IR on migration and invasiveness were explored

Figure 2 EMT phenotypes. (A) Representative morphological changes in IR-treated Fadu cells (200× magnification). (B) Transwell assays to assess cell migration and

invasion (left), and their quantitative analysis (right) (200× magnification after 24 h). (C) Relative expression of the EMT biomarkers: E-cadherin, N-cadherin, Vimentin and

Snail detected by Western blotting under different doses of IR. β-actin was used as an internal control. Data are the mean ± SD. n=3. *P<0.05, **P<0.01, ***P<0.001 vs

control group. The red arrows indicate spindle-cell morphology formed and pseudopodia were stretched out.

Abbreviation: EMT, epithelial mesenchymal transformation.
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Figure 3 EMT phenotypes in radioresistant FaduRR and Fadu cells after 4Gy radiotherapy. (A) Fadu cells after 4Gy radiotherapy and radioresistant FaduRR cells showed

morphologic changes consistent with EMT (200× magnification). (B, C) Expression of EMT related proteins detected by quantitative real-time PCR and Western blot

analysis. Quantification relative to β-actin expression. (D, E) Wound-healing assays (100× magnification) and Transwell assays (200× magnification) to measure migration and

invasive abilities. Data are the Mean ± SD. n=3. *P<0.05, **P<0.01, ***P<0.001 vs control group. The red arrows indicate spindle-cell morphology formed and pseudopodia

were stretched out.

Abbreviation: EMT, epithelial mesenchymal transformation.
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in FaduRR cells using wound-healing and transwell

assays. The results of wound-healing assay showed that

FaduRR cells have a stronger ability for migration at 24h

and 48h after exposed to IR compared to Fadu cells

(Figure 3D). Cells exposed to IR for 24h showed enhanced

invasive and migratory capability in transwell assay com-

pared to Fadu cells (Figure 3E). To determine the mechan-

ism of EMT induced by IR in Fadu and FaduRR cells,

AKT/GSK-3β/Snail signaling pathway was investigated

through Western blot assays. The levels of phosphorylated

GSK-3β, AKT and Snail were higher in Fadu cells treated

with 4Gy (Fadu+4Gy) and FaduRR cells. In contrast, no

significant differences between GSK-3β and AKT were

observed (Figure 4A). These results demonstrated that

FaduRR cells have higher EMT level and the invasiveness

and migration capacity compared to its parental cells.

Importantly, IR-induced EMT by activating AKT/GSK-

3β/Snail signaling pathway in FaduRR cells.

EMT Is Accompanied by Radioresistant

Acquisition in FaduRR Cells
Colony-forming assays were used to confirm that FaduRR

cells acquired radioresistance. The results demonstrated

that radiobiology parameters (D0, Dq, N and SF2) and

the surviving fraction of Fadu cells after treatment with 4

Gy (Fadu+4Gy) and untreated FaduRR cells were

Figure 4 Acquired resistance evaluation and activated AKT/GSK-3β/Snail signaling pathway. (A) AKT, p-AKT, GSK-3β, p-GSK-3β and Snail expression detected by Western

blot analysis. (left), and their quantitative analysis (right). (B) Radiation survival curves and the clonogenic figures of Fadu and FaduRR cells after irradiation with 4Gy. Data

are the mean ± SD. n=3. *P<0.05, **P<0.01 vs control group.
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upregulated relative to Fadu cells. The enhanced radio-

sensitivity ratios (SERDq and SERD0) were downregu-

lated (Figure 4B). This confirmed that Fadu+4Gy and

FaduRR cells acquired radioresistance. Fadu+4Gy and

FaduRR cells displayed an EMT phenotype (Figure 3)

confirming that radioresistance cells underwent EMT.

Snail Silencing Reverses EMT and Reduces

the Invasion and Migration Ability of

FaduRR Cells
IR could induce EMT and increase the invasive and migra-

tory abilities of FaduRR cells through AKT/GSK-3β/Snail
signaling. Due to FaduRR cells with a high expression of

Snail, We therefore explored whether EMT and the inva-

siveness and migration of FaduRR cells could be reversed

through Snail silencing. Q-PCR and Western blot analysis

confirmed efficient Snail silencing in transfected cells

(Figure 5A). The results showed Snail expression of

FaduRR cells which transfected with si-Snail-149 was

significantly downregulated at both protein and mRNA

levels compared with Blank group, si-NC, si-Snail-560

and si-Snail-421. Therefore, FaduRR cells with si-Snail

-149 were determined as the experimental group. The

results showed that the silencing of Snail led to an

enhancement of E-cadherin expression and a suppression

of Vimentin and N-cadherin expression in FaduRR cells

compared with Blank group and si-NC group (Figure 5B).

Furthermore, the migratory and invasive capacities of

FaduRR cells were impaired by Snail depletion compared

with Blank group and si-NC group (Figure 5C and D).

These data suggest that silencing Snail could reverse EMT

and reduce the migratory and invasive capabilities of

FaduRR cells.

Snail Silencing Reverses Acquired

Radioresistance by Promoting Apoptosis

in FaduRR Cells
The data thus far suggested that the AKT/GSK-3β/Snail
axis is key to the occurrence and development of EMT.

Along with the reversion of EMT, we predicted that the

radiosensitivity of FaduRR cells would be increased by

Snail silencing. Colony-formation assays showed that

radiobiology parameters (D0, Dq, N and SF2) and the

surviving fraction of FaduRR/si-Snail cells significantly

increased compared to FaduRR/si-NC cells and that the

enhanced radiosensitivity enhancement ratios (SERDq and

SERD0) were reduced (Figure 6A). The results displayed

that Snail silencing could increase the radiosensitivity of

FaduRR cells. Snail silencing was found to promote

FaduRR cells apoptosis using Western blot analysis. It

showed enhanced levels of cleaved caspase3 expression

and Bax expression and reduced levels of Bcl-2 expression

compared with FaduRR/si-NC cells and Blank groups

(Figure 6B). These results demonstrated that the restoring

radiosensitivity and reversion of IR-induced EMT follow-

ing Snail silencing could be attributed to promoting

apoptosis.

Discussion
Radiotherapy is a common and effective treatment in

HSCC. However, radioresistance is a major challenge to

successful treatment.23 Currently, radioresistance is

divided into acquired and intrinsic resistance. Intrinsic

radioresistance is related to several factors, including

DNA repair capability, decreased apoptosis, cell cycle

status and cell signaling.24 The mechanisms of acquired

radioresistance are less well understood. In this study, the

expression of EMT-related proteins and Snail were inves-

tigated in radioresistant HSCC patients. Furthermore,

EMT-related phenotypes and AKT/GSK-3β/Snail signal-
ing pathway were investigated in the radioresistance

human HSCC cell line FaduRR when compared with its

parental cells.

Accumulating evidences show that IR-induced EMT

accelerates the malignant characteristics of radiation-

treated tumors, leading to increased invasion, migration,

radioresistance and chemoresistance, leading to tumor

recurrence and treatment failure in esophagus, cervical,

breast, lung cancer cell lines.14,15,25–28 To explore whether

the radioresistant patients with HSCC undergo EMT phe-

notypes. Tissue samples of hypopharyngeal were detected

by IHC assay. The results demonstrated that the expression

of N-cadherin, Vimentin and Snail in radioresistant group of

HSCC were significantly higher compared to the radiosen-

sitive group. Nevertheless, the expression of E-cadherin in

radiosensitive samples of HSCC was higher than that in the

radioresistant samples. Furthermore, we found that the

expression of EMT-related proteins and Snail were closely

correlated to TNM stage, but were not related to gender,

age, and differentiation. Consistently, we observed that IR

induced EMT and increased the ability of invasion and

migration of Fadu cells. Importantly, EMT phenotypes

were also observed in FaduRR cells with long, narrow,

spindle-shapes and a loss of cell adhesion and the capacity

of invasiveness and migration were enhanced. Further
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Q-PCR and Western blot analysis demonstrated an obvious

increase in Vimentin and N-cadherin expression and a loss

of E-cadherin expression. The results above confirmed

EMT exist both in vivo and vitro. Thus, we speculated

that EMTwas associated with the acquisition of radioresis-

tance of FaduRR cells during segment radiotherapy.

Figure 5 EMT reversion by Snail silencing. (A) Snail expression detected by Real Time PCR and Western blot analysis. (B) mRNA expression of EMT related proteins

assessed by quantitative real-time PCR and quantitative analyses of GAPDH expression. The expression of EMT related proteins detected by Western blot. (C, D) Wound-

healing (100× magnification) and Transwell assays (200× magnification) were used to measure migration and invasion abilities after Snail silencing in FaduRR cells. Data are

the Mean ± SD. n=3. *P<0.05, **P<0.01, ***p<0.001 vs si-NC group.

Abbreviations: EMT, epithelial mesenchymal transformation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; si-NC, negative control siRNA; si-Snail, Snail-specific

siRNA.
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AKT can induce the inactivation (phosphorylation) of

GSK-3β, and stabilize Snail, a key transcriptional repres-

sor of E-cadherin in radioresistant cancer cells.29,30 Li et al

demonstrated that EMT can be reversed through the AKT/

GSK-3β/Snail signaling pathway.31 In this study, we con-

firmed that the expression of phosphorylation of GSK-3β,
AKT and Snail were up-regulated in radioresistant hypo-

pharyngeal cancer FaduRR cells. This suggested that IR

induced EMT and acquired radioresistance via activating

AKT/GSK-3β/Snail signaling pathway in FaduRR cells.

These results led us to explore the possibility that inhibit-

ing AKT/GSK-3β/Snail signaling pathway can reverse

EMT and EMT-associated radioresistance.

A crucial stage in the EMT process is the downregula-

tion of E-cadherin mediated through the elementary helix–

loop–helix transcription factor, Twist, SIP-1/ZEB-2 and

zinc-finger transcriptional repressors (Slug and Snail).

Snail is a central mediator of EMT that promotes invasion

and migration behavior in multiple malignant tumors.32,33

Moreover, Kurrey and colleagues exhibited that overex-

pression of Snail is associated with the acquisition of

radioresistance and increases cell survival in ovarian can-

cer cells.19 The activation of Snail is a potential mechan-

ism of EMT development and radioresistance in FaduRR

cells.

To further demonstrate our hypothesis that EMT rever-

sion leads to the reduction of radioresistance, we explored

the sensitivity of radioresistant cancer cells to irradiation

when EMT is reversed by silencing Snail expression.

Silencing Snail expression induced MET (mesenchymal-

epithelial transition) and led to a loss of stem cell-like

phenotypes in gastric carcinoma cells.34 Moreover, the

depletion of Snail remarkably reversed EMT and led to

a recovery of drug sensitivity in our cisplatin resistant cell

lines.35 Snail expression was down-regulation by si-RNA

and used to investigate the EMT phenotype in FaduRR

Figure 6 Acquired radioresistance is reversed by Snail silencing. (A) Radiation cell survival curves and clonogenic assays in si-NC group and si-Snail group. (B) Expression of

apoptosis related proteins assessed by Western blot (left) and quantitated relative to β-actin. Data are the mean ± SD. n=3. *P<0.05, **P<0.01, ***p<0.001 vs si-NC group.

Abbreviations: si-NC, negative control siRNA; si-Snail, Snail-specific siRNA.
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cells. Our results showed that the down-regulation of Snail

by si-RNA increased the expression of epithelial biomar-

kers and decreased mesenchymal biomarker expression.

Moreover the invasion and migration ability of HSCC

cells was weakened. In addition, the radiosensitivity of

FaduRR cells was enhanced. Recent studies have shown

that IR stimulates various transcription factors, including

upregulating the expression of Snail, thus accelerating

EMT via PI3K/AKT signaling pathway in NPC

patients.30 Numerous studies demonstrate that Snail parti-

cipates in the regulation of apoptosis related genes.36 In

this study, we found that silencing Snail expression pro-

moted apoptosis in FaduRR cells. PTEN plays a key role

in IR-induced EMT through activating AKT signaling

pathway in human esophageal cancer cells.37 The possible

mechanism is through which Snail mediates the effects of

PTEN on IR generated EMT and the radioresistance

acquired by activating AKT signaling pathway requires

further investigation in future studies.

We also confirmed that irradiation increases cancer

cell migration and invasiveness in HSCC. Studies have

shown that the migratory and invasiveness behavior of

tumor cells is enhanced by sub-lethal doses of irradia-

tion. Similarly, radiation-enhanced invasiveness contri-

butes to enhanced MMP-9 expression in hepatocellular

carcinoma. Increasing evidence has confirmed that IR

triggered EMT enhances the invasiveness and migra-

tion of cancer cells through IL-6/STAT3/TWIST signal-

ing pathway.38 The molecular mechanisms of these

effects should now be explored in more detail and the

precise radiation doses that promote EMT should be

verified.

Conclusions
In summary, we demonstrate that IR could generate EMT

and radioresistance in HSCC via AKT/GSK-3β/Snail sig-
naling pathway. More importantly, this pathway was high-

lighted as a potential therapeutic target. The depletion of

Snail attenuates EMT (summarized in Figure 7) which

might prove to be an efficacious strategy to reverse radio-

resistance during HSCC therapy.
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