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C
arbon nanotubes (CNTs) are high
aspect ratio nanoparticles (HARNs)
comprising single or concentrically

stacked multiwalled graphene sheets rolled
into a cylinder. CNTs have been used in a
wide range of applications, in fields as di-
verse as electronics and medicine.1,2 Due to
their widespread use and unknown health
consequences, it is important to determine
their safety especially in long-term occupa-
tional and environmental exposures. The
high aspect ratio and mode of exposure of
CNTswhich is similar to asbestos fibers have
raised a particular concern regarding the
potential carcinogenicity of CNTs, especially
in the pleural spaces which are key target
tissues for asbestos-related diseases.3

It has been reported that after the inhala-
tion of HARNs, they can migrate into the

alveolar interstitial compartment of the
lung. The low clearance rate from the inter-
stitium would lead to biopersistence of
CNTs in the lung. It has been demonstrated
that 97, 38, and 16% of CNTs remained in
the lung at 1, 3, and 6 months after a single
intratracheal instillation.4 Deposition of
CNTs in the alveolar airspaces, penetration
through the pleural interstitium to the pari-
etal pleura, clearance failure due to length-
restricted clearance through the normal
stomatal clearance system, and the conco-
mitantdevelopmentof apathogenic response
in both subpleural and visceral pleura regions
have previously been reported.5 Numerous
in vivo studies have already demonstrated
that both single-walled (SW) and multi-
walled (MW) CNTs, when instilled into the
lungs of rodents, have the potential to cause
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ABSTRACT Malignant mesothelioma is one of the most aggressive forms of cancer

known. Recent studies have shown that carbon nanotubes (CNTs) are biopersistent and

induce mesothelioma in animals, but the underlying mechanisms are not known. Here, we

investigate the effect of long-term exposure to high aspect ratio CNTs on the aggressive

behaviors of human pleural mesothelial cells, the primary cellular target of human lung

mesothelioma. We show that chronic exposure (4 months) to single- and multiwalled CNTs

induced proliferation, migration, and invasion of the cells similar to that observed in

asbestos-exposed cells. An up-regulation of several key genes known to be important in cell

invasion, notably matrix metalloproteinase-2 (MMP-2), was observed in the exposed

mesothelial cells as determined by real-time PCR. Western blot and enzyme activity assays

confirmed the increased expression and activity of MMP-2. Whole genome microarray

analysis further indicated the importance of MMP-2 in the invasion gene signaling network of the exposed cells. Knockdown of MMP-2 in CNT and asbestos-

exposed cells by shRNA-mediated gene silencing effectively inhibited the aggressive phenotypes. This study demonstrates CNT-induced cell invasion and

indicates the role of MMP-2 in the process.
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inflammation, fibrosis (scarring of the lungs), and
granuloma (small nodule) formation,6�8 consistent with
the pathogenic behaviors of asbestos. Although differ-
ences in CNT length, diameter, dispersion, and func-
tionalization impact fate, cellular uptake, persistence,
and pathological responses in murine lung models,
similar fiber dimensions (i.e., high aspect ratio) and
biopersistence compared to asbestos have long been
recognized as important characteristics in CNT fiber
pathogenicity.9 The translocation of a fraction of all
deposited particles and fibers to the pleural space can
initiate mesothelial injury and inflammation that over
time leads to pleural pathology, including meso-
thelioma.10 The mechanism of production of pleural
mesothelioma is not well understood, but the contact
between fibers and mesothelial cells is a reasonable
supposition.
Numerous studies have demonstrated effects such

as genotoxicity and inflammation following the expo-
sure of mesothelial cells to asbestos and other fibers
in vitro.11,12 Although several of the published studies
investigated the acute in vitro effects of CNTs such as
DNA breakage, alteration of cell proliferation, as well as
cell activation via AP-1, NF-κB, and AKT in both normal
and malignant mesothelial cells,13�15 the effects of
chronic exposure to CNTs on human mesothelial cells
have not been reported. Since mesothelioma patho-
genesis is a long-term multistep process, we chroni-
cally exposed human pleural mesothelial MeT5A cells
to low-dose noncytotoxic concentrations of SWCNTs,
MWCNTs, and asbestos in culture over a 4 month
period. The cells were then evaluated for their prolif-
erative, migratory, and invasive properties to study the
long-term cellular effects of CNTs.
Cell migration is defined as the movement of in-

dividual cells or a group of cells from one location to
another. It is central to many physiological and patho-
logical processes including wound healing, cancer,
and inflammation.16 Cell invasion refers to three-
dimensional migration of cells as they penetrate an
extracellular matrix (ECM) and is a process typically
associated with cancer cell metastasis.17 Cell migration
and invasion are multistep processes facilitated by a
variety of factors including integrin signaling, focal-
contact formation, and actomyosin-dependent con-
tractility. ECM-degrading enzymes such as matrix me-
talloproteinases (MMPs), urokinase plasminogen acti-
vator (uPA), and cathepsins are frequent crucial factors
underlying the process of cell invasion through the
surrounding tissue.18 Our study focused on comparing
the effect of chronic exposure upon well-studied, high
aspect ratio SWCNTs and MWCNTs to asbestos on the
subsequent aggressive behaviors and the underlying
molecular mechanisms. Our results demonstrated for
the first time aggressive transformation of human
pleural mesothelial cells upon chronic exposure to
CNTs and the role of MMP-2 in the process. This study

strengthens the earlier finding on the mesothelioma
pathogenicity of CNTs and supports the prudent adop-
tion of prevention strategies and implementation of
exposure control.

RESULTS

Chronic CNT Exposure Induces Cell Proliferation and Aggres-
sive Behaviors of Mesothelial Cells. Nontumorigenic human
lung mesothelial MeT5A cells were continuously ex-
posed to subcytotoxic concentration (0.02 μg/cm2) of
SWCNTs, MWCNTs, crocidolite asbestos, or vehicle
control for up to 4 months as described in Materials
and Methods. This relatively low concentration was
relevant to lung burdens achieved after in vivo expo-
sure of mice to CNTs.19�21 The exposed cells were
evaluated for their growth characteristics by Cyquant
cell proliferation and Hoechst 33342 assays and for
their aggressive behaviors by Transwell cell migration
and invasion assays. Analysis of cell growth character-
istics by Cyquant assay shows that mesothelial cells
treatedwith SWCNTs,MWCNTs, or asbestos exhibited a
significantly higher growth rate than Survanta (vehicle)-
or saline-treated controls (Figure 1A). Microscopic
analysis of the cells by Hoechst assay confirmed the
above finding (Figure 1B) and indicated that long-term
exposure of mesothelial cells to SWCNTs, MWCNTs, or
asbestos induced cell growth. The increase in cell
growth was not observed until after 16 weeks of
exposure.

The aggressive behaviors of particle-exposed cells
were assessed by cell invasion and migration assays.
Both SWCNT- and MWCNT-exposed cells demon-
strated a significant increase in cell invasion (5.4- to
6.3-fold) andmigration (2.5- to 2.7-fold) as compared to
Survanta-treatedcontrol (Figure 1C,D). Likewise, asbestos-
exposed cells exhibited an increase in cell motility as
compared to saline-treated control but to a lesser
extent than the SWCNT- and MWCNT-exposed cells.
These results indicate that high aspect ratio SWCNTs
andMWCNTs, like asbestos, can induce accelerated cell
growth and invasiveness, which are key cancer phe-
notypes that may contribute to their mesothelioma
pathogenicity.

Increased MMP-2 Expression and Activity in CNT-Transformed
Mesothelial Cells. To understand the underlying me-
chanism of CNT-induced cell invasiveness, we investi-
gated 12 selected genes known to be involved in the
regulation of cell migration and invasion, including
CAV1, COL4A2, MMP-9, MMP-2, RAC1, STAT3, MET,
NME1, SERPINE1, TIMP1, AKT1, and MAPK3 by quantita-
tive real-time PCR (qPCR). Among these, MMP-2 (also
known as gelatinase A) was found to bemost strikingly
up-regulated in both SWCNT- and MWCNT-trans-
formed cells as compared to control cells. In SWCNT
cells, a 51-fold increase in MMP-2 mRNA expression
level was observed, whereas a 23-fold increase was
seen in MWCNT cells (Figure 2A). Other genes that
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were slightly or moderately up-regulated in these cells
include CAV1, SERPINE1, TIMP1, AKT1, and MAPK3. In
asbestos-transformed cells,MMP-2 and SERPINE1 were
most strongly up-regulated, followed by CAV1 and
AKT1 (Figure 2B).

On the basis of its high expression profile in both
CNT- and asbestos-transformed cells, we further inves-
tigated MMP-2. MMP-2 protein expression and gelati-
nolytic activity in SWCNT, MWCNT, and asbestos cells
were examined by Western blotting, gelatin zymogra-
phy, and immunofluorescence. Consistent with the
mRNA expression data, MMP-2 protein expression
and gelatinolytic activity were up-regulated in SWCNT,
MWCNT, and asbestos-transformed cells (Figure 3A,B).
Immunofluorescence staining of MMP-2 in these cells
showed increased fluorescence intensity in SWCNT,
MWCNT, and asbestos cells (136.1, 112.4, and 97.1

units/square inches, respectively) over control levels
(94.5 and 61.8 units/square inches) in Survanta and
saline-treated control cells (Figure 3C).

Gene Signaling Network Analysis Reveals the Importance of
MMP-2 in CNT-Induced Invasion of Mesothelial Cells. To gain an
insight into gene signaling contributing to the invasive
phenotype of CNT and asbestos-transformed cells,
whole genome microarray analysis of the cells was
conducted and analyzed for gene signaling networks
(GSNs) by Ingenuity Pathway Analysis (IPA). GSNs for
cell invasion of SWCNT and MWCNT cells were very
similar and are shown in Figure 4A. Interestingly, MMP-2

occupied a focal position of the GSNs in both CNT-
and asbestos-transformed cells. Other signaling hub
genes with a first-order connection to MMP-2 in the
invasion GSNs include PLAU, STAT3, AKT1, and VEGFA.
Invasion GSN of asbestos-transformed cells was

Figure 1. Chronic exposure to SWCNTs, MWCNTs, and asbestos induces cell proliferation and aggressive behavior of
mesothelial MeT5A cells. (A) Passage control (Control), vehicle control (Survanta), and chronic SWCNT, MWCNT, or asbestos-
exposed cellswere seeded in a 96-well plate, and cell proliferationassaywasperformedusingCyquant cell proliferation kit for
3 continuous days. (B) Hoechst 33342 vital stain of passage control, vehicle control, and chronic SWCNT,MWCNT, or asbestos-
exposed cells at 1 and 3 days after seeding. (C) Cell invasion and migration of passage control, vehicle control, and chronic
SWCNT,MWCNT, or asbestos-exposed cells were determined using a Transwell with 8 μmpore size polycarbonate filter and a
BD Matrigel invasion chamber. Cells that invaded or migrated to the lower side of the membrane were stained. (D) Invading
and migrating cell numbers were then quantified by counting and depicted as bar charts; * = significant difference from
control with P < 0.05, # = significant difference from asbestos-exposed cells with P < 0.05.
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distinct and indicated CAV1 and CCL2 up-regulation
and EGFR and TIMP2down-regulation (Figure 4B).CAV1
and CCL2 were however common hub genes found in
the invasion GSNs of both CNT and asbestos cells.
These results provide molecular evidence supporting
the invasive properties of CNT and asbestos-trans-
formed cells through some common and distinct gene
signaling pathways.

Knockdown of MMP-2 Reduces the Invasiveness of CNT-
Transformed Mesothelial Cells. To demonstrate the func-
tional role of MMP-2 in the invasiveness of CNT-trans-
formed cells, gene knockdown experiments were
conducted in SWCNT, MWCNT, and asbestos-trans-
formed cells. The cells were stably transfected with
MMP-2 short-hairpin (sh)RNA plasmid and analyzed for
MMP-2 gene and protein expression as well as gelati-
nase activity by qPCR, Western blotting, gelatin zymo-
graphy, and immunofluorescence. Real-time PCR
analysis of mRNA expression showed a substantial
(73�82%) reduction in MMP-2 mRNA in the shRNA-
transfected SWCNT, MWCNT, and asbestos-trans-
formed cells as compared to their respective controls
(Figure 5A). Western blot and gelatin zymography
studies similarly indicated a reduction in MMP-2 pro-
tein expression and enzyme activity in the shRNA-
transfected cells (Figure 5B,C). Immunofluorescence
studies further showed a corresponding reduction in

MMP-2 immunofluorescence intensity in the three
shRNA-transfected cells versus controls (Figure 5D).
Together, these results indicate effective knockdown
of MMP-2 expression and enzyme activity in the
SWCNT, MWCNT, and asbestos-transformed mesothe-
lial cells.

To determine whether MMP-2 plays a role in the
aggressive behavior of CNT and asbestos-transformed
cells, cell invasion and migration assays of the MMP-2
knockdown and vector-transfected control cells were
performed. A substantial (60�90%) decrease in cell
invasion was observed with the MMP-2 knockdown
cells as compared to control cells (Figure 6A). Likewise,
knocking down of MMP-2 in the CNT and asbestos-
transformed cells has an inhibitory effect on the mi-
gratory activity of the cells (Figure 6B).

DISCUSSION

Pleural mesothelioma is one of the most aggressive
forms of cancer that develops from transformed me-
sothelial cells originating in the pleura, the protective
lining of the lungs and internal chest wall. The objec-
tive of this study was to investigate the effect of long-
term exposure to subcytotoxic dose of CNTs on the
aggressive behavior of human mesothelial cells,
the pleural lining cells which have been reported to be
strongly reactive in response to fiber exposure.22 Here,
we compared a set of well-studied SWCNT andMWCNT
high aspect ratio particles to asbestos, a positive con-
trol HARN particle, for their abilities to cause aggressive
behavior in human mesothelial cells. CNTs and other
HARNs have been reported to be translocated to the
pleural space, and their inadequate clearance from
this site is considered a key determinant of their
pathogenicity.23 We demonstrated here for the first
time that chronic exposure of human pleural mesothe-
lial cells to CNTs induces proliferative and aggressive
phenotypes of the cells, as indicated by their increased
growth rate, migration, and invasion (Figure 1). Prolif-
erative and genetic changes after cellular entry of
SWCNTs and MWCNTs both in vitro and in vivo have
been reported through a variety of mechanisms. One
of these mechanisms is the interaction between the
nanotubes and structural elements of the cell with
apparent binding to the cytoskeleton, telomeric DNA,
and G�C-rich DNA sequences in the chromosomes.24,25

A study of lung epithelial cells exposed to CNTs
demonstrated multipolar mitotic spindles, fragmented
centrosomes, and aneuploid chromosomes. The in-
creased multipolar mitotic spindles were associated
with an increased number of cells in the G2 phase of
mitosis leading to increased proliferation of CNT-ex-
posed cells. These genetic alterations may be trans-
mitted to daughter cells and have been suggested to
be important in both tumorigenesis and tumor
progression.26 In the case of asbestos, it was reported
to cause cell injury and induce a transient proliferative

Figure 2. Elevation of cell invasion and migration regula-
tory genes in chronic CNT-exposed and asbestos-exposed
MeT5A cells. Total RNA was isolated from passage control,
vehicle control, and chronic SWCNT, MWCNT, or asbestos-
exposed cells before reverse transcribed into cDNA. The
expression of 12 selected genes reported to be involved in
cell invasion and migration process including CAV1,
COL4A2,MMP-9,MMP-2, RAC1, STAT3,MET,NME1, SERPINE1,
TIMP1, AKT1, and MAPK3 was analyzed by RT-qPCR. The
relative expression of each gene to housekeeping gene 18S
in (A) chronic CNT-exposed cells and (B) chronic asbestos-
exposed cells compared to vehicle control and passage
control cells, respectively, is shown.
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response in mesothelial cells after a single exposure.
Moreover, repeated exposures may induce prolonged
injury, cytokine production, and mesothelial prolifera-
tion without necessarily involving direct action of
asbestos fibers on these cells at the pleura.27 Oxidative
stress induction has also been implicated to trigger cell
proliferation and injury upon asbestos exposure. The
high iron content of asbestos fibers appeared to be
critical to the genesis of reactive oxygen species (ROS),

including the highly DNA-damaging hydroxyl radical.
These reactive species can initiate aberrant transcrip-
tional responses leading to the increase in cell prolif-
eration and transformation.28 An increase in ROS
production along with the depletion and loss of pro-
tective mechanism against ROS in lung cells upon CNT
exposure has been demonstrated, as well. This inci-
dence has been linked to CNT-induced inflammation,
genetoxicity, fibrosis, and granuloma formation in

Figure 3. Increased MMP-2 expression and activity in chronic CNT-exposed and asbestos-exposed MeT5A cells. (A) MMP-2
expression in passage control, vehicle control, and chronic SWCNT, MWCNT, or asbestos-exposed cells was determined
by Western blotting. Lysates of each sample were resolved under denaturing conditions by 10% SDS-PAGE and
transferred onto PVDF membrane. The membrane was then probed with MMP-2 antibody and detected by an enhanced
chemiluminescence detection system; * = significant difference with P < 0.05. (B) MMP-2 gelatinolytic activity of passage
control, vehicle control, and chronic SWCNT, MWCNT, or asbestos-exposed cells was shown by gelatin zymography. Cell
supernatants were collected, resolved by electrophoresis in SDS-polyacrylamide gels containing 0.1% gelatin, and
stained with 0.5% Coomassie brilliant blue. Densitometry was used to compare enzymatic activity; * = significant
difference with P < 0.05 (C). Cellular MMP-2 expression was visualized by immunofluorescence staining. Cells were
cultured on glass coverslips, fixed in 4% paraformaldehyde, and stained for F-actin (green) and MMP-2 (red). MMP-2
expression level represented by red fluorescence intensity per square inch of each sample is indicated at the lower right
corner of each capture.
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Figure 4. Invasiongene signaling networks (GSNs) of (A) chronic CNT-exposed and (B) chronic asbestos-exposedMeT5A cells.
Whole genome expression for each treatment was determined using high-throughput mRNA microarray analysis. Differen-
tially expressed genes (DEGs) were analyzed using Ingenuity Pathway Analysis (IPA) to create proinvasion GSN. Yellow and
blue represent up- and down-regulation, respectively, compared to passage control or vehicle control cells. Color intensity
signifies fold change.

Figure 5. MMP-2 knockdown by shRNA transfection decreases MMP-2 expression and activity in chronic CNT-exposed and
asbestos-exposed MeT5A cells. Cells were transfected with predesigned MMP-2 shRNA (shMMP-2) or scrambled vector
(shCON). Stable MMP-2 knockdown clones were generated by puromycin selection. The knockdown efficiency was
determined as MMP-2 gene and protein expression of shMMP-2-transfected cells compared to shCON-transfected cells by
(A) qPCR and (B) Western blot analysis. (C) Gelatinase activity of shMMP-2-transfected and shCON-transfected cells
demonstrated by gelatin zymography. (D) Immunofluorescence studies further showed the reduction of MMP-2 immuno-
fluorescence intensity in the three shMMP-2-transfected cells compared to shCON-transfected cells. F-actin and MMP-2 were
stained green and red, respectively.
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mice.29 Consistently, our 4 month CNT- and asbestos-
exposed cells exhibit increased ROS production and
reduced superoxide dismutase-1 (SOD-1) expression
(Supporting Information) Figure S1.
Increased cell invasion andmigrationwere observed

in mesothelial cells chronically exposed to CNTs and
asbestos (Figure 1B). Cell migration and invasion are
crucial steps in many physiological events such as
embryogenesis, morphogenesis, angiogenesis, wound
healing, and inflammation. However, cell migration
and invasion are also implicated in many pathological
processes, such as carcinogenesis and metastasis, and
have beenused to assess the aggressive andmalignant
phenotypes of the cells.30,31 We previously reported

the malignant transformation and tumorigenesis of
human lung epithelial cells after long-term exposure
to SWCNTs as well as the induction of cancer phe-
notypes including cell invasion and migration, but
the genes involved in the increased migration and
invasion are not known.32 Meanwhile, asbestos-in-
duced mesothelioma, a highly invasive type of can-
cer, has been reported to express high levels of
growth factor receptor and oncogenes especially
c-FOS and c-JUN.33 Ultrafine carbon black (UFCB)
was used as a comparative non-HARN particle in this
study. With the same dispersion method as CNTs,
long-term UFCB exposure induced mesothelial cell
growth equivalent to CNTs and asbestos (Supporting

Figure 6. Effects of MMP-2 knockdown on the invasive and migratory activities of chronic CNT-exposed and asbestos-
exposed MeT5A cells. Cell invasion and migration of shMMP-2-transfected and shCON-transfected cells were determined
using Transwell cell invasion and migration assays. Cells that invaded or migrated to the lower side of the membrane were
stained and counted. The number of invading and migrating cells per field was quantified and shown in the bar charts;
a = passage control, b = vehicle control (Survanta), c and d = SWCNT-exposed cells, e and f = MWCNT-exposed cells, g and
h = asbestos-exposed cells.
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Information Figure S2A). This is in conformity with
the previously reported stimulatory effect of UFCB
on human airway epithelial cell proliferation via

the process of soluble proheparin-binding (HB)-EGF
release and concomitant activation of epidermal
growth factor receptor (EGFR) and ERK cascade.34

Although UFCB could stimulate cell proliferation,
the effect on cell invasion and migration was
significantly lower than that for SWCNTs and
MWCNTs (Supporting Information Figure S2B,C).
Thus, UFCB-exposed cells were excluded from
further study.
Sincemigration and invasion of cells through tissues

is a highly coordinated process that involves several
interdependent steps and various specific genes,35 we
tested 12 selected genes most frequently associated
with cell migration and invasion using RT-qPCR
(Figure 2). Both SWCNT and MWCNT-exposed cells
exhibited a dramatic increase in MMP-2 expression,
which is the highest among the genes tested. In-
creased MMP-2 protein expression and gelatinolytic
activitywere also observedwith the CNT-exposed cells,
as determined by Western blotting, immunofluores-
cence, and gelatin zymography (Figure 3). Several
MMP genes have been reported to be up-regulated
in mice after pulmonary CNT exposure and have been
shown to be associated in early lung fibrotic and
subchronic tissue damage induction.36,37 MMPs are
signature invasion marker genes that encode pro-
teins involved in the degradation of ECM and are
typically highly active during lung cancer develop-
ment and progression.38 MMP-2 is also highly up-
regulated in cells chronically exposed to asbestos
(Figure 3). This finding is consistent with a previous
report showing an increase in MMP-2, MMP-7, MMP-

9, MMP-12, and MMP-13 expression in the lungs of
mice after intratracheal instillation of asbestos and
suggests the contribution of MMPs on asbestos-
induced lung inflammation and fibrosis, particularly
MMP-2, which is increased in the fibrotic phase and
also in the fibrotic region.39

It is known that degradation and remodeling of ECM
are essential to cell migration, invasion, andmetastasis.
These processes are mediated by several proteolytic
enzymes, most notably MMPs.40 MMPs belong to a
family of zinc-dependent endopeptidases, highly con-
served and structurally related enzymes capable of
degradingmany components of basement membrane
and ECM.41 They can be divided into different classes
according to their sequence homology, substrate spe-
cificity, and cellular localization. The 72 kDa MMP-2
(gelatinase A) has an important role in basement
membrane turnover due to its specific activity to
collagen type IV or gelatin which is themajor structural
protein of the basement membrane. Its degradation
plays a role in cell invasion of the vasculature and is
considered to have a key role in metastasis. MMP-2

expression has been associated with the invasiveness
of many cancer cell lines and is elevated in high-grade
tumors, specifically at the invasive front and in vascular
invasion.42,43 Inhibition of MMP-2 activity by MMP-2
inhibitors has been reported to suppress local inva-
siveness of various carcinomas.44�46 Furthermore,
elevated MMP-2 levels have been used for prognosis
of invasive and metastatic lung cancers, and the
reduction of cancer cell colonization in the lung of
MMP-2-deficient mice than wild-type mice has been
reported.47

Whole genome microarray and IPA were used to
hypothesize proinvasion gene networks of chronic
CNT- and asbestos-exposed mesothelial cells (Figure 4).
The importance ofMMP-2 in both CNT- and asbestos-
induced networks is indicated by focal position of
MMP-2-encoded genes in both networks with a
slight difference in some associated hub genes. In a
CNT-induced proinvasion network, other signaling
hub genes with first-order linkage to MMP-2 include
PLAU, STAT3, AKT1, and VEGFA. Urokinase-plasmino-
gen activator or PLAU gene is known to encode uPA,
the protease which degrades ECM and plays critical
roles in cell migration, tissue remodeling, angiogen-
esis, tumor invasion, and metastasis.48,49 Plasmino-
gen activators convert plasminogen to plasmin,
which works more efficiently in proteolysis of the
fibrin, whereas the MMPs' family is the main pro-
teases for fibronectin, laminin, elastin, and collagens.
In addition, plasminogen activators activate several
MMPs and could also facilitate the MMPs' activities.
The overlapping contribution of uPA and MMP-2 in
cell migration and invasion has been reported to be
correlated with more aggressive metastatic behavior
of cancer cells.50 STAT3 has been shown to regulate
tumor growth, angiogenesis, and metastasis of sev-
eral cancer types including non-small cell lung can-
cer and mesothelioma. STAT3 activation is also
contributed to oncogenesis. The role of activated
STAT3 in oncogenesis is manifested presumably
through its role in the expression of many key genes
that regulate multiple aspects of tumor cell survival,
growth, angiogenesis, and evasion of immune sur-
veillance such as cyclin D1, c-myc, vascular endothe-
lial growth factor (VEGF), and IP-10.51 Several studies
have shown that MMP-2 transcription is directly
regulated by STAT3. It has been reported that STAT3
can bind to the promoter of MMP-2 gene and up-
regulates its expression. Blockade of activated STAT3

by ectopic expression of dominant negative STAT3

suppresses MMP-2 expression and invasiveness of
tumor cells, inhibits tumor growth, and prevents
metastasis in nude mice.52,53 Phosphatidylinositol-
3-kinase (PI3K)-AKT signaling plays a prominent role
in several processes considered the hallmark of
cancer. It has been reported that AKT promotes
cancer cell invasion via increased motility and MMP
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production. MMP-driven metastasis has also been
reported to correlate with phosphorylation of ERK1/2
and PI3K/AKT. AKT1 is one of three mammalian iso-
forms and is activated by several growth factor
pathways and implicated in a variety of cellular
functions, such as survival, transcription, and trans-
lation. The correlation between invasion activity of
AKT1 expressing cells and the increase of MMP-2
expression and activation has been reported. It was
suggested that the invasive behavior induced by
AKT1 may result from inhibition of MMP-2 degrada-
tion by the proteasome pathway.54,55 VEGF is a well-
known regulator of tumor progression, angiogen-
esis, and metastasis. Positive correlation between
VEGF and MMP-2 expression has been reported in
lung carcinoma cells. MMP-2 has been found to
regulate the production of VEGF, and VEGF over-
expression may promote the expression of MMP-2,
as well.56 For the asbestos-induced proinvasion net-
work, the important upstream genes that may reg-
ulate MMP-2 production are CAV1, TIMP2, and CCL2.
Down-regulation of tissue inhibitor of MMP-2 (TIMP-2)
is shown in the network. An imbalance between the
proteolytic activity of MMP-2 and TIMP-2 is respon-
sible for the degradation of ECM components, a key
step in tumor invasion and metastasis. Several stud-
ies have reported that the invasion and metastasis
dissemination is facilitated by increased levels of
MMP-2 and/or decreased levels of TIMP-2, either of
which can shift the balance of proteolysis or cause
basement membrane degradation. This is the key
point for the beginning of tumor spread and metas-
tasis formation, which have a positive correlation
with MMP-2 proteolytic activity.57�59 CAV1 and CCL2

are overexpressed in both CNT and asbestos-in-
duced proinvasion GSN. Caveolin-1 (CAV1) is a major
component of cell surface invagination caveolae
which could interact with many signal molecules
such as EGFR, IR, and PDGF receptor and play an
important role in cell adhesion and growth-factor-
mediated signal transduction. Recently, CAV1 has
been identified as a metastasis-associated gene,
and CAV1 up-regulation is associated with highly
migratory and invasive cancer cells via the induction
of MMP-9 production and MMP-2 activation.60

Monocyte chemoattractant protein-1 (MCP-1) en-
coded by CCL2 gene is an inflammatory biomarker
known to be overproduced after asbestos and CNT
exposure. Induction of MCP-1 mRNA expression in
rat pleural mesothelial cells after crocidolite and
chrysotile asbestos exposure and the increase of
MCP-1 protein in the pleural lavage fluid of exposed
rats have been reported.61 Significant elevations of
several cytokines and chemokines including MCP-1
in bronchoalveolar lavage fluid were also noted after
pharyngeal instillation.62 Cell migration and invasion
driven by MCP-1 has been described, and several

studies revealed that MCP-1 could enhance MMP-2
activity.63 Further examination of microarray data
showed the increase of oxidative phosphorylation
reactions associated with mitochondrial metabolism
function which correlated with the increase of ROS
production and reduction of SOD-1 expression in
both CNT- and asbestos-exposed cells. Since ROS
was known to activate several upstream pathways
that mediate MMP-2 activity via different signal
molecules and genes including AKT1 and MCP-1
which were found to be up-regulated in CNT- and
asbestos-induced proinvasion GSN,64,65 oxidative
stress induction may be a factor involved in CNT-
and asbestos-induced MMP-2 activation.
To confirm the importance of MMP-2 in cell migra-

tion and invasion caused by chronic exposure to CNTs
and asbestos, SWCNT, MWCNT and asbestos-trans-
formed cells were transfected with MMP-2 shRNA or
control plasmid, and MMP-2 mRNA and protein ex-
pression aswell as enzyme activitywere determined by
qPCR, Western blotting, immunofluorescence, and gel-
atin zymography (Figure 5). As compared to control
transfectants, all MMP-2 shRNA transfectants exhibited
substantially reduced MMP-2 expression and activity.
Functionally, the MMP-2 knockdown cells showed
greatly reduced invasive and migratory properties
as compared to their vector-transfected controls
(Figure 6). Collectively, the observation that MMP-2 is
up-regulated in all CNT- and asbestos-exposed cells
and the finding that down-regulation of MMP-2 in
these cells consistently inhibits their aggressive beha-
viors suggest a common and important role of MMP-2
in HARN-induced mesothelial toxicities. Due to con-
cerns over rapid development of new nanomaterial
technologies and the risks to human health, this long-
term in vitro exposuremodel can provide rapid, robust,
and high-throughput assessments for future research
on mesothelioma hazard of nanomaterials.

CONCLUSION

In summary, we demonstrated that chronic expo-
sure of human pleural mesothelial cells to CNTs or
asbestos induced cell transformation with cancer-like
properties such as rapid growth and increased cell
invasion and migration. The described in vitro expo-
sure model could potentially be used to predict me-
sothelioma pathogenicity of nanomaterials and to aid
mechanistic studies of the cellular and molecular
events leading to mesothelioma. Using the described
model, we identified several genes involved in the
transformation and aggressive behaviors of chronic
CNT and asbestos-exposed mesothelial cells. Among
these, MMP-2 was identified as a key regulator of the
aggressive behaviors of the transformed cells based on
gene expression and knockdown data. Gene signaling
networks obtained from microarray data and IPA con-
firmed the importance of MMP-2 in cell invasion
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induced by chronic CNT and asbestos exposure.
Other genes involved in the CNT-induced invasion
network include PLAU, STAT3, AKT1, and VEGFA,
whereas CAV1, EGFR, TIMP2, and CCL2 are altered

in the asbestos-induced invasion network. These
genes have the potential to regulate MMP-2 produc-
tion and activity in CNT and asbestos-transformed
cells.

MATERIALS AND METHODS
Cell Culture and Chronic Exposure. Human pleural mesothelial

MeT5A cells were acquired from American Type Culture Collec-
tion (Manassas, VA) and maintained in M199 medium (Life
Technologies, Grand Island, NY) with 5% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/mL penicillin/streptomycin,
1 μg/mL EGF, and 50 μg/mL hydrocortisone. Cell cultures were
performed in a humidified atmosphere of 5% CO2 at 37 �C.
SWCNTs, synthesized using high-pressure carbon monoxide
disproportionate process (HiPCO), were obtained from Carbon
Nanotechnology (CNI, Houston, TX). MWCNTs were provided by
Mitsui & Company (MWNT-7, lot #05072001K28), and crocidolite
asbestos (CAS# 12001-28-4) was obtained from the Kalahari
Desert in South Africa by theNational Institute of Environmental
Health Sciences (Research Triangle Park, NC). UFCB was ac-
quired from Cabot (Edison, NJ). All tested particles were char-
acterized as previously described in our recent study.66

Elemental analysis of the supplied SWCNTs by nitric acid
dissolution and inductively coupled plasma atomic emission
spectrometry (ICP-AES, NMAM #7300) showed that SWCNTs
were 99% elemental carbon and contained less than 1%w/w of
contaminants, while MWCNTs contained 0.41% w/w metal
impurity. Both SWCNTs and MWCNTs possessed e0.32% Fe
ande0.41%Na ion impurities. Diameter and length distribution
of dispersed particles were measured by field emission scan-
ning electronmicroscopy (FESEM,model S-4800; Hitachi, Tokyo,
Japan). Mean lengths of SWCNTs, MWCNTs, and asbestos were
1.42, 4.90, and 10 μm, while mean widths were 0.38, 0.08, and
0.21 μm, respectively. UFCB possessed <1% w/w metal impu-
rities with a dry andmedium dispersed width of 37 and 700 nm,
respectively. All particles possessed surface areas between
9.8 and 43 m2/g except SWCNT, which was 10- to 100-fold
greater (400�1040 m2/g).

The cells were continuously exposed to a subcytotoxic
concentration (0.02 μg/cm2) of SWCNTs, MWCNTs, crocidolite
asbestos, UFCB, or vehicle for 4 months following the method
previously described.67 Briefly, 0.1 mg/mL stocks of SWCNTs
and MWCNTs in phosphate buffer saline (PBS) containing 150
μg/mL Survanta (Abbott Laboratories, Abbott Park, IL) were
sonicated and diluted in media (0.1 μg/mL) prior to cell ex-
posure. This method of dispersion mimics natural lung surfac-
tant content, is nontoxic, and is effective in dispersing CNTs to
the size of aerosolized particles reported in the workplace.68

Crocidolite asbestos was sonicated in culture medium without
the dispersant. MeT5A cells (1 � 104) were exposed to the
dispersed particles every 3 days following a PBS wash and
passaged once per week to initial seeding densities. Vehicle-
only exposed cells and passage-matched control cells were
used as controls. Calculation of the exposure dosewas based on
in vivo SWCNT and MWCNT aspiration and inhalation total lung
burden dose of 20 μg/mouse previously reported.69 The pene-
tration of CNTs from lung periphery through the visceral pleura
into the pleural space after aspiration exposure has been
quantified and 0.6% of the deposited fiber burden was found
to reach the visceral pleura. From the estimated pleural surface
area of 5 cm2 in mice, the possible dose of CNT per cm2 of
visceral pleura is approximately 0.024 μg/cm2.

Cell Proliferation Assays. Cell proliferation was quantified over
a 72 h period using Cyquant cell proliferation assay kit
(Invitrogen, Grand Island, NY) and Hoechst 33342 vital staining.
In the Cyquant assay, cells were seeded (5000 cells/well) in
quadruplicate in a 96-well plate in a normal growth medium.
Cells were incubated for various times before the replacement
ofmediawith 100 μL of 1� Cyquant dye solution and incubated
for 1 h. Each sample's fluorescence intensity was measured

using a fluorescence microplate reader at a 485 nm excitation
and 520 nm emission (FLUOstar OPTIMA, BMG Labtech, Durham,
NC). In the Hoechst assay, 10 mg/mL stock solution of Hoechst
33342 was diluted to 5 μg/mL in PBS, and 100 μL of the 5 μg/mL
solution was added into each well. The cells were incubated for
30 min before visualization under a fluorescence microscope
(Leica Microsystems, Bannockburn, IL).

Migration and Invasion Assays. Cell migration and invasionwere
determined in the 24-well plate Transwell system with 8 μm
pore size polycarbonate filter and BD Matrigel invasion cham-
ber (BD Biosciences, NJ). Briefly, cells at the density of 1.5� 104

cells per well (migration) or 3� 104 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 added with a
normal growth medium containing 5% FBS. The unit was
incubated at 37 �C in a 5% CO2 atmosphere for 48 h. The
nonmigrating or noninvading cells were removed from the
inside of the insert with a cotton swab. Cells that migrated or
invaded to the lower side of the membrane were fixed and
stained with Diff-Quik (Dade Behring, Newark, DE). Inserts were
visualized and scored under a light microscope (Leica DM, IL).

Quantitative Real-Time PCR of Motility Genes. The expression of 12
selected genes known to be involved in the regulation of cell
migration and invasion including CAV1,COL4A2,MMP-9,MMP-2,
RAC1, STAT3,MET,NME1, SERPINE1, TIMP1,AKT1, andMAPK3was
analyzed. Total RNA was isolated from cells using RNeasy mini
kit (Qiagen, Valencia, CA), according to the manufacturer's
instructions. The extracted RNA was then reverse transcribed
into cDNA by high capacity RNA to cDNA kit (Applied Biosys-
tems, Carlsbad, CA). After the reverse transcription reaction was
finished, 10μL of diluted cDNAproduct (final cDNAquantity 100
ng) was mixed with 10 μL of Taqman master mix (Applied
Biosystems) and transferred into Taqman array plate (Applied
Biosystems). Quantification of the PCR products was performed
by NFQ-FAM method using the Applied Biosystems 7500 real-
time PCR systemwith the following profile: 1 cycle at 94 �C for 2
min, 40 cycles at 94 �C for 15 s, 60 �C for 1 min, 72 �C for 1 min.
Data analysis was performed using the ABI sequence detection
software (Applied Biosystems) by relative quantification. The
threshold cycle (Ct), which is defined as the cycle at which PCR
amplification reaches a significant value, is given as the mean
value. The relative expression of each mRNA was calculated by
theΔCt method, whereΔCt is the value obtained by subtracting
the Ct value of the housekeeping gene 18S mRNA from the Ct
value of the target mRNA. The amount of the target relative to
18S mRNA was expressed as 2�ΔCt.

Western Blot Analysis. Cells were washed twice with ice-cold
PBS and incubated in lysis buffer containing 20 mM Tris-HCl
(pH7.5), 1%TritonX-100, 150mMNaCl, 10%glycerol, 1mMNa3VO4,
50 mM NaF, 100 mM phenylmethylsulfonyl fluoride, and a
commercial protease inhibitor mixture (Roche Molecular Bio-
chemicals, Indianapolis, IN) at 4 �C for 20 min. Cell lysates were
collected and analyzed for protein content using the BCA
protein assay kit (Pierce Biotechnology, Rockford, IL). Samples
containing 50 μg of cell lysate proteins per lane were resolved
under denaturing conditions by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) along with EZ-
run prestained protein ladder (Fisher Scientific, Pittsburgh, PA)
and transferred onto PVDF membranes (Invitrogen, Carlsbad,
CA). The transferred membranes were blocked for 1 h in 5%
nonfat dry milk in TBST (25 mM Tris-HCl, pH 7.4, 125 mM NaCl,
0.05% Tween 20) and incubated with the appropriate primary
antibodies at 4 �C overnight. Membranes were washed twice
with TBST for 10 min and incubated with horseradish peroxidase-
coupled isotype-specific secondary antibodies for 1.5 h at
room temperature. The immune complexes were detected by
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an enhanced chemiluminescence detection system (Amersham
Biosciences, Piscataway, NJ) and quantified using analyst/PC
densitometry software (Bio-Rad Laboratories, Hercules, CA).

Gelatinolytic Activity. Cells at the density of 1 � 105 cells/well
were seeded into a 6-well plate with 1 mL of completed M199
medium and cultured for 24 h. Cell supernatants were collected
and determined for total secreted protein concentrations and
analyzed by zymography. Secreted proteins at 5 μg per lane
were separated by electrophoresis in SDS-polyacrylamide gels
containing 0.1% gelatin. After electrophoresis, gels were rena-
tured by incubation in 2.5% Triton X-100 for 30 min, incubated
overnight in substrate buffer (50mMTris-HCl, pH 7.5, containing
10 mM CaCl2) at 37 �C, and stained with 0.5% Coomassie
brilliant blue. Recombinant MMP-2 (Raybiotech, Norcross, GA)
was used as a positive control. A clear zone in the blue back-
ground indicated the presence of gelatinolytic activity. Compu-
terized densitometry was used to evaluate enzymatic activity.

Immunofluorescence Staining. Cellular MMP-2 expression was
visualized by immunofluorescence microscopy (Zeiss LSM 510
Axiovert 100M, Zeiss, Thornwood, NY) as previously descri-
bed.70 Briefly, cells were cultured to confluence on glass cover-
slips and fixed in 4% paraformaldehyde in PBS. The samples
were rinsed three times, permeabilized with 1.2% Triton X-100
for 5min, rinsed three times, and blockedwith 1%bovine serum
albumin (BSA) in PBS for 1 h before staining with 1:200 MMP-2
primary antibody (Abcam, Cambridge, MA) followed by Alexa
Fluor-conjugated secondary antibody (Invitrogen, Carlsbad,
CA). The stained cells weremountedwith ProLong gold antifade
reagent with DAPI (Invitrogen, Carlsbad, CA) and visualized by
fluorescence microscopy. All microscopic exposure conditions
were set the same between samples for fluorescence intensity
comparison using Image J Java-based image processing pro-
gram. Fluorescence intensity per square inches was calculated.

Whole Genome Expression Microarray and Ingenuity Pathway Analysis.
Whole genome expression for each treatment was determined
using high-throughput mRNA microarray analysis following
MIAME guidelines as described previously.71 Briefly, cells from
each treatment (1� 106 in a 6 cm plate) were lysed in triplicate
using TRIzol reagent (Life Technologies, Grand Island, NY). Total
RNA was isolated, purified, and quantified using Nanodrop ND-
1000 (Thermo Scientific, Rockford, IL). RNA was tested for purity
and DNA contamination using A260/A280 ratio and standard
denaturing agarose gel electrophoresis. Double-stranded cDNA
was synthesized using Invitrogen Superscript ds-cDNA synthe-
sis kit, cleaned, andCy3-labeled by aNimbleGenOne-Color DNA
labeling kit following the manufacturer's protocol (Roche Nim-
bleGen, Madison, WI). Samples were hybridized to NimbleGen
Human 12 � 135k gene expression array using the NimbleGen
hybridization system. The slides were then washed with Nim-
bleGen wash buffer, dried, and scanned with Axon GenePix
4000B microarray scanner (Molecular Devices Corporation,
Sunnyvale, CA). Finally, raw data intensities were extracted from
the aligned scanned images and normalized through quantile
normalization and robust multichip averagemethod in Nimble-
Gen v2.5. Gene level files were imported into Agilent Gene-
Spring GX (v12.1) for analysis. Genes with <50.0 intensity were
removed from further analysis. Volcano plots were constructed
using two sample t-tests assuming equal variance (p e 0.05)
with a fold-change screening (g(2-fold) to identify differen-
tially expressed genes (DEGs) for SWCNTs and MWCNTs com-
pared to dispersant-treated cells and asbestos compared to
control cells. Microarray expression data were compared to
qPCR invasion gene data to validate the microarray. All gene
expression data were deposited to NCBI's Gene Expression
Omnibus and is accessible via accession number (GenBank ID:
GSE48855).

To investigate the impact of chronic CNT or asbestos
exposure on gene signaling promoting invasive behavior, DEGs
were analyzed using Ingenuity Pathway Analysis (IPA, version
Fall 2012; Redwood City, CA). Tab-delimited text files containing
gene IDs, expression data, and t-test p values were uploaded
into IPA. Gene signaling networks (GSNs) associated with
promoting invasion were created and mapped. Genes
were included in the GSN if they promoted invasion and were

overexpressed or if they inhibited invasion and were
underexpressed.

MMP-2 Short-Hairpin RNA Transfection. Cells were transfected
with predesigned MMP-2 shRNA or scrambled vector
(SureSilencing, SAbiosciences, Frederick, MD) according to the
manufacturer's protocol. StableMMP-2 knockdown cloneswere
generated by puromycin selection (0.2 μg/mL, Life Technolo-
gies, Grand Island, NY). Expression of MMP-2 in the shRNA and
scrambled vector-transfected cells was determined by qPCR
and Western blotting as described above.

Statistical Analysis. Results are expressed as means ( SD. All
values were derived from at least three independent experi-
ments. Differences between groups were assessed by one-
way analysis of variance (ANOVA). If the variances between
groups were homogeneous, groups were subjected to the
multiple comparison Dunnett's test. If the variances were not
homogeneous, groups were compared by the Mann�Whit-
ney test. Differences were considered significant if P values
were <0.05.
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