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Abstract
Occupational and environmental exposures to airborne asbestos and silica are associatedwith the development of lung fibrosis
in the forms of asbestosis and silicosis, respectively. However, both diseases display distinct pathologic presentations, likely
associated with differences in gene expression induced by different mineral structures, composition and bio-persistent
properties. We hypothesized that effects of mineral exposure in the airway epitheliummay dictate deviating molecular events
that may explain the different pathologies of asbestosis versus silicosis. Using robust gene expression-profiling in conjunction
with in-depth pathway analysis, we assessed early (24 h) alterations in gene expression associated with crocidolite asbestos or
cristobalite silica exposures in primary human bronchial epithelial cells (NHBEs). Observations were confirmed in an
immortalized line (BEAS-2B) by QRT-PCR and protein assays. Utilization of overall gene expression, unsupervised hierarchical
cluster analysis and integrated pathway analysis revealed gene alterations that were common to both minerals or unique to
either mineral. Our findings reveal that both minerals had potent effects on genes governing cell adhesion/migration,
inflammation, and cellular stress, key features of fibrosis. Asbestos exposurewasmost specifically associatedwith aberrant cell
proliferation and carcinogenesis, whereas silica exposure was highly associated with additional inflammatory responses, as
well as pattern recognition, and fibrogenesis. These findings illustrate the use of gene-profiling as a means to determine early
molecular events that may dictate pathological processes induced by exogenous cellular insults. In addition, it is a useful
approach for predicting the pathogenicity of potentially harmful materials.

Background
Asbestosis and silicosis, the most common forms of pneumoco-
nioses, are caused by inhalation of respirable asbestos fibers and

crystalline silica particles, respectively. ‘Asbestos’ describes a
group of silicate minerals comprising serpentine fibers (i.e.
chrysotile) and rigid, highly pathogenic amphibole fibers (e.g.
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crocidolite, amosite, tremolite, actinolite, anthophyllite). Inhal-
ation of asbestos causesmajor changes in parenchymal architec-
ture, including diffuse interstitial collagen deposition and
accumulation of dense connective tissue at specific loci (1–3). In
addition, amphibole asbestos causes pleural fibrosis, and results
in lung cancer and malignant mesotheliomas (3). The three nat-
urally occurring polymorphs of crystalline silica of health con-
cern are quartz, cristobalite and tridymite (2). Unlike asbestosis,
silicosis is associated with the formation of concentric ‘whorled’
nodules of collagen-rich, dense fibrotic tissue and a prominent
granulomatous response (1, 3). Occupational exposures to silica,
especially in smokers, have been associated with increased risks
of lung cancer, but not mesotheliomas, in some cohorts, al-
though this is a topic of debate (4–7).

Impingement of high concentrations of both fibers and parti-
cles on alveolarmacrophages and epithelial cells lining the upper
and lower respiratory tract is characterized by cell damage asso-
ciated with the production of oxidants, a persistent inflamma-
tory response, the generation of profibrotic mediators and
scarring (8). Although exposure to each type of mineral can give
rise to interstitial fibrosis, physicochemical differences between
crystalline silica particles and asbestos fibers may lead to dis-
tinctive gene expression patterns resulting in the dissimilar
pathological characteristics of silicosis and asbestosis. The role
of the lung epithelium has until recently been viewed as a pas-
sive, physical barrier against inhaled particulates and other tox-
icants. However, studies show that lung epithelial cells play an
active role in particulate uptake (9,10), immune cell recruitment
(3), proliferation of epithelial and other cell types (11), andmatrix
remodeling (12). Since epithelial cells are target cells of lung car-
cinomas and contribute to the development of pulmonary fibro-
sis, understanding the molecular responses of human lung
epithelial cells to pathogenic minerals is critical to unraveling
the complex molecular events that initiate inflammatory re-
sponses, consequent fibrogenesis and other mechanisms intrin-
sic to these diseases. In this study, we therefore compared gene
alterations induced by exposure to equitoxic doses of crocidolite
asbestos and cristobalite silica in an isolate of normal human
bronchial epithelial cells (NHBEs) (9). By gene-profiling, we fur-
thermore explored expression signatures and their biological in-
teractions. Selected common as well as mineral-specific gene
alterations were confirmed in an immortalized bronchial epithe-
lial cell line (BEAS-2B) by QRT-PCR. Additionally, further confirm-
ation of selected findings at the protein level was obtained using
various techniques. To our knowledge, these studies are the first
to explore comparative gene expression-profiling in human air-
wayepithelial cells using equitoxic doses of pathogenicminerals,
i.e. an amphibole asbestos and a crystalline silica.

Results
Effects of mineral exposure on NHBE and BEAS-2B cell
viability

We initially compared the effects of crocidolite asbestos and cris-
tobalite silica on cell viability using surface area-based dosim-
etry, as the biological activity of these particulates is derived
largely from their surface reactivity (13). Based on data from
these experiments, a concentration of 15 × 106 μm2/cm2 dish
was chosen for asbestos, and 15 and 75 × 106 μm2/cm2 dish for sil-
ica for NHBE gene expression studies (<LD50 concentrations)
(Supplementary Material, Fig. S1). The viability of BEAS-2B cells
exposed to minerals for 24 h was determined similarly (Supple-
mentary Material, Fig. S2). As cells from the immortalized cell

line were more resistant to equal surface area-based doses
when compared with primary cell cultures, mineral concentra-
tions of 75 and 150 × 106 µm2/cm2 dishwere used for gene expres-
sion studies in BEAS-2B cells (9,14).

Strategies to detect gene expression alterations
by minerals

Using equitoxic doses noted above, gene expression was as-
sessed by Affymetrix GeneChip arrays analyzedwith GeneSifter®

and Bioconductor. An exposure period of 24 h was used as this is
the time point formaximal gene expression changes byanumber
of pathogenic fibers and particles (9,10,15,16). In our previous
studies, non-pathogenic glass beads and fine TiO2 did not induce
any significant numbers of gene changes compared with unex-
posed cells (saline/vehicle control) (10,17), which were therefore
used as controls here. First, to visualize the gene–sample rela-
tionship, an unsupervised average-linkage hierarchical cluster-
ing was applied to the 50 probe-sets with the highest variation
across the 12 samples. This analysis clearly identified distinct
clusters related to different minerals and doses (Fig. 1A). Cluster
I comprises two subclusters: (a) including the unexposed control
samples and the low dose (15 × 106 μm2/cm2) silica group and (b)
containing the asbestos (15 × 106 μm2/cm2) samples. Cluster II
contained the high dose (75 × 106 μm2/cm2) silica samples.

To compare the magnitude of alterations in gene expression
by each mineral and dose, we examined the total number of sig-
nificant gene changes >1.5-fold versus unexposed controls, with
an adj. P-value <0.05 (FDR < 0.05). Asbestos (15 × 106 μm2/cm2)
altered levels of 321 probe-sets (262 genes) which was much
more robust than silica, which altered only three probe-sets
(three genes) at an equal concentration (15 × 106 μm2/cm2).
However, at the higher amount, silica (75 × 106 μm2/cm2) expo-
sures showed significant changes in 1247 probe-sets (1033
genes) (Table 1, Fig. 1B). A comprehensive list of significant
gene changes for each group is described in Supplementary
Material, Tables S1–S3.

Comparative gene expression and divergent signaling
pathways induced by asbestos and silica

To determine both common and divergent gene expression pat-
terns and signaling pathways associated with mineral-induced
gene expression changes, IPA®wasused. Comparative analysis re-
vealed that of 1316 probe-sets significantly altered across all three
exposures (compared with controls), 252 were commonly altered
by asbestos (15 × 106 μm2/cm2) and silica (75 × 106 μm2/cm2) (Sup-
plementary Material, Table S4), 3 of which were also significantly
alteredby the lowdose silica (15 × 106 μm2/cm2) (Fig. 1B). Converse-
ly, 69 probe-setswere specifically altered byasbestos (15 × 106 μm2/
cm2) (SupplementaryMaterial, Table S5) and 995 by silica (75 × 106

μm2/cm2) (SupplementaryMaterial, Table S6). These gene changes
were analyzed to determine signaling pathways, biological and
disease functions associated with mineral exposures. The top 10
canonical pathways and genes associated with these pathways
wereused to construct schematic representations of themajor sig-
naling events affected commonly or specifically by asbestos or
silica (Figs 2, 5 and 7; Tables 2–4).

Common responses
Canonical pathways affected commonly by both minerals were
associated with cell membrane receptors and downstream
signaling [e.g. Caspase-1 (CASP1)], transcriptional regulators
[i.e. early growth response (EGR) and activator protein-1 (AP-1)
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and nuclear factor kappa B (NF-κB)] and downstream biological
functions. These biological functions included extracellular ma-
trix (ECM) dissolution, leukocyte adhesion andmigration, inflam-
mation, fibrotic response, apoptosis regulation and cellular stress

responses, as well as other biological activities such as mitogen-
activated protein kinase (MAPK) inhibition and glucocorticoid
signaling (Table 2, Fig. 2). It should be noted that all gene symbols
are defined in Supplementary Material, Tables S4–S6. The up-

Figure 1. Unsupervised hierarchical cluster analysis and overall gene changes in mineral exposed NHBE cells. (A) Unsupervised hierarchical cluster analysis of gene

expression profiles of unexposed control NHBE cells and cells exposed to crocidolite asbestos 15 × 106 µm2/cm2 (asbestos 15), cristobalite silica 15 × 106 µm2/cm2 (silica

15) or 75 × 106 µm2/cm2 (silica 75) (n = 3 samples/group) based on the log2 expression values of the top 50 most variable probe-sets. Individual samples are shown in

columns and genes in rows. The log2 expression values for individual genes are indicated by color (yellow indicates a high and blue a low level of expression).

(B) Venn diagram representation of the total number of probe-sets and genes (up-regulated and down-regulated) significantly altered by all three exposure groups

compared. This includes those specific to each exposure as well as those commonly affected by different exposures [≥1.5-fold versus controls; adj. P < 0.05 (FDR < 0.05)].
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regulation of interleukin-8 (IL8), matrix metallopeptidase 1
(MMP1) and baculoviral IAP-repeat-containing 3 (BIRC3) by both
asbestos and silica exposures observed by microarray was con-
firmed in NHBE cells by QRT-PCR in a separate experiment (Sup-
plementaryMaterial, Fig. S3). These findingswere also confirmed
in BEAS-2B cells (Fig. 3A–C). Common up-regulation of the early-
response gene, JUN, that encodes amember of theAP-1 transcrip-
tion factor complex (Fig. 3D), and is known to have a pivotal role
in asbestos- and silica-induced disease processes (18–20), was
confirmed in BEAS-2B cells. In addition, up-regulation of a num-
ber of novel genes by both asbestos and silica exposure was con-
firmed in BEAS-2B cells including the transcriptional regulators
EGR1 and TNFAIP3 (Fig. 3E and F), the inflammatory receptor
IL1RL1 (Fig. 3G), the apoptosis inducer IL24 (Fig. 3H) and the cell
stress response protein HSPA6 (Fig. 3I).

Additionally, some common changes observed at the mRNA
level were investigated at the protein level in BEAS-2B cells
(Fig. 4). In addition to the increased mRNA levels of CASP1 ob-
served for both minerals in NHBE cells (Fig. 2), the enzymatic ac-
tivity levels of this effectormolecule of theNLRP3 inflammasome
were found to be increased in BEAS-2B exposed to asbestos and
silica for 24 h (Fig. 4A). Furthermore, we confirm that asbestos
and silica both cause secretion of IL-8 (Fig. 4B), although com-
paring equal surface-area-based doses, asbestos induced higher
levels of secreted IL-8 which is in agreement with ourmRNA data
(Fig. 3A). Moreover, both fibers and particles caused a marked
increase in the protein expression of CLDN1 (Fig. 4C), a tight junc-
tion protein important in supporting the epithelium as a physical
barrier and in regulating the inflammatory response (21,22).

Asbestos-specific responses
Genes selectively altered in expression after exposure to crocido-
lite asbestos (15 × 106 μm2/cm2) were grouped in a unique set of
pathways which are listed in Table 3 and represented in Figure 5.
This collection of experimentally confirmed relationships is
associated with biological functions related to tissue damage
(IL1RN) and iron homeostasis (TFRC) as well as small molecule
biochemistry and cellular detoxification mechanisms (S100A12,
CYP2C18 and SULT familymembers). Further downstream, asbes-
tos-specific biological responses were linked to tumor morph-
ology (MGEA5, CRNN, PLCG and TGMs) and cancer (CEACAM1,
SEMA3A) as well as proliferation (FST, NCF1) and cell survival
(ABCC10, RBCK1).

A selection of these findings was also investigated in the
BEAS-2B epithelial cell line by QRT-PCR to confirm microarray-
based findings in primary cells. Crocidolite-specific induction of
SEMA3A expression was confirmed, and interestingly, silica ex-
posure conversely decreased SEMA3A mRNA levels (Fig. 6A). In

addition to the confirming of crocidolite-specific reduction in
TFRC expression, we found that cristobalite silica also had an
inverse effect on TFRCmRNA levels in BEAS-2B cells (Fig. 6B). Fur-
thermore, exposure to asbestos, but not silica, caused a marked
decrease (50%) in TFRC protein levels in BEAS-2B cells at 48 h
post-exposure. Silica-induced increases in TFRC mRNA levels
(24 h) were however not reflected at the protein level at 24 and
48 h, which were not significantly affected compared with con-
trols (Fig. 6C and data not shown).

Silica-specific responses
In NHBE cells, silica exposure at higher concentrations (75 × 106

μm2/cm2) specifically altered expression levels of various cell
membrane receptors associated with pathogen-associated mo-
lecular pattern (PAMP) recognition (LY96, TLR1, CD14, TREM1),
cell death (FAS) and inflammation (IFNGR1, TNFRSF9, TNFRSF10B,
CXCR4, IL2RG). Additionally, silica exposure affected a number of
transcriptional regulators (e.g. IRF, CREB and alternative NFκB
family members) and a plethora of downstream effector mole-
cules and biological functions, including pattern recognition
and interferon responses, and additional inflammation, cell sur-
vival regulation and fibrogenesis pathways (Fig. 7, Table 4). Fig-
ure 8 depicts confirmation of findings in NHBE cells exposed to
silica in BEAS-2B cells. Results demonstrate silica-specific up-
regulation of the fibrogenic mediator FGF2 (Fig. 8A), the inflam-
matory regulator PTX3 (Fig. 8B), the transcriptional regulator
CREB5 (Fig. 8C), as well as down-regulation of the SFRP1, a modu-
lator of Wingless type (WNT) signaling (Fig. 8D), at the highest
concentration (150 × 106 μm2/cm2). In addition, we show that sil-
ica selectively induced bFGF (FGF2) secretion from bronchial epi-
thelial cells exposed for 24 h (Fig. 8E).

Discussion
Our studies demonstrate that robust gene-profiling was able to
distinguish different mineral exposures based on global gene ex-
pression, as unsupervised average-linkage hierarchical cluster
analysis accurately delineated samples based on both mineral
exposure, and in the case of silica, the concentration used. Our
studies also demonstrate unique features of crocidolite asbestos
and cristobalite silica in patterns of toxicity and gene expression
alterations. At equal doses (15 × 106 μm2/cm2), silica hadminimal
effects on gene expression, whereas the number of changes
caused by asbestos was dramatically higher. However, at higher
doses (75 × 106 μm2/cm2), silica induced markedly more gene al-
terations, mimicking dose–response effects observed in inhal-
ation and intratracheal instillation studies (23,24).

Our data reveal gene changes that likely contribute to the
mutual pathogenicity as well as divergent characteristics that
may drive the increased carcinogenicity of amphibole asbestos
and individual patterns of fibrogenicity. Both minerals altered
mRNA levels of various membrane receptors, intracellular
signaling molecules, transcriptional regulators and downstream
effector molecules some linked to signaling pathways and bio-
logical functions that promote the development of mineral ex-
posure-associated disease (3,25). In addition to identifying new
genes that may be involved in asbestos and/or silica pathogen-
icity, our results confirm the highly active role of the epithelium
as an initial player in these processes.

Common responses

Pathway analysis of genes altered by both minerals revealed that
the canonical pathways most highly enriched represented

Table 1. Total number of gene alterations in NHBE cells (24 h)

Mineral Dose (S.A.),
×106 µm2/cm2

Dose (mass),
µg/cm2

Probe-sets Genes

Crocidolite
Asbestos

15 1.0 321 262

Cristobalite
silica

15 2.94 3 3

Cristobalite
silica

75 14.7 1247 1033

Total numbers of probe-sets and total numbers of genes significantly altered by

each mineral and dose compared with unexposed controls. A threshold cut-off

of 1.5-fold versus controls with an adj. P-value < 0.05 was used.
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disease mechanisms highly characteristic of the development of
both pneumoconioses. These included not only genes well
known to be associated with asbestos and silica-disease pro-
cesses, but also revealed a number of novel genes intrinsic
to complex signaling mechanisms that may contribute to dis-
ease. Common changes were observed in expression levels of
documented membrane receptors associated with proteolysis
(PLAUR) and the proinflammatory anaphylatoxin receptor (C5AR)
as well as its ligand (C5) which has been shown to be activated
by bothminerals (26,27). Our data also revealed novel genes, asso-
ciated with propagation of inflammation (IL6R, IL1RL1) and recog-
nition of foreign materials (TLR2). The IL-33 receptor, IL1RL1 (also
known as ST2), was up-regulated by both minerals and IL-33 sig-
naling is a driving force in the development of asthma and allergic
airways disease (28,29). The lung epithelium is a major source of
IL-33 in response to lung injury, propagating signaling to other
effector cells (e.g. TH2, mast cells, dendritic cells), which may be
a feed-forward mechanism.

Both AP-1 and NFκB have been well established as key tran-
scriptional regulators that drive inflammatory and fibrogenic dis-
ease (3,30,31). Moreover, both minerals induced increased levels
of EGR1, which is induced by silica in type II alveolar epithelial
cells (32) and is associated with epithelial apoptosis, protease ex-
pression and lung fibrosis (33,34). Imbalance of proteolysis and
ECM dissolution are key mechanisms in the development of fi-
brosis (35,36), by dysregulation of key players such as various

MMPs and protease inhibitors. Our study links both asbestos
and silica exposure to increased expression of MMP1 in lung epi-
thelial cells, which is also increased in human idiopathic
pulmonary fibrosis (IPF) (37) and may contribute to further colla-
gen breakdown, activation of cytokines and promotion of cell mi-
gration and proliferation. Increased expression of adherens and
junction proteins upon injury to the epithelium is part of the res-
toration process of the physical barrier. For instance, CLDN1,
which is increased in expression after exposure to asbestos and
silica here, is also increased in the regenerative epithelium of
human IPF and asbestosis lung tissues (21). CLDN1 also has a
functional role in regulation of pro-fibrotic processes such as epi-
thelial-mesenchymal-transition (EMT) and pro-inflammatory
response (22,38). During this response to injury, expression
of molecules such as ICAM1 and CYR61 promotes neutrophil
extravasation andmigration into the airways. This further perpe-
tuates the potent inflammatory response, which is driven by
various mediators including; acute phase proteins, cytokines
and chemokines, which propagates the deregulated cycles of in-
flammation and injury seen in asbestosis and silicosis.

Activation of the intracellular danger sensing protein com-
plex, the NLRP3 inflammasome, is a crucial step in propagation
of the inflammatory response caused by exposure to occupation-
al dusts (e.g. asbestos and silica) (39,40) as well as nanomaterials
(e.g. carbon nanotubes) (41). Originally thought to be restricted
to myeloid cells, activation has been demonstrated recently

Figure 2. Pathways commonly affected by asbestos and silica in NHBE cells. A schematic representation of 38 geneswith altered expression by asbestos (15 × 106 µm2/cm2)

and silica (75 × 106 µm2/cm2) at 24 h. Red: up-regulated, green: down-regulated [≥1.5-fold versus controls; adj. P < 0.05 (FDR < 0.05)]. Lines and arrows interconnecting

molecules represent associations determined by IPA from the Ingenuity Knowledge Base, including both direct and indirect relationships. All gene names, fold-

change values and adj. P-values are listed in Supplementary Material, Table S4.
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in epithelial (14,42,43) andmesothelial cells (44,45). Additionally,
certain polymorphisms in the NLRP3 gene may be associated
with IL-1β production and severe inflammation which may
suggest a genetic predisposition for common inflammatory
disorders (46–48).

IL-8, a potent neutrophil chemotactic factor, is a driving force
inmineral-induced inflammation, and is shown to be elevated in
asbestos (49) and silica-exposed subjects (50). Our data also re-
veal novel inflammatory molecules increased by both asbestos
and silica exposures, including IL36G, IL36RN, IL32 and SAA2.
Interestingly, IL-1 family members, IL36G (IL-36γ) and IL36RN
(51), are highly expressed in the bronchial epithelium (52).
IL-36γ is induced by toll-like receptor (TLR) ligands and TH17 cyto-
kines and may promote neutrophilic airway inflammation (53).
In conjunction with increased IL-36γ and IL-36Ra, our previous
studies show increased expression of their receptors (IL1RL2
and IL1RAP) by crystalline but not amorphous, non-pathogenic
silica (14). These seminal data suggest a prominent and unin-
vestigated role of IL-36 signaling in mineral exposure-induced
inflammation.

Our data in concert suggest a scenario thatmay be common to
pathogenic silicates. Owing to massive inflammation and tissue
damage caused by exposures to fibrogenic agents, there is a

consequent fibrotic response initiated in the epithelium in an at-
tempt to repair damaged areas of the lung. For instance, both
minerals increased expression of the profibrotic molecule
IL13RA2, which has been shown to promote IL-13-driven induc-
tion of TGFβ in experimental fibrosis (54). Conversely, mineral ex-
posures increased expression of the anti-fibrotic chemokine,
CXCL10, which has been shown to alleviate fibrosis in bleo-
mycin-induced experimental lung injury (55). This suggests a
balance between anti-fibrotic and pro-fibrotic molecules that
may be disrupted in susceptible individuals or at high overload
concentrations of minerals. Cell proliferation in response to
lung injury stimulates many biological activities and effector
cell types including inflammatory cells and fibroblasts, but may
also be compensatory in replenishing epithelial cells after injury
and death of surrounding cells. The axis balancing cell death and
proliferation is often disrupted in chronic disease, as regulation
of apoptosis is key to controlling cell turnover of damaged cells.
Genes associated with the regulation of apoptosis that were al-
tered by both minerals include the anti-apoptotic molecule,
BIRC3, which can be induced by TNFα-dependent mechanisms
(56), and pro-apoptotic IL24, which is shown to drive apoptosis
in various types of cancer cells by inhibition of survival and pro-
liferation signaling and impedes lung cancer cell migration
(57,58). In conjunction with exogenous stress, cell death can
lead to the excessive release of damaging cellular contents, in-
cluding oxidants, proteases and dangermolecules, which further
propagate cellular stress responses in surrounding tissue. A
plethora of heat shock proteins are induced by both minerals,
as well as the antioxidant, SOD2. SOD2 has been shown to play
a pivotal role in mineral-induced disease development (59).
Serum levels of SOD2 are elevated in silicotic patients (60) and
polymorphisms in this gene are associatedwith increased asbes-
tosis susceptibility (61).

Asbestos-specific responses

Many of the genes uniquely affected by crocidolite asbestos have
not been described in lung epithelial cells previously, but may
have key roles in lung injury and processes leading to carcinogen-
esis as indicated in Figure 5. Since we and others have linked as-
bestos exposures to cellular plasticity and cancer (62–64), it is not
surprising that many genes affected by asbestos as opposed to
silica are involved in processes related to cancer development.
For example, ESPL1 (Separase) acts as an oncogene when overex-
pressed and plays an important role in the development of

Table 2.Top 10 canonical pathways altered by both asbestos and silica
in NHBE (24 h)

Rank Canonical pathway

1 Granulocyte adhesion and diapedesis
2 Agranulocyte adhesion and diapedesis
3 Glucocorticoid receptor signaling
4 TNFR2 signaling
5 Role ofmacrophages, fibroblasts and endothelial cells in

rheumatoid arthritis
6 IL-6 signaling
7 Aldosterone signaling in epithelial cells
8 PPAR signaling
9 IL-17A Signaling in gastric cells
10 IL-10 Signaling

Top 10 canonical pathways significantly enriched by alteration in gene expression

by both asbestos and silica as determined by core analysis of commonly altered

gene changes in IPA.

Table 3. Top 10 canonical pathways altered by asbestos specifically in
NHBE (24 h)

Rank Canonical pathway

1 Dermatan sulfate biosynthesis (late stages)
2 Production of nitric oxide and reactive oxygen species in

macrophages
3 ERK/MAPK signaling
4 Chondroitin sulfate biosynthesis (late stages)
5 Estrogen biosynthesis
6 Heparan sulfate biosynthesis (late stages)
7 Melatonin degradation I
8 Chondroitin sulfate biosynthesis
9 FcγRIIB signaling in B lymphocytes
10 Dermatan sulfate biosynthesis

Top 10 canonical pathways significantly enriched by alteration in gene expression

byasbestos only as determined by core analysis of asbestos-specific gene changes

in IPA.

Table 4. Top 10 canonical pathways altered by silica-specifically in
NHBE (24 h)

Rank Canonical pathway

1 Salvage pathways of pyrimidine deoxyribonucleotides
2 TREM1 signaling
3 Aryl hydrocarbon receptor signaling
4 Interferon signaling
5 Hepatic fibrosis/hepatic stellate cell activation
6 Role of JAK family kinases in IL-6-type cytokine signaling
7 Role of pattern recognition receptors in recognition of bacteria

and viruses
8 Altered T- and B-cell signaling in rheumatoid arthritis
9 Role of IL-17A in arthritis
10 IL-6 signaling

Top 10 canonical pathways significantly enriched by alteration in gene expression

by silica only as determined by core analysis of silica-specific gene changes in IPA.
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aneuploidy and tumorigenesis (65). ELF5 expression appears to be
increased significantly in mouse mammary tumors relative to
normal tissue (66). Previously, the up-regulation of SEMA3A has
been linked to a feedback loop modulating growth-promoting
signaling in mesothelial cells (67) and influencing apoptosis
and proliferation in multiple cell types. SEMA3A is also essential
for structural and functional abnormalities in tumor vasculariza-
tion (68) and its induction by asbestos in NHBE and BEAS-2B cells
is in line with our recent report on its up-regulation in human
mesothelial cells exposed to crocidolite asbestos (69). We were
also able to detect elevatedCEACAM1mRNAexpression byasbes-
tos. Recently, this gene was linked to the creation of a pro-

angiogenic tumor microenvironment that supports tumor vessel
maturation (70).

Exposure to foreign toxicants, like asbestos or other xeno-
biotic chemicals (e.g. those found in cigarette smoke), activates
cellular detoxification mechanisms. For instance, sulfation is
an important reaction in detoxification of xenobiotics, and sulfo-
transferases such as SULT1B1 enzymatically affect the bioactiva-
tion of pro-carcinogens to reactive electrophiles (71). In addition
to sulfotransferases, asbestos induced increased mRNA levels of
CYP2C18, a member of the cytochrome P450 family of detoxifi-
cation enzymes. Together these data suggest that asbestos may
activate and potentially disrupt xenobiotic detoxification

Figure 3. Commonly altered genes by asbestos and silica exposure in BEAS-2B cells. Steady-state mRNA levels were measured by QRT-PCR in BEAS-2B cells exposed to

asbestos and silicawith two doses (75 and 150 × 106 µm2/cm2) for 24 h. Genes affected by bothminerals were (A) IL8 (Interleukin-8), (B)MMP1 (Matrixmetallopeptidase-1),

(C) BIRC3 (Baculoviral IAP-repeat containing 3), (D) JUN (c-jun proto-oncogene), (E) EGR1 (Early growth response-1), (F) TNFAIP3 (TNFα-induced protein 3), (G) IL1RL1 (IL-1

receptor-like 1), (H) IL24 (Interleukin-24) and (I) HSPA6 (Heat shock protein A6). Gene expression levels were normalized to the housekeeping gene RPL13A (Ribosomal

protein L13A). Values represent mean ± SEM. *P < 0.05 versus unexposed controls, n = 3, graphs are representative of two to three repeat experiments.
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mechanisms, which is suggested to contribute to asbestos-in-
duced carcinogenic effects (72).

In the group of molecules involved in tumor morphology and
remodeling, we observed increased expression levels of various
enzymes, including transglutaminases (TGM3, and TGM5). Rigid
amphibole fibers can penetrate and severely disrupt the cell
membrane during or after uptake by cells. Up-regulation of trans-
glutaminases, which are involved in protein cross-linking in
molecular scaffolds and wound repair (73), may be part of a re-
pair mechanism in an attempt to restore the compromised cell
membrane.

The activin inhibitor FST has been shown to ameliorate
inflammation and fibro-proliferative responses in a bleomycin
model of pulmonary fibrosis in rats (74,75). It is possible that
the up-regulation of FST, as observed here in the proliferation
pathway in response to asbestos, is part of an endogenous
defense mechanism of bronchial epithelial cells.

For amphibole asbestos, the surface chemistry, particularly
bioavailable iron, is key in driving oxidant production and in-
flammation (76,77). Iron is mobilized and promotes oxidant
production in lung epithelial cells exposed to crocidolite asbes-
tos. Additionally, endogenous iron coats asbestos fibers in the
lung, i.e. ferruginous bodies, one of the hallmarks of asbestosis
(78,79). Iron sequestration is controlled byanumberofmolecules,
including transferrin and the transferrin receptor (80). Our data
indicate significant decreases in mRNA and protein levels of
TFRC in human lung epithelial cells exposed to crocidolite asbes-
tos. Crocidolite exposure causes intracellular sequestration of
non-transferrin bound iron, potentially via the divalent metal
ion transporter-1 (DMT1) (81). Accumulation of such intracellular

iron stores likely leads to the down-regulation of TFRC, which, in
turn, may increase the amount of extracellular iron. Broncho-
alveolar lavage (BAL) fluids from asbestos-exposed subjects
have higher levels of transferrin compared with unexposed sub-
jects (82). Therefore, inhalation of asbestos can lead to severe dis-
ruption of normal iron homeostasis in the lungs, whichmay be a
potential marker for exposure and/or disease development.

Silica-specific responses

The presence of massive inflammation is a driving force in the
development and progression of silicosis. Our data showa robust
inflammatory response to high-dose silica exposure with specif-
ically increased expression ofmany potent inflammatorymedia-
tors. Silica induced, for instance, IL1A, IL1B, colony stimulating
factors, CSF1, CSF2, as well as (C-X-C) and (C-C) motif chemo-
kines. Interestingly, silica induced increased expression of
TNFSF9 (CD137L/4–1BB) as well as its receptor TNFRSF9. TNFSF9
signaling is a key factor in the development of immune responses
in T-cells, NK cells, macrophages and dendritic cells, and is also
expressed in non-immune cells. Crosstalk between epithelial
cells and inflammatory cells via TNFSF9-signaling drives neutro-
phil recruitment (83) which contributes to silica-induced inflam-
mation. In keeping with these findings, therewas also an evident
interferon response. Type I interferon responses have been shown
toplaya role in silica-induced chronic inflammation (84); however,
themechanismbywhich they contribute to silica-induced inflam-
mation is not well understood. In linewith progressive inflamma-
tion, and interferon response, silica exposurewas associated with
pattern-recognition signaling pathways, with altered expression

Figure 4. Commonly altered protein by asbestos and silica exposure in BEAS-2B cells. Confirmation of microarray findings at protein level in BEAS-2B cells after 24 h

exposure to asbestos and silica (150 × 106 µm2/cm2). (A) Caspase-1 enzymatic activity levels relative to unexposed controls. (B) Secreted levels of IL-8 protein in

conditioned medium of BEAS-2B (pg/ml). (C) Immunofluorescence images of BEAS-2B (left to right), unexposed controls, asbestos, silica and nuclear stain DAPI (top),

CLDN1 in green (middle) and merged DAPI and CLDN1 (bottom). Negative controls (no primary antibody) were also included and all were negative for staining. Images

were taken with ×40 objective lens.
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of membrane and intracellular pattern recognition-associated
receptors (LY96, TLR1, CD14 and IFIH1/MDA-5). In addition, silica
caused increases in antiviral-response proteins (OAS), and anti-
gen-presentation molecules (CD83, HLADQB1). Silica also caused
increased expression of the multifunctional pattern recognition
molecule, PTX3 (85) which has been implicated in epithelial cell
survival in co-culture models of silica exposure (86).

In response to silica particles, expression levels of a number
of cell membrane receptors that mediate PAMP recognition, cell
death and proinflammatory response were specifically altered.
Silica exposure is associatedwith development of autoimmunity,
where increased serum levels of (soluble) sIL2R are a marker of
early immunological dysfunction in silica-exposed subjects
(87). This correlates with our data, which reveal increased levels
of IL2RG (i.e. the common gamma chain) mRNA. Furthermore,
TNFα and the TNFR signaling pathway are crucial mediators
in the development of silica-induced fibrosis (88), and soluble
TNFR1 and soluble TNFR2 are increased in subjects exposed
to silica (89). In conjunction with the up-regulated expression
of a number of the TNF-receptor superfamily members, data
reveal up-regulation of the adaptor protein TRAF1, which
is crucial in dictating TNF-signaling via cascades including
MAPK and NFκB. Canonical NFκB signaling is well known to
drive silica-induced inflammation and fibrosis (90,91). However,
our data are the first to reveal modulation of non-canonical (al-
ternative) NFκB signaling, by up-regulation of NFKB2 (p52/p100)

and RELB. Alternative NFκB signaling and auto-regulation are
shown to modulate lung inflammation (92,93) and cross-talk
between canonical and non-canonical NFκB regulates inflamma-
tory responses in epithelial cells as well as airway inflammation
and fibrosis in experimental models of allergic airways disease
(94,95).

Owing to initial injury and the inability to clear silica
particles, followed by cycles of inflammation that precede and
continue during the development of silicosis. Exposure to silica
promotes the production of various fibrogenic mediators,
proteases, and proliferation and recruitment of fibroblasts
in attempt to repair the damaged lung. Our data reveal silica-
specific alteration of various fibrogenic mediators (e.g. VEGF,
CTGF, FBRS, FGF2) and downstream signaling molecules asso-
ciated with the fibrogenesis pathway. In particular, silica specif-
ically induced mRNA levels and secretion of FGF2/bFGF. This
potent fibrogenic factor (and others associated), which is induced
by silica in lung epithelial cells (9,86) and potentially linked indir-
ectly to fibroblast proliferation (14), may have a crucial impact on
the intense fibrogenicity of silica. Furthermore, although WNT
signaling is linked with aberrant proliferation and the develop-
ment of fibrosis (96,97), it has not been associated with silica or
silicosis yet. Interestingly we observed down-regulation of the
WNT-signaling molecules SFRP1, WNT5A and up-regulation of
DKK1 in response to silica. These findings suggest potential alter-
ation of WNT signaling.

Figure 5. Pathways selectively affected by asbestos in NHBE cells. Graphical representation of the experimentally confirmed relationships between genes distinctively

altered in expression by asbestos (15 × 106 µm2/cm2) using IPA software. Red and green colors indicate up- or down-regulation of gene expression levels respectively

compared to unexposed control cells [≥1.5-fold versus controls; adj. P < 0.05 (FDR < 0.05)]. All gene names, fold-change values, and adj. P-values are listed in

Supplementary Material, Table S5.
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In summary, our studyexemplifies howgene expression stud-
ies can predict acute responses of respiratory epithelial cells, the
first cell type to encounter asbestos fibers or silica particles after
inhalation, and link these events to biofunctional pathways lead-
ing to lung disease.Manyof these alterations can be linked to bio-
markers found in clinical samples of exposed subjects. Overall,
our data reveal early alterations in both common gene expression
that can be linked to inflammation andfibrosis by both pathogen-
icminerals and unique changes by silica promoting intensefibro-
genicity and byasbestos thatmay be intrinsic to the development
of lung cancers. Our analyses also highlight many novel mole-
cules that can be pursued in functional studies, thus permitting
their evaluation as new targets in detection, prevention and
therapy of fibroproliferative diseases and cancers.

Materials and Methods
Cell culture

For primary cells, an isolate of normal primary NHBEs was
purchased from Lonza, Clonetics®. NHBE cells were cultured and
maintained in BEGM® with Reagentpack™ subculture reagents as
described previously (9). For experiments with BEAS-2B cells, cells
were culturedas recommendedbyATCCasdescribedpreviously (9).

Fiber/particle exposures

Respirable preparations of crocidolite asbestos fibers (NIEHS refer-
ence sample) and cristobalite silica particles (C&E Mineral Corp,
King of Prussia, PA, USA) were sterilized and diluted to a concen-
tration of 1.0 mg/ml prior to cell exposures at equal surface areas
as described previously (9). Control samples were exposed to an
equal volume of Hank’s buffered saline solution (HBSS) alone
(no-particle/fiber control). The fiber dimension data for this asbes-
tos samplewas previously reported (98), and particle characteriza-
tion of cristobalite silica has previously been published (9,59).

RNA isolation

After exposure of cells, the medium was aspirated and total RNA
was isolated using an RNeasy® Plus Mini Kit according to the
manufacturer’s protocol (Qiagen, Valencia, CA, USA) for NHBE
cells. For BEAS-2B cell experiments, total RNA was isolated

using the High Pure RNA Isolation Kit according to the manufac-
turer’s protocol (Roche Applied Sciences, Indianapolis, IN, USA)

Quantitative real-time polymerase chain reaction
(QRT-PCR)

For primary NHBE experiments, total RNA (1 μg) was reverse-
transcribed with random primers using the AMV Reverse Tran-
scriptase kit (Promega, Madison, WI, USA) according to the re-
commendations of the manufacturer, as described previously
(15). All Taqman® qRT-PCR was performed using Assays-On-De-
mand™ primer and probe-sets (IL8, MMP1, BIRC3) used from Ap-
plied Biosystems (Foster City, CA, USA) and performed as
described previously (15). For all BEAS-2B experiments QRT-PCR
was performed as described previously (99). All forward and re-
verse primer sequences are described in Supplemental Material.

Affymetrix microarray gene expression-profiling

Microarray analysis was performed using Affymetrix GeneChip®

Human Genome U133A 2.0 arrays (Affymetrix, Santa Clara, CA,
USA). All procedures were performed by the Microarray Analysis
Core Facility of the Vermont Genetics Network (VGN) using a
standard Affymetrix protocol as described previously (100,101).
GeneChip®HumanGenomeU133A 2.0 arrays (Affymetrix) target-
ing 18 400 geneswere scanned twice (Hewlett-PackardGeneArray
Scanner), the images overlaid and the average intensities of each
probe cell compiled.

Microarray data were analyzed with Bioconductor tools in R
with Bioconductor software (http://www.r-project.org/) (102),
probe-level analysis was performed on the Affymetrix raw data
(.cel files) with the robustmultichip average (RMA)method to ob-
tain a log2 expression value for each gene probe set (103,104).
Unsupervised average-linkage hierarchical clustering, using Eu-
clidian distance asmetric, was performed to the RMAnormalized
data to visualize gene (probe set)/sample relationships of the top
50 most variable probe-set (103).

Genesifter analysis

Following data normalization using the RMA algorithm, the Gene-
Sifter software (VizX Labs, Seattle, WA, USA) was used for super-
vised hierarchical cluster analysis to identify probe-sets/genes
from log2-transformed data that significantly changed expression

Figure 6. Asbestos-specific genes and protein altered in BEAS-2B cells. Steady-state mRNA levels were measured by QRT-PCR in BEAS-2B cells exposed to asbestos and

silica at 2 doses (75 and 150 × 106 µm2/cm2) for 24 h. Genes significantly altered by asbestos only were (A) SEMA3A (Semaphorin 3A), (B) TFRC (Transferrin receptor C). Gene

expression levels were normalized to the housekeeping gene RPL13A (Ribosomal protein L13A). Values represent mean ± SEM. *P < 0.05 versus unexposed controls (N = 3),

(C) Western blot of TFRC protein levels (90 kDa) and house keeper GAPDH (37 kDa) after exposure to asbestos (75 × 106 µm2/cm2) or silica (150 × 106 µm2/cm2) for 48 h.

Densitometry represents relative levels of TFRC normalized to GAPDH (N = 2) and graphs are representative of two to three repeat experiments.
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between the different groups (unexposed control, silica 15, asbes-
tos 15 and silica 75; n = 3 per sample group) by pair-wise compari-
son analysis (t-test), and for the entire experimental group by
multiple comparison analysis procedures (ANOVA). The raw P-va-
lues were corrected for multiple testing using the Benjamini and
Hochberg false discovery rate method (FDR < 95%) or ‘adjusted P-
value’ (105). A cut-off limit of 1.5-fold change versus controls
(adj. P < 0.05) was used for analysis.

Ingenuity Pathway Analysis

Comparative analysis of pair-wise datasets (asbestos 15 versus
controls; and silica 75 versus controls) revealed three groups of
observations: (i) probe-sets significantly altered by both (asbestos
15 versus controls) and (silica 75 versus controls), (ii) probe-sets
significantly altered by (asbestos 15 versus controls) only and
(iii) probe-sets significantly altered by (silica 75 versus controls)
only. These data sets were uploaded with gene ID (affymetrix),
fold-change value, and adj. P-value in the Ingenuity Pathway
Analysis program (IPA, Ingenuity Systems®, www.ingenuity.
com) for core analysis. Core analysis of each dataset was per-
formed (confidence level: experimentally observed). Genes asso-
ciated with the top 10 canonical pathways significantly enriched
by each comparison, in addition to a selection of genes with evi-
dent relevance to the canonical pathways and biological func-
tion, were used to construct schematic representations. The

significance of the association between the input dataset and
the canonical pathways was determined based on two para-
meters: (i) a ratio of the number of genes from the dataset that
overlay to the pathway divided by the total number of genes
that map to the canonical pathway and (ii) a P-value calculated
determining the probability that the association between the
genes in the dataset and the canonical pathway is not due to
chance alone. Using the ‘connect’ tool, experimentally observed,
direct and indirect connections were made for based on the In-
genuity Knowledge Base (Ingenuity Systems Inc., Redwood City,
CA, USA). For clarity purposes, not all connections are shown,
but only those pertinent to the biological scheme.

Immunofluorescence

For immunofluorescent staining of BEAS-2B cells, sterile glass
coverslips (VWR 13 mm, Thickness No. 1) were placed in 24-
well culture plates and coated with coating medium overnight
at 37°C. Cells were seeded, maintained and exposed to minerals
as described previously (9). Following exposure culture medium
was aspirated, and cells washed three times with 1× PBS. Cells
were then fixed in 4% phosphate-buffered formaldehyde solu-
tion, pH 7.0 (Klinipath 4078-9001) for 20 min at RT. Cells were
washed three times with PBS and placed in blocking/permeabil-
ization buffer (1.0% BSA, 0.1% Triton X-100 in PBS) for 1 h at RT.
Cells were incubated in primary antibody (1:100 dilution)

Figure 7. Pathways selectively affected by crystalline silica in NHBE cells. Graphical representation of the experimentally confirmed relationships between genes

distinctively altered in expression by silica (75 × 106 µm2/cm2) using IPA software. Red and green colors indicate up- or down-regulation of gene expression levels,

respectively, compared with unexposed control cells [≥1.5-fold versus controls; adj. P < 0.05 (FDR < 0.05)]. All gene names, fold-change values, and adj. p-values are

listed in Supplementary Material, Table S6.
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overnight at 4°C. Cells were washed three times with PBS, incu-
bated with an Alexa Fluor®-conjugated secondary antibody
(1:1000 in 1% BSA–PBS) for 1 h at RT (in dark). Cells were washed
three times with PBS and incubated with DAPI solution (0.5 µg/
ml) for 5 min at RT (in dark). Cells were washed two times with
PBS and oncewith distilled water. Coverslips were thenmounted
on glass slides (Knittel Glass, Germany) using fluorescentmount-
ing medium (DAKO). Cells were imaged on a Nikon Eclipse E800
(Nikon) equipped with an AxioCam MRc5 (Zeiss) using Zeiss
ZEN (blue) 2012 software. Images were exported in .TIFF format.

Western blot

Cells were washed twice with cold HBSS, and lysed with 1× RIPA
buffer [(RIPA buffer 10× Cell Signaling) with 1% Protease inhibitor
cocktail (Sigma), 1% sodium orthovanadate, 1% PMSF and 1 mM
DTT]. Total protein was determined using the Bio-Rad DC-pro-
tein determination kit (Bio-Rad, Hercules CA, USA). Twenty mi-
crograms of protein were loaded onto pre-cast 12% (bis–tris)
polyacrylamide gels (Bio-Rad). Gels were run, and transferred to
nitrocellulose membranes. After blocking in 5% milk, mem-
branes were incubated with primary antibodies (Anti-TFRC
1:5000, Anti-GAPDH 1:20 000) overnight at 4°C. Membranes were
washed three times 15 min in TBS–Tween (0.1%), and then incu-
bated in HRP-conjugated secondary antibody (1:5000 in 5% milk)
for 1 h at RT. Membranes werewashed three times in TBS–Tween
(0.1%) and once in TBS, and then incubated in ECL substrate and
developed. Densitometry was performed using QuantityOne
software (Bio-Rad).

Caspase-1 activity assay

Caspase-1 activity was measured using a caspase-1 activity kit
(R&D) following the manufacturer’s protocol.

ELISA

To determine the levels of bFGF and IL-8 levels in cell cultureme-
dium, culture medium was centrifuged for 10 min at 14 000 rpm
(4°C) to remove all cellular debris and minerals, and supernatant
removed. Levels of bFGF and IL-8 in the supernatant were deter-
mined using a Human FGF-basic ELISA MAX Deluxe kit (Biole-
gend) and a Human IL-8 ELISA kit (Sanquin), respectively,
following the manufacturerś protocols.

Antibodies

Primary antibodies: rabbit polyclonal Anti-Transferrin Receptor C
(Sino Biological corp., #11020-RP02), Rabbit polyclonal anti-
GAPDH (Cell Signaling), rabbit polyclonal anti-Claudin-1 (Cell
Signaling #4933). Secondary Antibodies: Alexa Fluor® 488
conjugated anti-rabbit IgG (Life Technologies) and Peroxidase-
conjugated anti-rabbit IgG (Vector Laboratories).

Statistical analysis

All statistical analyses for microarray and pathway analysis data
are described above in their respective sections. For cell viability
and QRT-PCR, data were analyzed by one-way analysis of vari-
ance (ANOVA) using the Student–Neuman–Keul’s test to adjust

Figure 8. Silica-specific genes and protein altered in BEAS-2B cells. Steady-statemRNA levelsweremeasured byQRT-PCR in BEAS-2B cells exposed to asbestos and silica at

two doses (75 and 150 × 106 µm2/cm2) for 24 h. Genes significantly altered by silica only were (A) FGF2 (fibroblast growth factor 2), (B) PTX3 (Pentraxin 3), (C) CREB5 (cAMP

responsive element binding protein 5) and (D) SFRP1 (Secreted frizzled-related protein 1). Gene expression levels were normalized to the housekeeping gene RPL13A

(Ribosomal protein L13A). Values represent the mean ± SEM. *P < 0.05 versus unexposed controls, n = 3. (E) Secreted levels of bFGF (FGF2) protein in conditioned

medium of BEAS-2B cells exposed 24 h (pg/ml). Graphs are representative of two to three repeat experiments.
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for multiple pairwise comparisons between treatment groups, or
the Student’ t-test where appropriate. Data are expressed as
mean values ± SEM. Differences with P-value <0.05 were consid-
ered statistically significant. Data presented are representative
of multiple independent repeat experiments.

Supplementary Material
Supplementary Material is available at HMG online.
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