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ABSTRACT
The generation of cell polarity through the localization of specific mRNAs and
proteins to discrete subcellular sites is fundamental to asymmetric cell division, tissue
morphogenesis, cell migration, and most other developmental processes. While many
different localized mRNAs and proteins have been described, the mechanisms by which
such molecules become localized are only poorly understood.
In the first part of this dissertation, I describe my efforts to unravel the mechanism
by which gurken (grk) mRNA becomes localized to the anterodorsal corner of the
Drosophila oocyte during mid-oogenesis. Such localization is a key step in the
polarization of the mature Drosophila egg and future embryo; defects in grk mRNA
localization result in the production of depolarized eggs that give rise to embryos that fail
to specify ectodermal, endodermal and mesodermal germ layers and die before hatching.
I show, using a transgenic fly assay system, that a conserved sequence element within the
grk mRNA, called the GLS (grk localization sequence) is essential for anterodorsal
localization. My studies indicate that the GLS functions by mediating the association of
grk transcripts with a minus end directed microtubule (MT) motor protein, most probably
cytoplasmic dynein. Although MT minus ends are enriched around the nuclear membrane
in the oocyte’s anterodorsal corner, MT minus ends are also abundant along other regions
of the anterior cortex. My data force reconsideration of previous models of grk mRNA
localization which propose that grk mRNA transport complexes specifically associate
with that subset of MTs whose minus ends are concentrated around the oocyte nucleus.
Indeed my data suggest that grk mRNA transport particles associate with all MT
populations equally and that anterodorsal localization is brought about through repeated
iii

rounds of MT association and anterior transport accompanied by specific trapping of the
mRNA at the anterodorsal cortex. The mechanism by which grk becomes trapped is
unclear, but probably requires at least one RNA element in addition to the GLS.
The second part of the dissertation is focused on the mechanism by which Rab11,
a small GTPase best known for its role in trafficking vesicles from recycling endosomes
to the plasma membrane, polarizes Drosophila germline stem cells (GSCs). Specifically,
I present my characterization of a new Rab11 effector, dRip11 (Drosophila Rab11-family
interacting protein). First, I show that dRip11 binds to Rab11 in vitro. Second, I identify
a region within the Rab11 protein that is required for binding to dRip11. Third, I show
that dRip11 has overlapping expression pattern with Rab11 in GSCs and border cells
within the Drosophila ovary. Finally, I describe my attempt to generate and analyze
dRip11 mutations.
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Chapter I
Introduction
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1. DROSOPHILA OOGENESIS
The Drosophila female contains a pair of ovaries (Fig. 1.1A) in which oogenesis
takes place (Bastock and St Johnston, 2008). Each ovary is composed of about 15 tubelike structures called ovarioles (Fig. 1.1C and boxed area in Fig. 1.1A), with each
ovariole consisting of an anterior compartment, called the germarium (Fig. 1.1B), and a
posterior compartment, called the vitellarium (Fig. 1.1C). Oogenesis begins in germarial
region 1, the anterior-most of three germarial subcompartments, when a germline stem
cell (GSC) divides asymmetrically to give an anterior daughter, which regenerate the
stem cell and a posterior cystoblast, which goes on to divide and differentiate. Each
germarium contains 2-3 GSCs, which together with neighboring somatic cap, sheath and
terminal filament cells define the germline stem cell niche (Kirilly and Xie, 2007; Song et
al., 2002). The somatic niche cells provide chemical cues that help maintain stem cell
identity. Each GSC is attached to niche cap cells by adherens junctions and such
attachments are required for the maintenance of GSC identity (Bogard et al., 2007;
Kirilly and Xie, 2007; Song et al., 2002). Because GSCs divide along the anteroposterior
axis of the germarium, only the anterior daughter inherits the adherens junctions and
retains GSC identity. The posterior daughter (i. e., the cystoblast) divides 4 times with
incomplete cytokenesis to produce a 16-cell cyst that moves posteriorly and enters region
2a.
All 16 germline cyst cells are interconnected to each other via a series of 15
cytoplasmic bridges called ring canals, the remnants of incomplete cytokenesis during
cyst formation: the two first-generation cells, referred to as pro-oocytes, have 4 ring
canals each, the two second generation cells have 3 each, the four third generation cells
2

have 2 each, and the eight fourth generation cells have 1 each. One of the two cells with
four ring canals becomes the oocyte, while the other 15 cells adopt the nurse cell fate,
which are responsible for the synthesis of the majority of the RNAs and proteins found in
the developing oocyte, mature egg, and future embryo (Becalska and Gavis, 2009). The
oocyte is determined in region 2a as evident by its accumulation of specific marker
proteins, such as Orb, K10, Bicaudal-D (BicD), and Egalitarian (Egl) (Huynh and St
Johnston, 2004). The other pro-oocyte begins to accumulate oocyte-specific markers, but
such markers ultimately become concentrated in a single cell—the oocyte.
In germarial region 2b, the oocyte-nurse cell cyst flattens to form a one-cell thick
disc that extends the whole diameter of the germarium, with the oocyte positioned in the
center. Two or three somatic stem cells reside along the wall of the germarium at the
boundary of regions 2a and 2b, and give rise to three types of somatic follicle cells,
namely, main body follicle cells, polar cells, and stalk cells (Horne-Badovinac and
Bilder, 2005). As the germline cyst enters germarial region 3, it becomes encased in a
monolayer of follicle cells to form a stage 1 egg chamber (Fig. 1.1B). This monolayer is
composed of about 80 main body follicle cells, and 4 polar cells, 2 each at the posterior
and anterior ends of the egg chamber (Dobens and Raftery, 2000; Horne-Badovinac and
Bilder, 2005). The main body follicle cells have well-defined apical and basal surfaces
and resemble conventional epithelial cells, whereas the polar cells have a teardrop shape
and do not elaborate a distinctive apical-basal polarity. The stage 1 egg chamber
subsequently buds from the germarium into the vitellarium, where it continues to move
posteriorly and matures through 13 morphologically distinct stages (stages 2-14)
(Bastock and St Johnston, 2008; Horne-Badovinac and Bilder, 2005). Each budding egg
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chamber is separated from the next by 6-10 stalk cells, which are initially arranged as a
two-cell wide column but intercalate into a single-cell wide column, or stalk, by stage 3.
The stalk cells are subsequently targeted for programmed cell death and are not visible
after stage 5 or 6 (Dobens and Raftery, 2000). While germline cells and polar cells do not
divide during egg chamber maturation, the main-body follicle cells divide 4 times to
maintain coverage of the germline cyst which grows throughout oogenesis (HorneBadovinac and Bilder, 2005).
Nurse cells endo-replicate their DNA during each stage of oogenesis, reaching a
chromosome ploidy of ~1000 by stage 9, while the oocyte remains diploid. The nurse
cells are highly metabolically active during these early and middle stages of egg chamber
maturation. The oocyte is metabolically inactive during these stages and most of its
growth is due to its uptake of yolk protein, which is secreted into the surrounding
hemolymph by follicle cells during stages 7-9. During early stage 9, the oocyte nucleus
undergoes a distinct migration to the anterior cortex, orthogonal to the egg chamber’s
anteroposterior axis, thereby defines the dorsoventral axis of the oocyte, egg chamber and
future embryo. The RNAs of certain key regulatory proteins (e.g., gurken, bicoid, and
oskar) are selectively transported from nurse cells into the oocyte during stages 1-9 of
oogenesis, but most molecules are retained in nurse cells until stage 11, when nurse cells
indiscriminately dump their entire cytoplasmic contents into the oocyte (Cooley and
Theurkauf, 1994).
Beginning at stage 9 of oogenesis, the 2 anterior polar cells and 6-8 neighboring
main body follicle cells delaminate from the epithelium to form a “border cell” cluster
(Fig. 1.1D). This cluster subsequently migrates posteriorly through the nurse cell cluster
4

until it reaches the oocyte’s anterior surface. The border cells then migrate dorsally, i. e.,
toward the oocyte nucleus (Horne-Badovinac and Bilder, 2005; Montell, 2003), where
they secrete the micropyle and operculum, specialized components of the eggshell
designed for sperm entry and embryo hatching, respectively. The oocyte continues to
grow during these stages and by stage 10, accounts for about half of the total egg
chamber volume. Beginning at stage 10B, main body follicle cells start to secrete the
eggshell and extrachorionic layers (Horne-Badovinac and Bilder, 2005). Nurse and
follicle cells are subsequently targeted for cell death, and the oocyte is fertilized as it
passes through the oviduct and is oviposited (Horne-Badovinac and Bilder, 2005).

2. POLARITY IN OOGENESIS
The freshly laid Drosophila egg is highly polarized. As alluded to above, such
polarity arises slowly over the course of oogenesis and can be traced back to the earliest
steps.
In the germarium, for example, the GSCs divide along the anteroposterior axis of
the ovariole, such that the posterior cystoblast is displaced from the niche by a one-cell
diameter distance. Decapentaplegic (Dpp), the Drosophila Bone morphogenetic protein 4
(BMP4) homolog, is secreted from niche cells which flank the anterior end of the
germarium, and is required for maintenance of GSC identity. Because Dpp is a shortrange signal, the cystoblast does not receive sufficient quantities of the Dpp signal to
maintain GSC identity, and instead differentiates (Bogard et al., 2007; Ohlstein et al.,
2004; Xie and Spradling, 2000). The GSC is itself polarized as evident by the anterior
localization of the fusome (also called the spectrosome in GSCs), a membrane- and
5

spectrin-rich germline-specific organelle. The anterior localization of the fusome is
important in the maintenance of the adherens junctions between GSCs and niche cap cells
as it facilitates the polarized trafficking of E-Cadherin (E-Cad) from the fusome to the
niche-facing surface of the GSC.
The asymmetric position of the fusome within the GSC also facilitates the
polarization/positioning of the cystoblast and germline cyst, and is critical for oocyte
determination (Huynh and St Johnston, 2004). When a GSC divides, the fusome anchors
one pole of the mitotic spindle. Since the fusome is located at the anterior cortex of the
GSC, such anchoring orients the plane of division perpendicular to the anteroposterior
axis of the germarium, thus ensuring the birth of both an anterior and a posterior cell.
Prior to cytokinesis, the fusome spreads along the microtubule spindle, with about twothirds of it remaining in the GSC (anterior daughter cell) and one-third of it being
donated to the posterior cystoblast (Huynh and St Johnston, 2004). During the first
cystoblast division, the fusome again anchors a single mitotic spindle. New fusome
material known as a “plug” is assembled at the spindle mid-body, where it presumably
has a role in arresting cytokinesis. In this way, one of the first two cystocytes has more
fusome material than the other; it has all of the original fusome plus half of the plug,
while the other cystocyte has just half of the plug. The original fusome subsequently
fuses with the plug to form a single fusome that although shared by both cystocytes, is of
greater volume in one of the two cystocytes (Huynh and St Johnston, 2004). This general
scheme of mitotic spindle anchoring, fusome plug formation, and fusome fusion is
continued through the final three rounds of mitosis, such that the entire 16-cell cluster is
interconnected by a stereotypically branched fusome structure, with one cell containing
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more fusome than any of the others (Deng and Lin, 1997; Huynh and St Johnston, 2004;
Roth and Lynch, 2009). This cell goes on to become the oocyte, although the exact role
of the fusome in oocyte determination is obscure. Once the oocyte is determined, the
fusome is disassembled and replaced with a polarized microtubule (MT) cytoskeleton,
nucleated by a microtubule organization center (MTOC) located in the oocyte (Roth and
Lynch, 2009). MTs extend anteriorly from this MTOC and provide a means for the
selective transport for RNAs, proteins, vesicles, and other materials from nurse cells into
the oocyte (Becalska and Gavis, 2009; Cooley and Theurkauf, 1994; Roth and Lynch,
2009).
The enrichment of the fusome in a single cystocyte is not only important for
oocyte determination, but also for the subsequent positioning of the oocyte to the
posterior end of the nurse cell cluster. Such positioning is dependant on homotypic
interactions between E-Cad molecules located on the surface of the oocyte and posterior
polar follicle cells (Fig. 1.2A) (Gonzalez-Reyes and St Johnston, 1998). E-Cad is also
present on the surface of nurse cells, however, because E-Cad is enriched on the surface
of the oocyte, the oocyte efficiently out competes nurse cells for adhesion to posterior
follicle cells. The recent finding that E-Cad transits through the fusome en route to the
plasma membrane provides an explanation for its enrichment on the surface of the
oocyte, and thus, the specification of the egg chamber’s anteroposterior axis.
Oocyte positioning and the specification of the egg chamber’s anteroposterior axis
are necessary for the specification of the oocyte’s anteroposterior and, in turn,
dorsoventral axes. The anteroposterior axis is specified during stage 6/7, when Gurken
protein is secreted from the oocyte and induces neighboring follicle cells to adopt the
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posterior cell fate through activation of Torpedo (the Drosophila EGF receptor)
(Gonzalez-Reyes et al., 1995; Neuman-Silberberg and Schupbach, 1996; Nilson and
Schupbach, 1999), which is expressed on the oocyte-facing surface of all follicle cells.
Follicle cells at the anterior of the egg chamber do not receive any of the Gurken signal
and adopt the default anterior follicle cell fate. Posterior follicle cells send an unknown
signal back to the oocyte that acts locally both to dismantle the oocyte’s MTOC and to
prevent the formation of new (posterior) MTOCs (Theurkauf et al., 1992).
Concomitantly, multiple new MTOCs are formed along the anterior and anterior-lateral
cortexes of the oocyte and nucleate a polarized MT network (Theurkauf et al., 1992),
with minus ends enriched at the anterior end of the oocyte and plus ends pointed towards
the posterior pole of the cell (Clark et al., 1997; St Johnston, 2005). This new
microtubule network provides the necessary polarity for the subsequent transport of
bicoid and oskar mRNA to opposite poles of the oocyte. These RNAs encode
morphogens that specify head and abdominal segments in the future embryo.
The polarization of the microtubule cytoskeleton, triggered by Gurken signaling,
also plays an essential role in the specification of the dorsoventral axis (Roth, 2003).
Shortly after MT reorganization, the oocyte nucleus is transported to a point along the
anterior cortex, orthogonal to the anteroposterior axis of the cell (Roth et al., 1995). Such
transport is MT- and cytoplasmic dynein dependent, and random in nature in as much as
the oocyte can be transported to any of the many MTOCs that encircle the oocyte’s
anterior (Fig. 1.2B). gurken mRNA is subsequently localized above the nucleus in the
anterodorsal (AD) corner of the oocyte (Neuman-Silberberg and Schupbach, 1993),
where it is translated and secreted (Serano et al., 1995), inducing neighboring follicle
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cells to adopt the dorsal cell fate, again through activation of Torpedo (Roth, 2003).
Follicle cells that do not receive the Gurken signal adopt the default, ventral cell fate
(Fig. 1.2B). Dorsal and ventral follicle cells differentially signal the oocyte, elaborating
dorsoventral polarity within the oocyte that is essential for specification of the
dorsoventral axis of the future embryo (Gonzalez-Reyes et al., 1995).

3. RNA LOCALIZATION
The subcellular localization of RNA figures prominently in the polarization of the
oocyte and specification of the future embryo’s body plan. Approximately 10% of the
RNAs found in the oocyte are localized to specific subcellular sites. The vast majority of
these “localized” RNAs are transcribed in nurse cells and transported in a dynein- and
MT-dependant manner into the oocyte during stages 1-7 (Becalska and Gavis, 2009;
Duncan and Warrior, 2002; Januschke et al., 2002). The transported RNAs initially
accumulate at the oocyte’s prominent MTOC at the cell’s posterior pole (see above).
Coincident with MT reorganization at stage 7, the transported RNAs are relocated to the
oocyte’s anterior cortex, where they adopt a characteristic ring-shape distribution pattern
(Fig. 1.2C). Such relocalization is also MT- and cytoplasmic dynein-dependant (Duncan
and Warrior, 2002; Januschke et al., 2002). While most RNAs remain at the oocyte’s
anterior cortex until stage 10B, when MTs are again reorganized and cytoplasmic
streaming is induced, some RNAs remain at the anterior cortex only transiently and are
instead relocalized to the oocyte’s posterior pole (e.g., oskar and nanos) or AD corner
(e.g., gurken). While transport into the oocyte and localization to the oocyte’s anterior
cortex appears to be accounted for by a single motor complex, multiple different
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localization machineries appear to account for RNA localization to the oocyte’s posterior
pole and AD corner. For example, oskar’s localization to the posterior pole is powered by
Kinesin I (Zimyanin et al., 2008), a plus end-directed motor protein, and is dependant on
a poorly understood anchoring complex that includes Oskar protein and Rab11 activities
(see below) (Dollar et al., 2002). In contrast, nanos RNA is localized to the posterior pole
via a diffusion-trap mechanism that is dependant on Oskar protein (Forrest and Gavis,
2003). The localization of gurken RNA to the oocyte’s AD corner appears to involve
both MT-dependant transport (Delanoue et al., 2007) and a trapping mechanism (see
below).

4. RNA LOCALIZATION ELEMENTS
All RNA localization events are governed by specific RNA-protein interactions.
The RNA target sites of these regulatory proteins are referred to as RLEs (RNA
localization elements). One of the best-characterized RLEs is the 44 nucleotide TLS
(Transport/Localization Sequence), located in the 3´ UTR of K10 mRNA (Serano and
Cohen, 1995). The TLS forms a stem-loop secondary structure and is required and
sufficient for the transport of K10 mRNA into the oocyte as well as its subsequent
localization to the oocyte’s anterior cortex. The stem-loop secondary structure is critical
for localization activity. Mutations that alter the predicted base-pairing pattern disrupt
localization activity, however, second-site mutations that restore the predicted basepairing pattern also restore localization activity (Serano and Cohen, 1995). The TLS
mediates K10 RNA localization by binding to Egalitarian (Egl), a component of the
cytoplasmic dynein motor complex (Dienstbier et al., 2009). Curiously, the TLS is found
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in only one other localized ovarian RNA (orb), even though all localized ovarian RNAs
exhibit K10/orb-like localization patterns through stage 7/8, i.e., through formation of the
anterior ring (Cohen et al., 2005). Whether these other RNAs contain cryptic TLS-like
RLEs or associate with the cytoplasmic dynein motor complex in novel ways is not clear.
It is however, noteworthy that neither the BLE1 (bicoid localization element 1)
(Macdonald et al., 1993) nor WLE3 (wingless localization element) (dos Santos et al.,
2008) RLEs, both of which mediate K10/orb-like localization, share recognizable
similarities to each other and/or to the TLS.
The RLEs and localization machineries that are responsible for the movement of
gurken RNA from the anterior cortex to oocyte’s AD corner have been the subject of
intense study, but are still only poorly understood. gurken mRNA contains at least two
RLEs that mediate its transport from nurse cells to the oocyte and subsequent
relocalization to the oocyte’s anterior cortex (Saunders and Cohen, 1999; Thio et al.,
2000). These elements presumably facilitate direct or indirect association of gurken RNA
with cytoplasmic dynein, as cytoplasmic dynein mutants are defective in gurken RNA
localization (Delanoue et al., 2007; Rom et al., 2007). One of these RLEs is the GLS
(gurken localization sequence), which is located within the protein coding region of
gurken transcript and forms a stem-loop 2º structure (Van De Bor et al., 2005). The GLS
is required for efficient transport of gurken transcripts into the oocyte and, concomitant
with MT re-organization at stage 7, the localization of the RNA to the oocyte’s anterior
cortex. The GLS is also required for AD localization, but it is not sufficient for such
localization. At least two other RLEs are required for gurken RNA localization, one or
more situated in the 5´UTR and one or more others in the 3´UTR of the gurken transcript
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(Saunders and Cohen, 1999; Thio et al., 2000). The exact roles of these other elements
are not clear, but at least one appears to be required for RNA transport into the oocyte.
Giving that gurken RNA ultimately becomes tightly associated with the oocyte nucleus, it
is generally thought that one or more gurken RLEs are involved in the anchoring of
gurken transcripts to the nucleus and/or a neighboring structure. Previous studies have
suggested that the nucleus nucleates a subset of microtubules and that the GLS somehow
direct cytoplasmic dynein to this subset resulting in directed transport to the oocyte’s AD
corner (Van De Bor et al, 2005). My data presented in Chapter 2 do not support this idea
and are more in line with a model in which gurken AD localization is brought about by
repeated rounds of anterior transport coupled with specific (GLS-mediated) trapping at or
near the oocyte nucleus.

5. PROTEIN LOCALIZATION AND MEMBRANE TRAFFICKING
Eukaryotic cells define a wide variety of different membrane compartments and
have evolved the ability to move proteins and other molecules from one compartment to
another, through a process known as membrane trafficking. There are four steps in
membrane trafficking: 1) the budding of the vesicle from the donor membrane, 2)
transport of the vesicle to a target membrane, 3) the docking of the vesicle to the target
membrane and, 4) the fusion of the vesicle with the target membrane (Fig. 1.3). The
small Rab GTPases play critical roles in each of these steps (Stenmark, 2009; Zerial and
McBride, 2001).
The Rab (Ras-related protein in brain) (Touchot et al., 1987) GTPases constitute
the largest branch of the Ras GTPase superfamily. There are over 70 Rabs in mammals
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(Colicelli, 2004), 31 in Drosophila (Zhang et al., 2007), and 11 in yeast where they are
known as Sec/Ypt proteins (Zerial and McBride, 2001). Each Rab localizes to a different
set of membrane domains and mediates a distinct trafficking event (Stenmark, 2009). For
example, Rab 5 localizes to the plasma membrane and early endosome and mediates the
first step of endocytosis. Similarly, Rab 2 localizes to pre-Golgi compartments and is
responsible for Golgi to ER (endoplasmic reticulum) trafficking, while Rab11 localizes to
recycling endosomes and the plasma membrane and controls trafficking of vesicles from
recycling endosomes to the plasma membrane, the final leg of endocytic recycling
(Stenmark, 2009).
Like other Ras superfamily members, Rab proteins function as molecular
switches by cycling between active GTP-bound and inactive GDP-bound states. This
switch is controlled by guanosine nucleotide exchange factors (GEFs), which activate
Rabs by replacing GDP with GTP, and by GTPase-activating protein (GAPs), which
inactivate Rabs by stimulating their intrinsic GTP hydrolysis activity (Fig. 1.3) (Schwartz
et al., 2007; Stenmark, 2009; Zerial and McBride, 2001). Other proteins called Rab
effectors bind to active GTP-bound Rabs in almost all the cases and assist them in their
trafficking activities (Shirane and Nakayama, 2006; Stenmark, 2009). The emerging view
is that each Rab interacts with 4 different effector proteins (EI-EIV), with each effector
mediating a distinct trafficking step (Fig. 1.3, with Rab11 effectors shown in the red).
Upon activation by its corresponding GEF, the Rab protein binds its cognate EI effector
or effector complex, which facilitates cargo selection and budding. One wellcharacterized EI effector is Tip47 (Carroll et al., 2001). The likely EI effector of Rab11 is
nuclear fallout (Nuf) (Riggs et al., 2003). The activated Rab protein next binds its
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cognate EII effector, which in all examined cases are motor proteins or a member of a
motor protein complex. Rab11 has two EII effector proteins, myosin motor MyoV and
dRip11 (Li et al., 2007), which form a complex. The EIII (docking) effector for Rab11 is
Sec15 (Zhang et al., 2004), which is a component of exocyst (TerBush et al., 1996),
which also serves as a docking complex for Rab8 vesicles in the secretory pathway
(Mazelova et al., 2009). EIV effectors appear to work by mediating interactions between
SNARE protein family membranes located on the vesicle (v-SNARE) and target (tSNARE) membranes. A candidate EIV effector for Rab11 is lethal giant larvae (lgl),
which is the homolog of yeast Sro7p, which mediates interactions between v-SNARE/tSNARE complex formation (Lehman et al., 1999).
GAP proteins are presumably localized to target membranes and return the Rab
proteins to their inactive states and prepare them for extraction by GDI (GDP dissociation
inhibitor). Reinsertion of the GDP-Rab into the membrane requires displacement of GDI
by GDF (GDI displacement factor) (Fig. 1.3) (Schwartz et al., 2007; Stenmark, 2009).
Rab11, as mentioned earlier, localizes to the recycling endosome and controls
trafficking of vesicles from recycling endosomes to the plasma membrane. However,
Rab11 traffics different cargoes in different cell types, and thus regulates a wide variety
of cellular processes. Examples of Rab11 tissue-specific functions are listed in Fig. 1.4.
In the germarium, Rab11 functions in GSC maintenance by recycling DE-Cadherin to the
anterior side of the GSC, thus maintaining GSC’s connection with niche cap cells (Fig.
1.4A). In a Rab11 null mutant, GSCs lose their connection to cap cells, promoting their
differentiation, and thus, GSC loss and female infertility (Bogard et al., 2007). A second
example of Rab11 function is organelle biogenesis. In the sensory neuron cell lineage, the
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amount of the Rab11 effector, Nuf, that segregates to pIIa and pIIb sister cells determines
the size of the recycling endosome that such cells elaborate and, ultimately, their
developmental fate; the pIIb cell becomes a Notch signaling cell and the pIIa cell a Notch
receiving cell as only the pIIb cell can recycle Delta, which is necessary for its ability to
activate Notch (Emery et al., 2005; Jafar-Nejad et al., 2005) (Fig. 1.4B). A third example
of Rab11 function is in cell division or cellularization. Rab11 is required along with Nuf
to coordinate remodeling of actin filaments and addition of new membrane to form the
cleavage furrow (Fig. 1.4C) (Pelissier et al., 2003). Rab11 also function in cell migration.
For example, in border cell migration in Drosophila egg chambers, Rab11 recycles
adhesion molecules such as DE-Cadherin to the leading edge of a migrating cell, as it
builds and maintains its connections with surrounding cells along the way (Fig. 1.4D).
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This dissertation focuses on several polarity events during Drosophila oogenesis.
Chapter II is focused on gurken mRNA localization and explores the function of the
gurken localization sequence (GLS). Chapter III described the cloning and
characterization of a putative Rab11 effector, dRip11. In Appendix, Chapter V and VI are
focused on Rab11 and its role in maintaining polarity in specific cells: Chapter V
describes the role of Rab11 in maintaining GSC identity; Chapter VI discusses Rab11’s
function in follicle cell fate specification.
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Figure 1.1 Drosophila oogenesis. (A) Schematic diagram of Drosophila ovaries. Each
ovary consists of 16-20 tube-like compartments, called ovarioles. A single ovariole is
boxed and shown in detail in C. (B) Germarium (Bogard et al., 2007). Different regions
of germarium are highlighted underneath. TF: terminal filament, CC: cap cell, ESC:
escort cell, FC: follicle cell. Black: germline stem cell (GSC), red: spectrosome (in GSC)/
fusome (in cystoblast or cyst), green: oocyte, blue: ring canal. (C) A single ovariole. The
anterior compartment of the ovariole is known as the germarium. The germarium
contains germline and somatic stem cells, which divide and differentiate to give rise to
egg chambers, which then bud from the germarium to enter the posterior compartment of
the ovariole, where they proceed to mature. Egg chamber maturation is a continuous
process, but is divided into 14 morphologically distinct steps for convenience. Most
ovarioles contain 6 or 7 egg chambers, arranged single file with the oldest the farthest
(most posterior) from the germarium. As highlighted in the diagram, each egg chamber
consists of an inner germline cyst, which includes a posterior oocyte and 15 sister nurse
cells, and an outer layer of somatically-derived follicle cells that include main-body
epithelial cells, and two polar cells at each end of the egg chamber. Each egg chamber is
separated from the next by 6-8 stalk cells, which, like polar and main-body epithelial
cells, are derived from somatic stem cells. (D) During stage 8/9 of oogenesis the anterior
polar cells plus 6-8 neighboring main-body epithelial cells delaminated from the
epithelium to become border cells, which migrate posteriorly over the next 2-3 stages and
ultimately come to rest at the anterior end of the oocyte.
A is adapted from http://flybase.bio.indiana.edu/reports/FBim0000078.html
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Figure 1.2 Drosophila egg chamber is polarized. (A) Wild-type expression patterns of
endogenous E-Cadherin (E-Cad) in red and Orb protein, which is expressed only in the
oocyte, in green, are revealed by immunofluorescence. E-Cad is enriched in the surface
of the oocyte and the posterior follicle cells, thus maintains the connection between them,
and ensures the posterior position of the oocyte. (B) After microtubule (MT) (red)
reorganization, MT plus ends (+) pointed towards the posterior pole of the oocyte and the
minus ends (-) to the anterior. The oocyte nucleus (N) is transported from the posterior
pole along the MT to one random corner of the anterior cortex. (C) mRNAs that are
transported from the nurse cells into the oocyte in an earlier step relocalize to the anterior
cortex of the oocyte due to MT reorganization and form a ring-shape distribution pattern.
One of the mRNAs (K10 mRNA) is shown here by whole mount in situ hybridization.
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Figure 1.2
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Figure 1.3 Rab effectors assist Rab proteins in every step of Membrane trafficking.
The four putative effector classes are abbreviated as EI-EIV, with Rab11 representatives
shown in the red text. Upon activation by its corresponding GEF, the Rab protein binds
its cognate EI effector or effector complex, which facilitates cargo selection and budding.
One well-characterized EI effector is Tip47. The likely EI effector of Rab11 is nuclear
fallout (Nuf). The activated Rab protein next binds its cognate EII effector, which in all
examined cases are motor proteins or a member of a motor protein complex. Rab11 has
two EII effector proteins, myosin motor MyoV and dRip11, which form a complex. The
EIII (docking) effector for Rab11 is Sec15, which is a component of exocyst, which also
serves as a docking complex for Rab8 vesicles in the secretory pathway. EIV effectors
appear to work by mediating interactions between SNARE protein family membranes
located on the vesicle (v-SNARE) and target (t-SNARE) membranes. A candidate EIV
effector for Rab11 is lethal giant larvae (lgl), which is the homolog of yeast Sro7p, which
mediates interactions between v-SNARE/t-SNARE complex formation.
GDI: GDP dissociation inhibitor; GDF: GDI displacement factor; GEF:
guanosinee nucleotide exchange factor; GAP: GTPase-activating protein.
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Figure 1.4 Rab11 traffics different cargoes in different cell types, thus regulates a
wide variety of cellular processes. (A) In the germarium, Rab11 functions in GSC
maintenance by recycling DE-Cadherin to the anterior side of the GSC, thus maintaining
GSC’s connection with niche cap cells. In a Rab11 null mutant, GSCs lose their
connection to cap cells, promoting their differentiation, and thus, GSC loss and female
infertility. (B) Rab11 functions in organelle biogenesis. In the sensory neuron cell
lineage, the amount of the Rab11 effector, Nuf, that segregates to pIIa and pIIb sister
cells determines the size of the recycling endosome that such cells elaborate and,
ultimately, their developmental fate; the pIIb cell becomes a Notch signaling cell and the
pIIa cell a Notch receiving cell as only the pIIb cell can recycle Delta, which is necessary
for its ability to activate Notch. (C) In cell division or cellularization, Rab11 is required
with the help of Nuf to coordinate remodeling of actin filaments and addition of new
membrane to form the cleavage furrow. (D) Rab11 function in cell migration. In border
cell migration in Drosophila egg chambers, Rab11 recycles adhesion molecules such as
DE-Cadherin to the leading edge of a migrating cell, thus building and maintaining its
connections with surrounding cells along the way.
N: nucleus; RE: recycling endosome; GSC: germline stem cell; EE: early
endosome.
Modified from van Ijzendoorn, S.C., J Cell Sci 119, 1679-1681 (2006)
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Chapter II
Evidence for a Transport-Trap Mode of Drosophila melanogaster
gurken mRNA Localization
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ABSTRACT
The Drosophila melanogaster gurken gene encodes a TGF-α-like signaling
molecule that is secreted from the oocyte during two distinct stages of oogenesis to define
the anteroposterior and dorsoventral axes, respectively, of the follicle cell epithelium that
surrounds the oocyte and its 15 anterior nurse cells. Because the gurken receptor is
expressed throughout the epithelium, axial patterning requires region-specific secretion of
Gurken protein, which in turn requires precise subcellular localization of gurken
transcripts. The first stage of Gurken signaling induces anteroposterior pattern in the
follicle epithelium and correlates with the transport of gurken transcripts from nurse cells
into the oocyte. The second stage of Gurken signaling induces dorsoventral polarity in the
follicle epithelium and is dependent on the concentration of gurken transcripts at the
oocyte’s anterodorsal corner. Previous studies, relying predominantly on real-time
imaging of injected transcripts, indicated that such concentration requires transport of
gurken transcripts first to the anterior cortex and then to the anterodorsal corner, followed
by anchoring. Such studies further indicated that a single RNA sequence element, called
the GLS, mediates both transport steps by facilitating association of gurken transcripts
with a cytoplasmic dynein motor complex. It was proposed from these findings that the
GLS somehow steers the motor complex toward that subset of microtubules that are
nucleated around the oocyte nucleus, thus permitting directed transport to the
anterodorsal corner.
Here, we re-investigate the role of the GLS using a transgenic fly assay system
that includes use of the endogenous gurken promoter and biological rescue as well as
RNA localization assays. In contrast to previous reports, our studies indicate that the GLS
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is required and sufficient for anterior transport only. Our data are consistent with a model
in which anterodorsal localization is brought about by repeated rounds of anterior
transport, accompanied by specific trapping at the anterodorsal cortex.
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INTRODUCTION
The localization of mRNAs to specific subcellular sites is a common mechanism
by which cells target proteins to regions where they are needed and/or prevent them from
accumulating in places where they may do harm. While localized mRNAs have been
described in all examined organisms, genome-wide analyses have been limited to
Drosophila (Lecuyer et al., 2007), where it has been estimated that 71% of all transcripts
are localized. Localized mRNAs encode a variety of proteins types including components
of the cytoskeleton, transcription factors, regulators of translation, and even secreted
signaling molecules (Lecuyer et al., 2007).
Three distinct, non-mutually exclusive, mechanisms have been described for
mRNA localization. These include directed transport on microtubule (MT) or, more
rarely, actin tracks, diffusion to a localized anchor, and region-specific mRNA
degradation (Becalska and Gavis, 2009; Kugler and Lasko, 2009; Martin and Ephrussi,
2009; Meignin and Davis, 2010; St Johnston, 2005). All three mechanisms are mediated
by discrete RNA localization elements (RLEs) that recruit localization machineries to
their respective transcripts through specific RNA-protein interactions. The vast majority
of characterized RLEs reside in the 5’ or 3’ untranslated regions (UTRs) of their
transcripts, although a few have been mapped to protein coding regions (Martin and
Ephrussi, 2009). A fourth mechanism of mRNA localization, transcription from a subset
of syncytial nuclei, is transcription-based and does not require RLEs per se (Brenner et
al., 1990; Meignin and Davis, 2010; Simon et al., 1992).
One of the best systems for studying mechanisms of mRNA localization is the
Drosophila oocyte whose maturation and patterning is dependent on a cascade of mRNA
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localization events (Bastock and St Johnston, 2008). The oocyte develops within an egg
chamber composed of an outer, somatically-derived follicle cell epithelium and an inner
germline cyst that includes a single posterior oocyte and 15 sister nurse cells (Bastock
and St Johnston, 2008). The majority of the mRNAs found in the developing oocyte,
mature egg, and early embryo are synthesized in nurse cells during early stages of
oogenesis (i.e., stages 1-6) and transported into the oocyte through cytoplasmic bridges,
remnants of incomplete cytokinesis during germline cyst formation (Becalska and Gavis,
2009). Such transport is powered by cytoplasmic dynein (Duncan and Warrior, 2002;
Januschke et al., 2002), a minus end-directed MT motor protein, and initially results in
the accumulation of the transported transcripts at the oocyte’s posterior pole, which
contains a prominent MT organizing center (MTOC) (Bashirullah et al., 1998; St
Johnston, 2005).
Due to their continued association with cytoplasmic dynein and programmed
reorganization of the oocyte’s MT cytoskeleton, all transported RNAs are relocalized to
the oocyte’s anterior cortex at stage 7 and form a characteristic ring-like distribution
pattern (Cheung et al., 1992; Duncan and Warrior, 2002; Januschke et al., 2002; St
Johnston, 2005). The majority of mRNAs persist at the anterior cortex through stage 10,
when a final MT reorganization event induces vigorous cytoplasmic streaming
(Theurkauf et al., 1992), which causes the RNAs to become dispersed throughout the
ooplasm, unless they are anchored to the cell cortex, as is bicoid mRNA which encodes a
transcription factor morphogen that patterns the anterior end of the future embryo
(Bastock and St Johnston, 2008; Berleth et al., 1988; St Johnston, 2005). Several
mRNAs, including nanos and oskar, which encode proteins that pattern the posterior
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portion of the future embryo remain at the anterior cortex only transiently, before
relocalizing to the oocyte’s posterior pole (Ephrussi et al., 1991; Kugler and Lasko, 2009;
Lehmann and Nusslein-Volhard, 1986). In the case of oskar, relocalization to the
posterior pole requires release from, or inactivation of, the dynein motor complex and
association with a plus end motor complex that includes Kinesin I (Clark et al., 1997;
Januschke et al., 2002; Kugler and Lasko, 2009). The relocalization of nanos transcripts
is achieved by a diffusion-trap mechanism in which cytoplasmic streaming and Oskar
protein serve as a diffusion facilitator and trap, respectively (Forrest and Gavis, 2003).
The gurken RNA localization pattern is highly unique, shared only by the
transcripts encoded by the I Factor retro-transposon (Van De Bor et al., 2005). Following
transport into the oocyte and subsequent relocalization to the anterior cortex, gurken
mRNA is relocalized to the anterodorsal (AD) corner of the cell, forming a characteristic
cap above the oocyte nucleus (Neuman-Silberberg and Schupbach, 1993, 1996; Saunders
and Cohen, 1999). Previous studies have reported that an RNA element within the gurken
protein coding region, called the GLS (gurken localization sequence), is both required
and sufficient for initial, but not persistent, localization of injected gurken transcripts to
the AD corner of the oocyte (Van De Bor et al., 2005). Such localization was described to
be MT- and cytoplasmic dynein-dependent and to occur in a three-step process whereby
the RNA is transported first to the anterior cortex and then to the AD corner, followed by
anchoring. From these data, it was proposed that MTs nucleated around the oocyte
nucleus are somehow different than those nucleated at other regions of the anterior cortex
and that the GLS “steers” gurken mRNA-cytoplasmic dynein motor complexes toward
the former. Here we re-investigate the role of the GLS in gurken mRNA localization
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using a transgenic fly assay system that includes use of the endogenous gurken promoter
and both biological rescue and RNA localization assays of GLS activity. In contrast to
the previous studies [23], we find that the GLS is required, but not sufficient, for AD
localization. Our data are consistent with a model in which the GLS mediates the
transport of gurken transcripts into the oocyte and, in combination with at least one other
RLE, the subsequent localization of the RNA to the oocyte’s AD corner. In this model,
localization to the AD corner does not involve directed transport to the AD corner, but
rather is brought about by repeated rounds of transport to the anterior cortex, coupled
with specific anchoring of the transcripts around the oocyte nucleus in the AD corner of
the cell.

MATERIALS AND METHODS
Drosophila genetics
Fly culture and crosses were carried out according to standard procedures
(Ashburner, 1989). The wild-type stock was w1118. The gurken deletion (grk∆FRT) was
made by inducing recombination (Parks et al., 2004) between the FRT insertions
(FRT9855 and FRT7069, respectively) of stocks f07069 and d09855 (Harvard Medical
School Exelixis collection). The resulting deletion, which extends from 73 nt upstream of
the gurken transcription start site to ~1100 nt downstream of the gurken poly(A) addition
site unit was initially identified by non-complementation with grk2E (Schupbach, 1987)
and subsequently confirmed by PCR analysis. Homozygous grk∆FRT flies are viable, but
female sterile (see Text), and maintained over the CyO chromosome balancer. The
female sterility is completely rescued by introduction of a genomic copy of the wild-type
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gurken gene (see text). Homozygous grk∆FRT females were identified by their straight
(Cy+) wings. A complete description of all alleles and balancer chromosomes is found at
http://flybase.bio.indiana.edu.

P element transformations and transgene constructs
All constructs were cloned into the pCaSpeR4 vector (Pirrotta, 1988) for
introduction into the Drosophila germline. P-element mediated transformation of w1118
flies was carried out as previously described (Saunders and Cohen, 1999; Serano and
Cohen, 1995). At least two lines were generated and analyzed for each construct. Most of
the transgene lines were maintained as homozygous stocks. Transgene insertions that
were homozygous lethal were maintained over the TM3, Sb balancer chromosome.
The K10::GFP fusion constructs: The starting point for these constructs was a
3.1 kb fully functional K10 genomic clone that extends from a natural Asp718 I
restriction site ~850 nt upstream of the transcription start site to a natural Sal I site ~400
nt downstream of the poly(A) addition site (Cheung et al., 1992). We then used PCR
technology to remove the K10 translation stop site and insert a 750 nt GFP fragment inframe with the K10 protein coding region. Finally, we replaced an ~300 nt Stu I – Hpa I
restriction fragment in the K10 3’UTR that includes the TLS RLE, with a Bgl II – Xho I
linker. The resulting construct, called KGFP, produces readily detectable amounts of
RNA and protein that are retained in nurse cells until nurse cell regression at stage 11
(data not shown). All KGFP variant constructs (see Fig. 2.2 and Results) were made by
inserting appropriate synthetic linker DNAs (sequences available upon request) into the
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Bgl II – Xho I sites of KGFP and cloned into the Asp718 I – Xba I sites of the pCaSpeR4
vector for P element-mediated transformation.
The grkwt and grkGLSmut rescue constructs: The starting point for these
constructs was a 14.1 kb gurken genomic fragment that extends from a natural Asp718 I
site ~7.1 kb upstream of the transcription start site to a synthetic Spe I site ~300 nt
downstream of the poly(A) addition site. To make grkwt, the 14.1 kb genomic fragment
was cloned directly into the Asp718 I – Xba I sites of the pCaSpeR4 transformation
vector. To make grkGLSmut, the GLS-containing Sap I – Hind III region of grkwt was
amplified by PCR using “upstream” and “downstream” primer sets. The 3’ (bottom
strand) primer of the “upstream” primer set and the 5’ (top strand) primer of the
“downstream” primer set corresponded to the upstream and downstream halves of the
GLS, respectively, and overlapped at a synthetic Sal I restriction site. The primers were
designed to introduce a total of 12 single nucleotide mutations into the GLS (See Fig.
2.3), but targeted wobble positions and thus maintained the wild-type Grk protein
sequence (Fig 2.3). Following PCR, the upstream (Sap I – Sal I) and downstream (Sal I –
Hind III) PCR products were substituted for the Sap I – Hind III region of grkwt in a 3way ligation reaction. The resulting grkGLSmut construct was cloned into the Asp718 I –
Xba I sites of pCaSpeR4 as above.

Wholemount in situ hybridization and immunostaining
Enzyme-linked in situ hybridization to wholemount ovaries was carried out
according to Tautz and Pfeifle (Tautz and Pfeifle, 1989) with the modifications described
in Cheung et al. (Cheung et al., 1992). Digoxigenin-labeled DNA probes were made by
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the random priming method (Feinberg and Vogelstein, 1983). The K10 and gurken
probes were as previously described (Saunders and Cohen, 1999; Serano and Cohen,
1995). Photographs were taken with a Zeiss Axiophot and digitized by scanning with a
Nikon LS-3510 film recorder or captured directly with a Leica DFC300 digital camera.
Grk immunostains were carried out as previously described (Cohen et al., 2005; Dollar et
al., 2002) with a mouse anti-Grk monoclonal antibody (Queenan et al., 1999) diluted at
1:100 with PBS. Donkey anti-mouse secondary antibodies were purchased from Jackson
labs and used at the manufacturer’s recommended concentrations. Stained ovaries were
mounted in 4% n-propyl gallate (Sigma) in 90% glycerol, 10% phosphate buffered saline.
Images were collected on an Olympus 3L Spinning disc or a Zeiss Meta 510 laser
scanning confocal microscope.

RESULTS
Identification of a highly conserved sequence element with predicted stem-loop
secondary structure in the gurken protein coding region
It was clear from our previous attempts to map gurken’s RLEs that one or more
such elements are located in the protein coding portion of the gene (Saunders and Cohen,
1999). While the vast majority of known RLEs do not exhibit strong sequence
conservation across species, we reasoned that any RLE in the gurken protein coding
sequence might since they would be under dual selective pressure, one to maintain a
functional protein and another to maintain recognition by the RNA localization
machinery. We thus aligned gurken gene sequences from six different Drosophila
species, separated by 10 to 65 million years of evolution, and looked for 40 nucleotides
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(nt) or longer sequence elements in the protein coding portion of the gene that were at
least 90% identical. As seen in Figs. 2.1A and B, a single such element was identified.
Database searches indicated that the identified sequence, which corresponds to amino
acid residues 10-31, is the same as the GLS reported by Van de Bor et al. (Van De Bor et
al., 2005). As previously recognized by them, the conservation of the GLS among
different Drosophila species is even more striking at the level of predicted secondary
structure. Indeed, all six GLSs are predicted to form the same stem-loop secondary
structure (Fig. 2.1C) and to encode the same protein sequence. To address the possibility
that the highly conserved nature of the GLS is somehow reflective of codon preference
(rather than maintenance of a particular secondary structure), we also examined the GLS
of D. willistoni, which has a different codon preference than the six species used in our
initial alignment (Heger and Ponting, 2007). We found that the D. willistoni GLS only
differs from the D. melanogaster GLS at four nucleotide residues and encodes the exact
same predicted secondary structure (Fig. 2.1C). It is also noteworthy, that the codons
outside of the GLS vary from species to species, which would not be expected if codon
choice was under high selective pressure, e.g., as a means to tightly control Grk protein
levels.

The GLS possesses anterior, but not AD, localization activity
To determine if the GLS possesses RNA localization activity we used a transgenic
fly assay system. The starting point for these studies was a K10::GFP reporter gene
construct (called KGFP, Fig. 2.2) that contains the K10 nurse cell enhancer/promoter
region and the bulk of the K10 transcription unit, including the poly(A) addition signal,
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but lacks the K10 RLE (called the TLS) (Serano and Cohen, 1995). As expected, the
KGFP transgene produced transcripts that exhibited no localization activity (data not
shown), i.e., they remained in nurse cells until very late stages (i.e., after stage 11) of
oogenesis, when nurse cells indiscriminately dump their entire cytoplasmic contents into
the oocyte, in a process known as nurse cell regression. We next inserted a wild-type or
truncated copy of the GLS (Fig. 2.3) into the 3’UTR of the KGFP reporter and
introduced the resulting constructs, called KGFP+GLS and KGFP+GLStrunc, respectively
into flies. We found that KGFP+GLS transcripts accumulated in the oocyte beginning at
about stage 2 and steadily increased in abundance through about stage 6 or 7, when they
became localized to the oocyte’s anterior cortex and formed the same ring-like
distribution pattern observed for endogenous gurken and other transported transcripts
(Fig. 2.2C). However, in contrast to wild-type gurken transcripts (Fig. 2.2A), the anterior
ring of KGFP+GLS transcripts persisted through stage 10, and did not refine itself into
the AD cap in any of more than 200 examined stages 9 and 10 egg chambers from each
of 4 different transgenic lines. As expected, KGFP+GLStrunc transcripts exhibited no
localization activity (Fig. 2.2D). We tentatively conclude from these findings that the
GLS possesses anterior, but not AD, localization activity.
The transport of KGFP+GLS transcripts into the oocyte is less robust than the
transport of endogenous gurken transcripts or the transcripts of KGFP transcripts that
contain the K10 TLS (compare Fig. 2.2C to 2.2A and 2.2B). This led us to wonder if the
inability of the GLS to mediate AD localization was due to its inability to bind the
transport machinery tightly. To address this concern, we inserted a copy of the K10 TLS
into the KGFP+GLS reporter construct to make KGFP+GLS+TLS. As seen in Fig 2.2E,
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KGFP+GLS+TLS transcripts exhibited robust transport into the oocyte and strong
anterior localization, indicating that they bind the transport machinery tightly. However,
KGFP+GLS+TLS transcripts never became enriched at the AD corner of the cell,
supporting our earlier conclusion that the GLS lacks AD localization activity.
We next wondered whether the inability of the GLS to mediate AD localization
was related to the fact that KGFP transcripts, with or without the GLS and/or TLS, are
translated. Endogenous gurken transcripts are translationally repressed during their
relocalization from the anterior cortex to the AD corner (Clouse et al., 2008) and we were
concerned that such repression is necessary for relocalization. Consistent with this idea,
recent studies have shown that wild-type gurken transcripts are highly dynamic, except at
sites of translation activation, i.e., the oocyte’s AD corner (Jaramillo et al., 2008). The
repression of gurken translation is thought to be brought about by the binding of a protein
complex consisting of Cup, Squid, PABP55B and Bruno to Bruno Response Elements
(BREs) located in the 3’UTR of gurken mRNA (Clouse et al., 2008). Consistent with this
idea, in vivo gurken signaling activity is highly responsive to alterations in Bruno
expression levels (Filardo and Ephrussi, 2003; Yan and Macdonald, 2004). To determine
whether BRE elements confer AD localization activity onto the GLS element, we
inserted the same three copies of the BRE from the oskar 3’ UTR that faithfully repress
oskar translation (Chekulaeva et al., 2006; Filardo and Ephrussi, 2003) into the
KGFP+GLS and KGFP+GLS+TLS reporter constructs. As seen in Figs. 2.2F and G, the
BREs did not alter GLS localization activity, i.e., KGFP+GLS+BREs and
KGFP+GLS+TLS+BREs transcripts were localized to the anterior cortex normally, but
never relocalized to the AD corner. We also saw no AD localization when KGFP
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transcript distribution patterns were assessed by confocal microscopy and fluorescence
probes (data not shown) rather than by the enzyme linked detection scheme used in Fig.
2.2. We conclude from these findings that the GLS is unable to mediate AD localization
even in the presence of BRE elements. The one caveat to these experiments is that the
BRE elements failed to noticeably repress the translation of K10::GFP transcripts; we
detected similar amounts of GFP fluorescence in the nuclei of flies carrying transgenes
with BRE elements as with flies carrying transgenes without BRE elements. Why the
BRE elements failed to repress the translation of the K10::GFP transcripts is not clear,
but these findings suggest that the transport complexes assembled by the GLS alone are
somehow different than the ones assembled by intact gurken transcripts and that these
differences are critical for BRE-mediated translation repression.
While the simplest interpretation of above findings is that the GLS lacks AD
localization activity, we cannot rule out the possibility that GLS possesses AD
localization activity but that such activity is somehow masked by flanking sequences in
the K10::GFP reporter transcript. We think this is unlikely for a couple of reasons,
however. First, the GLS was inserted into the same general region of the reporter
transcript that supports TLS RNA activity, which like that of the GLS appears to rely on
the formation of a simple stem-loop secondary structure [24]. Second, the first 25-50 nt
that flank the GLS in the KGFP+GLS, KGP+GLS+TLS, KGP+KGFP+GLS+BREs and
KGFP+GLS+TLS+BREs transcripts all differ from one another, yet GLS localization
activity remains constant. Another possibility is that AD localization activity is somehow
lost when the GLS is moved from a protein coding to a non-protein coding portion of the
transcript. While we have not tested this possibility, it is noteworthy that previous studies
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have indicated that the GLS “retains” AD localization, even when located downstream of
the protein coding portion of a GFP reporter transcript (Van De Bor et al., 2005).

The generation of a gurken RNA null allele
We next wanted to study the role of the GLS in gurken RNA localization and
gene function within the context of a more wild-type transcript. To this end, we first set
out to generate a gurken RNA null allele, so that we could detect gurken transgene
transcripts without having to mark them with heterologous sequence tags, which could
compromise gurken gene function. Previously described gurken null alleles are not
complete deletions and produce significant amounts of gurken transcripts (unpublished
observations). We were fortunate that the Exelixis stock collection includes lines that
carry FRT elements just outside the 5’ and 3’ ends of the gurken transcription unit (see
Methods). We successfully used these lines along with one that carries the FLP
recombinase to generate a complete deletion allele of the gurken gene, called grk∆FRT.
Homozygous grk∆FRT flies are viable, but the females are completely sterile and produce
egg chambers with no detectable gurken transcripts (Fig. 2.4E).
The egg chambers and eggs produced by homozygous grk∆FRT flies exhibited
severe anteroposterior and dorsoventral patterning defects, consistent with previous
studies which have identified two distinct functions for gurken during Drosophila
oogenesis (Gonzalez-Reyes et al., 1995; Grunert and St Johnston, 1996; Nilson and
Schupbach, 1999; Roth et al., 1995). The first of these functions is the induction of
anteroposterior asymmetry in the follicle cell epithelium that surrounds the nurse celloocyte cluster. Following the transport of gurken mRNA into the oocyte and translation,
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Gurken protein (Grk) is secreted locally and induces neighboring follicle cells to adopt
the posterior cell fate (Gonzalez-Reyes et al., 1995; Grunert and St Johnston, 1996; Roth
et al., 1995). At stage 7 of oogenesis, posterior follicle cells send a signal back to the
oocyte that polarizes the oocyte’s MT cytoskeleton, a prerequisite both for the migration
of the oocyte nucleus to a point along the oocyte’s anterior cortex (Roth et al., 1995), and
the transport of bicoid, oskar and other mRNA that encode embryonic patterning
determinants to specific ends of the oocyte (Kugler and Lasko, 2009; St Johnston, 2005).
gurken’s second function is that of inducing dorsoventral asymmetry in the follicle cell
epithelium. Following the relocation of its mRNA to the oocyte’s AD corner and
translation (Neuman-Silberberg and Schupbach, 1993, 1996), Grk is secreted locally and
induces neighboring follicle cells to adopt the dorsal cell fate (Roth, 2003; Serano et al.,
1995). Dorsal and ventral (non-induced) follicle cells subsequently differentially signal
the oocyte, polarizing the dorsoventral axes of the mature egg and future embryo.
Similar to analyses of other gurken null and strong loss-of-function alleles
(Schupbach, 1987), we find that grk∆FRT females lay very few eggs and those that are laid
are completely ventralized, most readily evident by their elongated shape and absence of
dorsal appendages on their eggshells (data not shown). Such eggs are also translucent and
extremely fragile, suggestive of a general defect in follicle cell differentiation and/or cell
fate determination. Also as expected, grk∆FRT females exhibited strong defects in the
specification of anteroposterior polarity as evident by their inability to support nuclear
migration and/or the localization of K10 transcripts to the anterior cortex of stage 7
oocytes (data not shown). We also found that grk∆FRT females produce a high percentage
(several per ovariole) of compound egg chambers, i.e., egg chambers that contain two or
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more germline cysts encased in a single follicle cell epithelium. All of these
phenotypes—female sterility, ventralized and fragile eggs, and compound egg
chambers—are due to the loss of gurken gene function, since they were completely
rescued by the introduction of a wild-type gurken transgene, grkwt into the germline (Fig.
2.4C, and see Methods).

The GLS is required for gurken gene function
To determine if the GLS is required for normal gurken gene function, we created
a rescue construct, called grkGLSmut, that is identical to grkwt, except for the inclusion of
12 single-base mutations, all within the GLS. All 12 mutations target wobble nucleotides
and preserve the encoded protein sequence (Fig. 2.3). Five of the mutations disrupt the
predicted base pairing pattern of the GLS (Fig. 2.3) and according to mFOLD
(http://mfold.bioinfo.rpi.edu/) are sufficient to destabilize the wild-type structure (data
not shown). The other seven mutations disrupt the primary sequence only, but such
mutations in other RLEs (e. g., see (Cohen et al., 2005)) are known to compromise RNA
localization activities. Four independent lines carrying the grkGLSmut transgene were
crossed into a grk∆FRT background for analysis. RT-PCR analyses revealed significant
(~10-fold) variation in the level of transgene transcript accumulation. Two of the lines
exhibited wild-type or near wild-type levels of accumulation and we focused on them for
all subsequent analyses. Such analyses revealed no significant differences in the behavior
or activities of these two transgenic lines and thus we describe them below as if they are a
single line/transgene.
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The grkGLSmut transgene exhibited no or only weak rescue of the dorsoventral
patterning defects of grk∆FRT flies; ~50% of the recovered eggs (n > 1000 per line) were
fully ventralized and similar to those produced by grk∆FRT flies. The remaining recovered
eggs were strongly ventralized, containing a single small appendage on the dorsal midline
(Fig. 2.4F). The grkGLSmut transgene exhibited much better, but still not complete rescue
of the anteroposterior patterning defects of grk∆FRT flies. Thus while nuclear migration
was consistently delayed and sometimes (5-25% of the time) incomplete, most stage 8
and older egg chambers contained a correctly positioned nucleus and exhibited wild-type
localization of K10 mRNA to the anterior cortex (data not shown). We conclude from
these data that the GLS is required for gurken’s anteroposterior and, especially,
dorsoventral patterning activities, both of which are dependent on faithful transport and
subcellular localization of gurken transcripts. The grkGLSmut transgene rescued all other
gurken activities; grk∆FRT; grkGLSmut flies produced virtually no compound egg chambers
(only two compound egg chambers were detected in more than 50 examined ovaries or
about ~1000 egg chambers from each of the two extensively examined lines), and none
of the recovered eggs (n > 1000 per line) were fragile. We also saw a general increase in
viability of grk∆FRT; grkGLSmut flies compared to grk∆FRT controls; we recovered many
more non-CyO flies from sibling crosses of grk∆FRT; grkGLSmut/CyO flies than from
sibling crosses of grk∆FRT/CyO flies. We interpret such rescue to mean that mutations in
the GLS do not interfere with gurken transcription or translation, but rather only mRNA
localization.
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The GLS is required for the localization of gurken transcripts
Given the moderate rescue of the anteroposterior patterning defects of grk∆FRT
ovaries by the grkGLSmut transgene, we expected only modest defects in the transport and
anterior localization of grkGLSmut transcripts. Unexpectedly, in situ hybridization
experiments revealed no enrichment of gurken transcripts in stage 1-7 oocytes of
grkGLSmut; grk∆FRT flies, and the transcripts never became concentrated along the
oocyte’s anterior cortex (Fig. 2.4G). Significantly more grkGLSmut transcripts were
detected in later stage (e.g., stage 8-10) oocytes, but this is likely due to diffusion, since
the diameter of the cytoplasmic bridges between nurse cells and the oocyte increases
dramatically during these stages (unpublished observations). We conclude from these
findings that the GLS is required for the transport and anterior localization of gurken
transcripts, and strongly suspect that this requirement is met by the GLS’s ability to
recruit a cytoplasmic dynein motor complex. Whether the small amounts of gurken
transcripts detected in stage 1-7 grkGLSmut; grk∆FRT oocytes is indicative of residual GLS
transport activity, the transport activity of other RLEs in the gurken mRNA, and/or
diffusion of gurken transcripts from nurse cells into the oocyte is not clear from our data,
although the complete absence of anterior localization is most supportive of the last
possibility. Antibody stains for Grk protein were consistent with the RNA data. Most
stage 1-7 egg chambers showed no obvious enrichment of Grk protein in the oocyte or
anywhere else in the germline cyst (Fig. 2.4H). Given that most grkGLSmut; grk∆FRT
oocytes supported nuclear migration and K10 mRNA localization, we further conclude
from these analyses that very low levels of gurken mRNA and protein are sufficient for
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anteroposterior patterning and that such patterning does not require subcellular
localization of gurken transcripts and/or protein within the oocyte.
The rescue data predicts a stronger requirement for the GLS in the localization of
transcripts to the oocyte’s AD corner. Thus while the grkGLSmut transgene showed
moderate rescue of the anteroposterior defects of grk∆FRT egg chambers and eggs, it
exhibited almost no rescue of the dorsoventral patterning defects of grk∆FRT ovaries (see
above). Consistent with this prediction, the grkGLSmut transcripts were dispersed
throughout the ooplasm in all examined staged 7-10 grkGLSmut; grk∆FRT oocytes.
Antibody stains for Grk protein were again consistent with the RNA data in that the vast
majority of examined stage 8-10 egg oocytes showed no enrichment of Grk protein
around the nucleus or elsewhere in the cell. Surprisingly, however, a few (less than 5%)
showed distinct enrichment of Grk protein around the oocyte nucleus (e.g., see Fig.
2.4H). We interpret such enrichment to mean that gurken translational activator and/or
derepressor proteins are concentrated around the oocyte nucleus, which could also
explain the residual dorsoventral patterning activity of the grkGLSmut transgene despite its
absence of AD RNA localization activity.

DISCUSSION
The major finding of our studies is that the GLS is required but not sufficient for
AD localization. We interpret this to mean that AD localization is brought about by the
action of the GLS plus one or more additional RLEs, henceforth referred to as AD-RLEs.
The nature of the requirement for the GLS in AD localization is not clear, but may simply
be that of getting gurken transcripts to the oocyte’s anterior cortex, where they can
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associate (through the action of the AD-RLEs) with the AD localization machinery.
Consistent with this view, transgenic RNAs that contain the GLS but no other gurken
RLEs, e.g., KGFP+GLS transcripts (Fig. 2.2C), are transported into the oocyte and
subsequently accumulate along the oocyte’s anterior cortex, but never become
concentrated at the oocyte’s AD corner. The transport and anterior localization pattern of
KGFP+GLS transcripts is mirrored by a number of other mRNAs, including K10 and
Orb and is completely consistent with the idea that the GLS mediates association of
gurken mRNA with a minus end motor complex, most probably cytoplasmic dynein.
Direct support for this idea comes from real-time imaging and immunoelectron
microscopy experiments (Delanoue et al., 2007), which show that gurken transcripts form
large particles that contain cytoplasmic dynein heavy chain (DHC) and the motor
cofactors Egalitarian (Egl) and Bicaudal D (BicD) upon injection into stage 7-9 oocytes.
Moreover, the majority of these particles are in close proximity to microtubules and their
formation is dependent on the GLS. Finally, it has been shown that Dynein light chain
(Ddlc) binds gurken mRNA in vitro and that such binding is mediated by the 3’UTR, not
the GLS (Rom et al., 2007).
How the AD-RLEs mediate the relocalization of gurken transcripts from the
anterior cortex to the AD corner is not clear, although one simple possibility is that they
bind proteins that are (or become) anchored to the oocyte nucleus or to a neighboring
structure. Given that some grkGLSmut transcripts accumulate in (diffuse into?) the oocyte,
yet only very inefficiently become concentrated at the AD corner (or around the nucleus),
it would appear that efficient AD localization requires active transport, i.e., AD
localization cannot be brought about by diffusion within the oocyte and specific
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anchoring at the AD corner of the cell. However, it is not clear as previously suggested
(Van De Bor et al., 2005) that such transport needs to be specifically directed toward the
AD corner. Rather AD localization could be brought about by repeated rounds of GLSmediated transport to the anterior cortex (i. e., to the minus ends of the oocyte’s MTs),
coupled with region-specific anchoring at the AD corner and/or to the nucleus. In this
scenario, the AD-RLEs, which could include the GLS, would constitute the RNA
component of the anchor complex. Consistent with the notion of anchoring, photobleaching and real-time imaging experiments reveal that endogenous and injected gurken
transcripts are highly dynamic during early and middle stages of oogenesis, but become
static coincident with AD localization (Delanoue et al., 2007; Jaramillo et al., 2008). The
dynamic to static transition is accompanied by a distinct change in gurken particle
morphology (Delanoue et al., 2007). Interestingly, this transition requires cytoplasmic
dynein, but not other components of the motor complex, e.g., Egl and BicD. These
observations have led to the proposal that upon reaching its final destination, the Dynein
motor becomes a static anchor and is no longer a functional motor protein.
How do we reconcile our findings with those of previous studies (Van De Bor et
al., 2005) which indicate that the GLS mediates directed transport to the oocyte’s AD
corner? One possibility relates to the fact that such studies utilized either injected RNAs
or transgenic RNAs expressed from very strong promoters. Both scenarios are likely to
result in the formation of very large transport particles and it may be that such particles
are better able to recruit the AD localization machinery than endogenous gurken transport
particles, e.g., because of a higher number of GLS elements within the particle. It should
also be noted that the AD localization activity of injected GLS-containing transcripts is
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not nearly as complete as the AD localization of wild-type gurken transcripts; wild-type
gurken transcripts are rarely detected outside the AD corner of stage 9 oocytes, whereas
injected transcripts are readily detectable in all regions of the anterior cortex (Van De Bor
et al., 2005). Similarly, the AD localization of previously described GLS-containing
transgene transcripts is transient in nature, not persisting past stage 9. Taken together,
these data indicate that the GLS is not sufficient (even in multiple copies) for wild-type
AD localization, and that one or more additional elements are needed for persistent AD
localization
It is not clear how cytoplasmic dynein switches from a motor to anchor. Thus
while gurken transport and anchor particles are morphologically distinct, no proteins have
been identified that are specific to one particle or the other. Given that gurken transcripts
are specifically translated at the AD corner of the oocyte, the switch might be regulated
by translation. Consistent with this idea, gurken transcripts never become anchored
(remain dynamic) in K10 and Squid mutants and are translated all along the anterior
cortex (Jaramillo et al., 2008). Squid is a normal component of gurken transport and
anchor particles, but is specifically required for anchoring. Thus, the switch from
transport to anchoring might involve some sort of activation of Squid. K10 is an
attractive candidate here as it binds Squid in vitro (Norvell et al., 1999). Moreover, K10
is concentrated in the oocyte nucleus and thus could provide the necessary asymmetry to
the system. The one obvious caveat to this scenario is that K10 appears to be strictly
nuclear and tightly associated with the oocyte’s chromatin. Squid, while predominantly a
cytoplasmic protein, is also detected in the nucleus and has been shown to interact with
transportin, a nuclear import protein in vitro (Norvell et al., 1999). The activation of
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Squid and gurken anchoring could thus be brought about by specific modification of
Squid in the oocyte nucleus by K10.
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Figure 2.1 Conservation and predicted secondary structure of the GLS. (A)
Sequence alignment of the gurken transcription unit displayed using the Vista Browser at
http://pipeline.lbl.gov/cgi-bin/gateway2 (Nielsen et al., 2010). The estimated years in
millions (MYA) of evolution between D. melanogaster and each of the other five species
is from Heger and Ponting (Heger and Ponting, 2007). The most highly conserved region
is circled and includes the first 39 nt of the GLS. The last 25 nt of the GLS map to the 3’
side of the abutting intron. The arrow indicates the direction of transcription. The red
shaded region corresponds to a putative transposable element. The numbers at the bottom
of the graph indicate nucleotide position along the chromosome. (B) The 5’ end of the
gurken mRNA, where the green dot denotes the translation start site, the red arrows the
boundaries of the GLS, and the asterisk the position of the intron. The nucleotides
beneath the aligned sequence blocks highlight differences between the D. Willistoni and
D. melanogaster sequences. (C) Predicted secondary structure of the GLS, with nonconserved residues shown in red.
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FIGURE 2.1

58

Figure 2.2 The GLS is sufficient for anterior, but not anterodorsal localization
within the Drosophila oocyte. RNA distribution patterns of wild-type gurken transcripts
(A) and K10::GFP reporter transcripts (B-G) as revealed by wholemount in situ
hybridization (see Methods). Individual ovarioles are shown, with older egg chambers
oriented to the right. The transgenes (B-G) are noted in the individual panels. The
structure of the transgenes and expression summary is shown beneath the in situs.
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Figure 2.2
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Figure 2.3 Structure of GLS variants. The wild-type GLS is shown at the left for
comparison. The GLS mutant (referred to as grkGLSmut in Text) contains 12 point
mutations (shown in red), which are predicted to disrupt the predicted base pairing
pattern of the GLS at five sites (circled). None of the 12 mutations affect the protein
coding sequence as shown at the bottom portion of the figure.
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Figure 2.3
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Figure 2.4 The GLS is required for gurken RNA localization and gene function. (AB) Wild-type expression patterns of endogenous gurken RNA (A) and protein (B) as
revealed by whole mount in situ hybridization and immunofluorescence, respectively.
Anterodorsal localization of transcripts and protein is only apparent in the rightmost egg
chambers, which are stage 8 and 9, respectively. (C-E) The gurken RNA and protein
distribution patterns of gurken null mutants (grk∆FRT) carrying the wild-type gurken
transgene, grkwt (C-D) or no transgene (E). (F-H) grk∆FRT eggs and egg chambers (from
gurken null mothers) carrying the grkGLSmut transgene. (F) Left panel: representative
grk∆FRT; grkGLSmut egg exhibiting a completely ventralized phenotype, i.e., complete loss
of dorsal appendage material. Right panel; anterior end of a grk∆FRT; grkGLSmut egg
exhibiting a strong, but not complete, ventralized phenotype. Note, for example the short,
fused dorsal appendage. (G) grk∆FRT; grkGLSmut ovariole following in situ hybridization
with gurken probe. Transcripts are dispersed throughout the germline cysts with only
slight enrichment in the oocyte and no subcellular localization. (H) grk∆FRT; grkGLSmut
ovariole following immunofluorescence using an anti-Grk antibody. The protein is
generally dispersed throughout the germline cysts, although slight enrichment around the
oocyte nucleus is seen in rare stage 10 and 11 egg chambers.
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Figure 2.4
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Chapter III
Cloning and Characterization of the Putative Rab11 effector, dRip11
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ABSTRACT
Rab11, a small GTPase, functions critically in the establishment and maintenance
of cell polarity by trafficking of vesicles from recycling endosome to the plasma
membrane. It mediates multiple trafficking steps and it traffics different cargos in
different cells, both by interacting with unique set of effector molecules. Here, I
characterize a putative Rab11 effector, Drosophila Rab11-family interacting protein
(dRip11). First, I show that dRip11 binds to Rab11 in vitro. Second, I identify a region
within the Rab11 protein that is required for binding to dRip11. Third, I show that
dRip11 has overlapping expression pattern with Rab11 in GSCs and border cells within
the Drosophila ovary. Finally, I describe my attempt to generate and analyze dRip11
mutations.
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INTRODUCTION
In order to understand the details of Rab11 function, I set out to identify effector
molecules that work with Rab11 in regulating trafficking events. There are two structural
classes of Rab11-family interacting proteins (Rab11-FIPs) (Horgan and McCaffrey,
2009). Class I proteins have a N-terminal C2 domain and include Rip11, FIP2 and Rabcoupling protein (RCP), while Class II proteins have EF-hand domains and include FIP3
and FIP4. Both classes have a highly conserved 20 amino acid Rab11-binding domain
(RBD) in their C-terminal end and like the majority of other Rab effector proteins, have
an overall α-helical coiled-coil structure.
We used yeast two-hybrid screens (University of Wisconsin Molecular Interaction
Facility, Madison, WI) to identify candidate Rab11 binding partners and got a significant
hit with CG6606. Protein BLAST searches identified CG6606 as an ortholog of human
Rab11-FIP2. CG6606/ Rab11-FIP2, henceforth referred to as dRip11 (Drosophila
Rab11-family interacting protein 2) (Prekeris et al., 2000), is the only Class I Rab11
effector in Drosophila (Li et al., 2007).
In this chapter, I describe studies to clarify the role of dRip11 in the ovary. I
confirm the binding between dRip11 and Rab11 by a GST-pull down assay. I also
mapped the domain in Rab11 that is responsible for such binding using different Rab11
mutant proteins as bait. Finally, I used antibody staining to show that dRip11 is expressed
abundantly in the ovary, including in germline stem cells (GSCs) and in migrating border
cells.
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MATERIALS AND METHODS
Generation of GST-tagged Rabs and His-tagged dRip11 proteins
GST-Rab11: The entire protein-coding region of Rab11 as described in (Dollar et
al., 2002) was cloned between Xho I and Asp718 I site of pGEX(B)XA vector for
purification of GST-Rab11.
Chimera proteins Rab11-2 and Rab2-11: The entire Rab2 coding region was
amplified from GH01619 (BDGP EST project) using PCR (forward primer containing an
Xho I site: CTCTCTCGAGATGTCCTACGCGTACTTGTTC and reverse primer
containing an Asp718 I site: CTCTGGTACCCTACTAGCAGCAGCCACTGTTTGC)
and was cloned into the same vector as described above. To make Rab11-2, the amino
half of Rab11 was amplified and fused to the carboxy half of Rab2 at a common Spe I
site near the middle of the two proteins. A reciprocal strategy was used to make Rab2-11.
For Rab2-11, PCR fragments from the first 270bp of the Rab2 coding region (forward
primer: CTCTCTCGAGATGTGGTACGCGTACTTGTTC; reverse primer:
CTCTCACTAGTAAGGCGCCAGCAGCTCCGCGGTA) were combined with PCR
fragment from the second 390bp of the Rab11 coding region (forward primer:
CTCTCTACTAGTCTATGACATTGCCAAGCAT; reverse primer:
CTCTGGTACCTCATCACTGACAGCACTGTTTGCG). For Rab11-2, PCR fragments
used were the first 300bp of the Rab11 coding region (forward primer:
GGATCAGCCGCCCTCGAGATGGGT; reverse primer:
CTCTGACTAGTAGGGCCCCCACGGCACCGCGGTA) and 410bp of the second half
of the Rab2 coding region (forward primer:
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CTCTTTACTAGTGTACGACATCACGCGACGG; reverse primer:
CTCTGGTACCCTACTAGCAGCAGCCACTGTTTGC).
High resolution Rab11-Rab2 chimera proteins (GST-Rab11M1, GSTRab11M2, …, GST-Rab11M11): Different high resolution Rab11-Rab2 chimeric
proteins (as described in Xu et al., unpublished data) were cloned into the same
pGEX(B)XA vector individually for purification of GST-Rab11Ms. Each such protein
contained 6-10 Rab2 amino acids within the context of an otherwise intact Rab11
backbone.
His-dRip11 and His-dRip11Ala: For generation of His-dRip11 protein,
GM01994 (BDGP GM_pBS library) was used. It encodes the 314 amino acid carboxyl
end of dRip11 including Rab11 binding domain (RBD) (Fig. 3.1). The dRip11 fragment
was cloned into pET-14b. For dRip11Ala mutant, 8 amino acids in RBD were substituted
by Alanine residues using PCR.

Protein purification, pull-down assay and western blot
For protein purification, E. Coli BL21(DE3) cells expressing either
pGEX(B)XARab for GST-Rab proteins or pET-14bdRip11 and pET-14bdRip11Ala for
His-tag proteins were grown at 30˚C until OD600 was 0.6. I then added 0.01g/50ml IPTG
to the culture and incubated it at 15˚C, with continuous shaking overnight. Cells were
harvested by centrifugation and lysed in 1.5ml non-denaturing lysis buffer (NDLB)
(25mM Tris PH 8.0, 100mM NaCl, 1mM β-mercaptoethanol, 0.1% Triton-100, 10%
glycerol) with 0.5mg/ml lysozyme on ice for 1hr. After sonication, the cell lysates were
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centrifuged (Beckman Coulter Optima TL-100 Ultracentrifuge) at 50,000g for 0.5hr at
4˚C and the supernatant was collected for further purification. For GST-tagged protein,
Glutathione Sepharose 4 Fast Flow (Amersham Bioscience) beads were used and GSTtag proteins were purified according to manufacture’s recommended protocol, except the
final cleavage step was not performed. For His-tagged proteins, Ni-NTA His•Bind
Superflow™ (Novagen) was used and manufacture’s manual was followed.
For pull-down assays, 5µl of His-tag protein and 5µl of GST-tag protein with
Glutathione Sepharose beads attached were incubated in 1ml NDLB for 2hr at 4˚C on a
Nutator (Fisher Scientific). For a negative control, equal amounts of Glutathione
Sepharose beads alone were incubated with 5µl of His-tag protein. The beads were
isolated by centrifugation and washed 4 times with 0.5ml NDLB. Bead-bound proteins
were resuspended in 10µl NDLB and 10µl of SDS sample buffer was added. Standard
SDS-PAGE procedure was followed and proteins were transferred to nitrocellulose.
Western blot was carried out following standard protocol (Maniatis, 1982) using
mouse monoclonal anti-His HRP (1:5000, abcam) and ECL plus Western Blotting
Detectin System (Amersham Bioscience) according to manufacture’s instructions.

Fly stocks
Fly culture and crosses were carried out according to standard procedures
(Ashburner, 1989). The wild-type stock was w1118. Four different P-element recessive
lethal dRip11 alleles (PL12, PL63, PL72, PL7202) were obtained from the Bloomington
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Stock Center. Another P-element recessive lethal allele dRip11KG02485 was from Li et al.
(Li et al., 2007). All dRip11 alleles were balanced over FM7c.

Construction of transgenic flies expressing dRip11::GFP
I made two dRip11::GFP constructs using the RED/ET recombination system
(Gene Bridges, Inc., CA). Both constructs contained the same 735bp GFP insert but
differed in its placement within the dRip11 ORF (Fig. 3.1); in dRip11::nGFP, GFP was
inserted immediately downstream of the start codon ATG, whereas in dRip11::cGFP,
GFP was inserted immediately upstream of the stop codon TAA. The resulting CaSpeR4
P element transformation vector carrying either dRip11::nGFP or dRip11::cGFP was
microinjected into w1118 flies following standard procedures (Rubin and Spradling, 1982;
Spradling and Rubin, 1982). Five independent dRip11::nGFP lines and two independent
dRip11::cGFP lines were established, each with a single copy of the transgene. All
transgenic lines were viable and maintained as homozygous stocks.

Immunocytochemistry and confocal microscopy
Ovaries were fixed and immunostained as previously described (Bogard et al.,
2007; Dollar et al., 2002). Primary antibodies were used at the following concentration:
rat anti-Rab11 (1:500) (Dollar et al., 2002); rabbit anti-GFP (1:250; Invitrogen); rat antidRip11 (1:1000; unpublished data); mouse anti-FasIII (1:50; Hybridoma bank); mouse
anti-Hts (1B1) (1:10; Hybridoma bank). Secondary antibodies were purchased from The
Jackson Laboratoty and used at the manufacturer’s recommended concentrations. Stained
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ovaries were mounted in 4% n-propyl gallate (Sigma) in 90% glycerol, 10% PBS
(phosphate buffered saline). Images were collected on Olympus 3L Spinning disc or
Zeiss Meta 510 laser scanning confocal microscopes.

RESULTS
dRip11 is a Rab11 binding partner
Yeast two-hybrid assays identified dRip11 as the only binding partner of
Drosophila Rab11. To confirm the binding between Drosophila dRip11 and Rab11, I
carried out in vitro binding using a GST pull-down assay with full-length Rab11 (50kDa)
and His-tagged dRip11 protein (40kDa) containing the putative Rab11 binding domain
(RBD) (Fig. 3.1). As shown in Figure 3.2A, His-dRip11 binds to GST-Rab11. To
confirm that the putative RBD is responsible for the binding, I used a dRip11 mutant with
altered RBD in the binding assay (see Methods). This mutant protein failed to bind to
GST-Rab11 in vitro (data not shown). I conclude that Drosophila dRip11 binds to Rab11
via its C-terminal RBD. I also tested the binding between dRip11 and Rab11 with or
without GTPγ-NH-P (10-6M) because theoretically dRip11 binds to active GTP-bound
form of Rab11 instead of inactive GDP-bound form. The presence of GTPγ-NH-P,
however, did not make any difference in the binding. Whether this is because Rab11 does
not need to be in the GTP-bound form to bind dRip11 or because purified GST-Rab11 is
pre-bound to GTP is not clear from my studies.
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Rab11 amino acid 38-42 is responsible for dRip11 binding
To determine which part of Rab11 binds to dRip11, I initially made two Rab11Rab2 chimera proteins. The overall 3-D fold of Rab2 is virtually identical to Rab11.
However, they localize to different compartments within a cell and share no common
effector molecules. As expected, His-dRip11 does not bind to Rab2 (Fig. 3.2B). The two
Rab11-Rab2 chimera proteins I made are Rab11-2 with the N-terminal half of Rab11
fused with C-terminal half of Rab2, and Rab2-11, with the N-terminal half of Rab2 fused
with the C-terminal half of Rab11. When I made the chimera proteins, I chose the region
in the middle of the protein that is the same in both Rab11 and Rab2 so that both chimera
proteins can fold properly. As shown from the binding assay, dRip11 binds to Rab11-2,
but not Rab2-11 (Fig. 3.2B). I conclude from these data that the N-terminal half of Rab11
(amino acid 1-100) is responsible for its binding to dRip11.
To map more precisely the dRip11 binding domain of Rab11, I tested 11
additional Rab11-Rab2 chimeric proteins for binding to dRip11. Each chimeric protein
had a full-length Rab11 backbone, and a 6-10 amino acid stretch composed of Rab2
sequences (Fig. 3.2D and data not shown). Only one Rab11-2 chimera (Rab11 M1), with
amino acid substitutions from 38-42, failed to bind dRip11 (Fig. 3.2C and data not
shown). I conclude, amino acid 38-42 in Rab11 is responsible for the binding between
Rab11 and dRip11.
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dRip11::GFP transgenes rescue lethality of dRip11 alleles
To better characterize the function of dRip11, we made two dRip11::GFP
transgene constructs using dRip11 genomic fragment containing the endogenous dRip11
promotor, one with GFP at the N-terminus of dRip11 and the other with GFP at the Cterminus (Fig. 3.1). We recovered several lines of each transgene with stable, single copy
insertions. All the transgenes are fully functional, as they rescued all five dRip11 lethal
alleles.

dRip11 expressions in spectrosome/fusome and border cells
Next we examined the expression patterns of dRip11 during Drosophila
oogenesis. We use a rat anti-dRip11 antibody to determine the expression patterns of
endogenous dRip11 in wild-type oocytes, or rabbit anti-GFP to examine the dRip11::GFP
expression in dRip11::GFP transgenic flies. Both antibodies showed that dRip11 is
expressed strongly in the germarium and in border cells.
In the germarium, dRip11 is expressed abundantly in the spectrosome and in the
fusome (Fig. 3.3D, red; Fig. 3.3E, green), which were identified by co-staining with
antibodies against Hu-li tai shao (hts) (Fig. 3.3G) (Petrella et al., 2007; Yue and
Spradling, 1992). Rab11 is also expressed in the spectrosome/fusome (Fig. 3.3B, F) and
has overlapping expression with dRip11 (Fig. 3.3C, H).
In stage 9 and older egg chambers, dRip11 is expressed in the border cells (Fig.
3.4, 3.5). Rab11 again have overlapping expression with dRip11 in border cells (Fig. 3.5).
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DISCUSSION
In this study, I confirmed the in vitro binding between Drosophila dRip11 and
Rab11, which was shown in vertebrate systems (Prekeris et al., 2000) and in our previous
yeast two-hybrid screens (University of Wisconsin Molecular Interaction Facility,
Madison, WI). In addition, I mapped the domain in Rab11 that is responsible for such
binding. I also investigated the expression pattern of dRip11 and found that dRip11 and
Rab11 have overlapping expression pattern in germarium and in border cells.
Given the extensive role of Rab11 in membrane trafficking, and the fact that Rabs
work with effector molecules in each of its trafficking steps, identifying Rab11’s binding
partner is the first step in finding those effectors and is important in elucidating its
detailed function in membrane trafficking. While there are examples of effectors that
bind to GDP-bound form of Rab, almost all the effector molecules prefer the GTP-bound
form (Shirane and Nakayama, 2006; Stenmark, 2009). There are two regions in Rab11
called switch 1 and switch 2 that have different conformation depending on the
nucleotide binding states (GTP- or GDP-bound). In fact, Rab11 M1 that fails to bind to
dRip11 has amino acid changes (see Materials and Methods) within switch 1 region.
Although each Rab protein has similar switch regions, while the conformation differences
within the switch regions between each Rabs confer the specificity of effector binding.
Previous studies in our lab pointed out that Rab11 functions in germline stem cell
maintenance (Bogard et al., 2007) and in polar cell fate specification (Xu et al.,
unpublished data). The overlapping expression of dRip11 and Rab11 in the germline
stem cell and in border cells suggests a role for dRip11 as a Rab11 effector in germline
stem cell maintenance and in border cells.
82

Given the localization results presented here, there was a strong prediction that
dRip11 mutants would be defective in GSC maintenance and/or in border cell migration.
However, examination of dRip11 mutants revealed no such defects. We interpret this to
mean that there might be other Rab11 effector protein(s) that act redundantly with
dRip11 in those processes. Alternatively, the dRip11 alleles we tested may not be strong
enough. In order to get a null dRip11 mutant, I set out to make a deletion of the whole
dRip11 gene using the FRT-FLP system (Parks et al., 2004). However, I never recovered
such mutants and suspect that one or more of the FRT stocks that we used are defective;
the FRT elements may, for example, be mutated in a way that severely reduces their
ability to recombine with each other.
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Figure 3.1 Diagram of dRip11 genomic structure and subclones used in this study.
(A) Genomic structure of dRip11, with mRNA and protein coding regions shown as red
and green boxes, respectively. (B) The 314 amino acid C-terminal region used in GST
pull-down assay with Rab11. As described in the Text, this region contains the putative
Rab11 binding domain, and binds Rab11 in vitro. (C) Diagram of the N- and C-terminal
dRip11::GFP fusion constructs.
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FIGURE 3.1
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Figure 3.2 Identification of the dRip11 binding domain in Rab11. (A) Western blot
control experiment using anti-His antibody showing that His-dRip11 (arrow) binds (is
pull-down by) Rab11 protein that is attached to beads use a GST-tag. Control lane (HisdRip11+beads) shows that His-dRip11 is not pulled down by beads alone. (B) Western
blot experiment using anti-His antibody showing that the amino-terminal half of Rab11
mediates binding to His-dRip11. The structures of the Rab11-Rab2 fusion proteins are
described in Methods and are also shown in D. The arrow indicates the position of the
His-dRip11 protein. Higher molecular weight proteins represent a dRip11 dimer as they
are eliminated when Dithiothreitol (DTT) is added to the binding reaction (data not
shown). The stronger binding of Rab11-2 than Rab11 to dRip11 was due to the
degradation of Rab11 in storage buffer, while Rab 11-2 was freshly made at the time of
this particular pull down assay. (C) Western blot experiment using anti-His antibody
showing that amino acids 38-42 of Rab11 mediate binding to His-dRip11 because Rab11
M1 with amino acids 38-42 substituted showed no binding to His-dRip11. The absent
binding was not due to its absence of expression because Rab11 M1 showed same level
of expression as the other mutant (M) proteins (data not shown). The structures of the
different Rab11 mutant (M) proteins are described in Methods and are also show in D.
The arrow indicates the position of the His-dRip11 protein. The lower molecular weight
proteins in alternative lanes were from another binding experiment, and did not interfere
with the binding between His-dRip11 and different Rab11 mutants. (D) Structure of the
GST-Rab11 fusion proteins used in the GST pull-down experiments shown in A, B, C.
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Figure 3.2
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Figure 3.3 dRip11 and Rab11 both are expressed in the fusome. (A-C) wild-type
germarium and young (stage 1-3) egg chambers following antibody staining for
endogenous dRip11 (red, A) and Rab11 (green, B) protein. The merged image is shown
in C. Both proteins are enriched at the anterior end of germarium and have a staining
pattern consistent with expression in the fusome. (D) Diagram of germarium (Bogard et
al. 2007). The bar beneath the diagram depicts germarial regions 1, 2a, 2b and 3. Region
3 corresponds to a stage 1 egg chamber. TF: terminal filament, CC: cap cell, ESC: escort
cell, FC: follicle cell. Black: germline stem cell (GSC), red: spectrosome (in GSC)/
fusome (in cystoblast or cyst), green: oocyte, blue: ring canal. (E-H) dRip11::GFP
transgenic germarium following antibody staining for GFP (green, E), Rab11 (blue, F),
Hu-li tai shao (red, G). The merged image is shown in H. Hu-li tai shao staining marks
the fusome (arrow head). dRip11 and Rab11 are both enriched in the fusome.

88

Figure 3.3
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Figure 3.4 Wholemount immunostaining showing strong expression of dRip11 in
border cells. (A) Wild-type stage 10 egg chambers following antibody staining for
endogenous dRip11 (green), dRip11 expresses in border cells, especially at the leading
edge. (B, C) dRip11::GFP transgenic stage 10 egg chambers following antibody staining
for dRip11::GFP (red). dRip11::GFP expresses in border cells in different lines of
dRip11::GFP transgenic egg chambers; such expression is the same as in A.
O: oocyte, bc: border cell cluster, nc: nurse cells, fc: follicle cells.
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Figure 3.4

91

Figure 3.5 dRip11 and Rab11 colocalize during all stages of border cell migration
towards the oocyte. dRip11::GFP transgenic egg chambers (stage 9-10) following
antibody staining for dRip11::GFP (green, A, B, C), Rab11 (red, A´, B´, C´). The merged
image is shown in A´´, B´´, C´´. During border cell migration, dRip11 and Rab11
colocalize before the border cells delaminated from the anterior follicle epithelium (A,
A´, A´´), during the process of migration (B, B´, B´´) and when they reach the oocyte (C,
C´, C´´). Arrowhead points to the border cell cluster.
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Figure 3.5
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Discussion
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This thesis addresses questions fundamental to how egg chambers are made: How
are the different cell types that compose the egg chamber determined? How do those cells
come together to form an egg chamber and communicate with each other to control egg
chamber maturation and the production of egg cells that are sufficiently patterned so as to
be able to specify the major body axes of the future embryo?
In Chapter 2, I contribute to our understanding of oocyte patterning through
investigating the cis-acting RNA sequence elements that control the transport and
anterodorsal (AD) localization of gurken mRNA. In contrast to previous injection-based
assay systems (Van De Bor et al., 2005), my studies utilized a transgenic assay system
and allowed me to definitively address the question of whether the GLS is needed for
gurken gene function as well as to provide accurate information regarding the mechanism
of GLS function. My studies show first that the GLS is essential for gurken gene
function. My studies also show that the GLS is required for gurken RNA transport and
AD localization. In contrast to the injection studies, my studies indicate that the GLS
does not mediate directed transport to the oocyte’s AD corner, but rather only transport to
the anterior cortex. The simplest interpretation of these findings is that AD localization is
brought about by repeated transport to the anterior cortex, coupled with specific trapping
of gurken transcripts at the AD corner. Finally, my data indicate that anterior transport is
mediated by the GLS, while trapping at the AD corner is mediated by other RNA
localization elements (RLEs), which may or may not work in conjunction with the GLS.
Several questions remain unknown regarding the mechanisms of gurken mRNA
localization and are worthy of future study. These include: 1) the identity of the
additional RLEs required for trapping at the AD corner; 2) the physical nature of the trap
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and an understanding of how it is localized; and 3) how RNA localization is coupled to
translational control and whether such coupling is dependent on the fact that the GLS,
unlike the vast majority of other examined RLEs, resides in the protein coding portion of
the transcript.
In Chapter 3, I contribute to the understanding of egg chamber formation by
analyzing the function of the putative Rab11 effector protein, dRip1. Rab11 functions in
various locations during oogenesis: in germline stem cells (GSCs) for the maintenance of
GSC identity, in somatic stem cells for the differentiation of epithelial cells and the
specification of the polar cell fate, and in the oocyte for the organization of the posterior
compartment and oskar mRNA localization. My studies show that dRip11 binds Rab11
in vitro. I also show that dRip11 colocalizes with Rab11 in GSCs and in border cells,
suggesting a role for dRip11 as a Rab11 effector in GSC maintenance and in border cell
migration. However, dRip11 mutants revealed no defects in GSC maintenance and in
border cell migration. This could due to the redundancy in Rab11’s effectors function in
those processes and/or the weakness of dRip11 alleles. Unfortunately, my effort in
making a completely null dRip11 mutant was not successful. I suspect that one or more
of the FRT stocks that we used are defective. Several questions remain unanswered
regarding the function of Rab11 effectors and are worthy of investigations. These
include: 1) what roles does dRip11 play in oogenesis, whether it functions in GSC
maintenance and/or border cell migration, or other processes; 2) what are the other
effectors that work with Rab11 in various oogenesis stages, and how do they work
together in each of the processes. A candidate effector of Rab11 in epithelial cell
differentiation and polar cell specification is nuclear fallout (nuf), as it shows strong
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expression in somatic stem cells, follicle cell precursors and is colocalized with Rab11 in
those cells.
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APPENDIX
Chapter V
Rab11 maintains connections between germline stem cells and niche
cells in the Drosophila ovary
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SUMMARY
All stem cells have the ability to balance their production of self-renewing and
differentiating daughter cells. The germline stem cells (GSCs) of the Drosophila ovary
maintain this balance through physical attachment to anterior niche cap cells and
stereotypic cell division, whereby only one daughter remains attached to the niche.
GSCs are attached to cap cells via adherens junctions, which also appear to orient GSC
division through capture of the fusome, a germline-specific organizer of mitotic spindles.
Here we show that the Rab11 GTPase is required in the ovary to maintain GSC-cap cell
junctions and to anchor the fusome to the GSC’s anterior cortex. Thus rab11-null GSCs
detach from niche cap cells, contain displaced fusomes, and undergo abnormal cell
division, leading to an early arrest of GSC differentiation. Such defects likely reflect a
role for Rab11 in E-cadherin trafficking as E-cadherin accumulates in Rab11-positive
recycling endosomes (REs) and E-cadherin and Armadillo/β-catenin are both found in
reduced amounts on the surface of rab11-null GSCs. The Rab11-positive REs through
which E-cadherin transits are tightly associated with the fusome. We propose that such
association polarizes Rab11’s trafficking of E-cadherin and other cargoes toward the
GSC’s anterior cortex, thus simultaneously fortifying GSC-niche junctions, fusome
localization, and asymmetric cell division. These studies bring to focus the important
role of membrane trafficking in stem cell biology.
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INTRODUCTION
Drosophila oogenesis is an excellent system in which to study stem cell
maintenance and differentiation because all of the steps unfold in well-defined
compartments. The initial steps occur within the germarium, which is divided along its
anterior-posterior axis into 3 morphologically distinct regions (Fig. 5.1A). Two to three
germline stem cells (GSCs) are attached by adherens junctions to niche cap cells at the
extreme anterior end of germarial region 1 (Song et al., 2002; Kirilly and Xie, 2007).
The cap cells and other neighboring niche cells continuously secrete Dpp and Gbb, shortrange TGF-β-like signaling molecules that maintain GSC identity through repression of
bam transcription (Xie and Spradling, 1998; Xie and Spradling, 2000; Song et al., 2004).
Each GSC divides along its anterior-posterior axis to produce another GSC, which
remains attached to the cap cells, and a posterior cystoblast, which is displaced from the
niche and free to differentiate. The axis of GSC division is determined by the membraneand spectrin-rich fusome, which anchors one pole of the mitotic spindle to the GSC’s
anterior cortex (McGrail and Hays, 1997; Deng and Lin, 1997; de Cuevas et al., 1998).
A small amount of fusome is donated to the cystoblast where it guides four stereotypic
rounds of incomplete cell division, resulting in a germline cyst of 16 cells interconnected
by cytoplasmic bridges, called ring canals (Huynh and St Johnston, 2004).

In germarial

region 2A, Orb, BicD and other cell fate determinants become enriched in the cell with
the most fusome material, committing it to differentiate as the oocyte, while each of the
other 15 cells adopts a nurse cell fate (Huynh and St Johnston, 2004). The oocyte is
positioned at the posterior end of the germline cyst in region 2B through E-cadherinmediated adhesion to neighboring somatic follicle cells (Gonzales-Reyes and St
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Johnston, 1998; Godt and Tepass, 1998). Finally, in germarial region 3, the germline
cyst is encased in an epithelium of somatic follicle cells to give the stage 1 egg chamber,
the basic unit of all subsequent steps of oogenesis (Huynh and St Johnston, 2004).

RESULTS AND DISCUSSION
Rab11 associates with the fusomes of GSCs and developing germline cysts
Our first clue that Rab11 plays important roles in early oogenesis came from
immunostain experiments which revealed strong expression of endogenous Rab11 and a
fully functional Rab11::GFP in GSCs, cystoblasts, and young (2- 4- and 8-cell) germline
cysts (Fig. 5.1). Strikingly, the proteins were concentrated as discrete dots on the fusome
(Fig. 5.1E-L), which electron microscope and photobleaching studies have shown is
highly vesicular and rapidly exchanged with other membrane stores (Mahowald, 1972;
Snapp et al., 2004). Triple stain experiments showed that some of these dots also
contained E-cadherin (Fig. 5.1B-E), which has been shown to transit though Rab11positive recycling endosomes (REs) en route to the plasma membrane in some cells
(Lock and Stow, 2005; Langevin et al., 2005). High magnifications images showed that
the Rab11 (and more rarely E-cadherin) dots were often nestled into cavities within the
fusome (Fig. 5.1D-E). Such Rab11-harboring cavities were visible in the fusomes of all
examined GSCs, cystoblasts, and young germline cysts, not only in the ovary but also in
the testes (Fig. 5.1; data not shown). In view of Rab11’s well-described enrichment in
recycling endosomes (REs) (Dollar et al., 2002; Emery et al., 2005; Lock and Stow,
2005; Riggs et al., 2003; Zhang et al., 2004), we propose that these Rab11- and E-

103

cadherin-harboring cavities are REs and will hereafter refer to them as FREs (fusomeassociated recycling endosomes).

Rab11 is required for maintenance of GSC identity
Previous studies of hypomorphic rab11 alleles revealed a role for the gene in
polarizing the mid-stage oocyte’s anterior-posterior axis (Dollar et al., 2002; Jankovics et
al., 2001). To investigate the role of Rab11 during early oogenesis, we set out to examine
a rab11 null allele. The one null allele available at the start of these studies proved to be
tightly linked to a second site cell lethal mutation, so we made a new one using the FRTflipase method (Parks et al., 2004). This new allele, called rab11∆FRT, deletes the rab11
promoter and the first two exons of the gene, and produces no detectable protein (Fig.
5.1I).
Because rab11∆FRT is homozygous lethal, we used the FRT-FLP system (Xu and
Rubin, 1993) to generate homozygous rab11-null clones that were marked by loss of
nuclear GFP. Consistent with a role for Rab11 in the maintenance of GSCs, we
recovered a disproportionately small number of rab11-null GSCs compared to rab11-null
germline cysts. To determine the half-life of rab11-null GSCs, we calculated the
percentage of rab11-null GSCs to total GSCs as a function of days after clone induction
(ACI). As a control, we made identical calculations for marked clones carrying the wildtype rab11 allele. Such studies revealed a half-life of 4.0 days for rab11-null GSCs, or
~4-fold less than wild-type (Table 1). We also made clones with the rab112148
hypomorphic allele and calculated a near wild-type half-life of 15.9 days (Table 1). This
was the expected result as this allele, which contains a P element insertion in the first
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intron, produces apparently normal amounts of Rab11 protein during early oogenesis
(Dollar et al., 2002). We conclude from these data that rab11 is required to maintain
GSC identity.
Consistent with previous findings that lost GSCs can be replaced (Kai and
Spradling, 2003: Kai and Spradling, 2004), many of the germaria that had lost a rab11null GSC contained a full complement (2 or 3) of wild-type GSCs. One apparent
replacement event is shown in Fig. 5.2A-B, where a wild-type GSC is dividing along an
axis parallel to the niche and just anterior to a displaced rab11-null GSC.

Rab11 GSCs exhibit E-cadherin trafficking defects and have misplaced fusomes
To determine whether the observed defects in GSC maintenance reflect a
requirement for Rab11 in E-cadherin trafficking, we compared the distribution of Ecadherin in wild-type and rab11-null GSCs. In contrast to wild-type GSCs (Figs. 5.2CD, white arrows), we found little or no E-cadherin along the anterior surface (i.e., at the
GSC-cap cell interface) of rab11-null GSCs (n=9) 8-10 days ACI (Fig. 5.2D, yellow
arrow). Similar analyses of germaria 2.2 days ACI revealed reduced or no accumulation
of E-cadherin along the anterior cortex of 16 of 22 examined rab11-null GSCs (Fig.
5.2E). Consistent with the idea that such reductions reflect a loss of adherens junctions,
we saw similar strong reductions of Armadillo/β-catenin (data not shown). Concomitant
with its reduction along the GSC’s anterior surface, increased amounts of E-cadherin
(seen as discrete dots) were detected on the fusomes/FREs of rab11-null GSCs (Fig.
5.2E, yellow arrow). Thus while wild-type GSCs contained an average of 0.16 dots of Ecadherin per fusome (n=31), rab11-null GSCs contained an average of 1.6 dots/fusome
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(n=17) (Table 1). We conclude that rab11 is required for the maintenance of adherens
junctions between cap cells and GSCs and propose that such maintenance involves the
trafficking of intracellular E-cadherin, and possibly other cargoes, from the FRE to the
GSC’s anterior surface.
Although the simplest interpretation of the above data is that Rab11 maintains
GSC identity through E-cadherin trafficking, we cannot rule out the possibility that the
primary role of Rab11 is that of recycling Dpp or other signals required for GSC
maintenance and that the observed defects in E-cadherin trafficking are a secondary
effect of insufficient signaling. To test this idea, we immunostained mosaic germaria for
Bam, whose expression is negatively regulated by Dpp (Xie and Spradling, 1998; Xie
and Spradling, 2000; Song et al., 2004). Such studies revealed a normal pattern of Bam
expression; Bam was not detected in rab11-null GSCs or cystoblasts, but was detected in
young (2- to 8-cell) germline cysts (Fig. 5.2G). These data argue strongly against the
idea that the primary role of rab11 is that of facilitating Dpp signaling, in which case
rab11-null GSCs would be expected to move out of the niche only after they have
activated Bam. We conclude from these findings that Rab11 does not affect GSC
maintenance or E-cadherin trafficking through regulation of Dpp or other signals that
maintain GSC identity via Bam repression.
The rab11-null clones also revealed a role for Rab11 in the sub-cellular
localization and behavior of the fusome. In wild-type GSCs (Fig. 5.2F, white
arrowhead), the fusome is anchored to the anterior cortex and spreads out along the
mitotic spindle such that ~1/3 of it extends into, and is ultimately donated to, the
cystoblast (Deng and Lin, 1997). In contrast, the fusome of rab11-null GSCs (Fig. 5.2F,
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yellow arrow) was not anchored to the anterior cortex and, while it spread out along the
mitotic spindle during cell division, it was often splayed and generally much less
organized. We suspect such splaying results from the detachment of the fusome from the
cell cortex, but cannot rule out a more direct role for Rab11 in fusome segregation.
Although it is not known how the fusome is attached to the GSC’s anterior cortex, it is
likely to involve association with intracellular domains of the adherens junctions (Song et
al., 2002). If so, Rab11, the fusome/FRE, and the adherens junctions may comprise a
tripartite feedback loop whereby each reinforces the subcellular localization/behavior of
the other. Specifically, we propose that the association of Rab11 with the fusome/FRE
polarizes Rab11’s trafficking of E-cadherin toward the GSC-cap cell interface, in turn
reinforcing GSC-cap cell junctions, fusome localization, and asymmetric cell division.

Rab11 germline cysts arrest development early and exhibit defects in fusome
segregation, oocyte positioning, and bulk membrane trafficking
All rab11-null germline cysts arrested development by stage 6 and were of two
phenotypic classes. The rarer (~10%), more severely affected class arrested development
in region 1 of the germarium, often contained less than 16 cells, and had little or no
fusome (Fig. 5.3A-B, D, yellow outlines). Given the splayed fusome phenotype of
dividing rab11-null GSCs described above, we speculate that this early arrest reflects a
role for Rab11 in faithful segregation of the fusome to daughter cystoblasts. Consistent
with this idea, mutations in α-spectrin and hu-li tai shao, which encode components of
the fusome, cause a similar early arrest of cyst development (Lin et al., 1994; de Cuevas
et al., 1996).
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The less affected class of rab11-null germline cysts elaborated a normal fusome
(Fig. 5.3A, white dashes), but contained clumped ring canals (Figs. 5.3F-G) and arrested
development at ~stage 6. Clumped ring canals have also been reported for sec5, sec6 and
rab6 mutations and have been interpreted to reflect a requirement for these genes in bulk
membrane trafficking to the cell surface (Murthy and Schwarz, 2003; Murthy et al., 2005;
Coutelis and Ephrussi, 2007). A similar requirement for Rab11 is likely as many of the
nuclei of rab11-null germline cysts were clumped together or otherwise poorly spaced
(not shown). These cysts also exhibited defects in oocyte positioning. Thus while the
oocyte is positioned at the posterior end of wild-type germline cysts in germarial region
2B (Fig. 5.3E, white arrowhead), the oocytes of rab11-null germline cysts were often in
the center (Fig. 5.3E’, yellow arrow). Previous studies (Godt and Tepass, 1998;
Gonzales-Reyes and St Johnston, 1998) have shown that oocyte positioning is dependent
on enriched accumulation of E-cadherin along the oocyte’s posterior surface. Consistent
with a role for Rab11 in such enrichment, we observed reduced accumulation of Ecadherin along the posterior surface of rab11-null oocytes (Fig. 5.3D, yellow arrow)
compared to wild-type oocytes (Figs. 5.3C-D, white arrowheads) in region 2B and 3
germline cysts. Nevertheless it is difficult to know whether the observed defects in
oocyte positioning in the rab11-null germline cysts reflects a role for Rab11 in Ecadherin trafficking, bulk membrane trafficking, or both.

CONCLUSION
Our studies indicate that Rab11 maintains GSC identity through polarized
trafficking of E-cadherin and, possibly, other cargoes that reinforce essential GSC-niche
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contacts. Our studies further indicate that Rab11 is required for fusome localization and
asymmetric GSC division and suggest a feedback linkage between these events and Ecadherin trafficking. While Rab11 has been implicated in the trafficking of E-cadherin in
other cells, we know of no other cases where such trafficking has been correlated with a
biological response. It will be of interest to determine whether Rab11 is required for the
maintenance of stem cells in other systems and whether such maintenance involves Ecadherin trafficking or the trafficking of other adhesion molecules. It will also be of
interest to determine the role of Rab11 in other E-cadherin-dependent cell behaviors,
particularly since Rab11, at least in Drosophila, is expressed in only a small subset of Ecadherin-expressing cells (Xu and Cohen, unpublished).

EXPERIMENTAL PROCEDURES
Drosophila genetics
Fly culture and crosses were carried out according to standard procedures
(Ashburner, 1989). The wild-type stock was w, or w histone2::GFP (Morin et al., 2001).
The rab11 deletion (rab11∆FRT) was made by inducing recombination (Parks et al., 2004)
between the FRT insertions (FRT5377 and FRT1994, respectively) of stocks f05377 and
d01994 (Harvard Medical School Exelixis collection). The resulting deletion, which
removes the Rab11 promoter and first two exons was initially identified by noncomplementation with rab112148 (Dollar et al., 2002) and subsequently confirmed by
PCR. The rab11∆FRT allele complements a lethal allele of rtet, which lies just upstream of
rab11 and close to the FRT insertion of f05377, and produced no protein (Fig. 5.1I).
Homozygous mutant clones were generated by crossing w; rab11-null/FRT5377,
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Hrb98::GFP or w; rab11+/FRT5377, Hrb98::GFP controls to y w hsp::FLP. The
FRT5377, Hrb98::GFP chromosome was made by recombining the Hrb98::GFP
transgene from line ZCL058 (Morin et al., 2001; Kelso et al., 2004) onto the FRT5377containing chromosome and verified by PCR. For most experiments, clones were
induced in 2- to 5-day old adults by heat-shocking for 1 hour at 37oC on 2 consecutive
days and examined 8 or more days ACI, thus ensuring that all examined rab11-null cells
were derived from mutant GSCs; germline cysts normally clear the germarium within ~6
days (Song et al., 2002; Xie and Spradling, 1998). For half-life determination, a single
large group of 2- to 3-day old adults were heat-shocked twice, 8 hours apart, at 37°C for
1 hour and the number of mutant GSCs and germline cysts were counted 4, 8 or 12 days
ACI. Homozygous rab11-null and rab11+ control clones were identified by their lack
of GFP staining.

The fully functional Rab11::GFP transgene is identical to that

described in Dollar et al (2002), except for the omission of the N-terminal His-tag.

Immunocytochemistry and confocal microscopy
Ovaries were fixed and immunostained as previously described (Dollar et al.,
2002), except EM-grade formaldehyde was substituted for paraformaldehyde in the
fixative. Primary antibodies were used at the following concentrations: Rat anti-Rab11
(1:500) (Dollar et al., 2002); Rabbit anti-Rab11 (1:250) (Satoh et al., 2004); E-cadherin
(1:40; Hybridoma bank); GFP (1:250; Invitrogen); α-spectrin (1:10; Hybridoma Bank);
Hts/1b1 (1:4; Hybridoma Bank); Orb (6H4) (1:20; Hybridoma Bank); Vasa (1:5000)
(Williamson and Lehman); HtsRC (1:4; Hybridoma Bank); BamC (1:500;) (McKearin
and Ohlstein, 1995). Secondary antibodies were purchased from Jackson labs and used at
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the manufacturer’s recommended concentrations. Stained ovaries were mounted in 4%
n-propyl gallate (Sigma) in 90%glycerol, 10% phosphate buffered saline. Images were
collected on an Olympus 3L Spinning disc or Zeiss Meta 510 laser scanning confocal
microscopes.
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Figure 5.1 Rab11 is enriched on the fusome of GSCs and germline cysts.
(A) Diagram of the Drosophila germarium. Niche terminal filament (TF), cap (CC), and
escort stem (ESC) cells are shown in gray. The fusome (red) is tightly associated with
the anterior cortex of germline stem cells (GSCs) (black) and extends throughout the
cytoplasm of germline cysts (white). Other symbols: oocyte (green); somatic follicle
cells (FC); ring canals (blue crescents). (B-E) Region 1 of a wild-type germarium
immunostained for E-cadherin (green), Rab11 (red), and the fusome marker, α-spectrin
(blue). Merged image (E). Scale bar equals 10 microns and anterior is to the left in this
and all subsequent figures. A single GSC is outlined in B, with the break in the tracing
revealing strong E-cadherin staining at the GSC-cap cell interface. The smaller dot of Ecadherin staining (arrow) superimposes with Rab11 on the fusome (arrows in C and D,
respectively). (F-H) Wild-type germarial regions 1 & 2 immunostained for Rab11 (red),
and α-spectrin (blue). Merged image (G). Strong accumulation of Rab11 is apparent on
the GSC (arrowhead) and germline cyst’s (arrow) fusome. (I-J) Mosaic germarium
immunostained for nGFP (green), Rab11 (red) and α-spectrin (blue) showing the absence
of Rab11 protein in rab11-null (GFP negative) cells. (J) Rab11 channel only. (K-L).
Rab11::GFP transgenic germarial region 1 immunostained for GFP (red) and α-spectrin
(blue). Arrowheads denote strong Rab11::GFP expression on the fusome.
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Figure 5.1
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Figure 5.2 Rab11 is required to maintain E-cadherin at the cap cells-GSC junction
and to anchor the fusome to the GSC’s anterior cortex.
(A, B) Region 1 of a mosaic germarium immunostained 8 days after clone induction
(ACI) for E-cadherin (red), α-spectrin (blue), and nuclear GFP (nGFP) (green) to mark
rab11-null clones in this and all subsequent figures. (A) A 2-cell rab11-null germline
cyst is outlined. This is the most anterior mutant cyst in the germarium, and thus,
presumably derived from a displaced rab11-null GSC (see Text). A dividing wild-type
GSC (boxed) is shown at the left and zoomed in (B), where the dashed line shows the
position of the cap cells. Note that the plane of division (evident by the stretched out
fusome) is orthogonal to the germarium’s anterior-posterior axis such that both daughter
cells remain in the niche, with one filling the vacancy created by the displaced rab11-null
GSC. (C-E) Wild-type (C) and mosaic (D-E) germaria immunostained for nGFP
(green), E-cadherin (red) and α-spectrin (blue) 2 days ACI. Wild-type and rab11-null
GSC-cap cell junctions are indicated with arrowheads and arrows, respectively. Note the
reduced E-cadherin staining at the three mutant junctions and the increased E-cadherin
expression on the mutant fusome, especially in E, where three strong dots of staining are
evident. (F) Dividing rab11 (arrow) and wild-type (arrowhead) GSCs immunostained
for α-spectrin (blue), DAPI (red), Vasa (cytoplasmic green, germline only), and nGFP
(green). The DAPI-stained nuclei at the left correspond to cap cells. Note the splayed
appearance of the rab11 GSC fusome and its displacement from the anterior cortex. (G).
Mosaic germarium immunostained for nGFP (green), α-spectrin (red) and Bam (blue) 2.2
days ACI. The rab11-null GSC (outlined in yellow) exhibits only background levels of
Bam expression. A wild-type GSC and a 2-cell germline cyst (outlined in white) are
shown for comparison.
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Figure 5.2
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Figure 5.3 Rab11 germline cysts arrest early and display defects in fusome
segregation and bulk membrane trafficking.
(A) Mosaic germarium immunostained for α-spectrin (red), Vasa (cytoplasmic green),
and nGFP (nuclear green). A severely affected rab11-null germline cyst with no
detectable fusome and a reduced number of germline cells is outlined in yellow. A less
affected rab11-null germline cyst in which the fusome appears normal is outlined in
white. (B) Mosaic germarium immunostained for E-cadherin (red), α-spectrin (blue), and
nGFP (green). A 5 micron Z-stack is shown to capture all of the fusome. Two severely
affected rab11-null germline cysts with no fusomes are outlined. A less affected rab11null germline cyst is denoted with the arrow. (C) Wild-type germarium immunostained
for E-cadherin (red) and α-spectrin (blue). The arrowheads point to the oocyte’s
posterior surface, where enriched accumulation of E-cadherin is evident, especially in the
region 2B oocyte (left arrowhead). (D) Mosaic germarium immunostained for Ecadherin (red), α-spectrin (blue), and nGFP (green). The arrow points to a region 2B
rab11-null oocyte, with greatly reduced E-cadherin accumulation (compare to left
arrowhead in panel (C)). The arrowhead points to a wild-type region 3 oocyte, where
enriched E-cadherin expression is still apparent. A severely affected, rab11-null
germline cyst similar to those seen in (B) is outlined. (E, E’) Mosaic germarium
immunostained for Orb (red) and nGFP (green). The bracketed area in (E) is shown at a
different focal plane in (E’). Note the strong Orb expression in the wild-type region 2A
and 2B oocytes (arrowheads). Strong Orb expression is also seen in the region 3 of
rab11-null germline cyst (arrow), but it is concentrated at the center of the egg chamber,
rather than at the posterior pole. (F, G) Mosaic germarium immunostained for nGFP
(green) and HtsRC (red) to label ring canals. (F) Left arrow points to a rab11-null
germline cyst, with clumped ring canals. The right arrow points to a mosaic germline
cyst, where the ring canals are only clumped in the rab11-null (GFP negative) portion.
(G) Germarium with a completely rab11-null germline. All ring canals are clumped in
center of the cysts.
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Table 5.1 rab11-null GSCs have a 4-fold shorter half-life than rab11+ controls
% marked GSCs (total number of GSCs counted)
genotype of marked clones
FRT5377, rab11-null
FRT82B, rab112148
FRT5377, rab11+

Days after clone induction
4
8
12
14.5(186)
16.1 (87)
12.3 (81)

7.5 (240)
12.6 (238)
ND

3.5 (144)
11.8 (144)
9.4 (607)

Half-life
4.0 days
15.9 days*
16.2 days*

*calculation based on the assumption that GSC loss occurs randomly, and thus linearly
over time.
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APPENDIX
Chapter VI
Multiple distinct roles for the Rab11 GTPase within the somatic cells that
comprise the Drosophila egg chamber
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SUMMARY
The Drosophila egg chamber is derived from germ-line and somatic stem cells and
provides an excellent system in which to study the specification and differentiation of cell fates
and their organization into functional units. We showed previously that the Rab11 GTPase,
which traffics vesicles from recycling endosomes to the plasma membrane, is required cell
autonomously to maintain germ-line stem cell (GSC) identity and to orient the oocyte-nurse cell
germ-line cyst within its surrounding somatic epithelium. These requirements are met in part
through Rab11’s ability to traffic E-cadherin to specific surfaces of GSCs and oocytes and thus
fortify important contacts between them and neighboring somatic cells. Here we investigate the
role of Rab11 in somatic follicle stem cells (FSCs), which give rise to the epithelial cells that
cover germ-line cysts as well as to polar cells, which serve as signaling centers during egg
chamber maturation, and to stalk cells, which form single-cell wide bridges or stalks between
adjacent egg chambers. We show that rab11-null FSCs are viable and maintain their identity,
but only give rise to stalk and polar-like cells. Stains for activated caspase activity indicate that
pre-epithelial cells are specified, but die via programmed cell death before egg chamber
formation. The rab11-null stalk cells fail to organize themselves into functional stalks, revealing
an additional role for Rab11 in stalk cell differentiation and/or adhesion. The induction of rab11null epithelial cells, following epithelial cell specification indicates that Rab11 is also a
suppressor of neoplastic-like cell growth. The rab11-null epithelial cells arrest differentiation
early, assume a highly aberrant cell morphology, delaminate from the epithelium, and invade the
neighboring germ-line cyst. These defects are associated with incomplete E-cadherin
localization and a general loss of cell polarity, which may also explain the observed defects in
epithelial viability, polar cell specification, and stalk cell organization.
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INTRODUCTION
The Drosophila egg chamber consists of a germ-line cyst, composed of a single oocyte
and 15 nurse cells, surrounded by a monolayer epithelium (Fig. 6.1A; and see ref. (Bastock and
St Johnston, 2008)). Egg chambers are produced and mature in assembly-line fashion along the
anteroposterior axis of the ovariole, the basic structural unit of the Drosophila ovary. Each
ovariole is divided into an anterior compartment or germarium, which is subdivided into regions
1-3, and a posterior compartment or vitellarium. Germ-line cysts are derived from germ-line
stem cells (GSCs), while the surrounding epithelium is derived from somatic follicle stem cells
(FSCs). The FSCs also give rise to specialized cells at the anterior and posterior ends of the
epithelium known as polar cells, and to stalk cells, which form single-cell wide bridges between
adjacent egg chambers (Fig. 6.1A; and see ref. (Kirilly and Xie, 2007)). Two or three GSCs lie
at the extreme anterior end of each germarium (in region 1), where they are anchored via
adherens junctions (AJs) to cap cells, which together with neighboring terminal filament and
escort cells constitute the GSC niche (Kirilly and Xie, 2007; Song et al., 2002). The AJs are
maintained by the trafficking of E-cadherin from the fusome, a germ-line specific organelle, to
the GSC’s anterior surface (Bogard et al., 2007; Deng and Lin, 1997; Song et al., 2002). Such
trafficking requires Rab11 and is facilitated by the close proximity of the fusome to the
cytoplasmic side of the AJs (Bogard et al., 2007). The fusome also plays an important role in
directing GSC division along the anteroposterior axis of the germarium by anchoring one pole of
the mitotic spindle to the GSC’s anterior cortex (Song et al., 2004; Xie and Spradling, 1998,
2000). Such anchoring ensures that only one daughter cell inherits the AJs and remains in the
niche where it can continue to receive Dpp/BMP4 and other signals essential for maintenance of
GSC identity (de Cuevas and Spradling, 1998; Deng and Lin, 1997; McGrail and Hays, 1997).
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The posterior daughter, called the cystoblast, is born outside of the signaling range of the niche
and initiates a differentiation program that includes four rounds of mitotic division. Each round
of mitotic division is accompanied by incomplete cytokinesis such that the 16 cells that comprise
the mature germ-line cyst are interconnected to one another by 15 cytoplasmic bridges, called
ring canals (Bastock and St Johnston, 2008). The two first-generation cells contain four ring
canals each, the two second-generation cells three canals each, the four third-generations cells
two canals each, and the eight fourth-generation cells one canal each.
Germ-line cyst divisions and oocyte determination are both dependent on proper
segregation, growth and fusion of the fusome (de Cuevas and Spradling, 1998; Deng and Lin,
1997). During GSC division, about one-third of the fusome is donated to the cystoblast. The
donated fusome orients the first round of cystoblast division by capturing one pole of the mitotic
spindle. New fusome material, called a fusome plug, is laid down at the mid-body of the first
mitotic spindle and acts as a physical barrier to cytokinesis (de Cuevas and Spradling, 1998;
Deng and Lin, 1997; Huynh and St Johnston, 2004). The fusome plug subsequently fuses with
the original fusome material to form a contiguous organelle that extends through the ring canal
of the two-cell cyst. One of these cells contains more fusome material than the other as it
contains all of the original material plus half of the plug. During the next round of division, each
end of the fusome (one in each of the 2 cells) captures a single pole of the mitotic spindle and the
whole process of fusome plug formation and fusion is repeated. In this way, the final 16-cell
cyst is interconnected by a single branched fusome, with one cell (the original one) containing
more fusome material than all of the others and it is always this cell that is selected to
differentiate as the oocyte (Huynh and St Johnston, 2004).
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In contrast to the strict lineage-dependent mechanism of oocyte determination, somatic
cell fates and oocyte positioning are determined through a cascade of cell-cell interactions.
Shortly after oocyte determination, the germ-line cyst enters germarial region 2a, where it
encounters two FSCs and the differentiating descendants of such cells, which include precursors
for the polar/stalk cell lineage as well as for the epithelial cell lineage (Kirilly and Xie, 2007;
Lopez-Schier, 2003; Nystul and Spradling, 2010; Tworoger et al., 1999; Zhang and Kalderon,
2001). About 16 pre-epithelial cells, subsequently wrap around the cyst and begin to polarize and
form a conventional epithelium (Nystul and Spradling, 2010). Six to eight pre-stalk/polar cells
then migrate inward along the germ-line cyst’s anterior surface, simultaneously pushing the cyst
into germarial region 3 and separating it from the adjacent younger (more anterior) cyst. The
older (region 3) cyst induces the 2 closest pre-stalk stalk/polar cells via the Delta/Notch pathway
to become polar cells (Assa-Kunik et al., 2007; Grammont and Irvine, 2001; Lopez-Schier and St
Johnston, 2001; Torres et al., 2003; Vachias et al., 2010). These cells assume a tear-drop shape
and embed themselves into the anterior end of the epithelium of the region three cyst, which is
also referred to as the stage 1 egg chamber (Fig. 6.1). Once specified, the polar cells signal the
remaining 4-6 pre-stalk/polar cells through both the Notch and JAK/STAT pathways to
differentiate as stalk cells (Baksa et al., 2002; Ghiglione et al., 2002; Larkin et al., 1996;
McGregor et al., 2002). The stalks cells over-express E-cadherin and through competitive
homotypic interactions with E-cadherin expressed on the surface of the adjacent region 2b cyst
orient that cyst (Gonzalez-Reyes and St Johnston, 1998); the oocyte, which expresses more Ecadherin than the nurse cells due do its increased amount of fusome material, has a selective
adhesive advantage and comes to lie at the posterior end of the cyst, adjacent to the stalk (Huynh
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and St Johnston, 2004). This process is repeated with each successive egg chamber such that the
oocyte is the most-posterior cell within each germ-line cyst.
Following the specification of the anterior polar cells and adjacent stalk the stage 1 (s1)
egg chamber buds from the germarium into the main body of the ovariole. Subsequent steps of
egg chamber maturation have been divided into 13 morphologically distinct stages (s2-s14) and
culminate with the release of the mature egg into the oviduct for fertilization. During s2 or s3,
stalk cells at the posterior end of the egg chamber are induced by poorly understood mechanisms
to adopt a polar cell fate (Nystul and Spradling, 2010; Torres et al., 2003). These cells remain
indistinguishable from the original polar cells at the egg chamber’s anterior end until about stage
7, when the oocyte induces them to adopt a posterior cell fate. Such cells subsequently send a
signal back to the oocyte that defines the major body axes of the mature egg and future embryo
(Bastock and St Johnston, 2008).
Here, we investigate the role of Rab11 in the specification and differentiation of follicle
cell fates. We show that Rab11 is required for the viability of pre-epithelial. Homozygous
rab11-null FSCs give rise to normal numbers of stalk/polar cells, but to few, if any, epithelial
cells. None of the rab11-null polar and stalk cells are ever incorporated into a mature stalk/egg
chamber, however, indicating an additional requirement for Rab11 in polar and stalk cell
differentiation. Finally, we show that the loss of Rab11 from cells that have already committed
to the epithelial pathway causes a block in differentiation, loss of cell polarity, and the formation
of invasive cell masses. As in the germ-line, many of the defects associated with the loss of
Rab11 from somatic follicle cells strongly correlate with inefficient trafficking of E-cadherin.

METHODS
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Drosophila genetics
Fly culture and crosses were carried out according to standard procedures (Ashburner et al.,
2005). The wild-type stock was w, w His2AV::GFP , or w Hrb98DE::GFP (Bogard et al., 2007;
Morin et al., 2001). The rab11-null, rab11∆FRT, has been previously described (Bogard et al.,
2007). To generate homozygous rab11-null clones, we crossed w; rab11-null/TM3, Sb females
to y w hsp::FLP; FRT5377, His2AV::GFP /Tm3, Sb or y w hsp::FLP; FRT5377,
Hrb98DE::GFP males, where FRT5337 corresponds to the centromere-proximal FRT insertion
element that was used to make the rab11-null allele (Bogard et al., 2007). F1 3rd instar larvae or
2- to 3-day adults were heat shocked for 1 hour at 37oC on 2 consecutive days. Cells (in Sb+
adults) homozygous for the rab11-null allele were identified by the absence of GFP
fluorescence. Two sec15-null mutants were used, sec151 and sec152 (Mehta et al., 2005), and
identical results were obtained with each. To generate sec15-null clones, we crossed w; FRT82B
sec15-null/TM3, Sb females to y w hsp::FLP; FRT82B, His2AV::GFP/ TM3, Sb males. Two- to
three-day, Sb+ F1 adults were then heat shocked as described for the rab11-null clones.

Immunocytochemistry and confocal microscopy
Ovaries were fixed and immunostained as described (Bogard et al., 2007; Dollar et al.,
2002). Primary antibodies were used at the following concentrations: Rat anti-Rab11 (1:500)
(Dollar et al., 2002); Sec15 (1:2000; a gift from H. Bellen), Nuf (1:200) (Riggs et al., 2003),
phospho-histone H3 (1:250; Upstate Biotech.), and GFP (1:250; Invitrogen). All other primary
antibodies were obtained from the Hybridoma bank and used at the following concentrations: Ecadherin (1:40), Fas3 (1:50); Orb (6H4) (1:20); Fas2 (1:50); Discs Large (1:250), β-integrin
(1:2), Notch (C17.9C6) (1:10), and LamC (1:50). Secondary antibodies were purchased from
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Jackson labs and used at the manufacturer’s recommended concentrations. Apoptotic cells were
identified by incubating fixed cells with PhiPhiLux G2D2 (Cal Biochem), which stains activated
caspase 3, according to manufacturer’s recommended conditions. Stained ovaries were mounted
in 4% n-propyl gallate (Sigma) in 90% glycerol, 10% phosphate buffered saline. Images were
collected on Olympus 3L Spinning disc or Zeiss Meta 510 laser scanning confocal microscopes.

RESULTS AND DISCUSSION
Rab11 is required for the differentiation of stalk and polar cells
Previous studies of hypomorphic alleles showed that Rab11 is required to polarize the
Drosophila oocyte, but failed to reveal any requirement for the protein in somatic follicle cells
(Dollar et al., 2002; Jankovics et al., 2001). The strong expression of Rab11 and its effectors in
somatic follicle cells ((Dollar et al., 2002); and see Fif. 2D,E), spurred us to re-examine Rab11’s
role in them using the recently described rab11-null allele, rab11∆FRT (Bogard et al., 2007).
Because the rab11∆FRT allele is homozygous lethal, we used the FRT-FLP system (Xu and
Rubin, 1993) to generate homozygous rab11-null clones marked by the loss of nuclear GFP. In
initial experiments, clones were analyzed 10-14 days after clone induction (ACI) to ensure that
they were derived from rab11-null FSCs (Bastock and St Johnston, 2008; Kirilly and Xie, 2007).
Roughly half of the analyzed germaria were mosaics, containing both wild-type (GFP-positive)
and rab11-null (GFP-negative) follicle cells. All of the mutant phenotypes described below were
rescued by a wild-type rab11 transgene (Bogard et al., 2007), and thus, directly attributable to a
loss of rab11 gene activity.
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Most of the recovered rab11-null cells that had exited the germarium, and thus, were old
enough to exhibit commitment to a particular differentiation pathway had adopted a stalk cell
fate as evident by their strong expression of Lamin C (LamC) (Fig. 6.1B-B’’), a protein that is
normally strongly expressed in s2 and older stalk cells, but not in other follicle cells (Song and
Xie, 2003). Such cells were defective in terminal differentiation or adhesion, however, as they
never organized themselves into a recognizable stalk. Rather the cells aggregated into 4-8 cell
clusters that were loosely tethered to the epithelia of s2 and older egg chambers (Fig. 6.1B-B’’).
The rab11-null stalk cells also never upregulated E-cadherin (data not shown). Indeed,
immunostains for E-cadherin failed to detect any E-cadherin protein in most rab11-null cells and
in the rare case where the protein was detected it appeared to be intracellular, rather than on the
cell surface (data not shown).
As expected for a defect in stalk cell differentiation, we recovered many compound egg
chambers that contained two or more germ-line cysts encased in a single continuous epithelium
(Fig. 6.2A,A’). In some cases, a single massive compound egg chamber filled the entire
ovariole (Fig. 6.2C). The compound nature of these egg chambers was confirmed by
immunostaining for Orb (Tan et al., 2001), which revealed at least 2 oocytes in each case (Fig.
6.2A, A’). More rarely, fused egg chambers were recovered that contained a single, stalkless
layer of follicle cells between adjacent germ-line cysts (Fig. 6.2B). A similar combination of
compound and fused egg chambers are produced by mutants for the Notch and JAK/STAT
pathways, which are required for the specification of polar and stalk cell fates (Grammont and
Irvine, 2001; Larkin et al., 1996; Lopez-Schier and St Johnston, 2001; Vachias et al., 2010).
About half of the rab11-null stalk cell clusters contained one or two cells (denoted with asterisks
in Fig. 6.1B’,B’’) that stained positive for both LamC and Traffic jam (Tj), a protein that is
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normally expressed in all undifferentiated and differentiated follicle cells, except stalk cells (Li et
al., 2003). Given that wild-type stalk and polar cells are related by lineage (see above), it is
likely that these cells are polar or polar-like cells and we will henceforth refer to them as such.
Like their wild-type counterparts, the rab11-null polar-like cells were embedded in the
epithelium (Fig. 6.1B’,B’’) and physically tethered the stalk cell clusters to the epithelium. We
conclude from these findings that Rab11 is required for the differentiation, but not the
specification, of the polar/stalk sub-lineage. Consistent with such a role for Rab1, we detected
very strong expression of both Rab11 and its effector Nuf1 [30] in putative pre-stalk and prepolar cells at the junction of germarial regions 2b and 3 (Fig. 6.2D, 2E). As the production of
compound and fused egg chambers was independent of the genotype of the germ-line cyst (data
not shown), we further conclude that Rab11 controls stalk and polar cell differentiation in a cell
autonomous fashion. The basis for the block in polar cell differentiation is not clear from our
data, but could reflect poor reception or processing of the Notch signal which is provided by the
neighboring germ-line cyst.

Rab11 is required for pre-epithelial cell viability
We recovered few if any rab11-null epithelial cells in the above experiments. Indeed,
most egg chambers only had one or two candidate rab11-null epithelial (i.e., LamC-negative)
cells, and none had more than four (Fig. 6.1B-B’’). Moreover, such cells behaved more like
rogue polar cells than authentic epithelial cells as they never or only rarely divided as evident by
their small clone size (1 or 2 cells) and absence of phospho-histone H3 (PH3) expression
(Hendzel et al., 1997)(Fig. 6.1B,B’; data not shown). The paucity of rab11-null epithelial cells
was not due to a defect in FSC maintenance or division as undifferentiated (Tj-positive, LamC133

negative) rab11-null cells could be found in germarial regions 2a and 2b up to at least 20 days
ACI (e.g., see Fig. 6.1B,B’). Consistent with the idea that rab11-null pre-epithelial cells are
formed, but die before formation of the epithelium, stains for activated caspase 3 revealed
intense labeling along the periphery of young (stage 1 and 2) egg chambers (Fig. 6.3). Such
staining was apparent, however, only when carried out 6 or more days ACI. These results
suggest that Rab11 perdures for several days ACI and that only small amounts of the proteins are
required for cell survival. The results further suggest that Rab11’s requirement for epithelial cell
survival is transient as most of the observed activated caspase 3 staining is restricted to the
epithelial layers of young (stage 1- and 2) egg chambers. Indeed, large rab11-null epithelial
clones, containing 50 or more cells, were recovered when the experimental design was shifted
(i.e., when analysis was moved from 10-14 days ACI to 3-9 days ACI) to favor recovery of
clones induced in young (e.g., stage 1 and 2) follicle cells, rather than in FSCs. As described
below, such clones revealed additional roles for Rab11 in epithelial cell behavior.

Rab11 and its effector Sec15 are required for epithelial cell differentiation
As seen in Fig. 6.4A-C, Rab11, and its two best characterized effectors, Nuf and Sec15
(Emery et al., 2005; Jafar-Nejad et al., 2005; Mehta et al., 2005; Riggs et al., 2003), are
expressed throughout oogenesis in follicle epithelial cells. To study the role of Rab11 in such
cells, we sought to induce rab11-null clones in cells already committed to the epithelial cell fate,
thereby circumventing the above described requirement for rab11 in pre-epithelial cell survival.
To this end, we examined stage 4-9 egg chambers 3-6 days ACI. This approach proved useful as
nearly half of the recovered egg chambers contained rab11-null epithelial cells. The approach
also proved useful for the production of epithelial cells homozygous for a null allele of sec15,
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which encodes a component of the exocyst and a Rab11 effector required for the docking of
vesicles to the plasma membrane (Hsu et al., 2004; Langevin et al., 2005; Zhang et al., 2004).
As expected for analysis within 6 days ACI, the vast majority of recovered egg chambers
contained a completely wild-type germ-line. Rare egg chambers with a mutant germ-line cyst
were not analyzed to eliminate complications in data interpretation.
All of the recovered rab11-null epithelial cells exhibited an early arrest of differentiation
as evident by their strong expression of Fasciclin 3 (Fas3) (Fig. 6.4D), a protein that is normally
strongly expressed only in s3 and younger epithelial cells (Ruohola et al., 1991). Several
observations together rule out the alternative possibility that the Fas3-positive rab11-null cells
are ectopic polar cells, which also maintain strong expression of Fas3. First, the rab11-null cells
strongly expressed Eyes absent (Eya), a protein that is expressed in all follicle cells except polar
cells (Bai and Montell, 2002) (Fig. 6.1B’). Second, the rab11-null cells divided until s6 or 7
(Fig. 6.4F,F’), whereas, polar cells do not divide beyond s1. Finally, the rab11-null cells did not
form border cell clusters. Thus while authentic polar cells recruit ~6 neighboring cells into a
migration-competent border cell cluster that delaminates from the epithelium and migrates
toward the oocyte during stage 9 (Montell, 2003), the rab11-null cells delaminated prior to stage
9, without recruitment of other cells, and migrated in random directions (see below). The sec15null cells also arrested differentiation early as evident by their strong expression of Fas3 (Fig.
6.4G). However, in contrast to the rab11-null cells, which survived for ~6 days, nearly half of
the sec15-null cells were targeted for programmed cell death by 2 days ACI as evident by
immunostaining for activated caspase 3 (Fig. 6.4H). While these data are consistent with the
idea that Sec15 is an effector of Rab11 in follicle cell differentiation and maintenance (see
below) they indicate additional, Rab11-independent, roles for Sec15 in cell viability.
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Rab11 behaves as a neoplastic tumor suppressor-like protein in follicle epithelial cells
The rab11-null epithelial cells exhibited a variety of neoplastic-like behaviors including,
the above mentioned block in differentiation, loss of cell polarity, and invasion into neighboring
tissues. The loss of cell polarity was initially apparent in the gross morphology of the mutant
cells. By 5 days ACI, all of the rab11-null cells were completely rounded up and displaced from
the epithelium (Fig. 6.4D,D’). The loss of cell polarity was confirmed by immunostaining for
protein markers of cell polarity. Most telling, E-cadherin and Discs large (Dlg), which establish
apical-basal membrane polarity through their organization of adherens and septate junctions
(Bilder, 2004; Bilder et al., 2000; Bilder and Perrimon, 2000; Tepass et al., 2001), respectively,
were absent from the plasma membrane and concentrated in intracellular compartments, or, in
the case of Dlg, dispersed throughout the cytoplasm (Fig. 6.4I-J). A complete loss of cell
polarity was also indicated by immunostaining for apical (Notch) and basolateral (Fasciclin 2,
Fas3, N-cadherin, and β-integrin) membrane proteins (Fig. 6.4I-K). In each case, the protein was
missing from the plasma membrane and instead highly enriched in the same intracellular
compartments in which E-cadherin accumulated. Previous studies with Drosophila revealed a
role for Rab11 in maintaining AJs but did not uncover a requirement for Rab11 in maintaining
Dlg expression patterns or other components of septate junctions (Roeth et al., 2009). One
explanation for this difference is that the embryonic studies used dominant negative and
hypomorphic alleles of rab11, which may not have completely eliminated Rab11 function.
The invasive behavior of the rab11-null cells was aggressive and distinct from that
described for mutations in characterized Drosophila tumor suppressor genes (tsgs), which
include the septate junction organizers, discs large, scribble, and lethal giant large, and two
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regulators of endocytosis, avalanche, and rab5 (Bilder, 2004; Lu and Bilder, 2005). The rab11null cells invaded surrounded tissues as groups that were fully detached from the epithelium and
that ranged in size from as few as 2 cells (Fig. 6.4E,I”) to well over 50 (Fig. 6.4L). In contrast,
previously characterized tsg mutant cells only invade surrounding tissues as large multi-layered
sheets that remain attached to the epithelium (Hariharan and Bilder, 2006). In essence, then, the
invasive behavior of other tsg mutant cells is akin to tissue over-growth, while that of the rab11null cells more closely parallels the behavior of metastatic tumor cells of higher animals
(Chambers et al., 2002). It is also noteworthy that although the majority of recovered rab11-null
cells delaminated from the apical side of the epithelium, a small percentage of the cells
delaminated from the basal side (arrows in Fig. 6.4D, L), as again is typical of metastatic tumor
cells (Chambers et al., 2002). We wish to emphasize, however, that the rab11-null epithelial
cells exhibited no obvious defects in cell proliferation, a defining phenotype of all true tumor
suppressor genes; immunostains for phospho-histone 3 show that rab11-null cells cease dividing
at stage 6/7 of oogenesis, like their wild-type counterparts. However, we also wish to emphasize
that Drosophila’s previously characterized neoplastic tumor suppress genes have no
demonstrable or only subtle requirements in the suppression of follicle cell over-proliferation
(Bilder, 2004). Indeed, the requirement for these genes in the suppression of over-proliferation
comes almost entirely from analyses of larval tissues, most notably imaginal discs. Whether
suppression of over proliferation of larval and adult cells is fundamentally different or simply
easier to demonstrate in the former is not clear. Unfortunately, we have been unable to recover
rab11-null clones in imaginal discs and other larval tissues, possibly reflecting unique roles for
Rab11 in the survival of such cells. In the absence of a definitive role for Rab11 in the
suppression of cell over-proliferation, we propose that Rab11 protein be referred to as neoplastic
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tumor suppressor-like.
Consistent with our findings that loss of Rab11 promotes migratory behavior in nonmigratory cells, recent studies have shown that reduction of Rab11 increases the motility of cells
induced to migrate by wounding or other Rab11-independent means (Jones et al., 2006;
Prigozhina and Waterman-Storer, 2006). Paradoxically, Rab11 expression is up-regulated in
human skin and breast carcinomas and certain other metastatic cell populations (Cheng et al.,
2004; Fan et al., 2004; Gebhardt et al., 2005; Goldenring et al., 1999; Jones et al., 2006; Wang et
al., 2004; Yoon et al., 2005). It will be of interest to determine if Rab11 loss and up-regulation
interfere with the same or different trafficking pathways and how these pathways affect normal
versus cancerous cell migrations. The current difficulty in sorting out Rab11’s role in the
migration of normal and cancerous cells is the lack of information regarding the identity of
Rab11’s cargoes and the fate of such cargoes in the absence or over-expression of Rab11. More
information in this area is needed as is a more extensive survey of the involvement of Rab11 in
the migratory behaviors of normal and cancerous cells.
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Figure 6.1 Rab11 is required for the faithful differentiation of polar and stalk cells. (A)
Diagram of the Drosophila germarium and a budded stage 2 (s2) egg chamber. Anterior is to the
left in this and all subsequent images, unless otherwise noted. Germarial regions 1-3 re
indicated below the diagram, where region 3, corresponds to a stage 1 egg chamber. GSCs (dark
yellow) reside at the extreme anterior end of region 1 and give rise to cystoblasts, and 2-, 4-, 8and 16-cell germ-line cysts (light yellow). Oocyte nucleus, blue circle. FSCs (light green) reside
at the 2a/2b junction and give rise to epithelial (grey), polar (red) and stalk (blue) cells. Prepolar/pre-stalk cells are shown in purple. Follicle cells not yet committed to the polar/stalk or
epithelial sub-lineages are shown in white. (B-B’’) Mosaic germarium with adjacent compound
egg chamber immunostained for nuclear nuclear GFP (green), Traffic jam (red), and LamC
(blue) 10 days ACI. The rab11-null cells are identified by the absence of nuclear GFP. Each
panel shows a different focal plane. Putative rogue polar cells are indicated with curved arrows
(see Results). Arrow in (B) points to a group of uncommitted traffic jam-positive, rab11-null
follicle cells in germarial region 2B. Most other rab11-null follicle cells are LamC-positive
indicative of commitment to differentiate as stalk cells. Such cells form clusters (arrowheads),
but are not organized into recognizable stalks. Germ-line cells are also LamC-positive, but are
distinguishable from the stalk cells by size and position. The asterisks in B’ and B’’ (close up)
denote rab11-null LamC- and Tj-positive (polar-like) cells that appear to physically tether the
stalk-like cell clusters to the epithelium (see Results).
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Figure 6.2 The induction of Rab11-null FSCs results in the production of compound and
fused egg chambers. (A-C) Compound and fused egg chambers recovered from females in
which rab11-null clones were generated (Methods). (A, A’) Two different focal planes of a
compound egg chamber immunostained for nGFP (green) and the oocyte marker, Orb (red) 10
days ACI. (B) Fused egg chamber immunostained for E-cadherin (red) and nGFP (green) 10
days ACI. Anterior at bottom. (E) Massive compound egg chamber immunostained for nGFP
(green) and lamC (blue). (F, G) Wild-type germaria immunostained for (F) nGFP (green) and
Rab11 (red), or (G) Nuf (white), a Rab11 effector protein. The arrow in (F) points to enriched
expression of Rab11 in presumptive pre-stalk/polar cells in region 2B. This region is expanded
in (G) as stalk cell formation is more advanced in this particular germarium.

141

Figure 6.2

142

Figure 6.3 Rab11 is required for the survival of pre-epithelial cells. (A) A rab11+control
germarium stained for activated caspase activity (red) and nuclear GFP (see Methods). Selected
activated caspase-positive cells are marked with asterisks. The vast majority of such cells in this
and other rab11+ control germaria are located at the germarial region 1/region 2a junction and
almost certainly are escort cells, which are known to undergo programmed cell death following
delivery of their associate germ-line cysts to germarial region 2a (Decotto and Spradling, 2005)
(B) Mosaic germarium following induction of rab11-null clones, which are identified by the
absence of nuclear GFP. In contrast to control germaria, a significant number of activated
caspase-positive cells (denoted with arrows) are observed in posterior regions (i.e., regions 2a,
2b, and 3) of the germarium. All such cells are GFP-negative consistent with a role for Rab11 in
their survival. Given that normal or near normal numbers of stalk and polar-like cells are
recovered (in older egg chambers), we suspect that these cells are pre-epithelial in nature.
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Figure 6.4 Rab11 is required for the differentiation and maintenance of epithelial cells.
(A-C) Wild-type s8/9 egg chambers immunostained for (A) Rab11 (red). (B) Nuf (green) and
(C) Sec15 (red). Magnified views are shown at the bottom of each panel. (D) Mosaic s6 egg
chamber immunostained for nGFP (green) and Fas3 (red) 4-6 days ACI. The arrows point to
rab11-null cells that have invaded the basement membrane [see arrow in (L) for an additional
example. (D’) Light micrograph of (D). (E) Mosaic s7 egg chamber immunostained for nGFP
(green), Eyes absent (red), and E-cadherin (blue) 4-6 days ACI. All mutant and wild-type cells,
except polar cells (denoted with the arrow), stain positive for Eya. (F, F’) Mosaic s6/7 egg
chamber immunostained for nGFP (green), E-cadherin (red) and phospho-histone H3 3 days
ACI. (F’) Magnified view. (G-H) Mosaic s7 sec15-null egg chambers immunostained for nGFP
(green) 2 days ACI. The egg chamber in (G) was also immunostained for Fas3 (red), while the
one in (H) was stained for activated caspases (red) (see Methods), where the arrow points to an
apoptotic cell. (I-L) Magnified views of mosaic epithelia immunostained for nGFP (green) and
(I, I’) E-cadherin (blue) and Fas2 (red), (J) E-cadherin (red) and Discs large (Dlg) (blue), or (K)
E-cadherin (red) and Notch (blue). Clones (GFP-negative cells) are outlined. Note that Ecadherin, Notch, and Fas2 accumulate in intracellular compartments in the invasive rab11-null
cells, whereas Dlg is completely dispersed throughout the cytoplasm, or absent. It may also be
noted in (J) that the polarity defects are more severe in the delaminated rab11-null cells (white
outlines) that in the non-delaminated ones (yellow outlines). (L) Mosaic s7 egg chamber
immunostained for β-integrin (red) and nGFP (green) 4-6 days ACI. Nuclear DNA is stained
with DAPI (blue). A large mutant clone is outline in white. The arrow points to a smaller clone
on the basal side of the epithelium.
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