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Abstract

Despite recent advances in treatment of non-small cell lung cancer(NSCLC), prognosis still
remains poor and new therapeutic approaches are needed. Studies demonstrate the importance of
the EGFR/HER-receptor family in NSCLC growth, as well as that of other tumors. Recently,
HER3 is receiving increased attention because of its role in drug resistance and aggressive growth.
Activation of overexpressed G-protein-coupled receptors (GPCR) can also initiate growth by
transactivating EGFR/HER-family members. GPCR transactivation of EGFR has been extensively
studied, but little is known of its ability to transactivate other EGFR/HER-members, especially
HERS3. To address this, we studied the ability of bombesin receptor(BnR) activation to
transactivates all EGFR/HER-family members and their principal downstream signaling cascades,
the PI3K/Akt- and MAPK/ERK-pathways, in human NSCLC cell-lines. In all three cell-lines
studied, which possessed EGFR, HER2 and HER3, Bn rapidly transactivated EGFR, HER2 and
HERS3, as well as Akt and ERK. Immunoprecipitation studies revealed Bn-induced formation of
both HER3/EGFR- and HER3/HER2-heterodimers. Specific EGFR/HERS3 antibodies or siRNA-
knockdown of EGFR and HER3, demonstrated Bn-stimulated activation of EGFR/HER members
is initially through HER3, not EGFR. In addition, specific inhibition of HER3, HER2 or MAPK,
abolished Bn-stimulated cell-growth, while neither EGFR nor Akt inhibition had an effect. These
results show HER3 transactivation mediates all growth effects of BnR activation through MAPK.
These results raise the possibility that targeting HER3 alone or with GPCR activation and its
signal cascades, may be a novel therapeutic approach in NSCLC. This is especially relevant with
the recent development of HER3-blocking antibodies.
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1. Introduction

Lung cancer is the leading cause of cancer mortality in United States[1]. Despite the recent
advances in its diagnosis and treatment, more than one-half of patients with lung cancer are
diagnosed with advanced disease, and the prognosis remains poor with 5-year survival rates
of 5% and 19% for those in advanced and all stages, respectively[1]. The epidermal growth
factor (EGFR)/HER-receptor family including EGFR, HER2, HER3, and HERA4, are widely
overexpressed and significantly involved in the tumorigenesis of lung cancer, as well as a
number of other various malignancies[2,3]. Recent studies have shown the significant
antitumor activity of receptor tyrosine kinase (RTK) inhibitors targeting EGFR in patients
with non-small cell lung cancer (NSCLC) possessing EGFR mutations[4—6], however, most
patients become refractory to these agents limiting prolongation of their survival[7,8]. Thus,
although these studies establish the importance of the EGFR receptor family in lung cancer
progression, because many patients only transiently respond, there is an urgent need for
other novel therapeutic strategies in this area.

Among the EGFR/HER-receptor family, HER3 is a kinase dead RTK[9,10], whereas HER2
is an orphan (ligand-less) RTK[11]. The activation of HER3 particularly has been receiving
increased attention, with studies showing it has an important role in the initial and
subsequent development of therapeutic escape from other antitumor agents including EGFR
inhibitors [12-15] as well as tumor aggressiveness[16,16-19] and because of its ability to
activate other EGFR/HER-receptor family members[ 10,11,20]. Despite HER3’s lack of
intrinsic kinase activity, with its ability to form heterodimers with other EGFR/HER family
members, particularly HER2[11,21], HER3 can subsequently activate numerous downstream
cascades, particularly important for growth/resistance being the PI3K/Akt and MAPK/ERK
pathways[22,23]. Overexpression of HER3 is reported in many cancers and has been
particularly well studied in NSCLC, where it is reported to be very frequently
overexpressed[24,25]. For example, in 7 representative studies[25-32] of EGFR/HER family
member overexpression involving 1346 NSCLC patients, HER3 overexpression was seen in
51%][20-83%](mean +SEM) of all patient’s NSCLCs, which was as frequent as
overexpression of EGFR/HER1-52%[39-72%], and more frequent than overexpression of
HER2-28%[13-45%] .The overexpression of HER3 in is associated with worse
survival[16,18,19], as well as more aggressive malignant behavior[16,17]. Therefore,
potentially targeting HER3, is becoming an increasingly attractive therapeutic target, both
for initial treatment and for overcoming drug resistance in lung cancer as well as other
tumors.

The mammalian bombesin receptor (BnR) family are G-protein coupled-receptors(GPCRs),
comprising the neuromedin B receptor (NMBR), the gastrin-releasing peptide receptor
(GRPR) and the orphan receptor bombesin-receptor subtype-3 (BRS-3)[33]. Each receptor is
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frequently overexpressed in numerous common tumors, including NSCLC[33-37]. This
family of receptors has received particular attention in lung cancer because they act as
autocrine growth factors and have potent growth effects[33,35,38,39]. Activation of BnR, as
well as other GPCRSs, can transactivate the EGFR/HER-receptor family in the absence of
native EGFR/HER-receptor family ligands, such as EGF and neuregulin-1 (NRG-1)[11].
The crosstalk between GPCRs and EGFR/HER-receptor family has been widely studied in a
number of cancers, primarily focusing on EGFR, which show a synergistic effect on tumor
growth[40-42], as well as participating as one of the mechanisms underlying resistance to
EGFR inhibitors[43,44]. Whereas the transactivation of EGFR/HER1 by GPCRs has been
well-studied, particularly in NSCLCs[45-47], little is known about the ability of GPCR’s to
transactivate HER3, and its role in tumor growth, as well as its effect on tumorigenesis.
Recent studies in other tumors demonstrate that EGFR can either be activated directly by a
stimulant or it can be due to the initial activation of HER3, which then heterodimerizes with
EGFR and activates it[45,48-50]. Therefore, in previous studies in which only the activation
of EGFR/HERL by stimulation of a GRPR was examined, the possible importance of HER3
in the process cannot be appreciated. Therefore, the possible ability of GPCRs to
transactivate HER3 is becoming increasingly important potential novel area of therapy,
especially with the recent development of anti-HER3 agents[11,51].

Therefore, to provide insight into the possible role of GPCR transactivation of HER3, as
well as the other EGFR/HER-family members, we have studied the interaction of BnR
activation and EGFR/HER-receptor family transactivation in human NSCLC cells, and
defined the roles of each member, as well as their downstream signaling cascades, in
mediating effects on tumoral growth.

2. Materials and Methods

2.1 Materials

All cell-lines were obtained from the American Type Culture Collection (Rockville, MD).
Dulbecco’s minimum-essential medium (DMEM), Roswell Park Institute medium1X (RPMI
1640), phosphate-buffered saline (PBS), fetal bovine serum (FBS), trypsin-EDTA,
penicillin/streptomycin, Novex® 4-20% Tris-Glycine gel, Lipofectamine™ RNAIMAX,
OPTI-MEM and ethidium bromide solution were from Invitrogen/Gibco (Carlsbad, CA);
bombesin, gefitinib (Tocris Bioscience, Bristol, UK), 2-mercaptoethanol, sodium lauryl
sulfate (SDS), Tris/Glycine/SDS (10x), nitrocellulose membranes, and SDS Laemmli
sample buffer were from Bio-Rad Laboratories (Hercules, CA); TWEEN® 20, NP-40,
phenylmethanesulfonylfluoride (PMSF), sodium orthovanadate, sodium deoxycholate, BCA
protein assay kit and Super Signal West (Dura) chemiluminescent substrate were from
Thermo Fisher scientific (Rockford, IL); Tris/HCI (pH 7.6) was from Mediatech Inc.
(Herndon, VA); bovine serum-albumin (BSA) fraction V was from ICN Pharmaceutical Inc.
(Aurora, OH); protease inhibitor tablet was from Roche (Basel, Switzerland); non-fat dry
milk was from American Bio-analytical (Natick, MA); MAB3481, NRG-1 and EGF were
from R&D systems (Minneapolis, MN); PD98059 was from Apexbio (Houston, TX);
U0126, wortmannin and LY 294002 was from Sigma (St. Louis, MO); immobilized protein
AJG PLUS agarose was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); horseradish
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peroxidase-linked anti-rabbit secondary antibody, monoclonal rabbit anti-a/B-tubulin, rabbit
polyclonal EGFR, HER2, HER3 and HER4 antibodies, rabbit polyclonal anti-
phosphorylated forms p44/42-MAP-Kinase (Thr202/Tyr204), EGFR (Tyr1068), HER2
(Tyr1248) and HER3 (Tyr1289) antibodies were from Cell Signaling Technology (Beverly,
MA); cell counting kit-8 (CCK-8) was from Dojindo (Rockville, MD); CellTiter 96®
AQeous One Solution Cell-proliferation (MTS) assay was from Promega (Madison, WI);
Small interfering RNA oligo (siRNA) pools for EGFR (M-003114-01), HER3
(M-003127-03) and non-targeting control (D-001206-14-20) were purchased from
Dharmacon (Lafayette, CO).

2.2 Cell culture

Human NSCLC cell-lines were maintained in a humidified atmosphere of 5%C0,/95% air
at 37 °C. H157, Calu-3 and PC9 were cultured in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin. All other cells were cultured in RPM11640 containing 10% FBS
and 1% penicillin/streptomycin. The cells were mycoplasma free and were used when they
were in exponential growth phase.

2.3 RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated from 17 human lung cancer cells using a RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) as described previously[41,52]. After treatment with DNase Digestion
(Qiagen) to remove contaminating DNA. Total RNA (1 pug) was reverse transcribed using a
Superscript™ 111 First-Strand Synthesis SuperMix for gqRT-PCR (Invitrogen) for
complementary DNA (cDNA) synthesis. PCR amplifications for EGFR/HER3-receptor
family were performed using the HotStarTag® Master Mix Kit (Qiagen) following the
manufacturer’s instructions. Amplification conditions for PCR-reactions included an initial
cycle of 95 °C for 15 min, followed by 35-cycles of denaturation at 94 °C for 30s, annealing
at 60 °C for 30 s and extension at 72 °C for 1 min. After the final-cycle, all PCR-reactions
concluded with a 10 min extension at 72 °C. The PCR products were analyzed on a 3%
agarose gel and visualized by ethidium bromide staining. The primer sequences used in this
study were listed in Table 1. p-actin was used as internal control.

2.4. Western blotting and immunoprecipitation

The expression and phosphorylation levels of EGFR/HER-receptor family, p44/42 and Akt
were investigated by Western blotting as described previously[41,52]. Briefly, cells were
placed in 6-well plate and when 80% confluent they were serum starved overnight. After
incubation in the presence or absence of Gefitinib (30 min) or MAB3481 (1 hr), cells were
treated with either Bn (0.1-100 nM), NRG-1 (0.1-100 ng/mL), EGF (10 nM) or no addition
with 3-60 min and washed twice ice-cold PBS. Cells were then disrupted with Radio-
Immunoprecipitation Assay (RIPA) buffer containing 50 mM Tris-HCI (pH 7.6), 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM
phenylmethylsulfonylfluoride, 0.2 mM sodium vanadate, and one tablet of EDTA-free
protease inhibitor per 10 mL, and the lysate was sonicated for 5 s at 4 °C. The insoluble
fraction was eliminated by centrifugation (13000 rpm, 10 min) and protein concentration in
cell lysates was determined by the BCA assay.
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Equal amounts of protein for each lysate were electrophoretically separated on 4-20% Tris-
glycin gel and transferred onto nitrocellulose membranes. After blocking in TBS containing
5% BSA and 0.05% Tween-20, membranes were incubated with primary antibodies
(1:1000) overnight at 4°C, followed by incubation with secondary antibody (1:10000) for 1
hr at room temperature. The blots were developed with SuperSignal West Dura
chemiluminescent substrate and proteins bands were measured using GeneTools software
from Syngene (Bangalore, India), which were assessed in the linear detection range.
Densitometric values were background subtracted.

For immunoprecipitation, 800 g of protein was incubated with 10 uL of the anti-HER3
antibody (NeoMarkers, Fremont, CA) at 4°C for 1 hr, followed by overnight incubation with
20 pl of protein A/G agarose beads at 4°C under agitation. Samples were washed five times
with RIPA buffer, re-suspended in 40 pL of 2X SDS Laemmli buffer and boiled for 5 min
before electrophoresis.

2.5 Transfection with siRNA

For siRNA-mediated knockdown, 5 x 10° H441 or Calu3 cells were seeded in 6-well plates
with complete medium without antibiotics. When they reached 50-70% confluence (about
24 hr), cells were then transfected with 10 nM of siRNAs against human EGFR or HERS3, or
non-targeting Control-siRNA in Opti-MEM medium using Lipofectamine according to the
manufacture’s instruction. After 48 hr of transfection, cells were serum starved for another
24 hr before the following experiments.

2.6 Cell-proliferation assay

Cell-proliferation was measured by CCK-8 and MTS assay according to the manufacture’s
instruction. In brief, H441 or Calu3 cells with or without EGFR/HER3-knockdown were
seeded in quadruplicate in 96-well plates at a density of 5000 cells/well. The next day, cells
were treated with indicated stimulants with/without inhibitors for 24 hr. Subsequently, 20uL
of MTS reagent or 10uL of CCK-8 solution were added to each well at the end of each time
point and incubated for 2 hr at 37°C. Optical density was measured at 490 nm for MTS
assay and 450 nm for CCK-8 assay, respectively.

2.7 Statistical analysis

All results are expressed as mean + SEM from at least 3 experiments, and results were
considered statistically significant if pvalue was < 0.05 in student’s ¢test or one-way
ANOVA (Dunnett’s multiple tests, as a posttest). All statistical analyses were performed
using the GraphPad PRISM software (GraphPad Software Inc., La Jolla, CA).

3. Results

3.1 Expression of HER-family mRNA and protein in human NSCLC cell-lines

The expression of EGFR, HER2, HER3 and HER4 was initially assessed by PCR in 18 lung
cancer cell-lines, including 16 NSCLC cells, one mesothelioma cell-line(H28) and one
neuroendocrine tumor cell-line (H727). In the cell-lines, EGFR (94%), HER2 (88%) and
HER3 (100%) mRNA were frequently expressed, while HER4 mRNA was detected only in
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47% of cell-lines (Fig. 1A). We next performed Western blotting to assess the protein
expression of HER-family in 7 NSCLC cell-lines (Fig. 1B). Consistent with the findings
from PCR, EGFR protein was frequently detected (86%), whereas the detection rate of
HER2 and HERS3 protein in these 7 cell-lines was 71% and 43%, respectively (Fig. 1B). In
addition, HER4 protein was detected only in H661 cells (Fig. 1B).

3.2 Time course of Bn- and NRG-1-induced activation of HER-family in human NSCLC
cell-lines

We next studied the time-dependent ability of Bn or NRG-1 to activate the EGF/HER-
receptor family in 3 human NSCLC cell-lines that express EGFR, HER2, and HER3, but do
not express detectible HER4 protein assessed by Western blotting(i.e. H441, H2087, and
Calu-3 cells) (Fig. 2-4). In H441 cells, Bn caused a rapid and maximum phosphorylation of
EGFR, HER2, and HER3 at 3 minutes (13- to 29-fold increase, p < 0.05 vs. control), which
then fell off and was not present after 30-60 minutes (Fig. 2). NRG-1 also caused rapid
phosphorylation of EGFR, HER2 and HER3 peaking at 3 minutes (24- to 42-fold increase, p
< 0.05 vs. control), which then decreased with time (Fig. 2). However, in contrast to Bn-
stimulation, NRG-1-stimulated phosphorylation of HER3 was still maintained at 60 minutes
(20-fold increase, p < 0.05 vs. control). Similar time-dependent activation patterns were
observed in H2087 cells, however, with NRG-1, prolonged phosphorylation of HER2 and
HER3 were seen (Fig. 3). Conversely, Bn and NRG-1 induced a slower and more prolonged
time-dependent EGFR, HER2 and HER3 phosphorylation in Calu-3 cells (Fig. 4), reaching a
maximum after 30-60 min stimulation time. In each of these three cell-lines, NRG-1
maximal stimulation was greater than that seen with Bn (Fig. 2-4).

3.3 Time course of Bn- and NRG-1-induced stimulation of p44/42 MAPK and Akt in human
NSCLC cell-lines

In previous studies in lung cancer cells, activation of the EGFR/HER-receptor family
resulted in activation of MAPK and Akt[13,14,23,53]. Therefore, we studied the time course
of activation of MAPK and Akt to compare it with EGFR, HER2, and HER3 activation (Fig.
2-4). Both Bn and NRG-1 rapid activated both p44/42 and Akt in each of the 3 NSCLC cell-
lines with maximum phosphorylation of p44/42 after 15-min stimulation time in the 3 cell-
lines (1.9- to 4.0-fold increase, p < 0.05 vs. control) (Fig. 2-4). In the different cell-lines, the
time-course for activation of p44/42 varied, whereas it was similar in each cell-line for Akt.
Specifically, in H441 and H2087 cells, phosphorylation of p44/42 was not maintained at 60
minutes, whereas it was still present in Calu-3 cells (Fig. 2—4). For each NSCLC cell-line
with Akt, Bn showed maximum phosphorylation at 15 minutes (3.2-fold increase, p < 0.05
vs. control) and then decreased with further time in H441 cells, while Bn-induced
phosphorylation reached a plateau at 30 minutes (2.0- to 2.5-fold increase, p < 0.05 vs.
control) and was still maintained at 60 minutes (1.9-fold increase, p < 0.05 vs. control) in
H2087 and Calu-3 cells (Fig. 2-4). NRG-1 showed detectible increases in phosphorylation
of Akt at 15 minutes in all 3 cells (2.1- to 5.2-fold increase, p < 0.05 vs. control), and
continued to increase in a time-dependent manner reaching maximum at 60 minutes (3.0- to
6.4-fold increase, p < 0.05 vs. control) (Fig. 2-4). A comparison of the time course of
activation of EGFR, HER2 and HER3 by Bn- and NRG-1 with that for p44/42 and Akt
demonstrated a similar pattern with the 3 cell-lines (Fig. 2-4).
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3.4 Dose-response effect of Bn- and NRG-1-induced phosphorylation of HER-family in
human NSCLC cell-lines

We examined the dose-response curve for EGFR, HER2, and HER3 activation in response to
increasing concentrations of Bn and NRG-1 (Fig. 5A, B). In H441 cells, Bn produced a
detectible increase in EGFR, HER2 and HER3 phosphorylation at 10 nM, maximal
stimulation at 100 nM (EGFR, 7.1-fold; HER2, 8.2-fold; HER3, 9.1-fold increase), with a
half-maximal effect (ECgg) of 3.5+0.4 nM, 7.2+1.2 nM, 6.5£1.0 nM in EGFR, HER2 and
HER3 phosphorylation, respectively (Fig. 5A). NRG-1 also induced dose-dependent
increases in EGFR, HER2, and HER3 phosphorylation, reaching a 2.0-fold increase in
EGFR (ECsg = 4.94£0.9 ng/mL), 34-fold increase in HER2 (ECsg = 16.3+3.4 ng/mL), and a
44-fold increase in HER3 (ECsq = 14.3£1.7 ng/mL), respectively. Similarly, EGFR, HER2
and HER3 phosphorylation increased with increasing Bn and NRG-1 concentration in
H2087 cells (Fig. 5B). The maximum EGFR phosphorylation reached a 9.1-fold increase
with 100 nM Bn (ECsg = 7.6£1.3 nM) and a 5.2-fold increase with 100 ng/mL NRG-1
(ECsp = 9.7£1.3 ng/mL). HER2 phosphorylation reached an 18-fold increase with 100 nM
Bn (ECsg = 1.2+0.2 nM) and a 22-fold increase with 100 ng/mL NRG-1 (ECgq = 7.8+2.0
ng/mL). HER3 phosphorylation reached a 17-fold increase with 100 nM Bn (ECsq =
51.4+7.3 nM) and a 21-fold increase with 100 ng/mL NRG-1 (ECsg = 8.1+1.7 ng/mL).

3.5 Bn-and NRG-1-induced dimerization of HER3 in human NSCLC cell-lines

Because of its impaired catalytic kinase activity, activation of HER3 requires
heterodimerization with other EGFR/HER-receptor members (EGFR, HER2, and HER4),
with a marked preference for HER2 as a dimer partner[11,21,54]. To investigate in more
detail the partner of the dimerization caused by Bn and NRG-1 with HER3 activation, we
carried out an immunoprecipitation study in H441 and Calu-3 cells (Fig. 6). Both Bn and
NRG-1 induced HER3/EGFR and HER3/HER?2 heterodimerization in both cell-lines. The
ability to form activated heterodimers was 1.7- to 2.6-fold higher with NRG-1 than with Bn

(Fig. 6).

3.6 Effect of HER3 inhibitor on the activation of HER-family in human NSCLC cell-lines

To examine further the role of HER3 heterodimerization in the activation of EGFR/HER-
receptor family, we used MAB3481, a specific antibody against HER3 which inhibits HER3
activation[20,55]. In H441 cells, pre-incubation with MAB3481 significantly inhibited Bn-
and NRG-1-induced phosphorylation of HER3 (92.6%-94.1%, p < 0.05), as well as EGFR
(88.3%-92.8%, p < 0.05) and HER2 (88.1%-90.5%, p < 0.05) (Fig. 7A). Similar results were
obtained in H2087 lung cancer cells (Fig. 7B), which showed that MAB3481 significantly
decreased Bn- and NRG-1-stimulated phosphorylation of EGFR (91.0%-93.2%, p < 0.05),
HER2 (91.7%-92.6%, p < 0.05), and HER3 (90.1%-93.4%, p < 0.05). To test the specificity
of MAB3481 to inhibit HER3 but not EGFR and HER2, three lung cancer cell-lines in
which no HER3 protein (H460, H838 and H1975) was detectible on Western blotting, were
stimulated with EGF in the presence or absence of MAB3481 (Fig. 7C). In these three cell-
lines MAB3481 had no inhibitory effect on EGF-induced phosphorylation of EGFR or
HER2. These results support the conclusion that Bn-induced transactivation of EGFR and
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HER2 in the NSCLC H441 and H2087 cancer cells was mediated through the initial
activation of HER3.

3.7 Effect of EGFR or HER3 knockdown on the activation of the EGFR/HER-family in
human NSCLC cell-lines

To confirm the above results using the specific HER3 antibody, MAB3481, we studied the
effect of EGFR and HER3 knockdown using siRNA on Bn-induced activation of the EGFR/
HER-receptor family. In H441 cells, anti-HER3 siRNA treatment significantly inhibited Bn-
and NRG-1-induced phosphorylation of EGFR (83.0%-87.5%, p < 0.05), HER2
(74.4%-79.9%, p< 0.05), and HER3 (97.3%-103.3%, p < 0.05) (Fig. 8A). Similarly, HER3
knockdown inhibited Bn- and NRG-1-induced phosphorylation of EGFR (82.7%-82.8%, p <
0.05), HER2 (87.5%-90.9%, p < 0.05), and HER3 (109.9%-122.1%, p < 0.05) in H2087
cells (Fig. 8B). In contrast, SiRNA treatment against EGFR markedly inhibited Bn- and
NRG-1-induced phosphorylation of EGFR in H441 (Fig. 9A) and H2087 cells (Fig. 9B),
while it did not affect either HER2 or HER3 phosphorylation induced by Bn and NRG-1 in
these cells (Fig. 9A, B). In both cell-lines, the siRNAs were specific for their targets with
SIEGFR only effecting EGFR levels and siHER3 effecting HER3 levels (Fig. 9C). The
SiRNA results provide additional support for the conclusion that Bn transactivates EGFR and
HER?2 via initial activation of HER3.

3.8 Effect of EGFR or HER3 inhibition on Bn-induced cell-proliferation in human NSCLC
cell-lines

To assess the effect of Bn on cell-proliferation mediated by EGFR, HER2 and HER3, we
carried both a CCK-8 assay and an MTS assay in the presence or absence of gefitinib (an
EGFR inhibitor), Herceptin(a HER2 inhibitor), or MAB3481(a HERS3 inhibitor) in H441 and
Calu-3 cells (Fig. 10A, B). Results with both proliferative assays showed similar results
(Fig. 10A, B). Gefitinib had no effect on Bn-stimulated increase in cell-proliferation in H441
and Calu-3 cells (Fig. 10A, B). However, proliferation was significantly inhibited by
pretreatment with either herceptin (88.9%-93.6%, p < 0.05 vs. without inhibitor) or
MAB3481 (89.2%-97.6%, p < 0.05) (Fig. 10A, B).

We further examined the effect of EGFR or HER3 knockdown on Bn-stimulated cell-
proliferation in these cell-lines (Fig. 10C, D). HER3 knockdown significantly reduced Bn-
stimulated increment in cell-proliferation compared to the cells treated with non-targeting
SiRNA in H441 (87.1%-88.3%, p < 0.05) and Calu-3 (93.6%-95.6%, p < 0.05) (Fig. 10C,
D). However, similar to the results obtained with gefitinib, EGFR knockdown did not have a
significant effect on Bn-stimulated proliferation in either NSCLC cell-line (Fig. 10C, D).
These results demonstrated that stimulation of Bn induced cell-proliferation in these NSCLC
cells is mediated by initial HER3 activation with formation of heterodimers with HER2, not
with EGFR.

3.9 Effect of EGFR or HER3 inhibition on Bn-stimulated activation of p44/42 and Akt in
human NSCLC cell-lines

In various tumor cells, the MAPK/ERK and PI3K/AKT signaling pathways are the major
downstream cascades that play important roles in HER3-mediated effects on the
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cells[13,14,23,53]. Therefore, we next examined whether these pathways are involved in the
Bn-stimulated activation of HER3 signaling by using inhibitors and siRNA against EGFR
and HER3. In H441 cells, when stimulated with Bn (Fig. 11A), gefitinib did not affect the
Bn-stimulated phosphorylation of p44/42, while addition of MAB3481 significantly
decreased the Bn-induced increment of p44/42 phosphorylation (56.6%, p < 0.05 vs. no
inhibitor). The results from siRNA treatment also showed that HER3 knockdown
significantly reduced Bn-induced increment of p44/42 phosphorylation (55.0%, p < 0.05 vs.
non-targeting), while no inhibitory effect was observed with EGFR knockdown (Fig. 11B).
With Bn stimulation of Akt, HER3 knockdown significantly reduced Bn-induced increment
of Akt phosphorylation (46.5%, p < 0.05 vs. non-targeting), while no significant inhibitory
effect was observed with either EGFR/HERS inhibitors or EGFR knockdown (Fig. 11A, B).
These results show that HER3 activation plays an important role in both the Bn-activation
p44/42 and Akt signaling system.

3.10 Effect of p44/42 or Akt inhibition on Bn-stimulated cell-proliferation in human
NSCLC cell-lines

To further evaluate the role of p44/42 and Akt in mediating Bn-stimulated cell-proliferation
of the NSCLC cells, a CCK-8 assay and MTS assay were performed with or without specific
inhibitors of MEK, resulting in specific MAPK inhibition(PD98059 and U0126) or PI3K
(Wortmannin and LY294002) resulting in AKT inhibition, in both H441 and Calu-3 cells
(Fig. 12A, B). In both proliferation assays, in the presence of the p44/42 inhibition, Bn-
stimulated proliferation was significantly inhibited by 65.5%-76.2% with PD98059 (p < 0.05
vs. no inhibitor) and 64.1%-69.1% with U0126 (p < 0.05 vs. no inhibitor) in both cell-lines
(Fig. 12A, B). In contrast, no significant effect was observed with PI13K inhibition with
either Wortmannin or LY 294002 on Bn-stimulated increase in cell-proliferation (Fig. 12A,
B). These results demonstrated that Bn-induced activation of HER3 signaling increasing
cell-proliferation was mediated primarily by activation of the p44/42 pathway, not Akt.

4. Discussion

The EGFR/HER-receptor family are highly expressed in many malignancies, particularly
cancers of the lung, breast, colorectum, pancreas, and head/neck (squamous[HNSCC])
[3,11,18,51]. The activation of the EGFR/HER-receptor family is important not only in the
pathogenesis of these tumors, but also an important target in their treatment, the
development of treatment resistance, as a determinant of their aggressiveness and for
prognosis[12-14,16,18,19,38,56]. The EGFR/HER-receptors in these cancers are stimulated
by growth factors, activating mutations, amplification, as well as transactivation by various
cellular receptors including GPCRs stimulated by various peptides, hormones, and bioactive
lipids[3,11,54]. In many cancers, inhibition of the EGFR/HER-receptor family has led to
significant therapeutic responses; however, drug resistance and therapeutic escape frequently
develop[11,54]. Thus, there is a role for new treatment approaches and increased
understanding of EGFR/HER-receptor family’s role in the tumor’s pathogenesis, treatment
and therapeutic response.
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Mammalian BnRs (GRPR, NMBR, BRS-3), as well as a number of other GPCRs, are
widely overexpressed in numbers of common tumors, including lung, breast, colon, prostate,
CNS, and HNSCC[33-36]. Numerous studies have shown that EGFR transactivated by
GPCRs can be particularly important in these cancers, not only because the GPCRs can
stimulate tumor growth and invasiveness, but also because dual-inhibition of the GPCRs and
EGFR/HER-receptor family can have a synergistic cytotoxic effect[38,40-42,56], raising the
possibility of novel treatment approaches. Furthermore, activation of the GPCRs resulting in
EGFR’s transactivation can play an important role in the resistance against EGFR-targeted
therapies[43,44]. Most studies of the transactivation of EGFR/HER-receptor family by
GPCRs have only investigated the transactivation of EGFR, thus, the possibility that one of
the other EGFR/HER-receptor family (HER3, HERA4) is, in fact, the principal initiator in the
transactivation process, with resultant heterodimerization with one of the other EGFR/HER
members including EGFR, has not been well studied. This distinction is important with the
recent development of specific inhibitors for the different EGFR/HER-receptor family
members[11].

Recent studies have emphasized the importance of the kinase deficient HER3 through
heterodimerization with the other EGFR/HER members in mediating treatment failure[12—
14], promoting cancer metastasis[16,17], and as an important prognostic factor for worse
survival[16,18,19]. Furthermore, a number of studies suggest HER3 activation can be an
important mediator of EGFR/HER?2 transactivation by different agents contributing to
enhanced tumor growth as well as development of therapeutic escape[40,57]. The
importance of HER3 transactivation by GPCR’s and other-receptors in cells/tumors
(affecting cell/tumor behavior, growth, aggressiveness, migration) is reported for neurotensin
receptors in breast and lung cancer cells[40,57]; estrogen, progesterone and transforming
growth factor (TGF)-P receptors in breast cancer cells[49,58,59]; macrophage inhibitory
cytokine-1 receptor in both breast and gastric cancer[60]; activation of P2Y2 nucleotide
receptors in salivary gland cells[48]; and activation of angiotensin 1/2 receptors in both
normal cells and disease states[61-63]. Furthermore, in numerous cancers (prostate, lung,
and hepatocellular), activation of GPCR’s and growth factor receptors can have a marked
effect on expression of HER3[57,64-66]. These results strongly suggest that activation of
GPCRs by a number of tumor growth stimulants can transactivate HER3 and thus targeting
the HER3/GPCR interaction could be a novel therapeutic strategy among these diseases.
Hence, elucidating in detail the mechanisms of transactivation of HER3 signaling cascades
and its effect on cell-growth would provide important mechanistic insights which could
reveal novel strategies with possible therapeutic potential. Therefore, the aim of this study
was to study in detail in lung cancer cells(concentrating on NSCLC ), in which the EGFR/
HER-receptor family has been extensively studied[42-44,47,52,67], the specific role of the
EGFR/HER-receptor family in transactivation caused by GPCRs. Because the Bn receptor
family is very frequently overexpressed in lung cancer cells[33,52] and has been shown to
frequently stimulate EGFR transactivation in this cancer[41,42,44,47,52], the ability of Bn
to transactivate the different EGFR/HER-family members in lung cancer cells was
concentrated on.

A number of our results support the conclusion that both Bn-transactivation and the HER3
agonist, NRG-1, stimulate each of the EGFR/HER-receptor family members in each of the
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NSCLC cells examined (H441, H2087 and Calu-3). This conclusion was supported by our
finding that both Bn and NRG-1 caused increased phosphorylation of each of the three
EGFR/HER-receptor family members in each NSCLC cell-line. Furthermore, a co-
immunoprecipitation study showed both Bn and NRG-1 stimulated heterodimerization of
HER3/HER2 and HER3/EGFR. In general, the patterns of activation of the different EGFR/
HER-receptor members by NRG-1 and Bn-transactivation were similar, however, the
kinetics and magnitude of activation varied in the different NSCLC cells, as well as the
kinetics and magnitudes of the activation of the different EGFR/HER members in a given
NSCLC cell. Although no previous study in the same cells has compared in detail the
kinetics and magnitudes of activation of all EGFR/HER members by a native EGFR/HER-
receptor ligand to that seen with transactivation by GPCRs, as we performed in the current
study, our results show both differences and similarities from previous studies examining
only EGFR(HERZ1)-receptor transactivation. First, the magnitude of stimulation of HER2
and HER3, but not EGFR, differed in each of the cell-lines for BnR transactivation
compared with NRG-1 stimulation, with NRG-1 showing greater stimulation. Our results are
similar to studies showing greater stimulation of EGFR by the native EGFR ligand, EGF,
than by transactivation by GPCR ligands in several tumor cells [neuroendocrine tumor[68],
NSCLCJ[44,47] and prostate cancer[69]], as well as in normal fibroblasts[70]. Our results are
also similar to one detailed study involving different normal cells transfected with numerous
GPCRs, which showed greater activation of EGFR by EGF than by transactivation of a
member of GPCR’s[62]. Second, in a given NSCLC cell-line, the kinetics of activation of
each of the three EGFR/HER members was similar with BnR transactivation. In contrast,
with NRG-1 stimulation, the relative kinetics of EGFR/HER-receptor activation in a given
cell were more variable and more prolonged for HER2/HER3 activation. In terms of BnR
transactivation, our results are different from a previous study demonstrating distinct Kinetics
of different members of the EGFR/HER-receptor family’s transactivation induced by
angiotensin 1 in fibroblasts[62]. However, our Kinetic results with Bn-transactivation are
similar to different EGFR/HER-receptor’s transactivation by progesterone in ovarian
cancer[59] and by growth hormone releasing hormone in prostate cancer cells[71]. Our
results with NRG-1 stimulation are different from the previous studies reporting similar
kinetics of different EGFR/HER-receptor’s activation, especially between EGFR and HER3,
by their native ligands in ovarian cancer[72] and breast cancer cells[73] as well as in normal
fibroblasts[74]. Third, in the different NSCLC cell-lines, for a given EGFR/HER member,
the Kinetics and/or magnitude of stimulation by either NRG-1 or Bn varied markedly.
Similar to our results, a number of studies in various tumor cell-lines reported the similar
rapid activation of HER3 induced by NRG-1 peaking at early stimulation time, including
breast cancer[73,75,76], prostate cancer[76] melanoma[77], as well as in the normal cells
(fibroblast)[74]. In terms of transactivation of EGFR/HER-receptors by GPCRs activation,
results resembling the kinetic patterns we find, are reported with a slow stimulated time
course in neuroendocrine tumors[68], prostate cancer[69] and breast cancers[59], while
other studies reported the opposite results in NSCLC[42,44] and prostate cancer cells[78].
Fourth, in our study, both Bn- and NRG-1-induced activation of the EGFR/HER-family
members were dose-dependent with similar EC50’s in a nanomolar range in the different
cells. These are comparable with reports with GPCR ligands transactivating EGFR in
neuroendocrine tumors[68], lung cancer[41,52] and prostate cancer cells[69], as well as for
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NRG-1 activating HER3 in ovarian cancer[72], hepatocellular carcinoma[65], and pancreatic
cancer cells[55]. Our finding that Bn-transactivation was more potent than NRG-1 for
activating the EGFR/HER-family members is in contrast to their comparable magnitude of
activation which shows the reverse pattern. These results, combined with the previous
findings, suggest that the mechanisms involved in the kinetics and magnitude of response,
and potency of the stimulation for EGFR/HER-receptor family’s activation, can vary for
specific native ligands and GPCRs transactivation within the same cell, as well as in
different cell-lines for different EGFR/HER members.

A number of our results support the conclusion that in each of the NSCLC cells, Bn-
transactivation as well as NRG-1 stimulation of each of the three EGFR/HER-family
members (EGFR, HER2 and HERS3) present, is mediated by heterodimerization with HER3,
not EGFR. NRG-1, which only stimulates HER3 and HER4[79], stimulated activation of the
three members of the EGFR/HER-family present in the each of the cells
studied(HER1,HER2,HER3). Therefore, NRG-1 is causing these effects by activating
HERS3, because there is no HER4 present. Furthermore, because HERS3 is kinase-deficient, it
must heterodimerize with EGFR or HER2 to be active[9]. In many cells, HER2 is the
preferred partner[21]. However, our immunoprecipitation studies show HER3 with NRG-1
stimulation heterodimerizes with both EGFR and HER2. Similarly, HER2 requires
heterodimerization to be activated because no known specific native ligands for it have been
identified[11]. Therefore, the activation of all three EGFR/HER members by NRG-1
strongly suggests initial HER3 activation is mediated activation of EGFR and HER2.
Second, a specific HER3 antibody, MAB3481[20,55], completely inhibited both Bn-
transactivation, as well as NRG-1 activation of each of the EGFR/HER-members. This was
not due to nonspecific inhibition of EGFR or HER2, because this antibody had no effect on
EGF activation of EGFR and HER?2 in cells not possessing HER3, but only EGFR and
HER2. Third, HER3 siRNA which only resulted in knockdown of HER3, had a similar
effect to the HER3 antibody, blocked both Bn-transactivation and NRG-1 stimulation of
each of the three EGFR/HER members present in each cell. In contrast, siRNA against
EGFR, which specifically downregulated only EGFR, only inhibited EGFR activation.
Although there are only limited studies of the ability of GPCR’s to transactivate all of the
EGFR/HER-family members in a given cell, our results have both differences and
similarities to the results in these studies. Our results demonstrating that in the NSCLC cells
studied, BnR-stimulation caused activation of HER2 through a HER3-mediated process,
differs from a number of studies reporting activation of various GPCR’s in different tumor
cells stimulate HER? via activation of EGFR[41,80-85]. These studies include EGFR/HER2
transactivation by GRP or lysophosphatidic acid in HNSCCJ[80,83]; EGFR/HER2
transactivation by leptin receptors stimulation in both breast cancer and vascular
cells[81,85]; by endothelin receptor and Pituitary adenylate cyclase activating polypeptide
receptor transactivation of EGFR/HER2 in lung cancer cells[41,82]; and protease-activated
receptor transactivation of EGFR/HER?2 in breast cancer cells[84]. Our results demonstrating
with BnR transactivation that both EGFR and HER?2 is activated by a HER3-mediated
mechanism is similar to studies of estrogen receptor transactivation in breast cancer
cells[49], macrophage inhibitory cytokine-1 receptor transactivation of EGFR/HER-
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receptors in gastric and breast cancer cells[60] and transactivation of EGFR/HER-family
members in salivary grand cells by stimulation of the P2X2 nucleotide receptor[48].

Numerous studies demonstrate that not only are the family of BnR receptors(especially
GRPR) present in the majority of NSCLC cells[33,35,46,52], but also, they are potent
growth factors for these cells[33,35]. A number of our results support the conclusion that
BnR-mediated transactivation of EGFR/HER-family members is a major determinant of
their growth effect, and that this is affected initially by a HER3-dependent process. First, a
specific inhibitor of HER3, but not EGFR, completely inhibited Bn-stimulated cell-growth
in NSCLC cells. Second, specific knockdown of HER3 with siRNA showed a similar
inhibitory effect to the HER3 antibody, whereas EGFR specific knockdown had no effect.
These results differ from the studies reporting complete inhibition of various GPCR agonist-
stimulated cell-growth by EGFR blockade in some lung cancers[42], HNSCC[80,83,86] and
neuroendocrine tumor[68], as well as prostaglandin- and bradykinin-stimulated cell-growth
in EGFR-knockout fibroblasts[87]. In contrast, our results are similar to the study showing
that downregulation of HER3 by siRNA, as well as HER2 antibody, completely inhibit
estrogen-stimulated cell-growth in mammary tumors[49].

Numerous studies in both lung cancer cells and other cells demonstrate activation of the
EGFR/HER-family is coupled to stimulation of the MAPK-cascade as well as activation of
the PI3K/Akt pathway, each of which have can have an important effect on cell behavior
(growth, differentiation, migration, apoptosis, inflammation, and biological response)
[22,23]. Our results demonstrate both NRG-1 and Bn-transactivation stimulate each of these
signaling cascades in each NSCLC cell-line, and they show both similarities and differences
from results in other cells. Our results which show a rapid activation of ERK and Akt in each
NSCLC cells with Bn-transactivation are similar to studies reporting endothelin-
transactivation of EGFR in fibroblasts[70] and GRP-transactivation of the EGFR/HER-
family in other lung cancer cells[42,44]. Similarly, our results demonstrating sustained
activation of Akt with NRG-1 stimulation agree with results in breast cancer cells[23,75]
and prostate cancer cells[76]. In contrast to our results, NRG-1 causes a transient activation
of Akt in ovarian cancer cells[72] and melanoma cells[77] and sustained activation of ERK
in breast cancer cells[73]. These results demonstrate that the kinetics of activation of the
ERK and PI3K/Akt can differ markedly in different cells both when the EGFR/HER-family
are transactivated by GPCRSs or by direct stimulation with a native ligand.

While our results demonstrate that Bn-transactivation of HER3 stimulates both the PI3K-
and MAPK-pathways, only activation of the MAPK/ERK-pathway, not the PI3K/AKkt,
mediates Bn-stimulated cell-proliferation in the NSCLC cells studied. Our results differ
from a number of studies in both tumor/nontumor cells reporting PI13K activation is the
principal downstream effector of HER2/HER3-signaling on cellular growth[13,14,22,67],
with EGFR homodimers as well as EGFR/HER2 heterodimer complexes preferentially
activating MAPK signaling and HER2/HER3 heterodimer to a lesser extent[15,21,22].
Conversely, similar to our results, the superiority of MAPK inhibitors over PI3K inhibitors
on HER3-mediated growth activity is reported in several studies with breast cancer[88,89]
and HNSCCJ15,22]. Our results are also similar to a study in gastric cancer which reported
that ERK, but not Akt, was involved in HER3-transactivation caused by histone deacetylase

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 14

inhibitors[90]. These results demonstrate that prominence of MAPK-activation or PI3K-
activation in mediating HER3 downstream events including growth, can vary markedly in
different tumor cells.

In conclusion, we have demonstrated that with Bn-transactivation as well as NRG-1
stimulation of NSCLC-cells, the stimulation of HER3-signaling by forming heterodimers
with HER?2 is essential in mediating cell-proliferation. Furthermore, the activation of
MAPK, not PI3K, through HER2/HER3 heterodimers is the main downstream growth
stimulating cascade. Previous studies demonstrate that not only do Bn-peptides act as tumor
autocrine growth factors in lung cancer and a number of other common cancers, their
receptor activation can stimulate EGFR/HER-family transactivation causing tumor growth,
but its inhibition also increases the sensitivity of EGFR tyrosine kinase
inhibitors[33,35,39,91]. With the increasing development of HER3 antagonists, as well as
the availability of BnR receptor antagonists [11,51,91-96], our results support the
conclusion that targeting the crosstalk between GPCR and HER3 transactivation, together
with its downstream cascades, could be a novel antitumor therapeutic target among various
malignancies expressing these receptors, especially in NSCLC.
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PI3K phosphatidylinositol-3 kinase
MAPK Mitogen-activated protein kinase
ERK extracellular-signal-regulated kinase
Bn bombesin
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GPCR G protein-coupled receptors
NMBR neuromedin B receptor
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NRG-1 neuregulin-1

SiIRNA small interfering RNA

ECgg half-maximal effect

HNSCC head and neck squamous cell cancer
CNS central nerve system

TGF transforming growth factor
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Research highlights:
. NSCLC cell lines all express all EGFR/HER family members except HER4

. Activation BnR or NRG1 in NSCLC cells activates HER1,HER2,HER3 but
kinetics/magnitude varies

. Activation BnR or NRG1 in NSCLC cells activates MAPK and PI3K/Akt
pathways

. BnR transactivation of EGFR/HER family initially mediated by HER3
activation

. BnR stimulated NSCLC growth mediated via HER3 transactivation and
MAPK signaling
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Figure 1.
Expression of the EGFR/HER-receptor family in human lung cancer cell-lines. (A) RT-PCR

was performed with 17 human lung cancer cell-lines to evaluate the expression of EGFR/
HER-receptor mRNA. B-actin was used as loading control. Primers used are shown in Table
1 and experimental conditions are as described in METHODS. (B) Whole cell lysate from 7
human NSCLC cell-lines were analyzed for the EGFR/HER-receptor expression by Western
blotting. Tubulin was used as loading control. These results are representative of 2 others.
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Time course of Bn- and NRG-1-induced activation of the EGFR/HER-receptor family,
MAPK (p44/42) and Akt in H441 NSCLC cells. Cells were treated Bn (100 nM) or NRG-1
(100 ng/mL) for the indicated times. Phosphorylation levels of EGFR, HER2, HERS,
p44/42, and Akt were analyzed by Western blotting. Tubulin was used as loading control for
EGFR, HERZ2, and HER3. Top panel shows a representative blot and bottom graphs show
means + SEM of three independent experiments, respectively. Results are expressed as % of
basal phosphorylation. * £< 0.05 vs. control.
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Figure 3.

Time course of Bn- and NRG-1-induced activation of the EGFR/HER-receptor family,
MAPK (p44/42) and Akt in H2087 NSCLC cells. Phosphorylation levels of Bn- and
NRG-1-stimulated EGFR, HER2, HER3, p44/42, and Akt were analyzed by Western
blotting as described in Figure 2 legend. * £< 0.05 vs. control.
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Figure 4.
Time course of Bn- and NRG-1-induced activation of the EGFR/HER-receptor family,

MAPK (p44/42) and Akt in Calu-3 NSCLC cells. Phosphorylation levels of Bn- and
NRG-1-stimulated EGFR, HER2, HER3, p44/42, and Akt were analyzed by Western
blotting as described in Figure 2 legend. * £< 0.05 vs. control.
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Figure 5.

Dose-response effect of Bn- and NRG-1-stimulated activation of the EGFR/HER-receptor
family in H441 and H2087 NSCLC cells. H441 (A) and H2087 (B) cells were treated with
the indicated concentrations of Bn and NRG-1 for 3 min and then lysed. Phosphorylation
levels of EGFR, HER2 and HER3 were analyzed by Western blotting. Tubulin was used as
loading control. Top panel shows a representative blot and bottom graphs show means +
SEM of three independent experiments, respectively. Results are expressed as % of basal

phosphorylation. * £< 0.05 vs. control.
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Dimerization of HER3 with other EGFR/HER-receptor members on stimulation with Bn or
NRG-1. Immunoprecipitation experiments were performed to detect the Bn- and NRG-1-
induced dimerization of HER3 in two NSCLC cell-lines. H441 and Calu-3 cells were treated
with no addition, 100 nM Bn, or 100 ng/mL NRG-1. The lysates were immunoprecipitated
with anti-HERS3 antibody and proteins were detected by Western blotting with the indicated
antibodies. In parallel, whole cell extracts were immunoblotted to detect tubulin for loading
control. Relative abundance is represented as a ratio of the control below the blot. This
experiment is representative of 2 others.
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Figure 7.

Effect of HER3 inhibition on Bn- or NRG-1-induced activation of the EGFR/HER-receptor
family in two NSCLC cell-lines. H441 (A) and H2087 (B) cells were preincubated for 1 hr
in the presence or absence of the HER3 inhibitor, MAB3481 (100 ng/mL) and then treated
with Bn (100 nM) or NRG-1 (10 ng/mL) for 3 min. (C) To test the specificity of the
inhibition effect on HER3 by MAB3481, three cell-lines that had no HER3 protein detected
were treated with EGF (10 nM) in the presence or absence of MAB3481. Phosphorylation
levels of EGFR, HER2 and HER3 were analyzed by Western blotting. Tubulin was used as
loading control. Top panel shows a representative blot and bottom graphs show means +
SEM of three independent experiments, respectively. Results are expressed as % increase
over basal phosphorylation. * £< 0.05 vs. control, # P< 0.05 vs. no inhibitor (i.e. stimulant
alone).
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Figure 8.
Effect of siRNA-mediated HER3 knock down on Bn- or NRG-1-induced activation of the

EGFR/HER-receptor family in two NSCLC cell-lines. H441 (A) and H2087 (B) cells were
transfected with either non-targeting (lane 1, 3, 5) or anti-HER3 (lane 2, 4, 6) siRNA for 48
hr, and then treated with no additions (lane 1, 2), 100 nM Bn (lane 3, 4) or 10 ng/mL NRG-1
(lane 5, 6) for 3 min and then lysed. Phosphorylation levels of EGFR, HER2 and HER3
were analyzed by Western blotting. Tubulin was used as loading control. Top panel shows a
representative blot and bottom graphs show means + SEM of three independent experiments,
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respectively. Results are expressed as % of basal phosphorylation with control. * < 0.05
vs. control, # P < 0.05 vs. non-targeting siRNA (i.e. stimulants alone).
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Figure 9.

Effect of sSiIRNA-mediated EGFR knock down on Bn- or NRG-1-induced activation of the
EGFR/HER-receptor family in NSCLC cell-lines. H441 (A) and H2087 (B) cells were
transfected with either non-targeting (lane 1, 3, 5) or anti-EGFR (lane 2, 4, 6) siRNA for 48
hr, and then treated with no additions (lane 1, 2), 100 nM Bn (lane 3, 4) or 10 ng/mL NRG-1
(lane 5, 6) for 3 min and then lysed. Phosphorylation levels of EGFR, HER2 and HER3
were analyzed by Western blotting. Tubulin was used as loading control. Top panel shows a
representative blot and bottom graphs show means + SEM of three independent experiments,
respectively. Results are expressed as % of basal phosphorylation with control. * £< 0.05
vs. control, # £< 0.05 vs. non-targeting siRNA (i.e. stimulants alone). (C) siRNA-mediated
knock down effect of HER3 or EGFR was confirmed by detecting basal expression levels of
EGFR/HER-receptor family by Western blotting. Data was presented as means = SEM of
three independent experiments. Tubulin was used as loading control. * £< 0.05 vs. non-
targeting siRNA.
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Figure 10.
Effect of EGFR/HERS inhibition on Bn-induced cell-proliferation in human two NSCLC

cell-lines. (A, B) H441 and Calu-3 cells were incubated with or without Bn (1 uM) in the
presence or absence of gefitinib (10 pg/mL), herceptin (10 pg/mL) or MAB3481 (100
ng/mL) for 24 hr. (C, D, ) H441 and Calu-3 cells transfected with either anti-EGFR, anti-
HER3 or non-targeting siRNA were incubated with Bn (1 pM) for 24 hr. Cell-proliferation
was assessed by both a CCK-8 assay (A, C), and by a MTS assay (B, D). Data was presented
as % increase with Bn stimulation against basal proliferation. Basal stimulation for the two
cell-lines were 100% for control, 36%-45% of control with gefitinib, 81%-83% for
herceptin, and 87-90% for MAB3481, respectively, and maximal stimulation with Bn for the
two cell-lines were 116-117% for control, 52%-61% for gefitinib, 82%-84% for herceptin,
and 88-93% for MAB3481, respectively. The mean value + SEM of 4 experiments is
indicated. * £< 0.05 vs. no inhibitor (A, B); * £< 0.05 vs. non-targeting siRNA (C, D).
These results are representative of 2 others.
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Figure 11.
Effect of EGFR/HERS inhibition on Bn-induced activation of p44/42 or Akt in H441

NSCLC cells. (A) H441 cells were preincubated in the presence or absence of gefitinib (10
pg/mL, lane 3, 4) or MAB3481 (100 ng/mL, lane 5, 6) and then treated with no addition
(lane 1, 3, 5) or Bn (100 nM, lane 2, 4, 6) for 15 min. Basal and maximal phosphorylation of
p44/42 were 100% and 182% for control, 75% and 149% of control with gefitinib, and
101% and 137% for MAB3481, respectively. Basal and maximal phosphorylation of Akt
were 100% and 194% for control, 79% and 162% for gefitinib, and 96% and 173% for
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MAB3481, respectively. (B) H441 cells were transfected with either non-targeting (lane 1,
2), anti-EGFR (lane 3, 4) or anti-HERS3 (lane 5, 6) siRNA for 48 hr, and then treated with no
addition (lane 1, 3, 5) or Bn (100 nM, lane 2, 4, 6). Phosphorylation levels of p44/42 and
Akt were analyzed by Western blotting. Top panel shows the representative blot and bottom
graphs shows means + SEM of three independent experiments, respectively. Results are
expressed as % increase with Bn stimulation against basal phosphorylation. * £< 0.05 vs.
no inhibitor (A); * £< 0.05 vs. non-targeting siRNA (B).
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Effect of p44/42 or Akt inhibition on Bn-stimulated cell-growth in NSCLC cells. (A, B)
H441 and Calu-3 cells were incubated with/without Bn (1 uM), in the presence or absence
of PD98059 (10 uM), U0126 (10 pM), Wortmannin (1 pM) or LY 294002 (10 pM) for 24 hr.
Cell-proliferation was assessed by CCK-8 assay (A), and the results were confirmed by

MTS assay (B). Data was presented as % increase with Bn stimulation against basal

proliferation. Basal stimulation for the two cell-lines were 100% for control, 72%-83% for
PD98059, 65%-80% for U0126, 68%-80% for Wortmannin, and 56%-73% for LY 294002,

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Page 40

respectively, and maximal stimulation with Bn for the two cell-lines were 116%-121% for
control, 72%-86% of control with PD98059, 69%-85% for U0126, 83%-94% for
Wortmannin, and 69%-87% for LY 294002, respectively. The mean value + SEM of 4
experiments is indicated. * £< 0.05 vs. no inhibitor (E, F). These results are representative
of 2 others.
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Table 1.
Primers used in RT-PCR
Gene  Forward (5°-3%) Reverse (5’-3") Size (bp)
EGFR TCTTCGGGGAGCAGCGAT TCGTGCCTTGGCAAACTTTC 119
HER2 AGCCGCAGTGAGCACCATGG GTGCCGGTGCACACTTGGGT 102
HER3 CCTATGCAGGGCTACGATTGG GTTGGGCTCAGCAGGTAACT 131
HER4 CATTTGACCATGACCATGTAAACGTC GGAACTGATGACCTTTGGAGGAA 135
B-actin  CCTCGCCTTTGCCGATCC GGAATCCTTCTGACCCATGC 205
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