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Abstract

The highly conserved Golgi phosphoprotein 3 (GOLPH3) protein has been described as a Phosphatidylinositol 4-phosphate
[PI(4)P] effector at the Golgi. GOLPH3 is also known as a potent oncogene, commonly amplified in several human tumors.
However, the molecular pathways through which the oncoprotein GOLPH3 acts in malignant transformation are largely
unknown. GOLPH3 has never been involved in cytokinesis. Here, we characterize the Drosophila melanogaster homologue of
human GOLPH3 during cell division. We show that GOLPH3 accumulates at the cleavage furrow and is required for
successful cytokinesis in Drosophila spermatocytes and larval neuroblasts. In premeiotic spermatocytes GOLPH3 protein is
required for maintaining the organization of Golgi stacks. In dividing spermatocytes GOLPHS3 is essential for both contractile
ring and central spindle formation during cytokinesis. Wild type function of GOLPH3 enables maintenance of centralspindlin
and Rho1 at cell equator and stabilization of Myosin Il and Septin rings. We demonstrate that the molecular mechanism
underlying GOLPH3 function in cytokinesis is strictly dependent on the ability of this protein to interact with PI(4)P.
Mutations that abolish PI(4)P binding impair recruitment of GOLPH3 to both the Golgi and the cleavage furrow. Moreover
telophase cells from mutants with defective GOLPH3-PI(4)P interaction fail to accumulate PI(4)P-and Rab11-associated
secretory organelles at the cleavage site. Finally, we show that GOLPH3 protein interacts with components of both
cytokinesis and membrane trafficking machineries in Drosophila cells. Based on these results we propose that GOLPH3 acts
as a key molecule to coordinate phosphoinositide signaling with actomyosin dynamics and vesicle trafficking during
cytokinesis. Because cytokinesis failures have been associated with premalignant disease and cancer, our studies suggest
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novel insight into molecular circuits involving the oncogene GOLPH3 in cytokinesis.

Citation: Sechi S, Colotti G, Belloni G, Mattei V, Frappaolo A, et al. (2014) GOLPH3 Is Essential for Contractile Ring Formation and Rab11 Localization to the
Cleavage Site during Cytokinesis in Drosophila melanogaster. PLoS Genet 10(5): €1004305. doi:10.1371/journal.pgen.1004305

Received October 21, 2013; Accepted February 28, 2014; Published May 1, 2014

Copyright: © 2014 Sechi et al. This is an open-access 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.

Funding: This work was supported by a grant from Associazione Italiana per la Ricerca sul Cancro (AIRC) (IG 10775 and 1G14671) to MGG. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Cytokinesis in animal cells is achieved through the constriction
of a plasma membrane-anchored actomyosin ring that drives
cleavage furrow ingression from the equatorial cortex [1]. A
network of cytoskeletal proteins, including Septins and Anillin, acts
as a scaffold to anchor the actomyosin ring to the plasma
membrane during furrowing [2,3].

The central spindle (the prominent microtubule bundle that
forms in ana-telophase between the segregating chromosomes)
dictates the position of the cleavage furrow [4-6]. Central spindle
assembly is regulated by the coordinated action of kinesin motor
proteins, microtubule associated proteins (MAPs) and protein
kinases [6]. A crucial signaling event that sets up the site of
cleavage furrow formation for cytokinesis is the accumulation of
active Rho GTPase at an equatorial position at the cortex. This
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localized active Rho G'TPase drives both F-actin assembly at the
plasma membrane and Myosin II activation [4,5]. The central
spindle transmits the spatial information required for cleavage
furrow formation by delivering regulators of Rho to the equatorial
cortex [4,6].

Recent studies have shown that besides contractile ring
constriction, cytokinesis also involves membrane trafficking from
internal stores to the cleavage furrow [7,8]. Work from several
groups has implicated Golgi-derived vesicles in cytokinesis [7-9].
Endocytic traffic also contributes to this process. Clathrin and
Dynamin, two proteins that promote endocytic vesicle budding
from the plasma membrane and the endocytic recycling factors
ARF6, Rab35 and Rabll are required for completion of
cytokinesis in several cell systems [7-9].

Successful cytokinesis also depends on a special plasma
membrane lipid composition [9-11]. It has been suggested that
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Author Summary

In animal cell cytokinesis, constriction of an actomyosin
ring at the equatorial cortex of dividing cells must be finely
coordinated with plasma membrane remodeling and
vesicle trafficking at the cleavage furrow. Accurate control
of these events during cell cleavage is essential for
maintaining ploidy and preventing neoplastic transforma-
tion. GOLPH3 has been recognized as a potent oncogene,
involved in the development of several human tumors.
However, the precise roles played by GOLPH3 in tumor-
igenesis are not yet understood. In this manuscript we
demonstrate for the first time the requirement for GOLPH3
for cytokinesis. GOLPH3 protein localizes at the cleavage
site of Drosophila dividing cells and is essential for
cytokinesis in male meiotic cells and larval neuroblasts.
We show that this protein acts as a key molecule in
coupling plasma membrane remodeling with actomyosin
ring assembly and stability during cytokinesis. Our studies
indicate a novel connection between GOLPH3 and the
molecular mechanisms of cytokinesis, opening new fields
of investigation into the tumor cell biology of this
oncogene.

special lipids at the cleavage site facilitate cell shape remodeling
during furrow ingression, regulate membrane addition and/or
provide signalling platforms controlling cytokinesis [8]. However
the molecular mechanisms underlying membrane-cytoskeleton
interactions during cleavage furrow ingression are not yet
understood.

Several proteins involved in the phosphoinositide (PIP) cycle
and specific types of PIPs have been implicated in cytokinesis. For
example the Drosophila melanogaster phosphatidylinositol transfer
protein Giotto/Vibrator (Gio/Vib) and the Golgi PI 4-kinase Four
wheel drive (Fwd) are both required for furrow ingression in male
meiotic cytokinesis [12—-15]. Fwd is required to recruit Rabl1 at
the Golgi, for the synthesis of PI(4)P on Golgi membranes and for
accumulation of Rab11- and PI(4)P-containing organelles at the
cell equator [15]. However Fwd does not accumulate at the
cleavage furrow during cytokinesis [15].

GOLPH3, a highly conserved 34-kDa protein, functions as a
PI(4)P effector at the Golgi [16,17]. Recruitment of GOLPH3 and
its yeast orthologue Vps74p to the Golgi depends on specific
recognition of PI(4)P through a conserved binding pocket on the
surface of the protein [16,17]. Human GOLPHS also interacts
with MYO18A, mediating linkage with the F-actin cytoskeleton
that has been proposed to facilitate flattening of the Golgi and
vesicle formation [16]. GOLPH3 is also a potent oncogene, as it is
commonly amplified in several solid tumours [18-27]. However,
the molecular mechanisms through which this protein acts in
malignant transformation are not yet understood. GOLPH3 has
been implicated in cellular transformation via changes in the
activity of the mammalian target of rapamycin (mTOR) [18].
GOLPH3 has been shown to activate mTOR signaling [18]. In
addition GOLPH3 protein physically interacts with the VPS35
subunit of the retromer protein-recycling complex which has been
linked to TOR signaling in yeast [18].

Here we present the first evidence to date implicating GOLPH3
in cytokinesis. We demonstrate that the Drosophila homologue of
GOLPHS3 controls both contractile ring formation and vesicle
trafficking during cleavage furrow ingression in dividing cells. In
addition, this protein accumulates at the midzone of telophase cells
and interacts with components of both the cytokinetic apparatus
and the membrane trafficking machinery. We propose that during
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cell cleavage, GOLPH3 acts as a key molecule to coordinate
membrane remodeling and cytoskeletal dynamics.

Results
Isolation of mutants in Drosophila GOLPH3
The sauron™?"” (sau®?"’) allele was identificd in a screen for

mutations that cause failure of cytokinesis in Drosophila spermato-
cytes [28]. The sa®®!” mutation failed to complement both
Df(2L)Exel6007 and Df{2L)Exel7010 for the male sterility and male
meiotic defects, defining a small chromosome region containing 21
genes. A P-clement insertion in the annotated CG7085 gene,
resulting in the lethal mutation [(2)s5579, failed to complement
sa”?*"” for both the male sterility and meiotic cytokinesis phenotype
(Figure 1A and 1B). In addition, testes from males expressing double
stranded RNA (dsRNA) against CG7085 in meiotic cells, contained
frequent aberrant multi-nucleate spermatids, indicating cytokinesis
defects comparable to those observed in sa*?711(2)55379 or
sa™?V | DA2L)Exel7010 (sa™®?"7/Df) males (Figure 1A and 1B).
CG7085 encodes a polypeptide of 293 amino acids that is 70%
identical to human GOLPHS3. Thus, hereafter we refer to CG7085
as Drosophila GOLPHS. DNA sequencing of sau™??'” allele (See
Materials and Methods), revealed a single point mutation in the
GOLPH3 gene, resulting in the replacement of the conserved
Glutamic-acid 273 by Lysine at the C-terminus of the predicted
polypeptide (Figure 1C). Based on these results, sau*??'” is a missense
allele of the Drosophila homologue of GOLPH3 (Figure 1C). GFP-
GOLPHS3 protein expressed under the control of a tubulin
promoter rescued the defects of saw®??*7/Df and sau™??'7/1(2)55379
mutants, confirming that the cytokinesis phenotype is the conse-
quence of alterations in the Drosophila GOLPH3 homologue.

The Drosophila homologue of mammalian GOLPH3

localized to the cleavage site in dividing spermatocytes

Polyclonal antibodies raised against the entire Drosophila
GOLPH3 protein, recognized a band of the predicted molecular
weight in Western blots from extracts of adult testes (Figure 2A).
This band appeared reduced in testis extracts from GOLPHSRNA:
and sa*??’/Df males indicating that the antibodies specifically
reacted with Drosophila GOLPH3 (Figure 2A).

Immunofluorescence analysis reveals that the GOLPHS3 protein
localized to Golgi structures in spermatocytes. In interphase
spermatocytes at stage S5 (see Ref. [29] for spermatocyte stages),
GOLPH3 was enriched at multiple round structures that also
contained the Golgi marker Cog7 [30] (Figure S1 and 2B). In
dividing spermatocytes at metaphase and anaphase, GOLPH3
was associated with vesicles in the polar regions of the cell
(Figure 2C). Strikingly, during telophase GOLPH3 protein
accumulated at the cleavage furrow (Figure S1 and Figure 2C)
consistent with a role in cytokinesis.

Mutations in Drosophila GOLPH3 affect the Golgi stack
structure in interphase primary spermatocytes

Consistent with the previous finding that depletion of human
GOLPH3 affects Golgi architecture [16] GOLPHS3 is essential for
maintaining Golgi structure in Drosophila spermatocytes. In inter-
phase wild type spermatocytes at stage S3, stained for the golgin
Lava lamp (Lva, [31]), the average number of Golgi bodies per cell
was 25 (Figure 3A and 3B). Conversely, spermatocytes from
sauz”U/Df mutant males, stained for Lva at the same stage,
exhibited a 1.9- fold increase in the number of Golgi bodies
(Figure 3A and 3B), with the average size decreased by 50%
(Figure 3A and 3C). Previous work demonstrated that each Golgi in
Drosophila has a paired structure consisting of two stacks held
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Figure 1. Drosophila GOLPHS3 is required for spermatocyte cytokinesis. (A) Multinucleate onion stage spermatids due to cytokinesis failure
during meiosis in GOLPH3 mutant males [sau®??"”/Df(2L)Exel7010 and sau®??'”/I(2)5379] and in males expressing dsRNA against CG7085 (GOLPH3RNAI),
under control of the Bam-GAL4 driver [74]. (Nu) nuclei; (Nk) mitochondrial derivative; (4Nk) large mitochondrial derivative. Scale Bar; 10 um. (B)
Frequencies of spermatids containing 1, 2, 3, 4 or more than 4 nuclei per Nk, in sau?2'7/Df(2L)Exel7010 and sau??'7/1(2)5379 mutant males and in
males expressing dsRNA against CG7085 (GOLPH3RNAI) under control of Bam-GAL4. Oregon R males and males carrying either the Bam-GAL4 driver
alone or the UAS:GOLPH3RNAI construct alone were used as control. (n); total number of spermatids (C) Alignment of Drosophila GOLPH3 (Dm)
protein with human GOLPH3 (Hs). (Blue arrowhead) substitution of Glutamic acid by Lysine (E273K) in the sau”??’” male sterile allele; (red arrows)
K167A and R170A mutations; (blue line) clathrin box sequence. (*) fully conserved residue; (:) conservation between groups of strongly similar
properties; (.) conservation between groups of weakly similar properties.

doi:10.1371/journal.pgen.1004305.g001
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together through an actin-based mechanism [32]. The near- sa™??"7 / Df hemizygous mutant males (Figure 4 and 5). Analysis
doubling of Golgi units observed in sa*??*”/ Df mutant spermato- of the dynamics of central spindle formation, performed in wild
cytes raises the possibility that GOLPH3 may play a role in type m=10) and sa*®?*’/Df (n=10) living spermatocytes
maintaining the paired Golgi organization in interphase spermato- expressing EGFP-B-tubulin [33], suggested a role for GOLPH3

cytes. in the initial steps of central spindle formation (Figure 4A).
Localization of proteins associated with central spindle microtu-

GOLPH3 is required for central spindle and contractile bules was also defective in sau*???7/Df mutant spermatocytes
ring formation undergoing meiotic division. In both wild type and sa*??/Df
Previous analysis of sau*???” /sau??"” mutants, revealed defec- spermatocytes the microtubule bundling protein Fascetto/Prcl
tive central spindle in telophase spermatocytes [28]. Tubulin (Feo, [34]) started to concentrate to microtubules at cell equator
staining indicated defects in central spindle organization in during anaphase (n=44 mutant cells; n= 32 control cells;
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Figure 2. Drosophila GOLPH3 localizes to the cleavage furrow in dividing spermatocytes. (A) Western blotting from adult testis extracts.
Polyclonal antibodies raised against GOLPH3 protein, recognized a band of the predicted molecular weight. The band is reduced in testis extracts
from sau™?"7/Df(2L)Exel7010 and GOLPH3RNAi males. a-Tubulin was used as a loading control. (B) Colocalization of GOLPH3 (anti-GOLPH3, red) with
the Golgi protein Cog7-GFP (green) in interphase spermatocytes. (C) In dividing spermatocytes GOLPH3 protein (red) was enriched in Golgi derived
vesicles and accumulated at the cleavage furrow (arrows) during telophase (green) Tubulin; (blue) DNA. Scale Bar; 10 um.
doi:10.1371/journal.pgen.1004305.g002
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Figure 3. Mutations in GOLPH3 affect Golgi structure in primary spermatocytes. (A) G2 spermatocytes during the S5 stage, stained for Lva
(red), Tubulin (green) and DNA (blue). Spermatocytes at this stage are characterized by three distinct chromatin clumps (corresponding to each major
bivalents) and an interphase microtubule cytoskeleton (absence of asters). Left panels show enlargements of Golgi stacks in Lva images. Note that in
wild type the size of Lva fluorescent units is approximately two fold when compared to sau”??'7/Df(2L)Exel7010 (sau/Df) mutants. Scale Bar; 10 um (B)
Average number of Golgi bodies per cell (+ SEM), visualized by Lva staining in spermatocytes at S5 stage from wild type and sau®??"’/Df(2L)Exel 7010
(sau/Df) mutant males. (C) Average size (= SEM), of Golgi stacks quantified by image J (Area in 2D images), in spermatocytes immunostained for Lva
at S5 stage. Measures were normalized to control average size (set at 1). See also Materials and Methods.

doi:10.1371/journal.pgen.1004305.9003

Figure 4B). However, in contrast to wild type, telophases from
sa®®?"7 /Df mutants did not exhibit a tight equatorial Feo band;
instead Feo staining was either in puncta scattered between the
two nuclei, or appeared diffuse (n = 50 mutant cells; n =45 control
cells; Figure 4B). Similar results were obtained in spermatocytes
stained for the Polo kinase (Polo, [35]). Although Polo concen-
trated at the midzone of saw*??*” /Df mutant spermatocytes during
anaphase (n=24 mutant cells; n=24 control cells), it was
dispersed in patches or diffuse during telophase (n=34 mutant
cells; n=32 control cells; Figure 4C). Localization of the
centralspindlin complex, which consists of the Rho GTPase
activating protein (GAP) RacGAP50C [36] and the kinesin-like
Pavarotti (Pav) [37], was also affected by loss of function of
GOLPH3. sa™®?*'7/Df mutant spermatocytes displayed faint
concentration of both RacGAP50C (n =32 mutant cells; n= 34
control cells) and Pav (n = 38 mutant cells; n =40 control cells) at

PLOS Genetics | www.plosgenetics.org

peripheral microtubules during anaphase (Figure 4D and 4E). In
mutant spermatocytes at mid-late telophase these proteins failed to
accumulate at both peripheral and interior microtubules (n =50
mutant cells and n =46 control cells examined for RacGAP50C;
n =44 mutant cells and n=50 control cells examined for Pav;
Figure 4D and 4E).

Previous analysis failed to detect F-actin rings in most telophase
spermatocytes from  sau®??" /sau®®?"” homozygous males [28].
Staining for F-actin using an improved protocol (see Materials and
Methods) revealed defects in F-actin ring assembly in sau*??*7/Df
mutant spermatocytes, with most telophases devoid of an F-actin
ring (85%; n =34 mutant cells; n=44 control cells; Figure S2).
sau®®?!” mutation also impaired formation of regular Myosin II
(Myo II) cortical rings. The Myo II heavy chain Zipper [38]
formed a cortical ring at cell equator of wild type cells at late
anaphase-early telophase (100% of cells, n=48; Figure 5A).
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Figure. 4. GOLPHS3 is required for central spindle assembly and localization of the centralspindlin components at the cell midzone.
(A) Time lapse analysis of central spindle formation in spermatocytes from wild type and sau™2'7/Df(2L)Exel7010 (GOLPHS3) expressing EGFP-B-tubulin.
In wild-type dividing spermatocytes at early anaphase, peripheral microtubules (MT) probed the equatorial cortex and started bundling (Frames 0, 5).
Bundling of this population of MTs was accompanied by cell elongation and bundling of interior MTs (Frame 10). Furrow ingression compacted the
MTs arrays (Frames 15) giving rise to the characteristic telophase central spindle that was pinched in the middle during cytokinesis (Frame 25). In
sau™?"7/Df(2L)Exel7010 (GOLPH3), peripheral MTs contacted the cortex at cell equator during early anaphase (Frames 0, 5) but failed to stably
interdigitate (Frames 10, 15). In addition interior MTs failed to bundle at the cell midzone (Frame 15) and cells failed to constrict (Frames 15, 25). (B)
Anaphase and telophase spermatocytes from wild type and sau?2'7/Df(2L)Exel7010 (GOLPH3) stained for Feo (red), Tubulin (green), and DNA (blue).
(C) Anaphase and telophase spermatocytes from wild type and sau??’”/Df(2L)Exel 7010 (GOLPH3) stained for Polo (green), Centrosomin (Cnn, red) and
DNA (blue). (D,E) Anaphase and telophase spermatocytes from wild type and sau?'”/Df(2L)Exel 7010 (GOLPH3) stained for Tubulin (green), DNA (blue)
and either RacGAP50C (D) or Pavarotti (Pav) (E) (red). Scale Bar; 10 um.

doi:10.1371/journal.pgen.1004305.9004

Zipper rings appeared tighter and constricted in mid- late
telophase (100% of cells, n=78; Figure 5A). Most sau*??"”/Df
mutant spermatocytes, fixed at late anaphase, displayed Zipper at
cell equator. However in these cells Zipper was associated with
thin rings at the equatorial cortex (n = 64; Figure 5A). In saP*17/
Df spermatocytes fixed at mid-late telophase, Zipper was
associated with patches at cell equator (60% of cells) or formed
unconstricted fragmented rings (30% of cells) (n = 120; Figure 5A).
Contractile ring dynamics was examined @ wviwo in dividing
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spermatocytes expressing the GFP-tagged-regulatory light chain
Spaghetti Squash-GFP (Sqh-GFP, [38], Figure S3). In wild type
anaphase spermatocytes, Sqh-GIP concentrated into an equato-
rial ring that underwent constriction immediately after assembly
(n=10). In all mutant spermatocytes examined (n = 8), Sqh-GFP
failed to concentrate into a well formed ring (Figure S3) and cells
failed to constrict.

Consistent with the defects in F-actin ring assembly at the
plasma membrane, cortical accumulation of Rho GTPase at an
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Figure 5. GOLPH3 is required for maintaining Rho1 at the equatorial cortex and stabilizing Septin and Myosin rings. (A) Wild type
and sau”??"’/Df(2L)Exel7010 (GOLPH3) spermatocytes during late anaphase-early telophase and mid-late telophase stained for Tubulin (green), DNA
(blue) and the Myo Il heavy chain Zipper (red). (B) Wild type and sau™2'/Df(2L)Exel7010 (GOLPH3) spermatocytes during late anaphase-early
telophase and mid-late telophase stained for Centrosomin (Cnn, red), DNA (blue) and Rho1 (green). Arrowheads indicate enrichment of Rho1 at the
astral membranes. (C,D) Wild type and sau”??'7/Df(2L)Exel7010 (GOLPH3) spermatocytes during telophase stained for Tubulin (green), DNA (blue) and
either Sep2 (C) or Sep 1 (D) (red). Scale Bar; 10 um.
doi:10.1371/journal.pgen.1004305.9g005
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equatorial position was defective in mutant dividing spermato-
cytes. In wild type spermatocytes at late anaphase-early
telophase, Rhol was enriched at the astral membranes and the
parafusorial membranes and started to concentrate into a narrow
ring at the equatorial cortex (n=32; Figure 5B). The Rhol ring
appeared thicker in mid-telophase spermatocytes and fully
constricted in late telophase (n=36; Figure 5B). In contrast, in
most dividing spermatocytes from sau*??*”/Df; Rhol was diffuse
in the cytoplasm and failed to concentrate into clear cortical rings
at the cell equator during either late anaphase/early telophase
(93%, n=27; Figure 5B) or mid-late telophase (93%, n=30;
Figure 5B). Localization of Septins was also affected in GOLPH3
mutants. These cytoskeletal scaffolding proteins, bind to phos-
phoinositides and form a membrane-associated filament system
required to anchor the actomyosin ring to the plasma membrane
[39]. In wild type dividing spermatocytes both Septinl (Sepl,
[40]; n=25) and Septin2 (Sep2, [41]; n=45) concentrated
into thin equatorial rings during early telophase (Figure 5C
and 5D). At later telophase stages, rings of both Sep2 (n=63)
and Sepl (n=44) appeared thicker as constriction progressed
cells (Figure 5C and 5D). In sa®®?’7/Df telophases
Septins concentrated at the cell midzone (n =42 cells examined
for Sep2; n=24 cells examined for Sepl; Figure 5C and 5D).
However in mutant spermatocytes fixed at mid-late telophase
Septin rings appeared thin and fragmented (n=62 for Sep 2,
n =33 for Sepl; Figure 5C and 5D). Thus wild type function of
GOLPHS3 protein is required to maintain active Rho to the
equatorial cortex and stabilization of Myo II and Septin-
containing rings.

PI(4)P binding is essential for GOLPH3 function in
cytokinesis

To test whether binding to PI(4)P is essential for GOLPH3
function in cytokinesis, we constructed a mutant version of GFP-
GOLPH3 (GFP-GOLPHS®!97A/RI70Ly 4 1rving two substitutions
(red arrows in Figure 1C) that, on the basis of crystal structure of
human GOLPH3 [16,17] are predicted to impair GOLPH3
binding to PI(4)P. GFP-GOLPHS®!'®74/RI70L yas unable to
rescue the cytokinetic phenotype of sa*??17 (Figure 6A) and failed
to localize to Golgi membranes and to the cleavage site in both
wild type and sau*??*” /Df (Figure 6B and 6C). Localization of wild
type GOLPH3 protein at Golgi stacks was abolished in
spermatocytes from mutants in_fid (Figure 6B), further supporting
the requirement for PI(4)P for GOLPHS3 recruitment to this
organelle. The Glu-Lys (E273K) mutation in our original sau*??"”
allele also affected the ability of GOLPH3 to bind to phospho-
inositides. Drosophila wild type GOLPHS, and GOLPH3®'®7*/
RITOL - GOLPH3™*® mutant proteins were expressed as GST-
tagged proteins and their ability to bind phosphoinositides was
assessed through protein-lipid overlay assays (Figure 6D). Wild
type GOLPH3 protein interacted not only with PI(4)P but also
with PI(3)P, PI(5)P and phosphatidic acid (PA, a glyceropho-
spholipid) (Figure 6D). Remarkably, the pattern of lipid interaction
for GOLPH3"*"*F was comparable to that of GOLPH3™'¢74/
RI7OL indicating defective binding to both PI4)P and PI(5)P
(Figure 6D). Consistent with the defective PI(4)P lipid interaction
of GOLPH3?73k protein, GOLPH3 protein was not detected at
the Golgi stacks of sax***’” mutant spermatocytes immunostained
with anti-GOLPH3 antibodies (Figure S1). Moreover GOLPH3
failed to concentrate at the equatorial cortex of sau™®?!’ dividing
spermatocytes (Figure S1). To assess whether E273K and K167A/
R170L mutations affect the stability of GOLPHS3 protein the
expression level of each GFP-tagged GOLPH3 protein was
assessed by Western blot analysis. As shown in Figure 6E, in
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testes GFP-GOLPH3"7*% protein was decreased by 52% and
GFP-GOLPHS®!67A/RIT0L 1otein by 54% relative to wild type
GFP-GOLPH3. Together our data indicate that E273K and
K167A/R170L mutations impair binding to PI(4)P and disrupt
both the subcellular localization and the stability of GOLPH3
protein.

Reciprocally the localization of PI4)P was disrupted in
telophase cells of sau™??17 /1 Df spermatocytes. An RFP fusion to
the PI(4)P marker PH-FAPP localized on Golgi organelles in both
premeiotic and dividing spermatocytes (Figure 7A and data not
shown) and was enriched at the midzone during telophase
(Figure 7A and 7B) consistent with data of Polevoy and coauthors
[15]. In premeiotic spermatocytes from sau*?*”/Df, RFP-PH-
FAPP signals at the Golgi membranes, were as intense as in wild
type (data not shown). However in dividing spermatocytes RFP-
PH-FAPP signals were delocalized and failed to accumulate at
the midzone during telophase (Figure 7A and 7B). Visualization
of PI(4,5)P2, the phosphorylated derivative of PI(4)P, using
PLCS-PH-GFP [42] showed this lipid at the cleavage furrow
plasma membrane in wild type but not in GOLPH3 mutants
(Figure 7C). Consistent with the idea that Fwd and GOLPH3
proteins contribute to the same process, double mutants
carrying both fwd and GOLPH3 mutations were synthetic lethal.
Animals that were heterozygous for GOLPH3 and hemizygous for
Sfovd [sa®®?" /+; fiwd® /Df(3L)7C] and animals that were heterozy-
gous for fiwd and homozygous/hemizygous for GOLPH3
[sau??"7 /5a®?7; fod® 1+ or sau?Y7 /DAL Exel7010; fiod® /+]
were both viable. However, sau*??’” was fully lethal in
combination with fiwd’/Df(31)7C; individuals of genotypes
sa™®? | Df2L) Exel7010;  fuwd® /DA3L)7C or  sau™®*Y /sau**7;
fwd®/Df3L)7C died during larval stages.

Like the requirement for Fwd for localization of both PI(4)P-
associated secretory organelles and Rab11 at the cleavage furrow
[15,43], loss of GOLPHS3 also affected concentration of Rabl1 at
cell equator. In contrast to wild type, Rab11 was dispersed during
cytokinesis in sau22217/Df spermatocytes (Figure 8A). GOLPH3
protein function was also required to localize other membrane
trafficking markers at the cleavage furrow. In both wild type and
sa™??17 / Df interphase spermatocytes at stage S5, a GFP fusion to
clathrin light chain (Clc-GFP, [44]) was enriched in clusters of
vesicular structures (Figure S4A). However, although Clc-GFP
accumulated to cell equator of wild type telophase spermatocytes
(Figure S4A) in sau™??!”/Df fluorescent signals were scattered and
failed to accumulate at the cleavage furrow in cytokinesis (Figure
S4A). Likewise analysis of a GFP-fusion to Rab5 [45], indicated
that this protein, similarly to Rab11 and Clc-GFP, accumulated to
the cleavage furrow in wild type but not in sa®?**7 / Df (Figure
S4B). The small GTPase proteins Rab5 controls early endocytic
events such as clathrin-coated-vesicle-mediated transport from the
plasma membrane to the early endosomes and homotypic early
endosome fusion [46].

We next tested whether GOLPHS3 interacts with central
spindle and contractile ring components. Co-immunoprecipita-
tion (Co-IP) and GST-pulldown experiments with testis extracts
revealed that GOLPHS interacts with the cytokinesis proteins
Pav, Zipper and Septins (Figure 9A-9C and Figure S5B). We
also explored whether GOLPH3 interacts with membrane
trafficking proteins. Consistent with data from mammalian cells
[18], we found that GOLPHS3 and the retromer Vps35 protein
form a complex also in Drosophila (Figure S5A and S5B). In
addition we found that GOLPH3 protein interacts with Rabl1
(Figure 8B and 8C) in Drosophila testes. Surface Plasmon
Resonance (SPR) analysis indicated that Rabll and GOLPH3
proteins form a high affinity, stable complex (Figure 8D), since
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Figure 6. Binding to PI(4)P is essential for GOLPH3 function during cytokinesis. (A) Frequencies of spermatids (percentage) containing 1, 2,
3, 4 or more than 4 nuclei (nu) per Nk in testes from males of the indicated genotypes. (n); total number of spermatids counted per each genotype.
Scale Bar; 10 um. (B) Live spermatocytes of the indicated genotypes, expressing either GFP-GOLPH3 or a mutant version of GFP-GOLPH3 carrying
K167A/R170L substitutions (GFP-GOLPH3%'¢”) were imaged at the same exposure time. GFP-GOLPH3 failed to localize to Golgi stacks (fluorescent
round bodies indicated by arrows) in fwd®/Df(3L)7C [fwd®/Df] mutant spermatocytes. GFP-GOLPH3"'%"* failed to localize at the Golgi membranes in
both wild type and sau?*?'"/Df(2L)Exel7010 (sau*??'’/Df) mutant spermatocytes. (C) Phase-contrast and corresponding fluorescence ima%es of live
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Immunoblotting analysis of wild type testes expressing either GFP-GOLPH3 (wild type), GFP-GOLPH3273K (E273K) or GFP-GOLPH3K'7A/R170L (K167,
Giotto (Gio) was used as a loading control.

doi:10.1371/journal.pgen.1004305.g006

the measured Ky was 180 nM, and the dissociation kinetics were
very slow (kq about 2x10”*s™!). Finally Co-IP and GST-
pulldown experiments indicated interactions of GOLPH3
protein with Rab5 and Clathrin in male germ cells (Figure 8B,
S4C and S4D).
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Drosophila GOLPH3 is required for cytokinesis in larval
brain neuroblasts

The gene GOLPHS3 is essential for normal development and
viability in  Drosophila; [(2)s5379 homozygotes or ((2)s5579/
Df(2L)Exel7010 hemizygotes die in early larval stages and
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doi:10.1371/journal.pgen.1004305.g007

individuals of genotype mu22217/Df have a reduced life span when
compared with control siblings. Moreover we found an early lethal
phenotype in individuals carrying the UAS::GOLPH3-RNA: con-
struct in combination with drivers for ubiquitous RNAi (such as
Actin-GAL4 or tubulin-GAL4). We thus wondered whether
GOLPH3 is required for cytokinesis also in somatic cells. In
dividing neuroblasts of larval central nervous system (CNS)
GOLPH3 was enriched at the cleavage furrow consistent with a
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requirement for cytokinesis (Figure 10A). To knockdown the gene
GOLPH3 in larval neuroblasts, UAS::GOLPH3-RNA: was expressed
in larval CNS using the GAL4 system (tubulin-GAL4) with a
temperature sensitive GAL80 (GAL80®, [47]) (Figure 10B-10F).
GOLPH3 depletion in larval CNS resulted in a significant
frequency of tetraploidy: 6% of metaphases were tetraploid in
larval brains expressing dsRNA against GOLPH3 (n=1588
metaphases scored, Figure 10C) versus 0% in larval brains
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expressing GFP-Rab11. GST bound to gluthatione-sepharose beads was used as a negative control. GST-GOLPH3 precipitated GFP-Rab11 from testis
protein extracts. Ponceau staining (Ponceau) is shown as loading control. Input is 4% of lysates. Molecular masses are indicated in kilodaltons. (D)
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obtained using GOLPH3 as ligand and Rab11 as analyte. Rab11 concentrations were as follows: 50 nM (orange), 200 nM (red), 400 nM (magenta),
1.0 uM (green), 2.0 uM (cyan), 4.0 uM (blue), 10.0 uM (black). The interaction of immobilized GOLPH3 ligand with the analyte was detected through
mass concentration-dependent changes in the refractive index on the sensor chip surface, expressed as resonance units (RU). The increase in RU
relative to baseline (0-180 s) indicates complex formation, whereas the decrease in RU represents dissociation of Rab11 from immobilized GOLPH3
upon injection of buffer. Kp = 180 nM indicates that a high affinity complex is formed; the dissociation kinetics are very slow (kq about 1x10™* s™").
doi:10.1371/journal.pgen.1004305.9g008

carrying the UAS:GOLPH3-RNA: transgene alone (n=1800 analyses suggested interactions with Septins, Myosin and the

metaphases scored). Immunostaining of larval brains for tubulin centralspindlin component Pav.
and Zipper also indicated cytokinesis defects in larval neuroblasts Our observations of an enrichment of Sgh and Zipper at the
expressing UAS:GOLPH3-RNA: with 30% of mid-telophases cleavage site in the absence of a clear Rhol ring are in agreement
failing to form a compact, fully constricted ring versus 0% in with a previous study on male germ cells depleted for anillin [48]
control cells (n = 150 mutant mid-telophases; n = 160 control mid- and suggest that a pathway independent of Rhol might be
telophases; Figure 10D). Immunofluorescence analysis of mid- involved in the initial recruitment of Myosin II components in
telophase neuroblasts depleted of GOLPH3 also revealed failure spermatocytes. Interestingly besides accumulating at the cleavage
to maintain Septin proteins at the cleavage furrow and to form site, Rhol is also enriched at the astral membranes in wild type
a compact central spindle microtubule array (Figure 10E— dividing spermatocytes (arrowheads Figure 5B). It is then possible
10F). that a mechanism based on vesicle-mediated transport is
implicated in maintaining Rhol at the cleavage site during

Discussion cytokinesis.

The requirement for GOLPH3 in spermatocyte cytokinesis is
In this paper we have provided the first compelling demonstra- intimately connected to the ability of this protein to bind PI(4)P. A
tion of the requirement for GOLPH3 protein function for mutant version of GOLPH3 that was unable to associate with

cytokinesis. Our data demonstrate that the Drosophila homologue PI(4)P, failed to rescue the cytokinesis defects of szmz?z”/Df
of human GOLPHS3, plays an essential role in both contractile ring mutants. GOLPH3 depended on PI(4)P for its recruitment to both

formation and vesicle trafficking. In most GOLPH5 mutant the Golgi and the cleavage furrow. Moreover PI(4)P concentration
dividing spermatocytes Rhol appeared diffuse (this study) and at the cleavage furrow required wild type function of GOLPHS3.
F-actin rings failed to assemble (this study and [28]). GOLPH3 Human GOLPH3 was shown to bind to PI(4)P and recruit

mutation also prevented formation of robust Myosin II/Septin MYOI18A to the Golgi [16]. It has been proposed that PI(4)P,
rings and disrupted central spindle assembly. GOLPHS3 protein GOLPH3 and MYOI8A are required for tethering Golgi
localized to the cleavage site during cytokinesis and biochemical membranes to the actin cytoskeleton to stretch the Golgi and
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control. In all the experiments input is 4% of lysates. Molecular masses are indicated in kilodaltons.

doi:10.1371/journal.pgen.1004305.g009

produce a tensile force that facilitates vesicle budding [16]. We
showed that GOLPHS3 is required to maintain the integrity of
paired Golgi stacks in Drosophila interphase spermatocytes.
Remarkably a proteomic analysis of PI(4)P- containing liposomes
demonstrated that these organelles are enriched in Rabll, PI 4-
kinase IIIf and the actin regulatory factors Racl and Scar/WAVE
[49]. It is then likely that GOLPHS3 participates in a PI(4)P
dependent recruitment of these actin regulatory factors that
contribute to regulate pairing of the Golgi stack structure. We
speculate that a module containing PI(4)P-GOLPH3-Myoll is
involved in producing a tensile force at the cleavage furrow
required to shape the actomyosin ring architecture during
cleavage furrow constriction.

A possible model to illustrate how GOLPH3 function might be
involved in cytokiness is depicted in Figure 11. Because GOLPH3
protein binds to both PI(4)P and Rab11 and both PI(4)P-and Rab11
were delocalized in sau*??’” mutant spermatocytes, GOLPHS3
protein might have a role in targeting PI(4)P- and Rab1 1-secretory
vesicles to the cleavage furrow. PI(4)P is the substrate for PI(4)P 5-
kinase for the synthesis of the PI(4,5)P2 lipid that is generated in the
cleavage furrow and plays crucial roles during cytokinesis [10,11].
Indeed imaging of dividing spermatocytes expressing PLCJ-PH-
GFP, revealed enrichment of PI(4,5)P2 at the cleavage furrow in
wild type but not in GOLPHS3 mutants. PI(4,5)P2 is known to
enhance actin polimerization by modulating activity of proteins that
regulate F-actin dynamics including profilin and cofilin [50,51].
Thus, failure to assemble F-actin rings in GOLPH3 mutants might
be the consequence of a defective P1(4,5)P2 pool at the cleavage site.
Recent data demonstrate that several cytokinesis players required in
early stages including Rho, RhoGEF and centralspindlin subunit
MgcRacGAP, also interact with phosphatidylinositol 4,5-bispho-
sphate [PI(4,5)P2] and/or PI4)P and have plasma membrane
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interactions regulated by those phosphoinositides [52-55]. Defec-
tive PI(4,5)P2/PI(4)P concentration also affects Septin filament
formation in the cleavage furrow. Septins form a gauze-like mesh
tightly associated with plasma membranes [56]. Work in both
mammalian and yeast cells demonstrated that Septins are able to
interact i vitro with PIPs including P(4,5)P2, PI(3,4,5)P3 and PI(4)P
through a polybasic domain [57-59]. Moreover Septin polymeri-
zation into filaments is enhanced by association with lipid bilayers
[59,60]. It has also been suggested that interaction of Septin
filaments with phosphoinositides facilitates bending of plasma
membranes and stabilizes the cleavage furrow [10]. In addition
one of the mammalian septins (SEPT2) directly binds Nonmuscle
Myo II and this interaction is required for Myo II full activation
during cytokinesis [61].

The defects in cytokinesis in GOLPHS3 mutant spermatocytes
also revealed malfunctioning of membrane trafficking pathways.
Several studies have suggested an intimate connection between
vesicle trafficking and actomyosin ring assembly/stability during
cytokinesis. Syntaxin 1 is required for proper F-actin ring assembly
in Drosophila S2 cells [62] and F-actin is targeted to the cleavage
furrow of Drosophila postcellularized embryonic cells on endosomal
vesicles [63]. In Dyctiostelium most clathrin null cells fail to undergo
furrow ingression; in these cells Myoll is frequently associated with
patches instead of forming a ring, a phenotype that is comparable
to that of GOLPH3 [64,65]. Our data demonstrate that GOLPH3
protein is required for proper localization of Clathrin and Rab5 in
dividing spermatocytes and might function as a molecular partner
for both proteins in Drosophila male meiotic cells. A potential
molecular interaction between Clathrin and GOLPH3 is further
suggested by the presence in the GOLPH3 amino acid sequence of
a putative clathrin binding motif [66], “LLDLD” indicated by a
blue line in Figure 1C.
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Figure 10. GOLPHS3 is required for cytokinesis in larval neuroblasts. (A) GOLPH3 accumulates at the cleavage furrow of larval dividing
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animals animals expressing UAS:GOLPH3RNAi under control of Tub-GAL4 Tub-GAL80®. Scale Bar, 5 um. (D,E) Knockdown of GOLPH3 in larval
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Telophase stage is based on chromatin condensation. Arrows point to the midzone. Scale Bar, 5 um.

doi:10.1371/journal.pgen.1004305.g010

Because GOLPHS3 not only binds to PI(4)P but also to PI(3)P protein for cytokinesis of somatic cells. Because cytokinesis failures
and PI(5)P in lipid binding assays, we believe GOLPHS3 protein have been associated with premalignant disease and cancer
may be also involved in membrane trafficking pathways that [72,73] our findings suggest novel insight into molecular circuits
depend on phosphoinositides other than PI(4)P during cytokinesis. that involve the oncogene GOLPH3 in cytokinesis.

Indeed recent studies have involved PI(3)P in cytokinesis; PI(3)P
positive endosomes localize to the midzone of both fungal and Materials and Methods
mammalian cells [67,68] and inhibition of PI(3)P production
results in cytokinesis failures in HeLa cells [69]. Strikingly, we have Fly stocks and transgenes

found that GOLPHS3 protein also binds to the glycerophospholipid The sau™*'” allele was from C. Zuker collection of ethyl-
phosphatidic acid (PA) in lipid binding assays. It has been shown methane sulfonate-induced lines that were screened for defects in
that PA is important for plasma membrane curvature [70] and is spermatocyte cytokinesis [28]. The chromosomal deficiencies
also an activator of PI(4)P 5-kinase [71]. Thus we speculate that Df(2L)Exel6007, Df2L)Exel7010, Df{3L)7C and the P element
may also contribute to PI(4)P 5-kinase activation and membrane 1(2)s5379 were obtained from the Bloomington Drosophila Stock
remodelling during cytokinesis, binding to PA (Figure 11). Center (Indiana University, Bloomington, IN). Flies carrying the

Our study demonstrates that GOLPHS3 is essential for normal Jfiwd’ mutant allele and flies expressing GFP-Cog7 were previously
development and viability in Drosophila. In addition the presence of described [12,30]. UAS::GOLPH3-RNAi flies were from the Vienna
tetraploid metaphases and defective contractile rings in larval Drosophila RNAi Collection (VDRC line 46150). Bam-GAL4 [74]
neuroblasts depleted of GOLPH$ indicates a requirement for this ~ was used to inactivate GOLPH3 in spermatocytes and to drive the
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Figure 11. Diagram illustrating how GOLPH3 function might be involved in cytokinesis. (A,C,E), wild type; (B, D, F) sau??'7/Df mutants. (A)
Golgi membranes are depicted in grey. Synthesis of PI(4)P at the Golgi requires function of the PI-4 kinase Fwd. Fwd also recruits Rab11 protein to
Golgi where it becomes associated with secretory vesicles containing PI(4)P. GOLPH3 localization to the Golgi depends on the PI(4)P
phosphoinositide. Wild type function of GOLPH3 is required for recruitment of PI(4)P-and Rab11-containing vesicles to the cleavage furrow. PI(4)P is
the immediate precursor of PI(4,5)P2 that is generated in the cleavage furrow by PI(4)P 5-kinase. Binding to phosphatidic acid (PA), GOLPH3 might
also contribute to PI(4)P 5-kinase activation and membrane curvature during cytokinesis. (B) In sau”?'7/Df mutant cells GOLPH3 protein fails to
concentrate to Golgi membranes and to the cleavage furrow. PI(4)P- and Rab11-containing vesicles fail to accumulate at the cleavage furrow. PI(4)P-
5 kinase [PI(4)P 5K] activation might be also impaired in sau???'’/Df mutants. (C) PI(4)P-GOLPH3 and PI(4,5)P2 regulate interaction of centralspindlin,
septins and actomyosin with plasma membrane during cytokinesis. For the sake of simplicity, each cytokinesis protein is depicted separately. (D) In
sau??"7/Df mutant cells PI(4)P-GOLPH3 does not localize to the cleavage site. As a result, localization of centralspindlin at the equatorial cortex is not
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maintained, centralspindlin-associated microtubules fail to stably bundle at the midzone and F-actin ring assembly is impaired. sau???'” mutations
also affect stability of Myosin Il and Septin filaments at the cleavage furrow. (E) In wild type telophase cells, rings containing F-actin, Myosin Il and
Septins constrict at the cleavage furrow during cytokinesis. (F) In sau™?'”/Df mutant cells F-actin ring assembly fails, Myosin Il and Septin rings are

patchy or thin and fail to constrict.
doi:10.1371/journal.pgen.1004305.g011

expression of Chc-RFP from the UAS::Che-RFP transgene. P{tubP-
GAL4}LL7 (tub-GAL4) flies were from the Bloomington Drosophila
Stock Center. Flies carrying both wb-GAL4 and twbGALS0O"
transgenes (on third chromosome) were kindly provided by
Timothy Megraw (University of Florida).

The following GFP/RFP transgenic lines were a gift from H.C.
Chang (Pardue University): p2t:GFP-Rab5, p2t:GFP-Rabll,
p2t:Cle-GFP, UAS::Che-RFP [44,45]. The B-tubulin-EGFP stock
[33] was kindly provided by D. Glover (University of Cambridge,
UK). The Sqh-GFP stock [38] was a gift from R. Karess
(University of Paris, Paris France). The RFP-PH-FAPP and PLC$-
PH-GFP strains [15,42] were kindly provided from J. A. Brill
(University of Toronto).

Molecular cloning

To identify the mutation in the EMS-induced sau allele,
genomic DNA corrisponding to CG7085/GOLPHS gene was
amplified by PCR and sequenced on both strands (Bio-Fab
research service). DNA sequences from sau™?"”/sau™?!7 individ-
uals were compared to sequences of the original Zuker-
background chromosome to confirm the missense mutation. To
generate the GFP-GOLPHS3 fusion construct, the EGFP CDS was
fused in frame to the aminoterminus of the full length cDNA
corrisponding to CG7085 gene and cloned into the pCaSpeR4
under the control of a-tubulin promoter (pCaSpeR4-tubulin, see
Ref. [75] for details on this vector). To generate the Vps35-mRFP
transgene, DNA encoding Vps35-mRFP was PCR amplified from
a Vps35-mRFP expression plasmid (gift from Viktor Korolchuk,
[76]) and cloned into pCaSper4-tubulin. To generate the Vps35-
FLAG transgene, the cDNA of Vps35 was cloned into pCaSper4-
tubulin in frame with C-terminal 3XFLAG sequence. Transgenic
flies were generated by P-element mediated germline transforma-
tion, performed by Bestgene Inc. (Chino Hills, CA). GFP-GOLPH3
was crossed into the sau™?’” mutant background to test for
phenotypic rescue of male sterility and meiotic cytokinesis failure.
S2 cultures were transfected with Vps35-FLAG and either GIFP or
GFP-GOLPH3 plasmids using Cellfectin II Reagent (Invitrogen)
as recommended by the manufacturer. Site-directed mutagenesis,
used to generate K167A/R170L substitutions, was performed
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene).
DNA constructs obtained after mutagenesis were confirmed by
DNA sequencing on both strands. To obtain gluthatione S-
transferase (GST) fusion proteins, full-length cDNAs corrisponding
to cither Drosophila wild type GOLPHS, GOLPHS®!674/RITOL ()
GOLPH3"?7*% | were cloned into a pGEX-6p-2 (GE Healthcare)
at the GST C-terminus.

22217

Protein expression and purification, antibody generation

GST-full-length Drosophila GOLPH3 (dGOLPH3) proteins and
GST-full-length Drosophila Rab11 were expressed in BL21-Codon-
Plus [DE3] cells (Invitrogen) and purified using HiTrap affinity
columns (GTtrap FF, and GSTtrap HP columns, GE Healthcare)
operated with AKTA 900 Fast Protein Liquid Chromatography.
Polyclonal antisera were raised against the purified GST-
dGOLPH3 protein. Immunization was carried out at Agro-Bio
Services (www.agro-bio.com); two rabbits and two mice were
mjected using standard procedures. The anti-GST-GOLPH3
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antisera were first depleted of anti-GST antibodies and then

affinity-purified against GST-GOLPHS3.

Lipid binding assay

PIP Strips were purchased from Echelon (Echelon Biosciences)
and were used following the manufacturer’s instructions. Briefly,
GST and GST fusion proteins, expressed and purified following
the protocol described above, were incubated with PIP Strips at
the concentration recommended by Echelon. Control GST-fusion
proteins, for testing binding to a specific phosphoinositide, were
purchased from Echelon and used at the recommended concen-
tration. To detect the bound protein to PIP Strips, the following
reagents were used: mouse anti-GST antibody, (1:2000, Sigma
#G-1160), anti mouse IgG conjugated with Horseradish perox-
idase (HRP), (1:5000, Sigma #A-9917); ECL Prime Western
Blotting Detection Reagent (GE Healthcare).

Western blotting and immunoprecipitation

For immunoblotting analysis of GOLPHS3 protein, 40 adult
testes from males of each genotype, were homogenized in 100 ul
of Lysis buffer (10 mM Tris-HC1 pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 0.5% NP40, 1 mM PMSF, 1x Protease inhibitor
Cocktail) using a Dounce homogenizer, for 40 minutes on ice.
Cell lysates were cleared by centrifugation and protein concen-
tration of supernatants was determined using the Bradford protein
assay (Bio-Rad, Hercules CA). Equal amounts of protein extracts
were analysed by SDS-PAGE and Western blotting. Samples were
separated on Mini-protean TGX precast gels (Bio-Rad) and
blotted to PVDF membranes (Bio-Rad). Membranes were blocked
in Tris-buffered saline (Sigma-Aldrich) with 0,05% Tween-20
(TBST) containing 5% nonfat dry milk (Bio-Rad; Blotting
GradeBlocker) for 3—4 hours at room temperature followed by
incubation with primary and secondary antibodies diluited in
TBST. For the coimmunoprecipitation (Co-IP) experiment shown
in Figure 9A, 400 adult testes expressing GFP-GOLPH3 were
homogenized in 500 pul of Lysis buffer (see above) for 40 minutes
on ice. Lysate was clarified by centrifugation and protein
concentration was quantified using the Bradford protein assay.
4% of lysate was retained as the “input”, the remainder was
precleared with Sepharose-Protein G (Sigma) and divided into
two. Fractions were incubated with either 2 pug of mouse
monoclonal anti-GFP antibody (Roche) or 2 pug of non-specific
mouse IgG (Sigma) for 2 hours at 4°C, followed by the addition of
40 ul of protein G-sepharose beads for further two hours. The
beads were washed extensively with Lysis buffer, boiled in SDS
sample buffer and separated by SDS-PAGE. To immunoprecip-
itate Drosophila GOLPH3 (dGOLPHS3), testis lysate from 400 adult
testes was precleared and divided into two. Fractions were
incubated with either 5 ug of mouse anti-dGOLPH3 antibody
S11047/1/56 or 5 pg of mouse pre immune serum (S11047/1),
from the same animal before the immunization). After antibody
incubation, immunoprecipitation was performed using the immu-
noprecipitation kit-Protein G (Roche) following the manufacturer’s
instructions. Other Co-IP experiments from testes expressing GF'P
and/or RFP-tagged proteins, were performed using the GFP/RFP
trap-A kits and control binding beads purchased from ChromoTek
(Planegg-Martinsried), following the protocol that was previously
described [30]. Primary antibodies, used for immunoblotting were

May 2014 | Volume 10 | Issue 5 | 1004305


www.agro-bio.com

as follows: Rabbit anti-dGOLPH3, (1:2500; G49139/77 this
study), mouse monoclonal anti-a-Tubulin (1:5000) (Sigma-Aldrich
T6199), Rabbit anti-Zipper (1:2000), gift from R.E. Karess;
Rabbit anti-Pav (1:2000), gift from D. Glover (University of
Cambridge); Rabbit anti-Sepl (1:300) and Rabbit anti-Sep2
(1:500) gift from J. Pringle (Stanford University, CA); Rabbit
anti-Gio (1:2000); Rat monoclonal anti-RFP (1:1000), (Chromo-
Tek, 5F8); mouse HRP anti-GFP (1:1000), (Vector-Lab); mouse
HRP anti-Flag (1:1000), (clone M2 Sigma). HRP-conjugated
secondary antibodies (GE Healthcare) were used at 1:5000. After
incubation with the antibodies, blots were washed in TBST and
imaged using ECL detection kit (GE Healthcare).

GST pulldown assays

GST and GST-GOLPHS3 proteins were expressed in bacteria
and purified using Glutathione-Sepharose 4B beads (GE Health-
care) following the manufacturer’s instructions. To obtain testis
protein extracts, at least 600 adult testes were homogenized for
40 minutes on ice in 500 pl of Lysis buffer (25 mM Tris-HCI
pH 7.4, 150 mM NaCl, 0,5% NP-40, 1 mM EDTA) with the
addition of Protease and phosphatase inhibitors cocktails (Roche),
using a Dounce homogenizer. Procedures to obtain lysates from
S2 cells, were previously described [75]. Lysates from either testes
or S2 cells were cleared by centrifugation and protein concentra-
tion of the supernatants was determined by Bradford Assay (Bio-
Rad). GST-pulldown was performed by incubating lysates with
either GST or GST-GOLPH3 (at the appropriate concentration)
bound to Glutathione-Sepharose 4B beads, at 4°C for two hours,
with gentle rotation. The beads were washed three times in “wash
buffer” (25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40,
I mM EDTA, Protease and phosphatase inhibitors), boiled in
SDS sample buffer, and separated by SDS-PAGE. The bound
proteins were analysed by Western Blotting (see above). Before
immunoblotting PVDF membranes were stained with Ponceau S
(Sigma-Aldrich) as loading control.

Surface Plasmon Resonance experiments

For Surface Plasmon Resonance (SPR) experiments, following
elution of the GST fusion proteins from Glutathione Sepharose,
the eluate was dialysed extensively against Cleavage Buffer
(20 mM TRIS pH 7.0, 150 mM NaCl, 1 mM DTT). Digestion
was performed with 2 units PreScission Protease for each 100 pg
of fusion protein in the eluate, for 4 hours at 4°C. Once digestion
was complete, the sample was applied to Glutathione Sepharose
pre-equilibrated in Cleavage Buffer, to remove the GST portion of
the fusion protein and the PreScission Protease from the protein of
interest. Cleaved proteins were recovered from the flowthrough,
and concentrated using 10 K Amicon Ultra-15 Centrifugal Filter
Units. SPR experiments were carried out using a BIACORE X
system (BIAcore AB, Uppsala, Sweden). The sensor chip (CM5,
Biacore AB) was activated chemically by a 35 pl injection of a 1:1
mixture of  AN-ethyl-V-(3-(diethylaminopropyl)  carbodiimide
(200 mM) and N-hydroxysuccinimide (50 mM) at a flow rate of
5 wl/min. GOLPH3 was immobilized on the activated sensor chip
via amine coupling. The immobilization was carried out in
20 mM sodium acetate at pH 5.2; the remaining ester groups
were blocked by injecting 1 M ethanolamine hydrochloride
(35 ul). This procedure ensures immobilization of GOLPH3
principally via the N-terminus. As a control, the sensor chip was
treated as described above in the absence of GOLPHS3. The level
of immobilization of GOLPH3 was about 1200 RU. Rabl1 (in
10 mM Hepes pH 7.4, 150 mM NaCl +0,005% surfactant P20)
was injected on the sensor chip at a constant flow (30 pl/min). The
interaction of immobilized GOLPH3 ligand with the analyte was
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detected through mass concentration-dependent changes in the
refractive index on the sensor chip surface, expressed as resonance
units (RU). The increase in RU relative to baseline indicates
complex formation; the plateau region represents the steady-state
phase of the interaction, whereas the decrease in RU represents
dissociation of Rab11 from immobilized GOLPHS3 after injection
of buffer. A response change of 1000 RU typically corresponds to
a change in the protein concentration on the sensor chip of 1 ng/
mm? The sensorgrams were analyzed by BlAevaluation software.

Microscopy image acquisition and immunofluorescence

Cytological preparations were made with brains from third
instar larvae and testes from either third instar larvae or adults.
sau/:22]7/Df(2L)Exel7 010 mutants were used in all the immunoflu-
orescence experiments for GOLPH3 testes. To deplete GOLPH3
in larval neuroblasts UAS::GOLPH3-RNA: flies were crossed to tub-
GAL4 wbGAL80" flies. Progeny was kept at 18°C until the third
instar stage and subsequently transferred to 29°C for 18 h before
the analysis of the cytokinetic phenotype.

To visualize o Tubulin with either Cle-GFP or RFP-PH-FAPP,
Lva with GFP-Cog7 or to stain F-actin with Rhodamine-
phalloidin (Invitrogen), larval testes were fixed in 4% formalde-
hyde as previously described [30]. To visualize o Tubulin and
GOLPHS3, larval testes or brains were fixed and stained following
the protocol described by Starr and coauthors [77]. Briefly testes
and brains were dissected in 0.7% NaCl and transferred into a
drop of PHEMT (60 mM Pipes, 25 mM HEPES, pH 7.0, 10 mM
EGTA, 4 mM MgSO4, 0.5% Triton X-100) for two minutes.
Testes and brains were then transferred to 4 pul of PHEMT
containing 3.7% formaldehyde on a coverslip, gently squashed on
an inverted slide and fixed for 10 minutes before immersing in
liquid nitrogen. After removing the coverslip, preparations were
immersed in methanol for 20 minutes (—20°C) and rehydrated in
PBS containing 0.1% Triton for 20 minutes at room temperature.
For immunostaining with other antibodies, preparations were
fixed using 3.7% formaldehyde in PBS and then squashed in 60%
acetic acid as previously described [43]. Monoclonal antibodies
were used to stain o-Tubulin (1:300; Sigma-Aldrich, T6199), RFP
(1:200; ChromoTek, 5F8); Rhol (1:100, p1D9 [78]; Developmen-
tal Studies Hybridoma Bank, University of lowa), and Polo (1:20;
Mouse anti-Polo M294; [35]) gift from D. Glover. Polyclonal
antibodies were as follows: Rabbit anti-dGOLPH3, (1:2500;
G49139/77 this study), rabbit anti-Zipper (1:400; [38]), gift from
R.E. Karess, rabbit anti-Lva (1:500; [31]), gift from O. Papoulas
(University of Texas); rabbit anti-Rab11 (1:30; [79]), gift from M.
Gonzalez-Gaitan (Max Planck Institute of Molecular cell Biology,
Dresden) anti-Pav (1:200; [37]) and anti-RacGAP50C (1:200; [36])
kindly provided by D. Glover; anti-Feo (1:200; [34]), gift from F.
Verni (Universita Sapienza, Roma); anti-Sepl and anti Sep?2 (1:30;
[40,41]). Alexa 555-conjugated anti rabbit IgG (Molecular Probes)
and rhodamine/FITC-conjugated anti-mouse IgG (Jackson Im-
munoresearch), were used as secondary antibodies (1:250 and 1:20
respectively). Preparations fixed to visualize Clc-GFP together with
tubulin, were first incubated with monoclonal anti-o—Tubulin (see
above) followed by incubation with GFP-Booster (ChromoTek)
diluited 1:100 in PBS containing rhodamine-conjugated anti-
mouse IgG. To visualize o-Tubulin together with F-actin,
preparations were first incubated with anti o-Tubulin followed
by incubation with Rhodamine-phalloidin (Invitrogen) diluited
20 U/ml in PBS containing FITC-conjugated anti-mouse IgG. In
all cases preparations were mounted in Vectashield medium with
DAPI (Vector labs). Images were captured with a charged-coupled
device (CCD camera, Photometrics Coolsnap HQ)), connected to a
Zeiss Axioplan, epifluorescence microscope, equipped with an

May 2014 | Volume 10 | Issue 5 | 1004305



HBO 100-W mercury lamp, and 40x or 100X objectives as
previously described [13,43]. The number of Golgi stacks per cell
was counted manually, by analyzing images of G2 spermatocytes
at S5 stage, stained for tubulin, Lva and DNA. In total, 32 cells
were examined for both wild type and sau™**"7 | Df(2L) Exel7010, in
images captured in 4 duplicated experiments (n = 8 representative
cells per each experiment). The size of Golgi stacks in spermato-
cytes was analysed using image J software (NIH; http://rsbweb.
nih.gov/1j/). In total, 110 randomly selected Golgi were measured
for both wild type and sau™?*"” /Df{2L)Exel7010 using Image J by
manual demarcation with a limiting polygon and calculation of its
area (n = 4 duplicated experiments). Each measure was normalized
to control average size (set at 1). To visualize mitotic chromo-
somes, larval brains were dissected in NaCl 0.7%, treated with
hypotonic solution for 7 minutes and fixed in 45% acetic acid.
Preparations were then immersed in liquid nitrogen, processed as
per [28] and mounted in Vectashield medium with DAPI (Vector
Laboratories, Burlingame, CA).

Live imaging

Larval testes were prepared and imaged for time lapse as
previously described [43]. Spermatocytes were examined with a
Zeiss Axiovert 20 microscope equipped with a 63, 1. 25 NA and
a 63 %, 1.4 NA objectives and a filter wheel combination (Chroma
Technology Corp.). Images were collected at 1 minute time
intervals with a CoolSnap HQ) camera (Photometrics) controlled
through a Metamorph software (Universal imaging); nine to eleven
fluorescent optical sections were captured at 1-um z steps and
maximally projected using the Metamorph software.

Supporting Information

Figure S1 GOLPHS3 protein fails to localize to the Golgi and to
the midzone of sau™??'”/Df(2L)Exel7010 mutant spermatocytes.
Wild type and sau™??'7/Df2L)Exel7010 (sar™*"’/Df) mutant
spermatocytes during interphase (A) and telophase (B) stained for
GOLPH3 (red), tubulin (green) and DNA (blue). White arrow-
heads in A point to Golgi stacks. White arrowhead in B indicates
accumulation of GOLPH3 at the cleavage furrow of wild type
telophase. Black arrowheads in B point to GOLPH3-enriched
vesicles at the poles of wild type cells. Centriole staining (white
arrows) by anti-GOLPHS3 is not specific. Scale Bar, 10 um.

(TIF)

Figure 82 TFormation of F-actin rings fails in spermatocytes from
sau”??'7 /DR2L)Exel7010  males. Wild type and sa’??’7/
Df2L)Exel7010 (sau™**'” /Df) mutant spermatocytes stained for F-
actin (red), Tubulin (green) and DNA (blue) at telophase I. Arrow
in wild type indicates the F-actin ring. Note the defective central
spindle and the absence of a cortical F-actin ring (Arrow) in
mutant cell. Scale Bar, 10 um.

(TIF)

Figure 83 Dividing spermatocytes from sau*"” / Df{2L) Exel7010
(GOLPH3) mutant males fail to form Sqh-GFP containing rings.
Frames from time-lapse sequences of spermatocytes expressing
Sqh-GFP undergoing cytokinesis. Time 0 corresponds to the
earliest detection of Sqh-GFP at the cell equator. Scale Bar,
10 um.

(TTF)

Figure 84 Mutations in GOLPH3 impair recruitment of
endocytic markers to the cleavage furrow. (A) GOLPH3 mutations
affected concentration of Clathrin at the cleavage furrow.

Spermatocytes from wild type and sau?"7/Df{2L)Exel7010
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(GOLPH3) males expressing Clc-GFP, fixed and stained for
Tubulin (green) and DNA (blue), and GI'P (GFP-Booster, red).
Arrows indicate clusters of vesicular structures in interphase
spermatocytes. Arrowhead indicates accumulation of Clc-GFP at
the midzone of wild type telophase. Note that in mutant telophase,
Clc-GFP-containing organelles appear tiny and scattered in the
cytoplasm. Scale Bar, 10 um. (B) Phase-contrast and correspond-
ing fluorescence micrographs of telophase spermatocytes express-
ing GFP-Rab). Arrow indicates accumulation of GFP-Rab) at the
cleavage furrow of wild type spermatocyte. Scale Bar, 10 um. (C)
GOLPH3 protein coprecipitated with Clathrin heavy chain (Chc)
in testis extracts. Protein extracts from testes expressing Chc-RFP
were immunoprecipitated with RFP-trap beads (2-RIFP) and
blotted for either RFP or GOLPH3. Control binding beads (ctrl)
were used in control experiments. Input is 4% of lysates.
Molecular masses are indicated in kilodaltons. (D) Bacterially
expressed GST-GOLPH3 was purified by gluthatione-sepharose
beads and incubated with testis lysates expressing Clathrin light
chain tagged with GFP (Clc-GFP). GST bound to gluthatione-
sepharose beads was used as a negative control. GST-GOLPH3
precipitated Cle-GFP  from testis protein extracts. Ponceau
staining (Ponceau) is shown as a loading control. Input is 4% of
lysates. Molecular masses are indicated in kilodaltons.

(TTF)

Figure S5 Vps35 protein coprecipitates with GOLPH3 in
Drosophila S2 cells. (A) S2 cells were transiently transfected with a
construct expressing Vps35-Flag. Bacterially expressed GST-
GOLPH3 was purified by gluthatione-sepharose beads and
incubated with S2 cells expressing Vps35-Flag. GST bound to
gluthatione-sepharose beads was used as a negative control. GST-
GOLPHS3 precipitated Vps35-Flag from S2 cell extracts. Ponceau
staining (Ponceau) is shown as a loading control. (B) Zipper and
Vps35-Flag coprecipitated with GFP-GOLPHS in Drosophila S2
cells. S2 cells were transiently transfected with a construct
expressing Vps35-Flag and with either a construct expressing
GIP or a construct expressing GFP-GOLPH3. Extracts from S2
cells expressing Vps-Ilag and either GFP or GFP-GOLPH3 were
immunoprecipitated with anti-GFP (GFP-trap) and blotted for
either Zipper (a-Zipper) or Vps35-Flag (a-Flag). Western blot at
the top of this panel shows the level of expression of the GIP
proteins (input).

(TTF)

Acknowledgments

We thank R. Piergentili for critical reading of the manuscript; R. Karess,
J-A. Brill, H. Chang, T. Megraw and D. Glover for fly stocks; D. Glover,
O. Papoulas, R. Karess and J. Pringle for antibodies; V. Korolchuk for the
Vps35mRFP expression plasmid.

Author Contributions

Conceived and designed the experiments: MGG. Performed the
experiments: SS GB GC VM GDR AF MGG. Analyzed the data:
MGG GC MTF. Contributed reagents/materials/analysis tools: GC
MTYF. Wrote the paper: MGG. Performed the genetic mapping
experiments: GB SS. Performed the molecular biology experiments aimed
at constructing the GFP and RFP transgenes and GOLPH3 mutant
constructs: SS. Developed the experiments aimed at constructing GST-
GOLPHS3 proteins, expressing and purifying GST-tagged GOLPH3 to
raise anti-GOLPH3 antibodies: SS GC. Performed the GST pull down
analysis: GDR SS. Performed the Co-IP and Western Blotting experi-
ments: VM SS. Carried out genetic analysis, immunofluorescence and live
imaging experiments: SS AF GB MGG.

May 2014 | Volume 10 | Issue 5 | 1004305


http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/

References

1.

2.

20.

21.

22.

26.

27.

28.

29.

Green RA, Paluch E, Oegema K (2012) Cytokinesis in animal cells. Annu Rev
Cell Dev Biol 28: 29-58.

D’Avino PP (2009) How to scaffold the contractile ring for a safe cytokinesis -
lessons from Anillin-related proteins. J Cell Sci 122: 1071-1079.

. Mostowy S, Cossart P (2012) Septins: the fourth component of the cytoskeleton.

Nat Rev Mol Cell Biol 13: 183-194.

. D’Avino PP, Savoian MS, Glover DM (2005) Cleavage furrow formation and

ingression during animal cytokinesis: a microtubule legacy. J Cell Sci 118: 1549~

1558.

. Piekny A, Werner M, Glotzer M (2005) Cytokinesis: welcome to the Rho zone.

Trends Cell Biol 15: 651-658.

. Glotzer M (2009) The 3Ms of central spindle assembly: microtubules, motors

and MAPs. Nat Rev Mol Cell Biol 10: 9-20.

. McKay HF, Burgess DR (2011) ‘Life is a highway’: membrane trafficking during

cytokinesis. Traffic 12: 247-251.

. Neto H, Collins LL, Gould GW (2011) Vesicle trafficking and membrane

remodelling in cytokinesis. Biochem J 437: 13-24.

. Giansanti MG, Fuller MT (2012) What spermatocytes tell us about the

mechanims underlying cytokinesis. Cytoskeleton (Hoboken) 69: 869-881.

. Brill JA, Wong R, Wilde A (2011) Phosphoinositide function in cytokinesis. Curr

Biol 21: R930-R934.

. Echard A (2012) Phosphoinositides and cytokinesis: the “PIP” of the iceberg.

Cytoskeleton (Hoboken) 69: 893-912.

. Brill JA, Hime GR, Scharer-Schuksz M, Fuller MT (2000) A phospholipid

kinase regulates actin organization and intercellular bridge formation during
germline cytokinesis. Development 127: 3855-3864.

. Giansanti MG, Bonaccorsi S, Kurek R, Farkas RM, Dimitri P, et al. (2006) The

class I PITP giotto is required for Drosophila cytokinesis. Curr Biol 16: 195-201.

. Gatt MK, Glover DM (2006) The Drosophila phosphatidylinositol transfer

protein encoded by vibrator is essential to maintain cleavage-furrow ingression
in cytokinesis. J Cell Sci 119: 2225-2235.

. Polevoy G, Wei HC, Wong R, Szentpetery Z, Kim Y], et al. (2009) Dual roles

for the Drosophila PI 4-kinase four wheel drive in localizing Rabl1l during
cytokinesis. J Cell Biol 187: 847-858.

. Dippold HC, Ng MN, Farber-Katz SE, Lee SK, Kerr ML, et al. (2009)

GOLPH3 bridges phosphatidylinositol-4-phosphate and actomyosin to stretch
and shape the Golgi to promote budding. Cell 139: 337-351.

. Wood CS, Schmitz KR, Bessman NJ, Setty TG, Ferguson KM, et al. (2009)

PtdIns4P recognition by Vps74/GOLPH3 links PtdIns 4-kinase signaling to
retrograde Golgi trafficking. J Cell Biol 87: 967-975.

Scott KL, Kabbarah O, Liang MC, Ivanova E, Anagnostou V, et al. (2009)
GOLPH3 modulates mTOR signaling and rapamycin sensitivity in cancer.
Nature 459: 1085-1090.

. LiXY, Liu W, Chen SF, Zhang LQ, Li XG, et al. (2011) Expression of the Golgi

phosphoprotein-3 gene in human gliomas: a pilot study. J Neurooncol 105: 159
163.

Li H, Guo L, Chen SW, Zhao XH, Zhuang SM, et al. (2012) GOLPH3
overexpression correlates with tumor progression and poor prognosis in patients
with clinically NO oral tongue cancer. J Transl Med 10: 168. doi:10.1186/1479-
5876-10-168

Kunigou O, Nagao H, Kawabata N, Ishidou Y, Nagano S, et al. (2012) Role of
GOLPH3 and GOLPH3L in the proliferation of human rhabdomyosarcoma.
Oncol Rep 26: 1337-1342.

Hu BS, Hu H, Zhu CY, Gu YL, Li JP (2012) Overexpression of GOLPH3 is
associated with poor clinical outcome in gastric cancer. Tumour Biol 34: 515—

520.

. Hua X, Yu L, Pan W, Huang X, Liao Z, et al. (2012) Increased expression of

Golgi phosphoprotein-3 is associated with tumor aggressiveness and poor
prognosis of prostate cancer. Diagn Pathol 7: 127. doi:10.1186/1746-1596-7-
127.

. Wang JH, Chen XT, Wen ZS, Zheng M, Deng JM, et al. (2012) High

expression of GOLPH3 in esophageal squamous cell carcinoma correlates with
poor prognosis. PLos One 7: ¢45622. doi:10.1371/journal.pone.0045622.

. Zeng 7, Lin H, Zhao X, Liu G, Wang X, et al. (2012) Overexpression of

GOLPH3 promotes proliferation and tumorigenicity in breast cancer via
suppression of the FOXOI transcription factor. Clin Cancer Res 18: 4059—
4069.

Zhou J, Xu T, Qin R, Yan Y, Chen C, et al. (2012) Overexpression of Golgi
phosphoprotein-3 (GOLPH3) in glioblastoma multiforme is associated with
worse prognosis. ] Neurooncol 110: 195-203.

Zhou X, Zhan W, Bian W, Hua L, Shi Q, et al. (2013) GOLPHS3 regulates the
migration and invasion of glioma cells though RhoA. Biochem Biophys Res
Commun 433: 338-344.

Giansanti MG, Farkas RM, Bonaccorsi S, Lindsley DL, Wakimoto BT, et al.
(2004) Genetic Dissection of Meiotic Cytokinesis in Drosophila. Mol Biol Cell
15: 2509-2522.

Cenci G, Bonaccorsi S, Pisano C, Verni F, Gatti M (1994) Chromatin and
microtubule organization during premeiotic, meiotic and early postmeiotic
stages of Drosophila melanogaster spermatognesis. J Cell Sci 107: 3521-35
34.

PLOS Genetics | www.plosgenetics.org

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

GOLPH3 in Drosophila Cytokinesis

Belloni G, Sechi S, Riparbelli MG, Fuller MT, Callaini G, et al. (2012)
Mutations in Cog7 affect Golgi structure, meiotic cytokinesis and sperm
development during Drosophila spermatogenesis. J Cell Sci 125: 5441-54
52.

Sisson JC, Field C, Ventura R, Royou A, Sullivan W (2000) Lava lamp, a novel
peripheral golgi protein, is required for Drosophila melanogaster cellularization.
J Cell Biol 151: 905-918.

Kondylis V, Spoorendonk KM, Herpers B, Friggi-Grelin F, Rabouille C (2007)
The golgi comprises a paired stack that is separated at G2 by modulation of the
actin cytoskeleton through Abi and Scar/WAVE. Dev Cell 12: 901-915.
Inoue YH, Savoian MS, Suzuki T, Mathé E, Yamamoto MT, et al. (2004)
Mutations in orbit/mast reveal that the central spindle is comprised of two
microtubule populations, those that initiate cleavage and those that propagate
furrow ingression. J Cell Biol 166: 49-60.

Verni F, Somma MP, Gunsalus KC, Bonaccorsi S, Belloni G, et al. (2004) Feo,
the Drosophila homolog of PRCI1, is required for central-spindle formation and
cytokinesis. Curr Biol 14: 1569-1575.

. Carmena M, Riparbelli MG, Minestrini G, Tavares AM, Adams R, et al.

(1998) Drosophila polo kinase is required for cytokinesis. J Cell Biol 143: 659
671.

D’Avino PP, Savoian MS, Capalbo L, Glover DM (2006) RacGAP50C: is
sufficient to signal cleavage furrow formation during cytokinesis. J Cell Sci 119:
4402-4408.

Adams RR, Tavares AA, Salzberg A, Bellen HJ, Glover DM (1998) Pavarotti
encodes a kinesin-like protein required to organize the central spindle and
contractile ring for cytokinesis. Genes Dev 12: 1483-1494.

Royou A, Sullivan W, Karess R (2002) Cortical recruitment of nonmuscle
myosin II in early syncytial Drosophila embryos: its role in nuclear axial
expansion and its regulation by Cdc2 activity. J Cell Biol 158: 127-137.
Mostowy S, Cossart P (2012) Septins: the fourth component of the cytoskeleton.
Nat Rev Mol Cell Biol 13: 183-194.

Fares H, Peifer M, Pringle JR (1995) Localization and possible function of
Drosophila Septins. Mol Biol Cell 6: 1843-1859.

Field CM, al-Awar O, Rosenblatt J, Wong ML, Alberts B, et al. (1996) A
purified Drosophila septin complex forms filaments and exhibits GTPase
activity. J Cell Biol 133: 605-616.

Wong R, Hadjiyanni I, Wei HC, Polevoy G, McBride R, et al. (2005) PIP2
hydrolysis and calcium release are required for cytokinesis in Drosophila
spermatocytes. Curr Biol 15: 1401-1406.

Giansanti MG, Belloni G, Gatti M (2007) Rabl1 is required for membrane
trafficking and actomyosin ring constriction in meiotic cytokinesis of Drosophila
males. Mol Biol Cell 18: 5034-5047.

Zhou X, Fabian L, Bayraktar JL, Ding HM, Brill JA, et al. (2011) Auxilin is
required for formation of Golgi-derived clathrin-coated vesicles during
Drosophila spermatogenesis. Development 138: 1111-1120.

. Abdallah AM, Zhou X, Kim C, Shah KK, Hodgen C, et al. (2013) Activated

Cdc4?2 kinase regulates Dock localization in male germ cells during Drosophila
spermatogenesis. Dev Biol 378: 141-153.

Zerial M, McBride H (2001) Rab proteins as membrane organizers. Nat Rev
Mol Cell Biol 2: 107-117.

McGuire SE, Phuong PT, Osborn AJ, Matsumoto K, Davis RL (2003)
Spatiotemporal rescue of memory dysfunction in Drosophila. Science 302:
1765-1768.

Goldbach P, Wong R, Beise N, Sarpal R, Trimble WS, et al. (2010) Stabilization
of the actomyosin ring enables spermatocyte cytokinesis in Drosophila. Mol Biol
Cell 21: 1482-1493.

Baust T, Czupalla C, Crause E, Bourel-Bonnet L, Hoflack B (2006) Proteomic
analysis of adaptor protein 1A coats selectively assembled on liposomes. Proc
Natl Acad Sci U S A 103: 3159-3164.

Logan MR, Mandato CA (2006) Regulation of the actin cytoskeleton by PIP2 in
cytokinesis. Biol Cell 98: 377-388.

Saarikangas J, Zhao H, Lappalainen P (2010) Regulation of the actin
cytoskeleton-plasma membrane interplay by phosphoinositides. Physiol Rev
90: 259-289.

Yoshida S, Bartolini S, Pellman D (2009) Mechanisms for concentrating Rhol
during cytokinesis. Genes Dev 23: 810-823.

Su KC, Takaki T, Petronczki M (2011) Targeting of the RhoGEF Ect2 to the
equatorial membrane controls clavage furrow formation during cytokinesis. Dev

Cell 21: 1104-1115.

. Frenette P, Haines E, Loloyan M, Kinal M, Pakarian P, et al. (2012) An

anillin-Ect2 complex stabilizes central spindle microtubules at the cortex
during cytokinesis. PloS One 7: e34888. doi:10.1371/journal.pone.00348
88.

. Lekomtsev S, Su KC, Pye VE, Blight K, Sundaramoorthy S, et al. (2012)

Centralspindlin links the mitotic spindle to the plasma membrane during
cytokinesis. Nature 492: 276-279.

Oh Y, Bi E (2011) Septin structure and function in yeast and beyond. Trends
Cell Biol 21: 141-148.

Zhang J, Kong C, Xie H, McPherson PS, Grinstein S, et al. (1999)
Phosphatidylinositol polyphosphate binding to the mammalian septin H5 is
modulated by GTP. Curr Biol 9: 1458-1467.

May 2014 | Volume 10 | Issue 5 | 1004305



58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

Casamayor A, Snyder M (2003) Molecular dissectin of a yeast septin: distinct
domains are required for septin interaction, localization, and function. Mol Cell
Biol 23: 2762-2777.

Bertin A, McMurray MA, Thai L, Garcia G 3rd, Votin V, et al. (2010)
Phosphatidylinositol-4,5-biphospate promotes budding yeast septin filament
assembly and organization. ] Mol Biol 404: 711-731.

Tanaka-Takiguchi Y, Kinoshita M, Takiguchi K (2009) Septin-mediated
uniform bracing of phospholipid membranes. Curr Biol 19: 140-145.

Joo E, Surka MC, Trimble WS (2007) Mammalian SEPT2 is required for

scaffolding nonmuscle myosin II and its kinases. Dev Cell 13: 677-690.
Somma MP, Fasulo B, Cenci G, Cundari E, Gatti M (2002) Molecular dissection
of cytokinesis by RNA interference in Drosophila cutured cells. Mol Biol Cell 13:
2448-2460.

Albertson R, Cao J, Hsich TS, Sullivan W (2008) Vesicles and actin are targeted
to the cleavage furrow via furrow microtubules and the central spindle. J Cell
Biol 181: 777-790.

Niswonger ML, O’Halloran TJ (1997) A novel role for clathrin in cytokinesis.
Proc Natl Acad Sci U S A 94: 8575-8578.

. Gerald NJ, Damer CK, O’Halloran TJ, De Lozanne A (2001) Cytokinesis failure

in clathrin-minus cells is caused by cleavage furrow instability. Cell Motil
Cytoskeleton 48: 213-223.

ter Haar ET, Harrison SC, Kirchhausen T (2000) Peptide-in-groove interactions
link target proteins to the beta-propeller of clathrin. Proc Natl Acad Sci U S A
97: 1096-1100.

Sagona AP, Nezis IP, Pedersen NM, Liestol K, Poulton ], et al. (2010) PtdIns(3)P
controls cytokinesis through KIFI13A-mediated recrutment of FYVE-CENT to
the midbody. Nat Cell Biol 12: 362-371.

Schink KO, Bolker M (2009) Coordination of cytokinesis and cell separation by
endosomal targeting of a Cdc42-specific guanine nucleotide exchange factor in

Ustilago maydis. Mol Biol Cell 20: 1081-1088.

PLOS Genetics | www.plosgenetics.org

19

69.

70.

71.

73.

74.

76.

77.

79.

GOLPH3 in Drosophila Cytokinesis

Montagnac G, Echard A, Chavrier P (2008) Endocytic traffic in animal cell
cytokinesis. Curr Opin Cell Biol 20: 454-461.

Kooljman EE, King KE, Gangoda M, Gericke A (2005) Spontaneous curvature
of phosphatidic acid and lysophosphatidic acid. Biochemistry 44: 2097-21
02.

Moritz A, De Graan PN, Gispen WH, Witz KW (1992) Phosphatidic acid is a
specific activator of phosphatidylinositol-4-phosphate kinase. J Biol Chem 267:
7207-7210.

. Fujiwara T, Bandi M, Nitta M, Ivanova EV, Bronson RT, et al. (2005).

Cytokinesis failure generating tetraploids promotes tumorigenesis in p53-null
cells. Nature 437: 1043-1047.

Storchova Z, Kuffer C (2008) The consequences of tetraploidy and aneuploidy.
J Cell Sci 121: 3859-3866.

Chen D, McKearin DM (2003) A discrete transcriptional silencer in the bam
gene determines asymmetric division of the Drosophila germline stem cell.
Development 130: 1159-1170.

. Raffa GD, Raimondo D, Sorino C, Cugusi S, Cenci G, et al. (2010) Verrocchio,

a Drosophila OB fold-containing protein, is a component of the terminin
telomere-capping complex. Genes Dev 24: 1596-1601.

Korolchuk VI, Schiitz MM, Goémez-Llorente C, Rocha J, Lansu NR, et al.
(2007) Drosophila Vps35 function is necessary for normal endocytic trafficking
and actin cytoskeleton organization. J Cell Sci 120: 4367-4376.

Starr DA, Williams BC, Hays TS, Goldberg ML (1998) Zw10 helps recruit
dynactin and dynein to the kinetochore. J Cell Biol 142: 763-774.

. Magie CR, Pinto-Santini D, Parkhurst SM (2002) Rhol interacts with p120ctn

and alpha-catenin, and regulates cadherin-based adherens junction components
in Drosophila. Development 129: 3771-3782.

Emery G, Hutterer A, Berdnik D, Mayer B, Wirtz-Peitz F, et al. (2005)
Asymmetryc Rabl1 endosomes regulate delata recycling and specify cell fate in
the Drosophila nervous system. Cell 122: 763-773.

May 2014 | Volume 10 | Issue 5 | 1004305



