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Modified-risk tobacco products (MRTP) are designed to reduce the individual risk of tobacco-relate
disease as well as population harm compared to smoking cigarettes. Experimental proof of thei
benefit needs to be provided at multiple levels in research fields. Here, we examined microRNA (miRNA
levels in the lungs of rats exposed to a candidate modified-risk tobacco product, the Tobacco Heatin
System 2.2 (THS2.2) in a 90-day OECD TG-413 inhalation study. Our aim was to assess the miRNA
response to THS2.2 aerosol compared with the response to combustible cigarettes (CC) smoke from th
reference cigarette 3R4F. CC smoke exposure, but not THS2.2 aerosol exposure, caused global miRNA
downregulation, which may be explained by the interference of CC smoke constituents with the miRNA
processing machinery. Upregulation of specific miRNA species, such as miR-146a/b and miR-182, indi
cated that they are causal elements in the inflammatory response in CC-exposed lungs, but they wer
reduced after THS2.2 aerosol exposure. Transforming transcriptomic data into protein activity based o
corresponding downstream gene expression, we identified potential mechanisms for miR-146a/b an
miR-182 that were activated by CC smoke but not by THS2.2 aerosol and possibly involved in th
regulation of those miRNAs. The inclusion of miRNA profiling in systems toxicology approaches increase
the mechanistic understanding of the complex exposure responses.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY licens

(http://creativecommons.org/licenses/by/4.0/
t
r
d
”

-
e
,
-
e

-

,
f
;

r
-
e
,

1. Introduction

The U.S. Family Smoking Prevention and Tobacco Control Ac
(FSPTCA) defines a MRTP as “any tobacco product that is sold o
distributed for use to reduce harm or the risk of tobacco relate
disease associated with commercially marketed tobacco products
(Family Smoking Prevention and Tobacco Control Act). This publi
cation is part of a series of nine publications describing th
nonclinical and part of the clinical assessment of a candidate MRTP
THS2.2, and a mentholated version (THS2.2M). The series of pub
lications provides part of the overall scientific program to assess th
s

r).

vier Inc. This is an open access art
potential for THS2.2 to be a reduced-risk product. The first publi
cation in this series describes THS2.2 and the assessment program
for MRTPs (Smith et al., 2016). This is followed by six publications
including this one, that describe the nonclinical assessment o
THS2.2 regular and THS2.2M (Kogel et al., 2016; Oviedo et al., 2016
Schaller et al., submitted (this issue)-a; Schaller et al., submitted
(this issue)-b; Sewer et al., 2016; Wong et al., 2016). The eighth
publication in the series describes a clinical study to assess whethe
the reduced formation of Harmful and Potentially Harmful Con
stituents (HPHC) for THS2.2 regular also leads to reduced-exposur
to HPHCs when the product is used in a clinical setting (Haziza
2016). A final publication utilizes data gathered from the reduced
exposure clinical study on THS2.2 regular to determine if a system
pharmacology approach can identify exposure response markers in
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

CC Combustible Cigarette
CS Cigarette Smoke
FDR False Discovery Rate
GC Guanine-Cytosine
HPHC Harmful and Potentially Harmful Constituents
IL-1 Interleukin 1
lncRNA Long Non-Coding RNA
mRNA Messenger RNA
miRNA MicroRNA
MRTP Modified Risk Tobacco Product
NPA Network Perturbation Amplitude
NUSE Normalized Unscaled Standard Error
OECD Organisation for Economic Co-operation and

Development
QC Quality Control
Q-Q Quantile-Quantile
RT-PCR Reverse Transcription Polymerase Chain Reaction
TG Test Guidelines
THS2.2 Tobacco Heating System 2.2
TNF Tumor Necrosis Factor
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peripheral blood of smokers switching to THS2.2 (Martin et al
2016).

In this article, the expression of microRNA (miRNA)molecules i
the lungs of rats exposed to the novel Tobacco Heating System
(THS) 2.2 product in a 90-day OECD TG-413 inhalation study ar
investigated. One goal is to integrate the findings obtained from th
analyses of miRNA exposure responses into the systems toxicolog
framework applied to the same study and reported earlier in thi
publication series (Wong et al., 2016).

miRNAs are noncoding regulatory RNA molecules that bin
target messenger RNAs (mRNAs) and destabilize them or suppres
their translation into proteins (Krol et al., 2010). There is increasin
evidence that miRNA levels are affected by several known toxicant
as well as oxidative and other forms of cellular stress. This suggest
an important role for miRNAs in toxicology, which could provide
link between environmental influences and gene expression (Hon
and Cho, 2015). Different types of cellular stress have been show
to affect genes encoding miRNAs as a mechanism of adaptation o
tolerance to stress factors (Lema and Cunningham, 2010). In fac
multiple stressors including reactive oxygen species, phorbol es
ters, the RAS oncogene, double-stranded RNA, and interferons ca
affect the levels of the RNase III enzyme Dicer, which is critical fo
the generation of miRNAs (Wiesen and Tomasi, 2009).

miRNAs have also been linked to diseases etiologically related t
smoking, such as lung cancer (Liu et al., 2009) and chroni
obstructive pulmonary disease (De Smet et al., 2015). An alteratio
of the miRNA profile induced by CC smoke was found in targe
tissues even before disease manifestation, as recently reviewe
(Vrijens et al., 2015). Izzotti et al. (2009a) showed that exposure t
environmental CC smoke for 4 weeks resulted in downregulation o
several miRNAs in rat lungs. Similar studies in mice showed that, i
addition to sex and age, environmental CC smoke exposure for
weeks induced changes in the pulmonary miRNA profile. Mostl
downregulated, the affected miRNAs were involved in adaptiv
mechanisms and the activation of pathways known to be associate
with lung diseases (Izzotti et al., 2009b). Moreover, miRNA profilin
of human bronchial brushings identified several miRNAs that wer
downregulated in smokers compared with those in nonsmoker
and further in vitro tests showed that miR-218 in particular wa
suppressed by CC smoke condensate in cultured primary bronchia
epithelial cells (Schembri et al., 2009). In organotypic bronchia
epithelial cultures exposed to fresh cigarette smoke (CS) at th
aireliquid interface, we previously observed reduced miR-146a/
levels related to inflammatory gene expression changes, an
reduced levels of miR-449a/b/c and miR-107 related to changes i
the expression of genes regulating the cell cycle (Mathis et al
2013). In addition, different CC smoke-related miRNA respons
profiles were observed in lung tumors and tumor-free lung pa
renchyma samples from A/J mice exposed to CC smoke for 1
months when compared with spontaneous lung tumors and pa
renchyma from sham-exposed mice (Luettich et al., 2014).

The overall study was designed and conducted in accordanc
with the OECD TG-413 guidelines and the results are summarize
in an accompanying manuscript (Wong et al., 2016). Briefly, rat
exposed to mainstream CC smoke from 3R4F reference cigarette
for 90 days showed inflammation as indicated by the accumulatio
of immune cells in the lung tissue as well as proinflammatory an
chemotactic cytokines in bronchoalveolar lavage fluid. Histopath
ological findings in the respiratory tract included epithelial ce
hyperplasia, squamous metaplasia, atrophy in the airways, and th
accumulation of pigmented alveolar macrophages in the lungs o
3R4F-exposed rats. All of these effects were markedly reduced i
rats exposed to the aerosol from THS2.2. Here, we report on th
pulmonary miRNA expression after 90-day inhalation of THS2.2 i
comparison with 3R4F, as well as after a 42-day postexposure re
covery period. The miRNA findings in the lung tissue of rat
exposed to CC smoke or THS2.2 aerosol were complemented b
transcriptomic profiling to obtain an insight into the mechanism
behind the observed effects.

2. Materials and methods

2.1. Experimental design

Here, we report on the “OECD plus” part of a 90-day rat inha
lation study in accordance with OECD test guidelines (TG) 41
(Wong et al., 2016). Experimental groups consisted of six male an
six female rats. ‘Exposed’ experimental groups were scheduled fo
13 weeks or 90 days (90d) of exposure for 5 days per week an
6 hours per day to sham (filtered air), 3R4F low (8 mg/l nicotine
3R4F medium (15 mg/l nicotine), 3R4F high (23 mg/l nicotine), THS2.
low (15 mg/l nicotine), THS2.2 medium (23 mg/l nicotine), or THS2.
high (50 mg/l nicotine) treatments, in accordance with OECD TG
‘Recovery’ experimental groups consisted of rats concomitantl
exposed with the 90-day animals, which were kept for additiona
42 days of post-exposure recovery (90 þ 42d). The THS2.2 hig
treatment was not included in the recovery groups because of th
exposure chamber capacity. Here, we specifically report on th
miRNA analysis of the lung after the inhalation and recovery period
After sample prioritization, all male rat exposed and recover
groups could be used for miRNA profiling, whereas the female ra
3R4F low and 3R4F medium groups (90d and 90 þ 42d) were no
available.

2.2. Animals

All procedures involving animals were performed in an Amer
ican Association for the Accreditation of Laboratory Animal Care
accredited, Agri-Food & Veterinary Authority of Singapore
licensed facility with approval from an Institutional Animal Car
and Use Committee, and performed in compliance with guideline
set by the National Advisory Committee for Laboratory Anima
Research (NACLAR, 2004).
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Outbred male and female SpragueeDawley rats [Crl: CD (SD)
bred under specific pathogen-free conditions, were obtained from
Charles River (Wilmington, MA, USA). The rats were approximatel
8 weeks old at arrival and were acclimatized for at least 14 day
prior to exposure.

2.3. Reference cigarettes and THS2.2 tobacco sticks

Reference 3R4F cigarettes were purchased from the Universit
of Kentucky (Lexington, KY, USA; http://www.ca.uky.edu/refcig
THS2.2 tobacco sticks were provided by Philip Morris Products S.A
(Neuchâtel, Switzerland). THS2.2 sticks consist of a tobacco plu
made of specially processed tobacco powder, a transfer section, an
a mouthpiece, wrapped with cigarette paper. These sticks ar
designed to be inserted into a stick holder that includes a battery
electronics for controlling the temperature, a heating elemen
(blade), and a cigarette extractor. The heating element heats th
tobacco plug in a controlled manner to a maximum temperature o
350 �C. The comparative analytical specifications of the THS2.
aerosol and 3R4F smoke are reported in part 2 of this series o
publications (Schaller et al., 2016-a). The tobacco blend designate
‘FR1’ was used in the THS2.2 sticks in this study.

2.4. Smoke generation and animal exposure

Aerosol from 3R4F was generated on 30-port rotary smokin
machines (Burghart Messtechnik, Wedel, Germany) (15 port
blocked) equipped with a Programmable Dual-port Syringe Pum
(PDSP) with an active side stream exhaust (type PMRL-G, SM2000
Aerosol from THS2.2 was generated using 30-port carousel smok
ing machines (Burghart Messtechnik) equipped with stick holder
and a PDSP. Animal exposure is described in detail in Part 4 of thi
series (Wong et al., 2016). Characterization of test atmosphere
showed that target nicotine concentrations were met. Exposur
intake was confirmed by quantification of total nicotine metabo
lites in 24-hour urine (Wong et al., 2016).

2.5. RNA isolation and miRNA profiling

Dissection took place 16 hours after the last exposure. Prior t
organ removal, whole-body perfusion with cold saline was per
formed. The left lung lobe was cryosectioned into 40-mm slices, an
the slices were collected alternately for transcriptomics and othe
analyses (not shown here). Lung samples were lysed in RLT buffe
(Qiagen, Hilden, Germany) þ b-mercaptoethanol using cerami
beads for homogenization. RNA including miRNA was isolated us
ing the miRNeasy Mini Kit (Qiagen). miRNA was labeled with th
FlashTag™ Biotin HSR Labeling Kit (Affymetrix, Santa Clara, CA
USA). miRNA analysis was performed on an Affymetrix GeneChip
miRNA 3.0 Array using 200 ng of RNA as a starting material.

2.6. miRNA data analysis

The raw data were preprocessed through a standard pipeline
Briefly, raw data CEL files were read using the read.celfiles functio
of the oligo packages in the Bioconductor suite of microarra
analysis tools available in the R statistical software environmen
(Carvalho and Irizarry, 2010; Gentleman et al., 2004; R Core Team
2014). The quality control (QC) was based on the arrayQuality
Metrics package and examined four distinct metrics: Euclidea
distances between arrays in raw and normalized data heat maps
normalized unscaled standard error (NUSE) plots, and intensit
distribution box plots (Kauffmann et al., 2009). Arrays that wer
identified as outliers in at least two of the metrics were discarded
and the QC metrics were recalculated on the remaining arrays unt
all were accepted. This approach led to seven arrays being dis
carded in two iterations, so that the number of animal per exper
imental group decreased from 6 to an average of 5.25 ± 0.79
Normalized probe-level data were obtained by applying robus
multiarray normalization and summarized at the probe set leve
using themedian polishmethod (Irizarry et al., 2003). ThesemiRNA
expression datawere submitted to ArrayExpress with the accession
number E-MTAB-5296.

Only the miRNA probe sets that had significantly higher in
tensity values than their guanine-cytosine (GC) and sequenc
length-matched background probes (p-value cut-off ¼ 0.01) wer
considered to be “present” or “detected,” based on the manufac
turer's instructions (see the Detection section in the Affymetrix
miRNA QCTool user guide; (Affymetrix, 2011). If a miRNA probe se
was detected in more than half of the samples of at least on
sample group, it was retained for the downstream analysis; if not, i
was discarded together with all of the probe sets measured on th
array that belonged to other species than rat. Overall, this pre
processing yielded 321 detected miRNA probe sets in the fina
expression miRNA matrix. When comparing experimental sampl
groups (Fig. 1B), the distributions of the numbers of detected
miRNAs in individual samples can be used as an indicator of globa
downregulation. In doing so, we reasonably assume that th
downregulation affecting the miRNA probe sets with intensitie
close to the detection threshold similarly affects all of the detected
miRNA probe sets.

The design of our experiment entails 16 pairwise “treatment vs
control” comparisons so as to derive miRNA regulation upon
exposure or recovery (e.g. low 3R4F male 90d vs. sham male 90d)
For each comparison, a submatrix of the miRNA expression matri
was derived by keeping only the samples belonging to the treat
ment or control group, as well as the miRNA probe sets that wer
detected in more than 50% of the samples of at least one of tw
experimental groups. Linear models for differential expression
were applied to the resulting submatrices using the moderated t
statistics implemented in the limma package (Ritchie et al., 2015)
The obtained raw p-values were then adjusted for multiple testin
by the BenjaminieHochberg False Discovery Rate (FDR) method
(Benjamini and Hochberg, 1995).

Besides the standard volcano plots (Allison et al., 2006), we used
quantile-quantile (Q-Q) plots to represent the global significance o
the differential miRNA expression. For each comparison, all of th
detected miRNAs were ranked according to decreasing raw p
values. The �log10 values of the corresponding quantiles wer
plotted on the x-axis, while the y-axis contained the �log10 value
of their raw p-values. Deviations of the resulting Q-Q curve abov
the diagonal line, which represents the random situation, indicat
that a global signal was detected in the comparison. To assess th
significance of these deviations, we estimated the 95% confidenc
intervals of each point of the diagonal by calculating the Q-Q curve
of 1000 alternative expression matrices obtained by randoml
permuting the columns of the original miRNA expression matrix
Merging these 95% confidence intervals yielded the gray surface
drawn around the diagonal lines on the Q-Q plots. We also added
three relevant boundary lines forming a “Z” shape: the lower on
delimits the raw p-values smaller than 0.05, the upper one delimit
the Bonferroni-corrected p-values smaller than 0.05 (Bonferron
1935), and the oblique one joining the other two delimits th
BenjaminieHochberg adjusted p-values (i.e. FDRs) smaller than
0.05 (Benjamini and Hochberg, 1995).

2.7. Quantitative RT-PCR

To confirm the findings from the miRNA experiment, real-tim
PCR profiling of miRNAs using the miScript PCR System (SYBR



e
-
R
e
T
-
t
R
r
g
q

-
-
s
s
y
-

.,
g
l
s
r
s
e
d
n
o
s
d
e
n
y
-
,
s
c
.,
L
e
d
h
c
-
e

-
r
s

-
ll
o
s
e
e
-

e
a
s
,
d
s
-
2
d
e
,
e
s

A

intensities (log2)

ov
er

al
l c

ou
nt

s 
(lo

g1
0)

4 6 8 10 12 14 16

0
1

2
3

4 ABSENT
PRESENT

B

nu
m

be
r o

f d
et

ec
te

d 
m

iR
N

A
s

0
50

15
0

25
0

sh
am

−0
−M

−9
0d

3R
4F

−8
−M

−9
0d

3R
4F

−1
5−

M
−9

0d
3R

4F
−2

3−
M
−9

0d
TH

S
2.

2−
15
−M

−9
0d

TH
S

2.
2−

23
−M

−9
0d

TH
S

2.
2−

50
−M

−9
0d

sh
am

−0
−M

−9
0+

42
d

3R
4F
−8
−M

−9
0+

42
d

3R
4F

−1
5−

M
−9

0+
42

d
3R

4F
−2

3−
M
−9

0+
42

d
TH

S2
.2
−1

5−
M
−9

0+
42

d
TH

S2
.2
−2

3−
M
−9

0+
42

d

sh
am

−0
−F

−9
0d

3R
4F
−2

3−
F−

90
d

TH
S2

.2
−2

3−
F−

90
d

TH
S2

.2
−5

0−
F−

90
d

sh
am

−0
−F

−9
0+

42
d

3R
4F

−2
3−

F−
90

+4
2d

TH
S

2.
2−

23
−F

−9
0+

42
d

Fig. 1. miRNA detection statistics. A) Histogram displaying the distributions of the
miRNA intensities according to their respective detection “present” or “absent” status.
The 105 samples and the 321 “present” or “detected” miRNAs were used to generate
the figure (see the Materials and Methods section on miRNA data analysis). B) Box plot
of the number of “present” miRNAs detected in single samples grouped according to
the 20 experimental sample groups included in the design of the study. The box plots
follow the standard convention with the bold black horizontal bar representing the
distribution median and the surrounding colored rectangle representing its inter-
quartile range (i.e. the distance from the first quartile to the third one).
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Green-based) was performed. miScript miRNA PCR Arrays ar
mature miRNA-specific forward primers spotted on a custom 384
well array including controls [SNORD61, SNORD95, positive PC
control (PPC), miRNA reverse transcription control (miRTC)]. Th
cDNA was prepared by following the manual of the miScript II R
Kit (Qiagen). The qPCR was run in a real-time PCR cycler (Viia7 384
well block). Cq values were then imported into the R environmen
and processed using the Bioconductor ReadqPCR and NormqPC
packages (Perkins et al., 2012). dCq values were obtained afte
subtraction of the mean of the Cq values of two housekeepin
genes, SNORD61 and SNORD95. The differential expressions ddC
were calculated using the standard built-in t-test function.

Strictly speaking, the selection criterion for the quantitative RT
PCR measurements consisting of a statistically significant differ
ence in expression in at least one of the 16 pairwise comparison
was not met for miR-134 and miR-494. They were nevertheles
included in the quantitative RT-PCR measurements because the
were very similar to miR-127, miR-379, and miR-541 (see the Re
sults section on genomic clustering of regulated miRNA genes).
2.8. Inference of the changes in the activities of signaling molecules

As described in an accompanying manuscript (Wong et al
2016), transcriptomic data were generated for the same lun
samples as the miRNAs and the corresponding gene differentia
expression values were calculated using the same statistical model
as for the miRNAs. A concise summary of the results obtained fo
the biological processes relevant for miR-146a/b and miR-182 i
provided in Supplementary Fig. 1 in order to further support th
conclusions based on these miRNAs. In the present study we use
the systems biology approach called Network Perturbatio
Amplitude (NPA) and more specifically its Strength algorithm t
infer the changes in the activities of several signaling molecule
relevant to this context (Martin et al., 2012). This approach is base
on backward causal reasoning, which consists of calculating th
changes in the activity of upstream signaling molecules based o
the differential expression of the downstream transcripts the
causally regulate. For a given protein, the list of its causally regu
lated transcripts was extracted from Selventa Knowledgebase
which is a comprehensive repository of signed causal relationship
between biological entities derived from peer-reviewed scientifi
literature as well as public and proprietary databases (Catlett et al
2013). For the sake of clarity, we replaced the abstract openBE
syntax with the corresponding protein names and merged th
entities related to the same protein, such as abundances an
transcriptional activities. Given the set of signed relationships wit
downstream transcripts, the changes in the activity of a specifi
protein inferred by the NPA approach can be quantitatively con
trasted across multiple pairwise comparisons, very much lik
transcript or miRNA differential expression. The obtained NPA
values are also accompanied by two statistics that allow quantifi
cation of their uncertainty regarding biological variability and thei
specificity with respect to the choice of the downstream transcript
(Martin et al., 2012).
3. Results

3.1. miRNA detection statistics in lung tissue of rats exposed to CC
smoke or THS2.2 aerosol

We first examined the miRNA detection statistics on the Affy
metrix GeneChip miRNA-3.0 Microarray. Fig. 1A shows the overa
distribution of the single miRNA intensities grouped according t
their corresponding “present” or “absent” detection values. Thi
figure confirms that the detection statistics correctly separated th
low-intensity values, which cannot be distinguished from th
background noise and are not informative, from the higher
intensity signals, for use in drawing conclusions in our study.

Fig. 1B displays the numbers of detected miRNAs across th
experimental sample groups. First, CC smoke exposure induced
significant dose-dependent decrease in the number of miRNA
detected in lung tissue, as seen by the median values of 260, 255
240, and 230 for the male rats exposed to sham, low, medium, an
high doses of CC smoke, respectively. Second, these difference
were still observed 42 days after the cessation of CC smoke expo
sure with approximately the same magnitude. Third, THS2.
exposure did not lead to a decrease in the number of detecte
miRNAs. The distributions found for the lung tissue of the femal
rats displayed a tendency similar to that found in the male rats
although the fact that not all doses were available made it mor
difficult to draw firm conclusions (see the Materials and Method
section on experimental design).
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3.2. miRNome-wide response in lung tissue of rats exposed to CC
smoke or THS2.2 aerosol

We display the miRNome-wide response of the exposed lun
tissues using volcano and Q-Q plots (see Fig. 2 for males an
Supplementary Fig. 2 for females). They provide a useful overview
of the magnitude and statistical significance of the responses tha
occurred in lung tissue. Volcano plots are standard representation
of differential gene expression, while Q-Q plots are normally use
in statistical genetics and essentially reveal how different the ob
tained results are from an undetectable signal. More details abou
the Q-Q plots are given in the Materials and Methods section o
miRNA data analysis.

For the rats exposed to three doses of 3R4F, the volcano plot
show that the magnitude of the effect (x-axis) increased wit
concentration together with the associated statistical significanc
(first row of the figure, left-hand side). We also observed that only
Fig. 2. Global miRNA regulation in male rats. Volcano and Q-Q plots are shown for the 1
rats. Volcano plots display the global relationships between the treatment-induced effect
FDR, y-axis). Blue (yellow) dots indicate statistically significant negative (positive) regu
differential miRNA expression (all of the bold-faced points) is from the random case conta
and Methods section on miRNA data analysis. Blue dots indicate statistically significant
limited number of miRNAs reached the 0.05 false discovery rat
(FDR) threshold for statistically significant regulation (miR-150
miR-146b, miR-182, miR-652). This rather weak signal was als
visible in the Q-Q plots with the corresponding points situated
above the BenjaminieHochberg line (second row, left-hand side)
However, the clear deviation of the curve of raw p-values from th
diagonal toward the upper confidence interval boundary indicate
that themeasured responses were not random. The Q-Q plots of th
comparisons of the 3R4F recovery samples presented similar re
sults for the medium and high 3R4F concentrations, exemplified b
a few miRNAs situated immediately below the FDR threshold
(fourth row, left-hand side). On the other side, the effects on rat
exposed to low 3R4F concentration had disappeared after 42 day
of postexposure recovery, as indicated by the raw p-value curv
closely following the diagonal, as well as a flat volcano plot
Regarding the global effects of the THS2.2 aerosol after 90 days o
exposure, we found no statistically significant differences in miRNA
1 pairwise comparisons between CS or THS2.2-exposed male rats and sham-exposed male
s (differential miRNA expression, horizontal x-axis) and their statistical significance (log10
lation (FDR < 0.05). Q-Q plots indicate how distant the global statistical significance of
ining no signal (diagonal line). The construction of a Q-Q plot is described in the Materials
regulation of either sign (FDR < 0.05).



e
i-
t
e
y
f
e
).

.
s
,
d
-
l
-
-

A. Sewer et al. / Regulatory Toxicology and Pharmacology 81 (2016) S82eS92 S87
expression (first and second rows, right-hand side). Although th
corresponding raw p-value curves did not strictly follow the d
agonals of the Q-Q plots, the amplitudes of their deviations did no
display monotonic dose dependence, which suggests that thes
effects were too noisy to be correctly interpreted. Finally, ver
similarly to the results seen after exposure to a low concentration o
3R4F, no effects of THS2.2 aerosol exposure were detected in th
recovery group (90 þ 42d) (third and fourth rows, right-hand side
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3.3. miRNAs with a statistically significant difference in expression
in lung tissue of rats exposed to CC smoke or THS2.2 aerosol

All miRNAs that showed a statistically significant (i.e., FD
<0.05) difference in abundance in at least one exposure grou
compared with the sham group are shown in Fig. 3A (miR�150
miR�146a/b, miR�182, miR�652, miR�224, miR�181c, miR�127
miR�379, miR�541, miR�30b, miR�125a, miR�139). These dat
are from microarrays in an exploratory phase, which allowe
identification of the key responders to the exposures. For confir
mation, the levels of a subset of them were reexamined usin
quantitative RT-PCR (Pritchard et al., 2012). We selected 10 ke
miRNAs, the responses of which displayed appropriate dose de
pendences that were similar in male and female rats. We focuse
onmiR-146a/b, miR-182, miR-127, miR-134, miR-379, miR-494, an
miR-541 because they showed, to a certain degree, concentration
dependent regulation that was independent of sex. miR-139 wa
included as a potential recovery marker, while miR-150 seemed t
capture low-dose effects. Supplementary Fig. 4 (intensity distr
butions) and 3B (differential expression) show the results o
confirmatory phase by quantitative RT-PCR.

Quantitative RT-PCR results confirmed that the two paralogou
miR-146a/b were upregulated both in response to 3R4F smok
exposure and after the recovery period, albeit at a lower intensit
(Fig. 3B). In the lungs of female rats, miR-146b displayed a stronge
response, which was also manifested by weak but statisticall
Fig. 3. Regulation of individual miRNAs (all pairwise comparisons). Heat maps disp
Results from the microarray exploratory measurements; only the miRNAs that have an FD
were ordered by standard clustering. B) Results from the confirmatory quantitative RT-PC
considerations explained in the text.
significant upregulation in female rat lungs upon THS2.2 exposure
miR-182 was upregulated in the lungs of both male and female rat
exposed to 3R4F smoke, but not in the recovery groups. miR-127
miR-134, miR-379, miR-494, and miR-541 collectively displaye
clear downregulation in both the 3R4F smoke exposure and re
covery groups, as well as upregulation in the THS2.2 aeroso
exposure groups. This upregulation was not observed in the re
covery group of THS2.2-exposed rats. miR-139 and miR-150 dis
played almost no signal in the quantitative RT-PCR results, so w
considered them to be false positives in the microarray analysis
Except for these two miRNAs, the quantitative RT-PCR result
accurately confirmed the microarray observations (Supplementar
Fig. 5).
3.4. Mechanistic insight into miRNA regulation using
transcriptomic data

We next aimed to obtain further insight into the mechanism
leading to regulation of the miRNAs in the exposed rat lung tissue
In the literature, it is indicated that miR-146a/b function as negativ
regulators involved in downregulation of Interleukin 1 (IL-1
receptor-associated kinase 1 (IRAK1) and tumor necrosis facto
(TNF) receptor-associated factor 6 protein levels (TRAF6) and tha
miR-146a/b induction is NFkB-dependent (Taganov et al., 2006). A
an alternative pathway, miRNA-146a was described to be induce
by IL-1b in alveolar epithelial cells, where the upregulation of miR
146a/b resulted in the suppression of RANTES and IL-8 (Perry et al
2008). It was further shown that miR-146a and miR-146b wer
regulated via divergent intracellular pathways. Upon stimulatio
with IL-1b, miR-146a induction was regulated via an NFkB- an
JNK-1/2-dependent mechanism, and miR-146b was regulated via
JNK-1/2- and MEK-1/2-dependent mechanism (Perry et al., 2009)

In the absence of protein activity data, we used a previousl
reported approach to infer the activities of these signaling mole
cules based on the transcriptomic data (Fig. 4A and the sectio
lay the regulation and the associated statistical significance for the relevant miRNAs. A)
R value below 0.05 in at least one of the 16 pairwise comparisons are shown. The miRNAs
R measurements for 10 selected miRNAs. The miRNAs have been grouped according to the
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Fig. 4. Mechanistic insight into miRNA regulation using transcriptomic data. A) The principle of inference of the regulation of different signaling components based on
transcriptomic data. The differential gene expression in the dataset was used for backward reasoning to infer the regulation of signaling molecules (purple polygon) known to
regulate gene expression (green balls). The inference algorithm provides two statistics. Uncertainty measures the experimental variability and specificity requires that the correct
genes are regulated in the dataset and that the downstream genes cannot be replaced with a random set of regulated genes. The method inferring the displayed values is described
in Materials and Methods. B) The heat map shows the inferred regulation of signaling components known to be causally upstream or downstream of miR-146a/b and miR-182. The
transcriptomic data from rat lung were used to infer the activity of the chosen molecules. The information on the gene regulation downstream of these signaling molecules is
derived from experimental evidence stored in the Selventa knowledgebase.
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about the inference of changes in the activities of signaling mole
cules in Materials and Methods). Fig. 4B shows the inferred acti
vation or inhibition of the components involved in miR-146a/
signaling based on transcriptomic data. NFkB was inferred to b
significantly upregulated only in the male recovery group, but th
strong inferred upregulation of NFkB, observed in both exposur
and recovery groups in females, did not reach statistical signifi
cance. By contrast, NFkB was significantly downregulated in th
recovery group of females exposed to THS2.2. The kinase (IKBKB
that targets the inhibitor of NFkB (NFkBIA) to be degraded wa
predicted to be downregulated in the recovery groups of both sexe
after exposure to THS2.2. Accordingly, NFkBIA was inferred to b
upregulated in the recovery group of female rats exposed toTHS2.2
consistent with the observation that the activity of NFkB wa
inferred to be downregulated in this group. The miR-146 targe
TRAF6 was inferred to be strongly upregulated and IRAK1 was onl
impacted in females with even stronger upregulation in the re
covery groups for both sexes. The impact of THS2.2 exposure wa
significantly reduced compared with that of 3R4F exposure.

The inferred activation of JNK-1/2 was concentration
dependent, present in both sexes, and displayed a statistically sig
nificant effect at 90 days, with a smaller impact on the lungs of rat
in the recovery group. The impact of THS2.2 exposure was signifi
cantly reduced compared with that of 3R4F exposure. MEK-1/2 wa
inferred to be less activated when the CC smoke concentratio
increased in the male rat lungs in response to 3R4F exposure at 9
days and in the recovery group exposed to the highest dose of 3R4F
In female rat lungs, it was inferred to be downregulated in th
THS2.2-exposed group at 90 days and upregulated in the recover
group after 3R4F exposure (Fig. 4B).

miRNA-182 has been shown to be induced by STAT5, which i
activated via the IL-2 pathway, in the context of the transition o
naïve helper T cells to clonal expansion (O'Neill, 2010). T
determine whether this could also be true in lung tissue, w
inferred the activities of STAT5 and FOXO1 based on transcriptomi
data. STAT5 was not inferred to be activated in CC smoke-exposed
rat lungs, or even in the recovery groups. However, FOXO1 wa
predicted to be significantly downregulated in response to 3R4
exposure in both male and female rat lungs compared with that in
the sham rats. This downregulation was also present, albeit at
lower level, in the recovery groups (Fig. 4B). In the lungs of rat
exposed to THS2.2 aerosol, no consistent trends were observed fo
the inferred regulation of the signaling components.

3.5. Genomic clustering of regulated miRNA genes

When selecting miR-127, miR-134, miR-379, miR-494, and miR
541 for quantitative RT-PCR confirmation (Fig. 3B), we noticed tha
they are all located within 200 kilobases of each other on chro
mosome 6, in a region known as the DLK1-DIO3 imprinted domain
situated in band 6q32 (da Rocha et al., 2008). Only the materna
copy of chromosome 6 expresses the miRNAs, which are organized
into two large clusters regulated by an intergenic differentiall
methylated region located between Dlk1 and RGD1566401 (o
MEG3/GTL2) (Fig. 5A). Since these features are also present in
mouse and human on chromosomes 12 and 14, respectively, w
decided to investigate in more detail the responses of the detected
miRNAs located in this region as captured by themicroarray. Fig. 5B
shows that, besides the five above-mentioned ones, 19 othe
mature miRNAs were detected in at least one of the 16 pairwis
comparisons in the study. Given that the total number of precurso
miRNAs provided by RefSeq for this region is greater than 50 (Pruit
et al., 2014), our results indicate that the transcription of genomi
cally clusteredmiRNAs was not necessarily as uniform as onemigh
have expected (Baskerville and Bartel, 2005). More specifically, onl
a fraction of the detectedmiRNAs displayed a signal that was stron
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Fig. 5. miRNAs in the DLK1-DIO3 cluster. A) Genomic map of the imprinted DLK1-DIO3 cluster located on rat chromosome 6. CpG islands have been included beside the miRNAs
and the long noncoding RNA genes (lncRNAs), as they play an important role in the imprinting mechanism. B) Regulation of all of the detected miRNAs in the DLK1-DIO3 cluster.
Note that the criteria for indicating the “statistical significance” on the heat map are different from the ones used on Fig. 3A.
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enough to deduce a response profile that could be compared wit
those of the five already-selected ones. miR-337 and miR-38
approximately displayed both the CC smoke-induced down
regulation and the THS2.2-induced upregulation observed in Fig. 3
while miR-411 and miR-487b displayed only the THS2.2-induce
upregulation. All of the others displayed a signal that was to
weak to draw any definitive conclusions.
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4. Discussion

4.1. miRNA detection: global downregulation upon CC smoke
exposure

Our observation of a decreased number of detected miRNA
upon CC smoke exposure (Fig. 1B) can be viewed as an indicator o
the global downregulation of miRNAs (see the Materials an
Methods section on miRNA data analysis). The use of detectio
statistics has the advantage of being independent of the microarra
raw data normalization method, which might reduce such globa
downregulation effects (Sewer et al., 2014). We also concede tha
our approach based on detection calls is useful only as long as th
global effects between experimental sample groups are larger tha
the corresponding within-group variabilities. Fortunately, this i
predominantly the case in the present study, as can be seen b
comparing the within-group interquartile ranges and the between
group median differences in the boxplots of Fig. 1B.

The phenomenon of the global downregulation of miRNAs ha
already been reported in the literature, initially in disease (mostl
cancer) contexts (Izzotti and Pulliero, 2014; Wu et al., 2013), bu
more recently also in the toxicological context of healthy organism
or systems, particularly after exposure to CC smoke (Graff et al
2012; Izzotti et al., 2009b; Mathis et al., 2013; Schembri et al
2009; Sewer et al., 2014). Several mechanisms have bee
proposed to explain this. Suzuki et al. showed that some toxicant
can cause DNA damage and the activation of P53, which interact
with the DROSHA/DGCR8 processing complex and thus modulate
the processing of pri-miRNAs to pre-miRNAs (Suzuki an
Miyazono, 2010; Suzuki et al., 2009). Another possibility is tha
several toxicants can form miRNA adducts, which modify th
structure of the miRNAs and prevent their access to the catalyti
pockets of Dicer, thus arresting their maturation process (Izzot
and Pulliero, 2014). Alternatively, some toxicants can bind t
Dicer in the proximity of miRNA catalytic sites and block th
maturation of miRNA precursors (Ligorio et al., 2011). This scenari
was investigated in detail in the case of alveolar macrophages ob
tained from healthy smokers and revealed the specific mechanism
of Dicer SUMOylation (Gross et al., 2014).

Our observations of a dose-dependent decrease in the numbe
of detected miRNAs upon CC smoke exposure are evidentl
compatible with all of these explanations. However, more inter
esting is the fact that (almost) no changes were detected in th
recovery groups, which indicates that P53 and/or some CC smok
toxicants were persistently interfering with the miRNA processin
machinery. On the other hand, regarding evaluation of the impac
of the THS2.2 heat-not-burn product, the absence of any signs o
global downregulation of miRNAs constitutes initial evidence of
lower impact of its aerosol in the lung and that the miRNA pro
cessing machinery was not affected by the various mechanism
that we described in the case of CC smoke exposure.
4.2. Overall miRNA regulation in response to CC smoke exposure

The global miRNA regulation results revealed several funda
mental features of the miRNA response, such as the approximatel
monotonic dose dependence, the sustained 3R4F effects afte
exposure cessation, and no (males) or low (females) impact o
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THS2.2 (Fig. 2). However, the number of miRNAs that showed
statistically significant difference in their expression level wa
rather low, even in response to 3R4F exposure. The first reason fo
this is our choice of separate comparisons for male and female rats
To verify the sensitivity of the study, we tested an alternative sta
tistical model merging both sexes and encoding the animal sex int
a discrete covariate. On average, the results contained three to fou
times more miRNAs that showed a statistically significant differ
ence in their expression levels and confirmed the feature
enumerated above (Supplementary Fig. 3). In our data processin
pipeline described in the Materials and Methods section on miRNA
data analysis, we also minimized the effects of multiple testin
corrections by restricting the statistical analysis of each compariso
to the miRNAs that were detected in the majority of samples in a
least one sample group.

To obtain a better understanding of the global miRNA regulatio
in response to CC smoke or THS2.2 aerosol exposure, we com
plemented the standard volcano plot of each pairwise compariso
with the corresponding Q-Q plot. This has several advantages, th
most important of which is the ability of this latter plot to explicitl
display the case of a random dataset, which cannot be achieve
with a volcano plot. Note that the diagonal corresponds to th
random case under the assumption that all miRNAs are indepen
dent (uncorrelated), which might be invalid in the case of coex
pressed miRNAs (clustered and/or polycistronic). Anothe
advantage is the fact that a Q-Q plot focuses on the raw p-value
rather than the FDRs. Raw p-values better reflect the key factors t
reach statistical significance: the measured effect size and it
variability, as well as the experimental sensitivity resulting from it
design (number of replicates).

Regarding the assessment of THS2.2, a better understanding o
its reduced impact in lung tissue compared with CC smoke can b
obtained by examining the individual miRNAs below.

4.3. Mechanistic insights into miRNA regulation in exposed rat lung

Previous observations showed a relatively poor correlation o
miRNA regulation between different studies (Vrijens et al., 2015
Pertinent to our study, miR-146a/b was previously reported to b
downregulated in mouse lungs in response to short-term CC smok
exposure (Izzotti et al., 2010; Izzotti and Pulliero, 2014). Howeve
other studies showed the upregulation of miRNA in inflammator
conditions, such as IL-1b-induced alveolar cells (Perry et al., 2008
in a mouse model of ventilator-induced lung injury (Vaporidi et al
2012) and by proinflammatory cytokines in human airway smoot
muscle (Comer et al., 2014). This suggests that, while toxican
exposure is generally thought to induce downregulation of miR
146a/b, the situation may change when tissue homeostasis i
compromised. Based on the targets identified for miR-146a/b, the
are thought to function as negative regulators of inflammator
responses (Saba et al., 2014). Since we could not infer down
regulation of the miR-146a/b targets IRAK1 and TRAF6, one coul
hypothesize that the inflammatory status of the rat lung ha
already reached a high level that could not be inhibited by th
negative regulation by miR-146a/b, even though it was induced i
the lung tissue. The hypothesis on the involvement of the NFk
pathway in miR-146a/b regulation in CC smoke-exposed rat lung
could also not be confirmed. However, the strong inferred upre
gulation of NFkB in the male recovery group might indicate it
involvement in the tissue healing process, independent of the miR
146 pathway. On the other hand, JNK-1/2 and MEK-1/2 upstream o
miR-146a/b were inferred to be activated, based on transcriptomi
data.

It has been reported that STAT5 is a direct activator of miR-182
which is in turn a robust inhibitor of FOXO1 (O'Neill, 2010), and tha
oxidative stress may inactivate STAT5 in a JAK2-independen
manner (Saba et al., 2014). In CC smoke-exposed rat lungs, w
observed that the upregulation of miR-182 was accompanied b
strong downregulation of FOXO1. However, STAT5, which has been
suggested to be involved upstream of the miR-182 FOXO1 pathway
was not impacted in response to CC smoke exposure in rat lung
This indicates that miR-182 could be regulated via other signalin
pathways in the inflamed lung. A potential upstream candidate i
STAT3 as a chromatine immunoprecipitation (ChIP) assay revealed
that, upon autocrine HGH stimulation, STAT3 and STAT5 directl
bind to the promoter region of the miR-96-182-183 cluster (Zhan
et al., 2015), and indeed our data suggested that STAT3 was upre
gulated (data not shown). However, experimental results ar
needed to confirm this.

After 90 days of THS2.2 exposure, neither miR-146 nor miR-182
was impacted. In line with this, the gene expression-based infer
ence did not predict any significant activations or inhibitions.

Regarding all of the negative findings concerning the hypothe
ses based on the literature about miR-146 and miR-182 regulator
pathways, it is also possible that, at present, we cannot capture th
activation of all components in the signaling pathways. Thus, mor
controlled experiments are deemed necessary to fully elucidate th
function of these miRNA species in the context of pulmonar
inflammation.

4.4. miRNAs from the DLK1-DIO3 miRNA cluster

miRNA genes are often clustered in the genome and show
similar spatiotemporal regulation, which results from coregulation
and even cotranscription (Baskerville and Bartel, 2005). In thi
study, we saw that several miRNAs from the large DLK1-DIO3
miRNA cluster shared a noteworthy response pattern: they wer
downregulated upon CC smoke exposure and upregulated upon
THS2.2 exposure. The fact that downregulation often corresponded
to the absence of detection in both exploratory microarray and
confirmatory quantitative RT-PCR measurements indicated tha
this signal was very weak and unlikely to be present in all of th
cellular types constituting the “whole lung” samples. The cells tha
drive the observed signal might be macrophages. Indeed, it ha
been shown that CC smoke exposure induces inverseM1 and/orM2
polarization states (Shaykhiev et al., 2009; Titz et al., 2015), and
that M2-polarized macrophages exhibit lower levels of miR-127
(Zhang et al., 2013). These two observations agree with the CC
smoke part of our findings. Mechanistically, even a role for miR-127
in the context of macrophage polarization was identified (Yin
et al., 2015). This suggests that lower miR-127 levels induce an
M2-biased response, which fits well with our findings. W
observed the clear upregulation of numerous miRNAs belonging t
the DLK1-DIO3 miRNA cluster upon THS2.2 exposure. Such a col
lective effect has already been observed for the human homologou
miRNAs and explained in that context by the hypomethylation o
upstream CpG islands, which might match the ones shown in
Fig. 5A (Aavik et al., 2015).

5. Conclusion

Investigations on the miRNA response to CC smoke exposur
have drawn significant interest in recent years, so we wanted t
cast our comparative THS2.2 assessment into this context. System
toxicology tools offered the possibility of inferring upstream and
downstream protein activities using our transcriptomic data ob
tained from the same samples, which provided an additional laye
of understanding of the effects of CC smoke and THS2.2. In
conclusion, the current study showed that subchronic CC smok
exposure induces global miRNA downregulation in rat lung, which
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is probably linked to reactive CC smoke constituents interferin
with the miRNA processing machinery. The upregulation of specifi
miRNA species, such as miR-146a/b and miR-182, indicates tha
they are causal elements in the inflammatory response in CS
exposed lung. This study also shows that exposure to THS2.2 di
not result in effects similar to those observed upon exposure to th
reference cigarette.
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