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Summary 
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Summary  

Chronic obstructive pulmonary disease (COPD) is currently the third leading cause of death 

worldwide according to the World Health Organization (WHO) and is expected to become an 

even more serious problem in upcoming decades. Cigarette smoking is the major risk factor 

for COPD and lung cancer. Although COPD is one of the most important chronic lung diseas-

es, our knowledge about the underlying molecular framework is only fragmentary. 

Hence, this study introduces D. melanogaster as a novel model for basic COPD research that 

allows testing hypotheses experimentally. Various cigarette smoke exposure (CSE) models 

using different exposure regimes were implemented in the course of this study and the in vivo 

impact of CSE was analyzed using 3rd instar larvae. The airways showed a strong structural 

modification and an activation of JAK-STAT signaling in the epithelial cells of CS treated 

animals. Moreover, expression of the ligands of this pathway belonging to the upd family was 

induced upon CSE. Both, upd2 and upd3 and the receptor dome of the JAK-STAT pathway, 

were strongly expressed at the posterior end of the dorsal branches, indicative for an autocrine 

signaling system. The exact function and role of these ligands, especially in the tracheal sys-

tem of D. melanogaster are still poorly understood. In silico analysis of the structures of upd3 

with IL-6 of mouse, implied an ancestral relationship between both cytokines. Moreover, an 

ectopic expression of these components of the JAK-STAT pathway in the airway epithelium 

of Drosophila resulted into epithelial barrier disruption in form of meta- and hyperplasia. To 

unravel potential upstream regulators for the expression of these upd ligands, different flies 

deficient in expression of either dFoxO or relish were used. Both are essential for the two ma-

jor arms of the fly's airway epithelial immune system and thus were exposed to smoke. Espe-

cially, in dFoxO deficient flies, induction of upd2 and upd3 transcripts were significantly re-

duced. Electrophoretic mobility shift assays underline the potential role of dFoxO in directly 

regulating upd2 and upd3 expression. Furthermore, cigarette smoke results in structural re-

modeling including thickening of the epithelial layer, in parallel with activation of JAK/STAT 

signaling that may be triggered by dFoxO activation.  

Beside this CSE based model for COPD research, destruction of the terminal airway structure 

via strong activation of cAMP signaling was induced.  
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Zusammenfassung 

COPD ist derzeit nach Angaben der Weltgesundheitsorganisation (WHO) die dritthäufigste 

Todesursache weltweit und die Zahl der Rauchertoten nimmt in den kommenden Jahren 

immer mehr zu. Das Rauchen von Zigaretten oder das Passiv-Rauchen ist der größte 

Risikofaktor für COPD und Lungenkrebs. Obwohl COPD eine der bedeutendsten chronischen 

Lungenerkrankungen ist, ist unser Wissen über die zugrunde liegenden molekularen 

Signalwege und Gene derzeit nur bruchstückhaft. 

Die vorliegende Arbeit hatte daher zum Ziel, D. melanogaster als ein neues Modell für die 

Grundlagenforschung der COPD einzuführen, um Hypothesen schnell testen zu können. Das 

Drosophila-Modell hat drei wesentliche Vorteile, zum einen, eine Fokussierung auf das 

Atemwegsepithel ohne Einflüsse einer adaptiven Immunantwort, die enorme zeitliche 

Einsparung der Experimentendauer und die recht einfache Isolierung der Tracheen. Es wurde 

dabei die Relevanz von Zigarettenrauch im Atemwegsepithelium von Drosophila untersucht 

und eine epitheliale Immunreaktion gezeigt. Die Applikation von Zigarettenrauch in 

Drosophila hatte eine Beeinträchtigung der epithelialen Barriere zur Folge und eine 

Aktivierung des JAK-STAT-Signalwegs konnte gezeigt werden. Außerdem erfolgte eine 

Zigarettenrauch-induzierte Expression der Liganden Upd2 und Upd3 sowie des Rezeptors 

Domeless, welche die Hauptkomponenten des JAK-STAT- Signalwegs sind. Die Induktion 

des JAK-STAT-Signalwegs erfolgte spezifisch an den doralen Verzweigungen der primären 

Tracheen, was für ein autokrines Signalisierungssystem spricht. Die genaue Funktion und 

Rolle dieser Liganden sind vor allem in den Tracheen von D. melanogaster noch weitgehend 

unverstanden. Daher wurden sowohl strukturelle Vergleiche von upd3 mit der bekannten 

Kristallstruktur von IL-6 als auch eine funktionelle Überexpression dieser Liganden in den 

Tracheen vorgenommen, um diese näher charakterisieren zu können. Eine ektopische 

Überexpression dieser Komponenten im Atemwegsepithel von Drosophila führte zu einer 

Störung der Epithelbarriere in Form einer Meta- und Hyperplasie.  

Um mögliche Regulatorgene für die Expression dieser Upd-Liganden zu entschlüsseln, 

wurden Mutanten, defizient in den Transkriptionsfaktoren dFoxO und Relish verwendet und 

ebenfalls mit Zigarettenrauch behandelt. Insbesondere in dFoxO defizienten Fliegen war die 

Induktion der Upd2 und Upd3- Transkripte deutlich reduziert. Electrophoretic Mobility Shift 

Assays unterstreichen die potentielle Rolle des Transkriptionsfaktors dFoxo in seiner direkten 

Regulation von Upd2 und Upd3. Eine spezifische Bindung von dFoxO mit entsprechenden 

intakten potentiellen Bindesequenzen konnte gezeigt werden. Für die DNA-Bindungsanalysen 

wurde dFoxO in Form eines HIS-Fusionsproteins in E. coli überexprimiert und aufgereinigt.  
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Weiterhin konnte gezeigt werden, dass Zigarettenrauch zur Atemwegsmodelierung in Form 

einer verdickten Epithelschicht führt, das mit einer parallelen Aktivierung des JAK-STAT-

Signalweges einhergeht, welcher vermutlich dFoxO abhängig ist.  

Neben dem Zigarettenrauch-Modell für die COPD-Forschung, wurde ein alternatives Modell 

entwickelt, das sich der Bedeutung des cAMP-Signalings im Atemwegsepithel widmet.  

 





http://www.biovision.com/enhanced-green-fluorescent-protein-egfp-2226.html
https://www.google.de/search?q=Glutathione-S-Transferase&spell=1&sa=X&ei=D4QFVanHNsasPODMgPgF&ved=0CBsQBSgA
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1. Introduction  

1.1 Chronic obstructive pulmonary disease (COPD) 

1.1.1 Pathogenesis and pathophysiology of COPD 

Respiratory diseases, like chronic obstructive pulmonary disease (COPD) or asthma, affect a 

very large proportion of people in the world in terms of morbidity and mortality (Ferkol & 

Schraufnagel, 2014). According to the World Health Organization (WHO) almost 329 million 

people (approximately 4.77% of the world's population) suffer from COPD. The impact of 

this disease is almost equally distributed between males (4.85%) and females (4.69%) 

(Pauwels & Rabe, 2004; Vos et al, 2012).  

COPD, also known as chronic obstructive lung disease (COLD), is a slow progressive and 

irreversible lung disease characterized by the functional abnormality of airway obstruction, 

which makes breathing difficult (Barnes et al, 2009). The term "progressive" means the dis-

ease typically worsens over time. At first, COPD may cause no or only mild symptoms, as the 

disease progresses some common symptoms occur, such as shortness of breath (dyspnea), 

wheezing and chest tightness and an ongoing cough along with mucus hyper secretion 

(Agusti, 2005). COPD worsens over the time and breathing requires much more energy and 

its getting difficult for COPD patients to deal with routine activities. This might lead to fa-

tigue, weight and muscle loss. COPD is largely associated with exposure to cigarette smoke 

as the most important risk factor but also long-term exposure to second-hand smoke like air 

pollutants, dust or workplace fumes and even biomass exposure such as wood smoke can con-

tribute to COPD development (van der Vaart et al, 2004) (Salvi & Barnes, 2009). Tobacco 

smoke irritates the airways causing an inflammatory response and destroys the stretchy fibers 

in the lungs, resulting in a breakdown of the lung tissue known as emphysema (Hecht, 2003). 

Smoking damages mainly two parts of the lung: the airways and the small air sacs called al-

veoli (Eisner et al, 2005) (Figure 1-1 A). The airway epithelium constitutes the first barrier of 

defense against the toxic effects of cigarette smoke. It is a pseudo-stratisfied barrier that con-

sists of multiple cell types such as goblet cells, clara and ciliated cells, which are generated by 

the basal cells (Figure 1-1 B). The bronchial tubes are lined with these tiny hair-like cilia 

cells which are important for secreting harmful substances out of the lungs.  

Between the cilia cells there is another cell type organized called goblet cells, which are re-

sponsible for the production of mucus.  

http://www.webmd.com/lung/video/causes-symptoms-copd
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Cigarette smoke irritates the lining of the bronchial tubes causing them to swell and increase 

mucus production extensively. Smoking also slows down the movement of the ciliated cells 

causing some of the smoke components and mucus to remain and accumulate in the lungs. A 

selected summary of hazardous chemical compounds found in cigarette smoke and their ef-

fects on human airways are listed in Table 1-1. 

 

Table 1-1: Selected components of cigarette smoke and their potential role in lung injury 

Component Effect on airways  
Cadmium Oxidative injury, promotion of emphysema, tight junction disruption 
Formaldehyde Cilia toxic; irritant 
Nitrogen oxides Oxidant activity 
Hydrogen cyanide Oxidative metabolism of cells affected 
Acetaldehyde  Probable human carcinogen; irritant to respiratory tract 
1,3-Butadiene Known human carcinogen, irritant to upper respiratory tract 
Acrolein Cilia toxic; impairs lung defenses, known DNA mutagen, irritant to 

skin and nasal passages 
N-Nitrosamines Known human carcinogen, increases risk for lung cancer may cause 

reproductive damage 
 

Most of the ciliated cells are recovering and trying to release these pollutants together with the 

mucus out of the lungs. The human body tries to expel this material by repeated coughing, 

also known as smoker's cough. Chronic bronchitis develops over time, as this detoxification 

process overwhelms the cilia cells and the airways become blocked with mucus thus breathing 

becomes difficult. Moreover, lungs become more susceptible towards airborne pathogens like 

viruses and bacteria. The alveoli gets overdistended and are finally damaged in their elastic 

fibers which makes it harder for oxygen and carbon dioxide to exchange with the blood, lead-

ing to the development of emphysema. Chronic bronchitis and emphysema are collectively 

called as COPD. The normal remodeling process of wound-healing is completely damaged in 

the lung tissue of smokers suffering from COPD. The obstruction of the airways is related to 

an inflammatory process that leads into thickening of the airway wall which in turn narrows 

the airways by depositing connective tissue (Figure 1-1 A).  

Cigarette smoke also disrupts the tight and adherens junctions that form the epithelial barrier 

(Hulbert et al, 1981; Jones et al, 1980). This leads into destabilization of the epithelial integri-

ty and permeability.  
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Figure 1-1: The human respiratory system and its various different cell types. (A) The lungs are a pair of 
spongy, air-filled organs located on either side of the chest (thorax). The trachea, also called windpipe, conducts 
inhaled air into the lungs through its tubular branches, called bronchi. The bronchi then divide into smaller 
branches (bronchioles), finally becoming microscopic. The bronchioles eventually end in clusters of microscopic 
air sacs called alveoli. In the alveoli, oxygen from the air is absorbed into the blood (source: www.webmd.com). 
The alveoli are lined by a delicate layer of simple squamous epithelia. Outside the epithelial lining is a delicate 
connective tissue containing numerous elastic fibers and a close network of blood capillaries, forming a common 
wall to adjacent alveoli. The epithelial membrane of smokers with and without COPD is characterized by a 
thickening of the airway wall, which leads into a breakdown of elastin and collagen proteins and finally into 
destruction of the airways. (B) The bronchial tubes are composed mainly of five cell types; clara (secretory) 
cells, tiny hair-like cells called cilia cells, pulmonary neuroendocrine (NE) cells, basal cells and goblet (mucous) 
cells. 
 

The abnormal remodeling of the airway tissue is associated with deregulation of cytokines, 

chemokines and other growth factors. Basal cells hyperplasia and squamous metaplasia are 

the earliest airway epithelial lesions associated with smoking-induced carcinogenesis 

(Shaykhiev et al, 2013). 

Smoking-induced oxidative stress due to high concentrations of free radicals leads into the 

generation of additional reactive oxygen species (ROS) within the airways. Naturally, ROS 

can also be produced intracellularly from several sources, such as mitochondrial respiration, 

which is the most important source of free radicals. Nevertheless, in smokers and COPD pa-

tients higher ROS levels are present compared to healthy persons.  
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DAG remains bound to the membrane and acts as a second messenger that activates protein 

kinase C (PKC). IP3 then diffuses through the cytoplasm to bind to IP3 receptors, particular 

calcium channels in the endoplasmic reticulum (ER), allowing calcium ions to flow from the 

ER into the cytoplasm (Figure 1-3) (Thore et al, 2005). 

 

 
Figure 1-3: Phospholipase C pathway and Ca2+ -signaling. Many cell surface receptors, including G protein-
coupled receptors and receptor tyrosine kinases activate the PLC enzyme. PLC hydrolyses PIP2 into two second 
messengers: IP3 and DAG. DAG activates PKC, while IP3 diffuses to the endoplasmic reticulum (ER) and binds 
to the IP3 receptor, which is a Ca2+ channel and thereby releases Ca2+ from the ER into the cytoplasm. 
 

These secreted calcium ions can further bind to epithelial NADPH oxidase family proteins 

like dual oxidases. Dual oxidases generate ROS by producing H2O2 at the epithelial cell sur-

face. Dual oxidase 1 and 2 are expressed in the airway epithelium of smokers and patients 

with mild/moderate COPD (Nagai et al, 2008). A higher concentration of Ca2+- ions leads into 

ASM contraction (Bergner et al, 2006; Jin et al, 2006; Kellner et al, 2008). Moreover, in-

creased expression of Ca2+-activated Cl- channel 1, is associated with mucus overproduction 

in the airway epithelia of smokers and COPD patients (Iwashita et al, 2012). 

 

https://en.wikipedia.org/wiki/G_protein-coupled_receptors
https://en.wikipedia.org/wiki/G_protein-coupled_receptors
https://en.wikipedia.org/wiki/Receptor_tyrosine_kinase
https://en.wikipedia.org/wiki/IP3_receptor
https://en.wikipedia.org/wiki/Endoplasmic_reticulum
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1.2 Modeling human diseases in Drosophila melanogaster 

1.2.1 Drosophila melanogaster as a model to study smoke related diseases like 

COPD 

Progress in unraveling the role of COPD-susceptibility genes in the recent years revealed that 

biomedical research critically depends on suitable animal models to obtain a fast and adequate 

understanding of involved disease pathways and genes for development and discovery of 

therapeutic drugs. Drosophila is among the limited number of well-established and generally 

accepted model organisms (mice, yeast, C. elegans, zebra fish, rat). It is the oldest model or-

ganism that had been introduced first by Thomas Hunt Morgan and has been applied since 

then to a large number of human diseases (Bier, 2005; Pandey & Nichols, 2011). The fly ge-

nome has been completely sequenced and annotated and nearly 75% of human disease-related 

genes are believed to have a functional homolog in the fly (Adams et al, 2000; Pandey & 

Nichols, 2011). Among the first ones were those focusing on neurodegenerative disorders like 

Parkinson's disease (Feany & Bender, 2000). Chan and Bonini (Chan & Bonini, 2000) suc-

ceeded establishing Drosophila to model Alzheimer, which triggered a great number of fol-

low-up studies leading to new therapeutic ideas. Further, it's not surprising that the fruit fly  

serves as a tremendous tool to study cerebral cavernous malformations (Song et al, 2013), as 

synteny analyses revealed that CCM3/PDCD10 gene shares the same genomic loci from Dro-

sophila to human and the gene structure remains conserved (Kumar et al, 2014). In addition, 

other neuroscience studies have shown Drosophila to perform complex behavioral tasks such 

as learning and memory, sleep and even aggression (Bellen et al, 2010).  

Other disease modeling approaches utilizing Drosophila focused on cardiovascular diseases 

(Wolf et al, 2006), diabetes (Baker & Thummel, 2007) and intestinal diseases (Lee & Lee, 

2014). Recently, the fly has been increasingly used in cancer research.  

The majority of cancers are derived from epithelial cells and misregulation of signaling path-

ways. Highly important was the elucidation of the Ras signal transduction cascade (Olivier et 

al, 1993; Simon et al, 1991). Current research shows the flies potential in understanding hu-

man inflammatory and infectious diseases exposing them to pathogens, e.g. fungi and bacteria 

and inquiring the release of AMPs (anti microbial peptides) in the intestine. Even in kidney- 

related diseases, the fly has shown to be a potential candidate to study kidney stone formation 

using its malpighian tubule system (Chi et al, 2015).  
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However, there is only a slow progress in elucidating Drosophila as a model to study airway 

related diseases such as asthma (Roeder et al, 2009; Roeder et al, 2012; Wagner et al, 2009) 

and not yet for either COPD or lung cancer. One of the reasons is that flies lack an adaptive 

immune system, including IgEs, T-cells and most aspects of interleukin signaling, which is 

thought to be highly relevant for understanding asthma or other lung specific diseases. A new 

approach in Drosophila genetics is the establishment of "humanized" flies carrying transgenic 

arrays of the corresponding human genes, or their variations. This method is successfully ap-

plied in the field of neurodegenerative diseases (Feany & Bender, 2000) and even to explore 

the function of asthma susceptibility genes in the respiratory track of the fly, e.g. ORMDL 

(Kallsen et al, 2015). 

 

1.2.2 Structure of the respiratory system of D. melanogaster  

Most animals possess an oxygen delivery system and the architecture of these branching net-

works is highly conserved throughout the animal kingdom. Respiratory epithelia are charac-

terized as a complex network of branched tubules. In humans, the airway epithelium is a 

pseudo-stratified barrier that consists of multiple cell types whereas the larval trachea of Dro-

sophila is a single-layered epithelium of approximately 1600 cells. It is covered by a central 

lumen that provides the first barrier against invading microorganisms and other environmental 

stimuli. The airway epithelium of the fly consists of approximately 10.000 interconnected 

tubes that transport the oxygen and other gases throughout the body (Affolter et al, 2003; 

Ghabrial et al, 2003). Green et al. has introduced C. elegans as an invertebrate model organ-

ism to study the impact of cigarette smoke to unravel COPD mediated responses (Green et al, 

2009). Compared to the C. elegans model, Drosophila has the major advantage that it pos-

sesses an airway system, which shares similarities to those of vertebrates. Nematodes lack 

both specialized respiratory systems and complex circulatory organs. They must rely on diffu-

sion from the surrounding environment into their tissues for gas exchange (Lopez Hernandez 

et al, 2015; Paget et al, 1987; Van Voorhies & Ward, 2000).  

Although the physiology of airway epithelium of Drosophila larvae is simpler in structure and 

its organization is very delicate, cellular and molecular mechanisms resemble the overall de-

sign of the human lung (Horowitz & Simons, 2008; Roeder et al, 2012).  

The air enters the trachea through specialized openings, so called posterior spiracles and pass-

es through primary, secondary and terminal branches to reach the internal target tissues  

(Figure 1-4). 
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Members of the core JNK signaling include hemipterous (hep), a JNKK and functional homo-

log of mammalian MKK7, basket (bsk), a JNK, and DJun (Glise et al, 1995; Holland et al, 

1997; Hou et al, 1997; Kockel et al, 1997; Sluss et al, 1996). Activation of JNK pathway in-

duces the expression of puc, which in turn inhibits the JNK (Adachi-Yamada, 2002). FoxO is 

also a key factor of signaling pathways mediating expression of AMPs (Becker et al, 2010). 

Eight classes of AMPs have been unraveled in Drosophila (Lemaitre & Hoffmann, 2007).  

Another important regulation of oxidative stress and toxicity caused by chronic exposure to 

cigarette smoke is the Keap1/Nrf2-signaling (nuclear factor erythroid 2-related factor 2) 

(Motohashi & Yamamoto, 2004). Nrf2 is a transcription factor, which belongs to the 

cap'n'collar (cnc) subfamily of leucine zippers, and Keap1 (Kelch-like ECH-Associated Pro-

tein 1) is the specific repressor for Nrf2. The fruit fly's Nrf2-homolog is therefore called cnc 

gene. In unstressed conditions Nrf2 is tethered to its cytoplasmic inhibitor Keap1, an actin-

binding protein. Keap1 suppresses the activity of Nrf2 by sequestering it in the cytoplasm, 

and also by targeting it for proteasomal degradation. Nrf2 is then stabilized and accumulates 

in the nucleus, where it binds to antioxidant response elements (ARE) in the enhancers of its 

target genes (Jaiswal, 2004). 

Another major innate immune mechanism in Drosophila, and more generally in insects and 

other arthropods, is the melanization reaction (Cerenius & Soderhall, 2004), which is mediat-

ed by a serine protease cascade. A serine protease inhibitor protein, Spn77Ba was reported to 

be the regulator for tracheal melanization (Tang et al, 2008), which regulates the melanization 

cascade through the specific inhibition of the prophenoloxidase-activating enzymes MP1 and 

MP2 that activate phenol oxidase (PO), a key enzyme responsible for melanin biosynthesis. A 

by-product of phenol oxidase activity is ROS.  

Although vertebrates do not possess an equivalent of a phenol-phenoloxidase system (PPO 

system), several studies indicate that the melanization cascade is triggered by injury and half a 

century ago melanotic tumors in Drosophila larvae and adults were viewed as the equivalent 

of cancer (Minakhina & Steward, 2006). 
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Figure 1-10: The Target-system of D. melanogaster. The TARGET system is a method for temporal and re-
gional gene expression targeting (TARGET) with the conventional GAL4-upstream activator sequence (UAS) 
system and a temperature-sensitive GAL80 molecule, which represses GAL4 transcriptional activity at lower 
temperatures (19° C), inhibiting the entire system. At permissive temperatures (29° C) the sensitive repressor 
molecule is inhibited and allows releasing Gal4. 

 

1.2.5 New approaches to manipulate the fly's airways using the DREADD tech-

nology and optogenetic tools to understand airway diseases 

Some examples of recent advanced tools in Drosophila genetics, such as DREADD technolo-

gy and optogenetic tools, open a new era in research to easily activate second messengers or 

to depolarize cell systems. There is a huge number of systems (e.g. temperature sensitive 

TPRA & TRPV channels etc.), thus for this work relevant tools were chosen and are de-

scribed in this chapter. Designer Receptors Exclusively Activated by a Designer Drug 

(DREADDs) are modified muscarinic acetylcholine G-protein coupled receptors that are acti-

vated only by a synthetic ligand, namely by clozapine-N-oxide (CNO) (Armbruster et al, 

2007). These specific modifications were generated by point mutations of specific amino ac-

ids within the GPCRs. DREADD technology combines genetic and pharmacology approach-

es, to manipulate cellular signaling in mammals and has been used for behavioral control 

(Nichols & Roth, 2009). Recently, the Nichols laboratory demonstrated the utility of this 

technology in Drosophila (Becnel et al, 2013). They created three important UAS-DREADD 

transgenes, the UAS-M1D1 that allows inducing the increase of Ca2+ levels, UAS-M4D1 that 

decreases cAMP levels and UASM5Dbar that increases the levels of cAMP (Figure 1-11).  
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The activating ligand can be easily and conveniently administered by simply feeding or inject-

ing CNO to the animal.  

 
Figure 1-11: UAS-DREADD transgenes of D. melanogaster. There are three important UAS-DREADD 
transgenes: the UAS-M1D1 to increase Ca2+ levels, UAS-M4D1 that decreases cAMP levels and UASM5Dbar 
that increases the levels of cAMP. 

 

This makes the DREADD system a beneficial tool to trigger cAMP and Ca2+ in the respective 

tissue using cell specific Gal4 drivers, e.g. PPK4-Gal4 for the tracheal system. 

 

Another powerful technique became possible utilizing light inducible systems, such as 

optogenetic tools, for cell-specific targeting of effector elements. 

The optogenetic approach for cAMP manipulation in vivo can be applied using a small bacte-

rial photoactivated adenylyl cyclase (bPAC), of the soil bacterium Beggiatoa, which possess-

es a BLUF (blue light receptor using FAD) domain (Penzkofer et al, 2014; Stierl et al, 2011). 

Until now in Drosophila research, this system was only applied in neuronal cells and tissues 

and in Drosophila renal (malpighian) tubules for studying cAMP-dependent processes 

(Efetova et al, 2013; Stierl et al, 2011). Thus, utilizing Gal4-driven UAS-bPAC effector lines 

can be another useful tool to study blue-light dependent cAMP increase in the airways of D. 

melanogaster (Figure 1-12).  
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Figure 1-12: Utilization  of photoactivated adenylyl cyclase (bPAC), of the soil bacterium Beggiatoa to 
modulate cAMP in D. melanogaster. Activation of bPAC by blue-light in the respiratory system of the fly 
increases cAMP levels and affects cAMP dependent effectors like protein kinase A (PKA). 

 

Expression of the light-activated ion channel channelrhodopsin-2 (ChR2) of Chlamydomonas 

reinhardtii under UAS control allows depolarization of cells by blue light (480 nm). ChR2 

modulates membrane voltage conducting H+, Na+, K+, and Ca2+ ions and therefore was the 

first optogenetic system to control neuronal activity (Nagel et al, 2003). The use of a ChR2 

mutant (D156C) called ChR2-XXL provides extra high expression and long open state and 

can be genetically expressed in any tissue using a specific Gal4-driver of choice (Dawydow et 

al, 2014). When the ion-channel is activated with blue light, the conformational change of the 

channel allows an influx of cations whereas anions cannot pass in (Figure 1-13).  

 
Figure 1-13: Utilization of blue-light activated ChR2-XXL  for depolarization of cells in D. melanogaster. 
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The activity of voltage-gated K+ channels in pulmonary arterial smooth muscle cells 

(PASMC) is pivotal in controlling membrane potential and cytoplasmic free Ca2+ release 

(Yuan et al, 1998). Cell depolarization and increased intracellular Ca2+ concentrations are 

very common in muscular pulmonary arteries of COPD patients (Shimoda et al, 2000; Weir & 

Olschewski, 2006). It was also reported that membrane depolarization causes activation of 

voltage-dependent Ca2+ channels, inducing Ca2+ release in smooth muscle cells (Liu et al, 

2009). Thus, applying blue- light induced ion channels ChR2-XXL may help to understand 

cell polarity and depolarization of epithelial cells of the airways, which are still not fully un-

derstood.  
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1.3 Aim and significance of the study 

The major aim of this work is to study the impact of cigarette smoke on the airway system of 

D. melanogaster. The mechanism by which cigarette smoke leads to the pathogenesis of 

COPD is currently unclear. Thus, this study attempts to elucidate if D. melanogaster can serve 

as a model organism for assessing the effect of cigarette smoke on airway structure and func-

tion to establish COPD models. Therefore, a further aim of this project is to analyze, which 

major signaling pathways or target genes play a role in the epithelial barrier immunity in re-

sponse to cigarette smoke and what is their potential function for disease development. A 

more detailed characterization of these cigarette smoke regulated genes and their potential 

role for disease development were studied. To unravel transcription factors mediating this 

gene regulation, various fly lines defective in these transcription factors were employed and 

their DNA-binding property was checked by electrophoretic mobility shift assays (EMSA). 

Moreover, airway and lung tissue remodeling play an important role in the development of 

COPD. Thus, it was examined whether CSE leads into morphological changes within the air-

way epithelium.  

Lastly, this study is focused on the roles and functions of second messengers on the physiolo-

gy of the fly's airway system. By employing optogenetic tools, second messenger systems 

such as cAMP, was manipulated in the airway epithelium of D. melanogaster. 

 



  Material and Methods 

22 

2. Material s and Methods 

2.1 Materials 

Standard laboratory reagents and materials were obtained from local suppliers, fine chemi-

cals from Sigma if not otherwise indicated and instruments were supplied by the depart-

mental facility.  
 

2.1.1 Laboratory equipments 

All equipments used for this study are listed in Table 2-1. 
 

Table 2-1: List of laboratory equipments 

Item Manufacturer (location) 
Agarose Gel ectrophoresis unit Biometra GmbH, Göttingen, Germany 
Analytical balance ABS Kern & Sohn GmbH, Balingen-Frommern 
Autoclave Steam Sterilizer Varioklav® H+P Medizintechnik GmbH, Oberschleisheim, 

Germany 
Balance MXX-412 Denver Instruments, New York, USA 
Bead Ruptor 24 Omni International, Kennesaw, GA, USA 
Binocular Nikon, Düsseldorf, Germany 
Casting system compact Biometra, Göttingen, Germany 
Centrifuge, 5415 D; rotor: F45-24-11 Eppendorf, Hamburg, Germany 
Centrifuge 5417 R, rotor FA-45-30-11 Eppendorf, Hamburg, Germany 
Centrifuge: Heraeus Fresco 17 Thermo Electron Corporation (Osterose) 
Centrifuge: Sproud  Heathrow Scientific® (Illinois, USA)  
Dryblock & heat bath HB-130 Unitek (Leutenbach) 
Electrophoresis power supply, EV245 Consort, Parklaan, Belgium 
Electrophoresis power supply, EV202 Consort Parklaan, Belgium 
Flourescence microscope Axio Imager.Z1 with 
Axiocam MRM, HXP120 lamp, ApoTome 

Zeiss, Oberkochen, Germany 

Fridge Premium NoFrost CN 3056 CN 3666 Liebherr, Hamburg, Germany 
Savant DNA Speed Vac® DNA 120 Thermo Fisher Scientific Darmstadt, Germany 
Thermostat cabinet 16°C Loviband®, Dortmund, Germany 
Thermostat cabinet 25°C Aqua® Lytic, Dortmund, Germany 
Icemachine Manitowoc® Herborn, Germany 
Imager FLA-5000 Fujifilm, Japan 
Incubator 37°C Memmert GmbH & Co.KG, Heilbronn, Germany 
Incubation shaker, Heidolph Unimax 1010 Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 
Labcycler  Sensoquest, Göttingen, Germany 
Labguard ES Class II Safety Cabinet IBS Integra Biosciences, Landquart, Schweiz 
Molecular Imager Gel Doc Bio-Rad, Munich, Germany 
Microscope SZX12 + camera DP 71, Olympus Olympus GmbH, Hamburg, Germany 
Microwave AFK® Hamburg 
Nanodrop ND-1000 spectrophotometer Peqlab, Erlangen, Germany 
Omni Bead Ruptor 24 Omni International Inc, Kennesaw, USA 
oxygen measuring system GOX 100 Greisinger electronic 
pH meter, model 330 Wissenschaftlich-Technische Werkstätten GmbH 

Weilheim, Germany 
Platform Shaker MR Hei-Standard MR 3001 Heidolph, Schwabach, Germany 
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Medium  Composition 
 0,89 M bor acid 
 2 mM (Na2)-EDTA 
  
TE 0,01 M Tris 
 0,25 M EDTA 
 pH 8.0 
  
6x DNA loading dye  50% (v/v) glycerol 
 60 mM EDTA 
 6% SDS 
 0.9% bromophenol blue 

pH 8.0 
  
Solutions for X-GAL staining  
  
10 mM sodium phosphate buffer 10 mM NaH2PO4 
 10 mM Na2HPO4 
  
Solution for fixation 0,75 % glutaraldehyde  
  
Staining solution 150 mM NaCl 
 1 mM MgCl2 
 3,1 mM K2[Fe(CN)6] 
 3,1 mM K3[Fe(CN)6] 
 0,3% Triton X-100 
 in 10 mM sodium phosphate buffer 
  
10 % x-GAL stock solution  solve 89 mg in 890 µl DMSO (store at -20° C) 
  
X-GAL staining 25 µl x-GAL in 1 ml staining solution 
  
Normal fly medium  
 1 % agar-agar 
 6.25 % cornmeal 
 6.25 % yeast 
 2 % glucose 
 3 % molasses 
 3 % sugar beet syrup 
 3 % nipagin (10 % v/v)  
 1 % propionic acid (10 % v/v) 
  
Nipagin stock solution  10% (w/v) in 70% ethanol 
  
Propionic acid 10% (v/v) in H2O 
  
Solutions for immunohistochemistry   
  
PFA 4% (w/v) in 1 x PBS, heat at 60-70° C; under 

stirring. cool it down to RT 
 add 0,3% Triton X-100 
  
PBT  0,1 % (v/v) Tween in 1 x PBS 
  
NGS 10 % (v/v) in PBT 
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Medium  Composition 
  
Media for cultivation of E. coli strains  
  
Lysogeny broth (LB) medium  1 % (w/v) tryptone  
 0.5 % (w/v) yeast extract 
 1 % (w/v) NaCl 
 pH 7.4 

 
SOC medium 0.5 % yeast extract  
 2 % (w/v) tryptone 
 10 mM NaCl 

2.5 mM KCl 
10 mM MgCl2 
20 mM Glucose 
pH 7.0 

 

1.5 % agar was added to the media for production of agar plates. All media were sterilized at 

121° C for 30 min. LB media was stored at room temperature and SOC medium at - 20° C.  

 

2.1.11 Drosophila stocks 

The fly lines, which were used in this work were usually obtained from the Bloomington 

stock centre and are listed in Table 2-14. 

 

Table 2-14: Flylines used in this study. 
Wildtype flies Genotype Source 
w1118 w1118 Bloomington No: 5905 
yw1118 y1 w1118 Bloomington No: 6598 
Knockout lines 

  FoxO-KO  yw;*;dfoxo24/dfoxo24  Marc Tatar, Rochelle, Yamamo-
to 

FoxO-KO w[*]; P-foxo21/foxo21 homozygote Marc Tatar, Rochelle, Yamamo-
to 

Imd-KO w[1118]; Rel[E38] e[s] Bloomington No: 9458 
GFP reporter lines 

  Drosomycin GFP yw (P(w -, drom-gfp)D4, P(ry+, dipt-
lacZ) (162:7)2 

(Tzou et al, 2000)  

10x STAT-GFP 3rd  w: 10x STAT-GFP 3rd (Bach et al, 2007) 
10xSTAT-DGFP w[1118]; P{w[+mC]=10XStat92E-

DGFP}3/TM6C, Sb[1] Tb[1] 
Bloomington No: 26200 

unpaired-3  upd3-Gal4;UAS-GFP Perrimon et al., 2003 
GST-D-Reporter  GSTD-Gal4;UAS-GFP Gift from Dirk Bohmann, 

Rochester 
Atf3-EGFP w[*];;pBAC(atf3::EGFP)/TM6B a gift from Colin Donohoe; Co-

logne 
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dSRF-Gal4;UAS-eGFP DSRF-Gal4;UAS-GFP a gift from J. Casanova, IBMB 
CSIC/IRBB, Barcelona, Spain 

Wnt-ERFP fz3-RFP/CyO (Olson et al, 2011) 
UAS responder lines 

  UAS-FoxO in II y[1]w[*];P{w[+mC]=UASfoxo. P}2 Bloomington No: 9575 
pUAS-FoxO-GFP  w[1118]; P{UAS-foxo-GFP} BestGene (Diss. C.Wagner) 
UAS-DomeCA (1;2) w; UAS-dome 2.1 TM-CYT/gowf Perrimon et al., 2003 
UAS-STAT92E P{w[+mC]=UAS-STAT92E) synonym 

UAS-mrl  
Dustin W. Perry, Univ. 
Kentucky  

UAS-Upd3 UAS-upd3, attP40 background BestGene 6727-2-1M 
UAS- HopTum-l y1v1 hopTum/FM7c Bloomington No: 8492 
UAS M1D1  UAS M1D1, insertion on the X chromo-

some 
Charles Nichols Lab (Becnel et 
al, 2013) 

UAS-lacZ P{w[+mC]=UAS-lacZ.Exel}21; 3 Bloomington No: 8530 
pUAST-EYFP-relish P{UAS-Rel.YFP} Tony Ip's lab (Tanji et al, 2010); 

Bettencourt et al. 2004 
UAS-pBAC w[*];P{UAS -bPac.S}/Cyo a gift of Martin Schwärzel; Free 

University Berlin 
UAS-ChR2-XXL  y[1] w[1118]; PBac{UAS-

ChR2.XXL}VK00018 
Bloomington No:58374 
(Dawydow et al, 2014) 

UAS-PGRP-LE 8  DDI (Drs-GFP; Dipt.-lacZ):UAS-Flag-
PGRP-LE (II)  

Ihoichiro Kurata 

Gal-4 driver lines 
  PPK4-GAL4 yw67c23; ppk4-Gal4; +/+ (Liu et al, 2003b) 

PPK4- GAL4Gal80Ts W; GAL4; GAL80, +y GAL4 GAL80  Christina Wagner 
Forschungszentrum Borstel 

c929- GAL4 Insert of  P{GawB}crc929 on 2nd chro-
mosome 

A gift from Christian Wegner 
(Marburg); fly line was generat-
ed by Kim Kaiser, Glasgow 

Cnc- GAL4 w[1118]; P{w[+mC]=GMR36G01-
GAL4}attP2 

Bloomington No: 45241 

Cut- GAL4 w[*]; P{w[+m*]=cut -GAL4.B}3 Bloomington No: 27327 
Puc- GAL4 w[*];P{GAL4E69}puc[GAL4E69]/TM3, 

Sb[1] Ser[1] 
Bloomington No: 6762 

Upd- GAL4  Expresses Gal4 in the pattern of upd BestGene 5070-1-1M*)  

Upd2- GAL4  Expresses Gal4 in the pattern of upd2 BestGene 5070-2-2M*)  

Upd3- GAL4  Expresses Gal4 in the pattern of upd3 BestGene 5070-3-2F*) 
Domeless- GAL4  Expresses Gal4 in the pattern of 

domeless 
BestGene 5070-4-4M*) 
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2.2 Methods  

2.2.1 Drosophila culture and crosses 

The flies were raised on standard medium, if not otherwise stated and were kept at 25° C. For 

crossings, 5-15 virgin females of the UAS strains and corresponding GAL4 males in a ratio 

1:2 - 1:3 were used. For crosses with bPAC, 5 males of the UAS strain (straight wings) were 

used and mated with ten virgin females of corresponding GAL4 females. Using the tempera-

ture-dependent Gal4-tubGal80ts/ UAS system, gene expression was temporarily controlled. 

For this purpose flies were kept at 17° C and for activating gene expression, the temperature 

was raised to 30° C. The F1-generation of crosses with blue-light inducible strains, were kept 

either in the dark, or the fly vials were covered with aluminum foil to protect them from UV-

light. 

 

2.2.2 Treatment of larvae and flies 

2.2.2.1 Cigarette smoke exposure 

Early third-instar larvae were collected from each genotype and placed in separate vials con-

taining standard Drosophila medium for each CSE treatment. For each experiment the wild 

type and the mutant fly strains to be tested were placed in an air tight smoking chamber at RT. 

The animals were exposed to cigarette smoke by one single cigarette in intervals of 6 hours 

for 1 day (termed as 24 hours CSE) and 2 days, in further text termed as 48 hours CSE. After 

every cigarette the smoking chamber was shortly opened and closed again to ensure an air 

exchange. Additionally, O2 in the smoking chamber was measured to ensure that no hypoxic 

conditions are created (Figure 2-1, Table 2-15).  

 

Table 2-15: Details for smoke exposure. 
  Smoke exposure   

Animals 
(number) 

day Number of 
cigarettes 

Time between 
exposure  

Route of ad-
ministration  

Tissue of 
interest 

 
25 animals 
each vial 

1 ("24 h CSE") 
first dissection 

 

4 
 

6 h 
 

Smoking cham-
ber 

 
Tracheas 

2 ("48 h CSE") 
second dissection 

 

4 

 

For control animals, the vials for each respective genotype were placed in an identical way 

and were exposed to filtered air. The trachea was removed immediately after the treatment for 

gene expression experiments and measurement of the epithelial thickness.  
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The fly vials were sealed with parafilm and holes were arranged with a fine needle to ensure 

that flies are in contact with the smoke. 

 

 
Figure 2-1: Experimental design for application of cigarette smoke on D. melanogaster. Flies and larvae 
were kept in fly vials with media and sealed with parafilm. The surface of the parafilm was punched with small 
holes to ensure gas exchange. Finally, smoke exposure was done by fine-regulation of the water-jet pump creat-
ing a low pressure, which led to cigarette smoke entrance into the chamber. To prevent animals from drying out, 
humidity was maintained with a small bowl of water inside the chamber. 
 

For survival assays of cigarette smoke exposed adult flies, it was important to ensure that the 

flies were all in same age. For this purpose adult flies were kept for another 6 days at 25° C 

after hatching to avoid any effects of CSE on their development in the juvenile stage. The 

flies were subjected to smoke two times a day. Not more than 30 flies of each line were kept 

in a vial to avoid a too high density. The flies were transferred to fresh medium every other 

day, and the number of dead flies was recorded every third day. 

 

2.2.2.2 Hypoxia 

Hypoxia experiments were carried out using an air tight glass exicator, which was supplied 

with a N2 gas. An oxygen electrode was used to measure the O2 level within the exicator, until 

the electrode showed a reading of 3% O2. Humidity was maintained by passing the gas over 

water. The exicator was sealed with parafilm to make sure that there was no exchange of air. 

For gene expression experiments L3 larvae were kept for 1 h at an oxygen level of 2 %.  

For branching experiments, the animals were kept for 2 to 3 days at an oxygen level of 3 %.  
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2.2.2.3 Optogenetic manipulation of the respiratory system with blue light 

In order to investigate the physiological impact of cAMP-dependent signaling in the trachea 

of D. melanogaster, transgenic animals expressing either the photo activated adenylyl cyclase 

(bPAC) or the ion-channel ChR2-XXL  were subjected to blue light.  

Transgenic L2 instar larvae were subjected to blue light and raised until L3 in 10% glucose 

and then observed for phenotypic changes. The blue light lamp was arranged approximately 

25 cm above the plate and a lux meter was used for measuring illumination (approximately 

737 lux). Animals expressing the ChR2-XXL were treated in the same way. In order to ensure 

light-induction was only performed by the blue-light, the fly vials were packed in alu foil until 

blue-light was used (Figure 2-2). 

 
Figure 2-2: Schematic view of the in vitro blue light stimulation. Animals of 2nd instar were raised on 10% 
glucose and exposed to blue light until early 3rd instar larval stage to observe changes within the airways of the 
fly. 
 

2.2.2.4 Appl ication of Clozapine N-oxide (CNO) 

To activate DREADD receptors in vivo, CNO was also applied to flies through food. A calcu-

lated amount of this synthetic ligand was dissolved in 1 x PBS to obtain a 10 mM stock solu-

tion. This was mixed with a calculated volume of Drosophila medium depending on the 

amount needed. The final concentration of CNO in the medium was 1 mM. 
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2.2.8.2 Sequence alignment and tree building 

All sequence alignments and tree building were performed with MUSCLE (Edgar, 2004a; 

Edgar, 2004b) using default settings. Sequence information was obtained from the Protein 

Knowledgebase (UniProtKB, www.uniprot.org) available via the Expasy website 

(http://ca.expasy.org). Protein sequence alignments were visualized by Genedoc (Nicholas et 

al., 1997). Phylogenetic analysis was carried out using MEGA4 software (Tamura et al., 

2007) and using the MrBayes 3.2.1 suite (Ronquist & Huelsenbeck, 2003).  

 

2.2.8.3 Structure modeling 

Modeling of the protein structures was performed using I-TASSER (Roy et al, 2010) and sub-

sequently, structural analysis and figure construction was carried out using PyMol 

(http://pymol.org). 

 

2.2.8.4 Softwares 

All softwares used in this work are summarized in Table 2-21. 

 

Table 2-21: Applied softwares in this study. 

Tools Websites Purposes 
NCBI protein/DNA 
databases 

http://www.ncbi.nlm.nih.gov/ Retrieving sequences 

BLAST (NCBI) http://www.ncbi.nlm.nih.gov/BLAST/ Homology search 

ClustalW http://www.ebi.ac.uk/Tools/clustalw/index.html Sequence alignment 

Genedoc http://www.nrbsc.org/gfx/genedoc/index.html Alignment editor 

GenTHREADER  
(mGenTHREADER) 

http://bioinf.cs.ucl.ac.uk/psipred/psiform.html Fold recognition 

Expasy www.expasy.de Protein sequence 
analysis 

Psipred http://bioinf.cs.ucl.ac.uk/psipred/psiform.html Secondary structure 
prediction 

GraphPad Prism 5  http://www.graphpad.com/scientific-
software/prism/ 

Comparison of sur-
vival & qRT PCR 
data  

Protein Data Bank (PDB) www.rcsb.org/pdb/ Protein structure 
collections 

Yasara http://yasara.org Protein structure 
visualisation 
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Figure 3-2: Dissection of CS-exposed trachea of third instar larvae. A) The reporter line 10XSTAT92-GFP 
was utilized to detect activation of JAK-STAT signaling in the epithelial layer of the dorsal branches (white 
arrows) after CSE. In green: GFP, blue: DAPI and B) DIC light. 
 

The epithelial layer of the dorsal primary branches is the first affected area towards cigarette 

smoke as shown in Figure 3-2 (white arrows). However the general organization of the air-

ways as a single cell-layered epithelium was not affected, because at the parts of JAK-STAT 

pathway activation, cell nuclei are organized in rows along the airways. All together, these 

results corroborate that cigarette smoke evokes an immune response of the epithelial cells at 

this region. 

 

3.2 Activation of the cytokine related ligands upd, upd2 and upd3 
after CSE 

3.2.1 Phylogenetic tree analysis of upd, upd2 and upd3 

The fruit fly's JAK-STAT signaling pathway is simple organized and has three ligands called 

unpaired, namely upd (also called outstreched), upd2 and upd3. Only a few phylogenetic trees 

of the three cytokine-like ligands upd, upd2 and upd3 have been published. However, state of 

art phylogenetic analysis tools have not been used to study their evolution. To comprehend 

the relationship between upd, upd2 and upd3, phylogenetic trees were reconstructed using the 

Bayesian method with MrBayes (Figure 3-3) and maximum likelihood methods (Appendix 

7.2, Figure 7-2) (Ronquist et al, 2012). Similarity searches were conducted against different 

genomes (see materials and method). However, I could not find any homologs in vertebrates 

and other close invertebrate species like Anopheles with the exception of Drosophila species. 

Details of all upd genes are tabulated in Appendix 7.2 Table 7-1.  
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Herein, this study reports an updated list of upd genes of other Drosophila spec., which were 

not described earlier, especially new genomes of D. biarmipes, D. bipectinata, D. elegans, D. 

eugracilis, D. ficusphila, D. kikkawai, D. rhopaloa and D. takahashii. 

 

 
 

Figure 3-3: Bayesian phylogeny of the three JAK-STAT ligands upd, upd2 and upd3. Upd, upd2 and upd3 
are Drosophila species-specific genes as depicted by Baysian phylogeny. To date no homologs are found in 
known insect and vertebrate genomes. Upd3 is originated first and phylogenetic analysis suggests that upd and 
upd2 were generated by duplication of upd3 and underwent their own evolution within Drosophila. 
 

Phylogenetic analyses suggest that upd3 is ancestral and originated first to the other two upds 

and that upd and upd2 were generated by duplication. Upd3 underwent its segmental duplica-

tion limited to 20 genomes of Drosophila.  
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3.3.2 Nuclear translocation of CncC and expression of GstD after CSE 

In order to find out whether the fruit fly's Nrf2-homolog cap'n'collar is getting activated after 

CSE, a GAL4 (under the control of promoter elements of the cnc gene) was crossed with a 

UAS-GFP line, to visualize its expression pattern. A translocation of cncC into the nucleus 

was observed after CSE, as illustrated by nuclear GFP expression (Figure 3-8 A-B).  

Further, a downstream gene of Nrf2, the glutathione S-transferase (GST) was investigated. 

GSTs are induced by Nrf2 activation and represent an important route of detoxification. The 

reporter line GSTD-Gal4;UAS-GFP (Zeng, 2010) was used to monitor its induction. It was 

observed that the GST-D expression was slightly increased in the trachea after CSE (48 h) as 

shown by higher GFP-expression (Figure 3-8 C-D). The expression of GFP was restricted to 

the dorsal trunks and primary branches. In control animals it was confined to the so-called 

fusion cells. 

 

 
 
Figure 3-10: Activation of Nrf2 -signaling after cigarette smoke exposure. The cap'n'collar transcription fac-
tor Nrf2 translocated into the nucleus after CSE (B) in comparison to control animals (A). Crosses were per-
formed using cnc-Gal4::UAS-GFP. Expression of GST-D was monitored using the GFP-reporter line GSTD-
Gal4;UAS-GFP without (C) and with CSE (D). Panels in blue indicate DAPI staining of nuclei. Shown are 
merged images of GFP and DAPI. Scale bar is 100 µm. 
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3.3.2 Nuclear translocation of dFoxO in response to CSE 

The cellular location of dFoxO was monitored, using transgenic flies for expression of 

dFoxO-GFP. For tracheal localization, the tracheal specific PPK4-GAL4 line was applied. A 

nuclear translocation of dFoxO was observed after exposure to cigarette smoke in comparison 

to control animals (Figure 3-11).  

 

 
 
Figure 3-11: Nuclear translocation of dFoxO after exposure to cigarette smoke. The figure shows isolated 
trachea of control animals, expressing dFoxO-GFP in the cytosol of the airway system driven with PPK4-Gal4 
(A and C), whereas trachea of CSE animals show a translocation of the transcription factor into the nucleus as 
indicated by white arrows (B and D). Panels in blue indicate DAPI staining of nuclei. Shown are merged images 
of GFP and DAPI. Scale bar is 100 µm. 
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3.4.2 Characterization of the promoter r egions of upd, upd2 and upd3 - screen-

ing for potential dFoxO binding motifs 

As there were no up-regulation for upd3 and decreased transcript levels for upd2 in dFoxO 

deficient flies, it was interesting to examine, if there is a possible regulation of upd2 and upd3 

by the transcription regulator dFoxO. Upon closer look on the promoter regions of upd2 and 

upd3 and after checking for possible dFoxO binding motifs (binding motif: TRTTTAY (R = 

A or G; Y = any with C preferred) several dFoxO DBD motifs were present in the regulatory 

regions of upd2 and upd3 in the forward and reverse strands (Figure 3-15). A highly con-

served binding motif for the transcription factor was detected nearby the predicted promoter 

sides for upd2 and upd3 (shown in a dotted frame). No such motif was found for upd. This 

finding correlates with the qRT PCR data (Section 3.2.4, Fig. 3-14), where no expression of 

upd was observed. These results may indicate a strong regulatory role of dFoxO for upd2 and 

upd3 but not for upd. 

 
Figure 3-15: In silico analysis of the promoter regions of upd, upd2 and upd3. The inspected promoter 
regions of upd2 (B) and upd3 (C), but not that of upd (A) contain several putative binding sites for dFoxO at 
different locations. One of these putative binding sequences (dotted frame) of the promoter upd2 and upd3 was 
chosen to test binding ability of dFoxO FH by EMSAs. 
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Recombinant pET28a (+) dFoxO FH DBD was transformed into BL21 (DE3) and over ex-

pressed in E. coli BL21. The vector pET28a (+) is under control of the lac operon. Thus, pro-

tein synthesis was induced with 0.1 mM IPTG at an OD600 between 0.5 - 0.7. Non-IPTG in-

duced (t0) cells were used as a negative control.  

Various expression trials were carried out initially, to promote solubility of pET28a (+) 

dFoxO FH DBD. Samples were taken after every hour to control the quantity of dFoxO FH 

DBD (Figure 3-18, A). 

 

 
Figure 3-18: SDS-PAGE analysis of pET28a (+) dFoxO FH DBD - expression in E. coli BL21 (DE3) cells. 
A) Insoluble fractions of over expressed pET28a (+) FH DBD were checked on a SDS-gel after every hour. Lane 
1 (M): molecular weight marker (kDa), t0: cell lysate of uninduced BL21 (DE3) cells possessing pET28a(+) 
dFoxO FH DBD, 1-4 h: cell lysate from induced BL21(DE3) cells containing pET28a (+) dFoxO FH DBD. B) 
Samples of soluble fractions were analyzed of t0, t1 and t4. Samples were taken after every hour and induction 
was carried out with 0.1 mM IPTG, in LB medium at 28°C. Black arrow: dFoxO DBD target protein. The gel 
was stained with coomassie. 
 

Induction at 28°C with 0.1 mM IPTG for 4 hours turned out to be the best expression condi-

tion, which produced soluble protein of dFoxO DBD (theoretical Mw: 16 kDa) (Figure 3-18 

B). The dFoxO FH DBD was purified using a NHS-packed chromatography column. 

The flow through and the eluted fractions from the column were collected and analyzed by 

coomassie staining in a SDS-PAGE (Figure 3-19 A-B) and as described in Section 2.2.5.4. 

dFoxO FH DBD was obtained in the flow-through (Figure 3-19 B).  
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Figure 3-19: Purification of soluble dFoxO FH DBD by NHS-chromatography. A) M: molecular weight 
marker (kDA), SN: culture supernatant prior loading onto the NHS-column, FT: flow through, W1 and W2: 
fractions of wash steps. B) M: molecular weight marker (kDA), E1-E7: Fractions of eluted dFoxO DBD protein. 
Black arrow: dFoxO DBD target protein. 
 

Fractions of purified uncontaminated dFoxO protein (Figure 3-19 B, E7) were used for fur-

ther experiments.  

 

3.4.4 Electrophoretic mobility shift assays of dFoxO and upd promoters  

An in silico screening for potential dFoxO binding motifs within the promoter sequence of 

upd2 revealed several putative binding motifs (Section 3.4.2, Figure 3-15). One of these 

binding sequences was chosen to test the physical binding ability of dFoxO DBD. For this 

purpose, the conserved binding sequence nearby the predicted promoter of upd2 and upd3 

was taken. The oligo contained the predicted 7 bp long binding motif plus additionally 7 bp 5' 

and 7 bp 3' end of the intergenic region. To determine whether the dFoxO DBD is capable of 

binding the - 894 bp region for upd2 and -958 bp for upd3, electrophoretic mobility shift as-

says were performed, using over expressed and HIS-tagged purified dFoxO DBD protein 

(Section 3.4.3). As shown in Figure 3-20 A - B, the cy5-labeled double-stranded probes, 

when incubated with dFoxO DBD, form visible DNA-protein complexes (shifts).  
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 A) upd 2      B) upd3  
 

Cy5- CAATTAGTGTTTATGGCCTTG  Cy5- CACATGTTTTGTTTATCTGCGAGC 
|||||||||||||||||||||    ||||||||||||||||||||||||  
GTTAATCACAAATACCGGAAC   GTGTACAAAACAAATAGACGCTCG 
 
   dFoxO FH DBD        dFoxO FH DBD 

           
 

Figure 3-20: EMSAs of dFoxO DBD and the promoter regions of upd2 and upd3. EMSA was applied to 
detect the in vitro binding of the dFoxO DNA-binding domain to dFoxO motifs present in the promoter regions 
of upd2 (A) and upd3 (B). The shifted DNA is marked by an arrow. Protein and DNA concentrations were about 
250 ng and 10 pmol, respectively. "+" with and "-" without dFoxO protein 
 

 

3.5 The roles of JAK-STAT signaling in the respiratory tract of Dro-
sophila 

3.5.1 Consequences of ectopic expression of upd3 in the airways 

To investigate the role of upd3 in the trachea of Drosophila, the structural and functional con-

sequences of its ectopic expression were examined, using the tracheal driver PPK4-Gal4. It 

was of interest, if  ectopic expression of upd3 can lead into altering of the airway epithelium. 

Interestingly, a remarkable thickening of the epithelial layer was observed (Fig. 3-21 A). This 

result indicates that upd3 might play a role in thickening of the airways and may also be re-

sponsible for triggering epithelial remodeling after exposure to cigarette smoke. In some ani-

mals a narrowing of the dorsal trunks was observed (Fig. 3-21 B). In these regions, the thick-

ness of the epithelial airway layer was significantly increased. 

bound 
probe 

free 
probe 

bound 
probe 

free 
probe 
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Figure 3-27: Airway remodeling in response to cigarette smoke. Strong GFP expression of CS-exposed lar-
vae of upd3-Gal4;UAS-GFP occurred at the dorsal trunks as indicated by an white arrow (A and B). These re-
gions were characterized by a strong thickening of the epithelial layer after CSE (C). Quantification of the thick-
ness was performed using student's t-test: *: P< 0.05; **: P< 0.01; ***: P< 0.001 (D). Values are ± SD, n = 15 
and the scale bar is 100 µm. 
 

Additionally, a strong GFP expression was visible in the oenocytes of CSE animals in com-

parison to non-smoke exposed animals, indicative for upd3 expression (Figures 3-28 A-B, 

and 3-28 D). A dissection of the oenocytes revealed that they are directly connected to the 

larvae's terminal branches (Figure 3-28 C). Stronger GFP signals were also detected in the 

fine neighboring primary branches, as indicated by a white arrow in Figure 3-28 B.  
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For cigarette exposed male flies, the median survival was significantly decreased by 66.7%. 

The median survival time for CSE female flies was shortened by 66% compared to the control 

(Log-rank test: p< 0.001). The medium survival time was 15 d for smoke exposed male and 

18 d for female flies. There was no change in the median survival of female and male flies 

under physiological conditions (45 days).  

 

 
Figure 3-29: L ifespan of male and female wild  type flies after CSE. Smoke exposed female (A) and male 
flies (B) lived 66.7% and 66.6% shorter than the control flies respectively. In smoke exposed male flies the me-
dian survival time is 15 days (n=102) and in female flies 18 days. The median survival for controls of both sexes 
is 45 days (n=100). Log-rank test for survival analysis showed that p< 0.001 for both sexes. Control flies are 
shown with a dotted line. 
 

Further, it was of interest if there is any difference in mortality behaviour of flies deficient in 

relish or dFoxO. To rule out, if flies deficient in dFoxO may die faster, I performed a survival 

assay with dFoxO deficient flies. Smoke exposed dFoxO-deficient flies had a remarkable de-

crease in lifespan compared to their non-exposed counterpart (Figure 3-30 A and B). The 

median survival was significantly decreased by 50% for the male and by 53.8% for female 

flies compared to their controls (Log-rank test: p<0.001).  

 

 
Figure 3-30: L ife span of flies deficient in dFoxO after CSE. Smoke exposed female (A) and male flies (B) 
deficient in dFoxO lived 53.8% and 50% shorter than their controls, respectively. For both sexes the median 
survival time was 18 days for smoke exposed animals (n=100). The median survival was 39 days for control 
female (n=100) and 36 days for control male flies (n=100). Log-rank test for survival analysis showed that 
p<0.001 for both sexes.  
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However, under normal conditions the life span of dFoxO deficient flies is lower than that of 

the wild type flies (female and male) whereas after exposure to cigarette smoke, dFoxO defi-

cient flies seems to live slightly longer than the wild type (Figure 3-31 A - B). 

 

 
Figure 3-31: Life span comparison of wild type and dFoxO deficient flies. Female (A) or male (B) dFoxO 
deficient flies (white triangles) show a large decrease in lifespan under normal conditions (ctrl), when compared 
to wild type flies (white balls). Interestingly, dFoxO deficient animals seemed to be more tolerant towards ciga-
rette smoke (black triangles) when compared to smoke-exposed wild type animals (black balls) for both sexes. 
Data derived from Log- rank analysis *: P < 0.05, ***  P < 0.001. 
 

At last, I subjected animals deficient in relish to cigarette smoke. These mutant flies showed a 

significantly decreased survival rate compared to wild type fli es in both conditions. Relish 

deficient flies had a decreased natural lifespan compared to wild type flies for both sexes. In 

cigarette exposed male flies deficient in relish, the median survival was significantly de-

creased by 55.6% (Log-rank test: p<0.001) and shortened by 42.9% in female flies compared 

to non-exposed flies (Figure 3-32 A - B). The medium survival time was only 12 d for both 

sexes. 

 

 
 
Figure 3-32: CSE decreased life span of relish deficient flies. Smoke exposed female (A) and male flies (B) 
deficient in relish TF lived 42.85% and 55.55% shorter than their controls, respectively. In both sexes the median 
survival time was only 12 days for smoke exposed animals (n=100). The median survival was 21 days for con-
trol female (n=100) and 27 days for control male flies (n=100). Data derived from Log- rank analysis (p<0.001) 
of the survival curves.  
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3.8 Expression of drosomycin in response to cigarette smoke expo-
sure 

To visualize expression of the major antimicrobial peptide genes in response to cigarette 

smoke, reporter lines were used, carrying promoter::gfp fusions of drosomycin, defensin, 

drosocin, attacin, metchnikowin and diptericin (Ferrandon et al, 1998; Tzou et al, 2000). The 

larvae were scored for the presence of GFP expression in the tracheal system after a challeng-

ing condition with smoke. Interestingly, only drosomycin was found to be expressed after 

CSE in the entire trachea of 3rd instar larvae (Figure 3-33 A-B) whereas no GFP was ob-

served for defensin, drosocin, attacin, metchnikowin and diptericin (data not shown) neither in 

larvae nor in adult flies.  

 

 
Figure 3-33: Activation of the antimicrobial peptide drosomycin in response to CSE. Following exposure to 
CSE, the anti-microbial peptide drosomycin was released in the trachea (A) and was also found to be expressed 
in the secondary and tertiary branches (B). 
 

3.9 Induction  of cAMP synthesis in the airways of D. melanogaster 
by a blue light activated adenylyl cyclase of Beggiatoa (bPAC) 

3.9.1 Sequence similarity between Beggiatoa bPAC and Drosophila Gyc76C 

Another part of my thesis was to study, how alterations of cAMP levels affect the physiology 

of the airways in Drosophila. Until now, only little is known about how higher levels of 

cAMP affect the airways. In contrast much is known about cAMP degradation in context of 

COPD pathogenesis. The recently found adenylyl cyclase of Beggiatoa (bPAC) seemed to be 

a powerful tool for optogenetic manipulation of the fly's respiratory track via activation by 

blue light. Its expression and activation was tested in several tracheal parts with help of dif-

ferent tracheal Gal4-drivers.  
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Figure 3-35: Activation of bPAC by blue light in the terminal branches under normoxic and hypoxic con-
ditions. Blue-light activation of bPAC in the terminal cells inhibited branching and led into disorganized pattern-
ing of the terminal cells (D, E, F) in comparison to control animals (A, B, C). Subjecting these animals to hy-
poxic conditions could not initiate branching (G, H, I). For counting of branches the 3rd segment of 3rd instar 
larvae, dorsal view was chosen and crosses were performed using bPAC::DSRF-GAL4;UAS-GFP, scale bar: 
100 µm. 
 

Terminal branching is highly variable and regulated by the oxygen supply. Thus, bPAC acti-

vated larvae were allowed to grow under anoxic conditions in order to promote an increase in 

terminal branching. The result shows that hypoxia could not significantly enhance branching 

in blue light exposed animals (Figure 3-36).  
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Figure 3-36: Number of terminal branches after activation of bPAC by blue light under normoxic and 
hypoxic conditions. The number of branches was remarkably reduced after exposure to blue light. For counting 
of branches: third segment of 3rd instar larvae, dorsal view. Crosses carried out were: bPAC::DSRF-Gal4; UAS-
GFP. Number of animals: 20. Significances are calculated using student's t-test with *  p<0.05, **  p = 0.01 to 
0.001, *** p < 0.001, ns not significant p > 0.05. 
 

In some animals an incorrect positioning of the terminal branches after activation with blue 

light was observed (Figure 3-37). 

 

 
Figure 3-37: Malformation of terminal branches by activation of bPAC by blue light. Some larvae were 
characterized by malformed branches. The third tracheal segment of 3rd instar larva, dorsal view was used to 
observe morphological changes. Crosses were performed using bPAC::DSRF-GAL4;UAS-GFP, scale bar: 100 
µm. 
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3.9.3 Expression and activation of bPAC causes melanization in the airways 

Activation of bPAC in the respiratory system of the fly, using various trachea-specific GAL4-

lines, resulted into melanized branches. Expression and blue-light activation of bPAC in the 

terminal cells displayed incorrect patterning of the terminal cells and melanized, lumpy cells 

(Figure 3-38 A-D).  

 
Figure 3-38: bPAC induced activation of cAMP in the terminal br anches leads into melanized lumps. All 
animals of the crosses bPAC::DSRF-Gal4; UAS-GFP were characterized by melanized branches (A-B). The filet 
cut of tracheas show lumpy, melanized tracheal cells (C-D). The scale bar is 100 µm. 
 

In addition, elevation of cAMP levels by bPAC, using a Gal4-driver specific for the inca-

cells, did not induce any significant changes in the airway epithelium. This could be explained 

by the moderate activity of the driver line.   

An expression and activation of bPAC crossed with the PPK4-driver led into tracheal 

melanization in instar L1-L3 (Figure 3-39 A). Overall, melanization was observed in all ani-

mals carrying blue-light induced bPAC transgene (Figure 3-39 B), except for crosses with the 

specific driver for tracheal inca-cells. 
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3.9.5 Expression and activation of bPAC in the trachea effects the homeobox 

transcription factor cut 

Next, investigation was carried out for the role of cAMP activation with a driver line of the 

homeobox transcription factor cut. The homeobox transcription factor cut coordinates pattern-

ing and growth during Drosophila airway remodeling (Pitsouli & Perrimon, 2013). The ex-

pression and blue-light activation of bPAC in the trachea using cut-Gal4, had dramatic effects 

on the phenotype at the dorsal branches. This activation had a strong impact on development 

and growth of the branches. Branches at these regions were completely malformed and their 

growth was significantly suppressed (Figure 3-41). 

 

 
 
Figure 3-41: Expression of the photoactive bPAC transgene using cut-Gal4 leads into malformed dorsal 
branches. Activation of bPAC in the fly's airways with blue light, utilizing the cut-Gal4 driver, affects pattern-
ing and growth of the dorsal branches. Branching was significantly inhibited in the last segment of the trachea. 
Scale bar: 100 µm, crosses were performed using bPAC::cut-GAL4. 
 

Additionally, regions of activated bPAC were characterized by strong epithelial thickness and 

melanization (Figure 3-42 A - D and Figure 3-43).  
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A closer look on these nuclei shows that transgenic animals expressing bPAC under control of 

cut-Gal4 possess higher number of nuclei compared to control animals (Figures 3-44 and 3-

45). 

 
Figure 3-44: Expression of the photoactive bPAC transgene using cut-Gal4 causes a higher number of 
nuclei. Activation of blue-light inducible bPAC using the cut-Gal4 driver, led into an increased number of nuclei 
as visible by DAPI staining, which indicates higher proliferation rate of these cells (C-D) in comparison to con-
trol animals (A-B). Scale bar: 100 µm, crosses were performed using bPAC::cut-GAL4. 
 

 
 

Figure 3-45: Quantification of nuclei number. Activation of blue-light inducible bPAC using the cut-Gal4 
driver increased the number of nuclei 1.5-fold. 
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3.10 Depolarization of the terminal  cells utilizing  ChR2-XXL  

Further, the branching plasticity after depolarization of the tracheal cells was explored, using 

the blue-light inducible ion-channel ChR2-XXL . Depolarization of the terminal cells by 

ChR2-XXL using DSRF-GAL4;UAS-GFP, leads into 3 malformed branches in comparison to 

all control animals possessing naturally 2 branches (Figure 3-49). This result underlines the 

importance of a balanced cell polarity within the respiratory track. Minor changes can lead 

into malformations, such as inappropriate branching.  
 

 

 
Figure 3-49: Blue-light activation of ChR2-XXL in the terminal branches. Expression of the blue-light-
inducible ion channel ChR2-XXL  in the terminal branches resulted in three sprouting branches (B and D) com-
pared to control animals (A and C) with just 2 branches. Scale bar: 100 µm, crosses were performed using 
ChR2-XXL::DSRF-GAL4;UAS-GFP. 
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3.11 Melanotic tumor formation in the respiratory track of D. mela-
nogaster  

Until now, there is only one pathway, which fully describes how melanization can be activat-

ed in the trachea under tight negative control by a serpin protease inhibitor (Spn77Ba).  

My results show that translocation of the transcription regulator dFoxO takes part in the bio-

synthesis of melanin within the respiratory system of the fly and thus could be a new un-

known pathway to regulate melanization. Ectopic expression of dFoxO in the larvae trachea 

resulted into dramatic changes of the overall epithelial structure and induces melanotic tu-

mors.  

 

3.11.1 Activation of dFoxO leads into tracheal melanization  

Ectopic expression of dFoxO in the airways of the fruit fly driven by PPK4-Gal4 resulted into 

melanized sections of the trachea (Figure 3-50). For this purpose dFoxO-UAS was mated 

with the driver lines PPK4-Gal4 and DSRF-Gal4. The cells expressing dFoxO were character-

ized by the synthesis of melanin and a translocation of dFoxO into the nucleus was detected. 

 

 
Figure 3-50: Ectopic expression and activation of dFoxO causes tracheal melanization. Melanization of the 
larval trachea resulted when dFoxO was ectopically expressed in the airways with the PPK4-Gal4 driver (A-B) 
and when activated in the terminal branches with the DRSF-Gal4 driver (C-D). Furthermore, a nuclear transloca-
tion of the transcription factor was observed. The panel in blue indicates DAPI staining of the nuclei. Merged 
image of GFP and DAPI. The scale bar is 100 µm. 
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3.11.2 Activation of dFoxO in the trachea has no impact on the fruit  fly's viability  

Larvae ectopically expressing dFoxO within the trachea were able to form pupae and under-

went a complete metamorphosis, turning into the adult stage. Melanization remained to be 

visible during pupal and adult stage (Figure 3-51 A-C). 

 

 
Figure 3-51: Melanization of the trachea did not affect viability. Ectopic expression of dFoxO with the tra-
cheal specific PPK4-Gal4 driver resulted in tracheal melanization in larvae (A), pupae (B) and adults (C). It did 
not influence viability of the fly. 
 

Animals were able to rescue the effect of dFoxO activation and were able to form normal 

generation cycle without any delay.  
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3.11.3 Activation of dFoxO in the respiratory system triggers phenol oxidase ac-

tivity required for melanin biosynthesis 

The key enzyme in the melanin biosynthetic pathway of the trachea is phenol oxidase (PO). 

To ensure that these blackish spots are really products of melanin and produced due to an in-

crease in PO activity, an ex vivo trachea assay using L-DOPA was performed. Dorsal tracheal 

trunks were dissected from wildtype w1118, PPK4-Gal4::UAS-dFoxO and PPK4-Gal4::UAS-

dFoxO-GFP larvae and presoaked in L-DOPA. Animals of PPK4-Gal4::UAS-dFoxO were 

used to exclude tracheal melanization resulting from influence of GFP. After one hour of in-

cubation, trachea from PPK4-Gal4::UAS-dFoxO and PPK4-Gal4::UAS-dFoxO-GFP, but not 

the control larvae, were strongly melanized, indicating a higher than normal level of PO activ-

ity (Figure 3-52). These results suggest that dFoxO is required to exhibit PO activity in tra-

chea.  

 

 
Figure 3-52: Phenol oxidase activity assay. PO activity was assayed ex vivo using dissected larval trachea 
incubated in L-DOPA solution. Trachea from wild-type (wt) larva showed no detectable melanization (A), but 
trachea from PPK4-Gal4::UAS-dFoxO-GFP and PPK4-Gal4::UAS-dFoxO showed significant melanization, 
indicating a high level of PO activity (B-C). 
 

3.11.4 dFoxO - a possible regulator of tracheal melanization 

It was reported that the serine-protease inhibitor Spn77Ba is the regulator for tracheal 

melanization. Until now there is no information available how this serpin is getting controlled 

by upstream regulators. The dFoxO transcription factor, which is characterized by a distinct 

forkhead DNA-binding domain, is characterized as a central regulator of many target genes 

involved in metabolism, life span, cell cycle, growth, and stress resistance.  

In order to unravel, if dFoxO can function as a regulator of tracheal melanization and whether 

it could serve as a direct regulator of the serine protease inhibitor Spn77Ba, the promoter re-

gion of the serpin was examined in order to find potential binding sequences for dFoxO. 
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A putative binding site for dFoxO was found nearby the predicted promoter of Spn77Ba, at - 

462-470 of 8 bp (Figure 3-53). 

 

 
 

Figure 3-53: Schematic representation of the putative promoter region and translational start of Spn77Ba. 
The predicted putative promoter of the serpin is shown in green. An 8 bp long dFoxO binding motif was found 
upstream to the promoter. An enhancer binding protein, CCAAT, was predicted by the transcription factor 
binding site analysis software. 
 

To confirm an in vitro binding of the dFoxO DNA-binding domain to this predicted dFoxO 

binding motif (Figure 3-54A), an electrophoretic mobility shift assays were performed. A 

clear shifting was visible (Figure 3-54 B).  

 

 A) 
   Cy5- GAAGTTTGTTGTTTATTGCACTTG  

   ||||||| | |||||||||||||| ||   
   CTTCAAACAACAAATAACGTGAAC  

 

 B)        dFoxO FH DBD 

 
 

Figure 3-54: EMSA of dFoxO with the promoter of Spn77Ba. A) EMSA was applied in order to detect an in 
vitro binding of dFoxO DBD to a dFoxO binding motif within the Spn77Ba promoter. Approximately 250 ng of 
overexpressed and purified dFoxO protein was mixed with double stranded, labeled probe of the dFoxO binding 
motif. B) FoxO was readily binding as demonstrated by clear shifting. 
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4. Discussion 

4.1 Modeling of COPD in the airway epithelium of D. melanogaster 

The goal of this study was to unravel if Drosophila could be used as a COPD-model. This 

work presents one of the first reports for using D. melanogaster as a model organism to study 

the direct effects of cigarette smoke as the major risk factor for COPD. Mice, rat and guinea 

pigs serve as models of COPD. Nevertheless, some limitations of these models hinder the 

progress in our understanding of the pathogenesis, such as the complex interplay between the 

natural and adaptive immune responses, time consuming handling of transgenic mice to ob-

tain COPD-phenotypes and their genetic redundancy. Therefore, simple models such as the 

nematode C. elegans (Green et al, 2009) and especially the fruit fly Drosophila melanogaster 

are considered as new models, enabling very fast and broad insight of the physiological role 

and function of COPD-genes and their effects on the airways. In contrast to human epithelial 

cell culture, which has limitations, primarily those of any in vitro model, D. melanogaster, as 

an in vivo system, can be subjected as whole animal to cigarette smoke exposure. The current 

work highlights the advantages of the fruit fly Drosophila to model COPD-like phenotypes, 

over two other model organisms (Table 4-1). Although the fruit fly Drosophila has not been 

used previously as a smoking model for COPD research, it possess potential aspects for ana-

lyzing COPD-related target genes in the airway epithelium, except for those associated with 

the adaptive immune system. Moreover, the airways of the fruit fly share a comparable organ 

composition with striking similarities to vertebrates with respect to its physiology and reac-

tion towards pathogens and other biotic stimuli (Wagner et al, 2008). In contrast, the inverte-

brate C. elegans model lacks an respiratory system and can only absorb chemicals from CS by 

converting nicotine into cotinine (Green et al, 2009). 

Beside the remarkably decreased lif e span after exposure to cigarette smoke, D. melanogaster 

has shown several COPD-related phenotypical features (Section 4.3, Table 4-2). 
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Table 4-1: Comparison of Mouse, C. elegans &  Drosophila as models in COPD research. 

 Drosophila  
melanogaster 

Mouse C. elegans 

Able to launch an 
immune response?  

+++ 
innate immunity 

+++ 
innate + adaptive  im-
mune system 

+++ 
 innate immune 
system (e.g. 
toll-like recep-
tors, defensin-
like proteins)  

    
Speed and flexibility  +++ 

short life cycle, easy 
handling 
launching immune 
response quick 

+ 
time consuming han-
dling, mice require 
months to develop mild 
emphysema 

+++ 
easy handling 
and short gen-
eration time 

    
Complexity  +++ 

ease of genetic ma-
nipulation (Gal4-UAS 
system) & 
direct analysis of ex-
pected phenotypes 
possible 

- 
generation of specific 
knockout and over ex-
pression studies of target 
genes is time consuming 

++ 
easy to handle, 
simple anato-
my, but less 
genetic tools 

    
Genetic redundancy +++ 

less genetic redundan-
cy, direct identifica-
tion of gene function 
possible 

+ 
impairs the direct identi-
fication of gene func-
tion, complex task to 
distinguish between re-
sponses of adaptive and 
innate immune system 

++ 
less genetic 
redundancy, 
but few similar-
ity to human 
(ortholog 
genes) 

    
Lung structur e 
compared to human 

++ 
lungs and tracheal 
system are not homo- 
logous, however com-
parable organ compo-
sition  
terminal branches = 
analogue to bronchi-
oles  

+++ 
consists of a complete 
lung structure, but is not 
identical to human, 
much less airway 
branching and no respir-
atory bronchioles => 
does not develop small 
airway disease 

- 
lacks both: spe-
cialized res-
piratory sys-
tems and com-
plex circulatory 
organs 

legend: "+" - normal, "++" - advantageous, "+++" - highly advantageous, "-" - disadvantage 
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4.1.1 Activat ion of the JAK -STAT pathway as an autocrine signaling after CSE? 

Until now very little is known about the early disease related response and other involved 

mechanisms caused by cigarette smoking. To unravel these mechanisms, the situation of ciga-

rette smoking in the airway epithelium of the fruit fly D. melanogaster was mimicked. 

Firstly, the current study has shown that the tracheal airway epithelium of 3rd instar larvae 

responds to cigarette smoke exposure. It was shown that activation of JAK-STAT signaling 

occurred at the posterior end of the dorsal branches of the airways as an early response to-

wards smoke, by utilizing the 10 x STATDGFP reporter. The higher expression at the dorsal 

branches indicates that the windpipe in human could be the first organ of the lung system to 

be affected and that JAK-STAT signaling is mediating its cytokine release and activation es-

pecially at this part. Turetz et al. also showed that different regions of the airways respond in 

different ways towards CSE. In their studies they have shown that the trachea epithelium is 

more sensitive to the stress of smoking than the small airways (Turetz et al, 2009). In this 

study, JAK-STAT signaling is one of the important signaling mechanisms in response to ciga-

rette smoke. In fact, recent studies have also demonstrated that JAK-STAT signaling is signif-

icantly increased in COPD patients (Chen et al, 2014; Ghosh et al, 2015; Yew-Booth et al, 

2015). Furthermore Victoni et al. also found an activation of JAK/STAT pathway by stimula-

tion of A549 epithelial cells after exposure to cigarette smoke (Victoni et al, 2014). Nicotine-

induced JAK2/ STAT3 activation in oral keratinocytes was investigated by Arredondo et al 

(Arredondo et al, 2006). 

Secondly, it was found that the exposure to cigarette smoke modulates gene expression of 

upd2 and upd3 but not that of upd, reflecting functional differences between these three cyto-

kines. However, ectopic expression of upd and upd3 in the trachea possess the same pheno-

type leading to thickening of the airway epithelium. The colocalized expression of upd2 and 

upd3 after CSE suggests that they take related roles in response to cigarette smoking, most 

likely by triggering an inflammatory-like response. Upd2 and upd3 can activate the 

transmembrane signal transducing receptor domeless thus generating active STAT92E. The 

overlapping expression pattern of the major JAK-STAT components upd2, upd3, the cytokine 

receptor domeless and the GFP expression of 10XSTAT92E-DGFP may indicate that JAK-

STAT signaling is getting activated as an early response towards cigarette smoke in the tra-

chea in an autocrine fashion (Figure 4-1). Moreover, the transcriptional activation of upd2 

and upd3 at 48 h CSE is higher than after 24 h CSE, which indicates that the activation de-

pends on the cigarette dosage. 
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The exact orthologs of the cytokines upd, upd2 and upd3 still remain unknown and their pres-

ence is still limited to the Drosophila genome as illustrated by Bayesian analysis. However, 

structural comparisons of upd3 to a known crystal structure of IL-6 demonstrate a similar pat-

tern of helices. Oldefest et al. has also described upd3 as an ancestor of the four-helix bundle 

cytokines (Oldefest et al, 2013). Detailed analyses were undertaken for IL-6 and its role in 

lung injury and inflammation induced by cigarette smoke in mice (Halappanavar et al, 2009).  

 
Figure 4-1: Activation of JAK -STAT signaling in Drosophila in comparison to human lung. JAK-STAT 
signaling was found to be one of the major signaling pathways in the fly's airways in response to cigarette 
smoke. The posterior ends of the dorsal branches were affected most probably in form of an autocrine cell 
signaling. Therefore our hypothetical model could be that upd2 and upd3 (as autocrine agents) are getting 
expressed, secreted and bound to the autocrine receptor domeless in the same affected region which finally leads 
to activation of JAK-STAT pathway in the trachea after CSE. In comparison to human lung it could be possible 
that JAK-STAT signaling is getting activated in the smokers windpipe (black line).  
 

Sustained activation of JAK-STAT signaling is causal to human cancers and its dysregulation 

has been linked to several tumors in Drosophila (Amoyel et al, 2014). For example frequent 

over activation of STAT3 and STAT5 promotes a variety of tumors and blood malignancies 

in human and hyper activation of HOP/ STAT92E pathway which results in melanonic or 

leukemia-like tumor formation in larvae and adult flies (Dearolf, 1998; Hanratty & Dearolf, 

1993). Activated nuclear STAT has been detected in many forms of chronic inflammation-

associated diseases, including lung cancer (Wu et al, 2014). This work has presented a de-

tailed molecular analysis of the upd-like ligands of the JAK-STAT pathway and has shown 

that upd2 and upd3 act in a similar fashion after CSE. Taken together, the observed expres-

sion of JAK-STAT signaling is indicative for the first response to cigarette smoke in the tra-

cheal epithelium and that its activation is restricted to the dorsal branches. 
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Flachsbart et al, 2009; Li et al, 2009; Pawlikowska et al, 2009; Soerensen et al, 2010; Willcox 

et al, 2008) and also plays a role in lung cancer (Herzog et al, 2009) (Mikse et al, 2010) (Yang 

& Hung, 2009). However, Däumer et al. found that smoking does not alter the FOXO3A as-

sociation with longevity (Daumer et al, 2014). 

 

Interestingly, this work identified the transcription factors relish and dFoxO as possible poten-

tial upstream regulators of the cytokine-like upd2 and upd3. Cigarette smoke mediated induc-

tion of upd2 and upd3 was significantly decreased in dFoxO- deficient flies. Furthermore, 

EMSA analysis underlines the potential up-stream regulatory role of dFoxO for upd2 and 

upd3 through its direct DNA-binding to conserved binding motifs within their promoters 

(Figure 4-2).  

 

promoter_Upd2 : CAATTAGTGTTTATGGCCTTG 
promoter_Upd3 : CATGTTTTGTTTATCTGCGAG 

 
 
Figure 4-2: Alignment of dFoxO binding motifs within the promoter regions of upd2 and upd3. Essential 
nucleotides of the conserved binding motifs for binding of dFoxO are in red color. 

 
However, qRT-PCR analysis has shown that in relish deficient flies, the transcript levels of 

upd2 and upd3 were also down-regulated, but not as strong as in dFoxO deficient animals. 

The fact that transcription of upd2 and upd3 was detected in relish deficient larvae, indicates 

that dFoxO is still functional in those animals. 

For upd no binding motifs, neither for relish nor dFoxO, were found within its promoter. This 

correlates with the observation that qRT-PCR analysis did not show any transcription of upd. 

Also there was no expression detected by X-Gal staining after CSE, indicating that upd is not 

taking part in the dFoxO-mediated response towards cigarette smoke. 

 

One way to activate dFoxO is via the JNK pathway, suggesting that this pathway may be ac-

tive after CSE. To unravel if the JNK-pathway is involved, a specific puckered reporter-Gal4 

line was mated to either LacZ-UAS or UAS-GFP (data not shown) (Adachi-Yamada, 2002). 

However, there was no detectable GFP expression or beta-galactosidase production in CS-

treated animals, which gives a first indication that JNK signaling is maybe not operative for 

activation of dFoxO in the smoke responsive manner. Also the utilization of a reporter system 

with AP-1 responsive TRE elements for monitoring JNK-activity (Chatterjee & Bohmann, 

2012) did not give any valuable signals. In future experiments it should be verified by qRT-

PCR that JNK pathway is not getting activated on CSE. 




















































































