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Inhibition of c-Src expression and activation in malignant
pleural mesothelioma tissues leads to apoptosis, cell
cycle arrest, and decreased migration and invasion
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Introduction

Abstract
Malignant pleural mesothelioma (MPM) is a deadly disease
with few systemic treatment options. One potential therapeutic target, the non – receptor tyrosine kinase c-Src,
causes changes in proliferation, motility, invasion, survival, and angiogenesis in cancer cells and may be a valid
therapeutic target in MPM. To test this hypothesis, we
determined the effects of c-Src inhibition in MPM cell
lines and examined c-Src expression and activation in
tissue samples. We analyzed four MPM cell lines and
found that all expressed total and activated c-Src. Three of
the four cell lines were sensitive by in vitro cytotoxicity
assays to the c-Src inhibitor dasatinib, which led to cell
cycle arrest and increased apoptosis. Dasatinib also inhibited migration and invasion independent of the cytotoxic effects, and led to the rapid and durable inhibition
of c-Src and its downstream pathways. We used immunohistochemical analysis to determine the levels of c-Src
expression and activation in 46 archived MPM tumor
specimens. The Src protein was highly expressed in
tumor cells, but expression did not correlate with survival.
However, expression of activated Src (p-Src Y419) on
the tumor cell membrane was higher in patients with
advanced-stage disease; the presence of metastasis correlated with higher membrane (P = 0.03) and cytoplasmic (P = 0.04) expression of p-Src Y419. Lower
levels of membrane expression of inactive c-Src (p-Src
Y530) correlated with advanced N stage (P = 0.02).
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Malignant pleural mesothelioma (MPM) is a deadly disease
that arises from normal mesothelial cells that line the
pleural cavity. In the United States, MPM is diagnosed in
over 3,500 people per year and typically arises in people
who have been exposed to asbestos. The overall median
survival duration of MPM patients, regardless of stage, is
f9 to 17 months (1, 2). When surgical resection cannot be
done, there are no curative options. The best chemotherapy
regimens are palliative, with a response rate of 41% for the
most effective regimen and prolongation of median
survival from 9 to 12 months (3). There is, therefore, a
great need to identify new therapeutic targets and develop
more effective therapies for patients with MPM.
One potential therapeutic target is the Src family of
nonreceptor tyrosine kinases (SFK), which are involved in
multiple signaling cascades in cancer cells. c-Src is the most
studied of the SFKs and the one most often implicated in
cancer progression. SFKs have multiple substrates that lead
to diverse biological effects in cancer cells (4, 5). c-Src
contributes to the regulation of both focal adhesions (cellmatrix interactions) and adherens junctions (cell-cell
interactions), which are essential mediators of cell adhesion, migration, and invasion. The interaction between cSrc and its substrate focal adhesion kinase (FAK) is
essential for normal focal adhesion turnover as well as
downstream signaling, which can regulate metalloproteinase production required for cancer cell invasion. In
epithelial cancers, c-Src facilitates epithelial-to-mesenchymal transition, which may be important to cancer progression (6, 7). Activation of c-Src promotes angiogenesis in
several tumor models. c-Src kinase activity is required for
vascular endothelial growth factor (VEGF) – mediated
angiogenesis (8). The inhibition of SFKs decreases microvessel density and the production of proangiogenic
cytokines (9 – 11). In pancreatic cancer cells, activation of
c-Src led to downstream activation of signal transducers
and activators of transcription 3 (STAT3), which binds to
the VEGF promoter along with hypoxia-inducible factor-1a
(12). c-Src activation is also required for epidermal growth
factor receptor (EGFR) – induced VEGF production in
pancreatic tumor cells (13). Using both molecular and
pharmacologic inhibitors of c-Src, researchers found that
the development of lymph node and liver metastases was
inhibited in orthotopic tumor models (14). c-Src protein
overexpression and activation have been associated with
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solid tumor carcinogenesis in several tumor types (15).
In addition to its effects on FAK, STAT3, VEGF, and
hypoxia-inducible factor-1a, c-Src mediates its biological
effect through up-regulation of the antiapoptotic genes
Bcl-XL and Mcl-1 (5, 16, 17) and downstream signaling cascades that include growth factor receptor binding protein 2/phosphatidylinositol 3-kinase/protein
kinase B (AKT), and p42/p44 mitogen-activated protein
kinase (5).
c-Src is regulated by several mechanisms. Intramolecular interactions are dictated by the phosphorylation of
Y530. In its inactive state, the c-Src protein is phosphorylated at the Y530 residue. Dephosphorylation of Y530
and phosphorylation of a tyrosine residue in the kinase
domain (Y419 in humans) leads to the unfolding of the
tertiary structure of c-Src and exposure of the kinase
catalytic site (5, 18). Dual phosphorylation at both sites still
leads to an active conformation. Studies have identified
activating mutations in c-Src exon 12 (codon 531) in rare
cases of colon and endometrial cancer that result in loss
of the negative regulatory role of Y530 (19 – 21). Another
mechanism of c-Src regulation is activation by cell surface receptors, including growth factor receptors and G
protein-coupled receptors. Ligand-mediated activation of
various growth factor receptors leads to interaction with
c-Src, phosphorylation of Y419, and c-Src kinase activation. These growth factor receptors include EGFR, plateletderived growth factor receptor, c-Met, ErbB2, fibroblast
growth factor receptor, and colony-stimulating factor 1
receptor (18).
Cell motility, invasion, survival, and angiogenesis are
important for the progression of MPM. Mesothelioma cells
secrete and express VEGF and its receptor (22 – 31). This
suggests a role for SFKs, but few data exist that directly
address this issue. I.p. inoculation of chickens with a
constitutively active form of c-Src (v-Src) led to diffuse
peritoneal mesothelioma (32). Exposure of human T cells to
asbestos led to decreased apoptosis and to SFK-dependent
up-regulation of the prosurvival molecule STAT3 (33).
Disruption of c-Src and FAK interaction via expression of
the tumor suppressor merlin decreased MPM cell invasion
(34). We hypothesized that activation of SFKs contributes to
MPM progression and that inhibition of SFKs would lead to
decreased MPM cell migration and invasion and be an
effective therapeutic strategy for MPM. To study the
inhibition of SFKs in MPM, we used a competitive ATP
inhibitor of SFKs, dasatinib. Dasatinib is a thiazole-based
dual Src/Abl kinase inhibitor. The IC50 values for Bcr-Abl
and SFKs were V1.1 nmol/L in an in vitro (cell-free) kinase
assay (Fyn, 0.2 nmol/L; Src, 0.5 nmol/L; Lck, 1.1 nmol/L;
Yes, 0.4 nmol/L; ref. 35). At higher concentrations,
dasatinib inhibits various other kinases. Dasatinib is well
tolerated in humans and is approved for the treatment of
leukemia (36). We tested the effects of dasatinib on four
human MPM cell lines and examined the expression and
activation of c-Src in 46 human tumor specimens. This is
the first publication to investigate the role of SFK inhibition
in MPM.

Materials and Methods
Materials
Dasatinib was provided by Bristol-Myers Squibb and was
prepared as a 10 mmol/L stock solution in DMSO. [Preliminary cell culture studies have shown that DMSO (V0.2%
was the maximum amount used to deliver dasatinib) has
no effect on cell viability, cell cycle, apoptosis, or signaling
(data not shown).] The following antibodies were used in
Western blot analysis: mitogen-activated protein kinase
and phosphorylated mitogen-activated protein kinase
(Promega); phosphorylated AKT (New England Biolabs);
c-Src (Santa Cruz Biotechnology); pY419-c-Src, p27, pY705STAT3, STAT3, and cyclin D1 (Cell Signaling Technology);
pY861-focal adhesion kinase (FAK; BioSource); FAK
(Upstate Biotechnology); and actin (Sigma Chemical
Company). Matrigel and Annexin V were purchased from
BD Biosciences. Antibodies for immunohistochemistry
consisted of anti-rabbit polyclonal antibodies specific for
c-Src-p-SRC family Y416 and Y527 (Cell Signaling Technology). The polyclonal Y416 antibody cross-reacts with
human tissue at Y419, and the Y527 antibody cross-reacts
with human tissue at Y530.
Cell Culture
Four human MPM cell lines (MSTO-211H, NCI-H28,
NCI-H2052, and NCI-H2452) were used in the cell culture
studies; all were obtained from American Type Culture
Collection. Cells were grown in monolayer cultures in
RPMI 1640 containing 10% fetal bovine serum, 2 mmol/L
glutamine, and 1 mmol/L sodium pyruvate at 37jC in a
humidified atmosphere of 95% air and 5% CO2. Conditioned medium was obtained from 3T3 cells grown in
serum-free DMEM.
Crystal Violet Staining
To assess the effect of dasatinib on cell numbers, we
plated cells into 96-well plates and incubated them for
24 h under the conditions described above for standard cell
culture maintenance. The cells were subsequently exposed
to dasatinib at various concentrations for 72 h. Eight wells
were treated at each concentration. Medium was removed
from the 96-well plates, and adherent cells were fixed and
stained with crystal violet (0.5% crystal violet and 20%
methanol) for 30 min. The plates were washed with
distilled water, and the stains were extracted with
Sorenson’s buffer [0.1 mol/L sodium citrate (pH 4.2) and
50% ethanol] overnight at 4jC (37). The absorbance of
individual wells was read at 570 nm. The results are
reported as the ratio of the average absorbance value in
treated cells to the average absorbance value in eight
replicate controls. Median effect values (D m or IC50 values)
were calculated using Calcusyn Software (Biosoft) and the
following median effect equation: D = D m [f a / 1 f a]1/m .
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Assay
To confirm the results of the crystal violet assays, we did
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assays because they include floating and poorly adherent
cells that are lost in the crystal violet assay. In all cases, the
IC50 values calculated using the MTT assay were within
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10% of the values calculated by the crystal violet assay. We
plated cells into 96-well plates and incubated them for
24 h under the conditions described above for standard cell
culture maintenance. The cells were subsequently exposed
to dasatinib at various concentrations for 72 h. Eight wells
were treated at each concentration. After treatment with
dasatinib, 25 AL of MTT was added to each well, and the
wells were incubated for 3 h. The medium was then
removed, and 100 AL of Me2SO was added. The absorbance
of individual wells was read at 490 nm.
Cell Cycle Analysis
Cells were plated in complete medium at 50% confluence
the day before starting the experiment. Cells were
synchronized by serum starvation for 24 h, followed by
the restoration of complete medium for 12 h before the
addition of 100 nmol/L dasatinib for 6 or 18 h (38). Cells
were harvested, washed in PBS, fixed in 1% paraformaldehyde, rewashed in PBS, and resuspended in 70% ethanol
at 20jC overnight. Cells were then washed twice with
PBS and stained with 20 Ag/mL propidium iodide. DNA
content was analyzed on a cytofluorimeter by fluorescenceactivated cell sorting analysis (FACScan; Becton Dickinson
and Company) using ModFit software (Verity Software
House).
Apoptosis Assay
Subconfluent cells were treated with 100 nmol/L
dasatinib for 6 h. Cells were then harvested and stained
with Annexin V and propidium iodide and analyzed on a
cytofluorimeter by FACScan using ModFit software.
Migration Assay (Scratch Assay)
MPM cells were grown to confluence on tissue culture
dishes, and a single scrape was made in the confluent
monolayer using a sterile pipette tip. The monolayer was
washed with PBS, and then complete medium containing
25 nmol/L (for MSTO-211H cells), 100 nmol/L (for other
cell lines), or DMSO alone (vehicle control) was added.
Lower dasatinib concentrations were used in the MSTO211H cells to reduce cytotoxicity. Serial photographs of the
same scraped section were taken every 6 h for 72 h (39). The
number of cells that migrated over the margins of the
wounds was counted after 6 h (40, 41). The time required
for the scrape to close was also recorded.
Invasion Assay
The invasive capacity of mesothelioma cells was measured using a modified Boyden chamber (42). The chamber
consisted of a porous filter (with pores 8 Am in diameter)
that separated the chamber into two compartments. The
top of the filter was coated with Matrigel. Cells to be
assayed were placed in the upper compartment in complete
medium, and serum-free medium was placed in the lower
compartment; the cells were allowed to attach and spread
for 16 h. Then, 25 nmol/L (MSTO-211H) or 100 nmol/L
(other cell lines) dasatinib was added to the cells in the
upper compartment, and 3T3 conditioned medium (as a
chemoattractant) was placed in the bottom compartment.
After 24 h of incubation under standard tissue culture
conditions, cells on top of the filter (those that had not
invaded through the filter) were scraped off and discarded.

The remaining cells (i.e., those that had invaded through
the Matrigel and the filter) were fixed, stained, and counted
using light microscopy. In parallel experiments, cells from
the same lines were treated identically in 24-well plates.
These cells were harvested, stained with trypan blue, and
counted. The number of cells that had invaded was
normalized to analyze the effects on cell viability. Twenty
random fields were chosen from each cell line and counted
blindly. Experiments were done in duplicate.
Western Blot Analysis
Detached cells from each cell culture plate were collected
by centrifugation, washed in PBS, and added to the cell
lysate from their corresponding plates. Adherent cells were
rinsed with ice-cold PBS and lysed in the cell culture plate
for 20 min on ice in lysis buffer consisting of 50 mmol/L
Trizma base (pH 8; Sigma Chemical Company), 1% Triton
X-100, 150 mmol/L NaCl, 20 Ag/mL leupeptin, 10 Ag/mL
aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride, and
1 mmol/L sodium vanadate. Lysates were spun in a
centrifuge at 14,000 rpm for 5 min, and the supernatant
was collected. Equal protein aliquots were resolved by
SDS-PAGE, transferred to nitrocellulose membranes,
immunoblotted with primary antibody, and detected with
horseradish peroxidase – conjugated secondary antibody
(Bio-Rad Laboratories) and enzymatic chemiluminescence
reagent (Amersham Biosciences).
DNA Extraction and c-Src Mutation Analysis
DNA was extracted from the cell lines using the DNeasy
Tissue kit (Qiagen), and all PCR products were sequenced
using Applied Biosystems PRISM dye terminator cyclesequencing method (Perkin-Elmer Corp.). The entire exon
12 region of the c-Src gene was amplified by PCR using the
following primers: sense (5¶-ATGGTGAACCGCGAGGTGCT) and antisense (5¶-GATCCAAGCCGAGAAGCCGGTCTG). For PCR amplification, 100 to 500 ng of genomic
DNA was used; each amplification was done in a 40-AL
volume containing 2.0 AL of DNA, 2.5 AL of each primer
(20 pmol/L), 20 AL of HotStarTaq Master Mix (Qiagen), and
13 AL of DNase-free water. DNA was amplified for 35
cycles at 94jC for 30 s, 65jC for 30 s, and 72jC for 30 s,
followed by 10-min extension at 72jC. All PCR products
were directly sequenced using Applied Biosystems PRISM
dye terminator cycle sequencing method (Perkin-Elmer
Corp.).
Immunohistochemistry
For the immunohistochemical analyses, formalin-fixed
paraffin-embedded mesothelioma cell pellets and 46
malignant mesothelioma tumors from the thoracic archival tissue bank at The University of Texas M.D. Anderson
Cancer Center were evaluated. The tumor tissues were
residual specimens from patients who underwent surgical
resection (pleurectomy or extrapleural pneumonectomy)
of their malignant mesothelioma at our institution. This
project was approved by our institutional review board.
The positive controls were non – small cell lung cancer cell
lines and lung cancer tissues that overexpress c-Src and
p-Src (43). Paraffin-embedded mesothelioma cell pellets
and the MPM tumor blocks were cut into 4-AL sections
Mol Cancer Ther 2007;6(7). July 2007
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Figure 1. The effect of dasatinib
on MPM cell downstream pathways
and cytotoxicity. A, MPM cells were
treated with 100 nmol/L dasatinib for
the indicated times, lysed, and analyzed by Western blotting with the
indicated antibodies. B, MPM cells
were treated with dasatinib at the
indicated concentrations for 72 h.
Cell number was estimated using an
MTT assay. Cells treated with vehicle
alone were defined as 100%.

and then deparaffinized, rehydrated, and washed with
TBS Tween 20. Antigens were retrieved with exposure to
1 mmol/L EDTA (pH 8.0; DakoCytomation) for 20 min in
a steamer. Endogenous activity in samples was blocked by

exposure to 3% hydrogen peroxide/PBS (Fisher Scientific,
Fair Lawn, NJ) and Dako serum-free protein block
(DakoCytomation). After this, samples were incubated
with the primary antibodies (c-Src antibody, 1:100; p-Src

Table 1. Characteristics of four MPM cell lines and IC50 values to dasatinib therapy
Cell line

IC50 (nmol/L)

Histology

Patient characteristics

25
60
80
980

Biphasic
Mesothelioma
Mesothelioma
Epithelioid

62-y-old male Caucasian
48-y-old male Caucasian smoker
65-y-old male Caucasian smoker
Male nonsmoker (age unknown)

MSTO-211H
NCI-H28
NCI-H2052
NCI-H2452
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family Y416 and Y527, 1:50) overnight at 4jC. Standard
avidin/biotin immunoperoxidase methods with diaminobenzidines as the chromogen were used for detection
(DakoCytomation). To analyze the specificity of the
immunostaining results, we created negative controls by
pretreating the samples with c-Src blocking peptide (Cell
Signaling Technologies). c-Src and p-Src staining were
quantified on the basis of the percentage of cells that
stained in the cytoplasm and membrane. Both the extent
and intensity of immunopositive staining were considered
for both membrane and cytoplasmic immunostaining. The
intensity of staining ranged from 0 to 3 and the extent

from 0% to 100%. The final staining score (range 0 – 300)
was obtained by multiplying the extent and intensity
scores.
Statistical Analysis
A database containing clinical, demographic, and biomarker characteristics of the 46 patients with resected MPM
from whom the tissue samples were obtained was analyzed
to determine whether c-Src or p-Src (Y419 or Y530) on the
cell membrane or in the cytoplasm is a prognostic factor
for recurrence of disease or overall survival. This protocol
was approved by the institutional review board at M. D.
Anderson Cancer Center. The primary analysis was

Figure 2.

The effects of dasatinib
on cell cycle and apoptosis. A, MPM
cells (MSTO-211H, NCI-H28, NCIH2052, NCI-H2452) were treated
with 100 nmol/L dasatinib for 16 h
before being stained with propidium
iodide and analyzed with FACS to
determine the proportion of cells in
each phase of the cell cycle. B, MPM
cells (MSTO-211H, NCI-H28, NCIH2052, NCI-H2452) were treated
with 100 nmol/L dasatinib for 6 h and
stained with propidium iodide and
Annexin V to estimate the number of
necrotic cells (propidium iodide positive) and those that were undergoing
early apoptosis (Annexin V positive).
SFK inhibition in sensitive cell lines
resulted in apoptosis and cell cycle
arrest.
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Figure 3. Effect of dasatinib on cell migration and invasion. A, MPM cells were plated to confluence on tissue culture plastic. A single scratch was made
in the confluent monolayer. The scratch was monitored and photographed every 6 h for 24 h (representative data). B, cells that migrated into the scratch
after 6 h were counted. The data represent two independent experiments. In each experiment, 20 fields were counted. Bars, SD. In all cases, when treated
cells are compared with corresponding controls, P < 0.05. C, cells were plated onto Matrigel-coated filters in a modified Boyden chamber. Cells were
allowed to attach and spread for 16 h before the addition of 25 nmol/L (MSTO-211H) or 100 nmol/L (all others) dasatinib to the upper chamber and
conditioned medium to the lower chamber. After 24 h, cells still in the upper chamber were removed, and cells that had invaded through the Matrigel were
stained and counted. In parallel, control cells treated identically were assessed for viability and cell number with trypan blue. The average number of cells
per field is expressed as a percentage of the control after normalizing for cell number. In MSTO-211H, NCI-2052, and NCI-H2452 cells, dasatinib inhibited
invasion compared with corresponding controls, P < 0.05.

conducted to determine if the intensity, extension, and total
scores of c-Src or p-Src had any prognostic value. In
addition to being treated as a continuous variable, the total
score was dichotomized to be positive if greater than its
median and negative if less than or equal to its median.
Secondary analysis was conducted to determine the effects
of all clinical variables (i.e., patient demographics, histology, pathology stage, location of recurrence, asbestos
exposure, and smoking history) on recurrence and survival
and to determine if the clinical variables were associated
with the c-Src or p-Src (Y419 or Y530) immunohistochemical staining scores. The Kaplan-Meier method was used to
estimate the survival function. The Cox model was used to
determine the prognostic effects of biomarkers (c-Src and pSrc) and clinical variables. In addition, logistic regression,

ANOVA between groups, and Spearman correlation were
used to assess the association between biomarkers and
other variables.

Results
c-Src Is Activated in MPM Cell Lines
We analyzed four MPM cell lines (MSTO-211H, NCIH28, NCI-H2052, and NCI-H2452) for protein expression
of total c-Src, p-Src Y530, and p-Src Y419 using immunohistochemical analysis of cell pellets. Total c-Src was
highly expressed in all four cell lines. There was no
phosphorylation of c-Src Y530 in any of the four cell
lines and high p-Src Y419 expression in MSTO-211H and
NCI-H2052, indicating c-Src activation (data not shown).
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Figure 4. Representative examples of
immunohistochemical analysis of MPM cell
lines and tissue specimens. A, c-Src expression in MPM cell line H28 and one tumor
specimen with positive membrane and cytoplasmic staining. As a control, blocking
peptide shows the absence of immunostaining in both specimens. B, examples of
immunostaining for the three antibodies used
on MPM tissue specimens showing positive
membrane and cytoplasmic staining in tumor
cells.

Western blot analysis confirmed that total c-Src and
activated c-Src (Y419) were expressed in all four cell lines
(Fig. 1A).
Treatment with Dasatinib Induces Cell Cycle Arrest
and Apoptosis in MPM Cell Lines
We treated the four MPM cell lines with dasatinib and
used a crystal violet assay and an MTT assay to test for
cytotoxicity (Fig. 1B). Three of the four cell lines had IC50
levels below 100 nmol/L, which suggests target specificity
(Table 1); these levels are achieved in the serum of humans
treated with dasatinib. Dasatinib (100 nmol/L) led to
apoptosis and cell cycle arrest in the sensitive cell lines
(Fig. 2). Consistent with the results of the cytotoxicity data,
dasatinib had no effect on cell cycle or apoptosis in the
insensitive cell line.
SFK Inhibition Causes Decreased Migration and
Invasion
All four cell lines were treated with 25 to 100 nmol/L
dasatinib, and cell migration was measured using the
scratch assay described above (Fig. 3A). The number of
cells that had migrated into the wound after 6 h was
calculated and is shown in Fig. 3B. In all cell lines, dasatinib
significantly inhibited cell migration. Cell number was
not significantly affected after 6 h of treatment with 25 to
100 nmol/L dasatinib (data not shown). The kinetics of
cell migration in the wound and the closure of the wound
were also noted. There was complete wound closure within

24 to 36 h in all of the untreated cell lines but in none of the
treated cell lines. Cell invasion, as measured using a
modified Boyden chamber with a Matrigel-coated filter,
was significantly inhibited by dasatinib in three of the four
MPM cell lines (Fig. 3C).
Dasatinib Inhibits c-Src Activity and Downstream
Signaling
The effects of dasatinib on cell signaling were evaluated
in all four MPM cell lines with wide diversity in their
antiproliferative or apoptotic sensitivity to dasatinib. The
baseline levels of c-Src and activated c-Src (Y419) were
measured by Western blotting (Fig. 1A). There was no
consistent correlation between the expression or activation
of c-Src at baseline and the biological effects of dasatinib in
these cell lines. Dasatinib caused complete or nearcomplete and durable inhibition of c-Src activity in all cell
lines, as measured by phosphorylation at Y419 in Western
blotting. As expected, total c-Src levels were not affected.
The effects of 100 nmol/L dasatinib on known downstream
targets of c-Src were examined by Western blotting in cells
treated for 15 min and 24 h (Fig. 1A). In all cell lines, FAK
phosphorylation was decreased at an Src-dependent site
(Y861) and cyclin D1 expression was decreased. Mitogenactivated protein kinase activity was transiently increased
in most MPM cell lines; STAT3 activation was transiently
reduced and returned to baseline levels within 24 h; and
inhibition of AKT phosphorylation was variable, which is
Mol Cancer Ther 2007;6(7). July 2007
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consistent with the effects of dasatinib in head and neck
squamous cell carcinoma and non – small cell lung cancer
cell lines (44).
Activated c-Src Correlates with Higher Pathologic
Stage and Presence of Metastasis in Human MPM
Tissue
We conducted immunohistochemical analyses (total cSrc, p-Src Y419, p-Src Y530) of 46 human MPM samples
obtained during surgical resection and archived in our
tissue bank (Fig. 4). Twenty-six patients had epithelioid
histology, 14 had biphasic tumors, and 6 had sarcomatoid
tumors. In this cohort of patients (Table 2), the mean and
median patient age was 60 years (range, 37 – 78 years).
Eighty-three percent of these patients had no prior therapy
before surgery, and only eight (17%) patients received
neoadjuvant chemotherapy (one of these patients had a
partial response). Nine percent of patients had residual
disease at the time of surgery, and 57% of patients
developed recurrent disease after curative intent surgery.
At a median follow-up of 37.3 months, 41 patients had died:
68% from recurrent or progressive MPM, 25% from
treatment-related causes, and 7% from unknown causes.
Consistent with the literature, higher nodal status and
nonepithelial histology were independent adverse prognostic factors. The hazard ratio for cancer relapse increased
with N stage; the hazard ratio was 1.67 (P = 0.05) for each
one-stage increase in N stage. The death hazard ratio
in patients with epithelial histology versus patients with
biphasic tumors was 0.63 (P = 0.04; i.e., patients with
epithelial histology have a risk of death that is 63% that of
the risk of death in patients with biphasic tumors).
The c-Src protein was expressed in the membrane in 39 of
the 46 MPM tumor specimens and in the cytoplasm of all
tumor specimens. There was positive p-Src Y419 expression
on the membrane in 43% (20 of 46) and in the cytoplasm in
67% (31 of 46) of the MPM tumors. When the total scores
were evaluated as a continuous variable, there was a
statistically significant association between greater p-Src
Y419 membrane staining and a more advanced pathologic
stage (P = 0.05; Table 3). The p-Src Y419 staining score for
the membrane was highest in patients with stage IV
disease. In addition, the presence of metastasis (M stage)
was associated with higher membrane scores of p-Src Y419
(P = 0.03) and higher cytoplasmic expression of p-Src Y419
(P = 0.04).
There were nine tumors that expressed p-Src Y530 on the
membrane, and 13 tumors (the nine included) that
expressed p-Src Y530 in the cytoplasm. Loss of phosphorylation at p-Src Y530 on the membrane was associated with
higher nodal status. Specimens with N1 nodal disease had
the highest level of expression of membrane p-Src Y530,
and specimens with N2 nodal disease had the lowest
expression (P = 0.02). In 11 of the tumors with p-Src Y530
expression, concurrent activation with p-Src Y419 was seen.
There was no other statistically significant association
between the phosphorylation status of c-Src and patient
demographics. There was, however, a trend toward a
decrease in the expression of p-Src Y419 in the cytoplasm in

patients exposed to asbestos and in those with greater
smoking pack-years (correlation coefficient = 0.28;
P = 0.06).
Forty-two of the 46 patients were disease-free after
surgery. Of the 42 patients, 26 (62%) developed disease
recurrence by the time of this study, with a median time to
recurrence of 7.82 months. Eighty-nine percent (41 of 46) of
the patients died, for a median overall survival duration of
7.52 months after surgery. There was no association
between the level of c-Src activation and increased risk of
disease relapse, site of relapse (local, regional, distant), or
overall survival.

Table 2. Clinical and demographic patient data
Characteristic
Sex
Female
Male
Ethnicity
African-American
Hispanic
Caucasian
Prior cancer
None
Aerodigestive tract
Other (i.e., skin)
Family history of MPM
No
Yes
Asbestos exposure
No
Yes
Unknown
Smoking status
Current
Former
Never
Surgery
Extrapleural pneumonectomy
Pleurectomy
Side of resected tumor
Right
Left
Pathologic stage
II
III
IV
Pathologic T stage
T2
T3
T4
Pathologic N stage
N0
N1
N2
Pathologic M stage
M0
M1

n Patients

Percent of total (%)

8
38

17
83

1
1
44

2
2
96

39
0
7

85
0
15

44
2

96
4

14
31
1

31
67
2

6
24
16

13
52
35

42
4

91
9

26
20

57
43

1
29
16

2
63
35

10
25
11

22
54
24

20
6
20

43
13
43

39
7

85
15
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Table 3. P values for the associations between Src expression/activation and disease stage
Stage

Src membrane Src cytoplasm Src Y 419 membrane Src Y 419 cytoplasm Src Y 530 membrane Src Y 530 cytoplasm

Pathologic stage
T stage
N stage
M stage

0.93
0.6
0.45
0.62

0.22
0.23
0.96
0.99

0.05
0.57
0.74
0.03

MPM Tissues and Cell Lines Do Not Harbor c-Src
Mutations in Exon 12
No gene mutations in c-Src exon 12 were found in any of
the four cell lines. c-Src gene was sequenced in all 46
human tumor specimens (data not shown); there were no
mutations found in c-Src exon 12.

Discussion
Our findings show that c-Src is commonly expressed and
activated in MPM cell lines and tissue samples by
dephosphorylation of the regulatory Y530 site and phosphorylation at the Tyr419 site. Activation of c-Src correlated
with distant (p-Src 419) and nodal (loss of p-Src 530)
metastases. This is consistent with the known role of c-Src
in cancer cell invasion and metastasis.
Treatment of the MPM cell lines with the SFK inhibitor
dasatinib showed promising cytotoxic effects, with IC50
values below achievable serum levels and abrogation of cSrc downstream signaling. In sensitive cell lines, dasatinib
led to significant apoptosis and cell cycle arrest. Our in vitro
work suggests that this agent should be evaluated further
in animal studies and clinical trials.
STAT3 inhibition did not follow the durable inhibition of
c-Src after incubation with dasatinib. This reactivation of
STAT3 may be a compensatory response to suppress the
proapoptotic or antiproliferative effects of dasatinib.
Although unexpected in this study, the lack of long-term
STAT3 inhibition has been observed in multiple tumor
types (44, 45).5 Combining STAT3 inhibitors with dasatinib
may lead to synergistic antitumor effects in MPM, and this
strategy is currently being examined. Thus, our findings
provide evidence that targeting multiple pathways in solid
tumors may be the most effective therapeutic strategy.
Src expression and inhibition did not predict changes in
cell cycle arrest, apoptosis, or growth inhibition in response
to dasatinib in these cell lines. The diversity of biological
and molecular responses to dasatinib was not unexpected
and has been seen in other tumor types (44, 45) and with
other kinase inhibitors. For example, EGFR inhibitors also
show diverse biological and molecular effects in patient
tumors and cell lines that are independent of the degree of
EGFR expression (46, 47). Although some of this may be
due to EGFR mutation, an uncoupling of EGFR inhibition

5
Johnson FM, Saigal B, Tran HT, Donato NJ. Abrogation of STAT3
reactivation after Src kinase inhibition results in synergistic antitumor
effects. Clin Cancer Res. In press, 2007.

0.19
0.09
0.09
0.04

0.36
0.59
0.02
0.79

0.18
0.43
0.07
0.28

from downstream biological effects is also seen in many cell
lines (2, 44, 47 – 49).
In this study, there was no association between the
activation of c-Src and clinical outcomes in patients from
whom the tumor specimens were obtained. This may be
because we had a small, homogeneous sample, with two
thirds of the patients’ tumors being activated at Y419. Our
tissue specimens are one limitation of this retrospective
study. Although the archival tissues were chosen at random
from our tissue bank, our patient demographics favor
Caucasian men, and there was a higher ratio of biphasic and
sarcomatoid tumors in our study than in the general
population; biphasic and sarcomatoid tumors are associated
with a worse prognosis than are epithelial tumors. Also,
evaluating phosphorylated antibodies in archived paraffin
tumors is problematic, as it has been discovered that the
length of time between when a tumor is removed from the
body and when it is evaluated can affect the phosphorylation status of the receptor (50). Our archival tissues were
collected over several years, before this was known, and
the time between removal from the body and tissue fixation
is unknown. Therefore, we must cautiously interpret the
prognostic value of the phosphorylated molecule, and
prospective trials with controlled conditions are needed to
validate the results of this study.
Despite the limitations of our study, our findings are
compelling. First, we found that c-Src is a potential
therapeutic target in MPM, and targeting c-Src in the
induction or adjuvant setting to prevent metastasis or even
stabilize disease by preventing local cell invasion would be
reasonable. Multimodality therapy that includes systemic
treatment is clearly necessary to control this disease. This
has been evidenced by the results of clinical trials of
curative intent surgery plus adjuvant radiotherapy in
which the rate of recurrent MPM in a distant site has been
as high as 50% (51, 52). To further assess the therapeutic
effects of SFK inhibition, we plan to conduct a clinical trial
at our institution using induction of the single-agent
dasatinib in patients with resectable MPM.
Second, our data suggest that the combination of SFK
inhibitors with other agents, such as STAT3 inhibitors (44,
45), may lead to enhanced cytotoxic effects. There is a
growing body of evidence suggesting that c-Src inhibition
has greater potential for preventing tumor metastasis rather
than directly affecting the growth of the primary tumor
(53). Therefore, targeting c-Src in combination with
inhibition of other carcinogenic regulatory pathways may
be the most advantageous therapeutic strategy.
Mol Cancer Ther 2007;6(7). July 2007

Downloaded from mct.aacrjournals.org on March 6, 2021. © 2007 American Association for Cancer Research.

Molecular Cancer Therapeutics

Dasatinib may also affect MPM cells and tumors through
other kinases. MPM expresses platelet-derived growth
factor and its receptor (22 – 31). Platelet-derived growth
factor is a mitogen for MPM cells, and some studies suggest
that it is an autocrine loop pathway for tumor cell
proliferation and angiogenesis (24 – 26, 44, 54 – 59). Ephrin
kinases (EPHA, EPHB) are thought to promote angiogenesis and enhance tumor cell motility, invasion, and
metastasis (60 – 63). EPHB4, a receptor tyrosine kinase, is
associated with vascular remodeling (64) and has recently
been shown to be highly expressed in mesothelioma cell
lines and primary tumor tissues (65). The c-Kit tyrosine
kinase receptor and its downstream mediator Slug, a zinc
finger transcription factor, are involved in cell survival,
proliferation, adhesion, and differentiation (66). Recent
studies have suggested that Slug is an important regulator
of epithelial-mesenchymal transitions in tumor progression
(6), and in vitro data suggest that this pathway plays a role
in multidrug resistance in mesothelioma cells.
In conclusion, we found that SFK inhibition with
dasatinib led to cell cycle arrest, apoptosis, and inhibition
of migration and invasion in MPM cell lines. The
expression of c-Src was common in MPM tissues, and
activation correlated with advanced pathologic stage. This
shows that c-Src is a potential therapeutic target in MPM.
This is the first published study to comprehensively
evaluate c-Src expression and activation in MPM and
investigate the therapeutic role of c-Src inhibition in MPM.
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