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Carbon nanotubes (CNTs) have been likened to asbestos in terms of
morphology and toxicity. CNT exposure can lead to pulmonary
fibrosis and promotion of tumorigenesis. However, the mechanisms
underlying CNT-induced carcinogenesis are not well defined. Meso-
thelin (MSLN) is overexpressed in many human tumors, including
mesotheliomas and pancreatic and ovarian carcinomas. In this study,
the role of MSLN in the carcinogenic transformation of human
bronchial epithelial cells chronically exposed to single-walled CNT
(BSW) was investigated. MSLN overexpression was found in human
lung tumors, lung cancer cell lines, and BSW cells. The functional
role of MSLN in the BSW cells was then investigated by using stably
transfected MSLN knockdown (BSW shMSLN) cells. MSLN knock-
down resulted in significantly decreased invasion, migration, colonies
on soft agar, and tumor sphere formation. In vivo, BSW shMSLN
cells formed smaller primary tumors and less metastases. The mech-
anism by which MSLN contributes to these more aggressive behav-
iors was investigated by using ingenuity pathway analysis, which
predicted that increased MSLN could induce cyclin E expression. We
found that BSW shMSLN cells had decreased cyclin E, and their
proliferation rate was reverted to nearly that of untransformed cells.
Cell cycle analysis showed that the BSW shMSLN cells had an
increased G2 population and a decreased S phase population, which is
consistent with the decreased rate of proliferation. Together, our
results indicate a novel role of MSLN in the malignant transformation
of bronchial epithelial cells following CNT exposure, suggesting its
utility as a potential biomarker and drug target for CNT-induced
malignancies.

mesothelin; nanotubes; cancer; cell invasion; tumor formation

CARBON NANOTUBES (CNTS) HAVE unique physical and chemical
properties that make them suitable for a variety of consumer
and biomedical applications. Their electrical conductivity and
strength are exploited with their integration into consumer
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products, including electronics and sports equipment. The ease
of functionalization make CNTs ideal candidates for biosen-
sors and drug delivery platforms (10, 32, 38). CNTs are fibrous
in shape and resistant to chemical and high-temperature deg-
radation. Therefore, CNTs exhibit asbestos-like properties
(44). Because of the rapid growth of production, worker
exposure to CNTs is increasingly likely, creating a potential
human health hazard (10, 42).

Pulmonary toxicity following CNT exposure is of particular
concern, as CNTs are small, low density, and easily aerosol-
ized (32). As with other nanoparticles, the toxicity of CNTs
depends heavily on the dose, exposure route, and particle
physical properties (38, 42). Variations in these parameters
often make it difficult to compare published outcomes. How-
ever, the consensus is that inhalation of CNTs are likely
detrimental to human health, but the full scope and mecha-
nisms of the damage are still unclear (11).

Much of what is known about CNT toxicity comes from
acute, high-dose exposures, which result in transient inflam-
mation and fibrosis (7, 42). In reality, chronic, low-dose expo-
sures are more likely (42), meaning that chronic exposure
models are needed to determine meaningful occupational ex-
posure limits. Additionally, CNTs are not degraded in vivo and
their persistent presence, even at very low doses, can cause
oxidative stress (42) and DNA damage (7). Over time, this
damage could contribute to the development of cancer. How-
ever, the molecular mechanisms underlying this transformation
are currently unknown.

To better understand the mechanism of CNT-induced carci-
nogenesis, we previously generated an in vitro chronic CNT
exposure model by culturing human bronchial epithelial
(BEAS-2B) cells with single-wall carbon nanotubes (SWCNTSs)
(0.02 pg/cm?) for 6 mo (21, 47). These chronic SWCNT-exposed
(BSW) cells had greater malignant morphology and behavior
than their passage-matched parental cells, including increased
proliferation rates, increased resistance to apoptosis (30, 47),
and increased tumor formation in vivo (21, 47).

The malignant phenotype noted after chronic exposure to
subacute doses of SWCNTSs results from the interaction of
many factors, including changes in regulation of a variety of
cell processes (apoptosis, invasion/attachment, cell cycle reg-

http://www.ajplung.org

9T0Z ‘9z Jaqwadas uo z'ee'0z2z 0T Aq /610 ABojoisAyd-6un|dfe;/:dny wouy papeojumoq



mailto:yrojan@hsc.wvu.edu
http://ajplung.physiology.org/

MESOTHELIN IN CNT-INDUCED CARCINOGENESIS

ulation, etc.). The mechanisms causing these changes have not
been fully described, but, given the similarities between CNTs
and asbestos, it is possible that the pathologies could develop
through similar mechanisms.

Mesothelin (MSLN), a 40-kD cell-surface protein of un-
known physiological significance, is found in very few normal
tissues. The MSLN gene encodes a 70-kD precursor protein
that is cleaved into the 40-kD cell-surface mature MSLN
fragment and a 30-kD soluble fragment. Mature MSLN is
detectable in nearly all mesotheliomas and ~30% of all can-
cers (29). Overexpression of MSLN in lung adenocarcinomas
is correlated with decreases in both overall and relapse-free
survival (16). Although neither the normal or pathological role
of MSLN is explicitly known, it has been suggested that
MSLN may promote the development of malignancy by af-
fecting cell adherence (41), cell survival and proliferation (16,
19, 41), invasion and migration (16), apoptosis resistance, and
chemosensitivity (41). The soluble MSLN fragment is detect-
able in the serum of many cancer patients, and its presence has
been investigated as a potential biomarker for lung adenocar-
cinoma, mesothelioma (37), pancreatic cancer (19, 41), and
ovarian cancer (12).

Since MSLN is thought to play a role in carcinogenesis, this
study was designed to determine the functional role of MSLN
in SWCNT-transformed bronchial epithelial cells (BSW). A
stably transfected MSLN knockdown line (BSW shMSLN)
was generated and used to evaluate the effects of MSLN
knockdown on cell migration, invasion, colony formation, and
tumor sphere formation in vitro, as well as tumorigenesis and
metastasis in vivo. An MSLN-overexpressing BEAS-2B line,
B2B/MSLN, was also generated to determine if MSLN over-
expression alone could induce the same in vitro malignant
phenotypic changes as those previously noted in the BSW
cells. The mechanism by which MSLN could contribute to
these behaviors was investigated by Ingenuity Pathway Anal-
ysis, which suggested that MSLN induced cyclin E, leading to
cell cycle dysregulation. The effects of MSLN on cyclin E and
cell cycle regulation were verified experimentally.

MATERIALS AND METHODS

Patient tumor samples. Human lung tissue lysates were purchased
from Protein Biotechnologies (Ramona, CA). Samples from lung
tumors and adjacent healthy tissue were provided as pairs. Six large
cell carcinomas, two squamous carcinomas, and one adenocarcinoma
were tested.

Cell culture. Nontumorigenic human bronchial epithelial
BEAS-2B cells were cultured with SWCNT (0.02 pg/cm?) for 6 mo
to generate CNT-transformed bronchial epithelial cells (BSW), as
previously described (21, 47). This cell model has been reported to be
an appropriate model for in vitro lung carcinogenesis studies (28, 48).
BSW cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 5% fetal bovine serum (FBS), 2 mM
I-glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin
(Gibco, Gaithersburg, MA). A549 cells, human lung carcinoma alve-
olar type II epithelial cells, were cultured in DMEM supplemented
with 5% fetal bovine serum (FBS), 2 mM l-glutamine, 100 units/ml
penicillin and 100 pg/ml streptomycin (Gibco). Nonsmall cell lung
cancer H460 cells were cultured in RPMI 1640 medium supplemented
with 5% FBS, 2 mM Il-glutamine, and 100 units/ml penicillin/
streptomycin. With the exception of laboratory-generated BSW and
passage control BEAS-2B cells, all cells were purchased from ATCC
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(Manassas, VA). All cells were maintained in a humidified atmo-
sphere of 5% CO, at 37°C.

Generation of stable MSLN knockdown BSW cells. Stable MSLN
knockdown BSW cells and vector-transfected control cells were
generated by using shMSLN lentiviral plasmid vector or scrambled
shRNA vector (OriGene Technologies, Rockville, MD) and trans-
fected by the Amaxa Nucleofector II electroporation method (Lonza,
Walkersville, MD). Stable transfected single clones were selected
with 5 pg/ml of puromycin. MSLN knockdown was verified by
Western blotting.

Transient MSLN overexpression in B2B cells. MSLN overexpres-
sion was transiently induced in BEAS-2B cells with plasmid DNA
(pEasy-MSLN-iCre-HA-Flag, plasmid No. 31305, Addgene, Cam-
bridge, MA) and FuGENE HD transfection reagent (Promega, Mad-
ison, WI), according to the manufacturers protocol. At 24 h after the
transfection, MSLN protein expression levels were assessed by West-
ern blotting. MSLN-overexpressing BEAS-2B cells (B2B/MSLN)
were used in migration, invasion, and colony formation assays.

Cell proliferation. MSLN knockdown and vector control cells were
seeded at a density of 1.5 X 10* cells per well in 100 pl of media in
a 96-well plate (Fisher Scientific, Waltham, MA). After 24, 48, or 72
h, 20 pl of CellTiter 96 Aqueous One Solution (Promega, Madison,
WI) were added to each well, and the cells were incubated at 37°C for
an additional 3 h. Viable cells cleave the reagent’s tetrazolium salt to
a soluble formazan dye, resulting in a color change proportional to the
number of live cells. Absorbance was measured at 490 nm, with a
reference wavelength at 630 nm, by using a BioTek Plate Reader
(BioTek, Winooski, VT).

Soft agar colony formation assay. BSW shMSLN and BSW shC
cells (2,500 cells) were suspended in 0.5 ml of culture medium and
mixed with equal amount of 0.7% agar to a final agar concentration of
0.35%. The 1 ml cell/agar suspensions were immediately plated onto
a 6-well plate coated with 0.5% agar in culture medium (1 ml/well).
Colonies were examined under a light microscope after 2 wk of
culture. Colonies were counted if >50 cells. To assess the self-
renewing property of cells, colonies were collected by gentle centrif-
ugation, dissociated into single-cell suspensions, filtered and cultured
under conditions described above (second colony formation).

Tumor sphere formation assay. Tumor sphere assay was performed
under stem cell selective (nonadherent and serum-free) conditions as
previously described (49). Briefly, 5 X 10* cells were suspended in
0.8% methylcellulose (MC)-based serum-free medium (Stem Cell
Technologies, Vancouver, Canada) supplemented with 20 ng/ml of
epidermal growth factor (BD Biosciences, San Jose, CA), basic
fibroblast growth factor and 4 mg/ml of insulin (Sigma, St. Louis,
MO) in an ultra-low adherent 6-well plate. Cells were then cultured
for 2 wk. Tumor spheres were examined under a light microscope. To
assess the self-renewing property of cells, spheres were collected by
gentle centrifugation, dissociated into single-cell suspensions, filtered,
and cultured under conditions described above (second-sphere forma-
tion).

Cell migration and invasion assays. In vitro cell migration was
determined with a 24-well Transwell unit with polycarbonate (PVDF)
filters (8-pwm-pore size). In vitro cell invasion was performed with a
BD Matrigel invasion chamber (BD Biosciences). Briefly, cells at the
density of 1.5 X 10* cells per well (migration) or 3 X 10* cells per
well (invasion) were seeded into the upper chamber of the Transwell
unit in serum-free medium. The lower chamber of the unit was filled
with a normal growth medium containing 5% FBS. Chambers were
incubated at 37°C in a 5% CO, atmosphere for 48 h. The nonmigrat-
ing or noninvading cells were removed from the inside of the insert
with a cotton swab. Cells that migrated or invaded to the underside of
the membrane were fixed and stained with Diff-Quik (Dade Behring,
Newark, DE). Inserts were visualized and scored under a light micro-
scope (Leica DM IL). Number of migrating and invading cells were
counted. Results represent the means = SD from 10 fields evaluated.
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Immunoblotting. Cells were washed twice with ice-cold PBS and
lysed on ice with modified RIPA buffer containing protease and
phosphatase inhibitor mixture (Roche Molecular Biochemicals, Indi-
anapolis, IN) for 30 min. The lysate was sonicated briefly and
centrifuged at 14,000 g for 20 min. Cell lysates (40 wg of protein)
were fractionated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride membranes (PVDF) (Bio-Rad Laboratories, Hercules, CA).
The transferred membranes were blocked for 1 h with 5% nonfat dry
milk in TBST (25 mM Tris-HCI, pH 7.4, 125 mM NaCl, 0.05%
Tween 20) followed by MSLN (ab96869, Abcam, Cambridge, MA) or
cyclin E (Cell Signaling, Danvers, MA) primary antibody at 4°C
overnight with gentle shaking. Membranes were washed three times
with TBST for 10 min each, followed by incubation with a horserad-
ish peroxidase-conjugated [3-actin secondary antibody (A5441,
Sigma) for 1 h at room temperature. Protein bands were visualized
with enhanced chemiluminescence detection reagents from Millipore
(Billerica, MA). Actin was blotted to ensure equal loading of the
samples, and data were quantified with image J densitometry soft-
ware.

Flow cytometry. MSLN knockdown and scrambled shRNA control
cells were seeded overnight in 6-well plates (Fisher Scientific) at a
concentration of 3 X 10° cells/well. The cells were trypsinized,
collected, washed twice with PBS, and fixed overnight in 70% ethanol
(Fisher Scientific) at —20°C. Subsequently, the cells were washed and
suspended in 0.2% Tween 20 (Sigma) PBS solution for 15 min at
37°C, followed by RNase A (180 wg/ml) for 15 min at room time
temperature. The cells were then stained with propidium iodide PBS
(50 pg/ml; Sigma) for 15 min at room temperature. Changes in DNA
content were determined with a BD LSR Fortessa Flow cell analyzer
(BD Biosciences) and BD FACS Express 5 software. The forward
scatter and side scatter were used to gate the majority of the cell
population; 20,000 events were collected for each sample. The selec-
tion of the cells was based on knowing that in the GO/G1 phase
(before DNA synthesis) cells have a defined amount of DNA (i.e., a
diploid chromosomal DNA content) and double that amount in the G2
or M phase (G2/M, i.e., a tetraploid chromosomal DNA content).
During the S phase (DNA synthesis), cells contain between one to two
DNA levels.

Tumor xenograft mouse models. Animal care and experimental
procedures described in this study were performed in accordance with
the Guidelines for Animal Experiments at West Virginia University
with the approval of the Institutional Animal Care and Use Committee
(IACUC No. 15-0702). Immunodeficient NOD/SCID-vy mice, strain
NOD Cg-Prkdcscid 112rgtm1Wjl/Sz] (NSG; Jackson Laboratory, Bar
Harbor, ME) were maintained under pathogen-free conditions within
the institutional animal facility. Food and tap water were given ad
libitum. Mice (6 per group) were subcutaneously injected with 5 X
10° cells of BSW with shMSLN or shControl stable knockdown cells
suspended in 100 w1 of ExtraCel hydrogel (Advanced BioMatrix, San
Diego, CA). Mice were inspected daily for any signs of distress such
as weight loss, hunching, failure to groom, or red discharge from the
eyes. After 30 days, mice were euthanized and tumors were dissected
and weighted. Metastatic nodules were counted from the surface on
the intestine, liver, and lungs. Liver and lung tumor specimens were
dissected into 5-pm sections and stained with hematoxylin and eosin
to confirm cancer histology and metastasis in organs. All tissue
sectioning and staining were performed at the West Virginia Univer-
sity Pathology Laboratory for Translational Medicine.

Immunostaining. Lung and liver sections in paraffin were deparaf-
finized and rehydrated. Antigens were retrieved with 10 mM of
sodium citrate solution in the microwave for 20 min. The slides were
then blocked with 3% BSA/0.1% Tween in 1X PBS blocking buffer
for 1 h and were incubated with antihuman MSLN antibody (Abcam)
at a dilution of 1:500 or antihuman mitochondria antibody (EMD
Millipore, Temecula, CA) at a dilution of 1:100 overnight at 4°C.
After washing with PBS three times, the slides were incubated with
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biotinylated secondary antibodies for 1 h, followed by avidin-biotin
complex reagent (Vector Laboratories, Burlingame, CA), and detected
with DAB kit (Vector Laboratories). After color development, the
slides were counterstained with hematoxylin, dehydrated, and
mounted with Permount mounting medium (Fisher Scientific). Images
were taken with a light microscope with the SimplePCI 6 software
(Compix, Cranberry, PA).

Ingenuity pathway analysis. To further understand MSLN’s role in
promoting the observed cancer cell phenotype, we examined the
potential signaling pathways within BSW cells. Whole genome
mRNA microarray data from our previous work (NCBI GEO Acces-
sion No. GSE56104) was uploaded into Ingenuity Pathway Analysis
(Qiagen). All known mRNA and miRNA signaling associations with
MSLN were plotted along with differential gene expression of BSW
vs. passage control BEAS-2B cells (30). Genes and miRNA were
excluded from the network if the relationship with MSLN was not
reported in lung tissue. Because of the complexity of the network and
aggressive, metastatic ability of BSW cells, genes only known to play
a role in metastatic and stage IV lung cancer were kept in the MSLN
network. Lastly, predictive activation/inhibition analysis of both up-
stream and downstream genes from MSLN was conducted by using Z
scores. Based on the observed significant MSLN protein overexpres-
sion, we evaluated upstream and downstream targets with a predicted
MSLN activation. These predictions were overlaid on the MSLN
signaling network if Z * 2.

Statistics. Results were expressed as means = SD. All values were
derived from at least three independent experiments. Differences
between groups were assessed by analysis of variance (ANOVA)
followed by Student’s #-test. For all analysis, two-sided P values of
=0.05 were considered statistically significant.

RESULTS

Mesothelin expression is increased in human lung tumors
and lung cancer cell lines. As reports on the pervasiveness of
MSLN in human cancers vary widely, we first verified that
MSLN was detectable in human lung tumors lysates. MSLN
expression was assessed in 10 human lung tumor samples and
corresponding adjacent, healthy tissue controls (Fig. 1A). Sam-
ples included six large cell carcinomas, three squamous cell
carcinomas, and one adenocarcinoma. None of the control
samples had notable MSLN expression. However, 5 of the 10
tumor samples had increased MSLN expression, ranging from
2- to 10-fold more MSLN than the corresponding normal
controls (Fig. 1B).

To validate the differential expression of MSLN in malig-
nant vs. nonmalignant cell lines, MSLN expression was as-
sessed in noncancerous BEAS-2B cells, two lung cancer
lines (A549, H460), and BSW cells, the previously gener-
ated SWCNT-transformed human bronchial epithelial line (47)
(Fig. 1C). BEAS-2B cells had a lower level of MSLN expres-
sion than both the BSW cells and the lung cancer lines, A549
(adenocarcinoma) and H460 (large cell carcinoma) (Fig. 1D).
Even though the BSW cells originated from the noncancerous
BEAS-2B cells, their MSLN expression was on par with the
cancer cell lines.

MSLN knockdown BSW cells are less aggressive than BSW
cells in vitro and in vivo. To determine the functional role of
MSLN in the expression of a more malignant phenotype by
BSW cells, BSW cells were stably transfected with either
MSLN short-hairpin (sh)RNA (shMSLN) or a vector control
(shC). Western blot analysis (Fig. 2, A and B) showed that
MSLN was decreased substantially in the sShMSLN-transfected
cells (BSW shMSLN). MSLN was decreased to nearly unde-
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tectable levels in two clones (BSW shMSLN-1 and BSW
shMSLN-5), and these clones were selected for further study.

Colony formation on soft agar is used to assess anchorage-
independent cell growth in vitro, a hallmark of malignant
transformation (5). MSLN knockdown cells (BSW shMSLN)
formed significantly fewer colonies on soft agar than BSW
controls (BSW shC) (23.7 £ 5.1 vs. 53.0 = 9.9) and the
colonies that did form were smaller than those formed by the
BSW controls (Fig. 2, C and E). Although noncancerous cells
are not usually expected to form colonies on soft agar, it has
been noted that BEAS-2B cells form small, slow-growing
colonies despite their nonmalignant origins (40, 45). Previ-
ously, it was shown that BSW cells formed eight times more
colonies than passage-matched BEAS-2B cells (47).

Tumor spheres form from the proliferation of cancer stem
cells and the number of tumor spheres that form is indicative of
the relative amount of cancer stem cells in the culture (2). BSW
shMSLN cells formed significantly fewer tumor spheres than
BSW shC (50.2 = 10.9 vs. 81.0 = 9.7), and the spheres formed
by the BSW shMSLN cells were overall smaller than those
formed by BSW shC (Fig. 2, D and F).

To determine if the reduction in colony formation was due
specifically to the decrease in MSLN, the experiments were
repeated with a MSLN-overexpressing line. BEAS-2B cells
were transiently transfected to overexpress MSLN (B2B/
MSLN) (Fig. 2G). After MSLN overexpression was verified,
B2B/MSLN colony formation on soft agar was assessed. B2B/
MSLN formed substantially more colonies than B2B cells
(6.5 +2.17vs.0.17 = 0.51), and the colonies that formed were
overall much larger than those seen with B2B cells (Fig. 2, H
and 7). Next, the effects of MSLN on cell migration and
invasion were assessed. Migration was quantified by a Trans-
well system with 8-pum pores in the barrier. Cells that crossed
the pores in the barrier were stained and counted (Fig. 3, A and
(). The BSW vector control cells (BSW shC) had 2.6 times as
many migrated cells as the MSLN knockdown cells (BSW
shMSLN). Previously, BSW cells were shown to migrate twice
as much as passage-matched BEAS-2B controls (47).

Invasion was quantified in a similar manner to migration,
except a thin layer of extracellular matrix was added to form a
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Fig. 1. MSLN is overexpressed in lung can-
cer. A: Western blot for MSLN in pairs of
lung tumor lysates (T) and normal tissue
controls (N) from the same patients. Pairs
1-6 are large cell carcinomas, pairs 7-9 are
squamous cell carcinomas, and pair 10 is
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barrier over the pores in the Transwell insert. In order for cells
to cross through the barrier, they must first break down the
extracellular matrix (18). BSW shMSLN demonstrated signif-
icantly (2.8 times) less invasion than BSW shC (Fig. 3, B and
D). Previously, BSW cells were shown to invade three times as
much as passage-matched BEAS-2B controls. Overall, the
invasion and migration assays show that the reduction in
MSLN significantly reduces the invasion and migration abili-
ties of the BSW cells.

Next, the effect of MSLN overexpression on migration and
invasion was assessed using B2B/MSLN cells. B2B/MSLN
cells demonstrated significantly increased migration and inva-
sion relative to B2B controls. Migration was increased sixfold
(Fig. 3, E and G) relative to B2B controls, while invasion was
increased fourfold (Fig. 3, F and H).

Since decreasing MSLN reduced the aggressiveness of BSW
cells in vitro, we next assessed whether this translated to less
severe in vivo behavior. While noncancerous cells, including
the parental BEAS-2B line, are not expected to form tumors in
nude mice (30), the transformed BSW cells have been shown
to form injection site tumors in vivo (47). In our study, both
BSW shMSLN and BSW shC cells formed injection site
tumors in mice after 30 days, with the BSW shC cells forming
tumors three times larger than those resulting from BSW
shMSLN cells (Fig. 4, A and B).

We also assessed the ability of BSW tumors to metastasize
by measuring surface tumor nodules in the abdominal and
thoracic cavities. BSW shMSLN cells formed 15 times fewer
metastatic nodules (average of 1 per mouse) than BSW shC
cells (Fig. 4C). Mice injected with BSW shC had significantly
greater tumor surface area in pulmonary and hepatic cross
sections (56 * 31.27 vs. 2.25 * 4.5 cm?) (Fig. 4D). Exami-
nation of hematoxylin and eosin stained liver and lung slices
confirmed these findings, with tumor nodules present in the
liver and lungs of mice treated with BSW shC cells, but not in
mice treated with BSW shMSLN cells (Fig. 4E). Tissue sec-
tions were stained with antihuman mitochondrial and antihu-
man MSLN antibodies to ensure that the tumors had originated
from the injected human cells (Fig. 4, F' and G). Tissue staining
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Fig. 2. Knockdown MSLN reduces soft agar colony and tumor sphere formation. A and B: Western blot and quantification of MSLN in several stable knockdown
clones. C: representative images showing colony formation on soft agar of BSW shC and BSW shMSLN cells. D: representative images of tumor sphere
formation of BSW shC and BSW shMSLN cells. E: quantification of colonies formed by BSW shC and BSW shMSLN cells. F: quantification of tumor spheres
formed by BSW shC and BSW shMSLN cells. *P < 0.05 vs. BSW shC. G: Western blot of MSLN expression in B2B and B2B/MSLN cells. H and
I: quantification and representative images of colonies formed by B2B and B2B/MSLN cells. *P < 0.05 vs. B2B.

results indicate that liver and lung metastatic lesions were of
human origin and high in MSLN expression.

Mesothelin increases cyclin E, which drives more rapid cell
proliferation. Possible mechanisms behind MSLN-driven ma-
lignancies were investigated by using Ingenuity Pathway Anal-
ysis (IPA) to determine the overlap between gene expression
changes in BSW cells, as previously determined by whole
genome mRNA microarray (23), and known relationships with
overexpressed MSLN (Fig. 5). The prediction suggests that
activated TNF, and K-ras (z = 2.03), mediators commonly
increased with lung cancer, coupled with decreased and inhib-
ited cyclin A, cyclin B and cyclin-dependent kinase 1 (CDK1)
expression contribute to the induction of MSLN. Once MSLN
has increased, it may increase the expression of matrix metal-
loproteinase (MMP) 7 and MMP-9, contributing to increased
invasion, as well as stimulating increases in IL-6, Stat3, and
cyclin E, which contribute to cell cycle dysfunction. MSLN is
predicted to have an inhibitory effect on both p53 and the
proapoptotic mediator BAX. Inhibition of p53 would comple-

ment the dysfunctional cell cycle progression resulting from
the increase in cyclin E. Suppression of the antiapoptotic
mediator BAX may shift the cells toward a more apoptosis-
resistant state.

From the IPA data, it appears that MSLN induces cyclin E,
which regulates cell cycle progression by acting as a gate-
keeper at the G1/S phase transition. The IPA prediction was
verified by Western blotting, which confirmed that cyclin E
was highly expressed in BSW shC cells but barely detectable
in either BSW shMSLN clone (Fig. 6, A and B), indicating that
MSLN is an upstream regulator of cyclin E in these cells.

Increases in cyclin E, and the subsequent decreases in time
spent in G1, can result in more rapid cell cycle progression and
ultimately increased proliferation rates. The change in prolif-
eration rate can be used to determine the functional signifi-
cance of the changes in cyclin E and cell cycle distribution. A
colorimetric proliferation assay, which allows for the determi-
nation of the number of metabolically active cells based on
their conversion of the reagents tetrazolium salt to a water-
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soluble formazan dye, was used to quantify cell proliferation
(Fig. 6C). By day 3, BSW shMSLN cells proliferated at half
the rate of the BSW shC cells. In addition, BSW cells prolif-
erate two to three times faster than passage-matched BEAS-2B
controls (47). Thus knocking down MSLN nearly reverts cells
to their original growth rate.

Flow cytometry was carried out to determine if the change in
cyclin E levels correlated with a change in cell cycle distribu-
tion. Compared with the BSW shC cells, the BSW shMSLN
cells had a greater percentage of the population in G2 phase
and fewer cells progress to S phase (Fig. 7). Since cyclin E
regulates the G1/S phase transition, the increased S population
in the BSW shC cells serves as supporting evidence that the
increase in cyclin E translates to a change in behavior. In
addition, the decrease in the G2 population also indicates more
rapid cell cycle progression.

DISCUSSION

Cancer develops from continuous dysregulation of the
mechanisms controlling critical cell behaviors. Chemical and
physical stimuli can contribute to both the initial cellular
damage and the propagation of those effects. Assessing the
potential carcinogenicity and carcinogenic mechanisms of new
materials is often challenging due to the long latent periods
between exposure and disease onset and the intricate molecular
pathways regulating cell behavior (22). Rapid assessment of
toxicity, as is possible with acute exposure models, does not
always capture the full range of toxicological implications,

particularly when used to assess biopersistent materials like
asbestos and CNTs (42, 48).

CNTs have been likened to asbestos in terms of their fibrous
structure and durability. As their integration into consumer
products grows, understanding their toxicity has become a
pressing public health matter (10, 42, 44). Their small, light,
easily aerosolized structure makes inhalation exposures, and
thus eventual lung toxicity, a primary concern (32). Once
inhaled, SWCNTSs can deposit in the deepest regions of the
lung, the bronchoalveolar junctions and the alveoli themselves,
where they persist for up to several months (22, 48). After an
initial inflammatory response and the generation of reactive
oxygen species (ROS), SWCNT persistence in the lung leads
to the formation of granulomas and interstitial fibrosis (7, 35,
42, 48). Prolonged pulmonary inflammation and fibrosis in-
crease the risk of developing lung cancer (22, 34). Addition-
ally, SWCNTs may further increase the risk by damaging DNA
and interfering with cell replication (7, 22, 34). Reported
SWCNT genotoxicity, in in vitro and in vivo models, includes
aneuploidy, centrosome fragmentation, damage to mitotic
spindles, and increased numbers of micronuclei (22, 34, 36).
Moreover, long-term exposure to CNTs induced malignant
transformation of bronchial and small-airway epithelial cells
(47, 48). SWCNT exposure in a mouse inhalation model also
resulted in K-ras oncogene mutations, which have been impli-
cated in carcinogenesis (34, 35). Despite the evidence for
SWCNT-induced DNA damage, their status as an oncogenic
initiator is still unconfirmed (48). However, a murine inhala-
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tion study, using an initiator/promotor model, demonstrated
that MWCNTs, specifically Mitsui-7 MWCNT, do act as tumor
promotors (32).

To better understand the molecular mechanisms contributing
to CNT carcinogenicity, we investigated the role of MSLN in
the malignant transformation of lung epithelial cells chroni-
cally exposed to SWCNT. MSLN was historically associated
with mesothelioma (37), which is primarily an asbestos-in-
duced malignancy (48). MSLN has since identified in nearly
30% of all cancers, including a large number of lung (16),
pancreatic (19, 41), and ovarian carcinomas (12).

The role of MSLN in lung cancer is not well defined, at least
in part because its expression is highly variable even among
patients with the same type and grade of tumor. For lung
adenocarcinomas, MSLN has been detected in 39-83% of
tumors (13, 16, 25-27), and tumor MSLN expression may be

an independent predictor of relapse-free and overall survival
(16). Increased MSLN expression is thought to be involved in
cell adherence and chemotherapy resistance, as well as in-
creased invasion and migration, cell proliferation, and anchor-
age-independent growth (41). However, as neither the physio-
logic role of MSLN nor its pathological mechanism is known,
the varied prevalence of MSLN in tumors has made it difficult
to discern whether or not MSLN has a functional role in the
development of cancer.

Our BSW line, generated by exposing BEAS-2B cells to low
doses of SWCNTs for 6 mo (47), offers a model to study the
molecular and behavioral changes associated with malignant
transformation of lung epithelial cells. This exposure model
has been used to study the effects of chronic heavy metal
exposures (28, 39) as well as chronic exposures to single (20,
21, 47, 48) and multiwall CNTs (44, 48). In addition, this

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00139.2016 - www.ajplung.org

9T0Z ‘9z Jaqwadas uo z'ee'0z2z 0T Aq /610 ABojoisAyd-6un|dfe;/:dny wouy papeojumoq



http://ajplung.physiology.org/

MESOTHELIN IN CNT-INDUCED CARCINOGENESIS

i Transporter
o] /// / __| Other

W) . — Direct Relationship

/I/V(SIB\N\\ - M QCJ 6 —— Indirect Relationship
>/ NS Prediction Legend

- 2 / \\ \\\\A more extreme less
X / = D  Upregulated (>
Q( / \\ = N iﬁ\myz @ Downregulated
/ more confidence less
’/ m \ . Predicted activation O

L545

(©) Complex
Cytokine/Growth Factor
. Enzyme
Group/Complex
Kinase

Peptidase
(I Transcription Regulator
! Transmembrane Receptor

@ Predicted inhibition

Predicted Relationships

Leads to activation

=== Leads to inhibition
Findings inconsistent
with state of downstream
molecule

== Effect not predicted

Fig. 5. Changes in gene expression when MSLN is increased in BSW cells. Ingenuity pathway analysis (IPA) was used to predict differentially expressed genes.
Yellow to orange colors represent upregulation, and blue represent downregulation, compared with BEAS-2B passage-matched controls. Color intensity signifies

fold change.

model was used to discern the differences in the toxicological
effects of chronic in vitro exposure of lung epithelial cells to
SWCNTs, MWCNTs, and asbestos, all of which are known to
accumulate and trigger inflammation and fibrosis in vivo, vs.
ultrafine carbon black, which exhibits lower in vivo toxicity
and is not highly fibrogenic (48). Chronic in vitro exposure to
nontoxic levels of SWCNTs, MWCNTs, and asbestos triggered
neoplastic transformation, while cells exposed to ultrafine
carbon black maintained a nonneoplastic phenotype with re-
duced cell proliferation, fewer colonies on soft agar, and an
increase in genome-wide cell death signaling.

In the case of BSW cells, abnormal cell morphology was
noted within the first 4 wk of exposure, and abnormal cell
behavior was characterized after 6 mo of exposure (47). Al-
though the mechanisms behind some aspects of this transfor-
mation, including the acquired apoptosis resistance (30, 47)
and stemlike characteristics (21, 23), have been investigated,
they do not account for all of the changes seen in the BSW
cells, suggesting that there are likely additional, currently
unidentified, contributing mechanisms. In this study, we found
that BSW cells have greater MSLN expression than the paren-
tal BEAS-2B cells, and this model provided a unique platform
to study the role of MSLN in malignant transformation and
subsequent aggressive behavior.

BSW cells are morphologically and behaviorally distinct
from the parental BEAS-2B line. These changes trend toward
an overall more aggressive phenotype, including increased cell

proliferation, invasion, migration, colony formation on soft
agar, acquired resistance to apoptosis, induction of angiogen-
esis, and the ability to form tumors in vivo (47). These changes
are consistent with those seen in other in vitro chronic CNT
exposures (20, 44, 48). Interestingly, many of the changes seen
in BSW cells correspond with previously suggested roles of
MSLN.

In the present study, MSLN appears to contribute signifi-
cantly to the increased metastatic potential of BSW cells.
Metastases are responsible for the overwhelming majority of
cancer deaths, because they are difficult to prevent or treat.
After MSLN knockdown, invasion and migration were reduced
significantly. Conversely, migration and invasion were in-
creased when MSLN overexpression was induced in BEAS-2B
cells. Lung cancer cells transduced to overexpress MSLN have
previously been shown to have a 2-fold increase in both
migration and invasion (16), which is similar to the 2.6- and
2.8-fold increase we noted in the BSW shC cells relative to the
BSW shMSLN cells. MSLN-related increases in invasion and
migration have also been reported in pancreatic cancer (16),
ovarian cancer (6), and mesothelioma (24) cell lines.

Anchorage-independent growth, an in vitro hallmark of
carcinogenic transformation, was also affected by changes in
MSLN expression. We found that knocking down MSLN
decreased soft agar colony and tumor sphere formation,
whereas MSLN overexpression increased soft agar colony
formation. This is in line with previous reports that MSLN-
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expressing breast cancer cells formed 1.5 times more colonies,
and the colonies were twice the size, compared with non-
MSLN-expressing controls (43). Similarly, silencing MSLN in
mesothelioma cells results in reductions in both the number
and size of colonies that form on soft agar (24).

A reduction in the aggressiveness of malignant cells in vitro
should correlate with reduced tumor formation, both local and
metastatic, in vivo. Our results show that knockdown of MSLN
in our BSW cells did translate to significantly less metastases
and reduced (but not eliminated) primary tumors in Vivo.
Immunohistochemistry indicated that metastatic lesions in
BSW shC-treated mice were of human origin and expressed
human MSLN. A previous study using pancreatic cancer cells
that stably overexpressed MSLN showed that the MSLN-
overexpressing cells resulted in larger tumors than the parental
line (3). In rats with tuberous sclerosis, knocking out MSLN
reduced the formation of kidney tumors, a change that was
partially attributed to the MSLN knockdown cells being less
able to bind to collagen (50).

Although elucidation of the specific mechanism for the
decrease in metastases is beyond the scope of this study, it is

MESOTHELIN IN CNT-INDUCED CARCINOGENESIS

likely that MSLN mediates cell-cell adhesion, and its overex-
pression aids the circulating tumor cells in attaching to new
locations. This has been previously described in the context of
ovarian cancer metastases attaching to the peritoneal lining via
interactions between MSLN and the ovarian cancer antigen
CA-125 (31). Additionally, in a kidney tumor model, MSLN
knockout cells were less adherent to collagen (50). How this
translates to other forms of cancer is not yet known, but further
studies of this interaction in other lines, including BSWs, have
the potential to enhance our understanding of the metastatic
process.

The mechanism by which MSLN mediates metastasis may
be related to its normal function. MSLN is typically found on
the apical surface of mesothelial linings (27, 31) and is often
(but not exclusively) seen on the apical surface or leading edge
of tumors (1, 8, 9, 33). This is similar to the localization and
effects of CA-125, the ovarian cancer antigen, and may explain
why the coexpression of MSLN and CA-125 results in worse
outcomes than either alone (31). This might also point toward
MSLN having a similar function to CA-125.
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Predictions as to the molecular mechanisms underlying
MSLN-driven changes in BSW cell behavior were investigated
by using IPA. These predictions were based on increased
MSLN in BSW cells and fit well with our experimental
observations as well as previously reported effects of MSLN in
other cancer cell lines. Many of the predictions correlated with
the observed aggressive behaviors, such as increases in
MMP-9, which would contribute to the increased invasiveness
of our SWCNT-transformed BSW cells. MSLN-induced in-
creases in MMP have previously been linked to increased
invasiveness in ovarian cancer cells (6).

One notable relationship is that TNF appears to induce
MSLN, which in turn increases IL-6. IL-6 is known to stimu-
late TNF, creating a potential positive feedback loop that could
markedly increase both MSLN and IL-6. IL-6 is an inflamma-
tory chemokine that may serve as an important intermediate
between MSLN overexpression and MSLN-induced aggres-
sive behaviors. Specifically, IL-6 promotes cell growth,
chemoresistance, anchorage-independent cell growth, and in-
vasiveness (4, 17) and is overexpressed in MSLN-expressing
pancreatic cancer cells (4, 41). It appears likely that MSLN
does not directly induce IL-6; rather, MSLN activates NF-kB,
which in turn induces IL-6 production (3).

Additionally, higher levels of MSLN tend to correlate with
signs of inflammatory responses, including the induction of
IL-6 (3), degradation of extracellular matrix by matrix metal-
loproteinases (6), and changes in attachment mediators (15,
50). Our IPA analysis also suggests that MSLN induces TNF-a,
a key proinflammatory cytokine with an important role in lung
cancer development. Typically an immune or inflammatory
response to tissue damage or foreign particles will resolve as
the particles clear and the environment returns to normal. The
biopersistence of CNTs, however, would trigger a continuous
inflammatory response, which can form a positive feedback
loop to further increase MSLN expression. The similar biop-
ersistence of CNTs and asbestos could also explain why MSLN
is increased in nearly all mesotheliomas.

Increases in MSLN expression were also predicted by IPA to
increase cyclin E, a cell cycle regulator that promotes the G1/S
phase transition and is frequently dysregulated in cancer cells
(14). We demonstrated that MSLN induced cyclin E in BSW
cells. Elevated cyclin E has been found in pancreatic cells
transformed to overexpress MSLN, where it was suggested that
MSLN induces cyclin E through an IL-6/Stat3 pathway (3).
This is a plausible mechanism for the increase in cyclin E in the
BSW cells as well, particularly considering that IPA predicted
MSLN-induced increases in both IL-6 and cyclin E.

In addition to verifying that MSLN knockdown did exhibit
decreased cyclin E expression, we found that knockdown of
MSLN shifted the proportion of cells in G2 and S phase of the
cell cycle. After MSLN and, by extension, cyclin E knock-
down, the expected decrease in S phase population was cou-
pled with an increase in the G2 population. MSLN knockdown
in mesothelioma cells also resulted in a decrease of the S phase
population (24). IPA suggests that decreased cyclins A and B
expression coupled with inhibited CDKI, which promotes
G1/S and G2/M transition, found in the BSW line independent
of MSLN expression, potentially contributed to increases in G2
population. The increased cyclin E in the MSLN-overexpress-
ing cells may overcome the inhibitory effects of decreased
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cyclins A and B. This effect would be reversed when MSLN,
and consequently cyclin E, expression is reduced.

As cyclin E drives cell cycle progression via G1/S transition,
increased cyclin E is expected to increase cell proliferation. We
found that, while BSW cells proliferate three times faster than
BEAS-2B cells, knocking down MSLN in the BSW cells
reduced their proliferation rate 2.5 times, nearly to the rate of
the BEAS-2B cells. Similarly, H1299 lung cancer cells trans-
duced to express MSLN proliferated 1.6 times faster than
controls (16). MSLN overexpression has also been shown to
increase the proliferation rate of pancreatic cancer cells (3, 24).

While we focused primarily on the contribution of cyclin E
to the cell cycle dysregulation seen in BSW cells, our IPA
results suggest that MSLN overexpression can affect additional
cell proliferation and survival regulatory mechanisms. Specif-
ically, MSLN may inhibit both p53 and the proapoptotic
mediator BAX. Dysregulation of p53, a critical cell cycle
regulator, is common in cancers. Typically p53 regulates G1/S
cell cycle checkpoint, halting entry into the cell cycle when
genetic damage is present (46). Inhibition of p53, such as that
induced by MSLN, would allow cell proliferation regardless of
genetic integrity. We have previously found that p53 is dys-
regulated in BSW cells (21, 47). The combined loss of p53-
mediated damage control and cyclin E-driven increases in
proliferation is amenable to the rapid accumulation of further
mutations, which could manifest in vivo as more aggressive or
treatment-resistant disease.

Additionally, inhibition of proapoptotic mediators, such as
BAX, shifts the cell toward an antiapoptotic state. Although
our analysis did not indicate changes in apoptotic regulators
other than BAX, studies in pancreatic cancer cells suggest that
MSLN overexpression leads to the decreases in both BAX and
Bad (also proapoptotic), as well as increases in the antiapop-
totic mediators Bcl-2 and Mcl-1 (41). BSW cells also exhibit
apoptotic resistance, particularly in response to extrinsic me-
diators of apoptosis with BAX playing a potentially important
signaling role (30).

Overall, we found that knocking down MSLN in the BSW
cells reduced the severity of the malignant behaviors tested but
did not completely eliminate them. This suggests that MSLN is
important in the formation of both primary tumors and metas-
tases, but is not the sole mechanism behind their formation.
Even though MSLN may not be the primary driver of cancer-
ous transformation, it appears to be heavily involved in a
number of processes contributing to the final malignant phe-
notype and may make an attractive target for cancer therapeu-
tics.
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