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Abstract

Mutations or deletions in exons 18–21 in the epidermal growth factor receptor (EGFR) are present 

in approximately 15% of tumors in patients with non-small cell lung cancer (NSCLC). They lead 

to activation of the EGFR kinase domain and sensitivity to molecularly targeted therapeutics 

aimed at this domain (gefitinib or erlotinib). These drugs have demonstrated objective clinical 

response in many of these patients; however, invariably, all patients acquire resistance. To examine 

the molecular origins of resistance, we derived a set of gefitinib resistant cells by exposing lung 

adenocarcinoma cell line, HCC827, with an activating mutation in the EGFR tyrosine kinase 

domain, to increasing gefitinib concentrations. Gefitinib resistant cells acquired an increased 

expression and activation of JUN, a known oncogene involved in cancer progression. Ectopic 

overexpression of JUN in HCC827 cells increased gefitinib IC50 from 49 nM to 8 µM (p < 0.001). 

Downregulation of JUN expression through shRNA re-sensitized HCC827 cells to gefitinib (IC50 

from 49 nM to 2 nM (p <0.01)). Inhibitors targeting JUN were three-fold more effective in the 

gefitinib resistant cells than in the parental cell line (p < .01). Analysis of gene expression in 

patient tumors with EGFR activating mutations and poor response to erlotinib revealed a similar 

pattern as the top 260 differentially expressed genes in the gefitinib resistant cells (Spearman 

correlation coefficient of 0.78, p< 0.01). These findings suggest that increased JUN expression and 

activity may contribute to gefitinib resistance in NSCLC and that JUN pathway therapeutics merit 

investigation as an alternate treatment strategy.
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Introduction

Lung cancer is a leading cause of cancer death worldwide (1). Patient outcomes are 

dependent on multiple factors, including the histological subtype (small cell lung cancer 

(SCLC) versus non-small cell lung cancer (NSCLC)), tumor stage, and the genomic 

signature of the tumor. These factors help to identify patients most likely to benefit from 

targeted therapeutics (2). For example, patients with EGFR-activating mutations have an 

increased likelihood of response to first-generation EGFR-targeted tyrosine kinase inhibitors 

(TKIs) such as erlotinib and gefitinib (3, 4). Intrinsic or acquired resistance often limits the 

efficacy of targeted therapies (5, 6). Consequently, the median progression-free survival 

(PFS) time of patients treated with EGFR-targeted TKIs is 10–13 months (7).

Discerning a patient’s EGFR mutation status and the mechanism of acquired resistance is 

critical for effective disease management. Resistance most often arises through secondary 

mutations in EGFR (T790M)(8) or amplification of the MET oncogene (9), which account 

for 50% and 5% of the resistance mechanisms respectively (10). A number of other 

mechanisms of acquired resistance have been identified in smaller percentages of patients 

(11). Approximately 30% of patients acquire resistance through mechanisms not yet 

elucidated (10).

In this study, we aimed to identify novel mechanisms of acquired resistance to gefitinib. We 

began our study with cell line models harboring EGFR-activating mutations or deletions. We 

created isogenic cell lines that were resistant to gefitinib. Next, we used multiple high-

throughput screens to identify the mechanism of resistance to gefitinib. We found that 

upregulation of JUN was associated with the downregulation of the EGFR pathway because 

of coordinated changes in the stoichiometry and identity of the JUN interactome. The 

induction of JUN was independent of other AP1 transcription factors but required JNK 

activity to maintain the resistance phenotype. Unlike previously reported mechanisms of 

serine/threonine kinase activation of JUN (12), our resistant cells were sensitized to 

pharmacological inhibition JNK, suggesting a JNK-mediated effect. Notably, a subset of 

NSCLC patients who did not have a sustained response to EGFR-targeted therapies 

exhibited the molecular phenotype associated with JUN upregulation.

Material and Methods

Deposition of Omics Data

RNA-seq and ChIP-seq data has been submitted under GEO accession number - GSE95592. 

Raw data files for the proteomics data have been deposited at (https://goo.gl/5zHj5b). 

Supplemental tables provide the complete searched data.

Reagents and cell lines

All chemicals were purchased from Sigma unless stated otherwise. Antibodies directed to 

EGFR, ERBB2, ERBB3, ERBB4, MET, p-EGFR (Y-1068), and scrambled shRNA and JUN 

shRNA were purchased from Santa Cruz Biotechnology. The antibodies to MAPK, pMAPK, 

AKT, pAKT, PTEN, YES, pYES, FOS, p-FOS, JUN-B, JUN-D, CREB, pCREB, CHK2, 

pCHK2, p38α, p-p38α, p-JUN, and SRC as well as EGF Receptor (D38B1) XP® rabbit 
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mAb (Sepharose® Bead Conjugate) were obtained from Cell Signaling. HCC827 (exon 19 

del, E746-A750) and H3255 (exon 21 substitution, L858R), PC9 (exon 19 del), H4006 

(exon 19 del), A431 (WT EGFR) cell lines were obtained from the ATCC and tested for 

mycoplasma (PCR) every 30 days. These cells were authenticated by ATCC utilizing Short 

Tandem Repeat (STR) profiling and used within 6 months of purchase. Gefitinib, 

AS601245, JNK-IN-8, canertinib, and erlotinib were obtained from LC Labs. The 

CellTiter96® AQeous Non-Radioactive Cell Proliferation Assay (MTS) was purchased from 

Promega. The receptor and kinase array were obtained from R&D Systems and used 

according to the manufacturer’s instructions.

Tissue culture experiments

HCC827 cells were co-cultured in 10 nM gefitinib for 1 month. The concentration of 

gefitinib was increased threefold every month. At 1 µM gefitinib, the cells maintained 

growth with kinetics equal to that of the parental line. Three individual colonies from the 

HCC827 population were randomly selected and termed ZDR1–3. Sequencing was 

performed by Laragen Sequencing. Cell viability was assessed with the MTS assay. Briefly, 

cells were seeded at a density of 5,000 cells/well and treated with drug the next day. MTS 

reagent was added 24–48h later and analysis was performed as per the manufacturer’s 

instructions. To assess drug response, cells were dosed with drug(s) for two hours and then 

incubated in 10 nM EGF (Invitrogen) for 15 minutes prior to analysis.

The NSCLC cell lines HCC827 and H3255 were grown in DMEM media (Invitrogen) 

containing 1% of dialyzed fetal bovine serum (Invitrogen) and 13C-lysine (100 mg/L) or 12C 

-lysine (100 mg/L) for six passages according the standard SILAC protocol (13). 

Incorporation of 13C-lysine exceeded 95% of the total protein lysine content. Total protein 

extracts were obtained by sonication of ~2×107 cells in 1 ml of PBS containing the detergent 

octyl-glucoside (1% w/v) and protease inhibitors (complete protease inhibitor cocktail, 

Roche Diagnostics) followed by centrifugation at 20,000 × g.

Verification

In vitro validation of proteomics data was accomplished by western blot. HCC827 parental 

cells and ZDR 1–3 were washed three times with PBS and lysed in RAF buffer with 

protease and phosphatase inhibitors supplemented with 1% SDS. Lysates were sonicated for 

10 minutes, heated at 95 °C for 10 minutes, and centrifuged for 15 minutes at 20,000 × g. 

The supernatant was cleared through a 0.22 micron filter and protein concentration was 

determined (BCA, BioRad).

Chromatin immunoprecipitation

HCC827 cells were maintained on 15-cm plates until 80–90% confluent. Cells were fixed 

using 1% formaldehyde for approximately 10 minutes at room temperature. Un-reacted 

formaldehyde was quenched using 10X glycine solution provided with the EZ-Chip kit 

(Millipore, Catalog #17–371). Cells were placed on ice and washed 3 times with 1X PBS 

solutions. Using a cell scraper, cells were collected and lysed using SDS lysis buffer and 

Protease Inhibitor Cocktail provided with the EZ-ChIP kit. Sonication conditions were 

optimized on a Covaris S2 sonicator to yield sheared crosslinked DNA between 200–1000 
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base pairs in length. ChIP was performed using EZ-Chip protocol with the anti-JUN 

antibody from Santa Cruz Biotechnology (catalog #SC-1694X). Normal mouse control IgG 

and anti-RNA polymerase II antibodies were provided with the kit (used as controls). PCR 

was performed with GAPDH primers to verify that ChIP controls.

RNA-seq and ChIP-seq

ChIP-seq was performed at the USC Epigenome Sequencing Core. Briefly, 200 ng of DNA 

was used to prepare ChIP and Input libraries. Libraries were generated using the Epicentre 

END-IT kit, the New England Biolabs A-tailing module, and Rapid Ligase from Enyzmatics 

following the manufacturer’s protocols. Briefly, barcoded adapters were ligated and 

subjected to 10 to 14 rounds of PCR. Following PCR, reactions were cleaned using magnetic 

beads and resuspended in buffer. Libraries were quantified using the Kapa Biosystems 

Library Quantification Kit according to manufacturer’s instructions. Libraries were applied 

to an Illumina flow cell and run on a HiSeq 2000. Image analysis and base-calling was 

carried out using RTA 1.13.48.0. Final file formatting, de-multiplexing, and FASTQ 

generation was carried out using CASAVA v 1.8.2. For RNA-seq we used 50-bp single-end 

reads.

TCGA drug response expression and integration with HCC287-ZDR3 RNA-seq data

TCGA biospecimen and clinical information was obtained from (https://tcga-

data.nci.nih.gov/tcgafiles/ftp_auth/distro_ftpusers/anonymous/tumor/luad/bcr/biotab/clin/) 

or from OASIS(14). TCGA Illumina FASTQ sequencing data files were downloaded from 

the TCGA website (https://tcga-ata.nci.nih.gov/tcga/tcgaDownload.jsp) and aligned using 

TopHat2 (15). The expression of each gene was measured as total RNA-seq reads uniquely 

mapped to the coding regions. Gene expression was then evaluated as described in the 

section “Bioinformatics analysis of RNA-seq data”.

Gene Set enrichment analysis

GSEA (16) was performed on a pre-ranked list of differentially expressed genes as detailed 

previously (17). Gene sets tested for enrichment included all sets from the C2 collection of 

the GSEA Molecular Signatures Database v3.0.

A detailed description of DNA sequencing, cloning, and protein-protein interaction studies 

is provided in the supplemental methods and materials section.

Results

Analysis of resistant NSCLC cell lines suggests a novel resistance mechanism

We derived a resistant pool of HCC827 (exon 19 del, E746-A750) cells by dose escalation of 

gefitinib to a final concentration of 1 µM (Figure 1A). Three individual clones were selected 

from the resistant pool and expanded separately when the population was able to survive a 

dose of 1µM gefitinib. Because ZD1839 was the original name for gefitinib, we named these 

resistant cell lines HCC827-ZDR. The HCC827-ZDR clones were significantly less sensitive 

to gefitinib than the parental line; the IC50 of gefitinib in the ZDR clones was approximately 

9 µM, whereas that in the parental cells was 49 nM (Figure 1B). In order to confirm that the 
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shift in IC50 was not specific for gefitinib, we evaluated erlotinib and canertinib, two other 

TKIs that target EGFR (18). Erlotinib and canertinib inhibited growth of the parental line at 

nM concentrations, whereas IC50s when tested with the ZDR clones were greater than 10 

µM (Figure S1A).

To exclude previously documented mutations that could be the driving resistance mechanism 

in the HCC827-ZDR cells, we sequenced EGFR, PI3CA, and BRAF. We confirmed the 

EGFR-activating deletion (E746-A750) in the HCC827-ZDR cell lines, but we observed no 

additional EGFR mutations (Figure S1B,C). We also assessed EGFR phosphorylation as a 

function of gefitinib dosing by immunoblot. We observed a decrease in EGFR 

phosphorylation with gefitinib at concentrations that was comparable to that observed in the 

parental cell line (Figure S1D). This evidence suggests that secondary EGFR mutations are 

not driving resistance in the HCC827-ZDR cells.

We next used phospho-antibody arrays to identify differences in signal transduction 

pathways between the HCC827 and HCC827-ZDR cell lines. We used three phospho-

antibody arrays, collectively enabling analysis of 114 phosphorylation sites in 92 proteins, 

including receptor tyrosine kinases [n=42], mitogen-activated protein kinases (MAPK, 24), 

and intracellular kinases [n=44]. We obtained quantifiable data on 48 unique 

phosphorylation sites (Figure 1C). Relative to the parental line, we observed downregulation 

in approximately two-thirds of all phosphorylation sites in the HCC827-ZDR clones. We 

also detected downregulation in receptor tyrosine phosphorylation of EGFR, ERBB2, 

ERBB3, and MET in the gefitinib-resistant clones. However, we observed increased 

phosphorylation of the transcription factor JUN (4.1x) and the SRC family kinases (average 

fold change increase for SRC (2.6x), FGR (2.3x), LYN (0.7x), YES1 (3.1x), and LCK 

(1.4x)) in all three resistant clones relative to the parental cells. Interestingly, we did not 

observe differences in AKT or MAPK signaling.

We confirmed the results of the phospho-antibody array by performing immunoblots on cell 

lysates derived from the HCC827-ZDR cell lines (Figure 1D). The immunoblots indicated a 

general upregulation in the phosphorylation and an increase in total protein for SRC kinases 

and JUN in the HCC827-ZDR cells relative to the HCC827 cells. Immunoblots also 

confirmed the downregulation of EGFR, ERBB2, ERBB3, and MET in the gefitinib-

resistant cells (Figure 1E).

The AP1 transcription unit is composed of JUN and FOS family members(19). Due to this, 

we interrogated the changes in JUN-B, JUN-D, and FOS in our resistant models. Western 

blot analysis demonstrated that the levels (JUN-B, JUN-D, FOS) and phosphorylation (p-

FOS) are either unchanged or downregulated in the ZDR cell lines (Figure 1F). To assess the 

impact of FOS overexpression on gefitinib resistance further, we created stable cell lines. We 

did not observe a change in gefitinib IC50 in these models (Figure S1F).

We also examined the level of the serine/threonine kinase (TOPK) known to activate JUN in 

gefitinib resistance (12). Our data indicates that TOPK and p-TOPK are unperturbed in the 

ZDR models and are thus unlikely contributors to gefitinib resistance. Taken together, these 

findings indicate that the driving mechanism of resistance in the HCC827-ZDR lines was not 
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any of the previously reported mechanisms (T790M in EGFR, MET, ERBB2, AXL, PI3CA, 

or BRAF). Furthermore, these results suggested that either SRC kinases or JUN facilitate 

gefitinib resistance.

JUN promotes resistance to gefitinib

SRC and JUN play crucial roles in signal transduction pathways and are involved in cell 

division, motility, adhesion, and survival in both normal and cancer cells (20, 21). Therefore, 

we wanted to determine whether the parental cell line would recapitulate the resistance 

phenotype by overexpression of SRC kinases or JUN. We created lentiviral constructs for 

expression of YES1, SRC, JUN, LCK, FYN, and FGR, and GFP (as a control) and 

transduced the parental HCC827 cell line with a multiplicity of infection (MOI=5) in order 

to achieve physiological levels of exogenous protein expression. Stable cell lines were 

created, and analysis of lysates by immunoblot indicated that we obtained moderate levels of 

each transgene (Figure 2A). JUN overexpression led to decrease in the levels and 

phosphorylation of EGFR in HCC827 cells.

We performed cell viability experiments with each stable cell line in order to quantitatively 

evaluate gefitinib sensitivity as a function of SRC kinases and JUN overexpression (Figure 

2B). Our results indicated that overexpression of YES1 and JUN increase the gefitinib IC50. 

The difference in IC50 between HCC827 cells that overexpress YES1 (148 nM) and the 

parental cells (49 nM) was not commensurate with the magnitude of the difference between 

the HCC827-ZDR clones (9 µM) and the parental line. However, the difference between the 

parental line and the JUN-overexpressing HCC827 cells was of the same magnitude (from 

49 nM to 8.2 µM) as the parental and the HCC827-ZDR cell lines (from 49 nM to 9 µM). 

We also examined the effects of inhibition of JUN expression on the sensitivity of the 

parental cell line to gefitinib. We utilized short-hairpin RNA (shRNA) targeting JUN to 

reduce endogenous levels of the protein (Figure 2C). The IC50 of the JUN shRNA cell line 

when treated with gefitinib was 1.7 nM (Figure 2D). These data indicated that levels of JUN 

inversely correlated with sensitivity to gefitinib in the HCC827 cell line.

To test the generality of our observation that JUN overexpression promotes resistance to 

gefitinib, we overexpressed JUN in the H3255 cell line. H3225 cells have an EGFR-L858R 

mutation, which is found in approximately 40% of NSCLC patients with EGFR-activating 

mutations (22). We observed that JUN overexpression (Figure 2E) increased the gefitinib 

IC50 from 4 nM to 110 nM (Figure 2F). In addition, we examined whether the phenotype of 

increased JUN expression led to downregulation of EGFR/p-EGFR by employing other 

models of gefitinib sensitivity. We overexpressed JUN in the PC9 (exon 19, del; E746–

A750), H4006 (exon 19 del; L747 - E749, A750P) and A431 (WT EGFR) cell lines in order 

to assess its impact on EGFR. Both PC9 and H4006 cell lines demonstrated modest 

downregulation of EGFR/p-EGFR upon JUN overexpression (Figure S2A). We did not 

observe any changes in the EGFR in the A431 cell line.

JNK inhibitors are useful tools for assessing the impact of JUN phosphorylation on cell 

growth (23). We first assessed the impact of a JNK inhibitor (AS601245) on the 

phosphorylation of EGFR and JUN (24). We treated HCC827, HCC827-ZDR3, and the 

HCC827-JUN cells with increasing concentrations of AS601245. We observed a dose-
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dependent downregulation of JUN phosphorylation without loss of EGFR phosphorylation 

in the parental cells (Figure 2G). Moreover, inhibition of JUN phosphorylation did not affect 

growth of the parental cell line (Figure 2H). AS601245 treatment, however, inhibited growth 

of the HCC827-ZDR3 and of the JUN-overexpressing HCC827 cell lines (Figure 2H). We 

obtained similar results with an irreversible (JNK-IN-8) JNK inhibitor (Figure S2B) (25). 

We also investigated the impact of simultaneous dosing with gefitinib and JNK inhibitors on 

the parental and gefitinib-resistant cell lines in order to assess the synergistic potential of 

these drugs. Pharmacological inhibition of EGFR and JNK pathways was only synergistic in 

the HCC827-ZDR cell lines (Figure 2I).

JUN overexpression recapitulates distinctive proteomic alterations present in ZDR cells

Our results suggest that upregulation of JUN can drive resistance to gefitinib. Since JUN is a 

transcription factor, we hypothesized that the proteome of ZDR lines would be distinctly 

different from that of the parental cell line. To test this hypothesis, we first evaluated 

differences between the proteomes of the HCC827 cells and each of the three HCC827-ZDR 

clones by quantitative proteomics with stable isotope labeling with amino acids in culture 

(SILAC) (13). In six separate runs, we identified 2,170 unique proteins (FDR < 1%) (Table 

S1), and we determined SILAC ratios (fold change p < 0.05) for 1,447 proteins. We 

analyzed the fold changes of fifteen proteins with SILAC ratios greater than ± 1.5 by 

immunoblot (Figure S3) and the results confirmed the changes in the proteome of the 

resistant cell lines.

Gene Ontology (GO) analysis (Figure 3A) identified an upregulation of focal adhesion (p = 

0.006), glycolysis (p = 0.0002), RNA post-translational modification (p = 0.03), and protein 

folding (p = 0.005) in the gefitinib-resistant cell lines. Biological processes associated with 

protein biosynthesis (p = 3 × 10−12), regulation of apoptosis (p = 0.005), RNA processing (p 
= 0.005), and nucleosome assembly (p = 7 × 10−6) were downregulated in ZDR3 compared 

to parental cells. The IPA inference engine identified JUN as a key transcriptional regulator 

(Figure S4A).

As JUN expression appeared to be the major driver of the observed proteomics differences 

between our parental and HCC827-ZDR cell lines, we expected that JUN overexpression 

would generate a similar pattern of protein expression. The expression of the 14 validated 

proteins was compared in ZDR clones and the HCC827 cells that stably overexpress JUN by 

immunoblot. Twelve of these proteins showed similar fold changes relative to the 

corresponding parental cells (Figure 3B, S3B). In summary, overexpression of JUN was 

sufficient to exponentially increase gefitinib IC50, lower EGFR levels and phosphorylation, 

and alter the proteome.

Reorganization of JUN-interacting partners modulates response to gefitinib

In order to both uncover potential up-stream activators of JUN that may be complicit in 

resistance and better understand the connections between EGFR-JNK-JUN, we 

characterized the interacting partners for each protein in the HCC827 and HCC827-ZDR3 

cell lines. We used affinity purification and subsequent identification of interacting proteins 

via mass spectrometry-based proteomic analysis (AP-MS). We utilized metabolic labeling 
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and/or control (IgG) as reported previously (26) in order to minimize false identifications 

and to obtain quantitative information. We also utilized the CRAPome database to remove 

common contaminating proteins (27).

We started by comparing the impact of gefitinib and AS601245 dosing on the interaction 

between EGFR, JNK, and JUN. HCC827 and HCC827-ZDR3 cells dosed with either 

inhibitor demonstrated comparable downregulation of p-EGFR, p-JNK, and p-JUN (Figure 

4A). We conducted our Co-IP while the cells were un-dosed to preserve native interacting 

partners for each protein (Figure S4D,E). The total number of interacting partners in the 

EGFR, JNK, JUN proteomes (Figure 4B, Table S2) qualitatively reflected their relative 

abundance in their respective cell lines (Figure 1). Enrichment of GO terms derived from the 

EGFR and JNK interactomes did not reveal any potential JUN activators (Figure S4B,C). 

Our AP-MS experiment identified 36 JUN-interacting proteins in the parental line and 97 in 

the resistant line (Table S2, supplemental material and methods). The number of quantified 

JUN peptides was two-fold higher in the resistant line, qualitatively confirming the initial 

validation of the phospho-antibody arrays (Figure 1C). In order to visualize the results of the 

AP-MS experiment, we separated proteins based on their membership in the parental 

(green), resistant (red), or both (blue) JUN interactome (Figure 4C).

We separately analyzed the enrichment of GO terms associated with proteins unique to the 

parental and resistant cell lines. The proteins in the gefitinib-resistant JUN interactome were 

enriched for biological processes associated with protein folding, apoptosis, and glucose 

metabolism; we found a negative association for protein auto-phosphorylation (p < 0.005). 

Moreover, we observed a general increase in proteins associated with GTPase activity in the 

HCC827-ZDR3 cell line (Figure 4E). This may indicate that the inhibition of kinase 

signaling causes a reorganization of the JUN interactome.

The AP-MS experiment also identified two JUN interacting partners known to be negative 

regulators of EGFR activity, ERRFI1 and AGR2. ERRFI1 inhibits EGFR signaling by 

binding to the cytoplasmic tail of the receptor and interfering with its dimerization (28, 29). 

AGR2 prevents transport of EGFR to the cell surface and inhibits ligand-dependent 

activation (30, 31). Our analyses indicated an increase in the interaction between JUN and 

ERRFI1 and JUN and AGR2 in the resistant cell line compared to those in the HCC827 cells 

(Figure 4D). The enrichment of JUN interacting partners also highlighted proteins that 

modulate glucose metabolism (FOXA3), apoptosis (CREB), and the unfolded protein 

response (UPR) pathway (PDIA4 and CREB). A subsequent JUN co-immunoprecipitation 

experiment validated these findings (Figure 4D). Taken together, our data indicate that a 

series of coordinated processes that rely on JNK to activate JUN may drive gefitinib 

resistance. During this process, we observed a redistribution of interacting partners known to 

mediate downregulation of EGFR activity.

Acquired resistance to gefitinib is accompanied by distinct JUN chromatin occupancy

We hypothesized that the reorganization of the JUN interactome should be accompanied by 

increased transcriptional activity and promoter occupancy of JUN-regulated genes in the 

resistant line. We chose the HCC827-ZDR3 clone at random to serve as the surrogate model 

for our resistance mechanism. We were confident of this choice because all three HCC827-
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ZDR cell lines had similar phospho-array signatures, proteomic profiles, and responses to 

gefitinib. We utilized the Illumina Hi-Seq 2000 platform with 50XPE reads to study the gene 

expression of the HCC827 parental and HCC827-ZDR3 cell lines. Table S3 tabulates the top 

260 differentially expressed gene (Figure 5A). We validated the fold changes of several of 

these genes by RT-PCR (Figure S5A).

Gene Set Enrichment Analysis (GSEA) revealed a correlation of this gene set with genes 

previously reported to be involved in gefitinib resistance (32), cancer metastasis (33), cell 

migration (34), and CDH1 targets (35) (Figure 5B). IPA revealed enrichment in pathways 

associated with cell movement, regulation of proliferation, cell death, and metabolism 

(Figure S5B). We also noted that 23 of the 260 genes were linked previously to EGFR 

signaling (Table S4). On average, the absolute fold change based on normalized reads per 

kilobase per million mapped reads (RPKM) levels of these 23 genes were decreased in the 

ZDR3 cells relative to the parental cells (average fold change of −0.92). We validated the 

downregulation of EGF and upregulation of ERRFI1 by quantitative RT-PCR in the ZDR3 

cell line compared to the parental cells (Figure 5C). Thus, the EGFR pathway is 

systematically downregulated because of JUN upregulation in the gefitinib-resistant cell 

lines.

Genome-wide ChIP-seq performed with an anti-JUN antibody indicated a distinct 

enrichment in ChIP-seq tag density in ZDR3 cells relative to parental cells in the 4-kilobases 

on either side of transcription start sites of known JUN-regulated genes (Figure S5C). A 

total of 494 genes with a log2 fold change of ± 2 were identified when the HCC827 cell 

profile was compared to the HCC827-ZDR profile (Table S5, Figure 5D). We confirmed the 

results of the ChIP-seq experiment by performing RT-qPCR on the input and antibody 

enriched (IgG and JUN) fractions. The data confirmed the distinct chromatin binding pattern 

between the parental and ZDR cell line (Figure S5D). Since our data indicated an 

upregulation in levels of JUN protein (Figure 1D) and RNA (Table S3), we specifically 

examined the occupancy of JUN at its own promoter. Higher levels of occupancy of JUN at 

the JUN transcription start site as shown by ChIP-seq and a concomitant higher level of JUN 

mRNA expression as shown by RNA-seq were observed in the ZDR cells compared to 

HCC827 cells (Figure 5E). This suggests that a positive feedback loop maintains a high 

basal level of JUN in the gefitinib-resistant cell line. We also discovered that JUN occupies a 

region upstream of the ERRFI1 promoter in both the parental and resistant cells with 2-fold 

higher levels of chromatin occupancy in the resistant line (Table S5).

Upregulation of JUN is associated with decreased EGFR activity and resistance to EGFR 
TKIs in patients with NSCLC

We next investigated the correlation between patient prognosis and JUN expression. NSCLC 

patients without prior history of smoking had poorer outcomes with elevated expression of 

JUN (Figure 6A). Because our data indicated a potential inverse relationship between JUN 

expression and EGFR expression, we also interrogated two independent clinical datasets 

from the Cancer Genome Atlas (TCGA) database with genomic and phosphoproteomic 

readouts (36, 37). In both datasets, we observed an inverse correlation between EGFR and 

JUN expression (Figure 6B). We also utilized the normalized RNA-seq read counts and p-
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EGFR/EGFR values from antibody arrays from the above two datasets to discriminate the 

difference between mean values in patients with high or low p-EGFR/EGFR. In these two 

independent datasets, we also observed a statistically significant association between EGFR 

activity (as inferred based on phosphorylation) and JUN levels (Table 1). Since we derived 

our cell-based data from NSCLC cell lines with activating EGFR mutations, we specifically 

analyzed EGFR phosphorylation (Y1068) status and JUN levels in patients with EGFR-

activating mutations. We selected patients with mutations in EGFR from these two clinical 

cohorts. We identified patients with EGFR-activating mutations, high JUN expression, and 

low levels of phosphorylation of EGFR (Figure 6C).

We also used TCGA datasets of lung adenocarcinoma from OASIS (Pfizer Oncology group) 

to examine the correlation between EGFR activating mutations and JUN(14). Of the 520 

lung tumors, 80 samples had mutations in the EGFR gene with corresponding JUN 

expression either by RNA-seq or gene array. Of these 80 EGFR mutant samples, 56% 

showed overexpression of JUN over the median TPM (transcript per million) JUN 

expression. On the contrary, in case of wild type EGFR, 62% of samples showed 

downregulation of JUN expression. We subsequently investigated individual patients in 

TCGA with activating EGFR mutations who received either gefitinib or erlotinib (38). We 

excluded patients with the EGFR T790M and with MET amplifications and evaluated the 

remaining patients for expression of the 260 genes differentially expressed in the HCC827-

ZDR cells compared to the parental cells. Our investigation revealed that the gene 

expression pattern of our parental cell line closely resembles that of a responsive patient, 

whereas the gene expression profile of our gefitinib-resistant cells matches the expression 

profile of a patient who is refractory to treatment (Figure 6D).

Discussion

Characterization of HCC827-ZDR gefitinib-resistant cell lines showed that a possible 

mechanism underlying resistance was upregulation of the JUN oncogene. We confirmed that 

upregulation of JUN drove resistance to gefitinib by utilizing a combination of genomic, 

pharmacological, and proteomic tools. Genomic manipulation of JUN levels in the HCC827 

and H3255 NSCLC cell lines revealed an inverse correlation between sensitivity to gefitinib 

and JUN activity. Our data also revealed that downregulation of EGFR levels and activity 

was concomitant with upregulation of JUN activity in the PC9 and H4006 cell line and in 

patient lung cancer samples. This is clinically relevant because our data indicates that lung 

cancer patients with this mode of resistance may not benefit from second or third generation 

EGFR-targeted TKIs. Instead, a combination of EGFR-targeted and JNK/JUN-targeted 

therapies might provide improved clinical outcome for these patients (Figure 2I). Activation 

of JNK has been previously reported as a potential bypass mechanism in lung cancer cell 

lines that are addicted to EGFR(39). Inhibitors of the JNK/JUN pathway are in development 

clinically for the treatment of inflammation, neurological disorders, and cancer (40). The 

combination of JNK/JUN and EGFR pathway inhibitors merits clinical investigation in this 

lung cancer patient population.

The inverse correlation between sensitivity to EGFR TKIs and JUN levels likely results from 

reorganization of the JUN interactome, increased JUN binding at distinct transcription start 
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sites, and differential gene and protein expression. Our co-immunoprecipitation data 

indicated that JUN forms protein complexes with EGFR and JNK when EGFR is 

phosphorylated (Figure S4D); thus, the JNK/JUN pathway is downstream of EGFR 

signaling in the HCC827 cells. This confirms the findings of previous studies that have 

linked the activation of receptor tyrosine kinases to JUN transcriptional activity (41). Other 

groups have also reported a receptor tyrosine kinase independent mode of JUN activation 

(42). The capacity to reformulate signaling pathways in response to chronic drug treatment 

seems to be a hallmark of therapeutic resistance.

The exact mechanism that triggers increased JNK activity in the TKI-resistant cells is 

unknown. The levels of other AP1 components (JUN-B, JUN-D, and FOS) are either 

unchanged or downregulated in our resistance model. Since our mode of resistance is also 

independent of TOPK, we separately enumerated the interactome of EGFR, JNK, FOS 

(Figure S1G & H), and JUN in the parental and resistant cell lines to indentify candidate 

proteins that may be complicit in resistance. A systematic evaluation of these proteins may 

provide greater insight into the molecular mechanism governing JUN activity. JUN may be 

‘activated’ by at least two distinct mechanisms in the HCC827-ZDR cell lines. The first 

involves phosphorylation in its N-terminal region by JNK. Since JNK is a substrate of 

mitogen-activated kinases, a number of different pathways may govern its activity. The 

results of our AP-MS experiments indicated that the common feature between the JUN 

interactomes in the parental and resistant cell lines were proteins that are involved in GTPase 

regulation. This suggests that certain GTPases may regulate the activity of JNK in the 

gefitinib-resistant cells. Induction of transcription through intrinsic or extrinsic stimuli may 

also activate JUN (43). Our ChIP-seq data demonstrated significantly increased binding of 

JUN at its own promoter and we observed higher levels of JUN mRNA and JUN protein in 

the HCC827-ZDR cells compared to the parental cells. Thus, both transcriptional and post-

transcriptional regulation modulates JUN-mediated resistance to gefitinib. A recent report by 

Fallahi-Sichani et al. noted that upregulation of JUN is sufficient to promote resistance to 

BRAF inhibitors, hinting at a shared escape pathway (44).

Although targeted therapy has resulted in improved prognosis in several tumor types, 

including lung cancers with therapeutics that target molecular pathways such as EGFR and 

ALK, tumor cells invariably develop resistance. A number of studies are investigating 

combination therapy, differential dosing, and the use of second and third generation drugs to 

overcome resistance (45–47). Our identification of JUN-mediated acquired resistance will 

motivate improved patient theranostics and may ultimately lead to new treatment options.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gefitinib-resistant phenotype is driven by SRC kinases or JUN
(A) Schematic representation of experimental workflow. (B) HCC827 parental and 

HCC827-ZDR clones were treated with gefitinib, and relative viability was assessed after 48 

hours with MTS reagent. Plotted are means ± standard deviations of three biological 

replicates; asterisks indicate statistical significance (p <0.05, Student’s t-test). (C) Heatmap 

of intensities of the signals from each phosphorylation site on phospho-antibody arrays 

(R&D Systems) normalized to signals in parental line. Phospho-antibody arrays were 

developed using secondary antibodies conjugated with a fluorescent reporter, and arrays 

were analyzed on the Licor™ imaging station. (D) Representative immunoblots for the SRC 
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kinases and JUN of whole-cell lysates of HCC827 cells and HCC827-ZDR clones. (E) 

Representative immunoblots for total protein levels of indicated receptor tyrosine kinases 

and downstream signaling components from whole-cell lysates of HCC827 cells and 

HCC827-ZDR clones. One representative experiment of three is shown. (F) Representative 

immunoblots for total protein levels of FOS, TOPK and JUNB/D from whole-cell lysates of 

HCC827 cells and HCC827-ZDR clones. One representative experiment of three is shown.
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Figure 2. Expression of JUN is inversely correlated with sensitivity to gefitinib
(A) HCC827 cells were transduced (MOI=5) with viral particles carrying (GFP) or cDNA 

for expression of YES1, SRC, JUN, LCK, FYN, or FGR. The levels of each transgene and 

EGFR were assessed by immunoblot. One representative experiment of three is shown. (B) 

Cell viability assays were used to determine the differential impact of overexpression of 

indicated genes on sensitivity to gefitinib. The IC50 values were calculated using a 4-

parameter fit using that statistical package from JMP12 Pro. Each experiment was conducted 

at three separate time points with at least four technical replicates. Plotted are mean IC50 

values ± one standard deviation from three independent experiments. Probability associated 
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with the Student’s t-test is indicated when values are significant (p <0.05). (C) HCC827 cells 

were transduced with lentiviral particles for expression of control shRNA (targeting GFP) or 

shRNA targeting JUN. Levels of JUN were determined by immunoblot. (D) The IC50 curve 

fit associated with the viability of HCC827 cells stably expressing GFP (blue), JUN (red), 

and JUN shRNA (green) as above. Statistical significance was assessed using the IC50 value 

from each replicate experiment. (E) H3255 cells stably transfected for expression of control 

protein (GFP) or JUN were lysed and the degree of overexpression was determined by 

immunoblot. (F) The IC50 curve fit associated with the viability of H3255 cells expressing 

GFP (blue) or JUN (red) as above. (G) HCC827 cells were treated with AS601245 for 16 

hours at the indicated concentrations. The cell lysate was analyzed by SDS-PAGE and 

immunoblot. (H) Inhibition of EGFR and JNK/JUN pathway is synergistic only in the 

resistant cell lines. Cell viability assays were performed with both gefitinib and two JNK 

inhibitors (AS601245 & JNK-IN-08) in order to determine the synergistic, additive, or 

antagonistic effect of simultaneous dosing in the parental or ZDR cell lines. The resulting 

isobologram (48) was created by determining the IC20, IC50, IC80 of each drug alone and in 

combination. The mean (ICxx values) of three experiments were calculated and an 

isobologram was drawn by JMP Pro12. The corresponding Combination Index (CI) values 

were calculated following the classic isobologram equation (48). Statistical significance was 

determined by using the Student’s t-test (p value < 0.01 for all of the points). As CI values of 

<1 express synergism, gefitinib + JNK inhibitors represents an example of a strongly 

synergistic combination in the resistant cell lines. The CI values for the parental cell line 

indicate a tendency toward antagonism (Student’s t-test p value < 0.05). (I) The IC50 curve 

fit associated with the viability of HCC827-ZDR3 cells (green) and HCC827-ZDR3 cells 

that stably express GFP (blue) or JUN (red), treated with AS601245 for 48 hours.
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Figure 3. HCC827-JUN-overexpressing cells share similar proteomic features to HCC827 
gefitinib resistance clones
(A) Box plot of proteins that were up- or down-regulated upon gefitinib resistance were 

subject to GO term enrichment analysis. The average fold change (log2) and standard 

deviation of the proteins belonging to an enriched GO biological process are included. The 

false discovery rate (p value) is represented by the color of each point. The number of 

proteins within each biological process, n, is listed next to each GO term. (B) Cross-

validation of quantitative proteomics data in HCC827 cells that stably overexpress JUN. 

Quantitative immunoblots that either confirmed the SILAC fold change of the proteins in the 

parental and ZDR cell lines or upon overexpression of JUN were used to generate a heatmap 

(raw data in Figure S3). The fold change for each protein is represented as the intensity of 

the immunoblot signal with respect to the parental cell line. The proteins identified with a 

bullet (•) show congruent fold change upon gefitinib resistance and JUN overexpression.
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Figure 4. JUN interactomes differ in parental and HCC827-ZDR cells
(A) Response to treatment with Gefitinib and JNK inhibitor (AS601245) in HCC827 and 

HCC827-ZDR3 cell lines (B) Co-IP was used to identify JUN, EGFR and JNK interacting 

proteins in parental (green) and resistant (red) cell lines. (C) AP-MS was used to identify 

JUN proteins in parental (green) and resistant (red) cell lines. Proteins that were identified in 

both cell lines are colored blue. The thickness of the line represents the number of peptides 

detected. Pie charts indicate proportions of peptides that were identified in each interactome 

for proteins identified in both cell lines. (D) Co-immunoprecipitation of JUN in HCC827 

and HCC827-ZDR3 cells treated with gefitinib (1 µM) or vehicle control (DMSO) for 16 
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hours. (E) Gene ontology enrichment of JUN interacting proteins identified in both the 

parental and ZDR3 cell lines. The proteins that were identified in the JUN co-

immunoprecipitation experiments were separated into three groups based on the following 

membership (identified only in parental, ZDR, or both cell lines). Gene ontology enrichment 

was used to identify biological process that were either unique or shared amongst each 

group. The abundance of each protein within each group was derived from the number of 

times each protein was identified (FDR < 0.01) and is depicted based on the color of each 

bullet. The Benjamini adjusted FDR is indicated by the size of each bullet.
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Figure 5. JUN expression promotes downregulation of EGFR activity via altered chromatin 
occupancy
(A) Heatmap of differential expression of genes in HCC827 parental and ZDR3 resistant 

cells (260 genes with log2 fold change in expression of ± 2.0; p <0.05). (B) Gene Set 

Enrichment Analysis of 260 genes across various clinical datasets were ranked by a signal-

to-noise metric representing their differential expression. The color of the gradient 

represents either positive (red) or negative (blue) correlation with the listed gene sets. (C) 

RT-qPCR analysis of EGF and ERBBFI1 expression in HCC827 and HCC827-ZDR cells 

normalized based on the expression of GAPDH. Significance was set at a p-value < 0.05. 

(D) The 1488 genes identified as differentially enriched in a JUN ChIP-seq experiment were 
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subject to hierarchical clustering based on Euclidean distance and average linkage. (E) 

Genomic map of JUN chromosomal occupancy. Red indicates enrichment in the ZDR3 line; 

green indicates enrichment in the parental line.
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Figure 6. JUN overexpression has clinical relevance
(A) Kaplan-Meier analysis of the probability of survival as a function of relative expression 

of JUN in a cohort of 147 lung adenocarcinoma tumors derived from patients without a 

smoking history. The 201464_x_at probe set was used for the analysis on KMPLOT (49). 

(B) Correlations of JUN and EGFR expression in independent cohorts of patients with 

NSCLC (BioPortal, Provisional NSCLC, 2014) (50). Statistical significance was assessed by 

ANOVA. (C) Patients in these two clinical cohorts with mutations in EGFR were selected. 

Known EGFR-activating mutations are in red text. Normalized JUN RNA-seq read counts 

and p-EGFR/EGFR values from antibody arrays are plotted as a function of JUN expression. 

Patients with EGFR-activating mutations, high JUN expression, and low phosphorylation are 
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indicated by arrows. (D) Clinical response and gene expression in patients who were 

responsive or resistant to EGFR-targeted therapy (erlotinib or gefitinib). The genes were 

subject to hierarchical clustering with the Euclidean distance and average linkage was used 

for clustering (Spearman rank correlation coefficient of 0.78, p< 0.01). Expression values 

were calculated as log2 from RNA-seq read counts.
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