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Abstract 
 
The recent advancements in gene editing have provided scientists with a powerful tool for the 

investigation of the role of individual proteins in cellular physiology and disease. Gene editing 

was preceded by another powerful technology that changed cell biology, short hairpin 

ribonucleic acid (shRNA) dependent messenger RNA (mRNA) degradation. In this project, we 

sought to establish cell lines derived from the triple negative breast cancer (TNBC) cell line, 

MDA-MB-231, that expressed low or no Kisspeptin receptor (KISS1R) protein. KISS1R is the 

cognate receptor of a peptide called kisspeptin. Our previous studies have shown that KISS1R 

is expressed in different TNBC cell lines but responds differently to a kisspeptin derivative, 

kisspeptin-10 (KP-10). Using a cell line with low or no KISS1R expression, we can further 

investigate this phenomenon of alternative signalling to understand the potential role of 

KISS1R in breast cancer biology. Here, we first established an MDA-MB-231 cell line stably 

expressing KISS1R shRNA through lentiviral vector delivery and show that while we reduce 

KISS1R mRNA levels by more than 90%, enough protein remains to allow for a functional 

response to KP-10 in the form of calcium release. Subsequently, we established a Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)-mediated gene editing strategy 

using HEK-293T cells as a model cell line after which we used electroporation and single cell 

sorting to establish clonal lines with insertion-deletion mutations (INDELs) for KISS1R. Our 

efforts have resulted in the establishment of several clones of HEK-293T and MDA-MB-231 

cells with no wildtype alleles and frameshifts or large deletions in the KISS1R gene. These 

can now be used for direct functional studies of KISS1R in TNBC.  
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1.1 Genome editing 

The recent advances in genome editing, also known as gene editing, have enabled new 

possibilities in the treatment of diseases, such as cancer and Human Immunodeficiency Virus 

(HIV).1 Before the discovery of the Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) -CRISPR-associated protein (Cas) system, scientists developed Zinc-

Finger Nucleases (ZFNs) and Transcription Activator-like Effector Nucleases (TALENs), which 

are reprogrammed nucleases that when combined with a deoxyribonucleic acid (DNA) binding 

domain, induce double-stranded breaks (DSBs) in DNA at target sites (Figure 1.1).2,3 DNA 

repair then either occurs through two mechanisms; Non-Homologous End Joining (NHEJ) or 

Homology-directed repair (HDR). While HDR will repair the site using the second allele of the 

gene as a template thus generating a perfect fix, NHEJ will repair the break without a template 

resulting in the insertion or deletion of nucleotides. NHEJ will thus result in different effects 

including insertions of stop codons, frameshift or missense mutations.4–6  

 

 
Figure 1.1: Diagram depicting the current gene editing technologies available. 

The image depicts the different technologies available to introduce targeted double stranded DNA 
breaks, which will be repaired by the host cells through either non-homologous end joining (NHEJ) 
causing insertion-deletion (INDEL) mutations or through homology directed repair (HDR) which will 
generate a perfect fix. Transcription Activator-like Effector Nucleases (TALENs) and the Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR associated protein (Cas) 9 
system are currently at the forefront of gene editing technology. Image reproduced from Li et al with 
permission from Springer Nature.7 



 15 

 

1.2 CRISPR-Cas9 gene-editing 

While TALEN and ZFN technology were revolutionary, their cost and low efficiency prohibited 

them from mainstream scientific use. In contrast, CRISPR-Cas9 delivers on all these aspects 

to make this a truly revolutionary tool for scientists. 

 

1.2.1 History 

The first CRISPR sequence was described in 1986 in Escherichia coli, but it was only in 2000 

when Mojica et al characterised short palindromic repeats interspaced by unique intervening 

sequences, found in archaea, bacteria and mitochondria genomes, that a family of sequences 

known as Short Regularly Spaced Repeats (SRSRs) was recognised.8 Through the 

sequencing of multiple organisms, it was discovered that these sequences were highly 

conserved within members of the same phylogenetic tree, as well as between domains, which 

suggested biological importance.9 

 

In 2002, through comparison of SRSRs (renamed CRISPR)-containing prokaryotes and 

CRISPR-free prokaryotes, 4 CRISPR-associated (Cas) genes were identified.10 Two years 

later, researchers in France studying Yersinia pestis identified homology of these spacer 

sequences with bacteriophage DNA, confirming the speculation that the CRISPR and Cas 

genes played an important role in bacterial immunity.11 Researchers expanded on this 

understanding by identifying that most spacer regions are derived from bacteriophages, while 

others are derived from other extrachromosomal sources such as plasmids. These 

researchers also provided evidence that correlated sensitivity of Streptococcus thermophillus 

to bacteriophages with the number of spacers found between the repeats. They suggested 

that transcription of these sequences produced anti-sense Ribonucleic acid (RNA) that 

facilitated degradation of foreign DNA.12,13 Even though more evidence was found that proved 

that CRISPR played an important role in prokaryote adaptive immunity, they still did not 

understand how this was done.14 

 

In 2012, Jinek et al published an article that described the role of CRISPR sequences and 

Cas genes in prokaryotic immunity.15 Prokaryotic adaptive immunity occurs in three steps; 

after exposure to a virus or plasmid, short fragments of the foreign sequences are integrated 

into the spacer sequences between CRISPR. The transcription of these foreign sequences 

results in pre-cursor CRISPR RNA (crRNA), and following cleavage, mature crRNA are 

produced that binds to the complementary sequences on the invading virus or plasmid. This 



 16 

recognition combined with Cas endonucleases results in the destruction of the virus or 

plasmid. 

 

These scientists identified three different types of CRISPR-Cas systems based on their 

mechanisms. The type I and III systems have similar features; specialized Cas endonucleases 

process pre-cursor crRNA to mature crRNA. Each mature crRNA assembles with a multi-

subunit of Cas endonucleases, which recognises and cleaves DNA complementary to the 

crRNA. In contrast, the type II CRISPR-Cas system requires a trans-activating crRNA 

(tracrRNA) to initiate the processing of the pre-cursor crRNA. When required, the tracrRNA 

and pre-cursor crRNA are transcribed. The tracrRNA recruits the endoribonuclease RNase III 

and the Cas9 protein to the pre-cursor crRNA initiating processing, resulting in a mature 

crRNA and tracrRNA attached to a Cas9 protein.16–18  

 

Off of this mechanism, the same scientists were able to show that a single guide RNA (sgRNA) 

combining the functional parts of the crRNA and tracrRNA could be used to guide the Cas9 

protein to a specific gene and induce a DSB, making this discovery a large advancement in 

gene editing.15 

 

1.2.2 Mechanism 

Cas9 endonuclease has been shown to have a domain similar to Homing (HNH) 

endonucleases and another similar to RuvC endonucleases, which are responsible for 

inducing DSBs in DNA. In order for cleavage to occur, the appropriate protospacer adjacent 

motif (PAM) is required for the Cas9 protein to recognise its target.15,19 As indicated in Figure 

1.2, the PAM sequence is located upstream from the site of interest and cleavage occurs three 

nucleotides downstream of the PAM sequence. Once a DSB has occurred, DNA will be 

repaired either through HDR or NHEJ.20 HDR uses the same allele on the sister chromatid as 

a template to ensure that the gene is correctly repaired to its previous form.6  NHEJ is the 

imperfect form of repair since it does not make use of a template, which can result in the 

insertion or deletion of nucleotides. These insertion and deletions (INDELs) have the ability to 

shift the reading frame (called a frameshift mutation) resulting in either the absence of the 

protein or the production of an abnormal protein. 5 
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Figure 1.2: A schematic diagram depicting the mechanism by which CRISPR-Cas9 generates 

double stranded DNA breaks inducing the formation of INDEL mutations.  

(A) Cas9 contains two endonuclease motifs similar to HNH and RuvC endonucleases which enable 
DSBs. (B) A single guide RNA (sgRNA) contains a targeting sequence which corresponds to the DNA 
sequence of interest and a tracrRNA sequence containing a PAM sequence which allows it to bind the 
Cas9 protein to the genomic DNA. Cas9 recognises the PAM sequences and causes a DSB 
downstream from the sequence. (D) The DNA is then repaired either through HDR or NHEJ. Image 
reprinted from Janik et al with permission from MDPI. 20   

 

1.2.3 Applications 

Prior to the landmark 2012 paper, gene therapy for autoimmune disorders and cancer had 

already started to gain momentum. The premise being that if a protein is defective or absent, 

the protein can simply be administered to the patients. Between 1998 and 2019, 22 gene 

therapies had already been approved by the regulatory bodies of various countries, a few of 

these being CRISPR-Cas9 based therapies.21   

 

In 2020, phase I clinical trials were initiated to test CRISPR-Cas9 edited T cells that had both 

T cell chain genes (T cell receptor α and β) and its programmed cell death protein 1 (PD-1) 

deleted. The T cells were then infected with lentivirus containing DNA for a specialised T cell 

receptor (TCR) transgene that is specific for cancer cells. These specialised T cells were then 

transfused back into the patients who were not responding to other therapies.1  
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CRISPR-Cas9 technology has also created new opportunities in the treatment of Sickle cell 

disease (SCD), which is monogenic disorder caused by a missense mutation in the -globin 

gene resulting in the production of an abnormal form of haemoglobin.22 In 2020, the first 

CRISPR-Cas9 treatment of SCD and transfusion-dependent -Thalassemia on two patients 

was reported. The patients received transfusions of autologous CD34+ Haematopoietic stem 

cells with the gene, BCL11A silenced. BCL11A is a transcription factor responsible for the 

repression of haemoglobin F (the foetal form of haemoglobin). A year later, both patients 

displayed high levels of allelic editing in the bone marrow and blood, an increase in foetal 

haemoglobin, transfusion independence and elimination of symptoms experienced by the 

patient with SCD.23 While the CRISPR-Cas9 system has already shown its usefulness in 

treating diseases, it is also a tool that scientists can use in laboratory research.  

 

1.3 G-protein coupled receptors 

The G-protein coupled receptor (GPCR) family is the largest family of proteins in the human 

genome with approximately 800 receptors reported.24 GPCRs have a wide range of 

physiological roles, including olfaction, neurotransmission, metabolism and growth, and 

respond to an even wider variety of endogenous and exogenous signals.25 Approximately, 460 

GPCRs have been shown to recognise odorants and play a role in olfaction while others 

recognise and respond to hormones, light, metabolites and neurotransmitters.26 While the 

endogenous ligands of the majority of GPCRs are known, the endogenous ligands of more 

than 100 of these receptors (named orphan receptors) remain unknown.27 Identifying the 

functions and the associated ligands of the orphan receptors is vital as this is an untapped 

area of research that could assist in the development of drug therapies. Currently, 35% of all 

drugs approved by the Food and Drug Administration (FDA) target only 134 GPCRs.28 

 

1.3.1 Structure 

While GPCRs can differ greatly in their functions, they all display a similar structure. The first 

discovery that gave insight into the structure of GPCRs came in the early 1990’s, where the 

structure of the hamster 2 adrenergic receptor, bovine rhodopsin and Saccharomyces 

cerevisiae -factor (STE2 gene) were compared. It was shown that all three receptors had a 

7 transmembrane region with alternating extracellular and intracellular loops (ECL and ICL 

respectively) (Figure 1.3.).29,30  Since then, there has been a great effort to determine the 

primary sequences of more GPCRs, resulting in the identification of 800 different receptors.31 
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Figure 1.3: Basic amino acids sequence and structure of KISS1R.  

The basic structure of any GPCR includes a extracellular N-terminus attached to 7 transmembrane 
regions separated by extracellular and intracellular loops ending in an intracellular C-terminus of 
variable length. Class A GPCRs have an 8th helix that lies parallel to the membrane. N-term: N-terminus; 
C-term: C-terminus; ECL: Extracellular region; ICL: Intracellular region. Image reprinted from 
Odoemelam et al with permission from the Royal Society of Chemistry. 32 

 

GPCRs have been subdivided into five different families namely, the rhodopsin, glutamate, 

secretin, adhesion and frizzled/taste2 families through phylogenetic analysis based on 

conserved sequences,.26,33 The rhodopsin family is the largest family comprising of 

approximately 680 members and has been further subdivided into 4 groups - , ,  and , 

with a further 13 subdivisions.34 As the name suggests, GPCRs are associated with a 

heterotrimeric G-protein consisting of an  subunit, that harbours GTPase activity and binds 

guanine nucleotides, and a  dimer. By 2002, researchers had cloned 16 G, 5 G and 12 

G subunits.31,35 G-proteins are named after their G subunits, therefore a Gs protein will have 

a Gs subunit and a Gq protein will have a Gq subunit. 31 When activated, the G and G 

sub-units initiate different downstream signals as highlighted by Table 1.1. 

 

1.3.2 Signalling  

When a GPCR is in its inactive state, the  subunit is bound to guanine diphosphate (GDP) 

and complexed with a  dimer. After the receptor is activated, the receptor undergoes a 

conformational change increasing its affinity for G-proteins. The heterotrimeric G-protein 

couples with the receptor, causing GDP to be released and exchanged for a guanine 

triphosphate (GTP). This change causes the G protein to dissociate from the GPCR and the 

 dimer, with both subunits going on to initiate various downstream signalling pathways 

(Figure 1.4).35,36 Depending on the G subunit, dissociation of the G-protein can result in either 
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the stimulation or inhibition of adenylyl cyclase or the activation of Phospholipase C-. Table 

1.1 highlights the G subunits, as well as the G dimer, and the downstream effects they 

have after activation.36 After initiating downstream signalling, the G subunit hydrolyses GTP 

resulting in its conversion to GDP. The G subunit reassociates with the  dimer and awaits 

further activation. 

 

Table 1.1: The different G-protein subunits and the proteins they interact with after activation. 

G-protein subunit Result of activation  

Gs Activates adenylyl cyclase 1-937,38 

Gq Activates Phospholipase C- 1/3/4 39 

Gq/11 Activates Phospholipase C- 1/3/4 39 

Gi1 Inhibits adenylyl cyclase 1/5/6 37,38,40 

Gt-cone Activates Phosphodiesterase 6 37,38,40 

G12 Activates Rho guanine nucleotide exchange factor41 

G Activates adenylyl cyclase 42 
Activates phospholipase C 43 
Activates G-protein regulated inwardly rectifying 
potassium channel 44 
Activates phosphatidylinositol-3 kinase 45 

 
Figure 1.4: Diagram depicting the changes in GPCR conformation and binding after activation by 

a ligand. 

(1 and 2) After ligand binding the GPCR changes its conformation resulting in the attraction of an 
inactive G-protein trimer and the exchange of GDP for GTP. (3) The exchange of GDP for GTP causes 

the G-proteins to dissociate into a G subunit and G dimer with each component enabled to direct 

further downstream signalling. Image created using BioRender.com 
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1.3.3 G-protein dependent signalling 

When activated the different subunits impact different downstream pathways providing 

complexity in the system (Figure 1.5). For instance, Gs stimulates adenylyl cyclase which 

increases the production of cyclic adenosine monophosphate (cAMP). Due to the rising levels 

of cAMP, protein kinase A is activated which phosphorylates cellular proteins that promote 

transcription of genes. When activated, GI inhibits adenylyl cyclase, reducing the levels of 

intracellular cAMP.31,46 The Gq/11 protein family activates phospholipase C- which is 

responsible for converting phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG), as well as activating the protein kinase B 

(AKT/PKB) signalling pathway. IP3 binds to IP3 receptors in the endoplasmic reticulum (ER) 

resulting in the release of calcium, and DAG activates protein kinase C, which activates 

extracellular signal-regulated kinases (ERK) 1/2, which forms part of the Mitogen activated 

protein kinase (MAPK) pathway.47 The G12/13 protein family activates the GTPase enzyme 

Rho by activating Rho guanine-nucleotide exchange factors (RhoGEFs). RhoGEFs are 

responsible for the release of GDP from Rho and the subsequent binding of GTP resulting in 

its activation.41,48 Activation of all these downstream signals initiate the expression of genes 

required for cell proliferation, migration and angiogenesis.49,50 

Figure 1.5: Overview of GPCR dependent signalling.  

The image depicts the major avenues of signalling elicited by GPCR activation through the activation 
of different G-proteins as well as alternative downstream signalling mediators such as arrestins. Image 
reproduced from Alhosaini et al with permission from Elsevier.46    
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1.3.4 G-protein independent signalling 

While most GPCRs signal through G-protein dependent pathways, downstream signalling can 

also occur through G-protein independent pathways. G-protein coupled receptor kinases 

(GRKs) and -arrestin 1/2 were first shown to play an important role in receptor desensitisation 

and internalisation.51,52 After activation of the GPCR, GRKs phosphorylate serine/threonine 

residues at the C-terminus, resulting in the recruitment of -arrestin 1/2 thus preventing the 

binding of the heterotrimeric G-protein, and facilitating clathrin-mediated endocytosis. GRKs 

have been shown to interact with other proteins such as R-SMAD, p58 and platelet-derived 

growth factor (PDGF), while -arrestin 2 has been shown to activate the ERK (MAPK) 

pathway.53,54,55  The GPCR of interest in this study is KISS1R. 

 

1.4 Kisspeptin and KISS1R 

1.4.1 Kisspeptin 

In 1996, the KISS-1 gene, which was later found to encode kisspeptin (KP), was identified as 

a metastasis suppressor since its absence was correlated with metastasis in melanoma 

cells.56 Kisspeptin encodes a 145 amino acid precursor known as pre-prokisspeptin, which is 

further cleaved by matrix metalloproteases (MMPs) to different forms of kisspeptin of varying 

amino acid lengths – KP-54, KP-14, KP-13 and KP-10, which are all able to stimulate their 

cognate receptor, KISS1 receptor (KISS1R). 57,58 

 

1.4.2 KISS1R 

KISS1R, previously known as the orphan G-protein coupled receptor 54 (GPR54), is the 

natural target for kisspeptin. KISS1R consists of 398 amino acids and falls into the class A 

sub-family of GPCRs.59,60  KISS1R is coupled to a Gq/11 protein which follows a G-protein 

dependent signalling cascade described in section 1.3.3. KISS1R and kisspeptin play an 

important role in the hypothalamic-pituitary-gonadal (HPG) axis, initiating puberty by releasing 

Gonadotrophin-releasing hormone (GnRH).61 Since the first study in 1996, there have been a 

number of investigations in the role of kisspeptin/KISS1R in a number of different cancers, 

such as prostate cancer62, bladder cancer63, gestational trophoblastic disease64, 

hepatocellular cancer65, oesophageal carcinoma66 and papillary thyroid cancer.67 In the 

majority of these cancers, kisspeptin/KISS1R expression has been associated with anti-

metastatic behaviour, however the role of kisspeptin and KISS1R in breast cancer is still 

unclear, as explained further in section 1.8. 
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1.5 Cancer 

According to the World Health Organization (WHO), cancer is one of the leading causes of 

death worldwide, accounting for 1 in every 6 deaths.68 It has been reported that by the year 

2025, the burden caused by cancer will increase in low and middle-countries with new cases 

increasing by over 20 million each year. 69 Cancer can be defined as a group of heterogenous 

diseases characterised by uncontrolled cell proliferation, resulting in the formation of a 

tumour.70 Treatment of cancer requires a multimodal approach, combining radiation therapy, 

chemotherapy, and surgery.71  

 

Cancer cells develop when mutations occur in genes that are responsible for regulating cell 

proliferation and can be divided into proto-oncogenes and tumour suppressor genes. Proto-

oncogenes encode transcription factors, growth factors and growth factor receptors, which are 

all responsible for initiating cell proliferation.72 In contrast, tumour suppressor genes are 

important for the inhibition of cell proliferation and for the initiation of apoptosis. Activating 

mutations in proto-oncogenes and inactivating mutations in tumour suppressor genes remove 

the safeguards that prevent uncontrolled cell proliferation.73  

 

Tumours can be classified according to their ability to invade surrounding tissue. Benign 

tumours are non-invasive and localised to one area of the body. They are less dangerous than 

malignant tumours but can cause complications if located near a vital organ or vessels.74 

Benign tumours are removed through surgery and have a low recurrence rate. Malignant 

tumours have the ability to invade surrounding tissues, enter the lymphatic or blood system 

and colonise secondary organs. Treatment options for malignant tumours usually include a 

combination of surgery and either radiation or chemotherapy. 74,75 

 

Cancer can affect the different tissues and organs of the body and are classified according to 

their origin. Figure 1.6 highlights the incidence and mortality rates of the 10 most prominent 

types of cancer worldwide, and specifically in South Africa (GLOBOCAN 2020).76 
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Figure 1.6: Diagram highlighting the estimated age-standardized incidence and mortality rate for 

different cancer origins worldwide and in South Africa in 2020.  

Several cancer types such as prostate and cervical cancer occur at a higher incidence in South Africa, 
while mortality for many common cancers is also higher in South Africa when compared to global 
statistics. Image reproduced from Sung et al with permission from World Health Organisation.76   

 

1.6 Breast cancer  

In 2020, the estimated number of new cases of breast cancer in South Africa was 15 491, 

accounting for 14.3% of all new cancer cases (Figure 1.7).76 Breast cancer is subdivided into 

five main sub-types (Table 1.2) based on the presence, absence or overexpression of the 

oestrogen receptor  (ER), human epidermal growth factor 2 (HER2), and progesterone 

receptor (PR), as well the expression of Ki-67.77   

 

Treatment of breast cancer can employ different approaches depending on the subtype and 

receptor composition. Chemotherapeutics target dividing cells, and are therefore used to treat 

all cancers. Breast cancer subtypes that have hormone receptors can be treated using 

hormone receptor targeting drugs such as tamoxifen, which is a selective oestrogen receptor 

modulator (SERD).78 Due to the aggressiveness of triple negative breast cancers (TNBCs) 

and the lack of hormone receptors, identification of new treatment regimens for this type is 

imperative.  
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Figure 1.7: Estimated number of new cancer cases in South Africa in 2020.  

Percentage of total cancer diagnoses in 2020 using GLOBOCON estimates generated by the 
International Agency for Research on Cancer. Image reproduced from Sung et al with permission from 
World Health Organisation.76   

 

Table 1.2: Subtypes of breast cancer classified according to their oestrogen receptor (ER), 
progesterone receptor (PR) , HER2 receptor and KI-67 profiles.77  

Type of breast cancer  Receptor composition  Characteristics  

Luminal A ER + 
PR +/- 
HER2 – 
Ki-67 < 14% 

Most common  
Accounts for 50-60% of all 
breast cancers 
Best prognosis 

Luminal B ER + 
PR+/- 
HER +/- 
Ki-67 > 14% 

Accounts for 20% of all 
breast cancers 
Good prognosis 
Aggressive clinical 
behaviour79 

HER2 ER- 
PR- 
HER2 overexpressed 

Accounts for 15-20% of all 
breast cancers  
Poor prognosis  
Highly proliferative  
Treated with trastuzumab 

Basal-like (Triple negative)  ER- 
PR- 
HER2 – 
KI-67 

Accounts for 20% of all 
breast cancers 
Aggressive  
Younger age of onset 
Larger tumour size 
Higher proliferative index 

Normal-like  ER- 
PR +/- 
HER2 – 
Low levels of KI-67 

Accounts for 10 – 15% of 
all breast cancers 
Prognosis worse than 
luminal  
Can be treated with 
hormonal therapy 
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1.7 Metastasis  

Stage four breast cancer is characterised by metastasis, the process by which cancer cells 

migrate from the primary tumour site in the breast to a secondary site. It has been shown that 

metastasis reduces the survival rate of patients when compared to patients with localised or 

regional cancer. The five year survival rate for localised breast cancer is 99% and 86% for 

regional breast cancer respectively, which drops to 27% when the cancer metastasises to a 

distant site.80 The most common sites of breast cancer metastasis includes the bone, lungs, 

brain and liver.81  

 

The cellular and molecular basis of metastasis was first described using the invasion-

metastasis cascade proposed by Isaiah J. Fidler in 2003 and adapted by Scott Valastyan in 

2011. It is proposed that metastasis occurs in six steps; local invasion, intravasation, survival 

in circulation, arrest in a distant organ site and extravasation, micrometastasis formation and 

metastatic colonisation, as highlighted by Figure 1.8.82,83  

Figure 1.8: The invasion-metastasis cascade.  

The steps that characterise metastasis include local invasion of the cancer cells into surrounding tissue, 

intravasation, survival in circulation, arrest at a distant organ site, extravasation, micrometastasis 

formation and metastatic colonization. Image reproduced from Valastyan et al with permission from 

Elsevier.82  
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There have been contrasting studies that have shown KISS1R to have both pro- and anti-

metastatic behaviours in breast cancer.75-80 Identifying the role of KISS1R in breast cancer 

could help in the identification of a novel drug target.  

 

1.8 KISS1R and kisspeptin in breast cancer  

A year after the KISS-1 gene was identified as a metastasis suppressor in melanoma cells, 

the same authors performed another study on breast cancer cells. They demonstrated that 

human breast cancer cells, MDA-MB-435 transfected with a KISS-1 gene demonstrated lower 

metastatic potential when compared to control cells.84 It is important to note that this cell line 

has since been shown to be a melanoma cell line and not a breast cancer cell line.85 Since 

then, multiple studies have gone on to provide evidence of the anti-metastatic behaviour of 

KISS1R. In a study performed by Kostadima et al, breast adenocarcinoma tissue was isolated 

from 272 stage two or three lymph-positive patients. Of all the samples, only 8 (2.9%) of these 

patients had detectable levels of KISS1R, which was suggested to have been downregulated 

to allow for metastasis.86 Another compared KISS1R mRNA levels in primary breast cancer 

tissue and associated brain metastasis. KISS1R expression was significantly decreased in 

brain metastasis when compared to primary tissue, which coincides with the previous 

conclusion.87  

 

In contrast, other studies have shown that KISS1R may play a pro-metastatic role.79,80 Breast 

tissue samples were taken from patients and compared to healthy tissue samples. In breast 

cancer tissue, KISS1R was greatly expressed in the cytoplasm of cancer cells and other 

surrounding cells when compared to normal tissue. The same study also showed that KISS1R 

expression was significantly higher in node positive tumours compared to node negative 

tumours, and that tumours that had increased KISS1R expression were associated with poor 

prognosis and a higher tumour grade.88  In a similar study, biopsies were taken from patients 

with TNBC and compared with healthy tissue samples. KISS1R mRNA and protein levels were 

significantly upregulated in TNBC samples when compared to healthy tissue.89  

 

The articles that have sought to determine the role of KISS1R and kisspeptin in breast cancer 

metastasis have provided correlations but have failed to definitively show whether 

KISS1R/kisspeptin promotes or inhibits metastasis.75-80 Due to the polarity of the research on 

KISS1R/kisspeptin and gene modulating technology available, this study aimed to develop a 

protocol to generate KISS1R breast cancer knockout  (KO) cell lines with the aim to eventually 

determine the role of KISS1R/kisspeptin in breast cancer metastasis.  
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1.9 Aims and Objectives 
 
The aim of this study was to modulate KISS1R expression in triple negative breast cancer cell 

line, MDA-MB-231, using either shRNA or CRISPR-Cas9 technology to determine the role of 

KISS1R in breast cancer metastasis. 

 

The objectives for this project were:  
 

1. To create a KISS1R knockdown MDA-MB-231 breast cancer cell line using an 

shRNA construct. 

2. To develop a KISS1R knockout CRISPR-Cas9 protocol using HEK-293T cells. 

3. To establish a KISS1R knockout MDA-MB-231 breast cancer cell line using CRISPR-

Cas9 gene editing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Materials and methods 
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2.1 General materials  

General materials and equipment that were used in all experiments and available 

commercially are highlighted in Table 2.1. Technique specific materials, reagents 

and equipment are described in the appropriate sections. All chemicals to make 

buffers were purchased from Sigma-Aldrich (Missouri, USA). 

 

Table 2.1: General materials, reagents and equipment that were available 
commercially. 
Item Catalogue 

number 
Supplier 

2720 Thermal cycler 9002-18-0 Thermo Fisher Scientific, 
Massachusetts, USA 

Eppendorf Centrifuge 5702 5702FG24024
1  

Eppendorf, Hamburg, Germany 

Falcon tube – 15 mL 188161  Greiner Bio-One, Kremsmünster, 
Austria 

Falcon tube – 50 mL 227250  
 

Greiner Bio-One, Kremsmünster, 
Austria 

Orbital Shaker Incubator LM-400D Lasec, Randburg, RSA 

Serological pipette – 5 mL  606180  Greiner Bio-One, Kremsmünster, 
Austria 

Serological pipette – 10 mL 607107  Greiner Bio-One, Kremsmünster, 
Austria 

Serological pipette – 25 mL  760107  Greiner Bio-One, Kremsmünster, 
Austria 

Sigma 1-14K centrifuge  162104 Sigma Laborzentrifuge GmbH, 
Osterode, Germany 
 

 

2.1.1 Plasmids 

2.1.1.1 CRISPR-Cas9  

The CRISPR-Cas9 plasmid,  pSpCas9(BB)-2A-GFP PX458 was a gift from Feng 

Zhang laboratories (Addgene plasmid #48138;http://n2t.net/addgene:48138; 

RRID:Addgene_48138). This plasmid is 9299 base pairs (bp) in size and includes 

the Cas9 gene isolated from Streptococcus pyogenes (S. progenes) and a green 

fluorescent protein (GFP) gene that was used as the selectable marker (Figure 

2.1). The plasmid contains a sgRNA scaffold in which the KISS1R sgRNA’s were 

inserted.   
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Figure 2.1: Diagram of the plasmid pSpCas9(BB)-2A-GFP PX45 used for this study.  

The selected sgRNA’s targeting KISS1R were inserted into the gRNA scaffold by digesting 
the plasmid with restriction enzyme BbSI. (Addgene plasmid #48138; 
http://n2t.net/addgene: 48138; RRID:Addgene_48138).  

 

2.1.1.2 Short hairpin RNA  

The KISS1R targeting shRNA (Table 2.2) and shRNA control plasmids (vector: 

pLKO.1 puro) had been generated in our laboratory prior to the initiation of this 

research study. The plasmids required to generate the shRNA lentiviral system 

were already available for use. (Table 2.3)  

 

Table 2.2: KISS1R targeting shRNA. 
shRNA Sequence (5’-3’) 

Forward CCGGGCGGCTATTCTTCTGTTATTACTCGAGTAATAACAGAAGAATA
GCCGCTTTTTG 

Reverse AATTCAAAAAGCGGCTATTCTTCTGTTATTACTCGAGTAATAACAGAA
GAATAGCCGC 
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Table 2.3: Plasmids used to generate the shRNA-lentiviral system. 
Name  Plasmid number on Addgene Purpose 

pCMV-dR8.2 dvpr 8455 
 

Lentiviral packaging  

pCMV-VSV-G 8454 
 

Envelope protein  

pLKO.1 puro 8453 
 

Lentiviral backbone 
for cloning and 
expressing shRNA 
sequences 

 

2.1.2 Single guide RNAs 

CRISPOR (http://crispor.tefor.net/) is an online selection tool first created by 

Haeussler and Concordet in 2016, that uses an algorithm to identify targets in 

genes of interest, design sgRNA’s, identify off target sites, and design primers.90 

CRISPOR was used to identify five sgRNA’s targeting KISS1R (Table 2.4). sgRNA 

sequences should be between 17 and 24 nucleotides long and have a GC content 

between 40-80%. Due to the unpredictability of sgRNA’s it is suggested to design 

and test at least five different sgRNA’s.   

 

Table 2.4: The sgRNA designed to target the KISS1R ORF. 
sgRNA Sequence (5’-3’) 

1 AAGTTGGTCACGGTCCGCA 

2 TCCGGACCCAACGCGTCCT 

3 TCACGGTCCGCATCGGCTTG 

4 TGTGGCGCCAACGCCTCGGA 

5 CCCCCAGGACGCGTTGGGTC 

 

2.1.3 Primer design 

Primer pairs that amplify -Actin (ACTB) open reading frame (ORF) (1) (Accession 

number: NM_001101.5) and KISS1R ORF (2) (Accession number: NM_032551.5) 

regions from cDNA were already available for use in the Centre for 

Neuroendocrinology’s laboratory. CRISPOR was used to design a primer pair (3) 

that amplified a 798 bp region in the KISS1R gene in which our sgRNA’s were 

targeting for the T7 endonuclease assay. A vector screening primer pair (4) that 

binds upstream of the sgRNA scaffold and at the BBSI restriction site was designed 

by Addgene, and synthesized by Integrated DNA Technologies (Iowa, USA). 

(Table 2.5) These primers were synthesized by Inqaba Biotechnical Industries 

(Pretoria, RSA). 
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Table 2.5: Information on PCR primers used in this research study. 
 Name  Sequence (5’ – 3’) Melting 

temp 
Annea

ling 
temp 

Size 
(bp) 

1 RT-PCR: 
Human ACTB set 
1 forward primer  
Human ACTB set 
1 reverse primer  

 
CAGAGCCTCGCCTTTGC 
 
 
CTCGTCGCCCACATAGGA 

 

56.8C 

 
 

56.6C 

52.0C 225  

2 RT-PCR: 
Human KISS1R 
set 2 forward 
primer 
Human KISS1R 
set 1 reverse 
primer 
 

 
CAACTTCTACATCGCCAACC  
 
 
AGCAGGTTGTACAGTGCGA 

 

53.7C 

 
 

56.7C 

55.0C 399  

3 T7 Endonuclease 
assay: 
KISS1R forward 
primer  
KISS1R reverse 
primer  

 
 
TTGCCGCTGGGTGAATAGAG 
 
AGGTTTCCATGTGCCACA CT 

 
 

53.83C 

 

51.78C 

49C 798  

4 Vector screening: 
Forward primer 
 
Reverse primer 
 

 
 
GAGGGCCTATTTCCCATGATTCC 
 
TCTTCTCGAAGACCCGGTG 

 
 

59C  

 

58C 

53C 264  

 

2.2 Molecular biology techniques 

2.2.1 Materials 

Materials, equipment and reagents that were used for molecular biology 

techniques that were available commercially are listed in Table 2.6, and reagents 

made in-house are listed in Table 2.7.  

 
Table 2.6: Materials, equipment and reagents used for molecular techniques that are 
available commercially. 
Item Catalogue 

number 
Supplier 

ABI3500xl Genetic Analyser 
instrument 

4406016 Thermo Fisher Scientific, 
Massachusetts, USA 

Agarose and Polymerase Chain 
Reaction (PCR) clean-up kit 

740609 Macherey-Nagel, Duren, 
Germany 

Alkaline Phosphatase – Calf 
Intestinal 

M0525L New England Biolabs, 
Massachusetts, USA 

BigDyeTM Terminator V3.1 cycle 
sequencing kit 

4337458 Thermo Fisher Scientific, 
Massachusetts, USA 

BbSI R0539S New England Biolabs, 
Massachusetts, USA 
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Chemidoc MP imaging system 73BR02464  

 

BioRad Laboratories, California, 
USA 

Deoxynucleotide (dNTP) mix N0447S New England Biolabs, 
Massachusetts, USA 

DNA ladder – 1 kb plus 10787018 Thermo Fisher Scientific, 
Massachusetts, USA 

EDTA 17892 Thermo Fisher Scientific, 
Massachusetts, USA 

Ethanol – molecular grade E7023 Sigma-Aldrich, Missouri, USA 

Gel loading dye, 6x, purple B7024S New England Biolabs, 
Massachusetts, USA 

GelRed® Nucleic Acid Gel Stain 41003 Biotium, California, USA 

GeneAmp® PCR system 9700  4339386 Thermo Fischer Scientific, 
Massachusetts, USA 

LunaScript® RT SuperMix kit E3025S New England Biolabs, 
Massachusetts, USA 

Mini-Sub Cell GT Cell gel tank 1704406 BioRad Laboratories, California, 
USA 

Macherey-NagelTM NucleospinTM 
DNA RapidLyse mini-kit 

740100 Macherey-Nagel, Duren, 
Germany 

Macherey-NagelTM NucleoSpinTM 
Plasmid EasyPure kit 

740727 Macherey-Nagel, Duren, 
Germany 

NanoDropTM 1000 
spectrophotometer 

ND-1000 Thermo Fisher Scientific, 
Massachusetts, USA 

NEBuffer 2 B7002S New England Biolabs, 
Massachusetts, USA  

OneTaq® DNA Polymerase M0480S New England Biolabs, 
Massachusetts, USA 

OneTaq®  GC reaction buffer B9023 New England Biolabs, 
Massachusetts, USA 

RNeasyTM Mini kit 74004 Qiagen, Hilden, Germany. 

Taq 2x MasterMix M0270L New England Biolabs, 
Massachusetts, USA 

T4 DNA Ligase M0202 New England Biolabs, 
Massachusetts, USA 

T4 DNA Ligase reaction buffer B0202S New England Biolabs, 
Massachusetts, USA 

 

 

 

 

 

 

 

 

 

 

 

 



 35 

 
Table 2.7: Reagents required for molecular techniques that were made in house. 

Item Components 

Agar plates • 1% (w/v) tryptone 

• 0.5% (w/v) yeast extract 

• 170 mM NaCl 

• 1.5% (w/v) agar 

• 100 μg/ml ampicillin 

Luria-Bertani (LB) broth • 1% (w/v) tryptone 

• 0.5% (w/v) yeast extract 

• 170 mM NaCl 

Tris-Acetic acid-EDTA, 1x • 40 mM Tris base 

• 49 mM acetic acid 

• 1 mM EDTA 

 

 

2.2.2 Methods 

2.2.2.1 Cloning strategy 

2.2.2.1.1 Restriction digest  

The cloning strategy developed and optimized by Zhang laboratories 

(https://www.addgene.org/crispr/reference/#protocols) was followed to insert each 

sgRNA into the plasmid. Briefly, 1.4 μg of the CRISPR-Cas9 plasmid was 

combined with 10 U of the restriction enzyme BbsI, alkaline phosphatase and 

NEBuffer™ 2.1 and incubated at 37C for 30 min before being resolved using 

agarose gel electrophoresis. 

2.2.2.1.2 Agarose gel electrophoresis 

A 1% (w/v) agarose gel was made by combining and heating 1x TAE buffer and 

agarose in a microwave, to melt the agarose. Once the beaker was cool to touch, 

GelRed® Nucleic Acid Gel Stain was added in a dilution of 
1

30 000
. Purple gel loading 

dye was added to DNA samples to achieve a final concentration of 1x. Agarose 

gels were electrophoresed at 120V for 30 min in a Mini-Sub Cell GT Cell gel tank 

and a Chemidoc MP imaging system was used to visualise DNA. The accurate 

product size was determined using an appropriate DNA ladder loaded in the first 

lane of each agarose gel.  
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2.2.2.1.3 DNA purification  

The plasmid DNA fragments were excised from the agarose gel and purified using 

a Agarose and Polymerase Chain Reaction (PCR) clean-up kit. Briefly, excised 

agarose gel containing the digested plasmid was melted in the provided buffer at 

50C, and the DNA captured on a Nucleospin Gel and PCR Clean-up column. 

After the specified wash steps, 30 μL of the provided elution buffer was added to 

the column and incubated at room temperature for 1 min. After incubation, the 

column was centrifuged at 6 000 x g for 1 min to elute the DNA before DNA 

quantification on a Nanodrop1000 spectrophotometer.  

2.2.2.1.4 Ligation  

Prior to assembling the ligation reactions, the sense and antisense sgRNA’s (1:1 

ratio) were annealed in T4 DNA ligase buffer by heating to 95C and then gradually 

cooling the reaction to 25C. Purified plasmid was then ligated with each sgRNA 

by combining the components highlighted in Table 2.8. A ligation control was 

included. Combined reactions were incubated at room temperature for 10 min 

before they were transformed in XL10-Gold E. coli. 

Table 2.8: Different ligation reactions. 

Sample  Composition 
 

Ligation control • 50 ng of plasmid DNA  

• 1 U of ligase 

• 2 μL of ligase buffer 

• To 20 μL using RNAse-free water 

sgRNA recombinant mix 1-5 

 

• 50 ng of plasmid DNA  

• 1 μL of annealed sgRNA 1/2/3/4/5 (1:200) 

• 1 U of ligase 

• 2 μL of ligase buffer 

• To 20 μL using RNAse-free water 

 

2.2.2.2 Transformation 

Ligation reactions were transformed by combining 40 μL XL10-Gold E. coli 

competent cells and 10 μL of each ligation reaction in a 0.5 mL tube. A 

transformation control (containing water) was included. Reactions were incubated 

on ice for 30 min before heat-shock at 42oC for 90 sec. Reactions were immediately 

placed on ice for 2 min and 0.5 ml of LB broth was added prior to incubating for 1 

h at 37C in a shaking incubator. The tubes were centrifuged at 3000 x g for 3 min, 

after which, 0.4 ml of the supernatant was removed. Each pellet was resuspended, 
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and transferred to individual agar plates made with ampicillin and spread 

aseptically. Agar plates were incubated at 37oC overnight.  

2.2.2.3 Plasmid Purification 

The NucleoSpin Plasmid EasyPure kit was used to isolate plasmid DNA from 

bacterial cells as per the manufacturer’s protocol. A NanoDrop1000 

spectrophotometer was used to determine the plasmid DNA concentrations. 

Isolated plasmid DNA samples were deemed pure if their 260/280 ratio was 

approximately 1.8. 

2.2.2.4 Reverse transcriptase-Polymerase Chain Reaction 

Reverse transcriptase-PCR (RT-PCR) was used to assess KISS1R mRNA levels 

in cell lines transfected and transduced with the KISS1R targeting shRNA 

construct. RNA was extracted from the HEK-293T and MDA-MB-231 cell lines 

using the RNeasyTM Mini kit, as per the supplier’s protocol. After extraction, 1 μg 

RNA was used to synthesize complementary DNA (cDNA), and the remaining RNA 

stored at -80°C. cDNA was synthesized using the LunaScript® RT SuperMix kit per 

the supplier’s protocol.  

PCR reactions were prepared as indicated by Table 2.9 and the cycling conditions 

highlighted in Table 2.10 were used. A negative control (without cDNA) was 

included in the analysis.  

Table 2.9: The components required for the PCR to amplify the KISS1R target 
sequence from isolated cDNA. 

Component For 1 reaction (μL) 

Taq x2 Mastermix  12.5  

Forward primer (10 μM) 0.5  

Reverse primer (10 μM) 0.5  

DMSO (3%) 0.75  

Nuclease-free water 8.75  

cDNA 2  

Final volume  25  
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Table 2.10: The PCR conditions required for the above reaction. 

*Ta = Tm-5 

 

2.2.2.5 T7 endonuclease assay 

The T7 endonuclease assay was used to determine the editing efficiency achieved 

with each sgRNA in an unsorted population. This was done to decide which two 

sgRNA’s would be used to generate the KO cell lines. This assay was also used 

to identify single cell clones which were positive for INDEL mutations.  

 

This assay follows the workflow as depicted by Figure 2.2. Briefly, genomic DNA 

was isolated from transfected cell populations using a Macherey-NagelTM 

NucleospinTM DNA RapidLyse mini-kit as per the manufacturer’s instructions. Next, 

a PCR was performed to amplify a 798 bp region of the KISS1R gene where the 

sgRNA’s are targeted. PCR reactions are detailed in Table 2.11 with a negative 

control containing genomic DNA from cells transfected with the empty plasmid 

vector, and a control containing nuclease-free water included for each PCR. PCR 

reactions were run using the touch-down conditions highlighted by Table 2.12. 

 

 

 

 

Temperature Time  Cycles 

95℃ 30 sec  

95℃ 30 sec 30 

*52℃ 30 sec 

68℃ 30 sec 

68℃ 5 min  

4℃ ∞ hold 
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Figure 2.2: T7 endonuclease assay work-flow.  

A PCR is performed on isolated genomic DNA to amplify the targeted region. PCR products 
are denatured, reannealed and digested with the T7 endonuclease I enzyme. Digested 
products are resolved on a 1% agarose gel. Image reproduced from Kerschgens with 
permission from Horizon Discovery Ltd.91  

 

Table 2.11:  The components required for the OneTaq® PCR reaction. 

Component 1 reaction (µL) 

5x OneTaq®  GC reaction buffer 10 

10 nM dNTP’s 1  

10 µM forward primer 1  

10 µM reverse primer 1  

OneTaq® DNA Polymerase  0.25 

DMSO 1.5  

 
Table 2.12: The conditions required for the OneTaq® PCR reaction. 
Temperature (ºC) Duration Cycles 

95 3 min  

95 30 sec 3  

52 30 sec 

72 2 min 

95 30 sec 30  

49 30 sec 

72 2 min 

72  7 min  
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To ensure successful amplification of the 800 bp region, 10 µL of the PCR reactions 

were combined with 6x loading dye to a final concentration of 1x, and agarose gel 

electrophoresis was performed as described in section 2.2.2.1.2. Gels were 

visualised using a ChemiDoc MP imaging system. The remaining sample was 

purified using the Agarose and Polymerase Chain Reaction clean-up kit as per the 

manufacturers protocol.  

 

Purified PCR products were denatured and reannealed by combining components 

according to Table 2.13. Reactions were placed into a GeneAmp® PCR system 

9700 and cycling conditions were conducted as described in Table 2.14.  

 
Table 2.13: Components combined to denature and reanneal PCR products. 

Components Amount 

10x NEBuffer™2  2 µL  

DNA 200 ng 

Nuclease-free water to 19 µL  

 

Table 2.14: PCR conditions used to denature and reanneal PCR products for the T7 
endonuclease assay. 
Temperature Ramp rate  Time 

95ºC  5 min 

95-85ºC -2ºC/second  

85-25ºC -0.1ºC/second  

4ºC  ∞ 

 

After reannealing, 1 µL of T7 endonuclease I was added to each sample and 

incubated at 37ºC for 15 min before the addition of 0.01M 

Ethylenediaminetetraacetic acid (EDTA). Agarose gel electrophoresis was 

performed using the method described in section 2.2.2.1.2.  

 

The intensity of each band was determined using ImageLab software 6.1 

developed and distributed by Bio-Rad Laboratories, and the background 

subtracted from each value. The percentage of gene modification was determined 

using the formula below.  

 

% Gene modification = 100 x (1-(1-fraction cleaved)1/2) 
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2.2.2.6 Sanger Sequencing 

Sanger sequencing was performed using the BigDyeTM Terminator V3.1 cycle 

sequencing kit as per the supplier’s protocol to confirm the insertion of the sgRNA’s 

into the vector, as well as provide data for the Inference of CRISPR edits (ICE) 

analysis on single cell clones (section 2.3.2.8) in which INDEL mutations were 

detected. Briefly, the components listed in Table 2.15 were combined in 0.2 mL 

PCR tubes. PCR tubes were placed into a 2720 Thermal cycler and a PCR was 

conducted according to the cycling conditions outlined in Table 2.16. 

 

Table 2.15: Components required for Sanger Sequencing reactions. 

Components Amount 

1x BigDye  1 µL 

Sequencing buffer – 5x 2 µL 

Sequencing primer – 3.2 µM 1 µL 

DNA 100 ng 

Nuclease-free water To final volume of 10 µL 

 

Table 2.16: PCR conditions for Sanger sequencing reactions. 

Steps Temperature Time 

Initial denaturation 96ºC 1 min 

25 cycles 96ºC 10 sec 

50ºC 5 sec 

60ºC 2 min 

 4ºC ∞ 

 

DNA was precipitated by adding 1.5 µL of 3 M sodium acetate (pH 4.6), 31.5 µL of 

molecular grade ethanol and 7.25 µL of ultrapure water.  Reactions were incubated 

on ice for 15 min, and then centrifuged at 16 000 x g for 20 min at 4ºC in a Sigma 

1-14K centrifuge. The supernatant was aspirated, and the DNA pellets washed 

twice with 70% (v/v) molecular grade ethanol, and centrifuged at 16 000 x g for 5 

min at 4ºC. The supernatant was aspirated and the DNA pellets dried in an oven 

at 37ºC for at least 30 min. DNA was sequenced on a ABI3500xl Genetic Analyser 

instrument by the DNA Sanger Sequencing Facility found at the University of 

Pretoria (Pretoria, South Africa). Samples with a quality score of more than 25 were 

analysed using CLC Bio Workbench.  
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2.3 Cell culture 

2.3.1 Materials 

HEK-293T (CRL-1573) and MDA-MB-231 (HTB-26) (Table 2.17) cell lines were 

originally obtained from the American Type Culture Collection (Virginia, USA). 

Core stocks were available for use at the Centre for Neuroendocrinology’s 

laboratory. All cell culture techniques were conducted using standard aseptic 

techniques. General cell culture equipment and consumables are described in 

Table 2.18 and recipes for in house reagents are listed in Table 2.19. 

 
Table 2.17: The main cell types used for this study. 
Cell line  Media 

type 

Doubling-

time 

Trypsinization 

time 

Note Passage 

dilution 

HEK- 

293T  

DMEM 24 h 3 min Supplemented 

with 10% FCS 

1:4 

MDA-MB-

231 

DMEM 24 h 5 min Supplemented 

with 10% FCS 

1:4 
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Table 2.18: Equipment, materials and reagents required for cell culture that are 
available commercially. 

Item Catalogue 
number 

Supplier 

Airstream® Gen 3 Vertical Laminar Flow 
Cabinet 

LVS-4AG-S Life Sciences group, 
Bedfordshire,UK 

BD FACSAriaTM Fusion Flow cytometer 23-14994-01 BD Biosciences, New 
Jersey, USA 

CytoFLEX SRT Benchtop Cell Sorter 01-1234 Beckman Coulter, 
California, USA 

Cell culture flasks, 50 mL, 25 cm2 (T25) 690940 Greiner Bio-One, 
Kremsmünster, Austria 

Cell culture flasks, 250 mL, 75 cm2 (T75) 658940 Greiner Bio-One, 
Kremsmünster, Austria 

Cell scraper, 28 cm long, blue, sterile, 541070 Greiner Bio-One, 
Kremsmünster, Austria 

Corning Matrigel matrix 356235 Corning Incorporated, New 
York, USA 

Countess™ II Automated Cell Counter C19228 Thermo Fisher Scientific, 
Massachusetts, USA 

CountessTM Cell Counting Chamber Slide AMQAX1000 Thermo Fisher Scientific, 
Massachusetts, USA 

Cryo.STM cryovials 126280 Greiner Bio-One, 
Kremsmünster, Austria 

CytoFLEX  C71888 Beckman Coulter, 
California, USA 

Dimethyl Sulfoxide (DMSO) D8418-1L Sigma-Aldrich, Missouri, 
USA 

Eppendorf Centrifuge 5702 5702FG2402
41  

Eppendorf, Hamburg, 
Germany 

Foetal calf serum/ Foetal bovine serum 
(FCS/FBS) 

10270106 Thermo Fisher Scientific, 
Massachusetts, USA 

Gibco Dulbecco’s Modified Eagle Medium 
(DMEM), high glucose, GltaMAXTM 
supplement 

10566016  Thermo Fisher Scientific, 
Massachusetts, USA  

Gene Pulser Electroporation system with 

capacitance extender 

165-2660 Bio-Rad Laboratories, 
California, USA 

Gene Pulser®/MicroPulser™ 
Electroporation Cuvettes 0.2 cm gap 

1652086 Bio-Rad Laboratories, 
California, USA 

Glass pasteur pipette GLAS2P20M
230 

Lasec, Randburg, RSA 
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Isopropyl alcohol  I9516 – 1L Sigma-Aldrich, Missouri, 
USA 

Minisart® NML Plus Syringe Filter 17829-
---------K, GF + 0.45 µm Surfactant-free 
Cellulose Acetate 

17829 Sartorius, Göttingen, 
Germany. 

Nalgene Mr. Frosty Cryo 1C Freezing 

Container 

5100-0001  Thermo Fisher Scientific, 
Massachusetts, USA 

Trypan blue stain 0.4% T10282 Thermo Fisher Scientific, 
Massachusetts, USA 

Trypsin-EDTA (0.25%) 25200072 Thermo Fisher Scientific, 
Massachusetts, USA 

XtremeGene HP DNA transfection 
reagent  

6366236001 Sigma Aldrich, Missouri, 
USA 

Zeiss Primo Vert.A1 Inverted microscope 491237-
0014-000. 

ZEISS, Jena, Germany 

 
Table 2.19: Recipes for materials required for cell culture that were made in house. 
Item Components 

Cryopreservation 
media  

• 10% DMSO 

• 40% FCS/FBS 

Growth Media  • 500 mL DMEM 

• 50 mL FCS/FBS 

Mannitol buffered 
phosphate – 
electroporation buffer 

• 5 mM Potassium Chloride (KCl) 

• 15 mM Magnesium Chloride (MgCl2) 

• 120 mM Disodium Hydrogen Phosphate (Na2HPO4) 

• 50 mM D-Mannitol 

• pH adjusted to 7.2 

• Filter sterilised under aseptic conditions using a 0.2 m 

filter 

1x Phosphate 
Buffered Saline 
(PBS) 

• 137 mM Sodium Chloride (NaCl) 

• 2.7 mM Potassium Chloride (KCl) 

• 10 mM Disodium Hydrogen Phosphate (Na2HPO4) 

• 1.8 mM Potassium dihydrogen phosphate (KH2PO4) 

• pH adjusted to 7.4 
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2.3.2 Methods  

2.3.2.1 Raising cells 

Core stocks of cell lines were stored in liquid nitrogen in Cryo.S cryovials until 

they were required. Prior to experimentation, a vial of each cell type (containing 

approximately 1 mL of cell suspension) was removed from liquid nitrogen storage. 

The cell suspensions were rapidly thawed and immediately added to 5 mL of the 

appropriate pre-warmed growth media (Table 2.17) in a 15 mL polypropylene tube. 

Cell suspensions were centrifuged at 800 x g for 3 min using a 5702 Eppendorf 

Centrifuge, followed by removal of the supernatants. Cell pellets were suspended 

in 5 mL of growth media and transferred to labelled T25 flasks before incubating 

overnight at 37°C, 5% CO2, with 90% relative humidity (RH). 

 

2.3.2.2 Passaging  

Cell lines were grown to approximately 80% confluency before passaging. Media 

was aspirated and a single wash-step using 1x Phosphate buffered saline (PBS) 

was conducted. Trypsin-EDTA was added to the cells to detach them followed by 

incubation for the appropriate amount of time (Table 2.17). After incubation, growth 

media was added to the plate or flask to inactivate trypsin-EDTA activity. The cell 

suspension was transferred to a new 15 mL polypropylene tube and centrifuged at 

800 x g for 3 min. Supernatant was aspirated, and the cell pellet was suspended 

in growth media. A portion of this cell suspension was added back to a plate or 

flask already containing the appropriate amount of growth media. The cells were 

then incubated at 37°C, 5% CO2, with 90% RH.  

 

2.3.2.3 Freezing of cells  

To ensure that core stocks of these cell lines were maintained, cells were 

cryopreserved in regular intervals. After passaging, the concentration of live cells 

was determined by adding 10 µL of the cell suspension and 10 µL of 0.4% trypan 

blue to a 0.5 mL microcentrifuge tube. To each chamber of a CountessTM Cell 

Counting Chamber Slide, 10 µL of the trypan blue stained cell suspension was 

added. The slide was inserted into the Countess™ II automated cell counter and 

the cell count determined. To each cryovial, 1x106 live cells combined with 

cryopreservation media in a 1:1 ratio was added. The cryovials were stored in a 
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Mr. FrostyTM containing isopropyl alcohol in a -80°C freezer overnight. The 

following day, cryovials were moved to liquid nitrogen for long-term storage. 

 

2.3.2.4 Seeding 

Cells were seeded at different concentrations for different assays as stipulated in 

Table 2.20. Prior to seeding HEK-293T cells, plates were coated with Corning 

Matrigel matrix for at least 45 min. The concentration of cell suspensions were 

determined as described in section 2.3.2.3.  

 

Table 2.20: Cell seeding densities for various experiments. 
Experiment Cell line Seeding density 

(cells/well) 

Plate size 

Lentivirus production HEK-293T 5 x105 6 well plate 

Lentivirus infection HEK-293T 3 x105 6 well plate 

CRISPR-Cas9 construct 

transfection 

HEK-293T 3 x105 6 well plate 

MDA-MB-231 3 x105 6 well plate 

 

2.3.2.5 Lipofection 

Cells were transfected using XtremeGeneTM HP DNA transfection reagent, as per 

the manufacturer’s protocol. Briefly, a transfection mix containing DNA in a ratio of 

either 1 µg to 2 µL or 1 µg to 3 µL of the transfection reagent, diluted in serum-

free media (SFM) was made. Transfection mix was vortexed and left to incubate 

for 15 min at room temperature before being added to each well. Plates were 

incubated overnight at 37°C, 5% CO2, with 90% RH. 

 

2.3.2.6 Lentiviral production 

To generate the KISS1R shRNA and control shRNA containing lentivirus, 5 x 105 

HEK-293T cells were added to each well in a 6 well plate. The following day, cells 

were transfected using polyethylenimine (PEI) with the shRNA constructs (Table 

2.21) in the ratio’s specified in Table 2.21. The transfection mix was incubated for 

20 min at room temperature and added to the cells. The following morning, media 

was replaced with 2 mL of DMEM and left to incubate for 24 h. Media containing 

lentivirus was collected from each well and placed in a 15 mL tube, at 4C, 

approximately 36 h post-transfection. Fresh media was added to each well and 

incubated overnight before a final batch of lentivirus was collected and added to 



 47 

the first batch. Lentivirus media was filtered using a 0.45 Minisart© filter and was 

either used the same day or stored at -80C until required.  

 

Table 2.21: Components used to create shRNA containing lentivirus. 
Construct  Amount added 

pCMV-dR8.2 dvpr 1100 ng 

pCMV-VSV-G 570 ng 

pLKO.1 puro (KISS1R-

targeting or control shRNA) 

2300 ng 

PEI 12.5 µL 

 

2.3.2.7 Electroporation 

MDA-MB-231 cells were harvested using the protocol stipulated in section 2.2.2.2, 

and live cell count was determined (section 2.3.2.3). The required volume of cell 

suspension was added to a 1.5 mL tube to ensure the presence of 2 x 106 live 

cells. The cells were centrifuged at 800 x g for 3 min, the supernatant aspirated 

and a single wash-step using 1x PBS was performed. The PBS was aspirated, and 

the cell pellet suspended in 250 µL of mannitol-buffered phosphate electroporation 

buffer containing 10 µg of the CRISPR-Cas9 sgRNA constructs. Electroporation 

was performed using Bio-Rad’s Gene Pulser II with the capacitance extender 

using Gene Pulser electroporation cuvettes with a 0.2 cm gap. After 

electroporation, the cells were added to a 6 well plate already containing pre-

warmed media and left to attach overnight.  

 

2.3.2.8 Single cell isolation  

2.3.2.8.1 Dilutions  

To isolate single HEK-293T cells, the concentration of the transfected cells was 

determined as per section 2.3.2.3. The cell suspension was then diluted to a 

concentration of 20 cells/mL. To a Matrigel-coated 96 well plate, 200 µL of this 20 

cells/mL cell suspension was added, with the aim of isolating GFP-positive single 

cells for expansion of single cell clones. Theoretically, 4 cells will be plated per 

well, however, in practice while a few wells will contain 4 cells, others will contain 

less.  
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2.3.2.8.2 Cytoflex SRT cell sorter 

MDA-MB-231 cells were harvested 48 h post-electroporation and taken to a private 

laboratory to be sorted. A negative control, MDA-MB-231 cells electroporated in 

the absence of plasmid DNA was first run to locate the population of interest and 

determine the level of auto-fluorescence. GFP-positive cells were bulk sorted into 

media containing penicillin-streptomycin antibiotic, as the sorter was not sterile. 

Once the samples had been sorted, cells were diluted to a concentration of 20 

cells/mL and 200 µL added to each well of a 96 well plate.  

2.3.2.8.3 FACSAriaTM Fusion cell sorter 

MDA-MB-231 cells were harvested 48 h post-electroporation, and one GFP-

positive cell was added to each well in a 96 well plate using a FACSAriaTM Fusion 

cell sorter. A negative control, MDA-MB-231 cells electroporated in the absence of 

plasmid DNA was first run to locate the population of interest and determine the 

level of auto-fluorescence.  

2.4 Calcium signalling assay 

Due to the absence of specific antibody for KISS1R, we were unable to confirm 

knockdown or knockout of KISS1R at a protein level. To overcome this limitation,  

downstream signalling in response to KP-10 stimulation was assessed using a 

calcium signalling assay optimised in our laboratory.  

2.4.1 Materials 

The materials required for the calcium signalling assay that are available 

commercially are listed in Table 2.22, and the reagents prepared in-house are 

listed in Table 2.23. 

 
Table 2.22: Materials required for the calcium signalling assay that are available 
commercially. 

Item Catalogue 
number 

Supplier 

µ-slide Ibidi plate, 8-well 80826 Ibidi, Grafelfing, Germany 

Bovine serum albumin (BSA) 0332-500G VWR chemicals, Pennsylvania, 
USA 

Fluo-3-AM – 1 mM stock dissolved 
in 100% DMSO 

F1241  
 

Thermo Fisher Scientific, 
Massachusetts, USA 

Ionomycin – 5 mM stock dissolved 
in 100% DMSO 

124222  
 

Thermo Fisher Scientific, 
Massachusetts, USA 

Kisspeptin-10 (KP-10) – 1 mM 
stock dissolved in 100% DMSO 

205403 GL Biochem (Shanghai) Ltd, 
Shanghai, China. 

Pluronic® F-127 P2443 Sigma-Aldrich, Missouri, USA 

Probenecid  P8761 Sigma-Aldrich, Missouri, USA 
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Table 2.23: Materials required for the calcium signalling assay that were prepared in-
house. 

Reagent Composition 

Calcium chloride – 0.9 M • 10 g of Calcium Chloride was 

dissolved in 100 mL of distilled 

water 

Fluo-3-AM loading solution • 2.5 µM Fluo-3-AM in HBSS-BSA-

Probenecid buffer containing 

Pluronic® F-127 

Hank’s balanced salt solution (HBSS), 10 
x 

• 5.4 mM Potassium chloride (KCl) 

• 0.5 mM Magnesium chloride 

hexahydrate (MgCl2-6H2O) 

• 0.4 mM magnesium sulphate 

heptahydrate (MgSO4-7H2O) 

• 0.4 mM potassium dihydrogen 

phosphate (KH2PO4) 

• 0.34 mM disodium hydrogen 

phosphate heptahydrate 

(Na2HPO4-7H2O) in 1000 ml of 

distilled water added and stored at 

4ºC 

HBSS, 1x • For 1000 ml, 100 ml of 10× HBSS 

was mixed with 800 ml of distilled 

water. To this, 1.3 mM of 

anhydrous CaCl2, 5.5 mM of d-

glucose and 4.2 mM of NaHCO3 

was added. The volume was 

adjusted to 1000 mL with distilled 

water, the pH adjusted to 7.4 and 

stored at 4ºC 

HBSS-BSA-Probenecid • 45 mL of 1x HBSS 

• 1 mg/mL of BSA 

• 2.5 mM of Probenecid  

 

Pluronic F127 – 20% • 2 g of Pluronic F-127 was added to 

10 mL of 100% DMSO  

• Solubilised by heating at 40ºC for 

20 min. 

Probenecid - 1M • 7.135 g of probenecid powder was 

added to 25 mL of 1 M NaOH 

• Heated for 30 min on an magnetic 

stirrer. Stored at -20ºC 
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2.4.2 Methods 

The calcium signalling assay was used to compare the release of calcium into the 

cytosol, after stimulation with KP-10, between the MDA-MB-231 shRNA control  

and MDA-MB-231 KISS1R shRNA cell lines. This was achieved using the calcium 

indicator dye, Fluo-3-AM. This assay was performed using a Zeiss LSM800 laser 

scanning confocal microscope with temperature control set to the Fluo-3 channel, 

with an excitation and emission wavelength of 506 nm and 527 nm respectively. A 

20x objective with a numerical aperture of 0.5 was used and the confocal scanning 

system set to a fast-scanning mode. An image was created from 512 × 512 pixels 

every 1.5 sec with 401 frames, with the pinhole set to 2.27 AU. Prior to 

experimentation, the microscope was turned on at least 30 min before and the 

temperature of the microscope’s heating chamber set to 37ºC.  

 

Both cell lines were seeded in 200 µL of growth media in an 8 well Ibidi microslide 

plate, and incubated overnight at 37 ºC, 5% CO2 and 95% RH. The following day, 

180 µL of the growth media was replaced with the Fluo-3-AM loading solution and 

incubated in the dark at 37ºC in a humidified incubator under standard conditions. 

After the incubation period, the loading dye was removed and the wells were 

washed three times with HBSS-BSA-probenecid buffer. After the wash steps, 180 

µL of HBSS-BSA-probenecid buffer was added and the cells incubated for 30 min 

under standard cell culture conditions. After the incubation period, the microslide 

was put into the chamber of the microscope, with its lid removed. The video was 

started prior to the addition of KP-10 in order for a baseline fluorescence 

measurement to be determined during analysis. After 75 sec, 100 nM of KP-10 

was added, and after at least 300 sec, 1 µM ionomycin containing 0.9 M of Calcium 

chloride (positive control) was added. Fluorescence was quantified using the Bio-

format plugin in ImageJ software.  

 

Analysis was performed as depicted in Figure 2.3. Besides the 20 cells selected 

for analysis, a background reading (a region where there were no cells) was 

included. The background reading was subtracted from the raw data generated for 

each cell at the different time points. The background-corrected values were 

subtracted from the average of the baseline values and converted to a percentage 

by dividing each value by the highest signal obtained in response to Ionomycin and 

calcium chloride, and multiplying by 100. The maximum amplitude of calcium 
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released was calculated by taking the average of the maximum amount of calcium 

released after the addition of KP-10, for the 20 cells that were selected per cell line. 

The time of maximum amplitude was calculated by taking the average of the time 

in which the maximum amplitude was attained for the 20 cells in each of the two 

independent experiments per cell line. 

 

Figure 2.3: Flow-diagram depicting the steps used to generate data from the calcium 

assay videos using the Bio-format importer on ImageJ.  
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Chapter 3: Results  
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3.1 shRNA dependent knockdown of KISS1R expression has no effect 

on kisspeptin-dependent calcium mobilisation 

To investigate how KISS1R mediates its effects on migration in breast cancer cell 

lines, we decided to modulate its expression. Previous data from our research 

group showed KISS1R to be active in MDA-MB-231 cells and responsible for 

increased migration. Thus, we sought to repress expression of KISS1R in this cell 

line using shRNA to prove that increased migration after KP-10 stimulation was 

dependent on KISS1R. A lentiviral KISS1R shRNA  and shRNA control expression 

plasmid was previously generated (section 2.1.1.2). To assess the efficiency of the 

KISS1R shRNA construct, HEK-293T cells were transfected with this construct 

using XtremeGeneTM HP transfection reagent. This was done because these cells 

are easily transfected and have shown to express KISS1R. 48 h post transfection, 

RNA was isolated from shRNA control and KISS1R shRNA plasmid transfected 

cells, first strand cDNA synthesis was performed and the product was 

subsequently used as template for RT-PCR analysis (Figure 3.1). Primers 

targeting the KISS1R ORF (lane 2 to 4) were used to amplify KISS1R cDNA while 

primers targeting a section of the ACTB ORF (lane 5 to 7) (section 2.1.3) were 

used as a housekeeping control. Resulting product was resolved on an agarose 

gel and visualised using a DNA stain. Band intensity was quantified and used to 

determine relative expression of KISS1R in each sample.    
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Figure 3.1: RT-PCR demonstrates that shRNA reduces KISS1R mRNA expression in 

HEK-293T cells.  

(A) RT-PCR as performed on cDNA synthesised from extracted mRNA of cells transfected 

with control shRNA plasmid (lane 2 and 5) and KISS1R shRNA plasmid (lane 3 and 6). 
Expression of KISS1R mRNA was assessed (lane 2 and 3) and normalised to ACTB 
expression (lane 5 and 6) from the respective conditions. A 1 Kb plus ladder (lane 1) and  
negative controls for both KISS1R (lane 4) and ACTB (lane 7) were included. The KISS1R 
label on the right indicates the amplified KISS1R fragment of the expected size while the 
ACTB label indicates the amplicon for actin with the expected size. Expected amplicon 
sizes: KISS1R - 399 base pairs (bp), ACTB – 225 bp. (B) Quantification of relative KISS1R 
mRNA expression in HEK-293T transfected with the KISS1R shRNA plasmid and control 
shRNA plasmid. n = 1 

 
The results of this experiment show that in control transfected HEK-293T cells, 

KISS1R mRNA is present as shown by the presence of the 399 bp amplicon. 

However, its expression is reduced by 70% in the cells transfected with the KISS1R 

shRNA. No significant difference in expression is observed for ACTB mRNA (225 

bp amplicon) in either cell line suggesting that there is KISS1R specific 

downregulation of transcription. Thus, the construct is effective and can be used to 

generate lentiviral particles that can effectively knockdown KISS1R expression in 

the breast cancer cell line, MDA-MB-231. 
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Transfection of HEK-293T cells with the KISS1R shRNA construct reduced 

KISS1R mRNA levels, however, as transfections are transient this effect would 

only last briefly, which would not provide us with the necessary model for this study. 

To address this, the constructs assessed in the previous experiment were used to 

generate shRNA-containing lentiviral particles with the aim of generating HEK-

293T and MDA-MB-231 cell lines that stably express these shRNA constructs, 

resulting in continuous knockdown of KISS1R. The lentiviral particles were 

generated by transfecting HEK-293T cells with the pLKO.1 KISS1R shRNA or 

control shRNA plasmid, a CMV packaging plasmid and a VSV-G envelope plasmid 

in ratios described in section 2.3.2.6. The media was changed 12 h post 

transfection to remove the transfection reagent in preparation for harvesting of the 

lentiviral particles 48 and 72 h post transfection. Subsequently, HEK-293T and 

MDA-MB-231 cells were transduced with the lentiviral particles for 24 h, after which 

cells were placed under puromycin selection until there were no uninfected cells 

remaining. An uninfected control was included to determine the end point of 

selection. After selection, RNA was isolated from both cell lines transduced with 

the control shRNA and KISS1R shRNA lentivirus, and first strand cDNA synthesis 

performed to provide the template for RT-PCR analysis (Figure 3.2). Primers 

targeting the KISS1R ORF (lane 2 to 6) and the ACTB ORF (lane 7 to 11) were 

used to amplify the target regions and DNA fragments were visualised on an 

agarose gel. 
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Figure 3.2: RT-PCR demonstrates that shRNA reduces KISS1R mRNA expression in 

HEK-293T and MDA-MB-231 cells.  

(A) RT-PCR as performed on cDNA synthesised from extracted mRNA from MDA-MB-231 
cells transduced with lentiviral particles containing either the control shRNA construct (lane 
3 and 8) and KISS1R shRNA construct (lane 2 and 7), as well as HEK-293T cells 
transduced with lentiviral particles containing the control shRNA construct (lane 5 and 10 ) 
and the  KISS1R shRNA construct (lane 4 and 9). Expression of KISS1R mRNA was 
assessed (lanes 2 to 5) and normalised to ACTB expression (lanes 7 to 10) from the 
respective conditions. A 1 Kb plus ladder (lane 1) and negative controls for both KISS1R 
(lane 6) and ACTB (lane 11) were included. The KISS1R label on the right indicates the 
expected size of the amplified KISS1R fragment, while the ACTB label indicates the 
expected size of the amplified ACTB fragment. Expected amplicon sizes: KISS1R - 399 
base pairs (bp), ACTB – 225 bp. (B) Quantification of relative KISS1R mRNA expression 
in MDA-MB-231 and HEK-293T transduced with lentiviral particles containing the KISS1R 
shRNA construct and control shRNA construct. n = 1 

 

The results of this experiment confirmed the presence of KISS1R mRNA in both 

the MDA-MB-231 and HEK-293T shRNA control cell lines as indicated by the 

presence of the KISS1R fragment at 339 bp. In the KISS1R shRNA transduced 

MDA-MB-231 and HEK-293T cell lines a reduction of 99% and 90% was seen 

respectively. When assessing ACTB mRNA (225 bp amplicon) levels between 

samples, similar levels of expression was observed suggesting that the difference 

in expression is KISS1R specific, which demonstrates that we were able to 

generate KISS1R knockdown MDA-MB-231 and HEK-293T cell lines.  

 
It would have been ideal to confirm KISS1R knockdown through western blot 

analysis, however, we have not been able to confirm that the KISS1R antibodies 
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available in our laboratory specifically bind to KISS1R. To overcome this limitation 

we decided to use downstream signalling in response to KP-10 stimulation to 

assess if we were able to alter KISS1R protein levels. KISS1R belongs to the Gq/11 

protein family and as explained in section 1.3.3, when stimulated, this receptor 

activates phospholipase C- which is responsible for converting PIP2 into DAG, 

which activates the ERK 1/2 pathway, and IP3, which binds to IP3 receptors in the 

ER resulting in the release of intracellular calcium. A previous research study in 

our laboratory had optimised a calcium signalling assay using confocal 

microscopy, and subsequently confirmed the release of intracellular calcium into 

the cytosol in response to KP-10 stimulation in the MDA-MB-231 cell line.92 

Therefore, it was decided to use this assay to determine if there was a difference 

in calcium release between the MDA-MB-231 shRNA control and MDA-MB-231 

KISS1R shRNA cell line as a way to assess if any functional KISS1R levels 

remained in the knockdown cells. KP-10 was administered at a concentration of 

100 nm, as it has been shown to be the lowest concentration that is able to 

stimulate KISS1R, and has been used in previous studies.59,92 Both cell lines were 

seeded into a Ibidi plate and left overnight to attach. 24 h after plating, the calcium 

indicator dye, Fluo-3 Am, was added to each well and the cells were prepared for 

confocal microscopy as explained by section 2.4.2. After the incubation period, the 

microslide was put into the chamber of the microscope and the video capture was 

initiated prior to the addition of KP-10 in order for a baseline fluorescence 

measurement to be calculated during analysis. After approximately 75 sec, 100 nM 

of KP-10 was added to each well, and after 350 sec a solution of Ionomycin and 

calcium chloride (positive control) was added (Figure 3.3).  
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Figure 3.3: shRNA knockdown of KISS1R does not alter intracellular calcium release.  

MDA-MB-231 shRNA control and MDA-MB-231 KISS1R shRNA cells were incubated with 
2 μM Fluo-3 before being imaged using a Zeiss LSM800 with a 20x objective. Images were 
taken over 150 ms. KP-10 was added after 75 s and Ionomycin and calcium after at least 
250 s. Line traces of individual cells within an experiment showing percentage intracellular 
calcium mobilisation over time of twenty cells of (A) MDA-MB-231 shRNA control and (B) 
MDA-MB-231 KISS1R shRNA are shown. (C) The mean ± SEM maximum amplitude for 
both cell lines from two experiments is shown.  (D) Mean ± SEM time to reach maximum 
calcium release of both cell lines is presented. n = 2 
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Despite the 99% reduction of KISS1R mRNA in the MDA-MB-231 KISS1R shRNA 

cell line, the magnitude of calcium release in response to KP-10 was similar in the 

MDA-MB-231 control shRNA and KISS1R shRNA lines (20%). In addition, the 

MDA-MB-231 KISS1R shRNA cell line reached maximum calcium release in 

approximately 275 sec while the MDA-MB-231 control shRNA cell line reached 

maximum release in 300 sec, with no significant difference between the two cell 

lines. This result suggests that while we were able to alter the level of KISS1R 

mRNA, this had no effect on the level of KISS1R protein in these cells, therefore 

showing that we were not be able generate a functional KISS1R knockdown cell 

line using an shRNA-lentiviral system.  

 

With this line of investigation not providing the appropriate model for this study, we 

decided to investigate the use of  CRISPR-Cas9 gene editing to develop KISS1R 

KO cell lines.       

 

3.2 Establishing a CRISPR-Cas9 protocol to generate KISS1R KO cell 

lines 

CRISPR-Cas9 gene editing has previously been used to generate KO breast 

cancer cell lines for proteins such as fatty acid synthase (FASN), C-X-C chemokine 

receptor 4 and 7 (CXCR4 and CXCR7).93–95 These articles follow a similar 

workflow, providing us with a template to conduct a similar path to generate a 

KISS1R KO cell line. In our method we made use of the CRISPR-Cas9 containing 

plasmid, pSpCas9(BB)-2A-GFP PX458, which contains a GFP gene, which would 

allow us to identify and isolate cells where transfection was successful and the 

plasmid was being expressed. The presence of a selectable marker was vital as 

transfection efficiencies achieved in breast cancer cell lines are low. Therefore, to 

increase the chance of identifying a KO single cell clone, we would only assess 

GFP-positive cells. CRISPOR, a web tool that designs primers and sgRNA for 

CRISPR-Cas9 experiments was used to design five sgRNA’s (Section 2.1.2) that 

target KISS1R, after which they were synthesized by Integrated DNA 

Technologies.  

 

3.2.1 Cloning and clone assessment 

The cloning strategy followed was described by Addgene as described in section 

2.2.2.1. To determine if the selected colonies had the associated sgRNA 
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successfully inserted into the vector, a PCR was performed using the plasmid 

screening primer pair (section 2.1.3). An amplicon would only be produced if the 

vector did not contain the target sgRNA sequence (Figure 3.4). A negative control 

(water) and a positive control (non-recombinant vector) was included in the 

analysis.  

Figure 3.4: All five sgRNA’s were successfully cloned into the CRISPR-Cas9 vector. 

Two clones for each sgRNA were selected for screening by PCR. Unsuccessful insertion 
of the sgRNA sequence resulted in a 100 bp amplicon. Numbers indicate sgRNA construct 
and colony number. L: 1 kb plus ladder, N: Negative control, P: Positive control (non-
recombinant vector).  

 

From the resulting agarose gel it is clear that a similar fragment was produced in 

sgRNA 4 colony 1 (lane 10) when compared to the non-recombinant control in lane 

3, showing that we were not successful in inserting the sgRNA in this colony. 

However, we were successful in the remaining colonies. To ensure that the 

sgRNAs were inserted correctly and have the correct sequence, all recombinant 

clones were analysed by Sanger sequencing using the plasmid screening forward 

primer. DNA sequences were analysed using CLC Main Workbench. The 

sequencing results were aligned with the corresponding designed sgRNA 

sequences (Figures 3.5).  
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Figure 3.5: Sequencing alignments confirming the insertion of the labelled sgRNA  

into the CRISPR-Cas9 vector in either one or two clones.   

Alignments between the Sanger sequencing traces and the corresponding sgRNA 
sequences were generated for each recombinant clone using CLC Main workbench. (A) 
sgRNA 1 (B) sgRNA 2 (C) sgRNA 3 (D) sgRNA 4 (E) sgRNA 5. 
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The analysis of the sequencing results show that the correct sgRNA sequences 

were inserted into both clones for sgRNA 1, sgRNA 2, sgRNA 3 and into a single 

clone of sgRNA 4 and sgRNA 5. sgRNA 5, clone 2 was excluded from the analysis 

as the quality score was below 25. One clone was selected per sgRNA and used 

for further experiments. Our analysis shows that we have successfully constructed 

five CRISPR-Cas9 constructs targeting KISS1R. 

 

3.2.2 Determining the efficiency of different sgRNA’s 

While five sgRNA constructs were generated, only the two constructs with the 

highest efficiencies will be used to create the KISS1R KO breast cancer cell line. 

sgRNA efficiency is normally checked in a cell line that can be transfected with a 

high efficiency, such as the human embryonic kidney cell line, HEK-293T. To asses 

sgRNA efficiency HEK-293T cells were transfected with each CRISPR-Cas9 

construct containing an sgRNA as described in section 2.3.2.5 and were incubated 

for 24 h before transfection efficiency was checked by fluorescence microscopy to 

detect the GFP expressed by the constructs (Figure 3.6).  

 

 

Figure 3.6: HEK-293T cells were effectively transfected with GFP-expressing Cas9 

plasmid.  

HEK-293T cells were transfected with the CRISPR-Cas9 constructs containing each 
sgRNA and after 24 h, images were taken using a fluorescent microscope with an x10 
objective. Fluorescent images taken of HEK-293T cells transfected with the CRISPR-Cas9 
containing sgRNA 1 (A) and 2 (B).  

 

Visual inspection and cell counting of the wells revealed an approximately 70-80% 

transfection efficiency when comparing the wells under fluorescent and light 

microscopy.  

 

Cells were harvested 48 h post-transfection and genomic DNA was isolated using 

the DNA RapidLyse mini-kit. Afterwards, the target region in KISS1R was amplified 



 63 

by PCR, the double stranded DNA denatured and allowed to re-anneal, to allow 

hybrid non-matched double strands to form, which were then digested with T7 

endonuclease I if present. The percentage of digested fragments relates to the 

efficiency of the editing of the genome (Figure 3.7).  

 

Figure 3.7: Four of the five sgRNA constructs can induce INDEL mutations. 

A PCR and T7 endonuclease I digestion was performed and the products resolved on a 
1% (w/v) agarose gel. Expected parent amplicon size: 798 bp. Numbers indicate the 
sgRNA construct. L: 1 kb plus ladder, N: no mutation control. n=1 
  

Table 3.1: INDEL mutation percentages per sgRNA construct. 

 

INDEL mutation percentages for each sgRNA construct (Table 3.1) were 

calculated by quantifying the optical density of the wildtype 798 bp band and the 

smaller T7 produced bands. The percentage of smaller bands to wildtype band 

was calculated for each construct as described in section 2.3.2.5. The INDEL 

mutation percentage was 14% for sgRNA 1, 20% for sgRNA 2, 12% for sgRNA 3, 

and 4% for the sgRNA 4 construct. sgRNA 5 did not induce an INDEL mutation in 

these cells and was excluded from further analysis. From these results, we 

concluded that sgRNA 1 and 2 achieved the highest recombination efficiency in 

HEK-293T cells and should be used for further cell line generation. 
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3.2.3 Establishing a single cell cloning strategy using HEK293T cells and guide 2 

to create a KO cell line 

An important part of establishing a KO cell line is the ability to generate clonal lines 

by performing single cell cloning. After transfection and selection of GFP-positive 

cells, these cells need to be diluted so that a single cell can be seeded in each well 

of a 96 well culture plate. To establish this method in the laboratory, we set up a 

single cell procedure using HEK-293T cells transfected with the sgRNA 2 

construct. While normally one would select GFP-positive cells after transfection 

using flow cytometry, the equipment we rely on was damaged and inoperable such 

that this selection step was not possible. Nonetheless, 48 h post transfection, cells 

were harvested and diluted to a concentration of 20 cells/mL, after which 200 L, 

theoretically containing 4 cells, were plated into each well of a 96 well plate. Plates 

were inspected 48 h after single cell plating and fluorescence microscopy was 

performed to identify wells containing GFP-positive cells. In most wells attached 

but round single cells were observed with some wells containing multiple cells up 

to 4 or 5 (Figure 3.8). None of the cells at this stage appeared to have divided.  

 

Figure 3.8: GFP-positive cells were successfully isolated using dilutions.   

Between 24 and 72 h post-dilution, HEK-293T cells were visualised under a fluorescent 
microscope using a x40 objective.  

 

Once we confirmed that we were able to isolate single cells using dilutions, HEK-

293T cells were transfected, 5x 96 well plates were seeded of which 52 wells 

contained GFP-positive single cells. The 52 wells containing single positive cells 

were cultured for a further 2 to 4 weeks, with media being changed every 72 h until 

the single cells had expanded into large colonies. Due to GFP only being 

expressed transiently, as well as the difficulty in identifying single cell clones while 
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they were expanding, light microscopy images were only taken once they had 

developed into larger colonies. (Figure 3.9).  

 

Figure 3.9: Isolated single cells were successfully expanded into colonies.  

GFP-positive single cells were expanded until they were large colonies. Images were taken 
using a x4 objective. The scale bars are the same for all images.  

 
Of the 52 single cell clones, 17 were successfully expanded from which genomic 

DNA was isolated. PCR with the KISS1R specific primers was performed and the 

resulting product was denatured, reannealed and then digested using T7 

endonuclease I. The products were resolved on 1% agarose gel and visualised 

(Figure 3.10).  

 

Figure 3.10: HEK-293T clones 10 and 33 were positive for INDEL mutations.  

A PCR and T7 endonuclease I digestion was performed on genomic DNA isolated from 
HEK-293T single cell clones and the products resolved on a 1% (w/v) agarose gel. 
Expected parent amplicon size: 798 bp Numbers indicate the clone #. L: 1 kb plus ladder, 
N: No mutation control.   

 

Whilst most of the clones presented with a single DNA fragment at around 800 bp, 

lanes representing clones 10 and 33 also contained smaller fragments of 450 and 

300 bp, and 700 and 300bp, respectively. This data suggests that clones 10 and 
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33 contain INDEL mutations in the region of interest. Thus, out of 576 single cell 

clones originally plated, 2 were positive for mutations. This indicates the 

importance of an initial selection step to isolate only transfected cells for further 

expansion. 

 

3.2.4 Identifying INDELS in CRISPR gene edited cells 

To determine if either clonal cell line harboured INDELs that would result in a KO 

of KISS1R, Sanger sequencing was performed of the two clones and the control 

cell line (Figure 3.11 A, B). Resulting sequence traces of the clones and a control 

were subsequently analysed using Synthego’s Inference of CRISPR Edits (ICE) 

tool to determine the effect of the INDELs, the presence of wildtype sequence and 

the contribution of different INDEL alleles (Figure 3.11 C, D). 

 

ICE analysis was performed using the target sequence as shown in Table 2.3 for 

sgRNA 2 and INDEL, R2 and KO scores were calculated. Analysis is dependent 

on diploid alleles. The INDEL score, R2 value and KO score for clone 10 were 94%, 

0.94, and 58% respectively (Figure 3.11 C) while for clone 33 the scores were 73%, 

0.73, and 72% respectively (Figure 3.11 D). The allele contributions show that for 

clone 10, 5 separate INDELs were detected of which 3 had deletions of 12 

nucleotides, 1 had a deletion of 8 nucleotides and the last an insertion of 1 

nucleotide. Thus only 2/5 INDELs would result in a frameshift mutation which is 

why the KO score is only 58%, while the INDEL score is 94%. In contrast, clone 

33 harboured only 3 significant alleles with deletions, one of 24 nucleotides and 

two of 27 nucleotides. There were a number of additional calculated alleles with 

contributions of less than 5% which cannot be included as the noise to signal ratio 

is too low to be able to determine their validity, hence the INDEL score of 73%. 

However, all 3 major alleles would cause a KO even though one has 24 nucleotides 

deleted which would not result in a frameshift mutation. This allele has lost more 

than 21 bp, which statistically is indicated to result in a KO in most cases. The R2 

value of this clone is also only 0.72, which indicates that 27% of the contributing 

alleles do not fit the model and can therefore be discarded. For both clones it is 

clear that there are more than 2 alleles in the pool. Since both have at least 3 major 

contributing alleles, this may indicate polyploidy. Thus, the data suggests that 

HEK-293T cells are polyploid for the KISS1R locus but neither clones contains the 

wildtype sequence suggesting that all alleles have been altered through INDELs 
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with clone 33 having a better KO score suggesting that this clone would act as a 

functional KO for KISS1R. 

 

 

Figure 3.11: Sequencing and ICE analysis of clone 10 and 33 for KISS1R INDELS of 

sgRNA 2. 

Comparison of control versus clone 10 (A) and clone 33 (B) histograms of DNA sequence 
with the CRISPR target guide sequence underlined in the DNA sequence. C and D 
represent the allele contribution, INDEL and KO scores of clone 10 (C) and clone 33 (D). 
Vertical dotted line represents the cut site and number on the left the deletion/insertion size.  
 
 

 
 

A 

B 

D 

C 



 68 

Together, this data indicates that we have successfully generated CRISPR-Cas9 

constructs and used them to create a KO clonal line in HEK-293T cells. This 

strategy was thus adapted for use in the target breast cancer cell line. 

 

3.2.5 Establishing a method to efficiently introduce CRISPR plasmid into MDA-

MB-231 

Transfection rates using liposomal reagents in breast cancer cell lines are not very 

effective with efficiency rates in the single digits being very common. 

Electroporation can produce better results, thus we established and optimised an 

electroporation protocol for delivery of the CRISPR-Cas9 constructs into MDA-MB-

231 cells.  

 

Bio-Rad’s GenePulser II electroporation device was available for use in our 

laboratory, but an electroporation method had not been optimised for this cell line. 

To establish an electroporation protocol an online search for protocols used in 

breast cancer cell lines was conducted to obtain values for the different parameters 

that could be tested. To analyse electroporation success we made use of flow 

cytometry to assess both cell number and cell positivity for GFP expression. A 

gating profile for cell size and GFP fluorescence was set up using untransfected 

cells that was used as the negative control for all further analyses (Figure 3.12 A 

and B). First we established what percentage positivity was possible with a 

liposomal transfection reagent. Cells were transfected with the liposomal reagent 

XtremeGene and the empty CRISPR-Cas9 plasmid after which cells were grown 

for 24 hours before being analysed by flow cytometry (Figure 3.12 C and D). The 

scatter plot indicates that cells were not affected negatively by the transfection as 

most were similar to untransfected cells. The GFP histogram showed very few cells 

with only 1.35% of cells being positive. To improve this outcome we established 

an electroporation protocol through the following optimisation steps (Table 3.3). All 

experiments were done with 10 µg DNA and 2 million cells in 200 µL 

electroporation fluid in cuvettes with a 0.2 cm gap. Only single pulses of 16 ms 

were delivered. In accordance with protocols found online we tested different 

voltages at high capacitance or alternatively high voltage with different low 

capacitances as described in Table 3.3.  
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Figure 3.12: Analysis of transfected cells show low transfection efficiency. 

MDA-MB-231 cells untransfected (A, B) or transfected with CRISPRCas9-GFP plasmid (C, 
D) were analysed by flow cytometry. A and C represent scatter plots of forward and side 
scatter used to identify the viable cells (marked by the circle and red dots). B and D 
represent the histograms of cells analysed for intensity of fluorescence in the 488 nm 
channel.  
 

 

Cells were either electroporated at 140V with different low capacitances ranging 

between .2 and .3 F or at different voltages between 110 and 170V at high 

capacitance of 960 F. Efficiency was measured by multiplying the percentage 

cells in population A representing live cells with the percentage of GFP positive 

cells (Figure 3.13).  
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Figure 3.13: Analysis of electroporated cells showed an increase in transfection 

efficiency. 

MDA-MB-231 cells electroporated at 140V 0.25 µF (A,B), 140V 0.3 µF (C,D), 140V 0.25 
µF (E,F),110V  960 µF (G,H), 150V  960 µF (I, J), 110V  960 µF (K,L). Left: Scatter plots of 
forward and side scatter used to identify the viable cells (marked by the circle and red dots). 
Right: Histograms of cells analysed for intensity of fluorescence in the 488 nm channel.  
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From the results it is clear that low capacitance only performed slightly better than 

liposomal transfection but importantly very few cells survived this method with 

survival between 6.66 and 13.91% vs 32.81% survival for liposomal transfection 

(Table 3.2). Cells electroporated with high capacitance survived better at 110 and 

150V (30.32% and 15.45% respectively), although cells did not survive a high 

voltage of 170V. Moreover, GFP positivity of 14.14 and 16.81 % were obtained at 

110 and 150V. When combining these values 110V at 960 µF present the most 

efficient method for introducing plasmid into the cells while reducing cell death.  

 

Table 3.2: Statistics generated from cytometric analysis of MDA-MB-231 cells 
transfected using different protocols. 
 Protocol Percentage 

GFP-positive 

cells in 

population A 

Percentage of 

cells that are in 

population A 

Overall 

efficiency 

(+%)x(popA%) 

 XtremeGene HP 

transfection reagent 

(3:1) 

1.35 32.81 44.29 

1 140V 0.25 F 9.09 13.50 122.72 

2 140V 0.3 F 9.79 6.66 65.20 

3 140V 0.2 F 6.17 13.91 85.82 

4 110V 960 F 14.14 30.32 428.72 

5 150V 960 F 16.81 15.45 259.71 

6 170V 960 F 26.92 1.84 49.53 

 

3.2.6 Generating and assessing clonal MDA-MB-231 KO cell lines 

Before proceeding with the generation of a MDA-MB-231 KO cell line, we needed 

to ensure that we could isolate single cells using flow cytometry. To 3 wells in a 96 

well plate, 100 (A), 10 (B) and 1 (C) GFP-positive MDA-MB-231 cell/s were sorted 

using a FACSAriaTM Fusion cell sorter. A fluorescent microscope was used to 

confirm that these different cell numbers were achieved (Figure 3.14).   
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Figure 3.14: Confirmation that we can isolate a single cell using a cell sorter.  

GFP-positive MDA-MB-231 cells were sorted at different cell numbers to assess if this cell 
sorter could successfully sort a single cell into a well and images were taken using a x50 
objective. (A) 100 cells (B) 10 cells (C) 1 cell. The scale bars are the same for all images. 

 

With optimised electroporation settings and confirmation of single cell sorting, we 

could proceed with MDA-MB-231 KO cell line generation. 2 million MDA-MB-231 

cells were electroporated with 10 µg of the sgRNA 1 and 2 construct using the 

optimised settings. After cells were plated back into cell culture flasks they were 

allowed to attach.  GFP expression was confirmed 24 h post-transfection, and after 

48 h cells were selected by flow cytometry using either a Cytoflex SRT or 

FACSAriaTM Fusion cell sorter as described in section 2.3.2.8.2 and 2.3.2.8.3. 

From the 6 million cells electroporated, 28 single cell clones were successfully 

expanded, followed by genomic DNA extraction. PCR with the KISS1R specific 

primers was performed as described in section 2.2.2.5. These PCR products were 

denatured, reannealed and digested using T7 endonuclease I. The final products 

were resolved on a 1% agarose gel and visualised using a Chemidoc MP systemTM 

(Figure 3.15).  

 
Figure 3.15: T7 endonuclease assay indicates 7 MDA-MB-231 clones contain one or 

more INDELs.  

A PCR followed by T7 endonuclease I digestion was performed and products 
electrophoresed on a 1% (w/v) agarose gel. Numbers indicate the colony. L: 1 kb plus 
ladder, P: HEK-293T clone 33 (positive control), N: No mutation control. Expected parent 
amplicon size: 782 bp. Clones 1-12 are derived from sgRNA 2 transduced cells while clone 
16- 31 are derived from sgRNA 1.  

 
No amplicon was visible in clones 3,17 and 24, however an 800 bp product was 

visible for all the remaining clones confirming successful amplification of the target 

KISS1R region. A band of approximately 600 bp was present in clones 18,20,21, 
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23, 27 and 29, a 500 bp fragment was visible in clone 25 and a 400 bp fragment 

was present in clone 29. In addition, a smaller fragment of 300 bp was present in 

clones 21 and 27. Lanes with multiple bands indicate clones in which INDEL 

mutations were inserted into the KISS1R region. The positive control (P) did 

present multiple bands as expected, therefore confirming the reliability of our 

result. The remaining clones were negative for an INDEL mutation. Thus, only 

sgRNA 1 transduced cells harboured any INDELS. 

 
To assess the nature of the INDELs in the seven clones, the target region of each 

clone was sequenced using Sanger sequencing. Resulting sequence traces of the 

clone and a control were subsequently analysed using Synthego’s ICE tool, and a 

trace comparison of sequencing data between the wildtype MDA-MB-231 and 

different clones were generated (Figure 3.16). An INDEL contribution table was 

generated highlighting the sequences present in each clone and the percentage 

each contributes to the population (Figure 3.17). ICE analysis of clone 27 failed 

due to poor sequence results and was excluded from further analysis. 

 

Clone 18 and 20 (A, B) were the only clones with only two predicted deletions of -

23 and -1, and -8 and -6 respectively. The -6 deletion in clone 20 would only result 

in a 2 amino acid deletion and thus is not counted in the KO score which was 49%. 

The other clones, 21, 23, 25, and 29 (C-F) all had three alleles. However, for clone 

23, two of the alleles are a -16 deletion and with only a substitution of a G for C 

between them it could be that they are actually the same. If true, this would mean 

clone 23 possesses a +2 and a -16 allele of equal distribution and could potentially 

be a complete KO due to the frameshift mutations. The same applies to clone 21 

(C) with a +1 allele and 2 -11 alleles that are also only different in one nucleotide 

substitution of G to A. These two alleles contribute 39 and 8% so that together they 

are close to the expected 50%. Clones 25 (E) and 29 (F) do have three alleles 

each which are very different from each other with -30, -5, and -1, and -1, -8, -33 

deletions in each. Both contain one allele that is a multiple of 3 which would not 

induce a frameshift mutation (-30 and -33) but these are larger deletions than 21 

bp which commonly results in a KO of the target gene. These two clones may 

constitute more than one parent cell to generate these different alleles since we 

know that MDA-MB-231 cells only have two alleles of KISS1R. Thus, we have 

generated at least one and possibly 3 clones that are compound heterozygotes for 

frameshift mutations in KISS1R that should result in loss of expression. However, 
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the ICE analysis should be repeated with a more appropriate primer as the primer 

used was too far from the target site resulting in the orange succeeded signs on 

the INDEL contribution table analysis (3.17).  

 

 
Figure 3.16: Sequencing confirmation of INDEL mutations in MDA-MB-231 single cell 

clones.  

Comparison of control versus 7 single cell clones. Histograms of DNA sequence with the 
CRISPR target guide sequence underlined in the DNA sequence. (A) Clone 18 (B) Clone 
20 (C) clone 21 (D) clone 23 (E) clone 25 (F) clone 29.  
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Figure 3.17: Heterozygous and homozygous mutations were inserted in MDA-MB-

231 clones.  

Sanger sequencing data was analysed using Synthego’s ICE analysis tool. INDEL 
contribution tables were generated for (A) clone 18, (B) clone 20, (C) clone 21, (D) clone 
23, (E) clone 25 and (F) clone 27, highlighting the different INDELs present in these 
populations and their proportions in the edited population.  
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Chapter 4: Discussion 
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Kisspeptin, encoded by the KISS-1 gene, was first identified as a metastasis 

suppressor gene in melanoma cells in 1996.56  Subtractive hybridization and 

Northern blot analysis was used to compare mRNA levels in metastatic and non-

metastatic melanoma cells. Using this technique, they discovered that KISS-1 

mRNA was only detectable in non-metastatic melanoma cells and concluded that 

silencing of KISS1R was required for metastasis to occur.56 A year later, the same 

scientists showed that the KISS-1 gene also acts as a metastasis suppressor in 

the cell line MDA-MB-435 suggesting that the loss of KISS-1 is also a prerequisite 

for breast cancer metastasis.84 However, it was later shown that MDA-MB-435 cells 

are actually melanoma cells.85 Subsequently, a number of studies confirmed that 

a loss of KISS-1 was correlated to increased metastasis in cancers including 

prostate cancer62, bladder cancer63, gestational trophoblastic disease64, 

hepatocellular cancer65, oesophageal carcinoma66 and papillary thyroid cancer.67 

Missing from this list is breast cancer since different studies have shown 

contrasting data with regards to the correlation between KISS-1 expression and 

metastasis.86–89  Thus, studying the role of KISS-1 and its receptor in breast cancer 

is of interest as it is clear there is no clear relationship between expression and 

metastasis. 

 

Many studies investigating the role of KISS-1 and its receptor KISS1R make use 

of exogenous overexpression of KISS1R in cell lines. Since most GPCRs are 

expressed at low levels a fundamental flaw in such studies is the overabundance 

of the receptor making such cells exquisitely sensitive to ligand and distorting the 

normal signalling outputs. Previous studies in our lab have investigated the role of 

endogenous KISS1R in signalling pathways after kisspeptin stimulation to 

determine if there are differences in output between different TNBC cell lines. This 

study confirmed the presence of KISS1R mRNA in two such cell lines, BT-20 and 

MDA-MB-231. Further analysis of these cell lines revealed that the two cell lines 

respond differentially to kisspeptin stimulation with both inducing calcium release 

but ERK activation only occurring in BT-20 cells while only MDA-MB-231 cells 

increasing migration92. Thus, previous studies suggesting that the observed 

differences in KISS-1 expression are aligned with the subtype of breast cancer 

may in fact be incorrect since here it was shown that two TNBC lines behave 

differently after stimulation. Thus, endogenous KISS1R signalling is complicated 

further. 
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It is important to modulate the endogenous expression of KISS1R to be able to 

determine with confidence that the effects of kisspeptin are indeed specifically 

mediated by the receptor. For this, one would want to decrease or remove 

completely the expression of the receptor to determine if the same effects still occur 

after exposure to kisspeptin. Using shRNA to modulate protein expression has 

already been used to shed light on proteins in which their functions are unclear.  

For example, a study looking at the importance of the gene Bmi-1 in embryonic 

neural stem cell (NSC) self-renewal employed the use of Bmi-1 targeting shRNA. 

Knockdown of mRNA was confirmed using RT-PCR followed by western blot 

analysis that demonstrated reduction in protein levels. Knockdown of this protein 

showed that reduction of Bmi-1 caused defects in embryonic and adult NSCs 

proliferation and self-renewal, and implicated cell-cycle inhibitor p21 which 

contrasts previous research which implicated cell-cycle inhibitors p16/p19.97 Thus, 

shRNA can be effectively employed to determine the function of proteins in cells in 

vitro.  

 

In this study, we sought to develop a KISS1R shRNA knockdown cell line using 

MDA-MB-231 cells, to elucidate the role of KISS1R in breast cancer cell 

progression. We established MDA-MB-231 cells that continuously express KISS1R 

shRNA with RT-PCR demonstrating a 99% reduction in KISS1R mRNA when 

compared to the shRNA control cell line. To determine if this reduction in mRNA 

translates to a reduction in protein level we assessed the release of intracellular 

calcium in response to KP-10 stimulation of both cell lines using a calcium 

signalling assay. This assay showed that the MDA-MB-231 shRNA KISS1R and 

shRNA control cell line had a similar maximum response when stimulated by KP-

10 at approximately 20% of max, with a response time of 275 sec and 300 sec 

respectively. This illustrates that while we were able to achieve a 99% knockdown 

of KISS1R using RT-PCR, no change in release of intracellular calcium in response 

to KP-10 was observed. This data suggests that even with a significant reduction 

in KISS1R mRNA, enough KISS1R protein remains to elicit a response after KP-

10 stimulation. It would be prudent to perform the IP3 accumulation assay to assess 

IP3 production in response to KP-10 stimulation, as it occurs prior to calcium 

release. Alternatively, KP-10 could be eliciting calcium release through an 

alternative receptor to KISS1R. A drawback in this study was the lack of a sensitive 

and specific antibody that can detect endogenous protein. Previous attempts in our 
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group have tried to optimise detection of KISS1R protein but have failed using both 

commercially available and custom made antibodies.  

 

While shRNA is stably expressed in this lentiviral system, we did detect remaining 

KiSS1R mRNA suggesting that there remains a small pool of KISS1R protein. 

GPCRs are known to be able to elicit downstream effects even with very small 

numbers of receptors. Therefore, our data could indicate that even with a good 

mRNA reduction due to shRNA enough KISS1R remains to activate the pathway 

leading to calcium release downstream of KISS1R and KP-10. To ensure complete 

removal of any KISS1R expression, we needed to generate a KO cell line where 

KISS1R was genetically removed. 

 

CRISPR-Cas9 mediated gene editing has shown great results in determining the 

function of proteins and the analysis of signalling networks. In 2014, scientists 

generated a With-No-Lysine kinase 1 (WNK1) KO HEK-293T cell line to assess its 

role in the activation and phosphorylation of Ste20- and SPS1-related proline 

alanine-rich kinase (SPAK) and oxidative stress-responsive kinase 1 (OSR1), 

which are downstream effector kinases responsible for the regulation of sodium-

coupled SLC12 cation chloride cotransporters.98–100 These cotransporters play an 

important role in the regulation of cell volume, renal tubular salt reabsorption and 

chloride homeostasis.101,102 They found that the WNK1 KO cell lines exhibited low 

baseline SPAK/OSR1 activity and failed to trigger volume increase after hypertonic 

stress, confirming that WNK1 played an important role in cell volume regulation.103 

Following this, in 2019 CRISPR-Cas9 was used to generate KO KRasG12D mutated 

pancreatic cancer cell lines to assess how the removal of this mutated protein 

effects downstream signalling. They showed through western blot analysis that 

they were able to knock out the mutated version of KRas, with each cell line still 

expressing wildtype KRas. Downstream signalling analysis of the KO cells showed 

similar expression levels of ERK, AKT, STAT3, AMPK and c-MYC to the 

corresponding wildtype cell lines, showing that they were able to knock out the 

KRas mutant while maintaining the presence of the wildtype.104  

 

In this study, the use of CRISPR-Cas9 first needed to be optimised as it had not 

previously been performed in our research unit. Due to the low transfection 

efficiency of MDA-MB-231 cells (our cell line of interest), HEK-293T cells provided 
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a good model for testing of the different sgRNA constructs due to their high 

transfection efficiencies.105 Using liposomal transfection, we achieved 80% or 

higher transfection efficiencies and identified two sgRNA’s with high efficiency in 

generating NHEJ alleles, namely sgRNA 1 and 2. Clonal selection of GFP-positive 

HEK-293T cells transfected with sgRNA 2 further led to the identification of two 

clones that were positive for an INDEL mutation (clone 10 and 33) as demonstrated 

by the T7 endonuclease assay. Sequencing Inference of CRISPR Edits (ICE) 

analysis showed that neither clone possessed a wildtype allele. INDEL and KO 

scores indicate that for clone 10, 3 of the deletions did not cause a frameshift 

resulting in a much lower KO score, while for clone 33 the INDEL and KO scores 

were similar suggesting that all INDELs identified would result in a gene KO. The 

multiple alleles with significant contribution in both clones suggest that either both 

clones are in fact originating from multiple cells with different genomes or HEK-

293T cells possess more than two alleles of the KISS1R gene. Since it is known 

that HEK-293T cells are polyploid, we assume that indeed this allele is also 

polyploid. Nonetheless, the absence of a wildtype allele and the presence of 

multiple frameshift mutations suggests that these two cell clones will have no 

expression of KISS1R expression.  

 

Having shown that the sgRNA can induce INDELs in HEK-293T cells, we had to 

first optimise plasmid delivery into MDA-MB-231 cells. Since it was already well 

established that liposomal delivery would not deliver the required results, we set 

up and tested different electroporation protocols to achieve a reasonable 

transfection efficiency while maintaining a high enough cell survival rate. The best 

results we obtained was 14% positivity with a 30% survival which was 

subsequently used to generate a pool of sgRNA 1 plasmid transduced cells. GFP-

positive single cells were isolated using flow cytometry, and from these cells 28 

clones were successfully expanded, of which 7 (edited using sgRNA 1) were 

positive for an INDEL mutation. After Sanger sequencing and ICE analysis, we 

could identify one clone that is very likely to be pure and have frameshift mutations 

in both alleles while another had INDELs in both alleles but one allele would only 

have two amino acids missing. This clone could still be used if we were to 

investigate dose dependency of KISS1R. The remaining clones all had more than 

two alleles with INDELs, although two clones may have only two alleles if the 

analysis is not completely accurate. Overall, we can conclude that we have 
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successfully generated multiple MDA-MB-231 cell populations that are knock out 

for KISS1R.  

 

While Sanger sequencing combined with ICE analysis, indicated that we have 

different clones likely to be KO for KISS1R, this needs to be confirmed through a 

cloning and sequencing experiment or by using next generation sequencing (NGS) 

analysis. Furthermore, NGS analysis of the genome should also be performed on 

the KO clones to detect any off target INDELs. To prove that we have a functional 

KO for KISS1R, a calcium assay or IP3 accumulation assay will be performed in 

response to KP-10 exposure. Western blot analysis of KISS1R has been tested 

previously in our group showing that both commercial and custom antibodies were 

unable to robustly detect endogenous KISS1R. Thus, a functional assay remains 

the only viable option.  

 

In conclusion, we tested a shRNA strategy using lentiviral delivery to establish 

stably expressing lines in order to generate a knockdown cell line for KISS1R. 

While we were successful in producing a line with >90% reduction in KISS1R 

mRNA, this did not lead to a reduction in the functional output of KISS1R 

stimulation suggesting the reserve pool of KISS1R protein is able to accommodate 

the signalling demands even under these reduced expression conditions. Thus, 

we established a gene editing method in our group to not reduce but completely 

abrogate KISS1R expression. We have successfully generated both HEK-293T 

and MDA-MB-231 clonal lines with frameshift mutations in all the KISS1R alleles. 

These will now be used to assess the functional role of KISS1R in MDA-MB-231 

cells as a way to investigate the role of kisspeptin and KISS1R in breast cancer 

metastasis. 
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