The role of transcription factor dFoxO in
regulating tracheal terminal cell plasticity of the
fruit fly Drosophila melanogaster

Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat der

Christian-Albrechts-Universitat zu Kiel

Vorgelegt von
Reshmi Raveendran
aus

Indien

Kiel, 2022



Erster Gutachter: Prof. Dr. Thomas Roeder
Zweiter Gutachter: Prof. Dr. Holger Heine

Tag der mundlichen Prifung: 07.02.2023

gez. Prof. Dr. Frank Kempken



Table of contents

Table of Contents
TaDIE OF CONTENTS ...ttt b e s b et ese s e |
ZUSAMMENTASSUNE ...etiiee ittt citee sttt e ettt e st e e e s st ee e e seabe e e e ssabeeeesaabeeeesasbeeeessabeeeeaasseeesennseeessnnsenesanssens v
LY o1 1 - T PP TP P SR PPTOPRRPRRR v
LiSt Of @DDrEVIAtIONS ... ceiuiiiieeee e sttt st sttt et b e e s Vi
I o) B ST ={ 0 <L VI
R o) N I o L= PO PR PSPOPPRP IX
1 INTRODUCGTION ...cittttitittttttttttetttttetttttetetetetetetetetetetetetetetetetetetetetetttetetetetetetettteteteteteeereeeteeeeeeeeeeeeenee 1
1.1 104V =1=T 0 I o (0] 1 g [T 1] = 1 [ J U TP TSP 1
1.2 Occurrence of HypoxXia in ANIMalS ........cccuiiiiiiiiii e 2
13 Rising to the challenge: Adaptation to HypoXia........cccecuieiiriiiiieiiiieee e 3
1.4 Molecular mechanisms underlying hypoxia reSPONSE.......ccccvieiiriiiieeeriiieeeerreeeesreeeesreee e 5
1.5 Drosophila melanogaster as a model system to study hypoxia response.........cccceeecvveeeennen. 6
1.6 Behavioral responses to hypoxia in Drosophila [arvae ............eeeeceveeeeccieeeeccieee e 8
1.7 The tracheal (respiratory) system of Drosophila melanogaster ...............ccooeeeecvueeeeeccnnnennns 8
1.8 Mechanism of tracheal branching ........cuueviiiiiiicc e 9
1.9 HIF-dependentdent signaling in DroSOPAila .............eeoeeuvieiiiiiiiiieee e 11
1.10 Tracheal remodeling and Plasticity of Tracheal terminal cells .........cccceeeeciiiiieciiieriiieeens 13
1.11  Insulin/Insulin-like Signaling (I1S) PAthWay .....c.c.eeocuieieieeeiiee ettt e 15
00 A S > (@ Y 14 =1 [T V- PR UP SRt 16
1.12.1  FoxO transcription factors ........eeicciiiiicciee et e 16
1.12.2  Regulation of FOXO ACHIVITY ......ueeiiiiiieieiiiie ettt 17
1.12.3  FoxO as a regulator of plasticity at different levels of organization............ccccueeeuneee. 20
R 0 T I U T - 4o VN 21
1,14 AIM OF TNE STUAY weeiieeiiiee ettt e e ettt e e e e tte e e e ebteeaeebbeeeeensaeeesntaeaesanes 22
2 MATERIALS AND METHODS .....oetiiiiiteieesitesiee sttt ettt st sttt saee st bt b e neesneesmee e s 23
21 IVEGERTIAIS ettt ettt st sttt et b e b e st e e b e e reesnne e 23
2.1.1 1] o To T = 1 o] VA D 11/ ol =t SRR 23
2.1.2 General MAterialS.....cui i s e 24
213 GENEral ChEMICALS .eeveeiieieee e es 24
2.1.4 DroSOPhila flY TIN@S......uvii ettt e e e et e e e s et e e e s e bte e e e eraeeeeaanes 25
2.15 Antibodies and dilULIONS. .......c.covieiiiiiee e 26
2.1.6 (@] 17= oY aTUTol [=To ) d T =TSR 26
2.1.7 0 FAY 0 TSI [T I G 4 URP 27

2.1.8 SOIUTIONS AN BUFEIS c.coeieiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt e e e e 27



Table of contents

2.1.9 Y =1 g 1o ET e I LV oo Lo R UUSRROt 29
2.2 IMEEENOMS ...ttt sttt et e e b sb et sttt r e et enreesane e 30
221 Drosophila CULUre @nd CrOSSES ....uuiiiuiiiiiiiiieeieciieeeeectieee s sttt e e s sbeeeessbeeeessesteeesseneeeessnes 30
2.2.2 HYPOXia TrEatMENT ..ceieiiii ettt e e e e e e anreeeeee s 33
223 Dissection of trachea from L3 1arvae ........coceevieiieniiniieeeeeeee e 34
2.2.4 LacZ staining /B-galactosidase StaiNiNG........ccceccvueeeeieeeiiie et e 35
2.2.5 BODIPY STAINING .. .uueiiiiiiieieiiiiitee ettt e e e e ettt et e e e e e s s sber et e e e e e sssanbtbeeeeessessannseaeeeeas 35
2.2.6 Measuring cell fluorescence USiNg IMageJ........cuvviuiiiiiiiiiie e 36
2.2.7 Visualization and Scoring of Tracheal Growth ..........ccccoviiiiiiiiiiii e, 36
2.2.8 Measurement of Hypoxic Growth Restriction ..........ccceccveeeiiiiiei e, 37
2.2.9 Visualisation of fat body OPaCity......ccccuiiiiiciiii e 37
2.2.10  Nutritional EXPEeriment ......ccoiiiiiieiiee ettt sree e e sabe e e e s sbee e s s snbae e e sareeas 37
2.2.11  TU-tagging: terminal cell-specific RNA isolation ........ccccccceeiiiiieiiiiciiee e, 38
2.2.12  Statistical @NAlYSIS couveeeiiiiiiee e e e 44
2.2.13  SOTEWAIE ettt et st st et b e e s he e st et eearean 44
RESULTS. ..ttt ettt ettt h e s bt sttt et e s bt e s bt e sae e satesa bt et e e b e e beenbeesbeesaeeenseenbeenbeenbeesanenas 45

3.1 Oxygen and nutrition availability contribute to tracheal terminal cell plasticity in Drosophila
larvae 45

3.2 Hypoxia activates FoxO signaling in the airway epithelial cells.........ccccovviieciiiicciieeceen. 46
33 The mode of FoxO activity in the TTCs is different from the rest of the tracheal cells......... 48
3.4 Hypoxia-induced terminal cell plasticity is mediated via FoxO signaling. .........ccccccvvevennneen. 49

3.5 Terminal cell plasticity in response to nutrition is impaired upon deregulating FoxO

7= g T=1 L1 =R 50
3.6 Tracheal terminal cell exhibits increased plasticity on downregulating the expression of

FOXO DY RNAIL . eiitietieiieitieiie sttt e st e sttt setesteesbeesteesaeesasesasessbeesbeenseesseesseesssesssesnsesnseessessseesssesns 52
3.7 Hypoxia-induced larval growth restriction can be lessened by FoxO regulation. ................ 53

3.8 Hypoxia induces lipid metabolism adaptations varied in larvae with FoxO downregulation

TN EEIMINGT CEIIS ..t st st st b e b e b e smeesaeeeane s 55
3.9 Disruption of JNK signaling in the TTCs did not influence the plasticity........ccccceeevveernnnnenn. 57
3.10 Activation of Insulin signaling promotes tracheal terminal branching.........ccccccccceveeennnen. 59
3.10.1 Optogenetic activation of Dilp2 neurons using ChR2-XXL........cccceeeureeeiiieeeeerire e, 59
3.10.2 Thermogenetic activation of Dilp2 neurons using TrpAL ......cccceeeeeiieeeeciiee e 60
3.11 Use of TU-tagging yielded tracheal terminal cell-specific MRNA .........cccccceeviiierieciiee e, 62
DISCUSSION......eeeteettesteeeite ettt ettt ettt sttt et e bt e s bt e saeesaee s bt e bt e bt e s b e e sbeesmeesaeeeaseenseesbeesseesnnenas 64

4.1 Hypoxia and nutritional availability as two cues that regulate tracheal terminal cell
plasticity iN DroSOPRiIlA |arVAE. ......eeeeee ot e e e s e e eabre e e e e e e e e e nnnrraaeeeas 65



Table of contents

4.2 FoxO signaling as a common regulation pathway for nutrition and stress response in
tracheal termiNAl CEIIS. ....ui i e ree e e e sbee e s s sbee e e enareeas 67

4.3 The physiological range of FoxO expressed during hypoxia is essential for tracheal terminal
Lol | o] F= 1y [ 1 4V 2R 68

4.4 FoxO at physiologically relevant level can alter some of the hypoxia-induced phenotypes 69
4.5 FoxO-dependent TTC plasticity is not regulated via JNK signaling ........ccccccevveeeeviieeninnnneen. 71

4.6 Activation of the dllp Neurons Promotes tracheal terminal cell branching, suggesting FoxO
response is regulated via the Insulin signaling pathway.........cccccoeiiiiiiiiiii e 72

4.7 TU Tagging as a method to isolate terminal cell-specific RNA must be re-examined and calls

for the use of alternative Methods .........coo i 75
4.8 SumMMary and FULUIE PErSPECTIVE........eiii ettt ecttee e et e e e ebee e e e eate e e e enreeeeeanes 77
5 REFERENCE ...ttt ettt et b e s h e st ae e et e e b e e s bt e saeesatesabe e bt e b e e beenbeesaeesaeeentean 79
CUPTICUIUM VT ettt Error! Bookmark not defined.
(B =Tol T | { o] o TR O T T O T T TP U PP TP PTOPUPTOPPRPI 103
Yol g o1V F=To F=d=T o Y=Y o PRSP 104



Zusammenfassung

Zusammenfassung

Die Umwelt, in der ein Organismus lebt, unterliegt raschen Veranderungen. Um mit diesen
Verénderungen zurechtzukommen, missen sich die Organismen an diese Verdnderungen
anpassen. Plastizitat ist eine grundlegende Eigenschaft, die dafir sorgt, dass sich die
Morphologie, das Verhalten und die Physiologie von Individuen an sich verandernde
Umweltbedingungen anpassen. Das Verstdndnis derartiger plastischer Eigenschaften ist
deswegen so wichtig, da eine Reihe von Erkrankungen des Menschen auf veranderte plastische
Reaktionen zurtickzufiihren sind. Die Sauerstoffverfiugbarkeit schwankt zusammen mit der
Fulle der Nahrstoffe wéhrend des Lebenszyklus eines Organismus erheblich. Ein verminderter
0O2-Gehalt — bezeichnet als Hypoxie - kann zu irreversiblen Zellschdden fuhren, und daher
haben Organismen adaptive Reaktionen entwickelt, um den O2-Mangel auszugleichen. Die
Fruchtfliege Drosophila melanogaster, ein weit verbreitetes genetisches Modell, ist sehr
widerstandsfahig gegentiber Sauerstoffmangel, wobei das respiratorische System (Tracheen)
der Insekten Gemeinsamkeiten mit dem GefalRsystem von Wirbeltieren aufweist. Es ist
bekannt, dass Drosophila-Larven bei Hypoxie eine Angiogenese-ahnliche Reaktion zeigen.
Dabei wird die Expression von Zielgenen induziert, die zelluldre und physiologische
Anpassungen an Hypoxie vermitteln. Die trachealen Terminalzellen (TTCs) sind von Natur
aus plastisch und reagieren auf Hypoxie und unterschiedliche Erndhrungsbedingungen, indem
sie neue Verzweigungen aussprossen lassen, ein Prozess, der mit der Angiogenese verglichen
werden kann. In der vorliegenden Arbeit steht die Rolle des Transkriptionsfaktors Forkhead
Box Protein O (dFoxO) bei der Regulierung der Plastizitat von Terminalzellen im Fokus. Die
Lokalisierung von dFoxO in den terminalen Zellen unterscheidet sich von den anderen Zellen
der Tracheen in ihrer Reaktion auf Hypoxie. Die Deregulierung der FoxO-Aktivitat in den
TTCs durch Mangel sowie durch Uberexpression von FoxO fiihrte zum Verlust der Plastizitét
der terminalen Zellen. Eine teilweise Verringerung der Expression von FoxO mittels RNAI
fiihrte jedoch zu einem Hyperbranching Phanotyp, was darauf hindeutet, dass FoxO auf einem
physiologisch relevanten Niveau exprimiert werden muss, um die Plastizitit der terminalen
Zellen aufrechtzuerhalten. Die Blockierung der JINK-AKktivitéat in den terminalen Zellen hatte
keinen Einfluss auf die Plastizitat der terminalen Zellen, was darauf hindeutet, dass die FoxO-
Regulierung in den terminalen Zellen unabhéngig von dem JNK-Signalweg ist. Andererseits
regulierte die induzierte Freisetzung von Insulin aus den insulinproduzierenden Zellen die
terminale Verzweigung in positiver Weise, was darauf hindeutet, dass dFoxO Uber Insulin-
Signale in den TTCs reguliert werden kann.



Abstract

Abstract

The environment in which an organism lives undergoes rapid changes, and to cope with these
changes, organisms have to adapt. Plasticity is a fundamental biological process that ensures
that individuals' morphology, behavior, and physiology adapt to match their environment.
Understanding the mechanisms that regulate trait plasticity is important because knowledge of
how phenotypic plasticity is regulated has significant consequences for the study of diseases
that result from changes in plasticity. Oxygen availability, along with the abundance of
nutrients fluctuates significantly during the life cycle of an organism. Reduced O levels—or
hypoxia, can lead to irreversible cellular damage in organisms, and therefore, organisms have
evolved adaptive responses to compensate for the lack of Oz. The fruit fly Drosophila
melanogaster, a widely applied genetic model, is highly resistant to oxygen deficiency and its
respiratory (tracheal) system has features in common with the vertebrate vascular system.
Drosophila larvae are known to display angiogenesis-like responses upon exposure to hypoxia.
from where it induces the expression of target genes that mediate cellular and physiological
adaptations to hypoxia. The tracheal terminal cells (TTCs) are plastic in nature, and they
respond to hypoxia and different dietary conditions by sprouting out new branches, a process
that can be compared to angiogenesis. Here we elucidate the role of the transcription factor,
Forkhead box protein O(dFoxO) in regulating terminal cell plasticity. The localization of
dFoxO in the terminal cells differed from the other cells of the trachea in response to hypoxia.
Deregulation of FoxO activity in the TTCs achieved by deficiency and overexpression of FoxO
led to the loss of plasticity of the terminal cells. However, partial reduction of expression of
FoxO via RNA.I led to hyperbranching phenotype, suggesting that FoxO need to be expressed
at a physiologically relevant level to maintain plasticity of the terminal cells. Suppressing JINK
activity in the terminal cells did not affect the plasticity of the terminal cells, suggesting that
the FoxO regulation in the terminal cells is independent of JNK activity. On the other hand, the
induced release of Insulin from the insulin producing cells positively regulated the terminal

branching, implying dFoxO might be regulated via I1S signaling in the TTCs.
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Introduction

1 INTRODUCTION

1.1 Oxygen Homeostasis

Oxygen (O) is one of the essential elements required by living organisms to produce adequate
amounts of energy necessary for metabolic activities to sustain life. Eukaryotes, including all
multicellular organisms and some single-celled organisms, require a constant supply of oxygen
for aerobic respiration to yield energy in the form of ATP [1]. Anaerobic organisms are
exemptions and do not require molecular oxygen for growth. During evolution, various
organisms have devised a wide array of different physiological and molecular adaptations for
the transport and delivery of oxygen. In invertebrates, these possibilities range from pure
diffusion to more efficient closed respiratory systems. Lower metazoans, like the flatworms
and nematodes, can meet their aerobic oxygen demand solely by direct diffusion from the
environment [2]. Insects have a more developed closed respiratory system with a mesh of fine
tubular trachea that delivers oxygen to internal tissues and cells [3]. On the other hand,
vertebrates have specialized organs for exchanging gases and cardiovascular transport systems
to provide an increased diffusion interface. Vertebrates generally rely on respiratory pigments
to transport oxygen to all body cells through the bloodstream [4]. In addition to transporting
oxygen from the atmosphere to the cells, delivery systems require to adapt to oxygen

availability to survive environmental variations.

Though oxygen is essential for aerobic life, the level of O, whether too low or too high, can
be detrimental. In normal conditions, oxygen comprises 21% of the earth’s atmosphere from
sea level to the highest mountain top. Normoxia is a term used to describe the oxygen partial
pressure (pO2) that an organism usually lives in. Hypoxia is a condition when the pO: level
falls below the normoxic pO, and there is no complete absence of oxygen. Hyperoxia is the
opposite of hypoxia, a state where oxygen concentration exceeds normoxic levels and may lead
to oxygen toxicity that causes extensive damage to tissues. The tolerance for fluctuating oxygen
supply varies markedly among organisms, and the borders of hypoxia and hyperoxia are
species or even population-specific [5]. In general, mammals are very intolerant to hypoxia,
while fish, amphibians, and several invertebrates are more capable of tolerating hypoxia [6].
The air is considered oxygen-deficient or hypoxic for humans, below 19.5% oxygen, whereas
C. elegans can maintain a near-normal metabolic activity at an environmental oxygen

concentration of 2% [2]. Hypoxia can occur continuously or intermittently and be either acute
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or chronic, depending on the duration [7]. The state of complete absence of oxygen is called
anoxia. The condition of pO> of arterial blood being abnormally low is called Hypoxemia.
Ischemia is a situation with blocked blood flow and subsequent restriction of oxygen supply to

tissues.

In multicellular organisms, maintaining homeostasis requires the coordination of metabolic
reactions and cellular processes with the constraints imposed by their environment. Most
metazoan organisms need an uninterrupted and sufficient oxygen supply to meet their
metabolic demand. Animals constantly monitor changes in the relative concentrations of both
internal and environmental oxygen and carbon dioxide through chemoreceptors. In mammals,
the carotid body is the main arterial chemoreceptor that senses reduced blood oxygenation. The
carotid body controls ventilatory activity and induces robust arousal as a response [8]. In C.
elegans and D. melanogaster, there is a specific subset of sensory neurons that expresses
atypical soluble guanylyl cyclases (sGCs) that are capable of acting as oxygen sensors [9], [10].
They act as chemosensory centers to monitor oxygen gradient in the environment and respond
to oxygen-regulated behavior [11]. Oxygen homeostasis is achieved by both rapid behavioral
and long-term physiological responses, which involve changes in gene expression. In animal
models, the most dramatic structural changes following hypoxic exposure are found in the
vascular system, which undergoes remodeling to maintain a constant supply of oxygen to
peripheral tissues.

1.2 Occurrence of Hypoxia in Animals

Oxygen supply can vary dramatically, with animals adapted to sea level, high-altitude,
underground, and aquatic habitats. This variation poses a common physiological challenge to
animals that obtain O, from the surrounding environment, from worms to mammals.
Atmospheric hypoxia occurs naturally at high altitudes when the atmospheric pressure
progressively decreases as the altitude increases. The lower air pressure makes it difficult for
O- to diffuse into the vascular system resulting in O deprivation, also known as hypobaric
hypoxia [12]. Besides high altitude, many animals have to cope with temporary, permanent, or
patchy hypoxic conditions during movement into a small den, cave environment, or confined
space. In their natural soil habitat, C. elegans commonly encounter hypoxic conditions when
the soil is flooded, blocking soil pore spaces or when O levels would be low near areas of
biological activity such as local concentrations of bacteria [13]. The larval and adult stages of
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holometabolous insects experience very unique O2 environments and face anoxic hazards
during their life cycle due to their different habitats and locomotory capabilities [14]. Fishes
inhabiting rivers and wetlands often come across hypoxia due to excess loads of organic

material, nutrients, or rising temperatures resulting in low dissolved O concentration [15].

Hypoxia in humans can result from several factors, including ambient hypoxia due to exposure
to high altitude, physiological/transient hypoxia resulting from physical exercise, and
pathological hypoxia due to disease conditions [16]. In situations where lowlanders remain at
high altitudes for an extended period, it may eventually lead to mountain sickness [17], often
associated with polycythemia, systemic and pulmonary hypertension, decreased exercise
tolerance, decreased growth, and other hypoxia-associated symptoms. In the long term,
ambient hypoxia can threaten humans' and animals' survival, development, and reproduction.
In extreme cases, ambient hypoxia and mountain sickness lead to death [18]. Moreover,
hypoxia is associated with many diseases where oxygen tensions are likely insufficient due to
poor respiratory function, e.g., cystic fibrosis, chronic bronchitis, pulmonary hypertension, and
Chronic obstructive pulmonary disease (COPD) [19]. Hypoxia also occurs in various tissues if
there is elevated oxygen demand, e.qg., in skeletal muscle during physical exercise or in case of
tumor growth. Even under optimal conditions, oxygen availability can drop in the transition
from rest to exercise, meaning that exercising skeletal muscle must function at a very low
partial pressure of oxygen, resulting in hypoxia [20][21]. Tumors become hypoxic when there
is an imbalance between the cellular O, consumption rate and the Oz supply to the cells within
the tumor [22]. Tumor hypoxia can be caused by inadequate blood flow in tissues due to
abnormalities in the microvasculature, increased diffusion distances with tumor expansion, or
tumor-associated anemic hypoxia resulting in reduced O transport capacity of the blood.
Tumors are well adapted to grow and expand in this persistently oxygen-depleted tumor

microenvironment [23].

1.3 Rising to the challenge: Adaptation to Hypoxia

Animals exhibit diverse adaptations to survive reduced environmental oxygen. There are
undeniably significant variations between different organisms and cells in their ability to
survive in a hypoxic environment. Some of these strategies include the ability of organisms to
slow down metabolism when exposed to hypoxia, shift to alternate pathways for energy
production, enhance the O carrying capacity, and increase the efficiency of gas exchange
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under hypoxic stress [5]. Most of these processes occur during the early phase of hypoxia. They
are activated through proteins that have already been synthesized. Still, these processes are also
mediated by adaptive changes in the expression of genes encoding key factors of these
responses [24].

There are high-altitude populations like the Andeans, the Himalayans, and the Ethiopians who
live and work at heights of about 3,500-4,500m [25]. These populations have different
phenotypes and strategies for coping with their inhospitable hypoxic environment [26], [27].
The Andean natives have 25-30% higher red cell mass, hemoglobin concentration, and
hematocrit than the sea-level men [28]. By increasing the red cell mass, the hemoglobin
concentration and O»-carrying capacity of the blood is elevated. This polycythemia is one of
the main adaptive mechanisms in men native to high elevations. It enables them to deliver
oxygen throughout their bodies more effectively than people at sea level do. Tibetans
compensate for low oxygen content by increasing their oxygen intake by taking more breaths
per minute; that is, they have higher resting ventilation than people living at sea level [29],
[30]. Tibetans also have lower lung nitric oxide levels than the Andean highlanders and
lowlanders. Nitric oxide can act as a vasodilator and increase blood vessels' diameter,
suggesting that Tibetans may offset low oxygen content in their blood with increased blood
flow [31], [32].

Low O availability is a physical stressor that leads to cell adaptations under physiological and
pathological conditions. Hypoxia is dangerous for many animals because ATP levels fall
because of decreased aerobic ATP production. When ATP levels fall, cellular homeostasis is
quickly put at risk [33], and animals have developed different survival strategies to adapt to the
situation. Animals typically respond to low oxygen tension shifting ATP production
mechanisms from aerobic to anaerobic glycolysis [24]. To reduce energy consumption and
maximize oxygen uptake, animals may try to slow down their metabolism and increase their
respiratory volume. For example, in the turtle brain, energy-demanding processes are
significantly suppressed to meet the energy supplied by anaerobic glycolysis, which includes
decreases in excitatory neurotransmitter release, increased neural inhibition, channel arrest, and
the suppression of action potentials [34]. To achieve increased respiratory volume in fishes,
the gills undergo structural remodeling to maximize the oxygen uptake over the epithelial
surface area of the gills [35]. During physical exercise in humans, hypoxia induces many
responses in skeletal muscles due to rapid oxygen consumption. Chronic hypoxia reduces fiber

area to improve oxygen diffusion into muscle cells and muscle mass to decrease oxygen
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demand [36]. Acute hypoxia induced by exercise can lead to skeletal muscle vasodilation and
hence maintain the delivery of Oz as a compensatory response [37]. In Drosophila, low oxygen
stimulates tracheal terminal branch formation. When the tracheal supply to a local region is
eliminated, nearby terminal cells sprout branches that grow to supply the detracheated area.

Oxygen-starved cells secrete a tracheogenic signal that can attract new terminal branches [38].

1.4 Molecular mechanisms underlying hypoxia response

Molecular oxygen was central to the evolution, being the core molecule to fuel energy
production in the form of ATP through oxidative phosphorylation in aerobic organisms.
Consequently, many organisms have become dependent on a constant supply of oxygen to
function effectively during evolution. Organisms have developed molecular mechanisms to
respond to hypoxia with the induction of genes encoding proteins that increase oxygen supply
and modulate metabolic activity in oxygen-depleted tissue/organism [39]. The transcription
factor, Hypoxia Inducing Factor (HIF), is the central regulator of oxygen detection and
adaptation at the molecular level. HIF upholds oxygen homeostasis by regulating the
expression of numerous genes and further initiates cellular responses to hypoxia by regulating
glucose utilization and anaerobic respiration in hypoxic environments [1], [8]. One of the
significant functions of HIF in mammals is to promote angiogenesis by regulating the vascular
endothelial growth factor (VEGF) transcription. This central angiogenesis regulator leads
endothelial cell migration toward a hypoxic area [40]. HIF also plays a crucial role in tumor
masses surrounded by a hypoxic environment and enables tumor progression by inducing
alternative metabolic pathways within cancer cells [41]. In addition, HIF has been shown to

play a role in inflammation and hypoxia-induced apoptosis of various cell types [1].

HIFs are conserved throughout the metazoans and are present in genomes of organisms as
primitive as nematodes, coral, and sea anemones to fish, amphibians, birds, and mammals.
Three HIF-a subunits exist in mammals (humans and rodents): HIF-1a, HIF-2a, and HIF-3a,
which heterodimerize with the ubiquitously expressed HIF-1 subunit, producing HIF-1, -2,
and -3 [42], [43]. The lower Metazoans (corals, worms, and fruit flies as examples), which are
thought to have evolved relatively early, have only one HIFa isoform most similar to human
HIF1a. HIF is composed of two basic helix—loop—helix proteins (0HLH) — HIFa and HIFp —
of the PAS FAMILY (PER, AHR, ARNT, and SIM family) [44]. The B-subunit of HIF-1 is
constitutively present, whereas the stability and transcriptional activity of the a-subunit is

regulated by oxygen levels. HIF-1a is rapidly degraded in normoxic conditions [45], but low
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oxygen tension stabilizes the HIF-la protein. HIFlo undergoes proteolytic regulation
dependent on the presence of an oxygen-dependent degradation (ODD) domain [46]. The alpha
subunits of HIF are hydroxylated at conserved proline residues within the ODDD by HIF
prolyl-hydroxylases (PHD), allowing their recognition and ubiquitination by the VHL(von
Hippel-Lindau protein) E3 ubiquitin ligase, which labels them for rapid degradation by
the proteasome [46]—[48]. Thus, under normoxic conditions, HIF is kept in a state of repression
by the activity of the HIF hydroxylases. In hypoxic conditions, HIF prolyl-hydroxylase is
inhibited since it requires molecular oxygen as a co-substrate [46]. Consequently, HIF-1a
accumulates and migrates into the nucleus, forming a dimer with the HIF-1B component and
thus becomes transcriptionally active. HIFo/p dimer binds to a specific DNA motif called the
hypoxia response elements (HREs) [49], [50] and induces the expression of target genes that

mediate cellular and physiological adaptations to hypoxia [44].

1.5 Drosophila melanogaster as a model system to study hypoxia response

Drosophila melanogaster, commonly known as the fruit fly or the vinegar fly, is a species of
flies belonging to the family Drosophilidae with a phenomenal ability to colonize a wide array
of habitats and environmental conditions [51]-[53]. Drosophila belongs to the group of
holometabolous insects - that is, an insect with a larval and a pupal stage before the adult stage.
The general body plan undergoes a dramatic reorganization during the process of
metamorphosis during their life cycle. Their life cycle includes four stages: egg, larva, pupa,
and adult. Larvae can move within the resource patch, while adults can fly between patches.
Given that the life stages also included sessile status during egg and pupae, they exhibit
adaptations against predation, parasitism, and environmental stressors, such as temperature
extremes, ultraviolet light, and desiccation [54]. The entire life cycle is completed in about 12
days at 25°C; hence, many generations can be reared within a short period. In nature, fertilized
females lay eggs into fermenting fruits or decaying organic material, and after complete
maturation of the embryo, a first instar larva hatches from the egg. The hatched larva starts
feeding and increases its weight by several folds while it molts twice to a second and a third
larval instar. After 30 hours, the third instar larvae attain a critical weight and stop feeding.
They move towards a relatively dry and clean area to become immobile and encapsulate in the
pupal case, where they undergo a 4-day metamorphosis. While metamorphizing, the larval
tissues are degraded to their basic components, although some larval organs are preserved.

After the pupal stage, a fully formed adult or imago emerges from the pupal case (eclosion).
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Adult male flies attain sexual maturity within hours of emerging, females don’t have ripe eggs

until two days after eclosion, and the cycle begins again.
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) 5 |
Méf,l b, 4 %m \jmale

LAY \
A % Embryo
3% - 42 days 0

1 day\
First

instar

2% - 3 days larva
1 djy
_ tThllrd o / Second
instar larva — instar larva

Figure 1. The life cycle of the fruit fly Drosophila melanogaster. The whole life cycle of the fruit fly
Drosophila is relatively rapid and takes only approximately 10-12 days at 25°C. Drosophila
development is divided into four stages: embryo, larva (first instar, second instar, and third instar), pupa,
and adult.

Pupa

Flies are well-developed genetic model organisms; they share numerous genes (~70%) and
molecular signaling pathways with humans, making them apt to investigate many biological
questions [55]. One of the most elegant examples of the methodological toolbox that allows to
manipulate flies is the UAS/GAL4 system for targeted gene expression. The GAL4/UAS
system allows for gene expression from any organism in a tissue and temporal-specific manner
[56]. Mutations targeting most of the genes are available, and genes can be spatially and
temporally overexpressed or silenced in almost any chosen pattern[57], [58]. Progress in
Drosophila gene technology took a new leap, with the Drosophila genome fully sequenced
[59]. The latest innovations like the MiMIC transposon system [60] and the CRISPR/Cas9
knockout/knockin and overexpression approaches [61] allow the inactivation, tagging, and

overexpression of any gene in the genome within a short time.

The diverse habitats and locomotory capabilities of larval and adult holometabolous insects
imply that they are exposed to varying oxygen environments and anoxic hazards during their
life cycle [55]. Drosophila larvae primarily feed on decaying fruits and vegetables and the yeast
that usually grows therein. In such a scenario, larvae compete with microorganisms for limited
amounts of oxygen. Both adults and larvae are acutely tolerant to a low Oz environment,

withstanding hours of total O deprivation (anoxia). For example, the brain of these animals
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does not show any evidence of injury after a period of anoxia that can induce irreversible
damage and death in rodents [62], [63]. Thus, Drosophila, being permanently exposed to low
oxygen habitats, are well adapted with highly developed cellular machinery that responds to
oxygen starvation [64].

1.6 Behavioral responses to hypoxia in Drosophila larvae

Previous studies on larval locomotion have shown that in the absence of food, larval movement
is characterized by frequent stops and turns, which may be referred to as free wandering or
exploratory behavior [65]. The behavioral response of freely moving larvae to hypoxia and
hyperoxia can be studied by recording the number of stops and turns made by larvae crawling
on agarose in a chamber containing different oxygen concentrations. When placed onto the
plate in normoxia, larvae exhibit exploratory behaviors with a high rate (>20 min—1) of
locomotory undulations. In approximately 5 min, larvae settle into feeding and begin
interspersing feeding and locomotion. Under hypoxic conditions, larvae make a significantly
reduced number of stops and turns, changing from exploratory to escape behavior. When
exposed to anoxia, larvae cease feeding and crawl at a higher rate for the first 5 mins. For the
next 5-20 min of anoxia, they show a higher rate of movement, but their locomotion rates
decline with time. After 40 min of anoxia, larvae rarely move during any minute of observation
[14].

1.7 The tracheal (respiratory) system of Drosophila melanogaster

The insect airway system provides one of the most effective gaseous exchange systems in the
animal kingdom. Insects rely upon a branching network of air-filled tubes, the tracheal system,
to deliver O to the sites of respiration and carry CO> from the tissues to the atmosphere. The
respiration system of the Drosophila larva is composed of two parallel dorsal trunks that span
the dorsal side of the larva from the anterior to the posterior spiracles, enabling gas exchange
with the external environment [66]. The spiracle function is regulated by the nervous system,
which is sensitive to both O levels in the tracheal network and CO> concentration in the
hemolymph [67], [68]. The spiracles open through the cuticle and allow the entry of gases. The
anterior spiracles remain closed until the third larval instar. This may be an adaption to the life
conditions as the anterior half of the Drosophila larva is constantly immersed in the food

medium. The airways of the fly have a simple architecture made of interconnected tubes
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terminating in many fine blind ending structures (Fig.2). This highly branched tubular system
is formed by an ectodermal monolayer epithelium around the central airspace. The diameter of
the tubes decreases with proximity to the target cells and tissues so that the smallest tubules
directly make contact with the tissues and cells and can be less than a micrometer in diameter
[69]. The air-filled insect tracheal system facilitates a gas exchange route with a much higher
diffusive capacity than water or blood, enabling flying insects to attain the highest mass-
specific metabolic rates than any other animal [70]. The trachea is lined with a characteristic
cuticle, the taeniolar forms minute spiral ridges. (Fig. 2). There are three levels of branching,
classified based on different cellular mechanisms of tube formation. Primary branches are
multicellular tubes that arise by cell migration and intercalation; secondary branches are
unicellular tubes formed by individual tracheal cells; terminal branches are subcellular tubes
formed within long cytoplasmic extensions [66]. Although the organization is less complex, it
is a highly effective structure and shares numerous physiological similarities with the human
lung [71].

Figure 2. The general architecture of the respiratory system of Drosophila larvae. Structure of
Larval trachea showing primary, secondary, and tertiary branches [66], [72]. B) Trachea of L3 larvae
staining anti-coracle (red) antibody, which is specific for the membrane and with DAPI (blue) for the
nu