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Abstract

The Hippo pathway effector YAP is dysregulated in malignant pleural mesothelioma

(MPM). YAP's target genes include the secreted growth factor amphiregulin

(AREG), which is overexpressed in a wide range of epithelial cancers and plays

an elusive role in MPM. We assayed the expression of YAP and AREG in MPM

pathology samples and that of AREG additionally in plasma samples of patients

from the randomized phase 3 IFCT-0701 Mesothelioma Avastin Cisplatin

Pemetrexed Study (MAPS) using immunohistochemistry and ELISA assays,

respectively. MPM patients frequently presented high levels of tumor AREG

(64.3%), a high cytosolic AREG expression being predictive of a better prognosis

with longer median overall and progression-free survival. Surprisingly, tumor

AREG cytosolic expression was not correlated with secreted plasma AREG. By

investigating the AREG metabolism and function in MPM cell lines H2452,

H2052, MSTO-211H and H28, in comparison with the T47D ER+ breast cancer

cell line used as a positive control, we confirm that AREG is important for cell

invasion, growth without anchorage, proliferation and apoptosis in mesotheli-

oma cells. Yet, most of these MPM cell lines failed to correctly execute AREG

posttranslational processing by metalloprotease ADAM17/tumor necrosis

factor-alpha-converting enzyme (TACE) and extracell secretion. The favorable

prognostic value of high cytosolic AREG expression in MPM patients could

therefore be sustained by default AREG posttranslational processing and

release. Thus, the determination of mesothelioma cell AREG content could be

further investigated as a prognostic marker for MPM patients and used as a

stratification factor in future clinical trials.

K E YWORD S

amphiregulin, malignant pleural mesothelioma, YAP

What's new?

Malignant pleural mesothelioma (MPM) is an aggressive cancer, for which novel markers

and therapeutic strategies are needed. Here, in MPM tumor specimens and controls, the

authors investigated the prognostic potential of amphiregulin (AREG), a target of the tran-

scriptional coactivator YAP, which drives MPM progression. Relative to controls, MPM

patients with high cytosolic AREG expression had better prognosis, with longer survival.

Analyses suggest that high cytosolic AREG expression results from sustained default AREG

post-translational processing and release. AREG tumor expression may be a valuable tool

for the identification of MPM patients with favorable prognosis, enabling adaptations in

their therapeutic care.

1 | INTRODUCTION

Several alterations in the Hippo pathway have been reported in

malignant pleural mesothelioma (MPM), including LATS2 and NF2

mutations.1-3 MPM is a rare but aggressive cancer that is mainly cau-

sed by occupational asbestos exposure affecting the lung envelope.4

Indeed, MST1/Hippo promoter gene methylation, resulting in

nuclear active YAP accumulation, predicted poor survival in MPM

patients enrolled in the phase 3 IFCT-GFPC-0701 Mesothelioma

Avastin Cisplatin Pemetrexed Study (MAPS).2 This is probably

because YAP, which is a transcriptional coactivator, causes transcrip-

tion of genes involved in cell motility, growth, survival and epithelial-

mesenchymal transition (EMT).5 Consistently, in MPM cell lines H2052

and H2452, MST1/Hippo depletion increased nuclear YAP accumula-

tion, with an increased expression of its transcriptional targets ANKDR1

and Cyr61.3
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Amphiregulin (AREG), another target gene of YAP or its ortho-

log TAZ,6 encodes a transmembrane precursor protein named

pro-AREG.7 Proteolytic processing and functional activation of pro-

AREG is achieved by the metalloprotease ADAM (A disintegrin and

metalloproteinase) 10 or ADAM17, also known as tumor necrosis

factor-alpha-converting enzyme (TACE).8 This proteolytic cleavage

of pro-AREG leads to the release of the soluble and mature part of

AREG (sAREG), which is a ligand of the epidermal growth factor

receptor (EGFR) that directly stimulates the EGFR downstream

intracellular signaling cascades governing cell survival, proliferation

and motility. By its mitogenic action, AREG plays a central role in

lung organogenesis.9 However, it may also act as an oncogene in

some cellular contexts.7 AREG is indeed overexpressed in a wide

range of epithelial cancers, including those of the lung10 and

breast,11 as well as head and neck squamous cell carcinomas

(HNSCC).12 It is also reported to be associated with poor overall

survival (OS), especially in HNSCC13 and nonsmall-cell lung carci-

noma (NSCLC).14 This worse prognostic value has also been found

for sAREG quantification in serum.15,16

AREG's place in the natural history of MPM remains unknown.

AREG stimulates the invasion of MPM cells,17 and MPM cells were

reported to express more AREG and EGFR compared to their normal

mesothelial cells' counterparts.18 This suggests that an excessive

EGFR activation loop contributes to the aggressiveness of mesothe-

lioma, while no activating EGFR mutation was ever described in

MPM. Moreover, AREG was recently shown to enhance vascular

endothelial growth factor (VEGF)-A production and endothelial tube

formation and to promote angiogenesis or lymphangiogenesis in differ-

ent cancer cell models,19,20 because its expression is up-regulated in

hypoxic conditions by the transcription cofactor hypoxia-inducible

factor-2 (HIF-2). We herein report in a unique way that AREG expres-

sion predicted better survival of MPM patients from the IFCT-0701

MAPS phase 3 trial, which established the efficacy of the anti-VEGF

monoclonal antibody bevacizumab in MPM patients.21 AREG post-

translational processing and release were actually shown to be faulty in

most MPM cells and can therefore not exercise their mitogenic actions.

2 | MATERIALS AND METHODS

2.1 | Patients from the MAPS trial

From February 13, 2008, to January 5, 2014, 448 patients were ran-

domly assigned to the experimental arm (pemetrexed plus cisplatin

and bevacizumab [CisPem+Beva]) or to the reference arm (pemetrexed

plus cisplatin [CisPem]). The main clinical results have been previously

reported.21

2.2 | Cell culture, transfection and treatments

Human MPM cell lines MSTO-211H (RRID:CVCL_1430), NCI-H2452

(RRID:CVCL_1553), NCI-H28 (RRID:CVCL_1555), NCI-H2052

(RRID:CVCL_1518) from the American Tissue Culture Collection

(ATCC) and T-47D (RRID:CVCL_0553), a generous gift from Pr Le

Romancer (Cancer Research Center, Lyon, France), were maintained in

RPMI-1640 medium supplemented with 10% fetal bovine serum,

10 mM L-glutamine, streptavidin/penicillin (100 μg/mL) and kanamycin

(100 μg/mL). All human cell lines have been authenticated using short

tandem repeat profiling within the last 3 years. All experiments were per-

formed with mycoplasma-free cells.

Cells were transfected with siRNA or plasmid DNA using

JetPRIME (Polyplus-transfection), as previously reported3 (Table S1).

Exogenous AREG (20 ng/mL) was added to the cell supernatant

24 hours following the cell transfection or treated with phorbol

12-myristate 13-acetate (PMA, 25 ng/mL) for 30 minutes to

3 hours.

2.3 | Real time reverse transcription-polymerase
chain reaction

After total RNA extraction, real time reverse transcription-polymerase

chain reaction (RT-PCR) was performed on each primer sets (Table S2),

as previously described,22 and normalized to S16. Relative quantifi-

cation was calculated using the delta-delta-Ct method. Primers

used for TACE amplification by RT-PCR and sequencing are listed

in Table S3.

2.4 | Subcellular fractionation

Cells were trypsinized then Total, Nuclear and Cytosolic enriched

fractions were isolated using Abcam's Cell Fractionation Kit

(Standard) (ab109719, Abcam) according to manufacturer's instruc-

tions. Purity of subcellular fractions were checked by assaying the

contamination of a cell compartment by another, detecting in each

fraction Histone H3 (a nuclear protein) and GAPDH (a cytoplasmic

protein) contents.

2.5 | Immunoblotting

Whole-cell protein extracts were prepared as previously described,22

and proteins detected by immunoblotting with a primary antibody

(Table S4) were diluted at 1:1000 in Tween (0.1%)-Tris-buffered saline

(TBS) buffer and a horseradish peroxidase (HRP)-conjugated second-

ary antibody before being revealed using an enhanced chemilumines-

cence kit (Promega).

2.6 | Immunofluorescence and image analysis

Cells were fixed and permeabilized as described previously.22

Primary antibodies (Table S4) were diluted at 1:100. Secondary

antibodies (AlexaFluo, Invitrogen) were added for 1 hour.
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Coverslips were mounted with DAPI (Santa Cruz), and images

were captured with high-throughput confocal microscopy (FluoView

FV1000, Olympus).

2.7 | AREG measurements on plasma or cells

Amphiregulin release in the plasma of MPM patients in the IFCT-

GFPC-0701 MAPS trial was quantified using the amphiregulin

Quantikine ELISA kit (R&D system), according to the manufac-

turer's instructions.

Amphiregulin that was associated with cells (cellular AREG) or

that was released in the culture medium (sAREG) was measured using

a DuoSet-ELISA kit (R&D system), according to the manufacturer's

instructions.

2.8 | Immunohistochemistry

Slides from Tumor paraffin-embedded blocks were pretreated with

0.01 mol/L citrate buffer (pH 6; Dako) for 20 minutes at 100�C,

then immunostainings were performed with automated immunohis-

tochemical stainer (Dako). Slides were successively incubated at

room temperature in 3% H2O2 for 5 minutes, then with monoclonal

antibody (Table S4) diluted at 1:200 for 60 minutes at room temper-

ature. Finally, antibody fixation was revealed by the EnVision+ Dual

Link System (Dako).

The staining intensity was recorded by two expert pathologists

(MA and CD) blinded to treatment arm. YAP was scored as 0 (nega-

tive), 1 (weak), 2 (moderate) or 3 (strong), at �40 magnification. An

overall IHC composite score was calculated from the sum of the

staining intensity (0-3) multiplied by the distribution (0%-100%) from

all parts of the slide, giving a H-score between 0 and 300. AREG was

scored as negative (no signal despite positive internal control) or posi-

tive at �40 magnification.

2.9 | Wound healing

Cells transfected or not with siAREG were grown onto 24-well colla-

gen IV coated plates (BD-BioCoat) were treated with mitomycin C

(1 μg/mL) diluted in 1%-FBS medium 12 hours before an artificial

“wound” was created at 0 hours. Medium was replaced by 1%-FBS

medium containing or not exogenous AREG (20 ng/mL). Photographs

were taken (�10) every 30 minutes during 16 hours. Wound closure

was expressed as a percentage.

2.10 | Invasion

Cells (15 � 103 cells) were added into the top invasion chambers

of 24-well Transwell plates containing a cell-culture insert

(BD-BioCoat Matrigel Invasion Chamber, BD Biosciences). At

48 hours, migrating cells were stained with crystal violet, as previ-

ously reported.3

2.11 | Soft agar assay

A base agar matrix (100 μL, Cell Biolabs) was seeded in a 96-well

plate, and 1500 cells/well were layered on agar, followed by 50 μL of

2� complete medium. After 25 days, the colonies were stained and

counted for each well.

2.12 | Spheroid culture

At 24 hours posttransfection, cells were reseeded with the complete

medium in 24-well plates without adhesion (Nunclon Sphera Micro-

plates, Thermo Fisher Scientific). Sphere formation was evaluated on

Day 6 at �10 magnification with a phase-contrast inverted microscope,

as previously reported.3

2.13 | Caspase-3/7 assay

DNA fragmentation and caspase-3/7 activation were assayed

using the Cell Death Detection ELISAPLUS kit (Roche, USA)

and the Caspase-Glo 3/7 Luminescence Assay (Promega Corp,

Madison, WI), respectively, according to the manufacturer's

instructions.

2.14 | Bromodeoxyuridine incorporation analysis

Cells were transfected, left for 24 hours and then labeled with

bromodeoxyuridine (BrdU) (1:500 dilution, cell proliferation assay,

Millipore) for a further 24 or 48 hours. BrdU incorporation was mea-

sured according to the manufacturer's instructions (Merck Millipore,

Germany). The colored reaction was quantified using a microplate

reader at 450 nm.

2.15 | Statistical analysis

In vitro data are presented as means ± SE of the mean (SEM) (n ≥ 3).

Statistical differences were determined by one-way analysis of vari-

ance (ANOVA), followed by Dunnett's multiple comparison test

(GraphPad Software, Inc). Statistical significance was set at P ≤ .05.

The Bio-MAPS study was preplanned, ancillary and purely

exploratory. Kaplan-Meier survival curves were calculated, and sur-

vival differences were tested using the log-rank test (P < .05

was set as the significance level). Additionally, we tested the prog-

nostic effect of AREG and YAP tumor expression and of AREG

serum concentration on progression-free survival (PFS) and OS.

To this end, we used univariate or multivariate Cox proportional
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hazards models, with adjustment for the treatment arm, randomiza-

tion stratification variables of the MAPS trial (histology, perfor-

mance status [PS] and smoking status), and clinical risk factors

known to be associated with survival (gender, age, hemoglobin,

white blood cells and platelets) in the MAPS trial.21 Interaction

tests were used to assess the predictive value of AREG or YAP

tumor staining according to the treatment arm of the MAPS trial,

which was either CisPem or CisPem+Beva.

Bootstrap resampling was used in 1000 theoretical samples to

assess the AREG model's stability. The data were analyzed with IBM

SPSS software version 22.0.

3 | RESULTS

3.1 | Cytosolic tumor expression of AREG
predicted longer survival in MPM patients from the
IFCT-GFPC-0701 MAPS trial

AREG was assessed in tumor specimens for 306/448 patients

(68.3%, Figure S1). For 21 patients, immunohistochemistry was not

interpretable (samples damaged or unstuck, Figure S1). The AREG

immunostaining was cytoplasmic (Figure 1Ai) and/or nuclear

(Figure 1Aii), with rare samples also showing nucleolar staining (not

shown). Neither the tumor cell membrane nor extracellular matrix

was stained.

The average AREG H-score was 59.87 ± 26.92, and the

median score was 70 (30-80). There was no significant difference

between the patients with positive tumor AREG (n = 139) and

those with negative AREG (n = 146) regarding the patient's sex,

age, smoking status or PS (Table S5). However, a null tumor AREG

expression was more frequent in patients with sarcomatoid or

biphasic MPM than with epithelioid MPM (P = .0081, Cox model,

Table S5).

Tumor AREG expression was associated with a better prognosis.

The median OS of patients with positive tumor AREG was

22.2 months (95% CI [17.9-24.5]) vs 15.1 months (95% CI

[13.2-16.8]) for patients with null AREG (adjusted [adj.] HR = 0.69,

95% CI [0.54-0.90], P = .0052) (Figure 1B). Similarly, median PFS was

better in patients with positive AREG immunostaining: 8.8 months

(95% CI [8.1-10.0]) vs 7.9 months (95% CI [6.6-8.6]) in patients with

negative AREG expression (adj. HR = 0.71, 95% CI [0.55-0.90],

P = .0056) (Figure 1C). An internal validation of this AREG H-score

prognostic value was performed by bootstrap resampling in 1000 the-

oretical samples, which showed that AREG immunostaining signifi-

cantly predicted both OS and PFS in 67.4% and 67.2% of the samples,

respectively (Table S6).

In the whole trial's population (both arms mixed), the subcellular

localization of AREG also significantly influenced patients' survival.

Median OS of patients with cytosolic tumor AREG was 24.8 months

(95% CI [19.6-35.6]) vs 15.9 months (95% CI [14.1-17.9]) when

AREG was nuclear (HR = 0.61, 95% CI [0.44-0.84], P = .003)

(Figure 1D). Median PFS of patients with cytosolic tumor AREG was

10.4 months (95% CI [8.4-13.3]) vs 8.2 months (95% CI [7.2-8.6])

when AREG was nuclear (Figure 1E, adj. HR = 0.60, 95% CI

[0.40-0.88], P = .009).

Finally, while the frequency of the null tumor expression of

AREG was lower in patients in the CisPem arm (45.1%) than in

patients who received CisPem+Beva (57.3%) (Table S7, P = .0382,

Cox model), AREG did not predict patients' relative survival in either

treatment arm (P-value interaction test = .348 and .865 for OS and

PFS, respectively).

3.2 | YAP transcriptional coactivator tumor
expression was also associated with better prognosis
in MPM patients from the MAPS trial

Since the transcriptional coactivator YAP governs AREG

transcription,5 we performed YAP immunohistochemistry on 306/448

MPM patients from the MAPS trial (Figure S2). The average YAP

score was 220 ± 84.3, and the median was 240 [180-300]; only

4/306 cases showed negative staining with positive internal controls.

Although YAP subcellular localization (nuclear or cytosolic, or both

nuclear and cytosolic) (Figure S2B) did not influence OS or PFS (not

shown), total YAP expression correlated with prognosis: the median

OS of patients with intermediate YAP expression (180 ≤ H-scor-

e < 240) was 14.1 months (95% CI [12.1-17.9]) as compared to

19.6 months (95% CI [15.9-24.5]) for patients with high YAP expres-

sion (H-score ≥ 300, adj. HR = 0.69, 95% CI [0.51-0.94], P = .02)

(Figure S2B). Similarly, the median PFS was significantly longer in the

patients with high total YAP expression: 9.2 months (95% CI

[8.2-10.6]) with YAP expression ≥300 vs 7.3 months (95% CI

[6.4-8.6]) in patients with intermediate YAP expression (180 ≤ H-scor-

e < 240), adj. HR = 0.63, 95% CI [0.46-0.85], P = .003 (Figure S2C).

Like AREG expression, YAP staining failed to show any predictive

value according to the treatment arm (bevacizumab-based or not) (not

shown).

3.3 | Plasma AREG was rarely detected in MPM
patients in the IFCT-GFPC-0701 MAPS trial

AREG was assayed in the plasma of 373/448 MPM patients (83.3%,

Figure S1). While most MPM tumor specimens that were analyzed

showed AREG staining, plasma AREG was detected in 42 of the

373 patients (11.26%). Since we previously found substantial VEGF

concentrations in these same plasma samples,21 we excluded wide-

spread degradation of these plasma samples due to bad transport or

cryopreservation conditions.

No correlation was found between plasma and tumor tissue

AREG amounts (r = .007, P = .91). Plasma AREG concentrations were

also not correlated with MPM patients' OS or PFS (not shown).

The fact that MPM tumors highly expressed AREG but that AREG

was rarely found in the plasma of the same patient strongly suggests

that the MPM cells failed to properly release AREG.
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3.4 | MPM cell lines expressed low levels of AREG
with predominant nuclear localization

Next, we investigated the AREG process in the human MPM cell lines

H2452, H2052, MSTO-211H and H28. The T47D-ER+ breast cancer

cell line was used as a positive control for normal AREG processing, as

previously reported in the literature.23 We measured the specific

AREG expression at both the mRNA (Figure 2A) and protein level

(Figure 2B,C) in each MPM cell line. However, the AREG levels were

very low compared to the T47D cell line control, and there

F IGURE 1 Positive or cytosolic AREG predicted both better overall survival and progression-free survival in patients with malignant
pleural mesothelioma. Representative cytosolic (Ai) or nuclear (Aii) AREG expression in an MPM specimen. Kaplan-Meier curve of overall

survival (B and D) and progression-free survival (C and E) according to AREG expression (negative or positive, B and C) and subcellular
localization (cytosolic or other, D and E). Adjustment for sex, age, histology, performance status, hemoglobin, white blood cells, platelet,
smoking status and treatment arm [Color figure can be viewed at wileyonlinelibrary.com]
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was no correlation between mRNA and protein levels. We hypothe-

sized that AREG expression in MPM could be correlated with the sta-

tus of the terminal effectors of the Hippo pathway, the

transcriptional coactivators YAP and TAZ, since YAP and TAZ have

previously been reported to contribute to AREG gene transcrip-

tion.4,24 Actually, MPM cell lines exhibited very divergent ratios of

F IGURE 2 AREG and YAP/TAZ expression in malignant pleural mesothelioma cell lines. AREG mRNA expression, as measured by RT-qPCR
(A). Protein expression of AREG (B) and YAP/TAZ (#8418S Cell signaling) (D), as analyzed by western blot. Quantification of AREG (C) and
YAP/TAZ ratio (E). (F) AREG expression in H28 cells after 48 hours of transfection with nonsilencing siRNA (siNeg), siYAP and/or siTAZ.
Representative images (G) of AREG expression using an antibody against the AREG-CTD by immunofluorescence with DAPI for DNA. The scale
bar represents 50 μm. (H) Representative western blot showing distribution of AREG, GAPDH and Histone H3 in Total (T), Nuclear-enriched
(N) and Cytosolic (C) subcellular fraction (n = 3). (A), (C), (E) (F): results are mean ± SEM (n = 3), *P < .05, **P < .01 and ***P < .001; ANOVA
followed by Dunnett's test [Color figure can be viewed at wileyonlinelibrary.com]
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YAP/TAZ: three expressed higher TAZ than YAP (Figure 2D,E) but

evident relationship was found with AREG expression at the mRNA

or the protein level and YAP/TAZ ratio. Silencing YAP and/or TAZ

expression with siRNA significantly reduced AREG mRNA expression

in H28 cell line (Figure 2F, YAP and TAZ extinction was validated at

protein level by immunochemistry and western blot [Figure S3])

which exhibited the highest YAP/TAZ ratio, but the lowest expres-

sion level of YAP and TAZ. Such AREG mRNA downregulation was

also evidenced in MSTO-211H cells transfected with siYAP or siTAZ,

as well as in H2452 cells transfected with siTAZ, but conversely not

in H2052 cell line (data not shown). Nuclear tumor cells YAP and

total AREG staining in MPM patients from the IFCT-GFPC-0701

MAPS trial was only slightly, although if significantly correlated (cor-

relation coefficient: .21; P = .0004). Taken together, these results

suggest other currently unknown AREG gene transcription regula-

tion mechanisms in MPM that possibly involve other transcription

factors.

Remnant AREG C-terminal domain (AREG-CTD), during its shed-

ding or recycling, and unshed pro-AREG exhibited different subcellular

locations25 with internalization and nuclear translocation of recycling

pro-AREG, whereas after shedding, AREG-CTD was translocated to

the lysosome.26,27 We then examined the AREG protein location

using a polyclonal goat antibody that recognizes both the unshed pro-

AREG isoform and the AREG-CTD (Figure 2G). AREG staining was

predominantly nuclear (for 61.0 ± 1.5% to 81.7 ± 3.4% of the staining,

in T47D, H2452, H2052 and MSTO-211H cells, while it was more dis-

patched between both the nucleus [51.0 ± 3.6%] and cytoplasm in

H28 cells). Subcellular fractionation experiments confirmed the accu-

mulation of AREG in enriched nuclear fraction (N) compared to Total

(T) or Cytosolic (C) fraction (Figure 2G,H). Thus, in our experimental

conditions, high nuclear AREG staining might reflect a poor shedding

activity and thus low secretion of sAREG.

Taken together, these results suggest that MPM cells weakly

express AREG and exhibit a low AREG shedding activity.

3.5 | AREG depletion decreased 2D migration,
invasion and growth without anchorage in human
MPM cell lines

Forty-eight hours after silencing AREG in the human MPM cell lines

using siRNAs (Figure S4, Table S1), compared to the siNeg-cells, AREG

silencing significantly increased cell spread (Figure S3E, illustrated for

MSTO-211H), decreased by almost twice the cell invasion capacity of

the four MPM cell lines (Figure 3Ai-iv) and inhibited growth without

adhesion of these MPM cell lines, excepted for H28, as shown by the

decrease of both the colony number in agar (Figure 3Bi-iv) and the

spheroid in suspension (Figure 3C, shown here for MSTO-211H) of

AREG-depleted MPM cells, compared to the control (siNeg) MPM

cells. AREG silencing also inhibited the 2D migration of H2452 and

MSTO-211H cells (Figure S5A,B). To ensure the specificity of the cel-

lular effects induced by AREG silencing, we also incubated MPM cells

with exogenous AREG (20 ng/mL) for 24 hours before performing an

invasion assay or when artificial “wound” was created for 2D migra-

tion. Exogenous AREG actually increased MPM cells' invasion in

Matrigel or 2D migration and restored invasion and migration of

the AREG-depleted MPM cells (Figures S5A and S6A: H2452,

Figures S5B and S6B: MSTO-211H cells). As shown in Figure S5 (right

panel), exogenous hAREG triggers the expected downstream signaling

in MPM and AREG-depleted MPM cells as illustrated by the increase

of both EGF-receptor and ERK phosphorylation 20 minutes after

AREG addition.

Results from Figure 3 and Figures S5 and S6 demonstrate that

AREG, even when weakly expressed, can influence invasion and

growth without anchorage in human MPM cell lines.

3.6 | AREG depletion increased apoptosis and
decreased the proliferation of human MPM cell lines

Furthermore, we observed that siAREG MPM cells were larger but less

numerous than siNeg MPM cells 48 hours following cell transfection

(Figure S4E, for MSTO-211H cells). Consistently, AREG depletion

increased cell apoptosis, as assayed by measuring caspase-3/7 activities

(Figure 4Ai-iv), while significantly lowering proliferation of H2452, H28

and H2052 cells (Figure 4Bii-iv); a strong trend toward such an effect

was observed for the MSTO-211H cell line (Figure 4Bi).

Taken together, these results confirm that AREG can influence

both cell proliferation and the apoptosis process in MPM cells. The

decreased invasion and colony/spheroid formation of AREG-depleted

MPM cells could be explained by such a concomitant decrease of pro-

liferation and/or increase of cell death, as previously reported.10

3.7 | Most MPM cells exhibited defects in the
shedding and release of AREG

Release of sAREG from the cell plasma membrane requires proteolytic

processing that is achieved by a membrane-anchored metalloprotease

TACE.8 TACE is expressed at both mRNA (Figure S7A) and protein

levels in the four MPM cell lines (Figure S7B,C), without significant

differences across MPM cell lines or compared to the control T47D

cell line. The TACE protein is predominantly expressed in the vicinity

of and in the cell plasma membrane, as shown by punctate cytoplas-

mic staining (Figure S7D exemplified with H28 cell lines S7E). We

evaluated the TACE shedding activity in MPM cells by measuring both

cellular AREG and sAREG released into culture medium after 48 hours

using a commercially available ELISA assay kit (Figure 5A). In the con-

trol T47D cell line, the amount of AREG recovered in the culture

medium (216.2 ± 32.3 pg) was nearly three times higher than the

amount of cellular AREG (77.54 ± 4.3 pg), which supports an active

shedding of AREG. In contrast, for H2452, H2052 and MSTO-211H

cells, levels of AREG that were measured in the cellular and culture

medium were low, ranging from 1 to 4 pg, and they did not signifi-

cantly differ in the cell compartment and medium. In such cell lines,

the ratio of AREG measured in the cellular and culture medium was

8 MAILLE ET AL.



F IGURE 3 AREG depletion decreased invasion and growth without anchorage of human malignant pleural mesothelioma cells. MSTO-221H,
H2452, H28 and H2052 were transfected with nonsilencing siRNA (siNeg) or siAREG. Experiments were performed 48 hours after transfection.
Invasion capacity of MSTO-221H (Ai), H2452 (Aii), H28 (Aiii) and H2052 (Aiv) on a BioCoat Matrigel Invasion Chamber, normalized to control
cells (siNeg). Growth without anchorage of MSTO-221H (Bi), H2452 (Bii), H28 (Biii) and H2052 (Biv) on soft agar following 21 days of culture.
Histograms represent colony number per well. Growth without anchorage of MSTO-221H cultured in suspension (Nucleon Sphera Microplates,
Thermo Fisher Scientific). Histograms represent spheroid number per well (C). Scale bar represents 80 μm. Error bars indicate SEM (n = 3,
*P < .05, **P < .01 and ***P < .001; ANOVA followed by Dunnett's test) [Color figure can be viewed at wileyonlinelibrary.com]

MAILLE ET AL. 9

http://wileyonlinelibrary.com


only 0.6-, 1.6- and 2.8-fold for H2452, H2052 and MSTO-211H,

respectively. H28 was the only cell line that exhibited a significant

amount of cell-associated AREG (69.6 ± 15.1 pg), and sAREG was

detected in the culture medium (459.7 ± 7.7 pg). This represents a

6.9-fold higher amount of cellular AREG, which indicates active shed-

ding of AREG in the cell culture medium for this cell line.

F IGURE 4 AREG depletion decreased proliferation and increased apoptosis of human malignant pleural mesothelioma cells. MSTO-221H,

H2452, H28 and H2052 were transfected with nonsilencing siRNA (siNeg) or siAREG. Experiments were performed 48 hours after transfection.
Caspase-3/7 activity measurements for MSTO-221H (Ai), H2452 (Aii), H28 (Aiii) and H2052 (Aiv). BrdU incorporation in MSTO-221H (Bi), H2452
(Bii), H28 (Biii) and H2052 (Biv) 24 or 48 hours following the addition of BrdU. Error bars indicate SEM (n ≥ 3) of *P < .05, **P < .01 and
***P < .001, using an ANOVA test followed by Dunnett's test

10 MAILLE ET AL.



PMA was shown to increase AREG shedding (peptide cleavage) in

a TACE-dependent manner.28 Next, we treated MPM cells for 3 hours

with 25 ng/mL of PMA, which actually led to a significant increase of

sAREG, as measured in the medium for both the H28 and T47D cell

lines (2.0 ± 0.3 and 1.7 ± 0.1-fold, respectively), compared to basal

shedding (Figure 5B). At the same time, no modification of cellular

AREG content was noticed within these cells (not shown), suggesting

that the increase of sAREG in H28 and T47D upon PMA treatment

was not the consequence of AREG increased synthesis, but rather the

result of TACE-induced AREG cleavage. No increase of sAREG upon

F IGURE 5 Malignant pleural mesothelioma cell lines exhibited low AREG shedding activity. Cellular and soluble AREG were measured after
48 hours of cell culture by ELISA assay in the culture medium and in the cellular layer, respectively (A). The soluble AREG release was measured in
the culture medium of cells that had been stimulated or not with PMA (25 ng/mL) for 3 hours (B): *P < .05, **P < .01 and ***P < .001, using an
ANOVA test followed by a Tukey test (n = 3); ##P < .01 and ###P < .01, using the t-test by comparing cellular vs soluble AREG for (A) or PMA-
treated vs untreated AREG for (B). (C): Soluble AREG was quantified by ELISA in H28 cells transfected with siTACE for 48 hours and stimulated
with PMA (25 ng/mL) for 3 hours, after the culture medium had been refreshed: *P < .05, **P < .01 and ***P < .001, using an ANOVA test
followed by a Tukey test (n = 4). H28 cell expression of TACE and AREG following PMA stimulation (30 minutes) was estimated by
immunohistochemistry (D) and quantified using Image J software (E). For AREG, the antibody against AREG-NTD (upper panel) or AREG-CTD
(lower panel) was used. The percentage of AREG-CTD nuclear staining was then quantified: *P < .05, **P < .01, using a Student's t-test (n = 3) (F)
[Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 Legend on next page.
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PMA stimulation was observed in the other MPM cell lines, again

supporting a defect in AREG shedding (Figure 5B).

Transient RNAi-mediated silencing of TACE, which significantly

decreased mRNA (�70.6 ± 8.4%) and protein expression (�45.5 ± 4.5%)

(Figure S7F-H), drastically reduced PMA-induced AREG shedding and its

release in the H28 cell line (Figure 5C). Activation of AREG shedding by

PMA (25 pg/mL for 30 minutes) was confirmed in these cells by immu-

nocytochemistry (Figure 5D). For the upper panel, a polyclonal goat IgG

raised against the N-terminal domain of AREG (Val107-Lys184, R&D

systems), corresponding to the mature sAREG and called “AREG-NTD,”
was used. For the lower panel, the AREG-CTD antibody-recognizing cel-

lular AREG was assayed. A coimmunostaining was also performed with

an anti-TACE antibody for both. Quantification of the different staining

showed a significant decrease of TACE (�31.4 ± 5.4%) and AREG-NTD

(�36.1 ± 7.8%) contents following PMA stimulation (Figure 5E). In con-

trast, when using the AREG-CTD antibody, no variation of total signal

intensity was measured after PMA stimulation, while a faint but signifi-

cant increase of nuclear staining was observed (Figure 5F).

These results revealed that TACE activity and sAREG release are

very low in someMPM cell lines, while PMA stimulation of TACE activity

seems to be restricted to some specific MPM cells, such as the H28

cell line.

Then, we wondered whether the loss of AREG ectodomain shed-

ding in MPM cells could be related to mutations in the catalytic

(C225Y) and cysteine rich/disintegrin (C600Y) domains of TACE, as

reported in Chinese hamster ovary (CHO) sublines.29 Direct sequenc-

ing did not reveal such mutations in MPM cell lines (Figure S8).

Accordingly, loss of AREG shedding in MPM cell lines could not be

explained by these point mutations of the TACE gene.

3.8 | TACE cleaved AREG and its coreceptor
syndecan-1 differentially in MPM cell lines

Syndecan-1 (SDC1, also known as CD138) is a transmembrane

heparan sulfate proteoglycan and a coreceptor of the sAREG, which

facilitates its binding to EGFR.30 SDC1 is also cleaved by membrane-

associated TACE.28 MPM cell lines express SDC1 at both mRNA and

protein levels (Figure 6A,B).31 Thus, using the same approach as for

the AREG shedding assay, we used ELISA to quantify cell-associated

SDC1 and shedded ectodomain that was released into the medium

(Figure 6C). We found a comparable amount of cell-associated SDC1

in the MPM cell lines. In contrast, the level of soluble SDC1 was sig-

nificantly higher in the culture medium of MSTO-211H cells than in

the culture medium of other MPM cell lines. Soluble-cellular ratio

was 7.5 ± 1.3 in the MSTO-211H cell line, 2.5 ± 0.6 in H2452 and

2.6 ± 07 in H2052. In the H28 cell line, in which a constitutive AREG

shedding had been measured (Figure 5A), a very low basal SDC1

shedding was found, with a soluble-cellular ratio below 1, at 0.4 ± 0.1.

However, H28 was the only cell line that was able to respond to PMA

stimulation, as illustrated by a decrease in cell-associated SDC1 con-

tent, with a concurrent 4.1 ± 0.6-fold increase of soluble SDC1, which

was measured in the culture medium (Figure 6D). Additionally, a

decrease of cellular TACE and SDC1 staining was also demonstrated

after 30 minutes of PMA stimulation in the H28 cells (Figure 6E). This

SDC1 protein content variation was not found for MSTO-211H by

either ELISA (Figure 6D) or immunocytochemistry (Figure 6E). How-

ever, in both cell lines, a decrease of cellular TACE staining following

PMA treatment was observed, which aligns with previous data show-

ing a downregulation of TACE following PMA treatment and occurring

via the internalization and degradation of TACE molecules.32 While

TACE silencing significantly reduced constitutive SDC1 shedding on

MSTO-211H cells, this treatment was ineffective in H28, in which the

basal SDC1 cleavage was low (Figure 6F). Nonetheless, the PMA-

induced SDC1 shedding that was observed in the H28 cell line was

totally reversed after the TACE knockdown (Figure 6F).

These data showed that TACE is also responsible for basal or PMA-

induced cleavage of SDC1 in MPM cells, but that the constitutive SDC1

or AREG shedding could differ fromoneMPMcell line to the other, while

PMA-induced protein proteolytic activation still depends on TACE in all

cell lines. Such findings could account for the observed variations in the

AREG cytosolic content of the MPM samples and could support the

prognostic role of unshed, cytosolic AREG inMPM.

4 | DISCUSSION

AREG overexpression was previously observed in MPM cells, compared

to normal pleural mesothelial cells,18 but we here provide data rein-

forcing that tumor AREG could also be used as a prognostic marker for

MPM patients. We confirmed that 64.3% of MPM patients highly

expressed tumor AREG and that this expression is more frequent in

patients with the epithelioid histological subtype, such patients being

known to have a better prognosis with higher chemo-sensitivity.

F IGURE 6 SDC1 shedding activity in malignant pleural mesothelioma cell lines. Expression of SDC1 mRNA in MPM cell lines and T47D:
*P < .05, using an ANOVA test followed by a Tukey test (n = 4) (A). SDC1 was visualized by immunocytochemistry after staining of the nuclei
with DAPI. The scale bar represents 50 μm (B). Cellular and soluble SDC1 were measured by ELISA assay in the culture medium and in the cellular
layer, respectively, for each cell line after 48 hours of culture (left panel). The ratio of soluble to cellular amounts of SDC1 was then calculated

(right panel) (n = 3): #P < .05 and ###P < .01, using a t-test by comparing cellular vs soluble SDC1; *P < .05, **P < .01 and ***P < .001, using an
ANOVA test followed by a Tukey test (C). Soluble and cell-associated SDC1 were measured by ELISA 3 hours after PMA stimulation (n = 3):
##P < .01 and ###P < .01, using a Student's t-test by comparing PMA-treated and untreated conditions (D). Expression of TACE and SDC1 in the
H28 and MSTO-211H cell lines following PMA stimulation (30 minutes, 25 pg/mL): *P < .05 and **P < .01, using a Student's t-test by comparing
PMA-treated vs untreated conditions (n = 3) (E). H28 and MSTO-211H cells were transfected with siNeg or siTACE (20 nM), some of which were
stimulated with PMA (25 pg/mL for 3 hours), and soluble SDC1 was measured in the culture medium by ELISA: **P < .01, using an ANOVA test
followed by a Tukey test (n = 3) (F) [Color figure can be viewed at wileyonlinelibrary.com]
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We also reported that cytosolic AREG expression predicted longer OS

and PFS. Finally, we found that this prognostic value could be sustained

by default AREG posttranslational processing and a defect in AREG

release in human MPM cells.

AREG can either stimulate or inhibit the growth of various normal

and cancer cell lines.33 AREG is mostly described as an oncogenic factor:

It is indeed found to be overexpressed34 and associated with reduced

OS35 in the most common human epithelial carcinomas, for example

predicting metastastic ability in colorectal cancer.15 In advanced NSCLC

patients, AREG tumor cell overexpression36 and high plasma levels of

AREG37 also significantly correlatedwith poor response rates to the EGFR

inhibitors gefitinib and cetuximab.14 Conversely, high AREG expression

was associatedwith longer OS and PFS in colorectal cancer.38,39 Our find-

ings regarding high AREG expression in MPM cells were thus consistent

with existing literature. This high AREG expression in MPM cells could be

sustained by the frequently reported abnormal YAP activity in these cells.

Actually, recent studies have shown an activation of YAP due to epige-

netic inactivation of some upstreamHippo pathway components inMPM

patients.2 AREG belongs to the wide array of YAP-targeted genes.5 Con-

sistently with the frequent expression of AREG by MPM cells, we found

frequent and high expression of YAP. As with AREG, YAP global expres-

sion (whatever the subcell compartment) also predicted longer OS and

PFS in MPM patients accrued in the MAPS trial, regardless of the treat-

ment arm (containing anti-VEGF bevacizumab or not).

As previously discussed, during its posttranslational “cycle,”
AREG can have successive subcellular localizations.25,40 Such different

subcellular localizations are assigned to specific cell types with various

consequences, according to different cancer types. For example, in

high-grade prostatic intraepithelial neoplasia and adenocarcinoma,

AREG nuclear staining was predominantly observed in benign epithe-

lium, whereas cytoplasmic or nuclear and cytoplasmic staining was

observed in tumor cells.41 In gastric cancer, the AREG nuclear translo-

cation contributes to chemoresistance.42 Accordingly, AREG is a

bifunctional modulator that can either stimulate or inhibit the growth

of lung cancer cells, depending on the biological background.43 In our

series of MPM patients, high AREG cytosolic expression was a factor

of better prognosis, with significant increases of both median OS and

PFS, compared to low cytosolic AREG. Several explanations could

account for this effect: Either a lower nuclear localization could coun-

teract the role played by nuclear AREG in chemoresistance, or the

defect in the membrane pro-AREG shedding could reduce the auto-

crine or paracrine roles of sAREG, particularly in terms of inducing

activation of EGFR or VEGFR-2, with the activation of their down-

stream key signaling pathways, while uncleaved pro-AREG and AREG-

CTD could lead to alternative intracellular signaling.27,44

Despite high AREG tumor expression, plasma AREG was only

detected in 11.26% of patients whose blood samples were collected,

and this blood AREG failed to correlate with survival or with cell

AREG expression. To reconcile this apparent discrepancy, we assumed

that mesothelial tumor cells could present specific defects of AREG

release. Surprisingly, by characterizing AREG expression in MPM cells,

we report no correlation between the AREG mRNA level and the

mature AREG protein content. The antibody used recognizes the

EGF-like domain of the mature AREG protein, a domain which could

be secreted after proteolytic cleavage. It might thus explain a loss of

the AREG signal associated with the cells and the observed apparent

difference between mRNA and protein contents. Such hypothesis is

in line with the high level of AREG mRNA and low AREG protein con-

tents in H28 cells, the only MPM cells we used that were shown to

secrete AREG. Moreover, this lack of correlation was already reported

in lung cancer45 or in astrocytoma46 by other authors. This suggests a

complex multifactorial mechanism for transcriptional and post transla-

tional regulation of AREG processing, which might be differentially

regulated depending on cell type and physiological context.

By examining the AREG protein subcellular localization in the MPM

cell lines, we measured a very low level of AREG in the MPM cell culture

medium, and pro-AREG was predominantly nuclear, as described else-

where.27,42,44 This is consistent with the observation that pro-AREG,

when not cleaved at the plasma membrane, could translocate to the

inner nuclear membrane, where it binds to A-type lamin; this results in

heterochromatin formation that leads to the suppression of global

transcription,44 yet another established physiological role for AREG.

MPM is not the only cancer that presents such an AREG release

defect. Glioblastoma with wild-type isocitrate dehydrogenase (IDH)

also exhibits elevated AREG mRNA expression, but with a reduced

AREG protein level, compared to grade II and grade III (IDH-mutated)

astrocytomas.46 Thus, glioblastoma is another cancer type with

improved PFS using bevacizumab.47

The fact that AREG fails to be properly released in MPM cells does

not mean that MPM cells are insensitive to AREG stimulation. Consis-

tently, AREG silencing decreases MPM cell lines' invasion as well as col-

ony and spheroid formation, while exogenous AREG restores invasion

capacity and shows a prosurvival effect. These results coincide with the

functional role of AREG in several aspects of tumorigenesis, including

self-sufficiency in the generation of growth signals, unlimited replicative

potential,48 tissue invasion and metastasis,15,16,49 decrease in adherent

junctions,49 promotion of anchorage-independent cell growth,50 and

extracellular matrix remodeling.17,51 Finally, AREG, which did not

induce migration in normal mesothelial cells, stimulates the chemotaxis

and/or chemokinesis of various MPM cell lines.17

We also provide some insights into why MPM cells trap AREG by

showing that TACE, the enzyme responsible for its shedding, exhibits

weak activity in most of the MPM cell lines that were studied. Further-

more, only H28 cells release more AREG following stimulation by PMA.

MPM cells exhibited no mutation in the catalytic TACE domain, such as

the mutations described in CHO cells,29 and TACE activity was con-

served in MPM cells, since the TACE substrate SDC1 was efficiently

cleaved in all but one of the MPM cell lines that we tested. This excep-

tion, which was the H28 cell line, was found to be able to cleave SDC1 in

a TACE-dependent way upon PMA treatment, since the PMA actionwas

counteracted by RNAi-mediated knockdown of TACE. Further investiga-

tions are thus needed to discover howTACE selectively cleaves its differ-

ent targets according to the cellular context.

In conclusion, we propose that cytosolic AREG tumor expres-

sion, as determined by immunohistochemistry, could serve as a prog-

nosis biomarker to identify MPM patients with better prognosis.
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Although the basic mechanism that sustains the prognostic influence

of AREG remains elusive, a defect in AREG processing was observed

in most of the MPM cells that were studied. Whether patients

with high cytosolic AREG expression represent a subset that could

specifically benefit from the emerging new standard of MPM treat-

ment, which relies on combination immunotherapy (anti-PD-1 and

anti-CTLA-4), remains to be established. Drug screening that iden-

tifies compounds altering AREG processing could also represent a

new therapeutic path for tumors with normal AREG expression.
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