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Abstract

Inhalation exposure to multi-walled carbon nanotubes (MWCNT) in mice results in inflammation,
fibrosis, and the promotion of lung adenocarcinoma; however, the molecular basis behind these
pathologies is unknown. This study determined global mMRNA and miRNA profiles in whole blood
from mice exposed by inhalation to MWCNT that correlated with the presence of lung
hyperplasia, fibrosis, and bronchiolo-alveolar adenoma and adenocarcinoma. Six-week-old, male,
B6C3F1 mice received a single intraperitoneal injection of either the DNA-damaging agent
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methylcholanthrene (MCA, 10 pg/g body weight) or vehicle (corn oil). One week after injections,
mice were exposed by inhalation to MWCNT (5 mg/m3, 5 hours/day, 5 days/week) or filtered air
(control) for a total of 15 days. At 17 months post-exposure, mice were euthanized and examined
for the development of pathological changes in the lung, and whole blood was collected and
analyzed using microarray analysis for global MRNA and miRNA expression. Numerous mRNAs
and miRNAs in the blood were significantly up- or down-regulated in animals developing
pathological changes in the lung after MCA/corn oil administration followed by MWCNT /air
inhalation, including fcrl5 and miR-122-5p in the presence of hyperplasia, mthfd2 and miR-206-3p
in the presence of fibrosis, fam178a and miR-130a-3p in the presence of bronchiolo-alveolar
adenoma, and il7r and miR-210-3p in the presence of bronchiolo-alveolar adenocarcinoma, among
others. The changes in miRNA and mRNA expression, and their respective regulatory networks,
identified in this study may potentially serve as blood biomarkers for MWCNT-induced lung
pathological changes.
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Introduction

Multi-walled carbon nanotubes (MWCNT) are concentric cylinders of graphene that have
numerous physicochemical properties, making them ideal for industrial and electronic
applications (Ajayan, 1999; lijima, 1991). The small aerodynamic diameter of MWCNT
may allow for easy aerosolization; therefore, potential exposure during MWCNT
production, use, and disposal is a concern (Castranova, 2011). Inhaled MWCNT can reach
the conducting airways of the lung and enter the alveolar region, and MWCNT have been
repeatedly shown to be bioactive within cells in vitro and induce inflammation and fibrosis
invivo (Mercer, et al., 2013a; Mercer, et al., 2013b; Porter, et al., 2013; Porter, et al., 2010;
Snyder-Talkington, et al., 2013b; Snyder-Talkington, et al., 2013c). While some MWCNT
are cleared from the lung by macrophages , a fraction of deposited MWCNT can translocate
into the pleural cavity or distribute systemically, potentially following macrophage
engulfment (Mercer, et al., 2013b). The majority of MWCNT remain in the alveolar region
for a year or more post-exposure, where they can elicit a pathological response.

Inflammation of the lung epithelium is a common effect of MWCNT exposure both in vivo
and in vitro (Mercer, et al., 2013a; Porter, et al., 2013; Porter, et al., 2010; Snyder-
Talkington, et al., 2013b). In vivo, increases in lactate dehydrogenase, albumin levels, and
polymorphonuclear leukocytes in the bronchoalveolar lavage fluid of mice exposed to
MWCNT by both aspiration and inhalation are indicative of an inflammatory response
(Mercer, et al., 2013a; Porter, et al., 2013; Porter, et al., 2010), while changes in
inflammatory gene signatures and inflammasome activation indicate an inflammatory
response in vitro (Hussain, et al., 2014; Snyder-Talkington, et al., 2013b). Injury of the
alveolar-capillary barrier and the associated inflammatory response typically resolve with
time post-exposure; however, repetitive injury can result in a dysregulated response, loss of
alveolar integrity and structure, inappropriate establishment of extracellular matrix, and the
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promotion of pulmonary fibrosis (Strieter, 2008). Pulmonary fibrosis has a poor clinical
outcome (Ley, et al., 2011) and has been associated with an increased risk of lung cancer
(Lee, et al., 2014; Vancheri, et al., 2010), with the majority of cancers being found in areas
of prior lung fibrosis (Lee, et al., 2014). Although a direct connection between human
MWCNT inhalation exposure and cancer has yet to be determined, the known effects of
MWCNT (oxidative stress, genotoxicity, inflammation, and fibrosis) can be
pathobiologically linked to tumor promotion and cancer progression (Donaldson, et al.,
2012; Pitot, 1993). MWCNT have been shown to interact with mitotic spindles and disrupt
mitosis, potentially through incorporation of the MWCNT into microtubules, resulting in
aberrant separation of chromosomes during cell division (Siegrist, et al., 2014).
Additionally, MWCNT inhalation exposure following the administration of a DNA-
damaging agent, methylcholanthrene (MCA), promoted the growth and neoplastic
progression of lung adenocarcinoma in B6C3F1 mice (Sargent, et al., 2014). The etiology
and path of progression from MWCNT exposure to pathological conditions is unknown;
however, biomarkers to detect pulmonary changes before they reach an end-stage disease
state are actively being sought (Ley, et al., 2014).

We have previously shown that genome-wide mMRNA expression in mouse lungs exposed by
aspiration to MWCNT could stratify human lung cancer patients into good and poor
prognosis groups (Guo, et al., 2012). Additionally, circulating mRNAs and miRNAs in
blood are potentially attractive for studies of individuals with lung disease as objective
markers of lung pathological changes (Bremnes, et al., 2005). In this study, we determined
significant up- or down-regulation of blood mMRNA and miRNA expression in mice after
MWCNT inhalation exposure that correlated with the presence of lung inflammation,
fibrosis, or bronchiolo-alveolar adenoma or adenocarcinoma. These changes may be
associated with the onset and progression of MWCNT-induced lung pathology and
potentially serve as biomarkers for lung disease following exposure.

Materials and Methods

MWCNT

The MWCNT used in this study were obtained from Hodogaya Chemical Company
(MWCNT-7, lot #061220-31) and have been previously described (Sargent, et al., 2014).
Briefly, the MWCNT were manufactured using a floating reactant catalytic chemical vapor
deposition method, followed by high temperature thermal treatment in argon at 2500°C
using a continuous furnace as previously described (Kim, et al., 2005). The bulk material
was characterized by a high-resolution transmission electron microscopy (TEM) under a
Philips CM 20 TEM with an EDS (EDAX/4p1) as previously described (McKinney, et al.,
2009). MWCNT trace metal contamination was 1.32%, with iron being the major trace
metal contaminant (1.06%) (Porter, et al., 2013).

MWCNT Inhalation Exposure

The animal study described here has been previously published (Sargent, et al., 2014). All
animals in this study were housed in an AAALAC-accredited, specific pathogen-free, and
environmentally controlled facility. All animal studies and procedures were approved by the
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National Institute for Occupational Safety and Health ACUC. Six week old, male B6C3F1
(Jackson Laboratories; Bar Harbor, ME) mice were housed singly in polycarbonate
ventilated cages with HEPA-filtered air and fed ad libitum with Harlan 7913 irradiated
NIH-31 modified 6% rodent chow. After a 1 week acclimation period, mice (60/group) were
randomly assigned to each of the exposure groups and treated following a 2-stage, initiation-
promotion protocol (Malkinson, et al., 1997). The 2-stage protocol involved the
administration of 10 pg/g vehicle (corn oil) or MCA. One week after vehicle or MCA
administration, mice were exposed to MWCNT or filtered air by whole body inhalation for
15 days (5 mg/m3, 5 hours/day, 5 days/week). Details of the MWCNT aerosol were
previously described (Sargent, et al., 2014). Animals were monitored weekly, and those with
overt signs of morbidity or changes in body weight were euthanized prior to terminal
sacrifice. Mice were euthanized 17 months after exposure to allow time for tumor
development (Figure 1).

There were four exposure groups in this study:

(1) Animals receiving a corn oil injection followed by filtered air inhalation exposure
(Air).

(2) Animals receiving an MCA injection followed by filtered air inhalation exposure
(MCA).

(3) Animals receiving a corn oil injection followed by MWCNT inhalation exposure
(MWCNT).

(4) Animals receiving an MCA injection followed by MWCNT inhalation exposure
(MCA+MWCNT).

Whole blood collection and RNA isolation

Mice were euthanized with an overdose of 2100 mg/kg of pentobarbital, and deep anesthesia
was confirmed when the mouse no longer responded to a toe pinch. Approximately 200-400
uL of whole blood was collected from the abdominal aorta, immediately inverted 10 times in
a 2 mL tube containing 1 mL of RNAlater, and placed on ice. Following blood collection,
the abdominal aorta was transected to provide exsanguination. RNAlater blood samples
were stored at -20°C until use.

Total RNA was isolated from mouse blood samples using a Mouse RiboPure™-Blood RNA
Isolation Kit from Ambion (Grand Island, NY) according to the manufacturer’s protocol.
Frozen samples were allowed to thaw at room temperature and centrifuged for 3 min at
12,000 rpm. The supernatant was removed, and the blood pellet was lysed in 1 mL of Lysis
Solution. The lysed sample was poured into a 15 mL tube and mixed with 200 pL of 3 M
sodium acetate. Lysis Solution was added to produce a total volume of 3.8 mL, and the
sample was vortexed for 5 sec. A total of 1.5 mL of acid-phenol:chloroform was added to
the lysate, and the tube was shaken vigorously for 30 sec and allowed to sit at room
temperature for 5 min. The sample was centrifuged for 10 min at 3200 rpm, and the aqueous
phase was recovered into a fresh 15 mL tube. A total of 0.6 volume of nuclease-free water
was added to the aqueous phase, the solution was vortexed for 5 sec, and 1.2 volume of
ethanol was added and vortexed for 10 sec. Approximately 700 pL of sample was applied to
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a filter cartridge and centrifuged for at least 10 sec at 8000 x g to pass the liquid through the
filter. The flowthrough was discarded, and the process was repeated until the entire sample
had been passed through the filter. The filter was washed once with 750 pL of Wash
Solution 1 and twice with 750 uL Wash Solution 2/3, centrifuging for 10 sec between each
wash before centrifuging for 1 min at maximum speed to remove residual fluid from the
filter. The filter was transferred to a collection tube, and 250 pL of preheated (80°C) Elution
Solution was used to elute the total RNA by centrifuging at maximum speed for 1 min.

RNA concentrations were determined using a NanoDrop 1000 Spectrophotometer
(NanoDrop Technologies; Wilmington, DE), and RNA quality was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies; Santa Clara, CA).

MRNA and miRNA microarray profiling

Global mMRNA expression profiles were generated with Mouse Gene ST 2.1 plates at the
University of Michigan Microarray Facility using an Affymetrix Plus kit. cDNA was
synthesized from 500 ng of total RNA, amplified, fragmented, and biotinylated using a
GeneChip WT PLUS Reagent kit (Affymetrix; Santa Clara, CA) according to
manufacturer’s instructions. cDNA was then prepared for hybridization with reagents from
the Affymetrix GeneTitan Hybridization, Wash, and Stain Kit for WT Array Plates. For
hybridization, 2.76 pg of labeled cDNA were hybridized to the Affymetrix Mouse Gene ST
2.1 Arrays, which were then washed, stained, and scanned using the GeneTitan Multi-
Channel Instrument according to Affymetrix’s User Guide for Expression Array Plates (P/N
702933 Rev. 2, 2013). Data were analyzed using the Limma, Oligo, and Affy Bioconductor
packages implemented in the R statistical environment. The Robust Multi-array Average
was used to normalize the data and fit log, transformed expression values. The raw
microarray data were processed using a robust multi-array average method (Irizarry, et al.,
2003), and expression values were log, transformed, with a principal component analysis
used as the final quality control step to visualize the mRNA expression values. The analysis
was performed with the oligo package of Bioconductor in the R statistical environment.

For miRNA profiling, RNA samples were sent to Ocean Ridge Biosciences (Palm Beach
Gardens, FL) for analysis using custom, multi-species microarrays containing 1,280 mouse
miRNA probes present in miRBase version 19. The sensitivity of the microarray is such that
it could detect as low as 20 attomoles of synthetic miRNA being hybridized along with each
sample. The microarrays were produced by Microarrays Inc. (Huntsville, Alabama) and
consisted of epoxide glass substrates that had been spotted in triplicate with each probe.
Quality control of the total RNA samples was assessed using UV spectrophotometry and
agarose gel electrophoresis. The samples were DNAse digested, and low-molecular weight
(LMW) RNA was isolated by ultrafiltration through YM-100 columns (Millipore) and
subsequently purified using an RNeasy MinElute Clean-Up Kit (Qiagen; Valencia, CA). The
LMW RNA samples were 3’-end labeled with Oyster-550 fluorescent dye using a Flash Taq
RNA Labeling Kit (Genisphere; Hatfield, PA). Labeled LMW RNA samples were
hybridized to the miRNA microarrays according to conditions recommended in the Flash
Tag RNA Labeling Kit manual. The microarrays were scanned on an Axon Genepix 4000B
scanner, and data were extracted from images using GenePix V4.1 software.
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Microarray data will be submitted to the NIH Gene Expression Omnibus database upon
publication.

Lung pathological examination

The pathology methods described here have been previously published (Sargent, et al.,
2014). Following euthanasia, lungs were fixed by intratracheal perfusion with 1 mL of 10%
neutral buffered formalin. Lungs and any lesions were trimmed the same day and processed
overnight. Tissues were embedded in paraffin and sectioned at approximately 5 um.
Hematoxylin and eosin stained slides were prepared for each of the 5 separate lung lobes
and from masses identified during necropsy.

Slides were examined by a board-certified veterinary pathologist using light microscopy or
polarized light, which was occasionally used to confirm the presence or absence of foreign
material. The severity of non-neoplastic lesions was graded on a 4-point scale of minimal
(1), mild (2), moderate (3), or marked (4). All lung slides from 10% of the mice were
randomly selected for peer review by a second board-certified veterinary pathologist who
independently evaluated the slides while blinded to the interpretation of the study
pathologist. Pathology categories included normal tissue, focal alveolar hyperplasia,
bronchiolo-alveolar hyperplasia, alveolar fibrosis, bronchiolo-alveolar adenoma, and
bronchiolo-alveolar adenocarcinoma (Sargent, et al., 2014).

Statistical analysis of changes in mRNA and miRNA expression associated with lung
pathological changes

mRNA data were analyzed using Statistical Analysis System (SAS) version 9.3 to perform
an ANOVA test with the Benjamini and Hochberg (B-H) adjustment method. An mRNA
was considered statistically significant if the p-value was <0.05 with a 10% FDR and FC
>1.5.

Two methods were used for miRNA data analyses: (1) Significance Analysis of Microarrays
(SAM) was used to compare each miRNA in each treatment group and the control group
without considering different pathological outcomes. A change in miRNA expression was
considered statistically significant at 10% FDR and FC >1.2. The siggenes package in the R
statistical environment was used for the SAM analysis. (2) An ANOVA test adjusted with
the B-H method was used to compare miRNA expression changes between different
pathological outcomes in different exposure groups. A change in miRNA expression was
considered statistically significant if the p-value was <0.05 with a 10% FDR and fold change
>1.5. SAS version 9.3 was used for the ANOVA analysis.

Ingenuity Pathway Analysis (IPA)

IPA was used to determine associations of changes in mMRNAs and miRNAs with
pathological outcomes, including idiopathic pulmonary fibrosis, inflammation of respiratory
system, fibrosis of lung, lung cancer, and non-small cell lung adenocarcinoma. Molecules
are represented as nodes, and the biological relationship between two nodes is represented as
an edge (line). All edges are supported by at least one reference from the literature, from a
textbook, or from canonical information stored in the Ingenuity Knowledge Base. Human,
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Results

mouse, and rat orthologs of a gene are stored as separate objects in the Ingenuity Knowledge
Base but are represented as a single node in the network. Nodes are displayed using various
shapes that represent the functional class of the gene product. To create connections between
significant MRNAs and miRNAs and pathology outcomes, the Grow — Diseases and
Functions tool of IPA was used.

Overall pathological changes

Mice were exposed in a 2-stage protocol involving the administration of 10 pg/g vehicle
(corn oil) or MCA.. One week after vehicle or MCA administration, mice were exposed to
MWCNT or filtered air by whole body inhalation for 15 days (5 mg/m3, 5 hours/day, 5 days/
week). Animals were monitored weekly, and those with overt signs of morbidity or changes
in body weight were euthanized prior to terminal sacrifice. Mice were euthanized 17 months
after exposure to allow time for tumor development (Figure 1). The lungs of all animals
were examined microscopically, and the following lesions were identified: focal alveolar
hyperplasia, fibrosis, bronchiolo-alveolar hyperplasia, lymphohistiocytic inflammation,
bronchiolo-alveolar adenoma, and bronchiolo-alveolar adenocarcinoma. Focal alveolar
hyperplasia was defined by increased cellularity in a discrete, random location and was
composed of crowded alveolar epithelial cells outlining contiguous alveolar septa.
Bronchiolo-alveolar hyperplasia was a multifocal lesion seen as increased numbers of
cuboidal or polygonal aciliate epithelial cells lining the terminal bronchioles, alveolar ducts,
and/or adjacent alveoli. For all further analyses, both focal alveolar hyperplasia and
bronchio-alveolar hyperplasia are referred to together as “hyperplasia”. Fibrosis was seen as
increased amounts of collagen which thickened the interstitium, and lymphohistiocytic
inflammation was characterized by increased numbers of lymphocytes and macrophages in
alveolar spaces or expanding the interstitium. Bronchiolo-alveolar adenomas were focal and
expansile masses composed of polygonal and uniform cells that distorted and replaced the
alveolar architecture and obliterated alveolar spaces. Cells typically formed irregular
papillary structures, ribbons, or solid clusters separated by delicate, fibrovascular stroma. In
contrast, bronchiolo-alveolar adenocarcinomas had increased cellular atypia, higher nuclear
to cytoplasm ratios, and prominent nucleoli. Bronchiolo-alveolar adenocarcinomas also
contained several patterns, including ribbons, papillary structures, or solid clusters. The
numbers of mice falling into each pathology category are listed in Table 1.

Whole blood was analyzed for total mMRNA and miRNA expression, and the numbers of
blood samples for mMRNA and miRNA analyzed in each pathology category are listed in
Table 1. If a mouse harbored more than one type of lung pathology, that mouse was counted
into each respective pathology category.

Blood mRNA and miRNA expression in mice with spontaneous induction of lung
pathological changes

Of mice in the Air exposure group (those receiving corn oil administration and exposed to
filtered air), 23% presented with lung pathological changes (pathology control animals)
when compared to Air mice that had no lung pathological changes (normal control animals).
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Fourteen percent of pathology control animals had hyperplasia, 2% had fibrosis, and 10%
and 12% had bronchiolo-alveolar adenoma and bronchiolo-alveolar adenocarcinoma,
respectively (Table 1). Several known and putative mRNAs, as well as multiple miRNAs,
were found to be significantly up- or down-regulated in the blood of Air mice with lung
pathology (pathology control animals) as compared to the blood of Air mice with no lung
pathology (normal control animals) (Table 2). mRNAs and miRNAs found to be altered in
pathology control mice (Table 2) are referred to in further analyses as “genetic factors”, as
these MRNAs and miRNAs may be involved in the formation of lung pathological changes
regardless of MCA administration or MWCNT exposure.

Blood mRNA and miRNA expression in mice injected with either MCA or corn oil followed
by exposure to air or MWCNT compared with normal control animals

Whole blood mRNA and miRNA expression from MCA, MWCNT, and MCA+MWCNT
mice was compared to that of normal control animals (Air mice with no lung pathological
changes) to identify mRNAs and miRNAs that may play a role in MCA-induced and
MWCNT-induced pathological changes (Table 3).

In the MCA exposure group, 5 (igcg, 17202511, siglich, 9830166K06Rik, 1720663), 8
(17209629, 17210565, olfr1062, gm5512, c1, ceacam19, uck2, 17203041), 13 (17210565,
scgh2b26, hpcald, vmnlr65, cd3d, 17257054, serpina3f, d10jhu8le, zcchc9, sptssa, fabp4,
scai, fam178a), and 8 (elov13, hpgd, 17202937, akrlcl2, ear2, 17460573, fmo3, sp140)
known and putative mRNAs were significantly up- or down-regulated when compared to
normal control animals in the hyperplasia, fibrosis, bronchiolo-alveolar adenoma, and
bronchiolo-alveolar adenocarcinoma pathology categories, respectively, while 6
(miR-29b-3p, miR-15a-3p, miR-362-3p, miR-5112, miR-5131, miR-2137), 5 (miR-5131,
miR-2137, miR-466¢-5p, miR-6238, miR32-3p), and 7 (miR-345-5p, miR-497-5p,
miR-130a-3p, miR-15a-3p, miR-5131, miR-2137, miR-669c-3p) miRNAs were significantly
up- or down-regulated in the hyperplasia, fibrosis, and bronchiolo-alveolar adenoma
pathology categories, respectively. There were no significant miRNAs in the MCA
bronchiolo-alveolar adenocarcinoma category. One miRNA, miR-345-5p in the bronchiolo-
alveolar adenoma category, was considered to be a genetic factor.

In the MWCNT exposure group, 6 (17210565, igkv4-91, fcrl5, 17202925, efempl,
gm13139), 2 (pdgfrb, smad7), 5 (A630077, j23Rik, mul6b, ighg3, 17202925), and 6 (foxol,
17210589, fcrl5, ferla, gpr183, 17202023) known and putative mRNAS were significantly
up- or down-regulated compared to normal control mice in the hyperplasia, fibrosis,
bronchiolo-alveolar adenoma, and bronchiolo-alveolar adenocarcinoma pathology
categories, respectively, while 2 (miR-122-5p, miR-497-5p), 14 (miR-324-5p, miR-27a,
miR-27b-3p, let-7d-3p, miR-30c-1-3p, MiR-3072-5p, miR-5107-5p, miR-341-3p, miR-1892,
miR-6370, miR-6368, miR-1249-5p, miR-504-3p, miR-1947-3p), and 1 (miR-122-5p)
miRNAs were significantly altered in the hyperplasia, fibrosis, and bronchiolo-alveolar
adenoma pathology categories, respectively. There were no significant miRNAs in the
MWCNT bronchiolo-alveolar adenocarcinoma category. One miRNA, miR-27b-3p in the
MWCNT fibrosis category, was considered to be a potential genetic factor.
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In the MCA+MWCNT exposure group, 6 (gpr114, olfr982, 17205523, slocla4, il18r1,
gm6793), 5 (myh7, mthfd2, cd96, tnfrsf23, igh-vj559), 6 (17200621, smok2a, krt6a,
17205967, gm6793, fabp4), and 10 (17207465, clqgbp, il7r, fcrl15, gprlld, prdm9, sap30bp,
krt6a, 17200649, 17202925) known and putative mRNAs and 3 (miR-5112, miR-345-5p,
miR-1957), 12 (miR-101b-3p, miR-29¢-3p, MiR-340-5p, miR-19b-5p, miR-672-5p,
miR-574-5p, miR-206-3p, miR-6348, miR-32-3p, miR-4660-5p, miR-466¢-5p,
miR-669k-5p), 13 (MiR-345-5p, miR-144-3p, miR-122-5p, miR-19a-3p, miR-29b-3p,
miR-19b-3p, miR-5112, miR-5131, miR-15a-3p, miR-466¢-5p, miR-5099, miR-5121,
miR-1957), and 6 (MiR-5112, miR-5131, miR-210-3p, miR-19b-3p, miR-345-5p,
miR-466¢-5p) miRNAs were significantly up- or down-regulated when compared to normal
control mice in the hyperplasia, fibrosis, bronchiolo-alveolar adenoma, and bronchiolo-
alveolar adenocarcinoma pathology categories, respectively. One miRNA in the MCA
+MWCNT fibrosis category, miR-29c-3p; 6 miRNAs in the MCA+MWCNT bronchiolo-
alveolar adenoma category, miR-345-5p, miR-144-3p, miR-29b-3p, miR-19b-3p, miR-5112,
and miR-466¢-5p; and 2 miRNAs in the MCA+MWCNT bronchiolo-alveolar
adenocarcinoma category, miR-19b-3p and miR-345-5p, were considered to be possible
genetic factors. In the significantly up- and down-regulated MRNAs, a few mRNAS were
shared between disease groups. Fcrl5 was significantly down-regulated in the MWCNT
hyperplasia, MWCNT bronchiolo-alveolar adenocarcinoma, and the MCA+MWCNT
bronchiolo-alveolar adenocarcinoma pathology groups. Fabp4 was significantly down-
regulated in the MCA bronchiolo-alveolar adenoma and MCA+MWCNT bronchiolo-
alveolar adenoma groups, while krt6a was significantly upregulated in the MCA+MWCNT
bronchiolo-alveolar adenoma group but down-regulated in the MCA+MWCNT bronchiolo-
alveolar adenocarcinoma group.

With regard to the miRNAs, several miRNAs were significantly up- or down-regulated
across multiple pathology groups. MiR-5112 was significantly upregulated in the MCA
hyperplasia, MCA+MWCNT hyperplasia, MCA+MWCNT bronchiolo-alveolar adenoma,
and MCA+MWCNT bronchiolo-alveolar adenocarcinoma groups. MiR-5131 was
significantly upregulated in the MCA hyperplasia, MCA fibrosis, MCA bronchiolo-alveolar
adenoma, MCA+MWCNT bronchiolo-alveolar adenoma, and MCA+MWCNT bronchiolo-
alveolar adenocarcinoma groups. MiR-2137 was significantly upregulated in the MCA
hyperplasia, MCA fibrosis, and MCA bronchiolo-alveolar adenoma groups. MiR-497-5p
was significantly upregulated in the MCA bronchiolo-alveolar adenoma and MWCNT
hyperplasia groups, while miR-466¢-5p was significantly upregulated in the MCA fibrosis
but down-regulated in the MCA+MWCNT fibrosis, MCA+MWCNT bronchiolo-alveolar
adenoma, and MCA+MWCNT bronchiolo-alveolar adenocarcinoma groups.

Regulatory networks involving significant mRNAs and miRNAs

To determine regulatory networks involving significantly up- or down-regulated mRNAs
and miRNAs in each category, all significant mMRNAs and miRNAs observed in each
exposure and pathology category were analyzed using an IPA miRNA target filter. All
significantly altered miRNAs in each category were input into IPA and matched against only
those mRNASs that were also significantly altered in the same category. Interaction networks
were found in three exposure groups within at least one of their pathology categories. The
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MCA bronchiolo-alveolar adenoma category included predicted mMRNA/miRNA
relationships between miR-130a-3p/fam178a and miR-497-5p/scai/hpcal4 (Figure 2A). The
MWCNT-induced hyperplasia category included a predicted mMRNA/miRNA relationship
between miR-122-5p and fcrl5 (Figure 2B). The MCA+MWCNT fibrosis category included
an experimentally validated mMRNA/miRNA relationship between miR-206-3p and mthfd2
(Selbach, et al., 2008) and a predicted MRNA/miRNA relationship between miR-574-5p and
cd96 (Figure 2C).

Association of significant mRNAs and miRNAs with literature-based pathological

outcomes

IPA analysis was also used to determine significant mMRNAs and miRNAs in the blood of all
exposure groups that were identified in the literature (IPA Knowledge Base®) to be
associated with lung diseases, including the IPA disease and functions idiopathic pulmonary
fibrosis, inflammation of respiratory system, fibrosis of lung, lung cancer, and non-small
cell lung adenocarcinoma (Figure 3). Five mRNAs and miRNas, pdgfrb (FDA, 2013),
miR-18b-5p (Pandit, et al., 2010), miR-19b-3p (Pandit, et al., 2010), miR-29b-3p (Pandit, et
al., 2010; Pandit, et al., 2011), and miR-27a (Oak, et al., 2011), were associated with
“idiopathic pulmonary fibrosis”; six MRNAs and miRNAs, smad7 (Hanada, et al., 2002),
pdgrfb (FDA, 2013), miR-18b-5p (Pandit, et al., 2010), miR-19b-3p (Pandit, et al., 2010),
miR-29b-3p (Pandit, et al., 2010; Pandit, et al., 2011), and miR-27a (Oak, et al., 2011), were
associated with “inflammation of respiratory system”; six mMRNAs and miRNas, pdgfrb
(FDA, 2013), smad7 (Gressner, et al., 2002; Nakao, et al., 1999), miR-27a (Oak, et al.,
2011), miR-29b-3p (Pandit, et al., 2010; Pandit, et al., 2011), miR-18b-5p (Pandit, et al.,
2010), and miR-19b-3p (Pandit, et al., 2010), were associated with “fibrosis of lung”; ten
mRNAs and miRNas, hpgd (NCI, 2007), pdgfrb (FDA, 2008), il7r (COSMIC, 2014a), krt6b
(Imielinski, et al., 2012; Savci-Heijink, et al., 2009), scai (COSMIC, 2014b), miR-497-5p
(Bandi, et al., 2009), miR-18b-5p (Hwang, et al., 2007), miR-19b-3p (Garofalo, et al., 2011;
Hwang, et al., 2007), miR-27b-3p (Wang, et al., 2011), and miR-210-3p (Puissegur, et al.,
2011; Raponi, et al., 2009; Redova, et al., 2011; Seike, et al., 2009), were associated with
“lung cancer”; and three mRNAs and miRNAs, scai (COSMIC, 2014b), krt6b (COSMIC,
2014a), and miR-497-5p (Bandi, et al., 2009), were associated with “non-small cell lung
adenocarcinoma”.

To determine potential mMRNA and miRNA regulatory networks involving the mRNAs and
miRNAs associated with known pathological outcomes (Figure 3), the Build-Connect
function of IPA was used to determine predicted and known interactions. Interactions of
miR-29b-3p with pdgfrb and scai, miR-27b-3p with scai, miR-18b-5p with pdgfrb, and
miR-497-5p with scai and smad7 are predicted to occur by the TargetScan database. An
interaction between smad7 and miR-29b-3p (Liu, et al., 2013) was found in the IPA
Knowledge Base.

Blood mRNA and miRNA expression in mice with bronchiolo-alveolar adenocarcinoma
versus bronchiolo-alveolar adenoma in each exposure group

In addition to determining those mMRNAs and miRNAs in the blood that are potentially
related to the effects of MCA administration or MWCNT exposure, we evaluated mRNA
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and miRNA responses in each exposure category that were significantly altered between
mice presenting with bronchiolo-alveolar adenoma and adenocarcinoma to identify potential
regulators of the transition from adenoma to adenocarcinoma (Table 4). In the Air and MCA
groups, 26 mRNAs and 6 miRNAs and 40 mRNAs and 11 miRNAs, respectively, were
significantly up- or down-regulated in mice presenting with adenocarcinoma versus mice
presenting with adenoma (Table 4). In the MWCNT and MCA+MWCNT groups, 23
mMRNAs and 7 miRNAs and 40 mRNASs and 6 miRNAs, respectively, were significantly up-
or down-regulated in mice presenting with adenocarcinoma versus mice presenting with
adenoma (Table 4).

To determine potential signaling networks involving mRNAs and miRNAs in bronchiolo-
alveolar adenocarcinoma compared to adenoma, significantly changed miRNAs (false
discovery rate [FDR] <10%, fold change [FC] >1.5) were matched against only those
significantly changed mRNAs) FDR <10%, FC >1.5) in the same exposure group using an
IPA miRNA target filter. Direct and indirect mRNA associations were found in the Air
group between stat3 and gas6 (Yanagita, et al., 2001), kras (Kang, et al., 2012), and adm
(Dauer, et al., 2005) and between ednrb and adm (Dschietzig, et al., 2007), with predicted
mMRNA and miRNA regulatory relationships between miR-130a-3p and stat3 and birc6
(Figure 4A). In the MCA group, direct and indirect mMRNA associations were found between
ddx17 and mll5 (Zhou, et al., 2013), spib and bcl6 (Wei, et al., 2009), bcl6 and il7r (Sawant,
et al., 2012), and il7r and cd5 (Tani-ichi, et al., 2013) (Figure 4B). A predicted mRNA and
miRNA relationship was found between miR-130a-3p and mdfy4 (Figure 4B). In the MCA
+MWCNT group, there were no relationships between any of the miRNAs and mRNAs, but
there were direct and indirect mRNA associations found between stat3 and gm13288
(Oritani, et al., 2000), socs2 (Posselt, et al., 2011), cdh5 (Mohri, et al., 2006), il6st (Junk, et
al., 2014), mpl (Piu, et al., 2002), and kdr (Korpelainen, et al., 1999), and between kdr and
cdh5 (Nawroth, et al., 2002), vwf (Xiong, et al., 2009), and pf4 (Jouan, et al., 1999) (Figure
4C). There were no relationships found between the significant mMRNAs and miRNAs in the
MWCNT exposure group.

To determine signaling pathways involving the significant MRNAs and miRNAs between
bronchiolo-alveolar adenoma and adenocarcinoma, IPA dataset analysis was run on the
significantly up- and down-regulated mRNAs and miRNAs in each treatment group. In the
Air group, the top 5 canonical pathways associated with the up- and down-regulated
mRNAs and miRNAs were oncostatin-M signaling, regulation of the epithelial-
mesenchymal transition pathway, CNTF signaling, Erb2-Erb3 signaling, and thrombopoietin
signaling. The top 5 canonical pathways associated with the up- and down-regulated
mRNAs and miRNAs in the MCA group were Gas signaling, regulation of elF4a and
p70S6K signaling, B cell receptor signaling, CAMP-mediated signaling, and colorectal
cancer metastasis signaling. The top 5 canonical pathways associated with the up- and
down-regulated mRNAs and miRNAs in the MWCNT group were dermatan sulfate
degradation (metazoa), polyamine regulation in colon cancer, role of lipids/lipid rafts in the
pathogenesis of influenza, thyroid cancer signaling, and unfolded protein response. The top
5 canonical pathways associated with the up- and down-regulated mRNAs and miRNAs in
the MCA+MWCNT group were D-glucuronate degradation I, acute phase response
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signaling, STAT3 pathway, agranulocyte adhesion and diapedesis, and methylglyoxal
degradation I1I.

Discussion

Markers of disease states, particularly respiratory diseases, are eagerly being sought as
measures of disease development and progression (Wu, et al., 2014). The ability to monitor
the development of MWCNT-induced pathological changes is essential when attempting to
determine the effects of MWCNT in the lung and the progression to lung disease (Ley, et
al., 2014). In this study, we used microarray technology to determine global mRNA and
miRNA expression and identified numerous significantly up- or down-regulated mRNAs
and miRNA:s in the blood of mice with normal lungs or those presenting with pathological
lung changes induced by administration of MCA or corn oil, followed by inhalation
exposure to MWCNT or filtered air. There is a growing discussion concerning the use of
experimental animals in toxicological research and the desire to reduce, refine, and replace
in vivo studies with high-throughput in vitro techniques (Marone, et al., 2014; Russell,
1995). Our group has recently shown that an in vitro coculture of human small airway
epithelial cells and human microvascular endothelial cells following MWCNT exposure
produced more concordant gene expression with in vivo mouse lungs exposed by aspiration
to MWCNT than either cell type in monoculture (Snyder-Talkington, et al., 2015; Snyder-
Talkington, et al., 2013c). Although these advanced coculture methods are useful tools for
high-throughput screening of toxicity pathways associated with nanomaterial exposure that
are more reflective of the in vivo environment, long-term animal exposures are still
necessary to determine MRNA and miRNA changes that are reflective of progressive
pathological states that cannot be achieved in vitro. These changes in miRNA and mMRNAs
expression and their respective regulatory networks may potentially serve as blood
biomarkers for MWCNT-induced lung pathological changes.

There is currently extensive interest in investigating pulmonary disease-related miRNAs and
their associated mRNAs for use as markers of disease presence and progression. The
Encyclopedia of DNA Elements Project estimates that approximately 62% of all DNA is
transcribed into RNA elements, which can be divided into protein-coding mRNAs and non-
coding short, long, and housekeeping RNAs (Booton, et al., 2014; Dunham, et al., 2012).
The regulatory relationship between miRNA and mRNA has been heavily studied since its
discovery (Lee, et al., 1993), and transcriptomic analysis of miRNA and mRNA expression
profiles in disease states is promising for the determination of disease-related regulatory
networks (Ferte, et al., 2013). miRNAs are small, approximately 22-nucleotide non-coding
RNAs that regulate mRNA expression by binding complementary sequences in the 3° UTR
region of a target mMRNA, marking the mRNA for degradation or translational repression
(Beezhold, et al., 2010). Regulation of this essential mMIRNA/MRNA expression balance is
imperative for the maintenance of homeostasis, and changes in this balance may be
responsible for the onset of disease states in the lung (Booton, et al., 2014).

As exposures to nanoparticles and nanomaterials, particularly MWCNT, result in pulmonary
inflammation, fibrosis, tumor promotion, and cancer progression, inhalation of particles
during their synthesis, use, and disposal are significant concerns in the growing
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nanotechnology field (Mercer, et al., 2013a; Porter, et al., 2013; Sargent, et al., 2014). We
have previously identified mRNA profiles in mouse lung tissues exposed by aspiration to
MWCNT that could stratify human lung cancer patients into low- and high-risk populations
(Guo, et al., 2012). Additionally, we have identified system-based MRNA pathways
associated with toxicity in these samples that correlated with the presence of MWCNT-
induced inflammation and fibrosis (Porter, et al., 2010; Snyder-Talkington, et al., 2013a).
Genes identified by this novel computational method were confirmed in vitro to be
concordant with in vivo expression, suggesting that computational analysis of gene
expression can be used to identify molecules and interaction networks giving rise to lung
disease (Snyder-Talkington, et al., 2013a). While our previous studies of pathology-related
interaction networks involved mRNA and miRNA analysis of lung tissue following
MWCNT aspiration exposure (Dymacek, et al., 2014; Snyder-Talkington, et al., 2013a), this
current study determined mRNA and miRNA in blood samples from mice exposed by
inhalation to MWCNT.

Biomarkers found in blood as compared to tissue allow for less-invasive measurements that
can be taken at shorter intervals with lower costs (Ganepola, et al., 2014). While miRNAs
are more stable in biological fluids and less prone to degradation due to their short length,
determination of both miRNA and mRNA blood expression may allow for downstream
analysis of mMRNA and miRNA interaction networks that may be more specific for certain
pathological conditions. The presence of biomarkers in blood and plasma has been
associated with the presence of pathological conditions in the lung, and their presence has
been suggested as a way to detect and monitor lung disease (Carolan, et al., 2014; Redova,
et al., 2013; Schaaij-Visser, et al., 2013).

In this study, we identified mMRNAs and miRNAs in the blood of mice with lung
inflammation, fibrosis, or bronchiolo-alveolar adenoma or adenocarcinoma that were either
significantly up- or down-regulated as compared to mice with normal lung tissue. The
mouse strain used in this study, male B6C3F1 mice, has a lung adenoma background of 2—
30% (Sargent, et al., 2014) independent of MCA administration or MWCNT inhalation
exposure. To detect miRNA and mRNA alterations due to spontaneous disease, we
compared mRNAs and miRNAs in mice in the Air group that developed lung pathological
changes (pathology control mice) as compared to Air mice that had normal lung tissue
(normal control mice). These were termed “genetic factors”, and we suggest that these are
involved in the development of a particular abnormality regardless of MCA administration
or MWCNT inhalation exposure.

The identification of significantly altered mMRNAs and miRNAs in the MCA, MWCNT, and
MCA+MWCNT groups allowed us to identify mRNA and miRNA expression in blood that
could be specific to MCA administration, MWCNT exposure, or the administration of MCA
followed by exposure to MWCNT. MWCNT may potentially act as a carcinogen; or, they
may promote tumorigenesis in the presence of an initiator (Nagai, et al., 2011;
Rittinghausen, et al., 2014; Sargent, et al., 2014). In this study, MCA, a DNA damaging
agent, was used as an initiator in the carcinogenic process (Sargent, et al., 2014). However,
the ability of MWCNT alone to significantly alter specific mMRNAs and miRNASs in the
blood of MWCNT-exposed mice suggests that they have the ability to induce pathological
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changes in the lung. In the MCA+MWCNT group, the number of significantly altered
mRNA and miRNA increased dramatically. This may be due to exacerbation of each
process after both MCA administration and MWCNT exposure. As humans are routinely
exposed to chemicals in the air, the potential for inhalation exposure to an initiator is high.
Therefore, it is relevant that MWCNT exposure be studied in the presence of a DNA-
damaging agent.

There were a few mMRNAs and miRNAs that were commonly up- or down-regulated across
exposure groups. Three mRNAS, fcrl5, fapb4, and krt6a, were found in numerous exposure
groups and are involved in B-cell differentiation, lipid transport, and epithelial tissue
structure, respectively. Although there is little information currently available on the roles of
specific mMiRNAs, miR-5112 and miR-2137 play a role in B-cell development, while
miR-497-5p and miR-466¢-5p are suggested to play a role in atherosclerosis and
motorneuron degeneration, respectively. The ability to determine regulatory networks
between significant mMRNAs and miRNAs in each individual pathology category (Figure 2)
gives a brief view of signaling that may be present under that condition; however, lung
pathological changes follow a progression. Therefore, identifying mRNA and miRNA
signaling networks that may be involved in numerous outcomes (Figure 3) may provide
insight into signaling networks over the course of lung disease progression. Both sets of
regulatory networks are useful in attempting to determine potential biomarkers of pathologic
signaling following MCA administration and/or MWCNT inhalation exposure. By using the
IPA Ingenuity Knowledge Base®, we were able to determine if any of our identified
mRNAs and miRNAs were previously associated with a particular lung pathology,
particularly pulmonary hyperplasia, fibrosis, adenoma, or adenocarcinoma. Of the five IPA
pathologies highlighted in our analysis (idiopathic pulmonary fibrosis, fibrosis of lung,
inflammation of respiratory system, lung cancer, and non-small cell lung adenocarcinoma)
one genetic factor, miR-19b-3p, was shared between four of the pathologies, suggesting a
role as an early and ubiquitous player in the development of lung disease. MiR-19b-3p is a
member of the miR-17-92 cluster, a cluster of six miRNAs on human chromosome 13931 in
a region that is frequently amplified in lung cancer (Garofalo, et al., 2011). Upregulation of
this region has been associated with increased cell proliferation (Hayashita, et al., 2005),
and, in our study, miR-19b-3p was up-regulated in mice presenting with bronchiolo-alveolar
adenoma and adenocarcinoma in the MCA+MWCNT exposure group. This finding further
suggests that miR-19b-3p may be a potential blood marker for the presence of lung disease.
As miR-18b-5p, miR-29b-3p, miR-27a, and pdgfrb were also involved in a majority of the
five categories, their ubiquitous involvement may suggest an early role in the development
of lung disease.

We also determined significantly altered mRNA and miRNA expression between mice
presenting with bronchiolo-alveolar adenoma and adenocarcinoma. Bronchiolo-alveolar
adenoma is most often characterized by slow-growing, low-malignancy tumors and follows
the progression from hyperplasia to adenoma to adenocarcinoma (Pandiri, 2014). Little is
known about the molecular mechanisms behind the switch from relatively low-risk
abnormalities into high-risk adenocarcinoma, and the potency of MWCNT to induce either
pathological state is also unknown. Although there were numerous direct and indirect
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interactions between up- and down-regulated mRNAs and their respective protein products,
a few predicted mRNA and miRNA regulatory networks were found. As the mechanism
behind the switch from adenoma to adenocarcinoma is relatively unknown, elucidation of
any mRNA or miRNA involved in this process, regardless of their potential regulations, is
beneficial to understanding the disease progression.

By determining the top five canonical pathways associated with the mMRNAs and miRNAs
significant to bronchiolo-alveolar adenocarcinoma as compared to adenoma, we may be able
to determine activated pathways that are crucial to the transition from adenoma to
adenocarcinoma. The top five canonical pathways associated with the Air pathology group
are involved in the initiation and progression of inflammation, loss of epithelial features
with mesenchymal transition, neuronal cell survival after injury, cell growth and
transformation, and hematopoiesis, respectively. As the mice that developed
adenocarcinoma in this control group received no MCA administration or MWCNT
exposure, these signaling pathways may be inherent to the progression of adenoma to
adenocarcinoma. The top five canonical pathways associated with the MCA group are
involved in chemokine signal transduction, protein translation, B-cell development, and
cancer progression. As mice in this group received MCA administration but were not
exposed to MWCNT, these pathways may represent the effects of the DNA-damaging
initiator on the progression to lung adenocarcinoma. The top five canonical pathways
associated with the MWCNT group are involved in wound repair, fibrosis, and
tumorigenesis; cell growth, proliferation, and invasion; and cell apoptosis due to stress to the
endoplasmic reticulum. Tumor invasion has been shown to be associated with centrosome
disruption and rapidly evolving errors in chromosome number (D'Assoro, et al., 2002;
Lingle, et al., 2002; Pitot, 1993). As MWCNT in vitro have been shown to be bioactive and
have effects on centrosome fragmentation, disruption of the cell cycle, and errors in
chromosome number (Siegrist, et al., 2014), these pathways may be reflective of the
cytotoxic and aneugenic effects of MWCNT. The top five canonical pathways associated
with the MCA+MWCNT group are involved in lipid metabolism and glycolysis; the
inflammatory response; cell proliferation, invasion, and tumor immune evasion; and
leukocyte migration. The dual impact of DNA damage by both MCA administration
followed by MWCNT exposure may initiate synergistic signaling pathways that enhance
inflammation and tumor progression.

The ability to detect miRNA and mRNA markers for the presence and progression of lung
disease in a readily available form, in this case, whole blood, allows for minimally invasive
collection, and monitoring can be repeated as necessary. In this study, we chose to not only
evaluate significantly up- or down-regulated MRNAs and miRNAs that were involved in
lung inflammation, fibrosis, bronchiolo-alveolar adenoma, and adenocarcinoma as compared
to normal lung tissue, but we also determined significantly up- or down-regulated mRNAs
and miRNAs that may play a role in the progression of benign adenoma to aggressive
adenocarcinoma. Limitations of this study include the use of whole blood for the miRNA
and mRNAs analysis, as well as no RT-PCR or western blot validation of predicted miRNA
and mRNA targets. However, with these matched mRNA and miRNA regulatory networks,
it may be possible to predict the onset of lung abnormalities following inhalation exposure
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to MWCNT in a minimally invasive manner that may provide early detection and allow
treatment before substantial disease progression has occurred.
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Figure 1.
Schematic of mouse exposure groups and analysis.
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Figure 2.
Regulatory networks between mRNAs and miRNAs. Regulatory networks between

significant mMRNAs (FDR 10%, FC>1.5) and miRNAs (FDR 10%, FC >1.2) in the (A) MCA
bronchiolo-alveolar adenoma, (B) MWCNT hyperplasia, and (C) MCA+MWCNT fibrosis
categories were determined by using an IPA miRNA Target Filter.
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Figure 3.
Association of MRNAs and miRNAs with IPA literature-based lung abnormalities. All

significant mMRNAs (FDR 10%, FC >1.5) and miRNAs (FDR 10%, FC >1.2) were input into
IPA, and an IPA disease and functions overlay was used to determine their association with

the IPA diseases idiopathic pulmonary fibrosis, inflammation of respiratory system, fibrosis
of lung, lung cancer, and non-small cell lung adenocarcinoma
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Figure 4.
Regulatory networks in bronchiolo-alveolar adenocarcinoma versus adenoma. Regulatory

networks between significant mMRNAs (FDR 10%, FC >1.5) and miRNAs (FDR 10%, FC
>1.2) involved in bronchiolo-alveolar adenocarcinoma versus adenoma in the (A) Air, (B)
MCA, and (C) MCA+MWCNT groups were determined by using an IPA miRNA Target

Filter.
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Table 1

Number of mice and blood samples in each pathology group.

MC- Air | MC+ Air | MC- MWCNT | MC+ MWCNT
Total number of mice in each 60 60 55 55
pathology category
Focal alveolar hyperplasia | 7 (12%) 8 (13%) 14 (25%) 30 (55%)
Bronchiolo-alveolar hyperplasia 1(2%) 9 (15%) 45 (82%) 37 (67%)
Fibrosis 1 (2%) 5 (8%) 4 (%) 10 (18%)
Bronchiolo-alveolar adenoma | 6 (10%) 20 (33%) 9 (16%) 37 (67%)
Bronchiolo-alveolar adenocarcinoma | 7 (12%) 13 (22%) 7 (13%) 33 (60%)
Total number of blood samples 45 42 40 33
with sufficient mMRNA in
each category
Hyperplasia® | 7(16%) | 13 (31%) 33 (83%) 27 (82%)
Fibrosis | 3 (7%) 8 (19%) 4 (10%) 8 (24%)
Bronchiolo-alveolar adenoma | 5 (11%) 17 (40%) 8 (20%) 24 (73%)
Bronchiolo-alveolar adenocarcinoma | 6 (13%) 9 (21%) 7 (18%) 20 (61%)
Total number of blood samples 43 36 37 30
with sufficient miRNA in each
category
Hyperplasia® | 7(16%) | 11 (31%) 30 (81%) 25 (83%)
Fibrosis 3 (T%) 7 (19%) 4 (11%) 7 (23%)
Bronchiolo-alveolar adenoma 4 (9%) 15 (42%) 8 (22%) 22 (73%)
Bronchiolo-alveolar adenocarcinoma | 6 (14%) 9 (25%) 5 (14%) 18 (60%)

Page 27

Values are shown as n (%) of the total number of mice or blood samples analyzed in that group. Mice with multiple instances of a single pathology
in different lung lobes were only counted once.

*

Hyperplasia refers to both focal alveolar and bronchiolo-alveolar hyperplasia. Reasons for having fewer blood samples than the total number of
mice in a treatment category included insufficient blood draws, insufficient mMRNA or miRNA quantity or quality for analysis, and early death of a
mouse that prohibited whole blood collection.
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Table 2

mRNA and miRNA in MC- Air mice developing lung pathology (pathology control mice) significantly up-or
down-regulated when compared to MC— Air mice with normal lung tissue (normal control mice).

MRNA

miRNA

Hyperplasia

Fibrosis

Bronchiolo-alveolar
Adenoma

Bronchiolo-alveolar
Adenocarcinoma

Up-regulated: 17200163
Down-regulated: Rhox3h

Up-regulated: 17200713,
17460573, A230057D06Rik,
Rhox2g

Up-regulated: 17225809,
17313575, 17448801

Down-regulated: cc119

Up-regulated: miR-340-5p

Up-regulated: miR-200c-3p, miR-26b-5p, miR-702-5p, miR-30a-3p,
miR-140-5p, miR-146a-5p, miR-151-5p, miR-27b-3p, miR-425-5p,
miR-192-5p, miR-194-5p

Down-regulated: miR-345-5p, miR-145a-5p, miR-29c-3p, miR425-3p,
miR-6240, miR-122-5p, miR-10a-5p, miR-326-3p, miR-339-5p, miR-378a-5p

Up-regulated: miR-466¢-5p

Down-regulated: miR-690, miR-29b-3p, miR-497-5p, miR-425-3p,
miR-500-3p, miR-345-5p, miR-144-3p, miR-5112

Down-regulated: miR-345-5p, miR-144-3p, miR-130a-3p, miR-19a-3p,
miR-29b-3p, miR-19b-3p, miR-362-5p, miR-497-5p
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Significant mRNAs and miRNAs in each treatment group versus normal control mice, FC >1.5, FDR <10%,
bold underline indicates a potential genetic factor

MC+ Air
Hyperplasia

Fibrosis

Bronchiolo-alveolar adenoma

Bronchiolo-alveolar adenocarcinoma

MC- MWCNT
Hyperplasia

Fibrosis

Bronchiolo-alveolar adenoma

Bronchiolo-alveolar adenocarcinoma

MCA+MWCNT

Hyperplasia

Fibrosis

Bronchiolo-alveolar adenoma

Bronchiolo-alveolar adenocarcinoma

MRNA

Upregulated: iqcg, 17202511, siglich,
9830166K06Rik
Downregulated: 1720663

Upregulated: 17209629, 17210565,
olfr1062, gm5512, c1, ceacam19
Downregulated: uck2, 17203041

Upregulated:, 17210565, scghb2b26,
hpcal4, vmn1r65

Downregulated: cd3d, 17257054,
serpina3f, d10jhu8le, zcchc9, sptssa,
fabp4, scai, fam178a

Upregulated: elovl3, hpgd, 17202937,
akrlcl2, ear2, 17460573
Downregulated: fmo3, sp140

Upregulated: 17210565
Downregulated: igkv4-91, fcrl5,
17202925, efempl, gm13139

Upregulated: pdgfrb
Downregulated: smad7

Upregulated: A630077, j23Rik,
myl6b, ighg3
Downregulated: 17202925

Upregulated: foxol, 17210589
Downregulated: ferl5, fcrla, gpri83,
17202023

Upregulated: gpr114, 01fr984
Downregulated: 17205523, slocla4,
ill8r1, gm6793

Upregulated: myh7, mthfd2
Downregulated: cd96, tnfrsf23, igh-
vj558

Upregulated: 17200621, smok2a,
krt6a

Downregulated: 17205967, gm6793,
fabp4

Downregulated: 17207465, c1gbp,
il7r, fcrl5, gprll4, prdm9, sap30bp,
krt6a, 17200649, 17202925

miRNA

Upregulated: miR-29b-3p, miR-15a-3p, miR-362-3p,
miR-5112, miR-5131, miR-2137

Upregulated: miR-5131, miR-2137, miR-466¢-5p
Downregulated: miR-6238, miR-32-3p

Upregulated: miR-345-5p, miR-497-5p, miR-130a-3p,
miR-15a-3p, miR-5131, miR-2137
Downregulated: miR-669c-3p

Upregulated: miR-122-5p, miR-497-5p

Upregulated: miR-324-5p miR-27a, miR-27b-3p
Downregulated: let-7d-3p, miR-30c-1-3p, miR-3072-5p,
miR-5107-5p, miR-341-3p, miR-1892, miR-6370,
miR-6368, miR-1249-5p, miR-504-3p, miR-1947-3p

Upregulated: miR-122-5p

Upregulated: miR-5112, miR-345-5p
Downregulated: miR-1957

Upregulated: miR-101b-3p, miR-29¢-3p, miR-340-5p,
miR-18b-5p,

Downregulated: miR-672-5p, miR-574-5p, miR-206-3p,
miR-6348, miR-32-3p, miR-4660-5p, miR-466¢-5p,
miR-669k-5p

Upregulated: miR-345-5p, miR-144-3p, miR-122-5p,
miR-19a-3D, miR-29b-3p, miR-19b-3p, miR-5112,
miR-5131, miR-15a-3p

Downregulated: miR-466¢-5p, miR-5099, miR-5121,
miR-1957

Upregulated: miR-5112, miR-5131, miR-210-3p,
miR-19b-3p, MiR-345-5p

Downregulated: miR-466¢-5p
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Significant mMRNAs and miRNAs in each treatment group compared between adenoma and adenocarcinoma
outcomes, FC >1.5, FDR <10%, bold underline indicates a potential genetic factor

MC- Air

Mc+ MCA

MC- MWCNT

MCA+ MWCNT

mRNA | Upregulated:, zfp942,
zfp709, thoc7, robol,
pdcd4, gas6, ednrb,
cldn3, birc6, adm, hla-a,
2410017117Rik,
17415391, 17474676
Downregulated: stats,
selp, rrml, rpsI9bpl,
mfl66, pfkp, olfr750,
kras, clec9a,
A830052DIIRik,
17203463, 17482738

Upregulated: usp9x, ptger4, map2kl,
ketdl, chd8, spib,wdfy4, bri3bp, mlI5,
pdzds, cd5, il7r, rasal3, chdl, slcl5a2,
ighm, bcl, ighg, ddx17, cd300e,
tmemI84b, eif4ebp2, fam105a, ighm
Downregulated: defb46, snord116,
vmnlrl21, vmnlr80, 4933409K07Rik,
17350691, olfr750, olfr749, gm5458,

gm3002, gml10338, gml0413, gm3594,

gm 10408, gm906, 17303135

Upregulated: topors,
pparg, ifit2, sstyl, ckap2,
ccdc54, gml3288, sly
Downregulated:
17209147, gm20759,
cacng2, sstr5, kdm3b,
bcl10, idua, erp29, loxI3,
igk, igkv6-23, vmnIrl29,
gm21142, dkk4, clcn3

Upregulated: ascl1, olfr46,
socs2, sstyl, sly, gm 13288,
vwf, bcl10, Imtk2, 17326563,
17206165

Downregulated: stat3, rin3,
17284562, il6st, c6, myl9,
akrlall, mpl, ccll 9, abcb4,
pf4, chfr, chic2, kdr,
A430089119Rik, hsch, sbnol,
gm3139, 0610030E20Rik,
ppp4r2, vwf, igkv4-91, sirt2,
rrml, snordI16, cdh5, cmip,
scamp2, bcl2ala

miRNA | Upregulated:
miR-25-5p
Downregulated:
miR-130a-3p, miR-6349,
miR-6370, miR-467a-5p,
miR-374b-5p

Upregulated: miR-466g
Downregulated: miR-425-3p,
miR-130a-3p, miR-130b-3p,
miR-145a-5p, miR-5132-5p,
miR-345-5p, miR-211-3p,
miR-3090-5p,
miR-92a-2-5p,miR-3102-5p

Upregulated: miR-6239
Downregulated:
miR-143-3p,
miR-145a-5p,
miR-3473a,
miR-345-5p, miR199a-,
miR-680-1

Upregulated: miR-5119
Downregulated:
miR-203-3p, miR-126-3p,
miR-449a-5p, miR-3102-5p,
miR-191
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