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Abstract 
 

Establishing Planar Cell Polarity in an Edgeless Epithelium 
 

By 
 

Katherine Ruth Lipari 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor David Bilder, Chair 
 
  In all animals, organ function is dependent on two major processes that happen in the 
very beginning of embryonic development: differentiation and morphogenesis.  In this 
study we focus on the process of morphogenesis, studying the planar cell polarity (PCP) 
pathway, a process that acts perpendicular to the apical-basal axis to orient the cell within 
the larger environment.  From the elongation and closure of the entire central nervous 
system during neural tube closure, to the subtle orientation of hairs on the skin of a 
mammal, PCP dictates gross morphological events by first polarizing subcellular 
structures.  Most of our knowledge about PCP derives from the Drosophila wing, where 
two well-characterized signaling pathways are currently known to regulate PCP: Fz/Vang 
PCP and Fat/Ds signaling. These two pathways have also been implicated in vertebrate 
PCP; despite vigorous investigation, there is a surprising paucity of data on how these 
pathways are shaping vertebrate organs, beyond the fact that they do.  One major 
limitation is that PCP has been most deeply studied in organs with a fundamentally 
different topology than the tubules that make up the majority of animal organs.  While 
planar polarization of proteins within the cells of the Drosophila wing align with the edge 
of the wing, causing elongation in the direction of polarization, vertebrate planar polarity 
proteins align perpendicular to later elongation and do not orient towards the edge of the 
tissue.  Indeed, vertebrate tubular organs do not have similar edges to dictate orientation; 
they are ‘edgeless’ tissues.  To study how planar polarization occurs in such structures we 
use the Drosophila egg chamber as a model.  This tissue undergoes planar polarization 
perpendicular to the axis of elongation – similar to other tubule elongation – and depends 
upon the Fat2 cadherin for planar polarization and elongation.  In this dissertation I show 
that planar polarization in this tissue is established early during development of the tissue 
– at the level of a few cells – by biased microtubule growth.  This bias is then propagated 
by rotation of the entire tissue to create planar polarization of the overlying extracellular 
matrix to establish a persistent orientation as the tissue grows.  I find novel genetic 
enhancers of the Fat2 mutant phenotype that identify genes involved in this early event 
and later morphogenetic events.  I also study what cells within the epithelium itself are 
necessary for this rotation to occur.  Overall, my thesis work has shown how planar 
polarization is established and propagated in edgeless tissues through tissue migration.
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Chapter One: Planar Cell Polarity in an Edgeless Epithelium 
 

 
  Katherine R. Lipari 
 
 
  ABSTRACT 
  Organ function in all animals depends upon the proper morphogenesis of 
epithelia during initial organ formation.  The transformation of a small group of 
cells into a patterned and elongated tubule depends upon persistent migration, 
division and intercalation along the long axis of the tubule, even as the tissue 
becomes steadily larger and more complex.  How the cells within these epithelia 
elongate along an axis defined in the earlier tissue depends on a phenomenon 
called planar cell polarity (PCP), known to be mediated by at least two signaling 
pathways.  The exact mechanism of signaling through these pathways has been 
extensively studied in the Drosophila wing and other ‘edged’ epithelia, where 
planar polarization occurs parallel to the axis of elongation where a boundary 
establishes axis information that is propagated throughout the growing tissue.  
However, many vertebrate organs are ‘edgeless’ tubules that – though 
dependent on PCP pathways – elongate perpendicular to the orientation of PCP.  
Transmission of PCP information along the length of this tubule cannot occur in 
the same direct cell-cell propagation from a source.  To address how tubule PCP 
establishment and propagation occurs I describe the model I have used: the 
elongating Drosophila egg, which is a tubular epithelium that depends on planar 
cell polarity to elongate.  I will study how this perpendicular PCP is first created, 
what signaling pathways control this PCP and what tissue can replace the ‘edge’ 
signal that is lacking in tubules.   
 
INTRODUCTION 
 
  “If you do not know where you come from, then you don't know where you are, 
and if you don't know where you are, then you don't know where you're going. 
And if you don't know where you're going, you're probably going wrong.” – Terry 
Pratchett 

Planar Cell Polarity Defined: Think Global, Act Local 
  Cells in a multi-cellular organism by definition do not exist in isolation.  They 
have neighboring cells that surround and define them.  Secreted signals, or 
adherence to the membrane next door can specify a cell to take on a novel fate, 
or to migrate with neighboring cells.  The entire study of development can be 
considered in terms of these two broad responses: fate and morphogenesis.  In 
this work we seek to understand one of the pathways that dictate the latter: 
Planar Cell Polarity (PCP).  This catch-all term simply means the process by 
which a cell knows how to orient subcellular organelles and proteins within the 
membrane with respect to the overall axes of the tissue.  It is how the cell ‘knows’ 
where it lies within the organ.  While a cell may take on an anterior cell fate, it is 
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of little consequence to that specification whether the most anterior end of the 
organism is to the right or left.  PCP, however, differentiates between these 
possibilities, a distinction that is critical for the eventual function of the entire 
tissue. 
  PCP orientation occurs at two levels.  Broadly, the entire tissue has 
specification of axes (Fig. 1.1A).  There is a proximal and a distal, or an anterior 
and a posterior end to the entire tissue.  However, cells respond to local cues, 
and unsurprisingly there exists a set of signals that are required for local 
communication, whereby a cell directly interacts with its neighbors to orient distal 
components to its neighbors’ proximal.  By combinations of direct neighbor 
interactions and global patterning cues, a cell can tell at which end it should grow 
a hair (Chang and Nathans 2013) or extend a filopodium (Phillips, Murdoch et al. 
2005).  These two cues – global and local – can be separately regulated: a cell 
may align properly with neighbors, but misalign with the global axis (Vladar, Antic 
et al. 2009).  In planar polarized tissues such as Drosophila wings, or vertebrate 
epidermis, this can result in ‘swirls’ within the planar cell polarity pattern, where 
hairs will locally align with neighbors, but with no acknowledgement of the overall 
axis (Aw, Heck et al. 2016).   
  Experimental results and convention have led to separation of PCP regulation 
into two PCP signaling pathways that dictate these local and global cues.  The 
Fz/Vang PCP pathway is often thought of as a local cue, while the Ft/Ds PCP 
pathway acts as a global cue (Thomas and Strutt 2012).  There are hints of 
global signals through Wnt in the Fz/Vang PCP pathway (Wu, Roman et al. 
2013) but it is local alignment that is strongly disrupted in these mutants.  Ft/Ds 
PCP leads to global differences in tension due to differences in adherence 
throughout the tissue (Aigouy, Farhadifar et al. 2010).  These two pathways will 
be described in greater detail later. 
 
Planar Cell Polarity and Disease 
  We can see the vital necessity of PCP in development upon examining the 
consequences of loss of PCP pathway components.  The earliest studied 
vertebrate PCP protein, disrupted in the mouse loop-tail (Lp) mutant, had neural 
tube closure defects (Greene, Gerrelli et al. 1998, Eddleston, Murdoch et al. 
1999) and was shown to be homologous to Drosophila Van Gogh (Vang).  Other 
novel mouse mutants with neural tube closure defects were shown to be also 
homologs to known Drosophila PCP proteins such as the mouse protein Celsr1, 
homolog of the Drosophila Flamingo (Curtin, Quint et al. 2003, Georgieva, 
Nikolov et al. 2003).  The defects ranged on a spectrum from the seemingly 
minor defect of a looped tail at one end to severe defects such as spina bifida 
and exencephaly.  Similarly, when scientists first began examining the function of 
the known Drosophila PCP protein Dishevelled in vertebrate models such as 
Xenopus laevis, it was found that this protein that controlled orientation of the 
wing hair in the fruit fly was required for polarized intercalation during gastrulation 
in the vertebrate (Wallingford, Rowning et al. 2000) a process that similarly 
depends upon planar polarization orientation of the tissue.  Further examination 
of other tissues within vertebrates has shown a reuse of PCP pathway proteins in 
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elongation of the cochlea of the inner ear (Montcouquiol, Rachel et al. 2003) – a 
tissue that elongates and narrows during development, and has specialized hair 
cells with stereocilia that planar polarize within the tissue – and the tubules of the 
kidney (Yates, Papakrivopoulou et al. 2010).  As Ft/Ds pathway PCP proteins 
have been examined in vertebrates, it has been found that all elongation of 
tubules is also disrupted upon loss of the global pathway in vertebrates (Saburi, 
Hester et al. 2008).  The defects seen in mutants in both pathways, ranging from 
mild to severe in the vertebrate seem to be the result less of changes in tissue 
specification than in tissue orientation.  Within the kidneys of PCP mutants, 
tubules widen, leading to cysts, by apparent misorientation of division (Karner, 
Chirumamilla et al. 2009, Lienkamp, Liu et al. 2012, Mao, Francis-West et al. 
2015, Schnell and Carroll 2016).  The neural tube does not undergo the 
narrowing needed for the neural folds to meet up along the midline, leaving gaps 
that cause spina bifida and craniorachischisis (Robinson, Escuin et al. 2012, Lei, 
Zhu et al. 2014).  The cochlea of the inner ear shortens and the stereocilia that 
are necessary for the detection of sound misorient from their alignment 
perpendicular to the elongating axis of the cochlea (Sipe, Liu et al. 2013).   
 
Planar Polarity Pathways 
  As mentioned above, genetic studies of how organs become planar polarized 
have discerned two major pathways that regulate this cellular behavior: the 
Fz/Vang PCP pathway (also known as the non-canonical Wnt PCP pathway), 
and the Fat/Ds PCP pathway.  These two pathways have certain thematic 
similarities, with planar polarization of specific components within the cells (with 
proximal and distal protein complexes); however, the mechanisms by which 
these pathways planar polarize are quite distinct.  The non-canonical Wnt PCP 
pathway consists of the proximal complex of Vang-Flamingo and the distal 
complex of Frizzled-Dishevelled-Flamingo (Fig. 1.2A).  The distal complex 
serves to generate actin-rich structures through regulation of downstream 
effectors such as Fritz, Fuzzy and Inturned (Lee and Adler 2002, Adler, Zhu et al. 
2004).  Distinct subcellular domains of proximal and distal are maintained by 
polarized trafficking of the proximal component Vang2 dependent upon the 
COPII component Sec24b (Merte, Jensen et al. 2010).  Loss of Sec24b leads to 
defective neural tube closure, a classic PCP defect (Yang, Zhou et al. 2013).   
The distinct domains of PCP proteins are also maintained by degradation of 
junctional PCP proteins (Strutt, Searle et al. 2013).  However, it is the 
intercellular interactions between the Fmi-Fz and Fmi-Vang complexes on 
neighboring cells (Fig. 1.2A) that allow propagation across cells: the crucial 
component of PCP (Strutt and Strutt 2007). 
  The Ft/Ds pathway in the Drosophila wing displays a planar polarization where 
Fat (Ft) and Dachsous (Ds) protocadherins form heterodimers preferentially 
along the distal cell boundaries (Matakatsu and Blair 2004, Casal, Lawrence et 
al. 2006, Ambegaonkar, Pan et al. 2012, Brittle, Thomas et al. 2012).  
Additionally, the global component to the Ft/Ds pathway is generated by 
opposing gradients of expression of the kinase Four-Jointed (Fj) and Ds with high 
levels of Fj expression at the distal end of the wing and high Dachsous proximally 
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(Hale, Brittle et al. 2015).  Fj phosphorylation of Ds causes a decrease in the Ds 
binding affinity for Ft (Brittle, Repiso et al. 2010, Simon, Xu et al. 2010).    It is 
thought that this global gradient in expression and adhesion causes a 
corresponding tension gradient across the wing that orients local PCP to realign 
with the proximal-distal axis (Jolly, Rizvi et al. 2014) (Fig. 1.2C). 
  However, all of these studies have been done in the Drosophila imaginal disc, 
an epithelial sheet where planar polarization is oriented along the axis of 
elongation.  The Ft/Ds and Fz/Vang pathways are known to be involved in 
elongation of tubular epithelia, but how these core modules act to orient in such a 
tissue is largely unclear (Vladar, Antic et al. 2009).  Evidence of a similar 
polarization in vertebrate epithelia exists (Vladar, Lee et al. 2015), but many 
components that planar polarize in the fly do not polarize in vertebrate organs 
(Wang, Hamblet et al. 2006). Indeed, localization of core module components 
parallel to the axis of elongation has not been observed in a tissue-type whose 
elongation is known to be PCP dependent, namely epithelia of tubules. 
 
Edgeless Epithelia: PCP in Tubule Epithelia 
   Polarization within an edged epithelium (Fig. 1.1B) has been studied for 
decades and there are many models for how the edges of an epithelium can 
polarize neighboring cells,  by secretion of ligands (Fig. 1.2D) or direct cell-cell 
contact (1.2E), and, via propagation of the signal, the entire epithelium (Vladar, 
Antic et al. 2009). However, classical PCP models are all in edged epithelia 
which exhibit polarity exclusively parallel to the tissue axis; it remains unclear if 
the PCP that occurs in tubules also uses the same system as flat epithelia (Fig. 
1.1C). In fact, most data point to perpendicular rather than parallel alignment of 
planar polarized structures in tubules (Montcouquiol, Rachel et al. 2003, Wang, 
Mark et al. 2005).  Within the cochlea, hairs align along the circumferential axis, 
perpendicular to the axis of elongation (Jones, Qian et al. 2014).  A striking 
example of PCP in valve formation indicates that PCP in this system causes 
alignment perpendicular to the long axis of the tubule (Tatin, Taddei et al. 2013).  
Perpendicular alignment seen in PCP-dependent valve and stereocilia formation 
is inconsistent with the parallel flat epithelial models of PCP thus far studied, 
suggesting that perhaps tubules undergo a different kind of PCP establishment. 
  To study how an ‘edgeless’ epithelium that develops PCP without the aid of 
classical Wnt PCP machinery we studied a beautifully simple model of a tubule 
epithelium: the developing Drosophila egg. 
 
Development of the Drosophila Egg  
  The fruit fly egg develops through a series of elaborate morphogenesis and 
differentiation events.  By the time that a mature egg is laid both the dorsal 
ventral and anterior posterior axes are already specified.  This patterning is the 
result of interactions between the germline cyst, specifically the oocyte and the 
position of its nucleus, as well as the somatic follicle that covers it.  Let us track 
this development to show not only how this beautiful patterning works, but also 
the crucial role that morphogenesis plays in each step. 



5	  

  All follicles are initially derived in a structure called the germarium (Fig. 1.3D).  
The germarium is the stem cell niche of the ovary, with germline stem cells at the 
most anterior tip (Fig. 1.3D, orange), where signals from the surrounding cap 
cells maintain germline stemness (Xie, Song et al. 2008).  These germline stem 
cells divide to give rise to daughters that will undergo four rounds of incomplete 
cleavage to create a cyst (Fig. 1.3D, gold).  One of these daughters – one of a 
pair that participated in all four rounds of division and therefore have four ring 
canals (actin rich ring remainders of the incomplete cleavage that allow transport 
of materials between the cells of the cyst) – will take on the fate of the oocyte 
following transport of oocyte specific mRNAs and proteins by the microtubule 
dependent transportation system of Egl/BicD (Mach and Lehmann 1997).  This 
cyst will also pass through the regions of the germarium as it divides and 
develops, from region 2a (Fig. 1.3D, blue) where it will be surrounded by 
somatically derived sheath cells, to region 2b (Fig. 1.3D, red) where it will take 
on the shape of a lens as it sheds the sheath cells and passes between the 
somatic stem cells (Fig. 1.3D, light blue).  It will at this point be encapsulated by 
the follicle epithelium derived from these stem cell pairs.  These somatic stem 
cells are located at opposite sides of the germarial equator from each other, and 
exchange positions as they divide and give rise to daughter cells (Nystul and 
Spradling 2007).  The daughter cells originally derived from the somatic stem cell 
give rise to two distinct types, the somatic follicle cells that will cover the surface 
of the cyst, taking on the distinct chicken-wire cell shape of epithelia, and a 
second cell line that gives rise to the polar cells (Fig. 1.3E,dark green) and stalk 
cells (Fig. 1.3E, yellow) (Tworoger, Larkin et al. 1999).  This second group will 
localize to the poles of the developing follicle, with polar cells in direct contact 
with the most anterior and posterior tips of the completely encapsulated cyst.  
The stalk cells will divide and intercalate to create first a two then one-cell wide 
connection between the then completely encapsulated cyst – now a stage one 
follicle – and its siblings.  The anterior-posterior axis is specified at this time by 
differential adhesion between the polar cells and their neighbors.  E-cadherin is 
expressed in both the now-specified oocyte and in the most posterior polar cells 
in the encapsulating epithelium.  Homotypic binding between these cadherins 
results in adhesion between the oocyte and polar cells and creates the anterior 
posterior axis of the follicle with the oocyte at the posterior end.  Germline 
mutants in the fly E-cadherin shotgun (shg) have oocytes that are randomly 
placed due to loss of this differential adhesion (Godt and Tepass 1998, 
Gonzalez-Reyes and St Johnston 1998).  Thus the interplay between the oocyte 
and the polar cells together specifies an entire axis of the future embryo.  These 
shg mutants also show that specification of later structures in the somatic follicle 
epithelium is dependent upon the oocyte position, as moving the oocyte position 
within the cyst moves corresponding posterior structures. 
  The stage one follicle is entirely enveloped by somatic epithelium, but it is not 
immediately separated from the germarium.  It is not until the collagen shell that 
covers the germarium pinches in between the anterior end of the budding follicle 
and the anterior stalk that the follicle is physically separated (King and Vanoucek 
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1960).  From this point onward the follicle develops apparently independently of 
its siblings, encapsulated completely in the collagen shell. 
  The follicle now progresses through the division stages of development, with the 
follicle epithelium dividing rapidly as the cyst grows.  Stages 2-5 show no 
apparent changes in patterning – other than loss of expression of germline 
markers such as FasIII or Upd in all but the polar cells – and no obvious 
morphological differences as the follicle grows isotropically (Fig. 1.3C).  
However, upon transitioning to stage 6 (Fig. 1.3E) several key changes occur.  
Inside the cyst the oocyte nucleus begins to migrate towards the anterior 
(Neuman-Silberberg and Schupbach 1993).  The location of this nucleus – which 
will eventually settle at the most anterior end of the oocyte, abutting the epithelial 
side of the oocyte – dictates the dorsal ventral axis.  This is the second major 
symmetry-breaking event of the follicle’s life as it creates he dorsal-ventral axis 
as well.  Notch signaling at the end of stage 6 also causes the follicle epithelium 
– which had previously been undergoing rapid division – to halt division and 
begin to endocycle to amplify the genes required for eggshell formation (Lopez-
Schier and St Johnston 2001, Schaeffer, Althauser et al. 2004, Shcherbata, 
Althauser et al. 2004).  Delta ligand in the germline signals to the surrounding 
follicle to induce a switch from division to endocycling (Lopez-Schier and St 
Johnston 2001).  Finally, the follicle at stage 6 also undergoes PCP-dependent 
elongation and rotation. 
 
PCP in the Drosophila Follicle 
  The follicle is at first perfectly spherical, and remains spherical until stage 6 at 
which time the AP axis begins to lengthen (King and Vanoucek 1960, Brown and 
King 1964, Koch and King 1966, Lin and Spradling 1993).  This preferential 
change in aspect ratio is maintained for the remainder of follicle development, 
giving rise to a mature egg elongated 2.5 fold along the AP axis (Horne-
Badovinac and Bilder 2005, Bilder and Haigo 2012).  Mutants that disrupt this 
elongation of the developing follicle give rise to round mature eggs, identifying 
what are referred to here as “round egg genes”. 
  Egg/follicle elongation is dependent on a novel form of planar polarization.  At 
the basal side of the follicle epithelium there is a PCP network of actin fibers that 
aligns perpendicular to the AP axis (Gutzeit 1990, Haigo and Bilder 2011).  
External to the follicle is also a PCP extracellular matrix running parallel to the 
actin fibers (Haigo and Bilder 2011).  In the ‘Molecular Corset’ model of follicle 
elongation, this PCP actin acts either by contractility or remodeling of the 
extracellular matrix (ECM), to lend increased resistance to outward growth save 
towards the poles. Many known round egg genes have a role at some level in 
ECM structure or regulation.  Proteins involved in physically linking the ECM to a 
cell’s cytoskeleton such as Dystrophin, Dystroglycan or Integrin all give rise to 
round eggs (Fig. 1.5).  Mutations in genes that code for ECM components Viking 
(Vkg) and Laminin (LanA) also give rise to round eggs.  Proteins that are known 
to be necessary for secretion or modification of ECM components such as Crag 
or Rab10 also give rise to round eggs and follicles.  However there is a second 
category of known round egg mutations that have been shown to exhibit 
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disruption or misalignment of follicle PCP (Bateman, Reddy et al. 2001, Frydman 
and Spradling 2001, Conder, Yu et al. 2004, Conder, Yu et al. 2007, Denef, Chen 
et al. 2008, Viktorinova, Konig et al. 2009, Horne-Badovinac, Hill et al. 2012).  
Two of these effectors Fat2 and dLar, have large extracellular domains to 
potentially interact with ECM as well, but the internal mispolarization suggests a 
role for these proteins in planar polarity within the cell.  Additionally these 
components have been shown to polarize within the tissue.  However, the 
pathway that dictates the polarization of these effectors is largely unknown. 
  The Fz/Vang pathway does not appear to control this novel form of planar cell 
polarity and indeed there is only one core regulator of follicle PCP known: a Fat-
like protocadherin, Fat2 (Viktorinova, Konig et al. 2009).  Mutants in fat2 produce 
perfectly round mature eggs and round follicles.  Staining of basal actin in fat2 
mutants shows that basal actin is globally misaligned, demonstrating a crucial 
role for Fat2 in PCP.  The extracellular matrix in fat2 – as opposed to the strong 
planar polarization observed in wild-type follicles – has random deposition of 
extracellular matrix, with no supracellular vkg fibrils like those observed in normal 
elongated follicles. While neither Fat nor Dachsous – the core members of the 
Ft/Ds pathway – appear to have any role in elongation (Viktorinova, Konig et al. 
2009), there is the possibility that downstream members of the Ft/Ds pathway 
might be involved in elongation, but how Fat2 could signal to these pathway 
members is unknown.  The conservation between Fat2 and Fat is almost entirely 
in the extracellular domain, with the only region of sequence conservation in the 
intracellular domain being the Fat dco-interacting domain (Castillejo-Lopez, Arias 
et al. 2004, Matakatsu and Blair 2012, Pan, Feng et al. 2013).  This lack of 
conservation leaves Fat2 as a PCP protein without a pathway. 
  Vertebrate studies lend credence to the idea that downstream pathway 
components of Ft/Ds might interact with Fat2.  The vertebrate homologs of Fat2 
are Fat1, Fat2, and Fat3 while Fat4 is the homolog to Drosophila Fat.  Loss of 
one of these three homologs gives mild to moderate defects in kidney formation, 
but loss of any of these copies in combination with Fat4 gives extraordinarily 
severe defects in cochlea formation, neural tube closure and kidney tubule 
formation (Saburi, Hester et al. 2012, Badouel, Zander et al. 2015).  Currently it 
is believed that the kidney defects seen in Ft/Ds pathway mutants are due more 
to the size control aspect of this pathway than planar polarity (Mao, Francis-West 
et al. 2015).  However, the kidneys in these Fat4/Fat1/2/3 mutants are not just 
smaller, but improperly shaped, implying that the role of these Fat2 homologs 
might be more tubule morphogenesis during elongation than growth.  This is also 
in keeping with what has been seen in the fly, with the defects in Fat2 eggs being 
those of cell positioning rather than number (Chen, unpublished results).  Could 
these vertebrate Fat2 proteins all have a role in tubule elongation? 
  To address how these Fat2 proteins may be dictating PCP I have in this study 
examined first in Chapter Two the nature of the follicle PCP itself, when does it 
begin and what establishes the bias of planar polarity.  I have then gone on in 
Chapter Three to search for genes that could potentially interact with Fat2 by 
performing an enhancer screen, allowing us to get closer to the molecular 
mechanism by which Fat2 acts to polarize an entire tubule.  Finally in Chapter 
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Four I have used both a genome-wide RNAi screen and tissue targeted studies 
to determine the nature of the cue that first establishes an axis of rotation in the 
developing Drosophila follicle.  These studies have shed light on how a tiny initial 
bias within the germarium of the Drosophila ovary can be propagated and 
maintained by a polar cell axel to create planar polarization within the maturing 
tubule. 
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Figure 1.1 Planar Cell Polarity in development. (A) Axis information dictates 
organelle localization within each cell in the epithelium through Wnt PCP or Ft/Ds 
PCP, giving rise to actin-rich protructions at one side of each cell and cell shape 
changes. (B) Orientation in flat ‘edged’ epithelia is parallel to axis of elongation 
pointed in the direction of the edge of the tissue.  (C) Orientation of PCP in tubule 
‘edgeless’ epithelia is perpendicular to the axis of elongation and circumferential. 
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Figure 1.2 PCP models of propagation and signaling pathways. (A) Fz/Vang 
(Wnt) PCP pathway, Fmi/Vang/Pk complex localizes to the proximal side of each 
cell, Fmi/Fz/Dsh/Dgo localizes to the distal side and promotes actin 
polymerization through RhoA.  (B) Ft/Ds PCP pathway.  Ds has a whole tissue 
gradient of expression and an opposing gradient of the fj kinase gives rise to 
global differences in tension. (C) Tissue Tension model of global PCP formation 
where orientation is aligned towards the hinge where tension is high.  (D) 
Secreted Morphogen model of global PCP where secreted ligand from either 
edge of the tissue orients the neighbors. (E) Cell-cell interactions model of PCP 
propagation where orientation is relayed from one cell to its neighbor by 
reorientation of distal components (blue) upon contact with proximal components 
(yellow) on the neighbor’s membrane. 



12	  

 

	  



13	  

Figure 1.3 Drosophila ovary and follicle anatomy. (A) Diagram of an adult 
female Drosophila melanogaster with ovaries marked in magenta. (B) Diagram of 
adult ovary with germaria at anterior tip and mature eggs posterior towards 
oviduct, a single ovariole removed from ovary. (C) Diagram of ovariole with 
germarium (stem cell niche) on left and progressively more mature follicles to 
mature stage egg (farthest right). (D) Diagram of germarium. (E) Diagram of 
elongating stage 6 follicle with germ (gold) and somatic follicle (light green), polar 
cells (dark green) and the anterior/posterior stalks (yellow). 



14	  

 
 

	  



15	  

Figure 1.4 Follicle PCP. (A) Cross-sectional diagram of a stage 6 follicle with 
somatic epithelium (green) surrounding the germline (orange) composed of nurse 
cells and oocyte (arrow) with nuclei (blue).  (B) DV axis wedge of the follicle 
shows basal actin and ECM planar polarized perpendicular to AP axis, in the 
same direction as whole tissue migration.  (C) Orientation of components at the 
basal surface of the follicle epithelium. Rab10 (yellow) and Fat2 (blue) polarize to 
the trailing end of the migratory follicle.  Filopodia are at the leading edge of the 
migratory follicle.  Basal MTs (green), basal actin (red) and Collagen/Laminin 
fibrils planar polarize perpendicular to the AP axis. 
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Figure 1.5 Round egg genes. Fat2, an atypical cadherin, dLar a receptor 
protein tyrosine phosphatase, Laminin and Collagen are components of the ECM 
composed of complexed monomers that bind to integrins and in the case of 
Laminin, dystroglycan.  Dystroglycan links the ECM to the cytoskeleton through 
interactions with dystrophin.  Rab10 regulates the trafficking of vesicles 
containing ECM components. 
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Chapter Two: Symmetry-breaking in an edgeless epithelium by Fat2-
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ABSTRACT 
 
Planar cell polarity (PCP) information is a critical determinant of organ 
morphogenesis.  While PCP in bounded epithelial sheets is increasingly well-
understood, how PCP is organized in tubular and acinar tissues is not.  
Drosophila egg chambers (follicles) are an acinus-like ‘edgeless epithelium’ and 
exhibit a continuous, circumferential PCP that does not depend on pathways 
active in bounded epithelia; this follicle PCP directs formation of an ellipsoid 
rather than a spherical egg. Here we apply a novel imaging algorithm to ‘unroll’ 
the entire 3D tissue surface and comprehensively analyze PCP onset.  This 
approach traces chiral symmetry-breaking to plus-end polarity of microtubules in 
the germarium, well before follicles form and rotate.  PCP germarial microtubules 
provide chiral information that predicts the direction of whole-tissue rotation as 
soon as independent follicles form.  Concordant microtubule polarity, but not 
microtubule alignment, requires the atypical cadherin Fat2, which acts at an early 
stage to translate plus-end bias into coordinated actin-mediated collective cell 
migration.  Because microtubules are not required for PCP or migration after 
follicle rotation initiates, while dynamic actin and extracellular matrix are, 
polarized microtubules lie at the beginning of a handoff mechanism that passes 
early chiral PCP of the cytoskeleton to a supracellular planar polarized 
extracellular matrix and elongates the organ. 
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INTRODUCTION 
Animal organs undergo development not in isolation, but in the context of global 
body axes that form in the early embryo.  The process of planar cell polarity 
(PCP) allows organogenesis to occur with reference to these axes.  In PCP, cells 
acquire a common subcellular organization within the plane of the often epithelial 
tissue. PCP organization involves two features: alignment with respect to a given 
axis, and a polarized orientation along this axis. This organization allows 
coordinated morphogenesis with respect to anterior-posterior, dorsal-ventral, or 
proximal-distal elements of the body plan (Zallen 2007, Gray, Roszko et al. 2011, 
Wallingford 2012).  Our understanding of PCP in morphogenesis comes almost 
exclusively from tissues that approximate flat sheets, and are generally treated 
as bounded.  In paradigmatic tissues such as Drosophila wing, notum, eye and 
abdomen, PCP is organized by gradients of factors that specify global directional 
cues within the epithelium (Vladar, Antic et al. 2009, Goodrich and Strutt 2011, 
Singh and Mlodzik 2012).  However, many organs contain tubular and acinar 
structures whose topology can be considered, in part, unbounded, and in which 
similarly localized sources of cartographic information may not be present.  PCP 
around the circumference of these ‘edgeless epithelia’ is likely to involve distinct 
mechanisms of organization.  
 
The Drosophila egg chamber (also called the follicle) is an acinar tissue that 
exhibits a non-canonical form of PCP (reviewed in (Haigo and Bilder 2011, 
Cetera and Horne-Badovinac 2015)).  This PCP is seen within the ‘follicle 
epithelium’ that encases the germline.  Like paradigmatic PCP tissues, the follicle 
epithelium exhibits polarized cytoskeletal organization that is coordinated 
between cells.  Basal F-actin filaments align within each follicle cell around the 
circumference of the tissue, perpendicular to the A-P axis.  Alignment of 
microtubules can also be seen, as well as of fibril-like structures of extracellular 
matrix in the basement membrane.  This organization drives a coordinated 
collective cell migration that leads the entire tissue to rotate circumferentially in a 
PCP fashion around the A-P axis.  In a further parallel to many PCP tissues, 
follicle PCP drives A-P tissue elongation, changing shape of the growing egg 
chamber from an initial sphere to the distinctively ellipsoid egg.  However, unlike 
paradigmatic PCP tissues that are polarized toward specific tissue boundaries, 
follicle PCP is continuous around the circumference of the tissue. Moreover, 
follicle PCP does not rely on Fat/Ds or Fz/Vang, the two major signaling 
pathways that direct PCP in bounded tissues (Bastock and Strutt 2007, 
Viktorinova, Konig et al. 2009). 
 
While mechanisms controlling tissue rotation continue to be elucidated, how PCP 
symmetry in the follicle is broken, and how this directs coordinated cellular 
motility of the tissue remains unclear.  In this work we identify the earliest sign of 
PCP in the follicle and show that chiral polarity of MTs in the follicle precursors, 
rather than the follicle itself, is regulated by the atypical cadherin Fat2 and sets 
the template for subsequent PCP organization, tissue rotation, and organ 
elongation. 
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RESULTS 
PCP rotation begins immediately following follicle budding 
In order to investigate the origins of follicle PCP, we sought to examine its initial 
stages.  Follicles form in region 3 of the germarium, where ~30 progeny of 
somatic stem cells residing in region 2b surround a germline cyst and establish a 
contiguous epithelium (Fig. 2.2) (Nystul and Spradling 2010).  This structure, 
also called a stage 1 follicle, then progresses through 13 additional 
developmental stages to create a mature egg (Spradling 1993).  Our previous 
work described robust rotation at stage 5 but did not identify the time when it 
initiates(Haigo and Bilder 2011).  Live imaging demonstrates that follicles rotate, 
perpendicular to the A-P axis and with a stable chirality, shortly after they are 
formed (Fig. 2.1A; Supplemental Movie 1). Cetera et al. (Cetera, Ramirez-San 
Juan et al. 2014) were first to report early follicle rotation, placing it at st. 1; we do 
not detect consistent axial movement at this stage.  However, rotation was seen 
reliably at stage 2, after the stalk completes budding of the follicle from the 
germarium (Fig. 2.1A-F).  We live-imaged the stage 1 to stage 2 transition and 
compared the timing of rotation initiation to the production of the follicle basement 
membrane (BM) over which the epithelial cells move.  BM surrounds the stage 1 
follicle at all regions except the anterior pole; BM is deposited in this region 
during stage 2 to isolate the follicle from the anterior stalk cells (Fig. 2.1D).   
Follicles in which Collagen IV  (assessed by an α2 chain (Flybase:Vkg)-GFP 
fusion protein) was not detected between the epithelium and the anterior stalk did 
not progressively rotate, but 92% (n=12) of follicles with continuous anterior 
Collagen IV-GFP rotated (Fig. 2.1D-F).  Once initiated, the absolute speed of 
rotation increased over time, from 0.2 µm/min at stage 2 to 0.5 µm/min at stage 6 
(measured at the equator, Fig. 2.1B).  Interestingly, while rotation speed 
increased, the angular velocity of rotation was much less changed, 
approximating 40 degrees/hour from stage 2 to stage 6 (Fig. 2.1C).  As follicles 
rotate with a determined alignment and orientation from the time that they first 
become isolated from external cells, the PCP symmetry-breaking that directs 
rotation must originate prior to follicle formation. 

 
Alignment of microtubules and actin precede PCP rotation 

To identify the earliest molecular sign of follicle PCP, we examined the 
germarium, including stage 1 follicles, for proteins known to show PCP 
organization at later stages.  An obstacle to comprehensive quantitative analysis 
of the germarium is its architecture.  Like many tubular and acinar tissues, the 
germarium and early follicle have highly curved surfaces.  Confocal sections of 
such tissues capture only the tangential fraction of the epithelial plane, while 
volumetric projections provide 3D visualization but not quantification along the 
curved surface; moreover, these approaches overrepresent the equator and miss 
the poles (Fig. 2.3A). To comprehensively and accurately assess PCP in the 
follicle epithelium, we employed a newly-developed imaging algorithm that can 
accurately analyze the surfaces of contoured objects.  This algorithm, ImSAnE 
(Imaging Surface Analysis Environment), extracts the plane of the epithelium 
from three-dimensional stacks and projects it two-dimensionally; projections can 
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be chosen to maintain area or orientation, while geometric observables, generally 
distorted in projections, can be correctly quantified using built-in correction 
methods (Fig. 2.3B) (Heemskerk and Streichan, 2015).	   Nematic order 
parameters (S, see Experimental Procedures), as well as angle of orientation to 
axes with standard deviations can then be automatically assessed. Values for 
PCP elements along the entire basal surfaces of the large stage 6 follicles 
correspond to those previously published (Fig. 2.3C) (Viktorinova and Dahmann 
2013, Cetera, Ramirez-San Juan et al. 2014).  Using ImSAnE, we confirmed the 
high degree of F-actin alignment in region 2b first reported by Frydman (Fig. 
2.3D-F) (Frydman and Spradling 2001).  Notably, MTs are also strongly aligned 
in this region, with order parameters that parallel those of F-actin (Fig. 2.3E-F).  
Alignment of both actin and MTs is reduced but not lost as the follicle forms.  
Nematic order parameters, which are > 0.9 at stage 1, drop below 0.8 during 
stage 4 before recovering to 0.9 at stage 5; the standard deviation of nematic 
angles increases when order parameters drop.  By contrast to cytoskeletal 
elements, we were unable to detect polarized organization of Rab10, Msn, or 
Ena in the germarium (Lerner, McCoy et al. 2013, Lewellyn, Cetera et al. 2013, 
Cetera, Ramirez-San Juan et al. 2014). These data emphasize that coordinate 
alignment of the cytoskeleton precedes PCP rotation as well as PCP 
organization of several other molecular markers.	  
 
MTs are required in the germarium prior to PCP rotation 

To assess the functional role of early cytoskeletal organization in follicle 
PCP, we employed genetic and chemical approaches.  A forward genetic screen 
using transgenic RNAi expression specifically within the somatic gonad 
(unpublished results) identified several cytoskeletal regulators whose knockdown 
induced defects in follicle elongation.  As expected from actin’s well-established 
role in cell motility, these included regulators of actin organization.  Disrupting 
dynamic actin by knocking down the SCAR complex regulators Hem (also known 
as Kette/NAP1) or Abi throughout follicle development prevents rotation and 
leads to round eggs (Fig. 2.4E, Fig. 2.5 (Cetera et al., 2014; Chen et al., 2014)).  
Sra-1 depletion had a similar effect, although it displayed a more general 
disruption of cortical F-actin that hindered analyses of molecular PCP. Acute 
chemical inhibition using the Arp2/3 inhibitor CK-666 demonstrated that Arp2/3-
initiated actin polymerization is required during stages 1-5 for PCP follicle rotation 
(Fig. 2.4E) (Cetera et al., 2014). 

Knockdown of the MT stabilizing protein CLASP (Flybase: Chromosome 
Bows) caused a potent loss of MT bundles, with minor effects on the formation of 
F-actin filaments, in both germaria and stage 1 follicles (Fig. 2.4A, B).  Strikingly, 
CLASP-depleted follicles failed to rotate and gave rise to round follicles with 
mispolarized F-actin, as well as later to round eggs (Fig. 2.4B-D). Disrupting MTs 
by overexpressing the MT-severing protein Spastin also induced round eggs (not 
shown). Moreover, conditional RNAi expression revealed that CLASP knockdown 
after stage 3 slows but does not prevent rotation (Fig. 2.4E) and leads to only 
mildly round eggs (Fig. 2.4F).   We confirmed these data by using chemical 
inhibitors.  When monitoring follicles from colchicine-fed flies, we found that no 
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stage 2 follicles initiated rotation (Fig. 2.4E).  However, follicles that were at 
stage 3 and later when colchicine feeding commenced continued to rotate on-
axis, albeit at a slower rate (Fig. 2.4E) (Viktorinová and Dahmann, 2013). These 
data suggest that, while MTs are not required for cell motility driving follicle 
rotation per se, they are required at stage 1-2 to initiate it.    

 
Germarial Fat2 regulates both rotation initiation and maintenance but not 
cytoskeletal alignment 
Since MTs are required to initiate PCP follicle rotation, we considered potential 
regulators of germarial PCP organization.  The atypical cadherin Fat2 is required 
to initiate rotation (Cetera et al., 2014) and for egg elongation and cytoskeletal 
PCP, but its role in the latter has been largely inferred from phenotypes seen ~16 
hours after rotation has initiated (Viktorinova et al., 2009; 2011). We identified 
RNAi lines that knockdown fat2 either strongly or mildly; the strong knockdown 
line phenocopies the fat2 null phenotype with 100% penetrance (Fig. 2.7).  We 
examined strongly fat2-depleted germaria and found that they failed to rotate at 
stage 2, despite stalk and basement membrane morphogenesis comparable to 
WT, and shortly after this stage, PCP organization fails to align (Fig. 2.6A-B, 
Supplemental Movie S2). To define the requirements for Fat2 in initiation and 
maintenance of follicle rotation, we employed conditional knockdown, with the 
limitation that we were unable to directly assess the completeness of Fat2 
depletion. When follicles raised at permissive conditions and initiating rotation 
were shifted to knockdown fat2 at st. 3 and following, they slowed rotation within 
8 hours and arrested after 12 hours; the resultant eggs showed substantial 
elongation defects.  If fat2 was instead knocked down prior to stage 3, follicles 
always failed to rotate and gave rise to round eggs, even when shifted to 
permissive conditions that terminated fat2 knockdown for the remaining 40 hours 
of oogenesis (Fig. 2.6C,D).  These results indicate an absolute requirement for 
Fat2 in both rotation initiation as well as maintenance, as well as elongation, 
following st. 2.  Despite this, we found no significant changes in the 
circumferential alignment of either actin or MT in fat2-depleted or null as 
compared to WT germaria (Fig. 2.6A, B).  Thus, Fat2 regulates rotation by a 
mechanism that is independent of germarial cytoskeletal alignment. 
 
Fat2-regulated microtubule polarity in the germarium predicts follicle PCP 
chirality 

To explore this mechanism, we took advantage of the mild fat2 RNAi line 
to test genetic interactions. Knockdown of fat2 using the mild line gives a 
moderately penetrant round egg phenotype: ~20% of laid eggs are round (Fig. 
2.6E).  This is a sensitized background, as heterozygosity for fat2 enhances this 
phenotype to over 80%.  Remarkably, heterozygosity for CLASP causes a similar 
degree of enhancement: over 80% of eggs laid by such females are round. This 
result suggests that Fat2 regulates follicle elongation through close functional ties 
to the MT cytoskeleton. 

The intimate and essential roles of both Fat2 and MTs in initiating follicle 
rotation prompted us to examine early MT organization more closely.  Since Fat2 
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did not regulate germarial MT alignment (Fig. 2.6A, B), we instead evaluated the 
polarized organization of the MTs.  MTs have an intrinsic polarity, with a fast-
growing + end and a slow-growing – end. We used the + end tracking protein 
EB1 to assess the polarity of the aligned MTs within live stage 1 follicles (Fig. 
2.6F, Supplemental Movie S3), and calculated a bias parameter in which 0 
represents unbiased MT+ end growth, while 1 represents all MT+ ends growing 
in the same direction.  Interestingly, this analysis revealed a significant (p<0.003) 
bias in the chirality of MT + end growth, and nearly 2/3 of germaria displayed a 
bias of 0.2 or greater  (Fig. 2.6G).  Moreover, the chirality of this MT bias was not 
identical in all stage 1 follicles.  With respect to the ovariole A-P axis, the ratio of 
dextral (clockwise) to sinistral (counter-clockwise) MT +end biases seen in 
follicles prior to rotation was ~50%(Fig. 2.6H).  This corresponds to the ratio of 
chiralities of rotation seen in later stage follicles (Fig. 2.6H).  To determine the 
relationship between MT bias at stage 1 and chirality of rotation once it initiates 
at stage 2, we carried out live imaging on EB1-expressing budding follicles.  Of 
follicles that remained healthy throughout imaging, 7 of 8 showed a, germarial 
MT bias exceeding that of fat2, and 100% of these later rotated with a chirality 
opposite to their earlier +-end bias (n=7; p<0.01) (Fig. 2.6I, Supplemental Movie 
S4).  Strikingly, despite the fact that MT bundles in fat2 mutant follicles retain 
PCP alignment at stage 1, their biased orientation was lost, with MT + end 
organization randomized  (Fig. 2.6G). These results indicate that Fat2 acts in the 
germarium to organize MT chirality, and suggest that polarity of MT in the 
developing proto-follicle is the symmetry-breaking event that sets subsequent 
PCP including the direction of rotation after organ formation.	  
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DISCUSSION  
In this work we identify a central symmetry-breaking role for microtubule polarity 
in PCP of an ‘edgeless’ epithelial organ.  MTs are the earliest PCP molecule 
during follicle development, germarial MT polarity predicts the chirality of 
subsequent follicle PCP events, and disruption of either MT alignment or polarity 
in the germarium prevents all subsequent aspects of follicle PCP, including the 
coordinated cell motility that initiates follicle rotation.  These requirements for 
MTs are not due to secondary effects on actin, which retains its organization in 
germaria with disrupted MTs.  Importantly, unlike actin, which is required acutely 
and constantly for collective cell migration, MTs are not strictly required for follicle 
cell motility once rotation has initiated.  We therefore propose that MTs provide 
the initial source of PCP information in the early follicle, and that actin, through its 
role in promoting tissue rotation, serves to amplify and propagate PCP.   
 
Our data demonstrate that the MT polarity bias in the forming follicle predicts the 
chirality of PCP tissue rotation that initiates ~10 hours later.  It was recently 
reported that, in st. 4 follicles, MT + end orientation anticorrelates with rotation 
direction at st. 7 (Viktorinová and Dahmann, 2013).  However, in that work, stage 
4 and earlier follicles were thought to represent pre-rotation stages, contrary to 
our identification here of rotation initiation at st. 2 and that of Cetera et al. (2014) 
who place it at st. 1. Since both MT alignment and polarity are present in the 
germarium, the st. 5 correlation is not predictive and reflects pre-existing PCP 
information rather than revealing its source.  In the absence of an independent 
and direct manipulation of MT + end orientation, we cannot conclusively state 
that the MT polarity that we document in the germarium is instructive for 
rotational direction.  Nevertheless, the strong correlation between this chirality 
and the subsequent direction of follicle rotation, along with disruption of both in 
the absence of fat2, point to a model in which coordination of MT polarity in cells 
across the follicle is required for a unidirectional consensus amongst individual 
motile cells to initiate productive rotation.  	  
 
Our data thus suggest that the atypical cadherin Fat2, a key regulator of follicle 
PCP, rotation, and elongation, acts through effects on early MT polarity. Through 
analyses of middle stages of follicle development, it has been argued that Fat2 
regulates global PCP alignment of the cytoskeleton, as does the canonical PCP 
regulator Fat in the developing Drosophila wing (Harumoto et al., 2010; Matis et 
al., 2014; Olofsson et al., 2014; Viktorinova et al., 2009; 2011).  However, in fat2 
germaria, actin and MT alignment are maintained; it is coordinated MT polarity 
that is lost. These phenotypes, along with its strong genetic interaction with 
CLASP, argue that Fat2 promotes rotation initiation and follicle PCP via its 
effects on MT polarity.  We have not excluded an additional role in actin 
regulation other than polarized alignment; the requirement for Fat2 and actin but 
not MTs to maintain rotation, as well as the direct binding of actin regulators by 
vertebrate Fat1, a possible ortholog of Drosophila Fat2 (Moeller et al., 2004; 
Tanoue and Takeichi, 2004), suggests such a role. Moreover, while this work 
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was in revision, Squarr et al. (2016) showed that Fat2 can directly influence the 
actin cytoskeleton via binding to the WAVE complex. 
 
As with PCP in the developing Drosophila wing disc (Matis et al., 2014; Olofsson 
et al., 2014; Shimada et al., 2006), the initial PCP bias provided by MT polarity 
within the early follicle precursors is mild, but becomes more robust as 
organogenesis progresses.  A mechanism for amplification in the follicle involves 
whole-tissue rotation.  Preventing rotation by disrupting actin or integrins causes 
a rapid loss of all PCP organization primed in the germarium (Bilder and Haigo, 
2012; Cetera and Horne-Badovinac, 2015).  Interestingly, just as MTs are largely 
dispensable for PCP after actin PCP becomes established (Figs. 3 and 4), actin 
PCP is dispensable after circumferentially aligned ECM becomes established 
(Cetera et al., 2014).  Hence, PCP transitions from highly dynamic and 
intracellular MTs, to longer-lasting and sometimes juxtacellular actin filaments, 
and then finally to the durable ECM fibrils that span multiple cells. PCP 
information in the follicle is therefore passed along by a ‘handoff’ mechanism, to 
increasingly stable as well as larger scale components that can ultimately exert 
force to shape the organ. 
 
Non-centrosomal microtubule arrays, and in particular their regulated polarized 
organization, have previously been implicated as central governors of global PCP 
in tissues such as Drosophila wings, zebrafish gastrulae, and mammalian airway 
epithelia (reviewed in Galic and Matis, 2015; Sepich et al., 2011). In ‘edged’ PCP 
tissues in Drosophila, a ‘global PCP’ module molecularly controlled by Fat is 
thought to use gradients of positional information from specific sources to bring 
individual cell PCP in alignment with overall body axes (Goodrich and Strutt, 
2011; Singh and Mlodzik, 2012; Vladar et al., 2009).  In the circumferential 
‘edgeless’ PCP axis of the follicle epithelium, where no such graded information 
is known, Fat2 seems to similarly coordinate the PCP of individual cells.  That 
both contexts involve important roles for polarized MTs and are controlled by 
related protocadherins raises the possibility of ancient links between the modes 
of epithelial PCP organization. 
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EXPERIMENTAL PROCEDURES 
RNAi-mediated depletion in follicle cells used a Gal4 insertion in tj (Hayashi et 
al., 2002; Li et al., 2003) with UAS-RNAi transgenes. Conditional depletion was 
carried out in combination with tubGAL80ts, using 18º as restrictive temperature 
and 29º as permissive temperature.  Live follicles were cultured ex vivo under 
previously described conditions (Haigo and Bilder, 2011), and imaged on a Zeiss 
700 confocal microscope.  EB1-GFP comets were analyzed using Fiji (Schindelin 
et al., 2012).  ImSAnE analysis was executed on full stacks of confocal sections, 
and nematic order was analyzed as described in Supplemental Experimental 
Procedures, where additional genetic and imaging details are provided. 
 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Fly Strains, culture, and drug treatments 
      All flies were maintained at 25C unless otherwise indicated. fat258D and 
fat2103C are gifts from Dr. Christian Dahmann. UAS-EB1::GFP is a gift from 
Nasser Rusan, and UAS-SpastinEP is a gift from Nina Tang Sherwood. RNAi 
strains against the following genes were generated by the Harvard TRiP: Fat2 
(BDSC #40888), CLASP (BDSC #34669), Hem (BDSC #29406), Abi (BDSC 
#51455); mCherry (BDSC #35785) was used as a control. Mild Fat2 knockdown 
was achieved using VDRC ID #27113.  To temporally control knockdown, tj-
GAL4 tubP-GAL80ts was crossed to UAS-RNAi strains.  Adult females were 
collected at 22C and shifted to 29C.  Stage-specific temperature shifts were 
timed based on duration of stages of ovarian development (Spradling, 1993), 
informed by the temperature dependence of Drosophila development.  To 
depolymerize microtubules, adult flies were fed with yeast paste mixed with 
colchicine at 62.5 µg/ml (Sigma); to inhibit Arp2/3 activity, cultured ovarioles were 
treated with CK-666 at 500 µg/ml (Millipore).  All flies were flipped onto fresh 
yeast daily to ensure no mid-stage follicle degeneration or egg retention. 
 
Microscopy and Immunostaining 
      Ex vivo follicle culture was performed as previously described (Spradling 
1993, Haigo and Bilder 2011), with minor modifications.  Images were acquired 
using an inverted Zeiss LSM700 with LD C-Apochromat 40x/NA 1.1 water-
immersion lens.  Other fluorescent images were acquired with a Zeiss LSM700 
using Plan-Apochromat 40x/NA 1.3 oil-immersion lens.  Follicle and egg aspect 
ratios were calculated from images taken with an AxioImager.M1 (Zeiss) with 
10x/NA 0.3 air objective lens; data was analyzed and displayed using GraphPad 
Prism 6 or Rstudio (Team 2015) with ggplot2.  Figures were assembled in Adobe 
Illustrator CS6. 
      Adult ovaries were dissect in PBS or Schneider’s Drosophila medium (Gibco) 
and fixed with 4% formaldehyde in PBS for 15 min and stained as previously 
described.  Stains with TRITC-phalloidin (Sigma) and DAPI (Molecular Probes) 
were mounted in SlowFade Antifade solution (Invitrogen).  The following 
antibodies were also used: mouse monoclonal anti-acetylated-α-tubulin (1:300, 
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Santa Cruz), and AlexaFluor-488, -563, and -633 conjugated secondary 
antibodies (1:400, Molecular Probes). 
 
Image analyses and statistics 
      Follicle rotation and velocities were either measured by the displacement of 
cell nuclei perpendicular to the AP axis, taken at the follicle equator, or plasma 
membranes stained with 5mg/mL FM4-64FX dye (Molecular Probes).  Angular 
velocity was calculated using measured follicle maximal circumference.  3D 
Opacity projections were generated with Volocity (Perkin Elmer).  Other images 
were processed in Fiji (Schindelin 2012). 
      Orientation and alignment of the cytoskeleton was analyzed in fixed ovarioles 
stained with TRITC-phalloidin and anti-acetylated-tubulin, mounted on concave 
slides (Ted Pella) to prevent deformation.  in toto images were collected with 
confocal microscopy with pixel width of 0.07-0.15 um and voxel depth of 0.35-
0.50 um. 
      We used ImSAnE (Heemskerk 2015) to ‘unroll’ follicles and germaria.  In 
brief, coarse identification of the Surface Of Interest (SOI) is followed by 
representing the SOI as a smooth mesh, equipped with a coordinate system for 
mapping to the plane.  Images were first rescaled to uniform aspect ratio at the 
most fine resolution.  The ovariole SOI was identified using the basal F-actin 
signal and the ‘ilastik’ (Sommer 2011) segmentor interface implemented in 
ImSAnE, which produced a coarse point cloud.  Meshlab (Cignoni 2008) 
generated a smooth triangulation of the basal actin layer from the point cloud, 
following publicly available ImSAnE protocols.  The ImSAnE 
CylinderMeshWrapper class automatically generates a coordinate system 
embedded in the triangulation for mapping the SOI to the plane: the long axis 
and azimuth around it are used as a discretized coordinate pair on the surface 
and the image data interpolated at the corresponding embedding point of each 
discretized coordinate pizel, generating a planar projection of the data.  Image 
contrast was enhanced with the contrast limited adaptive histogram 
enhancement (CLAHE) plugin (Fiji).  To automatically determine local orientation 
of actin filaments, region 2 germaria and stage 1 follicles were first screened with 
a uniform raster of 20x20 px/4 µm2, overlapping by 2.23 µm; for polarization axis 
of basal actin filaments A in boxes or segmented cells, we measured spatial 
frequency patterns using Fourier’s method, from which a nematic order 
parameter defined as S = 1/N(SUM)N k=1 e^2iA was constructed.  Orientation to 
the A-P axis (defined by polar cell position in early follicles, and long axis in 
germaria and elongated follicles) and the standard deviation (σ) of angles within 
a follicle were measured using the curvature-corrected dot product of unit vectors 
with corresponding orientation.  Error assessed by Welch’s unequal variances t-
test.  Error bars in charts for rotation velocity (Figure3E, 4C), mature egg aspect 
ratio (Figure3F, 4D), percentage round eggs (Figure 4E) represent standard 
deviation.  Unless stated otherwise, statistical significance was assessed by 
Welch’s unequal variances t-test. 
 
EB1-GFP comet tracking 
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      tj>UAS-EB1::GFP flies were raised on yeast for 5 days at 29C, flipped onto 
fresh yeast for 6-12 hours.  Ovarioles were dissected in modified Schneider’s 
medium and mounted using low-melting point agar.  Movies of basal EB1 comet 
growth were made on the Zeiss LSM700 with LD C-Apochromat 40x/NA 1.1 
water-immersion lens.  Individual EB1 comets were tracked manually in Fiji by 
generating kymographs perpendicular to the AP axis of the germarium and 
measuring the slope of EB1::GFP comet growth.  Microtubule growth bias was 
calculated by the formula |(D-S)/T| where D equals the number of dextral comets, 
S equals the number of sinistral comets and T is the total number of comets.  
Statistical significance was assessed by Unpaired T-test. 
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MOVIE LEGENDS 
 
Supplemental Movie S1, related to Fig. 1: Live imaging of ovariole (genotype: 
vkgGFP, His2aVmRFP) shows rotation commencing as follicle buds at st. 2. 
 
Supplemental Movie S2, related to Fig. 4: Live imaging of fat2-depleted 
ovariole (genotype: tj>fat2 RNAi, vkgGFP, His2aVmRFP) shows failure to initiate 
rotation. 
 
Supplemental Movie S3, related to Fig. 4: EB1-GFP comet imaging in the 
germarium. 
 
Supplemental Movie S4, related to Fig. 4: Imaging of EB1-GFP stage 1-2 
follicle during the initiation of rotation.  MT growth bias for this follicle is 0.48 
sinistral at st. 1. 
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Figure 2.1. PCP rotation initiates during follicle budding.  (A) Stills (opacity 
projections) from live imaging of germarium through stage 4 follicles, with angular 
velocity (ω) of each given above. His2AV-mRFP (red) and Vkg-GFP (green) 
show nuclei and basement membrane respectively; colored dots mark tracked 
nuclei. The st. 1 follicle initially does not rotate, but between 72 and 132 minutes 
transitions to st. 2 and begins rotation (B, C) Maximum linear and angular 
velocity of rotating follicles (n>5 for each stage, bars represent SEM).  Color-
coded bar indicates relative time length of stages of oogenesis.  (D) BM closure 
during st. 1-2 transition, shown in single confocal section from live imaging.  In 
the non-rotating st. 1 follicle, BM at the anterior is non-continuous (arrowheads). 
Rotation initiates after BM becomes continuous around the entire follicle.  (E, F) 
Quantitation of relationship between BM completion and follicle rotation (n=11, 
bars represent SEM). 
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Fig. 2.2: Early stages of follicle development (related to Fig. 2.1) 
(A) Confocal section of anterior ovariole, stained for DNA (blue), F-actin (red) 
and acetylated tubulin (green). (B) Diagram of germarium and st. 2 follicle, 
showing position of stem cells, somatic and germline cells, and stalk cells. 
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Figure 2.3.  Germarial PCP revealed by ‘unrolling’ algorithm.  (A) Phalloidin-
stained st. 6 follicle, shown in (A) single confocal section at basal surface, (A’) 
maximum intensity projection of confocal stack, and (A’’) 3D opacity projections.  
(B) Diagram of ImSAnE unrolling of the basal surface of the follicle. (C) ImSAnE 
unrolling of stage 6 follicle stained with phalloidin and (C’) anti-acTub.  Nematic 
order parameters (quantitated in upper left) demonstrate PCP organization. (D) 
Confocal cross-section of germarium stained with phalloidin (red) and anti-acTub 
(green).  (E) ImSAnE unrolling of region 2b through stage 3 basal surface of 
ovariole in D. (F) Nematic order quantitation of MTs demonstrate dynamics of 
PCP organization in the germarium and early follicle. Data for Actin and 
acetylated Tubulin is shown to the immediate left and right (respectively) of each 
stage. Scale bars: 10µm. 
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Figure 2.4. PCP MTs in the germarium direct rotation. (A) ImSAnE unrolling 
of basal surface of CLASP-depleted ovariole, showing regions 2b through st. 3 
stained with phalloidin and anti-acTub. (B) Nematic order shows intact actin 
alignment when MTs are disrupted. (n≥5 for each stages, **p<0.01) (C, D) 
Control stage 9 follicle and mature eggs are elongated, while CLASP-RNAi stage 
9 follicles and mature eggs are round. (E) Rotation speeds of st. 6-7 follicles, 
depleted at specified times using tj> CLASP RNAi tubGAL80ts, or treated with 
the MT polymerization inhibitor colchicine or the Arp2/3 inhibitor CK-666.  (F)  
Quantitation of tj> CLASP RNAi tubGAL80ts egg shape. 
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Fig. 2.5: Arp2/3 regulators are required for egg elongation (related to Fig. 
2.4) 
Knockdown of Arp2/3 regulators Hem (A) and Abi (B) by tjGAL4 UAS-RNAi in 
genetic screen produces round eggs; aspect ratios are quantitated in (C). 
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Figure 2.6.  Fat2 regulates rotation initiation and MT chirality.  (A) ImSAnE 
unrolling of basal surface of fat2-depleted ovariole, showing regions 2b through 
st. 3 stained with phalloidin and anti-acTub. (B) Nematic order shows MT and 
actin alignment resemble WT until st. 2, but become disrupted following st. 3.  (C) 
Rotation speeds at st. 7-8 of follicles depleted of fat2 by RNAi at specified 
stages.  Follicles depleted of fat2 either prior to or following st. 3 fail to rotate.  (D) 
Aspect ratios of eggs from conditional depletion of fat2, showing strong early and 
late requirements for egg shape. (E) Egg shapes from fat2-RNAi-mild genetic 
interaction tests. Heterozygosity for either fat2 or CLASP enhances the round 
egg phenotype.  (F) Still frame from live imaging of MT +end growth in WT st. 1 
follicle.  (G) Quantification of EB1 growth bias in WT and fat2-depleted st. 1 
follicle (0=unbiased direction of growth, 1=fully concordant direction of growth), 
shows that significant MT growth bias in WT is lost when fat2 is depleted.  (H) 
Population-level MT growth biases at st. 1 and follicle rotation directions at st. 6 
show similar proportions of chiralities. (I) Live imaging of EB1-GFP expressing 
follicles during st.1 to st. 2 transition reveals rotation with a chirality opposite to 
that of MT growth bias. 
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Figure. 2.7: Characterization of fat2 RNAi phenotype (related to Fig. 2.6) 
(A) Aspect ratio and (B) st. 7 actin alignment of fat2 null mutant vs tj>fat2 RNAi 
follicles demonstrates effective depletion of fat2 function by RNAi. 
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Figure 2.8. Summary Figure of Rotation Initiation.  MT bias in the germarium 
dictates the future rotational axis (orange arrow), actin polarization (red), 
extracellular matrix deposition (purple) and elongation of the budding follicle 
along the AP axis (blue arrows). 
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Chapter Three: Components of the Fat2 Signaling Pathway 
 
Katherine R. Lipari, Michelle Chen, Yalda Dehghan, and David Bilder 

 
ABSTRACT 
  Fat2 has been shown to be essential for elongation, planar cell polarity (PCP) 
and rotation in the Drosophila follicle.  However, the pathway by which this 
atypical cadherin regulates these three processes is unknown.  In our work we 
used a recombinant line with a somatic follicle driver (tjGAL4) driving a weak fat2 
RNAi that gave rise to an intermediate number of round eggs laid, and crossed it 
to deficiencies covering the second and third chromosome to search for 
enhancement of the number of round eggs.  We found that regions containing 
dFmr1, dachs (d), dco, spastin, katanin60, chb, and SCAR significantly enhanced 
the number of round eggs laid.  Further investigation revealed that tjGAL4; dachs 
RNAi gave rise to hyperelongated follicles and softening of the overlying 
basement membrane at the anterior tip.  This softening seemed to be due to 
changes in the underlying tissue tension.  Dco RNAi gave rise to round eggs and 
follicles that fail to rotate, similar to Fat2 RNAi.  Fmr1 mutants alone have round 
eggs and global PCP defects due to failure at the point of cyst encapsulation.  
Fat2 RNAi alone gave mild but consistent defects in cyst encapsulation as well, 
with changes in the structure of the somatic epithelium within the germarium.  
These data together point to the mechanism of the dual role of Fat2 in follicle 
development, early encapsulation regulating global PCP through Fmr1 and 
microtubule factors while later rotation acts through a more classical Ft/Ds-like 
pathway involving Dco and Dachs. 
 



50	  

INTRODUCTION 
  While the Fat2 protein in the fly is known to regulate egg shape (Gutzeit 1991, 
Viktorinova, Konig et al. 2009) the exact mechanism of how this atypical cadherin 
regulates the elongation of the tissue is still unknown.  Early studies examining 
the localization of the Fat2 protein found that within the somatic epithelium of the 
follicle, Fat2 is planar polarized to after stage 5 (Viktorinova, Konig et al. 2009).  
This remarkable polarization is reminiscent of classical PCP pathway 
components that localize in the Drosophila wing to either the proximal or distal 
face of each cell (Axelrod 2001, Strutt 2001, Peng and Axelrod 2012).  This led to 
early models where Fat2 localization to one face of each cell can propagate 
planar polarity information between neighbors (Viktorinova, Pismen et al. 2011).  
This model, however, appeared inconsistent with much of the fat2 mutant data.  
In the fat2 mutant global planar cell polarity is disrupted, but neighboring cells will 
often be in alignment with each other, creating ‘swirls’ of basal actin within the 
epithelium.  This alignment is inconsistent with a model of direct cell-cell 
signaling to maintain local alignment, which would lead to randomization with 
respect to neighbors if Fat2 were necessary on such a local level.  Additionally, 
later research has shown that Fat2 planar polarization in late stage tissues is not 
necessary for elongation (Aurich and Dahmann 2016).  Mutations in fat2 that 
disrupt the planar polarization of the atypical cadherin nevertheless still can 
rescue global polarity, rotation and elongation (Aurich and Dahmann 2016), and 
DY Chen, (unpublished).  Our work showing a bias in MT growth that is absent in 
Fat2 does not get us any closer to what Fat2 is actually doing for three reasons.  
First, the Fat2 protein at these early stages where it is required has never been 
shown to be basal, which is where the microtubules are biased (Fig. 2.6).  
Second, there is no evidence from the Fat2 protein structure that suggests a 
direct interaction between Fat2 and microtubules, given that there are no 
domains in the small intracellular region that are predicted to interact with 
microtubules (Fig. 3.1).  Third, there is a strong possibility that much of what we 
see as a defect in Fat2 is far downstream of whatever signaling Fat2 is actually 
involved in, given the role of Fat2 during the initiation of rotation. 
  Though numerous studies have discovered novel genes necessary for egg 
elongation (Chapter Four, (Bateman, Reddy et al. 2001, Conder, Yu et al. 2007)) 
none of these round egg genes have been linked to Fat2.  It is possible that 
some members of the Fat2 pathway might not result in round eggs when mutated 
alone, instead giving rise to normal eggs due to redundancy, or earlier defects 
due to pleiotrophy.  To discover genes that are not already known – and to link 
known genes to Fat2 – we decided to screen chromosomal deficiencies covering 
both the second and third chromosome to search for Fat2 interactors using an 
unbiased method.  We crossed these deficiencies to a tjGAL4, UAS-fat2 RNAi 
line that we generated which gave rise to an intermediate defect in egg 
elongation (Fig. 4.1).  We found from our screen both known round egg genes, 
as well as several genes that had not been previously shown to have a role in 
follicle elongation. 
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RESULTS 
Primary screening for enhancers of the Fat2 RNAi phenotype 
To address this question of functionality we created a recombinant chromosome 
containing both a weak RNAi against fat2 and the tjGAL4 driver, which drives 
exclusively in the somatic follicle.  This line by itself gives relatively fewer round 
eggs, and in combination with a fat2 heterozygote a high percentage of round 
eggs.  This allowed us to use this line to search for mutations that by themselves 
give no round eggs when haploinsufficient, but which enhance the defect in this 
fat2 deficient environment, suggesting a role in the same pathway. 
  Using this line my undergraduate researcher Michelle Chen and I screened 
through a large portion of the Drosophila second and third chromosome 
deficiency kits from Bloomington (Tables S3.1, S3.2) for enhancement of the 
percentage of round eggs in this tjGAL4, fat2 RNAi line.  We used the line OreR 
as a control, where we crossed tjGAL4, fat2 RNAi females into the OreR 
background to see how that influenced the number of round eggs.  We found that 
this alone greatly reduced the percentage of round eggs, suggesting that the 
percentage of round eggs was enhanced by the background of the line itself, and 
outcrossing resulted in offspring where on average only 4.7% had round eggs as 
opposed to the 20% in the tjGAL4, fat2 RNAi line alone.  This unfortunately 
meant that we could say very little about potential suppressors of the defect, as 
outcrossing alone was sufficient to give strong suppression.  However, we still 
could use the line to examine enhancement of the round egg defect.  Using this 
line we discovered 56 lines that gave significant enhancement of the fat2 RNAi 
defect with a greater percentage of round eggs.  We also found 12 lines that 
resulted in few or no eggs laid.  Upon dissection of several of the resulting 
females we found that the ovaries in these lines often were full of round eggs, 
none of which were being laid.  We therefore counted these lines as hits in the 
screen as well. 
  Following this initial screen we further screened regions that had relatively high 
percentages of round eggs with secondary deficiencies that covered all or parts 
of these regions of enhancement.  Following these secondary deficiencies we 
found that there were 4 regions on the second chromosome that gave rise to a 
greater percentage of round eggs in multiple deficiencies, and 5 regions on the 
third chromosome.  Overall we found a significant increase in enhancing 
deficiencies on the third chromosome (17% of deficiencies vs 10% of deficiencies 
on the second chromosome).  We interpreted this as a result of fat2 being 
present on the third chromosome and given that these lines would have an 
increased mutation rate in the third chromosome due to being balanced, we 
assumed that the fat2 gene in many of these lines might have been defective.  
This high mutation rate of fat2 in Bloomington lines has been shown previously in 
the work of Horne-Badovinac et al (Horne-Badovinac, Hill et al. 2012). 
 
Enhancement of the Fat2 RNAi phenotype by known round egg genes 
  To test whether the genes discovered in the fat2 enhancer screen were 
generally involved in elongation or in fat2 dependent elongation specifically we 
examined the number of known round egg genes that appeared in our screen 
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and the molecular nature of the known round egg genes that enhanced the fat2 
defect.  We were able to distinguish between these genes based on their 
molecular nature, with those involved in basement membrane deposition and 
composition as a category (ECM) those involved in actin branching, nucleation 
and polymerization (Actin) and those involved in cell-matrix interactions 
(Integrin). We found that the majority of ECM round egg genes did not enhance 
the defect (Perlecan, Rab10, a GTPase involved in basal secretion of ECM, 
Tango and crag).  Instead, only LamininA deficiencies gave any significant 
enhancement of the round egg defect.  We found that actin regulators largely led 
to enhancement of the round egg defect (Sra-1 and Trc which acts upstream of 
WAVE) leading to enhancement of the defect as well as scab, an alpha integrin, 
and its ligand LamininA (Table 3.1). 
 
Ribosomal components and enhancement of the Fat2 RNAi phenotype 
  Once we determined the regions of enhancement we noticed a secondary 
compounding factor: ribosomal proteins.  During our screen we found that oddly 
several deficiencies gave enhancement far above that of fat2 heterozygosity 
alone.  We postulated that this difference in enhancement suggested a 
secondary method of enhancement of the fat2 RNAi defect unrelated to changing 
the Fat2 pathway itself.  Looking closer at these highly enhancing deficiencies 
revealed that all contained ribosomal genes in the deleted region.  This is above 
the average percentage of deficiencies that contain ribosomal proteins (22% in 
non-enhancing regions).  Deficiences that gave enhancement comparable to 
fat2KO had the same occurrence of ribosomal gene containing deficiencies as 
non-enhancing lines.  However, when we attempted to test the sufficiency of loss 
of ribosomal genes to enhance the fat2 RNAi phenotype by using a Minute(3) 
line we found that there was no enhancement of the roundness, but instead 
aberrant dorsal appendages (data not shown).  We thus were unable to confirm 
this hypothesis. 
  Due to the possibility of a secondary effect in the screen, we deferred pursuing 
deficiency regions that strongly enhanced beyond that seen with fat2 mutants 
where we could not identify candidates in the region.  Following this stricture we 
screened through regions with multiple enhancing deficiencies genes that stood 
out as obvious candidates for morphogenesis regulation.  Screening mutants and 
RNAi lines in these regions we were able to restrict this enhancement to in some 
cases a single causative gene. 
 
Fmr1 homozygotes have round eggs and defective global PCP 
  Fmr1 gave strong enhancement of the fat2 RNAi defect using multiple 
deficiencies, mutants and RNAi (Fig. 3.3A).  Transheterozygous mutants for 
dFmr1 and dFmr150M null homozygotes are infertile and have small ovaries (data 
not shown). Fmr1 RNAi, transheterozygotes and null mutants gave rise to slightly 
rounder eggs (Fig. 3.3B) but did not have a significant difference in shape in 
earlier stage follicles (Fig. 3.3C) in mutants.  dFmr150M did show disrupted 
rotation, but not in all follicles (Fig. 3.3D).  Basal actin in mutants reflected this 
mix of normal and defective with some follicles exhibiting mispolarized basal 
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actin (Fig. 3.3F) while others had properly planar polarized basal actin (Fig. 
3.3G).  Basal microtubules were present and aligned in the same direction as 
basal actin (Fig 3.3H,H’), even when the basal actin was not aligned 
perpendicular to the AP axis of the follicle.  A striking aspect of these 
mispolarized follicles however was that the cells were locally in agreement, 
suggesting that Fmr1 controls global PCP rather than local PCP signaling. 
 
Fmr1 have defective encapsulation and germarium structure 
 The mix of both normal and disrupted global planar cell polarity and rotation 
suggested an early defect in the egg chamber.  To address this I examined the 
germarium in dFmr150M ovaries and found that the structure of the germarium 
appeared disrupted in the mutant (Fig. 3.4A) with FasIII labeling of the region 2b 
and later portion of the germarium showing gaps in continuity at the edge 
between regions 2a/2b (Fig. 3.4A).  The follicle budding from this germarium 
already exhibited aberrant planar cell polarity (Fig. 3.4B) suggesting that the 
global PCP disruption was a result of early disruption rather than progressive 
degeneration as the follicle matured.  Examining the structure of the germarium 
more closely I found that while cross-sections through region 3 in tjGAL4 follicles 
(Fig. 3.4C) reveal a rounded cyst, frequently this same region in the Fmr150M 
germarium has no cyst (Fig. 3.4D).  3D-projections of these follicles reveal that 
this is not due to displacement, but rather to absence of the entire cyst (Fig. 
3.4E,E’).  Each ovariole in Fmr150M homozygotes had a decreased number of 
egg chambers, and also had defects in encapsulation where a single egg 
chamber would contain multiple cysts (Fig. 3.4F).  Only 83% of dFmr150M follicles 
contain a single oocyte (Fig. 3.4G) a defect that is not seen in fat2KO mutant 
follicles (Fig. 3.4G).  This defect suggests that the downstream global planar cell 
polarity loss in Fmr1 follicles is due to early defects in encapsulation of the cyst.   
 
Fat2 has defects in germarium cell shape 
  Given the defects in dFmr1 within the germarium it raises the question if Fat2 is 
also necessary for germarium structure, not just bias of microtubule growth.  
Upon examination of germarium somatic epithelium shape using the membrane 
marker FasIII I found that while in tjGAL4 germaria the emerging somatic 
epithelia in region 2b is narrow in the anterior-posterior dimension before 
progressively widening in region 3 (Fig. 3.5A,E,F) fat2KO region2b somatic cells 
are much broader along the AP axis (Fig. 3.5B,E,G).  This broadening was also 
observed in the chb RNAi germaria (Fig. 3.5D,E).  However, the hem RNAi 
germaria (Fig. 3.5C,E) instead decreased the average somatic cell AP width in 
the region 2b/3 germaria.  This result suggested that this broadening was not a 
general defect of round follicles, but was instead potentially specific to the 
microtubule regulatory function of the Fat2 protein. 
  Upon examining more closely the basal-most surface of the germaria in fat2KO 

follicles I discovered that in addition to the premature broadening of the basal 
surface there was an increase in basal protrusive activity at an earlier stage in 
fat2KO germaria.  While in tjGAL4 germaria region 3 has FasIII positive 
protrusions extending along the future axis of rotation (Fig. 3.5F”) region 2b has 
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no obvious basal protrusions (Fig. 3.5F’).  However, in fat2KO germaria both 
region 3 and region 2b have basal protrusions (Fig. 3.5G’,G”).  These data 
suggest that either region 2b somatic cells have progressed to a region 3 fate 
unusually early, or that the underlying cyst has not progressed to a region 3 
shape while the somatic cells that surround it have already progressed. 
  Another defect that I observed while examining the fat2KO was a change in the 
cyst.  Though this difference was at first hard to quantify – other than a vague 
sense of difference between the wild-type and fat2KO germarium shape – I was 
able to determine that the number of cysts progressing through the later stages 
of the germarium were significantly higher in the fat2 mutant as opposed to the 
wild-type.  In fat2KO the number of cysts per germarium post region 2a ranged 
from 3-6 (Fig. 3.6B,C) while in tjGAL4 germaria there were only 2-4 post region 
2a cysts (Fig. 3.6A,C).  This difference led to the intriguing possibility that the 
basal defects observed were due to disconnect between the somatic follicle 
maturing and the encapsulation of the cyst, where the encapsulation was slowed 
causing a build up of cysts.  Examining the separation between cysts I found that 
the intercalating stalk in fat2KO (Fig. 3.6E), hem RNAi (Fig. 3.6F) and chb RNAi 
(Fig. 3.6G) germaria failed to have the same regular pattern observed in tjGAL4 
germaria (Fig. 3.6D).  This difference was striking when observed in cross-
section where tjGAL4 somatic epithelia form a regular rosette-like structure at the 
anterior end of the encapsulated follicle (Fig. 3.6H) while fat2KO anterior 
encapsulation is more irregular (Fig. 3.6I).  tjGAL4 driving the expression of 
sple:GFP – a protein that localizes to the apical side of the somatic epithelium in 
the germarium and later stage follicles (data not shown) – shows that in the 
germarium sple:GFP labeled apical protrusions tend to concentrate towards the 
center of the germarium (Fig. 3.6J), while in fat2 RNAi germaria these labeled 
protrusions remain closer to the basal surface (Fig. 3.6K).  The SAS-Venus 
apical marker had decreased levels at the apical surface in fat2 RNAi 
intercalating stalk as compared to tjGAL4 (Fig. 3.6L).  These data suggest a 
decrease in either restriction of apical markers to the apical side of these cells, or 
a shortening of the apical extensions from these cells. 
 
Dachs enhances fat2 RNAi roundness and leads to hyperelongated follicles 
  In an earlier preliminary screen I also found that dachs Df, RNAi and the dGC13 
mutant all enhance the fat2 RNAi defect. 
  Examining the consequences of loss of dachs alone I found that in tjGAL4, 
UAS-dachs RNAi follicles the follicle shape was changed, with the anterior tip of 
the stage 7-10 follicle extending beyond that normally observed (Fig. 3.7B,C).  
This hyperelongation occurred from stage 6 onwards, the same stages where 
fat2KO follicles are round compared to controls (Fig. 3.7C).  Mild hyperelongation 
was also found in the d1 homozygous mutant at these stages (Fig. 3.7C).  This 
hyperelongation existed to a mild degree in the fully mature eggs (Fig. 3.7A,D) of 
tjGAL4, UAS-dachs RNAi flies. These hyperelongating dachs RNAi follicles had a 
mild rotation defect (Fig. 3.7E) with a decrease in the speed of rotation.  Overall 
planar cell polarity appeared unaffected with basal actin staining (Fig. 3.7F) 
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showing proper alignment both locally and globally in dachs RNAi follicles, and 
acetylated tubulin stains showing normal microtubule polarization (Fig. 3.7G). 
 
Dachs RNAi regulates ECM deposition and strength 
 The hyperelongation of these dachs RNAi follicles was highly unusual, and so 
we investigated the cause of this shape deformation.  First examining the 
extracellular matrix (ECM) we found that the collagen shell covering the follicle as 
labeled by vkg-GFP, that normally would have a small anterior tip ‘bald’ spot only 
above the pair of polar cells at the anterior pole (Fig. 3.8A, arrowhead) instead 
in the dachs RNAi follicle had a region of baldness that expanded beyond the 
most anterior tip (Fig. 3.8B, arrowheads).  To test the physical relevance of this 
difference in collagen matrix deposition we used a bursting assay (see methods) 
to measure the resistance to internal expansion that the dachs RNAi ECM 
possessed.  We found that in dachs RNAi follicles exposed to dH2O the rate of 
bursting of late stage follicles was (80%) (Fig. 3.8F).  This was 8X the normal 
bursting frequency of vkg-GFP control follicles (10%) at late stages (Fig. 3.8F).  
However, dachs RNAi follicles did not show an increase in bursting at earlier 
stages (Fig 3.8F, left) in sharp contrast to fat2KO follicles that have high levels of 
bursting compared to controls at both early and late stages (Fig 3.8F).  The weak 
d1 hypomorphic allele also showed a slight increase in bursting (Fig. 3.8F), 
though not as significant as in the dachs RNAi follicles.  This bursting tended to 
also occur more frequently at the anterior tip in the dachs RNAi (Fig. 3.8E,E’, 
arrowheads), the same region where the vkg-GFP was largely absent (Fig. 
3.8B).  
  To examine the role of collagen in this hyperelongation we attempted to remove 
the collagen shell of the dachs RNAi and wild-type follicles to see if upon loss of 
collagen the two reverted to the same shape – suggesting all shape differences 
were due to changes in the overlying matrix – or retained their differences in 
shape – suggesting that the shape difference was due to differences in the 
underlying tissue tension.  Upon treatment with collagenase we found that both 
dachs RNAi and vkg-GFP follicles elongated during stages 6-9 (Fig. 3.8C,C’,D), 
with dachs RNAi follicles hyperelongated to an even greater extent (Fig. 3.8D).  
These data pointed to an underlying tissue tension difference between the dachs 
RNAi and vkg-GFP follicles. 
 
Dachs RNAi does not disrupt patterning of the follicle 
  To determine the cause of this difference in collagen pattern we first examined 
the overall patterning of the tjGAL4 ; dachs RNAi follicle to see if an increase in 
the number of polar cells at the anterior tip could explain the increased size of the 
resulting ‘bald spot’.  Upon FasIII staining – a marker of polar cell fate – we found 
that there appeared to be no change in the number or position of polar cells in 
the dachs RNAi follicles (Fig. 3.9E) when compared to tjGAL4 follicles (Fig. 
3.9D).  I then examined whether there was a change in the most anterior tip 
region specified by unpaired signaling from the anterior polar cells by examining 
the size of the region of 10xSTAT:GFP expression in stage 7 follicles.  I 
determined that the STAT:GFP pattern was present in the dachs RNAi follicle 
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(Fig. 3.9G) in a pattern similar to controls (Fig. 3.9F) with no apparent extension 
of the anterior region.  
 
Dachs RNAi leads to high levels of anterior acetylated microtubules 
  Upon examining the basal microtubules of dachs RNAi follicles I found that 
though the basal acetylated microtubules appeared to be properly planar 
polarized in the dachs RNAi follicle epithelium (Fig. 3.7G) – consistent with the 
planar polarization of basal actin in these follicles – the levels of acetylated 
microtubules were highly elevated at the anterior end of the follicle (Fig. 3.9C) as 
compared to controls which had no difference in acetylated tubulin levels along 
the AP axis (Fig. 3.9A).  This increase in acetylated microtubules was not 
restricted to the polar cells, but instead was present several cell diameters away 
from the most anterior tip (Fig. 3.9C, compare to Fig. 3.9D/E).  This elevation 
was also present in follicles that had not yet hyperelongated, suggesting that this 
stabilization of microtubules had not been caused by the shape change.  This 
hyperstability of microtubules as evidenced by increased levels of acetylated 
microtubule staining was not present in fat2KO follicles (Fig. 3.9B). 
  To determine if this change in microtubule stability was causative for the 
hyperelongation I fed the dachs RNAi flies colchicine, a microtubule destabilizer, 
to reduce the levels of stabilized microtubules.  Upon loss of microtubules both 
the dachs RNAi (Fig. 3.10A, B, C) and tjGAL4 (Fig. 3.10C) flies had mildly 
rounder follicles, however, it did not revert the dachs RNAi follicles to a shape 
comparable to the tjGAL4 colchicine-fed follicles (Fig. 3.10C).  These data 
suggested that though the increased microtubule stability coincided with the 
region of hyperelongation, it was not necessary for the hyperelongation. 
 
dGC13 phenotype 
  Given the variability of RNAi knockdown, I attempted to address whether the 
null mutant dGC13 gives similar defects to those found in the tjGAL4 ; dachs RNAi 
follicles.  Since dachs null mutants and transheterozygotes are unable to 
successfully eclose – due to the stumpy legs of a dachs mutant – I first made 
heat shock mutant clones in the follicle, and then used the somatic follicle 
specific T155GAL4 driver to create dachsGC13 mutant clones.  I found that small 
clones did not give rise to any noticeable changes in the basal actin of the follicle 
(Fig. 3.10F’), nor any noticeable shape changes (Fig. 3.10F).  However, whole 
mutant follicles at later stages had a distinct roundness to the anterior tip (Fig. 
3.10E).  Whole mutant follicles did not have defects in basal actin (Fig. 3.10D”), 
but the anterior tip was fragile (Fig. 3.10D, D’).   
 
Dco RNAi gives rise to round eggs, loss of rotation but normal PCP 
dco3 enhances the fat2 RNAi defect (Fig. 3.11E).  The dco RNAi was previously 
found in the genome wide RNAi screen (Chapter Four) to give rise to round eggs 
(Fig. 3.11A,B) and follicles (Fig. 3.11C).  We found that this RNAi also leads to 
loss of rotation of the follicle (Movie 3.4).  However, we found that dco RNAi 
follicles did not have significantly mispolarized basal actin (Fig. 3.11D), though 
there were definite differences in the regularity of cell sizes (Fig. 3.11D).  Using 
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temperature shifts we attempted to narrow down at which stages dco is 
necessary for elongation, however, we found that loss of dco at either early 
(stage 1-4, Fig. 3.11F) or late (stage 5-Egg, Fig. 3.11F) led to a significant 
decrease in the elongation of the follicle. 
 
Microtubule regulators give strong enhancement of the Fat2 RNAi defect 
Among the hits we found were a surprisingly large number of microtubule 
regulators.  Chromosome bows (chb) a gene that had been previously found in 
our genome-wide RNAi screen (Chapter Four) and was known to link actin and 
microtubule polymerization (Tsvetkov, Samsonov et al. 2007, Engel, Zhan et al. 
2014) gave enhancement of the fat2 RNAi round egg defect (Fig 2.6E).  Spastin, 
a microtubule severing protein gave enhancement of the round egg defect (Fig. 
3.12A) and slightly rounder eggs (Fig. 3.12B).  Spastin, which acts to regulate 
the pool of available microtubule nucleators by severing microtubules (Evans, 
Gomes et al. 2005, Roll-Mecak and Vale 2005) to both increase the number of 
available plus ends, and also remove GTPtubulin caps.  This countering activity 
means that overexpression of Spastin can both increase and decrease the 
number of available microtubules (Sharp and Ross 2012).  We saw using 
acetylated tubulin stains for stabilized microtubules that upon SpastinEP 
overexpression patches of cells within the follicle epithelium would lose all 
stabilized basal microtubules (Fig. 3.12C, red).  Basal actin in these follicles 
however did not appear to be disrupted, and was aligned perpendicular to the AP 
axis (Fig. 3.12C, green). Given the role of Fat2 in regulating the biased growth of 
basal microtubules in the germarium it is possible that this enhancement by 
Spastin is due to changes in the pool of available microtubules, rather than a 
direct interaction with Fat2.  Similarly another microtubule severing protein 
Katanin-60 (Diaz-Valencia, Morelli et al. 2011) gave enhancement of the Fat2 
defect, and interestingly gave a suppression of the defect upon overexpression 
(Fig. 3.12A). 
 
Msp300 enhances penetrance of round egg defect in fat2 RNAi but gave no 
defects alone 
Msp300 is a SUN domain containing protein known to act to link the nucleus to 
the cytoskeleton, and deficiencies containing Msp300 gave rise to a strong 
enhancement of the fat2 RNAi defect (Fig. 3.12A).  Msp300ΔKASH also strongly 
enhances the fat2 RNAi defect (Fig. 3.12A).  However, when examining the role 
of this protein in egg laying we found that Msp300 RNAi did not result in any 
obvious defects in follicle shape, egg shape or fecundity (Fig. 3.12D, data not 
shown).
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DISCUSSION 
While some of the results make sense with what was known previously regarding 
the role of Fat2 in actin polymerization (Squarr, Brinkmann et al. 2016) and 
microtubule polarity (Chen, Lipari et al. 2016), others make a little less sense.  
One of our top hits, dFmr1, has a role in translational control.  The top enhancing 
deficiencies were not mapped to any single gene, and ribosomal proteins were 
present in the top four hits.  This brings us to a broader question of whether or 
not we are discovering using our tjGAL4, UAS-fat2 RNAi construct merely all 
genes that have some role in elongation.  Our screen of known round egg genes 
definitely gave more hits than expected for a random list of mutants.  However, 
this is not a random list of mutants.  One would assume that at some point in the 
long history of investigating egg elongation in the Drosophila that other members 
of the Fat2 pathway have been identified, just not linked to Fat2 and that appears 
to be the case.  Also, not all RNAis that enhance Fat2 appears to give round 
eggs alone.  Msp300 seems to argue against that, with none of the tested 
Msp300 RNAi lines giving defects alone, while giving significant enhancement of 
the fat2 phenotype.  These proteins also do not appear to have any role in global 
RNAi regulation that would change our phenotype in an unrelated way.   
 
dFmr1 defects 
  The extraordinarily strong enhancement that the Fmr1 deficiencies and mutants 
gave is both encouraging and worrisome.  When we examined the top hits in our 
deficiency screen – deficiencies with enhancement similar to Fmr1 – we found 
that the top four contained ribosomal proteins, with extraordinary enrichment for 
ribosomal proteins in all of the deficiencies that enhanced well above the fat2 
null.  The fact that Fmr1 is known to be involved in translational control (Cheever 
and Ceman 2009, Tang, Wang et al. 2015) is enough to give us pause, but given 
the fact that dFmr1 mutants have round eggs and disruption of global PCP does 
lend some encouragement.  The structural changes in the germarium are strong, 
and the global PCP defects are nearly singular.  While fat2 mutants have global 
PCP defects, there is also a mix of local alignment and misalignment.  dFmr1 
mutants instead show near universal local alignment.  This strong separation of 
local vs global merits future research.  Perhaps first would be an investigation 
into the exact tissue where dFmr1 is necessary.  All Fmr1 RNAi driven by tjGAL4 
studies gave extremely mild elongation defects (data not shown) and we thus 
could not definitively show the necessity of dFmr1 in the somatic follicle alone.  
Future investigations should use ovoD to create germline clones of this mutant to 
investigate germline necessity.  A known Fmr1 interactor Caprin also appears 
within a region of fat2 RNAi enhancement that has not yet been investigated.  
These two together are previously known to regulate follicle stem cells (Reich 
and Papoulas 2012), so it is possible that enhancement of fat2 could be from a 
broader dysfunction in germarium structure.  However Caprin has not yet been 
shown to be the causative gene in the region of enhancement. 
 
Fat2 germarium shape changes 
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  The set of subtle but internally consistent changes that were found in the fat2 
germarium suggests a narrative where Fat2 – which is known to be apically 
localized in the germarium (Viktorinova, Konig et al. 2009) – is necessary for 
apical extension of the somatic follicle as the opposing sides of the cyst knit 
together.  Loss of this apical extension slows the assembly-line at this point, 
leading to follicle cells surrounding a cyst that is not encapsulated and thus has a 
region 2b shape, but that have progressed from the somatic stem cells for as 
long as region 3 somatic follicle.  These cells have both a broader shape – either 
due to the underlying buildup of cysts, or to maturation – and basal protrusions 
similar to region 3 cells.  This hypothesis, however, would require much further 
study and markers to distinguish subtle stages of somatic follicle maturation. 
 
Dachs and ECM 
  Discovering that dachs strongly enhances fat2 suggests that there may be more 
overlap between the Ft/Ds pathway – where Dachs has a prominent role (Mao, 
Rauskolb et al. 2006) – and the Fat2 pathway than previously thought.  The most 
intriguing part of the dachs defect is the astonishing hyperelongation observed.  
This result is so completely counter to the Fat2 phenotype as to be slightly 
bewildering.  One explanation however might lie in work done by Justin Crest in 
the lab (currently unpublished) that points to gradients of ECM deposition as a 
core component of elongation.  A mutant could have a strong ECM, but with no 
difference between the poles and the middle of the follicle to resist germline 
expansion the overall follicle shape could become rounded.  Conversely, a follicle 
with relatively weak ECM could have normal elongation as long as there is still a 
difference between the strength of the middle and the poles – regardless of the 
absolute number.  Thus it is possible that dachs could simply have a global 
decrease in ECM strength – or even solely at the anterior tip – that would be 
consistent with the decrease in fat2 ECM strength while giving an opposite result 
in aspect ratio. 
 
Dachs and Microtubules 
  The intriguing result of hyperstability of microtubules at the anterior tip of the 
dachs RNAi follicles suggests that potentially these is a underlying difference in 
shape change that leads to this change in microtubules.  The fact that ablation of 
microtubules did not revert the dachs RNAi follicles to a wild-type shape 
suggested that this hyperstability was downstream of whatever was causing this 
anterior tip extension.  Given the relationship between cell shape to restrict the 
growth of microtubules it is logical to assume that a change in apical shape – 
which would be consistent with other epithelia data in dachs mutants – would 
lead to changes in the stability of microtubules.  Admittedly, our preliminary 
measurements of apical surface length in the dachs RNAi does not support this, 
but changes might be discovered using adaptations of the unrolling technique 
(Chapter Two) to examine cell shape at the poles. 
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EXPERIMENTAL PROCEDURES 
Fly stocks 
Deficiency and RNAi lines were from the Harvard TRiP collection, dachs RNAi 
(Blm# 33754), dco RNAi (Blm# 27719), Fmr1 RNAi #1 (Blm# 34944), Fmr1 RNAi 
#2 (Blm# 35200), Msp300 RNAi (Blm# 32377). Lines dachsGC13 FRT40 (Blm# 
28289), dachs1 (Blm# 270), dFmr1Δ

50 (Blm# 6930) and dFmr1Δ
113 (Blm# 6929) 

were from the Bloomington Stock Center. FRT82 dFmr150M was a gift from Dr. 
Kendal Broadie (Vanderbilt). UAS-Spastin was a gift from Dr. Nina Tang 
Sherwood. 
 
Fat2 enhancer screen 
Virgin flies carrying the recombined tjGAL4, UAS-fat2 RNAi (weak) chromosome 
were crossed to males carrying deficiencies (save for a few control crosses that 
were done with X chromosome deficiencies and so used virgins of the deficiency 
line).  Freshly F1 females with the genotype tjGAL4, UAS-fat2 RNAi / Df were 
collected (2-10 females) and placed on normal food + yeast in the presence of 
males.  After 1 day on yeast the flies were placed on grape juice plates cages 
(see Sup Fig X) with yeast paste.  The next day the flies were flipped onto fresh 
grape juice plates and the old plates were examined for presence of round eggs.  
Laid eggs were counted – when 100 elongated egg were reached without any 
round eggs present, and the counts were halted.  This was repeated twice giving 
counts on 2,3 and 4 days on yeast.  Counts were summed across days and 
compared to control crosses using OreR (-) and fat2KO (+). 
 
Germarium Imaging 
Freshly eclosed female flies of FasIII:GFP, Bas:GFP or EB1:GFP were placed on 
yeast in the presence of males for 5-6 days at 29oC without flipping.  Flies were 
flipped onto fresh yeast 8 hours prior to imaging and returned to 29oC.  Ovaries 
were dissected with care – avoiding any damage to germarium and unnesssary 
tugging while removing muscle sheath - using a modified Schneider’s media 
(844ul Schneider’s, 150ul Fetal Bovine Serum, 7ul Pen/Strep, 20ul insulin 
(10mg/ml) and dH2O added to make an osmolarity of 250mOsm) and mounted 
using a coverglass bottom confocal dish with the top of a 1.5ml Eppendorf tube 
plastic tube (cap and bottom cut off using a razor) attached to the coverslip using 
vacuum grease to create a well.  Dissected germaria – older stages up to stage 8 
still attached – were placed at the bottom of the well with 2.5% LMP agarose in 
Schneider’s placed on top to prevent movement.  A dampened Kimwipe was 
added to the confocal dish next to the Eppendorf well and the confocal dish was 
covered while imaging to limit evaporation.  Germaria were imaged using a Zeiss 
LSM700 with a Plan-Apochromat 40x/NA 1.3 oil-immersion lens and processed 
using Fiji. 
 
Water Bursting 
Slides for mounting dissected ovarioles were prepared in advance by coating 
indented slides with poly-D lyseine and rinsing with PBS.  Ovarioles were 
dissected in modified Schneider’s media, transferred into PBS and mounted onto 



62	  

the slides in PBS.  Following adhesion to the slide PBS was removed and 
replaced with modified Schneider’s media.  Follicles were imaged on the Axio 
Imager.M1 (Zeiss) using 10x/NA 0.3 air objective lens prior to dH2O treatment.  
Media was then removed and replaced with dH2O – two cycles of dH2O addition 
and removal to ensure dilution of Schneider’s – and follicles were imaged at 15 
minute intervals for the next 45-60 minutes.  Follicles were counted as bursting 
when the ECM between the follicles and the media or follicles and the stalk was 
breached. 
 
Colchicine Feeding 
  To depolymerize microtubules, fed adult females were flipped onto vials with 
yeast paste mixed with colchicine at 62.5 µg/ml (Sigma) for 12hrs at 29C.  
Ovaries were dissected and stained for acetylated tubulin. 
 
Collagenase treatment   
Follicles were dissected in modified Schneider’s media and transferred onto an 
air-permeable imaging dish.  Media was then exchanged with Schneider’s media 
+ Collagenase (1000 Units/ml CLSPA; Worthington Biochemical Corp.) and 
follicles were covered with a coverslip supported by vacuum grease and sealed 
using halocarbon oil.  Follicles were quickly imaged for shape within the first 5’ of 
collagenase treatment and again after 60 minutes of collagenase treatment. 
 
Immunostain 
Follicles were dissected in Schneider’s media and fixed in 4% paraformaldehyde 
and 1:400 phalloidin for 15’, stained in 1:500 TRITC-phalloidin (Sigma):PBT for 
20’ and blocked in 5% Normal Goat Serum, 2% BSA in PBT3 for 10’ before 
staining in 1:100 mouse anti-acetylated tubulin (Santa Cruz) or 1:100 mouse anti-
FasIII (DSHB), for 1 hr at RT, washing in PBT and secondary stained 1:250 using 
AlexaFluor-488, -563, and -633 conjugated secondary antibodies (Molecular 
Probes). Stains were mounted in SlowFade Antifade solution (Invitrogen).  
Images were obtained using a Zeiss LSM700 using Plan-Apochromat 40x/NA 1.3 
oil-immersion lens and processed using Fiji. 
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MOVIE LEGENDS 
 
Movie 3.1 dFmr1 rotation. dFmr150M follicle, 5 minutes per frame, DIC image. 
 
Movie 3.2 Ctl stage 7 rotation. tjGAL4, indy-GFP stage 7 follicle rotating. GFP 
(green) 
 
Movie 3.3 dachs RNAi rotation. tjGAL4, UAS-dachs RNAi, indy-GFP stage 7 
follicle rotating. Indy-GFP (green) labels cell outlines. 
 
Movie 3.4 dco RNAi rotation. tjGAL4, UAS-Dco RNAi, UAS-GFP.  Whole 
ovariole shows slowed/stopped rotation in dco RNAi follicles. Cytoplasmic GFP 
(green).
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Figure 3.1. Fat2 Enhancer Screen Set-up Diagram.  Males from the 
Bloomington Stock Center Deficiency Kits were crossed to virgin females of the 
genotype tjGAL4, fat2 RNAi / CyO, tubGAL80.  F1 females of genotype tjGAL4, 
fat2 RNAi ; df were placed on grape juice plates and the percentage of round 
eggs laid used to determine enhancement of round egg defect. 
  



65	  

 
 
 
 
 
  

	  



66	  

Figure 3.2. Fat2 Enhancer Screen Results. (A) Average percentage of round 
eggs laid across all deficiencies spanning each cytological location along the 
second chromosome, dotted line indicates threshold of significance (B) and third 
chromosome.  (C) The sum of the top two enhancing deficiencies minus the 
difference between the top two deficiencies plotted against cytological location on 
the second chromosome (D) and the third chromosome.  The dotted lines 
indicate the threshold of significance. (E) Chart of total lines screened covering 
the second chromosome (216 total), the number with significant enhancement 
above the average deficiency in dark pink (22), the number with second 
deficiency covering same region giving similar enhancement marked in red (4). 
(F) Chart of total lines screened covering the third chromosome (200 total), the 
number with significant enhancement above the average deficiency in medium 
blue (34) and the number with a second deficiency covering the same region 
giving similar enhancement marked in dark blue (5). 
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Figure 3.3. dFmr1 loss leads to PCP defects. (A) Enhancement of the tj>fat2 
RNAi round egg defect with dFmr1 deficiencies, mutants and RNAi. (B) Aspect 
ratio of dFmr1 mutant and RNAi treated eggs shows loss of dFmr1 leads to 
decreased elongation of mature eggs. (C) Aspect ratio of stage 6-11 dFmr1 
transheterozygotes shows slight reduction in elongation across early stages. (D) 
Graph showing that dFmr1 mutant follicles can be both non-rotating and rotating. 
(E) Bursting data shows that dFmr1 mutant follicles have a slight increase in 
bursting, significantly at early stages. (F) Mispolarized basal actin in dFmr150M 
stage 6 follicle. (G) Polarized basal actin in dFmr150M follicle. (H) Basal actin and 
(H’) acetylated tubulin in a stage 6 follicle show agreement in polarization 
between microtubules and actin in dFmr150M mutants.
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Figure 3.4. dFmr1 loss leads to defective encapsulation. (A) dFmr150M 
germarium and stage 2 follicle with post region 2a cell membranes labeled with 
FasIII (green) shows defective germarium structure. DAPI (blue), F-actin (red). 
(B) Basal surface of stage 2 follicle from A shows that basal actin is aligned 
parallel to the AP axis as specified by the stalk. (C) tjGAL4 germarium 
crosssection shows normal cyst in region 3.  (D) Cross-section through dFmr150M 
follicles shows no cyst present in center of region 3.  (E) 3D projection of 
acetylated-tubulin (green) antibody stain shows no cyst, and instead a region 3 
that consists of two abutting epithelial layers (E’) F-actin stain of same 
germarium as E.  (F) Cross-section through stage 3 follicle shows presence of 
two cysts (demarcated by brackets, acetyl tubulin stain (green) F-actin (red). (G) 
Quantification of number of follicles containing a single oocyte. 
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Figure 3.5. fat2 leads to more basal protrusions in the germarium. (A) Basal 
surface of region 2b tjGAL4 germarium FasIII antibody stain (green) (B) fat2KO 
(C) tjGAL4, UAS-hem RNAi (D) tjGAL4, UAS-chb RNAi (E) Regions 2b/3 
anterior-posterior basal cell width. (F) tjGAL4 germarium projection FasIII 
antibody stain (green). (F’) Region 2b basal surface. (F”) Region 3 basal surface 
has basal protrusions. (G) fat2KO germarium projection FasIII antibody stain 
(green).  (G’) Region 2b basal surface has protrusions.  (G”) Region 3 basal 
surface has protrusions. 
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Figure 3.6 fat2 leads to structural defects in the germarium. (A) tjGAL4 
germarium cross-section, phalloidin stain of F-actin (red). (B)  tjGAL4, UAS-fat2 
RNAi germarium cross-section, phalloidin stain of F-actin (red). (C) Quantification 
of the number of post Region 2a cysts in germarium of tjGAL4, and tjGAL4>UAS-
fat2 RNAi. (D) tjGAL4 medial cross-section of intercalating stalk, FasIII antibody 
stain (green). (E) fat2KO intercalating stalk. (F) tjGAL4, UAS-Hem RNAi 
intercalating stalk. (G) tjGAL4, UAS-chb RNAi intercalating stalk. (H) Orthogonal 
slice through tjGAL4 germarium intercalating stalk. (I) Orthogonal slice through 
fat2KO germarium intercalating stalk. (J) Orthogonal slice through tjGAL4, UAS-
sple:GFP intercalating stalk with germarium outlined (dotted line), sple:GFP 
(green) (K) Orthogonal slice through tjGAL4, UAS-fat2 RNAi, UAS-sple:GFP 
intercalating stalk with germarium outlined (dotted line), sple:GFP (green).  (L) 
Quantification of intercalating stalk apical SAS-Venus levels in tjGAL4, UAS-
SAS-Venus and tjGAL4, UAS-fat2 RNAi, UAS-SAS-Venus. 
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Figure 3.7. Dachs leads to hyperelongation. (A) tjGAL4, UAS-dachs RNAi 
mature egg. (B) tjGAL4, UAS-dachs RNAi stage 7 follicle showing 
hyperelongation. (C) Graph of mature egg aspect ratio in tj>dachs RNAi has a 
slight increase in elongation (P<0.05), Student’s T-test. (D) tj>dachs RNAi 
follicles start to hyperelongate at stage 6 relative to wild-type follicles. (E) 
tj>dachs RNAi follicles rotate, but slowly.  (F) tj>dachs RNAi follicles have normal 
basal actin as labeled by phallodin (red). (G) tjGAL4, UAS-dachs RNAi follicles 
with acetylated tubulin antibody stain (green). 
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Figure 3.8. Dachs leads to defects in ECM strength. (A) tjGAL4, vkgGFP 
pattern in stage 6 follicle has bald spot above polar cells (anterior tip, 
arrowhead). (B) tjGAL4>dachs RNAi, vkg-GFP has larger bald spot above polar 
cells (anterior tip, arrowheads). (C) tjGAL4>dachs RNAi treated with collagenase 
for 0’, red lines mark DV and AP length of follicle. (C’) tjGAL4>dachs RNAi 
treated with collagenase for 60’, red lines indicate original DV and AP length. (D) 
Graph of aspect ratio change between before and after 1hr collagenase 
treatment shows that loss of collagen leads to hyperelongation in dachs RNAi at 
all stages, but only early stages for vkg-GFP lines alone. (E) Image of 
tjGAL4>dachs RNAi prior to addition of dH2O. (E’) Image of tj>dachs RNAi after 
45’ of dH2O treatment shows bursting of follicles at anterior end (red 
arrowheads). (F) Quantification of bursting of early stage and late stage follicles 
after 15’ in dH2O. 
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Figure 3.9. Dachs RNAi changes pattern of MT stability but not cell fate. (A) 
Confocal stack of acetylated tubulin stain of stage 6 tjGAL4 follicle.  (B) 
acetylated tubulin stain of stage 6 fat2KO follicle.  (C) acetylated tubulin stain of 
stage 6 tjGAL4 ; UAS-dachs RNAi follicle has high level of stabilized 
microtubules at anterior end.  (D) FasIII stain of tjGAL4 labeling polar cells. (E) 
FasIII stain of tjGAL4 ; UAS-dachs RNAi labeling polar cells shows no change in 
polar cell specification. (F) 10XSTAT:GFP stage 6 follicle shows high level of 
JAK/STAT signaling at the poles. (G) tjGAL4; UAS-dachs RNAi / 10XSTAT:GFP 
shows JAK/STAT signaling still restricted to the poles.   
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Figure 3.10 dachsGC13 follicles have fragile anterior tips. (A) tjGAL4, UAS-
dachs RNAi stage 7 follicles that were not fed colchicine. (B) tjGAL4, UAS-dachs 
RNAi stage 7 follicles that were fed Colchicine. (C) Quantification of shape 
change in controls and tjGAL4, dachs RNAi follicles with and without colchicine 
feeding.  (D) dGC13 FRT42/GFP FRT42 ; T155GAL4, UAS-flp whole mutant 
follicle has fragile anterior tip, GFP (green), phalloidin (red). (D’) Phalloidin alone 
(red) (D”) Basal actin of whole mutant follicle is aligned. (E) Brightfield image of 
whole mutant somatic mutant follicle of dGC13 FRT42/FRT42 GFP ; T155GAL4, 
UAS-flp has rounded anterior tip. (F) Projection image of dGC13 /FRT42 GFP 
follicle, phalloidin (red), GFP (green).  (F’) Basal actin of dGC13 clone.  (G) Apical 
surface length in anterior-posterior direction average of 5 cells surrounding 
anterior polar cells. 
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Figure 3.11 . Dco leads to round egg, follicles and lack of rotation. (A) 
tjGAL4>GFP egg, stained with DAPI and Phalloidin. (B) tjGAL4> dco RNAi 
mature egg. (C) dco RNAi follicles are rounded. (D) Phalloidin stain in dco RNAi 
is patchy but the basal actin is present (left side). (E) Enhancement of the fat2 
RNAi defect by the dco deficiency is close to the enhancement seen in fatKO 
heterozygous background. (F) Temperature shift of tjGAL4, tubGAL80ts, dco 
RNAi has rounder eggs at early stage only knockdown, but decreased elongation 
in all conditions. 
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Figure 3.12 Other Fat2 enhancers. (A) Percentage of round eggs laid in tj>fat2 
RNAi with deficiencies and mutants for SUN-domain containing proteins and 
microtubule regulators shows increase in percentage of round eggs.  (B) 
tj>SpastinEP mature eggs have reduction in elongation.  (C) Overexpression of 
SpastinEP using the tjGAL4 driver gives rise to cells with an absence of stabilized 
microtubules (acetylated tubulin, red) but normal basal actin (phalloidin, green).  
(D) tjGAL4, UAS-Msp300 RNAi does not lead to any defects in egg elongation. 
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Table 3.1. Fat2 Enhancer Screen: Known Round Egg Genes 
Gene Name Biological Process Average % R.E. Hit 
Mys Integrin 13.63 - 
Mew Integrin 0 - 
Scab Integrin 43.275 +/+ 
Perlecan ECM 0 - 
Dg ECM 15.88 -/- 
Dys ECM 68.425 +/+ 
dPlod ECM 50.145 +/+ 
Sar1 ECM 23.62 - 
Sec23 ECM 59.165 +/- 
LamininA ECM 31.14 + 
Rab10 ECM Secretion 11.93 -/- 
Crag ECM Secretion 10.74 - 
dPak  6.66 - 
Rac1/Rac2  22.82 - 
Trc  62.63 +/+ 
Fry  11.18 - 
Sra-1 Actin polymerization 62.8 + 
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Chapter Four: Determining the Axis of Rotation and Discovering Round 
Egg Genes 

 
Katherine R. Lipari, Yalda Dehghan, Dong-Yuan Chen, Paul Geurts, Xinghua Li, 
Sarah Saxton, Jefferson Tesla Woods, Brian Xu and David Bilder 
 
ABSTRACT 
  Planar polarization of the somatic follicle epithelium is tightly linked to the 
orientation of the anterior-posterior axis of the follicle, but the mechanism by 
which this direction is given is unknown.  We sought in this chapter to first identify 
the tissue source of this orientation information, the nature of the cue and to 
discover novel genes that are necessary for proper egg elongation.  To 
determine the orientation cue we used genetic methods to remove the polar cells 
or oocyte within the egg chamber.  Our data showed that while loss of the oocyte 
did not cause any changes to global planar cell polarity, elongation or rotation the 
loss of polar cells halted rotation and mispolarized basal actin, suggesting that 
the cue for rotational axis determination is somatic in origin.  We also performed 
a genome-wide RNAi screen using the tjGAL4 driver and discovered previously 
unknown regulators of elongation in the somatic follicle.  We found that members 
of the LSm complex are necessary for elongation, with a subset giving rise to 
more general apoptosis when lost.  Finally, we mapped an intriguing mutant ru10 
to the gene muscle-wasted (mute).  This mutant gave the novel phenotype of 
proper actin planar polarization and rotation, but loss of elongation and collagen 
planar polarization.   
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INTRODUCTION 
  How exactly does the Drosophila follicle ‘know’ which way to rotate?  When 
contemplating the fly egg chamber prior to elongation there is no obvious reason 
for rotation to begin around the anterior posterior axis.  The stalk is physically 
separated by extracellular matrix, so it presumably cannot act as a brake on 
rotation either.  In fact, it is this separation of stalk from follicle that appears to act 
as a trigger for rotation in the stage 1 to 2 transition (see Fig 2.1). 
  Thus what cues exist within the follicle itself to set up the axis of rotation?  If we 
look at what is known to determine the anterior posterior axis we can quickly see 
that there are two candidate tissues for a signal source: the oocyte within the 
germ, or the polar cells within the soma.  The oocyte is located on the posterior 
of the cyst, and is known to have a role in determining not only the later posterior 
fate but also determining the future dorsal ventral axis based on the position of 
the oocyte nucleus.  It is known to have different adhesive characteristics from 
the other cells in the cyst with localization of the cadherin shotgun (Shg) 
exclusively in the oocyte leading to its positioning at the posterior tip (Godt and 
Tepass 1998).  The oocyte is thus a solid candidate for potentially a differential 
adhesion signal source (Fig. 4.1A). 
  Alternatively, there are the polar cells, a handful of cells that are located at the 
exact anterior and posterior poles of each follicle (Fig. 4.1B).  They are derived 
from a separate lineage that also gives rise to the stalk (Tworoger, Larkin et al. 
1999), and are – similar to the oocyte – known to be involved in the specification 
of the future axes of the embryo (Grammont and Irvine 2002).  Could it be that 
these cells also have a role in orienting the direction of rotation? 
  There are a host of questions that remain unanswered in the follicle planar 
polarization.  When does the germarium take on this strong planar polarization?  
Is it built into the structure of the germarium itself during pupal development?  
Have we truly discovered all components that are necessary not just for planar 
polarization, but for the resulting elongation?  To address this last question we 
performed a genome-wide RNAi screen using RNAi lines from the Harvard TRiP 
collection and searched for what genes gave rise to defects not just in elongation 
of the egg, but the follicle and the integrity of the epithelium itself.  Using this 
method we discovered a plethora of genes that are essential for elongation and 
for various structures within the developing egg.  This list of discovered genes 
can be a useful tool for later work to address any of these fundamental 
morphogenetic events. 
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RESULTS 
Oocyte and the determination of the axis of rotation 
In order to test whether the oocyte was necessary for reorientation of the axis of 
rotation I examined the elongation in both a follicle that lacked an oocyte.  To 
achieve this I used a transheterozygous egalitarian (egl) mutant, a gene that is 
necessary for proper specification of the oocyte.  Normally mRNAs and proteins 
that lend a single daughter to take on the oocyte fate are trafficked to the future 
oocyte along microtubule tracks in an egalitarian/BicD dependent manner.  Thus 
egalitarian mutants, as the name would suggest, do not have an oocyte and 
instead have 16 cells within the cyst that all have identical fates.  However, 
though these mutants do indeed have egalitarian cysts, the shape of the resulting 
follicle is elongated (Fig. 4.2F).  The follicles themselves begin to degenerate 
around stage 8 (Fig. 4.2F), but can be seen to not only elongate in the earlier 
stages, but also undergo rotation.  Rotation does not occur along the axis as 
specified by the stalk, giving an impression that the follicles are rotating off axis 
(Fig. 4.2G,G’).  However, the follicles are in fact rotating along the long axis that 
is marked on both ends by polar cells (Fig. 4.2F,F’,G).  As a side note, the 
position of the stalk in egalitarian mutants can be seen to be similar in both the 
anterior and posterior ends to the wild-type anterior (Fig. 4.2H,H’,I).  This result 
suggests that the distance between the stalk and polar cells is a part of the 
anterior fate (Fig. 4.2I).   
  To test for sufficiency of the oocyte (Fig. 4.1D) I used germline clones of the 
shotgun mutation – a mutant in E-Cadherin, which is necessary for the 
positioning of the oocyte at the posterior end of the follicle.  Mispositioning of the 
oocyte, unsurprisingly perhaps, did not give rise to any defects in the elongation 
of the follicle along the axis defined by the polar cells (data not shown).  Nor did 
mispositioning of the oocyte using a BicD mutant cause any loss of planar 
polarization of the basal actin (Fig. 4.2C).  These data suggest that 
mispositioning or loss of the oocyte is not sufficient to disrupt the AP elongation 
of the follicle (Fig. 4.1C).  
 
Polar cell ablation leads to loss of rotation, PCP and elongation 
  To test the role of polar cells I started by examining the necessity of the polar 
cells using ablation.  I attempted this first using an UpdGAL4 driving a UAS-
reaper (rpr) in combination with a tubGAL80ts to restrict expression of reaper and 
a UAS-GFP to mark polar cells. Upd drives in the polar cells of the follicle 
(Ghiglione, Devergne et al. 2002) and the rpr protein acts to kill the cell through 
programmed cell-death (White, Grether et al. 1994).  These flies were raised at 
18C to prevent any leaky expression of rpr during early stages of upd expression, 
and post eclosion were moved to 29C – causing misfolding of the temperature 
sensitive GAL80 and allowing the Upd-GAL4 to drive rpr expression and ablate 
polar cells (Fig. 4.3A).  I found that upon ablation of all polar cells within a follicle 
that the follicle halted rotation (Fig. 4.3E,E’), and that the basal actin was 
disrupted (Fig. 4.3C) compared to controls (Fig. 4.3B).  However, if only one end 
had ablated polar cells the follicle would still rotate (Fig. 4.3E,E’).  I found that 
this rpr construct was relatively inefficient, and gave rise to very few follicles that 
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had polar cells completely ablated.  I also tried an alternative using updGAL4, 
UAS-diphtheria toxin to drive cell death (Han, Stein et al. 2000).  With this I found 
identical results to what I observed with UAS-rpr.  Additionally, I observed that 
despite the persistence of rotation upon ablation of polar cells from only one pole 
there was a decrease in elongation in all stage 8 follicles with ablated polar cells 
(Fig. 4.3D).  This result suggested that a certain amount of elongation was 
independent of rotation – these follicles still moved – but dependent on polar 
cells.  I will also note that the basal actin stains of follicles showed that though 
the basal actin might be largely globally normal in these partially ablated follicles, 
the basal actin close to the polar cells was disrupted (data not shown).  These 
results suggest that polar cells are necessary for rotation to continue.  Whether 
they were necessary for rotation to initiate on axis was never clear – ablation of 
all polar cells was relatively rare.  I could never be sure when exactly during 
development the polar cells had been ablated, seeing as the window for ablation 
was two days long.  Thus I can only say definitely that follicles at late stages that 
had all the polar cells ablated did not rotate.  Whether they had ever rotated 
remains an open question. 
  I also examined the effect of loss of polar cells on elongation and rotation by 
decreasing signaling through the Notch signaling pathway to reduce polar cell 
number.  Normally Notch acts to increase polar cell fate by inhibiting eyes 
absent, a repressor of the polar cell fate (Fig. 4.4A).  Using tjGAL4 to drive the 
Notch antagonist Hairless (H) to decrease Notch signaling and increase polar cell 
specification I found that loss of Notch pathway signaling was sufficient to cause 
round follicles (Fig. 4.4G,H) and rotational defects (Fig 4.4I).  These follicles 
were not merely rounder, but also appeared to have a slightly deformed shape 
(Fig. 4.4H).  This could be a result of Notch signaling during other parts of follicle 
morphogenesis.   
 
Ectopic polar cells are not sufficient to reorient the axis of elongation 
  I then examined whether polar cells on their own could be sufficient to induce a 
new axis of rotation, or to reorient basal actin around the ectopic polar cells (Fig. 
4.1B,D).  In order to induce polar cells I used yorkie (yki) RNAi. During normal 
egg chamber development yki acts to repress Notch (Chen, Wang et al. 2011). 
Notch in turn normally represses the polar cell repressor eyes absent (Fig. 4.4A, 
(Adam and Montell 2004)).  Thus in the absence of yki it would be expected that 
Notch signaling would increase, eyes absent would decrease, and you would see 
an increase in the number of polar cells.  Yki RNAi by itself gives several severe 
defects when driven by the somatic follicle driver tjGAL4 giving rise to misplaced 
oocytes and loss of somatic follicle (Fig. 4.4B) as well as round eggs (Fig. 4.4C).  
However, integrity of the follicle could be maintained using the heat shock flp-
OUT construct to drive yki-RNAi in smaller patches of the follicle (Fig. 4.4D).  
This RNAi gave rise to cells that by morphology resembled polar cells (Fig. 4.4E) 
but neither AP axis elongation nor local basal actin alignment were disrupted 
(Fig. 4.4E, box).  This was only in relatively large – and presumably early-stage 
derived – clones.  Smaller clones never were seen to take on a polar cell 
morphology (Fig. 4.4F) suggesting that the window for differentiation of medial 
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follicle into polar cells had passed.  These results together suggest that polar 
cells at the poles take priority for axis specification over ectopically induced polar 
cells. 
 
Upd overexpression disrupts planar polarization and elongation 
  A putative signal from these polar cells is the secreted JAK/STAT ligand 
Unpaired (Upd).  At early stages of development Upd is necessary for 
specification of the stalk cell fate (McGregor, Xi et al. 2002), and at later stages is 
necessary for specification of migratory and non-migratory cell populations 
around the anterior polar cells (Ghiglione, Devergne et al. 2002, Xi, McGregor et 
al. 2003).  I found that driving Upd expression throughout the follicle using tjGAL4 
led to fused egg chambers (Fig. 4.3G, arrowhead), round follicles (Fig. 4.3G’) 
and disruption of basal actin (Fig. 4.3H) 
 
Polar cell structure 
  In order to determine what exactly about the polar cells could cause rotation to 
occur around the axis that they define, I looked at the expression of the cell-
matrix adhesion protein integrin.  Integrins are known to be essential linkers 
between the cell and its surrounding extracellular matrix.  The integrin mutant, 
myospheroid (mys), is known to give rise to round eggs and follicles.  Upon 
examination of integrin protein localization using immunohistochemistry I 
discovered that the polar cells in developing follicles have much higher levels of 
integrin (Fig. 4.5A).  This difference exists even in early stages of development 
(Fig. 4.5A).  In fact, the earliest stages of follicle formation show a marked 
gradient of integrin expression, with low expression on the sides of the follicle, 
and high expression in both the polar cells and the cells that surround them (Fig. 
4.5A).  This increased adhesiveness could account for why the polar cells are 
relatively immotile compared to their neighbors.  Also, upon examining actin and 
microtubules in the polar cells I found that basal actin patterns in the polar cells 
appear different – forming swirls of filamentous actin at the basal surface of the 
polar cells themselves (Fig. 4.5D,D’).  Also, the cells that surround the polar cells 
appear to be differentially arranged.  The polar cells form an interesting structure, 
with an actin rich band surrounding them, contorting the structure of the cells that 
are directly beside them (Fig. 4.5D).  I also discovered that there appears to be 
polarized microtubule growth marked by the microtubule plus end binding protein 
EB1 along the cortex in polar cells (Fig. 4.5B).  This growth occurs along the 
apical-basal axis from apical to basal (Fig. 4.5C,C’, arrowheads), a pattern that 
is not apparent in the surrounding follicle.  The role of these two behaviors, 
however, is still unclear.  Additionally the amount of the ECM component vkg 
overlying the polar cells appears to be markedly decreased as compared to that 
overlying the neighboring cells, with a distinct bald patch at the most anterior tip 
(Fig. 4.5E, arrowheads).  
 
Live imaging polar cells 
  Given the position of polar cells at the tips of the follicle, it is difficult to easily 
image the polar cell both in live and fixed tissues.  To address this YD and I 
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designed a method to image polar cells using media with 5% low-melting point 
agarose to fix the follicles in place before they could settle allowing easier 
imaging of the polar cells.  This method resulted in an increased number of stage 
6/7 follicles that settled end on, allowing for imaging of the polar cells. 
 
Genome wide RNAi screen 
  In order to screen for genes necessary for follicle rotation we took advantage of 
the fact that follicles that fail to rotate also fail to elongate.  Thus we were able to 
create a rapid screen for follicle rotation by looking for round egg mutants.  To 
screen we crossed RNAi lines from the Bloomington RNAi library – both Val10 
and Val20 lines – to a line that contained tjGAL4, UAS-GFP and UAS-Dcr2.  The 
traffic-jam GAL4 line drives in all somatic cells in contact with the germ, the UAS-
GFP was used to confirm that the tjGAL4 was driving expression, and the UAS-
Dcr2 was used to increase the efficacy of the RNAi.  In total we screened 2047 
lines and found 242 that gave round eggs – see Table X for complete phenotype 
list.  A large number of the defects found were complete absence of ovaries.  
This was probably due to the fact that tjGAL4 drives throughout larval and pupal 
ovary development, as well as in the mature organ.  It would be helpful to 
rescreen the lines where the ovaries were completely absent in combination with 
a tubGAL80ts, to prevent any knockdown until the adult stages.   
 
Genes that gave rise to round eggs and round follicles 
The largest category after sterility that we found was round eggs.  Of the lines 
that we screened 11.8% of them gave rise to round eggs.  This number was 
greater than the number that gave rise to round follicles (6.6%).  The range of 
phenotypes that were called round eggs varied greatly, with some RNAi lines 
giving rise to almost entirely spherical round eggs (Fig. 4.7, LONP1) with no 
obvious patterning defects, others giving rise to round eggs with quite severe 
defects beyond elongation (Fig. 4.7, Rhea) and many that were only mildly 
round, and otherwise very healthy (Fig. 4.7, Cont).  Given this broad range of 
phenotypes it is not surprising that the genes discovered were not limited to one 
or two processes. 
 
Dorsal Appendage Defects 
A common defect in the screen was aberrant formation of dorsal appendages.  
This encompassed defects in elongation of dorsal appendages (also commonly 
found in round egg mutants, Fig. 4.7, PH4αEFB) fusion of dorsal appendages 
(Fig. 4.7, ND75) and absence of dorsal appendages (Fig. 4.7, Bap60).  These 
defects could have arisen from both cell death, lack of specification or problems 
during the morphogenetic event of elongation itself.  Indeed we found that even 
within our class of round egg mutants that not all resulting eggs had the same 
dorsal appendage defects.  While both fat2 and Abi/Hem RNAi eggs had 
shortened but otherwise normal appendages Fmr1 and microtubule regulators 
gave rise to mature eggs that had severe defects in dorsal appendages with 
appendages not only short, but drastically reduced in size (data not shown, Fig. 
4.7).  This suggested a special sensitivity to loss of microtubules during the 
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formation of these structures as colchicine treatment also gave rise to loss of 
dorsal appendages (data not shown). 
 
LSm proteins and round eggs 
  A previous technician in the lab – Xinghua Li – had found that some 
components of the LSm complex gave rise to round eggs.  Upon secondary 
screening we ordered additional RNAi lines from VDRC to determine how many 
components of this complex give rise to round eggs and follicles.  We found that 
of the seven Lsm RNAi lines that we screened using the tjGAL4 line that three 
Lsm7 RNAi, Lsm10 RNAi and Lsm11 RNAi gave rise to round egg and follicles.  
We found that Lsm1 RNAi gave rise to both round eggs/follicles as well as 
apoptosis.  We found that LSmD1 RNAi, CG6610 RNAi, and CG10418 RNAi give 
rise to apoptosis with rounded follicles that degenerated prior to becoming eggs.  
It seems that the LSM proteins 7,10 and 11 formed a complex that was solely 
necessary for egg shape and not ovary health, while LSmD1, CG6610 and 
CG10418 have a role in ovary health.  Lsm1 seems to have a role in both given 
the mix of both apoptotic defects and round eggs and follicles (Table 4.2). 
 
ru10 is a mutation that leads to round follicles but normal rotation 
  Xinghua Li had also found a round egg mutant called ru10, originally 
characterized as a ‘small egg’ mutant by Trudi Schupbach (Schupbach and 
Wieschaus 1991).  I then characterized the exact nature of the defect in ru10-/- 
follicles.  I found that ru10-/- follicles have round follicles at all stages (Fig. 4.9B) 
compared to wild-type follicles (Fig. 4.9A,E).  These follicles also had misplaced 
oocytes (Fig. 4.9F, arrowhead) suggesting a defect in patterning.  However, 
upon examination of basal actin polarization I found that there was no loss of 
basal actin PCP (Fig. 4.9G) and that the entire follicle underwent rotation (Fig. 
4.9H). 
  Given these data I examined whether the extracellular matrix (ECM) that 
surrounds the follicle was disrupted in the ru10-/- follicles.  Staining with 
concanavalinA to label laminin I found that though in the ru10+/-  follicles had 
planar polarized strands of laminin on the basal surface the ru10-/- follicles had no 
planar polarized strands (Fig. 4.9C) and instead concanavalinA created a 
‘chicken-wire’ pattern outlining the underlying cells (Fig. 4.9D).  This pattern is 
reminiscent of non-rotating mutants such as fat2, however, the ru10 mutant 
rotates (Fig. 4.9H).  Additionally, there appeared to be no loss of secretion of 
laminin (Fig. 4.9D). 
 
ru10 maps to the gene muscle-wasted (mute) 
Complementation mapping of the ru10 mutant revealed a region of non-
complementation at the cytogenetic position 53E, a region that contains the gene 
muscle-wasted (mute).  RNAi knockdown of mute gave rise to defective ovary 
formation and sterility (data not shown).   
 
Polarization of the germarium at eclosion 
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Given the proven role of round egg genes in germarium structure the question 
arises if the germarium is patterned properly at eclosion – so potentially many of 
these structural changes within the germarium are occurring within the 
developing pupae – or if the planar polarization of the germarium is only present 
after egg production is well underway.  Upon dissection of freshly eclosed 
females I found that the tiny ovaries of the females already contained early egg 
chambers (Fig. 4.8A) and that the germaria in these ovaries was already planar 
polarized with respect the overall anterior-posterior axis (Fig. 4.8B,C).  This 
suggests that planar polarization of the germarium occurs during pupal 
development. 
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DISCUSSION 
 
Role of the Germline 
  Our data point to a non-essential role for the oocyte in specification of the axis 
of rotation.  Certainly the egl mutant – which has no specialized oocyte – 
undergoes rotation and planar polarizes actin with no difficulty.  Additionally 
repositioning the oocyte using ShgRG7 does nothing to reorient basal actin.  This 
data does not conclusively show that the oocyte has no influence potentially on 
the rate or the duration of rotation.  The egl mutants degenerated at the same 
time that normal follicles would halt rotation, so any role of the oocyte in halting of 
rotation could not be teased apart.  However, it would be possible to examing 
non-degenerating mutants – such as the ShgRG7 mutant – to see if they give rise 
to follicles that continue rotating past stage 8. 
 
Egalitarian and the stalk 
  The stalk position in the egalitarian mutant leads to some intriguing possibilities.  
Initially upon examining eglPB23/PR29 live I thought that the follicle was rotating off 
axis given the relative position of the stalks – the only obvious marker of AP 
polarity.  Normally the stalk at the anterior end departs from its location at the 
most anterior of the follicle following complete separation of the follicle epithelium 
from the stalk by ECM deposition.  The posterior end however does not migrate 
as far, remaining close to the posterior tip during development and serving as a 
good proxy for the posterior end.  The fact that the posterior stalk migrates to an 
equivalent distance from the polar cells as the anterior stalk indicates that there 
is a stalk position that is specified by being anterior.  It is not merely due to steric 
issues when attached on one end to a more mature follicle, it is instead within the 
follicle itself.  The anterior stalk takes on a particular location that is dependent 
on the follicle, not on its orientation in the ovariole.  This data is perhaps not 
surprising, there could be many changes to the underlying anterior tip that cause 
the stalk to change position, but at least the data show though it is physically 
separated the stalk still takes on a particular anterior and posterior position.  One 
question that remains is whether the stalk is an active participant in this 
relocation at the anterior end, and actively migrates to a specified location further 
along the follicle, or if it stays passively in the same location as the underlying 
follicle grows past it.  This could be answered by tracing experiments or 
alternatively by live imaging. 
 
Polar cells and rotation 
  The most definitive conclusion I can make from the polar cell data is that polar 
cells are necessary for rotation.  However, I could never show that they were 
sufficient.  The generation of ectopic polar cells was patchy and though I did 
successfully create polar cells along the equator I was not able to do so in the 
absence of the original polar cells.  Thus I was unable to conclude that the polar 
cells I made were truly incapable of reorienting the basal actin – as the data 
indicated – or if they simply could not override the axis information from the 
existing polar cells.  The ideal experiment would have been a targeted ablation of 
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the polar cells at the poles followed by generation of equatorial polar cells.  This 
experiment, however, is extraordinarily challenges for several reasons.  The first 
is the difficulty of generating a system that would solely ablate the original polar 
cells and not ablate the newly formed polar cells – which would require perhaps 
the GAL4 system to be used for ablation followed by clones formed using the 
LexA system.  The second is the window at which the polar cells can be 
specified.  While generating clones for ectopic polar cells I found no success 
unless the yki RNAi was driven in extremely large clones – essentially if it had 
been present from the formation of the follicle.  This implies that the polar cell 
fate may only be possible during a very early window of follicle development, and 
that epithelial cells in the mature follicle can no longer take on this fate.  This 
narrow window would make the experiment even more difficult.  I leave it to a 
future graduate student to attempt it. 
  Ignoring the sufficiency, the necessity of the polar cells alone is intriguing, if 
frustratingly vague.  The system used to ablate polar cells gave such a long 
window of knockdown – 48 hours – that it is impossible to say at exactly which 
stage the follicles lost polar cells.  The 48 hour ablation was long enough as to 
cover all stages of rotation – especially given the increased speed of 
development at 29C.  However, I could not narrow the window any further and 
ablate all polar cells within the follicle, though ablation was improved using the 
diphtheria toxin construct both DTI and reaper yielded very few follicles with all 
polar cells ablated.  I cannot therefore determine if polar cells act during early 
axis formation or during maintenance of later rotation.    
 
LSm proteins and elongation 
  The appearance and reappearance of LSm proteins in the screen was an 
intriguing result.  The mix of two phenotypes – ovary degeneration and loss of 
elongation – pointed to a complex reason for the appearance of these proteins in 
our screen.  The simple explanation for LSm proteins being necessary for 
elongation is that they are generally needed for cell health.  LSm proteins form a 
complex to regulate splicing (Verdone, Galardi et al. 2004) and it would appear 
that any component of this complex should therefore be essential for protein 
synthesis.  However, if this simple answer were truly the case we would expect 
slightly more ubiquitous defects.  All LSm complex components should give 
degeneration in this case.  What we see however is two distinct classes of 
defects, elongation and degeneration and intriguingly only one component 
(LSm1) that seems to have a role in both.  From discussions with the Weis lab 
discussing unpublished results this idea of two classes of defects is consistent 
with the notion that there are in yeast at least two LSm complexes that have 
distinct roles: one a classical mRNA splicing regulator, the other regulating 
mRNA decay (He and Parker 2000, Perea-Resa, Hernandez-Verdeja et al. 2012, 
Golisz, Sikorski et al. 2013).  The fact that LSm1 in yeast sits in the overlap 
between these two functions (Weis, personal communication) suggests strongly 
that we might be seeing these two different complexes at work here, with the 
mRNA decay machinery regulating elongation.  If this is the case it opens up the 
question of what exactly needs to be removed in order for elongation to occur.   
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The potential role of muscle wasted (mute) in the follicle  
  Our results characterizing the nature of the phenotype of the ru10 mutant 
showed us that this gene is not necessary for rotation to occur, for basal actin to 
planar polarize or for Laminin (as marked by concanavalinA) to be secreted.  
However, it is necessary for the resulting matrix to be planar polarized.  This 
suggests that the relationship between rotation and organization of the resulting 
matrix is disrupted in this mutant.  The fact that we tracked the causative allele to 
muscle wasted (mute) might suggest a few modes of action for this gene.  The 
mute gene has been previously shown to have a role in transcriptional regulation 
(Bulchand, Menon et al. 2010).  This means that it could be involved in the 
transcriptional control of ECM-cell surface proteins (such as integrin) or 
potentially cross-linkers within the ECM itself.  The fact that Laminin appeared to 
still be secreted in these mutants suggests that a defect within the general 
secretion machinery appears unlikely, however, it has been shown by the Horne-
Badovinac lab (Isabella and Horne-Badovinac 2016) that secretion of collagen 
occurs by a rather unusual mechanism whereby the collagen is secreted laterally 
and then placed upon the underlying matrix as the cell migrates past, so it is 
possible that this specialized secretion is disrupted.  However, more fundamental 
defects could have occurred in this mutant given the misplacement of the oocyte 
observed in the follicle (Fig. 4.9F).  This suggests either a defect in 
encapsulation, or potentially a defect in differential adhesion between the oocyte 
and the overlying polar cells.  This mutant opens an exciting avenue to 
investigate how elongation and rotation can be successfully uncoupled.  
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EXPERIMENTAL PROCEDURES 
Fly stocks 
All flies were maintained at 25C unless otherwise indicated.  tjGAL4 (Hayashi et 
al., 2002; Li et al., 2003) with RNAi lines generated by the Harvard TRiP.  ru10 
was generated by Trudi Schupbach.  Secondary screening RNAi lines for 
positive hits were from the VDRC collection.  UAS-DTI, tubGAL80ts line was a gift 
from Dr. Kristen Scott.  UAS-reaper, tubGAL80ts was a gift from the Hariharan 
laboratory.   
 
RNAi screen protocol 
Flies were raised in standard conditions.  Virgin tjGAL4, UAS-GFP ; UAS-Dcr2 
flies were crossed to males of RNAi lines, raised at 25C, and F1 females were 
selected containing the correct genotype.  5-10 females with males were placed 
on yeast at 25C for 2-3 days and flipped onto fresh yeast for another day before 
dissection.  Ovaries were dissected using watchman’s forceps in PBS, and 
ovarioles were manually separated from the muscle sheath.  All dissections were 
performed under 15 minutes.  The dissected eggs and ovarioles were fixed in 4% 
para-formaldehyde for 10-20 minutes, stained with 1:500 TRITC-phalloidin 
(Sigma), and 1:1000 DAPI (Molecular Probes), washed in PBS and mounted in 
SlowFade Antifade solution (Invitrogen).  All samples were imaged on an 
AxioImager.M1 (Zeiss) with 10x/NA 0.3 air objective lens.  Any RNAi that gave 
rise to absent ovaries were noted. 
 
Polar cell ablation 
Flies of the genotype upd-GAL4, UAS-GFP ; UAS-reaper, tubGAL80ts or upd-
GAL4, UAS-GFP ; UAS-DTI, tubGAL80ts were raised to eclosion at 18C.  
Females were selected and kept on yeast at 29C in the presence of males for 48 
hours.  Ovaries were dissected in modified Schneider’s media and imaged live 
on the AxioImager.M1 (Zeiss) with 10x/NA 0.3 air objective lens or fixed and 
stained for basal actin and imaged on a Leica TCS. 
 
Immunostaining 
Basal actin stains were achieved by dissecting ovaries in Schneider’s medium for 
<15min and fixing in 4% para-formaldehyde with 1:400 TRITC-phalloidin for 10 
minutes, staining in 1:500 TRITC-phalloidin in PBT for 20 minutes, followed by 
washes of 5 minutes each of PBTx2 and PBSx2 before mounting in SlowFade 
Antifade solution.  Concanavalin A stains were performed identically to basal 
actin stains with Concanavalin A (AlexaFluor-647, Molecular Probes) replacing 
TRITC-phalloidin.  Mys stains were performed using (DSHB, 6G11) mouse IgG 
anti-mys at 1:300 concentration with (Molecular Probes) anti-mouse Alexa488 
secondary at 1:250. 
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Figure 4.1. Model for oocyte vs polar cell signal. (A) The oocyte as a signal 
source for the rotational axis, testing necessity by changing the fate of the oocyte 
to a nurse cell, and testing sufficiency by moving the oocyte away from the 
posterior end of the follicle.  (B) The polar cell as the signal source for the 
rotational axis, testing necessity by ablation of the polar cells, and testing 
sufficiency by generation of ectopic polar cells.  (C) Anticipated phenotypes 
indicating necessity if the oocyte/polar cells are removed.  (D) Anticipated 
phenotypes indicating sufficiency if the oocyte/polar cells are moved. 
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Figure 4.2. The oocyte position does not determine the rotational axis. (A) 
Basal actin of isoFRT40. (B) Basal actin of egalitarian transheterozygote 
eglPR29/PB23 is planar polarized. (C) Basal actin of BicDT5 mutant egg chamber is 
planar polarized. (D) Shg germline mutant egg chamber has a mispolarized 
oocyte position, but elongates along the AP axis. (E) Phalloidin stain of iso 
FRT40 ovariole. (E’) FasIII stain marks polar cells in iso FRT40 ovariole. (F) 
Phalloidin stain of egalitarian transheterozygote. (F’) FasIII stain of eglPR29/PB23 
shows elongation along axis specified by the polar cells – note migration of polar 
cells from both poles. (G) Rotation of egl eglPR29/PB23, with blue bar indicating the 
axis specified by the stalk, brightfield image. (G’) Actual rotational axis indicated 
by blue bars extending out of the plane. (H) isoFRT40 follicle phalloidin stained. 
(H’) Indication of angle between the stalk position and anterior and posterior 
poles. (I) Graph of average angle between the pole and the stalk on the anterior 
and posterior indicates that the eglPR29/PB23 mutant has a greater separation 
between the stalk and pole on the posterior end than the isoFRT40 control. 
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Figure 4.3. Polar cells and the determination of the rotational axis. (A) 
Diagram of polar cell ablation. (B) Basal actin in isoFRT40 follicle. (C) Basal actin 
in polar cell ablated follicle is mispolarized. (D) Follicles with at least one polar 
cell ablated have rounder st 8 egg chambers. (E) GFP marks polar cells, red 
arrows indicate absence of polar cells at end of egg chamber. (E’) Yellow arrows 
indicate direction of rotation. Red arrows indicate lack of rotation. Brightfield 
image of E. (F) Diagram of the role of upd from polar cells. (G) Ovariole of upd 
overexpressing follicles has fused egg chambers (arrowhead). (G’) 
Overexpressing upd follicles have round follicles. (H) Overexpressing upd 
follicles have mispolarized basal actin. 
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Figure 4.4.  Ectopic polar cells and the determination of the rotational axis. 
(A) Signaling pathway that specifies the polar cell fate. (B) tjGAL4>yki RNAi 
leads to egg chambers with misplaced oocyte, phalloidin. (C) tjGAL4>yki RNAi 
leads to round eggs. (D) Diagram of generation of ectopic polar cells using 
hsFLP to drive yki RNAi in patches within the follicle epithelium to specify cell 
fate. (E) Cross section of follicle with yki RNAi driven by ActGAL4 shows ectopic 
polar cells by morphology – boxed rounded cell in cross-section.  Inset shows 
that cells proximal to ectopic polar cells have normal basal actin alignment. (F) 
Small clones of yki RNAi expressing cells (GFP+) do not cause neighboring cells 
to rearrange basal actin, and do not take on the polar cell shape as seen in E. 
(G) tjGAL4, UAS-Hairless leads to round eggs. (H) Hairless overexpressing 
ovariole has round follicles. (I) Hairless overexpression has increased occurrence 
of non-rotating eggs. 
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Figure 4.5. Cytoskeleton, ECM and Integrin in Polar Cells. (A) Integrin (mys) 
is highly expressed at the poles of stage 2 follicle.  (B) updGAL4, UAS-eb1GFP 
stage 6 follicle with membranes labeled with FM4-64 dye (red), end-on view. (C) 
updGAL4, UAS-eb1GFP stage 6 follicle with membranes labeled with FM4-64 
dye (red), cross-section view (apical, right). (C) Kymograph of EB1 comet growth 
in polar cell (yellow line in C’) arrowheads indicate EB1:GFP trail progressing 
from the anterior side of polar cell (right) to the basal side (left) as time 
progresses.  (D) Jupiter:GFP expressing follicles have swirl of basal actin (D’) 
polar cells marked by Jupiter:GFP (green), F-actin labeled with phalloidin (red), 
DAPI (blue) marks nuclei. (E) Anterior tip of stage 7 follicle, phalloidin and 
histoneRFP (both red) with polar cells marked by high levels of phalloidin 
(outlined by arrowheads).  (E’) Arrowheads around bald-patch of VKG that 
covers polar cells (VKG:GFP, green). (E”) Merged image shows bald-patch over 
phalloidin rich polar cells. 
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Figure 4.6. RNAi Screen Results Summary.  Virgin females of the tjGAL4, UAS-GFP ; UAS-
Dcr2 genotype were crossed to males of the Harvard TRiP RNAi lines and F1 females were 
collected for analysis.  Ovary-specific RNAi knockdown gave rise to defects in fecundity, ovary 
shape, mature egg shape and follicle shape.  The most common defects with the corresponding 
percentage of genes are summarized here. Germ cells (gold), stalk (yellow), somatic (green).
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Figure 4.7. RNAi Screen Round Egg Genes. Representative results from the 
RNAi screen showing round follicles (TOP) and mature eggs (BOTTOM) for each 
genotype.  Some tjGAL4, UAS-RNAi lines resulted in degeneration before 
mature egg formation (Final Panel) and so only round follicles were observed. 
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Figure 4.8. Eclosion Ovary has Planar Cell Polarity. (A) Phalloidin stain of 
whole ovary in freshly eclosed tjGAL4 female shows small ovaries and no mature 
eggs. (B) Phalloidin stain of eclosion germarium has planar polarized basal actin. 
(C) Graph of orientation of basal actin of eclosion germaria. 
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Figure 4.9. ru10 mutant gives rise to round rotating follicles. (A) tjGAL4 
stage 6/8 follicles stained with DAPI and Phalloidin. (B) ru10 with round stage 6/8 
follicles. (C) Concanavalin A stain in ru10+/- shows fibrils perpendicular to AP 
axis. (D) Concanavalin A stain in ru10-/- shows cell outlines but no perpendicular 
fibrils. (E) Measurement of stage 8 follicle aspect ratio shows ru10 is significantly 
rounder (student T-test). (F) Phalloidin stain of ru10 mutants indicates misplaced 
oocyte. (G) Basal actin is planar polarized in ru10. (H) ru10 rotates, yellow 
arrows indicate direction of rotation. 
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Table 4.1. Genome-wide RNAi Screen Summary 
 # of Lines (%) Example Genes 
Total in list 3759  
Total genes in list 2976  
Total lines screened 2047 (54%)  
Total genes screened 1839 (61.8%)  
Sterile 298 (14.6%) Cul3, Crag, Bap60 
Apoptosis 192 (9.4%) RRP25L, cyp33, CycB3, chb 
Multi-Layering 5 (0.2%) crb, dlg1 
Mislocalized oocyte 21 (1.0%) yki, Dhc64C  
Gaps in Epithelium 9 (0.4%) Spargel 
Round Follicles 136 (6.6%) MED16, gish, hem 
Round Eggs 242 (11.8%) dco, sqh, ftz-f1  
Hyperelongation 35 (1.7%) trol, ct, Pc 
Packaging 136 (6.6%) ND75, Su(var)3-3 
Stalk absent 26 (1.3%) Bap, sec10, yki 
Posterior migration 0 (0.0%)  
Centripetal migration 6 (0.2%) Hrb27C, dlt, Smr 
Endocycle  2 (0.1%) FKBP59, ct 
Small egg/small oocyte 10 (0.5%) Fmr1, Dhc64C 
Follicle cell loss 21 (1.0%) barr, Nsf2 
Dorsal appendages 46 (2.2%) Dia, cycH 
Ovary loss 82 (4.0%) Rps15Aa, CSN7, STAT92E 
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Table 4.2. LSm Proteins and Round Eggs/Follicles 
Gene Name Round Eggs Round Follicles Apoptosis 
LSm1 + + + 
LSm7 + + - 
LSm10 + + - 
Lsm11 + + - 
LSmD1 +/-   
CG6610 NA + + 
CG10418 NA + + 
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CHAPTER FIVE: EDGELESS EPITHELIA PLANAR POLARIZATION 
 
Katherine R Lipari 
 
ABSTRACT 
The planar cell polarity pathways that underpin elongation in flat epithelia like the 
Drosophila wing have been well studied for decades.  However, how planar 
polarity processes occur in tubule epithelia is unclear and indeed seems to 
operate by a different set of principles.  Bias is established early, at the level of a 
handful of cells and propagated throughout development by whole-tissue 
migration and ECM polarization to create a ‘memory’ of the earliest biases.  
 
CONCLUSIONS AND PERSPECTIVES 
  The feverish pace of research on the follicle and rotation over the last few years 
has left us asking what our models are.  Old models put forth by the Montell lab 
postulated that most of elongation truly occurs stage 9 and later and is 
dependent on actin, but only through active contraction (He, Wang et al. 2010).  
The model put forth by Haigo was that rotation acts on the ECM to create this 
elongation, and occurs at the same stages as elongation (Haigo and Bilder 
2011).  Dahmann put forth conclusions in a recent paper that rotation is nothing 
but a byproduct of other elongation processes and not in itself essential for 
elongation (Aurich and Dahmann 2016).  Work by the Horne-Badovinac lab 
suggested that muscles play a key role in elongation, and that perhaps we are all 
spending too much time thinking about the follicle out of context (Andersen and 
Horne-Badovinac 2016).  This last idea has merit for different reasons than the 
authors put forth: the dangers of ex vivo.  The work published by the Dahmann 
lab came to the erroneous conclusion that a certain fat2ΔICR mutant failed to 
rotate while still possessing the ability to elongate.  This work was all in the ex 
vivo culture model, and the fat2ΔICR mutant has been shown to rotate in vivo by 
DY Chen (Bilder Lab, unpublished work).  This inconsistency between the ex vivo 
and in vivo systems in not exactly shocking, similar to the muscle sheath paper 
warning we are creating an extraordinarily artificial system by dissecting out the 
follicle.  Though work has shown that rotation does indeed occur in vivo without 
our tinkering (Haigo and Bilder 2011), it raises the question of how isolated is a 
follicle?   
 
The Follicle as an Independent Unit 
  There is some data to support the notion that much of follicle development post 
germarium occurs with little regard to the surrounding tissue past the need for 
organism level growth hormones.  Egg chambers can be dissected and 
introduced to the abdomen of an adult female and develop largely normally free 
from connecting follicles and muscle sheath (Andersen and Horne-Badovinac 
2016).  Our data from the egalitarian mutants shows that stalk position is 
dependent solely on the fate of the underlying follicle, and not of the sister follicle 
that it is connected to (Fig. 4.2I).  Follicles rotate independently of the chirality of 
neighbors (Figs. 4.2G, 4.9H) with either handedness (Fig. 2.6H).  Given our 
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work examining rotation in dissected follicles it seems that in many ways we can 
think of post stage-1 follicles as independent. 
  However, that statement does depend on the important caveat: post stage 1.  
Every model of follicle elongation mentioned above focuses on the time when 
elongation is occurring, but potentially not when it is being determined. 
 
The Germarium: getting each follicle started on the right path 
  Another common feature in so many models for follicle elongation is focusing on 
later stages.  Anything from rotation (Haigo and Bilder 2011), to ECM deposition 
(Isabella and Horne-Badovinac 2016), to basal actin dependent constriction at 
stage 9 (He, Wang et al. 2010), seem to be better points to examine the follicle 
tubule elongation.  The defects are obvious and easier to image.  However, we 
come to the same problem that persists in all studies of PCP: we are looking too 
late.  Yes, we find PCP defects, but one could hardly call any of those defects in 
the underlying PCP.  Those are changes in contraction, actin motility, ECM 
secretion, but all with a prior input.  The actin motility goes along a dictated path, 
the ECM is secreted while these cells are progressing on that path, even the later 
stage myosin contractile waves are merely running along the F-actin paths that 
had been laid down.  Our favorite indicators of PCP in this field are not PCP.  
They are merely the remnants of where PCP was.  We can argue over the 
semantics of discounting effectors as part of PCP, but they are definitely not the 
core module. 
  As we examine the polarity of the germarium we see that this tissue also has a 
planar polarity within its very structure.  Freshly eclosed ovaries have perfectly 
planar polarized actin and microtubules at the basal surface within the 
germarium.  The shape of the germarium cells shows a preferential elongation 
along the DV axis.  We find that fat2 mutants have less narrowing of the AP axis 
than their wild-type counterparts (Fig. 3.5E), however, it is obvious that both actin 
and microtubules remain polarized and that there still remains a structural bias in 
fat2 (Fig. 2.6A), even if it is not at the level of microtubule growth.  
Fundamentally there is a structural polarity in the germarium that is not 
dependent upon fat2.  These gets to the same signal at the top of all the PCP 
pathways that we outlined in Chapter One, that there is first an overall cue that 
planar polarity then relays.  While we picture that cue as secreted anterior or 
posterior determinates in our diagram, it is quite possible that within this edgeless 
epithelium that the migration and division of stem cells is the very first cue.  It 
also explains how a mutant like dFmr1 can have such a strong global polarity 
defect that is absent in fat2.  dFmr1 might be disrupting the structure of the 
germarium itself enough to halt this earliest of cues. 
   
Rotation as Tissue Memory 
  One of the greatest conundrums when examining edgeless tissue elongation is 
how exactly planar polarity is maintained as the tissue elongates away from a 
potential signal source.  Given that a tubule frequently has identical fate around 
the circumference this leaves the ends of the tubule as the signal source for 
polarity information, and as the tissue elongates the signal source is further 
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away.  In a tissue that orients towards the signal source, such as in an edged 
epithelium, this distance does not matter as the signal is propagated down the 
tissue from neighbor to neighbor, however the circumferential nature of polarity in 
an edgeless tissue is prohibitive for this method of propagation.  
  Rotation is a potential method around this issue.  A tissue that is undergoing 
rotation has two different factors inducing it to continue in its established polarity 
as it elongates away from the signal source.  It has momentum to continue 
movement in the direction already established, and the polarization of a cell 
inherent to migration creates planar polarity in the tissue.   
 
Model of the Polar Cell as an Axle 
  One of the most intriguing results that suggest a mechanism for polar cell 
control is actually from examining the rate of rotation in follicles.  There are two 
rates that can be measured when examining follicle rotation, the linear velocity 
(how quickly a cell at the equator is moving in terms of microns per minute) and 
the angular velocity (how long it takes for a cell in the follicle to return to the 
same position that it started from).  When we measured the rate of linear velocity 
at different stages we found that follicles started by migrating relatively slowly, 
then increased as the stages progressed.  This was not surprising and was in 
fact the reason why rotation prior to stage 5 had not been previously noticed.  
However, when we converted the linear velocity to angular velocity we 
discovered something fascinating: the angular velocity did not change.  In fact 
the time it would take for a cell to return to its original position at stage 3 and 
stage 7 was almost identical.  The linear velocity increase that we had seen was 
not accompanied by an angular velocity increase.  The cells were just having to 
move faster to return to their original spot in the same amount of time as the 
follicle grew.  The entire follicle behaves largely as a solid object, so therefore the 
amount of time that it takes for a cell close to the pole to traverse all 360 degrees 
has to match the time for a cell along the middle.  And vice versa.  If it takes 3 
hours for a single cell that lies beside the polar cells to migrate around the polar 
cells that would dictate the rate of cells far away as they migrate as a single 
body.  Potentially it is the rate of these cells that neighbor the polar cells – or 
perhaps the polar cells themselves – that dictate the rate of movement.  Indeed 
there seems to be a wide range of possible velocities available to the cells that lie 
on the equator of the follicle (Fig. 2.1B) but cells at the poles – that are possibly 
undergoing the energetically unfavorable activity of neighbor exchange – might 
be quite limited in the rate at which they migrate.   
 
Fat2 and downstream effectors 
  Ignoring the inner portion of the Fat2 protein, the extracellular domain also 
leaves us with intriguing possibilities.  Research done previously in the Dahmann 
lab using a fluorescently tagged version of Fat2 showed that in the follicle Fat2 
planar polarizes at the basal surface (Viktorinova, Konig et al. 2009).  They later 
went on to show that this planar polarization is related to the rotation of the 
follicle, with Fat2 localizing at the trailing end of each cell (Viktorinova and 
Dahmann 2013).  However, Fat2 is a protocadherin, and presumably interacts 
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with something via the extracellular domain.  Given the lack of any phenotype in 
both fat and dachsous loss of function mutants it is unlikely that either of the 
other major Drosophila protocadherins are interacting with Fat2 from the leading 
side of the neighboring cells.  However, it does leave the Fat2 extracellular 
domain flapping around without a partner.  Evidence by the Dahmann lab again 
also points to the importance of that extracellular domain in Fat2’s role in 
elongation.  fat2 rescue using mutants that are completely lacking the 
intracellular domain rescues almost all defects in elongation, and only disrupts 
rotation – though this rotation still occurs in the in vivo system (Chen, 
unpublished results).  However, we still do not know what this crucial domain is 
interacting with.  Could it be interacting with itself?  Protocadherins are known to 
have homophilic as well as heterophilic interactions, and our own data examining 
the temporal need for Fat2 showed that loss of Fat2 prior to this planar polarized 
patterning of the protein disrupted rotation and elongation.  Could it be that the 
Fat2 extracellular domain is interacting with itself during the earliest stages of 
follicle development – when Dahmann data points to apical localization of Fat2 – 
and establishes global planar polarization then? 
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Table S3.1. Fat2 Enhancer Screen Second Chromosome Deficiencies 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

7497 No Eggs Laid 25C8;25D5 Msp300  
9276 No Eggs Laid 44B8;44E3 Unknown  

26544 100.0 23B3;23B7 Unknown  
282 100.0 58D1;59A1 Unknown  

3548 96.4 21C1;21C7 Unknown  
7888 87.4 53C8;53D2 SCAR + (9213) 

24132 79.0 29B4;29E4 Dachs  
9641 78.4 32B1;32C1 Unknown + (9505) 

23680 58.8 24D4;24F3 Unknown  
32253 56.8 41F11;42A13 Unknown  

1164 48.2 25A4;25D5 Unknown + (24124,9270) 
7839 47.7 36E2;36E6 Unknown  
9637 47.3 31D7;31E1 Unknown  
9341 40.5 26B1;26D7 Unknown + (9297) 

26782 36.5 40F7;h36 Unknown  
2414 36.2 27B2;27F2 Unknown  
9642 36.2 31F5;32B4 Unknown  
7543 35.2 48F1;49A6 Unknown  
9505 34.8 32C1;32C1 Unknown + 

26542 34.3 35D4;35D4 Unknown  
9213 34.2 53C9;53F10 SCAR + 
8469 34.1 30F5;31B1 Unknown  

23686 33.9 46E1;46F3 Unknown  
7144 33.3 22D1;22F2 Unknown  

24124 32.8 25A3;25B10 Unknown + 
7896 31.6 56F11;56F16 Unknown  
9682 31.4 38F1;39D2 Unknown  

24356 30.9 53D14;54A1 Unknown  
6963 30.8 35B2;35D1 Unknown  
7521 30.4 35D6;35E2 Unknown  
7778 28.9 22B1;22B5 Unknown  
7840 28.6 36E5;36F5 Unknown  
9704 28.0 28E8;29B1   
9428 26.7 36A11;36A14   
9635 26.0 31D7;31D11   
9715 25.9 30C7;30F2   
8836 25.9 28F5;29B1   

27383 25.7 34B11;34E1    
23152 25.5 34D1;34F1   

9594 25.2 34B4;34C4   
24758 24.9 60F5;2Rt    
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Table S3.1. Fat2 Enhancer Screen Second Chromosome Deficiencies 
(Cont.)  
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

7749 24.6 51B1;51C2   
7551 24.2 56B5;56C11   
7871 23.5 49F1;49F10   

25441 23.1 60E11;60F2    
32256 23.0 34A5;34B9    

9508 22.6 36F5;36F10    
3084 22.6 21E2;22B2-22B3    

30590 22.3 57D2;57D10    
9068 21.8 60C8;60D13   
9683 21.7 42A2;42A14   
9176 21.3 22F4;23A3   

27353 21.1 35F1;36A1   
24132 21.0 29B4;29E4   

9278 20.9 53D11;53F8   
23691 20.6 52B5;52D15   

7807 20.6 28E1;28F1   
23688 20.2 49A4;49A10   

9266 20.0 39B4;40A5   
26554 20.0 57A2;57B3   

5330 20.0 24A2;24D4   
27354 19.5 56D8;56D14   
24371 19.0 54D2;54E9   

4961 19.0 60E10;60F5   
9708 18.9 27F3;28D2    
9507 18.4 36C8;36E3    
7876 18.3 50E4;50F6    

24133 18.1 30B3;30E4    
23170 17.9 50A7;50B4    
24379 17.7 54B16;54C3    
24116 17.6 37C5;38A2   

9707 17.5 32A5;32C1   
8907 17.5 33B8;34A3    

24407 17.4 50C6;50D2   
25428 17.2 47A3;47F1   

9510 17.1 40A5;40E5   
25678 16.7 56E1;56F9   
23666 16.5 46F1;47A9   

8910 16.5 47D6;48B6   
9068 16.4 60C8;60D13   

29988 16.3 59A4;59B7   
8906 16.3 29F5;30B12   
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Table S3.1. Fat2 Enhancer Screen Second Chromosome Deficiencies 
(Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

7546 16.0 53C11;53D11    
8679 16.0 37E5;38C6   
1491 15.6 35D1;36A7   

24118 15.5 21E2;22A1    
24933 15.5 51C2;51D1    

9695 15.4 24D8;24E1   
38465 14.8 54C3;54D4   

9560 14.4 25E5;25F3   
9062 13.9 42E1;43D3    

23665 13.5 45C4;45F4   
90 13.5 22F4;23C3   

9610 13.4 23B7;23C3   
24355 13.3 44A4;44C4    

9600 13.1 24D4;24D8   
8946 13.0 35B8;35D4    

23663 12.9 35E1;35F1    
24113 12.8 35F12;36A10    

9267 12.6 57B1;57D4    
25432 12.6 59B1;59B3    

7498 12.5 25D5;25E6   
9066 12.4 54F1;55C8    
9061 12.2 34E4;35B4    
9423 12.1 56C11;56D5    
6507 11.8 23F3;24A2   
9626 11.7 48C5;48E4    
9424 11.5 59F5;60B6    

30588 11.2 56E1;56F11   
24114 11.1 36A10;36C9    

8935 10.7 36F7;37C5    
7492 10.7 22A3;22B1    
9576 10.7 25E5;25F3    
8931 10.0 43A4;43F1    
9064 10.0 51E2;52B1    

24958 9.9 21B7;21B8    
26551 9.6 48D7;48E6    
26553 9.3 56F15;57A9    
23682 9.2 46B2;46C7    

8672 9.1 21B7;21C2    
9503 8.9 31B1;31D9   
8913 8.6 50E6;51B1    
7492 8.5 22A3;22B1   
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Table S3.1. Fat2 Enhancer Screen Second Chromosome Deficiencies 
(Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

6478 8.5 30C3;30F1   
7875 8.5 50D4;50E4    
7774 8.4 21E2;21E2   

24741 8.4 51C5;51E2    
27582 8.3 57D10;57E6    
23676 8.1 27D6;27F2    

9410 7.8 45F6;46B4    
9716 7.7 32C1;32F2    

24123 7.6 24A2;24C3    
23169 7.4 49F4;50A13    

9539 7.3 46C1;46D6    
6609 7.2 56F12;57A4   

24127 7.1 27E4;28B1    
6648 7.0 22F1;23A2   

23690 7.0 50B6;50C18    
24929 6.8 48F1;49A1    
24350 6.8 36A11;36B3   
24135 6.7 31E1;32A4    

9596 6.6 54B2;54B17    
9615 6.6 26F1;27A2    
8918 6.5 55C2;56C4    

24959 6.4 22D5;22E1    
7548 6.4 53F8;54B6    
8673 6.2 21C2;21E2    

25431 6.2 58F3;59A1    
9269 6.1 38B4;38F5    

25437 6.0 60D4;60E11   
3180 5.8 36A8;36F1   

24931 5.5 52A10;52D2    
25705 5.3 41D3;41F11    

8045 5.2 42A13;42E6    
24366 5.0 31D9;31E5   
26541 4.9 30F5;31B1    
24109 4.8 33A2;33E5    
24380 4.8 60B8;60C4    

3180 4.8 36A10;36F1    
8941 4.7 43E4;44B5    
7744 4.6 23A2;23B1    
2471 4.6 60E6;60E11   
6338 4.4 26D3;26F7   
7495 4.4 24C3;24C8    
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Table S3.1. Fat2 Enhancer Screen Second Chromosome Deficiencies 
(Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

9631 4.0 (few) 29D5;29F8   
27359 3.9 58F4;59B1    

9605 3.8 25B10;25C1    
27352 3.8 60C2;60D14    

6609 3.5 56F12;57A4   
1702 3.3 46C2;47A1   

26516 3.1 57D12;58A3    
7544 2.8 49E6;49F1    

23677 2.8 23F6;24A2    
6780 2.7 54E5;55B7   
9067 2.5 56D10;56E2    

32254 2.4 41F11;42A13   
26540 2.4 22B1;22D6    

9063 2.3 44F7;45F1    
8674 2.2 25C4;25C8    

744 2.2 24E1;25A2   
8915 2.2 52D11;52E7    

24989 2.1 49B10;49E6    
8835 2.0 25C1;25C4   

24652 2.0 27A1;27E1    
9157 1.9 44D5;45B4    

26513 1.8 59D8;59F5    
30585 1.8 49A9;49E1    
24385 1.7 50C3;50F1    

9191 1.6 21E2;21E2   
9718 1.6 32F2;33B6    
8912 1.5 48A3;48D5    
9694 1.5 24D8;24F1   

23156 0.9 36E3;36F2    
23662 0.9 34A1;34B2    

9353 0.9 21B1;21B3    
8904 0.8 23B8;23F3    

25720 0.6 26B7;26D8   
7834 0.5 36A12;36B1   
7890 0.4 54C10;54D5    
8908 0.2 21E2;21E3    
8901 0 21B3;21B7    
9270 0 (few) 24F4;25A7  + (24124,1164) 
9343 0 (few) 25F2;26B2   
9187 0 26B1;26B5   
9297 0 (few) 26B2;26D7   
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9502 0 28C3;28D3    
24627 0 3Lt;61B1    

442 0 49C1;50D3-50D5    
29661 0 52E6;53C4    
25078 0 53C1;53C6    
24361 0 55B11;55C9   
25430 0 58A2;58F1    
27356 0 59B4;59B6    
26866 0 59B7;59D9    
25437 0 60D4;60E11    
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Table S3.2. Fat2 Enhancer Screen Third Chromosome Deficiencies 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

24915 No Eggs Laid 65A2;65C1 LanA + (24914,3096) 
26529 No Eggs Laid 93D1;93F14    
25696 84.0 85F5;85F14  dFmr1 + (25054) 
24909 78.8 96E6;96E9    
24970 75.0 84E1;85A10    

9700 72.7 79A3;79B3    
27347 72.3 75A2;75E4    
25011 64.8 85D6;85D15  + (9204) 
26848	   61.9 88E2;88E5    

7676 61.1 95D8;95E1  Spastin  
24416 60.9 67C4;67D1  fry  
25006 58.5 99D3;99D8    
27362 57.1 90B6;90E2    

7633 54.6 85E9;85F1    
24914 53.5 64E7;65B3  LanA + (24915,3096) 

8068 52.0 68A6;68E1    
1842 50.4 84A5;84D9   

25054 50.0 85E8;85F14 dFmr1 + (25054) 
23674 46.9 61F6;62A9    

7591 46.7 66B5;66C8    
3096 46.1 64C4-64C6;65D2 LanA + (24915,24914) 
6367 45.7 95E7;96A18   

24386 45.7 61C1;61C7    
24399 44.6 66A3;66A19    
24413 43.8 66C12;66D8    

9204 41.9 85D1;85D11 Unknown + (25011) 
7737 41.6 89B18;89D8    
7682 40.5 96E2;96E6    

209 40.0 66C7;66C10   
26847 39.8 100B1;100C1 dco  
30589 38.7 64D6;64E7    

7739 38.4 93A4;93B13    
24503 38.3 78C1;78C2 chb + (25116) 

1467 37.8 89B7;89E7   
7997 36.9 99F8;100A5    

26524 35.7 63A7;63B12    
25116 34.5 78A2;78C2 chb  
27404 34.5 96C8;96D1    

8967 34.4 82E7;83A1    
7680 34.2 96C2;96C4    

25740 34.0 90C6;91A2    



132	  

Table S3.2. Fat2 Enhancer Screen Third Chromosome Deficiencies (Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

8059 33.4 63C1;63F5    
24955 32.8 79B2;79F5    
26836 32.8 83E5;84A1  Katanin60  
26523 32.6 63A2;63B11    
25005 31.7 98F10;99B9    

8069 31.7 68C13;69B4    
24415 30.6 67B7;67C5  fry + 24416 

9701 29.1 65D5;65E6    
8930 27.9 93F14;94B5    

25126 26.6 78A2;78C2  chb + (24503,25116) 
27369 26.3 77C3;78A1    

1990 25.7 82C1;84B2 Katanin60  
27372 24.8 62A9;62A9   
27917 24.5 77B4;77C6    
26846 24.3 89E5;89E11    

2352 23.2 99D1;99E1   
25008 22.8 99F4;100A2    

8101 21.3 78D5;79A2    
25695 21.2 99C5;99D3    

1479 20.9 61C3;61E   
3650 20.9 62F;63B10   

25019 20.0 88F6;89A8    
29667 19.5 98B6;98B6    
26519 19.4 77B6;77C1   

9215 19.3 96A7;96C3    
27576 18.9 66C3;66D4    

8060 18.8 63F6;64B9    
9482 18.5 89B17;89D5    

23668 18.1 67C7;67D5   
8078 18.0 72D4;73C4    

30589 17.9 64D6;64E7   
9070 17.6 66D12;66E6   

26525 17.5 67C7;67D10    
8081 17.2 75C1;75D4   

26532 17.1 93A2;93B8   
7571 17.1 62F5;63A3    

25001 16.9 97E6;98B5    
9082 16.4 85F11;86B1    
9693 15.0 62A11;62B7    
7681 14.3 96D1;96E2    

24980 14.0 85D16;85D24    
24395 14.0 64C1;64E1    
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Table S3.2. Fat2 Enhancer Screen Third Chromosome Deficiencies (Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd +Df (Blm#) 

8047 14.0 61B1;61C1    
7940 14.0 75A2;75A4   
7564 14.0 61C3;61C9    

27580 13.3 93A2;93B8    
2234 12.7 99E1;RT   

24971 12.5 83F1;84B2    
7731 12.4 85D24;85E5    
9497 12.2 94F1;95A4    
9347 11.8 95D10;96A7    

24392 11.8 63F1;64A4    
8088 11.8 76D3;77C1    

27888 11.1 71D3;72A1    
25075 11.1 99B5;99C2    

8074 10.9 70F4;71E1    
7646 10.7 87D10;87E3   

27346 10.6 71F1;72D10    
30592 10.5 89B6;89B16    

9500 10.5 96F1;96F10    
23667 9.7 67C7;67D5   
25724 9.4 84B2;84C3    

9501 9.2 92F2;93A1    
9208 9.0 90F4;91B8    
7634 8.8 85F1;85F10   
9080 8.8 85E5;85F12   
9088 8.7 86C7;86E13    

27577 8.7 66D9;66D12    
25011 8.3 85D6;85D15    

9697 8.1 75F1;76A1    
29997 8.1 98E1;99A1    
25077 8.1 83A6;83B6    
26518 7.8 85C2;85D11   
24983 7.2 86A3;86C7    

7929 7.0 65F7;66A4    
2597 6.9 81F;81F   
6457 6.8 69F6;70A2   

26828 6.7 68F7;69E6    
9227 6.7 85E1;85F8    
8102 6.6 80A4;80C2    
8058 6.6 63C1;63C1    

26533 6.6 83E2;83E5    
26839 6.5 88E8;88F1    

6867 6.4 65D4;65E6   
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Table S3.2. Fat2 Enhancer Screen Third Chromosome Deficiencies (Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd Df (Blm#) 

24968 6.4 83B7;83E1    
8970 6.4 67B1;67B5    

26580 6.3 89A8;89B2    
5913 6.3 69A2;69D1   
8053 6.0 61C9;62A6   
8061 5.6 64B9;64C13    

24973 5.5 86D8;87A2    
8103 5.0 83B4;83B6    
8965 5.0 82F8;83A4    
3486 4.7 89E1;89E2   
9487 4.5 93B9;93D4   
8050 4.5 61C7;62A2   
8105 4.4 96F10;97D2    
7692 4.4 99D5;99E2   
9721 4.3 61C1;61C3   
8052 4.2 61C9;62A4   

37537 4.0 87E3;88A4    
6964 3.9 65E10;65F6   

24993 3.5 94F3;95D1    
23714 3.4 88C9;88D8    

7983 3.3 89A12;89B6    
5416 3.1 73A2;73B2   
6755 3.0 62E8;63B6   

24141 3.0 99E4;99F2   
7002 3.0 80F;80F   
9359 2.9 67E2;68A7    
9226 2.8 81F6;82E7    
8096 2.8 62B4;62E5    
3096 2.6 64C4-64C6;65D2    

24941 2.5 64E8;65A1   
24139 2.1 91D4;92A11    

8100 2.0 74D1;75B11    
8066 1.9 66D12;67B3    
7675 1.9 95C12;95D8    

24386 1.8 61C1;61C7   
25694 1.6 94D10;94E13    

8073 1.3 70C6;70F4    
24953 1.3 77F2;78C2    

7443 1.1 83B7;83D1   
8104 1.1 89E11;90C1    

25012 1.1 93B8;93C1   
24923 1.0 78C2;78D8    
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Table S3.2. Fat2 Enhancer Screen Third Chromosome Deficiencies (Cont.) 
Blm Stock # Round Egg % Cytogenetic Map Causative Gene 2nd Df (Blm#) 

7638 1.0 86C3;86C7    
7413 1.0 92F7;93B6   
8685 0.9 84B4;84E11    
8072 0.9 69C4;69F6    
8029 0.6 86F9;87B13    
3547 0.5 99B5;99F1   

25389 0.5 90C2;90F6   
9544 0.2 66C12;66D6   
9609 0 61F8;62A3   

26522 0 (few) 62A3;62A9   
3096 0 (few) 64C;65C   
8974 0 65E9;65F5    
8975 0 67B11;67C5    

24417 0 67C5;67C11   
8097 0 70A3;70C10    
8098 0 73B5;73E5    
2990 0 75B4;75E2   
8682 0 84E6;84A5   
9077 0 85A5;85D1    
9090 0 88A4;88C9    

26505 0 88D2;88E3   
9481 0 89B7;89B18    
6962 0 91A5;91F1    
8964 0 92A11;92E2    
8684 0 94B5;94E7    

24965 0 (few) 96B15;96D1    
9210 0 97D2;97F1    

25007 0 99E3;99F6   
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