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MOUSE LUNG: POTENTIAL PREDICTIVE VALUE FOR HUMAN LUNG CANCER
RISK AND PROGNOSIS

Nancy L. Guo'?, Ying-Wooi Wan', James Denvir', Dale W. Porter3, Maricica Pacurari’,
Michael G. Wolfarth3, Vincent Castranova'-?, Yong Qian?

"Mary Babb Randolph Cancer Center, West Virginia University, Morgantown, West Virginia, USA
2Department of Community Medicine, School of Medicine, West Virginia University,
Morgantown, West Virginia, USA

3Pathology and Physiology Research Branch, Health Effects Laboratory Division, National Institute
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Concerns over the potential for multiwalled carbon nanotubes (MWCNT) to induce lung
carcinogenesis have emerged. This study sought to (1) identify gene expression signatures in
the mouse lungs following pharyngeal aspiration of well-dispersed MWCNT and (2) determine
if these genes were associated with human lung cancer risk and progression. Genome-wide
mRNA expression profiles were analyzed in mouse lungs (n = 160) exposed to 0, 10, 20, 40,
or 80 pg of MWCNT by pharyngeal aspiration at 1, 7, 28, and 56 d postexposure. By using
pairwise statistical analysis of microarray (SAM) and linear modeling, 24 genes were selected,
which have significant changes in at least two time points, have a more than 1.5-fold change
at all doses, and are significant in the linear model for the dose or the interaction of time
and dose. Additionally, a 38-gene set was identified as related to cancer from 330 genes
differentially expressed at d 56 postexposure in functional pathway analysis. Using the expres-
sion profiles of the cancer-related gene set in 8 mice at d 56 postexposure to 10 pg of MWCNT,
a nearest centroid classification accurately predicts human lung cancer survival with a signif-
icant hazard ratio in training set (n = 256) and test set (n = 186). Furthermore, both gene
signatures were associated with human lung cancer risk (n = 164) with significant odds ratios.
These results may lead to development of a surveillance approach for early detection of lung

cancer and prognosis associated with MWCNT in the workplace.

Carbon nanotubes (CNT) are of great
research interest due to their unique physic-
ochemical properties and represent an impor-
tant class of engineered nanomaterials. Three
forms of CNT exist, depending on the
number of the walls: single-walled carbon
nanotubes (SWCNT), double-walled carbon
nanotubes (DWCNT), and multiwalled car-
bon nanotubes (MWCNT) (Aschberger et al.
2010). SWCNT consist of a single graphene

sheet, rolled up in the form of a cylin-
der with a diameter in the nanoscale and
lengths ranging up to several micrometers.
MWCNT consist of several stacked single-wall
carbon nanotubes and exhibit diameters up to
100 nm and lengths up to several microme-
ters (Pacurari et al. 2010). MWCNT have been
widely used in various applications, including
supercapacitors, batteries, structural materials
in automotive and aerospace industries, elec-
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tronics, pharmaceutics, bioengineering, medi-
cal devices, and biomedicine (Pacurari et al.
2010; Zhao and Castranova 2011).

Concerns over MWCNT-induced potential
health hazards have been raised due to their
analogous physical properties to asbestos fibers,
such as high aspect ratio (length/diameter),
nanoscale diameter, micrometer length, fiber-
like shape, and durability (Donaldson et al.
2006; Kobayashi et al. 2010; Muller et al.
2005; Tabet et al. 2009). Three properties
of MWCNT might lead to pathogenicity in
humans: (1) MWCNT are nanosized, so they
could deposit in the deep lung and pose more
toxicity than large sized particles; (2) MWCNT
are long, thin, fibrous-like structures, which
may exert asbestos-like pathogenic effects; and
(3) MWCNT are resistant to high tempera-
ture and acid treatment, so are considered
durable (Aschberger et al. 2010; Donaldson
et al. 2006). For in vivo assessment of MWCNT,
pulmonary toxicity was conducted using instil-
lation, aspiration, and inhalation techniques.
Several animal studies demonstrated that expo-
sure to MWCNT induces inflammatory gran-
ulomas and substantial interstitial lung fibrosis
in the lungs (Lam et al. 2004; Muller et al.
2005; Porter et al. 2010; Shvedova et al.
2005). Animal studies using intraperitoneal (ip)
exposure also showed that MWCNT induced
inflammatory granulomas and mesothelioma to
a degree similar to asbestos fibers (Donaldson
et al. 2006; Poland et al. 2008; Takita et al.
1986). Thus, MWCNT may pose a carcinogenic
risk similar to asbestos fibers.

In vitro studies indicate that MWCNT are
genotoxic, which may indicate carcinogenic
potential of MWCNT. Exposure to MWCNT
was shown to induce DNA damage and
increase mutation frequency in both mouse
embryonic cells and A549 type Il epithelial cells
(Karlsson et al. 2008; Tabet et al. 2009; Zhu
et al. 2007). Recently, Sargent et al. (2011)
found that MWCNT exposure induces mitotic
abnormality with one rather than two mitotic
spindle poles, which was proposed as the
mechanism responsible for the disruption of
cell division by MWCNT. It was also demon-
strated that MWCNT-induced mesothelioma
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is accompanied by homozygous deletion of
Cdkn2a/2b tumor suppressor genes, similar
to mesotheliomas induced by asbestos (Nagai
et al. 2011). Moreover, Muller et al. (2008)
demonstrated that MWCNT exposure increases
genotoxic potential both in vivo and in vitro.
Recently, our group conducted an in
vivo dose-response and time-course study of
MWCNT exposure in mice in order to inves-
tigate the ability of MWCNT to induce pul-
monary inflammation, damage, and fibrosis
(Porter et al. 2010). Mice were exposed to 0,
10, 20, 40, or 80 pg of MWCNT by pharyngeal
aspiration. At 1, 7, 28, and 56 d postexposure,
MWCNT-induced pulmonary responses were
evaluated. The results demonstrate that pul-
monary inflammation and damage were dose
dependent, appeared 1 d postexposure, and
peaked 7 d postexposure. In contrast, mor-
phometric analysis of lung tissues from the
study by Mercer et al. (2011) indicated that
MWCNT-induced interstitial fibrosis increased
significantly at d 28 and progressed through
56 d postexposure. These results suggest that
MWCNT exposure rapidly produces significant
pulmonary inflammation, damage, and fibrosis.
Fibrosis is a pulmonary fibrotic scarring and
may be a precursor to lung cancer. Yu et al.
(2008) found an association between elevated
lung cancer risk and lung scarring; furthermore,
they found that pulmonary scarring and lung
cancer occurred in the same lung regions and
extended over time, indicating that lung can-
cer could originate from lung scarring. Indeed,
in a review of lung cancer patients over a 21-
yr period, it was demonstrated that 45% of
all peripheral lung cancers originated from a
lung scar (Auerbach et al. 1979). A possible
association between lung cancer and fibrosis
was revealed by a study with computed tomo-
graphic (CT) scans and pathologic specimen
analysis, in which 47 out of 57 histologically
proven lung cancers had pulmonary fibrosis
(Sakai et al. 2003). The chronic pulmonary scar-
ring in the etiology of lung cancer was also
observed in crystalline silica-exposed patients
and tuberculosis patients. Several clinical stud-
ies found that the increased risk of lung cancer
among patients with silicosis, a progressive lung
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fibrosis, might be an effect of the lung fibro-
sis rather than a direct effect of silica exposure
(Peretz et al. 2006); furthermore, tuberculosis-
induced lung fibrosis was associated with an
increased lung cancer risk (Shiels et al. 2011).

Several similar biological and pathological
characteristics were found in both lung fibrosis
and lung cancer, including genetic alterations,
uncontrolled proliferation, and tissue invasion
(MacKinnon et al. 2010). Interestingly, it was
discovered that the expression of TGF-beta, a
well-established cancer biomarker, is elevated
in asbestos-induced fibrosis as determined by
immunohistochemical analysis (Jagirdar et al.
1997). TGF-beta is a ubiquitous and essential
regulator of cellular proliferation, differentia-
tion, migration, cell survival, and angiogenesis
(Elliott and Blobe 2005). An alteration of TGF-
beta expression was associated with increased
human cancer incidence, including lung can-
cer. A rise in TGF-beta expression in asbestos-
induced fibrosis suggests that pulmonary fibro-
sis may increase the risk of lung carcinogenesis.

Although more research is needed for the
assessment of the clinical outcome of lung
fibrosis, Vancheri et al. (2010) suggested that
the abnormal fibroblast proliferation observed
in pulmonary fibrosis may be associated with
the carcinogenesis of the lung. The current
study was designed to follow up our pre-
vious investigation of MWCNT-induced pul-
monary inflammation, damage, and fibrosis in
the mouse model. The aim of this study was
to identify MWCNT-induced gene expression
changes in the MWCNT-exposed mouse lung
tissues collected from a previous study by Porter
et al. (2010) and determine whether similar
gene expression profiles in humans were associ-
ated with the risk for lung cancer development
and progression.

In vivo and in vitro gene expression signa-
tures associated with specific histopathological
phenotypes could be identified from toxicoge-
nomic data (Amin et al. 2004; Hamadeh et al.
2002 2004; Luhe et al. 2003; Paules 2003;
Powell et al. 2006) to predict human health
ramifications based on similarities of gene
expression profiles for risk assessment (Amin
et al. 2004; Bushel et al. 2007). Specifically,
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in the study by Bushel et al. (2007), blood
gene expression signatures identified from
acetaminophen (APAP)-exposed rats could sep-
arate APAP-intoxicated patients from unex-
posed controls, indicating that gene expression
data from peripheral blood cells can provide
valuable information about environmental dis-
ease well before liver damage is detected by
classical parameters. The unique advantage of
such studies is the ability to detect toxic injury
at the molecular level and to identify the molec-
ular events that lead to organ injury long before
the clinical symptoms occur. Similarly, the cur-
rent study sought to identify MWCNT-induced
gene expression patterns in an animal model
and determine if similar gene expression pat-
terns in humans are associated with the risk
for lung cancer initiation and/or progression.
The finding of an association would justify
further long-term studies to determine the tem-
poral association between MWCNT-induced
gene alterations and the development of pre-
cancerous lesions and/or tumors in the mouse
lung.

MATERIALS AND METHODS

MWCNT

MWCNT used in this study were a
gift from Mitsui & Company (MWCNT-7,
lot 05072001K28). The characterization of
MWCNT has been published (Porter et al.
2010). Briefly, the bulk MWCNT exhibit a
distinctive crystalline structure with the num-
ber of walls ranging from 20 to 50 walls.
Overal, MWCNT trace metal contamina-
tion was 0.78%, including sodium (0.41%)
and iron (0.32%), with no other metals
present above 0.02%. Transmission electron
microscopy (TEM) micrographs of MWCNT dis-
persed in dispersion medium (DM) demon-
strated that DM promotes significant dispersion
of MWCNT. The quantitative analysis of TEM
micrographs revealed that the median length
of this MWCNT sample was 3.86 um (GSD
1.94) and the count mean width was 49 + 13.4
(SD) nm. The zeta potential of the MWCNT in
the DM was determined to be —11 mV.
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Animals

Male C57BL/6) mice (7 wk old, 20 g
on average) were obtained from Jackson
Laboratories (Bar Harbor, ME). Since male
mice fight and injure each other if caged
together, individual mice were housed one
per cage in polycarbonate isolator ventilated
cages, which were provided HEPA-filtered air,
with fluorescent lighting from 0700 to 1900 h.
Autoclaved Alpha-Dri virgin cellulose chips and
hardwood Beta-chips were used as bedding.
Mice were monitored to be free of endoge-
nous viral pathogens, parasites, mycoplasms,
Helicobacter, and CAR Bacillus. Mice were
maintained on Harlan Teklad Rodent Diet 7913
(Indianapolis, IN), and tap water was pro-
vided ad libitum. Animals were allowed to
acclimate for at least 5 d before use. All
animals used in this study were housed in
an AAALAC-accredited, specific-pathogen-free,
environmentally controlled facility.

MWCNT Pharyngeal Aspiration Exposure

Suspensions of MWCNT were prepared in
DM as previously described by Porter et al.
(2008). Each treatment group consisted of eight
mice. Mice were anesthetized with isoflurane
(Abbott Laboratories, North Chicago, IL). When
fully anesthetized, a mouse was positioned
with its back against a slant board and sus-
pended by the incisor teeth using a rubber
band. The mouth was opened, and the tongue
gently pulled aside from the oral cavity. A 50-p.l
aliquot of sample was pipetted at the base of
the tongue, and the tongue was restrained until
at least 2 deep breaths were completed (but
for not longer than 15 s). Following release of
the tongue, the mouse was lifted off the board,
placed on its left side, and monitored for recov-
ery from anaesthesia. Mice received either DM
(vehicle control), 10, 20, 40, or 80 pg MWCNT.

RNA Extraction

Total RNA was extracted from the frozen
mouse lung tissue sample (~80°C) in RNAlater
using the RNeasy Fibrous Tissue Mini Kit
according to the manufacturer’s protocol
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(Qiagen, USA). Total RNA was eluted in RNase-
free water and stored at —80°C until fur-
ther analysis. The quality and the concentra-
tion of each RNA sample were determined
using a Nanodrop-1000 spectrophotometer
(NanoDrop Tech, Germany).

Microarray Expression Profiling

Extracted RNA was analyzed for expression
profiling using Agilent Mouse Whole Genome
Arrays (Agilent, Santa Clara, CA). A univer-
sal reference design was employed, using
Stratagene Universal Mouse Reference RNA,
catalogue number 740100 (Agilent), as the
reference RNA. Total RNA quality was deter-
mined on an Agilent 2100 bioanalyzer, with
all samples having RNA integrity numbers (RIN)
greater than 8. Total RNA (250 ng) was used
for labeling using the QuickAmp labeling kit
(Agilent). RNA extracted from each mouse was
labeled with cyanine (Cy)-3-CTP (PerkinElmer,
Waltham, MA), and reference RNA with (Cy)-
5-CTP Following purification of labeled cRNAs,
825 ng of Cy3- and Cy5-labeled cRNAs were
combined and hybridized for 17 hat 65°C in an
Agilent hybridization oven. Microarrays were
then washed and scanned using an Agilent
DNA microarray scanner.

Microarray Data Preprocessing and
Filtering

Data were exported from the scanner using
Feature Extraction v10 as tab-delimited text
files after background subtraction, log trans-
form, and lowess normalization and reported
as log or relative expression of sample com-
pared to universal reference. Data were read
from each file into R using a custom script
(source codes are available upon request). For
each array, values for control spots, spots that
were saturated on either channel, spots that
were reported by Feature Extraction as nonuni-
form outliers on either channel, and spots
that were not well above background on at
least one channel were considered unreliable
and/or uninformative and were replaced by
“NA.” Values were collated into a single table,
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and probes for which fewer than 10 present val-
ues were available were removed. For probes
spotted multiple times on the array, values were
averaged across replicate probes. The result-
ing table is available as a series matrix file in
the NCBI Gene Expression Omnibus repository
with accession number GSE29042.

Missing data were imputed using the
K-means nearest neighbor algorithm as imple-
mented by the impute.knn function in the
impute R package from Bioconductor (www.
bioconductor.org). For each dose and each
time point, a set of differentially expressed
genes was identified by performing a two-class
unpaired significance analysis of microarrays
(SAM) between the treated samples and the
dose-zero samples from the corresponding
time point, using the Bioconductor package.
A threshold delta value was chosen to produce
a false discovery rate of 1% using the findDelta
function from the same package. The list of
probes called significant was subsequently fil-
tered by restricting to those probes that were
at least 1.5-fold up- or downregulated (fold
changes were computed from the data before
imputation of missing values). This stage of the
analysis was referred to as the “pairwise-SAM
analysis.”

Identification of MWCNT-Induced Gene
Expression Signatures

For each time point a list was con-
structed of genes that were statistically sig-
nificant by pairwise-SAM at one or more
doses, and that had at least 1.5-fold changes
at all four treatment doses. Each of these
time-point-associated gene sets was imported
into Ingenuity Pathway Analysis (IPA: Ingenuity
Systems, Redwood City, CA) and a Core
Analysis was performed on each one. The “dis-
eases and disorders” functions and the canon-
ical pathways identified in each core analysis
were examined. In either case, a Benjamini—
Hochberg adjusted p value with a threshold of
.05 was used to assess significance.

Additionally, a linear model was fit to the
data, modeling the log expression of each gene
in turn as a function of time, dose, and the
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interaction of time with dose. The t-statistic
associated with the dose and interaction
parameters was moderated following the SAM
algorithm and a threshold was set to control
for a false discovery rate of 0.1%, generating
a list of genes whose expression values were
significantly dependent on dose and a list of
genes whose expression values were signifi-
cantly dependent on dose in a time-dependent
fashion.

In order to generate a list of probes that
were consistently differentially expressed across
multiple conditions, probes were selected that
belonged to two or more of the lists of probes
generated for each time point, and then this list
was intersected with the union of the two lists of
probes from the linear model. These were con-
sidered to be probes whose expression is signif-
icantly changed for a substantial portion of the
entire time course of the experiment and that
significantly show a dose-dependent expression
variation. This collection of probes was termed
the “consistently differentially expressed set.”

Second, since it has been postulated that
exposure to MWCNT may induce a chronic
carcinogenic response, a bioinformatic func-
tional analysis was performed on the genes
differentially expressed at the 56-d time point.
A core analysis was performed on this list of
genes with Ingenuity Pathway Analysis (IPA) soft-
ware (Ingenuity Systems, Redwood City, CA).
Genes identified by the core analysis as being
related to cancer were selected. These cancer-
related genes were exported to a new list, and
then connections among these genes were built
using all available relationships provided by IPA.
The largest subset of genes with known connec-
tivity within this set was selected and termed as
the “56-day cancer-related gene set.”

Patient Samples and Microarray Profiles

Microarray gene expression data from two
published studies were used in the analyses.
The first study cohort contains 442 lung ade-
nocarcinoma patient samples obtained from
the Director’s Challenge Study (Director’s
Challenge Consortium for the Molecular
Classification of Lung et al. 2008). This study
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cohort is composed of four data sets (UM,
HLM, DFCI:  University of Michigan, H.
Lee Moffitt Cancer Center, Memorial Sloan-
Kettering Cancer Center, and Dana-Farber
Cancer Institute) contributed by six institutions.
The raw microarray data are available from
the caArray website (https://array.nci.nih.gov/
caarray/project/details.action?project.id=182).
In our lung cancer prognosis analyses, a training
set was formed by combining UM and HLM
cohorts, and the test set was the combination
of MSK and DFCI cohorts. Table 1 gives a
brief summary on the patient characteristics
of the two datasets. The second study cohort
contains 164 airway epithelial cell samples col-
lected from normal individuals, small cell and
non-small cell lung cancer patients (Spira et al.
2007). This cohort was randomly partitioned
into training set (n = 77), Test set 1 (n = 52),

TABLE 1. Patient Characteristics From Director’s Challenge
study (Director’s Challenge Consortium for the Molecular
Classification of Lung et al. 2008)

N. L. GUO ET AL.

and Test set 2 (n = 35). A summary of patients’
clinical information in the second study cohort
is listed in Table 2. Genome-wide expression
profiles of patients in both data sets were
measured with Affymetrix HG-U133A. Data
used in this study were quantile-normalized
and logy-transformed with dChip (Wheeler
et al. 2008).

Computational Methods for Diagnostic
and Prognostic Classifications

Nearest shrunken centroid classification
The nearest shrunken centroid method was
employed in predicting lung cancer progression
based on the MWCNT-induced gene expres-
sion signatures in the treated animal group. This
algorithm categorizes an unknown instance to
the class whose centroid is closest to it. It con-
siders the centroid of the cluster as a rep-
resentative of the class. The learned distance
function is used to determine the closest cen-
troid (Elick et al. 2006). For cases involving two
classes, the nearest centroid algorithm is linear

UM and HLM MSK and DFCI and implicitly encodes a threshold hyperplane
(Training, n = 256) (Test, n = 186) that separates the two classes (Levner 2005).
Age, mean (SD) 65 (10) 63 (10) Specifically, the arithmetic mean of a class
Gender (% male) ~ 55% 44% G represents the prototype pattern for the class
Tumor stage (i.e., the average expression of each signature
Stage | 61% (157/256) 64% (119/186) i th i id of th d
Stage ” 19% (49/256) 25% (46/186) gel.']e |n t e tra]nlr‘g CentrOI 0 t e treate
Stage IlI 18% (47/256) 11 % (21/186) animal group) and is denoted by Eq. (1):
Stage IV — —
Unknown 1% (3/256) — 1
Uc = — Xi (1)
|G| AxieG
TABLE 2. Patient Characteristics From Spira et al. (2007)
Training (n = 77) Test 1 (n =52) Test 2 (n = 35)
Age, mean (SD) 57 (14) 55 (16) 64 (11)
Gender (% male) 78% 75% 69%
Lung cancer histology
Small-cell 15% (6/40) 25% (5/20) 17% (3/18)
Non-small-cell 83% (33/40) 75% (15/20) 78% (14/18)
Unknown 2% (1/40) — 5% (1/18)
Small-cell tumor stage
Limited 3(3/6) 4 2
Extensive 3(3/6) 1 1
NSCLC tumor stage
Stage | 30% (10/33) 7% (1/15) 14% (2/14)
Stage I — 13% (2/15) —
Stage Ill 30% (10/33) 47% (7/15) 36% (5/14)
Stage IV 39% (13/33) 33% (5/15) 29% (4/14)
Unknown — — 21% (3/14)
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where x; represents the training samples that
belong to the class C;.. Using this algorithm, a
class label of an unknown instance x is pre-
dicted as Eq. (2):

C(x) = argmin d(y,cj, X) (2)
G

where d(x,y) denotes the distance function
(Levner 2005).

The distance function measures the strict-
ness of dependence between the two vectors
(Strickert 2007). In this study, Pearson’s correla-
tion was used as the distance measure in near-
est centroid classification. Pearson’s correlation
provides the degree of linear dependence of
vectors x and w by Eq. (3):

Zid:1 (Xj — ux)-(W; — puw)

Rix, w) =

\/Z;j:1 0 = )? \/ZL (Wi — pw)?
(3)

where pux and pw are the respective means
of the vectors x (gene expression signature in
the training centroid) and w (gene expression
signature in a test sample). The equation is stan-
dardized by the multiplication of the standard
deviations of the vectors after subtracting their
respective means. This causes the Pearson’s
correlation to be invariant (Strickert 2007).

Random committee was used to clas-
sify lung cancer patients from normal indi-
viduals using the “56-day cancer-related
gene set.” Random committee is a meta-
learning algorithm that builds an ensemble of
randomization-based classifiers and averages
their predictions as the final result. Each base
classifier constructed in the ensemble is learned
on the same data but uses a difference ran-
dom number seed. In this study, random forests
were used as the base classifiers for the Random
committee algorithm implemented in software
WEKA 3.6 (Witten 2005).

RIPPER was employed in the classification
of lung cancer patients from normal individu-
als using the “consistently differently expressed
gene set.” RIPPER is a propositional rule
learning algorithm proposed by Cohen (1995)
with improvement over original incremental
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reduced error pruning (IREP). In this new algo-
rithm, after an initial rule set is learned from
IREP, the rule set is further pruned repeatedly
based on a different metric and stopping condi-
tion on randomized data. The repeated pruning
stops when the rule set learned from IREP is
refined into a rule set with optimized size and
performance. JRip learner was employed in the
analysis with software WEKA 3.6 (Witten 2005).

RESULTS

Identification of MWCNT-Induced Gene
Expression Signatures

Genome-wide expression profiles were
quantified on the lung tissues collected from
160 mice at 1, 7, 28 and 56 d after MWCNT
aspiration. For each time point, a group of mice
(n = 8) was exposed to 0 (control), 10, 20,
40, or 80 pg of well-dispersed MWCNT par-
ticles, respectively. Genes were selected based
on the pairwise-SAM analysis and linear mod-
eling, selecting genes that showed significant
changes in at least two time points and that
had a more than 1.5-fold change at all doses
and were significant in the linear model for the
dose or the interaction of time and dose. The
consistently differentially expressed gene set
consists of 26 probes representing 24 unique
genes. Table 3 shows these genes along with
the time points at which they were determined
to be significantly differentially expressed. The
expression of these 24 genes also exhibited
a significant linear relationship in response to
treatment dose, or a linear dose response over
the time course. All probes in this list showed
increased expression at all positive doses rela-
tive to the control at these time points.

The 330 genes that were differentially
expressed at 56 d were examined in order to
assess the possible chronic carcinogenic effect
of MWCNT exposure. From these 330 genes,
IPA identified 91 that were associated with can-
cer. Connections were found between 41 of
these genes, with 38 of the 41 forming a larger
network and the three remaining genes forming
a small, disconnected set (Figure TA). The 38 in
the major network, shown in Table 4, form our
“56-day cancer-related gene set.”
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TABLE 3. The Consistently Differentially Expressed Gene Set, Showing the Time Points at Which They Were Determined to Be

Significantly Regulated

MWCNT treated animal groups

Probe ID in mouse

Included in human lung

genome Gene name Day 1 Day 7 Day 28 Day 56 cancer studies
A_51_P309307 BCL2L15 ] ] O O
A_52_P18116 CCL24 ] ] O O v
A_51_P185660 CCL9 ] ] O ]
A_51_P112966 CH25H 4] ] ] ] v
A_51_P383032 CLEC4D ] O O ]
A_52_P218058 CLEC5A ] ] ] ]
A_51_P363187 CXCL1 ] O ] ] v
A_52_P232813 CXCL3 ] O ] O v
A_52_P295432 CXCL5 4] d O ] v
A_51_P173043 EGR2 ] ] O O v
A_51_P130095 FCGR2B ] ] O O v
A_51_P438967 GPNMB O ] ] ]
A_51_P217218 IL6 | ] O | v
A_51_P241457 LILRB4 ] ] O O v
A_51_P404846 MSR1 ] ] O O v
A_52_P607128 MSR1 | ] O O v
A_51_P512379 NAP109359-1 4] ] d d
A_52_P625940 NOXO1 ] ] O O
A_52_P700056 OTTMUSG00000000971 ] ] o ]
A_51_P260683 RGS1 ] ] O ] v
A_51_P249286 RGS16 | O ] O v
A_51_P337308 SAA3 ] ] ] O v
A_51_P358765 SPP1 ] ] ] ] v
A_52_P87713 TIMP1 o ] O O v
A_52_P210511 TNFRSF9 ] ] O O v
A_52_P75441 TNFRSF9 ] ] O O v

Note. The genes MSR1 and TNFRSF9 are represented by multiple distinct probes. All probes marked as having significant changes

have increased expression levels at all doses. A total of 16 genes (with

Genes in both signatures were retrieved
from the human microarray data. Eighteen out
of the 24 consistently differentially expressed
genes were matched in human genome using
gene symbols. Next, 2 of the 18 matched genes
were removed from the study as they had
missing values in more than half of the can-
cer patient samples, resulting in a final list of
16 genes (with 18 probes; Table 3). Similarly,
after matching to the human microarray plat-
form and removing genes with missing values in
most cancer patient samples, 35 of the 38 genes
in the “56-day cancer-related gene set” were
used for further analysis (Table 4). Furthermore,
there was exploration of whether the 16- and
35-gene signatures could predict human lung
cancer risk and prognosis.

18 probes) were included in human lung cancer studies.

Predicting Lung Cancer Progression and
Metastasis Using the 35-Gene Signature

Experiments were conducted to deter-
mine whether gene expression signature in
the mouse lung post MWCNT exposure is
associated with the risk for tumor progres-
sion and metastasis in a human lung cancer
cohort. The 35-gene signature is composed
of cancer-related genes that were differentially
expressed at d 56 after exposure in the mouse
lung. The observed gene expression patterns
in MWCNT-treated mice were used to predict
human lung cancer clinical outcome. A near-
est shrunken centroid classification scheme was
employed in the prediction using the corre-
lation between a patient’s gene expression
profiles and the expression centroid of the
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MWCNT-treated mice centroid

1
ne; = mzﬁecvxi Nearest shrunken centroid classification
i ! d(x,y): Pearson’s correlation with treated
C(x)=arg mind(uc,.x) mice centroid
G
d(x,y) = cutoff (¢)

Expression profiles of lung cancer patients
in UM & HLM cohorts (training set)

-—
Director’s Challenge Study

wx,y) < cutoff (¢)

Classify patient as high-risk for
metastasis

metastasis

Classify patient as low-risk for

J, Validation

Using the classification scheme constructed, classify
patients as high- or low-risk for metastasis in MSK
& DFCI cohorts (testing set)
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FIGURE 1. The risk assessment scheme of lung cancer progression in humans based on the identified gene expression signature in
MWCNT-treated mice. (A) Molecular network generated from genes associated with cancer which are differentially expressed at d 56 in
MWCNT-treated mice. Shading denotes degree of differential expression with a dose of 40 g, with red denoting upregulated genes
and green denoting downregulated genes. (B) Nearest shrunken centroid classification method stratified a patient into a high- or low-risk
group for metastasis based on Pearson correlation between the gene expression profiles in the patient tumor and those in the treated mice
centroid for a particular dose on d 56 after MWCNT aspiration. The cutoff for patient stratification was identified from the training cohort
(UM and HLM) and validated in the test cohort (MSK and DFCI) from the Director’s Challenge Study (Director’s Challenge Consortium
for the Molecular Classification of Lung et al. 2008) (color figure available online).
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TABLE 4. The 56-Day Cancer-Related Gene Set
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Gene symbol Location Family Included in human lung cancer studies
BCL3 Nucleus Transcription regulator v
CD86 Plasma membrane Transmembrane receptor v
CDKN3 Nucleus Phosphatase v
CEBPD Nucleus Transcription regulator v
CTSB Cytoplasm Peptidase v
CTSL2 Cytoplasm Peptidase

CXCL10 Extracellular space Cytokine v
CXCL2 Extracellular space Cytokine

DAPK1 Cytoplasm Kinase v
EGFR Plasma membrane Kinase v
EYA4 Cytoplasm Phosphatase v
FABP7 Cytoplasm Transporter v
GHRL Extracellular space Growth factor

GLG1 Cytoplasm Other v
GNAI2 Plasma membrane Enzyme v
GRN Extracellular space Growth factor v
GSK3B Nucleus Kinase v
ICOS Plasma membrane Other v
IGF1 Extracellular space Growth factor v
IKBKG Nucleus Kinase v
ILTA Extracellular space Cytokine v
IL6 Extracellular space Cytokine v
LRIG1 Extracellular space Other v
MMP12 Extracellular space Peptidase v
MMP14 Extracellular space Peptidase v
MMP9 Extracellular space Peptidase v
MSR1 Plasma membrane Transmembrane receptor v
MST1 Extracellular space Growth factor v
NRG1 Extracellular space Growth factor v
PBK Cytoplasm Kinase v
PRL Extracellular space Cytokine v
PTK2 Cytoplasm Kinase v
RORA Nucleus Ligand-dependent nuclear receptor v
RPS6KB1 Cytoplasm Kinase v
SOX9 Nucleus Transcription regulator v
SPP1 Extracellular space Cytokine v
TFF1 Extracellular space Other v
TLR2 Plasma membrane Transmembrane receptor v

Note. A total of 35 genes were used for human lung cancer studies.

same genes in MWCNT-treated mouse lungs
(Figure 1B). Specifically, the risk for lung cancer
progression and metastasis associated with the
35-gene signature at different doses (includ-
ing 10 ug, 20 pg, 40 pg, and 80 pg was
evaluated, respectively.

Lung adenocarcinoma patients from
the Director’'s Challenge study (Director’s
Challenge Consortium for the Molecular
Classification of Lung et al. 2008) were sep-
arated into training (UM and HLM cohorts,
n = 256) and test (MSK and DFCI cohorts,
n = 186) sets. In the training cohort, the

correlation coefficient between the 35-gene
centroid in MWCNT-treated mice and the 35-
gene expression profiles in each lung cancer
patient was computed. This correlation indi-
cates the level of similarity between the gene
expression profiles in lung adenocarcinoma
patients and those in the MWCNT-exposed
mice. Based on the distribution of the cor-
relation coefficients in the training cohort, a
cutoff value was identified to stratify patients
into two risk groups. A patients was identified
to be at high risk for metastasis if the 35-gene
expression profiles in this patient were similar
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to those in the MWCNT-exposed mice (with
a correlation coefficient greater than or equal
to the cutoff value); otherwise, the patient
was considered at low risk for metastasis. This
patient stratification scheme was then validated
by the independent test set (Figure 1B).

Figure 1B illustrates the 35-gene expression
centroid in 8 mice treated with 10 pg MWCNT
at d 56 after the aspiration. Using this gene
expression centroid, a correlation coefficient
of 0.182 was defined as the cutoff to stratify
patients into a high- or low-risk group for lung
cancer progression and metastasis (Figure 2A).
Based on the level of similarity to the 35-
gene expression profiles in the MWCNT-treated
mice, cancer patients with a more similar gene
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expression pattern had significantly higher risk
of death from lung cancer in both training and
test sets (HR = 2.19, 95% ClI: [1.43, 3.34] in
training set; HR = 1.99, 95% Cl: [1.16, 3.4] in
the test set; Figure 2B). The expression-defined
risk groups had significantly distinct disease-
specific survival after surgery in both training
and test sets (Figure 2B). The 35-gene MWCNT
signature accurately predicted 3-yr survival in
lung adenocarcinoma patients with an overall
accuracy of 64% in the training set and 70% in
the test set, predictions that were significantly
more accurate compared with random predic-
tions (Figure 2C). Furthermore, the 35-gene sig-
nature could further stratify stage 1 lung adeno-
carcinoma into different prognostic groups with

- ) B UM & HLM MSK & DFCI
Prediction on 3-year Survival -
T2 52
a8 2 P=8.80e-4 2 P=0.02
5q 2 2% E g
gs - cutoff = 0.182 N, | *\* 2 o
G o | s © =]
LE s 23 ﬂy\w:zz'{ 23 N=155
S 2 X = 4y T ° | N=31 beeeeeeeees
s° . . fe 2 o oty © N
s, s . S S Himi 83
22 A “ g N=29 )
= a -ri & = o . =~ o .
8 s ::’g":‘;'lss':( . a o HR: 2.1]9 [1 .|43, ?.34! — a g HR: 1.99| [1.16, 3.{40] ‘
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Patient Sample Time (Years) Time (Years)
c 3-year Survival Prediction Training (UM&HLM) Testing (MSK&DFCI)
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FIGURE 2. The risk assessment model of lung cancer progression based on the 35-gene MWCNT signature. The 35-gene centroid in
8 mice treated with 10 ug of MWCNT at 56 d after exposure was used to predict lung cancer progression and metastasis in a set of
human lung adenocarcinoma patients. (A) Patients were classified into a high- or low-risk group for metastasis based on the Pearson’s
correlation to the treated mice centroid with a cutoff value of 0.182. Three-year disease-specific survival was used to define risk groups
for metastasis in lung adenocarcinoma patients. (B) In Kaplan—-Meier analysis, the 35-gene MWCNT signature stratified patients into two
groups with significantly distinct survival outcome in both training (log-rank P < 8.8e-4; UM and HLM) and test (log-rank P < 0.02;
MSK and DFCI) cohorts. Red curve: low-risk (good-prognosis) patient group; green curve: high-risk (poor-prognosis) patient group. (C)
The performance of the 35-gene MWCNT signature in predicting 3-yr survival. (D) The 35-gene MWCNT further stratified stage | lung
adenocarcinoma into distinct risk groups with significantly different hazard ratios of death from lung cancer (color figure available online).
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distinct disease-specific survival (Figure 2D). For
stage 1 lung adenocarcinoma patients, tumors
with gene expression patterns more similar
to those in the mice treated with 10 pg of
MWCNT had significantly greater potential of
cancer progression and metastasis with a much
shorter period of survival compared with the
tumors without this MWCNT-induced gene sig-
nature (HR = 2.03, 95% Cl: [1.01, 4.08] in
training set; HR = 2.35, 95% Cl: [1.05, 5.29] in
the test set; Figure 2D). These results indicate
that human lung tumors with the MWCNT-
induced gene expression patterns were more
likely to be aggressive and had shorter over-
all survival compared with those with unex-
posed gene expression patterns. Notably, the
specificity of the 35-gene MWCNT signature
was greater than 86% in both training and test
sets (Figure 2C), indicating that the gene signa-
ture from the mouse MWCNT exposure study
had an association with lung cancer progression
in patients with adenocarcinoma.

Similarly, the risk of lung cancer progression
associated with the 35-gene MWCNT signa-
ture was evaluated for dose 20, 40, or 80 ng,
respectively (Figure 3). In the training set, the
35-gene signature gave significant hazard ratios
for all treatment doses. In the test set, the cor-
responding models had significant hazard ratios
for lower doses (10 and 20 pg), but not for the
higher doses (40 and 80 ng; Figure 3). These
results indicate that the 35-gene signature in
the mouse lung treated with low doses of

N. L. GUO ET AL.

MWCNT most accurately predicted the risk
for tumor progression and metastasis in human
lung adenocarcinoma patients. The 35-gene
expression profiles in the mouse lungs treated
with higher doses did not generate accurate
risk assessment of tumor progression, due to
the fact that a large number of genes were
significantly changed in dose 80 pg at 56 d
postexposure (with a total of 1214 genes; fold
change >1.5, FDR < 1%, SAM). Therefore,
using only 35 genes cannot accurately rep-
resent the overall gene expression changes
induced by higher doses of MWCNT exposure
in the risk assessment.

Implications in Early Detection of
Human Lung Cancer

After  establishing the relevance of
MWCNT-induced gene signature in pre-
dicting human lung cancer progression, we
explored whether these signatures could be
used for assessment of human lung cancer risk.
The cohort from Spira et al. (2007) contained
small-cell lung cancers, non-small-cell lung
cancers, and normal lung tissues. This cohort
was randomly partitioned into a training set
(n = 77) and two independent test sets, Test
set 1 (n = 52) and Test set 2 (n = 35). Patient
characteristics in the training and testing
sets are summarized in Table 2. In the risk
assessment of human lung cancer initiation,
the 35- and 16-gene signatures were used

Risk assessment of lung cancer progression
using the 35-gene signature (day 56)

4.00

M Training W Testing

*

3.00

|

Hazard ratio

°o B N

(= (= (=]

o o o
| | |

Dose 10 Dose 20 Dose 40 Dose 80

FIGURE 3. Hazard ratio in risk assessment of lung cancer progression for each dose at d 56 using the 35-gene signature in the training
cohort (UM and HLM) and testing cohort (MSK and DFCI). The expression centroid in each group of mice (n = 8) treated with different
doses of MWCNT were used to predict the risk of lung cancer progression and metastasis in both training and test sets, respectively. The
cutoff value that generated significant hazard ratio in the training set was validated in the test set. The asterisk above the error bar indicates
the hazard ratio of death from lung cancer is statistically significant (p < .05) (color figure available online).
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TABLE 5. Risk Prediction of Lung Cancer Initiation on Spira et al. (2007) With the 35-Gene Signature

Sensitivity (lung cancer) Specificity (normal) Accuracy Odds ratio [95% Cl] p Value
Training (n = 77) 68% (27/40) 57% (21/37) 62% 2.73[1.08, 6.89] .03
Test 1 (n = 52) 80% (16/20) 63% (20/32) 69% 6.67 [1.80, 24.68] .004
Test 2 (n = 35) 94% (17/18) 65% (11/17) 80% 31.16 [3.29, 295.04] .002
TABLE 6. Risk Prediction of Lung Cancer Initiation on Spira et al. (2007) With the 16-Gene Signature

Sensitivity (lung cancer) Specificity (normal) Accuracy Odds ratio [95% ClI] p Value
Training (n = 77) 75% (30/40) 57% (21/37) 66% 3.94 [1.50, 10.36] .005
Test 1 (n =52) 85% (17/20) 75% (24/32) 79% 17 13.93, 73.57] .0002
Test 2 (n = 35) 72% (13/18) 71% (12/17) 71% 6.24 [1.44, 27.06] .014

to classify lung cancer patients from normal
individuals in the training set, respectively.
Each gene signature was then evaluated with
two test sets, without re-estimating the model
parameters.

Using a Random committee algorithm,
the 35-gene signature classified lung cancer
patients from normal patients with an overall
accuracy of 69% in Test set 1 and 80% in Test
set 2 (Table 5). The sensitivity in predicting lung
cancer is 80% in Test set 1 and 94% in Test
set 2. The specificity in correctly classified nor-
mal individuals is 63% in Test set 1, and 65%
in Test set 2. The OR of predicted lung cancer
risk was significant in both test sets (OR = 6.67,
95% Cl: [1.80, 24.68] in Test set 1; OR = 31.16,
95% Cl: [3.29, 295.04] in Test set 2; Table 5).

Using a JRip algorithm, the 16-gene signa-
ture predicted lung cancer risk with an overall
accuracy of 79% in Test set 1 and 71% in Test
set 2 (Table 6). The sensitivity in predicting lung
cancer is 85% in Test set 1 and 72% in Test
set 2. The specificity in correctly classified nor-
mal individuals is 75% in Test set 1 and 71%
in Test set 2. The OR of predicted lung cancer
risk was statistically significant in both test sets
(OR =17, 95% Cl: [3.93, 73.57] in Test set 1;
OR = 6.24,95% Cl: [1.44, 27.06] in Test set 2;
Table 6). These results suggested an association
between MWCNT-induced gene signatures and
human lung cancer risk.

To investigate whether these two gene sig-
natures were concordant in predicting human

TABLE 7. Chi-Squared Test on the Lung Cancer Risk Prediction
of the Two Signatures on Combined Test Sets on Spira et al.
(2007)

Prediction by the
35-gene signature

Cancer Normal Test statistics

Prediction by the 16-gene

signature
Cancer 36 7 x2 =20.08
Normal 15 29 P=7.41E-6

lung cancer risk, chi-squared analysis was car-
ried out to test the association between these
two risk assessment models. Due to the small
sample size, the two independent test sets from
Spira et al. (2007) were combined in the anal-
ysis. The results demonstrate that the two gene
signatures were strongly associated (P < 7.41E-
16) on predictions of human lung cancer risk
(Table 7). These results indicate that these two
gene signatures might cover a largely concor-
dant genomic space of lung cancer, although
there are only three overlapping genes (IL6,
MSRT1, and SPP1) between them.

DISCUSSION

MWCNT are man-made fiber-shaped
materials. Their potential fiber toxicity is
mainly due to their high aspect ratio and
micrometer length (Stanton et al. 1981).
An asbestos-like acute inflammatory effect
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was observed upon the administration of
long MWCNT into abdominal cavity of mice
(Poland et al. 2008). It was found that long
fibers of MWCNT induced inflammation
and granulomas at the peritoneal side of the
diaphragm at 24 h and 7 d postexposure,
while short fibers of MWCNT failed to induce
abdominal inflammation or granulomas, indi-
cating MWCNT-induced asbestos-like effects
were fiber length dependent. A study found
that intra-abdominal exposure to MWCNT
induced mesothelioma, a form of cancer in
body cavity linings, after a year postexposure in
p531/~ mice (Takagi et al. 2008). In this study,
several asbestos-like pathological changes,
such as fibrous scars, granulomas, and typical
mesotheliomas, were found in the peritoneal
cavity of MWCNT-treated p53%/~ mice by
histopathological analysis (Takagi et al. 2008).
The characteristic histopathological changes of
MW(CNT-induced mesotheliomas were hobnail
appearance to large tumors along with high
mitotic rate cells and central necrosis due to a
high grade of malignant mesothelioma, indicat-
ing that characteristic carcinogenic mechanisms
were involved (Takagi et al. 2008). Recently,
several studies demonstrated that MWOCNT
reached the pleural tissue in mice, the site of
mesothelioma, after pulmonary exposure to
occupationally relevant burdens of MWCNT
(Mercer et al. 2010; Ryman-Rasmussen et al.
2009). Taken together, these studies suggest
that fibrous structure of MWCNT may pose a
carcinogenic risk on humans similar to that of
asbestos fibers.

Several studies found that MWCNT were
persistent in lungs up to 60 d postexposure
(Muller et al. 2005; Porter et al. 2010), and
histopathological analysis demonstrated that
upon pulmonary exposure to MWCNT the par-
ticles penetrated through alveolar walls and
were transported to the alveolar interstitium,
subpleural tissue, and subpleural lymphatics,
finally reaching the intrapleural space (Mercer
et al. 2011; Porter et al. 2010). These results
show that MWCNT exposure has a pattern of
biopersistence and pulmonary penetration sim-
ilar to that of asbestos (Elgrabli et al. 2008;
Kim et al. 2010), which may be associated with
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the potential MWCNT-induced pathogenicity
and carcinogenesis. It has been well estab-
lished that the biopersistence and pulmonary
penetration potential of asbestos are critical fac-
tors involved in asbestos-induced pathogenic-
ity and carcinogenesis (Shukla et al. 2003;
Vallyathan et al. 1998). Taken together, the
genotoxicity of MWCNT, their fibrous char-
acteristics, and their biopersistence and pul-
monary penetration potential have promoted
the hypothesis that exposure to MWCNT may
contribute to the initiation and the progression
of asbestos-like pathological responses, such as
lung carcinogenesis (Donaldson et al. 2006;
Pacurari et al. 2010).

Previously, a study was conducted to inves-
tigate how MWCNT exposure affected the
lung cancer prognostic biomarkers and the
related cancer signaling pathways in mouse
lungs (Pacurari et al. 2011). In total, 63 iden-
tified lung cancer prognostic biomarker genes
and major signaling biomarker genes (Guo et al.
2006 2008; Wan et al. 2010) were analyzed
in mouse lungs exposed to 0, 10 20, 40, or
80 pg of MWCNT by pharyngeal aspiration
at 7 and 56 d postexposure using quantitative
PCR assays. At 7 and 56 d postexposure, a set
of 7 genes and a set of 11 genes, respectively,
showed differential expression in the lungs of
mice exposed to MWCNT versus the control
group. Ingenuity Pathway Analysis (IPA) found
that several carcinogenic-related signaling path-
ways and carcinogenesis itself were associated
with both the 7- and 11-gene signatures. The
results demonstrated that MWCNT exposure
induces changes in lung cancer biomarker gene
expression in mouse lungs, which may indi-
cate a potential association between MWCNT
exposure-induced lung inflammatory damage
and fibrotic responses and lung carcinogenesis.
The results of the IPA also indicated that
MWCNT exposure may induce alterations in
several fibrosis and cancer-related signaling
transduction pathways (Pacurari et al. 2011).

Based on the results from the previous
cancer-focused gene expression analyses in
MW(CNT-exposed mouse lungs (Pacurari et al.
2011), the present study sought to identify
MWCNT-induced gene expression signatures
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from the entire genome. Further, this study
attempted to explore whether these gene sig-
natures correlated with human lung cancer risk
and progression in a group of cancer patients.
The design of this study was established based
on our previous in vivo mouse model for
pharyngeal aspiration of MWCNT (Porter et al.
2010). The mouse lung tissue specimens at
1, 7, 28, and 56 d post MWCNT exposure
were taken from the previous investigation for
the genome-wide expression studies. The 35-
gene signature derived from the “56-day cancer
related gene set” was found to predict the risk
of cancer progression and metastasis in human
lung adenocarcinoma patients. In this analy-
sis, the expression profiles in MWCNT-treated
mice could be used to identify more aggres-
sive tumors from the tumors with the same
disease stage (stage 1 tumors). Specifically, the
gene expression profiles in the mice treated
with dose 10 and 20 pg may categorize
lung adenocarcinoma tumors into metastatic
and nonmetastatic groups with distinct disease-
specific survival in both training and testing
patient cohorts. Lung adenocarcinoma patients
having a gene expression pattern more simi-
lar to that in the MWCNT-treated mice had
more aggressive tumors with a poor clinical
outcome; whereas patient tumors showing a
less similar gene expression pattern to that in
the MWCNT-treated mice had less metastatic
potential with a relatively better clinical out-
come. The specificity of the cancer progression
predictions was above 86% in both training and
testing patient cohorts, indicating that the 35-
gene signature in MWCNT-treated mice might
predict the metastatic potential in human lung
adenocarcinoma patients. The identified gene
signature is unique and is different from previ-
ous published gene signatures for breast cancer
(Perou et al. 2000; Sorlie et al. 2003; Sotiriou
et al. 2003; van 't Veer et al. 2002), colon
cancer (Barrier et al. 2005 2006 2007), and
leukemia (Langer et al. 2008; Payton et al.
2009). It is also different from breast cancer
gene signatures (Habermann et al. 2009; Ma
et al. 2007) previously identified by our group.

This study used the nearest centroid clas-
sification method to predict human lung can-
cer progression by measuring the correlation
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between mouse gene expression data and
patient gene expression profiles. This algorithm
is robust to account for different microarray
platforms, in this case, even the different
species. This algorithm was successfully used to
classify breast cancer subtypes in clinics based
on gene expression profiles quantified with dif-
ferent microarray platforms (Perou et al. 1999;
2000; Sorlie et al. 2003).

Both MWCNT and asbestos induce pul-
monary fibrosis. However, asbestos-induced
fibrosis is associated with persistent pulmonary
inflammation and damage (Goodglick and
Kane 1990; Pacurari et al. 2010), whereas
MWCNT-induced fibrosis is not associated with
persistent pulmonary inflammation and dam-
age (Porter et al. 2010). It was found that
upon MWCNT exposure, pulmonary inflam-
mation and damage peaked at 1-7 d post-
exposure while pulmonary fibrosis progresses
through 28-56 d postexposure (Mercer et al.
2011; Porter et al. 2010). These results indicate
that the molecular events that lead to fibrosis
induced by asbestos and MWCNT may be dif-
ferent. Indeed, recent in vitro studies demon-
strated that carbon nanotubes directly stim-
ulate collagen production of lung fibroblasts
and fibroblast proliferation (Wang et al. 2010a;
2010b). Therefore, MWCNT-induced fibrosis
may result from the laying down of a matrix
that induces fibroblast growth and activation.
In terms of genotoxic effects of MWCNT and
asbestos, it was demonstrated that MWCNT
interact with cellular biomolecules, such as the
centrosomes and mitotic spindles, as well as
the motor proteins that separate the chromo-
somes during cell division, leading to monopo-
lar divisions of chromosomes. The resulting
aneuploidy was proposed as a major molecu-
lar mechanism involved in potential MWCNT-
induced carcinogenesis (Sargent et al. 2010).
In contrast, reactive oxygen species (ROS)-
induced DNA damage is a key molecu-
lar mechanism involved in asbestos-induced
carcinogenesis. Since mechanisms of action
between MWCNT and asbestos may differ and
asbestos exposure may induce different gene
signature in mouse lungs, the use of asbestos as
a positive control in this study and comparison
to MWCNT-induced gene signatures may not
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be of unique value. For this reason, gene induc-
tion following asbestos exposure to mouse
lungs was not evaluated in the current study.

In the current study, tangled CNT (agglom-
erated form) was not selected as a negative
control because the distinction between dis-
persed MWCNT and tangled CNT is not an
all-or-none situation. A study has shown that
tangled CNT can disperse in the mouse lungs
over time (Shvedova et al. 2012). Therefore,
tangled CNT may not be an ideal negative
control for our 56-d postexposure evaluation
study.

NIOSH scientists have reviewed the lit-
eratures currently available concerning the
pulmonary effects of exposure to SWCNT,
MWCNT, and carbon nanofibers (Castranova
et al. 2012; NIOSH 2011). In general, these
carbon-based fibrous nanoparticles each pro-
duced a rapid but transient pulmonary inflam-
mation and injury, granulomatous lesions at
deposition sites of agglomerated structures,
and rapid and progressive alveolar intersti-
tial fibrosis associated with deposition of
more dispersed structures. Although quantita-
tive responses among studies using different
types of CNT demonstrated some differences in
potency, qualitatively, the responses were simi-
lar. Therefore, gene signatures identified in this
study may well be generalizable to CNT as a
class of fibrous nanoparticles.

It is noteworthy that several genes in the
35-gene MWCNT signature encode proteins
that are involved in lung cancer development
and progression. Cysteine protease cathepsin
B (CTSB) plays an important role in lung can-
cer progression and metastasis (Vasiljeva et al.
2006). Epidermal growth factor receptor (EGFR)
is essential in lung carcinogenesis through mod-
ulating cell proliferation, apoptosis, cell motility,
and neovascularization (Cheng et al. 2012).
Insulin-like growth factor 1 (IGF1) is a key medi-
ator of growth hormone-related signaling trans-
duction and plays a key role in the pathogenesis
of lung cancer (Furstenberger and Senn 2002).
IKBKG (inhibitor of nuclear factor kappa-B
kinase subunit gamma) is the regulatory sub-
unit of the inhibitor of IKB kinase, which is
essential for the survival of non-small-cell lung

N. L. GUO ET AL.

cancer (Shen and Hahn 2011). Interlukin-6
(IL-6) is a proinflammatory cytokine that is asso-
ciated with lung cancer progression through
the inhibition of apoptosis and the stimula-
tion of angiogenesis (Lukaszewicz et al. 2007).
Matrix metalloproteinases (MMP) are mem-
bers of the metzincin group of proteases, and
regulate extracellular tissue signaling networks.
Disruption of the MMP activities plays a key
role in the development of pulmonary dis-
eases, including lung cancer (Vandenbroucke
et al. 2011). SOX9 is a major transcription
factor required for lung cancer development
(Jiang et al. 2010). SPP1 (osteopontin) is one
of the most abundantly expressed proteins and
plays a regulatory role in a range of lung dis-
eases, including pulmonary granuloma forma-
tion, fibrosis, and malignancy (O’Regan 2003).
It was also found that the changes in gene
expression levels of two genes, GSK3B and
MSK1, in the 35-gene signature are associ-
ated with lung cancer progression and out-
come (Chari et al. 2007; Ohtaki et al. 2010).
DNA methylation changes of two genes, EYA
4 and DAPKT, are associated with lung cancer
development (Scesnaite et al. 2012; Selamat
et al. 2011). Moreover, CDKN3, ILTA, and PBK
have been identified as prediction biomarkers
of lung cancer development and prognosis
(MacDermed et al. 2010; Shih et al. 2011; Van
Dyke et al. 2009).

In the present study, the lung tissue speci-
mens were collected from the mice exposed to
MWCNT from 1 to 56 d postexposure, which
was not sufficient for mice to develop lung
cancer. Vaslet et al. (2002) demonstrated that
asbestos exposure induces malignant mesothe-
lioma in mouse lungs at 60 wk postexposure.
In humans, the latency period between the
first exposure to asbestos and diagnosis of
mesothelioma ranges from 20 to 40 yr (Pacurari
et al. 2010). Therefore, MWCNT would not
be expected to induce lung carcinogenesis at
56 d postexposure. However, in vivo animal
model-generated gene profiling would reveal
the information that approximates the com-
plexity of the human body and its cellular,
biochemical, and molecular systems that are
involved in responses to chemical agents. The
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unique advantage of the present study is the
ability to detect responses at the molecular
level that may lead to pathology long before
the clinical symptoms occur. The emphasis of
this study is on the predication of potential
risk or toxicity at the early stage. The abil-
ity of MWCNT-induced gene sets to correlate
with carcinogenesis of lung cancer patients pro-
vides justification for a further long-term study
to determine the temporal association between
MWCNT-induced gene alterations and devel-
opment of precancerous lesions and/or tumors
in the mouse lung. Such a study was proposed,
peer-reviewed, and currently underway in our
laboratory.

Several studies showed that animal model-
based gene expression profiling can success-
fully predict human target organ toxicities for
numerous human diseases, including cancer
(Newton et al. 2004; Nuwaysir et al. 1999).
Using gene expression profiling to predict
chemical toxicity was proposed and applied
in genotoxicity for several decades (Aubrecht
and Caba 2005). The newly developed high-
throughput-based global gene expression pro-
filing techniques have made it possible to iden-
tify key predictive gene signatures from various
specimens. It has become increasingly impor-
tant to use gene expression signatures identi-
fied with bioinformatics methods for toxicity
predication (Shi et al. 2010), risk assessment,
and screening (Afshari et al. 2011). In the
case of asbestos exposure, a gene expres-
sion and copy number profiling study was
conducted to identify important allelic imbal-
ance in asbestos-related lung cancer (Wikman
et al. 2007). Gene expression signatures iden-
tified from blood specimens in APAP-exposed
rats have been used to predict exposure
levels of APAP in humans (Bushel et al.
2007).

Similarly, the present study sought to iden-
tify MWCNT-induced gene signatures in an ani-
mal model that may potentially be useful for the
prediction of lung cancer initiation and/or pro-
gression, well before the tumor is detected by
morphological assessments. The relatively short
duration of present study does not allow one to
address whether MWCNT would induce lung
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tumors. However, our data indicate a correla-
tion between MWCNT-induced gene expres-
sion changes in the mouse lung and simi-
lar gene expression changes associated with
human lung cancer risk and progression. Such
an approach has been used for biomarker-
based risk assessment of APAP (Bushel et al.
2007). Given the nature of biomarker research,
clinically applied biomarkers need to be vali-
dated in the following three phases: retrospec-
tive studies, prospective evaluation, and clinical
trials. The current study that utilized multiple
retrospective patient cohorts to validate the
identified biomarker genes is an initial step, that
is, the identification of potentially useful gene
signatures for further study. In order to develop
a clinically applicable gene test for medical
surveillance, the following studies need to be
carried out: (1) a chronic animal study to deter-
mine the temporal relationship between gene
alterations and formation of precancer lesions
and/or tumors; (2) the comparison of such gene
signatures with those associated with human
lung cancers; (3) development of a noninva-
sive blood test; and (4) prospective longitudinal
evaluation of the identified gene test in ani-
mal models and human subjects. A project was
initiated within NIOSH to evaluate lung tumor
formation over the course of 1 yr after a 2-wk
inhalation of MWCNT in a cancer-susceptible
mouse strain. The time course of gene changes
in lung tissue will be determined and the blood
samples will be used to assess the predictive
power of the identified biomarkers. Hopefully,
the present study is the first step in the devel-
opment of a surveillance approach for early
detection of lung cancer and prognosis with
MWCNT in the workplace.

Gene expression profiling has yielded two
commercially available, clinically used breast
cancer prognostic tests, MammaPrint (van 't
Veer et al. 2002; van de Vijver et al. 2002) and
Oncotype DX (Paik et al. 2004). In these rou-
tine clinical gene tests, mRNA expression, not
protein expression, is used to predict clinical
outcome in patients. The commonly accepted
approach in these biomarker studies is to use
mRNA expression for clinical diagnosis or prog-
nosis, instead of protein expression. This is
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because mRNA quantification is considered
reliable for clinical tests, whereas current pro-
tein expression assays, such as immunobhisto-
chemistry or Western blots, are semiquantita-
tive and thus are not favored for developing
multiple-gene assays as clinical tests.

A recent study showed that chronic expo-
sure to carbon nanotubes produced malignant
transformation of human lung epithelial cells,
which in turn induce tumorigenesis in xenograft
mice (Wang et al. 2011). Mounting evi-
dence has indicated potential health hazards,
including carcinogenesis implications, associ-
ated with carbon nanotube exposures. In order
to develop reliably assays for risk assessment
of potential lung cancer tumorigenesis and
progression, the present study undertook a
genome-scale expression approach using an in
vivo mouse model. The study results demon-
strate that MWCNT exposure induces selec-
tive gene expression changes in an analysis
of the entire genome. In particular, the iden-
tified 56-d gene signature in mice contained
cancer-related genes and may accurately pre-
dict human lung adenocarcinoma progression
and prognosis, with high specificity in a patient
cohort. This gene signature of response in the
mouse model to MWCNT was found useful
in assessing the risk for human lung cancer
recurrence and metastasis. Furthermore, this
35-gene signature and a set of 16 genes consis-
tently changing at multiple postexposure time
intervals and treatment doses of MWCNT with
significant linear dose response in the time
course might also predict human lung cancer
risk. The microarray results have been val-
idated with quantitative reverse-transcription
polymerase chain reaction (RT-PCR) analyses
in a separate study (Pacurari et al. 2011). The
selection of 16 genes that were changed at two
time points was aimed to identify genes that
were consistently changed by MWCNT, and
these gene expression changes were not tran-
sient or reversible over the time course up to
56 d postexposure. It is likely that this set of
genes is also associated with other diseases, in
addition to lung cancer risk.

This article focused on the identifi-
cation of gene signatures with potential
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applications on risk assessment of MWCNT-
induced lung cancer risk and progression.
Our genome-wide expression studies show
that the MWCNT-induced gene alterations
(in more than 3000 significant genes) have
implications on multiple diseases and dis-
orders, including inflammation, fibrosis, and
cardiovascular disease, among many others
(which will be discussed in a separate arti-
cle). In order to facilitate the analysis of
specific gene expression changes and bio-
logical processes (such as oxidative stress)
in response to MWCNT exposure, a web-
site (http://www.mwcnttranscriptome.org) was
developed to query MWCNT-induced gene
expression. Although the current animal study
did not observe tumor formation in response
to MWCNT exposure and the analyzed human
samples were not previously exposed to
MWCNT, the similarity between the genomic
characteristics induced by MWCNT exposure
in mice and those associated with human lung
cancer initiation and progression suggests a sig-
nificant association between MWCNT-induced
gene alterations and clinical phenotypes in
human lung cancer patients. In conclusion,
the identified MWCNT-induced gene expres-
sion signatures may be useful for risk assess-
ments and medical surveillance, with clinical
implications in early detection of lung can-
cer and prognosis. To provide further support
for this application, a 1-yr evaluation after a
2-wk inhalation of MWCNT is currently being
conducted in our laboratory to correlate time-
dependent alterations in gene expression with
development of precancerous lesions and/or
tumor formation.
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