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Abstract 

The adult stem cell niche microenvironment is essential for maintenance and self renewal of 

the cell within that environment, ensuring a consistent population of stem cells available for 

regeneration of differentiated daughter cells. In the Drosophila ovary, follicle stem cells (FSCs), 

produce and maintain the epithelium of the eventual oocytes. These FSCs reside at the anterior 

edge of the tissue where they regularly divide throughout oogenesis. Like many epithelial 

tissues, the FSCs require the Wnt/Wingless and EGF signaling pathways for self-renewal. 

Abrogation of either pathway leads to FSC loss whereas constitutive activation of either pathway 

inhibits daughter cell differentiation. These findings demonstrate that precise activation of 

Wingless and EGF signaling within the narrow range of the FSC niche is essential to preserve 

stem cell identity while allowing daughter cells to differentiate. However, it remains unclear how 

this specificity is achieved, and how these signals cooperate to maintain FSC self renewal. We 

found that the specificity of Wingless signaling is not due to an inability of FSC daughter cells to 

activate Wingless signaling or to cross-talk with the Hedgehog or Notch pathways. Instead, our 

data suggest that the Wingless ligand is locally delivered by nearby niche cells and spatially 

restricted to FSCs. We also found that FSCs with impaired Wingless signaling lack pERK, an 

indicator of EGF signaling, suggesting that Wingless signaling functions upstream of EGF 

signaling in a hierarchy of self-renewal pathways. Finally, we found that overactive EGF 

signaling can partially rescue the FSC loss caused by knocking out wingless and that wingless 

promotes transcription of the EGF ligand spitz. Collectively, these findings demonstrate that the 

specific signal Wingless acts upstream of EGFR to maintain FSCs. These studies will contribute 

to our understanding of how epithelial stem cells are maintained both specifically and robustly, 

especially in a dynamic niche environment. 
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Chapter One: Background 

Stem cells and their niche 

Throughout their lifetime, multicellular organisms need to maintain a diverse range of 

specialized cells organized into tissues. In many cases, tissue homeostasis is maintained by a 

number of stem cells responsible for sensing and responding to a variety of natural or acute stresses 

on their tissue. 

Stem cells are defined by their ability to self-renew and to produce progeny that differentiate 

into one or more cell types. To date, much stem cell research (and controversy) surrounds 

pluripotent stem cells—the primordial cells of the inner cell mass of the mammalian blastocyst 

which have the potential to generate all the cell types of a fully formed organism. Because of their 

potency, these cells have great potential for regenerative treatment and therapies. Another type of 

progenitor cell, multipotent stem cells, function during development to differentiate into a smaller 

variety of discrete cell types. Some of these multipotent stem cells, such as the neural stem cells 

that contribute to embryonic neurogenesis, will persist into adulthood to slowly replenish 

differentiated cells (Reynolds and Weiss 1992). 

Another multipotent stem cell, the adult stem cell, will proliferate throughout the lifetime of 

an adult organism to maintain tissue homeostasis in response to environmental conditions and 

injury. Models of adult stem cells remain valuable for studying developmental biology, cell fate 

decisions and therapeutic potential as well as studying the stem cell niche. As adult stem cells 

divide, they self renew to maintain a homeostatic population of stem cells in the tissue as well as 

producing differentiated progeny that replace lost or damaged cells. This asymmetry of cell fates 

is imposed by the stem cell niche, a specialized microenvironment that interacts with the stem cell 

to specify and maintain self renewal while allowing other cells to exit the niche and differentiate. 
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The ability of the stem cell niche to modulate important functions in surrounding cells makes it an 

interesting and important subject of investigation relevant to regenerative therapies and disease. 

Accordingly, questions of what makes up a stem cell niche, as well as how they communicate with 

the stem cells become significant for considering these applications. 

The idea of a “stem cell niche” comes from the 1970s when Dr. John Trentin observed that 

stromal cells could promote the differentiation of hematopoietic stem cells (HSCs) into different 

blood cell lineages (Trentin 1971). Later Ray Schofield would expand upon this initial hypothesis 

of a “hematopoietic inductive microenvironment” into a concept of a microenvironment that would 

promote HSC self-renewal and prevent differentiation (Schofield 1978). However, the first fully 

characterized in vivo model of the stem cell niche came from Drosophila, in the female and male 

germline (Xie and Spradling 2000, Kiger, et al. 2001). In the ovary, cap cells provide important 

signaling ligands for germline stem cell renewal, while in the testis, hub cells have an analogous 

function. 

 

Epithelial Stem Cells 

There is a wide variety of tissues supported by stem cell niches. One such tissue type is 

epithelia which make up the intestinal lining, epidermis, brain, breast, etc., and perform a diversity 

of functions such as absorbing nutrients, regulating temperature, providing barriers and sensing 

(Blanpain, Horsley and Fuchs 2007, Gonzalez-Perez 2012, Donne, Lechner and Rock 2015). 

Dysregulation of stem cells in these tissues has been shown to affect aging and diseases such as 

cancer (Zhu, et al. 2016, Tomasetti and Vogelstein 2015). 

Epithelial stem cell lineages have unique features that pose challenges to their study. First, the 

stem cells and their niche in the same tissue tend to be less defined, their precise location and 
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composition not well understood. Many epithelial stem cell lineages include a transit amplification 

phase where the first few cell divisions after the initial stem cell division result in slowly 

differentiating daughters (Jones and Watt 1993, Bac, Reneha and Potte 2000). This results in cell 

populations that are more genetically ambiguous. This made it more challenging to clearly identify 

the stem cell or cells within an epithelium. Consequently, successfully culturing epithelial stem 

cells in vitro, for investigatory and/or therapeutic purposes have been difficult. For example, the 

first successful culture of epithelial stem cells, the human epidermal keratinocytes, required co 

culture with their dermal neighbors to be viable (Gallico, et al. 1984). Similarly, intestinal stem 

cells (ISCs), required coculture with surrounding myofibroblasts, the collagen matrix and 

neighboring Paneth cells in order to form cultures that would not immediately undergo apoptosis 

(Ootani, et al. 2009). This requirement was eventually narrowed down to inhibition of BMP and 

Notch signaling together with Wnt activation to recapitulate self renewal in vitro.  

This requirement of several different neighboring cell types and the ECM for successful 

culturing of epithelial stem cells highlights the cross-talk that is needed between the niche and the 

stem cell. In order to study this phenomenon in vivo, it is necessary to reliably identify the stem 

cell, which, as previously described, is not an easy task. An early method of identifying stem cells 

involved briefly exposing dividing cells to the thymidine analog bromodeoxyuridine (BrdU) and 

then removing the BrdU label. This pulse-chase method of identifying stem cells was based on the 

hypothesis that stem cells were proliferative, but relatively quiescent and would retain the label 

even after the label was removed from the environment, whereas their daughter cells would 

continue dividing for a while until terminally differentiated, diluting out the label incorporated into 

their DNA with each division. The stem cells in the mouse intestinal crypt and the hair bulge 

follicle cells were originally identified in this manner, but subsequent studies showed that the BrdU 



4 
 

labeled cells were not always stem cells (Potten, Kovacs and Hamilton 1974, Tumbar, et al. 2004). 

In the mouse intestinal crypt, the +4 cells directly above the Paneth cells were found to be falsely 

identified as intestinal stem cells whereas cells that expressed the G-protein coupled receptor Lgr5 

would sustain a clone of differentiated daughter cells from the crypt into the intestinal villi, and 

were thought to be the true stem cells (Barker, van Es, et al. 2007). Similarly, Lgr5 was studied 

and identified as a putative stem cell marker in the hair follicle, cochlea, stomach lining and kidney 

(Haegebarth and Clevers 2009, Ruffner, et al. 2012, Barker and Clevers 2010, Barker, 

Rookmaaker, et al. 2012) 

Since then, many studies have focused on identifying biomarkers for different populations of 

stem cells, rather than relying on label retention (Barker, van Es, et al. 2007, Sangiorgi and 

Capecchi 2008, Gracz and Magness 2014). However, there remain significant gaps in knowledge 

regarding the exclusivity of biomarkers and the identity of the stem cell population. For example, 

ambiguities remain about whether the intestinal stem cells are the ones that express Lgr5 or are in 

fact the cells at the +4 position that express the Polycomb group protein Bmi1. Furthermore, recent 

studies have disagreed on how specific the Lgr5 or Bmi1 labels are for certain cell population, 

since low levels of Lgr5 have been detected in a second, non-stem population of intestinal cells 

that simultaneously express markers of stem and mature absorptive and secretory cells (Kim, et al. 

2016). Similarly, efforts to identify the number of somatic cyst stem cells (CySCs), which ensheath 

developing germ cell cysts, found that the original published marker for CySCs, the nuclear marker 

Zfh1, substantially overestimated the number of true stem cells and included post mitotic daughter 

cells several divisions away from the niche (Amoyel, Simons and Bach 2014). The same study 

found that co-expression of self-renewal markers Ptc and Stat92E did not reliably mark all stem 

cells either, with a subset coexpressing both markers and others expressing one or the other. This 
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study, and others, eventually settled on a combination of cell position within the tissue, and lineage 

tracing. 

Lineage tracing has proven to be one of the most robust ways of identifying the stem cell in 

vivo (Morrison and Spradling 2008). It involves labeling the stem cell lineage with a genetically 

heritable marker and following the pattern of labeled cells over time. The architecture of several 

epithelial niches, including the mouse intestinal crypt, hair follicle bulge cells and the Drosophila 

ovarian follicle epithelium, allow for the identification of stem cells at one end of a mature clone, 

while dividing daughters move in one direction away from the niche. This pattern of proliferation 

means that any proliferating downstream daughters in which expression of the marker had been 

induced, could form a small clone, but the clone would be moved out of the tissue by daughters of 

the proliferating stem cell. Only marked stem cells would be able to sustain a large marked clone 

that persists throughout the tissue. 

Besides stem cell identification, another challenge is that epithelial tissues tend to be dynamic, 

with high rates of cell turnover due to their normal physiological demands and exposure to cell 

damage (Barker 2014). Unlike embryonic stem cells which need to expand tissue rapidly to 

develop an entire organism, adult epithelial stem cells divide at variable rates in response to the 

changing demands of the tissue. For example, the intestinal crypt contains the stem cells which 

proliferate to compensate for the loss of villus cells which are consistently shed into the lumen. 

Forced expression of E-cadherin in the upper cells of the villus suppressed stem cell proliferation, 

indicating a non-autonomous effect of tissue requirement on stem cell function and migration of 

their daughters (Hermiston, Wong and Gordon 1996). 

Although the proliferation requirement can differ from epithelium to epithelium and the 

specifics of the niche that supports the stem cells is tailored to the tissue they reside in, there are 
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general similarities to important self-renewal pathways that maintain the stem cell in its niche. 

Activity reporters and markers that are stem cell specific can yield insight to the signaling 

pathways that may be important for stem cell renewal. For example, Lgr5, commonly expressed 

in several different epithelial stem cells, was found to be a downstream target of Wnt signaling, 

and perturbing Wnt signaling in these stem cells lead to stem cells being lost from the niche (Lim, 

et al. 2016, Horvay and Abud 2013) 

Lineage tracing methods and studies of signaling pathways that contribute to self renewal have 

underscored an emerging feature of stem cell homeostasis—neutral competition. The neutral 

competition model arose from the observation that progenitor cells in the tail epidermis could 

undergo asymmetric and symmetric divisions, at equal rates to maintain epidermal homeostasis 

(Clayton, et al. 2007). Similarly in the mouse intestinal epithelium, when Confetti clones were 

generated, it resulted in clones of several different colors. Eventually this clone heterogeneity 

would decrease and crypts became monoclonal within 6 months (Lopez-Garcia, et al. 2010). 

Unlike some stem cell systems (e.g. Drosophila neuroblasts) where stem cell divisions always 

result in an asymmetric segregation of fates, stem cells that exhibit neutral competition will 

sometimes have symmetric segregation of fates where some stem cell divisions result in two stem 

cells and some stem cell divisions result in two differentiated daughters. In homeostatic tissue, the 

rate of these two outcomes balance each other out, to ensure a stable population of stem cells that 

neither expands nor contracts. Simultaneously, all else being equal, stem cell replacement is 

stochastic, so that each stem cell has an equal opportunity to outcompete its neighbors. 

Neutral competition has been established for both vertebrates and invertebrates in several 

different tissues, including but not limited to, the mouse germ line stem cells, intestinal crypt stem 

cells, the esophageal epithelium, Drosophila midgut and the Drosophila follicle stem cell 
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(Clayton, et al. 2007, Klein, et al. 2010, Lopez-Garcia, et al. 2010, Snippert, van der Flier, et al. 

2010, Douple, et al. 2012, de Navascues, et al. 2012, Kronen, et al. 2014). Several studies have 

expanded to finding mutations that perturb the stochasticity of stem cell competition. While much 

remains unknown about how these mutations affect stem cell competition, collectively, many of 

these studies show that mutations that disrupt the ability of stem cells to receive niche signals, 

promote differentiation or physically adhere to the niche cause stem cells to be lost (de Cuevas 

and Matunis 2011, Xie 2013), whereas mutations that block differentiation, increase proliferation 

or increase adhesion to the niche promote mutant stem cells to outcompete their wildtype 

counterparts (Issigonis, et al. 2009, Rhiner, et al. 2009, Jin, et al. 2008). For example, patched 

mutant CySCs which have overactive Hedgehog signaling, was shown to outcompete wild type 

CySCs in the Drosophila testis. Similarly, activating Sonic Hedgehog (Shh) signaling in the 

epidermis promotes mutant stem cell expansion. In the mouse intestinal crypt, stem cells with 

mutations that increase proliferation such as K-ras, showed a biased drift towards crypt 

monoclonality, leading to the expansion of crypts carrying this oncogenic mutation (Snippert, 

Schepers, et al. 2014). While stem cell competition has been established as an interesting field of 

study in and of itself, many of these studies have also shed insight on important self-renewal 

pathways that maintain stem cells in their niche. Conversely, understanding niche interaction with 

the stem cell in the context of signaling pathway can reveal mechanisms as to how stem cells 

outcompete each other for niche space. Model systems remain a valuable resource for the 

exploration of stem cell regulatory models at both the single cell and tissue levels. 
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The Drosophila Follicle Stem Cell 

The development of invertebrate model organisms provides an opportunity to study the 

epithelial stem cell niche in a genetically tractable organism with relatively simple tissue 

architecture. The follicle epithelium in the Drosophila ovary proves to be an appealing model for 

these types of studies. (Dai, et al. 2017). Not only does the follicle epithelium have a similar tissue 

architecture to other well studied epithelia, such as the hair follicle bulge and the intestinal crypt, 

but many of the signaling pathways and their interactions in the stem cells are conserved across 

tissue and across species, making studies in this system more generally relevant. 

Drosophila ovaries are composed of discrete strands of developing follicles called ovarioles, 

and at the anterior tip of each ovariole is the germarium (King 1970) (Figure 1A). Unlike in 

mammals, where oogonial divisions and transformation into oocyte are completed at latest, shortly 

after birth, oogenesis starts during Drosophila development to set up a round of mature eggs and 

persists throughout the lifetime of the adult female, requiring two populations of adult stem cells: 

the germline stem cells (GSCs) and the follicle stem cells (FSCs) to continually divide and produce 

oocytes (Margolis and Spradling 1995) (Figure 1B). This allows a Drosophila female to 

consistently replenish her pool of eggs of which she will lay hundreds throughout her adult life. 

Drosophila oogenesis begins with the asymmetric division of the GSC, which gives rise to another 

stem cell and a cystoblast. The cystoblast will undergo 4 rounds of cell division with incomplete 

cytokinesis, eventually producing a cyst of 16 interconnected cells. During these divisions, 

germline cysts are surrounded by escort cells (ECs) which extend large cytoplasmic processes to 

escort each cyst until it reaches the FSCs at the Region 2a/2b border and acquires a follicle 

epithelial monolayer. There are two active FSCs per germarium and they reside on either side of 

the germarium bordering the ECs. FSCs divide asymmetrically to self renewal and produce 
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prefollicle cell daughters (pFCs) which continue to divide and differentiate into distinct cell types: 

the main body cell fates which cover each germ cell cyst and will eventually become the eggshell, 

and the polar/stalk cells which separate out individual germ cell cysts into egg chambers. FSCs 

survive through the lifetime of the adult Drosophila female and its divisions and cell fates have to 

be well regulated so that either stem cell isn’t lost from the niche and continue to produce proper 

numbers of each cell type in a well-timed fashion with germ cell cyst movement so each egg 

chamber is properly covered with a follicle cell monolayer and separated out from each other. 

Unlike other stem cell systems, FSCs lack specific markers that consistently label the stem cell 

and not other cells within the tissue. However, there are a few methods when, especially used in 

combination, can unambiguously identify the FSC within the tissue (Sahai-Hernandez, Castanieto 

and Nystul 2012). First, FSCs are always among the anterior-most labeled cells in a mature clone. 

Second, in an optical slice through a germarium, FSCs are visible on either side of the germarium, 

in contact with the basement membrane at the 2a/2b border. Morphologically, FSCs appear to have 

a triangular shape with a broad basal surface and a tapering apical surface, differentiating them 

from nearby escort cells, which tend to have rounder nuclei and large cellular processes. Lastly, 

FSCs can be often be identified as the anterior-most cell that expresses Fasciclin III, a membrane 

marker that is expressed throughout the FSC and FC region, and is not expressed at all in escort 

cells (Zhang and Kalderon 2001). 

pFCs will differentiate into stalk, polar or main body follicle cells (Figure 1B). The best 

molecular markers to monitor these different cell fates are the transcription factors Castor (Cas) 

and Eyes Absent (Eya). FSCs and undifferentiated follicle cells in the germarium express both Cas 

and Eya whereas mature main body follicle cells only express Eya (Cas-) and both stalk and polar 

cells express only Cas (Eya-). (Chang, et al. 2013). This segregation is due to Hedgehog signaling 
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which represses Eya in stalk and polar cells to allow for Castor-only expression in these cells. This 

Castor-only expression is necessary to specify polar and stalk cell fate, but not sufficient to convert 

prefollicle cells to these fates.  
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Figure 1: The Drosophila Ovary and Germarium. (A) Ink drawing of the Drosophila ovary adapted from (Miller 

1950). (B) Schematic presentation of a germarium and the most anterior budded follicles. The regions of the 

germarium and stages of follicle development are indicated below the drawing. Different cell types make up the 

early chambers of the ovariole and include: Cap and terminal filament (purple), germline cysts (green), escort cells 

(light blue), follicle stem cells (red), prefollicle cells (dark pink), main body follicle cells (light pink), stalk cells 

(yellow), and polar cells (brown). The FSCs and the niche escort cells interface at the 2a/2b border. Scale bar 

represents 5 µM. 
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FSC maintenance and self renewal 

Throughout the lifetime of the organism, FSCs are occasionally lost from the niche and 

replaced by a daughter of the other FSC on the opposite side of the germarium (Nystul and 

Spradling 2010). The rate of replacement can be measured by generating mitotic clones in adult 

ovaries and measuring the proportion of marked FSCs that remain in the germarium over time. Up 

to 7 days post clone induction, a percentage of germaria will be heterogeneous, with 1 marked 

stem cell and 1 unmarked stem cell. However, as FSC replacement occurs, the daughter of a 

marked stem cell (or the daughter of an unmarked stem cell) will migrate across the germarium 

and displace the other stem cell from its niche, becoming the new stem cell and producing 

daughters that are like itself. This means that these heterogeneous germaria will eventually become 

homogeneous, with 2 marked or unmarked stem cells. These data can be generated from slides of 

fixed tissue by counting the number of heterogeneously and homogeneously marked germaria 

across three or more time points. Replacement events can be measured within the subset of 

germaria with 1 stem cell labeled at the first time point. Over time, single-labeled germaria can 

become unlabeled or double labeled, indicating replacement. An increase in the proportion of 

double-labeled germaria is related to the rate of clone expansion while an increase in proportion 

of unlabeled germaria is related to the rate of clone extinction. Using this analysis, it was estimated 

that the half life of a wild type stem cell is approximately 7 days. A mutation that results in 

increased clone extinction is considered a hypocompetitor whereas a mutation that results in 

increased clone expansion is considered a hypercompetitor. (Cook, et al. 2017).  

Many of the mutations that affect competition are associated with signaling pathways. Because 

the mechanism by which they affect stem cell fitness and competition is through promotion of self 

renewal, suppression of differentiation or increasing adhesion, to name a few, studying these 
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mutations have yielded insights into mechanisms of stem cell self renewal and cell fate 

determination. These pathways are conserved between many stem cell model systems as well as 

between Drosophila and mammalian systems and include Hedgehog, Notch, BMP, EGFR and 

Wnt. While many initial studies focused on a single pathway and its role in FSC maintenance and 

differentiation, more recent studies have uncovered a complex network of signaling pathway 

interactions that maintain self renewal in stem cells, control proliferation and suppress or promote 

differentiation in downstream daughters. 

 

Hedgehog 

Hedgehog signaling is initiated when the Hedgehog ligand (Hh) binds the cell-surface 

transmembrane protein called Patched (Ptc). In the absence of signaling, Patched inhibits the 

activity of Smoothened (Smo). However when Hedgehog binds Patched, Smoothened is free to 

accumulate and inhibit a complex made up of Costal-2 (Cos2) and Suppressor of Fused (SuFu) 

which, in the absence of signaling induces conversion of the full length transcription factor Cubitus 

interruptus (Ci) into its truncated form Ci75 which represses Hedgehog responsive genes (Aza-

Blanc, et al. 1997). In the presence of signaling, Ci is processed to an activator form that can 

translocate to the nucleus and induce transcription of Hedgehog-responsive genes (Methot and 

Basler 2000). 

In the germarium, the Hedgehog ligand is produced by the germline stem cell niche cells and 

escort cells and induces Hedgehog signaling in the FSCs and pFCs (Forbes, et al. 1996, Hartman, 

et al. 2010). FSCs that lack smoothened, a positive regulator of Hedgehog signaling, have a 

reduced half-life (Vied and Kalderon 2009, Zhang and Kalderon 2001). Hedgehog also has been 

shown to regulate proliferation of cells in the early FSC lineage. When hedgehog was globally 
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overexpressed using a heat shock promoter, excess prefollicle cells in the niche region were 

observed whereas global reduction of hedgehog in hhts flies shifted to the nonpermissive 

temperature caused an underproduction of follicle cells (Forbes, et al. 1996). Similarly, FSC clones 

that lacked patched, a negative regulator of Hh signaling, showed an overproduction of follicle 

cells whereas FSC clones that lacked smoothened showed an underproduction of follicle cells 

(Zhang and Kalderon 2001). 

Hedgehog ligand is produced by multiple cell types in the germarium (Sahai-Hernandez and 

Nystul 2013). The Hh-LacZ enhancer trap revealed Hedgehog ligand is expressed at high levels in 

terminal filament cells, cap cells and anterior escort cells, and at lower levels in posterior escort 

cells. This is recapitulated by immunofluorescence and FISH. Knocking down Hedgehog ligand 

from any of these sources causes follicle formation defects, a result that gets more severe when 

Hedgehog is knocked down from multiple cell types, indicating that the relevant source of 

Hedgehog ligand for FSCs and FCs come from multiple sources in the germarium. 

Multiple cell types in the germarium activate Hedgehog signaling as observed by the Ptc-

pelican-GFP(nls) activity reporter. This includes the escort cells, FSCs and all follicle cells in the 

germarium, with GFP expression tapering in an anterior-posterior gradient (Sahai-Hernandez and 

Nystul 2013). Hedgehog is thought to provide temporal information for pFC fate decisions as they 

move posteriorly and away from the FSC niche, that is, delaying differentiation until it is 

suppressed in FCs which then adopt terminal fates (Dai, et al. 2017). Consequently, when 

Hedgehog was hyperactivated in FCs, differentiation was delayed whereas loss of Hedgehog 

signaling expedited differentiation in pFCs. This delay in differentiation, coupled with increased 

proliferation, causes supernumerary stalks to occur in hyperactivated hedgehog mutants. Similarly, 

patched mutant stem cells exhibit a hypercompetitive phenotype, similar to patched mutant CySCs 
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and shh overactivated epidermal stem cells (Zhang and Kalderon 2001). In wildtype ovarioles, the 

stalks that separate egg chambers contain a stable number of cells ranging from 6-13. ptc- stalks 

contain on average 21 cells at stage 2 and increasing in number over time. 

 

Notch 

In contrast to Hedgehog signaling, which suppresses differentiation, Notch signaling is thought 

to promote differentiation in the follicle epithelium. Notch signaling is initiated by ligand-receptor 

interactions at the cell surface and requires cell-to-cell contact to initiate signaling since the ligands 

Delta and Serrate are membrane tethered. In the absence of ligand binding, transcription of Notch 

target genes is inhibited by a repressive complex consisting of Suppressor of Hairless (Su(H)) and 

the global co-repressor Groucho (Barolo, et al. 2002). When ligand binds the Notch receptor, the 

intracellular domain (Nintra) is cleaved, glycosylated by Fringe (fng) and translocates to the nucleus 

where it binds Su(H) (Bray 2006, Panin, et al. 1997). This complex is activating and promotes the 

transcription of downstream Notch targets, while inducing repression of Enhancer of Split (E(spl) 

target genes. 

In the germarium, the source of Delta ligand is the anterior face of the developing germline 

cyst. This initiates Notch signaling in early FSC daughters and is required for these daughters to 

migrate across the germarium. Consequently, previous studies indicated that blocking this cross 

migration would reduce FSC replacement (Nystul and Spradling 2010). Overactivation of Notch 

signaling via Nintra expression was also shown to increase the rate of FSC loss (Vied and Kalderon 

2009). A possible mechanism for this may be due to the role of Notch in promoting differentiation. 

Approximately two or three divisions downstream from the FSC division, a subset of pFCs receive 

a Delta signal from the germline that activates Notch signaling and initiates differentiation towards 
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the polar cell fate. Notch signaling in these cells is promoted by two transcriptional regulators, 

Six4 and groucho (gro) (Johnston, et al. 2016). Previous studies show that EGFR signaling inhibits 

Notch-mediated differentiation of prefollicle cells by phosphorylating Gro, which inhibits its 

behavior. In the absence of EGFR signaling, p-Gro is replaced by an active unphosphorylated form 

of Gro that is able to promote Notch signaling in the eventual polar cells. 

 

Bone Morphogenic Pathway (BMP) signaling 

A third signaling pathway important for self renewal of both GSCs and FSCs in the germarium 

is BMP signaling.  BMP signaling is initiated when dimers of the ligand Decapentaplegic (Dpp), 

or in some cases, heterodimers with one of the other two Drosophila BMPs, Screw and Glass 

bottom boat (Gbb) is received by the receptors Punt, Thickveins and/or Saxophone (Hamaratoglu, 

Affolter and Pyrowolakis 2014). This phosphorylates and activates the intracellular protein 

Mothers against dpp (Mad) which binds to another factor called Medea and together bind DNA to 

affect downstream targets of Dpp signaling. 

The BMP pathway is essential for FSC maintenance but does not regulate proliferation or 

differentiation in the FSC lineage (Kirilly, et al. 2005). FSCs mutant for one of the BMP receptors 

Punt or Thickveins or for a positive pathway regulator such as Mad or Medea are lost rapidly from 

the niche. FSCs that overexpress a constitutively activated form of Thickveins (Tkv) are 

hypercompetitive. Interestingly, Medea-mutant FSCs are the most hypocompetitive out of all the 

tested BMP pathway components and is the only one to affect follicle cell proliferation. Medea-

mutant FSCs can be partially rescued by overexpressing the anti-apoptotic gene p53, but other 

BMP-mutant FSCs are not rescued. This suggests that Medea can act both in the BMP pathway in 

FSCs as well as promoting survival and proliferation in FSCs. Because BMP doesn’t regulate 
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proliferation or differentiation, this suggests activating BMP through Tkv increases FSC 

competition through a separate mechanism other than suppressing differentiation or increasing 

proliferation. Tkv activation was found to partially rescue the loss of FSCs by mutating the 

Wingless (Wg) pathway (but not the Hh pathway), suggesting that BMP signaling may affect 

competition through another signaling mechanism such as Wg. 

 

Wg 

Canonical Wnt signaling is activated when the Wg ligand binds to the receptor Frizzled (Fz) 

and a coreceptor Arrow (Arr) (MacDonald, Tamai and He 2009). This activates Dishevelled (Dsh) 

inside the cytoplasm which associates with the cytoplasmic domains of Fz and disrupts a 

destruction complex made up of Axin, Adenomatosis Polyposis Coli (APC), Protein Phosphatase 

2a (PP2A), Glycogen Synthase Kinase 3 (GSK3) and Casein Kinase 1α (CK1α). In the absence of 

Wnt signaling, this destruction complex would degrade the coactivator β-catenin (in Drosophila, 

armadillo); when the complex is disrupted in the presence of Wnt signaling, β-catenin accumulates 

in the cytoplasm and eventually translocates to the nucleus where it associates with the 

transcription factor TCF to activates transcription of Wnt responsive genes. In Drosophila, there 

are 7 Wnt proteins, most of which have orthologs in vertebrates (with the exception of Wnt8). 

In the germarium, Drosophila Wnt1, Wg (Wg) signaling regulates both stem cell maintenance 

and proliferation in the FSC lineage (Song and Xie 2003). FSCs that lack positive regulators of 

Wg signaling such as dsh or arm produce fewer follicle cells and mutant FSCs are lost very quickly 

from the niche. Removing a negative regulator of Wg signaling from FSCs such as axin or GSK3β, 

causes overproliferation of cells in the FSC lineage but also causes quicker loss of FSCs from the 

niche compared to wildtype. 
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Wg signaling is mostly thought to maintain multipotency in the cells closest to the niche (i.e. 

the FSCs). Recent studies show that activated Wg signaling represses eya expression in the stem 

cell while reduced Wg signaling further from the niche activates eya expression, restricting these 

cells to the main body cell fate (Dai, et al. 2017). In parallel with Hedgehog signaling, Wg 

signaling provides important spatial information to ensure proper timing of differentiation. 

Wg signaling was discovered to be specific for the FSC and not its immediate downstream 

daughters. This was shown using a Wg activity reporter Notum-LacZ, an activity reporter 

constructed by placing 2500 basepairs of the notum transcriptional start site, which contains Wg 

response elements (WRE), upstream of LacZ (Sahai-Hernandez and Nystul 2013). Unlike pERK 

activity, which is detectable in about 90% of stem cells, Notum-LacZ was detectable only in about 

60% of stem cells. This reinforced the hypothesis that constitutively activating Wg signaling 

decreases stem cell fitness, yet the mechanism for this remains unknown. 

Previous studies indicate that the escort cells are the predominant source of Wg for the FSC 

lineage. Immunofluorescence studies indicate that Wg protein is detectable in terminal filament 

cells and cap cells. However, knockdown of Wg ligand in these cell types by using the apical cell 

driver Bab1-Gal4 do not cause follicle formation defects. Similarly, knockdown of Wg ligand by 

the follicle cell driver 109-30 Gal4 do not cause follicle defects. By contrast, knockdown of Wg 

ligand by the escort cell driver 13C06-Gal4 caused a dramatic phenotype where 30% of germaria 

had severe cyst formation defects by 7 days post temperature shift and nearly all ovarioles had 

severe defects by 21 days post temperature shift.  

Several studies made an effort to detect where Wg protein was expressed. Although Wg 

protein was not detectable in the escort cell population by immunofluorescence, single molecule 

FISH was able to detect a low level of Wg transcripts in these cells (Sahai-Hernandez and Nystul 
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2013). Similarly, RNA sequencing of purified escort cells showed low levels of Wg transcript in 

these cells (Wang, et al. 2015) 

 

EGFR 

Another self-renewal pathway in FSCs that is specific for the stem cell and not immediate 

downstream daughters is EGF signaling. EGF signaling starts with the binding of one of the 

activating EGF ligands (spitz, vein, gurken or keren) to the EGF receptor (Breathless (btl) in 

Drosophila) (Kumar 2002). This sets off the Ras-Raf-MEK kinase cascade that terminates with 

the dual-phosphorylation of the extracellular signal-related kinase pERK. pERK can then 

translocate into the nucleus to activate transcription of downstream EGFR targets. 

In the germarium, EGFR signaling has been shown to be required in the FSCs but not its 

immediate downstream daughters to facilitate the development of apical-basal polarity throughout 

the FSC lineage (Castanieto, Johnston and Nystul 2014). Data show that pERK can be detected 

via staining, only in stem cells and not in the immediate prefollicle cell daughters. Similarly, 

disrupting EGFR signaling from FSCs disrupts the basal and lateral domains of the FSCs whereas 

disrupting EGFR signaling in immediate downstream daughters does not. Constitutively activating 

EGFR signaling results in suppression of apical domain formation in the prefollicle cells. Notably, 

disrupting EGFR signaling from FSCs causes them to be lost rapidly from the niche and is one of 

the strongest hypocompetitive phenotypes observed in this tissue. In contrast, constitutively 

activating EGFR signaling using overexpression of an activated EGFR called lambda torpedo 

(EGFRλ-top) causes FSCs to be strongly hypercompetitive and undifferentiated prefollicle cells to 

accumulate in the germarium. Although the complete mechanism by which EGFR affects 

competition is unknown, there are several possibilities. First, the canonical EGFR pathway which 
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leads to phosphorylation of ERK can either directly upregulate stem cell renewal genes, and 

repress genes that promote differentiation. This is supported by a transcriptome study on pFCs that 

overexpressed EGFRλ-top, which identified 40 transcription factors that were differentially 

regulated in these FSC-like cells. The most severe and highly penetrant follicle cell phenotype was 

caused by knockdown of six4, which was repressed in overactivated EGFR cells and as described 

above, was shown to promote Notch signaling and therefore the terminal polar/stalk cell fates in 

daughter cells (Johnston, et al. 2016). Another mechanism by which EGFR affects competition 

may be through regulating cell polarity (Castanieto, Johnston and Nystul 2014). EGFR mutant 

FSC clones lack DE-cad and β-integrin, two components of cellular junctions that anchor the FSC 

to the niche. Furthermore, the lack of polarity in EGFR mutant cells may affect other processes 

such as cell trafficking and signal transduction. Similarly, FSCs that are mutant for components of 

the secretory pathway were found to be hypocompetitive, although not as severe as EGFR mutant 

stem cells. Finally, EGFR signaling may interact with other signaling pathways such as Wg, to 

maintain self renewal. 

 

Concluding Remarks 

From the male and female germline stem cell niches to the neural stem cells of the larval brain, 

Drosophila has proven to be a valuable model organism for studying stem cells. The more recent 

development of epithelial stem cell models demonstrates a variety of niche architecture that was 

not previously appreciated in systems like germline stem cells which are found in prominent, 

immobile niches. Epithelial stem cells reside in a more dynamic environment, with high cell 

turnover and proliferation. Additionally, differentiation in epithelial lineages occur slowly over the 

course of several cell divisions, resulting in a transit amplification population that are genetically 
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similar to the parent stem cell. However, these stem cells still produce asymmetric outcomes in 

cell fates where a homeostatic population of stem cells is conserved and resulting daughters going 

on to differentiate. 

The asymmetry in outcomes is due in part to the stem cell’s association with its niche which 

provides important extrinsic factors to activate intrinsic pathways within the stem cell to maintain 

its fate. These signals have to be supplied specifically to the stem cell within the niche, and be 

maintained. The mechanism of how this occurs is more ambiguous in the context of the dynamic 

epithelial stem cell niche. In addition, unlike the germline stem cell niches, which are simpler and 

utilize only one or two major signaling pathways for self renewal, epithelial niches use multiple 

signals with partially overlapping function and are derived from multiple sources.  

Understanding the signaling pathways that are involved in epithelial stem cell maintenance, as 

well as how the niche communicates with the stem cell to activate these signaling pathways in the 

dynamic context of an epithelial tissue enhances our overall understanding of how the surrounding 

microenvironment generates the necessary features of stem cell systems, including self-renewal, 

proliferation, survival and cell fate determination. Additionally, these studies are beneficial for 

culturing epithelial stem cells in vivo, either for investigatory or therapeutic purposes. Finally, 

understanding how signaling and the function of the niche adds to the most recent models of stem 

cell competition, as the effect of signaling on stem cell proliferation, differentiation and adhesion 

can affect their competition.  
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Chapter Two: Results 

Introduction 

The mechanisms by which signaling ligands are communicated between niche and stem cells 

as well as interactions of pathways within stem cells to maintain self renewal, are poorly 

understood in epithelial stem cell systems. We sought to elucidate mechanisms of how important 

niche signals could be communicated to stem cells with precision, especially within a dynamic 

epithelial environment, and be maintained robustly throughout the lifetime of the stem cell. We 

used the follicle epithelium in the Drosophila ovary as a highly tractable model for the study of 

the epithelial stem cell niche. Although there are several signaling pathways required for FSC self 

renewal, ambiguities remain about the source of extrinsic factors that activate the intrinsic 

pathways necessary for FSC maintenance, as well as how these signaling pathways contribute to 

FSC maintenance. To investigate these outstanding questions, we looked at two important self 

renewal pathways, Wg and EGFR. We chose to focus on Wg for several reasons: Wg and EGFR 

are specific signals for the FSC and not its downstream daughters, both are important in stem cell 

maintenance, and yet Wg is specifically delivered to stem cells. Critical questions include whether 

Wg promotes EGFR signaling and how EGFR signaling might maintain stem cells even in the 

absence of Wg signaling. 

Here we show that Wg is a specific signal that promotes self-renewal in the FSC via EGFR. 

We find that Wg signaling is more intermittent than EGFR signaling and that constitutively 

activating EGFR signaling can partially rescue the severe loss of wg mutant stem cells. 
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Figure 2: Downstream follicle cells express components of Wg signaling and are capable of activating Wg 

signaling abnormally. (A) The 4xTH-GFP Wg signaling reporter in a wildtype germarium. The FSC is identified as 

the anterior-most cell of a negatively marked LacZ clone. GFP is detectable in this FSC (arrowhead) and is 

undetectable in the immediately adjacent pre follicle cells (right of the arrowhead). (B-B’) RNAi knock down of Wg 

using the escort cell driver 13C06 eliminates signaling reporter activation in escort cells and follicle stem cells. (B’) 

GFP signaling reporter channel only. (C) Axin mutant follicle cell clones (marked by the absence of GFP) exhibit 

overproliferation and multilayering indicative of Wg overactivation. (D) Staining for Frizzled 2 protein in a wildtype 

germarium. Both FSCs and daughter preFCs express the Wg receptor Frizzled 2. (E-G) FISH for armadillo mRNA 

(E), dishevelled mRNA (F) and Fz2 mRNA (G), reveals expression of Wg pathway genes in FSCs and daughter 

preFCs. Scale bar = 5 µM 
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Wg signaling is specific for the FSC 

Canonical Wnt signaling operates through β-catenin and TCF to activate and repress different 

target genes in a cell-type specific manner. In the germarium, Notum-LacZ and Frizzled3-RFP 

(Fz3-RFP), reporters for two genes activated by Wnt signaling, are active in escort cells and FSCs 

but rapidly downregulated in FCs that have migrated downstream from the Region 2a/2b border 

(Sahai-Hernandez and Nystul 2013, Wang and Page-McCaw 2014). We confirmed that Wnt 

signaling is active in these same cells with a recently developed synthetic reporter, 3xGRH-4TH-

GFP, that is highly sensitive to and specific for activation by TCF (Figure 2A). We found that 

3xGRH-4TH-GFP is detectable in posterior escort cells and FSCs but not in pre-follicle cells or 

the germline. This is consistent with the expression patterns of notum-LacZ and Fz3-RFP, though 

Fz3-RFP is also expressed in anterior escort cells (Figure 3). The 3xGRH-4TH-GFP signal was 

eliminated by RNAi knockdown of Wg transcript using 13C06-Gal4, which is expressed in escort 

cells, FSCs, and prefollicle cells near the Region 2a/2b border (Figure 2B). This validates that the 

3xGRH-4TH-GFP reporter functions as expected and also provides confirmation of our previous 

finding that Wg produced by 13C06-Gal4 expressing cells is required for Wnt signaling in FSCs. 

  



25 
 

 

 

  

Figure 3: Fz3-RFP is expressed in escort cells and FSCs (A) The Fz3 RFP reporter in a wildtype germarium. 

(A’) The RFP channel alone shows high expression in anterior and posterior escort cells, ending at the FSC and at 

almost background levels beyond. Scale bar = 5 µM 
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Wg components are expressed in pFCs 

Wnt signaling promotes self-renewal in FSCs but must be downregulated in prefollicle cells to 

allow for differentiation. This indicates that a decrease in Wnt signaling downstream of the Region 

2a/2b border is important to promote the segregation of the FSC and prefollicle cell fates, but it is 

unclear how this pattern of Wnt pathway activity is maintained. To investigate this question, we 

first asked whether prefollicle cells can transduce a Wnt signal and whether they express Wnt 

pathway components. Previous studies found that constitutive activation of Wnt signaling 

throughout the early FSC lineage by knockout of the negative regulators axn or sgg caused an 

overproduction of prefollicle cells and an accumulation of prefollicle cells into multilayered 

clusters in Regions 2b and 3 of the germarium. However, these studies did not resolve whether 

these phenotypes were due to an upregulation of Wnt signaling in FSCs, or to ectopic activation 

of Wnt signaling in prefollicle cells. Thus, to directly test whether downstream follicle cells were 

competent to activate Wg signaling, we generated axn- clones in adult ovaries and searched for 

clones at 6 days post heat shock that originated from the prefollicle cell population rather than the 

FSCs (Figure 2C). Prefollicle cell clones can be identified as small clones that span less than half 

a follicle and do not extend back to the Region 2a/2b border. We found that axn- prefollicle cell 

clones accumulated in disorganized and multilayered clusters that are identical to those found in 

axn- FSC clones. 

We next investigated whether prefollicle cells express Wnt pathway components. β-catenin is 

ubiquitously expressed in epithelial cells, and several studies have confirmed the expression of 

armadillo (the Drosophila homolog of β-catenin) in follicle cells (Figure 4). In contrast, the pattern 

of Fz3-RFP expression suggests that prefollicle cells do not express Fz3 (Figure 3). However, we 

found that at least one other Wnt receptor, Frizzled 2, and the Wnt pathway effector, Disheveled 
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are both expressed in FSCs and all follicle cells in the germarium (Figure 2D-G). Thus, both FSCs 

and prefollicle cells express the central positive regulators of Wnt signaling. Taken together, these 

findings suggest that the specificity of Wnt signaling for the FSC niche is not due to an inability 

of prefollicle cells to transduce a Wnt signal. 
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Figure 4: Arm expression in wildtype and arm knockdown germaria. (A) Armadillo staining in a wildtype 

germarium. (A’) Armadillo channel alone shows expression in FSCs and downstream FCs (dotted yellow line) (B) 

Armadillo staining in armadillo knockdown with 10930-Gal4. (B’) Armadillo staining is knocked down in 10930 

region (dotted yellow line), but remains in cell types outside of this region. Scale bar = 5 µM 
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Pathway interactions with Wg 

A second possibility is that the pattern of Wnt signaling in the FSC lineage is due to interactions 

with other pathways or to the expression of other Wnt ligands, which could have either activating 

or inhibitory effects. To test this, we used the 10930-Gal4 driver which expresses in FSCs and 

downstream FCs up to region 3, to knockdown or constitutively activate the Dpp, Jak/Stat, 

Hedgehog, Notch and EGFR pathways and observe if any of these pathway perturbations affected 

3xGRH-4TH-GFP expression. As previously reported, perturbing the Hh, Notch and EGFR 

pathways caused some morphological phenotypes in the follicle epithelium, indicating effective 

RNAi or overexpression in these cells (Figure 5E, F, L) 

In short, none of the pathway manipulations in follicle cells changed the 3xGRH-4TH-GFP 

expression pattern, that is, GFP was always expressed in escort cells and/or FSCs specifically, but 

never in downstream FCs. We concluded that there were no signaling pathways in downstream 

follicle cells that were suppressing the Wg signaling pathway in these cells and therefore did not 

account for how Wg activity is specific for FSCs (Figure 5). 

However, a qualitative survey of each of these genotypes showed a skewed ratio of how 

strongly the reporter was expressed in the FSC itself when pathways were perturbed (Figure 6). In 

the control, the reporter is visible at a high GFP expression level, low GFP expression level and 

undetectable level about 33% of the time respectively, in both posterior escort cells and the FSCs 

(Figure 6A-C). As expected, knocking down Wg ligand from pFCs did not affect the ratio of GFP 

expression levels compared to control (p=0.43) whereas knocking down dsh resulted in more 

germaria where the reporter was low or off (p=2.3 x 10-13). Overactivating the Hedgehog pathway 

by knocking down ptc seemed to knock down the reporter to lower levels (p=1.2 x 10-7), whereas 

abrogating the hedgehog pathway by knocking down hh or smo resulted in higher levels of GFP 
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expression (p=2.3 x 10-27, p=1.81 x 10-20). However, neither of these pathway manipulations 

resulted in abnormal GFP expression in downstream follicle cells. Notably, constitutively 

activating the EGFR signaling pathway using overexpression of EGFRλtop resulted in 100% of 

germaria with high expression of GFP at the 2a/2b border. These data suggest that some pathway 

manipulations could potentially regulate Wg signaling in a cell autonomous manner, but none of 

these pathways account for the specificity of Wg to the FSC and not the downstream FCs. 
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Figure 5: Pathway interactions screen with Wg reporter. Various pathway perturbations in the background of 

the 3xGRH-4TH-GFP Wg reporter including (A, B) Wg pathway, (C) Notch pathway, (D, E, F) Hedgehog pathway, 

(G, H) Jak/Stat Pathway, (I, J) BMP pathway, (K, L) EGFR pathway. In all of these genotypes, GFP was expressed 

in posterior escort cells and/or FSCs (arrowheads), but was not expressed in FasIII positive cells downstream of the 

FSC, although some pathway perturbations caused morphological phenotypes in the follicle epithelium. Scale bar = 

5 µM 
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Figure 6: Quantification of pathway interactions screen. (A-C) Representative images of “high”, “low” and “off” 

levels of GFP expression in the FSC. (D) Graph of all the pathway perturbations and the proportion of high, low and 

off levels of GFP expression for each genotype. n=50 for all genotypes, * denotes p < 0.05 by the Chi-Squared Test, 

values in text 
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Alternate wnts 

There are 7 known Wnt ligands in the Drosophila genome, including Wg, and two of them 

(dWnt2 and Wnt4) have been recently found to be important for Wnt signaling in escort cells 

(Mottier-Pavie, et al. 2016, Malanowski, et al. 2015). Furthermore, previous studies indicated that 

while wg knockdown alone was enough to induce severe morphological phenotypes, knockdown 

of wntless, a conserved membrane protein necessary for processing Wg and other Wnts, caused 

more severe follicle formation defects than Wg alone (Sahai-Hernandez and Nystul 2013). To test 

whether any other Wnt ligand besides Wg affects Wnt signaling in the FSC, we performed RNAi 

knockdown of each ligand using 13C06-Gal4 and 10930-Gal4 (Figure 8). We observed moderate 

morphological defects in the follicle epithelium upon knockdown of Wnt 3/5 (Figure 7F and Figure 

8) but not the other Wnt ligands, and found no change in 3xGRH-4TH-GFP expression upon 

knockdown of any of the 6 ligands. These data indicate that the pattern of Wnt signaling in the 

early FSC lineage is not dependent on the expression of any Wnt ligands except Wg. 
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Figure 7: Alternate Wnts in the germarium. All 

Drosophila wnts (except Wnt1) were knocked down 

with 13C06 or 10930. This includes (A, B) Wnt 2 

(C, D) Wnt 4 (E, F) Wnt 3/5, (G, H) Wnt 6, (I, J) 

Wnt 8, (K, L) Wnt 10. Scale bar = 5 µM 
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Figure 8: Wnt 3/5 causes follicle formation defects, but doesn’t affect the Wg signaling reporter. (A, B) 

Knockdown of Wnt 3/5 with 10930 causes a range of morphological defects in the follicle epithelium, in a majority 

of germaria (~75% in n=50 germaria) (C) Wnt 3/5 knockdown with 10930 does not affect expression of 3xGRH-

4TH-GFP Wg reporter. Scale bar = 5 µM 
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Spatial restriction of Wg ligand 

HSPGs do not affect Wg signaling transduction 

Since prefollicle cells are competent to activate Wnt signaling and the pattern of Wnt pathway 

activity is not dependent on other signaling pathways tested, we next considered the possibility 

that the pattern of Wnt signaling in the FSC lineage is due to the restriction of Wg ligand movement 

through the tissue. We hypothesized that one mechanism for specificity was via heparan sulfate 

proteoglycans (HSPGs). HSPGs are sugar-modified proteins that have been established in a 

developmental context to be important for Wg transduction through tissue and potentially for 

proper Wg reception in target cells (Han, et al. 2004). Very little is understood about how HSPGs 

affect signaling of Wg and other self-renewal ligands in the stem cell niche, but RNAi knockdown 

of HSPG biosynthesis enzymes such as sulfateless (sfl), sugarless (sgl) and tout velu (ttv) result in 

phenotypes similar to loss of Wg and/or Hedgehog signaling in the wing disc, embryo and ovary 

(Bornemann, et al. 2004, Hayashi, et al. 2012). 

In the FSC niche, previous studies have shown that dally like protein (Dlp) is required for Wg 

signaling in the FSC niche and its ability to do so is regulated by the metalloprotease Mmp2 (Wang 

and Page-McCaw 2014). Similar to published results, we found using an antibody against Dlp that 

Dlp is expressed throughout the germarium (Figure 9A) while another HSPG, dally (Dly), is not 

expressed at detectable levels or specificity (Figure 9B). Accordingly, knocking down dally with 

either 13C06-Gal4 or 10930-Gal4 does not affect germarium morphology (Figure 10C, D) whereas 

knocking down dlp or sfl causes some morphological phenotypes when knocked down in the escort 

cells with 13C06 (Figure 10A, E), but not with 10930 (Figure 10B, F). In contrast, overexpressing 

dlp with 13C06 caused some disruption of the follicle epithelium, and overexpressing dlp with 

10930 caused encapsulation defects of the early cysts (Figure 11A, B). Overexpressing dlp with 
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10930 also caused too many Castor-positive stalk cells to accumulate between egg chambers at 

the expense of Eya-positive main body cells (Figure 11D), whereas overexpressing Dlp with 

13C06 did not have any obvious effects on differentiation (Figure 11C).  

However, these morphological phenotypes occurred with low frequency (10-20%) and also did 

not seem to affect the specificity of the Wg signaling reporter (data not shown). We concluded that 

although Dlp seemed to be important in the escort cells, possibly for stem cell maintenance, it 

didn’t account for the specificity of Wg signaling. 
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Figure 9: HSPG expression in the germarium. (A) Dlp staining in the germarium shows expression of Dlp in 

escort cells and follicle cells and is localized to the membrane. (B) Dly staining in the germarium is close to 

background levels and does not seem restricted to one cell type. Scale bar = 5 µM 
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Figure 10: HSPG knockdown in the germarium. (A, B) Sfl knockdown with 13C06 and 10930 drivers. (C, D) Dly 

knockdown with 13C06 and 10930 drivers. (E, F) Dlp knockdown with 13C06 and 10930 drivers. Scale bar = 5 µM 
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Figure 11: Dlp overexpression in the germarium. (A, B) Dlp overexpression with 13C06 and 10930 causes some 

follicle formation defects. (C, D) Cas/Eya reveals some differentiation defects in this genotype. Scale bar = 5 µM 
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Overexpression of Wg ligand 

Wg transcript is detectable in terminal filament cells, cap cells and escort cells, but protein 

levels are highest at the anterior tip of the germarium and taper off toward the posterior, becoming 

undetectable by Region 2b. To determine whether Wg produced in the anterior half of the 

germarium can move beyond the Region 2a/2b border, we simultaneously overexpressed HA-

tagged Wg with 13C06-Gal4 and stained for HA. We found that no HA::Wg was visible beyond 

the boundary of the 13C06-Gal4 expression domain (Figure 12A). In addition, we found that 

overexpression of HA::Wg with 13C06-Gal4 did not cause prefollicle cell overproliferation or 

impair prefollicle cell differentiation (Figure 12B, Figure 13), and did not activate 3xGRH-4TH-

GFP expression in prefollicle cells downstream from the Region 2a/2b border (Figure 12C, C’). 

In contrast, overexpression of HA::Wg with 10930-Gal4 resulted in severe morphological 

phenotypes in the follicle epithelium that phenocopied the loss of axn or sgg clones (Figure 12E, 

Figure 13). Specifically, overexpression of HA::Wg in follicle cells caused the germaria to become 

substantially larger as follicle fused together and failed to bud properly, and caused the production 

of excessive prefollicle cells, which accumulated in disorganized clusters. In addition, the 3xGRH-

4TH-GFP reporter was activated throughout Regions 2b and 3 (Figure 12F, F’). These data provide 

further evidence that prefollicle cells are capable of activating Wnt signaling and demonstrate that 

the HA::Wg is functional. Taken together, these data indicate that Wg ligand is spatially restricted 

such that, even in the overexpression case, it does not, activate signaling more than a cell diameter 

away from where it is expressed. 
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Figure 12: Wg ligand is spatially restricted to the 2a/2b border (A) 13C06-Gal4 is expressed in escort cells and 

follicle stem cells (GFP). When used to overexpress HA::Wg HA-tagged Wg protein is only detectable within this 

region (HA). (B) Wg overexpressed with the 13C06 driver results in a reduced region 1 and some escort cell 

phenotypes, but no apparent morphological defects in the follicle epithelium. (C,C’) Wg overexpressed with the 

13C06 driver results in activation of the 4xTH-GFP Wg signaling reporter in escort cells and follicle stem cells. (D) 

10930-Gal4 is expressed in FSCs and downstream FCs up to region 3. When used to overexpress HA::Wg HA-

tagged Wg protein is only detectable within this region (HA). (E) Wg overexpressed with the 10930 driver results in 

overproliferation and disorganization of the follicle epithelium. (F,F’) Wg overexpressed with the 10930 driver 

results in activation of the 4xTH-GFP Wg signaling reporter in downstream FCs. (G-J) Germarium from NRT-Wg 

homozygous flies. (G) Fasciclin III staining indicates wildtype morphology. (H) pERK is detectable in FSCs and 

escort cells. (I) EdU staining is detectable in early germ cysts, FSCs and early downstream FCs. (J) Castor (Cas) and 

Eyes Absent (Eya) are both expressed in the less differentiated FSCs and FCs and are eventually segregated into 

terminally differentiated stalk and polar cells (cas only) and main body follicle cells (eya only) Scale bar = 5 µM 
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Nrt-Wg germarium 

As an additional test of the range of Wg signaling in the germarium, we examined the ovaries 

of NRT-Wg flies, in which the endogenous wg gene has been replaced with a gene encoding for a 

fusion of the transmembrane protein neurotactin (NRT) and Wg (Alexandre, Baena-Lopez and 

Vincent 2014). This fusion protein remains tethered to membrane is only capable of activating 

Wnt signaling in neighboring cells. Surprisingly, NRT-Wg homozygous flies are viable and grow 

to adulthood with normally patterned wings, although they are smaller and substantially less fit 

than their wildtype siblings. We found that, the ovaries of NRT-Wg homozygotes were much 

smaller than the heterozygous siblings, and that homozygotes laid fewer eggs, many of which did 

not hatch into larvae. However, the germaria were morphologically normal (Figure 12G), with 

pERK+ FSCs (Figure 12H), proliferating FSCs and pFC cells from EdU staining (Figure 12I) and 

a normal pattern of expression of the differentiation factors Castor (Cas) and Eyes Absent (Eya) 

(Figure 12J). Collectively, these data strongly suggest that the specificity of Wnt signaling to FSCs 

is due to spatial restriction of Wg to a region of the germarium that does not extend beyond the 

Region 2a/2b border, and that juxtacrine signaling is sufficient for normal proliferation and 

differentiation in the early FSC lineage. 
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Figure 13: Quantification of follicle formation 

defects in Wg overexpression by 13C06 and 

10930. Only UAS-Wg with 10930-Gal4 causes 

multilayering and disorganization of the follicle 

epithelium. The same defects are not seen with 

13C06 or in the sibling control which includes the 

UAS-Wg but lacks the driver. n = 60 for Ctrl, 37 for 

13C06, 78 for 10930 
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EGFR signaling requires Wg signaling in stem cells 

EGFR signaling has a similar pattern as Wnt signaling in the germarium and also functions as 

an FSC niche signal. Indeed, we found previously that EGFR signaling is necessary for FSC 

maintenance, and that pERK, a marker of EGFR signaling, is detectable in escort cells, FSCs, and 

prefollicle cells along the Region 2a/2b border, but rarely in prefollicle cells that have moved into 

Region 2b (Castanieto, Johnston and Nystul 2014). To determine whether this pattern of EGFR 

signaling depends on Wnt signaling, we first assayed for colocalization between the 3xGRH-4TH-

GFP reporter and pERK. As expected, we found that 40% of pERK positive FSCs also express 

3xGRH-4TH-GFP (Figure 14). In contrast, 60% of pERK positive FSCs do not express 3xGRH-

4TH-GFP, although these germaria express GFP in the escort cell region. Since Wnt signaling is 

required cell-autonomously for FSC self-renewal, this suggests that the Wnt signal oscillates 

between detectable and undetectable levels of activity in individual FSCs. 

Next to determine if Wnt signaling is required for EGFR signaling, we generated FSC clones that 

are homozygous mutant for either arm8 or armF (Figure 15). arm8 is a hypomorph that impairs 

Wnt signaling but not cell-cell adhesion, and armF is a nonsense mutation that introduces a stop 

codon at position 84 and thus is predicted to be a functional null allele. We observed a significant 

reduction in the average intensity of pERK staining in arm8 or armF homozygous mutant FSCs 

compared to the heterozygous control FSC in the same germarium. In most arm mutant FSCs, the 

pERK signal was diffuse and indistinguishable from background, whereas a strong pERK signal 

was easily detectable in the large majority of wildtype FSCs from control populations that were 

processed and imaged in parallel. Likewise, RNAi knockdown of arm in FSCs and all follicle cells 

in the germarium eliminated pERK from FSCs in the majority of germaria. In contrast, FSCs that 

were homozygous mutant for axnS044230, which causes constitutive activation of Wnt signaling, 
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had similar levels of pERK signal compared to the control FSC in the same germarium. These data 

suggest that Wnt signaling is required for EGFR signaling in FSCs. 
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Figure 14: pERK and 3xGRH-4TH-GFP expression in 

stem cells. (A) 40% of stem cells that have detectable 

pERK (A’’, arrowhead) (n=30) also express GFP (A’, 

arrowhead). (B) 60% of stem cells that have pERK (B’, 

arrowhead) do not express GFP (B’’, arrowhead). Scale 

bar = 2 µm 
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Figure 15: EGFR signaling requires Wg signaling in FSCs. (A) pERK (A’’) is detectable in a wildtype FSC (A’, 

GFP) compared to pERK (A’’’’) which is undetectable in an arm[8] FSC clone (A’’’, absence of GFP). (B) pERK 

(B’’) is detectable in a wildtype FSC (B’, GFP) compared to pERK (B’’’’) which is undetectable in an arm[Q84X] 

FSC clone (B’’’, absence of GFP) (C) pERK (C’’) is detectable in both a wildtype FSC (C’, GFP) and an 

axin[S044230] mutant FSC (C’’’, absence of GFP) (D) Quantification of armadillo or axin mutant FSCs where 

pERK is detectable or undetectable compared to wildtype stem cell where pERK is always detectable. 
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Figure 15, continued (E) armadillo knockdown with the FSC/FC driver 10930 causes a similar reduction in pERK 

staining in FSCs. (F) Quantification of armadillo RNAi FSCs with pERK undetectable or detectable compared to 

siblings which lack the driver. Scale bar = 5 µM 
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Figure 16: Knockdown of EGF ligands in the germarium. Vein knockdown by 10930 or 13C06 do not show 

severe follicle formation defects, or loss of pERK. Star knockdown by 10930 also looks morphologically normal with 

normal pERK. Star knockdown by 13C06 shows severe morphological defects as well as more cells that express 

pERK. Scale bar = 5 µM 



51 
 

Expression of EGF signaling components 

Although many studies have focused on EGFR signaling in later stages of oogenesis, little is 

known about the relevant ligands that activate EGF signaling and the source of these ligands in the 

germarium. Preliminary results from our lab show that knocking down the processing protein Star, 

which is important for activating 3 EGF ligands (spitz, gurken and keren), with 13C06 causes 

severe morphological defects by 21 days post temperature shift (Figure 16). In contrast, knocking 

down star with 10930, or knocking down vein (the fourth EGF ligand unaffected by Star) with 

10930 or 13C06 do not affect morphology. Surprisingly, knocking down star with 13C06 does not 

cause knockdown of pERK. In fact, it results in more cells activating pERK, although the disrupted 

morphology makes it difficult to interpret exactly which cells have detectable pERK. 

To determine exactly which cell types in the germarium express components of the EGF pathway, 

we optimized and performed FISH to detect transcripts of the 4 activating EGF ligands and the 

receptor (Figure 17). We found that while gurken mRNA, which has been well characterized to be 

localized to the dorsal anterior region of the oocyte in stage 10 egg chambers, was easily detectable 

in this location (Figure 17E), verifying our technique, but not in the germarium. Spitz, keren and 

vein transcripts were detected at very low expression levels in the germarium and did not seem 

restricted to one cell type and EGFR transcripts seemed ubiquitously expressed through the 

germarium at comparatively higher levels. 

We used two EGFR antibodies, one against the extracellular domain, and one against the 

intracellular domain. Similar to the FISH, both antibodies showed that EGFR is expressed 

throughout the FSC lineage and, as expected, is localized to the membrane (Figure 18A). 
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Figure 17: FISH for EGF ligands. FISH was done on WT ovaries to look at expression of (A) EGFR, (B) Spitz, 

(C) Keren, (D) Vein and (E) Gurken. Gurken in particular is expressed in Stage 10b (yellow arrowhead), but not 

detectable in the germarium. Scale bar = 5 µM 
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Wg promotes transcription of EGF ligands 

To investigate how Wnt signaling functions genetically upstream of EGFR signaling, we first 

considered the possibility that Wnt signaling is required for EGFR pathway 

components.  However, we found that EGFR is expressed throughout the FSC lineage, even 

though Wnt signaling is restricted to the Region 2a/2b border and that EGFR expression was not 

affected by RNAi knockdown of arm (Figure 18B, C).  

We then turned our attention to the 4 EGF ligands. While FISH experiments were limited in 

detecting expression of these ligands, RNA sequencing data from the lab indicated that spitz was 

transcribed at the highest level compared to the other ligands. To investigate the effect of Wg 

signaling knockdown on spitz transcription, we looked at the expression of a Spitz-LacZ enhancer 

trap in the ovary (Figure 19). The Spitz LacZ enhancer trap indicates that spitz is transcribed in 

escort cells and most follicle cells, and especially at slightly higher levels in early follicle cells, 

including the stem cell. When arm was knocked down with 10930 in the presence of the Spitz 

LacZ enhancer trap, we saw knockdown of LacZ staining to undetectable levels in the 10930 

region, in about 70% of germaria compared to controls, whereas the LacZ staining outside of the 

10930 region (in escort cells and stage 3 follicle cells) remained the same. We concluded that Wg 

signaling seemed to promote spitz transcription in FSCs which might provide a mechanism for 

how Wg promotes EGFR signaling in stem cells. 
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Figure 18: Wg knockdown does not affect EGFR 

expression. (A) EGFR staining in wildtype ovariole. All 

follicle cells and escort cells express EGFR and localizes 

to cell membranes. (B) Dsh knockdown with 10930 does 

not knockdown EGFR in these cells. (C) Arm knockdown 

with 10930 does not knockdown EGFR in these cells. 

Scale bar = 5 µM 
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Figure 19: Wg signaling promotes transcription of EGF ligand spitz (A) spitz LacZ enhancer trap shows 

expression of spitz in FSCs and downstream FCs. (A’) shows LacZ expression only. (B) Armadillo knockdown with 

10930 causes a reduction of spitz LacZ expression in the 10930 expression region. (B’) shows LacZ expression only 

in armadillo knockdown germaria. Scale bar = 5 µM 
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Activating EGFR can partially rescue Wg stem cell loss 

Despite the relative infrequency of the Wg signaling reporter compared to EGF signaling, both 

signaling pathways are still required for stem cell maintenance, as loss of either pathway results in 

rapid FSC loss. Given the data that Wg is upstream of EGFR signaling and that EGFR signaling 

is activated more often than Wg, we hypothesized that EGFR signaling can at least partially rescue 

stem cell maintenance in the absence of Wg signaling. To test this, we upregulated EGFR signaling 

in Wg mutant stem cells to see if constitutively active EGFR signaling can rescue severe loss of 

FSCs caused by knocking down Wg signaling. To observe FSC maintenance in the niche and loss, 

we performed a standard lifespan assay in which MARCM clones, carrying a mutation and/or 

transgene and a membrane-tagged GFP label are generated in adult ovaries, and the frequencies of 

ovarioles with 0, 1 or 2 clonally marked FSCs quantified at multiple time points after clone 

induction (Figure 20). As previously published, wildtype germaria that start out as mosaic with 1 

marked FSC tend towards fully labeled (2 labeled FSCs) or fully unlabeled (2 unlabelled FSCs) at 

approximately equal rates. Previous studies with dsh[3] mutant FSCs indicate these stem cells are 

lost from the niche extremely quickly. Similarly, our data show that dsh[3] is a severe 

hypocompetitor, with relatively few double or even single marked clones quantified as early as 3 

days post clone induction. Notably, when dsh[3] mutant stem cells are also overexpressing the 

constitutively active Egfrλtop, an increased number of single and double marked clones are observed 

up to 14 days post clone induction, although few marked clones are observable by 21 days post 

clone induction. This indicates that activated EGFR signaling can partially rescue the rapid FSC 

loss phenotype caused by dsh mutation alone. 
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Figure 20: Constitutive activation of EGFR partially rescues dsh mutant stem cell loss. FSC competition assay 

using MARCM clones. The proportion of germaria that were double, single or unlabeled are indicated by black, 

dark grey and light grey respectively. Timepoints observed were 7, 14 and 21 days after clone induction. At least 

250 ovarioles were scored for each time points. 
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Discussion 

Overall, our data demonstrate that Wg is activated specifically in the FSC by spatial restriction 

of the Wg ligand, and that activation of Wg signaling promotes EGFR signaling specifically in the 

FSC via, at least in part, by promoting transcription of spitz ligand. Our findings support a model 

in which the specificity of Wg signaling to the stem cell is due to its proximity to the source of Wg 

signaling, and that Wg signaling can maintain stem cells by promoting EGFR signaling. 

While our pathway interactions screen suggests that other important self renewal pathways 

such as hedgehog and BMP can affect Wg signaling in the stem cell, it also supports the point that 

the absence of Wg signaling in downstream follicle cells is due to failure of the ligand to reach 

these cells. While pathway manipulations in the germarium could affect the absence or presence 

of the 3xGRH-4TH-GFP reporter in stem cells and escort cells, no pathway manipulation aside 

from overexpressing the Wg ligand in the follicle cells, caused GFP to be abnormally expressed 

in these cells. 

Although Wg signaling is an important self renewal factor, evident by rapid loss of stem cells 

when signaling is abrogated, its activity is evident in a relatively low percentage of stem cells 

(60%). By contrast, EGFR signaling, which is also specific, is evident in most stem cells (90%) 

and overactivation causes stem cells to be hypercompetitive. This led us to propose a model in 

which Wg and EGFR function in a hierarchy of signaling where EGFR signaling can maintain self 

renewal even in the absence of Wg signaling, adding a layer of robustness to stem cell 

maintenance. Our observation that overactivating EGFR signaling in the absence of Wg signaling 

partially rescues the rapid stem cell loss seen in the absence of Wg signaling alone, supports this 

model, as well as opens up questions about other ways in which Wg signaling can promote self 

renewal in the stem cell. For example, previous studies suggest that overexpressing thickveins, 
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therefore constitutively activating the BMP pathway, can partially rescue dsh mutant stem cells, 

indicating that the BMP pathway might be another mechanism of stem cell maintenance controlled 

by Wg. Additionally, β-catenin, along with its role in the canonical Wg pathway, has well-studied 

roles in cell adhesion as well (Song and Xie 2003). Since adhesion between niche and stem cells 

is another important regulator of self-renewal, the effects of Wg on cell adhesion would be another 

interesting question to pursue.  

Finally, we showed that Wg promotes spitz transcription in the follicle stem cell and 

hypothesize that this is the mechanism by which Wg promotes EGF signaling. However, our 

results also indicate that this may not explain the entire mechanism. Spitz transcription is only 

knocked down to 30% in the knockdown of armadillo, although β-catenin staining is knocked 

down to below detectable levels. Also, knocking down spitz with RNAi does not completely 

abolish pERK (50% of mutant stem cells lose pERK) and knocking spitz out completely in FSCs 

does not cause stem cells to be lost. This suggests that spitz might be acting redundantly, perhaps 

with another EGF ligand, to activate EGF signaling in FSCs. This is supported by our data that 

shows knocking out star, which knocks out 3 of the 4 activating ligands including spitz, from escort 

cells and FSCs causes severe morphological phenotypes, indicating the importance of star in these 

cell types. Another attractive possibility is vein, which has been shown in embryos to be 

downstream of Wg signaling (Szuts, Eresh and Bienz 1998). Knocking out vein on its own did not 

affect germarium morphology, which could be due to redundancy. Overall, there remains 

ambiguity in the mechanism by which Wg promotes EGF signaling. Further studies investigating 

the effect of individual and combined EGF ligands on EGFR signaling as well as the effect Wg 

signaling has on transcription of these ligands will provide insight into this mechanism.   



60 
 

Both Wg and EGFR signaling have been found as important self-renewal factors in several 

different epithelial stem cell systems. The hierarchy and dynamics of these signaling pathways in 

FSCs open up questions as to how inherent structure and dynamics in an epithelial tissue can 

control specificity and maintenance of stem cells within the tissue. It will be interesting to 

determine whether the dynamics of signaling can be observed and correlated to oogenesis within 

the Drosophila ovary, as well as whether a similar regulation of signaling exists in other epithelial 

tissues. 

 

Materials and Methods 

Fly Stocks 

Stocks were maintained on standard molasses food at 25oC and adults were given fresh wet yeast 

daily. All progeny containing tub-Gal80ts were kept at 18oC until eclosion and then shifted to 29oC 

for high UAS expression. 

Genotypes used in this work were obtained from the Bloomington Stock Center or as indicated 

below: 

Figure 2: 

(1) ; ; 3xGRH-4TH-EGFP (Ken Cadigan) 

(2) y122, hsFlp; FRT42D tub-lacZ/cyo; TM2/TM6b (Nystul Lab) 

(3) yw; FRT42D/cyo (Nystul Lab) 

(4) w1118; ; P{GMR13C06-Gal4}attP2 (BL#47860) 

(5) ; ; UAS-Wg RNAi (TRiP.HMS00844, BL#33902) 

(6) ; ; FRT82B AxnS044230/TM3 Sb (Ting Xie) 

(7) hsFlp; ; FRT82B, Ubi-GFP/TM3, Sb (Nystul Lab) 
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(8) Canton S (BL#64349) 

 

Figure 3: 

(1) ; ; Fz3-RFP (Ram DasGupta) 

 

Figure 4: 

(1) ; ; UAS-arm RNAi (TRiP.HMS01414, BL#35004) 

 

Figure 5: 

(1) y1, w*; P{GawB}109-30/CyO; (BL#7023)] 

(2) ; ; UAS-dsh RNAi (TRiP.JF01253, BL#31306) 

(3) ; ; UAS-notch RNAi (TRiP.JF01356, BL#31383) 

(4) ; ; UAS-hh RNAi (TRiP.HMS00492, BL#32489) 

(5) ; P{UAS-smo.RNAi}2, P{UAS-smo.RNAi}8/cyo; (VDRC, BL#24472) 

(6) ; ; UAS-ptc RNAi (TRiP.JF03223, BL#28795) 

(7) ; ; UAS-hop RNAi (TRiP.JF01268, BL#31319) 

(8) ; ; UAS-upd RNAi (TRiP.JF03149, BL#28722) 

(9) ; ; UAS-dpp RNAi (TRiP.JF01091, BL#31531)  

(10) ; ; UAS-tkv RNAi (TRiP.JF01485, BL#31040) 

(11) ; ; UAS-EGFR RNAi (TRiP.JF01696, BL#31183) 

(12) ; ; UAS-EGFRλtop/TM6C, Sb (BL#59843) 

 

Figure 7: 
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(1) ; ; UAS-Wnt2 RNAi (TRiP.JF03377, BL#29441) 

(2) ; ; UAS-Wnt4 RNAi (TRiP.JF03378, BL#29442) 

(3) ; ; UAS-Wnt3/5 RNAi (TRiP.HMS0119, BL#34644) 

(4) ; ; UAS-Wnt6 RNAi (TRiP.HM05236, BL#30493) 

(5) ; ; UAS-Wnt8 RNAi (TRiP.HM05158, BL#28947) 

(6) ; ; UAS-Wnt10 RNAi/TM3, Sb (TRiP.JF03423, BL#31989) 

 

Figure 10: 

(1) ; ; UAS-sulfateless RNAi (TRiP.HMS00543, BL#34601) 

(2) ; ; UAS-Dally RNAi (TRiP.HMS00905, BL#33952) 

(3) ; ; UAS-Dally-like protein RNAi (TRiP.HMS00875, BL#34089) 

 

Figure 11: 

(1) ; ; UAS-Dally like protein (BL#9160) 

 

Figure 12: 

(1) ; NRT-Wg [in Wg KO] / cyo ; (Jean Paul Vincent) 

(2) ; ; UAS-Wg-HA (BL#5918) 

 

Figure 14 

(1) Arm8, FRT101 / FM7a; ; (BL#8557) 

(2) ArmF FRT19a/FM7c; ; (BL#57054) 

(3) w122 (hsFlp), Ubi-GFP, FRT19a; ; MKRS/TM3 (Ben Ohlstein) 
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Figure 16 

(1) ; ; UAS-star RNAi (TRiP.GL00686, BL#38914) 

(2) ; UAS-vein RNAi/cyo; (VDRC#50358) 

 

Figure 17 

(1) ; P{lacW}spis3547/cyo; (BL#10462) 

 

Figure 19 

(1) hsFlp, tsGal80 FRT19a/FM7 ; Act-Gal4, UAS-CD8 GFP/cyo (Nystul Lab) 

(2) P{neoFRT}19A; ; (BL#1709) 

(3) w*, dsh3 P{neoFRT}19A/FM7a; ; (BL#6331) 

 

Immunostaining 

Ovaries were dissected in 1x phosphate buffered saline (PBS), fixed in 1x PBS + 4% 

formaldehyde for 15 minutes, rinsed with 1x PBS + 0.2% Triton X-100 (PBST) and blocked for 1 

hour with 1x PBST containing 0.5% BSA. Samples were incubated with primary antibodies diluted 

in blocking solution overnight at 4 deg C. Next, samples were rinsed with PBST and blocked for 

1 hour before incubating with secondary antibodies for 4 hours at room temperature. Samples were 

rinsed twice with PBST and once with PBS before a final 30 minute wash with PBS. Samples were 

mounted on glass slides in Vectashield (Vector Labs) with DAPI. 

The following primary antibodies were used: guinea pig anti GFP [1:1000] (Synaptic Systems 

132005), mouse anti-beta-Galactosidase [1:1000] (Promega Z3781), rabbit anti-Vasa [1:1000] 
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(Santa Cruz sc-30210), mouse anti-Fz2 [1:50] (Developmental Studies Hybridoma Bank 12A7), 

mouse anti-Fas3 [1:50] (DSHB 7G10), rabbit anti-RFP [1:1000] (MBL International PM005S), 

mouse anti-armadillo [1:4] (DSHB N27A1), mouse anti-Eyes absent [1:50] (DSHB 10H6); rabbit 

anti-pERK [1:100] (Cell Signaling 4370), mouse anti Dlp [1:50] (DSHB 13G8), mouse anti Dly 

[1:200] (Abcam 22008), rabbit anti-Castor [1:5000] (from Ward Odenwald) (Kambadur et al., 

1998), rabbit anti-HA [1:1000] (Invitrogen 71-5500), mouse anti Dlg [1:200] (DSHB 4F3), mouse 

anti EGFR [1:1000] (Sigma Aldrich E2906). The following secondary antibodies were purchased 

from Thermo Fisher Scientific and used at 1:1000: goat anti-guinea pig 488 (A-11073), goat anti 

rabbit 488 (A-11008), goat anti rabbit 555 (A-21428), goat anti mouse 488 (A-11029), goat anti-

mouse 555 (A-21424). 

All fixed images were acquired using a Zeiss M2 Axioimager with Apotome unit. For 

multicolor fluorescence images, each channel was acquired separately. Post acquisition processing 

such as image rotation, cropping, and brightness or contrast adjustment were performed using 

ImageJ.  

 

EdU Staining (Figure 12) 

For EdU incorporation experiments, ovaries were dissecfted and incubated in Schneider’s 

Medium containing 20 µM 5-ethynyl-2’-deoxyuridine (EdU) (Click-it EdU Alexa Fluor 555 

Imaging Kit, Life Technologies C10338) at room temperature for 1 hour. Ovaries were then fixed 

in 4% paraformaldehyde for 15 minutes, washed two times in 1x Block (0.5% BSA in PBST). 

Wash solution was removed and samples were permeabilized with 1x PBST (0.2% Triton X-100 

in 1x PBS) for 20 minutes. Samples were then washed twice with block and then incubated in 

reaction cocktail (1x Click-iT EdU reaction buffer, CuSO4, Alexa Fluor azide, 1x Click-iT EdU 
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buffer additive) for 30 minutes at room temperature, protected from light. Finally tissues were 

rinsed with 1x PBS and then stained with Fas III primary antibody as described above before 

mounting on glass slides in Vectashield. 

 

Fluorescence In Situ Hybridization: 

Flies were fed wet yeast for at least two days prior to dissection. The following protocol was 

done in RNAse free conditions. At least 10-20 well fed flies were dissected in cold 1x Ephrussi-

Beadle Ringer’s solution (EBR) on a chilled glass plate on ice. Muscle sheath was removed and 

ovarioles separated while keeping the entire ovary intact. Ovaries were moved to sterile RNAse 

free tubes containing 4% PFA in PBS and fixed for 1 hour at room temperature. After discarding 

fix, samples were washed in 1x PBS, then in 50% MeOH in PBS, then 100% MeOH. Samples 

were then stored in 100% MeOH at -20 deg C indefinitely. 

Dehydrated samples were taken out of the freezer and rinsed with 100% MeOH, washed with 50% 

MeOH in EtOH for 5 minutes, then rinsed with 100% EtOH. Leaving about 100 uL EtOH, the 

EtOH was removed and replaced with 900 uL xylene. Samples were permeabilized with xylene 

for an hour at room temperature. Samples were rinsed twice with EtOh, once with 50% 

MeOH/EtOH and rinsed twice with 100% MeOH. Samples were incubated in 50% MeOH/Fix 

(5% PFA in PBST) for 5 minutes, rinsed once with Fix solution and then fixed for 1 hour at room 

temperature. Samples were rinsed three times with PBST, washed for 10 minutes in PBST and 

then washed for 10 minutes in 50% PBST with HYB solution (50% vol/vol formamide, 5x saline-

sodium citrate, 0.1% vol/vol of 50ug/mL heparin, 100 ug/mL tRNA and 100 ug/mL sheared, boiled 

salmon sperm DNA). Samples were incubated with 100% HYB solution in 60 deg water bath 

overnight. 
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400 ng of RNA probe was diluted into 50 uL total of HYB. Probes were heated to 83 deg for 2-3 

minutes. Tubes were spun down and put on ice for 5 minutes. 50 uL of probe were applied to 

samples and incubated overnight (up to 24 hours) at 60 deg overnight. 

Samples were washed with preheated HYB over the course of 2 hours, switching out washing 

solution at regular intervals. Samples were rocked at room temperature with 50% HYB/PBST for 

5 minutes. Samples were washed with PBST over the course of 1 hour, switching out washing 

solution at regular intervals. Samples were blocked with 1x Roche blocking reagent in PBST for 

1 hour at room temperature. Samples were then incubated with preadsorbed antibody against Dig 

diluted 1:500 in 1x block at 4 degrees overnight. 

Primary antibody was removed and samples were rinsed twice with PBST. Samples were then 

washed over the course of 1 hour, switching out washing solution at regular intervals. Samples 

were blocked for 1 hour and then incubated with goat-anti sheep 555 secondary antibody diluted 

1:500 in block for 1.5 hours at room temperature away from light. Secondary antibody was 

removed and samples rinsed twice with PBST.  Samples were washed in the dark over the course 

of 2 hours switching out washing solution at regular intervals. The last couple washes were done 

with PBS instead of PBST. Samples were removed from wash and mounted on slides in 

Vectashield containing DAPI and imaged as for immunostaining protocol. 

 

The following probes were used (lowercase letters indicate the primers used to amplify the 

cDNA template in the antiparallel direction) 

 

Armadillo: 
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ggaacgttgcctctctgtgtCTTGGAAGGCGCGCATAAGCAGTCGCACCAGATGGTGGATGGCC

CCGTGCTCCCGCAACGGGGCGTGATTGGCCGGACAGAGGGCCAAATTGCGTATGAG

TCCAATGACGGCCTTGATCAAGGGCCAGCGTGATGGTGGATGCAATAGCTTTACAAT

CACCGATAGTCCGTAGTTTAAGCGTACGGCATTCTGGGCCAACTCAGAGTCCACATG

ACGCGAGGTCAAGTGACGCAGGGCACATACAGCCGGCTCGGTAATCTCTTCGCGAT

CTCCAGCATTGATAATAGTACGGACGAGGGCGTCCACACCGCCCACCTGACAAACG

GTGGCCTTGTTGCGCTGATTGTTGCACGTCAGATTTGAAAGGATACCGGCGGCACAG

GTGACCACGTTGACATCGGTCGAGCCCAGAACCTGGACGAGAGATTGGAGCAAAGC

TTCAAGGCCCTCCACCTTAGTGGctgcatccgaaagattgcgg 

 

Disheveled: 

cgtcaattcggattcggtgcCAAAGAGACTGGTCGAGTCCAGATCGCTGGAGAGCACGGATGCC

GATTGATATGTGAGCGGTGGCGGCTGCAGCAGCGGATTGCCCATCATCTTCTGGTGA

TGGAGCACCTGCTGCTGTTGCTGCTGCGCCAGCTGGACAGGCTGCACCTGCTGCTGC

TGTTGTTGTTGCTGTTGCTGGTGCTGCTGCTGCTGTTGTTGTTGCTGCTGCTGATGCT

GCTGCTGTTGCTGCTGTAGCTTCCTGTTGGTCAGACCCATGCCCAATTCACACTCACT

GGTTGGCAGCTCGGAGCAGTTATCTGACTGATTGGTACCATCGGCGGAGACCAGCC

AGGACACCACTCGCCCATTGAAGCAGGGCAGTATGGTGGAGTCGTCGGCTATTTCCT

CTTTGACCACACCGAAATCGGCGTCCATTGACTTGAAGAAGTACTTGTAGTTGTTGT

TCTGCTTGTTCAGCACCAGCTTGAAATCGCGCAGCGTCACCTGGGCGGATGGAATGG

GGATCTTCACCAGATACGGCGTCGTCTCATCGTCGATGTGGTATATCACCTTCGTCTC

CTGCCCGCCGCCCCTGTCCGCGTCCATTTTAGCTGCGCCGACTGCGGAAATCCACGG

GAAAACTCCTCGACGCGATAAAACGCGATCAAaacgaaatgcgatggatgcg 
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Frizzled 2: 

gcgggtagtgtttccttccaGACACAGCGCAGCGTCAAATCGTCAACGCTCGACAAACGGCGTG

GTCTAACATTTTTTCCATTCCGTTGGCTTTGCTGCTATCTGGTTGATTTTCTGGTTCAT

TCGATTCCGCCCAGCTGGGGAGCTGGTCCAACTTTCCGCCGTTAATCCCGAAAACTC

TTTGGTGGTAATTAAAAAACGCCGTGCGTCTGTCAAAGTTAATCCAATTTCACGTCT

GCTTACATCAAACACTCACACTGGCGCACGAACACCTGGAGATGCAGGCACACACG

GATACAGCAAGTATCTGACGGATACACAGACACACATATAAATACGTGCGCCGGTT

CTTATAGAAACTTTTTGCCGCTGCAAGTAATTTCTACTTTATTTTCGGACAGATTTTT

TAATTAATATTTCATGTAGCGCCAAATGTTGTCGCTATCTTTCAGGTGCTACGGTGTG

GGATGCTTGTTTTCCTACAGATATATTTAAAGGTGAGCCCCGAGCCCCGAAAATCCA

ATTTCAGTTGACGCTTGTCGATCAGCGATCACAGATCGGAATAGCAACAATAACAAC

GAACAGCAAATCTTGTTTCTTTATAACAATTTCCAACACACATTCTCACATGGCACG

GCCACAATTTGTATTTTCATAACTCGTTTTCTGTATTTTCTGTCGCTTTTTCGAGGACG

CCACTCTACGGTGTTAGCTTGAAGAAACTTCTTTTATTCACGAATGCTTACGATTGAT

TGTCACtgctttcgatttgcgcacaa 

 

EGFR: 

gctgcacagtagggtccaatGGCCGTGTACTGATAGTTCACATGTCGCATCTCCAAGGGACACT

TCGAGGTGCAATTGAACATCGTGGAGTTCACATAGGGACCCGTCTCATTCGCGTCGA

ACAACTTGAAGTTGCGACAAGACTTGCAATCGTCGGCACCCGGACCAGTGCAACCG

TTGCATTCTGGGTGGCACTGGAAGCACTCGCGCTGCTCCTCATCCGTGTAGTGATCG

GCCGGACACTCGGTCTCGCACTGCTCTCGTCGCTTGTAGTGGGTGCACTTGGAGCAC
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ACCTGTTCATGGTATCCGTAGTTGGTGCACAGCTCGCAAAGGGGATGGCACTTTCGG

CAAACTGCTCTGCCGGCCAATGGCTTTAGCGATCCCTGCTCTTGTGGATGCACATAC

TCCCAGAAGTACCCATCGGGGCACTTGTCGTCCTTCAGCAGGCAGCGTTTTACTGTG

GCGTCATTGTTGATAATGGCCAAATTGCACGTTGTACACGCTCCAATGCCGATGGTG

TCCTTGGGCCCAGTGCATCCATCGCAGGTGGCGTGGCACTCTCGGCAGACACCACGA

TCGTTGTACTTGTTCTTCGGGCACTCGGACACACAGTGCTGACCGTCCCTCACATGG

ACGCACTCCTGGCAGTGATCTGCTCCAGCTCCATTGCAAGTCCGGCACTCTGGATGG

CATATCTTGCACGTTCTATTGTCAAACTTGTAGGCATTGGATATATAACCACAGTCG

GCGATGCAGGTGCCATTGAAATTGAAGTTCTTGCAGGTAAGGCACTGATCCGTGCCA

GCTCCCCAGCAGCCGTCCTCGTTGCACTGATCCGAGCAAATGGTTCCATTtttctcgcataga

tccgccc 

 

Spitz: 

atagttcgctccgctcacagCTTGTTGCTGCGTCGAATGGCGAAGGACATTAGCGCGTGCTCCAG

CCGCATGTGGTAGGGTAGCTTGCGCTCCAGAATGACTGGCTCCTGGCCATCTGGACA

GCACCGGTTGCGGCAGCACTCGCACTGGCCGTCGTCATCGTCGTATTCCTGCTGCAG

TTCCTGCTCCAGTTCGTAGGCCTTCTTGGCAGCCCGCTGCTcgaagcgcaaatagaaggcc 

 

Keren: 

cgattaaagcggtggcaagcAGCAGCAGATCCTGGGCTCGCATCTTGATCTTAACTCATGGCAG

CTTACTTGGGAATGTGGCAATGCAGTTTAAGGTGTTTTGTAATGTGGAATTCTTGGCT

TTGGCTGGCAGgcggcttgttttcttctatgc 
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Vein: 

tccgtgggaaagtgaactggTGAGGCCTTGATCATGATGCGGCGCTTGGCGATCGCCTTGCTGG

CTTTATTCTTGGCCCGGCACTCGTACCTGCCCGCATCGGAGGAACTATTGAAGGAGC

GCACTATTAGCTCGGAACGTCTTTTGTGATGCTTGAATTGGTAAATGTTGCGCTTGCG

ATTGATGGACTTTTCGTCCTTGAACCAGGTGACCTTCGGCGGCGGCTGACCCGACAC

CTCGCAGACGATACGCAGCTTCTTTCCATGCTTGATGATGGCTTTGCTCGGCTTCGAG

AAGATCTTCGTGACCTCTGCGTTCTGTGTATAATTTTCGCTCACAGCCGTTTCGACCG

CTTCCACCACTAAATGTGTGACCCTCATGGGCTGGCCGAGGATGGTGAAGTTGCCTG

GATTCGTCTGCTGCACGAACATCATGTAGGATATATCCGACGCCTGCTGCAGATCGT

TCCCGGAGCGGAGCATGCCCCGCGGCATCAgtcgctccctgtagatgtcg 

 

Gurken: 

aacaacaatctgtgacggcgACAATTGTTGAGAGCACGAAAATTACTTTGAAAATCCGAGTAAA

TGGGATTTGCATCATTGGAAAACGCTTGGGGTGGCGCTCCGAAAAATATTGATTGGG

TGGACCGATTGTCCACCACTAGGAAAACTGAGTCAATGAAGGGGTCTAAACGATCG

AGGGATCGAGCGGCGTGCTGGCCGCAAATGCAATTTGGCGTCGCAACAGAAGCTGA

AACATACTACACACTTGCATCTCCTTGTGGATTTTATGGAGCTGCTATATGGCCTGTA

GAAGGCTTCGACATTATAATTATTATAATGACTCGTGAATCATTTTATATATCAGGC

AAGTAATTAATTAGTTAATCTAAAGAGCAGCAAGCGCGGGAAGCGggctcttctctgctccactt

t 

 

Clone Induction: 
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Flies of the appropriate genotype were cultured and collected upon eclosion. Heat shock were 

performed by transferring flies to empty plastic vials and immersing them in a 37 deg water bath 

for 1 hour. Flies were then allowed to recover at 25 deg Celsius in vials containing food for at least 

5 hours. This process was repeated 2x daily for 2 days for a total of 4x 1 hour heat shocks. Flies 

were then maintained at 25 deg Celsius and fed wet yeast daily until dissection.  

 

FSC competition assay: 

MARCM clones of various genotypes were induced and the frequency of germaria 

containing 0, 1 or 2 labeled stem cells was measured at 7, 14 or 21 days after clone induction. 

Stem cell labeling counts were analyzed as described previously (Kronen et al., 2014). 

Replacement events can be measured within the subset of germaria with 1 stem cell labeled at 

the first time point. Over time, single-labeled germaria can become unlabeled or double labeled, 

indicating replacement. An increase in the proportion of double-labeled germaria is related to the 

rate of clone expansion while an increase in proportion of unlabeled germaria is related to the 

rate of clone extinction. The neutral competition model predicts that the rates of extinction and 

expansion are equal. A mutation that results in increased clone extinction is considered a 

hypocompetitor whereas a mutation that results in increased clone expansion is considered a 

hypercompetitor.  
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Chapter Three: Conclusion 

Future Directions 

The hierarchy and dynamics of EGFR and Wg in FSCs open up questions as to how inherent 

structure and dynamics in an epithelial tissue can control specificity and maintenance of stem cells 

within the tissue. The ongoing development of fluorescent and temporally precise reporters allows 

us to observe the dynamics of signaling pathways in live tissue. Although previously published 

protocols allow for culturing ovarioles ex vivo, several challenges remain. Ovarioles remain live 

for up to 12 hours post dissection before death due to dehydration or phototoxicity, allowing for 

at most one FSC division during that time period. Also, several methods have been tried to limit 

the dynamic movements that ovarioles undergo during oogenesis, but these methods are still 

imperfect. Efforts to optimize live imaging resulted in some success with extending the period of 

live imaging by controlling the osmolarity of the live imaging medium and the humidity of the 

imaging chamber; as well as limiting motion greatly by immersing the ovarioles in a low 

percentage of low melting point agarose. The observation that Wg activity is less frequently 

detected than EGFR activity in fixed stem cells leaves interesting questions about the dynamics of 

Wg signaling in these cells—how long and how frequently Wg activity occurs in a stem cell, and 

how these observations compare to EGFR signaling. Along with further optimizing the current 

live imaging method with the goal of extending the period of live imaging to at least 24 hours, we 

aim to observe the 3xGRH-4TH-EGFP Wg reporter and the pERK-GFPSpark reporter in live 

tissue to begin addressing some of these questions. While the 3xGRH-4TH-EGFP Wg reporter 

relies on transcription of GFP as described above, the pERK-GFPSpark fluoresces upon ERK 

phosphorylation, allowing the probe to respond rapidly to changes in signaling within live tissue. 
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Furthermore, the dynamic characteristic of the tissue itself led us to hypothesize that Wg ligand 

requires membrane contact between escort cells and FSCs to activate signaling and thus the 

intermittent movement of escort cells to and from the niche could provide temporal control of FSC 

niche signaling. While our recent work indicates that Wg ligand is spatially restricted to the 

FSC/escort cell border, we have not yet pinpointed the precise sources of Wg ligand within the 

escort cell population. We hypothesize that the most relevant source of Wg ligand comes from the 

posterior-most escort cells, that is, those that are closest to and directly contact FSCs. To test 

whether this is the case, we aim to observe fluorescently-tagged Wg ligand as it moves through 

the tissue from source to target cell. If Wg ligand is provided by posterior escort cells, which 

undergo dramatic morphological changes through the course of oogenesis, it is possible that Wg 

signaling can be controlled by the movement of germ cell cysts through the escort cell population, 

breaking membrane to membrane contact with FSCs. With the live imaging technique described 

above, it would be interesting to see if the expression of the Wg reporter coincides with escort cell 

proximity to FSCs. Simultaneously, it would be interesting to see if knocking out Wg ligand from 

posterior escort cells only would be sufficient to knock out Wg signaling from FSCs. Because 

escort cells proliferate slowly, it is difficult to induce escort cell clones during adulthood. However, 

inducing clones during development when escort cells are still dividing allows us to knock out 

genes, in this case Wg ligand, from small populations of escort cells. Additionally we can knock 

out Wg ligand using the enhancer trap flippase line 688A, which expresses flippase in the escort 

cell population to generate escort cell clones at a high frequency (Huang, et al. 2014). 

Finally, the Wg reporter, along with a growing list of biomarkers in the follicle epithelium, 

provide a basis for single cell transcriptome analysis as a method of isolating and characterizing 

populations of cells in the germarium. Similar studies in the mouse intestinal crypt have served to 
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resolve some of the contradictory findings in the previous histological studies about the identity 

of the stem cell in the crypt, as well as address some of the inherent heterogeneity in the various 

cell populations. Like other epithelial stem cell systems, the follicle epithelium includes a transit 

amplifying prefollicle cell population—the first few stem cell divisions that result in slowly 

differentiating daughters. Our immunofluorescence studies indicate these pFCs do not have Wg or 

EGFR signaling, but express components of both. Single cell RNA-seq, along with cluster analysis 

using biomarkers discovered via immunofluorescence studies, allows us to separate out different 

cell types, observe how genetically similar the pFC population is to the stem cell, and start to 

identify when the first cell fate decisions might occur. It will also let us observe the heterogeneity 

of the niche cell population and identify the different cell types that might make up the FSC niche, 

not only for specific self renewal pathways such as Wg and EGFR but for pathways that affect the 

competition of FSCs such as BMP and Hh. These observations in turn, along with published 

studies in other epithelia, can provide more general mechanisms into how epithelial stem cell 

systems commit cells to differentiated cell fates, as well as allowing them to re-enter the niche and 

adopt the stem cell identity. 

 

Concluding Remarks 

 Ever since the concept of the niche was developed over 30 years ago, there have been many 

advances as to how the niche functions in vivo, as well as expansion to culturing these stem cells 

in vitro. However, many questions still remain, especially for epithelial stem cell systems, where 

studies are still identifying all the relevant niche components, as well as how extrinsic self renewal 

factors are delivered specifically to the stem cell and not cells fated for differentiation, and how 

self renewal is maintained to ensure a stable population of stem cells. The Drosophila follicle stem 
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cell systems provides a genetically tractable model with relatively simple architecture to study 

some of these questions. The results of this and future studies not only add to our understanding 

of how the FSC is maintained in its niche, but also to how Wg and EGFR may interact in other 

stem cells, as well as how epithelial stem cell niches might achieve both specificity of signaling 

and robust maintenance of self-renewal in a dynamic tissue environment.  
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