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Ayesha Riaz

Testing roles of Hereditary Spastic Paraplegia genes in axonal
endoplasmic reticulum modelling in Drosophila
Hereditary spastic paraplegias (HSPs) are neurodegenerative disorders characterized by
progressive lower limb spasticity due to axonal degeneration. Smooth endoplasmic
reticulum (ER) forms a longitudinal network within the axon; common mutations in HSP
affect proteins of the spastin, atlastin, REEP and reticulon (RTN) families, which possess
hydrophobic hairpin domains in the ER membrane to help confer curvature on tubular
ER. Drosophila mutants lacking members of RTN and REEP families exhibit partial ER
fragmentation in axons. Conversely, yeast mutants lacking all RTNs and REEPs lose
most tubular ER, which indicates involvement of other proteins in ER organization in
Drosophila.
I aimed to test whether additional HSP or functionally related genes might have
roles in the organization of axonal ER in Drosophila. I tested several candidate proteins
in a Rtnl1- ReepA- ReepB- background, which already has fewer axon ER tubules, and
identified Rab18 and Rab3GAP2 as possible additional smooth ER-modelling proteins. I
also characterized Arl6IP1, an ER-localized HSP protein, as a likely ER-modelling
protein. Loss of Arl6IP1 had no significant effect on ER distribution in motor axons in
wild-type or Rtnl1- ReepA- ReepB- backgrounds and showed no significant effect on ER
distribution in class IV multidendritic sensory neurons or tubular ER dynamics. However,
loss of Arl6IP1 caused an apparent increase in ER levels in presynaptic NMJs. Therefore,
Arl6IP1 might not be playing a direct role in shaping axonal ER in a manner similar to
other known ER-shaping proteins but may play a role in regulating levels of presynaptic
ER at the NMJs. I also tested effects of a null mutation in atlastin, an ER membrane
fusion GTPase, on axonal ER, and observed significantly higher ER labelling intensity
and impaired ER dynamics in its absence suggesting that loss of atlastin may lead to an
increase in ER tubules in axons accompanied by a loss in ER structural complexity. To
improve the toolbox for monitoring axonal ER, I also generated transgenic flies that
overexpress

a

smooth

ER

marker

tagged

with

a

photoconvertible

protein,

CG9186::mEos4b, as a potential tool for understanding the organisation of axonal ER,
using both photoconversion and correlative light and electron microscopy (CLEM) in
individual axons. Taken together, my work advances our understanding of how HSP
proteins may affect axon ER organisation and dynamics.
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Chapter 1: Introduction

The endoplasmic reticulum (ER) is the largest membrane-bound subcellular
organelle and consists of a continuous, membranous network. It plays many
diverse functions including protein folding, modification and trafficking, lipid
biosynthesis, calcium storage, signalling, carbohydrate metabolism and
detoxification (Lynes and Simmen, 2011). This diversity in function is echoed in
the heterogeneous structural organization of the ER.
The ER forms a continuous system of membranes that begins at the
nuclear envelope (NE), continues to form flat, sheet-like cisternae and spreads
out forming an interconnected network of tubules while making contact with
nearly every other organelle, reaching the cell periphery (Goyal and Blackstone,
2013) (Fig. 1.1A-B). Super-resolution microscopy techniques have revealed that
most regions of ER previously believed to be continuous ER sheets are in fact
densely packed ER tubules (Nixon-Abell et al., 2016) (Fig. 1.1C).

Figure 1.1. Structural organization of the ER.
A. A COS-7 cell expressing the ER membrane marker GFP-Sec61𝛽 reveals a
continuous membrane network comprised of the nuclear envelope, and peripheral ER
cisternae and tubules that share a common lumen (from Friedman and Voeltz, 2011).
B. Illustration of the different structural domains of ER in animal cells (from Goyal
and Blackstone, 2013).
C. COS-7 cell expressing Sec61𝛽 imaged by (i) wide-field SIM and (ii) 3D-SIM.
Structures that appear as peripheral ER sheets (arrowheads) by diffraction-limited
imaging (i) are resolved to be dense tubular matrices by super-resolution microscopy
(ii) (from Nixon-Abell et al., 2016).
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1.1

ER subdomains perform specialized functions dependent on their shapes

1.1.1

The nuclear envelope is continuous with the ER membrane

The NE forms a double-membrane barrier around the nucleus and mediates
selective transport of molecules across it through the numerous multimeric
nuclear pores. The NE consists of an inner nuclear membrane (INM) and an
outer nuclear membrane (ONM) (Wilson and Berk, 2010) and represents an ER
sheet-like domain with the INM and ONM separated by ~30-50 nm, often
coming in contact at the nuclear pores (Franke et al., 1981); the separation
between INM and ONM is maintained by the Linker of nucleoskeleton (LINC)
complex (Sosa et al., 2012) (Fig.1.2).
Proteins on the INM interact with the nuclear lamina, proteins associated
with the chromatin, and other nuclear proteins (Zuleger, Robson and Schirmer,
2011). The ONM is studded with ribosomes, is continuous with the ER, and even
shares many of the same proteins as the ER; these proteins do not move into the
INM (Hetzer, Walther and Mattaj, 2005; English and Voeltz, 2013). The ERshaping RTN and DP1/Yop1 proteins are required for nuclear pore formation
during early stages of nuclear pore assembly; these proteins are not required for
the fusion of the INM and ONM however, and might transiently stabilize
membrane curvature at the site of pore insertion (Dawson et al., 2009).

Figure 1.2. Nuclear envelope organisation.
The NE forms a double membrane barrier consisting of the INM and ONM with ER
sheet-like domains; the ONM is studded with ribosomes and is continuous with the
peripheral ER while maintaining a continuous lumen. i-ii. Enlargements of the boxed
areas in the left panel, showing the organization of the nuclear pore complex (i) and
LINC complex (ii). ER-shaping proteins are shown in green in (i) (modified from
Goyal and Blackstone, 2013).
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1.1.2

Peripheral ER: a combination of rough sheets and smooth tubules

Early microscopy studies found that ER sheets appeared to be “rough” as they
were peppered with densely labelled ribosomes, while ER tubules appeared to
be “smooth” due to the absence of ribosomes (Threadgold, 1976; Fawcett, 1981)
(Fig. 1.3A). The rough ER performs all functions related to protein synthesis:
biosynthesis of membrane and secretory proteins, protein folding and
modification. Functions associated with smooth ER include lipid biosynthesis,
lipid droplet formation, transport, detoxification, signalling and Ca2+
homeostasis; additionally, the smooth ER also includes transitional ER where
budding and fusion of vesicles take place, as well as membrane contact sites
where lipid exchange takes place (Shibata, Voeltz and Rapoport, 2006; Park and
Blackstone, 2010).

Figure 1.3. Distribution and organization of ER subdomains .
A.i-ii. Electron micrographs showing densely stained ribosome on rough ER sheets
(i) while ER tubules appear smooth due to the lack of ribosomes. iii-iv. Early
rendition of rough and flat ER sheets (iii) and smooth ER tubules (iv) based on
electron microscopy (EM) images (from Threadgold, 1976). B. Electron micrograph of
acinar cells of human pancreas. C. Leydig cell from intestinal tissue of opossum testes
(B-C from Fawcett, 1981).

Distribution of ER domains can appear markedly different in specialized
cell types: the cytoplasm of professional secretory cells such as pancreatic acinar
cells are largely preoccupied by stacks upon stacks of ribosome-studded ER to
enable large-scale production of secretory proteins (Fig. 1.3B); conversely, the
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cytoplasm of steroid-secreting endocrine cells is full of smooth ER tubules of
varying shapes and sizes (Fig. 1.3C) (Fawcett, 1981). Sarcoplasmic reticulum, a
specialized form of smooth ER found in muscle cells, plays a vital role in
modulating Ca2+ levels for muscle contraction and forms network of tubules that
wrap around myofibrils.

1.1.2.1 Rough ER acts as a major site of protein synthesis
Rough ER sheets serve as the main site of protein synthesis of integral
membrane and secreted proteins. The mRNA of a protein targeted to the ER
contains a signal sequence; upon translation of the signal peptide in the cytosol,
the signal recognition particle (SRP) recruits the mRNA:ribosome complex to
the SRP receptor in the ER membrane where translation resumes and the
emerging polypeptide enters the ER lumen through a translocon complex
spanning the lipid bilayer (Walter and Blobel, 1981; Walter, Ibrahimi and
Blobel, 1981; Gilmore, Blobel and Walter, 1982; Meyer, Krause and
Dobberstein, 1982; Deshaies et al., 1991). As the polypeptide emerges into the
ER lumen, or in some cases post-translationally, the signal peptide is cleaved by
a signal peptidase releasing the protein into the ER lumen (Evans, Gilmore and
Blobel, 1986; Braakman and Hebert, 2013).
Proteins destined to become integral membrane proteins, possess a
stretch of hydrophobic residues or stop-transfer sequences; translocation pauses
upon translation of these sequences and the protein is shifted laterally within
the lipid bilayer to form an anchor (Blobel, 1980). Transmembrane (TM)
proteins can contain a variable number of hydrophobic regions: single pass TM
proteins contain a single hydrophobic region whereas multi-pass TM proteins
possess multiple hydrophobic regions (Braakman and Hebert, 2013).
The translocated proteins undergo folding and modifications such as Nliked glycosylation and disulfide bond formation co-translationally with the help
of chaperones and folding enzymes residing in the ER lumen. Proteins
containing an ER retention signal of four amino acids stay in the ER lumen as
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ER-resident proteins while secretory proteins are packaged to be delivered
either to peroxisomes, or routed via the Golgi to the plasma membrane,
endosomes, lysosomes or secretory vesicles (Braakman and Hebert, 2013). On
the other hand, misfolded proteins accumulate in the ER lumen and trigger the
ER-associated degradation (ERAD) pathway which initiates retro-translocation
of the misfolded proteins to the cytoplasm to be degraded by the proteasome
machinery (Ruggiano, Foresti and Carvalho, 2014).

1.1.2.2 Smooth ER and Lipid biosynthesis
Lipids are important for cellular homeostasis as membrane components,
signalling molecules and a source of energy. The smooth ER is the main site
where majority of phospholipids, sphingolipids, sterols and neutral lipids are
synthesized and distributed to other organelles via the secretory pathway and/or
ER contact sites; triacylglycerides are transferred to lipid droplets (LDs) that
bud from the ER membrane (Jacquemyn, Cascalho and Goodchild, 2017).
Biogenesis of LDs as well as peroxisomes also initiates in the ER; in yeast,
both LDs and peroxisomes originate and remain associated with the same Pex30
subdomains in the ER membrane (Joshi et al., 2016, 2018).
1.1.2.3 Smooth ER plays an important role in Calcium signalling
Calcium participates in a wide variety of cellular processes such as protein
synthesis, excitability, exocytosis, motility, apoptosis, and transcription
(Clapham, 2007). Cells use much of their energy to tightly regulate intracellular
calcium levels by chelating, compartmentalizing, or extruding it with the help
of buffer proteins and pumps; a 20,000-fold gradient is maintained between the
intracellular (~100nM free) and extracellular (~2mM) concentrations of calcium
ions (Ca2+) (Clapham, 2007).
The ER serves as a major store of intracellular Ca2+ with concentrations
as high as 1mM depending on the cell type (Raffaello et al., 2016). The ER
membrane contains a series of transporters for cytoplasmic calcium regulation:
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Sarcoplasmic/endoplasmic reticulum calcium-ATPase (SERCA) pumps push
Ca2+ uphill into the ER lumen to lower cytosolic Ca2+ levels (Strehler and
Treiman, 2005); conversely, two classes of calcium channel, ryanodine receptors
(RyR) and inositol 1,4,5-trisphosphate (IP3) receptors (IP3R), release Ca2+ into
the cytosol to increase intracellular levels (Zalk, Lehnart and Marks, 2007;
Taylor and Tovey, 2018). G-protein coupled receptors (GPCRs) activate
phospholipase C (PLC) to cleave phosphatidylinositol 4, 5 bisphosphate (PIP2)
into 1,4,5-inositol trisphosphate (IP3) and diacylglycerol (DAG); in turn IP3
binds to IP3R channel, inducing Ca2+ to diffuse out of the ER causing a transient
increase in cytosolic Ca2+ levels (Clapham, 2007). RyRs are also sensitive to Ca2+
and respond with Ca2+-induced Ca2+ release (CICR) to increased intracellular
Ca2+ levels (Berridge, 1998). Ca2+ waves are a manifestation of regenerative Ca2+
release from internal stores by CICR due to elevated cytoplasmic Ca2+ levels in
a nonlinear, cooperative process. Ca2+ waves control events such as fertilization,
muscle contraction and secretion in a spatiotemporal manner (Clapham, 2007);
in X. laevis oocytes, a Ca2+ wave after fertilization serves as a signal to initiate
development (Busa and Nuccitelli, 1985).
IP3R-mediated Ca2+ release can lead to depletion of ER Ca2+ levels as
plasma membrane Ca2+ ATPases (PMCAs) continue to pump intracellular
Ca2+out of the cell; soon after this store depletion, a mechanism called storeoperated Ca2+ entry (SOCE) activates Ca2+ entry into the cell (Putney, 2005).
STIM1 residing in the ER membrane forms clusters apposed to Orai1 in the
plasma membrane upon ER Ca2+ depletion, forming Ca2+ release activated
channels (CRAC) that help replenish the depleted ER stores by uptake of
extracellular Ca2+ (Roos et al., 2005; Feske et al., 2006). Importantly, SOCE is
activated only by a drop in ER Ca2+ and not by a surge of Ca2+ in the cytoplasm
(Clapham, 2007).
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1.2

Generation and organization of peripheral ER network

1.2.1

ER sheets represent low-curvature ER domains

An individual ER sheet forms a flat sack-like structure with a lumen bound by
two opposing lipid bilayers. The luminal thickness of ER sheets is relatively
constant at ~30 nm in yeast and ~50 nm in mammals (Shibata et al., 2010; West
et al., 2011).
In mammalian cells, the coiled-coil membrane protein Climp63 serves as
a luminal spacer for ER sheets (Fig. 1.4A) and its depletion decreases the
luminal width to ~30 nm; overexpression of Climp63 in cell culture induces
sheets at the expense of ER tubules (Shibata et al., 2010). p180 and kinectin are
also enriched in sheets and are thought to play a role in stabilizing ER sheets
through their coiled-coil domains which form intraluminal bridges; additionally,
polyribosome complexes may also contribute to sheet stabilization by recruiting
Climp63, p180 and kinectin (Shibata et al., 2010).

Figure 1.4. Mechanisms involved in shaping the rough ER network.
A. ER proteins such as RTNs and CLIMP-63 are involved in the formation and
stabilization of ER sheets along with scaffolding proteins p180 and kinectin (from
Goyal and Blackstone, 2013). B. Schematic based on EM analysis shows the threedimensional structure of tightly stacked ER sheets with a common lumen that
resemble a parking garage, in which the different levels are connected by helicoidal
ramps (red) (from Terasaki et al., 2013).

The flat ER sheets also exhibit high membrane curvature at the edges where
the lipid bilayer folds upon itself; the RTNs and DP1/Yop1 are proposed to form
arc-like scaffolds along sheet edges to stabilize curvature (Shibata et al., 2009)
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(Fig. 1.4A). ER sheets are often stacked and form a continuous membrane
system where the sheets are connected by twisted membrane surfaces (Terasaki
et al., 2013) (Fig.1.4B).
1.2.2

ER tubules exhibit high membrane curvature

The smooth ER network is arranged as a polygonal array of tubules with high
membrane curvature in cross-section, joined by three-way junctions (Shibata et
al., 2009); eukaryotic non-neuronal cells have ER tubules with diameters of 5060 nm while much narrower tubules of 20-30 nm diameter have been reported
in neurons, particularly the axons (Terasaki, 2018).
Two families of proteins, the RTNs and REEP/DP1/Yop1, play important
roles in ER tubule formation (Voeltz et al., 2006; Hu et al., 2008); these proteins
are expressed ubiquitously in eukaryotes and are enriched in high-curvature
regions of the ER network and the edges of ER sheets in accordance with their
proposed role in ER tubule formation (Voeltz et al., 2006; Shibata et al., 2008;
Wang et al., 2016) (Fig. 1.5). Even when highly overexpressed, they avoid the
low curvature areas of the NE and peripheral ER sheets (Voeltz et al., 2006).

Figure 1.5. ER membrane-shaping proteins preferentially localize to high-curvature ER.
A. A COS-7 cell coexpressing Rtn4C-myc (red) and Sec61𝛽-GFP (green) shows
preferential localization of Rtn4 to ER tubules. B. Rtn4a/b (green) localizes to the
edges of ER sheets in Cos-7 cells expressing FLAG-Climp63 (red) (from English and
Voeltz, 2013) .

38

Even though RTN and REEP/DP1/Yop1 proteins do not exhibit much
sequence similarity, each of them possesses two closely spaced TM domains,
called the reticulon homology domain (RHD) and DP1 domain respectively
(Voeltz et al., 2006), which are important for stabilizing curvature in the ER
tubule (Shibata et al., 2008) (Fig. 1.6). Deletion of RTNs and Yop1 in yeast, and
depletion of these proteins in mammalian cells caused an increase in ER sheets
and loss of peripheral ER tubules whereas overexpression of the proteins led to
increased tubulation (Voeltz et al., 2006; Wang et al., 2016). Furthermore,
depolymerization of microtubules (MTs) does not result in a collapse of ER
network when RTNs or DP1 are overexpressed in cultured cells, indicating that
these proteins may be sufficient to stabilize ER tubules (Shibata et al., 2008).
Indeed, reconstitution experiments with purified Rtn1p or Yop1p (yeast
homologs) and phospholipid vesicles in vitro resulted in the formation of
membrane tubules several hundred nanometres in length with very narrow
diameters (~17nm) (Hu et al., 2008).

Figure 1.6. RTN and REEP/DP1/Yop1 proteins harbour closely spaced TM domains.
A. Schematic representation of the TM domains found in RTNs and REEP/DP1/Yop1
proteins. B. Proposed topology of the TM domains (from D’Eletto, Oliverio and Di
Sano, 2020).

There are no protein structures available for these proteins, therefore the
exact mechanism employed by them to stabilize ER curvature remains unclear.
Two mechanisms, namely hydrophobic wedging, and scaffolding, have been
suggested to cooperatively shape the ER tubules (Hu et al., 2008; Shibata et al.,
2008). The hydrophobic wedging mechanism builds on the presence of the two
TM domains in RTNs and REEP/DP1/Yop1 proteins; based on cysteine
modification experiments on Rtn4C and DP1, the TM domains are predicted to
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form short intramembrane hairpins such that the lipids are preferentially
displaced in the cytosolic leaflet of the membrane inducing a local curvature
(Voeltz et al., 2006) (Fig. 1.6B). A later study using solution NMR suggested that
the predicted intramembrane “hairpins” in Yop1p are long enough to traverse
the lipid bilayer with short, rigid loops exposed to the ER lumen (Brady et al.,
2015); in such case, the TM domains might organize into a cone across the
membrane, bending it using the bilayer-coupling mechanism, which might not
be adequate to generate sufficient membrane curvature (Shibata et al., 2009)
(Fig. 1.7A).
The scaffolding mechanism builds upon the observation that RTNs and
REEP/DP1/Yop1p proteins have the propensity to form homo- and heterooligomers with each other which renders the proteins relatively immobile in the
lipid bilayer compared to Sec61𝛽 which does not oligomerize; the RHD domain
alone is sufficient for oligomerization and immobilization in membranes
(Shibata et al., 2008). Yeast Rtn1p mutants with amino acid changes in the RHD
oligomerized less rapidly and exhibited rapid membrane diffusion compared to
wild-type Rtn1p (Shibata et al., 2008).

Figure 1.7. Proposed mechanisms for ER tubule curvature stabilization by ER-shaping
proteins.
A. The TM domains of the RTNs and REEP/DP1/Yop1p consists of two long
hydrophobic segments, each of which might form a hairpin in the membrane. The
double-hairpin structure might adopt a wedge shape that curves the membrane. B.
The RTNs and REEP/DP1/Yop1p form homo- and hetero- oligomers that could serve
as arc-like scaffolds (orange) around a membrane tubule (gray) to stabilize ER
curvature (A-B from Shibata et al., 2009).
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Oligomerization of RTNs and DP1/Yop1 proteins could help bend the
bilayer into tubules by forming arcs or rings around the tubules (Shibata et al.,
2009) (Fig. 1.7B). According to an estimate, only about 10% of the total
membrane surface area needs to be occupied by such arcs or rings to generate
near perfect tubules; given the abundance of Rtn1p and Yop1p proteins in yeast,
the two could together occupy 10% of the total surface area of tubular ER (Hu
et al., 2008). Arc-like scaffolds around ER tubules seem to be more plausible
than rings, as the latter would hinder diffusion of ER membrane proteins over
long distances in the membrane plane (Shibata et al., 2009); localization of RTNs
to sheet edges (Shibata et al., 2010) also agrees with the scaffolds being arc-like.

1.2.3

Weaving the ER network

Generation of ER tubules by itself is not enough to form a functional ER network
as individual tubules need to be weaved into an interconnected network; this
requires the fusion of ER tubules at three-way junctions resulting in the familiar
lattice-like peripheral ER network. Atlastins (ATLs)/Sey1 are ER membranebound GTPases that mediate homotypic fusion of ER tubules (Hu et al., 2009;
Orso et al., 2009) and like RTNs and REEP/DP1/Yop1, also localize
predominantly to ER tubules (Hu et al., 2009). Depletion of ATLs or
overexpression of dominant negative forms in mammalian cells led to the
formation of long, unbranched tubules (Hu et al., 2009; Wang et al., 2016). These
proteins belong to the dynamin superfamily of GTPases and possess a
cytoplasmic GTPase domain and a helical bundle, followed by two TM domains,
an amphipathic helix (AH) and a cytoplasmic C-terminal tail region (Zhao et al.,
2001; Zhu et al., 2003).
Biochemical assays testing the requirement of the TM and the
cytoplasmic domains of Drosophila and human ATLs for membrane fusion (Liu
et al., 2012), as well as elucidation of the crystal structures of the cytoplasmic
domains (Bian et al., 2011; Byrnes and Sondermann, 2011) have led to a model
of membrane fusion (Liu et al., 2015): upon GTP-binding, ATL molecules
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localized to different membranes become associated with each other, and
conformational changes triggered by GTP-hydrolysis result in membrane
fusion. They also interact with the ER-shaping proteins of the RTN and
REEP/DP1/Yop1 families via their TM domains; yeast cells lacking Sey1p (yeast
ortholog of ATL) and either Rtn1p or Yop1p resulted in the cortical ER being
missing from most of the cells (Hu et al., 2009).
Fusion of ER tubules results in the formation of three-way junctions,
small triangular sheets with concave edges (Shemesh et al., 2014); another ER
membrane protein possessing two closely placed TM domains called Lunapark
(Lnp) localizes and stabilizes these junctions in interaction with ATLs (Chen,
Novick and Ferro-Novick, 2012; Shemesh et al., 2014; Wang et al., 2016; Zhou
et al., 2019).

Figure 1.8. ER-shaping proteins at three-way junctions.

.

i. Membrane topologies of ER-shaping proteins around a three-way junction where
RTNs (coral), DP1/Yop1p (coral), Lnp (green and blue) and ATL (purple and orange)
insert into the outer leaflet of the phospholipid bilayer ii. A three-way junction in
cross-section (from Chen, Novick and Ferro-Novick, 2013).

The generation of the tubular ER network seems to involve the
cooperation of different families of proteins negotiating different aspects of
network formation; the ER membrane-shaping and curvature-stabilizing RTNs
and REEP/DP1/Yop1 proteins generate and maintain ER tubules which in turn
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are fused together by dynamin-like ATLs/Sey1 GTPases creating three-way
junctions stabilized by Lnp (Fig. 1.8).

1.3

ER is a highly dynamic organelle

In mammalian cells, the peripheral ER exhibits highly localized movements as
the tubular ER network appears to be constantly and rapidly remodelling itself
(Lee and Chen, 1988; Nixon-Abell et al., 2016); additionally, super resolution
microscopy revealed that ER tubules also oscillate with a mean peak-to-peak
amplitude of 70 ± 50 nm at an average frequency of 4 ± 1 times per second
(Nixon-Abell et al., 2016).
Connections with the cytoskeleton enable ER network rearrangements
and tubule elongation: in plant cells and yeast, ER movements occur along actin
filaments (Prinz et al., 2000; Griffing, 2010) whereas in mammalian cells, tubule
elongation can take place either by attaching to the tips of polymerizing MTs
via the tip attachment complex (TAC) composed of STIM1 (ER) and EB1 (MT),
(Grigoriev et al., 2008) or by associating with molecular motors, kinesin-1 and
dynein, that move along MTs via the sliding mechanism (Waterman-Storer and
Salmon, 1998) (Fig. 1.9).

Figure 1.9. ER rearrangement and tubule elongation events involving MTs.
Dynamic events were captured in COS-7 cells coexpressing mCherry-𝛼-tubulin (red)
and either (A) YFP-STIM1 (TAC; green) or GFP-Sec61𝛽 (sliding; green). Arrows
indicate ER movement (from Friedman et al., 2010).

Of the two, ER sliding is much more frequent and faster, occurring
primarily along acetylated MTs (Woźniak et al., 2009; Friedman et al., 2010);
43

dynein drives ER tubule movement toward the centre of the cell while kinesin1 drives ER tubule movement in the direction of the cell periphery (Woźniak et
al., 2009). Similar to TAC mechanism, ER tubules can also become attached to
the growing tips of depolymerizing MTs (dTAC) possibly through interactions of
ER and MT proteins other than STIM1 and EB1; though the average growth
rates of these MT-end associated mechanisms were significantly different with
8.3 𝜇m/min for TAC compared to 15.6 𝜇m/min for dTAC with TAC events being
more frequent than dTAC (Guo et al., 2018).
Recently, a new mechanism of ER tubule generation was described
whereby ER tubules grow by hitchhiking on highly motile organelles such as
late endosomes (LEs) or lysosomes moving along MTs (Guo et al., 2018). The ER
tubules become tethered to the vehicle organelle and the tether may be broken
to let the growing ER tubule to fuse with an existing tubule. In case the tether
breaks prematurely during tubule extension, the tubule retracts back to the
branching point. Both sliding and hitchhiking events rely on motor proteins in
the MTs and exhibit similar growth rates (40.5 𝜇m/min and 43.0 𝜇m/min on
average); together they make up nearly 60% of the total ER tubule branching
events. Finally, it was also reported that new tubule branches could bud out
from an existing ER tubule without any discernible involvement of MTs; this
MT-independent de novo budding of the ER was much slower (5.5 𝜇m/min on
average) and rarer compared to the other four mechanisms (Guo et al., 2018).
However, the ER tubules do not align perfectly with the cytoskeleton;
depolymerization of the actin filaments does not cause disassembly of the ER
network, and depolymerization of MTs in mammalian cells results in only
delayed breakdown of the ER network (Terasaki, Chen and Fujiwara, 1986;
Prinz et al., 2000). In vitro, ER tubules can be generated from vesicles (Dreier
and Rapoport, 2000; Hu et al., 2008; Powers et al., 2017) and an entire ER
network can be generated by reconstituting a curvature-stabilizing protein
(RTN or REEP/Yop1p) and a membrane-fusing GTPase (ATL/Sey1p) into
proteoliposomes (Powers et al., 2017). This indicates that the cytoskeleton might
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not be required for ER network organization. Additionally, the mechanisms by
which ER membranes attach to motor proteins remain elusive. Some of the
proteins required for maintaining ER shape such as REEP1, Climp-63, p180 and
kinectin possess MT-binding domains (Shibata et al., 2010) but their potential
roles in ER transport remain unclear.

1.4

ER makes extensive contacts with other organelles

In contrast to most organelles that occur in multiple copies, each cell contains
only one ER comprised of an intricate network of cisternae and tubules; the ER
network pervades the entire cytoplasm and in doing so makes extensive contacts
with almost every other organelle. The membrane contact sites (MCSs) made by
the ER tubules and other organelles are maintained during trafficking, fission
and fusion of the tethered organelles (Wu, Carvalho and Voeltz, 2018).
ER-mitochondria MCSs define the positions of mitochondrial constriction
and fission sites (Friedman et al., 2011; Lee et al., 2016) (Fig. 1.10A) and it was
recently shown that the same ER MCSs can be used for recruiting mitochondrial
fission as well fusion machineries to regulate mitochondrial morphology in
response to metabolic cues (Abrisch et al., 2020). Moreover, ER-mitochondria
MCSs also act as a medium for Ca2+ and lipid exchange (Rizzuto et al., 1998;
Cárdenas et al., 2010; AhYoung et al., 2015; Kojima, Endo and Tamura, 2016;
Wu, Carvalho and Voeltz, 2018; Abrisch et al., 2020), though no lipid trafficking
machinery has been described for ER-mitochondria MCSs in animal cells.
Cargo trafficking between the ER and the Golgi can take both vesicular
and non-vesicular routes; proteins to be trafficked must be sorted into coated
vesicles however lipids can be transferred directly at MCSs between the two
organelles (Hanada et al., 2003; Peretti et al., 2008). Vesicle-associated
membrane protein-associated proteins (VAPs) are highly conserved ER
membrane proteins that localize throughout the ER and make contacts with
multiple organelles including the Golgi; VAPs are the only ER proteins with
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Figure 1.10. ER makes membrane contact sites with other organelles.
A. Left, 2D tomographs of contact sites between the ER (green) and mitochondria in
yeast cells. Right, 3D models of ER (green) and mitochondria (purple) at contact
domains (red marks the region in contact). Scale bars, 200 nm (from Friedman et al.,
2011). B. Left, EM tomograph of a COS-7 cell. Middle and Right, 3D models shown
from forward and reverse angles show ER tubules (green) forming a half-ring around
the endosome (yellow) and also in contact with MTs (blue). Scale bars, 200 nm. White
arrows show ER-MT contacts (from Friedman et al., 2013). C. ER-PM contact sites
in neuronal somata as seen in FIB-SEM images. Scale bars, 200 nm (from Wu et al.,
2017).

known roles in the regulation of the non-vesicular lipid trafficking at the ERGolgi MCSs (Wu, Carvalho and Voeltz, 2018).
Most early endosomes and all LEs form MCSs with the ER (Friedman et
al., 2013; Zajac et al., 2013) forming tethers tight enough to drag ER tubules
along with them as they are transported by molecular motors on MTs (Guo et
al., 2018; Wu, Carvalho and Voeltz, 2018). A single endosome can form several
ER MCSs (Friedman et al., 2013) (Fig. 1.10B); ER-endosome MCSs are involved
in lipid trafficking, cargo sorting, fission and endosome trafficking (Phillips and
Voeltz, 2015).
The ER and the plasma membrane (PM) make extensive contacts (Fig.
1.10C); in yeast, the ER-PM MCSs cover up to 40% of the PM (West et al., 2011)
while in animal cells they cover ~2-5% of the cytoplasmic surface of the PM (Wu,
Carvalho and Voeltz, 2018). ER-PM MCSs play roles in modulating Ca2+ and
lipid homeostasis. In muscles, the ER-PM MCSs cause CICR from the ER via
apposition of the voltage-gated Ca2+ channels in the PM and the RyRs in the ER
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(Endo, 2009). ER-PM MCSs are also responsible for SOCE upon Ca2+ depletion
in the ER lumen; STIM1 oligomerizes in the ER membrane and interacts with
the PM Ca2+ channel Orai1 leading to Ca2+ influx to restore normal ER Ca2+
levels (Feske et al., 2006).
A

conserved
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ER

membrane

proteins,
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extended

synaptotagmin-like proteins (E-Syts), regulate lipid transfer at ER-PM MCSs;
they also regulate the formation of these MCSs as loss of E-syts led to a decrease
in ER-PM MCSs in mammalian cells (Giordano et al., 2013). Two ER membrane
proteins, oxysterol-binding protein (OSBP)-related protein 5 (ORP5) and ORP8
become tethered to the PM via their interaction with phosphatidylinositol 4phosphate (PI4P) in the PM and exchange PI4P for phosphatidylserine (PS)
between the ER and PM bilayers (Chung et al., 2015).

1.5

ER distribution in neurons

While the ER maintains a continuous lumen throughout the rough and smooth
ER, the two ER domains are spatially distinct; in highly polarized cells like
neurons, this distinction becomes even more conspicuous as rough ER
predominantly localizes to the cell bodies and the proximal regions of dendrites
while smooth ER mainly localizes to axons (Tsukita and Ishikawa, 1976;
Terasaki et al., 1994; Wu et al., 2017; Yalçın et al., 2017) (Fig. 1.11A).

Figure 1.11. ER distribution in neurons.
A. Schematic diagram shows the continuous distribution of ER (blue) throughout the
cytosol (orange) in neurons, including cell body, axon, presynaptic terminals, and
most dendrites (from Öztürk, O’Kane and Pérez-Moreno, 2020). B. 3D reconstruction
of all membranous subcellular organelles in a neuronal cell body from a FIB-SEM
image shows ER (yellow) forming a contiguous system of tubules and cisternae
surrounding other organelles. Scale bar, 400 nm. (from Wu et al., 2017)
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In the cell body, the ER forms a tight network of contiguous tubules and
cisternae around other organelles such as the mitochondria, lysosomes,
endocytic vesicles and multi-vesicular bodies (Fig. 1.11B); the ER establishes
MCSs with all major organelles, in particular the PM via large cisternae
whereas MCSs with mitochondria, lysosomes and multivesicular bodies are
maintained by ER tubules (Wu et al., 2017). In dendrites, the ER forms a mostly
tubular network with occasional cisternae that wraps around mitochondria and
also extends into at least some of the dendritic spines; ER-PM MCSs are much
smaller and sparser in the dendrites compared to the cell body (Wu et al., 2017).

1.5.1

Axonal ER

Axonal length not only varies among different organisms, it is also variable
within the nervous system of an organism; the sciatic nerve runs from the lower
spinal cord to the lower extremity and can measure as small as a few cm in mice
to as long as up to a meter in humans and several meters in larger mammals
such as giraffes (González and Couve, 2014) (Fig. 1.12A). The ER has been
likened to a “neuron within a neuron” since it forms a continuous structure that
takes up the shape of the cell and shares properties with the neuronal PM
(Berridge, 1998) (Fig. 1.12B). In mouse neurons, the ER forms an extensive
network of tubules in large axons (Fig. 1.12C) while a single continuous tubule
was observed in thin axonal segments; in synaptic boutons, it forms a network
of tubules and cisternae surrounding mitochondria and synaptic vesicles
(Tsukita and Ishikawa, 1976; Villegas et al., 2014; Wu et al., 2017; Yalçın et al.,
2017; Terasaki, 2018). Typically, the diameter of axonal ER is very narrow (~40
nm outer diameter on average) and often becomes so small that the lumen of ER
tubules is not visible in electron micrographs; on the other hand, the ER has a
diameter of 25-90 nm (~60 nm on average) in most cells (Wu et al., 2017; Yalçın
et al., 2017; Terasaki, 2018)
The areas of MCSs between ER and PM in axons and synaptic boutons
are smaller than those seen in cell bodies; mitochondria are also present in close
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Figure 1.12. Axonal ER extends over long distances while maintaining continuity.
A. Axonal length varies considerably in different animals ranging from a few microns
to meters in large mammals. The sciatic nerve is responsible for motor and sensory
conduction (red) and runs from the lower spinal cord to the lower extremity (from
González and Couve, 2014). B. The ER and the PM are suggested to form a binary
membrane system of neural calcium signaling with the ER acting as a neuron-withina-neuron. C. 3-D rendering of ER network (yellow) in a myelinated axon with (left)
and without (right) the PM shown. Scale bar, 400 nm. (From Wu et al., 2017).

apposition to the ER in both the axons and synaptic varicosities (Wu et al., 2017;
Yalçın et al., 2017). ER-mitochondria MCSs between VAPB and the
mitochondrial membrane protein, protein tyrosine phosphatase interacting
protein-51 (PTPIP51) localize at synapses and are important for regulating
synaptic activity as loss of either VAPB or PTPIP51 leads to reduced synaptic
activity as well as dendritic spine numbers (Gómez-Suaga et al., 2019). In
neurons, PDZD8 in the ER is required for the formation of ER-mitochondria
MCSs and mitochondrial Ca2+ uptake; loss of PDZD8 led to higher levels of
synaptically induced Ca2+ released from the ER in the cytoplasm than in the
mitochondrial matrix compared to controls (Hirabayashi et al., 2017). Recently,
an ER-localized calcium sensor, multiple C2 domain and transmembrane region
protein (MCTP) was reported to be important for presynaptic homeostatic
plasticity in Drosophila (Genç et al., 2017). In pre-synaptic terminals, changes
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Figure 1.13. Mutations in ER-shaping proteins cause neurological disorders.
A. Voluntary muscles are innervated by efferent axons (green) projected from the
motor cortex to lower motor neurons in the ventral column of the spinal cord while
sensory perception is mediated by afferent neurons (blue). ER-shaping proteins
implicated in the degeneration of long fibre tracts are shown at their main site of
clinical manifestation (from Hübner and Kurth, 2014).
B. Schematic diagram of a corticospinal motor neuron emphasizes the intracellular
locations where HSP gene products are proposed to function (from Blackstone,
2018b).
C. Schematic representation of the tubular ER. Left, ER-shaping RTNs and
REEPs/DP1/ /Yop1 proteins (red) oligomerize to shape ER tubules while ATLs/Sey1
proteins (green) are enriched at the three-way junctions. Right, membrane topologies
proposed for proteins involved in shaping the tubular ER network (from Park and
Blackstone, 2010).
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in ER Ca2+ concentration activate the ER Ca2+ sensor STIM1 which in turn
modulates pre-synaptic Ca2+ flux and exocytosis (de Juan-Sanz et al., 2017).
Also, depletion of either VAPA, VAPB, or their cytoplasmic interactor secernin1 (SCRN1) leads to impaired synaptic vesicle recycling and decreased action
potential-evoked Ca2+ responses (Lindhout et al., 2019). Therefore, neuronal ER
plays an important role in regulating pre-synaptic function.

1.6

ER-shaping proteins in Hereditary Spastic Paraplegia

In humans, voluntary movement depends on a pathway in the central nervous
system (CNS) called the pyramidal motor system which extends from the
cerebral motor cortex to the neuromuscular junctions (NMJs) innervating
skeletal muscles; consequently the distance traversed by the axons of
corticospinal and lower motor neurons can extend up to 1 m in length with the
axoplasm making up >99% of the total cell volume (Blackstone, 2012). This
increased length of axons also makes them highly susceptible to lengthdependent defects in axon development and maintenance leading to
axonopathies (Fig. 1.13A). One such consequence is exemplified by HSPs.
HSPs constitute a group of heterogenous inherited neurodegenerative
disorders of long axons; the characteristic feature of these disorders is
progressive weakness and spasticity of lower limbs owing to an axonopathy of
the longest corticospinal nerves (Blackstone, 2012, 2018b; Fink, 2013; Klebe,
Stevanin and Depienne, 2015). Traditionally, HSPs can be classified into “pure”
or “complex” forms where the “pure” forms are characterized by prominent
spasticity of the lower limbs without other significant associated symptoms;
“complex” forms, however, are associated with additional symptoms such as
neuropathy, seizures, cognitive impairment, visual abnormalities and others
(Harding, 1983; Blackstone, 2018b).
HSPs are genetically diverse with around 60 genes and >70 distinct
spastic gait genetic loci (SPG1-80) identified to date; these represent Mendelian
disorders inherited in autosomal dominant (AD), autosomal recessive (AR), and
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X-linked modes as well as de novo and mitochondrial mutations (Blackstone,
2012, 2018a; Klebe, Stevanin and Depienne, 2015; Tesson, Koht and Stevanin,
2015). Most HSP proteins can be classified into cellular themes involved in axon
development and maintenance such as membrane shaping and biogenesis of
organelles, axonal trafficking, mitochondrial function and lipid/cholesterol
metabolism (Blackstone, 2018b) (Fig. 1.13B). Mutations in spastin (SPG4),
atlastin (SPG3A) and REEP1 (SPG31) make up about 50% of AD-HSP cases; the
products of all of these genes play vital roles in ER membrane shaping and
maintenance (Blackstone, 2018b). Other HSP causative proteins that localize to
ER membrane and are reported to be involved in ER-shaping include REEP2
(SPG72), reticulon-2 (SPG12) and ARL6IP1 (SPG61) (Yamamoto et al., 2014;
Fowler and O’Sullivan, 2016; Yalçın et al., 2017; Blackstone, 2018b).

1.6.1

Spastin (SPG4)

Mutations in spastin (SPAST) account for ~40% of HSP cases and are the most
common cause of AD pure form of HSPs in North America and northern Europe
(Hazan et al., 1999; Blackstone, O’Kane and Reid, 2011). SPAST encodes two
main cellular isoforms of the MT-severing spastin AAA ATPase: a full-length
protein (M1 spastin) and a smaller M87 spastin protein lacking the first 86
residues (Claudiani et al., 2005); M87 spastin is mainly cytosolic whereas the
membrane-bound M1-spastin localizes chiefly on the ER and to a lesser extent
on endosomes (Connell et al., 2009; Park et al., 2010).
The C-terminal region of both SPAST isoforms contains the domains
required for binding and severing MTs: AAA ATPase domain, the microtubule
interacting and trafficking (MIT) domain that interacts with the late endosomal
ESCRT-III complex, and the MT-binding domain (Claudiani et al., 2005;
Renvoisé et al., 2016). The N-terminal region of M1 spastin harbours a
hydrophobic hairpin which is absent from the smaller M87 isoform; this
hydrophobic region is required for membrane localization and interaction with
53

other ER-shaping proteins including ATLs, REEPs and RTNs (Sanderson et al.,
2006; Park et al., 2010).
The X-ray crystal structure of the Drosophila SPAST AAA domain
showed that ATP-bound SPAST molecules form a hexameric ring with a pore in
the centre; the MTs are destabilized upon being pulled through the pore leading
to MT severing (Roll-Mecak and Vale, 2008). In cultured cells, SPAST localizes
to intracellular regions associated with dynamic MTs such as axonal branches
and distal parts of axons; it is also enriched in the spindle pole and the midbody
during cell division (Errico et al., 2004; Yu et al., 2008; Riano et al., 2009).
Most of the missense mutations in SPAST implicated in HSP affect its
MT-severing

potential

by

blocking

ATP

binding/hydrolysis,

inhibiting

oligomerization or preventing the ATPase domain-tubulin interaction (White et
al., 2007; Roll-Mecak and Vale, 2008). HSP mutations reported in the MIT
domain disrupt the regulation of endosomal tubule fission, mannose 6phosphate receptor trafficking, or cause abnormal lysosomal morphology
(Allison et al., 2017; Allison, Edgar and Reid, 2019).
The underlying cellular pathology of SPG4 is still unclear but since most
HSP mutations in SPAST alter its enzymatic activity, the idea that loss in MT
severing leads to SPG4 is more popular which involves the smaller M87 isoform;
an alternative possibility is neurotoxicity induced by aggregation of mutant
forms of the larger M1 isoform which is enriched in adult spinal cord and also
interacts with other HSP proteins within the tubular ER membrane (Solowska
and Baas, 2015).
1.6.2

Atlastin-1 (SPG3A)

ATLs belong to a superfamily of membrane-bound GTPases localised to the ER
(Orso et al., 2009) with three functional paralogs found in humans (Rismanchi
et al., 2008). They mediate homotypic fusion of ER tubules generating three-way
junctions in the process (Rismanchi et al., 2008; Hu et al., 2009; Orso et al.,
2009). In addition to the GTP-binding domain, ATLs also contain two closely
54

spaced hydrophobic regions predicted to form an intra-membrane hairpin
similar to other ER-shaping proteins (Bian et al., 2011; Byrnes and
Sondermann, 2011).
Atlastin-1 (ATL1) is mutated in the second most common form of HSP
(SPG3A) accounting for ~10% of the AD pure forms of HSP (Hübner and Kurth,
2014; Blackstone, 2018a); among the three paralogs, ATL1 is most highly
enriched in the CNS (Rismanchi et al., 2008). Missense mutations in ATL1
cause an AR-HSP (Khan et al., 2014) whereas heterozygous mutations have
been identified in hereditary sensory neuropathy type I (HSNI) (Guelly et al.,
2011). ATL1 depletion impaired axon elongation in cultured rat neurons, and
cells derived from SPG3A patient fibroblasts (Zhu et al., 2006, 2014) and loss of
Atl in Drosophila motor neurons causes synaptic dysfunction (De Gregorio et
al., 2017). More recently, missense mutations in ATL3 were also identified in
HSNI (Fischer et al., 2014; Kornak et al., 2014; Behrendt, Kurth and Kaether,
2019). Pathogenic mutations affecting ATL1 cause changes in ER organization;
a mutation in the GTP-binding domain of ATL1 caused ER to become more
tubular and less reticular compared to control cells (Rismanchi et al., 2008).

1.6.3

REEP1 (SPG31) and REEP2 (SPG36)

Receptor expression-enhancing proteins (REEPs) were identified as enhancers
of cell surface expression of G-coupled odorant receptors (Saito et al., 2004).
REEPs are ER membrane proteins harbouring two intramembrane hairpin
domains; REEP1 interacts with other ER membrane proteins ATL1 and SPAST
via these hairpin domains (Voeltz et al., 2006; Hu et al., 2008). Most species have
several closely related members belonging to the REEP/DP1/Yop1p superfamily;
six REEPs (REEP1-REEP6) have been identified in humans and other
mammals while yeast has a single member, Yop1p (Park et al., 2010). For
species with multiple REEP proteins, a further phylogenetic delineation into
two distinct sub-families exists based on sequence similarity, consisting of
REEP1-4 and REEP4-5 in mammals; Drosophila and C. elegans also have at
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least one REEP protein each with sequence similarity to mammalian REEP1-4
and REEP4-5 (Park et al., 2010). In Drosophila, ReepA is the functional orthologue
of mammalian REEP1-4 and ReepB that of mammalian REEP5-6; both ReepA and
ReepB localize in the ER and loss of both Reeps or ReepB alone, but not ReepA,
causes partial loss of axonal ER marker from posterior axons (Yalçın et al., 2017).

Immunoblotting in mice showed that both REEP1 and REEP2 proteins
are expressed in the brain, spinal cord, and testes (Hurt et al., 2014) and
mutations in each cause AD-HSPs designated as SPG31 and SPG36
respectively, with mutations in REEP1 being the third most common cause of
AD-HSP (Züchner et al., 2006; Esteves et al., 2014). REEP1 localizes mainly to
the tubular ER and interacts with both ATL1 and SPAST via its intramembrane
hairpin domain (Park et al., 2010). Unlike REEP5-6, REEP1-4 have a MTbinding domain at the C-terminal which might tether MTs; a truncation in
REEP1 that leads to failure to bind MTs and causes ER disruption has been
reported as a HSP-causative mutation (Park et al., 2010). Thus, REEP1 is not
only required for shaping ER but might also play a role in maintaining
interaction between ER and MT cytoskeleton (Park et al., 2010; Blackstone,
O’Kane and Reid, 2011).
1.6.4

Reticulon-2 (SPG12)

Mutations in reticulon-2 (RTN2) cause a pure form of AD-HSP, SPG12
(Montenegro et al., 2012). Mammals have four RTN genes (RTN1-4) with
multiple isoforms for each encoding at least 11 protein isoforms in total; all of
these proteins have in common two small intramembrane hairpin domains at
the C-terminal termed the reticulon homology domain (RHD) (Yang and
Strittmatter, 2007). The RHD mediates interactions between RTNs and other
ER-shaping proteins including M1 spastin and ATL1 (Evans et al., 2006;
Mannan et al., 2006; Sanderson et al., 2006; Voeltz et al., 2006; Hu et al., 2009).
RTNs localize to and prefer high curvature domains of the tubular ER
and avoid the low curvature domains of the NE and ER sheets (Voeltz et al.,
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2006; Wakefield and Tear, 2006). Similar to REEPs, both mammalian and yeast
RTNs can form oligomers with decreased mobility within the lipid bilayer; the
RHD domain alone is sufficient for RTN oligomerization (Shibata et al., 2008).
Overexpression of both mammalian and yeast RTNs results in long, unbranched
ER tubules often bundled together whereas deletion of yeast RTNs under stress
conditions disrupts the peripheral ER (Voeltz et al., 2006). Depletion or loss of
Rtnl1, Drosophila ortholog of human RTN1-4 causes expansion of rough ER in
larval epidermal cells, increased ER stress, and loss of axonal ER markers from
distal parts of long motor neurons (O’Sullivan et al., 2012; Yalçın et al., 2017).
1.6.5

ARL6IP1 (SPG61)

ADP-ribosylation factor-like 6 interacting protein 1 (ARL6IP1) was reported as
one of the 15 newly identified HSP genes in a whole exome study; a homozygous
loss of function variant for ARL6IP1 was identified in a consanguineous family
with HSP (Novarino et al., 2014). Functional validation was performed using
morphants of zebrafish and significant reduction in spontaneous and touch
induced responses in larvae was reported (Novarino et al., 2014).
ARL6IP1 also contains TM domains typically associated with ER tubule
curvature inducing proteins such as RTNs and REEPs and preferentially
localizes to ER tubules (Yamamoto et al., 2014). Network analysis also identified
ARL6IP1 as a member of a group of ER-shaping proteins in a coherent
subnetwork consisting of HSP proteins that function in the ER and ER
associated degradation (Novarino et al., 2014).
RNAi-mediated knockdown of Arl6IP1 expression in Drosophila caused
progressive locomotor deficits in adult flies as well as disruption of a smooth ER
marker, Rtnl1::YFP, at the distal ends of motor neurons in third instar larvae
(Fowler and O’Sullivan, 2016). In cultured mammalian cells, ARL6IP1 depletion
caused loss of peripheral ER tubules, and sheet expansion whereas
overexpression caused increased tubulation (Dong et al., 2018). ARL6IP1
57

interacts with other ER membrane proteins, ATL1 and TMEM3, and recruits
INPP5K to the ER (Urade et al., 2014; Yamamoto et al., 2014; Dong et al., 2018).

1.6.6

RAB3GAP2 (SPG69)

Rab3GAP is a heterodimer consisting of consisting of two subunits: a 130-kD
catalytic subunit (Rab3GAP1), and a 150kD non-catalytic subunit (Rab3-GAP2).
The Rab3GAP complex acts as the cellular GEF for activating Rab18 which then
localizes to the ER and mediates normal ER morphology (Gerondopoulos et al.,
2014). Mutations in Rab3GAP2 cause an autosomal recessive complicated HSP
designated SPG69 (Novarino et al., 2014); mutations in either subunit of
Rab3GAP also cause an autosomal recessive neurological and developmental
disorder Warburg Micro syndrome (Bem et al., 2011). Rab3Gap2 depletion
causes disruption of tubular ER network in mammalian cells (Gerondopoulos et
al., 2014).
1.6.7

ER-localized HSP proteins co-operatively shape the ER

Many HSP proteins localize to the ER where they cooperatively shape the ER
network by interacting with each other in different combinations. These include
proteins discussed above, i.e. SPAST (M1 isoform), ATL1, REEPs, RTN2, and
ARL6IP1 (Blackstone, 2012). All of these proteins are predicted to possess
intramembrane hairpin domains (Sanderson et al., 2006; Voeltz et al., 2006;
Park et al., 2010; Bian et al., 2011; Byrnes and Sondermann, 2011) with the
exception of ARL6IP1 which carries two pairs of TM domains traversing the
entire lipid bilayer (Novarino et al., 2014; Dong et al., 2018); the hairpin domains
are
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stabilizing/sensing but are also required for self-oligomerization as well as
interaction with other proteins (Voeltz et al., 2006; Shibata et al., 2008; Park et
al., 2010). It has been proposed that these proteins collectively form an “ER
morphogen complex” where proteins of the RTN and REEP/DP1/Yop1 families
form large immobilized oligomers with the bulk of the hydrophobic region
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residing within the outer lipid bilayer to induce and maintain curvature, while
ATLs/Sey1 GTPases fuse ER tubules to form three-way junctions whilst
interacting with RTNs and REEPs (Park and Blackstone, 2010; Blackstone,
2012) (Fig. 1.13C).
RTN and REEP proteins exhibit redundancy in peripheral ER network
organization in yeast since removing all members of these two protein families
causes loss of most of the peripheral ER network, whereas loss of either family
alone leads to only very mild ER phenotypes (Voeltz et al., 2006). In Drosophila,
the intramembrane hairpin-containing proteins Rtnl1, ReepA and ReepB also
exhibit redundancy and are required for axonal ER modelling and continuity
since a combined loss of all of these proteins causes discontinuity of ER markers
at confocal level; ultrastructural analysis of mutant axons revealed fewer
tubules per axon cross-section with larger diameters, and longer gaps in the
axonal ER network compared to wild-type, however most axons still retained a
continuous ER network (Yalçın et al., 2017). This indicates that other proteins,
in addition to RTNs and REEPs, must be involved in shaping the ER in
Drosophila, and warrants further investigation into the functions of newly
implicated genes in HSPs and their possible roles in ER organization in axons
of long motor neurons.

1.7

Rationale for using Drosophila as a model system in this study

Drosophila serves as a good animal model for studying HSP genes involved in
modelling of axonal ER due to its short life span, easy maintenance, and
availability of a plethora of tools for manipulating the fly genome. The bipartite
UAS-Gal4 system (Brand and Perrimon, 1993) allows expression of fluorescent
markers in a subset of motor neurons at the resolution of single axons within a
nerve bundle. Drosophila larvae are well suited to dynamic studies involving
live imaging, and their transparent cuticle also makes them amenable to
imaging live animals eliminating the need for dissection.
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In addition, reduced genomic complexity results in less redundancy of
genes making interpretation of genetic studies easier. Finally, Drosophila has a
complex nervous system and shares organizational similarities with the
vertebrate system (McGurk, Berson and Bonini, 2015).

1.8

Aims and objectives

The main aim of this study is to understand the mechanisms underlying axonal
ER organization and dynamics by identifying some of these additional proteins
and their functions, by testing roles of HSP genes in the organization of axonal
ER in Drosophila. To achieve this aim, I identified the following objectives,

1.8.1

Screening for additional ER membrane-shaping proteins

Removal of all members of RTNs and REEPs in yeast leads to a loss of most of
the peripheral ER tubules (Voeltz et al., 2006), however the same does not
happen in Drosophila axons upon removal of Rtnl1, ReepA and ReepB where
most axons still showed intact ER tubules while some showed fragmentation of
the ER network (Yalçın et al., 2017). Therefore, to gain a better understanding
of axonal ER organisation, it is important to identify additional proteins that
might play a role in maintaining the continuity and organization of axonal ER.
A reverse genetics approach combined with an enhancer screen could help
identify such proteins in a shorter span of time compared to classical forward
screens. Therefore, I tested knock downs/ mutants of several candidate proteins,
alone or in in a Rtnl1- ReepA- ReepB- background, which already has fewer ER
tubules in the axon, to test whether their loss enhances the axonal ER
fragmentation phenotype of Rtnl1- ReepA- ReepB- mutants. These candidate
genes were selected on the basis of their subcellular localization to the ER,
implication in HSPs, presence of structural motifs similar to know ER-shaping
proteins and known or likely roles in ER modelling. In Chapter 3, I present the
results of testing Vps37A, Rab3GAP2 and Rab18 as potential candidates for ERmodelling proteins.
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1.8.2

Testing roles of Drosophila orthologs of known ER-localized HSP proteins, ATL and

ARL6IP1, in axonal ER network organization and dynamics

We identified ARL6IP1 and Atlastin as promising candidates for ER-modelling
proteins based on their localization to the ER membrane, implication in HSPs,
known roles in ER network organization, and presence of hydrophobic domains
similar to known ER-shaping proteins. Both of these proteins also interact with
other ER-shaping proteins in the ER membrane.
ARL6IP1 is one of the relatively newly identified HSP proteins that
localizes to the ER membrane with preference for high curvature domains
(Novarino et al., 2014; Yamamoto et al., 2014); it has not been characterized in
neurons yet, however depletion of Drosophila Arl6IP1 causes discontinuities in
pre-synaptic ER labelling (Fowler and O’Sullivan, 2016). Therefore, it is likely
that ARL6IP1 also plays a role in axonal ER modelling and could be an
additional ER membrane shaping protein similar to RTNs and REEPs. In this
regard, I generated several loss-of-function alleles of Drosophila Arl6IP1 and
tested one of them for possible roles in ER organization in the axons, presynaptic NMJs and class IV multidendritic sensory neurons. I summarize my
findings in Chapters 4 and 5.
ATLs are one of the more commonly mutated HSP genes and their role in
generating and maintaining the ER network through their membrane fusion
activity is well documented in mammalian cells. Despite the fact that mutations
in ATLs affect the ER and manifest in neurological disorders, their role has not
been tested in axonal ER that well. Therefore, in order to understand how ATLs
might be involved in ER organization and maintenance within the narrow
confines of axons over long distances, I have tested the effect of loss of
Drosophila Atl in axons and present my findings in Chapter 6.
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1.8.3

Generation of tools to better visualize and understand axonal ER organization and

dynamics in axons

CLEM combines two microscopic modalities, i.e. ultrastructural information
from EM and localization data from fluorescence microscopy. It presents a useful
tool for understanding how ER is organized in axons. One possible application
would be to express a fixative-resistant fluorescently-tagged smooth ER marker
in one or two motor axons (Xiong et al., 2010; Pérez-Moreno and O’Kane, 2019)
using the UAS-Gal4 system in Drosophila; the marker could then be tracked
over a series of serial sections using both fluorescence and electron microscopy,
and rendered in 3D to study ER distribution at the resolution of a single of axon
of known identity.
In this regard, I generated transgenic flies that overexpress the smooth
ER marker CG9186 tagged with a fixative-resistant photoconvertible protein,
mEos4b, as a potential tool for understanding the organisation of axonal ER,
using both photoconversion and CLEM in individual axons. I describe the
generation of these stocks in Chapter 7.

1.8.4

Conclusion

This study aims to further our understanding of axonal ER organization and the
roles of ER-shaping proteins in maintaining ER continuity over long distances,
leading to a better understanding of the mechanisms underlying axonal
degeneration.
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Chapter 2: Materials and Methods

2.1

Fly Husbandry and stocks

Flies were maintained at 18ºC or 25ºC and 65-75% humidity with a 12-hour light
and 12-hour dark cycle on standard soft medium (1.25% agar, 10.5% dextrose,
10.5% maize, 2.1% killed yeast, and 3.5% nipagin) seeded with live yeast.
Drosophila stocks used are listed in Table 2.1.

2.2

Behavioural Assays

2.2.1

Fertility Assay

Six virgin females and two males were mated in vials. The assay was performed
in duplicate for each cross. Parents were transferred to fresh vials every 2-3 days
and then discarded after the 3rd flip. Fertility was assessed by noting the
absence or presence of progeny.

2.2.2

Developmental Assay

Five virgin females and two males were mated in vials. The assay was
performed either in duplicate or triplicate per group. Flies were transferred to
vials every 2-3 days and were discarded after the 4th flip (Fig. 4.17B). I observed
each vial daily under a dissection microscope and noted days to first appearance
of first instar larvae on food. I also counted the number of third instar larvae
emerging over a period of 20 days every day. Only 3rd instar larvae crawling on
the walls of the vials were counted.
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Table 2.1. Drosophila stocks used in this study.
Genotype
Source

Details

Reference

Control stocks
O'Kane Lab
stock

Wild type flies with
white eyes

ReepA+

M. Stofanko

A precise excision of P
element EY05130; used
as genetic background
control for Rtnl1-,
ReepA-, ReepB- mutants

ReepA+ / CyO ; +

M. Stofanko

w ; + ; Arl6IP1WT / TM6B

This study

w ; If/CyO ; Arl6IP1WT / TM6B

This study

w1118

ReepA+ over a balancer
CRISPR background
control for Arl6IP1
CRISPR mutants
Above stock with
second chromosome
balancer

Yalçın et
al., 2017

This study
This study

Balancer stocks

w ; CyO/If ; +
w ; CyO/If ; TM6B/MKRS
w ; + ; TM6B/MKRS

O'Kane Lab
stock
O'Kane Lab
stock
O'Kane Lab
stock

CyO, P{GAL4-Kr.C}, P{UASGFP.S65T} ; +

O'Kane Lab
stock

CyO, P{GAL4-Kr.C}, P{UASGFP.S65T} ; TM6B/MKRS
RNAi experiments

O'Kane Lab
stock

w1118 ; ; P{GD8613}v39885/TM3
w1118 ; ; P{GD12118}v27824/TM3

VDRC
(39885)
VDRC
(27824)
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Second chromosome
balancer
Second and third
chromosome balancers
Third chromosome
balancer
GFP expression driven
indirectly by a Kruppel
(Kr) promoter under
UAS-control on the
balancer chromosome
to aid identification of
heterozygotes at larval
and pupal stages
Above stock with third
chromosome balancers
RNAi targeting Vps37A
RNAi targeting
Rab3GAP

Casso,
RamírezWeber
and
Kornberg,
1999

Dietzl et
al., 2007
Dietzl et
al., 2007

; Rtnl1- ReepA- ReepB- / CyO::GFP ;
P{GD8613}v39885/TM3

This study

; Rtnl1- ReepA- ReepB- / CyO::GFP ;
P{GD12118}v27824/TM3

This study

UAS-Dcr-2; Rtnl1- ReepA- ReepB- /
CyO::GFP ; m12-Gal4, UASCG9186::GFP / TM6B

O'Kane Lab
stock

Vps37A RNAi in triple
loss of function
background
Rab3GAP RNAi in triple
loss of function
background
Dicer 2 and ER marker
CG9186::GFP
expression under m12Gal4 in triple loss of
function background

This study
This study

Yalçın et
al., 2017

Mutants

; ; atl2 /TM6B

Seungbok
Lee

y1 w*; P{w[+mC]=UASTYFP.Rab18.S19N}03

BDSC
(23238)

P{w+mC=UAST-YFP.Rab18.S19N}4,
y1w*

BDSC
(50779)

Rtnl1- ReepA- ReepB- ;
P{w[+mC]=UASTYFP.Rab18.S19N}03

O'Kane Lab
stock

P{w+mC=UAST-YFP.Rab18.S19N}4,
y1w*; Rtnl1- ReepA- ReepB-

O'Kane Lab
stock

Rtnl11 ; +

G. Tear
10-11

w ; + ; Arl6IP1

/TM6B, Tb

w ; + ; Arl6IP16-5 / TM6B, Tb+

+

This study
This study
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atl2 loss of function
mutation
Dominant negative,
YFP-tagged Rab18
protein expression
under UAS control
Dominant negative,
YFP-tagged Rab18
protein expression
under UAS control
Dominant negative,
YFP-tagged Rab18
protein expression
under UAS control in
triple loss of function
background
Dominant negative,
YFP-tagged Rab18
protein expression
under UAS control in
triple loss of function
background
Rtnl1 loss of function
mutant
CRISPR mediated
Arl6IP1 mutant with a
12-bp deletion
CRISPR mediated
Arl6IP1 mutant with a
5-bp deletion

Lee et al.,
2009
Zhang et
al., 2007
Zhang et
al., 2007

Zhang et
al., 2007

Zhang et
al., 2007
Wakefield
& Tear
2006
This study
This study

11-10

w ; + ; Arl6IP1

/TM6B, Tb

+

This study

w ; + ; Arl6IP[5-2 / TM6B, Tb+

This study

w ; If / CyO::GFP ; Arl6IP110-11 /
TM6B

This study

w ; If / CyO::GFP ; Arl6IP15-2 /
TM6B

This study

w ; If / CyO::GFP ; Arl6IP111-10 /
TM6B

This study

+ ; Arl6IP1AS91/TM6B

A. Sohail

; If / CyO ; Arl6IP1AS91 /TM6B

A. Sohail

; Rtnl11 ; Arl6IP15-2

This study

; Rtnl1- ReepA- ReepB-; Arl6IP15-2

This study

CRISPR mediated
Arl6IP1 mutant with 7bp deletion
CRISPR mediated
Arl6IP1 mutant with 25bp deletion
CRISPR mediated
Arl6IP1 mutant with
balancers
CRISPR mediated
Arl6IP1 mutant with
balancers
CRISPR mediated
Arl6IP1 mutant with
balancers
Imprecise excision
mediated Arl6IP1
mutant
Imprecise excision
mediated Arl6IP1
mutant with balancers
Rtnl1-; Arl6IP15-2 double
loss of function mutant
; Rtnl1- ReepA- ReepB-;
Arl6IP15-2 quadruple
loss of function mutant

This study
This study
This study
This study
This study
Sohail,
2018
Sohail,
2018
This study
This study

Gal4 stocks

m12-Gal4 driver on the
third chromosome
which drives expression
in two axons per
hemisegment
OK6-Gal4 driver on the
second chromosome
which drives expression
in motor neurons

w- ; P{GawB}tey5053A/TM6B, Tb+

O'Kane Lab
stock

P{w=mW.hs=GawB}OK6

O'Kane Lab
stock

; P{w=mW.hs=GawB}OK6;
TM6B/MKRS

O'Kane Lab
stock

Above stock with third
chromosome balancer

w*; P{w +mC=ppk-GAL4.G}2

P. Conduit
BL32078

Pickpocket(ppk)-Gal4
construct on the
second chromosome
which expresses
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Xiong et
al., 2010

Sanyal,
2009
Sanyal,
2009

strongly in Class IV and
weakly in Class III mdneurons

P{GawB}D42/TM6B, Tb+

O'Kane Lab
stock

D42-Gal4 driver on the
third chromosome
which drives expression
in motoneurons and
some sensory neurons

Sanyal,
2009

Tagged fluorescent proteins

; + ; P{14xUAS-eGFP::Arl6IP1}attP9A / TM6C

A. Sohail

w- ; P{UAS-CG9186::eGFP} ; MKRS
/ TM6B

O'Kane Lab
stock

w ; UAS-CD4::tdGFP ; MKRS /
TM6B

O'Kane Lab
stock
O'Kane Lab
stock

w ; + ; UAS-lnpk::mCherry / TM6B

This study

; UAS-myr::tdTomato, UASCG9186::GFP ; +

O'Kane Lab
stock

; 5X UAS-CG9186::mEos4b / Sm6a

This study

; ; 5X UAS-CG9186::mEos4b /
TM6C

This study

; 17X UAS-CG9186::mEos4b /
Sm6a

This study

; UAS-CD4::tdGFP ; +
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eGFP tagged Arl6IP1
expression under UAS
control
CG9186::GFP
expression under UAS
control
CD4::tdGFP expression
under UAS control
Above stock with third
chromosome balancers
lnpk::mCherry
expression under UAS
control
myr::tdTomato and
CG9186::GFP
expression under UAS
control
5X UAS
CG9186::mEos4b
construct under UAS
control on chromosome
2 (attP40 25C6)
5X UAS
CG9186::mEos4b
construct under UAS
control on chromosome
3 (attP-9A
89E11)
17X UAS
CG9186::mEos4b
construct under UAS
control on chromosome
2 (attP40 25C6)

Sohail,
2018
Thiel et
al., 2013

This study

This study

This study

; ;17X UAS-CG9186::mEos4b /
TM6C

This study

17X UAS
CG9186::mEos4b
construct under UAS
This study
control on chromosome
3 (attP-9A
89E11)

ER/PM markers combined with Gal4 drivers

ER marker
If / CyO::GFP ; m12-Gal4 UASO'Kane Lab tdTomato::Sec61𝛽
tdTomato::Sec61𝛽
stock
expression under m12Gal4
ER marker
w ; UAS-tdTomato::Sec61𝛽 ; m12- O'Kane Lab tdTomato::Sec61𝛽
Gal4 / TM6B
stock
expression under m12Gal4 control
CG9186::GFP
w ; UAS-CG9186::GFP ; m12-Gal4 O'Kane Lab
expression under m12/ TM6B
stock
Gal4 control
CG9186::GFP
OK6-Gal4 UAS-CG9186::GFP
This study
recombined with OK6/CyO::GFP ; +
Gal4
*
+mC
w ; P{w =ppk-GAL4.G}2 UASCD8::GFP expression
P. Conduit
CD8::GFP
under ppk-Gal4
Mutant and wild type alleles combined with Gal4 drivers or ER/PM markers
tdTomato::Sec61𝛽
Rtnl1- ReepA- ReepB- / CyO::GFP ;
O'Kane Lab expression under m12m12-Gal4, UAS-stock
Gal4 in triple loss of
tdTomato::Sec61𝛽 / TM6B
function background
Carries m12-Gal4 driver
; Rtnl1- ReepA- ReepB- / CyO::GFP ; O'Kane Lab
in triple mutant
m12-Gal4 / TM6B
stock
background
CG9186::GFP
; Rtnl1- ReepA- ReepB- / CyO ; UAS- O'Kane Lab expression under UAS
CG9186::GFP / TM6B
stock
control in triple mutant
background
CG9186::GFP
w ; + ; m12-Gal4, UASrecombined with m12This study
5-2
CG9186::GFP, Arl6IP1 / TM6B
Gal4 in Arl6IP15-2
background
CD4::tdTomato
w ; UAS-CD4::tdTomato /
expression under UAS
This study
WT
CyO::GFP ; Arl6IP1 / TM6B
control in Arl6IP1WT
background
68

This study

Yalçın et
al., 2017
Yalçın et
al., 2017

This study

This study

w ; + ; UAS-CD4::tdTomato,
Arl6IP15-2 / TM6B

This study

w ; + : UAS-CG9186::GFP, Arl6IP15This study
2
/ TM6B
w ; OK6-Gal4,UAS-CG9186::GFP /
CyO::GFP ; Arl6IP15-2 / TM6B

This study

; OK6-Gal4 UAS-CG9186::GFP /
CyO ; Arl6IP1AS91 / TM6B

This study

w ; OK6-Gal4,UAS-CG9186::GFP /
CyO::GFP ; Arl6IP1WT / TM6B

This study

w ; UAS-CD4::tdTomato /
CyO::GFP ; Arl6IP15-2 / TM6B

This study

; UAS-CD4::tdTomato / CyO ;
Arl6IP1AS91 / TM6B

This study

ppk-GAl4 ; Arl6IP15-2

This study

ppk-GAl4 ; Arl6IP1AS91

This study

UAS-myr::tdTomato, UASCG9186::GFP / CyO::GFP ;
Arl6IP15-2/TM6B

This study

UAS-myr::tdTomato, UASCG9186::GFP / CyO::GFP ;
Arl6IP1AS91/TM6B

This study
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CD4::tdTomato
expression under UAS
control in Arl6IP15-2
background
UAS-CG9186::GFP
recombined with
Arl6IP15-2
UAS-CG9186::GFP
recombined with OK6Gal4 in Arl6IP1AS91
background
UAS-CG9186::GFP
recombined with OK6Gal4 in Arl6IP15-2
background
UAS-CG9186::GFP
recombined with OK6Gal4 in Arl6IP1WT
background
CD4::tdTomato
expression under UAS
control in Arl6IP15-2
background
CD4::tdTomato
expression under UAS
control in Arl6IP1AS91
background
Carries Pickpocket
(ppk)-Gal4 in Arl6IP15-2
background
Expresses Pickpocket
(ppk)-Gal4 in Arl6IP1AS91
background
myr::tdTomato and
CG9186::GFP
expression under UAS
control in Arl6IP15-2
background
myr::tdTomato and
CG9186::GFP
expression under UAS
control in Arl6IP1AS91
background

This study

This study

This study

This study

This study

This study

This study

This study
This study

This study

This study

; ; atl2, m12-Gal4 / TM6B

O'Kane Lab
stock

w ; UAS-Sec61B::tdTomato ; atl2,
m12-Gal4 / TM6B

O'Kane Lab
stock

w ; UAS-CD4::tdGFP ; atl2 / TM6B

O'Kane Lab
stock

w ; UAS-CD4::tdGFP ; atl2, Ge /
TM6B

O'Kane Lab
stock

; ; UAS-lnp::mCherry, atl2 / TM6B

This study

; UAS-CG9186::GFP ; atl2, m12Gal4/TM6B

O'Kane Lab
stock

; UAS-myr-tdTomato, UASCG9186::GFP, atl2/TM6B

O'Kane Lab
stock

Carries m12-Gal4 in atl2
background
tdTomato::Sec61𝛽
expression under m12Gal4 control in atl2
background
Carries CD4::tdGFP
under UAS control in
atl2 background
Carries CD4::tdGFP
under UAS control in
atl2 background
carrying a genomic
rescue construct for atl
Carries Lnpk::mCherry
under UAS control in
atl2 background
CG9186::GFP
expression under m12Gal4 control in atl2
background
Carries CG9186::GFP
and myr::tdTomato
under UAS control

This study

Miscellaneous

y1 P(nos-cas9, w+) M(3xP3RFP.attP)ZH-2A w*

2

; ; atl ,Ge/TM6B

Fly Facility,
Department
of Genetics.
BDSC
(54591)

Cas9 protein expression
during oogenesis under
control of nanos
regulatory sequences

Port et al.,
2014

Seungbok
Lee

Carries atl genomic
rescue construct in atl2
background

Lee et al.,
2009
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2.3

Molecular Biology

2.3.1

PCR screening for Arl6IP1 mutations

2.3.1.1 Single fly DNA extraction
Single adult flies were homogenised in 50 µl of squishing buffer (10 mM Tris
HCl pH 8.2, 1 mM EDTA, 25 mM NaCl, 0.2% Triton X-100) containing 200 µg/ml
proteinase K using a sterile micro-pestle until the solution became cloudy. The
mixture was then incubated at 37ºC for 30 minutes and at 90ºC for 2 minutes
followed by centrifugation for 1 minute at maximum speed. The supernatant
was transferred into a new tube and used as template for PCR.

2.3.1.2 Polymerase Chain Reaction (PCR)
Routine PCRs such as genotyping and screening for mutations were performed
using DreamTaq Green PCR 2X Master Mix (ThermoFisher Scientific, UK)
according to manufacturer’s instructions. PCRs to generate inserts for cloning
were performed using the Q5 High Fidelity Master Mix (New England Biolabs)
according to manufacturer’s instructions.
All of the oligonucleotides used in this study were synthesized by
Invitrogen (Life Technologies, UK). The oligonucleotides used in this study are
listed in Table 2.2.

2.3.2

CRISPR/Cas9 mediated Arl6IP1 mutagenesis

2.3.2.1 gRNA Design
gRNAs specific for Arl6ip1 were generated using the FindCRISPR tool available
online

as

part

of

DRSC/TRiP

Functional

Genomics

Resources

(http://www.flyrnai.org/crispr/). The gRNAs were selected for their location
within the coding sequence of the gene, particularly the transmembrane regions.
gRNA1 has the sequence 5’-TACTACGCCGGAGTGGTGTTTGG-3’ and targets
the first transmembrane region whereas gRNA2 has the sequence 5’-
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AGAAGATCCAGTGCGGCAAAAGG-3’ and targets the terminal part of the
coding sequence (Fig. 4.5A).

2.3.2.2 Cloning tandem gRNA expression into pCFD4
Primers containing the gRNA sequences flanked by parts of promoter and gRNA
core sequences complimentary to those on pCFD4 were designed as described
previously (Port et al., 2014) (Fig. 4.6A-B). PCR was performed on pCFD4 (Table
2.3) as template using Q5 PCR master mix (New England Biolabs). pCFD4 was
digested with BbsI (New England Biolabs) according to the manufacturer’s
recommendations. The digested vector and amplified insert were then gel
purified using Zymoclean Gel DNA Recovery Kit (Zymo Research).
The plasmid was assembled by Gibson Assembly (New England Biolabs)
and used to transform NEB® 5-alpha Competent E. coli (New England Biolabs)
according to manufacturers’ recommendations. 100 µL of the cells were plated
on LB + Amp plates and incubated overnight at 37ºC. Several of the isolated
colonies recovered the plates were inoculated in 5 mL LB + Amp overnight at
37ºC with shaking, and plasmid extraction was performed using QIA-prep
miniprep kit (Qiagen). The presence of the insert was verified by Sanger
sequencing and sequence alignments between regions for homology-directed
cloning for a transformant and simulated final vector sequence in SnapGene
(Fig. 4.6C-D). Once verified, the gRNA vector was microinjected into nos-Cas9
(BDSC 54591) embryos at a concentration of 100 ng/ µL at the Department of
Genetics Fly Facility.
All of the plasmids used and generated in this study are listed in Table
2.3.
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Table 2.2. Oligonucleotides used in this study.
Name

gRNA1_pCFD4
_fwd (AR031)

gRNA2_pCFD4
_rev (AR032)

Arl6ip1
gRNAseq
(AR003)
RpL3_F
(AR008)
RpL3_R
(AR009)
Arl6ip1_F
(AR017)
Arl6ip1_R
(AR018)
Arl6ip1_del_F
(AR019)
Arl6ip1_del_R
(AR020)
Arl6ip1_bigind
el_F (AR021)
Arl6ip1_smain
del_R (AR023)
Arl6ip1_smain
del_F (AR022)
Arl6ip1_bigind
el_R (AR024)

Purpose

Sequence (5'-3')

Amplicon
size

TATATAGGAAAGATATCCGGG
TGAACTTCGTACTACGCCGGA
GTGGTGTTGTTTTAGAGCTAG
Contains two gRNAs for AAATAGCAAG
cloning into pCFD4 for
600 bp
ATTTTAACTTGCTATTTCTAGCT
CRISPR
CTAAAACCCTTTTGCCGCACTG
GATCTTCTCGACGTTAAATTGA
AAATAGGTC
For verification of gRNA
insert into pCFD4 by
GACACAGCGCGTACGTCCTTC
sequencing;
allows
G
sequencing
of
both
gRNAs in one reaction
Positive control for all
PCRs

TTTCTGACCACTGCGTCTCC
900 bp
GTACTGGTGCTTACCTTGCC
AAGCACGACTTGGAGCCTTT

Amplification of Arl6IP1
AGTAGGAGATGTGATGGGGC

WT:
bp

933

Screening for Arl6IP1 TTC TCG GAA TTG AAC GCG CA
WT: 1000
CRISPR mutants with very
GCG ATG TGT GCA TAA TGG bp
large deletions
CAA G
GGT TGA CCA GGT GAG CGA
Screening for Arl6IP1
AG
WT:
CRISPR mutants with
bp
large indels
GCA GCG ACA GCA GGG TAA T
AAT TAA AGC ACG ACT TGG
Screening for Arl6IP1 AGC C
WT:
CRISPR mutants with very
GGG GAA TGC GTA GTT CAG bp
small indels
CA

338

165

Rtnl1_mutant_
For
testing
Rtnl1- GGA AAT TGC GTG GAA CTC WT: 5624
Forward
mutation (B. Yalçin)
AT
bp,
(AR049)
73

Rtnl1_mutant_
Reverse
(AR050)

TAT TCG CAT TTC CTC GAT CC

ReepA_mutant
_Forward
(AR051)

TCG AGG CGA TTT CTC CCA
TTA CTC

ReepA_mutant
_Reverse
(AR052)
ReepB_mutant
_Forward
(AR053)
ReepB_mutant
_Reverse
(AR054)
attB1_CG9186
_fwd (AR 055)
attB5r_CG918
6_rev (AR056)
attB5_mEos4b
_fwd (AR057)
attB2_mEos4b
_rev (AR058)

For
testing
ReepA
mutation (B. Yalçin)

-

For
testing
ReepBmutation (B. Yalçin)

mutant:
496 bp

WT: 1936
bp,
mutant:
GCT GCA CTT CAG ATG CCA TA 255 bp
GAT CTG GAG AAA GTC CAG
WT: 1680
TTC G
bp,
mutant:
CCA ATA CGA GGT GAG GTT
497 bp
GG

GGGG ACA AGT TTG TAC AAA
AAA GCA GGC TTC ACC ATG
For adding att sites to CAG GAG GCC TAC GTC
983bp
CG9186 for BP reaction.
GGGG ACA ACT TTT GTA TAC
AAA GTT GTA AAC ACG TCT
GTG CTG CTG GAT CAT
GGGG ACA ACT TTG TAT ACA
AAA GTT GT ATG GTG AGT
For adding att sites to GCG ATT AAG CCAG
741 bp
mEos4b for BP reaction.
GGGG ACC ACT TTG TAC AAG
AAA GCT GGG TA TTA TCG TCT
GGC ATT GTC AGG CAA

2.3.2.3 Gateway cloning
Gateway cloning system is based on the excision and recombination reactions
upon lambda phage infection of bacteria and relies on recombination of
fragments and/or vectors carrying specific att sites. For mEos4b tagging of
CG9186, the cDNA fragments of CG9186 and mEos4b were amplified from
GEO06072 (Drosophila Genomic Resource Centre) and pRSETa_mEOS4b
(Addgene #51073) respectively using primers which added the att sites required
for homologous recombination with the pDONR 221 vectors (ThermoFisher
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Table 2.3. Plasmids used in this study.
Plasmid
RRID

Description

Source/Reference

pCFD4

Expression of two
Addgene
gRNAs from Drosophila Port et al., 2014
49411
U6:1 and U6:3

GEO 06072

-

pRSET-mEOS4b

Photoconverible
Addgene Fluorescent
Protein. Paez-Segala et al.,
51073
Fixative
Resistant 2015
(monomeric)

cDNA clone for CG9186 DGRC

-

For generating donor
plasmids that can be
used to insert sequence
containing an ORF of
interest
expressed
under the control of
UASt
regulatory Oliva et al., 2020
sequences into an attPcontaining docking site
in the genome, via
phiC31:int-mediated
integration. Carries 5x
UAS sites.

-

Same as p5xUASTattB
but carries 17x UAS Oliva et al., 2020
sites.

P1-CG9186-P5r

-

Kozak+CG9186 CDS (no
stop codon) flanked by This study
attP1 and attP5r

P5-mEos4b-P2

-

pUASattB 5X-CG9186mEos4b

-

p5xUASTattB

p17xUASTattB

mEos4b CDS with stop
codon flanked by attP5 This study
and attP2
Final expressin vector
with mEos4b fused to This study
CG9186 (5XUAS)
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pUASattB 17X-CG9186mEos4b

-

Final expression vector
with mEos4b fused to This study
CG9186 (17XUAS)

Scientific) (Fig. 7.3A-B). BP and LR reactions were performed according to
manufacturer’s’ recommendations. BP reactions were set up to recombine
CG9186 and mEos4b fragments into their respective pDONR vectors. LR
reactions were set up to recombine the pDONR221-CG9186 and pDONR 221mEos4b vectors into pUAST (5XUAS or 17XUAS) to generate final expression
clones carrying the protein fusion (Fig. 7.4). The final expression vectors were
transformed into One Shot Mach 1 chemically competent cells (ThermoFisher
Scientific) following manufacturer’s recommendations. Sanger sequencing was
performed after each cloning step to ensure successful recombination of the
fragments and vectors (Fig. 7.5-6).

2.3.3

Histology

2.3.3.1 Drosophila larval dissection and fixation
Wandering third instar larvae of appropriate genotype were picked and chilled
in PBS on ice to minimize movement; immobilized larvae were pinned down
dorsal side up on a sylgard-coated dish with minutien pins (Fig.2.1). Larvae
were pinned at the anterior and posterior ends and dissected in chilled Ca2+-free
HL3.1 solution to minimize muscle contractions (Feng, Ueda and Wu, 2009).
Larvae were then straightened out as much as possible and using spring
scissors, two small horizontal incisions were made at the anterior and posterior
ends taking care to avoid cutting through the brain and the muscles. Placing
one blade of the scissors into the posterior incision, a vertical cut was made along
the dorsal midline towards the anterior end of the larva. The dorsal cuticle was
lifted and pinned back using four minutien pins with each one in a corner
resulting in a larval ‘fillet’ preparation. Next, the internal organs were removed
with the help of forceps leaving the central nervous system (CNS) intact.
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Figure 2.1. Overview of Drosophila larval dissection and imaging.
Third instar larva to be dissected is pinned on a sylgard coated dish with two
minutien pins inserted into its anterior and posterior ends (left). Two small incisions
are made at the anterior and posterior ends and the larva is cut open by cutting along
the dorsal midline (dotted line) from the posterior incision towards the anterior one.
The cuticle is then gently lifted and pinned in four corners using minutien pins
followed by removal of organs leaving the central nervous system intact (top right).
Seven pairs of segmental nerves arise from the ventral nerve cord (VNC) and
innervate each hemisegment. Abdominal segments A2-A6 have identical innervation
and muscle pattern. Confocal images were acquired from anterior (segment A2),
middle (segments A4-A5) and posterior (segment A6) regions (purple boxes, bottom
right) of the segmental nerve innervating A6.

Fixation was performed by incubating larvae in 4% formaldehyde in
phosphate buffered saline (PBS) for 10 minutes while pinned up on the sylgardcoated dish at room temperature. The larvae were then rinsed with PBS three
times and mounted in a drop of Vectashield (Vecta Laboratories, USA). A
coverslip was placed on top and sealed with clear nail varnish. The slides were
stored at 4˚C in the dark.

2.3.3.2 Drosophila whole larval mounts
A glass slide was prepared by placing two layers of double-sided tape about 2
cm apart (Fig. 2.2; Step 1). A drop of 15% chloroform in Halocarbon oil 700
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(Sigma-Aldrich) was placed in the middle of slide between the tapes (Fig. 5.21;
Step 2). A crawling third instar larva was transferred to a dish containing water
with the help of a brush and gently washed to get rid of food debris adhering to
its body. The larva was gently dried by touching it briefly on a tissue. The larva
was then placed in the drop of Halocarbon oil and gently rolled around to make
sure that it does not curve up. The larva was then oriented with either its dorsal
or ventral side facing up depending on which cells or NMJs were to be imaged.
A cover slip was gently pressed on top of the larva to flatten it; the double sided
kept the coverslip secured in place and limited larval movement. The slide was
then immediately imaged.

Figure 2.2. Sample preparation for imaging undissected larvae.
1. Two pieces of double sided were layered on top of each other about 2 cm apart. 2. A
drop of 15% chloroform in Halocarbon oil 700 was placed in the middle of the slide. 3.
The larva was placed in the drop of oil with either dorsal or ventral side up depending
on the cells/NMJs to be imaged and a coverslip was gently pressed on it to flatten the
larva and keep it in place.

2.3.3.3 Adult fly leg preparation for confocal microscopy
Adult flies of appropriate genotype were chosen and anesthetized with CO2.
Legs were carefully separated from the abdomen with the help of a scalpel and
a pair of fine tipped forceps. The legs were mounted in Halocarbon oil 27 (Sigma)
and the coverslip was sealed with clear nail polish.
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2.3.3.4 Immunohistochemistry
Dissected and fixed larvae samples were permeabilized by incubating in PBT
(PBS + 0.1% Triton X-100) for 30 minutes twice at room temperature with
shaking. Samples were then transferred to PBT-serum (PBT + 4% Bovine
Serum Albumin) for blocking at room temperature with shaking. Blocking
solution was then replaced with anti-Discs large (Dlg; mouse; DHSB (4F3 discslarge)) primary antibody diluted in PBT-serum (1:100) and the samples were
incubated at 4°C overnight with shaking. The samples were washed with PBT
three times (10 minutes incubation with shaking at room temperature for each
wash). Goat anti-mouse 647 (LifeTech A21235) secondary antibodies diluted in
PBT-serum (1:100) were added to the samples followed by a 2-hour incubation
at room temperature with shaking. Three more washes with PBT of 10 minutes
each followed the removal of secondary antibodies at room temperature with
shaking. Samples were finally mounted in Vectashield® mounting medium
(Vector Laborotories, USA) and covered with a coverslip which was sealed in
place with the help of clear nail polish. The slides were stored at 4°C in the dark
after the nail polish dried.

2.3.4

Microscopy

2.3.4.1 Confocal microscopy
Confocal imaging was done using either EZC1 acquisition software (Nikon) on
a Nikon Eclipse C1si confocal microscope (Nikon Instruments, France) or LAS
X acquisition software (Leica) on Leica SP8 confocal microscope on Leica DMI8
inverted stand (Leica Microsystems Europe). Images were acquired using
10x/0.30NA (dry), 20x/0.50NA (dry), 40x/1.30NA (oil, Nikon). 40x/1.40NA (oil,
Leica), or 60x/1.4NA (oil) objective. Tubular ER distribution in neuronal motor
axons were observed in Drosophila third instar larvae by recording confocal zstacks of the segmental nerve A6 in three regions, namely anterior (segment
A2), middle (segments A4-A5) and posterior (segment A6) using 40x objectives
with 4x digital zoom (Fig.2.1). Both left and right segmental nerves were imaged
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where possible and at least one segmental nerve was imaged per larva. For adult
legs, femurs were imaged either with a 10x objective or a 40x oil immersion
objective with 4x digital zoom. Similar to larval axons, both left and right femurs
were imaged where possible.

2.3.4.2 Time-lapse imaging
Live imaging and FRAP experiments were performed on a Nikon Eclipse C1si
confocal microscope (Nikon Instruments, UK), equipped with a 20 mW Argon
laser using a 40x 0.8 N.A. water dipping objective. Crawling third instar larvae
were dissected and imaged in chilled HL3.1 solution (Feng, Ueda and Wu, 2009)
supplemented with 7mM L-Glutamate. Time-lapse images were acquired on a
single focal plane using 4X digital zoom (512x128 pixels) for 1 frame/s for 1
minute. In Fiji (Schindelin et al., 2012), bleach correction was applied using the
‘exponential fit’ method (Miura et al., 2014) to compensate for any
photobleaching during image acquisition, followed by ‘StackReg’ plugin using
the ‘Rigid body’ transformation (Thévenaz, Ruttimann and Unser, 1998) to
register any x-y movements due to drift. Any stacks containing images where
the axon drifted out of view were discarded. ‘Walking average’ (2 frames) within
the ‘Multi Kymograph’ plugin was used to reduce image noise in all images of
the sequence. Finally, kymographs were generated using the ‘Velocity
Measurement

Tool’

(http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/Velocity_Measurement_Tool). The kymographs were scored for the
presence or absence of motile ER elements manually after blinding the image
files for genotypes.

2.3.4.3 Fluorescence recovery after photobleaching (FRAP)
For FRAP, I acquired two images pre-bleaching, followed by photobleaching of
a defined region of interest (20 x 4 𝜇m) at full laser power (488 nm) for two
iterations at a scan speed of 0.5 frame/s. Post-bleaching images were acquired
on a single focal plane once every 5s for 200s. In Fiji (Schindelin et al., 2012),
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‘StackReg’ plugin with the ‘Rigid body’ transformation (Thévenaz, Ruttimann
and Unser, 1998) was used to register any movements of the axons during
acquisition due to drift.
Three rectangular ROIs were then drawn in each FRAP experiment;
ROI1 (bleached region), ROI2 (area of total fluorescence) and ROI3 (background
region). These ROIs were added to the ‘ROI Manager’ and average intensities
over time for each region were recorded using the ‘Multi measure’ option in the
ROI Manager and saved as a .csv file. All of the .csv files for each genotype were
then uploaded into the web based application ‘easyFRAP’ (Koulouras et al.,
2018) for data processing for FRAP analysis.
The steps taken during data processing by the application are described
briefly. The first step is to subtract background intensity from all measurements
followed by double normalization. The first normalization corrects for
differences in the starting intensities in the bleached region (ROI1) by dividing
intensities in ROI1 at each time point by the average pre-bleach intensity in
ROI1. The second normalization corrects for variations in total fluorescence
during the entire acquisition period arising from bleaching or fluctuations in
laser intensity by dividing with the total fluorescence intensity (ROI2) at each
time point and multiplying by the average total pre-bleach intensity. I used the
option of ‘Full scale normalization’ in the application which additionally corrects
for differences in bleaching depth by subtracting the intensity of the first postbleach image in the bleached region (ROI1) thus allowing the recovery curve to
start from zero values. The application then fits the normalized postbleaching
data to a single exponential function using the non-linear least squares (nls)
function in R and reports t-half (half maximal recovery time) and mobile fraction
values. I downloaded the normalized data from the application and used
GraphPad Prism8 for making fluorescence recovery plots and, statistical
analysis of differences between the genotypes. Kymographs were also generated
for

each

FRAP

experiment

using

the

‘Velocity

Measurement

(http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Velocity_Measurement_Tool).
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Tool’

To account for fluorescence recovery contributed by rapid ER movements
(Fig. 6.6D), I blinded the genotypes for the FRAP recordings. I drew a straight
line of 4 𝜇m length in the middle of the bleached region and treated that as
ROI1. ROI2 and ROI 3 remained the same from the earlier analysis. I recorded
and saved the average intensities for the three ROIs as described above. Using
kymographs and plots of intensity profiles as references for each FRAP
experiment, I deleted intensity values from the time point onwards when I saw
a clear ER movement. This resulted in unequal numbers of intensity values
among the FRAP experiment, therefore I could not use easyFRAP for data
processing and curve fitting. For figure 6.6D, I did the data processing manually
in MS Excel for Mac (Version 16.38 20061401) the same way as described above
for easyFRAP for each experiment. I then used GraphPad Prism8 for making
fluorescence recovery plots, fitting the fluorescence intensity with a one-phase
exponential equation and statistical analysis of differences between the
genotypes.

2.3.4.4 Photoconversion
Fixed third instar larvae were imaged using a Leica SP8 inverted laser scanning
confocal microscope. Photo-conversion of CG9186::mEos4b was performed
manually by scanning the region of interest with 405 nm diode laser for 30s. The
green and red fluorescent signals were acquired using 488 and 561 nm argonion laser, respectively.

2.3.4.5 Image analysis
Single-channel images
Confocal images were analysed using Fiji (Schindelin et al., 2012). Mean
staining intensity of ER/PM/Lnp marker along the length of each axon was
determined as a measure of amount of ER/PM/Lnp. It was measured by
generating maximum intensity projections for each preparation. m12-Gal4 was
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Figure 2.3. Quantification of CV and percentage of gaps in ER labelling in single-channel
images of axons.
A. To determine the CV of ER labelling intensity, a maximum intensity z-projection
was generated from the z-stack (left) and a segmented line selection was manually
drawn along the axonal ER (right). Only the brighter of the two axons was traced
when both axons could be resolved separately. Mean pixel intensity along this line
was recorded and CV was calculated by dividing standard deviation of staining
intensity by the mean.
B. To determine the percentage of gaps in ER labelling, first a maximum intensity zprojection was generated from the z-stack which was then thresholded and converted
into a binary image. A manual line selection was drawn along the axon and the values
were recorded along this line to be used to determine the percentage of gaps in
labelling.
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used to drive expression of fluorescently tagged markers in two tightly
fasciculated axons (Xiong et al., 2010) which usually appear as a single axon
because of their close proximity but can sometimes be resolved as two separate
axons. Using the segmented line tool in Fiji, a segmented line selection was
manually drawn along the axonal ER and only the brighter of the two axons was
traced when both axons could be resolved separately. Mean pixel intensity along
this line was recorded and the line selection was then moved above or below the
axon and mean pixel intensity was recorded again. This second reading served
as the background intensity and was subtracted from the first reading to get the
final mean staining intensity which was used for statistical analyses.
Coefficient of variation (CV) of intensity was used as a measurement of
staining variability along the length of each axon and was calculated by dividing
standard deviation of staining intensity by the mean. Occasional oversaturated
images were excluded from analyses (Fig. 2.3A).
To determine the percentage of gaps in ER staining along axons, I applied
thresholding to the ER channel and converted it into a binary image. I then drew
a line ROI manually along the axon and recorded the ER marker intensity
values along this line which yielded values corresponding to either 0 or 255. The
percentage of 0-values along the length of the axon was determined and
designated as percentage of gaps (Fig. 2.3B).

Multi-channel images
In instances where multiple markers were used simultaneously, for example,
ER and PM markers (Chapters 5 & 6) or Lnpk and ER markers (Chapter 6), I
used one of the channels as reference; e.g. PM served as reference for ER
(Chapters 5 & 6), ER served as reference for Lnpk (Chapter 6).
A semi-automated approach was used for quantifying mean intensities of
fluorescent markers in Fiji. Briefly, maximum intensity z-projections were
generated for both channels followed by thresholding in the reference channel
(e.g. PM); same method of thresholding was used for all images within an
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analysis. I have used two methods of thresholding in this thesis; RenyiEntropy
and Li. Thresholding was used to create a selection in the reference channel (e.g.
PM) and average marker intensity was recorded within this selection. The
selection was then restored on the other channel (e.g. ER) and average marker
intensity was recorded inside the selection. Background intensity was measured
in each channel by nudging the selection above or below the axon; background
intensity was subtracted from the intensity measured before to obtain the final
marker intensity which was used for comparisons among genotypes and
statistical analysis (Fig. 2.4).
A similar approach was used for quantifying mean marker intensities in
NMJs (Fig. 2.5). To determine the mean ER intensity in terminal boutons, a
freehand ROI was drawn by tracing the outline of the terminal bouton in the
PM/Dlg channel manually. The ROI was then superimposed on the ER channel
and ER intensity was measured inside the ROI (Fig. 2.6).

2.3.5

Statistical Analysis

Graphpad Prism8 was used for all statistical analyses and creating graphs as
described in relevant sections.
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Figure 2.4. Quantification of mean ER labelling intensity in axons.
A maximum intensity z-projection was generated from the z-stack to be quantified
(1). In case of a multi-channel image as in this example, one of the channels was used
as a reference for the other. Here, the PM channel (right) was used as a reference,
hence it was thresholded and converted into a selection (2). Mean PM marker
intensity was recorded inside the selection thus created and the same selection was
then restored in the ER channel and mean ER intensity was recorded same as the
first channel (3). The selection was then moved away from the axons and background
intensity in each channel was recorded (4) which was then subtracted from the
intensities recorded in (3) to obtain final mean ER/PM intensity for analysis.
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Figure 2.5. Quantification of mean ER labelling intensity in NMJs.
After generating maximum intensity z-projections from the z-stack to be quantified
(1), thresholding was applied to the PM channel which was then converted into a
selection (2). The selection was then restored in the ER channel and mean ER
intensity was recorded (3) for further analysis.
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Figure 2.6. Quantification of mean ER labelling intensity in terminal boutons.
Single-section images were used for quantifying ER intensity in boutons. The outline
of the terminal bouton was traced manually in the PM channel manually using the
freehand selection tool in Fiji (2). The traced ROI was then restored in the ER channel
and mean ER intensity was measured inside the ROI (3).
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Chapter 3: Screening for enhancers of triple loss of function Rtnl1ReepA- ReepB- phenotype in axonal ER

3.1

Introduction

Some of the most commonly mutated HSP genes belong to the spastin, atlastin,
REEP and RTN families of ER-shaping proteins (Blackstone, O’Kane and Reid,
2011). Loss of proteins of both the RTN and REEP families in yeast removes
most peripheral ER tubules (Voeltz et al., 2006). However, loss of RTNs and
REEPs was not sufficient to substantially remove axonal ER in Drosophila: only
a fraction of the mutant axons exhibited fragmentation of a smooth ER marker
in the middle region of long motor axons (Yalçın et al., 2017) (Fig. 3.1.A). At
ultrastructural level, loss of RTN and REEP proteins in Drosophila showed
increased diameter of axonal ER tubules, fewer tubules per axon cross-section,
and longer physical gaps in the ER network compared to wild-type. However the
ER network still appeared tubular and continuous in most mutant axons (Yalçın
et al., 2017) (Fig. 3.1B-C). This indicates that there must be additional proteins
involved in axonal ER organisation.
Using a reverse genetic approach, we identified several candidate genes
which might help us in understanding how ER tubules are shaped. The criteria
used for selecting these genes included predicted or likely ER localisation,
protein architecture resembling known ER-modelling proteins, known or likely
roles in ER modelling, or other roles in membrane traffic that might plausibly
contribute to ER network modelling and HSP proteins fitting any of the
aforementioned criteria. Since we already know that Rtnl1- ReepA- ReepB- triple
mutant flies exhibit an ER fragmentation phenotype in the middle part of the
axon, I tested knockdowns of candidate genes in a Rtnl1- ReepA- ReepBbackground to identify enhancers of the ER fragmentation phenotype.
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Figure 3.1. Axonal ER network distribution.
A. Loss of RTN and REEPs impairs continuity of axonal ER. Panels show three
examples of ER marker (Acsl::myc) distribution in the middle parts of long motor
axons of ReepA+ (WT) and Rtnl1-, ReepA-, ReepB- triple mutant larvae. The
phenotype ranges from continuous distribution to severe fragmentation with gaps
(arrowheads) in the triple mutant axons. Scale bars, 10 𝜇m.
B. 3D reconstruction of a 4.5 𝜇m axon segment from wild-type (left) or Rtnl1-, ReepA, ReepB- triple mutant (right) peripheral nerves, generated from 75 serial 60-nm
sections, showing ER (green), mitochondria (magenta) and plasma membrane (gray).
Triple mutant axons have fewer tubules than wild-type.
C. 3D reconstruction of a 4.5 mm axon segment from Rtnl1-, ReepA-, ReepB- triple
mutant peripheral nerves, generated from 75 serial 60 nm sections, showing multiple
gaps (indicated by arrows). ER is in green and plasma membrane in grey.
A-C are from Yalçın et al., 2017.
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3.1.1

Testing candidate genes for axonal ER phenotypes

I tested Drosophila orthologs of Vps37A (SPG53), Rab3GAP2 (SPG69) and
Rab18 as candidate genes based on the criteria described above. Vps37A is a
member of the endosomal sorting complex required for transport (ESCRT)
complexes that are important for organizing membrane sub-domains and
modification of membrane topologies. Rab3GAP, originally identified as a GAP
for Rab3 also acts as the cellular GEF for Rab18 (Gerondopoulos et al., 2014);
this GEF activity targets Rab18 to the ER for maintaining normal ER
organization. Both Vps37A and Rab3GAP2 are HSP-causative genes (ZivonyElboum et al., 2012; Novarino et al., 2014) whereas mutations in Rab18 are
found in the autosomal recessive human neurological and developmental
disorder Warburg Micro syndrome (Gerondopoulos et al., 2014).

3.1.1.1 Vps37A
Vacuolar protein sorting 37A is a member of the ESCRT system involved in
vesicular

trafficking

and

ubiquitination.

ESCRT

complexes

recognize

ubiquitinated receptors and assemble into a multi-subunit machinery required
for the multivesicular body (MVB) pathway, viral budding, cytokinesis, tumour
suppression, and autophagy (Lee and Gao, 2012). ESCRTs are composed of five
different protein complexes called ESCRT-0, -I, -II, -III and the Vps4 complex
(Schmidt and Teis, 2012). Each of these complexes is composed of multiple
subunits and is recruited into the endosomal membrane in a sequential manner.
The ESCRT machinery is functionally conserved from yeast to humans (Raiborg
and Stenmark, 2009). Vps37A is part of the middle region of ESCRT-I complex.
ESCRT-I complex interacts with ESCRT-0 through a ubiquitin-binding domain
on one end and with ESCRT-II via Vps28 on the other end.
ESCRT dysfunction has been associated with neurodegenerative diseases
(Lee and Gao, 2012). Mutations in CHMP2B, a component of ESCRT-III have
been identified in motor neuron diseases such as Amyotrophic lateral sclerosis
(ALS) and FTD-MND (Frontotemporal dementia with motor neuron diseases)
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as well as other neurodegenerative disorders such as a type of frontotemporal
dementia (FTD). Another component of ESCRT-III, CHMP1B interacts with the
MIT domain of spastin (SPG-4), the most common HSP protein (Reid et al.,
2005). Mutations in the MIT domain disrupted normal endosomal tubule fission
resulting in mis-sorting of receptors including the mannose 6-phosphate
receptors (M6PRs). This in turn led to mis-trafficking of lysosomal enzymes and
downstream lysosomal abnormalities (Allison, Edgar and Reid, 2019). A
homozygous missense mutation in Vps37A, c.1146A>T (pK382N) has been
reported in an autosomal recessive complicated HSP designated as SPG53
(Zivony-Elboum et al., 2012). Affected individuals displayed progressive lower
extremity

spasticity,

and

subsequently

progressive

upper

extremity

involvement among other symptoms. The same authors showed a significant
reduction in mobility as measured by a touch-response test in zebrafish injected
with Vps37A morpholino compared to controls and were able to rescue the
response by injecting wild-type Vps37A mRNA.

3.1.1.2 Rab18 and Rab3GAP2
Rab proteins are monomeric, Ras-like GTPases that regulate membranetrafficking events in eukaryotic cells (Pfeffer and Aivazian, 2004). These
proteins can switch between two alternate conformations, active and inactive,
upon binding to either GTP or GDP respectively. Guanine nucleotide exchange
factors (GEF) trigger binding of Rab proteins to GTP thereby enabling their
interactions with various targets and effector proteins. On the other hand,
GTPase-activating proteins (GAP) work in the opposite direction by activating
GTP hydrolysis and leaving Rab protein in the inactive GDP-bound state.
Rab18 localizes to LDs (Martin et al., 2005; Ozeki et al., 2005), Golgi
apparatus (Dejgaard et al., 2008) and to smooth ER tubules (Martin et al., 2005;
Dejgaard et al., 2008; Gerondopoulos et al., 2014). Loss of function mutations in
Rab18 are found in the autosomal recessive human neurological and
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developmental disorder Warburg Micro syndrome (Bem et al., 2011) and loss of
Rab18 results in ER sheets expansion (Gerondopoulos et al., 2014).
In addition to Rab18, mutations in either subunit of Rab3GAP also result
in Micro syndrome. Rab3GAP is a heterodimer consisting of consisting a 130-kD
catalytic subunit (Rab3GAP1) and a 150-kD non-catalytic subunit (Rab3-GAP2).
Rab3GAP was originally identified as a GAP for Rab3 but was later
demonstrated to also act as the cellular GEF for activating Rab18
(Gerondopoulos et al., 2014). This GEF activity is required for targeting of Rab18
to the ER for maintaining normal ER morphology. Only Rab3GAP1 is required
for GAP activity towards Rab3, however Warburg-Micro syndrome associated
mutations in Rab3GAP1 or Rab3GAP2 did not affect the GAP activity of
Rab3GAP complex towards Rab3 (Gerondopoulos et al., 2014). Rab3GAP2 is also
one of the fifteen HSP genes identified in a large-scale whole exome study
(Novarino et al., 2014) and localizes to ER (Gerondopoulos et al., 2014).
Homozygous mutations in Rab3GAP2 result in an autosomal recessive
complicated HSP designated SPG69 (Novarino et al., 2014).
Since loss in activity of either subunit of Rab3GAP or Rab18 results in
alteration of ER morphology and neurological pathologies, we have included all
three genes encoding these in our list of candidate genes. I only tested Rab18
and Rab3GAP2 Drosophila orthologs; the Drosophila ortholog for Rab3GAP1
was tested by Eliška Zlámalová, a Masters’ student in the lab at the time.

3.2

Results

3.2.1

RNAi mediated knockdown of Vps37A has no overt effect on axonal ER continuity

The Drosophila ortholog of Vps37A is annotated as CG17828 in FlyBase
(Thurmond et al., 2019). To test whether it plays any role in tubular ER
organisation in axons, I tested an RNAi line (VDRC ID: 39885) from the GD
library maintained at the Vienna Drosophila Resource Centre (VDRC) (Dietzl
et al., 2007). I expressed Vps37A RNAi in a Rtnl1- ReepA- ReepB- background
93

using the m12-Gal4 driver (Xiong et al., 2010) which drives expression in just
two tightly fasciculated axons per segmental nerve. I observed axonal ER in the
anterior (segment A2), middle (segments A4-A5) and posterior (segment A6)
regions of the segmental nerve A6 by expressing a fluorescently tagged ER
marker, CG9186::GFP using the same driver. Rtnl1- ReepA- ReepB- larvae
expressing CG9186::GFP using m12-Gal4 served as controls.
Expression of Vps37A RNAi in a Rtnl1- ReepA- ReepB- triple mutant
background did not overtly enhance the fragmentation phenotype of the triple
mutant or result in any other disorganization of the ER network (Fig. 3.2A; Fig.
3.3). I quantified mean CG9186::GFP staining intensity along the axon as a
measure of amount of ER, and coefficient of variation of intensity (CV) as an
estimate of variability in ER levels along the length of each axon. I found no
significant effect of additional knockdown of Vps37A in a triple mutant
background (Fig. 3.2B). These results do not support a role for Vps37A in ER
organization, however, use of a single RNAi line is not robust and further
verification would be required.
3.2.2

RNAi mediated knockdown of Rab3GAP2 in Rtnl1- ReepA- ReepB- background results

in fragmentation of ER marker in posterior axons

The Drosophila ortholog of Rab3GAP2 (SPG69) is annotated as CG7061 and
denoted by the symbol ‘Rab3-GAP’ in FlyBase (Thurmond et al., 2019). Since I
tested the fly ortholog of human Rab3Gap2, while a colleague in the lab tested
the other subunit, I shall use the symbol ‘Rab3GAP2’ to refer to Drosophila
CG7061/Rab3-GAP for the sake of clarity.
Using an RNAi line (VDRC ID: 27824) from the GD library maintained
at the VDRC (Dietzl et al., 2007), I expressed CG9186::GFP in a Rtnl1- ReepAReepB- triple mutant background using m12-Gal4, with or without Rab3GAP2
RNAi. Initially, I also included UAS-Dicer2 to enhance RNAi effectiveness
(Dietzl et al., 2007), but in this case the female progeny homozygous for Rtnl1-
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Figure 3.2. RNAi-mediated knockdown of Vps37A in Rtnl1- ReepA- ReepB- background does
not affect ER staining intensity and continuity.
A. Effects of Vps37A RNAi knockdown on ER in Rtnl1- ReepA- ReepB- background,
visualized by CG9186::GFP expressed in two adjacent motor axons using m12-GAL4.
Images show effects of Rtnl1- ReepA- ReepB- triple knockout (top row) and Vps37A
knockdown in Rtnl1- ReepA- ReepB- background (bottom row) in anterior (segment
A2), middle (segment A4/A5) and posterior (segment A6) portions of long motor axons
in fixed third instar larvae. Scale bar, 10 µm.
B. Graphs show mean staining intensity or coefficient of variation of intensity as a
measurement of staining variability along the length of each axon. Additional
knockdown of Vps37A does not lead to any significant difference of ER staining
intensity compared to Rtnl1- ReepA- ReepB- alone (left). The coefficient of variation of
CG9186::GFP, which is used as a measure of disorganization of ER, is also not
significantly different among the two groups. Graphs show individual axons with
mean ± SEM; 1-2 axons per larva (left and/or right) are plotted from three
independent experiments, each with 5 larvae of each genotype. One outlier datapoint
off the top of the scale is omitted from the first graph but included in statistical
analysis; ns, p>0.05; two-tailed unpaired Student’s t-test.
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Figure 3.3. Knockdown of Vps37A in Rtnl1- ReepA- ReepB- background.
ER in Rtnl1- ReepA- ReepB- background (A) and Vps37A knockdown in Rtnl1- ReepAReepB- background (B), visualized by CG9186::GFP expressed in two adjacent motor
axons using m12-GAL4 in anterior (segment A2), middle (segment A4/A5) and
posterior (segment A6) portions of long motor axons in fixed third instar larvae. Scale
bar, 10 µm.
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Figure 3.4. Crossing scheme to test effect of Rab3GAP2 knockdown on axonal ER.
Virgin females carrying the Rab3GAP2 RNAi construct in Rtnl1- ReepA- ReepB- were
crossed with males expressing UAS-Dicer2 and CG9186::GFP under m12-Gal4 in
Rtnl1- ReepA- ReepB- background (F0). F1 females homozygous for Rtnl1- ReepAReepB- were not viable, therefore F1 males lacking the UAS-Dicer construct but
homozygous for Rtnl1- ReepA- ReepB- were dissected instead.

ReepA- ReepB- (Fig. 3.4) did not survive, therefore I dissected the male larvae
lacking the UAS-Dicer2 construct for analysis. I only managed to find one male
larva of the appropriate genotype for dissection and imaged axons on both left
and right sides as described for Vps37A.
The distribution of axonal ER appeared to be quite similar for Rtnl1ReepA- ReepB-; Rab3GAP2 knockdown compared to Rtnl1- ReepA- ReepBmutant in the anterior and middle parts of the axon (Fig. 3.5A). However, I
observed large gaps (~10-20 𝜇m) in the ER staining in the posterior part of axons
in one of the segmental nerves in Rab3GAP2 knockdown (Fig. 3.5A). To rule out
the possibility of the gaps being caused by physical damage to the segmental
nerve during sample preparation, I examined the posterior part of the
segmental nerve under brightfield illumination and found it to be intact
(Fig.3.5B).
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Figure 3.5 Knockdown of Rab3GAP2 in Rtnl1- ReepA- ReepB- background might induce
fragmentation of smooth ER network in posterior part of motor axons.
A. Effects of Rab3GAP2 RNAi knockdown on ER in Rtnl1- ReepA- ReepB- background,
visualized by CG9186::GFP expressed in two adjacent motor axons using m12-GAL4.
Images show effects of Rtnl1- ReepA- ReepB- triple knockout (top rows) and
Rab3GAP2 RNAi knockdown in an Rtnl1- ReepA- ReepB- background (bottom rows)
in anterior (segment A2), middle (segment A4/A5) and posterior (segment A6)
portions of long motor axons in fixed third instar larvae. The same axon was imaged
from both left and right sides of each larva. ER labelling in the anterior and middle
parts of the axons appear to be unaffected, however, the posterior region of one of the
axons of the Rab3GAP2 knockdown larva showed large gaps (~10-20 𝜇m) in ER
labelling (white arrows).
B. The segmental nerve appears to be physically intact as seen in the brightfield
view (BF). Dashed lines trace the outline of the segmental nerve.
C. Effects of single knockdown of Rab3GAP2 on ER, visualized by tdTomato::Sec61𝛽
expressed in two adjacent motor axons using m12-GAL4. Images show ER
distribution in ReepA+ control (top 3 rows) and Rab3GAP2 RNAi knockdown (bottom
4 rows) conditions in anterior (segment A2), middle (segment A4/A5) and posterior
(segment A6) portions of long motor axons in fixed third instar larvae. The same axon
was imaged from both left and right sides of each larva where possible. Rab3GAP2
RNAi knockdown did not induce any noticeable effects on ER organisation. n=2
larvae per group for both A and B. Scale bar, 10 µm.
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Encouraged by this result, I tested the effect of Rab3GAP2 knockdown
only, to determine whether single knockdown of this protein was sufficient to
disrupt or decrease ER labelling in motor axons similar to other reported ERshaping proteins, Rtnl1- and ReepB- (O’Sullivan et al., 2012; Yalçın et al., 2017).
For this, I expressed Rab3GAP2 RNAi using m12-Gal4 as before and visualized
ER by tdTomato::Sec61𝛽. I compared ER distribution in anterior, middle, and
posterior parts of the axon in Rab3GAP2 knockdown with ReepA+ control larvae
(two larvae per genotype). ReepA+ is a precise excision generated during ReepAmutagenesis and was used as a genetic background control for testing effects of
Rtnl1-, ReepA- and ReepB- mutants previously (Yalçın et al., 2017). In the
absence of the genetic background control for the Rab3GAP2 RNAi line, I used
ReepA+ as a control. However, I did not see any marked differences in ER marker
distribution in Rab3GAP2 knockdown compared to ReepA+ (Fig. 3.5C). Either
single loss of Rab3GAP2 is not sufficient to disrupt ER or the small sample size
(n=2) was not enough to detect such changes.
Since HSPs are progressive neurodegenerative disorders, I tested the
effect of Rab3GAP2 knockdown in Rtnl1- ReepA- ReepB- background in legs of
adult flies. I expressed Rab3GAP2 RNAi using m12-Gal4 and visualized ER in
femurs of all 3 legs using either CG9186::GFP or tdTomato::Sec61𝛽 (one fly per
genotype). Visual comparisons of ER distribution in Rtnl1- ReepA- ReepB- legs
with or without a Rab3GAP2 RNAi construct did not show any overt differences
at lower magnification (Fig. 3.6A-B). Imaging of axonal ER in the proximal,
middle and distal parts of adult femurs at higher magnification also did not
reveal any striking phenotype in Rtnl1- ReepA- ReepB; Rab3GAP2 flies
compared Rtnl1- ReepA- ReepB- (Fig.3.6C).
In summary, preliminary findings based on a single larva show that
additional knockdown of Rab3GAP2 might enhance the ER labelling
fragmentation phenotype of Rtnl1- ReepA- ReepB- larval axons. No overt ER
phenotypes were apparent in the few larvae depleted of Rab3GAP2 only, or in
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Figure 3.6 RNAi-mediated knockdown of Rab3GAP2 in Rtnl1- ReepA- ReepB- background
has no obvious effect on the smooth ER network in motor axons in adult legs.
A. Effects of Rab3GAP2 knockdown on ER in Rtnl1- ReepA- ReepB- background in
adult legs, visualized by CG9186::GFP expressed using m12-GAL4. Images show
effects of Rtnl1- ReepA- ReepB- triple knockout (top row) and Rab3GAP2 knockdown
in Rtnl1- ReepA- ReepB- background (bottom row) in femurs of 22-24 day old flies.
B. Same as A, except that ER is visualized by another ER marker, tdTomato::Sec61𝛽
expressed using m12-GAL4.
C. Effects of Rab3GAP2 knockdown on ER organisation in proximal, middle and
distal parts of adult femur 2 in Rtnl1- ReepA- ReepB- background. A cartoon of leg 2
shows the regions selected for imaging ER in adult femurs. Both left and right femurs
were imaged where possible. No noticeable differences in ER organisation were
apparent between Rtnl1- ReepA- ReepB- animals (top 2 rows) and Rab3GAP2
knockdown in Rtnl1- ReepA- ReepB- background (bottom row). n=1 fly per genotype.
Scale bar, 100 µm in A and B, 20 µm in C.
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adult flies with Rab3GAP2 knockdown in a Rtnl1- ReepA- ReepB- background. A
larger sample size is needed to verify these preliminary results.

3.2.3

Dominant negative Rab18 mutation in Rtnl1- ReepA- ReepB- background induces

disorganization in ER labelling

To test the effect of loss of Rab18 on tubular ER organization in axons, I used
flies expressing a dominant negative (DN; S19N), YFP-tagged Rab18 protein
under UAS control. The DN mutation affected the conserved GTP-binding
domain of the protein rendering it GTP-binding-defective and trapping it in the
cytosol (Zhang et al., 2007). I tested two stocks carrying the same construct
inserted in different sites; to differentiate between the two stocks I have added
the BDSC stock numbers to the allele designation: UAS-YFP::Rab18DN50779 (Xchromosome) and UAS-YFP::Rab18DN23238 (third chromosome). Since these
stocks express YFP under UAS control, I could not use the smooth ER marker
CG9186::GFP

for

visualizing

axonal

ER,

therefore

I

expressed

tdTomato::Sec61𝛽 under m12-Gal4.
Compared to Rtnl1- ReepA- ReepB- larvae, the ER distribution appeared
to be disorganized with patches of strongly labelled ER when either UASYFP::Rab18DN insertion was expressed using m12-GAL4 in an Rtnl1- ReepAReepB- background (two larvae per genotype; Fig. 3.7). Even though similar
patches could also be seen in Rtnl1- ReepA- ReepB- mutants, they were much
more frequent in larvae that also expressed UAS-YFP::Rab18DN. ER labelling
in most of these patches was too saturated to make out any details, however a
closer look at the few that are not, appear to be regions of ER tubules organised
into complex networks or possibly cisternae.
Next, I tested the effect of UAS-YFP::Rab18DN5077 in Rtnl1- ReepA- ReepBtriple mutant adult flies (one fly per genotype) by visualizing axonal ER in
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Figure 3.7. Dominant negative mutation in Rab18 induces disorganization in ER labelling
in larval axons lacking REEP and reticulon proteins.
Effects of expressing a dominant negative mutation in Rab18 in two different lines,
YFP-Rab18DN23238 and YFP-Rab18DN50779 on ER organization in Rtnl1- ReepA- ReepBbackground, visualized by tdTomato::Sec61𝛽 expressed in two adjacent motor axons
using m12-GAL4. Images show effects of Rtnl1- ReepA- ReepB- triple knockout (A),
YFP-Rab18DN23238 in Rtnl1- ReepA- ReepB background (B) and YFP-Rab18DN50779 in
Rtnl1- ReepA- ReepB- background (C) in anterior (segment A2), middle (segment
A4/A5) and posterior (segment A6) portions of long motor axons in fixed third instar
larvae. The same axon was imaged from both left and right sides of each larva where
possible. Insets show examples of disorganization in ER labelling (arrowheads) at
higher magnification. Scale bars 10 µm in A-C, and 5 µm in higher zoom images.
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Figure 3.8. Dominant negative mutation in Rab18 disrupts the continuous ER marker in
axons in adult fly leg.
Effects of expressing a dominant negative Rab18 mutant, UAS-YFP-Rab18DN50779
using m12-GAL4, on ER continuity in adult legs, visualized by tdTomato::Sec61𝛽 , in
Rtnl1- ReepA- ReepB- background.
A. Images show effects of Rtnl1- ReepA- ReepB- triple knockout, without (blue panel)
and with (orange panel) UAS-YFP-Rab18DN50779 in 4-5 days old adult femurs. Both
left and right femurs of each fly were imaged where possible. The femoral regions of
each of the three legs showed regions of low ER staining intensity or gaps (white
arrowheads) in triple knockouts. Similar disruptions in ER staining also present
when these also express YFP-Rab18DN50779. A large gap in ER labelling can be seen
in one of the hind legs (Right) of the animal (yellow arrow).
B. Femurs of 30-day old flies imaged from each of the three legs of Rtnl1- ReepAReepB- without (top row) or with (bottom row) UAS-YFP-Rab18DN50779, to test for any
age-dependent ER phenotypes. In the Rtnl1- ReepA- ReepB- knockout, the ER staining
intensity appeared less intense and fragmented in femur 1 whereas it was quite
continuous in the other two. The additional expression of UAS-YFP-Rab18DN50779 also
showed some regions of lower ER staining intensity in femurs 1 and 3 but no large
gaps similar to the 5-day old fly in A.
C. Effects of YFP-Rab18DN50779 on ER organisation in proximal, middle and distal
parts of adult femur 1 in Rtnl1- ReepA- ReepB- background. A cartoon of leg 1 shows
the regions selected for imaging ER in adult femurs. Both Rtnl1- ReepA- ReepB- and
YFP-Rab18DN50779; Rtnl1- ReepA- ReepB- mutants showed gaps and/or disruptions in
ER labelling in all parts of the axons (white arrowheads) indicating that recruitment
of Rab18 to ER might be important for maintaining ER continuity.
n=1 fly per genotype for A, B and C. Scale bar, 100 µm in A, 50 µm in B and 20 µm
in C.
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femurs of each of the three pairs of legs. tdTomato::Sec61𝛽 was expressed in
adult legs using m12-GAL4. Both left and right femurs of each fly were imaged
where possible. The ER labelling appeared to be discontinuous in all femurs of
4-5 day old of triple mutants (Fig. 3.8A). Similar disruptions in ER staining were
also present in each of the three legs expressing UAS-YFP::Rab18DN50779 in a
triple mutant background and one of the hind-legs of the animal displayed a
large gap in ER labelling.
I also imaged femurs of 30-day old flies to test if the ER discontinuity is
age-dependent. In Rtnl1- ReepA- ReepB- knockout, the ER staining intensity
appeared less intense and fragmented in Femur 1 whereas it was quite
continuous in the other two (Fig. 3.8B). YFP::Rab18DN50779; Rtnl1- ReepA- ReepBmutant also showed some discontinuity in ER staining intensity in Femurs 1
and 3 but no large gaps similar to one seen in the 5-day old fly. Examination of
Femur 1 at higher magnifications revealed gaps and fragmentation in ER
labelling all along the axon in Rtnl1- ReepA- ReepB- mutant (Fig. 3.8C). In
YFP::Rab18DN50779; Rtnl1- ReepA- ReepB- mutant, the ER labelling was not
fragmented similar to Rtnl1- ReepA- ReepB- mutant, rather it was discontinuous
along the length of the axon with a gap in the posterior region. These
observations imply that Rab18 may play a role in maintaining axonal ER
organization, however, due to the small numbers of samples tested, further
experiments need to be conducted to increase sample size.

3.3

Discussion

I have presented the results of a small enhancer screen to identify additional
proteins playing a role in smooth ER network organization based on a reverse
genetic approach as described in the introduction.
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3.3.1

Depletion of Vps37A in Rtnl1- ReepA- ReepB- does not overtly affect axonal ER

organization

The first candidate that I tested was the Drosophila ortholog of Vps37A, a
component of ESCRT I complex known to be mutated in an autosomal recessive
complicated HSP (SPG 53). Additional RNAi-mediated knockdown of Vps37A in
Rtnl1- ReepA- ReepB- triple mutant background did not enhance the ER
fragmentation phenotype of the triple mutant (Fig. 3.2-3). The HSP-causative
missense mutation reported in Vps37A does not affect the assembly of the
ESCRT-I complex (Zivony-Elboum et al., 2012) indicating that the pathogenic
consequences of perturbing this protein might be stemming from some other
biological pathway such as loss of interaction with some other protein. Hence,
reducing the levels of wild-type Vps37A might not be affecting the same pathway
as the one in affected in SPG53. Even though my results indicate that Vps37A
might not be a promising candidate for an ER-shaping protein, observations
based on a single RNAi are insufficient to draw conclusions. These results would
need to be further verified either by testing more RNAi lines for Vps37A
knockdown or using CRISPR to generate Vps37A knockouts.

3.3.2

Rab3GAP2 might be a potential candidate for ER-shaping protein

Preliminary testing of RNAi-mediated knockdown of the Drosophila ortholog of
Rab3GAP2

in

Rtnl1-

ReepA-

ReepB-

background

resulted

in

severe

fragmentation of ER labelling in the posterior region of long motor axons of a
single third instar larva even though the ER distribution appears unaffected in
the anterior and middle regions (Fig. 3.5A). This observation is consistent with
the ‘ascending’ spastic phenotype associated with Warburg-Micro syndrome and
HSP (Gerondopoulos et al., 2014). However, similar fragmentation was absent
in femurs of two adult flies of the same genotype (Fig. 3.5) which would be
expected given the progressive nature of these diseases. This might be explained
by inefficient RNAi in the absence of UAS-Dicer-2, as only about 60% of RNAi
lines are completely functional in the absence of RNAi-enhancing tools such as
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UAS-Dicer-2 (Dietzl et al., 2007). In the absence of such RNAi enhancing tools,
the RNAi phenotypes resemble hypomorphic phenotypes more often rather than
null phenotypes. The fact that Rtnl1- ReepA- ReepB- homozygous female progeny
expressing UAS-Dicer-2 construct in addition to the RNAi and CG9186::GFP
under m12-Gal4 did not survive is also an indication that Rab3GAP2 is required
in addition to RTNs and REEPs to maintain tubular ER organization. Since I
tested very few individuals, a larger sample size is required to verify these
preliminary findings.
Testing Rab3GAP2 single knockdown in motor axons of two larvae did
not reveal any disorganization or abnormalities in ER labelling compared to
control (Fig. 3.5C). This could either be due to RNAi inefficiency due to reasons
discussed above or due to ER-shaping proteins’ functional redundancy resulting
in diminishing the effect of Rab3GAP2 single knockdown.
Overall, these results suggest that Rab3GAP2 might be a possible
candidate for an additional ER-shaping protein. The next steps to characterize
the role of Rab3GAP2 in axonal ER network organization would be to test
multiple RNAi lines including the one I have tested in this study to see if the
ER fragmentation phenotype can be reproduced consistently.

3.3.3

Dominant negative Rab18 mutation in Rtnl1- ReepA- ReepB- background causes

disorganization in ER labelling

The third candidate that I tested was the Drosophila ortholog of Rab18 which
localizes to ER tubules (Gerondopoulos et al., 2014). Expressing a dominant
negative Rab18 allele in Rtnl1- ReepA- ReepB- background in larvae resulted in
disorganization of the ER in form of patches of condensed ER tubules (Fig. 3.7).
These patches were more frequent in larvae of both of the Rab18 DN lines
compared to Rtnl1- ReepA- ReepB-. Rab18 depletion in HeLa and COS-7 cells
resulted in a substantial increase in ER sheet volumes compared to controls
(Gerondopoulos et al., 2014) and axonal ER, though mostly tubular, also
contains small patches of ER sheets with adjoining cisternae at a frequency of
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20 µm per axon (Yalçın et al., 2017); therefore it is likely that the tubular patches
in ER of Rab18 DN mutants are ER sheets/ cisternae caused by failure of Rab18
to be recruited to the ER. Axonal ER labelling was also discontinuous, with some
gaps, in adult legs of both young and old flies; however, patches in ER labelling
similar to those seen in larval axons were not apparent (Fig. 3.7).
Therefore, Rab18 might be playing an important role in axonal ER
organization by regulating ER-shaping proteins. More samples need to be tested
to establish Rab18 DN ER phenotypes in Rtnl1-, ReepA-, ReepB- larvae and
adults as well as single Rab18 DN animals.

3.3.4

Conclusion

I have presented the results of a small reverse genetic screen undertaken to
identify additional proteins required for maintaining the axonal ER network.
Vps37a does not play a major role in axonal ER organization as its depletion did
not overtly affect ER distribution. Rab18 seems like a good candidate for further
characterization while further testing would be needed to for Rab3GAP2. Rab18
might modulate axonal ER organization as its depletion in mammalian cells
caused decreased ER tubules and increased ER sheets (Gerondopoulos et al.,
2014); depletion of Rab3GAP2 might indirectly affect ER organization through
redistribution of Rab18 from ER tubules to the cytoplasm as has been reported
in mammalian cells (Gerondopoulos et al., 2014). I did not follow up either of
these any further because at this point, I had already begun characterization of
two other genes, ARL6IP1 and atlastin, implicated in ER-shaping and
organization.

3.4

Future directions

Although the outcomes of this genetic screen appear to be promising, these
findings should be treated as preliminary due to small sample sizes (Rab18 and
Rab3GAP) and only one RNAi line being tested (Vps37A and Rab3GAP2).
Therefore, further experiments need to be conducted to robustly reproduce the
109

phenotypes reported here. Once verified, stable loss of function mutants could
be further tested for their possible functions in axonal ER organization.
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Chapter 4: Generation and characterization of Arl6IP1 deletion
mutants in Drosophila

4.1

Introduction

ARL6IP1 was reported as one of 15 newly identified HSP genes in a wholeexome sequencing (WES) analysis of 55 families displaying autosomal recessive
HSP; it encodes an integral ER membrane protein with four predicted TM
domains (Novarino et al., 2014) that preferentially localizes to ER tubules
(Yamamoto et al., 2014; Feng et al., 2017; Dong et al., 2018). Therefore, ARL6IP1
is a good candidate for an axonal ER-shaping protein.
A yeast two-hybrid screening identified ARL6IP1 (also known as ARMER
or Aip-1) as a protein interacting with the mouse ADP-ribosylation-like factor-6
(ARL6) (Ingley et al., 1999). Moderate to high levels of expression were seen in
the brain, bone marrow, thymus and lung (Pettersson et al., 2000). ARL6
belongs to the ARF/ARL family of ADP-ribosylation factors as part of the Ras
superfamily of low molecular weight GTP-binding proteins that regulate
important cellular processes, including membrane trafficking, apoptosis,
ciliogenesis, motility, lipid metabolism and transcriptional regulation (Sztul et
al., 2019). Even though ARL6IP1 is present in mammals, Zebrafish, B. malayi,
Xenopus and Drosophila (Lui et al., 2003), it is absent in yeast (Yamamoto et al.,
2014).
ARL6IP1 was initially identified as an apoptotic regulator in the
membrane of the endoplasmic reticulum (ARMER) (Lui et al., 2003).
Overexpression of ARL6IP1 protected cancer cells in the presence of apoptosis
inducers by inhibiting caspase-9 activity (Lui et al., 2003; Guo, Liu, et al., 2010).
Conversely, apoptotic stimuli decreased ARL6IP1 expression resulting in cell
death (Lui et al., 2003; Guo, Li, et al., 2010; Guo, Liu, et al., 2010).
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ARL6IP1 was later also identified as an interacting protein for
addicsin/GTRAP3-18 (also known as Arl6ip5) and was proposed to positively
modulate EAAC1-mediated glutamate activity. Addicsin forms homodimers
that bind to EAAC1 in the plasma membrane and negatively modulates EAAC1mediated glutamate transport in a PKC activity-dependent manner; addicsin
can also form heterodimers with ARL6IP1 in the ER membrane which results
in reduction of addicsin homodimers available for interaction with EAAC1 and
increasing glutamate transport as a result (Akiduki and Ikemoto, 2008).
It has been suggested that ARL6IP1 is necessary during embryogenesis
as loss of ARL6IP1 results in developmental defects in the neural crest (Tu et
al., 2012), heart, retina and fin buds (Huang et al., 2009, 2012); arl6ip1
morpholinos also showed abnormal branching in spinal motor neuron axons in
zebrafish (Novarino et al., 2014).

4.1.1

Mutations in ARL6IP1 manifest in neurological and developmental disorders

To date three different inherited pathogenic ARL6IP1 variants have been
reported, all of which are autosomal recessive and result in complex forms of
HSPs accompanied by sensory, developmental and in some instances, cognitive
disabilities (Novarino et al., 2014; Trujillano et al., 2017; Nizon et al., 2018;
Chukhrova et al., 2019; Maddirevula et al., 2019; Wakil et al., 2019).
ARL6IP1 was first identified as a putative HSP gene using whole-exome
sequencing (WES) of two siblings from a consanguineous family displaying an
autosomal recessive HSP, SPG61 (Novarino et al., 2014). A homozygous
frameshift variant, c.576_579delAAAC, p.K193Ffs36X was identified in
patients presenting with spastic paraplegia, diffuse sensory and motor
polyneuropathy, and acromutilation (Novarino et al., 2014). The same
homozygous variant was reported later in a patient with spastic paraplegia,
insensitivity to pain and acromutilation (Nizon et al., 2018). It was suggested
that since the frameshift is at the very end of the protein (proximal part of the
cytosolic C-terminus) (Fig. 4.1), the aberrant mRNA might escape nonsense112

mediated decay with the resulting protein predicted to contain an additional TM
domain at the C-terminus (Nizon et al., 2018).
A

phenotypically

more

severe

missense

homozygous

variant

c.[92T>C];[92T>C] (p.[(Leu31Pro)] (Fig. 4.1) was recently identified in exon 2 of
ARL6IP1, in two siblings in a consanguineous family (Chukhrova et al., 2019).
In addition to neurological symptoms of spastic quadriplegia, hand tremors and
muscle weakness, these patients also exhibited dysmorphic facial features and
signs of developmental regression.

Figure 4.1. Mutations in ARL6IP1 identified in neurological disorders.
Representation of the primary structure of ARL6IP1 based on TMHMM prediction
using isoform 1 of ARL6IP1 (NCBI, Gene ID 23204). ARL6IP1 is predicted to have
four TM domains with both N- and C- termini in the cytoplasm. The region between
TM1 and TM2 is also predicted to be cytoplasmic. Positions of HSP mutations
reported to date are indicated. TM, transmembrane domain.

A homozygous nonsense variant of ARL6IP1, c.112C > T: p.Arg38*, has
been reported in spontaneous neonatal death of two siblings in a
consanguineous family (Wakil et al., 2019). Conversion of an arginine residue to
a stop codon in the cytosolic N-terminal region just before the first TM region
(Fig. 4.1) results in truncation of the protein. In addition to HSP, the patients
also displayed developmental delay, dysmorphic features, and neuropathy
among many other problems. Even though this variant proved to be fatal to both
of the affected siblings (Wakil et al., 2019), the same homozygous variant had
been previously reported in a WES studies in a child (Trujillano et al., 2017)
with developmental regression and hypertonia in addition to spasticity. Another
WES study identified the same homozygous variant in a child born to a
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consanguineous couple (Maddirevula et al., 2019), with severe hypotonia,
dysmorphic features, muscle weakness and muscle wasting among other
symptoms.
Support for causative roles for Arl6IP1 mutations in neurological disorders
comes from some of the model organisms. Knockdown of arl6ip1 using Zebrafish
morphants resulted in a curly-tail phenotype and reduced spontaneous and
touch-induced responses in larvae; these larvae also exhibited abnormal
branching pattern of spinal motor neurons (Novarino et al., 2014). Arl6ip1
knockout mice exhibited abnormal gait and other neurological symptoms (Nizon
et al., 2018). In Drosophila, knockdown of Arl6Ip1 expression resulted in
progressive locomotor deficits in adult flies (Fowler and O’Sullivan, 2016).

4.1.2

ARL6IP1 localizes to the ER membrane

ARL6IP1 is an integral ER membrane protein predicted to have four TM regions
with both the N- and C- termini oriented in the cytoplasm; a 55 amino acid (AA)
region between TM3 and TM4 was also predicted to be exposed to the cytoplasm
(Lui et al., 2003). It localizes to the ER in mammalian cells (Yamamoto et al.,
2014; Feng et al., 2017; Dong et al., 2018) (Fig. 4.2A-B) and also co-localizes with
a smooth ER marker, tdTomato::Sec61b (Summerville et al., 2016) in nerve
terminals in Drosophila (Sohail, 2018) (Fig. 4.2C).

4.1.3

ARL6IP1 shares structural features with other ER-shaping proteins

The ER shaping proteins belonging to the RTN and DP1/REEP/Yop1p families
do not share detectable sequence homology, however, both families harbour
hydrophobic domains that form short intramembrane hairpins important for
imparting curvature to ER tubules (Voeltz et al., 2006; Shibata et al., 2008). In
RTNs, this domain is composed of two very large (~35 AAs) predicted
hydrophobic stretches, each of which could pass through the membrane either
once

or

twice

(resulting

in
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short

intramembrane

hairpins)

Figure 4.2. ARL6IP1 localizes to the ER in mammalian cells and Drosophila motor neurons.
A. Confocal images of COS-7 cells expressing EGFP-ARL6IP1 .
B. COS-7 cells coexpressing EGFP-ARL6IP1 and mCherry-VAPB show localization
of EGFP-ARL6IP1 in the ER (shown by the colocalization with mCherry-VAPB on
tubular structures and the line scan analysis. Scale bars, 10 µm in A and 5 µm in B.
Both A and B are from Dong et al., 2018.
C. eGFP::Arl6IP1 co-localizes with ER membrane marker tdTomato::Sec61𝛽 in
neuromuscular junctions in Drosophila. The driver used for both markers is m12Gal4 for expression in individual motor neurons. Top, localization of both markers
in neuromuscular junctions. Bottom, a zoomed in image of a branch of a
neuromuscular junction. Arrowheads indicate signal of one marker not seen in the
other channel. Scale bars, 10 µm (top) and 5 µm (bottom) (from Sohail, 2018).
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Figure 4.3. Arrangement of hydrophobic regions in ER-shaping proteins.
A. Two of several possible proposed topologies for the C-terminal hydrophobic regions
of RTNs. The lengths of the hydrophobic stretches (~35 amino acids) could allow them
to span the membrane once or twice. In case of single-pass TM orientation, the linker
would face ER lumen (adapted from Oertle and Schwab, 2003). B. Cysteine
modification revealed that the C- terminal region, the linker, and the N-terminal
region, all face the cytosol implying that the hydrophobic regions in reticulons and
DP1 are not TM (from Voeltz et al., 2006). C. ARL6IP1 TM-domain organization
reported as intra-membrane hairpins similar to reticulons (adapted from Yamamoto
et al., 2014). D. ARL6IP1 TM-domain organization depicted here is consistent with
previous reports of four TM regions in ARL6IP1 (Lui et al., 2003; Novarino et al.,
2014) as well TM domain predictions by TMHMM Server 2.0 as shown in E. D is from
Dong et al., 2018).
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(Oertle and Schwab, 2003) (Fig.4.3A). Cysteine modification experiments on
Rtn4c and DP1 suggested that the hydrophobic domains formed short intramembrane hairpins that occupy more space in the outer compared to the inner
leaflet which helps confer curvature to the ER tubules (Voeltz et al., 2006)
(Fig.4.3B).
ARL6IP1 was also reported to possesses similar protein features with the
hydrophobic regions arranged as short intra-membrane hairpins similar to
RTNs and REEPs, where the two hydrophobic regions form short
intramembrane hairpins, the hydrophobic regions in ARL6IP1 are predicted to
form four TM helices (Lui et al., 2003) arranged in two pairs, where the two
helices within each pair are connected by short luminal loops (Novarino et al.,
2014; Dong et al., 2018) (Fig.4.3D). Analysis of Human ARL6IP1 using TMHMM
Server v. 2.0, a membrane protein topology prediction tool (Krogh et al., 2001),
also predicts a similar topology (Fig.4.3E). Previously, an alternate topology was
proposed for ARL6IP1 with three TM domains, a cytosolic N-terminus and a
luminal C-terminus using a redox-sensitive luciferase assay (Kuroda et al.,
2013). Therefore, even though ARL6IP1 contains multiple hydrophobic domains
similar to other ER shaping proteins, the TM domains in ARL6IP1 are unlikely
to form purely intramembrane hairpins, a key feature associated with ERcurvature inducing proteins.
Lengthening of either or both hairpin domains of RTN4 resulted in the
mutants not partitioning to the ER tubules any more, relocating to the nuclear
envelope, and failure to constrict ER tubules (Zurek, Sparks and Voeltz, 2011).
Similarly, lengthening of the TM domains of ARL6IP1 also resulted in mutants
localizing to the nuclear envelope; the lengthening of the TM domains also
rescued the extensive ER tubulation and constriction in the ER induced by
overexpression of wild-type ARL6IP1 (Yamamoto et al., 2014).
Another structural feature identified to be highly conserved across DP1
and RTN families is an amphipathic helix (AH) positioned proximally to the Cterminal hydrophobic region, which might play a role in membrane curvature
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stabilization (Brady et al., 2015). Truncation of C-terminal region of Yop1p
which harbours the AH resulted in failure to generate tubules in vitro or to
rescue tubule formation in vivo (Hu et al., 2008). Deletion of just the AH in
Yop1p also resulted in loss of tubule formation in vitro, however the mutant
protein was still capable of oligomerization (Brady et al., 2015). ARL6IP1 is also
predicted to have a putative AH at its C-terminus (Brady et al., 2015), however
a different study identified a putative AH in the highly conserved cytosolic
region bridging the two pairs of TM domains (Dong et al., 2018). Substitution of
two hydrophobic residues with hydrophilic residues on the predicted
hydrophobic surface of the amphipathic helix (AH) resulted in ARL6IP1
enrichment in ER sheets instead of ER tubules (Dong et al., 2018).
A model has been proposed to explain how tubular ER membrane proteins
maintain ER curvature: the hydrophobic domains of the RTN and
DP1/REEP/Yop1p proteins form a scaffold within the membrane for the
assembly of AHs of these proteins with specific orientations and insertion
depths to stabilize membrane curvature (Brady et al., 2015). ARL6IP1 possesses
all the features required in this model thus making it a highly likely candidate
for an ER-shaping protein (Novarino et al., 2014; Yamamoto et al., 2014; Dong
et al., 2018).

4.1.4

ARL6IP1 localizes to high curvature ER domains

ARL6IP1 preferentially localizes to high membrane curvature such as
peripheral ER tubules and edges of ER sheets, and is excluded from the nuclear
envelope and ER sheets (Yamamoto et al., 2014; Feng et al., 2017; Dong et al.,
2018). ARL6IP1 is especially enriched in the growing tips of ER tubules
compared to other ER resident proteins such as Sec61𝛽 (Feng et al., 2017; Dong
et al., 2018), VAPB, Sac1, and ss-GFPox-KDEL (Dong et al., 2018); ARL6IP1
enriched tubules also exhibit increased motility along MTs via ER sliding
mechanism compared Sec61B and VAPB (Dong et al., 2018).
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Downregulation of ARL6IP1 in several types of cultured cells (HeLa, U87MG, Huh7) did not reveal any morphological changes in the ER (Yamamoto
et al., 2014). However, in a later study, ARL6IP1-depleted HeLa cells showed
expansion of ER sheets and loss of ER tubules at the cell periphery (Dong et al.,
2018), a similar phenotype as seen on depletion of RTNs (Voeltz et al., 2006).
Overexpression of ARL6IP1 increased ER tubulation, and exclusion of the ER
luminal marker PDI from ER tubules, similar to overexpression of RTN-3C or
RTN-4C, suggesting an effect on reducing tubule diameter. Additionally, flat
sac-like ER structures were seen upon overexpression of Arl6IP1, but not on
overexpression of RTN-3C or RTN-4C; PDI was excluded from these aggregates
(Yamamoto et al., 2014). Altering part of the cytosolic C-terminal region of
ARL6IP1 while maintaining its length resulted in ARL6IP1 clustering into
small puncta on the ER. Since ARL6IP1 still recruited INPP5K to the ER but
not to the puncta, this clustering of ARL6IP1 may have been due to misfolding
of the protein (Dong et al., 2018). Knockdown of Arl6IP1 in Drosophila caused
disruption of the smooth ER marker, Rtnl1::YFP, at the distal ends of motor
neurons in larvae (Fowler and O’Sullivan, 2016). However, knockdown of
Arl6IP1 in Rtnl1- ReepA- ReepB- Drosophila axons did not enhance disruption of
ER labelling compared to Rtnl1- ReepA- ReepB- axons (Sohail, 2018).
Like RTNs (Shibata et al., 2008), ARL6IP1 can form homo-oligomeric
complexes containing at least four monomers, and overexpression of ARL6IP1
stabilized ER in the absence of microtubules (Yamamoto et al., 2014). ARL6IP1
also constricted membranes into tubules in vitro (Yamamoto et al., 2014) similar
to Rtn1p and Yop1p in yeast (Hu et al., 2008), although less effectively, with
shorter tubules and wider diameters (40-50 nm) compared to Rtn1p and Yop1p
(~15-17 nm) (Fig. 4.4). ARL6IP1 also binds to other ER membrane proteins
including atlastin-1 (Yamamoto et al., 2014) and TMEM33 (Urade et al., 2014),
and recruits an inositol 5-phosphatase, INPP5K, to the ER where it is enriched
in tips of growing ER tubules along with ARL6IP1 (Dong et al., 2018).
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Figure 4.4. Tubule formation with reconstituted purified proteins.
ARL6IP1 constricts liposomes into 40-50 nm wide tubules in vitro (left, adapted from
Yamamoto et al., 2014). The tubulation by Yop1p and Rtn1p appears to be much more
efficient with ~15-17 nm wide tubules for both proteins (right, from Hu et al., 2008).
Scale bars, 100 nm in all panels.

4.1.5

ARL6IP1 is a candidate for an ER shaping protein in axons

The most commonly mutated HSP proteins spastin, atlastin, REEP, and RTN
localize and function in the axonal ER membrane where they help shape ER
tubules and maintain ER organization (Blackstone, O’Kane and Reid, 2011;
Blackstone, 2012, 2018a). Removing proteins from two families of ER-shaping
proteins, REEPs and RTNs in Drosophila (equivalent to removing human
RTN1-RTN4 and REEP1-REEP6) results in disorganization of ER (Yalçın et al.,
2017) but not to the same extent as observed in yeast (Voeltz et al., 2006) which
means other proteins or mechanism must be involved.
Taking a reverse genetics approach, we identified the following criteria
for identifying potential ER membrane-shaping proteins: an HSP protein with
predicted or likely ER localization with known or likely role(s) in ER shaping;
protein architecture resembling known ER-shaping proteins; other roles in
membrane trafficking that might plausibly contribute to ER network modelling.
As discussed above, ARL6IP1 appears to fulfil most of these criteria as it is an
HSP protein (SPG61) that localizes to the ER membrane in mammalian cells
and Drosophila neurons, and contains hydrophobic domains as well as an AH
similar to known ER-shaping proteins; ARL6IP1 also shares other features of
ER-shaping proteins such as preference for high curvature ER tubules, tendency
to form homo-oligomers, and physical interactions with other ER-shaping
proteins.
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I therefore investigated the potential role(s) of Arl6IP1 (CG10326), the
Drosophila ortholog of human ARL6IP1 (Thurmond et al., 2019), in organizing
and maintaining axonal ER. Since there is some redundancy in function
between different intramembrane hairpin proteins in ER membrane tubulation,
and since triple loss of Rtnl1- ReepA- ReepB- results in discontinuities in ER
staining at the confocal level, I hypothesized that additional loss of Arl6IP1 in
Rtnl1- ReepA- ReepB- background might enhance this phenotype of partial
fragmentation if indeed Arl6IP1 shapes ER tubules in a reticulon-like fashion,
even if the Arl6IP1- mutant phenotype alone were mild. A colleague in the lab
had tried to test this by targeted knockdown of Arl6IP1 in a subset of motor
axons (two axons per hemi-segment) using m12-Gal4 in a Rtnl1- ReepA- ReepBbackground, but did not see any increase in fragmentation of axonal ER
compared to Rtnl1- ReepA- ReepB- alone (Sohail, 2018). This implies that either
Arl6IP1 does not have a significant contribution towards maintaining axonal
ER, or that the RNAi did not result in efficient knockdown of Arl6IP1.
One way to resolve this uncertainty would be to use loss-of-function
mutants rather than knockdown to study the role of Arl6IP1 in axonal ER
organization. I therefore generated several Arl6IP1 mutant alleles harbouring
small deletions (5-25 bp) in the first TM region using CRISPR/Cas9
mutagenesis. In addition, Dr. Anood Sohail and Diluxshan Sritharan in our lab
later isolated a larger deletion (500 bp) in Arl6IP1 (Arl6IP1AS91) using imprecise
P-element excision. All these mutations either delete part of the first TM
domain, or the first two TM domains. Additionally, mutant alleles from two
different genetic backgrounds, nos-Cas9 (used to generate CRISPR mutant
stocks) and precise excisions of the Arl6IP1 transposable element insertion
(used to generate imprecise P-element excision mutant stock) would be useful
for eliminating any phenotypic effects from off-site mutations becoming
homozygous in any one genetic background.
In this study, I have characterized one of the CRISPR alleles designated
Arl6IP15-2 or where possible the heteroallelic genotype Arl6IP15-2/Arl6IP1AS91 to
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test the effect of loss of Arl6IP1 in neuronal ER organization and continuity in
Drosophila, and whether additional loss of Arl6IP1 in a Rtnl1- ReepA- ReepBbackground enhances the ER fragmentation phenotype reported previously. I
describe the generation and phenotypic characterization of Arl6IP1 mutants in
this chapter, and in the following chapter describe the effects of single Arl6IP1
knockout or its knockout in a Rtnl1-, ReepA-, ReepB- background, on ER
organization in motor axons, nerve terminals and multi-dendritic sensory
neurons.

4.2

Results

4.2.1

Generation of loss-of-function Arl6IP1 mutants

As a first step to understand any possible role of Arl6IP1 in axonal ER
organization, I generated fly stocks with loss-of-function alleles, as no such
alleles were available at the time. The Drosophila ortholog for Arl6IP1 is
designated as CG10326 in FlyBase (Thurmond et al., 2019). The gene is 1567 bp
long with two annotated transcripts (RA and RB) differing only with respect to
the length of 5’UTR (Fig. 4.5A). The two polypeptides (PA and PB) produced by
the two transcripts are identical and consist of 197 AA residues. TMHMM
Server v. 2.0 (Krogh et al., 2001), an online tool that uses a membrane protein
topology prediction method based on a hidden Markov model predicted four TM
domains in Drosophila Arl6IP1 that are arranged as two pairs (Fig. 4.5B).

4.2.1.1 Cloning of gRNAs for CRISPR
I used CRISPR/Cas9 system to generate flies carrying deletions in the coding
sequence of Arl6IP1. For this, I designed two gRNAs, one targeting the first TM
region of the protein and the other targeting the terminal region of the coding
sequence (yellow boxes, Fig. 4.5A) using the DSRC Find CRISPRs online
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Figure 4.5. Genomic region and organization of Arl6IP1 in Drosophila melanogaster.
A. Drosophila Arl6IP1 has two annotated transcripts, RA and RB (grey arrows). Both
encode the same polypeptide (magenta arrow). Green boxes indicate the location of
the four TM domains based on the prediction made by TMHMM server; the coding
region for the third predicted TM domain is interrupted by an intron. Targeting
regions of the two gRNAs are indicated by yellow boxes. B. TM domain prediction for
Drosophila Arl6IP1 shows two potential pairs of TM domains. The first predicted pair
consists of two helices of 19 and 22 AAs separated by a hydrophilic stretch of two
AAs, and the second pair consists of two helices of 19 and 17 AAs separated by a
hydrophilic stretch of two AAs. (AA sequence obtained from Flybase for CG10326).
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resource (Hu et al., 2017). I chose these positions to potentially generate either
small indels to disrupt the first TM domain, frameshift mutations to disrupt the
coding sequence starting from the first TM domain, or a large defined deletion
to delete all the TM domains and presumably abolish the function of the protein.
The gRNAs were cloned into pCFD4 using Gibson Assembly for tandem gene
expression under U6-1 and U6-3 promoters (Port et al., 2014). Briefly, primers
containing gRNA sequences flanked by parts of promoter and gRNA core
sequences complementary to those on pCFD4 were used to amplify the gRNA
fragment (Fig. 4.6A-B). This fragment was cloned into pCFD4 using Gibson
Assembly after linearizing the vector with BbsI. Clones were sequenced to
confirm successful insertion of the gRNA sequences in the vector (Fig. 4.6C-D).
The gRNA construct was sent for microinjection into embryos expressing
Cas9 nuclease using the nanos germline-specific promoter (Fig. 4.7). Adult F0
males from surviving embryos were crossed individually with virgin females
carrying a balancer on the 3rd chromosome as Arl6IP1 is located on this
chromosome. In the F1 generation, only individual males were selected to get
rid of nos-Cas9 and crossed with 3rd chromosome balancer females. Once larvae
appeared, the males were sacrificed and screened for mutations using PCR.

4.2.1.2 Screening for mutations in Arl6IP1
For PCR screening of mutants, I designed three pairs of primers to detect
deletions or insertions within the Arl6IP1 sequence (Fig. 4.8A-B). Primer pair 1
was designed to screen for large deletions of around 600 bp resulting from loss
of the fragment between the two gRNAs in case of double strand breaks in both
target regions. Primer pair 2 was designed to detect large indels in the target
region of gRNA 1, and primer pair 3 was designed to screen for small indels in
the same region. The rationale for primer pairs 2 and 3 was to detect indels
affecting the first TM domain which would be too small to detect by primer pair
1 alone.
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Figure 4.6. Cloning of two gRNAs targeting Arl6IP1 in pCFD4.
A. Cloning strategy to introduce two target gRNAs in tandem in the vector pCFD4.
The forward and reverse primers each carry one gRNA target site in addition to a 3’
homology to the pCFD4 backbone to allow PCR amplification, and 5′ homology to the
pCFD4 backbone to allow Gibson assembly which relies on homology-directed
cloning. Gibson assembly was used to clone the PCR products into the BbsI-digested
pCFD4 backbone. B. Primer sequences carrying gRNA target sites against Arl6IP1.
The forward primer carries gRNA targeted to TM1 and the reverse primer carries
gRNA targeted C-terminal to TM4 C-D. Sequencing chromatograms and sequence
alignments from the regions for homology-directed cloning for a transformant and
simulated final vector sequence in SnapGene showing successful insertion of both
gRNA sequences.
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Figure 4.7. Outline of CRISPR/Cas9 mutagenesis strategy.
The final gRNA construct was injected into nos-Cas9 embryos. All of the males
surviving to adulthood were crossed to virgin females carrying a 3rd chromosome
balancer (F0). In F1 generation, only male flies were collected to exclude nos-Cas9
and again crossed singly to virgin females carrying a 3rd chromosome balancer.
These F1 males were sacrificed and screened for deletions in Arl6IP1. Stocks were
established for flies carrying mutations (F2).
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Figure 4.8. Screening for mutations in Arl6IP1.
A. Binding sites for primers used for screening for mutations in Arl6IP1 are indicated
in magenta at the top. Target regions of the two gRNAs are indicated by yellow boxes.
White = gene span. Grey = transcripts RA and RB. Purple = CDS. Green = TM
domains. B. Expected amplicon size and genomic coordinates for the binding region
for each primer pair. C. PCR screening of F1 males using primers in A. Top left of
the gel shows results for primer pair 1 which was designed to detect large deletions.
Presence of a single band corresponding to control bands W and N in all samples but
sample 2 indicates absence of deletions. However, PCR with primer pairs 2 (top
right), and 3 (bottom left) revealed a smaller band in addition to a control sized band
in sample no. 6 (indicated by asterisks) indicating a heterozygous small deletion. No
bands were seen for sample no. 2 in any of the three assays possibly due to
experimental error. This sample was subsequently re-examined for mutations, but
none were found.
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Fig. 4.8C shows an example of the PCR screening method applied to
genomic DNA from 6 single F1 males (Fig. 4.7). DNA from w1118 and nos-Cas9
males was amplified at the same time as positive controls. Amplification using
primer pair 1 did not show any perceptible changes in the sizes of amplicons
compared to w1118, but primer pairs 2 and 3 both revealed a small heterozygous
deletion in sample 6 (F1 male 5-2) by the presence of an extra smaller band
(asterisks in Fig. 4.8C). I genotyped about a hundred F1 males and recovered
four deletion mutants in the same region which were confirmed by sequencing
the gRNA1 target region. These mutant alleles were designated as Arl6IP15-2,
Arl6IP111-10, Arl6IP16-5 and Arl6IP110-11.

Figure 4.9. Sequencing confirmation of deletions in Arl6IP1.
The top panel shows wild type sequence of the target region for gRNA1. The
subsequent four panels show deletions in the gRNA binding site (blue). Light grey
boxes indicate gRNA binding site which coincide with the beginning of TM1, dark
grey box indicates the PAM sequence, and the red arrow points to the cleavage site
for Cas9 nuclease.
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4.2.1.3 Confirmation of mutations in Arl6IP1
To confirm the presence of deletions, PCR fragments amplified from the genomic
DNA of the heterozygous mutant flies was sent for Sanger sequencing. Fig. 4.9
shows sequencing chromatograms from the target region for gRNA1 in the wildtype (w1118) and each of the four mutants. Due to heterozygosity with a wildtype
allele, the Sanger sequencing revealed a mixed spectrum for the mutants. I used
a web application, CRISP-ID, to resolve the mixture of alleles in each mutant
(Dehairs et al., 2016). Multiple alignment of sequences of the deconvoluted
sequences and the Arl6IP1 reference sequence revealed small deletions of 25, 7,
5 and 12 bp in Arl6IP15-2, Arl6IP111-10, Arl6IP16-5 and Arl6IP110-11 respectively
(Fig. 4.10). Since I decided to use the largest deletion (Arl6IP15-2) for phenotypic
analysis, I confirmed the presence of the deletion by sequencing homozygous
mutant flies (Fig. 4.11).

4.2.1.4 Mutations in Arl6IP1 interrupt the first transmembrane domain
Wild-type Arl6IP1 contains three coding exons, with the first pair of TM
domains (TM1 and TM2) in exon 2, and the second pair (TM3 and TM4) starting
at the end of exon 2 and continuing into exon 3 (Fig, 4.12, top panel). All the
mutations that I recovered lie in the region targeted by gRNA1, around AA
positions Y39-V44 at the beginning of TM1 (Y39-L58).
A 25-bp deletion in Arl6IP15-2 removes eight codons (Q38-F45) in TM1,
followed by a frameshift (Fig. 4.12, second panel). This ends with a premature
stop codon, which would result either in a truncated protein of 53 amino acids
(with residues 38 onwards out of frame), or activate nonsense-mediated decay.
Both Arl6IP111-10 and Arl6IP16-5 harbour small deletions of two AAs (V44-F45)
each in TM1, followed by frameshifts (Fig. 4.12, third and fourth panels). These
end with premature stop codons that would result in truncated proteins of 59 or
70 amino acids, respectively, both with residue 45 onwards out of frame.
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Figure 4.10 Resolution of mutant alleles from Sanger traces for genotyping.
CRISP-ID was used for resolving heterozygous alleles from the Sanger sequencing
traces from Arl6IP16IP1 mutants. The CRISP-ID outputs are shown for each mutant
with a multiple alignment of the de-convoluted sequences and Arl6IP16IP1 reference
sequence revealing the sizes of the deletions.
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Figure 4.11. BLAST search against Drosophila melanogaster using the genomic sequence
of Arl6IP15-2.
BLASTn sequence similarity search of DNA amplified from Arl6IP15-2 homozygous
flies as query against Drosophila melanogaster genome confirmed the presence of the
25-bp deletion in Arl6IP15-2.

In these three alleles, the lack of wild-type Arl6IP1 protein is likely to
result in total loss of Arl6IP1 function. However, since most of the coding
sequence is still present in these three alleles, an in-frame Met-82 codon could
potentially initiate translation of a C-terminal fragment of the protein.
However, even if this was expressed, it would lack the first 81 amino acids
including the TM1 and TM2 domains and such a protein is likely also to have
severe loss of function.
Arl6IP110-11 has an in-frame deletion of four AAs (V44-V47) in TM1. The
TMHMM server 2.0 (Krogh et al., 2001) predicted two hydrophobic segments (23
AAs each), each replacing one pair of the wild-type TM domains (Fig. 4.13).
These segments might form intra-membrane hairpins as proposed for RTNs and
REEPs (Voeltz et al., 2006) or single-pass TM domains. Lengthening the TM
domains in ARL6IP1 (Yamamoto et al., 2014), or the hydrophobic regions in
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Figure 4.12. Mutations in Arl6IP1 disrupt the first TM region.
Top: Schematic presentation and AA sequence of the primary structure of ARL6IP1
(AA sequence obtained from Flybase for CG10326) with TM regions indicated (based
on TMHMM prediction). gRNA1 targets AA positions Y39-V44 coinciding with the
beginning of TM1 (Y39-L58).
Second panel: Same as Top, but for Arl6IP15-2. A 25-bp deletion removes eight AAs
(Q38-F45) in the TM1 region in Arl6IP15-2 causing a frameshift that changes the
subsequent AA sequence. Multiple stop codons are present before and after the only
in-frame Met downstream to the deletion.
Third panel: Same as Top, but for Arl6IP111-10. A 7-bp deletion removes two AAs
(V44-F45) in the TM1 region causing a frameshift that changes the subsequent AA
sequence. Multiple stop codons are present before and after the only in-frame Met
downstream to the deletion.
Last panel: Same as Top, but for Arl6IP16-5. A 5-bp deletion removes two AAs (V44F45) in the TM1 region causing a frameshift that changes the subsequent AA
sequence. Multiple stop codons are introduced downstream to the deletion and no inframe Mets are present.
The AA sequences for the mutants were generated using the ExPASy Translate tool
at https://web.expasy.org/translate/.
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Figure 4.13. Predicted consequences of a four amino-acid deletion in TM1 region of
Arl6IP1.
A. TM domain prediction output for Arl6IP110-11 mutant shows two potential TM
domains of 23 AAs each in place of the four TM regions predicted for the wild-type
protein. B. Schematic presentation and AA sequence of the primary structure of
Arl6IP110-11. Deletion of four AAs (V44-V47) shifts the positions of TM1 and TM3 and
merges them with TM2 and TM4 of the original protein. The positions of the TM
domains here are based on the TMHMM prediction in A.
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Figure 4.14. Summary of mutant alleles recovered in this study.
All deletions were recovered in the gRNA1 target region (first yellow box in genomic
map, grey boxes in sequences underneath). Wild type AA sequence is in blue letters
whereas deletions and changes in the AA sequences are in red. Arl6IP15-2, Arl6IP11110 and Arl6IP16-5 have small deletions of 25, 7 and 5 bp respectively, each of which
causes a frameshift, and changes in downstream AA sequences. Arl6IP110-11 has an
in-frame deletion of 12 bp resulting in deletion of 4 AAs from the first TM domain.

RTN4 (Zurek, Sparks and Voeltz, 2011) resulted in the loss of curvature
preference and relocation of the mutant proteins to the nuclear envelope.
Conversely, shortening the TM domains resulting in intra-membrane hairpin
loops in Arl6IP110-11 might have led to enrichment of mutant protein to
ER tubules or constriction of ER tubules compared to wild-type. This mutant
allele might be useful for understanding the role of TM domains in ER shaping
and curvature induction.
In summary, I recovered four mutant alleles that disrupt the first
predicted TM domain in Arl6IP1 (Fig. 4.14). Three of these, Arl6IP15-2,
Arl6IP111-10 and Arl6IP16-5, carry deletions in the beginning of the predicted
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TM1 domain, followed by frameshifts resulting in truncation or loss of proteins.
The fourth allele is an in-frame deletion of 12 bp from the TM1 region, predicted
to result in two hydrophobic segments in place of the four TM regions predicted
in wild-type Arl6IP1.

4.2.2

Homozygous phenotypes of Arl6IP15-2 mutation

4.2.2.1 Arl6IP15-2 homozygous flies are viable but have reduced fertility in ReepA- ReepBRtnl1- background
I chose Arl6IP15-2 as a potential loss-of-function allele for phenotypic
characterization because this deletion removes more of the protein than the
other mutant alleles. None of the other Arl6IP1 mutants generated in this study
were further characterized. Arl6IP15-2 homozygous flies are viable and fertile
with no overt phenotypic abnormalities compared to nos-Cas9 flies which share
the same genetic background as Arl6IP15-2 (Fig. 4.15A, i-ii).
Since ARL6IP1 was previously reported to harbour a RHD similar to
RTNs (Yamamoto et al., 2014), I considered whether Arl6IP1 and Rtnl1 might
have redundant functions. Rtnl1- flies are also homozygous viable and fertile
with no marked phenotypic abnormalities (Fig. 4.15A, iii-iv); in the absence of a
proper genetic background control for Rtnl1-, I used ReepA+ which was also used
as a background control by Yalçın et al (2017). Rtnl1-; Arl6IP15-2 double mutants
were also homozygous viable, fertile and apparently phenotypically normal (Fig.
4.15A, v), thus providing no support for overlapping redundant functions of the
two genes.
Rtnl1- ReepA- ReepB- triple mutant flies are also homozygous viable and
fertile (Yalçın et al., 2017). I also generated Rtnl1- ReepA- ReepB-; Arl6IP15-2
quadruple mutant flies to compare with Rtnl1- ReepA- ReepB-, and Arl6IP15-2
mutants. The quadruple mutants were also homozygous viable with no overt
phenotypic abnormalities, but less healthy and fertile than the Rtnl1- ReepAReepB-, and Arl6IP15-2 homozygous stocks. I was not able to maintain a
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Figure 4.15. Viability and fertility of Arl6IP15-2 in different genetic backgrounds.
A. Adult female Arl6IP15-2 flies do not show any gross phenotypic abnormalities (ii).
nos-Cas9 flies (i) serve as background control for Arl6IP15-2. Rtnl1- ; Arl6IP15-2 double
mutant (v) and Rtnl1- ReepA- ReepB-; Arl6IP15-2 quadruple mutant flies (vi) also
appear normal phenotypically. Note that the damaged wing in (vi) is not a phenotype,
the stock has normal winged flies. B. Reciprocal crosses to determine the source of
lower fertility rates in Rtnl1- ReepA- ReepB-; Arl6IP15-2 flies. Vials 1 and 2 serve as
controls whereas vials 3 and 4 are test vials with reciprocal crosses. For each cross,
six virgin females were crossed to two males, and the flies were transferred to a fresh
food vial every 2-3 days and discarded after the second flip. Each experiment was set
up in duplicate and fertility was noted by the absence or presence of progeny.
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homozygous quadruple stock in the lab; mutant flies did not yield many progeny
and the stock would usually die out.
To confirm this observation, I set up crosses using w1118 and quadruple
mutant flies (Fig. 4.15B). For each cross, I allowed six virgin females and two
males to mate in a vial and transferred them to a fresh vial every 2-3 days. The
flies were discarded after the third transfer and each experiment was done in
duplicate. Crosses with both male and female w1118 parents (Cross 1, Fig. 4.15B)
served as positive control and consistently produced progeny in all of the vials
in both experiments (Table 4.1). On the other hand, no progeny was seen at all
for crosses with both male and female quadruple mutant parents (Cross 2, Fig.
4.15B; Table 4.1). I also set up reciprocal crosses between w1118 and quadruple
mutant flies (Crosses 3-4, Fig. 4.15B). None or very few progeny were obtained
from crosses of quadruple mutant males crossed to w1118 females (Cross 3, Fig.
4.15B), with progeny obtained only in younger crosses in one of the experiments
(Table 4.1). In crosses of quadruple mutant females to w1118 males (Cross 4, Fig.
4.15B), progeny numbers appeared comparable to the positive control (Fig.
4.15B) with progeny appearing consistently in all of the vials (Table 4.1).
Therefore, homozygous Rtnl1- ReepA- ReepB-; Arl6IP15-2 males appear to have
reduced fertility compared to w1118 males and this reduction in male fertility
might worsen in an age dependent manner.
Taken together, these observations suggest that single loss of Arl6IP1
does not have any strongly deleterious effect on Drosophila viability or fertility.
However, additional loss of Arl6IP1 in a Rtnl1- ReepA- ReepB- triple mutant
background appears to cause reduction in male fertility compared to w1118
controls as well as Rtnl1- ReepA- ReepB- triple mutant flies.

4.2.2.2 Arl6IP1 larvae exhibit delayed emergence from pupation
In addition to the four Arl6IP1 deletion mutants generated here using CRISPR,
another deletion mutant allele, Arl6IP1AS91, was generated by Dr. Anood Sohail
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Table 4.1. Fertility assay for Rtnl1-, ReepA-, ReepB-; Arl6IP15-2 flies
Six virgin females and two males were mated in vials (Vial 0). Parents were transferred
to fresh vials every 2-3 days (Flip 1-3) and then discarded after the 3rd transfer. Fertility
was assessed by noting the absence (-) or presence (+) of progeny. The assay was
performed in duplicate for each cross.

w1118 ☿
x
1118
w
♂

Vial 0
Flip 1
Flip 2
Flip 3

Exp. 1 Exp. 2
+
+
+
+
+
+
+
+

Rtnl1- ReepAReepB- Arl6IP15-2 ☿
x
Rtnl1 ReepAReepB- Arl6IP15-2 ♂

Exp. 1
-

Exp. 2
-

w1118 ☿
x
Rtnl1 ReepAReepB- Arl6IP15-2 ♂

Exp. 1
-

Exp. 2
+
+
-

Rtnl1- ReepAReepB- Arl6IP15-2 ☿
x
1118
w
♂

Exp. 1
+
+
+
+

Exp.2
+
+
+
+

in the O’Kane lab using P-element imprecise excision (Sohail, 2018). This
mutation carried a 500 bp deletion including the first pair of TM domains
(Fig. 4.16). Like the mutant alleles I generated, Arl6IP1AS91 mutants are also
homozygous viable and fertile, although Dr. Sohail qualitatively reported that
mutant third instar larvae took a couple of days longer to emerge from the food
to pupate than wild-type (Sohail, 2018). This delay in emergence might be due
to developmental delay, or to a parental phenotype of slow mating or reduced
fertility.
To test whether mutations in Arl6IP1 cause delayed emergence of third
instar larvae from food, I crossed (Fig. 4.17A) homozygous virgin Arl6IP15-2
females to homozygous Arl6IP1AS91 males to generate trans-heterozygous
mutant loss-of-function F1 larvae, eliminating any recessive phenotypes due to
homozygosity of any background mutations. I also crossed homozygous
Arl6IP15-2 or Arl6IP1AS91 virgins to w1118 males to generate heterozygous F1
control larvae. Each cross was flipped into a fresh vial of food every two days
until I had five replicates of each cross (Fig. 4.17B). Each cross was set up in
duplicate or triplicate. I observed each vial daily under a dissection microscope
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Figure 4.16. Summary of Arl6IP1 mutant alleles used in this study
Genomic map of Arl6IP1 showing regions of deletions for mutants generated using
P-element imprecise excision (Arl6IP1AS91) and CRISPR (Arl6IP15-2). The deleted
regions are indicated by hashed boxes. Grey = RNA transcripts. Purple = CDS. Green
= TM domains. Hashed boxes = deleted regions.

and noted the number of crawling third instar larvae emerging from the food to
pupate over a period of 20 days.
Arl6IP15-2/Arl6IP1AS91 trans-heterozygous third instar larvae took
slightly longer (~ a day) to emerge from food and start crawling on the sides of
the vials in readiness for pupation compared to controls (Fig. 4.17C), indicating
a delay in larval development in the absence of Arl6IP1 function. I did not see
any evidence of gross developmental defects such as dead larvae on food or sides
of the vials, or flies failing to eclose from pupae. Therefore, loss of Arl6IP1 causes
delayed emergence of larvae from food, however, this developmental
phenotype is less severe than those reported for Zebrafish arl6ip1 morpholinos
and human neurological disorders (Huang et al., 2009, 2012; Tu et al., 2012;
Novarino et al., 2014).

4.3

Discussion

In this chapter, I generated four Arl6IP1 deletion mutant alleles in Drosophila
(Fig. 4.13) and performed phenotypic characterisation of one of these alleles,
Arl6IP15-2.
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Figure 4.17. Testing Arl6IP1 mutant larvae for delay in emergence from food.
A. Experimental crosses to compare time to larval emergence out of food for Arl6IP1
mutants. Crosses were either set up in duplicate or triplicate as indicated by the
number on top left corner. B. Experimental set up shown for two independent
experiments. C. Larval emergence was recorded as the earliest number of days post
crossing when third instar larvae were found crawling on the walls of the vials. The
top, middle and bottom lines of the box represent the 25th, 50th and 75th percentiles,
respectively; whiskers represent the 10th and 90th percentiles. Each datapoint is a
vial; five vials/experiment from 2-3 independent experiments. Comparisons between
genotypes were performed using Mann-Whitney test. *p<0.05; *p<0.005.
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4.3.1

Loss of Arl6IP causes reduced fertility in ReepA- ReepB- Rtnl1- background

Arl6IP15-2 flies are homozygous viable, fertile and appear phenotypically normal
(Fig. 4.15A) which is not unexpected considering that mutations in single ERshaping proteins of Rtnl1, ReepA or ReepB also do not lead to gross phenotypic
abnormalities. Age-dependent locomotor deficits have been reported upon RNAi
knockdown of Rtnl1 or Arl6IP1 in Drosophila without affecting life spans greatly
(Fowler and O’Sullivan, 2016). ARL6IP1 was reported to harbour a RHD, and
to shape ER in a reticulon-like fashion (Yamamoto et al., 2014) implying possible
functional redundancy between the two genes. However, Rtnl1-; Arl6IP15-2
double mutants were also viable and fertile and did not appear to be sickly (Fig.
1.5A), unlike Rtnl1-, ReepA-, ReepB- triple mutant flies which although
homozygous viable and fertile, survived poorly past two weeks of adulthood
(Yalçın et al., 2017).
Rtnl1-, ReepA-, ReepB-; Arl6IP15-2 quadruple mutant flies also did not
present any overt phenotypic abnormalities, though they exhibited reduced
male fertility compared to w1118 (Fig. 4.15B; Table 4.1) and were not very viable.
Possible causes for this male sterility include germline defects or changes in
courtship behaviour. Arl6IP1 mRNA is highly enriched in testis and CNS
(Leader et al., 2018) (Fig. 4.18), and so could affect male fertility in either organ.
One specialized ER structure that could be affected by ER-shaping protein
mutations is the fusome, a unique membranous organelle found in Drosophila
germline stem cells which extends through ring canals to all of the connected
cystocytes (Hinnant, Merkle and Ables, 2020). The fusome is required for
synchronous cell divisions during gametogenesis and associates with different
cell cycle regulators, such as Cyclin A, Cyclin B, Cyclin E and others to maintain
the correct number of mitotic divisions (Lu et al., 2017). The fusome is composed
of a cytoskeletal part, and a membranous part that seems to be derived from the
ER (Snapp et al., 2004; Röper, 2007). ER resident proteins such as the ER
translocon channel protein Sec61𝛼 and lumenal stress associated Protein
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Figure 4.18. Arl6IP1 gene expression profiles in different tissues of Drosophila
melanogaster.
Arl6IP1 mRNA is highly enriched in the Testis in males and the brain and CNS in
both adult males and females as well as larvae. Data from FlyAtlas 2: the Drosophila
gene expression atlas at http://flyatlas.gla.ac.uk/FlyAtlas2/index.html?page=gene.
FPKM = Fragments Per Kilobase of transcript per Million mapped.
The enrichment is a measure of the abundance of a gene in a particular tissue
relative to that in the whole fly.

Disulfide Isomerase (PDI) localize to the fusome. Unlike the female germline
where only one oocyst out of the 16 matures into an oocyte (the rest become
nurse cells), all 16 spermatogonia undergo the meiotic program as
spermatocytes in the male germline. In males, the fusome is required for
synchronized “all-or-none spermatogonia death” within the cysts as DNA
143

damage caused by ionizing radiations in a subset of a cyst leads to death of all
the cells within the cyst (Lu and Yamashita, 2017).
The ER-derived fusomal membranes appear to be important for intra-cyst
communication through association with regulators of death signals and cell
cycle as well as components of RNP complexes. Importantly, Rtnl1, localizes
strongly to the fusome during early stages of oogenesis and concentrates in the
oocyte during later stages. Hypomorphic and null mutations in Rtnl1 are viable
and fertile with slight effects on the distribution of the RNA binding protein
Orb, and Me31b, a DEAD-box protein involved in translational silencing of
mRNAs in the female germline (Röper, 2007). Considering Arl6IP1 mRNA
enrichment in the testis and the role of ARL6IP1 in shaping ER in mammalian
cells, it is plausible that ARL6IP1 might also localize to fusomes, however there
is no evidence to support this conjecture.
Also, the testis is not the only determinant of male sterility in Drosophila.
Male courtship in Drosophila is hardwired in the nervous system and involves
a series of distinct behavioural patterns involving sensory neurons,
interneurons and motor neurons (Pavlou and Goodwin, 2013). The fruitless (fru)
gene is spliced differentially in males and females, and is essential for a
successful male courtship ritual (Dauwalder, 2011). I did not test the Arl6IP1
mutants for any anomalous courtship behaviour and could not find any
literature on Arl6IP1 in this context. In order to be certain about any role of
Arl6IP1 in male sterility, further experiments would need to be conducted.

4.3.2

Loss of Arl6IP1 leads to delayed emergence of larvae for pupation

Knockdown of alr6ip1 in Zebrafish leads to developmental defects in various
organs such as the heart, retina, fin buds (Huang et al., 2009, 2012), the
developing neural crest (Tu et al., 2012), and spinal motor axons (Novarino et
al., 2014) while mutations in ARL6IP1 in humans manifest in developmental
regression among other symptoms of neurological disorders (Trujillano et al.,
2017; Chukhrova et al., 2019). Arl6IP15-2/Arl6IP1AS91 larvae show a slight delay
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of about a day in the emergence of third instar larvae from food in readiness for
pupation compared to controls (Fig. 4.17C) but the human disease phenotypes
and the morpholino phenotypes are more severe than mutant Drosophila larvae.

4.3.3

Conclusion

In summary, Arl6IP1 mutations generated by myself and colleagues in the lab
enable me to test the effect of loss of Arl6IP1 on axonal ER structural integrity
in Drosophila. Loss of Arl6IP1 affects male fertility, which is worsened in Rtnl1, ReepA-, ReepB- background. Arl6IP1 mutants also exhibit developmental delay
in emergence of third instar larvae but no other gross phenotypic defects.
ARL6IP1 contributes to developmental speed and fertility in Drosophila,
therefore in the next chapter I test the effects of loss of ARL6IP1 on ER
organization in axons, neuromuscular junctions and multi-dendritic sensory
neurons.

4.4

Future directions

Since age-dependent locomotor deficits have been reported upon depletion of
Arl6IP1 in Drosophila (Fowler and O’Sullivan, 2016), it would be interesting to
test and compare the Arl6IP1 mutants generated in this study for any locomotor
deficits. Additionally, loss of Arl6IP15-2 in Rtnl1-, ReepA-, ReepB- background
leads to slight developmental delay and reduction in male fertility, therefore, it
would be interesting to check these mutants for any germline defects as well.
One of these mutants, Arl6IP110-11, has an in-frame deletion of four AAs and is
predicted to possess two short intramembrane segments instead of the four TM
domains predicted for the wild-type protein. Thus, Arl6IP110-11 could also be
used for testing the effect of the length of hydrophobic domains on ER
membrane-shaping.
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Chapter 5: Role of Arl6IP1 in neuronal ER organization

5.1

Introduction

As discussed in Chapter 4, Arl6IP1 is a candidate for an ER-shaping protein
based on its protein architecture, localization to ER membrane, association with
HSPs, and requirement for maintaining ER organisation in mammalian cell
lines and Drosophila nerve terminals. In Chapter 4, I described the generation
of Arl6IP1 deletions and phenotypic characterization of loss-of-function alleles
of Arl6IP1. In this chapter, I address the following questions to understand the
function of Arl6IP1 in the Drosophila axonal ER:
1. Does Arl6IP1 play a role in axonal ER network modelling?
ARL6IP1 was reported to possess small intra-membrane hairpins similar to
RTNs and REEPs (Yamamoto et al., 2014). If Arl6IP1 shapes axonal ER in a
similar manner to them, loss of Arl6IP1 might also cause partial loss of ER
staining in axons, as with loss of RTNs or REEPs (O’Sullivan et al., 2012; Yalçın
et al., 2017).
2.

Does

additional

loss

of

Arl6IP1

exacerbate

the

ER

fragmentation phenotype of Rtnl1- ReepA- ReepB-? The combined loss of
Rtnl1, ReepA and ReepB in Drosophila causes partial fragmentation of axonal
ER (Yalçın et al., 2017). RTNs and REEPs induce and stabilize curvature in ER
tubules and at the edges of ER sheets by virtue of their hydrophobic domains
(Voeltz et al., 2006; Shibata et al., 2008) and ARL6IP1 shows a similar
preference for high curvature (Yamamoto et al., 2014; Dong et al., 2018).
Therefore, additional loss of Arl6IP1 in Rtnl1- ReepA- ReepB- background might
enhance the partial ER fragmentation previously reported for Rtnl1- ReepAReepB- mutants.
3. Does Arl6IP1 influence tubular ER dynamics in long motor
axons? In cell culture, ARL6IP1-enriched peripheral ER tubules undergo rapid
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motion along microtubules via ER sliding (Dong et al., 2018) indicating that
ARL6IP1 might be influencing tubular ER dynamics. Axonal ER is quite
dynamic with ER tubule movements in both anterograde and retrograde
directions, and these continue even in the absence of RTN and REEPs (Yalçın
et al., 2017). If Arl6IP1 is required for mediating tubular ER motility then loss
of Arl6IP1 should result in impaired ER movements in the axon.
4. Does loss of Arl6IP1 disrupt presynaptic ER organization in
neuromuscular junctions (NMJs) of long motor neurons in Drosophila?
Arl6IP1 is enriched in the growing tips of ER tubules in mammalian cells (Feng
et al., 2017; Dong et al., 2018), and knockdown of Arl6IP1 in Drosophila leads to
disorganization of ER in NMJ terminal boutons (Fowler and O’Sullivan, 2016).
Complete loss of Arl6IP1 would be expected to result in similar or more severe
disorganization of presynaptic ER, than Arl6IP1 knockdown.
5. Does Arl6IP1 play a role in ER organization in sensory
neurons? Mutations in Arl6IP1 result in complicated forms of HSPs with
additional symptoms including sensory neuropathies (Novarino et al., 2014;
Nizon et al., 2018; Wakil et al., 2019). I therefore tested loss of Arl6IP1 might
also affect ER distribution or dendrite organization in sensory neurons.

5.2

Results

5.2.1

Loss of Arl6IP1 does not disrupt or reduce ER labelling intensity in axons

Since axonal ER is mostly composed of tubular ER, and ARL6IP1 is enriched in
ER tubules, I tested whether loss of Arl6IP1 has any effect on the distribution
and/or continuity of axonal ER similar to other ER-shaping proteins. Part of the
experiments and analyses detailed in this section were performed by Raúl
González Aroca, a visiting student in our lab, under my supervision.
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5.2.1.1

Loss of Arl6IP1 does not disrupt or reduce ER labelling intensity in axons

We expressed the ER membrane marker CG9186::GFP (Thiel et al., 2013), and
a plasma membrane (PM) marker CD4::tdTomato in two fasciculated motor
axons using m12-Gal4 (Xiong et al., 2010) in Arl6IP15-2 mutant larvae. As a
control, we also expressed these markers in wild-type larvae with the same
genetic background as Arl6IP15-2, which had been recovered from the
CRISPR/Cas9 crosses but had not been mutated. We did not observe loss or
disruption of ER in any parts of long motor axons (segmental nerve A6) in
Arl6IP15-2 larvae (Fig. 5.1A-C). ER staining appeared a little brighter in
Arl6IP15-2 axons compared to Arl6IP1WT, but this was not significant (Fig. 5.1D).
When ER intensity was normalized to PM intensity, it remained the same in
both mutants and controls in anterior and middle parts of axons but showed a
significant increase in posterior parts of Arl6IP15-2 axons compared to controls;
however, given the tendency of repeated statistical tests to produce occasional
significant values by chance, it is questionable whether this represents a real
difference. The PM staining intensity was the same for Arl6IP15-2 and controls
in the middle and posterior parts of axons, but slightly lower in the anterior
parts. Overall, loss of Arl6IP1 does not cause loss of ER labelling in axons,
suggesting that it does not play a major structural role in axonal ER
organisation.
To assess the continuity and distribution of ER, we measured the
coefficient of variation (CV) of CG9186::GFP staining intensity along the length
of axons. The CV remained unchanged in all parts of Arl6IP15-2 axons compared
to Arl6IP1WT (Fig. 5.1E). Arl6IP15-2 larvae also did not show any changes in the
CV of PM marker. As an alternative method to quantify any irregularities in
ER, I measured gaps in labelling by thresholding the ER intensity followed by
binarization, and measured the intensity of labelling along a manually drawn
ROI tracing the ER. The percentage of values corresponding to absence of
intensity along this line was quantified as gaps in labelling. There was no
significant difference between Arl6IP15-2 and Arl6IP1WT axons (Fig. 5.1F).
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Figure 5.1. Single loss of Arl6IP1 has no effect on axonal ER organization.
A. Representative confocal images from anterior (segment A2) regions of Arl6IP1WT
(control) or Arl6IP15-2 mutant axons in which ER was visualized using CG9186::GFP
expression driven in two motor axons using m12-Gal4. CD4::tdTomato was used for
visualizing the PM. Panels show markers in individual panels and their merge.
B. Representative confocal images from middle (segment A4) regions of Arl6IP1WT
(control) or Arl6IP15-2 mutant axons visualized as in A.
C. Representative confocal images from posterior (segment A6) regions of Arl6IP1WT
(control) or Arl6IP15-2 mutant axons visualized as in A.
D. Comparison of mean staining intensities of ER and PM markers between
Arl6IP1WT and Arl6IP15-2 axons. The PM channel was thresholded and used as a
region of interest (ROI) for measuring ER and PM intensities.
E. Comparison of CVs of ER and PM markers between Arl6IP1WT and Arl6IP15-2
axons. CV was measured by recording standard deviation along a hand-drawn ROI
tracing the axon and dividing by the mean intensity.
F. Comparison of percentage of gaps in ER staining along axons, between Arl6IP1WT
and Arl6IP15-2 axons. I applied thresholding to the ER channel and converted it into
a binary image. A line ROI was drawn manually along the axon, inside which the ER
signal yielded values corresponding to either 0 or 255. The percentage of 0-values
along the length of the axon was designated as percentage of gaps. Arl6IP15-2 did not
show any difference compared to Arl6IP1WT.
Graphs show individual larvae with mean ± SEM. Occasional outlier datapoints off
the top of the scale are omitted from graphs but included in statistical analyses.
Comparisons in D, E and F were performed using unpaired t-test. ns, p>0.05;
*p<0.05; 1 axon per larva (left or right) are plotted from two independent
experiments, each with 3-6 larvae of each genotype.
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Figure 5.2. Additional loss of Arl6IP1 in Rtnl1-, ReepA-, ReepB- background does not enhance
ER fragmentation.
A. Representative confocal images from anterior (segment A2), middle (segment A4)
and posterior (segment A6) regions of w1118, triple mutant Rtnl1-, ReepA-, ReepB- or
quadruple mutant Rtnl1-, ReepA-, ReepB-; Arl6IP15-2 axons, in which ER was visualized
using CG9186::GFP expression driven in two motor axons using m12-Gal4.
B. Comparisons of ER staining intensities in different parts of w1118 or triple or
quadruple mutant axons. For quantification, a line selection was drawn manually along
the axon and mean ER intensity along this linear ROI was measured in Fiji.
C. Comparisons of CV of ER staining intensity in different parts of w1118 or triple or
quadruple mutant axons. CV was measured by recording standard deviation along a
hand-drawn ROI tracing the axon and dividing by the mean intensity.
D. Comparisons of percentage of gaps in ER staining along axons in different parts of
w1118 or triple or quadruple mutant larvae. Quantification was as for Fig. 5.1F. There
was no increase in ER discontinuity in the middle region of quadruple compared to
triple mutant axons; triple mutant axons showed a significant increase compared to
w1118 as reported previously.
Graphs show individual datapoints (larvae) with mean ± SEM. Occasional outlier
datapoints off the top of the scale are omitted from graphs but included in statistical
analyses. Comparisons in B, C and D were performed using unpaired t-test. ns, p>0.05;
*p<0.05; 1 axon per larva (left or right) are plotted from three independent experiments,
each with 2-6 larvae of each genotype.
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Overall, these results imply that loss of Arl6IP1 has no gross effect on ER
organization in axons. This result is not entirely unexpected given the precedent
of the redundant requirement of RTN and REEP proteins for maintaining
peripheral ER tubules in yeast (Voeltz et al., 2006), and axonal ER in Drosophila
(O’Sullivan et al., 2012; Yalçın et al., 2017),

5.2.1.2 Additional loss of Arl6IP1 does not enhance partial ER fragmentation in Rtnl1- ReepAReepB- background
Since combined loss of Rtnl1, ReepA and ReepB gave a stronger ER
fragmentation phenotype than single loss of any of these proteins (Yalçın et al.,
2017), I next tested whether additional loss of Arl6IP15-2 in a Rtnl1- ReepAReepB- triple mutant background enhanced the triple mutant ER fragmentation
phenotype. I expressed the ER membrane marker CG9186::GFP in two
fasciculated motor axons using m12-Gal4 (Xiong et al., 2010) in crawling third
instar larvae of the genotypes: i) w1118, ii) Rtnl1- ReepA- ReepB- (triple mutant)
and iii) Rtnl1- ReepA- ReepB-; Arl6IP15-2 (quadruple mutant) (Fig. 5.2A). The
quadruple mutant axons did not show any significant reduction or increase in
mean ER intensity compared to triple mutant axons (Fig. 5.2B).
Analysis of CV of CG9186::GFP and percentage of gaps in ER staining
also did not show any significant increase along quadruple mutant compared to
triple mutant axons (Fig.5.2C-D). Consistent with previous findings using a
different ER marker (Yalçın et al., 2017), triple mutant axons showed a
significant increase in gaps in ER staining in the middle part compared to w1118
(Fig. 5.2D, middle). My results using an Arl6IP1 loss-of-function mutant allele
are also consistent with the lack of increased axonal ER fragmentation seen
upon targeted knockdown of Arl6IP1 using m12-Gal4 in triple mutant
background, compared to triple mutant axons (Sohail, 2018), and show that the
lack of effect of Arl6IP1 knockdown are not due to low knockdown efficiency.
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Taken together, these results suggest that Arl6IP1 is not influencing
axonal ER organization in a manner similar to members of RTN and REEP
families. This may be because the hydrophobic regions in Arl6IP1 are predicted
to form two pairs of TM regions as opposed to short intra-membrane hairpins
predicted for RTNs and REEPs; the short hairpin domains that do not traverse
the entire membrane will displace lipids more from the cytosolic leaflet of the
lipid bilayer than from the lumen leaflet, thus facilitating tubule curvature.
Arl6IP1 might not be as efficient at bending the lipid bilayer to induce curvature
due to its longer TM domains.

5.2.2

Arl6IP1 does not influence axonal ER dynamics

In mammalian cells, ARL6IP1-enriched tubules exhibited greater motility than
tubules marked with other ER membrane proteins, Sec61𝛽 and VAPB; ER
tubule elongation occurred along microtubules via ER sliding mechanism (Dong
et al., 2018). To test whether loss of Arl6IP1 affects axonal ER dynamics, I
expressed CG9186::GFP using m12-Gal4 and performed time-lapse imaging on
anterior (segment A2) and posterior (segment A6) parts of segmental nerve A6
in crawling third instar larvae, in Arl6IP15-2 and in wild-type controls (WT). As
reported previously (Yalçın et al., 2017), ER tubules moving both anterogradely
and retrogradely could be clearly seen in kymographs generated from WT axons
(Fig. 5.3A, top row). Arl6IP15-2 larvae did not appear to show any decrease in
ER movements compared to WT (Fig. 5.3A, bottom row).
To quantify these observations, I scored kymographs for all of the timelapse images, blind to genotype, for the presence or absence of ER movements.
I found no difference between Arl6IP15-2 and WT larvae (Fig. 5.3B). For a few
larvae, images of both anterior and posterior regions were available, and
movement in any part of the axon was scored as showing ‘movement’. All the
larvae analysed showed some movement (Fig. 5.3C). In fact, all larvae showed
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Figure 5.3. Loss of Arl6IP1 does not affect ER tubular dynamics in axons.
A. Representative kymographs showing ER movements in both anterior (segment
A2) and posterior (A6) parts of WT and Arl6IP15-2 axons. Time-lapse imaging was
performed for one minute at one frame per second. ER was visualized using
CG9186::GFP expression driven in two motor axons by m12-Gal4. White arrows
indicate anterograde movements and yellow arrows indicate retrograde movements.
B. ER movements were quantified by scoring for the presence of moving ER tubules
in kymographs generated from live recordings, blinded to genotype. Arl6IP15-2 larvae
showed similar frequency of ER movements compared to WT, in both anterior and
posterior regions of axons.
C. For larvae with images for both anterior and posterior regions available, all of the
WT as well as Arl6IP15-2 larvae showed some ER movement in at least one of the
regions imaged.
Individual axons served as datapoints. The data includes 1-2 axons per larva (left
and/or right) imaged from two independent experiments (2-5 larvae/experiment) for
WT and three independent experiments (2-5 larvae/experiment) for Arl6IP15-2.
Comparisons between genotypes were performed using Fisher’s exact test. ns,
p>0.05.
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ER movements across all parts of the axons, with the exception of one Arl6IP152

larva that showed movement only in the anterior but not posterior part of the

axon. Thus, loss of Arl6IP1 in axonal ER does not seem to impair ER tubule
dynamics.

5.2.3

Loss of Arl6IP1 has no obvious effect on the continuity of smooth ER in presynaptic

neuromuscular junctions

Mammalian ARL6IP1 is enriched in the growing tips of peripheral ER tubules
(Dong et al., 2018), and Arl6IP1 knockdown disrupts smooth ER staining in the
terminal boutons of presynaptic NMJs in Drosophila (Fowler and O’Sullivan,
2016). A complete knockout of Arl6IP1 would be expected to result in similar
disruption of smooth ER staining or a stronger phenotype in the NMJs;
therefore, I tested this using my Arl6IP1 mutant alleles.

5.2.3.1 Loss of Arl6IP1 has no effect on ER distribution in in NMJs
I expressed the ER marker CG9186::GFP in motor neurons using OK6-Gal4
(Sanyal, 2009) and immunostained larvae for the post-synaptic marker Discslarge (Dlg). I imaged motor neuron termini on muscles 6 and 7 in segments A2
and A6, in larvae homozygous for Arl6IP15-2 or Arl6IP1AS91 and Arl6IP152/Arl6IP1AS91

trans-heterozygous larvae; larvae expressing CG9186::GFP in a

WT background served as controls (Fig. 5.4A-B). In WT NMJs, ER was
continuous in all branches as far as the interior of the terminal boutons (Fig.
5.4A-B, first rows). ER also appeared continuous in most homozygous Arl6IP152,

Arl6IP1AS91 and Arl6IP15-2/Arl6IP1AS91 larvae (Fig. 5.4A-B). However, in one

Arl6IP15-2 larva, ER was missing from an entire branch in both A2 (Fig. 5.4A,
second row) and A6 NMJs (Fig. 5.4B, second row); this phenotype is similar to
knockdown of Arl6IP1 resulting in loss of ER staining from some of the terminal
boutons (Fowler and O’Sullivan, 2016).
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Figure 5.4. Mutations in Arl6IP1 have no effect on ER staining intensity in neuromuscular
junctions in fixed samples.
A. Confocal images showing ER distribution in segment A2 motor neuron termini on
muscles 6/7, visualized by expressing CG9186::GFP using OK6-Gal4, and anti-Dlg.
Arrowheads indicate branches with missing ER staining. B. Same as A, but in
segment A6. C-D. Comparisons of ER staining intensity in NMJ branches (marked
by anti-Dlg) in A2 (C) and A6 (D) NMJs. The anti-Dlg staining was used for creating
ROI selections in Fiji which were then superimposed on the ER channel to measure
mean ER intensity within that selection. Graphs show individual datapoints (NMJs)
with mean ± SEM. Individual datapoints indicate larvae. The data includes 1 NMJ
per larva (A2 or A6) imaged from 2-3 independent experiments (2-4
larvae/experiment) for each genotype. Comparisons between genotypes were
performed using unpaired t-tests. ns, p>0.05

I quantified ER intensity in NMJ branches and boutons by applying
threshold to the anti-Dlg channel and converting it to a selection in Fiji. Mean
ER intensity was then measured within this selection. This showed similar
levels of ER in Arl6IP15-2, Arl6IP1AS91 and Arl6IP15-2/Arl6IP1AS91 NMJs and WT
(Fig. 5.4C-D). In summary, ER does not generally appear disrupted or reduced
in the NMJs of two Arl6IP1 mutant alleles generated in different genetic
backgrounds in homozygosity or heteroallelic. There was a hint of a phenotype
in Arl6IP15-2 NMJs where one sample showed loss of ER staining from an entire
NMJ branch.

5.2.3.2 Loss of Arl6IP1 has no effect on ER distribution in terminal boutons of NMJs
Since disruption of ER staining upon knockdown of Arl6IP1 was reported for
terminal boutons of NMJs (Fowler and O’Sullivan, 2016), I next analysed the
distribution and intensity of CG9186::GFP in terminal boutons of the same
NMJs as above imaged at a higher magnification. Like WT, ER was
continuously distributed within terminal boutons in Arl6IP15-2, Arl6IP1AS91 and
Arl6IP15-2/Arl6IP1AS91 larvae, observed in single-section confocal images (Fig.
5.5A-B). I did not see any signs of disrupted ER staining similar to that reported
previously (Fowler and O’Sullivan, 2016) in any of the genotypes. As observed
for Arl6IP15-2 NMJs (Fig. 5.4A-B, second rows), some terminal boutons appeared
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Figure 5.5. Mutations in Arl6IP1 have no effect on ER staining intensity in terminal boutons
of neuromuscular junctions in fixed samples.
A. Single-section confocal images showing ER distribution within terminal boutons
of NMJs on muscles 6/7 of segment A2, visualized by expressing CG9186::GFP using
OK6-Gal4, and anti-Dlg. Asterisk indicates ER staining missing in the terminal
bouton. B. Same as A, but in segment A6. C-D. Comparisons of mean ER staining
intensity within terminal boutons of A2 (C) and A6 (D) NMJs. The anti-Dlg staining
was used for drawing freehand ROI tracing the terminal bouton in Fiji. The ROI was
then superimposed on the ER channel to measure mean ER intensity within that
selection. Graphs show individual boutons (circles) and mean ± SEM ER intensity
for all boutons within an NMJ (diamonds). The data includes one NMJ per larva (A2
or A6) imaged from 2-3 independent experiments (2-4 larvae/experiment) for each
genotype. Comparisons between genotypes were performed using unpaired t-tests.
ns, p>0.05.

devoid of ER staining (Fig. 5.5A, second row). I quantified the mean ER intensity
in terminal boutons, by drawing a freehand ROI to trace the shape of the
terminal bouton using anti-Dlg staining and measured mean ER intensity
inside that ROI. This analysis did not show altered ER staining intensity in any
of the mutants compared to WT (Fig. 5.5C-D).
Taken together, these results imply that loss of Arl6IP1 does not affect
pre-synaptic ER abundance and continuity in Drosophila NMJs, compared to
WT. Qualitative observations showed ER staining missing from NMJ branches
or terminal boutons of one Arl6IP15-2 sample, which may imply that Arl6IP1
might help ER tubules to penetrate the terminal boutons.

5.2.4

Deletions in Arl6IP1 have no effect on the continuity of smooth ER in presynaptic

neuromuscular junctions in live larvae

The experiments in the above section were performed in third instar larvae that
had been dissected, fixed and immunostained. Immunostaining involves long
incubations and several washing steps which might result in diminishing of
fluorescence signals of endogenously expressed markers such as CG9186::GFP.
Even though there was no significant difference in mean ER intensity in NMJs
and terminal boutons between Arl6IP1 mutants and WT (Fig. 5.4, Fig.5.5),
individual samples displayed variation in ER staining even within genotypes
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Figure 5.6. Variation in fluorescence labelling intensities within genotypes.
Examples of confocal images showing ER distribution within motor neuron terminals
in muscle 6/7 NMJs in segment A6, visualized by expressing CG9186::GFP using
OK6-Gal4, and anti-Dlg in fixed WT third instar larvae. Each row shows an example
from an independent larva. Sample 3* is the same image as sample 3 with brightness
adjusted manually.

(Fig. 5.6). As I used marker intensity as an indication of ER abundance to
compare genotypes, large variations in intensities might lead to erroneous
interpretations. With the aim of reducing variation in staining intensity, I
imaged NMJs in live larvae expressing both ER and PM markers.

5.2.4.1 Imaging NMJs in whole third instar larvae
Drosophila third instar larvae have a transparent cuticle which makes them
amenable to imaging without dissection. I expressed the ER marker
CG9186::GFP and the PM marker CD4::tdTomato in motor neurons using OK6Gal4 (Sanyal, 2009). To image NMJs, I placed a crawling third instar larva in a
drop of 15% chloroform in Halocarbon oil 700 to anesthetize it to reduce
movement. A coverslip was placed over the larva, applying just enough pressure
to flatten the larva, and kept in place using double-sided tape. Imaging was done
immediately following mounting and imaging times were kept to eight to ten
minutes or less by imaging only one NMJ per larva to minimize any influence
of anesthetization on the phenotype. Furthermore, control larvae that had been
162

anesthetized and imaged under same conditions were included in all
experiments to be aware of any artifacts due to anesthetization. Confocal
imaging from the dorsal side showed clear labelling of the motor neurons and
NMJs by both the ER and the PM marker (Fig. 5.7A-B). Imaging from the
ventral side showed both markers labelling NMJs on muscles 2/10 and muscles
1/9 (Fig. 5.7C-D).
I expressed CG9186::GFP and CD4::tdTomato using OK6-Gal4 (Sanyal,
2009) in Arl6IP1WT larvae, the genetic background control for Arl6IP15-2, as a
control for comparisons with Arl6IP15-2, Arl6IP1AS91 and Arl6IP15-2/Arl6IP1AS91
larvae. Surprisingly, the ER distribution in Arl6IP1WT muscle 1/9 NMJs was not
continuous as expected (Fig. 5.8A). It appeared to be concentrated within
boutons, with gaps in labelling between two consecutive boutons giving a beadlike appearance to the distribution (Fig. 5.8B). This may have been caused by
an unknown second-site mutation in this genetic background, therefore I no
longer used this genotype as a control.
I used larvae expressing CG9186::GFP and CD4::tdTomato on the second
chromosome under OK6-Gal4 (Sanyal, 2009) as a control (WT) and used this
stock to generate heterozygous Arl6IP15-2/+ and Arl6IP1AS91/+ larvae (Fig. 5.9),
as well as Arl6IP15-2/Arl6IP1AS91 trans-heterozygous larvae.

5.2.4.2 Loss of Arl6IP1 does not cause discontinuous ER staining in NMJs of whole larvae, but
may lead to elevated levels of ER
NMJs on muscles 1/9 in anesthetized whole mount larvae showed a continuous
distribution of ER within NMJs and boutons in WT, Arl6IP15-2/WT,
Arl6IP1AS91/WT and transheterozygous Arl6IP15-2/Arl6IP1AS91 larvae, with no
apparent fragmentation or loss in ER staining in mutants (Fig. 5.10, Fig. 5.11A).
Arl6IP15-2/Arl6IP1AS91 NMJs showed a significant increase in ER intensity
compared to WT; the ER levels in Arl6IP15-2/WT or Arl6IP1AS91/WT were slightly
increased compared to WT, but not significantly (Fig. 5.11B); ER intensity
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Figure 5.7. Imaging NMJs in live undissected larvae.
Third instar larvae expressing CG9186::GFP and CD4::tdTomato in motor neurons
and NMJs using OK6-Gal4. Larvae were anesthetized and mounted in a drop of 15%
chloroform in Halocarbon oil 700. A. Confocal images show ER and PM marker
distribution in motor neurons and NMJs in a single hemisegment (box). B. ER and
PM labelling in NMJs and synaptic boutons visualized on muscles 6/7. C. ER and PM
marker distribution in motor neurons and NMJs on muscles 2/10 (white box) and 1/9
(yellow box). D. ER and PM labelling in NMJs and synaptic boutons visualized on
muscles 1/9. Anterior is to the left.
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Figure 5.8. Arl6IP1WT larvae exhibit bead-like ER distribution in NMJs and boutons.
CG9186::GFP and CD4::tdTomato visualized in motor neurons and NMJs on muscles
1/9 using OK6-Gal4 in whole Arl6IP1WT larvae, which share the same genetic
background as Arl6IP15-2 larvae generated using CRISPR. A. ER distribution
appears punctate and concentrated inside boutons. B. Higher magnification images
show ER predominantly inside boutons, with gaps between consecutive boutons.

Figure 5.9. Genotypes of larvae tested for effect of Arl6IP1 mutations on pre-synaptic ER.
Larvae expressing CG9186::GFP and CD4::tdTomato on chromosome II using OK6Gal4 were used as control. The genetic background for Arl6IP15-2, Arl6IP1AS91 and
Arl6IP15-2/Arl6IP1AS91 larvae was kept consistent with the WT control.
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normalized to PM was also elevated in Arl6IP15-2/Arl6IP1AS91 NMJs compared
to WT suggesting that complete loss of Arl6IP1 leads to an increase in ER
abundance in NMJs. However, while I had nine larval datapoints from three
separate experiments for WT and transheterozygotes, I had only three larval
datapoints from one experiment for Arl6IP15-2/WT and Arl6IP1AS91/WT, and
therefore not enough datapoints for sensitive comparisons using these
genotypes. I had set up crosses for more heterozygous controls but could not
image them due to university close-down in the COVID-19 pandemic.

5.2.4.3 Loss of Arl6IP1 has no effect on ER distribution in terminal boutons of NMJs imaged
in whole larvae
Visual inspection of terminal boutons at higher magnification showed
continuous ER distribution in Arl6IP15-2/WT, Arl6IP1AS91/WT, and Arl6IP152/Arl6IP1AS91

larvae similar to WT larvae (Fig. 5.12A). Mean ER intensity in the

terminal boutons, nor the frequency of terminal boutons without ER, was not
different among genotypes tested (Fig. 5.12B, C) implying that continuity of ER
distribution is not affected by mutations in Arl6IP1.
Overall, I found that that ER staining continuity is not disrupted in the
terminal boutons of NMJs upon loss of Arl6IP1. This is in contrast to earlier
findings where knockdown of Arl6IP1 with two different RNAi lines showed
disorganization of Rtnl1::YFP in the terminal boutons of NMJs (Fowler and
O’Sullivan, 2016). I did not find evidence of disrupted ER staining in terminal
boutons and NMJs on muscles 6/7 or 1/9 in fixed or live Arl6IP1 mutant larvae
in two different genetic backgrounds in homozygosity or in a heteroallelic
combination. Moreover, the same study had also qualitatively reported ER
missing from terminal boutons upon Arl6IP1 knockdown (Fowler and
O’Sullivan, 2016), but I did not find any significant increase in terminal boutons
lacking ER staining in Arl6IP1 compared to controls. Collectively, my findings
suggest that Arl6IP1 might not play a structural role in tubular ER organization
at nerve terminals, though increased levels of ER in NMJs upon loss of Arl6IP1
166

Figure 5.10. ER distribution in Arl6IP1 mutant NMJs.
Examples of NMJs on muscles 1/9 visualized by expressing CG9186::GFP and
CD4::tdTomato in motor neurons using OK6-Gal4 in WT and Arl6IP1 mutant whole
larvae. The ER distribution appears to be continuous in all of the genotypes tested.
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Figure 5.11. Arl6IP15-2/Arl6IP1AS91 larvae but not Arl6IP15-2/WT or Arl6IP1AS91/WT larvae
may have similar or slightly elevated levels of ER in NMJs compared to WT.
A. Comparison of ER distribution in NMJs on muscles 1/9 in abdominal segment A6
visualized in whole larvae by expressing CG9186::GFP and CD4::tdTomato in motor
neurons using OK6-Gal4. The ER staining does not appear to be disrupted upon loss
of Arl6IP1. B. Quantitative analysis shows increase in ER intensity in Arl6IP152/Arl6IP1AS91 larvae compared WT. C. Quantitative analysis of PM marker intensity
in all genotypes. D. Quantitative analysis of ER intensity normalized to PM marker
intensity. Graphs show individual NMJs with mean ± SEM. The data includes 1 NMJ
per larva (anterior or posterior) imaged from 1-3 independent experiments (2-4
larvae/experiment) for each genotype. Comparisons between genotypes were
performed using one-way ANOVA followed by Dunnett’s multiple comparison test.
ns, p>0.05; ** p<0.01, *** p<0.001.
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Figure 5.12. Mutations in Arl6IP1 have no significant effect on ER staining intensity in
terminal boutons of neuromuscular junctions in live larvae.
A. Representative single-section confocal images showing ER distribution within
terminal boutons of NMJs on muscles 1/9 in abdominal segment A6, visualized by
expressing CG9186::GFP and CD4::tdTomato using OK6-Gal4 in whole live larvae.
ER distribution is continuous in all of the genotypes examined.
B. Comparisons of mean ER staining intensity within terminal boutons of NMJs on
muscles 1/9. The PM staining was used as a guide for drawing free-hand ROIs on the
terminal boutons in Fiji. The ROI was then used to measure mean ER intensity.
Graphs show ER intensity for individual boutons (circles) and mean ± SEM for all
boutons in a single NMJ (diamonds). The data includes one NMJ per larva (anterior
or posterior) imaged from 1-3 independent experiments (2-4 larvae/experiment) for
each genotype. Comparisons between genotypes were performed using one-way
ANOVA by Dunnett’s multiple comparison test. ns, p>0.05.
C. Comparisons of frequency of terminal boutons without ER staining. Comparisons
between genotypes were performed using Fisher’s exact test. ns, p>0.05.
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suggest the possibility of an indirect role of Arl6IP1 in ER organization. This
inference comes with the caveat that not many independent experiments were
performed

for

the

heterozygous

control

groups

(Arl6IP15-2/WT

and

Arl6IP1AS91/WT).
5.2.4.4 Arl6IP15-2 does not enhance reduced ER staining in Rtnl1CA18 NMJs
Since ARL6IP1 was proposed to possess a RHD similar to RTNs (Yamamoto et
al., 2014), and might have redundant functions, I tested whether double
knockdown of Rtnl1 and Arl6IP1 had any effect on pre-synaptic ER distribution
in NMJs. Rtnl1CA18 mutation causes partial loss of ER from NMJs (J. J. PerezMoreno, unpublished), therefore additional loss of Arl6IP1 might be expected to
cause further loss of ER or affect the continuity of ER in the NMJs.
I expressed CG9186::GFP and CD4::tdTomato in motor neurons using
OK6-Gal4, in homozygous Rtnl1CA18, homozygous Arl6IP15-2, and Rtnl1CA18;
Arl6IP15-2 double homozygous larvae and imaged NMJs on muscles 1/9 of whole
anesthetized third instar larvae. There were no discontinuities or noticeable loss
of ER labelling in the double mutant NMJs compared to Rtnl1CA18 visually; the
ER labelling in Arl6IP15-2 NMJs was much brighter than both Rtnl1CA18 and
double mutant NMJs (Fig. 5.13, 5.14A). The mean ER labelling intensity in
double mutant NMJs was same as Rtnl1CA18, and significantly lower than in
Arl6IP15-2 NMJs (Fig. 5.14B) implying that loss of Rtnl1 and not Arl6IP1 results
in partial loss of ER labelling. PM intensity was significantly lower in double
mutant than in Rtnl1CA18 NMJs (Fig. 5.14C); this might be due to the very small
sample size for Rtnl1CA18 larvae, generated in a single experiment. I had to
abandon imaging more larvae after lockdown due to the COVID-19 pandemic.
ER intensity normalized to PM intensity also remained the same for Rtnl1CA18
and double mutant NMJs (Fig. 5.14C).
Additionally, no gross abnormalities of ER distribution were apparent
within terminal boutons of double mutant NMJs compared to either Rtnl1CA18
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Figure 5.13.ER distribution in Rtnl1CA18 ; Arl6IP15-2 NMJs.
Examples of NMJs on muscles 1/9 visualized by expressing CG9186::GFP and
CD4::tdTomato in motor neurons using OK6-Gal4 in Rtnl1CA18, Arl6IP15-2 and
Rtnl1CA18 ; Arl6IP15-2 double mutant larvae.
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Figure 5.14. Rtnl1CA18 ; Arl6IP15-2 double mutant NMJs do not show increased loss of ER
staining compared to Rtnl1CA18.
A. ER distribution in NMJs on muscles 1/9 visualized in whole larvae by expressing
CG9186::GFP and CD4::tdTomato in motor neurons using OK6-Gal4.
B. Comparisons of mean ER intensity in Rtnl1CA18 ; Arl6IP15-2 double mutant larvae
NMJs compared to Rtnl1CA18 or Arl6IP15-2 NMJS.
C. Quantitative analysis of PM marker intensity in all genotypes.
D. Same as C but for ER intensity normalized to PM intensity. Graphs in B-D show
individual NMJs with mean ± SEM. The data includes 1 NMJ per larva (segment A6)
imaged from 1-3 independent experiments (3-5 larvae/experiment) for each genotype.
Comparisons between genotypes were performed using one-way ANOVA and Tukey’s
multiple comparison test post-hoc. ns, p>0.05; * p<0.05.
E. Representative single-section confocal images showing ER distribution within
terminal boutons of NMJs analysed in A. The ER labelling appears to be continuously
distributed for all the genotypes.
F. Comparisons of mean ER staining intensity within terminal boutons of NMJs on
muscles 1/9. Graphs show individual boutons (circles) and mean ± SEM ER intensity
for all boutons within an NMJ (diamonds). The data includes one NMJ per larva
imaged from 1-3 independent experiments (3-5 larvae/experiment) for each genotype.
one-way ANOVA and Tukey’s multiple comparison test post-hoc. ns, p>0.05
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Figure 5.15. ER distribution in the VNC, axons and soma of classIV md neurons.
A. CG9186::GFP expressed in class IV md neurons using ppk-Gal4. ER is
continuously distributed throughout the axons (arrows) projecting into the VNC.
Inset shows part of neuropil. Scale bar, 50 𝜇m; inset, 10 𝜇m. B. Cell bodies of class IV
md neurons expressing CG9186:::GFP show ER staining concentrated in the soma;
ER is also distributed within the dendrites. Insets show the soma at a higher
magnification where the ER forms a continuous network extending into the dendrites
(arrows). Scale bars, 50 𝜇m (top row).

or Arl6IP15-2 (Fig. 5.14D). The mean ER intensity in double mutant terminal
boutons was not significantly different from Rtnl1CA18 or Arl6IP15-2 (Fig. 5.14E).
These results imply that Rtnl1 and Arl6IP1 do not have redundant functions in
shaping ER, albeit with a small sample size.

5.2.5

ER distribution in sensory neurons remains unchanged upon loss of Arl6IP1

In addition to the hallmark features of HSPs arising from axonopathy of motor
neurons, mutations in human ARL6IP1 also lead to additional sensory
symptoms such as diffuse sensory polyneuropathy, congenital insensitivity to
pain, and acromutilation (progressive mutilation of fingers due to the absence
of pain) (Novarino et al., 2014; Nizon et al., 2018). Zebrafish morphants for
arl6ip1 also showed reduced touch-induced responses in larvae (Novarino et al.,
2014). Therefore, I tested whether loss of Arl6IP1 has any effect on ER
organization or dendrite morphology in Drosophila sensory neurons.
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Class IV multi-dendritic (md) neurons innervate the epidermis with
complex dendritic arbors and function as polymodal nociceptive neurons in
Drosophila (Singhania and Grueber, 2014). I expressed the ER marker,
CG9186::GFP using Pickpocket-Gal4 (ppk-Gal4) in all class IV md neurons
(ddaC, v’ada and vdaB; one of each per hemisegment), and imaged the ventral
nerve cord (VNC) and md neuron dendritic fields in whole larvae mounted in
15% chloroform in Halocarbon oil 700. ER appeared uniformly distributed in the
md axons projecting into the VNC (Fig. 5.15A). It also showed strong labelling
in the soma with ER extending into the dendrites (Fig. 5.15B).
I imaged ddaC neurons for further analysis because they are more
isolated than v’ada and vdaB neurons. I expressed an ER marker,
tdTomato::Sec61𝛽, and a PM marker, CD8::GFP using ppk-Gal4 (Fig. 5.16A),
and found that the ER distribution was continuous throughout the primary and
secondary dendrites, but was missing from the tips and growing branches of
higher order dendrites (Fig. 5.16B-E). Expression of a different pair of ER and
PM markers, CG9186::GFP and myr::tdTomato, using ppk-Gal4 showed a
similar distribution of ER and PM (Fig. 5.16F-G).
Next, I expressed GFP::Arl6IP1 and CD4::tdTomato using ppk-Gal4 to
check localization of Arl6IP1 in md neurons (Fig. 5.17A). Like tdTomato::Sec61𝛽
and CG9186::GFP, the localization of GFP-Arl6IP1 was also restricted to the
main dendritic branches (Fig. 5.17B).
To test whether loss of Arl6IP1 affected ER distribution in md neurons, I
expressed CG9186::GFP and CD4::tdTomato in the genetic background control
for Arl6IP15-2 (WT), and in Arl6IP15-2 and Arl6IP1AS91 mutant homozygous third
instar larvae using ppk-Gal4 (Fig. 5.18A). The ER distribution in ddaC neurons
in Arl6IP1 mutants did not appear very different from WT. At higher
magnification, the central regions of the neuron showed ER labelling missing
from higher order dendritic branches in both of the Arl6IP1 mutants, similar to
WT (Fig. 5.18B). The peripheral regions of neurons also showed ER missing from
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Figure 5.16. ER distribution in ddaC neurons.
A. ER and PM visualized by expressing tdTomato::Sec61𝛽 (magenta) and CD8::GFP
(green) respectively using ppk-Gal4.
B. Inset from A at a higher magnification shows ER missing from the growing tips
and branches of higher order dendrites (arrows).
C. Same as B, without the arrows and highliting regions enlarged in D-E.
D. A branch-point from C (yellow box) at higher magnification shows continuous
distribution of ER.
E. Terminal rgion of a branch from C (magenta box) at higher magnification shows
ER missing entirely from several branches and from the tip of a growing branch
(arrows).
F. ER and PM visualized by expressing CG9186::GFP (green) and CD4::tdTomato
(magenta) respectively using ppk-Gal4.
G. Inset from F at a higher magnification shows sparser branching pattern of ER and
ER missing from the tips and branches of higher order dendrites(arrows).
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Figure 5.17.GFP::Arl6IP1 localization in ddaC neurons.
A. GFP::Arl6IP1 was co-expressed with the plasma membrane marker
CD4::tdTomato in class IV md neurons using ppk-Gal4. GFP::Arl6IP1 localizes to the
soma and dendrites in a similar fahion to other ER makers tested in Fig. 5.16. B.
Inset from A shows GFP::Arl6IP1 limited to the main branches of the dendrites.
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Figure 5.18. ER distribution in md neurons in not affected by loss of Arl6IP1.
A. Representative examples of ddaC neurons expressing CG9186::GFP (green) and
myr::tdTomato (magenta) using ppk-Gal4 in WT, Arl6IP15-2, and Arl6IP1AS91
homozygous larvae. B. Middle regions of ddaC neurons showing the soma and
primary dendrites in same genotypes as A. Asterisk indicates ER marker expression
in a class III md neuron; ppk-Gal4 also weakly expresses in class III md neurons. C.
Peripheral regions of md neurons showing organisation of higher order dendrites in
the WT and Arl6IP1 mutants.
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the growing tips of dendrites or branches in Arl6IP1 mutants similar to WT (Fig.
5.18C).
For quantitative analysis, I imaged the upper right quadrant of the same
ddaC neuron in abdominal segment A6 for WT and Arl6IP15-2 larvae expressing
CG9186::GFP and myr::tdTomato using ppk-Gal4 (Fig. 5.19A-B). The ER and
PM staining intensities in Arl6IP15-2 neurons were not different from WT
neurons (Fig. 5.18C); ER staining intensity normalized to PM intensity was also
similar. I also traced the neurons in the PM channel in Fiji to quantify mean
number of branches and mean branch length (𝜇m) but did not find any changes
in Arl6IP15-2 compared to WT (Fig. 5.19D-E). To summarize, I did not find any
effect of loss of Arl6IP1 on ER distribution, continuity or intensity in md neurons
compared to WT which implies that Arl6IP1 is not involved in shaping or
organizing ER in sensory neurons in Drosophila.

5.3

Discussion

In this chapter, I have described the effects of single Arl6IP1 knockout or its
knockout in a Rtnl1-, ReepA-, ReepB- background, on ER organization in motor
axons, nerve terminals and multi-dendritic sensory neurons in Drosophila.

5.3.1

Loss of Arl6IP1 does not have a major effect on axonal ER organization

ARL6IP1 has been reported to shape ER in a “reticulon-like” fashion in cultured
cells due to the presence of hydrophobic hairpin domains similar to other ERshaping proteins (Yamamoto et al., 2014). However, as discussed in Chapter 4,
the hydrophobic regions in ARL6IP1 are predicted to form two pairs of TM
domains rather than short intra-membrane hairpins which would not be as
efficient at bending the lipid bilayer. Indeed, I did not find any evidence of
changes in ER staining intensity or continuity upon single loss of Arl6IP1 in
axonal ER (Fig. 5.1).
If Arl6IP1 was indeed contributing towards shaping ER in a manner
similar to RTNs and REEPs, its loss would be expected to enhance the ER
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fragmentation phenotype caused by triple loss of RTNs and REEPs. Although I
saw increased ER fragmentation in the middle regions of triple mutant axons
compared to wild-type as reported previously (Yalçın et al., 2017), there was no
increase in fragmentation in the quadruple mutant axons compared to triple
mutant axons (Fig. 5.2D). Previously, tissue specific knockdown of Arl6IP1 in a
subset of motor neurons in Rtnl1-, ReepA-, ReepB- background also did not
enhance partial fragmentation of axonal ER compared to the triple mutants
(Sohail, 2018). Thus, Arl6IP1 does not appear essential for maintaining axonal
ER organization in Drosophila.

5.3.2

Loss of Arl6IP1 does not impair ER dynamics

Despite the fact that axonal ER network consists of only 1-2 ER tubules on
average due to spatial constraints, the axonal ER is highly dynamic with
movements in both anterograde and retrograde directions (Yalçın et al., 2017).
Peripheral ER tubules enriched in ARL6IP1 showed increased motility
compared to other ER resident proteins Sec61𝛽 and VAPB in cell culture (Dong
et al., 2018) but I did not find any differences in ER dynamics between Arl6IP152

and wild-type axons (Fig. 5.3). The increased motility reported for Arl6IP1-

enriched tubules may have been due to the fact that Arl6IP1 is enriched in the
growing tips of ER tubules which slide along microtubules for elongation.

5.3.3

Loss of Arl6IP1 does not cause discontinuity of pre-synaptic ER labelling

Loss of Rtnl1 causes partial loss of ER marker from axons and NMJs
(Yalçın et al., 2017; J. J. Perez-Moreno, unpublished) and additional loss of
ReepA and ReepB causes axonal ER fragmentation (Yalçın et al., 2017). Since
Arl6IP1 knockdown disrupts pre-synaptic ER labelling (Fowler and O’Sullivan,
2016), a complete knockout of the gene might result in at least a similar or more
severe phenotype. However, knockout of Arl6IP1 did not cause loss of, or
discontinuities in, ER labelling in the NMJs (Fig. 5.4-5, 5.10-12). Conversely,
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Figure 5.19. Quantitative analyses reveal no effect of loss of Arl6IP1 on neuronal ER.
A. ddaC neuron expressing CG9186::GFP and myr::tdTomato using ppk-Gal4 in
Arl6IP1WT (WT) larvae. For quantification, an ROI of uniform size in the upper right
quadrant of the same neuron in segment A6 was imaged as on right.
B. Same as A but for Arl6IP15-2.
C. Comparisons of mean ER, PM and ER/PM intensities. For quantification, dualchannel images such as the ones on the right in A-B were thresholded in the PM
channel to make a selection ROI in Fiji. The ROI was then used for measuring ER
and PM intensities. Graphs show individual neurons with mean ± SEM. The data
includes 1 neuron per larva imaged from 2-3 independent experiments (3-5
larvae/experiment) for each genotype. Comparisons between genotypes were
performed using unpaired t-tests. ns, p>0.05.
D-E. Number of branches and mean branch lengths were measured by tracing the
PM channel in Fiji using the Simple Neurite Tracer plugin (Longair, Baker and
Armstrong, 2011). Graphs show individual neuron with mean ± SEM. The data
includes 1 neuron per larva imaged from 2 independent experiments (2-4
larvae/experiment) for each genotype. Comparisons between genotypes were
performed using unpaired t-tests. ns, p>0.05.
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ER levels were elevated in the absence of Arl6IP1 (Fig. 5.11B&D) implying a
possible role in ER network maintenance other than membrane shaping.
ARL6IP1 binds to atlastin-1 and TMEM33 in the ER membrane (Urade et al.,
2014; Yamamoto et al., 2014) and recruits inositol 5-phosphatase, INPP5K, to
the ER (Dong et al., 2018); all of these proteins are implicated in ER network
organization. Moreover, double knockout of Rtnl1 and Arl6IP1 did not worsen
the loss of ER staining from NMJs caused by Rtnl1 knockout alone (Fig. 5.14).
These findings reaffirm that Arl6IP1 does not have a significant contribution
towards tubular ER-shaping. Some of these findings need to be further
confirmed by additional repeats, as the sample sizes are quite small for some
genotypes, due to the interruption caused by university lockdown in response to
COVID-19 pandemic in March 2020.

5.3.4

Loss of Arl6IP1 has no effect on the organization of ER in da multi-dendritic sensory

neurons

Patients affected by mutations in Arl6IP1 (SPG61) also presented with sensory
neuropathy among other symptoms; congenital insensitivity to pain, loss of
finger tips and acromutilation were reported (Novarino et al., 2014; Nizon et al.,
2018). arl6ip1 morpholino-injected Zebrafish larvae also showed blunted touchinduced responses (Novarino et al., 2014). In Drosophila, Class IV md neurons
function as nociceptive (noxious sensing) neurons (Singhania and Grueber,
2014). The soma of these neurons showed strong labelling of the ER markers
with the continuous ER network extending into dendrites (Fig. 5.15B, 5.16). The
ER labelling was distributed continuously in primary dendrites but was missing
from the tips, and branches of higher-order dendrites (Fig. 5.16). A similar ER
distirbution is seen in the multi-dendritic nociceptive PVD neurons in C. elegans
in which the ER extends through the entire length of the primary dendrites but
only extends to a subset of secondary and tertiary dendrites (Liu et al., 2019).
Loss of Arl6IP1 did not show any noticeable changes in the distribution,
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continuity or organisation of CG9186::GFP in the arborization of ddaC neurons
(Fig. 5.18-19).

5.3.5

Conclusion

In this chapter, I tested Arl6IP1 as a potential candidate for a new ER-shaping
protein postulated to shape ER tubules in a manner similar to that proposed for
known ER shaping proteins of the RTN and REEP families. The key structural
features of RTNs and REEPs that help confer curvature to ER tubules include
short intra-membrane hairpin domains (Voeltz et al., 2006) and a conserved
amphipathic helix posterior to the C-terminal hydrophobic domain (Brady et al.,
2015). Even though similar features are also predicted for Arl6IP1, the
hydrophobic domains are predicted to be longer which would not bend the lipid
bilayer to the same extent as intra-membrane domains. This is reflected in the
much wider and shorter tubules formed by Arl6IP1 in vitro compared to those
reported for RTNs and REEPs (~40-50 nm diameter for ARL6IP1 compared to
~15-17 nm for Rtn1p and Yop1p) (Hu et al., 2008; Yamamoto et al., 2014).
Preferential localization of ARL6IP1 to high curvature ER tubules and edges of
ER sheets, and its tendency to oligomerize similar to RTNs and REEPs implies
that it might play a minor role in stabilizing ER organization. Alternatively,
Arl6IP1 might be involved in modulating ER organization via interactions with
other proteins as has been shown for INPP5K; in mammalian cells INPP5K is
recruited to the ER by ARL6IP1 and mutations in CIL-1, the Caenorhabditis
ortholog of INPP5K, affects the distribution of ER in the dendrites of PVD
neurons (Dong et al., 2018). In conclusion, I did not find any evidence for a direct
role of Arl6IP1 in shaping ER tubules in a manner similar to known ER-shaping
proteins of RTN and REEP families.

5.4

Future Directions

Even though I did not find any effect of loss of Arl6IP1 on pre-synaptic ER
continuity in Drosophila, the ER levels might possibly be elevated instead. More
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independent experiments need to be carried out to verify this observation.
Additionally, quantitative analysis of the NMJs beyond looking at the presynaptic ER could be carried out by quantifying NMJ parameters such as NMJ
area, number of boutons and number of branches. It might also be interesting
to test for mitochondrial phenotypes at the NMJs as longer and fewer
mitochondria have been reported upon depletion of Arl6IP1 in Drosophila
(Fowler et al., 2020).
The ability to image live larvae for ER phenotypes also makes it possible
to carry out longitudinal studies in Drosophila mutants for ER-shaping proteins.
Since HSPs are progressive disorders, mutants expressing fluorescent ER
markers endogenously could be imaged at different developmental stages and
at different ages during adulthood to better understand the onset and
pathological consequences of axonal and pre-synaptic ER disruption.
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Chapter 6: Role of Atlastin in axonal ER organization in Drosophila

6.1

Introduction

The high membrane curvature of ER tubules is generated by the RTN and
DP1/Yop1p families of integral membrane proteins (Voeltz et al., 2006) whereas
membrane bound GTPases, the atlastins (ATLs), mediate membrane fusion to
connect ER tubules into a polygonal network (Hu et al., 2009; Orso et al., 2009).
In non-animal species, similar dynamin-like GTPases have been identified;
Sey1p in yeast, and Root Hair Defective 3 (RHD3) in Arabidopsis thaliana (Hu
et al., 2009; Zhang et al., 2013). Three ATL paralogs, ATL1-ATL3, are present
in mammals; however, some other species such as Drosophila and
Caenorhabditis elegans have only a single ATL gene (Rismanchi et al., 2008).
In mammals, ATL1 is expressed primarily in neurons, and ATL2 and
ATL3 more ubiquitously (Rismanchi et al., 2008). The three paralogous gene
products exhibit different ER fusion efficiencies, with ATL1 being the strongest
and ATL3 being the weakest (Hu et al., 2015). In mammalian cell lines, ATL1
localizes throughout ER tubules, whereas ATL2 and ATL3 are concentrated at
three-way junctions and exhibit a more punctate distribution (Kornak et al.,
2014; Wang et al., 2016; Behrendt, Kurth and Kaether, 2019). In cultured
developing rat cortical neurons, ATL1 is highly enriched in axonal growth cones
(Zhu et al., 2006).

6.1.1

Mutations in Atlastin are associated with neurological disorders in humans

Mutations in ATL1 cause SPG3A (Zhao et al., 2001; Salinas et al., 2008), the
second most common HSP (Blackstone, 2018a). They are the most frequent
cause of HSP with onset before the age of 10 years (Namekawa et al., 2006).
Missense mutations in ATL3 were identified in hereditary sensory neuropathies
(Fischer et al., 2014; Kornak et al., 2014; Behrendt, Kurth and Kaether, 2019).
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Pathogenic mutations affecting both proteins show effects on ER organisation.
HeLa cells expressing either ATL1-R217Q, one of the pathogenic SPG3A
mutations in the GTP-binding domain of ATL1, or another dominant negative
form of ATL1, resulted in a more tubular and less reticular ER morphology
compared to control cells (Rismanchi et al., 2008). In cell culture, an ATL3
mutant variant associated with sensory neuropathies, ATL3-Y192C, lost its
localization to three-way ER junctions and became distributed along
unbranched ER tubules throughout the cell (Kornak et al., 2014; Behrendt,
Kurth and Kaether, 2019). ATL1 knockdown in developing rat cortical neurons
inhibited axonal growth and elongation (Zhu et al., 2006). In C. elegans sensory
neuron PVD, the ER network became less branched with more parallel tubules
in atln-1 mutants at both the cell body and the dendritic branch points (Liu et
al., 2019). Therefore, ATL seems to be playing an important role in maintaining
ER structural organization, since mutations in ATLs associated with
neuropathies affect the shape and organization of ER network.

6.1.2

Atlastins/Sey1p are required for the formation and maintenance of the ER network

In mammalian cells, depletion of ATL or overexpression of dominant negative
forms resulted in the formation of long unbranched ER tubules and loss of
interconnections in the ER network (Hu et al., 2009). Expression of dominantnegative, GTPase-defective ATLs in live mammalian cells resulted in either
vesiculation of ER tubules, or formation of long unbranched tubules as a result
of dimerization with endogenous ATL (Wang et al., 2016). Live imaging in
ATL1/2/3 triple knockout cells revealed a significant decrease in ER tubule
fusion events and in three-way junctions compared to wild-type cells (Zhao et
al., 2016).
Overexpression of Rtn4a in U2OS cells caused ER fragmentation which
was rescued by co-overexpression of Rtn4a and wild type ATL1/3 but not a
dimerization-defective ATL1 mutant (Wang et al., 2016). Therefore, it has been
suggested that the ER network represents a steady-state of continuous
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membrane fusion and fragmentation: ATLs/Sey1p mediate membrane fusion
continuously to counterbalance fragmentation by the ER membrane curvaturestabilizing proteins REEPs and RTNs (Wang et al., 2016; Powers et al., 2017;
Espadas et al., 2019). Disturbing this balance between membrane-fusing
GTPases and curvature-stabilizing proteins, such as by ATL depletion or
overexpression of Rtn4a, leads to either unbranched tubules and/or fragmented
ER (Wang et al., 2016).

6.1.3

Atlastins interact with other ER membrane proteins

ER network organization and maintenance require interaction between
different families of proteins in the ER membrane. Human ATL1 interacts with
other ER-shaping proteins encoded by HSP genes such as spastin (Evans et al.,
2006; Sanderson et al., 2006), REEPs and RTNs (Hu et al., 2009). Rat ATL1
interacts with another HSP-encoded ER membrane protein, ARL6IP1
(Yamamoto et al., 2014). In Drosophila, atlastin and spastin function in the
same pathway to disassemble microtubules in muscles as loss or overexpression
of atlastin results in microtubule accumulation or reduction respectively (Lee et
al., 2009). Human ATL1 and ATL3 also interact with Lnp (Zhou et al., 2019), an
ER membrane protein that localizes to and stabilizes three-way junctions (Chen,
Novick and Ferro-Novick, 2012; Shemesh et al., 2014; Wang et al., 2016; Zhou
et al., 2019). Loss of Lnp leads to a reduction of three-way junctions and ER
tubules in mammalian cells; in vitro ER network reconstitution experiments in
Xenopus showed replacement of three-way junctions by small sheets upon
addition of a cytoplasmic fragment of Xenopus Lnp to a crude extract at the
beginning of an ER network formation reaction (Wang et al., 2016). Recently, it
was proposed that ATL is inhibited by Lnp following membrane fusion to
stabilize three-way junctions (Zhou et al., 2019).
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6.1.4

Atlastin-mediated homotypic membrane fusion requires GTP hydrolysis

Orso et al (2009) found that ATL can mediate membrane fusion in vitro using a
lipid-mixing assay. Purified and reconstituted Drosophila, yeast and
Arabidopsis homologs of ATL can also merge vesicles in the presence of GTP
(Bian et al., 2011; Anwar et al., 2012; Zhang et al., 2013; Wu et al., 2014). Such
in vitro experiments show that ATL / Sey1p is not only required for the
formation of ER network but also for maintaining the ER network through
continuous GTP hydrolysis; addition of either GTP𝛾S, a non-hydrolysable
analog of GTP (Wang et al., 2016; Powers et al., 2017), or a dominant negative
cytoplasmic fragment of ATL (cytATL) resulted in the disassembly of the ER
network (Wang et al., 2016).

Figure 6.1. Structural organization and homotypic membrane fusion mediated by Atlastin.
A. Domains of an Atlastin/Sey1p protein. B. Scheme for ATL-mediated membrane
fusion. Step 1: association of ATL molecules in different membranes after GTP-binding.
Step 2: GTP hydrolysis triggers conformational changes allowing the helical bundles of
the two ATLs to interact. As a result, the two membranes are pulled together in
preparation for fusion. Step 3: Pi and GDP are released causing the ATL dimer to
dissociate into monomers (both A and B adapted from Wang and Rapoport, 2019).

ATLs consist of a cytoplasmic GTPase domain, a three-helix bundle
middle domain, two predicted TM segments and a cytoplasmic tail (Bian et al.,
2011; Byrnes and Sondermann, 2011) (Fig.6.1A); the predicted TM domains
have been suggested to be two intramembrane hairpin loops assuming a “W”
topology rather than a “V” topology as expected of two TM domains (BetancourtSolis, Desai and McNew, 2018). Elucidation of crystal structures of the
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cytoplasmic domains of human ATL1 (Bian et al., 2011; Byrnes and
Sondermann, 2011) and biochemical experiments testing roles of the TM
segments and the cytoplasmic tail region of Drosophila and human atlastins
(Liu et al., 2012) have led to a model of atlastin-mediated membrane fusion (Liu
et al., 2015) (Fig.6.1B). In the first step, ATL monomers bind GTP and readily
form a dimer with the bound GTP molecules buried at the interface (Liu et al.,
2015). This weak dimer undergoes a transition state upon subsequent GTP
hydrolysis, resulting in a high-affinity state characterized by the association of
the two helical bundle domains, and pulls the two membranes together in
preparation for fusion (Liu et al., 2015). A conserved amphipathic helix in the
C-terminal tail is required for membrane fusion (Liu et al., 2012). The final step
involves a sequential release of Pi and GDP, causing the dimer to dissociate into
monomers (Liu et al., 2015). ATL molecules can interact with each other in this
manner in both cis and trans, although membrane tethering and membrane
fusion only result from trans interactions (Liu et al., 2015).

6.1.5

Atlastin in Drosophila

Drosophila ubiquitously expresses a single atlastin ortholog (Lee et al., 2008)
(Atl) with remarkably similar domain organization and sequence homology to
the three human ATLs (Orso et al., 2009). The overall structures of Drosophila
Atl and human ATL1 cytoplasmic domains are nearly superimposable, and have
very similar active sites (Wu et al., 2014). Both human ATL1 and Drosophila
Atl exhibit similar dimerization tendencies driven by GTP hydrolysis (Wu et al.,
2014).
In adult files, loss of Atl resulted in age-dependent degeneration of a
fraction of dopaminergic neurons (Lee et al., 2008). In third instar larvae, Atl
localizes to neuropil of ventral nerve cord (VNC) as well as motor axon bundles;
loss of Atl led to a significant reduction in the size of body-wall muscles and an
increase in the average number of boutons normalized to muscle area (Lee et al.,
2009). Downregulation or overexpression of Atl in motor neurons caused
191

locomotor abnormalities such as decreased crawling speed and contraction
frequency in larvae, and climbing deficits in older adults (De Gregorio et al.,
2017). Loss of Atl resulted in a sparser and more fragmented ER network
compared to wild type in larval body-wall muscles (Orso et al., 2009) and
shortening of tubular ER profiles in neuronal cell bodies at ultrastructural level
(Orso et al., 2009; Espadas et al., 2019); expansion of cisternae and loss of normal
tubular ER profiles were seen upon Atl overexpression (Orso et al., 2009).
Expression of Drosophila Atl restored the unbranched ER phenotype in
mammalian cells depleted of ATLs (Wu et al., 2014).

6.1.6

Role of Atlastin in axonal ER organisation

The ER forms a continuous network of tubules throughout the length of an axon
(Wu et al., 2017; Yalçın et al., 2017). Mutations in ATL are associated with
HSPs, neurological disorders characterized by length-dependent axonopathy of
long motor neurons (Zhao et al., 2001; Salinas et al., 2008). Even though the role
of ATLs in ER network organization and maintenance has been studied
extensively in non-neuronal cells (Rismanchi et al., 2008; Hu et al., 2009; Kornak
et al., 2014; Wang et al., 2016; Zhao et al., 2016; Behrendt, Kurth and Kaether,
2019), it has not been as well characterized in neurons. Only a few papers have
reported the effects of perturbing expression of Atl on ER organization in neuron
cell bodies (Orso et al., 2009; Espadas et al., 2019) and pre-synaptic boutons
(Summerville et al., 2016), but none of these examined the role of Atl in axonal
ER organization.
Therefore, in this chapter, I address the following questions to
understand the contribution of Atl the organization and continuity of axonal ER
in long motor neurons:
1. Does Atl play a role in axonal ER network organization? ERshaping spastic paraplegia proteins, specifically REEPs and RTNs, are required
for maintaining the organisation and continuity of axonal ER as their loss leads
to partial fragmentation of the ER network with larger and fewer tubules
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(Yalçın et al., 2017). ATLs/Sey1p GTPases play an important role in ER network
organization by mediating homotypic fusion of ER tubules. Loss of atlastin in
Drosophila results in disconnected ER network in muscles and neuronal cell
bodies (Orso et al., 2009) and diffuse ER marker distribution in nerve terminals
(Summerville et al., 2016) compared to wild-type; the lattice-like ER network
observed in wild-type larvae at the axon initial segment transforms into
unbranched tubules in atl2 larvae (Summerville et al., 2016). Hence, loss of
atlastin might also lead to reduction of or discontinuities in the axonal ER
network.
2. Does Atl influence tubular ER continuity and dynamics in long
motor axons? ER is a highly dynamic organelle; axonal ER tubules are also
highly motile with movements recorded in both anterograde and retrograde
directions (Yalçın et al., 2017). Expression of GTPase-defective ATL1 in
mammalian cells leads to ER fragmentation or formation of long, unbranched
tubules (Wang et al., 2016), while fluorescence loss in photobleaching (FLIP)
experiments with GFP-KDEL showed regions with disconnected ER in atl RNAi
muscle cells (Orso et al., 2009). Similar techniques such as fluorescence recovery
after photobleaching (FRAP) could be used to test if loss of Atl results in
fragmentation or reduced connectivity of the axonal ER network.

6.2

Results

6.2.1

Genotyping of atlastin mutant stocks

In contrast to mammals, only a single atlastin ortholog exists in Drosophila (Lee
et al., 2008). This is annotated as CG6668 and as ‘atl’ in FlyBase (Thurmond et
al., 2019). To test the effect of loss of atl on ER organization, we used atl2, a null
mutation allele generated by imprecise P-element excision of atl1 (Lee et al.,
2009) (Fig. 6.2A). atl2 homozygous animals survive only up till pupal stages with
very few adult escapers (Lee et al., 2009). We used a genomic rescue construct
carrying a 13 kb genomic fragment including the entire atl locus (Ge)
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Figure 6.2. Genotyping of atlastin stocks.
A. Genomic structure of atl. Three alternative transcripts RA, RB and RC are shown
in grey. All of the transcripts share the same coding sequence (CDS, maroon). The
hashed box at the bottom indicates the region deleted in atl2 by imprecise P-element
excision of atl1 (Lee et al., 2009). EZ1-forward and EZ2-reverse indicate the annealing
sites for the primers used for confirming presence of deletion in atl2 stocks B. Summary
of primer pairs used for genotyping fly stocks. EZ1/EZ2 primers were designed by
Eliška Zlámalová. C-D. Representative PCR gels from genotyping single male flies. All
stocks carrying atl2 are heterozygous as homozygous individuals typically do not
survive beyond pupal stage. * indicates amplification of atl+ allele, ** indicates
amplification of shorter fragment carrying atl2 deletion.
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(Lee et al., 2008) to rescue any ER phenotypes observed in atl2 larvae. The atl2
and Ge stocks were donated by Professor Seungbok Lee which were then further
recombined to generate atl2, Ge stocks by Eliška Zlámalová in the O’Kane lab;
she also recombined atl2 and m12-Gal4 (Zlámalová, 2017). I confirmed the
presence of atl2 allele in all of the stocks used in this study by PCR genotyping
3-5 flies of each genotype. (Fig. 6.2B-D).

6.2.2

Loss of atlastin causes a significant increase of axonal ER marker in axons

To study the effect of loss of Atl on axonal ER organization in Drosophila, I
expressed the ER membrane marker tdTomato::Sec61𝛽 (Summerville et al.,
2016), as well as a plasma membrane (PM) marker CD4::tdGFP in two
fasciculated motor axons using m12-Gal4 (Xiong et al., 2010) in atl2 larvae. I
expressed the same ER and PM markers using m12-Gal4 in w1118 larvae as
controls (WT). ER marker intensity increased significantly in both anterior
(segment A2) and posterior (segment A6) regions of long motor axons (segmental
nerve A6) in atl2 larvae compared to WT (Fig. 6.3A-D); PM marker intensities
showed no significant change between atl2 and WT. A single copy of a construct
carrying the genomic atl locus (Lee et al., 2008) (atl2, Ge) rescued this atl2
phenotype, bringing ER marker intensities down to WT levels (Fig. 6.3A-D).
Increased ER marker intensity might indicate an increase in the number of ER
tubules in atl2 axons; loss of atlastin-mediated membrane fusion in the absence
of atl might potentially result in more individual ER tubules accumulating if
they failed to fuse together to form a normal ER network, similar to the long,
unbranched tubules observed upon depletion of ATLs in mammalian cells (Hu
et al., 2009). Presence of more ER tubules within a confined space such as an
axon could also contribute to the increase in brightness in atl2 compared to WT.
The coefficient of variation (CV) of tdTomato::Sec61𝛽 staining intensity
along the length of anterior and posterior regions of atl2 axons was unchanged
compared to WT (Fig. 6.3B & D), implying no significant accumulation or
depletion of ER on a fine scale. This is consistent with ER staining appearing to
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Figure 6.3 Loss of atlastin leads to brightly stained ER in axons.
A. atl2 larvae show increased axonal ER labelling compared to WT, in the anterior
(segment A2) part of long motor axons expressing tdTomato::Sec61𝛽 under control of
m12- GAL4. This phenotype is rescued upon expression of atl genomic construct in atl2
background (atl2, Ge).
B. Quantitative analysis of A reveals a significant increase in mean ER labelling
intensity in anterior part of axons in atl2 compared to WT. The coefficient of variation
(CV) of tdTomato::Sec61𝛽 labelling in anterior part remains unchanged in atl2
compared to WT. Analysis of mean labelling intensity and CV of the PM marker,
CD4::tdGFP serves as an internal control. For quantifying ER intensity, thresholding
was applied in the PM channel in Fiji to create a selection which was then
superimposed on the ER channel and ER intensity was recorded inside the selection.
PM intensity was also recorded inside the selection. For determining CV, ER/PM
intensity was recorded along a line ROI drawn manually along the axon (the brighter
of the two axons was chosen when both axons could be resolved) in Fiji. For further
details, see Chapter 2.
C. atl2 larvae also show increased axonal ER labelling in the posterior (segment A6)
part of long motor axons, and this is rescued in atl2, Ge larvae. Genotypes are as in A.
D. Quantification of C (done as in B) also shows significantly increased ER labelling
but unchanged coefficient of variation in posterior part of axons in atl2 compared to WT.
E. ER staining appears to be more uniform, with fewer bright accumulations in atl2
(middle panel) compared to WT (left panel) and atl2, Ge (right panel). Arrows indicate
bright accumulations in ER labelling.
Graphs show individual axons with mean ± SEM. Comparisons in B and D were
performed using one-way ANOVA followed by Dunnett’s test. ns, p>0.05; **p<0.002; 12 axons/larva (left and/or right) are plotted from six independent experiments, each
with 2-5 larvae of each genotype.
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be as continuous in atl2 mutant axons as in WT, independent of brightness (Fig.
6.3E).
My findings are broadly similar to those of a former member of the
O’Kane lab. Dr. Lu Zhao reported (L. Zhao, unpublished) significantly elevated
levels of the ER membrane marker, CG9186::GFP (Thiel et al., 2013) in anterior
but not posterior part of axons, compared to w1118. However, when the atl2 allele
was hemizygous with the deficiency Df(3R)Exel7357 (atl2 /Df), she found
increased ER staining intensity in both anterior and posterior regions of axons
compared to control. Another former lab member, Eliška Zlámalová, also found
significantly elevated levels of the ER luminal marker, BiP–sfGFP–HDEL
(Summerville et al., 2016), in all parts of atl2 axons compared to controls
(Zlámalová, 2017). Taken together, the three ER markers show a broadly
consistent phenotype of increased levels of ER staining across all parts of axons
in atl2 compared to control.

6.2.3

Lunapark staining intensity increases significantly in the absence of atlastin

Atlastin-mediated homotypic fusion plays an essential role in formation of the
ER network; atlastin monomers from apposing membrane tubules dimerize to
tether or fuse membranes, thus creating three-way junctions. Lnp localizes to
three-way junctions and displays a punctate distribution in the peripheral ER
of mammalian cells (Chen, Novick and Ferro-Novick, 2012; Shemesh et al., 2014;
Wang et al., 2016; Zhou et al., 2019). It has been suggested that atlastin recruits
Lnp to three-way junctions, where Lnp stabilizes the junctions (Zhou et al.,
2019). Therefore, Lnp could be potentially used as a marker for three-way
junctions to test whether Atl contributes to the formation of three-way junctions
in the axonal ER.
I therefore used Lnpk, the Drosophila ortholog of human Lnp, to test for
any effect on the number or distribution of three-way junctions in axonal ER in
the absence of Atl. I expressed Lnpk::mCherry and the ER membrane marker
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Figure 6.4. Loss of atlastin leads to increased Lnpk::mCherry labelling intensity.
A. Representative images of axons expressing both CG9186::GFP and Lnpk::mCherry
in anterior (segment A2) regions of two fasciculated axons using m12-Gal4 in WT and
atl2 larvae. B. Comparisons of mean labelling intensities of CG9186::GFP and
Lnpk::mCherry in anterior part of axons in WT and atl2 larvae. C. Same as A but in
posterior regions of axons. D. Same as B but in posterior regions of axons. Graphs show
individual larvae with mean ± SEM. Comparisons between genotypes were performed
using unpaired t-test with Welch’s correction; data from four independent experiments,
each with 2-4 larvae of each genotype. ns p>0.05; *p<0.05; **p<0.005; ***p<0.0005;
****p<0.0001.
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Figure 6.5. Loss of atlastin results in impaired ER tubular dynamics.
A. Kymographs showing examples of fewer ER movements in both anterior (segment
A2) and posterior (A6) parts of atl2 mutant axons compared to WT. Time-lapse imaging
was performed for one minute at one frame per second. The atl genomic construct
somewhat rescued the phenotype. White arrows indicate anterograde movements and
magenta arrows indicate retrograde movements.
B. ER movements were quantified by scoring for the presence of moving ER tubules in
kymographs generated from live recordings, blind to genotype. atl2 axons showed fewer
ER movements than WT, in both anterior and posterior regions. The number of
recordings showing ER movements increased in atl2, Ge axons compared to atl2. For
larvae with images of both anterior and posterior regions, all WT larvae showed some
movement compared to only one atl2 larva (out of 13) showing some ER movement in
the posterior region of the axon. 40% of atl2, Ge axons showed some ER movement. For
quantification, I pooled my original image acquisitions with those of Dr. Lu Zhao, and
performed all processing and analyses myself. The data includes 1-2 axons/larva (left
and/or right) imaged from three independent experiments (2 larvae/experiment) for WT
and four independent experiments (3-7 larvae/experiment) for atl2, Ge by myself, and
five independent experiments (2-6 larvae/experiment) for WT and five independent
experiments (2-5 larvae/experiment) for atl2 imaged by Dr. Lu Zhao. Comparisons
between genotypes were performed using Fisher’s exact test. ns, p>0.05; *p<0.05;
**p<0.005; ****p<0.0001.
C. Examples of ER movements observed in axons. Top left: an ER tubule ~ 7 𝜇m in
length, travelling in an anterograde direction at 0.4 𝜇/s. Both the leading and lagging
edges of the tubule are visible (white arrows). Top right: an ER-derived vesicle
traveling retrogradely at a velocity of 0.3 𝜇/s (magenta arrows). Bottom left: an atl2
axon with anterogradely travelling vesicle (0.7 𝜇/s). Bottom right: a vesicle travelling
anterogradely pauses momentarily (middle arrow) and resumes travelling in an atl2,
Ge axon (0.3 𝜇/s).
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CG9186::GFP using m12-Gal4 in WT and atl2 crawling third instar larvae and
imaged the anterior (segment A2) and posterior (segment A6) parts of axons
(Fig. 6.4A-D). While Lnpk::mCherry staining in WT axons appeared less smooth
than the ER marker, with occasional bright puncta present, it was not as
punctate as typically seen in mammalian cells. Lnpk::mCherry does not seem
be a suitable marker for visualizing individual three-way junctions in
Drosophila axons.
As observed previously for tdTomato::Sec61𝛽 (Fig. 6.3A-D), both
CG9186::GFP and Lnpk::mCherry intensity increased significantly in anterior
and posterior parts of atl2 axons compared to WT (Fig. 6.4A-D). Increased levels
of Lnpk::mCherry, which also resides in the ER membrane, are consistent with
the increased levels of the two ER membrane markers (tdTomato::Sec61𝛽 and
CG9186::GFP) tested in this study.

6.2.4

Loss of atlastin results in impaired ER tubular dynamics

In Drosophila, loss of Atl results in disconnected ER in muscles and neuron cell
bodies (Orso et al., 2009). However, our data suggests that loss of atlastin results
in more ER tubules in axons, although we did not observe any fragmentation of
the ER staining (Fig. 6.3 and 6.4). Fluorescence recovery after photobleaching
(FRAP) could be used as an alternative approach to assay the continuity of
axonal ER network though a good understanding of ER dynamics in the WT and
atl2 is essential to interpret FRAP data.
To understand ER dynamics in WT and atl2 axons, I therefore performed
time-lapse imaging of axonal ER expressing CG9186::GFP under control of m12Gal4 in anterior (segment A2) and posterior (segment A6) parts of segmental
nerve A6 in crawling third instar larvae. As reported qualitatively by Yalçın et
al (2017), I found that WT larvae often exhibited ER tubules moving in
anterograde and retrograde directions in both anterior and posterior parts of
axons; in contrast, atl2 larvae rarely showed ER tubular movements (Fig. 6.5A).
This finding also confirmed earlier qualitative observations by Dr. Lu Zhao who
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also observed loss of ER dynamics in atl2 compared to WT. When I expressed the
atl genomic construct in an atl2 background, the lack of ER tubular movements
appeared to be somewhat rescued.
Since these previous observations were qualitative, I needed to quantify
this effect. I pooled my data with Dr. Zhao’s, as our data was acquired under
similar experimental and imaging conditions using the same genotypes. I
generated kymographs for all the time-lapse images and scored them for the
presence or absence of ER movements, blind to genotype. In both anterior and
posterior parts of the axons, atl2 larvae showed many fewer ER movements
compared to WT (Fig. 6.5B). A single copy of the atl genomic rescue construct
was not sufficient to restore ER movements to WT levels. Finally, I looked at a
few larvae for which images of both anterior and posterior regions were
available. Larvae showing movement in any part of the axon were scored as
showing ‘movement’. Again, atl2 larvae showed significantly fewer ER
movements compared to WT, and atl2, Ge axons did not show complete recovery
to WT levels (Fig. 6.5B). Fig. 6.5C shows examples of the types of movements
that I observed, such as movement of a ~7-𝜇m ER tubule, and both anterograde
and retrograde transport of apparently ER-derived vesicles.
These results suggest that ER dynamics in axons are impaired by loss of
atlastin. Alternatively, since the increased brightness of multiple ER markers
in atl2 axons (Fig.6.3, 6.4) implies more ER tubules, it is possible that ER tubule
movements in atl2 axons might be masked by the cumulative brightness of a
large number of stable ER tubules in the background.

6.2.5

Loss of atlastin might affect mobility of CG9186::GFP in the ER membrane

Since I did not observe any axonal ER fragmentation in atl2 axons (Fig. 6.3, 6.4),
I used FRAP analysis of the ER membrane marker CG9186::GFP as an
alternative approach to test for discontinuity in the ER network in atl2 mutants.
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Figure 6.6.Relative fluorescence recovery plots for FRAP analysis.
Relative fluorescence intensities within the photobleached region (20-𝜇m) were plotted
(mean ±SEM) for WT, atl2 and atl2, Ge in anterior and posterior parts of axons
expressing CG9186::GFP under m12-Gal4 driver in two motor axons. Fluorescence
recovery was recorded every 5s over a period of 200s post-bleaching. A. Recovery plots
for data acquired by me. B. Same as A but for data acquired by Dr. Lu Zhao. C. Same
as A and B, but for data pooled from A and B. All image processing and analyses were
done by myself.
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Figure 6.7 FRAP analysis of ER membrane marker in wild-type and atl2 larvae.
A-B. Summary of two-factor repeated measure analyses of variance (ANOVA)
performed to compare fluorescence recovery in WT axons with atl2 and atl2, Ge axons.
C. Quantification of half recovery times (s) for WT, atl2 and atl2, Ge axons obtained after
fitting data to a single term exponential curve.
D. Quantification of mobile fractions for WT, atl2 and atl2, Ge axons obtained after
fitting data to a single term exponential curve. The box extends from the 25th to 75th
percentiles and the whiskers show 10th-90th percentiles.
Data in A-D are from 82 recordings from 42 WT larvae (12 independent experiments),
46 recordings from 22 atl2 larvae (6 independent experiments) and 37 recordings from
14 atl2, Ge larvae (4 independent experiments). The recordings were made from 1-2
axons/larva (left and/or right). These data consist of FRAP recordings made by me and
Dr. Lu Zhao. All images were processed and analyzed by myself. Comparisons between
genotypes in E-F were performed using Mann-Whitney test. ns, p>0.05.
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Figure 6.8. Fluorescence recovery consists of two components.
Representative kymographs of FRAP assay images from anterior (segment A2) and
posterior (segment A6) regions of WT, atl2 or atl2, Ge axons in which ER was
visualized using CG9186::GFP expression driven by m12-Gal4. Photobleached
regions of interest (20 𝜇m) are indicated by dashed lines); two images were taken
before photobleaching and fluorescence recovery was recorded over a period of 200s
post-bleaching every 5s. Arrows indicate ER movements. Yellow, anterograde; white,
retrograde.

I expressed CG9186::GFP using m12-Gal4 and bleached 20-𝜇m regions of
anterior and posterior parts of axons in crawling third instar larvae. Since Dr.
Lu Zhao had previously performed this experiment under same imaging and
experimental conditions, I pooled my data with hers for quantitative analysis of
fluorescence recovery dynamics. Figure 6.6 shows relative fluorescence recovery
plots for WT, atl2 and atl2, Ge datasets, collected by Dr. Zhao and myself
separately (Fig. 6.6A & B) and after pooling (Fig. 6.6C). Unfortunately, I was
unable to generate further datapoints, since I had to abandon this work on
closedown of the laboratory during the coronavirus pandemic in March 2020.
For pooled data, rapid recovery of fluorescence in the bleached region
from both anterograde and retrograde directions was seen in the WT in both
anterior and posterior regions (Fig. 6.6C). In the anterior region, atl2 larvae
showed slower recovery compared to WT whereas atl2, Ge appeared similar to
WT. In the posterior region, there was no difference in recovery rate between
atl2 and WT. Two-way ANOVA revealed a significant delay in fluorescence
recovery in atl2 axons compared to WT in anterior but not in posterior regions
of axons (Fig. 6.7A-B). However, comparisons of maximal half recovery times (s)
and mobile fractions obtained after fitting data to a single term exponential
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curve did not reveal any significant differences between WT and atl2 (Fig. 6.7CD); given the significant impairment of recovery by the atl2 mutation at later
time points, a single term exponential curve may therefore not be a good
representation of recovery kinetics.
Visual inspection of WT kymographs suggested that fluorescence
recovery is a combination of two components: a gradual and slower but
continuous diffusion of fluorescent marker, and a fast but sporadic ER tubular
transport component (Fig. 6.8, top panel). In atl2 axons, diffusion seems to be
the major contributor to fluorescence recovery as ER tubular movements were
not frequently seen in the bleached region (Fig. 6.8, middle panel). Kymographs
of atl2, Ge bleached axons showed similar recovery dynamics as WT with both
diffusion and rapid ER tubular movements (Fig. 6.8, bottom panel). The slower
rate of recovery for atl2 could be potentially explained by the lack of ER tubular
movements (Fig. 6.5B) which contribute the fast fluorescence recovery
component in WT and atl2, Ge.
I therefore attempted to separate out the contributions of moving ER
tubules and of diffusion of marker to the total fluorescence recovery after
photobleaching. I reanalysed data in Figure 6.6C for the anterior region of the
axon. After blinding all of the recordings to genotype, I measured fluorescence
intensity along a 4-𝜇m length in the middle of the bleached region and excluded
any values after the appearance of a moving ER tubule in the 4-µm region being
analysed. Plots of relative fluorescence recovery for this analysis appear to be
overall similar to that in Fig. 6.6C; the WT and atl2, Ge show a very similar
trend with atl2 showing a slight delay in recovery compared to both WT and atl2,
Ge (Fig. 6.9A). The exclusion criteria for this analysis led to the loss of a large
number of data points especially towards the later part of the time-course (Fig.
6.9B), resulting in a much smaller n (<10) and larger SEM error bars for WT
compared to the original dataset (Fig. 6.6C). Statistical analysis again revealed
a significant delay in fluorescence recovery in atl2 compared to WT; no difference
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Figure 6.9. Analysis of fluorescence recovery after photobleaching.
A. Relative fluorescence intensities within the photobleached region were plotted
(mean ± SEM) for WT, atl2 and atl2, Ge in anterior (segment A2) part of axons
comparing recovery due to diffusion, after removing any measurements at
timepoints after the appearance of a mobile ER tubule in the area being
measured. For this, fluorescence intensity along a 4-𝜇m length in the middle of
the bleached region was measured and any values after the appearance of a
moving ER were excluded. N values for each genotype and timepoint, after
timepoints when a mobile ER tubule appeared, are shown in panel B.
B. Number of observations for each data point on the fluorescence recovery plot
in (A) plotted against time shows how n drops off with time as data points are
getting excluded due to the appearance of ER tubule movement in the 4-𝜇m
length in the middle of the bleached region. See Table 6.1 for descriptive
statistics.
C. Summary of statistical analysis to compare fluorescence recovery in anterior
region between WT and atl2 or atl2, Ge axons. Because of unequal number of
values for time points in these datasets, analysis was performed by fitting a
mixed model, rather than by repeated measures ANOVA. ns, p>0.05; *p<0.05;
***p<0.005; ****p<0.0001.
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Table 6.1. Descriptive statistics for Figure 6.9D.
Time (s)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200

mean
0.000
0.006
0.030
0.054
0.071
0.102
0.130
0.120
0.148
0.149
0.167
0.151
0.155
0.135
0.166
0.135
0.167
0.214
0.299
0.359
0.341
0.354
0.340
0.345
0.368
0.368
0.327
0.315
0.327
0.371
0.380
0.395
0.398
0.428
0.426
0.483
0.420
0.375
0.385
0.360
0.411

n
30
30
30
30
29
27
25
23
21
20
20
18
17
16
15
15
15
14
12
12
12
10
9
8
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

WT
sd
0.000
0.065
0.060
0.070
0.087
0.116
0.139
0.153
0.169
0.146
0.165
0.161
0.169
0.164
0.208
0.196
0.202
0.235
0.305
0.370
0.328
0.342
0.358
0.449
0.495
0.390
0.401
0.369
0.347
0.385
0.413
0.368
0.427
0.482
0.494
0.584
0.482
0.400
0.378
0.458
0.543

sem
0.000
0.012
0.011
0.013
0.016
0.022
0.028
0.032
0.037
0.033
0.037
0.038
0.041
0.041
0.054
0.051
0.052
0.063
0.088
0.107
0.095
0.108
0.119
0.159
0.187
0.148
0.151
0.139
0.131
0.146
0.156
0.139
0.161
0.182
0.187
0.221
0.182
0.151
0.143
0.173
0.205

mean
0.000
-0.016
0.002
0.022
0.035
0.041
0.061
0.054
0.058
0.064
0.104
0.095
0.086
0.129
0.133
0.139
0.147
0.146
0.144
0.160
0.171
0.160
0.206
0.225
0.227
0.248
0.241
0.263
0.247
0.240
0.259
0.245
0.245
0.276
0.297
0.277
0.290
0.295
0.301
0.307
0.329

n
15
15
15
15
15
15
15
15
15
15
14
14
14
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
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atl2
sd
0.000
0.042
0.067
0.031
0.037
0.043
0.046
0.055
0.048
0.054
0.088
0.051
0.062
0.073
0.049
0.089
0.097
0.123
0.102
0.087
0.113
0.119
0.129
0.122
0.109
0.132
0.140
0.127
0.153
0.143
0.131
0.142
0.143
0.167
0.162
0.158
0.145
0.130
0.121
0.116
0.151

sem
0.000
0.011
0.017
0.008
0.009
0.011
0.012
0.014
0.013
0.014
0.024
0.014
0.017
0.020
0.014
0.025
0.027
0.034
0.028
0.024
0.031
0.033
0.036
0.034
0.030
0.037
0.039
0.035
0.043
0.040
0.036
0.039
0.040
0.046
0.045
0.044
0.040
0.036
0.033
0.032
0.042

mean
0.000
0.001
0.007
0.020
0.029
0.019
0.032
0.062
0.071
0.082
0.091
0.131
0.174
0.197
0.250
0.242
0.238
0.241
0.296
0.285
0.316
0.300
0.325
0.359
0.368
0.328
0.327
0.321
0.333
0.386
0.419
0.426
0.470
0.431
0.462
0.472
0.433
0.446
0.473
0.469
0.459

atl2, Ge
n
sd
18 0.000
18 0.047
17 0.043
17 0.063
17 0.069
17 0.053
17 0.079
17 0.130
16 0.131
15 0.156
15 0.143
15 0.118
15 0.101
13 0.107
12 0.138
12 0.131
12 0.147
11 0.148
10 0.151
10 0.148
10 0.164
10 0.155
10 0.131
10 0.159
10 0.158
9
0.131
9
0.136
9
0.107
9
0.133
9
0.119
9
0.159
9
0.174
9
0.203
9
0.161
9
0.216
9
0.266
9
0.188
9
0.244
9
0.241
9
0.229
9
0.194

sem
0.000
0.011
0.010
0.015
0.017
0.013
0.019
0.032
0.033
0.040
0.037
0.031
0.026
0.030
0.040
0.038
0.042
0.045
0.048
0.047
0.052
0.049
0.041
0.050
0.050
0.044
0.045
0.036
0.044
0.040
0.053
0.058
0.068
0.054
0.072
0.089
0.063
0.081
0.080
0.076
0.065

was found between WT and atl2, Ge (Fig. 6.9 C-D). After removing the
contribution of obvious ER tubule movements to fluorescence recovery after
photobleaching, atl2 mutants appear to show lower FRAP recovery by diffusion,
compared to wildtype (Fig 6.9C) and this loss in recovery is rescued by a genomic
rescue construct (Fig 6.9D).
Table 6.1 summarises descriptive statistics for each timepoint for the
graph in Fig. 6.9B. Since I only excluded ER movements that were very clear, it
is quite possible that I missed others that were more subtle and could not be
clearly distinguished from the background fluorescence and might have
contributed to fluorescence recovery in WT and atl2, Ge. Since only 13% (2/15) of
the atl2 axons showed clear ER movements in the bleached region compared to
83% (25/30) of the WT axons and 50% (9/18) of the atl2, Ge axons, it appears that
that the fluorescence recovery in atl2 mainly represents recovery due to
diffusion.
Overall, these results suggest that loss of Atl causes some discontinuity
in the ER network in the anterior part of axons, however due to the dynamic
nature of ER, and motile ER tubules possibly contributing to fluorescence
recovery, a larger sample size would be required to confirm these findings.

6.3

Discussion

In this chapter, I have tested the effect of loss Atl on axonal ER organization
and continuity in Drosophila larvae homozygous for atl2, a null mutation in atl.
Drosophila carry a single ortholog of atl (Lee et al., 2008) which is an essential
gene since animals homozygous for atl2, or hemizygous with a deficiency lacking
atl do not survive beyond the pupal stage; adult escapers are observed
occasionally at a low frequency (~8%) that are sterile and have a smaller body
size compared to w1118 (Lee et al., 2009).
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6.3.1

Loss of atlastin leads to increased axonal ER marker

Single or combined loss of ER membrane shaping proteins belonging to the RTN
and REEP families in Drosophila led to loss of axonal ER labelling intensity
(O’Sullivan et al., 2012; Yalçın et al., 2017), or discontinuities in axonal
ER labelling, which were found to be physical gaps in ER network at
ultrastructural resolution (Yalçın et al., 2017). In contrast, loss of Atl resulted
in brighter axonal ER compared to WT, with a continuous and relatively uniform
staining pattern similar to WT (Fig. 6.3, 6.4). These findings are broadly similar
to those made using other ER membrane markers by Dr. Lu Zhao and Eliška
Zlámalová, former members of the O’Kane lab.
Since loss of ER labelling intensity in other ER membrane-shaping
proteins correlated with a decrease in the mean number of ER tubules in axons
(Yalçın et al., 2017), I infer that an increase in ER labelling intensity indicates
the presence of more ER tubules. An excess of ER tubules in the absence of Atl
might be due to the absence of atlastin-mediated membrane fusion since
depletion of ATLs led to loss of interconnections in the ER network and
formation of long, unbranched tubules in non-neuronal cells, (Hu et al., 2009).
Given that ATL3 acts as a receptor for ER-phagy to mediate tubular ER
degradation in COS-7 cells (Chen et al., 2019), decreased ER clearance in axons
in the absence of the only Atl ortholog in Drosophila could also lead to more ER
tubules compared to wild type. Ultrastructural analysis or super-resolution
microscopy would be required to confirm presence of more ER tubules in atl2
mutants. Preliminary observations of single-section EM data by Dr. Lu Zhao
indicates presence of a higher number of ER tubules in atl2 axons compared to
wild-type, however, further analysis is required for confirmation.

6.3.2

Loss of atlastin leads to increased Lnpk::mCherry labelling

I used Lnpk::mCherry as a marker of three-way junctions to visualize the effect
of loss of Atl on the number and distribution of ER-junctions in axons. However,
Lnpk distribution was not very punctate and not suitable for visualizing three211

way junctions in axons (Fig. 6.4A, C). Co-transfection of Drosophila Atl and
Lnpk in COS-7 cells depleted of ATLs showed a clearly punctate distribution of
Lnpk localized to three-way junctions in peripheral ER network (Zhou et al.,
2019). Lnpk::mCherry overexpression in Drosophila axons did not show a
similar distribution (Fig. 6.4), therefore I was not able to test the effect of atl2
on the number and distribution of three-way junctions. Depletion of ATLs/Sey1p
resulted in loss of Lnp targeting to three-way junctions and redistribution
within the ER membrane in mammalian cells (Zhou et al., 2019) and yeast
(Chen, Novick and Ferro-Novick, 2012). However, confocal microscopy does not
afford sufficient resolving power to confirm re-localization of Lnpk, or loss of
interconnected tubules in atl2 axons by co-expressing Lnpk with an ER marker
(Fig. 6.4A&C). Expansion microscopy or super-resolution microscopy techniques
such as STED might help confirm loss of three-way junctions in atl2 axons.
In addition to an increase in ER marker intensity, mean Lnpk labelling
intensity was also significantly higher in atl2 axons compared to WT (Fig. 6.4).
This increase in Lnpk may be reconciled by the fact that there is more ER
present in atl2 axons compared to WT (Fig. 6.3A-D) and therefore more ERresident membrane proteins would be present.

6.3.3

ER tubular dynamics becomes impaired in the absence of atlastin

The highly dynamic nature of ER involves continuous remodelling of the tubular
ER network (Nixon-Abell et al., 2016), much of which is occurring at the threeway junctions in form of tubule branching, ring closure and tubule sliding (Lee
and Chen, 1988). This dynamic aspect of ER in axons can clearly be seen in
kymographs derived from live imaging of an ER marker in the WT (Fig. 6.5A)
with both anterograde and retrograde movements of the ER present. In
contrast, the proportion of atl2 axons exhibiting any ER movements was much
smaller (Fig. 6.5B). A possible explanation for lack of mobile ER elements in atl2
could be masking of such movements due to a large number of ER tubules.
Indeed, the kymographs derived from atl2 axons appear to be brighter than WT
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(Fig. 6.5A) indicating that fluorescence from a large number of stable tubules in
the background in atl2 axons could obscure observation of ER movements.
One way to work around this problem would be to use a photoactivatable
marker; photoconversion of a subset of ER tubules in a given, ideally single,
axon could then allow a fraction of ER movements to be followed over time. In
this regard, I generated transgenic flies that overexpress a smooth ER marker
tagged with a photoconvertible protein, CG9186::mEos4b (Chapter 7).
Unfortunately, I was not able to utilize this tool for testing any phenotypes due
to university shut down in response to Coronavirus COVID-19 pandemic in the
beginning of my last academic year at Cambridge.

6.3.4

Loss of atlastin might affect continuity of axonal ER

Loss of atlastin resulted in a sparser ER network in Drosophila larvae muscle
cells compared to wild type at confocal resolution, and significantly shorter
tubular ER profiles in neuronal cell bodies at ultrastructural resolution
compared to wild type (Orso et al., 2009). Orso et al. used the term fragmentation
to describe this shortening of tubular ER profiles seen in single-section EM
images, however, loss of fusion in the absence of atl might have led to shorter
ER profiles resulting in a more disconnected rather than fragmented ER
network. A similar phenotype of shortened ER profiles was recently reported in
ventral ganglion neuronal bodies of Drosophila atl2 mutants; EM tomographybased 3D reconstruction of ER in these neurons clearly showed at least two long,
unbranched ER tubules in addition to other disconnected ER elements (Espadas
et al., 2019).
Since I did not find evidence of ER fragmentation in fixed atl2 larvae, I
performed FRAP as an alternative approach to test the continuity of axonal ER.
atl2 axons showed delay in fluorescence recovery compared to WT in anterior
but not posterior part of axons; atl2, Ge exhibited similar recovery dynamics as
WT overall (Fig. 6.6C, 6.7A-B). Kymographs derived from bleached WT axons
revealed that recovery in fluorescence consists of two components; a slow
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recovery component contributed by diffusion of fluorescent molecules within the
ER membrane and, a fast recovery component contributed by abrupt transport
of ER tubules into the bleached region during the post-bleaching acquisition for
FRAP analysis (Fig 6.8). Presence of the fast recovery component from ER
transport in WT axons gives the illusion of a faster fluorescence recovery
compared to atl2 axons where diffusion is the main factor in recovery. An
attempt to account for the proportion of fluorescence contributed by ER
transport did not make much difference in the overall fluorescence recovery
trends for the three genotypes (Fig. 6.9A-C).
Since I relied on visual observation of ER movements for exclusion, I
might have missed subtler ER movements in the background which could have
still contributed to the fluorescence recovery in the WT in the re-analysed
dataset (Fig. 6.9A). WT axonal ER is quite dynamic, hence a large number of
data points ended up being excluded from the re-analysis, especially in the later
part of the time-course with less than one-third values going into each timepoint compared to the earlier time-points (Fig. 6.9D, Table 6.1). Use of chemical
agents such as nocodazole to disrupt microtubules to prevent ER movement
might result in the loss of the ER network itself. Photoconversion of a portion of
axonal ER being visualized might help restrict visualization of a smaller subset
of ER tubules but this might still not prevent the fast ER tubules from
contributing to fluorescence recovery, however the frequency might be lower
than using fluorescent molecules. An alternative approach to check ER tubules
for continuity in axons would be 3D reconstruction of the axonal ER network
from EM serial sections.
Overall, FRAP analysis suggests that axonal ER is continuous in the
posterior parts of atl2 axons, though ER continuity might be jeopardized in the
anterior part of axons. Studies in non-neuronal cells show that loss of ATLs
impairs diffusional dynamics of both ER membrane and luminal proteins: FLIP
experiments with GFP-KDEL revealed regions of disconnected ER network in
Drosophila larval body-wall muscles (Orso et al., 2009), whereas the diffusional
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mobility of Sec61𝛽-GFP and GFP-KDEL were strongly reduced upon addition of
GTP𝛾S in semi-permeabilized cells; depletion of both ATL2 and ATL3 also
significantly reduced the mobility of membrane protein reporters compared to
control (Pawar et al., 2017). Therefore, it is probable that loss of atlastin might
affect the continuity of axonal ER.

6.3.5

Conclusion

In summary, in this chapter I have shown that loss of atlastin in Drosophila
potentially results in more ER tubules compared to WT, possibly composed of
long, unbranched tubules. Additionally, ER dynamics is impaired in atl2 axons
compared to WT and the ER network appears to be continuous in the posterior
but possibly not in anterior part of axons.

6.4

Future directions

At confocal level, atl2 larvae appear to have more ER tubules compared to wildtype larvae. Ultrastructure analysis could verify this finding and 3D
reconstruction of axonal ER using electron tomography would be useful to
visualize and understand the physical consequences of removing Atl from ER
membrane in axons. The photoconvertible marker CG9186::mEos4b (Chapter 7)
could be used to verify the decreased ER dynamics and discontinuities in axonal
ER dynamics observed using conventional fluorescent ER markers.

215

216

Chapter 7: Generation of an ER marker for visualizing axonal ER
dynamics and organization

7.1

Introduction

ER is an expansive, membrane-bound organelle which forms a continuous
network extending from the nuclear envelope to the outer periphery of cells.
Over time, microscopy techniques have revealed insights into the dynamic,
intricate and varied architecture of the ER (Lee and Chen, 1988; Terasaki et al.,
2013; Nixon-Abell et al., 2016).
Even though axons have long been known to contain a continuous ER
network of tubules and cisternae (Tsukita and Ishikawa, 1976), this remained
largely ignored due to the unavailability of markers for fluorescence microscopy
and the difficulty of distinguishing ER tubules from other structures using EM.
Conventional ER markers are usually associated with protein synthesis, folding
or transport, which are characteristic of rough ER, and not always found in
smooth ER which makes up the majority of axonal ER. Smooth ER markers
were only recently developed for visualizing axonal ER using confocal
microscopy (O’Sullivan et al., 2012; Yalçın et al., 2017); improvements in EM
techniques have allowed 3D reconstructions of axonal ER at nanometre scales
owing to development of preferential staining of ER membranes, thinner
sectioning, easier serial sectioning, and enhanced EM modalities including cryoEM-tomography (cryo-ET) (Villegas et al., 2014; Wu et al., 2017; Yalçın et al.,
2017; Terasaki, 2018).

7.1.1

Live imaging of axonal ER

The smooth ER network consists of a largely stable network of ER tubules with
some tubules exhibiting highly dynamic behaviours such as branching, ring
closure, sliding (Lee and Chen, 1988), and even hitchhiking on other motile
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organelles such as mitochondria and lysosomes (Guo et al., 2018; Lu et al., 2020).
In non-neuronal cells, these dynamics of motile ER tubules are easier to detect
as the ER network appears as a polygonal lattice of tubules spread out in a 3D
space. Conversely, axonal ER mostly consists of smooth ER forming a thin
network of 1-2 ER tubules (Wu et al., 2017; Yalçın et al., 2017; Terasaki, 2018)
with spatial constraints imposed by the thin diameters of axons.
Live imaging of axonal ER can be done by tagging resident ER membrane
proteins with fluorescent proteins (FPs), e.g. CG9186::GFP (Yalçın et al., 2017),
tdTomato::Sec61𝛽 (Summerville et al., 2016) and Rtnl1::YFP (O’Sullivan et al.,
2012); alternatively, specific ER-targeting/retention sequences can be added to
FPs, e.g., GFP-KDEL (Terasaki et al., 1996), BiP–sfGFP–HDEL (Summerville
et al., 2016) and SS–HaloTag– KDEL (Holcman et al., 2018), for lumenal
retention. As in non-neuronal cells, kymographs derived from time-lapse
imaging of axonal ER also show highly motile ER tubules on a background of a
mostly stable ER network (Yalçın et al., 2017: Fig. 5.5; Fig. 6.5), however, due
to the cumulative background fluorescence contributed by both the stable and
motile ER tubules in a constrained axonal space, these ER movements are more
difficult to detect and track. Using ER markers tagged with photoconvertable
FPs could be a possible workaround to this problem by photoconverting and
tracking any ER tubules that move outside the converted area.

7.1.1.1 mEos4b as a potential marker for monitoring axonal ER
mEos4b is a photoconvertible green to red FP (Paez-Segala et al., 2015)
developed from a monomeric derivative of EosFP (Wiedenmann et al., 2004;
Nienhaus et al., 2006); it was cloned and engineered from the stony coral
Lobophyllia hemprichii (Wiedenmann et al., 2004). mEos4b emits green
fluorescence (516 nm) that converts to red (581 nm) upon irradiation at nearUV wavelengths (~ 390 nm); both the green and red species are photostable over
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Figure 7.1. Examples of photoconversion and time-lapse imaging with mEos4b fusion
proteins.
a-c. Filamentous actin cytoskeletal dynamics observed by photoconversion of a small
region (white box in a) in HeLa cells expressing actin-localized mEos4b (mEos4b-𝛽actin-C-18) at t=0 (a), t=25 min (b) and t=87 min (c). The photoconverted actin
filaments slowly exchange their contents with neighbouring filaments, until the
entire view field demonstrates this exchange.
g-i: Mitosis in HeLa cells with the histone fusion mEos4b-H2B-N-6. g. A portion of
the condensed chromatin in a prophase cell is photoconverted (white polygon) by
illumination at 405 nm for 3 sec, t = 0. h. Alignment of the condensed chromosomes
at the spindle shows segregation between the native and photoconverted chromatin,
t=80 min. i. In late anaphase, the daughter cells still reveal segregation of the native
and photoconverted chromatin, t=117 min. (All figures from Paez-Segala et al., 2015).

long periods of time-lapse imaging (up to 263 minutes) using laser scanning
confocal microscopy without much loss in brightness (Paez-Segala et al., 2015)
(Fig. 4.1). Expressing an ER marker fused with mEos4b in axonal ER for timelapse imaging would allow a subset of ER tubules to be photoconverted and
tracked over time; this might help better track ER tubules as fewer tubules
would show movement in the red channel compared to the green channel.
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Figure 7.2. Correlative PALM and TEM imaging using the same-section approach.
a. Schematic of same-section approach using high-pressure freezing and freeze
substitution (HPF-FS). Glut, glutaraldehyde; UA, uranyl acetate; Pb, Sato’s triple
lead. b. Left, overlaid PALM (red) and TEM images of a 60-nm GMA section of 3T3
cells expressing mEos4b–lamin A (0.5% OsO4). Right, magnified image of the marked
area. Scale bars, 1 µm. Yellow arrows indicate fluorescent, electron-dense gold
nanoparticles used for registration. (From Paez-Segala et al., 2015).

Additionally, mEos4b is resistant to the osmium tetraoxide fixative used
for EM sample processing and retains its fluorescence in resin-embedded
samples; this property makes it compatible with sample preparation for both
fluorescence microscopy and EM (Paez-Segala et al., 2015). Therefore, mEos4b
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fusion proteins are suitable for Correlative light and electron microscopy
(CLEM) which combines ultrastructural information from EM and localization
data from fluorescence microscopy (Fig. 7.2). CLEM could be used in
combination with the UAS-Gal4 system in Drosophila to express an mEos4btagged ER marker in one or two motor axons (Xiong et al., 2010; Pérez-Moreno
and O’Kane, 2019) which could then be tracked over a series of serial sections
using both fluorescence and electron microscopy.
Therefore, as an additional tool for monitoring axonal ER, I generated
transgenic flies that overexpress a smooth ER marker tagged with a
photoconvertible

protein,

CG9186::mEos4b,

as

a

potential

tool

for

understanding the organisation of axonal ER, using both photoconversion and
CLEM in individual axons.

7.2

Results

7.2.1

Generation of flies expressing CG9186::mEos4b

Since the CG9186::GFP fusion has proven a very useful axonal ER marker
(Yalçın et al., 2017), I used the Gateway cloning method to make a similar
CG9186::mEos4b fusion. I added the appropriate att sites to the coding
sequences of CG9186 and mEos4b by PCR (Fig. 7.3) and cloned them separately
into

donor

vectors

to

generate

entry

clones

for

constructing

two

CG9186::mEos4b expression vectors (Fig. 7.4), differing in the number of Gal4binding sites (5X UAS and 17X UAS). I verified that the fusions were in-frame
by Sanger sequencing of both constructs (Fig. 7.5-6). The constructs were then
sent for microinjection and phiC31 integrase-mediated transgenesis to specific
attP landing sites on chromosomes 2 and 3. I generated four stocks carrying
CG9186::mEos4b under UAS control (5X UAS or 17X UAS) on either
chromosome 2 or 3. Constructs on two different chromosomes provide flexibility
in building stocks with genes or Gal4-drivers of interest on any chromosome.
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Figure 7.3. Primer design for amplifying coding sequences of CG9186 and mEos4b.
A. CG9186 was amplified from the cDNA clone GEO 06072 (Drosophila Genomic
Resource Centre) such that an attB1 site and a Kozak sequence were added to the 5’
end and an attB5r site to the 3’ end of the PCR product, to facilitate recombination
with pDONR 221 P1-P5r B. mEos4b was amplified from pRSETa_mEOS4b (PaezSegala et al., 2015) with an attB5 site added to the 5’ end and an attB2 site added to
the 3’end to facilitate recombination with pDONR221 P5-P2.
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Figure 7.4. Gateway cloning scheme to generate CG9186::mEos4b expression vectors.
PCR fragments generated in Fig. 7.2 were cloned into Gateway pDONR vectors to
generate respective entry clones for CG9186 and mEos4b. The entry clones were then
cloned into either p5xUASTattB harbouring 5X UAS sites (Oliva et al., 2020)
or p17xUASTattB with 17X UAS sites (Oliva et al., 2020) to generate the final
expression clones.
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Figure 7.5. Sequence verification of the 5X UAS CG9186::mEos4b expression clone.
A. Final map of the CG9186::mEos4b expression clone harbouring 5X UAS sites
simulated using SnapGene software. B-D. Sequencing chromatograms and sequence
alignments from the regions for recombination between att sites for a transformant
and simulated final vector sequence in SnapGene showing (C) a successful in-frame
fusion of the two open reading frames with (B) a Kozak sequence and start codon at
the beginning and (D) a stop codon at the end.
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Figure 7.6. Sequence verification of the 17X UAS CG9186::mEos4b expression clone.
A. Final map of the CG9186::mEos4b expression clone harbouring 17X UAS sites
simulated using SnapGene software. B-D. Sequencing chromatograms and sequence
alignments from the regions for recombination between att sites for a transformant
and simulated final vector sequence in SnapGene showing (C) successful in-frame
fusion of the two open reading frames with (B) a Kozak sequence at the beginning
and (D) a stop codon at the end.
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7.2.2

Localization of CG9186::mEos4b in axon terminals

I co-expressed CG9186::mEos4b and tdTomato::Sec61𝛽 in motor neurons using
D42-Gal4 (Sanyal, 2009) in Drosophila third instar larvae to test localization of
CG9186::mEos4b. Since both markers showed overlap in NMJs and boutons
(Fig. 7.7A-B), CG9186::mEos4b appeared to be localizing to the ER as expected.
I was only able to check localization for the stock expressing the 5X UAS
construct on chromosome 2; the other three stocks still require confirmation.

7.2.3

Photoconversion of CG9186::mEos4b

I tested utility of photoconversion of CG9186::mEos4b for time-lapse imaging
and tracking of distinct ER tubule populations for photoconversion in fixed
samples first. For this, I expressed CG9186::mEos4b in two motor neurons using
m12-Gal4 (Xiong et al., 2010). I had mild success at photoconverting a ~72 𝜇m
stretch of two axons (Fig. 7.8A) as well as a 20-𝜇m region of interest (Fig. 7.8B)
at my first attempt. Although these results were encouraging, further
optimization of photoconversion conditions, and validation in live preparations
was required. Unfortunately, I did not get a chance to do this due to the sudden
shutdown of the lab in the Coronavirus pandemic in March 2020.

7.3

Discussion

In this chapter, I have described how I generated transgenic flies that
overexpress a photoconvertible smooth ER marker, CG9186::mEos4b, as an
additional tool for understanding axonal ER organization. Even though I was
not able to fully test and optimize this marker for photoconversion in time-lapse
imaging due to the lab closedown, the initial characterization in fixed samples
(Fig. 7.7-8) was promising. Using this marker for time-lapse imaging instead of
conventional fluorescent markers may address problems arising from overlap of
stationary and mobile ER tubules in the narrow confines of axons.
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Figure 7.7. CG9186::mEos4b largely overlaps with tdTomato::Sec61𝜷 in presynaptic NMJ
terminals.
A. Confocal images of fixed third instar larvae, showing the smooth ER markers
CG9186::mEos4b (green) and tdTomato::Sec61𝛽 (magenta), expressed in terminals of
motor neurons using D42-Gal4. B. Fixed larval samples expressing CG9186::mEos4b
(cyan) and tdTomato::Sec61𝛽 (magenta) in motor neurons using D42-Gal4 and
stained with anti-Discs-large (Dlg; yellow) to outline NMJ boutons.
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Figure 7.8. Testing CG9186::mEos4b photoconversion in fixed samples.
CG9186::mEos4b was expressed in two axons using m12-Gal4 and third instar larvae
samples were fixed before imaging and photoconversion. A. ~72 𝜇m length of axonal
ER was imaged before (pre-conversion) and after (post-conversion) photoconversion
by illumination at 405 nm for 30 sec. The green and red channels were acquired using
488 and 561 nm lasers respectively. The background appears noisy in the green
channel because the 405 nm laser was left on erroneously during image acquisition.
B. A 20-𝜇m region (dashed box) was photoconverted same as (A) except that the 405
nm laser was only on during the photoconversion step.

Additionally, this marker could prove useful for 3D reconstructions of
axonal ER organisation in identifiable motor neurons by combining UAS-Gal4
system with CLEM. In the long run, a similar approach could be used to study
the effect of ER-shaping proteins on axonal ER organization and continuity. All
of these applications of this marker would help further our understanding of
axonal ER dynamics and organization in individual axons.

7.4

Future directions

The photoconvertible CG9186::mEos4b could facilitate better visualization of
axonal ER dynamics and organization at confocal and ultrastructural levels
respectively in both wild-type and mutant backgrounds.
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Chapter 8: Overall Discussion
The main aim of this study was to gain a better understanding of the
mechanisms underlying axonal ER assembly and dynamics by identifying and
characterizing other potential players involved in maintaining ER continuity
and stability over long distances. For this, a reverse genetics strategy was
employed to screen for enhancers of the ER fragmentation phenotype caused by
triple loss of Rtnl1, ReepA, and ReepB. Several candidate genes were selected to
be tested that met any one or more of the following criteria:

8.1

•

predicted or known localisation to the ER;

•

presence of TM domains similar to other ER-shaping proteins;

•

known or likely roles in ER organisation;

•

roles in membrane trafficking that might contribute to ER modelling;

•

HSP proteins fulfilling any of the above criteria.

Rab18 and Rab3GAP2: Potential candidates for ER-modelling proteins

Based on my preliminary observations, of the three candidate genes (Vps37A,
Rab18 and Rab3GAP2) that I tested as potential enhancers of the ER
fragmentation phenotype in Rtnl1-, ReepA-, ReepB- background, both Rab18 and
Rab3GAP2 appear to be suitable candidates for additional ER modelling
proteins. Even though neither of these proteins possesses intramembrane
hairpin domains, they play important roles in the regulation of ER morphology
in cultured cells; depletion of either subunit of Rab3GAP complex causes
increased ER sheets and fragmented peripheral ER network while depletion of
Rab18 results in loss of dynamic ER tubules and expansion of the less dynamic
ER sheets (Gerondopoulos et al., 2014).
Preliminary testing of Rab3GAP2 depletion in Rtnl1-, ReepA-, ReepBbackground in Drosophila axons showed fragmented ER in a single third instar
larvae but not in adults or larvae depleted of Rab3GAP2 alone (Fig. 3.5-6). These
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findings will need to be further tested to assess if the fragmentation in axonal
ER could be reproduced consistently. Rab3GAP2 localizes to peripheral ER
tubules as part of the Rab3GAP complex where it recruits Rab18 through its
GEF activity; Rab18 no longer remains localized to ER tubules upon loss of this
GEF activity and is redistributed to the cytoplasm instead (Gerondopoulos et
al., 2014). Similarly, loss of Rab3GAP2 in axonal ER might lead to failure of
Rab18 to be recruited to the ER membrane; this could be tested by checking
colocalization of Rab3GAP2 and Rab18 in axonal ER. Also, a GTP binding
defective mutation in Rab18 in Rtnl1-, ReepA-, ReepB- background resulted in
disorganized axonal ER network in third instar larvae (Fig. 3.7) and gaps in
axonal ER labelling in femurs of adult flies (Fig. 3.8) suggesting a possible role
of Rab18 in axonal ER modelling. Further testing of single loss of Rab18 as well
as additional loss in Rtnl1-, ReepA-, ReepB- background is required to
understand how Rab18 could modulate axonal ER organization. I did not follow
up on testing roles of Rab3GAP2 and Rab18 in axonal ER modelling because I
had already begun characterizing two other ER-modelling proteins, ARL6IP1
and atlastin.

8.2

Arl6IP1: A promising candidate that fell short of expectations

I devoted a major part of this study towards testing possible roles of Arl6IP1 in
axonal ER-shaping, continuity and organization as it was the most promising
ER-membrane shaping candidate on my list. It fulfilled most of the criteria
defined for screening as it is an HSP protein that localizes to the ER membrane
(Novarino et al., 2014) and exhibits preference for high curvature tubular ER
where it was reported to shape ER tubules in a reticulon-like manner by virtue
of its hydrophobic domains; it also interacts with atlastin-1 (Yamamoto et al.,
2014), a member of the ATL/Sey1 family of proteins that are important for
maintaining ER network and organization (Hu et al., 2009; Wang et al., 2016).
Even though the hydrophobic domains in ARL6IP1 are predicted to be four TM
domains (Lui et al., 2003), an initial study characterizing the role of ARL6IP1
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in ER organisation in mammalian cells proposed them to form short
intramembrane hairpin domains similar to known ER-shaping proteins of the
RTN and REEP/DP1/Yop1 families (Yamamoto et al., 2014). This background
set up the groundwork for the idea that ARL6IP1 might be an ER membraneshaping protein that bends and shapes ER tubules similar to RTNs and REEPs.
In such a case, additional loss of Arl6IP1 in Rtnl1-, ReepA-, ReepB- triple loss of
function background would be expected to remove most tubular ER or
exacerbate the ER fragmentation observed in triple loss of function mutants.
However, I did not find evidence to support this idea as neither single loss
of Arl6IP1 nor additional loss in Rtnl1-, ReepA-, ReepB- background caused any
changes in ER staining intensity or continuity in axonal ER (Fig. 5.1-2) implying
that Arl6IP1 does not directly influence axonal ER organization by inducing ER
membrane curvature in a manner similar to that proposed for RTNs and
REEPs. This might be explained by the predicted configuration of the
hydrophobic regions in ARL6IP1 where they form four TM domains traversing
the entirety of the lipid bilayer as opposed to the short intramembrane hairpin
domains predicted for RTNs and REEPs. The short hairpin domains are
proposed to induce membrane curvature by displacing more lipids from the
cytosolic leaflet of the lipid bilayer than from the lumen leaflet (Voeltz et al.,
2006) whereas the TM domains predicted for ARL6IP1 would not be able to bend
the ER membrane sufficiently to achieve the same effect. This is reflected in
the shorter and much wider (~40-50 nm diameter) tubules formed by ARL6IP1
(Yamamoto et al., 2014) in vitro compared to the longer and much narrower
(~15-17 nm diameter) tubules formed by Rtn1p and Yop1p (Hu et al., 2008).
Though ARL6IP1 does not appear to contribute to ER membrane shaping,
nonetheless it seems to play an important role in the organization and
maintenance of tubular ER network as overexpression of ARL6IP1 increased
tubulation and exclusion of ER luminal marker from ER tubules (Yamamoto et
al., 2014) while its depletion resulted in increased ER sheets and loss of
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peripheral ER tubules (Dong et al., 2018). Therefore, I continued to test for other
possible roles of ARL6IP1 in axonal and presynaptic ER organization.
ARL6IP1 exhibits a strong preference for high curvature ER domains
such as ER sheet edges and peripheral ER tubules compared to other ER
resident proteins, especially at the tips of the tubules (Yamamoto et al., 2014;
Feng et al., 2017; Dong et al., 2018). ARL6IP1-enriched tubules also exhibit
increased microtubular motor-based motility compared to other ER membrane
proteins (Dong et al., 2018) pointing to a possible role in mediating ER dynamics.
However, I did not find any changes in axonal ER dynamics upon loss of Arl6IP1
compared to controls (Fig. 5.3). It is possible that the increased motility reported
for Arl6IP1-enriched tubules was due to more Arl6IP1 being localized to the
growing tips of ER tubules which slide along MTs for elongation.
Since ARL6IP1 is enriched in the growing tips of ER tubules, it might be
required for pre-synaptic ER to penetrate terminal boutons in NMJs. Depletion
of Arl6IP1 led to disrupted ER staining and sometimes ER entirely missing from
terminal boutons of fixed Drosophila NMJs (Fowler and O’Sullivan, 2016); a
complete loss of Arl6IP1 would be expected to result in fragmentation or loss of
ER tubules from NMJs. I tested this extensively in Arl6IP1 loss-of-function
larvae in two different genetic backgrounds in homozygosity or in a heteroallelic
combination but did not find any evidence of disrupted or missing presynaptic
ER in terminal boutons and NMJs on either muscles 6/7 or 1/9 in fixed or live
preparations (Fig. 5.4-5, 5.10-12). On the contrary, there may be increased levels
of ER present in NMJs in the absence of Arl6IP1(Fig. 5.11B&D) suggesting a
requirement for Arl6IP1 in presynaptic ER organization, albeit through some
other mechanism than that proposed hitherto. I also did not find evidence of
possible redundancy between Rtnl1 and Arl6IP1 in presynaptic ER as double
knockdown of both the genes did not result in enhancement of loss of ER
staining from NMJs seen upon Rtnl1 knockdown alone (Fig. 5.14). Due to the
interruption imposed by lab closedown in response to COVID-19 pandemic, I
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was not able to finish some of the experiments, therefore additional repeats are
required to increase sample sizes for some of the genotypes.
Since chemical fixation is reported to disrupt ER morphology in
Drosophila motor neurons (Summerville et al., 2016), it is possible that the
disrupted ER staining in Arl6IP1 depleted NMJs reported earlier (Fowler and
O’Sullivan, 2016) was a result of the fixation method used. As Arl6IP1 appears
to be important for ER morphology, its depletion might compromise ER integrity
which in turn could become more susceptible to chemical fixation compared to
controls resulting in disrupted ER staining.
In addition to axonopathy of motor neurons, HSP mutations also cause
sensory symptoms such as diffuse sensory polyneuropathy, congenital
insensitivity to pain, and acromutilation (Novarino et al., 2014; Nizon et al.,
2018) suggesting ARL6IP1 might be involved in ER distribution in sensory
neurons. ARL6IP1 loss-of-function larvae did not show any noticeable changes
in the distribution, continuity or organisation of CG9186::GFP in the
arborization of ddaC neurons (Fig. 5.18-19) again implying that ARL6IP1 is not
playing a direct role in ER organisation in neurons.
Collectively, my work suggests that Drosophila Arl6IP1 does not shape
ER in a reticulon-like manner as reported previously and does not have a
significant contribution towards tubular ER-shaping. However, its preferential
localization to high curvature ER tubules and edges of ER sheets, and its
tendency to oligomerize similar to RTNs and REEPs implies that it might play
a minor role in stabilizing ER organization.
How else might Arl6IP1 contribute to ER organization? Arl6Ip1 might
modulate ER organization via interactions with other proteins: Arl6IP16IP1
binds to other ER membrane proteins implicated in ER network organization
such as atlastin-1 and TMEM33 (Urade et al., 2014; Yamamoto et al., 2014;
Dong et al., 2018). Arl6IP16IP1 binding to ATLs might help stabilize the ER
network; this could be tested in Arl6IP16IP1, atl double knockouts in Drosophila
since only a single ortholog exists for both genes. In mammalian cells,
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Arl6IP16IP1 recruits INPP5K to the ER where it modulates ER organization as
depletion of INPP5K also results in expansion

of ER sheets and loss of

peripheral ER tubules; mutations in CIL-1, the Caenorhabditis ortholog of
INPP5K, affects the distribution of ER in the dendrites of PVD neurons (Dong
et al., 2018). Since ER makes extensive contacts with mitochondria, Arl6IP16IP1
might be involved in maintaining ER-mitochondria MCSs as suggested by a
recent paper; Arl6IP16IP1-depleted Drosophila larvae exhibited a reduction in
the levels of the mitochondrial fission protein, Drp1 which led to longer
mitochondria and fewer ER-mitochondria MCs (Fowler et al., 2020).
The HSP pathology of the first homozygous frameshift variant reported
for Arl6IP16IP1 (Novarino et al., 2014) hints towards a dominant-negative effect.
As this frameshift occurs at the very end of the protein, the aberrant mRNA
might escape nonsense-mediated decay with the resulting protein predicted to
contain an additional TM domain at the C-terminus (Nizon et al., 2018).
Elongation of the cytosolic C-terminal region of Arl6IP16IP1 through addition of
myc tags caused Arl6IP16IP1 to cluster into small puncta on the ER; since
INPP5K did not colocalize with these puncta, this clustering may have been due
to misfolding of Arl6IP16IP1 (Dong et al., 2018). Another study reported
formation of large aggregates on the ER network upon overexpression of HAArl6IP16IP1 in HeLa cells; PDI was excluded from these aggregates (Yamamoto
et al., 2014). However overexpression of eGFP::Arl6IP16IP1 in Drosophila did
not cause any overt structural changes in axonal ER (Sohail, 2018). Therefore,
testing a dominant-negative allele of Arl6IP16IP1 might help better understand
the function of Arl6IP16IP1 in ER organization. One of the loss-of-function alleles
that I generated in this study, Arl6IP16IP110-11, (Fig. 4.13) might also provide
insight into the possible roles of TM domains in ER modelling.

234

8.3

Atlastin: A promising candidate with good insights

ATLs are HSP proteins that localize to ER membrane where they mediate
membrane fusion in a GTP-dependent manner to connect ER tubules into a
polygonal network (Hu et al., 2009; Orso et al., 2009). Even though mutations in
ATLs result in axonopathy of long motor neurons in HSP (Zhao et al., 2001;
Salinas et al., 2008), the role of ATLs in ER organization and maintenance has
mainly been characterized in non-neuronal cells (Rismanchi et al., 2008; Hu et
al., 2009; Kornak et al., 2014; Wang et al., 2016; Zhao et al., 2016; Behrendt,
Kurth and Kaether, 2019). The few studies that did examine the consequences
of disrupting ATL function on neuronal ER failed to test its roles in axonal ER
(Orso et al., 2009; Summerville et al., 2016; Espadas et al., 2019). Therefore, I
tested the effect of loss of Atl in Drosophila axonal ER in this study.
In Drosophila, loss of atl caused the ER network to become disconnected
in larval body wall muscles and neuronal cells bodies (Orso et al., 2009); it also
resulted in a more diffused ER distribution in nerve terminals and conversion
of ER network to unbranched tubules in axon initial segments (Summerville et
al., 2016). In the axons, Atl might be playing a similar role to maintain ER
network integrity by fusing ER tubules and maintaining three-way junctions;
loss of atl would be expected to result in discontinuity of the axonal ER network.
Surprisingly, I found that loss of Atl caused the axonal ER to become
much brighter compared to WT, with a continuous and relatively uniform
staining pattern like that in the WT (Fig. 6.3, 6.4). Axonal ER might become
more abundant in the absence of Atl due to accumulation of long, unbranched
tubules in the absence of Atl-mediated membrane fusion as reported in cultured
cells (Hu et al., 2009). Alternatively, loss of Atl as a receptor for ER-phagy might
lead to decreased ER clearance in axons (Chen et al., 2019). The possibility of
increased ER tubules in axons upon loss of Atl could be tested using
ultrastructural microscopy and preliminary results by a former colleague
indicate an abundance of ER tubules in atl2 axons compared to control.
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My FRAP analysis revealed that even in the absence of Atl, axonal ER is
continuous in the posterior parts of axons, though ER continuity might be
jeopardized in the anterior part of axons (Fig. 6.6C, 6.7A-B). This is supported
by earlier observation that the ER network loses its lattice like appearance in
the axon initial segment of

atl2

larvae and forms long, unbranched tubules

(Summerville et al., 2016). Loss of interconnected tubules in

atl2

axonal ER

might lead to disconnected ER domains similar to those reported in Drosophila
larval muscles and neuronal cell bodies in the absence of atl (Orso et al., 2009).
Even in non-neuronal cells, loss of ATLs or inhibition of its GTPase activity
impairs diffusional dynamics of ER membrane proteins as well as luminal
proteins (Pawar et al., 2017) implying that tubules might not share a common
lumen any more.
ER tubular dynamics in axons also become impaired in the absence of Atl
compared to controls (Fig. 6.5). Since loss of atl appears to cause an increase in
axonal ER tubules, background fluorescence from a large number of tubules
could obscure observation of any ER tubules moving in the foreground. However,
ER tubular movements were also not frequently seen in the bleached regions of
atl2

axons imaged for FRAP analysis (Fig. 6.8). A better approach to verify this

observation would be to drive the expression of a photoactivatable marker in a
single axon to follow the movements of a subset of ER tubules over time.

8.4

mEos4b: A tool to visualize and understand axonal ER organization

I have generated transgenic flies that overexpress CG9186::mEos4b, a
photoconvertible smooth ER marker, as an additional tool for understanding
how axonal ER is organized. Live imaging of axonal ER using fluorescently
tagged ER membrane proteins such as CG9186::GFP or tdTomato::Sec61𝛽
comes with the caveat that movement of individual ER tubules becomes obscure
and difficult to track over a fluorescent background of stable tubules. Using a
photoconvertible ER membrane marker for time-lapse imaging might help
address this issue by tracking a fraction of photoconverted tubules.
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mEos4b is also resistant to the fixation process required for EM sample
processing (Paez-Segala et al., 2015), therefore in combination with the UASGal4 system and CLEM, it could potentially be used for electron tomography to
render 3D reconstructions of single axons. This would greatly help in
understanding the organization of axonal ER in long motor axons in Drosophila
by visualizing effects of loss of proteins involved in ER membrane shaping and
network organization. Due to the lab closedown in response to COVID-19, I
could not fully test and optimize this marker for photoconversion in time-lapse
imaging, but the initial characterization in fixed samples (Fig. 7.7-8) seems
promising.

8.5

Conclusion

Even though more than four decades have elapsed since the initial
characterization of axonal ER by electron microscopy (Tsukita and Ishikawa,
1976), it has received little consideration in the interim. Somewhat recently, the
discovery of ER membrane shaping proteins (Voeltz et al., 2006) and their
implication in human neurological disorders (Blackstone, O’Kane and Reid,
2011) has brought this largely forgotten compartment back into focus.
Development of new methods for serial-section EM has also contributed to the
appreciation of the unique organization and compartmentalization of this
organelle inside neurons (Denk and Horstmann, 2004; Kasthuri et al., 2015; Wu
et al., 2017; Terasaki, 2018).
Some of the key players involved in shaping and maintaining axonal ER
over long distances in motor axons have recently been identified (O’Sullivan et
al., 2012; Yalçın et al., 2017), however there remain others yet to be identified.
Advances in proteomics and WES analyses have helped identify candidate
proteins that could provide the missing links in the chain. Therefore, we adopted
a reverse genetics approach in this study to identify proteins with potential roles
in axonal ER modelling.
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This study serves as an example of both pitfalls and blessings of reverse
genetics screening. Arl6IP16IP1 presented as a promising candidate based on
our selection criterion but turned out to be the biggest pitfall of this study. I
show evidence in this study that contrary to previous reports, Arl6IP16IP1 does
not shape ER tubules in a “reticulon-like” manner and does not result in
discontinuity of presynaptic ER at nerve terminals; its loss may in fact result in
an abundance of ER at the NMJs. Additionally, I did not find evidence for its
roles in axonal ER dynamics and ER organization in sensory neurons. Therefore,
Arl6IP16IP1 does not contribute to the structural integrity of neuronal ER in a
structural capacity but rather might be playing a more indirect role.
On the other hand, characterisation of Atl turned out to be full of good
insight regarding axonal ER organization. Loss of Atl results in an increase in
ER tubules in the axon, impairs axonal ER dynamics and appears to be
discontinuous in the anterior but not posterior part of axons. I have also
identified two proteins with potential roles in ER organization, Rab18 and
Rab3GAP2. Transgenic flies overexpressing CG9186::mEos4b under a Gal4
driver developed in this study also serve as an additional tool to understand
axonal ER biology. Therefore, the reverse genetics approach is reaching its
conclusion with axonal ER and forward genetics approaches should be adopted
for the future.
In addition to performing its main functions of lipid biosynthesis and Ca2+
signalling, tubular ER also plays many other roles via its extensive contacts
with other organelles. Any defects arising directly from altered tubular ER
morphology, or ER MCSs as a consequence of disrupted tubular ER, could have
dire consequences for neurons. Indeed, mutations in genes encoding tubular ERmembrane shaping proteins or other proteins involved in ER MCSs have been
reported in a number of different neurodegenerative disorders including HSPs,
Charcot-Marie-Tooth disorder, Warburg Micro syndrome, Parkinson’s disease
and Alzheimer’s disease (reviewed in Öztürk, O’Kane and Pérez-Moreno, 2020).
These defects highlight the importance of axonal ER, a neglected compartment,
238

in the maintenance and function of healthy neurons. This study serves as a
small step forward towards a better understanding of the role of axonal ER in
neurodegenerative diseases.
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