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ABSTRACT

Chronic obstructive pulmonary disease (COPD) is among the most important causes of death. Signaling systems
that are relevant for tissue repair and detoxification of reactive oxygen species or xenobiotics are thought to be
impaired in lungs of patients suffering from this disease. Here, we developed a simple cigarette smoke induced
Drosophila model of COPD based on chronic cigarette smoke exposure that recapitulates major pathological
hallmarks of the disease and thus can be used to investigate new therapeutic strategies. Chronic cigarette
smoke exposure led to premature death of the animals and induced a set of phenotypes reminiscent of those
seen in COPD patients, including reduced physical activity, reduced body fat, increased metabolic rate and a
substantial reduction of the respiratory surface. A detailed transcriptomic analysis revealed that especially the
TGF-f3, Nrf2 and the JAK/STAT signaling pathways are altered by chronic cigarette smoke exposure. Based on
these results, we focused on Nrf2 signaling. A pharmacological intervention study performed with oltipraz, an
activator of Nrf2 signaling, increased survival of cigarette smoke exposed animals significantly. Thus, the
Drosophila COPD model recapitulates many major hallmarks of COPD and it is highly useful to evaluate the
potential of alternative therapeutic strategies.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is the
third leading cause of death by now. It is characterized
by high morbidities and mortalities, both in high-
income and low-income countries, thus leading to
substantial socioeconomic burdens. As smoking and

aging are the two most important risk factors for various
chronic lung diseases including COPD, it is anticipated
that the prevalence of COPD will rise substantially with
the smoking exposure and increase in life expectancies
[1, 2]. Clinically, COPD is characterized by progressive
airflow limitations and the development of emphysema,
which describes the loss of functional parenchymal lung
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tissue [3]. This loss of functional alveolar structures that
is one major hallmark of COPD [4], seems to be caused
by inappropriate repair mechanisms operative in the
diseased lung [5] and the inability to cope with
increased levels of reactive oxygen species (ROS) in the
organ. Premature functional aging of the lung seems to
be a major aspect associated with or underlying COPD
development [5, 6]. Long-term cigarette smoke (CS)
exposure is by far the most important risk factor, but the
confrontation to other air pollutants, also contributes to
disease development. Despite the great body of work
invested in recent years, the understanding of the
molecular mechanisms underlying COPD development
is unsatisfactory. This lack of understanding comes
along with a lack of causative therapeutic strategies,
which sets an urgent need for the development of novel,
alternative therapeutic options [3, 7].

Beside the study of patient material, tailored animal
models are usually the most informative tools to
enhance our understanding of the molecular frameworks
underlying the development of human diseases in
general. For COPD related research, a series of complex
rodent models based on chronic long-term exposure to
cigarette smoke served for this purpose [8-10]. Using
these toolboxes, pathological alterations causally related
to disease development have been identified. The
apparent in-ability to control tissue regeneration in the
lung and to cope with increased levels of ROS have
been identified as major disease promoting alterations
[11]. In this context, findings about modifications in
signaling systems associated with tissue repair and ROS
pro-tection have been most important. Wnt signaling
appears to take a central position in this context, as it is
directly associated with tissue repair processes. Using
tailored animal models, it has been demonstrated that
COPD development comes along or depends on the
switch from canonical towards non-canonical Wnt
signaling, thus reducing the repair capacity of the lung
[12]. Moreover, other signaling systems such as the
JAK/STAT pathway that are also relevant for repair
mechanisms, have been identified as potential targets
for anti-COPD therapies [13]. ILS and IL6, which are
cytokines leading to activation of STAT transcription
factors, have been identified as valuable targets for
novel intervention strategies, because they have been
associated with COPD development [14-16]. In addition
to systems that are directly involved in tissue repair
mechanisms, those that react towards high ROS and/or
xenobiotic levels are also deeply involved in COPD
pathogenesis. Among these signaling systems, the Nrf2
pathway takes a central position as it is strongly
activated by CS exposure and its impairment has been
unequivocally linked to COPD development in patients
[17].

Despite the substantial efforts that have been made to
develop suited animal models and to understand the
molecular framework underlying COPD development,
an urgent need for novel tailored models and, based on
them, novel therapeutic strategies derived therefrom is
obvious [11, 18]. Very simple animal models may
represent promising new candidates that complete the
currently available toolbox for COPD research. Most
important among these simple models for human
diseases are tailored, transgenic Drosophila systems
that have been highly informative for enhancing our
understanding of numerous human diseases [19, 20].
The usage of Drosophila to understand the molecular
framework underlying human diseases has recently
been expanded to chronic lung disease including asthma
and lung cancer [21-24]. Here, we present a simple
Drosophila model of COPD that depends on chronic
low-level CS exposure. It recapitulates the most
important pathological hallmarks of the disease, such as
premature death, reduced physical activity, enhanced
metabolic rates and a significant reduction of
respiratory surfaces. Moreover, we could show that CS
exposure regulates especially TGF-B, Nrf2 and
JAK/STAT signaling in the airway epithelium and based
on this, we demonstrated that pharmacological activation
of Nrf2 signaling increases survival significantly in those
animals chronically treated with CS.

RESULTS

To evaluate if the fruit fly Drosophila melanogaster can
serve as a useful model for the analysis of CS induced
morbidities, we confronted animals of different geno-
types and developmental stages with cigarette smoke
using different exposure regimens. Chronic short period
exposure (app. 30 min per day) had a substantial effect
on lifespan in wild type flies (female Drosophila
melanogaster, w'''®). This treatment reduced median
lifespan statistically significantly by about 70% if
compared with matching controls (Fig. 1A; p<0.001). In
addition, we quantified the outcomes of CS exposure on
different physiological and metabolic parameters. One
major metabolic parameter is the body fat content. After
7 days of CS exposure, animals (females) had strongly
reduced body fat levels if compared with untreated
controls. This reduction was more than 50% of the
control levels and it was statistically highly significant
(Fig. 1B, p<0.001). We observed that the resting meta-
bolic rates [25, 26] of CS treated flies were almost twice
as high as in non-treated matching controls (Fig. 1C,
p<0.001). Moreover, animals confronted with daily doses
of cigarette smoke showed a substantially reduced overall
physical activity. Movement activities of CS treated and
untreated animals were analyzed using the Drosophila
activity monitoring system [27]. We observed sex-
specific differences in the reaction towards CS exposure.
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Figure 1. CS exposure alters physiological parameters. (A)
Lifespan of chronically CS exposed w8 female flies (red
symbols) compared to that of matching controls (black symbols).
Statistical analysis revealed signficant differences (p< 0.0001, n
=8). (B) Body fat contents of 10d CS exposed w''*® females (red)
and of matching controls (black). Mean values are significantly
different (p<0.0001, n=5). (C) Mean metabolic rate of w®
females after 10d of CS exposure and their matching controls
(p<0.005, n = 11). Red symbols/bars mean CS exposed, black
symbols/bars mean matching controls.

Exposure to CS of only 1 week reduced the daily
physical activity in males significantly (Fig. 2A, B) by
about 60-70%. This reduction in movement activities
was even more pronounced after 14d of CS exposure
(Fig. 2C, D). In females, 7d exposure to CS led to a
marginal decline in activity, which was not statistically
significant (Fig. 2E, F). In contrast, 14d exposure
induced a massive decline in physical activities also in
females (Fig. 2G, H). A closer evaluation revealed that
reduced activities are mainly observed in the major
activity periods of flies, the so-called morning and
evening peaks (Fig. 2A, C, E, G).

To evaluate if cigarette smoke exposure induces
structural changes in the airway system, we used
Drosophila larvae as their airway system is highly
amenable to a detailed structural analysis and modified
the protocol for cigarette smoke exposure accordingly.
Prolonged confrontation with cigarette smoke (2 or 3
days with 3 periods of 30 min daily) had a significant
impact on the terminal structures of the airway system,
which are those regions of the airway system devoted to
gas exchange. These terminal cells have long gas filled
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Figure 2. Chronic CS exposure reduces the locomotor
activity of male and female w'® flies. Effect of 7d CS
exposure on the locomotor activity (A, 36 hour period, B mean
values) of male flies (p<0.0001, n=16). 14d CS exposure affects
movement activities substantially (C, 36 hour period, D mean
values). Effects of 7d CS exposure on the locomotor activity (E,
36 hour period, F mean values) of female flies. The morning
peak of 7d CS exposed female flies is almost completely
diminished, while the overall activity is not significantly
decreased. 14d of CS exposure affects the movement activities
more severely (G, 36 hour period, H mean values, p<0.0001, n =
16). Red symbols/bars mean CS exposed, black symbols/bars
mean matching controls.

protrusions to deliver oxygen to the different organs of
the fly (Fig. 3A). In response to two different regimens
of cigarette smoke exposure, the corresponding animals
showed a reduced respiratory surface. To demonstrate
this effect, we analyzed the overall numbers as well as
the total lengths of type II and type III branches using
an ImageJ plugin (Fig. 3B, C). For all experiments we
observed similar trends, likewise whether we analyzed
the parameters after 2 or 3 days, with more pronounced
reductions after 3 days. The number of type II branches
was not changed by this intervention (Fig. 3D), whereas
the number of type III branches was significantly
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reduced after both, 2 and 3 days of CS exposure (Fig.
3E). After 3 days of CS exposure the reduction was
almost 20%. Quantification of the total lengths of type
II branches revealed a decrease from controls to animals
treated for 2 days t. Moreover, a further decrease was
observed if the animals treated for 3 days were included
(Fig. 3F). Type III branches show an even greater
reduction in total lengths after 2 and 3 days of
treatment, which was up to 20%. All values were
significantly different (Fig. 3G).
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To evaluate the underlying molecular mechanisms, we
performed a RNAseg analysis of untreated as well as
CS exposed airways from 3" instar larvae of the same
genotype. In total, 143 genes were statistically signifi-
cantly upregulated and 36 genes were statistically
significantly downregulated (Supplementary Table 1).
Displayed is a heatmap of the top 50 differentially
transcribed genes with regard to their statistical support
(Fig. 4A, p<0.05). To further evaluate the validity of
these RNAseq results, we selected a small group of
genes showing increased transcript levels. The
transcript level quantification was performed in
independent experiments by qRT-PCR experiments.
Both GST genes (GstD2, GstD5) that were analyzed
showed several hundredfold transcript levels in
response to CS exposure. A similar increase was
observed for Prx2540 and for the ligands of the
JAK/STAT signaling pathway upd?2 and upd3 (Fig. 4B).
This observed increased expression was also seen in
experiments using a promoter reporter line, where the
presumptive Prx2540 promoter drives expression of
Gal4. Based on the Gal4/UAS system [28], the
promoter activity could be monitored by utilizing GFP
as the reporter. As expected, CS exposure induced
expression of GFP that is mainly confined to the
tracheal system (Fig. 4C, D). Given the complexity of
the cohorts of significantly regulated genes, we
identified common signatures using various approaches.
We compared the cohorts of regulated genes identified
in the current study with those sets of genes that were
regulated in response to infection [29] or in response to
ectopic activation of the IMD pathway [30] in the
airways of larval Drosophila (Fig. 4E). Moreover, we
searched for transcription factor binding sites in the
presumptive promoter regions of these genes using
Pscan [31] and performed a detailed gene ontology
analysis using the DAVID program package [32, 33].
Using Pscan, only 4 different transcription factor
binding sites were significantly enriched in the cohorts
of regulated genes. These are Trl (p=6X107), Mad
(p=0.0052), opa (p=0.014) and CTCF (p=0.044).
Moreover, we performed a GO analysis and retrieved
significantly enriched KEGG pathways and GO terms.
These are listed in Supplementary Table 1 and comprise
the enriched KEGG pathways: glutathione metabolism
(p=1.1X10"), metabolism of xenobiotics by p450
(p=7.9X10"%), and drug metabolism p450 (p=2.2X10™").

Figure 3. Effect of CS exposure on terminal cells of 3" instar larvae. Representative terminal cells of the dorsal branch in the third
segment of Drosophila L3 larvae, where GFP was expressed under UAS control with a terminal cell specific GAL4 driver to visualize these
tracheal terminal cells (A). For the analyses of the branching pattern, only one of the two terminal cells was analysed per replicate (A).
Tracing of Type2, type3 and typed branches was done with NeuronJ (B, B’). (C) The number of Type Il branches was evaluated in control
animals (black, those treated for 2 days with CS (red) and those treated for 3days with CS (violet). (D) as described for C, but focused on
type Ill branches. Total lengths of type Il (E) and type Il (F) branches were measured. Also, the more frequent the smoke exposure, the
shorter the length of Type Il and Ill branches. To test for physiological changes after prolonged CS exposure, we analyzed the flight
response of L3 larvae to reduced oxygen conditions. The percentage of larvae leaving the medium, after decreasing the concentration of O,
to 2.5-4 %, was calculated. (* means p<0.05, ** means p<0.01, *** means, p<0.005).
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The GO term analyses (Supplementary Table 2) revealed
some suspicious categories including glutathione
metabolic  processes (p=2.6X10’18), response  to
oxidative stress (p=0.0044), and regulation of JAK-
STAT cascade (p=0.015) among others (Supplementary
Table 1). Regulation of xeno-biotic and glutathione
metabolism is usually under the control of Nrf2
signaling. Thus, we focused on the two most suspicious
signaling pathways, the Nrf2 and the JAK/STAT
signaling systems for in-depth analyses. Thus, we
employed reporter fly lines that specifically reflect
activation of either pathway within the fly. We analyzed
reporter lines that monitor activation of the JAK/STAT
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signaling pathway by subsequent production of GFP
(10XSTAT-GFP) and observed specific expression
mostly confined to the trachea in CS exposed animals
and here to those regions that are close to the spiracular
openings (Fig. 5A, B). Moreover, we analyzed if the
expression of the natural cytokines that activate the
JAK/STAT signaling pathway are regulated. Here, no
change could be observed for unpaired (upd, Fig. 5C,
D), but strong activation in those parts of the tracheal
system that are close to the spiracular openings could be
observed for upd? (Fig. 5E, F) and upd3 (Fig. 5G, H).
We observed CS induced upd3 expression also in distal
parts of the tracheal system (Fig. SE, F). In addition to
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Figure 4. Transcriptomic analyses of CS exposed trachea from 3" instar larvae. (A) RNA sequencing experiment of
trachea derived from nontreated (control) and CS exposed animals (CS) revealed a total of 143 genes significantly upregulated
and 36 genes significantly downregulated in response to CS exposure (p<0.05). Shown is a heatmap with all 4 biological
replicates comprising those 50 differentially transcribed genes with the most supportive p-values. gRT-PCR experiment to verify
the differential transcription of selected genes (B). Transgenic animals carrying a Gal4 element under the control of the
presumptive Prx2540 promoter (C, D) crossed to UAS-GFP flies and not exposed to CS (C) or exposed to CS (D). (E) Venn
diagram analyses of those genes that were significantly regulated in respinse to CS exposure (smoke) compared with those
regulated in response to infection (infection) and those regulated in response to ectopic PGRP-LE expression (PGRP-LE OE).
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the JAK/STAT system we focused on the Nrf2
signaling system and wused reporter lines that
demonstrate a specific activation of this pathway (Fig.
6). In the so-called ARE-GFP line, CS exposure
resulted in significant induction of GFP expression
especially in the dorsal trunks (Fig. 6A, B), a very
similar pattern was observed for the GstD2-Gfp line,
which serves as a reliable reporter of Nrf2 activation
(Fig. 6C, D). To manipulate this signaling system
experimentally, we employed oltipraz, a specific Nrf2
activator, and treated larval and adult Drosophila.

10XSTAT-GFP, control

C

Upd-LacZ, control __ _Upd-Lacz, CS

E F

%
/)
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Figure 5. Activation of the JAK/STAT signaling pathway
by CS exposure. A STAT reporter line (10XSTAT) tht was left
untreated (A) or exposed to CS (B). LacZ staining of larvae
carrying upd-Gal4, UAS-GFP (C, D), upd2-Gal4, UAS-GFP (E, F) or
upd3-Gald, UAS-GFP (G, H). Displayed are isoltaed trachea from
non treated larvae (C, E, G) or those exposed to CS (D, F, H).

Oral application of this compound induced activation of
the ARE-GFP reporter both in larvae (Fig. 6E, F) and
adults (Fig. 6G, H). Quantitative evaluation of the
transcript levels of two Nrf2 responsive genes, namely
of GstD2 and Prx2540 revealed a specific increase in
the tracheal tissue, implying for a specific activation of
the corresponding signaling system (Fig. 6J). Taking
this information into account, we evaluated if
manipulation of this signaling pathway interferes with
the organism’s sensitivity to CS exposure. To evaluate
the effects of chronic oltipraz application independent
of CS exposure, we treated control animals with this
compound for their entire adult life and compared the
effects with those animals that were only treated with
the solvent. In this case, the application of oltipraz led
to a significantly reduced life span (median survival
reduced from 38d for untreated controls to 30d for
oltipraz treated ones), implying that this oltipraz
concentration had a slight but significant (p<0.0001)
negative effect on life span in general (Fig. 6K).
Moreover, we measured the life spans of cohorts of flies
fed with oltipraz as well as of matching controls that
were chronically exposed to CS. We find that
administration of oltipraz prolonged median life spans
in these CS treated animals from 14d to 16d, which is
an increase of approximately 15% (Fig. 6K, p<0.0001).

DISCUSSION

Chronic cigarette smoke exposure is the major cause of
COPD. Although substantial steps forward have been
made in the last years, our understanding of the
molecular and cellular mechanisms that underlie disease
progression is still not satisfactory [18]. This lack of
understanding is mirrored by the lack of causal and
successful therapeutic interventions[7]. To improve this
unedifying situation, novel research strategies are
mandatory. Thus, informative and druggable animal
models are highly appreciated. The Drosophila model
conceived here, shows a complex set of pathological
phenotypes in response to chronic, low level CS
exposure that resemble those seen in human COPD
patients. Flies chronically exposed to CS have a
strongly reduced life span, they show reduced physical
activities, increased metabolic rates and a decreased
body fat content. The occurrence of this set of
phenotypes implies that CS exposure induces very
similar alterations in flies and in human patients
suffering from the disease [34]. Surprisingly, even the
respiratory surfaces of CS exposed flies were
significantly reduced, which is one major hallmark of
COPD [4, 35]. In patients, the gradual decline of
respiratory net surface in the alveolar space finally
leading to the development of emphysema, is the major
pathological development in the disease [3, 18, 36].
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Figure 6. Oltipraz ectopically activates Nrf2 signaling and increases lifespan of CS exposed flies. CS

exposure impacts the expression of GFP in Nrf2 reporter lines (A-D). 3

" instar ARE-GFP larvae were left untreated (A) or

exposed to CS (B). GstD2-GFP animals left untreated (C) or CS exposed (D). Impact of oltipraz on the activation of Nrf2
signaling in 3" instar larvae (E-H). 3" instar ARE-GFP larvae were left untreated (E) or exposed to oltipraz (F). GstD2-GFP
animals left untreated (G) or treated with oltipraz (H). Effect of oltipraz on the transcript levels of canonical Nrf2 target
genes (J, N=3, means 1S.D., n = 5, p > 0.01 for gstd5). Lifespan analysis of CS exposed animals (daily doses) that were
left otherwise untreated (red symbols) or that were chronically confronted with oltipraz (blue symbols) (p<0.001, n = 5).

Based on this surprising number of phenotypical
similarities that encompass all major hallmarks of the
disease, it is reasonable to utilize this seemingly
unsuited model for further studies. Based on the
transcriptomic studies performed with airway epithelia
of CS exposed and non-treated flies, we observed very
robust regulation of a restricted cohort of genes that
comprise various genes that are deeply involved in
responses towards xenobiotics and ROS. The abundant
presence of both, ROS and xenobiotics, in the lungs of
smokers are thought to be intimately connected to
disease development [36, 37]. Very impressive was the
regulation of sets of genes in the airway system of
Drosophila that are directly associated with the
glutathione biology. The regulation and performance of
the complex glutathione metabolism has been shown to
be highly relevant in smoke-induced lung diseases.
Glutathione and especially its biologically active form,
reduced glutathione, is depleted upon CS exposure [38,

39]. Presumably to counteract this depletion of
biologically active glutathione metabolites, the expres-
sion of numerous genes coding for enzymes involved in
glutathione metabolism is upregulated substantially in
response to CS exposure. Moreover, failures to produce
sufficient amounts of glutathione cause worsening of
the inflammatory state of the lung, and numerous
associations of genes of the glutathione metabolism
have been linked with CS induced lung diseases or
cancer [40, 41].

Thus, this highly impressive increase in expression of
numerous genes associated with the glutathione
metabolism is in line with observations that have been
made in patient material or in mammalian models of
chronic CS exposure [42, 43]. In addition, the
regulation of genes, whose products are tightly
associated with the detoxification of xenobiotics was
very intriguing. Most important in this context were
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several cytochrome P450 enzymes (Cyp) that are also
known to take a central position as detoxifying enzymes
in the human lung and that are also upregulated in
response to CS exposure in human or murine systems
[44, 45]. Although these Cyp genes are induced in
response to xenobiotics, their activity is not per se
positive, as some irritants and carcinogenic compounds
need to be modified by the activity of specific Cyps to
unfold their pathogenic potential [46, 47].

Usually, these sets of genes are under the transcriptional
control of stress responsive signaling systems such as
the Nrf2 pathway. We could show that Nrf2 signaling is
indeed substantially upregulated in response to CS
exposure in well-defined parts of the tracheal system of
the fly. Impairments in the Nrf2 mediated anti oxidative
response in the lung is thought to be associated with the
development of COPD [48]. Thus, it is reasonable to
assume that manipulation of Nrf2 signaling in the
airway epithelium is a promising intervention strategy
to interfere with CS exposure induced pathologies [49-
51]. We used oltipraz, a specific activator of Nrf2
signaling [52] and applied it together with the food. In
flies, the small body size enables the activation of Nrf2
signaling in the airways, presumably due to diffusion
processes. Moreover, this pharmacological treatment
partially rescued the early lethality induced by CS
exposure and enhanced median lifespan by
approximately 15%. Although seemingly a minor effect,
translated to the human situation, it would be equivalent
to an increase in life span from 70 to 84 years.
Moreover, it contrasts the overall negative effect seen
by oltipraz administration on the life span in otherwise
untreated animals. Thus, based on these results, it can
be assumed that directed activation of Nrf2 signaling in
the airways is a promising strategy to prevent or delay
CS induced morbidities. Attempts to follow this
approach in clinical trials failed so far [53].
Sulforaphane, which was used as a Nrf2 activator was
administered orally in this clinical study. Orally applied
Nrf2 activators not necessarily induce significant
activation of this pathway in the lung. Our result also
implied that oral administration of a general Nrf2
activation throughout the entire organism has severe
negative effects. Based on our results, a revitalization of
the concept to use Nrf2 activators as COPD therapeutics
seems to be reasonable, but local application forms,
such as inhalation therapies might be much more suited
to achieve a protective effect.

Two other signaling systems were identified in this
study that have unequivocally been linked to COPD
development. These are the JAK/STAT- and the TGF-
B-pathways. JAK/STAT signaling is centrally involved
in repair processes in various tissues and thus represents

a key signaling pathway that is tightly connected with
the genesis of COPD [13]. Deregulated activity of this
pathway or of upstream cytokine systems within the
lung are highly relevant for disease development [13].
Both, cytokines such as IL5 or IL6, as well as the
terminal modules of the signaling cascade, namely
STAT1 and STAT3 have been associated with disease
development. In the Drosophila system, we observed a
very similar type of activation caused by CS exposure.
Again, both, the transcription factors, but also the
cytokines activating the system were upregulated in the
airway epithelium. Interfering with this system at
different levels has been shown to be a promising
strategy for the treatment of COPD (IL5, IL6). The
results of the current study imply that an autocrine
positive feedback loop 1is operative under these
experimental conditions and might thus contribute to
disease development.

Among other functional categories, JAK/STAT
signaling has been shown to be tightly associated with
tissue regeneration processes. Tissue regeneration in
general appears to be specifically impaired in the lungs
of COPD patients, implying that manipulation of
JAK/STAT signaling holds the potential to specifically
interfere with these pathological developments. Up-
regulation of this highly important signaling pathway
can have two different underlying mechanisms, the
response to cellular damage caused by CS exposure in
the treated airway epithelia or a specifically induced
signaling system that is launched to prevent further
cellular damage. Upregulation of this signaling system
usually is a double-edged sword, it can be highly
effective in safeguarding the cell’s survival even under
stressful conditions, but a chronically deregulated
pathway may lead to massive inflammation and finally
to the development of cancer.

The Drosophila COPD model presented here is a
valuable extension of the animal model toolbox that is
currently in use to study this disease. Animal models of
COPD are mainly based on CS exposed mice or other
rodents [11, 54, 55]. Although their use has been highly
informative, they have some drawbacks where alter-
native models can yield complementary information.
Rodent COPD models can nicely reproduce major
features of COPD, but long term-studies, especially
those that comprise life span as a major read-out are
almost impossible to perform. Moreover, these systems
are not suited for high-throughput approaches aiming to
evaluate the effectiveness of novel therapeutic
interventions. Here, the fly model can step in as it
allows quantifying the effects on life span in high-
throughput settings, which can speed up the search for
new therapeutic interventions substantially.
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MATERIALS AND METHODS

Fly strains and fly husbandry

For most experiments, the w''/* strain was used. Dsrf-
Gal4 (gift of Jordi Casanova, Barcelona, Spain) has
been described earlier [56], the UAS-6xGFP was made
available from the Bloomington Stock Center (#52262).
To isolate the presumptive Prx2540-promoter, a 1260
bp fragment upstream of the transcription start was
amplified. This fragment was cloned into the
pBPGAL4.2::VP16Uw vector (Addgene # 26228,
Cambridge, USA) and injection into w'"® was done by
BestGene (Chino Hills, USA). Flies were cultured
essentially as described earlier [26, 57].

Cigarette smoke exposure

All cigarette smoking exposure experiments were
carried out in a smoking chamber, attached to a
diaphragm pump. Common research 3R4F cigarettes
(CTRP, Kentucky University, Lexington, USA) were
used for all experiments. The vials containing flies or
larvae, were capped with a monitoring grid to allow the
cigarette smoke to diffuse into the vial. For experiments
based on Drosophila larvae, 2" instar larvae were
exposed to smoke three times a day for 30 min each, on
two consecutive days. Adult flies (5-7days) were
exposed to cigarette smoke once a day for 30 min on 5
days a week. Subsequent experiments with larvae were
performed 30 min after the last cigarette exposure.
Adult experiments were carried out 2 h after the last
exposure.

RNA isolation and RNA sequencing

For the gene expression analysis of 3" instar larvae
trachea, larvae were dissected in cold PBS and
transferred to RNA Magic (BioBudget, Krefeld,
Germany) and processed essentially as described earlier
[23] with slight modifications. The tissue was homo-
genized in a Bead Ruptor 24 (BioLab products,
Bebensee, Germany) and the RNA was extracted by
using the PureLink RNA Mini Kit (Thermo Fisher,
Waltham, MA, USA) for phase separation with the
RNA Magic reagent. An additional DNase treatment
was performed following the on-column PureLink
DNase treatment protocol (Thermo Fisher, Waltham,
MA, USA).

The RNAseq reads were trimmed for low quality bases
and adapters using the fastq illumina filter
(http://cancan.cshl.edu/labmembers/gordon/fastq_illumi
na_ filter/) and cutadapt (version 1.8.1) [58],
respectively. Reads that were shorter than 50bp after the
trimming were filtered out. The trimmed and filtered

reads were mapped to the D. melanogaster reference
genome (Release 6) [59] using TopHat (version 2.0.14)
[60]. The expression counts of the genes were estimated
using htseq [61] and the differential expression analysis
was done using the Bioconductor package DESeq?2 [62].
The transcription factor binding site enrichment and the
Gene Ontology enrichment analyses of the differentially
expressed genes were carried out using Pscan [31] and
DAVID [32], respectively.

Determination of body fat content and metabolic
rates

To determine the body fat content of CS exposed w'’’®
flies, whole female flies were essentially treated as
described earlier [63]. In brief, flies were homogenized
with a Bead Ruptor 24 (BioLabProducts, Bebensee,
Germany). The lysate was heat inactivated for 5 min at
70°C and centrifuged for 3 min at 3000x g. The Sample
was centrifuged again for 3 min at 2500xg and 50 pl of
supernatant were transferred to 96-well plates.
Absorbance was measured at 540 nm, 200 pl pre
warmed Infinity Triglyceride solution (Fisher Scientific,
Waltham, MA, USA) was added and incubated at 37 °C
for 30 min. Absorbance was measured at 540 nm to
determine the colorimetric reaction ratio.

To quantify the basic metabolic rate of smoked flies the
amount of consumed CO, was measured as readout for
0, usage. Therefore 5-7 d old mated female w''’® flies
were smoked for 10 d. The experimental procedure was
performed as previously described [25, 64]. Groups of 3
flies were analyzed for 2h periods. Data presented were
calculated based on the volume of produced CO, during
the experimental phase. Data were obtained from at
least 11 independent biological replicates.

Lifespan measurements

Mated female w'//* flies were collected and separated
from males in the age of 5 to 7 days after hatching. 10
flies per vial were exposed to cigarette smoke for 30
min each day on 5 day per week. Prior smoke exposure,
flies were transferred to empty vials to avoid
contamination of the food. Flies were transferred to
fresh vials every other day and the number of dead flies
was counted accordingly. For the oltipraz treatment,
flies were kept on media supplied with a final
concentration of 400 uM oltipraz.

Fluorescence microscopy

To visualize the activation of reporter lines, the trachea
of 3" instar larvae were dissected in cold PBS and
mounted in Roti-Mount (Roth, Karlsruhe, Germany) to
stain the DNA. Images were acquired using a Zeiss
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Axio Imager Z1, equipped with an Apotome and an
AxioCam MRm camera system (Zeiss, Oberkochen,
Germany).

Locomotor activity

For studying the activity of smoke exposed flies, a
Drosophila Activity Monitoring (DAM) system was
used [27]. 5-7 d old mated female w 15" flies were
smoked for 7 d and 14 d, respectively. Subsequently, flies
were put into vials containing media made of 1.5 % agar-
agar and 5 % sucrose. Activity was monitored for 2 d.
Monitor files were processed with the DAM File scan
software (TriKinetics, Waltham, USA) and the activity
counts were binned to 30 min (n=8 with 10 flies each).

Branching analysis

For comparison of the terminal cell branching pattern
between CS exposed and control larvae, the terminal
cell driver dsrf-Gal4 was crossed to the responder 20x
UAS-6x gfp. Larvae were kept on 25 °C for five days
until they reached L3 state. The treatment with cigarette
smoke was conducted on day 4 and 5 or on day 3, 4 and
5 after mating for 2x3 or 3x3 CS exposure respectively.
Each day 3 cigarettes were applied for 30 minutes with
intervals of 3 hours. After the last treatment, larvae
were used for the branching analysis. The protocol used
for the branching pattern is based on the publication of
Jones and Metzstein [65]. We analyzed the terminal cell
of the dorsal branch in the 3™ segment. The terminal
cells were evaluated with the 10x objective. Five Z-
Stacks of each larvae were taken to follow the branches
into the periphery. Before using Neuronl, the contrast of
each image was increased by 2.5 %. At least 28
independent measurements were used for analysis.

Hypoxia sensitivity

For the Hypoxia sensitivity test w'/’® larvae were raised
and treated as described for the branching experiment.
On day five, 30 min after the last treatment, larvae were
washed with 1x PBS and 10 larvae per treatment were
put into a new vial. After 30 minutes the vials were put
in a desiccator with a fitted O, electrode. The oxygen
was flushed out with nitrogen gas to a level of 2.5 % - 4
% O,. The flight response was monitored every 5 min
for 20 minutes in total. For each time point the
percentage of larvae that left the media was calculated.
17 independent replicates with 10 L3 larvae each were
analysed.

qRT-PCR

w'"® larvae were raised on 25 °C for 5 days. The CS
was applied on day 4 and 5 with 3 cigarettes per day.

CS exposure lasted 30min. 30 min after the last
cigarette treatment the trachea of the larvae were
isolated in 1x PBS. The dissected tissue was transferred
into RNA Magic (BioBudget, Krefeld, Germany). The
isolation procedure is the same as for the RNAseq
experiments. Isolated RNA was transcribed into cDNA
with Superscript IV (Thermo Fisher Scientific, Carlsbad,
USA). The cDNA was adjusted to 20 ng per well with 2x
gPCRBio Sygreen Mix Hi Rox (PCRBiosystems,
London, UK) and amplified for 40 cycles. Data was
analyzed by ““Ct and samples were normalized against
pl32. At least five independent samples were used.

LacZ-staining

Trachea from 3™ instar larvac were dissected in PBS
and fixed for 25 min in 0,75 % glutaraldehyde at RT.
The tissue was washed twice for 5 min with PBS and
pre-warmed (37°C) staining solution (150 mM NacCl, 1
mM  MgCl,, 3.1 mM KyFe(CN)g)], 3.1 mM
K;[Fe(CN)g], 0.3 % Triton X-100) supplied with 600
pM X-Gal was added. Trachea were incubated at 37 °C
for 1h and imaged immediately after incubation.

Abbreviations

ARE: antioxidant response element; COPD: chronic
obstructive pulmonary disease; CS: cigarette smoke;
CTCF: CCCTC-binding factor; Cyp: cytochrome P;
Dsrf: Drosophila serum response factor; GFP: green
fluorescent protein; GO: gene ontology; GST: gluta-
thione S transferase; GstD2/5: glutathione S transferase
D2/5; 1L5/6: interleukin5/6; IMD: immune deficiency;
JAK/STAT: januskinase/signal transducers and activa-
tor of transcription; KEGG: Kyoto Encyclopedia of
Genes and Genomes; Mad: mothers against de-
capentaplegic; Nrf2: nuclear factor erythroid 2-related
factor 2; opa: odd paired; PBS: phosphate buffered
saline; PGRP-LE-OE: peptidoglycan recognition protein
LE overexpression; Prx2540: peroxiredoxin 2540; qRT-
PCR: quantitative reverse transcriptase PCR; ROS:
reactive oxygen species; TGF-B: transforming growth
factor- B; Trl: trithorax-like; UAS: upstream activating
sequence; upd2/3: unpaired2/3.

AUTHOR CONTRIBUTIONS

RP, MT, AB, KU and CW performed the experiments,
NM, RS, RH and CF evaluated the data, PR, AOY and
TR conceived the study, RP, CF and TR wrote the
manuscript.

ACKNOWLEDGEMENTS

We would like to thank Britta Laubenstein and
Christiane Sandberg for excellent technical assistance.

WWWw.aging-us.com 2131

AGING



Moreover, we would like to thank Jordi Casanova
(Barcelona, Spain) and the Bloomington Stock Center
for flies.

CONFLICTS OF INTEREST
The authors declare no competing interests.
FUNDING

This work was supported by the Kiel University within
the EvoLung Leibniz Campus, as well as by the DFG as
part of the CRC1182 (project C2).

REFERENCES

1. Mathers CD, Loncar D. Projections of global mortality
and burden of disease from 2002 to 2030. PLoS Med.
2006; 3:e442.
https://doi.org/10.1371/journal.pmed.0030442

2. Meiners S, Eickelberg O, Konigshoff M. Hallmarks of
the ageing lung. Eur Respir J. 2015; 45:807-27.
https://doi.org/10.1183/09031936.00186914

3. Rabe KF, Watz H. Chronic obstructive pulmonary
disease. Lancet. 2017; 389:1931-40.
https://doi.org/10.1016/50140-6736(17)31222-9

4. McDonough JE, Yuan R, Suzuki M, Seyednejad N,
Elliott WM, Sanchez PG, Wright AC, Gefter WB, Litzky
L, Coxson HO, Paré PD, Sin DD, Pierce RA, et al. Small-
airway obstruction and emphysema in chronic
obstructive pulmonary disease. N Engl J Med. 2011;
365:1567-75.
https://doi.org/10.1056/NEJM0a1106955

5. Brandsma CA, de Vries M, Costa R, Woldhuis RR,
Konigshoff M, Timens W. Lung ageing and COPD: is
there a role for ageing in abnormal tissue repair? Eur
Respir Rev. 2017; 26:170073.
https://doi.org/10.1183/16000617.0073-2017

6. Aoshiba K, Nagai A. Senescence hypothesis for the
pathogenetic mechanism of chronic obstructive
pulmonary disease. Proc Am Thorac Soc. 2009;
6:596—601. https://doi.org/10.1513/pats.200904-
017RM

7. Martinez FJ, Donohue JF, Rennard SI. The future of
chronic obstructive pulmonary disease treatment--
difficulties of and barriers to drug development.
Lancet. 2011; 378:1027-37.
https://doi.org/10.1016/50140-6736(11)61047-7

8. Wright JL, Cosio M, Churg A. Animal models of
chronic obstructive pulmonary disease. Am J Physiol
Lung Cell Mol Physiol. 2008; 295:L1-15.
https://doi.org/10.1152/ajplung.90200.2008

10.

11.

12.

13.

14.

15.

16.

17.

18.

Dawkins PA, Stockley RA. Animal models of chronic
obstructive pulmonary disease. Thorax. 2001;
56:972-77. https://doi.org/10.1136/thorax.56.12.972

Leberl M, Kratzer A, Taraseviciene-Stewart L. Tobacco
smoke induced COPD/emphysema in the animal
model-are we all on the same page? Front Physiol.
2013; 4:91.
https://doi.org/10.3389/fphys.2013.00091

Churg A, Cosio M, Wright JL. Mechanisms of cigarette
smoke-induced COPD: insights from animal models.
Am J Physiol Lung Cell Mol Physiol. 2008; 294:L612—
31. https://doi.org/10.1152/ajplung.00390.2007

Baarsma HA, Skronska-Wasek W, Mutze K, Ciolek F,
Wagner DE, John-Schuster G, Heinzelmann K,
Ginther A, Bracke KR, Dagouassat M, Boczkowski J,
Brusselle GG, Smits R, et al. Noncanonical WNT-5A
signaling impairs endogenous lung repair in COPD. J
Exp Med. 2017; 214:143-63.
https://doi.org/10.1084/jem.20160675

Yew-Booth L, Birrell MA, Lau MS, Baker K, Jones V,
Kilty 1, Belvisi MG. JAK-STAT pathway activation in
COPD. Eur Respir J. 2015; 46:843-45.
https://doi.org/10.1183/09031936.00228414

He JQ, Foreman MG, Shumansky K, Zhang X, Akhabir
L, Sin DD, Man SF, DeMeo DL, Litonjua AA, Silverman
EK, Connett JE, Anthonisen NR, Wise RA, et al.
Associations of IL6 polymorphisms with lung function
decline and COPD. Thorax. 2009; 64:698-704.
https://doi.org/10.1136/thx.2008.111278

Ferrari R, Tanni SE, Caram LM, Corréa C, Corréa CR,
Godoy I. Three-year follow-up of Interleukin 6 and C-
reactive protein in chronic obstructive pulmonary
disease. Respir Res. 2013; 14:24.
https://doi.org/10.1186/1465-9921-14-24

Pavord ID, Chanez P, Criner GJ, Kerstjens HA, Korn S,
Lugogo N, Martinot JB, Sagara H, Albers FC, Bradford
ES, Harris SS, Mayer B, Rubin DB, et al. Mepolizumab
for Eosinophilic Chronic Obstructive Pulmonary
Disease. N Engl J Med. 2017; 377:1613-29.
https://doi.org/10.1056/NEJM0al1708208

Suzuki M, Betsuyaku T, Ito Y, Nagai K, Nasuhara Y,
Kaga K, Kondo S, Nishimura M. Down-regulated NF-
E2-related factor 2 in pulmonary macrophages of
aged smokers and patients with chronic obstructive
pulmonary disease. Am J Respir Cell Mol Biol. 2008;
39:673-82. https://doi.org/10.1165/rcmb.2007-
04240C

Barnes PJ, Burney PG, Silverman EK, Celli BR, Vestbo J,
Wedzicha JA, Wouters EF. Chronic obstructive
pulmonary disease. Nat Rev Dis Primers. 2015;
1:15076. https://doi.org/10.1038/nrdp.2015.76

WWWw.aging-us.com 2132

AGING



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Pandey UB, Nichols CD. Human disease models in
Drosophila melanogaster and the role of the fly in
therapeutic drug discovery. Pharmacol Rev. 2011;
63:411-36. https://doi.org/10.1124/pr.110.003293

Ugur B, Chen K, Bellen HJ. Drosophila tools and assays
for the study of human diseases. Dis Model Mech.
2016; 9:235-44.
https://doi.org/10.1242/dmm.023762

Roeder T, Isermann K, Kabesch M. Drosophila in
asthma research. Am J Respir Crit Care Med. 2009;
179:979-83. https://doi.org/10.1164/rccm.200811-
1777pPP

Roeder T, Isermann K, Kallsen K, Uliczka K, Wagner C.
A Drosophila asthma model - what the fly tells us
about inflammatory diseases of the lung. Adv Exp
Med Biol. 2012; 710:37-47.
https://doi.org/10.1007/978-1-4419-5638-5_5

Kallsen K, Zehethofer N, Abdelsadik A, Lindner B,
Kabesch M, Heine H, Roeder T. ORMDL deregulation
increases stress responses and modulates repair
pathways in Drosophila airways. J Allergy Clin
Immunol. 2015; 136:1105-08.
https://doi.org/10.1016/j.jaci.2015.04.009

Levine BD, Cagan RL. Drosophila Lung Cancer Models
Identify Trametinib plus Statin as Candidate
Therapeutic. Cell Reports. 2016; 14:1477-87.
https://doi.org/10.1016/j.celrep.2015.12.105

Yatsenko AS, Marrone AK, Kucherenko MM,
Shcherbata HR. Measurement of metabolic rate in
Drosophila using respirometry. J Vis Exp. 2014,
e51681. https://doi.org/10.3791/51681

Li Y, Hoffmann J, Li Y, Stephano F, Bruchhaus I, Fink C,
Roeder T. Octopamine controls starvation resistance,
life span and metabolic traits in Drosophila. Sci Rep.
2016; 6:35359. https://doi.org/10.1038/srep35359

Pfeiffenberger C, Lear BC, Keegan KP, Allada R.
Locomotor activity level monitoring using the
Drosophila Activity Monitoring (DAM) System. Cold
Spring Harb Protoc. 2010; 2010:t5518.
https://doi.org/10.1101/pdb.prot5518

Brand AH, Perrimon N. Targeted gene expression as a
means of altering cell fates and generating dominant
phenotypes. Development. 1993; 118:401-15.

Wagner C, Isermann K, Fehrenbach H, Roeder T.
Molecular architecture of the fruit fly’s airway
epithelial immune system. BMC Genomics. 2008;
9:446. https://doi.org/10.1186/1471-2164-9-446

Wagner C, Isermann K, Roeder T. Infection induces a
survival program and local remodeling in the airway
epithelium of the fly. FASEB J. 2009; 23:2045-54.
https://doi.org/10.1096/fj.08-114223

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zambelli F, Pesole G, Pavesi G. Pscan: finding over-
represented transcription factor binding site motifs in
sequences from co-regulated or co-expressed genes.
Nucleic Acids Res. 2009 (suppl_2); 37:W247-52.
https://doi.org/10.1093/nar/gkp464

Huang W, Sherman BT, Lempicki RA. Systematic and
integrative analysis of large gene lists using DAVID
bioinformatics resources. Nat Protoc. 2009; 4:44-57.
https://doi.org/10.1038/nprot.2008.211

Huang da W. Sherman BT. Zheng X, Yang J, Imamichi
T, Stephens R and Lempicki RA. Extracting biological
meaning from large gene lists with DAVID. Curr
Protoc Bioinformatics. 2009. Chapter 13: Unit 13.11.
https://doi.org/10.1002/0471250953.bi1311s27.

Muers MF, Green JH. Weight loss in chronic
obstructive pulmonary disease. Eur Respir J. 1993;
6:729-34.

Lange P, Celli B, Agusti A, Boje Jensen G, Divo M,
Faner R, Guerra S, Marott JL, Martinez FD, Martinez-
Camblor P, Meek P, Owen CA, Petersen H, et al. Lung-
Function Trajectories and Chronic Obstructive
Pulmonary Disease. N Engl J Med. 2015; 373:1575.
https://doi.org/10.1056/NEJMo0a1411532

Tuder RM, Petrache |. Pathogenesis of chronic
obstructive pulmonary disease. J Clin Invest. 2012;
122:2749-55. https://doi.org/10.1172/)C160324

Kluchova Z, Petrasova D, Joppa P, Dorkova Z, Tkacova
R. The association between oxidative stress and
obstructive lung impairment in patients with COPD.
Physiol Res. 2007; 56:51-56.

Rahman I, MacNee W. Lung glutathione and oxidative
stress: implications in cigarette smoke-induced
airway disease. Am J Physiol. 1999; 277:0L1067—-88.

Gould NS, Min E, Gauthier S, Martin RJ, Day BJ. Lung
glutathione adaptive responses to cigarette smoke
exposure. Respir Res. 2011; 12:133.
https://doi.org/10.1186/1465-9921-12-133

Lavender NA, Benford ML, VanCleave TT, Brock GN,
Kittles RA, Moore JH, Hein DW, Kidd LC. Examination
of polymorphic glutathione S-transferase (GST) genes,
tobacco smoking and prostate cancer risk among men
of African descent: a case-control study. BMC Cancer.
2009; 9:397. https://doi.org/10.1186/1471-2407-9-
397

Ishii T, Matsuse T, Teramoto S, Matsui H, Miyao M,
Hosoi T, Takahashi H, Fukuchi Y, Ouchi Y. Glutathione
S-transferase P1 (GSTP1) polymorphism in patients
with chronic obstructive pulmonary disease. Thorax.
1999; 54:693-96.
https://doi.org/10.1136/thx.54.8.693

Gould NS, Min E, Huang J, Chu HW, Good J, Martin RJ,

WWWw.aging-us.com

2133

AGING



43.

44.

45.

46.

47.

48.

49.

50.

51.

Day BJ. Glutathione Depletion Accelerates Cigarette
Smoke-Induced Inflammation and Airspace
Enlargement. Toxicol Sci. 2015; 147:466-74.
https://doi.org/10.1093/toxsci/kfv143

Duong C, Seow HJ, Bozinovski S, Crack PJ, Anderson
GP, Vlahos R. Glutathione peroxidase-1 protects
against cigarette smoke-induced lung inflammation in
mice. Am J Physiol Lung Cell Mol Physiol. 2010;
299:L425-33.
https://doi.org/10.1152/ajplung.00038.2010

Villard PH, Seree EM, Re JL, De Meo M, Barra Y,
Attolini L, Dumenil G, Catalin J, Durand A, Lacarelle B.
Effects of tobacco smoke on the gene expression of
the Cypla, Cyp2b, Cyp2e, and Cyp3a subfamilies in
mouse liver and lung: relation to single strand breaks
of DNA. Toxicol Appl Pharmacol. 1998; 148:195-204.
https://doi.org/10.1006/taap.1997.8332

Hukkanen J, Pelkonen O, Hakkola J, Raunio H.
Expression and regulation of xenobiotic-metabolizing
cytochrome P450 (CYP) enzymes in human lung. Crit
Rev Toxicol. 2002; 32:391-411.
https://doi.org/10.1080/20024091064273

Wang H, Tan W, Hao B, Miao X, Zhou G, He F, Lin D.
Substantial reduction in risk of lung adenocarcinoma
associated with genetic polymorphism in CYP2A13,
the most active cytochrome P450 for the metabolic
activation of tobacco-specific carcinogen NNK. Cancer
Res. 2003; 63:8057—-61.

Nakachi K, Imai K, Hayashi S, Kawajiri K.
Polymorphisms of the CYP1Al and glutathione S-
transferase genes associated with susceptibility to
lung cancer in relation to cigarette dose in a Japanese
population. Cancer Res. 1993; 53:2994-99.

Goven D, Boutten A, Legon-Malas V, Marchal-Sommé
J, Amara N, Crestani B, Fournier M, Leséche G, Soler
P, Boczkowski J, Bonay M. Altered Nrf2/Keap1-Bachl
equilibrium in pulmonary emphysema. Thorax. 2008;
63:916-24. https://doi.org/10.1136/thx.2007.091181

Boutten A, Goven D, Artaud-Macari E, Boczkowski J,
Bonay M. NRF2 targeting: a promising therapeutic
strategy in chronic obstructive pulmonary disease.
Trends Mol Med. 2011; 17:363-71.
https://doi.org/10.1016/j.molmed.2011.02.006

Boutten A, Goven D, Boczkowski J, Bonay M.
Oxidative stress targets in pulmonary emphysema:
focus on the Nrf2 pathway. Expert Opin Ther Targets.
2010; 14:329-46.
https://doi.org/10.1517/14728221003629750

Magesh S, Chen Y, Hu L. Small molecule modulators of
Keap1-Nrf2-ARE pathway as potential preventive and
therapeutic agents. Med Res Rev. 2012; 32:687-726.
https://doi.org/10.1002/med.21257

52.

lida K, Itoh K, Kumagai Y, Oyasu R, Hattori K, Kawai K,
Shimazui T, Akaza H, Yamamoto M. Nrf2 is essential
for the chemopreventive efficacy of oltipraz against
urinary bladder carcinogenesis. Cancer Res. 2004;
64:6424-31. https://doi.org/10.1158/0008-
5472.CAN-04-1906

53. Wise RA, Holbrook JT, Criner G, Sethi S, Rayapudi S,

54.

55.

56.

57.

58.

59.

60.

61.

Sudini KR, Sugar EA, Burke A, Thimmulappa R, Singh
A, Talalay P, Fahey JW, Berenson CS, et al, and
Broccoli Sprout Extract Trial Research Group. Lack of
Effect of Oral Sulforaphane Administration on Nrf2
Expression in COPD: A Randomized, Double-Blind,
Placebo Controlled Trial. PLoS One. 2016;
11:e0163716.
https://doi.org/10.1371/journal.pone.0163716

Beckett EL, Stevens RL, Jarnicki AG, Kim RY, Hanish |,
Hansbro NG, Deane A, Keely S, Horvat JC, Yang M,
Oliver BG, van Rooijen N, Inman MD, et al. A new
short-term mouse model of chronic obstructive
pulmonary disease identifies a role for mast cell
tryptase in pathogenesis. J Allergy Clin Immunol.
2013; 131:752-62.
https://doi.org/10.1016/j.jaci.2012.11.053

Fricker M, Deane A, Hansbro PM. Animal models of
chronic obstructive pulmonary disease. Expert Opin
Drug Discov. 2014; 9:629-45.
https://doi.org/10.1517/17460441.2014.909805

Gervais L, Casanova J. The Drosophila homologue of
SRF acts as a boosting mechanism to sustain FGF-
induced terminal branching in the tracheal system.
Development. 2011; 138:1269-74.
https://doi.org/10.1242/dev.059188

Fink C, Hoffmann J, Knop M, Li Y, Isermann K, Roeder
T. Intestinal FoxO signaling is required to survive oral
infection in Drosophila. Mucosal Immunol. 2016;
9:927-36. https://doi.org/10.1038/mi.2015.112

Martin M. Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnetjournal.
2011; 17:10-12.

Hoskins RA, Carlson JW, Wan KH, Park S, Mendez |,
Galle SE, Booth BW, Pfeiffer BD, George RA, Svirskas
R, Krzywinski M, Schein J, Accardo MC, et al. The
Release 6 reference sequence of the Drosophila
melanogaster genome. Genome Res. 2015; 25:445—
58. https://doi.org/10.1101/gr.185579.114

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley
DR, Pimentel H, Salzberg SL, Rinn JL, Pachter L.
Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nat
Protoc. 2012; 7:562-78.
https://doi.org/10.1038/nprot.2012.016

Anders S, Pyl PT, Huber W. HTSeg--a Python frame-

WWWw.aging-us.com

2134

AGING



62.

63.

64.

65.

work to work with high-throughput sequencing data.
Bioinformatics. 2015; 31:166—69.
https://doi.org/10.1093/bioinformatics/btu638

Love MI, Huber W, Anders S. Moderated estimation
of fold change and dispersion for RNA-seq data with
DESeqg2. Genome Biol. 2014; 15:550.
https://doi.org/10.1186/s13059-014-0550-8

Hoffmann J, Romey R, Fink C, Yong L, Roeder T.
Overexpression of Sir2 in the adult fat body is
sufficient to extend lifespan of male and female
Drosophila. Aging (Albany NY). 2013; 5:315-27.
https://doi.org/10.18632/aging.100553

Romey-Glising R, Li Y, Hoffmann J, von Frieling J,
Knop M, Pfefferkorn R, Bruchhaus I, Fink C, Roeder T.
Nutritional regimens with periodically recurring
phases of dietary restriction extend lifespan in
Drosophila. FASEB J. 2018; 32:1993-2003.
https://doi.org/10.1096/fj.201700934R

Jones TA, Metzstein MM. Examination of Drosophila
larval tracheal terminal cells by light microscopy. J Vis
Exp. 2013; €50496. https://doi.org/10.3791/50496.

SUPPLEMENTARY TABLES

Please browse the Full Text version of this manuscript
to see the data of:

Supplementary Table 1. All genes with differential
transcription (p<0.05) between control trachea and
those isolated from animals exposed to cigarette smoke.

Supplementary Table 2. GO-term analysis of
differentially transcribed genes and KEGG-pathway
analysis.
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