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Abstract 

 

Mucinous ovarian carcinoma (MOC) is a rare subtype of ovarian cancer (OC) distinct from all other 

subtypes. MOC represents 3% of OC cases; however, it responds very poorly to conventional 

chemotherapies contributing to the poor outcome of OC. Moreover, there is a lack of effective therapies 

for MOC since treatments with platinum-based chemotherapy or PARP-inhibitors are unlikely to be 

effective. The recent description of the molecular landscape of MOC, including contributions by work 

in this thesis, allowed the identification of novel therapies that target the most recurrent genetic features 

of the disease. Nevertheless, there is still the need to develop accurate pre-clinical models in order to 

test the efficacy of these new therapies.  

This thesis evaluates the transcription factor ELF3 as a new MOC candidate driver gene.  We performed 

a comprehensive analysis of 210 human mucinous ovarian tumours and identified that ELF3 was 

mutated in 8.2% of our sample cohort. To assess whether ELF3 acts as a tumour suppressor or oncogene 

in MOC and how its mutated function is expressed in cancer, we evaluated the ability of MOC cells to 

proliferate, migrate and invade, by introducing truncating mutations using CRISPR-Cas9 technology. 

It was found that ELF3 could possibly act as a tumour suppressor in MOC; however, its role might 

depend on coexisting mutations in the cells. 

This thesis also describes a novel 3D patient-derived therapeutic approach to pre-test the effectiveness 

of drugs, as monotherapy or in combination, before exposing patients to ineffective therapies or side 

effects. A mucinous ovarian tumour 3D platform that enables the correlation of patient genetic data 

with drug testing was established in the first result chapter of this thesis. MOC organoid development 

was based on the MOC genetic profile and characteristics as well as optimization that adapted human 

colorectal and pancreatic organoid culture systems. It was found that Wnt-3a is essential for mucinous 

ovarian tumour organoid long-term derivation. Moreover, MOC organoids faithfully recapitulate MOC 

primary tumours at the genomic level and retain histological characteristics of their corresponding 

primary tumours.  
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The development of MOC organoids and 3D spheroids from cell lines together with the description of 

the genetic profile of MOC allowed the development and testing of a panel of novel therapies that 

targets the most frequent mutations found in MOC tumours, including a mutant TP53 activator, a Wnt 

inhibitor, RAF/EGFR/RAS/CDK4 and CDK6 inhibitors, and two antitumour compounds for HER2-

overexpressing tumour cells (APR-246, OMP-18R5, BGB-283, BKM120, PD-0332991, PLX4032, 

Trastuzumab and Lapatinib). The organoids and spheroids showed different responses to the individual 

therapies tested, depending on the individual genetic features of the models. Spheroids showed 

sensitivity to PD-0332991, Trastuzumab, PLX4032 , and BKM-120 . MOC organoids also showed 

different responses: MOC organoid MOCOR-16 showed sensitivity to APR-246, and resistance to 

Trastuzumab; however, MOCOR-38 was sensitive to Trastuzumab but resistant to APR-246. This 

chapter also shows the first attempt of drug synergy scoring using automatic robots to create 3D MOC 

models. Synergistic combinations were identified for one of the spheroid lines when APR-246 and 

BKM-120 were combined. Interestingly, the spheroids were resistant to APR-246 in monotherapy. If 

validated independently, these results could potentially represent a more effective treatment for MOC. 

Antagonistic interactions were also found, with the strongest antagonism occurring between PLX4032 

and BGB-283.   

The findings of this study substantially increase our understanding of mucinous ovarian tumours 

together with potential personalized therapeutic targets to improve the survival outcomes for women 

with this deadly disease.
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Chapter 1 

Introduction and Literature Review 

1.1 Ovarian Cancer 

Every year 240,000 women around the world are diagnosed with ovarian cancer (OC) (1). OC is the 7th 

most common cancer and the third most common malignancy of the female genital tract (2, 3). OC 

represents a significant problem due to its resistance to chemotherapies and its high relapse rate, a 

leading cause of the highest mortality amongst gynaecological cancers (4). It has a global incidence of 

12 per 100,000 females and 151,000 deaths annually (3, 5, 6).  

Compared to breast cancer, OC has a lower prevalence but its mortality is three times higher (7). As is 

the case for many types of cancer, the incidence of OC shows epidemiological diversity and 

geographical differences across the world (8). Europe has the highest incidence rates, followed by North 

America and Australia; Asia and Africa have the lowest rates (9). By ethnicity, non-Hispanic white 

women have the highest prevalence of ovarian cancer, 30% higher than Asian and African women and, 

12% higher than Hispanic women (9). However, African populations  have the highest mortality likely 

due to the differential access to diagnosis and lack of suitable treatments and therapeutic facilities (10). 

In Australia, OC is the sixth most common cause of cancer death affecting women (11); 1,510 women 

were diagnosed with OC in 2019 (12),  and 938 died of the disease, representing 2.3% of all new 

diagnosed cancers and 4.8% of cancer deaths. The high fatality rate is associated with late-stage 

detection since at early stages of the disease, symptoms are nonspecific, making early detection 

difficult. Therefore, distant metastatic spread is commonly  diagnosed among women with OC (13). At 

the time of diagnosis OC is confined to the ovary only in 15% of patients; in 60% of the cases OC has 

spread beyond the ovaries, and metastasis to regional lymph nodes occurs in 19% of OC (14). Women 

diagnosed with  early stage OC have on average 80% chance of 5-year survival (depending on the 
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localization and metastasis of the tumour); however those diagnosed with late stage disease have just a 

39% chance of surviving 5 years post-diagnosis (15). 

In recent years, the mortality and incidence rates of OC have been decreasing (16); from 2011 to 2015 

the 5-year survival rate increased from 36% to 46% (17, 18).  The implementation of standard surgical 

treatments and chemotherapy in developing countries has help to decrease the regional mortality 

differences in OC. However, genetic background and ethnicity may play a role in the response to 

treatments.  

1.2 Ovarian cancer classification 

Even though OCs are often referred to as a single disease, it actually comprises fourteen different 

tumour types. OCs are heterogeneous neoplasms that affect the ovaries with diverse features. As seen 

in Figure 1.1, the World Health Organization classifies ovarian tumours into fourteen different types 

(19). The three most common types of OC are epithelial, germ cell and sex cord-stromal neoplasms 

(20). Epithelial tumours account for approximately 90% of ovarian tumours, and can be differentiated 

into benign, borderline, and malignant tumours. They were thought to arise from the epithelial layer of 

the ovaries, containing stromal and epithelial areas in different proportions. However, recent 

publications support the proposal that some epithelial ovarian tumours may develop from the tubal 

fimbriae via serous tubal intraepithelial cancer (STIC) (14). Ovarian epithelial neoplasms are bulky, 

often involving both ovaries. Germ cell tumours can develop from the germ cells of the ovary (eggs) or 

extraembryonic tissue.  Germ cell tumours are highly aggressive when malignant, and contrary to 

epithelial tumours they present mostly in younger women under 20 years old (14, 19, 20). Sex cord-

stromal tumours develop in the stroma of the ovaries, Sertoli and granulosa cells. They account for 

about 5-10% of all ovarian tumours. Finally, metastatic tumours (those that have spread to the ovary 

from a primary cancer that formed in a different part of the body) represent 5% of ovarian neoplasms 
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and the arise from different cancer tumours in the body (19).  Figure 1.2 illustrates the tissue localization 

of the most common OC subtypes. 

Figure 1. 1. Classification of ovarian tumours. The light blue column shows the main ovarian cancer tumour classification 

by the World Health Organization. In purple are the ovarian tumour sub-classifications. Epithelial ovarian cancer tumours 

are comprised of seven different types, each of them subdivided into benign, borderline, and malignant tumours. 
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Figure 1. 2 Ovary localization of major ovarian cancer types. Parts of the ovary are marked with the black lines, while the 

ovarian neoplasms in red. Metastatic tumours arise from different cancer tissues including breast, colon, pancreas, stomach, 

endometrium, and cervix. 

Familial ovarian cancer, also called hereditary OC, is presented in patients with a family history of OC 

or with a predisposing genetic background. Familial OC represents 20% of all OC cases (21, 22). In 

epithelial OC cases, 20% are related to hereditary conditions, with 15% caused by pathogenic variants 

in BRCA1, BRCA2 or mis-match repair genes with an estimated penetrance of 8-62% across different 

populations (14).  

1.3 Epithelial ovarian cancer  

EOC comprise different histological subtypes:  low grade serous (LGSC), mucinous (MOC), 

endometrioid (ECOC), clear cell (CCOC), seromucinous (SMOC), high-grade serous (HGSOC) 

carcinomas, malignant Brenner tumours, and undifferentiated carcinomas  (19, 23).  

A detailed description of EOC, including its classification and the differences between types, is 

discussed in my review article published in Frontiers in Oncology, 2018, 8, 654 

(doi:10.3389/fonc.2018.00654), titled When Is “Type I” Ovarian Cancer Not “Type I”? Indications of 

an Out-Dated Dichotomy.  
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1.4 Symptoms and risk factors of Epithelial Ovarian Cancer (EOC) 

Symptoms of OC include persistent pelvic, abdominal, and back pain, unusual bloating, frequent 

urination, and lack of energy. These symptoms are related to everyday conditions (24, 25) and represent 

one of the causes of the advanced-stage disease diagnosis common in OC (16). This late diagnosis is 

associated with less favourable prognosis, abdominal metastasis and recurrence within 18 months for 

most patients with advanced disease (26).  

There is well-established evidence that menarche and menopausal age (27), menopausal hormonal 

therapies (28),  obesity (29, 30), endometriosis (31), family history of breast and ovarian cancer (32, 

33) as well as smoking (34) are increasing risk factors for OC. On the other hand, oral contraception 

(35), parity and tubal ligation reduce the risk significantly(31).  

Age is an important risk factor for EOC (27), the median age of EOC worldwide is 63 years , malignant 

epithelial tumours are frequently presented in women aged 50 years or older (14), with a higher 

incidence over 65 years of age, and this is also a predictor of mortality in women with EOC (36).  

Women under 40 years of age are rarely diagnosed with EOC, while germ cell tumours are the most 

common type of OC in this age group (9). Poole et al. have shown that advanced stage of disease and 

lower survival is associated with older age (37), however, there is also a difference in the aggressiveness 

of treatment in young women compared to older women, whereby therapy used in young women is 

more aggressive, potentially leading to the higher survival rates in this group (38).  

More controversial is the relationship between the age of menarche, menopause, and the development 

of EOC. Noteworthy differences have been found across studies; some authors state that early menarche 

and menopause are important risk factors for the development of EOC (27, 39, 40), while others differ 

(41-44). A meta-analysis by Gong et al. found that older menarche age significantly reduces the risk of 

EOC (27). On the other hand, Wentzensen et al. only confirmed this observation in clear cell carcinomas 

(31). The same study found a 19% risk  increase in endometrioid cancer with increased age of 
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menopause, and 37% risk for clear cell cancers (31). However, no association for mucinous ovarian 

cancer and age at menarche or menopause has been reported.  

Ovulation cycles and menstrual periods have shown to be risk factors associated with non-mucinous 

ovarian cancers (45). Many researchers have demonstrated the inverse relationship between the risk of 

developing EOC and ovulation: the risk is four times lower in women who had a reduction of ovulation 

cycles for more than 8 years due to pregnancy or oral contraception use (46-48). In women who have 

given birth, an additional 20% risk reduction is associated with each additional birth (31). A study 

including 23,257 women with OC (epithelial and non-epithelial OC) and 87,303 controls found a 30% 

reduction in OC risk in women that have used oral contraceptives compared to never users (35). 

Interestingly, Moorman et al. found an increased risk of developing EOC due to lack of ovulation in 

menstrual disorders (49). Olsen et al. and others highlighted a positive association between obesity and 

mucinous, endometrioid and clear cell ovarian cancers, with a 5-29% increased risk (29, 30). However, 

this association is not found in other types of EOC. Finally, smoking is an important risk factor for the 

development of mucinous ovarian cancer. In current smokers, the risk increases 80-130% for borderline 

tumours and 30-50% for invasive mucinous tumours. A higher risk is related with longer periods of 

smoking and is decreased at the time of smoking cessation (50, 51). Due to the heterogeneity found in 

OC, data regarding familial risks are limited. In a in two-way analyses Zheng et al. described that most 

histological types of OC have some familial risk, except for mucinous and sex cord-stromal tumours 

(52), and no high penetrance genes that predispose to MOC have been found. However, GWAS studies 

have identified limited number of single nucleotide polymorphisms (53) 

OC risk factors associations are heterogeneous between subtypes, understanding the heterogeneity of 

OC is important for early detection, prevention, and appropriate treatment. Further etiologic 

investigation is needed to evaluate early symptoms and the risk of developing specific OC subtypes.  
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1.5 Patient relevant models for EOC 

A significant barrier to developing new ovarian cancer treatments is the lack of biologically relevant 

models. Preclinical patient-derived models that accurately recapitulate the genetic and biological 

features of a patient’s tumours could increase the efficiency of drug discovery . For this reason, the 

creation of these models is essential for the success of personalized medicine, (approach which tailors 

effective therapeutics for each patient based on the genetic profile the tumour) . In recent years, 

personalized therapeutic strategies have been applied with the implementation of high-throughput 

genome sequencing analysis in cancer patients (53-55). However, in the clinical setting, the 

identification of druggable targets does not guarantee the efficacy of the drug treatment in each patient . 

In order to improve the development of effective drugs for personalized treatment of cancer patients, 

drug screening assays using robust patient derived models such as xenografts, spheroids, organoids, and 

cell lines are urgently needed. Patient-derived models are directly implemented from patient tissue, and 

cultured in vivo (Patient-Derived Xenograft, PDX, most often in mice) or in vitro (2D monolayer cell 

lines and 3D organoids and spheroids) as shown in Figure 1.3. 

In contrast to other types of cancer, the development of patient-derived models for OC has not been 

extensively studied. This may be due to the diverse genetic alterations and histological complexity of 

the disease. 
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Figure 1. 3. Ovarian cancer patient-derived models. 2D and 3D preclinical models can be derived from different clinical 

samples from the same patient. Tumour tissue and ascites can be collected during surgery or by biopsies. Patient derived 

xenografts (PDX) are generated when a piece of tumour or fluid (ascites) is engrafted directly into immunodeficient mice. Cell 

lines can be cultured with the addition of serum (FBS) to the samples. However, monolayer cultures are commonly comprised 

by specific tumour clones due to culture selection.  Spheroid and cancer organoids are 3D models cultured without serum 

with cancer stem-like cell enrichment, unless cell lines are cultured in extracellular matrix (ECM), like Matrigel, hydrogels 

or BME to form spheroids. The ECM allows the conservation of heterogeneity and differentiation of cells in spheroid and 

organoid propagation cultures. All culturing methods can subsequently be used to generate xenograft mice and, drug 

screening studies can be performed in all the models.  
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Since the establishment of the first human cancer cell line, HeLa, in 1951 (56), tumour cell lines have 

facilitated cancer research and the development of different cancer therapies for patients (57, 58). 

Twenty years later, in 1971, OC cell lines were first established. The number of OC cell lines has 

increased in recent years and have been used as models to reflect clinical ovarian cancer problems . 

However, the current models mostly recapitulate HGSOC features (59), which do not represent the 

diversity of all OC tumours encountered in the clinic. Consequently, the diversity and number of cell 

lines available for other types of EOC is limited despite of decades of improvements (58, 60). Moreover, 

for MOC, few immortalized cell lines from tumour samples are available. 

Monolayer 2D cancer cell lines exemplify one of the most flexible models in long term culture that can 

be compared to a disease (61). The mechanisms of disease, tissue morphology, cell biology, protein 

production, and tissue engineering can be studied using 2D cell line models and are a widely  used 

resource for preclinical drug research (62). The main advantages of 2D cultures are the low-cost 

maintenance, high performance, reproducibility and long-term culture ability (63, 64). Unfortunately, 

2D in vitro cell line models do not completely represent the natural structure, cellular relationships, and 

organizational conditions of the in vivo patient tumours. The cell-cell and cell-environment interactions 

in tumours are responsible for many biological functions including cell proliferation, differentiation, 

gene and protein expression and drug metabolism. Moreover, the cell morphology of a tumour sample 

is altered when cultured in 2D, including changes in cell polarity (65), loss of phenotype, protein 

secretion and apoptosis (66, 67). Furthermore, 2D cultures have altered cell signalling networks when 

compared to 3D models (organoids and spheroids) and this could possibly explain the reduced 

sensitivity of drug screening outcomes when applied in vivo (68, 69).   

For in vivo tumours, the access of cells to nutrients, oxygen, signalling molecules and metabolites is 

variable across the tumour architecture. However, in 2D monolayer cultures, cells have unlimited access 

to media components including oxygen (70), and the most common media used are not physiological, 

for example glucose levels. When compared to the original tumour, 2D cultures have significant 
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changes in the biochemistry, topology, splicing and gene expression (71). Additionally, 2D monolayer 

cultures represses the influence of the tumour microenvironment (72). Another important drawback of 

monolayer cultures is the low success rate to establish new patient-derived cell lines; therefore, subset 

of cell lines available are cultured in a long-term serial passage. Furthermore, the addition of foetal 

bovine serum (FBS) to the cultures can cause loss of tumour heterogeneity, genome instability and 

biological changes due to clonal selection. Mouriaux et al. found evidence to suggest that long-term 

passage of uveal melanoma (UM) cell lines reduced the gene expression of UM markers MART-1 and 

p16 (73). As a consequence, laboratories and different research centres could have significant 

divergence from the same cell line (74). Finally, cross contamination is frequently observed in cell lines, 

even cell cultures from public repositories suffer from this issue. Therefore, authentication 

requirements, such as Short-tandem repeat (STR) profiling of cell lines are necessary (75).  

The challenges of developing EOC cell line models are clearly described in a comprehensive study 

conducted by Verschraegen et al. where out of 90 tumour samples, only 11 were able to be established 

as cell lines. Moreover, the passage time for the first culture took more than 5 months with a short life 

span (no more than 15 passages). Importantly, none of these 90 samples had MOC characteristics, and 

cell lines were established from ascites instead of tumour tissue (76). Interestingly, Tan et al. established 

25 novel OC patient-derived cell lines using culture media conditions optimised for each histological 

subtype and cell lines  retained the genomic landscape and molecular features of the primary tumours 

(58). However, the robustness of this methodology success is questionable and some genetic features 

for MOC models, such as HER2 amplification, were not found. Finally, it is important to mention that 

the accurate diversity of human cancer cell line models is limited by a strong selection pressure in 

culture, questioning whether the cell lines truly represent the original tumour sample biology to 

facilitate drug development. However, 2D cell line cultures could also be grown as 3D models in 

spheroids and analysed in a wide variety of experiments including genetic modifications and drug 

screens (61).   
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1.5.2 Patient-derived xenografts 

Drug development efficiency and patient outcomes could potentially be improved with the development 

of patient-derived xenografts (PDXs) pre-clinical models. The generation of PDXs usually requires the 

engrafting of isolated tumour fragments or patient-derived cell lines into immunodeficient mice such as 

thymus-deficient “nude” or severe combined immunodeficient (SCID) mice (77).  Ascites, pleural 

effusion as well as biopsies can be used for the generation of PDXs. Engraftment of tumour samples 

can be done subcutaneously, at an orthotopic site or by intraperitoneal injection depending on the 

experiment and tumour type (78).  

In contrast to monolayer cell lines, mouse PDXs can be engrafted multiple times without a culturing 

passage step in between. The tumour take rate for PDXs is frequently higher than for patient-derived 

cancer cell line establishment. The association between subcutaneous tissues and tumour fragments 

(microenvironment) could possibly explain the quicker tumour development (79). The histologic and 

molecular features of the original tumour are maintained in this model type, representing a powerful 

tool for the evaluation of anticancer drugs as an individualized approach (79, 80). However, PDXs 

present some limitations; some tumours fail to engraft and/or metastasize, representing a waste of tissue. 

Moreover, the response of drugs in immune-competent humans could be different than PDXs since a 

competent immune system is lacking in the mice used to develop this strategy (81, 82). The genetic 

events involved in the tumourigenesis and tumour formation of the precursor tissue cannot be studied 

in PDXs, and passages from mouse-to-mouse higher than 10 are not suitable for research due to acquired 

mutations (83). 

On the other hand, murine xenografts can be generated with cells isolated from patient tumours, but  

whereby these cells are first cultured as in vitro monolayer lines, and then engrafted into mice with a 

suppressed immune system. However, as mentioned before, the establishment of patient derived 2D 

cell lines can produce a different tumour heterogeneity that do not represent the original patient tumour. 

Therefore, the xenograft response to therapy is commonly different compared to the patient’s response 
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(78). Altogether, conventional xenograft models present substantial limitations that illustrate the 

variability of pre-clinical efficacy of drugs in many clinical trials (84, 85). 

Different PDXs have been reported for various types of cancer including HGSOC subtypes. Bell et al. 

found evidence that three out of four HGSOC PDXs successfully recapitulated mRNA profiling 

subtypes reported by the TCGA (86). The original patient tumour genetic hallmarks as well as 

histopathological features, phenotypic characteristics and intra-tumoural heterogeneity are retained in 

most PDXs models (87, 88). Interestingly, primary tumour gland structures, cyst development and 

mucin production was also retained in PDX models of human colon cancers with chromosome 

instability (89). Recently, Ricci et al., reported the establishment of patient-derived tumour xenograft 

models of mucinous ovarian cancer. In this study, two different PDXs were characterized and 

histological and molecular features such as TP53, RAS, BRAF, PIK3CA mutations and ERBB2 

amplification were maintained. Moreover, metabolomics profiles indicated different characteristics of 

the MOC PDXs when compared to HGSOC PDXs. Finally, the investigation did not find antitumour 

activity to cytotoxic and targeted agents (90). 

1.5.3 Patient derived 3D models ( Organoids) 

Organoids represent an important link between in vivo models (PDXs) and 2D cultures (91); a summary 

comparing preclinical patient-derived cancer models can be found in Table 1. According to Fatehullah 

et al. an organoid is defined as “an in vitro 3D cellular cluster derived exclusively from primary tissue, 

embryonic stem cells, or induced pluripotent stem cells, capable of self-renewal and self-organization, 

and exhibiting similar organ functionality as the tissue of origin”(91). Given that the term organoid 

emerges from the ‘mini organs’ concept and were firstly established from different murine and human 

normal organs (92-94); several researchers refute the use of “organoid” to refer to patient-derived cancer 

cells 3D models. Others agree with the analogy of cancer stem cells as tissue stem cells; and define 
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them as tumour-derived organoids (95) or tumouroids. Patient-derived tumour organoids are ideally 

formed by all cell types found in the original tumour (96).  

The reproduction of the stem cell niche from intestinal crypts was described as the first organoid culture 

in 2009 (102). However, as mentioned above, there is no unanimous definition of the term organoid 

(103, 104).  On the other hand, tumour-derived organoids can be cultured from tumour cells with stem-

like characteristics (104, 105), and tumour heterogeneity can be preserved after long term expansion, 

giving tumour organoids a major advantage over traditional 2D cultures (105).  

Overall, the ability of organoids (normal and tumour) to recapitulate the structural organization, 

chemical signals and differentiation of tissues in vivo make them a more physiologically relevant model 

than monolayer cell line cultures (97). The majority of organoid cultures reported to date are functional 

tissue units without the set of neural, stromal, immune, and mesenchymal cells of the in vivo tissue. 

Moreover, genome editing, signalling pathways and niche components are easier to manipulate in 

organoid cultures than in PDXs.  Organoids grow in an extracellular matrix that allows cell organization 

which mimics the native tissue structure. This permits the study of the primary tissue without the 

interference of the local environment. Since their architecture and composition are similar to the 

primary tissue, they are constituted of genomically stable stem cells with self-renewal capacity able to 

expand indefinitely and be cryopreserved (91). 
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Table 1. 1 Comparison of preclinical patient-derived cancer models 

 
Patient-derived cell 
lines (2D Models) 

Patient -derived 
tumour organoids 

Patient-derived Xenografts 

Operation Easy Require special 
handling of ECM 

Difficult 

Maintenance Low Medium High 
Cost of maintenance Low Medium High 

Expansion Easy / unlimited Relatively easy Difficult 
Resource consumption Low Expensive, limited 

commercially 
media formulations 

available 

High 

Reproducibility High Low Low 
3D growth No Yes Yes 

Time of culture formation From minutes to hours Few weeks From few weeks to months 
Success rate Low High (60-100%) Medium-low for some 

subtypes of tumours (low 
grade) 

Number of cells for 
establishment 

Large Large Small 

Large scale culture Yes Yes No, for ethical reasons 
Access to oxygen, nutrients and 

signalling molecules 
Unlimited Variable, similar to 

in vivo 
Variable, similar to in vivo 

Retention of phenotypic 
characteristic of the tumour of 

origin 

No Yes Yes, best recapitulation of 
tumour characteristics 

Maintains good genetic stability 
and tumour heterogeneity 

No, also changes in 
mRNA 

Similar as in vivo Similar as in vivo 

Cell - cell and cell -extracellular 
environment interactions 

Deprived Proper, creation of 
"niches" as in vivo 

Better,  creation of "niches" 
as in vivo 

Use of extracellular matrix (ECM) No Yes No 
Use of Immune deficient  

animals 
No No Yes 

Response to anti-cancer 
therapies compared to patient 

response 

Different Similar Similar 

Reliability as pre-clinical models No Yes Yes 
High-throughput drug screens Yes Yes No 

Automated Microscopic analysis Easy Difficult No 
Biobanking Yes Yes No 

Tumour and stroma interactions No Yes Yes 
Matching normal controls No Yes No 

Open to genetic modifications Yes Yes No 

 

The establishment of culturing protocols from tumour stem like cells allowed the development of 

tumour organoid models from different cancer tissues including prostate, colon, oesophagus, pancreas, 

stomach, liver, endometrium, and breast (98-102). Furthermore, growing tumour organoids from 

primary tumour tissue takes a relatively short time (<4 weeks), which enables real time studies of drug 
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response and cancer development. The success rate of tumour-organoid cultures is higher than 60% and 

varies according to the type of cancer (Table 1.2). These advantages could facilitate the implementation 

of personalized medicine (103). Organoid cultures enable the correlation of functional genetic and drug 

testing data with the patient tumours (104). 

Table 1. 2 Organoid formation efficiency rate in different types of cancer 

Human cancer type Organoid formation efficiency (%) Reference 

Colorectal cancer 70 – 100 (n =8, 20) (105, 106) 

Gastrointestinal cancer 70 (n = 23) (107) 

Pancreatic cancer 85 (n = 85) (108) 

Breast cancer 80 (n >100 ) (109) 

Liver cancer 100 (n = 7) (110) 

Uterus 100 (n = 24 ) (111, 112) 

Ovarian cancer organoids (average efficiency: 65%) 

Mucinous borderline tumour 100 (n =5) 

(113) 

Serous borderline tumour 67 (n= 3) 

Clear cell carcinoma 50 (n= 2) 

Endometrioid carcinoma 33 (n=3) 

Mucinous tumour 100 (n =2) 

Low grade serous carcinoma 100 (n =5) 

High grade serous carcinoma 55 (n =29) 

n: number of attempted cases 

Moreover, the original tumour expression profile and gene stability can be maintained in long-term 

organoid cultures. Several authors found evidence to suggest that copy-number variation (CNV) and 

somatic mutations of original tumours are retained in organoids (109, 114, 115). Single nucleotide 

variants (SNVs), structural variants (SVs), and CNVs were evaluated between organoids and their 

primary tumour, and a high similarity was found. Furthermore, the tumour sensitivity to drug treatment 

was reflected in the organoid cultures (113, 116-118). 

In 1998 Ohmori et al. demonstrated, through colony formation assays, that breast cancer cell lines are 

25 times more sensitive to chemotherapies than 3D models (119). Additionally, Jabs (2017) compared 
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the response to clinically relevant drugs of patient-derived OC cells in 2D or 3D cultures. The efficacy 

of the therapeutics significantly differed between the two culture systems with the 3D-organoid system 

presenting a lower drug response (120).  Quantification of the cytotoxic response could be more 

accurately achieved with organoid cultures since the physiological scenario of a tumour, where drugs 

have to penetrate through multiple layers of cells, is well represented (121).  Moreover, in organoid 

cultures, tumour growth mechanisms can be imaged, and tissue manipulation could be easier to achieve 

than in animal models.  

1.5.3.1 EOC organoids 

Since the development tumour organoids, only a few studies of EOC organoids have been published in 

the last 3 years. EOC organoids have been derived from OC patients with BRCA germline mutation, as 

well as non BRCA OC carriers (113, 122). 

One of the first EOC organoid cultures was reported in 2018 by Hill et al. where HGSOC cells were 

cultured in 3D for a short time (10 days) (122). Patient-derived organoids (n= 33 organoid cultures 

derived from 22 patients) were established from pleural effusions and solid tumours, and were used to 

determine DNA damage repair defects, homologous recombination (HR) and replication fork 

protection. The results showed evidence that DNA damage repair defects could be identified in the 

organoids and might predict patient responses to therapy. However, larger numbers of patient-derived 

organoids must be analysed to determine whether these assays can reproducibly predict patient response 

in the clinic. Another recent study by Kopper et al. set the benchmark for EOC organoid cultures: the 

team established 56 organoid lines through robust culturing conditions with an average success rate of 

65%, depending of the subtype of EOC (113). However, the high success rate for some subtypes was 

limited to a small number of samples. Moreover, the culture conditions of MOC organoids required 

more clarification as to which cases of MOC require Wnt-3a for organoid growth since only two cases 

were included. As expected, the genomic landscape, heterogeneity and histological aspect of the 
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original tumours were maintained in all organoids. Long-term expansion of organoids (>30 passages) 

was also achieved, and the recovery rate from cryopreserved organoids reached 85% .   

Similarly, Phan et al. affirmed that HGSOC (n=2) and carcinosarcoma (n=1) organoids can be 

successfully cultivated for high-throughput drug screening (123). Organoids were established within 1 

week from tissue processing. In this study tumour heterogeneity was preserved, and during a relatively 

short period of time, several drugs were tested in the organoid, predicting a personalized therapies for 

the patients. Most recently, the use of EOC organoids (HGSOC) in the discovery of potential anticancer 

agents has been reported by Granchi et al. (124). In this study, the antiproliferative ability of the enzyme 

monoacylglycerol lipase inhibited the proliferation of cancer organoids and pancreatic ductal 

adenocarcinoma primary cells. 

Another study by de Witte et al. evaluated the EOC organoid capacity to predict clinical responses 

while maintaining tumour heterogeneity (115). Twenty three of the 36 organoids included in the study 

derived from the organoid collection process described by Kopper et al. (113). Witte et al. characterized 

all organoids by whole genome sequencing and histopathological examination and further biobanked 

for later drug screening. The responses of organoids to six therapies were available within 20 days from 

tumour collection.  Furthermore, organoids could identify a response to at least one of the therapies in 

88% of the patients. Drug sensitivity and resistance testing have also been achieved in EOC organoids 

(HGSOC n=3, 1 CCOC n=1, and endometrioid n=3) in the study published by Nanki et al. (118). 

Organoid culture expansion was established in less than 3 weeks with a success rate of 80%. Moreover, 

the study reflects that the CNV of the original tumour was similar in organoids. Organoids showed a 

higher sensitivity to PARP inhibitors when carrying a BRCA1 pathogenic variant (p.L63*), whereas 

CCOC organoids indicated resistance to conventional platinum drugs. Lastly, Sun et al. found 

suggestive information that organoids can predict a novel mechanism of cisplatin resistance and the 

potential of new therapeutic targets to overcome chemoresistance in ovarian cancer (125). However, 
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70.6% of EOC organoids in this study were established from HGSOC and the remaining 29.4% from 

other unspecified subtypes of OC. This reflects the importance of classifying OC as different diseases 

in order to improve treatments.  

Finally, the difference between organoids and spheroids is the origin of cells: organoids are derived 

from stem cells or stem like cells and while spheroids not (126, 127). Accordingly, in this thesis, patient-

derived tumour cells cultured in ECM (such as Matrigel) are referred as tumour organoids, and 

immortalized cell lines cultured in ECM are referred as spheroids; both are 3D models.  

1.5.4 Tumour explants 

Explants models are derived from  surgically-resected tumour material that can be conserved ex vivo 

for several days (128). Explants have been used since the 17 th century, and they can be immediately 

applied in therapeutic screening studies, however, despite its advantages, the cancer drug development 

pipeline has not widely incorporated this model yet (129-131).  

Explants maintain the heterogeneity, and spatial conformation of the tumour . However, explants present 

several disadvantages: different cell phenotypes of the tumour can only be maintained for short-term 

with cell viability being shorter than 7 days, and they lack reproducibility due to the heterogeneity of 

the tumours (132-134). Parajuli et al. suggested that the low viability of explants could be due to the 

limitation of oxygen and nutrients due the lack of intact vascularity (135). However, studies using EOC, 

teratomas, and ovarian papillary adenocarcinomas have found that explants maintained the in vivo 

architecture of the tumours (136).  

Additionally, drug response studies using stomach and colon cancer explants reported an 86% accuracy 

of drug efficacy prediction in patients (137). Predictability of drug resistance has been demonstrated in 

advanced gastric and colorectal cancers clinical trial using tumour explants, with 92 .1% correlation 

between the explant and patient response (138). A recent study by Powley et al. showed that lung cancer 

explant responses to cisplatin significantly correlates with patient outcomes (131). 
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Tumour explant models represent a fast alternative approach to drug screening assays and personalized 

medicine. However, the short-term culture of these models may interfere with studies of tumour 

progression, metastasis and acquired drug resistance. 

In order to improve patient outcomes and drug development for OC, molecular and histopathological 

features of each subtype must be considered. Relevant patient-derived models promise a personalized 

approach with large-scale drug screening. The insights of individual drug responses for patients with 

OC can be provided by the combination of models, including patient-derived organoids. This 

exceptional tool, along with concurrent genetic testing, could improve the response of patients to 

therapies and increase the knowledge of EOC heterogeneity.  

1.6 Mucinous Ovarian Cancer (MOC) 

MOC is the atypical member of the EOC group: its behaviour is different from all other subtypes of 

EOC and the origin of this type of cancer remains unclear. MOC risk factors are different to other EOC 

risk factors (presented in 1.4), smoking is considered a risk factor for the development of MOC (139-

145). Age is also another distinctive factor for MOC. In fact, in women younger than 40 years old MOC 

is the most frequent subtype of EOC (146). Younger women develop MOC commonly with large 

(>10cm), unilateral tumours at diagnosis (147). Moreover, 57% of MOC  present at an early stage 

compared to 14% of serous carcinomas (148). 

1.6.1 MOC origin 

There are three types of mucus-secreting cells in normal epithelia: gastric (signet ring), endocervical 

and intestinal; normal ovarian tissue lacks these types of cells, leading to different theories about MOC 

development (Figure 1.4). However, endocervical and intestinal differentiation are the types most often 

seen in MOC tumours (149, 150). The origin of MOC remains unclear and the multiple proposals for 

its origin reflect the inter-tumoural heterogeneity of MOC. The presence of mucinous benign, borderline 

and invasive tumours with good long-term survival refutes the origin from metastases derived from 
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occult extra-ovarian carcinomas, and  demonstrates these ovarian lesions are precursors for the 

development of MOC (151).   

 

Figure 1. 4. Different theories of the development of MOC. A representation of the different origins or MOC are presented 

in red boxes. The main characteristics of each theory are described next to each box. The origin theories are not mutually 

exclusive all the time; for example, mucinous metaplasia could lead to benign cysts and then adapt to the progression model. 

Some suggestions on the origins of MOC include metaplastic transformation of ovarian inclusion cyst 

epithelia and ovarian surface epithelium (11), as well as the development of MOC from Brenner 

tumours, teratomas and paraovarian epithelial nests of the tuboperitoneal junction (139, 152). Brenner 

tumours share a 12q14-21 amplification with MOC and a possible tuboperitoneal junction origin (153). 

Brenner tumours, MOC and mucinous cystadenomas have been shown to have a clonal relationship 

(154, 155). This similarity could explain the misdiagnosis of MOC and later classification as Brenner 

tumours (156). MOC also have frequent deletion of CDKN2A, a genetic feature present in atypical 

Brenner tumours (157). In a similar way, teratomas have been shown to share a clonal origin with MOC 

when present at the same time (154, 158). KRAS mutation is common to mucinous cystadenomas and 

MOC and could be a potential precursor (159, 160). This possibility was verified in a study by Cheasley 
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et al., in which a progression model from benign to both high- and low-grade invasive mucinous 

tumours was established; 86% of high grade MOC present with co-existing benign/borderline 

components, unlike HGSOC. Copy number alterations are also important key factors in this progression 

model, where the number of alterations increases with the grade of the disease (151). These various 

studies could suggest multiple potential origins of MOC, showing the heterogeneity of this disease and 

emphasising the clear differences between MOC and all the other OC histological subtypes.  

1.6.2 MOC Pathological Aspects 

Immunohistochemistry (IHC) staining is essential when distinguishing MOC from other malignancies. 

Unlike other EOC, biomarkers for MOC are distinct, for example low CA125 (161) and negative WT1 

(162). Moreover, CK7, CEA, CDX2, and CA 19.9 are frequently IHC positive in primary MOCs, while 

CDK20 presents low diffuse positivity or negativity (140, 162). Some studies suggested that 88% and 

84% of MOC are positive for ER and PR respectively (163), however, this percentage differs in other 

studies where MOC are  less likely to express ER or PR (162). Gorringe et al. evaluated the ER status 

in 132 cases of MOC and borderline tumours finding a 10.6% positive staining; this positivity increased 

with the grade of the disease. Moreover, the results showed a positive association between ER and 

PAX8 staining (150). When differentiating from other metastatic mucinous carcinomas and MOC, CK7 

and p16 play a crucial role:  CK7 positive in MOC and negative in colorectal cancer; p16 negative in 

MOC and positive in cervical cancer. MOC standard IHC is positive to CK7; positive / negative to 

CK20 and CDX2; and negative to PAX8, WT1, ER, PR, and SATB2 (164, 165). However, this 

standardization requires updating and consideration of the differences of IHC expression according to 

MOC types (intestinal or endocervical type). In addition to IHC staining profiles, microscopic and 

macroscopic features are also important to deliver a correct diagnosis and prognosis for MOC and define 

a proper treatment.  Recently, Kang et al. described TP53 IHC as a potent TP53 mutation status marker 

in mucinous ovarian tumours with an accuracy of 93.8% (166). The authors also provided strong 

evidence of TP53 mutation as a prognostic risk factor in borderline mucinous ovarian tumours. 
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Currently, close to 80% of MOC primary tumours are diagnosed at stage I; however, historically 77% 

found to be metastatic from different sites shown in Figure 1.5 (167).  

 

Figure 1. 5. Primary sites that metastasize to the ovary. The most frequent mucinous tumours that metastasize to the ovary 

come from the lower gastrointestinal tract , followed by stomach, pancreatic tumours cervix and endometrium tumours, 

appendix tumours and breast (149, 168).  
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In 2014 the World Health Organization (WHO) adopted the classification of MOC tumours proposed 

by Lee and Scully (169), where MOC can be classified into expansile and infiltrative subtypes 

depending on the invasion pattern and growth. The first type does not exhibit complex malignant glands 

or destructive stromal invasion, and if intervening stroma is present, it would not exceed an area of 10 

mm2. The second type, infiltrative, presents desmoplastic stromal reaction with individual cells, cell 

clusters or glands invading the stroma (169-171). 

MOC can also be categorized according to mucin localization (intracellular or extracellular) into cystic 

and colloid types. Cystic pancreatic and ovarian mucinous tumours contain more than 50% intracellular 

mucin, while gastrointestinal tract skin lung and breast mucinous carcinomas are colloid with 

extracellular mucin representing 90% of the tumour (172).  

1.6.3 Genetics of MOC 

MOC presents few structural rearrangements, limited aneuploidy, and more stable genomes, unlike 

HGSOC (173-175).   Before the start of the thesis only a limited amount of information about MOC 

was available, however, work that this thesis contributed to has changed our understanding, including 

the fact that MOC is driven by a homozygous loss of the cyclin dependent kinase inhibitor 2A (CDKN2A 

loss) in 76% of cases, followed by signalling activation from KRAS mutations and TP53 mutations, 

both seen in 64% of MOC tumours. More than 26% of MOCs present with Erb-b2 receptor tyrosine 

kinase 2 (ERRB2; also known as HER2) amplification. Aberrant KRAS, ERBB2 and TP53 signalling 

has been observed in a high number of cases, suggesting that after a KRAS activating mutation or a 

TP53 mutation an ERBB2 amplification emerges. It is important to mention that this KRAS/TP53 

mutagenic processes and ERBB2 amplification are not always mutually exclusive (151, 176), in fact, 

ERBB2 amplification almost always has coexisting TP53 mutation. Both probably arise about same 

time. Less frequent cases of MOC (12%) harboured mutations in the ring finger protein 43 (RNF43); 

8% have BRAF mutations (RAS/MEK pathway activation), PIK3CA and/or ARID1A mutations (151). 

Mutations in BRAF have been found to have an important prognostic value in several types of cancer 
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including thyroid, colorectal, melanoma and brain tumours (177-180); while mutations in the E3 

ubiquitin-protein ligase RNF43 have been reported in pancreatic and colorectal cancers (181), showing 

the similarities between  mucinous-type tumours in different organs. Whole-exome sequencing analysis 

reported by Ryland et al. in 2013 and 2015 also showed that MOC frequently harbour mutations in the 

tumour suppressor gene RNF43, as well as in other genes such as ELF3, different from other OC 

subtypes (175, 182).  The role of ELF3 in ovarian cancer has yet to be explored thoroughly; a recent 

study in HGSOC  has shown that reduced survival was correlated with low expression of ELF3 in 

ovarian cancer cells assessed by immunolocalization. Moreover, cell growth and proliferation was 

inhibited by ELF3 overexpression and increased by silencing ELF3 in ovarian cancer cell lines with 

small interfering RNA (siRNA)(183). Nevertheless, the role of ELF3 in MOC is not explored in this 

sole ovarian cancer study. The study of ELF3 in MOC will be discussed further in Chapter 3. 

1.6.4 Therapeutic approaches for MOC 

 It is clearly shown that MOC has unique characteristics and very different aetiology compared to the 

other EOC subtypes, however, its clinical treatment and research models do not address these unique 

MOC features. The prognosis of patients with different solid tumours has improved in recent years.  

However, since the introduction of platinum-based treatment, more than 30 years ago, the survival rates 

of women diagnosed with EOC has not improved (184). The prevalent therapy for all subtypes of EOC, 

including MOC, is a platinum-based combination along with surgical debulking when advanced stage 

is present (185). For MOC, the most commonly used chemotherapy is the combination of carboplatin 

and paclitaxel, the standard regimen applied for all EOC.  However, the efficacy of this treatment is 

observed when treating HGSOC but not MOC. Many authors have reported a low response of MOC to 

platinum-based therapies of 12%-35% compared to 70% in HGSOC (186-191). Five-year overall 

survival rates for MOC are higher than HGSOC when detected at an early stage (>90% compared to 

48.6%) but the outcome is worst when MOC is diagnosed at an advanced stage (44 .9% vs. 66.3%) with 

a median progression-free survival of 18.0 months compared to 29.0 months  for HGSOC    (188, 191-
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195). Overall, in vitro and in vivo data show that MOC has a higher chemoresistance than the other 

subtypes of EOC (196). This means that MOC is a noteworthy contributor to the poor outcome of OC 

despite representing only 3% of EOC (189), and there is an urgent need to identify more effective 

treatments for MOC.  

Due to the low prevalence of MOC, specific clinical trials are lacking . Although MOC has been 

included in clinical trials for EOC, they represent only 2.5%–7% of the total number of cases (197-

199). ACTION and ICON-1 are two of the main clinical trials that included 180 patients with early 

stage MOC, unfortunately there was no significant reduction in the recurrence between the control (no 

adjuvant chemotherapy) and the treated (platinum-based adjuvant chemotherapy) groups (200, 201). 

Similar results were found by Nasioudis et al. in a retrospective study including data of 4242 patients 

in the United States, which concluded that the overall survival of MOC patients at stage 1A/1B, was 

not statistically significantly different with or without chemotherapy. Furthermore, adjuvant 

chemotherapy should be patient individualized (202). Consequently, current clinical guidelines for 

MOC do not recommend chemotherapy for early stage, low grade cases (203). 

One of the only international trials specific for MOC is mEOC/GOG-0241. This trial investigated four 

different treatments for advanced-stage MOC: paclitaxel-carboplatin; oxaliplatin-capecitabine; 

paclitaxel-carboplatin-bevacizumab, and oxaliplatin-capecitabine-bevacizumab. The patient cohort 

included FIGO stage II–IV or recurrence after stage I disease MOC patients. Unfortunately, the study 

stopped due to slow accrual (50 patients), and neither of the experimental treatments clearly improved 

overall survival. However, the researchers suggested further investigation into the 

oxaliplatin/capecitabine regimen, as slight evidence for benefit was found (204).  

 The well-established differences, rarity, and heterogeneity of MOC makes it difficult to apply one 

treatment for all of its types.  McAlpine et al. suggested that HER2 could be a prognostic marker for 

MOC (205), in a follow-up study proposed sub-classification of MOC into 3 subgroups: HER2 over 
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amplification; KRAS mutations and MOC with neither HER2 nor KRAS abnormalities (206), all of 

which may require a different treatment as seen for other types of cancer . However, our research did 

not find an anti-correlation between KRAS and HER2 (207). HER2-amplified breast cancer clearly 

shows successful management with anti-HER2 therapy (208). Moreover, gastric cancer also showed 

positive management with a HER2 monoclonal antibody (209). Finally, Jain et al. observed significant 

success in the treatment of one HER2 positive MOC patient with combined trastuzumab and lapatinib 

(210). However, for MOC cases the anti-HER2 treatment may not be equally effective in all cancer 

cells due to tumour heterogeneity. In tumours with low immune response, such as MOC, the anti-HER2 

antibody monotherapy seems to be less effective, and probably would require additional molecules 

during treatment (150). 

Since MOC share similar morphological features with gastro-intestinal tumours, adopting treatments 

used in colorectal cancers (CRC) could provide a more effective result in the treatment of MOC than 

the current platinum-based therapies currently used (189). However, the latest clinical trials have shown 

that mucinous CRC are less responsive to current CRC therapies that non mucinous CRC (211, 212), 

this suggests that CRC chemotherapies might not be completely suitable for MOC. In addition, 

Cheasley et al. suggested that the genetics of MOC is different to CRC, with mutations in APC and β-

catenin absent in MOC (151). Although this genetic profile is similar to pancreatic cancer, therapeutic 

regimens for this disease may not be effective.   

Recently, Gorringe et al. showed evidence that current therapies for EOC are unlikely to be effective 

for MOC, including poly adenosine diphosphate-ribose polymerase inhibitors (PARPi) (150). PARPi 

has proven efficacy in the treatment of non-mucinous EOC, representing a milestone in the management 

of OC, however, PARPi are most successful in tumours with BRCA mutations or high homologous 

recombinant deficiency, not observed in MOC (150).   
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Improvement in progression-free survival in EOC has been achieved with the vascular endothelial 

growth factor (VEGF) inhibitor, bevacizumab. Remarkably, VEGF inhibitors were tested in platinum 

sensitive and resistant EOC, improving overall survival in sub-optimally cytoreduced disease. 

However, the number of MOC included in the trials (OCEANS and AURELIA) was very limited (213-

215), and no benefit was seen in the (admittedly underpowered) mEOC trial. 

EGFR monoclonal antibodies, such as cetuximab, showed promising results for first-line treatment of 

metastatic KRAS wild-type CRC (216). Different phase II clinical trials have demonstrated cetuximab 

failed to treat EOC. However, the trial included all types of EOC without considering KRAS status (217, 

218). Moreover, cetuximab showed anti-proliferative effect in 2D experiments using wild-type KRAS 

MOC cell lines (219), limiting the application of this antibody to only KRAS wild-type MOC cases 

(<40%). Nevertheless, the effectiveness of Cetuximab in MOC needs further investigation . 

Gorringe et al. suggested that women with MOC should be included in combination clinical trials of 

dual RAS/RAF inhibitors due to the high rate of BRAF, NRAS and KRAS mutations in MOC (150). 

Moreover, the study suggested that RAS-RAF inhibitors could be effective in the treatment of MOC. 

In this thesis, I have developed 3D patient-derived models for MOC and its application in the screening 

of new therapeutics, this approach will be discussed in the next chapters.                                 

1.7 Overall aim 

Effective therapies for MOC are very limited due to the rarity of the disease and the low recruitment 

rate during clinical trials. In addition, the molecular landscape of the disease has only very recently 

been described, including contributions by work in this thesis. Thus, there is now the ability to identify 

novel targeted therapies based on the genetic features of MOC. However, the efficiency of these 

therapies is still unknown for MOC. At the moment there is an urgent need to develop accurate 

alternatives to pre-test the effectiveness of drugs, as monotherapy or in combination, before exposing 

patients to an ineffective therapy or side effects. Development of organoid models enables the 
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correlation of patient genetic data with drug testing. Patient derived models, like organoids and cell 

lines grown from tumour cells, have several advantages in the study of potential drug therapies to treat 

cancer than existing cell lines or mouse models, especially for MOC for which existing models are few. 

In order to identifying new treatments for MOC, the broad objective of this thesis is to identify novel 

targets and test these in newly developed MOC models. The specific aims are: 

i. Evaluate and functional characterize  ELF3 as a novel candidate gene for MOC (Chapter 

3). 

ii. Determine the optimal conditions under which MOC and borderline tumours can be 

cultured as primary patient-relevant models (Chapter 4). 

iii. Execute pre-clinical drug-testing of existing and novel therapeutics in 3D MOC patient-

derived organoids and spheroids, in order to determine which therapies, have a high 

chance of successfully treating MOC (Chapter 5). 
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Chapter 2 

Materials and Methods 

2.1. Materials 

2.1.1 General reagents and solutions 

All reagents and chemicals used in this thesis were of analytical or molecular biology grade . In-house 

media preparation, including Phosphate-buffered saline (PBS), Tris, TE Buffer (Tris-EDTA), 

DMEM:F12, Hepes, L-Glutamine, and Penicillin/Streptomycin, was performed by the Laboratory 

Support Services Core Facility, Peter MacCallum Cancer Centre.  

Foetal Bovine Serum (FBS), Dimethyl Sulfoxide (DMSO), paraformaldehyde (PFA), 7-

aminoactinomycin D (7-AAD), Hoechst 33342 Solution, and Trypan Blue staining solutions were of 

analytical grade and purchased from Thermo Fisher Scientific, unless otherwise stated .  

Water used in solutions and buffers was obtained from a Milli-Q Academic Water Purification system 

(Merck Millipore Corporation, Billerica, MA). Water for injection (Astra Zeneca, North Ryde, NSW) 

was used for  polymerase chain reaction reactions (PCR).  

2.1.2 Reagents and Kits 

All reagents and kits that I used in the development of this thesis are listed in Table 2 .1. 
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Table 2. 1 Reagents used during the development of this thesis. 

                     Product Supplier 

Qubit
®  

dsDNA High Sensitivity (HS) Assay 
Invitrogen 

Qubit
®  

RNA HS Assay 
Invitrogen 

RNeasy
® 

Mini Kit 
Qiagen 

DNeasy
® 

Blood & Tissue Kit 
Qiagen 

AllPrep
® 

DNA/RNA FFPE Kit 
Qiagen 

TRIzol™ Invitrogen 

Triton™ X-100 Sigma-Aldrich 

TrypLE™ Express Gibco 
Red Blood Cell (RBC) Lysis Buffer Roche 

Cell Recovery Solution Corning 

Collagenase Type II Gibco 
UltraPure™ DNase/RNase-Free Distilled water Invitrogen 

Non-Essential Amino Acids (NEAA) (100X)   Gibco 

GlutaMAX™-1 (100X) Gibco 

Chelex
® 

100 Resin 
Bio-Rad 

SureSelect XT Custom Panel Agilent Technologies 
Agarose, LE, Analytical Grade Promega 

Matrigel
®  

Growth Factor Reduced (GFR) Basement Membrane 

Matrix 

 

Corning 

Cultrex
®  

Basement Membrane Extract (BME) Type I 
 

R&D Systems 

Cultrex
®  

BME Type II 
R&D Systems 

DMEM:F12 with sodium bicarbonate Sigma-Aldrich 
A83-01 Tocris Bioscience 

B-27 Supplement (50X) Thermo Fisher 

Scientific 
Human EGF Sigma-Aldrich 

Human Gastrin I Sigma-Aldrich 

N-Acetyl-L-Cysteine Sigma-Aldrich 
Y-27632 Sigma-Aldrich 

Recombinant Human R-Spondin 1 Protein   R&D Systems 

Recombinant Human Wnt-3a Protein R&D Systems 
Recombinant Human FGF-10 PeproTech 

Nicotinamide Sigma-Aldrich 

Recombinant Human FGF-2 PeproTech 
Prostaglandin E2 Tocris Bioscience 

Recombinant Human Noggin PeproTech 

N-2 Supplement (100X) Gibco 
β -Estradiol Sigma-Aldrich 

Recombinant Human Heregulin-β1 PeproTech 
Forskolin Tocris Bioscience 

Hydrocortisone Sigma-Aldrich 

Glycogen for mol. biol. Roche 
Proteinase K Qiagen 

DMEM:F12 Gibco 

Ham’s F12 Gibco 
RNaseZap™ Invitrogen 

PowerUp™ SYBR™ Green Master Mix Applied Biosystems 

RNase-Free DNase Set Qiagen 
  Gene Knockout Kit V2 Synthego 

Transfection optimization Kit Synthego 

Pierce TM  BCA Protein Assay Kit Thermo Fisher 
Scientific 
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NuPAGETM Bis-Tris Gel Thermo Fisher 

Scientific 
NuPAGE™ MES SDS Buffer Kit Thermo Fisher 

Scientific 

           Product Supplier 

Eosin 1% Aqueous Stain Australian Biostain 

Ethanol POCD Healthcare 
Gel red Biotium 

Mayer’s Haematoxylin Solution Australian Biostain 

Xylene Merck 

 

2.1.3 Buffers and solutions preparation 

Buffers and solutions prepared in-house are listed in Table 2.2. 

Table 2. 2 Solutions prepared in-house. 

Solutions                                Composition 

Elution buffer 10 mM Tris-HCl, pH 8.0 

Gel loading dye 50% (v/v) glycerol, 20 mM EDTA, 8 mM Tris-HCl (pH 8.0), 2.5 

mg/ml bromophenol blue, orange G or Xylenyanol 

TAE 40 mM Tris-base, 20 mM Acetate, 1 mM EDTA (pH 8.0) 

Microdissection buffer      0.1x TE, 2.5% (v/v) glycerol 

Scott’s tap water      20 mM KHCO3, 333 mM MgSO4 

LAB buffer     10 mM Lithium Acetate, 10 mM Boric Acid 

  

2.1.4 Enzymes and associated buffers 

PCR reagents are listed in Table 2.3. 

Table 2. 3 Enzymes and Buffers for PCR 

Enzyme or buffer Supplier 

Deoxynucleotide triphosphates 

(dNTPs) 

Promega 

ExoSAP-IT USB 

DNA polymerase Agilent 

Technologies 

HotStar Taq  Qiagen 

5x reaction buffer Agilent 

Technologies 

10x PCR buffer Qiagen 

MgCl2 Qiagen 

Proteinase K (20 mg/mL) Qiagen 

RNase A Qiagen 

Tissue Lysis (ATL) Buffer Qiagen 
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2.1.5 Therapeutic compounds 

All therapeutics used for drug screening are listed in Table 2.4. OMP-18R5 was obtained from Professor 

Elizabeth Vincan at the Doherty Institute.  

 

Table 2. 4 Therapeutics used for drug screenings. 

Compound Supplier 

PRIMA-1 (APR-246) Selleckchem 

Vantictumab (OMP-18R5) Creative Biolabs 

Liferefenib BGB-283 Selleckchem 

Herceptin (trastuzumab) Roche  

Lapatinib Selleckchem 

Vemurafenib (PLX4032) Selleckchem 

Burpalisib BKM120  Selleckchem 

Palbociclib Selleckchem 

2.1.6 Cell lines 

All cell lines used in this thesis are described in Table 2.5. 

Table 2. 5 MOC cell lines and controls 

Cell line 
Cellosaurus 

RRID 
Type Sourced from Reference 

RMUG-S CVCL_3158 
Ovarian mucinous 

cystadenocarcinoma 

Cell bank Australia 

IFO50320 
(220, 221) 

MCAS CVCL_3020 
Ovarian mucinous 

cystadenocarcinoma 

Cell Bank Australia 

JCRB0240 
 (222-224) 

JHOM-1 CVCL_4644 
Ovarian mucinous 

adenocarcinoma 

RIKEN BioResource 

Center Cell Bank 

RCB1676 

 (224, 225) 

OMC-3 CVCL_3354 
Ovarian mucinous 

cystadenocarcinoma 

RIKEN BioResource 

Center Cell Bank 

RCB0755 

(222) 

HOSE 17-1 CVCL_7672 
Human ovarian surface 

epithelium 

Dr Philippa O’Brien at 

the Garvan Institute of 

Medical Research, 

Sydney, Australia 

(226) 

SKBR-3 CVCL_0033 Breast adenocarcinoma ATCC® HTB-30™ (224) 
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2.1.7 Oligonucleotides 

Primer sequences as well as single guide RNAs (sgRNA) for CRISPR experiments are listed in Table 

2.6.  

Table 2. 6  Primer sequences 

Primer Sequence 

ELF3_ex3_FFPE-2_F GGAGAAGAACAAGTACGACGC 

ELF3_ex3_FFPE-2_R CGACTCAGCTCAACATGTGG 

ELF3_ex2_F GCTGGGAGTGTAAGGAGAGG 

ELF3_ex2_R CAGGCCCTTAGATGGATCTGT 

ELF3_ex6_F GGGAAGTGTGTCCTGAGAGC 

ELF3_ex6_R GAAAAGGCTGCAGGAAGAGC 

TP53_ex4_R TGCTGGGATTGCAGGTGTGAGC 

sgRNA 

Label PAM Sequence Sequence 

ELF3 + guide#1 AAA AAUGUUGCUAAUCUCAC 

ELF3 + guide#2 GUU CCCCCUGCUGCCACCUU 

ELF3 + guide#3 UAC CCUCCAAUGACAUCUGG 

  

2.1.8 Human Tissue  

All fresh tissue samples and blood from our full patient cohort for organoid derivation were provided 

by the Peter MacCallum Cancer Centre Tissue Bank, The Royal Women’s Hospital (RWH), Monash 

Health (MH), and Cabrini Health (CH). Tissue Collection was facilitated by Leanne Bowes of the 

Australian Ovarian Cancer Study (AOCS) for RWH; Nadia Traficante for CH; and Rhiannon Dudley 

for MH, with informed consent from all patients. All patient-derived samples were deidentified before 

being provided and material was treated in concordance with the Human Tissue Act (HTA). All samples 

provided from patient material were assigned a number (MOCOR#, MOBO# or MOGO#) for our 

internal records and could be identified through AOCS. This project was approved by the Peter 

MacCallum Cancer Centre Human Research Ethics Committee under protocol 14/76 . The ethics 

approval for this project was carried out by A/Prof Kylie Gorringe. FFPE tissue samples for use in MOC 

SureSelect targeted panel sequencing were previously obtained and described by Cheasley et al. 2019 

(207) and details are included in Appendix 1. 
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2.1.9 Equipment 

All equipment used is listed in Table 2.7. 

Table 2. 5 List of Equipment 

Equipment Manufacturer 

Qubit Fluorometer Invitrogen 

C1000 Thermal Cycler Biorad 

Tape Station 2200 Agilent Technologies 

Hybridization oven Ratek 

Cytation 5 Biotek 

Axiovert Zeiss 

VF3000 Olympus-life science 

CellInsight™ CX7 Thermo Fisher Scientific 

EVOS Fl Microscope - FL Cell Imaging System Thermo Fisher Scientific 

Water Bath Grant 

Incubator Binder 

Centrifuge Beckman Coulter 

Micro-centrifuge Eppendorf 

Amaxa 4D Nucleofector Lonza 

Biotek EL406 Biotek 

JANUS G3 Liquid Handler Workstation  PerkinElmer 

Tecan D300e Digital Dispenser Tecan Life Sciences 

Countess® II FL Automated Cell Counter Thermo Fisher Scientific 

Safe 2020 Class II Biological Safety Hood Thermo Fisher Scientific 

Sciclone ALH 3000 Workstation 

ChemiDoc XRS+Imager 

PerkinElmer 

BioRad, USA 

 

2.2 Methods 

2.2.1 Organoid Derivation 

2.2.1.1 Establishment of Organoids 

Samples were collected in 50 mL Falcon tubes with ice-cold OBM Wash (Table 2.8) and kept on ice 

until further processing in sterile conditions. The time of processing ranged from 45 minutes to 48 

hours, with organoids being successfully derived even after 48 hours post collection .  If enough material 

was available, sample aliquots were divided and processed as follows: 

FRESH/SNAP FROZEN TISSUE: One tissue piece was transferred into a cryovial and placed in 

liquid nitrogen and immediately located at -80°C until microdissection and nucleic acid isolation.  
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CRYOPRESERVED TISSUE: A second tissue piece was placed into a new cryovial with 1 mL of 

freezing medium (FBS+ 10% DMSO + Y-27632 10.77 µM). The cryovial was placed in a Mr Frosty™ 

freezing container (Thermo Scientific) for 24 hours before being transferred to an -80°C freezer, or a 

liquid nitrogen storage facility for long term storage. 

FFPE TISSUE: A third biopsy piece was put into a cassette (between sponges) and then into a 4% 

formaldehyde flask. After 18 hours, the cassette was transferred to 70% ethanol and subsequently 

processed into an FFPE block by the Centre for Advanced Histology and Microscopy (CAHM), Peter 

MacCallum Cancer Centre.  

ORGANOID CULTURE: As a priority, organoids were established as described below. Successful 

organoid cultures were processed for histology, sequencing and drug screening as described in Figure 

2.1.
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Figure 2. 1 Schematic representation of organoid isolation process from MOT. Surgical resected mucinous ovarian tissues undergo a process of dissection, samples are distributed into three 

groups for histology, molecular analysis, and organoid derivation. Patient blood samples were collected, and DNA was isolated as germline for sequencing analysis. In cases where germline 
blood was not available, normal cells were microdissected from FFPE blocks and nucleic acids were isolated. Dissociated tissue was enzymatically digested, single cells were transferred to 
growth factor reduced Matrigel and overlaid with organoid media.   
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Table 2. 6 Organoid Basal Media Wash OBM Wash/ OBM 

Component Company/Cat# Volume Final Concentration 

Advanced DMEM/F12 Sigma #D6421 500 mL 1x 

HEPES In house preparation 5 mL 10 mM 

L-Glutamine In house preparation 12.5 mL 50 mM 

Pen/Strep In house preparation 5 mL 1x 

 

Prior to tissue processing, OBM media and Matrigel were kept on ice. Organoid digestion media (Table 

2.9) was kept in a water bath at 37°C. All centrifuge steps were done at 4°C. 48 well plates were 

maintained at 37°C in the incubator. OBM wash was aspirated from collection tubes without disturbing 

the tissues, and then tissue samples were transferred using sterile forceps onto a sterile petri dish and 

cut and minced into <2 mm pieces using sterile scissors.  2.5 mL of pre-warmed Organoid Digestion 

media (Table 2.9) was added to the minced tissue.  

 

Table 2. 7 Organoid Digestion Media composition 

Reagent  Final concentration  Company/Cat# 

Collagenase Type II 2.5 mg/mL 
 

Gibco #17101015 

L-Glutamine  

 

50 mM  

 

In house preparation 

HEPES  

 

10 mM  

 

In house preparation 

Penicillin/Streptomycin  
 

1X  
 

In house preparation 

DMEM:F12 1x Gibco #11320033 

 

Using a sterile transfer pipette, the minced tissue was squashed between 2 microscope slides (Figure 

2.1) and transferred into a fresh 15 mL Falcon tube. The Petri dish was washed with 1 mL of OBM and 

remaining tissue and media were also transferred to the tube. The tube was incubated at 37°C in a 

shaking hybridization oven and digested for 30 minutes. Once the incubation step was completed, the 

tissue was passed through a 70 μm cell strainer secured on a 50 mL tube. The remining tissue was 

washed with 10 mL of OBM. The tube was centrifuged at 500 x g at 4°C for 10 minutes. The supernatant 

was discarded; if the pellet was visibly red, 2 mL RBC Lysis Buffer (Roche) was added to the pellet,  
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incubated for 5 minutes, diluted with 10 mL of OBM and centrifuged at 500 x g at 4°C for 10 minutes. 

The supernatant was discarded, and the pellet carefully re-suspended in 100 μL of thawed Matrigel® 

(Corning).  Using a filtered 200 μL pipette tip, 25 μL drops of Matrigel/cell solution were seeded into 

the middle of a well of a pre-warmed 48 well plate. Plates were incubated at 37°C in 5% CO2 for 30 

minutes to allow the Matrigel to set. Finally, 250 μL of pre-warmed MOC Organoid Medium (one of 

MOC-ORGM3, Table 2.10, Kopper et al. medium, MOC-ORGM0, MOC-ORGM1, or MOC-ORGM2) 

was gently added to the wells and incubated to enable organoid culture growth (specific medium 

composition is detailed in section 4.2.1.2 and Table 4.2). Wells were imaged daily with the Cytation 5 

Cell Imaging Multi-Mode Reader (Biotek), with 2X lens magnification using a protocol prepared and 

optimised by the VCFG, Peter MacCallum Cancer Centre.  Every 48 hours, the media was replaced 

with fresh MOC media until organoids were ready for passaging or subsequent experiments.   

Table 2. 8 Mucinous Ovarian Cancer Organoid Media (MOC-ORGM3 Media) 

Component Company/Cat# Volume 
Final 

Concentration 
OBM See table 2.8 43.5mL 1x 
A8301 TOCRIS #2939-10mg 5 µL 500 nM 
B27 ThermoFisher Sc. #17504-044 2000 µL 2x 

EGF 
Sigma Aldrich #SRP3027-

500UG 
25 µL 50 ng/mL 

Gastrin Sigma Aldrich #G9145-0.5MG 50 µL 1 µg/mL 
N acetyl Cyst Sigma Aldrich #A9165-5G 100 µL 1 mM 
Y27632 Sigma Aldrich #Y0503-5MG 50 µL 10.7671 µM 
Recombinant Human R-Spondin 1 

Protein 
R&D Systems 
#DS4645RS025 

50 µL 100 ng/mL 

Recombinant Human Wnt-3a Protein 
R&D Systems 
#DS5036WN010 

50µL 100 ng/mL 

FGF 10 
Peprotech 
#100-26-50UG 

5 µL 10 ng/mL 

Nicotidamine 
Sigma-Aldrich 
# N06036 

1250 µL 10 mM 

FGF2 
Peprotech 
# 100-18B-100UG 

5 µL 10 ng/mL 

Prostaglandin 
TOCRIS 
#RDS229610 

50 µL 1 µM 

Human NOGGIN Peprotech #120-10C-100 5 µL 100 ng/mL 

N2 
Gibco 
#17502048 

500 µL 1x 

Β-Estradiol 
Sigma Aldrich 
#E8875-16 

200 µL 100 µM 

Other reagents 

Matrigel Corning # 356231 100% 
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As explained in Chapter 4, to achieve the above media composition, different reagents, recombinant 

proteins, and hormones were tested; all media components are listed in Table 4 .2.   

2.2.1.2 Organoid  Passaging 

For organoid passaging, 1.5 mL LoBind® tubes (Eppendorf) were pre-washed with 1 mL ice cold OBM, 

old organoid media was aspirated, and 200 µL of fresh ice cold OBM was distributed into each 

organoid-containing well.  Matrigel domes containing organoids were scratched and broken up using a 

200 μL pipette pre-wet in OBM. Organoids were transferred, using the same tip, to the pre-wet 1.5 mL 

LoBind® tubes, and pipetted up and down 5 times. After this, organoid sphericity was evaluated under 

the microscope, if organoid fragmentation was achieved, tubes were centrifuged at 500 x g at 4°C for 

10 minutes and pellets were re-suspended in 50-400 μL of Matrigel depending on the density desired. 

If organoid fragmentation was not achieved, 5 more pipette aspirations were made, and organoid 

integrity was evaluated under the microscope once more. The process was repeated until organoid 

fragments were obtained (no single cells).  The Matrigel/organoid fragments mixture was seeded in 25 

μL drops in pre-warmed 48 well plates. The plates were incubated at 37°C in 5% CO2 to allow Matrigel 

setting. Finally, 250 μL of the appropriate organoid medium was added to each well and incubated at 

37°C in 5% CO2 for one to four weeks to allow appropriate organoid growth with media change every 

48 hours.  

2.2.1.3 Organoid Cryopreservation and recovery  

At the time of organoid passage, organoids from some wells were harvested and cryopreserved . For 

this, organoid media was aspirated from the wells designated for cryopreservation . Matrigel domes 

were dissociated using a wet P1000 pipette tip and resuspended in 250 μL of Organoid Freezing media 

(2.2.1.1: CRYOPRESERVED TISSUE). Organoids and freezing media were transferred to a cryovial 

and placed in a Mr Frosty™ freezing container (Thermo Scientific) for 18 hours and transferred to a -

80°C freezer, or a liquid nitrogen storage facility for long term storage . To recover cryopreserved 
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organoids, cryovials were placed at 37°C in a water bath, until thaw, centrifuged at 500x g at 4°C for 5 

minutes and the pellet was carefully re-suspended in 100 µL of Matrigel and seeded as described in 

sections 2.2.1.1 and 2.2.1.2.  

2.2.1.4 FFPE blocks from organoid culture.  

To produce FFPE blocks from organoids, we adapted the methodology described by Fujii et al. (227). 

Matrigel domes containing large organoids were mechanically dissociated using a OBM pre-wet P1000 

pipette tip, washed with 250 μL of ice-cold OBM and transferred to pre-wet 1.5 mL LoBind® tube 

(Eppendorf). Organoids were centrifuged at 500 x g, 4°C for 10 minutes, re-suspended in 50-100 μL of 

1% liquid agarose (56°C) and rapidly dispensed into the lid of a new LoBind® tube until cool and set. 

The agarose disk was carefully transferred to a cassette using a needle and fixed in 4% PFA for 18 

hours. Finally, the cassette was transferred to 70% ethanol and processed into a paraffin block by 

CAHM, Peter MacCallum Cancer Centre. 

2.2.1.5  Immunohistochemistry (IHC)  

Immunohistochemistry (IHC) was performed for organoid cultures using 4 µm sections of FFPE blocks. 

CK7, CK20, PAX8, PAS, p53, and HER2 IHC was performed by the Peter MacCallum Cancer Centre 

Anatomical Pathology Department using standard protocols, the standard antibodies used in IHC 

experiments are detailed in table 2.9. 

Table 2. 9 Standard antibodies used in IHC experiments 

Name Dilution Clone Manufacturer Code 

CK7 1/300 
OV-TL 

12/30 
Agilent Dako M7018 

CK20 1/100 Ks20.8 Leica Novocastra NCL-CK20 

PAX5 N/A SP34 Roche Ventana  05552729001 

PAX8 N/A MRQ-50 Roche Ventana  06523927001 

p53 N/A DO-7 Leica Novocastra NCL-p53-D07 

HER2 N/A 4B5 Roche Ventana  05999570001 
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2.2.2 Microdissection and DNA extraction  

2.2.2.1 FFPE microdissection 

Slides of 4 µm thickness of either tissue or organoid slides were H&E stained according to Table 2.11. 

Eight slides were stained at a time for each case immediately followed by microdissection before nucleic 

acid extraction. Aliquots of 180 µl of Buffer ATL were added to labelled 1.5ml LoBind® tubes 

(Eppendorf). Twenty-five-gauge needles were used for fine dissection and 18-gauge needles were used 

for larger areas. In order to prevent tissue flaking, microdissection Buffer (0.1X TE, 2.5% glycerol) 

was used to pre-wet small areas of tissue. Microdissected tissue was transferred onto 180 µl of buffer 

ATL (Qiagen) using a 200 µL pipette. DNA was extracted following the AllPrep® DNA/RNA FFPE 

Kit protocol instructions.  

 Table 2. 10 H&E staining 

Reagent Time 
 

 Xylene                                                     4 min*  

 Xylene                                                     4 min*  
 100% EtOH                                             1 min*  

             100% EtOH                                           1 min 

70% EtOH                                              1 min 
H2O                                                          1 min 

Haematoxylin                                        2 min 

H2O                                                          30 sec 
H2O                                                          30 sec 

Scott’s Tap Water                                  30 sec 

H2O                                                          30 sec 
Eosin (1%)                                             15 sec 

100% EtOH                                            4 dips 

100% EtOH                                            1 min 
100% EtOH                                            1 min 

Air dry                                                      ~5 min 
*Step performed in a Fume hood  

 

2.2.2.2 DNA extraction 

2.2.2.2.1 DNA extraction from FFPE sections 

For DNA extraction, 20 μL of proteinase K (20 mg/mL) was added to the microdissected tumour tissue, 

and mixed by vortex, followed by an incubation at 56°C overnight to ensure that the sample was 
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completely lysed. The sample was incubated at 90°C for 1 hour to reverse formaldehyde modification 

of nucleic acids. After incubation, the tubes were centrifuged to remove drops from the inside of the lid 

and cooled to room temperature. Next, 2 μL of RNase A (100 mg/mL) were added and incubated for 2 

min at room temperature. 200 μL Buffer AL was added to the sample and mixed thoroughly by 

vortexing followed by the addition of 200 μL of 100% ethanol and mixed again thoroughly by vortexing. 

Drops were removed from the inside of the lid by brief centrifugation . The lysate was carefully 

transferred to the QIAamp MinElute column with collection tube (Qiagen) and centrifuged at 6000 x g 

for 1 min. Subsequently, the column was placed in a clean 2 mL collection tube, 500 μL of the Washing 

Buffer 1 (Buffer AW1) were added and centrifuged at 6000 x g for 1 min. After, the column was 

transferred to a clean 2 mL collection tube, 500 μL of Washing Buffer AW2 was added to the column 

and centrifuged at 6000 x g for 1 min. Once more, the column was transferred to a clean 2 mL collection 

tube and centrifuged at full speed (20,000 x g) for 3 min to dry the membrane completely. Finally, the 

column was transferred to a clean 1.5 ml LoBind® tube (Eppendorf), 20–100 μL of Buffer ATE was 

added to the centre of the membrane and incubated for 5 min at room temperature before centrifugation 

to increase DNA yield. Centrifugation was done at full speed (20,000 x g) for 1 min. DNA was stored 

at -20 ֯C. 

2.2.2.1.2 DNA extraction from organoids 

Three wells of a 48 well plate containing of organoids were scraped using a 1000 μL pipette tip and 

combined into a 1.5 mL LoBind® tube (Eppendorf) using OBM, pelleted by centrifugation at 500 x g 

at 4°C for 10 minutes, resuspended in 600 μL DNA lysis buffer and 20 μL Proteinase K (Qiagen) and 

mixed by vortexing. Samples were incubated at 56°C for 4 hours in a shaking hybridization oven and 

100 μL of 6 M NaCl was added to each sample mixed by vortexing and incubated on ice for 10 minutes; 

followed by 20,000 x g centrifugation at 25°C for 10 minutes. The supernatant was transferred to a new 

LoBind® tube. Then, 2 μL of 20 mg/mL Glycogen (Roche) was added to samples followed by 750 μL 

100% ethanol and mixed by inverting the tube. The tubes were incubated at 25°C for 10 minutes and 
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centrifuged at 20,000 x g at 25°C for 10 minutes. 500 μL of 70% ethanol was added to the pellet and 

mixed by vortexing. After, the samples were centrifuged for 5 minutes at 20,000 x g and 25°C. The 

pellets were briefly centrifuged, and air dried for 10 minutes to evaporate the remaining ethanol . Finally, 

pellets containing DNA, were resuspended in 30 μL of TE buffer and vortexed prior to overnight 

incubation at 4°C. DNA was stored at -20°C. 

2.2.2.1.3 DNA extraction from blood  

Patient blood was collected in tubes containing EDTA as an anticoagulant. Subsequently, DNA from 

patient blood samples was extracted using the DNeasy® Blood & Tissue Kit (Qiagen) according to the 

manufacturer’s instructions.   

2.2.2.1.4 DNA extraction from cells 

For cell lines DNA extraction, 1x105 -1x107 cells were washed with PBS and pelleted by centrifugation 

at 500 x g at 4°C for 5 minutes. The pellets were resuspended in 600 μL DNA lysis buffer and 20 μL 

Proteinase K (Qiagen) following the methodology described in section 2.2.2.1.2. 

2.2.2.2 DNA cleaning, quantitation, and quality   

2.2.2.2.1 DNA cleaning   

DNA from organoids were cleaned using a chelating ion exchange resin, Chelex® 100 Resin (Biorad), 

in order to remove contaminant metal cations and improved DNA quality for downstream experiments. 

A 25% Chelex solution made using UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen) and 

added to 20 μL DNA plus 80 μL of UltraPure™ DNase/RNase-Free Distilled Water and mixed well by 

inverting. After, another 60 μL of the 25% Chelex solution was added to the DNA-Chelex mix and 

incubated at 50°C for 30 minutes. Samples were vortexed and incubated at 95°C for 3 minutes. After 

vortexing, the samples were centrifuged at 20,000 x g for 3 minutes at room temperature . The DNA in 

the supernatant was then transferred to a new 1.5 mL LoBind® tube (Eppendorf) for further analysis.   
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2.2.2.2.2 DNA quantitation and Quality  

Following dissection, DNA extraction, and Chelex cleaning, the dsDNA High-sensitivity Assay Kit 

(Invitrogen, Carlsbad, CA, USA) was used to determine the concentration of extracted DNA. An 

optimised method of van Beers et al. (228) was implemented as described by Kader et al. (229) to 

assess DNA quality by a multiplex a PCR assay with non-overlapping 100 - 700 bp fragments in the 

GAPDH gene.  

2.2.3 Sanger sequencing 

Mutation validation was performed by Sanger sequencing. Primers for Sanger sequencing were 

designed using Primer 3 and are listed in Table 2.6. PCR conditions for each primer pair were optimised 

and a final product of a single target in a 10 µL reaction volume was achieved using 1 µL of 10 ng/µL 

DNA, 1 µL 10x buffer, 1 µL of forward and reverse primers (1 µM), 0.5 µL of dNTPs (2.5 µM) and 

0.5 µL of HotStar Taq DNA polymerase. A 45 cycles 65-55°C touch down PCR was performed for all 

primers. The resulting amplicon was evaluated in 2% (w/v) agarose/LAB gel. Unincorporated primers 

and dNTPs were degraded and dephosphorylated by the addition of 1 µL of SAP, 0 .25 µL of Exo1 and 

1.75 µL of water per 5 µL of PCR product (ExoSAP-IT), incubated at 37°C for 15 min followed by 

enzyme inactivation at 80°C for 15 min. 

The PCR products were sequenced using BigDye Terminator v3.1 (Applied Biosystems) and a 3730 

DNA Analyzer (Applied Biosystems). Four µL of purified PCR product template, 1 µM forward or 

reverse primer, 3.5 µL of 5x sequencing buffer, 1 µL of BDT v3.1 in a total volume of 20 µL were 

mixed and incubated at 96°C for 10 seconds, followed by 50°C for 5 seconds and 60°C for 4 minutes, 

and cooled down at 4°C. Subsequently, the reactions were purified by ethanol/sodium acetate 

precipitation to remove unincorporated dye terminators. For this 38.5 µL of 95% ethanol and 1.5 µL of 

3 M sodium acetate were added to each 20 µL of BDT reaction and mixed by inverting the sealed plate 

10 times. The plate was incubated in the dark and on ice for 15 min, and then centrifuged at 800 x g for 

40 min at 4°C. Following this, the liquid in the plate was discarded by inverting the plate and the plate 
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was centrifuged at 300 x g for 1 min at 4°C. Then, 70% ethanol was added to each well and centrifuged 

at 800 x g for 5 min at 4°C. The liquid was removed from the plate by inversion and the plate was 

centrifuged at 300 x g, 4°C and incubated at 56°C for 5 minutes to enable residual ethanol evaporation .  

Finally, 15 µL of Hi-Di Formamide was added to each well. Sequencing was carried out by the 

Pathology department at the Peter MacCallum Cancer Centre, the chromatograms were visualized using 

Geneious v8.1.9 (Biomatters, Auckland, New Zealand).   

2.2.4 Targeted sequencing 

For ELF3 identification as a novel MOC gene, the SureSelect XT Custom Panel (Agilent) was used for 

FFPE tumour DNA; this custom panel was also used for organoid DNA targeted sequencing as 

previously described by Cheasley et al., 2019 (207).  

2.2.5 Exome sequencing 

Exome sequencing was performed for the OMC3 cell line utilising the Agilent SureSelect XT HS Target 

Enrichment System and Human All Exon v7 capture baits for Illumina Multiplexed Sequencing 

Platforms, with ultrasonic fragmentation of DNA using the Covaris S2 instrument according to the 

manufacturer’s instructions (SureSelectXT HS Target Enrichment System for Illumina Multiplexed 

Sequencing Platforms Protocol Version D0, August 2020) and as previously described by Subramanian 

et al., 2020 (230). After library preparation and QC checks using the TapeStation, the sample was 

sequenced at the Australian Genome Research Facility (AGRF) using the Illumina HiSeq 2500 

sequencing platform (150 bp paired end reads). An in-house bioinformatics pipeline was carried out by 

the Bioinformatics Core facility, Peter Mac (Magnus Zethoven/ Dr Niko Thio/ Dr . Deepak 

Subramanian). Briefly, reads were aligned to the GRCh37/hg19 human reference genome using 

BWA-MEM v0.7.10, and variants were called using GATK HaplotypeCaller and Platypus 

v0.8.1.   
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2.2.6 Whole genome sequencing 

Whole genome sequencing (WGS) was used to provide the most comprehensive analysis of genome 

variance and structure. WGS of organoids was performed by the Australian Genome Research Facility 

(AGRF) using Illumina Sequencing. Illumina sequencing uses clonal amplification of DNA templates 

on solid supports to enable high-throughput sequencing. Prior to sequencing, DNA samples went under 

a process of library preparation to fragment and attach specific oligo-nucleotide adapters to facilitate 

sequencing. WGS data was processed by Niko Thio  (Bioinformatics Core Facility, Peter MacCallum 

Cancer Centre) to align reads to the human genome (version hg19). Variants were called using Mutect2, 

vardict and strelka.  Only variants with an allele frequency of >=0.25, called in at least two of the three 

callers, supported by at least 2 reads in the sample and with allele frequency of <0 .1 in the matching 

normal were included. Variants were also excluded if they were present at a population frequency of 

>0.0001 in gnomAD (all cases or non-Finnish European) or seen in two or more of an internal set of 

germline exomes (filtering performed by A/Prof Kylie Gorringe).  

2.2.7 Copy Number analysis 

Sample data from Targeted Gene Panel Sequencing, RNA sequencing and WGS were imported into the 

software Nexus (v8, BioDiscovery Inc., Hawthorne, CA, USA) and segmented using SNP-FASST2. 

When analysing segments, a log2 ratio of the segment >0.15 was called a gain and <-0.15 was called a 

loss.  

Break points, individual chromosomes and genome-wide copy number profiles were visualised using 

Nexus. Shared breakpoints were observed at 50 kb resolution for sequencing data as described by Kader 

et al., 2020 (229).  

2.2.8 RNA extraction 

For organoid and cell line RNA extraction, TRIzol™ (Invitrogen) was used according to manufacturer’s 

instructions; all equipment and surfaces were cleaned with RNaseZap™ (Invitrogen). For organoids, 
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three wells of a 48 well plate containing organoids were scraped using a 1000 µL pipette tip and 

combined into a 1.5 mL LoBind® tube (Eppendorf) using OBM, pelleted by centrifugation at 500 x g 

at 4°C for 5 minutes. For cell lines, 1x105 -1x107 cells were washed with PBS and pelleted by 

centrifugation at 500 x g at 4°C for 5 minutes. Once the pellets were obtained, 0.3–0.4 mL of TRIzol™ 

reagent were added to the tubes. The lysate was pipetted up and down several times to homogenize 

followed by a centrifugation of the lysate for 5 minutes at 12,000 × g at 4–10°C, then the clear 

supernatant was transferred to a new tube and incubated for 5 minutes to allow complete dissociation 

of the nucleoprotein complex. Once incubation time was finished, 0.2 mL of chloroform per 1 mL of 

TRIzol™ Reagent used for lysis was added, and then thoroughly mixed by shaking . After incubation 

for 2–3 minutes and centrifuged for 15 minutes at 12,000 × g at 4°C. The mixture separates into a lower 

red phenol-chloroform, an interphase, and a colourless upper aqueous phase. The aqueous phase 

containing the RNA was transferred to a new tube by angling the tube at 45° and pipetting the solution 

out. RNA was precipitated by adding 5–10 µg of RNase-free glycogen as a carrier to the aqueous phase. 

Then 0.5 mL of isopropanol was added to the aqueous phase per 1 mL of TRIzol™ Reagent used for 

lysis; incubated for 10 minutes at 4°C and  centrifuged for 10 minutes at 12,000 × g at 4°C. Total RNA 

precipitate formed a white gel-like pellet at the bottom of the tube. The supernatant was discarded, and 

the pellet resuspended in 1 mL of 75% ethanol per 1 mL of TRIzol™ reagent used for lysis, vortexed 

briefly and then centrifuged for 5 minutes at 7500 × g at 4°C. The supernatant was discarded once more, 

and the pellet was air dried 5–10 minutes. Resultant RNA was re-suspended in 20 μL RNase-free water, 

quantified, and stored immediately at -80°C. 

2.2.8.1 RNA quantification  

RNA was quantified using the High Sensitivity Qubit Assay (Invitrogen) according to manufacturer’s 

instructions.  
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2.2.8.2 RNA sequencing 

RNA sequencing was performed by the Molecular Genomics Core, Peter MacCallum Cancer Centre; 

50-300 ng of RNA per sample was used to construct libraries using the NEBNext Ultra II Directional 

Library Prep Kit (New England BioLabs) with ribo-depletion (NEB). Sequencing was performed by 

the NextSeq™ 500 System (Illumina) with 75 bp single end reads. RNA sequencing data was processed 

by Niko Thio (Bioinformatics Core Facility, Peter MacCallum Cancer Centre) to align reads to the 

human genome and obtain gene counts. Reads were mapped to the human genome GRCh37 (hg19) 

using TopHat2 (Kim et al., 2013). Sample normalisation and differential expression analysis was 

performed by A/Prof Kylie Gorringe in R Version 4.0.3.  

2.2.9 Cell culture 

All cell lines were cultured at 37°C in 5% CO2 humidified incubator (Binder) with aseptic technique.  

Cell lines were retrieved from liquid nitrogen storage and thawed at room temperature (RT), followed 

by a PBS wash, and centrifuged for 5 minutes at 524 x g at 24˚C. The pellet was then resuspended in 

appropriate media (Table 2.12) and transferred to a T25 flask until 70-80% confluence was achieved. 

If necessary, media change was performed every 48 hours. Once adequate confluence was achieved, 

media was aspirated, cells washed with PBS and lifted using 0.25% Trypsin (Gibco).  
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Table 2. 11 Culture media conditions 
Cell line Culture media 

MCAS 

alphaMEM , 
10% FBS,  
1% P/S  
1% Glutamax (Gibco) 

JHOM-1 

DMEM:F12 (Sigma-Aldrich)  
10% FBS,  
1% P/S,  
1% Glutamax (Gibco)  
1% NEAA (Gibco) 

RMUG-S 

HAM’s F12 (Gibco) 
10% FBS  
1% P/S 

OMC-3 

HAM’s F12 (Gibco) 
10% FBS  
1% P/S 

HOSE 17-1 

M199:MCDB  
10% FBS  
1% P/S. 

  

Cell line culture media was added to inactivate Trypsin, and cell suspensions centrifuged at 500 x g at 

25°C for 5 minutes. Resulting cell pellets were re-suspended in 1 mL of their respective growth media 

for cell count in the Countess® II FL Automated Cell Counter (Thermo Fisher Scientific). Cells were 

either split at 1:4 ratio or used for subsequent experiments. 

2.2.10 ELF3 knockout experiment 

2.2.10.1 Multiguide sgRNA rehydration 

For knockout experiments, Synthego multiguide sgRNA were used (Table 2 .6). Knockouts were 

achieved using the Gene Knockout Kit v2 (Synthego) according to manufacturer’s instructions.  Tubes 

containing dried multi-guide sgRNA were centrifuged to ensure the pellet was collected at the bottom . 

For all cell lines, 1.5 nmol multi-guide sgRNA (1-3 sgRNAs/tube) were rehydrated in 15 µl nuclease-

free buffer (1X TE buffer provided by manufacturer) and pulse vortexed for 30 seconds to ensure 

complete mixing. The final concentration of the sgRNA obtained was 100 µM (100 pmol/µL). Then, 6 

µM of multi-guide sgRNA was added to 14 µL of nuclease-free water to make a total volume of 20 µL 

of 30 µM multiguide sgRNA (30 pmol/µL). The diluted multi-guide sgRNA was used immediately. 
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2.2.10.2 Nucleofection  

This section describes the delivery of the ribonucleoprotein (RNP) complexes (purified Cas9 nuclease 

duplexed with chemically modified synthetic sgRNA) to the cell lines. RNP delivery was accomplished 

using the Lonza 4D Nucleofector™ unit with 16-well Nucleocuvette™ Strips. Since there is no 

literature reported for MOC cell lines nucleofection using the Lonza 4D Nucleofector™, an 

optimization process was required prior ELF3 KO. This process consisted of testing 15 different 

nucleofection programs and 5 different buffers, after which the 4D NucleofectorTM protocol for AGS 

cells was chosen along with SF buffer (Lonza) using the method described by the manufacturer . Briefly, 

cell lines were subcultured in T25 flasks until they were 70-80% confluent on the day of transfection. 

Each nucleofection reaction was performed with 1.5 x 105 cells. RNP complexes were assembled with 

9:1 sgRNA to Cas9 ratio and supplement (reagent included in the kit) was added to the Nucleofector™ 

Solution (ratio of Nucleofector™ Solution to supplement is 4.5:1). Transfection control (only GFP 

added), mock negative control (Cas9 only), positive control  (Human TRAC sgRNA control that 

uniquely targets the TRAC gene within the human genome and has been proved and supplied by 

Synthego), and  target-specific sgRNA reactions were performed. The RNPs were incubated for 10 

minutes at room temperature. Meanwhile, a cell suspension in Nucleofector™ Solution to 3.0 x 104 

cells per µL was established and added to the 25 µL of pre-complexed RNPs for a total transfection 

volume of 30 µL per reaction. The 30 µL of cell-RNP solution were then transferred to Nucleocuvette™ 

strips, and the lid was clicked into place. Then, the Nucleocuvette™ Vessels were gently tapped on the 

benchtop to make sure the sample covered the bottom of the cuvette and that there were no bubbles in 

the cuvette. Immediately, the Nucleocuvette™ Vessel with closed lid was placed into the retainer of the 

4D-X Core unit of the Nucleofector programmed with appropriate program code (DS-135 for AGS 

cells) and the program was initiated.  After completion,  the cuvette strips were removed from the Core 

unit and 70 µL of pre-warmed growth medium was added to each well and mixed gently by pipetting 

up and down (~3 times) to ensure an even distribution of cells in suspension . Finally, 50 µL of the 
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transfected cells in the first well were plated in two 24-well cell culture plates and incubated in 

humidified 37°C/5% CO2 incubator (Binder). The medium was replaced after 24 hours. The second 

well was maintained by replacing medium and splitting as necessary  for assays, or banking .  72 hours 

post nucleofection, DNA was isolated for PCR of the target region, and Sanger- sequencing of the 

amplicons was done as described in sections 2.2.2.1.4 to 2.2.3.  Inference of CRISPR Edits (ICE) 

analysis on Sanger sequences, to determine editing efficiency, was conducted using the ICE online 

software by Synthego.  

2.2.11 Protein KO validation by Western Blot  

2.2.11.1  Protein extraction from cell lines 

Cell line pellets were obtained as described in section 2.2.2.1.4 and kept on ice at all times. Cell pellets 

were resuspended in 70 µL of Giordano cell lysis buffer (in house preparation) and incubated on ice for 

20 minutes and then sonicated at 4 °C for 5 minutes. After sonication, the tubes were centrifuged at 

maximum speed for 10 minutes at 4 °C. The supernatant was transferred into a fresh tube, and the BCA 

Assay at multiple dilutions (1:500) was performed according manufactures instructions (Pierce™ BCA 

Protein Assay Kit, Thermo Scientific) and quantified in the Cytation 5 microscope (Biotek) . The 

required amount of sample was diluted in 4 X sample loading buffer (Novex, USA) and boiled at 95°C 

for 10 min for Western blots.  

2.2.11.2 Western Blot 

For Western blotting, a total of 20 μg of protein was combined with 4 X sample loading buffer (Novex, 

USA) and 10 X sample reducing agent (Novex, USA), and loaded onto NuPAGE Novex 4-12% Bis-

Tris 10 well polyacrylamide gels (Novex, USA). Gels were secured in a XCell Surelock Mini-Cell tank 

(Novex , USA) and filled with 1X MES-SDS Running Buffer (Invitrogen, USA). NuPAGE Antioxidant 

(Invitrogen, USA) (500 μL) was added to the middle section (cathode buffer chamber) of the tank where 

the samples come into contact with the running buffer to maintain reducing conditions and to prevent 

reoxidation of sensitive amino acids during electrophoresis. The Precision Plus ProteinTM Standard 
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(BIO-RAD) was run to help determine the molecular weight of detected protein . Gels were run for 

approximately 2 hours at 100 V, then transferred onto PVDF membranes and run the transfer at 20 V 

for 1.5 hours. The amps on the power supply were continuously checked  to see whether the transfer 

was working correctly (250-300 mA for one transfer and 450-500 mA for two transfers).  

PVDF membranes were blocked with 5% skim milk (2.5g skim milk powder in 50 mL 1 X PBS-T) for 

60 minutes at room temperature to prevent nonspecific binding of the detection antibodies. For probing, 

the blots were washed three times with PBS-T (5 min/each, on a rocker with one quick wash).  

The primary antibody (Anti-ESE1 antibody (ab97310) Abcam, UK) was diluted 1:5000 in 3 mL 5% 

skim milk/PBS-T in a 50 mL Falcon tube. The blots were then gently placed inside the tube protein-

side inwards and incubated overnight at 4°C on a roller. The following day, the membranes were washed 

with PBS-T (3x, 5 min each, on a rocker). Meanwhile, the secondary antibody (Goat anti-rabbit IgG, 

HRP-linked antibody, Cell Signalling Technology, USA) was diluted (1:10,000) in 4 mL 5% skim 

milk/PBS-T. After washing, the blots were incubated with the secondary antibody on the roller for 1 

hour at RT. Then membranes were washed with PBS-T (3x, 10 min/each, on a rocker) with a final quick 

wash with PBS -/- to remove tween. One mL of each of the Novex™ ECL Chemiluminescent Substrate 

Reagents were mixed and added over the entire surface of the blots, previously removed from the PBS 

-/-, using a pipette until the entire membrane was treated. Blots were then incubated for 1-2 min, covered 

in aluminium foil to prevent exposure to light, and imaged in a ChemiDoc XRS+Imager (BioRad, 

USA). 

2.2.11.3 Proliferation assay 

In order to quantify cell proliferation, metabolically active cells were measured by ATP quantification 

present in cells in culture using the  CellTiter-Glo® Luminescent Cell Viability Assay. Cells were 

seeded in 96 well, flat bottom, clear lid, black sterile plates (Greiner), cells were prepared as described 

in section 2.2.7. Each cell line had an optimized seeding number: 1400 cells/well MCAS, 2000 
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cells/well for RMUG-S, 4000 cells per well for HOSE 17.1, and 2400 cells/ well for JHOM-1. Cells 

were seeded in a final volume of 100 µL in monolayer cultures. Proliferation experiments were done in 

triplicate with two biological repeats for every cell line, and blank controls (media without cells) were 

used to obtain a value for background luminescence. Proliferation rates were taken at 48 and 96 hours, 

for this, the CellTiter-Glo® reagent was thawed and equilibrated to room temperature prior to use. The 

appropriate volume of CellTiter-Glo® reagent was thawed (100 µL per well) 24 hours prior to use at 4 

ºC and mixed by gently inverting the contents to obtain a homogeneous solution .  Plates and CellTiter-

Glo® were equilibrated at room temperature for approximately 30 minutes. CellTiter-Glo® was then 

added to the wells, covered to with aluminium foil, mixed for 2 minutes on an orbital shaker to induce 

cell lysis and incubated at room temperature for 10 minutes to stabilize luminescent signal . The 

luminesce was then recorded in the Cytation 5 cell imaging Multi-Mode Reader. Data was normalized 

against the blank  controls and analysed using Prism-GraphPad 9. 

2.2.11.4 Transwell Cell Migration and Invasion Assays 

Cells were prepared as described in section 2.2.7, cell pellets were resuspended in serum-free media 

with 0.1% bovine serum albumin (BSA) and counted. For the migration assay, a cell suspension (100 

µL of 1 x 106 cells/mL) was seeded on top of the uncoated transwell insert membrane filter 

(transwell polycarbonate membrane cell culture inserts 8 µm pore size, 24 well plates, Corning, Life 

Sciences) and incubated for 10 minutes at 37º and 5% CO2.  For the invasion assay, Cultrex Basement 

Membrane Extract, PathClear (BME, 3432-010-01, R&D Systems) was thawed on ice, and 30 µL of 

BME was added to the top of the transwell membrane and incubated at 37ºC for 15-30 minutes before 

the cell suspension (100 µL of 1 x 106 cells/mL) was added on top of the coated transwell insert 

membrane filter. For both, migration and invasion assays, 650 μL of the corresponding medium with 

foetal bovine serum (FBS) was slowly added, without moving the transwell, into the bottom of the 

lower chamber of the 24-well plate ensuring that it was in contact with the upper transwell membrane. 

Finally, the plates were carefully incubated for 24 hours. After incubation, the transwell inserts were 
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removed from the plates, and the top of the membrane was cleaned with a cotton-tipped applicator to 

remove remaining media and cells that did not migrate. Next, 1 mL of 70% ethanol was added into the 

wells of new 24 well plates. The transwell inserts were placed in the wells for 10 minutes to fix the 

cells. Then, inserts were removed, and remaining ethanol was cleaned with a cotton-tipped applicator 

and air dried for 15 minutes. To stain the cells, the transwells were inserted into 1 mL of 0.2% Crystal 

violet and incubated for 10 minutes at room temperature. The crystal violet was then removed with a 

pipette tip and transwells carefully dipped into distilled water in order to eliminate the excess of crystal 

violet. Membranes were allowed to dry at room temperature. Cells that migrated through the membrane 

toward the media with FBS were counted under an inverted microscope in different fields of view in 

triplicate. For migration, the mean number of cells that migrated through the uncoated transwell 

membrane was calculated. For invasion, the percentage of invasion was calculated according to the 

following formula: 

% 𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =

mean number of cells invading through 

the BME coated transwell membrane
mean number of cells invading through 

the uncoated transwell membrane

 x 100 

 2.2.12 MOC Organoid and Spheroid Drug Screening  

2.2.12.1 Single drug screening  

A summary of the single drug screening is described in Figure 2.3.  

For single drug screening, 384-well, flat bottom, clear lid, black sterile plates (Greiner #781098) were 

used, with the layout described in Figure 2.3. Two wells all around the plate were filled with PBS to 

avoid evaporation, during incubation, and read variation.  A vehicle control (DMSO) was included to 

confirm the vehicle is not influencing the growth of the organoids. The vehicle concentration remained 

constant for all drug doses (0.4%) for normalisation. 
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Figure 2. 2  Schematic representation of single drug screening for MOC organoids and spheroids. 

 

 

Figure 2. 3 Plate format used for single-drug screening in MOC spheroids and organoids. 

Matrigel® was thawed on ice and diluted in ice-cold spheroid media (according to each cell line, Table 

2.12) or MOC-ORGM3 to reach 7.5 mg/mL of Matrigel® Protein (Base Matrix) for plate coating and 
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2 mg/mL of Matrigel® Protein for the Screening Media (respective cell line media). The Matrigel 

dilution was kept on ice until used. 

For single drug screening, plates were coated manually by using an electronic pipette; while working 

on ice sterile conditions, 10 µL of the Base Matrix was loaded into each well of the 384 well plate 

(excluding the wells to be filled with PBS); the plate was then centrifuged at 4 ºC and 182 x g for 1 

minute to ensure the Base Matrix covers the bottom of each well. After centrifugation and manual 

inspection of the wells to check that no bubbles were formed, the plates were incubated for 20 min at 

37°C, 5% CO2 to set the Matrigel®.  

2.2.12.1.1 Organoids to single cells  

To achieve single cells from organoids for accurate counting prior to drug screening, 8 -10 domes of 

organoids growing in 48 well plates were scraped with a 1 mL barrier tip. The domes were dislodged 

by pipetting up and down a few times and transferred to a labelled 15 mL tube . The wells were well 

rinsed with cold basal medium and added to the 15 mL tube. Then the tube was filled with organoid 

wash cold medium. No more than 6x wells of 25 µL domes/well (48 well plate) were pooled together, 

so the matrix could be properly washed from the organoids. 

Next, the tubes were centrifuged, 350 x g at RT for 5 minutes, the supernatant was aspirated and 10x 

volume of the dome size of cold TrypLE Express was added (250 µL per dome) . After, the sample was 

resuspended and pipetted up and down a few times with a 200 µL barrier tip . The suspension was then 

transferred to a 6 well tissue culture plate for ease of checking the sample regularly under the 

microscope and placed in the incubator at 37°C, 5% CO2. The sample was incubated for 15 minutes 

checking every 5 minutes and pipetted with a 100 µL barrier tip to aid the digestion of the organoids 

into single cells. TrypLE Express was inactivated via dilution by adding at least 2x the addition of cold 

Basal medium and filtered through a 35 µm filter. Then the suspension was centrifuged at 350 x g, RT 

for 5 minutes. The cells were then resuspended at an appropriate volume in MOC-ORGM3. The single 
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cell suspension was kept on ice while counting and their viability confirmed by Trypan blue staining, 

(Gibco) according to the manufacturer’s instructions,  after which 900 cells/well were seeded in the 

coated 384 well plates as described below.  

2.2.12.1.2 Cell line suspension for spheroid formation 

For spheroid formation, cell line cultures were prepared, and cells resuspended as described in section 

2.2.7. For MCAS, 600 cells per well were used, for RMUG-S, JHOM-1 and OMC3, 900 cells/well were 

seeded in 30 µL of screening media.  

2.2.12.1.3 Drug assay 

Using the coated plates, 30 µL of corresponding screening Media (BLANK) were allocated in the Blank 

wells (in pink Figure 2.2), 30µL of Screening Media (Media+Matrigel+Cells) were dispensed in the 

appropriate wells. The plate was incubated at 37°C, 5% CO2 for 3-5 days until Organoids/Spheroids 

were formed. 10-point drug dilution series were made in the respective media for each cell line/organoid 

and dispensed using the Sciclone ALH 3000 Workstation into the respective wells according to Figure 

2.2. The final total volume of the 384 wells was 50 µL, hence the drug was added at [5x] to achieve a 

[1x] final concentration in the first and higher dilution (i.e., 10 µL Base Matrix + 30 µL Screening 

Media + 10 µL diluted drug = 50 µL). A similar dilution was made for the vehicle (DMSO) in cell line 

or organoid media at [5x] and 10 µL was dispensed in each of the corresponding wells (yellow, Figure 

2.2), 10 µL of corresponding media was dispensed to the wells labelled as BLANK (pink, Figure 2 .2). 

Finally, 10 µL of the appropriate [5x] drugs were dispensed into the appropriate wells . The plate was 

incubated at 37°C, 5% CO2 for five days.  

2.2.12.1.4  CellTiter-Glo-3D luminescent cell viability assay 

The required amount of CellTiter-Glo-3D was thawed overnight at 4°C and the reagent was equilibrated 

to room temperature by placing it in a 22 °C water bath prior to use for approximately 30 minutes . 

During this period, the plates with spheroids/organoids were also equilibrated to room temperature for 

approximately 30 mins without stacking them. CellTiter-Glo-3D reagent was gently mixed by inverting 
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the contents to obtain a homogenous solution and a volume of 25 µL was added to each well, the plates 

were covered in aluminium foil, followed by 5 min of shaking at room temperature and a 25 -minute 

incubation. The luminescence was then recorded in the Citation 5 cell imaging Multi-Mode Reader. 

Data was analysed using Prism-GraphPad 9 and R Version 3.6.1. Drug response curves were illustrated 

by Dr. Madawa Jayawardana using R Version 3.6.1. Drug responses were calculated using GI50 

values as described in chapter 5; for the cell lines that did not reach 50% GI, a fit curve of the 

data was constructed using a regression line of the dose and extrapolated from the estimated 50%GI 

using a log transformation. 

2.2.12.2 Drug combination screening  

For multi-drug screening, the plates described in section 2.2.12.1 were used, the plate format for this 

method is described in Figure 2.4, and each drug combination was evaluated in triplicate. The JANUS 

G3 Liquid Handler Workstation was used to coat plates with Matrigel® and to seed cell suspensions 

for spheroid formation as described in section 2.2.12.1.  

 

 

Figure 2. 4 Drug combination screening plate format. Numbers (1-6) represent each matrix composed of two drugs combined 

from the higher to the lower concentration of each drug, represented by the darkest to lightest colours (red for drug 1; green 
for drug 2).  Each 384 well plate had 6 different drug combinations, vehicle control for normalization, positive control, and 
blank media wells.   
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Once spheroids were formed, drugs in combination and control reagents were randomly dispensed using 

the Tecan D300e Digital Dispenser. ATP values were obtained as described in section 2.2.10.1.4. Raw 

data was exported from the Cytation5 and read into RStudio. Annotations (drug labels and 

concentrations) were added to the data frames from the Tecan D300 files. Data was normalised and 

processed by Dr. Susanne Ramm at The Victoria Centre for Functional Genomics at the Peter 

MacCallum Cancer Centre. The graphical summary of this method is presented in Figure 2.5.  

 

Figure 2. 5 Schematic representation of drug combination screening for MOC spheroids 
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Chapter 3 

Analysis of ELF3 as a candidate MOC driver gene 

 

3.1 Introduction  

E74-like transcription factor 3 or ELF3 was first described by Oettgen et al. in 1997. Located on 

chromosome 1q32.1 and encoding a 371 amino acid protein (Figure 3.1 A), ELF3 is a member of 

the E26 transformation-specific family (ETS) (231). The DNA binding domain and the N-

terminal Pointed (PNT) domain are highly conserved across the 30 members of the ETS 

transcription factor family. The PNT domain mediates protein-protein interactions, RNA-binding 

kinase docking and transcriptional activation, as well as lipid molecule interactions (232) (Figure 

3.1). ELF3 has two isoforms produced by alternative splicing; isoform 1 has a length of 371 amino 

acids and mass of 41,454 Da; while isoform 2 has a length of 348 amino acids and mass of 39,357 

Da (231, 233).  

  

Figure 3. 1 Schematic representation of ELF3. A. Cytogenetic band localization of ELF3. B. ELF3 genomic DNA 
structure. Exons are represented in the boxes and introns by the arrows, length of exons and introns are indicated in 

base pairs. C. ELF3 domain positions. PNT, pointed domain; TAD, transactivation domain; SAR, serine- and aspartic 

acid-rich domain; AT/NLS, A/T hook domain and nuclear localisation sequence; ETS, DNA binding domain. Adapted 
from Kopp et al. and Ottegen et al.  
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The expression of the ETS members is restricted to epithelial tissues (233); however, recent 

studies showed that after TNF-α and IL-1β cytokines induction, non-epithelial tissues could also 

express ELF3 (234). The highest protein expression of ELF3 in normal tissue has been found in 

the nasopharynx, bronchus, colon, rectum, bladder, endometrium, appendix, and tonsils 

(235)(Figure 3.2). 

 

Figure 3. 2 Expression of ELF3 protein across normal human tissues. Colours are based on tissue groups with 

functional features in common. Obtained from Human Protein Atlas (235) 

Oettgen et al. described ELF3 as critical for the transcriptional control of stringently regulated 

genes involved in angiogenesis, cell cycle control, and cell proliferation (231). ELF3 plays an 

important role in regeneration, differentiation, and development of the epithelium, particularly in 

the development of the gut where it is associated with microvilli count and correct polarity of 

enterocytes. ELF3 is also implicated in remodelling and inflammation of blood vessels, cartilage 

and bones, apoptosis, and allergy regulation (232, 234).  

ELF3 is involved in the epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial 

transition (MET) processes, essential for carcinogenesis and metastasis development . It 

negatively regulates EMT transcription factors such as ZEB1 (236), key to MET initiation (183, 

234, 237). A potential role in cancer as a tumour suppressor is supported by the observation of 

inactivating mutations in ELF3  in cholangiocarcinoma, bladder, and gastric cancers (Figure 3.3)  

(183, 238-246).  
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Figure 3. 3 ELF3 genomic alteration in Human cancers (n ≥ 50). Obtained from cancer BioPortal  (245, 247). 

 

In a previous exome sequencing analysis of MOC performed by the Gorringe laboratory, 2/11 

(18%) MOC cases were identified with mutations in ELF3 (Ryland et al 2015). Subsequent 

further exome and whole genome analysis identified an additional 1/42 (2%) MOC cases with an 

ELF3 mutation (Cheasley et al.,  2019). These divergent mutation frequencies needed to be 

reconciled by analysing a larger cohort. If ELF3 is indeed a cancer driver in a subset of MOC, 

then comprehensive functional characterization of ELF3 would be important to understand its 

role and identify whether it represents a new molecular target. Thus, this chapter aimed: 

1. To characterize the mutation profile of ELF3 across an expanded MOC patient 

cohort  

2. To genetically manipulate MOC cell lines in order to knock out ELF3 using the 

CRISPR-Cas9 technique 

3. To evaluate the effect of ELF3 knock out on the cellular phenotype of MOC cell 

lines. 
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 3.2 Results  

3.2.1 Identification of ELF3 as a MOC candidate gene 

Somatic mutation data of 181 primary MOC tumours and 29 borderline MO tumours (BDL) were 

analysed in order to identify the mutation prevalence of ELF3. From this cohort, and for this 

thesis, FFPE samples were microdissected, tumour genomic DNA was extracted, and a total of 

94 MOC DNA samples were prepared for SureSelect XT Custom Panel sequencing (Agilent) 

(Table 3.1). All 94 DNA samples, plus other tumours included in the analysis of ELF3, have now 

been published in Cheasley et al. on which I am a co-author (151). I manually curated a total of 

448 genes in 174 samples using the software IGV in order to identify artifacts correlated with 

false positives due to: association with low base quality, misalignments near the start or end of 

reads, association with strand bias, association with low-complexity sequences, and due to 

paralogous alignments of reads from regions not well represented in the reference sequence (248, 

249) (Figure 3.4). Thirteen new ELF3 variants in 10 samples were identified (Table 3 .2). Once 

the mutations found in ELF3 were curated, sample variants were independently validated by 

Sanger sequencing (Figure 3.5. A and B). 
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Figure 3. 4 Examples of somatic mutation filtering following a manual inspection of variants using IGV. A. Accepted mutation variant. B. False positive mutation with low mapping quality. 
Lighter colour reads in B gave lower mapping quality compared to higher mapping quality and darker colour reads in A. Red and blue read colours indicate read direction. 
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Table 3. 1 Samples prepared as part of this thesis and included in Cheasley et al. 2019. 

Sample Nº SAMPLE ID Total [DNA] ng/ul Sample Nº SAMPLE ID Total [DNA] ng/ul Sample Nº SAMPLE ID Total [DNA] ng/ul 

1 232 260.8 33 11449 321 65 c438 2.9 
2 326 332 34 c1128 198.4 66 c452 5.78 
3 1960 326.2 35 c1142 312 67 c717 93.6 
4 27048 1065 36 c1330 288 68 c885 127.6 
5 34024 1250 37 c1340 73.5 69 1448/07 315 
6 34071 505 38 c1343 16.6 70 c1132 32.64 
7 34143 335.5 39 c1523 195 71 c1135 96.6 
8 51833 1115 40 c1813 206.4 72 c1333 10,8 
9 60007 2900 41 c1817 23.2 73 c1339 13.5 

10 60368 327 42 c1819 342 74 c1344 75.2 
11 1341 704 43 c1820 83.05 75 c1641 95.2 
12 705 266 44 c1821 837 76 c1711 88 
13 812 306 45 c1951 160.5 77 c1814 12.1 
14 20062 1030 46 c1961 918 78 c1967 92.4 
15 41053 800 47 c1969 115 79 c338 7.05 
16 44059 165 48 c1970 159 80 c360 53 
17 60150 2000 49 c1981 172.5 81 c368 30.8 
18 913434 2240 50 c229 1.53 82 c395 15 
19 347 733.9 51 c331 110 83 c464 16.75 
20 922 2.814 52 c576 1.73 84 c470 22 
21 2139 218 53 c658 84 85 c471 35.35 
22 2141 1090 54 c674 83.2 86 c476 46 
23 32016 735 55 c813 43.6 87 c545 45.2 
24 41044 835 56 c814 93.6 88 c574 22 
25 41127 1710 57 c846 223.2 89 c575 86.5 
26 41189 2550 58 c866 99.2 90 c577 31 
27 41206 500 59 2145 1744 91 c635 46 
28 41335 1216 60 c1822 18.8 92 c715 199.5 
29 41438 735 61 c1948 47.2 93 c732 25.7 
30 60810 1360 62 c2132 5.4 94 c843 45.7 
31 c889 92.1 63 c923 7.05 95 Epo 430 308 
32 IC292 2280 64 IC121 11550    

Samples in light green were microdissected and DNA was isolated from these samples. Samples in white, DNA was quantified and prepared for sequencing submission. This cohort includes mucinous ovarian cancer, 

borderline tumours, and extraovarian metastasis samples 
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3.2.3 ELF3 mutations identified in the MOC cohort. 

 

When combined with the previous exome sequencing data, ELF3 was mutated in 6.6% of MOC (12/181 

samples) and 10% (3/29) borderline mucinous tumours. Notably, 8 out of 15 cases had truncating 

mutations (Figure 3.5), including 7 frameshift insertions and three frameshift deletions (two cases with 

multiple mutations); also, one splice donor variant and two other predicted splicing site variants may 

lead to protein truncation. One in-frame deletion and four missense mutations were all located in the 

ETS domain and may stop DNA binding. In addition, 5 of the truncating variants are located in the ETS 

domain (Figure 3.5 C). The missense variants Phe303Leu, Met324Val and Glu300Gly were predicted 

to be deleterious by SIFT and CONDEL, and had CADD scores of >20, suggesting they have a 

functional effect on the protein.  

Interestingly, 83% of the MOC cases with ELF3 mutations also carried TP53 mutations compared to 

64% of MOC overall (10/12 samples, Fisher’s exact test: p=0.22), 33% KRAS mutations (4/12 samples, 

Fisher’s exact test: p=0.03), and 50% of the ELF3 mutated MOC carried an ERBB2 amplification (6/12 

samples, Fisher’s exact test: p=0.09).  Moreover, a larger number of ELF3 variants in the MOC cohort 

were observed in grade 1 MOC samples (n=9/12) and were mostly truncating mutations, while two 

deleterious missense mutations were found in grade 2 MOC samples, and there was just one ELF3 

mutated grade 3 sample (Fisher’s exact test: p=0.12) (Table 3.2).  
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Figure 3. 5 ELF3 somatic mutation validation. Somatic mutations identified in the SureSelect panel were validated using Sanger sequencing, sequence traces are shown for each mutation in 

two different samples as indicated by the asterisk(*). A. sample c1523 g. 201983060C>A change in exon 8. B. sample c814 g. 201983050GAA>GGC, p.Glu300Gly change exon 8. C. Recurrent 
somatic mutations of ELF3 in the MOT cohort. ELF3 is shown in the context of protein domain model derived from CBioPortal. Each dot represents an individual mutated MOC tumour sample. 
Each domain of the gene is depicted with a different colour.  
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Table 3. 2  ELF3 Somatic mutations found in the MO cohort including MOC and BDL samples. 

Sample Type Grade Variant Type 
Nucleotide change relative to 

transcript ENST00000367284.5 
Protein change 

Allele 
Frequency 

ERBB2 copy 
number 

TP53 
mutation 

KRAS 
mutation 

AS66T1 BDL NA deletion c.846delC p.Leu283SerfsTer11 0.27 Normal No Yes 

IC092* BDL NA SNV c.970A>G p.Met324Val 0.42 Normal No No 

70059 BDL NA insertion c.1000_1001insGG p.Tyr335GlyfsTer113 0.39 Normal No Yes 

056-07 MOC G1 insertion c.772_773insG p.Asp259GlyfsTer42 0.45 Normal Yes No 

c717 MOC G1 insertion c.1000_1001insG p.Tyr335ValfsTer136 0.29 Amp Yes Yes 

c470 MOC G1 deletion c.477_478+1delTGG splice 0.21 Amp Yes No 

c846  MOC  G1  
deletion c.1060_1074delTTTGGCAAAAACTCA†  p.Phe354_Ser358del 0.19 

Amp  Yes  No  
deletion c.1053_1057delCTACA† p.Tyr352ValfsTer117 0.15 

01PM0274  MOC  G1  

deletion c.280delC p.Arg94AspfsTer61  0.08 

Normal  No  No  insertion c.549_550insTG p.Gly185ValfsTer70 0.07 

insertion c.568_569insCC p.Gly192LeufsTer63 0.07 

1818* MOC G1 SNV c.1010A>G p.Tyr337Cys 0.5 Normal Yes No 

IC257* MOC G1 insertion c.710_711insG p.Asp239GlyfsTer62 0.49 Amp Yes Yes 

IC138* MOC G1 insertion c.1030_1031insG p.Val345GlyfsTer126 0.39 Amp Yes Yes 

C674 MOC G1 SNV c.164-8C>A splice 0.4 Amp Yes No 

c814  MOC  G2  SNV c.899AA>GC p.Glu300Gly 0.53 Normal Yes Yes 

c1523 MOC G2 SNV c.909C>A p.Phe303Leu 0.46 Normal No No 

WB87-
8583 MOC G3 SNV c.164-3C>G splice 0.26 Gain Yes No 

*Previously identified by exome sequencing. BDL: borderline, G1: grade 1, G2: grade 2, G3: Grade 3 (Ryland 2015, Cheasley 2019) †These mutations are on the same allele; the difference in 

allele frequency is due to differences in the number of normal reads at each site. The combined effect is a frameshift. Amp = amplified  
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The Tumour Suppressor and Oncogene (TUSON) explorer identified ELF3 as a “hotspot” hit in the 

MOC cohort (TUSON hot spot for ELF3 p<0.0001); the pattern analysed showed that ELF3 could 

possibly function as tumour suppressor (TSG) in MOC (Figure 3.6) 

 

 

Figure 3. 6  TUSON comparison of mutation patterns in representative predicted tumour suppressor gene (TSG), oncogene 

(OG) and ELF3. The mutational pattern of a TSG and an OG using TUSON explorer are represented. USP28 and PPP2R1 
are well characterized as TSG and OG respectively, in the TUSON PAN-Cancer analysis as described previously by Davoli 

et al. 2013. A. Common TSG representation with loss of function in red and Silent mutations in white triangles. B. OG 
representation showing the location of recurrent missense mutations in orange. C. ELF3 mutations found in the MOC cohort. 
The graph shows the closer resemblance to a TSG pattern for ELF3. Adapted from Davoli et al. (250). 

 

3.2.4 Correlation of ELF3 mutation with gene expression 

We previously obtained RNAseq data from MOC (n=41), BDL (n=19) and Benign (n=11) tumours . 

Using RNA-Seq data from a subset of the MOC cohort with mutation data (MOC n=39, BDL n=5), no 

significant expression differences after multiple testing correction were found between ELF3 mutated 

samples (n=4) and non-mutated (n=40), including ELF3 itself. The expression of ELF3 varied widely 

amongst non-mutated samples (Figure 3.7 A).  



Chapter 3: Analysis of ELF3 as a candidate MOC driver gene 
 
 
 

Page | 79  
 

In exploring the RNAseq data further, we hypothesised that there was a correlation between ELF3 

expression levels and the most commonly mutated MOC genes and observed that ELF3 expression was 

negatively correlated with the expression of PIK3CA (Pearson r= -0.33 p= 0.001) and correlated to 

RNF43 expression; (r= 0.79, p< 0.001) (Figure 3.7 B and C).  

Because it was previously observed that ELF3 regulated key EMT genes, I assessed whether gene 

expression of ELF3 correlated with changes in expression of key EMT genes. A negative correlation 

was observed with ZEB1 (r= -0.33; p= 0.001), ZEB2 (r= -0.33; p< 0.001) and correlation with IRF6 (r= 

0.65; p< 0.001), Grhl2 (r= 0.61; p< 0.001). No significant correlation was observed with NFKB1 (r 

=0.07; p =0.49) or NFKB2 (r =0.02; p =0.81) (Figure 3.7 D) 
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Figure 3. 7 ELF3 expression and correlation with other genes in the MOC cohort. A. Gene expression of ELF3 within the 

mutated and WT samples. B. Separate centroid correlation of ELF3 and other MOC mutated genes. The blue line represents 

the linear regression with the confidence interval in the grey surrounding area. D and C. Pearson r correlation matrix of 
ELF3. C. Correlation of ELF3 and other highly mutated genes in MOC. D. Correlation of ELF3 and EMT genes in MOC 
cohort. 

  

3.2.5 Functional analysis of ELF3 in MOC cell lines 

3.2.5.1 MOC cell lines  

In order to study the phenotypic consequences of loss of ELF3 function, suitable in vitro models were 

required. For many years MOC cell lines have been used as a model to study this type of cancer; 

however, the molecular characteristics of the commercially available cell lines can differ from the 

principal events found in MOC tumours. Moreover, the lack of clinical data in these models obstruct 

the correct tumour type classification.  MCAS, JHOM-1, RMUG-S and OMC-3 cell lines have been 

previously described as MOC cell lines in the literature (222, 224, 251, 252). In order to identify 
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whether these cell lines are truly representative models for MOC, available mutational data from 

Depmap (253) was analysed (Table 3.3).  

RMUG-s carried a TP53 missense mutation; JHOM-1 carried a TP53 frame-shift insertion. Finally, 

MCAS showed a CDKN2A nonsense mutation, missense mutations in KRAS and PIK3CA, and a RNF43 

frameshift deletion. Furthermore, Anglesio et al. reported a 127 bp deletion in TP53 (homozygous, 

Exon 4) (254) that was not reported in DepMap. The deletion was confirmed by Sanger sequencing 

(Figure 3.8).  

Additionally, short tandem repeat (STR) profiling or ‘DNA fingerprinting’ was performed in order to 

identify variants in tetranucleotide microsatellite loci on multiple human chromosomes to authenticate 

the cell lines by comparing to STR data bases (Cellosaurus) (Table 3.4). Overall, the cell lines exhibit 

the same profiles to the STR databases, confirming that the cells used in this thesis are indeed RMUG-

S, MCAS, JHOM-1 and OMC3. Identical alleles were present at several loci for each cell line indicated 

in Table 3.3.  
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Table 3. 3 Most frequent MOC variants present in RMUG-S, MCAS and JHOM-1 cell lines and 

respective STR profiling. 

 Cell line 

 
 RMUG-S MCAS JHOM-1 OMC-3 

 

Cellosaurus RRID CVCL_3158 CVCL_3020 CVCL_4644 CVCL_3354 

 

Type Ovarian mucinous 
cystadenocarcinoma 

Ovarian mucinous 
cystadenocarcinoma 

Ovarian mucinous 
adenocarcinoma 

Ovarian mucinous 
cystadenocarcinoma 

 POPULATION JAPANESE 

 CDKN2A  - Nonsense_Mutation -   - 

 KRAS  - Missense_Mutation - -  

 TP53 Missense_Mutation  Deletion Frame_Shift_Ins -  

 PIK3CA - Missense_Mutation  - -  

 RNF43 -  Frame_Shift_Del  -  - 

ST
R

   
   

 P
R

O
FI

LE
 

Amelogenin  - X X X 

CSF1PO 12 10,11 12 11 

D2S1338 17,25 19,25 -  -  

D3S1358 13, 14 16,17  - -  

D5S818 10,14 11,13 10 13 

D7S820 12 8,11 10.3,12 8 

D8S1179 11 11,12 -   - 

D13S317 10,11 8,12 8,12 8 

D16S539 10,11 12 10,11 9,11 

D18S51 13 15  -  - 

D19S433 12,14.2 14.2,15  -  - 

D21S11 30 29,31  - -  

FGA 19,24 18,21  - -  

Penta D 13 10,12  -   

Penta E 5,18 16  - -  

TH01 9 6,8 7,9 7 

TPOX 8,11 8,11 8,11 8 

vWA 14,16 14,17 14,18 14,17 
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Figure 3. 8 MCAS TP53 deletion validation. Sanger sequencing was used to validate a previously reported TP53 deletion in MCAS. Sequencing traces are shown, with the location of the deletion 
indicated in red. Sequencing from both forward (FW) and reverse (RV) primers are shown, the cell line was compared to a reference female DNA (bottom). 
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Additionally, whole exome sequencing was performed for the cell line OMC-3 since its mutational 

profile was not available in the literature. Truncating variants in BRCA2 and SMAD4, as well as a 

missense mutation in HMCN2 were observed for OMC3. However, no TP53 or KRAS mutations were 

found (Table 3.4). 

 

Table 3. 4 Whole exome sequencing variants found for OMC3. 

SYMBOL CHROM Genomic variant 
Allele 

frequency 
Variant Type Consequence 

BRCA2 13 g. 32907187GA>G 1 deletion p.Thr525LeufsTer33 

HMCN2 9 g. 133230282C>A 0.55 SNV p.Pro325His 

SMAD4 18 g. 48584604TTACCATCA>T 0.86 deletion p.Tyr260Ter 

  

In order to identify the mutational process during the development of this cell line, a mutational 

signature profile performed by Dr. Deepak Subramanian was analysed. Two different variant classes of 

signatures were considered for the analysis:  Single base substitution (SBS) and small insertions and 

deletions (ID) signatures. The SBS signature refers to the replacement of one nucleotide, within 96 

different codon contexts. The ID signatures considered the incorporation or the insertion or loss of small 

DNA fragments.  The mutation signature detection for OMC3 revealed COSMIC Sig3 as the major 

component (Figure 3.9) consistent with the BRCA2 mutation found. Copy number analysis of OMC3 

showed a HRD score of 56; therefore, this cell line is HR deficient. Despite the MOC label, the genetic 

profile of OMC3 does not truly match the characteristics of MOC; the variants identified in OMC-3 

along with the signature detection were not consistent with an MOC and it should be classified as a 

different type of cancer cell line and avoid being used in MOC studies.  We suggest that this cell line is 

more likely to be of metastatic pancreatic cancer origin, which is one of the most difficult to distinguish 

from advanced primary MOC. Thus, this cell line was excluded from the following experiments in the 

study. 
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Figure 3. 9 Molecular signatures of OMC-3. A. The molecular single base signature of OMC3, showing the number of each base pair change by codon context. B. Molecular signatures SBS3, 

8 and 39 are enriched in OMC3 based on COSMIC version 3. SBS3 is associated with BRCA1 and BRCA2 germline and somatic mutations in ovarian, breast, and pancreatic cancers. SBS39 is 
associated with pancreatic and ovarian adenocarcinoma but with unknown aetiology, while SBS8 has an unknown aetiology but is common to many cancer types. C. OMC3 presents ID6 which 

is associated with SBS3, defective homologous recombinant T-based DNA repair, often due to inactivating BRCA1 and BRCA2 mutations.  
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3.2.5.2 Genetic manipulation of MOC cell lines using CRISPR/Cas9. 

The ability to rapidly modify genetic information has increased with the development of the clustered 

regularly interspersed short palindromic repeat associated protein 9 (CRISPR/Cas9) technique . Some 

of the advantages of CRISPR/Cas9 are the ability to entirely knockout gene expression by cutting target 

sequences directly at the DNA level; the stability of the double chain form of sgRNAs and their easy 

design; and finally, that DNA sequences can be knocked-in, potentially editing multiple genes at the 

same time (255). In this thesis, we used the potent CRISPR/Cas9 genome editing technique to knockout 

(KO) ELF3 in MOC cell lines RMUG-S, MCAS, JHOM-1, and immortalised ovarian epithelial cells 

HOSE-17.1.  For this thesis, a multi-guide sgRNA (3 modified sgRNAs) strategy targeting the early 

part of ELF3 exon 1 was applied. After co-transfection, the sgRNAs created concurrent double-stranded 

breaks at the targeted genomic locus and consequently induced various deletions in the cell lines (Figure 

3.10 A).  

Sanger sequencing showed heterozygous knock outs in the cell lines, probably as consequence of the 

CRISPR multiguide approach and the bulk population of KO cells used in the experiments, meaning 

that some of the cells have no mutation and so the bulk population appeared to be mixed (Figure 3.10 

A).  However, the editing efficiency data knockout score for all the cell lines (bulk population) ranged 

from 67% to 80% (Figure 3.11 C). Additionally, the discordance plot showed the level of alignment 

per base between the wild type (control) and the edited samples in the region around the cut site; the 

CRISPR edits, and the control are close together before the cut site and separated near it, showing a 

high level of sequence discordance (Figure 3.11 D).  

 Western blotting revealed that compared to the WT controls, the ELF3 protein level decreased, was 

shorter and/or was completely absent in the corresponding CRISPR edited cell lines . For example, 

MCAS presented a slightly shorter protein probably produced by exon skipping (Figure 3.10 B), while 

RMUG-S KOs had reduced ELF3 protein perhaps due to a mixed population of cells without the 

mutation. SKBR-3, a breast cancer ELF3 positive cell line, was included as a positive control, and an 
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observed band of 47 kDa was shown for ELF3 and 42 kDa for the house keeping control β-actin, similar 

to the observed bands reported by the antibody production company ABCAM (Figure 3 .11 B).  

Thus, ELF3 knockout cell lines suitable for further studies were generated and validated .  

A. 

B.  

 

Figure 3. 10 Sanger sequencing and RNA-sequencing of WT and KO cells. A. Sanger sequencing showing the heterozygous 
clones  in  the KOs, the red line shows the fragment deletion achieved after CRISPR. B. Diagram of HOSE-17 WT and RMUG 
KO  RNA sequencing. The KO image shows the deletion sites (red arrows) .
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Figure 3. 11 Generation and validation of ELF3 knockouts using CRISPR/CAS9. A. Schematic representation of the gene structure and sequences of targeted loci. The exons are pictured as 

black rectangles, deletions created are shown in vertical dotted lines. B. Western blot analysis showing loss of ELF3 in the clones and unchanged levels of the control β -actin. SKBR-3 was used 

as a positive control for ELF3, in red the molecular ladder. C. Cell lines were analysed for knockout efficiency using the ICE analysis online tool form Synthego. D. Discordance plots for the 
edited (green) and control (orange) trace files. 
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3.2.5.3 Loss of expression of ELF3 increases cell proliferation, migration, and invasion abilities 

in MOC. 

To quantify cell proliferation, the CellTiter-Glo® Luminescent Cell Viability Assay was used.  The 

method measures metabolically active cells by ATP quantification present in viable cells in culture .  

Proliferation experiments were done in two biological repetitions, each with triplicates for every cell 

line. Proliferation rates were taken at 48 and 96 hours (Table 3.5, Figure 3.12).  

The data from the assay indicated that all the MOC cell lines increased proliferation after ELF3 knock-

out between 37.41% and 257% compared to WT cells. In contrast, we observed a decrease in cell 

proliferation of 26.75% at 48 hours , and 23.61% at 96 hours in the immortalised ovarian epithelial cells 

HOSE 17-1 compared to the control (p<0.01) (Figure 3.12).  

 

Table 3. 5 Mean percentage of relative cell proliferation in ELF3 Knockout cell lines 

 

 Cell lines Increased % proliferation at 48 hours 
Increased % proliferation at 96 

hours 

MOC cell lines 

RMUG-S 37.41 ± 3.2 64.09 ± 21.6 

MCAS 175.6 ± 2.5 257 ± 6.6 

JHOM-1 41 ± 1.4 76.47 ± 23 

Normal epithelial ovarian 

cell line 
HOSE 17-1 -26.75 ± 4.7 -23.61 ± 1.7 

 

- Decrease in cell proliferation %  

Cell migration plays an important role not only in embryonic development and immune response, but 

also in cancer.  The study of cell migration in cancer is important due to its relationship with metastatic 

progression as the main cause of death. Cancerous cells need to invade and migrate through an 

extracellular matrix in order to invade blood circulation and disseminate throughout  the body (256). 

The transwell cell invasion and migration assay allows detailed investigation of cell migration and 

invasion behaviour of cells. The migration assays provide information of how cells are able to migrate 
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through a physical barrier and can be used to further investigate cell invasion when a layer of ECM is 

added to the upper chamber of the transwell. The ECM mimics the extravasation process of cells (256-

259). For this thesis I used these cell motility assays to determine the invasion and migration capabilities 

of MOC ELF3 KO cell lines.  

ELF3 knockout statistically significantly increased the migration capacity of MCAS (31%, p=0 .01) and 

JHOM-1 (57%, p=0.01), but not RMUG-S (7% p>0.05). Cell migration potential was decreased by 

22% for the immortalised epithelial cells HOSE 17-1 but this was not significantly different (Figure 

3.13). Furthermore, all MOC cells with ELF3 KO exhibited a statistically significant increase in 

invasive potential with invasion indices of 1.5 for MCAS, 1.3 for JHOM-1 and 1.5 for RMUG-S. HOSE 

17-1 KO did not show a significant difference for invasion (Figure 3.14), invasion index = 1.0. 
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Figure 3. 12 Relative cell proliferation percentage.  MOC cell lines MCAS, JHOM-1, RMUG-S, and immortalised epithelial 

ovarian cell line HOSE 17-01 proliferation is represented in percentage (%), comparing ELF3 KO and WT controls.  MOC 

cell lines increased in proliferation while normal ovarian epithelial cell line reduced its ability to proliferate when ELF3 
expression is decreased. Data are presented as mean, with means of two independent biological experiments each with three 
replicates (Student’s t test **p=0.01; ***p=0.001; ****p<0.001).  KO= knockout; WT = wild type control. 
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Figure 3. 13 Cell migration of MOC cells is increased.  Data are presented as mean, with the range of the means of two 
independent biological experiments each with three replicates (Student’s t test  **p<0.05; ns=no significant); KO= knockout; 
WT= wild type control.  
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Figure 3. 14 MOC cell invasion potential is increased in ELF3 KOs. Data are presented as mean, with the range of the 

means of two independent biological experiments each with three replicates (Student’s t test **p<0.05; *p=0.05); ns=no 
significant; KO= knockout; WT= wild type control. For proliferation, migration and invasion assays, each experiment was 

repeated twice.  

*The data in this section is presented as a mean and s.d, two-tailed unpaired Student’s t-test was used to compare WT and KO 
groups. p = 0.05 was considered statistically significant.   
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3.2.5.4 RNA-seq analysis shows that NEAT1 is differentially expressed in ELF3 KO MOC 

cell lines.    

The impact of perturbing a gene can be uncovered by the analysis of gene expression levels  through 

RNA-Seq (260), particularly when the gene is a transcription factor like ELF3. Using RNA-Seq analysis 

of WT and ELF3 KO MOC cells, we identified one differentially expressed gene: NEAT1 (adjusted p 

= 0.02; log fold-change 3.27) (Figure 3.15).  

In the mucinous tumour cohort ELF3 and NEAT1 were weakly positively correlated (r = 0.26, p=0.03, 

Pearson's product-moment correlation) (Figure 3.14). ELF3 mutated samples did not have 

significantly higher expression of NEAT1 (Welch two sample t-test p=0.27), however the 

sample size was only four. NEAT1 has recently been identified as a potential therapeutic target in 

pancreatic cancer patients. Interestingly, the association between NEAT1 and ELF3 mRNA enhances 

the IGF2BP1-ELF3 mRNA combination, stabilizing ELF3 mRNA. This stabilization results in the 

enhancement of pancreatic cancer growth and metastasis (261).    
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Figure 3. 15 RNA sequencing analysis of ELF3 KO in MOC cell lines. A.  Volcano plot showing the top 50 differentially 
expressed (DE) genes by log-fold-change and p value, respectively. B. Correlation analysis showed a positive association 

between the expression of ELF3 and NEAT1, ELF3 mutated samples are shown in red. C. Heat map showing the top 50 DE 

genes by p value in the WT and KO cell lines. NEAT1 is shown with the red arrow. Blue is low expression and red is high.  D. 
Heat map showing the expression of ELF3 and NEAT1 in the MOC cohort. BNG: benign, BDL:  borderline and MOC: 

mucinous ovarian cancer tumour samples. * ELF3 mutated samples in the cohort. Red is low expression and white/yellow is 
high. 
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3.3 Implications of this study and future directions.  

 

Transcription factors may behave as tumour suppressors, oncogenes, or both in different types of 

cancer. For example, in lung cancer some transcription factors have both tumour suppressive and 

oncogenic behaviours, although the precise role depends on the histological subtype (262, 263). 

Recurrent deleterious mutations in the transcription factor  ELF3 have been  reported in cervix, stomach, 

biliary tract, and bladder cancers, suggesting a tumour suppressive role in these cancer types (264-267). 

In contrast,  oncogenic activity of ELF3 has been related to gene amplifications in breast, colorectal 

cancer and lung adenocarcinoma (267).  

In this chapter, we have comprehensively analysed 210 human mucinous ovarian tumours and identified 

that ELF3 is mutated 6.6% of MOC (12/181 samples) and 10% of borderline tumours (3/29). The 

majority of mutations (9/17) were found in the carboxyl‐terminus of the protein (ETS domain of the 

gene, 83 amino acids long) representing significant enrichment in this domain (p=0 .007, Fisher’s exact 

test) (Figure 3.16). This clustering, especially of truncating mutations, would be unexpected for a classic 

tumour suppressor gene and is supported by the identification of ELF3 as a “hotspot” gene by TUSON. 

The location of these mutations in MOC suggests that truncated ELF3 could still produce protein and 

might have a new function without the ETS domain. Truncating mutations in this domain were also 

seen in colorectal, lung and bladder cancer, although not necessarily enriched . Enriched missense 

mutations in bladder cancer were also clustered in this domain. Of note, there was no evidence to 

suggest loss of the normal allele for any tumour. Only 1 tumour had a biallelic mutation (01PM0274) 

and both were at low allele frequency (0.07). This profile is at odds with a classic tumour suppressor 

gene for which the normal allele is usually lost. Therefore, on the genetic evidence it is still uncertain 

whether ELF3 is a tumour suppressor or oncogene, and how its mutated function is expressed in cancer . 

Nonetheless, it remains possible that ELF3 mutations could still lead to a tumour promoting 

phenotype, even in a heterozygous state due to dominant negative effects.  
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Figure 3. 16 ELF3 mutation diagrams in different types of cancer. Doted boxes show the similar truncating mutation in the ETS domain in colorectal and MOC cancers. For all cancer types 
but MOC data was obtained from cBioportal. 
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Furthermore, 78.5% of the ELF3 mutated samples were Tp53 mutant (Fisher’s exact test p<0,05). 

Pandey et al. observed that mutations in Tp53 and ELF3 are significantly co-occurred in gallbladder 

cancer (p= 0.01). Moreover, the authors claimed that patients with both mutations have a worse overall 

survival (268). Interestingly, we did not find a significant correlation of a positive feedback loop 

between ELF3 and ERBB2 amplifications (Fisher’s exact test, p= 0.2) as reported before in MOC (269) 

or in breast cancer (270).  

To further investigate whether ELF3 is a tumour suppressor in MOC, we introduced truncating 

mutations in the most representative MOC cell lines (MCAS, JHOM-1, and RMUG-S), as well as in a 

normal ovarian epithelial cell line (HOSE-17.1). These experiments suggested that ELF3 might play a 

tumour suppressor role in MOC, especially into the ability of MOC cells to proliferate, migrate and 

invade.  When ELF3 is supressed, MOC cell lines generally increased proliferation, migration, and 

invasion. On the other hand, we observed that in the immortalised epithelial cell line HOSE 17.1, the 

ability of cells to proliferate was decreased and there was no difference in migration or invasion . The 

role of ELF3 might therefore depend on coexisting mutations in neoplastic and normal epithelial cells. 

Indeed, there is conflicting evidence from the literature about the role of  ELF3. For instance, ELF3 

plays an oncogenic role in non-small cell lung cancer, whereby overexpression increased proliferation, 

migration and invasion cell ability via the PI3-kinase pathway (239). Iwai et al. showed evidence that 

in oral squamous cell carcinoma ELF3 overexpression suppressed the invasion capacity of the cells by 

negatively regulating MMP-9 (271).  

In ovarian cancer cells the silencing of ELF3 increased proliferation, while overexpression decreased 

proliferation, anchorage independent growth and in vivo tumour growth (183), which was proposed to 

be due to inhibition of EMT.  This result showed that ELF3 behaves similarly in MOC when compared 

to other OC. Even though ELF3 plays an important biological role in MOC, the precise molecular 

mechanisms through which this gene contributes to cell invasion, migration and proliferation remains 

unknown. One possible explanation arises from our RNA-seq data, in which we found that ELF3 gene 
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expression is negatively correlated with ZEB1 and PIK3CA, but positively correlated with IRF6. Similar 

results were reported in gastric cancer, where IRF6 expression was reported as favourable for prognosis 

(243). However, to date the role of ZEB1 and IRF6 in MOC have not been studied. Surprisingly, the 

RNAseq data comparing the knockout with parental cells only found a single differentially expressed 

gene once adjusted for multiple testing. However, this may be a consequence of having only three 

knockout cell lines, enabling limited power to detect differences. Nonetheless, an association between 

ELF3 and the single candidate, NEAT1, has recently been reported in pancreatic cancer (261), and we 

found that ELF3 was weakly correlated with NEAT1 expression in our MOC cohort.  In the future, 

additional cell line or organoid knockouts should be performed to assess this association and identify 

other affected genes more fully. Additionally, proteomic studies could be assessed in the knockout cells 

to deeply understand the role of this gene at the protein level and evaluate changes in the protein 

landscape with the introduced mutations.  

The observation that ELF3 KO in immortalised ovarian epithelial cells decreased proliferation 

suggested that in order for ELF3 to function as a tumour suppressor gene, additional mutation events 

might be needed. Introducing some specific mutations to the cells in order to test this hypothesis should 

be considered for future studies. In order to fully evaluate the change in proliferation correlated with  

ELF3, future studies could include the impact of altering ELF3 in non-malignant settings, also including 

multiple genetic manipulations to assess cell transformation. Tumour growth could also be evaluated 

by clonal elimination of ELF3 in xenograft models.  

Given the prevalence of truncating mutations in ELF3, complete knockout seemed to be the best 

approach, however, the observation of multiple ETS-domain mutations suggests that knocking in 

specific cancer-associated mutations could have been a better approach. The complexity surrounding 

the conflicting observations of the role of ELF3 in different cancer contexts also indicates that knocking 

in specific MOC mutations in primary mucinous pre-malignant cells may be required to understand 

their impact. Similarly, if a primary MOC line could be identified to carry an ELF3 mutation, reversion 

of that mutation could also be a powerful method to determine its cancer promoting role . 
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Moreover, studies which include immunohistochemistry analysis of ELF3 in MOC tumour sections 

should be conducted to identify its expression and association with patient survival . Additionally, the 

further study of the changes in gene expression of ELF3 mutated versus normal in MOC patient tumours 

could be relevant to identify associated phenotypes and cancer pathways.  

In this study, we made several key contributions that will further understanding the role of ELF3 in 

MOC, taken together, our data showed that ELF3 could possibly act as a tumour suppressor in MOC. 

With CRISPR/Cas9 libraries the identification of signalling pathways and new therapeutic agents that 

target ELF3 mutations could be used to improve the survival of MOC patients.  
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Chapter 4 

Development of primary patient-derived 3D tumour organoids as a 

research model for Mucinous Ovarian Cancer 

 

 4.1 Introduction  

Over the past few years the MOC research field has gone through a remarkable shift that led to important 

discoveries in understanding the genomic landscape (151). However, translation of these findings into 

treatments has not advanced. The most common systems for the study of OC are cell lines and 

xenografts (58, 91, 98, 106, 113), however, cell line establishment has a low success rate, high in vitro 

selection, and copy number variation (272). In contrast, the rapid tumour evolution, high maintenance 

costs, and limited large-scale experiment suitability represent the biggest disadvantages of xenograft 

models (273). The development of organoid technology is filling the gap between cell line and xenograft 

studies, with the potential for personalized medicine and connecting cancer genetics and patient trials. 

Moreover, organoids allow the intensive study of homeostasis and disease progression. OC and 

especially MOC research has been obstructed by the lack of suitable in vitro model systems; patient-

derived models are limited, and tumour organoid models are rare. In fact, until May 2019, two years 

after I started the research for this thesis, there were no published literature on the development of OC 

organoids. The landmark publication on OC organoid research in 2019 included very few MOC cases 

(113), and the culture media conditions for this particular type of cancer are not clearly defined, 

specifically the essential  addition of recombinant proteins to the media for different tumour organoid 

lines. Thus, novel platform approaches for MOC studies were needed.  

This chapter presents the establishment and characterization of a successful in vitro MOC research 

platform that supports long term expansion of mucinous ovarian organoids corresponding to borderline 

(MOBO), and MOC (MOCOR) tumours. Thus, this chapter aimed to: 
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1. Determine the optimal conditions under which MOCOR and MOBO can be cultured as 

primary patient-derived organoid models. 

2. Characterize MOC and borderline tumour organoids morphologically, histologically, and 

genetically.  
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4.2  Results 

4.2.1 Protocol Development to culture long term human MOC organoids 

4.2.1.1 Patient cohort 

To generate a cohort of patient derived MOC and borderline (MOCOR and MOBO respectively) 

organoids, a collaboration for a sample stream was established with the Peter MacCallum Cancer 

Centre, the Royal Women’s Hospital, Cabrini Health Australia, and Monash Health, whereby blood 

and tumour tissues were retrieved from patients diagnosed with mucinous ovarian tumours (MOT) who 

underwent tumour resection or biopsy (Table 4.1). All tissue samples used in this thesis were obtained 

with written informed consent from all the participants in accordance with the Declaration of Helsinki 

guidelines (2000). Collected material was further examined and characterised by histopathologist for 

MOC diagnosis confirmation.  The majority of samples used in this thesis were isolated from the ovaries 

from female patients with primary ovarian tumours, with 2/41 samples from patients with primary MOC 

that had spread into different metastatic lesions, patients P-02 (omentum) and P-16 (small intestine) 

respectively (Table 4.1). It can be challenging to correctly determine the histological diagnosis before 

surgery or even on the intra-surgical frozen section and thus 10 out of the 41 samples had a final 

diagnosis that was not a mucinous tumour and were excluded from the study. Similarly, although we 

were targeting MOC, the final diagnosis was a less advanced tumour (benign or borderline) in the 

majority of cases (17/41 benign, 8/41 borderline). 
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Table 4. 1 Patient clinical data and Organoid Information 

Organoid ID 
Centre of 

collection 

Patient 

Number 

Origin of 

Tissue 
Pathology diagnosis 

MOGO-01 RWH P-01 Ovary Benign seromucinous cystadenoma 
MOCOR-2 PMC P-02 Omentum Mucinous adenocarcinoma of the ovary 

MOBO-03 RWH P-03 Ovary Disrupted mucinous borderline tumour 

MOGO-04 RWH P-04 Ovary Benign mucinous cystadenoma of ovary. 

MOBO-05 RWH P-05 Ovary High grade borderline mucinous tumour 

MOBO-06 RWH P-06 Right Ovary Mucinous borderline tumour of ovary 

MOGO-07 RWH P-07 Ovary Benign mucinous cystadenoma. 

MOBO-08 MH P-08 Ovary Low grade borderline mucinous tumour 

MOBO-09 MH P-09 Left ovary Low grade borderline mucinous tumour 

MOCOR-10 MH P-10 Right Ovary High grade serous tumour of the ovary 

MOBO-11 RWH P-11 Left Ovary Mucinous borderline tumour of ovary (endocervical type). 

MOCOR-12 RWH P-12 Right Ovary Well-differentiated mucinous adenocarcinoma. 
MOGO-13 MH P-13 Ovary Seromucinous cystadenoma 

MOGO-14 RWH P-14 Ovary Pseudomyxoma tumour 

MOBO-15 CH P-15 Ovary Borderline mucinous tumour of the ovary 

MOCOR-16 PMC P-16 
Small 

Bowel 
Mucinous ovarian adenocarcinoma (metastasis from primary ovarian) 

MOGO-17 RWH P-17 Right Ovary Mucinous cystadenoma in association with Brenner tumour and fibrothecoma 

MOGO-18 RWH P-18 Left Ovary Mucinous cystadenoma of ovary, endocervical type 

MOGO-19 RWH P-19 Left Ovary Mucinous cystadenoma 

MOBO-20 RWH P-20 Ovary Benign mucinous cystadenoma 

MOBO-21 RWH P-21 Ovary Seromucinous cystadenoma, with focal borderline changes.  

MOBO-22 RWH P-22 Ovary Right ovary mucinous adenocarcinoma of ovary (with 10% endometrioid differentiation) 

MOGO-23 RWH P-23 Ovary Benign mucinous cystadenoma of ovary (endocervical type). 

MOGO-24 RWH P-24 Ovary Brenner tumour with associated benign mucinous cystadenoma of ovary 

MOGO-25 RWH P-25 Ovary Benign mucinous cystadenoma of ovary 
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Organoid ID 
Centre of 

collection 

Patient 

Number 

Origin of 

Tissue 
Pathology diagnosis 

MOBO-26 RWH P-26 Ovary Mucinous borderline ovarian tumour 

MOBO-27 RWH P-27 Ovary Mucinous borderline ovarian tumour 

MOBO-28 RWH P-28 Ovary Mucinous adenocarcinoma of ovary 

MOGO-29 RWH P-29 Ovary Benign mucinous cystadenoma of ovary 

MOBO-30 RWH P-30 Ovary Mixed high grade clear cell (85%) and endometrioid (15%) adenocarcinoma 

MOGO-31 RWH P-31 Ovary Benign mucinous cystadenoma of ovary 

MOBO-32 RWH P-32 Ovary Mixed ovarian endometrioid and clear cell carcinoma (endometrioid 70%, clear cell 30%) 

MOGO-33 RWH P-33 Ovary Metastatic appendiceal mucinous neoplasm 

MOGO-34 RWH P-34 Ovary Benign mucinous cystadenoma of ovary (endocervical type) 

MOGO-35 RWH P-35 Ovary Benign mucinous cystadenoma of ovary. 

MOGO-36 RWH P-36 Ovary Benign mucinous ovarian tumour; cystadenoma of ovary (endocervical type). 

MOGO-37 RWH P-37 Ovary Metastatic bilateral caecal adenocarcinoma 

MOGO-38 RWH P-38 Ovary Mucinous adenocarcinoma 

MOGO-39 RWH P-39 Ovary Benign mucinous cystadenoma of ovary 

MOGO-40 RWH P-40 Ovary Benign mucinous cystadenoma of ovary 

MOGO-41 RWH P-41 Ovary Mucinous ovarian borderline tumour with a focal mucinous carcinoma  

RWH: Royal Women’s Hospital; PMC: Peter MacCallum Cancer Centre; CH: Cabrini Health Australia; MH: Monash Health 
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For each mucinous ovarian case, the available tumour was collected in cold organoid collection media 

(Chapter 2, Table 2.8) and used for a) organoid derivation, b) fresh frozen tissue for microdissection 

and nucleic acid isolation for sequencing, and c) Formalin-Fixed Paraffin-Embedded (FFPE) blocks for 

histological analysis. In samples where the available tissue was limited (≤ 1cm), organoid derivation 

was prioritised over fresh frozen or FFPE tissue. The tissue used for organoid derivation was dissociated 

into single tumour cells, and resuspended in growth factor reduced Matrigel, plated in 48 well plates 

and supplemented with MOC organoid media as described in Chapter 2 (Figure 2.1). 

4.2.1.2 Mucinous ovarian tumour organoid media composition 

Organoids represent a powerful approach to model disease characteristics in vitro, however, to achieve 

long-term expansion of organoids that preserve the tissue of origin features, is a challenge. This section 

describes the development of a successful MOT organoid medium.  

Kelemen et al. previously showed that primary mucinous carcinomas of the ovary and colorectum share 

similar histological patterns (274), for this reason and to generate MOT organoids, I started by adapting 

and optimizing the culture conditions previously used to establish colorectal organoids by Professor 

Rob Ramsay’s group (PMCC) (275). Colorectal organoid basal media (CRC-OBM) contained advanced 

DMEM/F12, L-glutamine, HPES, A8301, B27 supplement, EGF, Gastrin, N-acetyl cysteine, TGFβ 

inhibitor SB431542, MAPK inhibitor SB202190 and Rho-Kinase inhibitor Y27632 (Table 4.2).  

Studies have shown that ovarian tumour cell lines derived using an improved methodology by Ince et 

al. which includes the addition of insulin to the media, significantly improved the proliferation and 

tumour cell growth. Moreover, insulin is the one of the most commonly used growth factors to improve 

and sustain cell growth of many cell cultures (276, 277). Additionally, the hormones present in the 

ovaries like oestradiol and progesterone play a key role in the ovary environment, so for this reason the 

first 5 MOT organoids were cultured in CRC-OBM as well as in the first tested alternative MOC 

organoid medium (MOC-ORGM0), which comprised CRC-OBM supplemented with insulin and/or β-

oestradiol and progesterone (Table 4.2). However, none of these media achieved long-term organoid 

culture; in fact, the number of organoids was completely reduced from passage two to passage three 
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(Figure 4.1), showing that additional factors were necessary for the long-term development of mucinous 

ovarian organoids. Moreover, the addition of progesterone showed a reduced number of organoids 

compared to the other conditions, especially when compared to CRC-OBM (Tukey test p=0.05). 

 

Figure 4. 1 First MO tumour organoid cultures. I.  Number of organoids in MOCOR-02 after 3 passages in different media 
conditions. In red, CRC organoid basal media (CRC-OBM), in yellow CRC-OBM + insulin, in blue CRC-OBM + β-oestradiol, 

and finally in green CRC-OBM + progesterone. Average number of organoids represented per condition during three different 
passages n= 3 wells. P= passage. II. MO tumour organoids at the higher passage achieved. A. MOGO-01, P3. B. MOCOR-

02, P2. C. MOBO-03, P3. D. MOGO-04, P3. E. MOBO-05, P3. F. MOBO-06, P3. G. MOBO-07, P2. H. MOBO-08, P2. I. 
MOBO-09, P1. 
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Table 4. 2 MOT organoid media compositions 

COMPONENT CRC-OBM MOC-ORGM0  MOC-ORGM1 MOC-ORGM2 MOC-ORGM3 

ADVANCED DMEM/F12 ✓  ✓  ✓  ✓  ✓  

HEPES ✓  ✓  ✓  ✓  ✓  

L-GLUTAMINE ✓  ✓  ✓  ✓  ✓  

PENICILLIN-STREPTOMYCIN ✓  ✓  ✓  ✓  ✓  

A8301 ✓  ✓  ✓  ✓  ✓  

B27 ✓  ✓  ✓  ✓  ✓  

EGF ✓  ✓  ✓  ✓  ✓  

GASTRIN ✓  ✓  ✓  ✓  ✓  

N ACETYL CYST ✓  ✓  ✓  ✓  ✓  

Y27632 ✓  ✓  ✓  ✓  ✓  

SB202190 ✓  ✓  - - - 

SB431542 ✓  ✓  - - - 

RECOMBINANT HUMAN R-

SPONDIN 1 PROTEIN 
- - ✓  ✓  ✓  

RECOMBINANT HUMAN WNT-3A 

PROTEIN 
- - ✓  ✓  ✓  

FGF 10 - - - - ✓  

NICOTIDAMINE - - - - ✓  

FGF 2 - - - ✓  ✓  

PROSTAGLANDIN (PGE-2) - - - - ✓  

HUMAN NOGGIN - - - ✓  ✓  

N2 - - - - ✓  

Β-OESTRADIOL - ✓  ✓  ✓  ✓  

PROGESTERONE - ✓  ✓  ✓  - 

INSULIN - ✓  ✓  - - 
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The results from the molecular analysis of the MOC panel, described in Chapter 3, indicated that MOC 

has genetic events that are distinct from colorectal cancer, as they generally lack mutations in APC or 

-catenin (CTNNB1). Thus, colorectal cancer organoids can grow in the absence of exogenous Wnt 

signalling, unlike normal colorectal epithelium. The Wnt pathway is one of the most important stemness 

regulators for organoid development (278-280). Therefore, we hypothesised that the addition of Wnt-

3a and agonist R-Spondin1 could play an important role in the derivation of MOC organoids. The next 

condition tested for MOT organoids derivation was the addition of these factors to the media (MOC-

ORGM1, Table 4.2). Some authors have reported that the addition of Wnt-conditioned media has a 

negative effect on some organoid lines due to the presence of serum in the conditioned media production 

(113, 281, 282). To avoid this, we used recombinant proteins (Recombinant Human R-Spondin 1 

Protein, R&D Systems #DS4645RS025; Recombinant Human Wnt-3a Protein, R&D Systems 

#DS5036WN010; 100 ng/mL) instead of conditioned media. Figure 4.2 shows the number of organoids 

presented in culture media with and without Wnt-3a and R-Spondin 1. Although a significantly higher 

number of organoids was observed with the addition of the recombinant proteins, long term 

proliferation of the organoids (passage higher than 3) could still not be achieved (Figure 4.2 B). 

However, Wnt-3a is essential for MOT organoid derivation, and its effect in these organoid cultures 

will be discussed in section 4.2.2.   

The addition of the inhibitors SB202190, SB431542 and A8301 play a similar role to each other in 

organoid culture allowing organoids to be sustained for long term by inhibiting the TGF-/SMAD 

pathway (101, 122, 283). For further experiments, we only kept the A8301 inhibitor in the medium.  
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Figure 4. 2 Addition of recombinant proteins Wnt-3a and R-Spondin 1 to organoid media significantly increases the number of MOT organoids. A.  and B. Comparison between CRC-OBM 

and MOC-ORG medium 1 A. MOBO-08 passage 1. B. MOBO-09 at passage 0 (p 0.05, T-test).   C. The number of organoids in sample MOBO-09 in different conditions over time, (p<0.001, 
2way Anova). MOBO-09 did not proliferate after passage 4. Error bars indicate SEM. n=5 wells per condition. D. MOBO-09 in CRC-OBM. E. MOBO-09 in MOC-ORG medium 1 (addition of 
Wnt-3a and R-Spo1). 
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Although changes in the medium were incrementally improving organoid numbers, the dramatic loss 

in organoids at each passage led us to evaluate whether the passaging methodology was interfering with 

the organoid development. We tested two different methods: a) mechanical passaging of the organoids 

using a glass pipette, and b) enzymatic passaging of organoid using TryplE TM express (Gibco cat# 

12604-021). The mechanical passaging of the MOT organoids was significantly more efficient (in terms 

of organoid number) than the enzymatic method (p<0.001, Tukey Test, 3way ANOVA). Furthermore, 

the addition of Wnt-3a and R-Spondin 1 to the medium increased the number of organoids in both 

passaging methodologies tested as observed before (p<0.001, Tukey Test) (Figure 4.3).  Nonetheless, 

even though the mechanical passaging of organoids gave better results than using an enzymatic method, 

long term organoid culture was still not achieved.  

 

Figure 4. 3 Mechanical vs. Enzymatic passaging of MOT organoids in MOC-ORGM0 and MOC-ORM1. Error bars 
indicate SEM. n=3, **** p<0.001, Tukey Test. TryplE was used in the enzymatic passaging and a glass pipette in the 
mechanical passage.  
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To improve organoid derivation rate and long-term culture, we needed to include factors that support 

organoid growth. Because signalling pathways involved in the maintenance of epithelial ovary 

stem/progenitor cells are unknown, FGF2, a factor secreted by the stromal cells surrounding the ovaries 

was included in the media. Moreover, Noggin and nicotinamide, factors included in organoid cultures 

from tissues that shared similar characteristics to MOC, such as endometrium, pancreas, and colon,  

(101, 284-286) were also tested in the next formulation: MOC-ORGM2 (Table 4.2).  FGF2 improved 

growth somewhat, however the addition of Noggin had the strongest effect in the MOT organoids 

(p<0.001, Figure 4.4). Unfortunately, long-term culture of organoids was not achieved with this 

condition, with the latest passage still P3. 
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Figure 4. 4  Conditions screened for the development of MOT organoids. Average of number of organoids presented in 3 
culture wells of sample MOBO-12 at passage 2. Error bars are SEM. 

  

Based on the genetic similarities shared between MOC and pancreatic cancer, such as KRAS and TP53 

mutations and CDKN2A loss, we next tested the addition of FGF10, Prostaglandin 2 (PGE2) and N2 

supplement, factors present in pancreatic cancer organoid media (287-289). The fibroblast growth factor 

10  (FGF10) promotes lineage specific growth and produces bigger organoids in other cancer types 

(290). PGE2 promotes the long-term repopulation of stem-cells improving culture efficiency (291), 
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enhances epithelial cell repair (292) and promotes proliferation and survival of stem cells (101). N2 

supplement enhances stem cell differentiation performance (293). The addition of these factors to create 

MOC-ORGM3 enabled maximal expansion of MOT organoids in the long-term (Figure 4.5) By the 

time of submission of this thesis MOT organoids reached higher than P23 and were still growing a year 

after culture establishment. Not only the number of passages increased with the optimal conditions for 

organoid growth from CRC_ORGM3, but also the size of organoids was significantly bigger compared 

to earlier media (p<0.001) (Figure 4.5 B).  

Once the conditions for the optimal growth and proliferation of MOT organoids was established, MOC-

ORGM3 was used for organoid culture in the subsequent studies. MOT organoids were robustly 

established; since the development of the MOC-ORGM3 27 tissues from donors were processed, 7 had 

a final diagnosis different to MOT and were excluded from the study; in total 16/20 organoid lines were 

established with an efficiency of 80%, representing benign (n=11/13), borderline (n=3/3) and malignant 

neoplasms (n=2/4) (Figure 4.5 I). 
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Figure 4. 5 MOT organoid media screening. A. Organoids cultured in different media; MOC-ORGM3 showed the highest 
number of passages achieved. The average of at least 3 organoid lines per media and three wells per line is shown. Error bars  

indicate SEM. B. Average size of organoid per media condition tested. Error bars indicate SEM n=3 wells per condition and 
3 organoid lines per condition. C. MOCOR-02 P0. D. MOBO-08 P1 E. MOBO-09 P1 F. MOBO-12 P0. G. MOCOR-16 P. H. 
MOCOR-38 P3. I. Established MOT organoids with medium MOC-ORGM3. 
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Six months after the development of MOC-ORGM3, an ovarian cancer organoid platform manuscript 

was published by Kopper et al. (113). The formulation of the culture media slightly differs from ours 

(Table 4.3). To compare the efficiency of both media, MOCOR-38 and MOBO41, 42 and 44 were 

cultured in Kopper medium and MOC-ORGM3. Organoids were seeded in each culture condition at 

different passages, for MOCOR-38 MOBO 41 and 42 at passage 1 (recovered organoids from 

cryopreservation) and for MOBO 44 from single cells after tissue processing (passage 0) (Figure 4.6 

G). The number of organoids was evaluated after consecutive passages. Interestingly, some of the 

organoids grew better in one or the other media tested (MOC-ORGM3 or Kopper), while for others 

there was little difference. For example, MOC-ORGM3 maintained a higher number of organoids for 

MOCOR 38 (Figure 4.6) and after passage 3 MOCOR 38 organoids growing in Kopper medium did 

not proliferate and darker organoids were less visible. Recently, Craig et al. (unpublished results) 

analysed RNA-seq data of our organoids growing in both media and did not find noticeable differences 

in selection occurring in either medium.   
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Table 4. 3 MOC_ORGM3  and Kopper media composition 

COMPONENT MOC-ORGM3 KOPPER ET AL.  

ADVANCED DMEM/F12 ✓  ✓  

HEPES ✓  ✓  

L-GLUTAMINE ✓  ✓  

PENICILLIN-STREPTOMYCIN ✓  ✓  

A8301 ✓  ✓  

B27 ✓  ✓  

EGF ✓  ✓  

GASTRIN ✓                   - 

N ACETYL CYST ✓  ✓  

Y27632 ✓  ✓  

RECOMBINANT HUMAN R-

SPONDIN 1 PROTEIN 
✓  Conditioned medium 

RECOMBINANT HUMAN WNT-

3A PROTEIN 
✓  Conditioned medium 

FGF 10 ✓  ✓  

NICOTIDAMINE ✓  ✓  

FGF2 ✓  ✓  

PROSTAGLANDIN (PGE-2) ✓                   - 

HUMAN NOGGIN ✓                   - 

N2 ✓                   - 

Β-OESTRADIOL ✓  ✓  

HEREGULIN-Β1 - ✓  

FORSKOLIN - ✓  

HYDROCORTISONE - ✓  
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Figure 4. 6  Evaluation of different MOT organoid culture media. A-F MOCOR-38. H, MOBO-41 and I MOBO-44.  Pictures on the left side are organoids grown in MOC-ORGM3; pictures 
in the right are organoids grown in Kopper medium. A and B. organoids at passage 1. C and D. organoids at passage 2. E and F. organoids at passage 3. G. representation of the number of 
organoids in both culture media at different passages (MOCOR-38 n=1 well per condition, MOBO-41, 23 and 44 n=3 wells per condition)(p<0.05, 2way-Anova).   
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4.2.1.2 Wnt-3a is essential for mucinous ovarian tumour organoid derivation. 

Active Wnt signalling maintains stemness in ovary, liver, skin, and intestinal tract (294, 295). In this 

section we demonstrate that the expansion capacity of MOT organoids is regulated by Wnt-3a. As a 

starting point for this project, we included the recombinant protein Wnt-3a in the MOC-ORM; early 

findings described in section 4.2.1.1 confirmed that the use of Wnt-3a in the media helps proliferation, 

increasing the size and number of organoids in culture. To further investigate whether a full 

concentration of Wnt-3a is essential in MOT organoid cultures, a two-fold dilution range of Wnt-3a 

between 100 ng/ml and 25 ng/ml was applied to cultures.  It was clearly evident that the removal of 

only 50% of Wnt-3a significantly reduced number of organoids by 65.42% (p<0.0001, Tukey test) 

(Figure 4.6). Moreover, morphologically, organoids appeared smaller, their spheric shape changed with 

the reduction of Wnt-3a, becoming irregular, and no viable organoids were found after passage 3 (Figure 

4.7). Taken, together, these results indicate that Wnt-3a activity is essential for MOT organoid 

organisation and growth. 



Chapter 4: Development of primary patient-derived 3D tumour organoids as a research model for Mucinous Ovarian Cancer 
 
 

Page | 120  
 

 

 

Figure 4. 7 Effect of Wnt-3a on MOT organoids. MOT cells were resuspended in growth factor reduced Matrigel and cultured with MOC-ORGM3 containing 100%, 50% or 25% of total 

concentration of Wnt-3a described in medium MOC-ORGM3. A. Organoid number at different Wnt-3a concentrations was calculated after 8 days in culture for MOBO-41. Data shown as mean 
SEM, n=3. B. Representation of MOBO-41 culture with different Wnt-3a concentrations at P1. C. MOBO-41 at passages 3 and 4 with the reduction of Wnt-3a by 50%.   
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4.2.1.3 MOT organoids retain histological characteristics of their corresponding primary 

tumours.  

In order to assess the ability of the organoids to recapitulate the in vivo biology of the corresponding 

tumour tissue, histological parameters were compared. As a starting point, hematoxylin and eosin 

(H&E) staining was evaluated. Then, using immunohistochemistry, the expression of OC protein 

biomarkers was verified. The histological analysis of the organoids revealed that MOCORs showed 

nuclear and cellular atypia and displayed a more organized morphology without papillary-like structures 

in the lumen, in contrast to HGSOC organoids. MOT organoids presented a wide variation in 

morphology between histological subtypes. MOGO and MOBO organoids were mostly clear and cystic, 

contrary to MOCOR which presented a denser and darker morphology with different cellular 

cohesiveness and circularity (Figure 4.8). Characteristics observed in parental tumours were also found 

in counterpart organoids. Tumours with glandular structures showed lumen structures within organoids 

(Figure 4.8 A, B, F and G). Mucinous ovarian tumours with a spectrum of changes from benign, 

borderline and areas of mucinous carcinoma (e.g., MOBO-41) produced a mixed morphology of 

organoids; dense darker organoids with glandular structures, as well as cystic phenotype with a single 

outer cell layer (Figure 4.8 C, D, E and J). 

PAX8, a serous ovarian histotype marker, was negative for both primary tumours and organoids as 

expected, while CK7, a mucinous ovarian tumour marker, was positive for organoids and matching 

tumours (Figure 4.9 and table 4.4). These results confirm the mucinous ovarian tumour origin of the 

organoids and how they successfully recapitulate the matching tumour.  
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Figure 4. 8 Representative images of immunohistochemical stains from MOT organoids and primary tissues. A. P-41 tissue. 

B. MOCOR-41 gland-like structures are indicated by the orange arrows. C. clear cystic organoids (black arrows) D. Mixed 
population organoids from MOBO-41 (red arrows indicate solid phenotype). E. Darker population of organoids derived from 
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P-41 tissue. F and G. Gland-like structures in P-38 tumour tissue (F) and MOCOR-38 (G). H. MOCOR-16 dark dense 
organoids. I. MOBO-27 cystic organoids J. MOBO 41 mixed population of organoids. 

 

Figure 4. 9 Characterization of MOT organoids and primary tissue vitro by H&E staining, and IHC staining (CK7, CK20, 
HER2, P16, P53, PAX8 and PAS). Top, MOCOR-38 and MOBO-41 CK7 staining. Bottom, MOCOR-16 staining.  
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Table 4.  Summary of IHC findings 

Patient ID PAX8 CK7 CK20 PAS HER2 P16 P53 

 Tum Org Tum Org Tum Org Tum Org Tum Org Tum Org Tum Org 

P-16 - - + + - - - - 3+ 3+ + + 100% 100% 

P-38 - - + + - - - - 1+ 1+ N.A N.A 100% 100% 

P-41 - - + + - - - - 1+ 1+ N.A N.A 

Diffuse, 

50% in 

crypts 

50% 

 

4.2.1.4 Genomic level characterization of MOT organoids  

Due to the limited material for some of the MOC tumour samples and the delays in reagent delivery as 

a result of the COVID-19 pandemic, only  MOCOR-16, MOCOR-38 and MOBO-41 were characterised 

at the genomic level. In order to determine whether the MO organoids recapitulate the primary tumour 

at the genomic level, genomic DNA was isolated from tumour and matched organoids for either targeted 

sequencing using a custom SureSelect XT Custom panel (Agilent)(MOCOR-16) or whole-genome 

sequencing (MOCOR-38 and MOBO-41). The corresponding normal tissue or blood samples were also 

sequenced and used as a reference. Mutations in TP53, PIK3CA CACNA1I and MYO18B in MOCOR-

16 and corresponding tumour (p-16) were conserved. For MOCOR-38, KRAS and TP53 mutations were 

conserved in organoid and tumour, however of high-confidence somatic coding variants, only 45% were 

shared overall (14/31). The unique variants were evenly spread between organoid (n=7) and tumour 

(n=10). In contrast, 93% (25/27) of  MOBO-41 and P-41 variants  were conserved, including a mutation 

in KRAS.   

Similar patterns were observed in the copy number variant (CNV) analysis between the primary tissue 

and matched organoid with an 89% sharing of total copy number events for MOCOR-16, 81% for 

MOCOR-38 and 91% for MOBO-41 (Figure 4.10). MOCOR-38 therefore shows some divergence from 

the tumour piece, which may reflect the mixed morphology seen in both tumour and organoid cultures.  
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Figure 4. 10 Percentage shared of total CN profile between tumours and organoids (P-16 and MOCOR-16; P-38 and 

MOCOR-38; P-41 and MOBO-41).  

 

CNV profiles showed conserved events in both organoids and corresponding paired tumours, as shown 

in Figure 4.11. Moreover, CNV were well maintained after one year of prolonged passage of MOCOR-

16 when early (p=6) and late (p=18) passages were compared (Figure 4.11A). Therefore, under 

optimised culture conditions, MOT organoids are able to expand during extended periods of time while 

maintaining genomic stability; organoids recapitulate the primary MOT tissue at the genomic level. 
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Figure 4. 11 Copy number variants between organoids and patient tumours. A. P-16, MOCOR-16 and MOCOR-16 after one year in culture. The black dotted lines highlight representative 
hihgly conserved events between the three samples. Note that the MOCOR-16 1 year old CNV were inferred from RNAseq data, which has considerably lower resolution and is less accurate than 

targeted sequencing. B. P-38 and MOCOR-38. Highly conserved events are shown with arrows.  Tumour and organoid shared CN loss in chromosome 6, 9 and 17. The tumour sample showed 

more events than the organoid pair, this could be partly explained due to the FFPE origin of the tumour DNA. C. P-41 and MOBO41; consistent  events are presented in the tumour and organoid 
pair. The same CN gain is observed in Chromosomes 1 and 12. 
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4.3 Implications for this study and future directions.  

In this chapter, robust defined culture conditions have been sucsessfully optimised for the development 

and expansion of proliferative and fuctional human MOT organoids that can be stably expanded in the 

long term (more than a year), and recapitulate the phenotype and the molecular signature of the in vivo 

tissue. MOT organoids maintain primary tumour characteristics, histologically showing gland-like 

structures, as well as biomarker expression conserving CK-7, PAX8, p53, and p16 staining.    

The succesful long term proliferation of organoids depends on the appropiate combination of growth 

factors and recombinant proteins that support specific signaling pathways, in particulat Wnt, similar to 

other tissues’ organoids (296). The absence of these factors was likely the reason for the early organoid 

culture failure at the beginning of this investigation. Mutations in SMAD4, CTNNB1, GNA11, GNAS, 

RNF43 and ELF3 may play a crucial role in the Wnt signalling pathway regulation (297). Mucinous-

type ovarian cancers often present with mutations and aberrations in these Wnt signalling pathway 

genes overall with mutations in 21.5% of MOC, 6.5% of BDL and 0% of benign (n=5 benign samples) 

(175). Furthermore, chemoresistance in cancer may be regulated by the Wnt signalling pathway and its 

activation of PI3K/GSK3β/β-catenin signalling (298). Here we demonstrated the importance of Wnt-3a 

in MOT organoid culture. Our results are contrary to HGSOC organoid cultures where Wnt pathway 

stimulation can arrest the growth of cancer organoids, but similar to fallopian tube organoids which 

require the addition of Noggin to suppress BMP signalling and activate Wnt (299).  

The diversity in number of organoids between the media developed in this thesis (MOC-ORGM3) and 

the media described by Kopper et al. should be tested further. We found that some of the organoids 

presented better growth when cultured in MOC-ORGM3 media, usually MOC organoids, while  BDL 

or BNG organoids did not show statistically significant differences or grew better in Kopper medium. 

The determination of which of the two media is more effective could give an advantage on how to 

culture specific types of MO tissues for long term propagation. By the time of writing this thesis, our 

lab was investigating the genetic expression profile between organoids growing in the different media.  
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During the sample collection for our organoid cohort, one sample (MOBO-41) presented an interesting 

spectrum of changes from benign, borderline to a focal area of mucinous carcinoma with expansile 

invasion. This tissue clearly represents the progression of the disease from benign to malignant tumours. 

Interestingly, the phenotype of the organoid culture from this tissue showed a mixed population, clear -

cystic and dark-dense organoids, possibly corresponding to the benign-borderline and carcinoma areas 

of the primary tissue. MOCOR cultures consistently displayed denser cohesive structures similar to 

other types of OC organoids (113).  

Although we successfully develop a methodology to culture MOC organoids, we encountered some 

challenges during the development of our cultures. The first challenge was the lack of robust, 

reproducible, and scalable methods for ovarian cancer organoids at the beginning of this project. As 

discussed in Chapter 1 and during this chapter, OC organoid publications became available  recently, 

and here I describe a significant contribution to the field as regards MOC and precursor tumour 

organoids. Additional challenges included the size of tumour tissue obtained for organoid deviation, 

especially for carcinomas. Even though MOC tumours are characterized for large size tumours, the 

nature of the disease allowed us to find areas of benign, borderline and carcinoma in the same tissue, 

making it rare to obtain pure carcinoma samples. Moreover, the quality of the starting material is a 

critical attribute for final organoid development. Fresh tissue processed within hours after collection 

gives better organoid development rates. However, our lab is currently developing organoids from 

cryopreserved samples. In my opinion, one of the biggest challenges was the correct presurgical 

assessment diagnosis; during this project there were 11 incorrect diagnosis of tumours that were grown 

as MOC organoids but had a different diagnosis after full pathology review.   

Once we assessed that MOC organoids were indeed cultured, we faced a challenge in getting Matrigel 

free organoids for nucleic acid isolation and FFPE blocks. We achieved this by the addition of Cell 

Recovery Solution  (Corning) to the organoid domes. Finally, after testing BME (R&D Systems) to 

replace Matrigel in our organoid cultures, we substantially decreased the financial cost of our system 

(data not shown) with reproducible results. Future studies to further improve the MOC organoid culture 
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could include the individual characterization of growth factors and recombinant proteins. By now we 

have demonstrated that Wnt-3a is essential for our organoid development. However, other recombinant 

proteins such as R-spondin should be assessed to further refine the media components. Another  

important factor for future studies is the cryopreservation of organoids in order to achieve a higher 

recovery rate after cryopreserving cultures. For this, different solutions could be tested to further 

preserve the integrity of organoids, including the addition of ROCK inhibitors to the cryopreserving 

media or commercial organoid cryopreserving media. Also, at the moment of cryopreserving, whole 

organoids vs. single cells from organoids should be studied to identify which of these have a higher 

ability to recover and continue the organoid culture. Finally, further characterization of dark and light 

MOC organoids could be studied not only at the RNA expression level but also at the protein  and DNA 

levels. During the writing of this thesis, our lab started the comparison at the genomic level performing 

DNA sequencing of these different organoids.  

In summary, this chapter describes a method for the derivation of long-term culture of MOT organoids, 

comprising different histological subtypes, and faithfully recapitulates the characteristics of the tissues 

of origin. This methodology is a valuable tool for future research on the biology and progression of 

MOC. Moreover, the long-term genetic stability of these organoids provides advantages over MOC cell 

line cultures and enables the numerous downstream applications such as the screening of novel therapies 

for MOC, studied further in Chapter 5.
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Chapter 5 

Pre-clinical drug screening of existing and novel therapeutics in 

mucinous ovarian cancer 3D in vitro models 

5.1 Introduction  

MOC is a heterogeneous disease with great clinical challenges: only a small percentage of MOC 

respond to current chemotherapies and we require a better understanding of the molecular mechanisms 

of each tumour to achieve personalised medicine. Linking the molecular characteristics of the tumours 

with drug resistance and sensitivity could enable the identification of novel biomarkers and therapeutics 

to treat this disease. In vitro studies of MOC have been mainly assessed in few 2D cultures, which have 

limitations, as described in Chapter 1. In order to improve drug development and allow personalised 

medicine, 3D models that recapitulate primary tumour architecture and therefore better reflect drug 

sensitivity could be beneficial.  

Extended studies in several diseases, including OC, suggested a different sensitivity of 2D cell cultures 

to therapies when compared to cell aggregates or 3D models (300, 301). 3D models showed 

multicellular resistance to drugs that induce apoptosis, mimicking the chemoresistance found in patient 

tumours (302). Horvath et al. described how the failure of therapeutics developed from standard 2D 

culture screening in clinical trials contributed to the lack of novel effective treatments for several 

diseases including OC (303). Conversely, many authors have shown strong evidence that some drugs 

are effective exclusively in 3D cultures since some molecular targets are expressed only in 3D 

environments (304-307). For example, in OC, Smriti et al. found that the delivery of the nanomedicine 

Doxil® was increased by 2.5-fold in a 3D spheroid model as compared to the 2D model (308). 

Moreover, experts in drug screening and development have proposed the use of multicellular spheroids 
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and/or organoids as mandatory models for antitumour drug testing (309, 310). Furthermore, spheroids 

and tumour organoids represent a tool for reduction of animal experimentation.  

Organoids have demonstrated great utility for testing therapeutics and discovering novel compounds to 

treat different diseases such as colorectal cancer, prostate cancer, lymphoma and recently HGSOC (311-

313). Tailored treatments for patients could be achieved by obtaining tumour material collected in 

surgery or biopsies, that are sufficient to allow the derivation of organoids and deep sequencing to reveal 

targetable tumour mutations. Importantly, the positive correlation between organoids and patient 

responses to therapeutics was previously shown by the TUMOUROID trial (NL49002.031.14), which 

includes participants with non-small cell lung cancer, colorectal and breast cancer before starting 

treatment (314).  

As shown in previous chapters of this thesis (1.6.3, Chapter 3 and Appendix 1), MOC is characterized 

by specific mutations, summarised in Figure 5.1. The description of the genetic profile of MOC allowed 

the development of a panel of novel therapies that targets the most frequent mutations found in MOCs, 

including a mutant TP53 activator, a Wnt inhibitor, RAF/EGFR/RAS/CDK4 and CDK6 inhibitors, and 

two antitumour compounds for HER2-overexpressing tumour cells (Figure 5.1).  
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Figure 5. 1 Schematic representation of novel drug panel for 3D MOC models. The determination of the target therapeutics presented in this thesis was obtained after the analysis of the MOC 
cohort sequencing, described in Chapter 3. From those results, the most frequent mutations were identified for possible targetable therapies. In red, the MOC cell lines with the target mutations.  
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One of the biggest challenges for cancer treatment is identifying effective drugs for personalised 

medicine. The work detailed in this chapter utilizes the MOT organoids MOCOR-16 and MOCOR-38 

(described in Chapter 4) as well as four MOC spheroid lines to evaluate pre-clinical drug-testing of 

existing and novel therapeutics. The identification of drug combinations is important and in addition to 

single inhibitor assays, the advantages of combination therapies are also assessed in these models to 

determine which of those therapies have a higher chance of successfully treating MOC. Thus, the work 

described in this chapter aimed to: 

1. Perform single drug screening of targeted therapeutics in MOC 3D models. 

2. Evaluate the combinational drug screening response and synergy scoring of therapeutics in 

MOC spheroids. 

 5.2 Results 

5.2.1 Testing 3D methods for drug screening 

As an initial positive control confirming the ability to robustly detect a response of the MOC spheroids 

to treatment, and to validate the activity of the anti-HER2 antibodies in the spheroids, SKBR-3, a 

Trastuzumab/Lapatinib sensitive breast cancer cell line was cultured as a spheroid line and challenged 

with the antibodies in monotherapy under the same conditions as MOC spheroids and monolayer 

cultures. An endpoint assay was applied 5 days after drugs were added, whereby responses were 

established by ATP quantification using CellTiter-Glo3D (315). Metabolically active cells were 

quantified and compared to a non-treated control (DMSO only). Sensitivity was determined by the 

concentration of 50% of maximal inhibition of cell proliferation (GI50). As expected, both Trastuzumab 

and Lapatinib showed high efficacy in SKBR-3 cultures, regardless of the culture condition. SKBR-3 

2D cultures presented GI50 of 2.8 nM and 31 nM for Lapatinib and Trastuzumab, respectivley . 

However, SKBR-3 3D cultures presented higher GI50 values: 7.9 nM for Lapatinib and 630 nM for 

Trastuzumab; showing the reduced sensitivity to drugs compared to the 2D models.  
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To further evaluate the drug responses in 2D and 3D cultures, a randomly selected spheroid line was 

used to perform drug screening using our compound panel. JHOM-1 cell line was cultured in monolayer 

and spheroid systems (900 cells per well in 384 well plates). 2D cultures showed lower GI50 results 

when compared to 3D spheroid lines (Table 5.1). Therefore, data obtained from 3D cultures should not 

be directly compared to 2D values from the literature to establish sensitivity/resistance . 

Table 5. 1 GI50’s comparison between 2D and 3D cultures in JHOM-1 cell line 

  Log10(GI50) (nM) 

 
  JHOM-1 

(3D) 
JHOM-1 

(2D) 

C
o

m
p

o
u

n
d

  

APR-246 3.236 0.179 

BGB-283 4.131 0.189 

PD-0332991 2.404 0.319 
Trastuzumab 0.680 0.370 

Lapatinib 3.334 1.236 

PLX4032 3.162 2.357 

BKM-120 0.942 0.218 

OMP-18R5 1.568 1.439 

 

5.2.2 Evaluation of single novel therapeutics in MOC 3D models. 

To explore the drug responses of novel therapies in MOC, a drug sensitivity screen was applied to MOC 

spheroids in single and combination therapy. For MOC spheroids establishment, MOC cell lines 

MCAS, RMUG-S, JHOM-1 and OMC3 were employed in a 3D 384-well plate screening method (the 

OMC3 cell line was later excluded from the study, as discussed in Chapter 3 and in section 5.3).  

3D spheroids were challenged with drugs, described in Figure 5.1, in a 10-point concentration with two-

fold dilution as described in Table 5.2. In each experiment, three replicates were performed for each 

condition and at least 2 biological repetitions were assessed. Sensitivity was compared to the mutation 

carried by each cell line or organoid (cell line mutations are presented in Figure 5 .1; mutations for 
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MOCORs are presented in Chapter 4 section 4.2.4). Briefly, MOCOR-16 is TP53 and PIKC3A mutant 

and carries an ERBB2 amplification, while MOCOR-38 has TP53 and KRAS mutations.  

Individual spheroid lines showed differential drug responses to the treatments (Figure 5.2), 

demonstrating a range of sensitivities to the compounds with Log GI50 values in the range of -2.04 to 

4.92 nM (0.009 nM – 83.17 µM), as indicated in Table 5.3. According to Brooks et al. GI50 “is the 

dose that inhibits the growth of cells by 50% and is represented as data normalized with respect 

to the initial values” (316)It was clear that MCAS spheroids were the most sensitive overall. MCAS 

carried a KRAS mutation, however, the spheroids showed little sensitivity to the dual RAS-RAF 

inhibitor BGB-283 (0.4 nM). Tang et al. showed that although KRAS mutations are present, BGB-283 

has little or no inhibitory activity in cell lines lacking BRAF V600E mutation (317). This could explain 

reduced sensitivity of MCAS spheroids to BGB-283. JHOM-1 and RMUG-S spheroids (KRAS non-

mutant) were resistant to the treatment. MCAS and JHOM-1 spheroids showed some sensitivity to the 

PI3K pathway inhibitor, BKM-120; this was expected since MCAS has a PIK3CA mutation and JHOM-

1 has a homozygous deletion of PTEN. No cell lines were very sensitive to the Frizzled receptor 

inhibitor OMP-18R5, even though MCAS carries a truncating mutation in RNF43.   

APR-246 has the ability of restoring the WT conformation of mutant TP53 and supresses the growth of 

cancer cells by inducing apoptosis (318, 319), although it also has activity that is p53-pathway 

independent (319). RMUG-S spheroids are TP53 mutant and showed some sensitivity to APR-246 

(GI50= 0.7 nM). as did JHOM-1 spheroids (also TP53 mutant, GI50 = 1.72 nM), although neither were 

as strikingly sensitive as OMC-3. It is unclear why this cell line is so sensitive given the lack of a TP53 

mutation. 

MCAS spheroids were sensitive to Palbociclib, a CDK4/6 inhibitor, and Vemurafenib, BRAF inhibitor 

(GI50 = 0.06 nM and 0.07 nM respectively), despite lacking the predicted genetic biomarkers 

(mutations in CDKN2A and BRAF, respectively).  
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Table 5. 2 Drug concentrations used in spheroid lines. 

 APR-
246 

[nM] 

BGB-
283 

[nM] 

PD-
0332991 

[nM] 

Trastuzuma
b [mg/ml] 

Lapatini
b [nM] 

PLX403
2 [nM] 

BKM-120 
[nM] 

OMP-
18RS 

[µg/ml] 

C
o

n
ce

n
tr

at
io

n 

20000 5000.00 5000 1.0000 3000 10000 10000 500 
10000 2500 2500 0.5000 1500 5000 5000 250 
5000 1250 1250 0.2500 750 2500 2500 125 
2500 625 625 0.1250 375 1250 1250 62.50 
1250 312.5 312.50 0.0625 187.50 625 625 31.25 
625 156.25 156.25 0.0313 93.75 312.50 312.50 15.63 
312 78.13 78.13 0.0156 46.88 156.25 156.25 7.81 
156 39.06 39.06 0.0078 23.44 78.13 78.13 3.91 
78 19.53 19.53 0.0039 11.72 39.06 39.06 1.95 
39 9.77 9.77 0.0020 5.86 19.53 19.53 0.98 

 

Table 5. 3 GI50 values of MOC spheroids treated with 8 different drugs. 

   MOC 3D spheroids/ organoids GI50 Log(nM) 

   MCAS JHOM-1 RMUG-S OMC-3 MOCOR16 MOCOR38 

C
o

m
p

o
u

n
d

  

APR-246 3.44 3.236 3.394 1.144* 2.08 3.229 

BGB-283   2.612 4.131 2.898 3.038 -  2.925 
PD-0332991 
(Palbociclib) 1.929* 2.840 2.849 2.018 

-  
3.154 

Trastuzumab -1.33* 0.441 0.775 2.188 -0.494 -2.264* 

Lapatinib 1.994 3.34 1.424 4.363 0.561* 2.006 
PLX4032 
(Vemurafenib) 1.891* 3.162 2.481 4.924 

- 
3.073 

BKM-120  1.011* 0.910* 1.824 2.507  -  2.158 

OMP-18R5    1.967 1.568 3.337 2.284  - 2.311 

 
*Cell line presenting sensitivity to the therapeutic compound. Mean values of triplicates and two biological 

repetitions are presented. 
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Figure 5. 2 Diversity of sensitivities for the novel drugs tested in MOC spheroid lines. Dose response curves of 8 drugs in 
the MOC panel. Dots represent mean values of triplicates in at least 2 biological replicates.  

 

In addition to the MOC spheroids, two MOT organoids (from the cohort described in Chapter 4), 

MOCOR-16 and MOCOR-38 were evaluated for response to individual therapies. Benign and 

borderline organoids were excluded from the drug screening studies since they are only treated by 

surgical debulking (185), thus, only two MOC cultures were available for screening.  

P-16 and P-38 (as well as their respective MOCOR 16 and 38 respectively) carry TP53 missense 

mutations (P-16: p.Arg248Gln, P-38: p.Arg273Cys). MOCOR-16 also carried a PIK3CA mutation 

(p.Gln546Lys) and MOCOR-38 a KRAS mutation (p.G12D).  MOCOR-16 was derived from a recurrent 

MOC patient in terminal stage; a regimen of FOLFIRI was planned for this patient, but unfortunately 
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the patient passed away before the treatment could be initiated and therefore no response data are 

available. MOCOR 16 showed limited response to FOLFIRI (GI50= 25.1 nM) but was sensitive to 

APR-246 (GI50= 0.99 nM) (Figure 5.3). Surprisingly given its ERBB2 amplification, MOCOR-16 

showed resistance to Trastuzumab (GI50= 79.4 nM). However, sensitivity to Lapatinib was observed 

in this organoid culture (GI50= 3.6 nM). As discussed in Chapter 4, MOCOR-16 was the first successful 

long term MO organoid culture established in our lab. However, the best cryopreservation methodology 

was not yet stablished during the early passages of the organoid. We received the sample before I had 

settled the full drug screening panel. I picked the drugs tested in MOCOR-16 (Figure 5.3A) based on 

the individual profile of the tumour and clinician’s suggestions. Once the full drug panel was 

established, it was not possible to bring back MOCOR-16 from cryopreservation into viable organoids 

ready for drug screening.  

In contrast, MOCOR-38 showed sensitivity to trastuzumab (GI50 = 0.015 nM) but decreased sensitivity 

to APR-246 (GI50 = 7943 nM); similar responses were found for the other drugs in the panel with GI50 

values ranging from 100 nM to 1285 nM (Figure 5.3B).  
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A. 

 
B. 

 

Figure 5. 3 Dose response curves of MOC organoids. A. MOCOR-16. Mean values in triplicates are presented and 

normalized against the DMSO control. B. Dose response curves of MOCOR-38. The results are mean ± S.E.M. of at least two 
independent experiments are presented and normalized against the DMSO control. 
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Overall, these results indicated that the organoids responded to treatment with our drug panel, with only 

a minimal proportion of organoids and spheroids conserving their initial phenotype, spheroid shape and 

functionality, at the highest doses compared to the control as shown in Figure 5 .4. Furthermore, this 

work indicated that growth inhibition could be successfully calculated using the spheroid models, 

validating the system for the combinational synergy scoring presented in the following section . 

 

Figure 5. 4 Morphological changes of MCAS spheroids after treatment of BKM-120. The orange arrow represents the 

direction of the concentration from higher to lower and DMSO control. Images are presented in Brightfield (first row), Live 
stain, Hoechst (middle row), and dead stain 7AAD (bottom row). 
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5.2.3 Evaluation of drug combination screening and synergy scoring in MOC 3D models. 

Drug resistance is a continual problem in cancer treatment. The rational design of pairwise drug 

combinations could become an alternative strategy to beat this problem. Combination drug therapy has 

the potential to enhance the efficacy, reduce the emergence of resistance, and decrease the toxicity of 

drugs by using lower doses in combination (320). 

The systematic evaluation of the pre-clinical significance of drug combinations is commonly achieved 

by the measuring the functional effects in a dose–response matrix.  Based on the observed responses, a 

drug combination could be classified as synergistic, antagonistic, or additive. Synergy is achieved when 

the two-drug combination works better in inhibiting the proliferation of cells than the sum of the 

individual treatments. Antagonism is when the two-drug combination is less efficient in reducing cell 

proliferation than the sum of the individual treatments. Finally, additivity occurs when the combination 

of the drugs act as the sum of the individual treatment (321). In this section I determined the inhibition 

of proliferation of the MOC spheroid models, described in section 5.2.2, by therapeutics in combination. 

A total of 45 combinations were tested per spheroid line (Figure 5.5). The anti-HER2 therapies were 

excluded as none of the cell lines carried the ERBB2 amplification that would indicate a response.  
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Figure 5. 5 Combination of drugs tested in MOC spheroids. Each drug was used in combination with all the other drugs 
presented in the panel.  

 

The effect of the combination of drugs on the proliferation capacity of the MOC spheroids was assessed 

using the Zero Interaction Potency Model (ZIP) proposed by Yadav et al. (321). Six of the drugs were 

screened in pairs to assess their potential to act synergistically in killing 3D spheroids. Drugs were 

automatically dispensed using the Tecan D300e digital dispenser and randomised across the plate . After 

5 days of treatment, ATP quantification was performed using CellTiter-Glo3D and the Cytation 5 Cell 

Imager Reader (BioTek instruments). Each raw value was normalized to the median of the plate 

calculated using the Loess model with a smoothing of 50%. Then, we normalised each value to the 

mean of the DMSO wells on a per-plate basis. The growth inhibition of the spheroids was not only 

demonstrated by the ATP levels, the sphericity and size of the spheroids were considerably smaller 

when compared to the control (Figure 5.6). However, this was not taken as an independent quantitative 

measure of drug activity. Instead CellTiter-Glo3D was used as a quantitative measurement.  
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Figure 5. 6 Phenotypic visualization of MCAS spheroids after treatment with different drugs in combination and compared to the DMSO control.   The first row shows the same well of MCAS 
spheroids before and after 5 days of treatment (APR246 + PLX4032). Day 0 shows how the sphericity of the organoids was kept before the treatment was added to the well, later, day 5 shows the 

lack of sphericity and diffuse shape of the disintegrated spheroids as a result of the drug activity (which breaks the integrity of the spheroids). The second row shows MCAS spheroids all at day 

5 after treatment, comparing to a control (DMSO) and two different treatments: APR-246 + PLX4032, and BGB-283 + PLX4032. The DMSO control shows healthy spheric 3D structures. 
However, the combination of drugs treated wells show fuzzy structures that lack sphericity. 
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Technical and biological variables that impact precision and reproducibility that are also sensitive to 

biological context were the most problematic in this experiment. Factors that impacted the 

reproducibility of experimental data were not fully understood. For this reason, we checked the culture 

plate heat maps for edge effects and obvious seeding or instrument issues were found . Despite leaving 

the outer two rows and columns of the plates empty, and only filling the wells with media to minimise 

evaporation, we could identify significant edge effects that needed to be addressed with plate-location 

based normalisation. The B-score method is often used for addressing edge effects in large screens 

(322). However, it assumes a low hit rate, which does not hold true for drug testing data, especially 

when drugs are applied at high concentration. To address this concern, we used an approach based on 

fitting a local distribution surface using least squares polynomial approximation (323). This method 

performs local regression on a single plate using the Loess-fit method by assessing the deviation of each 

fitted value from the median. Extreme deviations of data from locally adjacent wells would suggest the 

existence of systematic within-plate errors causing peaks and valley shapes in the smooth surface fit. A 

well correction is then performed by subtracting from or adding to the original value. The location-

corrected raw cell viability values (CTG_fit) were normalised to the mean of the DMSO control wells 

on a per-plate/ per cell line basis. These wells should be very consistent and not show loss in cell 

viability. With this normalization we expected that the heat map pattern across the same plate layout 

should be similar from cell line to cell line. The pattern on each plate should reflect the loss in cell 

number with increasing drug dose. Suspicious patterns include death in the same negative control wells 

across every plate (potential compound plating issue); consistently lower values in the outside wells of 

the plate (potential edge effects); and two adjacent rows having dramatically lower/higher values than 

other rows (potential seeding equipment issue). Significant edge effects were found, but no further 

obvious QC issues could be identified based on the heatmaps when randomised or de-randomised 

(Figure 5.7). 
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B.  

 

Figure 5. 7 Heat maps showing fold change values normalized to control (DMSO) per plate. A. DMSO normalized values 

randomized. B. DMSO normalized values derandomized. The scale was calculated across all plates (blue = 0, white = 100%, 
red = max). Media was located in de-randomized columns 22 and DMSO controls were located column 21, rows J to N. 
Spheroid line in the figure: MCAS.  
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In terms of variability, negative controls should ideally have variability < 15% and a percentage of 24% 

is considered unacceptable. This value does not apply to positive controls that cause an extremely high 

level of death, because a high degree of variability is unavoidable when working with very small 

numbers. Despite the smoothing of edge effects, the percentage of variability of DMSO controls were 

slightly higher than in a standard screen (ranging from 4.7 to 35% per plate, Figure 5.8). However, this 

higher variability might also be due to the 3D spheroid format, which is known to have an intrinsically 

higher variability than a standard 2D cell line cultures (324).  

 

Figure 5. 8 Percentage of variability in the DMSO controls across all plates and spheroid lines. The whole data set median 
is represented by the line in the box; the data mean is represented by the cross (x). For RMUG-S (blue) the percentage (%) of 

variability ranges from 6-22.83%; for MCAS (orange) from 11.65-35.06%; and for JHOM-1 spheroids (grey) the % varies 
from 4.77 to 29.79. 

 

In addition to this variability, I did not see the expected dose response for some of the therapies as was 

seen in the mono-therapy experiments. Because the more expensive Matrigel was replaced by BME in 

the synergy screen, I evaluated whether this change was the cause. I manually seeded RMUG-S 

spheroids (selected randomly) and challenged them with APR-246 using BME or Matrigel as 

extracellular matrix. I found similar results in the response to the treatment using both BME and 

Matrigel (Figure 5.9); moreover, the dose response curves were similar as the ones obtained in the 
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monotherapy screening two years before. Therefore, the change in matrix was not the cause and it may 

have been some aspect of the automation. 

 

Figure 5. 9 Drug response curve of RMUG-S spheroids to APR-246 treatment. Spheroids were seeded manually in 384 well 

plates coated with Matrigel (blue) or BME (pink) and challenged with APR-246 for 5 days. ATP was measured at the end of 
the treatment. No significant difference was found between the treatments (T-test p>0.05). Error bars are SEM of n=3 wells. 

 

Despite these technical issues, I found synergistic and antagonistic responses of the spheroids to 

different drug combinations. It is important to mention that the results found in this section need to be 

independently validated in future studies to inform with certainty that the responses found here are truly 

synergistic; this statement is further discussed in section 5.3 and in Chapter 6.  

Synergistic and antagonistic drug combinations were identified for the different types of spheroids, with 

examples shown in Figure 5.10. Some of the drugs showed a better response when combined, and others 

did not show a difference in combination (Figure 5.11). For MCAS spheroids, the top synergistic 

interaction was found with APR-246, which is a mutant p53 activator, and BKM-120, which is a PI3K 

pathway inhibitor. The strongest synergistic effect (56% inhibition) was found within the region of dose 

combinations where APR-246 dose was at 1252.1 nM and BKM-120 at 32.2 nM.  This result is 

interesting given the fact that MCAS spheroids were sensitive to BKM-120 in monotherapy but resistant 

to APR-246 when tested alone. Taken together, the interaction landscape indicated that the combination 
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of APR-246 and BKM-120 might be able to achieve a higher effect than individual drugs while 

maintaining acceptable doses and hence, possibly reducing side effects.  

On the other hand, the interaction landscape analysis also revealed some antagonistic drug 

combinations. For example, one of the antagonistic interactions in MCAS occurred between PD-

0332991 and BKM-120. PD-0332991 is a selective inhibitor of CDK4/6. MCAS spheroids were 

sensitive to both treatments in monotherapy. The combination of these two treatments worked less 

efficiently in reducing the spheroid size than the sum of the treatments individually . As can be seen 

from Figure 5.10, the strongest antagonism was found centred at the dose combination of 32 .4 nM of 

BKM-120 and 19.9 nM of PD-0332991.  

For RMUG-S spheroids a synergistic interaction was found with APR-246, which is a mutant TP53 

activator, and OMP-18RS, which is Wnt pathway inhibitor that targets the Frizzled receptors on cancer 

cells. The strongest synergistic effect (45.7% inhibition) was found within the region of highest dose of 

APR-246 and second highest concentration for OMP-18RS. Interestingly, RMUG-S spheroids showed 

resistance when challenged with either OMP-18RS or APR-246 as a monotherapy.  

The interaction landscape analysis revealed no strong synergies but some antagonistic drug 

combinations for JHOM-1 spheroids. For example, the antagonistic interaction occurring between 

PLX4032 and BKM-120. PLX4032 inhibits BRAF, CRAF and several non-RAF kinases. As seen on 

Figure 5.10, the strongest antagonism between these two compounds was found at the higher 

concentration of both drugs.  
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Figure 5. 10 Visualization of top synergistic and antagonistic drug combination responses in MOC spheroids. The dose-
response matrix is presented in 2D-3D synergy maps. A. MCAS spheroids: Left APR-246 and BKM-120 (synergy); Right PD-

0332991 and BKM-120 (antagonism). B. Left  RMUG-S synergy between APR-246 and OMP-18RS (Vantictumab); Right 

JHOM-1 antagonism between BKM-120 and PD-0332991 
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Figure 5. 11 Top zip scores of combinations of drugs across all spheroid studies in triplicates. A positive ZIP score (shaded 

to red) indicates synergy, while a negative score (shaded to green) indicates antagonism. 

 

5.3 Implications for this study and future directions.  

MOC tumours are rare and lethal when detected at advanced stage. The standard treatment for malignant 

MOC tumours is debulking surgery followed by cycles of platinum-based therapeutics (325). However, 

MOC responds poorly to platinum-based chemotherapy regimens due to the rarity of homologous 

recombination deficiency (326). In 2005, the NCI State of Science meeting established that MOC 

needed separate clinical trials from all other OC types (327), however, these have been difficult to 

perform. Evidence from pre-clinical models could help to inform clinical practice for compounds with 

an established safety and efficacy profile in other cancer types. Therapeutic compounds that target 

genetic events in MOC could thus potentially improve the outcomes for women with this disease . To 

date, there are no drug screening studies reported for MOC in vitro 3D models. The work described in 

this chapter reports for the first time the utility of 3D MOC organoids and spheroid systems for drug 

screening; in combination with the culture conditions previously described in Chapter 4, MOC models 

can be cultured successfully to enable the discovery of new alternative therapies to treat this deadly 

disease. Although this study was restricted to a particular drug panel that aimed to target the most 
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common mutations in MOC (Figure 5.1), additional therapies could be easily tested in the same model 

given the highly adaptable nature of the assay format.  

Successful therapy strategies using novel therapeutics have been reported for other types of cancer such 

as gastroesophageal cancer, where HER2 can be targeted for this disease (328). We tested HER2 

targeting agents in the first MOC HER2+ model (MOCOR-16), which showed limited sensitivity to 

HER2 therapies. Although MOCOR-16 is HER2 positive, it carries a mutation in PIK3CA and 

resistance to anti-HER2 therapy in PIK3CA mutant cells has been reported in breast cancer (329). 

Alternatively, increased resistance to Trastuzumab inhibition may be associated with organoid 3D 

structure organization. In 3D structures, the cells in the core may have limited drug exposure due to 

poor drug penetration, thus, resistance could be associated with strong cell adhesion. As demonstrated 

earlier in this chapter, monolayer cell cultures are more sensitive to therapeutics than 3D cultures, which 

is attributed to the homogenous contact of the cells to the media and drugs in 2D . According to 

Rodriguez et al. aberrations in the PI3K pathway have been involved in Trastuzumab resistance and 

possibly relies on the 3D cell organization of the tumours, and in this case the organoids (329). 

Rodriguez et al. showed that drugs, specifically Trastuzumab, diffuses in different concentrations 

between cell layer populations in breast cancer spheroids. Furthermore, peripheral cells are the first to 

consume the drugs in the media, limiting the toxicity to cells that are in deeper layers of the spheroids, 

distant from the surface (329). However, anti-HER2 therapy with Trastuzumab showed a strong 

inhibition of growth in a second organoid line from a different patient (MOCOR-38). Although not 

tested here, it would be interesting to test whether the diffusion dynamics were different in the mostly 

clear, cystic organoids observed in MOCOR-38 compared to the consistently dark, solid structure of 

MOCOR-16 organoids. An improved response for HER2+ MOC tumours could be achieved by a 

combination of drugs, for example, authors have reported a better response to a combination of 

Trastuzumab + Lapatinib or Afatinib in ERBB3 mutated tumours (330).  
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Besides patient derived MOC organoids, our experiments were performed in MCAS, JHOM-1, RMUG-

S and OMC3 MOC spheroids.  However, as explained in Chapter 3, after whole exome sequencing and 

genetic analysis of OMC3, this cell line was excluded from the study due to the lack of similarities to 

the most frequent genomic alterations in MOC and the presence of a BRCA2 mutation, not seen in 

MOC.  

APR-246 clinical trials selection criteria state that patients with a missense TP53 mutation should be 

included. The TP53-missense carrying cell lines JHOM-1 and RMUG-S showed limited sensitivity, 

while MCAS spheroids with a truncating TP53 mutation did not respond to APR-246 therapy. Organoid 

MOCOR-38 (TP53 mutated) had some sensitivity, but MOCOR-41 (TP53 non-mutated) did not. Thus, 

with these limited data there is some association of TP53 mutation status with response. However, 

recent studies suggested that the response to APR-246 may not be triggered by a TP53 mutation alone. 

In fact, a superior response to APR-246 was found in cancer cell lines that had low expression of 

SLC7A11 (331), which could be caused by the effect of a TP53 missense mutation, but was a stronger 

predictor of response. We did not see a correlation of TP53 mutation with expression of SLC7A11 in 

the MOC cell lines or primary tumours (p=0.7, t-test), so this mechanism may not be present in this 

tumour type. Moreover, studies suggested that APR-246 could resensitize cisplatin resistant HGSOC 

cells by binding cysteines in glutathione, decreasing intracellular glutathione levels and possibly 

affecting drug efflux (332). In this study cisplatin resistance was acquired by exposing cancer cells to 

increased concentrations of cisplatin over a period of time, resulting in acquired resistant cells. Even 

though making resistant cells sensitive to cisplatin sounds promising, this approach might not give the 

same positive results in cells with intrinsic resistance. Thus, MOC may not benefit from this due to its 

often-stable genetic profile where platinum compounds are unlikely to be effective since resistance is 

not thought to be mediated by elevated drug efflux. Nonetheless, this would have been worthwhile 

testing given more time.  
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The lack of a strong response to RAS/RAF inhibitor BGB-283 in KRAS mutated MCAS spheroids and 

MOCOR-38 suggest that the oncogenic signalling for response to this drug might be beyond KRAS, and 

possibly mediated by other pathways such as the Wnt pathway. Different therapeutic compounds such 

as AMG 500 are now being tested in clinical trials for specific mutations in KRAS (CodeBreak100). 

KRAS p.G12C mutations occurred in 3% of colorectal cancers (333) but in just 4/181 (2%) MOC in our 

studies. Hong et al. showed positive response to the therapy of AMG 500 in gastrointestinal and NSCLC 

cancer but not in colorectal cancer (334) (NCT04303780 and NCT04185883). The different response 

in colorectal cancer could suggest that, as for BRAF inhibitors, the tumour context of the KRAS  p.G12C 

mutation matters. There has not been any published clinical trial data for MOC cases for these 

RAS/RAF inhibitors. Due to the RAS mutations present in ~70% of MOC cases, dual RAS/RAF 

inhibitors in combination should be considered (326). 

Mutations in RNF43 are found in 12% of MOC cases, but RNF43-mutated MCAS spheroids showed 

little response to OMP-18R5, a monoclonal antibody that inhibits canonical Wnt signalling by binding 

to the frizzled receptor. RNF43 negatively regulates Wnt signalling, and sensitivity to Wnt inhibitors is 

caused by RNF43 mutations that upregulate Wnt receptors in the membrane, making colon, 

endometrium, pancreas,  stomach, and ovarian cancer Wnt-ligand activation dependant (335).  

However, in colorectal cancer (CRC), only homozygous N-terminal truncating RNF43 mutant cells 

positively responded to Wnt inhibitors (336). Additionally, Van de Wetering et al. indicated that 

porcupine inhibition in CRC organoids depends on the specific RNF43 mutation: A355fs mutant 

organoids are responsive, while G659fs mutants are not unless also ZNRF3 aberrant (337). These 

findings suggest that a combination of therapies targeting RNF43/ZNRF3 may be beneficial. The 

MCAS mutation is L276fs, so it might be expected to be sensitive, as it might be expected that the 

organoid cultures would be sensitive given their dependence on exogenous Wnt . However, perhaps 

OMP-18R5, a frizzled-receptor inhibitor is not well-suited in this context and a porcupine inhibitor 

would work better. In fact, RNF43 mutations cause Wnt-driven cancer cells to become sensitive to 
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porcupine inhibition (338). Additionally, in preclinical pancreatic cancer models, tumours with RNF43 

loss of function mutations became sensitive to Porcupine inhibition by blocking the biogenesis of Wnt 

ligands (339, 340). 

Although the discovery of new therapeutics to treat cancer focus mainly on synergetic combination of 

drugs, antagonistic combinations could play and important role and should not be ignored . The links 

between different cancer signalling pathways could be better understood by the mechanisms of 

antagonistic interactions. Richards et al. found an antagonistic interaction between apoptotic and non-

apoptotic (parthanatotic) pathways depending on the combination of PARP1 inhibitors. When 

combined with rucaparib,  PARP1 inhibitors changed the cell death mechanisms from parthanatotic to 

apoptotic (341).  Moreover, the administration of a combination of drugs that could cause side effects 

or interfere with each other resulting in a toxic response in patients, could be avoided by the creation of 

guidelines as result of an antagonistic response assays.  

This is the first attempt to evaluate drug combination screening and synergy scoring in MOC spheroid 

models. Although we standardized, tested and automated the methodology to avoid variability in 

perturbation experiments, there were some issues with the data normalization in the drug combination 

experiments and there was not enough time to validate these results  by the time of submission of this 

thesis. I could not say with certainty if any true synergy was observed, however, I am presenting my 

findings from the first attempt of drug synergy testing in MOC spheroid models with an automated 

methodology that can be applied for future validation of these results.  

Finally, the ATP-based method used in this thesis (CellTitre Glo) to evaluate the spheroid-organoid 

responses to the different drugs, is a highly sensitive and reproducible assay to evaluate proliferation 

and viability of cells by metabolic activity determination (342). However, when using CellTitre Glo a 

linear relationship between the cell viability, number of cells and the assay signal is assumed (343). 

This assumption limits the ability of CellTitre Glo to determine cytotoxicity. Chang et al. demonstrated 

that some drugs produce an increase in cell size without altering their ATP levels in the cytoplasm, 
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leading to cell cycle arrest without reducing the number of cells (344).Cell proliferation and cell size 

increase are not differentiated by ATP-based assays, leading to an overestimation of drug toxicity. Some 

therapeutic compounds, including PRIMA-1, have cytotoxic activity that could not be accurately 

detected by CellTitre Glo, therefore, additional studies such as cell death, cell count, cell cycle phase 

distribution, and morphological cell changes that allow the distinction between cytotoxic and cytostatic 

mechanisms of action are recommended for  future assays.  

Suggesting to clinicians the treatment to follow after in vitro experiments is a difficult task. Even though 

researchers have access to preliminary mutation data at the moment the tumour sample is received, I 

believe that deeper studies, such as genetic sequencing and gene expression profiles, are necessary in 

order to advise a future treatment. As seen in this chapter, the presence of a specific mutation is not 

always an indicative that a drug targeting that mutation will work. It is also the presence of other 

mutations in the tumour and the microenvironment that could make it sensitive or resistant to the 

treatment. The low number of models tested is a limitation of this study, as it makes it difficult to ascribe 

drug responses to the presence of a genetic biomarker with any robustness. 

In summary, in this chapter, I show responses of a panel of MOC spheroids and patient derived 

organoids to multiple pre-clinically targeted drugs for MOC, either alone or in combination. I strongly 

support the statement that the optimization and identification of more effective targeted therapies for 

MOC could substantially be improved by 3D spheroid and organoid collections and its straightforward 

scalable drug screening systems.  Moreover, the results presented in this thesis emphasises the need for 

targeted treatments for this rare type of cancer, a deeper evaluation of the genetic profiles of patients 

could be useful for therapy decision, especially when drugs act on specific gene mutations. 

Additionally, prospective studies are also needed to determine the clinical benefit of new therapies and 

response rates.  
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Chapter 6 

Overall discussion 

The work presented in this thesis contributed to the identification of novel targets for MOC and 

tested novel therapies, based on the molecular landscape of the disease, using innovative 3D MOC 

models. When this thesis commenced, there were limited literature or publications available on 

ovarian cancer organoid models, thus, the biggest challenge was to robustly develop the 

appropriate cocktail of growth factors and molecules to produce MOT organoids for long term 

propagation. Here, I described one of the first attempts to create a 3D model platform for the study 

of MOC drug treatments, and the application of patient-derived organoids for personalised 

medicine to improve clinical therapy choice. Although there is much work remaining to be done 

before this idea reaches clinical implementation, the progress in the organoid and 3D drug 

screening field, especially for MOC, is encouraging. The results presented in this thesis contribute 

to a deeper understanding of MOC as a distinctive disease that requires precise and individual 

treatment. My hope is that this thesis contributes to improvement of clinical practices that include 

personalized therapies by implementing MOC organoid models. In other words, I expect that the 

organoid technology described here will help clinicians to improve patient care, whereby 

therapies could be tested in organoids before being given to patients to avoid non-responsive 

treatments. 

In this chapter, I summarize my findings and their implications, and highlight the potential 

future research directions of my project.  

 

6.1 Gene expression and clinical analysis of ELF3 as a MOC candidate gene 

In this study, I investigated the function of transcription factor ELF3 in MOC. Firstly, it was 

identified that ELF3 was recurrently mutated in the MOC tumour cohort. CRISPR/Cas9 knock 
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out was successful and was associated with reduced proliferation, invasion, and migration of KO 

cells. These results strongly suggested that ELF3 might function as a tumour suppressor in MOC.  

The CRISPR/Cas9 system could also be applied to other candidate cancer driver genes in MOC, 

such as RNF43. The study of RNF43 KO would be interesting to investigate given the Wnt-3a 

dependency of the MOC organoids and its positive correlation with ELF3 in the MOC cancer 

panel. Moreover, a further study of NEAT1 (differentially expressed in ELF3 KO MOC cells) 

could also be conducted. Not only the function of these genes in a cancer context could be studied 

using this system, but also early stages of tumourigenesis could be assessed in order to explore 

the consequences of specific mutations before the development of malignancy . For this goal, the 

establishment of benign and borderline mucinous ovarian tumour organoid models, described in 

this thesis, have great potential. Genetically engineered cells and organoids that carry tailored 

mutations could be used as a study model for tumour development and biomarker-driven 

therapies. The difficulty in applying the methodology used to deliver the sgRNA+ Cas/9 

(nucleofection) was the optimization time required. There is a lack of literature on models and 

methodologies to be applied in this type of cancer, and the nucleofection technique was not an 

exception. Finding the right combination of buffers and electroporation programs to be used in 

the MOC cell line models was challenging and time consuming, and it is anticipated that further 

optimisation would be required for application to cells growing as organoids.  

The findings in this thesis have shown the potential of CRISPR/Cas9 to evaluate the role of novel 

genes in MOC. Contrary to other tumours of epithelial origin, the determination of ELF3 as a 

tumour suppressor could also be related to other mutational events and might need further 

evaluation. In addition, the expression of ELF3 in OC could be further assessed in patient tissues 

using immunohistochemical staining to determine if it is related with patient overall survival and 

progression.  Future studies could further investigate the mechanism of the tumour suppressor 

activity of ELF3 in the 3D MOC models developed in this thesis.  
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6.2  Development of primary patient-derived 3D tumour organoids and pre-clinical 

drug screening of existing and novel therapeutics 

In order to achieve successful organoid culture conditions, a precise cocktail of growth factors 

and molecules are required to enable long term propagation of cultures. For our MOT organoids, 

the addition of the recombinant protein Wnt-3a to the culture media was essential, contrary to 

HGSOC organoids that do not require Wnt-3a. However, Kopper et al. stated that Wnt-3a had a 

negative effect on HGSOC organoids due to the presence of serum in the conditioned media (113). 

Importantly, we eliminated any possible contamination with serum by using recombinant proteins 

instead of conditioned media.  

Furthermore, I have successfully developed culture conditions to grow borderline and benign 

organoids; in the future, these organoids could be genetically engineered using CRISPR/Cas9 to 

knockout key genes in order to understand the development of the disease and even the tissue of 

origin. Contrary to cell lines, healthy organoids do not need to be immortalized, and ovarian 

organoids from healthy tissue could be included in drug screening to study the side effects of the 

therapeutics and tissue specificity in cancer. For example, Driehuis et al. established 

normal/healthy oral mucosa organoids to assess the side effects of Leucovorin on Methotrexate. 

Methotrexate is administrated in paediatric leukemia patients causing oral cell death; the addition 

of Leucovorin to the treatment reduced Methotrexate toxicity (345). Taken together, I believe that 

clinical trials of novel therapies could be complemented, validated, and supported by organoid 

technology.  

The major limitation of this study is the sample size. While the organoid culture rate was 

eventually high, the rarity of mucinous ovarian carcinoma cases only permitted a small number 

of organoids to be established in the time available. A larger sample size with patient treatment 

follow-up could be carried out in the future in order to validate the responses in vitro and in vivo. 
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Furthermore, the interaction between organoids and their niche is restrictive in organoid cultures. 

Recently, advances in co-culture development allowed the implementation of culture systems that 

include fibroblasts, nerves and organoids to study the gastrointestinal stem cell niche (346).  

However, the key elements that define an ideal organoid co- culture will depend on the type of 

cancer and the aim of the research. For example, in gastric cancer a co-culture integrating 

organoids with immune cells was used to the study interactions within the tumour immune 

microenvironment (347), while a study of oral cancer included cancer associated fibroblasts 

which were shown to promote stem-like properties in the organoid (348). In particular, co-cultures 

containing organoids and tumour-infiltrating lymphocytes (TILs) might improve the ability of 

organoids to respond to immunotherapeutics and be useful to evaluate the impact of T cell 

function in high-throughput screening of novel immune targeting agents.  

 Different authors have suggested that targeted therapeutics screening should be performed in 3D 

cultures rather than 2D monolayer adherent cells (349-351). As shown in this thesis, 3D spheroids 

are more resistant to drug treatments and presented modified responses to targeted pathway 

inhibitors compared to 2D cells. In addition, 3D models present altered growth characteristics and 

several metabolism and signalling pathway changes (349). However, from my point of view, 

organoids have the advantage of bringing patients to the laboratory to develop models for pre -

clinical treatment. The tumour heterogeneity of cancer patients is better preserved in organoid 

models, and drug discovery and development could be more easily implemented . Due to the easy 

scalability of the model, we were able to scale up cultures and performed drug screening using 

384-well plates, on multiple organoids and spheroids, with high reproducibility and quality. The 

implementation of an automated methodology to seed the 3D cultures, using the robots from the 

Victorian Centre for Functional Genomics at the Peter MacCallum Cancer Centre, provided us 

with highly reproducible high-throughput assay results, faster seeding time, and reduced possible 

human pipetting errors when performing large-scale drug screening. On the basis of my results, 

the organoid models developed are currently being used by researchers in the laboratory for the 
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development of new patient-derived xenograft (PDX) models, novel therapeutic screening, and 

genetic manipulation to better understand the origin and development of MOC. It will be 

interesting to evaluate the influence of the in vivo context in PDXs and compare with the organoid 

drug response results. 

Currently, MOC is often diagnosed and surgically treated at an early stage, however, high-stage 

MOC is resistant to conventional platinum chemotherapies, and alternative therapy guidelines are 

non-existent (326). However, in a recent publication (appendix 2), Gorringe et al. proposed 

potential therapeutic targets for MOC cases according to their genomic signatures (326). In 

Chapter 5, I described the drug responses of MOC spheroids to different novel therapeutics and 

found that the genetic diversity of the MOC spheroids influenced the response to particular 

treatments. Spheroids with KRAS mutations showed sensitivity to the dual RAS-RAF inhibitor 

BGB-283, and those with TP53 mutations were found to be more sensitive to APR-246 (Table 

5.3). The secondary mutations presented in each cell lines as well as in each patient derived 

tumour organoid can influence the response to treatments. For instance, we noticed that a PIK3CA 

mutation in MOCOR-16 inhibited the response of the organoids to APR-246 despite being TP53 

mutant. This high-throughput drug screening in MOC 3D models showed targetable 

vulnerabilities of spheroids and tumour organoids that appeared to be different per-patient-

derived culture.  

These results show clear evidence of the importance of a personalized therapy and the cautious 

selection of therapeutic compounds for each patient based on full genetic profiles. Our results 

indicate that personalized patient in vitro drug screening could be feasible. However, the 

correlation of patient responses and the predictive potential of this system should be validated . 

This model could potentially decrease the time required for clinical implementation of novel 

therapeutics by introducing an in vitro phase where patient-derived organoids could test the 

efficacy of the treatment before being applied to the patient. This way, ineffective compounds 
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could be eliminated in early phases of clinical trials to reduce the complexity, cost and duration 

of the study. An optimal clinical implementation of organoids must include a well validated and 

characterized organoid model platform that allows the repurpose and discovery of new treatments 

and it should also include a diverse biobank of well characterized organoids representing the main 

genetic events of the disease.  At the moment there are about 60 clinical trials involving organoids 

for the study of several types of cancer. The majority of these clinical trials aim to develop and 

characterize a biobank of patient-derived organoids. Two of those (NCT03544255, pancreatic 

cancer and NCT03655015, lung cancer) have well characterized organoid systems and already 

include a drug screening phase.  

6.3 Evaluation of drug combination screening and synergy scoring in MOC 3D 

models. 

The synergy scoring experiments developed in this thesis showed  that some of the compounds 

that did not show a strong response in the spheroids alone, elicited a better response in 

combination with an additional drug. For example, in RMUG-S spheroids, APR-246 did not show 

much effect on the inhibition of spheroid proliferation and ATP levels; but when combined with 

BGB-283, had a strong synergy in inhibiting the proliferation of the spheroids. This result 

suggests that therapeutic combinations are able to synergistically inhibit several pathways at the 

same time, such as RAS/RAF and PI3K/AKT signalling, to overcome resistance. However, 

validation of the drug combination screening should be performed in order to authenticate the 

synergism or antagonism of the therapeutics; due to COVID-19 pandemic this validation 

experiment could not be performed by the time of submission of this thesis.  I strongly believe 

that  validation experiments are essential to assess variability effects in the culture conditions and 

treatments. We found that edge effects and non-uniform spheroid growth could represent a 

substantial source of variation between the screening plates. Although two rows and two columns 

around the plate were filled with media only and not used for organoid seeding, evaporation and 

variation across the plates still occurred. Niepel et al. (2017) found that variation in cell growth 

https://clinicaltrials.gov/ct2/show/NCT03544255
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and media evaporation across plates is the result of batch discrepancies of the seeding plates, even 

from the same vendor (352). Edge effects and variability could be minimized by using humidified 

chambers, randomized compound dispensing and the use of dispensing robots (352, 353). During 

my drug screening synergy experiments I was able to implement the recommendations by Niepel 

et al. 2019 (353), by  developing automated methodologies to seed, dispense and randomize 

treatments across the plates but, despite this, high variability was still observed. The source of 

variation was difficult to identify and therefore it will be especially important to perform 

validation experiments. I also recommend that dose ranges could be optimized for specific 

compounds; validation studies should include 10-point dilution curves of the therapeutics instead 

of 5-point dilutions.   

In summary, in this thesis I have optimized and standardized MOT organoid cultures and 

developed 3D drug screening methodologies to allow assessment of response to a wide range of 

therapeutics. This work highlights the potential of organoid technology to link laboratory research 

and the clinic. The main value of this work is not only limited to personalized therapy but also for 

drug discovery and disease progression and tumourigenesis.  
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