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SUMMARY

Lysosome-related organelles (LROs) are endosomal compartments carrying tissue-specific proteins, which
become enlarged in Chediak-Higashi syndrome (CHS) due to mutations in LYST. Here, we show that
Drosophila Mauve, a counterpart of LYST, suppresses vesicle fusion events with lipid droplets (LDs) during
the formation of yolk granules (YGs), the LROs of the syncytial embryo, and opposes Rab5, which promotes
fusion. Mauve localizes on YGs and at spindle poles, and it co-immunoprecipitates with the LDs’ component
and microtubule-associated protein Minispindles/Ch-TOG. Minispindles levels are increased at the enlarged
YGs and diminished around centrosomes in mauve-derived mutant embryos. This leads to decreased micro-
tubule nucleation from centrosomes, a defect that can be rescued by dominant-negative Rab5. Together, this
reveals an unanticipated link between endosomal vesicles and centrosomes. These findings establish
Mauve/LYST’s role in regulating LRO formation and centrosome behavior, a role that could account for

the enlarged LROs and centrosome positioning defects at the immune synapse of CHS patients.

INTRODUCTION

Autosomal recessive Chediak-Higashi syndrome (CHS) results
from a mutation in the lysosomal trafficking regulator (LYST) or
CHS1 gene and leads to partial albinism, neurological abnormal-
ities, and recurrent bacterial infections (Kaplan et al., 2008; Ward
et al., 2000). CHS cells have giant lysosome-related organelles
(LROs), compartments that, in addition to lysosomal proteins,
contain cell-type-specific proteins (Marks et al., 2013). LROs
include melanosomes, lytic granules, MHC class Il compartments,
platelet-dense granules, basophil granules, azurophil granules, and
pigment granules of Drosophila. Whether the giant LROs of CHS
form through the excessive fusion of LROs (Kypri et al., 2007; Oliver
and Essner, 1975; Willingham et al., 1981) or by inhibition of their
fission (Durchfort et al., 2012; Perou et al., 1997) is unclear.

The compromised immune system in CHS is associated with
enlarged LROs in natural-killer (NK) cells. NK cells normally
become polarized with centrosomes close to their contact site
with antigen-presenting cells, the immunological synapse (IS).
Despite the formation of a mature IS in CHS NK cells, centro-
somes do not correctly polarize and the enlarged LROs neither
converge at the centrosome nor translocate to the synapse
(Chiang et al., 2017; Gil-Krzewska et al., 2016, 2018). Such find-
ings could reflect defective microtubule (MT) organization by the

centrosomes in CHS cells, and while some groups describe CHS
centrosomes to nucleate fewer MTs (Boxer et al., 1979; Oliver
and Zurier, 1976), others report normal MT numbers, lengths,
and distributions (Frankel et al., 1978; Ostlund et al., 1980; Pryz-
wansky et al., 1985). Thus, the consequence of mutation in LYST
for centrosome and MT function is unclear.

Drosophila’s LYST counterpart is encoded by mauve (mv)
(CG42863) (Figure 1A). mv mutants show a characteristic eye co-
lor due to larger pigment granules, defective cellular immunity
through large phagosomes, and enlarged starvation-induced au-
tophagosomes, indicating several types of LRO are affected (Rah-
man et al., 2012). The embryo’s LROs are the yolk granules (YGs),
which provide nutrition and energy during early development
(Fagotto, 1995). YGs are produced and stored in the egg chamber
when the yolk proteins (YPs) of follicle cells are internalized by cla-
thrin-mediated endocytosis and trafficked through the endocytic
pathway of the growing oocyte (Brennan et al., 1982; DiMario
and Mahowald, 1987; Liu et al., 2015). YGs are present at the pe-
riphery of the egg until the early nuclear division cycles of the syn-
cytial embryo, when they translocate to the interior as nuclei
migrate to the embryo’s cortex in nuclear division cycles 8 and
9 (Foe and Alberts, 1983). Nurse cells of the egg chamber also
supply eggs with endoplasmic-reticulum-derived lipid droplets
(LDs), which store maternally provided proteins and neutral lipids
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Figure 1. Mutations in mv result in enlarged
YGs

(A) Comparison of human LYST and Drosophila
Mauve protein domains. Positions of known mv
mutations are shown against the Drosophila pro-
tein (mv°, red, is newly identified here). Down-
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expanded interval shows all genes with mv in red.
(C) Genomic region (green shading) encompassing
mauve carried in the BAC CH322-23009 used for

genomic rescue. BAC recombineering introduced

an in-frame mCherry or FLAG tag at the C-terminus
of the coding sequence (CDS) followed by 4 stop
codons and a kanamycin resistance gene (kana®)
upstream of the mv 3'UTR.

(D) Examples of autofluorescent LROs (YGs) in
Or-R and mv®/Df embryos. Scale bar, 50um.

(E) Diameters of LROs (YGs) in Or-R, mv/Df-
derived embryos, and mv/Df-derived embryos with
rescue transgenes, Mv-mCherry or UAS-Mv-GFP /
P{mata4-GAL-VP16}: Or-R, 2.38 + 0.09 pm; mv"®°/
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CH322-23009
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for energy and membrane biosynthesis (Cermelli et al., 2006;
Kuhnlein, 2012).

Here, we reveal Mauve’s role in regulating LRO/YGs and MT
nucleation from centrosomes through the maternal effect lethal
(MEL) phenotypes of two new mutant alleles of mauve, my™©s&™
(mv'°%) and mv®. We show that embryos derived from mutant mv
females have enlarged YGs that fuse with LDs, and this can be
reverted by reducing Rab5 activity. mv-derived embryos also
show compromised MT nucleation leading to defects in the em-
bryo’s mitotic cycles and cytoskeletal organization. Moreover, a
requirement for Mauve in regulating MTs through the TACC/
Msps pathway suggests a role for endosomal trafficking in the
recruitment or maintenance of pericentriolar material (PCM)
components at centrosomes.

RESULTS

Maternal effect mutants of Drosophila mv display
enlarged YGs in the syncytial embryo

LYST/CHS1 protein is characterized by pleckstrin homology
(PH), BEACH, and WD40 motifs in its C-terminal part, which

2 Developmental Cell 56, 1-14, April 5, 2021

MEL alleles of mv, i.e., mv mutant mothers

whose embryos would not develop. We
identified two such mutations: fs(3)ros (rosario), which we previ-
ously mapped within a cytological interval encompassing mv
(Kasravi et al., 1999) and found to be allelic with a second site
mutation in /(3)dre6 (Sliter et al., 1989). We localized these muta-
tions to a smaller cytogenetic interval and showed by comple-
mentation tests that they are mvalleles (STAR methods; Figures
1B and S1A).

myv produces a 14-Kb primary transcript, comprising 18 exons
and encoding a 3,535 amino-acid protein. The mv® sequence re-
vealed a G to A mutation in the splice acceptor site of intron 15—
16. We confirmed that intron 15-16 was retained in mv® mutants
by amplifying this region from mv>/Df transcripts and sequencing
(data not shown). We were unable to sequence mv"®® due to
complex DNA rearrangements. However, semiquantitative
gRT-PCR showed mv mRNA levels were significantly reduced
in both mv"°$/Df and mv®/Df compared with those in Df /+ larvae
(Figure S1B).

In line with the enlarged LRO size seen in various organisms
and cell types upon mutation in LYST and its homologs, we
observed enlarged autofluorescent YGs in 100% of mv-
derived embryos (Figure 1D). Whereas wild-type YGs measured
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Figure 2. LRO defects in mv oocytes, em-
bryos and CHS fibroblasts

(A) Schematic of YG formation in oocytes initiated
by endocytosis of components secreted by the
follicular cells, showing involvement of Rab5 and
Rab7.

(B) Coomassie stain of ovarian extracts showing
YP biosynthesis is not affected in mv mutants.
(C) Quantitation of YP Coomassie-stained band
intensity from (B) (arbitrary units [AU]; mean + SD
of 3 replicates). AU represents intensity ratio be-
tween YP band (yellow upper box) and reference
band below YP band (ref, yellow lower box) in 2B.
(D) Time frames from time-lapse videos (hh:mm;
see also Videos S1 and S2) of autofluorescent YG
formation in Or-R and mv®/Df oocytes. Scale bar,
50 um; inset, 4X enlargement.

(E) Enlargement of YGs in mv mutants and in
dominant-negative Rab7 (Rab7.T22N, 5.97 =+
0.23 um), and constitutively active Rab5
(Rab5.Q88L, 5.80 + 0.39 um) embryos. Constructs
expression driven by P{mata4-GAL-VP16}. n =
100, mean + SEM. Unpaired t test: ****p < 0.0001.
See also Figure S2C.

(F) Constitutively active Rab7.Q67L does not
reduce YG sizes in mv-derived embryos (+/UASp-
YFP-Rab7.Q67L;mv"°/Df, 6.12 um =+ 0.3, n=100;
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2.38 + 0.09 um in diameter, mv mutant YGs were up to 3 times
larger (6.96 + 0.21 um in mv"°/Df- and 7.39 + 0.22 pm in mv®/
Df -derived embryos; Figure 1E). To confirm that these enlarged
YGs resulted from lack of Mauve, we introduced Mauve trans-
genes expressed from either the endogenous promoter (Mv-
mCherry) or a maternal germline driver (UAS-Mv-GFP) and found
they restored YGs to wild-type size (Mv-mCherry; mv'S/Df,
3.32 + 0.05 um; Mv-mCherry; mv®/Df, 2.74 + 0.07 um; UAS-
Mv-GFP; mv®/Df, 2.68 + 0.1 um; Figures 1C, 1E, and S1D).

Conserved regulation of LRO size by Mauve/LYST

YP (1-3) comprise the major protein traffic of oocyte endocy-
tosis to become the principal content of YGs (Figure 2A)
(Bownes and Hames, 1977; Tsuruhara et al., 1990; Warren

& &

matad4-GAL-VP16/UASp-YFP-Rab7.Q67L;mv"™%/
Df, 5.98 + 0.24 um, n = 100, mean + SEM). Un-
paired t test, p = 0,7154. See also Figure S2C.
b“b%ﬂ (G) Dominant-negative Rab5.S43N reduces YG
size in mv-derived embryos (mata4-GAL-VP16/
UAS-Rab5.543N; mv®/Df, 4.19 + 0.17 um; matad4-
GAL-VP16/UAS-Rab5.S43N; mv™°s/Df, 4.78 =
0.16 um, n = 100, mean+SEM). Unpaired t test:
****p < 0.0001. See also Figure S2C.

(H) Nile red staining of LDs (red) and
autofluorescent YGs (blue) in Or-R, mv®/Df-
and mata4-GAL-VP16/UAS-Rab5.S43N; mv®/Df-
derived embryos. (n = 50) Scale bar, 10 um. See
also Figure S2D.

() Human fibroblasts from a control individual,
from a CHS patient, and from CHS fibroblasts
constitutively expressing EGFP-RAB5A.S43N, all
stained to reveal lysosomal marker, Lampi,
(green) and DNA (blue). Scale bar = 10 pm.

(J) Lamp1 vesicle diameter is reduced by domi-
nant-negative RAB5 (control, 1.07 + 0.04 um n =
51; CHS, 1.8 £ 0.1 um n = 51; CHS RAB5.S43N,
1.01 + 0.04 um. n = 50, mean + SEM). Unpaired t
test: ***p < 0.0001

Lamp1 diameter (um) « ’%66‘

and Mahowald, 1979). We found no significant differences in
amounts of YPs 1-3 between wild-type and mv ovaries (Figures
2B and 2C) or embryos (Figure S2A) indicating that Mauve is
required neither for yolk biosynthesis nor uptake but only influ-
ences YG size.

When we followed YG formation during vitellogenesis by
time-lapse microscopy of stage 9 oocytes (Figure 2D; Videos
S1 and S2), we observed that whereas autofluorescent yolk-
containing vesicles did not develop beyond a specific size in
wild-type oocytes (Video S1; Figure 2D), excessive vesicle
fusion led them to become markedly larger in mv®/Df oocytes
(Video S2; Figure 2D).

As YP endocytosis requires Rab5 in early, and Rab7 in late en-
dosomes (Liu et al., 2015) (Figure 2A), we asked if Mauve might
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Figure 3. mv mutants exhibit maternal effect MT defects and genetically interact with d-tacc and msps
(A) Fixed preparations of wild-type and mv-derived embryos stained to reveal a-tubulin, green; Centrosomin (Cnn), red; and DNA, blue. Embryos with mitotic
spindles at the cortex scored in 3 groups: wild-type showing synchronous, equally spaced spindles; MTOC inactivation and NUF (yellow dotted areas); and

rosario with multiple free centrosomes (yellow arrow). Although sporadic NUF is observed in wild-type embryos, here NUF was scored when it involved more than
3 juxtaposed nuclei. Scale bar, 50 um.

(legend continued on next page)
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interact with the endocytic pathway to regulate vesicle size. To
this end, we expressed constitutively active Rab5 (Rab5.Q88L)
(Liu et al., 2015; Stenmark et al., 1994) or inactive Rab7
(Rab7.T22N) (Girard et al., 2014; Liu et al., 2015; Vanlandingham
and Ceresa, 2009) and in both cases observed enlargement of
YGs to a similar extent as in mv mutants (Rab5.Q88L = 5.8 +
0.39 um; Rab7.T22N = 5.97 + 0.23 um) (Figures 2E and S2C).
We then asked whether dominant-negative Rab5 (Rab5.S43N)
or constitutively active Rab7 (Rab7.Q67L) could restore mv
YGs toward their wild-type dimensions. Whereas Rab7.Q67L
had no effect upon the size of mv YGs (5.98+0.24 um in
mata4-GAL-VP16; UASp-YFP-Rab7.Q67L; mv™°S/Df) (Figures
2F and S2C), Rab5.S43N led to a significant reduction in
their diameter (4.19+£0.17 pm in mata4-GAL-VP16; UASp-
Rab5.843N; mV3/Df and 4.78 + 0.16 pm in mata4-GAL-VP16;
UASp-Rab5.543N; mv™°/Df) (Figures 2G, S2B, and S2C) without
affecting YP uptake in mv mutant backgrounds (Figure S2A).
Thus, these findings suggest that enlargement of LROs is pro-
moted by Rab5 through vesicle fusion whereas Mauve opposes
Rab5 to limit vesicle fusion events.

In addition to YGs, Drosophila embryos also have a maternal
dowry of LDs (approximately 0.5-um diameter), which store
lipids and proteins, including histones and cytoskeleton pro-
teins, that are essential for embryo development (Cermelli
etal., 2006; Kuhnlein, 2012). In wild-type embryos, LDs (revealed
by Nile Red dye) are small punctate bodies, distinct from the au-
tofluorescent YGs. However, mv-derived mutant embryos had
greatly reduced numbers of these puncta and, instead, showed
a substantial increase in Nile Red staining around YGs. Strik-
ingly, this could also be rescued by expressing Rab5.S43N (Fig-
ures 2H and S2D). Thus, LDs appear to be incorporated into the
enlarged YGs of mv-derived embryos in a Rab5-dependent
manner.

To determine whether Mauve’s role was conserved, we inves-
tigated the consequences of expressing dominant-negative
human RAB5 (RAB5.S43N) in fibroblasts derived from a CHS
patient (GM02075, Coriell Institute) bearing a single base dupli-
cation resulting in a truncated form of LYST (Barbosa et al,,
1996). We stably transformed such CHS fibroblasts with
EGFP-RAB5A.S43N (here termed CHS1RAB5.S43N) and
compared their lysosomes with those of the CHS7 parental cells
and wild-type fibroblasts revealed by the lysosomal marker,
Lamp1. In accord with our observations on Drosophila mv
mutant YGs, we found that CHST fibroblasts had enlarged lyso-
somes (1.8 + 0.1-um diameter) compared with those in wild-type
cells (1.07 = 0.04 um) and that expression of dominant-negative
RAB5A.S43N restored Lamp1-containing vesicles of CHS cells
(1.01 £ 0.04 pum) toward wild-type diameter (Figures 21 and 2J).
Thus, we conclude that the regulatory interaction between
Mauve/LYST and the endocytic pathway is conserved between
Drosophila and human cells.
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mv mutants exhibit maternal effect MT defects and
genetically interact with d-tacc and msps

A small fraction (8.3% =+ 6.02%, mean+SEM) of mv"°%/Df-derived
embryos displayed aberrant mitotic spindles of different sizes
associated with varying amounts of DNA, abnormal chromo-
some segregation, and multiple centrosomes often in chains,
leading us to name the mutant rosario—rosary beads (Figures
3A and 3B). Closer examination of mv"°S/Df-derived embryos re-
vealed that the greater proportion (62.1% + 11.2%) reached the
syncytial blastoderm stage but exhibited localized MT organizing
center (MTOC) inactivation and loss of contact between nuclei
and centrosomes at the cortex leading nuclei to sink into the inte-
rior of the embryo—nuclear fallout (NUF) (Figures 3A and 3B). We
did not observe the rosario phenotype in mv®/Df -derived em-
bryos, of which 35.4% = 5.2% showed MTOC inactivation and
NUF (Figure 3B). These mitotic phenotypes could be rescued
by Mv-mCherry or Mv-FLAG transgenes in the mutant back-
ground (Figure S3A). Thus, a mutation in mv leads to unexpected
defects in the behavior of the mitotic apparatus in the nuclear di-
vision cycles of the syncytial embryo.

To understand these mitotic defects, we undertook time-lapse
imaging of cortical nuclear division cycles using RFP-tagged
Tubulin to follow MTs and GFP-tagged Fzr to follow centro-
somes and nuclei. In wild-type embryos, nuclei undergo syn-
chronous migration to the embryo’s cortex in cycles 9-10 and
divide in synchrony until cellularization at cycle 14 (Figure 3C;
Video S3). In mv-derived embryos, the nuclear division cycles
were synchronous until syncytial blastoderm, when small clus-
ters of nuclei lost their division synchrony concomitantly with
diminished MT nucleation by centrosomes leading to NUF (Fig-
ure 3D; Video S4). In rosario embryos, we initially observed
cortical migration of nuclei followed by an abrupt flow of cyto-
plasm from within the embryo toward its surface displacing
cortical nuclei toward the embryo’s poles (Figure 3E; Video
S5). This cytoplasmic flow led to the surfacing of yolk nuclei,
which normally get left behind in the embryo’s interior, fall out
of the mitotic cycle but continue to endo-reduplicate while their
associated centrosomes continue to divide (Riparbelli and Call-
aini, 2003). Those yolk nuclei ectopically positioned at the cortex
of rosario embryos continued to undergo their characteristic
nuclear and centrosomal cycles (Video S5).

The rosario phenotype resembles aspects of the MEL pheno-
type of d-tacc (CG9765), which encodes the Drosophila counter-
part of the MT-associated, transforming acidic coiled-coil protein
3 (TACC-3; Gergely et al., 2000). d-tacc-derived embryos show a
failure of pronuclear fusion to initiate the nuclear division cycles or,
should this succeed, failure of cortical migration of nuclei and free
centrosomes. Those rare d-tacc’ mutant embryos reaching cycle
10 display a similar movement of yolk nuclei to the cortex associ-
ated with multiple free centrosomes as in rosario embryos (Fig-
ure S3B). The possibility that d-tacc might interact genetically

(B) Schematics of chromosome 3 showing different alleles of mv in combination with indicated mutant alleles and deficiencies. The frequencies (mean value) of
the different classes of the phenotype are shown alongside the diagrams of the genotypes. Quantification is carried out in fixed embryos. N > 100 for each

category. mv’ /+ has a complete wild-type phenotype. See also Figure S3A.

(C, D, and E) Time frames from time-lapse videos of embryos with Ub-Tubulin-RFP and Ub-Fzr-GFP transgenes to illustrate the three phenotypic classes (see also
Videos S3, S4, and S5). Scale bar, 10 um. Arrows in D show the beginning of MTOC inactivation. Figure 5E shows the first cycle in the initiation of development of
the rosario phenotype. Several rounds of centrosome duplication are required for chains of centrosomes to develop and can be tracked in Video S5. Genotypes:
C = Ub-tubulin-RFP Ub-Fzr-GFP; +/+ D= Ub-tubulin-RFP Ub-Fzr-GFP; mv®/Df E = D = Ub-tubulin-RFP Ub-Fzr-GFP; mv'™°S/Df.
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with mv was suggested by the strong rosario phenotype of mv’,
which results from an inversion (/In(3LR)264) with one breakpoint
in mv and the other in d-tacc (Figure 3B) (Rahman et al., 2012).
When we placed In(3LR)264 mv’ against the chromosome car-
rying mv®, the phenotype of mv® was significantly enhanced
such that 15.5 + 7.2% (mean + SEM) of embryos showed the ro-
sario phenotype. The proportion of rosario embryos also
increased substantially (35.22% =+ 4.8%) when In(3LR)264 mv’
was placed against mv*s. Moreover, when we placed /n(3LR)
264 mv' against a deficiency that completely deletes mv, the fre-
quency of embryos with the rosario phenotype increased to
almost 60% (59.57% + 8.79%). To confirm this genetic interaction
between mv and d-tacc, we generated a recombinant chromo-
some carrying a mv deficiency (Df(SBL)R-G7 - referred to as
Dfmv) and a deficiency uncovering d-tacc (Df(3R)Exel6142 -
referred to as Df-d-tacc) and found that when placed against
mv™®°, this enhanced the proportion of rosario embryos to
30.45% + 2.95% (Figure 3B). As the D-TACC protein occurs in a
complex with the MT-associated protein Minispindles (Msps,
CG5000) (Lee et al., 2001), we also generated a recombinant chro-
mosome carrying the mv deficiency and the msps™/2°¢ mutant
allele. This recombinant also enhanced the phenotype of mv®®
such that 32.7% + 0.6% of mv'°$/Dfmv-msps"/2%-derived em-
bryos displayed the rosario phenotype (Figure 3B). Together,
these genetic observations indicate that when MT dynamics are
compromised by mutations affecting the D-TACC: Msps com-
plex, the loss of Mauve results in the rosario phenotype, suggest-
ing that Mauve contributes to regulating MT dynamics and
thereby the spatial organization of the syncytium.

Mauve localizes around LROs in Drosophila oocytes and
at centrosomes and mitotic spindles in the syncytial
embryo

Next, we asked whether Mauve’s dual role, implied by the above
findings, would be reflected in its localization. To date, the locali-
zation of LYST counterparts has been elusive, with the exception
of Dictyostelium discoideum LvsB, which is present on late and
post-lysosomes (Kypri et al., 2007). When we examined the
ovaries, eggs, and early embryos of Mv-mCherry transgenic flies,
we found Mauve in the follicular epithelium as an aggregate at the
apical side of cells facing the developing oocyte (Figure 4A) and in
punctate bodies close to the oocyte membrane, the site of YP
endocytosis (data not shown). In the early stages of vitellogenesis,
Mv-mCherry aggregates were too small to accurately localize but,
at later stages, YGs had Mv-mCherry enveloping the autofluores-
cent yolk, suggesting an association with membranous structures
(Figure 4B). This accords with Mauve’s predicted membrane
localization that would result from its phospholipid-binding PH
and BEACH domains. In addition, we observed that in syncytial
embryos, Mv-mCherry was associated with the mitotic spindle;
colocalized with the centrosomal marker DPIp (arrows in Figure
4C); and was present in small punctate bodies clouding around
the spindle poles (arrowheads in Figures 4C and S4A) consistent
with a mitotic function of Mauve.

Mauve associates with subsets of vesicle trafficking and
spindle-associated proteins

The genetic interactions of mv with d-tacc and msps and with
dominant-negative Rab5 led us to ask whether any of these pro-
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teins are associated with Mauve in wild-type syncytial embryos.
To this end, we immunoprecipitated Mv-mCherry from 3-h col-
lections of Drosophila embryos expressing this transgene for
characterization by mass spectrometry (Figure 4D; Tables S2).
Notably, this revealed three classes of proteins: motors among
which, the most prominent were Dynein/Dynactin and their asso-
ciated subunits; proteins of endocytosis, including Clathrin and
its regulatory subunits, Rab5 and Rab7; and proteins associated
with MT minus ends at centrosomes, including y-tubulin ring
complex components, Asp and Msps but not D-TACC. We
confirmed the interaction of Mauve with Rab5 by co-immunopre-
cipitating Mv-mCherry from 0-3 h old embryos co-expressing
Mv-mCherry and Rab5-EYFP in presence of GDP or the nonhy-
drolyzable GTP analog GppNHp. Both proteins were present in
the immunoprecipitate irrespective of the GTP-bound or GDP-
bound conformation of Rab5 (Figure S4B). We also confirmed
Mauve’s interactions with endogenous Msps and vy-tubulin,
which co-immunoprecipitated in Mv-GFP complexes from
cultured Drosophila melanogaster (DMEL) cells (Figure S4C).
Collectively, these results indicate that endocytic vesicle traf-
ficking proteins co-purify with Mauve as do PCM components
and other proteins associated with MT minus ends, pointing to-
ward physical connections between Mauve, vesicle trafficking
proteins, and centrosomal regulators of MT nucleation.

The genetic and physical interactions of Mauve and Rab5
prompted us to investigate Rab5 localization in mv mutants (Fig-
ure 5A). In wild-type embryos, small Rab5-positive structures
were dispersed around spindles whereas in mv mutant embryos,
there were larger Rab5-positive aggregates that became signif-
icantly reduced after Rab5.S43N expression (Figure 5A). Simi-
larly, we found an accumulation of Rab5-positive bodies in the
vicinity of, but not incorporated into, the YG “ghosts” in fixed
preparations of mv-derived embryos. The accumulation of
such bodies was suppressed by Rab5.S43N (Figure S5). In
confirmation of these findings, we observed a similar pattern of
RABS endosomes in human fibroblasts. In contrast to the small
RAB5-positive endosomes of control fibroblasts, CHS fibro-
blasts had more intensely staining RAB5-positive vesicles and
this phenotype could be rescued by overexpression of human
RAB5A.S43N (Figure 5B). Thus, loss of Mauve/LYST function
appears to result in the fusion of LROs accompanied by an accu-
mulation of Rab5-specific bodies in a Rab5-dependent manner.

Mauve is required for the centrosomal association

of Msps

To further investigate the relationship between Mauve and cen-
trosomal proteins, we examined the behavior of Msps in the nu-
clear division cycles of syncytial embryos derived from mv
mutant females. We raised an anti-Msps antibody (Figure S6A)
that revealed total Msps levels not to be affected in mv mutant
ovaries (Figure S6B). In wild-type embryos, Msps associates
with centrosomes in prophase, peaking at metaphase, when it
also associates spindle MTs. This spindle association diminishes
at anaphase when centrosomal staining also becomes weaker in
line with previous reports (Cullen et al., 1999; Figures 6A, 6C, and
S6C). In mv®/Df-derived embryos, spindle MT-associated Msps
was comparable with that in wild-type embryos at metaphase
but centrosomal Msps was considerably weaker (Figures 6A-
6C and S6C). To quantify the centrosome versus spindle
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Figure 4. Mauve protein localizes around LROs in Drosophila oocytes and at mitotic spindles in early embryonic divisions

(A) Localization of Mauve in stage 10 egg chambers stained to reveal Mv-mCherry, red; DNA, blue. Mv-mCherry has a polarized localization in follicular epithelial
cells, enriched on the side facing the developing oocyte where yolk components are secreted before uptake into the oocyte. Scale bar, 50 um; zoom, 10 um.
(B) Mauve localization in freshly dissected, unfixed mature eggs. YGs are autofluorescent in the green, but not, the red channel. Mv-mCherry localizes around the
YGs. Scale bar, 10 um.

(C) Mv-mCherry localization in early embryonic divisions revealed by RFP-Booster Alexa Fluor 568 (Chromotek, gray), Dplp (red), and DAPI (blue). Mv-mCherry
localizes all over the mitotic spindles and is enriched at the poles where it colocalizes with DPIp. Such localization was observed at all stages of mitotic division
(data not shown). Or-R flies were used as controls (n = 50). Scale bar, 10 um. See also Figure S4A.

(D) Mass spectrometric identification of proteins co-immunoprecipitating with Mv-mCherry from 0-3 h embryos (full datasets in Table S2).

difference in Msps association, we measured the ratio of the
fluorescence intensity at single centrosomes and their associ-
ated half spindles. This confirmed the diminution of centrosomal
Msps in mv®/Df-derived embryos in comparison with that in wild-
type embryos (mv®/Df, 1.18 = 0.07; wild-type, 2.76 + 0.17)
(Figure 6B).

These findings led us to consider that other vesicle trafficking
molecules might participate in regulating the centrosomal asso-
ciation of Msps. We considered a potential role of Rab5 because
Rab5.S43N could rescue the enlarged YG phenotype (Figures
2G, 2H, and S2C); Rab5 co-purified with Mauve (Figures 4D
and S4B); and our laboratory had previously described a Rab5
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Figure 5. Rab5-positive endosomes in mv-derived Drosophila embryos and CHS human fibroblasts

(A) Localization of Rab5 (red) and DNA (blue) in Or-R, mv®/Df and mata4-GAL-VP16/UAS-Rab5.S43N; mv®/Df-derived embryos. In wild-type embryos, small Rab5
positive structures are dispersed in the syncytium, and in mv®/Df-derived mutant embryos, aggregates of Rab5-positive structures are present and these
structures are significantly reduced in mata4-GAL-VP16/UAS-Rab5.543N; mv®/Df embryos (n = 50). Scale bar, 100 um. See also Figure S5.

(B) RABS (red), a-tubulin (green), and DAPI (blue) staining of control, CHS, and CHS RAB5.S43N fibroblasts in interphase and metaphase. CHS fibroblasts show
aggregates of RAB5 and the phenotype is ameliorated after RAB5A.S43N expression. Scale bar, 50 um.

requirement to relocate Drosophila’s NuMa-like protein, Mud, to
the spindle poles (Capalbo et al., 2011). Expression of
Rab5.S43N in otherwise wild-type embryos increased centroso-
mal recruitment of Msps (Figures 6A and 6C - black line) to a level
higher than in control wild-type embryos (Figures 6A and 6C -
gray line) and expression of Rab5.S43N in mv®/Df-derived
embryos restored the levels of Msps at centrosomes to levels
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comparable with those in control wild-type embryos (Figures
6A and 6C - blue line). Thus, not only is dominant-negative
Rab5.S43N able to rescue vesicle size but also the centrosome
association of Msps in mv-derived embryos. In similar experi-
ments, we examined y-tubulin levels at centrosomes during
mitosis and also found its levels to be reduced in mv®/Df-derived
embryos compared with those in wild-type embryos and that
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Figure 6. Mauve is required for the centro-
somal association of Msps

(A) Different stages of embryonic nuclear division
cycles stained to reveal Msps (red) and DNA (blue)
in embryos derived from mothers of the indicated
genotypes. Scale bar, 10 um. See also Figure S6C.
(B) Quantitation of Msps immunostaining in meta-
phase spindles displayed as a ratio of the fluo-
rescence intensity at the spindle pole to the cor-
responding half spindle (Or-R, 2.76 + 0.17 n=50;
mv®/Df, 1.176 + 0.066 n = 50; Rab5.543N, 3.506 +

centrosome/half spindle ratio at metaphase

Rab5.543N; Rab5.543N
mv3/Df

-o-0Or-R

-~ mv®/Df

-e- Rab5.543N; ctrl

-o- Rab5.S43N; mv®/Df

0.1943 n = 50; Rab5.S43N mv®/Df, 1.908 =
0.1258 n = 52). Unpaired t test: ***p < 0.0001

(C) Quantitation of fluorescence intensity of Msps
immunostaining at centrosomes in different pha-
ses of mitosis in embryos derived from mothers of
the indicated genotypes. Values normalized to
telophase values. Related to Figure S6C.

(D) Quantitation of fluorescence intensity of y-
tubulin immunostaining at centrosomes at indi-
cated mitotic phases in embryos derived from
mothers of the indicated genotypes. Values
normalized to telophase values. Related to Fig-
ure S6D.

(E) Msps accumulate ectopically around enlarged
LROs in mauve mutant embryos and this can be
rescued after overexpression of Rab5.S43N in
mauve mutant background driven by P{mata4-
GAL-VP16}. Scale bar, 100 pm.

rel. int. of Msps at centrosome o

v-tubulin levels could be rescued by overexpressing Rab5.S43N
(Figures 6D and S6D). We also observed similar effects of mv
upon the centrosomal association of the PCM protein, Centroso-
min, but could not detect significant differences in centrosomal
DPIp (Pericentrin-like protein) or Dspd-2 (spindle defective 2)
(data not shown).

Although the total amount of Msps protein was not affected in
myv-derived mutant embryos (Figure S6B), we found that it became
re-distributed; Msps ectopically localized around the enlarged
YGs correlating with its reduction in peri-centrosomal regions in
mitosis (Figures 6A-6C, 6E and S6C). Moreover, the YG-associ-
ated Msps in mv-derived embryos was greatly reduced by
Rab5.543N (Figure 6E). As Msps and Rab5 are among many
maternally provided proteins stored in LDs for use in early develop-
ment (Cermelli et al., 2006), these findings together suggest that
mutation in mauve results in a fusion between YGs and LDs leading

to ectopic accumulation of Msps around
YGs at the expense of its localization at
the centrosome and so its availability for
mitosis.

Mauve is required for effective MT
nucleation by the spindle poles
The above results suggested that
Mauve is required for centrosome
maturation, which generates effective
MTOCs in mitosis. To assess centroso-
mal MT nucleation activity in mv®/Df-
derived and mv™®%/Df-derived (not
shown) embryos, we carried out MT re-
growth assays after cold-induced depo-
lymerization of embryo MTs (Figures 7A, 7B, and S7). In all
cases, a 0°C treatment was sufficient to completely depoly-
merize MTs (0 time). In wild-type embryos, MTs already
began to be nucleated from centrosomes after 30 s of warm-
ing, increasing in density over time; they were also nucleated
from chromatin after 3 min and could re-form normal-looking
bipolar spindles by 5 min. By contrast, no MTs could be seen
30 s after shifting mv-derived embryos back to room temper-
ature (Figure S7A). Even after 1 min, the density of MTs
nucleated at centrosomes was much less than control wild-
type embryos. We could, however, see chromatin nucleated
MTs in mv-derived embryos after 1 min, a time at which
MTs were not yet seen at chromatin in control embryos.
This accords with the finding that removal of one MT nucle-
ating system from the spindles of Drosophila embryos results
in the amplification of synergistic MT nucleating activity

Developmental Cell 56, 1-14, April 5, 2021 9




Please cite this article in press as: Lattao et al., Mauve/LYST limits fusion of lysosome-related organelles and promotes centrosomal recruitment of
microtubule nucleating proteins, Developmental Cell (2021), https://doi.org/10.1016/j.devcel.2021.02.019

- ¢ CellPress Developmental Cell

B Or-rR mv3/Df Rab5.S43N Rab5.S43N; mv3/Df

.o -

30 sec

1 min

| @ Endosome

QYoIk Granule

@ Lipid Droplet

Figure 7. Mauve is required for effective MT nucleation by the spindle poles

(A) Scheme of MT regrowth. Living embryos were kept for 5 min at 0°C to depolymerize MTs and then shifted to room temperature to allow MT regrowth before
fixing and staining at indicated times.

(B) Embryos derived from females of the indicated genotypes treated according to the regimen in (A) for the indicated times and stained to reveal a-tubulin, green;
Centrosomin, red; and DNA (blue). MT regrowth from centrosomes is diminished in mv®/Df and rescued by expression of Rab5.S43N. At least 10 different
embryos were analyzed in metaphase for each genotype at each time point. Scale bar, 10 um.

(C) Schematic of the antagonistic role of Mauve and Rab5 in Drosophila embryos. In wild-type embryos, YPs are taken up via endocytosis and stored in
YGs. Mauve regulates vesicle fusion allowing the co-existence of discrete populations of endosomes, YGs and LDs within the same cytoplasm. When
Mauve is depleted, an uncontrolled fusion between YGs and LDs leads to enlarged vesicles, aggregates of Rab5-positive endosomes, and an imbalance in
the pool of centrosomal proteins. Msps (red) becomes sequestered in enlarged YGs at the expense of centrosomes, which exhibit reduced MT nucleation.
These uncontrolled fusions can be counteracted by overexpression of dominant-negative Rab5.S43N. Vesicles, organelles, and cellular structures are not
to scale.

(Hayward et al., 2014). After 3 min, the MTs nucleated from depolymerization suggest that the mv mutation leads to
chromatin were much more prominent than those nucleated reduced MT nucleation from centrosomes.

from centrosomes but even after 5 min, spindles were still As overexpression of Rab5.S43N increases Msps and vy-
incomplete (Figure S7B). Thus, MT regrowth kinetics following tubulin recruitment at centrosomes, we asked whether
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dominant-negative Rab5 could restore regrowth of depolymer-
ized MTs in mv-derived embryos. Indeed, Rab5.S43N led to a
more rapid accumulation of MTs than in either the mv mutant
or wild-type backgrounds such that complete spindles were
already re-formed after 3 min of MT regrowth (Figure 7B). This
supports our previous conclusion that the recruitment of PCM
and MT minus-end associated molecules required for spindle
pole MT nucleation are deficient in mv-derived embryos.

DISCUSSION

Our study has identified a requirement for Mauve, the Drosophila
ortholog of the human LYST protein, in regulating LRO fusion and
in the recruitment and/or maintenance of PCM at centrosomes in
the syncytial embryo. Previous studies of Drosophila mv mutants
suggested a role for Mauve in suppressing the homotypic fusion
of LROs (Rahman et al., 2012). Here, we extend those observa-
tions by showing that Mauve also regulates heterotypic fusion
between LROs and LDs and by showing that Mauve interacts
with molecules that regulate the behavior of interphase and
mitotic MTs. We also show that dominant-negative Rab5 not
only rescues the LRO enlargement defect in mv-derived em-
bryos but also ameliorates recruitment of Msps and PCM at cen-
trosomes. The participation of LDs in LRO fusion that we now
describe could have been previously overlooked because of
the lower numbers of LDs in other tissues compared with those
in embryos or through specific differences in the mutant alleles
under study.

Our finding that high levels of Mauve did not induce the forma-
tion of smaller sized vesicles (Figures 1E, S1C, and S1D) together
with our live imaging of excessive fusion events of autofluores-
cent vesicles during oogenesis in mv mutant females (Video
S2) are consistent with a role for Mauve as a negative regulator
of vesicle fusion. The behavior of LDs and the incorporation of
their content into the dramatically enlarged YGs of mv-derived
embryos (Figures 2H and 7C) is also consistent with this model.

Several lines of evidence support a role for Drosophila Mauve
protein in regulating MT nucleation. First, we find an enrichment
of Mv-mCherry around the spindle and centrosomes during
mitosis (Figures 4C and S4A). Second, Mauve co-purifies with
y-tubulin and Msps (Figures 4D and S4C). Third, the rosario
phenotype of mauve-derived embryos is enhanced by mutations
in d-tacc or msps, suggesting co-involvement of Mauve and the
D-TACC:Msps complex in establishing and/or maintaining the
MT-mediated organization of the syncytium that ensures
dividing nuclei are at the cortex and endoreduplicating yolk
nuclei in the interior. Fourth, embryos derived from mv mutant
mothers have reduced amounts of both Msps and y-tubulin at
centrosomes, in accord with the diminished MT nucleating ca-
pacity of these centrosomes. Fifth, in line with the reduced
amounts of MT nucleating molecules at centrosomes, the re-
growth of de-polymerized MTs from centrosomes is compro-
mised in mv-derived embryos (Figure 7B).

Mauve’s co-purification with Msps, but not its D-TACC partner
protein, is another indicator that Msps can exist independently of
D-TACC. Indeed, Msps is present in several separate pools: in-
dependent of D-TACC at the centrosome (Lee et al., 2001); in
complex with the D-TACC: Clathrin complex on the spindle
(Booth et al., 2011; Foraker et al., 2012; Fu et al., 2010; Lin
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etal., 2010); with the MT minus-end protein Patronin to assemble
perinuclear non-centrosomal MTOCs (ncMTOCs) (Zheng et al.,
2020); with the Augmin complex at kinetochores (Bucciarelli
et al., 2009); and in complex with endosomal proteins such as
Mauve. We speculate that mutations affecting the constitution
of Msps complexes at any one of these sites can affect another.

Our finding of defects in mitotic MT nucleation by centro-
somes in mv-derived embryos suggests that there might be
similar requirements at later developmental stages that may
have been overlooked because flies can progress through
most of the development without functional centrosomes (Basto
et al., 2006; Megraw et al., 2001).

The increased NUF seen in mv-derived embryos is likely to
be a secondary consequence of disruption to either or both
membrane trafficking and mitosis. NUF was first described
for the mutant of the nuf gene encoding an ADP ribosylation
factor effector that associates with Rab11. Nuf protein is
required to organize recycling endosomes in the coordinated
processes of membrane trafficking and actin remodeling and
embryos deficient for Rab11 also show a strong NUF pheno-
type (Cao et al., 2008; Rothwell et al., 1999; Hickson et al.,
2003; Riggs et al., 2007). Together this suggests the possibil-
ity that NUF in mv mutants could result from the accumulation
of endosomal components in the enlarged YGs, which would
diminish numbers of recycling endosomes and their associ-
ated Rab11-Nuf complex. NUF can also occur as a Chk2
protein kinase-mediated response to DNA damage (DSBs),
activated by DNA lesions at mitotic onset (Takada et al.,
2003). However, we found no evidence for DNA damage
marked by the accumulation of phosphorylated y-H2Av at
DSBs (Figure S3C). Finally, NUF also occurs in response to
a wide range of primary or secondary mitotic defects. Indeed,
failure of the sequestration of histone H2Av to LDs results in
embryos that display mitotic defects, nuclear fallout, and
reduced viability (Li et al., 2014).

Dominant-negative Rab5 suppresses enlarged YG formation
and the mitotic defects of mv-derived embryos in accord with
known roles of Rab5 at the early endosome and growing indica-
tions of a requirement for Rab5 in mitosis (Capalbo et al., 2011;
Lanzetti, 2012; Serio et al., 2011). Rab5 also mediates transient
interactions between LDs and early endosomes that enable the
transport of lipids between the two without resulting in their
fusion (Liu et al., 2007). We cannot rule out the possibility that
Msps transiently localizes to LROs in wild-type embryos
because we observed LD-YG associations in wild-type embryos
and Msps is a component of LDs (Cermelli et al., 2006). The
incorporation of Msps and LD markers into the enlarged YGs
in mv-derived embryos is also rescued by a dominant-negative
form of Rab5 and reciprocally, levels of Msps at centrosomes
are restored. This suggests that mutation in mauve leads to mis-
localization of Msps around YGs at the expense of its localization
at the centrosome and so its availability for mitosis. Suppression
of these mv phenotypes by dominant-negative Rab5 could
therefore either reflect a passive restoration of the balance of
Msps between YGs and spindle poles once YG fusion is pre-
vented or a more active role of Rab5 in organizing the spin-
dle poles.

Our findings add to a small but growing body of evidence for
the roles of endocytic membrane trafficking in regulating
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centrosomal function (Naslavsky and Caplan, 2020). To our
knowledge, there are no reports of a membrane-independent
role of Rab5 although other groups have reported examples of
trafficking proteins involved in MT nucleation in a membrane-in-
dependent manner, such as ALIX, a PCM component in human
and fly cells, whose recruitment depends on Cnn/Cep215 and D-
Spd2/Cep192 (Malerad et al., 2018). The late endosome marker
Rab11 also appears to be a part of a dynein-dependent retro-
grade transport pathway bringing MT nucleating factors and
spindle pole proteins to mitotic spindle poles (Das et al., 2014;
Hehnly and Doxsey, 2014). It is not clear whether Rab5-associ-
ated structures mature to Rabi11-associated structures in
mitosis as they do in interphase but it seems that the two vesicle
types might have overlapping functions at centrosomes in
mitosis. It will be of future interest to put our current findings
into context with these earlier demonstrations of roles of Rab5-
and Rab11-containing endosomes in spindle function.

The dynamic relationship between endosomal trafficking and
recruitment of MT nucleating molecules onto centrosomes
may all have relevance for the role of LYST at the IS and how
this is affected in CHS. Thus, it is conceivable that there may
be a convergence of the two functions of the LYST protein in lym-
phocytes, both in regulating the size of LROs and in facilitating
the correct positing of centrosomes and membraneous struc-
tures. Further studies will be required to clarify the precise roles
of LYST in regulating vesicle trafficking and MT nucleation in this
particular cell type.

Limitations of the study

Although our results strongly indicate Mauve to act as a negative
regulator of vesicle fusion, we did not directly assess the fusion
ability of LROs. In part, this was limited by the autofluorescent
nature of YGs and LDs that restricted the extent to which we
could use fluorescently tagged proteins to visualize membrane
components of these bodies in dynamic studies. Future work
should aim to complement our findings in cell culture and in
cell-free systems to determine whether the involvement of both
LROs and LDs is widespread. In a similar vein, it will be important
to assess whether the roles of LYST proteins in regulating MT dy-
namics are conserved as implied by our findings. This would
require carrying out studies of MT dynamics in other cell types,
particularly in mammalian cells.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-a-Tubulin antibody, Mouse Sigma-Aldrich Cat# T6199; RRID: AB_477583

monoclonal clone DM1A, purified from
hybridoma cell culture

Anti-Msps rb 2219, rabbit polyclonal serum
against the aa 1350-1785

Anti-Cnn, rabbit polyclonal
Anti-Dplp, chicken polyclonal
Anti-mCherry antibody

Anti-LAMP-1 (human), clone H4A3, mouse
monoclonal

Anti-y-Tubulin antibody, clone GTU-88,
mouse monoclonal, purified from
hybridoma cell culture

Anti-p55/DCAF1 antibody —ChlIP
Grade, rabbit polyclonal

Anti-Rab5 antibody—Drosophila Early
Endosome Marker

Recombinant Anti-Rab5 antibody
[EPR21801]

Histone H2AvD pS137 Antibody
RFP-Booster Alexa Fluor® 568

Hélene Rangone, this manuscript

Bettencourt-Dias et al., 2005
Rodrigues-Martins et al., 2007
Abcam

DSHB

Sigma-Aldrich

Abcam

Abcam

Abcam

Rockland
Chromotek

rb 2219

rb 7647

N/A

Cat# ab167453; RRID: AB_2571870
Cat# H4A3; RRID: AB_2296838

Cat# T5326; RRID: AB_532292

Cat# ab1766; RRID: AB_302606

Cat# ab31261; RRID: AB_882240

ab218624

Cat# 600-401-914; RRID: AB_828383
rb2AF568

Bacterial and virus strains

One Shot™ TOP10 Chemically Thermo Fisher Scientific Cat#C404006

Competent E. coli

One Shot™ ccdB Survival™ 2 Thermo Fisher Scientific Cat#A10460

T1R Competent Cells

One Shot™ BL21(DE3) Chemically Thermo Fisher Scientific Cat#C600003

Competent E. coli

E.coli SW102 strain The NCI at Frederick and the Frederick SW102
National Laboratory for Cancer Research

TransforMax™ EPI300™ Epicentre - Cambio EC300110

Electrocompetent E. coli

Chemicals, peptides, and recombinant proteins

Vector Vectashield Mounting Media Vector Laboratories H-1200

containing DAPI

Nile Red, lipophilic stain Abcam ab219403

G-418 Solution Merck 4727878001

FUGENE® HD Transfection Reagent Promega E2311

Guanosine 5’-diphosphate [GDP] disodium Abcam ab146529

salt, Nucleoside diphosphate

GppNHp, Non-hydrolyzable GTP analog Abcam ab146659

Calf Intestinal Alkaline Phosphatase (CIP) NEB M0290

T4 DNA Ligase NEB M0202S

Critical commercial assays

Gateway™ BP Clonase™ Il Enzyme mix Thermo Fisher Scientific 11789020

Gateway™ LR Clonase™ Il Enzyme mix Thermo Fisher Scientific 11791020

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gibson Assembly Cloning Kit NEB E5510S

RFP-Trap Magnetic Agarose Chromotek Cat# rtma-20; RRID: AB_2631363

GFP-Trap Magnetic Agarose Chromotek Cat# gtma-20,;RRID: AB_2631358

Ni-NTA Agarose beads Qiagen ID: 30210

BACMAX™ DNA Purification Kit
RNeasy mini kit

SuperScript™ Il First-Strand Synthesis
System

Power SYBR® Green RNA-to-CT™ 1-
Step Kit

Epicentre - Cambio
Qiagen
Thermo Fisher Scientific

Thermo Fisher Scientific

N/A
ID: 74104
18080400

4391178

Experimental models: cell lines

Human untrasformed fibroblasts CHEDIAK-
HIGASHI SYNDROME

Human untrasformed fibroblasts CHEDIAK-
HIGASHI SYNDROME stable expressing
human EGFP-RAB5A.S43N

Human untrasformed fibroblasts from skin

Coriell Institute for Medical Research

This manuscript

Coriell Institute for Medical Research

Cat# GM02075; RRID: CVCL_CW?70 (CHS
in this manuscript)

NA (CHS RAB5.S43N in this manuscript)

Cat# AG21862; RRID: CVCL_2Y59

Experimental models: organisms/strains

D.melanogaster Oregon-R (wild-type)

D. melanogaster I(3)dre6/TM6B (renamed
as mv3/TM6B)

D. melanogaster fs(3)ros/TM6B (renamed as
mv™*3/TM6B)

D. melanogaster In(3LR)264, mv'/TM6B
D. melanogaster Df(3L)Aprt66/TM6B

D. melanogaster Df(3L)Aprt-198
D. melanogaster Df(3L)R-G7, rho*®"/TM6B

D.melanogaster w'""®; Df(3L)
BSC366/TM6C

D. melanogaster w'""; Df(3L)ED4284, P
{3’.RS5+3.3’}JED4284/TM6C

D. melanogaster w1118; Df(3R)Exel6142, P
{XP-U}Exel6142/TM6B, Tb1

D.melanogaster Ub-Tubulin-RFP, Ub-Fzr-
GFP (Chr 2)

D.melanogaster Ub-Msps-GFP (Chr 2)
D. melanogaster TACC'/TM6B

D. melanogaster msps™/2°%/TM6B

D. melanogaster Mv-mCherry/SM6A

D. melanogaster Mv-FLAG/SMG6A (Mv-
TC-FLAG)

D. melanogaster UAS-Mv-GFP/SMG6A

D. melanogaster y' w* P{UASp-
YFP.Rab7.T22N}CG1578°

D. melanogaster y' w*; P{UASp-
YFP.Rab5.Q88L}Reph®*

Fly Facility at Department of Genetics
(University of Cambridge)

Sliter et al., 1989
Salud Llamazares

Bloomington Drosophila Stock Center

Prof. James M. Mason (University of
California and NIEHS)

Prof. James M. Mason (University of
California and NIEHS)

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Prof. Jordan Raff (University of Oxford)

Prof. Jordan Raff (

Prof. Jordan Raff (University of Oxford)
Prof. Hiro Ohkura (University of Edinburgh)
this manuscript

University of Oxford)

this manuscript

this manuscript

Bloomington Drosophila Stock Center

Bloomington Drosophila Stock Center
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Or-R

mv3/TM6B

mv°$/TM6B

Cat# 1222; RRID: BDSC_1222
N/A

N/A

Cat# 2400; RRID: BDSC_2400 (Df in this
manuscript)

Cat# 24390; RRID: BDSC_24390

Cat# 8056; RRID: BDSC_8056

Cat# 7621; RRID: BDSC_7621 (Df-TACC in
this manuscript)

N/A

N/A
N/A
N/A
Mv-mCherry/SM6A

Mv-TC-FLAG/SM6A

UAS-Mv-GFP/SMEA
Cat# 23235; RRID: BDSC_23235

Cat# 9774; RRID: BDSC_9774

(Continued on next page)
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D. melanogaster y’ w*; P{UASp- Bloomington Drosophila Stock Center Cat# 24103; RRID: BDSC_24103

YFP.Rab7.Q67L}19

D. melanogaster w*; P{UAS-Rab5.S43N}2
D. melanogaster P{mata4-GAL-VP16}V2H

D. melanogaster y1 w*; P{UASp-
YFP.Rab5.S43N}Eip75B02/TM3, Sb1

D. melanogaster w1118; TI{TI}Rab5EYFP

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Bloomington Drosophila Stock Center

Cat# 42703; RRID: BDSC_42703
Cat# 7062; RRID: BDSC_7062
Cat# 9772; RRID: BDSC_9772

Cat# 62543; RRID: BDSC_62543

Oligonucleotides

Primers

Recombinant DNA

BAC clone Mv_TC_FLAG

BAC clone Mv_mCherry

Empty entry plasmid pPWG-attB

clone UASp-Mv-GFP in pPWG-attB
clone Msps 1350-1785 aa in pDONR221
clone Msps 1350-1785 aa in pDEST17
Human EGFP-Rab5A.S34N

BAC clone CH322-23009

See Table S1 for primers list

this manuscript

this manuscript

this manuscript

this manuscript

this manuscript

this manuscript

Addgene

BACPAC Resources Center - BPRC

N/A

Mv_TC_FLAG PBac{CH322-23009}
Mv-mCherry PBac{CH322-23009}
pPWG-attB

UAS-Mv-GFP in pPWG-attB

N/A

N/A

RRID: Addgene_28045

PBac{CH322-23009}, attB-P[acman]-
CmR-BW vector

Software and algorithms

Fiji

Adobe lllustrator Software
Adobe Photoshop Software
GraphPad Prism

Huygens Software

Volocity

Schindelin et al., 2012

Adobe

Adobe

GraphPad Software

Scientific Volume Imaging (SVI)
Quorum Technologie

RRID: SCR_002285
RRID: SCR_010279
RRID: SCR_014199
RRID: SCR_002798
RRID: SCR_014237
RRID: SCR_002668

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ramona
Lattao (rl489@cam.ac.uk) or David Glover (dmglover@caltech.edu).

Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and code availability

The published article includes all mass spectrometry data generated during this study.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly lines and genetics

All stocks were maintained at 25°C in standard media. The mauve allele mv® was isolated as /(3)dre6 line generated by ethyl meth-
anesulfonate (EMS) and y-ray mutagenesis of the Dras3-Roughened-Ecdysoneless chromosomal region (62B3-4 to 62D3-4) (Sliter
et al., 1989). The lethal phenotype of /(3)dre6 is due to an unknown second-site mutation. Our sequencing of mauve in /(3)dre6/Df(3L)
R-G7 identified a G to A point mutation in nucleotide position 3L: 1,952,183 that corresponds to the splicing acceptor site of intron 15-
16. The mauve allele mv"™® was isolated by one of us (SL). In fs(3)ros/Df(3L)R-G7 we were unable to sequence the region between 3L:
1,961,478 and 3L:1,959,258 likely due to complex rearrangements in the DNA of this region. The mv’ allele was obtained from the
Bloomington Drosophila Stock Center (BDSC 1222), In(3LR)264, mv'/TM6B: the inversion breakpoints localize in the mauve and
tacc genes and result in a fusion protein connecting codons 1-2772 of mv with nucleotide 853 of isoform 4 of tacc (Rahman
et al., 2012).
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The deficiencies Df(3L)Aprt66/TM6B and Df(3L)Aprt-198 were a kind gift from Prof. James M. Mason (University of California and
NIEHS); Df(3LR-G7, rho*®'/TM6B (BDSC 2400), w’""8; Df(3L)BSC366/TM6C (BDSC 24390), w'’"8; Df(3L)ED4284, P{3’.RS5+3.3’}
ED4284/TM6C (BDSC 8056), w1118; Df(3R)Exel6142, P{XP-U}Exel6142/TM6B, Tb1 (BDSC 7621, Df TACC) were obtained from
the Bloomington Drosophila Stock Center (BDSC). Unless otherwise stated, all the experiments shown were carried out with mv®/
Df(3L)R-G7.

The Ub-Tubulin-RFP, Ub-Fzr-GFP, and tacc’/TM6B lines were kindly provided by Prof Jordan W. Raff (University of Oxford).
msps™/2%8/T\M6B was a gift from Prof. Hiro Ohkura (University of Edinburgh).

The transgenic lines Mv-mCherry and Mv-TC_FLAG were generated by injecting the plasmid into a y w M(eGFP, vas-int, dmRFP)
ZH-2A; P{CaryPjattP40 stock (Fly Facility - Department of Genetics, University of Cambridge) whereas UAS-Mv-GFP was injected
into y1 M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP’}JZH-22A (Drosophila Transgenesis Facility, CMB, Spain).

Rab alleles were obtained from the Bloomington Drosophila Stock Center: y' w* P{UASp-YFP.Rab7.T22N}CG1578'° (BDSC
23235); y' w*; P{UASp-YFP.Rab5.Q88L}Reph®* (BDSC 9774); y' w*; P{UASp-YFP.Rab7.Q67L}19 (BDSC 24103); w*; P{UAS-
Rab5.543N}2 (BDSC 42703); y1 w*; P{UASp-YFP.Rab5.S43N}Eip75B02/TM3, Sb1 (BDSC 9772); w[1118]; TI{TI}Rab5[EYFP]
(BDSC 62543).

Expression of UAS-Mv-GFP and Rab alleles was driven by P{mata4-GAL-VP16}V2H (BDSC 7062).

Oregon-R flies were used as a wild-type control.

Cell lines

Human fibroblasts Chediak-Higashi Syndrome (GM02075) and control fibroblasts (AG21862) were obtained from the Coriell Institute
for Medical Research and maintained in Eagle’s Minimum Essential Medium (Sigma-Aldrich) containing 20% Heat-Inactivated Fetal
Bovine Serum (Gibco).

To generate stably transformed cell lines, EGFP-RAB5A.S34N (Addgene #28045) was electroporated into fibroblasts using the
Neon Transfection System (Life Technologies) according to the manufacturer’s protocol and transformants were selected using
G418 antibiotic (Merck).

To generate stable DMEL cell lines expressing inducible Mv-GFP, wild-type cells were transfected with pMT-pCoBlast-Mv-GFP
using FUGENE® HD Transfection Reagent (Promega) according to manufaturer’s protocols. 48 h after transfections, 25 ug/mil blas-
ticidin was added to the media to select transformed cell lines.

METHODS DETAILS

Cytogenetic mapping of mv alleles

Previous complementation tests had indicated that Rosario maps between the proximal breakpoints Df(3L)Aprt66 and Df(3L)Aprt198
but at that time there was no gene predicted in this area (Kasravi et al., 1999). We had also found that fs(3)ros was allelic with a second
site mutation in a gene named /(3)dre6 (Sliter et al., 1989). Taking advantage of deficiencies Df(3L)BSC366 and Df(3L)ED4284 that
subsequently became available, we localized Rosario to a smaller genomic region between 62B10 and 62B12 (Figure 1B).

Cloning
The BAC (Bacterial Artificial Chromosome) recombineering (recombination-mediated genetic engineering) strategy described in
(Venken et al., 2009) was used to insert mCherry or a Tetracysteine Cys-Cys-Pro-Gly-Cys-Cys (TC)- 2xFLAG tags in a frame at
the C-terminal end of Mauve in its genomic segment carried in the BAC clone CH322-23009 (BACPAC Resources Center -
BPRC). Briefly, two PCR fragments were generated containing the TC-FLAG or mCherry tags followed by 4 stop codons and a kana-
mycin resistance gene. Both fragments had 50bp homology arms with Mauve CDS at their N terminus (CAGAGGGGCTCTAT
GGAAATGCCCCGAAATTCCCTCAAATCGTCTACAAA) and Mauve 3’'UTR at their C terminus (complement of TGTTAATGGGAAA
ATACTCAATAATTCAACTCAAAGCATATCAATGACAG) (see Table S1). The kanamycin resistance gene was introduced to facilitate
the following colony screening.

The Mv_TC_FLAG_Kana PCR fragment was generated by the following PCR reactions:

1st PCR round: 2XFLAG_4XStop_KanaFF + KanaTagRev

2nd PCR round: 50ntffTC_1xFLAG + KanaTagRev

The Mv_mCherry_Kana PCR fragment was generated by the following PCR reactions:

15! PCR round: 50CDSmCherryFF + KanaStartRev_4Xstop_mCherryRev and mCherryEnd_4XStop_KanaFF+ KanaTagRev

2" PCR round: 50CDSmCherryFF+ KanaTagRev

The PCR fragment and BAC clone were electroporated into electrocompetent recombineering SW102 cells (NCI Frederick) ac-
cording to standard protocols and plated on chloramphenicol and kanamycin plates. Single colonies were isolated and BAC clones
purified and sequenced to confirm the reading frames. Positive tagged BACs were then transfected into TransforMax™ EPI300™
Electrocompetent E. coli cells (Epicentre) for plasmid copy induction, purified using a BACMAX™ DNA Purification Kit (Epicentre)
and injected into recipient fly stocks (Fly Facility — Department of Genetics, University of Cambridge).

mauve cDNA was cloned into pDONR221. RNA was extracted from Oregon-R larvae using the RNeasy mini kit (QIAGEN) to provide
the template for cDNA synthesis using the SuperScript™ Il First-Strand Synthesis System (Thermo Fisher Scientific). The following
four mauve fragments were amplified from Or-R cDNA and cloned in pDONR221 using the Gateway BP clonase system
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(Thermo Fisher Scientific): 1-2230bp, 2161-6241bp, 6121-8221bp, 8101- end. Each fragment was amplified and used for Gibson
assembly (NEB) according to manufacturer’s protocol. Single colonies were isolated, plasmids were purified and sequenced to
confirm the correct full-length cDNA and open reading frames according to the Ensembl database (http://www.ensembl.org/
index.html). The mv pDONR221 plasmid was then used for the Gateway LR reaction with a modified pPWG vector bearing the
attB region (pPWG-attB) inserted at a Stul site to generate a UAS-Mv-GFP plasmid that was introduced into Drosophila by transfor-
mation. To generate the pPWG-attB vector, the pPWG vector was digested with Stul and treated with Calf Intestinal Alkaline
Phosphatase (New England Biolabs) according to the manufacturer’s protocol. attBff+attBrev primers were incubated with T4
Polynucleotide Kinase (New England Biolabs) according to the manufacturer’s protocol. Linearised pPWG vector and attB primers
were mixed and ligated using T4 DNA ligase (New England Biolabs) according to the manufacturer’s protocol and then transfected
into E. coli ccdB. Individual colonies were isolated and plasmids purified and sequenced.

The mv pDONR221 plasmid was then used for the Gateway LR reaction with a metallothionein-regulated constructs with GFP
C-terminal tag (pMT-pCoBlast-Mv-GFP) for expression in DMEL cells.

qPCR

Total RNA was extracted from larvae (Oregon-R, Df(3L)R-G7/TM6B, mv>/Df(3L)R-G7 and mv'°$/Df(3L)R-G7) using the RNeasy mini
kit (QIAGEN). Real-time PCR was performed with Power SYBR® Green RNA-to-CT™ 1-Step Kit following manufacturer protocol.
The EF1 gene was used as reference gene. Primers are listed in Table S1.

Immunofluorescence and live imaging

0-3h old embryos were dechorionated with 50% bleach and transferred to a 1:1 mix of Methanol:Heptane for devitellinisation and
fixation. For immunostaining, embryos were rehydrated in a 1:1 mix of Methanol and 1X PBS for 10 min, washed with PBS + 0,1
% Tween for 15 min, and then blocked with PBS containing 0.1 % Tween and 1% BSA for 30 min and agitated on a spinning wheel
at room temperature.

For microtubule regrowth assays, dechorionated embryos were transferred into a tube containing PBS and incubated on ice for
5 min. Upon removal of the PBS, the tube was shifted to room temperature for the indicated amount of time and then embryos
were fixed according to the above protocol.

Primary antibody incubation was carried out overnight at 4°C with agitation on a slowly spinning wheel. After 3 washes with PBS
containing 0.1 % Tween at room temperature, a secondary antibody was add and incubation continued for 1 h at room temperature in
the dark. After 3 washes with PBS containing 0.1 % Tween, embryos were transferred onto a slide with Vectashield Mounting Media
with DAPI (Vectorlabs) and sealed under a coverslip.

For immunostaining of ovaries, females were dissected in 0.2% PBT (PBS containing 0.2% Tween) and ovaries were then fixed for
20 min in 4% paraformaldehyde in PBT. After 2 washes in PBT, ovaries were blocked for 1 h with PBT containing 10% BSA before
incubation overnight with primary antibody at 4 C in PBS containing 2% Tween. The following day, ovaries were washed 3 times in
PBT and then incubated with secondary antibody for 2 h at room temperature. They were then washed 3 times with PBT, transferred
onto a slide with Vectashield Mounting Media with DAPI (Vectorlabs) and sealed with a coverslip.

For Nile Red staining, 0-3 h old embryos were were dechorionated with 50% bleach and transferred to a 1:1 mix of 4%Formalde-
hyde in PBS:Heptane for 20 min. Formaldehyde layer was then removed and replaced with Methanol for 5 min. Embryos were then
rehydrated in a 1:1 mix of Methanol and 1X PBS for 10 min, washed with PBS + 0,1 % Tween for 15 min and then blocked with PBS
containing 0.1 % Tween and 1% BSA for 30 min before incubation with Nile Red 1pug/ml in PBS for 30 min at room temperature. Em-
bryos were then washed 3 times with PBS (5 min each), transferred onto a slide with Vectashield Mounting Media with DAPI (Vec-
torlabs), and sealed with a coverslip.

Immunofluorescence images were acquired using a Leica SP8 confocal Microscope with a 40x oil objective.

For live imaging of ovaries and Ub-Tub-RFP Ub- Fzr-GFP embryos, a Zeiss Axiovert 200 microscope equipped with a PerkinElmer
RSIII spinning disk confocal unit and running the Volocity v6.3 Software was used. Ovaries were dissected in Voltalef 10S oil and
transferred onto a coverslip for imaging. Images were acquired every 2 min (time stamp hh:mm). To image living embryos, 0-1 h
old embryos were manually dechorionated and transferred onto a coverslip with glue. Embryos were then covered with Voltalef
10S oil and imaged. Images were acquired every 2 min (time stamp hh:mm) and processed with Huygens Software.

For immunofluorescence of human fibroblasts, cells were grown on coverslips, fixed with cold methanol for 5 min, washed with
PBS, blocked for 30 min with PBS containing 1% BSA at room temperature, and then incubated overnight at 4'C with primary
antibodies in PBS. After 3 washes with PBS at room temperature, cells were incubated with secondary antibody in PBS for 1 h at
room temperature in the dark. After 3 washes with PBS, coverslips were covered in Vectashield Mounting Media containing DAPI
(Vectorlabs), mounted onto slides, and imaged using a widefield microscope. Images were processed with Huygens Software.

Antibodies

The following antibodies were used for immunofluorescence: mouse anti o-tubulin (clone DM1A, Sigma-Aldrich) 1:1000; rabbit
anti-Msps rb2219 (this study) 1:1000; rabbit anti-Cnn (Bettencourt-Dias et al., 2005) 1:2000; chicken anti-Dplp (Rodrigues-Martins
et al., 2007) 1:1000; rabbit anti-mCherry (Abcam ab167453) 1:2000; mouse anti-LAMP1 human (clone H4A3, DSHB) 1:500; anti y-
tubulin (clone GTU-88, Sigma-Aldrich) 1:1000, rabbit anti-Rab5 antibody - Drosophila Early Endosome Marker (Abcam ab31261)
1:100; Recombinant rabbit monoclonal Anti-hRab5 antibody (Abcam ab218624) 1:1000
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A rabbit anti-Msps was generated against the 1350-1785 amino acid fragment of Msps. DNA encoding the fragment was amplified
by PCR from cDNA (Table S1), cloned in the pDONR221 entry vector, and recombined with the pDEST17 destination vector to
generate a recombinant DNA encoding a 6xHis N-terminally tagged fusion fragment. The 6xHis fragment was expressed in bacteria,
affinity purified on Ni-NTA Agarose beads (Qiagen) and used to for rabbit immunizations (Harlan UK). The final bleed was used for
immunostainings and western blots.

Mass spectrometry, Co-IPs, Coomassie staining and Western blots

To purify Mauve-mCherry complexes, 0-3h embryos were collected, dechorionated, and immediately frozen at -80°C. 1 gram of em-
bryos was used for each pulldown experiment. Protein extracts were prepared and isolated using RFP-Trap-MA beads (Chromotek)
according to the manufacturer’s protocols. Samples were analysed at Laboratory of Mass Spectrometry, IBB PAS (Poland).

For co-immunoprecipitation from embryos, 0-3h old embryos were dounce homogenized in lysis buffer (20 mM Tris-HCI, pH8,
110 mM KCI, 5 mM MgCl,, protease inhibitors) at 4°C and passed through a 30 gauge needle. Lysates were clarified by centrifugation
at 20,000 g for 30 min at 4°C. Supernatant was the split in two fractions and added with either 100 uM GDP or GppNHp (Gillingham
et al., 2014) and then added to RFP-Trap-MA beads (Chromotek) according to manufacturer’s protocol.

For co-immunoprecipitation of Mv-GFP complexes, stable cell lines expressing pMT-pCoBast-Mv-GFP were induced for 24 h with
100uM CuS0O,. Wild-type DMEL cells were used as control. Cells were lysated by freeze and thaw and homogenized in lysis buffer
(20 mM Tris-HCI, pH8, 110 mM KCI, 5 mM MgCl,, protease inhibitors) at 4°C. Lysates were clarified by centrifugation at 20,000 g for
30 min at 4°C and supernatants were incubated with GFP-Trap-MA beads (Chromotek).

For Western blots, the following antibodies were used: rabbit anti-Msps1:40000, mouse anti a-tubulin (clone DM1A, Sigma Aldrich)
1:10000, rabbit anti p55/dCAF1 (AbCam) 1:2000, rabbit anti-Rab5 antibody - Drosophila Early Endosome Marker (Abcam ab31261)
1:5000, rabbit anti-mCherry (Abcam ab167453) 1:1000, rabbit anti-GFP (Abcam ab6556) 1:5000, mouse anti-y-tubulin (clone
GTU-88, Sigma Aldrich) 1:5000

For Coomassie staining of yolk proteins and Western blots, ovaries were isolated from 10 females, boiled in 100ul of 2X SDS
Loading Buffer. 10ul were loaded for SDS-polyacrylamide gel electrophoresis and processed according to standard protocols.

For Coomassie of yolk uptake in embryos, embryos were collected, protein extracts were prepared and quantified. 50ug of total
protein extracts were loaded for each genotype.

lllustrations and figure preparation
Graphical illustrations were done with Adobe lllustrator Software and figures were assembled using Adobe Photoshop Software.

QUANTITATIONS AND STATISTICAL ANALYSIS

To measure yolk granule diameters, embryos were dechorionated using 50% bleach, transferred onto a coverslip, covered with glyc-
erol and immediately imaged using a Leica SP8 Confocal Microscope with a 40X oil objective and the 405 nm wavelength laser. In-
dividual diameters were then manually measured using Fiji/lmaged software (Schindelin et al., 2012), on at least 5 different embryos
for each genotype; a minimum of 20 representative yolk granules were measured in each embryo.

To measure Lamp1 diameter in fibroblasts, pictures of immunostained fibroblasts were manually measured using Fiji/Imaged soft-
ware and measurements were analyzed with GraphPad software.

Fluorescence intensity measurements were made from images using Fiji/lmageJ. A circle of a fixed diameter was used to measure
fluorescence intensity at centrosomes and an area without centrosomes within the same embryo was used to determine background
to be subtracted from the measurements. At least 5 different embryos for each genotype were quantified and at least 20 represen-
tative centrosomes were scored from each embryo. Measurements were then transferred to GraphPad software for statistical
analysis.

Quantification of YPs from Coomassie staining was carried out using Fiji/lmageJ software. For each lane, the intensity of YP band
was measured (top yellow box in Figure 2B) together with intensity with a reference band (ref, bottom yellow box in Figure 2B).
Arbitrary units (AU) represent the ratio between intensity of YP band and the reference band.

Statistical parameters of individual experiments (value of n, mean, SEM, p value) are reported in each figure legend in the paper.
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