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Abstract 

Cytokinesis is the final step of cell division that leads to the physical separation of two 

daughter cells by abscission. It is now well established that several components of endosomal 

machineries are involved in cytokinesis in human cells. Among these are the components of 

the Endosomal Sorting Complex Required for Transport, or ESCRT, machinery. Recent 

studies indicate that ESCRTs and associated proteins play a key role in abscission, the final 

step of cytokinesis in human cells. However their role in cytokinesis in a multicellular 

organism is not well known. 

The aim of this thesis was to investigate the in vivo roles of the ESCRT-associated protein 

ALG-2 interacting protein, or ALIX, in cell division and cytokinesis using the fruit fly 

Drosophila melanogaster as a model organism. It has been shown that ALIX is required for 

cytokinetic abscission in human cells in culture by recruiting a component of the ESCRT-III 

complex, CHMP4B, to mediate abscission. ALIX is evolutionarily conserved, and in 

Drosophila it has the symbol ALiX.  

We studied the dynamics of ALiX during cell division in Drosophila cell lines by the use of 

confocal microscopy. We could detect ALiX at the centrosomes in the early phases of cell 

division, and at the midbody at cytokinesis. It had been shown previously that ALIX localizes 

to centrosomes and to the midbody in human cells. However, the dynamics of ALiX moving 

from the centrosomes to the midbody during cell division had not been demonstrated before. 

In addition, we studied ALiX depletion in Drosophila cells, and the results showed that this 

led to increased binucleation of the cells, suggesting that ALiX has a role in cytokinesis. 

In our in vivo studies, we found that alix
1
 mutant female flies show a reduced fertility. A 

closer analysis of the oogenesis of these flies uncovered an abnormal number of germ cells 

and intercellular bridges, called ring canals in Drosophila, in the egg chambers, the functional 

unit of the ovaries. Studies of germ stem cell division in oogenesis suggested that abscission 

in the first cell division step in the germline was defective in the alix
1
 mutant flies, leading to 

the aberrant number of cells in the egg chamber.  

From these results in this thesis, we propose a novel in vivo role of ALiX in abscission during 

cytokinesis of the germ stem cells in the female germline of the fruit fly.  
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1 Introduction 

1.1 Cell division and cytokinesis 

The cells in our body multiply by cell division. Cell division is the process during which a cell 

that has duplicated its content splits into two daughter cells, each containing the same genetic 

information. In this thesis, we were particularly interested in cytokinesis, the physical 

separation of the daughter cells and final step of cell division (Steigemann and Gerlich 2009). 

Timing of cytokinesis is very important to ensure that chromosome segregation is complete 

before the cells divide in two. Failure in cytokinesis has been shown to generate genomically 

unstable tetraploid cells, which can give rise to aneuploid cells, commonly found in tumors 

(Ganem et al. 2007, Sagona and Stenmark 2010).  

1.1.1 Cytokinesis is a multistep process 

Cytokinesis leads to the physical separation of two cells by formation of a cleaving furrow 

followed by abscission (Barr and Gruneberg 2007, Green et al. 2012). A lot of what is known 

today about cytokinesis result from studies performed in fission yeast (Schizosaccharomyces 

pombe) and budding yeast (Saccharomyces cerevisiae). Although some of the regulatory 

mechanisms seem to differ, many of the molecules involved in cytokinesis are conserved in 

multicellular eukaryotes, among others in humans and in the fruit fly Drosophila 

melanogaster (Glotzer 2005).   

Here we describe cytokinesis using the nomenclature in human cells. Cytokinesis begins at 

anaphase onset with formation of the central spindle (Figure 1). The central spindle is the 

narrow region of antiparallel microtubule overlap, which recruits cytokinesis factors (Glotzer 

2009). It is important that cytokinesis does not start before the chromosomes have segregated 

properly. A key mitotic kinase called Cdk1 ensures that this does not happen by 

phosphorylating, and thereby inhibiting, the factors involved in central spindle formation 

(Zhu et al. 2006). Once Cdk1 is inactivated, the factors are dephosphorylated, which triggers 

formation of the central spindle (Steigemann and Gerlich 2009). This is followed by 

ingression of a cleavage furrow directed by an actomyosin-based contractile ring attached to 

the plasma membrane. The constriction is dependent of the small GTPase RhoA, and is driven 

by the motor activity of non-muscle myosin II that translocates actin filaments (Glotzer 2005). 
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Furrow ingression leads to formation of a thin intercellular bridge with an electron dense area 

in the middle called the midbody. Proteins involved in late cytokinesis are recruited to the 

midbody. The last step of cytokinesis, abscission, occurs by scission of the plasma membrane. 

 

Figure 1. Cytokinesis in animal cells. This figure illustrates the different stages of cytokinesis. Animal cell 

cytokinesis begins after onset of anaphase, and occurs by the following steps: assembly of the central spindle 

(also called spindle midzone), cleavage furrow ingression followed by midbody formation, and finally scission 

of the thin intercellular bridge by abscission. Adapted from Fededa and Gerlich (Fededa and Gerlich 2012).   

1.1.2 Different models for abscission 

There are different theories how abscission actually occurs. The models discussed are 

mechanical tearing, targeted delivery of Golgi- or recycling endosomes-derived vesicles, or 

plasma membrane ingression (Steigemann and Gerlich 2009).  

Mechanical tearing 

The model involving mechanical tearing is a simple model suggesting tearing due to traction 

forces between the two daughter cells. The plasma membrane is then repaired by a process 

that would resemble cellular wound healing. However, abscission occurs in cells that have 

been constrained, where no strong forces are generated, implying that this model alone may 

not be enough (Steigemann and Gerlich 2009). 

Targeted secretion 

Another model describes targeting and fusion of vesicles, derived from endosomes or the 

Golgi apparatus, towards the intercellular bridge to lead to final splitting between the cells 

(Steigemann and Gerlich 2009). This model is supported by the presence of fusion proteins v- 

and t-SNAREs, which are required for abscission (Gromley et al. 2005).  
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Plasma membrane ingression 

The third model involves constriction of the intercellular bridge leading to direct contact 

between the plasma membranes, leading to hemifusion and fission (Steigemann and Gerlich 

2009). This model is supported by the observation of constriction sites adjacent to the 

midbody. This model gained further support when it was discovered that components 

involved in other types of membrane fission were also present at the midbody during 

abscission (Carlton and Martin-Serrano 2007, Morita et al. 2007, Guizetti et al. 2011). 

Cytokinesis is topologically equivalent to virus budding and formation of intraluminal 

vesicles in multivesicular bodies (MVBs), and components involved in these two processes 

have been shown to also have a role in abscission. These are components of the endosomal 

sorting complex required for transport, or the ESCRT machinery.  

1.1.3 The ESCRT machinery in cytokinesis 

The ESCRT machinery was originally identified through genetic screens in yeast. The screens 

revealed yeast mutants with large vacuoles and defects in protein sorting. They were given the 

name Vacuolar Protein Sorting (VPS) mutants (Raymond et al. 1992). The first revealed 

function of the VPS proteins was a conserved mechanism for sorting of membrane proteins 

into intraluminal vesicles of MVBs. The term ESCRT was coined in 2001 (Katzmann et al. 

2001). The machinery consists of four multisubunit protein complexes: ESCRT-0, -I, -II and 

III.  ESCRT-0 functions in sequestration of ubiquitinated cargo, while ESCRT-I and ESCRT-

II play a role in membrane invagination. ESCRT-III is involved in intraluminal vesicle 

scission. It was later discovered that the ESCRT pathway could be exploited by newly formed 

virus particles to bud out from an infected cell (Morita and Sundquist 2004).  

In 2007, two independent groups published evidence that ESCRTs had a function in 

cytokinesis. They showed that two main components in HIV-1 budding were required for 

completion of cytokinesis in human cell lines (Carlton and Martin-Serrano 2007, Morita et al. 

2007). These proteins were tumor susceptibility gene 101 (TSG101), a subunit of ESCRT-I, 

and ALG-2 Interacting protein X (ALIX), an ESCRT-associated protein. They showed that 

the interaction between TSG101 and ALIX with a centrosomal coiled-coil homodimer called 

Centrsomal Protein 55 kDa (CEP55) was essential for abscission (Figure 2).  
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The ESCRT machinery is now known to be involved in biogenesis of MVBs, virus budding 

and cytokinesis (Raiborg and Stenmark 2009). All of these membrane scission events have in 

common that they are topologically equivalent; they are all budding away from the cytoplasm. 

The ESCRT machinery can be involved in several cellular processes because of the many 

adaptor proteins that recruit it to the different cellular locations (Figure 2). The ESCRT-0 

subunit Hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) is the adaptor 

responsible for recruiting ESCRT-I to the ubiquitinated cargo required for MVB formation 

(Raiborg et al. 2001, Bache et al. 2003). During budding of the HIV-1 virus, a protein called 

GAG is in charge of recruiting cellular ESCRTs via two late domains. The P(T/S)AP late 

domain recruits the TSG101 subunit of ESCRT-I (Garrus et al. 2001), and the YP(X)nL late 

domain recruits ALIX (Strack et al. 2003). CEP55 functions as the ESCRT recruiter in 

cytokinesis (Lee et al. 2008).  

 

Figure 2. The ESCRT machinery is involved in three topologically equivalent types of membrane scission: 

formation of intraluminal vesicles in multivesicular bodies, viral budding and cytokinesis. This figure 

illustrates several adaptor proteins involved in recruiting the ESCRT machinery during the different cellular 

processes. The HRS subunit of ESCRT-0 recruits the TSG101 subunit of ESCRT-I. The GAG protein of HIV-1 

virus recruits TSG101 and ALIX via its late domains P(T/S)AP and YP(X)nL. The centrosomal protein CEP55 

recruits ALIX and TSG101 to the midbody, which in turn recruit ESCRT-III. Adapted from Raiborg and 

Stenmark (Raiborg and Stenmark 2009), and Caballe and Martin-Serrano (Caballe and Martin-Serrano 2011). 
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1.1.4 Molecular mechanisms of abscission 

It is now well-established that the ESCRT machinery has a role in cytokinesis in human cells. 

It was however a breakthrough when a mechanism how ESCRT-III could mediate abscission 

was elucidated (Guizetti et al. 2011).   

Abscission is triggered by inactivation of the mitotic kinase Polo-line kinase 1 (Plk1). Plk1 

inhibits CEP55 from migrating from centrosomes to the midbody by phosphorylation. At 

mitotic exit, Plk1 is degraded and CEP55 translocates to the midbody (Bastos and Barr 2010), 

and recruits ALIX and the ESCRT-I subunit TSG101 to the midbody (Figure 3).  

 

Figure 3. Molecular mechanisms of abscission. The homodimer CEP55 (in green) recruits ESCRT-III via 

ALIX and the ESCRT-I subunit TSG101 (in red). ESCRT-III subunits form a helix of 17-nm filaments (in red) 

mediating constriction along with the ATPase VPS4 (not shown). The microtubule-severing protein Spastin (in 

orange) is recruited to participate in the final abscission step. Adapted from Raiborg and Stenmark (Raiborg and 

Stenmark 2009).   
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TSG101 and ALIX in turn recruit ESCRT-III subunits that form helices of 17-nm filaments 

inducing cortical constriction and are thought to participate in membrane scission (Guizetti et 

al. 2011). ESCRT-III-mediated abscission requires the ATPase VPS4 which promotes 

disassembly and recycling of the ESCRT subunits (Lata et al. 2008). After formation of 

ESCRT-III filaments, the enzyme Spastin is targeted to the constriction site via CHMP1B and 

severes the microtubules (Connell et al. 2009).  

1.1.5 The ESCRT machinery is evolutionarily conserved 

The first evidence that the ESCRT machinery had a function in cytokinesis came from studies 

in Arabidopsis thaliana (Spitzer et al. 2006). The essential role of the ESCRT machinery in 

late stages of cell division was established in mammalian cells and there is increasing 

evidence that this role is conserved. The CEP55 interaction site in ALIX is highly conserved 

in vertebrates (Lee et al. 2008), although it is not present in yeast or fruit fly. It could be that 

these organisms have alternative mechanisms to recruit the ESCRT machinery to the 

midbody. Presence of the ESCRT pathway in a subset of archaea with no endomembrane 

system suggests that ESCRTs originally functioned in cytokinesis (Samson et al. 2008).  

1.2 The ALIX protein 

1.2.1 ALIX in human cells 

In this thesis we were particularly interested in the protein ALIX, an ESCRT-associated 

protein. ALIX was originally identified in apoptotic cells, as a protein interacting with 

Apoptosis-linked gene 2 (ALG-2) in a calcium-dependent fashion (Missotten et al. 1999). 

Later studies have shown that ALIX plays a role in other cellular processes in addition to 

apoptosis, such as endocytic membrane trafficking and cell adhesion (Odorizzi 2006). Its 

diversity is due to a proline-rich C-terminus which provides multiple protein binding sites 

(Figure 4). Its N-terminus consists of a Bro1 domain (Odorizzi 2006). The previously 

mentioned TSG101 subunit of ESCRT-I binds to a P[T/S]AP motif in the C-terminus of 

ALIX. ALIX also interacts with ESCRT-III by direct binding with the ESCRT-III subunit 

CHMP4 (charged multivesicular protein). Three CHMP4 isoforms exist in mammalian cells 

and ALIX binds all three of them (Katoh et al. 2004). CHMP4B is its primary interaction 

partner, and binds the Bro1 domain of ALIX (Katoh et al. 2004). The many interaction 
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partners of ALIX explain how ALIX can have many different roles in the cell. The protein 

interactions are summarized in Table 1.  

ALIX-binding 

protein 

ALIX-binding 

motif 

Binding site in 

ALIX Cellular activity 

TSG101 (ESCRT-I) UEV domain P717SAP720 MVB sorting, viral budding and cytokinesis 

(Carlton and Martin-Serrano 2007, Morita et 

al. 2007) 

CHMP4 (ESCRT-III) Unknown Bro1domain, Patch 1 MVB sorting, viral budding and cytokinesis 

GAG YPxnL Unknown Viral budding 

CIN85/SETA SH3 domain P740TPAPR745 Growth factor receptor endocytosis; focal 

adhesion remodeling 

Endophilin SH3 domain P755ARPPPP761 Growth factor receptor endocytosis 

Src SH2 domain Phospho-Y319 Growth factor receptor endocytosis; focal 

adhesion remodeling 

Src SH3 domain P752QPPAR757 Growth factor receptor endocytosis; focal 

adhesion remodeling 

ALG-2 Unknown PGY repeats  

(aa 802-813) 

Apoptosis 

CEP55 Hinge region GPP-based sequence 

motifs in proline-rich 

region (aa 781-810) 

MVB sorting and cytokinesis (Morita et al. 

2007) 

Table 1. Summary of ALIX-interacting proteins and cellular activity. Adapted from Odorizzi (Odorizzi 

2006). Updated with more recent findings.  

In human cells, cytokinesis has been shown to involve ALIX and the ESCRT machinery 

(Carlton and Martin-Serrano 2007, Morita et al. 2007). ALIX localizes to centrosomes in 

human cells, and to the midbody during cytokinesis in HeLa cells. Depletion of ALIX inhibits 

abscission in HeLa cells, and interactions of CEP55 and CHMP4/ESCRT-III with ALIX have 

been shown to be essential for abscission (Morita et al. 2007). The proline-rich region of 

ALIX and of the TSG101 subunit of the ESCRT-I complex each bind the hinge region in 

CEP55, which in turn recruits them to the midbody for cytokinesis (Lee et al. 2008). 

Disruption of CEP55/ALIX/ESCRT-III interactions causes formation of aberrant midbodies 

and failure in cytokinesis, showing an essential role for these proteins in midbody formation 

and cell division (Carlton et al. 2008). Depletion of ALIX in human cells dramatically 

increases the number of bi- and multinuclear cells (Morita et al. 2007). ALIX is evolutionarily 

conserved (Figure 4). The N-terminus of ALIX is conserved among many species, and 

contains a Bro1 domain which mediates ALIX recruitment to endosomes (McCullough et al. 

2008). 
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Figure 4. ALIX is evolutionarily conserved. This figure illustrates the different domains in ALIX orthologs. N 

stands for N-terminus, C for C-terminus, CC for coiled-coil domain and Pro for proline-rich region. In human 

ALIX, the interaction sites with different interacting partners are labeled. Adapted from Odorizzi (Odorizzi 

2006).  

1.3 Drosophila melanogaster as a model organism  

In this study, Drosophila melanogaster, or the fruit fly, was used as an in vivo model 

organism. We refer to it as Drosophila. Drosophila has served as a model organism for more 

than a century. This is because of its many advantages. It has a short generation time, it takes 

about ten days (at 25°C) to get a new generation. It produces a large number of offspring, it 

has modest dietary and spatial needs, and it is robust against pathogens. In addition, the fruit 

fly has only four chromosomes, and there is no meiotic recombination in male flies, making it 

relatively easy to track chromosomes through generations. The developmental stages of 

Drosophila are well established, and many tools have been developed to study genetics and 

protein function in vivo (Dahmann 2008).  

1.3.1 The life cycle of Drosophila melanogaster 

The life cycle of the fruit fly has four stages: embryo, larva, pupa and adult fly (Figure 5). 

The life cycle described here is for 25 degrees under optimal conditions.  
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The fertilized egg is immediately laid after mating in nutritious food, such as bananas or other 

types of fruit. Larvae hatch after 22-24 hours and immediately start feeding and gaining 

weight. The larval stage is divided into three instars – L1, L2 and L3 – that last for 24, 24, and 

48 hours respectively. These are separated by moults during which the skin is shed. At the end 

of the third instar, about five days after fertilization, the larva stops feeding and migrates to a 

dry spot outside of the food, and moults one more time to form an immobile pupa. At this 

stage, the larva undergoes complete metamorphosis. The larval tissues are transformed to give 

rise to the adult fly. The whole life cycle takes about ten days (Ashburner 1989).    

 

Figure 5. The life cycle of Drosophila melanogaster. The life cycle of Drosophila from embryo to adult fly 

takes about ten days. It undergoes three larval stages and two pupal stages.  

1.3.2 Genetics of Drosophila melanogaster 

The diploid chromosome number of Drosophila melanogaster is 8 (Ashburner 1989). The 

arms of the chromosomes are called right and left by convention. The X chromosome, also 

called chromosome 1, is acrocentric, meaning it has a very small right arm which is labeled 

XR. The arms of the Y chromosome are of unequal lengths, making it submetacentric. They 

are by convention named Y-long (YL) and Y-short (YS). Chromosomes 2 and 3 are large 

metacentric chromosomes, meaning their arms are approximately of equal lengths. They are 
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labeled 2L, 2R and 3L, 3R respectively. Finally, the fourth chromosome, chromosome 4 is a 

dot-like chromosome with a very short left arm (4L) (Ashburner 1989).  

Each annotated gene in Drosophila has a unique CG (Computed gene) number (FlyBase, 

http://flybase.org/).  

1.3.3 Balancer chromosomes 

So-called balancer chromosomes are a very useful tool in Drosophila, and make the fruit fly 

unique as a molecular tool. Balancer chromosomes contain several segments that are inverted 

compared to the wild type chromosome. These inversions suppress meiotic recombination and 

are therefore stable. Balancers carry dominant mutations with an easily detectable trait 

allowing selection (Dahmann 2008). In addition, flies that are homozygous for the balancer 

do not survive or are sterile; making sure that the stock maintains itself.  

1.3.4 Oogenesis in Drosophila melanogaster 

We looked particularly at egg development in the female germline, oogenesis, which is a 

well-established system in developmental biology (Lin and Spradling 1993).  

The reproductive organ of the female fruit fly consists of a pair of ovaries, each made up of 

16-20 ovarioles (Lin and Spradling 1993) (Figure 6A and 6B). An ovariole is a chain of 

increasingly maturing egg chambers, the functional and structural unit of the ovary. The egg 

chambers are generated in the anterior region of the ovariole called the germarium (Figure 

6C), where the germline and somatic stem cells reside. The egg chamber arises from a stem 

cell which divides asymmetrically to give rise to a new germ stem cell and a cystoblast 

(Figure 6D). The cystoblast undergoes four rounds of cell division by incomplete cytokinesis 

resulting in a 16-cell germline cyst where all 16 cells share the same cytoplasm (Huynh and St 

Johnston 2004). They are interconnected by stable intercellular bridges, also called ring canals 

in Drosophila (Robinson and Cooley 1997). Two of the cells contain four ring canals each, 

while the others contain three, two or one. The two cells with four ring canals are called pre-

oocytes, and one of them will specify into the future oocyte. The other 15 cells serve as nurse 

cells, providing nutrient and cytoplasm to the oocyte (Huynh and St Johnston 2004). An 

epithelium of somatic follicle cells surrounds the egg chamber, and gives its elongated shape 

necessary for fertilization and egg lay (Bilder and Haigo 2011). 

http://flybase.org/
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Figure 6. Drosophila oogenesis. (A) A picture of an ovariole, from stage 1 to stage 8 of oogenesis. The 

ovarioles are stained for F-actin (green) and DNA (Hoechst, white). The ring canals between the cells can be 

detected (arrows). (B) A sketch of an ovariole with germarium and stage 1 to stage 6. (C) A sketch of a 

germarium with dividing cysts. It is divided in different regions 1, 2a, 2b and 3. The germ stem cells (green) are 

at the tip of the germarium (region 1), at the terminal filament. They undergo complete asymmetric cell division 

to give rise to a cystoblast and one self-renewing germ stem cell. The cystoblast goes on dividing four times by 

incomplete cytokinesis (region 2a). The daughter cells remain attached via intercellular bridges called ring 

canals. The pre-oocytes (light-blue) are the cells with four ring canals. One of them specifies into the oocyte 

(dark blue) (region 2b). After dividing, the cyst with 15 nurse cells and one oocyte is encapsulated by follicle 

cells and leaves the germarium to start growing (region 3, or stage 1). (D) This schematic sketch illustrates how 

the cyst divides, resulting in each cell having different number of ring canals. Adapted from Roth and Lynch 

(Roth and Lynch 2009). 
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There are several reasons why Drosophila oogenesis is a useful system to study cytokinesis 

and protein function. An ovariole contains germ cells and somatic cells, as well as every stage 

of development from stem cell to mature egg. This allows easy comparison of the different 

cell types and stages in one single analysis (Bastock and St Johnston 2008). 

1.3.5 Germ stem cell division 

An important feature of gametogenesis in the fruit fly, and particularly germ stem cell (GSC) 

division is a germ-specific organelle present in the dividing cyst called the fusome. A fusome 

is a vesiculated cytoplasmic organelle that grows during cyst formation into a large branched 

structure which extends through the ring canals into every cell (Gromley et al. 2005).  Here 

we focus on gametogenesis in the female fly. 

As described earlier, a cystoblast arises from a dividing germ stem cell attached to the 

terminal filament of the germarium, at the tip of the ovariole (Figure 7). There are about 3 to 

5 stem cells in each germarium. A non-dividing stem cell contains a single spherical fusome 

called a spectrosome. The spectrosome is positioned towards the terminal filament. 

Throughout mitosis, when the germ stem cell divides, the spectrosome remains at that 

position. After mitosis, when you can observe a clear cleavage furrow between the two 

daughter cells, the spherical fusome migrates towards the cleavage furrow. At the same time, 

a new fusome plug starts forming in the nascent ring canal between the daughter GSC and 

cystoblast. As interphase progresses, the stem cell fusome elongates towards the nascent ring 

canal, and the two fusomes eventually fuse together. As the ring canal closes, it seems to 

squeeze the bar-shaped fusome to give it the shape of an “exclamation point” with a midbody 

between the two daughter cells, until the cells finally undergo complete cytokinesis and pinch 

off. Two thirds of the fusome material remains in the stem cell, while a third remains in the 

cystoblast (de Cuevas and Spradling 1998).  

The newly formed cystoblast will divide four times by incomplete cytokinesis, each time with 

a new fusome plug forming and fusing asymmetrically with the original fusome. This results 

in a branched structure extending throughout the cytoplasm of the cells interconnected by ring 

canals (Figure 8). The fusome eventually breaks down after the cyst has stopped dividing, 

and usually disappears once the cyst leaves the germarium. The fusome may play in role in 

specification of the cell that will give rise to the oocyte. The cell with most fusome material 

after the four rounds of cell division will become the oocyte (de Cuevas and Spradling 1998).  
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Figure 7. Asymmetric division of female germ stem cells.  Germ stem cells are attached to the terminal 

filament of the germarium. A germ cell that is undergoing mitosis contains a single spherical fusome called a 

spectrosome (in red). When cytokinesis begins, a new fusome plug starts forming at the ring canal between the 

two daughter cells (in green). The original spectrosome fuses with the newly formed fusome and ingression of 

the cleavage furrow continues until it takes the shape of an exclamation point. Finally the new cystoblast pinches 

off and will go on dividing, while the other daughter cell remains at the terminal filament as a germ stem cell.  

 

 

Figure 8. Fusome formation during the four rounds of cell division of the cystoblast. The fusome is in red 

and ring canals in green. The cystoblast resulting from the asymmetric division of the germ stem cell divides 

four times, each time by incomplete cytokinesis. The cell with four ring canals and most fusome material  will 

specify into the oocyte. The fusome eventually degrades before the cyst leaves the germarium and goes on 

developing. 
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1.3.6 Using Drosophila as a tool to study cytokinesis 

Drosophila is a powerful model organism to study cytokinesis because different types of 

cytokinesis can be analyzed. The male and female germline allows study of complete and 

incomplete cytokinesis (Giansanti et al. 2001, Bastock and St Johnston 2008). The 

neuroblasts in the larval brain provide information on asymmetrical and polarized cell 

division (Cabernard 2012). Finally, Drosophila cell lines are a useful culture system to do 

RNAi screens (Somma et al. 2002, Echard et al. 2004). Such a screen in Drosophila cells 

identified 50 small molecules inhibiting cytokinesis, 25 of them uncharacterized, and 214 

genes important in cytokinesis (Eggert et al. 2004, Eggert et al. 2006). Important components 

in cell division have been first identified in Drosophila, and then shown to be conserved in 

humans (Archambault and Glover 2009). This is the case for Anillin (Field and Alberts 1995), 

a scaffold protein required for contractile ring assembly during cell division (D'Avino 2009).  

1.3.7 ALiX in Drosophila 

The Drosophila Melanogaster version of ALG-2 interacting protein X has the symbol ALiX 

(FlyBase, annotation symbol CG12876). It has been shown to be involved in signal 

transduction in apoptosis, particularly JNK signaling (Tsuda et al. 2006). The gene coding for 

the ALiX protein is located on the third chromosome, on the right arm (3R).  

ESCRTs and ALIX have been shown to be involved in cytokinesis in human cells, and are 

well conserved in Drosophila, but their role in cytokinesis in vivo has not been studied in 

detail previously. Studies in mammalian cells have shown that ALIX is recruited to the 

midbody by CEP55, and then in turn recruits ESCRT-III which mediates abscission (Morita et 

al. 2007, Carlton et al. 2008). This has not been demonstrated in vivo. The homology between 

human ALIX and Drosophila ALiX could suggest that ALiX is also required for cytokinesis 

in Drosophila. It has been shown that Shrub, the Drosophila equivalent of the ESCRT-III 

subunit CHMP4 localizes to the midbody in Drosophila cells (Capalbo et al. 2012). The 

interaction sites between ALiX and Shrub are conserved (McCullough et al. 2008), suggesting 

that ALiX might be present there as well. However, Drosophila ALiX lacks the CEP55-

binding site within the proline-rich region of ALiX (Carlton et al. 2008). In addition, no 

homologue for CEP55 has been found in Drosophila. It is therefore not known yet how ALiX 

could be recruited to the midbody during cytokinesis and if it would be involved in this 

cellular process. 
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1.4 Aims of this study 

Whether ALiX plays a role in cytokinesis had not been addressed in vivo. The overall aim of 

this Master’s thesis was to investigate the possible involvement of ALiX during cytokinesis 

using the fruit fly Drosophila melanogaster as a model organism.  

As specific aims of the study, we aimed to determine whether ALiX has a role in cytokinesis 

by studying its subcellular localization, and by analyzing the effect of its depletion in 

Drosophila cell lines. Further, we wished to study the possible developmental and 

physiological defects in vivo, particularly focusing on oogenesis in alix mutant female flies.  
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2 Material and methods 

2.1 Fly work 

2.1.1 Fly stocks 

Wild type 

The fly stock w
1118

 from Bloomington Drosophila Stock Center at Indiana University, 

http://flystocks.bio.indiana.edu/ (stock number 3605) was used as wild type in the 

experiments. 

Alix mutant  

The alix
1
 allele included in the study corresponds to ALiX

f03094
 with a PBac{WH} as inserted 

element in exon 4 and was obtained from The Exelixis Collection at the Harvard Medical 

School (http://flybase.org/reports/FBal0187416.html). It was balanced over the balancer 

chromosome TM6B, Tb on the third chromosome which gives rise to a tubby (Tb) phenotype 

in heterozygous state at larval and pupal stages. This means that tubby larvae and pupae are 

smaller than wild type larvae/pupae. Flies without the tubby phenotype, thus having a wild 

type pupae phenotype, can therefore easily be selected as homozygous for the alix
1
 allele and 

placed in separate vials before hatching. This ensured that the vial included alix
1
 homozygous 

mutant flies only and could be used for further experiments. 

Deficiency 

The deficiency line Df(3R)BSC499/TM6C, Sb was obtained from Bloomington Stock center 

(http://flybase.org/reports/FBab0045315.html) (stock number 25003). Virgins of the genotype 

Sp/CyO; alix
1
/TM6B, Tb were crossed with w

1118
; Df(3R)BSC499/TM6C, Sb males. Offspring 

were were selected negative for Tubby and Stubble. They had the genotype 

alix
1
/Df(3R)BSC499.  

 

http://flystocks.bio.indiana.edu/
http://flybase.org/reports/FBal0187416.html
http://flybase.org/reports/FBtp0018840.html
https://drosophila.med.harvard.edu/
https://drosophila.med.harvard.edu/
http://flybase.org/reports/FBal0187416.html
http://flybase.org/reports/FBab0045315.html


18 

 

Genomic rescue experiment 

The methodology for integrating genomic DNA into the Drosophila genome is decribed in 

“Versatile P[acman] BAC libraries for transgenesis studies in Drosophila melanogaster” 

(Venken et al. 2009).  

A genomic rescue construct (CH321-50C24) was injected into strain 9752 (22A3) 

(http://bicoid.lbl.gov/cgi-bin/getBacInfo.pl?bac=CH321-50C24). It was integrated into 

predetermined attP sites in the genome using PhiC31 integrase. The injection of the construct 

into Drosophila embryos was performed by BestGene (http://www.thebestgene.com/). 

Male flies containing the construct were obtained from BestGene and double-balanced to 

generate CH321-50C24/CyO; Dr/TM6B, Tb flies. These were then crossed to Sp/CyO; 

alix
1
/TM6B, Tb flies and appropriate offspring crossed to generate the CH321-50C24/CyO; 

alix
1
/TM6B, Tb line (Crosses performed by Kaisa Haglund). Flies with the genotype CH321-

50C24/CyO; alix
1
 were used for the experiment. These were called alix-rescue flies.  

2.1.2 Handling flies 

The flies stocks were stored in incubators at 25 °C, 20 °C or 18 °C. Experiments on flies were 

performed at 25 °C.  

The flies were kept in vials containing nutritious food source made up of agar, dry yeast, 

sugar and instant potato mash, along with the antifungal and antibacterial agent Nipagin 

(Methyl-4-hydroxybenzoate) dissolved in ethanol and propionic acid.  

The flies were flipped (moved to a new vial) every other week (25 °C), or every four weeks 

(20°C and 18°C) making sure that they had enough food, were not overcrowded and that the 

vials were not contaminated with mites.  

2.1.3 Egg lay and hatch rate assay 

Dishes containing apple agar as food source were prepared fresh for this experiment. In order 

to make 120 plates, 22.5 g of agar were mixed in a 2L Erlenmeyer flask containing 750 ml 

MQ-H2O. 25 g of sucrose were added to 250 mL apple juice in another 2L Erlenmeyer flask. 

Both flasks were boiled in an autoclave for 20 minutes. After cooling down, the agar solution 

was gently poured into the apple juice flask. 1.5 g Nipagin were added and the whole content 

http://bicoid.lbl.gov/cgi-bin/getBacInfo.pl?bac=CH321-50C24
http://www.thebestgene.com/
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mixed with a magnet. The final solution was poured onto 5 cm dishes, up to 0.5 cm. These 

dishes were chosen to easily count the eggs laid by the flies.  

Wild type and alix
1 

males and virgin females were collected separately and put in separate 

vials with yeast. At least four day-old flies were included as female flies show a fecundity 

peak between 4 and 16 days of age. For setting up controlled crosses, it is important that the 

female flies have not been previously fertilized; otherwise they would contaminate the cross. 

Virgins can be recognized by a greenish spot in their abdomen – the meconium. The dark spot 

is food residues from the larval stage which the fly will get rid of with the first defecation. 

Another way to make sure that the flies are virgins is by collecting them from a previously 

emptied vial 8 hours following hatching (Dahmann 2008). Before setting up the crosses, the 

males and females were each placed in separate larger vials with filters on top and apple agar 

dishes in the bottom. This was to make sure the flies got accustomed to the environment 

before mating. The males prepare a nest in anticipation for mating.  

24 hours later, the females were transferred to the male dishes. The dish originally used for 

the females flies were kept as control, and checked 3-4 days later to make sure that no eggs 

had hatched, thereby confirming that they were virgins.  

Exactly 18 hours after setting up the cross, the experiment was interrupted by changing the 

food dish. The number of eggs laid was then counted in the first dish. This procedure was 

repeated twice with the same flies. 24 hours after the first cross had been set up; the dishes 

were analyzed once more to count how many of the eggs had hatched in order to calculate the 

hatch rate. The time point of 24 hours was chosen because it is the time needed for the larvae 

to hatch.  

2.2  Antibodies and reagents 

The following antibodies were used for detection of proteins by immunofluorescence (IF), 

immunostaining of tissues and Western blotting (WB): 

Guinea pig anti-ALiX (1:1000 for IF and WB) (raised against two peptides in the N-terminus 

of Drosophila ALiX), mouse anti α-tubulin (1:1000 for IF and 1:20000 for WB, Sigma), 

sheep anti α-tubulin (1:250 for IF from Cytoskeleton), rabbit anti-Cindr (1:1000 for IF) 

(Haglund et al. 2010), rabbit anti-CNN (1:500 for IF) (from Thomas Kaufmann, Indiana 
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University, Bloomington, USA), mouse anti- HTS-F (1:50 for IF, Developmental Studies 

Hybridoma Bank, DSHB). Rhodamine-Phalloidin and Alexa Fluor® 647 Phalloidin (1:400 

for IF, Molecular Probes) were used to visualize F-actin. Secondary antibodies were 

conjugated to Alexa Fluor® 488 (1:200, Molecular Probes), Alexa Fluor® 594, Horse Radish 

Peroxidase (HRP), Cy3 or Cy5 (1:500, Jackson Immunoresearch). 

2.3 Drosophila cell lines 

S2 GFP-α-tubulin cells, S2 cells and the Dmel strain of S2 cells were used as model systems. 

These are macrophage-like cells derived from 20-24h Drosophila embryo (Schneider 1972). 

The S2 cells were a gift from Ruth Palmer (Umeå University, Sweden), the S2 GFP-α-tubulin 

cells from Gilles Hickson (Université de Montréal, Canada), and the Dmel cells from Paolo 

d’Avino (University of Cambridge, UK).  

The Dmel cells were grown in Express FIVE® serum-free medium (Gibco, ref.: 10486) to 

which 90 ml L-glutamine (Gibco, ref. 25030) and 10 ml Penicillin/Streptomycin were added 

per 1000 ml medium. The S2 and S2 GFP-α-tubulin cells were cultured in Schneider’s 

Drosophila Medium (Gibco, ref. 21720, lot. nr. 1222356) with 10 % FBS and 1 % 

Penicillin/Streptomycin. All cell lines were cultured at room temperature in normal CO2 and 

humidity conditions.  

The cells were passed when the cell density was between 6 to 20 x 10
6
 cells/ml and split at a 

1:5 dilution every four to five days (Rogers and Rogers 2008).  

Frozen stocks were kept in medium with 10 % Dimethyl sulfoxide (DMSO) as cryoprotectant 

in a liquid nitrogen tank. If to be recovered they were taken up and thawed in a 37 °C water 

bath for less than one minute to ensure cell viability. The cell suspension was then transferred 

to 10 ml fresh medium in sterile conditions. The cells were allowed to adhere to the bottom of 

the flash for one hour before changing medium to remove residual DMSO and dead cells. 

2.4 Immunofluorescence of cells 

The cells were plated on a glass cover slip in a four-well plate (500 000 cells per well) and 

after 1-2 hours, fixed for 12 minutes with 4% formaldehyde in PHEM buffer (60 mM Pipes 

pH 6.8, 25 mM Hepes pH 7.0, 10 mM EGTA pH 8.0 and 4 mM MgSO4) at room temperature. 
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The samples were washed three times with PBS and incubated in blocking buffer (3% 

BSA/0.1% Triton/PBS) for at least one hour at room temperature. The primary antibody was 

incubated overnight in PBT (1% BSA/0.1% Triton/PBS), and the next day washed three times 

with PBT. The samples were incubated with the secondary antibody diluted in PBT for two 

hours before two 10 minutes washing steps with PBT and one with PBS for ten minutes. The 

cover slips were finally mounted with mounting medium Mowiol after incubation with 

nuclear marker Hoechst 33342 (Trihydrochloride, trihydrate, lot: 46D1-1 from Molecular 

Probes) in PBS (1 µg/µl) for another ten minutes.  

2.5 Staining of ovaries 

Ovaries were dissected out of female flies. The flies had been placed in vials with males and 

yeast paste as food source two days before dissection. These conditions stimulate oogenesis 

and make them produce many eggs. They can be recognized by looking at the size of their 

abdomen which grows larger during egg production. 

The dissected ovaries were fixed in 4 % formaldehyde (diluted from 16 % methanol-free, 

Ultra Pure EM Grade, cat. nr: 18814, from Polysciences, Inc) in PBS solution for 20 minutes 

at room temperature or 30 min on ice depending on the antibody to be used. This was 

followed by three washing steps of ten minutes with 0.3%BSA/0.3%Tx-100/PBS, and one 

blocking step of 30 minutes with blocking buffer (0.3%BSA/0.3%Tx-100/PBS). All of these 

steps were performed at room temperature. The primary antibody was diluted in 

0.3%BSA/0.3%Tx-100/PBS and added to the ovaries for incubation overnight at 4 degrees. 

The next day three washing steps of ten minutes each were repeated, and the ovaries were 

then incubated with secondary antibody diluted in 0.3%BSA/0.3%Tx-100/PBS. This was 

again followed by three washing steps of ten minutes. Finally the nuclei were stained with 

Hoechst (1µg/µl) as above and mounted with antifading mouting medium (Prolong Antifade, 

Molecular Probes).   

2.6 Confocal microscopy 

Images of stained cells and Drosophila tissues were acquired using Zeiss LSM 710 and 780 

confocal microscopes equipped with 63x/ NA 1.4 oil immersion objective and Plan 

Apochromat 20x /0.8 NA objectives. Z-stacks were obtained and projections were generated 
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using the Zeiss LSM 510 software (version 3.2, Carl Zeiss, Inc.). Adobe Photoshop and 

Adobe Illustrator version CS2 were used to make figures.  

2.7 Western blot 

Sample preparation 

Western blots were performed on both cell and Drosophila tissue lysates.  

Drosophila ovaries were dissected out in PBS and transferred directly to Eppendorf® tubes 

on ice, before being spun down in a table top centrifuge and removing residual PBS.  

Cells were resuspended and centrifuged at 2000 rpm for three minutes before lysis. The 

supernatant was discarded and lysis buffer added to the pellet.  

The cells and tissues were lysed using ice-cold lysis buffer (pH 7.5, 50 mM Tris, 150 mM 

NaCl, 0.5 % NP-40) and incubated on ice for 30 minutes. Protease and phosphatase inhibitors 

(Complete, EDTA-free, Roche) had been previously added to the lysis buffer (1:50) to 

prevent protein digestion by the cells’ own enzymes. The mixture was then centrifuged for 15 

minutes at 13000 rpm at 4°C and the supernatant containing the lysate was transferred to a 

new tube. The pellet consisting of cellular debris and lipids was discarded. Protein 

concentration of each cell and tissue lysate was measured using the Quant-iT™ Protein Assay 

Kit (Invitrogen). This assay uses fluorescence to detect protein concentration, and sets up a 

standard curve by using pre-diluted BSA protein standards. The volume needed for 30 µg 

protein (cell samples) and 45 µg protein (tissue samples) were calculated and loaded onto the 

gel.  The samples were prepared for gel loading with 3x Laemmi buffer (9 % SDS, 0.195 M 

Tris/Cl (pH 6.8), 30 % glycerol and 0.02 % Bromphenol blue and 0.1 M DTT. The prepared 

samples were boiled at 98°C for 5-10 minutes to denature the proteins before 2 minutes 

centrifugation at 13 000 rpm.  

Gel running 

The samples were loaded on 4-20 % Mini-PROTEAN® TGX™ precast gels (Bio-Rad, cat. 

nr. 456-1095) set up in Tris/Glycin/SDS running buffer (Bio-Rad, cat. nr. 161-0772). The gel 

was run for 45 minutes at 160 V. After electrophoresis, the separated proteins were 
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transferred to a PVDF membrane for further blotting. The membrane was sandwiched in 

direct contact with the gel between filter papers and pads. During transfer, the electric field 

pulled the negatively charged proteins from the gel on to the membrane. This was done using 

MIDI Bio-Rad Trans-blot® Turbo™ transfer blot for 7 minutes in a Bio-Rad transfer tank. 

After transfer, the membrane was blocked in a 37°C incubator for 10 minutes and hydrated 

with PBS/0.1% Tween-20 (PBST) for 10 minutes. Primary antibody was diluted in 5% 

BSA/PBS. The membrane was incubated overnight with primary antibody, and then washed 

the next day with PBST three times for ten minutes. The membrane was then incubated with 

HRP-conjugated secondary antibody diluted in 0.5 % milk/PBS for one hour at room 

temperature. It was washed with PBST three times for 10 minutes before a final incubation of 

10 minutes in PBS. The blot was developed using SuperSignal® West Pico 

Chemiluminescent Substrate (Thermo Scientific, Prod. nr. 34080) and Amersham 

Hyperfilm™ ECL (GE Healthcare) in a Curix60 developer. If a more sensitive signal needed 

to be detected the blot was developed with SuperSignal® West Femto Maximum Sensitivity 

Substrate (Thermo Scientific, prod. nr. 34095) and Kodak BioMax MR film (cat. nr: 894 

1114, from Sigma Aldrich). In both cases, the chemiluminescent substrate is oxidized by HRP 

using hydroxide peroxide as an oxidizing agent. The light produced can be detected during 

development.  

2.8 RNAi in Drosophila cells  

2.8.1 cDNA preparation 

cDNA fragments were amplified by PCR to generate templates for in vitro RNA transcription. 

The cDNA molecules were prepared from bacterial clones containing the plasmids pOT2-

ALiX (CG12876) and pOT2-Anillin (CG2092) (from Drosophila Genome Research Center 

(DGRC) Drosophila cDNA library). These vectors have a gene conferring resistance to the 

antibiotic Chloramphenicol. 50 µg/ml Chloramphenicol was spread evenly on LB-agar plates. 

A small amount of bacteria containing the plasmid from the Drosophila cDNA library 

(DGRC) was streaked out on the plates. The plates were incubated 18 hours at 37°C.  

Overnight cultures were made mixing 1.5 mL LB agar per culture, 20 µl Chloramphenicol (to 

obtain a 1:500 dilution) and single medium-sized bacterial colonies.  The cultures were 

incubated for 16 hours at 37°C with shaking at 220 rpm. DNA was extracted following the 
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Quicklyse Miniprep protocol (Qiagen). Bacterial cells were resuspended and lysed. The DNA 

was bound in the buffer provided, and after 3-minute lysis step, the lysate was added to the 

QuickLyse Spin Column where the DNA binds the column membrane before washing and 

elution. 

2.8.2 Polymerase Chain Reaction 

Specific parts of ALiX and Anillin cDNA obtained from DNA preparation were amplified by 

Poymerase chain reaction (PCR). Kanamycin from a plasmid carrying a kanamycin resistance 

gene was also used as template in the PCR. 50 µl reactions were set up in RNase free water by 

adding 1 µl of 20 pmol forward and reverse primers ordered from MWG , 1µl dNTPs (10 

pmol from Thermo Scientific, Fermentas) and 1µl Pfu Ultra DNA polymerase (Agilent 

Technologies) along with 5µl 10x PCR buffer (Agilent Technologies) and 100 ng DNA of 

each construct. The PCR program was initiated with a 3 minute step at 95°C, followed by 35 

cycles of a 45 second denaturing step (95°C), a 30 second primer annealing step (58°C) and 

finally a 60 second DNA polymerization step (72°C). This was followed by a final elongation 

step at 72°C for 10 minutes before cooling down to 12°C until the program was stopped. The 

primers used for PCR are summarized in Table 2.  

Alix 1 F 5’ TAATACGACTCACTATAGGGTTGAGTCCGAGCTGAAAGGT 3’ 

Alix 1 R 5’ CCCTATAGTGAGTCGTATTACTGCGTGAGGTCGTTGTAGA 3’ 

Alix 2 F 5’ TAATACGACTCACTATAGGGTAACCAGTTGCGGGCGCAGTTCAAG 3’ 

Alix 2 R 5’ CCCTATAGTGAGTCGTATTATGCCGCAGCTACCAGTTTCAGAGAC 3’ 

Kan F 5’ TAATACGACTCACTATAGGGTGCTCCTGCCGAGAAAGTAT 3’ 

Kan R 5’ TAATACGACTCACTATAGGGCGCTATGTCCTGATAGCGGT 3’ 

Anillin F 5’ TAATACGACTCACTATAGGGGCTCGAGAAGGC 3’ 

Anillin R 5’ CCCTATAGTGAGTCGTATTAAGCTTCATCCGC 3’ 

Table 2. The primers used for amplifying the two alix templates, along with Anillin and Kanamycin templates 

are summarized in this table. F stands for forward primer and R for reverse primer. The oligonucleotides were 

designed against the cDNA sequence of gene of interest, preceded by the T7 promoter sequence (in bold), 

allowing binding of the T7 RNA polymerase during in vitro transcription.  
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2.8.3 Agarose gel electrophoresis 

The PCR products were verified by running a 1 % agarose gel using SYBR Safe (Invitrogen, 

cat. nr: 1004315) to stain the DNA. The samples were prepared for gel loading under an 

RNase-free hood by mixing 4µl RNase-free H2O, 5µl PCR product and 1 µl gel-loading 

buffer (GLB). The gel loading buffer was made from 10 mM Tris-HCl (pH 7.6), 0.25 % 

Bromphenol Blue, 0.25 % Xylene Cyanol FF, 0.1 M EDTA and 50 % glycerol. 100 bp ladder 

(New England Biolabds, cat. nr: N3231L) or 1 kb ladder diluted in GLB (New England 

Biolabds, cat. nr: N3232L) were loaded along with the samples to check the size of the 

products. The gel was run for 45 minutes at 90 V and then analyzed under the UV-lamp in the 

ChemiDoc™ XRS (Bio-Rad). The pictures were taken with Image Lab™ Software 170-8265. 

2.8.4 RNA transcription and cleanup 

Primers used in the previous PCR reaction contained 5’ T7 RNA polymerase-binding sites 

flanking the specific gene sequence. This allows RNA polymerase to bind and transcribe 

RNA from the template. 

RNA was transcribed from the PCR products as templates using MEGAscript
TM

 T7 

transcription kit from Ambion® which contains NTPs, enzyme buffer and RNA polymerase 

enzyme mix. The reaction was set up to run overnight at 37°C. The following day 1 µl DNase 

(from the MegaSCRIPT™ T7 kit, Ambion®) was added to the tubes before incubation at 

37°C for 15 minutes to remove remnant DNA from the samples after RNA transcription.    

Double stranded RNA (dsRNA) was purified using columns from QIAGEN RNeasy® Mini 

kit (cat. nr. 74104) and Ambion® MEGAclear
TM

 kit (cat. nr. AM1906). In this procedure, the 

RNA is bound to the membrane in a filter cartridge, contaminants are washed away and the 

RNA is finally eluted in a low salt buffer. RNA concentrations and RNA purity were 

measured using a NanoDrop 2000 spectrophotometer following the manufacturer’s protocol. 

It is based on the measurement of the amount of light from a 260 nm light source that passes 

through a RNA sample. The light absorbed by the sample, or the optical density, is then 

calculated. Knowing that 1 A260 unit corresponds to 40 μg/mL dsRNA, the final RNA 

concentration can be determined.   
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2.8.5 RNA transfection 

When the cells had reached about 80 % confluency, they were resuspended in serum-free 

medium and centrifuged at 1000 rpm for 3 minutes and then counted. 1 ml containing 2 x 10
6
 

cells was added to each well. Three different amounts of dsRNAs were added to the 

respective wells: 10 µg, 15 µg and 20 µg. The plates were gently moved from side to side 15 

times to evenly distribute the dsRNA among the cells. The plates were then incubated at room 

temperature for 45 minutes, that is when the cells take up the dsRNA, before adding 2 mL 

medium with 10 % FBS.   

After 72 hours of incubation, the cells were split into new plates for immunocytochemistry 

and Western blot analysis.  

2.8.6 Quantitative analysis 

RNAi-treated cells were fixed and stained for α-tubulin, F-actin and DNA (Hoechst). Images 

were taken with the Olympus Scan R high-content automated fluorescence microscope and an 

UPLS-APO 40x objective.  

49 pictures were stitched together from each coverslip. The Olympus Scan R analysis 

software was used to identify and count the number of bi- and multinuclear cells, on the basis 

of the detection of nuclei stained with Hoechst. A threshold is set to detect the individual 

cells. The size, total and mean intensity of the nuclei were calculated by the software. The 

images were then analyzed and corrected for manually. The percentage of bi- and 

multinuclear cells was then calculated.  
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3 Results 

3.1 Analysis of ALiX in Drosophila cell lines 

3.1.1 ALiX can be detected at the centrosomes during early cell 

division and at the midbody during late cytokinesis in Drosophila 

S2 cells 

To begin with, we wanted to investigate whether ALiX was at all present during cell division 

by using a Drosophila cell line as a model system. 

We analyzed ALiX expression and subcellular localization in cultured Drosophila S2 cells by 

using an antibody raised in guinea pig against Drosophila ALiX (Figure 9). The cell line 

stably expressed GFP-tagged α-tubulin (green), making it easy to detect the different stages of 

cell division. α-tubulin delimits the cell surface, and the mitotic spindle during mitosis, as 

well as the intercellular bridge during cytokinesis. We also stained the cells to detect DNA 

(Hoechst, blue) and ALiX (red). In addition to following the α-tubulin appearance, cells in 

metaphase could easily be recognized by looking for condensed DNA located at a plane 

perpendicular to the mitotic spindle. Anaphase cells could also be identified by looking at the 

sister chromatids parting from one another towards the opposite poles of the cell. Cells in 

early, mid and late telophase could be detected by using α-tubulin as a marker delimiting the 

nascent intercellular bridge.  

Pictures of the different phases of mitosis were taken in order to study the dynamics of ALiX 

during cell division. At interphase, ALiX could not be detected (Figure 9A). From metaphase 

to early telophase, ALiX seemed to localize at the centrosomes, identified as structures 

localized at the two poles of the cell’s mitotic spindle (Figure 9B to 9E). At mid telophase 

ALiX staining could be observed at the intercellular bridge, adjacent to midbody (Figure 9F). 

Finally, at late telophase, ALiX staining could be detected as a single structure that most 

likely represents the midbody (Figure 9G).  

This analysis suggested that ALiX localizes to the centrosomes in early cell division and to 

the midbody during late cytokinesis.  
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Figure 9. ALiX localizes to the centrosomes in early cell division and to the midbody during cytokinesis. 

Interphase cells and cells at the different stages of mitosis are illustrated in this figure. The figure has been 

adjusted for clarity. The S2 cells stably expressed GFP-α-tubulin (green), and were stained to detect DNA 

(Hoechst, blue) and ALiX (red). At interphase (A), ALiX cannot be detected. From metaphase (B) to early 

telophase (E), ALiX seems to localize at the centrosomes, identified as structures localized at the two poles of 

the cell’s mitotic spindle. At mid telophase (F), ALiX staining is observed at the intercellular bridge, adjacent to 

the midbody. At late telophase (G), ALiX localizes at a single structure at the intercellular bridge, most likely the 

midbody. Scale bar: 5 µm 

3.1.2 ALiX colocalizes with Centrosomin, a centrosomal protein, 

during early phases of cell division in Drosophila cells 

The previous experiment suggested that ALiX localized to the centrosomes during early cell 

division, before migrating towards the intercellular bridge and midbody at late cytokinesis. 

We wanted to confirm the localization at the centrosomes by co-staining cells with an 

antibody against ALiX and an antibody against a known centrosomal marker in Drosophila 

called Centrosomin (Hawkins et al. 1996), also called CNN, and analyze whether the two 

components, ALiX and CNN, colocalized. The results are illustrated in Figure 10.  
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Figure 10. ALiX and the centrosomal component CNN colocalize during the early phases of cell division in 

Drosophila cells. This figure shows the different phases of cell division in S2 cells, a Drosophila cell line. The 

pictures have been adjusted for clarity. The cells were stained for a centrosomal marker called CNN (green), α-

tubulin (white), DNA (Hoechst, blue) and finally with pre-immune serum (Figures A to E) or ALiX antibody 

(Figures A’ to E’) in red. Pre-immune serum is the serum extracted from the same guinea pig that was used for 

immunization to make the ALiX antibody before injecting it with ALiX peptides. It is therefore used as a control 

to exclude unspecific staining. CNN was included to study the dynamics of the centrosomes during cell division, 

and compare it to ALiX localization. During metaphase and throughout anaphase, the centrosomes, recognized 

by CNN staining in green, localize to the poles of the cell. ALiX follows the same pattern of localization. We 

can detect colocalization between ALiX and CNN during those phases (Figures A’ to C’), confirming that ALiX 

is localized to the centrosomes during the early phases of cell division. At mid telophase, the centrosomes, along 

with ALiX, move towards the intercellular bridge. At late telophase, ALiX localizes to the midbody. No signal 

can be detected in the samples stained with pre-immune serum (A-E), confirming there is no unspecific staining. 

Scale bar: 5 µm.  
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We first included the pre-immune serum as a control to exclude unspecific staining. The pre-

immune serum is the serum extracted from the same guinea pig that was used for 

immunization to make the ALiX antibody before injecting it with ALiX peptides. It should 

therefore not include the antibody raised against ALiX, and should not stain for structures 

positive for ALiX. Protein concentrations were measured for the ALiX antibody and the pre-

immune serum. As the protein concentrations were the same, they were both diluted 1:1000 

for immunofluorescence. The pictures were taken with same intensity for each phase. Figures 

10 A to E show the different stages of cell division stained with pre-immune serum. No 

strong signal can be detected. Some weak background signal is present. Figure 10 A’ to E’ 

show the same stages of cell division, but are stained using the ALiX antibody. Strong ALiX 

signal can be observed, which cannot be seen in the pre-immune pictures. We can confirm 

that the staining is not unspecific.   

We next focused on ALiX and CNN colocalization. CNN was stained to see the dynamics of 

the centrosomes during cell division, and compared to ALiX localization. During metaphase 

and throughout anaphase, the centrosomes, recognized by CNN staining in green, localized to 

the poles of the cell. ALiX followed the same pattern of localization, and we could detect 

colocalization between ALiX and CNN during those phases (Figures 10A’ to 10C’). At 

telophase, it seemed as the centrosomes migrated towards the intercellular bridge, and 

colocalization between CNN and ALiX could still be detected (Figure 10D’), indicating that 

ALiX moves along with the centrosomes towards the intercellular bridge. At late telophase, 

ALiX staining was detected alone at the midbody (Figure 10E’).  

The colocalization studies confirmed that ALiX is localized to the centrosomes during the 

early phases of cell division, and to the midbody at late telophase. These results are consistent 

with the subcellular localization study done in the previous experiment.    

3.1.3 Depletion of ALiX causes binucleation of Drosophila cells 

Preparation of dsRNA for transfection of S2 cells 

Defects in cytokinesis can give rise to binuclear cells. The purpose of this experiment was to 

investigate if we could detect binuclear cells after ALiX depletion. In order to evaluate the 

functional role of ALiX in cytokinesis, we studied the phenotype of S2 cells upon RNAi 

mediated ALiX depletion. We therefore prepared cDNA fragments which we amplified by 
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PCR as templates for in vitro transcription, and set up double stranded RNA (dsRNA) 

transfection.  

Vectors containing cDNA were purified from bacterial culture and templates for in vitro 

transcription were amplified by PCR using different sets of primers. The PCR products were 

verified on a 1 % agarose gel (Figure 11A). Two alix dsRNAs were amplified: ALiX 1 of 

expected size 375 bp, and ALiX 2 of expected size 576 bp. The kanamycin cDNA fragment 

  

Figure 11. Generation of dsRNA and efficient ALiX knockdown in S2 cells (A) cDNA was prepared from 

bacterial vectors containing alix, our gene of interest. PCR was set up to amplify the DNA. Duplicates were set 

up for each PCR reaction. PCR products were verified on a 1 % agarose gel. A 100 bp DNA ladder was loaded 

along with the samples. Two different sets of primers were included to amplify the alix cDNA. A 375 bp PCR 

product was expected for ALiX 1, which is the size corresponding to the bands in the two ALiX 1 lanes. A PCR 

product of 576 bp was expected for ALiX 2, which is what we can detect in the ALiX 2 lanes. For Kanamycin, 

350 bp was expected, which is what we can see. (B) Dmel-cells were treated with double stranded RNA for 72 

hours. Non-transfected cells and cells with Kanamycin dsRNA were included as negative controls. Two ALiX 

dsRNAs (1 and 2) were introduced to the S2 cells. Three different amounts of dsRNA were tested: 10 µg, 15 µg 

and 20 µg. Protein concentrations of the lysates were measured, and 20 µg of each sample were loaded onto the 

gel. Levels of α-tubulin show equal protein loading. The ALiX band is observed at 90 kDa which corresponds to 

the size of the protein. Knockdown can be observed with all three amounts of dsRNA. Most efficient knockdown 

in the ALiX dsRNA transfected cells with both dsRNAs is observed at 20 µg. The disappearance of the ALiX 

band in ALiX RNAi cells confirms the antibody specificity. (C) Anillin template was amplified to be used as a 

positive control in a dsRNA transfection assay. We expected a product 1186 bp long, which is what we can 

detect in this gel.  
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was amplified to be included as a negative control in an RNAi knockdown experiment and is 

of size 350, as expected. The gel picture included in Figure 11A shows that cDNA fragments 

amplified resulted to be of expected size. The size could be inferred by comparing with the 

DNA ladder.  

To optimize the amount of dsRNA needed for efficient knockdown, we set up three RNA 

knockdown experiments with 10, 15, and 20 µg of each dsRNA in S2 cells. Untreated cells 

were included as a negative control. We analyzed the cells after 72 hours. Figure 11B shows 

the Western blot run on the S2 cell lysates from the experiments. The ALiX band is expected 

to be at 90 kDa, which is the band we observe in the control lanes. The ALiX band is strongly 

reduced or absent in the 15 µg and 20 µg lanes of ALiX 1 and ALIX 2 knockdowns 

respectively. With 10 µg we could still observe a weak band, which shows that knockdown of 

the ALiX protein was incomplete. Based on these results we decided to continue doing 

knockdown experiments with 20 µg of dsRNA to get an efficient knockdown.  

Anillin cDNA was later amplified to be included in future knockdown experiments as a 

positive control (Figure 11C). This is because depletion of Anillin has previously been shown 

to increase the number of binuclear S2 cells compared to control (Somma et al. 2002). A PCR 

product of 1146 bp was expected for Anillin, which is what can be detected in the gel 

illustrated in Figure 11C. 

Depletion of ALiX causes binucleation of Drosophila cells 

One experiment of ALiX depletion in S2 cells by RNAi knockdown was quantified for bi- 

and multinuclear cells (Figure 12). ALiX had been successfully depleted in this experiment 

(Figure 12A). The untreated cells and cells treated with 20 µg dsRNA of ALiX 2 were fixed 

and stained to detect F-actin and DNA (Figures 12B and 12C). The slides were quantified 

using a Scan R microscope and software. ALiX depletion resulted in a three-fold increase in 

the number of binuclear S2 cells, compared to untreated cells (6.64 % versus 2.05 %) (Figure 

12D).  

Our preliminary data suggest that depletion of ALiX in S2 cells leads to a modest increase in 

binuclear cells compared to the control. However, this experiment has only been performed 

once and needs to be repeated. 
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Figure 12. RNAi-mediated knockdown of ALiX causes binucleation of Drosophila cells (A) This is a figure 

of a Western blot showing levels of ALiX in control cells (untransfected) and ALiX RNAi (ALiX 2) cells from 

one experiment. The control lane shows a band at 90 kDa corresponding to the ALiX protein. We can observe 

reduced ALiX protein levels in ALiX RNAi compared to the control cells (Control). Levels of α-tubulin show 

equal protein loading. (C) ALiX RNAi cells display increased number of bi- and multinucleate cells (arrows) 

compared to control cells (B). Cells were stained with Rhodamine-Phalloidin (red) and Hoechst (blue). (D) 

Graph showing the percentage of bi- and multinucleate cells in control and S2 cells treated with 20 µg dsRNA 

ALiX 2 for 72 hours. In the control, about 2 % of the cells were binuclear. In cells treated with dsRNA ALiX 2, 

about 6 % of the cells were binuclear. There is also a slight increased number of multinuclear cells in ALiX 

RNAi sample versus control. In the control, n = 1282 cells and in ALiX RNAi n = 482 cells.  
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3.2 Analysis of ALiX’s role in vivo 

3.2.1 Female alix1 mutants show a reduction in fertility 

Based on previous results in the laboratory, we had evidence that alix
1
 mutant flies had 

defects in fertility and in cell division during oogenesis. To test the fertility of the alix
1
 

mutants, we performed an egg lay and hatch rate assay (Figure 13).  

Flies included in the experiments were wild type w
1118

 and alix
1
 mutants lacking the full-

length ALiX protein (see Figure 14A). The egg lay rate was calculated by dividing the total 

number of eggs laid per fly per hour. Hatch rate was determined by calculating the percentage 

of eggs that hatched 24 hours after egg lay. Wild type flies had an egg lay rate of a little less 

than 1 egg per fly per hour (Figure 13A). The wild type egg lay rate served as a control egg 

lay rate in this experiment. Female wild type flies crossed with male alix
1
 had a normal egg 

lay rate, which was expected. The egg lay rate is independent of whether the flies have been 

fertilized or not, the female flies lay eggs either way. However, the hatch rate was about half 

of the control hatch rate, meaning that only half of the eggs that were laid were fertilized and 

able to hatch (Figure 13B). While around 80 % of the eggs from the wild type cross had 

hatched after 24 hours, the eggs resulting from the cross between the wild type female and 

alix
1
 males show a reduction to around 40%.  This means that there is a defect in the fertility 

of the alix
1
 males. Their fertility cannot be completely defective as one would then expect a 

much lower hatch rate. This could be explained by the fact that alix
1
 male germline shows

 
a 

strong variation in phenotype: some alix
1
 mutants have a normal phenotype in the testis, while 

other males show a tumor-like phenotype which could result in infertility (unpublished data, 

communicated by Åsmund Eikenes). This variation in phenotype could explain why the hatch 

rate resulting from the cross between female wild type and male alix
1
 is lower than in the 

control cross.  

The cross between female alix
1
 and wild type males was the most important cross to see 

whether alix
1
 female flies were fertile or not. This cross provided information on the female 

flies’ fecundity. Female alix
1
 mutant flies showed a clear reduction in egg lay rate compared 

to the wild type. In the crosses involving the female alix
1
 mutants, of the few eggs that were 

laid, less than 20 % hatched within 24 hours.    
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The few larvae that hatched from the cross with female alix
1
 were observed, and they rarely 

survived to the pupal stage.  

From this experience, we could draw the conclusion that the alix
1
 female flies have reduced 

fertility.  

 

Figure 13. Female alix
1
 mutant flies show a reduction in fertility compared to the wild type flies. (A) This 

graph represents the egg lay rate (eggs laid per fly per hour) in wild type (w
1118

), wild type crossed with female 

and male alix
1
, and alix

1
. All the crosses were set up at 25 degrees for exactly 18 hours. Wild type flies served as 

control. Wild type females had an egg lay rate of a little less than 1 egg per fly per hour. The female wild type 

crossed with alix
1
 male mutant presented a similar egg lay rate. Female alix

1
 mutant flies showed a clear 

reduction in egg lay rate compared to the wild type, both when crossed with wild type males and alix
1
 mutant 

males. (B) This graph illustrates how many eggs had hatched 24 hours after egg lay (hatch rate). While around 

80 % of the eggs from the wild type (control) cross had hatched after 24 hours, the egg lay rate resulting from the 

cross between the wild type female and alix
1
 males show a reduction to around 40%. In the crosses involving the 

female alix
1
 mutants, of the few eggs that were laid, less than 20 % hatched within 24 hours.   

 

3.2.2 alix1 mutant females have egg chambers with aberrant 

numbers of germ cells and ring canals to the oocyte 

Next, we wished to see how the egg chambers of the female alix
1
 mutants developed in 

absence of the ALiX protein. The ovaries were dissected out. Half of them were lysed for 

Western blot, while the other half was fixed for immunofluorescence. At least five days old 
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flies were included in this experiment. This is because females have a fecundity peak between 

day 4 and day 15 after eclosion (Dahmann 2008). F-actin and DNA were stained to detect the 

cellular structures. DNA delimits the nuclei, which allows counting the number of germ cells 

present, and F-actin helps detecting the ring canals between the interconnected cells. The 

ovarioles of the alix
1 

mutant females lack the ALiX protein (Figure 14A). As mentioned in 

the introduction (Figure 6), wild type egg chambers normally have 16 cell-clusters and four 

ring canals to the oocyte (Figure 14B). In the alix
1
 mutant flies, egg chambers with 32 and 64 

cell-clusters were observed, with five or six ring canals to the oocyte (Figure 14C, 14D and 

14E).  

 

Figure 14. alix
1 

females had egg chambers with an aberrant number of nurse cells and ring canals to the 

oocyte. (A) Western blot of tissue lysates (ovaries) from female wild type (w
1118

) and alix
1
 showing that the 90 

kDa ALiX band is missing in the alix
1
 mutants (arrow), confirming that they lack the full-length protein. No 

other band could be detected elsewhere in the blot, suggesting that there was no shorter protein product present. 

(B to E) Egg chambers from wild type and alix
1
 female flies were stained for DNA (Hoechst in blue) and F-actin 

(red). These pictures show egg chambers at stage 8, in which the nurse cells grow and provide nutrients to the 

oocyte positioned to one pole of the egg chamber (to the right on the picture). (B) Wild type flies show egg 

chambers with 16 cells and 4 ring canals to the oocyte. alix
1 

female flies show abnormal egg chambers. Pictures 

(C) and (D) show examples of egg chambers with 32 germ cells and 5 ring canals to the oocyte, and picture (E) 

shows an example of an egg chamber with 64-cell clusters and 6 ring canals to the oocyte. Scale bars represent 

20 µm. (F) Graph showing the average percentage of egg chambers with 4, 5 or 6 ring canals to the oocyte in 

alix
1
 female flies compared to wild type. Results are based on 3 independent experiments, n = 548 egg chambers 

in wild type, n = 273 egg chambers in alix
1
. Data are represented as mean ± standard deviation. 
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Based on this observation, the number of egg chambers was quantified into categories four, 

five or six ring canals to the oocyte (Figure 14F). This was done in three independent 

experiments. 100 % of the wild type flies had egg chambers with four ring canals to the 

oocyte, while only about 40 % of the egg chambers in the alix
1
 mutant did. Most importantly, 

about 60 % of the egg chambers in the alix
1
 mutant had five ring canals or more to the oocyte.  
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3.2.3 The aberrant numbers of germ cells and ring canals to the 

oocyte is due to the absence of full-length ALiX protein 

Two control experiments were performed to confirm that the phenotype with five ring canals 

or more to the oocyte was due to a lack of the ALiX protein in the alix
1
 flies (Figure 15). In 

both experiments, the alix
1
 mutant flies were included as reference.  

The purpose of the first experiment was to limit the area in the fly’s genome containing the 

mutation giving rise to egg chambers with 32-cell clusters. This experiment was to check 

whether flies hemizygous for the mutant alix allele still showed a defective phenotype. The 

alix
1
 flies were crossed with deficiency flies (w

1118
; Df(3R)BSC499/TM6C, Sb) that lack a 

large part of the 3R chromosome, including the alix gene. The offspring resulting from the 

cross had the genotype alix
1
/Df(3R)BSC499. They were hemizygous for the mutant alix allele, 

meaning they should only have one copy of that gene, and that copy is the mutated allele. For 

simplicity, the genotype is labeled alix
1
/Df(3R) in this thesis.  

The ovaries of at least five days old offspring were dissected out and fixed before analysis in 

the confocal microscope. The F-actin staining had not worked properly, thus making it 

difficult to quantify the ring canals to the oocyte. The immunoblot of ovary lysates shows that 

alix
1
/Df(3R) flies lack the ALiX protein (Figure 15A). The egg chambers were quantified into 

two categories by looking at nuclear staining: 16-cell clusters, and 32-cell clusters or more 

(Figure 15B). 100% of the control flies had egg chambers with normal number of germ cells. 

46 % of the egg chambers in the alix
1
/Df(3R) flies had 32 germ cells or more, which was very 

similar compared to the alix
1
 mutant (44 %).  

This control experiment suggested that the phenotype of egg chambers with aberrant number 

of cells in the alix
1
 mutant flies was due to a mutation in that area of the fly’s genome, most 

likely in the alix gene.  

The second control experiment we performed was to see whether the alix
1
 mutant phenotype 

could be reversed to the wild type phenotype. This was done by introducing a construct 

containing the functional alix allele on the second chromosome. The flies resulting from that 

cross therefore possessed the mutated alix
1
 allele on the third chromosome, and the functional 

alix allele on the second chromosome. These flies were called alix-rescue flies. The 

immunoblot of ovary lysates (Figure 15C) confirmed that the alix-rescue flies had the 90 kDa 

ALiX protein. The band is weaker than in the wild type, this is because they are heterozygous 
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for the functional alix allele; they only produce half the amount of the normal ALiX protein. 

The egg chambers were quantified by detecting how many ring canals could be observed to 

the oocyte (Figure 15D). Nearly 100 % of the egg chambers quantified in the alix-rescue flies 

had the normal phenotype of four ring canals to the oocyte. We managed to restore the normal 

phenotype by introducing a functional alix allele to the alix
1
 mutants, suggesting that the 

abnormal phenotype is due to the missing ALiX protein. 

  

Figure 15. Control experiments confirmed that the phenotype of egg chambers with more than 4 ring 

canals to the oocyte is due to a loss of function in the alix gene. (A) Western blot of tissue lysates (ovaries) 

from control (w
1118

), alix
1
 and alix

1
/Df(3R) female flies showing that the full-length 90 kDa ALiX protein is 

missing in both alix
1
 and alix

1
/Df(3R). (B) Graph representing quantification of egg chambers with 16-cell 

clusters or 32-cell clusters or more in wild type, alix
1
 and alix

1
/Df(3R) flies. About the same percentage of egg 

chambers have 32-cell clusters or more in the Deficiency flies as in alix
1
 mutants (44 % vs. 46 %). 195 egg 

chambers were quantified in wild type, 95 in alix
1
, and 152 in alix

1
/Df(3R). (C) Western blot of tissue lysates 

(ovaries) from wild type, alix
1
 and alix-rescue flies. The 90 kDa ALiX band can be detected in the control lane 

(w
1118

), as well as in the alix-rescue lane. The alix-rescue flies posess only one functional copy of the alix gene, 

they are therefore heterozygous for ALiX, which explains why the band detected in the alix-rescue lane is fainter 

than the band in the wild type lane. (D) This graph represents the quantification of egg chambers in the rescue 

experiment, in addition to wild type and alix
1
 mutants. The introduction of a normal copy of the alix gene 

rescued the normal phenotype in nearly 100 % of the egg chambers that were quantified. 179 egg chambers were 

quantified in wild type, 147 in alix
1
, 119 in alix-rescue. 
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3.2.4 Female alix1 mutants show defects in germ stem cell 

abscission 

In search for an explanation why the egg chambers in alix
1
 mutants had an abnormal number 

of ring canals to the oocyte and germ cells, we wanted to investigate whether we could detect 

cell division defects at the first cell division step in oogenesis. We decided to take a closer 

look at the germ stem cells in the germarium. We stained the ovarioles with HTS-F antibody 

to detect the fusomes in the germarium, Cindr antibody, which localizes to ring canals and 

midbodies in early oogenesis, and with Hoechst to detect nuclei. 

In the wild type, the different stages of complete division of germ stem cells could be 

detected, while the fusomes in the alix
1
 mutant germaria did not have a normal phenotype. 

Representative examples of the different phenotypes observed in wild type and alix
1
 mutant 

are illustrated in Figure 16. In the alix
1
 mutants, elongated fusomes going from cells attached 

to the terminal filament and onward with several ring canals could be observed. The cells 

were interconnected by ring canals. They were either linear (Figure 16D) or branched 

(Figure 16E). Some fusomes were very large, and were present in multinuclear germ stem 

cells. We classified them as polyploid (Figure 16F).  

Based on the observations made in the confocal microscope, the different phenotypes 

observed were quantified in wild type and alix
1
 germaria. The categories were the same as 

illustrated in Figure 16. The quantification done in three independent experiments is 

summarized in Figure 17. alix
1
 mutants showed an increased number of abnormally shaped 

fusomes and cells interconnected with ring canals. About 70 % of the fusomes quantified had 

abnormal phenotype: about 8 % were linear shaped, 30 % branched and 30 % polyploid. 

Figure 16. alix
1
 mutants show defects in germ stem cell division or cytokinesis. Defects were identified by 

the shape of the fusome and the presence of several ring canals. Germaria in wild type and in the alix
1
 mutant 

have been stained for HTS-F (red) to detect the fusomes, Cindr (green), to detect ring canals and midbodies in 

the early stages of oogenesis, and nuclei (Hoechst, blue). Figures A to C illustrate the different phases of a germ 

stem cell dividing in the wild type germarium. A germ stem cell that has not undergone cytokinesis yet contains 

a single spherical fusome called the spectrosome (A). In this example we can observe two spectrosomes. During 

cytokinesis, a ring canal positive for Cindr starts forming between the two nascent daughter cells, and the fusome 

material is distributed unevenly between the two cells (B). Two thirds remain in the cell which will give rise to 

the self-renewing germ stem cell (GSC), and one third remains in the cystoblast (CB). Finally a midbody forms 

(C) and the bridge between the two cells eventually pinches off from one another by complete cytokinesis. 

Figures D to F are examples of abnormal germaria in the alix
1
 mutant. The germ stem cell seems to be 

interconnected to other cells by ring canals and elongated fusomes going through several cells. These fusomes 

are linear (D) or branched (E). The ring canals positive for Cindr show that multiple cells are connected together. 

Some germaria have multinuclear cells with enlarged circular fusomes that we have chosen to call polyploid (F). 
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Figure 17. alix
1 

mutants show a large number of abnormally shaped fusomes in the germaria compared to 

the wild type. Graph representing a quantification of the different fusome phenotypes observed in wild type and 

alix
1
 female flies. The different phenotypes are illustrated as schematics in the upper part of the graph, the ring 

canals are in green and fusome material in red. In addition to the normal fusome phenotype at the different stages 

of GSC cytokinesis, the alix
1
 germaria presented additional phenotypes: extended fusomes with several ring 

canals instead of one, linear (8 %) or branched (more than 30 %), and enlarged fusomes in multinuclear GSCs 

(more than 30 %). These data are from 3 independent experiments, n = 100 germ stem cells in wild type, n = 70 

germ stem cells in alix
1
. Data are represented as mean ± standard deviation.    

The branched fusomes and polyploid cells observed in the alix
1
 mutant suggest that there is a 

defect in the abscission between the daughter germ stem cell and the daughter cystoblast. The 

cells seemed not to be able to undergo complete cytokinesis, and remained interconnected to 

one another.   
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4 Discussion 

4.1 ALiX plays a role in cytokinesis  

We began our study by looking at localization of ALiX in a Drosophila cell line to see if 

ALiX could be detected during cell division in the first place. Determining the specific 

location of a protein in cell compartments can provide information on the protein’s role and 

function. Considering the homology between ALIX in humans and its Drosophila ortholog 

ALiX, we hypothesized that ALiX localized to the centrosomes and to the midbody in 

Drosophila cells.  

Our conclusions were that ALiX can be detected at the centrosomes in early cell division, and 

to the midbody at late cytokinesis in Drosophila cells (Figures 9 and 10). As mentioned in 

the introduction, ALIX has previously been implicated in cytokinesis in human cell lines 

(Morita et al. 2007). It has been published that it localizes to the centrosomes (Morita et al. 

2007), and that it is recruited to the midbody at late cytokinesis by CEP55 (Carlton et al. 

2008), in turn recruiting the ESCRT-III subunit CHMP4 which mediates abscission (Guizetti 

et al. 2011).  

Our results are consistent with what has been published in HeLaK-cells earlier. Furthermore, 

in our study we analyzed the dynamics of ALiX during cell division, which had not been 

studied before in human cells. By examining the different phases in cell division, we could 

conclude that ALiX moves from the centrosomes to the midbody in late telophase. The 

localization of ALiX at the midbody at late cytokinesis is an indication that it has a function 

in this cellular process in Drosophila, perhaps in the same way as in human cells.   

In addition, our preliminary data suggested that depletion of ALiX in S2 cells led to an 

increase in the number of binuclear cells (Figure 12). It has been shown in human cells that 

depleting ALIX resulted in binucleation of cells (Morita et al. 2007). Our results again 

support our hypothesis that ALiX has a role in cytokinesis in Drosophila cells.  
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4.2 ALiX is required for abscission during 

cytokinesis in vivo 

The main purpose of this thesis was to study the role of ALiX in vivo by using Drosophila as 

model organism. The findings presented earlier were interesting because they suggest that 

ALiX is present and has a possible function in cytokinesis in Drosophila cells. However, 

these finding were only confirming previous work that had already been done in human cell 

lines. The most interesting question was whether ALiX has a role in cytokinesis in a 

multicellular organism, which had not been examined before.  

From our results, we concluded that alix
1 

female flies show reduced fertility, defects in 

oogenesis, and more importantly, defects in germ stem cell division.  

The reduced fertility of alix
1
 flies was early evidence that ALiX has an essential role for the 

organism. Immunofluorescence of the ovarioles from the alix
1
 female flies confirmed that 

there were defects in egg development which could give a possible explanation for the 

reduction in fertility. It was particularly interesting that the cells in the egg chambers of the 

alix
1
 mutant were always present as a multiple of 16. We observed egg chambers with 16, 32 

and 64 cell-clusters. The egg chambers with 32 cells had five ring canals to the oocyte instead 

of the normal four, and egg chambers with 64 cells had six ring canals to the oocyte. The 

aberrant number of ring canals was observed in about 60 % of the cases, with the majority 

having 32-cell clusters.  

There are two models for obtaining an egg chamber with 32 germ cells (Hawkins et al. 1996). 

Normally, after the cystoblast has undergone four rounds of incomplete cell division, the 

resulting 16-cell cyst is packaged into a single layer epithelium of follicle cells which gives 

rise to the egg chamber. A first model is that the follicle cells encapsulate two 16-cell clusters 

instead of one after the four rounds of cell division of the cyst. We would then expect to see 

two oocytes with four ring canals each, which was not the case in the alix
1
 mutants. The other 

model is that the 16-cell cyst undergoes an extra round of cell division. This would give rise 

to an egg chamber with 32-cell clusters, and five ring canals to the oocyte, which is what we 

observed. Our results suggested that extra rounds of division were occurring at one point 

during oogenesis.  
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An extra round of cell division due to missing ALiX was however puzzling. If ALiX should 

have a role in cytokinesis like suggested in human cells and like we observed in the 

Drosophila cells, one would expect that the cells should not be able to divide without ALiX 

present. However, the observation of a larger number of cells compared to the normal 16-cell  

clusters suggested the opposite; it suggested that the cells were overproliferating. 

The alix
1
/Df(3R) showed the same defects as the alix

1 
mutant, and the normal phenotype 

could be restored by introducing a functional alix allele on the second chromosome. Both 

experiments supported that the 32 cell-clusters observed were due to the ALiX protein 

missing. Moreover, other experiments involving RNAi-mediated depletion of ALiX and other 

alix mutant alleles have been done in our laboratory confirming that our observations are due 

to a missing ALiX (unpublished results, communicated by Kaisa Haglund).    

Our results from the study of the germ stem cells can give a possible explanation for the 32-

cell cluster phenotype observed in the egg chambers. Lack of full-length ALiX in alix
1
 

mutants was tightly coupled to the fusome phenotype. As described in the introduction, a 

germ stem cell normally undergoes complete cytokinesis leading to a new stem cell capable 

of self-renewal, and a cystoblast that goes on dividing four times by incomplete cytokinesis. 

During the first cytokinesis which is complete, a fusome plug forms and fuses with the 

spectrosome in the germ stem cell, followed by appearance of a ring canal, and later a 

midbody, before the intercellular bridge finally pinches off (see Figure 7 in Introduction). 

Two thirds of the fusome material remains in the germ stem cells, and one third remains in the 

cystoblast. When the cystoblast divides four times by incomplete cytokinesis, the fusome 

grows to form a branched structure spanning all the interconnected cells (de Cuevas and 

Spradling 1998).  

In our results, the fusome between the germ stem cell and the cystoblast did not separate in 

about 40 % of the cases. It seemed as the midbody seldom formed between the two cells 

leading to complete cell division. Only 1 % of the germ stem cells quantified in the alix
1
 

mutant presented midbodies between the two daughter cells. Due to defects in abscission, 

when the cells kept on dividing, this led to formation of chains of cells spanned with fusome 

material interconnected by ring canals.  

Another research group had previously done live imaging on flies lacking the important cell 

division regulator Aurora B, and described similar results (unpublished data, communicated 
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by J. R. Huynh). Like us, they could observe branched fusomes from the germ stem cells due 

to delayed abscission. Using live imaging, they could see that the interconnected cells would 

after a while undergo cytokinesis and finally pinch off. This could give rise to a two cell-

cluster which went on dividing normally four times by incomplete cytokinesis, resulting in a 

32-cell cluster with five ring canals to the oocyte, similar to the alix
1
 mutant (Figure 18).  

The abnormal branching of fusomes going from the stem cell attached to the terminal filament 

and interconnected cells suggested that there was a defect in abscission in the asymmetric 

division. Our observations and the result from Huynh’s work suggested that the daughter stem 

cells were unable to pinch off the daughter cystoblast by abscission. They seemed to continue 

on trying dividing, leading to cells still connected to the germ stem cell with fusome and 

Cindr-positive ring canals between them. After a while, they eventually pinched off by 

abscission giving rise to a two-cell cluster, instead of a single cystoblast. The two-cell cluster 

went on dividing four times and the resulting egg chamber had 32 cells instead of 16. 

 

Figure 18.  A defect in abscission due to ALiX protein missing can lead to a delayed cytokinesis, resulting 

in a 32 cell-cluster. This is a model of how cell division can occur in the germarium of the alix
1
 mutant. One 

germ stem cell usually divides by complete cell division to give rise to a new germ stem cell capable of self-

renewal, and a cystoblast. The cystoblast goes on dividing four times by incomplete cytokinesis resulting in a 

16-cell cyst. When the ALiX protein is missing, cytokinesis between the daughter germ stem cell and cystoblast 

is defective, and the cells remain interconnected. Abscission is delayed and the intercellular bridge eventually 

pinches off, giving rise to a 2 cell-cluster. The 2 cell-cluster undergoes the normal four rounds of cell division 

leading to a 32-cell cyst with 5 ring canals (RC) to the oocyte. 
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This means that the cells manage to undergo cytokinesis at some point, but missing ALiX 

delays abscission substantially. In addition, 30 % of the germ stem cells were polyploid, 

which is consistent with a defect in abscission. If the cells are not able to undergo complete 

cytokinesis, this can lead to regression of the cleavage furrow resulting in multinuclear cells.  

The branched fusomes were often interconnecting more than two cells to the stem cells. This 

means that one would expect larger cell-clusters than only 32. Yet, the vast majority (about 60 

%) was 32-cell clusters, whereas a small part (about 2 %) consisted of 64 cells. It could be 

that the ovarioles have mechanisms to not let cysts with too many cystoblasts at the beginning 

dividing any further. There could be a check point mechanism stopping cell division very 

early on if the cystoblast is too abnormal.    

40 % of the egg chambers had 16-cell clusters, which is the normal phenotype. Yet, the flies 

showed a very strong reduction in fertility, and did not give rise to any offspring. This 

suggests that there is something very abnormal in the oogenesis of alix
1
 mutant flies. The eggs 

do not develop normally. In addition, the eggs from the alix
1
 mutant females are smaller in 

size than in the wild type (communicated by Kaisa Haglund), supporting the hypothesis that 

there are abnormalities preventing normal development.  

Taken together, these results suggest a role for ALiX in abscission during Drosophila female 

germ stem cell division. When ALiX is missing, this leads to a defect in germ stem cell 

cytokinesis, resulting in cysts with aberrant numbers of cells, and reduced fertility. This is a 

novel role for ALiX in vivo, which has not been demonstrated before.   
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5 Conclusions 

The main conclusions that can be drawn from this thesis are the following: 

- ALiX localizes to the centrosomes and midbody during division of Drosophila cells, 

similar to ALIX in human cells, and depletion of ALiX leads to binucleation of 

Drosophila cells. This suggests that ALiX has a functional role in cytokinesis in 

Drosophila.  

- ALiX has a role in completing abscission during germ stem cell division in the 

Drosophila female germline. When ALiX is missing, cytokinesis between the germ 

stem cell and cystoblast is delayed, resulting in defects in oogenesis and infertility in 

female flies.  
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6 Future perspectives 

Our results suggest that ALiX has a role in abscission during germ stem cell division in 

female flies. ALIX has already been shown to be involved in cytokinesis in human cells, and 

is recruited to the midbody by CEP55. Drosophila does not have a CEP55 ortholog, which let 

us wonder how ALiX is recruited to the midbody in the fruit fly. It has been shown that 

depletion of CEP55 does not completely inhibit cytokinesis, implying that there are other 

parallel mechanisms to target components to the midbody. These mechanisms might be 

present in Drosophila as well. It would be interesting to study how ALiX is recruited to the 

midbody during late cytokinesis in Drosophila. This could be done by a screen searching for 

potential candidates recruiting ALiX.  

It would be important to study the dynamics of ALiX during germ stem cell division. We now 

have evidence that ALiX localizes to the midbody in Drosophila cells, and it would be 

exciting to see if ALiX can be detected at the midbody between the germ stem cell and the 

cystoblast as well.   

Our study was focused on asymmetric division of germ stem cells in the female germline, and 

ALiX seems to be involved in that process. We should investigate the role of ALiX during 

cytokinesis of other types of stem cells in Drosophila, such as male germ stem cells and 

neuroblasts of the larval brain. Furthermore, we did not study symmetric cell division in vivo. 

It would also be important to analyze whether ALiX plays a role in symmetric cytokinesis as 

well or not. Experiments could be performed in the Drosophila embryo, an established system 

for studying symmetric cell division.  

Finally, it would be useful to identify interacting partners of ALiX involved in cytokinesis in 

vivo. Possible candidates known from human cells include the ESCRT-I subunit TSG101 and 

the ESCRT-III subunit CHMP4. The interaction site between ALiX and the ESCRT-III 

subunit CHMP4 is well conserved (McCullough et al. 2008), and Drosophila CHMP4, called 

Shrub, has been shown to localize to the midbody in a Drosophila cell line (Capalbo et al. 

2012). It would be interesting to study if ALiX and Shrub act together in Drosophila 

melanogaster like ALIX and CHMP4 do in human cells.  

In conclusion, this study is a good starting point to learn more about the function of ALiX and 

cytokinesis process in a multicellular organism. 
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