@’PLOS | GENETICS

CrossMark

click for updates

E OPEN ACCESS

Citation: Eikenes AH, Malerad L, Christensen AL,
Steen CB, Mathieu J, Nezis IP, et al. (2015) ALIX and
ESCRT-IIl Coordinately Control Cytokinetic Abscis-
sion during Germline Stem Cell Division In Vivo.
PLoS Genet 11(1): €1004904. doi:10.1371/journal.
pgen.1004904

Editor: Gregory P. Copenhaver, The University of
North Carolina at Chapel Hill, UNITED STATES

Received: June 12, 2014
Accepted: November 18, 2014
Published: January 30, 2015

Copyright: © 2015 Eikenes et al. This is an open ac-
cess article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: AHE is a PhD student of The Norwegian
Cancer Society, project number 605009 (https:/
kreftforeningen.no/). HS acknowledges support by an
Advanced Grant from the European Research Coun-
cil, project number 233146 (http://erc.europa.eu/). KH
acknowledges a career researcher grant from the
South-Eastern Norway Regional Health Authority,
project number 2012054 (http://www.helse-sorost.no).
LM and ALC are supported by this grant. KH also ac-
knowledges funding from the Research Council of

RESEARCH ARTICLE

ALIX and ESCRT-III Coordinately Control
Cytokinetic Abscission during Germline Stem
Cell Division In Vivo

Asmund H. Eikenes'?¥, Lene Malergd"?¥, Anette Lie Christensen'-2, Chloé B. Steen'?,
Juliette Mathieu®*, loannis P. Nezis®, Knut Liestal?¢, Jean-René Huynh®#,
Harald Stenmark'2, Kaisa Haglund'-2*

1 Department of Biochemistry, Institute for Cancer Research, Oslo University Hospital, Oslo, Norway,
2 Centre for Cancer Biomedicine, Faculty of Medicine, University of Oslo, Oslo, Norway, 3 Department
of Genetics and Developmental Biology, Institut Curie, Paris, France, 4 CNRS UMR3215, Inserm U934
F-75248, Paris, France, 5 School of Life Sciences, University of Warwick, Coventry, United Kingdom

6 Department of Informatics, University of Oslo, Oslo, Norway

I These authors contributed equally to this work.
* Kaisa.Haglund @rr-research.no

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-IIl component Shrub are
required for completion of abscission during Drosophila female germline stem cell (fGSC)
division. Loss of ALIX or Shrub function in f{GSCs 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 f{GSCs. We conclude that
ALIX and ESCRT-IIl coordinately control abscission in Drosophila f{GSCs 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 pum) [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 (Rhol 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 f{GSC and a
daughter cell cystoblast (CB) [31-33]. Cytokinesis during f{GSC 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]. Drosophila male 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 f{GSCs and germline cysts [29]. However, little is known about
turther 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 it 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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Figure 1. ALIX localizes at the midbody ring during cytokinesis in Drosophila 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 a-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-a-tubulin (green) were fixed and stained with a guinea pig anti-
ALIX antibody (red), and with Hoechst (blue). Scale bars represent 5 um. See also S1 Fig.

doi:10.1371/journal.pgen.1004904.g001
(S1E Fig.). The pre-immune serum neither stained centrosomes, nor the intercellular bridge or

MR (S1A-SIE 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 alix mutant alleles, alix' and alix’ (Fig. 2A). ALIX is highly expressed in Drosophila
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Figure 2. Loss of ALIX gives rise to egg chambers with increased number of germ cells during Drosophila oogenesis. (A) Schematic of the
Drosophila alix gene locus and the alix” and alix® 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 f{GSC 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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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) alix” and (F) alix® mutant ovaries, respectively. a-tubulin was used as a loading control. (D, G) alix’ (D) and alix® (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)
alix” and (G) alix® 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 um (left and middle images in each panel) and 10 uym (right images in each panel). (E, H) Graphs showing the average percentage of ECs
with 16, 32 or more GCs from three independent experiments from wild type and alix’ or alix®> mutant flies, respectively. (E) Wild type, n = 548 ECs; alix’,

n =273 ECs. (H) Wild type, n = 222 ECs; alix®, 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.1004904.9002

embryos, larvae, pupae, adult females and males, as well as in ovaries and testes (S2A Fig.). In-
terestingly, homozygous mutant offspring of both the alix' and alix’ 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
alix' 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 alix mutant 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 alix" and alix’ 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 alix’ and
alix’ 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 alix mutant 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, alix' and alix’ 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 alix’ and alix’ mutants (S3C-S3E Fig.). Secondly,
two genomiic rescue lines containing the full alix gene locus rescued the 32-germ cell phenotype
of both the alix" and alix” alleles (S4A—S4F Fig.). Finally, RNAi-mediated gene silencing of alix
specifically in female germ cells using the maternal triple MTD-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
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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, alix' and alix’ 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 {GSC
morphologies in wild type, alix" and alix® 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]. alix’ and alix" mu-
tant germaria contained smaller fractions of fGSCs with a spectrosome (~15% for both
mutants), {GSC-CB pairs with an MR (~25% in alix® and ~10% in alix') and f{GSC-CB pairs
with an MB (0% in alix’ and ~1% in alix") compared to wild type (Figs. 3H and S7E). Impor-
tantly, more than half of the alix mutant fGSCs showed abscission defects: linear chains (~20%
in alix® and ~10% in alix'), branched chains (~40% in alix’ and ~30% in alix’) or polyploidy
(~2% in alix® and ~30% in alix!) (Figs. 3F-H and S7C-S7H). Abscission defects appeared in the
majority of both alix® and alix' mutant germaria, and never in wild type (S3-54 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 alix' and alix’ 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 {GSCs as previously described [29]. Collectively, these results
showed that loss of ALIX caused a delay in abscission in f{GSCs 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-S7]) together with the infrequent observation of {GSC-
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Figure 3. ALIX controls abscission in Drosophila female germline stem cells. (A-C) Loss of ALIX causes abnormal f{GSC division. (A) Wild type Nanos-
positive {GSCs show normal spectrosome/fusome morphologies (fGSCs and f{GSC-CB pairs are outlined). Nanos-positive {GSCs in the anterior tip of alix’
(B) and alix® (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 um. (D-G) Loss of ALIX
function causes abscission defects in f{GSCs. (D-E) Wild-type f{GSCs show normal morphologies: single {GSCs with a spectrosome (red, asterisks), f{GSC-
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CB pairs with an MR (green, arrows) and fusing fusomes (red) and an f{GSC-CB pair in abscission with a MB (green, arrowhead) and a fusome with
exclamation point morphology (red). (F-G) alix® mutant fGSCs display abnormal morphologies: f{GSCs 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 um. (H) Graph showing the average percentage of {GSCs with the {GSC phenotypes as described in (D-G) and the Materials and Methods from
wild type and alix®> mutant females. Wild type, three independent experiments, n = 61 fGSCs, 22 germaria; alix’, 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. (l) Left: Wild type f{GSC in
mitosis. Right: Four dividing cells in alix” mutant germairum, one of which is an fGSC. Ovaries were fixed and stained with antibodies against phospho-
Histone H3 (PH3, green), y-tubulin (red), with phalloidin to visualize F-actin (blue), and with Hoechst (white). Scale bars represent 5 ym. See also S5-S7

Figs.
doi:10.1371/journal.pgen.1004904.9003

CB pairs with an MB upon loss of ALIX function (Figs. 3H and S7E) suggested that ALIX plays
arole in promoting closure of the MR to mediate fGSC abscission. We conclude that ALIX is
required for completion of abscission in Drosophila {GSCs.

ALIX controls abscission in Drosophila male germline stem cells

We further asked whether ALIX may also be required for abscission in asymmetrically dividing
Drosophila mGSCs. We stained testes tips from wild type, alix' and alix’ mutants with antibodies
to visualize the hub to which the mGSCs are attached, the fusome, MRs and MBs. In alix" and
alix’ mutant testes that lack full-length ALIX (S8A Fig.) ~20% of alix' and ~40% of alix® mutant
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 using MTD-GAL4 or Nanos-GAL4. We
then visualized the progressive stages of f{GSC cytokinesis using markers for the fusome and
MRs/MBs (Cindr) or MTs (a-tubulin). In f{GSC-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 f{GSCs. This spatiotemporal dynamics of ALIX during late stages of f{GSC 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 Brol domain of human ALIX (MxxxIxxxL, aa 199-216) and a motif in the CHMP4
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Figure 4. ALIX localizes at midbody rings and midbodies during cytokinesis in Drosophila female germline stem cells. (A-C) GFP-ALIX localizes at
MRs and MBs during f{GSC cytokinesis progression. GFP-ALIX was expressed under the control of MTD-GAL4. {GSC-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 um. See also S9 Fig.

doi:10.1371/journal.pgen.1004904.9004

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
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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 f{GSC 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
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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, S1I0A and S10E). Upon alix-RNAi about 40% of {GSCs 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
tGSCs formed stem cysts (Fig. 6C and 6E), ~10% of the f{GSCs 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 shrub®/+ 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-RNA1) (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 alix’ mutant background (shrub“®/+; alix") 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 (S1I0F-S10G Fig.). The fact that reducing the levels of both ALIX
and Shrub in fGSCs simultaneously caused even more delayed abscission kinetics in f{GSCs 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 {GSCs.

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 in Drosophila female germline stem cells. (A-D) RNAi-mediated depletion of Shrub and
ALIX causes abscission defects in f{GSCs. (A) Control {GSC-CB pair in cytokinesis (MB, arrowhead). alix-RNAi (B), shrub-RNAi (C) and combined shrub-
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with Hoechst (blue). CC, cap cell. Scale bars represent 10 um (full germaria) and 5 ym (enlarged images). (E) Graph showing the average percentages of
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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-1211D) 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-1211D using Nanos-GAL4 either alone or in the
alix' mutant background. Both GFP-ALIX-F198D and GFP-ALIX-1211D 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 alix' mutant germaria from 76% of f{GSCs in stem cysts to 22% (Fig. 7C,

p < 0.05). GFP-ALIX-F198D or GFP-ALIX-1211D could on the other hand not rescue the
fGSC abscission defects as 59% and 56% of f{GSCs were found in stem cysts following their ex-
pression in alix’ 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-1211D
in the alix' mutant background were similar to the stem cyst lengths in the alix' mutant,
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 alix’ 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-1211D expression in alix’ 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 f{GSCs leading to the formation of stem cysts in which
the f{GSC 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 in Drosophila female germline stem cells. (A) Drosophila Dmel cells transiently expressing
GFP, wild type GFP-ALIX (GFP-ALIX-wt) or the two GFP-ALIX variants containing mutations of amino acids F198 (F198D) or 1211 (1211D) 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). f{GSC-CB pairs and stem cysts are outlined and MRs indicated with arrows. CC, cap
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cell. Scale bars represent 5 um. (C) Graph showing the average percentages of the indicated f{GSC phenotypes in germaria of females of the genotypes in
(B) from three independent experiments. Nanos-GAL4/+, n = 43 {GSCs, 15 germaria; Nanos-GAL4/UASp-GFP-ALIX, 41 {GSCs, 15 germaria; Nanos-GAL4/
UASp-GFP-ALIX-F198D, 40 fGSCs, 15 germaria; Nanos-GAL4/UASp-GFP-ALIX-1211D, 42 fGSCs, 15 germaria; alix’, 59 f{GSCs, 29 germaria; Nanos-
GAL4/UASp-GFP-ALIX: alix", 59 {GSCs, 28 germaria; Nanos-GAL4/UASp-GFP-ALIX-F198D; alix", 54 fGSCs, 30 germaria; Nanos-GAL4/UASp-GFP-ALIX-
1211D; alix’, 52 f{GSCs, 29 germaria. See also S11 Fig.

doi:10.1371/journal.pgen.1004904.g007

in A. thaliana (elch/tsgl01/ESCRT-I) [59] and in C. elegans (tsgl01/ESCRT-I) [20]. In S. cere-
visiae, Brol (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 alix mutants in the
somatic cell types we have examined. This might have multiple explanations. One possibility is
that maternally contributed alix mRNA may 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 f{GSCs [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
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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]2 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 Brol 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 f{GSCs 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 f{GSCs 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 f{GSCs. 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

PLOS Genetics | DOI:10.1371/journal.pgen.1004904 January 30, 2015 17/33



@’PLOS | GENETICS

ALIX and ESCRT-III Control Abscission in Stem Cells In Vivo

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

. i o 1118
Fly crosses and experiments were performed at 25°C unless noted otherwise. w " ° was used as

a wild type control. w'''%, w'''%; Nanos-GAL4, UAS-Dcr-2, w'''®; Nanos-GALA4, 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}ALiX*"'%*%?, Df(3R)BSC499/TM6C,
Sb, w''%; Df(3R)BSC739/TM6C, Sb and w'; shrbG5 P{neoFRT}42D/CyO, P{GAL4-twi.G}2.2, P-
{UAS-2xEGFP}AH2.2 (shrub®®/+) were from BDSC (Indiana University) and PBac{WH}
ALiXf03094 from Exelixis at Harvard Medical School (referred to as alix'). The alix® allele was
generated by imprecise excision of the P-element of the yw; P{EPgy2}ALiX"""%*** 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, alix" and FRT82B, alix’ 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 alix’ and alix’ 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 (MARCMS82) was a kind gift from M. 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 Brol 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-o-
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-o-tubulin (WB: 1:10,000, Sigma),
sheep anti o-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 y-tubulin (IF: 1:500, Sigma), mouse
anti-Fasciclin III (FasIIL, 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 (1pg/ul, 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-a-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, Umea 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 100ug/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 100pg/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 mM MgSO,). 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 1ug/ul 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-o-tubulin staining). Tissues were subjected to permeabilization
(3 x 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 pg/pl) 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 63x/1.4 NA and 100x/1.45
NA oil immersion and Plan Apochromat 20x/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

Opvaries 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 {GSC phenotypes were analyzed from z-stacks and three-
dimensional reconstructions of z-stacks. {GSC 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) f{GSCs with a spherical spectrosome, (ii) f{GSC-CB pairs with an MR (includes
plug, bar, dumbbell and fusing fusome morphologies) and (iii) f{GSC-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 and MRs, (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 alix” or alix® 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 alix', Nos-GAL4/GFP-ALIX-F198D; alix" or Nos-GAL4/GFP-ALIX-1211D; alix' 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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c¢DNA Collection (DGRC, Bloomington, IN) using the primers 5 AATGGATCCGGTCGAAG-
TTTCTGGGCGTGCCG3 and 5’ AATGCGGCCGCTTACCAGCCAGGTGGCTTCTGS3’ and
the Phusion High-Fidelity PCR Kit (New England Biolabs). The alix cONA 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 pPPGW (for generation of
fly lines) or pAGW (for cell lines) destination vectors (DGRC, Bloomington, IN). Site-directed
in vitro mutagenesis 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 ’CCAAGCGCAGGAGGTTGA-
CATTCTGAAGGCAATTAAGGS3’ and 5’CCTTAATTGCCTTCAGAATGTCAACCTCCTG-
CGCTTGG3’ were used, and for ALIX-1211D the primers 5CTTGAAGGACCAGGA-
CATCGCCAAGCTTTGCTGC3’ and 5GCAGCAAAGCTTGGCGATGTCCTGGTCCTT-
CAAG3’ were used. The plasmid was then treated with Dpnl (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-1211D 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, 8x10° Dmel cells were seeded in 10 cm plates. The
cells were transiently transfected for 48 hours with 2,5 pg pAGW (empty GFP) or 5 pg pAc-
Shrub-GFP, pAGW-ALIX-wt, pAGW-ALIX-F198D or pAGW-ALIX-1211D using FuGene
HD according to the manufacturer’s instructions (Promega). Enrichment of mitotic cells was
obtained by MG132 treatment (25 puM, 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 ul Lysis buffer (10 mM Tris-HCl pH
7.5, 150 mM NaCl, 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 ul 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 ul) 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 mM NaCl, 0.5% NP-40 or 50 mM Hepes, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
10% glycerol, 1% Triton X-100, 25 mM NaF, 10uM ZnCl,) 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 mM DTT, denatured by boiling and subjected to SDS-PAGE and transferred to either
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nitrocellulose or PVDF membranes. 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 Drosophila male 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 (o.-spectrin), hub (Fasciclin IIT) 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, MARCMS82 females were crossed to FRT82
and FRT82, alix’/TM6B, Tb and FRTS2, alix'/TM6B, Tb males. 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-I) in the
vector attB-P[acman]-Cm"-BW (http://bacpac.chori.org/home.htm) were injected into strains
yl wllis, PBac{y+-attP-9A} VK00018 (BDSC# 9736, insertion site 53B2) and y1 wliis, PBacly
+-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 Placman] 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/Cy0; alix'/TMG6B,
Tb (alix-s/CyO; alix'/TM6B, Tb), CH322-119C06/CyO; alix’/TM6B, Tb (alix-s/CyO; alix’/
TMG6B, Tb), CH321-50C24/CyO; alix'/TM6B, Tb (alix-l/Cy0; alix'/TM6B, Tb) and CH321-
50C24/Cy0; alix’/TM6B, Tb (alix-l/CyO; alix’/TM6B, Tb) stocks.

For complementation tests the alix' and alix’ 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 alix' mutant virgin females were crossed to wild
type or alix" 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 o-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 pL/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, alix' and alix’ 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 o-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 a-tubulin (white), and with Hoechst
(blue). Images in all panels were captured with the same intensity. Scale bars represent 5 um.
(TIF)

$2 Fig. ALIX expression in Drosophila 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. o-
tubulin was used as a loading control. (B) Western blot showing loss of ALIX protein in alix’
mutant males and females. Heterozygote alix'/TM6B, Tb males and females show reduced pro-
tein levels compared to wild type. o-tubulin was used as a loading control. (C) Left: Image of
wild type stage 16 embryonic epithelium. Middle and right: Images of homozygous alix’ and
alix’ mutant stage 16 embryonic epithelia. Embryos were fixed and stained with antibodies
against o-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 pm. (D) Left:
Image of wild type follicle cell epithelium of stage 6 egg chamber. Middle and right: Images of
alix' and alix’ mutant 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 um. See also S1 Table. (E) Left: Stage 10 EC with GFP-positive
mono-nucleate control follicle cell clones. Middle and right: alix® and alix' 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 um. See also S2 Table. (F) Left: Stage 14 EC
with GFP-positive mononucleate control follicle cell clones. Middle and right: alix’ and alix'
mutant GFP-positive clones with bi-nucleate cells (asterisks). The bi-nucleation in the alix mu-
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 pm. 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 alix’
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mutant females crossed to either wild type or alix' 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 alix" homozygote mutant females, of females in which the
alix! allele is combined with two different deficiences (alixl/Df( 3R)BSC499, alixl/Df499 and
alixl/Df( 3R)BSC739, alixI/Df739) or with the alix® allele (alix'/alix’), of alix® homozygote mu-
tant females, or females in which the alix” allele is combined with the two different deficiences
(alix’/Df499 and alix’/Df739). a-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 um. (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; alix’, two independent experiments,

n = 154 egg chambers; alix'/Df(3R)BSC499, two independent experiments, n = 242 egg cham-
bers; alix"/Df(3R)BSC739, two independent experiments, n = 38; alix'/alix’, one experiment,
n = 42 egg chambers, alix’, two independent experiments, n = 150 egg chambers, alix’/Df(3R)
BSC499, two independent experiments, n = 139; alix’/Df(3R)BSC739, one experiment,

n = 88 egg chambers. Data are presented as mean + STD.

(TIF)

$4 Fig. Rescue of the alix’ and alix’ 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 alix’ 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-I) in the
alix" mutant background (alix-s/CyO; alix" and alix-I/CyO; alix"). Levels of a-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 alix’ mutant egg chamber and four ring canals (arrows)
to the oocyte upon reexpression of ALIX in the alix' mutant background from either of the two
rescue constructs (alix-s/CyO; alix' and alix-I/CyO; alix"). 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 um. (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; alix’, three independent experiments, n = 236 egg chambers;
alix-s/CyO; alix", three independent experiments, n = 301 egg chambers; alix-I/CyO; alix",
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 alix’ 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 alix® mutant background
(alix-s/CyO; alix’ and alix-I/CyO; alix’). Levels of a-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 alix’ mutant egg chamber and four ring canals (arrows) to the
oocyte upon reexpression of ALIX in the alix’ mutant background from either of the two res-
cue constructs (alix-s/CyO; alix’ and alix-I/CyO; alix’). Ovaries were fixed and stained to visu-
alize F-actin (white). Scale bars represent 5 um. (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; alix’, three independent experiments,
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n = 275 egg chambers; alix-s/CyO; alix’, three independent experiments, n = 310 egg chambers;
alix-1/Cy0; alix’, 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 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 rep-
resent 10 um. (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.
(TTF)

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 f{GSCs (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 pm. (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 f{GSCs 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 f{GSCs with
spectrosomes and germarium in which RNAi-mediated depletion of alix was performed using
Bam-GAL4 (Bam-GAL4/TRiP-alix) (right image) are shown. f{GSCs 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 pm. (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 alix mutant germaria. (A) Examples of wild type, alix' and alix’
germaria stained for p-MAD (red) are shown. The wild type p-Mad-positive f{GSC (red) is con-
nected to a daughter cell CB via fusome (white). The alix” and alix® p-Mad-positive fGSCs
(red) are connected chains of daughter cell via elongated fusomes. CC, cap cell. Scale bars rep-
resent 5um. (B-D) Images showing Bam protein staining of wild type, alix" and alix’ 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 pm.
(TTF)

S7 Fig. ALIX promotes abscission in Drosophila female germline stem cells. (A-B) Shown
are examples wild type germaria with normal f{GSC morphologies: (i) a single fGSCs with a
spectrosome (red, SP), (ii) f{GSC-CB pairs undergoing cytokinesis with midbody rings (MR,
green, arrows) and fused fusomes (red) and (iii) an f{GSC-CB pair in late cytokinesis with a
midbody (MB, green, arrowhead) and fusome with exclamation point morphology (red).
(C-D) alix' 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 um. (E)
Graph showing the average percentage of f{GSCs with the indicated phenotypes from wild type
and alix' mutant flies. Wild type, three independent experiments, n = 110, 30 germaria; alix’,
three independent experiments, n = 70, 29 germaria. The larger proportion of polyploid fGSCs
in the alix' compared to the alix’ mutant germaria might be explained by the fact that the alix’
mutant flies were older than the alix’ mutant 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
§4 Table. (F) Wild-type germarium with normal f{GSC morphologies. Shown are f{GSCs with
spectrosomes (hts-F, blue). (G-H) In alix' (G) and alix®> (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 pm. (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 pm (full germaria) and 5 pm (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 alix®> (M) and alix' (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 um.

(TIF)

S8 Fig. ALIX controls abscission in Drosophila male germline stem cells. (A) Western blot
showing the lack of ALIX protein alix” and alix’ mutant testes. Equal protein loading is validat-
ed by the levels of a-tubulin. (B) Wild type testis tip with mGSC-gonialblast (GB) pair (out-
lined) in cytokinesis interconnected by an MR (Cindr, green) and fusome (a-spectrin, red).
(C-D) Testis tips in alix' and alix® 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), o.-spectrin (red) and FaslIII (red), and with Hoechst (blue). Hubs
are indicated with asterisks. Scale bars represent 5 um. (E) Graph showing the average percent-
age of mGSCs with the indicated phenotypes. Wild type, three independent experiments,

n = 166 mGSCs, 17 testes; alix’, three independent experiments, n = 201 mGSCs, 17 testes;
alix’, three independent experiments, n = 119 mGSCs, 17 testes.

(TIF)

S9 Fig. ALIX and Shrub localization at midbody rings during abscission in Drosophila 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-
o-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 pm.

(TIF)

$10 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 um (left images) and 5 um (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-RNAj, 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, alix, shrub®®/+ and shrub®*/+; alix’
germaria. Wild type, four independent experiments, n = 29 germaria; alix’, three independent
experiments, n = 23 germaria; shrub®/+, three independent experiments, n = 27 germaria;
shrub®/+; alix’, three independent experiments, n = 33 germaria. (G) Graph showing the aver-
age number of stem cells per germarium from the wild type, alix’, shrub®*/+ and shrub®/+;
alix' germaria in (F). Wild type, n = 80 fGSCs; alix’, n = 50 f{GSCs; shrub®*/+, n = 70 f{GSCs;
shrub®/+; alix', 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-1211D at MRs/MBs in f{GSC-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 um.
(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-1211D, 485
ECs; alix', 508 ECs; Nanos-GAL4/UASp-GFP-ALIX; alix', 392 ECs; Nanos-GAL4/UASp-GFP-
ALIX-F198D; alix', 500 ECs; Nanos-GAL4/UASp-GFP-ALIX-1211D; alix, 378 ECs. Data are
presented as mean + STD.

(TIF)

S1 Table. Percentages of follicle cells in wild type, alix’ and alix® mutant egg chambers with
one or more nuclei.
(DOCX)

$2 Table. Percentages of GFP-positive control and alix’ mutant follicle cells with one or
more nuclei.
(DOCX)

$3 Table. Number of wild type and alix® mutant germaria with normal versus abnormal
fGSC phenotypes.
(DOCX)

$4 Table. Number of wild type and alix’ mutant germaria with normal versus abnormal
fGSC phenotypes.
(DOCX)
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