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ABSTRACT 

The cell-cell adhesion protein E-cadherin (CDH1) is a tumour suppressor that is 

required to maintain cell adhesion, cell polarity and cell survival signalling1,2. 

Somatic mutations in CDH1 are common in diffuse gastric cancer (DGC) and lobular 

breast cancer (LBC)3,4. In addition, germline mutations in CDH1 predispose to the 

familial cancer syndrome Hereditary Diffuse Gastric Cancer (HDGC)5. 

HDGC is characterised by multiple foci of stage T1a signet ring cell carcinomas 

(SRCC) that develop in the stomachs of CDH1 mutation carriers following the 

downregulation of the 2nd CDH1 allele6,7. Individuals from HDGC families have an 

~70% lifetime risk of developing DGC5,8. Females with germline CDH1 mutations 

have an additional ~40% lifetime risk of developing LBC8-10. 

We have hypothesised that the loss of E-cadherin within early stage DGC and 

LBC could be specifically targeted using a synthetic lethal approach11. A drug that 

targets the synthetic lethal partner of E-cadherin would be predicted to result in a 

lethal phenotype in cells lacking E-cadherin, but not wild-type cells. Novel 

compounds may provide an alternative approach to the prevention of DGC and LBC 

by eliminating cancer cells with inactivating CDH1 mutations before they have had 

an opportunity to progress. 

At present, prophylactic total gastrectomy is the only option available to 

eliminate an inherited risk of gastric cancer – this treatment is recommended for 

CDH1 mutation carriers from the age of 20 years5,12. Unfortunately, most patients 

have significant morbidity post-gastrectomy5,13,14 and 27-36% of patients have major 

adverse events15-20. Although these complications are gradually being better managed 

leading to better quality of life21, even in younger patients, physical symptoms can 

persist and affect long-term quality of life22,23.  
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The breast cancer risk in HDGC families is usually managed by routine 

screening (annual magnetic resonance imaging); prophylactic mastectomy is 

currently not generally recommended5, but remains an option for some women. 

Prophylactic mastectomies are however, common in women with lobular carcinoma 

in situ (LCIS)24. LCIS, which are frequently CDH1 negative, are associated with an 8-

10 fold increased risk of LBC24,25. 

We propose that E-cadherin synthetic lethal drugs will provide a treatment 

option for HDGC family members and women with LCIS that will reduce the need 

for prophylactic surgery. 

To identify novel synthetic lethal compounds for the treatment of cancers 

associated with E-cadherin loss, a high-throughput screening campaign of ~114,000 

lead-like compounds was performed on an isogenic pair of human mammary 

epithelial cell lines – with and without CDH1 expression. This approach identified 84 

compounds belonging to 13 distinct pharmacophore groups that were selectively 

lethal to E-cadherin-deficient cells. Validation of these groups using both real-time 

and end-point viability assays identified six novel compounds with significant 

synthetic lethal activity, thereby demonstrating that E-cadherin loss creates 

druggable vulnerabilities within tumour cells. Two of these lead compounds were 

then chosen to create a series of analogues to explore structure activity relationships 

with the purpose of determining an appropriate site for the attachment of a solid 

support for future target identification. 

Using CRISPR-Cas9 and Cas9-nickase, further isogenic cell lines with and 

without CDH1 expression were created for the validation of lead synthetic lethal 

compounds. Four sgRNA target sites against CDH1 were validated in MCF-7 cell 

lines. The CRISPR-Cas9 sgRNA site targeting CDH1 exon 10 was subsequently used 

to successfully edit MCF-7 and NCI-N87 polyclonal cells. However, attempts to 
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create monoclonal cell lines with CRISPR induced CDH1 knock-outs were 

unsuccessful. 

In summary, we have developed a novel class of synthetic lethal compounds 

that may provide a new strategy for the prevention and treatment of both sporadic 

and hereditary LBC and DGC. 
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THESIS AIM AND OBJECTIVES 

The overall aim of this PhD was to discover novel synthetic lethal (SL) 

compounds with the ability to kill cancer cells which lack E-cadherin (CDH1), but not 

epithelial cells with normal levels of E-cadherin. Such novel compounds are 

predicted to be effective against common cancers which frequently carry CDH1 

mutations, such as diffuse gastric cancer (DGC) and lobular breast cancer (LBC).  

The aim included the following objectives: 

 

• Identify novel compounds for the treatment of E-cadherin-deficient tumours 

using an unbiased phenotypic high-throughput screen (HTS). 

• Validate the lead SL compounds from the HTS using end-point and real-time 

viability assays.  

• Develop intellectual property for the novel compounds by improving target 

specificity and eventually identifying protein targets, by creating analogues of 

two lead compounds for structure-activity relationship (SAR) studies. 

• Use the CRISPR system to create isogenic cell lines with and without CDH1 in 

breast and gastric cell lines for additional model systems to validate lead SL 

compounds. 

  



 XXVII 

THESIS OUTLINE 

This thesis is divided into six chapters. The introduction in Chapter 1 contains a 

review of the literature. Chapter 2 covers the materials and methods sections. 

Chapters 3-5 contain results, with discussion sections within each individual chapter.  

Chapter 3 encompasses a HTS performed at the Walter and Eliza Hall Institute 

of Medical Research (WEHI) using its Stage 6 lead-like compound library (WECC) of 

~114,000 novel compounds26,27. The phenotypic screening campaign was performed 

on the MCF10A wild-type (WT) and MCF10A CDH1-/- cells lines, with the aim of 

identifying novel SL compounds.  

Chapter 4 showcases the validation data for the 12 lead compounds identified 

from the HTS described in Chapter 3. Two of these lead compounds – 8 and 11 – 

were then chosen to create a series of analogues, with the purpose of better 

understanding the SAR for these compounds and to take steps towards attaching a 

solid support to undergo target identification.   

Chapter 5 covers the CRISPR studies performed in MCF-7 and NCI-N87 cell 

lines. New polyclonal cell lines with significant CDH1 mutations were created using 

CRISPR-Cas9 and Cas9-nickase and employing next-generation sequencing (NGS) to 

quantify indels. The aim being to establish the technology in our laboratory and 

create new model systems to study the SL interactions of the novel compounds 

identified in Chapters 3 and 4. 

Finally, there are suggested future directions. 
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Science is facts; just as houses are made of stones, so is science made of facts; but 

a pile of stones is not a house and a collection of facts is not necessarily science.           

 – Henri Poincaré. 
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CHAPTER 1. INTRODUCTION 

This literature review will discuss DGC and LBC progression and clinical 

management. As well as E-cadherin’s role in tumourigenesis and how its loss in 

HDGC can be exploited in a synthetic lethal setting to develop novel cancer 

therapies. The merits of HTS in drug discovery and the effectiveness of CRISPR for 

genome editing are also reviewed. 

1.1. A BRIEF HISTORY OF CANCER 

The oldest remaining printed description of cancer comes from an ancient 

Egyptian papyrus written between 1650-1550 BC (although the original text was 

likely created around 3,000 BC) named the Edwin Smith Papyrus28,29. The text 

describes how to treat the wounds of 48 patients based on  or the ‘knowledge 

gained from practical experience’. Specifically, Case 45 describes tumours of the 

breast with the treatment being nothing, as no practical treatment was known29.  

“One who has ball-like tumours: an ailment I will fight with” 

 

– Recto, column 15, Case 45 in the Edwin Smith Papyrus28,29. 
 

The modern word cancer comes from the Latin word for crab, and was 

translated by the Roman physician Aulus Cornealius Celsus (25 BC-AD 50) – a native 

of Greece – from the Greek term for crab, Carcinus (Greek: Καρκίνος Karkinos). 

Carcinus had been previously coined by the famous physician Hippocrates (460-375 

BC) to describe outwardly visible tumours, as they apparently reminded him of a 

moving crab30-32. 

After the fall of the Roman Empire in AD 476, the theories of Claudius Galen 

(AD 131-200), who wrote some 500 medical papers involving Hippocrates’ erroneous 

humorist theory  (which states that diseases are caused by an imbalance of one of 

four ‘humors’ found within the human body) – thereby ignoring his predecessor 
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Celsus – were promoted by Christian and Arabic cultures30. This hindered progress 

in understanding cancer until the end of the Dark Ages when Celsus was finally 

recognised in the first medical book printed in 147833. However, Hippocrates' 

humorist theory remained popular until the 19th century with the discovery of cells 

in 1838 by Theodor Schwann (1810-1882) and Rudolph Virchow’s (1821-1902) notion 

that all cells come from cells and hence tumours arise from pre-existing cells34. 

Thus, the beliefs that cancer was caused by humoral imbalances, demons or 

moral and religious offences, were finally squashed. In the following decades of the 

20th century more progress took place in cancer research than the previous four 

centuries combined35. In 1902, the genetic basis of cancer was established by Theodor 

Boveri (1862-1915)36; in 1903 radiation therapy was pioneered by Antoine Becquerel 

(1852-1908), Pierre Curie (1859-1906) and Marie Curie (1867-1934)37; and in 1909, Paul 

Ehrlich (1854-1915) established chemotherapy37. The rest, as they say, is history. 

1.1.1. Modern-day incidence and mortality of cancer 

Cancer is the second leading cause of mortality worldwide behind 

cardiovascular disease, and was responsible for an estimated 8.2 million deaths and 

14.1 million new cases in 201238. For over 40 years, the most common causes of cancer 

death have been lung, liver, stomach (gastric) and colon cancers38-40. The highest 

number of new cases in 2012 (the most recently available world health organisation 

data) were from lung (1.82 million), breast (1.68 million), and colorectal (1.36 million) 

cancers38. 

1.2. GASTRIC CANCER 

In the first World Health Organisation (WHO) estimates of cancer incidence and 

mortality in 1975, gastric cancer was the most common39. However, the incidence 

rates for gastric cancer have been steadily decreasing since then and in the latest 

WHO estimates, gastric cancer is the fifth most common cancer worldwide and the 
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third leading cause of cancer mortality in the world with 951,000 new cases and 

723,000 deaths estimated in 201238,41.   

Age-standardised mortality rates of gastric cancer vary considerably between 

countries, with the highest rates as of 2012 in Eastern Asia (24.0 per 100,000 in men, 

9.8 per 100,000 in women). In New Zealand the mortality rate is lower than the world 

rate of 8.9, with 3.6 per 100,000 for males and 1.7 for females38. However, the gastric 

cancer incidence rates of Māori and Pacific peoples in New Zealand are 7.2 and 8.1 

per 100,000, respectively42. This is three times higher than that of New Zealanders of 

European and Asian descent. 

Gastric cancer  results from a complex interplay between genetic, epigenetic and 

environmental factors43. The progression of gastric cancer  has been shown to involve 

the accumulation of genetic alterations in numerous pathways, including those 

responsible for cell adhesion, signal transduction, cell differentiation, and 

apoptosis44. There are also several environmental factors that predispose the 

development of gastric cancer, such as Helicobacter pylori (H. pylori) infection45-51, 

diet52,53 and smoking54. 

1.2.1. Gastric cancer subtypes 

There are two main histological forms of gastric cancer  – the intestinal and the 

diffuse types55. Although the incidence of the intestinal type has been decreasing 

worldwide, the incidence of the diffuse form is increasing in some populations41,42,52. 

Of the two forms, the intestinal form has a greater association with 

environmental risk factors and has components of glandular, solid or intestinal 

architecture. It is associated with progressive pre-morbid histological changes in the 

gastric epithelium, which undergoes metaplasia to resemble the epithelium of the 

small and large intestine56.  
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The diffuse form however, has a stronger genetic etiology8,57 and is composed of 

poorly differentiated cells which can infiltrate the gastric wall, leading to extensive 

thickening and rigidity in a disease process known as linitus plastica58. DGC can be 

further characterised to include infiltrating carcinomas59, isolated cell carcinomas60, in 

situ signet ring cells61 and signet ring cell carcinomas (SRCC)62.  

1.3. HEREDITARY DIFFUSE GASTRIC CANCER 

The notion that gastric cancer  may have a genetic link was first presented in 

193863 with the controversial suggestion64 that the French Emperor Napoleon 

Bonaparte (1769-1821) died of familial stomach cancer, as did his father. A genuine 

genetic link for gastric cancer  was not established until 1964 after a Māori family 

who had a predisposition to DGC were studied65. Subsequently, the cancer syndrome 

hereditary diffuse gastric cancer (HDGC) was characterised in this family in 199857 

(Figure 1.3.1). HDGC is an autosomal dominant cancer caused by a germline 

mutation in the CDH1 gene. 

The first discovered germline mutation of CDH1 was a G1008T nucleotide 

substitution in the donor splice consensus sequence of exon 757. There have since 

been approximately 150 germline mutations published in the CDH1 gene, with the 

most common types of mutations being small deletions or insertions8,12. 

Approximately 1-3% of all gastric cancers are defined as HDGC and 30-50% of 

patients with a clinical diagnosis of HDGC have germline CDH1 mutations66,67. For 

those HDGC patients with no CDH1 mutations, the familial link is likely due to 

mutations in as yet unidentified genes or chance groupings. It is possible that 

germline mutations in alpha catenin (CTNNA1), among others8, could explain HDGC 

in patients lacking CDH1 mutations. However, some authors have found no 

germline mutations in CTNNA1 or in any other catenins for HDGC patients68. 

Germline mutations in CTNNA1 are therefore rare, but should still be tested for in 

HDGC patients with no CDH1 mutation. Additional genes associated with HDGC 
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will likely be identified in the near future through whole genome or exome next-

generation sequencing (NGS) approaches, although current NGS studies suggest 

there is no other common gene predisposing to DGC (P Guilford, personal 

communication).   

Detection rates of HDGC are substantially higher in the New Zealand Māori 

population, which is one of the few populations for which the diffuse-type of gastric 

cancer is more common than the intestinal-type42,69,70. However, HDGC does not only 

affect Māori and germline CDH1 mutations have been found across all ethnic 

groups10. Intriguingly, although Eastern Asia countries such as China, Korea and 

Japan all have high incidence rates of gastric cancer, deleterious CDH1 germline 

variants in HDGC cases have only been identified in a small number of cases in these 

countries71-73. 

 
Figure 1.3.1. Lineage of a New Zealand Māori family (Family A) affected with 

HDGC. General symbols: squares, males; circles, females; all symbols with a 

diagonal, deceased; solid black symbols, diffuse gastric cancer; solid red symbols, 

breast cancer; solid green symbols, colorectal cancer. Adapted from Guilford et al57. 



 7 

The lifetime risk of developing gastric cancer for individuals from HDGC 

families with CDH1 germline mutations is approximately 70%5,9. Additionally, 

female mutation carriers have a lifetime risk of developing LBC of approximately 

40%8-10. However, individual risk for CDH1 mutation carriers remains difficult to 

determine due to our limited understanding of HDGC’s environmental risk factors 

and modifier genes. For instance, some families with deleterious germline CDH1 

mutations have a history of LBC, but do not also have a history of DGC74,75. In 

contrast, there is increasing confidence that there is no increased risk of developing 

other tumours such as prostate cancer9 in individuals with a germline pathogenic 

CDH1 mutation8. 

Although the common histology associated with familial gastric cancer cases is 

DGC8,57, other syndromes that do not have diffuse lesions5,54,76 include hereditary 

nonpolyposis colorectal cancer and familial adenomatous polyposis (APC 

mutations77). However, for ATM78 and Li-Fraumeni syndrome (TP53 mutations79) 

there is currently insufficient evidence to associate a particular gastric cancer subtype 

(C Hakkaart, personal communication).	

1.3.1. The development of HDGC 

Early stage HDGC is characterised by multiple foci of stage T1a SRCC which 

have broken through the basement membrane into the lamina propria, but have not 

breached the underlying muscularis mucosae80. These gastric foci develop after the loss 

of the 2nd CDH1 allele6,81 and are relatively indolent, hypo-proliferative and lack 

cellular-Src kinase (c-SRC) pathway activation6,62. Progression to later stages requires 

other events such as activation of c-SRC, an epithelial mesenchymal transition (EMT) 

and potentially additional mutations62,82. Surprisingly, WNT activation does not 

appear to be associated with HDGC progression6. 

The leading hypothesis for the mechanism of early HDGC development is that 

the disruption of cell polarity after E-cadherin loss83 leads to abnormal mitotic 
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spindle orientation and subsequent division out of the epithelial plane7 (Figure 1.3.2). 

E-cadherin acts as a spatial cue within the cell to direct mitotic spindle orientation 

from the centrosome. The orientation of the mitotic spindle then directs the 

positioning of the daughter cells. However, correct spindle orientation can be 

disrupted by E-cadherin loss83 leading to cell division outside of the epithelial plane. 

In order for a misaligned daughter cell to be displaced into the lamina propria the 

basement membrane must also be degraded. This could occur by the over-expression 

of specific matrix metalloproteinases(MMP) – such as MMP-2 and MMP-984 – or 

deregulated zymogen secretion such as pepsinogen7. Therefore, it is believed that E-

cadherin loss can lead to cell division outside of the epithelial plane and the 

formation of early stage SRCC foci (Figure 1.3.2). These SRCC can then progress and 

invade the submucosa following an EMT and potentially additional mutations62,82. 

Tumour progression might also occur more rapidly if the displaced cell is a stem cell 

with self-renewal capability rather than a partially differentiated progenitor cell7,85. 
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Figure 1.3.2. Proposed model for early progression in E-cadherin mutation carriers. 

A) Adherens junctions and stem cell spindle orientation. The second CDH1 hit leads 

to mis-orientation of the mitotic spindle resulting in daughter cells dividing out of 

the epithelial plane and accumulating in the lamina propria. B) Fate of mis-located 

cells. There are three possible fates for mutated cells (i) differentiate and death; (ii) 

senescence and (iii) the acquisition of an EMT and further mutations, followed by 

invasion through the muscularis mucosa.  
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1.3.2. Characteristics of stage T1a foci 

Up to 318 independent signet ring cell foci86 with a mean of ~30 (P Guilford 

personal communication) have been observed in the stomachs of germline CDH1 

mutation carriers (Figure 1.3.3). The largest numbers of foci are often seen in the 

body-antrum transition zone86 and have a median diameter of ~1 mm87 (Figure 1.3.3). 

The presence of large numbers of T1a SRCC occurring simultaneously in the 

stomachs of CDH1 mutation carriers suggests that mutations in other genes are not 

required for HDGC initiation, since it is unlikely that large numbers of foci with 

distinct genetic backgrounds would develop at the same time. 

As previously mentioned, these foci are relatively indolent as they have a low 

proliferative index88 and have a low frequency of progression to advanced disease6,62. 

For instance, in HDGC patients who have undergone prophylactic gastrectomy, 

100% of gastrectomy specimens have one or more foci, yet these are rarely more 

advanced than stage T1a, regardless of patient age10,20,89. 

Since the penetrance of HDGC is approximately 70% by age 80 years  and ~40% 

for LBC in women8-10, it would appear E-cadherin negative cells can either remain 

indolent for many years before advanced DGC or LBC develop or the majority may 

be transient and short-lived7.  
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Figure 1.3.3. Anatomical map of a CDH1 germline mutation carrier‘s stomach. The 

patient was a 28-year-old male. The size and location of signet ring cell carcinoma 

(SRCC) foci are to scale, except for foci of less than 1 mm, which are shown as dots 

for visibility. This patient had 214 foci. F, defect caused by removal of fresh tissue 

from cryostorage. Adapted from Charlton et al86.  

1.3.3. The second CDH1 hit 

As HDGC patients have CDH1 heterozygous germline mutations90 they retain 

functional E-cadherin and normal epithelial cell division. For both early stage T1a 

SRCC6 and late stage HDGC tumours81, the complete loss of CDH1 occurs through a 

‘second hit’91 in the second wild-type allele. The second CDH1 hit is caused by DNA 

promoter hypermethylation in at least 50% of HDGC patients6,92,93. In LBC, promoter 

hypermethylation also seems to be involved in CDH1 downregulation94. 

Interestingly, transcriptional repressors of CDH1 such as SNAIL, SLUG, ZEB1 and 

ZEB2 all promote histone deacetylase activity6, suggesting that the ‘second hit’ could 

also be caused by histone modification95,96. Intragenic deletions in CDH1 have also 

been shown to cause the second hit via altered splicing97. 
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It is not currently known whether the second CDH1 hit is exclusively a stochastic 

event or if it is caused by environmental or pathological pressures. Physiological and 

pathological processes which have been described to promote or cause the complete 

loss of CDH1 include: repair processes98,99, H. pylori infection100, the inflammatory 

response101,102 and hypoxia103,104. 

1.3.4. The epithelial-mesenchymal transition 

The term EMT is defined by a series of events in which epithelial cells are 

converted into mesenchymal cells by losing their epithelial characteristics and 

acquiring mesenchymal ones. The EMT is important developmentally as it is 

essential for the tissue remodelling that occurs during embryogenesis and 

gastrulation105. Additionally, the EMT is thought to occur during the progression of 

HDGC. In particular, the invasion of SRCC lesions beyond the gastric mucosa has 

been proposed to be associated with an EMT62. 

In order for carcinoma cells to acquire metastatic proficiency these cells develop 

mesenchymal gene-expression patterns; such as a loss of claudins and occludins, and 

a gain of fibronectin and vimentin. This is followed by a complete or partial EMT105. 

Key events during the progression of EMT include: the dysregulation of tight 

junctions, adherens junctions and desmosomes (resulting in the loss of cellular 

adhesion), a gain of fibroblast-like morphology and an increase in invasiveness, 

motility and metastatic capabilities106-108.  

Whether the loss of E-cadherin alone can induce an EMT has become a point of 

debate in the literature. E-cadherin downregulation has been shown to be sufficient 

to induce an EMT in some109-112, but not all2,113,114 cancer cell lines/models. For 

example, downregulation of E-cadherin via short hairpin RNA (shRNA) has been 

shown to decrease the strength of cellular adhesion within a tissue112, which is 

thought to result in an increase in cellular motility and dysregulated mitotic spindle 
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orientation enabling SRCC lesions to cross the basement membrane and invade the 

lamina propria and surrounding tissues. 

Consequently, there are several theories as to the possible mechanism behind the 

EMT during tumourigenesis if E-cadherin downregulation alone is not sufficient. 

These include another EMT inducer such as c-SRC and its downstream targets FAK 

and STAT-362; dysfunction of other tumour suppressor genes such as TP53115; or over 

expression of oncogenes such as MYC116. Additional proteins that regulate the EMT 

and are disrupted during E-cadherin loss – such as p120117, TWIST1118, lysyl oxidase-

like 2 enzyme and SNAIL119 – may also independently contribute to a malignant 

phenotype. 

The large range of possible mechanisms behind the initiation of an EMT 

highlights why there is such unpredictability with the onset of HDGC, and why it is 

not known what causes the sudden shift to aggressive cells12. This is a major gap in 

the current knowledge of early HDGC progression. Further characterisation of the 

EMT and E-cadherin’s roles within this context may lead to better prediction of 

HDGC risk for individual CDH1 mutation carriers. 

1.3.5. Diagnosis and clinical management 

At present, the criteria set by International Gastric Cancer Linkage Consortium 

for characterising HDGC in a family is: a) two or more patients with gastric cancer at 

any age, one confirmed DGC; b) individuals with DGC before the age of 40; or c) 

diagnoses of both DGC and LBC (one diagnosis before the age of 50)5. Additionally, 

CDH1 testing should be considered in women with bilateral lobular carcinoma 

and/or bilateral lobular carcinoma in situ120,121 before the age of 50, patients with DGC 

and cleft lip/palate and those with SRCC found on biopsy5. 

Strictly speaking, a cancer cluster cannot be called ‘hereditary’ in the absence of a 

causative germline mutation and should instead be called ‘familial’. However, 
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families meeting the clinical criteria described above for HDGC are known as HDGC 

families not familial DGC families even if a mutation in CDH1 has not been 

identified10.  

As pathogenic CDH1 germline mutations are highly penetrant, prophylactic total 

gastrectomy is the only option to abolish an inherited risk of gastric cancer5,10,12. 

Patients with early sporadic DGC who undergo total gastrectomy have a greater than 

90% five year survival rate122. Patients who develop symptomatic, widely invasive 

DGC have a poor prognosis with only ~10% having a potentially curable disease123. 

Germline CDH1 mutations lead to difficult life changing decisions, which is why 

genetic counselling is a key component in the management of HDGC and is 

recommended in combination with genetic testing between 16-18 years of age10. Since 

delaying surgery can be a hazardous decision124, patients with CDH1 mutations are 

advised to undergo prophylactic gastrectomy between 20-30 years of age5,12. This is 

based upon the understanding that the risk of advanced HDGC is at this time greater 

than the mortality rate from surgery at the age of 20 years21,58.  

Unfortunately, up to 100% of patients develop complications post-

gastrectomy13,14, such as dumping syndrome, cardiovascular and abdominal 

symptoms, weight-loss and malnutrition5. Although gradually these complications 

are being better managed leading to better quality of life even in younger patients21, 

mild physical symptoms can persist and affect long-term health-related quality of 

life22,23. The number of patients with at least one post-gastrectomy adverse event has 

been well documented in a series of publications, which differ widely on post-

operative morbidity (24-62%), ‘major’ morbidity (27-36%) and 30-day mortality rates 

(2.5-5.9%) between the years 2006 - 2016, and involving a total of ~3,000 patients15-20. 

Adverse events included esophageal anastomotic leak (most common major adverse 

event), and anaemia (most common minor adverse event). 
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Alternatively, because of the detrimental consequences of prophylactic 

gastrectomy, some patients decide to undergo annual gastric endoscopic 

surveillance21. HDGC patients with a germline CDH1 mutation who are currently too 

young, or simply do not wish to have a prophylactic gastrectomy – or patients who 

do not have a proven pathogenic CDH1 mutation – may choose this option. 

However, as DGC lesions are often submucosal, the value of surveillance endoscopy 

regimes are unproven and frequently inadequate for early diagnosis125. Therefore, 

individuals who have a pathogenic germline CDH1 mutation are advised to consider 

prophylactic gastrectomy, regardless of endoscopic findings5,10. 

At present it is unclear why the loss of E-cadherin contributes to tumour 

initiation in the stomach and breast tissue of HDGC patients as opposed to other 

tissues, given that E-cadherin is ubiquitously expressed in all epithelial tissues. Any 

combination of the theories below could explain why the stomach in particular, is 

susceptible to E-cadherin knock-out.  

Several theories have been proposed, including increased carcinogen exposure 

(for example from N-nitroso compounds126) resulting in further genetic and 

epigenetic damage at the gastric epithelium. Other theories include an increased 

resistance to apoptosis due to gastric-specific genes127; the high cellular turnover of 

the gastric mucosa leading to increased random mutations arising during DNA 

replication128,129; the diffusion of carcinomas through the epithelial basement 

membrane as a result of proteolytic enzymes6; an absence of expressed genes that 

could compensate for E-cadherin loss; differences in immune surveillance between 

tissues130; and H. pylori infection50.  

H. pylori infection is the primary risk factor for sporadic gastric cancer. It has 

been classified by the WHO as a class I carcinogen since 199449,131 and consequently it 

is a likely candidate for E-cadherin knock-out occurring specifically in the stomach. 

H. pylori has been proposed as an environmental mechanism causing the second 
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CDH1 hit via hypermethylation132. Additionally, it may cause cancer specifically in 

the stomach indirectly through inflammatory processes50,133. However, unpublished 

studies have to date failed to correlate H. pylori infection with cancer onset in HDGC 

families (P Guilford, personal communication). 

1.4. LOBULAR BREAST CANCER  

Breast cancer is both the most common cancer in women and the leading cause 

of cancer death38. The existence of a strong hereditary predisposition to breast cancer 

has been recognised for more than a century, but the first hard evidence came in 

1990134,135 and 1994136,137 with the discovery of BRCA1 and BRCA2. Along with 

germline mutations in BRCA1/2 – which account for the lion’s share of familial breast 

cancers –  mutations in other genes such as TP53, PTEN, STK11, CDH1 and others, 

account for a small proportion of hereditary breast cancers76,138,139. 

Although E-cadherin loss is found in a range of sporadic cancers9,57,140,141, LBC is 

the only non-gastric cancer over-represented in HDGC individuals142,143. As already 

mentioned the lifetime risk of developing LBC is ~40%8-10. The loss of CDH1 is more 

common in the lobular- rather than ductal-type carcinoma of the breast144,145. For 

example, in one study 84% (32 of 38 cases) of invasive lobular carcinomas had a 

complete loss of E-cadherin expression, whereas a reduction in E-cadherin 

expression was observed in only 38% (18 of 42 cases) of invasive ductal 

carcinomas146. Between 10-15% of breast cancers diagnosed are LBC147.  

Lobular carcinoma in situ (LCIS) is a LBC precursor148 that is often CDH1 

negative and is associated with an 8-10 fold increased risk of developing breast 

cancer24,25. Both LBC and LCIS are multifocal and diffuse24,149,150, but not all LCIS 

lesions progress to LBC151. Similar to T1a SRCC, E-cadherin mutation alone in LCIS is 

not sufficient to enable progression to LBC and further mutations in PIK3CA and c-

SRC are likely required151,152. Selectively targeting cells with E-cadherin loss could 

therefore also be used to prevent sporadic LCIS lesions from developing into LBC.  
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Importantly, germline CDH1 mutations can be associated with LBC in the 

absence of gastric cancer150. For those patients without a family history of gastric 

cancer, the rate of germline CDH1 mutations in women with LBC are approximately 

1%153; however, germline mutation rates are ~8% in women with bilateral lobular 

carcinoma and/or bilateral LCIS120,121. Interestingly, the level of CDH1 in breast cancer 

does not appear to have any association with oestrogen receptor (ER) and 

progesterone receptor (PR) status of the tumour154.  

Around 90% of sporadic LBC cases tend to fall into the Luminal A subtype 

classification155-157. Luminal A tumours have been consistently shown to have a better 

prognosis than the other subtypes (Luminal B, HER2-enriched and Basal-like), with 

better baseline distant recurrence-free survival at 5- and 10-years regardless of 

adjuvant systemic therapy compared to Luminal B tumours158.  

1.4.1. Clinical management of LBC 

Breast magnetic resonance imaging (MRI) is particularly useful for LBC which 

can be difficult to detect via mammography. In addition it has a higher sensitivity for 

LBC, can detect earlier stages of cancer and has no radiation exposure compared to 

mammography159. A MRI should therefore be undertaken annually, alternating every 

six months with a mammogram starting at age 30 for women with a CDH1 

mutation66,153. 

Treatment of breast cancer by surgical resection of the whole breast was first 

introduced by the Roman physician Aetius (AD 527-565)32. Prophylactic mastectomy 

for patients with germline CDH1 mutations is currently not recommended5, but 

remains an option for some women. Instead, surveillance is recommended. Although 

current guidelines also recommend surveillance for women diagnosed with LCIS, 

16% of US patients have elective prophylactic mastectomy24. Drugs that exploit E-

cadherin loss in LBC and LCIS would provide a chemoprevention alternative to 
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selective ER modulators or aromatase inhibitors5 for women who are considering a 

prophylactic mastectomy. 

1.5. THE ROLE OF E-CADHERIN 

The cell-cell adhesion protein E-cadherin plays an essential and complex role in 

cell adhesion, but also cell signalling and the suppression of cancer. E-cadherin was 

first identified in 1977160 as a calcium-dependent transmembrane glycoprotein, 

expressed predominantly at the adherens junction on the basolateral surface of 

epithelial cells1 (Figure 1.5.2). Epithelial cells form the cellular sheets that construct 

organs, line blood vessels and create a protective barrier from the environment. 

E-cadherin is the founding member of the cadherin superfamily and is a 

‘classical’ cadherin of type-I which includes N- (CDH2), P- (CDH3) and R- (CDH4) 

cadherins1,161. It is encoded by the CDH1 gene located on chromosome 16q22.1 

(Figure 1.5.1). The CDH1 gene contains 16 exons and is 98 Kb long. The E-cadherin 

protein precursor includes a propeptide signal sequence of 154 amino acids for 

import into the endoplasmic reticulum (Figure 1.5.1). The mature E-cadherin protein 

is 728 amino acids in length and has a molecular weight of 135 kDa. It contains a 

cytoplasmic domain of 151 amino acids, a single transmembrane domain (26 amino 

acids), and an ectodomain of 551 amino acids comprising of five extracellular 

domains1. Four of these extracellular domains are so-called extracellular cadherin 

repeats – the fifth being the membrane-proximal extracellular domain which is 

characterised by four conserved cysteines162.  
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Figure 1.5.1. Diagram of the human E-cadherin protein, encoded by the CDH1 gene. 

CDH1 is located on chromosome 16q22.1, and contains 16 exons which encode the 

various domains of the E-cadherin protein. A scale break has been used between 

exons 2 and 3.  N, N-terminal; S, signal peptide; PRO, propeptide; EC, extracellular 

cadherin repeat; MPED, membrane-proximal extracellular domain; TM, 

transmembrane region; CD, cytoplasmic domain; C, C-terminal; AA, amino acid 

position; CH, cadherin homology domain. Modified from Roy and Berx1. 

1.5.1. E-cadherin’s role in adherens junctions 

E-cadherin is a key player in cell adhesion. There are three major cell-cell 

adhesion complexes in cells: adherens junctions, tight junctions and desmosomes. 

Adherens junctions initiate cell-cell contacts and enable maturation and maintenance 

of epithelial integrity163. 

The ectodomains of two E-cadherin molecules on adjacent cells (Figure 1.5.2) 

form calcium-dependent adherens junctions that facilitate the organisation of 

polarised tissue monolayers164. These homophilic E-cadherin interactions occur in 

microclusters that are in turn aggregates of nanoscale clusters of E-cadherin165,166. 

The cytoplasmic domain of E-cadherin forms the ‘cadherin-catenin complex’ 

with the intracellular components p120-catenin, α-catenin and β-catenin (or 

plakoglobin)164,167,168 (Figure 1.5.2) – and potentially many others169. The binding of 

p120-catenin to the cytoplasmic domain is essential for E-cadherin mediated 

adhesion170. The interactions of the E-cadherin and β-catenin complex with 
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monomeric α-catenin facilitate direct linking to filamentous actin (F-actin) and the 

cytoskeleton112,171. Dimeric α-catenin can directly bind and cross-link F-actin172. 

Monomeric α-catenin supports less direct interactions between E-cadherin and F-

actin via vinculin173,174, EPLIN (also known as Lima-1)175, as well as others176, such as 

myosin VI177. The cadherin-catenin complex provides anchorage to the actin 

cytoskeleton and creates a dynamic tension-based system165,178, across cell-cell 

junctions to form stable cell-cell contacts, establish cell polarity179,180 and also provide 

a barrier against microbial infection and gastric secretions181. 
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Figure 1.5.2. Schematic overview of the E-cadherin-catenin complex at the adherens 

junction between two neighbouring epithelial cells. N, N-terminal end or domain; 

p120ctn, p120 catenin; LIM, zinc finger domain; F-actin, filamentous-actin. Modified 

from Roy and Berx1.  

1.5.2. E-cadherin mediated signalling 

The role of E-cadherin in normal tissue is not limited to the physical adhesion 

between neighbouring cells. E-cadherin mediated cell signalling is involved in 

numerous aspects of tissue morphogenesis, such as boundary formation and 

maintenance182,183, dynamic cell movements, including the orientation of the plane of 

cell division179 and in maintaining epithelial tissue structure through regulation of 

anoikis184. The importance of E-cadherin to normal development is highlighted by the 

fact that E-cadherin knock-out is embryonically lethal in mice185. E-cadherin 

mediated signalling is achieved via diverse interactions with cellular partners such as 

catenins, integrins, growth factor receptors and cytoskeletal components186. 
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Of particular interest is the indirect mediation of signalling by E-cadherin 

binding the proteins p120-catenin and β-catenin at the cell surface in the cadherin 

complex (Figure 1.5.2). These catenins would otherwise accumulate in the cytoplasm 

or the nucleus and influence cytoskeletal rearrangements and transcriptional 

activities1,182. β-catenin is a key player in the WNT signalling pathway, which controls 

stem cell pluripotency and cell fate decisions187. In the absence of E-cadherin and 

with active WNT signalling,  the inhibition of glycogen synthase kinase-3β (GSK3β) 

allows free cytosolic β-catenin to translocate to the nucleus. Where, along with 

cofactors T cell factor and lymphoid enhancer factor (TCF/LEF)188, β-catenin can 

transcriptionally activate WNT target genes. β-catenin target genes include c-MYC 

and cyclin D1, which are associated with increased growth, invasion and cellular 

transformation189. 

p120 catenin is involved in controlling cell motility and invasiveness190. Free 

cytosolic p120 (in the absence of E-cadherin), promotes invasiveness and migration 

by up-regulating mesenchymal cadherins and inhibiting RhoA activity190. However, 

in the presence of E-cadherin, p120 promotes the stabilisation of adherens junctions 

and strengthening of cell-cell contacts191. 

The cytoplasmic domain of E-cadherin also directly interacts with components of 

the phosphatidylinositol 3-kinase (PI3K) / protein kinase B (AKT) signalling 

pathway192 and HIPPO signalling183. E-cadherin expression can activate the 

PI3K/AKT pathway and repress programmed cell death signals193. Alternatively, 

following the loss of E-cadherin mediated cell-cell adhesions PI3K/AKT signalling is 

disrupted194, leading to reduced cell proliferation and an increased propensity for 

transformation195. E-cadherin, α-catenin and β-catenin can also bind to YAP – a key 

mediator of HIPPO signalling – preventing its nuclear localisation and 

transcriptional activity thereby inhibiting cell proliferation183,196. 
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1.5.3. E-cadherin as a tumour suppressor 

E-cadherin has long been regarded as a tumour suppressor due to its frequent 

downregulation in sporadic tumours during invasion and metastasis4,62,149. As noted, 

E-cadherin activation at the adherens junction inhibits tumour cell growth by 

activating PI3K/AKT-mediated cell survival signalling, inhibiting HIPPO signalling 

and sequestering the cytosolic pool of β-catenin and p120 catenin, thereby repressing 

WNT signalling. E-cadherin loss, caused by mutations or epigenetic silencing, 

contributes to a loss of cell polarity, increased migration, the EMT and ultimately 

metastasis2,127,197. 
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1.6. A SYNTHETIC LETHAL APPROACH TO 

CHEMOPREVENTION OF HDGC 

Prophylactic gastrectomy is currently the only viable treatment option for 

HDGC-affected individuals. Yet its key drawback is nearly all post-gastrectomy 

patients develop complications resulting from surgery and 27-36% of patients have 

major adverse events15-20. A second possible treatment strategy for HDGC is 

chemoprevention. Chemoprevention using a synthetic lethal (SL) approach is 

uniquely poised to specifically eliminate early stage T1a SRCC (with E-cadherin 

loss), before they are able to progress.  

Another chemoprevention strategy for HDGC would be to use histone 

deacetylase inhibitors198 to prevent the second CDH1 hit required for initiation of the 

stage T1a SRCC – since DNA methylation and histone modification are likely to be 

the dominant cause of the second hit6,92. However, long-term administration of 

histone deacetylase inhibitors and the loss of dynamic CDH1 expression is likely to 

cause toxicity. A SL approach to chemoprevention in CDH1 mutation carriers was 

consequently developed in this thesis as discussed below. 

1.6.1. Synthetic lethality 

Synthetic lethality is classically defined as a genetic interaction in which a 

combination of mutations in two or more specific genes leads to cell death, but not 

each gene alone. Synthetic lethal relationships were first described 100 years ago in 

Drosophila melanogaster, where the crossing of two specific mutations led to either an 

infertile or lethal phenotype199. Hence, two genes are SL if a mutation of either alone 

is viable, but mutation of both leads to death (Figure 1.6.1).  

Although SL is described classically as gene-gene perturbations, in a therapeutic 

setting the term can refer to the use of a targeted drug to cause cell death exclusively 

in tumours carrying specific genetic alterations. For example, in HDGC progression 

the second CDH1 hit leads to early stage T1a SRCC6,7. Progression of T1a SRCC to 
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higher stages then requires further events such as an EMT62,82. However, drug 

targeting of ‘protein X’ – the SL partner of E-cadherin – would result in a lethal 

phenotype in cells lacking E-cadherin, but not wild-type cells (Figure 1.6.1). The 

rationale for this is that although the loss of the tumour suppressor E-cadherin drives 

tumour formation, it likely also creates vulnerabilities in the cell. 

 

 
Figure 1.6.1. Synthetic lethal approach for targeting E-cadherin negative cancers. 

The second CDH1 hit leads to T1a SRCC foci. However, a synthetic lethal drug 

targeting Protein X results in a lethal phenotype in cells lacking E-cadherin, but not 

in wild-type cells. 

 

The best example of a successful SL approach is the targeting and inhibiting of 

poly-adenosine diphosphate ribose polymerase (PARP) by olaparib200. A SL 

interaction was discovered with PARP in breast and ovarian cancer patients who 

harbour inactivating mutations in the tumour suppressor genes BRCA1/2. The 

enzyme PARP is involved in single-stranded DNA (ssDNA) repair and BRCA1/2 are 

involved in the homologous recombination and repair of double-stranded DNA 

(dsDNA). Ovarian cancer patients randomised to receive olaparib in a phase III 

clinical trial had a blinded independently-assessed median progression-free survival 
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of 30.2 months compared with 5.5 months in the placebo arm201. This SL interaction 

elicits a strong clinical response because cells with both single-stranded and double-

stranded defects are not viable200,202. 

1.6.2. E-cadherin synthetic lethality 

Current chemotherapeutic strategies for the treatment of patients with early 

stage DGC are limited. Consequently, there is an urgent need to develop novel 

compounds for the treatment and/or chemoprevention of these cancers. Efficient 

chemoprevention strategies to eliminate T1a SRCC foci in HDGC patients would be 

beneficial to patients who want to delay surgery indefinitely, or until later in life 

instead of around the age of 20 years. Furthermore, SL drugs could be utilised in the 

treatment of sporadic E-cadherin-deficient DGC and LBC. This thesis makes 

headway towards this goal. 

A high-throughput small interfering RNA (siRNA) screen targeting 18,120 genes 

and a known drug screen of 4,057 drugs have been previously performed by our 

laboratory using a SL approach11. Synthetic lethal interactions with E-cadherin from 

the known-drug screen were identified in PI3K inhibitors and histone deactylase 

inhibitors. Additionally, gene ontology analysis identified GPCR signalling and 

cytoskeletal processes as SL targets. In particular, analysis of signalling pathways 

identified the PI3K/AKT pathway which is frequently activated by GPCRs, as a key 

SL pathway. Hence, SL interactions have been identified in CDH1 negative cells. 

However, as differences in cell viability between MCF10A WT and MCF10A CDH1-/- 

cells for the known-drugs were on average only 25% less in the CDH1 negative cells, 

novel compounds needed to be developed with greater synthetic lethality.  
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1.7. A CONCISE OVERVIEW OF HIGH-THROUGHPUT 

SCREENING  

As a consequence of our limited knowledge of the interactions of biological 

macromolecules with small compounds and an inability to predict the resulting 

biological activity, HTS is universally used for drug discovery203. Screening diverse 

chemical compound libraries allows for the unbiased identification of novel 

compounds for starting points in lead discovery. The concept of a high-throughput 

scale was introduced to screen a greater number of compounds, providing more 

leads of better quality.  

1.7.1. History and general drug discovery steps 

Drug discovery through HTS has been a major route for the pharmaceutical 

industry for three decades, and has been increasingly adopted by academia204.  

Historically, natural compounds derived from plant or microbial matter were 

used as the major source of chemical diversity in HTS libraries, as they were 

considered ‘privileged scaffolds’205. However, identifying the source of activity from 

natural extracts is time consuming and the resulting compounds often do not have 

convenient chemical synthesis routes. Instead, advances in organic synthesis and 

combinatorial chemistry in particular, have resulted in large libraries of small 

synthetic molecules. Compared to natural compounds, synthetic libraries serve as an 

artificial evolutionary process to yield drug candidates. This is because compounds 

are randomly selected rather than shaped through molecular evolution guiding 

molecules towards privileged scaffolds. In most cases small synthetic compounds 

provide only weak activity and are merely entry points into medicinal chemistry 

programmes with iterative SAR studies required for drug discovery206. 

HTS for drug discovery is frequently performed by means of miniaturised cell-

based assays in high-density microplates. These phenotypic screens allow for 

biological response to be measured with no bias towards a particular target27. 
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In order for a lead compound identified through HTS to be successful, it must 

demonstrate numerous properties to excite both chemists and funding bodies to 

permit further research. Briefly, these are; i) the biological activity should be 

significant in an appropriate in vitro system, and ii) reproducible in an in vivo system; 

iii) the compound must have a specific interaction with a target in order to help SAR 

studies and reduce side-effects; iv) the early lead structure should be a member of a 

pharmacophore group containing similar structures with diverse biological activities 

to facilitate SAR; v) the pharmacophore must be accessible to chemical synthesis; vi) 

the absorption, distribution, metabolism, and excretion properties and resulting 

pharmacokinetic profiles of the lead compound must be appropriate; and lastly, 

although not strictly necessary for academia, vii) the resulting compound must be 

novel enough for patentability207. 

1.7.2. Advantages, myths and limitations of high-throughput screening 

HTS offers a practical method to determine novel molecules capable of 

modulating a biological target of interest, by investigating large numbers of small 

synthetic compounds in miniaturised in vitro assays. It therefore plays an important 

role in early stage drug development.  

Alternative methods to HTS include small-molecule fragment screening208, 

structure-based design or virtual screening209. HTS offers some unique advantages 

over these other methods as it is applicable to a wider range of targets than 

alternative approaches that also require upfront knowledge of the target(s), or that 

are not amenable to cellular or phenotypic assays. Yet it is also true that the success 

rates for all of the above approaches tends to be lower than expected for certain 

targets, presumably due to inaccessible binding pockets.  

Despite the increasing number of success stories of HTS210, questions have been 

raised about the viability of the HTS paradigm211. This was because of an initial focus 

in the 1990’s on quantity and speed along with overly optimistic forecasts and high 
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attrition rates in later stages of drug discovery206. Consequently, HTS have been in 

the past incorrectly described as producing data of poor quality, being expensive and 

time-consuming, and failing to identify lead compounds210. 

The scepticism of data quality stems from the fact that for most HTS campaigns, 

every compound is tested in only one biological replicate at one concentration in the 

primary screen. This raises concerns about high false negative rates. However, if 

thorough process validation and optimisation is undertaken, very few true hits are 

missed in primary screening212. False negative rates are further reduced as most 

compounds belong to pharmacophores with more than one active molecule in the 

compound library. The implementation of rigorous quality assurance methods, often 

not included in low- to medium-throughput assays further increase the quality of 

data from HTS. 

Furthermore, if library compounds are already lead-like then the quality of hits 

can be incredibly high27. Compounds that can be easily modified and optimised by 

medicinal chemistry also allow for increased potency and decreased toxicology 

profiles. However, it is important to keep in mind that even if compounds are of high 

quality, screening hits are merely chemical starting points that will need to be 

optimised further. It is highly unlikely that a lead compound from a HTS will be the 

final clinical compound desired.  

One factor that can sometimes be overlooked, but can have a significant effect on 

the outcome of a HTS, is human decision making. For example, the suitability of 

compounds as starting points for medicinal chemistry213. The medicinal chemistry 

principles chosen to create a screen will also affect the profile of lead compounds, as 

some possibly attractive compounds will be discarded before any assay has been 

undertaken. The assay used and its ability to differentiate between hits and controls 

will also affect the profile of the lead compound. For example, a cell viability assay 
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could miss or over represent molecules that effect the ATP levels or NADP reducing 

abilities of cells. 

There is a myth that HTS fails to identify leads and that other lead-discovery 

strategies such as fragment screening, structure-based design or virtual screening 

have higher success rates. Yet the success of HTS targets to generate leads with 

significant biological activity and adequate SAR analysis, is ~50%214,215 and is 

predicted to climb to > 60%210. There are numerous reasons why 100% of HTS targets 

do not generate leads. They can be attributed to small screening libraries, non-drug-

like libraries, lack of appropriate model organisms and highly artificial and non-

physiological assay systems210,216,217. Furthermore, many novel compounds from all 

sources of drug discovery fail at the clinical trial phases in what is often referred to as 

‘the valley of death’. Greater than 60% of failures in the clinic are due to a 

combination of a lack of efficacy, commercial reasons, clinical safety, on-target 

toxicity and cost of goods218.  

It is also important to highlight that HTS has not been around for long enough to 

see large numbers of drugs coming to market from a HTS. Drug discovery from 

target identification to approval is taking a mean of 13.5 years210. It was not until 2003 

with gefitinib219, that the first Food and Drug Administration (FDA) approved drug 

with HTS origins came to the market. Between 2003 and 2009, at least 12 drugs were 

approved by the FDA with origins in HTS performed between 1993 and 1997210. 

Hence, drugs will only now be reaching the world market from when HTS took off 

in the 2000’s.  
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1.8. CLUSTERED REGULARLY INTERSPACED SHORT 

PALINDROMIC REPEATS (CRISPR) 

The CRISPR system was used to create E-cadherin knockout isogenic cell lines to 

further study the SL interactions of novel compounds. CRISPR has its roots in 

bacterial and archaea immune systems. It acts as a defence mechanism against 

invading viruses or plasmids, allowing archaea and bacteria to cleave foreign 

DNA220,221. Three types (I–III) of CRISPR systems have been classified, in which each 

system consists of a cluster of various CRISPR-associated genes, noncoding RNAs 

and an array of repetitive elements (palindromic repeats) interspaced by short 

variable sequences222. 

For the Streptococcus pyogenes type II CRISPR system, after foreign DNA is 

injected into a host bacterial cell, enzymatic processing of CRISPR transcripts 

produces mature CRISPR RNAs (crRNAs). These crRNAs contain a virus-derived 

seed sequence that directs the RNA guided endonuclease – CRISPR-associated 

protein 9 (Cas9) – to complementary sequences of foreign nucleic acids by simple 

Watson-Crick base-pairing223. Cas9 cleavage of dsDNA is therefore controlled by two 

RNA sequences formed from the crRNA and an activating domain in the trans-

activating crRNA (tracrRNA) (Figure 1.8.1A). The RNA hybrid of crRNA:tracrRNA 

when engineered as a single RNA chimera (Figure 1.8.1B), or a single guide RNA 

(sgRNA), can direct sequence specific dsDNA cleavage by Cas9220. A protospacer 

adjacent motif (PAM) of three nucleotides (usually NGG) is also required 

immediately 3’ of the 20 nucleotide (nt) sgRNA target sequence. The PAM plays a 

very important role and initiates DNA strand separation, CRISPR-RNA:target-DNA 

heteroduplex formation224 and Cas9 cleavage, which occurs three nucleotides 5’ of 

the PAM220,225.  
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Figure 1.8.1. Diagram of type II CRISPR/Cas systems. A) CRISPR-associated protein 

9 (Cas9) is guided to a target region by a two-RNA structure formed from CRISPR 

RNA (crRNA) and trans-activating crRNA (tracrRNA). B) A single engineered 

chimeric RNA generated by fusing the 3′ end of crRNA to the 5′ end of tracrRNA. 

Once formed, Cas9 cleaves double stranded DNA three nucleotides (nt) upstream of 

the protospacer adjacent motif (PAM). Adapted from Jinek et al220. 

  



 33 

1.8.1. CRISPR genome editing in mammalian cells 

CRISPR genome engineering was propelled onto the world stage in 2013 when it 

was reported in numerous research articles that the CRISPR-Cas9 system could be 

used to cut dsDNA in mammalian cells at virtually any site of your choosing225-230. 

Although zinc finger nucleases (ZFNs) and transcription activator-like effector 

nucleases (TALENs) had already been developed for genome editing in the 2000’s 

(Section 1.8.5), CRISPR editing took the world by storm due to the simple 

complementary base-pairing needed for target recognition by sgRNA and the 

accompanying ease of creation of CRISPR constructs. Along with the inexpensive 

distribution of CRISPR vectors to research organisations with the help of non-profit 

organisations such as Addgene231, genome editing had never been easier. 

The CRISPR system was originally engineered for knock-out and knock-in 

experiments, but it has been extensively tweaked for numerous additional functions, 

inter alia, i) CRISPR interference (CRISPRi)-mediated transcriptional repression or 

activation232,233; ii) an enhanced green fluorescent protein (EGFP)-tagged CRISPR to 

visualise genomic loci of interest stimulating new work into nuclear organisation234; 

iii) CRISPR epitope tagging chromatin immunoprecipitation followed by next-

generation DNA sequencing (CETCh-seq) for determining transcription factor 

binding events235; and iv) engineered DNA-binding molecule-mediated chromatin 

immunoprecipitation (enChIP), using the CRISPR system for purification of targeted 

genomic regions236. 

In a CRISPR/Cas9 knock-out system, after the double-strand break (DSB) 

produced by Cas9, the target locus normally undergoes one of two pathways for 

DNA damage repair, i) the error-prone non-homologous end-joining (NHEJ) 

pathway, or ii) the high-fidelity homology directed repair (HDR) pathway225-227. If a 

guide sequence is present, HDR can be exploited to introduce a custom DNA 

sequence, for example in the repair of a disease-causing mutation to the WT 
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sequence. In the absence of a guide sequence, the cleavage site is re-ligated via NHEJ, 

which often leaves insertions or deletions  (indels)237. This results in gene knock-outs 

if there is a shift in the open reading frame (ORF), caused by frameshift mutations 

and/or premature stop codons238. 

1.8.2. Streptococcus pyogenes CRISPR-associated protein 9 

The Streptococcus pyogenes Cas9 (SpCas9) type II CRISPR system was used in this 

thesis for the creation of E-cadherin knock-out cell lines. Specifically, the plasmid 

SpCas9(BB)-2A-GFP (PX458) created by Feng Zhang’s lab238 was used  as it expressed 

an ‘all in one’ CRISPR system with crRNA-tracrRNA fusion transcripts, Cas9 and 

EGFP. The human U6 promoter was used to express crRNA-tracrRNA fusion 

transcripts or the sgRNA. As U6 transcription initiation works optimally with a 

Guanine (G), in theory, any genomic site of the form GN19-NGG can be targeted, 

restricting target sites to an average of one in every 8 bp in the human genome227,239. 

1.8.3. CRISPR-Cas9 nickase 

The Cas9 nickase (Cas9n) is an alternative form of SpCas9 and has an aspartate 

to alanine (D10A) mutation in the RuvC catalytic domain220. This enables only single 

stranded DNA nicks three base pairs upstream of the PAM sequence. Cas9n nicks 

produce little or no damage to the genome as the single stranded breaks are repaired 

by the base-excision repair pathway240. However, two Cas9n target sites on opposite 

strands of DNA can produce a double-stranded break241 which may be imprecisely 

repaired by NHEJ, enabling knock-outs or HDR enabling knock-ins with a donor 

sequence. This dual-nicking approach therefore has reduced off-target possibilities. 

The plasmid SpCas9n(BB)-2A-GFP (PX461) created by Feng Zhang’s lab238 was also 

used in this thesis to generate E-cadherin knock-out cell lines. 
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1.8.4. Additional CRISPR nuclease systems 

CRISPR systems are constantly developing, and currently four years after they 

exploded into world view, there are around five additional useful CRISPR nuclease 

systems for gene knock-out. In no particular order these are: SpCas9-HF1242, 

eSpCas9243, Cpf1244-247 and Fok1-Cas9 nuclease248. 

Arguably the best alternative method to Cas9 would be the ‘high fidelity’ 

SpCas9-HF1242 or ‘enhanced’ eSpCas9 which have reduced off-target effects 

compared to Cas9. This was achieved by both groups via specific mutations to either 

weaken interactions between the non-target strand and Cas9 in the case of eSpCas9 

(K848A, K1003A, and R1060A)243, or disrupt interactions between Cas9 and the 

phosphate backbone of the target DNA strand (N497A, R661A, Q695A, and Q926A) 

as was done for SpCas9-HF1242. 

Cpf1 generates a staggered cut with a 5’ overhang, 3 bp upstream of a ‘NTT’ 

PAM244. In contrast to the blunt ends generated by Cas9, this allows for NHEJ-based 

gene insertion via sticky-end ligation250. A non-HDR mechanism to introduce donor 

DNA could be particularly useful in non-dividing cells in which HDR is difficult to 

achieve – HDR occurs only in S and G2 phase251. 

The CRISPR/Fok1-Cas9 requires association of two monomers for DSB, thereby 

reducing off-targets compared to SpCas9. However, they have an efficiency slightly 

under Cas9n248. 

Although these additional CRISPR nuclease systems were not used within this 

thesis, they highlight the fact there are numerous options for genome editing and 

almost certainly more will be developed in the future. 

1.8.5. The use of ZFNs and TALENs for genome engineering  

Before the event of the CRISPR-Cas system, ZFNs252-256 and TALENs257-261, were 

the most widely described methods for genome engineering, and are still widely 
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used today. The MCF10A CDH1-/- cell line used in this thesis was created by Sigma-

Aldrich using ZFNs. 

ZFNs, created by linking two different zinc finger proteins to the cleavage 

domain of Fok I endonuclease were first shown to work in vitro by Kim et al262. 

Afterwards Bibikova et al252-254 proved that the prokaryotic cleavage domain was able 

to cut dsDNA within chromatin of drosophila melanogaster, and thus ZFNs were the 

first specific gene editing technique developed255,256,263.  

TALENs were originally discovered in gram-negative plant pathogenic bacteria 

such as Xanthomonas species264. TALENs later surpassed the usefulness of ZFNs after 

the elucidation of the highly programmable DNA recognition code used by 

TALENs257,258.  

Similar to CRISPR, both ZFNs and TALENs use restriction enzymes to cut 

dsDNA at a specific target site(s), guided by homologous binding proteins or RNA. 

The restriction enzyme FokI is used by both ZFNs and TALENs, and requires 

dimerisation for dsDNA cleavage to occur265. Therefore, for both ZFNs and TALENs, 

two monomers and target sites against the top and bottom strand of DNA are 

required with a spacer sequence to give combined total target site sizes of 18-36 bps 

for ZFNs and 30-40 bps for TALENs (Figure 1.8.2). Although this results in highly 

specific cutting, ZFNs have not been widely used. This is because there are limits as 

to which segments of DNA can be targeted. Each zinc finger only recognises a three 

base pair sequence and not all nucleotide triplets have a corresponding zinc finger 

discovered. Additionally, production of ZFN proteins is extremely laborious and 

time consuming and therefore also costly252,254. ZFNs are consequently very difficult 

to engineer. 

Compared to TALENs, CRISPR-Cas9 offers several advantages such as flexibility 

and ease of creation, higher targeting efficiency and multiplex genome editing. For 

example, targeting a new DNA sequence with TALENs requires the construction of 
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two new TALEN genes from scratch260. In comparison CRISPR-Cas9 can be easily 

retargeted to new DNA sequences by simply buying a pair of ssODNs encoding the 

20 bp target site for the sgRNA261. CRISPR-Cas9(n) – CRISPR-Cas9 or CRISPRCas9n – 

also offers a specific cleavage pattern, cutting DNA three nucleotides 5’ of the PAM. 

In contrast, TALENs cleave DNA non-specifically between the pair of TALEN 

monomer-binding sites266. One slight advantage of TALENs is that there is only one 

rule of thumb – that target sites begin with a Thymine257,258 – compared to the 

CRISPR-Cas9(n) requirement of GN19-NGG. Therefore virtually any segment of 

DNA can be targeted by TALENs, although the numerous other advantages of 

CRISPR have resulted in them being used far more frequently. 
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Figure 1.8.2. Diagram of ZFN and TALEN genome engineering. A) A zinc finger 

nuclease (ZFN) consists of left (L) and right (R) monomers of typically three to six 

zinc finger proteins (ZFPs). Each ZFP recognises a three base pair DNA sequence. 

The FokI restriction enzyme then cleaves double stranded DNA when a dimer is 

formed. B) A transcription activator-like effector nuclease (TALEN) consists of 

numerous tandem monomer repeat proteins, each of which contain 34 amino acids 

that are largely similar in composition except for two amino acids at positions 12 

and 13, termed repeat variable diresidues (RVDs). The RVDs determine the 

nucleotide binding specificity of each monomer TALE protein to the major groove of 

DNA 257,258. The RVD amino acids of NG, NI, HD and NH/NN/NK bind the 

nucleotides T, A, C and G, respectively259,260,266. Again, the FokI restriction enzyme is 

used. Modified from LaFountaine256. 
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1.8.6. Design principles of CRISPR-Cas9(n) sgRNA target sites 

The design principles of Doench et al267 were used in this thesis. This section 

discusses these and other design principles to describe why we have taken this 

approach.  

Since the advent of CRISPR, the research community has been trying to define 

the optimal design principles of a sgRNA target site to achieve ideal on and off-target 

activities. Currently the complete criteria to design the perfect CRISPR target site for 

knocking-out a gene of interest remains elusive, but many rules of thumb have been 

established. Importantly however, even with optimal sgRNAs, certain cellular 

contexts or sequence properties will mean that some genes are difficult to target and 

may never be targeted. For example, local chromatin structure has been identified as 

a key factor affecting Cas9s ability to bind specific sgRNA target sequences268. 

Additionally, since epigenetic factors were a problem for TALENs266,269, they have 

been investigated for CRISPR. Interestingly, Cas9 has been shown to both cleave 

CpG methylated DNA229 and have inhibited binding to methylated DNA268. One 

explanation for this is that CpG methylation affects chromatin accessibility268. The 

first rule of thumb is therefore to design multiple target sites per gene to compensate 

for any yet unknown gene-specific limitations. 

Targeting the coding sequence and maximising on-target activity while 

minimising off-target interactions are undisputed principles for optimal sgRNA site 

design for gene knock-out. However, the means to achieve this are the topic of much 

debate.  

For each 20 nt sgRNA target site the first standard requirement is including a G 

at the most distal position from the PAM – ‘position 1’ of the sgRNA (Figure 1.8.3) – 

as transcription initiation via the U6 promoter works optimally with a G227. 

Alternatively, if the first position of the 20 nt target site is not a G, it can be added at 

position -1 before ligation of the sgRNA target site sequence into the pDNA270.  
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Early CRISPR studies identified that Cas9 DNA cleavage could be prevented by  

single mismatches at positions 10-20 of the sgRNA, whereas mismatches at positions 

1-10 were better tolerated220,227,271,272. Hence, the hypothesis that on-target activity was 

solely due to a ‘seed sequence’ occurring at positions 12-20273. Yet others correctly 

pointed out that most nucleotides within the 20 nt sgRNA target site provide varying 

degrees of specificity229,274, suggesting a highly sequence-dependent on-target 

efficacy.  

Researchers then studied different lengths of sgRNA targets between 14-30 nt. 

Lengths greater than 21 nt were shown to reduce on-target editing efficiency241,274, 

and interestingly, truncating the sgRNA to 16 nt or less resulted in the abrogation of 

cutting activity, but not of Cas9 DNA binding275. A sgRNA length of 17 or 18 nt 

instead of the standard 20 nt was shown by Fu et al276 to have a decrease in off-target 

cutting at some sites, without compromising the on-target activity of those sites. 

However, as a universal rule of thumb, this was later disproven by Xu et al277, who 

found that sgRNA target sites of 17-18 nt had less on-target activity in comparison to 

19-20 nt sites. 

Due to the ever increasing number of sgRNA design principles to take into 

account, various algorithms to predict sgRNA on-target activity have been 

developed267,277,278. Doench et al267,278 improved the design of sgRNAs target sites to 

include a preferred nucleotide at 30 sequential positions ranging from -4 to +3 of the 

20 nt sgRNA sequence (Figure 1.8.3). The results from 4,390 sgRNAs targeting 17 

genes were used to construct a predictive model of sgRNA activity. Thereby making 

on-target activity consistently achievable and efficient, if a little less flexible. As an 

example, the nucleotide at position 20 (immediately 5’ of PAM) has a preference for 

guanine, whereas cytosine is strongly disfavoured at the same position (Figure 1.8.3). 

Similar observations and rules of thumb can be made from the Doench 

method267,278 in addition to other algorithms229,277 and publications279-281: i) guanine is 
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strongly favoured at position 20, which is associated with the sequence preference in 

Cas9 loading279; ii) thymines are disfavoured at the four positions 5’ to the PAM and 

for the variable nucleotide of the PAM. This is likely because RNA polymerase III 

terminates at uracil-rich regions, so multiple uracils in the sgRNA target site results 

in low sgRNA expression268; iii) adenines are preferred from positions 9-15; iv) low or 

high GC content throughout the sgRNA is disfavoured; v) cytosine is preferred and 

guanine is disfavoured at positions 16-17, which is the Cas9 DNA cleavage site220,225 

and hence may impact the efficiency of cleavage or the introduction of indels upon 

NHEJ DNA repair277. 
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Figure 1.8.3. Predictive model of CRISPR target site activity. An extended single 

guide RNA (sgRNA) target site sequence of 30 nucleotides (nt) including the 

protospacer adjacent motif (PAM) were used to construct a predictive model of 

sgRNA activity using Doench Rule Set 1267,278. For an 18 nt sgRNA using these 30 

sequential positions, since the CRISPR-RNA complex binds to the PAM first and 

unwinds the DNA adjacent to the PAM224 position 3 would become the new position 

1 with all remaining favoured and disfavoured nts unchanged. P-values were 

calculated from the binomial distribution of 1,841 codon-specific sgRNA targets. A, 

adenine; G, guanine; C, cytosine; T, thymine; N, any nucleotide. Figure adapted 

from Doench et al267.  

One point of difference between the above target site design guidelines is the 

observation that there is increased sgRNA activity when targeting the antisense 

strand of DNA279, however others have shown no such preference and it is likely 

none exists267. 

Initial sgRNA design guidelines recommended targeting close to the N terminus 

for optimal gene function disruption, but this has become a point of debate. 

Although some publications found this to be the case267,277,279,282, others did not283. In an 

alternative method to N-terminal targeting, Vakoc and colleagues283 reported an 

improved generation of loss-of-function alleles by targeting specific exons encoding 

functionally important protein domains of multiple proteins. However, this exon-

specific targeting theory was not observed by Doench et al278 in the 17 genes and 4,390 

sgRNA sites they assayed. Instead, in a similar manner to the initial guideline of 

targeting close to the N-terminus, they found that only the C-terminal 10% of the 

protein-coding region had a statistically significant reduction in activity. The 
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methods of Doench et al267, were used to design sgRNA targets with predicted high 

on-target activities within this thesis. 

1.8.7. Prediction of CRISPR-Cas9 off-targets 

In a similar manner to on-target activity, unwanted off-target activity can be 

predicted and minimised by following general design guidelines. In order to predict 

possible off-targets, the use of software such as cas-OFFinder284, cutting frequency 

determination278, as well as efforts to combine multiple off-target algorithms such as 

CRISPOR285 are recommended. Cas-OFFinder was used for off-target prediction in 

this thesis, as it is capable of identifying all possible off-targets285. 

Since the sgRNA target site including the PAM is only 23 bps, numerous 

predicted off-targets are likely for one or two mismatches. Therefore, sgRNA sites 

with predicted off-targets of only one or two mismatches should be avoided. When 

multiple mismatches occur, these should be consecutive, or spaced within four bp of 

one another229. Additionally, since mismatches within the first five bp most distal to 

the PAM can be well tolerated, ideally mismatches should occur in the region closest 

to the PAM and not at the 5’ end of the sequence.  

How strict the off-target criteria are will depend on the experimental context. 

For example, for genome-scale CRISPR knock-out screens which have multiple 

sgRNAs targeting a gene, it is arguably more important to have high on-target 

activity at the expense of possible off-targets. However, for the creation of a long-

term monoclonal cell line it can be more important to avoid off-targets. 

Additionally, even as off-target guidelines are further optimised, it will still be 

necessary to show that multiple sgRNAs or colonies consistently show the same 

phenotype in order to prove that the phenotype is due to on-target activity and 

not off-target cutting.  
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Various rates of off-target mutagenesis induced by CRISPR-Cas9 have been 

reported at different sites from low levels using whole-genome sequencing286-288, to 

high levels using an EGFP disruption assay271 and whole-genome sequencing288. 

Hence, off-target effects are highly sequence-dependent and tend to be cell-type 

specific289. 

The optimal design principles for sgRNA target sites for on- and off-target 

activity are constantly being optimised. There is currently no perfect algorithm or set 

of rules to create a faultless sgRNA for knock-out assays, but significant steps 

towards such a goal have been taken. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. Major pieces of equipment used 

1-200 µL gel loading tip round  Sigma-Aldrich, USA 

0.2 µm cellulose acetate syringe  Munktell, Sweden 

0.22 µm polyethersulfone filter  LabSupply, New Zealand 

0.5 mL optical-grade PCR tube Thermo Fisher Scientific, USA 

0.6 mL Microtube  Axygen, USA 

1.5 mL Microtube  Axygen, USA 

10 cm dish  Corning, USA 

15 mL and 50 mL Falcon tube BD Biosciences, USA 

25 mL Falcon Cell Culture Flask BD Biosciences, USA 

75 mL Cellstar Flask Greiner Bio-One, Germany 

6-well tissue culture plate Corning, USA 

8-well iCELLigence E-plate  ACEA Biosciences, USA 

24-well tissue culture plate Corning, USA 

96-well black wall, clear bottom tissue 

culture plate (#3603) 

Corning, USA 

96-well, flat bottom, clear wells, tissue 

culture plate (#3595) 

Corning, USA 

96-well U-bottom plate (#7007) Corning, USA 

96-well, semi-skirted PCR plate Thermo Fisher Scientific, USA 

96-well xCELLigence E-plate  ACEA Biosciences, USA 

96-well electronic multichannel pipette  Thermo Fish Scientific, USA 

384-well, black-walled plate (#3712) Corning, USA 

384-well, library plate (#3672) Corning, USA 

384-well, optical MicroAmp plate Thermo Fischer Scientifc, USA 

384-well electronic multichannel pipette  Thermo Fisher Scientific, USA 

500 mL Rapid-Flow filter unit, 0.2 uM 

aPES membrane 

Thermo Scientific, USA 

7900HT Fast Real-Time PCR System Applied Biosystems, USA 

5100 Cryo 1°C Freezing Container  Thermo Fisher Scientific, USA 

Automated cell counter  Bio-Rad, USA 

Agilent 2100 Bioanalyzer  Agilent, USA 

BioCel 1200 Automation System  Velocity11, USA 

Bio-Rad Mini-Protean II system  Bio-Rad, USA 

Bio-Rad mini- TransBlot system  Bio-Rad, USA 
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C1000 Thermal Cycler Bio-Rad, USA 

Chip priming station  Agilent, USA 

CellCountess automated cell counter  Thermo Fisher Scientific, USA 

Centra 3C Centrifuge  International Equipment Company, USA 

Coverslip Labserv, Pakistan 

Cryovial Greiner bio-one, Germany 

CO2 cell culture incubator  Binder, Germany 

Cytation 5 cell imaging multi-mode 

reader  

BioTek, USA 

Cytell cell imaging system  GE Life Sciecnes, UK 

Digital dry-block heater  Bio Products, USA   

Eclipse Ti inverted microscope system  Nikon, USA 

ELx405 Select deep well washer  BioTek, USA   

EnVision 2103 Multilabel Reader  PerkinElmer, USA 

Eppendorf Thermomixer comfort Global Science, NZ 

Epoch Microplate Spectrophotometer  BioTek, USA  

FACS Aria III BD Biosciences, USA 

FACS Canto II BD Biosciences, USA 

Falcon Cell Scraper BD Biosciences, USA 

Falcon Strippette BD Biosciences, USA 

Falcon 6-well plate BD Biosciences, USA 

Gel Doc XR+ gel documentation system  Bio-Rad, USA 

Gibco BRL Horizon H58 horizontal gel 

electrophoresis system 

Life Technologies USA 

Glass slide Thermo Fisher Scientific, USA 

Haemocytometer Propper, USA 

Hi 9321 Microprocessor pH meter  Biolab Scientific, NZ 

HiSeq 2000  Illumina, USA 

Hypodermic needle (20 Gauge) BD Biosciences, USA 

Immun - Blot PVDF membrane  Bio-Rad, USA 

IncuCyte FLR  Essen BioScience, USA 

IKA vortex mixer  Thermo Fisher Scientific, USA  

LAS-3000 ECL imaging system  Thermo Fisher Scientific, USA 

Lab-Tek  II Chambered Coverglass  Thermo Fisher Scientific, USA 

LSM 510 confocal laser scanning 

microscope  

Zeiss, Germany 

LoBind tube  Eppendorf, Germany 

Microcentrifuge  Eppendorf, Germany 

Milli-Q Ultrapure Water Purification 

System  

Millipore, USA 

Mini-Protean II system  Bio-Rad, USA 

Mini-TransBlot system  Bio-Rad, USA 
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2.1.2. Chemicals and reagents 

0.05% Trpysin Sigma-Aldrich, USA 

0.5 M Tris-HCl pH 6.8  Prepared in the lab (see Appendix A) 

1.5 M Tris-HCl pH 8.8  Prepared in the lab (see Appendix A) 

2-Mercaptoethanol  MERCK, USA 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)  

Life Technologies, USA 

40% Acrylamide  Bio-Rad, USA 

Actrapid penfil neutral insulin  Novo Nordisk Pharmaceuticals Ltd, NZ 

Absolute ethanol  Scharlau, Spain 

Agar (A0949)   Applichem, USA 

Agilent high sensitivity DNA chip (#4626)  Agilent, USA 

Ampicilin sodium salt Sigma-Aldrich, USA 

Ammonium persulphate (APS) BDH Laboratory Supplies, England 

Beta-actin antibody (Rabbit), SC-130656 Santa-Cruz, USA 

Beta-catenin antibody (Mouse), SC-7963 Santa-Cruz, USA 

Bromophenol blue Scharlau, Australia 

Blocking buffer  Prepared in the lab (see Appendix A) 

BpI1  Thermo Fisher Scientific, USA 

Buffer G  Thermo Fisher Scientific, USA 

MiniTrak Robotic Liquid Handling 

system  

Perkin Elmer, USA 

MiniTrak pintool system  Perkin Elmer, USA 

Multidrop 384 Reagent Dispenser  Thermo Fisher Scientific, USA 

Nikon BioStation IM  Nikon, USA 

Nanodrop 1000 spectrophotometer Nanodrop technologies, USA 

Olympus CK2 microscope  Olympus, NZ 

Olympus BX57 inverted microscope Olympus, NZ 

Platemax  Axygen, USA 

POLARstar OPTIMA  BMG Labtech, USA 

PVDF membrane Thermo Fisher Scientific, USA 

Qubit 2.0 Fluorometer  Invitrogen, USA 

SC110A SpeedVac centrifuge Thermo Fisher Scientific, USA 

Series 8000 Water-Jacketed CO2 

Incubator 

Thermo Fisher Scientific, USA 

TC10 Automated cell counter  Bio-Rad, USA 

Tissue Culture Hood  EMAIL, Australia 

Thick Criterion Sheet  Bio-Rad, USA 

xCELLigence real time cell analysis 

system 

ACEA Biosciences, USA 
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Calcium chloride 2 hydrate Sigma-Aldrich, USA 

Cell culture lysis buffer Promega, USA 

Cholera toxin Sigma-Aldrich, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

DNA clean and concentrator kit Zymo Research, USA 

Dulbecco's modified Eagle's medium and 

F12 medium (DMEM-F12), (10565-042) 

Invitrogen, USA 

Doxorubicin  Selleckchem, USA 

E-cadherin antibody (Rabbit), SC-7870 Santa-Cruz, USA 

E-cadherin antibody (Rabbit), 24E10 Cell Signaling Technology, USA 

ECLplus reagents  GE Healthcare, USA 

Ethidium bromide Thermo Fisher Scientific, USA 

Ethylenediaminetetraacetic acid (EDTA)  Scharlau, Australia 

Entinostat (MS275) Selleckchem, USA 

Epidermal growth factor  Peprotech, USA 

Eagle’s minimum essential medium (RPMI 

1640), (61870-127) 

Invitrogen, USA 

Fast start Taq polymerase  Roche, USA 

Fetal bovine serum  Invitrogen, USA 

Fibronectin Corning, USA 

Fluorescein  Sigma-Aldrich, USA 

Glacial acetic acid  Scharlau, Australia 

Glycerol  Scharlau, Australia 

Glucose  Life Technologies, USA 

Goat serum Thermo Fisher Scientific, USA 

Goat anti-rabbit, alexa fluor 488 (A11008) Thermo Fisher Scientific, USA 

Goat anti-mouse, alexa fluor 488 (A11001) Thermo Fisher Scientific, USA 

Goat anti-rabbit, alexa fluor 647 (A21244) Thermo Fisher Scientific, USA 

Goat anti-mouse, alexa fluor 647 (A21235) Thermo Fisher Scientific, USA 

High-sensitivity dsDNA kit Invitrogen, USA 

HRP-linked Goat Anti Rabbit polyclonal 

IgG (SC-2004)  

Santa-Cruz, USA 

Hoechst 33342  Sigma-Aldrich, USA 

Horse serum Invitrogen, USA 

Hydrocortisone  Sigma-Aldrich, USA  

Isopropanol  Scharlau, Spain 

Insulin  Novo Nordisk Pharmaceuticals Ltd 

KAPA HiFi HotStart ReadyMix  Kapa Biosystems, South Africa 

LE Agarose  Sigma-Aldrich, USA 

Mag-Bind RXNPure plus  Omega Bio-Tek Inc 

Methylene blue  Sigma-Aldrich, USA 

Micro-90 cleaning solution  Sigma-Aldrich, USA 

MiSeq reagent kit, version 2, 300 cycles Illumina, USA 
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MiSeq reagent kit, version 2, 500 cycles Illumina, USA 

MiSeq reagent kit, version 3, 600 cycles Illumina, USA 

Manganese chloride 4 hydrate Sigma-Aldrich, USA 

Magnesium chloride 6 hydrate Sigma-Aldrich, USA 

Magnesium sulphate 7 hydrate Ajax Finechem, NZ 

Novex Sharp pre-stained protein standards  Invitrogen, USA 

Nucleobond xtra midi plus Macherey-Nagel, Germany 

NucleoSpin plasmid kit  Macherey-Nagel, Germany 

One Shot Stbl3 chemically competent E. coli  Thermo Fisher Scientific, USA 

Opti-MEM I reduced-serum medium  Thermo Fisher Scientific, USA 

PageRuler prestained protein ladder  Thermo Fisher Scientific, USA 

Penicillin/Streptomycin (100X)  Invitrogen, USA 

1,4-Piperazinediethanesulfonic acid (PIPES)  Sigma-Aldrich, USA 

Paraformaldehyde Sigma-Aldrich, USA 

Phosphate buffered saline tablets  Oxoid Limited, England 

Potassium chloride BDH, India 

Potassium hexacyanoferrate (II) trihydrate  Sigma-Aldrich, USA 

Potassium hexacyanoferrate (III)  Sigma-Aldrich, USA 

PrepGEM tissue Zygem, New Zealand 

PrimeScript RT reagent kit Takara Bio, USA 

Propidium iodide solution  Life Technologies, USA 

pSpCas9(BB)-2A-GFP (PX458), Addgene 

plasmid # 48138 

Addgene, USA 

pSpCas9n(BB)-2A-GFP (PX461), Addgene 

plasmid # 48140) 

Addgene, USA 

Quick-RNA miniprep kit  Zymo Research, USA 

Rabbit E-cadherin antibody (SC7870) Santa-Cruz, USA 

Rabbit E-cadherin monooclonal antibody 

(24E10)  

Cell Signaling Technology, USA 

Resazurin  Sigma-Aldrich, USA 

RNA clean and concentrator kit Zymo Research, USA 

RNAse A solution  Purelink, Invitrogen, USA 

ROX passive reference dye Thermo Fisher Scientific, USA 

Saracatinib (AZD 0530) Selleckchem, USA 

Skim milk powder  Pams, NZ 

Stbl3 cells Thermo Fisher Scientific, USA 

Sodium acetate anhydrous Scharlau, Spain 

Sodium chloride Sigma-Aldrich, USA 

Sodium dodecyl sulphate (SDS) BDH Laboratory Supplies, England 

Sodium hydroxide Scharlau, Spain 

Sodium pyruvate  Life Technologies, USA 

SsoFast EvaGreen supermix Bio-Rad, USA 
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T4 DNA ligase Roche, Switzerland 

10X T4 Ligation buffer  Roche, Switzerland 

Tetramethylethylenediamine (TEMED)  Scharlau, Spain 

Tryptone  Scharlau, Spain 

Tris  Applichem, USA 

Triton X-100 Sigma-Aldrich, USA 

TruSeq™ RNA Sample Preparation  Illumina, USA 

Trypan blue  Sigma-Aldrich, USA 

Tween-20  Sigma-Aldrich, USA 

Ultra-pure distilled water  Invitrogen, USA  

Xylene cyanol Sigma-Aldrich, USA 

Yeast extract  Merck, Germany 

Zombie NIR dye  BioLegend, USA 

2.1.3. Software 

4Peaks Nucleobytes, Netherlands 

7900 SDS v2.4 Applied Biosystems, USA 

ActivityBase IDBS, UK 

BKChem BKChem, url: http://bkchem.zirael.org/index.html 

Burrows-Wheeler 

Aligner (BWA) 

Li and Durbin290 

Cas-OFFinder Bae et al284 

CellProfiler v2.2 Kamentsky et al291 

cellHTS2 Boutros et al292 

ChemmineR Cao et al293 

CRISPResso Pinello et al294 

CRISP-ID Dehairs et al295 

E-CRISP Boutros lab, url: http://www.e-crisp.org/E-

CRISP/designcrispr.html 

FastQC FastQC, url: 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc. 

Fiji Is Just Image J (FIJI) Saalfeld et al296 

FCS express 6 plus DeNovo, USA 

FLASH Magoc and Salzberg297 

FlowJo v9.7 Tree Star, USA 

GraphPad Prism v5.00 

for Windows 

GraphPad Prism, url: https://www.graphpad.com/scientific-

software/prism/ 

Integrative Genomics 

Viewer (IGV) v2.3 

Thorvaldsdóttir et al298 

IncuCyte software Essen BioScience, USA 

Inkscape Inkscape, url: https://www.inkscape.org/ 
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Limma Smyth et al299 

MarvinSketch ChemAxon, url: 

https://www.chemaxon.com/products/marvin/marvinsketch/ 

Needle from the 

EMBOSS suite 

Rice et al300 

Papers v2 Papers, url: http://papersapp.com/ 

Primer 3 Untergasser et al301 

Primer BLAST Ye et al302 

R Studio v2.14.2 R Studio, url: https://www.rstudio.com/ 

SciFinder Scholar American chemical society, url: https://scifinder-cas-

org.ezproxy.otago.ac.nz/scifinder/ 

Sequencher 5 Gene Codes Corporation, USA 

sgRNA design Broad Intitute, url: 

http://portals.broadinstitute.org/gpp/public/analysis-

tools/sgrna-design 

Spotfire v2.0 TIBCO, USA 

SnapGene Viewer GSL Biotech, USA, url: snapgene.com 

SYBYL v2.1.1 Tripos, USA 

Trimmomatic Bolger et al303 

UNITY Tripos, USA 

xCELLigence RTCA 

software v1.2 

ACEA Biosciences, USA 

 

2.1.4. Mammalian cell lines 

A MCF-10A WT cell line (CRL-10317) and MCF-10A CDH1-/- cell line 

(CLLS1042) were purchased from Sigma-Aldrich. The MCF-10A CDH1-/- cells were 

formed using site specific deletion of four base pairs by zinc finger nucleases, 

knocking out CDH1 on chromosome 16q22.1. We have published the full 

characterisation of these isogenic cells elsewhere 2. MCF10A isogenic cell lines were 

shown to be mycoplasma free by the Walter and Eliza Hall Institute of Medical 

Research (WEHI) Antibody Facility (Melbourne, AUS). 

The MCF-7 (HTB-22), NCI-N87 (CRL-5822) and MDA-MB-231 (HTB-26) cell lines 

were purchased from the American Type Culture Collection (ATCC). HEK-293 (CRL-

1573) was a gift from the Hughes Laboratory (Department of Biochemistry, 

University of Otago, NZ).  
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2.1.5. Novel compounds 

The WECC lead-like compound library was stored at 14°C under nitrogen 

atmosphere in a purpose-built small molecule repository at the Queensland 

compound library facility. The library (5 mM in DMSO) was dispensed 35 µL/well 

into 384-well library plates (Corning #3672) using the BioCel 1200 automation system 

and stored at -20°C at WEHI during the HTS. 

In order to validate hits from the HTS, the lead compounds 1, 6, 8, 12, 13, 14, 15, 

16, 17, 18 and 19 were purchased from Ambinter (France). 

The lead compound 11 and its analogues (11a-11i) were synthesised at the 

Ferrira Research Institute (Wellington, NZ) by Dr. Michael Fraser (Postdoctoral 

Fellow) and Professor Gary Evans.  

Analogues of the lead compound 8 (8a-8n) were synthesised at the Department 

of Chemistry, University of Otago (Dunedin, NZ) by Robert Smith (PhD candidate), 

supervised by Dr. Bill Hawkins. 

All compound analogues were characterised by 1H and 13C NMR spectroscopy 

and ESI mass spectrometry. Purity was determined by elemental analysis. All 

powder was kept between 4°C and -20°C. Compounds were stored in aliquots at -

80°C as stock solutions at 10 or 20 mM in DMSO in glass tubes or Eppendorf low 

bind tubes to avoid loss due to potential absorption by plastic tubes. Aliquots were 

only thawed twice.  
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2.2. MAMMALIAN CELL CULTURE MAINTENANCE 

All cell lines were grown in a humidified cell culture incubator at 37oC and 5% 

CO2 and maintained in specific growth media. Cells were passaged using aseptic 

technique in a tissue culture hood every three to four days once they reached 90% 

confluency and while they were still in the exponential log phase. Varying lengths of 

incubation with 0.05% trypsin were used to detach cells. MCF10A WT and MCF10A 

CDH1-/-  cell lines were passaged for no more than 10 passages post freeze-thaw. All 

other cell lines were maintained for under 20 passages. Cell lines were cryopreserved  

in 5% v/v DMSO using a 5100 Cryo 1°C freezing container, except the MCF10A cell 

lines which were frozen in 10% v/v DMSO.  Automated cell counts for passage 

calculations were obtained from either the CellCountess or the TC10 automated cell 

counter. For manual counting, cells were counted using a haemocytometer under 10x 

objective on an Olympus CK2 microscope. Cells were plated as per seeding densities 

detailed in Table 2.2.1 and checked daily. 

Table 2.2.1. Cell line seeding densities.  

Cell Line  
384-well plate 

(cells/well) 

96-well plate 

(cells/well) 

6-well plate 

(cells/well) 
T25 

(cells/T25) 

T75 

(cells/T75) 

T150 

(cells/T150) 

MCF10A 

WT 

600 cells/ 50 

µL 

4,000 cells/ 

100 µL 
2.0 x105 1.0 x105  3.0 x105 6.0 x105 

MCF10A 

CDH1-/- 

800 cells/ 50 

µL 

4,000 cells/ 

100 µL 
3.5 x105 1.5 x105 4.5 x105 1.0 x106 

MCF-7  - 
10,000 cells/ 

100 µL  

3.0 x105 
5 x105 1.0 x106 - 

NCI-N87  - 
20,000 cells/ 

100 µL  

4.75 x105 
1.0 x106 3.0 x106 - 

MDA-MB-

231 
- 

8,000 cells/ 

100 µL  

- 
1.0 x106 3.0 x106 - 

For 384, 96 and 6-well plates, densities were 90% confluent at 72 hours post seeding. 

For T25, T75 and T150 flasks, densities were 90% confluent 72 to 96 hours post 

seeding. 

MCF10A cells were cultured in a 1:1 mixture of Dulbecco's modified Eagle's 

medium and F12 medium (DMEM-F12), supplemented with horse serum (5% v/v), 

hydrocortisone (0.5 µg/ml final), cholera toxin (100 ng/ml final), insulin (10 µg/ml 
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final), and epidermal growth factor (20 ng/ml final) 304. Detailed information for the 

creation of cell culture stock solutions can be found in Appendix A.  

The MCF-7 and MDA-MB-231 cell lines were grown in Eagle’s minimum 

essential medium (RPMI 1640), supplemented with 10% v/v fetal bovine serum 

(FBS). The NCI-N87 complete media contained RPMI-1640, FBS (10% v/v), HEPES 

(10 mM final), and sodium pyruvate (1 mM final). For these three cell lines the media 

was changed every two days, until 90% confluent. All pre-mixed complete media 

was filter sterilised before use with a 0.22 µm polyethersulfone filter.  
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2.3. WESTERN BLOT  

2.3.1. Plating and harvesting cells  

Cells were seeded in a 6-well plate at densities shown in Table 2.2.1. These 

densities were chosen in order to be 90% confluent after 48 hours, compensating for 

their different proliferation rates. 

Cell harvesting began at 48 hours post seeding; all steps were done on ice where 

possible. Media was then aspirated and each well washed twice with 1.0 mL of ice-

cold phosphate-buffered saline (PBS). Two-hundred microlitres of protein cell 

culture lysis buffer (5x, made to 1x with ultra pure deionized water) with protease 

inhibitors was added to each well and cells were scraped and transferred to a 1.5 mL 

microcentrifuge tube. Samples were then vortexed and centrifuged at 4oC, 16,000 x g 

(RCF) for 10 minutes and the lysate transferred to a second pre-cooled 1.5 mL 

microcentrifuge tube before freezing at -80°C until ready to proceed. 

2.3.2. Determination of protein concentration 

Samples were defrosted on ice then vortexed briefly. Protein concentration was 

determined using the Qubit 2.0 fluorometer (Qubit). The Qubit protein assay allows 

for simple and accurate protein quantitation using three standards which were 

prepared along with the working solution, according to the manufacturer’s protocol. 

Only thin-wall, clear 0.5 mL optical-grade microcentrifuge tubes were used. 10 µL of 

each cell lysate sample was added to 190 µL of working solution, the tubes were then 

vortexed and incubated for 15 minutes at room temperature (RT). Samples were then 

read, and stock concentrations calculated using the Qubit software. 

2.3.3. SDS - polyacrylamide gel electrophoresis  

Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) 

protein gels were cast using the Bio-Rad Mini-Protean II system. Stacking and 
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resolving gels were made (Appendix A) based on a modification of the time-

honoured method of Laemmli, 1970305. Immediately after pouring the resolving gel, 

isopropanol was added to ensure a level gel. The resolving gel was allowed to set for 

one hour at RT and  the isopropanol was tipped off before casting the stacker. The 

stacking gel was added to the brim of the glass plates and the appropriate comb 

inserted and left for one hour at RT. SDS-PAGE gels were occasionally stored at 4°C 

in 1x running buffer (Appendix A) in a sealable bag for up to a week. 

2.3.4. Running SDS-PAGE gel 

Each sample was diluted to 20 µg (0.5 µg/µL final) in distilled water (H2O) and 

10 µL 5x protein loading buffer (Appendix A) using the concentrations calculated 

from the Qubit protein assay. Fifty microliters of diluted sample were then 

combined, vortexed, heated to 95°C for five minutes and briefly centrifuged.  

Gels were then transferred into the electrophoresis tank, the inner chamber was 

filled with 1x running buffer and the combs removed. Lanes were then flushed with 

running buffer before loading diluted sample with 1x protein loading buffer (heat 

denatured) into the lanes of the gel. For estimation of protein size, Page ruler 

prestained protein ladder was then added to the middle lane (not heat denatured). 

The exact volumes of sample and ladder loaded depended on the thickness of the 

gel.  

Once samples were loaded, enough 1x running buffer was added to the outer 

chamber to submerge the gel. Electrophoresis was performed at RT using a constant 

voltage of 60 V through the stacker and 100 V through the resolving gel until the dye 

front had reached the bottom of the gel (typically two hours). 
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2.3.5. Protein transfer to PVDF membrane 

After separation by SDS-PAGE, the proteins were transferred onto a 

polyvinylidene difluoride (PVDF) membrane using the Bio-Rad mini-TransBlot 

system. Briefly, a PVDF membrane was soaked in 100% methanol to activate it and 

then the membrane, filter paper and fiber pads left for 10 minutes at RT in 1x transfer 

buffer (Appendix A). The stacking gel and the leading edge on the resolving gel was 

then cut off and the sandwich assembly constructed (Figure 2.3.1) taking care to 

ensure the membrane was orientated correctly. 

 

Figure 2.3.1. Diagram of the assembly of a sandwich for Western Blot. Adapted from 

http://www.radio.cuci.udg.mx/bch/EN/Western.html. The white anode-facing 

cassette is normally red and the dark grey cathode-facing cassette is normally black. 

The sandwich assembly was then transferred to the transfer tank along with an 

ice block and the tank filled with cold 1x transfer buffer. The transfer was run at 100V 

for one hour. Afterwards the sandwich assembly was deconstructed and the PVDF 

membrane transferred to a plastic box and rinsed in PBS 0.2% v/v Tween-20 (PBS-T – 

Appendix A, made in lab).  
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2.3.6. Western blot analysis 

After transfer the PVDF membrane was washed in 10 mL of PBS-T for 10 

minutes (PBS-T wash), before being blocked in blocking buffer (Appendix A) for one 

hour at RT. The membrane was then washed three times in PBS-T and sealed in a 

plastic bag with the primary antibody (Table 2.3.1) and rocked overnight at 4°C. The 

following day the blot was transferred to a plastic box, washed with PBS-T three 

times and the secondary antibody (Table 2.3.1) was added to the blot in a sealed 

plastic bag and rocked at RT for two hours. The membrane was then removed from 

the sealed plastic bag and washed three times in PBS-T. The blot was then subjected 

to ECLplus chemiluminescence analysis using anti-rabbit or anti-mouse secondary 

antibody conjugated to HRP to visualise and quantitate the protein of interest. 

Imaging was performed on the LAS-3000 imaging system. A chemiluminescence 

increment standard was used on one second exposure and the EPI for the ladder was 

set to 1/100 seconds. The PVDF membrane was then washed or stripped and re-

probed with another primary and secondary antibody pair from Table 2.3.1 

following the protocol described above. 

Table 2.3.1. Primary and secondary antibody dilutions for western blots. 

Primary Antibodies Dilution in Blocking Buffer Catalogue Number 

E-cadherin poly Ab (rabbit) 1:400  SC-7870 

E-cadherin mAb (rabbit) 1:1,000* CST 24E10 

Beta-actin poly Ab (rabbit) 1:1,000 SC-130656 

Fibronectin poly Ab (mouse) 1:200  SC-52331 

Alpha tubulin mAb (mouse) 1:1,000 T6199 

Secondary Antibodies   

Anti-rabbit HRP 1:5,000  SC-2004 

Anti-mouse HRP 1:5,000  NA931V 

* E-cadherin monoclonal (rabbit) was diluted 1:1000 in 2 mL of 5% v/v BSA, 1x TBS 

and 0.1% v/v Tween-20. HRP, horseradish peroxidase; poly Ab, polyclonal antibody; 

mAb, monoclonal antibody. 
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After all imaging was completed on the LAS-3000 imaging system, tif images 

were converted into 8-bit jpg files and FIJI296 was used to determine the ratio of the 

protein of interest (E-cadherin) to loading control. This was done by quantifying the 

mean grey scale of a standard rectangle selection in FIJI. The same standard rectangle 

was used for each sample, as well as background measurements for each lane. The 

sample and background measurements were then inverted (255 – value), and each 

sample was background corrected. This was repeated for the loading control, and the 

E-cadherin samples were then divided by the loading control samples.  

2.4. RT-qPCR 

Reverse transcription (RT) - quantitative polymerase chain reaction (qPCR) was 

used to analyse CDH1 mRNA expression in various mammalian cell lines as it is 

extremely sensitive and allows quick quantification of changes in gene expression. 

2.4.1. RNA extraction and quantification 

Cells were grown in 6-well plates at densities shown in Table 2.2.1 for 72 hours. 

Cells were then directly lysed using the ZR RNA Buffer and removed using a cell 

scraper. RNA was harvested using the Zymo quick-RNA MiniPrep Kit following the 

manufacturer’s protocol with minor modifications; RNase-free water was pre-

warmed before use and the stand time for the column was increased from one to five 

minutes. 

The RNA samples were then DNase treated to remove any genomic DNA 

(gDNA) using the RNA clean and concentrator Kit. Samples were diluted such that 

10 µg of RNA per sample was DNase treated to give an appropriate yield. DNase 

treatment was performed at 37°C for 15 minutes, then 1 µL of 25 mM EDTA was 

added and incubated for 10 minutes at 70°C to activate and then denature the 

DNAse. In a modification to the manufacturer’s protocol for elution, the column was 
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allowed to stand at RT for five minutes rather than one minute. The Nanodrop was 

used to quantify RNA following the manufacturer’s protocol, before storage at -80°C. 

2.4.2. cDNA synthesis 

Complementary DNA (cDNA) synthesis was performed using the PrimeScript 

RT reagent kit. Reactions were performed in 10 µL volumes containing 2 µL 5x 

PrimeScript buffer, 0.5 µL PrimeScript reverse transciptase, 25 pmol oligonucleotide 

dT primers, 50 pmol random 6mers and 200 ng of RNA. Reactions were incubated on 

a C1000 thermal cycler at 37°C for 15 minutes followed by 85°C for 5 seconds. cDNA 

was stored at -80°C or used directly for qPCR. 

2.4.3. qPCR primers 

Gene-specific qPCR primers listed in Table 2.4.1 were either purchased pre-

designed from IDT, or designed using NCBI’s primer designing tool 302 and Primer3 

301. In addition to standard primer requirements – similar melting temperatures, a 

balanced G/C content, and no self-complementarity – primers were designed to span 

at least one intron to avoid amplification of contaminating gDNA. 

Table 2.4.1. Pre-designed IDT PrimeTime qPCR primers.  

Primer ID Sequence 

GAPDH F GCGCCAATACGACCAA 

GAPDH R GCTCTCTGCTCCTCCTGTT 

PPIA F TCTTTCACTTTGCCAAACACC 

PPIA R CATCCTAAAGCATACGGGTCC 

RPL13a F CTGGCCTCGCTTGGTTT 

RPL13a R GATGAACACCAACCCTTCCC 

CDH1 F CTGAGGATGGTGTAAGCGATG 

CDH1 R GTCTGTCATGGAAGGTGCTC 
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2.4.4. qPCR reaction 

The SsoFast EvaGreen Supermix was used to perform qPCR in 384-well, optical 

MicroAmp plates. Six microliter reactions were created containing 3 µL EvaGreen 

supermix, 300 nM primers, 500 nM ROX passive reference dye and 1 µL cDNA 

diluted 1 in 10 with H2O to avoid inhibition of the qPCR reaction by reverse 

transcriptase. GAPDH, PPIA and RPL13a were used as reference genes and ref100 

cDNA was used to create serial dilutions for each primer. qPCR was performed on 

the 7900HT fast real-time PCR system using the conditions shown in Table 2.4.2. A 

melt curve was produced to determine if any primer dimer formation or non-specific 

product amplification had occurred. 

Table 2.4.2. SsoFast EvaGreen Supermix qPCR conditions. 

Protocol Temperature Time per step 

Step 1: Initial Denaturation 95˚C 3 minutes 

Step 2: Denaturation 95˚C 15 seconds 

Step 3: Annealing 60˚C*  15 seconds 

Step 4: Extension 72˚C 15 seconds 

Back to Step 2 for a total of 40 cycles 

Step 5: Final Extension 72˚C 2 minutes 

 4˚C ∞ 

* Annealing temperatures were optimised for each primer pair used, but were 

generally close to 60˚C. 

2.4.5. RT-qPCR analysis 

The cycle thresholds (Ct) and slope of the standard curve (m) values were 

determined using SDS v2.4 and extracted for analysis in Excel using the method 

described by Pfaffl306. The real time PCR efficiency (E) was calculated from the slope 

of the standard curve fitted to Ct vs ref100 cDNA quantity for each gene using the 

formula: 

																																								 1 																E	=	10(-1/m).		
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The relative expression of the target gene to the reference genes was then 

calculated using equation 2. GAPDH, PPIA and RPL13a were used as reference genes 

(ref): 

2 								/0123 = 	
(4567895)

∆;5<=>?@<(ABC57BDEF6GHD9)

(479I)
∆;5>@J(ABC57BDEF6GHD9)

 

2.5. AGAROSE GEL ELECTROPHORESIS 

Agarose gel electrophoresis was carried out using the Gibco BRL Horizon H58 

horizontal gel electrophoresis system. Agarose gels [1-2% (w/v)] were made in 1x 

TAE (Appendix A). Once weighed, agar solutions were transferred to the microwave 

and heated to ensure all agar had become molten. Gels were then poured into the gel 

mould, and allowed to set at RT for 30 minutes. Gels were then submerged in 0.5x 

TAE in H2O. 

Sample DNA concentrations were analysed using the Nanodrop (Section 2.3.2) 

and normalised to 20 ng/lane. If DNA loading dye was not already present in the 

sample (from Kapa mastermix with dye), a 1:5 of Kapa universal DNA loading dye 

or a home-made DNA loading buffer (Appendix A) were added. 

For estimation of DNA size, Kapa universal DNA ladders were loaded along 

with samples and the gel was run at 100V for 30 minutes or until the dye front 

reached the bottom of the gel. Gels were removed from the tank and washed with 

H2O prior to visualising the fractionated DNA on the Gel Doc XR+ gel 

documentation system. 
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2.6. IMMUNOFLUORESCENCE  

Immunofluorescence was used for the visualisation of protein localisation in 

cells. After autoclaving, glass coverslips were coated with fibronectin (50 µg/mL 

final) for one hour at RT in a laminar flow hood, followed by a gentle PBS wash. One 

slip per well was transferred to a 6-well plate, and cells with appropriate complete 

media were seeded on top of the coated slips at the densities indicated in Table 2.2.1. 

Plates were left for 30 minutes at RT to ensure an even distribution of cells and 

transferred to a 37°C incubator for 24 hours. Media was then aspirated and three 

consecutive five minute washes were performed with gentle shaking. In order to fix 

the cells, 4% w/v paraformaldehyde (PFA – Appendix A, made in lab) was then 

added to wells for 20 minutes at RT, or overnight at 4°C. Three further washes in PBS 

were performed with shaking after which PBS-T was added for 20 minutes at RT. 

Two PBS washes were performed before blocking with 5% v/v goat serum in PBS for 

one hour at RT. The diluted goat serum was then removed with three consecutive 

five minute PBS washes with shaking. The lid of the 6-well plate was then inverted 

and 40 µL of the primary antibody diluted in PBS (Table 2.6.1) was added to the 

center of the lid wells. Using tweezers and a 20 gauge hypodermic needle, the 

coverslips were then flipped (cells down) onto the lid. Primary antibodies were 

incubated in a moist chamber in the dark either overnight at 4°C or at RT for one 

hour.  

Table 2.6.1. Primary and Secondary antibody dilutions for immunofluorescence. 

Primary Antibodies Dilution factor Catalogue Number 

E-cadherin (rabbit) 1:200 SC-7870 

E-cadherin monoclonal (rabbit) 1:200 24E10 

Beta-catenin (mouse) 1:100 SC-7963 

Secondary Antibodies   

Goat anti-rabbit, alexa fluor 488 1:700 A11008 

Goat anti-mouse, alexa fluor 488 1:500 A11001 

Goat anti-rabbit, alexa fluor 647 1:700 A21244 

Goat anti-mouse, alexa fluor 647 1:500 A21235 
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The coverslips were then transferred back into their corresponding wells and 

five consecutive five minute washes in PBS with shaking were undertaken to remove 

excess antibody from both the lid and wells. Secondary antibodies were then diluted 

in 2% v/v horse serum (Table 2.6.1) and 40 µL was added to the center of the lid 

wells. Coverslips were then flipped cells down onto the drop of secondary antibody 

and incubated for one hour at RT in the dark. After transferring the slips back into 

the wells, five more washes were performed and subsequently Hoechst 33342 (1 

µg/mL) was added for 30 minutes at RT in the dark in order to stain the nuclei. 

Coverslips were then inverted onto glass slides with Dako fluorescent mounting 

medium and left for 30 minutes before imaging on the Eclipse Ti inverted microscope 

system. Slides were stored in the dark at 4°C. 

2.6.1. Immunofluorescence analysis of cell-cell junctions 

Immunofluorescence was used to quantify E-cadherin and β-catenin 

fluorescence at cell-cell junctions. 10x images taken on the Eclipse Ti inverted 

microscope using the same exposure and gain were opened in FIJI and fluorescence 

intensity of each cell-cell junction was measured using the straight line tool from at 

least 80 cell-cell junctions per image. The mean value for each sample was then 

divided by the mean background value and normalised to a control. 
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2.7. HIGH-THROUGHPUT CHEMICAL SCREEN  

To identify novel synthetic lethal (SL) compounds for the treatment of cancer 

arising from E-cadherin (CDH1) loss, we screened a high quality library of 114,000 

novel compounds (WECC compound library) selected from 10 vendors based on 

lead-like selection principles 26,27. The HTS design was planned with consultation 

from Dr. Kurt Lackovic and undertaken with the supervision of Dr. Kate Jarman at 

the WEHI in Melbourne, Australia. 

2.7.1. HTS assay design 

MCF10A WT and MCF10A CDH1-/- cells were seeded using a multidrop 384 

reagent dispenser at zero hours into Corning black walled, clear bottom 384-well 

plates (assay plates) with a total volume of 50 µL per well (Table 2.2.1). Due to a lag 

to log phase for MCF10A CDH1-/- cells2,307, different zero hour seeding densities of 

600 cells/well and 800 cells/well were selected for MCF10A WT and MCF10A CDH1-

/- cell lines respectively (Table 2.2.1), in order to achieve a similar confluence at 72 

hours post seeding. Dummy plates were used to prime the multidrop before seeding. 

The dispensing cassette used in the multidrop was washed in 1% v/v micro-90 

cleaning solution and sterile H2O before being autoclaved; the cassettes were used 50 

times before being replaced. Following seeding, plates were left for one hour at RT 

without stacking 308 and then centrifuged at 500 x g (RCF) for one minute. Plates were 

then transferred to a Series 8000 water-jacketed incubator at 37°C and 5% CO2. 

At 24 hours post seeding, WECC compound library plates were removed from 

short-term storage at -20°C and thawed at RT in the dark for one hour. Library plates 

were then vortexed and centrifuged for one minute at 500 x g (RCF). The MiniTrak 

robotic liquid handling system and the MiniTrak pintool (Appendix C for conditions) 

were then used to transfer 352 compounds per 384-well library plate to the first 22 

columns (100 nL/well) of a 384-well assay plate containing cells to achieve a 10 µM 
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final compound concentration for the pilot, primary and single-point confirmation 

screens. For the 11-point dose-response screen, compounds (5 mM) were first serially 

diluted in DMSO by the Minitrak across columns 1 to 11 and 12 to 22, but excluding 

edge rows A and P of the library plate. The pintool was then used to transfer 100 nL 

per well of the compounds to the first 22 columns of the assay plates in order to 

create a 20 µM to 0.02 µM concentration range (Figure 2.7.1). 

Table 2.7.1. Killing control and SL control effective concentrations.  

 MCF10A WT MCF10A CDH1-/- 

Entinostat EC50 3.2 µM  2.4 µM  

Doxorubicin EC80 0.3 µM 0.4 µM  

MCF10A WT cells were seeded at 600/well and MCF10A CDH1-/- cells at 800/well in 

384-well plates.  Drugs were added at 24 hours post seeding and CTB was used as 

an end-point assay. Concentrations were normalised to 0.2% v/v DMSO. EC50 and 

EC80 curve fits were calculated from 11-point dose response curves at 72 hrs post 

seeding using Prism 5. 

The MiniTrak pintool system was also used to dispense 100 nL DMSO (0.2% v/v) 

as a negative control into column 23 of each assay plate. An EC80 dose of 

doxorubicin and an EC50 dose of entinostat (Table 2.7.1), as a general killing control 

and a synthetic lethal (SL) control respectively, were transferred into column 24 

(Figure 2.7.1).  
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Figure 2.7.1. Plate layout for the HTS. Blue wells represents DMSO (0.2%); red wells, 

doxorubicin (EC80); green, entinostat (EC50); and grey or gold, WECC compounds. 

A) Plate layout for pilot, primary and single-point confirmation screens. B) Plate 

layout for the 11-point screen. 

At 72 hours post seeding, (or 48 hours post compound treatment) cell viability 

was determined using either cell titer blue (CTB) 309 (Section 2.7.2), or plates were 

fixed and stained using Hoechst 33342 (1 μg/mL final) for nuclei enumeration 

(Section 2.7.3).  

2.7.2. Cell titer blue end point 

For the HTS, CTB (prepared in-house, Appendix A) was removed from storage 

at -20°C and warmed to 37°C in a water bath. At 72 hours post seeding warm 16.7% 

v/v CTB was added to each well using a Multidrop 384, and the plates were 

centrifuged at 500 x g (RCF) for one minute. Three dummy plates were used to prime 

the multidrop prior to this step. Plates were then incubated at 37°C and 5% CO2 for 

three hours after which plates were removed and allowed to equilibrate to RT over 

15 minutes. A Platemax seal was then added and plates were read using the 
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EnVision 2103 Multilabel Reader at 535 nm/ 590 nm excitation/emission fluorescence. 

Statistical analysis for CTB is explained in Section 2.7.4. 

2.7.3. High-throughput nuclei staining and imaging 

For the 11-point screen, plates were fixed, washed and stained using a ELx405 

Select deep well washer. Media was first aspirated leaving 10 µL/well, then 4% w/v 

PFA was added and plates left for 15 minutes at RT. Plates were then washed twice 

with PBS-T, before aspirating all permeabilisation buffer and adding Hoechst (1 

µg/mL final) in PBS. Hoechst is a membrane permeable DNA dye which binds 

preferentially to A-T base-pairs 310. Plates were then stored for up to a week at 4°C, 

until being imaged on a BD Pathway 855 (High content imaging system). Two 10x 

images per well with 0.5 second exposure were taken and cell counts enumerated 

using CellProfiler 311, (Section 2.11). 

2.7.4. Statistical analysis for HTS  

With the aim of taking into account the positional effect of samples and to 

absolve systematic edge effects for the pilot and primary screens which used edge 

wells, a custom well correction factor was used (Equation 3). As the CTB end point 

assay was used at these screening stages, relative fluorescence unit (RFU) was the 

output reading. The batch median RFU refers to the median of the RFU readouts for 

all the wells from all plates in a batch, excluding the control wells. The batch median 

of well reference was the median for each specific well across the batch. For example, 

the median of well A1 across all plates in a batch (Figure 2.7.2), hence allowing for 

each well in each batch to have a unique correction factor. 
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Figure 2.7.2. Batch median of well reference for well A1. 

3 								LMNN	O3//MO123P	Q0O13/ = 	
R01Oℎ	TMU20P	VWX

R01Oℎ	TMU20P	3Q	YMNN	/MQM/MPOM
		

In practice, samples in zone 1 (Figure 3.3.1C) of a plate with a lower RFU than 

the plate median will have a well correction factor of > 1, while samples in the 

interior zones of a plate with a higher RFU than the plate median will have a well 

correction factor of < 1 (Supplementary Figure F1.3). The corrected RFU (coRFU) in 

Equation 4 is the edge-effect adjusted RFU readout which was calculated based on 

the well correction factor from Equation 3. The coRFU values were then used to 

calculate the normalised readout shown in Equation 5 – corrected percent of controls 

(coPOC) on a plate-by-plate basis, where doxorubicin refers to an EC80 dose and 

DMSO was 0.2% v/v.  

4 														O3VWX = V0Y	VWX	×	YMNN	O3//MO123P	Q0O13/	

5 														O3]^_ = 100	×	
`0TaNM	O3VWX − 	x̄	U3c3/de2O2P	O3VWX

x̄	fg`^	O3VWX − x̄	U3c3/de2O2P	O3VWX
	

A further normalisation method called the corrected robust Z score (coRoZS) 

was chosen as it is a non-control based calculation and standardises for plate to plate 

variability through the use of MAD (median absolute deviation). The plate median 

coRFU did not include readouts from any of the controls. 

6 								gif = TMU20P	(`0TaNM	O3VWX	 − 	aN01M	TMU20P	O3VWX)		
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7 								_3//MO1MU	/3edk1	l	kO3/M = 	
(`0TaNM	O3VWX	 − 	aN01M	TMU20P	O3VWX)

gif
		

A second non-control based normalisation method known as the B score for 

‘Better Z score’ was also used312. The B score was calculated on a plate-by-plate basis 

and the MAD was calculated from the raw RFU. The estimated systematic 

measurement offset for row i (Ri), column j (Cj) and the estimated mean of the plate 

(x̄p) was obtained by fitting a two-way median polish313. The B score was calculated 

using the R statistical package cellHTS2292, as shown in Equation 8. An example of 

the code used in cellHTS2 can be found in Appendix D.  

8 								R	kO3/M = 	
(`0TaNM	VWX −	 V2 + 	_p + 	x̄a )

	gif
		

The quality control metric Z prime (Z’) was used to ensure that the raw data met 

a minimum standard of acceptable quality for valid conclusions to be drawn314. It 

was calculated as shown in  Equation 9, where ‘SD’ stands for standard deviation, 

and ‘DMSO’ and ‘doxorubicin’ indicates the coRFU values for the 16 wells with 0.2% 

v/v DMSO or the eight wells with an EC80 Doxorubicin per plate, respectively. As a 

general rule the Z’ factors for determining cell based assay quality are: > 0.6 as an 

excellent assay; > 0.4 an acceptable assay and < 0 an unacceptable assay.  

9 								lr = 1 −	
	3(`f	fg`^ + `f	U3c3/de2O2P)

(x̄	fg`^ − x̄	U3c3/de2O2P)
 

 

The relative standard deviation (RSD) shown is equation 10, also known as the 

coefficient of variation was also used to calculate the reliability of results. 

10 							VMN012sM	`10PU0/U	fMs20123P = 100	c	
`f

x̄
 

 

Another quality control formula known as the strictly standardized mean 

difference (SSMD)315, is a less conservative indicator of quality than Z’. It measures 

the ratio between the difference of the means and the SD of the difference between 
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negative and positive controls (Equation 11). The SSMD was created as a strictly 

theoretically-based QC to address some of the limitations in the Z' factor; mainly a 

lack of a clear probability interpretation. Using the SSMD an acceptable value for 

cell-based assay is > 3 with an excellent value being > 5316. 

11 						``gf =	
	(x̄	fg`0 − x̄	U3c3/de2O2P)

( fg`^	`ft + U3c3/de2O2P	`ft)
 

	 

2.8. 2D VIRTUAL SCREEN 

A 2D virtual screen was undertaken after the HTS with the intention of 

enhancing SAR analysis of the lead pharmacophores. The initial hits from the 

primary screen of 2,536 compounds were used to create a UNITY database in SYBYL 

(v2.1.1) which was subsequently screened against the predicted pharmacophore 

groups in 2D. The weighted ranked score (one number to rule them all) and a subjective 

filtering of HTS data was used to assess the biological activity of search results. 

2.9.  VALIDATION ASSAYS 

2.9.1.  Validation assay design 

At zero hours, cells were seeded into each well of Corning’s black walled, clear 

bottom 96-well plates using multichannel pipettes, with a total volume of 100 µL per 

well. For cell line specific seeding densities, see Table 2.2.1; for MCF10A isogenic cell 

lines, a density of 4,000 cells/well was chosen in order to directly compare cell 

viabilities after compound addition without the possible confounding effect of 

different cell numbers as we have found that higher cell density can lead to a 

reduced drug effect. 

For each lead compound, both isogenic cell lines were seeded into the same plate 

to mitigate plate-to-plate variation. Following seeding, plates were left for 30 minutes 

at RT without stacking 308 and subsequently transferred to a 37°C, 5% CO2 incubator. 



 73 

At this point plates for real-time analysis could be transferred to the xCELLigence 

platform (see Sections 2.9.5). 

Twenty-four hours post seeding, lead compounds were thawed at RT, vortexed 

and working stocks created in media generally of 0.2 - 0.4 mM. The lead compounds 

were then dispensed onto the cells using a multichannel pipette with either 10 µL 

compound working stock per well, 0.1 - 0.2% v/v DMSO for negative controls or an 

EC80 dose of doxorubicin for positive controls. At least three technical replicates 

were used per condition. Cells in the edge wells were not subjected to drug treatment 

due to the increased variability caused by edge effects. At this point plates for live 

cell imaging were taken to the IncuCyte imaging system where they were kept at 

37°C, 5% CO2 and with humidity control (see Sections 2.9.4). If plates were not taken 

for live cell imaging after compound addition, cells in the edge wells were stained 

using Hoechst 33342 (1 µg/mL final) without the addition of fixing or 

permeabilisation agents so that the viability of cells in the interior wells was not 

affected. For plate edge counts, plates were transferred to the incubator after Hoechst 

addition and left for > 60 minutes in the dark before six images per well were taken 

using a 4x objective in the UV channel on the Cytation 5 imaging system, which was 

set to 37°C, 5% CO2, but does not have humidity control. Following imaging, plates 

were returned to the incubator and nuclei were enumerated using CellProfiler as 

explained in Section 2.10. 

Forty-eight hours post compound addition (or 72 hours post seeding), plates 

were assayed for cell viability using either a combination or one of alamar blue (AB) 

or a one-step permeabilisation with Hoechst for cell counts (Sections 2.9.2 and 2.9.3). 

2.9.2.  Alamar blue cell viability assay 

Alamar blue was made in-house from resazurin309(Appendix A). Warm AB was 

added to black walled 96-well plates after 72 hours of growth at a final volume of or 
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9.1% v/v for NCI-N87 cells or 16.7% v/v for MCF10A WT cells, due to the differences 

in seeding densities. Plates were transferred to a 37°C incubator for three hours. 

After this, plates were left for 15 minutes at RT and read on a POLARstar Optima at 

550 nm/ 590 nm excitiation/emission. Normalised cell viability from AB was 

calculated using the formula below:  

12 														u3/T0N2kMU	OMNN	s20e2N21v = 100	×	
x̄	`0TaNM	VWX

x̄	fg`^	VWX
 

2.9.3.  One-step fix, permeabilisation and nuclei stain 

Forty-eight hours after compound addition, a one-step permeabilisation cocktail 

of PFA (0.25% v/v), saponin (0.075% w/v) and Hoechst 33342 (1 µg/ml final) was 

added to the remaining wells in order to fix, permeabilise and stain the cells. Plates 

were left for > 30 minutes at RT in the dark before transferring to the Cytation 5 or 

Cytell imaging systems. Six 4x magnification images were taken per well for 

counting only or twenty-five 10x magnification images per well for cell cycle analysis 

were taken in the UV channel and bright field. Bright field images were taken to 

check for absence of contamination and crystal formation (as a result of compound 

insolubility). Tif image files (16-bit) from the UV channel were exported from the 

Cytation 5 or Cytell and run through a custom CellProfiler v2.2311 pipeline allowing 

for total nuclei counts and an integrated pixel intensity for each object (nucleus) per 

image to be produced for cell cycle analysis (Section 2.10).  

2.9.4.  IncuCyte live cell imaging 

At 24 hours post seeding and after the addition of compounds to cells, 96-well 

plates were inserted into the IncuCyte FLR, housed inside a CO2 incubator for live 

cell imaging. Three 4x magnification phase-contrast images in each well were 

acquired every two hours for 48 hours. Data was analysed using the IncuCyte 
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software which quantified confluence values from the cell surface area coverage in 

each image. 

2.9.5.  xCELLigence real-time assay 

The xCELLigence system measures the strength of cellular adhesion to gold 

electrodes printed on 96-well xCELLigence E-plates317. Similar to the IncuCyte the 

whole instrument is housed inside a CO2 incubator and therefore the readout can be 

used to infer a measure of cell viability in real-time.  

A base-line impedance measurement was first performed on the RTCA-MP 

station using 90 µL complete media per well. MCF10A WT and MCF10A CDH1-/- 

cells were then seeded in an additional 100 µL media at 4,000 cells per well and 

plates were left to equilibrate to RT over 30 minutes before returning to the RTCA-

MP station.  

Any change in cell viability, proliferation or attachment was quantified every 15 

minutes by the resulting change in the electrical impedance across the gold 

electrodes in each well of the E-plate. The impedance values were then converted 

into cell index (CI) values by the RTCA software. At 24 hours post-seeding, the assay 

was paused in order for compound addition, after which the assay continued for 72 

hours. 

2.9.5.1. Growth over time using the iCELLigence platform 

The iCELLigence platform is the smaller cousin of the xCELLigence system, and 

uses the same technology. The iCELLigence system takes 8-well E-plates and was 

used to assess the growth over time and initial cell attachment rates of CRISPR-Cas9 

genome edited cells.  

A base-line impedance measurement was first performed on the RTCA-

iCELLigence station using 180 µL complete media per well. MCF-7 WT and genome 
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edited cells were then seeded at 5 x 104 cells per well in an additional 300 µL media 

and plates were left to equilibrate to RT over 60 minutes before returning to the 

RTCA-iCELLigence station. Impedance measurements were taken every 15 seconds 

for one hour 15 minutes, then every minute for 45 minutes, and every two minutes 

for the remaining 19 hours. 

2.10. CELLPROFILER PIPELINE ANALYSIS 

CellProfiler311 was used to enumerate stained nuclei from 16-bit tif images. These 

images came from either the HTS using the BD-Pathway 855, or validation assays 

using the Cytation 5 imaging system.  

2.10.1.  Pipeline set-up 

In short, .tif images were imported into CellProfiler using the ‘LoadImages’ 

module, bright field images were excluded. Metadata from the filename was 

extracted using the regular expressions ‘row’, ‘column’, ‘imagefield’, and ‘channel’. 

Then grouping of data by ‘well’ (formed from metadata for row and column), this 

allowed for up to 16 worker nodes when run on a server. Metadata for subfolder 

path was extracted for ‘platename’ in order to run multiple plates per analysis. For 

image analysis the objects touching the borders of the image were removed and an 

intensity non-uniformity field correction was used. Cells or objects were identified 

using the parameters shown in Table 2.10.1.  

Two image quality checks were undertaken; i) to identify saturated images the 

percent maximal metric318 was employed which calculates the percentage of pixels at 

the maximum image intensity value; ii) to detect image focus blur the power log-log 

slope319 which calculates the slope of the power spectral density of the pixel 

intensities on a log-log scale was chosen. Images were deemed candidates for 

exclusion if they had a percent maximal metric above 1.5, or a power log-log slope 

below -2.0. All candidate images to be excluded were manually checked for 
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incorrectly identified nuclei due to saturation or focus blur, before removing the 

images from the analysis. 

For analysing whole image sets, a test-mode run was always performed to check 

the pipeline parameters. Overlays of nuclei outlines onto original images were saved 

with the purpose of manually verifying the correct objects had been identified in 

representative wells for low and high sample cell counts, as well as positive and 

negative control wells. An outline of a typical pipeline workflow can be found in 

Supplementary Figure E1. 

2.10.2.  Pipeline parameters 

Parameters used for each cell type can be seen in Table 2.10 and a typical script 

used in Appendix D. The objects referred to in the pipeline were the nuclei stained 

with Hoechst 33342. In general, ‘enhance or suppress features’ was set to the size of 

the largest bona fide object. To identify objects two-classed Global threshold strategy 

with Otsu method was employed. As the UV channel images were of good quality 

the grayscale levels could be split into two classes; the presence of illuminated objects 

otherwise known as the foreground, or a dark background. A Global threshold 

strategy was chosen as this method is quick and robust when the background is 

uniform. Otsu’s thresholding method320 was used because the percentage of the 

image covered by objects in the foreground varied from image to image, due to 

cytotoxicity. To distinguish clumped objects and draw dividing lines between 

objects, the object intensity was chosen due to the sometimes tightly packed objects 

in images for negative controls or inactive compounds. However, occasionally the 

object shape was used to draw dividing lines instead. Finally, the minimum allowed 

distance was set to roughly half the minimum diameter of objects. The output was a 

.csv file containing nuclei counts for each image in each well, for each plate.  
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Table 2.10. CellProfiler pipeline parameters. 

Cell type Enhance or 

suppress 

feature size 

 

Diameter of 

objects: 

minimum, 

maximum 

Lower bound 

of intensity 

threshold 

Size of 

smoothing 

filter 

Minimum 

allowed 

distance 

between 

object centers 

MCF10A 4x 25 8, 35 0.02 5 4 

MCF10A 10x 30 15, 50 0.01 8 6 

NCI-N87 4x 25 5, 25 0.01 4 4 

NCI-N87 4x 

GFP 
35 4, 40 0.01 5 5 

MCF-7 10x 20 7, 25 0.08 4 5 

MDA-MB-

231 4x 
22 5, 25 0.02 4 4 

MDA-MB-

231 10x 
35 16, 38 0.02 7 8 

All parameters were measured in pixels. 

2.10.3.  Cell count analysis 

Normalised nuclei counts from the output .csv file were analysed using R 

Studio. The nuclei counts for each well were first calculated from the mean of object 

counts for six (4x magnification) or twenty-five (10x magnification) images per well. 

Then using Equation 13, the mean nuclei counts were calculated per cell line from 

three wells for each sample or from six wells for the DMSO control, on a plate-by-

plate basis (Figure 2.10). 

13 														u3/T0N2kMU	OMNN	O3dP1k = 100	×	
x̄	k0TaNM	PdONM2	O3dP1k

x̄	fg`^	PdONM2	O3dP1k
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Figure 2.10. Diagram of cell count analysis. Image field six in well C2 was removed 

due to image saturation and the mean of the five remaining images taken for that 

well. 
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2.11.  IMAGE-BASED CELL CYCLE ANALYSIS 

Cell-cycle analysis via flow cytometry is expensive and requires expert 

knowledge. An alternative approach to cell cycle analysis utilises image-based 

quantification of DNA-binding dyes. Here we describe an inexpensive method for 

cell cycle analysis from images taken with any standard fluorescent microscope 

using open-source software for cell cycle analysis. CellProfiler321 dealt with 

quantification of pixel intensities, and R322 handled data manipulation and graphing. 

2.11.1.  Staining and imaging 

As cells in G0/G1 phase have one copy of DNA they have 1x fluorescence 

intensity; cells in S phase are synthesising DNA and have 1-2x fluorescence intensity; 

and cells in G2/M have doubled their DNA hence 2x fluorescence intensity. 

Therefore the nuclei intensities determined from images stained with DNA-binding 

dyes such as Hoechst 33342 can be used to calculate the population of cells in each 

phase of the cell cycle.  

Cells were first stained with Hoechst 33342 (1 µg/mL final) using the one-step 

permeabilisation protocol as described in Section 2.9.3. Subsequently 10x 

magnification tif images were taken using the BD pathway 855 or the Cytation 5. 

These images were then run through a CellProfiler pipeline (Appendix D) in order to 

identify nuclei and quantify integrated pixel intensities (Supplementary Figure E1); 

the resulting data was analysed in R Studio. 

2.11.2. Data analysis 

A detailed workflow for the R Script used for image-based cell cycle analysis can 

be found in Appendix D. Briefly, integrated pixel intensity for each object per image 

was log2 transformed and a log2 intensity histogram created for all the DMSO 

control wells on a plate-by-plate basis. The log2 intensity value corresponding to the 

center of the peak for the G0/G1 population was calculated for each DMSO control 
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well and after checking for uniformity between controls, the mean taken (Figure 

4.2.1). The mean log2 intensity value for the G0/G1 population was calculated for 

each cell line and used to normalise all sample log2 DNA intensity values as shown 

in Equation 12 below.  

12 														u3/T0N2kMU	N3w2fui =	sample	log2DNA	–	(mean	control	log2DNA	peak	
value)	+1	
	

Individual cells for each well were then gated using the norm.log2DNA intensity 

(Table 2.11) and the percentage of cells in each category per well was the final 

output.  

Table 2.11. Image-based cell cycle gates. 

Cell cycle stage Normalised log2DNA value 

Sub G1 < 0.75 

G0/G1 (2N)  0.75 - 1.25 

S 1.25 - 1.65 

G2+M (4N)  1.65 - 2.25 

> 4N > 2.25 
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2.12.  FLOW-CYTOMETRY CELL CYCLE ANALYSIS 

Analysis of asynchronous cell cycle progression was also undertaken using flow-

cytometry. Cells were seeded in 6-well plates at the densities shown in Table 2.2.1. 

Twenty-four hours post seeding drugs were added to wells and 48 hours post 

drugging, cells were washed twice with PBS and 0.05% trypsin added for 10 minutes 

at 37°C. Cells were resuspended in 2 mL of cold PBS containing FBS (2% v/v) and 

fixed with 600 µL ice-cold, ethanol (70% v/v) added drop wise while vortexing in 

order to fix and permeabilise the cells. Cells were left for one hour at 4°C and washed 

twice with PBS before being resuspended in the fluorescent DNA binding dyes 

Hoechst 33342 (10 µg/mL final) or propidium iodide (50 µg/mL final) and RNase A 

(100 µg/mL final) in PBS to determine the population of cells in each phase of the cell 

cycle. Cells were then vortexed and put at 4°C for three hours in the dark.  

2.12.1.  Flow cytometric analysis 

Cells were analysed with BD FACS Canto II, and gated using bivariate plots of 

area, height and width parameters for forward scatter (FSC) and side scatter (SSC) to 

exclude cell debris and doublets. A minimum of 20,000 events for each replicates of a 

sample was acquired and analysed for cell cycle distribution using the FlowJo 

version 9.7 software or FCS express 6 plus. 
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2.13.  GENOME ENGINEERING USING CRISPR 

Genome engineering using CRISPR was a multi-step process which required 

many different techniques undertaken over a number of months (Figure 2.13.1). 

Briefly, the CRISPR-Cas9(n) expression vector was digested using BbsI, and a custom 

target sequence was cloned into the single guide RNA (sgRNA) scaffold. Once E. coli 

cells were transformed with the expression plasmid and the plasmid DNA purified, 

mammalian cells were transfected with the vector. Flow cytometry was then used to 

identify and select individual transfected cells for clonal expansion. Next-generation 

sequencing (NGS) was chosen for a rapid assessment of the status of edited genes for 

numerous colonies using the MiSeq platform.  

 

 
Figure 2.13.1. Overview of the CRISPR genome engineering protocol. 

 

Quantify CRISPR gene editing via NGS

Two-step PCR and sequencing library preparation

Clonal expansion and gDNA plate-extraction

Isolate cells by FACS

Transfect plasmid into target cells

Sanger sequence expression plasmid

Select positive colonies and isolate plasmid DNA

Transform E.coli with plasmid

Ligate sgRNA into Cas9(n) expression plasmid

Design sgRNA target site
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2.13.1.  CRISPR target site design 

CRISPR-Cas9(n) can be directed towards a user defined DNA target sequence 

via an 18-20 nucleotide (nt) sgRNA for site specific cleavage. The target sequence can 

be on either the forward or reverse strand of DNA and is highly variable with the 

minimum requirement being that a protospacer adjacent motif (PAM) of NGG is 

situated immediately 3’ to the sgRNA. The Broad Institutes sgRNA design tool was 

used to design target sites. Improvements to the design of sgRNAs to include a 

preferred nucleotide at 30 sequential positions ranging from -4 to +3 bp of the 20 nt 

sgRNA described by Doench et al267,278 were also used to facilitate the design of 

optimal target sites for CRISPR genome editing (Table 5.1.1). Only targets sites 

within protein coding sequences were considered and multiple sgRNA sites were 

designed for each gene (Figure 5.1.1).  

For the design of Cas9n sgRNA target sites, Cas9n’s oriented tail-to-tail and 

separated by −10 to +30 base pairs (bp) were chosen to produce maximal cleavage240.  

For off-target activities, we have chosen to use sgRNAs with no predicted off 

targets for one or two mismatches within the 23 bp sequence (including PAM) as 

established by Cas-OFFinder284. In addition, for all predicted off-target sites with 5 or 

less mismatches there must be no more than three mismatches within the first five 5’ 

bps most distal to the PAM. 

2.13.2.  Formation of Cas9 and Cas9n constructs 

The CRISPR plasmid constructs SpCas9(BB)-2A-GFP (PX458) and SpCas9n(BB)-

2A-GFP (PX461) were purchased from the non-profit organisation Addgene231, and 

were deposited by Feng Zhangs lab238. The constructs are both 9,289 bps and contain 

a 2A-EGFP and the cloning backbone for sgRNA that consists of both the CRISPR 

RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA) as a single construct. 

PX458 (Figure 2.13.2) contains the CRISPR associated protein 9 (Cas9), where as 
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PX461 (Supplementary Figure E2) contains the Cas9 D10A nickase mutant (Cas9n), 

both of which are from streptococcus pyogenes. 

 
Figure 2.13.2. Schematic diagram of the plasmid pSpCas9(BB)-2A-GFP (PX458 - 

Addgene plasmid 48138). The sequence for PX458 was provided by Addgene, and 

has been visualised on SnapGene Viewer. Part of the figure was adapted from Ran et 

al238. The 20-nt dsDNA target sequence (blue) contains overhangs for a single-step 

digestion-ligation into the pair of BbsI cut sites in PX458. The ssODN sequences 

used for this step can be found in Supplementary Table B1. The regulatory elements 

are as indicated: Cas9, the sgRNA scaffold, chicken 85 β-actin promoter, bacterial 

resistance ampicillin (AmpR), 2A-GFP fused to Cas9, and the human U6 promoter. 

The F1 origin and origin of replication of E. coli (ori) are shown as yellow arrows. 
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2.13.2.1.  Inoculating bacterial cultures 

A sterile pipette tip was used to streak the bacterial stab onto a lysogeny broth 

(LB) agar plate containing 100 µg/ml ampicillin (Appendix A). Bacteria were grown 

at 37°C overnight. A single colony from the plate was then inoculated in 200 mL of 

LB liquid medium (Appendix A) containing 100 µg/mL ampicillin and grown 

overnight at 37°C with shaking at 200 rpm.  

2.13.2.2.  Plasmid DNA extraction 

Plasmid DNA (pDNA) was isolated using the Machery-Nagel NucleoSpin 

plasmid kit according to the manufacturer’s recommendations. A Nanodrop 1000 

spectrophotometer (Nanodrop) was used to quantify pDNA concentration and this 

product was used for the subsequent digestion and ligation.  

2.13.2.3.  Oligonucleotide annealing  

Two single-stranded DNA oligonucleotides containing a 20 nt target sequence 

and overhangs for ligation into the pair of BbsI sites in the plasmid backbone (Figure 

2.13.2), were synthesised by Integrated DNA Technologies (Supplementary Table 

B1). 

These were annealed in a 20 µL reaction containing 2 µL (100 μM) of each 

oligonucleotide in H2O.  Due to the subsequent simultaneous digestion-ligation step, 

the two oligonucleotides did not contain any BpI1 (isoschizomer of BbsI) enzyme cut 

sites (i.e. the nucleotide sequence ‘GAAGAC’). The oligonucleotides were annealed 

at 95°C for five minutes, followed by a ramp-down to 25°C at 5°C per minute in a 

C1000 thermal cycler. The annealed oligonucleotides were then diluted 200 fold in 

H2O. 
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2.13.2.4.  Single-step digestion-ligation reaction 

The sgRNA target sequences, now double-stranded DNA (dsDNA), were then 

inserted into PX458 or PX461 purified plasmids in a single-step digestion-ligation 

reaction using T4 DNA ligase and BpI1 in the following reaction (Table 2.13.1).  

Table 2.13.1. Digestion-ligation reaction. 

Reagent  Volume 

PX458 or PX461 (100 ng)  X µL 

Annealed oligonucleotide duplex (1:199�dilution)  2 µL 

DTT (1 mM)  1 µL 

T4 Ligation Buffer (includes ATP)  1 µL 

T4 DNA ligase   1 µL 

Buffer G   2 µL 

BpI1   2 µL 

H2O  Y µL 

Total  20 µL 

 

The single-step reaction was mixed by pipetting and incubated in a C1000 

thermal cycler using the conditions in Table 2.13.2. Samples were used immediately 

or stored at -20°C for up to one week. 

Table 2.13.2. C1000 thermal cycler conditions for digestion-ligation reaction. 

Protocol Temperature Time per step 

Step 1: Digestion for Bpi1 37˚C 10 minutes 

Step 2: Ligation for T4 DNA ligase 23˚C 10 minutes 

Steps 1 and 2 repeated for a total of six cycles 

Step 3: Heat inactivation of BpI1 65˚C 20 minutes 

 4˚C ∞ 

2.13.3.  Heat-shock transformation  

Stbl3 cells were chosen for transformation as they contain a mutation in recA 

which is a DNA-dependent ATPase that is necessary for recombination of DNA323. 

This reduces plasmid recombination and makes them particularly useful for cloning 

plasmids which contain direct repeats such as PX458 and PX461. Stbl3 cells were 
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purchased from Thermo Fisher Scientific and subsequently in-house chemically 

competent stocks were created 324 (Appendix C).  

The plasmid backbone with the sgRNA target sequence inserted was 

transformed into competent Stbl3 cells using the heat-shock method325. As 

transformation efficiencies are lower for ligation of inserts to vectors than for an 

intact control plasmid, 50 ng of pDNA was added to 200 µL lab-made competent 

cells (5 x 106 cfu / µg) in a microcentrifuge tube and gently mixed by flicking.  

The competent cell and pDNA mixture was placed on ice for 20 minutes and 

subsequently heat shocked at 42°C for one minute in an Eppendorf thermomixer 

before being placed back on ice for two minutes. Super optimal broth – catabolite 

repression (SOC) media (Appendix A) was added to the tubes, and they were grown 

at 37°C with shaking for 45 minutes at 225 rpm. The transformation mixture was 

then plated onto LB agar plates pre-equilibrated to RT containing 100 µg/mL 

ampicillin and incubated at 37°C overnight. 

Controls included a transformation reaction with no plasmid present, which 

should have no colonies as the Stbl3 cells do not have ampicillin resistance; a no-

insert control from the digestion-ligation reaction, which should have no colonies 

since the bpi1 digestion does not allow for re-ligation; and the pUC19 vector as a 

positive control and to calculate the colony forming units (cfu), which should have 

numerous colonies as the vector contains the ampicillin resistance gene. 

2.13.4.  Sanger sequencing to validate inserts 

 Individual colonies were then picked and transferred directly into a PCR  

reaction using FastStart Taq, the U6 forward primer (Supplementary Table B2), and 

the single-stranded DNA oligonucleotide from the sgRNA target as a reverse primer 

(ssODN 2, see Supplementary Table B1). Those colonies with the correct product size 

(240 bp) from a 2% w/v agarose DNA electrophoresis gel (Section 2.5) were 
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inoculated in LB containing ampicillin (100 µg/mL final) and grown overnight with 

shaking at 200 rpm. Glycerol stocks (25% v/v) were created and the pDNA isolated 

using a Machery-Nagel NucleoSpin plasmid kit according to the manufacturer’s 

instructions. Plasmid DNA was then sent for Sanger sequencing by genetic analysis 

services, Otago University, using the U6 forward primer to validate the insertion of 

sgRNA. 

2.13.5.  Transfection of CRISPR plasmid DNA 

Mammalian MCF-7 cells were plated at a density of 1.3 x 105 cells/well and NCI-

N87 cells were plated at a density of 1.5 x 105 cells/well in a volume of 0.5 mL 

complete growth medium per well in a 24-well plate and grown for 24 hours in order 

for cells to be 90% confluent prior to transfection. X-tremeGENE HP DNA 

transfection reagent was warmed to RT and vortexed gently before use.  A 1:2 

CRISPR plasmid DNA construct to X-tremeGENE HP reagent was then prepared by 

combining 0.5 µg /well plasmid DNA in 50 µL /well of Opti-MEM I reduced-serum 

medium in a sterile Eppendorf LoBind tube; the tube was flicked seven times to mix 

gently and 1 µL /well of X-tremeGENE HP was added and again the tube flicked 

seven times to mix. The lowbind tube was then incubated for 30 minutes at RT to 

allow complex formation. Appropriate growth media was then renewed and 50 

µL/well of the X-tremeGENE HP reagent and DNA complex was added drop-wise to 

the plate. The plate was then gently rocked to distribute the complexes and returned 

to the incubator. The growth medium containing the transfection complex was 

carefully replaced 24 hours after addition of the complexes and then at 48 hours post 

transfection for MCF-7 or 72 hours post transfection for NCI-N87, cells were 

processed for fluorescence activated cell sorting (FACS). 
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2.13.6.  Isolation of clonal cell lines by fluorescence activated cell 

sorting 

 

2.13.6.1.  Preparation of cells for FACS 

As the PX458 and PX461 plasmid contained 2A-EGFP, FACS was used to select 

cells which had been successfully transfected and thus expressed GFP.  

After 48 hours of transfection with X-tremeGENE HP and CRISPR pDNA, cells 

were washed with PBS and 0.05% trypsin was added. Cells were resuspended in a 15 

mL sterile conical centrifuge tube with 500 µL complete media and mixed with a 

P1000 pipette to ensure a single cell suspension. Tubes were centrifuged at 200 x g 

(RCF) for five minutes at RT and the supernatant discarded. Cells were resuspended 

in 200 µL cold 1x sterile sorting buffer (Appendix A) and counted using the TC10 

automated cell counter. To ensure the removal of all FBS, they were again 

centrifuged and resuspended in 100 µL 1x sterile sorting buffer. Zombie NIR 

viability dye was added at a ratio of 1 µL dye to 1x106 cells  per 100 µL 1x sorting 

buffer and incubated at RT in the dark for 15 minutes, after which 3 mL cold 1x 

sorting buffer with 1% v/v FBS (Appendix A) was added.  

2.13.6.2.  Fluorescence activated cell sorting 

Fluorescence activated cell sorting was done on a FACSAria III at the University 

of Otago flow cytometry facility, with the assistance of Michelle Wilson (technician). 

Single cells were sorted using a 100 µm nozzle at 20 psi, running at under 200 events 

per second. Cells were gated using bivariate plots of area, height and width 

combinations for forward scatter (FSC) and side scatter (SSC) with the addition of a 

live/dead gate from the Zombie NIR dye; only the top 5-10% of GFP positive cells 

were accepted for the final gate. Cells were sorted one cell per well into the central 60 

wells of 10 - 15 Corning flat bottom 96-well plates containing 200 µL per well of 

warm growth media supplemented with 20% v/v FBS and 1x penicillin/streptomycin 
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(100 units/mL of penicillin final and 100 µg/mL of streptomycin final). Outer wells 

were filled with PBS to mitigate edge effects. Plates were returned to the incubator 

immediately following sorting and left for two hours to allow cells to adhere. The 

presence and location of single cells per well were then verified under a FITC filter 

on an inverted fluorescent microscope before being returned to the incubator. Wells 

with single cells were re-checked 24 hours post FACS before the GFP  was no longer 

visible due to the degradation or dilution of the pDNA over time. The media was 

then changed with fresh 20% v/v FBS 1x penicillin/streptomycin and continued to be 

changed every two to three days. 

Eventually, colonies grown from single cells were split into two sister colonies in 

96-well plates; one for gDNA extraction and one for growth. The colonies destined 

for growth were passaged sequentially into individual wells of a 24-well plate, until 

they were again confluent enough to be split into two wells of a 24-well plate in 

order to have a sufficient number of cells for cryopreservation. The colonies intended 

for gDNA extraction were plate-extracted as explained below. 

2.13.7.  A two-step PCR approach for next-generation sequencing  

Paired-end dual index libraries for next-generation sequencing (NGS) of the 

transfected cells were generated using a two-step PCR strategy (Figure 2.13.3). The 

first amplicon-specific PCR round amplified a region of interest and the second 

adapter PCR stage attached the indices and adapters necessary for Illumina 

sequencing by synthesis chemistry, further explained below. 
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Figure 2.13.3. Schematic of two-step PCR library preparation for multiplexing NGS. 

Blue: amplicon-specific primers, red: non-specific extension, green: i5 and i7 indices 

for demultiplexing samples and yellow: Illumina adapters for binding to the flow 

cell. Primer sequences can be found in Appendix B.  

2.13.7.1.  Genomic DNA plate-extraction 

Genomic DNA was extracted from CRISPR-targeted cells using a Zygem 

prepGEM tissue kit for ease of use as it takes less than 20 minutes and does not 

require a purification step before PCR. The manufacturer’s protocol was modified 

with the following additions. A 50 µL per well master mix of 1 µL prepGEM, 5 µL of 

10x buffer gold and 44 µL ultrapure H2O was used. For wells with colonies, a media 

aspiration and a PBS wash was performed. The prepGEM master mix was then 

added to the 96-well plates and left for five minutes at RT. Those cells still attached 

were then scrapped with a 200 µL pipette and the mixture transferred to a  96-well 

PCR plate, vortexed and incubated in a C1000 thermal cycler at 75°C for 10 minutes, 

followed by a 4°C step until ready to proceed with quantification. The subsequent 

95°C step from the manufacturer’s protocol to inactivate the proteinase was excluded 

as it is included in the following PCR cycles. 
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2.13.7.2.  DNA quantification 

Each extracted gDNA sample was then quantified using the Qubit 2.0 

Fluorometer (Qubit)  high-sensitivity dsDNA assay kit which allows for accurate and 

prompt DNA quantification as it specifically measures dsDNA, compared to 

alternative approaches such as spectrophotometry, contaminating protein, or RNA 

will contribute to the measured A260 absorbance and thus result in an 

overestimation of the amount of DNA present in the sample. The Qubit DNA assay 

uses only two standards which were prepared along with the working solution 

according to the manufacturer’s protocol. Only thin-wall, clear 0.5 mL optical-grade 

PCR tubes were used. Two microliters of each sample was added to 198 µL of 

working solution, the tubes were then vortexed and incubated for two minutes at RT 

in the dark. Samples were then read, and stock concentrations calculated using the 

Qubit software. If less than 1 ng / µL was obtained from the gDNA extraction, 

samples were spun using a SC110A SpeedVac centrifuge to decrease sample volume 

to around 10 µL, hence increasing DNA concentration. Genomic DNA samples were 

stored at -20°C 

2.13.7.3.  Amplicon-specific PCR  

The initial amplicon-specific PCR reaction amplified the region encompassing 

each target site for the CRISPR-Cas9 system. Amplicon-specific primers were 

designed using NCBI-Primer BLAST 302 and Primer3 301 to be more than 100 bp from 

the predicted cut site and to fit within the capabilities of the 500-600 cycle MiSeq 

reagent kit (Figure 5.1.1A). Each primer included an 18 bp extension at the 5` end of 

the primer which was used as a binding site for the subsequent adapter-PCR step  

(Supplementary Table B3). 

PCR reactions were prepared to a total volume of 10 µL, with 5 µL of KAPA HiFi 

HotStart ReadyMix with dye, 20 ng input gDNA from the prepGEM tissue plate-
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extraction and 0.6 µM primer concentrations. Reactions were put on a C1000 thermal 

cycler and the following conditions in Table 2.13.3 used. 

Table 2.13.3. KAPA HiFi HotStart ReadyMix PCR conditions.  

Protocol Temperature Time per step 

Step 1: Initial Denaturation 95˚C 3 minutes 

Step 2: Denaturation 98˚C 15 seconds 

Step 3: Annealing 60˚C*  14 seconds 

Step 4: Extension 72˚C 14 seconds 

Back to Step 2 for a total of 25 cycles 

Step 5: Final Extension 72˚C 2 minutes 

 4˚C ∞ 

* Annealing temperatures were optimised for each primer pair used, but were 

generally close to 60˚C. HotStart reactions require a 98˚C denaturation. 

The resulting PCR products were run on a 2% (w/v) agarose gel (Section 2.5) to 

confirm amplification of a single product and check for the absence of contamination.  

Each amplicon-specific PCR sample was then purified using Mag-Bind RXNPure 

plus beads to remove any DNA fragments less than 50 bp and capture PCR products 

above 100 bp. PCR products were resuspended in a 1.8x volume of Mag-Bind beads 

in a 96-well U-bottom plate. Samples were washed twice with ethanol (70% v/v) and 

resuspended in 40 µL of elution buffer (EB). The purified DNA was then quantified 

on the Epoch microplate spectrophotometer according to the manufacturer’s 

instructions; EB was used as the blank reading. Samples were normalised to 1 ng/µL 

and stored at −20°C. 

2.13.7.4.  Adapter PCR 

The second stage of the two-step PCR approach attached the adapters required 

for binding to the flow cell during cluster generation via bridge amplification as well 

as the indices necessary for demultiplexing samples. Adapter primers  

(Supplementary Table B4) were designed by Chris Hakkaart (PhD student, Otago 

University) to mimic the standard i5 (forward) and i7 (reverse) 6 bp indices used in 

the TruSeq small RNA sequencing kits developed by Illumina (Oligonucleotide 
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sequences © 2016 Illumina, Inc. all rights reserved). The i5 and i7 indices were able to 

tolerate two miss incorporations per index while still having enough difference to be 

demultiplexed from other samples. The 3’ end of each adapter primer was 

complementary to the 18 bp extension at the 5` end of the amplicon-specific PCR 

products (Figure 2.13.3). This allowed multiple amplicon-specific PCR products from 

the same sample to be combined under a single index-pair in a single pooled PCR 

reaction instead of several individual reactions. 

Unique combinations of forward and reverse adapter primers were used in the 

second round of PCR reactions giving each sample a uniquely identifiable primer set. 

Second round PCR reactions were prepared to a total volume of 10 µL with 5 µL 

KAPA HiFi HotStart ReadyMix with dye, 2 ng input DNA from the amplicon-

specific PCR and 0.5 µM adapter primer concentrations. Reactions were put on a 

C1000 thermal cycler and the following cycle conditions in Table 2.13.4 used: 

Table 2.13.4. Adapter PCR cycle conditions using KAPA HiFi HotStart ReadyMix. 

Protocol Temperature Time per step 

Step 1: Initial Denaturation 95˚C 2 minutes 

Step 2: Denaturation 98˚C 20 seconds 

Step 3: Annealing 60˚C  20 seconds 

Step 4: Extension 72˚C 20 seconds 

Back to Step 2 for a total of 10 cycles 

Step 5: Final Extension 72˚C 40 seconds 

 4˚C ∞ 

 

A 2% (w/v) agarose gel (Section 2.5) was run to verify successful amplification. 

PCR reactions were diluted 1:9 to avoid overloading samples before loading 3 µL 

into each lane. As the adapter PCR primers were 63 or 68 bps long (Supplementary 

Table B4) there should have been an increase in size of the amplicon specific 

products by 95 bp. Different adapter primers were used for each MiSeq run as there 

was a chance that a very small percentage of reads might be left over from a previous 

run.  
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2.13.8.  Library preparation  

2.13.8.1.  Sample pooling 

Due to the addition of unique sets of indices in the adapter PCR reaction, all 

samples were identifiable and could be pooled into one tube. For each sample, 2 µL 

of the post adapter PCR reaction was pooled into one tube to create a library. The 

pooled and indexed library was then vortexed and 100 µL removed for DNA 

purification with Mag-Bind beads using the same protocol as described above using 

a 1:1.8 pooled library to beads ratio. 

2.13.8.2.  Creation of a 10 nM library 

The bead cleaned and indexed library was analysed on the Nanodrop following 

the manufacturer’s protocol to attain a quick and rough idea of the quantity and 

quality of DNA. A 2% (w/v) agarose gel was then run to check for absence of primer 

dimers and the correct product size. The library was subsequently quantified using 

the high sensitivity dsDNA Qubit kit (Section 2.13.7.2) and diluted to 500 pg/µL with 

EB in a DNA LoBind tube (which were used throughout the rest of the protocol). The 

theoretical length of the final product (Supplementary Table B5) was then used to 

calculate the nanomolar concentration required to create a 10 nM library in 20 µL EB 

using M1V1=M2V2 and equation 15 assuming the MW of a double-stranded base 

pair is 649 Daltons.  

15 	g3N0/	â2e/0/v	O3POMP1/0123P	(Pg) 	=
â2e/0/v	O3POMP1/0123P	(Pw/L)	

âMPw1ℎ	3Q	Q2P0N	a/3UdO1	 ea 	c	649
 

To check and take into account any pipetting inaccuracies, the 10 nM library was 

analysed on a high-sensitivity dsDNA Qubit run (Section 2.13.7.2)  and the actual 

concentration in ng/µL for the 10 nM library was compared to the expected 

concentration calculated from C1V1=C2V2. At this point as was often the case, it was 

possible to combine multiple 10 nM libraries from different projects which had 

successfully completed the above steps.  
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Assuming multiple libraries from different projects were combined, each 

individual library in addition to the combined-projects library at 10 nM were run on 

the Agilent 2100 Bioanalyser v1.03 (Bioanalyser). The Bioanalyser run was used to 

calculate the exact band size of each individual project library in order to be 

compared to the theoretical length of the final product. It can also calculate DNA 

concentration, however the Qubit assay is more accurate at quantifying dsDNA. In 

short, 1 µL (500 pg/µL) of each sample was loaded onto a high sensitivity DNA chip 

using the chip priming station with the syringe set to the first stop. Chips were then 

vortexed for one minute at 1000 x g (RCF) using the IKA vortex mixer and read using 

the Bioanalyser software.  

2.13.8.3.  Creation of a 4 nM combined-project library 

The mean length of the final product for the combined-project library at 10 nM 

calculated from the Bioanalyser and the concentration for the combined-project 

library calculated from the Qubit were then used to determine the volume required 

to create a 4 nM library in 10 µL EB using equation 15 and M1V1=M2V2.  

Again to check and allow for any pipetting error, the 4 nM library was analysed 

on the Qubit  and the actual concentration in ng/µL for the 4 nM library was 

compared to the expected concentration calculated from C1V1=C2V2. The library 

was then stored at 4˚C for up to one week until ready to proceed.  

2.13.9.  NGS using the MiSeq platform 

The Illumina MiSeq system was used for NGS as it combined cluster generation, 

amplification, sequencing, and data analysis in a single platform. A pre and post run 

wash was performed using  H2O and 0.5% v/v Tween-20, as well as a maintenance 

wash every 30 days. Due to the custom indices in the adapter primers, the standard 

Illumina experimental manager (IEM) normally used for demultiplexing amplicon 

sequencing was not suitable. Instead a csv sample sheet for demultiplexing samples 
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was made using Microsoft Excel. The sheet was designed to replicate a sample sheet 

created by the standard IEM software.  

On the day of the sequencing run, the 4 nM combined-project library was left to 

equilibrate to RT over 10 minutes and subsequently denatured and diluted to 2 nM 

using 0.2 N NaOH (Appendix A) over 5 minutes at RT. A tube of hybridisation 

buffer (HT1) and the MiSeq kit reagent cartridge were taken from -20˚C storage and 

thawed at RT.  

The 2 nM denatured library was then diluted to 20 pM in HT1 to a total volume 

of 1 mL. After a library-specific addition of 20 pM PhiX and a further dilution with 

HT1 buffer (Supplementary Table H9), 600 µL was loaded into the MiSeq kit reagent 

cartridge. The MiSeq run was then carried out according to the manufacturer’s 

instructions.  

The sequencing data was deconvoluted using the custom csv sample sheet with 

the Illumina MiSeq software. This created a fastq.gz file for read one and read two 

from each samples unique indices. A shell script written by Chris Hakkaart (PhD 

student, Otago University) aligned reads from fastq.gz files with BWA-MEM290 and 

converted them to BAM and BAI files in order for data visualisation using IGV 

viewer298. FastQC326 was also used to check the read quality of samples. Following 

successful CRISPR genome editing, indels were quantified using CRISPResso as 

described below. 

2.13.10.  Deep-sequencing data analysis using CRISPResso 

CRISPResso327 used a suite of computational tools to quantify CRISPR genome 

editing; the FLASH method 297 to merge paired end reads from the MiSeq plateform; 

Trimmomatic303 to trim reads by 10 bp and Needle from the EMBOSS suite to align 

the filtered reads to the reference amplicon300. In order to reliably quantify mutation 

events and avoid false positives due to sequencing errors the Phred 33 scale was 
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used328. With reference to the Phred33 scale, the optimised parameters used were 30 

for the average read quality and 20 for the single base pair quality. To address 

possible bias from sequencing errors resulting in false positives, we included 

unedited controls and mutations were only quantified in a 20-50 bp window around 

the predicted cut site. CRISPResso was run according to the protocol described by 

Luca Pinello327 with a few changes to his “CRISPRessoCORE.py” script around the 

plots created, including an addition of a 20-50 bp window either side of the predicted 

cut point. An example script used for CRISPResso data analysis can be found in 

Appendix D. 
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CHAPTER 3. HIGH-THROUGHPUT CHEMICAL SCREEN  

With the aim of discovering novel SL compounds to be developed into a 

chemoprevention drug for HDGC or a chemotherapeutic for advanced E-cadherin 

negative cancers, we undertook a high-throughput chemical screen. As our objective 

is to treat cancers arising specifically from the loss of the tumour suppressor protein 

E-cadherin, the standard screening approach for targeting an up-regulated protein 

will not work. Hence we have chosen to use a synthetic lethal screening approach, 

whereby the combined loss of two essential proteins leads to a reduction in cell 

viability, but the loss of only one can be tolerated. The loss of E-cadherin in 

cancerous cells can therefore be exploited by finding candidate compounds which 

cause a reduction in viability in CDH1-/- cells due to an unidentified SL interaction, 

but no reduction in the viability of normal cells.  

To undertake this HTS we choose to use the WECC library comprising of just 

under 114,000 novel compounds, based on lead-like selection principles26,27. 
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3.1. THE HTS SMALL MOLECULE LIBRARY WECC 

The most effective way to find starting points for the development of novel 

therapeutic drugs is HTS204,210. It has become increasingly common in academia over 

the last decade due to the creation of smaller and ‘smarter’ libraries comprising lead-

like compounds329,330, as opposed to the traditional big pharma drug-like libraries 

where every possible compound structure is included. 

The Stage 6 WECC library created by Baell26, is a primary example of a smaller 

and ‘smarter’ compound library comprising lead-like compounds. To identify novel 

SL compounds for the treatment of cancer arising from E-cadherin loss, we screened 

the WECC library of 114,000 novel compounds. These compounds were selected 

from a possible 4.9 million novel compounds, based on gold standard lead-like 

criteria26,27. The WECC library compounds were selected from 10 vendors worldwide 

and at the time represented ~80% of the available commercial compound space26. 

Lead-like compounds are simpler, more polar and smaller than drug-like 

compounds. A summary of lead-like chemical properties is shown in Table 3.1.1. 

Table 3.1.1. Lead-like chemical properties of the WECC library.  

Chemical property Value (mean) 

Molecular weight 150-400 (328) 

Maximum rotatable bonds 10 

Maximum chiral centres 3 (0.3) 

Maximum hydrogen-bond donors 3 (1.4) 

Number of hydrogen-bond acceptors 

 

1- 6 (3.3) 

Number of rings 1- 4 (2.9) 

Maximum calculated logarithmic partition coefficient 5 (3) 

Mean polar surface area (59 Å2) 

Mean values are in parentheses. Å, angstrom. Values taken from Baell et al26. 

In addition to the lead-like selection principles, no compound was more than 

85% similar to any other as judged by the Tanimoto coefficient using Unity 

fingerprints. This ensured that the library did not have large numbers of excessively 
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similar analogues and reduced the total number of compounds necessary to screen. 

Functional group filters removed additional compounds with problems with toxicity 

or poor pharmacokinetics, however compounds were rarely excluded solely on these 

grounds. Further filters such as Pan-Assay Interference Compounds or “PAINS”329 

meant that classical reactive and non-drug-like compounds were removed. 

Compounds that appeared as hits in multiple assays and had been shown to have 

very little potential for optimisation were also removed. Such criteria are now gold 

standards in the international academic screening community26 as they allow for 

attractive and optimisable starting points for development.   

3.2. HIGH-THROUGHPUT SCREEN OVERVIEW 

Four distinct high-throughput screening stages were undertaken using the 

WECC library; i) an assay miniaturisation and pilot screen, ii) primary screen, iii) 

single-point confirmation, and iv) an 11-point dose-response screen for half-

inhibitory (EC50) determination (Figure 3.2.1C). For the assay miniaturisation and 

pilot screen 10,208 WECC compounds were randomly selected from the 113,945 

WECC compound library and tested in two biological replicates using the MCF10A 

CDH1-/- cell line. This initial stage was used to characterise and reduce edge effects 

and assess if the compound concentration of 10 µM was acceptable (hit rate < 3%). 

The primary screen had an additional 103,737 compounds assayed in one replicate 

using MCF10A CDH1-/- cells. The top 2.2% (2,536) most active compounds as 

assessed by pooling the top corrected percent of control (CoPOC) and corrected 

robust Z score (CoRoZS) from the combined pilot and primary screens were selected 

as candidates for the single point confirmation screen.  

The single point confirmation screen involved testing both MCF10A WT and 

MCF10A CDH1-/- cell lines in triplicate biological replicates at 10 µM with the 

purpose of discovering SL compounds and determine the plate-to-plate 

reproducibility of the hits between biological replicates. A cell viability differential 
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(Section 3.3.4) was used to select 256 hits for subsequent EC50 determination. The 11-

point dose-response screen evaluated a concentration range from 0.02 µM to 20 µM 

for both isogenic cell lines in duplicate biological replicates. Throughout the HTS 

campaign, normalised cell viability was measured using CTB as a metabolic-based 

method (Figure 3.2.1A) and at the 11-point screening stage, Hoechst 33342 dye was 

also used as a direct measurement of counting cell numbers (Figure 3.2.1B).  
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Figure 3.2.1 High-throughput chemical screen design. A) Timeline for the CTB 

viability assay. B) Timeline for the HCI assay. C) Overview of the various stages of 

the screen.*, these compounds are from the WECC library screen described in26. 
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3.2.1. MCF10A WT and MCF10A CDH1-/- cell lines 

To study chemoprevention, a relatively ‘normal’ genetic background is 

important. Since there are no non-malignant gastric cell lines available, a non-

malignant epithelial mammary cell line model system was chosen to fulfil this role. 

Both LBC and DGC tumours have frequent CDH1 gene mutations and both cancer 

types are hallmarks of the HDGC syndrome142,143. 

MCF10A WT is an immortal adherent epithelial cell line derived from non-

tumorigenic breast tissue of a healthy individual with no family history of cancer331. 

MCF10A acquired several minimal genetic changes to cause its spontaneous 

immortalisation while passaging in low calcium concentrations, including a gain in c-

MYC, PIK3CA and BRCA1; a loss of one copy of BRCA2 and TNF; and an additional 

copy of chromosome 8332,333. However, as these changes are relatively minimal, 

MCF10A has been used extensively as a model for normal breast epithelium. 

Additionally, MCF10A is regarded as ‘normal’ because of its diploid karyotype, the 

requirement of specific growth factors to grow in culture and crucially, MCF10A 

does not show characteristics of invasiveness or tumour formation331,332,334. 

The isogenic partner of the normal MCF10A WT breast cell line, MCF10A  

CDH1-/-, was created by Sigma-Aldrich. ZFNs were used to produce a four base pair 

deletion in exon 11 of CDH1. The resulting MCF10A CDH1-/- cell line has been fully 

characterised by our laboratory and as part of my BBiomedSc (Hons) thesis2,307. E-

cadherin loss in MCF10A CDH1-/- cells was verified by RNA sequencing, western 

blot and immunofluorescence. E-cadherin loss was found to affect cell morphology, 

migration capabilities, nucleoli number and cell adherence, but anchorage-

dependent growth and cell-cell contacts were maintained (Figure 3.2.2). 

The proliferation rates of the two lines were almost identical with doubling times of 

13 and 14 hours for MCF10A WT and MCF10A CDH1 -/- cells, respectively2,307. 
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Transcriptome profiling performed on the isogenic cell lines showed E-cadherin 

loss resulted in an upregulation of genes involved in the tight junction complex such 

as claudin and occludin. The majority of markers expected to be upregulated in cells 

undergoing an EMT were not over-represented in the MCF10A CDH1-/- cells. 

However, some genes associated with gastric and breast cancer progression were 

differentially expressed, including S100-calcium binding proteins, matrix 

metallopeptidases (MMPs), and mucins. E-cadherin loss also reduced migration rates 

and affected growth in 3D culture. Overall, E-cadherin loss alone was insufficient to 

cause a complete EMT in our model system. Hence, these CDH1 -/- cells show an 

increased ‘cancer-like’ phenotype but still remain relatively indolent2,307. 

 

Figure 3.2.2. Sub-confluent and confluent images of MCF10A WT and MCF10A 

CDH1-/- cells. Adapted from Chen et al2. 

 

3.3. ASSAY OPTIMISATION AND MINIATURISATION  

Due to the large number of novel compounds to be tested in the pilot and 

primary screening stages of ~114,000 in addition to the subsequent screening stages 

and biological replicates, assay miniaturisation and optimisation were necessary. In 
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order to miniaturise the assay, the practical mitigation of positional effects was first 

undertaken. Following the successful removal of edge effects, the optimal CTB and 

HCI assay conditions were established and the HTS controls validated.  

3.3.1. Practical mitigation of positional effects 

Positional effects or edge effects are reasonably common in HTS and can be 

caused by a plethora of factors335. After controlling for the usual causes of positional 

effects such as a positional-row effect caused by instrument failure or blocked 

cassette tips (Figure 3.3.1A) it was discovered that the temperature fluctuations of the 

plates during end-point CTB fluorescence readings were producing a classic edge 

effect (Figure 3.3.1B-D). When plates were not left for 15 minutes RT post CTB 

incubation there was a statistically significant decrease in relative fluorescence 

between zone one (the edge wells) and every other zone of the plate (Figure 3.3.1D). 

For example, between zones one and three there was a significant decrease from 

~265,000 relative fluorescence units (RFU) to ~142,000 RFU (two-tailed, two-sample 

unequal variance T-test, p=2.56x10-34). In contrast to this, for the plate read at 15 

minutes RT post CTB incubation there was an insignificant decrease from ~286,000 

RFU to ~283,000 RFU between zones one and three (p=0.36). There was also no 

significant change in fluorescence between zones for time points of 30-90 minutes at 

RT post CTB incubation (data not shown). Additionally, setting the internal chamber 

of the EnVision to 37°C instead of RT and reading plates zero minutes at RT post 

CTB incubation caused an insignificant difference between zone one and every other 

zone (data not shown). 

To eliminate the possibility of evaporation causing these observed edge effects 

over the 72 hours plates are inside an incubator, a further experiment was conducted 

in which plates were seeded at high confluence, left for one hour at RT for the even 

distribution of cells308 and then transferred to a water-jacketed incubator for only five 

hours post seeding so that any evaporation was minimal. After two hours at 37°C 
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and 5% CO2, 16.7% v/v CTB was added and the plates returned to the incubator for a 

further three hours until reading on the EnVision. In a similar fashion to the previous 

experiment, for zero minutes at RT post CTB incubation, fluorescence continued to 

decrease from zone one into the center of the plate until zone seven at which point 

there was a significant decrease in RFU by 42.8% (Two-tailed two-sample unequal 

variance T-test, p= 2.07x10-52) between zone one and zone seven compared with a  

decrease of 10.4% (p= 2.21x10-21) for 15 minutes at RT (Supplementary Figure F1.2). 

Evaporation was therefore not appreciably contributing to the observed edge effects 

as a ~40% difference in RFU was still observed between interior and exterior zones 

under conditions of limited evaporation and this was resolved with temperature 

control.  

3.3.2. CTB assay miniaturisation 

After practical mitigation of positional effects the optimal volume of CTB 

required for the assay was determined (Figure 3.3.1E). The linear relationship 

between RFU and cell number was absent for all volumes of CTB tested at 32,000 

cells/well; the RFU plateaued after 16,000 cells/well. The 16.7% v/v CTB addition had 

the highest RFU value at each seeding density tested leading to the highest slope for 

the trendline of 2.28, compared to slopes of 1.73 and 1.42, for 9.1% v/v and 4.8% v/v 

CTB respectively. 16.7% CTB also had the best coefficient of determination (R2) value 

of 0.999 whilst still maintaining a linear relationship between RFU and cell number 

up to 16,000 cells/well which resulted in 16.7% CTB being the most accurate at 

predicting cell numbers using the equation for the slope of the trendline. For 

example, at 8,000 cells/well the difference between the predicted and actual RFU for 

8,000 cells/well was 323 RFU below predicted for 16.7%; 2,107 above for 9.1%; and 

1,099 below for 4.8% CTB (Figure 3.3.1E).  

The appropriate seeding density for MCF10A CDH1-/- cells in 384-well plates 

and 72 hours of growth was then selected. At 48 hours post plating, all seeding 
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densities had a linear relationship between 16.7% v/v CTB fluorescence and cell 

number (Figure 3.3.1F). However at 72 hours post plating, only the zero hour seeding 

densities of 800 and 1,000 cells/well were able to maintain a linear relationship. At 

400 cells/well there was a difference of 38,751 RFU between predicted and actual CTB 

fluorescence at 72 hours as cells were too sparse and did not proliferate as projected 

between 48 and 72 hours. For the higher seeding densities of 1,200 and 1,600 

cells/well, by 72 hours wells became over confluent and CTB fluorescence plateaued. 

Hence, 800 cells/well was chosen for the zero hour seeding density for MCF10A 

CDH1-/- cells. 
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Figure 3.3.1. CTB optimisation for MCF10A CDH1-/- cells. A-F) An entire 384-well 

plate was seeded at the indicated cell density using MCF10A CDH1-/- cells at zero 

hours. Plates were handled as described in the methods section. Unless otherwise 

stated 72 hours post seeding 16.7% v/v CTB was added then after three hours 

incubation at 37°C and 15 minutes at RT, plates were read using an EnVision plate 

reader at 535/590 nm or a POLARstar OPTIMA at 550/590 nm excitation/emission. 

Data is shown as mean+/-SD. A) Positional effects due to the Multidrop. The plate 

was seeded at 400 cells/well. B) Positional effects due to temperature. The plate was 

seeded at 800 cells/well and was not left for 15 minutes RT post CTB incubation. 

This edge effect is shown with white bars in Figure 3.3.1D. C) Diagram of a plate 

divided into ‘zones’. D) Thermal gradients between zones have a significant effect 

on fluorescence readings for MCF10A CDH1-/- cells. 800 cells/well were seeded as 

described above. After CTB addition at 37°C for three hours, the plate was read 

straight away in the EnVision (white bars) and then left for 15 minutes RT (black 

bars) before another reading was taken. E) CTB optimisation. Plates were seeded as 

above, but left for only four hours in an incubator before addition of CTB. The full 

line and circles shown are 16.7% v/v CTB; the medium-dashed line and triangles are 

9.1% v/v; the small-dashed line and squares 4.8% v/v and the hollow circles 0% CTB. 

F) The linear relationship between MCF10A CDH1-/- cells and CTB fluorescence. 

Black circles indicate 72 hours post seeding while black diamonds indicate 48 hours. 

The 72 hour black trend line shown was calculated from the first four points and 

does not include 1,200 and 1,600 cells/well. 
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Assaying  ~114,000 compounds could not be achieved by hand and so a 

MiniTrak robot with a pintool system was utilised for assay miniaturisation. In order 

to reliably deliver 100 nL of compound to each well in a 384-well plate format the 

MiniTrak Pintool system was first optimised using 100 nL of fluorescein/well to have 

a RSD (Section 2.7.4) of under 10% for each plate (data not shown).  

3.3.3. Normalisation methods to resolve positional effects 

In order to mitigate systematic edge effects for the pilot and primary screening 

data, a custom well correction factor was applied to both the robust Z score and the 

POC (Chapter 2.7, Equations 3-7). In practice this led to rows A and P having a mean 

well correction factor of 1.13 and 1.11, respectively (Supplementary Figure F1.3).  

Additionally, the B score (Section 2.7.4, Equation 8), was also examined. Using 

the two biological replicates for the pilot screen and a cut-off of 3SD below the mean, 

55.0% of the total hits correlate between all three methods (Supplementary Figure 

F1.4). The B score was more stringent than the two normalisation methods using the 

correction factor, as it had only three unique hits. However, if the B score alone was 

used to normalise the data, we may exclude 42.4% of the total hits. If only the 

CoRoZS, or the CoPOC was used, we could omit only 9.2% of total hits and if both 

CoRoZS and CoPOC were combined then only 1.1% of the total hits may be excluded 

(Supplementary Figure F1.4). The CoRoZS and CoPOC were therefore chosen as they 

were able to select the highest number of correlated hits whilst resolving positional 

effects. 
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3.3.4. High-content imaging optimisation 

3.3.4.1. Image field accuracy 

To determine the optimal number of image fields to use for the HCI screen, a 

data set was created from one 384-well plate, with one to six 10x images taken for 

DMSO wells. Calculations were then performed on the mean of one to six image 

fields, and normalised to the mean of all images fields. Two image fields would 

therefore be any combination of two fields from one to six – e.g. the mean of field 

two and field four –  and then normalised to the mean of all DMSO wells. 

Table 3.3.1. Accuracy of cell counts from one to six image fields for MCF10A CDH1-

/- cells.  

 
One field Two fields Three fields Four fields Five fields Six fields 

SD 0.09 0.06 0.05 0.04 0.03 0.03 

Max. 1.15 1.13 1.10 1.10 1.06 1.05 

Min. 0.78 0.87 0.89 0.91 0.92 0.94 

Range 0.37 0.26 0.22 0.19 0.14 0.12 

No. < 0.9 8 3 1 0 0 0 

No. > 1.1 7 2 1 1 0 0 

Data is from one 384-well plate, with one to six 10x images taken for DMSO wells. 

Data was calculated from the mean of one to six image fields, and normalised to the 

mean of all images fields combined. 

Assuming one biological replicate, with the increase in the number of image 

fields, the SD and range decreases (Table 3.3.1, Supplementary Figure F1.5); a similar 

trend was seen for MCF10A WT cells (Supplementary Table F1.1). Despite the fact 

two image fields have a range double that of six image fields, there is an 86% chance 

that the mean of any two image fields picked at random will have a value between 

0.9 and 1.1. This represents the chance for one technical replicate per compound 

concentration in a plate, but as there were two biological replicates for each 

concentration, this reduces the data variability to a 97% chance that values would be 

between 0.9 and 1.1 (data not shown). Hence imaging only two image fields were 
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sufficient to represent the trend of the experiment, especially when averaging two 

biological replicates.  

3.3.4.2. CellProfiler pipeline for nuclei enumeration 

CellProfiler v2.2311 was used extensively during the 11-point HCI screen and 

subsequently in the validation of lead compounds in Chapter 4, to enumerate nuclei 

from Tif image files. A custom CellProfiler pipeline for MCF10A cells using 10x 

images (Section 2.10) was optimised through iterative steps to create a pipeline that 

performed well with both low and high cell numbers. The final pipeline was then 

compared to the ITCN plugin on FIJI296 which had a 99.5% agreement between the 

CellProfiler automated pipeline and ITCN plugin (data not shown). 

3.3.5. Validation of HTS controls 

The HTS controls of DMSO, doxorubicin and entinostat were validated in 96-

well and 384-well plates in both isogenic cell lines. The DMSO negative control was 

added to plates at 0.2%, 24 hours post seeding and immediately after compound 

addition had been performed. A DMSO concentration up to and including 0.4% was 

found to have no effect on cell viability after 48 hours of incubation, but at 0.8% 

DMSO normalised cell counts were decreased to 46% and 60% for MCF10A WT and 

MCF10A CDH1-/- cell lines respectively (Supplementary Figure F1.6).  

The doxorubicin killing control was added at an EC80 dose for both cell lines 

(Table 2.7.1) in order to incorporate the viability assays ability to capture cell death. 

Due to how the POC was calculated (Section 2.7.4), this could lead to compounds 

with POC viabilities below 0% if they harmed MCF10A cells more than the EC80 

doxorubicin. A known drug screen using the same cell lines performed prior to this 

HTS identified entinostat as a strong SL candidate11 and hence entinostat was chosen 

as a SL control throughout this HTS campaign in order to validate the assay and hits 

against a known standard. 



 117 

Once the 384-well zero hour seeding densities for the two isogenic cell lines and 

the appropriate CTB volume were optimised along with edge effect mitigation, the 

pilot and primary screening stages of the HTCS could begin. 

3.4. DETECTION OF COMPOUNDS THAT                                 

HARM MCF10A CDH1 -/- CELLS 

With the intention of detecting compounds that might be able to treat E-cadherin 

deficient cancers, compounds were first tested on the MCF10A CDH1-/- cells and 

assayed using the conditions for CTB previously optimised (Figure 3.3.1). 

3.4.1. Pilot screen 

A pilot screen of 10,208 WECC compounds randomly selected from the 113,945 

WECC compound library were first assayed to determine if the compound 

concentration of 10 µM had an acceptable hit rate of under 3% and determine the 

plate-to-plate reproducibility between the two biological replicates  (Figure 3.4.1A).  

Spearman’s rank correlation coefficient is a nonparametric rank statistic proposed by 

Charles Spearman336 as a measure of the strength of an association between two 

variables. The mean Spearman correlation between the two biological replicates for 

the 32 plates assayed in the pilot screen was 0.42, with the lowest being 0.29 and 

highest 0.57. For quality control the Z’ factor was used to ensure that each plate in 

the pilot and primary screens had a statistically appropriate separation between the 

positive and negative controls. All plates had acceptable Z’ values above 0.4 and 201 

out of 325 plates had Z’ factors above 0.6 (Figure 3.4.1B). However, there was a slight 

drift effect observed for the signal to background (SB) measurements with increasing 

plate numbers (Supplementary Figure F3). 

The scatterplots between the two biological replicates for the individual plates 

with the highest and lowest Spearman’s ranked correlation are shown in 

Supplementary Figure F2. Ideally, all points would lie on the Y=X line, giving a 
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Spearman’s correlation of 1.0, however as each biological replicate had only one 

technical replicate, and it is not unusual for cell-based assays to suffer from some 

variation, the points are scattered around the Y=X line. Two plates chosen at random 

that were not replicates were included as a negative control to demonstrate the 

distribution that could be expected if there was no correlation. In comparison to the 

negative control (Spearman value -0.11), clearly the plate with the lowest Spearman 

correlation of 0.29 still has a medium correlation between the biological replicates.  

Of the hits determined by the threshold ‘mean -3SD’ for the pilot screen, this 

medium-strength of correlation resulted in 70% of the replicate one hits overlapping 

with replicate two hits for CoRoZS and 69% for CoPOC. For replicate two hits, 85% 

overlapped with replicate one hits for both CoRoZS and CoPOC (Supplementary 

Figure F2). Considering there can be up to around a 50% rate of ‘false hits’ in primary 

screens207, these overlaps were considered reasonable. In order to be as inclusive as 

possible, hits were taken from both replicates for the pilot screens instead of 

averaging between the biological replicates.  

3.4.2. Primary screen 

Following the success of the pilot screen, the primary screen was assayed in one 

biological replicate with an additional 103,737 compounds again using MCF10A 

CDH1-/- cells. A hit threshold of 3SD below the mean for the combined pilot and 

primary screening data was used with two different normalisation methods to give 

2,310 compounds (2.03%) from CoPOC and 2,329 (2.04%) from CoRoZS (Figure 

3.4.1C-D).  

Since the WECC library compounds are randomly dispersed throughout the 

pilot and primary screen plates, you can expect that each row and each column will 

have an even distribution of hits passing the hit selection filter of 3SD below the 

mean. The distribution of the hits using corrected and uncorrected data for the two 

normalisation methods is shown in Figure 3.4.1E. The most striking differences were 
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seen in the uncorrected data for edge rows A and P. For row P, there were 149 and 

157 more hits than the median hits per row, for RoZS and POC respectively. The 

corrected data for row P had 54 less hits for CoPOC compared to POC and 62 less 

hits for CoRoZS compared to RoZS. For row A, the corrected data had ~30 less hits 

per row than the median, and the uncorrected data had 43 and 26 more hits per row 

for RoZS and POC, respectively. Similar trends were seen for the median number of 

hits per column (data not shown). It is likely that even with the correction factor, 

there were still false positive hits due to edge effects occurring in row P, as there 

were around 80 more hits for the corrected data compared to the median hits per row 

(Figure 3.4.1E). 

There was a strong correlation (R2=0.938) between the CoRoZS and the CoPOC 

(Figure 3.4.1F) with an overlap of 82.9% between the two normalisation methods. 

However, using a strict cut-off of either < 44.73% for CoPOC or < -7.81 for CoRoZS 

(mean -3SD), some genuine hits would be excluded. In the top left quadrant of Figure 

3.4.1F there are 207 hits that would be omitted if only CoRoZS was used and in the 

bottom right quadrant there are 226 hits that would be excluded if the CoPOC was 

used. The hits from these two normalisation methods were therefore combined and 

the duplicates removed to give the top 2,536 (2.2%) most active compounds. These 

top 2.2% of compounds which produced the greatest reduction in viability of 

MCF10A CDH1-/-  cells were then carried forward to the single point confirmation 

screen.  
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Figure 3.4.1. Pilot and Primary Screens. A) Spearman’s rank correlation for the pilot 

screen, calculated using cellHTS2. B) Pilot and primary screen quality control. The 

Z’ parameter was calculated as described in the methods (Section 2.7.4). Assay 

plates with a Z’ factor value of 0.4 (black line) or less were rejected. C,D,F) Each dot 

indicates a compound, coloured by plate batch. A hit cut-off of 3SD below the mean 

was used (black lines). C) Corrected percent cell viability. Hits were < 44.73%. D) 

Corrected robust Z score. Hits were < -7.81. E) Distribution of hits by row. Hits are 

from the combined pilot and primary screens using the threshold of mean -3SD. 

Black circles represent corrected percent of controls  (hits < 44.73%), while hollow 

circles are percent of control (hits < 37.67%). Black triangles represent corrected 

robust Z scores (hits < -7.81) while hollow triangles are robust Z scores (hits < -7.10). 

Columns 23 and 24 were omitted as they were the control columns. F) Hit 

identification strategy for the pilot and primary screens. Hits from these two 

normalisation methods were combined and the duplicates removed for the hit 

selection.  
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3.5. IDENTIFICATION OF COMPOUNDS THAT 

PREFERENTIALLY KILL E-CADHERIN DEFICIENT CELLS 

The next stage of screening was the first to establish which compounds 

preferentially harmed MCF10A CDH1-/- cells compared to MCF10A WT. This 

screening stage was called the single point confirmation and involved testing the top 

2.2% of compounds from the pilot and primary screens in both isogenic cell lines in 

triplicate biological replicates at 10 µM.  

3.5.1. Quality controls for the single-point confirmation screen 

For quality control metrics, all 48 assay plates had acceptable Z’ values above 0.4 

and 48% of plates had values above 0.6 (Figure 3.5.1A).  

Additionally, the SB was > 3 for all assay plates, however this increased by 1.4 fold 

between biological replicates one and three. The POC R2 correlation between the 

three biological replicates for the two isogenic cell lines were all above 0.8 (Table 

3.5.1) and therefore passed the hit selection criteria. The highest correlations occurred 

between replicates one and two of 0.814 and 0.861 for MCF10A WT and MCF10A 

CDH1-/- cells, respectively. Overall the correlation between the biological replicates 

for MCF10A CDH1-/- cells were higher than their WT partners. 

Table 3.5.1. Percent of control R2 correlation between biological replicates for the 

single-point confirmation screen.  

 Replicate two WT Replicate three WT 

Replicate one WT 0.814 0.805 

Replicate two WT - 0.802 

 Replicate two CDH1-/- Replicate three CDH1-/- 

Replicate one CDH1-/- 0.861 0.830 

Replicate two CDH1-/- - 0.814 

The percent of control (POC) correlation was calculated for MCF10A WT (WT) and 

MCF10A CDH1-/- (CDH1-/-). Replicates mentioned were biological. Values shown 

are R2 correlations calculated in ActivityBase. 

As expected, 100% of the hits did not validate between the primary and single-

point screens. Taking into account only the MCF10A CDH1-/- data and a hit 
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threshold of < 44.73% POC, 36-41% of the hits were validated between the HTS stages 

(Supplementary Table F4.3). 

3.5.2. Single-point confirmation screen 

The cell viability differentials calculated from ‘MCF10A WT POC – MCF10A 

CDH1-/- POC’, were then used to select those compounds that harmed MCF10A 

CDH1-/- cells more than their WT counterparts.  

In total, 868 compounds had one or more biological replicates above a 

differential cut-off of > 8.5%, independent of the mean (Supplementary Table F4.1). 

Applying the hit selection threshold of a mean differential > 8.5% and each of the 

three biological replicates also having differentials above 8.5%, 91 hits in yellow 

shown in Figure 3.5.1C were selected as lead SL hits. There were also 235 compounds 

with 2/3 biological replicates above 8.5% shown in green (Figure 3.5.1C), 165 of 

which also had an average differential > 8.5% (hence crossing the Y=X-8.5 line) and 

were therefore selected as SL hits. The least stringent criteria for possible hit selection 

were the 542 compounds shown in blue, with only one of three biological replicates 

crossing the Y=X-8.5 line independent of the average. These compounds were the 

most affected by outliers with only 52 also having an average differential > 8.5%. 

None of the 542 compounds shown in blue were carried forward.  

This left 256 hits that had a mean differential > 8.5% and 2/3 or all three 

independent biological replicates with SL differentials above the threshold of 8.5% 

(Figure 3.5.1C), thereby preferentially killing E-cadherin negative cells.  

The top ten of these SL compounds are shown in Table 3.5.2. Many SL 

compounds had high mean POC differentials with the mean (+/-SD) differential of 

the 256 hits being 17.6% +/- 7.1 and the highest being 48% for compound 1. Already 

some similar pharmacophore groups can be seen such as between compounds 3 and 

10. The entinostat SL controls had an average POC differential of 15%, and therefore 
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validated the SL hits. However, the hit selection strategy meant that compounds at 

the lower end of the hit criteria could be false positives. For example, compound 256 

was the last compound to be included above the threshold, and although two 

replicates have a differential above 10%, replicate one has only a 3.31% POC 

differential (Supplementary Table F4.2).  

Interestingly, the majority of the variability between the biological replicates 

came from the MCF10A WT data, which had a mean SEM of 6.2% compared to 4.9% 

for MCF10A CDH1-/- values. For example, compound 1 had the highest SEM for the 

MCF10A WT cells with a SEM of 20.5% (Table 3.5.2). 

These 256 SL compounds from the single-point confirmation screen were then 

carried forward to EC50 determination in the subsequent 11-point screens. 
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Table 3.5.2. The top compounds from the single point confirmation screen.  

Compound 

ID 
Structure 

Mean POC (%) 

MCF10A WT 

Mean POC (%) 

MCF10A CDH1-/- 

Mean 

differential 

(%) 

1* 

 

96.6 

(20.5) 

48.6 

(6.4) 
48.0 

2* 

 

65.4 

(5.2) 

25.4 

(0.8) 
40.0 

3* 

 

78.2 

(3.5) 

39.2 

(4.6) 
39.0 

4 

 

114.2 

(9.2) 

76.0 

(3.7) 
38.2 

5 

 

90.0 

(6.0) 

52.9 

(2.7) 
37.1 

6* 

 

101.4 

(6.2) 

65.6 

(4.0) 
35.8 

7 
 

96.4 

(6.2) 

61.3 

(1.1) 
35.1 

8* 

 

64.5 

(14.4) 

29.9 

(3.9) 
34.7 
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Table 3.5.2 (continued). 

Compound 

ID 

Structure 
Mean POC (%)  

MCF10A WT 

Mean POC (%) 

MCF10A CDH1-/- 

Mean 

differential 

(%) 

9 

 

85.5 

(8.0) 

51.8 

(4.2) 
33.7 

10* 

 

72.7 

(0.7) 

39.5 

(6.6) 
33.3 

… … … … … 

256 

 

78.9 

(4.3) 

70.3 

(5.2) 
8.56 

… … … … … 

2536 

 

-3.4 

(6.4) 

71.9 

(11.7) 
-75.3 

Entinostat 

 

42.6 

(6.5) 

27.5 

(1.4) 
14.9 

All values shown are normalised using the POC method (Section 2.7.4). The 

standard error of the mean is shown in parentheses. The asterisk highlights 

compounds that were found to be noteworthy in the subsequent screens. 
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3.5.3. Reverse synthetic lethal compounds 

A substantial number of compounds grouped to the left hand-side of the Y=X 

line (Figure 3.5.1C) are designated reverse synthetic lethal (RSL) compounds because 

they reduce MCF10A WT viability more than MCF10A CDH1-/-. There are 1,797 RSL 

compounds that have average cell viability differentials under 0%, compared to 739 

SL compounds above 0%. The RSL compounds also had higher differentials. For 

example, compound 2536 had a mean differential of   -75%, compared to the highest 

SL compound (compound 1) which had a 48% mean differential (Table 3.5.2) and the 

highest differential of any individual biological replicate of 78.9% at the single-point 

screening stage (Supplementary Table F4.2). 
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Figure 3.5.1. Single-point confirmation screen for MCF10A WT and CDH1-/- cells. 

A,B) Each dot represent a plate. A) Z prime quality control. B) Signal to background 

quality control. C) The synthetic lethal differential. The average differential of each 

compound or sample is shown as a circle and the doxorubicin and entinostat 

controls as triangles. The samples in which all three biological replicates have a 

differential above 8.5% are shown in yellow, those with 2/3 replicates above 8.5% in 

green, samples with 1/3 replicates above 8.5% in blue, and in red, samples with no 

replicates with a differential above 8.5%. The bold black line is Y=X, the dotted black 

line is Y =X-8.5.  
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3.6. EC50 DETERMINATION FOR LEAD SL COMPOUNDS 

The 11-point dose-response screen evaluated a concentration range from 0.02 

µM to 20 µM for both isogenic cell lines in biological duplicates. The normalised cell 

viability was measured using both CTB as a metabolic-based method and Hoechst 

dye for counting cell numbers as a direct measurement. Half-inhibitory 

concentrations were calculated in Prism from the nonlinear regression algorithm of 

the POC viability plotted against the concentrations of the compounds. Two 

biological replicates were performed for CTB as an end point, in addition to two 

biological replicates with Hoechst 33342 (Figure 3.6.1). 

3.6.1. Quality controls for the 11-point screen 

For the CTB 11-point screen all plates had acceptable Z’ values above 0.4, with 

the second biological replicate having 70% above 0.6 (Figure 3.6.1A). The Z’ values 

for the HCI 11-point screen plates were above 0.4 for MCF10A WT, except one plate 

from biological replicate two with 0.396 (Figure 3.6.1B). However for MCF10A 

CDH1-/- HCI data, only four plates were above a Z’ of 0.4 and the mean Z’ was 0.32 

compared to a mean of 0.51 for MCF10A WT.  

A further quality metric known as the strictly standardized mean difference 

(SSMD)315, also measures the difference of the means and the SD between negative 

and positive controls (Section 2.7.4, Equation 11). Because the SSMD uses a strictly 

theoretically-based calculation, the cut-offs for QC have a clear statistical 

interpretation unlike the Z-prime. For example, an SSMD > 3 means that the size of 

the mean difference between positive and negative controls is three times that of the 

SD of the difference between the controls. For the HCI screen the lowest Z prime 

value came from replicate one with 0.15, however the same plate had a SSMD value 

of 4.03, which is above the predetermined threshold of 3. The mean SSMD value was 

7.04 for MCF10A WT and 5.27 for MCF10A CDH1-/- plates (Supplementary Figure 

F5.1). Additionally, all plates were above the pre-determined cut-off of > 3. This less 
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conservative approach for QC indicates the MCF10A CDH1-/- HCI data was 

acceptable316.  

Other QC metrics which measure the separation between controls also showed 

promising results such as a mean SB of 7.3 for the MCF10A CDH1-/- HCI data 

(Supplementary Figure F5.1). Confidence in the HCI data can also be drawn from the 

high Spearman’s rank correlation values of 0.57 and 0.51 for MCF10A WT and 

MCF10A CDH1-/- biological replicates, respectively (Supplementary Figure F5.1). For 

the MCF10A WT CTB data there was a reduced correlation between replicates 

compared to the other HTS data. However, for the between-screen correlation of the 

HCI and CTB data there was a good overlap of 24 / 30 for the top 30 and 31 / 40 for 

the top 40 compounds selected from the eventual hit selection strategies. Other 

statistical methods for determining the mean difference between two methods such 

as the minimum significant difference and the Bland-Altman plot337, were not used. 

3.6.2. Lead SL compounds from the 11-point screen  

Graphs for the 11-point dose response curves for both the separate CTB and HCI 

data were used to calculate EC50 concentrations in Prism338. The 11-point screening 

data for the eventual 12 lead compounds of the HTS campaign are shown in Table 

3.6.2 and a selection of dose-response curves for four of the lead compounds in 

Figure 3.6.1C-J, with an additional eight in Supplementary Figures F5.2 and F5.3. In 

general, POC values determined from the HCI screen were lower in both cell lines 

for the same concentration compared to the CTB screen. This in turn resulted in 

lower EC50 values calculated from HCI data in both cell lines compared to the CTB 

screen. The lead compounds generally had high EC50s around 20 µM for the 

MCF10A WT cells, and low EC50s for the MCF10A CDH1-/- cells. The largest 

variation in EC50 values was seen in compound 6 which had consistent EC50 values 

between the two viability screens for MCF10A WT, however for the MCF10A CDH1-

/- data there was a POC difference of 33% at 20 µM between the two screens leading 
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to EC50 values of 17.31 and 7.79 µM calculated from the CTB and HCI data, 

respectively (Table 3.6.2). 

Compounds 11 and 12 had relatively consistent results between the two 11-point 

screens with EC50 values in MCF10A CDH1-/- cells of 6.96 µM vs 7.34 µM (CTB vs 

HCI) for compound 11 and 3.06 µM vs 2.45 µM (CTB vs HCI) for compound 12. 

However there were still differences between the two screens for compound 11 

which had no decrease in MCF10A WT POC viability at 20 µM from the CTB screen, 

but a 73% decrease in viability in the HCI data (Figure 3.6.1G-H).  This highlights the 

general trend between the two viability screens whereby a significant SL differential 

is observed in each screen, but at lower concentrations for the HCI data compared to 

the CTB.  
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Table 3.6.1. EC50 values for the lead compounds for MCF10A WT and MCF10A 

CDH1-/- cells calculated from the CTB and HCI 11-point screens. 

Compound 

ID 

Structure MCF10A WT MCF10A CDH1-/- 

CTB EC50 HCI EC50 CTB EC50 HCI EC50 

1 

 

>20 >20  12.45 7.47 

6* 

 

>20 >20 17.31 7.79 

8* 

 

17.53 10.18 7.66 2.02 

11* 

 

>20 14.60 6.96 7.34 

12* 

 

19.41 12.61 3.06 2.45 

13 

 

>20 16.71 10.18 4.37 
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Table 3.6.1 (continued).  

Compound 

ID 

Structure MCF10A WT MCF10A CDH1-/- 

CTB EC50 HCI EC50 CTB EC50 HCI EC50 

14 
 

 

>20 7.63 11.89 3.48 

15 

 

>20 >20 12.96 7.99 

16 

 

>20 >20 15.46 8.51 

17 

 

>20 16.97 9.97 4.14 

18 

 

>20  9.88 9.03 5.27 

19 

 
 

>20 >20 8.86 8.46 
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The asterisk highlights compounds that have 11-point dose-response graphs shown 

in Figure 3.6.1. Further dose-response graphs for all other lead compounds can be 

found in Supplementary Figures F5.2 and F5.3.  
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Many of the SL compounds which did not cause around a 50% reduction in 

viability at the highest concentration tested of 20 µM in the MCF10A WT cells, had 

unknown EC50 values greater than 20 µM. In the validation assays to be described in 

the following chapter, concentrations of up to 80 µM were therefore tested. 

Compound 12 had the second lowest CTB EC50 value for MCF10A CDH1-/- cells of 

3.06 µM and compound 8 had the lowest HCI EC50 value of 2.02 µM (Table 3.6.1). 

Compounds 12 and 8 also had the best EC50 ratios between MCF10A WT and 

MCF10A CDH1-/- cells of 6.34 and 5.03 fold change, respectively. 

From the two 11-point screens, an objective and subjective hit selection strategy 

were employed. The subjective approach of scrutinising the data from the entire 

four-staged HTS campaign and hand picking top compounds identified 84 lead SL 

compounds from the HCI and CTB screens. The objective approach to be discussed 

in the following section, ordered compounds using a weighted ranked score (WRS) 

calculated from the data for the CTB screen.  
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Figure 3.6.1. Lead SL compounds from the 11-point screens using CTB and HCI for 

end-point analysis. Normalised cell counts or normalised cell viability were 

calculated using the POC method. A,C,E,G,I) data is from the CTB screen. B,D,F,H,J) 

data is from the HCI screen. A-B) Z prime for the two isogenic cell lines. Blue data 

points represent MCF10A WT, and red represent MCF10A CDH1-/-. Circles indicate 

biological replicate one, and diamonds indicate biological replicate two. C-J) Data 

shown is the average of two biological replicates, error bars are SEM. Blue lines with 

circles represent MCF10A WT, and red lines with triangles represent MCF10A 

CDH1-/-. The base 10 log scale was used. C-D) Dose-response for compound 6. E-F) 

Dose-response for compound 8. G-H) Dose-response for compound 11. I-J) Dose-

response for compound 12. Graphs were created using Excel and Prism. 
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3.7. ONE NUMBER TO RULE THEM ALL 

With the aim of simplifying the biological activities of the 256 compounds that 

entered the 11-point screen, a weighted ranked score was created from the single 

point confirmation and 11-point CTB dose-response screening stages. Six variables 

were used, each with a different weighting and the sum of the weighted and scored 

variables produced one number to rule them all, to summarise the activity of each 

compound (Figure 3.7.1). 

These variables were selected based on what values were taken into account 

when subjectively assessing the data from the single-point and 11-point screens. The 

six different variables used to calculate the single number score are shown in Table 

3.7.1 and the weightings of each variable in Figure 3.7.1G. Twenty percent of the 

weighting for the single number score came from the single-point confirmation 

screen, with the remaining 80% divided between four variables from the 11-point 

CTB screen. Due to the 11-point HCI screen having many EC50 curves with a poor fit 

or no fit, data from the HCI screen was omitted and was instead included in the 

subjective hit selection. The distribution of ranked scores for all of the variables 

except for the cell viability differential at 20 µM are highly skewed towards either 0 

or 1.0 (Figure 3.7.1A-F). The differential at 20 µM is the only variable with a roughly 

normal distribution (Figure 3.7.1E), although it does not have a strictly normal 

distribution according to the Shapiro-Wilk test performed in R (p= 3.348e-05, data not 

shown). 
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Table 3.7.1. Top ten SL compounds from the sum of the weighted variables.  

Compound 
ID Differential 

at 1-point 

Overall 
differential 

flag 
MCF10A CDH1 -/-  

EC50 
MCF10A WT 

EC50 
Differential 

at 20 µM 
MCF10A WT 
POC at 20 µM 

Sum of 
weighted 
variables 

Final 
rank 

1* 1.00 1.00 0.47 1.00 0.64 0.95 0.80 1st 
11* 0.36 1.00 0.64 1.00 1.00 0.97 0.79 2nd 
19* 0.51 1.00 0.62 1.00 0.70 0.90 0.77 3rd 
2† 0.83 1.00 0.84 0.88 0.47 0.41 0.76 4th 
13* 0.60 0.67 0.47 1.00 0.82 0.95 0.74 5th 

20* 0.50 1.00 0.53 1.00 0.66 0.90 0.73 6th 
21‡ 0.54 1.00 0.38 1.00 0.76 0.96 0.72 7th 
12* 0.29 0.67 0.86 0.99 0.62 0.43 0.71 8th 
14* 0.64 0.67 0.41 1.00 0.65 0.86 0.70 9th 
18* 0.59 1.00 0.55 1.00 0.53 0.60 0.70 10th 

Compounds were scored using the formula variable / max(variable) to give a score from 0-1, with 1 being the ideal score. The 
compound ranked score for overall differential flag is defined as the compounds with 2/3 (0.67) or 3/3 (1.0) biological replicates 
with a differential above 8.5%. Compound 1 (blue) and compound 11 (red) are also shown in Figure 3.7.1. All data was averaged 
between the three or two biological replicates, for single-point and 11-point screens respectively. Raw unscored data can be found 
in Supplementary Table F6. 

* structural data shown in Table 3.6.1 

† structural data shown in Table 3.8.2 

‡ structural data shown in Supplementary Table F7.2. 



 139 

Due to the different weightings given to each variable in the WRS formula, 

although compound 11 was ranked 110/256 (WRS=0.36) in the single-point 

confirmation screen (Table 3.7.1, Figure 3.7.1A), because it had high scores in other 

variables such as 1.00 (106.5%) POC differential at 20 µM with a 10% weighting 

(Figure 3.7.1G), its final rank was second. Similarly while compound 1 was ranked 

number one overall, it was scored behind compound 11 in three of the six variables 

including the highest weighted variable of MCF10A CDH1-/- CTB EC50 (30% 

weighting), with EC50 values of 12.45 µM and 6.96 µM for compound 1 and 11, 

respectively (Table 3.7.1. and Supplementary Table F6). However compound 1 had a 

score of  1.00 (48.0%) for the differential at the single-point confirmation screen which 

had a 15% weighting, which took its overall  ranking above compound 11, to first. 

The mean WRS for the sum of weighted variables was 0.53, with only the top five 

compounds being > 2SD from the mean and no compound having a WRS greater 

than 0.8 (Figure 3.7.1H). 

Although the majority of the 256 compounds validated between the screens, 27 

compounds had a negative score for the variable MCF10A WT POC at 20 µM and 29 

compounds had a negative score for the differential at 20 µM (Figure 3.7.1E-F). Of 

these, 20 compounds had negative scores in both the aforementioned variables which 

could suggest these compounds were RSL. 

Using the one number to rule them all as an objective hit selection combined with a 

subjective triage, 84 lead SL compounds were selected to identify common 

pharmacophore groups and undergo preliminary target identification using 

literature searches. 
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Figure 3.7.1. One number to rule them all. Only the 256 hits entering the 11-point 

dose-response screens were considered. Compounds were scored using the formula 

variable / max(variable) to give a score from 0-1, with 1 being the ideal score. All 

data was averaged between the three or two biological replicates, for single-point 

and 11-point screens respectively. The position of the top (blue) and second (red) 

final ranking compounds are shown where appropriate. A-B) Variables were 

calculated from the single-point confirmation screen. C-F) Variables were calculated 

from the 11-point CTB dose-response screen. A) Compound ranked score of POC 

differential at the single-point confirmation screen. B) Compound ranked score of 

the overall differential flag is defined as the compounds with 2/3 (0.67) or 3/3 (1.0) 

biological replicates with a differential above 8.5%. C) Inverse compound ranked 

score of EC50 values for MCF10A CDH1-/- cells. D) Compound ranked score of EC50 

values for MCF10A WT cells. E) Compound ranked score of the normalised cell 

viability differential calculated at 20 µM. F) Compound ranked score of POC at 20 

µM for MCF10A WT cells. G) Percentage weighting of each variable. H) Sum of 

ranked and weighted variables.  
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3.8. IDENTIFICATION OF PHARMACOPHORE GROUPS 

The 84 final high-throughput chemical screen lead compounds were subjected to 

pharmacophore identification in order to establish the similarities between the leads 

and characterise the ideal group of lead compounds for further validation and SAR 

studies. Each 2D structure was first viewed by eye to distinguish common scaffolds 

and identify pharmacophores. Using this approach 13 theoretical pharmacophore 

groups were identified for 50 of the lead hits, with the remaining 34 hits having no 

common structures with any other lead hits. For the validation of lead compounds 

described in the following chapter, nine of the 50 hits from pharmacophore groups 

and three of the 34 hits without a group were chosen for a total of 12 lead SL 

compounds to be validated in 96-well plates. 

3.8.1. Lead Pharmacophores 

It would not have been practical to validate the 84 lead compounds selected 

from the CTB and HCI 11-point screens and as such the top compounds from 

predicted pharmacophore groups with similar scaffolds were selected for subsequent 

validation in 96-well plates, as described in Chapter 4. 

Eight pharmacophore groups with at least one lead compound chosen for 

validation are shown in Table 3.8.1 with the remaining five groups not chosen for 

validation in Supplementary Table F7.2. Generally only one compound was chosen 

for validation per pharmacophore, but two leads were selected for the 6-

methoxyquinolin-4-amine group (compounds 11 and 12). The largest 

pharmacophore group contained nine lead compounds in the top 84 and the smallest 

group contained two (Table 3.8.1). 
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Table 3.8.1. Selection of eight theoretical pharmacophore groups for the 84 lead 

compounds. 

Compound 

ID 
Structure 

Lead compounds 

in group /84 
WRS (rank) 

1 

 

3 
0.80 

(1st) 

11* 
 

 

4 
0.792 

(2nd) 

19 

 

5 
0.77 

(3rd) 

18* 

 

7 
0.696 

(10th) 

8 

 

4 
0.68 

(17th) 
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Table 3.8.1 (continued). 

Compound 

ID 
Structure 

Lead compounds 

in group /84 
WRS (rank) 

15 

 

9 
0.679 

(18th) 

17 

 

2 
0.636 

(35th) 

16 

 

3 
0.582 

(74th) 

The theoretical pharmacophore group is shown in green. Each pharmacophore 

group had at least one compound chosen for validation. The weighted ranked score 

(WRS) was calculated as described in Section 3.7 from six variables. The rank is 

shown in parenthesis. The asterisk represents pharmacophore groups which have all 

compounds in the group shown in the following section 3.8.2. 
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The lead pharmacophore groups were chosen for validation based on three 

principles; i) the WRS of compounds within the group; ii) the number of lead 

compounds in the group; and iii) a subjective selection of favoured pharmacophores. 

For example, due to the high WRS values of the lead compounds in the groups of 

compounds 1, 11, 18 and 19, these groups were chosen for validation; compounds 8 

and 15 were chosen due to the number of leads in the group; and compounds 16 and 

17 were chosen from a subjective selection of lead compounds. The subjective 

selection was made based on data from all four-stages of the HTS including the HCI. 

3.8.1.1. Lead compounds without identified pharmacophores 

Three additional compounds that did not belong to a pharmacophore group, but 

had promising results from a subjective analysis were chosen to be validated: 

compounds 6 (0.670, 22nd), 13 (0.739, 5th)  and 14 (0.697, 9th). The full set of final lead 

compounds to be validated are shown in Table 3.6.1. 

3.8.2. 2D Virtual Screen 

A 2D virtual screen was undertaken in order to enhance SAR analysis of the 

eight identified lead pharmacophore groups and help develop the leads into clinical 

candidates. The initial hits from the primary screen of 2,536 compounds were used to 

create a UNITY database in SYBYL (v2.1.1) to search against the lead 

pharmacophores. To assess SAR the weighted ranked score (one number to rule them 

all) and a subjective filtering of HTS data was used.  

As the following compounds were identified from the screen and changes to the 

molecules were not step-wise and methodical it is difficult to determine the effects of 

each change. However, preliminary SAR conclusions could be drawn for each of the 

pharmacophore groups. 
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3.8.2.1. The 6-methoxyquinolin-4-amine pharmacophore 

The 6-methoxyquinolin-4-amine pharmacophore is a relatively planar molecule 

due to the sp2 hybridized lone pair on the nitrogen of the quinolone core. This 

scaffold therefore could fit easily into a narrow hydrophobic binding pocket. The 

methyl ether however is not planar and could act as a steric shield and hinder or 

prevent the hydrogen bond interactions of the phenol. However, as there are no 

examples with groups significantly larger than the methyl ether or with the free 

phenol we are unable to definitively determine the effect.	 

For the 6-methoxyquinolin-4-amine pharmacophore group, four of the 

compounds were ranked in the top eight with rankings of 2nd, 4th, 6th and 8th (Table 

3.8.2). This group was therefore the top pharmacophore group and consequently 

compounds 11 and 12 were chosen for validation.  

Limited SAR could be gleaned from the six compounds shown in Table 3.8.2. 

The two R groups R1 and R2 were the most frequently changed positions on the 6-

methoxyquinolin-4-amine pharmacophore. For the R1 group the addition of a 

ketonic group to the benzene ring at the position shown in compound 2 is clearly 

favoured compared to the RSL hit compound 22. Additionally, the nitrogen lone pair 

at position R1 in compound 22 would interact with the neighbouring carbonyl group, 

preventing HBA interactions. The extra nitrogen atom could also alter the 

conformation of the molecule, as well as lengthening the molecule, which could 

change how it fits into a binding site and could explain the RSL activity. The 

presence of a sulfur or nitrogen at the position beside R1 is investigated further in 

Chapter 4. The methyl group at position R2 could be acting as a steric shield for 

compounds 11, 12 and 20, but due to the differences at other positions of the 

compounds it is difficult to definitively determine what effect the methyl at R2 is 

having. Substitutions at this position may help or hinder entry to a binding site and 

hence more SAR analysis needs to be performed at this site.   
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Table 3.8.2. 2D virtual screen results for the 6-methoxyquinolin-4-amine 

pharmacophore group.  

Compound ID Structure WRS (rank) 

6-methoxyquinolin-4-

amine 

 

- 

11* 
 

 

0.792  

(2nd) 

2 

 

0.755  

(4th) 

20 

 

0.734  

(6th) 

12* 
 

 

0.708  

(8th) 

22 

 

- 

(-8.5%) 

23 

 

- 

(-6.3%) 

The theoretical pharmacophore group is shown in green. Weighted ranked score, calculated 

as described above from six variables. Rank is shown in parenthesis, but if compounds were 

not in the top 256, data for POC differential from the single-point confirmation screen is 

shown. Asterisk represents the lead compounds chosen for validation in 96-well plates. 
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3.8.2.2. The 1-biphenylpiperidin-4-amine pharmacophore 

The pharmacophore group of the lead compound 18 (1-biphenylpiperidin-4-

amine), was one of the larger groups with eight compounds sharing a similar 

scaffold (seven of which were leads) and so more SAR information was obtained.  

The 1-biphenylpiperidin-4-amine pharmacophore has two aromatic rings which 

on their own are planar with strong Van der Waals forces, however the single bonds 

in the biphenyl linkage and in the connection to the piperidine ring would allow for 

free rotation and the rings may twist perpendicular to each other to minimize steric 

interactions of the H-atoms next to the bond linking them. Additionally, in solution it 

is possible that the molecule would twist into and out of being planar as there may 

be free rotation about these bonds. The piperidine ring is possibly necessary for 

activity as it is non-planar and can serve to keep the molecule at a distance. Hence 

the 1-biphenylpiperidin-4-amine scaffold is non-planar with weak Van der Waals 

forces, but would likely fit into a hydrophobic binding pocket.  

Compound 18 is the highest ranked compound in this group and although 18 

has a fluorine at position R2, this position does not appear to necessarily provide 

increased SL activity. For example, the RSL compound 30 which similar to 18, has a 

pyrazole at the R1 position also has fluorine at the R2 positon, yet has a significant 

loss in activity (Table 3.8.3). Additionally, the R2 groups of compounds 24, 25 and 26 

are not fluorine, however they are ranked 19th, 20th and 25th, respectively, which 

would suggest the R1 group interactions are more important for activity than R2. 

The majority of compounds in this group have a tertiary amine on a pyrazole or 

imidazole at the R1 position. The hydrogen bond directional aspect which is 

modified by the orientation of these rings can be crucial in determining whether or 

not a good interaction takes place. For example, the R1 imidazole group on 

compound 28 has a significantly reduced WRS compared to 18. In addition the 
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Nitrogen orientation and a chain extension of the pyrazole group on compound 30 

caused a RSL activity. 

Therefore substitution at R1 is important for the WRS and there is possibly a 

tentative connection that a polar group at R2 is beneficial to the WRS. 
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Table 3.8.3. 2D virtual screen results for the 1-(4-phenylphenyl)piperidin-4-amine 

pharmacophore group.  

Compound ID Structure 
WRS 

(rank) 

1-biphenylpiperidin-

4-amine 

 

- 

18* 
 

0.696 

(10th) 

24 
 

0.677 

(19th) 

25 

 

0.676 

(20th) 

26 

 

0.661 

(25th) 

27 
 

0.596 

(64th) 

28 
 

0.567 

(83rd) 

29 

 

0.474 

(193rd) 

30 

 

- 

(-4.3%) 

The theoretical pharmacophore group is shown in green. WRS, calculated as described 

above from six variables. Rank is shown in parenthesis, but if compounds were not in the 

top 256, data for POC differential from the single-point confirmation screen is shown. 

Asterisk represents the lead compounds chosen for validation in 96-well plates. 



 151 

In a similar fashion to the two pharmacophore groups shown above, SAR 

analysis was carried out for the remaining pharmacophores. All pharmacophore 

groups have not been included here due to space constraints, but are available on 

request. 

The 2D virtual screen performed on eight lead pharmacophores covered 50/84 of 

the lead hits was undertaken to progress SAR of the lead compounds. Although 

limited SAR information could be acquired from this analysis, the identification of 

similar scaffolds for lead compounds and the number of leads within each 

pharmacophore was beneficial for the decision of which lead compounds should be 

validated. The resulting nine lead compounds from eight lead pharmacophore 

groups, along with an additional three compounds without these pharmacophores 

were carried forward for validation studies, as described in Chapter 4. 
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3.9. DISCUSSION 

The aim of the research presented in Chapter 3 was to identify a SL compound 

capable of treating cancers arising specifically from the loss of the tumour suppressor 

protein E-cadherin. By using the WECC library of 113,945 novel compounds, a four-

staged high-throughput screening campaign identified 12 highly active compounds 

and thus provided proof of principle that CDH1 loss creates vulnerabilities in a 

tumour cell that can be specifically targeted with drugs.  

3.9.1. MCF10A WT and MCF10A CDH1-/- cell lines as a model SL system 

In order to find a relevant model system for synthetic lethal interactions in a 

chemopreventive setting, it was crucial to use  a ‘normal’ cell line instead of a cancer 

cell line with various poorly characterised mutations.  

In the absence of a normal adherent gastric cell line with E-cadherin expression 

and minimal genetic changes, we have used the MCF10A WT cell line and its 

matched isogenic line MCF10A CDH1-/- to find novel SL compounds that cause cell 

death exclusively in tumours with E-cadherin loss.  

The high frequency of E-cadherin loss in LBC145,146,339, along with the elevated risk 

of LBC in HDGC142,143 and the minimal genetic alterations to MCF10A332,333 justify the 

selection of MCF10A WT and MCF10A CDH1-/- for a model SL system. 

3.9.2. The CTB assay for cell viability 

To assess the cytotoxic effects of novel compounds on the two isogenic MCF10A 

cell lines, cell titer blue (CTB) was chosen. CTB is a cellular metabolism-based assay 

that uses the formation of a fluorescent product — resorufin from resazurin — as a 

proxy for cell viability. Its main advantage over other cellular metabolism based 

assays is cost, as it can be made in-house for $60 NZD/L. Compared with CellTiter-

Glo (CTG), a well known and sensitive cell viability assay which measures ATP 
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consumption using luminescence340, and costs $11,600 NZD/L we have shown CTB to 

have at least equivalent sensitivity depending on the compound assayed341. Another 

common HTS viability assay that uses cellular mitochondrial reductases to convert 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into a coloured 

product that can be quantified via absorbance was not considered, as previous 

studies have reported reduced sensitivity with MTT compared to other endpoint 

methods342,343. However, one limitation to metabolism-based cellular assays is that a 

change in read out (fluorescence, luminescence or absorbance) may not necessarily 

be caused by cell death and could instead result from a cessation of proliferation due 

to senescence or inhibited mitochondrial respiration. For this reason a direct 

measurement of cell counts using cellular imaging of nuclei stained with Hoechst 

33342 was also included at the 11-point screening stage. 

The development of optimal CTB assay conditions was very important as the 

majority of the HTS was to be assayed using CTB. The conditions tested for the CTB 

assay were the addition of 4.8%, 9.1% and 16.7% v/v CTB, for two to five hours at 

37oC, followed by incubation of the plates for 0-90 minutes at RT (Figure 3.2.1, 

complete data not shown). For these three CTB concentrations 16.7% v/v was the 

most accurate at predicting cell numbers using the equation for the slope of the 

trendline as it had the highest R2 value and highest slope of the trendline. Due to the 

high slope of the trendline, 16.7% CTB also had the greatest difference in 

fluorescence readings between low and high cell numbers leading to better SB and 

signal to noise quality control ratios.  

Since assay optimisation for CTB was performed in both Dunedin and 

Melbourne, two different instruments were used to measure fluorescence – the 

POLARstar OPTIMA (550/590 nm) and the EnVision (535/590 nm). As each 

instrument has different fluorescence excitation wavelengths, the RFU will also 

differ. Although you might expect the 550 nm excitation wavelength to have a higher 
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fluorescence due to the excitation peak for CTB (Supplementary Figure F1.1), this 

was not the case. The EnVision fluorescence excitation of 535 nm for CTB plateaued 

at a maximum RFU of 370,000 compared to 53,000 RFU from the POLARstar 

OPTIMA with the higher 550 nm excitation wavelength (Figure 3.2.1). However, it is 

not appropriate to directly compare the RFU values from two different 

manufacturers’ instruments as changing the number of flashes or adjusting the gain 

on either instrument will greatly impact the RFU in addition to the different filters on 

each instrument. For this reason, the EnVision was the only instrument used to 

measure fluorescence in the final CTB assay. 

3.9.3. High-throughput compound screen design 

In order to achieve reliable and consistent results, a 384-well plate format was 

chosen instead of a 1,536-well plate. As a result, this meant that just over four 

hundred 384-well plates were used in the HTS. Careful consideration was taken in all 

aspects of the HTS design, in particular the strategies for MCF10A WT and MCF10A 

CDH1-/- seeding densities and compound addition, since these were unique to this 

screen. 

3.9.3.1. Zero hour seeding density 

As we have shown MCF10A CDH1-/- cells to have a prolonged lag phase of 

around 24 hours2, two different zero hour seeding densities were selected for the  

isogenic cell lines in order to achieve (i) a similar confluence at 24 hours post seeding 

for compound addition and (ii) reach 90% confluence at 72 hours post seeding for 

DMSO controls. Seeding densities between 400 and 1,600 cells/well for 384-well 

plates were evaluated for MCF10A WT and MCF10A CDH1-/- cells. For both cell 

lines, zero hour seeding densities above 1,000 cells/well were not able to maintain a 

linear relationship between CTB fluorescence and cell number at 72 hours post 

seeding and began to plateau due to the formation of hydroresorufin, a non-

fluorescent molecule produced by the extensive reduction of resorufin309. 
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Additionally, a zero hour density of 400 cells/well was found to be too sparse, hence 

seeding densities of 600 and 800 cells/well were chosen for MCF10A WT and 

MCF10A CDH1-/- cell lines, respectively. Although the seeding densities are different 

between the isogenic cell lines, each is normalised to its own controls in order to 

compare cell viabilities between the two cell lines. 

3.9.3.2. Compound addition 

It was important to have both cell lines in log phase growth at the time of 

compound addition. It was therefore decided that compound addition would be 24 

hours after seeding instead of at the time of seeding since MCF10A CDH1-/- cells 

might be more susceptible to death during the lag phase when cells have reduced 

cell-substrate adhesion2. A drugging period of 24 or 48 hours was also tested and 48 

hours was chosen so that compounds would have enough time to elicit an effect.  

3.9.3.3. Image field accuracy for HCI 

Ideally, six 10x images per well for a 384-well plate would have been taken for 

the HCI screen. However, the BD-Pathway 855 does not have the speed of later high-

content imaging platforms such as the Opera Phenix (Perkin Elmer) and as forty 384-

well plates were to be imaged, a compromise between the substantial cost of 

extended imaging of plates and a decrease in the power of the HCI results was made. 

Consequently, two image fields per well of the 384-well plates were chosen. 

Alternatively, one 4x image could have been taken per well, but this would exclude 

the possibility of accurate high-content data analyses such as image-based cell cycle 

analysis and nuclei size and shape determination. 

Although the HCI screen was performed with only two image fields per well at 

10x magnification, the inclusion of two biological replicates per concentration is 

sufficient to represent the trend of the experiment. Nevertheless these results need to 

be interpreted with some caution. 
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3.9.4. Mitigating systematic positional effects in HTS 

Systematic positional effects in microtitre plates were first described as early as 

1978344 and then more specifically as edge effects in 1980345. All HTS campaigns are 

predisposed to systematic errors and detecting them in the initial assay validation 

steps is important. This is especially true for phenotypic cell-based assays where 

‘edge effects’ are common312. For low-throughput assays it is not necessary to include 

edge wells and consequently PBS or media can be added to them, avoiding the 

problem altogether. However in HTS assays, edge wells are often included to 

maximise efficiency. Although there is a great deal of information as to why edge 

effects occur, there is less advice as to what options there are to actually mitigate 

them308,335,346. In this study we used two broad options when dealing with edge 

effects; practical mitigation and correction during data analysis.  

In order to rationally mitigate edge effects various techniques were employed. 

Firstly to reduce contributions from evaporation, media volumes were increased to 

50 µL/well and plates spun at 500 x g (rcf) for one minute post seeding to ensure 

media was not stuck to the sides of wells. Plates were positioned in a large humid 

water-jacketed incubator length-ways, unstacked and only two plates deep. To 

reduce reagent dispenser (Multidrop) artifacts, the equivalent of three dummy plates 

were used to prime the Multidrop. Freshly seeded plates were left at RT for one hour 

to ensure the even distribution of cells in each well308; up to two hours at RT was also 

examined. Additional factors such as variation in automated cell counts, 

mycoplasma status, staggering plates and light degradation of CTB were also 

assessed and controlled for. Monitoring the timing of seeding, drugging and CTB 

addition, as well as plate order and position in the incubator were undertaken 

throughout all phases of the HTS to facilitate troubleshooting.  

In addition, for the 11-point screen dose-response screening stage, edge effects 

were reduced by the exclusion of rows A and P from compound addition. This was 
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only possible at this stage due to the low number of total plates required per 

biological replicate of 20, and hence only a minor increase in cost. One practical 

mitigation that was unable to be employed due to its complicated nature, was the 

random scattering of the position of positive and negative controls on the edge wells 

of each plate or across the entire plate347 to avoid a regular pattern and hence reduce 

the influence of any positional effects on the controls. However, even when utilising 

all these methods, edge effects were still observed. 

3.9.4.1. Temperature has a significant effect on CTB fluorescence 

readings for MCF10A cells  

After applying various techniques to reduce systematic positional effects, it was 

discovered that the main cause for the edge effects observed were thermal gradients 

between zones of 384-well plates, which had a statistically significant effect on 

fluorescence readings for the CTB assay. 

For 384-well plates read directly after a three hour incubation with CTB in a 37°C 

incubator, there was a statistically significant decrease in relative fluorescence 

between zone one (the edge wells) and every other zone of the plate. However, when 

plates were left for 15 minutes RT post CTB addition there was an insignificant  

decrease. In a study by Burt et al,348 on the thermal characteristics of 96-well plates,  it 

was found that for plates incubated at 37°C and then allowed to cool to RT, the 

temperature of wells in zone 1 was lower than the temperature of wells in zones 2-8, 

as the outer wells decreased in temperature at a rate faster than the interior wells. 

This temperature difference explains the difference in fluorescence seen at three 

hours post CTB addition and zero minutes at RT between zones one to eight. There is 

a higher fluorescence in wells of zone one compared to zone eight because overall 

fluorescence intensity increases with decreasing temperature as there are reduced 

molecular collisions at these lower temperatures349. Hence, wells in zone one have a 

lower temperature, leading to a higher RFU signal.  
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In addition, evaporation was found to not appreciably contribute to the observed 

edge effects as a 42.8% (p= 2.07x10-52) difference in RFU was still observed between 

interior and exterior zones under conditions of limited evaporation and this was 

resolved with temperature control. 

We would therefore recommend that the temperature used for fluorescence 

readings with CTB and for general fluorescent dyes remains constant, whether that 

be 37°C or RT. For the HTS it was not possible to set the EnVision to 37°C as plates 

were transferred to a plate stacker for automated reading because of the large batch 

sizes of up to 50 plates. Hence, plates were left for 15 minutes at RT without stacking 

after removal from the incubator to allow for temperature equalisation across all 

zones of the plates before fluorescence readings were taken. 

Finally, in order to further reduce positional effects, the optimum data 

normalisation method to mitigate edge effects was determined. 

3.9.4.2. The correction factor resolves positional effects 

Even after applying various lab techniques to reduce systematic positional 

effects, there were edge effects observed using the uncorrected RoZS and POC. 

However, the correction factor was able to successfully remove false hits due to edge 

effects observed in rows A and P in the pilot and primary screens. 

In general, use of the correction factor resulted in an increase in the number of 

hits per row compared to the uncorrected data, with the exception of the edge rows 

where there were less hits than the uncorrected data. This is because applying the 

correction factor increased the hit thresholds of ‘mean -3SD’ for both CoPOC and 

CoRoZS. Therefore increasing the spread of the data and allowing a more inclusive 

hit selection. For example, the range for the CoPOC and CoRoZS data increased by 

10.8% and 21.6% compared to POC and RoZS data, respectively. The correction 

factor was therefore able to both increase the median number of hits per row at the 

same time as decreasing the number of false positive hits in edge rows. 
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3.9.5. The importance of quality controls 

There are a variety of additional problems which can be overlooked in HTS due 

to the shear amount of data produced during the screening process. Such problems 

include variations in cell plating, differential cell growth, plate-to-plate variability 

and run-to-run variability — none of which can necessarily be contained and 

controlled. Thus quality control (QC) measurements are an important tool to both 

report the occurrence of possible problems and problem solve any that are identified. 

Numerous QC methods were employed during the HTS such as the Z’ factor 

and SB which were used extensively, but also SSMD, RSD, R2 and Spearman’s 

correlation (Section 2.7.4, Equations 9-11). In general, all plates passed the pre-set QC 

thresholds based on best practice312,314-316,336,350, with one notable exception. 

3.9.5.1. Quality control scores for the HCI data 

The HCI 11-point screen for the MCF10A CDH1-/- data was one such case where 

QC measurements were important to signal a weakness in the data. No more than 

four plates were above a Z’ of 0.4 and the mean Z’ was 0.32, compared to a mean of 

0.51 for MCF10A WT (Figure 3.5.1). Although the Z’ values were below the 

predetermined threshold of 0.4, a Z’ above 0 is still viewed as an acceptable 

assay316,351, and a Z’ of 0.32 is equivalent to 9 SD of separation between positive and 

negative controls (assuming equal SD for positive and negative controls). The 

additional HCI QC metrics were high for the SB, the SSMD and the Spearman’s 

correlation which indicates there was a large effect size352 and good correlation 

between the biological replicates.  

The observed lower Z’ values for the MCF10A CDH1-/- plates for the HCI 11-

point screen was due to a moderate increase in the SD of the DMSO control wells for 

those plates. This irregularity was likely caused by a combination of imaging two 10x 

images per well for the 384-well plates and the sparse morphology of MCF10A 

CDH1-/- cells. The sparse morphology affected the number of cells that could be 
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included in an image of MCF10A CDH1-/- cells leading to increased variability 

between samples. This increased variability of individual concentrations resulted in 

the large SEM bars seen on the EC50 curves for MCF10A CDH1-/- cells. The second 

cause of the increased SD for the DMSO controls was the number of image fields 

used, and the resulting image field accuracy as described in Section 3.9.3.3. 

3.9.5.2. Managing drift effects 

Drift effects were observed in the primary screen consisting of a change in SB 

measurements with increasing plate numbers. The reduction in the SB was caused by 

a slight reduction in the volume of the positive control doxorubicin delivered to each 

subsequent assay plate. For each assay plate 100 nL was removed from the 

doxorubicin library plate. Since the MiniTrak pintool system was optimised to a 

height 0.5 mm above the well bottom of the library plate (Appendix C), with the 

large batch sizes of 50 plates the volume of doxorubicin remaining in the library plate 

became a problem. To manage this, the doxorubicin library plate was changed every 

20 assay plates. However, this drift effect could be reduced, but not eliminated as the 

solution to resolve the effect (changing the control library plate for each assay plate) 

would have been impractical. 

3.9.6. Correlation between pilot screen replicates 

Since the primary screen was to be performed with one biological replicate, the 

plate-to-plate reproducibility was first determined in the pilot screening stage. The 

Spearman’s rank correlation coefficient336 was used as a measure of the strength of 

association between the two biological replicates for the pilot screen. According to 

Cohen352, 0.1 represents a 'small' effect size; 0.3 a 'medium' effect size and 0.5 a 'large' 

effect size. There was a statistically significant (p<0.05) positive correlation between 

the two biological replicates, with a mean Spearman’s rank correlation of 0.42, and 

69% of plates within 1SD of the mean and all plates within 2SD (Figure 3.4.1A). 

However, since the majority of compounds were inactive, the metrics used for 
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determining correlations between the two replicates of Spearman’s correlation or the 

coefficient of determination may not have been appropriate to describe the data 

adequately. For example, in the subsequent single-point confirmation in which only 

the strongest hits from the primary screen were present, the coefficient of 

determination was greater than 0.8 for all biological replicates. 

The mean Spearman’s correlation of 0.42 and the 69-85% overlap of hits for the 

two biological replicates was deemed acceptable to proceed with the primary screen, 

where an inclusive hit-selection was employed.  

3.9.7. Initial-hit identification strategy 

For the pilot and primary screen hit identification criteria we opted to use a 

standard approach of accepting hits that are 3 standard deviations (3SDs) from the 

mean of all samples346,350, instead of an arbitrary percent activity threshold or the 

median - 3MAD.  

An arbitrary cut-off was not used as it does not take into account the distribution 

of data in the screen and can lead to a biased hit selection. If for example, an arbitrary 

cut-off was used of < 44.73% for the CoPOC and POC data instead of the mean – 3SD, 

then for the edge row P there would be 196 more hits than the median hits per row. 

This would lead to a difference of 119 hits between CoPOC and POC for row P, and 

96 for row A. In addition, because the corrected data can increase (or decrease) the 

normalised value of a compound, marginal hits would be outside of the cut-off after 

correction if an arbitrary number was selected. For example, a compound with a 

POC value of 44.72% is inside the cut-off < 44.73%, however after correction (x 1.01 = 

45.17%); it is now outside the cut-off. Using the mean -3SD avoids this problem.  

Additional arbitrary cut-offs such as accepting the top 3% of hits were not used 

for hit selection; although this was used as an informal rule in order to not exceed 

laboratory constraints. Other hit selection strategies such as multiple t-tests were not 
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used due to a lack of replicates; and the median –3MAD, was not used as it does not 

easily link to a probability distribution of hits being significantly different to the 

mean (p-value)351. 

One limitation of using three standard deviations below the mean for hit 

selection is the possible skewing effect of outliers on the mean, for example due to 

autofluorescent compounds. However, a skewing of the data did not occur during 

this HTS as can be seen in Supplementary Figure F7, hence the mean -3SD was 

chosen for the initial hit identification strategy. 

3.9.7.1. Inclusive hit selection 

The activity of a compound tested at a fixed concentration in one replicate will 

not reliably predict the true effectiveness of a compound351 and hence marginal hits 

can have good true potency but may be concealed during the HTS campaign. For this 

reason, we decided to be inclusive where possible when selecting hits from a single 

replicate at a fixed concentration such as from the primary screen. 

Three different normalisation methods designed to resolve systematic positional 

effects were examined: the CoRoZS, the CoPOC, and the B score (Section 2.7.4, 

Equations 3-8). The CoRoZS, the CoPOC were able to select the highest number of 

correlated hits and hence identify the most inclusive subset of hits from the pilot 

screen data. Therefore, for the combined pilot and primary screens two 

normalisation methodologies were used in order to identify hits – one method using 

controls (CoPOC); and the other using the samples themselves, as controls (CoRoZS). 

Using the samples as de facto controls may seem unusual at first, but if you take into 

consideration the fact that variability will be exacerbated if the controls vary between 

plates, this allows for a balanced view of the data. For the pilot and primary screens 

the hit selection of 3SD below the mean was < 44.73% for CoPOC and < -7.81 for 

CoRoZS, leading to 2,310 compounds (2.03%) from CoPOC that were within the hit 

selection criteria and 2,329 (2.04%) from CoRoZS.  
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In order to be as inclusive as possible and avoid removing potentially genuine 

hits  – such as the 226 hits that would be omitted if only CoPOC was used – the hits 

from these two normalisation methods were combined and the duplicates removed. 

This resulted in a hit selection of the top 2,536 (2.2%) most active compounds which 

was within the pre-determined optimal number of < 3% for 10 µM. By using both 

these methods it was possible to take advantage of the unique benefits of each 

method, while overcoming each of their drawbacks.  

3.9.8. Synthetic lethal hit selection criteria for the single-point 

confirmation screen 

The hit-selection strategy for the single-point confirmation screen was unique as 

compounds that preferentially harm MCF10A CDH1-/- compared to their WT 

partners were now able to be identified. Hence, a cell viability differential of 

‘MCF10A WT POC – MCF10A CDH1-/- POC’ was used to select hits.  

Three biological replicates with one technical replicate each were performed for 

each of the isogenic cell lines. An arbitrary low threshold for the mean differential of 

> 8.5% was chosen in order to maximize the number of hits being screened in the 

subsequent stages and to reduce false negatives; although at the same time likely 

increasing false positives. This resulted in 308 hits above the mean differential 

threshold. 

In order to incorporate a measure of the variability between replicates of the 

screen into the hit selection process, a further requirement of a minimum of 2/3 

biological replicates also having viability differentials > 8.5% was included. This 

removed a further 52 compounds that had only one replicate above the cut-off. The 

resulting 256 SL compounds were carried forward for EC50 determination in the 11-

point screening stage. 
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3.9.8.1. Alternative SL hit selection strategies 

Many different hit selection strategies could be used to select the top hits to carry 

forward to the 11-point screen. One option is to use a ratio calculated from ‘MCF10A 

CDH1-/- POC / MCF10A WT POC’. This would be interpreted as any number closer 

to 0 is SL. However, a ratio can be misleading when consideration the implication of 

results and lead to a distorted hit selection. This is exemplified by compounds with 

low or high normalised cell viabilities (Supplementary Table F7.1) and therefore a 

ratio was not used. 

Other hit selection strategies could include a viability cut-off such as accepting 

compounds with a MCF10A WT POC > 70% and MCF10A CDH1-/- < 70%. However, 

a low viability in MCF10A WT is not necessarily a setback as the final hits will have 

scope for improved activities from SAR analysis. Hence, it is not necessary to have 

limits on viability at this stage.  

Alternative methods to incorporate a measure of variability between the 

replicates of the single point confirmation screen were considered. Three options 

whereby compounds were filtered out if they had a SD > 25%, SEM > 15% or an RSD 

> 20% in either cell line could have been used. However, these methods often 

resulted in the removal of compounds which were genuinely SL, but had large 

variability between replicates. So long as the variability did not compromise the SL 

differential, a low SD was not necessarily required and so these filters were not used. 

3.9.9. Comparison with similar synthetic lethal screens 

Encouragingly, the novel compounds tested in the 11-point screen outperformed 

the known drugs assayed in vitro by our lab in a 4,057 drug HTS by Dr. Telford11. 

This screen used the same cell lines, but CTG for the end-point assay. The known 

drug screen had a higher hit rate than the novel compound screen, with 7.8% of the 

primary screen hits selected for the subsequent 11-point screen. However, only 6.6% 

of the 316 drugs at the 11-point screen had significant synthetic lethality as 
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determined by EC50 differences of 10%-50%11. In comparison, 29% of the compounds 

entering the 11-point novel compound screen had significant SL EC50 differentials. 

As an example, the highest EC50 fold change between MCF10A WT and 

MCF10A CDH1-/- cells from the known drug screen was Tyrphostin A9 (Platelet-

derived growth factor receptor and epidermal growth factor receptor inhibitor) with 

a 2.0 fold change11. In comparison, for the novel compound screen the highest EC50 

fold change was 6.34 for compound 12. This is promising as it implies that many of 

the novel lead compounds identified in this HTS could surpass the activity of the 

current known drugs we have identified for treating E-cadherin deficient cancers.  

The percent of SL hits identified in the novel compound screen of 0.22% of the 

total WECC library compounds, is also similar to other E-cadherin SL screens. Gupta 

et al353 used shRNA inhibition of CDH1 in human mammary epithelial cells354 to 

assess ~16,000 compounds. Around 0.2% of their total library exhibited selective 

killing of the E-cadherin knock-down cells. The highest SL EC50 fold change was ~10 

fold for their model systems. However, as their model represents late stage disease it 

is not necessarily a fair comparison. 

3.9.10.  Incomplete validation between HTS stages 

Incomplete validation between HTS stages is common. For example, Huser et 

al207 assayed 1.5 million compounds in a single replicate primary screen, and only 

48% validated in the confirmation screen with a hit threshold of merely > 20%.  

There are several possible explanations for the anticipated low confirmation of 

~40% of hits in the current HTS. The key reason likely being a lack of technical and 

biological replicates at the primary screening stage, and the associated high false 

positive rates351. Ideally, two technical replicates would have been used throughout 

the HTS, but especially in the primary screen. However, increasing the technical 

replicates from one to two would mean double the number of 384-well plates 
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needed. This is obviously a significant increase in cost and time and therefore was 

not realistic to undertake, but would give an increased reliability in the results. Other 

sources of error include equipment accuracy and precision from the MiniTrak 

pintool compound addition or from the Multidrop. 

Batch variations are likely to be another factor leading to a low confirmation rate 

of hits. For example, the exact time of seeding, compound addition and assay end-

point were tightly controlled, but variations up to one hour at each time point did 

occur and with variations in seeding density could have caused small differences 

between batches.  

3.9.11.  Opposite hits or RSL compounds 

One interesting finding of this HTS was the substantial number of opposite hits 

or RSL compounds identified. At the single point confirmation screen there were 

1,797 RSL compounds that had average cell viability differentials under 0%, 

compared to 739 SL compounds above 0% (Figure 3.4.1C). The RSL compounds also 

had on average, higher differentials. In the previously mentioned known drug screen 

by Telford et al355, similar significant RSL effects which were greater than the SL 

effects were observed. For example, the highest RSL drug AZD8330 (MEK inhibitor) 

had a 13 fold lower EC50 in MCF10A WT cells compared to MCF10A CDH1-/- cells – 

the best SL fold change was 2.0. RSL effects have also been observed in human 

mammary epithelial cells with shRNA inhibition of CDH1353. A ~20 fold change in 

EC50 was observed with paclitaxel using this E-cadherin knock-down system, 

however we have not observed an RSL effect with paclitaxel in our isogenic cell 

line341.  

The induction of a complete or partial EMT via E-cadherin loss would make cells 

more resistant to drugs107,108. However, we have shown that E-cadherin loss alone 

was insufficient to cause a complete EMT in our model system2,307. Perhaps certain 
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compounds are able to force MCF10A CDH1-/- cells to undergo an EMT, as they are 

already primed from E-cadherin loss. This could be caused via dysfunction of other 

tumour suppressor genes such as TP53115; the downregulation of p120117; or over 

expression of oncogenes such as c-myc116. Thus making the MCF10A CDH1-/- cells 

more resistant to drugs. 

It is also possible that the targets of some compounds are knocked-down in the 

MCF10A CDH1-/- cells. Therefore binding to these targets in the MCF10A CDH1-/- 

cells produces a reduced response compared to the MCF10A WT cells. Another 

hypothesis is that the MCF10A cells are less able to adapt and resist cell death within 

the 48 hour drugging period. Whereas the MCF10A CDH1-/- cells which have 

already had to adjust to E-cadherin loss are better conditioned to adapt to some 

compound effects – at least in the short term. For example, MCF10A CDH1-/- cells 

have adapted to survive without intact adherens junctions due to E-cadherin loss 

and targeting proteins associated with them could be less effective. Real-time assay 

platforms such as the IncuCyte or xCELLigence with a longer drugging period could 

clarify this hypothesis. Nonetheless, this information can be used to better define 

SAR analysis and increase our understanding of E-cadherin synthetic lethality. 

3.9.12.  One number to rule them all 

The one number to rule them all was created to help collaborators easily identify 

top compounds. It is a less subjective, more objective, weighted and ranked system 

for deciding the crème de la crème to be validated in 96-well plates and eventually 

create analogues for SAR studies.  

In order to simplify the biological activities of each compound, rather than using 

solely an EC50 from each cell line or a large list of results from the four-staged 

screen, six variables previously outlined in Section 3.7 for the weighted ranked score 

were chosen. These variables were selected based on what values were taken into 
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account when subjectively assessing the data from the single-point and 11-point 

screens. Because the 11-point HCI screen had many EC50 curves with a poor fit or no 

fit due to the large SEM between replicates, data from the HCI screen was omitted 

for the WRS calculation and was instead included in the subjective hit selection. 

For the single-point confirmation screen the two variables used to determine the 

strength of a SL hit were (i) the POC differential between the two MCF10A cell lines 

at 10 µM (15% weighting), and (ii) how many of the three biological replicates also 

had a differential above the 8.5% POC threshold (5% weighting). Since the single-

point screen was assayed at only one concentration, these two variables were given a 

combined weighting of 20%.  

For the subsequent 11-point screen the EC50 for MCF10A WT and MCF10A 

CDH1-/- were the most important variables, and were given a 25% and 30% 

weighting, respectively. The EC50 for the CDH1 knockout cells was deemed to be 

slightly more important and so was given the highest weighting. As well as this, the 

differential at 20 µM (10% weighting), and the viability of the MCF10A WT cells at 

the highest concentration of 20 µM (15% weighting) were also included.  

The differential at 20 µM was included as many of the SL compounds had 

unknown EC50 values greater than 20 µM in the MCF10A WT cells. This was 

because these SL compounds did not cause a > 50% reduction in POC viability at the 

highest concentration tested of 20 µM. Yet these hits could still have meaningful SL 

POC differentials at 20 µM, which an EC50 > 20 µM would not adequately describe. 

In order to include a measurement for toxicity, and as chemopreventive compounds 

were also desired, the cell viability of the MCF10A WT cell line at the highest 

concentration assayed of 20 µM was also included. 

Although the WRS was a more objective approach than scrutinising the data and 

‘hand picking’ top compounds, the chosen weightings were still subjective. The 

output of various combinations of different weightings were tested before finalising 
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the current distribution. Doubtless, for certain compounds this distribution of 

weightings may not have been the ideal measure to assess biological activity. But by 

and large the WRS worked well based on the assessment of the resulting lead 

compounds. A further limitation is that the WRS did not include a measure of 

variability for the 11-point screen. This could have been included by using the SD, 

SEM or RSD of the EC50 values for two biological replicates. 

The WRS is a unique tool for hit-selection and was used in combination with a 

subjective selection of compounds to determine the final 84 SL lead compounds from 

the four-staged screen.  

3.9.13.  Final selection of lead compounds to be validated in 

medium-throughput assays 

The final lead compounds were chosen from pharmacophore groups created 

from the 84 lead compounds identified from the four-staged screening campaign as 

judged by a combination of the WRS and subjective hit selection.  

The identification of 13 theoretical pharmacophore groups is impressive given 

that no compound was more than 85% similar to any other. Therefore, the fact that 

the top 84 compounds had similar scaffolds which could be identified and grouped 

into theoretical pharmacophores means they are likely to be genuine hits.  

The 6-methoxyquinolin-4-amine pharmacophore group was one of the most 

promising for further study as it had four compounds ranked in the top eight as 

judged by the WRS. The top eight pharmacophore groups were then selected based 

on the number and strength of leads within each group. This identified nine lead 

compounds from eight pharmacophore groups. There was therefore a diverse and 

significant chemical space covered by these nine leads as they represented the 

combined chemical space of 50 lead SL compounds. The likelihood of validating 

leads in medium-throughput assays was therefore high.  
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A 2D virtual screen on these eight pharmacophores was then undertaken to 

enhance preliminary SAR of the final leads. In addition to the nine leads identified in 

this way, three compounds with no shared groups were subjectively selected based 

on SL activity for a total of 12 lead compounds (Table 3.6.1) for validation in 96-well 

plates as described in the following chapter.  
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3.9.14.  Summary 

The CTB and HCI assays for cell viability were miniaturised and optimised for 

384-well plates and edge effects were mitigated using numerous best-practice 

techniques including reducing thermal gradients between zones of a plate and the 

use of a correction factor. The pilot and primary screens performed with the 

MCF10A CDH1-/- cell line used the ‘mean -3SD’ as the hit selection threshold and the 

combination of controls based (CoPOC) and non-controls based (CoRoZS) 

normalisation methods to select the top 2.2% of 113,945 WECC compounds as initial 

hits. The subsequent confirmation screen using the two isogenic cell lines identified 

256 SL compounds, but also a significant number of RSL compounds. These SL hits 

were carried forward to an 11-point confirmation screen, using both CTB as a 

metabolism based assay and HCI for direct cell counts. Promisingly, the top EC50 

ratios of the novel compounds surpassed known-drugs identified from similar E-

cadherin SL high-throughput screens. Using six different variables from the four-

staged HTS, the WRS was used as an objective hit selection. Combined with a 

subjective approach and the HCI data, 84 lead SL compounds were identified. 

Encouragingly, 13 predicted pharmacophore groups covering a significant chemical 

space were identified from these leads. Twelve compounds were subsequently 

selected for validation in further medium-throughput cell-based assays using 96-well 

plates as disclosed in the following chapter. 

The findings of this thesis chapter thereby prove that CDH1 loss creates 

vulnerabilities in MCF10A cells that can be specifically targeted using a SL approach. 
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CHAPTER 4. VALIDATION AND STRUCTURE-ACTIVITY 
RELATIONSHIP STUDIES OF LEAD COMPOUNDS 

In order to select the best two compounds for structure-activity relationship 

(SAR) studies, the top 12 compounds identified from the four-staged HTS campaign 

(Figure 4.1.1) were validated using both real-time and end-point viability assays. An 

image-based method for cell-cycle analysis was also performed on the lead 

compounds to characterise possible mechanisms of action. Analogues of the top two 

novel compounds were created (by our collaborators) and assayed in vitro using the 

validation assays. The resulting SAR analysis was used to inform possible 

attachment points on the lead compounds for future protein target identification. 

4.1. VALIDATING AND TRIAGING LEAD COMPOUNDS 

The validation assays involved both cell enumeration for an end-point assay and 

the IncuCyte and xCELLigence platforms for real-time analysis to substantiate the 

biological activity of the top 12 novel compounds (Figures 4.1.2-4.1.4). Two lead 

compounds were selected for subsequent SAR studies for identification of protein 

targets using pull-down assays. The validation assays were performed in 96-well 

plates using the isogenic cell lines MCF10A WT and MCF10A CDH1-/-, and the 

MDA-MB-231 cell line as described in Section 2.9. All plates had Z’ factors > 0.6, with 

a mean of  0.8 and SBs > 4, with a mean of 5.8 (data not shown). 
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Figure 4.1.1. Structures of the 12 lead compounds chosen for validation. The 

theoretical pharmacophore groups are shown in green. The asterisk highlights 

compounds 8 and 11 which were chosen for SAR studies. Structures were drawn 

using MarvinSketch. 
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4.1.1. The synthetic lethal differential for lead compound selection 

All 12 lead compounds were confirmed as SL in the nuclei counting end-point 

validation assays; MCF10A CDH1-/- cells had decreased normalised cell counts 

compared to MCF10A WT at every concentration tested for all lead compounds 

except 19 (Figure 4.1.2 and Supplementary Figure G1). There were significant SL 

differentials for compounds 6, 8, 11 and 16 (Figure 4.1.2). These SL differentials were 

across multiple concentrations and also included large, yet not statistically significant 

differentials. Compounds 14, 17 and 18 also had significant, but low SL differentials 

(Supplementary Figure G1). 

In order to select the top two leads, compounds with significant SL differentials 

and SL EC50 ratios were chosen. Increased emphasis was placed on the SL 

differentials, because the EC50 does not take the standard error of the mean between 

biological replicates into account. Compounds 8 and 11 were thereby identified as 

the strongest leads. 

Compound 8 was chosen as one of two lead compounds for SAR analysis as it 

had the highest significant SL differentials between the two isogenic MCF10A cell 

lines at 2.5 µM and 5 µM of 22.0% (p= 0.038) and 22.8% (p= 0.014), respectively 

(Figure 4.1.2A and Table 4.1.1). It also had a relatively low EC50 in MCF10A CDH1-/- 

cells of 9.1 µM (Table 4.1.1).  

The second lead compound chosen was 11; it had the second lowest EC50 in 

MCF10A CDH1-/- cells of 7.0 µM and the third highest significant differential of 

20.7% (p=0.011) at 5 µM (Figure 4.1.2B and Table 4.1.1). The 6-methoxyquinolin-4-

amine pharmacophore group for 11 was considered a reliable pharmacophore group 

to pursue as it had four hits ranked in the top eight as judged by the weighted 

ranked score (Table 3.7.1), including 12. Compound 12 was also successfully 

validated with a SL differential of 25.9% (p=0.11) at 10 µM (Figure 4.1.2E). As these 
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two leads in the same pharmacophore group validated well, 11 was chosen to 

undergo SAR studies. 

Table 4.1.1. EC50 values for the 12 lead compounds chosen for validation in 96-well 

plates. 

Compound ID 
Differential at 

5 µM (%) 

MCF10A WT  

EC50 (µM) 

MCF10A CDH1-/- 
EC50 (µM) 

EC50 ratio 

(MCF10A WT / 

MCF10A 

CDH1-/-)  

1 12.50† 38.38 22.64 1.70 

6 20.78* 22.56 14.49 1.56 

8‡ 22.79* 12.36 9.07 1.36 

11‡ 20.74* 10.77 7.02 1.53 

12 11.47 13.04 8.98 1.45 

13 20.94† 10.92 8.77 1.25 

14 26.54 15.71 9.84 1.60 

15 6.25 29.79 23.18 1.29 

16 16.17* 17.05 8.53 2.00 

17 3.54 36.40 23.05 1.58 

18 18.57* 15.62 10.60 1.47 

19 10.75† 5.12 4.52 1.13 

The differential and EC50’s were calculated from at least two biological replicates 

performed in 96-well plates using Hoechst-33342 and CellProfiler to enumerate 

counts for end-point analysis as described in Sections 2.9 and 2.10. The differential 

was calculated from the normalised cell counts for MCF10A WT – MCF10A CDH1-/-. 

EC50 concentrations were calculated in Prism using a nonlinear regression curve fit 

from at least five concentration points. *, p-value < 0.05, as determined by a two-

tailed equal variance Students T-test. †, the differential was calculated at 6.25 µM 

not 5 µM. ‡, compounds 8 and 11 were chosen for SAR studies. 

Compounds 1 and 16 had the highest EC50 ratios of 1.7 and 2.0, respectively 

(Table 4.1.1). However, they were not chosen for further analysis as the EC50 

concentration of 22.6 µM in MCF10A CDH1-/- cells for compound 1 was too high and 

the differentials for compound 16 were less than those for 8. 

Interestingly, significant SL effects were often observed at low compound 

concentrations (2.5 µM) and not at high concentrations (20 µM). This was likely due 

to non-selective toxicities and an increased variability between biological replicates at 

higher concentrations.  
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Figure 4.1.2. Dose-response validation data for a selection of lead SL compounds. 

MCF10A WT and MCF10A CDH1-/- cells were seeded 4,000 cells/well in 96-well 

plates as described in Section 2.9. Twenty-four hours post seeding, compounds and 

controls (0.2% DMSO) were added to plates. At 72 hours post seeding, the one-step 

fix, permeabilisation and cell staining with Hoechst-33342 was performed. 

CellProfiler was used to enumerate counts for end-point analysis as described in 

Section 2.10. Data shown is the mean of at least three biological replicates, except for 

1 which was two. Error bars are SEM. *, p-value < 0.05, as determined by a two-

tailed equal variance Students T-test. Only selected concentrations of interest are 

shown. The remaining six validated compounds are shown in Supplementary Figure 

G1.  
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4.1.2. Real-time viability assays for lead compounds 8 and 11 

Real-time viability assays were performed on the two lead compounds 8 and 11 

using the two isogenic MCF10A cell lines and the MDA-MB-231 breast cell line. The 

IncuCyte and xCELLigence real-time assay systems allows the measurement of cell 

growth over the drugging period, allowing for the assessment of even subtle growth 

inhibitory effects following compound treatment (Sections 2.9.4 and 2.9.5).  

The IncuCyte uses phase-contrast images in each well to quantify cell surface 

area coverage every two hours. It was used in combination with an end-point assay 

(nuclei counting) to give both live cell imaging and normalised cell counts for each 

plate (Figure 4.1.3A). For both 8 and 11, a dose-dependent growth rate reduction was 

observed in MCF10A CDH1-/- cells at all concentrations between 2.5 - 20 µM (Figure 

4.1.3). Critically, a corresponding growth reduction in MCF10A WT cells was only 

observed at the higher concentrations. For compound 8 in MCF10A WT, the cells 

were unable to recover from 20 µM treatment, but they did recover from 10 µM after 

36 hours of treatment (Figure 4.1.3B). Although an initial growth reduction occurred 

in MCF10A WT cells for compound 11 at 10 and 20 µM, the cells recovered by 36 

hours post drugging (Figure 4.1.3C).  

To calculate growth rates, a trendline was fitted to the linear growth phase of 

each cell line. The greatest SL difference in the slope of the trendline for compound 8 

was at 10 µM treatment with 2.0 fold difference for MCF10A CDH1-/- cells, 

compared to MCF10A WT. For 11 the greatest SL difference was at 20 µM, with a 4.0 

fold difference in the slope of the trendline for MCF10A CDH1-/- cells compared to 

MCF10A WT.  

A difference in the time at which compounds elicit a change in confluence was 

also noted. Compound 8 started affecting cell growth in the MCF10A CDH1-/- cell 

line within the first hour, where as 11 appeared to act around the same time as 

doxorubicin at ~12 hours post drugging. Cell size and shape could also alter 
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confluence measurements and must be taken into consideration. For example, 

doxorubicin causes cell size to increase, which was interpreted as increasing cell 

proliferation between 24 and 36 hours post seeding (Figure 4.1.3). Compound 11 also 

caused a slight increase in cell size, which could explain the apparent late compound 

effect at 8 hours post drugging (Figure 4.1.3C). 

An important limitation of the IncuCyte assay is the inability to discriminate 

between treatments once cells are at full growth confluence covering the entire 

surface area of a well. Although the confluence may reach 100%, the cell numbers 

continue to increase beyond that point. Our earlier comparisons with end-point 

normalised cell counts have highlighted this limitation341. For example, 10 µM of 11 

was 3% less confluent than DMSO in MCF10A WT cells by 72 hours post seeding 

from the IncuCyte (Figure 4.1.3C). Yet the same concentration had a 46% reduction in 

normalised cell counts compared to DMSO in MCF10A WT cells (Figure 4.1.2B). 

Therefore, although the IncuCyte produced valuable data during the sub-confluent 

growth phases, it is unreliable at high cellular confluence as it does not reflect true 

cell numbers. 
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Figure 4.1.3. IncuCyte validation data for lead compounds 8 and 11. A) Timeline for 

the combined live cell imaging and end-point viability assays. Plates were seeded 

4,000 cells/well as described in Section 2.9. B, C) One hour following compound 

addition, plates were transferred to the IncuCyte. Three 4x images per well were 

taken every two hours for 48 hours. An EC80 dose of doxorubicin was used (Table 

2.7.1). Data shown is a representative experiment of three biological replicates. Error 

bars are SD. The cell confluence v1.5 was calculated using the IncuCyte software. B) 

Live cell imaging for compound 8. C) Live cell imaging for compound 11. Graphs 

were created in Excel.  
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The xCELLigence real-time system uses gold-plated electrodes to quantify 

electrical impedance as a measurement of cell viability which is expressed as the cell 

proliferation index. Both cell surface area coverage and adhesion strength affects the 

cell proliferation index. Cells were seeded 24 hours before drugging and 

measurements were taken every two minutes for an hour immediately following 

compound addition, and thereafter every 15 minutes, for a total of 96 hours (Figure 

4.1.4A). A steep drop in the cell proliferation index was observed for all wells at 24 

hours post seeding. This was due to drug effects and the effect of briefly removing 

plates from the incubator for addition of compounds and controls. These cell 

viability effects immediately following compound addition were not able to be 

observed using the IncuCyte system. Despite a slower adhesion time for MCF10A 

CDH1-/-, consistent with our previous findings2 the DMSO control treated cells had 

similar slopes of 0.17 and 0.15 for MCF10A WT and MCF10A CDH1-/-, respectively. 

Similar to the IncuCyte and Hoechst end-point assays, 10 µM of compound 8 

caused a significant SL differential between the two cells lines (Figure 4.1.4B). Within 

30 minutes of compound addition, there was a 6.1 fold decrease in cell proliferation 

index in MCF10A CDH1-/- cells and a 5.0 fold decrease in MCF10A WT cells 

compared to their respective DMSO controls. Thereafter, MCF10A WT cells were 

able to fully recover, but MCF10A CDH1-/- were delayed. By 57 hours post seeding 

there was a 2.7 fold decrease for 10 µM compared to DMSO in MCF10A CDH1-/- 

cells (Figure 4.1.4B). The same time point had a difference of only 1.1 fold in MCF10A 

WT cells. Therefore, in MCF10A WT cells the cytotoxic effect of 8 immediately post 

compound addition was short lived, but in MCF10A CDH1-/- cells there was an 

extended period of reduced cell proliferation. Even by 80 hours post drugging 

MCF10A CDH1-/- cells had not fully recovered to the same level as DMSO.  

For the first 30 minutes immediately following addition of compound 11, there 

was only a 1.3 fold decrease observed between 20 µM and DMSO in MCF10A CDH1-

/- cells (Figure 4.1.4C). However, the gap between 11 and DMSO steadily increased in 
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MCF10A CDH1-/- cells to a maximum of 7.9 fold decreased cell proliferation index at 

62 hours post seeding. There was no difference at the same time point in the 

MCF10A WT cells as they were able to fully recover (Figure 4.1.4C). Therefore, 

similar to the IncuCyte and Hoechst end-point assays, compound 11 caused a 

significant SL differential between the two isogenic MCF10A cells lines.  

For both compounds the drug effect appeared to wear off around 72 hours post 

seeding (48 hours post compound addition). Interestingly, in MCF10A CDH1-/- cells 

the 5 µM dose for both compounds resulted in a cell proliferation index above the 

DMSO negative control by 96 hours. This was likely due to morphology changes 

upon compound addition, thereby increasing the cellular adherence to the plastic. 
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Figure 4.1.4. Real-time xCELLigence data for lead compounds 8 and 11. A) Timeline 

for the real-time cellular assay. Plates were seeded 4,000 cells/well as described in 

Section 2.9.5. B, C) Data shown is a representative experiment of two biological 

replicates, performed in 96-well xCELLigence E-plates. Error bars are SD. Cell 

proliferation index was calculated using the RTCA software. B) Cells were treated 

with compound 8. C) Cells were treated with compound 11. Graphs were created in 

Excel. 

The recovery of MCF10A WT, but not MCF10A CDH1-/- cells to levels similar to 

that of DMSO after addition of compound 8 and compound 11 was observed in both 

real-time assay systems. In addition, the SL effect of 8 (5 and 10 µM) and 11 (10 and 

20 µM) was also identified in the end-point data. But interestingly, a higher SL 

differential for both compounds was observed in the real-time analysis. Compound 8 
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had an immediate effect on cell viability, whereas 11 slowly inhibited MCF10A 

CDH1-/- cells. The lead compounds therefore appeared to show different dynamics 

of inhibition. Overall, the combined viability assays demonstrated the increased 

susceptibility of MCF10A CDH1-/- cells to both 8 and 11 compared to MCF10A WT 

cells. 

4.1.2.1. Secondary validation in MDA-MB-231 cells 

The cytotoxicity of compounds 8 and 11 was also tested in MDA-MB-231 cells. 

MDA-MB-231 was isolated from pleural effusions of a Caucasian breast cancer 

patient356. The MDA-MB-231 cell line was chosen as it is an E-cadherin negative, 

adherent breast cancer line357,358 and is classified as a claudin-low breast carcinoma359. 

Additionally, MDA-MB-231 cells are tumourigenic in nude mice which would allow 

further in vivo studies as MCF10A are not. 

As the MDA-MB-231 cell line had not been previously used in our laboratory, 

seeding densities and control optimisations were first undertaken. The seeding 

density was first optimised to 6,000 cells per well for a 72 hour cell viability assay in 

96-well plates – using the same timeline outlined in Figure 4.1.3.A. DMSO and 

doxorubicin concentrations for negative and positive controls were subsequently 

optimised in the MDA-MB-231 cell line. A DMSO concentration < 0.8% was found to 

be acceptable, causing no cell death as shown by cell counts and IncuCyte live cell 

imaging (Supplementary Figure G2). For the doxorubicin positive control, 5 µM was 

found to be an EC80 dose in MDA-MB-231 cells (Supplementary Figure G2). 

Using normalised cell counts, EC50 values were calculated 48 hours post 

drugging for the 72 hour end-point assay. The EC50 concentrations were 17.0 µM for 

8, and 18.8 µM for 11 (Figure 4.1.5A). These EC50 values were around two fold 

higher than in the MCF10A CDH1-/- cell line. However, significant cytotoxicity was 

observed at 20 and 40 µM, with 20 µM resulting in 40.1% and 53.8% normalised cell 

counts for 8 and 11, respectively (Figure 4.1.5A). Significant toxicity was also seen at 
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20 and 40 µM of both compounds in the IncuCyte live cell imaging assay (Figure 

4.1.5B). 

The xCELLigence data for compound 8 showed an immediate decrease in cell 

proliferation index on compound addition, with a maximum decrease for 20 µM of 

5.6 fold at three hours post compound addition (Figure 4.1.5C). Although there was 

an immediate effect for 5 and 10 µM, after 30 minutes cells had recovered to levels 

similar to that of DMSO. The IncuCyte however was not able to detect these subtle 

changes and did not show any change in cell confluence measurements until > 24 

hours post compound addition (Figure 4.1.5B).  

The effect of 11 on MDA-MB-231 cells appeared to occur ~12 hours post 

drugging according to the IncuCyte data, in a similar fashion to that observed for 

MCF10A CDH1-/- cells. Although 20 µM of 11 caused reduced cell growth rates in 

the IncuCyte and reduced normalised cell counts compared to DMSO, there was no 

sustained effect observed in the xCELLigence assay (Figure 4.1.5C). 

In summary, sensitivity to compounds 8 and 11 was observed in MDA-MB-231 

cells demonstrating the effect was not limited to the isogenic MCF10A cell line 

model. However, higher concentrations were required to elicit similar effects to those 

seen in MCF10A CDH1-/- cells, presumably due to the different genetic backgrounds 

and different dependencies of these cell lines. 
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Figure 4.1.5. Secondary screen data for lead compounds 8 and 11. A) Dose-response 

graphs for compounds 8 and 11. Data shown is the mean of three biological 

replicates, performed in 96-well plates using Hoechst-33342 and CellProfiler to 

enumerate counts for end-point analysis as described in Section 2.10. The MDA-MB-

231 cell line was used to seed 6,000 cells/well as described in Section 2.9. The Figure 

4.1.3A timeline was used. Error bars are SEM. Graphs were created in Prism. B) Live 

cell imaging for compounds 8 and 11. Six hours following compound addition, 

plates were transferred to the IncuCyte. Three 4x images per well were taken every 

two hours for 40 hours. Data shown is a representative experiment of two biological 



 187 

replicates. The cell confluence v1.5 was calculated using the IncuCyte software.     

C) Real-time xCELLigence data for compounds 8 and 11. The Figure 4.1.4A timeline 

was used. Data shown is one biological replicate, performed in a 96-well 

xCELLigence E-plate. Error bars are SD. Cell proliferation index was calculated 

using the RTCA software. Graphs were created in Excel.  
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4.2. IMAGE-BASED CELL CYCLE ANALYSIS 

To inform potential compound mechanisms of action, cell cycle analysis was 

performed on the novel compounds 8 and 11 using both image-based and flow 

cytometry approaches. Flow cytometry has been used as the gold-standard method 

for determining cell-cycle phase for the past four decades360. Yet flow cytometry 

protocols require specific instrumentation and are limited in their ability to multiplex 

with other assays. Image-based approaches for cell cycle analysis361,362 are 

inexpensive and can be multiplexed with high-content analysis. 

4.2.1. Image-based cell cycle analysis overview 

Image-based cell cycle analysis uses the nuclei DNA content determined from 

Hoechst 33342 stained cells to calculate the population of cells in each phase of the 

cell cycle (Section 2.11). As an example, the image in Figure 4.2.1A had 1,203 cells 

identified and hence 1,203 integrated nuclei DNA intensity values. The resulting 

DNA intensities of each image were analysed using a custom script written in R 

Studio (Appendix D). The log2 DNA intensity of each object (nuclei) per image was 

taken (Figure 4.2.1B), and normalised to the mean of the peak for the G0/G1 sub-

population. The resulting normalised log2 DNA intensities meant that the G0/G1 

(2N) population should be ~1.0, and the G2+M (4N) population ~2.0 (Figure 4.2.1C). 

Using the gates shown in Figure 4.2.1C, the percentage of cells in each phase of the 

cell cycle were able to be determined (Figure 4.2.1D). 
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Figure 4.2.1. Schematic representation of the image-based cell cycle analysis work 

flow. A) A representative DMSO negative control 10x magnification image is shown. 

96-well plates were stained with Hoechst 33342 (1 µg/mL final) using the one-step 

permeabilisation protocol as described in Section 2.9.3. CellProfiler was used to 

determine nuclei outlines shown in green. Yellow objects touching the edge of the 

image were excluded. Pink objects were also excluded based on size. Images were 

analysed using CellProfiler, as shown in Supplementary Figure E1. B) Integrated 

pixel intensity for each object from the image in A was log2 transformed in R as 

described in Section 2.11. C) The log2 intensity value corresponding to the center of 

the peak for the G0/G1 sub-population was used to normalise all sample log2 DNA 

intensity values. Gates used are shown in Table 2.11.1. A different bin to the 

histogram in B was used. D) The percentage of cells in each gate for the image in A 

is shown. 
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Cells were treated with DMSO and a control drug (5-fluorouracil; 5-FU) to 

compare the image-based cell cycle analysis with the gold-standard flow-cytometry 

method, as explained in Sections 2.11 and 2.12, respectively. The DMSO negative 

control showed that the two methods were comparable. The main difference was an 

increase of 1.2 fold cells in the G2+M phase for the image-based approach compared 

to the flow-cytometry approach (Table 4.2.1). Consequently, there was also an 

absence of a clear intermediate S phase population for the image-based cell cycle 

analysis and a wider S phase in the flow cytometry analysis. However, both 

approaches demonstrated a distinct difference between the cell cycle stages for 

MCF10A WT and MCF10A CDH1-/- cell lines (Table 4.2.1). 

The positive control 5-FU is a chemotherapeutic drug used for the treatment of 

advanced gastric cancer363,364 and causes S phase inhibition361,365. For both cell cycle 

analysis methods, 5-FU treatment resulted in a growth inhibition at S phase and 

increased the population of cells in S phase by ~3 fold in the two isogenic MCF10A 

cell lines (Table 4.2.1). This validated the image-based approach, since S phase 

inhibition was able to be resolved despite the fact the image-based approach had a 

lack of a distinct S phase. 

Table 4.2.1. Comparison of image-based and flow cytometry cell cycle analysis. 

  G0/G1 (%) S (%) G2+M (%) 

ID  WT CDH1-/- WT CDH1-/- WT CDH1-/- 

DMSO – Image 61.3 52.5 13.6 18.4 19.5 21.5 

DMSO – Flow 58.4 52.6 24.9 29.2 16.8 18.2 

5-FU – Image 9.1 9.2 40.7 52.0 35.9 20.9 

5-FU – Flow 0 0 79.7 81.9 20.3 18.1 

Cellular populations within each phase of the cell cycle are shown as percentage 

and were calculated as explained in Sections 2.11 and 2.12 for image-based (image) 

and flow-cytometry (flow) cell cycle analysis, respectively. WT, MCF10A WT; 

CDH1-/-, MCF10A CDH1-/-; 5-FU, 5-Fluorouracil (1 µM). DMSO (0.2%) was used as 

a negative control. Cell cycle graphs for the flow cytometry approach are shown in 

Supplementary Figure G3. 
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4.2.2. Cell cycle analysis for compounds 8 and 11 

Compound 8 treatment caused an arrest in the > G2 phase with a 1.6 fold 

increase in the population of MCF10A CDH1-/- cells compared to the DMSO control 

at 10 µM (Figure 4.2.2A). Notably, a similar increase was not seen in the MCF10A 

WT cells which had a 1.3 fold increase in the > G2 phase compared to the DMSO 

control. Compound 8 treatment also caused a slight arrest in the population of cells 

in the G2+M phase with a 1.12-1.22 fold increase across the four drug concentrations 

in MCF10A WT and MCF10A CDH1-/- cells compared to their respective DMSO 

controls (Figure 4.2.2A). 

Interestingly, compound 11 treatment did not impact MCF10A cell cycle 

fractions at 2.5 and 5 µM (Figure 4.2.2B). At 10 µM of 11, those cells in the > G2 

cellular fraction increased by 2.0 fold for MCF10A CDH1-/- and 3.0 fold for MCF10A 

WT, compared to their respective DMSO controls (Table 4.2.1B). There was also a 

slight G2+M arrest at 10 µM with a 1.2 fold increase in cell cycle fractions in MCF10A 

CDH1-/- cells. This is consistent with data obtained using flow-cytometry cell cycle 

analysis (Supplementary Figure G3).  

In summary, both compounds 8 and 11 reduced progression through the G2 

checkpoint and increased the proportion of cells in the > G2 phase. However, 

pronounced cell cycle effects such as those seen with 5-FU treatment were not 

observed in either cell cycle analysis methods at any concentration. Higher 

concentrations may have been required. 

As there was only a subtle increase of G2+M DNA content, the G2 arrest is 

insufficient to explain the observed toxicity and could reflect non-specific drug 

activity. Investigation into senescence366 or apoptotic cell death – for example, a 

Caspase 3/7 detection assay – would be the next recommended future direction. Due 

to time constraints, these additional approaches were not undertaken. 
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Figure 4.2.2. Image-based cell cycle analysis for compounds 8 and 11. The MCF10A 

isogenic cell lines were seeded 4,000 cells per well in 96-well plates for imaging. 

Compounds were added 24 hours post seeding. At 72 hours post seeding, the one-

step permeabilisation protocol was used (Section 2.9.3). Cellular populations within 

each phase of the cell cycle were calculated as outlined in Figure 4.2.1 and explained 

in Section 2.11. A) Cell cycle analysis for compound 8. B) Cell cycle analysis for 

compound 11. Graphs were created in Excel.  
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4.3. PREDICTING COMPOUND TARGETS USING ONLINE 
DATABASES 

The lead compounds 8 and 11 were searched against SciFinder and PubChem 

online databases with the hope of inferring compound targets. Structurally related 

compounds and the exact compound matches were identified in unpublished 

screens, literature sources and patents. However, for exact compound matches none 

of the identified screens had any biologically relevant data. Fortunately, there were 

structurally related compounds with biologically relevant data identified in the 

online HTS databases. 

Only compounds > 85% similar to the leads were investigated. There were many 

structurally similar compounds identified in the online databases for both 8 and 11. 

However, for the majority of similar compounds the EC50 or IC50 values were too 

high and thus they were not considered biologically relevant. For compounds with 

biologically relevant activity, possible targets were also excluded if they were not 

expressed in the MCF10A WT and MCF10A CDH1-/- cell lines according to 

transcriptome analysis2,307. Additionally, the CDH1 SL relationship of the possible 

target was determined using data from a whole-genome siRNA screen performed on 

the isogenic MCF10A cell lines by our laboratory355. However, using this selection 

strategy no possible targets were identified from the online HTS databases. Two of 

the most interesting examples with biologically relevant data are shown below. 

4.3.1. Inferring targets from structurally similar compounds 

Using SciFinder, a structurally similar compound to 8 with biologically relevant 

data was identified. Compound ‘21’ from a HTS in a 2013 publication367  had the 

same core structure as 8, yet was only 85% similar as determined by the Tanimoto 

coefficient (Table 4.3.1).  
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Table 4.3.1. Identification of a structurally similar compound to 8. 

Compound 

ID 
8 ‘21’ 

Structure 

 

 

 

 

 

The altered groups are shown in blue. Compound 8 is 85% similar to compound ‘21’ 

found in Zhang et al367. Structures were drawn using MarvinSketch. 

Compound ‘21’ was shown to inhibit STAT3. STAT3 is a biologically relevant 

target as its overexpression or persistent activation is involved in numerous types of 

cancers, including diffuse (but not intestinal) gastric cancer368-370. In diffuse gastric 

cancer (DGC), STAT3 overexpression could mediate E-cadherin reduction through 

the nuclear localisation of the CDH1 repressor SNAIL371. Compound ‘21’ caused a 

moderate IL-6/STAT3 inhibition of 20.2% at 10 µM in a human liver carcinoma cell 

line (HepG2). Additionally, it caused a 16.4% inhibition at 10 µM in the breast cell 

line MDA-MB-468 which has constitutively active STAT3367. The selectivity against 

related signalling pathways such as IFN-γ/STAT1 was not determined for compound 

‘21’. 

Transcriptome profiling of the MCF10A WT and MCF10A CDH1-/- cell lines 

using RNA sequencing had been previously performed2,307. From the transcriptome 

analysis, the STAT3 gene was expressed at similar levels in both MCF10A WT and 

MCF10A CDH1-/- cell lines. Analysis of the data from a whole-genome siRNA screen 

performed on the isogenic MCF10A cell lines355 showed that STAT3 siRNA 

knockdown resulted in a non-selective 10% reduced normalised cell viability in both 

isogenic MCF10A cell lines. STAT3 therefore did not have a SL relationship with 

CDH1 in our model system. Therefore, compound 8 is unlikely to be causing a SL 

effect via the inhibition of STAT3 in our model system. 
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Again using SciFinder, we identified a compound (132634-15-2P) in a Canadian 

patent (CA2011086A1) that was 91% similar to 11 (Table 4.3.2). Compound 132634-

15-2P was described to inhibit the hydrogen potassium (H+/K+) ATPase in this 

patent.  

Table 4.3.2. Identification of a structurally similar compound to 11. 

Compound 

ID 
11 132634-15-2P 

Structure 

 
 

 

 
 

The altered groups are shown in blue. Compound 11 is 91% similar to compound 

132634-15-2P, found in a Canadian patent (CA2011086A1). Structures were drawn 

using MarvinSketch. 

The gastric H+/K+ ATPase is a proton pump in the stomach. It is found primarily 

in parietal cells, which line the gastric mucosa and secrete gastric acid via H+/K+ 

ATPase372. Inhibition of H+/K+ ATPase limits gastric acid secretion, and therefore can 

be used to treat gastric ulcers, gastritis and Zollinger-Ellison syndrome373. Using data 

from the transcriptome analysis of the MCF10A WT and MCF10A CDH1-/- cell 

lines2,307, the two genes that encode the alpha and beta subunits (ATP4A and ATP4B) 

of the K+/H+ ATPase, were unfortunately not expressed. Each of these two genes 

were also shown to have no SL relationship with CDH1 in a whole-genome siRNA 

screen355. For these reasons K+/H+ ATPase is unlikely to be the target of 11 and 

therefore not the method for its selective killing of MCF10A CDH1-/- cells. 
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4.4. STRUCTURE-ACTIVITY RELATIONSHIP STUDIES OF 
LEAD COMPOUNDS 

Since no targets could be inferred from similar or exact lead compound matches 

using online drug databases, SAR studies for pull-down assays were necessary. The 

pull down assay for target identification involved stable isotope labelling by amino 

acids in cell culture in combination with mass spectrometry (SILAC/MS) and affinity 

enrichment374-377. SILAC involves growing cells with both ‘light’ (natural isotope) and 

‘heavy’ (13C and 15N) arginine and lysine amino acids until they are incorporated into 

all newly synthesised proteins. These light and heavy amino acids allow the 

discrimination of specific protein-protein interactions from background interactions 

in affinity pull-downs. This is achieved using MS by comparing the relative 

enrichment of target proteins between control and compound lysates mixed with 

light and heavy cell populations, respectively. However, SILAC target identification 

still requires the conjugation of the compound to a stationary phase such as agarose, 

for pulling down a target.  

To discover the target(s) of the lead compounds 8 and 11, SAR studies were 

undertaken with the aim of identifying those parts of the molecule that are important 

for biological activity and those that are not. Fifteen analogues for 8 and 13 analogues 

for 11 were synthesised by our chemistry collaborators. The analogues were 

designed to determine where the covalent attachment of a solid support to each 

pharmacophore was viable for protein target identification. Therefore the main 

driver of the SAR studies was not necessarily improving activity, but the 

investigation of what changes could be made while retaining activity. Analogues 

were evaluated in the two isogenic cell lines MCF10A WT and MCF10A CDH1-/-, 

using normalised cell counts as an end-point viability assay. The SL EC50 ratio of 

selectively harming MCF10A CDH1-/- cells over their WT counterparts was used to 

assess biological activity. 
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4.4.1. Analogues of compound 8 

The compound design for the analogues of 8 involved probing the two chlorine 

heteroatoms at the R2 and R3 positions and various R1 functional groups to 

determine which area of the molecule could be altered whilst still remaining active.  

The core structure of benzyloxybenzene was left unaltered as it had been identified 

as the theoretical pharmacophore group (Section 3.8). Analogues for compound 8 

were created by Dr. Bill Hawkins and Robert Smith (Otago University). 
The replacement of the 2-hydroxypropane unit with an allyl ether (8a) slightly 

increased the EC50 concentrations of both isogenic cell lines (thereby decreasing 

biological activity), but importantly maintained SL activity with the same EC50 ratio 

(1.36) as 8 (Table 4.4.1). This suggested that the alcohol group was not important for 

activity. Interestingly, when the two chlorine heteroatoms at positions R2 and R3 

were replaced with hydrogen (8b) in addition to the ethanol group changes, there 

was an 8.1 and 7.5 fold increase in EC50 concentrations for MCF10A WT and 

MCF10A CDH1-/- compared to 8a. This suggested the chlorine heteroatoms 

contributed to the observed biological activity. Chlorine may also interact favourably 

with hydrophobic pockets in a binding site. Further analogues with and without 

chlorine were therefore assayed.  

An additional allyl group attached to the amine to create a tertiary amine (8c) 

was also assessed to determine if the secondary amine was important for activity. 

Compared to 8b, there was a slightly decreased EC50, although this was highly 

extrapolated as 40 µM was the highest concentration tested. Yet this did suggest that 

the secondary amine could be used to expand the structure. 

Further functional groups at the R1 position were tested in order to probe the 

chemical space for better activity by increasing the possible interactions. Analogues 

8d and 8e had similar R1 groups with various functional groups including a  

carbamate and alcohol functionality. The R1 group for analogues 8f and 8g had a 
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similar chemical structure, with the addition of a benzyl group. The tert-

butyloxycarbamate (BOC group) was used as a protecting group. The plan with these 

analogues was to then remove the BOC group and assess the compound 8 analogue 

with the 1,2-diol alone. However, under the deprotection conditions a side reaction 

occurred and the product was unable to be purified. In addition, forming the desired 

1,2-diol directly from 8a was also unsuccessful. Unfortunately, these additional 

functional groups at the R1 position for analogues 8d-8g did not confer increased 

activity. This was likely due to the effect of the bulky BOC group. However, an 

important difference between these analogue pairs was the replacement of chlorine 

with hydrogen at the R2 and R3 positions. For analogues without the chlorines (8e 

and 8g) compared to those with (8d and 8f), the EC50 increased by ~1.95 and ~1.25 

fold for MCF10A WT and MCF10A CDH1-/-, respectively (Table 4.4.1). On the basis 

of these results, we rationalised that the presence of chlorines at the R2 and R3 

positions were conferring non-selective biological activity. Overall, the absence of the 

chlorines at positions R2 and R3 decreased the biological activities of the analogues 

in MCF10A WT cells, but had less of an impact on MCF10A CDH1-/- cells, causing 

the SL differentials to be slightly better without chlorines. For example, there were 

increased SL differentials for 8g without chlorines (23.6%, p=0.047) compared to 8f 

with chlorines (15.9%, p=0.012) at 20 µM (Supplementary Table G4.1). For those 

analogues with the benzyl group (8f and 8g), the biological activity was slightly 

better, but comparable to those analogues with the alcohol group instead (8d and 8e). 

These groups therefore did not confer increased activity. Overall, as chlorine 

heteroatoms at positions R2 and R3 conferred lower EC50’s, they were carried 

forward to the next round of analogue development.  
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Table 4.4.1. EC50 values for compound 8 analogues 8a-g. 

 

 
 

   

ID R1 R2 R3 
MCF10A WT 

EC50 (µM) 

MCF10A CDH1-/- 

EC50 (µM) 

EC50 

ratio 

8 

 

Cl Cl 12.36 9.07 1.36 

8a 
 

Cl Cl 14.23 10.46 1.36 

8b 
 

H H 
> 40 

(106.2) 

> 40 

(84.46) 

 

(1.26) 

8c 

 

H H 
> 40 

(80.52) 

> 40 

(No fit) 

 

- 

8d 

 

Cl Cl 34.41 33.29 1.03 

8e 

 

H H 
> 40 

(67.08) 

> 40 

(43.11) 

  

(1.56) 

8f 

 

Cl Cl 32.00 30.97 1.03 

8g 

 

H H 

> 40 

(61.99) 

 

38.42 (1.61) 
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End-point analysis was performed in 96-well plates using Hoechst-33342 and 

CellProfiler to enumerate counts as described in Section 2.10. Plates were seeded 

4,000 cells/well as described in Section 2.9 with the same timeline as Figure 4.1.3A. 

EC50’s were calculated in Prism from the mean of at least two biological replicates. 

The predicted pharmacophore group is shown in green. Interpolated EC50 results 

are shown and where applicable, extrapolated EC50 values are shown in 

parenthesis. An R group is an abbreviation for a group attached to the rest of the 

molecule. Analogues were created by Dr. Bill Hawkins and Robert Smith (Otago 

University). Graphs showing the normalised cell counts can be found in 

Supplementary Table G4.1. Structures were drawn using MarvinSketch.  
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The second round of compound 8 analogues (8h-8n) all had chlorine at the R2 

and R3 positions and were derived from the amino acid tyrosine (Table 4.4.2). The 

rationale behind these analogues was that tyrosine had a similar structure to the 

desired analogue and was also 3D due to the chiral centre. A 3D structure could aid 

in selectivity, as it is more complex than the simple 2D structure.  

Additionally, the first three analogues had the same methoxy group at the R4 

position and either a primary (8h), secondary (8i) or tertiary (8j) amine  carbamate at 

the R5 position. The analogue 8i was created to compare directly to the most 

promising lead of the previous group – 8a. Yet the tyrosine-methyl ester (8i) 

abolished the biological activity, with a 6.5 fold higher EC50 in MCF10A CDH1-/- 

cells compared to 8a (Table 4.4.2). Analogues 8h and 8k were created to check if the 

added functionalisation associated with the tyrosine alone (8h) had an effect 

compared to the BOC-protected amine (8k). Unfortunately, for three of the 

compounds in this group it is not possible to compare biological activities. This is 

because they had EC50’s above 20 µM, yet the highest concentration tested was 20 

µM. Any activity above an EC50 of 20 µM is no longer biologically relevant, but was 

still important for further SAR analysis. The highest concentration tested was later 

changed to 80 µM. The contrasting R4 groups of 8k and 8l would imply a possible H-

bonding interaction with the free acid (8l) instead of the methyl ester (8k). 

Unfortunately, none of the second round analogues tested had significant SL activity 

or any biologically relevant EC50 concentrations. Some of these analogues were 

inactive up to 80 µM such as 8m and 8n – with extrapolated EC50’s of up to 160 µM.  

As the primary aim of these SAR studies was to identify an optimal site for 

attachment of a solid support, 8a represents the best point for further optimisation. 

Current work with collaborators therefore involves using a benzyl ethyl amine, 

which has a chain extension of the R1 group in 8a. This would explore the effect of 

the chain extension and provide additional evidence that the methyl ester was 

abolishing the biological activity as tyrosine was different in two ways from the 
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original molecule – it had an extra carbon between the aromatic ring and amine, and 

it had the methyl ester. 
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Table 4.4.2. EC50 values for compound 8 analogues 8h-n. 

 

 

 

  

ID R4 R5 
MCF10A WT 

EC50 (µM) 

MCF10A CDH1-/- 

EC50 (µM) 

EC50 

ratio 

8h   

> 20 

(No fit) 

 

> 20 

(No fit) 

 

- 

8i  

 

60.75 68.11 0.89 

8j  

 

> 20 

(No fit) 

> 20 

(No fit) 
- 

8k  

 

> 20 

(No fit) 

> 20 

(No fit) 
- 

8l H 

 

65.44 68.08 0.96 

8m H 

 

> 80 

(160.5) 

> 80 

(155.7) 

 

(1.03) 

8n H 

 

> 80 

(100.2) 

> 80 

(114.9) 

 

(0.87) 

End-point analysis was performed in 96-well plates using Hoechst-33342 and CellProfiler to 

enumerate counts as described in Section 2.10. Plates were seeded 4,000 cells/well as 

described in Section 2.9 with the same timeline as Figure 4.1.3A. EC50’s were calculated in 

Prism from the mean of at least two biological replicates. The predicted pharmacophore 

group is shown in green. Interpolated EC50 results are shown and where applicable, 

extrapolated EC50 values are shown in parenthesis. Analogues were created by Dr. Bill 

Hawkins and Robert Smith. Graphs showing the normalised cell counts can be found in 

Supplementary Table G4.1. Structures were drawn using MarvinSketch.  



 204 

4.4.2. Analogues of compound 11 

The compound design strategy for changing the R1 group on 11 was to 

investigate the fluorine heteroatom and the possibilities of sulfur analogues at the 

amine. The 2-methyl quinolone motif was unaltered as it had been previously 

identified as the predicted pharmacophore from the 2D virtual screen (Section 3.7). 

Analogues for compound 11 were created by Dr. Michael Fraser and Professor Gary 

Evans from the Ferrier Research Institute. 

The replacement of fluorine with a methyl group (11a) resulted in a ~2 fold 

increase in EC50 values and a reduced EC50 ratio between the two isogenic MCF10A 

cell lines of 1.21 (Table 4.4.3). The subsequent replacement of the fluorine or methyl 

group with hydrogen (11b) resulted in a further reduction in activity with a ~3 fold 

increase in EC50 values. As fluorine and hydrogen atoms occupy comparable 

volumes (van der Waals radius of 1.47 Å and 1.20 Å, respectively378) there would be 

minimal steric differences with respect to the mode of target site binding. The large 

decrease in activity with the removal of fluorine was therefore likely attributed to 

fluorine’s high electronegativity of 3.98 on the Pauling scale, compared to hydrogen 

at 2.20. Interestingly, a SL differential was still observed for analogues 11a and 11b. 

The two sulfur analogues (11c and 11d) showed less activity than any of the 

amine compounds with EC50 values 3-4 fold higher than compound 11. These 

analogues were created as compound 20 – which has the same pharmacophore 

group and was ranked number six in the HTS – had a thioether group at the same 

position (Table 3.8.2). Interestingly, the replacement of fluorine on 11c with hydrogen 

resulted in slightly lower EC50 values, but similar EC50 ratios of 1.24 for 11c and 1.22 

for 11d (Table 4.4.3).  

Replacement of fluorine on 11 with a tert-butyl group (11e) allowed expansion 

into chemical space and resulted in non-selective biological activity gain, with EC50 

concentrations of 6.75 µM and 6.82 µM for MCF10A WT and MCF10A CDH1-/- cells, 
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respectively (Table 4.4.3). Hence the loss of a SL differential could mean this region is 

important for the SL activity. Analogue 11e was the only R1 group analogue that 

retained biological activity when changed, even though it was not SL. 

Removal of the methylene (CH2) spacer group between the secondary amine and 

benzene groups resulted in a shorter R1 group (Analogues 11f and 11g). The 

shortened chain resulted in loss of biological activity, presumably because the 

hydrophobic binding pocket is deeper and the shorter chain does not allow for 

favourable hydrophobic interactions. In addition, removal of the fluorine in 11g 

resulted in a slightly reverse synthetic lethal EC50 ratio of 0.91. 

The fluorine heteroatom therefore appeared to be important for biological 

activity. To confirm this, further analogues are being developed in which the fluorine 

atom will be replaced by a series of electron-donating and electron-withdrawing 

groups that vary in size (provide different steric bulk). In particular, to build on the 

activity seen in 11e, a trifluoromethyl analogue will be tested. If our main goal was to 

increase activity then the position of the fluorine would also be varied, for example 

meta and ortho positions of the fluorine on the benzene ring could be explored. The 

fluorobenzene, secondary amine and methyllene bridge were all deemed to be 

important for retaining biological activity. Extension of alkyl chain lengths by adding 

a linear alkyl chain at position 6 for the R2 group was probed next as a possible site 

for linking to the solid support. 
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Table 4.4.3. EC50 values for compound 11 analogues 11a-i. 

 

 
 

  

Compound 

ID 
R1 

MCF10A WT 

EC50 (µM) 

MCF10A CDH1-/- 

EC50 (µM) 

EC50 

ratio 

11 

 

10.77 7.02 1.53 

11a 

 

22.11 18.34 1.21 

11b 

 
 

28.97 26.30 1.10 

11c 

 
 

> 40 

(50.53) 

> 40 

(40.91) 

 

(1.24) 

11d 

 
 

36.93 30.21 1.22 

11e 

 

6.75 6.82 0.99 
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Table 4.4.3 continued    

11f 

 
 

> 20 

(28.87) 

> 20 

(26.52) 

 

(1.13) 

11g 

 
 

16.07 17.68 0.91 

End-point analysis was performed in 96-well plates using Hoechst-33342 and 

CellProfiler to enumerate counts as described in Section 2.10. Plates were seeded 

4,000 cells/well as described in Section 2.9 with the same timeline as Figure 4.1.3A. 

EC50’s were calculated in Prism from the mean of at least two biological replicates. 

The predicted pharmacophore group is shown in green. Interpolated EC50 results 

are shown and where applicable, extrapolated EC50 values are shown in 

parenthesis. Analogues were created by Dr. Michael Fraser and Professor Gary 

Evans (Ferrier Research Institute). Graphs showing the normalised cell counts can 

be found in Supplementary Table G4.2. Structures were drawn using MarvinSketch. 

  



 208 

The R2 group C3H7 in 11h was able to retain SL activity with a SL EC50 ratio of 

1.45 calculated from EC50 concentrations of 14.21 µM and 9.79 µM for MCF10A WT 

and MCF10A CDH1-/- cells, respectively (Table 4.4.4). Increasing the chain length by 

an additional three carbon atoms (methylene groups) (11i) did not change the 

MCF10A WT EC50 value, but did increase the MCF10A CDH1-/- EC50 to 14.11 µM, 

resulting in the loss of SL activity. These analogues were therefore quite potent, 

however only 11h selectively harmed MCF10A CDH1-/- cells. This R2 group 

therefore represents the best site for attachment to a stationary phase for target 

identification and so further alkyl chain length extensions will be tested by our 

laboratory. 

Table 4.4.4. EC50 values for compound 11 analogues 11h-i. 

 

 
 

  

Compound 

ID 
R2 

MCF10A WT 

EC50 (µM) 

MCF10A CDH1-/- 

EC50 (µM) 

EC50 

ratio 

11h 
 

 
 

14.21 9.79 1.45 

11i 
 

 

14.06 14.11 1.00 

End-point analysis was performed in 96-well plates using Hoechst-33342 and 

CellProfiler to enumerate counts as described in Section 2.10. Plates were seeded 

4,000 cells/well as described in Section 2.9 with the same timeline as Figure 4.1.3A. 

EC50’s were calculated in Prism from the mean of at least two biological replicates. 

The predicted pharmacophore group is shown in green. Interpolated EC50 results 

are shown and where applicable, extrapolated EC50 values are shown in 

parenthesis. Analogues were created by Dr. Michael Fraser and Professor Gary 

Evans (Ferrier Research Institute). Graphs showing the normalised cell counts can 

be found in Supplementary Table G4.2. Structures were drawn using MarvinSketch.  



 209 

4.5. DISCUSSION 

The aim of the research presented in Chapter 4 was to validate 12 of the lead SL 

compounds and subsequently characterise the top two compounds using real-time 

viability assays, cell cycle analysis and SAR studies. The following discussion 

examines the validation assays and SAR studies, including their limitations and 

suggests future directions to enable the eventual prevention and/or treatment of both 

sporadic and hereditary DGC and LBC. 

4.5.1. Design considerations for the validation assays 

The validation assays were performed in order to confirm the biological 

activities of the lead compounds from the HTS. Various assay design consideration 

were taken into account. To ensure the original biological activities were not due to a 

side product of freeze–thaw breakdown or a compound by-product, fresh stocks of 

each lead compound were ordered. For the end-point assay considerations, although 

metabolic-based end-point assays such as cell titer blue or celltiter-glo are convenient 

for HTS they were not used in the validation assays. Our laboratory has shown that 

metabolic assays can overestimate cell viability when compared to direct cell 

counting309,341,343,361,379,380. Therefore, direct nuclei enumeration using Hoechst 33342 

was adopted as the end-point assay in the MTS. For consistency, the same assay 

timeline for compound addition and end-point completion was used as the HTS. 

Real-time cell viability assays were used to complement the end-point assay in 

the MTS. The IncuCyte and xCELLigence platforms allowed the quantification of 

compound effects on cell viability in real-time at numerous time points. This allowed 

for the assessment of even subtle growth inhibitory effects. The IncuCyte was 

advantageous as the same plate could be multiplexed for both real-time and end-

point analysis. The xCELLigence system was unable to be easily multiplexed, but 

was able to track impedance measurements over seconds or minutes instead of 

hours. This allowed for accurate quantification of compound effects immediately 
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after treatment. Additionally, longer drugging periods of 72 hours were undertaken 

using the xCELLigence system. Therefore, using real-time systems in combination 

with end-point assays overcame the limitations of using each approach alone.  

4.5.2. Identification of two lead compounds 

To select the top two compounds, the SL differential and the EC50 ratio were 

determined. A SL relationship was observed for all 12 of the lead compounds in the 

end-point assays. There were four compounds that displayed marked SL activity – 6, 

8, 11 and 16 – of which, compounds 8 and 11 were chosen to create analogues for 

SAR studies and target identification. Despite the consistent significant SL effect 

observed for 8 and 11 in E-cadherin negative cells, the effect was modest. Further 

SAR optimisation is therefore required to create compounds with improved activity. 

This also illustrates the importance of identifying targets for a rational design 

approach. 

Not all compounds produced equivalent SL differentials compared to when they 

were first identified in the HTS. This was likely due to the different assay method 

used since metabolic assays can overestimate cell viability as previously 

stated309,341,343,361,379,380. Additionally, differences between the isogenic MCF10A cell 

lines may be more prominent in phenotypes other than cell viability. For example, 

assessing migration or invasive capabilities using the IncuCyte or xCELLigence 

assays. As such, the low EC50 ratios observed between the MCF10A WT and 

MCF10A CDH1-/- cell lines are perhaps not surprising and are consistent with a 

known-drugs screen performed in the same cell lines11. 

The end-point cell viability assays did however identify promising leads with 

significant SL activity which will enable target identification and may also be directly 

amenable to further modifications and increased activity. 
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4.5.3. Synthetic lethal effects were observed in both end-point and real-

time assays 

Both end-point and real-time assays were used as validation assays in order to 

overcome the limitations of each approach alone. Nuclei counting revealed 

significant SL differentials over multiple concentrations for compounds 8, and 11. 

The monitoring of cell growth in real-time also showed this SL affect. Real-time 

assays were therefore used to complement the cell enumeration end-point assay to 

give a further insight into the efficacy of each compound at different concentrations 

and time points. 

Even though the IncuCyte and xCELLigence assays can be inaccurate at high 

cellular confluence or with cell size changes as previous discussed, they were a 

useful addition to the validation assays. The real-time results obtained from each 

instrument were comparable at subconfluent growth, as we have previously 

shown341. The real-time platforms revealed that for compounds 8 and 11, in addition 

to significantly decreased normalised cell counts at 72 hours post seeding, there was 

a distinct decrease in the MCF10A CDH1-/- growth rate compared to MCF10A WT. 

In particular, 8 appeared to have an immediate cytotoxic effect within the first 30 

minutes of compound treatment. This was short lived in MCF10A WT cells, but in 

MCF10A CDH1-/- cells there was an extended period of reduced growth. Following 

treatment with 11, there was a long lasting inhibition of cellular growth in MCF10A 

CDH1-/- cells which came to a peak at 62 hours post seeding. A larger SL differential 

was observed using the xCELLigence system, possibly due to compound 11 affecting 

cellular adherence which was unable to be detected using the IncuCyte.  

The viability assays were also undertaken using the MDA-MB-231 cell line. This 

breast cancer line is E-cadherin negative due to epigenetic silencing358 and can be 

used to create xenograft mouse models381. Treatment of MDA-MB-231 cells with 8 

and 11 resulted in only limited biological activity. The EC50 values were around two 

fold higher than in the MCF10A CDH1-/- cell line. Additionally, the IncuCyte assay 
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revealed a dose-dependent effect at 20 and 40 µM of both compounds, yet the 

xCELLigence assay did not show an effect for 11 at 20 µM. However, treatment with 

20 µM of 8 and 11 did cause significantly decreased normalised cell counts in MDA-

MB-231 cells (Figure 4.1.5). The increased compound EC50 values in the MDA-MB-

231 cell line could be due to the higher cell numbers or the complex genetic 

background of the cell line allowing for different genetic dependencies and increased 

drug resistance. These results may indicate that compounds 8 and 11 may not be 

useful as single agents on advanced cancers. However, they will still have potential 

to be useful for chemoprevention of HDGC through elimination of the genetically 

homogenous early stage T1a gastric foci with clear-cut CDH1 loss. Further in vitro 

model SL cell lines with a clean E-cadherin knock-out would be desirable, as outlined 

in Chapter 5. 

4.5.4. An inexpensive approach to cell cycle analysis 

Image-based cell cycle analysis was first performed on a high-throughput scale 

by Moffat et al361 using Acapella imaging software from PerkinElmer. Moffat et al361 

also compared the imaging approach to flow cytometry. Although the G0/G1 and 

G2+M peaks were wider in the image-based intensities, the two methods were 

comparable. We have also found the two cell cycle techniques to be comparable in 

the MCF10A cell lines (Table 4.2.1).  

However, the Acapella imaging software is very expensive. Hence, an 

inexpensive in-house approach was developed using open source software to 

analyse image-based cell cycle data – CellProfiler from the Broad Institute and R 

Studio to handle the data (unpublished, Appendix D). Since we developed this 

method, a publication in Nature Protocols has been released taking a similar 

approach362. 

The key differences between the approach outlined in this thesis and the 

approach taken by Roukos362, was that we used a normalisation method and 
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included all possible data as an output. The normalisation method described in this 

thesis was developed from the method used by Moffat et al361. This ensured that the 

G0/G1 peak would be at a normalised log2 DNA intensity value of 1.0 and thereby 

allowed for automatic cell cycle phase gating using these normalised values. 

Additionally, our script has the ability to easily check every single image and the 

resulting histograms, enabling identification of irregular images and elucidation of 

well-well variations. 

These inexpensive image-based methods are not without limitations. They 

require knowledge of R coding and can therefore be more technically difficult and 

time consuming than the alternative of using flow cytometry. Additionally, 

achieving the correct cell mask using CellProfiler can be difficult and again requires 

expert knowledge. The absence of a distinct S phase is a further challenge. However, 

image-based cell cycle analysis is more amenable to high-throughput and can be 

used in combination with cell enumeration assays and cellular morphological 

features. 

4.5.5. SAR studies for compound target identification 

Ideally, once a protein target had been identified, new compounds could be 

designed against the target using rational drug design with the lead as a guide. This 

could be achieved by altering chemical groups to increase the binding strength with 

the identified target thereby leading to increased SL activity. However, there can be a 

‘catch 22’ with this approach. In order to pull-down a target, a low EC50 is required, 

but in order to achieve a lower EC50, a protein target is required. By using an 

approach such as SILAC we hope to mitigate this limitation as SILAC/MS can be 

used to identify weakly bound protein interactions. This is possible due to the 

minimal wash steps required and the comparison of background interactions with a 

DMSO control or inactive analogue376,377.  
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Hence, we aimed to first identify a protein target and then optimise the novel 

compounds via iterative SAR studies. Compound 11 was more amenable to 

medicinal chemistry changes compared to 8, retaining SL EC50 ratios at lower 

analogue concentrations. From our limited SAR studies for 11, we were able to 

identify the fluorobenzene, secondary amine and methyl bridge as being important 

for biological activity. The best site for attachment to a stationary phase for target 

identification was the R2 group of C3H7 in 11h as it was able to retain SL activity. 

Further alkyl chain length extensions by adding a linear methyl group at position 6 

for the R2 group will therefore be tested by our laboratory. 

From SAR analysis of 8, we identified the chlorine heteroatoms as conferring 

biological activity. The replacement of the R1 2-hydroxypropane unit with an allyl 

ether in 8a was the best alteration. Current work therefore involves chain extension 

of the R1 group in 8a. Various functional groups such as the BOC group and 

carbamate groups were tested for compound 8 analogues, but did not confer 

increased biological activity. Although the optimal attachment point was not 

identified, both compounds have promising avenues for further SAR investigations 

to determine the best attachment site. This work is currently ongoing with our 

chemistry collaborators. 
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4.5.6. Summary 

The results described in this chapter provide the foundation for the eventual 

prevention and treatment of both sporadic and hereditary LBC and DGC. Significant 

SL interactions for the lead compounds 8 and 11 were validated in numerous cell 

viability assays. These lead compounds therefore provide an appropriate starting 

point for designing new and more potent analogues targeting E-cadherin-deficient 

cells. To enable efficient SAR-directed compound design and optimisation, target 

identification will be required. Both lead compounds have promising avenues to 

enable the conjugation of a solid support for target identification. Further testing of 

the optimised lead compounds in in vitro and in vivo cancer models will be needed to 

determine if the SL effect will translate to a clinically relevant cancer therapy. 
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CHAPTER 5. CRISPR-CAS9(n) GENOME ENGINEERING 
 

CRISPR-Cas has become a powerful tool for genome engineering due to its 

unparalleled ease of use and efficiency, and its broad coverage of possible target sites 

within the genome. CRISPR-Cas9(n) was undertaken in the current study with the 

aim of removing the expression of a functional E-cadherin protein in mammalian 

cells to create additional model systems with and without CDH1	 for studying SL 

interactions in vitro using the lead novel compounds identified in Chapter 4.  

5.1. CRISPR-CAS9(n) OVERVIEW 

Cas9 is a nuclease that cuts gDNA at a locus determined by a 20 nucleotide 

sequence of sgRNA. Repair of the cutting site tends to be dominated by the non 

homologous end-joining (NHEJ) mechanism, which is error prone and can introduce 

frameshift insertions and deletions (indels), resulting in the ‘knockout’ and 

inactivation of a gene. 

In a preliminary approach to knockout E-cadherin, two Cas9 sgRNA target sites 

were designed to delete a ~5 kb region of CDH1. The region was then amplified via 

PCR in order to identify a PCR product size difference when the target region was 

deleted. Primers flanking the sgRNA cut sites were included as positive and negative 

controls that would either not amplify if the region was deleted, or only amplify if 

the region was intact. However, no biallelic deletions were identified in the NCI-

N87s in part because it required the co-transfection of two plasmids. Additionally, 

the impact of sub-optimal sgRNA target site design was unknown. 

Therefore the strategy we chose to knock-out the CDH1 gene in mammalian cell 

lines was to first design four sgRNA sites to target CDH1 using the methods 

described by Doench et al267,278, the Broad Institute’s sgRNA tool and Cas-OFFinder284. 

The optimum target site for both on- and off- target specificity was then determined 

using the MCF-7 cell line382 as it is easy to transfect, survives FACS, expresses E-
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cadherin and is a relevant line for studying cancers arising from E-cadherin loss. A 

polyclonal bulk sorting approach was first implemented with eight samples and 

controls per biological replicate. This was done with the intention of establishing 

standard operating procedures and best practices for NGS analysis, before 

processing over 100 samples for the monoclonal cell lines and the subsequent large 

amount of sequencing data produced. 

After gDNA extraction, paired-end NGS on the MiSeq platform using Illumina 

kits (v2 and v3) was performed in order to quantify reads with indels formed from 

the error-prone NHEJ and hence identify the best sgRNA to knock-out CDH1.  

Following identification of Cas9-E10 as the optimum sgRNA for CDH1 gene 

editing, 83 monoclonal MCF-7 cell lines with Cas9-E10 editing were created; three of 

which had in-frame indels, but when characterised showed incomplete knock-out of 

E-cadherin by western blot and immunofluorescence.  

With the purpose of further addressing SL interactions with a biologically 

relevant cell line, the gastric cancer cell line NCI-N87 was chosen as it is the only 

adherent gastric cancer cell line available to us that expresses E-cadherin383. The NCI-

N87 cell line was very difficult to transfect with the CRISPR plasmids, however the 

use of FAC sorting allowed the project to continue. NCI-N87 cells were successfully 

targeted with Cas9n-E5 and Cas9-E10, initially using a polyclonal cell line approach 

to quickly validate the sgRNA target sites. Unfortunately, attempts to create 

monoclonal lines from CRISPR Cas9-E10 and Cas9n-E5 edited NCI-N87 cells were 

unsuccessful due to a low transfection efficiency and because many NCI-N87 cells 

did not survive post single cell sorting or were false positives. 

Hence, further experiments beyond the scope of this PhD are required in order 

to finish creating new CDH1-/- model cell lines using MCF-7 and NCI-N87 cells for 

investigating SL interactions of the novel compounds 8 and 11. 
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5.1.1. The MCF-7 cell line  

MCF-7 is the most studied human breast cancer cell line in the world384. A 

pleural effusion from a nun, Helen Marion (1901-1970) who had metastatic breast 

cancer led to the creation of the Michigan Cancer Foundation (MCF) attempt number 

7 (MCF-7) breast cancer cell line382. The MCF-7 cell line was used in this thesis to 

create further model systems to study synthetic lethal interactions. 

MCF-7 cells from ATCC range from having more than three times the 

monoploid number of chromosomes in a normal human cell nucleus to less than 

four; with a modal number of chromosomes of 82 (range 66 to 87). They have a mean 

copy number of 2.97 and have three copies of CDH1 according to the catalogue of 

somatic mutations in cancer (COSMIC)385. MCF-7 cells have a range of background 

genetic alterations with ~900 mutations reported385 including the expression of the 

WNT7B oncogene386. They have a doubling time of ~26 hours. 

MCF-7 cells are triple-positive in that they express the ER, PR, and 

glucocorticoid receptor. Additionally, they are HER2 negative, Ki67 low, express E-

cadherin and are adherent382,387,388. Therefore, the breast cell phenotype is Luminal 

A359 and so MCF-7 CDH1 -/- cells may be good in vitro models for studying LBC. 

5.1.2. The NCI-N87 cell line  

The gastric cell line NCI-N87 was established from a liver metastasis of a gastric 

carcinoma in 1976 from an American male patient383. The patient had no prior 

therapy and the tumour was well differentiated, based on cell culture and xenograft 

morphology. In the absence of a normal gastric cell line, NCI-N87 cells were used in 

this thesis to create an isogenic gastric cancer cell line without CDH1 expression via 

CRISPR-Ca9(n) knock-out. 
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The karyotype for NCI-N87 is near diploid; double minutes (small fragments of 

extrachromosomal DNA), have been identified in 64% of cells examined383. 

According to COSMIC, there are two copies of CDH1 in NCI-N87 cells385.  

NCI-N87 forms the classical ‘chicken wire’ or cobblestone morphology in a 

monolayer (Figure 5.1.1) and has a 47 hour doubling time. In contrast to other gastric 

cancer cell lines, NCI-N87 expresses E-cadherin and is adherent389,390. It also expresses 

zonula occludins-1 (ZO-1) proteins391 and functional markers associated with the 

human gastric epithelium. These include, mucin-6 protein (a mucopeptic-type cell 

marker), and high levels of zymogens such as gastric lipase and pepsinogen391 which 

are normally secreted by human chief cells. These zymogens were found to 

accumulate in granule-like structures and to be secreted into the culture media391. 

NCI-N87 is also tumorigenic in athymic nude mice383,392. NCI-N87 cells can form an 

intact tissue monolayer which has been used as a gastric epithelial barrier model for 

studying drug permeability and H. pylori infection393-395. 

NCI-N87 is therefore widely considered the best available cell line model for 

replicating human gastric epithelial functions383,391,393,395.  

 

Figure 5.1.1. Bright-field image of the NCI-N87 cell line. Mucous structures can be 

seen forming within cell clusters. Image was taken at 4x magnification of NCI-N87 

cells at passage four.   
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5.2. IDENTIFICATION OF THE OPTIMAL TARGET SITE FOR 
CDH1 KNOCKOUT  

The optimal sgRNA site from four CRISPR-Cas target sites specifically designed 

to knockout CDH1 expression was identified using the MCF-7 cell line. After the 

design of three Cas9 and a dual-Cas9n target site, as well as the successful insertion 

of the sgRNA’s into PX458 or PX461, the transient transfection of the CRISPR 

constructs into MCF-7 cells was optimised. Since many cell lines either do not 

survive post single cell sorting, or take an extended time to reach confluence after 

sorting, a polyclonal or bulk FAC sorting method was implemented. After 

optimisation of gDNA extraction from 96-well plates, a custom paired-end NGS 

library was created from the ~300 bp region surrounding each sgRNA site. The NGS 

library for the bulk-sorted MCF-7 samples was then run on a 600 cycle Illumina 

MiSeq v3 kit in order to quantify the percentage of NHEJ events from each sgRNA 

site. 

5.2.1. CRISPR target design overview 

CRISPR-Cas target sites designed against CDH1 were created using the Broad 

Institute’s sgRNA design tool along with the Doench et al267 method. Doench and 

colleagues267 used the results from 1,841 sgRNAs targeting 9 genes and an extended 

target site sequence of 30 nucleotides to construct a predictive model of sgRNA 

activity, scoring possible sites from 0 to 1. Only sgRNA sites with a high sgRNA 

score were considered in this study, and hence the sgRNA scores for the five 

different sites were in the top 3%, with Cas9-E12 having the highest score of 0.79 

(Table 5.2.1). Two sgRNA target sites were designed against the sense and anti-sense 

strands of CDH1 exon 5 in order for dual single-stranded cuts to create a DSB using 

Cas9 nickases. Four exons were selected for CRISPR-Cas9 targeting from the length 

of the CDH1 gene in order to gauge the activity of a variety of sites and preclude any 

currently unknown exon-specific limitations. 
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With the intention of validating the CRISPR techniques used in the laboratory, 

and to give a reference point for the CDH1 sgRNA’s, a positive control was 

employed. An sgRNA targeting EMX1 (Table 5.2.1 and Figure 5.2.1F) which had 

been shown to have on-target efficacy in numerous cell lines and laboratories 

229,238,271,288,396 was chosen as a CRISPR-Cas9 positive control.  
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Table 5.2.1. CRISPR sgRNA target sites. 

sgRNA name Target site extended sequence  
(NNNN - [20 nt] - NGG - NNN) 

Target site Strand sgRNA 
score 

Cas9-E3 AAAA-ATAGGCTGTCCTTTGTCGAC-CGG-TGC CDH1 exon 3 antisense 0.720 
Cas9n-E5A TTTA-TTATTGAAAGAGAAACAGGA-TGG-CTG CDH1 exon 5 sense 0.768 
Cas9n-E5B TTCA-ATAATAAAGACACCAACAGG-GGG-TGT CDH1 exon 5 antisense 0.752 
Cas9-E10 CTTC-ATTCACATCCAGCACATCCA-CGG-TGA CDH1 exon 10 antisense 0.759 
Cas9-E12 TGCT-GTGAAGGGAGATGTATTGGG-AGG-AAG CDH1 exon 12 antisense 0.790 
Cas9-EMX1* GCCT-GAGTCCGAGCAGAAGAAGAA-GGG-CTC EMX1 exon 3 sense - 
* the target site for EMX1 was taken from Ran et al238. All single-stranded oligonucleotides are shown in the 5’ to 3’ orientation. 
The Broad Institute’s single guide RNA (sgRNA) design tool along with the sgRNA scoring method described by Doench et al267 
were used to design target sites. The protospacer adjacent motif (PAM) is shown in blue and the additional nucleotides (nt) 
surrounding the target sites in orange. The sgRNA score was calculated using the method described by Doench et al267.  
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The relative positions of the four exons within the CDH1 gene that were chosen 

for CRISPR targeting are shown in Figure 5.2.1A. Amplicon-specific primers were 

designed as explained in Section 2.13.7 (Figure 2.13.3) to amplify the region 

encompassing each target site and to be more than around 100 bp from the predicted 

cut sites for each sgRNA, with the closest primer being 97 bp from the Cas9-E3 cut 

site (Figure 5.2.1B). The CRISPR-Cas9 system binds to the strand complementary to 

the sgRNA site to create a DSB between the third and forth base pairs from the PAM 

sequence. The Cas9-nickase however only nicks the strand complementary to the 

sgRNA. Hence, the two Cas9n sites targeting exon 5 were on both the sense and anti-

sense strands, orientated ‘tail-to-tail’ with a separation of 30 bp between the single-

stranded cutting sites (Figure 5.2.1C).  

Predicted off-targets for each sgRNA target site were also taken into account 

before identifying the five sites shown in Figure 5.2.1. None of the five sgRNA sites 

contained predicted off targets for one or two mismatches within the 23 bp sequence 

as established by Cas-OFFinder. In addition, there was no more than three 

mismatches within the first five 5’ bps, for all predicted off-target sites with five or 

less mismatches. The highest number of predicted off-targets for three mismatches 

was Cas9-E12 with 20. Between four and five mismatches, the number of predicted 

off-targets increased rapidly for all sgRNA sites, with the least predicted off-target 

sites for five mismatches being 568 for Cas9-E3, and the highest being 2,048 for Cas9-

E12 (data not shown).  
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Figure 5.2.1. CRISPR sgRNA target sites and amplicons for CDH1 and EMX1. A) The 
distribution of target sites along the E-cadherin gene. Exons 1, 2, and 13-16 have 
been omitted for clarity. B-F) The protospacer adjacent motif (PAM) is shown in 
blue; the single guide RNA (sgRNA) sequence in green or orange to show strand 
specificity; and the predicted Cas9 and Cas9n cleavage sites in red. Numbers shown 
are the number of base pairs from the start of the amplicon-specific primers, the 
non-specific extension was omitted from the figures for clarity. Although an 
extended target site of 30 nt was used to determine each site, only the 20 bp sgRNA 
sequence which is inserted into the PX458 and PX461 plasmids is shown. B) Target 
site for Cas9-E3. C) Target sites for Cas9n-E5A and E5B. D) Target site for Cas9-E10. 
E) Target site for Cas9-E12. F) Target site for the positive control Cas9-EMX1. Full 
sequences for all primers and sgRNA sites can be found in Appendix B. F, amplicon-
specific forward primer; E, non-specific extension for adapter PCR; R, amplicon-
specific reverse primer. 
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5.2.1.1. Doench Rule Set 1 and Rule Set 2 

The sgRNAs used in the current thesis were designed using the Doench Rule Set 

1 released in 2014267, but in 2016 a second rule set was introduced278. Doench Rule Set 

2 included an additional 2,548 sgRNAs targeting eight genes to bring the combined 

total to 4,390 sgRNAs targeting 17 genes to construct a predictive model of sgRNA 

activity. There was also additional criteria introduced for defining on-target activity. 

Whilst the original criteria contributed the most to the activity predictions with a 

mean Gini importance (a measure of the weight each feature contributes to the 

overall model) of 58%, the new features of position-independent nucleotide counts, 

location of the sgRNA site within the gene and thermodynamic properties of 

different regions gave mean Gini importance values of 16%, 13% and 11%, 

respectively278.  

The rule set 1 feature of position dependent order as described in Section 1.3.2, 

refers to the identity of single and dinucleotides at a particular position within the 

extended target sequence of 30 sequential nucleotides. For example, an A at position 

3 or an AA at positions 11 and 12 are both position-dependent favoured nucleotides 

(Figure 1.3.1). The key new feature introduced in rule set 2 was position-independent 

nucleotide counts, and refers to the total number of particular nucleotides in the 

sequence. The effect of the location of an sgRNA site within a gene on sgRNA 

activity was found to be only statistically significant for the C-terminal 10% of the 

protein-coding region which had a reduction in activity278, and hence would not 

affect any of the sgRNA sites chosen to target CDH1 using rule set 1.  

 

The five sgRNAs chosen to target CDH1 in this thesis which were designed 

using rule set 1, also have high rule set 2 scores and rule set 2 on-target ranks, except 

Cas9-E3 which dropped 201 rankings for on-target scores (Table 5.2.2). However, for 

the rule set 2 off-target ranks, the current sgRNA target sites had relatively low 

rankings (Table 5.2.2). 
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Table 5.2.2. Doench Rule Sets 1 and 2. 

sgRNA 
name 

Rule set 1 
score 

Rule set 2 
score 

Rule set 1  
on-target rank 

Rule set 2  
on-target rank 

Rule set 2 
off-target 

rank 
Cas9-E3 0.720 0.557 11 212 41 
Cas9n-E5A 0.768 0.656 4 53 493 
Cas9n-E5B 0.752 0.710 6 13 507 
Cas9-E10 0.759 0.668 5 45 412 
Cas9-E12 0.790 0.742 3 5 287 
The rule set 1 sgRNA score was calculated using the method described by Doench et 
al267, and the rule set 2 score was calculated using the method described by Doench 
et al278. 

Although this is a retrospective analysis of the sgRNA target sites designed 

using the original Doench Rule Set 1 method, these sites are still adequate on-target 

sites with high rule sets 2 scores, except for Cas9-E3. 

5.2.2. Creation of sgRNA-specific polyclonal cell lines  

After Sanger validation for the correct insertion of each sgRNA cloned into the 

PX458 or PX461 plasmids (Supplementary Figure H2), multiple target sites were 

assessed relatively quickly using a bulk sorting approach to identify the optimal 

target site to knockout CDH1 expression in the MCF-7 cell line.  

5.2.2.1. MCF-7 transfection optimisation 

A range of transfection reagents were trialled to achieve the best transient 

transfection efficiency for the 9.3 kb plasmid into MCF-7 cells including 

Lipofectamine 2,000 (data not shown), Lipofectamine 3,000 (data not shown) and X-

tremeGENE HP (Figure 5.2.2). The X-tremeGENE HP transfection reagent was found 

to have the highest GFP cell counts (whilst still maintaining viable cells), between the 

tested reagents using FITC and DAPI images taken on the Cytation 5 imaging 

platform to quantify GFP and nuclei cell counts, respectively. A ratio of 1 : 2 pDNA 

to transfection reagent at 48 hours post transfection in 24-well plates (Figure 5.2.2) 
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and 6-well plates (data not shown) had the highest GFP cell count of 24,600 from 

thirty-six images at 4x magnification per well whilst maintaining a high cell viability 

of 98.8% (Figure 5.2.2). As there was almost no difference between 1 : 2 and 1 : 3 

ratios, 1 : 2 was chosen for MCF-7 cells in order to reduce the amount of transfection 

reagent required. 

GFP counts increased by around 1.4 fold at all ratios between 24 and 48 hours 

after the transfection reagent complex had been added to wells. Yet interestingly 

between 48 and 72 hours there was a significant decrease of around two-fold in GFP 

cell counts at all ratios, due to the degradation or dilution of the pDNA over time. 

There was also an insignificant trend (p= 0.1, students t-test, two tailed, two-sample 

equal variance) of decreasing cell viability with decreasing transfection reagent 

between 1 : 3 and 1 : 1, pDNA to X-tremeGENE HP ratios. 

 
Figure 5.2.2. Transfection optimisation for MCF-7 cells using X-tremeGENE HP. The 
GFP counts shown in grey-scale bars were calculated using the Cytation 5 software 
from the sum of the GFP counts from thirty-six images at 4x magnification per well, 
taken on the Cytation 5. The time points mentioned are post transfection of cells that 
had been growing for 24 hours. Nuclei counts or cell counts shown as hollow circles 
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were enumerated from Hoechst-33342 stained nuclei as explained in the methods 
and normalised to mock transfection counts at 72 hours post transfection. The 
forward transfection experiment was performed as described in the methods section 
using a 24-well plate.  

 

5.2.2.2. Isolation of polyclonal cell lines by FACS 

Using the optimised conditions mentioned above for the transient transfection of 

MCF-7 cells, the four sgRNAs targeting CDH1 and the four controls were bulk sorted 

in two biological replicates.  All samples had around 14,000 GFP counts from twenty-

four 4x images per well except for the mock transfection control which had zero 

(Figure 5.2.3A). After trypsinisation, technical replicates from the transfection were 

combined and samples were transferred to a FAC sorting buffer for live/dead 

staining. 20,000 cells per well were then bulk sorted into the interior wells of a flat-

bottom 96-well plate using the BD FACS Canto II. Approximately 35% of total events 

were excluded as doublets or cellular debris using the bivariate plots of area and 

height combinations for forward scatter (FSC) and side scatter (SSC) (Figure 5.2.3B-

D). However, in the second biological replicate only 13.1% of total events were 

excluded using the same gates (data not shown). With the addition of a live/dead 

gate from the Zombie NIR dye, a further 10.2% of events (6.7% of total) were 

excluded (Figure 5.2.3E). The final GFP gate was set using the mock transfection 

control (Figure 5.2.3F) with the purpose of removing false positives. Only the top 5-

10% of GFP cells were then sorted for each sample, for example for Cas9-E10, 9.42% 

of the cells from the parent gate or  5.50% of total events were sorted using the GFP 

gate (Figure 5.2.3H). 
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Figure 5.2.3. MCF-7 FACs for the sgRNA-specific polyclonal cell lines. A) 
Transfection efficiency for X-tremeGENE HP. Raw GFP counts were calculated using 
the Cytation 5 software from twenty-four images at 4x magnification per well of a 
24-well plate taken in the FITC channel on the Cytation 5 imaging platform. The 
mean +/- SD are shown from two biological replicates, each with two technical 
replicates. Transfections were performed as described in Section 2.13.5. B-F) Figures 
shown are the fluorescence activated cell sorting (FACS) gates for the mock 
transfection control, biological replicate one. The gates are shown in sequential 
order. Numbers shown are the percentage of cells from the previous parent gate, not 
totals. Single cell sorting was performed on the BD FACS Canto II, as described in 
Section 2.13.6. Graphs were created using FlowJo version 9.7 software. B) Forward 
scatter - height (FSC-H) against forward scatter - area (FCS-A) was used to gate cells 
based on cell-surface area or size. C) Side scatter - height (SSC-H) against side 
scatter - area (SSC-A) was used to gate cells based on internal complexity or 
granularity. D) SSC-A against FCS-A. E) The Zombie NIR viability dye was used to 
gate out dead cells. F) The GFP sorting gate was set using GFP - area (GFP-A), so 
that no cells from the mock transfection control would be included. For the mock 
transfection sample, cells were sorted into wells using the previous live/dead gate. 
G-H) GFP sorting gates for MCF-7 bulk colony FACS sort, biological replicate one. 
G) PX458 control. H) Cas9-E10. GFP sorting gates for the additional samples are 
shown in Supplementary Figure H3. 
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5.2.3. Quantification of CRISPR-Cas9(n) gene-editing by next-generation 
sequencing 

Due to the large number of samples to be sorted in the subsequent monoclonal 

experiments, using NGS to quantify CRISPR gene editing was viable as it was 

cheaper, faster and less tedious than alternative methods – while also allowing for 

the direct quantification of gene editing. Custom paired-end dual index libraries 

were generated using a two-step PCR strategy. A first-round amplicon-specific PCR 

amplified the region surrounding the target site and the second-round adapter PCR 

stage attached the adapters and indices necessary for Illumina sequencing by 

synthesis chemistry as detailed in Section 2.13.7 (Figure 2.13.3). CRISPResso was then 

used to quantify the indels, further explained below. 

5.2.3.1. gDNA extraction optimisation 

For gDNA extraction the prepGEM tissue kit was optimised for extraction from 

a minimum of 10,000 cells/well in 96-well plates to obtain 0.5 ng/µL gDNA in 40 µL, 

but optimally > 20,000 cells/well for > 1 ng/µL (Supplementary Figure H4.1). This was 

achieved by using a slightly different master mix (Section 2.13.7.1) and heating 

samples for 10 minutes at 75°C in a C1000 thermal cycler in order to activate the 

proteinase then cooling to 4°C, excluding the 95°C step as per the manufacturer’s 

alternative protocol. 

5.2.3.2. Creation of a custom NGS library 

Amplicon-specific PCR reactions to amplify the regions surrounding the target 

sites for CDH1 and EMX1, as well as the off-target site for Cas9-EMX1 of HCN1 were 

performed for all bulk sorted samples and the accompanying PX458 empty-sgRNA 

control (Figure 5.2.4A). For the Cas9n-E5 amplicon, the PX461 empty-sgRNA was 

used as the control (Figure 5.2.4B). Since each empty-sgRNA control sample 

contained a unique amplicon, control samples were generally pooled after the first-

round PCR reactions. This saved multiple additional second-round PCR reactions as 
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a single second-round adapter PCR reaction could be performed. With the addition 

of the 18 bp non-specific extension to the forward and reverse primers for the 

amplicon PCR, the first-round PCR products were 36 bp longer than the numbers 

shown for the amplicon-specific primers in Figure 5.2.1 (Supplementary Table B3). 

For the second-round adapter PCR, since the adapter PCR primer pairs were 68 

bp and 63 bp long – and taking into account the overlap with the non-specific 

extension of 18 bp from the first-round PCR – there was an increase in PCR product 

size of 95 bp for the adapter PCR products as can be seen in Figure 5.2.4. For 

example, the CDH1 exon 3 amplicon (E3), had a first-round amplicon-specific PCR 

product size of 337 bp, and a second-round adapter PCR product size of 432 bp 

(Figure 5.2.4A and Supplementary Table B5). 
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Figure 5.2.4. Amplicon-specific and adapter PCR reactions. A-B) The first-round, 
amplicon-specific PCR reactions are denoted by a 1; the second-round, adapter PCR 
reactions are denoted by a 2. Biological replicate two is shown. A) MCF-7 bulk 
sorted samples for Cas9-E3, Cas9-E10, Cas9-E12 and Cas9-EMX1 with their 
corresponding primer pairs. B) MCF-7 bulk sorted sample for Cas9n-E5 and PX461 
empty-sgRNA control, using the E5+E primers. No-template negative controls for 
the PCR reactions were omitted for clarity, but can be found in Supplementary 
Figure H4.2. 

Following successful adapter PCRs, all samples were pooled together as the 

adapter primer design included the addition of unique sets of indices, so that each 

sample was identifiable. The pooled library was then purified using Mag-Bind beads, 

quantified and diluted to 4 nM as described in Section 2.13.8. On the day of 

sequencing the 4 nM library was then denatured and diluted to a final library 

molarity of 12 pM and 5% PhiX. The library was then loaded into a 300 cycle nano v2 

reagent kit cartridge (data not shown) in order to check that the library molarity 
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resulted in an adequate cluster density, before loading the library into the cartridge 

of a 600 cycle v3 reagent kit.  

Of the resulting NGS data, ‘Read 1’ from each of the two biological replicates 

had slightly better mean sequence quality (phred scores) than ‘Read 2’. But both 

reads and replicates had high phred scores with 91.26% of the total reads being > Q30 

(Supplementary Table H9). 

In order to save reagents, skipping the bead clean-up post amplicon PCR and 

before the adapter PCR was investigated. The clean-up was found to be unnecessary 

as there were no secondary products formed (data not shown), however because 

quick quantification of DNA concentrations on the Epoch requires cleaned-DNA, 

and the use of the Epoch does not cost (whereas alternatives such as the Qubit do), a 

bead clean-up was performed. In addition, an ethanol-column clean-up post pooling 

adapter PCR reactions was also investigated with the aim of saving money, however 

was deemed not as effective as the bead clean-up (data not shown). 

Since the current NGS experiment used gDNA extracted from a polyclonal 

population of cells it was important to get a high read depth. This was achieved as 

the mean reads per sample post trimming and stringent quality filters (with reference 

to the phred33 scale, > 30 for the average read quality and > 20 for the single base 

pair quality) were 10,820 +/-3,877 (mean +/-SD) and the mean reads per control 

sample were 8,366 +/-2,288, excluding the Cas9n-E5 controls (Table 5.2.3). 

5.2.3.3. CRISPR-Cas9-EMX1 successfully modifies bulk sorted MCF-7 cells 

In order to compile the large amount of NGS data and quantify the indels 

produced from the error-prone NHEJ repair of the CRISPR-Cas9(n) genome editing, 

CRISPResso327 was used as detailed in Section 2.13.10. The Cas9-EMX1 positive 

control (Table 5.2.1 and Figure 5.2.1F) was used as a means of validating the CRISPR 

techniques of our laboratory, and to give a reference point for the expected NHEJ 

events for the CDH1 sgRNA samples. 
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The location of the genome editing for Cas9-EMX1 in the MCF-7 polyclonal cells 

was verified to be within chromosome 2, position 13.2 as shown in Figure 5.2.5A. 

Cas9-EMX1 produced the highest NHEJ reads from the sgRNA target sites with a 

mean of 81.3% NHEJ editing occurring within 10 bp either side of the predicted cut 

site (Figure 5.2.5B). For biological replicate one, 59.7% of the 9,513 NHEJ reads had 

an insertion at position 184 in reference to the EMX1 amplicon shown in Figure 

5.2.1F. A further 23.9% and 11.9% of the NHEJ reads for biological replicate one were 

made up of a 3 bp deletion between position 180 to 183 and a 1 bp deletion at 

position 185 (Figure 5.2.5D). The same insertion and deletions were observed in 

biological replicate two, except at slightly lower rates (data not shown).  

The Cas9-EMX1 control was the PCR product of the EMX1 exon 3 amplicon 

region (Figure 5.2.1F) using the gDNA extracted from the PX458 empty-sgRNA 

MCF-7 bulk sorted control. The Cas9-EMX1 control had a high false positive editing 

rate with a mean of 8.6% NHEJ occurring in a 20 bp window (Figure 5.2.5C), likely 

due to PCR amplification and Illumina MiSeq sequencing errors (as explained in 

Section 5.6.3.1), with the large substitution spike (Figure 5.2.5E) likely from a 

sequencing error caused by a motif such as ‘GTG’ or ‘AGC’397. The false positive calls 

were due to a high substitution error rate, which from multiple single base pair 

substitutions, each of around 1% of total reads, made up 8.7% of the 10,350 NHEJ 

reads for biological replicate one (Figure 5.2.5E). This false positive error rate was 

reduced to 1-3% in subsequent experiments (Table 5.3.2). 

For frameshift and in-frame mutation analysis, reads were classified as 

frameshift based on any mutation that partially or fully overlapped the EMX1 exon 3 

coding sequence as opposed to only those reads with indels within a 20 bp window. 

For Cas9-EMX1, 67.3% of reads from biological replicate one were classified as 

frameshift compared to the PX458 empty-sgRNA control for EMX1 of 0.5% (Figure 

5.2.5F-G). 
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The Cas9-EMX1 CRISPR genome editing which had been previously shown in 

multiple papers229,238,271,288 was therefore able to be reproduced in our laboratory using 

bulk sorted MCF-7 cells and the PX458 CRISPR plasmid.  
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Figure 5.2.5. Cas9-EMX1 successfully edits MCF-7 cells. Integrative genomics view of 
the EMX1 amplicon. The ‘squished view’ is shown, with read one on the top and 
read two on the bottom. The red bar represents the sgRNA sequence and the dotted 
vertical lines the predicted cut site. Black horizontal lines are deletions and purple 
lines are insertions. Replicate one is shown. B-C) Comparison of non-homologous 
end joining (NHEJ) modified reads for the two biological replicates. B) Cas9-EMX1 
samples C) Cas9-EMX1 control (PX458 empty-sgRNA control for the EMX1 
amplicon). D-G) Biological replicate one is shown. D-E) NHEJ reads with insertions 
(purple), deletions (red), and substitutions (green) mapped to the reference amplicon 
position shown in Figure 5.2.1F. The black vertical lines represent the 20 bp window 
that mutations were quantified within and the dotted vertical lines the predicted cut 
site. D) Mutation position distribution of NHEJ for Cas9-EMX1. E) Mutation position 
distribution of NHEJ for Cas9-EMX1 control. F-G) Reads with frameshift and in-
frame mutations are classified based on any mutation that partially or fully overlaps 
the coding sequence, with mutations that do not overlap coding sequences classified 
as noncoding. F) Frameshift analysis for Cas9-EMX1. G) Frameshift analysis for 
Cas9-EMX1 control. Figures were created using IGV and CRISPResso294. 
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5.2.3.4. Cas9-E10 is the optimal sgRNA for CDH1 gene editing 

The Cas9 CDH1 exon 10 genome editing was verified to be within chromosome 

16, position q22.1 (Figure 5.2.6A) and resulted in the highest mean NHEJ percent for 

the CDH1 sgRNA’s of 73.1% for the two biological replicates (Figure 5.2.6B). The 

position of the cut site with reference to the CDH1 exon 10 amplicon shown in Figure 

5.2.1D, was also confirmed to be at position 122 with 64.6% of the 5,848 NHEJ reads 

or 47.3% of the total reads for biological replicate one having insertions of one to two 

bp in length, directly at the predicted cut site (Figure 5.2.6D). The majority of the 

remaining 35.4% of NHEJ reads were from multiple deletions between one and 11 bp 

in length around position 124 for the E10 amplicon (data now shown). 

In a similar fashion to the positive control Cas9-EMX1, a higher than expected 

false positive rate was observed for the Cas9-E10 control samples of 8.8% and 7.1% 

for biological replicates one and two (Figure 5.2.6C). However 99.2% of the NHEJ 

reads for the biological replicate one Cas9-E10 control were due to multiple single 

base pair substitutions caused by amplification and sequencing errors (Figure 5.2.6E), 

which led to a frameshift mutation rate of 0.7%, compared to the Cas9-E10 sample of 

71.8% for biological replicate one (Figure 5.2.6F-G).  
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Figure 5.2.6. Cas9-E10 causes NHEJ-induced indels in MCF-7 cells. A) Integrative 
genomics view of the CDH1 exon 10 amplicon. The squished view is shown, with 
read one on the top and read two on the bottom. The red bar represents the sgRNA 
sequence and the dotted vertical lines the predicted cut site. Black horizontal lines 
are deletions and purple lines are insertions. Replicate one is shown. B-C) 
Comparison of NHEJ modified reads for the two biological replicates. B) Cas9-E10 
samples C) Cas9-E10 control (PX458 empty-sgRNA control for the CDH1 exon 10 
amplicon). D-G) Biological replicate one is shown. D-E) NHEJ reads with insertions 
(purple), deletions (red), and substitutions (green) mapped to the reference 
amplicon position shown in Figure 5.2.1D. The black vertical lines represent the 20 
bp window that mutations were quantified within and the dotted vertical lines the 
predicted cut site. D) Mutation position distribution of NHEJ for Cas9-E10. E) 
Mutation position distribution of NHEJ for Cas9-E10 control. F-G) Reads with 
frameshift and in-frame mutations are classified based on any mutation that 
partially or fully overlaps the coding sequence, with mutations that do not overlap 
coding sequences classified as noncoding. F) Frameshift analysis for Cas9-E10. G) 
Frameshift analysis for Cas9-E10 control. Figures were created using IGV and 
CRISPResso294. 
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Compared to the three other sgRNA’s targeting CDH1 in MCF-7 cells, Cas9-E10 

had the highest NHEJ events and frameshift mutations, but largely insertions making 

up the NHEJ reads. Cas9-E3 had the lowest NHEJ events of 45.7 +/- 12.7% of total 

reads (Table 5.2.3).  However, Cas9-E3 also had the lowest false positive calls for the 

control samples of 3.3% and 4.6% for biological replicates one and two. 

The CRISPR-Cas9n sgRNA targeting CDH1 exon 5 had unreliable results for the 

PX461 control samples, with only one total read for each biological replicate post 

quality filters using CRISPResso (Table 5.2.3 and Supplementary Figure H4.4). As all 

samples were run on a 2% (w/v) agarose gel after the adapter PCR to check for the 

correct band size (Figure 5.2.4), a mistake likely occurred afterwards during DNA 

purification using Mag-Bind beads or pooling of the controls which omitted the 

PX461 empty-sgRNA control samples. Since the controls were pooled there are no 

unique indices for the individual Cas9n-E5 control samples. The indices for the 

pooled controls took up a high percentage of the run with biological replicates one 

and two having 1.8% and 1.5% of the run, respectively (data not shown) so it is likely 

the samples were omitted completely since only one read was identified. 

The Cas9n-E5 samples had the third highest gene editing of 53.4% and 59.3% for 

biological replicates one and two, respectively (Table 5.2.3). These NHEJ events were 

largely made up of deletions 1-16 bp in length between the two predicted cut points 

for the Cas9n-E5A and Cas9n-E5B nickases at positions 133 and 163, respectively 

(data now shown). For Cas9n-E5 biological replicate one for example, 12.6% of the 

NHEJ reads were comprised of deletions between one and ten base pairs in length 

and 31.2% of deletions between 11 and 16 bp. However, the frameshift mutations for 

Cas9n-E5 were the lowest with only 23.9% of total reads having frameshift 

mutations, 1.8 fold lower than the next highest of Cas9-E12 (Table 5.2.3).   
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Table 5.2.3. Comparison of NHEJ and frameshift mutations for the bulk sorted 
MCF-7 cells. 

Target ID NHEJ % 
(total reads) 

Frameshift mutations % 
(total reads) 

 Replicate 1 Replicate 2 Replicate 1 Replicate 2 
     

Cas9-E3 36.7% 
(10,228) 

54.6% 
(13,260) 

49.6% 
(6,450) 

62.9%  
(10,333) 

     
Cas9-E3 control 3.3% 

(4,994) 
4.6% 

(6,447) 
0.1% 

(2,342) 
0.1% 

(3,064) 
     

Cas9n-E5* 53.4% 
(4,470) 

59.3% 
(9,970) 

23.9% 
(4,470) 

23.9% 
(9,970) 

     
Cas9n-E5 control* 0% 

(1) 
0% 
(1) 

0% 
(1) 

0% 
(1) 

     
Cas9-E10 73.3% 

(7,983) 
72.8%  

(18,567) 
71.8% 
(7,400) 

72.2%  
(17,215) 

     
Cas9-E10 control 8.8% 

(7,819) 
7.1% 

(6,264) 
0.7% 

(6,026) 
0.5% 

(4,319) 
     

Cas9-E12 62.6% 
(9,460) 

57.7%  
(14,444) 

42.9% 
(8,414) 

47% 
(12,335) 

     
Cas9-E12 control 8.7% 

(9,798) 
8.3% 

(10,068) 
0.2% 

(7,037) 
0.2% 

(6,936) 
     

Cas9-EMX1 85.1% 
(11,181) 

77.5% 
(8,641) 

67.3%  
(10,630) 

58.5% 
(8,044) 

     
Cas9-EMX1 control 8.7% 

(10,350) 
8.4% 

(11,190) 
0.5% 

(7,319) 
0.5% 

(7,797) 
The total reads shown in parentheses are the sum of all reads which pass the quality 
thresholds for each sample. The asterisk highlights that since Cas9n-E5 is two 
CRISPR constructs; Cas9n-E5A and Cas9n-E5B; a 50 bp window for calculating 
NHEJ was used instead of a 20 bp window. Replicates mentioned are biological 
replicates. The controls used were PX458 or PX461 with no sgRNA inserted. 
Supplementary Figures for the above sgRNAs are in Appendix H. All values were 
calculated using CRISPResso as explained in Section 2.13.10. 
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The Cas9-E12 sgRNA had the second highest number of NHEJ reads of 62.6% 

and 57.7% for biological replicates one and two, respectively (Table 5.2.3 and 

Supplementary Figure H4.5). For the second biological replicate, 54.1% of NHEJ 

reads were comprised of deletions between one and three base pairs in length, with 

an additional 10.9% from deletion between four and 18 bp and 13.8% from a single 

base insertion (data now shown). 

Hence from the four sgRNA’s designed to target CDH1, Cas9-E10 had the 

optimal gene editing as 73.1% of the total reads for the two biological replicates had 

indels within the 20 bp window of the predicted cut site and 72.0% of reads had 

frameshift mutations (Figure 5.2.6 and Table 5.2.3). 
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5.3. E-CADHERIN GENE EDITING IN MCF-7 CELLS USING 
THE CDH1 EXON 10 CRISPR TARGET SITE 

After identification of the Cas9-E10 sgRNA as the optimum target site for 

genome editing, monoclonal cell lines were created using MCF-7 cells, with the aim 

of knocking-out CDH1 to create two new isogenic cell lines for studying SL 

interactions. After CRISPR editing with Cas9-E10 and quantification using NGS, 

three monoclonal lines were identified using CRISPResso as having significant 

NHEJ-induced indels and were carried forward for characterisation by western blot 

and immunofluorescence. 

5.3.1. Isolation of monoclonal cell lines by FACS 

In a similar fashion to the MCF-7 bulk sorted samples, MCF-7 cells were 

transfected with Cas9-E10, but then sorted one cell per well into the interior 60 wells 

of 96-well plates (Supplementary Figures H5.1 and H5.2). The PX458 empty-sgRNA 

control and a mock transfection control were also bulk sorted using MCF-7 cells. 

5.3.1.1. MCF-7 single cell survival post FACS 

Within 2-8 hours post FACS, 53.5% of the wells in each plate had a single MCF-7 

cell that had GFP expression as observed under FITC filters on an inverted 

fluorescent microscope (Figure 5.3.1). However, 12-14 days after sorting, when 

colonies were ready to be split into sister 96-well plates, GFP-verified single cell 

colonies significantly decreased by 2.7 fold (p= 2.4 x 10-11) to 19.8% of wells per plate. 

This decrease was because 18.2% of wells per plate of the originally GFP positive 

single cells did not grow to form colonies; and additionally 15.6% of wells per plate 

of the GFP single cells grew into colonies, but had a second WT colony found in the 

same well 12-14 days post FACS. These wells with a ‘GFP cell + wt cell’ significantly 

increased by 8.7 fold (p= 0.014) to 17.6% of the wells per plate 12-14 days post FACS 

(Figure 5.3.1). 
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Interestingly, even though there was a decrease in the number of wells with a 

bona fide colony, the number of empty wells remained relatively similar 12-14 days 

post sorting (p= 0.35). This was due to an increase in questionable GFP wells and 

new wells with > 3 colonies. At 2-8 hours post sorting 5% of wells were identified as 

uncertain of adequate GFP expression to declare as GFP positive (? GFP) which 

increased by 2.5 fold 12-14 days post FACS. This was due to the appearance of single 

colonies in new wells that may have been missed the first time and so were 

ambiguous. Moreover, wells with > 3 colonies increased by 5.6 fold to 9.3% of wells 

per plate 12-14 days post sorting which together meant that the number of empty 

wells per plate increased insignificantly to 41.0% of wells per plate (Figure 5.3.1). 

 
Figure 5.3.1. Composition of MCF-7 single cell sorting plates post FACS. MCF-7 
cells were single-cell sorted as described in Section 2.13.6. Percentages were 
calculated from 60 wells per 96-well plate. Cell and colony numbers mentioned were 
observed using 4x and 10x magnification under phase and FITC filters of an 
inverted fluorescent microscope. ? GFP: questionable GFP. 

In total 83 MCF-7 monoclonal lines (from seven plates) grew to around 60% 

confluence in 96-well plates, and were split into two sister plates, one for gDNA 

extraction and one for colony propagation. Including controls, 87 samples had gDNA 

extracted using the Zygem prepGEM tissue kit with a mean DNA concentration per 
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sample of 14.2 +/-11.3 ng/µL (data not shown) for the subsequent PCR reactions and 

NGS library preparation. 

5.3.2. NGS library preparation for combined project runs 

After the two-step PCR reactions to create a paired-end dual index library were 

completed (Supplementary Figure H5.3), multiple NGS project libraries were 

combined on the same run if there was space permitting to reduce workloads and 

costs. Due to the large number of samples sequenced, the cost per sample of ~$10 

NZD assuming 100 samples, decreased to ~$5 NZD per sample when combining 

projects in a single run such as the combined projects run shown in Table 5.3.1. The 

MCF-7 monoclonal sequencing library (project number 1) was combined with four 

other projects (Table 5.3.1). After each project library was successfully diluted to 10 

nM as described in Section 2.13.8, the 10 nM libraries were then combined at 

different ratios depending on the total amplicons per project and the reads desired 

per amplicon (Table 5.3.1). The majority of the combined-project run was made up of 

projects 1 and 2, which had 37.0% and 43.9% of the run, respectively.  

The combined project library was then diluted and denatured to 2 nM before 

being further diluted to 20 pM (Section 2.13.8). Since ~37% of the run had the same 

single amplicon per sample of E10 (Table 5.3.1), a 10% 20 pM PhiX spike in was used 

to create a more diverse set of clusters. Increased library diversity is sometimes 

necessary to effectively discriminate clusters and create signal thresholds for base-

calling. A higher percent of PhiX was not necessary as the additional projects 

provided enough diversity. 
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Table 5.3.1. NGS library ratios working for combined projects. 

Project no. Samples 
Amplicons  
per sample 

Total 
amplicons 

Reads desired 
per amplicon 

Total reads 
required 

Final 
ratios 

 1* 87 1 87 3,000 261,000 37.0% 
2 14 17 238 1,300 309,400 43.9% 
3 12 5 60 1,100 66,000 9.4% 
4 20 2 40 1,100 44,000 3.4% 
5 22 1 22 1,100 24,200 6.2% 

The asterisk highlights project number 1, which is the current MCF-7 monoclonal 
study. 

To achieve a cluster density of between 600 - 1,000 K / mm2 for high quality data, 

we then diluted the combined library with PhiX to 17 pM based on previous MiSeq 

runs with similar libraries. 600 µL was then loaded into the cartridge of the Illumina 

500 cycles, nano v2 reagent kit. The resulting NGS data had 87.7% of reads with > 

Q30 (Supplementary Table H9) as there were some reads with low Q scores around 

15 due to a quality drop off and increased error rate around 200-241 cycles into the 

end of ‘Read 1’ and ‘Read 2’ which is a known problem397. 

5.3.3. Cas9-E10 gene editing of MCF-7 cells results in three monoclonal 
lines with significant indels 

Based upon the NGS results, three MCF-7 monoclonal cell lines were identified 

as having significant gene editing by CRISPR Cas9-E10, these were colonies 16, 52 

and 71 – named in order of the gDNA extraction. An additional five monoclonal lines 

were identified as having moderate gene editing, but were likely insufficient to 

knockout E-cadherin expression. 

5.3.3.1. PX458 and mock transfection controls 

For the MCF-7 monoclonal sequencing run, two bulk sorted controls were used; 

the PX458 empty-sgRNA control for CDH1 exon 10 using the E10 F+E and E10 R+E 

primers (Figure 5.2.1D and Supplementary Table B3); and a mock X-tremeGENE HP 

transfection also using the same primers for the CDH1 exon 10 amplicon. For the 

PX458 control, gDNA was extracted from the 2nd and 3rd passages after FAC bulk 
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sorting. There was no significant change between passage 2 and passage 3 for the E10 

- PX458 controls, as both had a mean NHEJ percent of reads of 1.6%. The mock 

transfection control however had a lower false positive count with a mean of 0.6% 

NHEJ reads and 0% frameshift mutations (Table 5.3.2). The second technical replicate 

for the pooled controls also had reduced NHEJ events for all three controls compared 

to technical replicate one, likely due to the different adapter primers leading to a PCR 

bias and amplification errors or cluster amplification bias and sequencing errors. 

Table 5.3.2. Bulk sorted controls for MCF-7 monoclonal NGS project. 

Control sample 
NHEJ % 

(total reads) 
Frameshift mutations % 

(total reads) 

 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

     

E10 - PX458 ‘P2’ 
2.2% 
(458) 

1.0% 
(410) 

3.0% 
(66) 

1.8% 
(57) 

     

E10 - PX458 ‘P3’ 
2.1% 
(611) 

1.0% 
(408) 

8.3% 
(72) 

3.3% 
(30) 

     

E10 - Mock 
1.2% 
(674) 

0% 
(395) 

0% 
(65) 

0% 
(40) 

The total reads are the sum of all reads which pass the quality thresholds for each 
sample and are shown in parentheses. Replicates mentioned were technical 
replicates. The controls used were PX458 with no sgRNA inserted or a mock 
transfection, using the CDH1 exon 10 amplicon. All values were calculated using 
CRISPResso as explained in Section 2.13.10. 

 

5.3.3.2. Colony number 16 

The paired-end NGS data viewed on IGV for colony number 16 showed that 

within CDH1 exon 10 the read coverage dropped from ~3,700 to ~915 reads and there 

appeared to be a large 168 bp deletion starting -23 bp from the predicted cut site for 

Cas9-E10 (Figure 5.3.2A). The apparent 168 bp deletion was not able to be identified 

by CRISPResso, as the mutation was 70% of the length of each read, and 56% of the 

length of the amplicon. Even when increasing the window size around the predicted 

cut point which indels were quantified within (Section 2.13.10) from 20 nts to the 
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entire amplicon, removing the phred33 quality filters and reducing the minimum 

identity score for the alignment from 60 to 10, CRISPResso was unable to quantify 

the 168 bp mutation (data not shown). Instead, Sanger sequencing was performed as 

explained below in Section 5.3.3.4. Of the remaining reads which were able to be 

quantified, 135 total reads passed the stringent quality filters. Of these reads, 89.6% 

were NHEJ reads (Figure 5.3.2B); 51.9% had an in-frame 9 bp deletion; and 37.8% had 

a one bp frameshift insertion (Figure 5.3.2C-E). Hence, for the three copies of CDH1 

in MCF-7 cells385, colony number 16 was a compound heterozygote with three 

distinct mutations: a large 168 bp deletion in one copy; a 9-bp in-frame deletion in 

another, and a one bp frameshift insertion in the third copy of CDH1. 
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Figure 5.3.2. MCF-7 colony number 16 has significant CRISPR-Cas9-E10 gene 
editing. A) Integrative genomics view of the CDH1 exon 10 amplicon on 
chromosome 16, position q22.1. The ‘squished view’ is shown, with reads viewed as 
pairs; read one is pink and read two is purple. The dotted vertical line represents 
the predicted cut site and the grey column graph the relative read counts. Black 
horizontal lines are deletions and the purple lines are insertions. B) Percent NHEJ 
reads for colony number 16, Cas9-E10 sample. C) Mutation position distribution of 
NHEJ for Cas9-E10 with insertions (purple), deletions (red), and substitutions 
(green) mapped to the reference amplicon position shown in Figure 5.2.1D. The 
black vertical lines represent the 20 bp window that mutations were quantified 
within and the dotted vertical line the predicted cut site. D) Size of Cas9-E10 
induced insertions, deletions and substitutions. Sequences percentage are of total 
sequences. E) Frameshift and in-frame profile for Cas9-E10. Reads with frameshift 
and in-frame mutations are classified based on any mutation that partially or fully 
overlaps the coding sequence, with mutations that do not overlap coding sequences 
classified as noncoding. Figures were created using IGV and CRISPResso294. 
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5.3.3.3. Colony number 52 

Interestingly, colony number 52 had a similar large 168 bp deletion as colony 

number 16, with a read coverage drop from ~14,800 to ~5,000 reads immediately 

following the 168 bp deletion (Figure 5.3.3A). Again, the 168 bp mutation was unable 

to be quantified using CRISPResso. But the remaining reads were able to be 

quantified, of which 2,592 passed the stringent quality filters and 97.9% were found 

to be NHEJ reads (Figure 5.3.3B). For colony number 52, 54% of the reads analysed 

by CRISPResso had an in-frame 9 bp deletion and 44.1% had a one bp frameshift 

insertion (Figure 5.3.3C-E). Colony number 52 therefore had three distinct mutations, 

one for each copy of CDH1: a large 168 bp deletion, a one bp insertion and a 9-bp in-

frame deletion. 
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Figure 5.3.3. MCF-7 colony number 52 has significant CRISPR-Cas9-E10 gene 
editing. A) Integrative genomics view of the CDH1 exon 10 amplicon on 
chromosome 16, position q22.1. The ‘squished view’ is shown, with reads viewed as 
pairs; read one is pink and read two is purple. The dotted vertical line represents 
the predicted cut site and the grey column graph the relative read counts. Black 
horizontal lines are deletions and the purple lines are insertions. B) Percent NHEJ 
reads for colony number 52, Cas9-E10 sample. C) Mutation position distribution of 
NHEJ for Cas9-E10 with insertions (purple), deletions (red), and substitutions 
(green) mapped to the reference amplicon position shown in Figure 5.2.1D. The 
black vertical lines represent the 20 bp window that mutations were quantified 
within and the dotted vertical line the predicted cut site. D) Size of Cas9-E10 
induced insertions, deletions and substitutions. Sequences percentage are of total 
sequences. E) Frameshift and in-frame profile for Cas9-E10. Reads with frameshift 
and in-frame mutations are classified based on any mutation that partially or fully 
overlaps the coding sequence, with mutations that do not overlap coding sequences 
classified as noncoding. Figures were created using IGV and CRISPResso294. 
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5.3.3.4. Colony number 71 

The third MCF-7 monoclonal line to have significant indels was colony number 

71 which had the highest number of total reads with an indel, with 96.4% of all reads 

having a NHEJ event (Figure 5.3.4A-B). Of the 1,504 total reads which passed the 

phred33 quality filters, 47.5% had a 9 bp in-frame deletion and 48.9% had a one bp 

frameshift insertion (Figure 5.3.4C-E). Hence, for colony number 71 one allele had a 9 

bp in-frame deletion, and the other allele had a one bp out of frame insertion for 

CDH1. The implications of the mutations identified for the three Cas9-E10 edited 

MCF-7 colonies are discussed further below.  
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Figure 5.3.4. MCF-7 colony number 71 has significant CRISPR-Cas9-E10 gene 
editing. A) Integrative genomics view of the CDH1 exon 10 amplicon on 
chromosome 16, position q22.1. The ‘squished view’ is shown, with read one on the 
top in pink and read two on the bottom in purple. The dotted vertical line 
represents the predicted cut site and the grey column graph the relative read counts. 
Black horizontal lines are deletions and the purple lines are insertions. B) Percent 
NHEJ reads for colony number 71, Cas9-E10 sample. C) Mutation position 
distribution of NHEJ for Cas9-E10 with insertions (purple), deletions (red), and 
substitutions (green) mapped to the reference amplicon position shown in Figure 
5.2.1D. The black vertical lines represent the 20 bp window that mutations were 
quantified within and the dotted vertical line the predicted cut site. D) Size of Cas9-
E10 induced insertions, deletions and substitutions. Sequences percentage are of 
total sequences. E) Frameshift and in-frame profile for Cas9-E10. Reads with 
frameshift and in-frame mutations are classified based on any mutation that 
partially or fully overlaps the coding sequence, with mutations that do not overlap 
coding sequences classified as noncoding. Figures were created using IGV and 
CRISPResso294. 
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5.3.3.5. Analysis of mutations for colonies 16, 52 and 71 

Since the repair of the CRISPR-induced DSB breaks by the NHEJ system is 

largely random, indels are unlikely to be identical. The three MCF-7 colonies 16, 52 

and 71 were all compound heterozygotes – i.e. the three copies of CDH1 were all 

edited, but with different mutations.  

Since the large 168 bp mutation found in colonies 16 and 52 was unable to be 

quantified by CRISPResso, gDNA was extracted from passage numbers five and six 

and the region was amplified via PCR using alternative CDH1 exon 10 forward and 

reverse primers (Figure 5.3.5A and Supplementary Table B2). The two resulting 

bands of 441 bp and ~590 bp (Figure 5.3.5B) were each exised from the DNA gel, 

purified using Zymo spin columns, and then underwent direct Sanger sequencing by 

Genetic Analysis Services, Otago University. Deconvolution of the overlapping peaks 

for the ~590 bp band was achieved using CRISP-ID295, which is able to discriminate 

multiple alleles without the need of sub-cloning of PCR products.  

The Sanger sequencing of the 441 bp band from colonies 16 and 52 showed that 

the 168 bp mutation was actually a 19 bp inversion, followed by a 149 bp deletion 

occurring -3 bp from the predicted cut site (Figure 5.3.5C). Since the large deletion 

removes the stop codon at the end of exon 10, transcription would continue for 

another 66 nucleotides until reaching a TAA stop codon. This would produce a 

truncated protein of 496 amino acids, with 28 amino acids at the 3’ end that do not 

match the canonical sequence.  

The ~590 bp band from colonies 16, 52 and 71 contained the same indels 

identified from the NGS data using CRISPResso, with a 9 bp in-frame deletion 

occurring -2 bp from the predicted cut site (Figure 5.3.5D). This would delete the 

three amino acids ‘DVL’ at codon positions 476-478. However, as these amino acids 

were not conserved across species, whether this CDH1 mutation would result in 

dysfunctional E-cadherin is yet to be determined. The ~590 bp band also contained 
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an adenine frameshift insertion directly at the predicted cut site. This mutation  

disrupted aspartic acid and gave rise to a premature termination codon at position 

482 (Figure 5.3.5E). Thus, generating a truncated protein that lacks the extracellular 

cadherin repeat domains 4 and 5, the transmembrane region and the cytoplasmic 

domain. The truncated protein would therefore lack the regions required for 

CTNND1, presenilin-1 and protein p120 binding398,399, as well as the region required 

for binding to alpha, beta, and gamma catenins400. However, although two copies of 

CDH1 would have had severe disruption to the E-cadherin transcript in these three 

colonies, the third copy had a 9-bp in-frame deletion of undetermined functional 

effect. 
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C 
 

 Thr Val Thr Val Ala Val Glu Val 

Cas9-
E10 

A C G G T G A C G G T G G C T G T G G A G - 1 4 9 b p - G T G 

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 

WT A C C T C C A C A G C C A C C G T C A C C G T G G A T . . . G T G 

 Thr Ser Thr Ala Thr Val Thr Val Asp … Intron 

 
D 
 
   Val Thr Val Asp Val Asn Glu 
Cas9-
E10 

G T C A C C G - - - - - - - - - T G G A T G T G A A T G A A 

 |  | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 
WT G T C A C C G T G G A T G T G C T G G A T G T G A A T G A A 

   Val Thr Val Asp Val Leu Asp Val Asn Glu 
 
E 
 
   Val Thr Val Glu Cys Asp Gly Cys Glu STOP 
Cas9-
E10 

G T C A C C G T G G A A T G T G C T G G A T G T G A A T G A 

 |  | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 
WT G T C A C C G T G G - A T G T G C T G G A T G T G A A T G A 
   Val Thr Val Asp Val Leu Asp Val Asn Glu 
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Figure 5.3.5. Sanger sequencing of the CDH1 exon 10 amplicon colonies 16, 52 and 
71. A) Diagram of the alternative CDH1 exon 10 primers showing sequence positions 
of the predicted cut site. Primer sequences can be found in Appendix B. B) DNA gel 
of the PCR products using the alternative exon 10 primers for colonies 16, 52 and 71, 
and passage numbers five (P5) and six (P6). The two bands of ~590 bp and 441 bp 
were sent for Sanger sequencing. C-E) Sanger sequencing of the aforementioned 
bands. The CRISPR Cas9-E10 edited sequence is on top, and the MCF-7 WT 
sequence is on the bottom. The underline bases G and A are the predicted cut site. 
The red nucleotides and amino acids were removed due to the indels, the blue 
nucleotides are the 19 bp inversion. C) Nineteen base pair inversion and 149 bp 
deletion in 441 bp band for colonies 16 and 52. D) Nine base pair deletion in ~590 bp 
band for colonies 16, 52 and 71. E) Adenine insertion in ~590 bp band for colonies 
16, 52 and 71. 

 

  



 264 

5.3.3.6. Comparison of CRISPR Cas9-E10 editing in monoclonal lines 

Of the 83 MCF-7 monoclonal cells which survived the single-cell FACS, grew 

into colonies and underwent NGS, eight colonies had CRISPR-Cas9-E10 induced 

gene editing with NHEJ rates greater than the E10-PX458 controls. These eight 

colonies were classified into three groups of significant, moderate and unremarkable 

gene editing as revealed by CRISPResso, IGV and Sanger sequencing (Table 5.3.3). 

Colonies 21, 48 and 62 had a moderate percentage of NHEJ events, with 44.9%, 45.8% 

and 36.7% of the total reads, respectively. However, colonies 16, 52 and 71 had the 

highest percentage of NHEJ reads, including a large 168 bp mutation for colonies 16 

and 52 (Table 5.3.3). The frameshift mutation percentages were similar between those 

colonies with a moderate amount of gene editing around a 40% NHEJ rate compared 

to those with significant gene editing of > 90% NHEJ. Unfortunately, no colonies had 

100% frameshift mutations. 

Notably, all three colonies chosen for further characterisation had similar indels 

surrounding the predicted cut site for Cas9-E10. Colonies 16, 52 and 71 were all 

compound heterozygotes with as yet unknown complete gene disruption due to a 9 

bp in-frame deletion in one of the CDH1 alleles.  
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Table 5.3.3. Summary of the eight MCF-7 monoclonal cells with adequate gene 
editing. 

Sample 
(colony 

number) 
 

NHEJ % 
(total reads) 

Frameshift mutations % 
(total reads) 

 
 Replicate 1 Replicate 2 Replicate 1 Replicate 2 

      

16* 
168 bp 

mutation 
89.6%  
(135) 

- 
41.8%  
(122) 

- 

      

21  
43.9%  
(588) 

45.9%  
(471) 

45.9%  
(313) 

41.3%  
(264) 

      

36  
12.7%  
(1,331) 

- 
27.9%  
(262) 

- 

      

47  
3.7%  

(1,631) - 
16.7%  
(192) - 

      

48  
45.8%  
(775) 

- 
44%  
(389) 

- 

      

52* 
168 bp 

mutation 
97.9%  
(2,592) - 

45.2%  
(2,537) - 

      

62  
36.7%  
(1,496) 

- 
42.1%  
(670) 

- 

      

71  
96.4%  
(1,504) 

98.4%  
(752) 

50.6%  
(1,455) 

48.1%  
(740) 

The asterisk highlights colonies that not all reads were able to be quantified by 
CRISPResso due to a large 168 bp mutation and as such the CRISPResso-derived 
values for these colonies are from the remaining reads. The total reads are the sum 
of all reads which pass the quality thresholds for each sample and are shown in 
parentheses. Replicates mentioned were technical replicates. Technical replicates 
were only included for a minority of pre-selected samples. The controls used were 
PX458 with no sgRNA inserted or a mock transfection, using the CDH1 Exon 10 
amplicon, as shown in Table 5.3.2. All values were calculated using CRISPResso as 
explained in Section 2.13.10. 
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5.3.3.7. Cas9-E10 off-target assessment 

The most likely off-target for Cas9-E10 unwanted genome editing was within the 

gene IYD, as identified by Cas-OFFinder 284. This was due to the off-target occurring 

within an exon and having three mismatches towards the 5’ end of the off-target 

sequence (Supplementary Table H1). In order to check for possible off-target indels 

for the three colonies 16, 52 and 71, a 256 bp region encompassing the possible off-

target site within IYD was PCR amplified and sent for Sanger sequencing. 

Fortunately, none of the colonies revealed any editing within IYD (Supplementary 

Figure H5.4). 

The characterisation of these three CRISPR-Cas9-E10 genome edited MCF-7 cell 

lines are described in the following section. 
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5.4. CHARACTERISATION OF THE IMPACT OF CRISPR-
TARGETED CDH1 IN MCF-7 CELLS  

After CRISPR editing of MCF-7 cells with Cas9-E10, three monoclonal lines were 

identified via NGS as having significant NHEJ-induced indels. The MCF-7 colonies 

numbered 16, 52 and 71 were then characterised as explained in this section, with the 

aim of identifying whether or not the CDH1 indels led to a functional loss of E-

cadherin.  

5.4.1. Cellular morphology 

E-cadherin is important for maintaining the epithelial cobblestone morphology 

of cells in two-dimensional culture. Hence, for the MCF-7 monoclonal lines with 

significant CDH1 indels, we examined the monoclonal cultures to access any change 

in morphology. Sub-confluent cells maintained clusters of adherent, epithelial cells 

with some rounded cells. When cell lines reached 90-100% confluence, an altered 

morphology of many rounded, but attached cells was observed in all three 

monoclonal cell lines, with colony number 71 appearing to have the most rounded 

cells (Figure 5.4.1). We next determined their adherence and proliferation rates using 

the iCELLigence platform.  
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Figure 5.4.1. Sub-confluent and confluent images of the three MCF-7 CRISPR-edited 
cell lines. Images were taken of cells in passage number eight, under bright field at 
20x magnification using the eclipse Ti inverted microscope system. 
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5.4.2. Proliferation rates of CRISPR-edited cell lines 

We speculated that the rounded cells were due to a lack of E-cadherin and so to 

further characterise the three monoclonal cell lines including the population of 

rounded cells, the proliferation rates were determined in real-time using the 

iCELLigence platform, which uses the same impedance principles as xCELLigence. 

Measurements were taken over 21 hours of growth, and the slope of the normalised 

cell index values per 24 hours were used to quantify the growth rates. The initial cell 

adhesion rates in the lag phase between one to five hours post seeding were not 

significantly different between the cell lines (Figure 5.4.2A). However, during the log 

phase growth colony numbers 16, 52 and 71 had significantly reduced normalised 

cell index values (see Section 2.9.5), as represented by the slope of the curves with 

3.0, 2.8 and 3.4 fold lower slope values compared to MCF-7 WT, respectively  (Figure 

5.4.2B).  

Since the E-plate view wells have a gap in the lawn of electrodes, bright field 

images were able to be taken of the cells to verify the cell index values. All three 

monoclonal lines were still sub-confluent by the end of the assay (23 hours post 

seeding) at ~90% confluency, whereas the MCF-7 control cells had reached 

confluence and become over confluent (Figure 5.4.2C). Hence, there was an 

observable qualitative difference in proliferation rates to validate the cell index 

values. Colony 71 also had more rounded cells than colony 16 which would have 

reduced the electrical impedance of the iCELLigence assay and therefore would 

explain the lower slope value for colony 71 of 0.49 compared to 0.56 for colony 16.  
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Figure 5.4.2. Growth over time and doubling times for the MCF-7 Cas9-E10 edited 
cell lines. A) Growth over time as measured by the iCELLigence software. Cells 
were left to equilibrate at RT for 60 minutes before inserting into the iCELLigence 
system. Cell index values (Section 2.9.5) were normalised to the three-hour time 
point (black line), and the slope of the curves calculated between eight hours (blue 
line) and 16 hours (red line). The minor drop in the cell index values observed at 9 
hours 45 minutes, was likely due to the incubator door being opened longer than 
normal causing a temperate change. B) The change in normalised cell index per 24 
hours was calculated using the time frame shown above in A of eight hours. C) 
Bright field images of the 8-well iCELLigence E-plate view wells fixed using 4% PFA 
at 23 hours post seeding. The black circles seen in colony 16 are the gold electrodes. 
An image of colony 52 was omitted for clarity. Graphs were created using the RTCA 
software. The experiment was performed as describe in Section 2.9.5.1. 
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5.4.3. E-cadherin protein expression 

Western blots were undertaken for the purpose of quantifying E-cadherin 

protein loss in the three compound heterozygous MCF-7 monoclonal cell lines with 

frameshift mutations in one allele, but an in-frame 9 bp deletion in the other.  

E-cadherin (135 kDa) and beta-actin (42 kDa) were present in all three samples as 

well as the MCF-7 WT control (Figure 5.4.3A-B). When E-cadherin protein levels 

were normalised to the respective loading control for each lane, colony numbers 16 

and 52 had a 2.7 and 1.7 fold lower protein ratio compared to MCF-7 WT cells, 

respectively (Figure 5.4.3C). Colony number 16 could have had inconsistent staining 

as the well had clearly not been loaded evenly. To control for this possibility, an 

additional protein ratio was quantified, using a smaller rectangle which only 

included the left hand side of the band. Using this approach, colony number 16 still 

had a 2.0 fold lower protein ratio compared to MCF-7 WT cells (data not shown).  

The monoclonal antibody used against E-cadherin binds to the region 

surrounding amino acid position 780, which encodes the cytoplasmic domain (see 

Figure 1.2.1). Since the frameshift mutations in colonies 16, 52 and 71 (Figure 5.3.5E) 

resulted in truncated E-cadherin proteins with no cytoplasmic domains, these 

proteins were not expected to be observed on the western blot. Additionally, the 

frameshift mutations may not have been expressed at all through nonsense-mediated 

mRNA decay401,402. 

A similar lack of truncated E-cadherin protein was observed in the ZFN-induced 

CDH1 frameshift mutation in exon 11 of the MCF10A CDH1-/- cells. Whereby the E-

cadherin protein was null in western blots, but the E-cadherin mRNA was still 

transcribed at a very low rate with normalised counts of 19.4 and 194.6 for MCF10A 

CDH1-/- and MCF10A WT, respectively (data not shown). 
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Therefore due to the translation of the in-frame 9 bp deletion present in one of 

the alleles, all three CDH1 gene edited colonies maintained E-cadherin protein 

expression. We next used immunofluorescence to establish whether this E-cadherin 

variant was still correctly localised.  

 
Figure 5.4.3. Western blot for the MCF-7 monoclonal lines 16, 52 and 71. A-B) 
Molecular weight marker values are in kDa. A) Visualisation of the E-cadherin 
primary antibody 24E10 (135 kDa). B) Beta-actin primary antibody SC-130656 (42 
kDa). C) Ratio of background corrected mean greyscale values for E-cadherin 
samples divided by the corresponding loading control samples in each lane. 
Western blots were carried out as described in Section 2.2. The standard rectangle 
selection used to calculate the mean greyscale values from the images taken on the 
LAS-3000 system can be found in Supplementary Figure H6.1. 
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5.4.4. E-cadherin cellular localisation 

To help determine if E-cadherin retained functionality in the Cas9-E10 edited cell 

lines, immunofluorescence was undertaken to study the expression of E-cadherin at 

the cell membrane in cell-cell junctions, and the co-localisation of E-cadherin with β-

catenin to the cell membrane.   

5.4.4.1. E-cadherin cell-cell junction fluorescence 

Immunofluorescence was employed to quantify E-cadherin fluorescence at cell-

cell junctions (Figure 5.4.4) with the aim of identifying whether a reduction in E-

cadherin protein in the CRISPR-edited MCF-7 monoclonal cell lines also caused a 

reduction in E-cadherin at cell-cell junctions. 

Normalised cell-cell junction fluorescence was determined as described in 

Section 2.6, using the E-cadherin monoclonal (rabbit) 24E10 antibody with one of 

either secondary antibodies goat anti-rabbit, alexa fluor 488 (green bars) or goat anti-

rabbit, alexa fluor 647 (red bars). Two different secondary antibodies were used to 

increase the number of replicates analysed. 

All colonies had significantly reduced cell-cell junction fluorescence for the E-

cadherin monoclonal (rabbit) 24E10 antibody compared to the MCF-7 WT control; 

colony 16 had the greatest change with a 1.6 fold reduction as measured by 

secondary antibodies goat anti-rabbit, alexa fluor 488 (p= 2.7 x 10-21) and goat anti-

rabbit, alexa fluor 647 (p= 4.6 x10-22, two-tailed, unequal variance); colonies 52 and 71 

had similar normalised cell junction fluorescence percentages of ~79% (Figure 

5.4.4C). There was also a trend for all samples to have similar results for both alexa 

fluors 488 and 647 except for colony 71 which had a difference of 6.7% normalised 

cell junction fluorescence between the two alexa fluors (Figure 5.4.4C). 
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Figure 5.4.4. Quantification of E-cadherin cell-cell junction fluorescence. A-B) Cells 
were incubated with the E-cadherin monoclonal (rabbit) 24E10 antibody and goat 
anti-rabbit, alexa fluor 488 for the secondary antibody. The yellow lines are the 
straight-line tool used by FIJI to measure fluorescence. A) MCF-7 WT cells. B) MCF-
7 Cas9-E10, colony number 52. C) Normalised cell-cell junction fluorescence for E-
cadherin monoclonal (rabbit) 24E10 antibody with secondary antibodies goat anti-
rabbit, alexa fluor 488 (green bars) or goat anti-rabbit, alexa fluor 647 (red bars). All 
samples had the same exposure time of 30 seconds, except for MCF-WT which had 2 
seconds. Fluorescence intensity of each cell junction was measured in FIJI using the 
straight-line tool from at least 80 cell-cell junctions per image. Two images at 20x 
magnification were quantified for each secondary antibody sample. The mean value 
for each sample was then divided by the mean background value and normalised to 
MCF-7 WT. Error bars are SD. Immunofluorescence was performed as described in 
Section 2.6.  
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5.4.4.2. E-cadherin localisation with β-catenin 

The E-cadherin/β-catenin complex is important in maintaining epithelial 

morphology via the formation of adherens junction and the associated microtubule 

and actin cytoskeleton attachment, as well as intracellular signalling163,179. Therefore, 

localisation of the E-cadherin/β-catenin complex to the cell membrane contributes to 

the overall determination of whether functional E-cadherin is present.  

Colonies 16 and 52 were predicted to have some degree of impaired β-catenin 

binding due to the decreased E-cadherin protein expression and decreased E-

cadherin cell-cell junction fluorescence. We therefore predicted that some cells would 

have impaired or reduced E-cadherin/β-catenin complex formation at the cell 

boundary. However, when colonies were immunostained for both E-cadherin and β-

catenin, there was a perfect merged-channel fluorescence at the cell membrane 

representing the E-cadherin/β-catenin complex for all colonies (Figure 5.4.5 and 

Supplementary Figure H6.2).  

Therefore, although E-cadherin fluorescence was reduced at cell-cell junctions, 

E-cadherin was successfully being transported to the cell membrane. The co-

localisation of E-cadherin and  β-catenin to the cell membrane with no accumulation 

of β-catenin in the cytoplasm, suggests that the E-cadherin membrane complex is 

being formed and E-cadherin functionality is retained despite the in-frame indel. 

Nonetheless, all colonies had altered morphology with many more rounded cells 

compared to MCF-7 WT and significantly reduced proliferation rates.   
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Figure 5.4.5. The E-cadherin/beta-catenin complex localises to the cell membrane. 
Immunofluorescence was performed using E-cadherin monoclonal (rabbit) 24E10 
antibody with the secondary antibody goat anti-rabbit, alexa fluor 488 (green); beta-
catenin (mouse) SC-7963 with secondary antibody goat anti-mouse, alexa fluor 647 
(red); and Hoechst-33342 to stain the nuclei of cells. FIJI was used to merge the 
images. A second experiment using E-cadherin with alexa fluor 647 and beta-catenin 
with alexa fluor 488 is shown in Supplementary Figure H6.2.  
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5.5. E-CADHERIN GENE EDITING IN NCI-N87 CELLS 
USING THE CAS9-E10 AND CAS9n-E5 CRISPR TARGET 

SITES  

In order to address CDH1 SL interactions using a gastric cancer cell line, the 

NCI-N87 cell line was chosen as it was the only gastric cancer cell line available to us 

that expresses E-cadherin and maintains an adherent epithelial morphology383. The 

following section describes efforts to create monoclonal NCI-N87 cell lines lacking 

CDH1 expression via Cas9-E10 and Cas9n-E5 gene editing. 

5.5.1. Cas9-E10 validation in NCI-N87 cells 

The lead CRISPR sgRNA target site for knocking-out CDH1 in MCF-7 cells – 

Cas9-E10 – was chosen for application to NCI-N87 cells.  A polyclonal, bulk sorting 

approach in two biological replicates was performed using NGS to quantify indels 

with the aim of quickly validating the target site and the specific conditions required 

for genome editing in the NCI-N87 cell line.  

5.5.1.1. Transfection optimisation for NCI-N87 cells 

The NCI-N87 cells were very hard to transiently transfect with CRISPR pDNA 

and as such the specific conditions tested have been included here with the intention 

of assisting future attempts.  

Ratios of 1:1, 1:2 and 1:3 pDNA to transfection reagent were tested for X-

tremeGENE HP as well as the manufacturer’s conditions for Lipofectamine 3000. The 

highest raw GFP count was observed with a PX458 to X-tremeGENE HP ratio of 1:2 

or 2 µg : 4 µL, which had 3,825 raw GFP counts from twenty-five 4x images per well 

and equates to a transfection efficiency of 1.4% (Figure 5.5.1). Similar results were 

also obtained in 24-well plates using the 1:2 ratio or 0.5 µg to 1 µL giving 3,692 raw 

GFP counts from twenty 4x images per well at 72 hours post transfection (data not 

shown).  
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Similar to the MCF-7 transfection optimisation with X-tremeGENE-HP, there 

was an insignificant (p= 0.24) trend of decreasing cell counts with decreasing 

transfection reagent between 6 µL and 0 µL; hence none of the conditions tested for 

X-tremeGENE HP resulted in a significant reduction of cell viability with the lowest 

normalised nuclei counts being 96.4% for a 1:1 ratio (Figure 5.5.1). 

Lipofectamine 3000 on the other hand had 12 fold lower GFP counts for both 

conditions tested compared to the lowest X-tremeGENE HP transfection condition. 

In addition, significant cell death was observed with 5 µL Lipofectamine 3000 

leading to a normalised cell viability of 30.2% and a transfection efficiency of 0.6% 

(Figure 5.5.1).  

Transfection with Lipofectamine 2000 was also investigated with various 

conditions between 2-10 µL for 2-8 µg PX458 plasmid in 6-well plates, and then 0.5 - 

1 µL Lipofectamine 2000 for 0.5-1.0 µg PX458 plasmid in 24-well plates. Transfection 

efficiencies were assessed at both 48 and 72 hours post transfection. But none of the 

conditions tested were adequate, with the highest raw GFP counts being 255 from 

twenty 4x images per well using 0.5 µg PX458 and 1.0 µL Lipofectamine 2000 at 72 

hours post transfection (data not shown).  

Interestingly, background autofluorescence was observed for NCI-N87 WT cells 

with 77 GFP counts or 0.03% transfection efficiency (Figure 5.5.1). These counts were 

largely due to imaging artefacts, but occasionally autofluorescence was observed in 

mucus clusters surrounding the cells (Supplementary Figure H7.1). This was 

possibly caused by riboflavin in the media accumulating in the mucus clusters prior 

to transfection403.  
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Figure 5.5.1. Transfection optimisation for NCI-N87 cells with X-tremeGENE HP 
and Lipofectamine 3000. The GFP counts shown in green bars were calculated using 
CellProfiler from the sum of the GFP counts from twenty-five images at 4x 
magnification per well, taken on the Cytation 5. Images were taken 72 hours post 
transfection of cells that had been growing for 24 hours. Nuclei counts or cell counts 
shown as blue circles were enumerated from Hoechst-33342 stained nuclei as 
explained in the methods and normalised to NCI-N87 WT mock transfection counts 
at 72 hours post transfection. Error bars are SD. The forward transfection 
experiment was performed as described in the methods section using a 6-well plate. 

 
Since we had determined that X-tremeGENE HP gave the optimum GFP counts 

whilst maintaining high cell viability, a ratio of 1:2 pDNA to transfection reagent was 

then further optimised for different amounts of pDNA and transfection reagent. 

There were significantly higher raw GFP counts for all conditions tested – except for 

the control – at 69 hours post transfection compared to 46 hours. At 69 hours post 

transfection a trend of increased GFP counts with increasing transfection reagent was 

observed from 4 µL X-tremeGENE HP to a peak at 6 µL, at which point increasing 

transfection reagent decreased GFP counts significantly (p= 0.004) from 4,500 to 3,400 
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for 10 µL X-tremeGENE HP (Figure 5.5.2). A similar trend was seen at 46 hours post 

transfection. 

In contrast, NCI-N87 transfection of HEK-293 cells with the GFP positive and 

empty-sgRNA PX461, resulted in a GFP count of 153,000 at 69 hours post transfection 

(Supplementary Figure H7.2). The negative control of NCI-N87 transfected with the 

GFP negative, empty-sgRNA plasmid PX462 (which has puromycin selection instead 

of GFP), had a low background level of autofluorescence with 83 raw GFP counts 

(Figure 5.5.2). This was likely due to imaging artefacts and riboflavin accumulation 

in mucus clusters surrounding the cells as previously mentioned403. 

The highest transfection efficiency achieved for NCI-N87 was 1.5%. This was 

obtained by a 1:2 pDNA to X-tremeGENE HP ratio at ~72 hours post transfection 

using 3 µg to 6 µL in a 6-well plate (Figure 5.5.2) or 0.5 µg to 1 µL in a 24-well plate 

(data not shown). 
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Figure 5.5.2. Transfection optimisation for NCI-N87 cells using a 1:2 ratio of pDNA 
to X-tremeGENE HP. The GFP counts shown in grey-scale bars were calculated 
using CellProfiler from the sum of the GFP counts from twenty-five images at 4x 
magnification per well, taken on the Cytation 5. The time points mentioned are post 
transfection of cells that had been growing for 24 hours. The pDNA Cas9n-E5A and 
Cas9n-E5B used the PX461 plasmid backbone and were co-transfected. The GFP 
negative and empty-sgRNA control of PX462 is similar to PX461, except that it has 
puromycin selection instead of GFP. Error bars are SD. The forward transfection 
experiment was performed as described in the methods section using a 6-well plate. 
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5.5.1.2. FACS bulk sort for NCI-N87 cells 

The bulk sort of the Cas9-E10 sample for NCI-N87 cells was undertaken to 

evaluate the CRISPR editing efficiency in this cell line and optimise the FACS 

conditions. Although the CDH1 exon 10 target site had already been validated in 

MCF-7 cells, there was the possibility of different NHEJ efficiencies. This was 

because NCI-N87 cells have a relatively slow doubling time of 47 hours, a low 

transfection efficiency and the possibility for cell-specific editing efficiencies of Cas9-

E10. 

Approximately 35% of total events were excluded as doublets or cellular debris 

using the bivariate plots of area and height combinations for forward scatter (FSC) 

and side scatter (SSC) for the first and second biological replicates (Figure 5.5.3A-C, 

data not shown). With the addition of a live/dead gate from the Zombie NIR dye, a 

further 8.1% of events (5.2% of total) were excluded for the mock transfection control 

(Figure 5.5.3D). However, for some samples the inclusion of the live/dead gate 

excluded up to a further 25% of total events, caused by extended sorting times due to 

the low transfection efficiency (data not shown).  

The mock transfection control was then used to set the GFP gate to exclude false 

positives from any undesired autofluorescence (Figure 5.5.3E). A larger than normal 

GFP sorting gate was chosen because of the low transfection efficiency of NCI-N87 

cells, which resulted in the Cas9-E10 sample bulk sorting only the top 2.58% of the 

parent or 1.61% of total events for biological replicate one and 1.60% of total events 

for biological replicate two (Figure 5.5.3G, data not shown).  
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Figure 5.5.3. NCI-N87 FACS of polyclonal cell lines. A-E) Figures shown are the 
FACS gates for the mock transfection control, biological replicate one. The gates are 
shown in sequential order. Numbers shown are the percentage of cells from the 
previous parent gate, not totals. Bulk colony sorting was performed on the BD FACS 
Canto II, as described in Section 2.13.6. A) FCS-H vs FCS-A was used to gate cells 
based on cell-surface area or size. B) SSC-H vs SSC-A was used to gate cells based 
on internal complexity or granularity. C) SSC-A vs FCS-A. D) The Zombie NIR 
viability dye was used to gate out dead cells. E) The GFP sorting gate was set so that 
no cells from the mock transfection control would be included. For the mock 
transfection sample, cells were sorted into wells using the previous live/dead gate. 
F-G) GFP sorting gates for NCI-N87 bulk colony FACS sort, biological replicate one. 
F) PX458 empty-sgRNA control. G) Cas9-E10 sample.  
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5.5.1.3. Cas9-E10 successfully edits NCI-N87 bulk sorted cells 

Genomic DNA plate-extractions and dual index paired-end sequencing libraries 

were created for the NCI-N87 bulk sorted samples as previously explained in Section 

5.3.3. Each of the two biological replicates were then loaded into different combined-

project sequencing runs on the MiSeq and the resulting NGS data was analysed 

using CRISPResso. 

The CRISPR Cas9-E10 gene editing resulted in significant NHEJ for NCI-N87, 

with 57.1% and 41.0% of reads with NHEJ events, for biological replicates one and 

two, respectively (Figure 5.5.4A-B). This was ~1.5 fold lower than the Cas9-E10 gene 

editing in the MCF-7 WT bulk sorted cells (Table 5.3.2). For biological replicate one, 

46.7% of these NHEJ reads or 26.7% of total reads were insertions of one to two 

nucleotides, with an additional 27.9% of total reads made up of deletions between 

one and 24 nucleotides in length (Figure 5.5.4D). A similar number of reads were 

insertions for biological replicate two, but only 18.1% of total reads were deletions 

(data not shown).  

Table 5.5.1. NHEJ and frameshift mutations for the bulk sorted NCI-N87 cells. 

Target ID NHEJ % 
(total reads) 

Frameshift mutations % 
(total reads) 

 Replicate 1 Replicate 2 Replicate 1 Replicate 2 
     

Cas9-E10 57.1% 
(402) 

41.0% 
(9,711) 

83.8% 
(202) 

77.2% 
(4,494) 

     

E10 - PX458 1.2% 
(335) 

2.6% 
(7,384) 

4.5% 
(1) 

9.7% 
(807) 

     
E10 - Mock 0.9% 

(1,860) 
- 0% 

(0) 
- 

The total reads shown in parentheses are the sum of all reads which passed the 
quality thresholds for each sample. Replicates mentioned are biological replicates. 
The controls used were PX458 with no sgRNA inserted or a mock X-tremeGENE HP 
transfection, using the CDH1 exon 10 amplicon. A window size of 50 nucleotides 
was used for all bulk sorted samples. The mock transfection control was not sorted 
in biological replicate two. All values were calculated using CRISPResso as 
explained in Section 2.13.10. 
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Both of the negative controls had a low percent of NHEJ reads, with a mean of 

1.9% for E10-PX458, and 0.9% for the mock transfection control (Figure 5.5.4C and 

Table 5.5.1). Additionally, ~75% of these NHEJ events were due to single base pair 

substitutions, likely caused by sequencing or amplification errors (Figure 5.5.4E).  

Although there was a low transfection efficiency of 1.5% and 40-60% of total 

events were excluded from FACS – due to doublets, cellular debris and dead cells – 

CRISPR Cas9-E10 editing was successful in NCI-N87 polyclonal cells. Hence, the 

creation of a NCI-N87 monoclonal cell line was subsequently attempted. 
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Figure 5.5.4. Cas9-E10 causes NHEJ-induced indels in NCI-N87 cells. A) Integrative 
genomics view of the CDH1 exon 10 amplicon. The squished view is shown, with 
read one in pink and read two in purple. The dotted vertical lines represent the 
predicted cut site. Black horizontal lines are deletions and purple lines are 
insertions. Replicate one is shown. B-C) Comparison of NHEJ modified reads for the 
two biological replicates. B) Cas9-E10 samples. C) E10-PX458 control (PX458 empty-
sgRNA control for the CDH1 exon 10 amplicon). D-G) Biological replicate one is 
shown. D-E) NHEJ reads with insertions (purple), deletions (red), and substitutions 
(green) mapped to the reference amplicon position shown in Figure 5.2.1D. The 
black vertical lines represent the 50 bp window that mutations were quantified 
within and the dotted vertical lines the predicted cut site. D) Mutation position 
distribution of NHEJ for Cas9-E10. E) Mutation position distribution of NHEJ for 
E10-PX458 control. F-G) Reads with frameshift and in-frame mutations are classified 
based on any mutation that partially or fully overlaps the coding sequence, with 
mutations that do not overlap coding sequences classified as noncoding. F) 
Frameshift analysis for Cas9-E10. G) Frameshift analysis for E10-PX458 control. 
Figures were created using IGV and CRISPResso294. 
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5.5.2. Cas9-E10 monoclonal sort in NCI-N87  

The successful bulk sorting of Cas9-E10 edited NCI-N87 cells, confirmed CRISPR 

editing was possible in this cell line using current lab techniques. The next step was 

the creation of monoclonal cell lines. Transfection of Cas9-E10 and FACS was 

performed as previously described for NCI-N87 cells, except only a single-cell per 

well was sorted into 96-well plates. 

5.5.2.1. Poor single-cell survival post FACS 

Single cell survival post FACS for NCI-N87 with Cas9-E10 editing was poor, 

with only 11.25% of wells per plate having a GFP positive cell 2-8 hours after sorting 

(Figure 5.5.5) and only four of the bona fide GFP colonies surviving and growing into 

colonies for gDNA extraction (data not shown). These four colonies were sent for 

Sanger sequencing using the previously described alternative CDH1 exon 10 primers 

(Figure 5.4.4A and Supplementary Table B2), but all were of WT sequence (data not 

shown). 

The initial low single-cell survival was likely due to cells being in the sorting 

buffer for an extended period of time, decreasing their viability. This was because the 

low transfection efficiency resulted in a low number of GFP events sorted per 

second, and hence extended sorting times. There were a few possible reasons why 

92% of the bona fide GFP cells did not grow or survive to gDNA extraction as 

mentioned below (section 5.5.3.1). Briefly, these were: the use of conditioned 

medium; the use of edge wells; and a 70 µm nozzle size in the BD FACS Canto II. 

These possible causes were taken into account and changed for the second NCI-N87 

single cell sort in the following sub-section using Cas9n-E5. 
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Figure 5.5.5. Composition of NCI-N87, Cas9-E10 single cell sorting plates post 
FACS. NCI-N87 cells were single-cell sorted into fifteen 96-well plates, as described 
in Section 2.13.6. Percentages were calculated from 96 wells per 96-well plate, 2-8 
hours after sorting. The sorting conditions were subsequently optimised as 
explained in section 5.5.3.1. Cell and colony numbers mentioned were observed 
using 4x and 10x magnification under phase and FITC filters of an inverted 
fluorescent microscope. 

 
 
 
 
 
 
  



 291 

5.5.3. Cas9n-E5 monoclonal sort in NCI-N87 

With the intention of trying an alternative sgRNA for targeting CDH1, Cas9n-E5 

genome editing was undertaken as it also performed well in MCF-7 polyclonal cells 

(Table 5.2.3 and Supplementary Figure H8), and should have a reduced chance of 

off-targets occurring due to the dual nickases. Although it was not tested in NCI-N87 

bulk-sorted cells, the Cas9-E10 results verified that CRISPR editing was possible in 

this cell line.  

5.5.3.1. Improved single-cell survival post FACS 

After the previous monoclonal sort was unsuccessful, various conditions were 

changed to improve single-cell survival post FACS. To decrease the time cells were in 

the sorting buffer, cells were sorted in two sequential batches; the sorting buffer was 

also altered to decrease EDTA from 5 mM to 1 mM. To decrease clumping, cells were 

filtered through a 70 µm cell strainer. Initially the outer wells were used to sort cells, 

but as cells were grown in plates for around six weeks, edge effects were occurring 

and all cells were dying in the outer wells. Thus, in the second NCI-N87 single-cell 

sort this was changed to sort into only the interior 60 wells of a 96-well plate.  

Different media types were also examined over two passages for optimal cell 

growth with 10% v/v FBS – DMEM, DMEM/F12, RPMI 1640, and RPMI 1640 with 10 

mM HEPES and 1 mM sodium pyruvate. The last complete media formulation 

mentioned was found to have the fastest cell proliferation using the IncuCyte for 

real-time imaging (data not shown). To supplement the growth of single-cell colonies 

due to a need for secreted factors from neighbouring cells, conditioned medium was 

originally used. However, as the single-cell colonies appeared to survive no better 

with conditioned media than normal complete media (data not shown), 20% FBS 

serum was used instead. 

The altered sorting conditions resulted in 16.8% of wells per plate with a single 

GFP positive cell 2-8 hours post sorting (Figure 5.5.6), a 1.5 fold increase (p =0.054, 
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two-tails, unequal variance) compared to the previous sort. There was also an 

increase of 4.5% of wells per plate with greater than three colonies, possibly from 

decreasing the EDTA in the sorting buffer and an increase of 2.3% of wells per plate 

with autofluorescent artefacts (Figure 5.5.6). The increase in autofluorescent artefacts 

could be due to more cells breaking up during sorting, or autofluorescent mucus 

clusters403 that were inappropriately sorted, but this had no impact on the number of 

GFP-positive cells.  

The bona fide GFP colonies took 6-7 weeks to grow sufficiently for splitting into 

sister plates for gDNA plate-extraction and propagation compared to the 12-14 days 

for MCF-7 cells. In total, 71 NCI-N87 Cas9n-E5 samples were eventually gDNA 

extracted for NGS with a mean DNA concentration of 41 ng/µL (data not shown). 

 

Figure 5.5.6. Composition of NCI-N87, Cas9n-E5 single cell sorting plates post 
FACS. NCI-N87 cells were single-cell sorted as described in Section 2.13.6. 
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Percentages were calculated from 60 wells per 96-well plate, 2-8 hours after sorting. 
Cell and colony numbers mentioned were observed using 4x and 10x magnification 
under phase and FITC filters of an inverted fluorescent microscope. 

 

5.5.3.2. Cas9n-E5 gene editing fails in NCI-N87 monoclonal lines 

For the 71 NCI-N87 monoclonal lines which survived single cell sorting and 

were gDNA extracted, NGS libraries were created and sequenced as previously 

described. In total, 16 colonies were found to have NHEJ events, with a mean of 12% 

NHEJ reads quantified from NGS data using CRISPResso within a 50 bp window 

(data not shown). Unfortunately, all of these 16 colonies had only substitutions, and 

no deletions or insertions at the two predicted cut sites (Supplementary Figure H8). 

The low levels of substitutions were likely caused by either sequencing and 

amplification errors, or possibly the single-stranded nicking at one but not both sites. 

The NHEJ rates observed above the controls were due to multiple single base pair 

substitutions, each of which was < 1% of total reads and therefore not trustworthy. 

Therefore, since no deletions or insertions were observed at the predicted cut sites, 

none of these colonies were propagated further for characterisation. 
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5.6. DISCUSSION 

The aim of the research presented in Chapter 5 was to create E-cadherin 

knockout cell lines using the CRISPR-Cas system in order to further study the effect 

of E-cadherin loss on sensitivity to the novel compounds identified in Chapter 4.  

Although CRISPR editing was successful in MCF-7 and NCI-N87 cell lines using 

a polyclonal approach, attempts to create monoclonal CDH1-/- lines were 

unsuccessful.  

The following discussion contains a general examination of the Chapter 5 results 

including limitations of the methods used, possible reasons why the gene editing of 

monoclonal cell lines failed and future directions. 

5.6.1. CRISPR-Cas sgRNA designs 

There are numerous guidelines and standard rules of thumb to follow in order to 

design an optimal target site for CRISPR-Cas efficacy, as described in Section 1.3.2. 

Some are well established such as including a guanine immediately 5’ of PAM267 for 

on-target efficacy, and others do not yet have universal consensus, such as the initial 

guideline of targeting close to the N-terminal for knocking out gene 

expression277,278,283. Additionally, some exons and genes have no active sgRNA targets 

because certain cellular contexts or sequence properties such as local chromatin 

structure268 mean that some segments of DNA are difficult to target. Hence, the 

optimal design guidelines for sgRNA target sites are constantly being re-written and 

optimised. Although the current sgRNAs were designed to include best practices for 

on and off target activity267, the predictive model and criteria for sgRNA target sites 

have since been updated and optimised in a subsequent publication278. 

Encouragingly, retrospective analysis of the original target sites chosen, show that all 

except Cas9-E3 retained high on-target Doench Rule Set 2 scores (Table 5.2.2) and 

hence were appropriately designed. 
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5.6.1.1. Targeting CDH1  

In choosing which exons to target using CRISPR-Cas9(n) to create loss-of-

function mutations in CDH1, patient data from HDGC families and sporadic cancers 

were first examined. E-cadherin loss is involved in numerous cancers and for gastric 

carcinomas8,404-406, endometrium, ovarium141 and lobular breast cancer146,147,149, 

numerous non-silent mutations are distributed throughout the CDH1 gene and hence 

there is not one particular hot spot to design sgRNA targets against. 

Therefore, in the current study we designed multiple target sites spanning the 

length of the CDH1 gene to compensate for any as-yet-unknown gene-specific 

limitations such as chromatin accessibility268. The sgRNA sites with the highest score 

derived from the Doench et al method267 were chosen for validation in MCF-7 bulk 

sorted cells. The sgRNAs designed against exons 3, 5, 10 and 12 were therefore 

targeted as they were in the top 3% most active sgRNAs. 

5.6.2. Alternative methods to create CDH1 knock-out cell lines 

This dissertation has focussed on two options of knocking out a gene using 

CRISPR-Cas9 and Cas9n via NHEJ error-prone repair. Yet there are now numerous 

alternative CRISPR based methods as explained in Section 1.2.9, such as Cpf1 which 

has a different preferred PAM sequence of NTT compared to NGG for Cas9(n)244-247. 

Perhaps the best alternative method for future studies would be to use ‘high fidelity’ 

SpCas9-HF1242 or ‘enhanced’ eSpCas9243 which have reduced off-target effects 

compared to Cas9. 

In addition to CRISPR for knocking out a gene of interest, methods such as zinc 

finger nucleases (ZFNs)252-256 and transcription activator-like effector 

nucleases (TALENs)257-261 were well established before the advent of CRISPR. 

However, compared to the CRISPR system, ZNFs did not have the breadth of 

coverage of possible target sites within the genome, and both ZNFs and TALENs do 

not have the same relative ease of use. 
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Homology directed repair (HDR)  can also be exploited to create knock-out cell 

lines by using an appropriate DNA insert to introduce stop codons and form 

truncated proteins (Supplementary Figure H9). The inhibition of key NHEJ 

modulators – KU70, KU80 or DNA ligase IV, by a compound such as SCR-7251,407 or 

gene silencing via short hairpin RNA (shRNA)407 can promote HDR at the expense of 

NHEJ, thus increasing the likelihood of donor sequence insertion. 

5.6.2.1. Short hairpin RNA knock-down of CDH1 in NCI-N87 cells 

Knock-down of E-cadherin expression was also achieved using GIPZ lentiviral 

shRNA in NCI-N87 cells (Supplementary Figure H10). Although CDH1 mRNA was 

significantly knocked-down as determined by qPCR, this was not sufficient to 

significantly decrease protein levels and so these cell lines were not further used in 

this thesis. Small interfering RNA (siRNA) knock-down was also investigated, but as 

NCI-N87 cells have a poor transfection efficiency this was not continued.   

5.6.3. Next-generation sequencing for quantification of CRISPR gene 
editing 

NGS was used to quantify the CRISPR induced indels as it is the most accurate 

option and there is a wealth of NGS knowledge and experience in our laboratory. 

Paired-end dual index NGS libraries were generated using a two-step PCR with 

custom second-round adaptors to work with the Illumina MiSeq v2 and v3 kits. 

Various combined-project libraries were run on the MiSeq platform (Supplementary 

Table H9) as the cost per sample is dramatically decreased and the resulting data was 

analysed using an optimised CRISPResso pipeline.  

5.6.3.1. PCR amplification and MiSeq sequencing errors 

To address any bias from sequencing errors resulting in false positives, unedited 

negative controls were included in the NGS runs. However, a high false positive 

NHEJ percent of 3-9% was observed for the mock transfection and empty-sgRNA 

constructs for PX458 and PX461 in the first run for the bulk sorted MCF-7 cells. This 
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was due to PCR amplification and MiSeq sequencing errors resulting in a high 

substitution error rate and the false positive calls.  

PCR amplification errors can be caused by PCR bias, due to unequal 

amplification of PCR products408,409; and/or too many PCR cycles408,410 leading to PCR 

errors from the accumulation of DNA polymerase mismatches411. 

Sequencing errors can be due to primer design, template impact (e.g. motifs), 

library preparation (e.g. single index vs dual index), or MiSeq-specific errors397. Since 

substitution errors which caused the false positive calls are the major source of errors 

for Illumina sequencing412 these were addressed first. MiSeq specific errors can be 

caused by i) a similar emission spectra of fluorophores (A and C are red, G and T are 

green), ii) phasing (cluster lags behind), and iii) pre-phasing (synthesis advances too 

fast). The increased error rates observed towards the ends of ‘Read 1’ and ‘Read 2’ 

are likely due to the accumulation of phasing and pre-phasing events throughout the 

sequencing process397 – although these were later controlled for by stringent quality 

filters.  Template impact from motifs was also observed (Figure 5.2.5E), but a 

window size of 20-50 bp around the predicted cut site meant that these errors were 

excluded from the analysis.  

In order to simulate MiSeq-specific sequencing errors, Pinello and colleagues294 

used the software ‘ART’413 to create artificial reads. Then using CRISPResso, they 

found that reducing the window size was able to significantly reduced false positive 

calls. Therefore, it is likely sequencing errors contributed insignificantly to the high 

rate of false calls observed for the MCF-7 bulk run, due to the small window size of 

20-50 bp in which mutations were quantified. In addition, errors were reduced by 

trimming reads by 10 bp and by overlapping paired-end reads. 

The most likely cause of the substitution errors were therefore from PCR 

amplification. For example, PCR bias due to unequal amplification of PCR 

products408,409 likely caused the Cas9-E3 control to have reduced false positive calls 
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compared to other MCF-7 control samples and for the different NHEJ rates observed 

between technical replicates in Table 5.3.2. This initial high false positive error rate 

was reduced to 1-3% in subsequent experiments (Table 5.3.2 and Table 5.5.1). This 

was achieved by reducing the number of PCR cycles from 30 to 25 thereby reducing 

the accumulation of DNA polymerase errors and by using the KAPA HiFi HotStart 

ReadyMix DNA polymerase. According to the manufacturer this DNA polymerase 

has the lowest error rate of B-family DNA polymerases of 2.8 x 10-7 errors/nucleotide 

incorporated. 

5.6.3.2. Alternative methods to semi-quantify CRISPR editing 

As previously mentioned, NGS was chosen as it is fast, sensitive and can 

accurately quantify CRSIPR gene editing for large numbers of samples. However, 

alternative methods are available for the semi-quantification of NHEJ-repaired 

CRISPR editing such as i) mismatch cleavage assay, ii) PCR amplification and gel 

electrophoresis, and iii) PCR amplification, subcloning, and Sanger sequencing. 

The first enzymes used for the enzyme mismatch cleavage assay were 

bacteriophage resolvases such as T7E1414,415 414 and recently other enzymes have also 

been used such as the SurveyorTM nuclease238. These enzymes cleave non-perfectly 

matched DNA and combined with PCR and agarose gel electrophoresis can be used 

as a semi-quantitative method to assess NHEJ-mediated mutations and double-

strand breaks (DSBs). Although these assays are relatively inexpensive, they are 

unable to reliably detect low mutation events and have a detection limit of 5-20%416. 

They would therefore not be sensitive enough to assess CRISPR editing of polyclonal 

populations of cells. 

The second alternative method uses PCR amplification of the region of interest 

and is only applicable to large deletions, unless two Cas9 nucleases are used in 

tandem to remove a large segment of DNA270. Primers are designed to flank and 

overlap the large segment to be deleted so that different sized products produced 
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from the two DSBs can be identified on an agarose gel. However, this requires both 

sgRNA sites to have high on-target activity.  

Nonetheless, these methods still require a form of sequencing to validate the 

results. The third option of either sub-cloning of PCR products for Sanger 

sequencing, or directly Sanger sequencing samples295 can be applicable to large 

sample sizes, but the cost of Sanger sequencing large numbers of samples is 

prohibitive. Furthermore, Sanger sequencing cannot assess CRISPR editing of 

polyclonal populations of cells. 

5.6.4. Validation of CRISPR laboratory techniques 

Cas9-EMX1 was used to validate the laboratory techniques used to create 

CRISPR-induced mutations, as this particular EMX1 target site has been used in 

numerous cell lines and laboratories229,238,271,288,396. Cas9-EMX1 successfully modified 

bulk sorted MCF-7 cells with a mean of 81.3% NHEJ editing occurring within 10 bp 

either side of the predicted cut site. Taking into account the NHEJ percentage for the 

Cas9-EMX1 control of 8.6%, this gives an indel percentage of 72.8% and a mean of 

62.4% of reads being frameshift indels. 

The indel percentage calculated from MCF-7 cells using Cas9 and NGS analysis 

in this thesis was higher than rates calculated elsewhere using different cell lines. For 

example, Fu et al271 calculated indel mutation frequencies for the same EMX1 target 

site of 42.1%, 26.0% and 10.7% for U2OS.EGFP, HEK293 and K562 cell lines using the 

T7E1 assay415. Using NGS analysis Kim et al396 calculated an indel frequency of 61.6% 

in HeLa cells and Hsu et al229 calculated indel percentages of 16%, 36% and 48% using 

HEK293FT cells. The various NHEJ rates observed are due in part to the different 

methods used and the different amounts of Cas9 transfected and transcribed229,238 

which has not been normalised for. Evidently, NHEJ frequencies vary widely 

depending on the cell line, thus cell-type-specific chromatin states likely play a role 

in the different indel percentages observed. 



 300 

5.6.5. Evaluation of Cas9-E10 editing in MCF-7 cells 

The optimal sgRNA target site from the four CDH1 exons targeted was decided 

using a bulk sorting approach of MCF-7 cells. The Cas9-E10 gene editing was 

identified as the optimal sgRNA target site as it resulted in the highest mean NHEJ 

percent for the CDH1 sgRNA’s of 73.1%, as well as the highest percent frameshift 

mutation events of 72% for the two biological replicates. 

MCF-7 monoclonal cell lines were then created using Cas9-E10. Interestingly, 

colonies 16 and 52 had the same large mutation in one copy of CDH1 (Figure 5.3.5). 

This large 168 bp mutation would produce a truncated protein of 496 amino acids. 

For all three colonies there were also an adenine insertion leading to a premature 

termination at position 482 in the second copy of CDH1, and a 9 bp in-frame deletion 

in the third copy. Although two of the three copies of CDH1 in the three MCF-7 

monoclonal cell lines had severe mutations resulting in a severely stunted protein, 

the 9 bp in-frame deletion did not result in the removal of any conserved sequences. 

This ultimately allowed for the expression of functional E-cadherin proteins, as 

shown by western blot and immunofluorescence. 

5.6.5.1. E-cadherin loss in monoclonal cell lines may decrease cell survival 

One possible explanation for the similar mutation profiles observed at different 

frequencies seen for the three MCF-7 monoclonal cell lines is that although various 

mutations would have occurred, those cells with complete E-cadherin loss did not 

survive to gDNA plate-extraction due to a combination of reduced cell-substrate 

attachment and the stresses post single-cell sorting. In MCF10A CDH1-/- cells, E-

cadherin loss results in reduced cell-substrate attachment and a significant increase 

in unadhered cells2,307,417. Hence, for the CRISPR edited MCF-7 monoclonal cells, E-

cadherin loss could have caused cells to float off during media changes or die from 

anoikis post single-cell sorting. For example, between the first 2-8 hours and 12-14 

days after sorting, there was a significant decrease (p= 2.4 x 10-11) from 53.5% to 
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19.8% of wells per plate for the GFP-verified MCF-7 single cell colonies. Those cells 

with CDH1 mutations that did survive to gDNA plate-extraction, were viable 

because they did not lead to the complete loss of E-cadherin as shown by western 

blots and immunofluorescence.  

In the bulk sorted cells, CRISPR-edited polyclonal cells were able to survive post 

FACS and gene editing, due to numerous cell-cell contacts and pro-survival signals 

from neighbouring cells. 

To address this theory of reduced cell-substrate attachment causing decreased 

single-cell survival post FACs, 96-well plates were coated with one of four ECM 

proteins – collagen I, fibronectin, laminin or vitronectin. However, the ECM coatings 

did not increase single-cell survival in CRISPR-edited MCF-7 cells (data not shown). 

The change in cell-substrate adhesion using the iCELLigence platform and 

fibronectin coating was also examined for colonies 16, 52 and 71, but there was no 

change observed (data not shown). Therefore, for MCF-7 cells with CDH1 gene 

editing it may not follow that reduced cell-substrate adhesion causes reduced cell 

viability.   

5.6.6. NCI-N87 CRISPR editing was successful, but generation of single-
cell colonies was not 

The CRISPR Cas9-E10 gene editing of CDH1 in the GFP bulk sorted cells resulted 

in significant NHEJ editing. For the polyclonal NCI-N87 cells the NHEJ percent was 

~1.5 fold lower than the MCF-7 bulk sorted cells. This was possibly because of the 

wider GFP gate used during sorting of NCI-N87, thereby allowing the sorting of cells 

with lower GFP fluorescence which are more likely to be false positives.  

Unfortunately, CRISPR Cas9-E10 editing of monoclonal lines failed at the first 

attempt as cells did not grow or survive to the gDNA plate-extraction stage. In the 

subsequent CRISPR Cas9n-E5 gene editing attempt various optimisations 

(mentioned in the following sections) were employed and 71 NCI-N87 Cas9n-E5 
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samples survived to gDNA plate-extraction. However, none of the monoclonal 

samples had legitimate Cas9n-E5 editing of CDH1. The only alterations observed 

were low levels of multiple single base pair substitutions, each of which was < 1% of 

total reads.  

5.6.7. Optimisations to improve transfection efficiencies of NCI-N87 cells 

A multitude of factors such as low transfection efficiency and low single-cell 

survival were responsible for the low numbers of NCI-N87 monoclonal cells 

surviving to gDNA plate-extraction. This meant that the chances of identifying 

CDH1-/- cell lines were reduced. As such, these factors were optimised and 

alternative approaches are put forward.  

NCI-N87 cells were very hard to transfect with the CRISPR plasmid constructs, 

with initial transfection efficiencies of 0.6%. For the CRISPR project to continue 

transfection efficiencies needed to be optimised. Although a low transfection 

efficiency was acceptable for FACS, the resulting wider GFP sorting gate likely 

introduced more false positives and the increased time to sort cells resulted in a 

reduction of viable cells post sorting. Additionally, the Cas9n-E5 strategy required 

co-transfection of both Cas9n-E5A and Cas9n-E5B plasmids for DSBs to occur. But 

the low transfection efficiency and wider sorting gate could have resulted in the 

sorting of cells with only one of two Cas9n-E5 constructs. 

Previous protocols have used Lipofectamine to transfect siRNA418, but this was 

pursued with little success using Lipofectamine 2000 and Lipofectamine 3000 to 

transfect pDNA. Instead, various conditions and time points were optimised using 

X-tremeGENE HP to achieve the highest transfection efficiency for NCI-N87 cells of 

1.5%. Although this was adequate for FACS, a higher efficiency was desired, and so 

alternative methods were attempted and considered. 
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5.6.7.1. Alternative methods of pDNA entry into mammalian cells 

Electroporation of the PX458 pDNA using the Invitrogen Neon system was 

attempted in 24-well plates using the manufacturer’s recommendations and in-house 

regeneration of the gold-plated Neon tips419. Yet after substantial optimisation, we 

were unable to achieve higher transfection efficiencies than X-tremeGENE HP (data 

not shown). Due to the higher cost of performing electroporation, this transfection 

system was not continued.  

An additional approach for delivery of the CRISPR system into mammalian cells 

would be to use viral vectors as they work in a variety of hard to transfect cells. 

Transduction with lentiviral vectors is one option420,421, but this requires Bio-safety 

Level II containment422,423. A lentiviral system for stable transfection via incorporating 

the lentiviral genome was not considered as we did not want CRISPR constitutively 

cutting. A lentiviral inducible system could be used424, however would likely still 

leak expression in the absence of doxycycline.  

In comparison, the adeno-associated virus (AAV) system is non-pathogenic, can 

be transient425 and has been used for CRISPR editing in vitro and in vivo426,427. The 

practical packaging limits for lentivirus and adenovirus are ~8 kb421 and 5 kb428, 

respectively. This would be a problem as the current all-in-one PX458 and PX461 

plasmids with GFP selection are 9.3 kb, and would therefore not be packaged. 

Packaging the SpCas9 (4.2 kb) and its sgRNA in a single vector or rationally-

designed truncated forms of SpCas9427 are possible in a conventional single-stranded 

AAV vector plasmid (5 kb limit). Furthermore, a Cas9 orthologue from Staphylococcus 

aureus (SaCas9) has been identified426,429 which is 3.1 kb and so can be efficiently 

packaged by the AAV system. Due to time constraints, an AAV approach was not 

undertaken, but would be recommended for future directions. 
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5.6.8.  Optimisations to improve survival post single-cell sorting for NCI-
N87 cells 

The low numbers of NCI-N87 monoclonal cells surviving post single-cell sorting 

resulted in a reduced chance of identifying CDH1-/- monoclonal cell lines. Initially, 

CRISPR Cas9-E10 editing of monoclonal lines failed at the first attempt as only 

11.25% of wells per plate had a GFP positive cell after sorting and only 8% of the bona 

fide GFP cells survived to the gDNA plate-extraction stage. Subsequently, CRISPR 

Cas9n-E5 gene editing was attempted and with various optimisations mentioned in 

Section 5.5.3.1, there was a 1.5 fold increase (p =0.054) of single GFP positive cells. 

This led to 71 NCI-N87 Cas9n-E5 samples surviving to gDNA plate-extraction. 

Although there was a careful selection of the GFP gate during FACS, gating of 

single-cells could also have been improved, as not enough doublets were gated out 

during the single-cell sorting. For example, for MCF-7 cells 12-14 days post sorting, 

the ‘GFP cell + WT cell’ were 17.6% of the total wells per plate. Additionally, 

although the Zombie NIR viability dye was used, the addition of FBS in the sorting 

buffer inhibited the dye. Therefore, any cell death occurring after the addition of FBS 

– e.g. from extended time in the sorting buffer – would not have been gated out.  

While the survival of single-cells was increased by 1.5 fold, overall survival was 

still lower than desired and so alternative methods were investigated and attempted. 

5.6.8.1. Alternative single-cell sorting methods 

FACS is fast and accurate at sorting single cells compared to alternative 

methods, however it also stresses cells. Using GFP selection, a limiting dilutions 

method was also tried (data not shown). This involves plating cells at one cell per 

well in 96-well plates and expanding the colonies that survive. However, this 

approach was not continued as although it is simple and inexpensive, it is also 

extremely tedious and inefficient as the majority of wells do not have single cells. 



 305 

There is also a high likelihood of mixed clones as a result of sorting multiple cells 

into a single well. 

 A micropipette for selecting single GFP-positive cells and dispensing one cell 

per well into a 96-well plate was also attempted (data not shown), but was found to 

be too tedious and inefficient for large scale experiments. 

Puromycin selection in combination with cloning rings or trypsin discs could be 

employed instead of GFP selection and FACS. This would be achieved with 

alternative CRISPR all-in-one plasmids such as PX459 for Cas9 or PX462 for Cas9n 

which have puromycin selection instead of GFP238. In this alternative method, cells 

are seeded sparsely in 10 cm dishes with puromycin selection, and allowed to 

expand and form colonies. This method was not attempted as it required the creation 

of new plasmids with the correct sgRNAs inserted, but would be a recommended 

future direction. 

5.6.9. E-cadherin gene copy number in mammalian cell lines 

For the complete removal of genes using systems such as CRISPR, gene copy 

number presents a challenge as multiple copies must be edited for a homozygous 

knock-out. In addition, a correlation between high copy number genes and a 

reduction in cell viability after gene editing has been observed430.   

MCF-7 cells have amplifications of numerous regions, and have three copies of 

CDH1 according to the catalogue of somatic mutations in cancer (COSMIC)385. The 

karyotype for NCI-N87 is near diploid383, and according to COSMIC there are two 

copies of CDH1 in NCI-N87 cells385. Gene copy number was therefore likely to be 

more of a complicating factor in editing MCF-7 than NCI-N87 cells.  
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5.6.10.  Current literature targeting CDH1 using CRISPR 

Since the creation and identification of four CDH1 sgRNA target sites outlined in 

this thesis, two papers targeting CDH1 for CRISPR genome editing have been 

published431,432.  

Sakuma et al431 targeted the intergenic region between CDH1 exons 1 and 2 and 

achieved a 32% NHEJ editing rate as calculated from a semi-quantitative cleavage 

assay in HEK293T cells using Lipofectamine. Al-Ahmadie and colleagues432 targeted 

exon 3 of CDH1 using a lentiviral approach in two bladder cancer cell lines (RT4 and 

MGHU4). Intriguingly, they used the same sgRNA target site as we have used of 

Cas9-E3 (Table 5.2.1 and Supplementary Table B3). Although Al-Ahmadie et al did 

not report how they designed the target sites, it is highly likely they also used the 

Doench et al267 method. To date, there have been no normal monoclonal cell lines 

created using a transient CRISPR editing approach for CDH1 biallelic knock-out. 

5.6.11.  Summary 

This study set out to create isogenic cell lines with and without CDH1 expression 

for studying SL interactions of the novel compounds 8 and 11, for the treatment of 

cancers with E-cadherin loss. We identified and validated four sgRNA target sites 

against CDH1 and successfully edited MCF-7 and NCI-N87 polyclonal cells using the 

optimal CDH1 target site Cas9-E10 via a bulk sorting approach.  

Unfortunately, attempts to create CRISPR induced CDH1 knock-outs in NCI-N87 

and MCF-7 monoclonal cell lines were unsuccessful. The additional approaches 

outlined will be required to finish creating these new CDH1-/- isogenic cell lines. 
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FUTURE DIRECTIONS 

The findings of this thesis provide significant advances towards the treatment of 

cancers associated with the loss of the tumour suppressor protein E-cadherin. We 

have demonstrated that E-cadherin loss within early stage cancer cells provides a 

unique Achilles' heel to target using a SL approach. The novel SL compounds 

identified in this thesis have broad chemotherapeutic uses in targeted cancer 

treatment. Additionally, further isogenic cell lines with and without CDH1 

expression for studying SL interactions were developed. 

The results described in this thesis provide the foundation for the eventual 

prevention and treatment of both sporadic and hereditary LBC and DGC. Of course, 

further work to create clinically effective drugs is required. Typically, for a drug to 

reach the market, it will take 10-15 years, over 100 scientists and cost around $4 

billion NZD433. The first steps required for compounds 8 and 11 are target 

identification and rational drug design via iterative SAR studies. Following this, in 

vitro assays investigating toxicity and pharmacokinetic properties will be required.  

To bridge the gap between classic in vitro monolayer cell models and in vivo 

mouse models, three-dimensional (3D) spheroids434 and gastric organoid cultures435-

437 will be utilised. The MCF10A WT115,304,,438 and MCF10A CDH1-/-2 cell lines will be 

used to form polarised and glandular structures in vitro that resemble interlobular 

ducts of normal breast tissue in vivo. Gastric organoid cultures have been previously 

used to model hereditary gastric cancer439. Our laboratory is currently developing a 

CDH1-/- organoid system using neonatal mouse gastric tissue in an air-liquid 

interface coupled with a 3D collagen matrix440. Similar to the MCF10A isogenic cell 

lines, the stomach organoids will be relevant models for studying HDGC 

chemoprevention since T1a gastric foci present as genetically homogenous CDH1-/- 

and are unlikely to have other genetic changes6.  
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Analogues with a significant effect in the spheroid and organoid systems will 

subsequently be tested in mouse models. A new HDGC model with an inducible 

homozygous Cdh1 knockout in mouse gastric stem cells is currently being developed 

by our laboratory to recapitulate the development of T1a SRCC in HDGC initiation. 

This model is required because E-cadherin knock-out is embryonically lethal in mice 

and mice rarely develop spontaneous gastric cancer – even Cdh1 heterozygote mice 

have a tumour development rate equivalent to WT6.  

After validation in the mouse model, chemopreventive clinical trials could then 

assess the effectiveness of the optimised compounds in humans. Chemopreventive 

drugs could first be given to patients with pathogenic CDH1 mutations who have 

elected to have a total prophylactic gastrectomy. This could be achieved in the typical 

3-6 month window between the decision to have a prophylactic gastrectomy and 

surgery. After the procedure, detailed pathological examination of the resected 

stomach to determine the presence or number of SRCC foci could then be 

undertaken. Since 100% of CDH1 mutation carriers have at least one foci10,89 – with a 

mean of ~30 (P Guilford personal communication), but ranging up to 31886 – a drug 

whose use consistently results in very few or no foci being observed could then be 

considered for a larger trial with HDGC patients who are delaying surgery for a 

period of years. 

 

In conclusion, the findings of this thesis prove that CDH1 loss creates druggable 

vulnerabilities that can be specifically targeted using a SL approach. We have 

discovered numerous novel SL compounds with the ability to kill cells which lack E-

cadherin, but not cells with normal levels of E-cadherin. Once optimised, these novel 

compounds have the potential to become effective drugs in the fight to improve the 

outcomes of both sporadic and familial LBC and DGC. 
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APPENDICES 

APPENDIX A LABORATORY SOLUTIONS 

All H2O used to prepare solutions was of Type 1 quality prepared using a Milli-Q 

ultrapure water purification system. 

A1  General solutions 

4% w/v Paraformaldehyde (PFA) 

Formaldehyde is toxic, gloves and safety glasses should be worn and solutions made 

inside a fume hood. 

Dilute 4 g PFA in 100 mL PBS in a glass beaker. Use a hot plate set to 60˚C, with a 

magnetic stirrer, take care that the solution does not boil. Add 1 N NaOH dropwise 

until solution clears (raise pH). Check the pH, and adjust it with small amounts of 

dilute HCl to approximately 6.9. Filter through 0.2um filter. Store at 4˚C for 1 week or 

-20˚C for 1 year. 

Phosphate Buffered Saline (PBS)  

One PBS tablet was added to 100 mL H2O and then autoclaved. 

A2  Western blot solutions 

1.5 M Tris-HCL pH 8.8  

Weigh 9.075 g Tris and add 25 mL H2O, pH balance to 8.8 with HCL using the Hi 

9321 Microprocessor pH meter and make to a total volume of 50 mL with H2O, store 

at 4°C. 
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0.5 M Tris-HCL pH 6.8  

Weigh 3.0285 g Tris and add 25 mL H2O, pH balance to 6.8 with HCL and make to a 

total volume of 50 mL with H2O, store at 4°C. 

Ammonium Persulphate (10% w/v) 

Weigh 0.03 g ammonium persulphate and add H2O to 0.3 mL. 

Bromophenol blue (0.5% w/v) 

Weigh 0.05 g Bromophenol blue and add H2O to 10 mL. 

Sodium dodecyl sulphate (SDS) (10% w/v) 

Weigh 50 g SDS and add 400 mL H2O. Heat to 68°C. Adjust pH to 7.2. Adjust volume 

to 500 mL with H2O. 

Components for 2x SDS polyacrylamide gels 
 
Supplementary Table 5.6.1. Resolving gel. 

 12%  10%  
 2x 2x 
40% Acrylamide (mL) 3.0 2.5 
1.5M Tris-HCl (mL) 2.5 2.5 
H2O (mL) 2.9 3.4 
Glycerol (mL) 1.5 1.5 
10% w/v SDS (µL) 100 100 

  Mix all of the above in order 
TEMED (µL) 5 5 
Fresh 10% w/v APS (µL) 50 50 
Total (mL) 10 10 

Mix ingredients in beaker, add TEMED and fresh APS last, then add to casting frame.  
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Supplementary Table 5.6.2. Stacking gel. 

 2x 5x 10x 
40% Acrylamide (mL) 0.625 1.875 3.75 
0.5M Tris-HCl (mL) 1.295 3.885 7.77 
 H2O (mL) 2.990 8.9925 17.985 
10% w/v SDS (µL) 50 150 300 
0.5% w/v Bromophenol blue (µL) 10 15 30 

Mix all of the above in order  
TEMED (µL) 5 7.5 15 
Fresh 10% w/v APS (µL) 25 75 150 
Total (mL) 5 15 30 

Mix ingredients in beaker, add TEMED and fresh APS last, then add on top of resolving 

gel. 

10x Running buffer 1 Litre (Stock) 

Weigh 30.3 g Tris, 142.6 g glycine, and 10 g SDS. Make up to 1 L with H2O. Stir with 

magnetic flea in order to get all reagents into solution.  

1x Running buffer (Working) 

Add 100 mL 10x Running buffer to 900 mL H2O to give final concentrations of 25 

mM Tris-HCL, 190 mM glycine and 0.1% w/v SDS. 

10x Transfer Buffer 1 Litre (Stock) 

Weigh 30.3 g Tris, 142.6 g glycine, and 5 g SDS. Make to 1 L with H2O, stir with 

magnetic flea. 

1x Transfer buffer (Working) 

Add 100 mL 10x Transfer buffer to 100 mL methanol, and 800 mL H2O, store 4°C. 

This gives final concentrations of 25 mM Tris-HCL, 190 mM glycine, 0.05% w/v SDS, 

and 10% v/v methanol. 

PBS 0.2% v/v Tween-20 (PBS-T) 

Add 2.0 mL Tween-20 aka polyoxyethylene-sorbitan monolkrate, to PBS to a final 

volume of 1 L. 
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Blocking Buffer 

Weigh 5 g skim milk powder (Low-fat) and add PBS-T to a final volume of 100 mL. 

This gives a solution of 5% w/v skim in PBS-T. 

10x Tris buffered Saline 1 L Stock (TBS) 

Weigh 24 g Tris-HCl, 5.6 g Tris base and 88 g NaCl. Dissolve reagents in 900 mL 

H2O, adjust to pH 7.6. Add  H2O to a final volume of 1 L. 

1x Tris buffered Saline (TBS) 

Add 100 mL of 10x TBS to 900 mL H2O, adjust pH to 7.6. This gives final 

concentrations of 20 mM Tris and 150 mM NaCl. 

5x Protein loading buffer 

Weigh 1 g SDS (10% w/v final), 0.005 g Bromophenol Blue (0.05% w/v final) and add 

5 mL glycerol (50% v/v final), and 2.5 mL of 0.5 M Tris-HCL pH 6.8 (250 mM final). 

Aliquots of 750 µL 5x stocks were made, and when ready to use 250 µL 2-

mercaptoethanol (25% v/v final) was added. 

A3  DNA electrophoresis solutions 

10x Tris-acetic acid-EDTA (TAE) 2 L stock 

Weigh 96.65 g Tris, 8.2 g sodium acetate anhydrous and 7.6 g EDTA. Dissolve in 1.5 L 

H2O, adjust to pH 7.9 and add 50 mL glacial acetic acid, then make to 2 L with H2O. 

1x TAE 

To make 1x TAE, 2 L of 10x TAE was added to 18 L H2O and 0.5 mL 10 mg/mL 

ethidium bromide. 
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5x DNA loading buffer 

Weigh 25 mg xylene cyanol (0.25% w/v), 4 g sucrose (40% w/v) and add H2O to 10 

mL. Store 4°C.  

A4  FACS solutions 

Sorting buffer 

Weigh 0.058 g edta (100 mm) and add H2O to 2 ml. mix 0.5 ml of 100 mm EDTA (5 

mm final) for MCF-7 cells, or add 0.1 ml of 100 mm EDTA (1 mm final) for NCI-
N87 cells, with 0.25 ml 1 m HEPES (25 mm final), add PBS to 10 ml. Sterilize with a 
0.2 µm filter and store at 4˚c. 
 
Sorting buffer with 1% v/v FBS 

Add 50 µl of 100% fbs into 4.95 ml of sorting buffer, 0.2 µM filter sterilize and store 
at 4°C. 

A5  Cell culture solutions 

Hydrocortisone (1 mg/mL)  

Weigh 50 mg hydrocortisone powder and dissolve in 25 mL 100% analyatical grade 

ethanol, add ultra-pure distilled H2O to 50 mL and store aliquots at -20°C.  

Cholera Toxin (1 mg/mL)  

Resuspend 1 mg cholera toxin powder in 1 mL ultra-pure distilled H2O and store 50 

µL aliquots at 4 °C.  

Insulin (100 IU/mL stock)  

Insulin was filter sterilised using a 0.2 µm cellulose acetate syringe filter and aliquots 

stored at 4°C.  

EGF (100 µg/ml)  

Resuspend 1 mg EGF in 10 mL ultra-pure distilled H2O and store aliquots at -20°C.  
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A6  Resazurin solutions 

Cell Titer Blue – 500 mL 

Weigh 75 mg resazurin (597 µM final), 12.5 mg methylene blue (78.17 µM final), 

164.5 mg potassium hexacyanoferrate III (1.0 mM final), and 211 mg potassium 

hexacyanoferrate II trihydrate (1.0 mM final).    

Alamar Blue – 500 mL 

Weigh 44.26 mg resazurin (440 µM). 

For both CTB and AB solutions, dissolve components one by one in 400 mL of sterile 

PBS, then add PBS to 500 mL. Work in a tissue culture hood, so that the solution 

remains sterile. Sterilise the solution using a 500 mL Rapid-Flow 0.22 µm filter unit. 

Aliquot solution into 50 mL Falcon tubes and cover with tinfoil, or alternately aliquot 

into light-resistant plastic bottles (which have been autoclaved).  

Store aliquots at -20°C. It is very important that the solution is not exposed to light 

during storage. For working stocks, store at 4°C. If stored at 4°C and in the dark, the 

solution should work fine for at least one week. 

A7  CRISPR protocol solutions 

LB – 500 mL 

To one clean 1 L Schott bottle, add 5 g NaCl (171.1 mM final), 5 g tryptone (1% w/v), 

2.5 g yeast extract (0.5% w/v) and H2O to 500 mL. 

LB agar plates – 500 mL 

To one clean 1 L Schott bottle, add, 5 g NaCl (171.1 mM final),  5 g tryptone (1% w/v),  

2.5 g yeast extract (0.5% w/v), 7.5 g Agar (1.5% w/v) and H2O to 500 mL. 

Swirl to mix the components and autoclave for 20 minutes. Allow the agar solution 

to cool to 55°C in a water bath and add the appropriate amount of antibiotic to the 
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solution just before pouring plates (For example, 100 µg/mL ampicillin), swirl to mix. 

When pouring plates, keep the bench area sterile by working near a flame or bunsen 

burner. Pour ~20 mL of LB agar per 10 cm polystyrene Petri dish – this should make 

about 25 agar plates. If bubbles are introduced during the pouring, these can be 

removed by passing the flame of an inverted bunsen burner over the surface of the 

plate. Place the lids on the plates and allow them to cool for 30 - 60 minutes at RT, 

then invert the plates. Let sit for several more hours or overnight. Store in plastic 

bags or sealed with parafilm at 4°C for up to two weeks.  

Transformation buffer (TB) – 1.2 L 

In four separate conical flasks, weigh 0.908 g PIPES (10 mM),  0.662 g CaCl2.2H2O  

(15 mM), 5.592 g KCl  (250 mM) and 3.255 g MnCl2.4H2O (55 mM).  

Transfer each chemical to a separate flask and add H2O to 300 mL. Mix the PIPES, 

CaCl2 and KCl solutions first, then pH to 6.7 with KOH and add the MnCl2 solution 

to give a total volume of ~1.2 L. Filter sterilise (0.45 µM filter) into an autoclaved 

bottle and store at 4°C. 

Super Optimal broth - Catabolite repression (SOC) – 250 mL 

Weigh 2.033 g MgCl2.6H2O (1.0 M) and 2.465 g MgSO4.MgSO4.7H2O (1.0 M), add 

H2O to 10 mL and filter sterilise (0.45 µM filter) to create a 2.0 M Mg2+ stock. 

Weigh 3.604 g glucose (2.0 M), make up to 10 mL with H2O, heat in 37°C water bath 

to dissolve all glucose, and filter sterilise (0.45 µM filter). 

To one clean 1 L Schott bottle, add 0.146 g NaCl (10 mM final), 0.186 g KCl (10 mM 

final), 5 g tryptone (2% w/v), 1.375 g yeast extract (0.55% w/v) and H2O to 245 mL. 
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Autoclave the solution, then add 2.5 mL of 2.0 M Mg2+ stock (20 mM final) and 2.5 

mL of 2.0 M glucose (20 mM final), store at 4°C. 

A8  MiSeq library solutions 

Preparing Fresh NaOH Dilution (0.2 N) 

Freshly diluted NaOH is essential for denaturing libraries and for cluster generation. 

To prepare 1 ml of 0.2 N NaOH, 200 µL of frozen stock 1.0 N NaOH was thawed at 

RT and diluted in 800 µL of H20. A fresh dilution of NaOH was made each time it 

was used. 
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APPENDIX B SINGLE STRANDED OLIGONUCLEOTIDES 

Single stranded oligonucleotide (ssODN) DNA was ordered from Integrated DNA 

Technologies and unless otherwise stated is shown in the 5’ to 3’ orientation. 

B1  ssODN sgRNA sequences 

Note that whether the target DNA site is on the sense or antisense strand, the sgRNA 

target site is found within the ssODN 1, and not ssODN 2. Additionally, the PAM is 

not included. 

Supplementary Table B1. ssODNs required for CRISPR-Cas9(n) sgRNA target sites. 

sgRNA 
name 

ssODN 1 ssODN 2 
Target 
site strand 

sgRNA 
Score 

 Cas9-E3 
CACC-G*-
TAGGCTGTCCTTTGTCGAC 

AAAC- 
GTCGACAAAGGACAG
CCTAT-C* 

antisense 0.72 

 Cas9n-E5T 
CACC-G*-
TTATTGAAAGAGAAACAGGA 

AAAC-
TCCTGTTTCTCTTTCAA
TAA-C* 

sense 0.768 

Cas9n-E5B 
CACC- G*-
ATAATAAAGACACCAACAGG 

AAAC-
CCTGTTGGTGTCTTTAT
TAT-C* 

antisense 0.752 

Cas9-E10 
CACC-G*- 
ATTCACATCCAGCACATCCA 

AAAC- 
TGGATGTGCTGGATGT
GAAT-C* 

antisense 0.759 

Cas9-E12 
CACC- 
GTGAAGGGAGATGTATTGGG 

AAAC- 
CCCAATACATCTCCCT
TCA 

antisense 0.79 

Cas9-EMX1 
CACC- 
GAGTCCGAGCAGAAGAAGAA 

AAAC- 
TTCTTCTTCTGCTCGGA
CTC 

sense - 

* sgRNA expression from the U6 promoter can be enhanced by the inclusion of a 5’ 
guanine (G) after CACC for ssODN 1 and a 3’ cytosine (C) for ssODN 2, if the first 
position of the 20-nt target site is not G270. Cas9-E3, Cas9 CDH1 exon 3; Cas9n-E5T, 
Cas9n  CDH1 exon 5 ‘top’; Cas9n-E5B, Cas9n  CDH1 exon 5 ‘bottom’; Cas9-E10, Cas9  
CDH1 exon 10; Cas9-E12, Cas9  CDH1 exon 12; Cas9-EMX1, Cas9  EMX1 exon 3. 
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B2  General primers 

Supplementary Table B2. General primer sequences. 

Primer name Sequence PCR product size (bp) 
U6 F GAGGGCCTATTTCCCATGATTCC 240 
CDH1 exon 10 F TGAAAGTCATGGCAGAAACC 590 
CDH1 exon 10 R GCAGCACATCAGACCAAGAA 
IYD F AGAACTGGAGGTGGGAATGG 256 
IYD R TCCCCTGCCTCATGACTTTT 

B3  Amplicon-specific primers 

Supplementary Table B3. Primer sequences for amplicon-specific PCRs. 

Amplicon 
name 

Non-specific extension + Forward primer Non-specific extension + Reverse 
primer 

Amplicon 
size (bp) 

CDH1_Exon 
3+E 

ACGAC GCTCTTCCGATCT -
CGCTCTTTGGAGAAGGAATG 

CGTGT GCTCTTCCGATCT -
ATACCTGATGGGGCGGGG 

301 + 36 

CDH1_Exon 
5+E 

ACGACGCTCTTCCGATCT -
GGAAAAGACCCAGTGTTGGGA 

CGTGTGCTCTTCCGATCT -
TCCTGGGTGGATGTTACCCC 

267 + 36 

CDH1_Exon 
10+E 

ACGAC GCTCTTCCGATCT -
TGTTTCTGCTCTCTAGGGCTTG 

CGTGT GCTCTTCCGATCT -
CCAGTTGCTGCAAGTCAGTT 

300 + 36 

CDH1_Exon 
12+E 

ACGAC GCTCTTCCGATCT-
GGAACAGGGACACTTCTGCT 

CGTGT GCTCTTCCGATCT -
TTGAAAGGTGGGGATCTGGG 

284 + 36 

EMX1+E ACGAC GCTCTTCCGATCT - 
GTCTTCCCATCAGGCTCTCAG 

CGTGT GCTCTTCCGATCT -
TTGCCCACCCTAGTCATTGG 

280 + 36 

HCN1+E ACGAC GCTCTTCCGATCT - 
GGAAAGATTAACAGAGAGTCTGACA 

CGTGT GCTCTTCCGATCT -
GCACATGTATGTACAGGAGTCA 

275 + 36 

The additional 36 bp in amplicon size are due to the two 18 bp non-specific 
extensions. 

B4  Adapter primers 

Except for a unique index sequence (i5 or i7) shown below in Supplementary Table 

B4 all forward adapter primers had the same sequence of: AAT GAT ACG GCG ACC 

ACC GAG ATC TAC AC [Index - i5] ACA CTCT TTC CCT ACA CGA CGC TCT 

TCC GAT CT; and all reverse adapter primers had the same sequence of: CAA GCA 

GAA GAC GGC ATA CGA GAT [Index – i7] GTG ACT GGA GTT CAG ACG TGT 
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GCT CTT CCG ATC. The underlined bases match the non-specific extension 

sequence shown in Supplementary Table B3. 

Supplementary Table B4. Barcodes for adapter PCR primers.  

ID Index Length (bp) 
FPI1 CGT GAT 68 
FPI2 ACA TCG 68 
FPI3 GCC TAA 68 
FPI4 TGG TCA 68 
FPI5 CAC TGT 68 
FPI6 ATT GGC 68 
FPI7 GAT CTG 68 
FPI8 TCA AGT 68 
FPI9 CTG ATC 68 
FPI10 AAG CTA 68 
FPI11 GTA GCC 68 
FPI12 TAC AAG 68 
FPI13 TTG ACT 68 
FPI14 GGA ACT 68 
RPI2 ACA TCG 63 
RPI3 GCC TAA 63 
RPI4 TGG TCA 63 
RPI5 CAC TGT 63 
RPI6 ATT GGC 63 
RPI7 GAT CTG 63 
RPI8 TCA AGT 63 
RPI9 CTG ATC 63 

RPI10 AAG CTA 63 
RPI11 GTA GCC 63 
RPI12 TAC AAG 63 
RPI13 TTG ACT 63 
RPI14 GGA ACT 63 
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Supplementary Table B5. Theoretical length of the final products for amplicon-
specific PCRs. 

Amplicon name Amplicon-specific PCR product size (bp) Adapter PCR product size (bp) 

CDH1_Exon 3+E 337 432 

CDH1_Exon 5+E 322 417 

CDH1_Exon 10+E 336 431 

CDH1_Exon 12+E 320 415 

EMX1+E 316 411 

HCN1+E 311 406 

The additional 36 bp in amplicon-specific product size are due to the two 18 bp non-
specific extensions, the additional 95 bp in adapter PCR product sizes are due to the 
larger than normal 63 bp and 68 bp adapter primers. 

APPENDIX C SUPPLEMENTARY METHODS 

C1  MiniTrak pintool conditions 

In order to dispense 100 nL from a library plate into an assay plate, the MiniTrak 

pintool was set to dip three times into the library plate with a dispense height at 0.5 

mm above the well bottom (well bottom at 3.437 mm), a 1000 millisecond delay post-

transfer, a tip retraction speed of 40 mm/second and a tip retraction distance of 5 

mm.  

Afterwards, the pintool was set to dip three times into the assay plate at 3.0 mm 

above the well bottom (well bottom at 3.312 mm), a 1000 millisecond delay post-

transfer, a tip retraction speed of 1 mm/second and a tip retraction distance of 5 mm. 
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C2  Chemically competent bacteria 

All steps were carried out using asceptic technique and the following protocol used, 

adapted from Inoue et al324. 

Stbl3 cells were inoculated into two sterile 50 mL falcons containing 5 mL LB or 5 mL 

LB with 100 µg/mL ampicillin, and grown with shaking (200-250 rpm) at 37°C 

overnight. If growth was visible in LB and not LB with 100 µg/mL ampicillin, Stbl3 

cells (250 µL of culture from the LB falcon) were inoculated in 250 mL of SOC 

medium in a 2 L flask (precooled to 18°C) with vigorous shaking (200-250 rpm) at 

18°C. 

After one to three days when OD600 = 0.6 (1 cm path length), the flask was removed 

from 18°C and stood on ice for 10 minutes before centrifuging at 2,500 x g (RCF) for 

10 minutes at 4°C. The supernatant was removed and the remaining pellet 

resuspended in 15 mL ice-cold TB. This was left on ice for 10 minutes, centrifuge at 

2,500 x g (RCF) for 10 minutes at 4°C and the supernatant removed. The pellet was 

resuspended in 4.65 mL ice-cold TB, 0.35 mL sterile DMSO (7% v/v final) with gentle 

swirling, per 50 mL falcon. Aliquots were created (0.8 mL) in 1.5 mL sterile 

eppendorf tubes and cells immediately snap-frozen by immersion in LN2. These 

were then stored at  -80°C. 

APPENDIX D EXAMPLE SCRIPTS 

These scripts should serve as a basis for repeating any applicable script-based 

methods found in this thesis. For many of the scripts a basic understanding of the R 

syntax and appropriate sources of documentation associated with the R packages are 

necessary; however I have tried to include helpful information where appropriate. 

Full grey boxes show the code used, grey columns are additional code chunks that 

may be required. 
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D1  CellHTS2 

The following cellHTS2 script was run in R Studio322 using the HTS data 

analysed in Chapter 3,  as explained in Section 2.7. CellHTS2 requires all plate data to 

be in .csv files in a folder names CSV within the working directory. 

SETUP 

First time users need to download the required cellHTS2 package: 
source("http://bioconductor.org/biocLite.R") > biocLite("cellHTS2") 

Set the working directory: 

setwd("~/Desktop/PhD CellHTS/ ") 

CellHTS2 requires data to be in a ‘single column’ format:  
 

Filename Well ID Value 

M005441_1 A01 270190 
M005441_1 A02 270819 
M005441_1 A03 22932 

… … … 

 
Since my data was in a 384-well plate, with 16 rows and 24 columns, first the data 
needed to be reformatted. The below script assumes the HTS data within each .csv 
platefile is from a 384-well plate format. A loop is used to change the 16 by 24 data 
into a 381 by 1 format.  
All .csv plate data files must be transferred to a folder named ‘CSV’ within the 
working directory. A text file is then required named ‘files.txt’ that contains the 
location of each .csv plate data of the form “../CSV/M005441_4.csv”. 
 

ff<-readLines('files.txt') 

Read the .csv data into a list of matrices. 

csvDat<-lapply(ff,function(x) as.matrix(read.table(x,header=F,sep=',')[1:16,1:24])) 

Get the plate names 

nm<-gsub(".csv","",gsub("../CSV/","",ff)) 

Set up a new list to hold the reformatted HTS data  

htsDat<-list()  
nc<-24  
nr<-16  
aa<-LETTERS[1:nr]  
cn<-rep(c(paste("0",seq(1,9),sep=''),seq(10,nc)),nr)  
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rn<-rep(aa,rep(nc,nr)) 

Loop through and reformat the plate data into a ‘single column’ format. An 
additional folder within the working directory is required called ‘TSV’. 

for(i in 1:length(csvDat)){htsDat[[i]]<-cbind(nm[i],paste(rn,cn,sep=''),as.vector(t(csvDat[[i]])))} 
for(i in 1:length(htsDat)) write.table(htsDat[[i]],file=paste("../TSV/",nm[i],".txt",sep=''),sep='', 
quote=F,col.names=F,row.names=F) 

The plate data should now be reformatted, within the ‘TSV’ folder. 
  

START 

Open the cellHTS2 package and name the experiment and data path  

library(cellHTS2)  

experimentName <- "E-Cadherin_Pilot Screens"  

dataPath <-"../TSV/" 

You then need to create a 'Platelist.txt' file of the form: 

Filename Plate Replicate 

M005441_1 1 1 

M005441_2 1 2 

M005442_1 2 1 

M005442_2 2 2 

… … … 

And a 'Plateconfig.txt' file of the form: 

Wells: 384 
Plates: 32 
Plate Well Content 
* * sample 
* 23 neg 
* 24 pos 
* A0[1-9] empty 
* A[11-

24] 
empty 

* P0[1-9] empty 
* P[11-24] empty 

Note: These text files should include headers. 
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Once created, transfer 'Platelist.txt' and 'Plateconfig.txt' into the ‘TSV’ folder and read 
in the plate data: 

x <- readPlateList("Platelist.txt", name=experimentName, path=dataPath) 

This provides a blank template for an experiment description. You then need to edit 
the details of the file that was created, and move "desciption.txt" into ‘TSV’.  

templateDescriptionFile(filename="Description.txt", '.', force=FALSE) 

x<-configure(x, descripFile="Description.txt", confFile="Plateconf.txt", logFile="Screenlog.txt", path=dat
aPath) 

Check plate layout has been configured correctly:  

table(wellAnno(x))  
configurationAsScreenPlot(x) 

B-SCORE NORMALISATION 

xBscore<- normalizePlates(x, method="Bscore", varianceAdjust="byPlate") 

compare2cellHTS(x,xBscore) 

Score the replicates: 

xsc <- scoreReplicates(xBscore,sign='-',method='zscore') 

Summarise the replicates by calculating the mean of each sample: 

xsc<-summarizeReplicates(xsc,summary='mean') 

Load the annotation data: 

ann<-read.csv('Probe Annotation_M005441-M005472.csv') 

Annotate the ‘probes’ or compound IDs: 

xsc <- annotate(xsc, geneIDFile="Probe Annotation_M005441-M005472.txt", path=dataPath) 

Write Report: 

out <- writeReport(raw=x, normalized=xBscore, scored=xsc, force=TRUE, outdir="CDH1_rep4_5_score
 is Robust Zscore_norm is Bscore_32plates") 

save.image('CDH1_Pilot_rep1_2_32plates_cellHTS.RData') browseURL(out) 

D2  Cellprofiler pipeline  

CellProfiler was run on a departmental server via Terminal on a Mac book Pro. 

The parameters chosen for each module are explained in Section 2.11 and an outline 



 326 

of the CellProfiler workflow is shown in Supplementary Figure E1.  Only the key 

settings have been included in the below script in order to save space. 

LoadImages:[module_num:1|enabled:True] 

    File type to be loaded: individual images 

    File selection method: Text-Exact match 

    Analyze all subfolders within the selected folder?: All 

    Input image file location: Default Input Folder\ 

    Check image sets for unmatched or duplicate files?: Yes 

    Group images by metadata?: Yes 

    Specify metadata fields to group by: Well 

    Select subfolders to analyze: BD_Pathway_855_Henry_All_plates/210314_MCF10A_24006.A_rep2 

    Text that these images have in common (case-sensitive):  .tif 

    Extract metadata from where?: Both 

    Regular expression that finds metadata in the file name:  

    /*(?P<Well>.*)_02_1_(?P<Imagefield>.*)_(?P<Channel>.*)_001.tif 

    Type the regular expression that finds metadata in the subfolder path:    

     .*/MCF10A_10x_108173_(?P<date>.*)/(?P<Plate>.*)$ 

    Load the input as images or objects?: Images 

    Name this loaded image: DNA 

    Name this loaded object: Nuclei 
         

CorrectIlluminationCalculate:[module_num:2|enabled:True] 

    Select the input image: DNA 

    Name the output image: CorrIllumCalc 

    Dilate objects in the final averaged image?: Yes 

    Dilation radius: 8 

    Rescale the illumination function?: Yes 

    Calculate function for each image individually, or based on all images?: Each 

    Smoothing method: No smoothing 

    Method to calculate smoothing filter size: Automatic 
 

CorrectIlluminationApply:[module_num:3|enabled:True] 

    Select the input image: DNA 

    Name the output image: CorrIllumApp 

    Select the illumination function: CorrIllumCalc 
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    Select how the illumination function is applied: Divide 
 

EnhanceOrSuppressFeatures:[module_num:4|enabled:True] 

    Select the input image:  CorrIllumApp 

    Name the output image: FilteredDNA 

    Select the operation: Enhance 

    Feature size: 40 

    Feature type: Speckles 

    Range of hole sizes: 1,10 
     

IdentifyPrimaryObjects:[module_num:5|enabled:True] 

    Select the input image: FilteredDNA 

    Name the primary objects to be identified: Nuclei 

    Typical diameter of objects, in pixel units (Min,Max): 15,40 

    Discard objects outside the diameter range?: Yes 

    Discard objects touching the border of the image?: Yes 

    Method to distinguish clumped objects: Intensity 

    Method to draw dividing lines between clumped objects: Intensity 

    Size of smoothing filter: 9 

    Suppress local maxima that are closer than this minimum allowed distance: 9 

    Speed up by using lower-resolution image to find local maxima?: No 

    Name the outline image: PrimaryOutlines 

    Automatically calculate the threshold using the Otsu method?: Yes 

    Threshold strategy: Global 

    Thresholding method: Otsu 

    Select the smoothing method for thresholding: Automatic 

    Lower and upper bounds on threshold: 0.05,1.0 

    Two-class or three-class thresholding?: Two classes 

    Minimize the weighted variance or the entropy?: Weighted variance 

    Assign pixels in the middle intensity class to the foreground or the background?: Background 
 

OverlayOutlines:[module_num:6|enabled:True] 

    Select image on which to display outlines: DNA 

    Name the output image: Overlay 

    Outline display mode: Color 

    Select outlines to display: PrimaryOutlines 
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    Load outlines from an image or objects?: Image 

    Select objects to display: Nuclei 
 

SaveImages:[module_num:7|enabled:True] 

    Select the type of image to save: Image 

    Select the image to save: Overlay 

    Select method for constructing file names: From image filename 

    Select image name for file prefix: DNA 

    Append a suffix to the image file name?: Yes 

    Text to append to the image name: Plate 

    Saved file format: jpg 

    Output file location: Default Output Folder sub-folder 
     

MeasureObjectIntensity:[module_num:8|enabled:True] 

     Select an image to measure: DNA 

    Select objects to measure: Nuclei 
 

MeasureImageQuality:[module_num:9|enabled:True] 

    Calculate metrics for which images?: All loaded images 

    Include the image rescaling value?: Yes 

    Calculate blur metrics?: Yes 

    Spatial scale for blur measurements: 5 

    Spatial scale for blur measurements: 10 

    Spatial scale for blur measurements: 20 

    Calculate saturation metrics?: Yes 

    Calculate intensity metrics?: Yes 

    Calculate thresholds?: Yes 

    Select a thresholding method: Otsu 

    Two-class or three-class thresholding?: Two classes 

    Minimize the weighted variance or the entropy?: Weighted variance 
    

ExportToSpreadsheet:[module_num:10|enabled:True] 

     Select source of sample row name: Metadata 

     Export all measurement types?: Yes 
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D3  Image-based cell cycle analysis in R 

The following script was run in R Studio 322 from data analysed using 

CellProfiler as explained in Section 2.11. Thanks to Tyler McInnes and Chris 

Hakkaart, for their help with this Script.  

Clear workspace > rm(list=ls()) 

Limma and gtools are used later in the script. First time users need to run these lines: 
source("http://www.bioconductor.org/biocLite.R") 

biocLite("limma") 

source("http://www.bioconductor.org/biocLite.R") 

biocLite("gtools") 

library(limma) 

library(gtools) 

Set working directory: 

setwd("~/Desktop/PhD 13, 14, 15 and 16/Rstuff/Histograms_Cell Cycle analys

is/OutPut_MCF10A_10x_108173_115578_5FU_cellcycle_2ugpermL_26Aug2016_v2") 

The Image.csv data exported from CellProfiler needs to be in the following format; 

The Metadata Well format is the most important. This can be solved by using: Specify 

metadata fields to group by : Well, in the LoadImages module in CellProfiler. Note: 

opening nuclei.csv in excel may remove data if the full file can not be opened due to 

large file size, so only open in R. 

Image.csv: 
ImageNumber Metadata Well Count Nuclei 

1 B10 468 

2 B10 1021 
3 B10 942 

4 B10 1023 

5 B10 960 

… … … 

The Nuclei.csv data to import into R from the ExportToSpreadsheet module in 

CellProfiler needs to be in the following format; The ImageNumber format is the most 

important: 
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Nuclei.csv: 
Integrated DNA Intensity  ImageNumber 

37.38222 1 

116.32491 1 

74.59449 1 

545.87979 1 

186.85103 1 

… … 

START 

Import data into the R Studio workspace 

Image_orig <- read.csv("Image.csv") 
Nuclei_orig <- read.csv("Nuclei.csv") 

Set number of Images per Well 

imagesPerWell <- 25 

Set number of wells per plate 

wellsPerPlate <- 60 

Set Plate Name 

plateName <-"MCF10A_10x_108173_115578_5FU_cellcycle_2ugpermL_26Aug2016_v2" 

Create new data frame for Image.csv with only the columns of interest: 

Image_slim <- Image_orig[, c("ImageNumber", "Metadata_Well", "Count_Nuclei")] 

Punctuation is important in R; the following code assumes that the well ID is B10. If 

you have B 'space' 10 or B 10, then the following code chunk will split up the B and 

10, and combine them without a space.  

library(limma) Image_orig$Metadata_Well <-paste0 (strsplit2(Image_orig$Metadata_Well, “ ”)[,1], 

strsplit2(Image_orig$Metadata_Well, “ ”)[,3]) #?skip this if no to above 

Create a new data frame for Nuclei.csv with only the columns of interest 

Nuclei_slim <- data.frame(Nuclei_orig[, c("Intensity_IntegratedIntensity_DNA"
,  
    "ImageNumber")]) 
View(Nuclei_slim) 

LOG2 THE INTENSITY DATA 
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Nuclei_slim$NEW_DNA_log2 <- log2(Nuclei_slim$Intensity_IntegratedIntensity
_DNA) 

PERFORM A LOOP 

remember to set imagesPerWell and wellsPerPlate 

Image numbers matched to plates: 

A = 1 
B = length(unique(Nuclei_slim$ImageNumber)) 

In order to understand how the loop works, we will break the loop code into two 
parts. Every time the computer reads "i", it knows to first treat it as a 1, then loop 
back and treat "i", as 2, then as 3 etc.  

"for(i in (A):(B))" 

The actual command that you are looping through is:  

"newList[[i]]<-subset(Nuclei_slimNEW$NA&og2, Nuclei0limImageNumber==i)" 

First, look at what the command does – it creates an empty list to put results:  

newList<-list() 

Then, it creates a subset list of the Nuclei_slim results within the NEW_DNA_log2, 
and takes only the results with an ImageNumber equal to 1: 

newList[[1]]<-subset(Nuclei_slim$NEW_DNA_log2,Nuclei_slim$ImageNumber==1) remove 

(newList) 

It then does this for all results with ImageNumber equal to 2, and then 3, etc. 

newList <- list() 
for (i in (A):(B)) newList[[i]] <- subset(Nuclei_slim$NEW_DNA_log2, Nuclei
_slim$ImageNumber ==  i) 
 
names(newList) <- paste(Image_slim$Metadata_Well, rep(1:imagesPerWell, wel
lsPerPlate),  
    sep = "_")  # replicate 1:imagesPerWell, 60 times (b/c 60 wells) and p
aste onto Metadada_Well 

Check that the loop has worked: 

Image_slim[A, 3] == length(newList[[A]])  # Is row A=1 (image 1), column 3
 (count nuclei) the     same as the loop for image 1 

## [1] TRUE 

Image_slim[23, 3] == length(newList[[23]])  # Is row 23 (image 23), column
 3 (count nuclei) the    same as the loop for image 23 

## [1] TRUE 
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Image_slim[130, 3] == length(newList[[130]])  # Is row 130 (image 130), co
lumn 3 (count nuclei) the same as the loop for image 130 

## [1] TRUE 

Image_slim[B, 3] == length(newList[[B]])  # Is row B=1500 (image 1500), co
lumn 3 (count nuclei) the same as the loop for image B=1500 

## [1] TRUE 

PULLING OUT DMSO 

You need to set which wells are the DMSO control here. 

DMSO <- c("B10", "B11", "C10", "C11", "D10", "D11")  #10A wt 

Alternative options include:  

DMSO<-c("E10","E11","F10","F11","G10","G11") #CDH1-/- 

DMSO<-c("B10","B11","C10","C11","D10","D11","E10","E11","F10","F11","G10","G11") #WT + CDH1-/- 

DMSO_Wells <- unlist(lapply(1:length(DMSO), function(x) paste(DMSO[x], seq
(1:imagesPerWell), sep = "_")))  # apply a function (paste _ ) to create B
2_1 etc 
 
DMSO_Coor <- match(DMSO_Wells, names(newList))  # coordinate values for wh
ere DMSO_Wells are in the newList list 

Create a .pdf with Histograms of individual DMSO images: 

pdf(paste(plateName, "_DMSO_Individual_Images", ".pdf")) 
par(mfrow = c(4, 4)) # A vector of the form c(nr, nc). Subsequent figures 
will be drawn in an nr-by-nc array on the device by rows 

# apply the function of seq from 'min' to 'max', by incremenets of 0.05 
# for x = 1:length DMSO_Wells 
bins = lapply(1:length(DMSO_Wells), function(x) seq(min(newList[[DMSO_Well
s[x]]]) -  
    0.06, max(newList[[DMSO_Wells[x]]]) + 0.06, 0.05)) 
for (i in 1:length(DMSO_Wells)) hist(newList[[DMSO_Coor[i]]], main = DMSO_
Wells[i],  
    breaks = bins[[i]], xlab = "Log2 DNA Intensity") 
dev.off() 

Example output for first four images: 
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NORMALISATION 

This code chunk creates an object which contains all the intensity values for each 

DMSO image, orders the values from highest to lowest, and then takes the first 

number i.e. the highest number, which corresponds to the G0/G1 (2N) peak. 

dmsoIntensity<-unlist(lapply(1:length(DMSO_Coor),function(x) bins[[x]][ord
er(hist(newList[[DMSO_Coor[x]]],breaks=bins[[x]])$counts,decreasing=TRUE)[
1]])) 

Create a .pdf of boxplots to check the average of the highest intensity number for 

each DMSO well for later normalisation. 

pdf(paste(plateName, "_boxplot_DMSO_2N_Intensities", ".pdf")) 
par(mfrow = c(1, 1)) 
chris <- as.matrix(dmsoIntensity) 
chris2 <- cbind(chris, as.vector(strsplit2(names(newList)[DMSO_Coor], "_")
[,1])) 
boxplot(as.numeric(chris2[, 1]) ~ chris2[, 2], main = "DMSO Wells", ylab =
 "log2 DNA G1 Peak Intensity", col = rainbow(length(DMSO))) 
dev.off() 

Example output: 

 

AVERAGE FOR ALL WELLS: 

summary(as.numeric(chris2[, 1])) 

##    Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

##    7.28    7.33    7.36    7.36    7.39    7.50 

You can check if removing potential well outliers changes this by removing wells 

from "DMSO" above.  

rm(chris) 

rm(chris2) 
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then re-run above script 

DMSO_av <- round(mean(as.numeric(chris2[, 1])), 4) 

# or choose manual DMSO_av – e.g. DMSO_av <-6.25 

PERFORM THE NORMALISATION: 

Nuclei_slim$Norm_log_Int <- Nuclei_slim$NEW_DNA_log2 - DMSO_av + 1 

normalisedValues <- lapply(1:length(newList), function(x) newList[[x]] - D
MSO_av + 1) 
names(normalisedValues) <- names(newList) 
 
# to check: 
check = 130 
bins = seq(min(normalisedValues[[check]]) - 0.06, max(normalisedValues[[ch
eck]]) +  
    0.06, 0.05) 
hist(normalisedValues[[check]], breaks = bins) 

 

Loop for .pdf of the now normalised histograms 

pdf(paste(plateName, "_normalised_Individual_Images", ".pdf"), height = 10,
  
    width = 20) 
par(mfrow = c(4, 4)) 
binsNormalised = lapply(1:length(DMSO_Wells), function(x) seq(min(normalis
edValues[[DMSO_Wells[x]]]) -  0.5, max(normalisedValues[[DMSO_Wells[x]]]) 
+ 0.5, 0.05)) 
for (i in 1:length(DMSO_Wells)) { 
    hist(normalisedValues[[DMSO_Coor[i]]], main = DMSO_Wells[i], breaks = 
binsNormalised[[i]],  
        xlab = "norm. Log2 DNA", ylab = "Object Counts (Nuclei)") 
    box() 
    axis(side = 1) 
    axis(side = 1, at = 0.5) 
    axis(side = 1, at = 1.5) 
    axis(side = 1, at = 2.5) 
    axis(side = 1, at = 3.5) 
    axis(side = 2) 
    abline(v = 0.65, lwd = 2, col = "blue") 
    abline(v = 1.25, lwd = 2, col = "blue") 
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    abline(v = 1.65, lwd = 2, col = "red") 
    abline(v = 2.25, lwd = 2, col = "green") 
} 
dev.off() 

The pdf should appear in working directory. 

Example output for first four images: 

  

  

APPLY THE GATING POST NORMALISATION 

You need to change the gating here. 

 gate1 <- 0.65  #0.75 
gate2 <- 1.25 
gate3 <- 1.65  #1.75 
gate4 <- 2.25  #2.5 
 
newList3 <- normalisedValues 
cellCycleCounts <- lapply(1:length(newList3), function(x) table(ifelse(new
List3[[x]] <  
    gate1, "<G1", ifelse(newList3[[x]] >= gate1 & newList3[[x]] <= gate2, 
"G1",  
    ifelse(newList3[[x]] >= gate2 & newList3[[x]] <= gate3, "S", ifelse(ne
wList3[[x]] >=  
        gate3 & newList3[[x]] <= gate4, "G2", ">G2")))))) 
 
names(cellCycleCounts) <- names(newList) 

 

PULLING OUT A PARTICULAR DRUG 
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You need to set which wells are the DrugA here. 

DrugA <- c("B08", "B09", "C08", "C09", "D08", "D09")  #5-FU 

DrugA_Wells <- unlist(lapply(1:length(DrugA), function(x) paste(DrugA[x], 
seq(1:imagesPerWell), sep = "_")))  # apply a function (paste _ ) to creat
e B2_1 etc 
 
DrugA_Coor <- match(DrugA_Wells, names(newList))  # coordinate values for 
where DrugA_ Wells are in the newList list 

Loop for .pdf of the normalised histograms for 'DrugA': 

pdf(paste(plateName, "_normalised_Individual_Images_DrugA_115578", ".pdf"),
  
    height = 10, width = 20) 
par(mfrow = c(4, 4)) 
binsNormalised = lapply(1:length(DrugA_Wells), function(x) seq(min(normali
sedValues[[DrugA_Wells[x]]]) - 0.5, max(normalisedValues[[DrugA_Wells[x]]]
) + 0.5, 0.05)) 
for (i in 1:length(DrugA_Wells)) { 
    hist(normalisedValues[[DrugA_Coor[i]]], main = DrugA_Wells[i], breaks 
= binsNormalised[[i]],  
        xlab = "norm. Log2 DNA", ylab = "Object Counts (Nuclei)") 
    box() 
    axis(side = 1) 
    axis(side = 1, at = 0.5) 
    axis(side = 1, at = 1.5) 
    axis(side = 1, at = 2.5) 
    axis(side = 1, at = 3.5) 
    axis(side = 2) 
    abline(v = 0.65, lwd = 2, col = "blue") 
    abline(v = 1.25, lwd = 2, col = "blue") 
    abline(v = 1.65, lwd = 2, col = "red") 
    abline(v = 2.25, lwd = 2, col = "green") 
} 
dev.off() 

LOOP FOR PDF OF PIE CHART PER IMAGE 

pdf(paste(plateName, "_CellCyclePieCharts", ".pdf")) 
par(mfrow = c(4, 4)) 
par(mar = c(1, 1, 1, 1)) 
for (i in 1:length(cellCycleCounts)) pie(cellCycleCounts[[i]], main = name
s(newList)[i]) 
dev.off() 

First 10 images as an example output: 
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CHANGING THE DATA TO PER WELL RATHER THAN PER IMAGE 

newList3 <- normalisedValues 
wellNames <- unique(strsplit2(names(newList), "_")[, 1]) 
mm <- c(match(wellNames, strsplit2(names(newList), "_")[, 1]), length(newL
ist) + 1) 
 
imageCollapser <- lapply(1:(length(mm) - 1), function(x) seq(mm[x], mm[x +
 1] - 1, 1)) 
 
superCollasedIntensity <- list() 
for (i in 1:length(imageCollapser)) { 
    collapsedNormalisedIntensity <- unlist(lapply(1:imagesPerWell, functio
n(x) newList3[[imageCollapser[[i]][x]]])) 
    superCollasedIntensity[[i]] <- collapsedNormalisedIntensity} 
names(superCollasedIntensity) <- wellNames 
# Confirm: sum of nuclei in first 25 images is same as length of 
# superCollapsedIntensity[[1]] (the total number of nuclei per well after 
# images have been collapsed) 
length(superCollasedIntensity[[1]]) == sum(Image_slim[1:imagesPerWell, 3]) 

## [1] TRUE 

Apply gates to data: 

wellCellCycleCounts <- lapply(1:length(superCollasedIntensity), function(x) 
table(ifelse(superCollasedIntensity[[x]] <  
    gate1, "<G1", ifelse(superCollasedIntensity[[x]] >= gate1 & superColla
sedIntensity[[x]] <=  
    gate2, "G1", ifelse(superCollasedIntensity[[x]] >= gate2 & superCollas
edIntensity[[x]] <=  
    gate3, "S", ifelse(superCollasedIntensity[[x]] >= gate3 & superCollase
dIntensity[[x]] <=  
    gate4, "G2", ">G2")))))) 

Export list as .csv: 
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names(wellCellCycleCounts)<-wellNames 
wellCellCycleCounts2<-wellCellCycleCounts[match(mixedsort(names(wellCellCy
cleCounts)),names(wellCellCycleCounts))] 
write.csv(as.data.frame(wellCellCycleCounts2),file="wellCellCycleCounts2.c
sv") 

Loop for .pdf of pie chart per well: 

PiePerWell <- c("<G1", "G1", "G2", "S", ">G2") 
 
pdf(paste(plateName, "_wellCellCyclePieCharts2.pdf")) 
par(mfrow = c(6, 10))  # A vector of the form c(nr, nc). Subsequent figure
s will be drawn in an nr-by-nc array on the device by rows 
par(mar = c(1, 1, 1, 1))  # 'mar' is a numerical vector of the form c(bott
om, left, top, right) 
par(cex = 0.6)  # A numerical value giving the amount by which plotting te
xt and symbols should be magnified relative to the default.  
for (i in 1:length(wellCellCycleCounts2)) pie(wellCellCycleCounts2[[i]], c
ol = match(names(wellCellCycleCounts2[[i]]),  
    PiePerWell) + 1, main = names(wellCellCycleCounts2)[i], clockwise = TR
UE) 
dev.off() 

Example output for whole plate: 
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Red = subG1: < 0.65; green = G0/G1: 0.65 - 1.25; teal = S: 1.25 - 1.65; blue = G2+M: 1.65 - 

2.25; purple = >G2: > 2.25. 

D4  CRISPResso example script 

CRISPResso 294 was run using Terminal on a MacBook Pro. The CRISPResso set up 

file is available at: https://github.com/lucapinello/CRISPResso/archive/master.zip. A 

typical script run in the Terminal would be: 

CRISPResso -n Colony71_Ex10_MCF7_w20_q30_s20_i60_graph20_trim10 -r1 C7-71_S81_L001_R1_001.
fastq.gz -r2 C7-71_S81_L001_R2_001.fastq.gz --trim_sequences --exclude_bp_from_left 10 --exclude_bp
_from_right 10 -q 30 -s 20 -w 20 --min_identity_score 60  

-a TGTTTCTGCTCTCTAGGGCTTGGATTTTGAGGCCAAGCAGCAGTACATTCTACACGTAG CAG
TGACGAATGTGGTACCTTTTGAGGTCTCTCTCACCACCTCCACAGCCACCGTCACCGTGGATGT
GCTGGATGTGAATGAAGCCCCCATCTTTGTGCCTCCTGAAAAGAGAGTGGAAGTGTCCGAGG
ACTTTGGCGTGGGCCAGGAAATCACATCCTACACTGCCCAGGAGCCAGACACATTTATGGAA
CAGAAAATAACGTAAGTGTGAGGATTTTTCAACTGACTTGCAGCAACTGG  

-g ATTCACATCCAGCACATCCA  

-c GGCTTGGATTTTGAGGCCAAGCAGCAGTACATTCTACACGTAGCAGTGACGAATGTGG TAC
CTTTTGAGGTCTCTCTCACCACCTCCACAGCCACCGTCACCGTGGATGTGCTGGATGTGAATG
AAGCCCCCATCTTTGTGCCTCCTGAAAAGAGAGTGGAAGTGTCCGAGGACTTTGGCGTGGGCC
AGGAAATCACATCCTACACTGCCCAGGAGCCAGACACATTTATGGAACAGAAAATAAC. 

In colloquial terms this would read: run CRISPResso.py and name the output file 

“Colony71_Ex10_MCF7_w20_q30_s20_i60_graph20_trim10”. In the present working 

directory, load for read one the file named “C7-71_S81_L001_R1_001.fastq.gz” and 

for read two the file named “C7-71_S81_L001_R2_001.fastq.gz”. Trim sequences by 

10 bp either end and remove sequences with a Phred33 scale less than 30 for the 

average read quality and 20 for the single bp quality. Use a window size of 10 bp 

either side of the predicted cut site to quantify indels and set the minimum identity 

score for aligning reads to 60%. The  amplicon sequence to be used is after ‘-a’. The 

guide sequence to be used (excluding the PAM) is after ‘-g’, and the coding sequence 

is shown after ‘-c’. 
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APPENDIX E SUPPLEMENTARY CHAPTER 2 FIGURES AND 
TABLES 

E1  CellProfiler pipeline analysis 

 

 
Supplementary Figure E1. An example CellProfiler workflow. Parameters used for 
each module are explained in Section 2.11 and an example script is shown in 
Appendix D. The example pipeline runs sequentially from A to E. A) Original image 
from BD Pathway 855. B) ‘Correct illumination calculate’ module for the original 
image from A. C) Resulting image from ‘correct illumination apply’ module using 
the ‘correct illumination calculate’ module from B. D) Resulting image from 
‘enhance or suppress features’ module using C as the input. E) ‘Identify primary 
objects’ module using D as the input. The white square is shown in F. F) A closer 
look at distinguishing clumped objects. 
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E2  PX461 plasmid map 

 

Supplementary Figure E2. Schematic diagram of the plasmid pSpCas9n(BB)-2A-GFP 
(PX461 - Addgene plasmid  48140). BbsI sites were used for inserting the 20 bp 
dsDNA target sequence. The regulatory elements are as indicated: Chicken 341 β-
actin promoter, bacterial resistance ampicillin (AmpR), 2A-GFP fused to Cas9, and 
the human U6 promoter. The F1 origin and origin of replication of E. coli (ori) are 
shown as yellow arrows. 
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APPENDIX F SUPPLEMENTARY CHAPTER 3 FIGURES AND 
TABLES 

F1  Assay miniaturisation and optimisation 

 

Supplementary Figure F1.1.CTB excitation/emission peaks. Graph adapted from 
Promega (www.promega.com). 

 
Supplementary Figure F1.2. Thermal gradients between zones have a significant 
effect on fluorescence readings for MCF10A CDH1-/- cells. An entire 384-well plate 
was seeded at 2,500 cells/well and handled as described in Section 2.1, but at two 
hours post seeding 20% CTB was added and after three hours CTB incubation plates 
were either read straight away (white bars) in the EnVision at 535/590 nm 
excitation/emission or left for 15 minutes RT (black bars) before being read. Data is 
shown as mean+/-SD. 
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Supplementary Figure F1.3. Correction Factor. A data set was created from all pilot 
and primary screen compound well correction factors and the mean with SD error 
bars shown for rows A to P. 

 
Supplementary Figure F1.4. Comparison of normalisation methods to mitigate edge 
effects. Data is only for the pilot screen replicates 1 and 2. Cut offs used for hit 
selection were = < -7.81 for CoRoZS, = < 44.73% for CoPOC and = < -7.5 for the B 
Score. The well correction factor was calculated using Spotfire, and the B Score was 
calculated the R package cellHTS2. The venn diagram was created in R using 
Limma.  

Corrected Robust Z Score Corrected POC

B Score 10929

3

18

4

22

0

75

149
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Supplementary Figure F1.5. Image field accuracy. Accuracy of cell counts from one 
to six image fields. A) MCF10A WT. B) MCF10A CDH1-/-. Data is from one 384-well 
plate, with one to six 10x images taken for DMSO wells. Data was calculated from 
the mean of one to six image fields, and normalised to the mean of all images fields. 
The means for three and five images fields were omitted for clarity. 
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Supplementary Table F1.1. Accuracy of cell counts from one to six image fields for 
MCF10A WT cells. 

 
One field Two fields Three fields Four fields Five fields Six fields 

SD 0.09 0.06 0.05 0.04 0.03 0.02 
Max. 1.18 1.12 1.13 1.11 1.08 1.05 
Min. 0.80 0.87 0.93 0.93 0.96 0.98 

Range 0.37 0.24 0.19 0.17 0.12 0.07 

No. < 0.9 6 2 0 0 0 0 

No. > 1.1 4 3 1 1 0 0 
Data is from one 384-well plate, with one to six 10x images taken for DMSO wells. 
Data was calculated from the mean of one to six image fields, and normalised to the 
mean of all images fields. 

 

	

Supplementary Figure F1.6. DMSO tolerance for MCF10A isogenic cell lines. Error 
bars are SD. 96-well plate seeded at 4,000 cells/well, DMSO added at 24 hours post 
seeding and end point was 72 hours post seeding. One-step permeablisation was 
performed as described in the methods section. Cytation5 imaged twenty-five 10x 
magnification tif images per well, and counts were enumerated in CellProfiler. The 
graph was created in Prism. 
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F2  Pilot screen analysis  

 

 
Supplementary Figure F2. Correlation between pilot screen replicates. A-C) 
Individual plate graphs of Spearman’s correlation showing A) the plate with the 
highest score of 0.57, B) the plate with the lowest score of 0.29, and C) negative 
control of two random plates with a score of -0.11. D) Corrected Robust Z Score, E) 
Corrected percent of controls. F-G) hits were calculated as mean -3SD. F) 
Correlation of hits using CoRoZS  < -8.42 and < -7.67 for rep1 and rep2, respectively. 
G) Correlation of hits using CoPOC < 40.30 and < 50.16, for rep1 and rep2, 
respectively. 
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F3  Primary screen analysis 

 
 

 
Supplementary Figure F3. Signal to background for the entire pilot and primary 
screens. 

 

F4  Single Point confirmation analysis 

Supplementary Table F4.1. Refining hits for the single-point confirmation screen.  

 Number of independent replicates Total 
 1/3 2/3 3/3 
Number of compounds above the 
cut-off, independent of the mean 

542 (blue) 235 (green) 91 (yellow) 868 

Number of compounds with a 
mean > 8.5% 

52 165 91 308 
 

Additionally, number of 
compounds with 2/3 replicates 
above the cut-off 

0 165 91 256 

Colours mentioned in parentheses are in reference to the compounds shown in 
Figure 3.5.1C. 
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Supplementary Table F4.2. Top ten compounds from the single point confirmation 
screen. 

ID Structure Replicate 1  

differential (%) 

 

Replicate 2  

differential (%) 

 

Replicate 3  

differential (%) 

 

Mean 
differential 
(%) (SEM) 

1* 

 

31.2 78.9 34.0 
48.0 

(15.4) 

2* 

 

46.8 31.6 41.5 
40.0 
(4.4) 

3 

 

48.1 31.3 37.6 
39 

(4.9) 

4 

 

58.2 19.0 37.3 
38.2  

(11.3) 

5 

 

43.2 41.0 27.1 
37.1 
(5.4) 

6* 

 

42.1 16.1 49.1 
35.8  

(10.0) 

7  30.5 47.1 27.8 
35.1 
(6.0) 

8* 

 

24.2 59.2 20.6 
34.7  

(12.3) 

9 

 

29.4 42.5 29.1 
33.7 
(4.4) 

10 

 

30.1 24.3 45.3 
33.3 
(6.3) 
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… … … … … … 

256 

 

3.31 10.89 11.48 8.56 
(2.6) 

… … … … … … 

2536 

 

-57.5 -77.4 -91.2 
-75.3 
(9.8) 

All values shown are normalised using the POC method. The standard error of the 
mean is shown in parentheses. The asterisk highlights compounds that were found 
to be noteworthy in the subsequent screens. 

 
Supplementary Table F4.3. Number of hits confirmed for MCF10A CDH1-/- . 

Single-point confirmation 
screen 

Number of hits / 2,536 Percentage of hits (%) 

Replicate one 913 36.00 
Replicate two 911 35.92 
Replicate three 1036 40.85 

 
The hit threshold used was < 44.73% POC for the MCF10A CDH1-/- plates from the single-
point confirmation screen.  
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F5  11-point screen analysis 

 
Supplementary Figure F5.1. Quality control for the 11-point screens using CTB and 
HCI for end-point analysis. A,C,E) data is from the CTB screen. B,D,F) data is from 
the HCI screen. A-D) Blue data points represent MCF10A WT, and red represent 
MCF10A CDH1-/-. Circles indicate biological replicate one, and diamonds indicate 
biological replicate two. E-F) Data shown is the average of two biological replicates, 
blue squares represent MCF10A WT, and red squares represent MCF10A CDH1-/-. 
All quality control methods were calculated as described in the methods section. 
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Supplementary Figure F5.2. Lead SL compounds from the 11-point screens using CTB 
and HCI for end-point analysis. Normalised cell counts or normalised cell viability were 
calculated using the POC method. A,C,E,G) data is from the CTB screen. B,D,F,H) data is 
from the HCI screen. A-H) Data shown is the average of two biological replicates, error bars 
are SEM. Blue lines with circles represent MCF10A WT, and red lines with triangles 
represent MCF10A CDH1-/-. The base 10 log scale was used. Graphs were created in Prism. 



 352 

 
Supplementary Figure F5.3. Lead SL compounds from the 11-point screens using CTB 
and HCI for end-point analysis. Normalised cell counts or normalised cell viability were 
calculated using the POC method. A,C,E,G) data is from the CTB screen. B,D,F,H) data is 
from the HCI screen. A-H) Data shown is the average of two biological replicates, error bars 
are SEM. Blue lines with circles represent MCF10A WT, and red lines with triangles 
represent MCF10A CDH1-/-. The base 10 log scale was used. Graphs were created in Prism. 
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F6  One number to rule them all 

Supplementary Table F6. Raw data before scoring for the top ten compounds from 
the WRS. 

ID Differentia
l at 1-pt 

Overall 
Differentia

l flag 

MCF10A 
CDH1 -/- 

EC50 

MCF10A 
WT EC50 

Differentia
l at 20 µM 

MCF10A 
WT POC 
at 20 µM 

Sum of 
Weighte

d 
Variable

s 

Final 
Rank 

1* 48.04 3.00 12.45 20.00 68.53 98.09 0.80 1 

11* 17.42 3.00 6.96 20.00 106.45 100.37 0.79 2 

19* 24.41 3.00 7.63 20.00 74.07 93.62 0.77 3 

2† 39.99 3.00 3.21 17.66 49.66 42.29 0.76 4 

13* 28.81 2.00 10.18 20.00 87.70 98.07 0.74 5 

20* 23.81 3.00 9.38 20.00 70.17 92.94 0.73 6 

21‡ 26.17 3.00 12.36 20.00 80.88 99.04 0.72 7 

12* 13.92 2.00 3.06 19.41 65.85 44.97 0.71 8 

14* 
30.75 2.00 

11.89 
 

20.00 69.49 88.84 0.70 9 

18* 28.37 3.00 9.03 20.00 56.15 62.00 0.70 10 

Compound 1 (blue) and compound 11 (red) are also shown in Figure 3.6.1. Other 
compounds of interest are highlighted in green. All data was averaged between the 
three or two biological replicates, for single-point and 11-point screens respectively. 
For EC50 values > 20, a value of 20 was used for simplicity. 

* structural data shown in Table 3.5.1 

† structural data shown in Table 3.7.2 

‡ structural data shown in Supplementary Table F7.2. 
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F7  Chapter 3 Discussion Supplementary figures and tables 

 

Supplementary Figure F7. Distribution of data for the pilot and primary screens. A) 
Hit cut-off for the CoPOC data. B) Hit cut-off for the CoRoZS data. 

Supplementary Table F7.1. The SL ratio can be misleading. 

MCF10A WT 
POC 

MCF10A 
CDH1-/- POC 

SL differential SL ratio 

100% 50% 50% – significant 0.5 – good (incorrect) 
70% 20% 50% – significant 0.29 – significant 
20% 5% 15% – good 0.25 – significant (incorrect) 
100% 85% 15% – good 0.85 – good 

The percent of control (POC) SL differential is calculated from ‘MCF10A WT -  MCF10A 
CDH1-/-  ’. The SL ratio is calculated from ‘MCF10A CDH1-/- / MCF10A WT’. A MCF10A 
WT viability of 20% and MCF10A CDH1-/- of 5% results in a good SL differential of 15%, 
but is incorrectly given a significant SL ratio of 0.25 when this is not a first-rate hit. 
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Supplementary Table F7.2. Theoretical pharmacophore groups for the 84 lead 
compounds. 

Compound 
ID 

Structure 
Compounds 

in group 
/2536 

Lead 
compounds 
in group /84 

WRS 
(rank) 

21 

 

3 2 
0.72 
(7th) 

31 

 

2 2 
0.68 

 
(16th) 

32 

 

2 2 
0.66 
(27th) 

33 

 

20 5 
0.63 
(38th) 

34 

 

2 2 - 

The theoretical pharmacophore group is shown in green. Each pharmacophore group had at 
least one compound chosen for validation. The weighted ranked score (WRS) was calculated 
as described in Section 3.6 from six variables. The rank is shown in parenthesis. 
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APPENDIX G SUPPLEMENTARY CHAPTER 4 FIGURES AND 
TABLES 

 

G1  MTS end-point validation  

 

 
Supplementary Figure G1. Dose-response validation data for lead SL compounds. 
MCF10A WT and MCF10A CDH1-/- cells were seeded 4,000 cells/well in 96-well plates as 
described in Section 2.9. Twenty-four hours post seeding, compounds and controls (0.2% 
DMSO) were added to plates. At 72 hours post seeding, the one-step fix, permeabilisation 
and cell staining with Hoechst-33342 was performed. CellProfiler was used to enumerate 
counts for end-point analysis as described in Section 2.10. Data shown is the mean of at 
least two biological replicates. Error bars are SEM. *, p-value < 0.05, as determined by a 
two-tailed equal variance Students T-test. Only selected concentrations of interest are 
shown.  
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G2  MDA-MB-231 secondary screen 

 
Supplementary Figure G2. MDA-MB-231 cell line optimisation data. A) Dose-
response graphs for DMSO and doxorubicin. Data shown is one biological replicate, 
performed in 96-well plates using Hoechst-33342 and CellProfiler to enumerate 
counts for end-point analysis as described in Section 2.10. Plates were seeded using 
the MDA-MB-231 cell line, 6,000 cells/well as described in Section 2.9 with the same 
timeline as Figure 4.1.1A. Error bars are SD. Graphs were created in Prism. B) Live 
cell imaging for compounds DMSO and doxorubicin. Following compound addition, 
plates were transferred to the IncuCyte. Three 4x images per well were taken every 
two hours for 40 hours. The cell confluence v1.5 was calculated using the IncuCyte 
software. Experiments were performed as described in Section 2.9. One biological 
replicate is shown. Graphs were created in Excel. 
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G3  Flow cytometry cell cycle analysis 

 
Supplementary Figure G3. Flow cytometry cell cycle analysis. Cell cycle analysis 
was undertaken using the BD FACS Canto II as explained in Section 2.13. Twenty-
four hours post seeding drugs were added to wells. Forty-eight hours post 
drugging, cells were fixed and permeabilised with ethanol and stained with 
propidium iodide. A) 0.2% DMSO. B) 1 µM 5-Fluorouracil. C) 10 µM compound 11. 
Graphs were created using FCS express 6 plus software. 
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G4  End-point SAR analysis  

Supplementary Table G4.1. Data for compound 8 analogues.  

Compound 
ID 

Collaborators’ 
ID 

Structure End-point analysis 

8a RS-3-88 

 
 

8b RS-3-86 

 
 

8c RS-3-66 

  

8d RS-3-108 
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8e RS-3-104 

  

8f RS-3-117 

 
 

8g RS-3-116 

  

8h RS-5-4 

 
 

8i RS-5-5 
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8j RS-5-3 

  

8k RS-5-2 

 
 

8l RS-5-6 

 
 

8m RS-5-9 

  

8n RS-5-11 
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The predicted pharmacophore group is shown in green. Structures were drawn 
using MarvinSketch. End-point analysis was performed in 96-well plates using 
Hoechst-33342 and CellProfiler to enumerate counts as described in Section 2.10. 
Plates were seeded 4,000 cells/well as described in Section 2.9 with the same 
timeline as Figure 4.1.1A. Blue columns represent MCF10A WT, and red represent 
MCF10A CDH1-/-. Data shown is the mean of at least two biological replicates. Error 
bars are SEM. Only selected concentrations of interest are shown. Graphs were 
created in Excel. Analogues were synthesised by Robert Smith (RS). 
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Supplementary Table G4.2. Data for compound 11 analogues.  

Analogu
e ID 

Collaborators
’ ID 

Structure End-point analysis 

11a MGF 40 

  

11b GBE 063A 

 
 

11c MGF 008 

  

11d MGF 017 

  

11e MGF 46 
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11f MGF 47 

 
 

11g MGF 41 

 
 

11h MGF 44 

  

11i MGF 45 

 
 

The predicted pharmacophore group is shown in green. Structures were drawn 
using MarvinSketch. End-point analysis was performed in 96-well plates using 
Hoechst-33342 and CellProfiler to enumerate counts as described in Section 2.10. 
Plates were seeded 4,000 cells/well as described in Section 2.9 with the same 
timeline as Figure 4.1.1A. Blue columns represent MCF10A WT, and red represent 
MCF10A CDH1-/-. Data shown is the mean of at least two biological replicates. Error 
bars are SEM. Only selected concentrations of interest are shown. Graphs were 
created in Excel. Analogues were synthesised by Dr. Michael Fraser (MGF) and Prof. 
Gary Evans (GBE). 
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APPENDIX H SUPPLEMENTARY CHAPTER 5 FIGURES AND 
TABLES 

 

H1  Identification of the optimal target site for CDH1 knockout 

 
Supplementary Table H1. Predicted off-targets for CRISPR-Cas CDH1 exon 10 
target site. 

Sequence located at the position 
Number of  

mismatched 
bases 

Chromosome  Gene 

ATgCACAgCCAGCACAcCCATGG 3 12 ncDNA - 

AgTCACATCCAGCAaATgCAGGG 3 1 exon 
C1orf116 
(SARG) 

AaTCACtTCCAtCACATCCAAGG 3 16 intron WWOX 

ATTCACATCCAGaAtATaCAAGG 3 15 intron 
LOC1019

28635 
ATcCACcTCCAGCcCATCCAAGG 3 15 intron LIPC 

cTTCACATCCAGCAgtTCCAAGG 3 2 exon 
UNC80 

(C2orf21) 
ATTaACATCCAGaACATaCAAGG 3 5 intron DNAH5 
ATTaACAgCCAGCACtTCCATGG 3 5 ncDNA - 
AaTgACgTCCAGCACATCCAGGG 3 6 exon IYD* 
tTTCcCATCCAGCAgATCCACGG 3 4 intron CRMP1 

Mismatched bases are noted in lowercase letters and highlighted in green, the N 
from PAM is in bold. Off-targets were predicted using the free software cas- 
OFFinder. *, IYD was chosen to check for off-targets. 
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H2  Sanger validation of correct sgRNA inserts 

 
Supplementary Figure G2. The correct insertion of each sgRNA target site after cloning 
into the plasmids PX458 or PX461 was verified with colony PCR and Sanger sequencing (See 
Section 2.13). Graphs were created using 4peaks. 
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H3  Creation of sgRNA-specific polyclonal cell lines  

 
Supplementary Figure H3. Final sorting gates for MCF-7 bulk colony FACS sort, 
biological replicate one. A) Mock transfection control. B) Cas9-EMX1 control. C) PX458 
control. D) PX461 control. E) Cas9-E3. F) Cas9n-E5A and E5B co-transfected. G) Cas9-E10. 
H) Cas9-E12. Numbers shown are the percentage of cells from the previous parent gate, not 
totals. Single cell sorting was performed on the BD FACS Canto II, as described in Section 
2.13.6. Data for biological replicate two was excluded for clarity and space. Graphs were 
created using FlowJo version 9.7 software. 
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H4  Quantification of CRISPR-Cas9(n) gene-editing by next-generation 
sequencing 

 
Supplementary Figure H4.1. DNA extraction optimisation for prepGEM tissue 
using MCF-7 cells. 

 
 

 
Supplementary Figure H4.2. No template (H2O) negative controls for MCF-7 bulk 
sorted samples. The first-round, amplicon specific PCR reactions are denoted by a 1. 
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Supplementary Figure H4.3. Cas9-E3 successfully edits MCF-7 cells. A) IGV for the 
CDH1 exon 3 amplicon. The squished view is shown, with read one on the top and 
read two on the bottom. The red bar represents the sgRNA sequence and the dotted 
vertical lines the predicted cut site. Black horizontal lines are deletions and the 
purple lines are insertions. Replicate one is shown. B-C) Comparison of NHEJ 
modified reads for two biological replicates. B) Cas9-E3 samples C) PX458 no 
sgRNA control for the CDH1 exon 3 amplicon. D-E) Biological replicate two is 
shown. D) Mutation position distribution of NHEJ for Cas9-E3. NHEJ reads with 
insertions (purple), deletions (red), and substitutions (green) mapped to reference 
amplicon position. The vertical lines show the 20 bp window that mutations were 
quantified within and the dotted vertical lines the predicted cut site. E) Frameshift 
analysis for Cas9-E3. Reads with frameshift and in-frame mutations are classified 
based on any mutation that partially or fully overlaps the coding sequence, with 
mutations that do not overlap coding sequences classified as noncoding. Figures 
were created using IGV and CRISPResso294. 
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Supplementary Figure H4.4. Cas9n-E5A and E5B successfully edits MCF-7 cells. A) 
IGV for the CDH1 exon 5 amplicon. The squished view is shown, with read one on 
the top and read two on the bottom. The red and orange bars represent the sgRNA 
sequences and the vertical lines the predicted cut sites. Black horizontal lines are 
deletions and the purple lines are insertions. Replicate one is shown. B-C) 
Comparison of NHEJ modified reads for two biological replicates. B) Cas9n-E5A and 
E5B samples C) Cas9n-E5 control (PX461 no sgRNA control for the CDH1 exon 5 
amplicon). These samples were accidentally omitted form the sequencing library. D-
E) Biological replicate one is shown. D) Mutation position distribution of NHEJ for 
Cas9n-E5. NHEJ reads with insertions (purple), deletions (red), and substitutions 
(green) mapped to reference amplicon position. The vertical lines show the 50 bp 
window that mutations were quantified within and the dotted vertical lines the 
predicted cut site. E) Frameshift analysis for Cas9n-E5. Reads with frameshift and 
in-frame mutations are classified based on any mutation that partially or fully 
overlaps the coding sequence, with mutations that do not overlap coding sequences 
classified as noncoding. Figures were created using IGV and CRISPResso294. 
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Supplementary Figure H4.5. Cas9-E12 successfully edits MCF-7 cells. A) IGV for the 
CDH1 exon 12 amplicon. The squished view is shown, with read one on the top and 
read two on the bottom. The red bar represents the sgRNA sequence and the dotted 
vertical lines the predicted cut site. Black horizontal lines are deletions and the 
purple lines are insertions. Replicate one is shown. B-C) Comparison of NHEJ 
modified reads for two biological replicates. B) Cas9-E12 samples C) Cas9-E12 
control (PX458 no sgRNA control for the CDH1 exon 12 amplicon). D-E) Biological 
replicate two is shown. D) Mutation position distribution of NHEJ for Cas9-E12. 
NHEJ reads with insertions (purple), deletions (red), and substitutions (green) 
mapped to reference amplicon position. The vertical lines show the 20 bp window 
that mutations were quantified within and the dotted vertical lines the predicted cut 
site. E) Frameshift analysis for Cas9-E12. Reads with frameshift and in-frame 
mutations are classified based on any mutation that partially or fully overlaps the 
coding sequence, with mutations that do not overlap coding sequences classified as 
noncoding. Figures were created using IGV and CRISPResso294. 
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H5  E-cadherin gene editing in MCF-7 cells using the CDH1 exon 10 
CRISPR target site 

 
Supplementary Figure H5.6. MCF-7 transfection efficiencies for the single-cell sort. 
Mean GFP counts were calculated form the sum of thirty-six 4x images taken per 
well in a 24-well plate, 24 hours post transfection, using the Cytation 5 and its 
software. Transfection was performed as described in the Methods.  
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Supplementary Figure H5.7. Final sorting gates for MCF-7 single cell FACS sort. A) 
Mock transfection control. B) PX458 control. C) Cas9-E10. Graphs were created 
using FlowJo version 9.7 software. 
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Supplementary Figure H5.8. Amplicon and adapter PCR gels showing the colonies 
16 and 52 with two bands. A) Colony sixteen. B) Colony fifty-two. C) Adapter PCRs 
with an increase in band size of 95 bp. The first-round, amplicon specific PCR 
reactions are denoted by a 1; the second-round, adapter PCR reactions are denoted 
by a 2. 
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Supplementary Figure H5.9. Cas9-E10 off target IYD sanger. 

 

H6  Characterisation of the impact of CRISPR-targeted CDH1 in MCF-7 
cells 

 

 
Supplementary Figure H6.1. Protein quantification of MCF-7 Cas9-E10 edited cells 
using western blots. The standard rectangle selection used to calculate the mean 
greyscale from the images taken on the LAS-3000 imaging system. A) The protein of 
interest (E-cadherin). B) The loading control (beta-actin).  
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Supplementary Figure H6.2. The E-cadherin/beta-catenin complex localises to the 
cell membrane of MCF-7 Cas9-E10 edited cells. Immunofluorescence was performed 
using E-cadherin monoclonal (rabbit) 24E10 antibody with the secondary antibody 
goat anti-rabbit, alexa fluor 647 (red); beta-catenin (mouse) SC-7963 with secondary 
antibody goat anti-mouse, alexa fluor 488 (green); and Hoechst-33342 to stain the 
nuclei of cells. All samples had the same exposure times. 
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Supplementary Figure H6.3. E-cadherin localises to the cell membrane of MCF-7 
Cas9-E10 edited cells. Immunofluorescence was performed using E-cadherin 
monoclonal (rabbit) 24E10 antibody with the secondary antibody goat anti-rabbit, 
alexa fluor 488 (green); and Hoechst-33342 to stain the nuclei of cells. Samples did 
not have the same exposure times. 
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H7   Cas9-E10 validation in NCI-N87 polyclonal cells 

 

Supplementary Figure H7.1. GFP autofluorescence of NCI-N87 WT cells. A-C) Images 
were acquired for GFP shown in green in the FITC channel and for Hoechst-33342 
stained nuclei shown in blue in the UV channel and merged in FIJI. A) A representative 
image from X-tremeGENE HP transfection using 2 µg PX458 pDNA and 4 µL 
transfection reagent in a 6-well plate. B) A representative image of autofluorescence 
from NCI-N87 WT cells due to imaging artefacts circled in red. C) An example of GFP 
autofluoresence from mucus clusters.    
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Supplementary Figure H7.2. Transfection optimisation for NCI-N87 cells using a 1:2 
ratio of pDNA to X-tremeGENE HP. The GFP counts shown in grey-scale bars were 
calculated using CellProfiler from the sum of the GFP counts from twenty-five 4x 
images per well, taken on the Cytation 5. The time points mentioned are post 
transfection of cells that had been growing for 24 hours. The pDNA Cas9n-E5A and 
Cas9n-E5B used the PX461 plasmid backbone and were co-transfected. The GFP 
negative and empty-sgRNA control of PX462 is similar to PX461, except that it has 
puromycin selection instead of GFP. Error bars are SD. The forward transfection 
experiment was performed as described in the methods section using a 6-well plate. 
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H8  Cas9n-E5 monoclonal sort in NCI-N87 

 

Supplementary Figure H8. Cas9n-E5 editing fails in NCI-N87 monoclonal lines. A-
C) NCI-N87 colony E6 had the highest NHEJ rate of the 71 colonies. A) NHEJ 
modified reads for Cas9n-E5. B) NHEJ reads with substitutions (green) mapped to 
the reference amplicon position shown in Figure 5.2.1C. A 50 bp window was used 
to quantify mutations within, the dotted vertical lines represent the predicted cut 
sites. C) Size of Cas9n-E5 induced insertions, deletions and substitutions for NCI-
N87 colony E6. Sequences percentage are of total sequences. Figures were created 
using CRISPResso294. 
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H9   Chapter 5 Discussion Supplementary figures and tables 

Supplementary Table H9. Summary of next-generation sequencing libraries.  

Project Name MiSeq Reagent Kit Cycles 
20 pM 

PhiX (%) 

PhiX aligned 

(%) 

Final Library 

Molarity 

(pM) 

Cluster Density 
(K / mm2) 

 
Total reads 

Reads 

>= Q30 

(%) 

MCF-7 bulk colony Nano kit v2, 1 million 
reads, 300 cycles 

150 5 4.46 ±0.06 12 615 ±10 856,500 96.73 

MCF-7 bulk colony 
Kit v3, 25 million 

reads, 600 cycles 
241 5 4.65 ±0.08 12 635 ±10 15,733,683 91.26 

MCF-7 monoclonal, 

Cas9-E10 
Nano kit v2, 

1 million reads, 500 
cycles 

241 10 
8.79 ±0.22 

 17 1,025 ±7 1,359,181 87.77 

NCI-N87 bulk colony, 

Cas9-E10 

Kit v3, 25 million 

reads, 600 cycles 
241 10 11.24 ±0.06 15? 695 ±26 13,391,679 83.62 

NCI-N87 monoclonal, 

Cas9n-E5 
Nano kit v2, 1 million 

reads, 300 cycles 
150 60 51.84 ±0.12 8 225 ±0 356,993 94.05 
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A 

 
B 

 
Supplementary Figure H9. HDR design for CDH1 knockout cell lines. A) The CDH1 
gene targeted with CRISPR-Cas9n-E5A and E5B. The stop cassette is shown in green. 
The fwd ‘stop’ primer was excluded from the picture for clarity. B) The stop cassette 
would contain multiple stop codons in addition to altered nucleotides at the PAM 
sequences in order to prevent Cas9n cutting.   



 386 

H10  shRNA knock down of CDH1 in NCI-N87 cells 

 
Supplementary Figure H10. GIPZ lentiviral shRNA knock down of CDH1 in NCI-
N87 cells. A) qPCR data showing two biological replicates each with two technical 
replicates. Error bars are SD. The relative expression of the target gene to the 
reference genes was calculated using equations 1 and 2 (Section 2.4.5); NCI-N87 WT 
was used as the control. Graph created in Excel. B-C) E-cadherin monoclonal 
(rabbit) 24E10 antibody with secondary antibody goat anti-rabbit, alexa fluor 647. B) 
Non-silencing control. C) CDH1- 838. 
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