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Abstract

The discovery of somatic mutations in epidermal growth factor receptor (EGFR) and

development of EGFR tyrosine kinase inhibitors (TKIs) have revolutionized treatment for lung

cancer. However, resistance to TKIs emerges in almost all patients and currently no effective
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treatment is available. Here we show that β-catenin is essential for development of EGFR mutated

lung cancers. β-catenin was upregulated and activated in EGFR mutated cells. Mutant EGFR

preferentially bound to and tyrosine-phosphorylated β-catenin, leading to increase in β-catenin-

mediated transactivation, particularly in cells harboring the gefitinib/erlotinib-resistant gatekeeper

EGFR-T790M mutation. Pharmacological inhibition of β-catenin suppressed EGFR-L858R-

T790M mutated lung tumor growth and genetic deletion of the β-catenin gene dramatically

reduced lung tumor formation in EGFR-L858R-T790M transgenic mice. These data suggest that β-

catenin plays an essential role in lung tumorigenesis and that targeting the β-catenin pathway may

provide novel strategies to prevent lung cancer development or overcome resistance to EGFR

TKIs.
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Introduction

Lung cancer is the leading cause of cancer death worldwide (1). The conventional treatment

of advanced lung cancer is unsatisfactory; however, the discovery of epidermal growth

factor receptor (EGFR) somatic kinase mutations provided the first glimpse of aberrant

tyrosine kinase oncogene function in non-small cell lung cancer (NSCLC). Activating

EGFR mutations (i.e., exon 19 deletions or the exon 21 L858R) are present in 10–40% of

NSCLCs depending on race, gender, and smoking status (2). These mutations trigger the

EGFR signaling pathway and promote EGFR-mediated pro-survival and anti-apoptotic

signals (2). Most NSCLCs with activating EGFR mutations respond dramatically to gefitinib

and erlotinib, which are reversible EGFR tyrosine kinase inhibitors (TKIs). However, almost

all patients demonstrate progressive tumors within two years of continued drug exposure.

The secondary EGFR-T790M mutation accounts for more than 50% of acquired resistance

to gefitinib and erlotinib (2). Irreversible and second-generation EGFR inhibitors can

partially overcome NSCLCs with T790M in vitro (3). This knowledge has spawned clinical

trials of neratinib (4) and afatinib (5) in this patient population. However, these “second

generation” inhibitors alone have not led to significant control of tumors with acquired

resistance to gefitinib/erlotinib (4, 5). Thus, novel strategies to overcome the acquired

resistance caused by T790M either by developing inhibitors specific to EGFR-T790M (6) or

by developing inhibitors of T790M downstream targets are sorely needed.

β-catenin plays two major roles in normal cell homeostasis: it is a component of cell-cell

adhesion structures and also a key player in the Wnt/β-catenin signaling pathway. As a cell

adhesion molecule, membranous β-catenin links E-cadherin to α-catenin. In the nucleus, β-

catenin acts as a transcriptional activator in conjunction with the TCF/LEF DNA binding

proteins and regulates its target genes that are responsible for cellular proliferation and

differentiation (7). In the absences of Wnt/β-catenin signaling, β-catenin is degraded by the

destruction complex consisting of adenomatous polyposis coli (APC), axin, and glycogen

synthase kinase 3β (GSK-3β). However, aberrant activation of the Wnt/β-catenin pathway

can trigger tumorigenesis in several organs. In patients with familial adenomatous polyposis,
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mutations in APC lead to loss of APC function, stabilization of β-catenin, and constitutive

activation of the Wnt/β-catenin pathway (8). In lung cancer, there is accumulating evidence

that Wnt/β-catenin may be activated; however mutations in APC are uncommon (9).

Recently, it has been shown that this pathway plays an important role in lung

adenocarcinoma metastasis (10) but, the role of β-catenin signaling in NSCLC initiation/

progression is not well understood.

In addition to serine/threonine phosphorylation, β-catenin can be tyrosine-phosphorylated by

several tyrosine kinases including Src (11, 12) and EGFR (13). In physiological conditions,

tyrosine-phosphorylation of β-catenin leads to dissociation of β-catenin from β-catenin/α-

catenin/E-cadherin complexes, its stabilization with subsequent nuclear translocation, and

finally increased transactivation of β-catenin (14). Moreover, it has been shown that β-

catenin can also be tyrosine-phosphorylated by oncogenic Bcr-Abl or FLT3 mutant proteins,

leading to its increased protein stability and transcriptional signaling activity (15, 16). These

data strongly suggest that constitutively activated oncogenic kinases may contribute to

cancer initiation and/or progression by increasing β-catenin activity.

In this study, we show that β-catenin is stabilized and activated through tyrosine-

phosphorylation by mutant EGFRs. Inhibition of β-catenin was shown to suppress lung

tumor growth in vitro and in vivo. Conditional deletion of the β-catenin gene (Ctnnb1)

inhibited lung tumor formation induced by EGFR-L858R-T790M in transgenic mice. These

data indicate that β-catenin plays an essential role on mutant EGFR-induced lung

tumorigenesis.

Materials and Methods

Cell culture

A427, A549, NCI-H125, NCI-H1395, NCI-H1299, and NCI-H460 were purchased from the

American Type Culture Collection. NCI-H1650, NCI-H3255, NCI-H1975, HCC827, PC9,

and BEAS-2B cells were provided by Drs. Pasi Jänne and Geoffrey Shapiro (Dana-Farber

Cancer Institute). 293T cells and COS7 cells were provided by Dr. Daniel G. Tenen (Beth

Israel Deaconess Medical Center). These cells were regenotyped on a regular basis to

confirm the presence of known EGFR mutations by standard Sanger sequencing.

Mice

The studies were approved by the Institutional Animal Care and Use Committee at Beth

Israel Deaconess Medical Center. EGFR-L858R-T790M (EGFRTL)/CCSP-rtTA bi-transgenic

mice and teto-Cre transgenic mice were previously reported (17, 18). Ctnnb1 floxed mice

(19) and TOPGAL reporter mice (20) were purchased from the Jackson Laboratory. To

induce EGFRTL expression and excise Ctnnb1, mice were fed with a doxycycline diet

(Harlan Laboratories).

Plasmid constructs

FLAG-tagged and non-tagged pcDNA3-β-catenin plasmids were provided by Drs. Daniel

G.Tenen and Akinobu Matsumoto (Beth Israel Deaconess Medical Center), respectively.
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pCG-LEF1 was provided by Rudolf Grosschedl (Max Planck Institute). Tyrosine to

phenylalanine point mutations of β-catenin were generated using the QuikChange site-

directed mutagenesis kit (Agilent technologies). pcDNA3.1 or MigR1 EGFR-mutant

constructs were generated as described previously (21, 22).

Stable cell lines

Stable BEAS-2B cells expressing wild type EGFR and EGFR mutants were generated by

retroviral infection using MigR1-EGFR constructs as described previously (22). β-catenin

knockdown NCI-H1975 cells were generated by retroviral infection using pGIPZ constructs

and GFP positive cells were sorted. shRNA sequences were 5’-

GCTTCTAACACCGGAGGTCTT-3’ (control), 5’-TAAGGCTGCAGTTATGGTCCA-3’

(CTNNB1 #1), 5’-TTACCACTCAGAGAAGGAG-3’ (CTNNB1 #2), and 5’-

TACTGTCCATCAATATCAG-3’ (CTNNB1 #3).

Real-time PCR assay

The mRNA levels of genes were measured as previously described (23). Primers for AXIN2

were 5’-TGTCCAGCAAAACTCTGAGG-3’ (forward) and 5’-

GTGCAAAGACATAGCCAGAAC-3’ (reverse). Primers for GAPDH were 5’-

CCACATCGCTCAGACACCAT-3’ (forward) and 5’-CCAGGCGCCCAATACG-3’

(reverse).

Luciferase reporter gene assay

293T cells (1×105 cells) in 24-well plates were transfected by Lipofectamine 2000

(Invitrogen) with 200 ng of TCF-reporter constructs (pTOPFLASH/pFOPFLASH) (24), and

100 ng of pcDNA3.1-EGFR, 100 ng of pCG-LEF1, and 500 ng of non-tagged pcDNA3-β-

catenin. Cells were incubated overnight and cultured for another 24–28 hours in the

presence of 100 ng/ml EGF. Luciferase activity was measured using Dual-Luciferase

Reporter Assay System (Promega).

Wester blotting and immunoprecipitation

Cells lysates were prepared as previously described (23, 25). Nuclei and cytoplasmic protein

were isolated as previously described (26). Protein lysates were subjected in SDS

polyacrylamide and blotted on to PVDF membranes (Millipore).

For immunoprecipitation studies, 1 mg of total cell lysates was mixed with the first

antibodies or normal mouse IgG (Santa Cruz Biotechnology) and then incubated with

protein G Sepharose (GE Health Care Life Sciences). The beads were precipitated by

centrifugation, washed three times with PBS, then suspended in sample buffer.

The antibodies used were: α-tubulin (Millipore); β-actin (Sigma-Aldrich); axin2 (Abcam); β-

catenin (Santa Cruz Biotechnology); EGFR (Cell Signaling Technology); FLAG (Sigma-

Aldrich); total-GSK3 (Cell Signaling Technology); phospho-Ser-9-GSK3β (Cell Signaling

Technology); lamin B (Abcam); and phospho-tyrosine (Cell Signaling Technology).
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Immunohistochemical analysis and X-gal Staining

The studies were approved by the Institutional Review Boards at Beth Israel Deaconess

Medical Center, Keio University School of Medicine, and National University Health

System in Singapore. A tissue microarray was constructed from tumor tissues of 148

patients with NSCLC obtained at the National University of Singapore as previously

described (27). For conventional IHC analyses, four EGFR-mutated NSCLC patients

(L858R and exon 19 deletion) with acquired gefitinib resistance were analyzed. They

underwent computed tomography-guided pre- and post-treatment biopsies of their tumors at

Keio University Hospital and Beth Israel Deaconess Medical Center. All tissues were

embedded in paraffin, sectioned, and stained with H&E. Immunohistochemical staining was

performed on formalin-fixed paraffin sections. All cases for quantitation of nuclear β-catenin

staining were reviewed in a blinded fashion. For murine studies, mice were sacrificed and

lungs were fixed in 10% neutral buffered formalin. The antibodies used were: β-catenin

(Human: R&D systems or DAKO, Mouse: BD Transduction Laboratories); axin2 (Abcam);

and TTF1 (Abcam). X-gal staining was performed as described (28).

Immunofluorescence analysis

Cells were plated in 6 well plates overnight and transfected with 1.5 µg pcDNA3.1-EGFR

and 1.5 µg FLAG-tagged pcDNA3-β-catenin. Cells were incubated overnight and

trypsinized the following day. Cells were then plated into the 2 well-chamber slides,

incubated overnight, and stained with the following antibodies: FLAG (Sigma-Aldrich); β-

catenin (BD Transduction Laboratories); Alexa 594-mouse and 488-rabbit (Invitrogen).

In vitro and in vivo drug treatment

For cell culture studies, both afatinib (LC Laboratory) and ICG-001 (Selleck Chemicals)

were reconstituted in DMSO and used at the indicated concentrations. For in vivo studies,

ICG-001 was suspended in 0.5% (w/v) methylcellulose (Sigma-Aldrich) and administered

i.p. at 150 mg/kg/day. The stock solution was reconstituted every week and stored at 4°C.

The same mice were imaged by MRI to determine the reduction in tumor volume after 2–3

weeks during the respective treatments.

Cell proliferation Assay

Growth inhibition was assessed by CellTiter 96 AQueous One solution proliferation kit

(Promega) according to manufacturer’s instruction.

Colony Formation Assay

Anchorage-independent growth was assayed as previously described (29). A total of 5,000

cells were plated and colonies were counted after 14 days.

Magnetic Resonance Image scanning

All MRI was performed with a 4.7 Tesla Biospec 47/40 spectrometer using a birdcage radio-

frequency coil with an inner-diameter of 30 mm (Bruker Instruments, Billerica, MA).

Detailed procedure of MRI scanning was described previously (17). On each MRI image,
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areas indicating the pulmonary tumor were manually segmented and measured to calculate

tumor volumes using NIH ImageJ software (version 1.46; http://rsb.info.nih.gov/ij/).

Statistical analysis

Differences between the experimental groups were tested with Fisher's exact test, Student’s

t-test, or Wilcoxon signed-rank test. P-values of less than 0.05 were considered statistically

significant. The Kaplan-Meier method was used to estimate overall survival. We performed

our statistical analyses with STATA version 12.1 (STATA Corp).

Results

β-catenin is overexpressed in cells with EGFR activating mutations

We previously identified cyclin D1 as one of the major effectors downstream of EGFR with

activating mutations (23). As cyclin D1 is one of the target genes of the Wnt/β-catenin

signaling pathway (7), we asked whether the pathway is activated in EGFR mutant cells. As

shown in Fig. 1A, expression of β-catenin was increased in all EGFR mutant cells at similar

levels to A427 cells carrying a β-catenin stabilizing mutation (30), compared to cells

harboring wild type EGFR. In addition, immunofluorescence (IF) studies using confocal

laser scanning microscopy showed much brighter signals in cells with EGFR mutations

(NCI-H1650 and NCI-H1975) (Fig. 1B) as compared to A549 cells, which carry wild type

EGFR. Interestingly, β-catenin was detected not only on the cell membrane but also in the

cytoplasm and nucleus in cells with EGFR mutants. Conversely, it was localized on the cell

surface and sites of cell-cell contact in A549 cells (Fig. 1B). These results prompted us to

determine expression and localization of β-catenin in mutant EGFR-driven tumors in vivo.

We have previously established the lung-specific conditional EGFR-L858R-T790M

(EGFRTL) transgenic mice containing seven direct repeats of the tetracycline (tet)-operator

sequence. These mice were crossed with CCSP-rtTA mice, which specifically express the

reverse tetracycline transactivator protein (rtTA) in CCSP expressing cells (17). Consistent

with our previous report (17), lung tumors were detected in EGFRTL/CCSP-rtTA mice

treated with doxycycline but not in CCSP-rtTA mice (Fig. 1C: I and V). These tumors were

positive for thyroid transcription factor-1 (TTF-1) (Fig. 1C: VI). More than 70% of tumor

cells were positive for cytoplasmic β-catenin, whereas nuclear β-catenin was positive in

approximately 20% of tumor cells (Fig. 1C: VII; arrows). Interestingly, cytoplasmic Axin2,

which is a direct target gene of the Wnt/β-catenin pathway (31), was detected in almost all

tumor cells (Fig. 1C: VIII), which indicates that β-catenin is indeed activated in EGFR

mutant tumor cells.

EGFR mutants increase expression and activity of β-catenin

Next, we investigated the effects of mutant EGFR on stability and localization of β-catenin.

When 293T cells were co-transfected with constructs containing β-catenin and either wild

type EGFR, EGFR-L858R, or EGFR-L858R-T790M, expression of cytosolic and nuclear β-

catenin was highest in cells transfected with EGFR-L858R-T790M (Fig. 2A). Lower

expression of β-catenin was detected in cells transfected with EGFR-L858R, but the

expression was still at higher level compared to cells transfected with wild type EGFR (Fig.

2A). Next, to examine the effect of EGFR mutants on β-catenin localization, we generated

Nakayama et al. Page 6

Cancer Res. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://rsb.info.nih.gov/ij/


stable cell lines expressing either wild type EGFR, EGFR-L858R, or EGFR-L858R-T790M

(Fig. 2B) using human immortalized bronchial epithelial cells (BEAS-2B) (32). Confocal

microscopy analysis demonstrated that expression of nuclear β-catenin was highest in

BEAS-2B cells expressing EGFR-L858R-T790M. Although cytoplasmic β-catenin was

increased in BEAS-2B cells expressing EGFR-L858R, expression of nuclear β-catenin was

modest compared to BEAS-2B cells expressing wild type EGFR (Fig. 2C). As nuclear

translocation of β-catenin is required for its transcriptional activity, we attempted to

determine whether activated EGFR mutants enhance transactivation using the TCF optimal

promoter - luciferase reporter (pTOPFLASH) (24). The luciferase reporter containing the

mutant motif (pFOPFLASH) was used to measure background activity. As shown in Fig.

2D, the TCF/LEF transactivation was highest in cells transiently transfected with EGFR-

L858R-T790M, whereas cells transfected with EGFR-L858R showed slightly, but

significantly, enhanced transactivation compared to cells transfected with wild type EGFR.

Furthermore, to detect transactivation of β-catenin directly in lung tumor, we crossed

EGFRTL/CCSP-rtTA mice to TOP galactosidase (TOPGAL) reporter mice (20). In this

system, expression of β-galactosidase is mediated by TCF/LEF transactivation.

Immunohistochemical (IHC) analysis showed that β-galactosidase was strongly positive in

lung tumors isolated from EGFRTL/CCSP-rtTA/TOPGAL mice (Fig. 2E: V), whereas no

staining was detected in EGFRTL/CCSP-rtTA mice (Fig. 2E: III). Consistent with this data,

X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) staining demonstrated β-galactosidase

activity in lung tumors isolated from EGFRTL/CCSP-rtTA/TOPGAL mice (Fig. 2E: VI), but

not in EGFRTL/CCSP-rtTA mice (Fig. 2E: IV). Alveolar cells were weakly positive for both

β-galactosidase and X-gal staining in CCSP-rtTA/TOPGAL mice (Fig. 2E: I and II,

respectively). These results indicate that β-catenin is indeed activated in EGFR mutated lung

tumors and imply that EGFR mutants, particularly EGFR-L858R-T790M, increase

expression and activity of β-catenin.

β-catenin is upregulated in human lung tumors with EGFR mutations

Our in vitro results prompted us to examine expression of β-catenin in primary human lung

cancer specimens. IHC analysis of tissue microarray composed of 148 human NSCLC

samples (Fig. 3A and Supplementary Fig. S1) demonstrated that expression of nuclear β-

catenin was significantly higher in lung tumor specimens with EGFR-L858R or exon 19

deletions than tumors expressing wild type EGFR (19% [6/31] versus 6.0% [7/117]; p <

0.05, Fisher's exact test). However, this dataset did not include tumors harboring EGFR-

T790M. As β-catenin expression (Fig. 2A and 2C) and activation (Fig. 2D) were higher in

cells transfected with EGFR-L858R-T790M than EGFR-L858R, we next asked whether

expression and/or localization of β-catenin are altered by emergence of T790M in human

NSCLC. We obtained pre-and post-gefitinib biopsies from four patients who initially

responded, but became resistant to TKIs due to development of T790M (Supplementary

Table). While cytoplasmic and nuclear β-catenin (Supplementary Fig. S2: red arrows) were

detected in both pre-treatment (Supplementary Fig. S2: I, III, V, VII) and post-treatment

tissues (Supplementary Fig. S2: II, IV, VI, VIII), the cytoplasmic staining pattern was more

intense and there were significantly more nuclear staining-positive cells in post-treatment

tumors than pre-treated tumors (Fig. 3B). These results indicate that β-catenin is upregulated
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and activated in human NSCLC specimens and suggest that emergence of T790M may

increase β-catenin activity.

Tyrosine phosphorylation of β-catenin is mediated by EGFR mutants and enhances its
activity

To investigate the mechanism of β-catenin stabilization, we first examined whether EGFR

mutants enhance GSK3β phosphorylation. Although levels of β-catenin were higher in cells

transfected with mutant EGFR than in cells with wild type EGFR, phosphorylation of

GSK3β (serine 9) was not increased (Fig. 4A). These results suggest that GSK3β is not

solely responsible for stabilization of β-catenin.

It has been shown that tyrosine-phosphorylation of β-catenin enhances its stabilization,

nuclear translocation, and/or transcriptional activity (11–13). As EGFR-L858R and L858R-

T790M show high levels of constitutive tyrosine kinase activity (3, 33), we first asked

whether EGFR mutants tyrosine-phosphorylate β-catenin. Immunoprecipitation experiments

demonstrated that EGFR mutants preferentially bound to and proportionally tyrosine-

phosphorylated β-catenin (Fig. 4B). Phosphorylation and binding to EGFR were inhibited by

both erlotinib and afatinib in cells transfected with EGFR-L858R, but only by afatinib in

cells with EGFR-L858R-T790M (Fig. 4C). Given that irreversible inhibitors such as afatinib

can inhibit phosphorylation of both EGFR-L858R and EGFR-L858R-T790M in vitro (3),

these data indicate that EGFR mutants bind to and tyrosine-phosphorylate β-catenin.

Furthermore, inhibition of EGFR-mediated tyrosine-phosphorylation of β-catenin by afatinib

resulted in less accumulation of β-catenin in the nucleus (Fig. 4D and Supplementary Fig.

S3), suggesting that tyrosine-phosphorylation of β-catenin by EGFR mutants, at least in part,

contributes to its nuclear translocation.

Next, we investigated whether tyrosine-phosphorylation of β-catenin leads to an increase in

its activity. We focused on EGFR-L858R-T790M, as β-catenin was more efficiently

phosphorylated and translocated into the nucleus in this model. Transactivation of β-catenin

was inhibited by afatinib, which inhibits EGFR-L858R-T790M kinase activity (Fig. 4E). β-

catenin is phosphorylated at Y86 by Src and oncogenic Bcr-Abl (15, 34) and at Y654 by

activated wild type EGFR (35) and oncogenic FLT3-ITD (16). Based on the structural

similarity in the tyrosine kinase domain of various oncogenes (36), we hypothesized that

Y86 and Y654 residues of β-catenin would be phosphorylated by EGFR mutants and affect

activation of β-catenin. β-catenin Y333, which has been shown to be phosphorylated by Src

and bound to PKM resulting in nuclear translocation of β-catenin (12), was also tested. We

created single β-catenin Y-to-F mutants (Y86F, Y654F and Y333F), plus the double-mutant

Y86F+Y654F. All β-catenin Y-to-F mutants showed lower levels of tyrosine-

phosphorylation (Supplementary Fig. S4) and decreased transactivation (Fig. 4F) compared

to wild-type β-catenin, again suggesting that tyrosine-phosphorylation of β-catenin by EGFR

mutants plays an important part for transactivation. Interestingly, Y333F had little impact on

tyrosine-phosphorylation and transactivation of β-catenin (Fig. 4F). These results are

consistent with the transactivation assay, which showed that SU6656, a Src inhibitor, failed

to inhibit nuclear translocation (Fig. 4D) and transactivation of β-catenin (Fig. 4E). Taken
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together, these results suggest that tyrosine-phosphorylation of β-catenin by EGFR mutants,

but not Src, contributes in part to its stabilization, translocation, and transactivation.

Inhibition of β-catenin suppresses tumor growth

Based on our observations that β-catenin is constitutively activated downstream of mutant

EGFR-L858R-T790M, we hypothesized that inhibition of β-catenin would lead to

suppression of tumor growth. To test this hypothesis, we generated β-catenin knockdown

cells using NCI-H1975 cells harboring EGFR-L858R-T790M (Fig. 5A). Soft agar colony

formation assay demonstrated that the number of colonies was significantly suppressed in β-

catenin knockdown NCI-H1975 cells compared to control cells (Fig. 5B). Furthermore, we

used ICG-001, a small molecule that specifically blocks the CBP-β-catenin interaction (37).

Treatment with ICG-001 led to suppression of AXIN2 (Fig. 5C) and suppressed cell growth

in NCI-H1975 cells. ICG-001 failed to suppress NCI-H460 cell growth harboring wild type

EGFR (Fig. 5D). Interestingly, AXIN2 was not suppressed at this concentration in NCI-H460

cells (Fig. 5C). These in vitro results prompted us to model the effects of ICG-001 in lung

tumors in the EGFRTL/CCSP-rtTA mice described above. Although the body weight

changes showed no significant difference between two groups, there was a trend towards

kept body weight in ICG-001 treatment group, which may support the notion that ICG-001

treatment was effective against cachexia by suppressing tumors (Supplementary Fig. S5).

Magnetic resonance imaging (MRI) studies demonstrated that ICG-001 significantly

suppressed tumor growth when compared to the control treatment (Fig. 5E and 5F).

Deletion of Ctnnb1 significantly inhibits lung tumor formation

Next, we sought to determine whether β-catenin plays an important role in lung cancer

development induced by EGFR mutants. To test this hypothesis, we generated a lung cancer

mouse model in which Ctnnb1 can be conditionally deleted. We crossed EGFRTL/CCSP-

rtTA, teto-Cre (38), and conditional β-catenin knockout mice (Ctnnb1 F/F) (19). In the

resultant mice, EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F mice (Fig. 6A; genotype is shown

in Supplementary Fig. S6A), cre recombination and induction of mutated proteins (EGFR-

L858R-T790M) occurred selectively in pulmonary epithelial cells with doxycycline

treatment (39). MRI studies demonstrated that no or significantly smaller tumors were

detected in EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F mice compared to EGFRTL/CCSP-

rtTA/teto-Cre/ Ctnnb1 F/+ mice (Fig. 6B) regardless of EGFR-L858R-T790M induction in

both groups (Supplementary Fig. S6B). Lungs from EGFRTL/CCSP-rtTA/teto-Cre/

Ctnnb1 F/+ mice were more than threefold heavier than those from control mice, whereas

lungs from EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F mice showed no significant difference

in weight compared to control CCSP-rtTA/Ctnnb1 F/+ mice (Fig. 6D). Hematoxylin and

eosin (H&E) stain demonstrated lung tumors consistent with adenocarcinoma in EGFRTL/

CCSP-rtTA/teto-Cre/Ctnnb1 F/+(Fig. 6D, III). In contrast, deletion of Ctnnb1 in both alleles

(EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F) significantly inhibited tumor formation (Fig. 6D,

II). Complete deletion of Ctnnb1 showed no impact on normal lung structure (Fig. 6D, IV)

with morphology indistinguishable from control mice (Fig. 6D, I) even after 41 weeks of

doxycycline treatment. Interestingly, we observed histologically detectable small tumor-

clusters in 77% (17/22) of EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F mice when they were

treated with doxycycline for more than 25 weeks (Supplementary Fig. S7A). Interestingly,
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when we isolated these histologically detectable tumors by laser capture microdissection in

EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F mice, we found that β-catenin was not excised in

most of these tumors (67% [8/12]). (Supplementary Fig. S7B). Regardless of these small

tumors, EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F mice showed significantly longer survival

(p < 0.001) than EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/+ mice (Fig. 6E). Taken together,

these observations suggest that β-catenin is required for lung tumor initiation and/or

development induced by EGFR-L858R-T790M.

Discussion

EGFR TKIs have improved outcomes for patients with EGFR mutated NSCLC, however

acquired resistance to TKIs is an inevitable consequence of tumor selection over continuous

drug pressure. The EGFR-T790M mutation has emerged as the major mechanism of

resistance to erlotinib and gefitinib. Although irreversible EGFR inhibitors are effective in

lung cancer cells with EGFR-T790M mutation in vitro (3), clinical trials of these same

compounds, such as afatinib or neratinib, have been disappointing (4, 5). Therefore, in

addition to ongoing efforts to develop EGFR-T790M selective inhibitors, elucidating the

precise mechanisms by which oncogenic EGFR mutations initiate and induce progressive

lung tumors should be part of the research strategy to overcome and prevent resistance to

clinically-available EGFR TKIs. In this study, we demonstrated that β-catenin is required for

tumor development and progression induced by TKI-sensitive or resistant EGFR mutants.

Our results give strong evidence for crosstalk between the oncogenic EGFR signaling and

Wnt/β-catenin signaling for lung tumorigenesis.

Our data show that β-catenin is upregulated and translocated into nucleus in cells harboring

EGFR mutants, particularly EGFR-T790M. Nuclear translocation of β-catenin is a hallmark

of activation of β-catenin signaling, and indeed, β-catenin is activated in EGFR mutant cells

in vitro (Fig. 2D) and in vivo (Fig. 2E). Our observations are supported by previous

observations that β-catenin-TCF/LEF target genes such as cyclin D1 and c-Myc are

upregulated in NSCLC harboring EGFR-T790M (23, 40). Inhibition of serine/threonine

phosphorylation by GSK3β is a well-recognized mechanism of β-catenin stabilization (8).

However, our data demonstrate that this may not be a sole mechanism of β-catenin

upregulation in mutant EGFR transfected cells (Fig. 4A). It has been shown that tyrosine-

phosphorylation contributes to activation of β-catenin (14) and our data suggest that EGFR

mutants preferentially bound to and tyrosine-phosphorylate β-catenin, and modulate its

activity. However, it is possible that other mechanism(s) is involved in β-catenin activation.

For example, it has been reported that methylation is detected in the APC promoter region in

96% of primary lung cancer tissues and hypermethylation is associated with poor survival

(41, 42). Thus, methylation of the APC promoter can occur in EGFR mutated tumors and

affect β-catenin activity in EGFR mutated tumors. Future studies are required to uncover the

precise mechanisms of β-catenin activation.

It is noteworthy to highlight that expression and activity of β-catenin, as well as tyrosine-

phosphorylation of β-catenin, is enhanced in EGFR mutants bearing T790M than EGFR

mutants with the classical sensitizing L858R mutation alone. Although a significant

difference between wild type EGFR tumors and EGFR sensitizing mutant tumors was found,
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only less than 20% of EGFR sensitizing mutant tumors were positive for nuclear β-catenin

in our tissue microarray analysis (Fig.3A). Given that less nuclear β-catenin was detected in

cells with EGFR-L858R than ones with EGFR-L858R-T790M (Fig. 2A and 2C), one

explanation may be that the tissue microarray sample set did not include tumors harboring

EGFR-T790M. Interestingly, when lung tumors became resistant to erlotinib/gefitinib due to

emergence of EGFR-T790M, an increase in the number of nuclear β-catenin positive cells

was observed in our small size analysis (16.2% in pre-treatment vs. 36.3% in post-treatment:

Fig. 3B and supplementary Fig. S2). Large-scale analysis will be required to further

elucidate the role of β-catenin pathway in emergence of EGFR-T790M and resistance to

EGFR TKIs.

Based on the observations that β-catenin activity was upregulated by EGFR-T790M, one can

speculate that increased activation of β-catenin alone can lead to, or at least contribute to,

resistance to EGFR TKIs. Interestingly, somatic mutations of β-catenin with concomitant

EGFR-T790M mutation have been detected in 5% of EGFR TKI-resistant tumors in one

series (43) and in vitro overexpression of β-catenin (or expression of activated form of β-

catenin) leads to resistant to reversible EGFR TKIs in EGFR mutant cell lines lacking the

T790M mutation (44, 45). Furthermore, acquired resistance to TKIs in EGFR mutant cells

that undergo epithelial-to-mesenchymal transition can be concurrently seen with β-catenin

signaling activation (46). Therefore, β-catenin modulation can be a means to overcome or

delay resistance to gefitinib, erlotinib or other EGFR TKIs. In this report, we demonstrate

that ICG-001 suppressed lung tumor growth in EGFR-T790M bearing in vivo preclinical

models (Fig. 5). However, we note that ICG-001 failed to completely eradicate tumors or

achieve perfect downstream inhibition. The doses used in our study did not seem to be toxic

(Supplementary Fig. S5) and it is certainly possible that serum concentration did not reach

the levels that inhibit β-catenin-CBP binding in vivo. More efficient β-catenin inhibitors will

be required for further preclinical studies and subsequent clinical development.

The model of cooperation between EGFR mutants and β-catenin in lung tumors enhances

the knowledge that the β-catenin pathway is involved in oncogene kinase-driven tumors.

Mouse models of Kras G12D have demonstrated that activation of Wnt/β-catenin

accelerates tumor development by converting bronchial clara cells to more proliferative

embryonic progenitor cells (47). In addition, activating mutations of Ctnnb1 and mutations

of Fgfr3 cooperatively induce lung tumors (48). Gene expression analysis of clinical lung

cancer samples has identified that activation of Wnt/β-catenin is critical for tumor metastasis

(10). Our own conditional knockout model clearly suggests that β-catenin plays a significant

role on lung tumorigenesis induced by EGFR-L858R-T790M, since both deletion of β-

catenin gene and induction of EGFR-L858R-T790M occur in the same cells (Fig. 6). Given

that expression of an activated β-catenin alone causes lung tumors in none (47) or only a

small subset of mice (49), it is predicted that tumor initiation likely requires concomitant

genetic alterations in addition to activation of Wnt/β-catenin signaling. One possible

explanation is that activation of β-catenin by EGFR mutants may “prime” pulmonary cells to

be susceptible to other downstream signaling aberrations and subsequent transformation into

tumor cells. Indeed, it has been shown that expression of activated β-catenin leads to

expansion of lung-specific progenitor cells (50).
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In this study, we used the EGFR-L858R-T790M inducible mouse model to show that β-

catenin plays an essential role in lung tumor development in vivo. While β-catenin was most

stabilized (Fig. 4A) and activated (Fig. 2D) in cells harboring EGFR-L858R-T790M,

EGFR-L858R was still be a more potent activator of β-catenin (Fig. 2D) than wild type

EGFR. Therefore, the question remains as to whether activation of β-catenin is specific for

EGFR-T790M or also important for tumor development by non-T790M mutants such as

EGFR-L858R. Furthermore, it is still unclear whether β-catenin is activated in lung tumors

driven by other oncogenic kinases. β-catenin can also be tyrosine-phosphorylated and

activated by oncogenic Bcr-Abl or FLT3 mutant proteins in leukemia (15, 16). Therefore, it

is possible that other oncogenic receptor tyrosine kinases such as EML4-ALK translocations

may also activate β-catenin. Future studies are required to answer these questions.

In summary, we demonstrate that β-catenin is involved in and required for lung tumor

formation induced by EGFR mutants. These results uncover the mechanisms by which

EGFR mutants lead to lung tumorigenesis and suggest that modulation of the β-catenin

activity could be a novel therapeutic approach not only to inhibit lung cancer development,

but also to overcome resistance to EGFR TKIs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. β-catenin is highly expressed in cells with EGFR activating mutations
(A) Immunoblots of extracts from cancer cell lines harboring wild type or mutant EGFR. (B)

Confocal images of A549, NCI-H1650, NCI-H1975 cells stained with anti β-catenin

antibody and visualized by Alexa Fluor 488. Scale Bar = 10 µm. (C) Immunohistochemical

analysis of lungs isolated from a CCSP-rtTA mouse (I, II, III, IV) and lung tumors from an

EGFR-L858R (LR)-T790M (TM) (EGFR-LR-TM)/CCSP-rtTA double transgenic mouse (V,

VI, VII, VIII). Both animals were sacrificed after 20 weeks of doxycycline administration.

Scale bar = 50 µm.
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Figure 2. β-catenin is stabilized and activated by EGFR mutants
(A) Immunoblots of fractionated extracts from 293T cells co-transfected with constructs

containing FLAG-tagged β-catenin and either HA-tagged wild type EGFR (WT), EGFR-

L858R (LR), or EGFR-L858R-T790M (LR-TM). (B) Immunoblots of whole extracts from

BEAS-2B cells stably expressing HA-tagged wild type EGFR (WT), EGFR-L858R (LR), or

EGFR-L858R-T790M (LR-TM). BEAS-2B cells infected with MigR1 empty vector were

used as a control. (C) Confocal images of stable BEAS-2B cells described in (B). Cells were

incubated with anti- β-catenin antibody and visualized by Alexa Fluor 488. Scale bar = 10
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µm. (D) Transactivation of β-catenin measured by luciferase activity. Data represents mean

± standard deviation from eight independent experiments. * indicates p ≤ 0.05. ** indicates

p ≤ 0.01. (E) Immunohistochemical analysis of β-galactosidase (I, III, V) and X-gal staining

(II, IV, VI). Lungs isolated from CCSP-rtTA/TOPGAL (I, II), EGFRTL/CCSP-rtTA (III, IV),

and EGFRTL/CCSP-rtTA/TOPGAL (V, VI) are shown. Scale bar = 50 µm.
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Figure 3. β-catenin is activated in human NSCLC tumors harboring EGFR mutants
(A) Frequency distribution of nuclear β-catenin based on immunohistochemistry on human

tissue microarray. P-value was calculated using Fisher's exact test. (B) Frequency of nuclear

β-catenin in 4 pairs of pre- and post-TKIs NSCLC tumors. Each symbol represents an

individual patient. The detailed information can be found in Supplementary Table. P-value

was calculated using Student’s t-test.
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Figure 4. EGFR mutants tyrosine-phosphorylate β-catenin and increase expression and activity
(A) Immunoblots of 293T cell extracts transiently transfected with constructs containing

HA-tagged EGFR (wild type [WT], L858R [LR], or L858R-T790M [LR-TM]) and FLAG-

tagged β-catenin. (B) Immunoprecipitation (IP) and immunoblot (IB) analyses showing

binding of β-catenin and mutant EGFR. (C) IP and IB analyses showing tyrosine-

phosphorylation of β-catenin by mutant EGFR. 293T cells were transiently transfected with

constructs containing HA-tagged EGFR-L858R-T790M and FLAG-tagged β-catenin and

treated with either 0.1% DMSO, 1 µM erlotinib, or 1 µM afatinib. (D) Immunoblots of
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nuclear extracts from 293T transiently transfected with constructs containing HA-tagged

EGFR-L858R-T790M and FLAG-tagged β-catenin. Cells were treated with either 0.1%

DMSO, 1 µM afatinib, or 1 µM SU6656. (E) Transactivation of β-catenin measured by

luciferase activity. Cells were treated with either 0.1% DMSO, 1 µM afatinib, or 1 µM

SU6656. Data represents mean ± standard deviation from three independent experiments. *

indicates p ≤ 0.05. N.S.= not significant. (F) Transactivation of β-catenin measured by

luciferase activity. A plasmid encoding for WT β-catenin and its tyrosine-to-phenylalanine

(Y-to-F) mutants Y86F, Y654F, Y86F-Y654F, and Y333F were transiently transfected with

EGFR-L858R-T790M together with either pTOPFLASH or pFOPFLASH plasmids. Data

represents mean ± standard deviation from four independent experiments. * indicates p ≤

0.05. N.S. indicates not significant.
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Figure 5. Pharmacological inhibition of β-catenin suppresses tumor growth
(A) Immunoblots of β-catenin knockdown NCI-H1975. (B) Colony formation assay of β-

catenin knockdown NCI-H1975 as described in (A). Colony numbers were counted after 14

days. Data represents mean ± standard deviation from three independent experiments. *

indicates p ≤ 0.05. (C) Relative AXIN2 mRNA levels in NCI-H1975 and NCI-H460 cells

treated with either 0.1% DMSO or 0.3125 µM ICG-001 were determined by real-time PCR.

Data represents mean ± standard deviation from three independent experiments. * indicates

p ≤ 0.05. (D) Cell proliferation assay of NCI-H1975 and NCI-H460 cells treated as in (C).
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Data represents mean ± standard deviation from three independent experiments. * indicates

p ≤ 0.05 vs cells treated with 0.1% DMSO. (E) Representative MRI photographs of mice.

Mice were treated with doxycycline for 11–15 weeks and treated with either vehicle or

ICG-001. Arrows indicate lung tumors. Note that tumor size remained unchanged in mice

treated with ICG-001, whereas tumors grew in control mice. “H” indicates location of the

heart. (F) Changes in tumor volume were compared to baseline in mice treated with either

vehicle (n=8) or ICG-001(n=12). P-value was calculated using Wilcoxon signed-rank test.
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Figure 6. Deletion of Ctnnb1 impairs tumor formation in vivo
(A) Scheme of EGFR-TL, Cre, and Ctnnb1construct for conditional transgenic mice. (B–E)

Generation of lung specific conditional Ctnnb1knockout / EGFR-L858R-T790M transgenic

mice. I: CCSP-rtTA/Ctnnb1 F/+ ; II: EGFRTL/CCSP-rtTA/teto-Cre/Ctnnb1 F/F; III: EGFRTL/

CCSP-rtTA/teto-Cre/Ctnnb1 F/+; IV: CCSP-rtTA/teto-Cre/Ctnnb1 F/F. (B) MRI images of

transgenic mice treated with doxycycline for 10 weeks. Arrows indicate lung tumors. “H”

indicates location of the heart. (C) Lung weight isolated from mice treated with doxycycline

for 8–28 weeks. Data represents mean ± standard deviation. * indicates p ≤ 0.01. (D) H&E
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staining of lungs isolated from mice. Scale bar = 100 µm. (E) Survival curves after

administration of doxycycline. P-value was determined by the log-rank test.
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