
Malignant pleural mesothelioma cells resist anoikis as
quiescent pluricellular aggregates
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Pleural fluid accumulation is a frequent clinical observation in diffuse malignant pleural mesothelioma (MPM). The cytological
analysis of pleural fluid often reveals the presence of free spheroid aggregates of malignant cells, giving rise to the question of
the ability of non-adherent tumor cells to resist the loss of anchorage-induced apoptosis (termed as anoikis), and to develop new
tumor foci in the pleural cavity. Here, we show that MPM cells cultured under non-adherent conditions form well-organized
aggregates composed of viable cells, which progressively enter in G0. Although the PI3K/Akt, ERK and SAPK/JNK signaling
pathways are activated in adherent MPM cells, loss of anchorage results in the inactivation of these pathways. By comparison,
we show that the non-tumoral mesothelial cells MeT-5A enter anoikis in an SAPK/JNK-, Bim- and caspase-9-dependent pathway.
The survival of MPM cells can be reversed by activating SAPK/JNK with anisomycin, according to a Bim-dependent
mitochondrial pathway. Finally, our findings show that impairment of cell aggregation activates SAPK/JNK and Bim and induces
anoikis. Our results underline the importance of intercellular contacts in the anoikis resistance of MPM cells.
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Malignant pleural mesothelioma (MPM) is a severe disease
related primarily to asbestos exposure. This highly aggressive
form of cancer does not respond to standard therapy.1 MPM
progresses locally by invading pleural space and interlobular
fissures, and encasing contiguous intrathoracic organs by
coalescing on the visceral and parietal pleura into plaques and
nodules.2 Pleural fluid accumulation is a frequent clinical sign
of this disease. The cytological analysis of the pleural fluids
generally reveals the presence of free spheroidal aggregates
of MPM cells, which are strongly linked to malignancy.3,4

These observations suggest that free aggregates of MPM
cells have a propensity to survive in the pleural fluid; yet, there
has been very little research to date into the mechanisms
allowing them to do so.
Although several apoptosis-resistance mechanisms in

adherent (Adh) MPM cells have been reported, it is not known
whether they are induced in free aggregates of MPM cells.
Anoikis is a form of apoptosis induced by loss of matricial
anchorage. Acquisition of resistance to anoikis, generated by
the disruption of the anchorage-mediated survival mechan-
isms, contributes significantly to malignancy.5 This mechan-
ism appears to be dependent on the cell systems. In several
cell types, PI3K/Akt and ERK signaling pathways have been
shown to be involved in this process. In squamous cell
carcinoma, HGF mediates anoikis resistance through the

activation of Akt and ERK.6 In the same vein, MCF10A human
mammary cell line resistance to anoikis is observed following
the expression of a constitutively active Akt-1, whereas Raf
activation or cell cycle arrest protects cells through ERK
activation.7,8 Although Src activation induces Akt-mediated
anoikis resistance in human colon tumor and osteosarco-
ma,9,10 Src protects lung adenocarcinoma cells from anoikis
through an Akt and ERK-independent/Pyk2-dependent
pathway.11 By contrast, Pyk2 activation induces anoikis in
osteocytes by activating one of their downstream targets,
SAPK/JNK.12 SAPK/JNK has also been described as
mediating anoikis in endothelial cells or during embryonic
drosophila development.13,14

Cultured MPM cells are known to be highly resistant to
apoptosis when studied under Adh conditions.15 This property
has been attributed to the expression of antiapoptotic Bcl-2
proteins, Bcl-xL and Mcl-1, suggesting a defective mitochon-
drial control of apoptosis in mesothelioma.16 In upstream
signaling, the deregulation of the mitochondrial control
machinery has been attributed to the activation of survival
PI3K/Akt or ERK pathways. PI3K/Akt involvement is based,
first, on the finding that MPM often expresses elevated Akt
activity and that high levels of Akt are associated with drug
resistance, and, second, on experiments showing that Akt
inhibition in MPM cells induces apoptosis.17–20 In addition,
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phospho-ERK has been found to be increased in MPM when
compared with normal lung tissue.21 Inhibition of ERK
phosphorylation could suppress prometastatic phenotypes
and induce apoptosis in MPM.22,23 Alternatively, MPM
apoptosis can be induced independently of direct interaction
with the above-mentioned pathways. In terms of response
to drugs, it has been reported that SAPK/JNK inhibition
could reverse the apoptotic effect of TRAILþ etoposide
treatment.24

The aim of our research was to gain insight into the
mechanisms underlying mesothelioma cell survival in non-
adherent (NA) conditions. We report that MPM cells placed in
NA conditions resist anoikis as well-organized aggregates,
according to an atypical process whereby the signaling
pathways implicating Akt and ERK are downregulated. With
the use of chemical agents and an RNA interference strategy,
we identified the signaling pathway and apoptotic proteins
involved in this process. These results highlight the role of cell
aggregation in MPM cell survival and the anoikis resistance of
MPM cells.

Results

MPM cells are able to grow under NA conditions as well-
organized aggregates. We first determined whether MPM
and MeT-5A cells were able to grow under NA conditions.
When cultured on a polyHEMA-coated surface, MPM cells
form pluricellular aggregates. To determine whether MPM
cells aggregates retain the morphological features observed
in this disease, we performed transmission electron

microscopy (TEM) analysis of three MPM cell lines cultured
for 7 days (Figure 1). In the Coro and Hib cell lines, NA
aggregates showed well-preserved epithelial organization,
with cell polarity – a basal part at the center of the aggregate
and an apical part with microvilli at the aggregate periphery
(Figure 1a–d). Cells exhibited intercellular junctional
complexes composed of desmosomes and adherens
junctions (Figure 1b–e). In Coro, we also observed the
presence of perinuclear intermediate filaments and a basal
lamina at the center of the aggregate (Figure 1b and c). Fer
cells showed a more stochastic arrangement with a lack of
cohesion between cells in some areas (Figure 1f);
intercellular junctions were scarce and microvilli were found
not only at the periphery of the aggregates but also inside, in
the intercellular space (Figure 1g). For the purposes of
comparison, no intercellular junctional complexes or cell
polarity could be seen in MeT-5A.
The time-dependent evolution of the aggregate size was

measured after 1 and 7 days in culture in two MPM cell lines,
Hib and Fer, and in MeT-5A cells (Figure 2a). In MPM cell
lines, a significant increase in the aggregate size was
observed. After 1 day, the mean size was 19� 103 and
8� 103 mm2 in Hib and Fer, respectively, and reached
55� 103 (Po0.001) and 14� 103 mm2 (Po0.01) after 7 days.
By contrast, the aggregate size of MeT-5A cells did not
significantly increase, with a mean size of 6� 103 at day 1 and
8� 103 mm2 at day 7.
Proliferation rates were determined to establish to what

extent cells remained able to proliferate under NA conditions.
Proliferation rates of 2.2±0.4, 1.4±0.3 and 1.1±0.3 were
found in Hib, Fer and MeT-5A, respectively (Figure 2b). By

Figure 1 TEM of MPM cell aggregates. Coro (a–c), Hib (d and e) and Fer (f and g) MPM cells were cultured under non-adherent (NA) conditions for 7 days and then
observed by TEM as described in Materials and Methods; (a) � 4000. (b) � 10000 – upper arrow points to intermediate filaments and bottom arrow points to desmosomes.
(c) � 6000 – arrow points to basal lamina. (d) � 2500. (e) � 5000 – arrow points to adherens junctions. (f) � 2500. (g) � 6000 – arrow points to adherens junctions

Anoikis resistance of mesothelioma cells
J Daubriac et al

1147

Cell Death and Differentiation



comparison, Adh cell proliferation rates were found to be
4.3±1.2, 4.1±1.2 and 3.0±0.5, respectively, showing that
loss of anchorage resulted in a significant decrease in
proliferation in all cell lines (Po0.001). Nevertheless,
although a significant proliferation rate remained in MPM
cells under NA conditions between 1 and 7 days (proliferation
rate41; Hib: Po0.001; Fer:Po0.01), there was no growth of
MeT-5A. We conclude that MPM cells retained growth
capability in the absence of anchorage, unlike MeT-5A.

MPM cells prematurely enter in G0 when cultured under
NA conditions. To better compare proliferation under the
different culture conditions, we evaluated the fraction of cells
in the G0/G1 phase in Fer and Hib cell lines, under both NA
and Adh conditions, after 1, 4 and 7 days of culture. Under
both conditions, the fraction of cells in the G0/G1 phase
increased with time, and there was no significant difference
between NA and Adh cells (Figure 2c).
As no difference was observed in the fraction of G0/G1

between NA and Adh cells through PI staining, we decided to
determine whether MPM cells were in a quiescent (G0) or in a
cycling (G1) state. A comparison of data obtained under NA
and Adh conditions showed different kinetics of entry in G0,

with the use of Ki67 labeling. At 1-day post-seeding, the
fraction of cells in G0 was higher in NA than in Adh cultures in
one cell line (Hib; 27.0±3.2 versus 4.5±2.7% for Hib,
Po0.001; 6.3±3.5 versus 8.6±8.2% for Fer, NS). After 4
days, the fraction of cells in G0 was higher in NA than in Adh
cultures in both cell lines (30.9±7.8 versus 11.3±3.1%
for Hib, Po0.001; 43.6±4.6 versus 7.2±1.9% for Fer,
Po0.001). After 7 days, most of the cells were negative for
Ki67 labeling, and the fraction of cells in G0 was similar under
both conditions for the two cell lines (68.6±8.5 versus
57.5±5.7% for Hib, NS; 84.4±1.5 versus 79.7±6.9% for
Fer, NS; Figure 2d). These results show that NA cells enter in
G0 faster than Adh cells.
To determine whether G0 entry of NA MPM cells

was reversible, aggregates obtained after 7 days under NA
conditions were seeded in regular Adh conditions. When
observed 1 day after reseeding, cell aggregates were
found to reattach to the tissue culture plate, and to experience
further growth (Figure 2e and f). Similar results were obtained
with 1-month old MPM aggregates (see Supplementary
Figure 1).
These results suggest that the control processes of cell

cycle progression remain effective in these MPM cells.

Figure 2 MPM cells proliferate as pluricellular aggregates, which show progressive growth arrest and earlier G0 entry when placed under non-adherent (NA) conditions,
and the ability to grow when replaced on a substratum. (a) Aggregate size was measured after 1 and 7 days of culture under NA conditions. In the two MPM cell lines, Hib and
Fer, aggregate size increased significantly over time, unlike the non-tumoral cell line MeT-5A (Hib: ***Pp0.001; Fer: **Pp0.01). (b) Proliferation rate at day 7. Cells were
cultured under adherent (Adh) and NA conditions for 1 and 7 days as described in Materials and Methods. We defined the proliferation rate as the ratio of the number of cells at
day 7 to that at day 1. For both MPM and MeT-5A cells, culturing cells under NA conditions reduced proliferation. Nevertheless, Hib and Fer cells still proliferate under NA
conditions, unlike the MeT-5A cell line; mean±S.D. from five independent experiments. (c) Fraction of cells in G0/G1 phase. The fraction of cells in G0/G1 phase was
determined by the IP-labeling index as described in Materials and Methods. No significant difference was observed in the fraction of cells in G0/G1 phase between Adh and NA
cells. (d) The fraction of cells in G0 was determined from Ki67 labeling as described in Materials and Methods. One day after seeding, the fraction of cells in G0 was enhanced
under NA conditions for the Hib cell line. Four days after seeding, the fraction of cells in G0 was enhanced under NA conditions for both cell lines. Seven days after seeding,
most cells are in G0 under both Adh and NA conditions. Mean±S.D. from four independent experiments. (e and f) Fer cell line cultured under NA conditions for 7 days, and
then subcultured on LabTek chamber slides for 1 (e) and 7 days (f); magnification: � 25
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MPM cells are resistant to anoikis. To determine whether
MPM cells were resistant to anoikis under NA conditions,
we measured the time-dependent evolution of DNA
fragmentation by flow cytometry. The percentage of
TUNEL-positive cells in MPM cells did not exceed
12.4±3.2%, and this rate was not significantly modified
over time (Figure 3a). By contrast, the MeT-5A cells
exhibited a significant rise in positive cells (from 6.8±2.0%
at day 1 to 44.3±13.3% at day 7; Pp0.001). When we
performed TEM sections of MeT-5A cells cultured for 7 days
under NA conditions, we observed fragmented apoptotic

nuclei, supporting the finding that the loss of anchorage
induces apoptosis in MeT-5A cells (Figure 3b).
To confirm that cell death observed in the MeT-5A cells was

due to apoptosis, we investigated the expression of several
proapoptotic proteins, Bim, caspase-9 and caspase-3. Our
investigation included the three MPM cell lines (Coro, Hib and
Fer) and MeT-5A cells cultured under Adh and NA conditions
for 1 and 7 days. As expected, MPM cells did not express the
17 and 19 kDa cleaved forms of caspase-3, in contrast with
MeT-5A cells. Moreover, a specific expression of the 35 and
37 kDa cleaved forms of caspase-9 and an increased Bim
expression were observed in NA MeT-5A cells. These results
show that in MeT-5A, but not in MPM cells, loss of anchorage
induces anoikis. They further suggest the involvement of Bim,
caspase-9 and caspase-3 (Figure 3c).

MPM cells exhibit a massive hypophosphorylation of
signaling pathways under NA conditions. The PI3K/Akt
pathway has been reported to be the major signaling
pathway upregulated in anoikis-resistant cells. To
determine whether this pathway is responsible for anoikis
resistance in MPM cells, we investigated the expression of
the phosphorylated form of the Akt protein (S473) at 1 and 7
days after seeding in MPM and MeT-5A cells, under both NA
and Adh conditions. When the protein was cultured under NA
conditions, a massive and rapid decrease in the expression
of phospho-Akt was observed (Figure 3d). By contrast, MPM
and MeT-5A cells expressed phospho-Akt under Adh
conditions.
As the activation of theMAP kinases signaling pathwaymay

also account for the resistance to apoptosis, the expression of
phospho-ERK1/2 proteins was determined under both NA and
Adh conditions. As found in phospho-Akt, MPM and MeT-5A
cells exhibited a massive decrease in the expression of
phospho-ERK1/2 when cultured under NA conditions
(Figure 3d). It must be noted that phospho-ERK1/2 expres-
sion is lower in MeT-5A Adh cells when compared with MPM
cells, possibly accounting for the observed lower proliferation
rate of these cells. However, phospho-ERK1/2 downregula-
tion was different from that of phospho-Akt. Although the level
of phospho-Akt expression remained roughly stable between
days 1 and 7 in Adh cells, a decrease associated with an
increase in cell density was found between days 1 and 7 in
Adh MPM and MeT-5A cells.

MeT-5A cells undergo anoikis in an SAPK/JNK-, Bim-
and caspase-9-dependent pathway. The SAPK/JNK
pathway has been reported to be implicated in anoikis. We
studied the expression of phospho-SAPK/JNK in MPM and
MeT-5A cells. Similarly to Akt and ERK, loss of anchorage
induced a massive downregulation of the phosphorylated
form of the SAPK/JNK protein in MPM cells. By contrast,
MeT-5A still expressed the phosphorylated form of SAPK/
JNK when cultured under NA conditions (Figure 3c).
To confirm that anoikis was linked to SAPK/JNK phospho-

rylation in MeT-5A cells, we determined the effect of the
SAPK/JNK inhibitor, SP600125, on DNA fragmentation in
MeT-5A cells cultured under NA conditions. A dose-depen-
dent decrease of TUNEL-positive cells was found, showing a
significant difference with an SP600125 concentration of 3 mM

Figure 3 MPM cells are resistant to anoikis despite a downregulation of survival
signaling pathways. (a) DNA fragmentation was analyzed by flow cytometry as a
function of time under non-adherent (NA) conditions. MeT-5A, but not MPM, cells
show a time-dependent increase in the percentage of fragmented DNA.
Mean±S.D. from three independent experiments. (b) � 12000: MeT-5A cells
were cultured under NA conditions for 7 days and analyzed by TEM as described in
Materials and Methods. (c) Cells were cultured under adherent (Ad) and NA
conditions for 1 (d1) and 7 days (d7), and immunoblotted for Bim, caspase-9,
cleaved caspase-3 (Asp175), and a-tubulin was used as a loading control. NA
MeT-5A cells exhibited increased expression of Bim, cleaved caspase-9 and
cleaved caspase-3. (d) The same lysates were immunoblotted for phospho-Akt
(Ser473), Akt, phospho-ERK (Thr202/Tyr204), ERK, phospho-SAPK/JNK (Thr183/
Tyr185) and SAPK/JNK. All MPM and MeT-5A cells showed a decrease in Akt and
ERK phosphorylation when cultured under NA conditions. At day 7, MeT-5A cells
specifically expressed phospho-SAPK/JNK, unlike MPM cells
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(Pp0.05; Figure 4a). Accordingly, this decrease was asso-
ciated with a decrease in the caspase-3 activity (Figure 4b).
There was also a dose-dependent decrease in c-Jun
phosphorylation, consistent with decreased SAPK/JNK
activity (Figure 4c).
We then examined the effect of c-Jun, Bim and caspase-9

knockdown by siRNA on the expression of the 17 and 19 kDa
cleaved forms of caspase-3 in NA Met-5A cells. We observed
that inhibition of either c-Jun, Bim or caspase-9 expression
reduced the expression of the cleaved forms of caspase-3
(Figure 4d–f). These results confirm the involvement of the
SAPK/JNK-c-Jun pathway and support a role for Bim and
caspase-9 in anoikis in MeT-5A cells.

Anisomycin induces apoptosis in NA MPM cells in a
c-Jun-, Bim- and caspase-9-dependent pathway. To
determine whether the phospho-SAPK/JNK downregulation
associated with loss of anchorage is linked to anoikis
resistance in MPM cells, we examined the dose-dependent
effect of the SAPK/JNK activator, anisomycin, on SAPK/JNK
phosphorylation, cleaved-caspase-3 expression and
caspase-3 activity. We found that anisomycin induced both
expression of phospho-SAPK/JNK and of the cleaved form of
the caspase-3, as well as an increase in the activity of
caspase-3 (Figure 5a and b). As significant caspase-3
activity enhancement was found in 1 mg/ml anisomycin, this
dose was selected for all subsequent experiments.

Moreover, we found that anisomycin treatment reduced
viability of NA MPM cells (data not shown).
We then tested to see whether c-Jun, Bim or caspase-9

suppression by siRNA knockdown would protect cells from
SAPK/JNK-linked apoptosis. In all three MPM cell lines, we
observed that c-Jun, Bim or caspase-9 knockdown, all
reduced caspase-3 cleavage in anisomycin-treated cells
(Figure 5c and e).
These results support a role for SAPK/JNK activation in the

apoptotic process, involving c-Jun, Bim and caspase-9
cleavage.

Cell aggregation prevents anoikis and SAPK/JNK and
Bim activation. To determine the role of aggregate
assembly in the resistance of MPM cells to anoikis, MPM
cells were cultured under spinning to avoid cell aggregation
for 1, 4 and 7 days, and the expression of phospho-SAPK/
JNK, cleaved-caspase-3 and Bim was determined. In the
three cell lines, spinning produced a net increase in the
expression of these proteins in a time-dependent manner
(Figure 6a). Accordingly, a significant decrease in cell
viability was observed (Figure 6b). These results support a
role for cell–cell contact in anoikis resistance of MPM cells.

Anoikis resistance involves calcium-dependent
intercellular junctions in MPM cells. To determine
whether calcium-dependent intercellular junctions could be

Figure 4 MeT-5A cell line enters anoikis in an SAPK/JNK- and Bim- and caspase-9-dependent pathway. (a) MeT-5A cells were cultured under non-adherent (NA)
conditions for 7 days, in the absence or presence of 1 or 3 mM SP600125, and analyzed for DNA fragmentation by flow cytometry. At a dose of 3mM, SP600125 significantly
decreased the percentage of DNA fragmented cells (*Po0.05); mean±SD from three independent experiments. (b) MeT-5A cells were treated as in (a) and analyzed for
caspase-3 activity by fluorometry. The X axis indicates the difference (D) in caspase-3 activity, defined as the difference between the activity of caspase-3 cells in treated and
untreated as a percentage of the caspase-3 activity in untreated cells. A significant decrease in the activity of caspase-3 was found in 3mM SP600125 (**Po0.01).
Mean±S.D. from five independent experiments. (c) MeT-5A cells were treated as in (a) and (b) and immunoblotted for phosho-c-Jun (Ser63) and c-Jun, and a-tubulin
expression was used as a loading control. SP600125 abolished c-Jun phosphorylation in a dose-dependent manner. (d–f) MeT-5A cells were cultured under NA conditions for
7 days in the presence of specific or control (ctrl) siRNAs, and immunoblotted for c-Jun, Bim, caspase-9, cleaved caspase-3 (Asp175) and a-tubulin. Expression of a-tubulin
was used as a loading control. With c-Jun siRNA, c-Jun downregulation is associated with caspase-3 cleavage (d). Bim and caspase-9 siRNAs suppress Bim and caspase-9
expressions, respectively, and reduce cleaved caspase-3 expression (e and f)
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involved in aggregate formation and anoikis resistance of
MPM cells, we investigated the role of EDTA on the size of
aggregates and on caspase-3 activity. After 7 days of culture,
EDTA prevents the formation of larger pluricellular

aggregates in Coro and Fer cell lines, and induces a
significant decrease in the size of aggregates in Hib cell
lines (Figure 7a). Moreover, EDTA induces a significant
increase in the activity of caspase-3 in the three cell lines

Figure 5 Anisomycin induces apoptosis in MPM cells in a Bim- and caspase-9-dependent pathway. (a) MPM cells were cultured under non-adherent (NA) conditions for 7
days and treated with 0.1, 1 or 10mg/ml anisomycin for 4 h, and immunoblotted for SAPK/JNK, phospho-SAPK/JNK (Thr183/Tyr185), caspase-9, cleaved capsase-3 (Asp175)
and a-tubulin as a loading control. In all cell lines, anisomycin induced SAPK/JNK phosphorylation and caspase-3 cleavage. (b) MPM cells were treated as in (a) and
analyzed for caspase-3 activity by fluorometry, resulting in an increase in the activity of caspase-3. Enhancement from 1mg/ml was significant (**Po0.01); mean±S.D. from
four independent experiments. (c–e) MPM cells were cultured under NA conditions for 7 days in the presence of specific or control (ctrl) siRNAs, treated (þ ) or not (�) with
1mg/ml anisomycin for 4 h, and immunoblotted for phospho-SAPK/JNK (Thr183/Tyr185), c-Jun, Bim, caspase-9, cleaved caspase-3 (Asp175) and a-tubulin as a loading
control. In all cell lines, c-Jun downregulation prevented anisomycin-induced caspase-3 cleavage (c), Bim downregulation prevented anisomycin-induced caspase-3 cleavage
(d) and caspase-9 downregulation prevented anisomycin-induced caspase-3 cleavage (e)
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tested (Figure 7b). These results support a role for calcium-
dependent intercellular junctions in the anoikis resistance of
MPM cells as pluricellular aggregates.

Discussion

Cell aggregates in serous fluid may be responsible for tumor
diffusion in the pleural cavity. Our study investigated this
major characteristic of mesothelioma, which to date has been
the focus of very little research. When cultured under NA
conditions, MPM cells form aggregates, which exhibit striking
morphological and cytological similarities with pathological
criteria. In serous effusions, MPM cell aggregates show a
diversity of structures; some display a true papillary structure,
whereas others exhibit structures of pseudoacinar formation
or randomly coiled cords of cells.4 In our model of pluricellular
aggregates, two MPM cell lines displayed micropapillary-like
structures, whereas the other displayed less typical struc-
tures. Moreover, MPM cell aggregates presented some
features described in cells in epithelial effusion, showing
Adh junctions, basal lamina, microvilli and intermediate
filaments adjacent to the nuclear envelope, which are
diagnostic criteria for mesothelioma.3,25

In this study, we showed that the size of the MPM cell
aggregates increased over time as a result of the MPM cells’
ability to grow in the absence of anchorage to a substrate. On
the basis of Ki67 immunochemical staining experiments, Kim
et al.26 reported that cell proliferation was maintained in
mesothelioma tumor fragments cultured under NA conditions
and that the rate of proliferation did not differ from the original
tumor. Using a different culture mode, our data confirm that

MPM cell aggregates retain growth capability under NA
conditions. We also found that this property differs from
non-tumoral MeT-5A cells, which do not grow. MPM cell
growth did not persist in cell aggregates, and cells enter in G0;
but this growth arrest was reversible, as MPM aggregates
attach and proliferate when plated under regular culture
conditions. Similar observations were made with hepatoma
cells.27 These data suggest that a growth control process can
remain effective in NA tumor cells. These characteristics
could be advantageous for the diffusion and colonization of
MPM cells in the pleural cavity.
Signaling pathways play a critical role in cell cycle

progression; their rapid inactivation after loss of anchorage
likely accounts for the reduced proliferation and entry in G0

observed in NA MPM cells. In Adh MPM cells, ERK
inactivation may be due to cell confluence and contact
inhibition, causing cells to enter in G0 at a later point in time.
In numerous cell and tissue types, the efficiency of growth-
factor receptor activation is regulated by anchorage.28 We
found in separate experiments that the activation of signaling
pathways in response to serum stimulation was substantially
diminished in serum-starved NAMPMandMeT-5A cells when
compared with serum-starved Adh cells. These findings
suggest that the downregulation of signaling pathways
induced by loss of matricial anchorage may be due to
disruption of integrin and growth-factor receptor signaling
cross-talk (see Supplementary Figure 2). Indeed, loss of
anchorage accelerates the cell cycle exit. Subsequently,
MPM cells resist anoikis as quiescent, well-organized
aggregates. Activation of signaling pathways is considered
to be the cause of anoikis resistance. Nevertheless,

Figure 6 Aggregation prevents MPM cells from SAPK/JNK and Bim linked anoikis. (a) MPM cells were cultured or under spinning (þ ) or not (�) for 1, 4 and 7 days, and
immunoblotted for phospho-SAPK/JNK (Thr183/Tyr185), Bim, cleaved capsase-3 (Asp175) and a-tubulin as a loading control. In all cell lines, spinning induced SAPK/JNK
phosphorylation, Bim expression and caspase-3 cleavage. (b) MPM cells were cultured or under spinning (þ ) or not (�) for 7 days, stained with 2mM calcein AM and
analyzed by fluorometry. In all cell lines, spinning significantly reduced cell viability (***Pp0.001). Fluorescence levels were measured in triplicate; mean±S.D. from three
independent experiments
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phospho-Akt has previously been described as being down-
regulated in MPM cells cultured under NA conditions without
the occurrence of apoptosis.29,30 In this study, we found that
the ERK pathway was also rapidly downregulated in NA MPM
cells. By contrast, downregulation of phospho-Akt and
phospho-ERK in non-tumoral MeT-5A was associated with
anoikis.
The mechanism of anoikis resistance in MPM aggregates

shares similarities with apoptosis resistance, such as the
activation of apoptotic proteins and the inactivation of
antiapoptotic proteins.5 Some experimental evidence
supports a proapoptotic role of SAPK/JNK in anoikis.12,14

We observed that phospho-SAPK/JNK was downregulated in
NA MPM cells, whereas this protein was activated in MeT-5A
cells, suggesting that the loss of anchorage-dependent
apoptosis was related to the activation of this pathway.
Several studies report a specific role of Bim in anoikis.7,31 Bim
is apparently sequestered by microtubule-associated dynein
light chain-1 and could serve as a sensor for microtubule
cytoskeleton integrity.32,33 SAPK/JNK can phosphorylate Bim
and then break its association with the cytoskeleton.34 We
found here that MeT-5A cells entered anoikis through Bim and
caspase-9 activation, and that inhibition of the SAPK/JNK
pathway suppressed cell death. Conversely, by activating
SAPK/JNK with anisomycin in NA MPM cells, we found that

MPM cells could enter c-Jun-, Bim- and caspase-9-dependent
apoptosis. The role of Bim in response to anisomycin
treatment in mesothelioma has already been described by
Abayasiriwardana et al.,35 who reported that low doses of
anisomycin combined with TRAIL induced apoptosis through
Bim stabilization in Adh MPM cells. They also found that
anisomycin did not affect the expression level of the caspase-
8 interactor, FLIP, suggesting that anisomycin sensitized
MPM cells at the level of the mitochondria. Here, we show that
apoptosis may be triggered through caspase-9 cleavage in
NA MPM cells without the addition of TRAIL.
Cell aggregation protects MPM cells against anoikis. A

process in which cell survival requires cell–cell interactions
has been advanced in studies on squamous carcinoma cells
and termed as ‘synoikis’.36 We observed that MPM cells in
aggregates are associated, through desmosomes and
adherens junctions in particular, and found that interaction
with these calcium-dependent intercellular junctions reduced
pluricellular aggregate formation and induced anoikis. These
results are consistent with findings of a coexpression of the
E-, N- and P-cadherins in MPM effusions.37 Some MPM cell
aggregates display basal lamina, which led us to suppose that
elements of the cell–extracellular matrix interactions could
play a role in the anoikis resistance of MPM cells. Integrin
receptors may be of particular interest; they have been
implicated in the anoikis process for other cell types. In
particular, blocking �1-integrin signaling induces Bim upregu-
lation and anoikis in NA cultured MCF10A cells.38 Mesothelin,
a membrane glycoprotein, which has been described as being
overexpressed in mesothelioma and playing a role in cellular
adhesion, can prevent anoikis when overexpressed in human
breast cancer cells by suppressing Bim induction.39,40 In our
studies, mesothelin suppression by siRNA did not affect Bim
or caspases expression, nor did it affect cell aggregation (data
not shown).
Bim belongs to the ‘BH3-only activator’ subfamily of Bcl-2

proapoptotic proteins.41 Our study shows the key role of Bim
in the apoptosis process of MPM cells. This is consistent with
the findings of other researchers, namely that the antiapopto-
tic Bcl-2 protein, Bcl-xL, capable of sequestering Bim, is
commonly expressed in mesothelioma.16 The adjunction of
BH3 mimetics behaving, like Bim, as targets of Bcl-xL, might
offer a new approach to improve the effects of conventional
chemotherapy agents used for the treatment of mesothelio-
ma, and could counteract mesothelioma resistance to
chemotherapy. Recent studies point to the potential of ‘BH3
mimetics’ as anticancer drugs or enhancers of conventional
chemotherapy for various types of cancer.41

In summary, we have shown that MPM cells resist anoikis
as quiescent and well-organized pluricellular aggregates with
particular relevance for the disease MPM, and we have
suggested mechanisms to counteract this resistance. Further
studies are needed to identify the main factors implicated in
MPM cell aggregation, and to elucidate the upstream
mechanisms that prevent SAPK/JNK activation, with particu-
lar relevance for potential therapies to treat the disease MPM.

Materials and Methods
Cell lines. Three human MPM cell lines (Coro, Hib and Fer) were developed in
the laboratory.42 They were used between passages 7 and 20. All cell lines have

Figure 7 Calcium-dependent cell–cell adhesion is involved in aggregation and
anoikis resistance of MPM cells. (a) MPM cells were cultured under non-adherent
(NA) conditions for 7 days in the presence or absence of 0.4 mM EDTA, and the size
of the aggregates was measured. In all cell lines, EDTA significantly decreased the
size of the aggregates (***Pp0.001). (b) MPM cells were treated as in (a) and
analyzed for caspase-3 activity by fluorometry. In all cell lines, EDTA significantly
increased caspase-3 activity (*Pp0.05); mean±S.D. from at least three
independent experiments

Anoikis resistance of mesothelioma cells
J Daubriac et al

1153

Cell Death and Differentiation



shown tumorigenicity after injection in nude mice. MeT-5A cell line (CRL-9444) was
obtained from ATCC (Manassas, VA, USA). The MeT-5A cells were derived from
mesothelial cells isolated from pleural fluids obtained from non-cancerous
individuals, and transfected with the pRSV-T plasmid. They were used as
normal, non-tumoral epithelial mesothelial cells.

Cell culture and materials. Human mesothelioma cells and MeT-5A were
routinely maintained in RPMI 1640þGlutaMAX medium, buffered with 25 mM
HEPES (Invitrogen, Cergy Pontoise, France) supplemented with 10% fetal bovine
serum (Invitrogen) and penicillin/streptomycin (Invitrogen) at 37 1C in a humidified
atmosphere containing 5% CO2.

Culturing under NA conditions was performed by seeding 105 cells/ml on
polyHEMA-coated 24-, 12- or 6-well tissue culture plates (Falcon, Dutscher,
Brumath, France).30 PolyHEMA, purchased from Sigma (Saint-Quentin Fallavier,
France), was first dissolved in absolute ethanol at a concentration of 10 mg/ml, and
used at a final concentration of 0.5 mg/cm2. Plates were dried overnight at 37 1C
and washed with PBS (Invitrogen) before cell seeding.

Culturing under spinning was performed by seeding 105 cells/ml on a Wheaton
Celstir spinner flask (Dutscher).

For reattachment experiments, cells were first cultured under NA conditions for 7
days, and subcultured on LabTek chamber slides for 1 and 7 days.

EDTA (Bioprobe Systems, Montreuil, France) was used at a concentration of
0.4 mM. Anisomycin (A9789) obtained from Sigma and SP600125 from Calbiochem
(VWR, Val de Fontenay, France).

Antibodies. Immunoblotting was performed with one of the following primary
antibodies: anti-Phospho-Akt (Ser473), anti-Bim, anticleaved caspase-3 (Asp175),
anticaspase-9 (human specific), anti-p44/42 MAP kinase, anti-Phospho-p44/42
MAP kinase (Thr202/Tyr204), and anti-SAPK/JNK (56G8) all from Cell Signaling
(Ozyme, Saint Quentin-en-Yvelines, France), anti-Phospho-SAPK/JNK (Thr183/
Tyr185), anti-a-tubulin (BD Biosciences, Le Pont de Claix, France), anti-Akt1/2
(H-136), anti-c-Jun (N) from Santa Cruz (Tebu, Le Perray En Yvelines, France), and
anti-Phospho-c-Jun (Ser63; thanks to Dominique Lallemand).

Secondary antibodies were either rabbit or mouse horseradish peroxidase-linked
antibodies (Santa Cruz).

Ki67 labeling was performed with anti-Ki67-FITC (clone MIB-1; DakoCytomation,
Trappes, France).

Cell proliferation analysis. Cells were seeded on either poly-HEMA-coated
or non-coated 12-well tissue culture plates at a concentration of 105 cells/ml.
Adherent cells and cell aggregates were dissociated by trypsin treatment 1 and
7 days post-seeding, and the cell count was determined using the Coulter Z2
cell counter (Beckman Coulter, Villepinte, France). The proliferation rate was
determined using the ratio of the number of cells counted at day 7 to the number at
day 1 post-seeding. Results were obtained from five independent experiments.

Light microscopy and aggregate size measurement. Cells were
cultured under NA conditions for 1, 4 and 7 days, cytocentrifuged on glass slides,
and stained using May Grünwald Giemsa (MGG; Biolyon, Dardilly, France). Ten
slides were made for each incubation time. Images from five different areas on each
slide, at � 25 and � 100 magnifications, were systematically captured with a Zeiss
microscope and a tri-CCD camera (JVC, USA) using Archimed software
(ALPHESIS, France). Size was determined by image analysis using ImageJ
1.38q software.

Transmission electron Microscopy (TEM). Cells were cultured under
NA conditions for 7 days, then fixed in 2.5% glutaraldehyde in cacodylate buffer
(Euromedex, Souffelweyersheim, France) and posfixed with 1% osmium tetroxyde
(Euromedex). Cells were then dehydrated using a graded series of ethanol and
propylene oxide, and embedded in epon (Euromedex) as described above. Ultrathin
sections were contrasted using uranyl acetate and lead citrate (Euromedex).

Cell cycle analysis andKi67 labeling. Cells were cultured under Adh and
NA conditions for 1, 4 and 7 days. For Ki67 staining, nuclei were extracted with a
polyamine buffer and fixed with PFA (0.5% in PBS) (Sigma). Nuclei were then
posfixed in 70% ethanol and nuclear membranes were permeabilized with 2.5%
Triton X100-PBS. Nuclei were double labeled with a Ki67-FITC antibody and
propidium iodide (Coulter DNA prep reagent kit, Beckmann Coulter, Villepinte,
France), and then analyzed by flow cytometry (Epics Elite, Beckman Coulter). Cell

cycle analyses were performed using Wincycle software (Phoenix Flow Systems,
San Diego, CA, USA). Results were obtained from four independent experiments.

DNA fragmentation assay. Cells were cultured under Adh and NA
conditions for 1, 4 and 7 days, and assayed for DNA fragmentation using the
FlowTACS Apoptosis Detection Kit, according to the manufacturer’s protocol (R&D
Systems, Lille, France). Results were obtained from at least three independent
experiments.

Caspase-3 activity assay. Cells were cultured under NA conditions for 7
days and assayed for caspase-3 activity using the caspase-3 fluorometric protease
assay (Caspase-3 Apoptosis Detection Kit from Santa Cruz) according to the
manufacturer’s protocol (sc-4263 AK, Tébu). Results were obtained from at least
four independent experiments.

Cell viability: calcein AM assay. Calcein AM (04558; Sigma) is a
fluorescent marker of cell viability that labels viable cells. Cells were seeded under
NA conditions or under spinning, cultured for 7 days, and incubated in the presence
of 2 mM calcein AM at 37 1C for 1 h. Fluorometric detection was performed using the
fluorescence measurement system Cytofluor 2350 (Millipore; Saint-Quentin-en-
Yvelines; France).

Fluorescence was normalized to the number of cells using bisbenzimide H33342
staining (14533; Fluka). A negative control was performed by incubating cells 10 min
with 0.1% saponin (Sigma) before calcein AM incubation. Results were obtained
from three independent experiments.

Immunoblotting. Total proteins were extracted from mesothelial cells using
the RIPA buffer (Euromedex) supplemented with protease inhibitor mixture
(Complete, Roche, Meylan, France), and lysates were incubated for 1 h on ice and
cleared by centrifugation (20 min at 4 1C and 16 000 g). Protein concentration of the
supernatants was assessed using Lowry dosing (Biorad). Proteins were
denaturated by boiling for 5 min in Laemmli buffer and analyzed on a reducing
sodium dodecylsulfate-polyacrylamide gel. Proteins were blotted to PVDF
membrane (Millipore) by electrotransfer. Membranes were blocked for 1 h at
room temperature, with 5% non-fat dry milk in PBS 1� and then incubated
overnight at 4 1C with primary antibodies. After washing three times with PBS 1�
supplemented with 0.1% Tween 20, membranes were incubated with secondary
antibodies for 1 h at room temperature. After washing three times in PBS 1�
supplemented with 0.1% Tween 20, detection was performed by using
chemiluminescence with ECL or ECLþ reagent (GE Healthcare, Aulnay sous
Bois, France).

siRNA-targeted knockdown. RNA interference was used to knockdown
c-Jun, Bim or caspase-9 protein expression in MPM and MeT-5A cells. The c-Jun-
predesigned siRNA was obtained from Ambion (s7658; Courtaboeuf, France). The
Bim- and caspase-9-predesigned siRNA were obtained from Santa Cruz (sc-29802
and sc-29931 respectively; Tebu). As a control, cells were transfected with Silencer
Negative Control #1 siRNA (Ambion). Knockdown was performed by reverse
transfection of siRNA into cells using Lipofectamine RNAiMAX reagent (Invitrogen)
according to the manufacturer’s instructions. Efficient transfection was verified by
using the control siRNA (fluorescein conjugate)-D (sc-44241; Tebu), and successful
targeted knockdown was verified by immunoblot after transient cell transfection with
siRNA.

Briefly, 105 cells/ml were seeded on poly-HEMA-coated dishes and transiently
transfected with 50 nM siRNA, using 2.5ml/ml of Lipofectamine RNAiMAX. After 7
days of incubation, transfected cells were analyzed for protein expression using
western blot.

Statistical analysis. Data are expressed as mean±S.D. Statistical analyses
were carried out using Prism 4.0 Software. The statistical significance between
groups in normally distributed continuous variables was determined using Student’s
t-test or one-way analysis of variance coupled with Bonferroni’s or Dunnett’s post
hoc test. In non-Gaussian distributed variables, the statistical significance between
groups was determined using Mann–Whitney test or Kruskal-Wallis test coupled
with Dunn’s post hoc test. Linear regression was performed to analyze the time-
dependent evolution of DNA fragmentation. Tests were considered significant when
P-values were p0.05.
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