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AXL cooperates with EGFR to mediate
neutrophil elastase-induced
migration of prostate cancer cells

Zhiguang Xiao1,2,* and Stephen R. Hammes1

SUMMARY

Neutrophil elastase (NE) promotes multiple stages of tumorigenesis. However,
little is known regarding the molecular mechanisms underlying its stimulatory
role. This study shows that NE triggers dose-dependent ERK signaling and cell
migration in a panel of prostate cell lines representing the spectrum of prostate
cell malignancy. All cell lines tested internalize NE; however, NE endocytosis is
not required for ERK activation. Instead, NE acts extracellularly by stimulating
the release of amphiregulin to initiate EGFR-dependent signaling. Inhibiting am-
phiregulin’s biological activity with neutralizing antibodies, as well as gene
silencing of amphiregulin or EGFR, attenuates NE-induced migration in normal
and benign prostatic cells. Alternatively, in prostate cancer cells, knockdown of
receptor tyrosine kinase AXL, but not EGFR, impairs both basal and NE-stimu-
lated migration. When prostate cells progress to malignancy, the switch from
EGFR-to AXL-dependence in NE-mediated migration implies the potential com-
bined application of EGFR and AXL targeted therapy in prostate cancer treat-
ment.

INTRODUCTION

Prostate cancer is the second leading cause of cancer-related death in men (Siegel et al., 2020). Treatment

options for advanced prostate cancer such as radiation, androgen deprivation, and chemotherapy are

often initially efficient at shrinking tumor size and slowing tumor progression; however, over time these

therapies lose effectiveness. In addition to intrinsic heterogeneities of tumor cells, growing evidence sug-

gests that their interactions with the surrounding microenvironment, specifically infiltrating immune cells,

contribute significantly to cancer progression and therapeutic resistance. Through direct contact or

secreting inflammatory stimuli, these diverse immune cells engage in extensive and dynamic crosstalk to

promote tumor growth. We recently showed that granulocytic myeloid cells accumulated in the peripheral

blood and local tumors in human prostate cancer cell xenografts as well as in prostate-specific Pten-null

mouse models (Lerman et al., 2017, 2019). Immunodepletion of these myeloid cells markedly reduced tu-

mor growth. Furthermore, inhibition of myeloid cell-derived neutrophil elastase (NE) similarly mitigated

prostate tumor growth in both models. These results suggest that innate immunity via granulocyte-derived

NE may play an important role in prostate cancer progression.

NE is a serine protease stored in neutrophil azurophilic granules that is traditionally known for its func-

tion in degrading invading pathogens engulfed in the phagolysosome (Korkmaz et al., 2010). During

chronic disease or infection, NE is released at high concentrations to the sites of inflammation as a

result of neutrophil activation. In addition to tissue remodeling, extracellular NE functions as a regulator

of the immune response by actively processing chemokines, cytokines, and specific cellular receptors

(Meyer-Hoffert, 2009). Accordingly, inhibition of NE limits neutrophil infiltration and NE-mediated tissue

damage in various inflammatory disorders, including ischemia, lung injury, and arthritis (Pham, 2006). NE

is also implicated as pro-tumorigenic, with evidence showing reduced tumor growth in mice with ge-

netic deletion or pharmacological inhibition of NE (Starcher et al., 1996; Houghton et al., 2010; Lerman

et al., 2017; Caruso et al., 2015). In fact, elevated serological NE positively correlates with advanced

stages and poor survival in lung cancers (Yamashita et al., 1997). Similarly, NE appears up-regulated

in cases of breast cancer, glioma, and colon adenocarcinoma (Foekens et al., 2003; Iwatsuki et al.,

2000; Ho et al., 2014).
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Several mechanisms have been proposed for NE-mediated cellular responses that potentiate cancer

development. With regard to prostate cancer, NE may contribute to tumor growth by directly increasing

proliferation, migration, and invasion of cancer cells (Lerman et al., 2017). However, how NE signals to

enhance these processes remains unclear. As a protease, NE has broad substrate specificity. Evidence sug-

gests that NE may function intracellularly, with studies demonstrating that lung adenocarcinoma cells can

engulf NE, leading to NE-mediated degradation of insulin receptor substrate-1 (IRS-1) and subsequent

enhancement of PI3K-AKT signaling (Houghton et al., 2010; Gregory et al., 2012). Mechanistically, NE

endocytosis was shown to be mediated by clathrin pits or neuropilin-1, independent of its enzymatic activ-

ity (Gregory et al., 2012; Kerros et al., 2017). Alternatively, NEmay trigger tumor cell processes from the cell

membrane specifically by activating the epidermal growth factor receptor (EGFR) signaling. For instance,

NE in lung cells, via EGFR transactivation, activates P38/NF-kB cascade mediated IL-8 transcription (Kuwa-

hara et al., 2006). NE may also cause the release of EGFR ligands such as EGF and TGFa, leading to EGFR-

dependent ERK activation and MUC5AC induction (Shao and Nadel, 2005; DiCamillo et al., 2002, 2006).

Similarly, NE was shown to promote cell proliferation and migration in esophageal cancer cells via shed-

ding of TGFa, PDGF, and VEGF, with possible activation of their corresponding receptor tyrosine kinases

(RTKs) (Wada et al., 2006). The importance of EGFR signaling has been implicated in normal prostate

growth and neoplastic development (Kambhampati et al., 2005). Histological examination of EGFR expres-

sion in prostatic cancer tissues revealed that EGFR was overexpressed in 18-30% of adenocarcinoma and

significantly associated with high Gleason score, high serum prostate-specific antigen (PSA), and worse

outcomes (Di Lorenzo et al., 2002; Schlomm et al., 2007; De Muga et al., 2010; Hashmi et al., 2019), impli-

cating its role as a prognostic biomarker in prostate cancer.

Given the aforementioned pleiotropic roles of NE, here we explored the effects of NE on EGFR-medi-

ated signaling and migration in human prostate cells by introducing a panel of cell lines derived from

normal, benign, and malignant prostate tissues. Our results reveal a stimulatory activity of NE on EGFR

tyrosine phosphorylation, downstream mitogenic signaling, and migration in all cell lines. We also

delineated the molecular mechanism involved in these regulations, demonstrating that NE triggers

ERK1/2 activation in both normal and neoplastic prostate cells by releasing a soluble form of amphir-

egulin (AREG) to initiate EGFR-dependent signaling. Gene silencing of EGFR or AREG prevents NE-

induced migration of non-malignant prostate cells; however, in prostate cancer cells, the activation

of AXL acts as an alternative receptor tyrosine kinase in response to NE and may mediate resistance

to EGFR targeted therapy.

RESULTS

Endocytosis of neutrophil elastase (NE) in prostate cancer cells is dynamin-dependent

NE-mediated ERK phosphorylation has been demonstrated in various cell types, including prostate cancer

(Lerman et al., 2017). Here, we began by examining/confirming NE-induced ERK activation in a panel of

human prostate cell lines representing the spectrum of prostate cell malignancy: NHPrE1 (normal), BPH-

1 (benign), and DU145 (cancerous) (Table S1). As expected, the addition of NE led to a dose-dependent

activation of ERK1/2 in all cell lines (Figure 1A). Similar ERK activation was further observed in BHPrE1

(normal), RWPE1 (HPV18 transformed primary epithelial cells therefore considered benign), and PC3 (can-

cer) prostate cells (Figure S1, top two panels). Of note, NE concentrations used on our cell lines are within

the range of its expected physiological concentrations (�50 nM = 1.5 mg/mL).

Previous studies showed that clathrin pit-mediated entry of NE into tumor cell endosomes, including lung

and breast, is required for its cell proliferative effects (Houghton et al., 2010; Mittendorf et al., 2012). There-

fore, we examined whether prostate cancer cells, as well as non-malignant prostate cells, could also inter-

nalize NE. By culturing cells in NE–supplementedmedium, immunofluorescence staining revealed intracel-

lular trafficking of NE with predominant perinuclear localization, yet the accessibility varied among cell lines

and was closely associated with cell malignancy (Figure 1B). Specifically, only a few cells in NHPrE1 normal

prostatic colonies were able to engulf NE, whereas poorly differentiated DU145 cancer cells exhibited the

most immunoreactivity, with close to 100% positivity for NE cytoplasmic staining (Figure 1B). Western blot

analysis further showed that prostate cells did not produceNE and that NE entry occurred in a dose-depen-

dent fashion in all three cell lines, as well as in BHPrE1, RWPE1, and PC3 prostate cells (Figures 1C and S1,

bottom panel). We next applied Dynasore treatment, a dynamin inhibitor that prevents clathrin-mediated

internalization, on DU145 prostate cancer cells since they had the most efficient NE uptake. Indeed, Dyna-

sore strongly reduced detectable levels of NE in DU145 cells (Figure 1D, top), confirming that dynamin is
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required for NE endocytosis of prostate cells. However, little or no changes in NE-triggered ERK phosphor-

ylation were associated with this treatment (Figure 1D), indicating that NE endocytosis is not necessary for

ERK activation in prostate cells.

Figure 1. ERK activation is not mediated by NE endocytosis

(A) Cells were serum-starved overnight and then stimulated with NE (doses as indicated) or vehicle (0 mg/mL of NE) for

10 min. Cell lysates were immunoblotted with anti-phospho ERK antibody followed by re-probing the same membranes

with anti-total ERK and Vinculin antibodies. Density quantifications of phosphorylated relative to total ERK are shown on

the histograms. Data are mean G SEM from n = 3 experiments. The asterisks indicate differences between NE versus

vehicle treatment. *p < 0.05 and **p < 0.01 by one-way ANOVA Dunnett test. Mock: cells cultured in complete medium

and no treatment.

(B) Immunofluorescence analysis of cells with NE (green) and the nuclear stain Hoechst 33342 (blue). Cells, after overnight

starvation, were stimulated for 10 min with NE at 2.5 mg/mL (n = 2). The enlarged image in the upper right is NE staining

merged with phase contrast. Scale bar: 100 mm.

(C and D) Serum-starved cells were incubated with NE (doses as indicated), or vehicle for 10 min with (D) or without (C)

30 min of Dynasore (80 mM) pretreatment. Cells lysates prepared for Western blot analysis of NE, phospho and total ERK

(n = 2).

See also Figure S1 and Table S1.
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NE-mediated ERK activation is EGFR dependent

Eliminating the possibility of ERK activation through intracellular NE, we then shifted to the extracellular

function of NE, focusing on its proteolytic involvement in the activation of EGFR dependent signaling.

By examining a panel of human prostate cell lines, we found EGFR was strongly expressed in cell lines

derived from the normal and benign prostatic gland, and there was a preferential expression in

androgen-independent (C4-2, PC3, and DU145) versus androgen-dependent (LNCap, LAPC-4, VCap,

and 22RV1) cells (Figure 2A).

With confirmed EGFR expression in our selected cell lines, we next assessed whether NE-induced ERK acti-

vation was mediated by EGFR phosphorylation. Dose-response studies in serum-starved non-malignant

NHPrE1 and BPH-1 cells revealed a modest increase of NE-induced EGFR phosphorylation, whereas, in

DU145 cancer cells, EGFR was constitutively phosphorylated despite serum deprivation, with little or no

increase upon NE stimulation due to the high basal phosphorylation level (Figure S2). Treatment of cells

with AG1478, a selective EGFR tyrosine kinase inhibitor, almost completely prevented NE-promoted

ERK phosphorylation in all three cell lines, indicating that EGFR kinase activity is required for NE-mediated

ERK activation (Figure 2B).

To ascertain the EGFR dependent stimulatory effect of NE, we abrogated EGFR expression in the three cell

lines using pooled small interfering RNA (siRNA) induced knockdown, noting that EGFR deletion conferred

a significant inhibition in NE-mediated ERK phosphorylation (Figure 2C). Together, these data implicate

that EGFR acts as a critical mediator in NE-induced ERK activation in prostate cells.

Ectodomain shedding of amphiregulin (AREG) regulates NE-induced EGFR/ERK signaling

EGFR activation requires ligand-induced dimerization, which leads to EGFR kinase domain cross-phos-

phorylation and subsequent initiation of downstream signaling cascades. To determine which ligand(s)

are specifically involved in the activation of NE-induced EGFR dependent signaling in prostate cells, we

first measured intracellular mRNA expression levels of seven EGFR agonists (EGF, HBEGF, TGFA, AREG,

BTC, EPGN, and EREG). Quantitative RT-PCR identified AREG as the dominant transcript in all cell types

tested (Figures 3A and S3). In addition, the AREGmRNA abundance was strikingly higher in non-malignant

NHPrE1, BHPrE1, RWPE1, and BPH-1 cells compared to DU145 and PC3 cancer cells (Figures 3A and S3).

Western blot analysis further revealed high AREG protein expression in normal and benign prostatic cells,

and lower expression in all cancer cell lines (Figure 3B).

AREG is synthesized as a 252-amino acid transmembrane precursor (pro-AREG), and extracellular cleavage

of pro-AREG generates a mature soluble ligand that engages in autocrine or paracrine activation of EGFR

(Plowman et al., 1990). To determine whether treatment of prostate cells with NE triggers the release of

AREG, cells were serum-starved for 18 h before NE stimulation and supernatants collected for enzyme-

linked immunosorbent assay (ELISA) evaluation. All three cell lines tested were able to release AREG in

starved conditions (Figure 3C), indicating a potential role of AREG in autocrine-regulated cellular response

in these cells. NE stimulation promoted AREG secretion and peaked with NE at 0.5 and 1 mg/mL, whereas

detectable AREG declined with higher doses of NE, perhaps because of NE-mediated non-specific prote-

olysis of AREG or to direct toxic effects of NE (Figure 3C).

We next assessed whether soluble AREG is responsible for NE-mediated ERK phosphorylation by pretreat-

ment of serum-starved cells with anti-AREG antibody (a-AREG) to neutralize AREG before NE stimulation.

Previous work had shown that application of a-AREG specifically blocked AREG-induced EGFR phosphor-

ylation and had no effect on EGF, HBEGF, or TGFA (Gusenbauer et al., 2015). Treatment with a-AREG

almost completely abrogated NE-induced ERK phosphorylation in BPH-1 cells and caused a moderate

but significant reduction in NHPrE1 cells (Figure 3D, left and middle panels). Inhibition was qualitatively

present but not statistically significant in DU145 cells (Figure 3D, right panel). Together, these data impli-

cate NE-stimulated proteolytic cleavage and release of AREG as an important mechanism modulating

EGFR/ERK activation in prostate cells, perhaps more so in benign prostate cells versus those that are

carcinogenic.

AREG-EGFR axis is essential in NE-induced migration of benign prostatic cells

The ability for cells to migrate is essential for maintaining physical functions and pathologic development.

Our previous study demonstrated that NE directly promoted themigration of prostate cancer cells (Lerman
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Figure 2. EGFR inhibition suppresses NE-mediated ERK activation

(A) Indicated cell lines were lysed and prepared for Western blot analysis of EGFR (n = 2).

(B) Serum-starved NHPrE1, BPH-1, and DU145 cells were pretreated with AG1478 (500 nM) or DMSO for 30 min and then stimulated with NE (doses as

indicated), EGF (50 ng/mL), or vehicle for 10 min. Cells treated with EGF served as positive controls. Blots were probed with anti-phospho ERK antibodies

followed by stripping and re-probing the same membranes with anti-total ERK and GAPDH antibodies. AG1478 induced pERK inhibitions quantified and

displayed on histograms. The asterisks indicate the difference between NE versus AG1478 + NE. Data represent meanG SEM from n = 3 experiments. **p <

0.01 by one-way ANOVA Sidak test. Mock: cells cultured in complete medium and no treatment.

(C) Cells transfected for approximately 55 h with EGFR specific siRNA (siEGFR) or scramble control (siCtrl), and then serum-starved overnight prior to 10 min

stimulation with NE (doses as indicated) or vehicle. Immunoblots for EGFR, pERK, ERK, andGAPDH are shown. siEGFRmediated pERK inhibitions quantified

and displayed on histograms. The asterisk indicates the difference between siCtrl + NE versus siEGFR + NE. Data represent mean G SEM from n = 3

experiments. p values determined by two-way ANOVA Sidak test. *p < 0.05, **p < 0.01.

See also Figure S2.
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Figure 3. NE-initiated EGFR/ERK signaling is mediated by the release of amphiregulin (AREG) in NHPrE1 and

BPH-1 cells

(A) The differential expressions of EGFR ligands in NHPrE1, BPH-1, and DU145 cells were assessed by qRT-PCR and

normalized to EGF expression (defined as 1) (n = 2).

(B) AREG expression by Western blot (n = 2).

(C) Upon serum deprivation for 18 h, cells were stimulated with NE at indicated doses for 10 min. Supernatants were

collected and AREG release measured by ELISA. Asterisks indicate differences between NE versus vehicle treatment

(n = 3). Data represent mean G SEM. p values determined by one-way ANOVA Dunnett test. *p < 0.05, **p < 0.01.

(D) Serum-starved cells were pretreated with 5 mg/mL of AREG neutralizing antibody (a-AREG) or goat IgG control

antibody for 60 min and then stimulated with NE at indicated doses for 10 min. Cell lysates were immunoblotted with anti-

phospho ERK antibody followed by re-probing the same membranes with anti-total ERK and Vinculin antibodies. AREG

neutralizing antibody regulated pERK inhibitions quantified and displayed on histograms. Asterisks indicate differences

between a-AREG + NE versus IgG + NE (n = 3). Data represent mean G SEM. p values determined by one-way ANOVA

Sidak test. ns, not significant. *p < 0.05, **p < 0.01.

See also Figure S3.

ll
OPEN ACCESS

6 iScience 24, 103270, November 19, 2021

iScience
Article



Figure 4. siRNA-mediated knockdown of EGFR or AREG inhibits NE-induced migration of non-malignant

prostatic cells

(A) Cells were serum-starved overnight and then analyzed for NE-induced transwell migration. NHPrE1, BPH-1, and

DU145 cells were seeded in the upper chamber at a density of 5x104, 1x105, and 5x104 cells/insert, respectively.

Representative images shown for cells treated with vehicle (0), 2.5, and 5 mg/mL of NE. The migration ability of each cell

line treated with vehicle control was arbitrarily set to 1. Data were normalized to controls. Data represent mean G SEM

from n = 3 experiments. **p < 0.01 by one-way ANOVA Tukey test. ns, not significant. Scale bar: 400 mm.

(B and C) Cells were transfected with siAREG or scramble control (siCtrl) for 72 h and analyzed for AREG expression by

qRT-PCR (B) and Western blot (C). Data represent mean G SEM from n = 3 experiments.
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et al., 2017). Here we extended our work to determine the migration capacity of prostate normal and

neoplastic cells in the presence and absence of NE. When treated with 2.5 mg/mL of NE, significantly

enhancedmigration was seen in neoplastic BPH-1 and DU145 cells, but not normal NHPrE1 cells. Migration

was even more pronounced when 5 mg/mL of NE was added in all three cell lines (Figure 4A). NE-induced

dose-dependent migration was further seen in PC3 cancer cells (Figure S4A). Notably, migration assays

were performed at 24 h; thus, it is possible that the enhanced migration was due in part to NE-mediated

changes in proliferation. However, NE induced minimal to no proliferation in BPH-1 and DU145 cells over

the same time course (Figure S4B), indicating that proliferation plays a minor role at best in NE-induced

migration. In contrast, with NHPrE1 cells (Figure S4B), NE-induced proliferation was modest but slightly

more robust, suggesting that, in these ‘‘benign’’ cells, we cannot rule out enhanced proliferation as a

component of the observed NE-mediated migratory effects.

Because NE triggers a universal ERK activation in all cell lines tested, we questioned whether blocking ERK

phosphorylation using a pharmacological inhibitor of MEK (PD325901) could abrogate cell migration.

PD325901-mediated pERK inhibition was confirmed by Western blot (Figure S4C), whereas the inhibition

of pERK did not prevent NE-induced migration in DU145 cells (Figure S4D). These results are consistent

with studies in C4-2 cells, where MEK inhibition similarly had no effect on NE-mediated migration (Lerman

et al., 2017).

Next, we assessed the functional impact of AREG inhibition on NE-induced prostate cell migration. Using

AREG siRNAs, we specifically silenced endogenous AREG expression and efficient knockdown of AREG

was confirmed by quantitative RT-PCR (Figure 4B) andWestern blot (Figure 4C). siAREG caused over 50% pro-

tein knockdown in NHPrE1 and BPH-1 cells and over 90% in DU145 cells. EGFR inhibition was performed by

using the aforementioned siRNA directed against EGFR. Notably, NE-induced migration was significantly

abrogated by EGFR and AREG knockdown in non-malignant NHPrE1 and BPH-1 cells (Figures 4D and 4E).

To evaluate whether enhanced migration is mediated by soluble AREG, we pre-incubated BPH-1 cells with

a-AREG prior to NE stimulation. The AREG blockade significantly attenuated NE-induced migration of

BPH-1 cells (Figure 4F). These data confirm the importance of NE-mediated AREG release and EGFR acti-

vation in regulating migration in non-malignant prostate cells.

In contrast, AREG inhibition with either a-AREG or siRNA (Figures S5A and S5B) had little or no effect on

NE-mediated migration in DU145 cancer cells. Furthermore, despite its role in NE-induced ERK activation,

EGFR did not appear to be required for NE-mediated migration in these cells, as siRNA-mediated EGFR

knockdown did not attenuate NE-induced migration (Figure 5C).

AXL is involved in NE-mediated prostate cancer cell migration

Activation of RTK AXL was previously proposed as a prominent mechanism of acquired resistance to EGFR

targeted therapy (Zhang et al., 2012). AXL is aberrantly expressed in various cancers and can modulate cell

growth and invasiveness (Gay et al., 2017). With this in mind, we analyzed our panel of prostatic normal and

cancer cell lines and detected AXL expression (Figure 5A) in a similar pattern to that of EGFR expression

(Figure 2A). Notably, in prostate cancer cell lines, AXL expression was considerably higher in more aggres-

sive DU145 and PC3 cells (Figure 5A).

To establish the relevance of AXL in prostate cancer cell mitogenic signal and migration, we abrogated its

expression in DU145 cells using pooled siRNA. In cells transfected with siRNA directed against either EGFR

or AXL mRNA, basal levels of pERK were slightly lower than the control cells (Figure 5B). Furthermore, NE

Figure 4. Continued

(D and E) siAREG/siEGFR transfected cells were cultured for approximately 50 h and then analyzed for NE-mediated cell

migration. NHPrE1 (D) and BPH-1 (E) cells were plated in the upper chamber at a density of 5x104 and 1x105 cells/well,

respectively. Cell migration was quantified and displayed on histograms (nR 3). Data represent meanG SEM. **p < 0.01

by one-way ANOVA Tukey test.

(F) BPH-1 cells, after overnight serum starvation, were trypsinized and pre-incubated with 10 mg/mL of AREG neutralizing

antibody (a-AREG) or IgG control antibody for 60 min at 4�C. 5x104 cells mixed with 5 mg/mL of NE were then loaded into

the upper chamber for transwell migration assay. Cell migration quantified and displayed on histograms (n = 3). Data

represent mean G SEM. **p < 0.01 by one-way ANOVA Tukey test. Scale bar: 400 mm.

See also Figure S4.
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was unable to cause major increases in pERK levels when either receptor tyrosine kinase was reduced in

expression, confirming the importance of both EGFR and AXL for NE-induced ERK signaling. In contrast,

silencing of EGFR had minimal effect on NE-induced migration, whereas knockdown of endogenous AXL

markedly attenuated basal and NE-stimulated migration (Figure 5C). Notably, combination knockdown of

both EGFR and AXL did not further suppress the NE-mediated migratory effect relative to AXL knockdown

alone (data not shown), suggesting that AXL is acting independently of EGFR to regulate NE-mediated

migration in these cells. Similarly, AXL knockdown in PC3 cells resulted in almost complete attenuation

of migration in the presence of NE (Figures 5D and 5E). Together, these results indicate that, while both

EGFR and AXL are required for NE-induced ERK activation in the prostate cancer cell lines tested, NE-

mediated migration requires AXL over EGFR.

DISCUSSION

Myeloid cell-derived NE is known to play an important role in the progression of many different cancers

(Houghton et al., 2010; Deryugina et al., 2020; Caruso et al., 2015), including prostate (Lerman et al.,

2017). This study provides new insights into the molecular events regulating NE-induced mitogenic

signaling and migration in preneoplastic prostate and cancer cells by activating dual EGFR and AXL

signaling cascades.

By immunofluorescence and Western blot analysis, we demonstrate rapid dynamin-mediated intracellular

trafficking of NE in prostate cells that lack endogenous NE expression. These observations are consistent

with other studies showing NE endocytosis in cancer cells, including lung, ovarian, colon, and breast

(Houghton et al., 2010; Alatrash et al., 2012; Gregory et al., 2012; Mittendorf et al., 2012; Kerros et al.,

2017). However, in our study, NE uptake varied considerably depending on the potential malignancy of

the cell lines, ranging from the least in NHPrE1 normal prostate epithelium cells to the highest in aggressive

DU145 carcinoma cells. We propose that the stem-like properties of NHPrE1 cells may contribute to effi-

cient NE efflux, preventing significant intracellular accumulation. NE import has been associated with intra-

cellular cleavage of IRS1 and subsequent activation of the PI3K/AKT pathway in lung adenocarcinoma cells

(Houghton et al., 2010; Gregory et al., 2012). However, regardless of the accessibility of NE in prostate cell

lines tested, analysis of NE-induced AKT signaling did not reveal significant activation of this pathway (data

not shown). Instead, we saw compelling NE-mediated activation of ERK signaling, which occurred even

when NE uptake was effectively inhibited. Thus, the consequence of NE internalization in prostate cells re-

mains unclear.

Our data strongly implicate extracellular functions of NE in promoting ERK signaling via activation of

RTKs such as EGFR. This is in agreement with the previous work showing that in lung fibroblasts and can-

cer cells, NE initiates EGFR/MEK/ERK signaling (DiCamillo et al., 2002, 2006; Song et al., 2005). In addi-

tion to androgens, recent advances suggest that the EGFR ligands, through autocrine or paracrine net-

works, may play important roles during the process of prostate cancer development. For instance, the

prostate gland secretes large amounts of EGF (Marti et al., 1989). Accordingly, monolayer culture of pre-

neoplastic prostate cells, including NHPrE1 and BHPrE1 used in our study, requires EGF, not androgen,

as a supplement for cell growth. In contrast, TGFA is found primarily in stromal cells at early-stage can-

cer. Loss of cell contact inhibition elevates TGFA secretion in advanced androgen-independent tumor

cells (DeHaan et al., 2009). EGF and TGFA, to our knowledge, are the only EGFR ligands currently

described to promote EGFR/ERK signaling and cell migration in response to NE (DiCamillo et al.,

2002; Kohri et al., 2002; Wada et al., 2006).

Figure 5. Knockdown of AXL but not EGFR attenuates NE-mediated prostate cancer cell migration

(A) Differential AXL expression by Western blot (n = 2).

(B) DU145 cells transfected for approximately 55 h with EGFR or AXL specific siRNA (siEGFR or siAXL) or scramble control, and then serum-starved overnight

prior to 10 min stimulation with NE (0.5 mg/mL) or vehicle. Immunoblots for EGFR, AXL, pERK, ERK, and GAPDH are shown. siEGFR/siAXL mediated pERK

inhibitions are quantified and displayed on histograms. Data represent mean G SEM from n = 4 experiments. **p < 0.01 by one-way ANOVA Tukey test. ns,

not significant.

(D) siRNA-mediated reduction of EGFR and AXL expression in PC3 cells with 72 h transfection.

(C and E) siEGFR/siAXL transfected cells cultured for approximately 50 h and then analyzed for NE mediated cell migration. DU145 (C) and PC3 (E) cells

plated in the upper chamber at a density of 4x104 and 2x105 cells/well, respectively. Cell migration quantified and displayed on histograms. Data represent

means G SEM from n R 3 experiments. **p < 0.01 by one-way ANOVA Tukey test. ns, not significant. Scale bar: 400 mm.

See also Figure S5.
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Here we found AREG, of seven EGFR agonists, the most abundant transcript expressed in all tested pros-

tate cell lines representing different stages of tumor progression. AREG protein further exhibited higher

expression in normal and benign prostate cell lines relative to the prostate cancer cell lines, suggesting

that AREG might play a more important role in preneoplastic prostate growth versus carcinogenesis.

Furthermore, ELISA analysis demonstrated that NE releases AREG to activate EGFR-dependent down-

stream mitogenic signaling. These data are supported by the finding that functional blocking of soluble

AREG significantly inhibited NE-triggered ERK activation. In NHPrE1 and DU145 cells, the partial reduction

of pERK following the addition of anti-AREG neutralizing antibodies, suggests other mechanisms of auton-

omous cell growth regulation are potentially active. The molecular mechanism of how NE triggers the

release of AREG is not explored in our study. It is possible that NE employs its protease function by directly

cleaving membrane-bound AREG, or more likely by first activating other sheddases. Several ADAM family

members have been shown to mediate EGFR transactivation induced by G protein-coupled receptor ag-

onists in various cell types. For example, in squamous cell carcinoma SCC-9 cells, ADAM17mediates AREG

shedding and EGFR transactivation by LPA (Gschwind et al., 2003). Other studies also showed NE, by acti-

vating ADAM17, induces TGFA release and mucin production in airway epithelial cells (Shao and Nadel,

2005; Kohri et al., 2002).

Despite the great homology with EGF (38%) and TGFA (32%) (Busser et al., 2011), AREG has a significantly

lower affinity for EGFR, which makes it less effective in inducing EGFR tyrosine phosphorylation (Macdon-

ald-Obermann and Pike, 2014). Likewise, NE-initiated EGFR phosphorylation in our tested prostate cells is

minimal. It is documented that AREG exhibits an exclusive activation of EGFR (Shin et al., 2003). For further

confirmation, it will be important to examine the effect of NE on the activation of other ErbB members

(HER2, HER3, and HER4) in prostate cell settings.

Aberrant EGFR expression was frequently detected in prostate cancer tissues associated with high-grade

advanced stages (Schlomm et al., 2007; Hashmi et al., 2019), suggesting EGFR may play a mechanistic role

in the progression of prostate cancer. Therefore, EGFR-targeted therapy can be a potential treatment op-

tion. Unfortunately, despite the promising results brought by preclinical studies, EGFR tyrosine kinase in-

hibitor Gefitinib in clinical trials has shown little activity as amonotherapy or in combination with Docetaxel,

a standard first-line treatment for hormone-refractory prostate cancer (Canil et al., 2005; Gross et al., 2007).

In accordance with the clinical studies, silencing of EGFR and AREG had little or no effect on NE-mediated

migration in prostate cancer cells. Instead, AXL was highly expressed in advanced DU145 and PC3 prostatic

cancer cells, and knockdown of AXL almost completely abrogated NE-induced migration in both cell lines.

The switch from an EGFR-to AXL-dependent mechanism in cell migration stresses the role of AXL in pros-

tate cancer progression. Notably, clinical trials are already underway using AXL inhibition to treat several

different types of cancer (Zhu et al., 2019). Therefore, the potential utility of anti-AXL treatments could be

analyzed in EGFR-expressing prostate cancer.

AXL, a member of the TAM (TYRO3, AXL, and MER) family of RTK, is overexpressed in several hematologic

and solid tumors, including the prostate. Evidence suggests that aberrant AXL expression regulates

diverse cellular processes, including epithelial to mesenchymal transition, angiogenesis, and decreased

antitumor immune response and therapeutic resistance (Gay et al., 2017; Vajkoczy et al., 2006). Consistent

with our findings, in prostate cancer cell lines, AXL signaling is important in regulating mitogenic activity

(Sainaghi et al., 2005), with AXL knockdown leading to decreased cell proliferation, migration, invasion,

and tumor growth (Mishra et al., 2012; Shiozawa et al., 2010; Paccez et al., 2013). Canonical activation of

AXL signaling requires its specific ligand-growth arrest-specific protein 6 (GAS6) (Sasaki et al., 2006). NE

may regulate the release of soluble GAS6, which then activates AXL for diverse cellular responses. How-

ever, we could not detect GAS6 in the media of NE-treated DU145 cells, nor did GAS6 neutralizing anti-

bodies interfere with NE-induced cell migration (data not shown). Therefore, we propose a GAS6-indepen-

dent mechanism of AXL activation, e.g., overexpression induced homotypic aggregation of AXL

extracellular domains on adjacent cells (Bellosta et al., 1995) or heterodimerization with other transmem-

brane receptors such as EGFR, MET (hepatocyte growth factor receptor), PDGF (platelet-derived growth

factor), and VEGFR-2 (vascular endothelial growth factor receptor-2) (Meyer et al., 2013; Ruan and Kazlaus-

kas, 2012), to initiate downstream programs in prostate cancer cells.

In summary, our study demonstrates an essential role of the AREG-EGFR signaling axis in NE-triggered

prostatic cellular responses. AXL may act as a cooperative player in more advanced prostate cancer,

ll
OPEN ACCESS

iScience 24, 103270, November 19, 2021 11

iScience
Article



both in response to NE from the innate immune response as well as to other external signaling that might

drive prostate cancer progression. Given our data, a combination of EGFR and AXL targeted therapy may

serve as a potential therapeutic option in advanced prostate cancer treatment.

Limitations of the study

Although our studies reveal that NE promotes EGFR activation and migration in non-malignant prostate

cells via amphiregulin release, we have not yet determined precisely how NE triggers amphiregulin ecto-

domain shedding in those cells. In addition, although we discovered that NE promotes prostate cancer cell

migration via AXL rather than EGFR, the mechanisms behind this NE-mediated AXL activation remain un-

determined. Finally, although our results are robust and consistent in multiple prostate cell lines, future

studies will need to focus on in vivo application of EGFR and AXL targeted therapy in prostate cancer

treatment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal anti-Neutrophil elastase Abcam Cat# ab68672; RRID:AB_1658868

Mouse monoclonal anti-Neutrophil Elastase (NP57)

Alexa Fluor� 488

Santa Cruz Biotechnology Cat# sc-53388; RRID:AB_630032

Rabbit Polyclonal anti-EGF Receptor Cell Signaling Technology Cat# 2232; RRID:AB_331707

Rabbit Polyclonal anti-Phospho-EGF Receptor

(Tyr1068)

Cell Signaling Technology Cat# 2234; RRID:AB_331701

Rabbit Polyclonal anti- p44/42 MAPK (Erk1/2) Cell Signaling Technology Cat# 9102; RRID:AB_330744

Rabbit Polyclonal anti- p44/42 MAP kinase

(phosphorylated Erk1/2) antibody

Cell Signaling Technology Cat# 9101; RRID:AB_331646

Rabbit Polyclonal anti-Amphiregulin Proteintech Cat# 16036-1-AP; RRID:AB_2227602

Mouse monoclonal anti-GAPDH Abcam Cat# ab9484; RRID:AB_307274

Mouse monoclonal anti-Vinculin Santa Cruz Biotechnology Cat# sc-73614; RRID:AB_1131294

Goat Polyclonal anti-AXL R&D Systems Cat# AF154; RRID:AB_354852

Goat Polyclonal anti-Amphiregulin R&D Systems Cat# AF262; RRID:AB_2243124

Goat Polyclonal IgG Control R&D Systems Cat# AB-108-C; RRID:AB_354267

Goat Anti-Rabbit IgG (H L)-HRP Conjugate antibody Bio-Rad Cat# 170-6515; RRID:AB_11125142

Goat Anti-Mouse IgG (H L)-HRP Conjugate antibody Bio-Rad Cat# 170-6516; RRID:AB_11125547

Rabbit Anti-Goat IgG (H L)-HRP Conjugate antibody Bio-Rad Cat# 172-1034; RRID:AB_11125144

Chemicals, peptides, and recombinant proteins

Human Neutrophil Elastase Molecular Innovations SKU: HNE-L

EGF Recombinant Human Protein Thermo Fisher Scientific Cat# PHG0311

N-(3-chlorophenyl)-6,7-dimethoxyquinazolin-4-amine

(AG1478)

Sigma-Aldrich Cat# 658548; CAS: 175178-82-2

N-[(E)-(3,4-dihydroxyphenyl)methylideneamino]-3-

hydroxynaphthalene-2-carboxamide;hydrate

(Dynasore)

Sigma-Aldrich Cat# D7693; CAS: 1202867-00-2

N-[(2R)-2,3-dihydroxypropoxy]-3,4-difluoro-2-(2-

fluoro-4 iodoanilino)benzamide (PD0325901)

Selleckchem Cat# S1036; CAS 391210-10-9

Critical commercial assays

Human Amphiregulin Quantikine ELISA Kit R&D Systems Cat# DAR00

RNeasy Plus Mini Kit QIAGEN Cat# 74134

BrdU Cell Proliferation Assay Kit Cell Signaling Technology Cat# 6813

Deposited data

Original western blot images This paper Mendeley at https://doi.org/

10.17632/6x8r2kt6ky.1

Experimental models: Cell lines

Human prostate NHPrE1 Simon W. Hayward, NorthShore University

HealthSystem

N/A

Human prostate BHPrE1 Simon W. Hayward, NorthShore University

HealthSystem

N/A

Human prostate RWPE-1 ATCC RRID:CVCL_3791

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and data should be directed to and will be fulfilled by the

lead contact, Zhiguang Xiao (Zhiguang_Xiao@urmc.rochester.edu).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human prostate BPH-1 Donald DeFranco, University of Pittsburgh RRID:CVCL_1091

Human prostate LAPC-4 Kent Nastiuk, University at Buffalo RRID:CVCL_4744

Human prostate Vcap Kent Nastiuk, University at Buffalo RRID:CVCL_2235

Human prostate DU145 Kent Nastiuk, University at Buffalo RRID:CVCL_0105

Human prostate 22Rv1 Kent Nastiuk, University at Buffalo RRID:CVCL_1045

Human prostate LNCaP Ganesh Raj, University of Texas Southwestern RRID:CVCL_0395

Human prostate PC3 Ganesh Raj, University of Texas Southwestern RRID:CVCL_0035

Human prostate C4-2 Ganesh Raj, University of Texas Southwestern RRID:CVCL_4782

Oligonucleotides

Human epidermal growth factor (EGF) Applied Biosystems Assay ID: Hs01099990_m1

Human heparin-binding EGF-like growth factor

(HBEGF)

Applied Biosystems Assay ID: Hs00811813_m1

Human transforming growth factor-alpha (TGFA) Applied Biosystems Assay ID: Hs00608187_m1

Human epigen (EPGN) Applied Biosystems Assay ID: Hs02385424_m1

Human betacellulin (BTC) Applied Biosystems Assay ID: Hs01101201_m1

Human amphiregulin (AREG) Applied Biosystems Assay ID: Hs00950669_m1

Human epiregulin (EREG) Applied Biosystems Assay ID: Hs00914313_m1

Human GAPDH Applied Biosystems Assay ID: Hs02786624_g1

EGFR siRNA Dharmacon L-003114-00-0005

AREG siRNA Dharmacon L-017435-00-0005

AXL siRNA Dharmacon L-003104-00-0005

siRNA non-targeting control Pool Dharmacon D-001810-10

Software and algorithms

ImageJ 1.52 NIH https://imagej.nih.gov/ij/

GraphPad Prism 8.2.0. GraphPad Prism https://www.graphpad.com/

Photoshop Adobe https://www.adobe.com/products/

photoshop.html

Other

NuPAGE� LDS Sample Buffer Invitrogen Cat# NP0007

qScript XLT one-Step RT-qPCR ToughMix Kit QuantaBio Cat# 89236-672

Clarity Western ECL Substrate Bio-Rad Cat# 1705061

PVDF membrane Bio-Rad Cat# 1620177

RIPA buffer Thermo Fisher Scientific Cat# 89900

Halt� protease and phosphatase inhibitor cocktail Thermo Fisher Scientific Cat# 78441

Nunc� Lab-Tek� 4-well chamber slides Thermo Fisher Scientific Cat# 177399

LipofectamineTM RNAiMAX Thermo Fisher Scientific Cat# 13778075

Insulin-Transferrin-Selenium-Ethanolamine (ITS -X) Thermo Fisher Scientific Cat# 51500056

VECTASHIELD� HardSet� Antifade Mounting

Medium with DAPI

Vector Laboratories Cat# H-1500

Bovine Pituitary Extract Hammond Cell Tech Cat# 1078-NZ

Transwell Corning Cat# 29442-120
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d Original western blot images have been deposited at Mendeley and are publicly available as of the date

of publication. The DOI is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human prostate cell lines

Human prostate NHPrE1 and BHPrE1 cells (from Simon W. Hayward, NorthShore University HealthSystem, IL)

were cultured in DMEM/F12 (Gibco) supplemented with 5% fetal bovine serum (FBS, Seradigm), 1% insulin-

transferrin-selenium-Ethanolamine (ITS-X, Gibco), 0.4% bovine pituitary extract (BPE, Hammond Cell Tech),

10 ng/ml EGF (Thermo Scientific), and 1% penicillin-streptomycin (P/S, Gibco). RWPE-1 cells (RRID:CVCL_3791)

(American Type Culture Collection (ATCC)) were cultured in keratinocyte serum-free medium (Gibco) supple-

mented with 25 mg/mL BPE (Gibco), 5 ng/mL EGF (Gibco) and 1% P/S. BPH-1 (RRID:CVCL_1091) (from Donald

DeFranco, University of Pittsburgh, PA), LAPC-4 (RRID:CVCL_4744), DU145 (RRID:CVCL_0105), 22Rv1

(RRID:CVCL_1045) (from Kent Nastiuk, University at Buffalo, NY), LNCaP (RRID:CVCL_0395), PC3

(RRID:CVCL_0035) and C4-2 (RRID:CVCL_4782) cells (from Ganesh Raj, University of Texas Southwestern, TX)

were cultured in RPMI-1640 (Gibco) supplemented with 10% FBS and 1% P/S. VCaP cells (RRID:CVCL_2235)

(from Kent Nastiuk) were cultured in DMEM (Gibco) supplemented with 10% FBS and 1% P/S. All cells were

maintained in 5% CO2 at 37�C. For NHPrE1 and BHPrE1 cells, cell morphological changes that indicate differ-

entiation were monitored, and fresh medium was added daily.

METHOD DETAILS

Cell signaling studies with human neutrophil elastase

NHPrE1, BHPrE1, RWPE1, BPH-1, PC3 and DU145 cells were seeded in 6-well plates at 3 x 105, 4 x 105, 3 x

105, 2 x 105, 4 x 105 and 3 x 105 cells/well, respectively. The next day the cells were gently rinsed with PBS to

remove all serum, and then starved 18 h in corresponding basal medium (DMEM/F12 for NHPrE1, BHPrE1

cells, keratinocyte serum-free medium for RWPE1 cells, and RPMI-1640 for BPH-1, PC3, and DU145 cells).

Human Neutrophil Elastase (NE, Molecular Innovations) at the indicated concentrations were added

directly into the starved medium for 10 min. For inhibitory studies, prior to NE stimulation, cells were pre-

treated with AG1478 (500 nM in DMSO) (#658548, Sigma-Aldrich) or Dynasore (80 mM in DMSO) (#D7693,

Sigma-Aldrich) for 30 min, or with amphiregulin-neutralizing antibody (5 mg/mL in PBS) (AF262, R&D Sys-

tems) or normal Goat IgG control (5 mg/mL in PBS) (AB-108-C, R&D Systems) for 60 min. NE was prepared

at 1 mg/mL stock in 0.05 M Na Acetate pH 5.0 containing 0.1 M NaCl.

Cell proliferation assay

NHPrE1, BPH-1 and DU145 cells were seeded in 96-well plate overnight at 1.5x104, 1x104 and 1.5x104 cells/well,

respectively. Cells were then starved in corresponding basal medium overnight. Human NE at the indicated

concentrations, along with 10 mM BrdU, were added to the plate and cells were incubated for 24 h. Cell prolif-

eration was assessed using the BrdU Cell Proliferation Assay Kit (#6813, Cell Signaling Technology).

Enzyme-linked immunosorbent assay (ELISA)

As above, cells were serum-starved for 18 h prior to 10 min of NE stimulation. Supernatants were collected,

centrifuged at 2000 rpm for 10 min at 4�C to remove cellular debris, and frozen at -80�C in aliquots. Amphir-

egulin protein was measured using sandwich ELISA (DAR00, R&D Systems). The absorbance at 450 nm was

read with a reference wavelength of 540 nm using an ELISA plate reader.

Western blot analysis

Cells were washed once with cold PBS and lysed in RIPA buffer (#89900, Thermo Fisher Scientific) supple-

mented with 13 Halt� protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Insoluble
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cell fragments were removed under centrifugation at 13,000 3 g for 20 min at 4�C. Protein lysates along

with NuPAGE� LDS Sample Buffer (NP0007, Invitrogen) were heated at 70�C for 10 min, separated on

7.5, 10, or 12.5% SDS–PAGE, and transferred to PVDF membranes (#1620177, Bio-Rad). The primary anti-

bodies were used against pEGFR (#2234, Cell Signaling Technology), EGFR (#2232, Cell Signaling Technol-

ogy), AXL (AF154, R&D), amphiregulin (16036-1-AP, Proteintech), pERK (#9101, Cell Signaling Technology),

and ERK (#9102, Cell Signaling Technology), Neutrophil Elastase (ab68672, Abcam), GAPDH (ab9484,

Abcam), and Vinculin (#73614, Santa Cruz Biotechnology). Secondary HRP-conjugated anti-rabbit, mouse,

and goat (Bio-Rad) antibodies were used and detection was done using Clarity Western ECL Substrate

(#1705061, Bio-Rad).

Quantitative RT-PCR (qRT-PCR)

RNA was extracted using the RNeasy Plus Mini Kit (#74134, QIAGEN). All quantitative PCR reactions were

carried out in the StepOne plus Real-Time PCR system (Applied Biosystems) using the qScript XLT one-

Step RT-qPCR ToughMix Kit (#89236-672, QuantaBio) and TaqMan primers (Applied Biosystems) for the

following: human epidermal growth factor (EGF) (Hs01099990_m1), heparin-binding EGF-like growth fac-

tor (HBEGF) (Hs00811813_m1), transforming growth factor-alpha (TGFA) (Hs00608187_m1), epigen (EPGN)

(Hs02385424_m1), betacellulin (BTC) (Hs01101201_m1), amphiregulin (AREG) (Hs00950669_m1), and epire-

gulin (EREG) (Hs00914313_m1). Each sample was normalized to GAPDH (Hs02786624_g1) as an internal

control. Differential expression was calculated according to the DDCT relative quantification method.

Immunofluorescence staining

NHPrE1, BPH-1, and DU145 cells (7.5 x 104 cells) were plated onto Nunc� Lab-Tek� 4-well chamber slides

(#177399, Thermo Fisher Scientific) and allowed to adhere for 24 h. Cells were then serum-starved over-

night. 10 min after stimulation with 2.5 mg/mL human NE, cells were immediately fixed with 4% PFA, per-

meabilized with 0.3% Triton 100 in PBS, blocked with 10% normal goat serum/0.1% Tween 20 in PBS,

and incubated with Alexa Fluor 488-conjugated Neutrophil Elastase antibody (1:100, sc-53388 AF488,

Santa Cruz Biotechnology). Coverslips were mounted in VECTASHIELD� HardSet� Antifade Mounting

Medium with DAPI (H-1500, Vector Laboratories). Image acquisition was carried out using an Olympus

IX71 inverted microscope and the Olympus cellSens software.

Small interfering RNA (siRNA) transfection

NHPrE1, BPH-1, DU145 and PC3 cells were seeded in 6-well plates in antibiotic-free culture medium at a

density of 2 x 105, 1.5 x 105, 2 x 105 and 3 x 105 cells/well, respectively. The next day the transfection of siRNA

SMARTPool (Dharmacon) specific for EGFR (L-003114-00-0005), AREG (L-017435-00-0005), AXL (L-003104-

00-0005) as well as corresponding non-targeting control Pool (D-001810-10) were carried out using Lipofec-

tamineTM RNAiMAX (#13778075, Thermo Fisher Scientific) according to the manufacturer’s protocol.

Boyden chamber migration assay

Cells were resuspended in 200 ml of serum-free basal medium containing NE at the indicated concentration

or vehicle and plated in Corning Boyden chamber inserts (6.5 mm diameter and 8 mmpore size) in 24-trans-

well dishes at various densities (specified in figure legends). In the bottom chamber, 750 ml of complete cul-

ture medium was added. Cells were permitted to migrate for 24 h, then fixed and stained with 0.5% of crys-

tal violet (Sigma). For each experiment, images of 10 fields from 2 insert wells were captured usingOlympus

IX71 inverted microscope. The value of the migrated cells was calculated and analyzed with the Photoshop

CS3 extended measurement feature.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Band intensities were quantified using ImageJ 1.52 (NIH) software. Data are presented as mean G SEM

from three independent experiments unless stated otherwise. Statistical analyses were performed using

GraphPad Prism 8.2.0. Multiple comparisons were evaluated using one-way or 2way ANOVA, and signifi-

cance defined as P < 0.05. P values were shown on the figures as asterisks: *P < 0.05; **P < 0.01, p >

0.05 was considered not significant (ns). The number of replicates used per condition is provided within

the corresponding figure legends.
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