
Abstract. Background: Chemotaxis is defined as directional
cell movement of cells towards concentration gradients of
solubilized attractants, whereas chemokinesis is defined as
random cell movement in the absence of chemoattractant
gradients. Since tumor cell motility plays an important role in
the process of tumor invasion and metastasis, we investigated
these two distinct motile behaviors in highly invasive tumor,
malignant mesothelioma. Materials and Methods: Chemotaxis
and chemokinesis of mesothelioma cells were assayed using
Boyden chambers fitted with filters coated with collagen type
IV and different growth factors and cytokines were used as
chemoattractants. Results: We found that growth factors such
as epidermal growth factor, transforming growth factor-alpha,
amphiregulin, heparin-binding epidermal growth factor-like
growth factor, beta-cellulin, insulin-like growth factor-I,
insulin-like growth factor-II and stem cell factor stimulated
directional (chemotactic) and/or random (chemokinetic)
motility in all mesothelioma cell lines tested, whereas none of
acidic fibroblast growth factor, basic fibroblast growth factor,
granulocyte-macrophage colony-stimulating factor or
interleukin-6 induced migration in the same mesothelioma
cells. Conclusion: These findings provide evidence that: (i)
multiple growth factors can induce chemotaxis and
chemokinesis in malignant mesothelioma cell lines, and (ii)
may contribute to our understanding of the highly invasive
behavior of malignant mesotheliomas in vivo.

Tumor cell motility plays a vital role in the process of tumor

invasion and metastasis (1). In order to invade and

metastasize, the tumor cells must actively migrate out of the

primary tumor and cross the extracellular matrix (ECM)

barriers including basement membrane, host vasculature

and the interstitial stroma (2). 

Substances that stimulate cell locomotion and thus

facilitate invasion and metastasis can be presented to tumor

cells either in soluble form or as an insoluble matrix (3).

Several growth factors including epidermal growth factor

(EGF) receptor ligands, insulin-like growth factor (IGF)-I

and IGF-II, members of the fibroblast growth factor (FGF)

family and cytokines such as granulocyte-macrophage colony-

stimulating factor (GM-CSF) and interleukin (IL)-6, as well

as ECM components have been described as stimulating

tumor cell migration (4-9). These growth factors and

cytokines can be produced either by adjacent cells (paracrine

stimulation of cell movement) or by tumor cells themselves

(autocrine stimulation of cell movement) (2,10). Thus,

different growth factors and cytokines secreted by tumor cells

or host cells can initiate locomotion of tumor cells out of the

primary tumor and contribute to tumor spread. 

Malignant mesothelioma is a highly invasive, diffuse

neoplasm arising from mesothelial-lined surfaces, most

often the pleural cavities (11). In previous studies, we have

characterized the motile behavior of malignant

mesothelioma cells in response to different ECM

components such as type IV collagen, fibronectin and

laminin and have shown involvement of ‚1 integrins in

malignant mesothelioma cells migration (12,13). We and

others have found that malignant mesothelioma cells

migrate to growth factors such as hepatocyte growth factor

(HGF) and platelet-derived growth factor (PDGF)-BB (14-

17). In addition, we and others have also demonstrated the

expression of different growth factor receptors such as EGF

receptor, c-erbB-4, c-met, IGF-I receptor, IGF-II receptor,

c-kit, PDGF receptor and FGF receptor in malignant

mesothelioma cells (18,19), indicating that these receptors

could participate not only in transducing growth signals but

could also contribute to the motile properties of malignant

mesothelioma. Since the motile behavior of malignant

mesothelioma cells induced by different growth factors and

cytokines have not been thoroughly investigated, we

examined a panel of well-characterized human malignant
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mesothelioma cell lines for chemotaxis and chemokinesis

induced by different growth factors and cytokines. 

Materials and Methods

Chemicals. RPMI 1640, fetal calf serum (FCS), penicillin,

streptomycin and L-glutamine were obtained from Life

Technologies (Paisely, UK). BSA and collagen type IV were from

Sigma (St. Louis, MO. USA). EGF, transforming growth factor-

alpha (TGF-·), amphiregulin (AR), heparin-binding EGF-like

growth factor (HB-EGF), beta-cellulin (BTC), stem cell factor

(SCF), IGF-I, IGF-II, acidic FGF (aFGF), basic FGF (bFGF) and

GM-CSF were purchased from R & D Systems (Abingdon, UK)

whereas IL-6 was from Genzyme (Cambridge, MA, USA).

Cells and culture conditions. Six human malignant mesothelioma

cell lines were used: STAV-FCS (20), ZL5, SPC212 (21,22), M9K,

M14K and M38K (23). All malignant mesothelioma cell lines were

cultured in RPMI 1640 supplemented with 5% FCS, penicillin

(100 U/ml), streptomycin (100 Ìg/ml) and 2 mM L-glutamine. The

cells were maintained in a humidified atmosphere of 5% CO2 in

air at 37ÆC. 

Chemotaxis assay. The chemotaxis of mesothelioma cells was

assayed using 48-well Boyden chambers (Neuro Probe, Cabin John,

MD, USA) (24), fitted with 12-Ìm polyvinylpyrrolidone-free

polycarbonate filters (Poretics, Livermore, CA, USA). The filters

were coated on both sides with 10 Ìg/ml of collagen type IV and

the indicated concentration of different growth factors diluted in

RPMI 1640 containing 1 mg/ml of BSA were placed in the lower

compartments of Boyden chambers. Malignant mesothelioma cells

(5 X 104 cells) were placed in the upper compartments of Boyden

chambers and incubated for 5 h in a humidified incubator at 37ÆC.

At the end of the assays, the filters were removed, fixed in

methanol and stained with Giemsa. The filters were then placed

onto glass slides and the cell pellets corresponding to the upper

wells were wiped off with cotton swabs. Cells that had migrated

through the pores to the lower side of the filters were counted in

the blinded fashion using light microscopy under high-power field

(HPF, 400x). For each triplicate, the number of cells in 3 HPFs was

counted and the average was determined (12).

Chemokinesis assay. For determination of chemokinesis of

mesothelioma cells, a checkerboard analysis was performed (25).

The filters were also coated on both sides with 10 Ìg/ml of collagen

type IV and indicated concentrations of different growth factors

were placed in the upper or/and lower compartments of Boyden

chambers. Malignant mesothelioma cells (5 X 104 cells) were

placed in the upper compartments of Boyden chambers, incubated

and assayed as above. 

Results

Chemotaxis of malignant mesothelioma cells in response to
various growth factors and cytokines. To address the question

of whether various growth factors and cytokines were

capable of inducing chemotaxis of malignant mesothelioma

cells, Boyden chamber assays were performed using growth

factors and cytokines as chemoattractants. As shown in

Figure 1 (A-H), increasing concentrations of various growth

factors resulted in an initial increase in the number of cells

migrating through the filter. For each chemoattractant, two

distinct motile responses could be identified, bimodal or

increase in motility followed by plateau. The peak motile

response for IGF-I was 50 ng/ml; for IGF-II it was 250

ng/ml; for SCF it was in the range of 12.5 to 50 ng/ml; for

EGF 6.2 ng/ml; for TGF-· and BTC 12.5 ng/ml; for HB-

EGF and AR in the range of 25 to 50 ng/ml. There was no

motile response to GM-CSF (3.1 to 200 ng/ml), IL-6 (0.76

to 50 ng/ml), aFGF and bFGF (0.39 to 25 ng/ml). In

addition, as shown in Figure 2, we summarized the peak

motile responses for all growth factors and cytokines in

M14K mesothelioma cells.

Chemokinesis of malignant mesothelioma cells in response to
various growth factors and cytokines. In order to study

whether various growth factors and cytokines also have

chemokinetic properties, i.e., if cells are capable of

migrating in the absence of factor gradient (random

motility), checkerboard analyses were performed. As shown

in Figure 3, IGF-I and IGF-II were both chemotactic and

chemokinetic in M14K cells. Similar findings were observed

in all other cell lines used in the present study (data not

shown). Other growth factors and cytokines used in our

study did not have chemokinetic properties in mesothelioma

cells (data not shown).

Discussion

Malignant mesothelioma is a highly invasive diffuse tumor

arising from mesothelial-lined surfaces. In order to

understand the motile properties of malignant mesothelioma

cells, we performed Boyden chamber assays for chemotaxis

and chemokinesis using different growth factors and cytokines

as chemoattractants. We found that growth factors such as

EGF, TGF-·, HB-EGF, AR, BTC, IGF-I, IGF-II and SCF,
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Figure 1. (A-H) Chemotatic migration of six malignant mesothelioma cell lines in response to different growth factors by Boyden chamber assays. Lower
wells of Boyden chambers were filled with indicated concentrations of growth factors diluted in serum-free RPMI supplemented with 1 mg/ml BSA.
Control wells were filled with BSA only. The membranes were coated on both sides with 10 Ìg/ml of collagen type IV. All experiments were performed
in triplicate. The number of migrated cells is the mean value ± SD of triplicates for each data point. HPF: high-power field. 400x: magnification.<<<<<<
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Figure 3. Checkerboard analysis of the migration of mesothelioma cell line M14K in response to different gradients of IGF-I and IGF-II. The upper
wells were filled with cells supplemented with varying concentrations of IGF-I or IGF-II. The lower wells were filled with RPMI containing IGF-I or
IGF-II. The growth factors act in a dose-dependent fashion and are both chemotactic (values below the diagonal) and chemokinetic (values on the
diagonal). The SD was ≤15% of the mean. BSA: bovine serum albumin.

Figure 2. Migration of the malignant mesothelioma cell line M14K to different growth factors and cytokines by Boyden chamber assays. Lower wells of
Boyden chambers were filled with indicated concentrations of growth factors diluted in serum-free RPMI supplemented with 1 mg/ml BSA. The
membranes were coated on both sides with 10 Ìg/ml of collagen type IV. All experiments were performed in triplicate. Each bar represents the number
of migrated cells of the mean value ± SD of triplicate determinations. HPF: high-power field. 400x: magnification.



known to stimulate cell movement in different tumors,

stimulated directional (chemotactic) and/or random

(chemokinetic) motility in all mesothelioma cell lines tested.

Factors such as aFGF, bFGF, GM-CSF and IL-6, also known

to stimulate cell movement both in carcinomas and sarcomas,

did not induce migration in the same mesothelioma cells (6,9). 

In our previous study we found that growth factors such

as EGF, TGF-· and HB-EGF induced motile response in

normal mesothelial cells and normal mesothelial cells

transformed by transfection with a siman vacuolating virus

40 (SV40) large T-antigen construct (MeT-5A) (26,27).

Thus, EGF, TGF-· and HB-EGF can induce motile

response in both normal mesothelial cells and malignant

mesothelioma cells. However, in the present study we found

that two additional EGF receptor ligands, AR and BTC,

(which did not induce migration in normal mesothelial cells)

also stimulated the migration of malignant mesothelioma

cells. Another difference in motile response between normal

and malignant mesothelioma cells involves IGF-I, IGF-II

and SCF. In contrast to normal mesothelial cells, these

factors were strongly chemotactic in all malignant

mesothelioma cell lines tested. In addition, both IGF-I and

IGF-II also induced chemokinetic responses. 

Both in our previous studies and in the present study we

have found homogeneity regarding response to certain

growth factors or absence of motile response to others. This

homogenous motile response to growth factors is also

present in normal mesothelial cells. Based on these findings,

we suggest that progression to malignant phenotype by

mesothelial cells is associated with increased motile

responsiveness to growth factors. 

It has been reported that multiple growth factors and their

receptors are involved in the malignant progression from

astrocytoma to glioblastoma (28). The number of cells

expressing multiple growth factors and their receptors tends

to increase with increasing malignancy grade. Previous studies

of motility profiles of high- and low-metastatic melanoma cells

have also indicated that the high-metastatic cells exhibit

higher spontaneous rates of migration as compared to their

low-metastatic counterparts (29,30). In addition, previous

studies in breast cancer have demonstrated that, in an early

stage of breast cancer, approximately 60% of tumors produce

only vascular endothelial growth factor (VEGF). In

subsequent recurrences or in metastases, additional

angiogenic factors such as bFGF, TGF‚-1, placental growth

factor (PLGF), platelet-derived endothelial cell growth factor

(PD-ECGF) and pleiotrophin are released (31,32).

Furthermore, IL-6 can switch from behaving as a paracrine

growth inhibitor to an autocrine growth stimulator during

malignant melanoma progression (33). Our studies are

consistent with these observations, indicating that malignant

mesothelioma cells acquire the ability to respond to additional

motility stimulating factors as compared to their benign

counterparts. In addition, our results suggest that different

growth factors may play an important functional role in the

progression and spread of malignant mesothelioma.

The present study has shown that malignant

mesothelioma cells migrated to the gradients of soluble

growth factors in a dose-dependent manner. The dose-

response curves were bimodal. This type of bimodal

migratory response may represent competition for

receptors, functional down-regulation of receptors, or strong

adhesion at high concentrations of chemoattractants. 

Although GM-CSF and IL-6 both stimulated motile

response in different tumors (6,9), neither of these cytokines

induced motile response in malignant mesothelioma cells

tested. Our previous study showed that aFGF and bFGF

stimulated production of MMP-9 in malignant

mesothelioma cells (19), whereas in the present study both

growth factors failed to induce migration in the same

mesothelioma cells. One possible explanation is that, upon

ligation of appropriate receptors, aFGF and bFGF regulate

different signalling pathways in malignant mesothelioma. 

Cellular migration is a critical event in the progression of

cancer. Our previous studies have shown that different ECM

components including fibronectin, laminin and collagen type

IV stimulate chemotaxis and chemokinesis of malignant

mesothelioma cells by integrin ‚1 subunits (12,13). The

present observation further demonstrated that different

growth factors stimulate chemotaxis and chemokinesis of

malignant mesothelioma cells. Taken together these results

indicate that both ECM components alone or in collaboration

with multiple growth factors may contribute to the highly

invasive properties of malignant mesotheliomas (16).

In conclusion, this study has shown that multiple growth

factors including EGF, TGF-·, HB-EGF, AR, BTC, IGF-I,

IGF-II and SCF stimulate chemotaxis and/or chemokinesis

in malignant mesothelioma cells; that progression from

normal mesothelium to malignant mesothelioma is

associated with increased motile responsiveness to growth

factors and that these findings may contribute to our

understanding of the highly invasive behavior of malignant

mesothelioma in vivo. 
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