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Abstract 

The Notch signaling pathway is an evolutionarily conserved method of cellular 

communication which coordinates cell differentiation and cell fate determination events 

throughout many different tissues in all metazoans. While Notch is classically referred 

to as a tumor suppressor gene, cases of oncogenic behavior have also been documented; 

this creates uncertainty regarding the pathway’s role in a tumor under tissue specific 

conditions. My project utilized follicle cells within the ovaries of Drosophila 

melanogaster as a model system to examine upregulation of Notch signaling in an 

epithelial cell tumor environment (generated by knockdown of lgl: a well-established 

tumor suppressor). While overexpression of Notch is not sufficient for tumor formation, 

I found that there is a significant increase in tumor area when overexpressed in Lgl 

knockdown multilayered follicle cells. These tumor tissues were then allografted into 

adult wildtype females and found to survive and grow over the course of 9 days. These 

results suggest a novel tumorigenic role of overactive Notch signaling when the tumor 

suppressive function of lgl is lost, and raise questions regarding which specific 

interactions were responsible for the observed incidence of follicle cell proliferation in 

this system.  

 

Introduction 

Epithelial tissue is composed of specialized cells found in complex organisms 

which form the lining of organs (Eurell, 2006). Currently, this tissue type attains the 

highest incidence of diagnosed malignances and thus warrants considerable attention 

from the scientific community (National cancer institute, 2015). Hallmarks which 

demonstrate the pathology surrounding epithelial cell cancer also unite all forms of 

cancer, as a handful of common themes are recognizable throughout cancer of every 

type (Weinberg, 2011). These hallmarks include cells which aberrantly signal cell 

division while also avoiding mechanisms to halt growth, the ability to divide endlessly, 

inducing atypical formation of blood vessels, overtaking other tissue types, and resisting 



the destruction of cancerous cells (Weinberg, 2011). Epithelial tissue is subject to take 

on these defining characteristics of over proliferation because of its integral role in 

wound healing (Mortada, 2015). 

Connections between epithelial cells composed of junctional proteins as well as 

cell adhesion and cell polarity proteins, are of upmost importance to maintaining the 

framework and functionality of the tissue (Moreno, 2012). Some major protein 

complexes identified are the Crumbs complex and Par complex which are apically 

located, and the lethal giant larvae (Lgl)-Scribble (Scrib)-Disc large (Dlg) proteins 

(Scribble complex) that are found at the basolateral region of the membrane (Lu, 

2011). These polarity regulators constitute an important class of genes appropriately 

called tumor suppressors, for the role they play in balancing cell distribution 

throughout the tissue and because of the observed instance of tumor formation when 

their functionality is disrupted (Cheng, 2012). Lgl, dlg, and scrib, are some notable 

examples in D. melanogaster, as the importance of these genes is evident in the fact 

the they are evolutionarily conserved across species of all types of species ranging 

from the insects to mammals, and often play a significant role in multiple tissue types 

(Cheng, 2012). Previous studies have provided evidence for the link between tumor 

suppressor mutations and cell overgrowth, by showing that homozygous mutations of 

lgl, dlg, and scrib in Drosophila larvae have resulted in the disruption of apical-basal 

polarity, demonstrating their role in the maintenance of tissue structure (Richardson, 

2003).  

Current literature suggests that defects in these important cell polarity pathways 

interacting with oncogenes, facilitates the formation of cancer cells in Drosophila 

epithelium (Lu, 2011). One rationale for this comes from evidence that in the eye 

discs, mutations in scrib can develop into neoplastic tumors in the presence of 



oncogene activation but not without the cooperation of an oncogene (Richardson, 

2003). This background information forms the foundation for a primary question of 

this project: what specific mechanism exists to explain the events linking loss in 

epithelial cell polarity to the formation of cancer cells? Inquiries into this question 

serve not only to elucidate possible methods for how to prevent formation of cancer 

cells, but also lends knowledge to our current understanding of how cellular 

organization pathways are related to control of the cell cycle. 

One pathway thought to interact with cell polarity genes to form tumors, is the 

Notch pathway (Richardson, 2003). The Notch signaling pathway is highly conserved 

throughout multicellular organisms and functions to regulate the cell cycle by 

interaction of its transmembrane receptor (Notch) with another ligand (Delta) 

expressing cell, causing proteolytic cleavage of the receptor to release the intracellular 

domain (N
ICD

). N
ICD 

then translocates to the nucleus where it forms a complex with 

DNA binding proteins to affect transcription of target genes. Subsequent actions of 

target genes have downstream effects on cell division (Schmid, 2001). Downstream 

effects of Notch signaling during Drosophila oogenesis includes cell cycle switching, 

in which Notch signaling prevents cells from entering the mitotic phase of the cell 

cycle (Deng, 2009). This activity can also be observed in mice, where Notch can 

stimulate the expression of cell cycle regulators, halting cell division, and facilitating 

differentiation (Oswald, 2009). Investigation of Notch’s effects on cell cycle in 

humans has showed in one study using lung cancer cells, that activation of Notch 

signaling inhibited growth and effectively halted the cell cycle in the G1 phase of these 

cells (Ball, 2001). These examples support the role of the Notch gene acting as a tumor 

suppressor because of its cell cycle arresting capabilities. 

Contradictory to this idea, is the evidence that Notch also behaves as an oncogene 



in certain cases (Aster, 2012).  One well-known case of this is in the study of Notch’s 

involvement in the development of leukemia (T-ALL) using mice. This study reports 

that mutations in the Notch gene led to signaling that encouraged the expression of one 

known oncogene, then to the activation of many cellular growth complexes as a result 

(Ferrando, 2009). Current human breast cancer models using mice show that mutations 

in the PEST domain (ubiquitination site) of Notch are highly correlated with 

overexpression of its target genes, and thus relates Notch mutations to confirmed 

incidence of solid tumor growth (Olsen, 2015). Sanger sequencing of human skin and 

lung cell tissue has also revealed a similar incidence of mutation in the PEST region of 

Notch (Wang, 2011). 

The specific function of Notch signaling in follicle cells is to regulate 

proliferation by altering phases of the cell cycle. Notch initiates a transition from 

mitosis to endoreplication during oocyte development, a phenomenon known as the 

M/E switch (Deng 2007). This action is possible because of Notch’s interaction with 

the transcription factor Hindsight. Together these proteins downregulate the 

proliferative effects of Cut, String, and Hedgehog (Deng 2007). 

 This information shows that mutations in Notch can cause the gene to take on 

many diverse roles in either the signaling growth or halting division depending on the 

cell polarity conditions. One fundamental aim of this project is to establish a model for 

studying the interactions between Notch and lgl in the Drosophila follicular epithelium.  

From my work, a foundation can be set to seek out the specific mechanisms behind how 

Notch acts as either a tumor suppressor, or a driver of oncogenic activity. Given the role 

that
 
Notch plays in the follicle cells (initiated a mitotic to endocycle switch), I 

hypothesized that N
ICD 

overexpression would antagonize the lgl driven tumor.  

 



Methods 

Overview 

This project utilizes follicle cells of the egg chamber as a model system for 

epithelial cancer because they form a simple epithelial monolayer which participate in 

canonical Notch signaling as a means of facilitating a switch from mitosis to endocycle 

growth during development. To create conditions of altered cell polarity, interfering 

RNA expression was used to block transcription of the major cell polarity gene and 

tumor suppressor, (lgl KD). In combination with lgl knockdown, we overexpress N
ICD

 

(N
ICD

 OE) by way of a yeast transcription factor (Gal4), driven by a follicle cell specific 

promoter (Traffic Jam [Tj]). This activity is regulated by a temperature sensitive Gal80 

(Gal80
TS

) expression which suppresses Gal4 activity while at 18ºC. This negative 

regulation is removed when adult flies are transferred to higher temperature (29ºC). 

Microscopy 

We then used confocal microscopy to image egg chambers expressing either lgl KD 

alone, or in combination with N
ICD 

OE. Confocal images were taken of dissected ovaries 

fixed by Deng Lab protocol, 3 days after Gal4 activation in 29°C. Follicle cell specific 

Gal4 expression is marked by green fluorescent protein (GFP) and DAPI staining was 

used to mark all cell nuclei present in the egg chamber.  

Computer generated Area Measurements 

First, egg chambers of similar size and stage were selected for measurements, [stage 

6 and area on average were chosen to best represent this]. Egg chamber area was 

measured using ImageJ/FIJI, an image editing program which returns calculations in 

micrometers of confocal images which were digitally traced. Total egg chamber area was 

measured by first projecting a 3D image of the egg chamber and then choosing the widest 

cross-sectional layer. Then tracing around the whole perimeter of the egg chamber 



returned measurements in micrometers of the area within the egg chamber. Posterior and 

anterior region measurements were then taken by tracing around follicle cells at either 

ends and laterally (starting where the single monolayer of cells becomes multilayered). 

When present, we measured the size of anterior and posterior tumors with respect to the 

entire egg chamber size to quantify percent multilayer area.   

Allografting of Tumor Tissue 

Allografting tumor tissue into a wildtype host was used to assay tumor growth and 

survival capabilities. Our technique was modified from a previously established protocol 

(Rossi and Gonzalez, 2015). Wildtype adult female flies received abdominal 

microinjections using a glass micro-injection needle (~100um diameter) of tumor tissue 

extracted from tumor producing lines (lgl KD and lgl KD + N
ICD

 OE). Host females were 

allowed one day in room temperature to recover. After the recovery period, they were 

kept in a vial with food, yeast, and a male fly in restrictive conditions (29°C) for 

incubation periods up to 9 days. Host flies were imaged at day 6 and day 9 using a 

fluorescent dissection microscope to monitor tumor growth (marked by GFP expressing 

tumor tissue). After incubation, these flies were dissected and stained using DAPI to 

visualize DNA using Deng Lab protocol as previously mentioned.  

     

Results 

To gain further insight about the role of Notch signaling in follicle cells, we 

overexpressed N
ICD 

in combination with knockdown of the tumor suppressor Lgl. These 

results were then compared to Notch overexpression and Lgl knockdown separately to 

assess the effects N
ICD 

overexpression might have on tumor cells.  The wildtype control 

(W
1118

) group shows a typical monolayer arrangement of follicle cells (Figure 1A). Notch 

overexpression group (N
ICD 

OE) resulted in a monolayer arrangement of follicle cells, 



with no tumorigenic phenotype (Figure 1B). Lgl knockdown (Lgl KD) resulted in a small 

multilayering of follicle cells at the anterior and posterior regions of the egg chamber 

(Figure 1C). Notch overexpression combined with Lgl knockdown (N
ICD 

OE+ Lgl KD) 

resulted in a larger multilayer with cells heterogeneous cell size and GFP level.  

 

Figure 1. Emergent property of Notch as an 

oncogene when combined with Lgl knockdown.  Confocal 

images of middle stage Drosophila egg chambers oriented 

with anterior towards the left and posterior at right. GFP 

fluorescence marks follicle cell specific Tj-Gal4 expression 

in all groups (after three days of expression), DAPI stains all 

egg chamber cell nuclei (including large spherical nurse cells 

inside the layer of follicle cells), and the overlay confirms 

that all follicle cells express Gal4 evenly in all groups. (A) 

Wildtype egg chamber follicle cells form a monolayer. (B) 

Follicle cells overexpressing N
ICD

 form a monolayer, 

comparable to controls (C) Follicle cells with Lgl RNAi 

contain small anterior and posterior follicle cell multilayers. 

A 

B 

A 

C 

D 



D) Follicle cells expressing both N
ICD 

OE and Lgl
 
KD form 

large anterior and posterior follicle cell multilayers that 

engulf large percentages of total egg chamber interior area. 

 

To quantify the observed tumorigenic growth of 

follicle cells, I sampled 23 egg chambers from Lgl KD, and 

26 egg chambers from Lgl KD and N
ICD

 OE in combination; 

3 days after Gal4 expression was initiated. Egg chamber area 

was calculated by measuring around the entire perimeter of 

follicle cells giving the total area, which was then separated 

into individually measured anterior, posterior, and lateral 

regions. Dividing anterior or posterior multilayer area by 

total egg chamber area was my method for calculating 

percentage of tumor growth in each egg chamber.  This 

resulted in egg chamber
 
follicle cells that formed a multilayer 

tumor encompassing an average of 29±6% in lgl KD egg 

chambers and 61±9% in lgl KD and N
ICD 

OE egg chambers. 

(Figure 2A). This difference was significantly different 

(p=1.46E
-19

).  



Figure 2. Tumor area is significantly larger in lgl KD follicle cells 

when NICD is overexpressed.  (A) Bar graph comparing percentage of total egg 

chamber area composed of multilayer follicle cells in 26 N
ICD

 OE
 
+ Lgl KD egg 

chambers and 23 Lgl KD egg chambers. Multilayer tumors took up 29±6% of total 

area in Lgl KD egg chambers and 61±9% of total area in Lgl KD and NICD OE egg 

chambers. The two grouped were analyzed by T-test and resulted in p=1.46E-19, a 

significant difference in follicle cell tumor area.  (B) A confocal image of an egg 

chamber that shows Lgl KD alone results in small anterior and posterior multilayer 

tumors marked by GFP expression and DAPI overlay. (C) A confocal image cross 

section from the middle (assumed to be the widest point) of a Notch OE + Lgl KD egg 

chamber, anterior and posterior regions were outlined to measure follicle cell area.  

 

One way to determine if an overgrowth is actually a tumor is to test its ability 

to survive, grow, and invade when allografted into a host. To assess the capacity for 

survival and growth in each of the observed cases of tumorigenesis, multilayer tissue 

A 

B 

C 

B 

C 



was allografted into wild type hosts.  Lgl KD tumor tissue survived in the wildtype 

host as visible in (Figure 2-A).  These multilayer tumors were observed in the 

dissected ovaries up to 9 days after injection as shown in (Figure 2-B).  The Lgl KD + 

N
ICD 

OE allografted tissue also survived in the host as shown in (Figure 2-C). 

However, 9 days after injection of Lgl KD + N
ICD

 OE
 
tissue (Figure 2-D).  

 

Figure 3. Allografted tissue displays tumor-like growth in wildtype 

host.  Images (A and C) show live allografted host female flies under a dissecting 

microscope. The GFP signal marks the injected tumor tissue (marked with UAS GFP). 

Images (B and D) show confocal images of dissected tumorigenic egg chamber tissue 

following injection and incubation in the host abdomen. (A) allografted Lgl KD alone 

tissue lives in its host, and showed GFP expression in the abdomen of a female host 6 

days after allografting and incubation in 29C. (B) A small multilayer tumor is visible 

when multilayer tissue is removed and dissected after 9 days of growth in host wild 

type fly. (C) 6 days after implantation Lgl KD + N
ICD 

OE multilayer tissue survives in 

the host, GFP fluorescence is strong and a larger tumor than Lgl LD alone is seen in 

the abdomen of the host fly. (D) Dissection of Lgl KD and N
ICD 

OE
 
9 days after 

implantation, revealed a large tumor which had grown significantly in the host 

A 
B 

C 

D 



abdomen and possibly invaded nearby host gut tissue. 

 

Discussion:  

It has been well documented that Notch signaling is a conserved pathway in the 

fruit fly that may act as a tumor suppressor by switching mitotic cells to endocycle 

growth during egg chamber development. My results then, are very surprising since 

they depict a situation in which N
ICD 

overexpression clearly increases the tumorigenic 

capacity of follicle cell’s which have already lost function of the Lethal Giant Larvae 

(Lgl) apicobasal polarity regulator. Another surprising result is that Notch 

overexpression alone does not result in any multilayer growth of follicle cells. It must 

therefore be an interaction between Lgl and Notch that promotes the uncontrolled 

growth of follicle cells in the anterior and posterior egg chamber regions. Additionally, 

I observed a heterogeneous pattern of cell sizes in the Notch OE + Lgl KD egg 

chambers that was not seen with Lgl KD alone. This perhaps, points to differential 

regulation of cell cycle, or small groups of cells with genomic instability. These 

hypotheses are yet to be tested. 

Two pathways in Drosophila associated with regulation of follicle cell size and 

proliferation during oogenesis include the Myc family of transcription factors and the 

insulin receptor protein/ PI3K signaling (Cavaliere, 2005). Since loss of function of the 

insulin pathway signaling has been proven to reduce follicle cell growth, it may be 

useful to examine mechanisms by which increased Notch signaling and loss of Lgl 

function may cause upregulation of the insulin pathway and result in follicle cell over 

proliferation. Also, overexpression of Myc transcription factors has been shown to 

cause somatic mutations during larval development (Greer, 2013). This lends 

considerable reason to identify any abnormal upregulation of important components of 



Myc, to detect a possible downstream target of Notch signaling during tumorigenesis. 

The theme of control in growth regulatory mechanisms is what connects Notch to 

many other signaling pathways which exert effects on each other to maintain tissue 

homeostasis under varying conditions. This work ultimately demonstrates then, how 

important the balance between growth regulatory signaling pathways is for 

maintaining tissues and sustaining life processes in biological systems.  
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