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ABSTRACT Dynactin is a multi-subunit complex that functions as a regulator of the Dynein motor. A central component of this
complex is Dynamitin/p50 (Dmn). Dmn is required for endosome motility in mammalian cell lines. However, the extent to which Dmn
participates in the sorting of cargo via the endosomal system is unknown. In this study, we examined the endocytic role of Dmn using
the Drosophila melanogaster oocyte as a model. Yolk proteins are internalized into the oocyte via clathrin-mediated endocytosis,
trafficked through the endocytic pathway, and stored in condensed yolk granules. Oocytes that were depleted of Dmn contained
fewer yolk granules than controls. In addition, these oocytes accumulated numerous endocytic intermediate structures. Particularly
prominent were enlarged endosomes that were relatively devoid of Yolk proteins. Ultrastructural and genetic analyses indicate that the
endocytic intermediates are produced downstream of Rab5. Similar phenotypes were observed upon depleting Dynein heavy chain
(Dhc) or Lis1. Dhc is the motor subunit of the Dynein complex and Lis1 is a regulator of Dynein activity. We therefore propose that Dmn
performs its function in endocytosis via the Dynein motor. Consistent with a role for Dynein in endocytosis, the motor colocalized with
the endocytic machinery at the oocyte cortex in an endocytosis-dependent manner. Our results suggest a model whereby endocytic
activity recruits Dynein to the oocyte cortex. The motor along with its regulators, Dynactin and Lis1, functions to ensure efficient
endocytic uptake and maturation.
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ICROTUBULE motors such as cytoplasmic Dynein example, nutrient receptors such as the Transferrin receptor,
(hereafter referred to as Dynein) and proteins of the  are recycled back to the plasma membrane (Mayor et al. 1993;
Kinesin superfamily play essential roles in cargo transport.  Huotari and Helenius 2011). Growth factor receptors and
Dynein is a minus-end motor and is responsible for the signaling molecules are often targeted for degradation
majority of minus-end transport within the cell (Kardon (Beguinot et al. 1984; Huotari and Helenius 2011). This is
and Vale 2009). Mammalian genomes encode >40 different  pecessary to attenuate growth-promoting signals. Persistent
Kinesins, and most of these move cargo toward the plus-end  and uncontrolled growth-promoting signals are associated
of microtubules (Hirokawa et al. 2009). One type of cargo  with cancer (Normanno et al. 2006). Cargoes that are des-
that is known to be transported by microtubule motors are  ined for degradation transit through vesicles that undergo
vesicles of the endolysosomal system. maturation from early endosome to late endosome. Late
Cargoes thatenter the cell viaendocytosis follow numerous .1, 4osomes eventually fuse with acidic, degradative organ-
sorting pathways that ultimately determine their fate. For elles known as lysosomes. Endocytic maturation involves

the progressive and ordered association of specific factors
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Studies in mammalian cell lines have demonstrated a role for
Dynein in motility of early and late endosomes (Valetti et al.
1999; Jordens et al. 2001; Driskell et al. 2007; Flores-Rodriguez
et al. 2011). Sorting of epidermal growth factor receptor
(EGFR) from internalized Transferrin also appears to require
Dynein (Driskell et al. 2007). However, whether Dynein is ac-
tually required for endosome maturation is unknown. Some
studies have hinted at such a role. For example, depletion of
Dynein light intermediate chains resulted in enlarged late
endosomes (Tan et al. 2011). The rate at which EGFR was
degraded was also reduced in these cells (Tan et al. 2011). In
a separate study in which early endosomes were artificially
enlarged, Dynein was shown to be required for tubule forma-
tion after fusion of early endosomes (Skjeldal et al. 2012). The
implication of this finding is that Dynein might be involved in
sorting cargo within early endosomes during their maturation
into late endosomes (Skjeldal et al. 2012).

In this study, we used the Drosophila oocyte as a model to
examine the role of Dynein in endocytic maturation. The Dro-
sophila egg chamber contains 16 germline cells surrounded by
a layer of somatic cells known as follicle cells. One of the 16
germline cells differentiates to become the oocyte, and the
remaining 15 become nurse cells (Spradling 1994). During vitel-
logenic stages of egg chamber maturation (stages 8-10), there is
a tremendous up-regulation of clathrin-mediated endocytosis
within the oocyte. During these stages, Yolk proteins bind to
the vitellogenin receptor, Yolkless (Y1). After endocytosis, Y1 is
recycled back to the plasma membrane, whereas Yolk proteins
are trafficked through the endocytic pathway and stored in con-
densed yolk granules (DiMario and Mahowald 1987; Tsuruhara
et al. 1990; Schonbaum et al. 2000). Yolk granules are the func-
tional equivalent of dormant lysosomes and represent the end-
product of Yolk protein endocytosis. The granules serve as a food
source for the developing embryo. Thus, a defect in endocytic
maturation will be reflected by a loss or reduction in the number
of condensed yolk granules, a scenario that has been demon-
strated using rab5 nulls (Compagnon et al. 2009).

The Dynactin complex is a core regulator of the Dynein motor.
Dynamitin (Dmn/p50) is a central component of this complex.
Its overexpression is thought to dissociate the Dynactin complex
(Echeverri et al. 1996; Eckley et al. 1999). Indeed, numerous
studies addressing the role of Dynein use Dmn overexpression
as a means of inhibiting Dynein activity (Burkhardt et al. 1997
Duncan and Warrior 2002; Januschke et al. 2002). More re-
cently, Dmn depletion has also been shown to inhibit Dynein
activity (Raaijmakers et al. 2013). We therefore chose to ad-
dress the role of Dynein in endocytosis by specifically depleting
Dmn in vitellogenic egg chambers. Our results indicate a critical
role for Dmn in endocytic uptake of Yolk proteins and in mat-
uration of endocytosed vesicles into condensed yolk granules.

Materials and Methods
Drosophila strains and genetics

Unless otherwise indicated, all fly strains were grown at 25°.
Oregon-R was used as the wild-type strain. Additional fly
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strains used were the following: GFP-Dmn expressed using a ma-
ternal tubulin driver (Januschke et al. 2002); dmn short hairpin
RNA (shRNA)-A (generated, 5'-TCAGAAGATTACGGAACTATA-
3'); dmn shRNA-B (generated, 5'-CCGGACGTGTACGAAACTC
CA-3"); lis1 shRNA (generated, 5'-TAGCGTAGATCAAACAGT
AAA-3"); dhc shRNA-A (Bloomington Stock Center; #36583,
donor TRiP); eb1 shRNA (Bloomington Stock Center; #36680,
donor TRiP); shi shRNA (Bloomington Stock Center;
#36921, donor TRiP); rab5 shRNA (Bloomington Stock
Center; #51847, donor TRiP); rab7 shRNA (generated,
5'-AACGATATACCCTACTACGAA-3"), yl shRNA (Bloomington
Stock Center; #56922, donor TRiP), UASp-rab5Q88L (Bloomington
Stock Center; #9773, donor Hugo J. Bellen); rab7T22N
(Bloomington Stock Center; #9778, donor Hugo J. Bellen);
pUASp-TagRFPt-2xFYVE (generated); pUASp-GFP-Clc (Jha
et al. 2012); w[*]; P{w[+mC]=matalpha-GAL4-VP16}V2H
(Bloomington Stock Center; #7062, donor Andrea Brand);
osk8* (Kim-Ha et al. 1991); osk4ef (Df(3R)p-XT103; Bloomington
Stock Center; no. 1962, donor Thom Kaufman); and GFP-
Dmnref expressed using the germline vasa promoter (Sano
et al. 2002).

The shRNA constructs were cloned as oligos into the Nhel/
EcoRI site of the Valium22 vector (Ni et al. 2011). The con-
structs were injected and balanced at either Genetic Ser-
vices or BestGene. The shRNA targeting EB1 was used as
a control. The shRNAs were driven by crossing to the above-
mentioned maternal a-tubulin driver (Bloomington Stock
Center #7062). The progeny were fattened on yeast paste
for 3 days prior to dissection. An additional maternal «-
tubulin driver is available from the Bloomington Stock Cen-
ter (#7063). It should be noted, however, that this driver is
active in early-stage egg chambers in addition to mid- and
late-stage egg chambers.

The GFP-Dmn"®f construct was generated by cloning into
the P[w! P-vas-gfp] plasmid (Sano et al. 2002). The shRNA-
refractory Dmn construct was generated by gene synthesis at
Genewiz. The pUASp-TagRFPt-2xFYVE plasmid was gener-
ated by cloning the cDNA for TagRFPt (Shaner et al. 2008)
and the 2xFYVE sequence into the pUASp-attB-K10 vector
(Koch et al. 2009). The cDNA for TAGRFPt was amplified
from Addgene plasmid 42635 deposited by Silvia Corvera
(Navaroli et al. 2012). The 2xFYVE sequence was generated
by gene synthesis at Genewiz. Detailed sequence is available
upon request. All three constructs were injected at BestGene.

Immunofluorescence: Immunofluorescence was performed as
described previously (Sanghavi et al. 2012) with a few mod-
ifications. Females fattened on yeast paste were dissected in
Schneider’s media containing 15% fetal bovine serum (Life
Technologies). The oocytes were fixed for 20 min in PBS con-
taining 4% formaldehyde (Pierce; catalog #28908). After fix-
ation, the ovaries were washed in PBST (PBS containing 0.1%
triton X-100), blocked, and incubated with antibody. For imag-
ing of microtubules (a-tubulin experiment), ovaries were fixed
in 1X PBS containing 8% formaldehyde. This fixation step was
performed for 15 min.
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In situ hybridization: In situ hybridization was performed as
described previously (Sanghavi et al. 2013).

Antibodies: Unless specifically stated, the indicated dilutions
are for immunofluorescence (IF). The following antibodies
were used: mouse anti-Dynein heavy chain (Dhc) (Develop-
mental Studies Hybridoma Bank; 1:100; donor J. Scholey);
rabbit anti-Khc (Cytoskeleton; 1:150); rabbit anti-GFP (Life
Technologies; 1:200); rat anti-GFP (Nacalai USA; 1:700);
mouse ant-GFP (Clontech; 1:2000 for Western); mouse
anti-LaminDmO (Developmental Studies Hybridoma Bank;
clone ADL84.12; 1:100; donor P. A. Fisher); rabbit anti-
Staufen (D. St. Johnston; 1:3000); rabbit anti-Glued
(V. Gelfand; 1:300) mouse anti-y-tubulin (Sigma; 1:100 for
IF, 1:1000 for Western); mouse anti-clathrin heavy chain (BD
Biosciences; 1:150); guinea pig anti-Rab5 (1:3000); rabbit
anti-Rab7 (1:800) (Tanaka and Nakamura 2008); mouse
anti-BicD (Developmental Studies Hybridoma Bank; 1:100;
donor R. Steward); FITC-conjugated mouse anti-a-tubulin
(Sigma Aldrich; 1:200); goat anti-rabbit Alexa 594 and 488
(Life Technologies; 1:400 and 1:200, respectively); goat anti-
mouse Alexa 594 and 488 (Life Technologies; 1:400 and 1:200,
respectively); goat anti-rat Alexa 488 (Life Technologies;
1:200); goat anti-guinea pig Alexa 594 (Life Technologies;
1:400); goat anti-mouse HRP (Jackson Immunoresearch;
1:5000 for Westerns) and goat anti-rabbit HRP (Jackson
Immunoresearch; 1:5000 for Westerns). The antibody against
Yolkless was generated by injecting rabbits with a mix of the
following peptides (Peptide 1-CELEKGHHNQSQIQPWSTSSRS;
Peptide 2-QAEHQVHPSEQRIRVESPK). Conjugation of the pep-
tides to an immunogen, injection of the peptides into rabbits,
and purification of antibodies specific to these two peptides was
performed by Pacific Inmunology (Ramona, CA). F-actin was
visualized using either FITC- or TRITC-conjugated Phalloidin
(Sigma Aldrich).

Endocytic assays and staining

The FM4-64 assay was performed by dissecting ovaries from
well-fed females. The ovaries were dissected in Schneider’s
media containing 15% fetal bovine serum (Life Technolo-
gies). FM4-64 (Life Technologies) was added to the sample
to a final concentration of 10 wM. The ovaries were incubated
with the dye for 30 min, followed by two washes in
Schneider’s media for 15 min each. The live tissues were
mounted onto slides and imaged within 30 min.

The mRFP-RAP reporter was obtained from the lab of
Linton Traub (Jha et al. 2012). Escherichia coli expressing
GFT-tagged mRFP-RAP were grown and induced with
0.5 mM isopropyl B-p-1-thiogalactopyranoside (Fisher).
The induction of the fusion protein was carried out at room
temperate for 6 hr. The bacteria were then harvested by cen-
trifugation and lysates were prepared using the B-PER II re-
agent (Pierce). To purify the fusion protein, the lysates were
incubated with glutathione beads (Pierce) for 2 hr at 4°. The
beads were then collected and washed several times with
PBST (PBS with 0.1% triton X-100) to remove nonspecifically

bound proteins. The fusion protein was eluted off the beads
using 10 mM reduced glutathione, dialyzed into PBS, and
concentrated using an Amicon Ultra filtration kit (EMD
Millipore).

To monitor uptake of mRFP-RAP, ovaries from two to three
well-fed females were dissected as described above. The
ovarioles were teased apart, and 0.5 ng of mRFP-RAP in
a total of 30 wl of Schneider’s media containing 15% fetal
bovine serum and 0.2 mg/ml insulin (Sigma Aldrich) was
then added to the dissected ovaries. The samples were in-
cubated with gentle shaking for either 30 or 120 min. The
mRFP-RAP was then removed, and the ovaries were washed
twice with Schneider’s media. The samples were fixed in PBS
containing 4% formaldehyde, DAPI stained to visualize nu-
clei, and mounted onto slides.

The Lysotracker reagent was obtained from Life Technol-
ogies. Ovaries were dissected as described above. The ovar-
ioles were incubated with 100 nM Lysotracker in Schneider’s
media containing 15% fetal bovine serum and 0.2 mg/ml
insulin. The egg chambers were incubated with Lysotracker
for 45 min. Next, the dye solution was removed and egg
chambers were washed with two changes of PBS. The egg
chambers were then fixed in 4% formaldehyde, mounted
onto slides, and imaged within an hour.

The Nile red staining protocol was performed as described
(Yu et al. 2011). In brief, dissected ovarioles were fixed and
permeabilized by incubating with PBST for 30 min. The PBST
was then removed, and egg chambers were washed with PBS.
The egg chambers were then incubated with PBS containing
1% BSA and 20 pg/ml Nile Red (Life Technologies). After
20 min, the staining solution was removed, and egg cham-
bers were washed twice with PBS. The egg chambers were
then mounted onto slides and imaged. For imaging, the
488-nm laser was used for excitation, and signal for Nile
Red was collected in the 550- to 630-nm range.

Transmission electron microscopy

Dissected ovaries were fixed in 4% paraformaldehyde and 2%
glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer
(pH 7.4). The dissected ovarioles were then embedded within
agarose. Stage 10 egg chambers where identified and isolated
out of the agarose. The samples were postfixed in 2% osmium
tetroxide in NaCac, stained with 2% uranyl acetate, dehy-
drated with a graded ethanol series, and embedded in Epon-
Araldite resin. Thin sections were cut using a diamond knife on
a Leica EM UC6 ultramicrotome (Leica Microsystems, Ban-
nockburn, IL), collected on copper grids, and stained with
uranyl acetate and lead citrate. Egg chambers were observed
in a JEM 1230 transmission electron microscope (JEOL USA,
Peabody, MA) at 110 kV and imaged with an UltraScan 4000
CCD camera and First Light Digital Camera Controller (Gatan,
Pleasanton, CA).

Microscopy

Samples were imaged on either a Zeiss 510 upright confocal
microscope or a Zeiss 780 upright confocal microscope. All
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imaging experiments were performed at the Georgia Regents
University Cell Imaging Core Laboratory.

Data availability

Strains and antibodies generated for this work available upon
request.

Results
Stage-specific depletion of Dmn

Vitellogenesis takes place between stages 8 and 10 of egg
chamber maturation. However, Dmn is required for oocyte
specification (Januschke et al. 2002). As such, loss-of-function
mutants in dmn never specify an oocyte, and egg chamber
maturation arrests at early stages (Januschke et al. 2002).
Therefore, to address the role of the dmn gene in Yolk protein
endocytosis, we chose an shRNA-mediated depletion strategy
(Nietal. 2011).

Two shRNAs were designed against different regions of
dmn. The shRNAs were expressed using a maternal a-tubulin
Gal4 driver that is primarily active from stage 5 onward (Sanghavi
et al. 2013). As shown in Figure 1, both shRNAs were capable
of depleting Dmn in stage 10 egg chambers (Figure 1, B, D,
and F). In contrast, the level of Dmn was unaffected in stage 5
egg chambers expressing dmn shRNA-B and only modestly
reduced in stage 5 egg chambers expressing dmn shRNA-A
(Figure 1, A, C, and E). Western blotting analysis of ovarian
lysates indicated that expression of dmn shRNA-A reduced
the level of GFP-Dmn by >10-fold (Figure 1, G and H). Ex-
pression of dmn shRNA-B resulted in a 4-fold reduction in the
level of GFP-Dmn (Figure 1, G and H). Based on these results,
we conclude that this strategy is able to effectively reduce
Dmn levels during vitellogenic stages.

Depletion of Dmn in mammalian cells results in codeple-
tion of p150/Glued (Raaijmakers et al. 2013), another com-
ponent of the Dynactin complex. We observed a similar result
in Drosophila oocytes (Figure 1, I, J, and K). One interpreta-
tion of this result is that depleting Dmn destabilizes the
Dynactin complex. Thus, phenotypes that are observed
upon Dmn depletion might correlate more broadly to loss
of Dynactin activity.

Dmn depletion phenotypes

To analyze the role of Dmn in endocytosis, we examined yolk
content in control and Dmn depleted oocytes. Yolk content is
often measured by examining autofluorescence emitted by
yolk granules. For these experiments, we displayed autofluor-
escence using a color-coded range indicator where black
pixels indicate no signal, red pixels indicate moderate signal,
and white pixels indicate high levels of signal.

As expected, control oocytes displayed robust yolk auto-
fluorescence (Figure 2A). By contrast, reduced autofluores-
cence was observed in egg chambers depleted of Dmn. Two
distinct phenotypes were observed in egg chambers express-
ing dmn shRNA-A. In ~12% of oocytes, yolk autofluorescence
was almost completely absent (Figure 2, B and H). When
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these oocytes were visualized using differential interference
contrast (DIC) optics, a few vesicular structures were ob-
served toward the posterior of the oocyte (Figure 2B’). The
rest of the oocyte displayed a smooth appearance (Figure
2B’). In the remainder of oocytes expressing dmn shRNA-A
(88%), yolk autofluorescence could be detected, but at a re-
duced level in comparison to the control (Figure 2C). Under
DIC optics, these oocytes displayed large structures that have
the appearance of vesicles (Figure 2C’, arrows, and Figure
2H). Of these two phenotypes, only the latter was observed in
egg chambers expressing the weaker shRNA, dmn shRNA-B
(Figure 2, D, D', and H). The large vesicles were not limited
to stage 10 oocytes. They were also observed in mature stage
14 egg chambers expressing either dmn shRNA (Figure 2, E,
F, and G). Thus, depletion of Dmn resulted in egg chambers
with reduced yolk autofluorescence and large vesicles.

To more precisely define the role of Dmn in endocytosis, we
examined uptake of the lipophilic dye FM4-64 using dissected
egg chambers. As noted in previous publications, control
oocytes displayed robust FM4-64 uptake with the majority of
signal concentrated at the posterior pole (Figure 2I) (Vanzo
et al. 2007; Sanghavi et al. 2012). By contrast, egg chambers
expressing dmn shRNA-A displayed reduced FM4-64 uptake
(Figure 2J). Often, these egg chambers contained large vesicles
that were positive for FM4-64 signal (Figure 2K, arrows; 49%,
n = 52). Similar, but milder, phenotypes were observed in egg
chambers expressing dmn shRNA-B (Figure 2L).

FM4-64 is nonselectively internalized into dissected tis-
sues. By contrast, Yolk proteins are internalized by binding the
Y1 receptor and subsequently undergoing clathrin-mediated
endocytosis (DiMario and Mahowald 1987; Tsuruhara et al.
1990; Schonbaum et al. 2000). Recently, Jha et al. developed
an endocytic assay using mRFP-RAP, a pseudoligand for the
Y1 receptor (Jha et al. 2012). In contrast to FM4-64, mRFP-
RAP is internalized in a manner that more closely mimics the
endocytosis of endogenous Yolk proteins. We therefore ana-
lyzed uptake of mRFP-RAP (see Materials and Methods for
details). After 30 min of uptake in control egg chambers,
endocytosed mRFP-RAP was detected at high levels around
the oocyte cortex (Figure 2M). By contrast, a reduced amount
of mRFP-RAP was endocytosed within the same time frame
by Dmn-depleted egg chambers (Figure 2N). To monitor
endocytic maturation, we examined mRFP-RAP localiza-
tion after 120 min of uptake. At this time point, the bulk
of mRFP-RAP was observed within the interior of control
oocytes (Figure 20). However, mRFP-RAP was mostly ob-
served at the cortex in Dmn depleted egg chambers, accu-
mulating in large vesicles (Figure 2P, arrow).

We next examined the localization of core endocytic factors.
Consistent with published results, Clathrin heavy chain (Chc),
Rab5, and Rab7 localized along the cortex in control oocytes
(Figure 2Q; data not shown) (Tanaka and Nakamura 2008;
Vazquez-Pianzola et al. 2014). In egg chambers expressing
dmn shRNA-A, two phenotypes were observed. In the small
percentage of oocytes that were severely compromised (those
containing minimal yolk autofluorescence), the endocytic
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Figure 1 shRNA-mediated depletion of Dmn. (A and B) Egg chambers expressing GFP-Dmn under the control of a maternal tubulin promoter were fixed
and processed for immunofluorescence using an antibody against GFP (green). The egg chambers were also counterstained for F-actin (red). Repre-
sentative stage 5 (A) and stage 10 (B) egg chambers are shown. (C and D) Egg chambers coexpressing dmn shRNA-A and GFP-Dmn were fixed and
processed for immunofluorescence using an antibody against GFP. Representative stage 5 (C) and stage 10 (D) egg chambers are shown. (E and F) Egg
chambers coexpressing dmn shRNA-B and GFP-Dmn were fixed and processed for immunofluorescence using an antibody against GFP. Representative
stage 5 (E) and stage 10 (F) egg chambers are shown. dmn shRNA-A and dmn shRNA-B were expressed using a maternal a-tubulin-Gal4 driver (see
Materials and Methods for details). GFP-Dmn was expressed using a construct in which the maternal tubulin promoter was cloned upstream of the GFP-
dmn-coding sequence (Januschke et al. 2002). (G) Ovarian lysates were prepared from strains expressing GFP-Dmn (lane 1), from strains coexpressing
dmn shRNA-A and GFP-Dmn (lane 2), or from dmn shRNA-B and GFP-Dmn (lane 3). The lysates were run on an SDS-PAGE gel and analyzed by Western
blotting using an antibody against GFP (top). The same blot was then probed using an antibody against y-tubulin (bottom). The level of y-tubulin serves
as a loading control. The images were captured digitally using a UVP bioimaging system. (H) Western blots from three separate experiments depicted in
G were quantified using the VisionWorks software (UVP). The level of GFP-Dmn in strains coexpressing dmn shRNA-A or dmn shRNA-B were compared
to the level of GFP-Dmn in the control strain. The error bars indicate standard deviation. ***P = 0.0001. (I-K) Egg chambers expressing a control sShRNA
against eb? (H), dmn shRNA-A (1), or dmn shRNA-B (J) were fixed and processed for immunofluorescence using an antibody against Glued. The ShRNAs
were expressed using a maternal a-tubulin-Gal4 driver. Bar: A, C, and E =20 um; B, D, F, |, J, and K = 50 pm.

factors were all delocalized from the oocyte cortex (Figure
2R; data not shown). In the rest of the oocytes (those con-
taining the large vesicular structures), the endocytic factors
remained localized along the cortex (Figure 2, S and S’;
data not shown).

Based on these results, we conclude that severe depletion
of Dmn results in loss of endocytic factor localization, a com-
promise in endocytic uptake, and egg chambers that are
almost devoid of yolk autofluorescence. Milder depletion of
Dmn results in reduced yolk autofluorescence and the accu-
mulation of large vesicles. We hypothesize that the enlarged
vesicles represent trapped endocytic intermediates.

Oskar protein and endocytosis

Previous studies have implicated a role for Dynein in the
posterior localization of oskar messenger RNA (mRNA)

(Sanghavi et al. 2013). oskar mRNA is transcribed by the
nurse cells, transported into the oocyte, and localized at the
posterior pole (Ephrussi et al. 1991; Kim-Ha et al. 1991).
During transit, oskar mRNA is maintained in a translationally
repressed state (Kim-Ha et al. 1995; Gonsalvez and Long
2012). As such, Oskar protein is only expressed at the poste-
rior of wild-type oocytes. Oskar protein is required for main-
taining the anterior—posterior polarity of the oocyte and
future embryo (Ephrussi and Lehmann 1992; Smith et al.
1992). In addition, Oskar also stimulates endocytosis at the
oocyte posterior (Vanzo et al. 2007; Tanaka and Nakamura
2008). Given this link between Oskar protein and endocyto-
sis, we examined whether the function of Dmn in endocytosis
was dependent on Oskar.

As expected, oskar mRNA was localized to the posterior
pole in egg chambers expressing a control shRNA (Figure 3A,
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arrow). By contrast, oskar mRNA was significantly delocal-
ized in egg chambers expressing either dmn shRNA-A or dmn
shRNA-B (Figure 3, B-E). It should be noted that, to visualize
delocalized oskar mRNA, the Dmn-depleted oocytes had to
be imaged at a higher gain setting than the control. In most
Dmn-depleted egg chambers, the delocalized signal for oskar
mRNA was distributed throughout the oocyte with residual
enrichment at the posterior pole (Figure 3, B, D, and E, red
bars). Occasionally, however, signal for oskar mRNA could
also be detected within the nurse cell cytoplasm (Figure 3,
C and E, arrow, yellow bars). This latter finding is consistent
with previous reports indicating a role for Dynein in efficient
nurse-cell-to-oocyte transport of oskar mRNA (Clark et al.
2007; Mische et al. 2007).

Two experiments were performed to demonstrate the
specificity of the in situ hybridization signal. In the first, egg
chambers were processed without an RNA probe but were
subjected to the tyramide amplification step of the in situ
hybridization protocol. No signal was observed when these
egg chambers were imaged under the same high gain setting
as used for Dmn-depleted oocytes (Figure 3F). In a separate
experiment, egg chambers were processed using a sense
probe against oskar mRNA. Despite using five times more
sense probe, no signal was detected at the same high gain
setting (Figure 3G). Thus, the diffuse signal corresponds to
delocalized oskar mRNA.

To further validate the oskar mRNA phenotype, we exam-
ined the localization of Staufen. Staufen is a component of
the oskar mRNP and is often used as a marker for oskar
mRNA (Zimyanin et al. 2008). Consistent with the in situ
hybridization result, posterior Staufen localization was se-
verely compromised in Dmn-depleted oocytes (Figure 3, H,
I, and J). Based on these results, we conclude that Dmn is
required for efficient posterior localization of oskar mRNA.

To determine whether Dmn performs a function in
endocytosis that is independent of its role in oskar mRNA
localization, we examined endocytic phenotypes in oskar
protein-null mutants. Consistent with previous findings
(Vanzo et al. 2007), oskar protein-null mutants displayed
reduced yolk autofluorescence (Figure 3, K and L). However,
large vesicular structures were not observed in oskar protein-nulls

(Figure 3L'). In addition, the localization of Chc and Rab5
were relatively unaffected in oocytes lacking Oskar (Figure 3,
M and N; data not shown). Occasionally, some regions of the
cortex displayed slightly reduced Chc staining (Figure 3N).
However, this phenotype was milder in comparison to that
observed upon depletion of Dmn (Figure 2R). Thus, reduced
yolk autofluorescence is the only endocytic phenotype shared
between Dmn-depleted egg chambers and oskar protein-null
mutants. These results suggest that Dmn has additional roles
in endocytosis that are independent from its function in oskar
mRNA localization.

Specificity of the Dmn depletion phenotype

We next determined whether the Dmn depletion phenotypes
could be rescued by transgenic expression of wild-type Dmn.
An shRNA-refractory construct was generated in which GFP-
Dmn was expressed under the control of the germline-specific
vasa promoter (GFP-dmn™) (Sano et al. 2002). The shRNA-
targeting sequence within this construct was mutated such
that it was no longer recognized by the shRNA yet was capa-
ble of encoding a wild-type protein (Figure 4A). When this
transgene is coexpressed with dmn shRNA-A, endogenous
Dmn will be depleted. However, mutant phenotypes should
be complemented by the transgenic GFP-Dmn'ef, For simplic-
ity, we will refer to these as “rescue egg chambers.”
GFP-Dmn*f is expressed in the rescue egg chambers and is
enriched at the posterior pole (Figure 4B). Furthermore, yolk
autofluorescence is restored to wild-type levels in rescue egg
chambers (Figure 4C). The vesicular structures that were
observed in Dmn-depleted oocytes were seen in only 15%
of rescue egg chambers (Figure 2H). The remaining 85% of
oocytes resembled wild type (Figure 2H and Figure 4C’). We
also examined uptake of mRFP-RAP in control and rescue
egg chambers. As noted previously, at 30 min, mRFP-RAP
was detected around the entire cortex of control oocytes
(Figure 4D). A subtle difference was observed in rescue
egg chambers. Although mRFP-RAP was observed at high
levels around the cortex, it was often reduced in abundance
along the anterior-lateral cortex (Figure 4E). At 120 min of
uptake, control oocytes contained abundant mRFP-RAP
particles within their interior (Figure 4F). In rescue egg

levels of signal, red indicates moderate signal, and white indicates high levels of signal. DIC images of these egg chambers are shown in A’, B’, C" and
D’. The arrows indicate enlarged vesicular structures. (E-G) DIC images of mature stage 14 egg chambers expressing a control shRNA (E), dmn shRNA-A
(F), or dmn shRNA-B (G) are shown. The penetrance of the indicated phenotypes and the number of egg chambers counted are indicated. (H)
Quantification of endocytic phenotypes. Egg chambers from the indicated genotypes were scored for the presence of yolk and large vesicular structures.
The percentage of each phenotype observed and the number of egg chambers counted for each genotype are indicated. “Rescue” indicates flies that
are coexpressing dmn shRNA-A and GFP-dmn'e’. dmn shRNA-A and rab5543N were coexpressed using the maternal a-tubulin driver. (I-L) Egg chambers
expressing a control shRNA (I), dmn shRNA-A (J and K), or dmn shRNA-B (L) were processed for FM4-64 uptake. The egg chambers were mounted on
slides and imaged live. Large vesicles that were positive for FM4-64 are indicated by arrows. (M and N) Egg chambers expressing a control shRNA (M) or
dmn shRNA-A (N) were processed for mRFP-RAP endocytosis (red). The egg chambers were incubated with mRFP-RAP for 30 min. They were then fixed
and stained with DAPI to reveal nuclei (cyan). (O and P) Egg chambers from these same strains were incubated with mRFP-RAP for 120 min to monitor
endocytic maturation (red). They were then fixed and stained with DAPI to reveal nuclei (cyan). The arrow indicates enlarged mRFP-RAP endosomes.
(Q-S) Egg chambers expressing a control shRNA (Q) or dmn shRNA-A (R and S) were fixed and processed for immunofluorescence using an antibody
against Chc (green). S’ represents the DIC image of the oocyte in S. The white arrows in S’ indicate enlarged endosomes. The percentage of the
phenotypes observed and the number of egg chambers counted are indicated. Bar, 50 um.

Function of Dynamitin in Endocytosis 637


http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0003015.html
http://flybase.org/reports/FBgn0283442.html

4

— |dmn shRNA-A dmn shRNA-A

E = @ Localized
@ Oocyte diffuse
O Nurse cells + oocyte

| dmn shRNA-B

no probel

80 n=94

con shRNA con shRNA

Stau/

Percent phenotype
@
3

dmn shRNA-A dmn shRNA-B

control

osk®losk Def

Figure 3 oskar mRNA is delocalized in Dmn-depleted egg chambers. (A-D) Egg chambers expressing a control shRNA against eb7 (A), dmn shRNA-A
(B and C), or dmn shRNA-B (D) were fixed and processed for in situ hybridization using an anti-sense probe against oskar mRNA (green). The egg
chambers were counterstained with ToPro3 to reveal nuclei (red). The egg chambers in B, C, and D were imaged under a higher gain setting in
comparison to those in A. This was required to visualize the delocalized oskar mRNA signal. (E) Quantification of oskar mRNA localization phenotypes.
The number of egg chambers counted for each genotype and the percentage of each phenotype observed are indicated. The green bars indicate a wild-
type localization pattern. The red bars indicate egg chambers in which signal for oskar mRNA is present within the oocyte in a diffuse pattern with
residual enrichment at the posterior pole (“Oocyte diffuse”). The yellow bars indicate egg chambers in which oskar mRNA signal could be detected
within the nurse cell cytoplasm in addition to the oocyte (“Nurse cells + oocyte”). (F) Egg chambers expressing a control shRNA were fixed and processed
for in situ hybridization. For this experiment, no RNA probe was used, but the egg chambers were processed using the mouse anti-DIG antibody and the
tyramide amplification step (green). The egg chambers were imaged under the same gain setting used in B, C, and D. The egg chambers were
counterstained with ToPro3 to reveal nuclei (red). (G) Egg chambers expressing a control shRNA were fixed and processed for in situ hybridization using
a sense probe against oskar mRNA (green). Five times more sense probe was used in this experiment in comparison to the anti-sense probe used in A-D.
The egg chambers were imaged using the same gain setting as in B, C, and D. The egg chambers were counterstained with ToPro3 to reveal nuclei (red).
(H-J) Egg chambers expressing a control shRNA against eb? (H), dmn shRNA-A (I), or dmn shRNA-B (J) were fixed and processed for immunofluores-
cence using an antibody against Staufen (green). The egg chambers were also counterstained to reveal F-actin (red). (K and L) Egg chambers from wild-
type flies (K), or oskar protein null flies (L) were fixed and stained to reveal the actin cytoskeleton (green). Autofluorescent yolk particles are displayed
using a color-coded range indicator. L’ represents the DIC images of the egg chamber depicted in L. (M and N) Egg chambers from wild-type flies (M) or
oskar protein null flies (N) were fixed and processed for immunofluorescence using an antibody against Chc (green). Bar, 50 um.

chambers, mRFP-RAP could be detected within the oocyte
interior. However, the particles of mRFP-RAP were slightly
enlarged in comparison to the control (Figure 4G). Based
on these results, we conclude that GFP-Dmn'f is able to
partially rescue the endocytic phenotypes caused by Dmn
depletion.

We next examined whether GFP-Dmn*ef was able to rescue
the oskar mRNA localization defect caused by Dmn deple-
tion. As shown in the previous section, oskar mRNA was lo-
calized to the posterior pole in egg chambers expressing
a control shRNA (Figure 4H). A similar pattern was observed
in rescue egg chambers (Figure 4I). However, the level of
localized oskar mRNA was slightly reduced in comparison
to the control (Figure 41). It therefore appears that, although
GFP-Dmn*f is able to rescue the oskar mRNA localization
defect, the level of rescue is not complete.
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The reason for not observing complete rescue might have
to due with the presence of the GFP tag. The GFP tag might
partially affect the function of Dmn. Alternatively, GFP-
Dmn’f might not be expressed at sufficiently high levels
to completely compensate for loss of endogenous Dmn.
Nevertheless, based on the finding that two independent
shRNAs produce the same range of phenotypes, and that
GFP-Dmn"*f is able to partially rescue these phenotypes, it is
very likely that the endocytic and oskar phenotypes are
caused by specific depletion of Dmn.

Blocking endocytic maturation produces enlarged
acidic endosomes

To gain insight into the endocytic function of Dmn, we
examined phenotypes produced upon disrupting well-
characterized components of the endocytic pathway. Dynamin
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Figure 4 Rescue of Dmn depletion phenotypes. (A) The sequence targeted by dmn shRNA-A is indicated. Also indicated are the site-specific mutations
made within GFP-dmn"® (red). (B) Egg chambers from strains coexpressing dmn shRNA-A and GFP-dmn'ef were fixed and processed for immunoflu-
orescence using an antibody against GFP (green). The egg chambers were also counterstained for F-actin (red). (C) Egg chambers from strains
coexpressing dmn shRNA-A and GFP-dmn'e’ were fixed and stained to reveal the actin cytoskeleton (green). The autofluorescent yolk particles are
displayed using a color-coded range indicator. ADIC image is shown in C'. (D and E) Egg chambers expressing a control shRNA (D) or coexpressing dmn
shRNA-A and GFP-dmn'ef (E) were processed for mRFP-RAP endocytosis (red). The egg chambers were incubated with mRFP-RAP for 30 min. They were
then fixed and stained with DAPI to reveal nuclei (cyan). (F and G) Egg chambers from these same strains were incubated with mRFP-RAP for 120 min to
monitor endocytic maturation (red). They were then fixed and stained with DAPI to reveal nuclei (cyan). (H and 1) Egg chambers expressing a control
ShRNA (H) or coexpressing dmn shRNA-A and GFP-dmn'ef (1) were fixed and processed for in situ hybridization using an anti-sense probe against oskar
mMRNA (green). The egg chambers were counterstained with ToPro3 to reveal nuclei (red). Bar, 50 pm.

is a GTPase involved in scission of coated pits at the cell
surface (Ramachandran 2011). The Drosophila homolog of
Dynamin is shibire and disrupting its activity results in
endocytic defects (Tsuruhara et al. 1990; Chen et al. 1991;
van der Bliek and Meyerowitz 1991). Consistent with these
studies, shRNA-mediated depletion of Shibire produced
oocytes that were devoid of autofluorescent yolk parti-
cles (Supporting Information, Figure S2A). Large vesicles
were not observed (Figure S2A’). We next depleted Rab5,
a protein that functions at early stages of endocytic mat-
uration, and one that is often used as a marker for early
endosomes (Chavrier et al. 1990). Consistent with results
observed using rab5 nulls (Compagnon et al. 2009), oocytes
depleted of Rab5 displayed minimal yolk autofluorescence
(Figure S2B). However, large vesicles were not observed in
these oocytes (Figure S2B’).

By contrast, disrupting endocytosis at stages downstream
of Rab5 produced enlarged endosomes. For example, expres-
sion of constitutively active Rab5 prevents maturation of
early endosomes to late endosomes. In mammalian cells,
this results in enlarged endosomes (Stenmark et al. 1994).
Expression of Rab5Q88L, a constitutively activated form of
Drosophila Rab5, produced oocytes with large vesicular struc-
tures (Figure 5, A’, B’, and C"). In ~50% of these oocytes, the
vesicles emitted a similar level of autofluorescence as the
control (Figure 5, A and B). In the remainder, the vesicles

emitted elevated levels of autofluorescence (Figure 5C). The
example shown in Figure S2C has two adjacent egg cham-
bers. Both of these contain enlarged vesicles (Figure S2C’).
However, one of the egg chambers displayed a much higher
level of autofluorescence in comparison to the other (Figure
S2C). The reason for this heterogeneity is unknown.

Enlarged endosomes were also produced upon shRNA-
mediated depletion of Rab7 or upon expression of Rab7T22N,
a dominant negative mutant of Drosophila Rab7 (Figure 5, D,
D’, and E; data not shown). The enlarged vesicles were par-
ticularly prominent in stage 14 egg chambers (Figure 5E;
data not shown). Rab7 is a component of late endosomes,
and in mammalian cells is required for maturation of late
endosomes to lysosomes (Huotari and Helenius 2011). It
should be noted that the Rab7 disruption phenotype was
milder in comparison to phenotypes observed upon depleting
Dmn or overexpressing Rab5Q88L. One possible explanation
is that the residual Rab7 activity present in these egg cham-
bers ameliorates the endocytic defect. Another possibility is
that endocytic maturation can at least partially occur in the
absence of Rab7. Consistent with the latter interpretation,
enlarged endosomes were more pronounced in mammalian
cells depleted of both Rab7 and Rab9 in comparison to cells
depleted of just Rab7 (Girard et al. 2014).

Collectively, these results suggest that enlarged endosomes
are produced when endocytic maturation is blocked downstream
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Figure 5 Blocking endocytic maturation produces enlarged endosomes. (A-E) The following strains were fixed and stained to reveal the actin
cytoskeleton: con shRNA (A), rab5 Q88L (B and C), and rab7 shRNA (D and E). The shRNAs and the rab5 Q88L construct were expressed using the
maternal a-tubulin-Gal4 driver. The autofluorescent yolk particles are displayed using a color-coded range indicator. DIC images of these egg chambers
arein A’, B’, C’, and D'. A stage 14 egg chamber expressing rab7 shRNA is shown in E. The efficacy of Rab5 and Rab7 depletion is shown in Figure S1,
A-D. (F and G) Egg chambers from a strain expressing TagRFPt-2xFYVE (F) or from a strain coexpressing dmn shRNA-A and TagRFPt-2xFYVE (G) were
fixed and stained to reveal the actin cytoskeleton (green). The inset in D’ shows enlarged endosomes that are present in the Dmn-depleted strain (G”).
(H) Egg chambers from a strain coexpressing rab5 shRNA and TagRFPt-2xFYVE were fixed and stained to reveal the actin cytoskeleton (green). (1) Egg
chambers from a strain coexpressing rab5 Q88L and TagRFPt-2xFYVE were fixed and stained to reveal the actin cytoskeleton (green). The enlarged RFP-
positive vesicles observed upon overexpression of constitutively active Rab5 are indicated (I'). Bar, 50 um.

of Rab5. To test this hypothesis, we examined the localization of
vesicles containing phosphatidylinositol 3-phosphate (PI3P), a
lipid modification that occurs downstream of Rab5 (Christoforidis
et al. 1999). A tool commonly used to visualize PI3P vesicles
is the 2xFYVE reporter (Gillooly et al. 2000). Recruitment of
Vps34 by Rab5 generates PI3P on membranes of early endo-
somes, enabling their recognition by the 2xFYVE reporter
(Christoforidis et al. 1999; Behnia and Munro 2005). In con-
trol oocytes, RFP-2xFYVE vesicles were localized adjacent to
the cortex (Figure 5F). In Dmn-depleted oocytes, the RFP-
2xFYVE vesicles were much larger and were distributed
throughout the oocyte (Figure 5, G and G').

The observation that many of the enlarged endosomes in
Dmn-depleted oocytes were positive for RFP-2xFYVE indi-
cates that they are formed downstream of Rab5. The 2xFYVE
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reporter has been extensively used in mammalian cell culture
experiments. However, this is the first use of the 2xFYVE
reporter in Drosophila oocytes. To validate this reporter, we
examined whether RFP-2xFYVE vesicles would be present in
Rab5-depleted egg chambers. RFP signal was observed in
Rab5-depleted oocytes, but was not localized to vesicles (Fig-
ure 5H). By contrast, enlarged endosomes produced upon
Rab5Q88L overexpression were positive for RFP-2xFYVE
(Figure 5, 1 and I'). Thus, as in mammals, formation of
PI3P vesicles in Drosophila occurs downstream of Rab5.

We observed a subtle difference in the localization of RFP-
2xFYVE in Dmn-depleted oocytes in comparison to Rab5Q88L
overexpressing oocytes. In Rab5Q88L oocytes, the RFP-
2xFYVE signal was often present uniformly around the entire
circumference of enlarged vesicles (Figure 5I). By contrast,
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the RFP-2xFYVE signal was present in a more sporadic pat-
tern around the circumference of the enlarged endosomes in
Dmn-depleted oocytes (Figure 5G). At present, the mecha-
nistic reason for this difference is unclear.

In many cell types, late endosomes fuse with acidic organelles
known as lysosomes. Condensed yolk granules are thought to be
modified lysosomes that serve a storage function rather than
a degradative role. Whether the condensed yolk granule rep-
resents an acidic structure, however, is unknown. We examined
stage 10 oocytes using the dye Lysotracker. Lysotracker emits
very little fluorescence in a neutral environment, but fluoresces
brightly with a drop in pH. Given that the yolk granule is
a storage organelle, we were surprised to find that yolk granules
in control oocytes were Lysotracker-positive (Figure 6A). In fact,
yolk granules emitted much more Lysotracker signal than the
traditional lysosomes present in the overlying somatic follicle
cells (Figure 6, A and A’). The one population of follicle cells
that displayed high levels of Lysotracker signal were the migra-
tory border cells (data not shown). Lysotracker signal is repre-
sented in these images using the same black-to-red color-coded
range indicator that was used in previous experiments. To en-
sure that the Lysotracker signal was not in fact autofluorescent
yolk, we imaged egg chambers that were not incubated with
the dye under the same setting. Under these conditions, no
signal was observed (data not shown).

We next examined Dmn-depleted oocytes. The enlarged
endosomes in Dmn-depleted oocytes were also Lysotracker-
positive (Figure 6, B, B’, C, and C'). By contrast, Rab5-depleted
oocytes were almost completely negative for Lysotracker sig-
nal (Figure 6, D and D’). Thus, acidification appears to occur
downstream of Rab5. Consistent with this notion, the enlarged
endosomes observed in egg chambers overexpressing consti-
tutively active Rab5 (Rab5Q88L) were also Lysotracker-positive.
Approximately 50% of these oocytes displayed similar levels
of Lysotracker signal as control oocytes (Figure 6, E and E’).
The remainder displayed very high levels of Lysotracker sig-
nal (Figure 6, F and F'). The reason for these pleiotropic
phenotypes is unknown. Finally, enlarged endosomes ob-
served upon depletion of Rab7 or upon overexpression of
dominant negative Rab7 (Rab7T22N) were also Lysotracker
positive (Figure 6, G, G’, H, and H').

The results presented in Figure 5 and Figure 6 suggest that
the enlarged endosomes observed in Dmn-depleted oocytes
are produced downstream of Rab5. As a final test of this
hypothesis, we examined endocytic phenotypes in flies that
were depleted of Dmn and simultaneously overexpressing
dominant negative Rab5 (Rab5 S43N). Consistent with our
hypothesis, the number of egg chambers containing enlarged
endosomes was significantly reduced under these conditions
(Figure 2H; Figure S2, D and E).

Ultrastructural analysis of Dmn-depleted oocytes

Control and Dmn-depleted oocytes were next examined using
electron microscopy. Condensed yolk granules were abundant
in control oocytes (Figure 7A, YG). In contrast, oocytes
expressing dmn shRNA-A contained significantly fewer yolk

granules (Figure 7B). At higher magnification, numerous
coated pits and vesicles were detected along the entire oocyte
cortex of control egg chambers (Figure 7C, arrows). Although
the Dmn-depleted oocyte was not devoid of coated pits and
vesicles (Figure 7D, arrows), they were sparsely detected at
the oocyte cortex (Figure 7E). The example shown in this EM
image most likely corresponds to those egg chambers that
exhibit minimal yolk autofluorescence and in which endo-
cytic factors such as Chc are largely delocalized from the
cortex. We interpret these egg chambers to be compromised
in endocytic uptake.

However, even these Dmn-depleted egg chambers con-
tained numerous endocytic intermediate structures. For ex-
ample, electron-lucent endosomes containing intraluminal
vesicles were observed (Figure 7, D and E, arrowheads). In
addition, endosomes containing partially condensed yolk
were also seen (Figure 7, D and E, asterisks). Within this
category, a qualitative difference was noted between Dmn-
depleted and control oocytes. In control oocytes, yolk pro-
teins detach from the membrane of early endosomes and
condense into an electron-dense aggregate within the lumen
of the vesicle (Figure 7C, asterisks). By contrast, in Dmn-
depleted oocytes, yolk proteins remained attached to the
membrane of enlarged endosomes in a partially condensed
state (Figure 7, D and E, asterisks and arrowheads).

Similar, but milder, phenotypes were observed in egg
chambers expressing dmn shRNA-B. The number of con-
densed yolk granules were higher in these oocytes in com-
parison to those expressing dmn shRNA-A (Figure S3, A and
B). However, as with the more severely affected strain,
oocytes expressing dmn shRNA-B contained a large number
of endocytic intermediates (Figure 7F; Figure S3, C and D).

Collectively, these findings suggest that Dmn functions
directly or indirectly in promoting maturation of early endo-
somes into mature condensed yolk granules. A defect in these
processes results in fewer condensed yolk granules and a con-
current increase in the number of endocytic intermediates.

Microtubule polarity in Dmn-depleted egg chambers

One explanation for the endocytic defects that are observed
upon Dmn depletion is that oocyte microtubules are compro-
mised. We therefore examined microtubule organization us-
ing several markers. The first maker used was an antibody
against a-tubulin. Control oocytes contained a dense ar-
rangement of microtubules at the anterior margin of the oo-
cyte and along the cortex (Figure 8A). The organization of
microtubules along the anterior of Dmn-depleted oocytes
was relatively unaffected (Figure 8B). However, a-tubulin
staining was reduced along the cortex in Dmn-depleted
oocytes (Figure 8B, arrows).

We next examined the distribution of microtubule plus-
ends using a well-characterized reporter in which the motor
domain of Kinesin-1 is fused to B-galactosidase (3-gal) (Clark
et al. 1994). Using this marker, microtubule plus-ends are
observed at the posterior pole of stage 9 and 10a oocytes
(Clark et al. 1994). This polar distribution is lost by stage
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10b (Clark et al. 1994). The localization of Kinesin B-gal
was similar in control and Dmn-depleted stage 9 egg cham-
bers (Figure 8, C, D, and E, arrow). By contrast, in stage 10a
egg chambers, the posterior localization of Kinesin B-gal
was reduced upon Dmn depletion (Figure 8, F, G, and H,
arrows).

Oskar protein is involved in recruiting microtubule plus-
ends to the oocyte posterior (Zimyanin et al. 2007; Sanghavi
et al. 2012). As noted previously, Dmn depletion results in
strong delocalization of oskar mRNA (Figure 3). Because
translation of oskar mRNA is linked to its posterior localiza-
tion, the level of Oskar protein is reduced upon Dmn depletion
(data not shown). As a result of this reduction in Oskar protein,
the posterior localization of Kinesin 3-gal is compromised in
Dmn-depleted egg chambers. However, this is unlikely to be
the cause of the observed endocytic phenotypes. As shown
previously, oskar protein null oocytes do not contain enlarged
endocytic vesicles, and the localization of Chc is relatively un-
affected (Figure 3, L’ and N). In addition, endocytic intermedi-
ates similar to those described in Figure 7 were not seen in
oskar protein nulls (Vanzo et al. 2007). However, Zimyanin
et al. have shown that posterior Kinesin B-gal localization
is severely compromised in oskar protein null oocytes
(Zimyanin et al. 2007). Thus, a reduction in posterior mi-
crotubule plus-ends is not associated with the same range
of endocytic phenotypes as Dmn depletion.
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Figure 6 The enlarged vesicles are
Lysotracker-positive. (A-D) Egg cham-
bers expressing a control shRNA
(A), dmn shRNA-A (B and C) or rab5
shRNA (D) were processed live for
Lysotracker staining. The egg cham-
bers were then fixed and imaged.
Lysotracker signal is displayed using
a color-coded range indicator. Black
pixels represent no signal, red pixels
represent moderate levels of signal,
and white pixels represent high signal.
(E and F) Egg chambers expressing
rab5 Q88L using the maternal
a-tubulin-Gal4 driver were processed
as in A. Approximately 50% of these
egg chambers contained enlarged
endosomes that displayed a similar
level of Lysotracker staining as control
oocytes (E and E’). The remainder
contained enlarged endosomes that
displayed a very high level of Lyso-
tracker staining (F and F’). (G and H)
Egg chambers expressing rab7 shRNA
(G) or rab7 T22N (H) using the mater-
nal a-tubulin-Gal4 driver were pro-
cessed as in A. Depletion of Rab7
(G and G’) or overexpression of dom-
inant negative Rab7 (H and H’) pro-
duced Lysotracker-positive enlarged
endosomes.

Finally, we examined the distribution of microtubule minus-
ends using an antibody against y-tubulin. Although the stain-
ing of y-tubulin within follicle cells was somewhat irregular,
we observed a consistent reduction in the level of cortically
localized vy-tubulin within the oocyte of Dmn-depleted egg
chambers (Figure 8, I, J, and K). Thus, upon depletion of
Dmn, the abundance of microtubule minus-ends localized to
the oocyte cortex is reduced.

Taken together, these results suggest that microtubule
organization is altered upon Dmn depletion. It is therefore
possible that this altered microtubule organization is at least
partially responsible for the endocytic phenotypes observed
upon Dmn depletion. It should be noted, however, that not all
microtubule-dependent processes were affected. For exam-
ple, the oocyte nucleus was able to migrate toward the
anterior of the oocyte upon Dmn depletion. Anterior migration
of the oocyte nucleus requires a polarized microtubule cyto-
skeleton (Zhao et al. 2012). Although anchoring of the oocyte
nucleus at the anterior cortex was sometimes compromised
in Dmn-depleted oocytes, the initial migration of the nucleus
away from the posterior pole was unaffected (data not
shown). In fact, enlarged endosomes were often detected
in oocytes with a correctly positioned nucleus (Figure S2,
F and F’). In addition, despite the fact that oskar mRNA
was delocalized in Dmn-depleted egg chambers, the mRNA
was diffusely distributed and did not accumulate in foci
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(Figure 3, B-D). Localization of oskar mRNA to discrete foci is
often observed in mutants with defective microtubule polar-
ity (Yano et al. 2004; Tanaka and Nakamura 2008; Morais-
de-Sa et al. 2014).

Dynein and Lis1 are required for endocytosis

Dmn is a component of the Dynactin complex, a well-charac-
terized regulator of Dynein (Schroer 2004). To directly test the
role of Dynein in endocytosis, we depleted Dhc in mid and late
stage egg chambers using a published shRNA (Sanghavi et al.,
2013). Depletion of Dhc, the motor subunit of the Dynein com-
plex, produced the full range of phenotypes observed upon
Dmn depletion (Figure 9, A-C and E). We next examined the
consequence of depleting Lis1, another well-known regulator
of Dynein. Because antibodies that are capable of detecting
endogenous Lis1 are unavailable, we validated the lis1 shRNA
in S2 cells using a GFP-tagged Lis1 construct. The level of GFP-
Lis1 was significantly reduced upon expression of lis1 shRNA,
but not a control shRNA (Figure S1I). We then expressed lis1
shRNA in stage 10 egg chambers. As with Dhc depletion, yolk
autofluorescence was reduced in these egg chambers, and en-
larged endosomes were detected (Figure 9, D and E).

Figure 7 Ultrastructural analysis of
Dmn-depleted oocytes. (A and B)
Control egg chambers (A) and egg
chambers expressing dmn shRNA-A
(B) were fixed and processed for
electron microscopy. Bar, 5 pm.
(C-F) High-magnification views of
control egg chambers (C) and egg
chambers expressing dmn shRNA-A
(D and E) or dmn shRNA-B (F). Bar,
500 nm. “YG" indicates condensed
yolk granules. “M" indicates mito-
chondria. Arrows indicate coated
pits and coated vesicles. Arrow-
heads indicate endogytic intermedi-
ate structures containing some yolk
and intraluminal vesicles. Asterisks
indicate endocytic vesicles with par-
tially condensed yolk proteins. In
most of these vesicles, the yolk
proteins remained attached to the
membrane.

We also examined uptake of mRFP-RAP in Dhc- and Lis1-
depleted oocytes. As noted previously, mRFP-RAP could be
detected around the cortex of control oocyte (Figure 9F). By
contrast, Dhc-depleted oocytes were severely compromised
in mRFP-RAP uptake (Figure 9G). Cortically localized mRFP-
RAP could be detected in Lis1-depleted oocytes, but at a lower
level in comparison to the control (Figure 9H). In addition,
staining Dhc- and Lis1l-depleted oocytes with Lysotracker
revealed that the enlarged endosomes were acidic (Figure
9, I-K). These results suggest that, in addition to Dmn, Dy-
nein and its regulator Lis1 are required for efficient endocy-
tosis in Drosophila oocytes.

Dynein and BicD localize to the oocyte cortex in an
endocytosis-dependent manner

Endocytic factors localize along the oocyte cortex with an
enrichment at the posterior pole (Tanaka and Nakamura
2008). Consistent with an endocytic role for Dynein, the mo-
tor localized at the oocyte cortex, partially colocalizing with
Chc, Rab5, and Rab7 (Figure 10, A-F; data not shown). The
same localization was also observed for Glued, a component
of the Dynactin complex (data not shown). We attempted to
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Figure 8 Microtubule polarity in Dmn-depleted oocytes. (A and B) Egg
chambers expressing a control shRNA (A) and dmn shRNA-A (B) were
fixed and processed for immunofluorescence using an antibody against
a-tubluin (green). Arrows indicate reduced a-tubulin staining along the
cortex of Dmn-depleted egg chambers. (C—E) Egg chambers expressing
a control shRNA (C), dmn shRNA-A (D), or dmn shRNA-B (E) along with
the kinesin B-gal reporter were fixed and processed for immunofluores-
cence using an antibody against B-galactosidase (red). The oocytes
were also counterstained with DAPI to reveal nuclei (cyan). Kinesin
B-gal is a marker for microtubule plus-ends. Stage 9 egg chambers
are depicted. The arrow indicates posterior Kinesin B-gal. (F-H) Stage
10 egg chambers from strains expressing a control shRNA (F), dmn
shRNA-A (G), or dmn shRNA-B (H) along with the kinesin B-gal reporter
were fixed and processed for immunofluorescence using an antibody
against B-gal (red). The oocytes were also counterstained with DAPI to
reveal nuclei (cyan). The arrow indicates posterior Kinesin B-gal. (I-K)
Egg chambers expressing a control shRNA (1), dmn shRNA-A (J), or dmn
shRNA-B (K) were fixed and processed for immunofluorescence using
an antibody against y-tubulin (red). y-Tubulin is a marker for micro-
tubule minus-ends. Bar, 50 pm.

determine the ultrastructural localization of Dynein and Glued
using immunoelectron microscopy. Unfortunately, our efforts
using antibodies against these proteins were not successful.
We next determined whether active endocytosis was re-
quired for the cortical localization of Dynein. In contrast to
control oocytes, Dynein was completely delocalized from the
cortex in egg cambers depleted of either Shibire or Rab5
(Figure 10, G and H; data not shown). While this article
was in preparation, Vazquez-Pianzola et al. demonstrated
a role for Bicaudal-D (BicD) in the cortical localization of
Chc (Vazquez-Pianzola et al. 2014). BicD is an adaptor of
the Dynein motor and has been shown to directly interact
with Che (Liet al. 2010). We therefore examined the localization
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of BicD in oocytes that were depleted of Rab5. Although BicD
was not excluded from the oocyte cortex, its enrichment at
the cortex was lost upon depletion of Rab5 (Figure 10, I and
J). By contrast, the localization of Chc was relatively unaf-
fected. Some signal for Chc was detected within the oocyte
cytoplasm in Rab5-depleted oocytes (Figure 10, K and L).
However, the majority of Chc remained localized along the
oocyte cortex (Figure 10, K and L). Based on these results, we
conclude that active endocytosis recruits BicD and Dynein to
the oocyte cortex.

Discussion

The Dynactin complex has been shown to function as a
critical regulator of the minus-end microtubule motor Dynein
(Kardon and Vale 2009). A central component of this complex
is Dynamitin/p50. Overexpression of Dmn has been shown to
dissociate the Dynactin complex, thus resulting in inhibition
of Dynein activity (Echeverri et al. 1996; Burkhardt et al.
1997; Eckley et al. 1999; Schroer 2004). More recently, stud-
ies have shown that small interfering RNA-mediated deple-
tion of Dmn also results in inhibition of Dynein function
(Raaijmakers et al. 2013). The goal of this project was to
examine the role of Dmn in endocytosis using the Drosophila
oocyte as a model. Most studies addressing the mechanism of
endocytic trafficking use transformed cell lines. The advan-
tage of the Drosophila oocyte is that it enables an examination
of endocytosis in the context of native tissues.

The primary endocytic cargo of vitellogenic stage egg cham-
bers are the Yolk proteins. Yolk proteins are internalized into the
oocyte via clathrin-mediated endocytosis. Subsequent traffick-
ing via the endocytic pathway results in formation of condensed
yolk granules (DiMario and Mahowald 1987; Tsuruhara et al.
1990; Schonbaum et al. 2000). Our findings indicate that Dmn
is required for efficient endocytic uptake of Yolk proteins as
well as their maturation into condensed yolk granules.

How does Dmn function in endocytosis? The observation
that Dhc and Lisl depletion produces the same range of
endocytic phenotypes as Dmn depletion suggests that this
function involves regulation of the Dynein motor (Figure 9).
In Dmn-depleted oocytes that were severely compromised,
Chc was delocalized from the cortex (Figure 2R). Conse-
quently, these oocytes contained only a small number of yolk
granules (Figure 2B and Figure 7B). These severely compro-
mised egg chambers reveal a role for Dmn in endocytic up-
take. The function of Dynein in endocytic uptake likely
involves efficient localization of the Clathrin complex at the
oocyte cortex (Figure 10M). This is consistent with recent
findings of Vazquez-Pianzola et al. who demonstrated a role
for the Dynein adaptor BicD in the cortical localization of Chc
(Vazquez-Pianzola et al. 2014).

Oocytes containing enlarged vesicular structures were also
observed upon Dmn depletion. Within this class of more
mildly affected egg chambers, Chc remained localized at
the oocyte cortex, suggesting that at least some level of
endocytic uptake was ongoing (Figure 2S). We interpret this
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50 pm.

class of oocytes to be compromised in endocytic maturation.
We hypothesize that the enlarged vesicles represent stalled
endocytic intermediates (Figure 10M and Figure S4).

An alternative explanation for the enlarged structures is
that they represent a defect in the biosynthetic pathway and
are produced as a consequence of defective exocytosis. Several
genes that function in the secretory pathway, such as jagunal
(jagn), sec5, and trailer hitch (tral), have been characterized.
In these mutants, the Y1 receptor either was absent along the
anterior-lateral cortex or was mis-localized within cytoplas-
mic foci (Murthy and Schwarz 2004; Sommer et al. 2005;
Wilhelm et al. 2005; Lee and Cooley 2007). This was not
the case in Dmn-depleted oocytes (Figure S2, G and H). In
addition, ultrastructural studies on jagn and sec5 mutant
oocytes did not reveal enlarged membrane-bound structures
containing intraluminal vesicles (Sommer et al. 2005; Lee
and Cooley 2007). It is therefore unlikely that these struc-
tures are produced due to defects in the biosynthetic path-
way. Yet another explanation is that these structures
represent aberrant, enlarged lipid droplets. However, the
large structures were not labeled with Nile Red, a marker for
lipid droplets (Figure S2, I and J) (Yu et al. 2011).

As noted above, we favor the hypothesis that these large
vesicles represent stalled endocytic intermediates. We further
hypothesize that these vesicles are produced at a step that is
downstream of Rab5. Several lines of evidence support this
interpretation. Expression of constitutively active Rab5 in
mammalian cells and Drosophila oocytes results in formation
of enlarged endosomes (Stenmark et al. 1994) (Figure 5, B
and C; Figure S4). Depletion of Mon1/Sand-1 in Caenorhab-
ditis elegans and Drosophila neurons also generates enlarged
endosomes (Poteryaev et al. 2010; Yousefian et al. 2013).
Monl/Sand-1 is involved in conversion of Rab5-positive early
endosomes into Rab7-positive late endosomes (Poteryaev
et al. 2010) (Figure S4). Similarly, depletion of Rab7 in mam-
malian cells and Drosophila oocytes also resulted in forma-
tion of enlarged vesicles (Figure 5, D and E) (Vanlandingham
and Ceresa 2009; Girard et al. 2014). Thus, much like
Dmn depletion, blocking endocytic maturation downstream
of Rab5 produces enlarged endosomes.

A downstream effector of Rab5 is the kinase Vps34
(Christoforidis et al. 1999). Recruitment of Vps34 generates
PI3P on membranes of early endosomes (Christoforidis et al.
1999; Behnia and Munro 2005) (Figure S4). Many of the
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Figure 10 Dynein localizes at the oocyte cortex in an endocytosis-dependent manner. (A-C) Wild-type egg chambers were fixed and processed for
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model illustrating the role of Dynein in yolk protein endocytosis. We propose that BicD in association with the Dynein motor functions to localize clathrin
heavy chain at the oocyte cortex. If this process is compromised, it results in oocytes with minimal yolk granules. In addition, during later stage of
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enlarged vesicles in Dmn-depleted oocytes were positive for
the 2xFYVE reporter, a tool commonly used to detect PI3P
membranes (Gillooly et al. 2000) (Figure 5G). By contrast,
2xFYVE-positive vesicles were not observed in egg chambers
depleted of Rab5 (Figure 5H). In mammalian cells, proteins
of the ESCRT complex are known to bind to the PI3P on early
endosomes and to induce formation of intraluminal vesicles
(Raiborg and Stenmark 2009) (Figure S4). By ultrastructural
analysis, we observed numerous endocytic intermediates
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containing intraluminal vesicles in Dmn-depleted oocytes
(Figure 7). These types of vesicles were rarely seen in the
control, owing most likely to their rapid conversion to con-
densed yolk granules (Figure 7) (Schonbaum et al. 2000).
Finally, we have demonstrated that the enlarged vesicles in
Dmn-depleted oocytes are Lysotracker-positive (Figure 6, B
and C). Thus, they represent an acidic compartment. Lyso-
tracker-positive vesicles were absent in egg chambers that
were depleted of Rab5 (Figure 6D). However, they were
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abundantly detected in egg chambers expressing constitu-
tively active Rab5 or in egg chambers that were depleted of
Rab7 (Figure 6, E-H).

Based on these collective observations, we propose that
Dmn is required for efficient maturation of early endosomes to
late endosomes in the Drosophila oocyte (Figure 10M and
Figure S4). A slowdown in this process results in formation
of enlarged acidic endosomes. These endosomes are PI3P-
positive and contain intraluminal vesicles. More than likely,
Dmn performs this function in the context of the Dynein
motor.

Enlarged endosomes, similar to the kind described in this
report, were observed in primary mouse motor neurons that
were depleted of BicD1 (Terenzio et al. 2014). BicD1 is the
mammalian homolog of Drosophila BicD. Depletion of BicD1
in motor neurons resulted in delayed sorting of several
internalized endocytic cargoes and accumulation of these
cargoes within enlarged endosomes (Terenzio et al. 2014).
Expression of a mutant isoform of the Dynactin component,
Glued, in Drosophila neurons also resulted in enlarged endo-
somes that were positive for Rab7 (Lloyd et al. 2012). The
molecular mechanism leading to the formation of these en-
larged endocytic structures remains to be determined.

An important next step is to elucidate the precise role of
Dmn and Dynein in endocytic maturation. One potential role
for Dmn is in detachment of endocytic cargo from the mem-
brane of early endosomes. In control oocytes, the endocytosed
yolk proteins formed electron-dense aggregates within the
lumen of maturing endosomes (Figure 7A). By contrast, Dmn
depletion produced endocytic intermediates in which the in-
ternalized yolk proteins remained attached to the membrane
of the vesicle, often failing to coalesce into an electron-dense
structure within its center (Figure 7, D, E, and F).

Although numerous factors that function in uptake of yolk
proteins into the oocyte have been characterized, very little is
known regarding the mechanism by which early endosomes
are matured into condensed yolk granules. Ultrastructural
studies have been performed on rab5 null oocytes (Compagnon
et al. 2009). The mutant oocytes contained clathrin-coated
pits and early endosomes but few condensed yolk granules
(Compagnon et al. 2009). However, large multi-vesicular
bodies with yolk proteins still attached to the membrane
were not observed (Compagnon et al. 2009). Presumably,
these structures are formed downstream of Rab5 activity.
Further studies will be needed to fully elucidate the
mechanism of endocytic maturation in Drosophila
oocytes.
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Figure S1 Depletion of Rab5, Rab7, Yl, and Lis1.

A-B. Egg chambers expressing a control shRNA (A) or shRNA against rab5 (B)
were fixed and processed for immunofluorescence using an antibody against
Rab5. Representative egg chambers are shown. The arrow indicates somatic
border cells. Neither the driver nor the shRNA is expressed in these cells. The
border cells therefore represent a good control for the specificity of the depletion.
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C-D. Egg chambers expressing a control sShRNA (C) or shRNA against rab7 (D)
were fixed and processed for immunofluorescence using an antibody against
Rab7. Representative egg chambers are shown. The arrow indicates somatic
border cells.

E-F. Egg chambers expressing a control shRNA (E) or shRNA against yl (F)
were fixed and processed for immunofluorescence using an antibody against Yl.
Representative egg chambers are shown.

G-H. Egg chambers expressing a control shRNA (G) or shRNA against yl (H)
were fixed and stained to reveal the actin cytoskeleton (green). Auto-fluorescent
yolk particles are displayed using a color-coded range indicator.

|. Lysates were prepared from Drosophila S2 cells co-expressing either a control
shRNA against sh3px1 and GFP-Lisl1 (Lanes 1, 2) or lisl shRNA-A and GFP-
Lisl (Lanes 3, 4). The lysates were run on an SDS-PAGE gel and examined by
western blotting using an antibody against GFP. The blot was subsequently
stripped and re-probed using an antibody against gamma-tubulin.

The scale bar on these images represents 50 microns.
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Figure S2 Phenotypes associated with shRNA-mediated depletion.

A-B. Egg chambers expressing an shRNA against shibire (A) or rab5 (B) were
fixed and stained to reveal the actin cytoskeleton (green). Auto-fluorescent yolk
particles are displayed using a color-coded range indicator. DIC images are
shown in A’ and B’.

C. Egg chambers from a strain expressing rab5 Q88L is shown. The egg
chambers were fixed and stained to reveal F-actin (green). Yolk auto-fluorescent
is displayed using a color-coded range indicator. A DIC image of these egg
chambers is shown in C'.
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D-E. Egg chamber expressing a control shRNA (D) or co-expressing dmn
shRNA-A and rab5S43N (E) were fixed and stained to reveal the actin
cytoskeleton (green). Auto-fluorescent yolk particles are displayed using a color-
coded range indicator. DIC images are shown in D’ and E’.

F. Egg chambers expressing dmn shRNA-B (F) were fixed and stained using an
antibody against Lamin DmO (green). The DIC images is shown in F'.

G-H. Egg chambers expressing a control shRNA (G), or dmn shRNA-A (H) were
fixed and processed for immunofluorescence using an antibody against YI
(green). The immunofluorescence signal was superimposed on the DIC image of
the same egg chamber. Arrows indicate enlarged endosomes present in the Dmn
depleted oocytes.

I-J. Egg chambers expressing a control shRNA (I) or dmn shRNA-A (J) were
dissected and processed for Nile Red staining (red). DIC images are shown in I
and J'. The arrows indicate enlarged vesicles that are negative for Nile Red
staining.

The scale bar on these images represents 50 microns.
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Figure S3 Ultra-structural images of Dmn depleted oocytes.
A. The ultra-structure of an oocyte expressing a control shRNA is shown. The
scale bar is 2 microns.

B. The ultra-structure of an oocyte expressing a dmn shRNA-B is shown. The
scale bar is 2 microns.

C-D. The ultra-structure of oocytes expressing a dmn shRNA-B is shown. The
scale bar is 0.5 microns.

YG indicates condensed yolk granules. M indicates mitochondria. The red circles
indicate endocytic intermediates. The arrowhead indicates endocytic
intermediate structures containing some yolk and intraluminal vesicles. The
asterisk indicates endocytic vesicles with partially condensed yolk proteins.
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Figure S4 A model of endocytic maturation in mammalian cells.

Upon entry into the cell, some cargoes first traffic through a pre-Rab5
compartment. Subsequently, Rab5 associates with these vesicles. Often, these
are referred to as ‘early endosomes’. Next, the kinase Vps34 is recruited to these
endosomes by Rab5, thus generating phosphatidylinositol 3-phosphate (PI3P) on
the membrane of these vesicles. This phosphoinositide modification is
recognized by the 2xFYVE reporter. These vesicles also have a tendency to fuse
and become larger. Next, proteins of the ESCRT complex are recruited to early
endosomes by binding PI3P present on the membrane of these vesicles. The
ESCRT complex proteins are responsible for formation of intraluminal vesicles.
Subsequently, the protein Monl/Sand is recruited to these endosomes. The
activity of Monl/Sand results in displacement of Rab5 and in concomitant
recruitment of Rab7. These Rab7-positive vesicles are often referred to as ‘late
endosomes’. Finally, Rab7 promotes the fusion of late endosomes with
lysosomes.

5. Fusion of early endosomes

/

G. Liuetal. 7SI



