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Summary 

Cell division is a fundamental process supporting life. Uncontrolled cell division can give 

rise to tumourigenesis. Knowledge about the molecular mechanisms of cell division is therefore 

crucial for understanding the inner life of the cell, but also for understanding diseases such as 

cancer.  

Many aspects of cell division remain to be elucidated, but especially how cell division is 

regulated in a living, multicellular organism is not well understood. To shed light on this 

essential process in vivo, Anette Lie-Jensen and colleagues used the fruit fly, Drosophila 

melanogaster, as a model organism.  

Lie-Jensen and colleagues showed that the multifunctional scaffold protein ALIX is 

involved in orienting the mitotic spindle. Correct mitotic spindle orientation is necessary to 

ensure that cell fate determinants are properly distributed between the two daughter cells, and 

spindle misorientation can lead to tumourigenesis. 

In addition, Lie-Jensen and colleagues studied cytokinetic abscission. Cytokinetic 

abscission is the physical separation of the newly formed daughter cells. ALIX is known to be 

involved in this process in human cells, and the work done in this thesis showed that ALIX 

promotes cytokinetic abscission in a multicellular context in Drosophila, and thus that its role 

in abscission is evolutionarily conserved.  

Enveloped viruses take advantage of cellular machineries to bud through and abscise from 

the plasma membrane of the infected cell. ALIX is known to be involved in this process. Lie-

Jensen and colleagues discovered that ALIX is recruited to the midbody during cytokinetic 

abscission in Drosophila via an analogous mechanism as during virus budding in human cells.  

Taken together, Lie-Jensen and colleagues have identified that ALIX plays an important 

role in both early and late phases of cell division in vivo. This work has thus shed light on how 

cells divide in a living organism, knowledge relevant for understanding diseases such as cancer.  
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Sammendrag 

Kroppen vår består av milliarder av celler. Cellene må dele seg for at et foster skal kunne 

utvikle seg, et barn skal vokse, et sår skal gro, eller for å vedlikeholde kroppens mange organer. 

Celledeling er altså helt grunnleggende for alt liv. 

Kreft er ukontrollert celledeling. Om celledelingen ikke går helt som den skal, kan dette 

føre til kreftutvikling. Derfor er forståelse for og kunnskap om celledelingens kompliserte og 

nøye regulerte prosesser viktig både for å forstå sykdommer slik som kreft, og for å forstå 

cellenes indre liv. 

Kunnskapen vi har om celledeling kommer i hovedsak fra forskning på cellekulturer som 

lever i en plastikkskål. Cellene i kroppen vår lever i samspill med andre celler og organer. De 

påvirker og kommuniserer med hverandre. For at vi skal få et godt bilde av hvordan cellene 

lever og deler seg, må vi studere disse prosessene i en levende organisme. Anette Lie-Jensen 

har derfor studert celledeling i bananfluer og rapportert funnene sine i avhandlingen «ALIX in 

cell division in vivo». 

Anette og kollegaene har fokusert på ett protein som heter ALIX i sine studier. De har funnet 

ut at ALIX er viktig både i tidlige og sene faser av celledelingen. Samlet sett har dette arbeidet 

resultert i ny kunnskap om hvordan celler deler seg i en levende organisme. Arbeidet har også 

understreket hvor nyttig bananflua kan være for å forstå grunnleggende prosesser, som 

celledeling, i en multicellulær organisme.  
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Introduction 

The human body is built up by trillions of cells. The cells in our body need to divide for a 

tissue to grow, develop, heal or maintain homeostasis. Cell division is the process where one 

cell divides and gives rise to two daughter cells. Cell division is a complex and tightly regulated 

process where the DNA first gets duplicated, then distributed equally between the two daughter 

cells, before the daughter cells are finally physically separated.  

As a fundamental process supporting life, knowledge about cell division is important to 

understand a variety of diseases, including cancer. Over the last decades, the development of 

new and sophisticated techniques has led to many important findings, which have shed light on 

various aspects of cell division. However, many questions remain unanswered. For example, 

many of the molecular details of cell division remain to be elucidated, and how cell division is 

regulated in the context of multicellular tissues in a living organism is poorly understood.  

This thesis aims to answer some of these questions by using the fruit fly Drosophila 

melanogaster as a model organism. By using microscopy techniques, genetic, molecular and 

biochemical approaches, these studies aim to provide new insight into cell division, focusing 

on the multifunctional scaffold protein ALIX (ALG-2 interacting protein X) and associated 

proteins in early cell division and cytokinetic abscission. 

The cell division cycle  

Cells reproduce by going through the cell cycle. The cell cycle in eukaryote cells can be 

divided into four phases: G1, S, G2 and M (Figure 1)2.  In G1 the cell grows and accumulates 

nutrients.  If the cell has enough nutrients and gets proliferation signals, the cell enters S-phase 

where DNA and other important cellular components, such as the centrosome, are duplicated. 

Next, the cell enters G2, which is a new growth phase. G1, S and G2 together make up interphase. 

Most cells spend the majority of their time in interphase. The cell will finally enter M-phase, 

where the condensed chromatids get segregated into nascent daughter cells2. 

As the cell progresses through the cell cycle, the cell has to pass through several cell cycle 

checkpoints (Figure 1). The checkpoints ensure the sequential events of the cell cycle, and 

surveil whether critical events have been completed correctly before the cell transitions into the 

next stage. The main task for the checkpoints is to protect the integrity of the DNA. If 

aberrations are detected by the checkpoints, the cell is arrested until the problem is resolved. If 

the aberrations are major, the cell can undergo programmed cell death, termed apoptosis3,4.  
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The first checkpoint is the G1/S checkpoint (Figure 1). This checkpoint checks energy 

reserves, cell size, presence of growth factors and senses DNA damage. If DNA damage is 

detected, the DNA damage repair pathway is activated, and the cell cycle halts. The Intra-S 

checkpoint halts the cell cycle progression in the case of replication errors (Figure 1)3,5. The 

G2/M checkpoint detects DNA damage after replication and prevents entry into M-phase in the 

case of unreplicated DNA or DNA damage6.  Before segregation of the chromosomes into the 

forming daughter cells, the spindle assembly checkpoint (SAC) ensures that every sister 

chromatid is properly attached to the mitotic spindle (Figure 1)7. Lastly, the abscission 

Figure 1. The cell division cycle. The cell cycle consists of four phases; G1, S, G2, and M. G1, S and 

G2 together make up interphase and here the cell grows and replicates the DNA (blue) and centrosomes 

(red dots). M-phase can further be subdivided into six stages. M-phase starts with prophase where the 

nuclear envelope breaks down, the DNA is condensed into chromosomes and the centrosomes travel to 

opposite sides of the nucleus. The chromosomes start moving during prometaphase and are eventually 

aligned in metaphase. In anaphase, the chromatids are separated to opposite poles by the mitotic spindle 

(red lines) and the contractile ring (green) forms at the centre of the cell. The contractile ring contracts 

during telophase until a thin intercellular bridge with a midbody (green) is formed. The two daughter cells 

are finally separated during cytokinetic abscission and can enter a new cycle or go into a resting phase, G0. 

To progress through the cell cycle, the cell has to pass through several cell cycle checkpoints (red arrows). 

These checkpoints ensure that the major events of the previous stages have been successfully completed 

before the cell can enter the next phase. 
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checkpoint or NoCut checkpoint controls cytokinesis and halts abscission in the presence of 

chromatin bridges or other stresses such as defective nuclear pore complexes (NPCs) or high 

membrane tension within the intercellular bridge (ICB) (Figure 1)8.   

Progression through the G2/M checkpoint relies on the CDK1 (Cyclin Dependent Kinase 

1)/Cyclin B complex. During G2, CDK1 is kept in an inactive form by phosphorylation by the 

kinases PKMYT1 (Protein kinase, membrane associated tyrosine/threonine 1) and WEE1. As 

the cell approaches M-phase, the phosphatase CDC25 (Cell Division Cycle 25) 

dephosphorylates CDK1, resulting in CDK1 activation. Activated CDK1 is able to bind Cyclin 

B, which leads to entry into M-phase. The CDK1/CyclinB complex can, in turn, inactivate 

PKMYT1 and WEE1 and activate CDC25, resulting in positive feedback loops that shift the 

equilibrium towards more activated CDK1/Cyclin B complexes3,9. 

Upon DNA damage, one of the main effects of the CDK1/Cyclin B complex is inactivation 

of CDC25, leading to the arrest of the cell in G2
10. The tumour suppressor p53 can also inhibit 

and disassociate the CDK1/cyclin B complex as a response to DNA damage11. Once the DNA 

damage is repaired, the cell can escape the cell cycle arrest, a process termed checkpoint 

recovery. This is dependent on the PLK1 (Polo-like kinase 1)-mediated activation of CDC2512.  

By phosphorylating condensin, lamins and microtubule-associated proteins (MAPs), the 

CDK1/Cyclin B complex promotes chromosome condensation, nuclear membrane disassembly 

and spindle formation, all early events of cell division6,13,14. 

Cell division 

Cell division starts as the cell enters M-phase. M-phase can be divided in two: mitosis, the 

nuclear division, and cytokinesis, the division of the cytoplasm. Mitosis starts with prophase, 

whereas cytokinesis starts at late anaphase. 

In prophase, the cells round up, the duplicated DNA is condensed into chromosomes and 

the nuclear membrane is dissolved. The duplicated centrosomes travel to opposite sides of the 

nucleus to generate the two spindle poles where the mitotic spindle starts assembling (Figure 

1).  

In prometaphase, the microtubules (MTs) reach towards MTs emanating from the opposite 

centrosome, or for the chromosomal kinetochores and the chromosomes start moving (Figure 

1). In metaphase, the chromosomes are aligned in the metaphase plate, and each sister 

chromatid in every chromosome is attached to a MT from opposite centrosomes (Figure 1).  

The end of metaphase is regulated by the SAC (Figure 1). During the SAC, unattached 

kinetochores will assemble a mitotic checkpoint complex (MCC). The MCC inhibits CDC20, 
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making it unable to activate the APC/C (Anaphase-promoting complex/cyclosome). The 

APC/C needs to be activated for the cell to exit metaphase. The APC/C promotes 

polyubiquitination and proteasomal degradation of Cyclin B, leading to inactivation of the 

CDK1/Cyclin B complex. In addition, the APC/C promotes degradation of securin, which leads 

to the release of the enzyme separase. Separase can then cleave the cohesion ring that holds the 

sister chromatids together, resulting in anaphase onset15.  

In anaphase, the sister chromatids are pulled to opposite poles of the cell by shortening of 

the MTs attached to kinetochores. The MTs attached to MTs from the opposite pole lengthen, 

resulting in elongation of the dividing cell. The contractile ring, consisting of actomyosin, is 

established, and the cell can proceed to telophase (Figure 1).   

In telophase, the nuclear envelope is reformed, and the contractile ring starts to contract, 

creating a furrow ingression, which separates the cytoplasm into two compartments (Figure 1). 

The MTs are bundled together, and the daughter cells are connected by a thin membrane stalk, 

termed the ICB. The contractile ring and the bundled MTs transforms into a midbody, a 

platform and scaffold for the abscission machinery. After progression through the abscission 

checkpoint, the daughter cells are physically separated during cytokinetic abscission (Figure 

1)8,16,17.  

The cell cycle is a universal strategy for cells to reproduce, but different cell types have 

developed modifications and adjustments to this basic strategy. For example, not all cells go 

through complete cytokinesis but stay interconnected via stable ICBs to be able to easily share 

material and communicate18. This is true for the development of germ cells in a variety of 

species ranging from humans to flies19.  Cell division can also halt in a regulated way earlier in 

the cell cycle, before the contractile ring starts to contract, to produce polyploid cells20.  

Hepatocytes, cardiomyocytes, and megakaryocytes are examples of polyploid cell types.  

However, cell division can also fail in an unregulated way, which can give rise to genome 

instability, and possibly contribute to tumourigenesis20,21. 

Regulation of the mitotic spindle orientation in metaphase 

The mitotic spindle is a key structure in the dividing cell. The mitotic spindle ensures that 

the genetic material is distributed equally between the two daughter cells, and the orientation 

of the spindle defines the axis of division. Anchoring the mitotic spindle in the correct 

orientation is therefore crucial for the dividing cell22. In vivo, the position of the mitotic spindle 

impacts the daughter cell fates after asymmetric cell division23,24, and can affect the 

development and morphogenesis of the tissue after symmetric divisions22,24. 
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The mitotic spindle is made up of MTs. MTs are cylindrical filaments consisting of dimers 

of α- and β-tubulin25. MTs are highly dynamic and can rapidly be assembled, disassembled and 

severed. MTs are polarised structures, where α-tubulin is exposed at the minus end, whereas 

the β-tubulin exposed end is called the plus end. In the mitotic spindle, the minus end faces the 

microtubule-organizing centre (MTOC), whereas the plus end reaches out into the cell. The two 

ends behave differently with regards to dynamics. The minus end is more stable and does not 

grow or shrink as easily as the plus end26.   

The MTs of the mitotic spindle are divided into different subpopulations, which have 

different roles in the mitotic cell. Kinetochore MTs reach for the chromosomal kinetochores, 

interpolar MTs reach for MTs from the opposite centrosome and the astral MTs reach for the 

cell cortex22. The astral MTs can further be divided into polar astral MTs that reach for the 

cortex at the cell poles and equatorial astral MTs that reach for the equatorial cortex (Figure 

3)27.  

MTs are organized and nucleated at MTOCs. In most cell types, the centrosomes function 

as MTOCs during cell division, but the chromosomes, the nuclear envelope, the Golgi, the 

plasma membrane and pre-existing MTs can also function as MTOCs in different cell types 

under various conditions28.  

The centrosome 

The centrosome consists of two centrioles connected with a flexible linker, and a matrix, 

called the pericentriolar matrix (PCM), which surrounds the centrioles. Centrosomes in 

interphase cells have little PCM, but as the cell prepare to enter mitosis, the centrosomes mature 

and begin to recruit large amounts of PCM. The matured PCM consists of hundreds of proteins, 

including factors that nucleate and organize MTs, signalling molecules and cell cycle 

regulators29. Thus, the centrosomes function as regulatory centres during mitosis30. 

This expansion of the PCM is called centrosome maturation. One of the major aims of 

assembling a mature and expanded PCM is to more efficiently nucleate and organize MTs29. 

Centrosome maturation is well studied in flies, and fly cells achieve centrosome maturation and 

expansion of the PCM by first setting up a PCM scaffold. This scaffold can, in turn, recruit 

PCM components from the cytoplasm29. Asl (Asterless), Cnn (Centrosomin) and Spd-2 

(Spindle defective-2) are three of the crucial players in this context29,31,32. Asl localizes to the 

mother centriole in Drosophila embryos and recruits Spd-2. Spd-2, together with Asl, then 

recruit Cnn32. Cnn is only recruited after direct phosphorylation by the kinase Polo, the 

Drosophila homolog of PLK131. Cnn then plays a role in maintaining Spd-2 at the PCM, and 
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hence these two proteins make up a positive feedback loop32. Pericentrin-like protein (Plp) 

interacts with Cnn to make the PCM more robust, and loss of Plp gives defects in the mitotic 

assembly of the PCM33.  

Similar mechanisms for setting up a PCM scaffold are also found in C. elegans, although 

no homologs for Asl or Plp have been identified in this species29. The human homologs of Cnn, 

Spd-2, Plp and Polo are CEP215 (centrosomal protein of 215 kDa, also called CDK5RAP2 

(CDK5 regulatory subunit-associated protein 2)), CEP192, Pericentrin and PLK1. These 

proteins have crucial roles in mitotic PCM recruitment in human cells, but whether a PCM 

scaffold is set up, like in flies and worms, remains unclear, but likely29,34,35.  

MTs are nucleated by the γ-Tubulin Ring Complex (γ-TuRC). γ-tubulin within the γ-TuRC 

make up a single helical turn, which serves as a template for α/β-tubulin dimers to make MTs36. 

How γ-TuRC is recruited to the PCM remains somewhat unclear, but various proteins have 

been implicated in this process in different cell types and species28,36. Drosophila Cnn37, and 

human CEP21538, CEP19235 and Pericentrin39 are among the identified factors involved in γ-

TuRC recruitment to the PCM.  

Orienting the mitotic spindle 

Proper orientation of the mitotic spindle is particularly important during asymmetric cell 

division. Asymmetric cell division is when the two daughter cells take on different 

developmental fates (Figure 2). Stem cells often undergo asymmetric cell division to produce 

a new stem cell and a daughter cell that will undergo differentiation. If the spindle is 

misoriented, the two daughter cells will get a more similar fate, and the result can be two 

daughter cells with self-renewing capacity23,24,40,41.  This, in turn, can lead to overgrowth of the 

tissue and might be involved in driving carcinogenesis23,29,42-45.  

Astral MTs are central in anchoring the mitotic spindle in the correct orientation during 

mitosis. Astral MTs are nucleated at the centrosome and reach for the cell cortex, where they 

interact with force-generating factors to orient the spindle correctly. Spindle orientation can 

therefore be affected by different aspects of astral MT regulation, including nucleation and 

stabilization22. 

These force-generating factors make up a core cortical machinery, consisting of three 

conserved proteins: Gαi, LGN (leucine-glycine-asparagine, also called G-protein-signaling 

modulator 2, GPSM2) and NuMA (nuclear mitotic apparatus). The Drosophila homolog of 

LGN is called Pins (Partner of inscuteable), whereas the homolog for NuMA is called Mud 

(Mushroom body defect)22,24. Gαi attaches to the plasma membrane and to LGN/Pins46-50. 
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LGN/Pins in turn, binds NuMA/Mud, which interacts with dynein51-55. Dynein can exert pulling 

force on the astral MTs until the spindle is properly aligned. 

Aberrant nucleation of astral MTs is known to contribute to spindle misorientation22. For 

example, mouse cells lacking Pericentrin, both in tissue and in culture, display spindle 

misorientation56. The astral MTs are both shorter and fewer in these cells, whereas polarity 

markers are not affected, suggesting that failed nucleation of the astral MTs is the reason for 

the misorientation of the mitotic spindle56. 

The stability and dynamics of the astral MTs affect the orientation of the mitotic spindle22. 

The stability of MTs can be affected by post-translational modifications, such as acetylation57, 

or through interactions with MAPs26,58. MAPs bind the plus ends of MTs to prevent catastrophe 

or decorate the MTs to prevent interactions with severing proteins26. For example, depletion of 

EB1, a regulator of MT stability, leads to misorientation of the mitotic spindle59.  

The orientation of the mitotic spindle can be directed by geometrical cues. Over 120 years 

ago it was argued that cells orient their spindle along their longest axis60, which is proven true 

for many cell types22. However, most cells use other or additional mechanisms to orient their 

mitotic spindle.  

The daughter cells from asymmetric cell division can obtain differential fates either by 

intrinsic or extrinsic signals (Figure 2)24. Intrinsic mechanisms are when factors inside the cell 

determine the orientation of the spindle, whereas extrinsic mechanisms imply that signals from 

outside the dividing cell are the determining factor.  

An example of cells that uses intrinsic mechanisms to position the spindle is the Drosophila 

neuroblasts (NBs)23. During embryonic and larval stages of fruit fly development, the NBs 

divide asymmetrically to give rise to a new, self-renewing NB and a smaller cell, called 

ganglion mother cell (GMC). The GMC will divide once more, before the daughter cells 

differentiate and give rise to two differentiated neurons in the adult fly brain. In Drosophila 

NBs, different polarity regulators and cell fate determinants are sorted into different poles of 

the cell slightly before the mitotic spindle is set up, and in that way, the two daughter cells 

inherit different determinants and can develop differently. If the spindle mispositions, the 

determinants will not distribute properly between the daughter cells, resulting in two cells that 

develop more similarly (Figure 2)23,24.  
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The male and female germline stem cells (mGSCs and fGSCs) in Drosophila both rely on 

extrinsic mechanisms to position the spindle correctly. The GSCs receive signals from 

neighbouring cells, called the stem cell niche, which restricts differentiation. The GSCs divide 

in such a way that that the mitotic spindle orients perpendicular to the stem cell niche and one 

of the daughter cells loses contact with the niche and starts differentiation41. If the mitotic 

Figure 2. Orienting the mitotic spindle. Misorientation of the mitotic spindle in 

asymmetrically dividing cells can alter the fate of the daughter cells. Left: Cellular factors (green 

and purple), e.g. proteins or RNA, can be positioned to different poles of the cell prior to division. 

When the mitotic spindle orients correctly, the components are distributed differently in the two 

daughter cells, and the daughter cells take on different developmental fates. If the spindle is 

misoriented, the factors will be distributed more equally and the daughter cells get similar 

developmental fate. Right: Asymmetric cell division can also be obtained by extrinsic signals (right 

panel). Cells in the surroundings, often called the niche, give the dividing cell signals that affect the 

development, but upon cell division, one cell loses contact with the niche and takes on a different 

fate. If the spindle is misoriented, both daughter cells stay interconnected with the niche and hence 

get similar fates. 
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spindle misorients and becomes more parallel to the niche, both daughter cells can remain in 

contact with the stem cell niche and continue dividing (Figure 2)40,41.   

The orientation of the mitotic spindle is also important for symmetric cell divisions. In 

monolayered epithelia, cells orient their spindle so that both daughter cells end up in the plane 

of the tissue22. However, studies find that, for many tissue types, cells born outside the layer 

simply reintegrate or degenerate and die. It therefore seems like the position of the spindle is 

not crucial for maintaining the epithelial monolayer24. However, the correct orientation of the 

mitotic spindle is important for the expansion of epithelia, and thus for tissue expansion and for 

morphogenesis22,24. Anchoring the mitotic spindle in the correct orientation is therefore 

important for cells that undergo symmetric, as well as asymmetric cell division22. 

The central spindle, cleavage plane and contractile ring  

As the cell leaves metaphase and enters anaphase, the mitotic spindle goes through a 

dramatic reorganization and forms a structure called the central spindle25,61,62. Subsequently, 

the cleavage plane is established and a contractile ring is formed. Cytokinesis is initiated as the 

contractile ring starts to contract and the cytoplasm is divided between the two nascent daughter 

cells16.  

Assembly of the central spindle  

The central spindle is made by bundling of antiparallel, interpolar MTs and/or formed de 

novo63-66. Motor proteins, protein kinases and MAPs accumulate at the central spindle and this 

event is important for proper regulation of downstream events66. 

Three essential factors are crucial for the assembly of the central spindle: PRC1 (Protein 

regulator of cytokinesis 1), the centralspindlin complex and the Chromosomal Passenger 

Complex (CPC)66. At anaphase onset, PRC1 becomes active and makes a homodimer that 

selectively binds and bundles antiparallel MTs16. PRC1 is restricted to a narrow region of 

antiparallel MTs, termed the midzone, by the kinesin KIF4A (kinesin family member 4A). 

Depletion of KIF4A leads to broadening of the midzone25,67. 

Another central player in the assembly of the central spindle is the evolutionarily conserved 

centralspindlin complex61. The centralspindlin complex is a heterotetramer consisting of an 

MKLP1 (Mitotic Kinesin-Like Protein 1, also called KIF23) dimer and a RACGAP1 (Rac 

GTPase Activating Protein 1) dimer25,68. The Drosophila homolog of MKLP1 is Pavarotti (or 

Pav-KLP), whereas the C. elegans homolog is called ZEN-4 (zygotic epidermal enclosure 

defective-4). The Drosophila homolog of RACGAP1 is called Tumbleweed (or RacGAP50C) 
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and the C. elegans homolog is CYK-4 (cytokinesis defect-4). In this thesis, MKLP1 and 

RACGAP1 are used when discussing general concepts, whereas the specific names are used 

when discussing specific orthologues. 

The centralspindlin complex localizes to the plus ends of antiparallel MTs at the onset of 

anaphase, and is crucial for the bundling of MTs to assemble the central spindle61,69,70. The 

centralspindlin complex cooperates with other MAPs and motor proteins to achieve this 

task25,61.  

The mechanistic details of how the centralspindlin complex bundles MTs remain to be fully 

understood61. Recent studies on this matter contradict each other71,72. Earlier studies showed 

that neither MKLP1 nor RACGAP1 could bundle MTs independently61,64,73. However, Tao et 

al. showed that Pavarotti indeed can bundle MTs without the presence of Tumbleweed, but that 

the motor activity of Pavarotti and hence the localization to the central spindle is dependent on 

the interaction with Tumbleweed71. This is in contrast to other studies that have shown that the 

binding of RACGAP1 to MKLP1 negatively regulates the motor activity72,74. However, it seems 

likely that the binding of RACGAP1 to MKLP1 gives a regulatory conformational change in 

MKLP1 that is important for proper function, and hence the assembly of the central 

spindle71,72,74.  

The third factor important for assembly of the central spindle is the CPC. The CPC consists 

of Aurora B as the catalytic subunit together with INCENP (inner centromere protein), survivin 

and borealin25. The CPC localizes to centromeres during metaphase, but relocalizes to the 

central spindle during anaphase66. The CPC might be directly involved in bundling of MTs, but 

the best-established role is through regulation of other factors25,66. At the central spindle, the 

CPC regulates both PRC175 and the centralspindlin complex76,77 by phosphorylation. The 

phosphorylation of MKLP1 by CPC allows oligomerization of the centralspindlin complex, and 

is thus crucial for successful cytokinesis77. 

The three central spindle factors PRC1, centralspindlin and CPC are interdependent on each 

other, and loss of one of them results is defective localization of the others25. However, the cells 

are not equally dependent on all three factors to achieve successful cytokinesis16,25. Many cell 

types can go through cytokinesis upon loss of PRC1, whereas loss of centralspindlin or the CPC 

inhibits assembly of the central spindle and disrupts cytokinesis25. 

Positioning of the cleavage plane  

The cleavage plane is where the two daughter cells are going to be physically separated. 

The cleavage plane is generally defined by signals emerging from the central spindle, astral 
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MTs or both78,79, and is formed between the separating chromosomes. In this way, chromosome 

segregation and cytokinesis are coordinated, ensuring proper distribution of the duplicated 

chromosomes. 

The precise mechanisms that allow the accurate positioning of the cleavage plane are not 

completely understood16, but different models are proposed: mitotic spindle-independent 

mechanisms, polar relaxation, astral stimulation, and central spindle signalling (Figure 3)64. 

The syncytial divisions in Drosophila embryos is an example of a cell type that defines the 

cleavage plane independent of the mitotic spindle64. However, in most cell types, the mitotic 

spindle defines the positioning of the cleavage plane63,78-80.  

The polar relaxation model involves signals emerging from the polar astral MTs, which 

induces relaxation of the cortex (Figure 3). The polar astral MTs have more contact with the 

polar cortex than the equatorial cortex, and hence the result is more contraction around the 

equator64. This model gains support from experiments from different cell types in various 

organisms64,81,82, but the polar relaxation model cannot explain the results obtained by 

experiments that alter the spindle positioning or cell shape. Therefore it is thought that cells use 

redundant mechanisms to position the cleavage plane64,81,82. 

The concept of astral stimulation assumes that some signals travel along the equatorial astral 

MTs, and that this signal accumulates at the equatorial cortex (Figure 3)64. This model is 

elegantly supported by Rappaport’s iconic “torus-experiment”83. In this experiment, Rappaport 

Figure 3. Positioning the cleavage plane. Schematic representation of three of the models used for 

explaining the positioning of the cleavage plane. Polar relaxation involves signals emerging form the polar 

astral MTs. These signals gives an inhibitory effect on constriction, and hence relaxes the cortex at the 

poles. In the astral simulation model the equatorial astral MTs gives signals that promotes constriction at 

the equator of the cell, whereas in the model of central spindle stimulation, these signals emerge from the 

central spindle. 
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deformed a sand dollar zygote by using a glass needle. The mitotic spindle then formed on one 

side of the needle, and the cell divided between the segregating chromosomes, generating a 

horseshoe-shaped cell. This argues against a polar relaxation model and shows that the 

interaction between the equatorial astral MTs and cell cortex is important64. 

In smaller cell types, the central spindle seems to play a role in setting up the cleavage 

plane64,84. This model involves that stimulatory signals emerging from the central spindle reach 

the cell cortex and set up the cleavage plane (Figure 3). Many of the components believed to 

have a role in setting up the cleavage plane are observed both at the central spindle and at the 

equatorial cell cortex64.   

A recent study in Drosophila cells showed that the centralspindlin complex localized to the 

plus end tips of astral MTs globally in the cell before anaphase onset27. Upon anaphase onset, 

the centralspindlin localization was lost from the polar astral MTs, but retained at the equatorial 

astral MTs27. This shows how both the polar relaxation, astral stimulation and central spindle 

signalling can function simultaneously.   

Many cell types use several of these strategies to a varying degree and the current hypothesis 

is that these models are redundant mechanisms17,64,77,84. Correct positioning of the cleavage 

plane is crucial for successful cytokinesis and maintaining genome stability, and it is therefore 

no surprise that this process possesses redundancy and flexibility77. 

Assembly and constriction of the contractile ring 

Regardless of how the cleavage plane cues reach the equatorial cell cortex, the cleavage 

plane and furrow ingression are defined and initiated by activation of the small GTPase RhoA77.  

A narrow zone of activated RhoA accumulates at the site of furrow ingression, and this 

accumulation is sufficient to induce furrow formation77,85. RhoA activation is mediated by the 

RhoGEF (Rho Guanine nucleotide Exchange Factor) ECT-2 (epithelial cell-transforming 

sequence-2)61,64,86,87. ECT-2 exists in an autoinhibited form in the cell and needs to first be 

activated77. This activation is done by the centralspindlin complex. Upon phosphorylation by 

PLK1, ECT-2 can bind to RACGAP1 to be activated at the proper location77,87-89. In addition, 

recent studies have shown that RhoA can be activated in a PLK1-independent manner, and that 

the centralspindlin complex also can activate ECT-2 with the help of Aurora B90. 

RhoA at the cell equator will now activate several effectors necessary for contractile ring 

formation17,61,64,91. The contractile ring is composed of myosin II, actin and septin filaments and 

assembles directly beneath the plasma membrane17,77.  
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RhoA activates the contractile ring components through two pathways. RhoA interacts with 

and activates formins that in turn stimulate nucleation of linear actin filaments 17. Additionally, 

RhoA activates ROCK1 (Rho associated coiled-coil containing protein kinase 1), a myosin light 

chain kinase, which leads to activation of myosin II17,87.  

How the contractile ring is tethered to the cell membrane and to the central spindle remains 

to be fully elucidated. Both the centralspindlin complex and a scaffold protein named Anillin 

have been implied in this92,93. The centralspindlin complex is shown to interact with the plasma 

membrane through the C1-domain in RACGAP1, and in that way linking the central spindle to 

the membrane92.  

Anillin is anchored to the plasma membrane by three cooperating membrane-interacting 

elements94. Firstly, Anillin has two lipid-binding domains, namely the C2-domain and the PH-

domain, and secondly, Anillin interacts with the membrane-anchored RhoA87,94. Anillin 

interacts with several components of the central spindle and contractile ring, including actin, 

myosin II, septins and the centralspindlin complex16,17, and is therefore thought to play an 

important role in linking the cortex to the contractile ring87,93.  

When assembled and active, the contractile ring starts to contract. How the force for this 

contraction is generated remains poorly understood95, but it is believed that it is a result of 

sliding of actin and myosin II filaments16,17. 

As the contractile ring contracts, the cytoplasms of the forming daughter cells get separated, 

but since the contractile ring is on the inside of the cell membrane it cannot physically separate 

the two daughter cells. The densely packed MTs spanning between the two cells complicates 

the physical separation even further.  

Cytokinetic abscission 

The process that physically separates the two cells is termed cytokinetic abscission. At late 

stages of cytokinesis, the nascent daughter cells remain interconnected by an ICB with a dense 

structure in the middle, termed the midbody (or Flemming body) (Figure 4)96. The midbody 

anchors the plasma membrane and serves as a platform for the assembly of the abscission 

machinery17. The ICB continues to narrow, whereas the midbody retains its initial diameter of 

1-2 µm, resulting in secondary ingressions on both sides of the midbody. The subsequent 

abscission is performed at one or both secondary ingressions16,17,97. An evolutionarily 

conserved molecular machinery98,99, the Endosomal Sorting Complex Required for Transport 

(ESCRT) machinery, plays a key role in the final abscission100-102. 
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Maturation of the intercellular bridge and midbody formation 

As the contractile ring reaches a diameter of 1-2 µm it matures into a midbody ring (Figure 

4). The midbody ring together with densely packed, antiparallel MTs, derived from the central 

spindle, make up the midbody16,17. The midbody and the flanking ICB must mature before 

abscission can occur, and the midbody and ICB can persist for hours before the cells are finally 

separated. In Drosophila fGSCs for example, 

abscission is not preformed until G2 of the next 

cell cycle97,103. 

Upon formation of the midbody and ICB, 

the components of the central spindle and 

contractile ring locate to defined domains 

within the midbody. For example, PRC1 and 

KIF4 localize to antiparallel tubules in the 

midbody core, Aurora B is flanking the 

midbody, whereas several other components 

such as MKLP1, Anillin and RhoA localize to 

the midbody ring16,104. MKLP1 might have 

important roles in late stages of cytokinesis by 

maintaining a robust central spindle and hence 

a proper midbody structure. Recently it was 

reported that dephosphorylation of MKLP1 by 

the phosphatase PP1 is important for successful 

cytokinesis105. 

The plasma membrane composition and 

membrane trafficking in the ICB play important 

roles in cytokinetic abscission. The plasma 

membrane of the ICB contains 

phosphoinositides (PIs). PIs are phosphorylated 

derivates of the membrane lipid 

phosphatidylinositol. They localize to distinct 

cellular membranes, giving them identity and 

can recruit specific proteins. The PIs are crucial 

for membrane trafficking in the cell, but play 

Figure 4. Maturation of the intercellular 

bridge. Maturation of the intercellular includes 

disassembly actin filaments, fusion of vesicles, 

formation of secondary ingressions and 

clearance of MT filaments. MT = microtubule. 
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also important roles in cytokinetic abscission106,107. PI(4,5)P2 (Phosphatidylinositol 4,5-

bisphosphate) is crucial for formation and constriction of the contractile ring and for 

stabilization of the ICB107-109. The localization of cytokinesis factors such as Anillin, RhoA and 

RACGAP1 is dependent on PI(4,5)P2
92,93,107,108. Once the ICB is formed, PI3P 

(Phosphatidylinositol 3-phosphate) accumulates in the ICB, and this contributes to the 

recruitment of one of the central abscission factors and members of the ESCRT machinery, 

CHMP4B (charged multivesicular body protein 4B)107,110. 

The ICB contains a substantial amount of vesicles (Figure 4), and many factors required 

for tethering and fusion of vesicles are important for completion of cytokinesis111-114. Hence, 

early models for cytokinetic abscission involved fusing of vesicles to generate separating 

membranes111,112. However, it is more likely that the involvement of vesicles in cytokinetic 

abscission is connected to the maturation of the ICB, as the vesicles disappear long before 

abscission occurs115. Instead of vesicle fusions, the ESCRT machinery is responsible for 

constriction and abscission of the two newly formed daughter cells100-102,115,116. However, 

vesicle transport and fusion remain important for cytokinetic abscission, and studies have 

shown that fusion of Rab11FIP3 (Rab11 family interacting protein 3)-positive recycling 

endosomes is required for formation of the secondary ingression and therefore might be 

involved in recruitment of the ESCRT machinery97,117,118. 

Cytoskeleton rearrangements are important for the maturation of the ICB119. Septins have 

been considered to be a fourth type of cytoskeleton and are GTP-binding proteins that assemble 

into hetero-oligomeric complexes, bundles, rings and filaments120. Septins link the midbody 

ring to the plasma membrane, and this is important for stabilization of the ICB and is achieved 

through interactions with Anillin16,121-124. Anillin is required for the complete closure of the 

contractile ring to form the midbody ring, for shedding of membranes, and hence for the 

maturation of the ICB and the midbody16,123,124. Anillin and Septins are also involved in setting 

up the secondary ingression, and for proper localization of the ESCRT machinery124,125. 

F-actin filaments have to be cleared from the ICB before abscission (Figure 4)119. Firstly, 

the oligomerization of F-actin is limited by the PI(4,5)P2 phosphatase OCRL 

(Oculorerebrorenal syndrome of Lowe)126. OCRL is recruited to the ICB by Rab35 (Ras-related 

in brain 35)126. PI(4,5)P2 promotes actin oligomerization127, and since OCRL lowers the 

PI(4,5)P2 concentration within the ICB, accumulation of F-actin is prevented126. Rab35 also 

binds and activates the oxidoreductase MICAL1 (Microtubule associated monooxygenase, 

Calponin and LIM domain containing 1) and recruits it to the abscission site128. MICAL1 
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oxidizes residues on F-actin, leading to actin depolymerization128,129, which is necessary for 

recruitment of the abscission machinery and for successful abscssion128. In addition, the actin 

capping protein regulates actin polymerization during cytokinetic abscission130. Loss of this 

protein results in incorrect recruitment of the ESCRT machinery and abscission failure130. 

MTs are locally removed from the secondary ingression site by the MT-severing AAA 

ATPase Spastin (Figure 4)115,131-134. In addition, Spastin-independent, buckling-induced MT 

severing has also been suggested97. 

As the ICB is properly matured and the secondary ingressions are established, the physical 

separation of the daughter cells can occur.  

Molecular mechanisms of abscission 

The central machinery mediating the final cut during cytokinetic abscission is the ESCRT 

machinery. The ESCRT machinery remodels and cuts membranes that are budding away from 

the cytosol119,135-137.  

The ESCRT machinery can be divided into three different complexes; ESCRT-I, ESCRT-

II and ESCRT-III (Table 1)136. The ESCRT-I complex consists of the core components TSG101 

(Tumor susceptibility gene 101), VPS28 (Vacuolar protein sorting 28) and VPS37, in addition 

to the accessory proteins MVB12A/B (Multivesicular body subunit 12A/B) and UBAP1 

(Ubiquitin associated protein 1)138. The ESCRT-II complex has the shape of the letter Y and is 

built up by VPS22, VPS36 and two copies of VPS25139. The ESCRT-III complex consists of 

small proteins, often referred to as CHMPs. The CHMPs polymerize to helical, membrane-

bound filaments. There are in total twelve CHMPs in human cells: CHMP1A/B, CHMP2A/B, 

CHMP3, CHMP4A/B/C, CHMP5, CHMP6, CHMP7 and IST1 (Increased sodium tolerance 

1)140.  

An important recruiter of the ESCRT machinery during cytokinetic abscission in human 

cells is CEP55. CEP55 localizes to the centrosomes during interphase but relocalizes to the 

midbody during cytokinesis141. CEP55 is recruited to the midbody by interacting with the 

centralspindlin component MKLP1 (Figure 5)142.  

The function of CEP55 during cytokinetic abscission is regulated by phosphorylation. 

CEP55 is phosphorylated by CDK1, MAPK1 (mitogen-activated protein kinase 1) and 

PLK1141,143. As already discussed, PLK1 has multiple roles earlier in cell division12,29,77,87-89,144, 

but as the cell exits mitosis and enters cytokinesis PLK1 is degraded145. The phosphorylation 
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of CEP55 by PLK1 inhibits interaction 

with MKLP1, and thus prevents 

premature midbody recruitment of 

CEP55143.  

The ESCRTs are, together with 

ALIX, critical players in cytokinetic 

abscission. In human cells, CEP55 binds 

and recruits ALIX and the ESCRT-I 

component TSG101 (Tumour 

Susceptibility Gene 101) to the midbody 

by interacting with GPPX3Y-motifs in 

their proline-rich regions (PRRs) (Figure 

5)100-102,146.  

ALIX and TSG101, in turn, recruit 

the ESCRT-III complex100,102,116,147. 

ALIX can directly bind the ESCRT-III 

subunit CHMP4B via the Bro1-

domain100,102,148, whereas TSG101 

recruits the ESCRT-II-complex, which in 

turn recruits ESCRT-III (Figure 5)147. In 

addition, it is shown that Septin 9 binds 

TSG101 and that Septin 9 is important for 

proper and orderly recruitment of the 

ESCRT-III complex to the midbody and 

abscission site125. And recently, a study 

revealed that an interaction between 

ALIX, Syntenin-1 and Syndecan-4 is important for recruitment of ALIX, and therefore also the 

ESCRT-III-complex, to the secondary ingression149. 

The ESCRT-III complex spirals towards the abscission site, and constricts and narrows the 

membrane neck115,116,150-153. The ESCRT-III subunit CHMP1B recruits the tubulin-severing 

enzyme Spastin115,131,133,134. One of the ESCRT-III subunits, CHMP4C, can be recruited to the 

midbody by directly interacting with the centralspindlin component MKLP1154. The ESCRT-

Figure 5. The central molecular machinery for 

cytokinetic abscission in human cells. The 

centralspindlin complex, consisting of RACGAP1 

(yellow) and MKLP1 (blue), recruits CEP55 (green) to 

the midbody during cytokinetic abscission. CEP55 

interacts directly with MKLP1. CEP55 can in turn 

interact with ALIX (red) and TSG101 (purple), which 

are the recruiters of the ESCRT-III complex (dark 

purple spiral). The ESCRT-III filament constricts the 

membrane and recruits the AAA ATPase VPS4 

(orange). 
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III complex is constantly remodelled by the AAA ATPase VPS4, which also disassembles and 

recycles the ESCRT-III complex, and hence drives membrane modelling (Figure 5)155-159.  

Incomplete cytokinesis 

Many cell types rely on incomplete cytokinesis and the formation of stable ICBs. This is 

true for the development of both male and female germ cells in organisms ranging from 

Drosophila to mice and humans18,19. In addition, stable ICBs are important for some somatic 

tissues. For example, stable ICBs are formed during embryogenesis in C. elegans and these are 

involved in orienting the mitotic spindle in the next round of cell division160. In Drosophila, 

somatic stable ICBs can be found in larval imaginal disc epithelia and the ovarian follicle cell 

epithelium18.   

The function of stable ICBs is believed to be communication and coordination of the cells, 

ensuring synchronization of cell division or differentiation. The stable ICBs are formed by the 

arrest and stabilization of the cleavage furrow, but the molecular mechanisms for this, and what 

determines whether the cell will go through complete or incomplete cytokinesis remain largely 

unknown18. 

The abscission checkpoint 

To avoid chromosomal damage, furrow regression and multinucleation, the abscission 

checkpoint delays abscission in the presence of chromosome bridges in the ICB8. Presence of 

chromatin in the ICB during abscission can lead to furrow regression and tetraploidy161, or to 

breakage of the chromatin and formation of micronuclei162-164. 

To prevent furrow regression upon activation of the abscission checkpoint, the ICB needs 

to be stabilized. F-actin is believed to play an important role in this161, and a recent publication 

shed light on the mechanism behind this165. The human methionine sulfoxide reductase B2 

(MsrB2) counteracts MICAL1 and favours polymerization of F-actin in the ICB upon 

checkpoint activation. This results in stabilization of the ICB in the presence of chromatin 

bridges or defective NPCs165. 

The molecular mechanisms of the abscission checkpoint are still not completely understood, 

but the catalytic unit of the CPC, the protein kinase Aurora B, is the central player of the 

abscission checkpoint. Sustained Aurora B activity can delay abscission for hours8,161. Firstly, 

Aurora B phosphorylates MKLP1 to stabilize the ICB and prevent furrow regression161. 

Secondly, Aurora B phosphorylates the ESCRT-III component CHMP4C, which then forms a 
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complex with ANCHR (Abscission/NoCut checkpoint regulator) and VPS4 to retain VPS4 

from the abscission zone162,166. 

The phosphorylation of CHMP4C by Aurora B is in close proximity to the interaction motif 

for ALIX162. This raises the possibility that the abscission checkpoint signalling directly affects 

the interaction between CHMP4C and ALIX. Thus, ALIX might be one of the important factors 

in the abscission checkpoint8,147. 

In addition, the kinase ULK3 (Unc-51 like kinase 3) is also phosphorylated by Aurora B. 

ULK3, in turn, phosphorylates several other components of the abscission machinery, including 

IST1 and CHMP4C167. Phosphorylation of IST1 resulted in enhanced interaction with VPS4, 

and it was therefore suggested that the interaction between VPS4 and IST1 is inhibitory for 

VSP4, resulting in delayed abscission167,168. ULK3 also phosphorylates CHMP4C in close 

proximity to the VPS4-interacting region167, and thus might affect the affinity for VPS48. 

Taken together, CHMP4C, ANCHR and ULK3, all dispensable for unperturbed 

cytokinesis, seem to delay abscission for hours upon cytokinetic stress8. 

The postmitotic midbody 

Following abscission, the midbody can transform into a midbody remnant or postmitotic 

midbody169,170. The midbody can be abscised on one side and inherited by the daughter cell it 

remains attached to, or it can be abscised on both sides, a process termed midbody release, and 

subsequently be engulfed by cells in the surroundings170,171. The postmitotic midbody can 

function as a signalling organelle, that modulates various aspect of cellular polarity and 

proliferation172. 

Accumulation of midbody remnants in the cell has been associated with stemness, 

proliferation and tumourigenesis171-174. However, this seems highly tissue-dependent. For 

example in Drosophila, GSCs behave differently in regards to inheritance of the postmitotic 

midbody depending on the gender of the fly. The mGSC releases the postmitotic midbody, 

whereas the fGSC retains it175. 

The postmitotic midbody has been implied in setting up the polarity of the daughter cells 

by functioning as a polarity cue170,176,177 or by affecting the orientation of the mitotic spindle178. 

However, the role of the postmitotic midbody in spindle orientation remains highly 

controversial as another study failed to confirm this179. Furthermore, the postmitotic midbody 

has been implied in formation of primary cilia180. 

Even though many questions still remain unanswered, the midbody’s role in cytokinetic 

abscission is fairly well understood. However, understanding the biology of postmitotic 
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midbody is a rather new area of research and many aspects of this remain to be elucidated, 

especially in vivo.  

The ESCRT machinery in 

cytokinetic abscission in 

vivo 

The current knowledge about 

cytokinetic abscission is mainly 

obtained from cultured human 

cells, but other systems have also 

been studied. Model organisms are 

emerging as powerful models to 

understand the regulation of 

cytokinetic abscission in different 

cell types and tissues in 

vivo16,87,122,181-183. 

Regulation of cytokinetic 

abscission via the ESCRT 

machinery has been confirmed in 

different cell types in various 

model organisms100-102,122,181,182, 

184-188. Interestingly, homologs of 

ESCRT-III subunits and VPS4 

have been identified in some 

Archaeal species, and these 

homologs have been implied to 

play a role in cytokinetic 

abscission184-186. This suggests an 

ancestral role for the ESCRT 

machinery in cytokinesis.  

Plants encode many of the 

ESCRT components189. Loss of 

ELC, the homolog of TSG101, or 

overexpression of a dominant-

ESCRT 

complex 
H. sapiens D. melanogaster 

ESCRT-I 

TSG101 TSG101 

VPS28 Vps28 

VPS37A Vps37A 

VPS37B 

Vps37B VPS37C 

VPS37D 

UBAP1 CG10435 

MVB12A 
Mvb12 

MVB12B 

ESCRT-II 

VPS25 (or EAP20) Vps25 

VPS22 (or EAP30 

or SNF8) 
lsn 

VPS36 (or EAP45) Vps36 

ESCRT-III 

CHMP1A 
Chmp1 

CHMP1B 

CHMP2A Vps2 

CHMP2B CHMP2B 

CHMP3 Vps24 

CHMP4A 

Shrub CHMP4B 

CHMP4C 

CHMP5 Vps60 

CHMP6 Vps20 

CHMP7 --- 

IST1 CG10103 

ESCRT-

associated 

proteins 

ALIX (or 

PDCD6IP) 
ALIX 

VPS4 VPS4 

 

Table 1. Overview of the ESCRT subunits and 

associated proteins, and their homologs in H. sapiens and 

D. melanogaster. 
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negative VPS4 leads to multinucleated cells in Arabidopsis, indicating that the ESCRT 

machinery might play a role in cytokinesis also in plants187,188. 

The ESCRT machinery has been implicated in cytokinetic abscission in invertebrates. In 

the nematode C. elegans, loss of ESCRT-I/TSG101 leads to delayed abscission in embryonic 

cells, but it is not clear whether the ESCRT pathway is the only mechanism for cytokinesis in 

C. elegans122,181.  

The work preformed in this thesis, together with another study, showed that Shrub, the 

homolog of the ESCRT-III subunit CHMP4, and ALIX play an important role in the regulation 

of cytokinetic abscission in D. melanogaster182. Alongside this work, others have also shown 

that ESCRT-III is crucial for cytokinetic abscission in the fly, both in mGSCs and in cultured 

cells121,190.  

Even though the ESCRT machinery is conserved across species, the number of paralogs 

differs. For example, human cells have three different CHMP4 paralogs (CHMP4A, CHMP4B 

and CHMP4C), whereas Drosophila only has Shrub (Table 1). In addition, not all species have 

the complete machinery present in their genome. For example, Archaea have only homologs 

for VPS4 and one ESCRT-III subunit184 and Drosophila seems to be missing a homolog for 

CHMP7 (Table 1). 

The majority of key cell division and cytokinesis factors are evolutionarily conserved from 

Drosophila to humans. However, the midbody organizer CEP55 is lacking in the fruit fly and 

in other invertebrates, such a C. elegans87,100,122. 

Cultured human cells are the most used system for studying cytokinesis and cytokinetic 

abscission. The knowledge obtained from cultured human cells is essential and provides a 

robust framework for understanding this process. However, as previously discussed, 

cytokinesis is regulated differently in different cell types and organisms20. The time various cell 

types spend to complete cytokinesis differs, and some cell types even stay interconnected with 

an ICB18,19. In addition, many cell types divide asymmetrically79. In a multicellular organism, 

the cells have to coordinate their divisions and communicate with each other191,192. It is 

therefore important to expand our knowledge about cytokinesis and cytokinetic abscission in 

different cell types in multicellular organisms. 

Cell division and cancer 

Regulation and deregulation of the cell cycle play an important role in cancer 

development193. Abnormalities in cell division may give rice to carcinogenesis, and an 

important mechanism for this is by promoting aneuploidy21 and chromosomal instability194. 
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Aneuploid cells have abnormal chromosome number21, whereas chromosomal instability 

involves loss or rearrangement of the chromosomes in the cell194.  

Centrosome and spindle orientation errors 

Over a century ago it was first postulated that centrosome aberrations promoted 

tumourigenesis44. The primary hypothesis was that extra centrosomes would lead to faulty 

distribution of the chromosomes after mitosis, hence leading to aneuploidy and chromosomal 

instability44. Later, experimental results from Drosophila showed that centrosome dysfunction 

indeed caused tumours, but surprisingly that this was not due to genomic instability195. Another 

study showed that extra centrosomes truly promoted tumourigenesis, but that the effect was 

limited196. This limited effect was due to the fact that extra centrosomes can cluster together 

and eventually form bipolar spindles196. In addition, in mice, aneuploid cells that had arisen 

from segregation errors often went through apoptosis, resulting in cell death, not 

overproliferation197.  

In contrast, mispositioning of the mitotic spindle might lead to overgrowth and subsequently 

cancer, at least in flies23,29,42-45. This is due to faulty distribution of polarity cues and cell fate 

determinants, which in turn will alter the self-renewing capacity of the daughter cells44,195,196. 

For example, mud-deficient flies show overgrowth of the brain tissue as a result of 

misorientation of the mitotic spindle51. In mammalian cells, it still remains to elucidated 

whether spindle misorientation leads to overgrowth44. 

Segregation errors during metaphase can result in lagging chromosomes. Lagging 

chromosomes might not end up in the primary nuclei, but instead be encapsulated into a 

micronuclei198. The nuclear membrane of the micronuclei is fragile and does not protect the 

chromosome properly199. This can lead to a variety of genomic alternations, including 

chromothripsis198. Chromothripsis is a catastrophic event where chromosomes are shattered 

into pieces and rearranged200. Chromothripsis has been observed in a variety of cancers, 

including bone cancers201 and pancreatic cancer202 

Lagging chromosomes can also result in chromosomes that span the ICB, called chromatin 

bridges. As already discussed, cytokinesis in the presence of a chromatin bridge will most likely 

end up with abscission delay as a consequence of the abscission checkpoint8,161. However, 

lagging chromosomes can lead to furrow regression and tetraploid cells161, or even double-

strand breaks in the DNA, structural aneuploidy and translocations163.  
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Tetraploidy and aneuploidy 

Aneuploidy is a characteristic of cancer cells as the majority of human solid tumours have 

aneuploid cells21,203. Detection of aneuploid cells is therefore an important strategy for cancer 

diagnosis, determination of prognosis and choice of treatment20.  

Tetraploid cells have four copies of each chromosome, and tetraploidy can serve as a 

starting point for aneuploidy21,204. Generally, the proliferation capacity of aneuploid cells is 

inhibited by tumour suppressor genes, such as p53205. However, many cancer cells are deficient 

for p53, leading to proliferation of aneuploid cells, resulting in increased chromosome 

instability and cancer progression21.  

Failure of cytokinesis might lead to tetraploidy21. Cytokinesis can fail in a number of ways, 

and it is shown that loss of many of the factors that regulate furrow ingression and central 

spindle formation leads to cytokinesis failure21. Depletion of abscission factors such as CEP55 

or ALIX also leads to tetraploidy100-102,141,142,147. A polymorphism in the ESCRT-III subunit 

CHMP4C (CHMP4CT232) is associated with increased risk for several cancers206. This 

polymorphism impairs the interaction between CHMP4C and ALIX. This blocks the abscission 

checkpoint which in turn will lead to increased genomic instability upon cellular stress206.  

Regulation of cell division is tightly connected to chromosome integrity and cancer 

development, however, the causality between aneuploidy and cancer remains uncertain20. Even 

though many cancer cells display aneuploidy and aberrant cytokinesis it still remains uncertain 

whether these processes can promote tumourigenesis on their own.  

CEP55 – more than a regulator of cytokinesis 

CEP55 is a coiled-coil protein with a homodimerization domain in the N-terminus207. The 

C-terminal domain targets both the centrosomes and the midbody, whereas the hinge region 

between the two domains harbours the ESCRT- and ALIX-binding region (EABR)146,173. The 

EABR binds GPPX3Y-motifs in ALIX and TSG101100,102,146. 

The centrosomal localization of CEP55 is independent of MTs, and CEP55 seems not to be 

involved in the nucleation of MTs207. However, CEP55 has been shown to have MT-bundling 

activity in vitro142, but the significance of this function remains to be elucidated173. 

As already discussed, CEP55 recruits both ALIX and TSG101 during cytokinesis100-102,146. 

ALIX and TSG101 bind the EABR with similar affinity and thus compete to interact with 

CEP55146.  In addition to recruiting ALIX and TSG101, CEP55 also interacts with a number of 

other factors important for cell division142.  
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CEP55 is most highly expressed in tumours, the thymus and the testis207. In mice, the 

successful development of germ cells in the testis relies on incomplete divisions and the 

formation of stable ICBs208. These ICBs are formed as a result of the interaction between CEP55 

and TEX14 (Testis Expressed Gene 14). TEX14 has a GPPX3Y-motif and competes with ALIX 

and TSG101 to interact with CEP55. An interaction between CEP55 and TEX14 thereby blocks 

the interaction between CEP55 and ALIX/TSG101, resulting in halted abscission and 

generation of stable ICBs209. 

CEP55 has been implied in the biology of the postmitotic midbody. CEP55 was, together 

with ALIX and TSG101, shown to be involved in midbody release210. The postmitotic midbody 

may be degraded by autophagy, and CEP55 is involved in this174. Overexpression of CEP55 

resulted in decreased degradation of postmitotic midbodies, probably through sequestering of 

the autophagic receptor NBR1 (Neighbor of BRCA1 gene 1) in the cytoplasm174. Accumulation 

of postmitotic midbodies is associated with increased proliferation and tumourigenesis171-174.  

The PI3K (Phosphatidylinositol 3-kinase)/AKT pathway is a major prosurvival pathway, 

which is dysregulated in multiple cancers211. CEP55 forms a complex with and activates PI3K, 

resulting in activation of the PI3K/AKT pathway to promote survival212, cell migration and 

invasion213. 

The expression of CEP55 is regulated by, among others, FOXM1 (Forkhead box M1) and 

p53214,215. Overexpression of FOXM1 is found in many cancers216. FOXM1 directly drives 

expression of CEP55, and CEP55 can enhance expression of FOXM1 in a positive feedback 

loop173,214. p53 is a major tumour suppressor and is altered in the majority of human cancers217. 

p53 negatively regulates expression of CEP55131.  

CEP55 is generally expressed at low levels in the cells, but overexpressed in a number of 

human cancers207, including breast218, prostate219, colon220 and lung cancer213. A number of 

pathways are dysregulated in CEP55-overexpressing tumours, however increased 

multinucleation has not been reported173. Considering the roles of CEP55 in cell division, cell 

survival, migration, invasion and association with known oncogenes and tumour suppressors, 

it is no surprise that CEP55 has been identified as a prognostic marker. Overexpression of 

CEP55 in the tumour is associated with poor prognosis213. Expression levels of CEP55 may be 

clinically useful in predicting prognosis, therapeutic response and malignancy risk173, and 

efforts have even been made to develop CEP55-based cancer vaccines221. 
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The multifunctional scaffold 

protein ALIX  

ALIX, or PDCD6IP (Programmed cell 

death 6 interacting protein), is an 

evolutionarily conserved scaffold protein that 

consists of three distinct domains (Figure 

6)222. The N-terminal Bro1-domain is banana-

shaped, whereas the central V-domain consists 

of two arms forming the letter V222. The C-

terminal PRR is intrinsically disordered223. 

ALIX can homodimerize through multiple ALIX-ALIX contact sites in the V-domain and 

PRR100,224-227. In human cells, ALIX is normally present in a closed conformation223,228-230. This 

closed conformation is obtained by an interaction between the Bro1-domain and the PRR, 

making many of the interaction surfaces in ALIX inaccessible223,229.  The conformation can be 

changed from a closed to an open conformation by a Ca2+-dependent interaction with ALG-2 

(Apoptosis-Linked Gene-2)230 or by phosphorylation of the residues S718 and S721 in the 

PRR223. The protein kinases responsible for these phosphorylations remains to be elucidated, 

but PLK1 and PRKD1 (Protein kinase D1) have been proposed223. 

ALIX is considered as an ESCRT-associated protein (Table 1), and the majority of known 

cellular roles of ALIX are achieved in symphony with the ESCRT machinery (Figure 7). ALIX 

can bind and recruit the ESCRT-III complex and hence plays an important role in many ESCRT 

functions (Figures 5 and 7). 

ALIX and the ESCRT machinery  

The ESCRT machinery is involved in numerous cellular processes that are topologically 

equivalent to cytokinetic abscission. Common for all ESCRT functions is the ultimate 

recruitment of the ESCRT-III filament that can constrict and abscise membranes from the 

cytosolic side in cooperation with VPS4136. However, how ESCRT-III is recruited to the 

budding membranes, which ESCRT-III subunits are important and how this is regulated differs 

from membrane to membrane and from process to process136. ALIX is crucial for the 

recruitment of ESCRT-III in a number these of processes. 

Figure 6. ALIX domain structure. ALIX 

consists of an N-terminal Bro1 domain (green), a 

central V-domain (red) and a C-terminal proline-

rich region (PRR, purple). 
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The ESCRTs were first discovered for their role in endosomal receptor sorting and the 

formation of intraluminal vesicles (ILVs) (Figure 7)231-237. Following this, it was shown that 

these proteins also play an important role in budding of enveloped viruses238-240 and in 

cytokinetic abscission (Figure 7)100-102. During the last decade, the number of different ESCRT 

functions discovered at cellular membranes has increased rapidly, ranging from repair of the 

plasma241,242, nuclear243,244 and lysosomal245,246 membrane, to sealing of the autophagosome247-

249, nuclear envelope reformation250,251, microvesicle formation252-254, neuron pruning255,256, 

removal of defective NPCs257 and other aspects of virus biology258-267 (Figure 7). As a 

multifunctional cellular machinery, the ESCRT machinery has been associated with several 

pathologies, including neurodegenerative diseases and tumourigenesis268,269. 

ALIX in virus biology  

Many types of viruses hijack the ESCRT machinery to perform tasks necessary for their 

biology136,270. Some viruses depend on ESCRTs to deliver toxins or nucleic acids to the 

cytoplasm of the target cell258-262, move through cellular membranes263,264, make replication 

compartments265-267 or to bud out of the infected cell238-240. 

ALIX plays a role in infection and intoxication of several toxins and pathogens258-262,271. To 

achieve this, it seems like the pathogens hijack the function of the ESCRT machinery in the 

multivesicular endosome (MVE) pathway, and promotes back-fusion of ILVs with the limiting 

membrane of the endosomes258-262,271.  

Figure 7. Cellular functions of ALIX. ALIX is a scaffold protein that has been implicated in a 

range of different cellular functions. Known cellular functions of ALIX are illustrated. ESCRT-

dependent functions are marked with a purple spiral. ILV = IntraLuminal Vesicle.  
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The ESCRT machinery has also been shown to be involved in the formation of replication 

compartments, which is necessary for the replication of some viruses265-267 (Figure 7). No 

membrane scission event is needed for this process, but the ER or peroxisome membrane is 

invaginated to make a protected environment and to concentrate factors needed for virus 

replication265-267. ALIX has been implicated in this process265,266.   

Some viruses, for example herpes and Epstein-Barr virus, replicate and package their virus 

particles in the nuclear space. The virus particles exit the nucleus by budding through the inner 

nuclear membrane, followed by fusion with the outer nuclear membrane, releasing the particle 

in the cytosol. This budding through the inner nuclear membrane is shown to be dependent on 

ALIX (Figure 7)263,264.  

Even though multiple roles for ALIX and the ESCRT machinery in virus biology have been 

discovered the recent years, the best studied viral ESCRT function is budding of newly formed 

enveloped viruses from the plasma membrane of the infected cell.  

Virus budding 

Enveloped viruses take advantage of the ESCRT machinery to bud through and abscise 

from the plasma membrane of the infected cell136,238-240,270.  The role of the ESCRT machinery 

in virus budding is evolutionarily conserved, and homologs of CHMP4 and VPS4 are implied 

in virus biology in Archaea272. 

The recruitment of the ESCRT machinery during virus budding is achieved by the structural 

viral Gag protein238,239. The Gag proteins contain specific motifs that can recruit different 

components of the ESCRT machinery and NEDD4 (Neural precursor cell expressed, 

developmentally down-regulated 4) family E3 ubiquitin ligases. These motifs are termed late 

domains (L-domains)270. The P(S/T)AP L-domain recruits TSG101238,239, the PPXY-motif 

recruits NEDD4 family E3 ubiquitin ligases273,274, whereas ALIX is recruited by (L)YPXnL-

222,275-279 or LXXLF- motifs224,280-283 (Figure 8).  

Many viruses display several different L-domains. For example, HIV-1 (Human 

immunodeficiency virus-1) has both a PTAP and an (L)YPXnL/LXXLF L-domain224,281. Virus 

budding is primarily achieved via the PTAP-motif, but upon loss of this motif, overexpression 

of ALIX can rescue virus budding222,284. Murine leukaemia virus (MLV) possesses all three 

classes of L-domains, however the PPXY-motif is most dominant285. The possession of 

multiple L-domains gives the viruses robustness and ensures virus budding in the event of loss-

of-function mutations in the L-domains. In addition, multiple L-domains also broadens viral 
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tropism as different tissues can 

have differential expression levels 

of the necessary host factors270. 

TSG101 is recruited to the site 

of virus budding via its ubiquitin 

enzyme variant (UEV)-domain 

240. TSG101 then recruits ESCRT-

III, possibly by first recruiting 

ESCRT-II286-288 (Figure 8). This 

would be similar to what is shown 

for the ESCRT machinery in 

cytokinetic abscission147 and ILV-

formation156,289,290.  

The mechanism for recruiting 

the ESCRT machinery via PPXY L-domains remains uncertain270. It has been known for 

decades that ubiquitination is important for virus budding291, and the correlation between Gag 

ubiquitination and virus budding is strong in viruses that exhibit PPXY L-domains292. One 

hypothesis for how ubiquitination of Gag leads to recruitment of the ESCRT machinery is 

through recruitment of ESCRT-I or ALIX270 (Figure 8), as both have ubiquitin-binding 

activity227,293,294. The ubiquitination and ubiquitin-binding could be directly on Gag, but might 

also be achieved through other factors in proximity of the virus budding site270. Ubiquitination 

is central for PPXY L-domains, but is also important for the two other L-domain types. For 

example, TSG101 binding is enhanced upon ubiquitination of residues in close proximity of 

the P(S/T)AP-motif in HIV-1 Gag293, and the interaction between ALIX and ubiquitin is 

necessary for budding of different viruses294. 

ALIX has an evolutionarily conserved hydrophobic pocket on the second arm of the V-

domain222,276,280,283. This hydrophobic pocket is the interaction surface for the 

(L)YPXnL/LXXLF L-domains, and mutation of key residues in this pocket impairs ALIX-

dependent virus budding222,280. ALIX can directly bind and recruit the CHMP4 subunits of the 

ESCRT-III complex. ESCRT-III, together with VPS4,  is responsible for the scission event 

(Figure 8)148,222,224,284,295.  

Regardless of the L-domain type, all virus budding is dependent on the ESCRT-III complex 

and VPS4238,277,296. However, it seems like only CHMP2A and CHMP4B are crucial for virus 

Figure 8. Recruitment of ESCRT-III during virus 

budding. Schematic illustration of the L-domains and proteins 

involved in the recruitment of ESCRT-III to the site of virus 

budding. Solid lines represent established interactions, whereas 

dashed lines need further validation. 
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budding, whereas the remaining ESCRT-III subunits are dispensable or play accessory roles296-

298.  

Physiological host factors containing (L)YPXnL/LXXLF-motifs 

Virus proteins hijack cellular machineries, however few host factors are identified to 

contain (L)YPXnL/LXXLF-motifs that interact with the hydrophobic V-domain pocket in 

ALIX222,276,283,299,300. The first example identified is the homolog of ALIX in Aspergillus 

nidulans, called PalA. PalA binds a YPXL-motif in PacC, a protein involved in the fungal pH 

signal transduction pathway301.  

In addition, ALIX is shown to interact with (L)YPXnL-motifs in the G-protein coupled 

receptors (GPCRs) PAR1 (protease-activated receptor 1)302 and P2Y1
303. GPCRs are 

downregulated by first beeing endocytosed from the plasma membrane, before they are silenced 

by internalization into ILVs and sent for lysosomal degradation304. This internalization is 

mostly dependent on ubiquitination of the receptors, which leads to recruitment of ESCRT-0, 

and subsequently ESCRT-I and -II304,305. However, ALIX can bind both PAR1302 and P2Y1
303 

in a ubiquitin-independent manner, via (L)YPXnL-motifs, bypassing the need for ESCRT-0, -I 

and -II 302-305. ALIX then recruits ESCRT-III, leading to ILV formation and hence to the 

silencing of the receptors302.  

ALIX also bind (L)YPXnL-motifs in syntenin306. Syntenin is an adaptor for syndecans306. 

Syndecans are ubiquitous transmembrane proteins important for angiogenesis, development 

and inflammation307. The syndecan-syntenin-ALIX interaction is involved in ILV formation 

and controls formation of exosome vesicles306. 

A very recent study also showed that the interaction between Syndecan-4, Syntenin-1 and 

ALIX is important for cytokinetic abscssion149. This study showed that the interaction between 

ALIX, Syntenin-1 and Syndecan-4 is crucial for the localization and stabilization of ESCRT-

III filaments at the abscission site. Loss of either ALIX, Syntenin-1 or Syndecan-4 delayed 

abscission, linking the mechanisms of virus budding to cytokinetic abscssion149.  

ALIX at multivesicular endosomes 

MVEs are endosomes that contain ILVs (Figure 7). These vesicles are formed to sequester 

receptors and target them for degradation in the lysosome, or to generate vesicles for 

exocytosis308. Generation of ILVs is a task for the ESCRT machinery231.  

In addition to the already discussed ESCRT-I, -II and -III complexes, a fourth complex 

exists, namely ESCRT-0. ESCRT-0 consists of the subunits HRS (or HGS, hepatocyte growth 
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factor-regulated tyrosine kinase substrate) and STAM (Signal transducing adaptor molecule) 

and functions by recruiting ESCRT-I and -II during ILV formation235,236,309. The receptors 

destined for lysosomal degradation are often ubiquitinated, and ESCRT-0 can bind both PI3P 

on the endosomal membrane, ubiquitin on the receptors, and clathrin147,232,310-314. ESCRT-0 can 

therefore initiate sorting of the ubiquitinated cargo into microdomains of the early 

endosome311,313. ESCRT-I and -II can also bind ubiquitin and help sort the ubiquitinated 

receptors into ILVs138,289,315, before ESCRT-III and VPS4 are recruited to abscise the newly 

formed vesicle156,316,317.  

It has been uncertain whether ALIX plays a role in formation of ILVs308. Earlier studies 

showed that ALIX was dispensable for degradation of the epidermal growth factor receptor 

(EGFR)318,319. However, further studies showed that ALIX does play an important role in the 

degradation of the EGFR320,321. Internalization of EGFR into ILVs through ALIX is stress-

induced and ligand-independent321. The ALIX partner in regulation of apoptosis, ALG-2, seems 

to be involved in regulating ALIX in MVE sorting, providing a link between endosomal sorting 

and apoptosis223,230,322 

In addition, the yeast homolog of ALIX, Bro1, can bind ubiquitinated cargo and in that way 

bypass the need for ESCRT-0 in ILV formation323. It is not shown that human ALIX can bind 

ubiquitinated receptors for sorting them into ILVs, but ALIX can instead bind cargo destined 

for ILVs in a ubiquitin-independent manner, and hence recruit ESCRT-III to achieve MVE 

sorting302,303,324. As already discussed, this ubiquitin-independent interaction is achieved 

through interaction between (L)YPXnL-motifs and the hydrophobic pocket in the ALIX V-

domain. 

Late endosomes in vertebrates contain an atypical phospholipid, called LBPA 

(lysobisphosphatidic acid)325. LBPA is not found elsewhere in the cell and localizes to a 

different ILV population than PI3P312. ALIX interacts with LBPA and this interaction has 

implications for ILV formation and exosome biogenesis262,325,326. LBPA regulates endosomal 

cholesterol, and knockdown of ALIX decreases LBPA levels in the endosomes, which in turn 

reduces the cholesterol levels327.  

The interaction between ALIX and LBPA plays a role in the penetration of several toxins 

and pathogens into the target cell258-262. For example, the anthrax toxin depends on ALIX, 

LBPA and other ESCRTs to enter the cytoplasm of the affected cell258,259. In addition, the 

vesicular stomatitis virus (VSV) uses the ESCRT machinery, ALIX and LBPA to release viral 

RNA from ILVs in late endosomes into the cytoplasm260-262. The mechanisms for this remain 
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to be elucidated, but it involves back-fusion of ILVs with the limiting endosomal membrane258-

262. 

ALIX in exosome biogenesis 

Exosomes can be generated by fusing of MVEs with the plasma membrane and release of 

ILVs into the extracellular space. The functions of the ESCRTs in ILV formation is therefore 

also important for exosome biology136, and several ESCRT components, including ALIX, have 

been shown to play important roles in exosome biogenesis (Figure 7)306,328,329.  

Recently, it was discovered that reduced expression of ALIX leads to impaired 

downregulation of EGFR, resulting in high surface presentation and low exosomal presence of 

the programmed death-ligand 1 (PD-L1)330. This, in turn, resulted in high immunosuppression 

and consequently increased tumour growth, linking ALIX function, ILV formation and 

exosome biogenesis to tumourigenesis330. 

Exosomes can also be made by ESCRT-dependent budding of the plasma membrane, so 

called microvesicles252,331. ALIX has been implied in this process and shown to be important in 

Hedgehog-signalling that relies on this pathway (Figure 7)253. ALIX and other ESCRT 

components are therefore often present on secreted exosomes, and thus represent commonly 

used exosome markers136,332.  

ALIX in membrane repair 

Another ESCRT-dependent ALIX function, where ALG-2 is involved, is repair of the 

wounded plasma membrane (Figure 7)241,242. ALG-2 recruits ALIX to the wounded plasma 

membrane in a Ca2+-dependent manner. In turn, ALIX, together with TSG101, recruits the 

ESCRT-III complex to seal the plasma memebrane wound241,242.  

ALIX has also an important Ca2+-dependent function in repair of the wounded lysosomal 

membranes (Figure 7)245,246. Loss of ALIX alone did not have a pronounced effect on 

lysosomal repair, but depletion of both TSG101 and ALIX abolished recruitment of ESCRT-

III to the wounded lysosomal membrane and impaired lysosomal repair, resulting in increased 

apoptotic cell death245,246. This demonstrates that ALIX cooperates with TSG101 to recruit 

ESCRT-III to the wounded lysosomal membrane and achieve lysosomal repair245,246.  

Evidence that ALIX functions together with the other ESCRT complexes in repair of the 

nuclear membrane, nuclear envelope reformation or quality control of defective NPCs is 

missing250. 
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ALIX in the nervous system 

ALIX and ESCRTs are important in normal development and pathology of the nervous 

system in both humans, mice and flies255,256,333-335. Mutations in the ESCRT-III subunit 

CHMP2B is associated with amyotrophic lateral sclerosis (ALS), frontotemporal dementia 

(FTD) and a mixed ALS-FTD syndrome333,334,336,337.  

The ESCRT machinery could affect the nervous system in many ways, but among others, 

the ESCRT machinery and ALIX have been shown to be involved in neuron pruning (Figure 

7)255,256. Neuron pruning is the process where a neuron branch is cut off, without damaging the 

parental cell. This is a fundamental process for normal development of the nervous system. In 

addition, ALIX, CHMP2B and other ESCRTs are involved in reshaping the synaptic membrane 

of dendritic neurons by making stable ESCRT-III polymers, which is important for proper 

neural function338. 

ALIX in autophagy 

Autophagy is the engulfment of cytoplasmic content by a double-membrane phagophore. 

The phagophore is then sealed around the content to make an autophagosome. The 

autophagosome is transported to the lysosomes where the content is degraded and recycled339.  

Recent studies have shown that closure of the phagophore to an autophagosome is mediated by 

the ESCRT machinery247-249. The role of ALIX in autophagy is uncertain, as none of these 

pioneering studies examined whether ALIX plays a role in the closure of the phagophore247-249, 

and the first reports on this matter showed that ALIX did not have a role in autophagy340. 

However, recent studies have implied ALIX in basal autophagy (Figure 7)341.  

ESCRT-independent roles of ALIX 

ALIX was first identified for its role in apoptosis (Figure 7)342,343. Apoptosis is programmed 

and regulated cell death344. To induce apoptosis, ALIX interacts with ALG-2 in a Ca2+-

dependent manner342,343. Elevations of Ca2+ in the cell are known to induce cell death, and this 

is believed to be a final common pathway for different signals that regulate apoptosis344. ALIX 

and ALG-2 regulate apoptosis by functioning upstream of caspase 9 activation345. 

Extracellular ALIX is thought to be involved in integrin-mediated cell adhesions and 

assembly of the extracellular matrix (Figure 7)346. However, the exact mechanism for this 

remains unclear.  

ALIX has also been shown to be involved in the assembly of the actin cytoskeleton and 

interacts with both F-actin and other actin-associated proteins347-349. In symphony with this, 
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ALIX is shown to affect the positioning of endosomes in an actin-dependent manner350. The 

involvement of ALIX in the assembly of the actin cytoskeleton is also shown to affect the 

positioning of tight junctions in mouse epithelial cells348. Both integrin-mediated adhesions and 

assembly of the actin cytoskeleton will affect the morphology of the cell, and overexpression 

of ALIX promotes flattening of both HeLa cells and mouse fibroblasts351. 

ALIX has also been observed on the centrosomes (Figure 7)102, but what function ALIX 

plays here and if the centrosomal function is ESCRT-dependent have been unclear until the 

work done in this thesis. 

In summary, ALIX is involved in a multitude of processes throughout the cell (Figure 7). 

The majority of these processes are membrane shaping events where ALIX is involved in 

recruiting the ESCRT-III complex. In addition, ALIX plays different cytoskeletal-associated 

roles, and functions in apoptosis.  

Drosophila melanogaster as a model organism 

The fruit fly, Drosophila melanogaster, has been used in research for over a century. In the 

first decades, the fruit fly was mainly used to study chromosomes, inheritance and genes, 

leading to the expansion of our knowledge about classical genetics. Later on, the techniques 

advanced, giving researchers the opportunity to use the fly to study other aspects of biology352. 

The fruit fly is today used to study a range of physiological and cellular mechanisms. The 

fly is useful to study human health and disease as nearly 75% of human disease genes have an 

ortholog in the fly353,354. The fly is used to study ageing355, obesity356, and alcohol abuse357. 

Fruit flies have been sent up into space358 and are used to understand a great variety of 

diseases354 ranging from Parkinson359 to autism spectrum disorders360 and cancer45,361-364.  

Studying the fly can give us insight into the conserved cellular machineries and shed light 

on the adaptations gained throughout evolution. In addition, the fly has organs, that have 

functional counterparts in humans, making it possible to study diseases and cellular 

mechanisms in the context of a living multicellular organism365. 

The life cycle of the fly is short, making it a compelling model organism. The offspring is 

of abundance, the food is of low-cost and the maintenance level is fairly low352.  

The fly genome consists of only four chromosomes, making the genetics simple. In addition, 

the fly genome has less redundancy compared to the human genome, making it easier to 

elucidate the functions of genes. Balancer chromosomes enable the possibility of keeping stable 

stocks of complex genotypes without risking genetic recombination352. 
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More than one hundred years of fly research has given a vast toolbox of assays and 

protocols, enabling sophisticated studies of the disease or process of interest. In the year 2000, 

the fly genome sequence was published366,367 and this, together with the vast amount of acquired 

knowledge in the fly community, databases and interactive tools available, make the fruit fly 

an important model organism both historically and to date368. 

Genetic tools 

Drosophila research has pioneered in the development of genetic tools. Already in the 1920s 

X-ray induced mutagenesis was used in Drosophila with success369. Forty years later, the use 

of the mutagenic substance EMS (ethyl methane sulphonate) was demonstrated in 

Drosophila370. 

More recently, mobile genetic elements have been used to cause mutations in the fly 

genome. These mobile genetic elements are referred to as transposons, and Drosophila harbours 

a type of transposons called P-element. The P-element carries inverted repeats at its ends and 

contains one gene encoding a transposase specific for the P-element. The P-element can be 

inserted into genes, inducing loss-of-function mutations, or be excised, generating loss-of-

function mutations or removing parts of or the whole gene of interest. P-elements can also be 

used to insert specific transgenic constructs into the fly genome. The desired gene can be cloned 

into P-elements, and then injected into a fly embryo, to generate a transgenic fly line371. 

Many of the genetic tools utilized in Drosophila are based on the GAL4/UAS-system. This 

system is derived from yeast, and enables the possibility of expressing specific constructs in 

desired tissues or cell types, under specific developmental stages or time points, while keeping 

a wild type background. In an experimental cross, one parent will carry the GAL4 gene under 

the control of a specific promoter sequence. This promoter can be activated by an endogenously 

expressed activator. The other parent will carry a construct under upstream activating sequence 

(UAS)-control. The resulting offspring will contain both sequences, and here the endogenously 

expressed activator will bind the specific promoter and initiate expression of GAL4. Once 

expressed, GAL4 binds the UAS, which in turn drives expression of the downstream construct 

(Figure 9)368,372.  

The construct expressed under GAL4/UAS control can, for example, contain the gene 

sequence for tagged proteins, hairpin sequences for RNAi (RNA interference)-mediated 

depletion or components to perform CRISPR (clustered regularly interspaced short palindromic 

repeats)/Cas9373 gene manipulations. Libraries of UAS-controlled RNAi constructs have been 
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developed, enabling knockdown of the majority of Drosophila genes in the tissue or cells of 

interest, while keeping the wild type gene expression in the rest of the fly374-378. This can bypass 

the problems connected to essential genes, where a global knockdown would be lethal352,379.  

GAL4 stocks combined with various driver genes are easily accessible380. Two examples 

of widely used GAL4 stocks for expression in the Drosophila germline are nanos-GAL4 and 

bam-GAL4 (bag of marbles). Nanos is expressed in the germline stem cells (GSC) and 

differentiating germ cells, with the highest expression in 4 and 8 cell-cysts381. Bam is expressed 

in the differentiating germ cells, but not in the germline stem cells382.  

Studying cell division in Drosophila 

Drosophila research has over the past decades made important contributions to our 

understanding of cell division and cytokinesis383,384. Cultured Drosophila cells, Drosophila 

embryos, spermatocytes, Sensory Organ Progenitor (SOP) cells, NBs and both male and female 

GSCs have been proven powerful tools for studying cell division and cytokinesis in 

Drosophila80,182,183,190,384-392. In this thesis, cultured Drosophila cells, NBs and fGSCs are 

mainly used. 

Cultured Drosophila cells 

Cultured Drosophila cells, commonly used in research, are the so-called Schneider 2 cells 

(also called S2 or D.mel2 cells). This cell line was established in 1972 and is derived from 20-

Figure 9. The GAL4/UAS-system. Parent A carries GAL4 (brown) under the control of a specific 

promoter (purple) and parent B carries the desired Gene X (green) under the control of the UAS promoter 

(red). The resulting offspring will express GAL4 in cells where the corresponding activator for the 

specific promoter is active. The GAL4 protein will then bind the UAS promotor, and this will activate 

the expression of Gene X. 
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24 hours old embryos. The true identity of these cells is unclear, but they are likely from a 

macrophage-like lineage and the cultures are heterogenic. The cells vary in size and 

morphology and have a tendency to become tetraploid393. However, the easy handling and 

simple protocols for preparing the cells for immunohistochemistry and live-cell imaging still 

makes these cells a compelling system to study cellular processes, including cell division384,385.  

S2 cells have been used to perform large scale RNAi screens to identify novel cytokinesis 

factors, and in that way contributed to expanding our knowledge about this fundamental cellular 

process389-391. In addition to large scale screens, cultured Drosophila cells have been used to 

identify important cytokinesis factors and mechanisms for early cytokinesis such as positioning 

of the cleavage plane, furrow formation, organization of the central spindle and assembly and 

constriction of the contractile ring 71,394-409. S2 cells have also been used for studying later stages 

of cytokinesis including ICB maturation and cytokinetic abscssion121,123,384,386,389,410,411. 

Drosophila neuroblasts 

As discussed previously, the NBs go through asymmetric cell division. During embryonic 

stages, NBs will divide 10-20 times, but when neurogenesis is finished, most NBs will enter 

quiescence.  The cells are reactivated and start dividing again during early larval stages. NBs 

divide to give rise to a new, self-renewing NB and a differentiating GMC. The GMC will divide 

once more to give rise to glial cells, neurons or both384,387.  

The Drosophila NBs are widely used to study cell division, especially to elucidate aspects 

of asymmetric cell division, centrosome biology and mitotic spindle orientation412-416. The NBs 

have short cell cycles, dividing every 60-90min, and can be easily identified with specific 

molecular markers. These cells are large and positioned on the surface to the brain, making 

them easily accessible for imaging384,387.  

The Drosophila female germline 

The well-characterized architecture, the relative simple organization and large size of the 

Drosophila ovaries make them a compelling system to study various aspects of biology. 

Numerous GAL4-, protein fusion- and RNAi-lines for this tissue have been developed and are 

easily available. Many protocols and assays have been developed, including protocols for live-

cell imaging417. 

Active areas of research in the female germline, in addition to cytokinetic 

abscission182,183,411, include stem cell biology418, stem cell niche419, stem cell regeneration420, 

follicle stem cell proliferation and maintenance421, asymmetric cell division and cell fate422, cell 
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cycle regulation423, meiosis424, epigenetics425, infectious microorganisms426, hormonal 

signals427, cancer therapy428 and many more.  

Most of the female Drosophila abdomen is occupied with a pair of ovaries. The ovaries 

consist of 16-20 ovarioles (Figure 10). The Drosophila ovariole can be divided into 14 

morphologically distinct stages429.  

The anterior structure in the ovariole is termed the germarium. The anterior tip of the 

germarium contains terminal filament cells, which are in contact with five to seven disk-shaped 

Figure 10. The Drosophila female germline. Top: The ovarioles consist of a germarium at the far 

anterior, followed by egg chambers of increasingly developed stages. The egg chambers are surrounded 

by a layer of follicle cells (light blue), and normally contains 15 nurse cells (brown), and one oocyte 

(yellow). The nurse cells and oocyte are interconnected by ring canals (green), and at the end of oogenesis, 

the nurse cells empty their content into the developing oocyte. The developed egg is at the posterior. 

Bottom: The germarium has terminal filament cells and cap cells (purple) at the anterior. The female 

germline stem cells (fGSCs) are in direct contact with the cap cells and are surrounded by escort cells 

(dark green). The fGSCs have a germline-specific organelle called spectrosome or fusome (magenta). In 

non-dividing cells, the spectrosome is spherical but develops to span through the midbody rings during 

the progressive stages of cell division. The fGSCs go through cell division with complete cytokinesis, 

resulting in a new  fGSC and a daughter cell called a cystoblast. The cystoblast goes through four rounds 

of cell division with incomplete cytokinesis, generating a 16 cell-cyst. One of the two cells that has four 

other germ cells connected to it will be specified as the oocyte. The fusome degrades and the germline 

cyst becomes encapsulated by follicle cells, buds of from the germarium and the newly formed egg 

chamber starts to mature.  
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cap cells. The cap cells make direct contact with two to four fGSCs with E-cadherin-containing 

adherens junctions. Escort cells have long cellular protrusions and wrap around the germ cells. 

The terminal filament, cap cells and escort cell are all somatic cell types, and together they 

make up the stem cell niche, giving the fGSCs signals to maintain the self-renewal 

capacity41,419. 

The fGSC divides asymmetrically with complete cytokinesis, giving rise to a new fGSC 

and a daughter cell called a cystoblast (CB). The CB leaves the stem cell niche and divides 

again with incomplete cytokinesis, giving rise to a 2 cell-cyst interconnected by an ICB called 

a ring canal (RC). The cells will then go through three additional rounds of cell division with 

incomplete cytokinesis, ultimately giving rise to a 16 cell-cyst (Figure 10). One of the two cells 

that has four other cells connected to it will become specified to be the oocyte41,103,417,419,430,431.  

The fGSCs have a germline-specific membranous organelle called the spectrosome or a 

fusome. The spectrosome and fusome are important for orienting the mitotic spindle in these 

cells, and loss of the spectrosome leads to randomized spindle orientation432.  

The spectrosome is spherical and adjacent to the cap cells in non-dividing fGSCs and during 

mitosis. Following contractile ring constriction, material from the spectrosome is transported 

to the midbody ring (MR) to form a fusome plug. The plug then grows and takes the shape of 

a bar. Eventually, the bar reaches and fuses with the spectrosome in the anterior of the cell, 

creating a fusome. The fusome now has the shape of a dumbbell. Upon cytokinetic abscission, 

the MR closes to form a midbody and the fusome narrows at this site, creating a fusome with 

the shape of an exclamation mark103,431,433,434. The plug, bar and dumbbell fusome is present 

during G1/S of the next cell cycle, whereas the fused and exclamations mark fusome is present 

during G2. Abscission happens in G2
433.  

At abscission, the fusome gets divided between the two daughter cells, with the largest 

portion staying in the fGSC. During the incomplete divisions of the cells in the germline cysts, 

the fusome spans through the RCs, thereby interconnecting all the cells within one cyst (Figure 

10)103,431. 

Following the four mitotic divisions with incomplete cytokinesis, the fusome degrades and 

the 16 cell-cyst gets encapsulated by a single layer of follicle epithelial cells. The newly formed 

egg chamber buds off from the germarium and grows and develops further to eventually form 

a mature egg (Figure 10)103,419.  

All follicle epithelial cells in one ovary are produced from two follicle stem cells (FSC), 

positioned at the midpoint of the germarium. The FSCs produce prefollicular cells, which will 
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encapsulate the newly formed egg chamber and continue to divide435. The prefollicular cells 

will continue to divide until the egg chamber reaches stage 6429. However, many of these 

divisions are incomplete, and the follicle epithelium consists of follicle cell clusters that are 

connected by stable ICBs436. 

Each egg chamber has one oocyte, whereas the other 15 cells develop into nurse cells. The 

nurse cells stay interconnected with each other and the oocyte via the RCs. The nurse cells are 

large polyploid cells, that provide mRNA (messenger RNA), proteins and nutrients to the 

developing oocyte. At the end of oogenesis, the nurse cells transport all their cytoplasmic 

content into the oocyte, which finally becomes a fully mature egg (Figure 10)437. 

Detection of abscission defects in Drosophila fGSCs 

If cytokinetic abscission is impaired or delayed during fGSC division, the CB will stay 

interconnected with the fGSC. Upon continued divisions with impaired or delayed abscission, 

so-called stem cysts form. Stem cysts are chains of cells where the fGSC remains 

interconnected with the daughter cells by a fusome and MRs. The cells in a stem cyst divide 

synchronously and do no express the differentiation marker Bam. Only the cell that is in contact 

with the cap cells expresses the stem cell marker p-Mad, whereas the whole cyst weakly 

expresses Nanos. Thus, the stem cysts have characteristics of both stem cells and germline 

cysts, giving rise to the name183,434. 

If abscission finally occurs, pinching off two or more cells, these cells will still go through 

four rounds of cell division with incomplete cytokinesis and give rise to germline cysts with 

32, 48, 64 or even more germ cells. The germline cysts will be encapsulated by follicle 

epithelium, resulting in egg chambers with the equivalent number of cells. The egg chambers 

with abnormal cell numbers will also have oocytes with an abnormal number of RCs and nurse 

cells connected to it. For example, an egg chamber with 32 germ cells will have five RCs 

connected to the oocyte182,183,434. 

Both the stem cysts and the egg chambers with abnormal cell/RC numbers are easily 

detectable in the microscope. Stem cysts can be visualised by staining nuclei, fusomes and 

MRs/midbodies in the germanium, whereas visualisation of abnormal egg chambers requires 

staining of RCs and/or nuclei. The straightforward detection, combined with the sophisticated 

genetic toolbox in Drosophila417, make the Drosophila female germline a powerful model 

system for studying cytokinetic abscission in vivo. 
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Aims and summaries 

The overall aim for the work done in this thesis was to expand our knowledge of the 

molecular mechanisms of cell division and cytokinesis in vivo. The focus of the work was to 

elucidate the roles of ALIX and associated proteins in early phases of cell divisions and 

cytokinetic abscission using Drosophila melanogaster as a model organism. 

Publication I 

ALIX and ESCRT-III coordinately control cytokinetic abscission during germline 

stem cell division in vivo. 

To expand the knowledge about the molecular mechanisms involved in cytokinetic 

abscission in a multicellular organism, we studied ALIX and the ESCRT-III subunit Shrub 

during cytokinesis in Drosophila fGSCs. Both ALIX and the human homolog of Shrub, 

CHMP4, are known to be crucial for cytokinetic abscission in cultured human cells, but it 

remained to be elucidated whether they play a role in a multicellular context in vivo. 

We uncovered that both ALIX and Shrub were required for normal abscission timing in 

fGSCs, and that ALIX interacted with Shrub via conserved residues in the Bro1-domain 

(Figure 11). ALIX and Shrub co-localized at the midbody ring and midbody during cytokinetic 

abscission in the fGSCs, and loss 

or depletion of either protein 

resulted in abscission defects.  

Abscission defects were also 

observed in fGSCs upon 

disruption of the interaction 

motif within ALIX for Shrub.  

Taken together, our data 

demonstrated that the direct 

interaction between ALIX and 

the ESCRT-III subunit Shrub is 

required for proper abscission in 

fGSCs (Figure 11), and that 

ALIX and ESCRT-III play an 

Figure 11. Graphical summary and model of Publication 

I. ALIX interacts with the ESCRT-III subunit Shrub (purple) via 

its Bro1-domain (green) at the midbody, to ensure proper 

cytokinetic abscission in Drosophila fGSCs. 
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evolutionarily conserved role in cytokinetic abscission in vivo. 

Publication II 

Antibody staining in Drosophila germaria. 

The Drosophila female germline is a powerful system for studying various biological 

processes in vivo. These processes range from stem cell biology and oocyte polarization to cell 

cycle regulation and cell division, including cytokinetic abscission. This publication aimed to 

summarize and share our knowledge on preparation of germaria for microscopy analysis. We 

gave an overview of useful antibodies, and showed how super-resolution microscopy could be 

performed in this tissue. The protocol described in this publication is used in both Publications 

I and IV. 

Publication III 

Centrosomal ALIX regulates mitotic spindle orientation by modulating astral 

microtubule dynamics. 

Initial observations that ALIX 

localized to the centrosomes 

(Publication I) generated the 

question of what role ALIX plays at 

this structure. This study therefore 

aimed to elucidate the function of 

centrosomal ALIX during 

metaphase. 

We confirmed that ALIX 

localizes to the centrosomes both in 

Drosophila and human cells. ALIX 

was recruited to the centrosomes, 

and specifically the PCM,  by Spd-2 

in Drosophila cells and by the 

homolog CEP192 in human cells 

(Figure 12). Furthermore, we 

demonstrated that ALIX plays an 

important role in orienting the 

mitotic spindle in asymmetrically 

Figure 12. Graphical summary and model of 

Publication III. ALIX (pink) is recruited to the PCM 

(purple) by Spd-2 in Drosophila cells, and the homolog 

CEP192 in human cells (dark yellow). ALIX in turn, recruits 

γ-Turc (green) to facilitate nucleation of astral MTs (red). 

ALIX regulates stabilization of the astral MTs by interacting 

with MAP1S (light yellow). Centrosomal ALIX is involved 

the orientation of the mitotic spindle in both in symmetrically 

and asymmetrically dividing Drosophila cells and 

symmetrically dividing human cells. 
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dividing stem and epithelial cells and symmetrically dividing epithelial cells in Drosophila, as 

well as in human epithelial cells. Mechanistically, we elucidated that ALIX promotes correct 

mitotic spindle orientation by facilitating the formation of astral MTs. ALIX regulated the astral 

MTs in an ESCRT-independent manner by promoting efficient MT nucleation via recruitment 

of γ-tubulin to the centrosomes (Figure 12). ALIX also stabilized MTs by recruiting MAP1S 

(Figure 12). Loss of ALIX resulted in defective formation of astral MTs, which led to an 

abnormal orientation of the mitotic spindle. 

Taken together our results demonstrated that ALIX plays an evolutionarily conserved role 

at the centrosomes to nucleate and stabilize the astral MTs and in this way anchor the mitotic 

spindle to the cell cortex and promote correct mitotic spindle orientation during metaphase.   

Publication IV 

Centralspindlin recruits ALIX to the midbody during cytokinetic abscission in 

Drosophila via a mechanism analogous to virus budding. 

Almost all identified 

cytokinesis components in 

human cells are conserved in 

Drosophila, with one major 

exception; CEP55. CEP55 is a 

key regulator of cytokinesis, 

known to recruit ALIX and 

TSG101 to the midbody in 

human cells. In light of our 

previous findings that ALIX 

plays an important role at the 

midbody during cytokinetic 

abscission in Drosophila fGSCs 

(Publication I), this study aimed 

to elucidate how ALIX is 

recruited to the midbody in the 

absence of CEP55. 

We showed that ALIX is 

recruited to the midbody via its 

V-domain (Figure 13), 

Figure 13. Graphical summary and model of Publication 

IV. ALIX interacts with and is recruited to the midbody by the 

centralspindlin subunit Pavarotti (blue). Pavarotti interacts with a 

conserved hydrophobic pocket (dark red) on the second arm of 

the ALIX V-domain (red) to recruit ALIX to the midbody and 

promote cytokinetic abscission in Drosophila cells. ALIX in turn, 

interacts with the ESCRT-III subunit Shrub (purple), to promote 

its midbody recruitment (Publication I).   
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independently of the GPPX3Y-motif in the PRR shown to be important for the interaction 

between ALIX and CEP55 in human cells. By using a proteomic approach we discovered that 

the ALIX V-domain interacts with Pavarotti, a subunit of the centralspindlin complex. We 

verified the interaction and showed that ALIX interacts with Pavarotti via an evolutionarily 

conserved hydrophobic pocket in the V-domain (Figure 13). In human cells, this pocket is 

known to be important for recruiting ALIX to the site of virus budding. Virus proteins bind this 

pocket via (L)YPXnL or LXXLF-motifs. Pavarotti contains such an LXXLF-motif, and we 

showed that Pavarotti binds ALIX via this motif. By depletion-rescue experiments, we 

confirmed that the LXXLF-motif in Pavarotti is important for ALIX recruitment. Functional 

studies in vivo proved that the hydrophobic pocket in the ALIX V-domain was crucial for proper 

ALIX localization and for cytokinetic abscission in Drosophila fGSCs.  

Taken together, this publication elucidated how Drosophila ALIX is recruited to the 

midbody in a CEP55-independent manner. The centralspindlin subunit Pavarotti recruits ALIX 

via an LXXLF-motif. Pavarotti binds the conserved hydrophobic pocket in the ALIX V-domain 

and this interaction is important for proper cytokinetic abscission.  
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Discussion  

The work presented in this thesis has broadened our insight into cell division in the context 

of a multicellular organism. The work has shed light on the ancestral mechanisms involved in 

this fundamental cellular process and confirmed that the fruit fly is a powerful model organism 

to study various aspects of cell division in a multicellular context. 

The findings that ALIX and the ESCRT-III complex are crucial for proper timing of 

cytokinetic abscission in Drosophila fGSCs (Figure 11 and Publication I) underline the 

evolutionarily conserved role of ALIX and the ESCRT machinery in this process. This 

publication, together with other studies182,183,434, also demonstrates the utility of the germarium 

as a model system for studying cytokinetic abscission in vivo. Establishing robust protocols for 

preparing the germarium for microscopy and super-resolution imaging is therefore useful for 

further analysis of this process (Publication II).  

That ALIX localizes to centrosomes in early stages of cytokinesis (Publication I)102 

generated the question of what role ALIX played on this structure. The findings that 

centrosomal ALIX at the PCM is involved in nucleation and stabilization of astral MTs (Figure 

12 and Publication III), shed light on the molecular mechanisms of how cells orient their 

mitotic spindle during mitosis. Proper orientation of the mitotic spindle is important to 

determine the fate of the daughter cells in asymmetrically dividing cells, and to ensure correct 

tissue morphogenesis of symmetrically dividing cells23,24,29,40-44.   

The discovery that ALIX and the ESCRT-III complex is involved in cytokinetic abscission 

in Drosophila (Figure 11 and Publication I) generated the question of how ALIX and the 

ESCRTs are recruited to the midbody in these cells. In human cells, ALIX and the ESCRTs are 

recruited to the midbody by CEP55100-102,146, and CEP55 is in turn recruited by the 

centralspindlin component MKLP1142. However, the Drosophila genome has no known 

homolog for CEP5587,100,122. Our discovery that ALIX can interact directly with and be recruited 

to the midbody by Pavarotti (Figures 13 and 14, and Publication IV), the Drosophila homolog 

of MKLP1, and thereby simply bypassing the need for CEP55, was thus intriguing. In addition, 

we identified that the interaction between ALIX and Pavarotti was mediated via similar motifs 

to what is observed during virus budding. Thus, Pavarotti represents an endogenous interaction 

partner for the conserved hydrophobic pocket in the ALIX V-domain, known to bind viral 

proteins.   
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Together, Publications I and IV demonstrate that the centralspindlin complex recruits 

ALIX, which in turn recruits the ESCRT-III subunit Shrub to the midbody, and thus uncover a 

CEP55-independent mechanism for recruitment key components of the of the abscission 

machinery in Drosophila melanogaster.  

The Drosophila female germline as a model organism for studying 

cytokinetic abscission 

The Drosophila female germline is an important model system to study various aspects of 

biology, including cytokinetic abscssion182,183,434. Our protocol for preparing germaria for 

immunohistochemistry, overview over available markers and demonstration of how to perform 

super-resolution microscopy of the germarium (Publication II) is therefore a useful 

contribution to the field, that can facilitate new discoveries.  

Cytokinetic abscission in the context of a multicellular organism is not well understood. 

The female germline is exceptionally well suited for studying cytokinetic abscission in vivo. In 

addition to the rich toolbox and well-characterized structure, the phenotypes that arise when 

abscission are incorrectly timed is easily detectable and quantifiable. This protocol is central 

for the discoveries in two of the other publications (Publications I and IV) in this thesis. 

ALIX in cytokinetic abscission in somatic cells in vivo  

Even though ALIX has an established role in cytokinetic abscission in cultured human 

cells100-102 and we confirmed this role in fGSCs in Drosophila, the same has not been proven in 

somatic tissue in vivo (Publication I). We did not observe any multinucleated cells, that clearly 

originated from abscission failure, in the somatic tissues examined in the alix-deficient flies 

(Publication I). In addition, no significant sign of cytokinesis defects was observed in alix KO 

mice335. However, the alix KO mice have hypomorphic testis, which might be explained by a 

role for ALIX in germ cell proliferation335, as we also observed in our studies (Publication I). 

The lack of multinucleated cells in somatic tissue in alix-deficient animals can have multiple 

explanations. The alix-deficient flies are viable but sterile, and hence every homozygous alix-

deficient fly has heterozygous parents. Therefore, they could have maternal mRNA encoding 

ALIX, and that this is sufficient to support cytokinesis and normal embryonic development. 

However, maternal mRNA will not support protein expression throughout the lifespan of the 

fly. If ALIX is crucial for abscission in most cell types, this hypothesis would also imply that 

cytokinetic abscissions are dispensable for adult life. 
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Bi- and multinucleated cells in vivo 

Loss of many of the central components of the abscission machinery, including CEP55, 

ALIX and the other ESCRT components, can result in binucleation in cultured human cells100-

102,141,142. However, this might not be transferrable to cells in a living multicellular organism. In 

the context of a multicellular organism, the cells have interactions with the immune system and 

more intercellular communication. It is known that aneuploid cells can go through apoptosis in 

vivo197. This might imply that multinucleate cells do not persist in vivo, but instead go through 

apoptosis or get eliminated by other means.  

The midbody ring generally did not regress to create multinucleate cells in the alix-deficient 

fGSCs, but instead the cells stayed interconnected with MRs (Publications I and IV). The 

furrow might not easily regress upon failure of the final stages of abscission in a multicellular 

context. Instead, the cells might stay interconnected via thin cytokinetic ICBs, making them 

difficult to detect. The morphology of stem cysts with the elongated fusome in the germaria and 

the subsequent egg chamber defects that arise from aberrant timing of abscission makes it easy 

to detect abscission defects in fGSCs. In contrast, detection of interconnected cells with failed 

abscission might not be as straightforward in other cell types and tissues in vivo.  

However, flies deficient of cytokinesis factors, such as Anillin, can exhibit a substantial 

amount of binucleate follicle epithelial cells in the ovaries411. This indicates that it should be 

possible to detect binucleate cells that result from cytokinesis failure in this tissue. Anillin has 

important functions in the closure of the contractile ring, tethering of the ring to the plasma 

membrane, maturation of the ICB and setting up the secondary ingression16,121-125, of which 

many are earlier events than cytokinetic abscission. In a tissue, it is therefore possible that the 

furrow will not regress to produce binucleated cells if the cytokinesis failure happens at late 

stages, as with ALIX, but can regress or does not form if the failure is at earlier stages, as with 

Anillin411. Thus, the role of ALIX in somatic Drosophila tissues would need to be studied 

further. 

Alternative mechanisms for cytokinetic abscission 

It is also possible that the cells have redundant mechanisms to recruit the ESCRT-III 

complex to the midbody, and hence go through ESCRT-dependent abscission in the absence of 

ALIX. A putative candidate for this role is TSG101, as recruitment of ESCRT-III can occur in 

an ALIX-dependent or a TSG101- and ESCRT-II-dependent-manner in human cells147. 

However, our results showed that ALIX and TSG101 were individually required to recruit 
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Shrub to the midbody in cultured Drosophila cells (Publication IV), arguing against this 

possibility. 

Another, however controversial, possibility is that additional, ESCRT-independent 

mechanisms for cytokinetic abscission, exist. It would be plausible that the cells have redundant 

pathways for a fundamental, life-supporting process as cytokinetic abscission. Recently, efforts 

have been made to find such alternative mechanisms438, but these results should be evaluated 

further. In addition, studies done in C. elegans embryos showed that the ESCRT machinery was 

not essential for cytokinetic abscission181. In the absence of TSG101, the ESCRT-III complex 

was not recruited to the midbody. This delayed, but did not abolish abscission. The ESCRT  

machinery was suggested to be involved in budding and shedding of membranes form the 

midbody, but not essential for abscission181. This might argue for the existence of a redundant 

mechanism to the ESCRT pathway for cytokinetic abscission. 

Anyhow, it is plausible that various cells types and tissues differ in their regulation of 

cytokinesis. As already discussed, some cell types stay interconnected or become polyploid in 

a regulated fashion18,20. It would therefore not be surprising if cytokinetic abscission would be 

executed differently in different tissues and cell types in vivo. 

CEP55-independent ALIX recruitment to the midbody 

In human cultured cells, ALIX and the ESCRT-I subunit TSG101 are recruited to the 

midbody by CEP55100-102,146, and ALIX and ESCRT-I in turn recruit the ESCRT-III complex, 

which mediates membrane constriction and scission. However, this can not be a universal 

strategy for ESCRT-III recruitment to the midbody. Drosophila and other invertebrates have 

no CEP55 homolog present in their genome (Publication IV)87,100,122. Regardless, ALIX and 

the ESCRT-III complex play an important role in cytokinetic abscission in both Drosophila 

fGSCs and mGSCs (Publication I)182,190 and in cultured Drosophila cells121. This therefore 

raises the question of how ALIX and the ESCRT machinery are recruited in the absence of 

CEP55. 

Our research shows that the centralspindlin complex, and specifically Pavarotti, plays a 

major role in recruiting ALIX to the midbody in Drosophila melanogaster (Figures 13 and 14, 

and Publication IV). In cultured human cells, the centralspindlin complex recruits CEP55 to 

the midbody142, and our results therefore demonstrate that the need for CEP55 is simply 

bypassed by the direct interaction between Pavarotti and ALIX (Figure 14 and Publication 

IV).  
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Both ALIX and Pavarotti 

dimerize25,62,68,73,100,224-226, making it 

easy to envision that dimers of Pavarotti 

and ALIX can interact to efficiently 

recruit ESCRT-III to the midbody. 

Taken together, this means that the 

centralspindlin complex is upstream of 

ALIX and the ESCRT machinery in both 

human and Drosophila cells (Figure 14), 

and hence that this is an evolutionarily 

conserved feature of the abscission 

machinery.  

The centralspindlin complex is 

evolutionarily conserved across 

metazoans64, and even the ALIX 

interacting LXXLF-motif in Pavarotti is 

found unchanged or as the similar 

LXXIF in a great variety of organisms 

(unpublished results). The Drosophila 

paralog Subito, the C. elegans homolog 

ZEN-4 and the human homologs 

MKLP1 and MKLP2 all contain an 

LXXIF-motif (Publication IV). Hence, 

it is possible that an interaction between 

ALIX and homologs of Pavarotti is 

important for cytokinetic abscission also 

in other organisms.   

It is already known that MKLP1 

directly binds and can recruit the human 

ESCRT-III subunit CHMP4C to the 

midbody154, and given the fact that CEP55 has low expression levels in many human cell 

types207, it is compelling to hypothesize that CEP55-independent mechanisms for recruiting the 

ESCRT machinery exist also in human cells. One such mechanism could be an interaction 

Figure 14. Model of ALIX recruitment in human 

and Drosophila. Top: The centralspindlin complex, 

consisting of RACGAP1 (yellow) and MKLP1 (blue), 

recruits CEP55 (green) to the midbody in human cells. 

MKLP1 interacts directly with CEP55. ALIX (red) and 

the ESCRT-I subunit TSG101 (purple) are in turn 

recruited by CEP55. Both ALIX and TSG101 is 

involved in recruitment of the ESCRT-III complex (dark 

purple spiral), wich recruits the AAA ATPase VPS4 

(orange). Bottom: The absence of CEP55 in Drosophila 

is bypassed by a direct interaction between the MKLP1 

homolog Pavarotti (blue) and ALIX (red). Whether 

Pavarotti also is involved in recruiting TSG101 (purple) 

to the midbody in Drosophila cells remains to be 

elucidated. 
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between the LXXIF-motif in MKLP1 (Publication IV) and the conserved hydrophobic pocket 

in the ALIX V-domain. In that way, the centralspindlin complex could function as a redundant 

mechanism for recruiting ALIX to the midbody in some human cell types.   

Our research demonstrated that the conserved hydrophobic pocket in the V-domain is 

crucial for recruiting ALIX to the midbody in Drosophila cells (Figure 13 and Publication 

IV). Previously, this pocket has mainly been implied in virus budding, where it interacts with 

(L)YPXnL-222,275-279 or LXXLF L-domains224,280-283 in virus proteins. However, very recently it 

was revealed that an interaction between the hydrophobic pocket in the ALIX V-domain and 

an (L)YPXnL-motif in Syntenin-1 plays an important role in recruiting ALIX to the abscission 

site306. Hence, the pocket in the ALIX V-domain has an important role in cytokinetic abscission 

both in Drosophila and human cells. 

Linking virus budding to cytokinetic abscission 

Viruses hijack cellular machineries to achieve various task necessary for their biology. It is 

well established that viruses take advantage of the ESCRT machinery to bud through the plasma 

membrane of infected cells238-240. ALIX is recruited to the site of virus budding by interacting 

with (L)YPXnL-222,275-279 or LXXLF L-domains224,280-283 in the structural viral Gag proteins. 

This interaction is mediated through the conserved hydrophobic pocket on the second arm of 

the V-domain of ALIX222,280. However, as few physiological ligands for this hydrophobic 

pocket have been described299-303,306,439, it has been puzzling why this pocket has been 

conserved through evolution and what the viral proteins mimic to recruit ALIX to the site of 

virus budding.  

Our results that the conserved hydrophobic pocket in the V-domain of ALIX is crucial for 

recruitment of Drosophila ALIX to the midbody and for proper cytokinetic abscission (Figure 

13 and Publication IV) shows that further physiological ligands exist. We have established 

Pavarotti as a physiological ligand for the hydrophobic pocket in the ALIX V-domain, and that 

Pavarotti interacts with ALIX via an LXXLF-motif. Thus, the interaction between Pavarotti 

and ALIX resembles what is observed during virus budding222,224,280-283.  

TSG101 in cytokinetic abscission in vivo 

A question that remains unanswered is how TSG101 is recruited to the midbody and 

whether TSG101 is crucial for proper cytokinetic abscission in Drosophila cells. Our results 

show that TSG101 is present at the midbody in cultured Drosophila cells, and that this 

localization is dependent on the centralspindlin complex (Publication IV). This indicates that 
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the centralspindlin complex is involved in the recruitment of TSG101, but whether this 

interaction is direct, as for ALIX, remains to be elucidated. Depletion of TSG101 significantly 

reduces, but not completely abolishes, recruitment of the ESCRT-III subunit Shrub to the 

midbody (Publication IV), indicating that TSG101 plays a role in cytokinetic abscission in 

these cells. However, whether TSG101 plays a major role in cytokinetic abscission in 

Drosophila cells, especially in vivo, remains unanswered.  

Regulation of the interaction between ALIX and Pavarotti 

CEP55 translocates from the centrosomes to the midbody upon cytokinesis141. Our results 

show a similar translocation for ALIX (Publications I, III and IV). Both human and 

Drosophila ALIX localize and function at the centrosomes during metaphase (Publication III), 

and localize to the midbody and function in cytokinetic abscission later on (Publications I and 

IV)100-102,146. It is therefore compelling to speculate that CEP55 translocates human ALIX from 

the centrosomes to the midbody. However, this is not possible in Drosophila cells, as these cells 

lack a CEP55 homolog. Interestingly, the centralspindlin complex also localizes to the 

centrosomes at the early stages of cell division69, giving the possibility that Pavarotti is 

responsible for the translocation of Drosophila ALIX from the centrosomes to the midbody. 

However, our live-cell imaging of cultured Drosophila cells expressing fluorescently tagged 

Pavarotti and ALIX, show that Pavarotti arrives at the midbody long before ALIX (Publication 

IV), arguing against this.  

This difference in timing between ALIX and Pavarotti in arrival at the midbody argues that 

the interaction between ALIX and Pavarotti is regulated. In human cells, the recruitment of 

CEP55, and hence ALIX, to the midbody, is tightly regulated by phosphorylation of CEP55. 

Phosphorylation of CEP55 by PLK1 inhibits the interaction with MKLP1142, but as the cell 

exits mitosis and enters cytokinesis PLK1 is degraded145, leading to timely midbody recruitment 

of CEP55, ALIX and the ESCRT machinery143. The CEP55-independent ALIX recruitment by 

Pavarotti (Publication IV) is likely also regulated in a similar fashion, as premature recruitment 

of CEP55, ALIX and the ESCRT machinery can lead to abscission failure in human cells143.  

In addition, it is already known that the function and localization of human ALIX in 

cytokinetic abscission is regulated by conformational changes induced after phosphorylation of 

two residues in the PRR223. It is possible to envision that something similar can happen with 

Drosophila ALIX, despite that the residues phosphorylated in human ALIX to achieve 

conformational changes do not seem to be conserved in the Drosophila protein (unpublished 

results). 
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Anyhow, the regulation could be by phosphorylations or dephosphorylations of ALIX or 

Pavarotti or both, possibly by the PLK1 homolog Polo or other mitotic kinases or phosphatases. 

ALIX and stable intercellular bridges 

Many tissues and cell types rely on incomplete cytokinesis and the formation of stable ICBs 

for proper development. This is especially true for the development of germline cells, but also 

for some somatic cell types18,19. Stable ICBs are generated by arrest and stabilization of the 

cleavage furrow, but the exact mechanisms for this remain unknown. The biological function 

and what regulates the decision for the cells to undergo incomplete versus complete cytokinesis 

also remains to be elucidated18. 

In the mouse testis, the interaction between CEP55 and ALIX/TSG101 can be blocked by 

TEX14 to halt cytokinetic abscission and generate stable ICBs209. Interestingly, TEX14 does 

not seem to have a homolog in Drosophila (unpublished data), meaning that the stable ICBs 

observed in both the Drosophila male and female germline (Publications I and IV) must be 

generated by other means.  

Cindr, the homolog of the CD2-associated protein (CD2AP), localizes to stable ICBs in 

Drosophila follicle cell epithelia. Loss of Cindr results in binucleated follicle cells. However, 

the binucleation is observed in late-stage egg chambers, and not in the actively dividing follicle 

cells in the early stages. This indicates that Cindr plays an important role in stabilization of the 

ICBs in these cells411. This is similar to what we observe in alix-deficient flies (Publication I). 

alix-deficient flies have binucleate cells in late-stage egg chambers, but not in early stages. This 

might imply that ALIX plays a role in the stabilization of ICBs. 

In addition, the stem cysts observed upon loss of Shrub or ALIX (Publication I) are similar 

to the germline cysts that undergo incomplete cytokinesis under normal conditions. In addition, 

inhibition of the CEP55-mediated recruitment of ALIX and the abscission machinery in the 

mouse testis leads to formation of stable  ICBs209. Hence, it is tempting to speculate that 

absence, inactivation or aberrant recruitment of ALIX and the ESCRT machinery can cause 

incomplete cytokinesis, followed by formation of stable ICBs also in Drosophila cells. This 

also implies that the centralspindlin complex can be involved in formation of stable ICBs, as 

the centralspindlin subunit Pavarotti recruits ALIX to the midbody in a CEP55-independent 

manner in Drosophila cells (Figures 13 and 14, and Publication IV). 

The stabilization of the ICB during the activation of the abscission checkpoint resembles 

the stabilization of the ICB during incomplete cytokinesis. As both ALIX and MKLP1 plays 

important roles in the abscission checkpoint8,147,161, this provides an additional argument that 
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ALIX and MKLP1 homologs might also be important factors for the formation of stable ICBs 

after incomplete cytokinesis. 

The ESCRTs: an ancient molecular machinery 

The work done this thesis underlines the evolutionary conservation of the ESCRT 

machinery in cytokinetic abscission (Publications I and IV). The ESCRT machinery is 

evolutionarily ancient as it is conserved across almost all eukaryotic species98,99, and even some 

Archaeal species have homologs for the ESCRT-III complex and VPS4184-186.  

The high degree of conservation of the ESCRT machinery raises several important 

questions: Firstly, how and when during evolution did this machinery arise? What are the early, 

core, components and which have been developed later on? Secondly, what was the original 

function of the ESCRT machinery, and which jobs have the ESCRT machinery taken on later? 

Gaining insight into these questions will shed light on the core functions of the ESCRT 

machinery and teach us something about how broadly mechanisms described in one organism 

can be generalized and transferred to other species.  

Archaea is not a eukaryotic species but instead represent their own kingdom. The fact that 

these organisms also have ESCRT homologs, tells us that the development of this machinery 

predates the last common eukaryotic ancestor99.  

The minimal requirement for ESCRT-dependent membrane deformation is ESCRT-III and 

VPS498. ESCRT-III and VPS4 can assemble into helical filaments in vitro132  and Archaeal 

species accomplish ESCRT functions with only ESCRT-III and VPS4184-186. This suggests that 

the ESCRT-III complex, together with VPS4, are the earliest, core ESCRT components, and 

that the additional ESCRT and ESCRT-associated complexes have been developed later to 

regulate and modify the processes.  

The ESCRT-I and –II complex, together with ALIX are also conserved across the majority 

of eukaryotic species99. This tells us that these complexes must have been developed before the 

various eukaryotic lineages split up98.  

Interestingly, the proteins that are responsible for recruiting the ESCRT machinery to 

different sites seem to have arisen later. For example, the ESCRT-0 complex, that is responsible 

for recruiting the ESCRT machinery to MVEs, is only present in opisthokonts (animals and 

fungi)98. CEP55, the ESCRT recruiter in cytokinetic abscission, is as already discussed only 

present in vertebrates. 

Knowledge from Archaea might shed light on which ESCRT function is the original 

function. The Archaeal ESCRT homologs have been implied in cytokinetic abscission, 
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illustrating that cytokinetic abscission is an ancient ESCRT function184-186. In fact, this might 

be the original ESCRT function98,135, and that the ESCRT machinery has been adapted to 

function in topologically similar membrane reforming events later in evolution. The role of the 

ESCRTs in the MVE pathway is not likely one of the oldest ESCRT functions, as Archaeal 

species are prokaryotic organisms that lack endomembrane stuctures186. However, the Archaeal 

ESCRT homologs have been implied in vesicle biogenesis, but then in formation of 

microvesicles for extracellular release331.  

Furthermore, virus budding seems to be an ancestral function for the ESCRTs, as ESCRT 

homologs play a role in budding of viruses from Archaea272. However controversial, the 

involvement of Archaeal ESCRTs in virus budding, enables the possibility that the ESCRTs 

did not envolve in Archaeal ancestors, but instead arose in viruses272. Many viruses encode 

their own replication machiners, and this has been suggested to contribute to the development 

of cellular replication machineries440. It is possible to hypothesize that the same is true for the 

ESCRT machinery, and that it exists or have existed viruses encoding ESCRT genes which 

have been transferred and implemented into the genomes of our common ancestor with Archaea 

and retained throughout evolution272, resulting in the sophisticated ESCRT machinery we find 

in all eukaryotic organisms today.  

In summary, this means that the ESCRT-III complex, together with VPS4, probably are the 

earliest and core components of the ESCRT machinery. These proteins arose in either viruses 

or ancestors of Archaea to perform budding of enveloped viruses, cytokinetic abscission or 

formation of microvesicles for extracellular release. ALIX, the ESCRT-I complex, and ESCRT-

II were developed early in the eukaryotic lineage, whereas the recruiters of the ESCRT 

machinery for most processes came even later in evolution.  

The absence of CEP55 in invertebrates 

CEP55 is missing in invertebrates87,100,122. An interesting question is why vertebrates need 

CEP55 for cytokinetic abscission, and a number of other tasks, but invertebrates manage well 

without. This regardless of that the remaining machinery for, for example, cytokinetic 

abscission seems conserved. 

An important question to be elucidated in this context is whether the shift from the simpler 

Pavarotti – ALIX – ESCRT-III in Drosophila (Figure 13 and 14, and Publication IV) to the 

more complex MKLP1 – CEP55 – ALIX/TSG101 – ESCRT-III in human cells100-

102,116,141,142,146,147 has important biological implications. One reason for the increased 

complexity in the abscission machinery in human cells might be regulation. For example, 
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CEP55 is regulated by TEX14 to halt abscission and generate stable ICBs209. The same 

mechanism is not possible in invertebrates as both proteins are missing.  

The interaction between Pavarotti and ALIX relies on the conserved hydrophobic pocket in 

the V-domain. This interaction surface is also important for recruiting ALIX to the site of virus 

budding222,224,275-283. Hence, it is possible to speculate that the shift away from utilizing the 

hydrophobic pocket in the ALIX V-domain has something to do with protection against virus 

infections. However, the fact that the hydrophobic pocket is highly conserved and still functions 

in virus infections in human cells argues against this. In addition, a recent study implied that 

the hydrophobic pocket in the ALIX V-domain is important for recruitment of ALIX to the 

secondary ingression in cytokinetic abscission in human cells149. 

CEP55 has additional roles in cytokinetic abscission besides the recruitment of ALIX and 

TSG101. CEP55 has MT-bundling activity142, and this might be important for successful 

cytokinetic abscission in human cells. This could be part of the explanation why CEP55 has 

been included into the abscission machinery in vertebrate cells.  

Besides cytokinetic abscission, CEP55 plays a number of other roles in the cell. These 

processes also have to be differently regulated in invertebrate cells. Among others, CEP55 is 

involved in autophagy of the postmitotic midbody174, a process important for regulating the 

differentiating fate of the daughter cells171-174. In invertebrate cells, this has to be regulated 

differently. For example, by inducing autophagy in a CEP55-independent matter or by utilizing 

the potential role of ALIX in autophagy341. 

ALIX at the centrosomes 

The work done in this thesis discovered a novel, ESCRT-independent role for ALIX at the 

centrosomes during metaphase. Centrosomal ALIX is in involved in orienting the mitotic 

spindle by regulating and modulating the astral MTs (Publication III). The role of centrosomal 

ALIX in mitotic spindle orientation and regulation and modulation of astral MTs is conserved 

from Drosophila to human cells, and seems universal with regards to symmetric and 

asymmetric cell division (Publication III).  

ALIX is recuited to the centrosomes by Spd-2 in Drosophila cells, and by the homolog 

CEP192 in human cells (Figure 12 and Publication III). However, depletion of Spd-2 or 

CEP192 only resulted in reduced, but not completely abolished, centrosomal localization of 

ALIX (Publication III). This indicates that additional recruitment mechanisms exist. In human 

cells, one such mechanism could be CEP55, as it is a known interactor of ALIX and present at 

the centrosomes100-102,141,146. However, at least in Drosophila cells, this additional mechanism 
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must be CEP55-independent. The centralspindlin complex is present at the centrosomes69, and 

our findings that ALIX interacts directly with the centralspindlin component Pavarotti (Figures 

13 and 14, and Publication IV), makes it tempting to speculate that an interaction between 

ALIX and Pavarotti/MKLP1 could be involved in recruiting ALIX to the centrosomes. 

ALIX regulates the stabilization of astral MTs by interacting with and recruiting MAP1S 

(Figure 12 and Publication III). However, the interaction between ALIX and MAP1S was 

only examined in human cells, and whether similar mechanisms exist in Drosophila cells 

remains to be elucidated. Many invertebrates, including C. elegans, do not have any homologs 

for the MAP1-family proteins, but the Drosophila genome contains one homolog, named 

Futsch441. Whether Futsch and ALIX are involved in stabilization of astral MTs in Drosophila 

is unknown. 

Since the majority of ALIX functions are ESCRT-dependent, it is reasonable to ask whether 

the function of ALIX at the centrosome also relies on ESCRTs. Interestingly, depletion of 

neither the ESCRT-0 subunit HRS nor the ESCRT-III subunit CHMP4B resulted in spindle 

misorientation (Publication III). Thus, our results show that the role of ALIX in regulating and 

modulating astral MTs is a novel ESCRT-independent function of ALIX. In this context, it is 

interesting to point out that most of the already established ESCRT-independent roles of ALIX 

are associated with the cytoskeleton346-348,350,351. Hence, it may seem like ALIX cooperates with 

the ESCRT machinery in membrane reforming events, and operates independently of the 

ESCRTs in cytoskeleton-associated processes. This is interesting in the context of cell division, 

as both membrane and cytoskeleton remodelling are necessary for successful cytokinetic 

abscission119.  

ALIX regulates the positioning of the mitotic spindle through modulation and regulation of 

astral MTs, not by affecting the cell polarity (Publication III). Regulation of astral MTs seems 

to be a general mechanism to orient the mitotic spindle, in contrast to the internal polarity cues 

or extrinsic signals which are more cell type specific22,24. This is in symphony with our results, 

which show that the aberrant regulation of astral MTs upon loss of ALIX affects spindle 

orientation a variety of cell types (Publication III).  

However, how astral MTs are regulated to control positioning of the mitotic spindle is 

incompletely understood22,24. Our results reveal an involvement of ALIX in nucleation of astral 

MTs by recruiting γ-tubulin and in stabilization of astral MTs through MAP1S (Figure 12 and 

Publication III), and therefore represent an important contribution to the field. However, both 
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γ-tubulin and MAP1S are still present, but reduced, in ALIX-deficient cells (Publication III), 

illustrating that several mechanisms must exist to ensure proper formation of astral MTs.  

Cell division and tumourigenesis 

Aberrant cell division affects cancer progression21,194. Tetraploidy, aneuploidy and genomic 

instability can all arise from abnormalities in cell division and is intimately connected to 

tumourigenesis20,21,44,194. 

ALIX ensures proper positioning of the mitotic spindle during metaphase in vivo via 

regulation of astral MTs (Figure 12 and Publication III). Proper positioning of the mitotic 

spindle is important to define the axis of division and hence the proliferative fate of the daughter 

cells22-24. Aberrant positioning of the mitotic spindle can lead to overproliferation and 

subsequent tumourigenesis23,29,42-45,51. We did not observe overproliferation in cells lacking 

ALIX, but it is tempting to speculate that ALIX makes the spindle positioning more robust, and 

that loss of ALIX will make the cells more vulnerable for carcinogenic changes. 

Additionally, the work in this thesis establishes ALIX as a central and ancestral component 

of the abscission machinery (Publications I and IV). In Drosophila cells, ALIX is recruited to 

the midbody by the evolutionarily conserved centralspindlin complex (Figures 13 and 14, and 

Publication IV). ALIX in turn, promotes recruitment of the ESCRT-III complex, which 

mediates abscission (Figures 11, 12 and 13, and Publications I and IV). Proper regulation of 

cytokinetic abscission is important to prevent tetraploidy, aneuploidy and genomic 

instabillity21. Even though it remains uncertain whether aberrant cytokinesis can promote 

tumourigenesis on its own, aneuploidy is a characteristic of cancer cells20,21,203. 
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Methodological considerations 

To address the questions raised in this thesis, we used a number of techniques and assays. 

Microscopy techniques, genetic, molecular and biochemical approaches were utilized, and cell 

division was studied in different Drosophila tissues and in both cultured human and Drosophila 

cells.  

Most of the methods used in this thesis are well established, but some aspects are discussed 

here. 

Cultured cells 

Cultured cells, both human and Drosophila, have been utilized for many experiments in this 

thesis (Publications I, III and IV). Drosophila cultured cells represent a simpler and less 

resource-demanding approach to study many aspects of the proteins and processes in question, 

compared to using the complete fly. Many of the biochemical, overexpression and depletion 

protocols are less complicated than in whole animals, and use of cultured cells also circumvents 

the problem that some mutations are lethal for the living animal. Both loss of Tumbleweed and 

Pavarotti is lethal, and RNAi-mediated depletion of them in the germline leads to agamatic 

ovaries. Therefore, RNAi-mediated depletion in cultured Drosophila cells represents a simple 

and useful approach for studying these proteins (Publication IV). However, it is important to 

consider potential differences, both in function and localization, when comparing cultured cells 

with specialized cells in a tissue.  

In addition, the Drosophila cells have a considerable amount of heterogeneity393, resulting 

in a large cell-to-cell variability. In this thesis, this has been addressed by sampling a large 

enough amount of cells, by using the appropriate controls and by validation of core findings in 

vivo as far as possible (Publication I and IV). 

Both the human and Drosophila cell lines are immortalized, which implies that they have 

undergone genetic changes, and likely accumulate additional changes over long culturing. 

Cultured cells cannot represent the full complexity of a cell that lives in the context of a 

multicellular organism but instead give a simplified picture.  
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The fruit fly as a model organism 

The simple genetics of the fruit fly makes Drosophila a compelling model organism, but 

the complex biology of this multicellular animal still complicates interpreting the phenotypes.  

Therefore, multiple approaches are needed to untangle the molecular mechanisms studied.  

A substantial amount of the work presented in this thesis is done in the adult Drosophila 

fGSCs (Publications I and IV). This opens the possibility that aberrations in earlier 

developmental stages could affect what is observed at the time point of investigation, possibly 

leading to the observation of secondary effects rather than the primary phenotypes. The same 

is true for the experiments done in larval brains (Publication III). Embryonic events, and events 

that arose in earlier larval stages could affect what was observed when the larval brain was 

examined.  

Gametogenesis in Drosophila is affected by feeding patterns and availability of nutrients442. 

Upon restricted accessibility to nutrients, the proliferation of the fGSCs is impaired, leading to 

reduced production of new egg chambers. In addition, apoptosis is induced in the egg chambers. 

We have therefore ensured good and equal access to food and space for the larvae and flies in 

various experimental conditions, to control for potential nutritional effects (Publications I, III 

and IV). 

Verification of mutant alleles 

The alix1 and alix3 alleles were uncharacterized prior to the work done in this thesis. The 

alix1 allele has a piggyBac element inserted into the fourth exon of the alix gene, whereas the 

alix3 allele is an imprecise excision of a region ranging from the start codon to the middle of 

exon three. The lack of expression was verified by Western blotting, but this does not verify 

that the observed phenotypes are a result of the lack of ALIX expression. To verify this, flies 

with an ectopically inserted genomic alix sequence were crossed to the mutant flies 

(Publications I and III). In addition, transgenic UAS-GFP-ALIX was expressed under Nanos-

GAL4 control in alix-deficient flies (Publications I and IV). The mutant and rescue phenotypes 

were analyzed and compared and the genomic and/or the transgenic rescue constructs were 

sufficient to rescue the defects observed in the mutant ovaries (Publications I and IV). This, 

combined with RNAi-mediated depletions of ALIX, verified that the cell division and 

abscission defects indeed were the result of ALIX loss-of-function (Publications I and IV).  
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RNAi-mediated depletion 

RNAi-mediated depletion both in vivo and in cultured cells is a quick and simple approach 

to study the function of various proteins. For Drosophila, several genome-wide libraries have 

been established374,375, enabling screening and targeted spatiotemporal depletion of the proteins 

of interest. In flies, the GAL4/UAS system provides the opportunity of depleting the proteins 

of interest in specific cell types or tissue, while keeping a wild type background in the 

surrounding tissues368,372. This is beneficial and limits the possibility that the observed 

phenotypes are secondary effects. 

RNAi provides depletion by sequence-specific degradation of the mRNA. Validation by 

Western blotting, loss of endogenous protein in immunofluorescence microscopy and/or the 

use of multiple RNAi lines are necessary to verify the depletion and to reduce the risk of off-

target effects (Publications I, III and IV).   

Depletion by RNAi does not completely prevent translation of the target mRNA, and 

residual protein might still be expressed. These low levels of protein might be sufficient to 

perform some function, resulting in less pronounced phenotypes. Complementing RNAi 

depletion with loss-of-function alleles, as the alix1 and alix3-alleles, is therefore beneficial 

(Publications I and III). CRISPR/Cas9 technology also would have provided a powerful 

approach for completely abolishing gene function by generating knock-out lines, both in vivo 

and in cell culture373. 

Transgenic flies and ectopic expression of proteins 

Generation of transgenic flies by using microinjection and P-element transformation can 

result in off-target effects. The transgenic construct is often inserted into the fly genome in a 

random fashion, and can therefore be integrated into other genes or regulatory elements. In 

addition, the transgenic elements can be inserted into regions of the genome, which can lead to 

different expression levels. The expression levels of the various constructs were analysed by 

Western blotting, and fly strains having similar expression levels were chosen (Publications I 

and IV). Tagging of endogenous proteins by CRISPR/Cas9 technology could circumvent some 

of these issues. 

In this thesis, we have utilized transgenic fusion constructs consisting of various ALIX 

constructs fused to GFP (green fluorescent protein). GFP is a bulky protein of 27kDa. The 

addition of a large tag like GFP could affect both the localization of function of the protein of 

interest. The localization of ALIX was therefore verified by antibodies against endogenous 

proteins, whereas the function was verified by rescue experiments (Publications I and IV).  
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Cloning of transgenic constructs 

During the work with this thesis, a substantial number of constructs were generated 

(Publications I and IV). When generating such constructs, it is important to ensure that the 

sequence is correct before conducting experiments with them. Erroneous nucleotide sequence 

in the constructs can lead to aberrant amino acid sequence in the expressed protein, and thus 

incorrect experimental results.  

Therefore, all constructs were verified by restriction cutting and analysed on an agarose gel 

before they were used in experiments. However, restriction cutting only gives an indication that 

the construct is correct, and will generally not show whether an in vitro mutagenesis has been 

successfully conducted (Publications I and IV). Therefore, all newly generated constructs were 

verified by sequencing.   

Immunofluorescence microscopy 

The work in this thesis is to a large extent based on imaging of fixed samples by confocal 

microscopy. Confocal microscopy allows for increased contrast and resolution, compared to 

traditional wide-field microscopy, by utilizing a pinhole that eliminates out-of-focus-light. As 

long as precautions, such as preventing bleed-through and saturations, are taken to prevent 

artefacts, confocal microscopy represents a powerful method to investigate protein localization 

and to observe cellular phenotypes.  

However, the samples analysed were often fixed (Publications I, II, III and IV), and hence 

only give a snapshot of the processes studied. A live-cell imaging approach provides a more 

complete picture of how cell division is regulated, and was done with both human and 

Drosophila cultured cells and in Drosophila SOP cells in this thesis (Publications III and IV). 

The abscission step in fGSC takes hours, and imaging this process in living tissue ex vivo is 

demanding, but possible434. However, this was not done in this thesis.  

When staining cells and tissues with antibodies to analyse cellular localization, it is 

important to verify the specificities of the antibodies. Antibodies that were previously 

uncharacterized were verified by Western blotting and/or imaging by using pre-immune serum, 

RNAi and/or available mutants (Publications I, III and IV).  

Protein-protein interaction assays 

To investigate protein-protein interactions, both co-immunoprecipitation and in vitro 

interaction experiments were used. The majority of co-immunoprecipitation experiments were 

done with overexpressed, tagged proteins, and known interactors of the protein of interest were 
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used as a positive control whereas the tag alone as a negative control (Publications I, III and 

IV). However, overexpressed proteins can induce artificial interactions. Therefore, key findings 

were verified by performing co-immunoprecipitation using antibodies against the endogenous 

proteins (Publication IV). In Publications I and IV, overexpressed proteins with specific 

mutations in putative interaction sites were used to verify the interaction site and to strengthen 

the argument for a direct interaction. 

Co-immunoprecipitation will only show that the two proteins are present in the same 

complex, not that they directly interact with each other. In vitro interaction experiments provide 

a better argument for direct interaction, but as other proteins are present in the reagents needed 

for in vitro translation, it is possible that some of these proteins affect the interactions 

(Publications III and IV). To verify that an interaction is direct, yeast two-hybrid (Y2H)443 can 

be used. Another way of truly verifying that an interaction is direct is to perform in vitro 

interaction analysis between two purified proteins, however this will only show that the proteins 

can interact in vitro.  

Mass spectrometry (MS) analysis was performed to discover novel interaction partners for 

ALIX, or to address how MT-associated proteins were differentially enriched in ALIX depleted 

cells compared to control cells (Publications III and IV). MS is a powerful method to identify 

new interactors of a protein, however this approach is also prone to give false positive hits444. 

To limit the amount of false-positive hits, it is therefore important to control the experiments 

properly. This was achieved by using both untransfected cells and cells expressing the GFP-tag 

alone as negative controls when identifying significantly enriched putative novel interactors of 

ALIX in cytokinetic abscission (Publication IV), and by using cells transfected with control 

siRNA as negative control when analysing MT-associated proteins (Publication III). In 

addition, statistical tools were used to further eliminate false-positive hits and to ensure that the 

hits chosen to be investigated further indeed were significantly enriched compared to the 

negative control(s). Furthermore, the hits obtained from MS analysis were verified by co-

immunoprecipitation, in vitro interaction experiments and functional analyses (Publications 

III and IV).  

Bioinformatic analyses 

In this thesis, we have utilized various bioinformatic tools. BLAST and PSI-BLAST were 

used together with coiled-coil prediction algorithms to search for a putative CEP55 homolog in 

Drosophila (Publication IV), whereas multiple sequence alignments were used to investigate 

conserved motifs and residues in ALIX (Publications I and IV). Generally, bioinformatics 



83 

 

approaches are powerful tools to investigate different aspects of cellular biology. However, 

whether the findings achieved with bioinformatic approaches have biological relevance have to 

be tested experimentally, and hence bioinformatic tools are to a large extent hypothesis-

generating. 

Statistical methods and experimental design 

To ensure that the results presented in this thesis are valid, all experiments were repeated a 

minimum of three times with a sufficient number of observations. Statistical analysis was 

performed between the means of the repeated experiments (Publications I, III and IV). In 

general, two-sided Student’s t-test was chosen for statistical analysis and p-values below 0.05 

were considered to represent significant differences. However, for MS-analyses, two-sided 

ANOVA (Publication III) or pairwise Student’s t-test following permutation-based false 

discovery rate correction (Publication IV) were used. For the experiments investigating 

midbody recruitment in D.mel2-cells (Publication IV) the statistical testing was based on the 

average of the five central datapoints symmetrically around each midbody in each experiment. 

The means from the repeated experiments were tested by either using ANOVA followed by 

Dunnet’s or Tukey’s post hoc tests or by multiple regression analysis.  
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Conclusions and future perspectives 

Taken together, the work presented in this thesis identifies ALIX as a central regulator of 

mitotic spindle orientation and cytokinetic abscission. Knowledge about the life-supporting 

process of cell division is important to understand the inner life of the cell in general, but 

specifically also for understanding diseases such as cancer.  

This thesis has demonstrated that ALIX gives robustness to the orientation of the mitotic 

spindle during metaphase. In addition, we have established ALIX and ESCRT-III as an 

evolutionarily conserved machinery during cytokinetic abscission in a multicellular context. 

Our work has also identified a novel CEP55-independent recruitment pathway for ALIX to the 

midbody during cytokinetic abscission.  

However, many questions remain unanswered. Among others, the variation of how cell 

division and cytokinetic abscission are regulated from cell type to cell type and from tissue to 

tissue underlines the importance of studying these processes in different cell types and in the 

context of a multicellular organism. To fully understand how different aspects of cell division 

are regulated in our bodies, and thus also understanding the cellular biology of many diseases, 

it is necessary to study this process in additional cell types, tissues and organisms. 

In cultured human cells, the ICBs are long and contain a midbody with secondary 

ingressions. In vivo, the ICBs are generally short and the possible secondary ingressions are not 

easily detectable in a crowded tissue. Thus, the anatomy of the ICB during cytokinetic 

abscission in vivo is not well studied.  

The regulation of both complete and incomplete cytokinesis is not fully understood in vivo. 

Neither what regulates the decision of the cell to undergo complete versus incomplete 

cytokinesis, nor the molecular mechanisms of incomplete cytokinesis are well understood.  

Additionally, the interaction between ALIX and the centralspindlin complex must be 

regulated to prevent premature recruitment of the abscission machinery to the midbody, and 

hence ensure proper timing of abscission. How this is regulated remains to be elucidated.  

Furthermore, the regulation of ALIX is not fully understood, neither in mitotic spindle 

orientation nor in cytokinetic abscission. Identifying novel interaction partners and studying the 

molecular details and biological functions of these will broaden our understanding of cell 

division and cytokinetic abscission. 

New and sophisticated protocols and methods for imaging, genetic and biochemical 

analysis allow for further exploration of the molecular details of cell division and cytokinetic 
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abscission in vivo. For example, super-resolution microscopy, in combination with live-cell 

imaging of tissue, both in vivo and ex vivo, and endogenous tagging of proteins by 

CRISPR/Cas9 technology could lead to a more detailed understanding of the spatiotemporal 

regulation of the various cytokinesis factors. This has the potential to provide important 

knowledge to understand fundamental aspects of cell biology and tumourigenesis and open the 

possibility for new therapeutic approaches. The work presented in this thesis represents new 

knowledge on this topic, and therefore also new directions to explore cell division and 

cytokinetic abscission in vivo.   
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Contributions 

Publication I 

In this publication I was involved in crossing flies, dissecting and staining ovarioles and 

analysing cytokinesis defects in fGSCs and egg chambers for various experiments. I designed 

and cloned the GFP-ALIX constructs and performed the experiments done with the transgenic 

flies containing these constructs. I performed the experiments that investigated cytokinesis 

defects in the embryonic epithelium. I contributed to the following figures: Figures 4, 6 and 7, 

as well as Supplemental Figures 2, 4, 6, 7, 10 and 11. 

Publication II 

I wrote this method chapter in collaboration with my co-author and supervisor, where we 

shared our knowledge about preparing germaria for immunohistochemistry and for how to 

perform super-resolution microscopy with this tissue.  

Publication III 

In this publication, I performed several of the control experiments needed to verify the 

results. I investigated whether the centrosomal function of ALIX was ESCRT-dependent and 

performed a number of control experiments for the siRNA-mediated depletion of ALIX, 

including experiments that were not included in the final publication. I also contributed to 

staining and imaging of the experiments that investigated the function of MAP1S in ALIX-

depleted cells. I contributed to Figures 5, 8 and EV2. 

Publication IV 

In this publication, I contributed to all the figures. I cloned constructs, stained, imaged and 

analysed samples, performed bioinformatics analyses, live-cell imaging and interaction 

experiments, and prepared samples for MS analysis, all with good help and support from my 

co-authors.   
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Abstract
Abscission is the final step of cytokinesis that involves the cleavage of the intercellular

bridge connecting the two daughter cells. Recent studies have given novel insight into the

spatiotemporal regulation and molecular mechanisms controlling abscission in cultured

yeast and human cells. The mechanisms of abscission in living metazoan tissues are how-

ever not well understood. Here we show that ALIX and the ESCRT-III component Shrub are

required for completion of abscission during Drosophila female germline stem cell (fGSC)

division. Loss of ALIX or Shrub function in fGSCs leads to delayed abscission and the con-

sequent formation of stem cysts in which chains of daughter cells remain interconnected to

the fGSC via midbody rings and fusome. We demonstrate that ALIX and Shrub interact and

that they co-localize at midbody rings and midbodies during cytokinetic abscission in

fGSCs. Mechanistically, we show that the direct interaction between ALIX and Shrub is re-

quired to ensure cytokinesis completion with normal kinetics in fGSCs. We conclude that

ALIX and ESCRT-III coordinately control abscission in Drosophila fGSCs and that their

complex formation is required for accurate abscission timing in GSCs in vivo.

Author Summary

Cytokinesis, the final step of cell division, concludes with a process termed abscission, dur-
ing which the two daughter cells physically separate. In spite of their importance, the mo-
lecular machineries controlling abscission are poorly characterized especially in the
context of living metazoan tissues. Here we provide molecular insight into the mechanism
of abscission using the fruit fly Drosophila melanogaster as a model organism. We show
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that the scaffold protein ALIX and the ESCRT-III component Shrub are required for com-
pletion of abscission in Drosophila female germline stem cells (fGSCs). ESCRT-III has
been implicated in topologically similar membrane scission events as abscission, namely
intraluminal vesicle formation at endosomes and virus budding. Here we demonstrate
that ALIX and Shrub co-localize and interact to promote abscission with correct timing in
Drosophila fGSCs. We thus show that ALIX and ESCRT-III coordinately control abscis-
sion in Drosophila fGSCs cells and report an evolutionarily conserved function of the
ALIX/ESCRT-III pathway during cytokinesis in a multi-cellular organism.

Introduction
Cytokinesis is the final step of cell division that leads to the physical separation of the two
daughter cells. It is tightly controlled in space and time and proceeds in multiple steps via se-
quential specification of the cleavage plane, assembly and constriction of the actomyosin-based
contractile ring (CR), formation of a thin intercellular bridge and finally abscission that sepa-
rates the two daughter cells [1–8]. Studies in a variety of model organisms and systems have
elucidated key machineries and signals governing early events of cytokinesis [1–6]. However,
the mechanisms of the final abscission step of cytokinesis are less understood, especially in vivo
in the context of different cell types in a multi-cellular organism [2, 4, 5].

During the recent years key insights into the molecular mechanisms and spatiotemporal
control of abscission have been gained using a combination of advanced molecular biological
and imaging technologies [4, 7, 9–15]. At late stages of cytokinesis the spindle midzone trans-
forms to densely packed anti-parallel microtubules (MTs) that make up the midbody (MB)
and the CR transforms into the midbody ring (MR, diameter of ~1–2 μm) [4, 10, 16, 17]. The
MR is located at the site of MT overlap and retains several CR components including Anillin,
septins (Septins 1, 2 and Peanut in Drosophila melanogaster), myosin-II, Citron kinase (Sticky
in Drosophila) and RhoA (Rho1 in Drosophila) and eventually also acquires the centralspindlin
component MKLP1 (Pavarotti in Drosophila) [4, 16, 18, 19]. In C. elegans embryos the MR
plays an important role in scaffolding the abscission machinery even in the absence of MB
MTs [20].

Studies in human cell lines, predominantly in HeLa and MDCK cells, have shown that
components of the endosomal sorting complex required for transport (ESCRT) machinery
and associated proteins play important roles in mediating abscission [4, 7, 9–15]. Abscission
occurs at the thin membrane neck that forms at the constriction zone located adjacent to the
MR [9, 10, 17]. An important signal for initiation of abscission is the degradation of the
mitotic kinase PLK1 (Polo-like kinase 1) that triggers the targeting of CEP55 (centrosomal pro-
tein of 55 kDa) to the MR [21]. CEP55 interacts directly with GPP(3x)Y motifs in the ESCRT-
associated protein ALIX (ALG-2-interacting protein X) and in the ESCRT-I component
TSG101, thereby recruiting them to the MR [13–15, 22]. ALIX and TSG101 in turn recruit the
ESCRT-III component CHMP4B, which is followed by ESCRT-III polymerization into helical
filaments that spiral/slide to the site of abscission [9, 11, 13–15, 23]. The VPS4 ATPase is
thought to promote ESCRT-III redistribution toward the abscission site [23]. Prior to abscis-
sion ESCRT-III/CHMP1B recruits Spastin that mediates MT depolymerization at the abscis-
sion site [9, 10, 24]. ESCRT-III then facilitates membrane scission of the thin membrane neck,
thereby mediating abscission [9, 10].

Cytokinesis is tightly controlled by the activation and inactivation of mitotic kinases at sev-
eral steps to ensure its faithful spatiotemporal progression [7, 8]. Cytokinesis conventionally
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proceeds to completion via abscission, but is differentially controlled depending on the cell
type during the development of metazoan tissues. For example, germ cells in species ranging
from insects to humans undergo incomplete cytokinesis leading to the formation of germline
cysts in which cells are interconnected via stable intercellular bridges [25–27]. How cytokinesis
is modified to achieve different abscission timing in different cell types is not well understood,
but molecular understanding of the regulation of the abscission machinery has started giving
some mechanistic insight [25, 26, 28–30].

The Drosophila female germline represents a powerful system to address mechanisms con-
trolling cytokinesis and abscission in vivo [29, 31]. Each Drosophila female germline stem cell
(fGSC) divides asymmetrically with complete cytokinesis to give rise to another fGSC and a
daughter cell cystoblast (CB) [31–33]. Cytokinesis during fGSC division is delayed so that ab-
scission takes place during the G2 phase of the following cell cycle (about 24 hours later) [31].
The CB in turn undergoes four mitotic divisions with incomplete cytokinesis giving rise to a
16-cell cyst in which the cells remain interconnected by stable intercellular bridges called ring
canals (RCs) [27, 32]. One of the 16 cells with four RCs will become specified as the oocyte and
the cyst becomes encapsulated by a single layer follicle cell epithelium to form an egg chamber
[34, 35]. Drosophilamale GSCs (mGSCs) also divide asymmetrically with complete cytokinesis
to give rise to another mGSC and a daughter cell gonialblast (GB) [33, 36, 37]. Anillin, Pava-
rotti, Cindr, Cyclin B and Orbit are known factors localizing at RCs/MRs and/or MBs during
complete cytokinesis in fGSCs and/or mGSCs [29, 31, 36, 38–43]. Mathieu et al. recently re-
ported that Aurora B delays abscission and that Cyclin B promotes abscission in Drosophila
germ cells and that mutual inhibitions between Aurora B and Cyclin B/Cdk-1 control the tim-
ing of abscission in Drosophila fGSCs and germline cysts [29]. However, little is known about
further molecular mechanisms controlling cytokinesis and abscission in Drosophila fGSCs.

Here we characterize the roles of ALIX and the ESCRT-III component Shrub during cytoki-
nesis in Drosophila fGSCs. We find that ALIX and Shrub are required for completion of abscis-
sion in fGSCs, that they co-localize during this process and that their direct interaction is
required for abscission with normal kinetics. We thus show that a complex between ALIX and
Shrub is required for abscission in fGSCs and provide evidence of an evolutionarily conserved
functional role of the ALIX/ESCRT-III pathway in mediating cytokinetic abscission in the con-
text of a multi-cellular organism.

Results

ALIX localizes at the midbody during cytokinesis in Drosophila cells
The ESCRT-associated scaffold protein ALIX promotes cytokinetic abscission in human cul-
tured cells [13–15]. We were interested to characterize the role of ALIX in cytokinesis in vivo
using Drosophila melanogaster as a model because of its power for elucidation of mechanisms
of cytokinesis and abscission in different cell types in a developing organism [2, 5, 6, 29]. We
first raised an antibody against Drosophila ALIX (CG12876) (Fig. 1A) and examined its subcel-
lular localization during S2 cell division. During meta-, ana- and early telophase ALIX localized
at centrosomes (Fig. 1B-E), where it co-localized with Centrosomin (S1A-S1C Fig.). ALIX lo-
calization at centrosomes has been detected in human cultured cells in interphase [15], but to
our knowledge ALIX localization at centrosomes during different phases of mitosis has not
previously been shown. Strikingly, at mid telophase a fraction of ALIX re-localized from the
spindle poles to two pools within the intercellular bridge on each side of the MR/dark zone
(Figs. 1F and S1D). Finally, ALIX localized to the central region of the intercellular bridge dur-
ing late telophase/cytokinesis (Figs. 1G and S1E). Here it appeared to localize to the MR be-
cause it formed a ring-like structure around the MTs of the MB (Fig. 1G) at the dark zone
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(S1E Fig.). The pre-immune serum neither stained centrosomes, nor the intercellular bridge or
MR (S1A-S1E Fig.). This spatiotemporal redistribution from centrosomes to the MR suggested
a possible role for ALIX in cytokinesis in Drosophila cells.

Loss of ALIX gives rise to egg chambers with 32 germ cells during
Drosophila oogenesis
We further addressed the role of Drosophila ALIX in cytokinesis in vivo by analyzing two dif-
ferent alixmutant alleles, alix1 and alix3 (Fig. 2A). ALIX is highly expressed in Drosophila

Figure 1. ALIX localizes at the midbody ring during cytokinesis inDrosophila S2 cells. (A) Schematic of Drosophila and human ALIX domain
structures. The Drosophila ALIX protein shows ~60% homology to human ALIX and contains an N-terminal Bro1 domain (BRO1), a central coiled-coil (CC)
and a C-terminal proline-rich domain (PRD). (B-E) ALIX localizes at centrosomes in (B) metaphase, (C) early anaphase, (D) late anaphase and (E) early
telophase. (F) In mid telophase, ALIX localizes at the ICB in two pools that overlap with α-tubulin on each side of the central region of the MB. (G) In late
telophase/cytokinesis, ALIX localizes at the MR. In (B-G), S2 cells stably expressing GFP-α-tubulin (green) were fixed and stained with a guinea pig anti-
ALIX antibody (red), and with Hoechst (blue). Scale bars represent 5 μm. See also S1 Fig.

doi:10.1371/journal.pgen.1004904.g001
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Figure 2. Loss of ALIX gives rise to egg chambers with increased number of germ cells duringDrosophila oogenesis. (A) Schematic of the
Drosophila alix gene locus and the alix1 and alix3 alleles. The alix gene (CG12876) is located on 3R, band 98B1, and is encoded by six exons. (B)Overview of
Drosophila oogenesis, female germline stem cell (fGSC) and germ cell divisions. Each fGSC in the stem cell niche in the anterior tip of the germarium divides
with complete cytokinesis to give rise to another fGSC and a daughter cell, a cystoblast (CB). Cytokinetic abscission occurs as the MR closes to form an MB
and the fusome (red) is cut in two unequal parts. The CB leaves the niche and undergoes four mitotic divisions with incomplete cytokinesis, giving rise to a
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embryos, larvae, pupae, adult females and males, as well as in ovaries and testes (S2A Fig.). In-
terestingly, homozygous mutant offspring of both the alix1 and alix3 mutants could survive to
adulthood (even though they clearly lack the full-length ALIX protein) (S2B Fig. and see
below) and we detected none or only minor bi-nucleation clearly attributed to cytokinesis fail-
ure in the somatic cell types we analyzed (S2C-S2F Fig. and S1–S2 Tables). Fertility tests of
alix1 mutant flies however revealed that both female and male fertility was reduced (S3A–S3B
Fig.). In particular female fertility was severely compromised, manifested by very low egg lay
and hatch rates (S3A–S3B Fig.). We therefore asked whether oogenesis of alixmutant flies
might be altered.Wild type egg chambers contain 16 germ cells and an oocyte with 4 RCs
(Fig. 2B, 2D, 2G, 2E and 2H). Curiously, egg chambers in ovaries of both alix1 and alix3 mutant
females lacking full-length ALIX (Fig. 2C and 2F) often contained exactly 32 germ cells and an
oocyte with 5 RCs (Fig. 2D and 2G). Quantifying the egg chamber phenotypes of alix1 and
alix3 mutant ovaries revealed that about 60% of the egg chambers in both alleles contained
32 germ cells (Fig. 2E and 2H). We also detected low percentages of egg chambers with more
than 32 germ cells in both alixmutant alleles (Fig. 2E and 2H).

We next analyzed whether the increased germ cell number in egg chambers was specifically
due to loss of alix gene function. Firstly, alix1 and alix3 alleles combined either with two differ-
ent deficiencies lacking the alix gene or with each other gave rise to 50–60% of egg chambers
with 32 germ cells, similar to homozygous alix1 and alix3 mutants (S3C-S3E Fig.). Secondly,
two genomic rescue lines containing the full alix gene locus rescued the 32-germ cell phenotype
of both the alix1 and alix3 alleles (S4A–S4F Fig.). Finally, RNAi-mediated gene silencing of alix
specifically in female germ cells using the maternal tripleMTD-GAL4 driver [44–46] resulted
in about 50% of egg chambers with 32 or more germ cells (S4G-S4I Fig.) showing that absence
of ALIX specifically in germ cells causes the 32-germ cell phenotype. We conclude that loss of
ALIX function in the Drosophila female germline causes the formation of a high frequency of
egg chambers with 32 or more germ cells.

Loss of ALIX results in the formation of stem cysts in the Drosophila
female germline
Egg chambers with 32 germ cells may arise via encapsulation of two 16-cell cysts by the follicle
cell epithelium, an extra round of mitosis in germline cysts or a delay in abscission in fGSCs
[29, 32, 35, 47, 48]. The fact that the egg chambers with 32 germ cells contained one oocyte
with 5 RCs excluded that they arose via defective encapsulation of two 16-cell cysts. We further
discriminated between the two latter mechanisms by performing RNAi-mediated gene silenc-
ing of alix specifically in the germline using either Nanos-GAL4 (expresses in all germ cells;
fGSCs, CBs and 2–16-cell cysts) or Bam-GAL4 (expresses in CBs to 8-cell cysts, but not in
fGSCs) to test whether the phenotype originated from fGSCs or cell autonomously in germline
cysts. Interestingly, alix-RNAi using Nanos-GAL4 (Nanos-GAL4 or UAS-Dicer; Nanos-GAL4)
gave rise to 40–60% egg chambers with 32 germ cells, whereas alix depletion using Bam-GAL4

16-cell cyst in which the cells are interconnected by ring canals (RCs). One of the cells with four RCs will be specified as the oocyte. The 16-cell cyst
becomes encapsulated by follicle cells to form an egg chamber, each of which will undergo 14 developmental stages to form an egg. (C, F)Western blots
showing the lack of ALIX protein in (C) alix1 and (F) alix3mutant ovaries, respectively. α-tubulin was used as a loading control. (D, G) alix1 (D) and alix3 (G)
mutant egg chambers (ECs) frequently contain 32 germ cells (GCs). Upper panels:Wild type ECs with four RCs (arrows) to the oocyte. Lower panels: (D)
alix1 and (G) alix3 mutant ECs with five RCs (arrows) to the oocyte. Ovaries were fixed and stained to visualize F-actin (white) and nuclei (blue). Scale bars
represent 20 μm (left and middle images in each panel) and 10 μm (right images in each panel). (E, H)Graphs showing the average percentage of ECs
with 16, 32 or more GCs from three independent experiments fromwild type and alix1 or alix3mutant flies, respectively. (E)Wild type, n = 548 ECs; alix1,
n = 273 ECs. (H)Wild type, n = 222 ECs; alix3, n = 228 ECs. Data are based on three independent experiments and presented as mean ± STD in both (E)
and (H). See also S3 and S4 Figs.

doi:10.1371/journal.pgen.1004904.g002
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resulted in normal egg chambers with 16 germ cells only (S5A-S5D Fig.). These data linked
alix depletion in fGSCs to the formation of egg chambers with 32 germ cells and suggested that
they did not arise from an extra round of mitosis of germline cysts. This thus indicated a role
for ALIX in abscission in fGSCs in agreement with recent work showing that a delay in abscis-
sion in fGSCs can give rise to the formation of stem cysts in which the fGSC is connected to
several daughter cells [29]. If abscission eventually takes place, a 2-cell cysts may pinch off and
subsequently undergo four rounds of mitosis, giving rise to a 32-cell cyst [29]. We thus investi-
gated whether or not we could detect stem cysts following loss of ALIX function.

Stem cysts are characterized by their elongated fusomes, their weak Nanos expression as in
stem cells, their lack of expression of the cyst differentiation factor Bam and that the cell in di-
rect contact with the stem cell niche is positive for p-Mad [29]. The cells within the stem cysts
are moreover found to divide synchronously [29]. Importantly, alix1 and alix3 germaria as well
as germaria with alix-RNAi in fGSCs displayed chains of weakly Nanos-positive germ cells in-
terconnected by elongated fusomes in which the most anterior cell was in contact with the cap
cells in the stem cell niche of the germarium (Figs. 3A-C and S5E-S5H). The cell in contact
with the cap cells in such alix-deficient cysts was moreover p-Mad-positive (S6A Fig.) and the
cysts were Bam-negative (S6B-S6D Fig.). We also detected synchronously dividing cells in the
anterior tip of alix-deficient germaria (Fig. 3I). Taken together, these characteristics defined
the alix-deficient cysts as stem cysts and indicated a role for ALIX in abscission in fGSCs.

ALIX promotes abscission in Drosophila female germline stem cells
Each fGSC divides with complete cytokinesis giving rise to another stem cell and a daughter
cell CB [31, 32] (Fig. 2B). fGSC cytokinesis progression can be monitored using markers for
the fusome and RCs (hereafter referred to as MRs) [31, 32, 49, 50]. To determine the nature
and frequency of the abscission defects upon loss of ALIX function we quantified fGSC
morphologies in wild type, alix1 and alix3 germaria using markers for the fusome (hts-F),
MRs/MBs (Cindr) [38] and nuclei (Figs. 3D-G and S7A-S7H). We categorized fGSC pheno-
types as indicated in Fig. 3H (and as illustrated in S7E Fig.).Wild type fGSCs displayed only
normal phenotypes: ~50% fGSCs with a spectrosome, ~40% fGSC-CB pairs with an MR and
~10% fGSC-CB pairs with an MB (Figs. 3D-E, 3H, S7A-S7B and S7E). These frequencies of dif-
ferent fGSC cell cycle stages are consistent with previous reports [49, 51]. alix3 and alix1 mu-
tant germaria contained smaller fractions of fGSCs with a spectrosome (~15% for both
mutants), fGSC-CB pairs with an MR (~25% in alix3 and ~10% in alix1) and fGSC-CB pairs
with an MB (0% in alix3 and ~1% in alix1) compared to wild type (Figs. 3H and S7E). Impor-
tantly, more than half of the alixmutant fGSCs showed abscission defects: linear chains (~20%
in alix3 and ~10% in alix1), branched chains (~40% in alix3 and ~30% in alix1) or polyploidy
(~2% in alix3 and ~30% in alix1) (Figs. 3F-H and S7C-S7H). Abscission defects appeared in the
majority of both alix3 and alix1mutant germaria, and never in wild type (S3–S4 Tables). Con-
sistently, upon alix-RNAi in the germline using Nanos-GAL4 (Nanos-GAL4 or UAS-Dicer;
Nanos-GAL4) the majority of germaria contained stem cysts in which the fGSC was intercon-
nected to multiple daughter cells via fusome and MRs (S7I-S7K and S5H Figs.). We occasional-
ly detected MBs in stem cysts in alix1 and alix3 mutant germaria (even though MRs
predominated), indicating abscission events, and cysts of exactly two cells in the process of
pinching off (S7L-S7N Fig.). This is consistent with the model of how 32-cell cysts appear fol-
lowing delayed abscission in fGSCs as previously described [29]. Collectively, these results
showed that loss of ALIX caused a delay in abscission in fGSCs with the consequent formation
of a high frequency of stem cysts. The fact that cells in stem cysts were interconnected in chains
via MRs (Figs. 3F-H, S7C-S7E and S7I-S7J) together with the infrequent observation of fGSC-
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Figure 3. ALIX controls abscission inDrosophila female germline stem cells. (A-C) Loss of ALIX causes abnormal fGSC division. (A)Wild typeNanos-
positive fGSCs show normal spectrosome/fusomemorphologies (fGSCs and fGSC-CB pairs are outlined). Nanos-positive fGSCs in the anterior tip of alix1

(B) and alix3 (C) mutant germaria are interconnected to chains of daughter cells via abnormally long fusomes (outlined). Ovaries were fixed and stained with
antibodies against hts-F (red), Nanos (green) and Vasa (white), and with Hoechst (blue). CC, cap cell. Scale bars represent 10 μm. (D-G) Loss of ALIX
function causes abscission defects in fGSCs. (D-E)Wild-type fGSCs show normal morphologies: single fGSCs with a spectrosome (red, asterisks), fGSC-

ALIX and ESCRT-III Control Abscission in Stem Cells In Vivo

PLOSGenetics | DOI:10.1371/journal.pgen.1004904 January 30, 2015 8 / 33



CB pairs with an MB upon loss of ALIX function (Figs. 3H and S7E) suggested that ALIX plays
a role in promoting closure of the MR to mediate fGSC abscission. We conclude that ALIX is
required for completion of abscission in Drosophila fGSCs.

ALIX controls abscission in Drosophilamale germline stem cells
We further asked whether ALIX may also be required for abscission in asymmetrically dividing
DrosophilamGSCs. We stained testes tips from wild type, alix1 and alix3mutants with antibodies
to visualize the hub to which the mGSCs are attached, the fusome, MRs andMBs. In alix1 and
alix3mutant testes that lack full-length ALIX (S8A Fig.) ~20% of alix1 and ~40% of alix3mutant
mGSCs were found interconnected to chains of daughter cells by MRs and fusome (S8B-S8E
Fig.). These results suggest that ALIX promotes abscission in both female and male GSCs.

ALIX localizes at midbody rings and midbodies during cytokinesis in
Drosophila female germline stem cells
To examine the subcellular localization of ALIX during cytokinesis in fGSCs we generated
transgenic flies with GFP-tagged ALIX under the control of the UASp promoter (UASp-GFP-
ALIX) and expressed it in fGSCs and germline cysts usingMTD-GAL4 or Nanos-GAL4. We
then visualized the progressive stages of fGSC cytokinesis using markers for the fusome and
MRs/MBs (Cindr) or MTs (α-tubulin). In fGSC-CB pairs in which a small fusome plug had
formed within the MR (G1) we detected GFP-ALIX overlapping mainly with the fusome plug
(Fig. 4A). At this point we detected anti-parallel MT bundles with a dark zone to which the
fusome plug started localizing (S9A Fig.). Then, as the fusome adopted bar morphology in
G1/S GFP-ALIX localized at the MR and at this point the MTs were largely degraded (S9B
Fig.). GFP-ALIX remained at MRs throughout G1/S, S and early G2 (Figs. 4B and S9B-S9C)
and then localized at MBs during abscission (G2) (Fig. 4C). We thus conclude that GFP-ALIX
is recruited to the center of the MR and then moves to the MR during G1/S, is detected at MRs
throughout cytokinesis progression and then finally localizes to MBs during abscission in Dro-
sophila fGSCs. This spatiotemporal dynamics of ALIX during late stages of fGSC cytokinesis is
consistent with a role for ALIX in abscission in fGSCs.

ALIX and Shrub interact and co-localize during cytokinetic abscission in
Drosophila female germline stem cells
We next asked by which molecular mechanisms ALIX may act during abscission in fGSCs. The
ESCRT-III component and CHMP4 orthologue Shrub (CG8055) was an interesting candidate
to mediate abscission together with ALIX because of the important role of ESCRT-III in pro-
moting membrane scission during cytokinetic abscission and because ALIX directly interacts
with and recruits the ESCRT-III subunit CHMP4B to the MB to promote abscission in human
cells [13, 15, 52, 53]. The interaction between ALIX and CHMP4B is mediated via a motif with-
in the Bro1 domain of human ALIX (MxxxIxxxL, aa 199–216) and a motif in the CHMP4

CB pairs with an MR (green, arrows) and fusing fusomes (red) and an fGSC-CB pair in abscission with a MB (green, arrowhead) and a fusome with
exclamation point morphology (red). (F-G) alix3mutant fGSCs display abnormal morphologies: fGSCs in linear (F) or branched (G) chains via MRs (green,
arrows) and fusome (red). Ovaries were fixed and stained with antibodies against Cindr (green) and hts-F (red), and with Hoechst (blue). Scale bars
represent 10 μm. (H)Graph showing the average percentage of fGSCs with the fGSC phenotypes as described in (D-G) and the Materials and Methods from
wild type and alix3mutant females.Wild type, three independent experiments, n = 61 fGSCs, 22 germaria; alix3, three independent experiments, n = 60
fGSCs, 29 germaria. CB, cystoblast; MR, midbody ring; MB, midbody. Data are presented as mean ± STD. See also S3 Table. (I) Left:Wild type fGSC in
mitosis. Right: Four dividing cells in alix1 mutant germairum, one of which is an fGSC. Ovaries were fixed and stained with antibodies against phospho-
Histone H3 (PH3, green), γ-tubulin (red), with phalloidin to visualize F-actin (blue), and with Hoechst (white). Scale bars represent 5 μm. See also S5–S7
Figs.

doi:10.1371/journal.pgen.1004904.g003
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C-terminus (MxxLxxW, aa 214–220) [13, 15, 54]. Importantly, these mutual consensus inter-
action sites are conserved in Drosophila ALIX and Shrub, respectively (ALIX: LxxxIxxxL, aa
198–215 and Shrub: MxxLxxW, aa 218–224) (Fig. 5A) [54]. We therefore tested the possible
interaction by co-immunoprecipitation analyses of GFP-tagged Shrub and endogenous ALIX
from Drosophila Dmel cell lysates. These analyses showed that GFP-Shrub and ALIX indeed
were detected in the same complex (Fig. 5B).

We next examined the relative localization of ALIX and Shrub during fGSC cytokinesis. For
this purpose GFP-Shrub was expressed using Nanos-GAL4 and ALIX was detected with our

Figure 4. ALIX localizes at midbody rings andmidbodies during cytokinesis inDrosophila female germline stem cells. (A-C)GFP-ALIX localizes at
MRs and MBs during fGSC cytokinesis progression. GFP-ALIX was expressed under the control ofMTD-GAL4. fGSC-CB pairs are outlined and GFP-ALIX
is detected at the fusome plug in G1 (A, arrow), at the MR in S phase (B, arrow), and then at the MB during fGSC abscission (C, arrow). Ovaries were fixed
and stained with antibodies against Cindr (red) and hts-F (white), and with Hoechst (blue). CC, cap cell. Scale bars represent 5 μm. See also S9 Fig.

doi:10.1371/journal.pgen.1004904.g004
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Figure 5. ALIX co-localizes with Shrub during cytokinesis inDrosophila female germline stem cells. (A) Schematic overview of ALIX and Shrub
domain structures and conserved interaction motifs. (B) Drosophila Dmel cells transiently expressing GFP or Shrub-GFP were subjected to GFP trap
immunoprecipiation analysis. ALIX and GFP were detected by immunoblotting. A representative result is shown. (C-F) ALIX and GFP-Shrub co-localize at
MRs and MBs during fGSC cytokinesis. GFP-Shrub was expressed under the control of Nanos-GAL4 (Nos-GAL4). ALIX co-localizes with GFP-Shrub at
MRs in G1/S (C, arrow), S phase (D, arrow) and at MBs during abscission in G2 (E-F, arrows). Ovaries were fixed and stained with antibodies against ALIX
(red) and hts-F (white), and with GFP Booster (green) and Hoechst (blue). CC, cap cell. Scale bars represent 5 μm. See also S9 Fig.

doi:10.1371/journal.pgen.1004904.g005
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anti-ALIX antibody. Interestingly, GFP-Shrub localized at MRs and MBs during cytokinesis in
fGSCs (consistent with observations by [55]) and ALIX co-localized with GFP-Shrub at MRs
in G1/S and S phase and then at MBs during abscission in G2 (Fig. 5C-F). Strikingly, GFP-
Shrub additionally localized at the fusome (Fig. 5C-D and [55]). Furthermore, ALIX and GFP-
Shrub co-localized at bright dot-like structures on the fusome in fGSCs (Fig. 5E). These most
likely represented MB remnants that have been reported to be inherited by the fGSC following
cytokinesis completion [36]. Consistently, we detected that GFP-ALIX on MB remnants was
preferentially retained in fGSCs following abscission (data not shown). We also noted that
GFP-Shrub was weakly detected along the membrane at the point that anti-parallel MTs were
detected in fGSC-CB pairs in G1 (S9D Fig.) and then accumulated at MRs from G1/S (Figs.
5C-D and S9D). Taken together our results suggested that ALIX and GFP-Shrub co-localize at
MRs from G1/S and then at MRs and MBs throughout cytokinetic abscission in Drosophila
fGSCs.

ALIX and Shrub coordinately control abscission in Drosophila female
germline stem cells
We next analyzed the role of Shrub as well as the possible functional relationship between
ALIX and Shrub during fGSC cytokinesis. We first performed RNAi-mediated depletion of
shrub using the Nanos-GAL4 driver. Control germaria displayed normal fGSC and egg cham-
ber phenotypes (Figs. 6A, 6E, S10A and S10E). Upon alix-RNAi about 40% of fGSCs were
found in stem cysts (linear or branched) (Fig. 6B and 6E) and ~50% of the egg chambers con-
tained 32 germ cells (S10B and S10E Fig.). Importantly, following shrub-RNAi about 45% of
fGSCs formed stem cysts (Fig. 6C and 6E), ~10% of the fGSCs were polyploid (Fig. 6E) and
~50% of the egg chambers contained 32 germ cells (Figure S10C and S10E Fig.). Consistently,
stem cysts were also present in 70% of heterozygous shrubG5/+ mutant germaria (S10F Fig.)
suggesting that the stem cysts appeared specifically due to loss of Shrub function. These results
showed that loss of Shrub function caused delayed abscission in Drosophila fGSCs and that
Shrub is required for completion of abscission in these cells.

To test the functional relationship between ALIX and Shrub in fGSCs we performed com-
bined shrub- and alix-RNAi using Nanos-GAL4. We detected about 55% of the fGSCs in stem
cysts (Fig. 6D-E), 15% polyploid fGSCs (Fig. 6E) as well as about 40% of egg chambers with
32 germ cells and 15% of egg chambers with more than 32 germ cells (compared to 3–4% in
alix- or shrub-RNAi) (S10D-S10E Fig.). The increased frequency of egg chambers with more
than 32 germ cells suggested an even more delayed abscission rate upon combined ALIX and
Shrub depletion than following reduction of either ALIX or Shrub levels alone. Consistently,
reducing the Shrub levels in the alix1 mutant background (shrubG5/+; alix1) gave, in addition to
stem cysts, rise to the appearance ~10% of germaria with polyploid fGSCs, ~10% of agametic
germaria as well as fewer stem cells per germarium than normal suggesting that reduction of
the ALIX and Shrub levels in all cell types in the germarium both caused abscission defects and
affected germ cell viability (S10F-S10G Fig.). The fact that reducing the levels of both ALIX
and Shrub in fGSCs simultaneously caused even more delayed abscission kinetics in fGSCs as
compared to decreasing the levels of either of them alone indicated that ALIX and Shrub are re-
quired for the same process to promote abscission in Drosophila fGSCs.

ALIX interacts with Shrub to promote cytokinetic abscission in
Drosophila female germline stem cells
We next asked whether the complex formation between ALIX and Shrub is important for ab-
scission in fGSCs. In human cells interfering with the interaction between ALIX and CHMP4
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Figure 6. ALIX and Shrub coordinately control abscission inDrosophila female germline stem cells. (A-D)RNAi-mediated depletion of Shrub and
ALIX causes abscission defects in fGSCs. (A) Control fGSC-CB pair in cytokinesis (MB, arrowhead). alix-RNAi (B), shrub-RNAi (C) and combined shrub-
and alix-RNAi (D) gives rise to fGSCs connected to chains of daughter cells via MRs (green, arrows) and fusome (red). The asterisk in (D) shows a part of the
fusome in the fGSC of the stem cyst, a part of which is enlarged. Ovaries were fixed and stained with antibodies against Cindr (green) and hts-F (red) and
with Hoechst (blue). CC, cap cell. Scale bars represent 10 μm (full germaria) and 5 μm (enlarged images). (E)Graph showing the average percentages of
fGSCs with the indicated phenotypes from the genotypes in (A-D). Control, five independent experiments, n = 97 fGSCs, 37 germaria; alix-RNAi, five
independent experiments, n = 103 fGSCs, 42 germaria; shrub-RNAi, four independent experiments, n = 94 fGSCs, 41 germaria; shrub & alix-RNAi, three
indepdendent experiments, 39 fGSCs, 25 germaria. A systematically significant difference between control and either alix-RNAi, shrub-RNAi or shrub-RNAi
& alix-RNAiwas detected in each experiment (p<0.005, Fisher’s exact test). CB, cystoblast; MR, midbody ring; MB, midbody. See also S10 Fig.

doi:10.1371/journal.pgen.1004904.g006
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causes multi-nucleation and defective midbody morphology [13, 15]. We introduced point
mutations in Drosophila GFP-ALIX (GFP-ALIX-F198D and GFP-ALIX-I211D) of residues
which have previously been shown to mediate the interaction with CHMP4 in human cells
[13, 15, 54]. Indeed, we could verify the importance of these residues for the ALIX-Shrub inter-
action since wild type GFP-ALIX co-precipitated substantially more Shrub than the two mutant
proteins in GFP trap analyses (Fig. 7A). To further assess the functional importance of the
interaction between ALIX and Shrub in abscission in fGSCs we generated flies expressing
GFP-ALIX, GFP-ALIX-F198D or GFP-ALIX-I211D using Nanos-GAL4 either alone or in the
alix1 mutant background. Both GFP-ALIX-F198D and GFP-ALIX-I211D localized at MRs and
MBs like wild type GFP-ALIX (Figs. 7B and S11A) and their expression per se did not induce
the formation of stem cysts (Fig. 7B-C). Importantly, wild type GFP-ALIX rescued the fGSC
abscission defects in alix1 mutant germaria from 76% of fGSCs in stem cysts to 22% (Fig. 7C,
p< 0.05). GFP-ALIX-F198D or GFP-ALIX-I211D could on the other hand not rescue the
fGSC abscission defects as 59% and 56% of fGSCs were found in stem cysts following their ex-
pression in alix1 mutant germ cells, respectively (Fig. 7B-C, borderline significant, p = 0.05). In
agreement, the stem cyst lengths upon expression of GFP-ALIX-F198D or GFP-ALIX-I211D
in the alix1 mutant background were similar to the stem cyst lengths in the alix1mutant,
whereas they were shorter upon expression of GFP-ALIX (S11B Fig.). These results suggest
that ALIX requires the interaction with Shrub to mediate abscission in fGSCs. Moreover, con-
sistent with the stem cyst phenotypes the expression of wild type GFP-ALIX in the alix1 mutant
background rescued the number of egg chambers with 32 cells from 49% to 13% (p< 0.05),
whereas neither GFP-ALIX-F198D nor GFP-ALIX-I211D expression in alix1 mutant ovaries
could rescue the 32-cell phenotype (40% and 39%, respectively, p< 0.05) (S11C Fig.). Collec-
tively, these results demonstrate that the direct interaction between ALIX and Shrub is required
for completion of abscission with normal kinetics in Drosophila fGSCs.

Discussion

ALIX and Shrub promote abscission in Drosophila female germline stem
cells
The mechanisms controlling the kinetics of cytokinetic abscission in different cell types in the
context of a multi-cellular organism are not well understood. The Drosophila female germline
has emerged as a powerful genetically amendable model system to address mechanisms of cy-
tokinetic abscission in vivo [29]. In this study we show that the scaffold protein ALIX and the
ESCRT-III component Shrub form a complex to mediate completion of cytokinetic abscission
in Drosophila fGSCs with normal kinetics. Loss of ALIX or/and Shrub function or inhibition
of their interaction delays abscission in fGSCs leading to the formation of stem cysts in which
the fGSC remains interconnected to chains of daughter cells via MRs. As abscission eventually
takes place a cyst of e.g. 2 germ cells may pinch off and subsequently undergo four mitotic
divisions to give rise to a germline cyst with 32 germ cells [29]. Consistently, loss of ALIX or/
and Shrub or interference with their interaction caused a high frequency of egg chambers with
32 germ cells during Drosophila oogenesis. We also found that ALIX controls cytokinetic ab-
scission in both fGSCs and mGSCs and thus that ALIX plays a universal role in cytokinesis
during asymmetric GSC division in Drosophila. Taken together we thus provide evidence that
the ALIX/ESCRT-III pathway is required for normal abscission timing in a living metazoan
tissue.

Our results together with findings in other models underline the evolutionary conservation
of the ESCRT system and associated proteins in cytokinetic abscission. Specifically, ESCRT-I
or ESCRT-III have been implicated in abscission in a subset of Archaea (ESCRT-III) [56–58],
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Figure 7. ALIX interacts with Shrub to promote abscission inDrosophila female germline stem cells. (A) Drosophila Dmel cells transiently expressing
GFP,wild typeGFP-ALIX (GFP-ALIX-wt) or the two GFP-ALIX variants containing mutations of amino acids F198 (F198D) or I211 (I211D) were used for
GFP trap analysis. Co-immunoprecipitated endogenous Shrub was detected by immunoblotting. Anti-GFP was used to validate the expression levels and
levels of precipitated GFP-tagged proteins. A representative result is presented. (B)Ovaries of the indicated genotypes were fixed and stained with
antibodies against Cindr (red) and hts-F (white) and with Hoechst (blue). fGSC-CB pairs and stem cysts are outlined and MRs indicated with arrows. CC, cap
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in A. thaliana (elch/tsg101/ESCRT-I) [59] and in C. elegans (tsg101/ESCRT-I) [20]. In S. cere-
visiae, Bro1 (ALIX) and Snf7 (CHMP4/ESCRT-III) have also been suggested to facilitate cyto-
kinesis [60]. In cultured Drosophila cells, Shrub/ESCRT-III mediates abscission and in human
cells in culture ALIX, TSG101/ESCRT-I and CHMP4B/ESCRT-III promote abscission [9, 11,
13–16]. ALIX and the ESCRT system thus act in an ancient pathway to mediate cytokinetic
abscission.

ALIX in cytokinesis in somatic cells in vivo
Despite the fact that we find an essential role of ALIX in promoting cytokinetic abscission dur-
ing asymmetric GSC division in the Drosophil a female and male germlines, we did not detect
strong bi-nucleation directly attributed to cytokinesis failure in Drosophila alixmutants in the
somatic cell types we have examined. This might have multiple explanations. One possibility is
that maternally contributed alixmRNAmay support normal cytokinesis and development.
Whereas ALIX and CHMP4B depletion in cultured mammalian cells causes a high frequency
of bi- and multi-nucleation [14, 15] it is also possible that cells do not readily become bi-
nucleate upon failure of the final step of cytokinetic abscission in the context of a multi-cellular
organism. Consistent with our observations of a high frequency of stem cysts upon loss of
ALIX and Shrub in the germline, Shrub depletion in cultured Drosophila cells resulted in
chains of cells interconnected via intercellular bridges/MRs due to multiple rounds of cell divi-
sion with failed abscission [16]. Moreover, loss of ESCRT-I/tsg101 function in the C. elegans
embryo did not cause furrow regression [20]. These and our observations suggest that ALIX-
and Shrub/ESCRT-depleted cells can halt and are stable at the MR stage for long periods of
time and from which cleavage furrows may not easily regress, at least not in these cell types
and in the context of a multi-cellular organism. It is also possible that redundant mechanisms
contribute to abscission during symmetric cytokinesis in somatic Drosophila cells. Further
studies should address the general involvement of ALIX and ESCRT-III in cytokinetic abscis-
sion in somatic cells in vivo.

Spatiotemporal control of ALIX and Shrub during abscission in
Drosophila female germline stem cells
Different cell types display different abscission timing, intercellular bridge morphologies and
spatiotemporal control of cytokinesis [10, 26, 29]. In fGSCs we found that ALIX and Shrub co-
localize throughout late stages of cytokinesis and abscission. In human cells ALIX localizes in
the central region of the MB, whereas CHMP4B at first localizes at two cortical ring-like struc-
tures adjacent to the central MB region and then progressively distributes also at the constric-
tion zone where it promotes abscission [9–11, 13, 15, 23]. ALIX and CHMP4B are thus found
at discrete locations within the intercellular bridge as cells approach abscission in human cul-
tured cells. In contrast, ESCRT-III localizes to a ring-like structure during cytokinesis in Ar-
chaea, resembling the Shrub localization at MRs we observed in Drosophila fGSCs [56, 57].
Moreover, ALIX and Shrub are present at MRs for a much longer time (from G1/S) prior to ab-
scission (in G2) in fGSCs than in human cultured cells. Here, ALIX and CHMP4B are

cell. Scale bars represent 5 μm. (C)Graph showing the average percentages of the indicated fGSC phenotypes in germaria of females of the genotypes in
(B) from three independent experiments. Nanos-GAL4/+, n = 43 fGSCs, 15 germaria;Nanos-GAL4/UASp-GFP-ALIX, 41 fGSCs, 15 germaria; Nanos-GAL4/
UASp-GFP-ALIX-F198D, 40 fGSCs, 15 germaria; Nanos-GAL4/UASp-GFP-ALIX-I211D, 42 fGSCs, 15 germaria; alix1, 59 fGSCs, 29 germaria;Nanos-
GAL4/UASp-GFP-ALIX; alix1, 59 fGSCs, 28 germaria;Nanos-GAL4/UASp-GFP-ALIX-F198D; alix1, 54 fGSCs, 30 germaria; Nanos-GAL4/UASp-GFP-ALIX-
I211D; alix1, 52 fGSCs, 29 germaria. See also S11 Fig.

doi:10.1371/journal.pgen.1004904.g007
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increasingly recruited about an hour before abscission and then CHMP4B acutely increases at
the constriction zones shortly (~30 min) before the abscission event [9, 11].

How may ALIX and Shrub be recruited to the MR/MB in Drosophila cells in the absence
of CEP55 that is a major recruiter of ALIX and ultimately CHMP4/ESCRT-III in human cells
[13, 15]? Curiously, we detect a GPP(3x)Y consensus motif within the Drosophila ALIX se-
quence (GPPPGHY, aa 808–814) resembling the CEP55-interacting motif in human ALIX
(GPPYPTY, aa 800–806). Whether Drosophila ALIX is recruited to the MR/MB via a protein
(s) interacting with this motif or other domains is presently uncharacterized. Accordingly,
alternative pathways of ALIX and ESCRT recruitment have been reported [61–64], as well as
suggested in C. elegans, where CEP55 is also missing [20]. Further studies are needed to eluci-
date mechanisms of recruitment and spatiotemporal control of ALIX and ESCRT-III during
cytokinesis in fGSCs and different cell types in vivo.

ALIX and Shrub act together to mediate abscission in Drosophila female
germline stem cells
We found that the direct interaction between ALIX and Shrub is required for completion of ab-
scission with normal kinetics in fGSCs. This is consistent with findings in human cells in
which loss of the interaction between ALIX and CHMP4B causes abnormal midbody morphol-
ogy and multi-nucleation [13, 15]. Following ALIX-mediated recruitment of CHMP4B/
ESCRT-III to cortical rings adjacent to the MR in human cells, ESCRT-III extends in spiral-
like filaments to promote membrane scission [9–11, 13, 15, 23]. Due to the discrete localiza-
tions of ALIX and CHMP4B during abscission in human cells ALIX has been proposed to con-
tribute to ESCRT-III filament nucleation [15, 53]. In vitro studies have shown that the
interaction between ALIX and CHMP4B may release autoinhibitory intermolecular interac-
tions within both proteins and promote CHMP4B polymerization [54, 65]. Specifically, ALIX
dimers can bundle pairs of CHMP4B filaments in vitro [65]. Moreover, in yeast, the interaction
of the ALIX homologue Bro1 with Snf7 (CHMP4 homologue) enhances the stability of
ESCRT-III polymers [66, 67]. There is a high degree of evolutionary conservation of ALIX and
ESCRT-III proteins [52–54, 68, 69] and because ALIX and Shrub co-localize and interact to
promote abscission in fGSCs it is possible that ALIX can facilitate Shrub filament nucleation
and/or polymerization during this process.

Our findings indicate that accurate control of the levels and interaction of ALIX and Shrub
ensure proper abscission timing in fGSCs. Their reduced levels or interfering with their com-
plex formation caused delayed abscission kinetics. How cytokinesis is modified to achieve a
delay in abscission in Drosophila fGSCs and incomplete cytokinesis in germline cysts is not
well understood [25–27]. Aurora B plays an important role in controlling abscission timing
both in human cells and the Drosophila female germline [29, 70, 71]. During Drosophila germ
cell development Aurora B contributes to mediating a delay of abscission in fGSCs and a block
in cytokinesis in germline cysts [29]. Bam expression has also been proposed to block abscis-
sion in germline cysts [29, 32, 72, 73]. It will be interesting to investigate mechanisms regulat-
ing the levels, activity and complex assembly of ALIX and Shrub and other abscission
regulators at MRs/MBs to gain insight into how the abscission machinery is modified to con-
trol abscission timing in fGSCs.

We found that intercellular bridge MTs in fGSC-CB pairs were degraded in G1/S when the
fusome adopted bar morphology. Abscission in G2 thus appears to occur independently of in-
tercellular bridge MTs in Drosophila fGSCs. This has also been described in C. elegans embry-
onic cells where the MR scaffolds the abscission machinery as well as in Archaea that lack the
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MT cytoskeleton [20, 56, 57]. In mammalian and Drosophila S2 cells in culture, on the other
hand, intercellular bridge MTs are present until just prior to abscission [9, 11].

Mechanisms of complete and incomplete cytokinesis in the Drosophila
female germline
It is interesting to note a resemblance of the stem cysts that appeared upon loss of ALIX and
Shrub function to germline cysts in that the MRs remained open for long periods of time simi-
lar to RCs. Some modification of ALIX and Shrub levels/recruitment may thus contribute to in-
complete cytokinesis in Drosophila germline cysts under normal conditions. Because we
detected stem cysts in the case when ALIX weakly interacted with Shrub it is also possible that
inhibition of their complex assembly/activity may contribute to incomplete cytokinesis in
germline cysts. Abscission factors, such as ALIX and Shrub, may thus be modified and/or in-
hibited during incomplete cytokinesis in germline cysts. Such a scenario has been shown in the
mouse male germline where abscission is blocked by inhibition of CEP55-mediated recruit-
ment of the abscission machinery, including ALIX, to stable intercellular bridges [26, 30]. Alto-
gether our data thus suggest that ALIX and Shrub are essential components of the abscission
machinery in Drosophila GSCs, and we speculate that their absence or inactivation may con-
tribute to incomplete cytokinesis. More insight into molecular mechanisms controlling abscis-
sion timing and how the abscission machinery is modified in different cellular contexts will
give valuable information about mechanisms controlling complete versus incomplete cytokine-
sis in vivo.

Conclusions
Summarizing, we here report that a complex between ALIX and Shrub is required for comple-
tion of cytokinetic abscission with normal kinetics during asymmetric Drosophila GSC divi-
sion, giving molecular insight into the mechanics of abscission in a developing tissue in vivo.

Materials and Methods

Drosophila stocks and genetics
Fly crosses and experiments were performed at 25°C unless noted otherwise. w1118 was used as
a wild type control. w1118, w1118; Nanos-GAL4, UAS-Dcr-2, w1118; Nanos-GAL4, y v; attP2,
TRiP-alix (UAS-shRNA-alix, chr 3, TRiP# HMS00298), TRiP-shrub (UAS-shRNA-shrb, chr 2,
TRiP# HMS01767) [45],MTD-GAL4 [45], yw; P{EPgy2}ALiXEY10362, Df(3R)BSC499/TM6C,
Sb, w1118; Df(3R)BSC739/TM6C, Sb and w�; shrbG5 P{neoFRT}42D/CyO, P{GAL4-twi.G}2.2, P-
{UAS-2xEGFP}AH2.2 (shrubG5/+) were from BDSC (Indiana University) and PBac{WH}
ALiXf03094 from Exelixis at Harvard Medical School (referred to as alix1). The alix3 allele was
generated by imprecise excision of the P-element of the yw; P{EPgy2}ALiXEY10362 line. The
breakpoints were determined by sequencing and this allele lacks 860 bp in the 5’ end of the
gene (nucleotides 23534881 to 23525741 on 3R missing), thus removing the alix gene start
codon, exons 1, 2 and most of exon 3. The FRT82B, alix1 and FRT82B, alix3 lines were generat-
ed by recombination of to FRT82B chromosomes by standard procedures. The generation of
the genomic alix rescue lines is described below. The alix1 and alix3 alleles were kept as stocks
balanced over TM6B, Tb and TM6B, dfd gfp chromosomes. UASp-GFP-Shrub and Nanos-
GAL4, UASp-GFP-Shrub were generated as described in [55]. Bam-GAL4 (chr 3) was a kind
gift from M. Fuller (Stanford School of Medicine, CA), hsflp, tubulin-GAL4, UAS-GFP; FRT82,
tubulin-GAL80/TM6B, Tb (MARCM82) was a kind gift fromM. Peifer (University of North
Carolina).
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Antibodies and reagents
ALIX (CG12876) antibodies were generated by immunizing a guinea pig with two peptides
(CIQSTYNGASEEEKG-/CERLLDEERDSDNQL-amide) (BioGenes) from the Bro1 domain.
Primary antibodies and dilutions for immunofluorescence (IF) or Western blot (WB) were
guinea pig anti-ALIX (IF: 1:1000–3000, WB: 1:1000), mouse anti-ALIX (WB: 1:1000, a kind
gift from T. Aigaki, Tokyo Metropolitan University, Japan), rabbit anti-Cindr (IF: 1:1000)
(Haglund et al., 2010), mouse anti-hts-F (IF: 1:50, 1B1, DSHB), rabbit anti-Shrub (WB: 1:1000,
a kind gift from F-G. Bao, University of Massachusetts Medical School, MS [74], mouse anti-α-
spectrin (IF: 1:25, 3A9, DSHB), goat anti-Vasa (IF: 1:100, dC-13, Santa Cruz Biotechnology),
rabbit anti-Nanos (IF: 1:1000, a kind gift from A. Nakamura, RIKEN Center for Developmental
Biology), mouse anti-Bam (IF: 1:10, DSHB), mouse anti-α-tubulin (WB: 1:10,000, Sigma),
sheep anti α-tubulin (IF: 1:250, Cytoskeleton), guinea pig anti-Cnn (IF: 1:500, a kind gift from
T.C. Kaufman, Indiana University), rabbit anti-phospho-Histone H3 (IF: 1:500, Millipore),
rabbit anti-phosphotyrosine (IF: 1:500, Sigma), mouse anti γ-tubulin (IF: 1:500, Sigma), mouse
anti-Fasciclin III (FasIII, IF: 1:50, 7G1, DSHB), rabbit anti-phospho-Smad1/5 (Ser463/465)
(IF: 1:100, 41D10, Cell Signaling). GFP–Booster_Atto488 (IF: 1:200) was from Chromotek. To
visualize F-actin, Alexa Fluor 647 phalloidin (1:50), Alexa Fluor 488 phalloidin (1:100) or rho-
damine phalloidin (1:400) (Molecular Probes) were included in secondary antibody incuba-
tions. Secondary antibodies were conjugated to Alexa Fluor 488, Alexa Fluor 594 (1:200,
Molecular Probes), Cy3 or Cy5 (1:500, Jackson Immunoresearch). DNA was stained using
Hoechst 33342 (1μg/μl, Invitrogen). pOT2-ALIX as well as pAGW and pPGW vectors were
from the Drosophila Genomics Resource Center (DGRC) (Bloomington, IN). pAc-Shrub-GFP
was a kind gift from T. Takeda and D. Glover (University of Cambridge, Cambridge, UK).

Drosophila cell lines
S2 GFP-α-tubulin cells were a kind gift from E. Griffis (University of Dundee, UK) and S2 cells
were from ATCC (CRL-1963) (a kind gift from R. Palmer, Umeå University, Sweden). Dro-
sophila D.Mel-2 (Dmel) cells (a kind gift from P.P d’Avino and D. Glover, University of Cam-
bridge, Cambridge, UK) were grown in Express Five SFM medium (Gibco) containing 2 mM
L-glutamine, 100 U/ml penicillin and 100μg/ml streptomycin and Drosophila Schneider 2 (S2)
cells were cultured in Schneider’s Drosophila Medium (Gibco) supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 100μg/ml streptomycin.

Immunofluorescence staining of Drosophila cells and tissues
S2 cells were seeded on coverslips for two hours before 12 min fixation at room temperature in
4% formaldehyde (EM grade, Polysciences) in PHEM buffer (60 mM Pipes pH 6.8, 25 mM
Hepes pH 7.0, 10 mM EGTA pH 8.0, 4 mMMgSO4). The cells were then washed three times
with PBS and incubated in PBS + 5% BSA + 0,1% Triton X-100) for at least 1 h. Primary anti-
bodies were diluted in PBS + 1% BSA + 0,1% Triton X-100 (PBT) and cells incubated with pri-
mary antibodies over night at 4 degrees. Cells were then washed twice in PBT for 15 min and
then incubated with secondary antibodies diluted in PBT for 2 hrs at room temperature. They
were then washed twice in PBT as before followed by incubation with Hoechst 33342 diluted in
PBS to 1μg/μl for 5 min. Cells were finally rinsed with PBS and mounted in Mowiol.

Ovaries or testes were dissected in PBS and fixed using 4% formaldehyde (EM grade, Poly-
sciences) for 30 min either on ice (all samples including anti-Cindr antibodies) or at room tem-
perature (RT) (prior to anti-α-tubulin staining). Tissues were subjected to permeabilization
(3 × 15min) and blocking (30 min) in PBS + 0.3% bovine serum albumin (BSA) + 0.3% Triton
X- 100 (PBT) at RT and then incubated with primary antibodies diluted in PBT at 4°C over
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night. Samples were then washed three times 15 min in PBT, incubated with secondary anti-
bodies diluted in PBT for 2 hrs at room temperature followed by three 15 min washes in PBT.
For DNA staining, samples were subsequently stained with Hoechst 33342 (1 μg/μl) diluted in
PBS for 10 min. Samples were mounted in anti-fading mounting medium (Prolong Antifade,
Molecular Probes or Vectashield, Vector laboratories). For anti-ALIX staining, ovaries were
fixed in ice-cold methanol for 7 min and subsequently stained as above with the addition of
GFP-Booster (1:200) in the secondary antibody solution. For p-Mad detection the ovaries were
fixed for 40 min in 4% formaldehyde with phosphatase inhibitor cocktail (Sigma, 1:200) and
stained according to the protocol by Luo et. al. [75].

Confocal microscopy
Images were captured using Zeiss LSM 780, Zeiss LSM 710 or Zeiss LSM 5 DUO laser scanning
confocal microscopes (Carl Zeiss, Inc.) equipped with NeoFluar 63×/1.4 NA and 100×/1.45
NA oil immersion and Plan Apochromat 20×/0.8 NA objectives at 20°C. Image processing
and analysis were done using the Zeiss LSM 510 (Version 3.2, Carl Zeiss, Inc.) and Zen 2009
softwares and Adobe Photoshop CS4 (Adobe). Images are planar projections of sections from
z-stacks of germaria unless otherwise noted.

Quantification of female germ stem cell and egg chamber phenotypes
Ovaries of 2 to 4-day-old females (unless otherwise noted) that had been fed with yeast paste
and kept with a couple of males for 2 days were dissected, fixed and stained with antibodies to
visualize the fusome (hts-F), MRs/MBs (Cindr), RCs (pTyr)/F-actin (fluorescently labeled phal-
loidin) and nuclei (Hoechst) as described above. Confocal z-stacks of germaria were acquired
at the confocal microscope and fGSC phenotypes were analyzed from z-stacks and three-
dimensional reconstructions of z-stacks. fGSC identity was determined based on its anterior lo-
calization in the germarium, its fusome morphology and contact with the cap cells. Phenotype
scoring was based on the fusome morphology, presence, absence, number and position of
Cindr-positive MRs/MBs, cell-cell boundaries and nuclei. We categorized fGSCs into normal
morphologies: (i) fGSCs with a spherical spectrosome, (ii) fGSC-CB pairs with an MR (includes
plug, bar, dumbbell and fusing fusome morphologies) and (iii) fGSC-CB pairs in abscission
with an MB between them (exclamation point fusome) as well as abnormal abscission-defective
morphologies: (iv) linear chains of cells interconnected via fusome andMRs, (v) branched
chains or (vi) polyploid, bi- or multinucleate fGSCs. Egg chamber phenotypes were scored at
the microscope based on the number of RCs to the oocyte and the number of germ cell nuclei.

Statistical analyses
To examine whether differences between controls and alix1 or alix3 germaria were significant
within experiments, each germarium was classified as either normal or non-normal (the latter
being the case if at least one non-normal phenotype was present—linear, branched or poly-
ploid). Fisher’s exact test was then used to determine significance. To test whether differences
of fGSC phenotypes (classified as above) or egg chamber phenotypes between Nos-GAL4/GFP-
ALIX and alix1, Nos-GAL4/GFP-ALIX-F198D; alix1 or Nos-GAL4/GFP-ALIX-I211D; alix1 ova-
ries were significant we used a mixed factor model with each experiment as random factor.

Constructs
To generate N-terminally GFP-tagged alix, a PCR fragment corresponding to the whole-length
alix cDNA (except the START codon) was amplified from a cDNA clone from the BDGP Gold
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cDNA Collection (DGRC, Bloomington, IN) using the primers 5’AATGGATCCGGTCGAAG-
TTTCTGGGCGTGCCG3’ and 5’AATGCGGCCGCTTACCAGCCAGGTGGCTTCTG3’ and
the Phusion High-Fidelity PCR Kit (New England Biolabs). The alix cDNA was purified using
the QIAquick PCR Purification Kit (Qiagen), and cloned into the pENTR1A Gateway entry
vector using the T4 DNA ligase (Roche). The alix gene was then transferred by LR recombina-
tion using the Gateway LR clonase II enzyme mix (Invitrogen) to the pPGW (for generation of
fly lines) or pAGW (for cell lines) destination vectors (DGRC, Bloomington, IN). Site-directed
in vitromutagenesis was used to introduce point mutations in the pENTR1A-alix vector using
primers containing the specific mutations and the Phusion High-Fidelity PCR Kit (New En-
gland Biolabs). For generating ALIX-F198D the primers 5’CCAAGCGCAGGAGGTTGA-
CATTCTGAAGGCAATTAAGG3’ and 5’CCTTAATTGCCTTCAGAATGTCAACCTCCTG-
CGCTTGG3’ were used, and for ALIX-I211D the primers 5’CTTGAAGGACCAGGA-
CATCGCCAAGCTTTGCTGC3’ and 5’GCAGCAAAGCTTGGCGATGTCCTGGTCCTT-
CAAG3’ were used. The plasmid was then treated with DpnI (New England Biolabs) for one
hour at 37°C after PCR amplification. The mutated alix cDNAs were then transferred to the
pPGW (for fly lines) and pAGW (for cell lines) destination vectors by LR recombination

Generation of transgenic Drosophila lines
The transgenic UASp-GFP-ALIX, UASp-GFP-ALIX-F198D and UASp-GFP-ALIX-I211D Dro-
sophila lines were generated by P-element transformation performed by BestGene Inc. The ex-
pression of GFP-ALIX was verified by Western blot analysis.

Co-immunoprecipitation
Approximately 1 hour before transfection, 8×106 Dmel cells were seeded in 10 cm plates. The
cells were transiently transfected for 48 hours with 2,5 μg pAGW (empty GFP) or 5 μg pAc-
Shrub-GFP, pAGW-ALIX-wt, pAGW-ALIX-F198D or pAGW-ALIX-I211D using FuGene
HD according to the manufacturer’s instructions (Promega). Enrichment of mitotic cells was
obtained by MG132 treatment (25 μM, 5 hours) as previously described [76]. Cells were used
for GFP trap immunoprecipitation analysis performed in line with the protocol provided by
the supplier (ChromoTek). The cells were lysed in 200 μl Lysis buffer (10 mM Tris-HCl pH
7.5, 150 mMNaCl, 0.5 mM EDTA, 0.5% NP-40) supplemented with 1:50 protease inhibitor
cocktail (Roche), 1:50 phosphatase inhibitor cocktail 2 (Sigma-Aldrich) and 2 mM
N-ethylmalemide (Sigma-Aldrich) on ice for 30 minutes with extensive mixing every 10 min-
utes. Nuclei and cell debris were cleared by centrifugation (20,000g, 10 minutes, 4°C), before
the lysate was diluted to 1000 μl with Washing buffer (10 mM Tris-HCl pH = 7.5, 150 mM
NaCl, 0.5 mM EDTA) and incubated with pre-washed GFP trap beads (30 μl) for 1 hour at
4°C. The beads and associated proteins were washed three times using Washing buffer and
next boiled in SDS sample buffer containing 100 mM DTT for 10 minutes to elute associated
proteins. The eluted proteins were subjected to SDS-PAGE, followed by Western blot to detect
ALIX, Shrub or GFP.

Western blot analyses
Drosophila tissues were collected and homogenized in ice-cold lysis buffer (50 mM Tris pH
8, 150 mMNaCl, 0.5% NP-40 or 50 mMHepes, 150 mMNaCl, 1 mM EDTA, 1 mM EGTA,
10% glycerol, 1% Triton X-100, 25 mMNaF, 10μMZnCl2) containing protease inhibitor cock-
tail (Complete, EDTA-free, Roche). Lysates were cleared by centrifugation for 15 min at
13,000 rpm and 4°C. Equal amounts of protein were mixed with Laemmli buffer containing
50 mMDTT, denatured by boiling and subjected to SDS-PAGE and transferred to either
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nitrocellulose or PVDFmembranes. Nitrocellulose membranes were blocked in PBS/5% milk at
4°C over night followed by incubation with primary antibodies diluted in PBS/5% BSA for 1h
30 min or over night. Membranes were then washed three times in PBS/0.01% Tween-20, fol-
lowed by incubation 1 h with secondary HRP-conjugated anti-rabbit and anti-mouse antibodies
(1:5000) (Jackson ImmunoResearch). Following three further washes in PBS/0.01% Tween-20
and one wash in PBS, chemiluminescent (WestPico, PIERCE) signal was detected on film
(Amersham Hyperfilm). PVDF membranes were blocked (by drying), re-wet in PBS/0.01%
Tween-20, incubated with primary antibodies overnight at 4°C, rinsed three times in PBS/0.01%
Tween-20, incubated with fluorescently labelled secondary antibodies (LI-COR Biosciences
GmbH) and washed twice in PBS/0.01% Tween-20 and once in PBS followed by scanning using
the Odyssey Developer (LI-COR Biosciences GmbH).

RNAi-mediated depletion in Drosophila female germ cells
For RNAi-mediated gene silencing in germ cells,MTD-GAL4, Nanos-GAL4, UAS-Dicer;
Nanos-Gal4 or Bam-GAL4 drivers were crossed to control (yv; attP2), TRiP-alix-RNAi, TRiP-
shrub-RNAi or TRiP-shrub-RNAi; TRiP-alix-RNAi flies as described. For all RNAi experiments,
young female offspring were fed with yeast paste and kept with a couple of males for 2 days at
25°C. Ovaries of 2–4-day-old females were dissected, fixed, and stained as described above.

Quantification of Drosophilamale germ stem cell phenotypes
0–3 day old males were dissected and stained with antibodies as described above to label mid-
body rings and midbodies (Cindr), the fusome (α-spectrin), hub (Fasciclin III) and germ cells
(Vasa). Confocal z-stacks of testes tips were acquired at the confocal microscope and mGSC
phenotypes were analyzed from z-stacks and three-dimensional reconstructions of z-stacks.
mGSC identity was determined based on proximity to the hub. Phenotype scoring was based
on the fusome morphology, presence, absence, number and position of Cindr-positive MRs/
MBs, Vasa staining and nuclei.

Clonal analyses in follicle cell epithelia
For clonal analysis in the follicle cell epithelium,MARCM82 females were crossed to FRT82
and FRT82, alix3/TM6B, Tb and FRT82, alix1/TM6B, Tbmales. L3 larvae were subjected to two
heat-shocks at 37°C for 1 h. Newly hatched females were fed with yeast paste for 2 days in the
presence of a couple of males. Ovaries were then dissected and stained to visualize F-actin and
nuclei (Hoechst) as described above.

Generation of genomic rescue lines, rescue analyses and
complementation tests
Genomic rescue constructs (BAC CH322–119C06, comprising 20339 bp from 23513227 to
23533565 of chromosome arm 3R (short-alix-rescue, alix-s), and BAC CH321–50C24 compris-
ing 85562 bp from 23500943 to 23586504 of chromosome arm 3R (long-alix-rescue, alix-l) in the
vector attB-P[acman]-CmR-BW (http://bacpac.chori.org/home.htm) were injected into strains
y1 w1118; PBac{y+-attP-9A}VK00018 (BDSC# 9736, insertion site 53B2) and y1 w1118; PBac{y
+-attP-3B}VK00037 (BDSC# 9752, insertion site 22A3) and integrated into predetermined attP
docking sites in the genome using PhiC31 integrase-mediated germline transformation. The
methodology is decribed in “Versatile P[acman] BAC libraries for transgenesis studies in Dro-
sophila melanogaster” [77]. The injection of the constructs into Drosophila embryos was per-
formed by BestGene (http://www.thebestgene.com/). Males with integrated constructs were
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obtained from BestGene, balanced and crossed to generate CH322–119C06/CyO; alix1/TM6B,
Tb (alix-s/CyO; alix1/TM6B, Tb), CH322–119C06/CyO; alix3/TM6B, Tb (alix-s/CyO; alix3/
TM6B, Tb), CH321–50C24/CyO; alix1/TM6B, Tb (alix-l/CyO; alix1/TM6B, Tb) and CH321–
50C24/CyO; alix3/TM6B, Tb (alix-l/CyO; alix3/TM6B, Tb) stocks.

For complementation tests the alix1 and alix3 alleles were crossed to the deficiencies and to
each other. In both rescue analyses and complementation tests, young females of the indicated
genotypes were collected, fed with yeast paste and kept with a couple of males for 2 days. Ova-
ries of 2–4 day-old flies were dissected, fixed and stained to visualize F-actin and nuclei and egg
chamber phenotypes were quantified as described above.

Egg lay and hatch rate assays
Flies used for fertility tests were 4–7 days old and kept separately with yeast paste for a couple
of days before being crossed.Wild type or alix1 mutant virgin females were crossed to wild
type or alix1 mutant males as indicated. Eggs were collected on apple juice agar plates for
18 hours three times for each cross in three independent experiments. The eggs were counted
after each egg lay to determine the egg lay rate. Hatch rates were determined by quantifying
the hatched versus unhatched eggs under a dissecting microscope after eggs had developed for
24–30 hours. The experiments were conducted at 25°C.

Drosophila embryo stainings
Embryo collection, permeabilization and fixation were based on the protocol described by
Rothwell and Sullivan [78]. The Drosophila melanogaster flies were put on apple juice agar
with yeast for egg lay at 25°C overnight. The embryos were dislodged from the agar into a
nylon mesh/falcon basket using PBS + 0.02% Triton X-100, and dechorionated by shaking
them in a 50% commercial bleach solution until agglutination of the embryos (1–3 min). The
dechorionated embryos were extensively rinsed with PBS + 0.02% Triton X-100, and blotted
dry on paper towels. The embryos were transferred from the nylon mesh and to a small flask
with 5 mL heptane. An equal amount of 4% formaldehyde in PBS was added, and the two-
phase mixture was incubated with vigorous shaking for 17 minutes. The embryos were now be-
tween the two phases. The formaldehyde phase was removed and replaced with methanol, and
the embryos were gently shaken for 1 minute with gentle heating for removal of the vitelline
membrane. The heptane phase was removed along with the embryos still remaining in the in-
terphase. The embryos that sank to the bottom of the flask were washed three times in metha-
nol and stored at -20°C. Immunofluorescent staining of embryos was performed as follows.
The embryos were rehydrated by first putting them in 3:4 methanol and 1:4 4% formaldehyde
in PBS for 2 minutes, and then 1:4 methanol and 3:4 formaldehyde for 5 minutes. Post fixation
was done for 10 minutes in 4% formaldehyde, before the embryos were rinsed six times using
PBS with 1% BSA and 0.05% Triton X-100. The embryos were incubated with α-spectrin anti-
bodies (1:25, DSHB) over night at 4°C. After incubation the embryos were rinsed three times
and washed for one hour with PBS with 1% BSA and 0.05% Triton X-100, and then incubated
with secondary antibody for two hours. The antibodies were diluted in PBS with 1% BSA and
0.05% Triton X-100. The embryos were again rinsed three times and washed for one hour
with PBS with 1% BSA and 0.05% Triton X-100, before being labeled with Hoechst 33342
(2 μL/mL) for 10 minutes, and then rinsed 3 times in PBS to remove detergent. The embryos
were mounted using Vectashield (Vector laboratories). For quantifications of mono- and binu-
cleate cells, images of homozygous wild type, alix1 and alix3 mutant stage 16 embryos were cap-
tured at the confocal microscope and more than 1000 cells analyzed for each genotype.
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Supporting Information
S1 Fig. Drosophila ALIX protein expression and spatiotemporal dynamics during division
of cultured Drosophila cells. (A-C) ALIX co-localizes with Centrosomin (Cnn) at centrosomes
in meta-, anaphase and early telophase (A’, B’ and C’). No signal is detected at centrosomes
using the pre-immune (pre-im) serum (A, B and C). (D)ALIX co-localizes with Cnn at centro-
somes and in addition appears at the intercellular bridge in mid telophase where it overlaps with
the mitotic spindle (D’). No signal is detected at centrosomes nor at the intercellular bridge
using the pre-immune serum (D). (E) In late telophase/cytokinesis, ALIX localizes to the dark
region in the α-tubulin staining at the centre of the intercellular bridge, indicating its localiza-
tion at the midbody ring (E’). ALIX also shows a vesicular pattern within the cell at this stage
(E’). No signal is detected at the midbody ring using the pre-immune serum (E). A weak vesicu-
lar pattern detected, but is much weaker than in (E’). In all panels, S2 cells were fixed and stained
with antibodies against ALIX (red), Cnn (green) and α-tubulin (white), and with Hoechst
(blue). Images in all panels were captured with the same intensity. Scale bars represent 5 μm.
(TIF)

S2 Fig. ALIX expression inDrosophila tissues and phenotypes following loss of ALIX func-
tion in somatic Drosophila cell types. (A)Western blot showing ALIX expression levels in
Drosophila embryos, L3 larvae, pupae, adult males and females as well as testes and ovaries. α-
tubulin was used as a loading control. (B)Western blot showing loss of ALIX protein in alix1

mutant males and females. Heterozygote alix1/TM6B, Tbmales and females show reduced pro-
tein levels compared to wild type. α-tubulin was used as a loading control. (C) Left: Image of
wild type stage 16 embryonic epithelium. Middle and right: Images of homozygous alix1 and
alix3mutant stage 16 embryonic epithelia. Embryos were fixed and stained with antibodies
against α-spectrin (red) and with Hoechst (green). More than 1000 cells from five embryos of
each genotype were analyzed for the presence of mono- and bi-nucelate cells and no evident bi-
nucleation could be detected for any of the genotypes. Scale bars represent 10 μm. (D) Left:
Image of wild type follicle cell epithelium of stage 6 egg chamber. Middle and right: Images of
alix1 and alix3mutant follicle cell epithelia of stage 6 egg chambers. Bi-nucleate cells are indicat-
ed with asterisks. Ovaries were fixed and stained to visualize F-actin (red) and nuclei (white,
Hoechst). Scale bars represent 5 μm. See also S1 Table. (E) Left: Stage 10 EC with GFP-positive
mono-nucleate control follicle cell clones. Middle and right: alix3 and alix1mutant GFP-positive
clones with bi-nucleate cells (asterisks). Ovaries were fixed and stained to visualize F-actin (red)
and nuclei (Hoechst, blue). Scale bars represent 20 μm. See also S2 Table. (F) Left: Stage 14 EC
with GFP-positive mononucleate control follicle cell clones. Middle and right: alix3 and alix1

mutant GFP-positive clones with bi-nucleate cells (asterisks). The bi-nucleation in the alixmu-
tant clones may arise via alternative mechanisms. It is possible that loss of ALIX function leads
to loss of the connection of the stable intercellular bridge between follicle cells with the plasma
membrane as the egg chamber develops from stage 10 to stage 14 and thus that ALIX is
required to maintain separate cells at late stages of oogenesis in somatic Drosophila follicle cells.
Alternatively, the bi-nucleation could be caused by abscission failure, but an abscission event in
follicle cells at late stages of oogenesis has not, to our knowledge, been described as the stable in-
tercellular bridges formed via incomplete cytokinesis in the follicle epithelium are thought to
persist throughout Drosophila oogenesis [26, 79, 80]. Ovaries were fixed and stained to visualize
F-actin (red) and nuclei (Hoechst, blue). Scale bars represent 20 μm. See also S2 Table.
(TIF)

S3 Fig. Loss of ALIX causes severely reduced female fertility and defects in oogenesis in
Drosophila melanogaster. (A) Graph showing the average egg lay rates for wild type and alix1
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mutant females crossed to either wild type or alix1 mutant males from three independent ex-
periments. Data are presented as mean ± STD. (B) Graph showing average hatch rates for the
eggs laid in the crosses from the three independent experiments in (B). Data are presented as
mean ± STD. (C)Western blot showing expression of ALIX protein in wild type ovaries and
loss of ALIX protein in ovaries of alix1 homozygote mutant females, of females in which the
alix1 allele is combined with two different deficiences (alix1/Df(3R)BSC499, alix1/Df499 and
alix1/Df(3R)BSC739, alix1/Df739) or with the alix3 allele (alix1/alix3), of alix3 homozygote mu-
tant females, or females in which the alix3 allele is combined with the two different deficiences
(alix3/Df499 and alix3/Df739). α-tubulin served as a control for protein loading. (D) Images
showing four ring canals (arrows) to the oocyte in a wild type egg chamber and five ring canals
(arrows) to the oocyte in egg chambers of the genotypes in (C). Ovaries were fixed and stained
to visualize F-actin (white). Scale bars represent 5 μm. (E) Graph showing the percentages of
egg chambers with 16, 32 or more germ cells the indicated genotypes in (C-D).Wild type,
three independent experiments, n = 362 egg chambers; alix1, two independent experiments,
n = 154 egg chambers; alix1/Df(3R)BSC499, two independent experiments, n = 242 egg cham-
bers; alix1/Df(3R)BSC739, two independent experiments, n = 38; alix1/alix3, one experiment,
n = 42 egg chambers, alix3, two independent experiments, n = 150 egg chambers, alix3/Df(3R)
BSC499, two independent experiments, n = 139; alix3/Df(3R)BSC739, one experiment,
n = 88 egg chambers. Data are presented as mean ± STD.
(TIF)

S4 Fig. Rescue of the alix1 and alix3 mutant egg chamber phenotypes and appearance of
egg chambers with increased germ cell number upon germline-specific alix depletion. (A)
Western blot showing ALIX expression in wild type ovaries, lack of ALIX protein in alix1 ho-
mozygote mutant ovaries and ALIX expression in ovaries of two lines with one copy of either
of the two genomic rescue constructs (short-alix-rescue, alix-s; long alix-rescue, alix-l) in the
alix1 mutant background (alix-s/CyO; alix1 and alix-l/CyO; alix1). Levels of α-tubulin show
equal protein loading. Rescue constructs and lines are described in the Materials and Methods.
(B) Images showing four ring canals (arrows) to the oocyte in a wild type egg chamber, five
ring canals to the oocyte (arrows) in an alix1mutant egg chamber and four ring canals (arrows)
to the oocyte upon reexpression of ALIX in the alix1 mutant background from either of the two
rescue constructs (alix-s/CyO; alix1 and alix-l/CyO; alix1). Ovaries were fixed and stained to vi-
sualize F-actin (white). Images are planar projections of several sections of a z-stack. Scale bars
represent 5 μm. (C) Graph showing the average percentage of egg chambers with 16, 32 or
more germ cells of the genotypes in (A) and (B).Wild type, three independent experiments,
n = 326 egg chambers; alix1, three independent experiments, n = 236 egg chambers;
alix-s/CyO; alix1, three independent experiments, n = 301 egg chambers; alix-l/CyO; alix1,
three independent experiments, n = 226 egg chambers. Data are presented as mean ± STD. (D)
Western blot showing ALIX expression in wild type ovaries, lack of ALIX protein in alix3 ho-
mozygote mutant ovaries and ALIX expression in ovaries from two lines with one copy of ei-
ther of the two genomic rescue constructs described in (A) in the alix3 mutant background
(alix-s/CyO; alix3 and alix-l/CyO; alix3). Levels of α-tubulin show equal protein loading. (E)
Images showing four ring canals to the oocyte (arrows) in a wild type egg chamber, five ring ca-
nals (arrows) to the oocyte in an alix3 mutant egg chamber and four ring canals (arrows) to the
oocyte upon reexpression of ALIX in the alix3 mutant background from either of the two res-
cue constructs (alix-s/CyO; alix3 and alix-l/CyO; alix3). Ovaries were fixed and stained to visu-
alize F-actin (white). Scale bars represent 5 μm. (F) Graph showing the average percentage of
egg chambers with 16, 32 or more germ cells from the genotypes in (D) and (E).Wild type,
three independent experiments, n = 340 egg chambers; alix3, three independent experiments,
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n = 275 egg chambers; alix-s/CyO; alix3, three independent experiments, n = 310 egg chambers;
alix-l/CyO; alix3, two independent experiments, n = 235 egg chambers. Data are presented as
mean ± STD. (G)Western blot showing ALIX expression in control ovaries (MTD-GAL4/+)
and reduced levels of ALIX protein in ovaries in which RNAi-mediated gene silencing was per-
formed in germ cells usingMTD-GAL4 and the TRiP-alix-RNAi line (alix-RNAi). (H) Images
showing four ring canals (arrows) to the oocyte of a control egg chamber and five ring canals
(arrows) to the oocyte in an alix-RNAi egg chamber. Ovaries were fixed and stained to visualize
F-actin (white). Images are planar projections of several sections from z-stacks. Scale bars rep-
resent 10 μm. (I) Graph showing the average percentage of egg chambers with 16, 32 or other
phenotypes from control and alix-RNAi females. Control, four experiments, n = 423 egg cham-
bers; alix-RNAi, four experiments, n = 602 egg chambers. Data are presented as mean ± STD.
(TIF)

S5 Fig. Loss of ALIX in Drosophila female germline stem cells gives rise to egg chambers
with 32 germ cells and abscission defects in these cells. (A) Control (Nos-GAL4/+) egg cham-
ber with four ring canals (arrows) to the oocyte (left image) and egg chamber with alix-RNAi
(Nos-GAL4/+; TRiP-alix/+) expression in fGSCs (right image) with five ring canals (arrows) to
the oocyte are shown. Nos, Nanos; TRiP-alix = alix-RNAi line from TRiP. (B) Control (Dcr2/+;
Nos-GAL4/+) egg chamber with four ring canals (arrows) to the oocyte (left image) and egg
chamber with alix-RNAi and Dicer (Dcr2/+; Nos-GAL4/+; TRiP-alix/+) expression (right
image) with five ring canals to the oocyte are shown. Dcr2, Dicer 2. (C) Egg chambers from fe-
males with the genotypes Bam-GAL4/+ (left image) and Bam-GAL4/TRiP-alix (right image)
with four ring canals (arrows) to the oocyte are shown. In (A-C) ovaries were fixed and stained
with fluorescently labeled phalloidin (green) and with Hoechst (not shown). Scale bars repre-
sent 20 μm. (D) Graph showing the average percentage of egg chambers with 16 or 32 or more
germ cells for the genotypes in (A-C). Nos-Gal4/+, three independent experiments, n = 181 egg
chambers; Nos-Gal4/+; TRiP-alix/+, three independent experiments, n = 159 egg chambers;
Dcr2/+; Nos-GAL4/+, three independent experiments, n = 149 egg chambers; Dcr2/+; Nos-
GAL4/+; TRiP-alix /+, three independent experiments, n = 146; Bam-GAL4/+, three indepen-
dent experiments, n = 179 egg chambers; Bam-GAL4/TRiP-alix, three independent experi-
ments, n = 192 egg chambers. Data are presented as mean ± STD. (E) Germarium from control
female (Nos-GAL4/+) with Nanos-positive fGSCs with spectrosomes (left image) and germar-
ium with alix-RNAi expression in germ cells, including fGSCs, using Nos-GAL4 (Nos-GAL4/+;
TRiP-alix/+) (right image) are shown. In the right image an fGSC interconnected to three
other Nanos-positive cells via fusome is seen in the anterior tip of the germarium. (F) Germar-
ium from control female (Dcr2/+; Nos-GAL4/+) (left image) with Nanos-positive fGSCs with
spectrosomes and germarium in which alix-RNAi and Dicer were expressed (Dcr2/+; Nos-
GAL4/+; TRiP-alix/+) (right image) are shown. Two fGSCs interconnected to multiple Nanos-
positive cells via fusomes are seen in the anterior tip of the germarium in the right image. (G)
Germarium from control female (Bam-GAL4/+) (left image) with Nanos-positive fGSCs with
spectrosomes and germarium in which RNAi-mediated depletion of alix was performed using
Bam-GAL4 (Bam-GAL4/TRiP-alix) (right image) are shown. fGSCs with spectrosomes are
seen in the anterior tip of the germaria. In (E-G) ovaries were fixed and stained with antibodies
against Nanos (green) and hts-F (red). Scale bars represent 10 μm. (H) Graph showing the av-
erage percentages of germaria with normal or abnormal (linear or branched elongated) fusome
morphologies in germaria of females of the genotypes in (E-G). Nos-Gal4/+, three independent
experiments, n = 155 germaria; Nos-Gal4/+; TRiP-alix/+, three independent experiments,
n = 168 germaria; Dcr2/+; Nos-GAL4/+, three independent experiments, n = 158 germaria;
Dcr2/+; Nos-GAL4/+; TRiP-alix/+, three independent experiments, n = 139 germaria; Bam-
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GAL4/+, three independent experiments, n = 174 germaria; Bam-GAL4/TRiP-alix, three inde-
pendent experiments, n = 172 germaria. Data are presented as mean ± STD.
(TIF)

S6 Fig. Stem cysts form in alixmutant germaria. (A) Examples of wild type, alix1 and alix3

germaria stained for p-MAD (red) are shown. The wild type p-Mad-positive fGSC (red) is con-
nected to a daughter cell CB via fusome (white). The alix1 and alix3 p-Mad-positive fGSCs
(red) are connected chains of daughter cell via elongated fusomes. CC, cap cell. Scale bars rep-
resent 5μm. (B-D) Images showing Bam protein staining of wild type, alix1 and alix3 germaria.
An fGSC-CB pair (B) or stem cysts (C-D) are outlined. Ovaries were stained with antibodies
against Bam (green) and Cindr (red), and with Hoechst (blue). Scale bars represent 10 μm.
(TIF)

S7 Fig. ALIX promotes abscission inDrosophila female germline stem cells. (A-B) Shown
are examples wild type germaria with normal fGSC morphologies: (i) a single fGSCs with a
spectrosome (red, SP), (ii) fGSC-CB pairs undergoing cytokinesis with midbody rings (MR,
green, arrows) and fused fusomes (red) and (iii) an fGSC-CB pair in late cytokinesis with a
midbody (MB, green, arrowhead) and fusome with exclamation point morphology (red).
(C-D) alix1 mutant germaria show abnormal fGSC morphologies. Shown are fGSCs connected
to more than one daughter cell in (iv) linear (C) or (v) branched (D) chains via midbody rings
(green) and fusome (red). Cells interconnected are marked with asterisks. Ovaries in (A-D)
were fixed and stained with antibodies against Cindr (green) and hts-F (red), with phalloidin
to visualize F-actin (white) and with Hoechst (blue). Scale bars in (A-D) represent 5 μm. (E)
Graph showing the average percentage of fGSCs with the indicated phenotypes from wild type
and alix1 mutant flies.Wild type, three independent experiments, n = 110, 30 germaria; alix1,
three independent experiments, n = 70, 29 germaria. The larger proportion of polyploid fGSCs
in the alix1 compared to the alix3 mutant germaria might be explained by the fact that the alix1

mutant flies were older than the alix3mutant females (7 days compared to 2–4 days old), allow-
ing for more time for cleavage furrow regression. Data are presented as mean ± STD. See also
S4 Table. (F)Wild-type germarium with normal fGSC morphologies. Shown are fGSCs with
spectrosomes (hts-F, blue). (G-H) In alix1 (G) and alix3 (H) mutant germaria, bi- and multinu-
cleate fGSCs can be detected. Nuclei of cells with more than one nucleus are marked with aster-
isks. Bi- and multi-nucleate phenotypes were mostly detected in flies older than four days and
in some cases the midbody ring was still visible in the cell (H), indicating that it lost the con-
nection to the plasma membrane. Ovaries in (F-H) were fixed and stained with antibodies
against Cindr (green) and hts-F (blue), with rhodamine-phalloidin to visualize F-actin (red)
and with Hoechst (white). Scale bars represent 10 μm. (I) Germarium from control female
(Nos-GAL4/+) with fGSC-CB pair in abscission with an MB (arrow, green) dividing the fusome
(red) (left image) and germarium with alix-RNAi expression (Nos-GAL4/+; TRiP-alix/+) (right
image) are shown. In the right image an fGSC is interconnected to several daughter cells via
MRs (arrows, green) and fusome (red). (J) Germarium from control female (Dcr2/+; Nos-
GAL4/+) with fGSC-CB pair in abscission with an MB (arrow, green) dividing the fusome
(red) (left image) and germarium with alix-RNAi and Dicer expression (Dcr2/+; Nos-GAL4/+;
TRiP-alix/+) (right image) are shown. In the right image an fGSC is interconnected to several
daughter cells via MRs (arrows, green) and fusome (red). (K) Germarium from control female
(Bam-GAL4/+) (left image) and germarium in which RNAi-mediated depletion of alix was
performed using Bam-GAL4 (Bam-GAL4/TRiP-alix) (right image) are shown. fGSCs in both
images display normal abscission (MR and MBs indicated with arrows, green). In (I-K) ovaries
were fixed and stained with antibodies against Cindr (green) and hts-F (red). Scale bars repre-
sent 10 μm (full germaria) and 5 μm (enlarged images). (L-N) Shown in (L) is an fGSC-CB pair
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in abscission (MB, arrow). In chains of cells interconnected to fGSCs (marked with asterisks
and outlined) in alix3 (M) and alix1 (N) mutant germaria, MBs are detected (arrows), indicat-
ing abscission events of 2-cell cysts with MRs/RCs (arrowheads). Ovaries were fixed and
stained with antibodies against Cindr (green, L-M) and hts-F (red, L-M and white, N), and
with Hoechst (blue). F-actin is stained in red in N. Scale bars represent 5 μm.
(TIF)

S8 Fig. ALIX controls abscission in Drosophilamale germline stem cells. (A)Western blot
showing the lack of ALIX protein alix1 and alix3mutant testes. Equal protein loading is validat-
ed by the levels of α-tubulin. (B)Wild type testis tip with mGSC-gonialblast (GB) pair (out-
lined) in cytokinesis interconnected by an MR (Cindr, green) and fusome (α-spectrin, red).
(C-D) Testis tips in alix1 and alix3 mutants with mGSCs connected to chains of daughter cells
(outlined) via MRs (green) and fusome (red). Testes in (B-D) were fixed and stained with anti-
bodies against Cindr (green), α-spectrin (red) and FasIII (red), and with Hoechst (blue). Hubs
are indicated with asterisks. Scale bars represent 5 μm. (E) Graph showing the average percent-
age of mGSCs with the indicated phenotypes.Wild type, three independent experiments,
n = 166 mGSCs, 17 testes; alix1, three independent experiments, n = 201 mGSCs, 17 testes;
alix3, three independent experiments, n = 119 mGSCs, 17 testes.
(TIF)

S9 Fig. ALIX and Shrub localization at midbody rings during abscission inDrosophila fe-
male germline stem cells. (A-D) Ovaries of 1–2 day-old UASp-GFP-ALIX/+; Nanos-GAL4/+
(A-C) or Nanos-GAL4, UASp-GFP-Shrub (D) flies were dissected, fixed and stained with anti-
α-tubulin (red), GFP Booster (green), anti-hts-F (white) and Hoechst (blue). Arrows indicate
localization of GFP-ALIX to fusome plugs (A), MRs in G1/S (B, bar-shaped fusome), S phase
(C, dumbbell-shaped fusome) and G2 (B, fusing fusome). Intercellular bridge MTs are present
early when the fusome has plug morphology. At this point only weak GFP-Shrub signal is de-
tected and in G2 phase GFP-Shrub is detected at an MR (D). Scale bars represent 5 μm.
(TIF)

S10 Fig. ALIX and Shrub act together to control abscission inDrosophila female germline
stem cells. (A-D) Control EC with 4 RCs (arrows) to the oocyte (A) and alix-RNAi (B), shrub-
RNAi (C) as well as shrub- and alix-RNAi (D) ECs with 5 RCs (arrows) to the oocyte. Ovaries
were fixed and stained with phalloidin to visualize F-actin (white) and with Hoechst (blue).
Scale bars represent 10 μm (left images) and 5 μm (right images). (E) Graph showing the aver-
age percentage of egg chambers (ECs) with 16, 32, more than 32 GCs, tumor phenotype and
other phenotypes from control, alix-RNAi, shrub-RNAi, and shrub & alix-RNAi flies.
Control, four independent experiments, n = 493 ECs; alix-RNAi, four independent experi-
ments, n = 509 ECs; shrub-RNAi, four independent experiments, n = 231 ECs; shrub & alix-
RNAi, 3 independent experiments, n = 215 ECs. (F) Graph showing the average percentages of
germaria with the indicated phenotypes from wild type, alix1, shrubG5/+ and shrubG5/+; alix1

germaria.Wild type, four independent experiments, n = 29 germaria; alix1, three independent
experiments, n = 23 germaria; shrubG5/+, three independent experiments, n = 27 germaria;
shrubG5/+; alix1, three independent experiments, n = 33 germaria. (G) Graph showing the aver-
age number of stem cells per germarium from the wild type, alix1, shrubG5/+ and shrubG5/+;
alix1 germaria in (F).Wild type, n = 80 fGSCs; alix1, n = 50 fGSCs; shrubG5/+, n = 70 fGSCs;
shrubG5/+; alix1, n = 54 fGSCs. Data are presented as mean ± STD.
(TIF)

S11 Fig. ALIX requires the interaction with Shrub to mediate abscission in Drosophila fe-
male germline stem cells. (A) Images showing the localization of wild type GFP-ALIX, GFP-
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ALIX-F198D or GFP-ALIX-I211D at MRs/MBs in fGSC-CB pairs or at MRs in stem cysts in
germaria of the indicated genotypes. Ovaries were fixed and stained with antibodies against
Cindr (red) and hts-F (white) and with Hoechst (blue). CC, cap cell. Scale bars represent 5 μm.
(B) Graph showing the frequencies of stem cyst lengths for the indicated genotypes from the
experiment in Fig. 7C. (C) Graph showing the average percentages of egg chambers with the
indicated phenotypes in ovaries of females with the indicated genotypes from three indepen-
dent experiments. Nanos-GAL4/+, n = 391 ECs; Nanos-GAL4/UASp-GFP-ALIX, 381 ECs;
Nanos-GAL4/UASp-GFP-ALIX-F198D, 357 ECs; Nanos-GAL4/UASp-GFP-ALIX-I211D, 485
ECs; alix1, 508 ECs; Nanos-GAL4/UASp-GFP-ALIX; alix1, 392 ECs; Nanos-GAL4/UASp-GFP-
ALIX-F198D; alix1, 500 ECs; Nanos-GAL4/UASp-GFP-ALIX-I211D; alix1, 378 ECs. Data are
presented as mean ± STD.
(TIF)

S1 Table. Percentages of follicle cells in wild type, alix1 and alix3 mutant egg chambers with
one or more nuclei.
(DOCX)

S2 Table. Percentages of GFP-positive control and alix3mutant follicle cells with one or
more nuclei.
(DOCX)

S3 Table. Number of wild type and alix3mutant germaria with normal versus abnormal
fGSC phenotypes.
(DOCX)

S4 Table. Number of wild type and alix1mutant germaria with normal versus abnormal
fGSC phenotypes.
(DOCX)
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S1 Fig. Drosophila ALIX protein expression and spatiotemporal dynamics during division of 
cultured Drosophila cells.

(A-C) ALIX co-localizes with Centrosomin (Cnn) at centrosomes in meta-, anaphase and early 
telophase (A’, B’ and C’). No signal is detected at centrosomes using the pre-immune (pre-im) serum 
(A, B and C). (D) ALIX co-localizes with Cnn at centrosomes and in addition appears at the 
intercellular bridge in mid telophase where it overlaps with the mitotic spindle (D’). No signal is 
detected at centrosomes nor at the intercellular bridge using the pre-immune serum (D). (E)In late 
telophase/cytokinesis, ALIX localizes to the dark region in the -tubulin staining at the centre of the 
intercellular bridge, indicating its localization at the midbody ring (E’). ALIX also shows a vesicular 
pattern within the cell at this stage (E’). No signal is detected at the midbody ring using the pre-
immune serum (E). A weak vesicular pattern detected, but is much weaker than in (E’). In all panels, 
S2 cells were fixed and stained with antibodies against ALIX (red), Cnn (green) and -tubulin (white), 
and with Hoechst (blue). Images in all panels were captured with the same intensity. Scale bars 
represent 5 μm.
https://doi.org/10.1371/journal.pgen.1004904.s001
(TIF)

S2 Fig. ALIX expression in Drosophila tissues and phenotypes following loss of ALIX function 
in somatic Drosophila cell types.

(A) Western blot showing ALIX expression levels in Drosophila embryos, L3 larvae, pupae, adult 
males and females as well as testes and ovaries. -tubulin was used as a loading control. (B) Western 
blot showing loss of ALIX protein in alix1 mutant males and females. Heterozygote alix1/TM6B, 
Tb males and females show reduced protein levels compared to wild type. -tubulin was used as a 
loading control. (C) Left: Image of wild type stage 16 embryonic epithelium. Middle and right: Images 
of homozygous alix1 and alix3 mutant stage 16 embryonic epithelia. Embryos were fixed and stained 
with antibodies against -spectrin (red) and with Hoechst (green). More than 1000 cells from five 
embryos of each genotype were analyzed for the presence of mono- and bi-nucelate cells and no 
evident bi-nucleation could be detected for any of the genotypes. Scale bars represent 10 μm. (D) Left: 
Image of wild type follicle cell epithelium of stage 6 egg chamber. Middle and right: Images 
of alix1 and alix3 mutant follicle cell epithelia of stage 6 egg chambers. Bi-nucleate cells are indicated 
with asterisks. Ovaries were fixed and stained to visualize F-actin (red) and nuclei (white, Hoechst). 
Scale bars represent 5 μm. See also S1 Table. (E) Left: Stage 10 EC with GFP-positive mono-nucleate 
control follicle cell clones. Middle and right: alix3 and alix1 mutant GFP-positive clones with bi-
nucleate cells (asterisks). Ovaries were fixed and stained to visualize F-actin (red) and nuclei 
(Hoechst, blue). Scale bars represent 20 μm. See also S2 Table. (F) Left: Stage 14 EC with GFP-
positive mononucleate control follicle cell clones. Middle and right: alix3 and alix1 mutant GFP-
positive clones with bi-nucleate cells (asterisks). The bi-nucleation in the alix mutant clones may arise 
via alternative mechanisms. It is possible that loss of ALIX function leads to loss of the connection of 
the stable intercellular bridge between follicle cells with the plasma membrane as the egg chamber 
develops from stage 10 to stage 14 and thus that ALIX is required to maintain separate cells at late 
stages of oogenesis in somatic Drosophila follicle cells. Alternatively, the bi-nucleation could be 
caused by abscission failure, but an abscission event in follicle cells at late stages of oogenesis has not, 
to our knowledge, been described as the stable intercellular bridges formed via incomplete cytokinesis 
in the follicle epithelium are thought to persist throughout Drosophila oogenesis [26, 79, 80]. Ovaries 
were fixed and stained to visualize F-actin (red) and nuclei (Hoechst, blue). Scale bars represent 20 
μm. See also S2 Table.
https://doi.org/10.1371/journal.pgen.1004904.s002



(TIF)

S3 Fig. Loss of ALIX causes severely reduced female fertility and defects in oogenesis 
in Drosophila melanogaster.

(A) Graph showing the average egg lay rates for wild type and alix1 mutant females crossed to 
either wild type or alix1 mutant males from three independent experiments. Data are presented as mean 
± STD. (B) Graph showing average hatch rates for the eggs laid in the crosses from the three 
independent experiments in (B). Data are presented as mean ± STD. (C) Western blot showing 
expression of ALIX protein in wild type ovaries and loss of ALIX protein in ovaries 
of alix1 homozygote mutant females, of females in which the alix1 allele is combined with two 
different deficiences (alix1/Df(3R)BSC499, alix1/Df499 and alix1/Df(3R)BSC739, alix1/Df739) or with 
the alix3 allele (alix1/alix3), of alix3 homozygote mutant females, or females in which the alix3 allele is 
combined with the two different deficiences (alix3/Df499 and alix3/Df739). -tubulin served as a 
control for protein loading. (D) Images showing four ring canals (arrows) to the oocyte in a wild 
type egg chamber and five ring canals (arrows) to the oocyte in egg chambers of the genotypes in (C). 
Ovaries were fixed and stained to visualize F-actin (white). Scale bars represent 5 μm. (E) Graph 
showing the percentages of egg chambers with 16, 32 or more germ cells the indicated genotypes in 
(C-D). Wild type, three independent experiments, n = 362 egg chambers; alix1, two independent 
experiments, n = 154 egg chambers; alix1/Df(3R)BSC499, two independent experiments, n = 242 egg 
chambers; alix1/Df(3R)BSC739, two independent experiments, n = 38; alix1/alix3, one experiment, n = 
42 egg chambers, alix3, two independent experiments, n = 150 egg chambers, alix3/Df(3R)BSC499,
two independent experiments, n = 139; alix3/Df(3R)BSC739, one experiment, n = 88 egg chambers. 
Data are presented as mean ± STD.
https://doi.org/10.1371/journal.pgen.1004904.s003
(TIF)

S4 Fig. Rescue of the alix1 and alix3 mutant egg chamber phenotypes and appearance of egg 
chambers with increased germ cell number upon germline-specific alix depletion.

(A) Western blot showing ALIX expression in wild type ovaries, lack of ALIX protein 
in alix1homozygote mutant ovaries and ALIX expression in ovaries of two lines with one copy of 
either of the two genomic rescue constructs (short-alix-rescue, alix-s; long alix-rescue, alix-l) in 
the alix1 mutant background (alix-s/CyO; alix1 and alix-l/CyO; alix1). Levels of -tubulin show equal 
protein loading. Rescue constructs and lines are described in the Materials and Methods. (B)Images 
showing four ring canals (arrows) to the oocyte in a wild type egg chamber, five ring canals to the 
oocyte (arrows) in an alix1 mutant egg chamber and four ring canals (arrows) to the oocyte upon 
reexpression of ALIX in the alix1 mutant background from either of the two rescue constructs (alix-
s/CyO; alix1 and alix-l/CyO; alix1). Ovaries were fixed and stained to visualize F-actin (white). Images 
are planar projections of several sections of a z-stack. Scale bars represent 5 μm. (C) Graph showing 
the average percentage of egg chambers with 16, 32 or more germ cells of the genotypes in (A) and 
(B). Wild type, three independent experiments, n = 326 egg chambers; alix1, three independent
experiments, n = 236 egg chambers; alix-s/CyO; alix1, three independent experiments, n = 301 egg 
chambers; alix-l/CyO; alix1, three independent experiments, n = 226 egg chambers. Data are presented 
as mean ± STD. (D)Western blot showing ALIX expression in wild type ovaries, lack of ALIX protein 
in alix3homozygote mutant ovaries and ALIX expression in ovaries from two lines with one copy of 
either of the two genomic rescue constructs described in (A) in the alix3 mutant background (alix-
s/CyO; alix3 and alix-l/CyO; alix3). Levels of -tubulin show equal protein loading. (E)Images 
showing four ring canals to the oocyte (arrows) in a wild type egg chamber, five ring canals (arrows) 



to the oocyte in an alix3 mutant egg chamber and four ring canals (arrows) to the oocyte upon 
reexpression of ALIX in the alix3 mutant background from either of the two rescue constructs (alix-
s/CyO; alix3 and alix-l/CyO; alix3). Ovaries were fixed and stained to visualize F-actin (white). Scale 
bars represent 5 μm. (F) Graph showing the average percentage of egg chambers with 16, 32 or more 
germ cells from the genotypes in (D) and (E). Wild type, three independent experiments, n = 340 egg 
chambers; alix3, three independent experiments, n = 275 egg chambers; alix-s/CyO; alix3, three
independent experiments, n = 310 egg chambers; alix-l/CyO; alix3, two independent experiments, n = 
235 egg chambers. Data are presented as mean ± STD. (G) Western blot showing ALIX expression in 
control ovaries (MTD-GAL4/+) and reduced levels of ALIX protein in ovaries in which RNAi-
mediated gene silencing was performed in germ cells using MTD-GAL4 and the TRiP-alix-RNAi line 
(alix-RNAi). (H)Images showing four ring canals (arrows) to the oocyte of a control egg chamber and 
five ring canals (arrows) to the oocyte in an alix-RNAi egg chamber. Ovaries were fixed and stained to 
visualize F-actin (white). Images are planar projections of several sections from z-stacks. Scale bars 
represent 10 μm. (I) Graph showing the average percentage of egg chambers with 16, 32 or other 
phenotypes from control and alix-RNAi females. Control, four experiments, n = 423 egg 
chambers; alix-RNAi, four experiments, n = 602 egg chambers. Data are presented as mean ± STD.
https://doi.org/10.1371/journal.pgen.1004904.s004
(TIF)

S5 Fig. Loss of ALIX in Drosophila female germline stem cells gives rise to egg chambers with 
32 germ cells and abscission defects in these cells.

(A) Control (Nos-GAL4/+) egg chamber with four ring canals (arrows) to the oocyte (left image) and 
egg chamber with alix-RNAi (Nos-GAL4/+; TRiP-alix/+) expression in fGSCs (right image) with five 
ring canals (arrows) to the oocyte are shown. Nos, Nanos; TRiP-alix = alix-RNAi line from 
TRiP. (B) Control (Dcr2/+; Nos-GAL4/+) egg chamber with four ring canals (arrows) to the oocyte 
(left image) and egg chamber with alix-RNAi and Dicer (Dcr2/+; Nos-GAL4/+; TRiP-alix/+)
expression (right image) with five ring canals to the oocyte are shown. Dcr2, Dicer 2. (C)Egg 
chambers from females with the genotypes Bam-GAL4/+ (left image) and Bam-GAL4/TRiP-alix (right 
image) with four ring canals (arrows) to the oocyte are shown. In (A-C) ovaries were fixed and stained 
with fluorescently labeled phalloidin (green) and with Hoechst (not shown). Scale bars represent 20 

m. (D) Graph showing the average percentage of egg chambers with 16 or 32 or more germ cells for 
the genotypes in (A-C). Nos-Gal4/+, three independent experiments, n = 181 egg chambers; Nos-
Gal4/+; TRiP-alix/+, three independent experiments, n = 159 egg chambers; Dcr2/+; Nos-GAL4/+,
three independent experiments, n = 149 egg chambers; Dcr2/+; Nos-GAL4/+; TRiP-alix /+, three 
independent experiments, n = 146; Bam-GAL4/+, three independent experiments, n = 179 egg 
chambers; Bam-GAL4/TRiP-alix, three independent experiments, n = 192 egg chambers. Data are 
presented as mean ± STD. (E) Germarium from control female (Nos-GAL4/+) with Nanos-positive 
fGSCs with spectrosomes (left image) and germarium with alix-RNAi expression in germ cells, 
including fGSCs, using Nos-GAL4 (Nos-GAL4/+; TRiP-alix/+) (right image) are shown. In the right 
image an fGSC interconnected to three other Nanos-positive cells via fusome is seen in the anterior tip 
of the germarium. (F) Germarium from control female (Dcr2/+; Nos-GAL4/+) (left image) with 
Nanos-positive fGSCs with spectrosomes and germarium in which alix-RNAi and Dicer were 
expressed (Dcr2/+; Nos-GAL4/+; TRiP-alix/+) (right image) are shown. Two fGSCs interconnected 
to multiple Nanos-positive cells via fusomes are seen in the anterior tip of the germarium in the right 
image. (G) Germarium from control female (Bam-GAL4/+) (left image) with Nanos-positive fGSCs 
with spectrosomes and germarium in which RNAi-mediated depletion of alix was performed 
using Bam-GAL4 (Bam-GAL4/TRiP-alix) (right image) are shown. fGSCs with spectrosomes are seen 



in the anterior tip of the germaria. In (E-G) ovaries were fixed and stained with antibodies against 
Nanos (green) and hts-F (red). Scale bars represent 10 μm. (H) Graph showing the average 
percentages of germaria with normal or abnormal (linear or branched elongated) fusome morphologies 
in germaria of females of the genotypes in (E-G). Nos-Gal4/+, three independent experiments, n = 155 
germaria; Nos-Gal4/+; TRiP-alix/+, three independent experiments, n = 168 germaria; Dcr2/+; Nos-
GAL4/+, three independent experiments, n = 158 germaria; Dcr2/+; Nos-GAL4/+; TRiP-alix/+, three 
independent experiments, n = 139 germaria; Bam-GAL4/+, three independent experiments, n = 174 
germaria; Bam-GAL4/TRiP-alix, three independent experiments, n = 172 germaria. Data are presented 
as mean ± STD.
https://doi.org/10.1371/journal.pgen.1004904.s005
(TIF)

S6 Fig. Stem cysts form in alix mutant germaria.

(A) Examples of wild type, alix1 and alix3 germaria stained for p-MAD (red) are shown. The wild 
type p-Mad-positive fGSC (red) is connected to a daughter cell CB via fusome (white). 
The alix1and alix3 p-Mad-positive fGSCs (red) are connected chains of daughter cell via elongated 
fusomes. CC, cap cell. Scale bars represent 5 m. (B-D) Images showing Bam protein staining of wild 
type, alix1 and alix3 germaria. An fGSC-CB pair (B) or stem cysts (C-D) are outlined. Ovaries were 
stained with antibodies against Bam (green) and Cindr (red), and with Hoechst (blue). Scale bars 
represent 10 μm.
https://doi.org/10.1371/journal.pgen.1004904.s006
(TIF)

S7 Fig. ALIX promotes abscission in Drosophila female germline stem cells.

(A-B) Shown are examples wild type germaria with normal fGSC morphologies: (i) a single fGSCs 
with a spectrosome (red, SP), (ii) fGSC-CB pairs undergoing cytokinesis with midbody rings (MR, 
green, arrows) and fused fusomes (red) and (iii) an fGSC-CB pair in late cytokinesis with a midbody 
(MB, green, arrowhead) and fusome with exclamation point morphology (red). (C-D) alix1 mutant 
germaria show abnormal fGSC morphologies. Shown are fGSCs connected to more than one daughter 
cell in (iv) linear (C) or (v) branched (D) chains via midbody rings (green) and fusome (red). Cells 
interconnected are marked with asterisks. Ovaries in (A-D) were fixed and stained with antibodies 
against Cindr (green) and hts-F (red), with phalloidin to visualize F-actin (white) and with Hoechst 
(blue). Scale bars in (A-D) represent 5 μm. (E) Graph showing the average percentage of fGSCs with 
the indicated phenotypes from wild type and alix1 mutant flies. Wild type, three independent 
experiments, n = 110, 30 germaria; alix1, three independent experiments, n = 70, 29 germaria. The 
larger proportion of polyploid fGSCs in the alix1 compared to the alix3 mutant germaria might be 
explained by the fact that the alix1 mutant flies were older than the alix3 mutant females (7 days 
compared to 2–4 days old), allowing for more time for cleavage furrow regression. Data are presented 
as mean ± STD. See also S4 Table. (F) Wild-type germarium with normal fGSC morphologies. Shown 
are fGSCs with spectrosomes (hts-F, blue). (G-H) In alix1 (G) and alix3 (H) mutant germaria, bi- and 
multinucleate fGSCs can be detected. Nuclei of cells with more than one nucleus are marked with 
asterisks. Bi- and multi-nucleate phenotypes were mostly detected in flies older than four days and in 
some cases the midbody ring was still visible in the cell (H), indicating that it lost the connection to 
the plasma membrane. Ovaries in (F-H) were fixed and stained with antibodies against Cindr (green) 
and hts-F (blue), with rhodamine-phalloidin to visualize F-actin (red) and with Hoechst (white). Scale 
bars represent 10 μm. (I) Germarium from control female (Nos-GAL4/+) with fGSC-CB pair in 



abscission with an MB (arrow, green) dividing the fusome (red) (left image) and germarium with alix-
RNAi expression (Nos-GAL4/+; TRiP-alix/+) (right image) are shown. In the right image an fGSC is 
interconnected to several daughter cells via MRs (arrows, green) and fusome (red). (J) Germarium 
from control female (Dcr2/+; Nos-GAL4/+) with fGSC-CB pair in abscission with an MB (arrow, 
green) dividing the fusome (red) (left image) and germarium with alix-RNAi and Dicer expression 
(Dcr2/+; Nos-GAL4/+; TRiP-alix/+) (right image) are shown. In the right image an fGSC is 
interconnected to several daughter cells via MRs (arrows, green) and fusome (red). (K) Germarium
from control female (Bam-GAL4/+) (left image) and germarium in which RNAi-mediated depletion 
of alix was performed using Bam-GAL4 (Bam-GAL4/TRiP-alix) (right image) are shown. fGSCs in 
both images display normal abscission (MR and MBs indicated with arrows, green). In (I-K) ovaries 
were fixed and stained with antibodies against Cindr (green) and hts-F (red). Scale bars represent 10 
μm (full germaria) and 5 μm (enlarged images). (L-N) Shown in (L) is an fGSC-CB pair in abscission 
(MB, arrow). In chains of cells interconnected to fGSCs (marked with asterisks and outlined) 
in alix3 (M) and alix1 (N) mutant germaria, MBs are detected (arrows), indicating abscission events of 
2-cell cysts with MRs/RCs (arrowheads). Ovaries were fixed and stained with antibodies against Cindr 
(green, L-M) and hts-F (red, L-M and white, N), and with Hoechst (blue). F-actin is stained in red in 
N. Scale bars represent 5 μm.
https://doi.org/10.1371/journal.pgen.1004904.s007
(TIF)

S8 Fig. ALIX controls abscission in Drosophila male germline stem cells.

(A) Western blot showing the lack of ALIX protein alix1 and alix3 mutant testes. Equal protein loading 
is validated by the levels of -tubulin. (B) Wild type testis tip with mGSC-gonialblast (GB) pair 
(outlined) in cytokinesis interconnected by an MR (Cindr, green) and fusome ( -spectrin, red). (C-
D) Testis tips in alix1 and alix3 mutants with mGSCs connected to chains of daughter cells (outlined) 
via MRs (green) and fusome (red). Testes in (B-D) were fixed and stained with antibodies against 
Cindr (green), -spectrin (red) and FasIII (red), and with Hoechst (blue). Hubs are indicated with 
asterisks. Scale bars represent 5 μm. (E) Graph showing the average percentage of mGSCs with the 
indicated phenotypes. Wild type, three independent experiments, n = 166 mGSCs, 17 testes; alix1,
three independent experiments, n = 201 mGSCs, 17 testes; alix3, three independent experiments, n = 
119 mGSCs, 17 testes.
https://doi.org/10.1371/journal.pgen.1004904.s008
(TIF)

S9 Fig. ALIX and Shrub localization at midbody rings during abscission in Drosophilafemale 
germline stem cells.

(A-D) Ovaries of 1–2 day-old UASp-GFP-ALIX/+; Nanos-GAL4/+ (A-C) or Nanos-GAL4, UASp-
GFP-Shrub (D) flies were dissected, fixed and stained with anti- -tubulin (red), GFP Booster (green), 
anti-hts-F (white) and Hoechst (blue). Arrows indicate localization of GFP-ALIX to fusome plugs (A), 
MRs in G1/S (B, bar-shaped fusome), S phase (C, dumbbell-shaped fusome) and G2 (B, fusing 
fusome). Intercellular bridge MTs are present early when the fusome has plug morphology. At this 
point only weak GFP-Shrub signal is detected and in G2 phase GFP-Shrub is detected at an MR (D). 
Scale bars represent 5 μm.
https://doi.org/10.1371/journal.pgen.1004904.s009
(TIF)



S10 Fig. ALIX and Shrub act together to control abscission in Drosophila female germline stem 
cells.

(A-D) Control EC with 4 RCs (arrows) to the oocyte (A) and alix-RNAi (B), shrub-RNAi (C) as well 
as shrub- and alix-RNAi (D) ECs with 5 RCs (arrows) to the oocyte. Ovaries were fixed and stained 
with phalloidin to visualize F-actin (white) and with Hoechst (blue). Scale bars represent 10 μm (left 
images) and 5 μm (right images). (E) Graph showing the average percentage of egg chambers (ECs) 
with 16, 32, more than 32 GCs, tumor phenotype and other phenotypes from control, alix-
RNAi, shrub-RNAi, and shrub & alix-RNAi flies. Control, four independent experiments, n = 493 
ECs; alix-RNAi, four independent experiments, n = 509 ECs; shrub-RNAi, four independent 
experiments, n = 231 ECs; shrub & alix-RNAi, 3 independent experiments, n = 215 ECs. (F) Graph 
showing the average percentages of germaria with the indicated phenotypes from wild type, alix1,
shrubG5/+ and shrubG5/+; alix1 germaria. Wild type, four independent experiments, n = 29 
germaria; alix1, three independent experiments, n = 23 germaria; shrubG5/+, three independent 
experiments, n = 27 germaria; shrubG5/+; alix1, three independent experiments, n = 33 
germaria. (G) Graph showing the average number of stem cells per germarium from the wild 
type, alix1, shrubG5/+ and shrubG5/+; alix1 germaria in (F). Wild type, n = 80 fGSCs; alix1, n = 50 
fGSCs; shrubG5/+, n = 70 fGSCs; shrubG5/+; alix1, n = 54 fGSCs. Data are presented as mean ± STD.
https://doi.org/10.1371/journal.pgen.1004904.s010
(TIF)

S11 Fig. ALIX requires the interaction with Shrub to mediate abscission in Drosophilafemale 
germline stem cells.

(A) Images showing the localization of wild type GFP-ALIX, GFP-ALIX-F198D or GFP-ALIX-
I211D at MRs/MBs in fGSC-CB pairs or at MRs in stem cysts in germaria of the indicated genotypes. 
Ovaries were fixed and stained with antibodies against Cindr (red) and hts-F (white) and with Hoechst 
(blue). CC, cap cell. Scale bars represent 5 μm. (B) Graph showing the frequencies of stem cyst 
lengths for the indicated genotypes from the experiment in Fig. 7C. (C)Graph showing the average 
percentages of egg chambers with the indicated phenotypes in ovaries of females with the indicated 
genotypes from three independent experiments. Nanos-GAL4/+, n = 391 ECs; Nanos-GAL4/UASp-
GFP-ALIX, 381 ECs; Nanos-GAL4/UASp-GFP-ALIX-F198D, 357 ECs; Nanos-GAL4/UASp-GFP-
ALIX-I211D, 485 ECs; alix1, 508 ECs; Nanos-GAL4/UASp-GFP-ALIX; alix1, 392 ECs; Nanos-
GAL4/UASp-GFP-ALIX-F198D; alix1, 500 ECs; Nanos-GAL4/UASp-GFP-ALIX-I211D; alix1, 378 
ECs. Data are presented as mean ± STD.
https://doi.org/10.1371/journal.pgen.1004904.s011
(TIF)
 

























Table S1. Percentages of follicle cells in wild type, alix1 and alix3 mutant egg 

chambers with one or more nuclei.

Genotype
# of 

follicle 
cells 

Percentage of follicle cells with phenotype

1 nucleus 2 nuclei 3 nuclei > 3 nuclei
Wild type 848 99,7 ± 0,2% 0,3 ± 0,2% 0,0 % 0,0 %

alix1 896 96,9 ± 1,0% 2,8 ± 0,9% 0,2 ± 0,4% 0,0 %
alix3 802 98,7 ± 1,1% 1,3 ± 1,1 % 0,0 % 0,0 %

Egg chamber (EC) stages until stage 8 were analyzed. Wild type, n = 848 follicle cells (FCs) from 24 ECs; alix1, n 
= 896 FCs from 28 ECs; alix3, n = 802 FCs from 27 ECs. Data are based on three independent experiments and 
presented as mean ± STD.

Table S2. Percentage of GFP-positive control and alix3 mutant follicle cells with 

one or more nuclei.

Genotype
Egg 

chamber 
stage

# of GFP-
positive 
follicle 
cells

Percentage of GFP-positive follicle cells with phenotype

1 nucleus 2 nuclei 3 nuclei 4 nuclei > 4 nuclei

Control 10 146 99% 1% 0% 0% 0%
14 156 99% 1% 0% 0% 0%

alix3 10 350 97% 3% 0% 0% 0%
14 252 72% 23% 3% 2% 0%

Table S3. Number of wild type and alix3 mutant germaria with normal versus 

abnormal fGSC phenotypes.

Genotype Experiment
Number of germaria with fGSC phenotype Total number 

of germariaNormal* Abnormal**

wild type
1 8 0 8
2 10 0 10
3 4 0 4

alix3

1 1 7 8
2 3 7 10
3 1 10 11

* Germaria with normal fGSC phenotypes are defined as those with the fGSC phenotypes defined as normal in the 
main text ((i) fGSC with spectrosome, (ii) fGSC-CB pair with MR and (iii) fGSC-CB pair with MB).
** Germaria with abnormal fGSC phenotypes are defined based on the presence of at least one fGSC with an 
abnormal fGSC phenotype as defined in the main text and Materials and Methods ((iv) linear chain, (v) branched 
chain or (vi) polyploidy) and quantified from the z-stacks in the three experiments in Figure 3H. Abscission 
defects appeared in the majority of alix3 mutant germaria, and never in wild type , which was a systematically 
significant difference between wild type and either alix mutant in each experiment (p<0.005, Fisher’s exact test).



Table S4. Number of wild type and alix1 mutant germaria with normal versus 

abnormal fGSC phenotypes.

Genotype Experiment
Number of germaria with fGSC phenotype Total number 

of germariaNormal* Abnormal**

wild type
1 10 0 10
2 10 0 10
3 10 0 10

alix1

1 1 8 9

2 1 9 10
3 0 10 10

* Germaria with normal fGSC phenotypes are defined as those with the fGSC phenotypes defined as normal in the 
main text ((i) fGSC with spectrosome, (ii) fGSC-CB pair with MR and (iii) fGSC-CB pair with MB).
** Germaria with abnormal fGSC phenotypes are defined based on the presence of at least one fGSC with an 
abnormal fGSC phenotype as defined in the main text and Materials and Methods ((iv) linear chain, (v) branched 
chain or (vi) polyploidy) and quantified from the z-stacks in the three experiments in Figure S7E. Abscission 
defects appeared in the majority of alix1 mutant germaria, and never in wild type , which was a systematically 
significant difference between wild type and either alix mutant in each experiment (p<0.0001, Fisher’s exact test).
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