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ABSTRACT

Mitochondrial shape is modulated to regulate their function. The regulation of this
modulation by cell signalling is not understood well in the field. The EGFR and Notch
signaling pathways interact with mitochondrial metabolism and morphology during
development however the mechanism of interplay is unknown. Drosophila melanogaster
posterior follicle cells (PFCs) deficient in mitochondrial fission protein Drp1 showed loss
of EGFR signaling driven oocyte axial patterning and Notch signaling mediated PFC
differentiation. This study elucidates the interaction of these pathways with
mitochondrial bioenergetics in the form of electron transport chain (ETC) activity. We
show that PFCs deficient for Drp1 have increased mitochondrial membrane potential in
addition to aggregated mitochondrial morphology. Even though drp1 mutant PFCs show
defective oocyte migration, phosphorylated ERK (dpERK), a downstream component of
EGFR signaling is elevated in these cells. We find that ERK regulates mitochondrial
membrane potential at wild type levels in PFCs and increased dpERK in drp7 mutant
PFCs is responsible for higher mitochondrial membrane potential. Pharmacological
inhibition of ETC does not result in change in aggregated mitochondrial morphology in
drp1 mutant PFCs or loss of oocyte patterning. Notably, ETC inhibition activates Notch
signaling in wild type ovarioles at an earlier stage and reverses the loss of Notch
signaling in drp7 mutant PFCs. The positive correlation between EGFR and fragmented
mitochondria seems to hold true for Drosophila wing as well. Hence, EGFR-
mitochondria might interact in multiple tissues during development. Our study thus
shows that the EGFR-Ras-ERK pathway maintains mitochondrial morphology and
membrane potential in follicle cells (FCs) for appropriate activity for oocyte axial
patterning and mitochondrial bioenergetics specifically affects Notch mediated

differentiation.
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Introduction

Mitochondria are dynamic organelles which in addition to their chief function of energy
generation, perform a number of other tasks in a cell such as regulation of calcium
levels, the release of ROS and lipid metabolism etc. (Javadov and Kuznetsov 2013).
Dynamicity of mitochondria arises on account of its variable architecture; it can be
present in the form of a dense network or small fragments (Bereiter-Hahn and Véth
1994). Inner mitochondrial cristae structure also varies. It can be sparse or abundant,
depending on the ATP output required by the cell (Frey and Mannella 2000).
Mitochondrial architecture governs its functions and is dependent on cell type. For
example, Drosophila embryo has small fragmented mitochondria while Drosophila
muscle cells have elongated tubular mitochondria (Wang et al. 2016; Chowdhary et al.
2017). Mitochondrial surface acts as a platform to facilitate interactions with other
organelles such as ER and signaling molecules such as the apoptotic family protein Bax
(Karbowski et al. 2002; Korobova et.al. 2013). By virtue of these diverse functions and
interactions, the organelle is understood to be a master regulator in several signaling
pathways and more aspects are being added through ongoing studies (Soubannier and
McBride 2009). Thus mitochondria are now known to have an instructive rather than
standby role in the determination of cellular identity and functions.

There are several studies in diverse model systems signifying the role of

mitochondria in cell fate decision making, cell number control and patterning in a tissue
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(Tsang and Lemire 2003; Mitra et al. 2012; Lee et al. 2016). Mitochondria can exert
control over cellular processes due to its ability to coordinate with the nucleus and ER.
This coordination can be in the form of direct transcriptional regulation of ETC genes,
retrograde signal through UPR etc. (Biswas et al. 1999; Zhao et al. 2002). Another
mode of interaction can be by cytoplasmic compartmentalization of signaling molecules,
thus preventing their nuclear access. For example, processed Notch is present in T-cell
mitochondrial fraction (Perumalsamy et al. 2010). Mitochondrial shape can indirectly
influence its ATP yield, its ability to signal ER and nucleus and its ability to sequester
signaling molecules (Westermann 2010). Abrogation of mitochondrial architecture is
lethal in early development (Chen et al. 2003; Ishihara et al. 2009). Hence, this warrants
a thorough analysis of the signaling elements downstream of mitochondria; lack of
which can be the root of some of the diseases. Moreover, the knowledge of ‘why and
how’ a developing animal maintains particular mitochondrial morphology and activity is
fascinating. This fascination is what drove us; this study aimed to analyze the role of
mitochondria in EGFR and Notch pathway on account of its architecture and energetics

during Drosophila development.

This piece of work characterized mitochondria-signaling pathway interaction primarily in
Drosophila ovary FCs. FCs are epithelial cells, enclosing the germline cells in
Drosophila ovarioles. Their development can be followed from stem cell to differentiated
cell stage. Further it attempted to show that similar relations hold true for other
Drosophila tissues such as wing and embryo as well. The thesis also summarizes
protocols necessary to understand mitochondrial functions quantitatively in addition to

qualitative assessment in tissues. Here are the key findings:

Results and Discussion

1. Fission deficient mitochondria in drp7X¢ mutant disrupt tissue organization in

Drosophila ovary
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MARCM is a specific strategy which used to generate GFP marked clones mutant for
the protein of choice (Golic and Lindquist 1989). This technique results in generation of
marked cells homozygous for the mutation of interest in an otherwise heterozygous
background enabling an analysis of fate of these cells in vivo in the tissue of interest.
MARCM clones for the mitochondrial fission protein, Drp1 in FCs displayed
multilayering and their mitochondria were aggregated. We found lowering of cell number
in the drp1 mutant clone in comparison to FRT 40A control which did not have any
mutation. drp 7K€ cells were also deficient in the apical polarity marker, aPKC. Further,
the decrease in cell number was found to be on account of slower division cycles as

read by aberrant Cyclin B and E immunostaining in the mutant.

2. drp1 mutant cells have higher mitochondrial membrane potential and ROS

We formulated protocols to quantify mitochondrial membrane potential, amount of ROS
in the cell, ATP output and connectivity of mitochondrial network in Drosophila clonal
FCs and Drosophila embryo. We observed that drp 7% mutant mitochondria in the FCs
had higher mitochondrial membrane potential difference and the cells also had elevated
ROS. Fused mitochondria typically have greater potential difference across their inner
mitochondrial membrane (Chen et al. 2005). However, increase in ROS generally
correlates with fragmented architecture (Roéth et al. 2014). We need to figure out if
augmented ROS is outcome of cytoplasmic enzymes such as NOX in these cells
(Nauseef 2008). We also found that lowering of mitochondrial membrane potential
using drugs such as FCCP and by RNAi against ETC proteins resulted in quantifiable
decrease in the potential difference.

In addition, it was established that Drosophila embryos rely on ETC for their
energy demands and perturbations in ETC lead to disrupted actin dynamics probably
via increase in pAMPK levels in the embryo (Chowdhary et al. 2017). pAMPK, the ATP
sensor, is a prominent signaling pathway which orchestras stress related transcription
regulation. It is a known cell cycle regulator (Motoshima et al. 2006). Our findings hinted

at AMPK interaction with cytoskeleton during cell divisions.
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Hence we were able to show how mitochondrial membrane potential can be used
as a readout for status of the mitochondria and effect of its loss on the cell. We further
wanted to test this abrogation with respect to the signaling pathways EGFR and Notch

during development.

3. Increased ERK in drp7X¢ mutant is responsible for multilayering and cell

number defect

EGFR pathway is a known modulator of mitochondrial morphology (Mitra et al. 2012);
hence next we assessed signaling molecules downstream of EGFR in drp7%¢ mutant.
Immunostaining for activated ERK (dpERK) and Ras showed them to be higher in
drp1%C mutant clones. Depletion of Ras and ERK using RNAI lines in the drp7€¢ mutant
background, rescued the defect in cell arrangement and number. Surprisingly, drp7X¢
mutant despite elevated dpERK, exhibited defect in oocyte position which is
downstream of EGFR in the ovaries. We further probed the localization of dpERK in the
drp1 mutant and found loss in its nuclear staining. This suggested that due to inability of
ERK to enter nucleus it cannot activate transcription factors required for the oocyte

movement to occur.

4. Lowering ERK rescued the mitochondrial aggregation and morphology defect

EGFR is known to regulate mitochondrial energy output (Boerner et al. 2004). In our

assessment as well, it was noted that it controls mitochondrial membrane potential in
the Drosophila FCs. Lowering of ERK drops mitochondrial membrane potential in erk
alone and in drp7%C¢ mutant background as well. ERK depletion also reverted the

aggregated mitochondrial network in drp 7% mutant to dispersed as in the control cells.
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This suggested that EGFR is upstream of mitochondrial shape and membrane potential

in Drosophila FCs (Figure 1).

drp1Xe ; erki

Y EGFR B  Nucleus B Mitochondria
- Microtubule E  GFP boundary

Figure 1. Increased cytoplasmic ERK is responsible for multilayering and cell
number defect in drp1 mutant. In the wild type ovariole FCs surrounding the oocyte
communicate via EGFR signaling with the oocyte. The oocyte in stage 8 chamber is
adjacent to anterior FCs. Mitochondria are distributed in the cytoplasm. drp1 mutant has
aggregated mitochondria and cells arrange in multiple layers. There is a loss of oocyte’s
positional information. ERK lowering the drp7 mutant background rescues the multilayered
phenotype and resolves the aggregated mitochondrial network. The oocyte position is

however not reverted to the dorso-anterior position.

5. drp7X€ mutant exhibits loss of Notch pathway, which is rescued on Ras/ERK

lowering

drp1%€ mutant are defective for Notch pathway as well (Mitra et al. 2012), and the
mutant cells do not enter endocycle. EGFR is known to regulate Notch via the
transcription factor Groucho in Drosophila FCs (Johnston et al. 2016). We checked for
Notch pathway components in drp7XC; erk and saw that there is a rescue and Notch

pathway is activated. The cells enter endocycle and the Cyclin defect in drp1 mutant is
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LOSS OF DIFFERENTIATION

reverted. This suggested that increased Ras/ERK was responsible for loss of Notch
(Figure 2).

6. Increased mitochondrial membrane potential leads to Notch defect

We wanted to know if ERK reduction of mitochondrial membrane potential is what
rescued Notch pathway. Hence mitochondrial membrane potential was reduced in drp1
mutant background using RNAi against pdsw. We discerned that reduction of
mitochondrial membrane potential is sufficient to rescue Notch pathway. In order to test
if this would hold true for the wild type as well, we treated wild type to FCCP; thus
lowering mitochondrial membrane potential in the entire ovariole and found that Notch
pathway is now activated not stage 6 onwards but stage 5. This established that in wild
type, Notch pathway is dependent on the mitochondrial energetics for its activation at

appropriate stage.

In summary, we propose that EGFR pathway regulates mitochondrial morphology and
activity and thereby interacts with Notch signaling. Drosophila FC development hence is
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synchronized by a state of balance between levels of EGFR, ERK localization,
mitochondrial morphology and membrane potential. We found a similar relationship to
hold true for the Drosophila wing as well, where we found that defects in dominant
negative EGFR can be rescued, by just increasing mitochondrial fragmentation in the
cells. This again shows us that mitochondrial morphology is part of the EGFR pathway

and together they are required for tissue organization and development.
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CHAPTER 1

Introduction

Mitochondria are double membrane bound organelles whose chief function is energy
production in the cell. Mitochondria originated as endosymbionts, they are semi-
autonomous in nature and there are two major theories to explain their origin. The
conflicting theories state that the evolution of Eukaryote occurred simultaneously or
before the endocytic event. Mitochondria evolved from proto-mitochondrion, a member
of proteobacteria (Boussau et al. 2004). It is hypothesized that they were endocytosed
around 2 billion years ago and gave a selective advantage to their hosts on account of
oxidative phosphorylation (Embley 2006; de Duve 2007). Genome sequence
comparisons show that mitochondria is close to the a-proteobacteria, Rickettsia
prowazekii and they both diverged from a common ancestor (Gray 2012). Mitochondria
utilize actin polymerization via Arp2/3 complex and another member of Rickettsia family,
also uses this mode to transverse host cell cytoplasm (Gouin et al. 2005), hence actin
interactors could have been passed on from the common ancestor. Rho-zero cells lack
electron transport chain (ETC) components in the mitochondria. They depend on
glycolysis for cell survival. Mitochondrial ROS and calcium related functions are
hindered in these cells (Chandel and Schumacker 1999). Hence such studies have
shown that mitochondria not only contribute ATP, but in addition have various diverse
functions (Figure 1.1A-F). It is fascinating to note this transition of mitochondria from the
humble beginnings to its current status in the cell.

Mitochondria is a double membrane bound organelle, the inner mitochondrial
membrane is folded to form cristae. The folds increase the surface area available for
respiration. Mitochondrion generates ATP by means of ETC and Krebs cycle in a
eukaryotic cell. Krebs cycle takes place in the mitochondrial matrix and contributes ATP,
NADH, QHz and COz2. The inner mitochondrial membrane is embedded with electron
carrier protein complexes which utilize the products of Krebs cycle and facilitate
formation of active gradient of electrons. Oxidative phosphorylation complex proteins
are contributed by nuclear as well as mitochondrial genome (Figure 1.1E). ETC

establishes a transmembrane pH difference and the enzyme ATP synthase utilizes this
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Figure 1.1. Multiple facets of the organelle mitochondria. (A) Mitochondria is the
primary source of energy in the cell. It generates ATP with the help of ETC complexes
housed on the inner mitochondrial membrane. Complex V shown here is the ATP
synthase which translocates protons from the intermembrane space into the mitochondrial

matrix to power ADP phosphorylation and produce ATP.



(B) Mitochondria participate in apoptosis mediated cell death. On receiving apoptotic
signal, Bax family proteins get activated. These bind and permeate mitochondrial
membrane thus facilitating release of Cytochrome C, which is critical for the activation of
downstream Caspases.

(C) As a byproduct of the process of oxidative phosphorylation, ROS species such as
superoxide ions are released. Mitochondria is one of the source of ROS in the cell in
addition to cytoplasmic ROS generators such as NOX.

(D) Mitochondrial membrane houses calcium channels, hence regulating cytoplasmic
calcium levels in coordination with the ER. These channels take up calcium from the
cytoplasm or the exchange with ER.

(E) Mitochondrion has its own genome as well using which ETC components are
transcribed and translated. |

(F) Mitochondria exhibit variable morphologies in the cell. SEM images depict variable
mitochondrial shapes present; they can be present in the form of long tubules or short

globules in a cell (EMs from Cosson et al. 2012).

pH difference to convert ADP to ATP, the energy currency of a cell. ATP synthase is
part of the larger family of proteins whose counterparts in plants are involved in
converting chemiosmotic potential into ATP. Similar proteins in plant thylakoid drive
potential difference across grana. The transfer of electrons from one membrane bound
enzyme to another ends in reduction of an oxygen molecule to release water (Figure
1.2A). A cell is able to synthesize 2 moles of ATP per mole of glucose by glycolysis.
Kreb cycle and oxidative phosphorylation together bring the total up to 36 moles of ATP
(Ernster L 1981). However this is not a rule, in fact there are organisms which generate
far less moles of ATP for each mole of glucose consumed. For example mitosomes,
which exist as compartments in the microorganism Entamoeba histolytica are a form of
mitochondrion but are not involved in energy generation (Tovar et al. 1999). By
compartmentalization mitochondrion makes the process efficient and allows the
organism to survive in an aerobic environment.

Mitochondria are divided among daughter cells by a process of fission (Nunnari
et al. 1997). Fission involves scission of both outer and inner membranes to form
smaller units. Similarly mitochondria can fuse to form a large continuous network and

the process is mediated by fusion proteins (Figure 1.3A-B). Mitochondrial network are
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Figure 1.2. Mitochondria generate ATP with the help of ETC mediated redox
reactions. (A) Inner membrane of the mitochondria harbours the ETC. ETC consists of
multi subunit complexes; complex | is NADH dehydrogenase which reduces ubiquinone to
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complex IV oxidizes Cytochrome c, in turn reducing oxygen to water. The process serves
to create a difference in electron concentration, which is translated into potential energy to
feed into complex V, which uses the potential energy to generate ATP.

malleable as and when cellular processes demand, hence making the matrix dynamic.



Constant fusion and fission allow efficient exchange of mitochondrial proteins and the
nucleoids. This allows diseased and mutant mitochondria to survive, hence benefiting
the population as a whole. Mitochondrial distribution to daughter cells as well as its
transport within a cell is attained by mitochondrial fission (Shaw and Nunnari 2002)
(Figure 1.4A).
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tubular network is brought about by outer membrane fusion protein Marf and inner
membrane fusion protein Opa1. Both are transmembrane proteins and they act in a Snare
like manner to bring the membranes closer to each other followed by merging of lipids in
the membrane.

(B) Mitochondrial network can be fragmented into smaller structures with the help of the
cytoplasmic fission protein, Drp1. In the cytoplasm, Drp1 is present as dimers and
tetramers. It assembles around the mitochondrial membrane with the help of proteins such
as Fis1 and forms a helical ring around the organelle. This ring uses GTP to constrict
mitochondria to a certain diameter, subsequently scission follows the constriction.

(Image modified from Seo et al. 2010)

Role of mitochondria in cellular physiology was first shown in apoptosis (Martinou
1999). Mitochondrial fragmentation enables release of cytochrome C into the cytoplasm,
which activated downstream effectors. Reactive oxygen species (ROS) are a byproduct
of ETC in mitochondria. Presence of ROS in a cell elicits expression of a number of
genes to tackle its increased levels in a cell. They are known to act as secondary
messengers as well, as they can oxidize signalling pathway proteins. ROS synthesized
by leaky mitochondria is also one of the indicators of mitochondrial function and induces
oxidative stress in a cell (Droge 2002). Other indicators include membrane potential and
ATP: ADP ratio. Hence these indicators can establish retrograde signalling from
mitochondria to the cell. Unfolded protein response similar to that in ER is activated in a
cell on accumulation of proteins in the mitochondria (Figure 1.5A). A signal is relayed to
nucleus to increase transcription of genes encoding proteases as well as molecular
chaperones such as Hsp60, Hsp70 (Haynes et al. 2007). Thus a number of studies
have characterized physiological roles of mitochondria.

Signaling pathways act as the steering controls in a cell. They decide the lifetime,
the lifestyle of a cell and its interaction with the neighbors and tissue as a whole.
Activation of signalling pathways vary spatiotemporally. Pathways can be apposing in
function so as to fine tune a response or work in concert to together bring about a
change. The cascade of signalling involves activation of secondary messengers.

Docking of these signalling molecules onto the mitochondria can enable a direct and



quick control over the organelle. Both the dynamicity in shape and the control over
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Figure 1.4. Mitochondrial architecture is closely regulated during key cellular
processes. (A) Mitochondria undergo fragmentation during mitosis and divided to
daughter cells. Increased in mitochondrial fission correlates with release of calcium
into the cytosol. Fission is necessary for removal of diseased mitochondria from
the cellular pool and thus maintain the high efficiency of the energy production.
Mitochondrion are transportated to specific regions in the cytoplasm via
microtubular network. Apoptotic proteins cause mitochondria to fragment and
Cytochrome C is released. Factors which promote mitochondrial fusion are
autophagy as it makes mitochondria less suspectible to degradation. During G1-S
phase of the cell cycle mitochondria are maintain in a fused state by Cyclins.
Innate immunity requires mitochondria fusion as immunity related proteins dock

onto mitochondrial membrane.

energy make mitochondria a good candidate to act as a signalling platform. There are
speculations that the shape change of mitochondria itself is capable of giving rise to
downstream responses (Mcbride and Neuspiel 2006; Youle 2009). Energy changes
originating in the mitochondria dictate a cell’s activity (Aon and Camara 2015). Studies
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Figure 1.5. Physiological roles of mitochondria. (A) A healthy cell signals mitochondria
to transcribe ETC components and maintain steady state of energy production as required
for its functions. In conditions of stress such as due to increased ROS under low oxygen
conditions, decrease in ATP and mitochondrial membrane potential; mitochondria signals
the nucleus via activating transcription factors like JNK or FOXO to activate anabolic
pathways. This reduces the burden on the mitochondria. Accumulation of unfolded
proteins in the mitochondria also sends a signal to the cell via UPR. Mitochondrial pool in
the cell in turn relieves itself of stress, removes damaged mitochondria and replenishes its

proteins by fusing with healthier mitochondria in the cell.

suggest that mitochondrial shape and energy generation affect each other



interchangeably (Mishra and Chan 2016). Hence if any, a complex network of
relationships exists between signaling, mitochondrial shape and metabolism. The
introduction will attempt to bring to focus the role of mitochondria in various tissues and

developmental phenomenon and its interaction with signaling pathways.

1.1 Regulation of mitochondrial shape

Mitochondria were first observed to have variable shapes in rat liver cells in 1931 (Smith
1931). Efforts were subsequently directed towards finding out the reason behind the
variability. These were followed by mutational studies in Saccharomyces cerevisiae
which were aimed at identifying the proteins involved in mitochondrial shape regulation
(McConnell 1990; Burgess et al. 1994; Hermann et al. 1998). However Hales and Fuller
figured the first protein Fuzzy onions (Fzo) by their work in the fruit fly Drosophila
melanogaster (Hales and Fuller 1997). Fzo is a transmembrane dynamin like GTPase
located on the outer mitochondrial membrane. It is involved in tethering two membranes
resulting in distortion and fusion of membranes. The process of fusion and
fragmentation in mitochondria shares a striking resemblance to fission and fusion of
vesicles during endocytosis of receptors from the plasma membrane (Heymann and
Hinshaw 2009). Another dynamin family, Dynamin related protein (Drp1) is the chief
protein involved in mitochondrial fission in Drosophila. It is a cytoplasmic protein
assembled onto the mitochondrial membrane by scaffolding proteins located on the
membrane. A major scaffolding protein is Fis1, known to interact with Drp1, whereby it
holds two membranes in close apposition (Mozdy et al. 2000). Subsequent scission of
the membrane occurs after a constricting effect of Drp1 assembly on the mitochondrial
membrane (Figure 1.6A). Endophilin B1 is a BAR domain protein involved in membrane
pinching downstream of Drp1 (Karbowski et al. 2004). The recruitment of Drp1 differs in
both yeast and higher organisms. Proteins Mdv1 and Caf4 act as scaffolding factors for
binding of Dnm1 (yeast homologue of Drp1) to the membrane (Shaw and Nunnari 2002;
Okamoto and Shaw 2005). In higher organisms no protein equivalent for Mdv1 and
Caf4 has been found. Studies with MEFs have revealed MiD49 and MiD51 as proteins

present on outer mitochondrial membrane which interact and assemble Drp1 onto the



mitochondria (Palmer et al. 2011). Another possible candidate is mitochondrial fission

factor (MFF), it is a tail anchored protein suggested to be involved in both mitochondrial
and peroxisomal division (Gandre-Babbe and van der Bliek 2008). Mitochondrial fission
occurs most frequently at sites of ER-mitochondria interaction. These sites attract actin

which provides the initial force for membrane scission, Drp1 is also shown to be
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Figure 1.6. Drp1, a dynamin family GTPase causes mitochondrial fission. (A) Drp1 is
known to assemble in the form of two-start helix around the mitochondrial membrane. With
the hydrolysis of GTP, the ring constricts to around 80nm-25nm inner diameter. It is now
postulated that on this constricted structure, Dynamin2 assembles and further constricts
the membrane to around 15nm to cause scission with the release of GDP and a
phosphate.

(Image modified from Mears et al. 2011).

enriched at these focal points (Korobova. al., 2013). Hence mitochondrial fragmentation
is governed by Drp1 and its recruiting proteins can differ across organisms.
Mitochondrial fusion is separate for the outer and the inner membrane. Both

processes are independent of each other but involve the same principle of membrane
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apposition followed by distortion of lipids. This is followed by mixing of lipids and
formation of continuous lipid bilayer (Koshiba et al. 2004; Martens and McMahon 2008).
Outer membrane fusion is mediated by Mitofusins (Mfn), Dynamin family GTPases and
they are assisted by mitophosholipase D and cardiolipins (DeVay et al. 2009). Mfn1/2 is
coiled coil domain containing protein which can form homo or heterodimers with their
counterparts present on a closely apposed membrane, thereby assisting in the fusion of
the two membranes. Inner membrane fusion is brought about by yet another Dynamin
family protein, Optic atrophy 1 (Opa1) which exists in number of isoforms differing in the
presence of transmembrane domains (Griparic et al. 2007). It is cleaved by a host of
proteases situated on inner mitochondrial membrane and in intermembrane matrix
space such as Presenillin associated proteases, Rhomboid like proteases, mAAA and i-
AAA proteases. These are all membrane anchored proteases, Yme1 is intermembrane
space protease. Recent experiments in mice have revealed that ablation of
metalloprotease OMA leads to faulty processing of OPA1 resulting in metabolism
related disorders (Korwitz et al. 2016). It has been observed that increased cleavage to
S isoforms results in reduced function of the protein. Decrease in mitochondrial
membrane potential leads to increase in S isoforms and increased mitochondrial fission
(Eura et al. 2006). Hence mitochondrial fusion is driven by Mfn and Opa isoforms in the
cell.

Most of the morphology regulating proteins are GTPases. GTPases are switched
from an active/ inactive conformation by hydrolysis of GTP, hence mitochondrial
morphology regulating proteins behave differently under different GTP concentrations.
Mfn 1/2 is activated by low GTP conditions and Opa1 is activated under high GTP
conditions. GTP hydrolysis is followed by membrane constriction by Drp1 during fission
(Hoppins et al. 2007). Drp1 constricts the mitochondrial membrane to a diameter of
50nm (Mears et al. 2011). In order to cause membrane scission, the membrane has to
be half that diameter, which is proposed to be brought about by another GTPase,
classical dynamin family protein, Dynamin 2 (Lee et al. 2016a). Fzo mediated
membrane tethering is also dependent on its GTPase activity (Cohen et al. 2011). Thus
mitochondrial morphology is dependent on GTPase activity.

Other than GTP concentration, mitochondrial morphology proteins are also
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regulated via posttranslational modifications (Table 1.1). GTPase effector domain

Interactor Effect Reference
Drp1 Enhancers Nitric oxide S-nitrosylation Cho et. al., 2009
CDK/CyclinB, Phosphorylation Taguchiet. al.,
ERK at 8585, S616 2007,
respectively Kashatus et.al.,
2015
Calcineurin Dephosphorlytion | Cereghetti et. al.,
at S637 2008
SENP3 Desumoylation Guo et. al.,, 2013
Suppressors | APC/C, Ubiquitinylation Karbowski et. al.,
MARCH V 2007
cAMP Phosphorylation Cribbs et. al.,
at S637 2007
Sumo1 Sumoylation at Harder et. al.,
multiple sites 2004,
Figueroa-Romero
et. al., 2009
Opa1 Enhancers Presenillin Proteases at S1 Anand et. al.,
associated, and S2 2014,
i-AAA, m-AAA Song et. al., 2007
SIRT3 Acetylation at Samant et. al.,
K926 and K931 2013
Marf Enhancers MitoPLD Hydrolyzes Choi et. al., 2006
Cardiolipin
Suppressors | Pink1, Parkin Ubiquitinylation Gegg et. al.,
2010
JNK, Phosphorylation Leboucher et. al.,
ERK at S27, T562 2012,
respectively Pyakurel et. al,,
2015

Table 1.1. Post translational modification of mitochondrial morphology regulators.

Mitochondrial fission protein Drp1 undergoes posttranslational modifications such as S-

nitrosylation, phosphorylation, sumoylation etc. CDK/cyclin B for example phosphorylate

Drp1 to activate mitochondrial fragmentation during cell cycle. These modifications are

crucial for enhancement or repression of the protein. Mitochondrial fusion proteins, Marf

and Opa1 are also known to be modified postranslation, however not a lot of targets are

12



known for them. Opa1 is processed by proteases to generate various isoforms thus
modifying the activity of the protein. Marf undergoes suppression post phosphorylation at

specific sites.

(GED) of Drp1 is phosphorylated as well as sumoylated at number of residues
(Anderson and Blackstone 2013). Phosphorylation by CDK1 activates mitochondrial
fission while cAMP inhibits Drp1 via phosphorylation (Taguchi et al. 2007; Cribbs and
Strack 2007). Marf homologues undergo ubiquitination by Parkin and Pink1, in order to
mark uncapacitated mitochondria in a cell (Gegg et al. 2010). Phosphorylation of Mfn2
by JNK inactivates the fusion protein (Perumalsamy et al. 2010). Opa acetylation
reduces its activity in cardiomyocytes under stress (Samant et al. 2014). Hence,
posttranslational additions are a mode of morphology regulation in a cell and it is
believed, that a lot more post translational modifications will come to light in future. In
addition to these master players, a number of accessory proteins work towards
mitochondrial shape regulation. Rab32 is a mitochondrial membrane anchored G
protein of Ras superfamily known to tether cAMP dependent kinase protein onto the
mitochondrial membrane (Alto et al. 2002). The anchoring helps in orchestrating signal
transduction events efficiently by concentrating signaling molecules in vicinity of targets.
It is possible that kinases associated with Rab32 relay signals to the organelle. Pink is a
mitochondrially localized serine threonine kinase which is involved in pathogenesis of
Parkinson’s disease (Valente et al. 2004; Silvestri et al. 2005). Pink1 is known to be
involved in functions such as mitophagy (Matsuda et al. 2010) and its overexpression
induces mitochondrial fission. Fis 1 acts as the mediator between Pink1 and Drp1 (Yang
et al. 2008). These studies bring out the fact that mitochondrial shape is tightly
regulated but why is this regulation important for the cell?

Mitochondrial shape regulation is crucial for a cell; loss of fission mediating
protein in mice leads to early embryonic lethality (Ishihara et al. 2009). Mitochondria
undergo fragmentation during apoptosis, by association of Bax with Drp1 (Karbowski et
al. 2002; Martinou and Youle 2006). Decrease in fission machinery proteins leads to
delay in apoptosis (Frank et al. 2001). Mitochondria undergo regulated cyclic changes

during cell cycle. During interphase they exist in a fused state. As cell cycle proceeds
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through mitosis, fragmentation occurs by activation of Drp1 (Mitra et al. 2009). This
activation is mediated by phosphorylation of Drp1 molecules by CDK1/Cyclin B
(Taguchi et al. 2007) (Figure 1.7A). Hence mitochondrial shape has physiological

relevance and more studies are required to delve deeper into its coordination.
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Figure 1.7. Mitochondrial morphology varies during cell cycle phases. (A)
Mitochondrial architecture is regulated very tightly during cell cycle. Mitochondria are
fragmented by the CDK1/CyclinB complex during mitosis to ensure distribution to both the
daughter cells. G1-S phase cell has fused mitochondria with the activation of oxidative
phosphorylation, the mitochondrial membrane potential is also higher in this stage as
compared to M phase.

(Image modified from Lopez-Mejia and Fajas 2015).
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1.2 Mitochondrial shape and energy are interdependent

Mitochondrial architecture and its energy status guide each other (Mishra and Chan
2016). Fusion of inner membrane, increases the surface area available for ETC and
also allows more supercomplex assemblies. Supercomplexes usually consist of
Complex I, lll and IV in mammals. Complex V, ATP synthase is usually found in the
form of dimers. Supercomplexes strengthen ATP production because of localization of
substrates and faster transfer to next complex (Schagger and Pfeiffer 2000). Increasing
the phospholipids in inner mitochondrial membrane decreases the efficiency of oxidative
phosphorylation by 60-85% in vitro (Schneider et al. 1980). In cell lines it has been seen
that larger mitochondrial networks are present to allow increased dissipation of energy
(Skulachev 2001). A number of experiments have been done to look at the effect of
perturbation of mitochondrial shape on its energy status and vice versa. Any slight
change in cell energy status has an impact on mitochondria (Figure 1.8A). Increase in
AMPK, which is activated downstream of ATP loss, causes mitochondrial fragmentation
leading to subsequent cell death (Toyama et al. 2016). Sensors such as AMPK are
used to relay the nutrient stress to the whole cell so that the cell can readjust its
expenditure. Mitochondrial ETC also regulate ROS, and via ROS as well mitochondrial
shape can be perturbed. For example, exposure to low concentrations of H202 resulted
in change in morphology from long tubules to fragmented mitochondria. Mitochondrial
morphology was restored by upregulation of both fusion and fission mediating proteins,
Drp1 and Mfn1, hence the dynamicity of the organelle was reestablished (Jendrach et
al. 2008). Increase in glucose concentration leads to increased fragmentation of
mitochondria by Drp1 mediated fission. This increase in respiration was accompanied
by increased ROS production as well (Yu et al. 2006). ATP levels have been shown to
regulate Mgm1 (yeast analogue of Opa1) proteolysis by Pcp1, a rhomboid protease
found on mitochondrial membrane in Yeast. The activity of the protease is influenced by
change in hydrophobicity of the amino terminal of Mgm1. The exact mechanism of how
ATP production or membrane potential change leads to the above is not understood yet
(Reichert et. al. 2004). Studies have demonstrated that downregulation of Mfn2

expression leads to reduction in mitochondrial membrane potential in rat muscle cells
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(Bach et al. 2003). A follow up study to this illustrated that this decrease in mitochondrial
potential occurs possibly because of repression of components of protein complexes
involved in oxidative phosphorylation (Pich et al. 2005). In conclusion, mitochondrial
architecture is interwoven with ATP, ROS and mitochondrial membrane potential

difference in a cell.

A

Figure 1.8. Mitochondrial shape and energy impact each other. (A) Fused

mitochondria usually contain more supercomplexes, which are assembly of ETC
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complexes to enable faster relay of electrons and higher membrane potential difference
across the inner membrane. Mitochondrial membrane potential in small fragmented
mitochondria is usually low and they are useful to segregate the mutant and diseased
mitochondria which are under-performing from the sturdier mitochondrial pool.

(Redrawn from Vasquez-Trincado et al. 2016).

The study of both shape and energy becomes a little tricky because of its
multifactorial nature. Both shape and energy are connected hence any change in one
influences the other. Attempts have been made to do experiments where only one
single factor is modified and rest remains the same. Rho zero cells lack mitochondrial
respiratory chain components (Chandel and Schumacker 1999). They serve as ideal
cells to look at role of mitochondrial shape in a cell. Another study looks at the effect of
substrate change on mitochondrial shape and energy production, as well as ROS
production and membrane potential. They found that nature of substrate changes the
mitochondrial positioning in a cell line as well as its shape. This change is probably
necessary such that energy production is adjusted to a favorable level (Rossignol et al.
2004; Liesa and Shirihai 2013). Hence both shape and energy are highly supervised

factors and there is a lot of crosstalk between them.

1.3 Mitochondria in stem cells and cancer cells

Mitochondrial cristae are essentially immature in stem cells. Electron micrographs show
tube like mitochondria in wild type stem cells but the cristae is not very dense. These
structures are primarily found around the nuclei and the ATP production is also
relatively low (Teixeira et. al. 2015). These attributes indicate that most of the stem cells
rely on bare minimum mitochondrial functions and concentrate on maintaining a state of
low metabolism. Low metabolic state also means low ROS production and less
susceptibility to ROS induced DNA damage to the stem cell genome. Activation by
appropriate signals induces transformation into sophisticated mitochondrial network and
subsequent cell differentiation. Studies place mitochondrial differentiation upstream of
cell differentiation as it has been shown that abrogation of mitochondrial cristae
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transformation affects cell number, replicative potential and cell fate. Inhibition of
mitochondrial ETC proteins via mutants or drugs and mitochondrial morphology proteins
or mitochondrial localization leads to defect in embryonic stem cell proliferation and
differentiation potential in Drosophila and mice (Schieke et al. 2008; Mandal et al.
2011a; Pereira et al. 2013; Kowno et al. 2014; Kim et al. 2015). Mitochondrial calcium

regulation is also important for mouse neural cell development (Lee et al. 2016).

Majority of data on bioenergetics of germ cells in organisms is from assessment
of their nutritional status, and their response to starvation. Germ cell number in niche is
governed by a combination of systemic signals, intrinsic factors and local signals. Germ
cell number decreases invariably with age. Systemic signals which regulate their
number can be for example insulin in Drosophila germ cells in stage 1 ovariole
chamber. These signals can originate from fat body via Drosophila insulin like peptides
(DILPs) as well. Nutrient sensor TOR is the master regulator for both insulin dependent
and independent pathways (Clancy 2001; Tatar et al. 2001; Shingleton et al. 2005).
Germ line stem cells also depend on non-cell autonomous factors such as amino acid
concentration in adipocytes (Armstrong et al. 2014). Thus global energy decides the
investment of the organism in germ cell number. There are other interesting pathways
such as Notch pathway as well involved in local signals. These will be discussed in

detail in later chapters.

In most of the cancerous cells due to Warburg effect, pyruvate does not enter the
ETC instead glycolysis is used even at high oxygen concentration (Warburg 1956).
They can be used to look at mitochondrial morphology in cells in which energy
synthesis by ETC is divorced from cell growth. A number of studies have looked for the
difference in cancerous and non-cancerous cell mitochondrial morphology however
there is no one consistent story (Scatena 2012; Vyas et al. 2016) (Figure 1.9A). Under
induced hypoxic conditions cancerous cells have enlarged mitochondrial network which
helps in evading apoptosis (Chiche et al. 2010). Other studies have shown prevalence
of fragmented mitochondria in cancer cell lines (Kashatus et al. 2015; Serasinghe et al.

2015; Senft and Ronai 2016). Therefore, in cancer cells mitochondrial network is usually
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fragmented and cells rely on glycolysis for ATP.

Cancer Cells

Gin Glucose

ATP

Biosinthesis

J+OXPHOS

Figure 1.9. Cancer cell metabolism does not rely on ETC. (A) Cells in a growing
organism utilize glucose to contribute substrates to oxidative phosphorylation in the
mitochondria. In turn ROS, H,O and ATP are released into the cell. Cancer cell primarily
relies on glycolysis due to hypoxic condition and ETC activity is reduced in them. High

amount of ROS and lactic acid are generated in the mitochondria (Ribas et al. 2016).

1.4 Emerging role of mitochondria in signaling pathways

Signaling pathways involved in universal mechanisms such as cell cycle regulation,
glucose metabolism, apoptosis, and differentiation utilize some global molecules and
some specific molecules. These pathways are conserved among species and have a
defined spatio-temporal pattern. The functions controlled by these pathways almost
always involves a change in mitochondrial energy generation. Since mitochondrial
shape change is one of effectors of mitochondrial energy it is possible that above
pathways exert influence on mitochondrial shape as well. A possible integration of all
the mitochondrial functions will provide a cohesive view of mitochondrial control in a

cell.

1.4.1 Mitochondrial morphology proteins are key determinants in growth and

differentiation pathways in a cell
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Mitochondrial morphology is downstream of EGFR and upstream of Notch in PFCs
(Mitra et al. 2012). Mfn2 has been known to have a direct interaction with p21 Ras (a
member of EGFR pathway) by its N terminal domain in mouse embryonic fibroblasts (de
Brito and Scorrano 2009). The interaction in this particular study was found to be
essential for Mitochondria-ER association. They found that Mfn2 null cells not only
exhibit a change in mitochondrial morphology but also in the ER morphology. Mfn2 is
found to localize on the mitochondrial membrane as well as on mitochondria associated
membranes and ER network. Sequestration of Ras by Mfn2 binding leads to abrogation
of MAPK pathway and GO-G1 cell cycle arrest in vascular smooth muscle cells (Chen et
al. 2004). Drp1 is shown to be phosphorylated by ERK at S616 to cause mitochondrial
fragmentation, which is necessary for Ras mediated tumorigenicity (Kashatus et al.
2015). Mfn1 and Mfn2 are phosphorylated by MAPKs under tumorous or stress
conditions (Leboucher et al. 2012; Pyakurel et al. 2015). Yorkie activation enhances
Marf and Opa1 transcription, reduces ROS levels and thereby promotes cell
proliferation (Nagaraj et al. 2012). Hence, key mitochondrial morphology proteins
crosstalk with signaling molecules (Table 1.2) and a lot of potential interactions still

need to be uncovered.

Yorkie Transcriptional upregulation of marf Nagaraj et. al., 2012

and opa
ERK Activation of Drp1 by phosphorylation | Kashatus et. al., 2015
JNK Gets activated by AMPK released as | Owusu-Ansah et. al., 2008

result of Complex | subunit
downregulation

JNK Inactivates Marf by phosphorylation Leboucher et al. 2012

Bax , Bac Activate Drp1 to induce apoptosis Frank et. al., 2001

Whnt Regulates mitochondrial architecture | Serrat et. al., 2013
via Alex-3

Table 1.2. Mitochondria interacts with signaling pathways to modulate cellular
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function. Table lists the signaling molecules known to interact with and regulate
mitochondria in a cell. Signaling molecules interact with varying aspects of mitochondria

such as proteins controlling its architecture and its ATP production.

1.4.2 Mitochondria interacts with signaling molecules via regulating calcium

levels in the cell

Mitochondria and ER are calcium storehouses, buffering its amount in the cell.
Mitochondrial calcium channels (MCU) are low affinity channels present on the inner
mitochondrial membrane and pump calcium into the mitochondria depending on the
proton gradient across the membrane. Calcium is sent out via exchange with other
positively charged ions such as sodium via Sodium or proton calcium exchangers.
Calcium influx into the cell is followed by rapid bursts of calcium into the mitochondria.
Entry of calcium into the mitochondria, on account of the positive charge dissipates the
mitochondrial membrane potential transiently. A lot of calcium is taken up into
mitochondria at the mitochondria associated membranes (MAMS) in close proximity to
the ER. VDAC on the outer mitochondrial membrane is signaled by inositide 3, 4, 5-
phosphate (IP3) on ER to uptake calcium (Szabadkai et al. 2006). In addition to IP3,
factors such as distance and volume between ER and MAMs are also important factors
governing calcium influx. Scorrano and de Brito have shown that Mfn2 is also enriched
at the MAMs and downregulation of Mfn1/2, disrupts ER morphology as well as calcium
uptake into mitochondria (de Brito and Scorrano 2009).

Study in mouse embryonic fibroblasts has shown that downregulation of fusion
mediating proteins lead to increased calcium and calcineurin in the cells. Increased
calcineurin leads to increased Notch in the cells and inhibition of differentiation.
Depletion of calcineurin, a calcium dependent phosphatase was able to rescue the
phenotype and correction of cell differentiation defect (Kasahara et. al. 2013). To
summarize, mitochondrial calcium can regulate signaling pathways such as Notch in a

cell.

1.4.3 ETC and its byproducts regulate growth via signaling
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A cell tightly regulates its energy synthesis and expenditure hence it's not a surprise
that signaling pathways end up controlling a host of mitochondrial genes. Cell
manipulates the ATP synthesis, ROS release and substrate availability and there is
feedback from these. There is a lot literature spanning 50 years correlating how
mitochondrial energy production is tailored to fit cellular needs. | will be covering some

salient points which are of relevance to the thesis and capture gist of the relationship.

1.4.3.1 ROS is known modulator of kinase mediated cellular signaling

It is now known a substantial number of signal transduction mechanisms employ the
oxidation of downstream effectors to pass the message. Presence of ROS results in
activation of a number of genes encoding for enzymes to tackle them such as
superoxide dismutase (SOD). It is known that oxidative stress evokes the MST-FOXO
pathway to signal transcriptional changes. MST kinases are known to phosphorylate
FOXO for its activation on sensing oxidative stress (Lehtinen et al. 2006). p38 kinase
(p38K) is a stress activated kinases downstream of MAPK pathway proteins. It activates
transcription factor Mef2 which has conserved binding sites upstream of gene of
manganese superoxide dismutase (MnSOD) protein located on mitochondrial
membrane (Vrailas-Mortimer et al. 2011). Hence, it can directly influence ROS
quenching.

ROS is a manifestation of mitochondrial stress, which itself acts as a retrograde
signal. Accumulation of unfolded proteins in mitochondrial matrix activates proteases
such as ClpXP, m- AAA family proteases (Haynes et al. 2007). In rat hepatoma cells,
where this phenomenon was first observed, it was seen that there was a loss of mtDNA
as well (Martinus et al. 1996). C/EBP homologous protein (CHOP) is one of the
conserved sites for Upr signal (Zhao et al. 2002). This site has an activator protein-1
(AP1) binding element (Horibe and Hoogenraad 2007). It is known that JNK pathway
binds AP1 site (Weiss et al. 2003). It is also known that mitochondria to nuclei signal
propagates on activation of transcription factor ATF2, which is known to be associated
with JNK (Biswas et al. 1999). Hence, it is possible that the retrograde stress signalling
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utilizes JNK pathway for modulation of cell machinery. ROS levels have been found to
increase apoptosis via inducing phosphorylation of p38K. AKT pathway increases ROS
production by increasing oxidative metabolism and increasing the amount of oxygen
consumed. Increased ROS levels induce phosphorylated p38K (Ushio-Fukai et al.
1998). Hence, the site and the amount of ROS dictates the outcome on the cellular

signaling.

1.4.3.2 Mitochondrial membrane potential in relation to cellular signaling

Decrease in mitochondrial membrane potential is signaled by mitochondria to the cell.
This signalling can be through AMP kinase which acts as a sensor of ADP: ATP ratio
and decreases anabolic reactions in the cell (Hardie and Carling 1997). Utpal Banerjee
lab proposes a pathway activated by inefficiency of ETC. Complex | subunit inhibition
leads to increased ROS in the cell and activation of JNK. Depletion in complex IV lead
to low ATP and AMP kinase activation. Inhibition of either complex converges onto
inhibition of Cyclin E leading to cell cycle arrest in an energy deficient situation (Owusu-
Ansah et. al. 2009). AMPK induces mitophagy by activating ULK1 in murine
hepatocytes (Egan et al. 2011). Most of the signaling is ATP dependent on account of
phosphorylation. Kinase dependent growth pathways such as EGFR are shut down in
ATP deficit conditions. ATP via P2 GPCRs activate calcium and subsequent
transcription factor signaling in osteoblasts (Grol et al. 2012). Hence most phenotypes
of change in mitochondrial membrane potential are attributed to change in ATP levels in
the cell. However it can have direct effects as well by modulating pH conditions in inner
mitochondrial membrane. Till now most correlations between signaling and

mitochondrial membrane potential are indirect.

Hence, with this discussion | hope | have sufficiently piqued the reader’s interest
towards the organelle mitochondria and its multiples roles in the development of an

organism. Through this thesis | plan to ask the broad question:

How does mitochondria interact with signaling pathways during development?
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Specifically the question can be divided into following subparts, which form the aims of

the thesis:

1. Manipulation of mitochondrial morphology proteins leads to change in tissue
morphology during oogenesis.

2. Formulate protocols to assess mitochondrial attributes in Drosophila tissues

3. Understand interaction of EGFR and fission deficient mitochondria during
Drosophila follicle cell development

4. Analyze Notch pathway in mitochondrial fission mutant Drosophila follicle cells

5. Analyze effect on mitochondrial manipulation on Drosophila wing development
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CHAPTER 2

Manipulation of mitochondrial morphology proteins leads to change in tissue
morphology during oogenesis

2.1 Introduction

Mitochondria are involved in a plethora of cellular functions such as energy metabolism,
calcium homeostasis, cell cycle, cell death and cellular signaling. Many of these
functions are modulated by mitochondrial morphology changes. For example, periodic
changes in mitochondrial morphology and mitochondrial membrane potential occur
during the cell cycle (Schieke et al. 2008; Mitra et al. 2009). On account of their diverse
roles in the key cellular phenomenon, they play a determinative role in development and
differentiation (Maeda and Chida 2013; Wanet et al. 2015). They have been shown to
regulate neuronal differentiation, germ cell, FC and hemocyte differentiation (Williams et
al. 2010; Mitra et al. 2012; Gao et al. 2014; Teixeira et. al. 2015). Mitochondria in stem
cells exist in a rudimentary form and cells rely on glycolysis for energy. Cellular
differentiation is accompanied by the presence of a more elaborate mitochondrial
network along with aerobic glycolysis. This transition is likely to be regulated by key
signaling pathways that impact the synthesis of mitochondrial proteins, increase the
mitochondrial DNA replication cycles and increase the activity of large GTPase proteins

dedicated to mitochondrial fusion and fission.

Drosophila melanogaster ovaries were chosen as the model system to study the
impact of mitochondrial protein manipulation because of large cell size, ease of imaging,
availability of genetic and cell biological manipulation techniques, reagents and most
importantly the presence of cells in progressive stages of growth and differentiation.
Drosophila ovary consists of chains of successively mature FC chambers housing the
oocyte. FCs undergo mitotic divisions from stage 2-6, then they start endocycling and
form differentiated cells. Endocycling is mediated by activation of Notch pathway. EGFR
pathway is activated in the PFCs covering the oocyte in stage 8 by the ligand Gurken.
This activation is responsible for the movement of the oocyte to the dorso-anterior

position; thus patterning the dorso-ventral axis of the embryo (Figure 2.1A-B). EGFR
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pathway is known to modulate mitochondrial morphology in Drosophila ovarian FCs

(Mitra et. al., 2012). Hence Drosophila FCs can be used to assay role of mitochondria in

the cell cycle, signaling pathways and thus in development during oogenesis.

A Notch activation EGFR activation

Stage1-6 Stage 7-10
Oocyte central Oocyte dorso-anterior

B AFCs MEBECs PFCs
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Figure 2.1. Drosophila ovary as a model system. (A) Drosophila ovariole is a chain of
chambers of successively increasing age. Leftmost chamber is the stage 1 which contains
the germline stem cells adhered to the niche with the help of DE-Cadherin. It also contain
a pair of FSC which give rise to the prefollicle cells and subsequently the FCs. The FCs
are epithelial cells which enclose the cyst containing the oocyte and the nurse cells. FCs
divide upto stage 6 and the chambers steadily grow in size. FCs switch to endocycling

from stage 7 on Notch pathway activation. EGFR pathway is activated in Stage 8 and the

oocyte nuclei (in centre in stage 6) moves to dorso-anterior position in the mature

chamber. (B) Stage 8-9 chamber can be divided into three regions depending on the
follicle cell population; anterior follicle cells (AFCs), main body follicle cells and PFCs. Only

the PFCs are subject to EGFR signaling. AFCs experience JAK-STAT signal.

2.2 Materials and Methods
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2.2.1 Drosophila genetics

All Drosophila crosses were performed in standard cornmeal agar medium at 25°C. The
drp1XC03815 dgrp1i marf, opal, erk, ras', pdsw', UAS-drp1, UAS-marf, hs-flp; ubi-nls-GFP,
FRT40A/CyO, c306-Gal4, e22c-Gal4, gr1-Gal4 lines were obtained from Bloomington
Stock Center. The stock hsflp; Gal80OFRT40A/CyO;tub-Gal4, UAS CD8GFP/TM6 was
obtained from Nicole Grieder. The marf®) line was a gift from Ming Guo lab. The

drp 1KCO38ISERT40A/CyO stock was generated using standard genetic crosses.
2.2.2 Generation of FC clones

Homozygous drp7¥¢ mutant clones were generated by the FLP-FRT mediated site-
specific recombination and twin spot (Griffin et al. 2009) or MARCM system (Golic and
Lindquist 1989) (Figure 2.2A-B). Flies containing drp 1KC03815FRT40A were crossed with
hs-flp; Gal80 FRT40A/CyO; tub-Gal4, UAS CD8GFP/TM6 or hs-flp; ubi-nls-GFP,
FRT40A/CyO. 1-3 day adult females carrying the genotype hsflp/+;

drp 1XCO3815SFRT40A/Gal80 FRT40A,; tub-Gal4, UAS CD8GFP/+ or hsflp/+;

drp 1XCO3BISERT40A/ubi-nls-GFP FRT40A were heat pulsed at 37.5 °C for 60 min in a
water bath to generate FC clones. After the heat shock, flies were transferred to fresh
vials supplemented with yeast granules. Twin spot flies were dissected after an interval
of 6-8d. MARCM flies were dissected at 10days to maximise on clones arising from
early cell divisions or from stem cells. Clones were marked with plasma membrane
associated CD8GFP in the MARCM system or absence of GFP with the twin spot
strategy (Figure 2.2A-B). The staging of the egg chambers was done following
(Spradling 1993). For epistasis experiments, mosaic females were obtained by crossing
control FRT40A/CyO to hsfip; Gal80 FRT 40A/CyO; tub-Gal4, UAS CD8GFP/TM6. The
protocol and time of heat shock followed by dissection was maintained identical across

genotypes allowing quantification of numbers of cells per clone across genotypes.
2.2.3 Immunostaining of FCs

Ovaries dissected in Schneider's medium were fixed with 4% PFA in PBS,
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Figure 2.2. FLP-FRT mediated strategies to generate mutant clones in Drosophila.
(A-B) Heatshock activates the enzyme flippase (hsFLP) which is under heatshock
promoter, causing FRT element coordinated recombination. This results in removal of
Gal80 inhibition on Gal4 in one of the combinations culminating in Gal4 driven GFP
expression. GFP positive tissue is interspersed with non-GFP heterozygous background
resulting in a mosaic pattern (A). Twin spot generates two marked populations, single
copy GFP heterozygous and wild type double copy GFP background. In this strategy
mutant is GFP negative (B). Both strategies provide excellent control environment to
compare and contrast mutant and wild type growth and development.

permeabilized with 0.3% Triton-X-100 in PBS (0.3% PBST), blocked in 2% BSA in 0.3%
PBST, stained with primary antibody overnight at 4 °C, washed in 0.3% PBST, stained
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with secondary antibody for 1 hour in 0.3% PBST at RT, washed and mounted in Slow-
fade Gold (Molecular Probes). 5-15 animals were dissected for each experiment at 10d
after heat shock. All the ovarioles (30-35 per fly) containing clones at the stage 7-9 were
imaged and experiments were repeated 2 or more times as indicated by “N” value in the
figure legends. The primary antibodies used were: mouse anti-CycB 1:10 (DSHB),
rabbit anti-CycE 1:500 (Santacruz), mouse anti-aPKC 1:1000 (DSHB), rabbit anti-Dlg
1:200 (DSHB), rabbit anti-cleaved Caspase-3 1:200 (Cell Signaling), rat anti-DE
Cadherin 1:10 (DSHB). mouse anti-BPS(myospeheroid) (Integrin) 1:10 (DSHB).
Fluorescently coupled Streptavidin 633 (Molecular Probes) (1:1000) was used to mark
mitochondria in FCs and fluorescently coupled secondary antibodies (Molecular Probes)

were used at dilution 1:1000.
2.2.4 Image acquisition and phenotypic estimation in FCs

The ovaries were imaged using a Plan apochromat 40X 1.3/1.4 NA objective on Zeiss
LSM 710/780. The images were grabbed with an averaging of 4 at 512 x 512 pixels.
The laser power was kept similar between samples and the gain varied between 800-
850 for antibody staining. The range indicator mode was used for the acquisition of
each image so that the intensity did not reach 255 on an 8-bit scale. An ROI of 5-30
cells across an optical plane was chosen in each clone for estimation of phenotypes
and “n” refers to the numbers of clones in different ovarioles observed for 2 or more
experiments as represented by “N” value in the figure legends. Percentage values in the
figures with aggregated mitochondria and multilayering are representative of the

percentage of independent clones showing the defective phenotype.
2.2.5 Estimation of cell numbers per FC clone

Cell counts using the twin spot or the MARCM strategy were done from independent
clones across multiple experiments using Imaged. Optical slice thickness of acquisition
was 1.08 um, the smallest cell being approximately 5um and care was taken to not
mark the same cell twice. GFP positive in case of MARCM and GFP negative in case of
twin spot cell nuclei stained with Hoescht were marked manually and counted in the

control FRT40A and mutant clones. Cell numbers were compared using non-parametric
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two-tailed Kruskal Wallis, Mann Whitney and Dunn’s test for statistical analysis to allow

comparison of different sample sizes and non-gaussian distribution.
2.2.6 Image analysis for estimation of fluorescence in FCs

Quantification of aPKC, cleaved-Caspase, Dlg, Integrin, DE-cadherin, Cyclin B, Cyclin E
signal was performed using ImagedJ. The optical slice was manually chosen depending
on clone visibility and the GFP boundary in the MARCM system. A region of interest in
one independent clone containing cell numbers between 5-30 across an optical plane
was marked and average fluorescence intensity for GFP positive (clonal) and GFP
negative (background) region was computed. A ratio of these intensities was obtained
for each clone thus normalizing for variations in accessibility to dyes, drugs, antibodies
or imaging conditions. The non-parametric two-tailed Kruskal Wallis test, Dunn’s test
and Mann-Whitney test were used to compare non-gaussian distribution of fluorescence

ratios between different genotypes.
2.2.7 High resolution imaging of mitochondria

For visualization of mitochondrial morphology, immunostained FCs were imaged using
a Plan-Apochromat 63X Oil, 1.4 NA objective of Zeiss LSM 800 microscope with a
AiryScan module (Engelmann and Weisshart 2014). Images were deconvolved and

surface rendered using AutoQuant X3 and BitPlane Imaris version 8.0 respectively.
2.3 Results
2.3.1 Drp1 deficient FCs contain aggregated mitochondria

We depleted drp7 in ovarian FCs using the transposon tagged mutation drp7XG03815
(drp1XC). The drp7%C mutant is a null allele via P-element insertion in the 1st intron
(Figure 2.3A) and its mitochondrial phenotype is reversed by a genomic duplication or a
transgene expressing drp? (Rikhy et al. 2007; Mitra et al. 2012). drp7X© is known to be
homozygous lethal, hence clones were generated for the allele allowing us to mutate
the gene in only a subset of cells in the tissue. We made use of the twin-spot and the
MARCM system to generate clones. GFP positive FCs homozygous for the drp7X©

mutant and control FRT40A were generated using heat shock. drp7%¢ FCs showed an
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aggregated mitochondrial mass as compared to background heterozygous control cells
and FRT40A control cells (Figure 2.3B). This consists of fused mitochondria as
assessed previously by micro irradiation of the mitochondrial membrane potential
sensitive dye TMRE (Mitra et al. 2012).

A
Drp1
P-element insertion
Or— e
B
FRT 40A drp1%c

' 0% o
A%

Figure 2.3. Mitochondria are aggregated in drp7® FCs. (A) drp7%® mutant is a P-

element mutant with insertion in the 1t intron.

(B) drp1® homozygous mutant cells (CD8GFP; yellow boundary) are generated by mitotic
recombination in a heterozygous background. Mitochondria labelled by fluorescent
Streptavidin (grey) are aggregated in drp7¢ PFCs (97%, percentage of chambers with
fused mitochondria; n=47, N=4) while FRT 40A clones have dispersed mitochondria as in
the background (0%, n= 40, N=3).

Scale bar: 10 ym. n=FC clones in independent ovarioles, N=Experimental replicates.

We used ovary specific Galds, c306 (expression in anterior follicle cells (AFCs)),
gr1-Gal4 (expression in FCs covering the oocyte, stage 8 onwards) and e22c¢c-Gal4
(expressed in all FCs) (Figure 2.4A-C) to monitor overexpression of fusion protein Marf

and found similar aggregation, however visually the mitochondria was most highly
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Figure 2.4. Marf overexpression leads to mitochondrial aggregation. (A-C) FC
expression domains of ovary specific Gal4. ¢c306-Gal4 is restricted to AFCs, KDEL-GFP
driven by ¢306-Gal4 is seen only in AFCs (A). gr1-Gal4 is expressed in PFCs and AFCs
stage 7 onwards, seen here with Mito-GFP (B). e22c-Gal4 expresses in a variegated
fashion in entire ovariole in all the stages as seen with tubulin-GFP staining (C).

(D) Marf overexpression shows aggregation of mitochondrial network in the PFCs.
Mitochondria are dispersed around the nucleus in PFCs and AFCs. Overexpression of
Mito-GFP shows aggregated mitochondria with gr1 (n=15, N=2)/e22c (n=12, N=3) (in
PFCs) /c306 (n=10, N=2) (in AFCs) (D;gr71-Gal4 control n=40, N=3, percentage in all the
panels represents chambers with defect in mitochondrial distribution).

(E) Marf downregulation did not show any change in morphology with any of the three
Gal4s. (gr1-Gal4; n= 20, N=2, e22c-Gal4; n= 15, N=2, c306-Gal4; n= 25, N=2, percentage
in all the panels represents chambers with defect in mitochondrial distribution).

Scale bar: 10 ym. n=FC clones in independent ovarioles, N=Experimental replicates.

aggregated in drp7X¢ mutant (Figure 2.4D). Downregulation of the fusion protein, Marf,
with the above Gal4s, induced no change in mitochondrial morphology in PFCs (Figure
2.4E). This suggests that mitochondria are already in a state of fragmentation and
decrease in fusion proteins further does not alter the equilibrium so that morphology

change can be discerned using a confocal microscope.

2.3.2 drp7¥¢ mutant exhibits multilayering and decrease in cell numbers

The drp1XC mutant tissue was arranged in multilayers of epithelial cells (Figure 2.5A).
Multilayering can be because of change in cell number or loss of polarity and
subsequent disarrangement of cells. We tested both the scenarios to find out the cause
of multilayering. In order to estimate cell number two strategies were used to generate
clones: Twin spot and MARCM. Twin spot generates control and mutant clones from
mitotic sister cells in the same tissue at the same time in development thus allowing
accurate comparison of proliferation rate of two cell types. The clones thus generated
undergo exact same development. The control clone is brighter for GFP than the
background, the mutant, on the other hand does not have GFP positive cells. drp1KC¢

clones were found to be much smaller in comparison to control twin spots.
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Figure 2.5. drp7X¢ mutant tissue is multilayered and cell proliferation is decreased.
(A) drp1%¢ PFCs show multilayering. drp1%¢ (CD8GFP) PFCs are present in multiple layers
(70%, percentage of chambers with multilayering, n=47, N=4) as compared to
neighbouring control cells.

(B-D) drp1X© PFC clone cell numbers are reduced compared to homozygous wild-type
twin spot. The representative image shows an optical slice in the surface view of stage 9
chamber twin spot clones for FRT40A (control) and drp7XC. drp1€C (blank or GFP minus:
white dashed border line) spot is smaller than the wild-type clone (2XGFP: yellow dashed
border line, nIs-ubiGFP; green, DNA; blue) (B). Histogram depicting variation in clone
sizes for stage 9 chambers. Wild-type bars (grey) are arranged according to increasing
size of GFP negative spots (black) for both FRT40A and drp7%¢ (C). Ratio of number of
cells for 2XGFP to GFP negative is less for drp1® as compared to FRT40A twin spots (D)
(n= 8,9, N=3,**,P<0.01, two tailed Mann-Whitney test).

(E-F) drp7%¢ PFC numbers per clone are decreased in the MARCM system. A
representative image showing a CD8GFP (green) clone in a stage 8 chamber contains
fewer cells in drp7X® as compared to FRT40A (DNA,; blue) (E) Quantitative analysis of
PFCs per clone in drp1X€ ovarioles is significantly less than FRT40A (n=20,16, N=3, *,P <
0.05, two-tailed Mann-Whitney) (F).

(G) Average number of control and drp7%® mutant FCs are comparable between the twin
spot and MARCM strategy. Graph depicting distribution of 2X GFP (nls-ubiGFP; green)
and GFP negative clone sizes for FRT 40A and drp7%® (DNA,; blue) (G). (n=36, 36, 33, 33,
N=3, **,*, P < 0.01, P < 0.05, Kruskal Wallis and Dunn’s Test).

(H-1) drp1%¢ MBCs but not AFCs show cell proliferation defect. Quantification of drp7<¢
clones (CD8GFP) showed a decrease in MBCs as compared to FRT 40A control MBC
and AFC clones respectively (H, n=9,8,N=3,*,P<0.05, two tailed Mann-Whitney test).
AFCs number is not significantly different in drp7¢© clones compared to FRT 40A clones (|,
n=12, 12, N=3, two tailed Mann-Whitney test).

(J-L) drp1%€ cells do not undergo apoptosis. drp7X© cells (CD8GFP;green) are negative for
cleaved Caspase staining (red) (J). Quantification shows no significant difference from
control FRT 40A cells (K, n=15, 10, N=2, two tailed Mann-Whitney test). Cleaved Caspase
staining in early FRT 40A control cells confirms the antibody (L).

(M-N) drp7%© FCs show proliferation defect in mitotic stages. A representative image
showing a clone (CD8GFP;green) in stage 5 chamber (mitotic stages) in drp7X© ovarioles
is smaller than control FRT40A (DNA; blue) (M).
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Significant difference is seen in quantitative analysis of cell number in FRT40A and
drp1%¢ mutant clones in mitotic stages (n=12, 11 each, N=3, *, P < 0.05, two-tailed Mann-
Whitney test) (N).

(O-R) drp1X€ FCs have increased Cyclin E and B. drp7%® PFCs show increased Cyclin E
(red) (O), quantification in (P, n=7, 20, N=3 ,**, P<0.01, two tailed Mann-Whitney test).
Cyclin B accumulation is also seen in drp1%¢ PFCs (Q). Quantification for Cyclin B
comparison to FRT 40A control in (R, n=9, 14, N=3, ***, P<0.001, two tailed Mann-
Whitney test).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns= not significant, Scale

Bar: 10um. n=FC clones in independent ovarioles, N=Experimental replicates.

FRT 40A clones had equal sized twin spots (Figure 2.5B-D). Hence the loss of Drp1 is
debilitating to the cell and leads to decrease in proliferation. We found a similar
decrease in the cell number using MARCM as well (Figure 2.5E-F). The ratio of
decrease in cell numbers was also similar in both the techniques (Figure 2.5G). We
quantified the impact on cell number in midbody follicle cells (MBCs) as well as AFCs
using MARCM. We found a significant change in cell number in the MBC population,
however, the cell number was not different for AFC populations (Figure 2.5H-I). This
can be because the number of AFCs is much smaller than PFC and MBC, and the
tissue is able to compensate for their loss. This count was done only for MARCM
technique as it was difficult to find the exact twin clone in the chambers with multiple
clone populations.

The lowering of cell number can be because of lowered cell divisions or
increased cell death. We checked for both in MARCM clones. We did not expect cell
death in drp7X® mutant because drp? negative cells are known to be incapable of
undergoing apoptosis as mitochondria cannot be fragmented and cytochrome C cannot
be released (Frank et al. 2001). Immunostaining for cleaved-Caspase 3 (activated form
of Caspase 3) was found to be similar to neighboring non-GFP control cells.
Immunofluorescence intensity was measured in both GFP-positive as well as

neighbouring GFP-negative cells (description of quantification in Material and Methods
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section 2.2.6). The difference in intensity is represented in the form of a ratio between
GFP positive and negative. Thus allowing normalization for factors such as age,
nutrition and antibody penetrance. We compared these ratios between drp7XC clones as
well FRT40A clones, there was no significant difference between the two (Figure 2.5J-
L). Another mode of programmed cell death is via autophagy. Autophagy during early
and mid oogenesis is mediated by the caspase Dcp1 (Hou et al. 2008). Dcp1 is also
elicited downstream of Cytochrome C release, hence again dependent on mitochondrial
fragmentation. Hence cell number lowering is not on account of cell death.

Next, we tried to estimate cell division rate. The FCs undergo division up to stage
6 and enter endocycle as mentioned earlier. Cell numbers were counted in early stages
using MARCM and found that the cell number is less for drp7XCin these stages as well
(Figure 2.5M-N). Hence the drp 1K€ clones are small because of cell division defects in
early stages. The drp7 mutant FCs have been previously shown to have an increased
incorporation of BrdU indicating that the cells were indeed proliferating, albeit slowly
(Mitra et al. 2012). A similar decrease in proliferation is seen in drp1 deficient mouse
embryonic fibroblasts in low cell densities (Parker et al. 2015). Defective spindle
orientation can also be a causative agent for disarrangement of cells, which can be
checked using tubulin immunostaining. However, all attempts to do the same have
unfortunately failed till now.

Cyclin B and E are downregulated in stage 7 endocycling FCs in the wild type.
drp1¥C FCs at stage 7-9 clones did not enter the endocycle and had increased Cyclin B
and Cyclin E antibody staining consistent with sustained proliferation in these cells. The
immunostaining was comparable between GFP and non-GFP cells in control FRT40A
ovarioles (Figure 2.50-R). Hence cell division is slowed down in drp7X¢ mutant and

Cyclins accumulate in them, this leads to decrease in clonal cell number.

2.3.3 Apical polarity is lost in drp7X¢ mutant cells

If multilayering is not on account of increased cell numbers, the loss of polarity can be
the answer. Literature suggests that multilayering can result from loss of polarity
proteins. FCs are epithelial cells with well-defined apical, lateral and basal domains.

Follicle stem cells (FSCs) in Stage 1 chamber have basal and lateral domain markers
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but lack apical domain. As the daughter cells are formed, EGF is downregulated,
prefollicle cells come in contact with germ cells which they have to envelop and
consequently apical domain is formed (Castanieto et al. 2014). In agametic ovaries
apical domain is found to absent (Tanentzapf et al. 2000), hence contact with germ cells
is essential. Hence FCs undergo mesenchymal to epithelial like transition. Bazooka
(Baz) is the first polarity marker to appear. It is followed by Atypical protein kinase
(aPKC) which restricts Baz to the lateral domain. aPKC recruits Crumbs, another apical
marker to establish an apical domain. It has been shown that the apical complex is
essential for correct positioning of the lateral domain proteins (Rolls et al. 2003). Integrin
is a basal marker and its loss leads to multilayering in mouse lung epithelial cells (Chen
and Krasnow 2012). Multilayering has been reported from loss of Crumbs, Armadillo
(interactor of DE and DN Cadherin adhesion complex), Braniac and egghead (glycosyl
transferases which regulate FC adhesion (Goode et al. 1996)), a-spectrin and 14-3-3
(cytoskeleton interactors), Par-1 (lateral domain protein) and PatJ (apical protein, part of
Crumbs complex (Sen et al. 2015). Multilayering defect in most instances is seen in
posterior large clones indicating the susceptibility of the cells and ability to compensate
for small clones but not big ones (Tanentzapf and Tepass 2002). Localisation of the
aPKC also affects future axis in fly as aPKC phosphorylates Lgl and leads to activation
of microtubule polarity and oocyte movement (Tian and Deng 2008). Hence the loss of
the most of polarity proteins results in multilayering in FCs.

Loss of one polarity component usually abrogates other markers as well. Loss of
apical polarity marker Crumbs causes a reduction in other apical polarity markers Disc
lost and a-spectrin. Crumbs overexpression also shows mild disruption of lateral
membrane proteins. Loss of DE-Cad alone does not severely impair FC development.

Arm mutants display multilayering and loss of Crumbs (Tanentzapf et. al., 2000).
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Figure 2.6. drp7X© FCs lack apical polarity. (A-C) Apical polarity marker, aPKC lost in
drp1%¢ FCs. aPKC (red) is present on the apical membrane while Dlg marks the lateral
membrane in control FRT 40A cells. drp7X¢ PFCs lacks aPKC, DIg however is intact (A).
aPKC is absent in early FC clones of drp7%® (B). Quantification shows the depletion in
aPKC in drp1%¢ FCs (C, n=15, 45, 15, 45, N=2, ***, P<0.001, two tailed Mann-Whitney
test).

(D-F) Adhesion proteins are intact drp7%¢ PFCs. Integrin immunostaining is undamaged in

drp1%¢ PFCs compared to control FRT 40A cells (D). Quantification in (E,n=15,15, N=2,
two tailed Mann-Whitney test). DE-Cadherin is present in the drp 7% PFCs same as FRT
40A (F). Quantification in (G) depicts DE-Cadherin immunostaining in a mutant cell
compared to neighboring control cells (n=28, 29, N=2, two tailed Mann-Whitney test).
Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside

10th and 90th percentiles. Numbers within the box represent number of data points (n).

Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10pm. n=FC clones in independent ovarioles in (C) and (E), in (G) n=number of cells in

which DE-cadherin was quantified from 3 ovariole chambers, N=Experimental replicates.

Bazooka mutants lacking activating sites for 14-3-3 lack distinction of apical and lateral

domains (Benton and St Johnston, 2003). In Drosophila embryo it has been shown that

lateral and apical domain function to restrict each other and absence of Lgl leads to

non-requirement of Crumbs (Tanentzapf and Tepass, 2002).

We performed immunostaining for apical, lateral and adhesion complex proteins.

aPKC showed an apical enrichment in FRT 40A control clones. DIg exhibited lateral

membrane localization. DE- cadherin marked the adhesion belt in all the FC. aPKC was

significantly reduced in the drp7X¢ mutant cells, DIg was similar in intensity in both

control and mutant cells (Figure 2.6A-C). Integrin was intact in drp7¥C mutant FCs; DE-

cadherin was also equal in intensity (Figure 2.6D-E). Hence apical membrane polarity is

lost in drp7XC mutant cells leading to multilayering in the tissue.
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2.4 Discussion

The impact of drp7XC on mitochondrial fusion and tissue multilayering was known earlier
(Mitra et. al., 2012). Aberrant tissue morphology in drp 7K€ clones results from loss of
apical polarity and slower division cycles. Disorganized multilayered tissue resembles a
tumorous phenotype visually, however, the opposite, mitochondrial fragmentation has
been associated with a tendency to metastasize (Zhao et al. 2013). Therefore, the cell
number comparison using MARCM and Twin spot provided a mode of quantification of
cell population and identify the root of multilayering. FCs arise from the FSCs present in
the Stage 1 ovariole chamber. They are held in the niche with the help of Integrin and
DE-cadherin. Mitochondrial ETC complex | mutant leads to a decrease in FSC number.
An increase in ROS also decreases the FSC stemness (Wang et al. 2012). Using
MARCM, the drp7C mutant cell is generated at the FSC stage and the subsequent
daughter cells are mutant and GFP positive. In a non-mutant clone, the GFP positive
and negative FSC will be equal and grow together to give rise to equal population of
daughter cells, which divide further and finally large GFP positive clones will be
generated. Hence in FRT 40A control clones, we saw huge clones spanning 200 cells
and entire chamber sometimes in case both FSCs flipped and became GFP positive. In
drp1%C mutant the clones were almost half in size than FRT 40A clones, also if rare
complete chamber clones were seen, the chamber was found be dead. Persistent
Cyclin E seen in the drp 1€ mutant cells, is also seen in mdivi-1 (fission inhibitor)
treated cells (Mitra et. al., 2009). Thus, cell number is reduced in the multilayered
drp1XC clones. This is similar to effects of change in ETC or ROS hinting that the cell

division process can be dependent on mitochondria via either of the above factors.

Role of mitochondria in the regulation of polarity is not understood well.
Cytoskeletal components can crosstalk with mitochondria in turn regulating polarity
(Muliyil et al. 2011; Morlino et al. 2014; Li et al. 2015). CRB1, the homologue of Crumbs
is observed in vicinity of the mitochondria in retinal cells (Quinn et al. 2017). DE-
Cadherin upregulation rescues increased ROS mediated defect in FSCs (Wang et.al.,
2012). EGFR downregulation is necessary for apical polarity to arise in FCs. Is the

impact on EGFR signaling responsible for aPKC loss or direct effect on cellular polarity?
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We will attempt to answer this question by looking at EGFR pathway in drp 7X¢ mutant
cells in Chapter 4. To conclude mitochondria and cell polarity can be interlinked through

ROS or AMPK and it will be an interesting field to explore.

Now let us look at methods to characterise mitochondria in a cell with respect to

its activity, ATP production and ROS output in the next chapter.
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CHAPTER 3

Characterization of mitochondrial organization and activity in cells during

Drosophila oogenesis and embryogenesis

3.1 Introduction

Mitochondrial function can be assessed by not only characterising shape but also their
activity. Mitochondria are susceptible to slight fluctuations in their environment (Abele et
al. 2002; Rossignol 2004; Gui et al. 2016). Hence it is crucial to analyze its properties in
homeostatic conditions close to that in a cell. This chapter will discuss how
mitochondrial output in the form of its membrane potential, ATP and ROS can be
quantified and analyzed.

As discussed in Chapter 1, mitochondrial ATP synthesis, calcium regulation,
ROS production, mitochondrial network architecture crosstalk with each other. For
example, mitochondrial ROS should not be measured in isolation as it is dependent on
mitochondrial membrane potential and shape (Suski et al. 2012; Ahmad et al. 2013).
Tissues have a characteristic mitochondrial architecture which is dictated by their
primary function (Noguchi and Kasahara 2017). Hence factors such as tissue stress can
influence the mitochondrial properties. These effects can manifest differentially by short
term or long term perturbations. Therefore different phenotypes are observed after
acute and chronic mitochondrial treatments (Fernandez-Mosquera et al. 2017). In fact
differences in both can offer nice insight into how a tissue adapts its mitochondria in
diverse situations. Within a cell as well there can be differences in mitochondria,
depending on their location. In neurons, mitochondria present in axonal lamellipodia
have higher mitochondrial membrane potential than rest of the axon. This difference is
on account of increased growth factor signaling in the lamellipodia via PI3K.
Administration of U0126, an inhibitor of kinases downstream of EGFR abolishes the
increased mitochondrial membrane potential difference (Verburg and Hollenbeck 2008).
Hypoxia driven transcription regulation is dependent on increased ROS release by
perinuclear mitochondria (Al-Mehdi et al. 2012). Hence there is a correlation between

mitochondrial function and its position in the cell. Mitochondria are also known to differ
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in membrane potential in different cell cycle stages. Mitochondria are electrically
continuous as monitored by loss of TMRE (Tetramethyl rhodamine ethylamine, a
mitochondrial membrane potential sensitive fluorescent dye) in G1-S phase. This
continuity is lost during mitotic phase. ATP production also depletes during the mitotic
phase (Mitra et. al., 2009). Hence mitochondrial functions depend on cell cycle stage,
cell type, developmental stage and subcellular localisation.

A number of fluorescence based assays are used routinely, and can be easily
adapted for tissue of interest to ask questions regarding the status of mitochondria. Let
us discuss some of these assays and how they can be used to comment on

mitochondrial status.

3.2 Materials and methods

3.2.1 Drosophila genetics

All Drosophila crosses were performed in standard cornmeal agar medium at 25°C. The
pdsw, cova', ampk', Ikb' lines were obtained from the Bloomington Stock Center. drp1K¢
FRT 40A/CyO; pdsw/TM6 and nanos-Gal4,Mito-GFP line was generated by standard
genetic crosses. The UASP-Mito-GFP flies were obtained from Rachel Cox (Cox and
Spradling 2003).

3.2.2 Generation of FC clones

drp1XC and drp1XC ;pdsw clones were generated as described in Materials and Methods
of Chapter 2 (section 2.2.2).

3.2.3 Immunostaining of FCs

Immunostaining protocol has been described in Chapter 2 Material and Method section
2.2.3. The primary antibodies used were: pAMPK (1:200, Cell signaling), total AMPK-a
(1:200, Abcam). Fluorescently coupled Streptavidin 633 (Molecular Probes) (1:1000)

was used to mark mitochondria in FCs and fluorescently coupled secondary antibodies

(Molecular Probes) were used at dilution 1:1000.
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3.2.4 Immunostaining of Embryo

nanos-Gal4,Mito-GFP/+ (Control) or F1 flies from RNAi lines crossed to nanos-Gal4
were transferred to embryo collection cages with Agar (3%) sugar plates with yeast
paste. nanos-Gal4,Mito-GFP embryos were collected and divided after dechorionation
into control and experiment vials to maintain uniformity in terms of embryo age, drug
treatment, immunostaining protocol. Embryos for pdsw and cova RNAi were collected
and immunostained at the same time as the nanos-Gal4,Mito-GFP control embryos.
Embryos were washed, dechorionated using 100% bleach for 1-2 min, washed and
fixed in heptane (Sigma): 4% paraformaldehyde (1:1) in PBS for 20 mins at room
temperature. Vitellin membrane was removed by 1:1 methanol: heptane mix for pAMPK
and AMPK-a immunostaining and for Phalloidin hand devitellinization was used. Further
processing was done in a similar manner to Drosophila ovary. Primary antibodies used
and their dilutions were as follows: pAMPK 1:200 (Cell Signaling), AMPK-a 1:200
(Abcam). Fluorescently coupled secondary antibodies (Alexa Fluor 488, 568, 633,
Molecular Probes) were used at 1:1000 dilution in PBST. Fluorescently tagged
Phalloidin (1:500, Molecular Probes) and Streptavidin (1:1000, Molecular Probes) were
added with secondary antibodies. DNA was labelled using Hoechst 33342 (1:1000,
Molecular probes). Embryos were imaged using Plan apochromat 40X/63X/1.4
objectives on the Zeiss LSM710/780.

3.2.5 Measurement of mitochondrial membrane potential using CMXRos assay

CMXRos (Molecular Probes) (100nM) in Schneider's medium was added to live ovaries
for 30min. Subsequently, ovaries were washed thrice in Schneider's medium for 5min
each. Fixation was done in 4%PFA in PBS for 15min. The experiments for control and
mutant samples used the same CMXRos dye aliquot, were done at the same time and
imaged on the same day. Uncoupler FCCP (10uM) (Sigma) was added after 3 washes
for 30 min followed by one 5min wash and fixation followed by staining. CMXRos
fluorescence was compared using non-parametric two-tailed Kruskal Wallis, Mann
Whitney and Dunn'’s test for statistical analysis to allow comparison of different sample

sizes and non-gaussian distribution.
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3.2.6 Measurement of ROS using DHE and MitoSOX in FCs

In order to estimate ROS using DHE, ovaries were carefully dissected in Schneider's
medium and incubated in 30nM DHE for 7 min. Tissue was then washed once in
Schneider’s and transferred to poly L-Lysine treated chamber. Ovaries were allowed to
stick to the surface of the chamber and 1X PBS was added slowly along the sides and

the sample was imaged live.

Freshly dissected ovaries were incubated in 5mM MitoSOX for 10 min and then given a
single Schneider’s medium wash. The tissue was allowed to bind Labtek chambers and

imaged in 1X PBS to monitor mitochondrial ROS live.
3.2.7 ETC disruption, glycolysis inhibition using drug treatment

Dechorionated embryos were permeabilized using D-Limonene (Sigma Aldrich) :
Heptane (1:1) (LH) containing drugs and incubated at RT for the time indicated.
Subsequently, embryos were fixed and stained as mentioned above. Drug
concentrations and their respective incubation times were as follows, FCCP: 10 uM
(Sigma Aldrich); 15 mins, Rotenone: 5 yM; 30 mins (Sigma Aldrich), Oligomycin: 10 uM;
5 mins (Sigma Aldrich), 2-Deoxy-D-Glucose (2-DG): 100uM; 15mins (Sigma Aldrich). 5
mM Rotenone, 10 mM Oligomycin and 5 mM 2-DG were made in DMSO and 10mM
FCCP stock was prepared in 100% ethanol. Control embryos were treated with an
equivalent concentration of DMSO or ethanol. All the treatments were done for both the
control and experiment at the same time. 2DG was added along with 5 yM FM464-FX

(Molecular Probes) in order to establish permeabilization of the embryos.
3.2.8 Image acquisition and phenotypic estimation in FCs

The method for this has been summarized in Chapter 2, Materials and Methods section
224,

3.2.9 Image acquisition and quantification in Drosophila embryos

For imaging, all the samples were first checked and saturation for pAMPK and AMPK-a

(total AMPK) was set according to the highest intensity sample to maintain uniform
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imaging conditions. Images were taken at 512X512 with an averaging of 2 at 2X Zoom
for 63X lens. Quantification of pAMPK and AMPK-a was done by measuring average
image intensity for the channel using Imaged. This mean intensity was normalized by
subtracting the corresponding minimum. An average of these was taken for the
respective control and each normalized mean was divided by this average so as to
represent each value as a fold change. Normalized means as ratio were compared
using GraphPad Prism 6.0 and plotted in the form of boxplots. Furrow length was
measured from sagittal sections of the embryos using Imaged line tool. Furrows for
each cycle were compared to corresponding control cycles in GraphPad Prism 6.0 and

plotted in the form of boxplots.
3.2.10 Image analysis for estimation of fluorescence in FCs

Fluorescence estimation was done as stated in Chapter 2, Materials and Methods

section 2.2.6.
3.2.11 Estimation of embryo lethality

Embryonic lethality was determined by hatch assay. Flies were allowed to grow in
cages with Agar (3%) Sugar as the food source. Yeast paste was supplemented to this
media when embryo collection was done. 3 hour embryo collection was done using
sieves. The collected embryos were carefully laid onto an Agar (3%) Sugar plate in the
form of 10X10 matrix. Plates were incubated at 25 °C and checked for hatched embryos

after 24 and 48 hrs. Lethality was depicted as percentage embryos which did not hatch.
3.2.12 ATP estimation

ATP estimation was carried out from embryo extracts by using luciferase based ATP
determination Kit (Thermo Fisher Scientific). Briefly, 3 hour old embryos were collected
and rinsed in heptane twice and subsequently dried completely. Embryos were
manually crushed on ice using 1.5 ml microfuge tube pestle in homogenisation buffer
(Tris (100 mM) and EDTA (100 uM)) till a uniform extract was obtained. The extract was
lysed by boiling for 5 min and the supernatant was collected by spinning at 21000 g at
40C. Supernatant was diluted (1:10) in dilution buffer (25 mM Tris, 100 uM EDTA) and
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again spun at 21000 g at 4°C. After diluting appropriately, Luciferin and firefly luciferase
in buffer provided in the kit were added to the samples in 96 well white plates and ATP
concentration dependent luminescence was measured immediately on a Varioskan
Spectrometer at 560 nm. In order to ascertain reproducibility, both experimental and
control samples were assayed at three different dilutions. Each dilution was loaded in
triplicates and readings for the entire plate were taken thrice. All measurements were
normalized to total protein content of the embryos. Protein estimation was done using
BCA kit (Thermo Fisher Scientific) against standard BSA concentrations. Each sample
was loaded in three different wells and emission for each well was measured thrice. All
the experiments were repeated 3 times. The graph represents the percentage reduction
corresponding to controls estimated at the same time. Means were compared using one

tailed Mann-Whitney test in GraphPad prism 6.0.

3.2.13 Live Imaging of ovarioles

Freshly emerged pUASP-Mito-PAGFP flies were kept in media supplemented with dry
yeast for 2 days. Flies were subsequently dissected in Schneider's medium and ovaries
were separated using insect pins. Labtek chambers were treated with poly L-lysine for 5
min. The chamber was washed continuously under tap water for 10 min. Ovaries were
transferred in minimal medium onto the Labtek chambers and allowed to stick to the
surface. PBS was added to the chamber carefully along the sides. Ovaries were imaged
using Plan Apochromat 40x/1.4 objective on the Zeiss LSM780; 488 nm and 561 nm
lasers were used at 2% power with an appropriate gain, within the dynamic range for

imaging GFP.

3.2.14 Photoactivation of Mito-PAGFP in ovarioles

Photoactivation in nurse cells and oocyte expressing Mito-PAGFP was performed in
selected ROls using the 405 nm laser with 100% power and 50 iterations by Plan
Apochromat 40x/1.4 NA objective on the Zeiss LSM780. Images were acquired using
488 nm laser at 2% power. The data obtained was analyzed using ImageJ. For nurse

cells, equidistant region in adjacent nurse cells and region in same nurse cell was
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monitored at the same time as the ROI. Intensities were normalised to the background
and increase in fluorescence in comparison to post activated fluorescence intensity was
calculated for each. For the oocyte, four equidistant reference regions in different

directions were compared to the ROI.

3.3 Results

3.3.1 Mitochondrial membrane potential is elevated in FCs mutant for

mitochondrial fission protein

Cells lacking mitochondrial fusion proteins Mfn1/2 show fragmentation and loss of
membrane potential (Chen et al. 2003). Mitochondrial membrane potential can be
measured by a number of fluorescence dyes such as JC1, Mitotracker green/red/far
red. These dyes accumulate in the mitochondria and fluoresce depending on the proton
gradient across the mitochondrial inner membrane. We used the dye Mitotracker Red
CMXRos as it is retained after fixation, allowing us to combine it with primary antibodies
of our choice. CMXRos forms thiol conjugates with peptides thereby making it resistant
to depletion on fixation with paraformaldehyde (Susin et al. 1999; Cottet-Rousselle et al.
2011). We compared CMXRos fluorescence in living and fixed ovarioles containing
drp1%C PFCs and did not find a significant difference (Figure 3.1A-B). Fused
mitochondria in PFCs depleted of Drp1 were checked for mitochondrial membrane
potential using CMXRos. The fluorescence in clones was normalized relative to the
surrounding control PFCs. The fluorescence ratio was close to 1 when control FRT40A
clone cells were compared to the corresponding background cells (Figure 3.1C, F). The
relative fluorescence ratio of more than 1 showed greater accumulation of the
potentiometric dye CMXRos and an increase in mitochondrial membrane potential. This
allowed us to control for variations in the data arising out of differential dye uptake,
sample preparation and experimental fluctuations. drp7X¢ PFCs showed increased
CMXRos fluorescence as compared to background control cells and the GFP:non-GFP
ratio was more than 1 (Figure 3.1D, F).

In order to validate the dye further, we used a number of drugs which target
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either the whole ETC or individual complexes and deplete the mitochondrial membrane
potential. We standardized the ETC uncoupler FCCP (Carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone) (Nicholls and Budd 2000). FCCP is an ionophore
and mediates passage of hydrogen ions across the mitochondrial inner membrane
thereby dissipating the mitochondrial membrane potential difference. We tried range of
FCCP concentrations (1 uM-100 puM) for varying durations (15 min-2 hour) and found
that 30 min treatment with 10 uM FCCP disrupted the mitochondrial membrane potential
in control FCs (Figure 3.1C, F). Quantification of CMXRos fluorescence confirmed a
drop in mitochondrial membrane potential in the whole tissue. We also tested the same
in drp7X€ FCs and found a drop in fluorescence similar to the control (Figure 3.1D, F).
FCCP treatment reduced mitochondrial membrane potential in the entire tissue and
similarly in control FRT40A GFP and non-GFP cells, hence maintaining the ratio at 1.

FCCP treatment has been shown to cause mitochondrial fragmentation in cell
lines (Cereghetti et al. 2008). No significant difference was found in mitochondrial
architecture in FCCP treated FCs (Figure 3.1C, D). Even a two hour treatment did not
alter mitochondrial architecture. This can be either because the treatment is insufficient
to bring about a change or mitochondrial shape is not dependent on mitochondrial
membrane potential in this tissue.

In addition, to compare pharmacological inhibition of the ETC, with genetic
manipulation, RNAi was used to deplete ETC protein. RNAi against pdsw, a complex |
subunit was used. Downregulation of pdsw showed a significant drop in membrane
potential using CMXRos dye. We observed a very subtle difference in mitochondrial
morphology in pdsw RNAI, however the phenotype was not consistent. A stronger
mutant can perhaps help accentuate the alteration in morphology if any. The
observation that mitochondrial distribution is unaffected on pdsw loss indicates that the
status of mitochondrial morphology proteins in PFCs. Mitochondrial morphology is
susceptible to change in mitochondrial membrane potential up to early stages (stage 6-
7), subsequently stages mature, FCs differentiate and acquire characteristic
mitochondrial shapes. The mitochondrial morphology regulating proteins also increase
in amount and hence mitochondria resist change in their shape. This is beneficial for the

cell as it is able to stringently maintain the mitochondrial shape it requires for
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Figure 3.1. drp7%€ cells have higher mitochondrial membrane potential. (A-B)
CMXRos (pseudocolored where red is the highest intensity pixel and blue is the lowest)
uptake in living and fixed drp1X¢ PFCs. Ratio of CMXRos intensity in GFP to control cells
is similar before (A) and after fixation (B) of FCs. (n= 4).

(C-F) drp1%® PFCs have increased and pdsw' have decreased mitochondrial membrane
potential. The CMXRos signal overlaps with the mitochondria signal in FRT 40A as well as
mutants. CMXRos intensity ratio in control FRT40A GFP to non-GFP cells is close to 1
with and without FCCP treatment (n= 12, 11, N=3) (C). drp1® FCs (n=22, N=5) show
higher CMXRos fluorescence as compared to background control cells (ratio higher than
1) and this is not seen in the presence of FCCP (n=30, N=4) (D). CMXRos fluorescence
ratio decreases in drp7%®; pdsw’ and in pdsw' compared to background control cells (n=21,
8, N=4) (E). CMXRos intensity ratio quantification shows a significant decrease on FCCP
addition and in pdsw' (n=30, 8, N=4,4; FRT40A (n=13, N=3), ***,P < 0.001, *,P < 0.05,two
tailed Kruskal Wallis and Dunn’s test) (F).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10um. n=FC clones in independent ovarioles, N=Experimental replicates.

appropriate function.
In conclusion, CMXRos is an excellent fixable dye to assess mitochondrial
membrane potential in the Drosophila FCs and drp7X© FCs have heightened

mitochondrial membrane potential difference.

3.3.2 Monitoring ATP levels in FCs and embryogenesis

Higher mitochondrial membrane potential difference results in higher ATP output from
ETC. ATP levels can be monitored by measuring ATP using luciferase based kits or
indirectly by estimating AMPK levels in the cell. Decrease in ATP leads to increased
activation of AMPK, the energy sensor of the cell via LKB1. AMPK is upstream of
number of transcription factors such as FOXO, responsible for promoting catabolism
and inhibiting anabolism (Steinberg and Kemp 2009; Mihaylova and Shaw 2011). | will
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summarize analysis, of ATP levels in FCs and then go on to describe the protocol used

for Drosophila embryo.

3.3.2.1 drp1X© FCs have higher pAMPK levels

AMPK levels were monitored in FCs by using antibody against activated AMPK
(PAMPK) and pAMPK levels were found to be higher in early FCs (stage 1-6) as
compared to stage 7-9 in wild type. Early FCs had bright bursts of pAMPK, which
overlapped with the nuclear staining indicating nuclear localisation of pAMPK. These
bright bursts were frequently seen in cells undergoing metaphase. Stage 7 onwards
FCs had dispersed cytoplasmic pAMPK signal (Figure 3.2A-B).

Drosophila ovaries undergo an insulin pathway mediated switch from stage 12 in
their glycogen content. This is on account of major rearrangement in metabolites in
these stages (Sieber et al. 2016). However, the study does not discuss metabolism in
early FCs, for example if early FCs depend on glycolysis for ATP. In order to estimate
the ATP contribution via glycolysis, we treated Drosophila ovaries with 2-DG. 2-DG
treated ovariole chambers had increased pAMPK immunostaining and it was completely
nuclear in all the cells (Figure 3.2C). This suggests that glycolysis is responsible for
ATP production in FCs and under starvation, pAMPK can activate transcriptional targets
to help in the ovariole survival. It would be interesting to utilize the 2-DG assay to ask
questions about downstream targets of pAMPK and how they affect ovary development.
Another burning question is if there is difference in response to 2-DG depending on the
ovariole stage.

drp1%C PFCs exhibit increased pAMPK immunostaining in comparison to the
neighbouring control cells (Figure 3.2D). This was a surprise as high mitochondrial
membrane potential is usually translated into increased ATP. We were not able to use
the luciferase based assay with the MARCM as it requires tissue extracts and will be
very erroneous if performed from clonal tissue. Hence this was used for whole embryos
and pAMPK levels were used for the clonal tissue. It is possible that Complex V is not
able to function at an optimal level in these mutant cells. pAMPK also might be activated

in response to other stresses rather than lack of ATP. Increased expenditure of energy
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can also activate AMPK. SIRTs are activated by increased exercise and they, in turn,
activate LKB1 to phosphorylate more AMPK (Lan et al. 2008). Further experiments are
required to understand the pAMPK increase in drp7XC PFCs. Response of fission
deficient mitochondria in drp7X¢ PFCs to 2-DG treatment would also be interesting to
analyze. It is possible that pAMPK mediated effects are worsened as glycolysis is shut

down in the FCs.

A B
WT Stage 6 WT Stage 8

PAMPK
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Figure 3.2. drp7%€ cells have elevated pAMPK. (A-B) Early stage FCs are rich in
activated AMPK signal. Immunostaining for pAMPK (red) shows bright signals (marked by
yellow arrow head) in stage 3-6 FCs (DNA;blue). Stage 7 onwards pAMPK signal is faint
and dispersed in the PFC cytoplasm (100%, n=25, N=3) (A).

(C) 2-DG treatment increases nuclear pAMPK signal. Treatment of cells with glycolysis
inhibitor 2-DG shows completely nuclear signal of pAMPK (marked by yellow arrowhead)
in all the FCs as compared to DMSO treated control (100% 2-DG treated ovarioles show
nuclear pAMPK, while 0% DMSO treated show pAMPK in nucleus, n=10,10, N=2) (C).
(D) drp1%¢ PFCs (CD8GFP;green) show pAMPK (red) enrichment. pAMPK bursts can be
seen in drp7“® mutant cells stage 7 and later (62%, n=8, N=2), while FRT 40A lacks them
(0%, n=10, N=2) (D).

Scale bar: 10 ym. n=FC clones in independent ovarioles, N=Experimental replicates.

3.3.2.2 Mitochondrial activity is required for furrow formation in the Drosophila

early embryo

This work was done in collaboration with Sayali Chowdhary, Dnyanesh Dubal and
Devashree Sambre and is part of the publication ‘Analysis of mitochondrial
organization and function in the Drosophila blastoderm embryo’, Nature Scientific
Reports (doi:10.1038/s41598-017-05679-1)

We monitored both pAMPK and ATP levels in Drosophila embryos. Drosophila
embryogenesis begins as a single cell surrounded by copious amount of yolk rich in
lipid droplets, signalling molecules, nutrients and mRNA required for patterning. The
single cell undergoes 8 rounds of division and the 256 nuclei thus formed start moving
towards periphery of the embryo. The cells continue sharing the yolk at the periphery for
next 4 rounds of division, hence Drosophila early embryo is syncytial. After completing
NC13, the nuclei acquire basal boundaries and form complete cells, which then go on to
acquire different identities and form an adult fly (Figure 3.3A). Each syncytial cell has a
pool of basally localized mitochondria (Chowdhary et al. 2017). Cells are partially
compartmentalized on account of short membrane extensions known as furrows

screening them from their neighbors (Figure 3.3B).
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We collected synchronized embryos and measured the amount of ATP in them

depending on activation of the enzyme luciferase. In order to maintain homogeneity, the

sensitivity range of the kit and fold change in ATP with dilution of embryo extract was

measured. Care was taken such that there is no inactivation of ATP content in the

extracts.
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Figure 3.3. Syncytial Drosophila embryo as a model system to study role of
mitochondria. (A-B) Drosophila embryo begins as a single nucleus (A, first panel), which
undergoes 9 cycles of division inside the embryo (second panel), in stage 10 the nuclei
move up to the boundary and are partially separated from each other by plasma
membrane (third panel). After 4 more divisions, complete membrane forms at stage 14;
cellularization (fourth panel) (A). Syncytial nucleus has its mitochondrial pool concentrated
in the basal region. Mitochondria use the tubulin network to travel apically as the cell
divisions progress. The basal region in the Drosophila embryo is rich in yolk particles.

Each nuclei is partially confined with the help of membrane furrow (B).

Next robustness of the assay was checked by changing the mitochondrial ETC
activity in Drosophila embryo. We used both drug based and genetic approaches to
modify ETC activity in the syncytial embryo. Drosophila ovaries are easily permeable to
drugs through basement membrane. During dissection, muscle fibre sheath has to be
carefully removed to allow maximum passage of drug. However, Drosophila embryo has
two layers of impermeable membranes to protect itself from outside assault. Number of
different combinations of organic as well as inorganic solutions were used to allow the
drug to penetrate the embryo. We found limonene and heptane in a combination of 1:1
to work best. In order to disrupt the output of entire ETC, the uncoupler FCCP was
used. In germline cells, FCCP treatment has also been shown to impair mtDNA
replication (Hill et al. 2014). Rotenone was used as a complex | inhibitor. It has been
used to model Parkinson's disease in Drosophila and study its downstream effectors
(Coulom and Birman 2004). It inhibits complex | subunit by preventing electron transfer
to ubiquinone. Oligomycin acts on the ATP synthase (Complex V) by blocking the FO
subunit. As a result of this inhibition, there is a transient spike in mitochondrial
membrane potential as there is no pumping of electron from intermembrane space to
the matrix, however there is a subsequent dip in the membrane potential on account of
disruption of the whole chain. A lot of studies have been undertaken to under the effect
of these drugs on ETC and subsequent impact on the cell itself.

Drosophila embryo has a huge reserve of lipid droplets and amino acids. It has to
undergo fast cycles of initial division to transform from syncytial to cellularized embryo.

Mass spectrometry studies have shown that amino acids are the primary metabolites in
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the Drosophila early embryo (Tennessen et al. 2014; Sieber et al. 2016). A Similar
abundance of amino acids has been observed in mouse and human embryos as well
(Houghton1 et al. 2002; Martin et al. 2003; Sturmey et al. 2008). A number of early
studies have been conducted on mammalian preimplantation embryos to shed light on
their key source of energy (Leese, 2012). The preimplantation embryo is relatively
quiescent to reduce its ROS footprint. In vitro studies have shown that embryos which
burn less fuel, have a better chance of surviving (Houghton et al. 1996). Similar pattern
has been seen for Drosophila and mice embryo as mitochondria are maternally
transmitted to the embryo. In order to maintain high fidelity and prevent accumulation of
mutations, oocyte mitochondria are maintained in a relatively nascent state (Babayev
and Seli 2015; Sieber et al. 2016). The adjoining nurse and FCs support the oocyte
development. There is no study to characterise the contribution of mitochondria and
specifically the mitochondrial ETC during embryo development. Hence we used these

tools to understand the role of ETC in syncytial divisions.

3.3.2.2.1 ETC inhibition leads to decrease in ATP and increased pAMPK in
Drosophila syncytial embryo

In order to inhibit ETC acutely, nanos-Gal4, Mito-GFP embryos were collected and
treated with drugs and subsequently their ATP and AMPK levels were estimated. In
control embryos, pAMPK is faintly distributed in nucleus in prophase and exhibits a
kinetochore like structure in metaphase (Figure 3.4A). ATP levels analyzed via
luciferase based assay were found to be lowered significantly in all the drug treatments
as compared to the controls, establishing that the drugs are effective in their function
(Figure 3.4B). There was also a significant increase in pAMPK levels. In the drug
treated embryos pAMPK was mainly nuclear (Figure 3.4C-E), which again corresponds
to active state of the protein (Ju et al. 2011; Kazgan et al. 2010). We then looked for
ATP depletion in RNAI lines against complex |, pdsw and complex IV, cova depletion
using nanos-Gal4 as driver. Genetic manipulation of ETC also yielded similar ATP
lowering in the embryo (Figure 3.4B). In addition, we found that pAMPK was also higher
in both the RNAI lines while AMPK-a was similar to controls (Figure 3.4F-G). AMPK-a
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Figure 3.4. ETC impairment decreases ATP and activates AMPK in the syncytial
Drosophila embryo. (A) pAMPK (green in merge) is nuclear (DNA; red in merge) in
prophase and cytoplasmic in metaphase in wild type embryos. pAMPK shows a
kinetochore like pattern in the metaphase.

(B) ATP luciferase assay shows a depletion in ATP levels in Drosophila embryos treated
with ETC inhibiting drugs; oligomycin, FCCP and rotenone. Depletion of ETC proteins,
pdsw and cova also leads to decrease in ATP (n=9, N=3,*, P<0.05, one tailed Mann-
Whitney test).

(C-G) Increased pAMPK (red in merge, DNA green in merge) is seen on treatment of
embryo with ETC inhibitior drugs in comparison to the DMSO or ethanol treated control
embryos (C-E, G). Similarly pdsw and cova downregulation shows increased pAMPK
signal in comparison to the wild type control (+/+) (F-G). (n= 26,22,16,16,15,16,28,20,29
embryos *** P<0.001,**,P<0.01,*,P<0.05, two tailed Mann-Whitney test).

Scale bar: 5 ym. Histogram in (A) represents average of luminescence from 3 samples,
intensity measured thrice for each and normalized to the average. + represents drug
treated samples and — represents DMSO/ethanol treated samples, +/+ represents wild
type control in (G). Data in (G) is presented as box plots where horizontal bar represents
mean, box limits 25th and 75th percentiles, whiskers 10th and 90th percentiles and dots
are observations outside 10th and 90th percentiles. Numbers within the box represent
number of data points (n). Each data point in the box plot is an average from 25-40 cells in
an embryo. ns=not significant. n=embryos, N=experimental replicates. (Adapted from
Chowdhary et. al., 2017).

levels however were not affected in the pdsw and cova downregulation lines (Figure
3.5A), indicating that more of AMPK is getting activated on ETC manipulation.

One of the surprising observation was the rapid response that the embryo had
towards the ETC inhibitor drugs. Oligomycin treatment for just 5 min was sufficient to
increase the amount of pAMPK to 1.8 times the control. Cell lines have been reported to
show pAMPK response in a similar manner in short span of time (Fuijii et al. 2000; Tsou
et al. 2011). This result allowed us to reflect on the reaction time of Drosophila embryo
to metabolic offence.

In conclusion, acute as well as severe abrogation of ETC leads to ATP depletion
in the early embryo leading to increase in active AMPK and glycolysis does not
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significantly contribute to ATP synthesis. We next went on to analyze the effect of ATP

depletion in the growing embryo.

+H+

pdswi

cova

Figure 3.5. Total AMPK levels do not change on genetic depletion of ETC (A) AMPK-
a (red in merge) is seen dispersed in the cytoplasm as well as nucleus in the control
syncytial embryo. AMPK-a (red in merge, pAMPK;green in merge) intensity is not changed
in pdsw and cova' expressing embryos compared to the wild type control (0% embryos
show defect in AMPK-a immunostaining, n=12,13,15,N=3 each).

Scale: 5 um. n=embryos, N=experimental replicates. (Adapted from Chowdhary et. al.,
2017).

3.3.2.2.2 ETC disruption causes shortening of metaphase furrows

pdsw and cova depleted embryos were fragile and exhibited defects in Phalloidin
immunostaining which binds to F-actin. The architecture was disrupted and the
membrane was loosened as opposed to compact actin network in control embryos
(Figure 3.6A). Drosophila syncytial embryo has well defined apical and lateral
membrane but no basal membrane. After cellularization each cell is sealed off into
individual compartments. The lateral membrane is short during interphase and extends
down during metaphase forming metaphase furrows. Metaphase furrow length is

dependent on actin dynamics (Afshar et al. 2000). Furrows in drug treated embryos
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Figure 3.6. ETC inhibition causes furrow shortening in syncytial embryos. (A-B)
Downregulation of ETC proteins disrupts actin network in early syncytial embryo. pdsw/
embryos have shorter furrows and membrane loosening (74%) or complete loss of
Phalloidin immunostaining (26%). Downregulation of cova as well shows severe loss of
actin network (33.3%) and membrane loosening (66.6%) (A). Quantification of furrow
length shown in (B, NC12 control 19 (4 embryos) pdsw' n = 45 metaphase furrows (8)
and cova' 47 (8), and; NC13 control 53 (8), pdsw' 21 (4) and cova' 47 (7), ***, P<0.001,
two tailed Mann-Whitney test). (C-G) Uncoupling of ETC by FCCP causes shortening of
metaphase furrows (Phalloidin;grey, DNA;blue) compared to ethanol treated controls (Top
panel, saggital section). XY section shows that the actin network is loosened (marked by
yellow arrows) (C). Quantification in (D, NC12 Control n =18 (4 embryos), FCCP: 29
furrows (6); NC13 control n =25 (6) and FCCP: 50 (11), ***, P <0.001, two tailed Mann-
Whitney test). Rotenone causes similar shorter furrows and dispersed actin network
between two cells. In the early embryo (E). Quantification compares furrow length in
rotenone treated to DMSO and rotenone treated embryos in NC12 and 13 (F,NC 12
control n=18 (5), rotenone n =22 (4); NC13 control n=32 (5), Rotenone n =239 (6), ***,
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P <0.001, two tailed Mann-Whitney test). Oligomycin treatment leads to furrow shortening
in comparison to DMSO control (G), quantification in H, NC12 control n=18 (4) and
oligomycin n =28 (7) and NC13 control 52 (10) and oligomycin 37 (7), ***, P <0.001, two
tailed Mann-Whitney test). (I-L) Glycolysis inhibition by 2-DG treatment does not alter
pAMPK levels and metaphase furrow length. Treatment of syncytial Drosophila embryos
with 2-DG does not show increase in the levels of pAMPK (green-merged, a-AMPK in red
in merge) (). Quantification in (J), n = 13, 13 embryos and 310 and 300 cells, N=2; for
treated and control embryos respectively. (two tailed Mann Whitney test). Metaphase
furrow length is not reduced in 2-DG treated embryos compared to control embryos (K).
NC 12 control metaphase furrows n = 30 furrows (8 embryos), 2DG n = 17 (5); NC13
control n = 32 (7), 2DG n = 17 (5), N=3. (two tailed Mann Whitney test) (L)

Scale bar: 5 ym. Data is presented as box plots where horizontal bar represents mean,
box limits 25th and 75th percentiles, whiskers 10th and 90th percentiles and dots are
observations outside 10th and 90th percentiles. Numbers within the box represent number
of data points (n). Each data point in the box plot is an average from 25-40 cells in an
embryo. ns=not significant. n=embryos, N=experimental replicates. (Adapted from
Chowdhary et. al., 2017).

were significantly shortened in the pdsw and cova depletion. We compared Nuclear
Cycle 12 as well as 13 furrow lengths and found significant shortening (Figure 3.6A-B).
Similarly, furrow length in drug treatments were shorter as well (Figure 3.6C-H). Hence,
furrow formation is an energy intensive process and ATP depletion leads to its
abrogation. Other than the fact that the process itself requires a lot of energy, it is also
possible that pAMPK dependent signaling is responsible for impairment of actin
dynamics.

In order to check contribution of glycolysis in Drosophila embryo development,
we inhibited glycolysis by 2-DG. If glycolysis contributed significantly to ATP production
in the Drosophila embryo, we would again see a spike in pAMPK and furrow disruption.
No significant difference in pAMPK was found (Figure 3.61-J). 2DG treated embryos did
not show any change in furrow length as compared to control (Figure 3.6K-L).

Hence ETC disruption by acute as well as chronic treatment leads to short

metaphase furrow.

65



3.3.3 Monitoring ROS in FCs

ROS production is perhaps the most studied mitochondrial output after ATP. It is a
master regulator of several signaling pathways and is controlled stringently in a cell.
Change in ROS levels are crucial for the development of an organism, Drosophila
embryo dorsal closure relies on ROS levels to alter cell shapes during the process
(Muliyil et. al. 2012). Mitochondria are not the only source of ROS in the cell; NADH
oxidase present on the cell membrane also synthesis ROS in response to signals such
as pathogen attack (Nauseef 2008). ROS levels were checked by incubating the
ovarioles in dihydroethidium (DHE) and imaging DHE fluorescence in the live tissues.
DHE fluoresces on oxidation by superoxide ion and can be used to estimate ROS
amount in the cell (Sinenko et al. 2012). We also used MitoSOX in order to analyze
levels of mitochondria specific ROS. MitoSOX is targeted to the mitochondria and is

sensitive only to superoxides (Tang et al. 2009).

3.3.3.1 drp1%© mutant FCs have increased ROS

Mitochondrial ROS in a cell depends on the mitochondrial morphology. Hyperglycemia
induced mitochondrial fission mediates increased ROS production in human cell line
(Yu et al. 2006; Maimaitijiang et al. 2016). The decrease in Drp1 activity reduced
mitochondrial ROS production (R6th et al. 2014). Mitochondria producing high amounts
of ROS are fated for autophagy. Increased ROS due to complex | mutation is shown to
cause shortening of mitochondria in MEFs (Valsecchi et al. 2013).

We standardised DHE as well as MitoSOX for wild type Drosophila ovaries and
both seemed to show a basal fluorescence which can overlap with the mitochondrial
signal (Figure 3.7A-B). We found a significant increase in nuclear to cytoplasmic ratio of
DHE in the drp7X® mutant cells. Increased oxidation of DHE leads to its subsequent
binding to DNA and increased nuclear signal. Hence drp7X¢ mutant cells have higher
ROS than neighbouring control cells (Figure 3.7C-D). This was not in agreement with
previous results in which increased fission favored ROS release (Yu et. al., 2006).
Incomplete oxidation can be a result complex | and Il dysfunction in the drp7X¢ mutant
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cells. pdsw downregulation also showed increase in ROS as has been shown earlier in
eye epithelial cells (Owusu-Ansah et. al., 2008). MitoSOX can help assess the
contribution of mitochondrial ROS in drp7X¢ mutant FCs and distinguish if the defects
are mediated solely by mitochondrial ROS or cellular ROS contributes as well. Even
though the mitochondrial membrane potential is high, drp7%¢ mutant is under both

nutrient and oxidative stress.
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Figure 3.7. drp7¥¢ mutants have high ROS. (A-C) DHE is a live probe to detect ROS in
a cell. DHE fluorescence shows active ROS in the wild type ovariole chamber (A). MitoSox
is another tissue ROS detector. Mitosox enters the mitochondria and on oxidation
fluoresces hence reflecting the mitochondrial ROS in the chambers in all stages and cell
types (B). DHE fluorescence is increased in drp7“¢ mutant PFCs as compared to FRT
40A. drp1¢€ mutant has higher oxidized DHE as seen by elevated nuclear signal.
Quantification of DHE fluorescence in nucleus compared to cytoplasm reveals the relative
ROS amount in the cell. This is higher in drp1X¢ (C, n= 10,10, N=3, ***, P<0.001).
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Data is presented as box plots where horizontal bar represents mean, box limits 25th
and75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10um. n=FC clones in independent ovarioles, N=Experimental replicates.

3.3.4 Analysis of mitochondrial network in Drosophila ovarioles

We attempted to examine exchange of mitochondrial network and its movement in
various cell types in the ovarioles. Photoactivatable GFP tagged to mitochondrial matrix
protein cytochrome oxidase VI, Mito-PAGFP driven by nanos-Gal4 was used. A region
of interest (ROI) was activated in the cell and then change in its fluorescence was
monitored in ROI as well neighbouring regions by 4D imaging.

We found mitochondria to be more or less static in nurse cell as well as oocyte. Laser
always activated a small region outside the ROI at the same time as ROI, which was a
limitation of the donut shaped point spread function of the confocal microscope. On
activation, there was no change in mitochondrial intensity during the duration of imaging
(Figure 3.8A-B). Similar dynamics were observed for oocyte mitochondria as well
(Figure 3.8C-D). There was also no difference in mitochondria in different regions such
as close to or further away from the oocyte. This indicated that mitochondria are not
travelling large distances and instead of long networks it is possible that short networks
or fragmented mitochondria are present in both cell types. There are contrasting
electron micrographs (EMs) from studies showing germline mitochondrial architecture.
Earlier study suggests nurse cell mitochondria elongate from stage 4-stage 9 chambers
(Tourmente et al. 1990). Recent EMs show smaller fragmented mitochondria in Stage 8
chamber nurse cells (Sieber et. al., 2016). Mito-PAGFP probe suggests smaller
dispersed mitochondria in germline cells in Drosophila ovaries. Also, highly dynamic
mitochondria observed in cell culture studies and during cell division are seldom found
in-vivo systems (Mitra et al. 2009; Mandal et al. 2011b; Nagaraj et al. 2012; Ratnaparkhi
2013; Chowdhary et al. 2017). Hence, Drosophila oocyte and nurse cells maintain a

stable pool of small mitochondria in accordance with their functional requirements.
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Figure 3.8. Mitochondrial network is immobile in germline cells in Drosophila

ovariole. (A-C) Photoactivation of mitochondria in nurse cells remains restricted in ROI.
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Mitochondrial network is specifically activated in a region of the nurse cell (red box). After
activation the change in fluorescence is noted for the ROl as well as reference regions
which are region from same nurse cell (blue box) and region from neighboring cell (green
box). The two references are equidistant from the ROI (Marked by grey circle) (A). Nurse
cell mitochondria in Mito-PAGFP flies is activated and there is a sharp increase in
fluorescence in the region (pseudocolored, red depicts highest pixels and blue the lowest)
(B). This fluorescence is followed through time. Background subtracted normalized mean
intensity with time is depicted here in the form of a curves, where red is ROI, blue is the
region in same nurse cell and green is in neighboring nurse cell. There is no change in
normalized intensity in any of the regions (C, n=3, N=2). (D-F) Mitochondria in the oocyte
region is photoactivated and the fluorescence in monitored for the ROI (red) and
equidistant regions in all directions from the ROl (Marked by grey circle) are considered
references (D). MitoPAGFP gets activated in the oocyte region, and no change in
fluorescence is seen in any of the reference regions. Quantification in (F) shows the
constant fluorescence in ROI and reference regions within the time of monitoring the
fluorescence (F).

Scale Bar: 10 ym. Bars in (C) and (F) represent standard deviations. n=number of regions

activated, N=Experimental replicates.

3.4 Discussion

We have attempted to scrutinize mitochondrial properties such as membrane potential,
ROS and AMPK in a quantitative manner so that they can be statistically compared
across experiments accurately.

We have shown that fused mitochondria in drp7X¢ mutant FCs have higher
mitochondrial membrane potential across the inner membrane and the cells have higher
ROS and pAMPK. These results reveal the stressed environment in fission deficient
FCs. We discussed aberrant cell cycle in drp7X© mutant in Chapter 2. Cell cycle
progression is dependent on the cellular state. Stress mediated via ROS can alter
phosphorylation of growth factors and hence modulate levels of Cyclins in the cell
(Boonstra and Post 2004). Similarly AMPK regulates cell cycle via p21 and mTOR, thus
leading to cell cycle defects in high pAMPK conditions (Motoshima et al. 2006). MARCM

clones for Superoxide dismutase (SOD), a ROS quenching enzyme, in the FCs exhibit
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Cyclin E defect (Appendix A1). Increased mitochondrial membrane potential in the
mutant can also be the causal agent for cell cycle defects (Mitra et. al., 2009). Hence
change in mitochondrial architecture distorts cell equilibrium via the above mitochondrial
readouts.

Drosophila embryo is susceptible to acute as well as chronic ETC insult and both
lead to AMPK activation. Metaphase furrow formation has been extensively studied and
the actin nucleators involved in its dynamics are well understood (Sherlekar and Rikhy
2016). Furrow extension helps in stabilizing the spindle network and subsequent
nuclear division. The fast divisions require a lot of ATP and hence can depend on
energy reserves in the syncytial embryo. In addition to ATP required by actin dynamics,
cell division machinery, cellular movement during gastrulation are also energy intensive
processes. LKB1 regulates RhoA and in turn the actin polymerization in Drosophila
neurons (Cook et al. 2014). This suggests that similar LKB1-AMPK-Rho A mediated
mechanism can be active in the embryo as well and it is worth checking the interplay to
further establish the role of energy stress during embryo development. It would be
interesting for example to see the effect of ETC inhibitor drugs on RhoA overexpression.
Mitochondria dependent stress is not extensively characterised in the Drosophila
embryo. For example, it has been shown that 1-2 hour old embryos undergo cell cycle
arrest under hypoxia (Fischer et al. 2004). Chk2 mediated pdsw and cova activation has
been shown to lead to cell death (Xie and Dubrovsky 2015). In Drosophila embryos as
well, there were defects in nucleus appearance suggestive of cell death. However, the
field lacks literature in the area and the embryo can be used a model system to study
stress responses during development.

AMPK, the cellular energy sensor gets activated on decrease in ATP to ADP
ratio. In the wild type there is some nuclear pAMPK, this suggests that AMPK is
necessary to activate pathways critical to early development. LKB1 is the major AMPK
activator by phosphorylation at T172 (Shaw et al. 2004). In addition to LKB1, AMPK can
be activated downstream of several factors. For example, in human skin fibroblasts
ROS activates AMPK and switches on glycolytic metabolism (Wu and Wei 2012).
Calcium regulated CAMKK?2 is another activator of AMPK, whose role in neurons is

understood (Hawley et al. 2005). AMPKT'72 increase is also necessary for calcium
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induced tight junction assembly in MDCK cells (Zheng and Cantley 2006). FCCP has
been shown to lead to ROS release in mouse myoblasts (Wang et al. 2014). In
Drosophila, role of AMPK is understood in multiple systems. Drosophila mature neurons
regulate F/G actin ratio via AMPKy dependent prenylation of RhoA and thus control
neuronal outgrowths (Cook et. al, 2014). modENCODE data shows that AMPKYy is
especially abundant in the 0-4 hour embryo. Cytoskeleton is known to regulate
mitochondrial transport and positioning (Saxton and Hollenbeck 2012), however it is
interesting to see a converse regulation as well. AMPK null flies have multiple defects
like abnormal cell divisions, deformed cuticles and aberrant cell polarity (Lee et al.
2007). These results indicate that pAMPK is essential for the Drosophila embryo
development and it can be activated via multiple pathways.

Nuclear localization of pAMPK is interesting and has been seen earlier in cell
lines as well adult brain tissue. It is possible that cytoplasmic targets of AMPK control
fast metabolic changes while nuclear targets help in transcriptional changes in the cell
(Ramamurthy and Ronnett 2006). Spindler localization of activated AMPK in
mammalian cell lines is required for actin mediated spindle orientation (Thaiparambil et
al. 2012). Drosophila embryo requires rapid spindle organisation and orientation
changes to coordinate cell division of entire syncytial cell population. We also observed
pAMPK puncta on the spindles and believe that pAMPK is required for spindle
organisation in Drosophila embryo as well. Increased pAMPK can phosphorylate more
of MRLC (Lee et. al., 2007), leading to more globular actin rather that filamentous and
decrease in actin dynamicity. This can hinder the fast furrow dynamics in each cycle
with the furrow not being able to extend fully. Hence it will be interesting to check for
MRLC in the drug treated embryos and further crack the factors mediating differential
nuclear and cytoplasmic AMPK in the wild type cell.

Using these methods and analysis, we further checked the effect of signaling
pathways EGFR and Notch on mitochondria. Let us first discuss EGFR pathway in the

next chapter.
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CHAPTER 4

Aberrant Ras/ERK signaling in drp7%¢ mutant FCs is responsible for

mitochondrial morphology and mitochondrial membrane potential defect
4.1 Introduction

EGFR is a well-studied growth pathway involved in functions such as cell proliferation,
patterning, cell differentiation making it one of the versatile signaling pathways (Shilo
2003). Ligands involved in its activation are well understood in fruit flies. It is regulated
at multiple steps, such as ligand processing, nature of ligand, feedback from
transcription factors, transactivation, endocytosis and localisation within the cell (Gabay
et al. 1996; Levkowitz et al. 1999; Sasamura et al. 2013; Tomas et al. 2014; Malartre
2016). In flies EGFR interacts with the ligands- Spitz, Keren, Gurken, Vein and Argos.
On activation, the internal domain of the receptor dimerises. The downstream signal can
be transmitted via the PI3K or Ras/ERK. Ras-MEK-ERK through a series of
phosphorylation events eventually lead to regulation of cytoplasmic and/or nuclear
substrates and gene expression (Hughes, 1995) (Figure 4.1A). In addition to multiple
downstream targets, the output of the pathway is further complicated by its tight
spatiotemporal regulation. It is used at various stages of development in the same

tissue with completely opposite targets and outcomes (Shilo, 2002).

A number of signaling pathways such as EGFR/MAPK, Notch, NFkB, Hippo and
Whnt interact with mitochondrial morphology, biogenesis and metabolism during
differentiation. The EGFR and Hippo directly regulate mitochondrial shape. Yorkie, a
component of Hippo pathway, transcriptionally increases mitochondrial fusion proteins
Marf and Opa to affect proliferation (Nagaraj et. al., 2012). EGFR is required for
fragmented mitochondria in PFC (Mitra et. al., 2012). Fusion protein Marf binds and
regulates Ras activity (de Brito and Scorrano, 2009). Taken together there is an
emerging evidence of interplay between mitochondrial morphology, activity and
signaling pathways and the mechanism by which this is regulated is an upcoming area
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of investigation.
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Figure 4.1. Schematic for EGFR and its downstream components. Gurken ligand on
the germline activates EGFR on the FCs. On activation, dimerization of the receptor
promotes activation of downstream kinase Ras, MEK and ERK (MAPK). MAPK activates
nuclear targets such as transcription factor Pointed in the FCs. (Image modified from
Vivekanand & Rebay, 2006).

EGFR pathway is activated in two distinct stages in Drosophila ovaries. It is required
during stage 1 in FSCs to repress apical polarity. As a FSC differentiates to give rise to
prefollicle cell, EGF pathway is repressed and as a result aPKC appears (Figure 4.2A).
In EGFRAC, aPKC is absent (Castanieto et. al, 2014). In stage 8 Drosophila ovariole
chamber EGFR is activated by the ligand Gurken (Figure 4.2B). Gurken mRNA is
localized in dorso-anterior portion in the oocyte and activates EGFR only in dorsal
PFCs. Some studies suggest that Gurken is present in the form of a gradient (Goentoro
et al. 2006), and hence different levels of EGFR are activated as one moves towards

the ventral portion of the ovariole. Activation by Gurken leads to initiation of the EGFR
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Figure 4.2. Role of EGFR pathway in oogenesis. (A) EGFR is activated in the stage 2a
chamber for FSC maintenance. FSCs are present in stage 2a chamber along with germ
cells which are held in the niche with the help of cap cells in stage 1. Prefollicle cells arise
from FSCs and subsequently, acquire apical polarity with the inactivation of EGFR in
them. (B) EGFR is activated in stage 7-8 chambers by the ligand Gurken to direct
movement of oocyte (blue cell) to dorso-anterior position. (A) Schematic from Kronen et.
al., 2014).

cascade via Ras and ERK and determines dorsal FC fate. This symmetry breaking step

establishes the future axis in Drosophila. Loss of Gurken leads to loss of polarity along
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both dorso-ventral and antero-posterior axis (Roth and Lynch 2009) and ventralized
embryo (Sen et al. 1998). Active ERK which is the double phosphorylated form is known
to activate downstream transcription targets and this leads to oocyte movement in the
dorso- anterior direction (Peri et al. 1999). The dorso-anterior movement of the oocyte is
mediated by microtubules present in the oocyte region (Zhao et al. 2012). In addition, a
variety of ligands involved in feedback in the pathway such as Kekkon and Argos are
also activated (Wasserman and Freeman 1998; Ghiglione et al. 1999). Hence
maintaining an active regulation of the pathway via multiple mechanisms. In the dorsal
midline FCs, EGFR levels lead to formation of dorsal appendages. Loss or
misplacement of dorsal appendages is characteristic EGF loss of function phenotype
(Wasserman and Freeman, 1998). Hence EGF and its downstream activators are well
characterised in the fly ovaries.

The dorsal cell fate assignment by EGFR pathway is mediated by activation of
transcription factors such as pointed (Morimoto et al. 1996). It is known that abrogation
of EGFR using a dominant negative allele, leads to formation of fused mitochondria and
activated EGFR allele in the MBCs results in fragmentation of mitochondria (Mitra et.
al., 2012). This study further characterized the need for fragmented mitochondria and
found that mitochondrial fusion in a wild type background leads to disruption of tissue
architecture and status of Notch pathway. However, components downstream of EGFR
pathway which interact with mitochondria are not known and why mitochondrial
fragmentation is necessary for the pathway. We have used the Drosophila FCs
differentiation as a paradigm to study the interaction of Ras/ERK with mitochondrial
morphology.

Src mediated activation of EGFR leads to its mitochondrial translocation and
binding to cytochrome oxidase subunit || enhancing tumorigenesis (Boerner et al. 2004).
Mitochondrial EGFR supports its fusion by Prohibitin 2 and Opa1 activation (Bollu et al.
2014). Activated Ras along with dysfunctional mitochondria leads to metastasis in
Drosophila eye epithelia (Ohsawa et al. 2012) and directly induces mitochondrial
fragmentation causing a metabolic switch to glycolysis in cancer cells (Chiaradonna et
al. 2006). ERK2 inactivates Mfn1 and activates Drp1 by phosphorylation in mammalian
cancer cells (Kashatus et al. 2015; Pyakurel et al. 2015). Taken together the EGFR-
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Ras-ERK pathway increases glycolysis and regulates mitochondrial fragmentation for its
appropriate activation in cancer cells but the mechanism by which mitochondrial

morphology impacts the pathway is unknown.

Fused mitochondrial morphology is correlated with high membrane potential,
high calcium sequestration and increased ATP generation (Thayer and Miller 1990;
Chen et al. 2003; Lodi et al. 2004; Zanna et al. 2008). Fragmented mitochondrial
morphology is associated with lowered electron transport chain (ETC) activity and ATP
generating ability (Ashrafian et al. 2010; Jheng et al. 2012). Fused mitochondrial
morphology in drp1 mutant FCs results in loss of function phenotypes for oocyte
patterning and FC differentiation regulated by the EGFR and Notch pathways (Mitra et
al. 2012) and the mechanism by which this interaction takes place has not been
analyzed. It is not known whether the EGFR pathway affects mitochondrial function by
altering ROS generation or mitochondrial membrane potential to result in changes in
signaling. Here we study the differential interaction of Ras/ERK with mitochondrial

morphology and bioenergetics in the form of ETC activity in Drosophila FCs.

4.2 Material and Methods

4.2.1 Drosophila genetics

All Drosophila crosses were performed in standard cornmeal agar medium at 25°C. The
drp1KC03815 orki | ras, pdsw!, FRT40A/CyO lines were obtained from the Bloomington
Stock Center. The drp1XCO381SERT40A/CyO, drp 1KC03815 FRT40A/CyO; erk/TM6 and

drp 1XCO3BISERT40A/CyO; ras/TM6 stocks were generated using standard genetic

crosses.
4.2.2 Generation of FC clones

Procedure to generate MARCM clones has been added in Chapter 2, Materials and
Methods section 2.2.2.

4.2.3 Immunostaining of FCs
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Protocol followed is same as in Chapter 2, Materials and Methods section 2.2.3. The
primary antibodies used were: mouse anti-CycB 1:10 (DSHB), rabbit anti-CycE 1:500
(Santacruz), rabbit anti-Ras 1:200 (Cell Signaling), mouse anti-dpERK 1:200 (Cell
Signaling), rabbit anti-p38K 1:200 (Cell Signaling).

4.2.4 Mitochondrial membrane potential CMXRos assay
Please refer to Chapter 3 Materials and Methods section 3.2.5.
4.2.5 Image acquisition and phenotypic estimation in FCs

Same as Chapter 2 Materials and Methods section 2.2.4. Percentage values in the
figures with aggregated mitochondria, loss of Ras and dpERK immunostaining,
multilayering, mitochondrial morphology and oocyte positioning at the dorsal anterior
position are representative of percentage of independent clones showing the defective
phenotype. Cytoplasm to nuclear ratio of dpERK was measured by creating a
thresholded mask for DNA and cytoplasmic signal and intensity was measured using

ImageJ.
4.2.6 Quantification of oocyte nuclear position

The oocyte moves to the dorsal anterior position (away from the antero-posterior axis)
at stage 7 in response to EGFR signaling. The oocyte remained at the posterior location
when PFCs were mutant for drp7 or EGFR signaling. If the oocyte was positioned
between 0°-10° along the antero-posterior axis drawn in the center of the egg chamber
it was considered mislocalized. Oocyte mislocalization is represented as the percentage
of chambers with posterior FC clone and lack of oocyte at the dorsal anterior position

out of total chambers imaged (schematic in Figure 4.2B).
4.2.7 Estimation of cell numbers per FC clone

Clone cell number count was done as described in Chapter 2, Materials and Methods
section 2.2.5.

4.2.8 Image analysis for estimation of fluorescence in FCs

78



Image analysis was done as reported in Chapter 2, Materials and Methods section
2.2.6.

4.2.9 High resolution imaging of mitochondria

Airyscan imaging and processing were done as written in Chapter 2, Materials and
Methods section 2.2.7.

4.3 Results

4.3.1 drp1¥¢ mutant PFCs have increased Ras and increased cytoplasmic ERK

We checked the status of EGFR signaling pathway in drp7¢ mutant cells. Antibodies
against Ras and dpERK were used to monitor levels of Ras and activated ERK in
drp1%C FCs respectively. Ras and dpERK immunostaining was significantly increased in
stage 8 drp7XC PFCs as compared to background control cells while it was similar to
non-GFP cells in FRT40A control (Figure 4.3A-D). In the control we found uniform Ras
immunostaining in anterior, main body as well as PFCs (Figure 4.3A). dpERK showed a
differential immunostaining pattern in wild type (Figure 4.3C). In drp7X¢ FCs, Ras
increase was seen on the plasma membrane and this has been correlated previously
with increased active GTP bound Ras (Arozarena et al. 2000). This is also in
accordance with increased dpERK. The activated ERK however was both cytoplasmic
and nuclear in localization in drp7 mutant PFCs at stage 8 in contrast to primarily
nuclear in control FRT40A cells (Figure 4.3C, E). The increase in cytoplasmic dpERK as
compared to background control cells was also seen at stage 2-5 (Figure 4.3F-G). The
increase in dpERK in drp7 mutant also correlated with depletion of aPKC as compared
to Dlg in the clone cells at stage 3 and stage 7 (Figure 2.6A-C, Chapter 2). Depletion of
active ERK and EGF signaling is required for stability of apical markers in prefollicle
cells (Castanieto et al. 2014). Moleskin is the nuclear importer of ERK in Drosophila S2
cells. In the Drosophila eye, dpERK is restricted in the cytoplasm, thus inhibiting
activation of its nuclear targets (Lorenzen et al. 2001). Moleskin downregulation can be

used to deplete nuclear dpERK and check if it phenocopies drp1 mutant.
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Figure 4.3. drp7%€ cells have increased Ras and activated ERK in the cytoplasm. (A-
B) Ras immunostaining (pseudocolour; where red represents highest intensity pixels and
blue the lowest) is increased on the membrane in drp7X® cells (CD8GFP; green) as
compared to neighboring control cells (A). Quantification also shows that FRT 40A has
ratio equal to 1, that is GFP and non-GFP are similar, while drp7X® cells have ratio higher
than 1 (B) (n=13, 16, N=3, **, P<0.01, two tailed Mann-Whitney test).

(C-E) drp1%© PFCs have higher dpERK (pseudocolour; where red represents highest
intensity pixels and blue the lowest), and it is concentrated in the cytoplasm, while it is
mainly nuclear (DNA; blue, magenta in merge) in FRT 40A cells (C). (D) shows
quantification of increased dpERK in drp7X® cells in comparison to FRT 40A (n=22,23,
N=4, *** P<0.001, two tailed Mann-Whitney test) and (E) depicts elevated cytoplasm:
nuclear ratio in the drp 7¢ mutant (n= 9,8, N=3, *, P<0.05, two tailed Mann-Whitney test).
(F-G) Early stages also show dpERK enrichment in the cytoplasm. dpERK is enhanced in
the cytoplasm in the drp7® FCs (F), and cytoplasm: nuclear ratio is higher for drp7%° cells
than FRT 40A (G, n=10,10, N=3, **, P<0.01, two tailed Mann-Whitney test).

(H-1) dpERK is localized on the mitochondria in drp7“® FCs. dpERK signal (pseudocolour;
where red represents highest intensity pixels and blue the lowest) overlaps (marked by
yellow arrowhead) with mitochondrial signal (cyan) in the drp7X€ stage 8 mutant
(CD8GFP; green, DNA; grey) FRT 40 A does not show dpERK localization on the
mitochondrial signal (H). Wild type (DNA; blue) has sharp mitochondrial localization
(green) of dpERK (pseudocolour; where red represents highest pixels and blue lowest)
(marked by yellow arrow heads) in stage 14 cells (I).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns= not significant, Scale

Bar: 10pum. n=FC clones in independent ovarioles, N=Experimental replicates.

A number of proteins are known to localize on the mitochondria. For example,
BARD1 which is an apoptosis inducing factor, binds p53 on mitochondrial membrane
(Tembe et al. 2015). Localization of apoptotic proteins help in fragmentation and
subsequent release of Cytochrome C. Atypical cadherin Fat has been shown to be

imported into mitochondria and control metabolism via interaction with Complex |
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proteins (Sing et al. 2014). EGFR is also known to localize to mitochondrial outer
membrane. It binds COXII protein and modulates ETC (Boerner et al. 2004). Increased
localization of ERK in the cytoplasm in drp7X® mutant as opposed to nuclear in WT
prompted us to check if even within the cytoplasm, there is an enrichment of ERK on
the mitochondria. Indeed there was such an enrichment of ERK on fused mitochondrial
fraction (Figure 4.3H-I). Surprisingly while stage 1-10 wild type does not show
mitochondrial enrichment of ERK, stage 14 cells have distinct ERK signal overlap with
the mitochondria (Figure 4.3J). The mitochondrial fraction of ERK should be further
analyzed by isolating mitochondria in suspension and probing for ERK by
immunoblotting. Thus, fused mitochondria result in enrichment of Ras on the membrane

and ERK in the cytoplasm in drp7 mutant cells.

4.3.2 drp1¥© mutation leads to oocyte localization defect

Since we found Ras/ERK enriched in the drp7X¢ we wanted to check the impact of this
enrichment on the pathway. EGFR pathway is responsible for oocyte migration to
dorso-anterior position in Stage 8 ovariole chamber. Even though the drp7X¢ PFCs had
elevated Ras and dpERK levels, the oocyte failed to migrate to the dorso-anterior
position by stage 8 showing a loss of EGFR pathway mediated oocyte patterning
(Figure 4.4A). A similar phenotype of dpERK accumulation and loss of oocyte patterning
is also seen in polarity mutants of scrib and dlg (Li et al. 2009). This can be because of
confinement of dpERK in the cytoplasm and subsequent loss of EGFR signaling
dependent oocyte migration in drp7 mutant PFCs. aPKC regulates Lgl and Par-1
proteins to direct microtubule organisation, which in turn is required for proper
positioning of the oocyte (Tian and Deng, 2008). Hence loss of aPKC can also be
responsible for oocyte mispositioning in the drp 7€¢ mutant.

Oocyte positioning is known to be guided by DE-Cadherin levels in the germline
and FCs (Godt and Tepass 1998). We overexpressed DE-Cadh in the drp 7 mutant
background and found that the oocyte always positioned itself adjacent to the clone

(Figure 4.4B). This points towards an intact microtubule network in drp7€¢ mutant and
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Figure 4.4. Oocyte is mislocalized to center in drp7%¢ mutant. (A-B) Mislocalized
oocyte in drp1X® chambers is rescued by DE-cadherin overexpression. Oocyte (DNA,
blue; marked by orange circle) in the control (FRT 40A, 0% mislocalization, n=40, N=3) is
in the dorso-anterior position. drp7“¢ mutant (CD8GFP;green) has oocyte in centre (41%
mislocalization, n=47, N=3) (A). Overexpression of DE-cadherin in the drp1X¢ background
shifts the oocyte adjacent to the clone (B, 0% oocyte mislocalized, n=25, N=2). DE-
cadherin overexpression alone as well positions the oocyte next to the clone (C, 0%
oocyte localization defect, n= 12, N=2).

Scale Bar:10um. n=FC clones in independent ovarioles, N=Experimental replicates.

the lack of ERK nuclear signal is perhaps overcome by overexpression of DE-Cadherin
in the PFCs. Consequently positioning the oocyte along the site of increased Cadherin.
FC clone for a functional null allele of EGFR show loss of Cadherin in Stage 2 FCs
(Castanieto et. al., 2014). However, no defect was seen in Cadherin immunostaining in
Stage 8 in drp1X¢ mutant (Chapter 2, Figure 2.6F-G). In summary, increase in ERK
levels failed to bring about oocyte positioning and this argued for its nuclear localisation

downstream of EGFR being necessary for oocyte patterning.
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4.3.3 Increased Ras/ERK are responsible for multilayering and reduced cell
number in drp1¥¢ mutant cells

Ras/ERK control cell numbers via regulation of cell proliferation (Buchon et al. 2010).
FC number is mainly controlled by polyhomeotic and hedgehog (Forbes et al. 1996;
Narbonne et al. 2004). ERK1/2 is shown to promote proliferation in mouse FCs under

hormonal stimulation (Babu et al. 2000).

In order to check if drp7%C cell number defects were because of Ras/ERK
accumulation, we used RNAI against Ras (ras') and ERK (erk). As expected, Ras and
dpERK antibody staining were depleted in PFCs expressing ras' and erk' respectively
(Figure 4.5A). The ras' lowered but did not completely deplete Ras antibody. Increased
number of PFC clones were in a single layer in the drp7X®; ras' and drp 1XC; erk' as
compared to drp7XC (Figure 4.5B). Similar rescue is seen when multilayering induced by
loss of polarity in Scribbled mutants is rescued by pharmacological ERK inhibition in
mammary duct (Godde et al. 2014). In a complementary study, depletion of apical
polarity protein, Par-3 enhances tumorigenesis in Ras overexpression (Mccaffrey et al.

2012). Hence increased Ras/ERK in drp7XC leads to the multilayering defect.

Depletion of ras and erk alone, like drp7XC showed decreased clone cell numbers
and this defect was reversed with the clone size returning to control levels in the
combination clones (Figure 4.5C). The decrease in cell numbers in ras' is similar to Ras
null mutant clones observed previously (James et al. 2002). The reversal was on
account of rescue in mitotic stages as the cell number increased in stage 3-5 drp 1XC;
ras' and drp7XC; erk' clones (Figure 4.5D-E). The loss of cells per clone in ras' and erk' is
consistent with the requirement of the EGFR-Ras-ERK pathway for establishment of
polarity in FSCs (Castanieto et al. 2014) and the reversal of multilayering suggested
that increased Ras/ERK in drp7X¢ PFCs was a possible cause of these phenotypes.
Hence activated EGF signaling manifested as increased Ras/ERK in drp7 mutant PFCs

was responsible for decreased numbers.

We next checked for the oocyte mislocalization defect in the combination clones.
As expected, loss of oocyte migration was also seen in erk alone and drp7XC; erk even

though all other mutant phenotypes of drp7X¢ PFCs were reversed (Figure 4.5F).
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Figure 4.5. Ras/ERK downregulation rescues multilayering and cell number defect
but not oocyte localization. (A) ras' clone (CD8GFP;green) shows slight depletion of Ras
antibody (pseudocolour; where red represents highest intensity pixels and blue the lowest)
(94%, n=16, N=2), while erk' shows complete loss of pERK antibody (pseudocolour; where
red represents highest intensity pixels and blue the lowest) (100%, n=15, N=2) (A).

(B-E) Depletion of Ras/ERK relieves cell number and multilayering defect in drp71%©
mutant. drp1XC; ras' (32% multilayered, n=62, N=3) and drp 1X®; erk' mutant (26%
multilayered, n=62, N=3) are not multilayered. ras'and erk' exhibit normal tissue
morphology (ras' (0% multilayered, n= 21, N=3) and erk' (0% multilayered, n=24, N=3))
(B). Cell number (DNA;blue) in clones is comparable to FRT 40A (CD8GFP;green) in
drp1KC ; ras' and drp1X® ; erk mutant. ras' and erk' proliferate less alone and hence the cell
number is low (C, n=15,9,9,9,9,17,N=3, *, P<0.05, **, P<0.01, ***, P<0.001, two tailed
Kruskal Wallis, Dunn’s test). Early stage clones of ras'and erk' also rescue drp7 mutant
(D). Quantification in (E, n=11, 11, 10, 10, 10, 10, N=3, *, P<0.05, **, P<0.01, ***, P<0.001,
two tailed Kruskal Wallis, Dunn’s test).

(F) Oocyte mislocalization is not rescued by erk depletion. Oocyte (DNA; blue, marked by
orange circle) is mislocalized in drp1%C; erk' and erk'alone (F, drp1%®; erk' (39%
mislocalized, n=62, N=3) and erk' (31.5% mislocalized, n=24, N=3)).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10um. n=FC clones in independent ovarioles, N=Experimental replicates.

4.3.4 Ras/ERK depletion reverses mitochondrial morphology in drp7 mutant FCs

EGFR loss of function causes mitochondrial aggregation in PFCs (Mitra et al. 2012) and

ERK activates Drp1 by phosphorylation to cause fragmentation in cancer cells
(Kashatus et al. 2015). ERK depletion in the genetic null drp7%¢ PFCs reversed

phenotypes of PFC numbers and organization. Hence we tested if ERK depletion could

result in these changes due to an impact on mitochondrial morphology even in the

absence of drp1. We visualized mitochondrial morphology in drp7¥¢ PFCs additionally

depleted of ERK. The aggregated mitochondrial phenotype in the drp7XC; ras' and the
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drp1%C; erki combination was reversed as compared to drp7X¢ PFCs with mitochondria
present on both sides of the nucleus (Figure 4.6A-E). In order to observe mitochondrial
morphology at a higher resolution, we used the super resolution Airyscan detector and
saw that the aggregated mitochondrial morphology was reverted and the mitochondrial
organization was indistinguishable from the surrounding control cells (Figure 4.6F).
Even though erk' and ras' alone did not have an appreciable impact on mitochondrial
organisation in PFCs, mitochondrial organization and morphology were reverted similar

to control in cells depleted of both drp? and ras/erk.

4.3.5 ERK depletion decreases mitochondrial membrane potential in drp7 mutant
FCs but does not alter high ROS in drp7 mutant

We next assessed if ERK depletion also changed the mitochondrial membrane potential
in PFCs. PFCs containing the drp7%®; erk' combination had decreased CMXRos
fluorescence as compared to the background control cells (Figure 4.7A-B). Egfr®N
expression also lowered the membrane potential in drp7¥¢ PFCs. Moreover, ERK
depletion alone also lowered the mitochondrial membrane potential as compared to
control cells (Figure 4.7A-B). Ras depletion did not show a significant change in
mitochondrial membrane potential alone or in combination with drp7%C (Figure 4.7A-B).

A significant change was not found in DHE fluorescence in drp1XC; erk' and
drp1XC; ras' combination as compared to drp7XC clones (Figure 4.7C-D). Hence
increased ROS in drp 1K€ is not interacting with the EGFR pathway kinases in this
tissue.

These data together showed that EGFR pathway inhibition by Egfr® and erk
RNAI reversed the elevated mitochondrial membrane potential in drp7 mutant PFCs and
interestingly erk depletion alone also reduced the mitochondrial membrane potential.
Since Ras/ERK loss did not change mitochondrial morphology appreciably as compared
to EGFR dominant negative (Mitra et al. 2012), the EGFR pathway may regulate
mitochondrial morphology independent of Ras/ERK. In order to check if EGFR regulates
mitochondrial morphology via PI3K, we checked for depletion and activation of PI3K in
the FCs using e22c-Gal4. However, there was no alteration in morphology (Figure
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Figure 4.6. Aggregated mitochondrial morphology is reverted by drp1¥®; ras' and
drp1¥®; erk'. (A-F) Mitochondria (grey) are aggregated in drp7%® clones (CD8GFP;green,
DNA,; blue) (A). Mitochondria recover the dispersed morphology in majority of drp1X®; ras'
and drp1XC; erk' and appear similar to background control cells (B-C). Mitochondria are
dispersed in ras' and erk' and do not show any difference in distribution from non-GFP
control cell mitochondria (D-E) (% aggregation depicted in each panel, n=47, 62, 62, 24,
21, N=3 for all). (F) Airyscan images also show compact mitochondrial network in drp 1K€
and it is dispersed in when Ras/ERK are depleted in the background. ras' and erk' also
show dispersed mitochondria at this resolution (F).

Scale Bar: 10 ym. n=FC clones in independent ovarioles, N=Experimental replicates.

4.7E). It is possible that a combination of PI3K and ERK maintain mitochondrial shape
and loss of one compensates for the other. However, we were not able to check PI3K
and ERK depletion doubles to test the hypothesis. Also other unknown effectors

downstream of EGFR can be involved.

4.3.6 Elevated mitochondrial membrane potential does not affect ERK

accumulation and loss of EGF signaling in drp7 mutant PFCs

Since ERK depletion in drp1X® mutant PFCs reduced the mitochondrial membrane
potential, we used pdsw' and FCCP to assess the effect of membrane potential loss on
the EGF pathway. Even though the mitochondrial membrane potential was lowered in
drp1XC; pdsw/, the multilayering phenotype and mitochondrial aggregation phenotype
remained unchanged (Figure 4.8A). The pdsw mutant reduces cell number in the larval
eye imaginal disc due to cell cycle arrest (Owusu-Ansah et al. 2008). We observed a
similar decrease in PFC numbers in pdsw' and the drp7C; pdsw' combination (Figure
4.8B).

Further EGFR signaling was analysed in pdsw' and drp71XC; pdsw' PFCs. The
oocyte patterning defect was not alleviated in mitochondrial membrane potential
depleted drp7XC; pdsw' combination mutant PFCs (Figure 4.8C). In addition, drp1X¢;
pdsw combination failed to rescue increased dpERK in the drp7 mutant cells (Figure

4.8D-E) as compared to drp7XC. Also an acute FCCP treatment to disrupt
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Figure 4.7. ERK accumulation results in increased mitochondrial membrane
potential in drp7XC. (A-B) ERK depletion in drp7X® background rescues the mitochondrial
membrane potential. Increased mitochondrial membrane potential (pseudocolour; where
red represents highest intensity pixels and blue lowest) is reverted in drp1€®; erk. erk also
has lower mitochondrial membrane potential than FRT 40A control cells. Ras
downregulation does not rescue the mitochondrial membrane potential in drp7XC cells (A).
Quantification in (B, n=11, 11, 12, 8, 19, 11, N=3, *, P<0.05, **, P<0.01, two tailed Mann-
Whitney test).

(C-D) Increased ROS is not rescued by Ras/ERK depletion in drp7%¢ mutant. DHE
fluorescence (pseudocolour; where red represents highest intensity pixels and blue the
lowest) is higher than background cells in drp7X®; erk' and drp1XC; ras'. erk' and ras' have
slightly increased ROS than control cells (C). Quantification shows nuclear: cytoplasm
ratio is high in drp7%®; erk', drp1€C; ras', erk' and ras' than FRT 40A (D, n=10, 10, 10, 11,
10, 12, N=2, *, P<0.05, P<0.001, two tailed Mann-Whitney test).

(E) pi3k downregulation does not alter mitochondrial morphology. Mitochondria are
dispersed in pi3k' and pi3k°N driven by e22¢c-Gal4 and do not show any difference in
morphology (E, Zoom of yellow inset, 0% defect in mitochondrial morphology, n=25 for all,
N=2).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10um. n=FC clones in independent ovarioles, N=Experimental replicates.

mitochondrial membrane potential in drp 7© or wild-type ovarioles at stage 8 did not
alter dpERK immunostaining. Thus mitochondrial membrane potential decrease in
pdsw' was not able to remove dpERK accumulation and change the loss of EGF

signaling in drp1XC PFCs.

4.4 Discussion

EGFR pathway interacts with mitochondria in Drosophila FCs via Ras/ERK (Figure
4.9A). We found that localisation of dpERK determines the function of the protein in

FCs. It has already been shown to have differential output depending on its localisation
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Figure 4.8. Decrease in mitochondrial membrane potential does not affect EGFR
pathway. (A-B) Downregulation of pdsw does not rescue multilayering, mitochondrial
morphology and cell number defect in drp7%©. drp1X®; pdsw' has multilayering (86%
multilayered chambers) (DNA;blue) and aggregated mitochondria (grey, 87.5%
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aggregated mitochondria, n=47, N=3) similar to drp7X®; pdsw' does not exhibit change in
mitochondrial morphology at this resolution (A). Cell number is further lowered drp7XC;
pdsw'in and pdsw' (B, n=9, 9, 8, N=3, *, P<0.05, ***, P<0.001, two tailed Kruskal Wallis
test and Dunn’s test).

(C-E) Oocyte mislocalization and increased dpERK are not reverted in the double drp 1X¢;
pdsw'. drp1XC; pdsw' has central oocyte (Orange dashed circle) (40.4% mislocalization,
n=47, N=3) while pdsw' does not have a defect in the oocyte positioning (0%
mislocalization, n=25, N=3) (C). dpERK immunostaining is higher in drp7® ; pdsw' similar
to drp7%© while pdsw' does not show dpERK accumulation (D). Quantification in (E)
shows the increased dpERK immunostaining in drp7X®; pdsw' as compared to pdsw
(n=18, 13, N=3, ***, P<0.001, two tailed Mann- Whitney test).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns= not significant, Scale

Bar: 10um. n= FC clones in independent ovarioles, N= Experimental replicates.

in the cell during wing development (Marenda et al. 2006). dpERK shows a predominant
nuclear staining in wild-type as opposed to cytoplasmic in drp7¥C PFCs and increased
cytoplasmic retention is a possible way for failure of signaling and oocyte mislocalization
to a posterior position in drp7X¢ mutants. Cytoplasmic ERK can dimerize and activate
different cytoplasmic substrates (Ebisuya 2005; Casar et al. 2008) and result in
modification of the mitochondrial activity (Monick et al. 2008). While activated ERK
enters the nucleus to promote gene expression, it can also be enriched in the cytoplasm
or organelles such as mitochondria (Horbinski and Chu 2005). Activated ERK is seen in
mitochondria during brain development (Alonso et al. 2004). Fused mitochondria in the
drp1 mutant cells may act as docking platform for activated ERK (Duarte et al. 2014)
and retain it outside the nucleus. A study to understand if different proteins decorate a
fused/fragmented mitochondria is required. This can help in answering what attracts
ERK to the mitochondrial surface. We have made point mutants of predicted ERK
phosphorylation target sites on Drp1 and Marf. These can help in understanding if ERK
interacts with Drp1 and Marf via phosphorylation in the FCs (Appendix A2).
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ERK regulates cellular energy demands via insulin pathway in Drosophila eye
(Zhang et al. 2011). We found that EGFR via ERK is upstream of mitochondrial
membrane potential in Drosophila FCs. Accumulation of activated ERK in the cytoplasm
may directly interact with the mitochondrial ETC proteins and increase the mitochondrial
membrane potential. On the other hand, an impact of ERK on other signaling molecules
can also mediate mitochondrial energetics. Another question which arises is if the
control is transcriptional or post translational. In 2008, a study looked at the effect of
growth signal on mitochondrial efficiency. They found that increase in membrane
potential is higher for region of mitochondrial network closer to site of ligand-receptor
binding. This change in mitochondrial membrane potential was abolished on depletion
of MAPK signal (Verburg and Hollenbeck, 2008). Drug based experiments can help
answer some of these questions and offer insight into how fast and sensitive EGFR-
Ras-ERK regulation of mitochondrial attributes is. Thus EGFR can regulate
mitochondrial morphology (Mitra et al. 2012) and EGFR-Ras-ERK maintain

mitochondrial membrane potential in a state of equilibrium in wild type animals.

ROS is known to interact and activate phosphatases in the cell leading to
repression of kinases under specific signaling. It is usually suspected as the prime
culprit when ERK pathway is abrogated in a mitochondrial mutant. We were not able to
find phenotype which can be attributed to the increased ROS. It is possible that the
PFCs are robust to changes in ROS levels during development. FSCs respond to
increase in ROS due to mitochondrial dysfunction. The FSC number decreases in pdsw
due to activation of JNK via ROS (Wang et. al., 2012). Further experiments with drugs
such as paraquat can perhaps help understand role of ROS in Drosophila ovary

development.

EGFR signaling through Ras/MEK/ERK is important for basal polarity in FSCs
(Castanieto et al. 2014). pERK activates the LKB-pAMPK pathway to induce basal
polarity and suppress apical polarity in these cells. It is likely that cytoplasmic increase
of pERK and pAMPK in drp1 depleted FCs decreases apical polarity by reduction of
aPKC and results in multilayering. It is also possible that sustained increase of pERK in

drp1 mutant cells and an altered cell cycle along with loss of apical polarity lowers the
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Figure 4.9. Increased ERK is responsible for tissue and cell number defects in
drp1¥® mutant. (A) Schematic depicting PFC arrangement in wild type ovariole in which
PFCs are arranged in a single layer and mitochondrial are distributed all around in the
cytoplasm. PFCs receive signal from the ligand Gurken and activate the EGFR pathway.
EGFR pathway activates downstream signaling to ensure that the oocyte is transported to
the dorso-anterior position hence establishing the future adult fly axis. In drp7X€ this is
disrupted and the oocyte is in the center. drp 7 cells have multilayered tissue and
aggregated mitochondria with high mitochondrial membrane potential. Mitochondrial
morphology, membrane potential as well as well as tissue architecture are rescued in
drp1€C;erk' . dpERK is in mainly nuclear in wild type and in the cytoplasm and probably on

the mitochondria in the drp7%¢ mutant.
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numbers of prefollicle cells. Loss of aPKC results in slower proliferation in neuroblasts
and eye epithelia (Rolls et al. 2003). Thus, a study of polarity pathways in drp7 mutant
FCs will be the key to understanding the mechanism of its reversal by additionally
depleting Ras/ERK.

Mitochondrial morphology in most cells exists as a balance between tubular,
fragmented and aggregated. Stem cells undergo a distinct change in both inner and
outer mitochondrial membrane shape as they differentiate (Chung et al. 2007; Facucho-
Oliveira et al. 2009; Mandal et al. 2011b). PFCs have high EGF signaling and contain
relatively fragmented mitochondria (Mitra et al. 2012) and this is also in agreement with
higher Ras/ERK driven mitochondrial fission activity in mammalian cancer cells
(Kashatus et al. 2015). Loss of mitochondrial fusion has been previously shown to partly
revert mitochondrial morphology and Notch signaling in drp1 mutant PFCs (Mitra et al.
2012). In the study, ERK depletion alone does not change mitochondrial morphology
appreciably. While higher resolution live imaging or electron microscopic observations
will discern mitochondrial morphology more completely, the aggregated mitochondrial
structure is resolved by co-depletion of Drp1 and Ras/ERK. We reason that this rescue
of mitochondrial organization could occur by multiple pathways. ERK could directly
activate mitochondrial fusion in these cells but this is not in agreement with mammalian
literature, which shows reduced mitofusin Mfn1 activity by ERK induced
phosphorylation. The residue phosphorylated in Mfn1 by ERK2 is not present in Mfn2 or
its Drosophila orthologue Marf (Pyakurel et al., 2015), but the residue phosphorylated
by stress induced JNK in Mfn2 (Leboucher et al. 2012) is conserved in Marf and could
result in its inactivation and degradation. The ERK2 induced Drp1 phosphorylation
residue is conserved from Drosophila to mammals suggesting that it is a key regulator
of mitochondrial morphology downstream of ERK (Kashatus et al. 2015). Taken
together ERK depletion in drp1 mutant PFCs may inactivate mitochondrial fusion by an
unidentified mechanism and Drosophila ERK may regulate both Marf and Drp1 activity
by phosphorylation such that there are more fragmented mitochondria. A second
possibility is that a different p38 based stress induced mechanism results in reversal of
fusion in drp7%C and erk' doubly depleted cells. p38K homolog licorene regulates

Gurken posttranslationally and determines oocyte position (Suzanne et al. 1999). We
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checked for p38K immunostaining in both drp7%C and drp7X®; erk' and found no
significant increase in comparison to neighbouring cells. However it is possible that
other stress pathways are activated in these cells and future studies on the activation of
stress pathways in drp7 mutant cells will reveal the mechanism by which they affect

mitochondrial morphology in combination with Ras/ERK.

These interactions between mitochondrial architecture, membrane potential and
Ras/ERK point to their role in regulating the threshold of signaling in the EGF pathway.
This study establishes mitochondrial membrane potential as key interactor of EGF

alongside the already known players: ROS and mitochondrial morphology proteins.
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CHAPTER 5

ERK regulates Notch via mitochondrial membrane potential in Drosophila follicle
cells

5.1 Introduction

Notch is a transmembrane receptor activated by the cell bound ligands Delta, Serrate,
Scabrous in Drosophila. 1t is mainly a cell fate specification pathway and activates
transcription factors such as Suppressor of hairless (Su(H)). On binding of the ligand,
extracellular domain is cleaved by metalloprotease ADAM (Brou et al. 2000), followed
by cleavage in the inner region by the protease Presenilin to generate an intracellular
domain (NICD) (Struhl and Greenwald 1999). NICD enters the nucleus, where it
activates Su(H). Su(H) triggers a number of targets downstream of it such as the
Enhancer of split (E(spl)) complex. Notch is responsible for assigning cell fate in number
of Drosophila tissues such as eye, muscle and neuroblast development etc by lateral
inhibition. In the Drosophila ovary, it has a role in both germline and somatic cell
development. In the germline, it is required for germ cell niche retention and in the
somatic population, it is necessary for regulation of polar cell number (Grammont and
Irvine 2001) and it is instrumental in the mitotic to endocycle switch in FCs (Figure 5.1A)
(Sun and Deng 2005).

Mitotic to endocycle switch involves inactivation of the transcription factor Cut
(Sun and Deng, 2005). Cut is present in all the FCs up to stage 6, and stage 7 onwards
it is restricted to the polar cells. It is again activated in all the FCs Stage 10 onwards.
Cut is necessary for cyst encapsulation and FCs proliferation (Jackson and Blochlinger
1997). Cut peaks during S phase in cell cycle and suppresses CDK inhibitor p21 WAF
transcription (Coqueret and Be 1998). Hence Cut regulates cell cycle and keeps FCs
engaged in mitosis. Zinc-finger transcription factor Hnt represses Cut and Hedgehog in
association with Tramtrack to bring about the endocytic switch in Stage 6-7 (Sun and
Deng 2007). Hnt represses String in addition to Cut to shut down proliferation via
Cyclins in the FCs (Schaeffer et al. 1998; Shcherbata et al. 2004). Thus FCs respond to

a tightly timed regime of transcription factors during their development.
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Figure 5.1. Notch pathway activates endocycling in FCs. (A) Notch transmembrane
receptor on the FCs is activated by the ligand Delta. On activation the intracellular domain
is cleaved and endocytosed. Cleaved and activated Notch intracellular domain (NICD)
enters the nucleus to activate transcription factors such as Hnt with the help of proteins
such as MAML and Su(H). On activation of Notch, mitotic to endocycle switch occurs in

FCs at stage 6-7 leading to FC differentiation.

Among the three differentiated populations in Stage 8 FCs, PFCs are subject to
both EGFR and Notch signal. According to the sequential model of activation, first FCs

99



in posterior acquire terminal identity due to Notch activation and subsequently EGFR is
activated to establish PFC fate (Keller et al. 1999), thus creating different populations of
FCs at the two termini as AFCs and PFCs.

Cellular function and fate is closely interlinked with its metabolic state and as
Notch is the primary cell fate regulator in flies, it controls the cell’s metabolism as well.
Notch regulates metabolic genes involved in glycolysis and represses transcription of
proteins which feed into ETC in Drosophila wing disc (Slaninova et al. 2016). Notch
regulates metabolism in cancer cells as well as macrophages under conditions of
inflammation (Landor et al. 2011; Basak et al. 2014; Xu et al. 2015). Cytoplasmic NICD
inhibits mitochondrial fragmentation by increasing mitochondrial fusion protein
Mitofusin2 (Mfn2) by the Akt pathway and protects cancer cells from apoptosis
(Perumalsamy et al. 2010). Antioxidants responsible for hydrogen peroxide removal are
found in a complex with Presenilin and hence oversee Notch processing (Wangler et al.
2011). During Drosophila hematopoiesis, Notch is required for stem cell maintenance.
In response to infection, Notch regulation of lamellocyte differentiation is lifted and ROS
spikes specifically in the lymph gland lobes but the anterior lobes are maintained in low
ROS condition to preserve stemness in the cells (Sinenko et al. 2012; Small et al.
2014). Another interesting study points to activation of non-canonical Notch pathway by
hypoxia-inducible factor-a (HIF-a) orthologue during crystal cell maintenance and
survival (Mukherjee et al. 2011). In at least two scenarios in development, Notch
signaling increase is consistent with mitochondrial fragmentation: Notch signaling is
decreased in oogenesis in Drosophila drp1 mutant FCs containing fused mitochondria
(Mitra et al. 2012) and is increased in mouse embryonic cardiomyocytes mutant for
mitochondrial fusion proteins Opa and Mfn (Kasahara et. al. 2013). Elevated cell
calcium and increased NICD are possible mechanisms by which fragmented
mitochondrial morphology affects Notch signaling in cardiomyocytes (Kasahara et al.
2013). Hence, Notch and mitochondria interact at the level of metabolic gene regulation,

ROS and mitochondrial shape.
5.2 Material and Methods

5.2.1 Drosophila genetics
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Stocks and lines listed in Chapter 4, Material and Methods section were used here as

well.

5.2.2 Generation of FC clones

Clones were generated as described in Chapter 2, Materials and Methods section 2.2.2.
5.2.3 Immunostaining of FCs

Protocol delineated in Chapter 2, Materials and Methods section 2.2.3. The primary
antibodies used were: mouse anti-CycB 1:10 (DSHB), rabbit anti-CycE 1:500
(Santacruz), mouse anti-NICD 1:100 (DSHB), mouse anti-Hnt 1:10 (DSHB) and mouse
anti-Cut 1:10 (DSHB). Fluorescently coupled Streptavidin 633 (Molecular Probes)
(1:1000) was used to mark mitochondria in FCs and fluorescently coupled secondary

antibodies (Molecular Probes) were used at dilution 1:1000.

5.2.4 Mitochondrial membrane potential CMXRos assay

Same as Chapter 3, Materials and Methods section 3.2.5.

5.2.5 Image acquisition and phenotypic estimation in FCs

Described in Chapter 2, Materials and Methods section 2.2.4.

5.2.6 Image analysis for estimation of fluorescence in FCs and nuclear size

Image analysis done as detailed in Chapter 2, Materials and Methods section 2.2.6. For
estimation of nuclear size, an ROl was drawn across the Hoescht stained DNA in the

nucleus and the area was measured using ImagedJ. The area of 10 nuclei per clone in 5
clones was measured for both mutant and control cells. Each data point in Figure 5.2B,

5.3A, 5.4F is the area of a nucleus from a mutant/control cell in a clone.
5.3 Results
5.3.1 drp1 mutant PFCs have defective Notch signaling

drp1 mutant clones are multilayered (chapter 2, figure 2.5A). PFC multilayering is

strongly associated with defective Notch signaling (Bilder et al. 2000; Fernandez-Minan
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et al. 2007; Yu et al. 2008; Gomez-Lamarca et al. 2014). Activation of Notch leads to
increase in nuclear size of the FCs on account of shift from mitosis to endocycling.
drp1%G mutant has previously been shown to have defect in Notch signaling; drp7X¢
PFCs had smaller nuclei (Figure 5.2A-B). Plasma membrane accumulation of NICD can
be monitored by a specific antibody and quantified as a ratio to the background control
FCs. NICD is enriched on the apical membrane during early stages and as the Notch
pathway is activated, its levels on the plasma membrane are decreased. NICD
accumulates on the plasma membrane when the germline is mutant for a Notch ligand
Delta and this results in a loss of Notch signaling (Lopez-Schier and St. Johnston 2001).
The ratio of the plasma membrane NICD fluorescence in drp7%¢ mutant PFCs to the
background PFCs was more than 1, consistent with accumulation on the membrane
and inactivation of Notch signaling (Figure 5.2C-D). This plasma membrane enrichment
of NICD was seen in FCs belonging to all layers in a multilayered clone and not just the
ones positioned near the oocyte. This indicates that even the cells in contact with the
germline are defective. This can be because of dearth of ligand or inability of Notch
receptor to get activated. Consistent with loss of Notch, Hnt was absent in drp71 mutant
PFCs (Figure 5.2E); Cut was present in drp1 mutant PFCs (Figure 5.2F). Notch
pathway markers were identical in GFP and non-GFP cells in FRT40A clones; Hnt and
Cut were nuclear and NICD was present on the apical membrane. Hence drp7 mutant

cells do not enter endocycle due to inactivation of Notch pathway.
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Figure 5.2. Notch pathway is defective in drp7%® mutant cells. (A-B) drp7%® nuclei are
smaller in size than control. Nuclei are smaller in drp7“¢ (CD8GFP; green circle marks the
non-GFP nuclei and red marks GFP positive nuclei) as compared to FRT 40A nuclei (A).
Cell area quantification shows that the drp7X® nucleus is approximately half in area than
control nucleus (B, n=50, 44, from 5 ovarioles, N=3, ***, P<0.001, two tailed Mann-
Whitney test).

(C-D) NICD (red) is higher on plasma membrane in drp7€® in contrast to FRT 40A (C).
Quantification shows higher GFP: non-GFP ratio in drp7¢ mutant (D, n=14, 15, N=3, ***,
P<0.001, two tailed Mann-Whitney test).

(E-F) Transcription factors Hnt and Cut are misexpressed in drp7%® mutant. Hnt is absent
in the drp1 deficient cells (in 81% clones Hnt absent, n=25, N=3) while it is present in FRT
40A control cells (E). Transcription factor Cut persists in drp7® (Cut absent in 100%
clones, n= 25, N=3) while it is removed in FRT 40A cell (F).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells in (D). Each data point in (B)
is area of a nucleus. ns=not significant, Scale Bar: 10pm. n=FC clones in independent

ovarioles, N=Experimental replicates.

5.3.2 Increased Ras/ERK leads to loss of Notch mediated differentiation in drp1
mutant PFCs

EGFR and Notch antagonism is well characterised in Drosophila (Sundaram 2005). We
assessed if elevated ERK/Ras levels in the drp7¥¢ mutant PFCs mediated a Notch
signaling defect. The small nuclei size in drp7X¢ alone was rescued in drp7X®; erk and
drp1%C; ras' combinations (Figure 5.3A-B). The drp1XC; erk' combination reversed the
NICD accumulation and Hnt depletion and Cut persistence seen in drp7¥¢ PFCs (Figure
5.3C-F). The drp1XC; ras' combination showed a slight reduction in the average NICD
fluorescence but this was not statistically significant (Figure 5.3C-D). There was also a
weaker reversal of Hnt loss and Cut gain as compared to the drp7XC; erk' combination.
This data was consistent with the previous observation of rescue of drp7X¢ mediated
Notch signaling defects on expression of EGFR dominant negative in PFCs (Mitra et al.

2012). Depletion of Ras/ERK however, reversed the cell organization in addition to
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Notch signaling in drp7XC PFCs which Egff°N did not. Hence, EGF acts through
Ras/ERK in FCs to rescue Notch defect in the drp7 mutant. Partial rescue hints at other

signaling molecules downstream of EGFR in addition to Ras/ERK.

drp1%C PFCs exhibit Cyclin B and E accumulation (Chapter 2, Figure 2.5N-Q). As
mentioned in the introduction in this chapter, Notch regulates cell cycle by regulating
levels of Cyclins in the cell. In the drp7X®; erk combination ovarioles, there was a rescue
of increased Cyclin B and E staining. This rescue was not statistically significant for the
drp1%G; ras' combination, even though there was a decrease in averages (Figure 5.3G-
J). We attribute this difference to ras' being less efficient in removing Ras/ERK as
compared to erk' in removing ERK. As mentioned earlier, status of Cyclins in drp1KC
also allowed us to comment of the status of cell cycle. High Cyclin B and E indicated
that the cell cycle is not able to proceed and is slower in the drp7X¢ mutant. In the
drp1XC; erk' rescue of Cyclins leads to rescue of the cell cycle pace and hence rescues
the cell numbers (Chapter 4, Figure 4.5B-E). In summary elevated Ras/ERK in drp1
mutant PFCs was responsible for loss of Notch mediated differentiation and cell cycle

defects.
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Figure 5.3. Increased Ras/ERK is responsible for Notch pathway defects in drp7¢
mutant. (A-B) drp7XC nucleus size (DNA-grey; GFP positive nucleus marked by red circle
and non-GFP by green circle) is comparable on Ras/ERK depletion in its background (A).
Quantification of clone nucleus size shows a reversion to control size in drp1X¢; ras'and
drp1%¢; erk tissue (B, n=44,50,50,52,50,52, N=3, *** P<0.001, two tailed Mann-Whitney
test).

(C-F) Notch pathway downstream effectors are rescued on Ras/ERK downregulation in
drp1%¢ mutant cells. Prominent membranous NICD immunostaining (red) in drp7XC is not
present in drp71%®; erk'. However, drp1X®; ras' combination does not rescue NICD
accumulation. ras' and erk' do not have defects in NICD (C). Quantification in (D, n=15, 21,
15, 10, 10, N=3, **, P<0.01, ***, P<0.001, two tailed Kruskal Wallis test and Dunn’s test).
(E-F) Hnt and Cut defects rescued by Ras /ERK downregulation in drp7® background.
ras' and erk' do not have any defect in Hnt (E, 52% for drp1X®; ras', 24% for drp1%®; erk|,
0% for ras' and erk')/Cut (F, 22% for drp1%®; ras', 23% for drp1%®; erki, 0% for ras' and erk')
immunostaining.

(G-H) Cyclin E accumulation is rescued by ERK depletion in drp7XC. Increased Cyclin E
(red) is absent in the drp1XC; erk combination (CD8GFP; green). drp1X®; ras' however
does not rescue the increased Cyclin E (G). Quantification in (H, n=7, 19, 11, 12, 11, 7,
N=3, *, P<0.05, two tailed Kruskal Wallis test and Dunn’s test) shows Cyclin E in drp 1€,
erk and drp1X®; erki is similar to control FRT 40A while it is high in drp1X®; ras' (H).

(I-J) ERK depletion reverts increased Cyclin B in drp7X©. Cyclin B immunostaining (red) is
comparable in drp1XC; erk, however it is high in drp1XC; ras' (1). Quantification shows
rescue of increased Cyclin B GFP: non-GFP ratio in drp7X€ to control levels in drp1XC; erk
(J, n=9, 13, 10, 12, 12, 11, N=3, **, P<0.01, two tailed Kruskal Wallis test and Dunn’s test).
Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:
10pm. n=FC clones in independent ovarioles in (D), (H), (J) and represents individual

nuclei in B taken from 5 ovarioles, N=Experimental replicates.

5.3.3 Elevated mitochondrial membrane potential is responsible for loss of Notch

mediated differentiation in drp7 mutant PFCs

ERK depletion reversed the increased mitochondrial membrane potential and Notch
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mediated differentiation in drp7 mutant PFCs. Reduction of mitochondrial membrane
potential using drp7X®; pdsw' combination did not have an effect on EGFR signaling
(Chapter 4, Figure 4.8). We finally analyzed the impact of lowering mitochondrial
membrane potential on Notch signaling. Interestingly, the drp7X®; pdsw' combination
showed appearance of Hnt in greater number of clones as compared to drp7XC alone
(Figure 5.4A). NICD membrane accumulation seen in drp7X¢ PFCs was reversed in the
drp1%C; pdsw' combination (Figure 5.4B, E). Cut is not rescued in the drp7X®; pdsw'
combination however (Figure 5.4C). Since pdsw' lowered the mitochondrial membrane
potential but did not change the mitochondrial organization in drp7X€ FCs it was
possible that lowering of mitochondrial membrane potential specifically brought about
the reversal in Notch mediated differentiation. We therefore analyzed Notch phenotypes
on acute treatment of FCCP for 30 min in drp7¥¢ PFCs and did not find a significant
change in Hnt appearance and NICD accumulation (Figure 5.4D-E). Even on varying

FCCP concentration to include higher doses, we were never able to rescue the Hnt
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Figure 5.4. pdsw knockdown rescues the Notch pathway defect in drp1X® . (A-E)
EGFR pathway is not rescued on pdsw depletion, however Notch pathway markers are
rescued in the drp7X®; pdsw' . Hnt (red) is present in drp7X®; pdsw' and pdsw' alone as
well. Intensity of Hnt is however fainter in some cells of the clone indicating slowness in
activation of endocycle (A, 38% show Hnt defect, n= 29, N=4, 0% for pdsw' , n= 18, N=3).
NICD is removed from the membrane in the doubles drp1€C; pdsw' (B, n=15, 24, 14, 7, N=
4, 3, 3, 4, ™, P< 0.001, two tailed Kruskal Wallis and Dunn’s test). Transcription factor Cut
(red) is similarly rescued, it is absent in drp7%®; pdsw'. There is no defect in Cut
immunostaining in pdsw' alone (C, 100% cut absent, n=11, N=2, 0% for pdsw/, n= 12,
N=2).
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Quantification of GFP: non-GFP ratio for all the genotypes is shown in (E). FCCP
treatment of drp7XC still shows absence of Hnt, presence of Cut and NICD accumulation
on the membrane (D, quantification of NICD in (E).

(F-G) pdsw knockdown reverts the small nuclei size in drp7XC. drp1%®; pdsw' nuclei are
larger than drp7X® nuclei, however they are still smaller than FRT 40A nuclei. The drp1X®;
pdsw' are comparable to stage 6 FRT 40A cells in line with slower endocycling in them.
pdsw' are also smaller than FRT 40A nuclei (F). Nucleus size in each genotype is plotted
to show the smaller nuclei in drp7X€ and their rescue in drp1€C; pdsw' (G, n= 50, 50, 50,
42, 46, 5 ovarioles each, N=3, **, P<0.01, ***, P<0.001, two tailed Mann-Whitney test).
Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot in (E) is an average from 5-30 cells. Data point in (G)
represents number of nuclei whose area is measured for each genotype. ns= not
significant, Scale Bar: 10um. n=FC clones in independent ovarioles in (E)/ number of

nucleus in (G), N=Experimental replicates.

defect in drp7¥C PFCs. We also found that nuclear size defect is reverted in the
combination clones (Figure 5.4F-G). drp1X®; pdsw' however had smaller nuclear size
than the FRT40A control clone nuclei. The pdsw' also had slightly smaller nuclei than
control clones. This might be due to slowing down of the endocycle and hence delay
Notch. Indeed in the drp1X®; pdsw' clones Hnt is fainter (44%, n=29, N=3) than

in

neighbouring non -GFP cells. This suggests that while drp7%© are Notch deficient, it is

only slowed down in drp7XC; pdsw' and pdsw' alone. In order to further understand this,

we compared the drp7XC; pdsw' nuclei size with stage 6 FRT40A clone nuclei size as

Hnt just starts appearing in this stage, stage 8-9 drp7X®; pdsw' nuclei are equivalent in

size to stage 6 FRT40A clone nuclei (Figure 5.4F-G). Lowering of pdsw in drp7X¢ PFCs

could partially reverse the drp7XC phenotype in loss of Notch mediated differentiation
but was not sufficient to change the multilayering phenotype and aggregated

mitochondrial morphology.
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Figure 5.5. Loss of mitochondrial membrane potential activates Notch in stage 5
chambers. (A-B) Hnt appears in stage 5 ovariole chambers on FCCP treatment of wild
type. FCCP treatment abolishes CMXRos fluorescence (pseudocolour; where red
represents highest intensity pixels and blue the lowest) in the wild type. Hnt (green) is

present in all the chambers in which there is a loss of CMXRos (A, 100% show Hnt in
stage 5, n= 28, N=3, control n=30, N=2).
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Histogram depicting the early appearance of Hnt in wild type on FCCP addition (B). NICD
immunostaining disappears from the membrane on FCCP treatment in stage 5 chambers.
NICD (green; DNA,red) is dislodged from the membrane in stage 5 chambers after
mitochondrial membrane potential goes down in FCCP treated chambers (C, n=7, N=3).
Yellow box marks the zoomed area.

(D-E) NRE-GFP expression also shifts to early stages on FCCP treatment. NRE-GFP
(green; Hnt, grey) shows a nuclear staining in the FCs stage 6 onwards. NRE-GFP
positive cells appear in stage 5 on FCCP treatment as CMXRos (pseudocolour; where red
represents highest intensity pixels and blue the lowest) fluorescence is reduced (D, n= 26,
N=2, control n=30, N=2). Shift in histogram seen on FCCP treatment (E).

Scale bar: 10 uym. n= independent ovarioles, N=Experimental replicates.

5.3.4 Lowering of mitochondrial membrane potential activates Notch precociously
at Stage 5

drp1XC; pdsw' combination rescued the Notch defect, hence, is the Notch pathway
dependent on mitochondrial membrane potential lowering in a wild type background as
well? FCCP treatment resulted in Notch activation at an earlier stage in wild-type
ovarioles (Figure 5.5A). A distribution of chamber sizes showed the onset of Hnt in
smaller sized chambers corresponding to stage 5 as compared to Hnt onset at stage 6-
7 in controls (Figure 5.5B). NICD is higher on the plasma membrane in early stages
than late stages as the Notch pathway is inactive until stage 5. NICD depletion was
seen from the plasma membrane on FCCP treatment (Figure 5.5C). Further the Notch
response element construct NRE-GFP (Jouandin et al. 2014; Jia et al. 2015) showed an
early appearance at stage 5 instead of stage 6 in wild type controls along with Hnt,
when treated with FCCP for 30 min (Figure 5.5D-E). This suggested that lowering of
mitochondrial membrane potential in wild-type chambers in the presence of Drp1 could

prepone Notch signaling.

In summary, Ras-dpERK accumulation in drp7%¢ PFCs with aggregated
mitochondria increased mitochondrial membrane potential, thus leading to loss of Notch

mediated differentiation. Decrease of mitochondrial membrane potential in wild-type
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ovarioles was sufficient to activate the Notch pathway (Figure 5.6A).

A
Posterior Wild Drp1
follicle cell type mutant
Drp1 Drp1-
v
- — Ras/ERK——— ™ - - Ras/ERKP——> Twm
v
TNotch wergtgh
Cyclin B and E ACyclin B and E
DIFFERENTIATION LOSS OF DIFFERENTIATION

Figure 5.6. Notch pathway mediated FC differentiation is regulated by EGFR and
mitochondrial shape as well as membrane potential. (A) In a wild type PFC, EGFR
pathway regulates mitochondrial architecture and maintains its membrane potential at an
equilibrium level. This activates Notch pathway and cell cycle regulators. In drp7 mutant
mitochondria are fused and mitochondrial membrane potential is elevated with Ras and
dpERK increasing in the cell. Increase in mitochondrial membrane potential leads to

inactivation of Notch and aberrant cell cycle.

5.4 Discussion

Developmental signaling pathways integrate cues at the cellular level by coordinating
activities of various subcellular organelles to determine cell fate. We found that
coregulation of two well characterized developmental pathways, EGFR and Notch, can
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occur through mitochondrial morphology and activity during FC differentiation and
oocyte patterning in oogenesis (Figure 5.6A). EGFR and Notch pathways work
antagonistically in regulation of Drosophila eye cell fate (Rohrbaugh et al. 2002) and
together in cell fate determination of photoreceptor R7 (Tomlinson and Struhl 2001).
Recently EGFR has been shown to regulate Notch via the transcription factor Groucho
in FCs (Johnston et al. 2016). While we could not find any effect on tissue organisation
on ERK lowering other than decrease in cell number (summarised in Chapter 4), we did
find that increased mitochondrial membrane potential mediated by higher cytoplasmic
ERK in mitochondrial fission mutant inactivates Notch pathway. Hence, we show that
increased Ras/ERK in drp7 mutant PFCs with aggregated mitochondria and elevated
mitochondrial membrane potential results in the loss of both EGFR signaling driven

oocyte patterning and Notch driven PFC differentiation.

FCCP treatment causes mitochondrial fragmentation in presence of Drp1 in
HelLa cells (Cereghetti et al. 2008) and mitofusin, Marf depletion leads to mitochondrial
fragmentation and shows earlier onset of Hnt (Mitra et al. 2012) similar to FCCP in our
study. Depleting drp1 mutant PFCs of ETC activity with pdsw RNA. results in a partial
reversion of the Notch loss of function phenotype. Hence mitochondrial fragmentation
and membrane potential decrease are closely correlated with Notch activation. The
impact of membrane potential increase on Notch deactivation can be through calcium or
ROS levels or activation of PARL family of proteases resulting in NICD cleavage.
Membrane potential difference across the mitochondrial inner membrane allows calcium
influx (Gunter and Pfeiffer 1990). Lowering of mitochondrial membrane potential using
an uncoupler releases stored calcium (Thayer and Miller 1990). Released calcium can
be involved in Notch activation as shown in cardiomyocyte differentiation (Kasahara et
al. 2013). It has been shown that NICD is cleaved by mitochondrial outer membrane
peptidase to generate an active form of NICD in HeLa cells (Lee et al. 2011). Itis
possible that low mitochondrial membrane potential scenario created by FCCP prevents
entry of NICD in the mitochondria and subsequently it is free to enter the nucleus and
activate Hnt. Further support to this hypothesis is lent by two studies. A study in T-cells
shows that processed Notch is found in mitochondrial fractions in Mfn1/2 containing

cells but not Mfn1/2 mutant cells (Perumalsamy et. al., 2010). NICD localization in
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mitochondria is required to activate mitochondrial genes (Xu et al. 2015). Hence more
careful analysis can reveal if indeed Notch interacts directly with mitochondria or via
calcium regulation. ROS has been shown to crosstalk with Notch. In our study, drp7K®
mutant PFCs also showed an increased ROS content but it was not reversed by ERK
depletion, showing that it was not a possible mechanism in which the Ras-ERK pathway

interacts with Notch.

The mid oogenesis stage is especially susceptible to any changes, as itis a
transition stage. It also has the highest rate of apoptosis in response to starvation as a
lot of active remodelling of the whole machinery occurs at this stage (Drummond-
barbosa and Spradling 2001). It is a relatively short stage and takes about 2 hours to
develop into Stage 6. Hence it seems that one of the factors that control the switch for
Notch activation from stage 5 to stage 6 is mitochondrial membrane potential. It is
interesting to ask if there are slight changes in mitochondrial membrane potential in
each stage of the ovariole. A careful analysis using TMRE or JC1 dye can answer these

questions.

To summarize we found that Notch pathway is sensitive to changes in
mitochondrial membrane potential in FCs and ERK regulates Notch via regulation of

mitochondria in the FCs.
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CHAPTER 6

Mitochondrial proteins interact with EGFR pathway during Drosophila wing

development

6.1 Introduction

Mitochondrial morphology varies between various cells and tissues (Collins and
Bootman 2003; Mitra et al. 2012). We had found mitochondrial contribution to FC
differentiation; mitochondria interact with the EGFR and Notch signaling pathways via
their shape and activity. The EGFR pathway is a major pathway controlling wing vein
development. The results in FCs (Chapter 4 and 5) found that there is increased dpERK
in the cytoplasm in mitochondrial fission deficient drp7 mutant cells. pERK depletion in
the nucleus presumably results in lack of oocyte movement to the dorso-anterior
position. Epistasis experiments were further performed in Drosophila wing to establish if
the EGFR pathway interacts with mitochondrial morphology proteins in a similar
manner. Mitochondrial manipulation is known to affect wing development. Marf
knockdown in posterior wing compartment is known to cause cell death in the
developing wing discs (Thomenius et al. 2011). In contrast inhibition of fusion in the
dorsal region of wing pouch causes cell hyperproliferation (Gupte 2015). These two
studies already highlight the differential role of the mitochondrial morphology in the fly
wing. However, most other studies concentrate only on the apoptotic function of the
organelle. A vg-Gal4 (expression in proximal and distal hinge region) based screen
showed that inhibition of mitochondrially localized apoptotic proteins hid and reaper
leads to notching of the wing blade and loss of wing fusion. The phenotype was
attributed to drop in mitochondrial membrane potential induced by Hid and Reaper,
which Bcl2 is able to rescue (Brun et. al., 2002). Thus it would be interesting to

understand the role of mitochondria in EGFR during wing development.

6.1.1 Understanding the model system; Drosophila wing
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Drosophila adult wing develops from a flattened disc of epithelial cells known as wing
imaginal disc in the 3rd instar larvae. The wing disc can be divided into 2 main portions,
the adult wing blade and the hinge. During the pupal stage, the wing disc forms two
separate layers by eversion followed by apposition (Figure 6.1A-F). The separate layer
of cells facing each other on basal side grow in size, until finally the adult wing flattened
structure arises after fluid fills the veins (Milner 1977; Aldaz et al. 2010). A precise
interplay of number of signaling pathways results in framework of adult wing. These
signaling molecules define boundaries, rates of cell divisions and in turn pattern the
wing shape (Loza and Thompson 2017).

Role of EGFR pathway is very well studied in the wing and is induced in two
distinct waves. EGF is upregulated during larval and downregulated during pupal stages
giving it a unique spatio temporal nature (Martin-Blanco et al. 1999). During early wing
disc development it is shown to specify notum and wing disc identity through activation
of the transcription factor Apterous (Wang 2000). In the pupal stage it is responsible for
adult vein patterning. Wing veins are epidermal sclerotizations which enclose trachea
and nerves (Garcia-Bellido and de Celis 1992). Drosophila wing has five veins (L1-5)
and two cross veins, posterior crossvein between L4 and L5 and anterior cross vein
between L3 and L4 (Figure 6.1F). Clones with loss of EGFR exhibit lack of proliferation
in early stages and loss of vein phenotype in later (Diaz-Benjumea and Hafen 1994;
Sturtevant and Bier 1995). EGFR interacts with pathways such as Hedgehog, Dpp,
Notch and Wingless signaling to induce adult vein pattern. Like FSCs, where EGFR
maintains apico-basal polarity, in the wing it restricts E-cadherin to the apical surface in
vein cells as opposed to basal in intervein cells. This drives unique cell-cell contact in
only the vein region and determines vein architecture (Keefe et al. 2007). Blistered is
known to regulate Dpp, Hh and EGF and Notch signaling and all these pathways also
signal back to the serum growth factor during vein formation (Loza and Thompson
2017). EGFR is activated by the ligands Vein and Rhomboid in the wing (Martin-Blanco
et al. 1999). Entry of MAPK into the nucleus, downstream effector of EGFR is regulated
in the wing. It is sequestered in the cytoplasm for the pro-vein fate (Marenda et. al.,
2006). Thus in addition to its differential role in specific stage and cell type (Shilo 2003),

it is also regulated in terms of its intracellular localization. We have already listed a few
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Figure 6.1. Drosophila wing disc undergoes series of modifications in order to form
adult wing. (A-E) Transition of larval wing disc to pupal wing. Drosophila larval wing disc
is a folded sheet of epithelial cells, assembled into distinct regions namely; dorsal pouch
(pink), hinge region (blue). Green band depicts the band of cells expressing the
morphogen wingless in the disc and it divides the disc into dorsal and ventral halves (A).
As the pupa forms the sac of cells move inward (B) and subsequently from a double

layered structure (C). This process is referred to as wing eversion and it is required to
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bring the dorsal and ventral surfaces to align in a vertical direction. This is followed by
wing extension and hinge region recedes (D). Lastly the fully formed wing is extended as
fluid fills the veins (E) (Image modified from Dr. Suzanne Eaton group web page).

(F) Adult Drosophila wing is marked by five veins (L1-5) and two crossveins (anterior

crossvein (ACV) and posterior cross vein (PCV)).

known roles of mitochondrial morphology as well as its impact due to its role in
apoptosis during wing development. An in silico study using proteome association
showed that wing size is determined more greatly by glucose metabolism as compared
to ETC mediated activity (Okada et al. 2016). The interaction of mitochondrial
morphology proteins with wing development pathways has otherwise been largely
undetermined. This chapter summarizes preliminary results pointing towards
requirement of fragmented mitochondria for proper EGFR pathway function in

Drosophila wing development.

6.2 Materials and Methods

6.2.1 Drosophila genetics

All Drosophila crosses were performed in standard cornmeal agar medium at 25°C. The
drp1', marf, opa, erk!, ras', pdsw/, cova', UAS-drp1, UAS-marf, UAS-Egfr, UAS-Egfr°N,
rasV'?2, ms1096-Gal4 lines were obtained from the Bloomington Stock Center. The
marf™©) and opa™®) lines were a gift from Ming Guo lab. ms1096-Gal4/FM7a; UAS-
Egfr®™N/TM6 Tb, ms1096/FM7a; UAS-EgfriITM6 Tb stocks were generated using

standard genetic crosses.
6.2.2 Imaging and estimation of wing defect phenotype

Wings were detached carefully from the flies and mounted in clove oil. Imaging was
done on Olympus MVX10 1X. Vein pattern was compared in the wings and percent

phenotype was calculated using Microsoft Excel.

6.3 Results
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6.3.1 Manipulation of mitochondrial morphology proteins abrogates wing

development

We first looked for effects of manipulation of mitochondrial shape regulator proteins in
the dorsal wing pouch. ms1096-Gal4 was used to drive the expression of RNAI lines
against mitochondrial morphology proteins. Downregulation of fission protein Drp1 (drp')
gave a mild phenotype of crumpled wings (Figure 6.2B, control in Figure 6.2A).
Upregulation of drp7 did not alter wing morphology (Figure 6.2B). Mild downregulation
of Marf, the outer membrane fusion protein did not cause any wing defect. However
very few ms1096; marf™®) flies emerged and they had severe wing crumpling and
blackening defects. Marf overexpression resulted in male lethality and females had
crumpled wings (Figure 6.2C). We used two trangenes to downregulate inner
membrane fusion protein Opa. opa' is pupal lethal and opa™®) leads to crumpling of
wings. Table 1 contains summary of the results mentioned above. Marf downregulation
in the wing using scalloped-Gal4 (which expresses in the posterior wing margin) shows
increase in pH3 staining. In third instar larvae using dpp-Gal4 (A-P axis), Opa and/or
Marf downregulation does not lead to change in EAU immunostaining (Nagaraj et. al.,
2012). Our results indicate that modification of mitochondrial network in the dorsal
pouch triggers cell death pathways.

Hence modification of prime mitochondrial shape regulators alters adult wing

shape and they are crucial for fly survival.

6.3.2 Downregulation of metabolism regulating proteins causes curling of wing

We used RNAI against pdsw, an ETC complex | subunit and observed curling of wing
blade (Figure 6.2D). This curling phenotype is reminiscent of complex Il and TCA cycle
mutants (Sereda,et.al. 2007). We also downregulated complex IV protein cova and
found two degrees of defect; pupal lethality and if emerged 100% wingless progeny
(Figure 6.2D). Superoxide dismutase (SOD) downregulation also induced wing curling
(Figure 6.2D), similar to that of pdsw/, hinting that ROS is a causal factor triggering cell
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Figure 6.2. Modulation of mitochondrial proteins impairs the Drosophila adult wing
structure. (A) Control wing morphology. Wild type Drosophila wing blade are straight in
adult flies (A).
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(B-C) Manipulation of mitochondrial shape regulating proteins leads to defect in wings.
Downregulation of drp7 causes severe wing crumpling (marked by yellow arrow head, first
panel). However drp1 overexpression has no effect on wing development (second panel)
(B). Severe depletion of fusion protein marf causes defect in wing extension. The process
of fluid filling appears to be impaired in marf™® (first panel). Mild depletion of marf does
not have a phenotype. Increase in Marf in UAS-marf leads to wing crumpling.
Downregulation of opa? also causes similar wing crumpling (marked by yellow arrow
head) (C).

(D) Mitochondrial ETC proteins are crucial for Drosophila wing development. Knockdown
of pdsw causes wing curling phenotype (first panel, curled wing marked by yellow arrow
head). cova knockdown causes wing crumpling similar to downregulation of fusion-fission
proteins (yellow arrow head marks the small wing remnant). Increased ROS in developing
wing on sod knockdown also induces curled wing phenotype.

Scale bar: 100mm.

death or change in rate of proliferation. Results are summarized in Table 6.1. pdsw loss
has been shown earlier to increase ROS in eye epithelium via JNK pathway (Owusu-
Ansah et. al., 2008). Both pdsw' and sod' induce identical phenotype of wing curling.
This can be because the cell cycle is effected in these genotypes. As a result there

might be a decrease in cell number and subsequent change in wing shape.
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Genotype Phenotype %age defect,
Number of flies
Mitochondrial | dip? Wing 33%, 66
shape crumpled
regulators UAS- drp1 No defect 0%, 121
marf No defect 0%, 100
marfMG) Wing 100%, 22
crumpled
UAS- marf Male lethality, | 100%, 106
wing
crumpled in
females
opa Pupal lethal 100%
opaMS) Wing 66%, 77
crumpled
Mitochondrial | pdsw Wing curly 100%, 100
ETC
proteins coval Pupal lethal, 100%, 20
escapers
wingless
sod Wing curly 100%, 79

Table 6.1. Drosophila wing development is impaired on manipulation of
mitochondrial proteins. The table summarizes the effect of alteration of mitochondrial
shape regulators, ETC and ROS proteins. All the genotypes are in the background of
ms1096-Gal4. Last column shows the percentage of flies with defects and the total

number of flies counted.

6.3.3 EGFR mediated loss of vein defect is rescued by increased mitochondrial

fission

In order to comprehend EGFR-Mitochondria interaction during Drosophila wing
development, we first wanted to assess EGFR and its pathway components alone with
the ms1096-Gal4. EGFR overexpression (UAS-Egfr) leads to increase in number of
veins (Figure 6.3A) as reported previously (Schnepp et al. 1998). We also checked

dominant negative (DN) allele of EGFR and on expressing it with ms1096-Gal4 as
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Genotype Phenotype | %age defect, Table 6.2. Table summarizes
Number of fli N
umber o1 ™88 | defect in wing on EGFR

UAS-Egfr Veins 92%, 101

—— pathway components
RasV12 Larval 100% knockdown.

lethal
UAS-Egfr®N Vein 31 98.5%, 100

and 4t

absent
ras Wing 30%, 148

crumpled
erk' Wing 100%, 70

crumpled

expected, found a loss of 3" and 4 vein (Figure 6.3A). Activated Ras (Ras"'?) was
100% larval lethal with ms7096-Gal4. Ras DN (RasN'") on the other hand had no effect.
Prober and Edgar 2000 have shown that RasN'” leads to loss of veins, we speculate
that the allele we had was not working. Ras RNAI being a weaker transgene gave
crumpled wing blade phenotype in few flies (Figure 6.3A). ERK downregulation gave
crumpled wings which can be a result of apoptosis. (Figure 6.3A, summary and
quantification of the above results is in Table 6.2).

Stable double balanced lines were made for ms1096-Gal4 with EGFR
overexpression (UAS-Egfr) and DN (UAS-Egfr®N). We then combined mitochondrial
proteins with the lines and looked for suppression or enhancement of the phenotypes in
adult wing blade. A summary of the results can be found in Table 6.3. Significant
findings are discussed here. UAS-Egfr°N /opa' flies survive till adult stage in contrast to
opa' alone which exhibited pupal lethality. However wing is completely crumpled and
blackened in the flies (Figure 6.3B). Egfr°N in combination with marfM®) also has
crumpled wings but the number of flies which emerge is higher than marf(M®) alone
hence lethality is reduced in this scenario as well. EGFR overexpression also similarly
rescues the opa' pupal lethality (Figure 6.3B).

marf which did not have any phenotype alone with ms1096-Gal4, rescues the
Egfr°N wing and the 3™ and 4" veins are present. Significantly UAS-drp7 also reverts
the vein loss phenotype of Egfr°N. In addition marf worsens the UAS-Egfr phenotype

(Figure 6.3B). Thus fragmented mitochondrial function seems to be downstream of
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EGFR in the Drosophila wing as well and loss of EGFR is compensated by downstream
fragmentation of the mitochondria. Loss of fusion proteins was rescued both by DN and

overexpression of EGFR.

A
ms1096; UAS-Egfr ms1096; UAS-Egfr°N
ms1096; ras'
B
ms1096; UAS ms1096; UAS-Egfrl ms1096; UAS- ms1096; UAS-Egfr!
-Egfr°™N/ opa  opa Egfr®N marf marf
C

ms1096; UAS- ms1096; UAS-Egfr
Egfr°N drp1i drpfti

ms1096; UAS-  ms1096; UAS-Egfrl
EgfroN/ UAS-drp  UAS-drp1
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Figure 6.3. Increased mitochondrial fusion is responsible for the loss of vein in
UAS-Egfr°! flies. (A) EGFR pathway regulates wing vein formation. Increased vein
formation is seen in EGFR overexpression and downregulation leads to loss of vein. Ras

and ERK downregulation is known to cause severe wing defects and wing crumpling

(yellow arrow head) (A). (B-C) Egfi°N rescues opa' lethality, however the few wings are still

crumpled (yellow arrow head). EGFR overexpression also rescues Opa loss mediated
lethality and increased vein like structures are present on the wing (yellow arrow head).
Marf downregulation in Egfr°N rescues the loss of veins and in EGFR overexpression
increased vein phenotype is not rescued (B). Downregulation of fission in Egfr° worsens
the phenotype and causes wing crumpling. It also does not alter EGFR overexpression
phenotype. drp1 overexpression rescues the Egfi°N vein loss (C).

Scale bar: 100mm

This hints at a state of equilibrium of EGF signaling which needs to be readjusted in

fragmented mitochondria scenario. However further experiments are required to prove

the same.

In order to analyze this more whether the interaction between mitochondria and

EGF is solely because of morphology or metabolism as well, we also combined energy

mutant proteins and EGF. pdsw' modified the UAS-Egfr gain of vein phenotype and the

wing blade curled up (Table 6.3). Hence it is possible that fragmented mitochondria,

with abrogated ETC can compensate loss of EGFR in the wing. However, this requires

analysis of mitochondrial morphology on pdsw depletion in the Drosophila wing. cova' in

Egfr°N background was mostly lethal and only a few flies emerged. cova downregulation

in UAS-Egfr background however was 100% lethal at pupal stage. Here again EGFR

loss is able to compensate for ETC defect. Hence mitochondrial morphology and

function are closely interlinked with the EGF mediated signaling during Drosophila wing

development.
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Genotype | Phenotype | %age defect
{(Number of
flies)

UAS-Egfr + drpti Veins 100%, 75
increased

UAS-dmp1 Veins 100%, 10

increased

marf Veins 100%, 116

increased

UAS-marf | Veins 100%, 40

increased,
Wing curly

marf(MG) ND ND

opa Pupal lethal | 100%

OpaMG&) Veins 100%, 73

increased

pdswi Veins 100%, 62

increased,
Wing
curled
UAS-Egfro¥ + drpTi Wing 64%, 94
crumpled
UAS-dmp1 Rescue; 34%, 60
Vein 3
and 4t
absent
marf Rescue; 19.4%, 121
Vein 3
and 4
absent

UAS-marf | Wing 91%, 75

crumpled

marfMG) Wing 100%, 89

crumpled

opa Wing 100%, 70

crumpled

opa' ) Wing 22%, 122

crumpled

pdsw ND ND

Table 6.3. Epistatic
relationship between
mitochondria proteins and
EGFR in the wing.
Manipulation of
mitochondrial proteins in
the background of EGFR
overexpression shows the

above phenotypes.
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6.3.4 Downregulation of mitochondrial fusion proteins in spatial domains different

from ms1096-Gal4 also result in larval/pupal lethality

Specific Gal4s were used to try and pinpoint the exact region and stage at which
mitochondrial architecture plays a crucial role. armadillo-Gal4 which expresses
specifically in the region of wingless expression was used with opal™©) and opa' lines.
Here as well opa' gave pupal lethality; opa'™®) however gave crumpled wings in only
20% (n=100, N=2) of the flies in contrast to 66% with ms71096-Gal4. 69b-Gal4 which
expresses early in the notum had very thin larvae with opa' and the wing disc was
completely absent in the larvae. sal-Gal4 is expressed in specifically in the L3 L4 vein
region. sal-Gal4 expressing opa' had huge larvae with abnormally shaped wing discs.

Hence the loss of fusion proteins manifests in various ways depending on the
zone of inactivation and the stage of wing development. This hints at variable interaction
with other signaling molecules. It again points to differential requirement of

mitochondrial shape and energy during development.

6.4 Discussion

EGFR pathway is known to be upstream of mitochondrial morphology in the FC system
(Mitra et. al, 2012). It is also known that ERK phosphorylates Drp1 at S616 to activate
the fission protein in cell lines (Kashatus et. al., 2015). We also see a crosstalk between
mitochondria and ERK as discussed in chapter 4. We wanted to see if a similar
relationship holds true in Drosophila wing as well. These results suggest a feedback
loop from the mitochondria to the EGFR signaling pathway. This again strengthens the
hypothesis that signaling pathways integrate the signals from a number of organelles in
order to process their function. This feedback loop can be because of regulation of ATP
generation by mitochondria as mitochondrial shape dictates its energy output.

It has been shown earlier that Mfn1 down regulation using engrailed-Gal4
(posterior compartment) shows higher Caspase immunostaining (Thomenius et. al.,
2011). This indicates how opa and marf downregulation can lead to blistered and

crumpled wings. EGFR represses apoptosis mediator Hid in eye imaginal disc via Ras
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(Bergmann et al. 1998). Is it via Hid that EGFR is able to rescue flies mutant for fusion
proteins? Blistered wing can also be a result of improper unfolding during pupal eclosion
(Lee et al. 2003). It has been postulated that overexpression of Ras leads to cell cycle
arrest at G1 phase, and triggers apoptosis (Sotillos and Campuzano 2000). Rescue of
opa and marf™®) |ethality can also be because of expression of ms7096-Gal4 early and
late. Early downregulation of Opa and Marf can be responsible for larval death while
EGFR is able to rescue this, cell death later is not rescued as apoptotic factors are

active. This is evident by the phenotypes with specific Gal4s such as sal and vg-Gal4.

A
Wild
type

Figure 6.4. EGFR mediated
wing growth and vein
formation is dependent on

mitochondrial

fragmentation. EGFR

EGFR 1> Ras/ERK—

pathway is activated in the

Drosophila wing, facilitating

Wym appropriate wing cell

proliferation and

differentiation. In case of loss

i of EGFR, increase in
.
,/ mitochondrial fission rescues
7
/ the decreased vein formation.
Fd
s
¥
Wing growth

Vein specification

There are not many studies which explain the role of mitochondrial energy and
shape during wing formation. Mutants of Enigma, a mitochondrial protein involved in
lipid homeostasis have small wing imaginal discs (Mourikis et al. 2006). ROS and EGFR
connection is fairly well understood, In cardiac fibroblast cells, ROS inhibits SHP2 by
catalytic oxidation to activate EGFR (Chen et al. 2006). Drosophila hemocytes on
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encountering challenge activate EGFR pathway via ROS. ROS activates the ligand
Spitz via Rho1, hence it is an indirect activation of the pathway (Sinenko et. al., 2012).
Tyrosine phosphorylation of EGF receptor is a direct method by which ROS interacts
with the pathway. This activation however, requires very high levels of ROS to counter
the activity of phosphatases. ROS can also oxidize the phosphatase to inactivate them
(Bae et al. 1997). Net result of ROS induced EGFR activation is MAPK mediated
cellular proliferation (Schieber and Chandel 2014). Hydrogen peroxide has been shown
to activate ERK2 within 10 min followed by its inactivation (Guyton et al. 1996). They, as
well as others, suggest interaction at the transcriptional level (Allen and Tresini 2000).
As mentioned earlier pdsw' has been shown to increase ROS in wing epithelium
(Owusu-Ansah et. al, 2008), However, if the same is true for the wing as well is not
known. A study shows that ROS is required for wing regeneration after tissue damage
in order to illicit JNK pathway (Ruiz et al. 2015). pdsw alone interestingly gives a curling
wing phenotype. The curly balancer has been found to encode for dual oxidase, a ROS
generating enzyme (Hurd et al. 2015). Duox defective fly wings curl because the
cuticles do not adhere properly. Mutant for Duox in the posterior compartment reduces
ROS content as well as increase apoptotic cell population as seen by Caspase
immunostaining (Anh et al. 2011). Also there is huge diversity in the manner and
intensity of ROS interaction with the EGFR pathway and its components. Our results in
pdsw' and sod' warrant a thorough study of stage wise interaction of ROS with EGF
signaling in Drosophila wing. In addition to complex | and IV, we depleted a number of
ETC proteins and metabolism related proteins in the wing as part of a screen to identify
if wing development is dependent on mitochondria related genes (Appendix A3).
A lot of defects that we see appear to be a limitation at the unfolding stage of the wing.
duox is active during the same phase as it allows the dorsal and ventricular surfaces to
adhere (Hurd et. al., 2015). It is possible that the phenotypes that we see are because
of increased ROS in the system.

We were not able to dissect and image to show mitochondrial morphology in the
wing disc as the cells are much smaller in size. It would be interesting to observe that to
completely understand the phenotypes. Hence we were able to show a genetic

interaction between EGFR and mitochondrial morphology in wings as well, similar to the
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ovary. Our experiments suggest that fragmented mitochondria are required downstream

of EGFR and fused mitochondria lead to abrogation of pathway function (Figure 6.4A).
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7 THESIS SUMMARY AND FUTURE DIRECTIONS

The textbook diagrams of the organelle mitochondria are known to be limited for the last
80 years or so as dynamic nature of the mitochondria was discovered. The simple
representation of an isolated double membrane bound mitochondria has been replaced
by a complex dynamic tubular network. The field has been able to establish the key
players involved in the dynamics of the network, diseases arising due to defects in the
dynamics and their regulation. What is relatively unknown, is functional significance of
the architecture itself and the impact it has on organism’s development and function.
How does the shape change fit into the general scheme of patterning by developmental
pathways? Studies till now have proved that there is a lot of variation in the shapes
across species, cell types and cell status and alteration in these affects the cellular
development (Bourges et al. 2004; Zick et al. 2009). Is the architecture only a

manifestation of the ATP output or it has independent tasks as well.

A number of studies in the field are attempting to unravel the significance of
mitochondrial architecture in using cell lines as well as model organisms (Quintero et al.
2006; Mitra et al. 2012). More and more people believe that mitochondria have an
instructional rather than a supporting role in an organism’s development (Mcbride and
Neuspiel 2006; Soubannier and McBride 2009; Aon and Camara 2015; Chandel 2015).
Role of mitochondria in signaling also adds a new dimension to developmental and

disease scenarios.

7.1 drp1XC€ cells have high mitochondrial membrane potential, increased ROS and
pAMPK

We characterized and quantified the outcome of mitochondrial fission defect in PFCs.
The fused mitochondria in the drp7%¢ mutant have high mitochondrial membrane
potential as expected however the cells have elevated ROS and pAMPK stress. drp7KC
cells lack apical polarity marker and aberrantly arrange in multiple layers characteristic
of loss of polarity in the FC population. drp7C cells have increased Cyclins B and E,
and slower mitoses resulting in fewer cell number than FRT 40A controls. Fused
mitochondria have been shown to be better energy factories in a number of cell types
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(Westermann 2010; Wai and Langer 2016). However here we find that high
mitochondrial membrane potential does not necessarily result in a healthier cell.

Mitochondrial shape and ATP output are dependent on cellular functions.

7.2 Increased Ras/dpERK in drp7X® mutant FCs result in decreased proliferation

and aberrant tissue organisation

EGFR signal is activated in PFCs via the ligand Gurken released by the germline cells.
We checked for downstream effectors of EGFR pathway Ras and dpERK and found
them to be augmented in drp7XC cells. dpERK was mostly nuclear in the control but was
restricted to the cytoplasm in the drp7X® mutant. Probably as a result of inadequate
dpERK in the nucleus, oocyte remains in the central position in the chamber containing
drp1%¢ mutant clone. Hence we find that dpERK has differential targets in FC cytoplasm
versus nucleus. Increased cytoplasmic versus nuclear ERK localization was earlier
shown during Drosophila wing vein specification (Marenda et al. 2006). An experiment
to pull down cytoplasmic and mitochondrial targets of ERK in FCs will shed more light
on the protein’s function. Downregulation of Ras/ERK in the drp7%¢ mutant background
rescued the cell number and multilayering. This result in combination with the dpERK
cytoplasmic localization tells us that EGFR via Ras/ERK maintains cell cycle and

polarity in the FCs.
7.3 ERK regulates Notch via mitochondrial membrane potential in PFCs

Ras/ERK downregulation in drp7XC cells rescues the mitochondrial architecture as well
elevated mitochondrial membrane potential. Dependence of mitochondrial architecture
on EGFR/ERK was known however the control on mitochondrial membrane potential
was novel in this tissue. How do EGFR/ERK exert control on mitochondrial membrane
potential? Is it is a direct result of slight changes in morphology oris it ETC
manipulation. drp 7K cells were known to be Notch negative hence did not enter
endocycle. We found that increased Ras/ERK lead to Notch defect as ras'/erk' in drp1KC
background rescued the Notch markers. In order to further address if the rescue was
result of EGF mediated salvage of mitochondrial membrane potential defect we lowered
ETC complex |, pdsw' in drp1XC cells and were able to partially rescue endocycling.
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Most importantly, we found that the stage 5 chambers in FCCP treated wild type
ovariole expressed Notch. Hence mitochondrial membrane potential can be a switch for
the Notch mediated endocycling in Drosophila FCs. This paves the way for intriguing
questions such as how does mitochondrial membrane potential activate Notch, what is
the sensitivity of this switch, if the switch is universal or confined to a cell type etc.
Mitochondrial morphology mutants are most studied in neuronal disorders, where both
EGFR and Notch signaling play crucial roles. Most of these diseases are studied from
the lack of energy perspective. However, the status of cell growth and differentiation

pathways can also be checked in them.

It is intriguing to note that lowering the of ETC complex | protein Pdsw, which
maintains the FCs in a low mitochondrial membrane potential scenario from stem cell
stage, does not bring about early activation of Hnt as FCCP does. This indicates that
the cells respond to a spike in mitochondrial membrane potential at stage 5 when the
raw materials for Notch activation are ready. This can also mean that cells maintained
continuously in a state of low mitochondrial membrane potential are acclimatised to it
during development or pdsw' is not able to lower the mitochondrial membrane

sufficiently.

The study was able to show that perhaps a similar relationship between EGFR
and mitochondria holds true for other Drosophila tissues as well. In two different
epithelial cell types (FCs and wing cells) EGFR pathway prefers fragmented
mitochondria for proper functioning of cell. EGFR loss was rescued by overexpressing
drp1 or depleting marf. Further characterization of the rescue is required through

immunostaining for cell cycle markers and EGF pathway proteins in the wing.

Drosophila embryo acquires its mitochondrial pool from the oocyte and nurse
cells. Photoactivated mitochondria did not travel within the nurse cell and the oocyte
cytoplasm indicating that mitochondria are small and distinct in the germline cells. The
oocyte obtains metabolites from nurse cells; which can explain why their mitochondria
can be small and isolated as they have to be relatively inactive in terms of ATP
synthesis. However as this oocyte matures to form an embryo, its mitochondrial content
is activated and it is now a primary source of ATP as we have seen with the help of ETC
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inhibition experiments. Experiments in the jelly fish, Aurelia aurita have shown that
oocyte mitochondria are less active than sperm mitochondria in order to prevent
accumulation of mutations and ROS. Thus not impacting mitochondrial DNA replication
fidelity and providing more accurate genetic templates for the next generation (Paula et
al. 2013). Another study shows the progressive decrease in mitochondrial ETC content
as the oocyte progresses towards stage 14 and subsequently these complexes reenter
the mitochondria in the embryo (Seiber et. al., 2016). It is possible that calcium waves
are responsible for the activation of mitochondria in Drosophila embryo as has been

shown for ascidian embryos (Cox and Spradling 2003).

Along with a role in proliferation alluded to by a number of studies, the work
attempts to characterize role of mitochondria during development. This piece of work
has added a new dimension to the EGFR-Notch interaction, by introducing mitochondria

as a key mediator.
7.4 Future perspectives

This thesis hopes to contribute the mechanism of interaction between signalling
molecules and mitochondrial shape to the field of mitochondrial biology. It is interesting
to ask if these interactions hold true for other species as well and when during the
course of evolution they first arose. Mitochondrial morphology regulating proteins are
pretty well conserved from yeast to humans. So are their interactors also conserved or
they were tailored to fit each organism’s development cycle? The interactions would
have become more complex in multicellular versus unicellular eukaryotes. Did
mitochondrial role in cell fate arise with multicellularity is another fascinating question.
An evolution based study can tell us the point at which mitochondria switched from
being an ATP producing endosymbiont to a signaling regulator in the cell.
Mitochondrial architecture and function are intimately coordinated with the ER.
Their interactions impact calcium signaling, mitochondria fission-fusion and stress
pathways such as UPR pathway (Marchi et al. 2014). It will be exciting to look at the
impact on ER network in Drosophila tissues during development and Mito-ER
interaction can be studied to understand the contribution of stress to the drp 7€¢ mutant

phenotypes.
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Drp1 is the only mitochondrial fission protein understood well till date. Dynamin2
has recently been shown to participate in the final scission step along with Drp1 (Lee et
al. 2016a). A lot of adaptor proteins such as Mdv, Caf, Fis1 are known (Shaw and
Nunnari 2002; Okamoto and Shaw 2005). It is possible that other unknown players are
involved in mitochondrial fission. Drosophila wing can be used as an assay to identify
such players alone and in the EGFRDN background. The screen can quickly help
identify any modifiers of the missing vein defect of EGFRDN.

To summarize, mitochondria is an upcoming signaling modulator in the cell
during development. A better understanding of this organelle with diverse functions can
aid cancer, growth related diseases and unravel new knowledge about this

endosymbiont in the field.

139



8 APPENDICES

Appendix A1
Differential impact of Superoxide dismutase manipulation on Drosophila follicle

cell development

A.1.1 SOD overexpression results in increased Cyclin E levels in the posterior
FCs

Mitochondrial fission mutant cells have high ROS (chapter 3, section 3.3.3). However
Ras/ERK increase was not responsible for the spike in oxidants in the mutant cells. In
order to gauge role of ROS, we overexpressed and downregulated superoxide
dismutase (SOD) using the MARCM strategy. SOD is the enzyme responsible for
quenching superoxide ions from the cell. In sod overexpression we did not find
appreciable change in mitochondrial arrangement in GFP positive cells compared to the
background control cells (Figure A1.1A). Misfolded SOD is known to enter mitochondria
and lead to increased fusion (Vande Velde et al. 2011). However we were not able to
test if the mitochondria were indeed more continuous in SOD overexpression clones.
We checked for mitochondrial membrane potential using CMXRos and found that there
is no difference in the fluorescence (Figure A1.1B-C).

Notch markers, Hnt and Cut were similar to background control cells (Figure
A1.1D-E). However, cell cycle protein, Cyclin E was higher in SOD overexpression
clones (Figure A1.1F-G). The hike in Cyclin E levels was similar to drp7 mutant cells.
Cell cycle stalling is well known on alteration of ROS levels (Turley et al. 1997; Menon
et al. 2003). However in some cell lines SOD administration, lead to decrease in Cyclin
E and cell cycle halt (Liu and Liu 2013). In Jurkat cells, ROS increases during G1-S and
is decreased during M-G1 phase. Treating these cells with antioxidants halted the cell
cycle at late G1 and Cyclin E was high in them (Havens et al. 2006). We were puzzled
by the increased Cyclin E in SOD overexpression. In rat fibroblasts increased Cyclin E
correlates with increased ROS in resistance to doxorubicin (Sgambato et al. 2003),

however how one affects the other is not understood. Hence both increase and
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Figure A1.1. sod overexpression leads to cell cycle defects in PFCs. (A-C)
Mitochondria are not aberrant in pUASP-sod, mitochondrial architecture (A, grey, 0%
exhibit defective mitochondria, n=33, N=3) as well as membrane potential difference
across its inner membrane is intact and comparable to the neighboring cells (B,
pseudocolor where red is highest intensity and blue is the lowest intensity pixel) as
depicted by the ratio being close to 1 in pUASP-sod clones (C, n=13,9, N=2, two tailed
Mann-whitney test).

(D-E) Notch pathway markers are same as control cells (D-E, Hnt- 0% defect, n=8, N=2,
Cut, 0% defect, n=14, N=2).

(F-G) pUASP-sod clones have higher levels of Cyclin E than control cells (F, quantification
in (G) (n=7, 11, N=2, *, P<0.05, two tailed Mann-Whitney test).

(H-J) There is no multilayering (DNA; blue) and the clones have fewer cells than FRT 40A
clones (CD8GFP; green) (H). Cell number comparison in (1), shows statistically significant
lowering in cell number (n=10, 15, N=3, ***, P<0.001, two tailed Mann-Whitney test). (J)
Oocyte positioned in dorso-anterior in all the pUASP-sod clones (0% oocyte defect, n=33,
N=3).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and

75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside

10th and 90th percentiles. Numbers within the box represent number of data points (n).

Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10um. n=FC clones in independent ovarioles, N=Experimental replicates.

decrease in ROS seems to induce a cell cycle halting phenotype. When we checked the

clonal cell number, we found a decrease in PFC number (Figure A1.1H-I), however we

need to still check early stage clones. In addition, analysis of status of BrdU, Cyclin A

and B will also shed light on the stage of cell cycle the cells are in.

A.1.2 SOD depletion does not alter the mitochondria and FC growth and
development

We found that the ovarioles were largely unaffected in sod'. There was no defect in

tissue organisation. Mitochondrial morphology was identical to control clones (Figure

A1.2A), Mitochondrial membrane potential was also similar to controls (Figure A1.2B-
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C). Notch pathway markers, Hnt and Cut as well Cyclin E were same as the
neighbouring cells (Figure A1.2D-G). The number of cells in the clone however were
much smaller than control clones (Figure A1.2H-1). This can be a direct effect of
increase in ROS in the system and the cell division is slowed down. A more thorough
examination of other cell cycle markers as well as early clone cell number can shed light
on this observation. We found slight oocyte mislocalization as well (Figure A1.2J), which
was not present in UAS-sod overexpression (Figure A1.1J). It is not known if oocyte
positioning is dependent on ROS levels, it is possible that the microtubule network is
indirectly affected via LKB1 which is a target of ROS mediated activation in the cell
(Soares et al. 2014). A more direct control can be inactivation of ERK and subsequent
loss of oocyte movement (Droge 2002; Poulton and Deng 2007). Further analysis of
EGFR pathway components will be able to help in answering these questions. To
summarize, depletion and overexpression of sod alone gave mild phenotype of cell
number defect indicating availability of multiple alternate pathways in the Drosophila

ovary to compensate for sod alteration.
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Figure A1.2. sod depletion effects cell number and oocyte positioning in the
Drosophila ovaries. (A-C) Mitochondrial distribution and activity not effected in sod
knockdown. Mitochondria (grey) are dispersed (A, 0% defect, n=35, N=4) and the
mitochondrial membrane potential (pseudocolor, red is the highest intensity pixel and blue
represents lowest intensity pixels) is at the same level as control cells in sod' clones (B)
(CD8GFP; green). Quantification of mitochondrial membrane potential in (C).

(D-E) Notch transcription factor Hnt is present in sod clones as in control cells (D, 0%
defect, n=10, N=2). Similarly Cut is absent in clones as well as the control PFCs (E, 0%
defect, n=13, N=2).

(F-G) Cyclin E (red) is also similar to control cells in sod' clones (F, quantification in G, two
tailed Mann-Whitney test).

(H-1) There is no multilayering (H, 0%, n=35, N=4) however the clones are smaller and
PFCs number is less than FRT 40A clones (I, n=9, 11, N=3, **, two tailed Mann-Whitney
test). (J) Oocyte is in a central position in few sod' clones (20%, n=35, N=4).

Data is presented as box plots where horizontal bar represents mean, box limits 25th and
75th percentiles, whiskers 10th and 90th percentiles and dots are observations outside
10th and 90th percentiles. Numbers within the box represent number of data points (n).
Each data point in the box plot is an average from 5-30 cells. ns=not significant, Scale Bar:

10um. n=FC clones in independent ovarioles, N=Experimental replicates.
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Appendix A2

Generation and analysis of point mutants of morphology proteins

Drp1 is known to undergo a number of posttranslational modifications such as
phosphorylation and ubiquitination. In order to further study the ERK interactors on the
mitochondria, we looked for dpERK target sites in all the morphology proteins. We used
the prediction software GPS 2.0 (group prediction site). GPS uses computational
prediction on the basis of consensus sequence as well as known interactions. It
predicted the sites listed in Figure A2.1A. Out of the sites against Drp1, S193 had
probability high score and the site is also very well conserved across species (Figure
A2.1B). Similarly sites were predicted for Marf and we decided to mutate S37 because
of high phosphorylation score and conserved nature of the residue (Figure A2.1C-D). In
order to assess the importance and impact of ERK mediated phosphorylation of Drp1
and Marf, we made point mutations in the sequence.

We ordered specific primers against Drp1 with mutation at 193rd Serine to
mutate it to Aspartate or Glycine i.e phosphomimetic and phosphodeficient respectively.
The primers contained flanking sequences for restriction enzymes. We used these
primers to extract the sequence from the vector pOTB7. On obtaining the desired PCR
product we treated it with Dpn1 to get rid of the methylated strand. We further used this
reaction product to transform DH5a cells. Colonies obtained on transformation were
sent for sequencing to allow correct identification of point mutation. Correct sequences
with the point mutation were further cloned into the pUASP vector and sent for injections
to fly facility in NCBS. The lines we obtained are listed in Table A2.1.
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Position Code Kinase Peptide Score Cutoff
578 T CMGC/MAPK NHVAENSTPSMASTW 3.96 3.757
615 S CMGC/MAPK PVHNNIVSPVKPVNL 3.887 3.757
536 S CMGC/MAPK/ERK NTPRNHMSPQISSHS 5.91 5.91
578 T CMGC/MAPK/ERK NHVAENSTPSMASTW 5.958 5.91
578 T CMGC/MAPK/ERK/MAPK 1 NHVAENSTPSMASTW 7.096 6.557
530 T CMGC/MAPK/ERK/MAPK 3 LGQRRANTPRNHMSP 7.828 7.747
578 T CMGC/MAPK/ERK/MAPK3 NHVAENSTPSMASTW 7.885 7.747
536 S CMGC/MAPK/ERK/MAPK?7 NTPRNHMSPQISSHS 4.5 3214
559 S CMGC/MAPK/ERK/MAPK7 QQPPQPNSSQQQYSQ 3.571 3.214
578 T CMGC/MAPK/ERK/MAPK7 NHVAENSTPSMASTW 3.286 3214
599 S CMGC/MAPK/ERK/MAPK7 PAPTRPDSIENSTNN 3.429 3.214
615 S CMGC/MAPK/ERK/MAPK7 PVHNNIVSPVKPVNL 3.286 3214
FBpp0077424 ENPNSIILAVTAANTDMATISEALKLAKDVDPDGRRTLAVVTKLDLMDAGTDAIDILCGRV
sp |099429 |DNM1 L_HUMAN SNPNSIILAVTAANTDMATSIEALKISREVDPDGRRTLAVITKLDLMDAGTDAMDVLMGRV
sp | Q8K1M6 | DNM1L_MOUSE SNPNSIILAVTAANTDMATSIEALKISREVDPDGRRTLAVITKLDLMDAGTDAMDVLMGRV
. 3 3k 3 o 3 3k 3k ok ok ok %k ok e ok ok ok ok ok ok Kok 1o ok ok %k ok ok %k ok Xk k ok :************ 2l *: * kkk
Position Code Kinase Peptide Score Cutoff
626 T CMGC/MAPK/ERK SIGHSVSTPTTTPVE 6.359 591
630 i CMGC/MAPK/ERK SVSTPTTTPVEATPV 6.293 5.91
38 S CMGC/MAPK/ERK/MAPK 1 VDKSGPGSPLSRFNS 10.73 6.557
71 S CMGC/MAPK/ERK/MAPK 1 LYQSNDKSPLQIFVR 6.896 6.557
626 ) CMGC/MAPK/ERK/MAPK 1 SIGHSVSTPTTTPVE 6.765 6.557
630 T CMGC/MAPK/ERK/MAPK 1 SVSTPTTTPVEATPV 7.687 6.557
38 S CMGC/MAPK/ERK/MAPK 3 VDKSGPGSPLSRFNS 10.126 7.747
626 i CMGC/MAPK/ERK/MAPK3 SIGHSVSTPTTTPVE 8.391 7.747
630 T CMGC/MAPK/ERK/MAPK3 SVSTPTTTPVEATPV 9.253 7.747
635 T CMGC/MAPK/ERK/MAPK3 TTTPVEATPVCLLPA 8.736 7.747
38 S CMGC/MAPK/ERK/MAPK7 VDKSGPGSPLSRFNS 3.286 3.214
41 S CMGC/MAPK/ERK/MAPK7 SGPGSPLSRFNSSLQ 3.786 3.214
630 1 CMGC/MAPK/ERK/MAPK7 SVSTPTTTPVEATPV 4.786 3.214
FBpp0©89222

sp|095140 | MFN2_HUMAN
sp| Q80U63 | MFN2_MOUSE

NKRHMAEV

PLKHFVTAKKKINGIFEQLGAYIQESATFLEDTYRNAELDPVTTEEQVL

ESRLYQSNHPLQIFVRAKKKINDIYGEIEEYVI-IETTTF INALHAEAEIVDKA---ERE

DKRHMAEV!
. X

: **'

PLKHFVTAKKKINGIFEQLGAVIQESASFLEDTHRNTELDPVTTEEQVL
KK KRKKKR Ko . Keokeos .
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Figure A2.1. Putative ERK phosphorylation target sites on Drp1 and Marf. (A-B) GPS
software predicted the given list of serine and threonine residues as targets for
phosphorylation by ERK (A). Out of the list, S193 (red box in (A)) was found to conserved
in mouse and humans as well (red marks the residue of interest) (B). (C-D) Predicted sites
on Marf for phosphorylation by ERK and S38 has the highest probability (A). S38 was also
conserved across species (B).

Phosphorylation site prediction: GPS2.0. Sequence alignment: ClustalW

We next tested the lines by crossing them to Gal4s in three different tissues,
nanos-Gal4 to look for expression in early embryo, e22c-Gal4 and gr1-Gal4 to check for
phenotype in the ovaries and ms1096-Gal4 for the wing. We tested for lethality with
nanos-Gal4 to compare severity of the lines (Method followed for checking lethality in
Chapter 3, Section). We took a 3 hour embryo collection and the number of dead
embryos compared to control were counted after 24 and 48 hour (Table A2.1).

e22c-Gal4 lead to larval lethality and no F1 was obtained suggesting e22c
expresses in the larval stages as well when ovaries are formed. We did not get any
striking change in mitochondrial morphology with the gr7-Gal4 which expresses in the
PFCs and AFCs stage 7 onwards (Figure A2.2A-B). All in all we did not find ovary
specific Galds useful. In the wing we used ms1096-Gal4 which expresses in dorsal
pouch. Out of the lines, UAS-drp7°P (Line1) showed crumpling of wings (100%, n=57,
N=2). UAS- drp1S€ (Line4) exhibited slight wing defects (50%, n=40, N=2) (Figure
A2.3A-B). This analysis helped us in selecting the strongest knockdown lines. Currently
we are combining the strongest lines for both the phosphomimetic and phosphodeficient
lines with FRT in order to generate clones and check for effect on EGFR and dpERK

localization.

148



It has been shown that ERK phosphorylates drp1 at S616 in xenografts and this

phosphorylation is important for Ras mediated increase in proliferation. S193 which we

choose for the mutation lies in the GTPase domain. The mutation shows differential

phenotypes using different Gal4s suggestive of the differential requirement of this

residue. Expression of pUASP-drp75€in the Drosophila embryo gave extremely fused

mitochondrial network during cellularization (Figure A2.4A-B, data contributed by Sayali

Chowdhary). Mitochondria in neuroblast population of third instar larvae also become

A

Genotype % Lethality with
nanos-Gal4, n=300, N=3
for each

Phosphomimetic pUASpdmp 18D | 84%
Overexpression Line1/SM6a

pUASpdp 1P | 20%

Line2/SM6a

pUASpdrp1SP | 50%

Line3/SM6Ga

pUASpdmp 1Sl | 57%

Line4/SM6a

Phosphodeficient pUASpdmp15C¢ | 67%
overexpression Line1/SM6a

pUASpdrp 1€ | 46%

Line2/TM6Tb

pUASpdmp1S¢ | 55%

Line3/SM6a

pUASpdrp?S¢ | ND

Line4/FM7a

Wildtype Drp1 pUASpdrp1 2%
overexpression Line1/SM6a

pUASpdrp1 3%

Line2/FM7a

pUASpdrp1 6%

Line3/TM3Sb

pUASpdrp1 1%

Line4/SM6a

pUASpdrp1 8%

Line5/SM6a
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Table A2.1. High embryonic lethality in nanos-Gal4 driven drp7 point mutants. The
table summarizes the lethality statistics for all the transgenic lines for overexpression of
phosphomimetic, phosphodeficient and wild type drp7 fly lines. Both phosphomimetic and
phosphodeficient lines are lethal to varying degrees. Most severe lines in case of point
mutants and least severe in case of wild type drp? were chosen out of these (marked by

red box) for further experiments.

fused in pUASP-drp1S€ driven by worniu-Gal4 (Figure A2.4B-C, data contributed by
Dnyanesh Dubal). The degree of fusion differed in both the cell types (compare figure
A2.4B to A2.4D). This offered us a nice gradation in the phenotype of pUASP-drp7SCin
four different systems in Drosophila, namely ovaries where there was no defect,
neuroblast, which have mild fusion and embryo has completely aggregated network and
wing where cells are probably dying. These results point towards tissue specific
importance of the residue. It is intriguing to ask if ERK interaction differs in the tissues
on account of this amino acid and this is the next experiment in line. We also tried to
mutate Marf target sites. JNK is known to phosphorylate Mfn2 (Human homologue of
Marf) at S27 (S37 in Drosophila) (Leboucher et. al., 2012). We do not have any positive
hits till now for both phospohomimetic and deficient. It will be interesting to perturb the
role of these specific sites in mitochondrial morphology as well as EGFR pathway.
These mutations will also give an insight into tissue and cell specific interaction of

EGFR pathway with mitochondrial morphology proteins.

A B C
pUASP-drp1;gr1 pUASP-drp152;gr1 PUASP-drp15%;gr1

0% 0%
Mito Mito
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Figure A2.2. Point mutations of drp7 does not alter mitochondrial morphology in the
FCs. (A) Mitochondrial morphology (red) is dispersed in pUASP-drp75P similar to control
cells (0% show defect in mitochondrial morphology, n=17, N=3). (B) Mitochondria are
similar to control cells in pUASP-drp75C¢ as well (0% show defect in mitochondrial
morphology, n=20, N=3) (B).

Scale bar: 10um. n= number of independent ovarioles. N= Experimental replicates.

A B

ms1096;pUASP-drp 1P ms1096;pUASP-drp 15¢

¥
2,

Figure A2.3. Wing morphology is severely compromised in phosphomimetic and
phosphodeficient forms of drp1. (A) pUASP-drp 75P wing is crumpled in 100% F1
progeny and the number of F1 is also less (100% have wing defect, n=32, N=2) (A).
Phosphodeficient pUASP-drp 75€ also exhibit crumpling of wing in F1 (50% have wing
defect, n=46, N=2) (B).

Scale bar: 1Tmm.
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UAS-drp1s0 wor Gal4; +

wor Gal4;

Figure A2.4. drp1 point mutant cells
exhibit aggregated mitochondrial
morphology in Drosophila embryo and
neuroblasts. (A) Mitochondria (red)
network in neuroblasts (CD8GFP, green)
(marked by yellow dashed outline) and the
glia cells (marked by white dashed outline)
is more aggregated in drp75P in comparison

to the Gal4 control cells. (B) Drosophila

embryo in cellularization has sparse small

drp15€; mitochondria (green, DNA; blue, actin; red)
WT hanos-Gald

-

in wild type and dense network in the

drp15¢ mutant.

Scale Bar: 5 ym.
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Appendix A3

Screen to identify mitochondrial proteins essential for adult Drosophila wing

development

In order to establish if the mitochondrial perturbations independently are capable of
altering wing vein morphology, we devised a simple adult wing screen. We crossed
RNAI lines against various mitochondrial proteins with the dorsal wing Gal4, ms1096
and scored the F1 for defects in adult wing. The screen was carried out at 29°C. The
lines lethal at 29° were repeated at 25°C as well. The table (Table A3.1) below presents
the result for the screen followed by a brief discussion on key results which were

obtained from it.

Dorsal compartment seems to be most sensitive to alteration in mitochondrial
ETC components. Complex V depletion had the most severe impact and most of the
RNAI lines were lethal. We were not able to test a number of lines from complex Il, lll
and IV however because their unavailability or the lines did not survive. These results
indicate the usage of ETC in the wing pouch. Results for primary morphology regulating
proteins are discussed in Chapter 6, and loss of fusion proteins leads to lethality at
pupal stage or absence of properly formed wings. We found that the most of the
cofactors such as Zucchini and MitoPLD did not transfigure the adult wing. Zucchini, fly
homologue of MitoPLD, a transmembrane protein is involved in generating signaling
molecule Phosphatidic acid. Lipids have been shown to play significant role in
mitochondrial manipulation and signaling (Ha and Frohman 2014). There are reports
suggesting role of zucchini in regulation of mitochondrial fusion in Drosophila as well as
mammalian cells (Choi et al. 2006; Muliyil et al. 2011). However downregulation of
MitoPLD did not show any phenotypic change in the adult wing blade. Only Miro,
involved in mitochondrial transport (Frederick et al. 2004) was found to display wing
curling phenotype indicating an alteration in cell number. In H9c2 cells, Miro depletion

lead to fragmented, condensed mitochondria (Saotome et al. 2008). Visualization of
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mitochondria in wing disc in Miro mutant can further shed light on the genesis of wing

curling phenotype.

Protein %age %age
(Stock defect defect Nature of defect Comment
number) (males);n | (females);n

Cyt B5 Valium

o 0 .
20 (53950) | 072 0%,44 | wing crumpled

Nox Valium

0, (o) f . .
22 (38906) 100%,59 100%,57 wing curly few flies dead on media

Nox Valium

22 (38921) 0%, 50 0%,46

Nox Valium

9 0
20(32433) | 0786 | 0%124

Nox Valium

20 (32902) 0%,47 0%,45

NDUFAS
Valium 22 ND ND
(50577)

NDUFAS8
Valium 10 0%,50 0%,40
(42487)

I(3) neo 18
Valium 22 0%,50 0%,49
(43278)

CG15434
Valium 20 72%,18 15%,26 wing crumpled
(52913)

CG8680
Valium 20 0%,35 0%,32 few flies dead while eclosing
(51860)

CG8680
Valium 10 0%,84 0%,83
(28576)

CG12203
Valium 20 No flies 100%,6 wing crumpled
(53325)

flies dead while eclosing, dead
pupae

CG5703
Valium 20
(51855)

Pupal

lethal Pupal lethal

CG3214
Valium 20 0%,82 0%,80
(36695)

CG12079
Valium 20 0%,66 0%,80
(51425)
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CG12079
Valium 20
(44535)

0%,50

0%,46

CG5548
Valium10
(30511)

47%,48

69%,53

wing curly

CG6020
Valium 20
(52922)

0%,50

0%,42

CG1970
Valium 10
(28573)

0%,59

0%,57

CG9140
Valium 20
(52939)

No flies

100%,15

wing crumpled

few flies dead while eclosing, males
probably dead at larval stage as not
a lot of pupae

CG9140
Valium 20

0%,57

0%,72

i36701 i

Scsalpha
Valium 20
(51807)

No flies

No flies

larval lethal

SdhC Valium
20 (53281)

0%,50

0%,43

CG7580
Valium 20

Pupal
lethal

Pupal lethal

i51357i

Surf1 Valium
20 (51783)

ND

ND

CG3803
Valium 20
(35731)

0%,50

0%,41

CG3803
Valium 20

100%, 25

100%,20

wing crumpled,
extra bristles

‘42948 ‘

blw Valium 10
(28059)

Pupal
lethal

Pupal lethal

CG1746
Valium 22
(35464)

0%,50

0%,40

ATP
Synthase B
Valium 10
(28062)

Pupal
lethal

Pupal lethal
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ATP
Synthase
Beta Valium
10 (27712)

Pupal
lethal

Pupal lethal

ATP
Synthase
Beta Valium
10 (28056)

Pupal
lethal

Pupal lethal

ATP
Synthase Cf6
Valium 20
(51714)

0%,47

0%,38

ATP
Synthase D
Valium 20

(33740)

0%,111

0%,122

ATP
Synthase
gamma
Valium 22
50543

Phospholipas
e D Valium
(32839)

No flies

0%,4

wing curly

0%,77

0%,86

Zucchini
Valium 22
(35228)

0%,48

0%,45

Zucchini
Valium 20
(36742)

PMI Valium
20 (34892)

0%,57

0%,77

Miro Valium
22 (43973)

100%,28

100%,30

wing curly

Miro Valium
10 (27695

Pkc 53E
Valium 20
(34716)

0%,76

0%,75

0%,44

0%,67

Pkc 98E
Valium 22
(34275)

0%,30

0%.,40

CamKiI|
Valium 22
(35330)

0%,54

0%,79
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CamKI Valium o o
22 (35362) 0%,66 0%,44
Camta Valium 0 0
21 (35683) 0%,45 0%,49
Camta Valium o o
20 (40849) 0%,69 0%,74
Cam Valium o o inward bent few flies dead while eclosing,
20 (34609) 128 e wings animals exhibit inability to fly
Trpm Valium o o
22 (35581) 0%,27 0%,27
Trpy Valium
20 (53313) 0%,59 0%,44
TrpA1 Valium
20 (36780) ND ND
Trpml Valium o o
20 (44098 0%,78 0%,82
Pupal
lethal Pupal lethal
0%,54 0%,46 few flies dead while eclosing
0%,104 0%,129
0%,92 0%,80
100%,20 100%,25 wing crumpled few flies dead while eclosing
0%,61 0%,89
100%,40 100%,57 wing curly
0%,47 0%,60
20%, 54 0%,46 wing crumpled
0%,45 0%,55
Larval
lethal Larval lethal
0%,44 0%,46
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0%,35 0%,49
0%,71 0%,81 few flies dead while eclosing
64%,42 47%.,47 wing curly
0%,57 0%,76
Trancription
Tfam 26744 o o .
Val10 15%,44 0%,40 wing curly

Table A3.1. Table summerising effect of depletion of mitochondria and metabolism related

proteins in the wing dorsal pouch.

Manipulation of calcium signaling machinery in Drosophila wing has been shown
earlier with apterous-Gal4. Knockdown of CamKIl causes increased nuclear
fragmentation, CamKI depletion causes defects in scutellar structure (Balaji et al. 2017).
ms1096-Gal4 did not show any morphological defect in the wing with calcium machinery
knockdown. Trp channel protein depletion had few F1 flies, hinting at lethality at an
early stage. Cam knockdown resulted in death during eclosion and inwardly bent wings.
apterous-Gal4 has a larger expression domain than ms7096-Gal4. This might explain
the difference in severity of the knockdown in our study and theirs. Immunostaining of
wing discs can reveal defects not visible at adult wing level. In addition, the intercellular
calcium waves (Restrepo and Basler 2016), are waves propagating in the anterio-
posterior direction in the wing disc. It will be interesting to observe these waves using
GCAMP, in mitochondrial mutants for ETC and shape regulating proteins.

Knockdown of mitochondrial SOD, SOD2 was lethal at pupal stage and another
transgene of SOD2 gave fewer F1 flies. Severe wing crumpling and curling was seen
with depletion of other ROS quenchers as well. Role of ROS in wing regeneration via
JNK is well studied (Ruiz et al. 2015; Brock et al. 2017). Excess ROS can trigger
apoptotic cell death (Colin et al. 2015) resulting in wing crumpling and lethality. EGFR

overexpression in Drosophila eye and wing is suppressed by increase in ROS (Morey et
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al. 2001). Excess ROS can affect cell division in developing wing disc, thereby
decreasing the cell number and, subsequently wing curling. Phosphoglucomutase
(Pgm) contributes to glycogen synthesis by mutating position of phosphate in glucose
(Verrelli and Eanes 2001). In Drosophila notum, Pgm depletion caused loss of bristles
(Mummery-Widmer et al. 2009). This paper postulated role of Pgm in Notch mediated
lateral inhibition. Wing notching phenotype was not found, however, wing curling
indicating deregulation of cell number or shape was documented. Loss of any other
glucose or glycogen related protein did not alter adult wing morphology. Tfam is a
mitochondrial transcription factor, its loss in Drosophila and mice reduces mitochondrial
DNA (Larsson et al. 1998; Goto et al. 2001). Tfam safeguards against increase in ROS
(Matsuda et al. 2013), its depletion can mimic SOD downregulation, probably that's why
we observe the wing curling phenotype.

The preliminary results from the screen hence point towards ETC playing key
role in Drosophila wing development, probably due to its role in cell cycle regulation.
ROS levels are also crucial to the wing morphology due to their role in cell death
induction. The screen lines can be combined with EGFR overexpression and

knockdown to pick up interactors.
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