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Background: Lung cancer is the leading cause of cancer-related deaths. EGFR tyrosine

kinase inhibitors, such as erlotinib, were approved for non-small cell lung carcinoma patients

with EGFR mutations. However, the acquired resistance of these inhibitors has not been fully

clarified. Therefore, clarifying the mechanism and developing new rationales to overcome

the drug resistance are urgently needed.

Methods: A pair of erlotinib sensitive and resistant cells was used to identify the key

molecules in mediating erlotinib resistance. Loss- or gain-of-function study was used to

confirm the effects of the key molecules. Xenograft mouse model and human cancer tissue

sample studies were conducted for further corroboration.

Results: HCC827 cells with acquired resistance to erlotinib underwent epithelial-

mesenchymal transition and exhibited enhanced p70S6K signaling compared to parental

sensitive cells. Moreover, in erlotinib resistant cells, downregulation of p70S6K expression

using either siRNA or shRNA reversed EMT and partially overcame erlotinib resistance.

Meanwhile, in erlotinib sensitive cells, overexpression of p70S6K promoted EMT and

induced erlotinib resistance. Upregulation of p70S6K signaling in erlotinib resistant cells

was caused by reduced GSK3β-mediated protein degradation of mTOR and raptor.

Additionally, p70S6K silencing suppressed the growth of erlotinib resistant cells in

a xenograft mouse model. Finally, we found a correlation between p70S6K and E-cadherin

expression in human non-small-cell lung cancer (NSCLC) tissue samples.

Conclusion: Our findings suggest that p70S6K-induced EMT plays an important role in the

acquired resistance of erlotinib and provides a novel therapeutic rationale of targeting

p70S6K in NSCLC therapy.
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Background
Lung cancer is the leading cause of cancer-related deaths.1–3 It has one of the

lowest survival rates among all cancers with a 5-year survival rate of around 19%.3

An estimated 135,720 deaths accounting for about 26% of all cancer deaths are

expected to occur in 2020.3 Non-small-cell lung cancer (NSCLC), which is com-

posed of adenocarcinomas, squamous cell carcinomas and large cell carcinomas,

accounts for vast majority (around 85%) of all lung cancer.4 For the reason that

most of the NSCLC patients are diagnosed at late stage, chemotherapy and targeted

cancer therapy are more likely used for these patients, either solely or in combina-

tion with surgery and radiotherapy.5 Accumulating studies showed that targeting
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epidermal growth factor receptor (EGFR) using EGFR

tyrosine kinase inhibitors (EGFR-TKIs), such as erlotinib

or gefitinib, is a breakthrough in lung cancer treatment.

However, its outcome is quite limited for the majority of

lung cancer patients.6 Moreover, all the patients who are

initially sensitive to EGFR inhibitors develop resistance

after a 6–12 months therapy, resulting in reoccurring

disease.7 Therefore, better understanding the effects of

EGFR inhibitors behind inhibition of EGFR and clarifying

the mechanism of drug resistance are urgently needed for

improving the current therapies.

Epithelial-mesenchymal transition (EMT) promotes cell

proliferation, migration, invasion, anti-apoptosis, and plays

an important role in tumor malignancy, metastasis, and

reoccurrence.8 Tumor cells undergoing EMT lose their

epithelial markers, such as E-cadherin, and gain mesenchy-

mal cell features, such as increased expression of vimentin

and/or N-cadherin.9 Meanwhile, β-catenin is released from

E-cadherin and translocates from membrane to nucleus,

where it promotes robust gene transcription.10 Several find-

ings support that EMT is involved in the resistance of

chemotherapy.11 More and more studies suggest that EMT

determines the response of tumors to EGFR inhibitors.12,13

Byers et al reported that EMT gene signature predicts resis-

tance to EGFR inhibitors.14 Therefore, targeting EMT may

overcome the resistance of EGFR inhibitors and subse-

quently enhance EGFR-targeted cancer therapy.

The 70-kD ribosomal S6 kinase (p70S6K) is a serine/

threonine kinase. p70S6K belongs to the AGC-kinase family

which includes Akt, the protein kinase C (PKC), and the 90-

kD ribosomal S6 kinase (p90RSK).15,16 As a well-known

downstream target of mTORC1 (mammalian target of rapa-

mycin complex 1), p70S6K facilitates mRNA translation by

increasing ribosomal production, which subsequently stimu-

lates global protein synthesis and cell growth.17 However, the

physiological function of p70S6K and its downstream targets

are far from being elucidated. Even thoughmany studies have

confirmed the crucial role of mTORC1 in EMT and EGFR-

TKIs resistance, the role and the mechanism of p70S6K in

EMT and erlotinib resistance remain largely unknown.17,18

In this study, we investigated the role and mechanism

of p70S6K-induced EMT in the erlotinib resistance in

a pair of sensitive and resistant NSCLC cells.

Furthermore, nude mice with erlotinib resistant cell xeno-

grafts were used to assess the inhibitory effects of p70S6K

knockdown on tumor growth. Additionally, we analyzed

the correlation between the expression of p70S6K and

E-cadherin in human lung cancer tissue samples.

Methods
Reagents
Erlotinib was purchased from LC Laboratories, dissolved

in DMSO and stored at −20°C. Lipofectamine 2000 trans-

fection reagent was purchased from Life Technologies

Co., Invitrogen. Rabbit polyclonal antibodies against

p-p70S6K (Thr389) (70 kDa), p-GSK3β (Ser9) (46 kDa),

p70S6K (85 and 70 kDa), mTOR (289 kDa), and rabbit

monoclonal antibodies against p-S6 (Ser235/236) and S6

(32 kDa) were purchased from Cell Signaling Technology,

Inc. Mouse monoclonal antibodies against vimentin (57

kDa) and actin (43 kDa) were purchased from Santa Cruz

Biotechnology Inc. E-cadherin (130 kDa), N-cadherin

(140 kDa), GSK3β (47 kDa), and GAPDH (36 kDa) anti-

bodies were purchased from Bioworld Technology Inc. β-
catenin antibody (92 kDa) was purchased from BD

Transduction Laboratories. Rabbit polyclonal raptor anti-

body (149 kDa) was purchased from Bethyl Laboratories.

Cell Lines and Cell Culture
Erlotinib sensitive (HCC827-EP) and resistant (HCC827-

ER) cell lines were kindly provided by Dr. Shi-Yong Sun

(Emory University), which were established, confirmed,

and cultured as previously described.19 The use of the

gifted cells was approved by the research ethics committee

of Nanjing Medical University.

Western Blot Analysis
The procedures for preparation of whole-cell lysates and for

Western blotting were described previously. Enhanced

Chemiluminescence Substrate from PerkinElmer was used

before exposure.20,21 Quantification of Western blots was

conducted. First, the chemiluminescent signal was collected

and analyzed by ImageJ. Index of Density (IOD) of

E-cadherin and actin were obtained (IOD = density ×

area). Then the value of IOD ratio (IOD ratio = IOD of

E-cadherin/IOD of actin) was calculated. And then, the

fold-change (Fold change = IOD ratio of treatment/IOD

ratio of control) was presented under the blot of E-cadherin.

RNA Isolation and Quantitative Reverse

Transcription Polymerase Chain Reaction

(qRT-PCR)
Total RNA extraction and quantitative reverse transcrip-

tion PCR were conducted according to manufacturer’s

instructions as we previously described.22 Forward (F)

and reverse (R) primers were used as follows: p70S6K,
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F: 5ʹ-TACTTCGGGTACTTGGTAA-3ʹ and R: 5ʹ-GATGA

AGGGATGCTTTACT-3ʹ;23 mTOR, F: 5ʹ-TCCGAGAGA

TGAGTCAAGAGG-3ʹ, R: 5ʹ-CACCTTCCACTCCTATG

AGGC-3ʹ; raptor, F: 5ʹ-ACTGGAACCTACCTTTGGCTT

-3ʹ, R: 5ʹ-ACTGTCTTCATCCGATCCTTCA-3ʹ; GAPDH,

F: 5ʹ-ATGGGGAAGGTGAAGGTCG-3ʹ, R: 5ʹ-GGGGT

CATTGATGGCAACAATA-3ʹ,24 and synthesized by

Invitrogen. GAPDH was amplified in parallel with target

gene in each sample and used for normalization. The fold-

change of mRNAwas calculated using the 2−ΔΔCT method.

Growth Inhibition Assay
Cell number was examined by the sulforhodamine B (SRB)

assay. The growth rate of the cells and the inhibition rate of

erlotinib were calculated as previously described.20,22 In

brief, cells were transfected with siRNAs or plasmids in

6-well plates using Lipofectamine 2000 for 24 h, and

reseeded to 96-well plates at a density of 2000 cells/well

for subsequent 5-d SRB assay. Cells after transfection were

reseeded to 96-well plates at a density of 3000 cells/well,

then treated with or without erlotinib on the second day for

another 3 days, and then subjected to SRB assay.

Colony Formation Assay
Cells were seeded in 12-well plates at a density of 300

cells/well and treated with erlotinib diluted in media on

the second day. Every 3 days, the media were replaced

with fresh media containing erlotinib. After 21 days, cell

colonies were stained with crystal violet. Pictures were

taken using a digital camera.

Migration Assay
This migration assay was performed using Transwell

Chambers (8.0-μm pore size) from BD Transduction

Laboratories. 5×104 Cells in 0.2 mL serum-free medium

were seeded in the upper chamber and 0.6 mL medium con-

taining 10% FBS was added to the lower chamber. After 24 h,

the non-migratory cells on the top side of the membrane were

removed with a wipe cotton swab, and the migratory cells on

the bottom side of themembranewerefixedwithmethanol and

stained with 0.1% crystal violet. The migrated cells were

counted and pictures were taken under a microscope.

Gene Silencing by Small Interfering RNA

(siRNA)
Control (non-target) small interfering RNA (siRNA) was

purchased from Invitrogen. p70S6K siRNA pools that

target 5ʹ-CCAAGGUCAUGUGAAACUA-3ʹ; 5ʹ-CAUGG

AACAUUGUGAGAAA-3ʹ; 5ʹ-GACAAAAUCCUCAAA

UGUA-3ʹ; 5ʹ-GCAGGAGUGUUUGACAUAG-3ʹ25 and

β-catenin siRNA pools that target 5ʹ-AGCUGAUAUU

GAUGGACAG-3ʹ; 5ʹ-CAGUUGUGGUUAAGCUCUU

-3ʹ26 were described previously and synthesized by

Invitrogen. Cells were transfected with 100 nmol/L

siRNAs in 6-well plates using Lipofectamine 2000 for

48 h, and subjected to Western blot analysis. Cells cultured

24 h after transfection were reseeded to 96-well plates, and

subjected to growth inhibition assay. 100 nmol/L siRNA

pools meant total siRNA of different target sequences was

100 nmol/L.

Gene Silencing by Lentivirus-Mediated

shRNA
HCC827-ER cells were infected once with lentivirus car-

rying control, p70S6K shRNA (LV-p70S6K-RNAi,

Genechem,Inc. China) or β-catenin shRNA (LV-β-catenin-
RNAi, Genechem, Inc. China) according to the manufac-

turer’s protocol. The target sequence for p70S6K

(5ʹ-CAUGGAACAUUGUGAGAAA-3ʹ; 5ʹ-GACGGGGU

CCUCAAAUGUA-3ʹ) and β-catenin (5ʹ-CAGUUGUGGU

UAAGCUCUU-3ʹ) were selected from the target

sequences in the pool siRNA aforementioned. The cells

were then subjected to selection with 1 μg/mL puromycin

for 15 days and further cultured in puromycin-free med-

ium for another 10 days. The expression of p70S6K and β-
catenin in these cell lines were confirmed by Western

blotting.

Gene Overexpression by Plasmids
The pRK7-S6K1-WT plasmid that encodes the wild-type

form of p70S6K and its control vector pRK7 were

described previously and kindly provided by Dr. John

Blenis (Harvard Medical School).27 The HA-GSK3β-WT

and HA- GSK3β-S9A plasmids that encode the wild-type

and constitutively active form of GSK3β were described

previously and purchased from Addgene, Inc. pcDNA

plasmids were used as control. Transfection was con-

ducted as described previously.20

Lung Cancer Xenografts in Nude Mice
Animal experiments were approved by the Institutional

Animal Care and Use Committee of Nanjing Medical

University. Guides for the Care and Use of Laboratory

Animals (8th edition) was followed for the welfare of the
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laboratory animals. Four- to six-weeks old female anthy-

mic (nu/nu) mice were housed under pathogen-free condi-

tions with laboratory chow and water ad libitum. HCC827

ER-Ctrl- shRNA and HCC827 ER-p70S6K-shRNA cells

at 3×106 cells in serum-free medium were injected s.c. into

the left and right flank region of each nude mouse (mouse

number, n=7) respectively. Tumor volumes were measured

using caliper measurement once every two days and cal-

culated with the formula V = π (length × width2)/6. After

47 days, the tumors were removed and weighed.

Human Tissue Samples
The study was approved by the ethics committee of

Nanjing Medical University in accordance with the

Declaration of Helsinki. All patients involved in this

study provided written informed consent for the use of

their tissue in research. Continuous sections of formalin-

fixed paraffin-embedded (FFPE) tumor tissues were col-

lected from 96 lung cancer patients with NSCLC, who

visited Nanjing First Hospital during 2010 to 2013. The

mean age of patients was 66 years and ranged from 50 to

90 years. The NSCLC histological types, pathological

T (pT) stage, and pathological tumor nodal metastasis

(pTNM) stage were determined according to WHO criteria

of lung cancer and AJCC stage manual (2010 version). No

patient underwent radiation and chemotherapy before

surgery.

Immunohistochemistry
Immunohistochemical staining was done using Dako

EnVision system (Dako, USA) as described previously.22

Anti-p70S6K (Cell Signaling Technology) and anti-

E-cadherin (Abcam) antibody were used. Expression of

p70S6K was assessed semi-quantitatively according to

criteria that evaluated the staining intensity and the pro-

portion of positive tumor cells. The staining intensity was

defined as follows: 0, no staining; 1, light yellow; 2,

yellow; and 3, dark yellow. The proportion of positive

tumor cells was scored as 0, negative; 1, <10%; 2,

10–50%; and 3, >50%. The total staining score was calcu-

lated by staining intensity score plus frequency of positive

tumor cells. For statistical analysis, total scores of 0 to 4

were considered negative expression, and 5 to 6 were

positive expression. The E-cadherin expression in

NSCLC was leveled depending on the positive cells pro-

portion: +, >90% out of tumor cells were membrane stain-

ing; ±, 10–90% of the tumor cells were membranous and

cytoplasmic staining; -, negative or <10% of the tumor cell

were membrane staining. + was considered as being nor-

mal, ± or – was defined as aberrant expression of

E-cadherin.

Statistical Analysis
All data were presented as the mean ± SD and were

representatives of three independent experiments. The sta-

tistical significance of different treatments were analyzed

using the two-sided unpaired Student’s t-tests and P<0.05

was considered statistically significant, except that tumor

size and weight was analyzed using the two-side paired

Student’s t-tests. The correlation of p70S6K expression,

aberrant E-cadherin expression, and clinicopathologic

parameters was analyzed using Chi-square test. GraphPad

InStat 3 software was used for Statistical analysis.

Results
Epithelial-Mesenchymal Transition

Promotes the Acquired Resistance of

Erlotinib in NSCLCs
EMT has been suggested to promote cell proliferation and

the resistance of EGFR inhibitors.14 HCC827 cell line,

which harbors the erlotinib sensitive mutation (Del E746-

A750) of EGFR gene, is very sensitive to erlotinib treat-

ment. Li et al developed erlotinib resistant HCC827 cells

(HCC827-ER) by chronically exposure HCC827 cells

(HCC827-EP) to increased concentrations of erlotinib.19

Subsequent DNA sequencing has proved no secondary

T790M mutation of EGFR genes in these cells.7 Thereby,

it provides an ideal model for studying the acquired resis-

tance of erlotinib.19 Using this pair of cells, we found that

the expression levels of epithelial marker E-cadherin

decreased, and mesenchymal marker vimentin and

N-cadherin increased in HCC827-ER cells compared to

HCC827-EP cells (Figure 1A). Moreover, the migratory

potency of HCC827-ER cells was around 1.8-fold stronger

than HCC827-EP cells by migration assay, and quantita-

tive analysis showed a significant difference (p<0.05)

(Figure 1B and C). These findings suggest that HCC827-

ER cells undergo the process of epithelial-mesenchymal

transition (EMT).

Since β-catenin plays an important role in EMT

through translocation from cytoplasm to nucleus to facil-

itate transcription of a number of genes that are upregu-

lated in EMT, we evaluated the efficacy of erlotinib on

HCC827-ER cells when EMT was reversed by β-catenin
silencing. First, knockdown of β-catenin by siRNA
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significantly decreased β-catenin protein levels in parallel

with an increase of E-cadherin and a decrease of vimentin,

compared to that in control, suggesting the reverse of EMT

(Figure 1D). Moreover, knockdown of β-catenin enhanced

the inhibitory effect of erlotinib on HCC827-ER cells,

indicating that inhibition of EMT sensitized the erlotinib

resistant cells (Figure 1E). We established a stable β-
catenin silencing cell line and a control cell line by using

β-catenin shRNA (HCC827 ER-β-catenin-shRNA) or con-
trol shRNA (HCC827 ER-control-shRNA) in HCC827-ER

cells, respectively. In consistence, β-catenin knockdown

sensitized HCC827-ER cells to erlotinib treatment with

the cell survival rate decreased (Figure 1F). Successful

downregulation of β-catenin expression were confirmed

by Western blot (Figure 1F). These results suggest that

EMT promotes the acquired resistance of erlotinib in

NSCLC cells.

p70S6K Is Upregulated in Erlotinib

Resistant Cells
It has been reported that p70S6K induces EMT in ovarian

cancer, and mTOR signaling pathway is involved in erlo-

tinib resistance, so we propose that p70S6K may promote

acquired resistance of erlotinib through inducing EMT.5,25

We found that both mRNA and protein levels of p70S6K

were increased in HCC827-ER cells compared to

HCC827-EP cells (Figure 2A and B). Moreover, phos-

phorylation levels of both p70S6K and its downstream

target S6 were higher in HCC827-ER cells than in

Figure 1 EMT promotes acquired resistance of erlotinib. (A and B) the erlotinib sensitive (EP) and resistant (ER) HCC827 cells were subjected to Western blot analysis for

EMT markers (A), transwell migration assay (B). (C) migrated cell numbers/field was counted under microscope for five randomly selected fields and average cell numbers/

field was presented. Columns, means of three replicate determinations; bars, SD; *p<0.05. (D and E) HCC827-ER cells transfected with β-catenin or control siRNA were

subjected to Western blot analysis (D) and SRB assay with or without erlotinib treatment (E). Ctrl, control; β-cat, β-catenin. (F) HCC827 ER-β-catenin-shRNA cells (right)

and HCC827 ER-Ctrl-shRNA cells (left) were subjected to Western blot analysis and SRB assay with or without erlotinib treatment. Columns, means of four replicate

determinations; bars, SD; *p<0.05 vs control; #p<0.05 vs erlotinib.
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HCC827-EP cells, suggesting an elevated activation of

p70S6K (Figure 2B). The upregulation of p70S6K signal-

ing in HCC827-ER cells indicates the involvement of

p70S6K in the acquired resistance of erlotinib.

Downregulation of p70S6K Reverses

EMT and Increases the Growth Inhibitory

Effect of Erlotinib in Erlotinib Resistant

Cells
To identify the role of p70S6K in EMT-mediated erlotinib

resistance, we firstly examined the effects of p70S6K

silencing on EMT and erlotinib resistance in HCC827-

ER cells. A pool of 4 sequences of p70S6K siRNA was

used to knockdown of p70S6K protein expression. We

observed that total p70S6K, p-p70S6K, and p-S6 levels

were significantly decreased, suggesting the downregula-

tion of p70S6K signaling pathway. In parallel, E-cadherin

was increased and N-cadherin was decreased when

p70S6K was knocked down, suggesting a reverse of

EMT in erlotinib resistant cells (Figure 3A). We also

noted that the expression of E-cadherin in HCC827-EP

cells decreased by 5.6-fold when compared to HCC827-

ER cells after quantification of Western blots (Figure 1A).

However, p70S6K knockdown increased the expression of

E-cadherin by 3.1-fold in HCC827-ER cells, suggesting

p70S6K partially reversed the EMT in erlotinib resistance

(Figure 3A). SRB assay showed that p70S6K siRNA

inhibited the growth of HCC827-ER cells compared to

control siRNA (Figure 3B). Moreover, p70S6K knock-

down enhanced the inhibitory effects of 0.5 μmol/L erlo-

tinib on HCC827-ER cells, compared to erlotinib or

p70S6K siRNA single treatment (Figure 3C).

We then established a stable p70S6K silencing cell line

(HCC827 ER-S6K-shRNA cells) and a control cell line

(HCC827 ER-Ctrl-shRNA cells) in HCC827-ER cells by

infection of lentivirus carrying p70S6K shRNA or scramble

shRNA. We observed that knockdown of p70S6K inhibited

cell growth by SRB assay (Figure 3D). The silencing of

p70S6K was confirmed by Western blot assay (Figure 3D).

Moreover, p70S6K stable silencing enhanced the inhibitory

effect of 0.5 μmol/L erlotinib (Figure 3E). Additionally,

colony formation assay confirmed that erlotinib inhibited

cell growth more dramatically in p70S6K stable silencing

cells than that in control cells (Figure 3F). These results

suggest that downregulation of p70S6K expression could

reverse EMT and sensitize erlotinib resistant cells.

Overexpression of p70S6K Induces EMT

and Decreases the Inhibitory Effect of

Erlotinib on Growth in Erlotinib Sensitive

Cells
We then investigated the role of p70S6K-induced EMT in

erlotinib resistance by overexpression of p70S6K in erlotinib

sensitive cells (HCC827-EP cells). We observed that transfec-

tion of HCC827-EP cells with wild-type p70S6K constructs

decreasedE-cadherin expression and increased vimentin levels

compared to that in control, suggesting that p70S6K induces

EMT in erlotinib sensitive cells (Figure 4A). We observed that

p70S6K overexpression in HCC827-EP cells decreased

E-cadherin expression by 3.6-fold, while there was a 5.6-fold

decrease of E-cadherin expression in HCC827-ER cells com-

pared with that in HCC827-EP cells (Figure 1A). These results

suggested that p70S6K partially reversed the EMT in erlotinib

resistance. Meanwhile, erlotinib inhibited cell growth while

p70S6K overexpression promoted cell growth. The inhibitory

Figure 2 p70S6K is upregulated in erlotinib resistant cells. HCC827-EP and HCC827-ER cells were subjected to qRT-PCR assay (A) and Western blot analysis (B). Columns,

means of three replicate determinations; bars, SD; *p<0.05.
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effect of 0.5 μmol/L erlotinib was attenuated by over 5-fold

(p<0.05) when p70S6K was overexpressed, suggesting that

p70S6K is involved in erlotinib resistance (Figure 4B). It

should be noted that the survival rate of erlotinib in HCC827-

ER cells with p70S6K knockdown was around 40.8±2.2%

(Figure 3C), albeit in HCC827-EP cells with p70S6K

overexpression was 56.3±3.2% under 0.5 μmol/L erlotinib

treatment. Therefore, increased expression p70S6K-induced

a dramatic resistance to erlotinib treatment when we consider-

ing that the survival rate of 0.5μmol/L erlotinib inHCC827-EP

cells was only 11.0±3.5% (Figure 4B). Moreover, EMT fea-

tures induced by p70S6K, such as increased E-cadherin

Figure 3 Downregulation of p70S6K expression in HCC827-ER cells partially reverses EMT and erlotinib resistance. (A–D) HCC827-ER cells transfected with p70S6K

siRNA or control siRNA were subjected to Western blot analysis for EMT markers (A), SRB assay for cell growth (B and C). Ctrl, control. (D–F) HCC827 ER-p70S6K-

shRNA and ER-Ctrl-shRNA cells were subjected to SRB assay (D and E) and colony formation assay for cell growth. Representative images of colony formation assay (E).
(F) Points and columns, means of four replicate determinations; bars, SD; *p<0.05 vs control; #p<0.05 vs erlotinib. HCC827 ER-p70S6K-shRNA (right) and its control (left)

cells were subjected to Western blot analysis (D).
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expression and decreased vimentin expression, was partially

reversed byβ-cateninknockdownusing siRNA (Figure 4C). In

addition, β-catenin silencing suppressed p70S6K-induced cell
growth (Figure 4D). These findings suggest that p70S6K-

induced EMT could contribute to the erlotinib resistance.

GSK3β Inhibited p70S6K Expression

Through Promoting p70S6K Degradation
We then explored how p70S6K signaling pathway was upre-

gulated in erlotinib resistant cells (Figure 2B). First, we

checked its upstream signal - mTORC1 expression in both

HCC827-EP and HCC827-ER cells. We found that the

expression levels of mTOR and raptor, the two main compo-

nents of mTOR complex 1 (mTORC1), was higher in

HCC827-ER cells than that in HCC827-EP cells, suggesting

that the hyper-active mTORC1 signaling might contribute to

the upregulation of p70S6K signaling in HCC827-ER cells

(Figure 5A). However, the mRNA levels of mTOR and

raptor were decreased by 18% and 27% respectively in

HCC827-ER cells, suggesting that it was not

a transcriptional regulation (Figure 5B). We then detected

the protein degradation of these proteins. Western blotting

showed that MG132, a proteasome inhibitor, increased

mTOR, raptor, and p70S6K protein levels significantly in

HCC827-EP cells, but not in HCC827-ER cells (Figure 5C).

Moreover, the expression of GSK3β, a kinase that promoted

mTOR and raptor degradation, was decreased in HCC827-

ER cells compared to that in HCC827-EP cells (Figure 5A).

Transfection of wild-type (GSK3β-WT) or active form of

GSK3β constructs (GSK3β-S9A) in HCC827-ER cells

decreased p70S6K, mTOR, and raptor protein levels signifi-

cantly compared to that in control (pcDNA) (Figure 5D).

Figure 4 Overexpression of p70S6K in HCC827-EP cells induces EMT and erlotinib resistance. (A and B) HCC827-EP cells transfected with the constructs encoding the

wild-type p70S6K (pRK7-S6K1-WT) and its control vector pRK7 were subjected to Western blot analysis for EMT markers (A) and SRB assay for cell numbers (B). (C and

D) HCC827-EP cells were co-transfected with p70S6K constructs and β–catenin siRNA as indicated, and subjected to Western blot analysis for EMT markers (C) and SRB

assay for cell numbers (D). Points and Columns, means of four replicate determinations; bars, SD; *p<0.05 vs control; #p<0.05 vs erlotinib.
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These results suggest that the upregulated p70S6K pathway

in HCC827-ER cells, at least partially, results from the

decrease of GSK3β-mediated protein degradation of

p70S6K, mTOR, and raptor.

Downregulation of p70S6K Expression

Inhibits Tumor Growth in a Xenograft

Mouse Model
To determine the inhibitory effects of targeting p70S6K in

erlotinib resistance cells in vivo, we inoculated HCC827

ER-p70S6K-shRNA cells and HCC827 ER-Ctrl-shRNA

cells to the nude mice subcutaneously and evaluated the

growth of the xenografts. The average size of HCC827

ER-p70S6K-shRNA cell-tumors was smaller than that of

control tumors (Figure 6A). Accordingly, the weight of

HCC827 ER-p70S6K-shRNA cell-tumors was much

lighter than that of control tumors (Figure 6B). These

results suggest that p70S6K knockdown significantly

inhibited the growth of erlotinib resistant cell xenografts

in vivo.

Figure 5 Upregulation of p70S6K is a consequence of decreased protein degradation regulated by GSK3β. (A and B) HCC827-EP and ER cells were subjected to Western

blot analysis (A) and qRT-PCR assay (B). Columns, means of three replicate determinations; bars, SD; *p<0.05. (C) cell lines aforementioned were treated with or without

MG132 for 6h and subjected to Western blot analysis. (D) HCC827-ER cells transfected with control vectors (pcDNA), constructs encoding the wild-type GSK3β (GSK3β-
WT), and the constitutive active form of GSK3β (GSK3β-S9A) were subjected to Western blot analysis.
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p70S6K Expression Correlates with the

Aberrant E-Cadherin Expression in

Human NSCLC Tissue Samples
We performed the immunohistochemical staining of p70S6K

and E-cadherin in 96 cases of human NSCLC to evaluate the

correlation between p70S6K and EMT. Theoretically, cancer

cells undergoing EMT show decreased expression of

E-cadherin; however, we detected high expression levels of

E-cadherin in human lung cancer tissues. Thus, we defined

weak cytoplasmic staining or incomplete membrane staining

of E-cadherin as aberrant expression. In adenocarcinoma,

there displayed a strong nuclear staining of p70S6K together

with an incomplete and weak cytoplasmic staining of

E-cadherin (Figure 7, upper panel). In squamous cell carci-

noma, there showed a strong nuclear staining of p70S6K in

company with cytoplasmic and incomplete membrane stain-

ing of E-cadherin, which we considered as aberrant expres-

sion (Figure 7, lower panel). Moreover, 72/96 (75%) cases

showed positive signal for p70S6K and 24/96 (25%) cases

were negative, whereas E-cadherin was aberrantly expressed

in 50/96 (52.1%) cases and normally expressed in 46/96

(47.9%) cases. Statistical analysis revealed a significant cor-

relation between p70S6K expression and aberrant

E-cadherin expression (p<0.05) (Table 1). We further ana-

lyzed the correlation between their expression and clinico-

pathologic parameters in NSCLC. The aberrant expression of

Figure 6 Downregulation of p70S6K expression inhibits the growth of lung cancer xenografts in nude mice. HCC827 ER-p70S6K-shRNA and ER-Ctrl-shRNA cells were

injected s.c. into the left or right flank region of each nude mouse respectively. After 47 days, the mice were sacrificed and the tumors were removed. (A) tumor size was

measured once every 2 days. (B) separated tumors were weighed. Means ± SD (n=7); *p<0.05 compare to control xenografts.

Figure 7 p70S6K and E-cadherin expression in the specimens of human NSCLC by immunohistochemistry staining. Serial sections of lung adenocarcinoma and squamous

cell carcinoma specimens were subjected to IHC staining of p70S6K and E-cadherin. Up, strong nuclear positive expression of p70S6K, and weak and discontinuous

membrane expression of E-cadherin in adenocarcinoma. Low, strong nuclear positive expression of p70S6K and discontinuous membrane expression of E-cadherin in

squamous cell carcinoma. Representatives of IHC staining as indicated. Magnification, ×200.
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E-cadherin was positively correlated with lymph nodemetas-

tasis, high pT stage, and high pTNM stage with statistical

significance (p<0.05) (Table 2). However, we did not observe

any correlation between p70S6K expression and clinico-

pathologic parameters (Table 2). These results suggest that

p70S6K overexpression is correlated with EMT in human

NSCLC tissue samples.

Discussion
Until now, several mechanisms of EGFR-TKI (tyrosine

kinase inhibitor) have been identified.28 EGFR T790M

mutant accounts for approximately 50% of the patients

that lose the response to EGFR-TKIs.29 Amplification of

met gene accounts for about 30% of the patients with

acquired resistance.30 However, there are still 15–20%

of patients whose EGFR-TKI resistance is unknown.31

In this study, we showed that the mRNA, protein, and

phosphorylation levels of p70S6K were all increased in

erlotinib resistant cells compare to their parental erloti-

nib sensitive cells, suggesting an upregulation and acti-

vation of p70S6K in erlotinib resistant cells. Moreover,

downregulation of p70S6K expression enhanced the

growth inhibitory effects of erlotinib in erlotinib resis-

tant cells, whereas overexpression of p70S6K decreased

the inhibitory effects of erlotinib in erlotinib sensitive

cells. Additionally, silencing of p70S6K inhibited the

growth of erlotinib resistant xenografts in a nude

mouse model. Our findings suggest p70S6K plays an

important role in erlotinib resistance.

Epithelial-mesenchymal transition (EMT), which is

correlated with cancer metastasis, stem cells, and drug

resistance, has attracted great research interests.32,33

Witta et al identified an inverse correlation between sensi-

tivity to gefitinib and expression of E-cadherin. Forced

expression of E-cadherin in gefitinib-resistant cell

increased its sensitivity to gefitinib, suggesting that EMT

promotes EGFR-TKI resistance.34 Zhang et al reported

that activation of AXL kinase causes resistance to EGFR-

TKIs in lung cancer, and evidenced EMT in resistant cells

and tumor tissues.35 In agreement with the studies above,

we found, in this study, that erlotinib resistant cells

showed lower levels of E-cadherin, higher levels of

vimentin and N-cadherin, than that in erlotinib sensitive

cells. β-catenin silencing sensitized erlotinib resistant cells

and, in the mean time, reversed EMT. These findings

suggest that erlotinib resistant cells display mesenchymal

cell properties. Manipulating EMT could, at least partially,

overcome erlotinib resistance.

The ribosomal protein S6 kinase (p70S6K) is one of the

best characterized downstream targets of mTORC1. Recent

studies revealed that activation of mTORC1-p70S6K

Table 1 Correlation Between p70S6K and E-Cadherin Expression

in NSCLC

p70S6K n E-cadherin χ2 P value

Aberrant Normal

+ 72 44 28 9.405 0.002

– 24 6 18

Table 2 Correlation Between p70S6K or E-Cadherin Expression and Clinicopathologic Parameters in NSCLC

Clinicopathologic

Parameters

n p70S6K χ2 P value E-cadherin χ2 P value

+ – Normal Aberrant

Histologic type

SCC 50 38 12 0.056 0.814 23 27 0.154 0.695

AC 46 34 12 23 23

Lymph node metastasis

Positive 32 25 7 0.250 0.617 11 21 5.343 0.021

Negative 64 47 17 35 29

pT stage

T1 58 43 15 0.058 0.810 36 22 11.759 0.001

≥T2 38 29 9 8 28

pTNM

I 60 46 14 0.237 0.626 37 23 12.121 0.000

≥II 36 26 10 9 27

Abbreviations: SCC, squamous cell carcinoma; AC, adenocarcinoma; pT, pathological T; pTNM, pathological tumor node metastasis.
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signaling promotes, while blocking this pathway inhibits,

EMT, cell migration, invasion, and cancer

metastasis.17,18,36,37 Pon et al reported that p70S6K induced

EMT in ovarian cancer through increasing snail

transcription.25,38 However, to date, there are limited inten-

sive studies focusing on the role and the mechanism of

p70S6K in EMT. In the present study, we found that

p70S6K overexpression induced EMT in erlotinib sensitive

cells, while knockdown of p70S6K reversed EMT in erloti-

nib resistant cells (mesenchymal-like cells). Moreover, in

human lung cancer tissue sections, we found that p70S6K

expression is correlated with the aberrant E-cadherin expres-

sion. To our surprise, we detected enriched p70S6K expres-

sion in the nuclear of cancer cells, which is inconsistent with

the fact that p70S6K is known as a translational regulator.

Thus, clarifying the role of p70S6K in the nuclear as well as

the shuttling mechanism of p70S6K between the nuclear and

cytosol would be interesting research directions in the future.

This study, for the first time, suggests that p70S6K-induced

EMT plays an important role in the acquired resistance of

EGFR-TKIs in NSCLC. Notably, identifying downstream

proteins in mTOR signaling pathway involved in EMT

would provide novel targets for treatment with less toxicity.

We and others have reported that mTOR, raptor, rictor are

all substrates of an E3-ligase named FBWX7, and their degra-

dation is regulated by GSK3β through ubiquitination.39,40 In

this study, we found that the increase of mTOR and raptor

expression levels was not resulted from transcriptional regula-

tion, since their mRNA levels was not elevated. Moreover, in

erlotinib sensitive cells, MG132 treatment increased protein

Figure 8 A schematic diagram of p70S6K-induced EMT in the acquired resistance of erlotinib in NSCLC. p70S6K, a downstream molecule of mTORC1 signaling, facilitates

global protein synthesis. p70S6K played a simulative role in EMT as well as the acquired resistance of erlotinib in NSCLCs. GSK3β promoted the degradation of mTOR,

raptor and p70S6K. The decreased expression of GSK3β in HCC827-ER cells could lead to the enhancement of mTORC1-p70S6K signaling pathway, which further

stimulated EMT and erlotinib resistance.
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levels of p70S6K, mTOR, and raptor. Introducing wild-type

and active form ofGSK3β to erlotinib resistant cells decreased
p70S6K, mTOR, and raptor protein levels significantly.

Therefore, the upregulation of p70S6K in erlotinib resistant

cells results from the suppression of GSK3β-mediated degra-

dation of mTOR and raptor. Currently, we do not know how

GSK3βwas downregulated in erlotinib resistant cells. Further
studies are needed to clarify this mechanism.

In conclusion, our findings suggest that p70S6K induced

EMT play an important role in the acquired resistance of

erlotinib (Figure 8). Targeting p70S6K might provide

a novel therapeutic strategy to increase the survival rate

and decrease the reoccurring chance of NSCLC patients.
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