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Abstract

Non-small cell lung cancer (NSCLC) accounts for the majority (80–85%) of all lung cancers.

All current available treatments have limited efficacy. The epidermal growth factor receptor

(EGFR) plays a critical role in the development and progression of NSCLC, with high EGFR

expression associated with increased cell proliferation and poor prognosis. Thus, interfering

with EGFR signaling has been shown to effectively reduce cell proliferation and help in the

treatment of NSCLC. We previously demonstrated that the progesterone receptor (PR) con-

tains a polyproline domain (PPD) that directly interacts with Src homology 3 (SH3) domain-

containing molecules and expression of PR-PPD peptides inhibits NSCLC cell proliferation.

In this study, we investigated whether the introduction of PR-PPD by cell-penetrating pep-

tides (CPPs) could inhibit EGF-induced cell proliferation in NSCLC cells. PR-PPD was

attached to a cancer-specific CPP, Buforin2 (BR2), to help deliver the PR-PPD into NSCLC

cells. Interestingly, addition of BR2-2xPPD peptides containing two PR-PPD repeats was

more effective in inhibiting NSCLC proliferation and significantly reduced EGF-induced

phosphorylation of Erk1/2. BR2-2xPPD treatment induced cell cycle arrest by inhibiting the

expression of cyclin D1 and CDK2 genes in EGFR-wild type A549 cells. Furthermore, the

combination treatment of EGFR-tyrosine kinase inhibitors (TKIs), including Gefitinib or Erlo-

tinib, with BR2-2xPPD peptides further suppressed the growth of NSCLC PC9 cells harbor-

ing EGFR mutations as compared to EGFR-TKIs treatment alone. Importantly, BR2-2xPPD

peptides mediated growth inhibition in acquired Gefitinib- and Erlotinib- resistant lung ade-

nocarcinoma cells. Our data suggests that PR-PPD is the minimal protein domain sufficient

to inhibit NSCLC cell growth and has the potential to be developed as a novel NSCLC thera-

peutic agent.
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Introduction

Lung cancer is one of the most commonly diagnosed cancers and the leading cause of death

worldwide [1]. Lung cancer is classified into two main types, small cell lung cancer (SCLCs)

and non-small cell lung cancer (NSCLCs) depending on its molecular pathology. Approxi-

mately 80–85% of all lung cancers are diagnosed as NSCLCs [2]. Although there are several

therapeutic approaches and drugs used to treat lung cancer most lung cancers will eventually

become resistant to these current anticancer drugs, becoming more aggressive and progressing

to advanced late stage cancer [3–5]. To-date no anticancer treatment has shown long-term

success for patients with NSCLC, thus the need for new therapeutic approaches or drugs for

the treatment of NSCLC [6, 7].

The epidermal growth factor receptor (EGFR) is a member of the tyrosine kinase receptor

ERBB family and has been shown to play a crucial role in the development and progression of

several cancer types [8]. Overexpression of EGFR is frequently found in lung cancer, especially

in NSCLCs [9], with previous studies demonstrating a correlation between high EGFR expres-

sion and a poor prognosis in NSCLC patients [9–11]. Therefore, EGF signaling has been iden-

tified as a desirable targetable pathway to inhibit lung cancer growth. New anticancer drugs

targeting EGFR signaling have been developed to treat different types of cancer, including the

EGFR tyrosine kinase inhibitors (TKIs), which directly inhibit EGFR tyrosine kinase activity

and are currently being used for treating locally advanced or metastatic NSCLC [12–14]. How-

ever, the majority of NSCLC patients eventually develop resistance to TKI, hence, the need to

develop novel classes of drugs targeting EGFR for more efficacious long-term treatment of

NSCLC and other types of cancer.

EGFR signaling starts with EGFR dimerization, autophosphorylation, and sequential stimu-

lation of downstream mitogen-activated protein kinase (MAPK) signaling and other pathways

[15, 16]. Tyrosine-residue phosphorylation results in the recruitment of the growth factor

receptor-bound protein 2 (Grb2) and human son of sevenless (hSOS) proteins [17, 18]. The

Grb2 protein contains a Src homology 3 (SH3) domain which preferentially interacts with a

PXXPXR motif or polyproline domain (PPD) within other signaling molecules, including

hSOS [19, 20]. The binding of Grb2-SH3 to its ligand, hSOS-PPD, mediates activation of sev-

eral downstream signaling pathways such as the MAPK, phosphatidylinositol-3-kinase and

protein kinase B (PI3K/AKT), and the Janus kinase and signal transducer and activator of

transcription (JAK/STAT), leading to an increase in cell proliferation and a decrease in apo-

ptosis [21]. We previously showed that the progesterone receptor (PR) contains a PPD at the

N-terminal region that directly interacts with the SH3 domain of various cytoplasmic signaling

molecules, including the c-Src tyrosine kinases. The PR-SH3 domain interaction mediates

rapid progestin-dependent activation of c-Src and its downstream signaling in mammalian

cells [19, 22]. Clinical data suggests that NSCLC patients whose tumors express PR have a

higher survival rate than those with no or low PR expression [23], but how the presence of PR

improves patient survival rate remains unknown.

We recently demonstrated that PR expression inhibited EGF-mediated signaling and cell

proliferation in a NSCLC cell model [24]. A mutation in the PR-PPD, which blocked

PPD-SH3 interaction, abolished PR-mediated inhibition of EGFR signaling [24]. Therefore, in

this study, we extended our analysis to determine whether the presence of PR-PPD alone was

sufficient to mediate PR growth inhibition. To aid the transport of PR-PPD into the cell we

added the cell-penetrating peptide (CPP) sequence to the PR-PPD, which enhances delivery

across the plasma cell membrane; CPPs are short peptides (5–30 amino acids) that can cross

the plasma membrane without a specific receptor. This technique is widely used in drug deliv-

ery, which enables the transport of small molecules, nucleic acids, proteins, siRNA, and
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imaging agents into cells [25–28]. Several CPPs can affect normal cell viability, therefore we

chose Buforin 2 (BR2), which is less toxic, has a strong penetrating ability whilst being able to

discriminate between normal cells and cancer cell lines [29]. The BR2 peptide can internalize

into the target cell by electrostatic interaction with ganglioside, a molecule often expressed on

the cell membrane of cancer cells more so than that of normal cells. In this study, we designed

the cancer-specific peptides BR2-PRPPD to target NSCLC cell proliferation. CPP peptides used

in this study were produced in a yeast Pichia pastoris (P. pastoris) expression system. P. pastoris
is a fast growing, cost-effective expression system with high-yield expression [30]. It secretes

peptides directly into the medium, allowing for easy purification [31, 32]. Our results demon-

strate the specificity and ability of BR2-PRPPD peptides to inhibit EGF signaling, NSCLC cell

growth inhibition, and provide a promising anticancer peptide for NSCLC treatment.

Materials and methods

Cell culture

The A549 cell line was obtained from the American Type Culture Collection (ATCC). The

NSCLC A549, is a human non- small cell lung carcinoma cell line and has wild-type EGFR

expression. A549 cells were cultured in Roswell Park Memorial Institute medium (RPMI;

(Gibco/Life Technologies, Gaithersburg, USA) plus 10% fetal bovine serum (FBS; Merck Milli-

pore, Darmstadt, Germany) and 1% Penicillin Streptomycin (PenStrep; HyClone Laboratories,

Logan, USA). Human lung epithelial BEAS-2B cells were obtained from the American Type

Culture Collection (ATCC). BEAS-2B cells were cultured in Bronchial Epithelial Cell Growth

Basal Medium (BEBM) supplemented with BEGM Bronchial Epithelial Cell Growth Single-

QuotsTM (Lonza, Walkersville, USA). Spontaneously transformed Human Keratinocyte Cell

Culture (HaCaT) were purchased from Cell Lines Service (CLS, Heidelberg, Germany).

HaCaT cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; (Gibco/Life Tech-

nologies, Gaithersburg, USA) with 10% FBS and 1% PenStrep. The EGFR- mutant PC9 cells

were gifted by Prof.Hironobu Sasano (Department of Pathology, Tohoku University Graduate

School of Medicine, Sendai, Japan). To generate Gefitinib- and erlotinib-resistant cell lines,

PC9 cells were cultured with increasing concentrations of Gefitinib or Erlotinib; 10 nM (2

months), 1 µM (2 months) and 5 µM (2 months). The parent PC9-6M cells were also cultured

for 6 months in regular medium to eliminate the effects of long-term cell culture as previously

described [33]. PC9-6M, PC9-GR and PC9-ER cells have EGFR mutations as follows: PC9-6M

and PC9-GR: exon 19 deletion; PC9/ER: exon 19 deletion, L858R mutation, and T790M muta-

tion. PC9-6M, PC9-GR and PC9-ER were maintained in 10%FBS-RPMI medium plus 1%

PenStrep. Cells were cultivated in a humidified tissue culture incubator at 37˚C with 5% CO2

and were routinely tested for mycoplasma (Bioneer, Korea).

DNA cloning and transformation

Nucleotide sequence of peptides were designed as 6XHis-tagged recombinant peptides

between the sequences of PR-PPD and buforin2. Eco RI and Pst I restriction sites were added

to the N-terminal and C-terminal of peptide sequences, respectively. These sequences were

synthesized and cloned into the pUC19 plasmid vector (GeneArt/Thermo Fisher, USA). Puri-

fied BR2-PPD, BR2-2xPPD and BR2-2xΔPPD peptides were ligated into the modified

pPICZαA expression vector (Invitrogen/Thermo Fisher, USA) and transformed into DH5α
competent E. coli (New England Biolab, USA). Cells were grown on low salt LB agar plates

containing 25 µg/ml Zeocin (Invitrogen/Thermo Fisher, USA) and incubated at 37˚C over-

night. pPICZαA recombinant plasmids were extracted and purified by Plasmid Maxi kits (Qia-

gen, Germany).
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Purified recombinant plasmids were linearized by Sac I and transformed into the P. pastoris
strain KM71H competent cells by electroporation. Cells were selected on YPD plates contain-

ing 100 μg/ml zeocin. Yeast genomic DNA were extracted (Zymo research, USA) and further

identified by PCR using 5’AOX (GACTGGTTCCAATTGACAAGC) and 3’AOX (GCAAATGG-
CATTCTGACATCC) primers. PCR products were analyzed by electrophoresis compared with

P. pastoris containing empty pPICZαA.

CPP peptide expression and purification

To prepare a starter culture, fresh single colonies of P. pastoris containing the CPP-peptide

expression plasmid were inoculated into 10 ml of BMGY-buffered glycerol-complex medium

and growth overnight at 30˚C with shaking at 280 rpm until the OD600 reached 2–6. Then 10%

of the starter culture was inoculated in 100 ml of BMGY medium in a 250 ml baffle flask for 24

h. Cells were collected by centrifugation and the pellets resuspended in 20 ml of BMMY-buff-

ered methanol-complex expression medium and incubated at 30˚C with shaking at 280 rpm

overnight. Cells were harvested by centrifugation at 5,000×g for 5 minutes at 4˚C. The super-

natant was transferred to a sterile tube and stored at -80˚C. The 6xHis-tag recombinant pep-

tides were purified by nickel affinity chromatography (Histrap Fast Flow column, GE) using

AKTA start with binding buffer (20 mM Sodium Phosphate buffer pH 7.4, 0.5 M NaCl, and 20

mM imidazole). Peptides were eluted using the elution buffer (20 mM Sodium Phosphate

buffer pH 7.4, 0.5 M NaCl and 500 mM imidazole). Each fraction was collected and dialyzed to

remove imidazole in phosphate-buffered saline (PBS) pH 7.4 overnight, using SnakeSkin Dial-

ysis Tubing (Bio-Rad, Hercules, USA). Peptide concentrations were determined by Bradford

assay (Bio-Rad, Hercules, USA) and resolved on 18% SDS-PAGE gels. After electrophoresis,

gels were stained with Coomassie blue staining (Invitrogen/Thermo Fisher, USA). For immu-

noblotting, one microgram of peptide was loaded into a 4–20% Tris-glycine gel (Bio-Rad, Her-

cules, USA), transferred to a polyvinylidene fluoride (PVDF) membrane and probed with a

mouse monoclonal 6xHis tag antibody [HIS.H8] (1:1000, Abcam, UK).

CPP peptide intracellular localization

To compare the cellular internalization of peptides between A549 lung cancer cells and non-

cancerous human keratinocyte HaCaT cells, A549 and HaCat 2x105 cells were cultured on

sterile glass coverslips in 6 well plates in 2% dextran-coated charcoal-treated fetal bovine

serum (DCC-FBS)-RPMI medium overnight. Then, cells were treated with 2.5 µM BR2-

2xPPD in serum-free-RPMI medium for 1 h and compared to untreated cells. Cells were

washed and fixed with 4% Paraformaldehyde (PFA) for 20 min. Fixed cells were washed in

1xPBS 3 times and incubated with 0.5% Triton x-100 for 10 min. After washing, cells were

blocked with 1%FBS-PBS for 1 h. Then, cells were incubated with the mouse monoclonal

6xHis tag antibody [HIS.H8] (1:200 v/v, Abcam, UK) at 4˚C, overnight. The following day,

cells were incubated with Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 568

(1:2500 v/v in 1% BSA-PBS) for 1 h at room temperature in the dark. After washing 3 times in

1xPBS cells were incubated with Hoechst (DNA stain) in 1xPBS for 10 min and further washed

with PBS. The coverslip was mounted with a drop of Prolong Antifade mounting medium

(Invitrogen/Thermo Fisher, USA), sealed with nail polish, and visualized under a confocal

microscopy.

Cell viability assay (MTT assay)

A549 cells were plated in RPMI supplemented with 1% DCC-FBS (Gibco/Life Technologies,

Gaithersburg, USA) and 1% PenStrep at 6,000 cells per well in a 96-well culture plate and
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incubated for 24 h to achieve 80% confluence. For HaCaT, cells were plated at 8,000 cells per

well in 10%FBS-DMEM. The following day, the cultured medium was removed. To activate

EGF-induced cell growth, cells were treated with EGF 50 ng/ml (Sigma-Aldrich, St. Louis,

USA) compared to the combination of EGF and increasing dose of peptides (0, 0.625, 1.25 and

2.5 µM). BEAS-2B 8,000 cells were plated in serum-free BEGM medium for 24 h and subse-

quently treated with increasing dose of peptides (0–2.5 µM). Cells were incubated at 37˚C with

5% CO2 for 24 h. MTT solution (5 mg/ml) (Invitrogen/Thermo Fisher, USA) was added to the

cells and incubated for 4 h. The insoluble formazan was dissolved with 10% SDS. Then, absor-

bance was measured at 570 nm using a microplate spectrophotometer (Biotek Synergy Mx

microplate reader, Biotek, USA). To determine the effect of EGFR-TKIs and peptides on

EGFR-mutant NSCLC cell proliferation, Gefitinib/Erlotinib sensitive NSCLC (PC9-6M) and

Gefitinib or Erlotinib resistant NSCLC (PC9-GR and PC9-ER, respectively) were plated at

8,000 cells per well in 10% FBS-RPMI for 24 h. Cells were then treated with Gefitinib or Erloti-

nib alone or in combination with increasing concentration of CPP-PPD peptides (0–2.5 µM)

for 72 h and analyzed for cell viability using the MTT assay. All experiments were carried out

in quadruplets and data was calculated from three independent experiments as mean ± SEM.

Results are presented as % cell viability compared with the control value of each experiment.

Protein extraction and Western blot analysis

A549 2x105 cells were cultured in 2% DCC-RPMI medium for 24 h. Cells were pre-treated

with BR2-2xPPD or BR2-2xΔPPD 2.5 µM for 4 h, then induced with EGF 20 ng/ml for 5, 10,

and 30 min to activate MAPK signaling. Cells were washed with cold PBS and lysed using lysis

buffer (5 mM NaF, 2 mM Na3VO4, 1xproteinase inhibitor in RIPA buffer). Cell lysates were

mixed with 4x Laemli loading buffer, loaded on 8% SDS-PAGE gels and transferred onto

PVDF membranes.Membranes were probed with primary antibodies recognizing phospho-

p44/42 MAPK (1:1000 v/v, Cell Signaling Technology, USA) and total MAPK antibody

(1:1000 v/v, Cell Signaling Technology, USA) overnight at 4˚C. Next, blots were incubated

with an anti-rabbit secondary antibody (1:5000 v/v in 5%BSA-TBST) for 1 h at room tempera-

ture and visualized by chemiluminescence using Pierce1 ECL Immunoblotting Substrate

(Thermo Scientific, USA). Images were analyzed by ImageJ software. All Western Blots shown

were representative of at least three independent experiments.

RNA extraction and real-time PCR

A549 (2x105 cells) were plated in 10%FBS-RPMI medium for 24 h in 6-well culture plates.

Then, cells were treated with BR2-2xPPD 2.5 µM for 24 h compared with BR2-2xΔPPD treat-

ment. Cells were wash with cold-PBS, and total RNA was extracted using GENEzol reagent

(GeneAid, Taiwan). cDNA was synthesized by adding 1 µg RNA to Accupower RT Premix

(Bioneer, Korea) following by real-time PCR with specific primers for cyclin D1 and CDK2.

GAPDH was used as a control. Values represent relative gene expression normalized with

GAPDH, and mean± SEM calculated from three independent experiments.

Cell cycle analysis

A549 were seeded in 6 cm dish at 2x105 cells in 10%FBS-RPMI medium. After 24 h cells were

treated with BR2-2xPPD or BR2-2xΔPPD 2.5 µM for 24 h compared to untreated cells or vehi-

cle control. A549 cells were collected by trypsinization, washed with 1xPBS, and fixed with

cold 70% ethanol at -20˚C for at least 3 h. The fixed cells were washed by 1xPBS, centrifuged

and the cell pellet resuspended in 200 µl of MuseTM Cell Cycle Reagent (Merck Millipore, Ger-

many) in the dark for 30 mins. The percentage of cells in the G0/G1, S, and G2/M phases were
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analyzed using the BD FACSCalibur TM flow cytometer (BD Bioscience, Heidelberg, Ger-

many). Data was collected from groups of at least 10,000 cells and calculated from three inde-

pendent experiments.

Statistics analysis

The statistical analysis was determined by employing a paired t-test and a two-way ANOVA

with Bonferroni correction using GraphPad Prism 8.0 (GraphPad Software, CA, USA). All

data was represented as the mean± SEM of at least three independent experiments and P val-

ues of< 0.05 were considered significant in all studies. The symbols (�), (��), (���) and (����)

indicate P values� 0.05,� 0.01,� 0.001 and� 0.0001, respectively.

Results

Peptide design, expression, and purification

Binding of the SH3 domain to its ligand is essential to transmit signals in several different sig-

naling cascades, which are required for cell growth and several other important biological

functions [34, 35]. We previously identified the consensus proline-rich motif PPPPLPPR, a

class II SH3 ligand (PXXPXR), within the N-terminal domain of human PR [19]. This PR pro-

line-rich domain (PPD) interacts with SH3-domain-containing proteins and sequentially

exerts progestin- activation of nongenomic signaling pathways in mammalian cells [19]. The

binding of SH3 domains to their ligands are essential for several growth factor signal transduc-

tion pathways, including EGFR. We have shown that expression of PR-B containing the PPD

inhibited EGF-induced NSCLC cell proliferation both in the presence and absence of proges-

tin, suggesting that expression of the PR-PPD suppressed cytoplasmic/membrane signaling

through interfering with the EGFR signaling pathway [24]. To directly determine whether the

PR-PPD is the minimal domain required to mediate the growth inhibitory effect a cancer-spe-

cific cell-penetrating peptide PR-PDD peptide was constructed and expressed in a yeast

expression system. The cancer-specific CPP, buforin-2 (BR2) [36] was added to the N-termi-

nus of PR-PPD (BR2-PPD) to aid in the delivery of the PR-PPD inside the cells. In addition,

BR2-2xPPD was constructed, carrying two repeats of the PR-PPD separated by an intervening

sequence similar to a sequence separating the two PPD sequences in hSOS (NP_001369324.1)

to mimic endogenous Grb2-SOS interactions. A mutant BR2-2xΔPPD peptide was also con-

structed to determine the specificity of the PR-PPD interaction by replacing three key prolines

with alanines (Fig 1A). All peptides were expressed as 6Xhistidine-tagged peptides in the yeast,

P. pastoris strain KM71H.Transformant yeasts containing the recombinant plasmid with the

BR2-PR-PPD sequence were grown in medium containing 0.5% methanol to induce the

AOX1 promoter and sequentially secreted BR2-PR-PPD peptides into the culture medium.

The supernatant was further purified using nickel affinity chromatography. Histidine tagged

peptides were separated and eluted as a single peak shown in Fig 1B, which yielded 100–300 μg

of pure recombinant BR2 peptides.

Characterization of BR2 containing PR-PPD cell-penetrating peptides

To assess the purity of the peptides, the supernatant, flow-through, wash fraction and the

eluted peptide were analyzed by SDS-PAGE. We successfully produced highly purified His-

tagged CPP PR-PPD peptides as shown as a single band on SDS-PAGE with Coomassie blue

staining (Fig 1C) and immunoblotting (Fig 1D). To determine the intracellular localization of

the peptides, A549 NSCLC cells were incubated with 2.5 µM of BR2-PPD peptides for 1 h.

Cells were fixed and stained with monoclonal antibody recognizing the 6-His synthetic peptide
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Fig 1. Characterization of the cancer-specific BR2 containing PR-PPD peptides. (A) A schematic of BR2 containing PR-PPD peptides. Polyproline domain

(PPD) of human progesterone receptor (PR) was added to the C-terminal of the cell-penetrating peptide (CPP), Buforin2 (BR2). The nucleotide sequences

were cloned into a pPICZαA expression vector and transformed into Pichia pastoris KM71H by electroporation. All peptides were expressed as Histidine-

tagged peptide and purified using a nickel column (B). His-tagged peptides were separated by SDS-PAGE followed by Coomassie blue staining (C) and

immunoblotting (D). (E) A549 NSCLC cells and normal HaCaT keratinocyte cells were incubated with His-tagged peptides (2.5 μM) for 1 h at 37˚C and

stained with a 6-His specific monoclonal antibody. Intracellular localization of His-tagged peptides was visualized by confocal microscopy.

https://doi.org/10.1371/journal.pone.0264717.g001
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and viewed by immunofluorescence. As shown in Fig 1E, the BR2-PPD, BR2-2xPPD and BR2-

2xΔPPD peptides were able to penetrate cell membranes and localize intracellularly in both

the cytoplasm and nucleus (red color) as compared to untreated cells. However, these cancer-

specific peptides failed to penetrate non-transformed keratinocyte, HaCaT, cells when incu-

bated at equal concentration and time, as shown in Fig 1E. Together, these data suggest that

the BR2-PPD peptides possess cancer-specific penetration activity, which are similar to results

obtained from BR2-peptides in previous studies [36, 37].

BR2 containing PR-PPD peptides inhibited EGF-induced cell proliferation

Transactivation of EGFR by cognate ligands such as epidermal growth factor (EGF) promotes

NSCLC cell proliferation through PPD and SH3 domain interaction and eventually induces a

downstream cascade such as MAPK signaling [19]. To determine whether the presence of the

PR-PPD could inhibit EGF-mediated NSCLC cell growth, A549 NSCLC cells were treated

with 50 ng/ml EGF alone or in combination with 0–2.5 µM of the BR2-PPD, BR2-2xPPD, or

BR2-2xΔPPD peptides. As shown in Fig 2A, the BR2-PPD peptides dose-dependently inhib-

ited EGF-induced A549 cell proliferation with maximum growth inhibition of 36% (±8%)

when cells were treated with 2.5 μM of BR2-PPD compared with cells treated with EGF alone.

Interestingly, the addition of BR2-PRPPD peptides containing two repeats of the PR-PPD

(BR2-2xPPD) was more effective in inhibiting NSCLC proliferation and showed a maximum

growth inhibition by 48% (±5%) inhibition. Mutations in the PR-PPD domain, in the mutant

BR2-ΔPPD peptide, failed to mediate this inhibition. Importantly, the BR2 containing

PR-PPD peptides did not affect the growth of normal bronchial epithelial BEAS-2B and

untransformed keratinocyte HaCaT cells at all concentrations tested (Fig 2B). Our data sug-

gested that the PR-PPD is the minimum PR domain required to inhibit NSCLC cell prolifera-

tion, and BR2 containing PR-PPD peptides effectively suppressed EGF-induced NSCLC cell,

with little to no effect on noncancerous cells.

The MAPK or Erk1/2 signaling pathway is involved in cell proliferation, differentiation, cell

survival, apoptosis, and metastasis [38]. Dysregulation of MAPK is often found in advanced

cancer, including NSCLC [39]. Our results showed that the BR2-2xPPD peptides effectively

inhibited EGF-induced A549 cell proliferation. We next investigated whether the BR2-2xPPD

peptide treatment could block EGF-mediated cell proliferation through inhibiting Erk1/2 acti-

vation. A549 were pre-treated with 2.5 µM of the BR2-2xPPD peptide for 4 h, followed by EGF

treatment at 20 ng/ml for 5, 10, and 30 mins. Phosphorylation of Erk1/2 and total MAPK in

cells treated with EGF and the BR2-2xPPD peptides were determined by immunoblotting and

compared to cells treated with EGF alone. As shown in Fig 2C, the activation of Erk1/2 was sig-

nificantly increased when cells were treated with EGF (20 ng/ml) for 5, 10, and 30 mins com-

pared to untreated cells. Importantly, Erk1/2 activation was significantly reduced in all time

point tested when cells were pre-treated with the BR2-2xPPD peptide. In contrast, pre-treat-

ment with the BR2-2xΔPPD peptides had little to no effect on EGF-induced MAPK activation

at all time tested (Fig 2D). Together, our data suggested that the introduction of the PR-PPD

CPP inhibited EGF-induced NSCLC cell proliferation by specifically blocking EGF activation

of the MAPK signaling pathway [24].

BR2-2xPPD is a novel growth-inhibitory peptide for NSCLC expressing

wild-type EGFR

Several drugs and chemotherapies are currently available for the treatment of NSCLC, includ-

ing tyrosine kinase inhibitors (TKIs). However, the first generation of TKIs such as Gefitinib

and Erlotinib are quite effective in inhibiting cells expressing mutated EGFR, but much less
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effective in the cells expressing wild-type EGFR [40]. Therefore, a novel alternative approach is

needed for patients with NSCLC expressing wild-type EGFR. Our results demonstrated that

the BR2-2xPPD peptide treatment of NSCLC inhibited EGF-mediated cell proliferation. We

next tested the effect of the BR2-2xPPD peptide on NSCLC cell proliferation in medium sup-

plemented with fetal bovine serum (FBS) without additional EGF. NSCLC expressing wild-

type EGF, A549, were cultured with the presence of the BR2-2xPPD or BR2-2xΔPPD peptides

at concentrations ranging from 0 to 2.5 µM for 24 h. Cell viability was assessed by MTT assay.

The BR2-2xPPD peptide dose-dependently inhibited A549 cell proliferation with a maximum

inhibition at 62% (±5%) at the highest dose while the presence of the BR2-2xΔPPD peptide

had little to no effect on A549 cell proliferation (Fig 3A). We next determine whether the pres-

ence of the BR2-2xPPD affected cell cycle distribution of NSCLC. To assess the distribution of

cells in different phases of the cell cycle, A549 were treated with the BR2-2xPPD or BR2-

2xΔPPD for 24 h, and cell cycle were analyzed by flow cytometry. As shown in Fig 3B, the

Fig 2. Effect of BR2-PR-PPD peptides on EGF-induced cell proliferation. (A) A549 cells were plated in RPMI supplemented with 1% DCC-FBS and 1%

PenStrep at 6,000 cells per well in a 96-well culture plate and incubated for 24 h. The following day, the culture medium was removed. A549 were treated with

EGF 50 ng/ml compared to the combination of EGF 50 ng/ml with increasing peptides (0, 0.625, 1.25 and 2.5 μM) for 24 h. Cell viability was analyzed by MTT

assays. Cell viability of A549 treated with BR2-PPD, BR2-2xPPD peptides was significantly decreased than BR2-2xΔPPD (control) (��p� 0.01) (���p� 0.001)

(����p� 0.0001). Error bars represent the standard errors of the mean (n = 3). (B) BEAS-2B 8,000 cells were plated in serum-free BEGM medium. After 24 h,

cells were treated with increasing dose of peptides (0, 0.625, 1.25 and 2.5 μM). HaCaT cells were cultured in 1% DCC-RPMI plus 1% PenStrep at 8,000 cells per

well and incubated for 24 h. Next, cells were treated with EGF 50 ng/ml or combined with increasing concentration of peptides (0, 0.625, 1.25 and 2.5 μM) for

24 h. Cell viability was analyzed by MTT assays. (C) and (D) A549 2x105 cells were cultured in 2% DCC-RPMI medium for 24 h. Cells were pre-treated with

BR2-2xPPD or BR2-2xΔPPD 2.5 µM for 4 h. Then, cells were induced with EGF 20 ng/ml for 5, 10 and 30 min to activate MAPK signaling. Phospho-Erk1/2

and total MAPK were recognized by western blotting compared to untreated cells. Ten micrograms of protein were loaded in each lane. Bar graphs show

relative pMAPK activities (pMAPK/totalMAPK) (����p� 0.0001) and data are shown as means ± SEM (n = 3).

https://doi.org/10.1371/journal.pone.0264717.g002
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percentage of the G0/G1 phase was significantly increased while S+G2/M populations was sig-

nificantly decreased in A549 treated with BR2-2xPPD compared to control, suggesting that the

BR2-2xPPD peptide inhibited NSCLC growth in G0/G1 phase arrest, leading to a decrease in

the percentage of proliferative cells in G2/M and S phases.

During cell cycle progression, cyclin D1 and CDK2 are critical cell cycle regulators involved

in the G0/G1 to S phase transition and serve as theraputic targets in several types of cancers,

including NSCLC [41, 42]. Our results suggested that BR2-2xPPD altered cell cycle progression.

We next examined how BR2-2xPPD peptide treatment affected cyclin D1 and CDK2 expres-

sion. A549 were treated with BR2-2xPPD 2.5 µM at various time points. Cyclin D1 and CDK2

mRNA levels were quantitated by real-time PCR, using GAPDH as an internal control. Cells

treated with BR2-2xPPD exhibited a significant decrease in cyclin D1 and CDK2 gene expres-

sion as compared to those of control untreated cells at all time points tested (Fig 3C and 3D).

These data demonstrated that the BR2-2xPPD mediated cell cycle arrest and displayed antipro-

liferative activity resulting in a significant (57±1%) inhibition of proliferation of NSCLC

expressing wild-type EGFR, suggesting that the BR2-2xPPD peptide could be further developed

as an alternative new treatment for NSCLC expressing wild-type EGFR in the future.

Fig 3. BR2-2xPPD peptide inhibited EGFR wild-type NSCLC growth. (A) Effect of BR2-2xPPD and BR2-2xΔPPD peptide on EGFR wild-type A549 cell

proliferation. A549 cells were cultured in 10%FBS-RPMI plus 1% PenStrep at 3,000 cells/well. After 24 h, cells were treated with increasing dose of BR2-2xPPD

or BR2-2xΔPPD (0, 0.625, 1.25 and 2.5 μM) for 24 h. Cell viability was performed by MTT assays. Value are represented as means ± SEM (n = 3). Percent cell

viability of peptide treatments were normalized with DMSO (����p� 0.0001). (B) Cell cycle distribution assessed by flow cytometry. A549 cells were treated

with BR2-2xPPD or BR2-2xΔPPD peptide at concentration 2.5 μM in 10%FBS-RPMI for 24 h. Cells were collected and analyzed by flow cytometry as described

in Materials and Methods. Bar graphs represent changes in the percentage of cells in G0/G1 and S+G2/M phase as compared with untreated cell (control).

Results are shown as means ± SEM (n = 3) (��p� 0.01). (C) Relative Cyclin D1 and (D) CDK2 mRNA expression. A549 were cultured with BR2-2xPPD

peptides at a concentration of 2.5 μM in 10%FBS-RPMI for indicated time points shown in the x-axis. Total RNA was extracted and amplified by qRT-PCR.

Values represent relative gene expression normalized with GAPDH. All data are reported as means ± SEM (n = 3) compared with control untreated cells

(���p� 0.001) (����p� 0.0001).

https://doi.org/10.1371/journal.pone.0264717.g003
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Treatment of the BR2-2xPPD peptide could enhanced growth inhibitory

effects of Tyrosine Kinase Inhibitors (TKIs) in NSCLC harboring EGFR

mutation

The activating mutation of EGFR is frequently found in 5–20% of NSCLC patients. NSCLC

tumors of patients who respond to the first-generation EGFR-TKIs often express mutated

EGFR [43, 44]. However, most patients (50–60%) eventually develop acquired resistance to

EGFR-TKIs after 12 months of initiating TKI treatment. Various approaches, such as new com-

pounds or targeted therapies, have been used to prolong patients’ survival. To determine if the

PR-PPD inhibits the growth of TKI-resistant lung cancer cells, we tested whether the combina-

tion treatment of the BR2 containing PR-PPD peptide (BR2-2xPPD) and TKIs could be more

effective than TKIs alone in inhibiting lung cancer cell proliferation. EGFR-TKI-sensitive (PC9-

6M) lung adenocarcinoma cells were treated with 0.1 µM concentration of Gefitinib or Erlotinib

alone compared or in combination with TKIs- with increasing concentration of BR2-2xPPD

peptides (0–2.5 µM) for 72 h. In TKI-sensitive PC9-6M cells, Gefitinib and Erlotinib reduced

cancer cell proliferation by 41% (±2%) and 43% (±2%) as compared to control (no treatment).

The combination of the BR2-2xPPD and TKIs, Gefitinib or Erlotibnib, further reduced cancer

cell proliferation by 85% (±1%) and 81% (±1%), respectively (Fig 4A and 4B), while in the pres-

ence of the mutant PPD peptides, BR2-2xΔPPD, had little to no effect on PC9-6M cell growth.

To test whether the BR2-2xPPD peptide could enhance the growth-inhibitory effect of

TKIs, we used EGFR-TKI-resistant variant (PC9-GR and PC9-ER) cell lines. PC9 were

Fig 4. Effects of EGFR-TKIs and BR2-2xPPD peptide combination treatment in NSCLC harboring EGFR mutation. 4A & 4B The parental PC9-6M cells

expressing EGFR with exon 19 deletion, were treated with 0.1 µM Gefitinib (A) or Erlotinib (B) alone or combined with an increasing dose of BR2-2xPPD or

BR2-2xΔPPD peptide (0–2.5 μM) for 72 h. 4C & 4D Gefitinib or Erlotinib-resistant PC9, PC9-GR (C) or PC9-ER (D), were treated with 0.1 µM Gefitinib (C)

or Erlotinib (D) alone or combined with an increasing dose of BR2-2xPPD or BR2-2xΔPPD-peptide (0–2.5 μM) for 72 h. Cells were analyzed for cell viability

by MTT assays. Graphs represent percent cell viability of PC9-6M, PC9-GR or PC9-ER cells after indicated treatments normalized to cells treated with DMSO

(control). Values are shown as means ± SEM in triplicate experiments (n = 3) and ���� denotes p� 0.0001.

https://doi.org/10.1371/journal.pone.0264717.g004
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cultured with increasing concentrations of Gefitinib or Erlotinib; 10 nM (2 months), 1 µM (2

months) and 5 µM (2 months) to generate the Gefitinib-and Erlotinib-resistant cell lines

(PC9-GR and PC9-ER, respectively) [33, 45]. PC9-GR and PC9-ER were treated with 0.1 µM

concentration of Gefitinib or Erlotinib alone, or in combination with TKIs, compared with

increasing concentration of the BR2-2xPPD peptides (0–2.5 µM) for 72 h. As shown in Fig 4C

and 4D, Gefitinib or Erlotinib alone weakly inhibited PC9-GR and PC9-ER cell proliferation

and inhibited only 13% (±5%) and 8% (±4%) as compared to control untreated cells, respec-

tively, and these results were similar to previous reports [33]. The treatment of the BR2-2xPPD

peptides in Gefitinib-resistant PC9-GR cells dose-dependently inhibited cell proliferation with

a maximum inhibition at 64% (±1%) of control untreated cells. Interestingly, the treatment of

BR2-2xPPD peptides in combination with Gefitinib enhanced the Gefitinib growth inhibitory

effects and showed a maximum inhibition at 74% (±1%) as compared to control untreated

cells. For Erlotinib-resistant PC9-ER cells, the BR2-2xPPD peptide dose-dependently sup-

pressed cell proliferation with a maximum inhibition at 59% (±1%) of control untreated cells

(Fig 4D). The combination treatment of the BR2-2xPPD with Erlotinib showed the maximum

inhibition at 58% (±3%) compared to control cells which did not show significant differences

to BR2-2xPPD treatment alone. These data suggest that the BR2 peptide containing PR-PPD

can enhance the growth inhibitor effect of Gefitinib, suggesting that combination treatment of

BR2-2xPR-PPD peptides with Gefitinib may serve as a new perspective in NSCLC treatment.

Discussion

Cancer constitutes a major cause of mortality in both men and women worldwide. Current

treatments are available for cancers such as surgery, radiotherapy and chemotherapy. For

NSCLC, the predominant type of lung cancer, surgical resection is the most effective treatment

in the early stages of the disease; however, the recurrence rates after the surgical resection

remain high [46]. Chemotherapy and radiotherapy are commonly used to help improve sur-

vival outcomes in recurrent patients with advanced and metastatic NSCLC [47]. Despite a

reduction in the mortality rate for patients with advanced metastatic NSCLC with the current

therapeutic regimens most patients frequently suffer from adverse side effects due to non-spe-

cific targeting of chemotherapy drugs. Current chemotherapeutic agents not only affect the

rapidly dividing cancer cells but also the fast-growing normal healthy cells. Therefore, new

therapeutics options focusing on novel strategies to selectively target cancer cells with minimal

to no effect on normal cells are urgently needed.

It is well established that PR signaling plays essential roles in endocrine-related cancers

such as breast, endometrium and ovary [48]. PR is expressed as two isoforms from a single

gene, PR-A and PR-B [49]. Proteomic profiling supports that the differences in the proteome

expression of individual PR-A and PR-B isoforms contributes to the differences in the biologi-

cal actions of each isoform in breast cancer cells [50]. In addition to progestin-dependent tran-

scriptional effects, liganded-PR can rapidly activate other signaling molecules through

SH3-polyproline domain (PR-PPD) interactions [19]. Although both PR isoforms share the

identical PPD sequence, only PR-B mediates c-Src/Ras/MAPK signaling in the cytoplasm [21].

Increasing evidence suggests that PR also has a potential role in non-endocrine tumors,

including NSCLC [51, 52]. Clinical data shows that high expression levels of PR is correlated

with better clinical outcome in NSCLC patients. Treatment with progesterone promotes the

inhibition of NSCLC growth in vitro and in vivo, and PR could potentially be used as a prog-

nostic marker in NSCLC patients [23, 53–55].

We previously showed that PR-B expression in A549 NSCLC significantly blunted EGF-

induced-NSCLC cell growth [24]. In this study, we extended our investigation by expressing
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the PR-PPD peptides fused with a cell-penetrating peptide domain, BR2 (Fig 1A). Consistent

with our previous study, both BR2-PPD and BR2-2xPPD peptides significantly inhibited EGF-

induced A549 NSCLC cell proliferation, while the mutant PR-PPD peptide failed to affect

A549 cell proliferation (Fig 2A and 2B). These data implicated a crucial role of a short PR-PPD

peptide suppressing NSCLC cell growth [24], suggesting that PR expression can directly affect

cell proliferation.

Importantly, our results suggest a crosstalk between PR extranuclear signaling and growth

factor receptors, independent of progesterone, can play a role in NSCLC progression. A549

cells pre-treated with BR2-2xPPD before treating with EGF showed significant attenuation of

MAPK activation (Fig 2C). Little to no inhibition of MAPK activation was observed in cells

pre-treated with the mutant peptide, BR2-2xΔPPD (Fig 2D). Together, these data suggest that

BR2-PRPPD peptides can inhibit EGF-mediated MAPK activation, leading to a decrease in

A549 cell proliferation.

Upon growth factor receptor activation, Grb2 and Sos interaction is required to transduce a

variety of downstream signaling molecules, including MAPK. Sos-derived peptides were previ-

ously designed to disrupt Grb2-Sos interaction [56, 57]. The peptidimer peptide containing

two-repeats of the proline-rich sequence has been demonstrated to be more effective in inhib-

iting Grb2-Sos interaction and more potent in reducing MAP kinase activation than the

monomer peptide with one copy of the proline-rich sequence [56]. Furthermore, treatment

with a peptidimer was shown to serve as a Grb2-SH3 ligand to reduce the growth of HER2-po-

sitive breast cancer cells [58]. These results are consistent with our results, in which the BR2-

2xPPD peptide, with two repeats of the PPD, was more effective in reducing A549 cell prolifer-

ation than the BR2-PPD peptide, with a single PPD. These results suggest that the PPD in

these peptides share a similar polyproline type II (PPII) helices structure [35] and can effi-

ciently block Grb2-Sos complexes through dual interactions of PR-PPD with both SH3

domains of Grb2.

The PR-PPD mediates rapid progestin-mediated c-Src kinase activation through directly

binding to the c-Src-SH3 domain [19]. This PPD is a unique sequence present in PR and

absent in all other nuclear hormone receptors, including the estrogen receptor (ER), androgen

receptor (AR), glucocorticoid receptor (GR) and thyroid hormone receptor (TR) [19]. These

proline-rich peptides are particularly useful in obstructing the PPD of Grb2 from binding to

the SH3 domains. However, the inability of these protein sequences to enter cells and bind to

cytoplasmic signaling molecules has limited the use of these peptides. In this study, we added a

cell-penetrating peptide domain to the PR-PPD to promote peptide internalization, allowing

the PR-PPD to enter cells and interfere with PPD-SH3 mediated signal transductions.

In recent years, a new class of drug delivery molecules such as cell-penetrating peptides or

CPPs has been developed. The truncated HIV-1 Tat peptide has been described as the first

CPP to mediate the cellular uptake of target molecules [59, 60]. However, several CPPs exhibit

non-specific penetration or cytotoxic effects at high concentrations. More recently the tumor-

specific, less toxic, cell-penetrating BR2 peptide was successfully developed and used as a drug

transporter and tested in colorectal carcinoma and hepatocellular cancer in vivo models [36,

61]. In this study, we designed and expressed the anticancer BR2 containing the PR-PPD pep-

tide from P. pastoris to target growth factor signaling pathways that requires PPD-SH3 interac-

tions in NSCLC. P. pastoris is an attractive expression host which can grow and produce high

level of peptides on simple media [62]. Compared with bacteria, P. pastoris has eukaryotic

post-translational modifications and secretory expression which can be directly purified [31].

Our results demonstrated the ability of BR2 peptides to be internalized into NSCLC cancer

cells, with little to no effect on normal cells (Fig 1E). Because it is a highly positively charged

peptide, BR2 preferentially binds to negatively charged ganglioside on the cancer cell
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membrane and consequently internalizes into the cytoplasm by micropinocytosis [36]. In con-

trast, the cell membrane of most normal cells is neutral, resulting in low electrostatic interac-

tion and inefficient internalization of BR2 through the cell membrane [36, 63]. Thus, the

PR-PPD present in the BR2-2xPPD, once internalized, can directly compete with the PPD in

SOS to bind to the Grb2-SH3 domains, leading to a suppression of Grb2-SOS signal transduc-

tion, a significant reduction in Erk1/2 activation and a decrease in NSCLC cell proliferation.

Tyrosine Kinase Inhibitors (TKIs), such as Gefitinib and Erlotinib, are used as targeted

therapy for patients with NSCLC whose tumors overexpress EGFR. TKIs compete with ATP

to bind to the ATP binding pocket of tyrosine kinases, resulting in a reduction in tyrosine

kinase phosphorylation and a decrease in cell proliferation [64]. Meta-analysis studies suggest

that EGFR-TKIs improves progression-free survival (PFS) in patients with advanced NSCLC

expressing mutant EGFR whilst having no significant impact in NSCLC patients with NSCLC

expressing wild-type EGFR [65–69]. The mechanism mediating resistance to EGFR-TKIs in

wild-type EGFR is well characterized. A previous study suggests that the lower TKI binding

affinity of the wild-type EGFR attributes to its TKIs insensitivity [70]. Therefore, there is a

need to identify novel compounds that more effectively block or suppress wild-type EGFR sig-

naling. In this study, we demonstrate that the addition of the BR2-2xPPD peptides to the cur-

rently available EGFR-TKIs significantly improves TKI-mediated inhibition of NSCLC cell

proliferation. Furthermore, our results show that a decrease in NSCLC by BR2-2xPPD is medi-

ated, in part, through cell cycle G0/G1 arrest and a reduction in cyclin D1 and CDK2 expres-

sion in A549 NSCLC expressing wild-type EGFR (Fig 3). Cyclin D1 is a critical regulator in

cell cycle, required for G1 to S phase progression while CDK2 helps promote DNA replication

prior to cell cycle progression into the G2/S phase [21, 22, 71]. Cyclin D1 has previously been

described as a target gene in progestin-mediated Src kinase signaling pathways. The BR2-

2xPPD peptide treatment of NSCLC with wild-type EGFR effectively induced cell cycle arrest

and decreased numbers of proliferative cells, while EGFR-TKIs, including Gefitinib and Erloti-

nib, failed to inhibit cell proliferation of NSCLC with wild-type EGFR (Fig 3). Together, these

results suggest that the BR2-2xPPD peptide is an attractive molecule that can potentially be

developed as a targeted therapeutic agent to help treat NSCLC harboring wild-type EGFR.

Constitutive hyperactivation of the MAPK cascade is frequently found in cells expressing

activated EGFR mutants where the kinase domain is constitutively activated independent of

EGF binding. Exon 19 deletion and the L858R point mutation are the most common activating

mutations and are often associated with sensitivity to TKIs, including Gefitinib and Erlotinib

[45, 72]. Although NSCLC patients whose tumors bear the EGFR mutation or deletion often

show better clinical outcomes to EGFR-TKIs treatments, a large proportions of these patients

(50–60%) eventually develop acquired resistance to TKIs caused by a secondary mutation,

such as the T790M mutation [73–75]. The EGFR-T790M gatekeeper mutation is a substitution

mutation inside the ATP binding cleft leading to the low-affinity binding of TKIs to EGFR

[76]. Administration of TKIs at high concentrations can cause adverse side effects in NSCLC

patients, such as skin rash and diarrhea. Therefore, ability to increase tumor sensitivity to TKI

could be an attractive alternative therapeutic option benefiting NSCLC patients.

In this study, we demonstrated that BR2-2xPPD peptide treatment increases sensitivity to

TKI in both TKI-sensitive PC9-6M cells and Gefitinib-resistant PC9-GR cells (Fig 4A–4C).

Both PC9-6M and PC9-GR cells express a typical EGFR mutation in exon 19 (Fig 4A–4C).

Here we show that the BR2-2xPPD peptide significantly suppresses Erlotinib-resistant

PC9-ER cell proliferation (Fig 4D). However, the percentage inhibition of PC9-ER cell prolif-

eration in cells treated with the BR2-2xPPD peptide alone was not significantly difference

from those treated with the BR2-2xPPD peptide in combination with Erlotinib. Previous study

suggested that the EFGR harboring exon 19 deletion, L858R mutation can acquire a secondary
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T790M mutation, making it insensitive to TKI. Thus, it is possible that differences in EGFR

mutation may contribute to PC9-ER TKI insensitivity [33]. In addition, in TKIs-sensitive cells,

TKI can effectively reduce Erk1/2 and Akt phosphorylation, leading to NSCLC growth inhibi-

tion [77], while, in TKI-resistant cells, growth factor receptors or other growth promoting

genes are often activated and serve as alternative pathways stimulating cancer cell survival

[78]. Thus, it is also possible that PC9-ER cells bear an activated EGFR mutant along with acti-

vation of other signaling pathways that are dependent on PPD-SH3 interactions for signal

transduction, making PC9-ER insensitive to Erlotinib treatment but sensitive to the BR2-

2xPPD peptide. Several studies have found that tumors with acquired resistance to Gefitinib

and Erlotinib with or without the T790M mutation exhibit amplification of mesenchymal-epi-

thelial transition factor (MET) [79–82]. MET is a heterodimer tyrosine kinase receptor which

requires PPD-SH3 interaction for downstream signaling activation and its dysregulation could

induce EGFR-TKIs resistance by activating ERBB3 signaling [83, 84]. Therefore, the combina-

tion of EGFR-TKIs and drugs targeting others signaling pathways such as the BR2-2xPPD pep-

tide could be an effective strategy to overcome TKI resistance [85, 86].

Our results demonstrate the potential role of BR2, a small cell penetrating peptide specifi-

cally target cancer cells without damaging normal cells. Intracellular delivery of the PR-PPD

by BR2 suppressed cell proliferation of NSCLC bearing either the wild-type or mutant EGFR.

Treatment with the BR2-2xPPD peptide enhanced cytotoxic effects in acquired EGFR-TKI

resistant lung cancer cells. Further studies will be needed to investigate the antitumor activity

of the BR2-2xPPD peptide in vivo.

Altogether, our data establishes a proof of concept that a cancer cell-specific CPP in combi-

nation with the PR-PPD could serve as a novel therapeutic agent to suppress NSCLC growth.

The BR2-2xPPD peptide may represent a new class of drugs for the treatment of NSCLCs by

interfering with intracellular SH3-mediated signaling transduction.

Supporting information

S1 File.

(DOCX)

S1 Raw images.

(PDF)

Author Contributions

Conceptualization: Viroj Boonyaratanakornkit.

Data curation: Panthita Kaewjanthong, Hironobu Sasano, Eileen McGowan.

Formal analysis: Panthita Kaewjanthong, Gyorgy Hutvagner, Eileen McGowan.

Funding acquisition: Viroj Boonyaratanakornkit.

Investigation: Panthita Kaewjanthong, Sarintip Sooksai.

Methodology: Sarintip Sooksai, Hironobu Sasano, Gyorgy Hutvagner, Sarah Bajan.

Project administration: Viroj Boonyaratanakornkit.

Supervision: Sarintip Sooksai, Hironobu Sasano, Gyorgy Hutvagner, Eileen McGowan, Viroj

Boonyaratanakornkit.

Visualization: Panthita Kaewjanthong.

Writing – original draft: Panthita Kaewjanthong.

PLOS ONE The progesterone receptor polyproline domain inhibits EGF signaling in lung cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0264717 March 2, 2022 15 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264717.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264717.s002
https://doi.org/10.1371/journal.pone.0264717


Writing – review & editing: Sarintip Sooksai, Hironobu Sasano, Gyorgy Hutvagner, Eileen

McGowan, Viroj Boonyaratanakornkit.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer statistics

2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. Ca-

Cancer J Clin. 2021; 71(3):209–49. https://doi.org/10.3322/caac.21660 PMID: 33538338

2. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-small cell lung cancer: epidemiology, risk fac-

tors, treatment, and survivorship. Mayo Clin Proc. 2008; 83(5):584–94. https://doi.org/10.4065/83.5.

584 PMID: 18452692

3. Rotow J, Bivona TG. Understanding and targeting resistance mechanisms in NSCLC. Nat Rev Cancer.

2017; 17(11):637–58. https://doi.org/10.1038/nrc.2017.84 PMID: 29068003

4. Liu WJ, Du Y, Wen R, Yang M, Xu J. Drug resistance to targeted therapeutic strategies in non-small cell

lung cancer. Pharmacol Therapeut. 2020;206. https://doi.org/10.1016/j.pharmthera.2019.107438

PMID: 31715289

5. Rebuzzi SE, Alfieri R, La Monica S, Minari R, Petronini PG, Tiseo M. Combination of EGFR-TKIs and

chemotherapy in advanced EGFR mutated NSCLC: Review of the literature and future perspectives.

Crit Rev Oncol Hemat. 2020; 146. https://doi.org/10.1016/j.critrevonc.2019.102820 PMID: 31785991

6. Chen RQ, Manochakian R, James L, Azzouqa AG, Shi HS, Zhang Y, et al. Emerging therapeutic agents

for advanced non-small cell lung cancer. J Hematol Oncol. 2020; 13(1). https://doi.org/10.1186/s13045-

020-00881-7 PMID: 32448366

7. Yuan M, Huang LL, Chen JH, Wu J, Xu Q. The emerging treatment landscape of targeted therapy in

non-small-cell lung cancer. Signal Transduct Tar. 2019;4. https://doi.org/10.1038/s41392-019-0099-9

PMID: 31871778

8. Jorissen RN, Walker F, Pouliot N, Garrett TP, Ward CW, Burgess AW. Epidermal growth factor recep-

tor: mechanisms of activation and signalling. Exp Cell Res. 2003; 284(1):31–53. https://doi.org/10.

1016/s0014-4827(02)00098-8 PMID: 12648464

9. Hirsch FR, Varella-Garcia M, Bunn PA, Di Maria MV, Veve R, Bremnes RM, et al. Epidermal growth fac-

tor receptor in non-small-cell lung carcinomas: Correlation between gene copy number and protein

expression and impact on prognosis. Journal of Clinical Oncology. 2003; 21(20):3798–807. https://doi.

org/10.1200/JCO.2003.11.069 PMID: 12953099

10. Onn A, Correa AM, Gilcrease M, Isobe T, Massarelli E, Bucana CD, et al. Synchronous overexpression

of epidermal growth factor receptor and HER2-neu protein is a predictor of poor outcome in patients

with stage I non-small cell lung cancer. Clinical Cancer Research. 2004; 10(1):136–43. https://doi.org/

10.1158/1078-0432.ccr-0373-3 PMID: 14734462

11. Kanematsu T, Yano S, Uehara H, Bando Y, Sone S. Phosphorylation, but not overexpression, of epider-

mal growth factor receptor is associated with poor prognosis of non-small cell lung cancer patients.

Oncology Research. 2003; 13(5):289–98. https://doi.org/10.3727/096504003108748348 PMID:

12688680

12. Mendelsohn J. Blockade of receptors for growth factors: an anticancer therapy—the fourth annual

Joseph H Burchenal American Association of Cancer Research Clinical Research Award Lecture. Clin

Cancer Res. 2000; 6(3):747–53. PMID: 10741693

13. Kris MG, Natale RB, Herbst RS, Lynch TJ Jr., Prager D, Belani CP, et al. Efficacy of gefitinib, an inhibitor

of the epidermal growth factor receptor tyrosine kinase, in symptomatic patients with non-small cell lung

cancer: a randomized trial. JAMA. 2003; 290(16):2149–58. https://doi.org/10.1001/jama.290.16.2149

PMID: 14570950

14. Zhao D, Chen X, Qin N, Su D, Zhou L, Zhang Q, et al. The prognostic role of EGFR-TKIs for patients

with advanced non-small cell lung cancer. Sci Rep. 2017; 7:40374. https://doi.org/10.1038/srep40374

PMID: 28079142

15. Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell. 2000; 103(2):211–25. https://doi.org/

10.1016/s0092-8674(00)00114-8 PMID: 11057895

16. Dawson JP, Berger MB, Lin CC, Schlessinger J, Lemmon MA, Ferguson KM. Epidermal growth factor

receptor dimerization and activation require ligand-induced conformational changes in the dimer inter-

face. Mol Cell Biol. 2005; 25(17):7734–42. https://doi.org/10.1128/MCB.25.17.7734-7742.2005 PMID:

16107719

17. Pawson T, Schlessingert J. SH2 and SH3 domains. Curr Biol. 1993; 3(7):434–42. https://doi.org/10.

1016/0960-9822(93)90350-w PMID: 15335710

PLOS ONE The progesterone receptor polyproline domain inhibits EGF signaling in lung cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0264717 March 2, 2022 16 / 20

https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.4065/83.5.584
https://doi.org/10.4065/83.5.584
http://www.ncbi.nlm.nih.gov/pubmed/18452692
https://doi.org/10.1038/nrc.2017.84
http://www.ncbi.nlm.nih.gov/pubmed/29068003
https://doi.org/10.1016/j.pharmthera.2019.107438
http://www.ncbi.nlm.nih.gov/pubmed/31715289
https://doi.org/10.1016/j.critrevonc.2019.102820
http://www.ncbi.nlm.nih.gov/pubmed/31785991
https://doi.org/10.1186/s13045-020-00881-7
https://doi.org/10.1186/s13045-020-00881-7
http://www.ncbi.nlm.nih.gov/pubmed/32448366
https://doi.org/10.1038/s41392-019-0099-9
http://www.ncbi.nlm.nih.gov/pubmed/31871778
https://doi.org/10.1016/s0014-4827%2802%2900098-8
https://doi.org/10.1016/s0014-4827%2802%2900098-8
http://www.ncbi.nlm.nih.gov/pubmed/12648464
https://doi.org/10.1200/JCO.2003.11.069
https://doi.org/10.1200/JCO.2003.11.069
http://www.ncbi.nlm.nih.gov/pubmed/12953099
https://doi.org/10.1158/1078-0432.ccr-0373-3
https://doi.org/10.1158/1078-0432.ccr-0373-3
http://www.ncbi.nlm.nih.gov/pubmed/14734462
https://doi.org/10.3727/096504003108748348
http://www.ncbi.nlm.nih.gov/pubmed/12688680
http://www.ncbi.nlm.nih.gov/pubmed/10741693
https://doi.org/10.1001/jama.290.16.2149
http://www.ncbi.nlm.nih.gov/pubmed/14570950
https://doi.org/10.1038/srep40374
http://www.ncbi.nlm.nih.gov/pubmed/28079142
https://doi.org/10.1016/s0092-8674%2800%2900114-8
https://doi.org/10.1016/s0092-8674%2800%2900114-8
http://www.ncbi.nlm.nih.gov/pubmed/11057895
https://doi.org/10.1128/MCB.25.17.7734-7742.2005
http://www.ncbi.nlm.nih.gov/pubmed/16107719
https://doi.org/10.1016/0960-9822%2893%2990350-w
https://doi.org/10.1016/0960-9822%2893%2990350-w
http://www.ncbi.nlm.nih.gov/pubmed/15335710
https://doi.org/10.1371/journal.pone.0264717


18. Rozakis-Adcock M, Fernley R, Wade J, Pawson T, Bowtell D. The SH2 and SH3 domains of mamma-

lian Grb2 couple the EGF receptor to the Ras activator mSos1. Nature. 1993; 363(6424):83–5. https://

doi.org/10.1038/363083a0 PMID: 8479540

19. Boonyaratanakornkit V, Scott MP, Ribon V, Sherman L, Anderson SM, Maller JL, et al. Progesterone

receptor contains a proline-rich motif that directly interacts with SH3 domains and activates c-Src family

tyrosine kinases. Mol Cell. 2001; 8(2):269–80. https://doi.org/10.1016/s1097-2765(01)00304-5 PMID:

11545730

20. Edwards DP, Wardell SE, Boonyaratanakornkit V. Progesterone receptor interacting coregulatory pro-

teins and cross talk with cell signaling pathways. J Steroid Biochem Mol Biol. 2002; 83(1–5):173–86.

https://doi.org/10.1016/s0960-0760(02)00265-0 PMID: 12650714

21. Boonyaratanakornkit V, McGowan E, Sherman L, Mancini MA, Cheskis BJ, Edwards DP. The role of

extranuclear signaling actions of progesterone receptor in mediating progesterone regulation of gene

expression and the cell cycle. Mol Endocrinol. 2007; 21(2):359–75. https://doi.org/10.1210/me.2006-

0337 PMID: 17138644

22. Boonyaratanakornkit V, Bi Y, Rudd M, Edwards DP. The role and mechanism of progesterone receptor

activation of extra-nuclear signaling pathways in regulating gene transcription and cell cycle progres-

sion. Steroids. 2008; 73(9–10):922–8. https://doi.org/10.1016/j.steroids.2008.01.010 PMID: 18321550

23. Ishibashi H, Suzuki T, Suzuki S, Niikawa H, Lu L, Miki Y, et al. Progesterone receptor in non-small cell

lung cancer—a potent prognostic factor and possible target for endocrine therapy. Cancer Res. 2005;

65(14):6450–8. https://doi.org/10.1158/0008-5472.CAN-04-3087 PMID: 16024650

24. Kawprasertsri S, Pietras RJ, Marquez-Garban DC, Boonyaratanakornkit V. Progesterone receptor (PR)

polyproline domain (PPD) mediates inhibition of epidermal growth factor receptor (EGFR) signaling in

non-small cell lung cancer cells. Cancer Lett. 2016; 374(2):279–91. https://doi.org/10.1016/j.canlet.

2016.02.014 PMID: 26892043

25. Skotland T, Iversen TG, Torgersen ML, Sandvig K. Cell-Penetrating Peptides: Possibilities and Chal-

lenges for Drug Delivery in Vitro and in Vivo. Molecules. 2015; 20(7):13313–23. https://doi.org/10.3390/

molecules200713313 PMID: 26205056

26. Aroui S, Brahim S, De Waard M, Breard J, Kenani A. Efficient induction of apoptosis by doxorubicin cou-

pled to cell-penetrating peptides compared to unconjugated doxorubicin in the human breast cancer

cell line MDA-MB 231. Cancer Lett. 2009; 285(1):28–38. https://doi.org/10.1016/j.canlet.2009.04.044

PMID: 19523755

27. Lindgren M, Rosenthal-Aizman K, Saar K, Eiriksdottir E, Jiang Y, Sassian M, et al. Overcoming metho-

trexate resistance in breast cancer tumour cells by the use of a new cell-penetrating peptide. Biochem

Pharmacol. 2006; 71(4):416–25. https://doi.org/10.1016/j.bcp.2005.10.048 PMID: 16376307

28. Ezzat K, Zaghloul EM, Andaloussi SEL, Lehto T, El-Sayed R, Magdy T, et al. Solid formulation of cell-

penetrating peptide nanocomplexes with siRNA and their stability in simulated gastric conditions. Jour-

nal of Controlled Release. 2012; 162(1):1–8. https://doi.org/10.1016/j.jconrel.2012.06.006 PMID:

22698942

29. Lee HS, Park CB, Kim JM, Jang SA, Park IY, Kim MS, et al. Mechanism of anticancer activity of buforin

IIb, a histone H2A-derived peptide. Cancer Lett. 2008; 271(1):47–55. https://doi.org/10.1016/j.canlet.

2008.05.041 PMID: 18617323

30. Vogl T, Hartner FS, Glieder A. New opportunities by synthetic biology for biopharmaceutical production

in Pichia pastoris. Curr Opin Biotech. 2013; 24(6):1094–101. https://doi.org/10.1016/j.copbio.2013.02.

024 PMID: 23522654

31. Karbalaei M, Rezaee SA, Farsiani H. Pichia pastoris: A highly successful expression system for optimal

synthesis of heterologous proteins. Journal of Cellular Physiology. 2020; 235(9):5867–81. https://doi.

org/10.1002/jcp.29583 PMID: 32057111

32. Ahmad M, Hirz M, Pichler H, Schwab H. Protein expression in Pichia pastoris: recent achievements and

perspectives for heterologous protein production. Appl Microbiol Biot. 2014; 98(12):5301–17. https://

doi.org/10.1007/s00253-014-5732-5 PMID: 24743983

33. Nihira K, Miki Y, Iida S, Narumi S, Ono K, Iwabuchi E, et al. An activation of LC3A-mediated autophagy

contributes to de novo and acquired resistance to EGFR tyrosine kinase inhibitors in lung adenocarci-

noma. Journal of Pathology. 2014; 234(2):277–88. https://doi.org/10.1002/path.4354 PMID: 24687913

34. Kurochkina N, Guha U. SH3 domains: modules of protein-protein interactions. Biophys Rev. 2013; 5

(1):29–39. https://doi.org/10.1007/s12551-012-0081-z PMID: 28510178

35. Li SS. Specificity and versatility of SH3 and other proline-recognition domains: structural basis and

implications for cellular signal transduction. Biochem J. 2005; 390(Pt 3):641–53. https://doi.org/10.

1042/BJ20050411 PMID: 16134966

PLOS ONE The progesterone receptor polyproline domain inhibits EGF signaling in lung cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0264717 March 2, 2022 17 / 20

https://doi.org/10.1038/363083a0
https://doi.org/10.1038/363083a0
http://www.ncbi.nlm.nih.gov/pubmed/8479540
https://doi.org/10.1016/s1097-2765%2801%2900304-5
http://www.ncbi.nlm.nih.gov/pubmed/11545730
https://doi.org/10.1016/s0960-0760%2802%2900265-0
http://www.ncbi.nlm.nih.gov/pubmed/12650714
https://doi.org/10.1210/me.2006-0337
https://doi.org/10.1210/me.2006-0337
http://www.ncbi.nlm.nih.gov/pubmed/17138644
https://doi.org/10.1016/j.steroids.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18321550
https://doi.org/10.1158/0008-5472.CAN-04-3087
http://www.ncbi.nlm.nih.gov/pubmed/16024650
https://doi.org/10.1016/j.canlet.2016.02.014
https://doi.org/10.1016/j.canlet.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26892043
https://doi.org/10.3390/molecules200713313
https://doi.org/10.3390/molecules200713313
http://www.ncbi.nlm.nih.gov/pubmed/26205056
https://doi.org/10.1016/j.canlet.2009.04.044
http://www.ncbi.nlm.nih.gov/pubmed/19523755
https://doi.org/10.1016/j.bcp.2005.10.048
http://www.ncbi.nlm.nih.gov/pubmed/16376307
https://doi.org/10.1016/j.jconrel.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22698942
https://doi.org/10.1016/j.canlet.2008.05.041
https://doi.org/10.1016/j.canlet.2008.05.041
http://www.ncbi.nlm.nih.gov/pubmed/18617323
https://doi.org/10.1016/j.copbio.2013.02.024
https://doi.org/10.1016/j.copbio.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/23522654
https://doi.org/10.1002/jcp.29583
https://doi.org/10.1002/jcp.29583
http://www.ncbi.nlm.nih.gov/pubmed/32057111
https://doi.org/10.1007/s00253-014-5732-5
https://doi.org/10.1007/s00253-014-5732-5
http://www.ncbi.nlm.nih.gov/pubmed/24743983
https://doi.org/10.1002/path.4354
http://www.ncbi.nlm.nih.gov/pubmed/24687913
https://doi.org/10.1007/s12551-012-0081-z
http://www.ncbi.nlm.nih.gov/pubmed/28510178
https://doi.org/10.1042/BJ20050411
https://doi.org/10.1042/BJ20050411
http://www.ncbi.nlm.nih.gov/pubmed/16134966
https://doi.org/10.1371/journal.pone.0264717


36. Lim KJ, Sung BH, Shin JR, Lee YW, Kim DJ, Yang KS, et al. A cancer specific cell-penetrating peptide,

BR2, for the efficient delivery of an scFv into cancer cells. PLoS One. 2013; 8(6):e66084. https://doi.

org/10.1371/journal.pone.0066084 PMID: 23776609

37. Jang JH, Kim MY, Lee JW, Kim SC, Cho JH. Enhancement of the cancer targeting specificity of buforin

IIb by fusion with an anionic peptide via a matrix metalloproteinases-cleavable linker. Peptides. 2011;

32(5):895–9. https://doi.org/10.1016/j.peptides.2011.02.010 PMID: 21334412

38. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. Oncogene. 2007; 26

(22):3279–90. https://doi.org/10.1038/sj.onc.1210421 PMID: 17496922

39. Vicent S, Lopez-Picazo JM, Toledo G, Lozano MD, Torre W, Garcia-Corchon C, et al. ERK1/2 is acti-

vated in non-small-cell lung cancer and associated with advanced tumours. Brit J Cancer. 2004; 90

(5):1047–52. https://doi.org/10.1038/sj.bjc.6601644 PMID: 14997206

40. <EGFR TKI as first-line treatment for patients with advanced EGFR mutation-positive non-small-cell

lung cancer.pdf>.

41. Gautschi O, Ratschiller D, Gugger M, Betticher DC, Heighway J. Cyclin D1 in non-small cell lung can-

cer: a key driver of malignant transformation. Lung Cancer. 2007; 55(1):1–14. https://doi.org/10.1016/j.

lungcan.2006.09.024 PMID: 17070615

42. Wang X, Lu Y, Feng W, Chen Q, Guo H, Sun X, et al. A two kinase-gene signature model using CDK2

and PAK4 expression predicts poor outcome in non-small cell lung cancers. Neoplasma. 2016; 63

(2):322–9. https://doi.org/10.4149/220_150817N448 PMID: 26774155

43. Gazdar AF. Activating and resistance mutations of EGFR in non-small-cell lung cancer: role in clinical

response to EGFR tyrosine kinase inhibitors. Oncogene. 2009; 28 Suppl 1:S24–31. https://doi.org/10.

1038/onc.2009.198 PMID: 19680293

44. Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, et al. EGFR mutations in lung cancer: cor-

relation with clinical response to gefitinib therapy. Science. 2004; 304(5676):1497–500. https://doi.org/

10.1126/science.1099314 PMID: 15118125

45. Saito R, Miki Y, Ishida N, Inoue C, Kobayashi M, Hata S, et al. The Significance of MMP-1 in EGFR-

TKI-Resistant Lung Adenocarcinoma: Potential for Therapeutic Targeting. International Journal of

Molecular Sciences. 2018; 19(2). https://doi.org/10.3390/ijms19020609 PMID: 29463039

46. Sugimura H, Nichols FC, Yang P, Allen MS, Cassivi SD, Deschamps C, et al. Survival after recurrent

nonsmall-cell lung cancer after complete pulmonary resection. Ann Thorac Surg. 2007; 83(2):409–17;

discussioin 17–8. https://doi.org/10.1016/j.athoracsur.2006.08.046 PMID: 17257962

47. Ho C, Ramsden K, Zhai YL, Murray N, Sun S, Melosky B, et al. Less Toxic Chemotherapy Improves

Uptake of All Lines of Chemotherapy in Advanced Non-Small-Cell Lung Cancer A 10-Year Retrospec-

tive Population-Based Review. Journal of Thoracic Oncology. 2014; 9(8):1180–6. https://doi.org/10.

1097/JTO.0000000000000225 PMID: 25157771

48. Henderson BE, Feigelson HS. Hormonal carcinogenesis. Carcinogenesis. 2000; 21(3):427–33. https://

doi.org/10.1093/carcin/21.3.427 PMID: 10688862

49. Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H, et al. Two distinct estrogen-regulated

promoters generate transcripts encoding the two functionally different human progesterone receptor

forms A and B. Embo J. 1990; 9(5):1603–14. PMID: 2328727

50. Pateetin P, Pisitkun T, McGowan E, Boonyaratanakornkit V. Differential quantitative proteomics reveals

key proteins related to phenotypic changes of breast cancer cells expressing progesterone receptor A.

J Steroid Biochem Mol Biol. 2020; 198:105560. https://doi.org/10.1016/j.jsbmb.2019.105560 PMID:

31809870

51. Jeong Y, Xie Y, Xiao G, Behrens C, Girard L, Wistuba II, et al. Nuclear receptor expression defines a

set of prognostic biomarkers for lung cancer. PLoS Med. 2010; 7(12):e1000378. https://doi.org/10.

1371/journal.pmed.1000378 PMID: 21179495

52. Skjefstad K, Richardsen E, Donnem T, Andersen S, Kiselev Y, Grindstad T, et al. The prognostic role of

progesterone receptor expression in non-small cell lung cancer patients: Gender-related impacts and

correlation with disease-specific survival. Steroids. 2015; 98:29–36. https://doi.org/10.1016/j.steroids.

2015.01.020 PMID: 25668612

53. Marquez-Garban DC, Mah V, Alavi M, Maresh EL, Chen HW, Bagryanova L, et al. Progesterone and

estrogen receptor expression and activity in human non-small cell lung cancer. Steroids. 2011; 76

(9):910–20. https://doi.org/10.1016/j.steroids.2011.04.015 PMID: 21600232

54. Stabile LP, Dacic S, Land SR, Lenzner DE, Dhir R, Acquafondata M, et al. Combined analysis of estro-

gen receptor beta-1 and progesterone receptor expression identifies lung cancer patients with poor out-

come. Clin Cancer Res. 2011; 17(1):154–64. https://doi.org/10.1158/1078-0432.CCR-10-0992 PMID:

21062926

PLOS ONE The progesterone receptor polyproline domain inhibits EGF signaling in lung cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0264717 March 2, 2022 18 / 20

https://doi.org/10.1371/journal.pone.0066084
https://doi.org/10.1371/journal.pone.0066084
http://www.ncbi.nlm.nih.gov/pubmed/23776609
https://doi.org/10.1016/j.peptides.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21334412
https://doi.org/10.1038/sj.onc.1210421
http://www.ncbi.nlm.nih.gov/pubmed/17496922
https://doi.org/10.1038/sj.bjc.6601644
http://www.ncbi.nlm.nih.gov/pubmed/14997206
https://doi.org/10.1016/j.lungcan.2006.09.024
https://doi.org/10.1016/j.lungcan.2006.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17070615
https://doi.org/10.4149/220%5F150817N448
http://www.ncbi.nlm.nih.gov/pubmed/26774155
https://doi.org/10.1038/onc.2009.198
https://doi.org/10.1038/onc.2009.198
http://www.ncbi.nlm.nih.gov/pubmed/19680293
https://doi.org/10.1126/science.1099314
https://doi.org/10.1126/science.1099314
http://www.ncbi.nlm.nih.gov/pubmed/15118125
https://doi.org/10.3390/ijms19020609
http://www.ncbi.nlm.nih.gov/pubmed/29463039
https://doi.org/10.1016/j.athoracsur.2006.08.046
http://www.ncbi.nlm.nih.gov/pubmed/17257962
https://doi.org/10.1097/JTO.0000000000000225
https://doi.org/10.1097/JTO.0000000000000225
http://www.ncbi.nlm.nih.gov/pubmed/25157771
https://doi.org/10.1093/carcin/21.3.427
https://doi.org/10.1093/carcin/21.3.427
http://www.ncbi.nlm.nih.gov/pubmed/10688862
http://www.ncbi.nlm.nih.gov/pubmed/2328727
https://doi.org/10.1016/j.jsbmb.2019.105560
http://www.ncbi.nlm.nih.gov/pubmed/31809870
https://doi.org/10.1371/journal.pmed.1000378
https://doi.org/10.1371/journal.pmed.1000378
http://www.ncbi.nlm.nih.gov/pubmed/21179495
https://doi.org/10.1016/j.steroids.2015.01.020
https://doi.org/10.1016/j.steroids.2015.01.020
http://www.ncbi.nlm.nih.gov/pubmed/25668612
https://doi.org/10.1016/j.steroids.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21600232
https://doi.org/10.1158/1078-0432.CCR-10-0992
http://www.ncbi.nlm.nih.gov/pubmed/21062926
https://doi.org/10.1371/journal.pone.0264717


55. Raso MG, Behrens C, Herynk MH, Liu S, Prudkin L, Ozburn NC, et al. Immunohistochemical expres-

sion of estrogen and progesterone receptors identifies a subset of NSCLCs and correlates with EGFR

mutation. Clin Cancer Res. 2009; 15(17):5359–68. https://doi.org/10.1158/1078-0432.CCR-09-0033

PMID: 19706809

56. Cussac D, Vidal M, Leprince C, Liu WQ, Tiraboschi G, Roques BP, et al. A Sos-derived peptidimer

blocks the Ras signaling pathway by binding both Grb2 SH3 domains and displays antiproliferative

activity. Faseb Journal. 1999; 13(1):31–9. https://doi.org/10.1096/fasebj.13.1.31 PMID: 9872927

57. Simon JA, Schreiber SL. Grb2 Sh3 Binding to Peptides from Sos—Evaluation of a General-Model for

Sh3-Ligand Interactions. Chem Biol. 1995; 2(1):53–60. https://doi.org/10.1016/1074-5521(95)90080-2

PMID: 9383403

58. Gril B, Vidal M, Assayag F, Poupon MF, Liu WQ, Garbay C. Grb2-SH3 ligand inhibits the growth of

HER2(+) cancer cells and has antitumor effects in human cancer xenografts alone and in combination

with docetaxel. International Journal of Cancer. 2007; 121(2):407–15. https://doi.org/10.1002/ijc.22674

PMID: 17372910

59. Kamada H, Okamota T, Kawamura M, Shibata H, Abe Y, Ohkawa A, et al. Creation of novel cell-pene-

trating peptides for intracellular drug delivery using systematic phage display technology originated

from tat transduction domain. Biol Pharm Bull. 2007; 30(2):218–23. https://doi.org/10.1248/bpb.30.218

PMID: 17268054

60. Ferrari A, Pellegrini V, Arcangeli C, Fittipaldi A, Giacca M, Beltram F. Caveolae-mediated internalization

of extracellular HIV-1 tat fusion proteins visualized in real time. Mol Ther. 2003; 8(2):284–94. https://doi.

org/10.1016/s1525-0016(03)00122-9 PMID: 12907151

61. Zhang X, Lin C, Lu A, Lin G, Chen H, Liu Q, et al. Liposomes equipped with cell penetrating peptide

BR2 enhances chemotherapeutic effects of cantharidin against hepatocellular carcinoma. Drug Deliv.

2017; 24(1):986–98. https://doi.org/10.1080/10717544.2017.1340361 PMID: 28644728

62. Daly R, Hearn MTW. Expression of heterologous proteins in Pichia pastoris: a useful experimental tool

in protein engineering and production. Journal of Molecular Recognition. 2005; 18(2):119–38. https://

doi.org/10.1002/jmr.687 PMID: 15565717

63. Hayashi N, Chiba H, Kuronuma K, Go S, Hasegawa Y, Takahashi M, et al. Detection of N-glycolyated

gangliosides in non-small-cell lung cancer using GMR8 monoclonal antibody. Cancer Science. 2013;

104(1):43–7. https://doi.org/10.1111/cas.12027 PMID: 23004020

64. Sierra JR, Cepero V, Giordano S. Molecular mechanisms of acquired resistance to tyrosine kinase tar-

geted therapy. Mol Cancer. 2010; 9:75. https://doi.org/10.1186/1476-4598-9-75 PMID: 20385023

65. Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, Tsurutani J, et al. Gefitinib versus cisplatin plus

docetaxel in patients with non-small-cell lung cancer harbouring mutations of the epidermal growth fac-

tor receptor (WJTOG3405): an open label, randomised phase 3 trial. Lancet Oncol. 2010; 11(2):121–8.

https://doi.org/10.1016/S1470-2045(09)70364-X PMID: 20022809

66. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, et al. Gefitinib or chemotherapy

for non-small-cell lung cancer with mutated EGFR. N Engl J Med. 2010; 362(25):2380–8. https://doi.

org/10.1056/NEJMoa0909530 PMID: 20573926

67. Li GF, Gao SJ, Sheng ZX, Li B. The Efficacy of Single-Agent Epidermal Growth Factor Receptor Tyro-

sine Kinase Inhibitor Therapy in Biologically Selected Patients with Non-Small-Cell Lung Cancer: A

Meta-Analysis of 19 Randomized Controlled Trials. Chemotherapy. 2015; 61(4):179–89.

68. Lee CK, Brown C, Gralla RJ, Hirsh V, Thongprasert S, Tsai CM, et al. Impact of EGFR Inhibitor in Non-

Small Cell Lung Cancer on Progression-Free and Overall Survival: A Meta-Analysis. Jnci-J Natl Cancer

I. 2013; 105(9):595–605. https://doi.org/10.1093/jnci/djt072 PMID: 23594426

69. Zhao N, Zhang XC, Yan HH, Yang JJ, Wu YL. Efficacy of epidermal growth factor receptor inhibitors

versus chemotherapy as second-line treatment in advanced non-small-cell lung cancer with wild-type

EGFR: A meta-analysis of randomized controlled clinical trials. Lung Cancer. 2014; 85(1):66–73.

https://doi.org/10.1016/j.lungcan.2014.03.026 PMID: 24780111

70. Yun CH, Boggon TJ, Li Y, Woo MS, Greulich H, Meyerson M, et al. Structures of lung cancer-derived

EGFR mutants and inhibitor complexes: mechanism of activation and insights into differential inhibitor

sensitivity. Cancer Cell. 2007; 11(3):217–27. https://doi.org/10.1016/j.ccr.2006.12.017 PMID:

17349580

71. Qin A, Reddy HG, Weinberg FD, Kalemkerian GP. Cyclin-dependent kinase inhibitors for the treatment

of lung cancer. Expert Opin Pharmacother. 2020; 21(8):941–52. https://doi.org/10.1080/14656566.

2020.1738385 PMID: 32164461

72. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, et al. Activating muta-

tions in the epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to

gefitinib. N Engl J Med. 2004; 350(21):2129–39. https://doi.org/10.1056/NEJMoa040938 PMID:

15118073

PLOS ONE The progesterone receptor polyproline domain inhibits EGF signaling in lung cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0264717 March 2, 2022 19 / 20

https://doi.org/10.1158/1078-0432.CCR-09-0033
http://www.ncbi.nlm.nih.gov/pubmed/19706809
https://doi.org/10.1096/fasebj.13.1.31
http://www.ncbi.nlm.nih.gov/pubmed/9872927
https://doi.org/10.1016/1074-5521%2895%2990080-2
http://www.ncbi.nlm.nih.gov/pubmed/9383403
https://doi.org/10.1002/ijc.22674
http://www.ncbi.nlm.nih.gov/pubmed/17372910
https://doi.org/10.1248/bpb.30.218
http://www.ncbi.nlm.nih.gov/pubmed/17268054
https://doi.org/10.1016/s1525-0016%2803%2900122-9
https://doi.org/10.1016/s1525-0016%2803%2900122-9
http://www.ncbi.nlm.nih.gov/pubmed/12907151
https://doi.org/10.1080/10717544.2017.1340361
http://www.ncbi.nlm.nih.gov/pubmed/28644728
https://doi.org/10.1002/jmr.687
https://doi.org/10.1002/jmr.687
http://www.ncbi.nlm.nih.gov/pubmed/15565717
https://doi.org/10.1111/cas.12027
http://www.ncbi.nlm.nih.gov/pubmed/23004020
https://doi.org/10.1186/1476-4598-9-75
http://www.ncbi.nlm.nih.gov/pubmed/20385023
https://doi.org/10.1016/S1470-2045%2809%2970364-X
http://www.ncbi.nlm.nih.gov/pubmed/20022809
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1056/NEJMoa0909530
http://www.ncbi.nlm.nih.gov/pubmed/20573926
https://doi.org/10.1093/jnci/djt072
http://www.ncbi.nlm.nih.gov/pubmed/23594426
https://doi.org/10.1016/j.lungcan.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24780111
https://doi.org/10.1016/j.ccr.2006.12.017
http://www.ncbi.nlm.nih.gov/pubmed/17349580
https://doi.org/10.1080/14656566.2020.1738385
https://doi.org/10.1080/14656566.2020.1738385
http://www.ncbi.nlm.nih.gov/pubmed/32164461
https://doi.org/10.1056/NEJMoa040938
http://www.ncbi.nlm.nih.gov/pubmed/15118073
https://doi.org/10.1371/journal.pone.0264717


73. Balak MN, Gong Y, Riely GJ, Somwar R, Li AR, Zakowski MF, et al. Novel D761Y and common second-

ary T790M mutations in epidermal growth factor receptor-mutant lung adenocarcinomas with acquired

resistance to kinase inhibitors. Clin Cancer Res. 2006; 12(21):6494–501. https://doi.org/10.1158/1078-

0432.CCR-06-1570 PMID: 17085664

74. Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, Meyerson M, et al. EGFR mutation and

resistance of non-small-cell lung cancer to gefitinib. N Engl J Med. 2005; 352(8):786–92. https://doi.org/

10.1056/NEJMoa044238 PMID: 15728811

75. Kosaka T, Yatabe Y, Endoh H, Yoshida K, Hida T, Tsuboi M, et al. Analysis of epidermal growth factor

receptor gene mutation in patients with non-small cell lung cancer and acquired resistance to gefitinib.

Clin Cancer Res. 2006; 12(19):5764–9. https://doi.org/10.1158/1078-0432.CCR-06-0714 PMID:

17020982

76. Engelman JA, Janne PA. Mechanisms of acquired resistance to epidermal growth factor receptor tyro-

sine kinase inhibitors in non-small cell lung cancer. Clin Cancer Res. 2008; 14(10):2895–9. https://doi.

org/10.1158/1078-0432.CCR-07-2248 PMID: 18483355

77. Ono M, Hirata A, Kometani T, Miyagawa M, Ueda S, Kinoshita H, et al. Sensitivity to gefitinib (Iressa,

ZD1839) in non-small cell lung cancer cell lines correlates with dependence on the epidermal growth

factor (EGF) receptor/extracellular signal-regulated kinase 1/2 and EGF receptor/Akt pathway for prolif-

eration. Mol Cancer Ther. 2004; 3(4):465–72. PMID: 15078990

78. Kuwano M, Sonoda K, Murakami Y, Watari K, Ono M. Overcoming drug resistance to receptor tyrosine

kinase inhibitors: Learning from lung cancer. Pharmacol Ther. 2016; 161:97–110. https://doi.org/10.

1016/j.pharmthera.2016.03.002 PMID: 27000770

79. Yu HA, Arcila ME, Rekhtman N, Sima CS, Zakowski MF, Pao W, et al. Analysis of Tumor Specimens at

the Time of Acquired Resistance to EGFR-TKI Therapy in 155 Patients with EGFR-Mutant Lung Can-

cers. Clinical Cancer Research. 2013; 19(8):2240–7. https://doi.org/10.1158/1078-0432.CCR-12-2246

PMID: 23470965

80. Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S, Turke AB, Fidias P, et al. Genotypic and

Histological Evolution of Lung Cancers Acquiring Resistance to EGFR Inhibitors. Sci Transl Med. 2011;

3(75). https://doi.org/10.1126/scitranslmed.3002003 PMID: 21430269

81. Ji W, Choi CM, Rho JK, Jang SJ, Park YS, Chun SM, et al. Mechanisms of acquired resistance to

EGFR-tyrosine kinase inhibitor in Korean patients with lung cancer. Bmc Cancer. 2013; 13. https://doi.

org/10.1186/1471-2407-13-606 PMID: 24369725

82. Liang H, Wang M. MET Oncogene in Non-Small Cell Lung Cancer: Mechanism of MET Dysregulation

and Agents Targeting the HGF/c-Met Axis. Oncotargets Ther. 2020; 13:2491–510. https://doi.org/10.

2147/OTT.S231257 PMID: 32273721

83. Benedettini E, Sholl LM, Peyton M, Reilly J, Ware C, Davis L, et al. Met Activation in Non-Small Cell

Lung Cancer Is Associated with de Novo Resistance to EGFR Inhibitors and the Development of Brain

Metastasis. Am J Pathol. 2010; 177(1):415–23. https://doi.org/10.2353/ajpath.2010.090863 PMID:

20489150

84. Engelman JA, Zejnullahu K, Mitsudomi T, Song YC, Hyland C, Park JO, et al. MET amplification leads

to gefitinib resistance in lung cancer by activating ERBB3 signaling. Science. 2007; 316(5827):1039–

43. https://doi.org/10.1126/science.1141478 PMID: 17463250

85. Song YA, Ma T, Zhang XY, Cheng XS, Olajuyin AM, Sun ZF, et al. Apatinib preferentially inhibits PC9

gefitinib-resistant cancer cells by inducing cell cycle arrest and inhibiting VEGFR signaling pathway.

Cancer Cell Int. 2019; 19:117. https://doi.org/10.1186/s12935-019-0836-8 PMID: 31073278

86. Huang MH, Lee JH, Chang YJ, Tsai HH, Lin YL, Lin AM, et al. MEK inhibitors reverse resistance in epi-

dermal growth factor receptor mutation lung cancer cells with acquired resistance to gefitinib. Mol

Oncol. 2013; 7(1):112–20. https://doi.org/10.1016/j.molonc.2012.09.002 PMID: 23102728

PLOS ONE The progesterone receptor polyproline domain inhibits EGF signaling in lung cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0264717 March 2, 2022 20 / 20

https://doi.org/10.1158/1078-0432.CCR-06-1570
https://doi.org/10.1158/1078-0432.CCR-06-1570
http://www.ncbi.nlm.nih.gov/pubmed/17085664
https://doi.org/10.1056/NEJMoa044238
https://doi.org/10.1056/NEJMoa044238
http://www.ncbi.nlm.nih.gov/pubmed/15728811
https://doi.org/10.1158/1078-0432.CCR-06-0714
http://www.ncbi.nlm.nih.gov/pubmed/17020982
https://doi.org/10.1158/1078-0432.CCR-07-2248
https://doi.org/10.1158/1078-0432.CCR-07-2248
http://www.ncbi.nlm.nih.gov/pubmed/18483355
http://www.ncbi.nlm.nih.gov/pubmed/15078990
https://doi.org/10.1016/j.pharmthera.2016.03.002
https://doi.org/10.1016/j.pharmthera.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27000770
https://doi.org/10.1158/1078-0432.CCR-12-2246
http://www.ncbi.nlm.nih.gov/pubmed/23470965
https://doi.org/10.1126/scitranslmed.3002003
http://www.ncbi.nlm.nih.gov/pubmed/21430269
https://doi.org/10.1186/1471-2407-13-606
https://doi.org/10.1186/1471-2407-13-606
http://www.ncbi.nlm.nih.gov/pubmed/24369725
https://doi.org/10.2147/OTT.S231257
https://doi.org/10.2147/OTT.S231257
http://www.ncbi.nlm.nih.gov/pubmed/32273721
https://doi.org/10.2353/ajpath.2010.090863
http://www.ncbi.nlm.nih.gov/pubmed/20489150
https://doi.org/10.1126/science.1141478
http://www.ncbi.nlm.nih.gov/pubmed/17463250
https://doi.org/10.1186/s12935-019-0836-8
http://www.ncbi.nlm.nih.gov/pubmed/31073278
https://doi.org/10.1016/j.molonc.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23102728
https://doi.org/10.1371/journal.pone.0264717

