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Establishment of polarity is essential for many cell types to perform their 

functions. A common mechanism that is used to establish polarity is localization 

of mRNAs at specific sites. This results in spatial restriction of protein expression. 

mRNA localization is a widespread phenomenon, occurring in most species. 

However, the mechanism by which mRNAs are localized is poorly understood. 

Using Drosophila as the model system, we investigated the localization of one 

such localized transcript, oskar mRNA. Studying the mechanism by which oskar 

mRNA is localized is important because many factors involved in localizing this 

transcript also function in localizing mRNAs in mammalian neurons. oskar mRNA 

localizes at the posterior pole of the Drosophila oocyte. This results in the 

posterior restriction of Oskar protein, which is turn functions in establishment of 

polarity in the oocyte and the future embryo. Localization of oskar mRNA is 

microtubule-dependent. We, therefore, characterized the polarity of microtubules 

in the oocyte. Our findings suggest that the posterior region is highly enriched in 

microtubule plus ends. However, this polarization is not essential for oskar 

mRNA localization. Secondly, the posterior localization of oskar mRNA was 

shown to be mediated primarily by the Kinesin-1 motor. Our findings demonstrate 

the role of an additional motor, Dynein, in this pathway. We found that Dynein 

associates with oskar mRNA in vivo and depletion of Dynein caused a significant 



 
 

 
 

delocalization of oskar mRNA. Next, we examined the role of a Dynein adaptor, 

Egalitarian (Egl), in the oskar mRNA localization pathway. Egl has been shown to 

recruit localized mRNAs to the Dynein motor in Drosophila embryos. Our results 

suggest that Egl associates with oskar mRNA in vivo and is required for the 

posterior localization of this transcript. Interestingly, one of the mechanisms by 

which Egl affects the localization of oskar mRNA is by affecting the microtubule 

polarity in the oocyte.  Additionally, depletion of Egl caused precocious 

translation of oskar mRNA in the oocyte. Thus, our findings revealed a novel 

function for Egl in organizing oocyte microtubules and in regulating the 

translation of a localized mRNA. 

INDEX WORDS:   cell polarity, mRNA localization, microtubule, oskar mRNA, 

Kinesin, Dynein, Egalitarian 
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A. Statement of Problem and Specific Aims  

Different cells in our body are polarized differently. They exhibit differences in the 

distribution of key molecules, which gives them their unique properties to carry 

out their respective functions. For instance, epithelial cells have unique apical 

and basal surfaces; migrating cells possess distinct leading and trailing edges; 

neurons are differentiated into axons, cell bodies and dendrites. Each of these 

specialized structures is required for cells to carry out their respective functions. 

There are multiple mechanisms by which this asymmetry can be established; one 

of them is by localization of messenger RNAs (mRNAs) at specific cellular sites 

(Gonsalvez and Long 2012).   

mRNA localization is a mechanism widely used by different cell types to restrict 

the synthesis and operation of proteins to specific cellular regions.  It provides a 

much tighter and faster way of spatially regulating gene expression in the 

cytoplasm. mRNA localization is important during a number of events such as 

cell migration (Condeelis and Singer 2005), neuronal development (Lin et al, 

2007), synapse formation (Lyles, Zhao et al. 2006), and embryonic development 

(Johnstone and Lasko 2001). Although this phenomenon was first identified in 

1980s, the detailed molecular mechanism by which mRNAs are localized to 

specific sites in the cell is unclear.  

We aim to study the localization of one such mRNA called oskar mRNA in 

Drosophila. oskar mRNA localizes to the posterior region of the oocyte (Fig. 1) 

during mid oogenesis and restricts the expression of its protein product at that 
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region  (Ephrussi, et al. 1991, Markussen, et al. 1995). Oskar protein functions to 

establish polarity in the oocyte and the future embryo (van Eeden and St 

Johnston 1999, Riechmann and Ephrussi 2001). Thus, localization of oskar 

mRNA in the oocyte is an important process during development.  

 

Figure 1: Localization of oskar mRNA in the Drosophila egg chamber. The arrow 

indicates the site of oskar mRNA localization, the posterior pole of the stage 10 
oocyte.   

We are particularly interested in studying the localization of oskar mRNA, as 

opposed to other localized mRNAs in Drosophila, because a number of factors 

required for the localization of the oskar transcript are highly conserved in 

mammals. Many of these proteins including Staufen, eIF4AIII, and Barentz, are 

also implicated in transporting mRNAs in mammalian neurons as well as playing 

key roles in other neurological functions such as synapse formation (Macchi, et 

al. 2003, Barbee, et al. 2006, Giorgi, et al. 2007). In fact fmr1 mRNA that codes 

for Fragile X Mental Retardation protein (FMRP) in mammalian neurons appears 

to be localized by the same mechanism as oskar mRNA (Ling, Fahrner et al. 

2004). In short, studying the mechanism by which oskar mRNA localizes to the 

osk mRNA/DNA 
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posterior region of the oocyte will give us more insights into the localization of 

other mRNAs in higher eukaryotes. 

Drosophila melanogaster is an excellent model system for this research project. 

The process of oskar mRNA localization occurs in the oocyte, which forms a part 

of the egg chamber. Thus, there is an advantage of studying this process in the 

context of an entire tissue rather than in isolated cells. Also, a variety of genetic 

and molecular tools available in Drosophila, will enable us to examine these 

processes in a well-defined manner.  

The following are specific aims for my thesis:  

Aim 1. To determine the organization of microtubules in the oocyte 

Localization of oskar mRNA, coupled with the translational regulation of this 

message, ensures that Oskar protein is only found at the posterior of mature 

oocytes (Ephrussi et al. 1991, Kim-Ha et al. 1991, Kim-Ha et al. 1995). Oskar 

protein is a critical player in establishing the anterior-posterior polarity of the 

developing oocyte (van Eeden and St Johnston 1999, Riechmann and Ephrussi 

2001). Thus, polarization of the oocyte requires precise localization of oskar 

mRNA. It has been previously shown that the localization of oskar mRNA is 

dependent on microtubules (Kim-Ha et al. 1991). However, whether oskar mRNA 

transport requires a polarized distribution of microtubules remains an unresolved 

question.  

There are conflicting results regarding the polarity of microtubules in the oocyte. 

Earlier studies defined microtubule polarity using markers such as Kin:βgal and 
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Nod:βgal in which the N-terminal fragment of Kinesin heavy chain (Khc), or the 

kinesin-like protein Nod was fused to β-galactosidase (Clark, et al. 1994, Clark, 

et al. 1997). Kinβ-gal shows distinct localization at the posterior of the oocyte 

while Nod:βgal localized to the anterior margin of the oocyte (Clark, Giniger et al. 

1994, Clark, Jan et al. 1997). These studies suggested that oocyte microtubules 

are highly polarized with all the plus ends enriched at the posterior and minus 

ends anchored at the anterior.  

However, these markers used for defining polarity are generated by using 

truncated versions of the Kinesin motor that were shown to function in a 

dominant negative manner (Krauss et al. 2009, Loiseau et al. 2010). Hence, 

there is a possibility that their localization may not accurately reflect the polarity 

of oocyte microtubules. Interestingly, live imaging in wild type oocytes showed 

that oskar mRNP particles moved randomly with only a slight posterior bias 

(Zimyanin et al. 2008). The random movements of oskar mRNA suggests that 

the oocyte microtubules are only weakly polarized. Thus, in order to resolve this 

controversy, we aimed to study the polarity of microtubules using well 

characterized plus and minus end markers. In addition, we aimed to determine 

whether a polarized organization of microtubules is required for the localization of 

oskar mRNA.  
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Aim 2: To test the role of the Dynein motor in posterior transport of oskar 

mRNA 

It was previously shown that localization of oskar mRNA is mediated primarily by 

the Kinesin-1 motor (Brendza, et al. 2000, Cha, et al. 2002, Palacios and St 

Johnston 2002, Zimyanin, et al. 2008). Consistent with this finding, Kinesin-1 co-

localizes with oskar mRNA at the posterior pole (Brenzda et al., 2000). Null 

mutants in Kinesin heavy chain (Khc) cause complete delocalization of oskar 

mRNA around the oocyte cortex (Cha et al. 2002). However, live imaging of 

oskar mRNA particles in khc null mutants revealed that while the majority of 

oskar mRNA particles were non-motile, a few particles displayed some level of 

active motility (Zimyanin et al. 2008). This suggests that there might be an 

additional motor that confers motility to these particles in the absence of Khc.  

We hypothesize that the second motor is Dynein. In khc null mutants, the Dynein 

motor, similar to oskar mRNA, becomes delocalized around the cortex (Cha, et 

al. 2002). Furthermore, in wild type oocytes, Dynein co-localizes with oskar 

mRNA and Kinesin-1 at the oocyte posterior (Li, et al. 1994). Thus, based on 

these results, we hypothesized that the Dynein motor, along with Kinesin-1, 

functions in the posterior localization of oskar mRNA. We propose to test this 

hypothesis by specifically depleting Dynein during mid oogenesis using an 

shRNA mediated knock down strategy. We propose to determine whether Dynein 

forms a complex with the oskar mRNP and whether this motor is required for the 

posterior localization of this transcript.   
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Aim 3: To examine the role of Egalitarian in recruiting oskar mRNA to the 

Dynein motor 

Completion of Aim2 indicated that Dynein associates with oskar mRNA in vivo 

(Sanghavi et al. 2013).  Next we wanted to determine the role of a Dynein 

adaptor, Egalitarian (Egl) in the localization of oskar mRNA. Egalitarian (Egl) is 

an RNA binding protein that is known to link localized mRNAs in the Drosophila 

embryo to the Dynein motor (Dienstbier et al. 2009). Within the oocyte, Egl has 

been shown to directly bind the Dynein light chain (Navarro et al. 2004). Thus, 

based on these findings we hypothesized that Egl is involved in the localization of 

oskar mRNA. We propose to test this hypothesis by depleting Egl and examining 

its involvement in the localization of oskar mRNA. Thus, the three aims of my 

thesis project provide insights about different aspects of the microtubule 

mediated transport process that is required for the posterior localization of oskar 

mRNA in the oocyte.  

 

Figure 2: Summary of proposed aims. The above schematic depicts the 

Drosophila oocyte with the posterior pole towards the right. Structures in brown 

represent microtubules. The cartoon represents microtubule motor mediated 

transport of oskar mRNA during the localization process.  
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B. Brief Review of Literature:  

1. What is messenger RNA localization?  

Most mRNAs are rapidly translated into protein upon export from the nucleus. 

These proteins, depending on their function, are trafficked to distinct cellular sites 

by different mechanisms. However, it has been shown that certain mRNAs in the 

cytoplasm are kept translationally repressed or inhibited. These repressed 

mRNAs are transported and stored at specific cellular locations until their protein 

function is required. In response to external cues, the translation repression is 

alleviated and the protein product is formed.  This process localizing the mRNA 

(to restrict its expression to one site) is called mRNA localization (Martin and 

Ephrussi 2009, Gonsalvez and Long 2012). 

             

Figure 3: Difference between localized and non-localized transcripts. Non-

localized mRNAs are distributed randomly in the cell and are translated 

immediately once exported into the cytoplasm (1). Whereas localized mRNAs are 
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stored at a distinct site (2) and translated locally when the protein product is 
required (3).  

 

This asymmetric distribution of certain mRNAs was first identified in 1980s when 

β-actin mRNAs in Ascidian embryos were visualized by in situ hybridization 

(Jeffery et al. 1983) This was followed by the discovery of localized mRNAs of 

cytoskeletal proteins in cultured chicken cells, giving further importance to this 

phenomenon (Lawrence and Singer, 1986). It was initially thought that only a 

small percentage of transcripts, expressed in specialized cells, display this 

pattern of localization. However, in recent years, a number of high throughput 

techniques have provided evidence against this notion. A vast number of 

transcripts have been identified that show a polarized distribution in a variety of 

cell types in various organisms such as yeast, Xenopus, Drosophila, zebrafish, 

chicken, and mammals (Fig. 4) (Martin and Ephrussi 2009, Gonsalvez and Long 

2012).  
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 Figure 4: Cartoon showing mRNA localization in different organisms from yeast 

to Drosophila to mammals.   

 

 2. Advantages of mRNA localization:   

Why is the benefit of mRNA localization as opposed to directly transporting the 

protein products?  

•  The most obvious reason is that mRNA localization provides spatial regulation of 

gene expression in the cellular cytoplasm.  

•   mRNA localization also provides a high degree of temporal regulation given that  

local stimuli can initiate translation of already localized transcripts on-site as 

opposed to delivering the signal to the nucleus followed by initiation of 
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transcription and translation. For example, in neurons, mRNAs localized to 

dendrites can be locally stimulated to become translated by synaptic activity 

(Holt and Schuman, 2013).  

•   Another advantage is energy efficiency. It is more efficient for the cell to localize 

few copies of one mRNA, which can be translated multiple times to generate 

many copies of the protein product as opposed to transporting the same protein 

individually.  

•   Finally, many proteins have detrimental effects when expressed at sites other 

than their region of function. This is exemplified by the localization of Myelin 

Basic Protein (MBP) mRNA, which localizes in oligodendrocytes. Localized 

translation restricts the expression of this protein in the myelin layer, thus 

protecting the rest of the cell from its toxic effects. Another example is oskar 

mRNA (Carson et al. 2001). Oskar protein will induce posterior polarity wherever 

it is produced. Thus, its localization and translation are precisely coupled to 

ensure correct spatial expression of this gene product (Kim-Ha, Kerr et al. 

1995).  

3. Significance of mRNA localization:   

mRNA localization is an important phenomenon required for a number of 

processes. Defects in mRNA localization are known to disrupt many cellular 

functions. For instance, β-actin mRNA is localized to the leading edge of 

migratory cells (Pan et al. 2007). Treatment of chicken embryo fibroblasts with 

antisense oligonucleotides complementary to the localization sequence (zip 

code) in the 3' untranslated region leads to delocalization of this transcript, 
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severely affecting cellular motility (Kislauskis, et al. 1997). MBP mRNA transport 

in oligodendrocytes is an important event in the myelination process. It is known 

that mutations causing defective transport of this transcript results in 

accumulation of Myelin Basic Protein in the cell body, leading to severe defects 

in myelination (Lyons et al., 2009). Similarly, mutations in fmr1 gene causes 

Fragile X syndrome, the most common form of mental retardation. It is shown 

that FMR1 is an RNA binding protein involved in transport and translation control 

of many different mRNAs including its own mRNA (Barbee et al. 2006).  

Although numerous transcripts have been shown to recruit cellular machinery for 

their asymmetric localization, the molecular mechanism used by different mRNAs 

is still poorly understood. Hence, in order to treat diseases that might result from 

defective mRNA localization, it is crucial to obtain an understanding of the 

mechanism that cells employ to recognize these transcripts and mediate their 

polarized distribution.  

4. Recognition of localizing mRNAs:  

Cellular recognition of the transcript is the first step in the localization process. 

Localized mRNAs in the cell need to be recognized by various cellular factors for 

their transport, anchoring, or translational regulation. What is the mechanism by 

which cells recognize these unique mRNAs in comparison to other non-localizing 

transcripts?   

a. Cis-acting RNA localization signals: Sequences within the mRNA, which 

mediate its asymmetric localization, are called RNA localization signals or “zip 
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codes”. Zip codes are essential for localization of mRNAs and can target an 

mRNA to its specified destination. Any mutation or deletion in these sequences 

affects the localization and anchoring of mRNAs. Conversely, if a zip code is 

fused with a non-localized mRNA, the non-localized mRNA can be targeted to 

the specific destination of the zip code (Chartrand et al. 2002).  

Zip codes are generally present in the untranslated regions of the mRNA. In 

certain cases, when they are present within the coding region, their secondary 

structure antagonizes the translational machinery during the localization process. 

Zip codes can be single stranded or double stranded structures. The primary 

sequence of the zip code is generally not conserved between different mRNAs. 

In fact, recognition generally happens based on the three dimensional structure 

of the zip code. Localized mRNAs can have more than one zip code, which might 

facilitate sequential targeting of the transcripts(Holt and Bullock 2009).  

b. Trans-acting factors: Zip code sequences are bound by various trans-acting 

proteins to form a functional mRNP. The trans-acting factors can regulate various 

aspects in the life cycle of the mRNA including its half-life (stability), coupling it to 

motor proteins, affecting its translational state, or contributing to anchoring the 

mRNA at its site of localization.  

Trans-acting factors have been identified either by genetic screens or by affinity 

purification using the localization elements within the mRNA. For instance, 

several RNA binding proteins such as Zip code Binding Protein (ZBP)1 (Pan et 

al. 2007), Staufen (Micklem et al. 2000), and FMRP(Ascano et al. 2012)  have 
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been implicated in binding their respective target mRNAs and mediating the 

localization of these transcripts .  

c. Nuclear History: In many cases, the recognition of a transcript that is 

destined to be localized first occurs in the nucleus.  For instance, in case of β-

actin transcripts in chicken fibroblasts, binding of ZBP2 to the transcript in the 

nucleus facilitates subsequent the recruitment of ZBP1 and the localization of β-

actin mRNA to the leading edge of the cell (Pan et al. 2007). 

Once the transcript is recognized by various cellular factors, it needs to be 

transported to its destination.  

5. Mechanism of mRNA localization:   

Although numerous mRNAs are known to localize to distinct sites, the detailed 

molecular mechanism by which these mRNAs are localized is not completely 

clear. However, there are a few general mechanisms by which transcripts are 

known to localize asymmetrically (Fig. 5).  

a. Localized protection from degradation: This allows asymmetric mRNA 

distribution by local stabilization of transcripts. The transcript is produced 

randomly in the cell however; it is degraded in all regions except the target 

region. An example of this is the posterior localization of heat shock protein 

(hsp)83 transcript in Drosophila embryos (Bashirullah et al. 2001). These 

transcripts are evenly distributed in the embryonic cytoplasm. However, after 

fertilization all molecules of hsp83 mRNA, except those at the posterior region, 

are degraded. The net results is an asymmetric concentration of hsp83 mRNA at 
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the posterior pole of the embryo. The mechanism by which protection from 

degradation is achieved in certain regions is not completely clear.  

b. Diffusion followed by entrapment by local anchor: This mechanism allows 

polarized distribution of transcripts by providing a fixed anchor for specific 

mRNAs at the target site. Xenopus oocytes and chicken fibroblasts require the 

cortical actin cytoskeleton for anchoring of localized mRNAs (Kislauskis et al. 

1997). Thus, rapidly diffusing mRNAs are enriched in a local area by providing a 

pre-localized anchor.  

c. Motor mediated localization: The most commonly used mechanism by which 

mRNAs are localized involves active transport using the cellular cytoskeleton and 

its associated motor proteins. For instance, transport of Ash1 mRNA in yeast, 

which is essential for mating type switching, requires the actin cytoskeleton and a 

myosin motor for its localization(Kislauskis et al. 1997, Paquin and Chartrand 

2008) . Additionally, numerous mRNAs in the Drosophila oocyte including gurken 

and bicoid are transported by the microtubule motor Dynein (Berleth, et al. 1988, 

Roth et al. 1995).  

Often times localized mRNAs use more than one mechanism for their transport. 

For instance, the posterior transport of oskar mRNA is an active process 

mediated by microtubule-based motor proteins. Additionally, it also requires 

Oskar protein for its anchoring at the posterior region (Ephrussi,et al. 1991).  
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Figure 5: Mechanisms of mRNA localization 1: Protection from degradation in 

certain regions causes accumulation of mRNAs 2: A pre-localized anchor assists 

the localization of mRNAs at certain regions as compared to the rest of the cell. 3: 
Actin or microtubule based transport of mRNAs to desired regions.  

 

6. Cellular transport 

Actin filaments are generally known to mediate short-range transport.  Most of 

the long-range transport in eukaryotic cells occurs using microtubule tracks 

(Dominguez and Holmes 2011).   

Microtubule based transport: Microtubule based transport requires two key 

components: microtubules and associated motor proteins, Kinesins and Dynein.  

a. Microtubules: Microtubules are the largest cytoskeletal structures that 

function in a number of cellular processes. Apart from functioning as tracks that 
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mediate cellular transport, they are also required for numerous cellular processes 

such as cell division, maintenance of cell shape, intracellular structural 

organization, and cilia and flagella based motility (Valiron et al. 2001).  

Microtubules are made up of α and β tubulin subunits, which polymerize in a 

head to tail fashion, using GTP hydrolysis, to form a protofilament. 13 of these 

protofilaments are then assembled in a spiral fashion to form a tube-like structure 

called microtubule. Each microtubule is inherently polarized with chemically and 

morphologically distinct plus and minus ends. The microtubule end at which 

alpha tubulin is exposed is called the minus-end and the other end with beta 

tubulin is denoted as the plus-end (Burns 1991).  

 

 

Figure 6: Microtubule structure and sub-unit composition: Microtubules are made 

up of alternating α and β sub-units to form a tube like structure. Each microtubule 
is polarized and has distinct plus and minus ends.  

 

α β
α β
α β

α β
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The plus end of microtubules is highly dynamic and favors microtubule 

polymerization as well as depolymerization (Galjart 2010). Microtubules rapidly 

switch between growth and shrinkage depending on various intracellular factors. 

The conversion from growth to shrinkage is called catastrophe while the change 

from shrinkage to growth is termed as rescue. This feature of microtubules, to 

rapidly switch between growing and shrinking phases, is termed as dynamic 

instability (Galjart 2010). It enables microtubules to rapidly reassemble into new 

structures during different phases of the cell cycle.  

As compared to the plus end, the minus end is usually more stable and anchored 

in a structure called the microtubule-organizing center (MTOC). The main MTOC 

in the cell is the centrosome, which is usually localized adjacent to the nucleus. 

The centrosome is composed of the centrioles surrounded by the pericentriolar 

proteins including Centrosomin. At this MTOC, there is usually a complex of 

proteins including a third type of tubulin called ν-tubulin, which is required for 

microtubule nucleation. These ν-tubulin complexes can also nucleate 

microtubules from non-centrosomal MTOCs (Luders and Stearns 2007). 

Microtubules thus grow from the centrosome, containing buried minus ends, 

towards the nucleus. Thus, plus ends are often found close to the cell periphery 

(Valiron et al. 2001) (Fig. 7)  
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Figure 7: An interphase cell showing microtubule polarity. Plus ends are 

extending outwards towards cell periphery while minus ends are embedded in the 
microtubule organizing center (MTOC) towards the interior.  

b. Microtubule motors:   

One of the key functions of intracellular microtubules is to serve as cellular tracks 

for transport of various cargoes. The transport of these cargoes on microtubules 

is mediated by motor proteins. These motors bind and walk along polarized 

microtubules using energy derived from ATP hydrolysis. There are two main 

types of microtubule motors, Kinesins and Dyneins (Vale 2003).  

• Kinesin family motors: There are more than 40 different types of Kinesin 

motors in mammalian cells. Most of the Kinesin family members are plus end 

directed motors (Hirokawa et al. 2009, Kardon and Vale 2009). This means that 

the Kinesin motor transports the cargo towards the plus end of microtubules. 

Kinesin motors are structurally simple and similar to actin motors, myosin.  

Kinesin is made up of heavy and light chains (Fig. 8) (Hirokawa et al. 2009, 

Kardon and Vale 2009). Its mechanics are very well studied both in vivo and in 
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vitro due to its relatively simple structure. The heavy chain of Kinesin is the 

motor sub-unit involved in binding microtubules and ATP hydrolysis, while the 

light chain is generally involved in recruitment of cargoes. Kinesins are involved 

in many cellular functions such as cell division and endocytosis. Mutations that 

block Kinesin function are generally lethal. Milder defects in Kinesin based 

transport are implicated in a number of diseases such as Charcot Marie Tooth 

disease and neurological disorders (Mandelkow and Mandelkow 2002, 

Hirokawa et al. 2009, Kardon and Vale 2009).  

 

• Dynein: In comparison to Kinesins, Dynein is a minus end directed motor 

involved in the transport of cargoes towards microtubule minus ends (Vale 

2003). Dynein is further classified into cytoplasmic Dynein and axonemal 

Dynein. Unlike Kinesins, Dynein is more complex and resembles ATPase 

associated cellular chaperones in their structure. The Dynein motor is a huge 

complex consisting of heavy, intermediate, light and light intermediate chains 

(Fig 8).  In comparison to Kinesin, the functioning of Dynein is more complex 

and hence is poorly understood (Vale 2003). Although numerous in vitro studies 

have elucidated important properties of Dynein, the mechanism by which this 

motor functions in vivo is still unclear (Vale 2003). 

As noted previously, mammalian cells express over 40 different Kinesins 

(Hirokawa et al. 2009). By contrast, the vast majority of minus end transport in 

the cell is mediated by Dynein. Dynein is able to achieve these functions by its 

ability to associate with a large number of regulators. Dynactin and Lis1 are the 
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two main Dynein regulators, and as such are involved in most aspects of Dynein 

function (Vale 2003).  Similar to Kinesin, subtle defects in Dynein function are 

implicated in various neurological diseases and Polycystic Kidney Diseases. 

Similarly, mutations in the Dynein regulators, Lis1 and Dynactin are also linked to 

various brain disorders, namely Lissencephaly, and Alzheimers respectively(Vale 

2003, Eschbach and Dupuis 2011). 

 

           

Figure 8: Kinesin and Dynein motors: HC; Heavy chain, LC: Light chain, IC: 

Intermediate chain, LIC: Light intermediate chain. Kinesin is relatively simpler in 

structure in comparison to Dynein. Most Kinesins walk towards the plus end while 
Dynein moves towards microtubule minus-end.  
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7. Unidirectional Versus Bidirectional transport:  

Depending on the final destination, cellular cargoes often recruit Kinesin or 

Dynein motors for their transport. Transport that requires the activity of a single 

motor is called unidirectional transport. However, interestingly, a large number of 

cargoes such as lipid droplets (Shubeita, et al. 2008), peroxisomes (Kural et al. 

2005), various ribonucleoprotein complexes such as fmr1 mRNA (Ling et al. 

2004, Barbee et al. 2006) and virus particles(Jolly and Gelfand 2011) have been 

shown to recruit both Kinesin and Dynein motors for their transport. These 

cargoes move bidirectionally and require the function of opposite polarity motors.  

How is bidirectional transport mediated? There are three possible ways in which 

two motors can bring about bidirectional transport (Welte 2004) (Fig. 9).  In the 

first scenario, only one of two motors is bound to the cargo at any given time. 

This is possible when the two motors bind the cargo at the same site. In this 

case, the motor that is bound to the cargo determines direction of transport. In 

the second scenario, both the opposite polarity motors are bound to the cargo 

simultaneously and exert opposing forces in opposite directions engaging in “tug-

of-war” like scenario thus allowing the stronger motor to eventually determine the 

directionality of transport. Finally, the last scenario depends on coordination 

between the two motors. Both the motors can simultaneously bind the cargo 

however; their activities are coordinated by external factors such that only one 

motor is actively associated with the microtubule track (Welte 2004, Welte 2010) 

.  
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Figure 9: Unidirectional and Bidirectional transport. KHC: Kinesin heavy chain, 

DHC: Dynein heavy chain. 1. Transport of cargo requires either Dynein or Kinesin 

motors hence is unidirectional. 2. Both Kinesin and Dynein motors are bound to 

the cargo and both are active, thus engaging in a tug of war scenario. 3. Kinesin 

and Dynein motors are bound to the cargo but only one motor is active at any 
given time. Thus, motors coordinate with each other during transport. 

 

There is no direct unequivocal evidence for any of the above models; but it 

appears that the coordination model is favored in the case of most cargoes 

(Welte 2004). If this model is correct, there has to be some mechanism/factor 

that can sense the activity of both these motors. This factor would activate one 

motor while deactivating the other. One such factor is the Dynein regulator, 

Dynactin. Dynactin physically interacts with both Dynein and Kinesin motors on 

α β β
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frog melanosomes (Deacon et al. 2003). Kinesin and Dynein bind to the same 

site of the Dynactin sub-unit, Glued, and thus compete with each other. This 

enables Dynactin to bind and stabilize the interaction of only one of the two 

motors with microtubules, thus turning on that motor, while keeping the other 

motor off.  

8. Advantages of Bidirectional transport:  

Bidirectional transport is more complex and less economical than unidirectional 

transport. Why then would cargoes require the activity of two motors instead of 

just one? One logical explanation to this is that bidirectional transport allows a 

better regulation of the process. Because a cargo is associated with both motors, 

reversals or change in direction is possible depending on cellular needs. In a 

crowded cytoplasm, the motors often encounter cellular obstacles during their 

transit. Bidirectional transport allows reversals, regulation of speed, and change 

in direction, which is required to overcome these obstacles. Finally, bidirectional 

transport also allows error correction, preventing any detrimental effects due to 

faulty transport (Welte 2004, Jolly and Gelfand 2011).  

 

The broad interest of my lab is to study the mechanism by which mRNAs 

are transported using microtubule motors. In order to address this 

question, we use Drosophila melanogaster as our model system. We 

examine the process of mRNA localization within the Drosophila oocyte.  
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9. Drosophila oogenesis:  

Every Drosophila female has two ovaries. Each ovary is composed of 16-18 

structures called ovarioles, which is a collection of egg chambers in different 

stages of development (Fig. 10). Each egg chamber is an intact tissue consisting 

of different cell types. There are somatic cells called follicle cells, which surround 

the egg chamber along with 16 germ cells within its interior. Of these 16 germ 

cells, one cell differentiates to become the oocyte and moves to the posterior of 

the egg chamber, whereas the remaining 15 cells adopt nurse cell fate, and 

primarily function to nourish the oocyte (Becalska and Gavis 2009, Roth and 

Lynch 2009). 

        

Figure !0: The Drosophila ovariole. Each ovariole consists of egg chambers in 

different stages of maturation.  

The Drosophila oocyte:  Within the Drosophila oocyte, there are many mRNAs 

that localize at specific sites using microtubules mediated transport (Fig. 11). The 

localization of these mRNAs, namely oskar, bicoid and gurken, is important in 
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establishment of polarity within the oocyte and in the future embryo. oskar mRNA 

localizes to the posterior region (Kim-Ha et al. 1991) whereas bicoid and gurken 

are localized to the anterior cortex and anterior-dorsal surface 

respectively(Berleth et al. 1988, Neuman-Silberberg and Schupbach 1993). 

Although all three mRNAs are transported using microtubule motors, the factors 

involved in the localization of oskar mRNA are highly conserved in mammals 

(Barbee et al. 2006, Giorgi et al. 2007). These factors were first identified in 

Drosophila and were then shown to play key roles in mammalian systems. In 

fact, localization of fmr1 mRNA, the protein of which codes for Fragile X mental 

Retardation protein, follows the same mechanism of localization as oskar mRNA 

(Ling, et al. 2004). bicoid and gurken mRNAs, on the other hand, are localized 

using factors that are more Drosophila-specific.    

            

Figure 11: The Drosophila egg chamber:  The egg chamber is made up germ cells 

(shaded in grey) and somatic follicle cells (in green). Germ cells are further 

divided into nurse cells and the oocyte. Multiple mRNAs including oskar mRNA 
(shaded in red) localize to the posterior region of the oocyte.  
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10. oskar mRNA localization:  

The process of oskar mRNA localization occurs during mid to late oogenesis 

(Stage8-Stage 10) (Kim-Ha et al. 1991). During oogenesis, the oocyte undergoes 

a meiotic arrest and hence is transcriptionally quiescent. Most of the transcripts 

in the oocyte are transported from the surrounding nurse cells. Consistent with 

this, oskar mRNA is also synthesized in nurse cells and transported into the 

oocyte during mid oogenesis (Kim-Ha et al. 1991). Once, within the oocyte, oskar 

mRNA is localized specifically to the posterior region, and anchored at this site. 

During transit, oskar mRNA is maintained in a translationally repressed form by 

active mechanisms(Kim-Ha et al. 1995). Only once oskar mRNA is correctly 

localized, is translational repression relieved and the mRNA translated into 

protein. The mechanism that relieves transalational repression is unknown. 

Oskar protein is required for localization of nanos mRNA which is indirectly 

involved in establishing the anterior-posterior axis of the future embryo (Ephrussi 

et al. 1991). An additional function of posterior Oskar is to recruit the pole plasm, 

a specialized type of cytoplasm that is essential for formation of germ cells in the 

future embryo (Ephrussi et al. 1991, Ephrussi and Lehmann 1992). Mutants that 

cause delocalization of oskar mRNA or its mislocalization to ectopic sites show 

defects in polarity as well as a failure to form germ cells in the embryo (Fig. 12)  

(Ephrussi et al. 1991, Ephrussi and Lehmann 1992). Thus, the localization of 

oskar mRNA is a key process during Drosophila development. 
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Figure 12:  Patterning and germ cell defects in embryos with delocalized oskar 

mRNAs. Localization of Vasa (germ cell marker in green) and fushi tarazu 

(Patterning marker in red) in wild type and mutant (defective in oskar localization) 

embryos. In the mutant where oskar mRNA localization is defective, germ cells are 
absent and patterning is also defective in comparison to wild type.  
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Abstract 
 
Many cell types including developing oocytes, fibroblasts, epithelia and neurons 

use mRNA localization as a means to establish polarity. The Drosophila oocyte 

has served as a useful model in dissecting the mechanism of mRNA localization. 

The polarity of the oocyte is established by the specific localization of three 

critical mRNAs - oskar, bicoid and gurken. The localization of these mRNAs 

requires microtubule integrity, and the activity of microtubule motors. However, 

the precise organization of the oocyte microtubule cytoskeleton remains an open 

question. In order to examine the polarity of oocyte microtubules, we visualized 

the localization of canonical microtubule plus end binding proteins, EB1 and 

CLIP-190. Both proteins were enriched at the posterior of the oocyte, with 

additional foci detected within the oocyte cytoplasm and along the cortex. 

Surprisingly, however, we found that this asymmetric distribution of EB1 and 

CLIP-190 was not essential for oskar mRNA localization. However, Oskar protein 

was required for recruiting the plus end binding proteins to the oocyte posterior. 

Lastly, our results suggest that the enrichment of growing microtubules at the 

posterior pole functions to promote high levels of endocytosis in this region of the 

cell. Thus, multiple polarity-determining pathways are functionally linked in the 

Drosophila oocytes. 
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Introduction 

Messenger RNA localization is a widely used mechanism to restrict protein 

accumulation to defined regions within the cell (Martin and Ephrussi, 2009; St 

Johnston, 2005). Many cell types therefore use mRNA localization as a means to 

establish polarity. For instance, the localization of oskar mRNA in Drosophila 

oocytes, coupled with translational regulation of the message, ensures that 

Oskar protein is only found at the posterior of maturing eggs (Ephrussi et al., 

1991; Kim-Ha et al., 1995; Kim-Ha et al., 1991). Oskar protein is a critical player 

in establishing the anterior-posterior polarity of the developing oocyte and future 

embryo (Riechmann and Ephrussi, 2001; van Eeden and St Johnston, 1999). 

Thus, polarization of the oocyte requires precise localization of oskar mRNA. It is 

generally accepted that localization of oskar mRNA depends on microtubules 

and requires the activity of the motor protein Kinesin heavy chain (Khc) (Brendza 

et al., 2000; Cha et al., 2002; Palacios and St Johnston, 2002; Zimyanin et al., 

2008). Whether Khc moves oskar mRNA on polarized or non-polarized 

microtubules, however, remains an unresolved question.  

Microtubules consist of α and β tubulin monomers that are associated in a head 

to tail fashion. Consequently, a microtubule filament is inherently polarized. In 

general, the minus end of the microtubule is considered to be relatively stable in 

vivo and is thought to be embedded in a complex of proteins known as the 

microtubule organizing center (Luders and Stearns, 2007). In contrast, the 

microtubule plus end is dynamic in vivo, undergoing period of active growth 

(known as rescue) or shrinkage (commonly referred to as catastrophe) (Galjart, 
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2010). Most motors of the Kinesin super-family move in the direction of 

microtubule plus ends, whereas cytoplasmic Dynein is a minus end directed 

motor (Hirokawa et al., 2009; Kardon and Vale, 2009). The Khc motor that is 

involved in transporting oskar mRNA is a plus end motor (Brendza et al., 2000). 

Initial attempts at defining the polarity of oocyte microtubules used transgenic 

constructs in which an N-terminal fragment of Khc or the kinesin-like protein Nod 

was fused to β -galactosidase (referred to as Kin: β gal or Nod: β gal) (Clark et 

al., 1994; Clark et al., 1997). Kin:βgal displayed a prominent posterior localization 

pattern whereas Nod:βgal localized to the anterior of the oocyte (Clark et al., 

1994; Clark et al., 1997). Based on these findings, it was concluded that 

microtubules within the oocyte were highly polarized with the minus ends 

anchored at the anterior of the oocyte and the plus ends extending towards the 

posterior (Clark et al., 1994; Clark et al., 1997).  

Recent findings, however, offer conflicting evidence. The Kin:βgal transgene 

lacks the C-terminal cargo binding domain of Khc and appears to function in a 

dominant negative manner (Krauss et al., 2009; Loiseau et al., 2010). 

Additionally, in contrast to the Nod:βgal transgene, which only contains a portion 

of the nod gene, full length Nod-GFP localizes to the posterior of the oocyte (Cui 

et al., 2005). Furthermore, Nod has been shown to be a non-motile Kinesin that 

tracks to the plus end of microtubules (Cochran et al., 2009; Cui et al., 2005). 

Based on these findings, it is unclear whether Kin: βgal and Nod: βgal accurately 

reflect the polarity of oocyte microtubules. Finally, live cell imaging of oskar 

mRNA revealed that the message moves in a relatively random manner within 
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the oocyte, with only a slight posterior bias (Zimyanin et al., 2008). The relatively 

random movements of oskar mRNA suggests that oocyte microtubules are only 

weakly polarized (Zimyanin et al., 2008). 

Thus, the localization of Kin:βgal suggests a highly polarized microtubule 

network, whereas the movements of oskar mRNA point to a much more weakly 

polarized microtubule cytoskeleton. The best approach to resolve these 

seemingly contradictory findings is to examine the localization of a protein that 

localizes exclusively to microtubule plus ends. Although there is no definitive in 

vivo maker for microtubule plus ends, localization of the EB1 protein has been 

extensively used as the best proxy (Galjart, 2010; Honnappa et al., 2009; Jiang 

and Akhmanova, 2010; Matov et al., 2010; Slep, 2010). EB1 belongs to as class 

of proteins known as end binding proteins. End binding proteins such as EB1 and 

CLIP-190 (CLIP-170 in vertebrates) have been shown in multiple systems to bind 

specifically to the growing plus ends of microtubules (Galjart, 2005, 2010). 

Therefore, in order to elucidate the polarity of oocyte microtubules we began our 

analysis by examining the localization of EB1 and CLIP-190. In order to 

complement these studies, we also examined the localization of endogenous 

Khc. Interestingly, all three proteins were enriched at the posterior of the oocyte, 

suggesting that this region of the cell contains actively growing microtubule plus 

ends. By contrast, microtubule minus ends were present along the oocyte cortex 

and within the oocyte cytoplasm. Therefore, our results suggest that oocyte 

microtubules are arranged in polarized manner. Surprisingly however, the 

polarized distribution of EB1 and CLIP-190 was not required for oskar mRNA 
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localization. Mutations and drug treatments that disrupted posterior EB1 and 

CLIP-190 localization had very little effect on oskar mRNA localization. However, 

Oskar protein was required for recruiting EB1 and CLIP-190 to the oocyte 

posterior. Finally, we demonstrate that posterior enrichment of EB1 and CLIP-

190 is necessary for high levels of endocytosis in this region of the cell. Our 

findings therefore suggest a functional link between dynamic oocyte microtubules 

and endocytosis. 

Results 

Microtubule end binding proteins are enriched at the posterior of the 

oocyte. 

In recent years, the highly conserved protein EB1 (End binding1) has emerged 

as the best marker for growing microtubule plus ends (Galjart, 2010). We 

therefore began our studies by examining the localization of endogenous EB1 in 

the Drosophila oocyte (Fig.13A, red signal). In early stage egg chamber, 

numerous EB1 foci were detected throughout the nurse cell and oocyte 

cytoplasm (Fig. 13A, stage 5-8). However, by stage 9, a distinct accumulation of 

EB1 foci could be detected at the posterior of the oocyte (Fig. 13A, arrow). This 

polar distribution of EB1 was maintained into late stages of oogenesis (Fig. 13A, 

S10, arrow). A three dimensional projection through the center of the oocyte 

revealed that although EB1 was enriched at the posterior of stage 10 oocytes, 

additional foci were also present at the oocyte cortex and at lower levels within 

the oocyte cytoplasm (Fig. 13B). This is in contrast to the Kin:βgal reporter, 
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which localized almost exclusively to the posterior of the oocyte (Fig. 13C) (Clark 

et al., 1994). Interestingly, the posterior accumulation of EB1 foci coincides 

temporally with the localization of oskar mRNA. 

In order to test the specificity of EB1 staining, flies were fed the microtubule 

depolymerizing drug colcemid. In contrast to control flies, we observed a drastic 

reduction in EB1 foci in the colcemid fed flies (Fig. 20). We therefore conclude 

that the foci detected in these experiments correspond to EB1-labeled 

microtubule plus ends. In addition, the highly specific nature of the EB1 antibody 

has also been demonstrated using dsRNA treatment in Drosophila S2 cell 

(Rogers et al., 2002). 

Consistent with published results, endogenous Khc also localized at the posterior 

of stage 9 and 10 oocytes (Fig. 13A, green signal) (Palacios and St Johnston, 

2002). However, we observed a subtle difference between the localization of Khc 

and EB1. Whereas Khc localized close to the oocyte cortex, and largely co-

localized with the pole plasm marker Vasa (Fig. 13D), EB1 foci were more distal 

to the oocyte cortex and only partially co-localized with Vasa (Fig. 13E).  

In order to validate these results, we determined the localization of CLIP-190 

using a previously characterized antibody (Fig. 13F) (Lantz and Miller, 1998). 

CLIP-190 is the Drosophila homolog of vertebrate CLIP-170, a well-characterized 

microtubule plus end binding protein (Galjart, 2005; Lantz and Miller, 1998). 

Much like EB1, CLIP-190 was enriched at the posterior of the oocyte from late 

stage 8 onward (Fig. 13F). Additional CLIP-190 foci could also be detected at the 
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oocyte cortex and to a lesser degree within the oocyte cytoplasm (Fig. 13F). Our 

results are consistent with the findings of Lantz et al., who showed that CLIP-190 

was enriched at the posterior of early stage Drosophila embryos (Lantz and 

Miller, 1998).  

The vertebrate homologs of CLIP-190 and EB1 have been shown to recruit the 

p150/Glued subunit of the Dynactin complex to microtubule plus ends (Komarova 

et al., 2002; Ligon et al., 2003). Thus, p150/Glued is often used as a marker for 

plus ends (Galjart, 2010). Consistent with the posterior enrichment of EB1 and 

CLIP-190, p150/Glued also localized to the posterior of the oocyte (Fig. 21) 

(Duncan and Warrior, 2002). Collectively, our results suggest that growing 

microtubule plus ends are present throughout the oocyte, but are enriched at the 

posterior pole. Our results further suggest that Kin:βgal localizes to only a subset 

of oocyte microtubule plus ends. 

While this manuscript was in preparation, a study was published by Parton and 

colleagues examining the localization of EB1-GFP in the Drosophila oocyte 

(Parton et al., 2011). The study reported that oocyte microtubules were highly 

dynamic, and that growth occurred preferentially towards the posterior pole 

(Parton et al., 2011). Thus, the findings of Parton and colleagues (Parton et al., 

2011) are consistent our results. However, there is an important distinction 

between their findings and ours. The posterior bias in EB1-GFP movement was 

only discernible upon global tracking of EB1-GFP particles and using 

computational methods to define the direction of bias (Parton et al., 2011). Visual 

examination of EB1-GFP failed to reveal a posterior enrichment of the fusion 
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protein (Parton et al., 2011). In contrast, using antibodies against endogenous 

EB1, CLIP-190, and p150/Glued, a clear accumulation of all three proteins could 

be detected at the posterior (Fig. 13B, 13F and Fig. 21). A possible explanation 

for this finding is that because EB1-GFP was expressed in a wild-type 

background, the endogenously expressed EB1 outcompeted the GFP tagged 

protein for binding to microtubule plus ends. According to this view, EB1-GFP 

expressed in a wild-type background only labels a fraction of the microtubule plus 

ends. 

Microtubule minus ends are reduced at the oocyte posterior. 

In contrast to plus ends, microtubule minus ends are thought to be relatively 

static in vivo (Luders and Stearns, 2007; Wiese and Zheng, 2006). The g-tubulin 

ring complex, of which g-tubulin is a central component, is thought to cap the 

minus ends of microtubules (Luders and Stearns, 2007; Wiese and Zheng, 

2006). We therefore examined the localization of Υ-tubulin in the Drosophila 

oocyte (Fig. 2A). Consistent with published results, Υ-tubulin localized primarily 

at the oocyte cortex of stage 8-10 egg chambers, with additional foci detected 

within the oocyte cytoplasm (Fig. 14A) (Cha et al., 2002). However, Υ-tubulin foci 

were noticeably reduced, but not absent, at the posterior of the oocyte (Fig. 14A, 

asterisk). This pattern is particularly evident upon co-staining oocytes with 

antibodies against Υ-tubulin and EB1 (Fig. 14B). Although abundant EB1 foci can 

be detected at the posterior of the oocyte, this region appears to contain very 

little Υ-tubulin (Fig. 14B). Quantification of signal intensities indicated that EB1 

was 2.5 fold enriched at the posterior of the oocyte in comparison to the anterior, 
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whereas Υ-tubulin was 3 fold enriched at the anterior of the oocyte in relation to 

the posterior. 

Another component of the capping complex present at microtubule minus ends is 

the protein Centrosomin (Cnn) (Megraw et al., 1999; Terada et al., 2003). 

Previous reports have shown that Cnn also localizes along the cortex of the 

Drosophila oocyte (Cha et al., 2002). We verified this result using an inducible 

GFP-Cnn transgene (Fig. 14C). We observed prominent GFP-Cnn foci along the 

oocyte cortex and to a lesser degree within the oocyte cytoplasm (Fig. 14C). 

Furthermore, consistent with the Υ-tubulin localization pattern, stage 9 and 10 

egg chambers contained much fewer foci of GFP-Cnn at the posterior pole (Fig. 

14C). We therefore conclude that microtubule minus ends are enriched along the 

cortex of stage 9 and 10 oocytes but are reduced at the posterior. Interestingly, 

this localization pattern of microtubule minus ends is transient. GFP-Cnn foci 

could be detected along the entire oocyte cortex of late stage egg chambers (Fig. 

14C, S14). It is therefore possible that a transient, yet active mechanism 

represses the nucleation of microtubules at the oocyte posterior. A recent report 

by Parton and colleagues suggested that the Par-1 protein fulfills this repressive 

function (Parton et al., 2011). Consistent with this notion, GFP-Par1 was 

enriched at the posterior of stage 10 oocytes (Fig. 14D). However, this posterior 

enrichment of GFP-Par1 was lost in late stage egg chambers (Fig. 14D). 
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Localization of end binding proteins in par-1 mutants. 

The Par-1 kinase has a highly conserved function in establishing polarity in many 

different cell types (Goldstein and Macara, 2007). Consistent with this notion, 

oskar mRNA and Kin:bgal are mis-localized to the center of the oocyte in par-1 

hypomorphic mutants (Shulman et al., 2000; Tomancak et al., 2000). It has 

therefore been suggested that microtubule plus ends are enriched within the 

center of par-1 mutant oocytes (Shulman et al., 2000; Tomancak et al., 2000). 

Consistent with this hypothesis, we observed endogenous Khc in a central focus 

in par-1 mutants (Fig. 15A). Similarly, the Staufen protein, a core component of 

the oskar mRNP, was also detected in a central focus in par-1 mutant oocytes 

(Fig. 15B). However, in contrast to Khc and Staufen, we did not observe a central 

accumulation of either EB1 or CLIP-190 in par-1 mutant oocytes (Fig. 15C and 

15D). CLIP-190 was distributed around the oocyte cortex in par-1 mutants (Fig. 

15D). Similarly, the residual EB1 foci in par-1 mutants were also localized around 

the cortex (Fig. 15C). 

One conclusion from these findings is that EB1, CLIP-190 and Khc cannot be 

used interchangeably as microtubule plus end markers. Based on the well-

documented functions of EB1 and CLIP-190 (Akhmanova and Steinmetz, 2008; 

Galjart, 2010), we interpret these results to mean that actively growing 

microtubule plus ends are not enriched in the center of par-1 mutant oocytes. It 

remains a possibility, however, that relatively static microtubule plus ends are 

presents in the central focus. Transport along this sub-class of microtubules 

might results in the observed oskar mRNA and Khc mis-localization phenotypes.  
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Oskar protein is required for posterior EB1 and CLIP-190 recruitment. 

Our results indicate that microtubule plus end binding proteins, EB1 and CLIP-

190, are enriched at the posterior of wild-type oocytes. We therefore wished to 

determine whether this polar distribution of plus end binding proteins was 

required for oskar mRNA localization. 

We began our analysis by examining a mutant in the smd3 gene (Fig. 16B, 

smd3pt). SmD3 is a core component of the spliceosome, and we have previously 

shown that although splicing is unaffected in the smd3pt mutant background, 

oskar mRNA is delocalized (Gonsalvez et al., 2010) (Figs. 16A and B). 

Furthermore, because oskar mRNA is delocalized, these mutants do not express 

any Oskar protein (Figs. 16A and B) (Gonsalvez et al., 2010). In contrast to wild-

type oocytes, EB1, CLIP-190 and endogenous Khc were almost completely 

delocalized in smd3pt mutants (Figs. 16A and B). The localization of g-tubulin, 

however, appeared to be unaffected (Figs. 16A and B).  

We next examined a well-characterized oskar protein-null mutant (Jenny et al., 

2006; Kim-Ha et al., 1991). In this mutant, oskar mRNA correctly localizes to the 

posterior of stage 9 and 10 egg chambers but is not efficiently anchored at the 

cortex (Fig. 16C) (Kim-Ha et al., 1991). However, due to the presence of a stop 

codon in the coding sequence, no Oskar protein is produced (Fig. 16C) (Kim-Ha 

et al., 1991). Surprisingly, despite the correct localization of oskar mRNA, EB1 

and CLIP-190 were delocalized from the posterior pole (Fig. 16C). In contrast, 

there were no defects in the localization of g-tubulin in the oskar protein-null 
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mutant (Fig. 16C). More importantly, Khc was similarly unaffected in the absence 

of Oskar protein (Fig. 16C). These results suggest that the polar distribution of 

EB1 and CLIP-190, but not Khc, requires Oskar protein. These results also 

suggest that the posterior enrichment of EB1 and CLIP-190 is not required for 

correct oskar mRNA localization. 

In order to verify this finding we examined staufen mutants. In staufen mutants, 

oskar mRNA transiently localizes to the posterior of stage 9 oocytes but becomes 

delocalized by stage 10 (van Eeden et al., 2001) (Fig. 16D). Staufen is required 

for the translation of oskar mRNA (Micklem et al., 2000). Therefore staufen 

mutants do not express any Oskar protein (Fig. 16D) (Micklem et al., 2000). As 

with the oskar protein-null mutant, EB1 and CLIP-190 were not enriched at the 

posterior in staufen mutants (Fig. 16D). Also similar to the oskar protein-null 

mutant, the localization of g-tubulin and Khc were unaffected (Fig. 16D). Failure 

to detect posterior EB1 and CLIP-190 in these mutant backgrounds is not due to 

protein instability. The levels of EB1, CLIP and Khc were the same between wild-

type and mutants samples (data not shown). 

The data were quantified by counting the number of EB1 foci in wild-type and 

mutants backgrounds. A 200mm2 crescent-shaped area was defined at the 

posterior pole of wild-type and mutants oocytes and individual EB1 foci were 

counted within this region. Wild-type oocytes contained 39.8 + 7.26 (n=6 

oocytes) foci at the posterior pole. However, no posterior EB1 foci could be 

detected in smd3pt, oskar protein-null, and staufen mutants. 
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In recent years, several proteins have been identified that serve as links between 

microtubule plus ends and the actin rich cell cortex (Applewhite et al., 2010; 

Lewkowicz et al., 2008; Martin et al., 2005). In this regard, Oskar has been 

shown to induce the formation of long F-actin projections at the posterior of the 

oocyte (Vanzo et al., 2007). Thus, Oskar might function in recruiting microtubule 

plus ends by inducing the formation of long actin projections at the posterior. 

Consistent with this notion, we observed that both EB1 and CLIP-190 were 

embedded within the actin rich cell cortex (Fig. 17A and B). Additionally, 

treatment of oocytes with the actin-destabilizing drug Latrunculin-A (Lat-A) 

resulted in almost complete delocalization of EB1 from the posterior of the oocyte 

(Fig. 17C). Lat-A treatment also compromised the posterior localization of CLIP-

190 (Fig. 17D). Our results are consistent with the findings of Lantz et al., who 

showed that CLIP-190 anchoring in Drosophila embryos was sensitive to 

treatment with the actin-destabilizing drug, Cytochalasin D (Lantz and Miller, 

1998). 

In contrast to EB1 and CLIP-190 localization, and consistent with previously 

published results (Cha et al., 2002), Lat-A treatment did not significantly 

compromise the localization of oskar mRNA. Under these treatment conditions, 

oskar mRNA was correctly localized in the majority of the egg chambers (Fig. 

17E and 17F) In a few instances, oskar mRNA was still localized at the posterior, 

but appeared to be detached from the oocyte cortex (Fig. 17G). In contrast to 

oskar mRNA, Oskar protein was always tightly anchored at the cell cortex upon 

Lat-A treatment (Fig. 17H). Similar results were obtained upon co-staining Lat-A 
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treated egg chambers with antibodies against EB1 and the pole plasm 

component, Vasa (Fig.22). Thus, although Oskar protein is required for recruiting 

EB1 and CLIP-190 to the oocyte posterior, their correct localization also requires 

the actin cytoskeleton. In addition, these results further demonstrate that the 

posterior localization of microtubule plus end binding proteins is not required for 

oskar mRNA localization. 

Recruitment of EB1, CLIP-190 and Khc to ectopic sites. 

Our results suggest that Oskar is required for recruiting microtubule end binding 

proteins to the oocyte posterior. We next determined whether Oskar was 

sufficient for plus end recruitment by mis-targeting Oskar within the oocyte. We 

first expressed a transgenic construct in which the coding sequence of oskar was 

attached to the K10 3’UTR (Snee and Macdonald, 2004). The presence of the 

K10 3’UTR has been shown to result in the accumulation of Oskar protein along 

the entire oocyte cortex (Snee and Macdonald, 2004; Vanzo and Ephrussi, 2002) 

(Fig. 18A and B). Using this approach, we were unable to observe a convincing 

redistribution of EB1, CLIP-190 and Khc along the oocyte cortex (Fig. 18B). The 

obvious phenotype was a loss of EB1 foci from the posterior of the oocyte (Fig. 

18B). CLIP-190 was still detected at the posterior, but was present at a reduced 

level in comparison to the wild-type strain (Fig. 18B). 

We next analyzed the localization of EB1, CLIP-190 and Khc in strains over-

expressing wild-type oskar mRNA. Over-expression of wild-type oskar mRNA 

results in the formation of an ectopic focus of Oskar protein (Zimyanin et al., 
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2007) (Fig. 18C). The ectopic Oskar focus has been shown to recruit pole plasm 

components as well as the Kin:βgal reporter (Zimyanin et al., 2007). Based on 

these findings it was concluded that Oskar protein is sufficient for recruiting 

microtubule plus ends (Zimyanin et al., 2007). Consistent with this notion, 

endogenous Khc was observed at the posterior pole and was efficiently recruited 

to the ectopic Oskar focus (Fig. 18C). By contrast, CLIP-190 and EB1 were not 

efficiently recruited to the ectopic focus (Fig. 18C). Upon over-exposing the 

image, we could detect a subtle accumulation of CLIP-190 in the Oskar focus 

(Fig. 18C; magnification; arrow). We interpret these results to mean that ectopic 

Oskar is capable of recruiting a population of microtubules. However, the fact 

that the ectopic focus does not stain brightly for EB1 and CLIP-190 suggests that 

this is not an area of active microtubule plus end growth. In addition, similar to 

the results obtained using the oskar-K10 transgenic strain, posterior EB1 foci 

were absent upon Oskar over-expression (Fig. 18C). The posterior enrichment of 

CLIP-190 was also reduced upon Oskar over-expression (Fig. 18C). Thus, 

although Oskar protein is not sufficient for recruiting EB1 and CLIP-190, mis-

expression of Oskar nonetheless affects the dynamics of oocyte microtubules. 

Dynamic microtubules are required for efficient endocytosis. 

Our results indicate that the microtubule plus end binding proteins, EB1 and 

CLIP-190, are enriched at the posterior of the oocyte. The interpretation of these 

results is that the posterior pole of the oocyte contains a high concentration of 

actively growing microtubule plus ends. This region of the cell has also been 

shown to possess a high level of endocytic activity in a manner that is dependent 
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on Oskar protein (Tanaka and Nakamura, 2008; Vanzo et al., 2007). 

Interestingly, the vertebrate homolog of CLIP-190, CLIP-170, was identified as a 

protein that bound to endocytic vesicles as well as to microtubule plus ends 

(Pierre et al., 1992). CLIP-170 is also required for transport of membrane bound 

pigment granules from the surface of the cell to the cell interior (Lomakin et al., 

2009). Transport of pigment granules depends on dynamic microtubules but not 

on the actin cytoskeleton (Lomakin et al., 2009). Finally, CLIP-170 has been 

shown to accumulate at sites of phagocytosis and to be required for efficient 

phagocytosis in macrophages (Lewkowicz et al., 2008). We therefore 

hypothesized that Oskar promotes posterior endocytosis by recruiting CLIP-190 

and other plus end binding proteins to the poster pole. These factors would 

function at the posterior either directly or indirectly to stimulate endocytosis. This 

hypothesis predicts that if microtubule plus end localization is compromised, the 

efficiency of endocytosis will also be affected. 

We tested this prediction by examining the internalization of the lypophilic dye, 

FM4-64fx (a fixable analog of the commonly used FM4-64 dye). As previously 

reported, the posterior of wild-type oocytes showed a very high accumulation of 

FM4-64fx (Fig. 19A) (Tanaka and Nakamura, 2008; Vanzo et al., 2007). Also 

consistent with published results, the level of posterior endocytosis was 

drastically reduced in oskar protein null mutants (Vanzo et al., 2007) (Fig. 19B). 

We observed similar results in staufen mutants, which also do not express any 

Oskar protein (Fig. 19C). Interestingly however, we also observed reduced 

posterior endocytosis in stains expressing the oskar-K10 transgene and in strains 
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over-expressing oskar mRNA (Figs. 19D and 19E). Under these conditions 

Oskar protein is still present at the posterior of the oocyte, but the localization of 

EB1 and CLIP-190 is compromised (Fig. 18B and 18C). One interpretation of 

these results is that efficient endocytosis at the posterior requires actively 

growing microtubule plus ends in addition to Oskar.  

We tested this hypothesis by treating dissected egg chambers with the 

microtubule-stabilizing drug, Taxol (Paclitaxel). Because EB1 and CLIP-190 bind 

to the plus end of growing microtubules, Taxol treatment has been shown to 

delocalize the vertebrate homologs of these proteins from microtubule tips 

(Pierre et al., 1992; Shannon et al., 2005). Consistent with this notion, EB1 foci 

were no longer detected at the posterior of Taxol treated egg chambers (Fig. 19F 

and 19G). Similarly, posterior enrichment of CLIP-190 was reduced upon Taxol 

treatment (Fig. 19H and 19I). In contrast to EB1 and CLIP-190, the localization of 

Oskar protein was unaffected by Taxol treatment (Fig. 19J and 19K). Consistent 

with the notion that posterior endocytosis requires actively growing microtubules, 

the level of FM4-64fx uptake was compromised in Taxol treated egg chambers 

(Fig. 19L and 19M). Similar results were also obtained by feeding flies yeast 

paste containing Taxol (data not shown). Based on these observations, we 

conclude that posterior endocytosis occurs downstream of Oskar protein and 

requires dynamic microtubules. 
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Discussion: 

In this study, we examined the polarity of Drosophila oocyte microtubules using 

the well-characterized plus end markers, EB1 and CLIP-190. Our results indicate 

that microtubule plus ends are preferentially localized at the posterior of the 

oocyte. Unexpectedly, this polar arrangement of plus end binding proteins was 

not required for oskar mRNA localization. Instead, the end binding proteins 

accumulate at the posterior in a manner that is dependent on Oskar protein and 

the actin cytoskeleton. Finally, our results suggest that the dynamic microtubules 

at the posterior are required for efficient endocytosis. 

EB1 and CLIP-190 as markers for microtubule plus ends. 

EB1 is generally considered the best marker for growing microtubule plus ends 

(Akhmanova and Steinmetz, 2008; Galjart, 2010). The mechanism by which EB1 

specifically recognizes the plus end of microtubules is still under debate, but 

recent evidences suggests that multiple mechanisms contribute to this specificity. 

Both a and b tubulin subunits bind to GTP. However, the addition of the a/b dimer 

to the growing microtubule promotes the hydrolysis of GTP to GDP (Galjart, 

2010). Consequently, the growing end of the microtubule contains tubulin in a 

GTP-bound state (Galjart, 2010). Thus, the plus end is said to contain a GTP 

“cap” in vivo. A recent report suggests that EB1 specifically recognizes the GTP 

cap (Maurer et al., 2011). In addition, residues in the C-terminus of EB1 are 

thought to reduce its association with the microtubule lattice, thus promoting 

biding specifically to the plus end (Buey et al., 2011). 
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The vertebrate homolog of CLIP-190, CLIP-170, was identified as a protein that 

binds to endocytic vesicles (Pierre et al., 1992). It was subsequently shown to 

interact with the plus end of microtubules, where along with EB1, it recruits 

numerous proteins including p150/Glued to the growing tip (Galjart, 2005, 2010; 

Pierre et al., 1992). Interestingly, in most cells CLIP-170 recruitment to plus ends 

requires EB1 (Bieling et al., 2008; Dixit et al., 2009). However, a recent report 

demonstrated that CLIP-170 accumulates at sites of phagocytosis whereas EB1 

does not (Lewkowicz et al., 2008). Thus there might be different classes of plus 

ends, some which are bound by EB1 and CLIP-170, and others, that are lacking 

one of the two canonical plus end binding proteins. This is consistent with our 

findings in Drosophila. Although we observed both EB1 and CLIP-190 at the 

posterior of the oocyte, their localization in the overlying follicle cells was different 

(Fig.23). Consistent with the known microtubule polarity of epithelial cells 

(Bacallao et al., 1989; Bre et al., 1990; Doerflinger et al., 2003), EB1 and Khc 

were enriched along the basolateral surface of follicle cells (Fig. 23). By contrast, 

CLIP-190 was detected in numerous foci within the cytoplasm as well as along 

the apical surface of follicle cells (Fig. 23). 

EB1 and CLIP-170 are not merely markers of microtubule plus ends. Rather, 

both proteins have well-documented functions at the plus end. In general, both 

proteins are required for promoting microtubule growth (Galjart, 2010). However, 

the mechanism by which they accomplish this task is different. Microtubule plus 

ends are highly dynamic in vivo, switching between periods of growth and 

shrinkage (Galjart, 2010). EB1 appears to function at the plus end by preventing 



 

 

50 

shrinkage, whereas CLIP-170 is thought to convert shrinking microtubules into 

growing microtubules (Arnal et al., 2004; Komarova et al., 2009; Komarova et al., 

2002). Therefore, the localization of EB1 and CLIP-170 indicate not only the 

polarity of microtubules, but also regions of active microtubule growth. This is 

consistent with our finding that Taxol treatment of egg chambers compromises 

the posterior localization of EB1 and CLIP-190 (Fig. 19 F-I). 

oskar mRNA localization and microtubule polarity. 

Ever since oskar mRNA was shown to localize to the posterior pole (Ephrussi et 

al., 1991; Kim-Ha et al., 1991), an important question that has been posed is 

whether or not transport of oskar involves polarized microtubules. Initial studies 

using Kin:bgal suggested that oocyte microtubules were strongly polarized, 

whereas recent experiments examining the movements of oskar mRNA suggests 

a weakly polarized arrangement of microtubules (Clark et al., 1994; Zimyanin et 

al., 2008). Using EB1 and CLIP-190 as markers, we find that microtubule plus 

ends are present throughout the oocyte, but are enriched at the posterior 

(Fig.13). Our results, therefore suggest that oocyte microtubules are polarized 

with plus ends preferentially localized at the posterior. Why then does oskar 

mRNA move in a seemingly random manner within the oocyte? The Drosophila 

oocyte is filled with large yolk particles. We propose that these particles act as a 

physical barrier to unidirectional transport. Thus, even thought a majority of 

microtubules within the oocyte have their plus ends at the posterior, the motor-

bound oskar mRNP would run into several yolk particles before it reaches its final 

destination. In order to navigate the crowded cytoplasm, it is likely that stalled 
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mRNPs shift direction several times during the course of anterior to posterior 

transport. This type of movement would have the appearance of being random. 

Our findings raise another important question. Does oskar mRNA localization 

require polarized microtubules? oskar mRNA is localized in oskar protein-null 

mutants, yet EB1 and CLIP-190 are not detected at the posterior pole (Fig. 16C). 

Similarly, treatment of ovaries with Lat-A, results in loss of EB1 and CLIP-190 

foci, but not oskar mRNA, from the oocyte posterior (Fig, 17C, 17D, and 17F). 

Similar results were also obtained upon treating oocytes with Taxol (Fig. 7 and 

data not shown). These results would seem to indicate that the polarized 

arrangement of microtubules is not necessary for oskar mRNA localization. 

However, under these conditions, Khc remains localized at the posterior pole (Fig 

16C and data not shown). Because Khc is a plus end-directed motor, it is 

possible that microtubule plus ends are still present at the posterior under these 

conditions, but are not labeled with EB1 and CLIP-190. EB1 and CLIP-190 are 

convincing markers of microtubule growth (Galjart, 2010). Therefore, one 

interpretation of the Khc localization result is that this represents a class of 

polarized microtubules that are stalled. Further work is needed to define whether 

sites of Khc enrichment in the absence of EB1 and CLIP-190 actually represent 

microtubule plus ends. 
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Oskar protein is required for EB1 and CLIP-190 recruitment.  

Although posterior EB1 and CLIP-190 are not essential for oskar mRNA 

localization, Oskar protein is required for recruiting EB1 and CLIP-190 to the 

posterior pole (Fig. 16C and 16D). The mechanism by which Oskar performs this 

function is less clear. Oskar protein has been shown to induce the formation of 

long F-actin fibers at the posterior of the oocyte (Vanzo et al., 2007). We 

therefore hypothesized that these actin fibers might recruit growing microtubule 

plus ends. Consistent with this hypothesis, treatment of ovaries with Lat-A 

resulted in loss of EB1 and CLIP-190 foci from the posterior pole (Fig. 17C and 

17D). Under these treatment conditions however, Oskar protein was still detected 

at the posterior. This suggests that EB1 and CLIP-190 recruitment to the 

posterior pole occurs downstream of Oskar protein localization and requires 

integrity of the actin cytoskeleton. How might actin function in recruiting EB1 and 

CLIP-190 to the posterior pole? One possibility is via the activity of cross-linking 

proteins that have been shown to bind microtubule plus ends as well as the cell 

cortex (Applewhite et al., 2010; Lewkowicz et al., 2008; Martin et al., 2005). 

Another possibility is that the actin network might be required for polarizing 

oocyte microtubules. Consistent with this notion, mutations in the actin 

nucleators, capu and spire, result in oocytes that lack microtubule polarity 

(Dahlgaard et al., 2007). 

Our results also suggest that Oskar is not sufficient for recruiting EB1 and CLIP-

190. Ectopic expression of Oskar protein along the entire oocyte cortex or within 

a central focus failed to efficiently recruit EB1 and CLIP-190 (Fig. 18C and 18C). 



 

 

53 

It is therefore likely that multiple factors function to recruit these plus end binding 

proteins to the posterior pole. Curiously, however, mis-expression of Oskar 

reduced the posterior accumulation of EB1 (Fig. 18B and 18C). Posterior 

localization of CLIP-190 was also affected under these conditions, but to a lesser 

degree (Fig. 18B and 18C). The reason for this phenotype is unclear, but it 

nonetheless suggests that mis-expression of Oskar affects the dynamics of 

microtubules within the oocyte.  

In contrast to EB1 and CLIP-190, the ectopic Oskar focus contained high levels 

of Khc (Fig. 18C). A similar result was also observed by Zimyanin and colleagues 

using Kin:βgal as a reporter (Zimyanin et al., 2007). At present it is unclear 

whether Khc and Kin:βgal localization are truly indicative of microtubule plus 

ends. In addition to the ectopic Oskar focus, Khc was found in the center of par-1 

mutant oocytes, but EB1 and CLIP-190 were not (Fig. 15). Similarly, Khc, but not 

EB1 and CLIP-190, was localized to the posterior in oskar protein-null mutants 

(Fig. 16C). As mentioned previously, Khc and Kin:bgal might label a population of 

microtubules that are polarized, yet relatively static in vivo. Further work is 

needed to explore this possibility. 

Microtubule plus ends and endocytosis. 

Vanzo and colleagues demonstrated that endocytosis within the oocyte is 

asymmetric, occurring at a higher level at the posterior (Vanzo et al., 2007). 

Oskar protein is required for maintaining this polarized distribution of endocytosis 
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(Tanaka and Nakamura, 2008; Vanzo et al., 2007). The mechanism by which 

Oskar performs this function, however, is largely unknown.  

Our findings indicate that growing microtubule plus ends are recruited to the 

oocyte posterior by Oskar. In this regard, it is interesting to note that CLIP-170, 

the vertebrate homolog of CLIP-190, was initially identified as a protein that 

directly bound to endocytic vesicles as well as microtubule plus ends (Pierre et 

al., 1992). More recently, CLIP-170 was also shown to function at microtubule 

plus ends to stimulate phagocytosis in macrophage cells and to promote the 

capture and minus end transport of melanophores in Xenopus (Lewkowicz et al., 

2008; Lomakin et al., 2011; Lomakin et al., 2009). These findings highlight the 

importance of microtubule plus ends and CLIP-170 in vesicle transport.  

Based on these observations, we hypothesized that Oskar promotes endocytosis 

by recruiting microtubule plus end binding proteins to the posterior pole. 

Consistent with this hypothesis, EB1 and CLIP-190 localization, as well as 

endocytosis was drastically reduced at the oocyte posterior in oskar protein-null 

and staufen mutants (Fig. 16 and Fig. 19). Treatment of egg chambers with a 

microtubule-stabilizing drug also had a similar effect on microtubule plus end 

localization and endocytosis (Fig. 19). These results suggest an intimate 

relationship between dynamic microtubules and efficient endocytosis at the 

posterior pole. One possibility is that the dynamic microtubules themselves are 

important for posterior endocytosis. Alternatively, EB1 and CLIP-190 might 

deliver factors to the posterior that facilitate high endocytic activity. 
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Conclusion 

Our results indicate that oocyte microtubules are polarized, with an enrichment of 

plus ends at the posterior pole. Our results also suggest that the primarily 

function of the polarized microtubule network is to promote high endocytic activity 

at the oocyte posterior. 

Materials and methods 

Fly stocks: Oregon-R was used as the wild-type strain. Other fly strains used 

were: UASp-GFP-cnn (Bloomington stock center; number 7255; donor Thom 

Kaufman), smd3pt (Gonsalvez et al., 2010); osk84 (Kim-Ha et al., 1991); Df(3R)p-

XT103 (Bloomington stock center; number 1962; donor Thom Kaufman); stauD3 

and Df(2R)PC4 (St Johnston et al., 1991); UASp-osk-K10 (Snee and Macdonald, 

2004) and UASp-oskar (Zimyanin et al., 2007). The UASp-oskar and osk-K10 

transgenes were expressed by crossing the respective strains to the nos-Gal4 

driver (Bloomington Stock center; stock number 4937; donor Ruth Lehmann). 

The progeny from this cross were raised at 290C to facilitate high-level 

expression of the transgenes. 

Immunofluorescence: Immunofluorescence was performed as described by 

previously (Gonsalvez et al., 2010) with a few modifications. Females fattened on 

yeast paste were dissected in Express five SFM media (Invitrogen). The oocytes 

were fixed for 5 min in PBST (PBS containing 0.1% triton X-100) containing 4% 

formaldehyde (Pierce; catalog #28908). After fixation, the ovaries were washed 

in PBST, blocked and incubated with antibody. We found that the short fixation 
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time (5 minutes) was important for efficient visualization of EB1 foci. Images were 

captured on a Zeiss LSM 510 upright confocal microscope. 

In situ hybridization: oskar mRNA was visualized as previously described 

(Gonsalvez et al., 2010). 

Actin labeling: In order to visualize filamentous actin, fixed oocytes were 

incubated with TRITC-conjugated Phalloidin (Sigma Aldrich). 

Drug treatments: For Lat-A treatment, dissected ovaries were incubated with 

gentle shaking in Express Five SFM media containing 50 mM Lat-A. After 30 

mins., the drug was removed, the ovaries were washed with Express Five SFM 

media, and were fixed as described. In order to depolymerize microtubules, flies 

were starved for 5 hrs. Next, they were fed yeast paste containing 250mg/ml 

colcemid. After 12 hrs., ovaries were dissected and fixed as described. 

Microtubules were stabilized by treating dissected ovaries with Taxol for 30 mins. 

The Taxol stock solution was diluted into Express Five SFM to give a final 

concentration of 20 mM. After the 30 min. incubation, the drug was removed, the 

ovaries were washed with Express Five SFM media, and were fixed as described 

Antibodies: The following antibodies were used: rabbit anti-EB1 (Rogers et al., 

2002) (1:500), rabbit anti-CLIP-190 (K. Miller, 1:200), rabbit anti-Khc 

(Cytoskeleton, Inc., 1:150), rat anti-Vasa (Developmental Studies Hybridoma 

Bank; donor A. Spradling.; 1:75), rabbit anti-p150/Glued (V. Gelfand; 1:300) 

mouse anti Υ-tubulin (Sigma; 1:100); rabbit anti-Osk (A. Ephrussi, 1:2000); goat 
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anti-rabbit Alexa 594 and Alexa 488 (Invitrogen, 1:400 and 1:200 respectively) 

and goat anti-mouse Alexa 594 (Invitrogen, 1:400). 

FM4-64fx uptake: Ovaries were dissected in Express Five SFM media. FM4-

64fx was added to the sample to a final concentration of 10 mM. The ovaries 

were incubated with the dye for 5min. The FM4-64fx was then removed and the 

ovaries were washed with Express Five SFM media for 10 mins. Next, the 

ovaries were fixed as described. Images were captured within an hour of fixation. 
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Figure 13: Microtubule plus ends are enriched at the posterior of the 
oocyte. 

(A) Wild-type egg chambers were probed with antibodies against EB1 (top panel; 

red signal) and Khc (middle panel; green signal). The bottom panel represents a 

merged image of the two. The stage of the depicted egg chambers is indicated 

on the top left corner, and the arrow indicates regions of enrichment for either 

EB1 or Khc. The scale bar represents 20mm. EB1 and Khc are enriched at the 

posterior pole in stage 9 and 10 egg chambers. 

(B-C) Wild-type egg chambers were probed with an antibody against EB1 (panel 

B). Egg chambers expressing Kin:βgal were probed with an antibody against β- 

galactosidase and were counter stained with DAPI (panel C). Four 1mm sections 

were imaged above and below the central plane of representative egg chambers 

and a three dimensional projection is shown. Note that numerous EB1 foci are 

present in the oocyte and nurse cell cytoplasm. By contrast, Kin:βgal localizes 

predominantly to the posterior pole. (Continued) 
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Cont’d Figure 13: Microtubule plus ends are enriched at the posterior of 
the    oocyte. 

(D) Wild-type egg chambers were probed with antibodies against Khc (green) 

and Vasa (red). Individual and merged images are shown. Khc co-localizes with 

Vasa at the oocyte posterior. 

(E) Wild-type egg chambers were probed with antibodies against EB1 (green) 

and Vasa (red). Individual and merged images are shown. The EB1 foci at the 

posterior pole do not co-localize with Vasa. 

(F) Wild-type egg chambers were probed with an antibody against CLIP-190. 

Regions of CLIP-190 enrichment within the oocyte is indicated by an arrow. The 

stage of the respective egg chamber is indicated on the bottom right corner of the 

image. CLIP-190 enrichment at the posterior pole can be detected in stage 8, 9 

and 10 egg chambers. 
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Figure 14: Microtubule minus ends are reduced at the posterior of the 
oocyte. 
(A) Wild-type egg chambers were probed with an antibody against the minus end 

marker protein, g-tubulin. The stage of the depicted egg chamber is indicated on 

the bottom right corner of the image. Note that the signal for g-tubulin is reduced 

at the oocyte posterior (asterisk). (B) Wild-type egg chambers were probed with 

antibodies against EB1 (red signal) and g-tubulin (green signal). Note that 

although EB1 is enriched at the posterior of the oocyte, this region contains fewer 

g-tubulin foci. (C) A strain expressing a UASp driven GFP-cnn transgene was 

crossed to the nos-Gal4 driver. The females from the resulting cross were 

dissected, fixed, stained with ToPro3 (red signal, DNA dye), and imaged. The 

stage of the depicted egg chamber is indicated on the bottom right corner of the 

image. The asterisk indicates the reduced level of GFP-Cnn at the oocyte 

posterior in stage 9 and 10 egg chambers. In late stage egg chambers (S14), 

GFP-Cnn foci can be detected around the entire oocyte cortex. 

a-TubulinEB1 Merge

A.

B.
a-Tubulin

GFP-Cnn/ToPro

*

C.

*

S8 S9 S10

S8 S9 S10
S10

S14

*



 

 

61 

 

                     
 

         Figure 15: Localization of plus end binding proteins in par-1   mutants. 

Ovaries from par-1 hypomorphic mutants (par-1w3/par-16323) were dissected, 

fixed and stained with antibodies against Khc (A), Staufen (B), EB1 (C) and 

CLIP-190 (D). The egg chambers were also counterstained with ToPro3. Note 

that Khc and Staufen are present in a central focus in par-1 mutants (arrow), but 

EB1 and CLIP-190 are not. 
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Figure 16: Oskar protein is required for recruiting EB1 and CLIP-190 to the 
posterior. 

Ovaries were dissected from wild-type (A), smd3pt (B), oskar84/Def (C) and 

stauD3/Def (D) flies. The dissected ovaries were fixed and processed for 

immunofluorescence using antibodies against EB1, CLIP-190, Khc, g-tubulin and 

Oskar protein. The same strains were also process for in situ hybridization using 

probes against oskar mRNA. The arrows indicate regions of enrichment of the 

corresponding proteins or mRNA. EB1, CLIP-190 and Khc are delocalized in 

smd3pt mutants. In oskar protein-null and staufen mutants, EB1 and CLIP-190 

are delocalized from the posterior, but the localization of Khc is unaffected.  
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Figure 17: Destabilization of the actin cytoskeleton disrupts EB1 and CLIP-
190 posterior localization. 

(A-B) Ovaries from wild-type flies were dissected and processed for 

immunofluorescence using antibodies against EB1 (panel A; green signal) or 

CLIP-190 (panel B; green signal). Subsequently, the samples were incubated 

with TRITC conjugated phalloidin to label the actin cytoskeleton (panels A and B; 

red signal). EB1 foci appear to intercalate between the posterior F-actin 

projections, whereas CLIP-190 appears embedded within the posterior actin rich 

cell cortex. (C-D) Ovaries dissected from wild-type flies were incubated with 

Latrunculin-A for 30mins. The samples were then fixed and processed for 

immunofluorescence using antibodies against EB1 (C) or CLIP-190 (D). Lat-A 

treatment results in loss of posterior EB1 and CLIP-190 foci (Continued).  
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Cont’d Figure 17: Destabilization of the actin cytoskeleton disrupts EB1 
and CLIP-190 posterior localization. 

(E-H) Dissected wild-type ovaries were treated with either a DMSO control (E) or 

were incubated with Latrunculin-A for 30mins. The samples were then fixed and 

processed for in situ hybridization using a probe against oskar mRNA (E-G). The 

samples were also processed for immunofluorescence using an antibody against 

Oskar protein (H). oskar mRNA and Oskar protein remain localized at the 

posterior of the oocyte under Lat-A treatment conditions. However, in some 

Latrunculin-A treated oocytes, oskar mRNA appears detached from the posterior 

pole (G). 
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Figure 18: Oskar protein is not sufficient for EB1 and CLIP-190 recruitment. 

Ovaries were dissected from the following strains; wild-type (A); females 

expressing the oskar coding sequence attached to the K10 3’UTR (B) and 

females over-expressing wild-type oskar mRNA (C). The expression of the 

transgenes was controlled using the germline-specific nanos-Gal4 driver. The 

dissected ovaries were processed for immunofluorescence using antibodies 

against Oskar, EB1, CLIP-190 and Khc. Expression of the oskar-K10 construct 

resulted in ectopic localization of Oskar protein along the oocyte cortex (B). By 

contrast, over-expression of wild-type oskar mRNA results in a central ectopic 

focus of Oskar protein (C). Note that while Khc was efficiently recruited to the 

ectopic Oskar focus, EB1 was not. A small amount of CLIP-190 could be 

observed in the ectopic Oskar focus upon overexposure (panel C, arrow). 
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      Figure 19: Dynamic microtubules are required for posterior endocytosis.  
 
(A–E) Ovaries were dissected from the following stains and processed for FM4-

64fx uptake, wild-type (A), osk84/Def (B), stauD3/Def (C), females expressing 

oskar-K10 (D), and females over-expressing oskar mRNA (E). FM4-64fx uptake 

was very high at the posterior of wild- type oocytes (A; arrow). In contrast, 

posterior endocytosis was severely compromised in oskar protein-null mutants, 

staufen mutants, and under conditions of Oskar mis- expression (B–E). 

(Continued)  
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Con’t Figure 19: Dynamic microtubules are required for posterior 
endocytosis.  

 

(F–M) Untreated (F, H, J and L) or Taxol-treated (G, I, K and M) egg chambers 

were processed for immunofluorescence using antibodies against EB1 (F, G), 

CLIP-190 (H, I) and Oskar (J, K). The egg chambers were also processed for 

Fm4-64fx uptake (L–M). Taxol treatment compromised the localization of EB1, 

CLIP-190, and the level of posterior endocytosis. In contrast, the level and 

localization of Oskar protein was unaffected by Taxol treatment. 
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Figure 20: Colcemid treatment results in loss of EB1 foci. 

(A-B): Wild-type flies were fed yeast paste containing colcemid (B) or as a 

control, an equal volume of DMSO (A). Colcemid treatment drastically reduced 

the number of EB1 foci. 
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                    Figure 21: Localization of p150/glued 

(A-B): Immunofluorescence for Glued/p150 using serum containing Glued 

antibody  (A) and pre-immune serum (B)  as control in wild type oocytes. 

Glued/p150 is seen to enrich at the posterior of the oocyte.  
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         Figure 22: Localization of EB1 and Vasa in Lat-A treated oocytes. 
 

(A-C) Latrunculin-A treatment causes delocalization of EB1 (B) but not Vasa (A) 

from the oocyte posterior.  
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             Figure 23: Localization pattern of EB1, Khc and CLIP-190 in follicle cells.  

(A-C): Ovaries from wild-type flies were dissected and processed for 

immunofluorescence using antibodies against EB1 (A), Khc (B) and CLIP-190 

(C). Note that whereas EB1 and Khc localized predominantly to the basolateral 

surface of the follicle cells, the distribution of CLIP-190 was more complex. 
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Abstract 

In order for eukaryotic cells to function properly, they must establish polarity. The 

Drosophila oocyte uses mRNA localization to establish polarity and hence 

provides a genetically tractable model in which to study this process. The spatial 

restriction of oskar mRNA and its subsequent protein product is necessary for 

embryonic patterning. The localization of oskar mRNA requires microtubules and 

microtubule-based motor proteins. Null mutants in Kinesin heavy chain (Khc), the 

motor subunit of the plus end-directed Kinesin-1, result in oskar mRNA 

delocalization. Although the majority of oskar particles are non-motile in khc 

nulls, a small fraction of particles display active motility. Thus, a motor other than 

Kinesin-1 could conceivably also participate in oskar mRNA localization. Here we 

show that Dynein heavy chain (Dhc), the motor subunit of the minus end-directed 

Dynein complex, extensively co-localizes with Khc and oskar mRNA. In addition, 

immunoprecipitation of the Dynein complex specifically co-precipitated oskar 

mRNA and Khc. Lastly, germline-specific depletion of Dhc resulted in oskar 

mRNA and Khc delocalization. Our results therefore suggest that efficient 

posterior localization of oskar mRNA requires the concerted activities of both 

Dynein and Kinesin-1. 
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Introduction  

Many cellular processes such as endocytosis, cell division, and cell migration 

require the specific and active transport of molecules to defined cellular sites 

(Vale, 2003). This transport is commonly mediated by motor proteins, a class of 

proteins that use the energy derived from ATP hydrolysis to move cargo within 

the cell. Motor proteins transport cargo on microtubule or actin based 

cytoskeletal structures. In general, long-range transport is carried out by 

microtubule-based motors, whereas short-range transport is mediated by motors 

that traverse the actin cytoskeleton (Vale, 2003). 

Most members of the Kinesin family of motor proteins transport cargo toward the 

plus end of microtubules, whereas cytoplasmic Dynein delivers cargo to the 

microtubule minus end  (Hirokawa, et al, 2009, Kardon and Vale, 2009). Over the 

past two decades, in vitro reconstitution of motor-based transport has revealed 

important mechanical properties of conventional Kinesin (Kinesin-1) and Dynein 

(Yildiz et al, 2004, Carter and Cross, 2005). However, the mechanism by which 

these motors function in a complex cellular environment to transport specific 

cargoes remains relatively unknown. 

The Drosophila oocyte is an excellent model in which to examine the in vivo 

function and regulation of microtubule motors. Within the oocyte, oskar mRNA is 

specifically localized at the posterior pole (Ephrussi, al, 1991, Kim-Ha, et al, 

1991). This localization pattern, coupled with translational repression of 

unlocalized transcripts, results in restriction of Oskar protein to the oocyte 
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posterior (Kim-Ha, Kerr et al,, 1995, Martin and Ephrussi, 2009, Gonsalvez and 

Long, 2012). Oskar protein functions to establish the anterior-posterior polarity of 

the oocyte and resulting embryo (Ephrussi, et al,, 1992, Smith, Wilson et al., 

1992). Oskar protein is also required for germ cell specification during 

embryogenesis (Ephrussi,  et al., 1992, Smith, Wilson et al., 1992). In addition to 

oskar, bicoid mRNA localizes to the anterior margin of the oocyte and gurken 

mRNA localizes to the dorsal-anterior corner (Neuman-Silberberg and 

Schupbach, 1993). As with oskar, the spatial restriction of these mRNAs and 

subsequent protein products is essential for establishing the polarity of the 

oocyte and future embryo (Eeden et al., 1999).   

The posterior localization of oskar mRNA is dependent on microtubules and 

Kinesin heavy chain (Khc), the motor subunit of the Kinesin-1 complex 

(Hirokawa, et al., 2009, Brenzda, et al., 2000, Bullock, 2011). The involvement of 

Khc in the posterior transport of oskar mRNA is supported by several lines of 

evidence. Khc and oskar mRNA co-localize at the posterior of the oocyte 

(Brenzda, et al., 2002, Palacios and St. Johnston., 2002). Khc is a plus end-

directed motor and the posterior of the oocyte is enriched for microtubules plus 

ends (Clark, et al, 1994, Sanghavi et al., 2012). oskar mRNA is delocalized in 

khc null oocytes and live imaging revealed that the majority of oskar mRNP 

particles are non motile in the absence of Khc (Brenzda, et al, 2000, Zimyanin et 

al, 2008). However, a small percentage of oskar mRNP particles displayed active 

and directional motility in khc null oocytes (Zimyanin et al, 2008). This finding 
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suggests the involvement of an additional, unidentified motor in the transport of 

oskar mRNA.  

In addition to Khc and oskar mRNA, Dynein heavy chain (Dhc), the motor sub-

unit of Dynein complex, also localizes at the oocyte posterior (Li, McGrail et al., 

1994). This finding was unexpected because Dynein is a minus end-directed 

motor (Kardon and Vale, 2009). However, recent evidence suggests that 

opposite polarity motors often coordinate their activities to transport cargo within 

the cell (Jolly and Gelfand, 2011). For instance, transport of fmr1 mRNA requires 

Khc and Dhc (Ling, et al., 2004). In addition, the bi-directional motility of lipid 

droplets in Drosophila blastoderm embryos, and peroxisomes in cultured 

Drosophila cells, also requires the activities of both motor proteins (Kural et al, 

2005, Shubeita et al, 2008). We therefore hypothesized that Dynein might 

function in the localization of oskar mRNA, and as a consequence of this 

function, the motor complex is enriched at the posterior pole. The goal of the 

present study was to test this hypothesis. In support of this hypothesis, our 

findings indicate that Dynein is present in a complex with oskar mRNA in vivo. In 

addition, we demonstrate that efficient posterior localization of oskar mRNA and 

Khc requires Dynein. 

Results 

The Dynein complex is associated with oskar mRNA in vivo. 

Previous studies suggest a pivotal role for Kinesin-1 in the transport of oskar 

mRNA (Brenzda, et al, 2000). We postulated that in addition to Kinesin-1, Dynein 
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might also be involved. However, to date, neither motor has been shown to 

associate with oskar mRNA in vivo. In order to determine which motors are 

present in a complex with oskar mRNA, we immunoprecipitated Khc, Dhc, 

Glued/p150 and Lis-1 from wild-type lysates. Glued is the largest subunit of the 

Dynactin complex, a major regulator of Dynein (Kardon and Vale, 2009). Lis-1 is 

thought to regulate the activity of Dynein by binding to the catalytic domain of the 

motor (Kardon and Vale, 2009). RNA was extracted from the immunoprecipitates 

and the presence of oskar mRNA was analyzed using RT-PCR.  

Using this strategy, we observed a specific enrichment of oskar and bicoid 

mRNAs in the Glued pellet (Fig. 24A). However, antibodies against Khc and Dhc 

did not efficiently precipitate any of the tested mRNAs (Fig. 24A). One 

explanation for this result is that neither Kinesin-1 nor Dynein are associated with 

oskar mRNA. An alternative explanation is that antibodies against Khc and Dhc 

do not efficiently precipitate the motor/cargo complexes. In order to test the latter 

possibility, we prepared lysates from flies expressing Dynein intermediate chain 

(Dic) tagged with GFP (Dic-GFP). This enabled us to purify the Dynein complex 

using GFP antibody beads. RNA was extracted from the immunoprecipitates and 

analyzed using RT-PCR. oskar mRNA was significantly enriched in the Dic-GFP 

pellet (Fig. 24B). Based on these results, we conclude that the Dynein motor is 

present in a complex with oskar mRNA in vivo. In addition to oskar, bicoid and 

gurken mRNAs were also detected in the Dic-GFP pellet (Fig. 24B). These 

results are consistent with published findings suggesting the involvement of the 

Dynein motor in the anterior localization of bicoid and gurken mRNAs (Brenzda, 
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et al, 2002, Januschke et al, 2002, MacDougall, et al, 2003, Duncan and Warrior, 

2002, Mische, et al., 2007, Weil, Forrest et al., 2006). In contrast to these 

mRNAs, non-localized mRNAs such as smb and vasa were present at 

background level in control and Dic-GFP pellet (Fig 30). 

Although the Dynactin complex and Lis-1 are both thought to regulate Dynein, 

the mechanism by which they function is unclear. Our finding that antibodies 

against Glued co-precipitated oskar mRNA suggests that the Dynactin complex 

might be stably associated with Dynein in vivo. In order to test this prediction, we 

immunoprecipitated Dic-GFP from ovarian lysates. The co-precipitating proteins 

were then analyzed by western blotting. As expected, Dhc significantly co-

precipitated with Dic-GFP (Fig. 24C). In addition, Glued was also enriched in the 

Dic-GFP pellet (Fig. 24C). By contrast, we could not detect Lis-1 in the same 

pellet (Fig. 24C). Thus, the Dynactin complex, but not Lis-1, is stably associated 

with Dynein in vivo. A small amount of Khc was also detected in the Dic-GFP 

pellet (Fig. 24C). This raised the possibility that Khc, Dynein and oskar mRNA 

might be present in a complex in vivo. 

In order to test this possibility, we examined the localization of motor complex 

components in wild-type and mutant oocytes. Khc, Dhc, Dic and Glued co-

localized with GFP-Staufen in stage 9 and 10a wild-type oocytes (Figs. 25A-25D, 

and data not shown). GFP-Staufen serves as a faithful reporter for the 

localization of oskar mRNA due to Staufen’s role as a core component of the 

oskar RNP (Zimyanin et al, 2008). We next examined the localization of Dynein 

in par-1 and gurken mutant oocytes. Mutations in these genes result in polarity 
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defects within the oocyte, causing oskar mRNA and proteins associated with this 

transcript to localize to the center of the oocyte (Eeden, St. Johnston et al., 2001; 

Yano, Lopez et al, 2004; Gonsalvez, Rajendra et al, 2010). Dhc partially co-

localized with Staufen in the center of par-1 and gurken mutant oocytes (Figs. 

25E and 25F). A similar result was also obtained for Glued and Khc (Figs. 25G, 

25H and data not shown). It should be noted that the central foci observed for 

Dhc, Glued and Khc were more diffuse that the one observed for Staufen. 

Collectively, these results suggest that Dynein and Khc are present in a complex 

with oskar mRNA. However, we cannot conclude the precise nature or 

stoichiometry of this complex. For instance, these data do not distinguish 

between a scenario in which Dynein and Kinesin are present in separate 

complexes with oskar mRNA, versus a scenario in which both motors are present 

together in the same complex with oskar mRNA.  

Depletion of Dhc results in oskar mRNA delocalization. 

We next determined whether Dynein was required for oskar mRNA localization. 

Previous attempts at analyzing the function of Dynein in mature oocytes were 

hampered by the requirement of this motor in oocyte specification. Loss-of-

function mutants in dhc fail to specify an oocyte and the available, weak 

hypomorphic mutants show no overt defects in steady-state mRNA localization 

(McGrail and Hays, 1997).  In order to overcome this limitation, we depleted Dhc 

in mid-stage egg chambers using a newly described shRNA approach (Ni et al, 

2011). ShRNAs targeting different regions of dhc mRNA were transcribed using a 
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driver that is not expressed in early-stage egg chambers, but is active during mid 

to late oogenesis (maternal α-tubulin-Gal4;) (Fig.31). This enabled us to bypass 

the requirement of Dynein in oocyte specification. 

In order to test the efficacy of Dynein depletion, we prepared ovarian lysates from 

flies expressing shRNA against luciferase (negative control), and from flies 

expressing shRNAs targeting different regions of dhc (dhc shRNA-A and B). The 

lysates were run on a gel and analyzed by western blotting (Fig. 26A). In 

comparison to the control, the level of Dhc was significantly depleted upon 

expression of dhc shRNAs (Fig. 26A). By contrast, the level of Khc and Υ-tubulin 

were the same in control and Dhc depleted lysates (Fig. 26A). Thus, expression 

of shRNAs targeting dhc resulted in specific depletion of the corresponding 

protein. 

In order to determine the specificity of Dhc depletion, we performed 

immunofluorescence on dissected ovaries. As expected, expression of shRNA 

targeting luciferase had no effect on the level and localization of Dhc (Fig. 26B). 

By contrast, expression of either dhc shRNA-A or B resulted in significant 

depletion of Dhc in the germline of mid-stage egg chambers (Figs. 26C and 

26D). Consistent with the expression profile of the driver, Dhc levels were 

unaffected in early-stage egg chambers (Figs. 26B-D; left panels) and in the 

overlying somatic follicle cells of mid-stage egg chambers (Fig. 26B-D; right 

panel, arrows). 
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Ovaries from flies expressing shRNA against luciferase or dhc were next 

processed for in situ hybridization using anti-sense probes against oskar mRNA. 

As expected, oskar mRNA was localized in a tight crescent at the posterior of 

oocytes expressing shRNA against luciferase (Fig. 26E). When imaged using 

confocal microscopy under these same non-saturating conditions, very little 

oskar mRNA could be detected at the posterior pole in Dhc depleted egg 

chambers (Figs. 26F and 26G). Because the level of oskar mRNA was not 

affected by Dhc depletion (Fig. 32), this result suggests that oskar mRNA might 

be delocalized in the depleted egg chambers. In order to visualize the 

delocalized mRNA, we imaged the egg chambers under conditions of higher 

gain, the confocal equivalent of a “longer exposure”. Under these conditions, the 

bulk of oskar mRNA in the Dhc depleted egg chambers was delocalized in the 

oocyte cytoplasm (Figs. 26F’ and 26G’). By contrast, under the same conditions, 

the posterior signal in the control oocyte was saturated, yet very little delocalized 

mRNA could be detected (Fig. 26E’). In order to verify the specificity of the oskar 

mRNA in situ signal, we processed control and Dhc depleted egg chambers with 

sense-probe against oskar mRNA. Even though we used ten times more sense 

probe than anti-sense, and imaged under the same conditions of high gain, no in 

situ signal was obtained (Figs. 26H and 26I). We therefore conclude that 

depletion of Dhc results in significant delocalization of oskar mRNA. 

In order to validate the requirement of Dhc in the localization of oskar mRNA, we 

examined the localization of Staufen, a core component of the oskar mRNP. 

Consistent with the results obtained using in situ hybridization, Staufen localized 
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in a tight posterior crescent in luciferase shRNA expressing oocytes (Fig. 26J). 

By contrast, only a residual amount of posterior Staufen was detected in Dhc 

depleted oocytes (Figs. 26K) (73% affected).  

This strategy of shRNA-mediated depletion has not been extensively used to 

study processes during mid-oogenesis. We therefore included an additional 

control to demonstrate the specificity of the Dhc depletion phenotype. Ovaries 

were dissected  and processed from flies expressing shRNA against luciferase or 

eb1. EB1 is a microtubule plus end binding protein that is abundantly expressed 

in the Drosophila germline (Sanghavi et al., 2012; Galjart N, 2010). Expressing 

shRNA targeting eb1 successfully depleted EB1, yet had no effect on the 

localization of either Dhc or oskar mRNA (Fig. 33).   

Effects of Dhc depletion on Oskar protein levels. 

We next examined the localization and level of Oskar protein. The translation of 

oskar mRNA is repressed during transit. Only once oskar mRNA is localized at 

the posterior pole is repression relieved and the mRNA activated for translation 

(Wilhelm and Smibert, 2005). Consistent with the in situ hybridization result, 

Oskar protein was abundantly localized at the posterior pole in control oocytes 

(Fig. 27A). By contrast, most egg chambers that were depleted of Dhc displayed 

greatly reduced levels of posterior Oskar protein (Figs. 27B and 27C). The level 

of Oskar protein corresponded to the residual amount of Dhc in these oocytes. If 

trace amounts of Dhc could be detected, a small amount of posterior Oskar was 
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present (Fig. 4B). However, if Dhc was undetectable in mid-stage oocytes, very 

little if any Oskar protein was observed (Fig. 4C). 

Based on these results, we conclude that Dhc is required for efficient posterior 

localization of oskar mRNA. Depletion of Dhc results in delocalization of oskar 

mRNA, and as a consequence, a corresponding reduction in the amount of 

Oskar protein. 

Additional functions of Dynein in mid-stage egg chambers. 

Previous studies have implicated a function for Dynein in the anterior localization 

of bicoid and gurken mRNAs (Brenzda, Serbus et al, 2002, Januschke,  et al, 

2002, MacDougall et al, 2003, Duncan and Warrior, 2002, Mische et al, 2007; 

Weil et al, 2006). In the case of endogenous bicoid and gurken mRNAs, this was 

demonstrated by over-expressing the p50/Dynamitin subunit of the Dynactin 

complex (Januschke et al, 2002; Duncan and Warrior, 2002; Weil, et al, 2006). 

This complex is known to regulate the activity of Dynein and over-expression of 

Dynamitin causes the Dynactin complex to dissociate (Melkonian, et al, 2007). 

Thus, defects observed upon Dynamitin over-expression are inferred to result 

from compromised Dynein activity. We therefore chose to directly address the 

requirement of Dynein in the anterior localization of bicoid and gurken mRNAs by 

specifically depleting Dhc in stage 10 egg chambers. In contrast to oocytes 

expressing shRNA targeting luciferase, bicoid and gurken mRNAs were 

significantly delocalized in Dhc depleted oocytes (Figs. 28A-D; 78% and 73% 
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respectively). Thus, Dynein is required for the anterior localization of these 

cargoes. 

Over-expression of Dynamitin causes detachment of the oocyte nucleus form the 

anterior cortex (Januschke et al, 2002; Duncan and Warrior, 2002). A similar 

phenotype is also observed in lis-1 mutants (Swan et al, 1999; Lei and Warrior, 

2000). These results suggest that Dynein might be required for anchoring the 

oocyte nucleus. In order to test this prediction, we depleted Dhc in mid-stage egg 

chambers. Consistent with previous studies, Dhc depletion resulted in 

displacement of the oocyte nucleus from the anterior cortex (Figs. 28E and 28F). 

The defective localization of oskar, bicoid, and gurken mRNAs, and the 

detachment of the oocyte nucleus from the anterior cortex, is unlikely to be 

caused by aberrant polarization of the microtubule cytoskeleton. CLIP-190, a 

marker for microtubule plus ends, was localized at the posterior pole in most Dhc 

depleted egg chambers (Figs. 28G and 28H). However, the level of posterior 

CLIP-190 was often reduced in comparison to control (84%, n-69). Because 

Oskar protein is required for recruiting microtubule plus ends to the posterior pole 

(Sanghavi, et al., 2012; Zimyanin, et al, 2007), the deficit of posterior CLIP-190 

likely reflects an upstream reduction in Oskar protein levels (Figs. 27B and 27C). 

The gross organization of α-tubulin was the same in control and Dhc depleted 

oocytes (data not shown). In addition, the anterior migration of the oocyte 

nucleus, a process that requires polarized and dynamic microtubules (Zhao, et 

al, 2012), occurred normally in Dhc depleted oocytes (Fig. 28F). Lastly, we 

observed no focal accumulations of oskar mRNA, as has been described in 
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polarity-defective mutants (Shulman et al, 2000; Tomancak et al, 2000). 

Collectively, these results suggest that microtubules are normally polarized under 

conditions of Dhc depletion.  

The posterior localization of Khc and Dynactin require Dynein. 

The available evidence suggests that Khc is the primary motor involved in the  

net plus end localization of oskar mRNA (Brenzda, et al, 2000; Zimyanin et al, 

2008). Depletion of Dhc has no effect on the total level of Khc, yet the posterior 

localization of oskar mRNA is significantly affected (Fig. 26A). One possible 

explanation for this phenotype is that when Dhc is depleted, Khc is no longer 

able to transport oskar mRNA to the posterior pole. Consistent with this 

hypothesis, Khc was localized to the oocyte posterior in luciferase shRNA 

expressing oocytes, but was significantly delocalized under conditions of Dhc 

depletion (Figs. 29A and 29B).  

A similar phenotype was also observed for the Dynactin component, Glued. 

Glued localized to the posterior pole and was also enriched around the oocyte 

nucleus in control egg chambers (Fig. 29C). By contrast, Glued was no longer 

enriched at the posterior pole in Dhc depleted oocytes (Fig. 29D). However, the 

perinuclear enrichment of Glued was still observed in Dhc depleted oocytes (Fig. 

29D).  

Based on these results, we conclude that the posterior localization of the 

Dynactin complex and Khc requires Dynein. Thus, under conditions of greatly 
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reduced Dynein, Khc is unable to efficiently localize oskar mRNA at the posterior 

pole. 

Discussion 

Net-posterior localization of oskar mRNA requires Dynein: 

The localization of oskar mRNA at the posterior of the oocyte is essential for 

restricting Oskar protein to this region of the cell. Oskar protein is required for 

establishing the anterior-posterior polarity of the oocyte and future embryo. The 

localization of oskar mRNA is an active process that requires microtubules and 

the Kinesin-1 motor. Consistent with the involvement of this motor in the 

transport of oskar mRNA, Kinesin heavy chain (Khc) co-localizes with oskar 

mRNA, and loss-of-function mutants in khc result in oskar mRNA delocalization 

(Brenzda, et al, 2000; Brenzda et al, 2002).  

A paradoxical finding, however, is that Dynein heavy chain (Dhc), the motor 

subunit of the Dynein complex, is also enriched at the oocyte posterior (Li, Hays 

et al, 1994). A question raised by this finding is whether or not Dynein is also 

involved in localizing oskar mRNA. This has been a challenging question to 

answer because Dynein performs an essential function in oocyte specification. 

Thus, loss-of-function mutants in the Dynein complex, or in known regulators of 

Dynein, do not specify an oocyte (Januschke et al, 2002; McGrail and Hays, 

1997; Swan et al, 1999; Liu et al., 1999). Consequently, these mutants have not 

been useful in analyzing the function of Dynein during stages at which oskar 

mRNA is localized.   
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In order to analyze the function of Dynein in oskar mRNA localization, we 

employed a newly described shRNA-mediated depletion strategy (Ni et al, 2011). 

Using this strategy, we were able to specifically deplete Dhc in mid to late-stage 

egg chambers, thus bypassing the requirement for Dynein in oocyte 

specification. By using this approach, we provide evidence that the efficient 

posterior localization of oskar mRNA requires Dynein.  

Nurse cell to oocyte transport: 

Previous results have suggested a potential function for Dynein in expediting the 

nurse cell to oocyte transport of localized mRNAs (Mische et al, 2007). The 

prevailing view suggests that Dynein makes this transport step more efficient 

(Clark, et al, 2007). Our findings indicate that depletion of Dhc resulted in 

significant delocalization of oskar mRNA within the oocyte (Fig. 26). However, we 

did not detect an appreciable accumulation of oskar mRNA in the nurse cell 

cytoplasm of Dhc depleted egg chambers (Fig. 26). One explanation for this 

phenotype is that although Dynein-dependent transport rapidly delivers localized 

mRNAs into the oocyte, these mRNAs might also be delivered into the oocyte via 

cytoplasmic flows that are independent of Dynein. Alternatively, it is plausible that 

localization of transcripts within the oocyte is more sensitive to Dhc depletion 

than transport from nurse cells into the oocyte. Because our approach involves 

shRNA-mediated depletion, we cannot be certain that the egg chambers are 

completely devoid of Dhc. Any residual Dhc that might be present could be 

sufficient for transporting mRNAs into the oocyte, yet insufficient for specifically 

localizing these transcripts within the oocyte.  
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oskar mRNA localization within the oocyte: 

How might Dynein function in the posterior localization of oskar mRNA? One 

possibility is that Dynein somehow anchors the Khc/oskar mRNA complex at the 

posterior pole. An anchoring function for Dynein has been demonstrated for 

apically localized mRNAs in blastoderm embryos and for gurken mRNA in the 

oocyte (Delanoue and Davis, 2005).  

An alternative hypothesis is that Dynein is somehow involved in the net-posterior 

transport of oskar mRNA. Our results are most consistent with this latter 

hypothesis. Dynein, as well as known regulators of the motor, transiently co-

localized with oskar mRNA in wild-type oocytes. The co-localization was most 

obvious in stage 9 and 10a oocytes (Fig. 25). However, although oskar mRNA 

remained anchored at the posterior pole in stage 10b oocytes, the posterior 

enrichment of Dynein was not apparent (data not shown). In addition, depletion 

of Dhc strongly disrupted the localization of oskar mRNA. However, a small 

enrichment of posteriorly anchored oskar mRNA could still be detected in these 

oocytes (Figs. 26F’ and 26G’). Finally, disruption of the Dynactin complex, a 

known regulator of Dynein activity (Kardon and Vale, 2009), caused a partial 

delocalization of oskar mRNA (Duncan and Warrior, 2002) (Fig. 34).   

It is clear that Dynein by itself is unable to transport oskar mRNA to the posterior 

pole. Khc is required for posterior oskar mRNA localization (Brenzda et al 2000). 

However, under conditions of Dhc depletion, neither Khc nor oskar mRNA are 

efficiently localized at the posterior pole. What then is the function of Dynein in 
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this context? One can envision at least three potential scenarios. In one scenario, 

Dynein is not present in the same complex with Khc and oskar mRNA, yet is 

somehow required for Khc activity. In another scenario, oskar mRNA is a dual 

motor cargo and is simultaneously associated with both Dynein and Khc. If this 

latter scenario is true, transport of oskar mRNA by Khc might rely on the 

presence of an opposite polarity motor. A mechanical strain model has been 

used to explain the motility of dual motor cargoes. According to this model, the 

mechanical strain provided by the opposite polarity motor, in this case Dynein, is 

required for activating the primary motor, in this case Kinesin-1 (Jolly and 

Gelfand, 2011). Thus, although oskar mRNA might not be actively transported by 

Dynein in wild-type oocytes, this model suggests that the mechanical activity of 

Dynein might still be required for the active transport of oskar mRNA by Khc. A 

final possibility is that Dynein is required for recycling Khc away from the 

posterior pole after it has delivered its cargo. In theory, recycling of Khc by 

Dynein would free up Khc for additional rounds of posterior oskar mRNA 

transport.  

Future work is needed to precisely define the mechanism by which Dynein 

participates in localizing oskar mRNA at the posterior pole.  
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Materials and Methods 

Fly stocks: Unless otherwise indicated, all fly strains were grown at 250C. 

Oregon-R was used as the wild-type strain. Additional fly strains used were:  

UASp-Dic-GFP; GFP-Stau (St Johnston lab); par1w3 (37); par16323 (37, 38); grk2B6 

(35, 36); grk2E12 (14); dhc shRNA-A (Bloomington stock center; #36583, donor 

TRiP); dhc shRNA-B (Bloomington stock center; #36698, donor TRiP); luciferase 

shRNA (Bloomington stock center; #35788, donor TRiP); eb1 shRNA 

(Bloomington Stock center; #36680, donor TRiP); w[*]; P{w[+mC]=matalpha-

GAL4-VP16}V2H (Bloomington stock center; #7062, donor Andrea Brand); 

P{w[+mC]=UASp-Act5C.mRFP}13, w[*] (Bloomington stock center; #24777; 

donor Susan Parkhurst).  

The Dic-GFP transgene was constructed by cloning the dic coding sequence and 

248 nt of 5’UTR upstream of the initiation codon (from clone LD22777 obtained 

from the Drosophila Genome Resource Center) into a UASp vector which allows 

C-terminal tagging with 3 concatemeric copies of the eGFP sequence (55). Dic-

GFP was expressed by crossing to the matalpha tubulin-Gal4 driver (stock 

7062). The progeny were fattened on yeast paste for 3 days before dissection. 

The shRNAs were also expressed by crossing the respective strains to the 

matalpha tubulin-Gal4 driver. The progeny were fattened on yeast paste for 3 

days prior to dissection and processing. 

Immunofluorescence: Immunofluorescence was performed as described 

previously in Sanghavi et al, 2012 with a few modifications. Females fattened on 
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yeast paste were dissected in Sf-900 II SFM (Life Technologies). The oocytes 

were fixed for 5 min. in PBS containing 4% formaldehyde (Pierce; catalog 

#28908). After fixation, the ovaries were washed in PBST (PBS containing 0.1% 

triton X-100), blocked and incubated with antibody. Images were captured on a 

Zeiss LSM 510 upright confocal microscope. 

Immunoprecipitation followed by RT-PCR: Ovaries from well-fed females were 

dissected in Sf-900 II SFM (Life Technologies). The ovaries were homogenized 

in lysis buffer A (25mM Hepes, pH 6.8, 50mM KCl, 1mM MgCl2, 1mM DTT, 

125mM sucrose, 0.1% NP-40, 0.1mg/ml yeast tRNA, 0.2mg/ml salmon sperm 

DNA (Life Technologies), and Halt protease inhibitor cocktail (Pierce)). The 

lysates were cleared by centrifugation at 10,000g at 40C for 10 min. For each 

immunoprecipitation, 600ug of lysate was incubated with the respective 

antibodies at 40C for 1.5hrs. The complexes were isolated using proteinA 

coupled agarose beads (Pierce). The beads were washed four times for 5 min. 

each with gentle shaking at 40C using wash buffer A (25mM Hepes, pH 6.8, 

150mM KCl, 1mM MgCl2, 125mM sucrose, and 0.1% NP-40). The bound 

complexes were eluted in 100ul of elution buffer (100mM Hepes, pH 6.8, 150mM 

NaCl, 12.5mM EDTA, and 1% SDS) at 680C for 10min. RNA was extracted from 

the eluate by phenol chloroform (25:24 ratio; Sigma Aldrich) extraction. The RNA 

pellet was resuspended in 20µl of RNAsecure (Life Technologies). Two µl of 

each sample was reverse transcribed using SuperscriptIII (Life Technologies) 

and random hexamers. oskar, bicoid and gurken mRNAs were examined using 

35 cycles of PCR with gene specific primers.  
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Co-immunoprecipitation of protein complexes: Ovaries from well-fed females 

were dissected as described. The ovaries were homogenized in lysis buffer B 

(50mM Tris pH 7.5, 200mM NaCl, 0.2mM EDTA, 0.05% NP-40 and Halt protease 

inhibitor cocktail (Pierce)). The lysates were cleared by centrifugation at 10,000g 

at 40C for 10min. Dic-GFP was immunoprecipitated from 600ug of total lysate 

using GFP-trap beads (Chromotek). The lysates were incubated with the beads 

for 1.5hrs. The beads were subsequently washed three times (using lysis buffer 

B) to eliminate non-specifically bound proteins. The bound complexes were 

eluted by boiling in Laemmli buffer, run on a gel, and analyzed by western 

blotting. 

In situ hybridization: oskar, bicoid and gurken mRNAs were visualized as 

previously described with a few modifications (41). In brief, dissected ovaries 

were fixed with 4% formaldehyde for 20 mins. Next, the fixative was removed 

and the ovaries were washed with PBST. After wash steps, the ovaries were 

teased apart and incubated in a 1:1 mix of PBST:hybridization buffer (50% 

deionized formamide, 5x SSC, 0.1% Tween 20). This solution was then removed 

and pre- hybridization buffer (hybridization buffer + 50 ug/ml salmon sperm 

DNA), warmed to 85°C for 5 mins, was added. Pre-hybridization was performed 

at 65°C for 90 mins. The DIG-labeled anti-sense RNA probe was diluted in fresh 

hybridization buffer containing 50 ug/ml salmon sperm DNA, warmed to 85°C for 

5 mins and then chilled on ice for 2 mins. Next, the pre-hybridization solution was 

removed, the probe was added and hybridization was performed overnight at 

65°C. The next day, the samples were washed in pre-warmed hybridization 
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buffer for 30 mins at 65°C. This solution was replaced by a 1:1 mix of 

PBST:hybridization buffer and incubated at 65°C for 30 mins. The samples were 

then washed with several changes of PBST and blocked with 2% non-fat dry milk 

in PBST. Next, a 1:600 dilution (in blocking solution) of peroxidase conjugated 

DIG antibody was added (Jackson ImmunoResearch Laboratories, Inc.). The 

samples were then incubated overnight at 4°C. The next day, the samples were 

washed with blocking solution and incubated with FITC conjugated tyramide 

(Perkin Elmer) diluted 1:50 in the provided amplification buffer. The amplification 

was performed at room temperature for 2 hrs. The samples were stained with 

TO-Pro3 (Life Techologies), washed with PBS and mounted in antifade. Images 

were captured on a Zeiss LSM 510 upright confocal microscope. 

Antibodies: Unless specifically stated, the indicated dilutions are for 

immunofluorescence.  

The following antibodies were used: Mouse anti-Dhc (Developmental studies 

hybridoma bank; 1:150; donor J. Scholey); rabbit anti-Khc (Cytoskeleton, Inc., 

1:150 for immunofluorescence, 1:1500 for western); rabbit anti-GFP (Life 

Technologies; 1:200); rat anti-GFP (Nacalai USA, Inc.; 1:300); rabbit anti-Lis-1 

(Abcam, 1:3000 for western); mouse anti-Dic (Millipore; 1:50); mouse anti-Orb 

(Developmental studies hybridoma bank; 1:300; donor P. Schedl); mouse anti-

LaminDmO (Developmental studies hybridoma bank; clone ADL84.12; 1:100; 

donor P.A. Fisher); rabbit anti-Staufen (D. St Johnston; 1:2500); rabbit anti-EB1 

(S. Rogers, 1:500), rabbit anti-CLIP-190 (K. Miller, 1:200), rabbit anti-Glued (V. 

Gelfand; 1:300 for immunofluorescence, 1:3000 for western) mouse anti-gamma-
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tubulin (Sigma; 1:1000 for western); rabbit anti-Osk (A. Ephrussi, 1:2000); goat 

anti-rabbit Alexa 594 and 488 (Life Technologies, 1:400 and 1:200 respectively); 

goat anti-mouse Alexa 594 (Life Technologies, 1:400); goat anti-mouse HRP 

(Jackson Immunoresearch; 1:5000) and goat anti-rabbit HRP (Jackson 

Immunoresearch; 1:5000). 
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Figure 24: The Dynein complex associates with oskar mRNA in vivo.  

(A) Ovarian lysates from wild-type flies were subjected to immunoprecipitation 

using the following antibodies; a goat anti-mouse control antibody (lane 2), Khc 

(lane 3), Dhc (lane 4), Glued/ p150 (lane 5), and Lis-1 (lane 6). The co-

precipitating RNAs were extracted and analyzed using RT-PCR. A specific 

enrichment of oskar mRNA could be detected in the Glued pellet. A small but 

significant enrichment of bicoid mRNA could also be detected in the Glued pellet. 

Lane 1 represents total RNA from wild-type flies analyzed using primers against 

oskar, bicoid and gurken. This experiment was repeated three times. 

(B) Ovarian lysates from wild-type flies and flies expressing Dic-GFP were 

subjected to immunoprecipitation using GFP antibody beads. The co-

precipitating RNAs were extracted and analyzed as in panel A (lanes 3 and 4). 

oskar, bicoid and gurken mRNAs were specifically enriched in the Dic-GFP pellet. 

Total RNA from the same flies was also analyzing using RT-PCR with primers 

against oskar, bicoid and gurken (lanes 1 and 2). The IP RT-PCR experiment 

was repeated four times. 
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   Con’t Figure 24: The Dynein complex associates with oskar mRNA in vivo.  

(C) Ovarian lysates from wild-type flies and flies expressing Dic-GFP were 

subjected to immunoprecipitation using GFP antibody beads. The precipitates 

were run on gel and analyzed by western blotting using the indicated antibodies 

(lanes 3 and 4). The total fraction from both lysates were similarly analyzed 

(lanes 1 and 2). As expected, Dhc and Glued co-precipitated with Dic-GFP. In 

addition, a small enrichment of Khc was also detected in the Dic-GFP pellet. This 

experiment was repeated three times. 
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Figure 25: The Dynein complex co-localizes with oskar mRNA in wild-type 
and polarity-defective oocytes.  

(A-D) Ovaries were dissected from wild-type flies expressing GFP-Staufen. The 

egg chambers were stained with antibodies against Dhc (A), Dic (B), Glued/p150 

(C) and Khc (D). In order to boost the GFP fluorescence, the samples were also 

incubated with either a rabbit anti-GFP antibody (A and B) or a rat anti-GFP 

antibody (C and D). Dhc, Dic, Glued and Khc co-localized with GFP-Staufen at 

the oocyte posterior. 
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Con’t Figure 25: The Dynein complex co-localizes with oskar mRNA in wild-
type and polarity-defective oocytes  

(E-H) par-1 mutant ovaries were dissected and stained with antibodies against 

Dhc and Staufen (E), Dhc and Glued (G) and Dhc and Khc (H). Ovaries that 

were mutant for gurken were dissected and stained with antibodies against Dhc 

and Staufen (F). The Dynein complex and Khc localized in a central focus in 

these mutant egg chambers. 
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Figure 26: Dynein is required for posterior oskar mRNA localization.   

(A) Ovarian lysates from flies expressing shRNAs against luciferase (lane 1) and 

dhc (lanes 2 and 3) were analyzed by western blotting using the indicated 

antibodies. Dhc levels were dramatically reduced in dhc shRNA expressing 

lysates. By contrast, Khc and gamma- tubulin levels were unaffected. This 

experiment was repeated three times. (B-D) Ovaries were dissected from flies 

expressing shRNAs against luciferase (B) and dhc (C, D). The egg chambers 

were stained with an antibody against Dhc and were counterstained with TRITC-

conjugated Phalloidin (actin stain). The panels on the left depict early-stage egg 

chambers (S5), whereas those on the right are mid-stage egg chambers (S10). 

Note that whereas Dhc levels were the same in early-stage egg chambers, the 

level of Dhc was greatly reduced in the germline of dhc shRNA expressing mid-

stage egg chambers. The arrows indicate the strong signal for Dhc in the 

overlying somatic follicle cells. Dhc depletion was verified using 

immunofluorescence on more than ten occasions. 
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Con’t Figure 26: Dynein is required for posterior oskar mRNA localization.   

(E-G) Ovaries were dissected from flies expressing shRNAs against luciferase 

(E) and dhc (F,G). The egg chambers were processed for in situ hybridization 

using anti-sense probes against oskar mRNA. The egg chambers were imaged 

under conditions of low-gain (E, F and G) and high-gain (E’, F’ and G’). 

Expression of shRNA targeting luciferase had no effect on the localization of 

oskar mRNA. By contrast, depletion of Dhc resulted in significant oskar mRNA 

delocalization. oskar mRNA was delocalized in 82% of egg chambers expressing 

dhc shRNA-A (n=191) and in 87% (n=106) of egg chambers expressing shRNA-
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B. (H-I) In order to validate the oskar mRNA in situ signal, control (H) and Dhc 

depleted (I) ovaries were dissected and processed for in situ hybridization using 

sense probes against oskar mRNA. Ten times more sense probe was used in 

this experiment in comparison to the anti-sense probes used in panels E-G. 

Despite the abundance of probe, no in situ signal was observed. 

 

                   

Con’t Figure 26: Dynein is required for posterior oskar mRNA localization.   

(J-K) Egg chambers from flies expressing shRNAs targeting luciferase (J) and 

dhc (K) were stained with an antibody against Staufen. The egg chambers were 

also counterstained with Alexa 633-conjugated Phalloidin. Staufen, which serves 

as a marker for oskar mRNA, is localized at the posterior pole in control oocytes. 

In contrast, Dynein depletion results in greatly reduced posterior Staufen (73% 

affected; n=130). 
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Figure 27: Oskar protein levels are reduced in Dhc depleted egg chambers.  

Egg chambers from flies expressing shRNAs targeting luciferase (A) and dhc (B, 

C) were stained with antibodies against Dhc (Red) and Oskar protein (Green and 

grey scale). Oskar protein is abundant at the posterior pole in control egg 

chambers. However, Dynein depletion results in greatly reduced (59%), or 

absent (7%) posterior Oskar protein (n=84). A’ and B’ are magnified views of the 

oocyte posterior in which Oskar is shown in grey scale. 
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                  Figure 28: Additional germline functions of Dynein.  

(A-D) Egg chambers from flies expressing control and dhc shRNAs were 

processed for in situ hybridization using anti-sense probes against bicoid (A, B) 

and gurken mRNA (C,D). bicoid and gurken mRNAs were correctly localized in 

control oocytes. However, both transcripts were delocalized in strains expressing 

an shRNA targeting dhc. 78% of egg chambers contained delocalized bicoid 

mRNA (n=51). 73% of egg chambers contained delocalized gurken mRNA 

(n=33). 
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                      Con’t Figure 28: Additional germline functions of Dynein. 

(E-F) The oocyte nucleus was visualized in control (E) and Dhc depleted oocytes 

(F) using an antibody against Lamin DmO. The oocyte nucleus was anchored at 

the dorsal anterior cortex of control oocytes. The anchoring of the oocyte nucleus 

was disrupted in approximately 10% of Dhc depleted egg chambers. 

(G-H) Microtubule polarity was determined by immunostaining control and Dhc 

depleted oocytes using an antibody against the plus end marker protein, CLIP-

190. 98% of egg chambers expressing shRNA against luciferase has posterior 

localized CLIP-190 (n=64 egg chambers). By contrast, 84% of egg chambers 

expressing shRNA against dhc had a reduced level of posterior CLIP-190, 13% 

of egg chambers had no detectable posterior CLIP-190, and 3% displayed a 

pattern that was undistinguishable from the control (n=69 egg chambers). 
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   Figure 29: The posterior localization of Khc and Glued requires Dynein.  

(A-B) Egg chambers from control and dhc shRNA expressing flies were 

immunostained using antibodies against Dhc (Red) and Khc (Green). Whereas 

Khc was enriched at the posterior pole in control oocytes, the posterior 

accumulation of Khc was greatly reduced in Dhc depleted oocytes. 
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Con’t Figure 29: The posterior localization of Khc and Glued requires 
Dynein.  

(C-D) The same strains were also processed for immunofluorescence using 

antibodies against Dhc (Red) and Glued (Green). As with Khc, the posterior 

accumulation of Glued was reduced in Dhc depleted oocytes in comparison to 

the control. 
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Figure 30: Dic-GFP associates specifically with oskar and bicoid mRNAs  

Ovarian lysates from flies expressing Act5c-GFP (lane 1) and Dic-GFP (lane 2) 

were subjected to immunoprecipitation using GFP antibody beads. The co-

precipitating RNAs were extracted and analyzed using RT-PCR. oskar and bicoid 

mRNAs were enriched in the Dic-GFP pellet. By contrast, vasa and smb mRNAs 

were present at background levels in both pellets.  
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                           Figure 31. Expression profile of matalpha-Gal4 (7063).  

Flies containing a UASp-Act5c-mRFP transgene were crossed to the matalpha-

Gal4 driver (Bloomington stock 7062). Female progeny from this cross were 

dissected, fixed and stained with DAPI (blue) to visualize nuclei. Act5c-RFP (red) 

is strongly expressed in mid to late-stage egg chambers. Upon increasing the 

gain, Act5c-RFP signal could also observed at lower levels in earlier stage egg 

chambers. 
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       Figure 32. oskar mRNA levels are unaffected in Dhc depleted ovaries. 
Ovaries from flies expressing shRNA targeting either luciferase or different 

regions of dhc (dhc shRNA A and B) were dissected. Total RNA was extracted, 

and the level of oskar and gamma-tubulin mRNAs were determined using RT-

PCR. Depletion of Dhc has no effect on the level of oskar mRNA. 
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Figure 33. Depletion of EB1 does not affect Dhc and oskar mRNA 
localization. 

 (A-B) Ovaries from flies expressing shRNA targeting either luciferase or eb1 

were dissected and processed for immunofluorescence using an antibody 

against EB1. EB1 was abundantly expressed in the germline of control oocytes, 

but was significantly depleted in egg chambers expressing shRNA targeting eb1. 

(C) Ovaries from flies expressing shRNA targeting eb1 were processed for in situ 

hybridization using probes against oskar mRNA. No defects were observed in the 

localization of oskar mRNA. 

(D) Ovaries from flies expressing shRNA targeting eb1 were processed for 

immunofluorescence using an antibody against Dhc. Dhc was enriched at the 

posterior pole in EB1 depleted oocytes. 

 

 

 

 

eb1 shRNA

oskar/To Pro-3
eb1 shRNA

Dhc

eb1 shRNA

Control

EB1

EB1

A.

B.

C.

D.



 

 

111 

 

Figure 34. Over-expression of p50/Dynamitin delocalizes oskar mRNA. 

(A) Ovaries from wild-type flies were processed for in situ hybridization using 

anti-sense probes against oskar mRNA. 

(B-C) Ovaries from flies expressing UASp-p50/Dmn driven using the maternal 

alpha-tubulin driver, were processed for in situ hybridization using anti-sense 

probes against oskar mRNA. The level of posteriorly localized oskar mRNA was 

decreased upon p50 over-expression (B). In parallel, the level of delocalized 

oskar mRNA within the oocyte was increased in these egg chambers (C). Panel 

C represents the same egg chamber depicted in ‘B’ imaged using increased gain. 
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INTRODUCTION 

Most cells in our body need to establish polarity in order to perform their 

respective functions. Polarity refers to the asymmetric distribution of cellular 

factors. A number of cell-types including fibroblasts, oligodendrocytes, and 

migrating cells use mRNA localization as a mechanism to establish polarity 

(Martin and Ephrussi 2009). During localization, mRNAs are transported to 

distinct sites in a translationally repressed manner. Once the mRNA is correctly 

localized, this translational repression is derepressed by different mechanisms, 

and the protein product is formed. This coupling of mRNA transport with its 

translational regulation ensures the spatial restriction of the protein. However, the 

molecular mechanism by which coupling between these two processes occurs is 

poorly understood (Martin and Ephrussi 2009, Gonsalvez and Long 2012).  

The Drosophila oocyte is an ideal system to study mRNA localization. Multiple 

mRNAs including oskar, bicoid and gurken localize to different sites within the 

Drosophila oocyte and function in the establishment of polarity within the cell 

(Johnstone and Lasko 2001). In particular, oskar mRNA localizes to the posterior 

region of the oocyte, restricting the expression of its protein product to that site 

(Kim-Ha et al. 1991, Kim-Ha et al. 1995). Oskar protein is required for the 

establishment of anterior-posterior polarity of the oocyte and patterning of the 

future embryo (Ephrussi and Lehmann 1992, Smith, Wilson et al. 1992). It is 

known that localization of oskar mRNA is mediated by microtubules and requires 

Kinesin-1 as the primary motor (Brendza, Serbus et al. 2000). We previously 

demonstrated the role of an additional motor, Dynein, in this pathway. We have 
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shown that Dynein associates with oskar mRNA in vivo and is required for the 

posterior localization of this transcript (Sanghavi et al. 2013). However, factors 

that are involved in recognizing and recruiting oskar mRNAs to this motor are not 

yet identified.  

Egalitarian (Egl) is a known adaptor protein that links mRNAs to the Dynein 

motor in Drosophila embryos (Dienstbier, et al. 2009). The RNA binding domain 

of Egl is implicated in binding localization signals of multiple embryonic mRNAs 

including hairy, K10 and the I factor retrotransposon (Dienstbier et al. 2009). Egl 

associates with the Dynein motor in two ways. Firstly, it directly binds the Dynein 

light chain subunit of the motor complex (Navarro, et al. 2004). Secondly, the 

interacting partner of Egl, Bicaudal D (BicD), is also implicated in binding the 

Dynein/Dynactin complex (Hoogenraad, et al. 2001). Based on these findings, 

we hypothesized that similar to its role in the embryos, Egl also functions in the 

localization of maternal mRNAs in the oocyte. Although all three maternal 

mRNAs bicoid, gurken and oskar requires the Dynein motor, the focus of this 

paper is to determine the involvement of Egl in the posterior localization of oskar 

mRNA. 

Our initial studies were to examine the role of Egl in the oskar localization 

pathway. Our findings suggest that Egl associates with oskar mRNA in vivo. 

However its association with oskar is only slightly higher than that of non-

localized transcripts. Despite this, depletion of Egl caused a significant 

delocalization of oskar mRNA. Thus, Egl function is essential for the posterior 

localization of this transcript. Surprisingly, one of the mechanisms by which Egl 
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contributes to oskar mRNA localization is by affecting the polarity of oocyte 

microtubules. Microtubule organization, and distribution of plus and minus ends, 

were severely affected upon Egl depletion. Finally, we also demonstrated the 

requirement for Egl in regulating the translation of oskar mRNA. Depletion of Egl 

caused precocious translation of delocalized oskar message throughout the 

oocyte. Our findings therefore suggest that Egl is required for the localization of 

oskar mRNA as well as its translational regulation.  
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MATERIALS AND METHODS 

Fly stocks: GFP-Stau (St Johnston lab); par1w3 (Shulman, Benton et al., 2000); 

par16323 (Shulman, Benton et al., 2000); luciferase shRNA (Bloomington stock 

center; #35788, donor TRiP); w[*]; P{w[+mC]=matalpha-GAL4-VP16}V2H 

(Bloomington stock center; #7063, donor Andrea Brand); P{w[+mC]=UASp-

Act5C.mRFP}13, w[*] (Bloomington stock center; #24777; donor Susan 

Parkhurst), egl shRNA-1 (Bloomington stock center; #43550, donor TRiP), osk
84 

(Kim-Ha et al., 1991); Df(3R)p-XT103 (Bloomington stock center; number 1962; 

donor Thom Kaufman);  

The EglR-GFP transgene was constructed by cloning the egl coding sequence 

(from the egl cDNA cloned in pBS obtained from Dr. Navarro’s lab) Egl was first 

cloned into pUC 19 vector and made refractory to egl shRNA by introducing point 

mutations at the wobble position (A1599C and G1602C) within the shRNA 

binding site. This was done by site directed mutagenesis using Q5 Site Directed 

Mutagenesis Kit (New England Biolabs; Catalog # E0554S). Once the mutations 

are confirmed by sequencing, we cloned this refractory Egl construct into a UASp 

vector which allows C-terminal tagging with 3 concatemeric copies of the eGFP 

sequence (Li et al; 2010). EglR-GFP  was recombined with egl shRNA-1 and 

both transgenes were then expressed by crossing to the mat α-tubulin-Gal4 

driver (stock 7063). The progeny were fattened on yeast paste for 3 days before 

dissection. The shRNAs were also expressed by crossing the respective strains 

to the matalpha tubulin-Gal4 driver. The progeny were fattened on yeast paste 

for 3 days prior to dissection and processing. 
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Immunofluorescence 

For most experiments, immunofluorescence was performed as described 

previously (Sanghavi, et al, 2013) For α-tubulin staining; oocytes were fixed in 

PBS containing 8% formaldehyde (Pierce; catalog #28908) for 10 mins. Rest of 

the protocol remained the same. For immunofluorescence using chicken anti-

Osk, the oocytes were blocked in BlokHen II TM (aves labs; Catalog # BH-1001) 

diluted 1: 10 in PBS for 30 mins. The primary antibody used for this experiments 

was previously blocked with osk84/def ovaries. After immunofluorescence, images 

were captured on Zeiss LSM 780 or 510 upright confocal microscopes. 

Immunoprecipitation followed by RT-PCR 

The protocol used was the same as described in Sanghavi, Laxani et al., 2012. 

Quantitative Real time PCR (qPCR) 

Total RNA was extracted with TRIzol Reagent (Invitrogen) according to 

manufacturer’s instructions. Single-strand cDNA synthesis was performed on 5 

microgram of total RNA from each sample using the Superscript II cDNA 

Synthesis Kit (Invitrogen). For comparing gene expression levels between control 

and egl shRNA-1 ovaries, 15 ng of the DNA template was used. For IP 

experiments, using GFP and Egl GFP ovaries, 60 ng of cDNA was used for 

qPCR reaction. cDNAs were amplified for 40 cycles using gene specific primer 

mix, ssO Advanced SYBR green Dye (Biorad) in a total volume of 20ul using the 
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Bio-Rad CFX96 Real-time System. Primers used for qPCR are as follows:  

1. oskar mRNA          Forward : 50CCCGAGGGTACTCAGATCAT 

                                  Reverse : 50GCGGTGCAAGATTTGTTAGA 

2. bicoid mRNA         Forward : 50AATCGGATCAGCACAAGGAC 

                                  Reverse : 50GCGTTGAATGACTCGCTGTA 

3. gurken mRNA       Forward : 50ATCCGATGGTGAACAACACA 

                                 Reverse : 50 CGACGACAGCATGAGGAGTA 

4. rp49 mRNA          Forward : 50CCAGTCGGATCGATATGCTA 

                                 Reverse : 50GGGCATCAGATACTGTCCCT 

5. Υ-tubulin mRNA    Forward : 50CCACCATCATGAGTCTGAGC 

                                 Reverse : 50ACCGATGAGGTTGTTGTTCA 

In situ hybridization 

oskar, bicoid and gurken mRNAs were visualized as previously described 

(Sanghavi, Laxani et al; 2013) Images were captured on a Zeiss LSM 780 or 510 

upright confocal microscopes. 

Antibodies 

Unless specifically stated, the indicated dilutions are for immunofluorescence. 

The following antibodies were used: rabbit anti-Egl (C. Navarro, 1: 2000); rabbit 

anti-Staufen (D. St Johnston; 1:2500); mouse anti-Dhc (Developmental studies 

hybridoma bank; 1:150; donor J. Scholey); rabbit anti-Khc (Cytoskeleton, Inc., 

1:150); mouse anti-BicD (Developmental studies hybridoma bank; 1:150); 



 

 

119 

chicken anti-Oskar (1: 50 after blocking with Oskar protein null ovaries); mouse 

anti-Oskar (D. Chen, 1:1000); rabbit anti- Oskar (A. Ephrussi, 1: 2000); FITC 

conjugated mouse anti-alpha tubulin (Sigma; 1: 100); rabbit anti-EB1 (S. Rogers, 

1:500); mouse anti-β galactosidase (Promega; 1:2000); mouse anti-gamma-

tubulin (Sigma; 1:100); mouse anti-Grk (Developmental Studies Hybridoma 

Bank, contributed by T. Schüpbach, Princeton University, Princeton, NJ, USA; 

1:100); rat anti-GFP (Nacalai USA, Inc.; 1:300); mouse anti-Orb (Developmental 

studies hybridoma bank; 1:300; donor P. Schedl); mouse anti- LaminDmO 

(Developmental studies hybridoma bank; clone ADL84.12; 1:200; donor P.A. 

Fisher); goat anti-rabbit Alexa 594 and 488 (Life Technologies, 1:400 and 1:200 

respectively); goat anti- mouse Alexa 594 and 488 (Life Technologies, 1:400 and 

1: 200); goat anti-chicken 594 and 488 (Life Technologies, 1:400 and 1:200 

respectively); goat anti-mouse HRP (Jackson Immunoresearch; 1:5000) and goat 

anti-rabbit HRP (Jackson Immunoresearch; 1:5000). 
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RESULTS 

The localization and RNA binding properties of Egl. 

The initial aim of our studies was to examine Egl function in the localization of 

oskar mRNA. It was previously shown that Egl directly binds Dynein light chain 

(Dlc) in the oocyte (Navarro, Puthalakath et al. 2004). Hence, we began our 

studies by examining whether Egl co-localized with oskar mRNA and the Dynein 

motor in stage 10 oocytes. In order to determine whether Egl co-localizes with 

oskar mRNA, we used a strain that expresses GFP tagged Staufen. Staufen is a 

core component of the oskar mRNP and is often used as a marker for oskar 

mRNA (Zimyanin, Belaya et al. 2008). Abundant signal for GFP-Staufen was 

detected at the posterior pole (Fig. 35A) By contrast, Egl was present around the 

entire oocyte cortex and only partially co-localized with GFP-Staufen (Fig. 35A). 

We next examined wild-type oocytes using antibodies against Egl and Dynein 

heavy chain (Dhc), the motor subunit of the Dynein complex. As noted 

previously, Dhc is enriched at the posterior pole(Li, McGrail et al. 1994). As with 

Staufen, Egl partially co-localized with Dhc at the posterior pole (Fig. 35B).  

In order to examine the association of Egl with oskar mRNA, we used a 

biochemical purification strategy. Lysates expressing GFP or Egl-GFP were 

subjected to immuno precipitation using GFP antibody beads. The co-

precipitating mRNAs were extracted and analyzed by reverse transcriptase (RT) 

followed by quantitative PCR. The values were normalized to the level of Υ-

tubulin mRNA detected in each of the pellets. Fold enrichment represents a 
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comparison between the level of mRNA detected in the GFP pellet versus the 

Egl-GFP pellet. Using this approach, we find that Egl is specifically associated 

with oskar mRNA in vivo (Fig. 35C). However, the level of oskar mRNA in Egl-

GFP pellets is only slightly higher than non-localizing transcripts such as rp49 

and Υ-tubulin (Fig. 34C). We also examined the association of Egl with anteriorly 

localized mRNAs such as bicoid (bcd) and gurken (grk). The localization of both 

of these mRNAs has been shown to depend on the Dynein motor. 

Interestingly, in contrast to oskar mRNA, Egl-GFP is associated with higher 

levels of grk and bcd mRNAs. This is particularly true in the case of bicoid mRNA 

(Fig. 35C). 

 

 

 

 

 

 

 

 

 



 

 

122 

 

 

 

Figure 35: Localization and RNA binding properties of Egl. 
 
(A): Immunofluorescence for GFP and Egl in Stau-GFP transgenic strains. (B): 

Immunofluorescence for Dhc and Egl in wild type egg chambers. Egl is present 

abundantly in the oocyte. A small amount of Egl co-localizes with Staufen and 

Dynein at the posterior. (Continued) 
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Cont’d Figure 35:. Localization and RNA binding properties of Egl. 
 
(C). Lysates expressing GFP or Egl-GFP were subjected to immunoprecipitation 

using GFP antibody beads. The co-precipitating mRNAs were extracted and 

analyzed by reverse transcription followed by quantitative PCR (qPCR). The 

values were normalized to the level of Υ-tubulin mRNA. Fold enrichment 

represents a comparison of the level of mRNA detected in the GFP pellet versus 

the Egl-GFP pellet. oskar mRNA is specifically detected in the Egl-GFP pellet. 

However, the level of oskar mRNA in Egl-GFP pellets is only slightly than non-

localizing mRNAs such as rp49 and Υ-tubulin (. In contrast to oskar mRNA, Egl-

GFP is associated with high levels of grk and bcd mRNAs. This experiment was 

repeated 3 times. The analysis of means was performed by using unpaired T- 

test using rp49 as the contro.l. (* represents p<0.05, ** represents p<0.01, *** 

represents  p<0.005.) 
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Depletion of Egl results in oskar mRNA delocalization. 

Next we wanted to determine the role of Egl in the localization of oskar mRNA. 

Localization of oskar mRNA occurs during mid to late oogenesis (Kim-Ha, et al. 

1991). However, Egl is required for oocyte specification (Mach and Lehmann 

1997). As such, egl null mutants do not form an oocyte and egg chamber 

maturation arrests at early stages (Mach and Lehmann 1997). Hence, it is not 

possible to use egl nulls to examine the function of this gene in oskar mRNA 

localization. In order to overcome a similar obstacle with dhc mutants, we used 

an shRNA-mediated knockdown strategy (Sanghavi, et al. 2013). The same 

approach was pursued here. ShRNAs targeting two different regions of egl were 

designed and expressed using a maternal α-tubulin driver. This driver is active 

specifically in the germ cells after oocyte specification (Fig. 42). This expression 

profile enables us to bypass the requirement of Egl in oocyte specification and to 

study the role of this protein during later stages of oogenesis.  

In order to determine the efficacy and specificity of Egl depletion, we examined 

oocytes expressing a control shRNA, egl shRNA-1 and egl shRNA-2. The egg 

chambers were fixed and processed for immunofluorescence using an antibody 

against Egl. Egl is abundantly expressed in the germline and soma during all 

stages of oogenesis (Fig. 36A). However, in comparison to the control strain, Egl 

was significantly depleted from germ cells in egl shRNA-1 expressing egg 

chambers (Fig. 36B).  The level of Egl depletion was quantified in stage 10 egg 

chambers (Fig. 36C, D). Consistent with the expression profile of the driver, 
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depletion of Egl occurs after the oocyte has been specified (Fig. 42). In addition, 

the level of Egl was unaffected in the somatic follicle cells.  

The specific depletion of Egl was also monitored by western blotting of ovarian 

lysates. As compared to the control, the level of Egl was significantly reduced 

upon expression of egl shRNA-1 (Fig. 41). By contrast, the levels of BicD, Dhc 

and γ-tubulin were the same in control and Egl depleted lysates (Fig. 41). In 

contrast to egl shRNA-1, expression of egl shRNA-2 did not significantly deplete 

Egl (Fig. 36I). Thus, all further experiments were carried out using egl shRNA-1 

expressing flies.  
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Figure 36: Egl depletion and oskar mRNA localization 
 
(A, B): Immunofluorescence for Egl in control and egl shRNA expressing egg 

chambers. Egl is abundantly expressed in the germarium and in all stages of 

oogenesis. However, as compared to the control, Egl is significantly depleted 

from the germ line in egl shRNA expressing egg chambers (shown in the box in 

B). (C, D): Immunofluorescence for Egl in late stage egg chambers. In 

comparison to the control, Egl levels are significantly reduced in the germ cells in 

92% of egl shRNA expressing egg chambers (n=153) (white arrows). However, 

Egl levels in somatic cells remain unaffected (red arrows).  (E): Quantification of 

the fluorescent intensity of Egl in control and Egl depleted oocytes. Our results 

suggest that Egl depletion by expression of egl shRNA-1 causes more than 7 fold 

reduction in the levels of Egl in stage 10 egg chambers as compared to control. 

(Continued) 
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Con’t Figure 36: Egl depletion and oskar mRNA localization 
 
(F, G): In situ hybridization for oskar mRNA in control (F) and egl shRNA-1 (G) 

expressing egg chambers imaged under a high gain setting. Upon Egl depletion, 

oskar mRNA is severely delocalized in 97% of the oocytes (n =123). Delocalized 

signal is seen to accumulate within the nurse cells and oocyte cytoplasm. (H): In 

situ hybridization for oskar mRNA using sense probes for oskar in egl-shRNA-1 

expressing egg chambers. Despite of using 10 times more sense probe, no 

signal is detected in the Egl depleted egg chamber. (J, K): Immunofluorescence 

for Staufen in control (J) and Egl depleted egg chamber (K). Staufen was absent 

from the posterior in 99% of egl shRNA-1 expressing egg chambers (n=131).  

(I): Immunofluorescence for Egl in egl shRNA-2 expressing egg chambers. Egl 

levels look relatively unaffected in 100% of the oocytes (n=29). Consistent with 

this result, the localization of Staufen in egl shRNA-2 expressing oocytes also 

looks normal  (L).  
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We next determined whether depletion of Egl affects the localization of oskar 

mRNA. In situ hybridization using anti-sense probes against oskar mRNA was 

performed using egg chambers from either control or Egl depleted ovaries. In 

contrast to a tight posterior oskar crescent in control oocytes, no oskar mRNA 

signal was detected in Egl depleted oocytes when imaged under the same gain 

setting. One interpretation of this result is that Egl depletion somehow affects the 

level of oskar mRNA. To address this possibility, we performed quantitative 

analysis using total RNA from control and egl shRNA-1 expressing ovaries. This 

revealed no difference in the level of oskar mRNA between control and Egl 

depleted ovaries (Fig. 43). An alternative possibility is that delocalized oskar 

mRNA is present in Egl depleted oocytes, but not detected under the low gain 

setting. We therefore imaged these oocytes using a higher gain setting. This 

revealed that oskar mRNA was significantly delocalized in Egl depleted oocytes, 

accumulating uniformly in the nurse cells and oocyte (Fig.36 F,G). 

In order to demonstrate the specificity of the in situ hybridization signal, control 

and Egl depleted oocytes were processed using a sense probe against oskar 

mRNA. Egg chambers were imaged under the same high gain setting. Despite 

using 10 times more sense probe as compared to anti sense probes, we did not 

detect any signal in either control or Egl depleted egg chambers (Fig. 36 H). We 

therefore conclude that the in situ hybridization signal in Egl depleted egg 

chambers corresponds to delocalized oskar mRNA. We also validated the oskar 

mRNA delocalization phenotype by examining the localization of Staufen in 

control and Egl depleted oocytes. Consistent with the in situ hybridization result, 
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Staufen was absent from the oocyte posterior in Egl depleted oocyte (Fig. 36J, 

K). Based on these results, we conclude that Egl is required for the posterior 

localization of oskar mRNA. 

Egl affects the translational repression of oskar mRNA  

Depletion of Egl causes severe delocalization of oskar mRNA (Fig. 36). We next 

determined whether this delocalized message was translated in Egl depleted 

oocytes.  In wild type egg chambers, translation of oskar mRNA is repressed 

during its transport (Kim-Ha, Kerr et al. 1995, Johnstone and Lasko 2001). Only 

after the transcript is correctly localized at the posterior region is this repression 

relieved, and translation is initiated (Kim-Ha, Kerr et al. 1995, Johnstone and 

Lasko 2001). To test whether depletion of Egl affects the translational regulation 

of oskar mRNA, immunofluorescence for Oskar protein was performed in control 

and egl shRNA-1 expressing egg chambers.  

The Oskar antibody used for this experiment is a peptide antibody generated in 

Chicken. Because this antibody has not been used before, we first demonstrated 

the specificity of this antibody by staining osk84/osk def oocytes as a negative 

control.  These mutants have a nonsense mutation in oskar mRNA, and as a 

consequence, they fail to produce any Oskar protein (Kim-Ha,et al. 1991, Jenny, 

Hachet et al. 2006). We found that in control oocytes, Oskar protein was tightly 

enriched at the posterior (Fig. 37A). As expected, no Oskar signal was detected 

in osk84/oskdef oocytes, suggesting that our antibody is specific (Fig. 37C). 

However, some background signal was detected in the overlying follicle cells in 
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both control and osk84/oskdef egg chambers.  

We then examined Oskar protein expression in Egl depleted egg chambers. In 

the absence of Egl, Oskar protein was seen to accumulate throughout the 

oocyte, suggesting that the delocalized oskar mRNA was precociously translated 

(Fig. 37B). In order to prove that our antibody was specifically detecting 

precociously translated Oskar protein, we repeated the experiment with two 

additional antibodies, a mouse anti-Oskar (from Dr. D. Chen) (Fig 37 G, H) and 

rabbit anti-Oskar (from Dr. A. Ephrussi) (Fig 37 I, J). Consistent with results using 

our Chicken anti-Osk antibody, both antibodies show precocious Oskar signal 

throughout the oocyte upon Egl depletion. Based on these results, we conclude 

that in the absence of Egl, the delocalized oskar mRNA is no longer 

translationally repressed.  

Interestingly, this function of Egl in maintaining the translational repression of 

oskar mRNA appears to be independent of the motors that transport the 

message. Depletion of Kinesin heavy chain (Khc) or the Dynein regulator, 

Dynamitin (Dmn) causes significant delocalization of oskar mRNA (data not 

shown). However, the delocalized oskar mRNA was not translated into protein in 

these backgrounds (Fig 37D, E). Thus, Egl functions to maintain the translational 

repression of oskar mRNA outside its role in binding the Dynein motor.  
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Figure 37: Translation of oskar mRNA in Egl depleted oocytes 

(A-F). Immunoflouresence for Oskar protein using chicken anti-Osk in control (A), 

osk84/def (B), egl shRNA-1 (C), khc shRNA (D), dmn shRNA (E) and egl shRNA-2 

(F) expressing egg chambers. As compared to control, oskar mRNA is 

precociously translated throughout the oocyte in 95% of egl shRNA-1 expressing 

oocytes (n=60). No precocious Oskar protein is found upon depletion of the 

motors (C) and (D).  As expected expression of egl shRNA-2 does not deplete 

Egl hence the localization of Oskar protein is similar to control oocytes. 

(Continued) 
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Con’t Figure 37: Translation of oskar mRNA in Egl depleted oocytes. 

(G, H): Immunoflouresence for Oskar protein using mouse anti-Osk in control (G) 

and egl shRNA-1 (H) expressing egg chambers.  Egl depleted oocytes show 

precocious translation of oskar mRNA. (I, J): Immunoflouresence for Oskar 

protein using rabbit anti-Osk in control (I) and egl shRNA-1 (J) expressing egg 

chambers.  Similar to chicken and mouse antibodies, precocious Oskar protein 

signal is seen upon Egl depletion thus validating the results using our chicken 

antibody.  
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Egl is required for localization of motors, BicD and the oocyte nucleus. 

In wild-type oocytes, Dynein heavy chain (Dhc) and Kinesin heavy chain (Khc), 

the motor subunits of Dynein and Kinesin respectively, are enriched at the 

posterior pole and along the oocyte cortex (Fig 38A). We next determined 

whether the normal localization of these motors required Egl. Interestingly, in the 

absence of Egl, Dynein was no longer enriched at the oocyte posterior or along 

the cortex. Rather, Dynein was diffusely distributed throughout the cytoplasm of 

the oocyte (Fig. 38B). Thus, Egl is required for the posterior localization of the 

Dynein motor. In addition, depletion of Egl also causes delocalization of Khc. 

However, because the localization of Kinesin is dependent on Dynein, we believe 

that the effect of Egl depletion on Kinesin is most likely indirect.  

In addition to the motors, Bicaudal-D (BicD), an interacting partner of Egl, was 

also delocalized from the oocyte cortex (Fig. 38C, D). Finally, the oocyte nucleus, 

which requires dynamic microtubules for its anterior transport to the dorsal corner 

(Zhao, Graham et al. 2012), was often detected at the center of the oocyte upon 

Egl depletion (Fig 38 E,F). The delocalization of Dynein, Kinesin, BicD and the 

oocyte nucleus, raised the possibility that microtubule organization might be 

disrupted in Egl depleted oocytes. 
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Figure 38: Localization of microtubule motors and BicD upon Egl depletion  

A, B: Immunofluorescence for Dhc and Khc in control (A) and Egl depleted 

oocytes (B). Dhc is no longer enriched at the posterior in 94% of Egl depleted 

oocytes (n=70), but rather, is delocalized within the oocyte (B). As with the 

Dynein motor, Kinesin-1 is also delocalized upon Egl depletion (B). (Continued) 
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Con’t Figure 38: Localization of microtubule motors and BicD upon Egl 
depletion  

(C, D): Immunofluorescence for BicD in control (C) and Egl depleted oocytes (D) 

As compared to control, the cortical localization of BicD was severely affected in 

93% of the oocytes (n= 59) upon depletion of Egl. Instead, BicD was found to be 

diffused all over the oocyte.  

(E, F): Immunofluorescence for Lamin DmO in control (E) and egl shRNA-1 

expressing oocytes (F). As compared to control, the oocyte nucleus is 

mislocalized from the anterior dorsal cortex in 72% of the oocytes (n=164).  
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Egl function is required for microtubule organization and polarity  

To determine whether the microtubule polarity was affected by Egl depletion, we 

first determined the overall microtubule arrangement by examining one of its sub-

unit, α-tubulin. As compared to control, the overall pattern of α-tubulin staining 

was very different in Egl depleted oocytes (Fig 39 B). α-tubulin often showed foci 

and small comet like structures upon Egl depletion, which are normally absent in 

wild type (Fig. 39A). Thus, Egl depletion affects the overall microtubule structure 

and organization in the oocyte.   

Next we specifically examined microtubule plus and minus ends. Plus ends were 

detected using an antibody against End Binding Protein1 (EB1) (Sanghavi, Lu et 

al. 2012). EB1 foci are mainly enriched at the posterior in wild type oocytes 

(Sanghavi, Lu et al. 2012) (Fig. 39C). Surprisingly, in the absence of Egl, EB1 

foci were seen to accumulate throughout the oocyte and did not show any 

posterior enrichment (Fig. 39 D). Thus, Egl depletion affects the distribution of 

microtubule plus ends. We also validated these results using another plus end 

marker, a strain expressing Kin:βgal. Kin:βgal is a fusion protein between the 

motor domain of Khc and β-galactosidase. The Kin:βgal transgene localizes to 

the posterior pole in wild type oocytes and has been previously used to mark 

microtubule plus ends (Clark, et al. 1994). In comparison to control oocytes, 

Kinβgal was absent from the posterior in Egl depleted oocytes. 

To further examine the role of Egl in microtubule polarity, we next visualized 
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microtubule minus ends using an antibody against  Υ-tubulin. In control oocytes, 

Υ-tubulin is present all over the cortex, slightly excluded from the posterior, and 

also shows some cytoplasmic signal (Sanghavi, Lu et al. 2012) (Fig 39 I). 

However, upon Egl depletion this localization pattern of Υ-tubulin was completely 

lost (Fig. 39J). We see diffused gamma tubulin signal accumulating in the entire 

oocyte.  

In order to better understand the role of Egl in organizing microtubule minus 

ends, we closely examined the localization pattern of Υ-tubulin in early and mid 

stage egg chambers. In early stage egg chambers (stage 5), the distribution of Υ 

-tubulin appears similar between the nurse cells and the oocyte (Fig 39G). In 

essence, at this early stage, Υ-tubulin is diffusely distributed throughout the egg 

chamber. Between stages 7 and 8, we observed that while the distribution of  Υ-

tubulin within the nurse cells remained the same, the signal became more 

cortically restricted within the oocyte (Fig 39 G, G’). In comparison to wild-type 

oocytes, Egl depleted oocytes did not display this change in microtubule 

organization within the oocytes (Fig. 39 H,H’). As such, even in stage 10 egg 

chambers, the distribution of Υ-tubulin was the same between the nurse cells and 

the oocyte (Fig 39 J). Our results therefore suggest that Egl is required for this 

oocyte-specific organization of microtubule minus ends. 

Additional factors have been described that are required for polarization of 

oocyte microtubules. One such factor is Hrp48 (Huynh et al., 2004). However, 

the localization of Υ-tubulin in control and Hrp48 depleted oocytes was the same 

(Fig 39K). Another well-characterized polarity protein within the oocyte is Par-1 
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kinase (Shulman et al., 2000). As with Hrp48, the distribution of Υ-tubulin was 

unchanged in par-1 mutants (Fig. 39L). Thus, depletion of Egl produces a unique 

kind of polarity defect. At present, however, we do not know the mechanism by 

which Egl functions in establishing microtubule polarity. This will be a topic for a 

future study. 
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Figure 39: Microtubule polarity in Egl depleted oocytes  

Immunofluorescence for microtubule polarity markers in control (A, C, E, G, G’, I) 

and egl shRNA-1 expressing egg chambers (B, D, F, H).   

For labeling the entire microtubule lattice, we stained oocytes for α-tubulin. The 

overall pattern of α-tubulin staining was different in Egl depleted oocytes (A, B). 

Microtubule plus ends were detected using an antibody against End Binding 

Protein1 (EB1) (C, D) and Kinβgal (E, F). The Kinβgal transgene has been 

previously used to mark microtubule plus ends. Microtubules plus ends were not 

enriched at the posterior of Egl depleted oocytes (93% for EB1 n= 93.5; 96% for 

Kinβgal n= 67). (Continued) 
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        Con’t Figure 39: Microtubule polarity in Egl depleted oocytes  

Microtubule minus ends were visualized using an antibody against Υ-tubulin.  

(G, H): Immunofluorescence for Υ-tubulin in control and Egl depleted ovarioles. 

In the early stages, (stage 5) the localization of Υ-tubulin is similar in the oocyte 

and nurse cells  (shown by arrow). However, by stage 7, Υ-tubulin becomes 

more cortically enriched in control oocytes (seen by red arrows in G and G’). 

However, in the absence of Egl, in stage 7 egg chambers, Υ-tubulin fails to be 

restricted around the cortex and the pattern looks similar to nurse cells (red 

arrows in H and H’).  The same pattern in also observed in mature stage egg 

chambers. While Υ-tubulin is cortical in Stage 10 control oocytes (I), the 

localization is more diffused and looks similar to nurse cells in 94% oocytes upon 

Egl depletion. (n= 89) (J).  
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       Con’t Figure 39: Microtubule polarity in Egl depleted oocytes  

   
(K) Immunofluorescence for Υ-tubulin in oocytes expressing shRNA against 
hrp48 
 
(L) Immunofluorescence for Υ-tubulin in par-1 hypomorphic oocytes.  
 
The localization of Υ-tubulin in both Hrp48 depleted oocytes as well as par1 
hypomorphs look similar to control.  
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Demonstrating the specificity of Egl depletion phenotypes 

Our findings reveal different roles of Egl during mid to late oogenesis. These 

phenotypes were demonstrated by depleting Egl using shRNA-mediated knock 

down. In order to prove that these phenotypes were caused specifically due to 

depletion of Egl, we attempted to rescue these phenotypes by generating a wild 

type Egl transgene. An shRNA resistant Egl transgene was generated by 

introducing mutations at the wobble position at the shRNA binding site within egl. 

The net result was an egl-GFP transgene that encoded wild-type Egl protein, yet 

was not targeted by the shRNA (Fig 40 See strategy). This transgene was then 

introduced into the egl shRNA background. The expression of egl shRNA as well 

as transgenic Egl were under the control of the same driver. Thus, as the level of 

endogenous Egl is depleted, the transgenic shRNA is expressed. 

We found that flies expressing the above transgene along with egl shRNA-1 

rescued all phenotypes caused by depletion of endogenous Egl (Fig 40). 

Expression of the egl transgene in egl shRNA-1 background completely restored 

the localization of oskar mRNA (Fig 40C) as well as Staufen (Fig 40 D).  These 

flies also showed wild type localization of Egl (Fig 40F), Dynein (Fig. 40H) and 

Kinesin motors (data not shown). Consistently, other functions such as 

translation of Oskar protein as well as microtubule polarity were also restored as 

seen by staining for Oskar protein (Fig 40 E) and polarity markers including 

Kinßgal and Υ-tubulin. (Fig 40 I, K) Thus, all of the reported phenotypes were 

caused by specific depletion of Egl.  
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                          Figure 40: Rescue of Egl depletion phenotypes 

The strategy used for rescuing the Egl transgene is depicted at the top.  

(A): Western blotting for Egl using ovarian lysates from control (Lane 1) , egl 

shRNA-1 (Lane 2) and eglR-GFP+ egl shRNA-1 (Lane 3) expressing strains. As 

compared to control, Egl is significantly depleted in egl shRNA-1 expressing 

ovaries. As expected, expression of eglR-GFP along with egl shRNA-1 showed 

high levels of EglR-GFP suggesting that Egl levels are successfully rescued.  

(B, C): In situ hybridization for oskar mRNA in control and eglR-GFP+ egl 

shRNA-1 expressing egg chambers. Localization of oskar mRNA is rescued by 

expression of  EglR-GFP in Egl depleted oocytes (94% n=75).  
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           Con’t Figure 40: Rescue of Egl depletion phenotypes 

(D-K): Immunofluorescence for Staufen (D), Oskar protein (E), GFP (F), BicD 

(G), Dhc (H), Kinβgal (I), EB1 (J), γ-tubulin (K) in eglRWT+ egl shRNA 

expressing oocytes. Expression of transgenic Egl rescued all the phenotypes that 

were caused by depletion of Egl. This suggests that the above phenotypes were 

specifically caused due to depletion of Egl.  (Staufen was rescued in 99% 

oocytes n= 131; Oskar protein in 94% oocytes, n= 96.2; BicD in 95% oocytes, n= 

56; Dhc in 95% oocytes; n = 70; Kinβgal in 98% oocytes, n = 38; EB1 in 100% 

oocytes, n =40; γ-tubulin in 98% oocytes, n= 50) 
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                                 Figure 41: Specificity of Egl depletion  

Western blot analysis using whole ovary lysates from control and egl shRNA-1 

expressing strains. Egl levels are considerably reduced in egl shRNA-1 

expressing ovaries. However, the level of its interacting partner Bicaudal-D 

(BicD), as well as Dhc and ν-tubulin remain unaffected suggesting that the 

expression of egl shRNA-1 specifically depletes the corresponding protein.  
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                    Figure 42:  Expression profile of mat alpha-Gal4 driver (7063). 

 Flies containing a UASp-Act5c-mRFP transgene were crossed to the matalpha-

Gal4 driver (Bloomington stock 7063). Female progeny from this cross were 

dissected, fixed and stained with DAPI (blue) to visualize nuclei. Act5c-RFP (red) 

is strongly expressed from early stages but after the oocyte is specified. 
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DISCUSSION 

Egl associates with mRNAs and affects their localization 

Localization of oskar mRNA is important in determining the posterior polarity in 

the Drosophila oocyte. Although Kinesin-1 is the primary motor implicated in 

transport of oskar mRNA (Brendza, et al. 2000), we have shown that the 

posterior localization of oskar mRNA also requires the Dynein motor (Sanghavi, 

et al. 2013). In this study, we were interested in determining whether the Dynein 

adaptor, Egl, is required for oskar mRNA localization.  

Egl has been shown to function as an RNA binding protein required for 

recruitment of localized transcripts to the Dynein motor in Drosophila embryos 

(Dienstbier, et al. 2009). In addition, Egl directly interacts with Dynein light chain 

in the oocyte (Navarro, Puthalakath et al. 2004). We therefore hypothesized that 

Egl might also function in the oskar mRNA localization pathway. Our biochemical 

studies suggest that Egl associates with oskar mRNA in vivo (Fig 35C). However, 

anteriorly localizing mRNAs such as gurken and bicoid displayed a much higher 

association with Egl (Fig 35C). At present, it is not known whether Egl can 

directly bind to oskar mRNA. Despite this, loss of Egl results in severe 

delocalization of oskar mRNA in the entire egg chamber (Fig 36). 

Egl maintains the translational regulation of oskar mRNA  

Under a wild type scenario, oskar mRNA is maintained in a translationally silent 

state during its transport. This translational repression is relieved only when 
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oskar mRNA localizes correctly at the posterior (Kim-Ha, et al. 1995). Defects in 

localization of this message cause a failure to overcome this repression and 

hence do not form Oskar protein. Our data shows that depletion of Egl causes 

significant delocalization of oskar mRNA in the egg chamber (Fig 36). However, 

in the absence of Egl, this delocalized message loses its translational repression 

and gets translated into Oskar protein throughout the oocyte (Fig 37).  

How does Egl affect the translational regulation of oskar mRNA? Currently we do 

not know the exact mechanism by which Egl functions to maintain the translation 

of oskar mRNA. In the absence of Egl, the translation repression of oskar mRNA 

is lost suggesting that Egl somehow functions to achieve repression of this 

transcript. One possibility is that Egl itself might function as a repressor that binds 

oskar mRNA and inhibits the formation of an active translation initiation complex. 

Alternatively or additionally, Egl can function in recruiting other repressor 

molecules that keep the oskar transcript translationally silent.  A number of 

factors in the oocyte are known to be involved in maintaining repression. For 

instance, Bruno and Cup are the known repressors of oskar mRNA that bind the 

3’UTR and 5’UTR of the oskar transcript respectively (Huynh, et al. 2004, 

Nakamura, et al. 2004), Kim-Ha et al. 1995). Similarly, mutants in hrp48 and 

me31B also show precocious oskar mRNA translation (Huynh et al., 2004, 

Nakamura, et al. 2001).  

Interestingly, some of our preliminary mass spectrometry data suggests that Egl 

associates with Me31B in the oocyte. Me31B is a DEAD-box protein thought to 

antagonize the function of eukaryotic Initiation Factor 4A (eIF4A) thus ensuring 
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that the translation of localized transcripts remains silent (Nakamura, et al. 

2001). It is required for formation of RNP particles with localized transcripts 

including oskar mRNA.  Interestingly, it is found that Egl and its interacting 

partner BicD co-localize with Me31B in the perinuclear region of the nurse cells in 

early stage egg chambers (data not shown). Thus, our hypothesis is that Egl 

functions to maintain the translation repression of oskar mRNA via the Me31B 

pathway. Testing this hypothesis and examining the role of Egl in this pathway is 

one of the future goals of the lab.  

Egl is required for microtubule polarity in the oocyte: 

Our results suggest that Egl is required for the organization and polarization of 

the oocyte microtubules (Fig. 39). In the absence of Egl, plus ends marked by 

EB1 were found to accumulate throughout the oocyte, as compared to control 

(Fig 39C, 39D). Similarly, the distribution of minus ends was also severely 

affected as visualized by the localization of Υ-tubulin all over the oocyte. 

Currently, we do not understand the molecular mechanism by which Egl affects 

polarity. Interestingly, we found that Egl depleted stage 7 oocytes show a failure 

to restrict the distribution of minus ends around the cortex, which is generally the 

case in wild type oocytes (Fig 39 G, G’, H, H’). Thus, one mechanism by which 

Egl functions, is by anchoring of minus ends around the oocyte cortex. 

Interestingly, Egl has been shown to be required for the stabilization and 

polarization of oocyte microtubules in the early stages of oogenesis (Mach and 

Lehmann 1997). However, the mechanism by which Egl functions in this process 

remained unknown.  
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oskar mRNA localization is an important phenomenon for the development of the 

Drosophila oocyte and the future embryo (Ephrussi et al. 1991). Studying the 

mechanism by which this mRNA is localized will also provide insights into how 

this process occurs in higher systems. Transport of oskar mRNA was previously 

shown to be dependent on microtubules, and the microtubule-based motor, 

Kinesin-1 (Brendza et al. 2000, Januschke et al. 2002). Hence, our studies have 

mainly focused on examining the microtubule-based transport of this transcript. 

The initial part of our studies was dedicated to understanding microtubules, 

which function as tracks on which this mRNA is transported. The remainder of 

the work mainly focuses on examining the role of the Dynein motor and one of its 

adaptors, Egl, in oskar mRNA localization.  

Oocyte microtubules and oskar mRNA localization  

Although the transport of oskar mRNA requires microtubules, the polarity of the 

oocyte microtubules was not well-studied. Initial studies from other labs made 

use of Kinesin:βgal and Nod:βgal proteins as plus and minus end markers 

respectively (Clark et al. 1994, Januschke et al. 2002). These are fusion products 

of β galactosidase and the motor domain of Kinesin or Nod, a Kinesin like motor. 

Using these markers, it was suggested that the oocyte is a highly polarized cell 

with plus ends localized at the posterior and minus ends towards the anterior 

(Clark et al. 1997). However, these fusion proteins have been shown to function 

in a dominant negative manner, and hence, may not accurately report the polarity 

of oocyte microtubules. In contrast, live imaging showed random movements of 

oskar mRNA in the oocyte, with only a slight posterior bias (Januschke et al. 
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2002, Zimyanin et al. 2008). These latter results suggested that the oocyte 

microtubules are only weakly polarized, thus contradicting previous findings. It 

was also unclear whether polarized microtubules, if present, were essential for 

oskar mRNA localization.  

In order to address these conflicting results, we attempted to examine the polarity 

of microtubules using markers that specifically bind to the growing plus ends of 

microtubules. End Binding protein 1 (EB1) and Cytoplasmic Linker Associated 

Protein (CLIP-170 in mammals and CLIP-190 in Drosophila) have been shown to 

track with the growing plus ends in other systems (Galjart 2010). EB1 is the best-

studied plus end marker and the localization of CLIP-170 is often dependent on 

EB1 (Galjart 2010). Although, EB1 and CLIP-170 specifically bind growing ends, 

there are instances when they have been shown to recognize slightly different 

populations of plus ends (Galjart 2010). Using these markers, we found that plus 

ends were present everywhere in the egg chamber. However they are mainly 

enriched at the posterior region (Fig. 13). Although CLIP-190 does not label plus 

ends in the interior of the oocyte, it was enriched at the posterior pole along with 

EB1 (Fig. 13). We next examined the distribution of minus ends using Υ-tubulin 

and Centrosomin as markers. This experiment revealed that minus ends were 

present all along the cortex of the oocyte, but were somewhat excluded from the 

posterior regions where EB1 and CLIP-190 were enriched (Fig. 14). Thus, our 

findings suggest that the microtubules within the oocyte are organized in a 

somewhat polarized manner.  
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Next, we determined whether this polarized distribution of microtubules was 

required for the localization of oskar mRNA. In contrast to what was expected, 

localization of this mRNA did not depend on a posterior enrichment of 

microtubule plus ends (Fig 16). In fact, our results show that these dynamic plus 

ends are recruited to the posterior pole in a manner that is dependent on Oskar 

protein (Fig. 16). Finally, we have demonstrated that Oskar protein and actin 

filaments (Fig. 17) recruit these dynamic plus ends at the posterior in order to 

facilitate the process of endocytosis in stage 10 oocytes (Fig. 19). Endocytosis of 

yolk proteins is an active and important process that occurs during mid-late 

oogenesis (Zimyanin et al. 2007). How exactly these polarized microtubules 

function in the endocytic process remains to be determined. One possibility is 

that these dynamic microtubules serve as tracks for the endocytic transport of 

vesicles towards the interior. Alternatively, they might simply function to deliver 

factors that are required for endocytosis at the posterior region.  

These studies also revealed the existence of more than one population of 

microtubule plus ends in the oocyte. For instance, the ectopic expression of 

Oskar protein caused an accumulation of the plus ends within the center of the 

oocyte that were marked by Kinesin. However, the dynamic plus end markers, 

EB1 and CLIP-190, did not accumulate at these sites (Fig. 15). Our findings 

therefore suggest that Kinesin localizes to a more stable population of plus ends 

in comparison to EB1 and CLIP-190. Additional experiments will be needed to 

identify functional differences between these two populations of plus-ends in the 

oocyte. 
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Motor proteins and oskar mRNA transport  

oskar mRNA is localized at the oocyte posterior, which is highly enriched in 

microtubule plus-ends (Clark et al. 1994, Sanghavi et al. 2012). Consistent with 

this, the plus-end motor Kinesin-1 colocalizes with oskar mRNA and is required 

for the posterior localization of this transcript (Brendza et al. 2000, Januschke et 

al. 2002). One intriguing finding was that Dynein, a minus-end motor is also 

enriched at this region (Li et al. 1994). In order to determine whether Dynein 

functions with Kinesin-1 in the posterior localization of oskar mRNA, we depleted 

Dynein specifically from mid-stage oocytes using the shRNA mediated 

knockdown strategy (Ni et al. 2011) (Fig 26). Our results showed that the Dynein 

motor associates with oskar mRNA in vivo (Fig. 24). Furthermore, depletion of 

Dynein significantly affected the posterior localization of oskar mRNA (Fig. 26). 

However, the exact mechanism by which Dynein affects this process remains to 

be determined.  

One possibility is that Dynein is required for the anchoring of oskar mRNA at the 

posterior. Dynein has been shown to be involved in anchoring various apically 

localized embryonic transcripts as well as gurken mRNA in the oocyte (Delanoue 

et al. 2007). However, our results argue against this possibility. The Dynein 

motor co-localizes with oskar mRNA mainly at stage 9 and 10a of wild-type 

oocytes (Li, McGrail et al. 1994). In the later stages (stage 10b), although oskar 

mRNA remained anchored at the posterior, the posterior enrichment of Dynein 

was not retained (data not shown). Secondly, although depletion of Dynein 
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severely affected the localization of oskar mRNA, some amount of oskar mRNA 

was still detected and anchored at the posterior region (Fig. 26).  

The other possibility is that Dynein functions along with Kinesin-1 in the posterior 

transport of this mRNA. To explain how two motors function to transport oskar 

mRNA, we have three possible scenarios: One possibility is that Dynein does 

form not a part of the oskar–Kinesin complex, yet is somehow required for the 

activity of Kinesin. In another scenario, oskar mRNA is simultaneously 

associated with both Dynein and Kinesin motors. A large number of cargoes 

including peroxisomes and lipid droplets are now known to be transported using 

opposite-polarity motors (Jolly and Gelfand 2011).  A mechanical tension model 

is put forth to explain this phenomenon. According to this model, the mechanical 

force provided by the opposite polarity motor, is required for activating the 

primary motor (Jolly and Gelfand 2011). Thus, in our case, Dynein might function 

to provide the activation force required by Kinesin to mediate the posterior 

transport of oskar mRNA. Finally, it is possible that Dynein is transported by 

Kinesin as an inactive cargo so that once the function of Kinesin-1 in transporting 

oskar mRNA at the posterior is performed, Dynein can mediate recycling of 

Kinesin motors towards the anterior. This will ensure that Kinesin is available for 

additional rounds of posterior oskar mRNA transport. A future goal will be to 

determine which of these mechanisms function in oskar mRNA localization.  

 

 



 
 

 156 

Egalitarian and oskar mRNA localization:  

We next examined the function of a Dynein adaptor, Egl in the oskar mRNA 

localization pathway. Egl has been shown to associate with localized transcripts 

in the embryo and to couple them to the Dynein motor for apical transport. We 

therefore examined the role of Egl in oskar mRNA localization. Our results show 

that Egl associates specifically with oskar mRNA in comparison to other non-

localized transcripts. However, unlike what was expected, this association was 

only slightly higher than that with non-localizing transcripts. Furthermore unlike 

Dynein, Egl does not significantly co-localize with oskar mRNA at the posterior 

pole (Fig. 35). This suggests that the association of Egl with the oskar mRNP 

might not be stable. Whether Egl binds oskar mRNA directly remains to be 

determined. Despite of its weak association with the transcript, we found that 

depletion of Egl caused a severe delocalization of oskar mRNA in the oocyte. In 

addition, depletion of Egl also affected the localization of the microtubule motors, 

Dynein and Kinesin, as well as its interacting partner, BicD. A future goal will be 

to determine whether Dynein and Kinesin associate with quantitatively less oskar 

mRNA upon depletion of Egl. If so, this will indicate that Egl functions as a link 

between Dynein and oskar mRNA, similar to its role in localizing embryonic 

mRNAs.  

Egl, oocyte polarity and oskar mRNA translation  

Another interesting finding was that depletion of Egl affected the general 

organization of microtubules. The distribution of microtubule plus and minus ends 
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was significantly different between control and Egl depleted egg chambers. Plus 

ends when examined by EB1 staining were seen to accumulate throughout the 

oocyte (Fig. 39). Similarly, the distribution of minus ends visualized by ν-tubulin 

was also abnormal. Interestingly, we found that Egl depleted stage 7 oocytes did 

not show cortical restriction of minus ends as compared to control. As a result of 

this, the pattern of ν-tubulin staining in Egl depleted oocytes looked similar to that 

of the nurse cells (Fig. 39). Thus, one mechanism by which Egl might function in 

establishment of polarity is by restricting the enrichment of minus ends around 

the oocyte cortex. However, the exact role of Egl in this process is not known. It 

is worth knowing that Egl has been implicated in the stabilization and polarization 

of microtubules in the early stages of oogenesis. However, the mechanism by 

which it performs this function in the early egg chambers is also unknown (Mach 

and Lehmann 1997). 

Surprisingly, our studies demonstrated the involvement of Egl in the translational 

regulation of oskar mRNA. Depletion of Egl caused precocious translation of 

oskar mRNA throughout the oocyte. This suggests that Egl is somehow required 

for maintaining the translational repression of this transcript. The exact 

mechanism by which Egl functions to maintain this repression is not known. 

However, this function of Egl is independent of the motors. Although depletion of 

Dynein or Kinesin motors cause severe delocalization of oskar mRNA, similar to 

Egl, they do not produce any Oskar protein. One possible mechanism by which 

Egl can affect is process is by interacting with one of the known translational 

repressors of oskar mRNA, Me31B (Nakamura et al., 2001). Our preliminary 
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findings suggest that Egl associates with Me31B in vivo. Additionally, Egl 

colocalizes with Me31B around the perinuclear region of nurse cells.  We, 

therefore, hypothesize that Egl functions in the translational regulation pathway 

via Me31B. The exact role of Egl in this process will be examined in the future.  

In short, we have shown that the Dynein adaptor, Egl, is required for localization 

and translational regulation of oskar mRNA. Currently we do not know whether 

Egl functions to recruit the oskar transcript to the Dynein motor. However, 

independent of that, Egl functions to affect the localization of oskar mRNA by 

affecting microtubule polarity in the oocyte. Thus, even if oskar mRNA was still 

associated with Dynein in the absence of Egl, it would still be delocalized 

because of the grossly abnormal distribution of microtubules within Egl depleted 

oocytes.  

Significance of our work 

Our studies have provided new insights into the mechanism of oskar mRNA 

localization in Drosophila oocyte. Using the widely used polarity markers EB1 

and CLIP-190 for plus ends, and Υ-tubulin and Centrosomin for minus ends, we 

have extensively characterized the polarity of microtubules in the oocyte. This is 

an important finding because oocyte microtubules affect a number of key 

processes including mRNA localization, nuclear migration, and endocytosis (Kim-

Ha et al. 1991, Tanaka and Nakamura 2008, Zhao et al. 2012). Our findings 

about the polarized distribution of microtubules will thus provide a basic 

framework for further examination of these processes in the oocyte.  
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In additional, we have validated the use of shRNAs in Drosophila germ cells. 

Expression of these shRNAs along with a germ line restricted driver that is 

expressed after oocyte specification, provides both spatial as well as temporal 

regulation. This enables us to study the role of developmentally essential genes 

at later stages of oogenesis without affecting their role in the oocyte 

determination. We are also the first group to demonstrate in vivo association of a 

microtubule motor with its mRNA cargo in the oocyte. The field has mostly 

evolved by studying the motor-cargo interactions using genetic techniques. Using 

our expertise, we have been able to show that Dynein forms a part of the oskar 

mRNP using biochemical purification strategies.  

Finally, our studies have highlighted some important roles for Egl apart from its 

known embryonic function of coupling mRNAs to the Dynein motor. We show the 

involvement of Egl in affecting the organization of oocyte microtubules as well as 

reveal an important role for Egl in regulating the translational of oskar mRNA.  
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4. SUMMARY 
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oskar mRNA localization at the oocyte posterior is an important process in the 

development of the Drosophila oocyte and serves as an ideal system to study the 

process of mRNA localization (Kim-Ha et al. 1991, Gonsalvez and Long 2012). 

However, as is the case with most localized transcripts in animal cells, the 

molecular mechanism by which oskar mRNA localizes is poorly understood. It 

was previously shown that the localization of oskar mRNA requires microtubules 

and the microtubule motor Kinesin-1 (Kim-Ha et al. 1991, Brendza et al. 2000). 

Disruption of microtubules using microtubule-depolymerizing drugs such as 

colcemid causes severe delocalization of this transcript (Januschke et al. 2002).  

Although microtubules were known to be involved in the transport process, it was 

not clear whether transport of oskar mRNA required polarized microtubules. In 

our initial studies, we have characterized the polarity of microtubules in the 

oocyte using widely used microtubule plus-end markers, EB1 and CLIP-190 

(Galjart 2010). Our findings suggest that the posterior region of the oocyte is 

highly enriched in these dynamic plus-ends and appears to be devoid of minus-

ends. Thus, the oocyte displayed this polarization pattern at the posterior pole. 

However, in contrast to what was expected, we found that dynamic plus ends 

were not required for the posterior localization of oskar mRNA. Disruption of EB1 

and CLIP-190 from the posterior region did not show any defects in the 

localization of this transcript.  In fact, according to our findings, the posterior 

recruitment of dynamic plus-ends required Oskar protein. Although the exact 

mechanism by which Oskar protein recruits EB1 and CLIP-190 could not be 

determined, we showed Oskar protein mediated the formation of long actin 
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projections at the posterior, which were essential in recruiting these plus-ends. 

Further, we have shown that these plus-ends at the posterior are required for 

efficient endocytosis during mid to late oogenesis. 

After studying the cellular tracks on which oskar mRNA is transported, we turned 

out attention towards the motor proteins required for the actual movement of 

oskar mRNA towards the posterior. The primary motor required for oskar mRNA 

transport is the plus-end motor, Kinesin-1 (Brendza et al. 2000). This is 

consistent given the fact that oskar mRNA is localized at the posterior pole, a 

region which is highly enriched in microtubule-plus ends. One surprising finding 

was that another motor, Dynein, which is a minus-end motor, was also seen to 

co-localize with Kinesin-1 and oskar mRNA at the posterior pole (Li, McGrail et 

al. 1994). One hypothesis based on this funding is that Dynein functions along 

with Kinesin-1 in the posterior transport of oskar mRNA. In support of this 

hypothesis, it was found that although the movement of oskar mRNA particles 

were severely affected in khc null oocytes, some particles displayed active 

motility. This raising the possibility of that another motor might also be involved in 

the transport of oskar mRNA (Zimyanin et al. 2008). We hypothesized that 

Dynein functions as the additional motor in the posterior transport of this mRNA. 

Consistent with our hypothesis, we found that Dynein forms a complex with oskar 

mRNA in vivo. Although Dynein was suspected to be involved in the posterior 

transport of oskar mRNA for a long time, there was not a good way to study the 

function of Dynein in this process. This is because Dynein is involved in the 

oocyte specification process and loss of Dynein in the germ cells caused an 
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arrest in oogenesis and a failure to form mature egg chambers. To overcome this 

limitation, we used an shRNA mediated depletion strategy (Ni et al. 2011). We 

expressed shRNAs against Dynein heavy chain using a driver that specifically 

depleted Dynein from the germ cells, but only after the oocyte was specified. This 

enabled us to deplete Dynein from later stages without affecting its function in the 

oocyte specification process. Depletion of Dynein resulted in a significant 

delocalization of oskar mRNA from the posterior region.  Thus, our results 

indicate that posterior localization of oskar mRNA requires the function of both 

Kinesin as well as Dynein motors.  

Our findings suggest that Dynein is associated with oskar mRNA in vivo. Next we 

aimed to determine the role of Egalitarian (Egl) in the posterior localization of 

oskar mRNA. Egl is a well-characterized RNA binding protein, which has been 

previously shown to couple mRNA cargoes to the Dynein motor in Drosophila 

embryos (Dienstbier et al. 2009). Thus, based on its role in the transport of 

embryonic transcripts and its association with Dynein light chain in the oocyte 

(Navarro et al. 2004), we hypothesized that Egl is required for posterior 

localization of oskar mRNA. Consistent with the hypothesis, our data suggested 

that Egl associates with oskar mRNA in vivo. However, the association of oskar 

mRNA with Egl was only slightly higher than non-localizing mRNAs. Thus, 

although Egl associates with oskar mRNA, this association might not be very 

stable. Despite this, depletion of Egl from stage 10 oocytes caused a very severe 

delocalization of oskar mRNA. A future goal is to determine whether Dynein 

retains the ability to associate with oskar mRNA in the absence of Egl. However, 
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unexpectedly we found that Egl is required for maintaining the microtubule 

polarity of the oocyte. Depletion of Egl significantly affects the distribution of 

microtubule plus and minus ends. We hypothesize that this is one of the 

mechanisms by which Egl affects the localization of oskar mRNA in the oocyte. 

Lastly, we showed a novel function of Egl in mediating the translational 

repression of oskar mRNA. According to our data, in the absence of Egl, the 

delocalized oskar transcript is precociously translated throughout the oocyte. 

Thus, Egl somehow functions to maintain the translational repression of oskar 

mRNA during its transport. Based on our preliminary data, one possibility is that 

Egl associates with Me31B to translationally silence the oskar transcript. Me31B 

has been shown to function as a repressor of oskar mRNA translation 

(Nakamura et al., 2001). Studying the mechanism by which Egl functions in this 

pathway is a future interest of our lab. In brief, our data highlights some 

unexpected and novel functions of Egl in localization and translational regulation 

of oskar mRNA. 

Future perspectives 

Our lab is interested in studying the role of Egl in affecting the translation of oskar 

mRNA. Our data suggests that in the absence of Egl, oskar mRNA is no longer 

translationally repressed. Thus Egl is required for maintaining this transcript in a 

silent state. To study whether Egl associates with any of the translation factors, 

we immuno-precipitated Egl-GFP from ovarian lysates and we performed mass 

spectrometric analysis on the eluted samples. Our preliminary data shows that 

Me31B, a known repressor of oskar mRNA associates with Egl in vivo. 
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Additionally, Egl and its interacting partner BicD co-localize with Me31B at the 

perinuclear region of nurse cells during the early stages. Thus, we hypothesize 

that Egl affects the translational regulation of oskar mRNA via Me31B.  Me31B is 

shown to repress the translation of oskar mRNA by antagonizing the function of 

eukaryotic initiation factor (eIF4E), thus preventing the formation of translational 

initiation complex (Nakamura et al., 2001). Our lab is interested in examining the 

exact mechanism by which Egl is involved in this process.   
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