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Abstract

Retinoblastoma binding protein 6 (RBBP6) is the protein encoded by the Retinoblastoma
Binding Protein 6 (RBBP6) gene that is located in chromosome 16p12.2. There is a
growing list of newly discovered RBBP6 hypothetical splice variants but there are only
three RBBP6 splice variants that are well documented. RBBP6 has been previously
implicated in the regulation of cell cycle and apoptosis but little is known about the
expression and regulation of the human RBBP6 splice variants during cell cycle
progression and breast cancer development. This study was aimed at determining the
expression pattern of RBBP6 alternatively spliced variants during arsenic trioxide-induced
cell cycle arrest and apoptosis in breast cancer MCF-7 cells. It was also aimed at
determining RBBP6 specific microRNAs and how they are regulated in MCF-7 breast
cancer cells.
MCF-7 cells were maintained and subjected to arsenic trioxide-induced cell cycle arrest
and apoptosis. The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)
and the Muse™ Count & Viability assays were used to evaluate the effect of arsenic
trioxide on the viability of MCF-7 cells. Cell cycle arrest using 11 μM arsenic trioxide and
apoptosis using 32 μM arsenic trioxide were analysed using the MUSE® Cell Analyzer,
light and fluorescence microscopy. Arsenic triode-induced apoptosis was analysed using
the Muse™ Annexin V & Dead Cell Kit, MultiCaspase and MitoPotential assays using the
Muse™ MultiCaspase Kit and Muse™ MitoPotential Kit. Arsenic trioxide-induced cell
cycle arrest was analysed using the Muse™ Cell Cycle Kit. Semi-quantitative analysis of
RBBP6 variants was carried out using the conventional Polymerase Chain Reaction
(PCR), while the quantitative analysis was done using the Real-Time Quantitative PCR.
The localization of RBBP6 isoforms was done using Immunocytochemistry (ICC). Web
based Bioinformatics tools were used to identify RBBP6-specific microRNAs.
The MTT results showed that arsenic trioxide decreased the viability of the MCF-7 cells
in a dose-dependent manner. The Muse™ Cell Cycle analysis showed that 11 μM of
arsenic trioxide induced G2/M cell cycle arrest in MCF-7 cells, while the Muse™ Annexin
V & Dead Cell assay showed that 32 μM of arsenic trioxide induced the extrinsic apoptotic
pathway in MCF-7 breast cancer cells. Using the conventional PCR, the MCF-7 cells were

xviii

found to express the RBBP6 variant 1 transcript but lacks the expression of variant 2 and
3 transcripts, contrary to the kidney embryonic Hek 293 cells that exhibited the expression
of RBBP6 variant 1, 2 and 3. Additionally, arsenic trioxide downregulated RBBP6 variant
1 in breast cancer cells during cell cycle arrest and apoptosis. The Real-Time PCR
confirmed that MCF-7 cells lowly express RBBP6 variant 3. On the other hand, the ICC
analysis showed that RBBP6 isoform 1 is localized and highly expressed in MCF-7 breast
cancer cells. The Web based Bioinformatics tools showed that RBBP6 variant 1 specific
microRNAs are down regulated in MCF-7 breast cancer cells. These results together
showed that As2O3 is effective against MCF-7 cells and also regulated the expression of
RBBP6 variants, especially, variant 1.
This study showed that there are RBBP6 variants that are involved in breast cancer
progression and there are those that may be involved in breast cancer suppression.
Targeting these RBBP6 variants for therapeutic development is a promising strategy. In
conjunction with RBBP6 expression, arsenic trioxide should be further explored as a
breast cancer drug.
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CHAPTER ONE: INTRODUCTION

1. Introduction
Cancer, a public health problem worldwide, refers to the uncontrollable cell growth leading
to the formation of a tumour. Based on the updated incidences, new cancer cases,
mortality and survival rate show that the major problem is in economically developing
countries (low and medium resource countries) [Torre et al., 2015]. This global shift is
influenced by factors such as genetic instability (events capable of causing unscheduled
alterations, either of a temporary or permanent nature, within the genome), chronic
infections and entrenchment of modifiable risk factors, for example, being overweight or
obese (Rock et al., 2015; Torre et al., 2012). Cancer develops in various organs as a
consequence of a series of genetic changes, including nucleotide mutations and
chromosomal rearrangements (Shalini et al., 2011). These organs include brain, head
and neck, mouth, lung, liver, breast, prostate, stomach, pancreas and kidney (Kourinou
et al., 2013; Young, 2013). The types of cancers that affect these organs are categorized
as organ specific cancers (Shalini et al., 2011). Cancer in South Africa has emerged as
a health problem, with breast cancer being one of the prominent cancers affecting
women. According to the South African National Cancer Registry, breast cancer is the
most commonly diagnosed cancer among women with an age-standardised incidence
rate of 27 per 100 000 women and a lifetime risk of 1 in 29 (Singh et al., 2015).

1.1. Breast cancer
Breast cancer is a disease characterized by the uncontrollable growth of cells situated in
the breast. The resultant type of breast cancer depends on the breast cells that are
affected. Based on gene profiling, these include Basal-like, HER2-enriched, Normal
breast-like, Luminal A, Luminal B and Claudin-low breast cancers (Gatza et al., 2010).
Age and stage at diagnosis differ considerably between the different races and
populations living in South Africa (Walker et al., 2004). Many different determinants such
as socioeconomic, status geographic accessibility to medical centres with oncologic
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services affect patients with breast cancer, especially rural black women. Late diagnosis
contributes to difficulties associated with cancer treatment.
Different methods that are employed for the treatment of breast cancer include surgery,
radiotherapy and chemotherapy (Goldhirsch et al., 2013; Hortobagyi, 1998). Setbacks
associated with the current treatment regimens include non-specificity of the chemo drugs
and late diagnosis. Non-specificity is associated with the fact that chemo drugs tend to
eliminate both cancerous and normal cells. Additionally, breast cancer cells have been
shown to be resistant to apoptosis, which is a process that eliminates damaged cells and
a process that is induced by chemotherapeutic drugs. This process is influenced by
different genes that code for either oncoproteins or tumour suppressors. Unlike some
genes, which are involved in either apoptosis or cell cycle regulation, RBBP6 is involved
in both processes (Ntwasa, 2016; Mbita et al., 2012).

1.2. RBBP6 gene and its products
Retinoblastoma binding protein 6 (RBBP6) is one of the genes that have shown a great
potential as therapeutic targets (Mbita et al., 2012; Motadi et al., 2011; Li et al., 2007).
RBBP6 is a protein encoded by a RBBP6 gene located in chromosome 16p12.2. This
gene is transcribed into three splice variants due to alternative splicing (Mbita et al., 2012).
These alternatively spliced variants include a 6.1 kilobases (kb) mRNA transcript and a
1.1 kilobases mRNA transcript (variant 3). The 6.1 kilobases variant is alternatively
spliced into two mRNA variants, one containing exon 16 (variant 1) while variant 2 lacks
exon 16 and consequently resulting in three mRNA transcripts (Mbita et al., 2012). Variant
3 is translated into RBBP6 isoform 3 (118 aa) while isoform 1 is translated into a 1792
amino acid protein, with isoform 2 made up of 1758 amino acids translated from variant
2 (Mbita et al., 2012).
Recently, Ntwasa (2016) reported that there are four isoforms, but it is not clear how the
fourth isoform is derived. According to Ensembl genome browser 93 database
(http://www.ensembl.org/Human/Search/Results?q=rbbp6;facet_species=Human),
isoform 4 has 952 amino acids. There is little or no information about this isoform, and
there has been no mRNA sequence published on this variant. Little is known about the
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expression and regulation of the human RBBP6 splice variants during cell cycle
progression, apoptosis and breast cancer development. Previously, Gao and Scott (2002)
had reported on the involvement of P2P-R (rat homologue) in mitotic apoptosis but Mbita
et al. (2012) and Motadi et al. (2011) reported the involvement of human RBBP6 in cell
cycle regulation. Recently, Ntwasa (2016) reviewed the role of RBBP6 in carcinogenesis,
implicating RBBP6 as a key role player in both carcinogenesis and cell cycle regulation.
RBBP6 is made of different domains, which include the highly conserved RBBP6 Nterminal domain called Domain With No Name (DWNN) domain, followed by the Zinc
finger (ZnF), Really Interesting New Gene (RING), Proline Rich (PR), Coiled coil (CC),
Serine-arginine (RS), Rb-binding domain, p53-binding domains and Nuclear Localization
Signal (NLS). The first three exons that encode DWNN are found in transcripts 1, 2 and
3. The DWNN domain is a novel ubiquitin-like motif, that makes up RBBP6 isoform 3,
which shares 22% similarity with the ubiquitin. This suggests its involvement in the
regulation of protein turn-over in the cell (Pugh et al., 2006). Moreover, the presence of
the RING finger in RBBP6 suggests a possible role in ubiquitin ligase-like activities (Pugh
et al., 2006). Indeed, RBBP6 was reported to have ubiquitin ligase-like activity through its
RING finger domain resulting in the ubiquitination of YB-1 and proteasomal degradation
through the proteasome pathway (Chibi et al., 2008). Screening tests performed over a
decade ago showed that RBBP6 interacts with both p53 and pRB through its pRb- and
p53-binding domains (Simons et al., 1997). Additionally, Mbita et al. (2012) showed the
crucial role of RBBP6 isoform 3 in arsenic trioxide-induced G2/M arrest and p53
stabilization in normal kidney cells.
Anticancer drugs have been shown to induce apoptosis in cancer cells and arsenic
trioxide is a known anticancer drug effective against leukaemia (Yedjou et al., 2010;
Mahieux et al., 2001). Several mechanisms of action have been proposed for arsenic
trioxide activity, including induction of apoptosis mediated by reactive oxygen species,
promotion of cellular differentiation, and inhibition of angiogenesis (Lu et al., 2007;
Berenson and Yeh, 2006; Baj et al., 2002; Miller et al., 2002). Arsenic trioxide induces
either the receptor-mediated apoptotic pathway or the mitochondrial-mediated pathway
depending on the cell type (Yun et al., 2016; Zhou et al., 2008; Baj et al., 2002). As2O3
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has also been shown to reduce migration and invasion of cervical and ovarian cancer
cells in vitro (Yu et al., 2007; Zhang and Wang, 2006). Preclinical studies of arsenic
trioxide have shown antitumor activity in murine solid tumour models, including breast,
brain, liver, gastric, prostate, renal, and bladder cancer (Dilda and Hogg, 2007; Chen et
al., 2002). The emerging consensus is that the induction of cell cycle arrest and apoptosis
are the principal modalities involved in the antitumor effect of arsenic trioxide. The exact
mechanism on how arsenic trioxide induces cell cycle arrest and apoptosis in not fully
understood.
Extensive research has identified various molecular routes that can be used for the
treatment of breast cancer. Gene therapy is a type of cancers treatment that is still in the
early stages of research. RBBP6 is one of the genes that showed potential for the
treatment of cancer by being regulated in majority of cancers such as colon (Chen et al.,
2013), lung (Motadi et al., 2011) and prostate cancers (Singh et al., 2006). So far, there
is no report on the regulation of RBBP6 splice variants by arsenic trioxide in MCF-7 breast
cancer cells. Targeting these RBBP6 variants for therapeutic development is a promising
strategy.

1.3. Problem statement
Despite the progress made in the improvement of breast cancer treatment, it is still difficult
to eliminate breast cancer cells without affecting the adjacent normal cells and to minimize
the long and short-term side effects that are associated with the current breast cancer
treatment (Di Leo et al., 2015). The emergence of cancer gene therapy promises to be
an innovative treatment strategy for the prevention of cancer related deaths.
Retinoblastoma binding protein 6 (RBBP6) is one of the genes that have shown potential
as therapeutic targets (Mbita et al., 2012; Motadi et al., 2011; Li et al., 2007). It remains
a puzzle how RBBP6 is regulated during carcinogenesis and there is a growing interest
in the role played by a novel group of regulatory biomarker, microRNAs (miRs), in cell
homeostasis and during carcinogenesis (Bahrami et al., 2018; Jiang et al., 2005). This
study will focus on deciphering the regulation of RBBP6 splice variants by arsenic trioxide
during cell cycle progression and apoptosis in breast cancer MCF-7 cells.
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1.4. Rational and motivation
Previously, Gao and Scott (2002) had reported on the involvement of P2P-R (RBBP6 rat
homologue) in mitotic apoptosis, suggesting that P2P-R gene products are pro-apoptotic.
Others contradicted this report by suggesting that the expression of RBBP6 is
upregulated in majority of cancer such as colon (Chen et al., 2013), lung (Motadi et al.,
2011) and prostate (Singh et al., 2006). This suggest that RBBP6 can either induce or
inhibit apoptosis via the interaction with tumour suppressor genes such as pRB and p53,
which mainly regulate apoptosis and cell cycle progression (Li et al., 2007). It remains
unclear how RBBP6 expression is regulated in human cancers and the emergence of
miRs opens a new avenue for exploration.
MicroRNAs were discovered in 1993 describing small transcript produced by the lin-4
gene in Caenorhabditis elegans (Lee et al., 1993), it was later proven that miRs are noncoding ribonucleic acids (RNAs) ranging between 18 and 22 bases in length (Lee et al.,
1993). They have been reported to bind to the 3’ untranslated region (UTR) of their target
specific mRNAs (Bartel, 2004). Their main function has been reported to involve
regulation of transcription and translation (Iorio et al., 2005). Mature MiRs are located in
the nucleus or cytoplasm depending on the role they intend to play (Calin et al., 2004).
Specific miRs are either upregulated or downregulated in breast cancer. It has been
reported that miR-125b, miR-10b, miR-145 are down-regulated in breast cancer
suggesting that they play a role as tumour suppressor genes (Götte et al., 2010; Iorio et
al., 2005; Lee et al., 2005). MiR-21 and miR-155 have been implicated in tumour
progression and have been shown to be upregulated in breast cancer (Shenouda and
Alahari, 2009; Yan et al., 2008; Iorio et al., 2005) suggesting that they maybe oncogenes.
Despite the extensive literature implicating miRs in breast cancer, there has been no
study indicating their roles in the regulation of RBBP6 and its role in carcinogenesis.
Therefore, a query that arises is, could these miRs play a role on the expression and
regulation of RBBP6 variants in breast cancer? The expression of RBBP6 gene products
has not been fully elucidated in breast cancer but Mbita et al. (2012) indicated that tumour
islands do lowly express RBBP6. As already mentioned, there has been no report linking
the regulation of RBBP6 by miRs.
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1.5. Aim of the study
This study was aimed at determining the expression patterns of RBBP6 alternatively
spliced variants during arsenic trioxide-induced cell cycle arrest and apoptosis in breast
cancer MCF-7 cells. It was also aimed at predicting and identifying RBBP6 specific
miRs.
1.6. Objectives of the study
The objectives of the study were to:
i. Determine inhibitory concentrations of arsenic trioxide and the positive controls (cobalt
chloride and curcumin for cell cycle arrest and apoptosis, respectively), that could
reduce

cell

viability

by

50%

using

the

3-(4,

5-dimethylthiazol-2-yl)-2,

5-

diphenyltetrazolium bromide (MTT) assay.
ii. Determine the expression of RBBP6 splice variants including possible novel variants
by conventional PCR and Real Time-PCR during arsenic trioxide-induced cell cycle
arrest and apoptosis.
iii. Determine the localization and expression of RBBP6 isoforms including possible novel
isoforms by immunocytochemistry during arsenic trioxide-induced cell cycle arrest and
apoptosis.
iv. Predict RBBP6-specific MiRs using web-based bioinformatics tools.
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1.7. Dissertation structure
The dissertation is organized into seven chapters and they are described as follows:
Chapter 1
This chapter covers the problem statement highlighting setbacks with the current breast
cancer treatment and gene therapy as a possible route for treating breast cancer. It also
includes questions to be answered, aims and objectives.
Chapter 2
This chapter covers the literature review addressing the status of this research and the
gaps that exist in our understanding of the role of arsenic trioxide and microRNAs on the
expression of RBBP6 splice variants, and the expression pattern of these variants in
MCF-7 breast cancer cells.
Chapter 3
This chapter explains all the methods and materials used. Composition of buffer solutions
used along with manufacturer’s information are given in Appendix A, D and Appendix E,
respectively.
Chapter 4
This section reports the findings of this study on the role of arsenic trioxide on the
expression of RBBP6 splice variants during cell cycle progression and apoptosis in breast
cancer MCF-7 cells. The effect of arsenic trioxide on the viability of MCF-7 breast cancer
cells (Fig. 4.1A, 4.2 and 4.3) and their morphology (Fig. 4.4 and 4.5) was reported. The
MUSE® Cell Analyzer (Fig. 4.6-4.13) results on the effect of arsenic trioxide on apoptosis
and G2/M cell cycle arrest in MCF-7 breast cancer cells was also reported. This section
further reports the conventional PCR (Fig. 4.14-4.17), Real-Time PCR (Fig. 4.18) and
Immunocytochemistry (Fig. 4.19 and 20) results on the expression of RBBP6 variants in
breast cancer MCF-7 cells. Identification and regulation of RBBP6 specific microRNAs in
breast cancer MCF-7 cells was also covered (Table 4.22 and 4.23).
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Chapter 5
Chapter 5 covers the general discussion by classifying and comparing the results to the
most current information that is available, it also summarizes conclusions indicating
possible future investigations.
Chapter 6
This section lists the sources that owns the ideas used in this dissertation to support the
scientific arguments.
Chapter 7
Finally, chapter 7 covers the supplementary information that helps to clarify this
dissertation.
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CHAPTER TWO: LITERATURE REVIEW

2.

Introduction

Cancer remains one of the leading causes of death in many countries including South
Africa. Carcinogenesis is a complex process, consequently, finding effective therapies to
treat different cancers such as breast cancer often depends on new discoveries about the
underlying cellular mechanisms. Breast cancer is the most common cancer that is
prevalent in women than in men in both developed and developing countries (Ly et al.,
2013). It is also the second leading cause of death worldwide following lung cancer (Wang
et al., 2009). Although breast cancer is thought to be a common cancer in the developed
countries, the majority (69%) of all breast cancer deaths occurs in developing countries
(Cheraghi et al., 2012). According to the National Cancer Institute in 2013, 232,340
female breast cancer cases and 2,240 male breast cancer cases are reported in the USA,
including 39,620 deaths caused by the disease (Abdollahi et al., 2015). In South Africa,
about 8000 new cases of breast cancer are reported each year (Baatjes et al., 2016).

2.1.

Breast cancer risks

The mechanism of how breast cancer develops is not fully understood, but some of the
factors that cause and influence the risk of developing breast cancer are well
documented. Breast cancer risk factors are divided into intrinsic and extrinsic factors
(Kamińska et al., 2015). Understanding the relative influence of intrinsic and extrinsic risk
factors in breast cancer development is important for strategizing breast cancer
prevention. Extrinsic risk factors include environmental risk factors such as smoking,
ultraviolet exposure and high-fat diet, which account for at least 70–90% of lifetime cancer
incidences (Wu et al., 2016). Good lifestyle and engaging in regular physical activity have
been shown to decrease the chances of getting breast cancer (Kamińska et al., 2015).
Obesity in woman after menopause is also one of the elevated risks of developing breast
cancer because fat cells produce oestrogen; extra fat cells produce more oestrogen in
the body, and oestrogen is a risk factor for hormone-receptor-positive breast cancer
development (La Vecchia et al., 2011).
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Intrinsic risk factors are heritable or genetic factors that increase the risk of the developing
breast cancer (Tomasetti and Vogelstein, 2015). These factors include race, sex, age and
genetic makeup (Kamińska et al., 2015). Gender is a risk factor of developing breast
cancer where being a woman increases the chances of being diagnosed with breast
cancer than being a man (Kamińska et al., 2015). The main reason why woman develop
breast cancer is because their breast cells are continuously exposed to the growthpromoting factors, which include the female hormones such as oestrogen and
progesterone (Kamińska et al., 2015). The oestrogen and progesterone imbalance are
likely to result with Oestrogen Receptor-positive (ER+) cancers or Progesterone
Receptor-positive (PR+) cancers.
Age is another factor that contributes to the risk of breast cancer development. The risk
of getting breast cancer increases as a person ages because the longer the person live,
the chances for genetic damage (mutations) in the body also increases, and as the person
age our bodies are less capable of repairing genetic damages (McPherson et al., 2000).
Inheritance of mutated susceptibility genes is also a factor that increase the chances of
getting breast cancer. Most inherited cases of breast cancer are linked to genetic
mutations in the BReast CAncer gene one (BRCA1) and BReast CAncer gene two
(BRCA2) [Francken et al., 2013].

2.2.

Classification and prevalence of breast cancer

Breast cancer regularly starts off in the inner lining of the milk ducts or the lobules that
supply them with milk. The cancer cells can extend to other parts of the body through a
process called metastasis and are therefore referred to as malignant tumours. Breast
cancer that initiates in the lobules is identified as lobular carcinoma, while the ones that
develop from the ducts are called ductal carcinomas (Bickel et al.,2015). The majority of
breast cancer cases affect women, but breast cancer does occur in men too. Breast
cancer is the most common invasive cancer in females worldwide (Parkin and Fernández,
2006). According to Bickel et al. (2015), breast cancer can also be divided into invasive
and non-invasive breast cancer. In the invasive breast cancers, cancer cells escape from
inside the lobules or within the ducts and attack nearby tissues. Through the bloodstream,
the abnormal cells can reach the lymph nodes, and later make their way to other organs,
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such as the bones, liver and lungs. In non-invasive breast cancer, the cancer is localized
to its starting point and does not spread to other parts of the body and these are often
referred to as benign tumours. The major problem of non-invasive breast cancer is the
fact that it is a direct precursor of most invasive breast cancers (Allred et al., 2008). Breast
cancer can also be classified into subtypes.

2.3.

Breast cancer subtypes

Breast cancer is not a single disease, because it is composed of distinct biological
subtypes. It is classified into three subtypes based on gene expressed, hormone receptor
markers and their frequency of occurrence as tabulated on Table 2.1 (Anderson et al.,
2014). Biomarkers such as oestrogen receptor (ER), progesterone receptor (PR) and
epidermal growth factor receptor 2 (HER2) are mainly used to differentiate between these
subtypes. Basal-like breast cancers, which are often referred to as Triple-negative breast
cancer (TNBC), are the most aggressive and show resistance to breast cancer treatment
(Arpino et al., 2015).

Table 2.1: Gene expression profiles of breast cancer subtypes.
Molecular subtype

Biomarker

Frequency (%)

References

Basal-like

ER- PR- HER2-

10-20

Gatza et al., 2010

HER2-enriched

ER- PR- HER2+

10-15

Anderson et al., 2014

Normal breast-like

ER-/+ HER2-

5-10

Eroles et al., 2012

Luminal A

ER+ PR+ HER2-

50-60

Anderson et al., 2014

Luminal B

ER+/- PR+/- HER2-/+

10-20

Gatza et al., 2010

Claudin-low

ER- PR- HER2-

12-14

Eroles et al., 2012

(-): Negative; (+): Positive; (-/+): Negative or positive and (+/-): Positive or negative

2.4.

Breast cancer treatment

There are several strategies that are used for the treatment of breast cancer, and these
include radiotherapy, chemotherapy and surgery (Hortobagyi, 1998). Radiotherapy uses
high-energy X-rays to eliminate breast cancer cells. Radiotherapy targets both breast
cancer cells and the normal cells but the normal cells can also repair themselves (Early
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Breast Cancer Trialists' Collaborative Group, 2005). Radiation-related heart disease and
skin reaction are the most common side effects of radiotherapy (Taylor and Kirby, 2015).
Ectopic over-expression of genes such as survivin has been used to protect normal cells
from radiation (Carruthers et al., 2016). This suggests that genes such as survivin and
RBBP6 can be targeted for therapeutic strategies. Usually, radiotherapy is used after
surgery to destroy any persistent cancer cells. Typically, radiotherapy is applied about a
month after surgery or chemotherapy.
In chemotherapy, cytotoxic drugs are used to destroy the cancer cells (Wagland et al.,
2016). The goal of every breast cancer chemotherapy is to promote apoptosis in the
breast cancer cells. The oncologist may recommend a chemotherapy called adjuvant
chemotherapy, which is a therapy that is given in addition to the initial therapy to maximize
its effectiveness, if the cancer cells are spreading to new areas of the body (Wagland et
al., 2016). If the tumours are large, chemotherapy may be used before surgery. This is
done to shrink the tumour, making its removal easier. This is known as neo-adjuvant
chemotherapy. Chemotherapy is associated with a range of side effects including hair
loss, nausea and vomiting, fatigue, anaemia, and changes in taste and smell (Wagland
et al., 2016).
Most women with breast cancer, especially with late stage, have surgery as an initial
treatment strategy. There are different types of breast cancer surgery and these include
lumpectomy in which only the part of the breast containing the cancer is removed. The
goal is to remove the cancer cells as well as some surrounding normal tissue. How much
of the breast is removed depends on the size and location of the tumour (Tartter et al.,
2000). The is also a surgery in which the entire breast is removed, including all of the
breast tissue or cells and sometimes other nearby tissues, and this surgery is called
mastectomy (Rippy et al., 2014). The is also a surgery in which an area of lymph nodes
that may contain cancer cells is removed and this type of surgery is called lymph node
dissection. This surgery is usually used for diagnostic and prognostic purposes
(Bembenek and Schlag, 2000). Lymph nodes may be removed either as part of the
surgery to remove the breast cancer or as a separate operation. Generally, both radiation
and chemotherapy are expected to destroy breast cancer cells through apoptosis.
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2.5.

Apoptosis

Apoptosis is a programmed cell death as opposed to necrosis, and other forms of cell
death, which include autophagy. During development, many cells are produced and some
undergo programmed cell death and thereby, contribute to the shaping of many organs
and tissues (Abud, 2004). Apoptosis is also important in the function of the immune
system and in the elimination of microbial infected cells, thereby, maintaining cellular
homeostasis. Defects in apoptosis can lead to cancer, autoimmune diseases and
spreading of viral infections (Rathmell and Thompson, 2002). During apoptosis, initiator
caspases are activated and engage in death inducing signalling complexes either in
response to the ligation of cell surface death receptors (extrinsic pathways) or in response
to signals initiated inside the cell (intrinsic pathways).
The cellular machinery involved in the execution of apoptosis in eukaryotic cells includes
a family of cysteine proteases, termed caspases. Caspases are a group of cysteine
proteases that cleave target proteins at specific aspartate residues (Shalini et al., 2015).
In general, three amino acid residues that lie upstream of the aspartate residue in the
substrate determine the specificity of recognition by individual caspases. Caspases are
synthesized as precursors (pro-caspases) and are converted into mature enzymes
through dimerization and autocleavage (Shalini et al., 2015). The apoptotic caspases can
be divided into initiator and executioner caspases. The group of apoptotic initiator
caspases consist of caspase-2, -8, -9 and -10, while the group of executioner caspases
comprises of caspases-3, -6 and -7 (Zhou et al., 2006). Induction of apoptosis via death
receptors typically results in the activation of an initiator caspase-8 or caspase-10 and
executioner caspase-3. On the other hand, the mitochondrial pathway of apoptosis leads
to the activation of initiator caspase-9 and executioner caspase-3.
2.5.1. Extrinsic pathway
The extrinsic pathway involves the association of receptor-mediated transmembrane
death receptor [Fas and Tumour Necrosis Factor-α (TNF-α)] and its extracellular ligand
[Fas-Ligand (Fas-L) and TNF-α Ligand], other members includes the tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL) receptor (Chen and Goeddel, 2002;
Wajant, 2002; Locksley et al., 2001). In the cytoplasmic side of the cell, death receptors
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comprise of death domains which recruit and bind to adaptor molecules required for the
initiation of a caspase cascade (Fig. 2.1). Fas recruits Fas-associated death domain
protein (FADD) while TNF-R recruits TNF-R1-associated death domain protein (TRADD)
(Ashkenazi, 2002). Such association leads to the establishment of the death-inducing
signalling complex (DISC) that is comprised of death receptor, its ligand and initiator
procaspase-8 (or procaspase-10) [Yang et al., 2005]. The complex enables the
autoactivation of procaspase-8/10 giving rise to active caspases-8/10 (Ola et al., 2011).
The active caspase-8 then activates downstream executioner caspases that cleave
cellular death substrates such as Inhibitor of Caspase-activated DNase (ICAD), resulting
in morphological and biochemical changes that are often observed in apoptotic cells
(Ghobrial et al., 2005).

Death-receptor mediated apoptosis pathway

Figure 2.1: Death-receptor mediated apoptosis pathway (Ghobrial et al., 2005).
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2.5.2. Intrinsic pathway
Death stimuli including DNA damage, chemotherapeutic agents and UV radiation
permeabilize the outer mitochondrial membrane. Permeabilization of the outer
mitochondrial membrane permits the leakage of at least five apoptotic mediators
(apoptotic proteins) from the mitochondrial intermembrane space and these include
HtrA2, Cytochrome c (cyt c), Second Mitochondria-Derived Activator of Caspases
(Smac), apoptosis-inducing factors (AIF) and endonuclease G (Germain and Shore,
2003; Hengartner and Horvitz, 1994). These proteins induce apoptosis in dissimilar ways.
Smac and HtrA2 suppress the ability of IAPs (inhibitors of apoptosis proteins) to inhibit
caspases. Endonuclease G and AIF are involved in DNA fragmentation, and AIF is
similarly involved in chromatin condensation. The release of these apoptotic mediators
from mitochondria is known to be regulated by the Bcl-2 family of proteins (Wang, 2001;
Korsmeyer et al., 2000).
The intrinsic apoptotic pathways also identified as mitochondrial pathways or stress
pathways are activated by various array of death stresses, which include DNA damage,
chemotherapeutic agents and UV radiation leading to permeabilization of the outer
mitochondrial membrane and release of apoptotic proteins into the cytosol (Ola et al.,
2011). Cytochrome c is the most studied mitochondrial protein that is involved in the
intrinsic pathway. Cytochrome c forms apoptosome with apoptotic protease activating
factor 1 (Apaf1) and the inactive form of caspase-9 (Riedl and Salvesen, 2007; Li et al.,
1997). This complex hydrolyses adenosine triphosphate to cleave and activate caspase9. The initiator caspase-9 then cleaves and activates the executioner caspases-3/6/7,
resulting in cell apoptosis (Fig. 2.2). Caspase-8 also has a major role to play by activating
the Bid that leads to the activation of truncated Bid (tBid), which translocate to
mitochondria and facilitate the release of cyt c. The activated caspase-9 then cleaves
procaspase-3, resulting in the activated caspase-3, an executioner caspase which
cleaves multiple other substrate (ICAD) within the cells (Ghavami et al., 2009; Fan et al.,
2005). Cleavage of substrates such as ICAD by caspase-3 release the CaspaseActivated DNase (CAD), which then cleaves DNA.
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Mitochondrial mediated apoptosis pathway

Figure 2.2: Mitochondrial mediated apoptosis pathway (Ghobrial et al., 2005).
2.5.3. Arsenic trioxide (As2O3) as an apoptotic inducer
Previous studies have demonstrated that a wide range of anticancer agents, including
chemotherapeutic agents induce apoptosis in malignant cells in vitro. Apoptosis inducers
include cytarabine, 5-fluorouracil (5FU), fludarabine, doxorubicin, cyclophosphamide,
cisplatin, etoposide, dactinomycin, camptothecin and arsenic trioxide (Kaufmann and
Earnshaw, 2000). Arsenic trioxide (As2O3) is an inorganic compound, which promotes
apoptosis and necrosis in a concentration and time-dependent manner. Whether a cell
dies by necrosis or apoptosis rests on the cell death signal, the tissue type, and the
developmental stage of the tissue. As2O3 has been shown to induce both cell cycle arrest
and apoptosis associated with DNA fragmentation, changes in mitochondrial membrane
potential and establishment of increased reactive oxygen species (ROS) [Zhang et al.,
2015]. As2O3-induced apoptosis has been shown in MCF-7 cells through the activation of
caspase-3 (Wang et al., 2011). MicroRNA-328 (miR-328) which regulates the expression
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of the Human ether-a′-go-go related gene (HERG) was found to enhance the As2O3induced apoptosis (Wang et al., 2011). This was also supported by Zhang et al. (2016)
who indicated that arsenic trioxide suppresses cell growth by inhibiting miR-27a. Arsenic
trioxide has also been shown to induce cell cycle arrest in myeloma (Liu et al., 2003),
chondrosarcoma cells (Jiao et al., 2015) and colorectal cancer cells (Eyvani et al., 2016).

2.5.4. Apoptosis inhibition in breast cancer
One of the hallmarks of cancer, including breast cancer, is resistance to apoptosis, a
programmed cell death. It should be stressed that apoptosis is a well-defined and
probably the most frequent form of programmed cell death, but non-apoptotic types of
cell death may be of biological significance as they can serve to back up failed apoptosis
or occur independent of apoptosis (Foghsgaard et al., 2001). In breast cancer, the
cancerous cells are resistant to apoptosis, and consequently, continue to divide without
going through the normal cell homeostasis, which involves apoptosis. Additionally, they
can even migrate to other parts of the breast. In breast cancer, the therapeutic goal is to
trigger tumour-selective cell death. The mechanisms responsible for such death are of
clear importance in determining the efficacy of specific treatments. Therefore, this study
focused on deciphering arsenic trioxide triggered tumour-selective cell death in breast
cancer cells and the regulation of RBBP6 splice variants by arsenic trioxide.
Breast cancer cells have been reported to be resistant to apoptosis due to the high
expression of anti-apoptotic proteins, including RBBP6 (Moela et al., 2014). RBBP6 has
been reported to either inhibit or promote apoptosis in cancerous cells depending on how
it interacts with pRB and p53 (Simons et al., 1997). The RBBP6 isoform 1 protein is
expressed extremely in most human tumours such as colon (Chen et al., 2013),
oesophagus (Mbita et al., 2012) and prostate (Singh et al., 2006). RBBP6 is also shown
to be associated with proliferation in oesophageal cancer cells by negatively regulating
p53 by acting as a scaffold to recruit MDM-2 to interact with p53 therefore leading to p53
depletion, thus facilitating cell proliferation (Li et al., 2007). Some of the proteins involved
in the regulation of apoptosis by regulating the activation of caspases are the Bcl-2 family
of proteins. Bcl-2 inhibits the release of cytochrome c required in the intrinsic pathway
(Czabotar et al., 2014).
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2.6.

MicroRNAs

MicroRNAs (miRs) are a class of small noncoding RNAs that control gene expression by
targeting their specific mRNAs and triggering either translation repression or RNA
degradation (Vasudevan et al., 2008). Their aberrant expression has been implicated in
human diseases, including cancer (Garzon et al., 2010). Mature miRs are 19 to 25nucleotides long cleaved from 70 to 100 nucleotide hairpin pre-miRs precursors. The
precursor is cleaved by cytoplasmic RNase III Dicer into 22-nucleotide miRs duplex where
one strand of the short-lived duplex is degraded, whereas the other strand serves as
mature miR (Bartel, 2004). In animals, single-stranded miRs bind through partial
sequence homology to the 3′ untranslated regions (3′ UTRs) of target mRNAs, and cause
either blockage of translation or mRNA degradation (Lytle et al., 2007). Specific miRs are
either upregulated or downregulated in cancer including breast cancer, depending on
whether they are involved in apoptosis induction or cell proliferation. For example, it has
been reported that miR-10b, miR-125b and miR-145 are downregulated in breast cancer
suggesting that they may be playing a role of tumour suppressor genes, while miR-21
and miR-155 were upregulated suggesting that they can be oncogenes (Iorio et al., 2005).
RNA polymerase II transcribes miRs genes found in animals, plants, and viruses, to a
single stranded RNAs that fold because of sequence complementarity generating long
primary transcripts called pri-miRs in the nucleus (Kim, 2005). Specific RNAse III type of
enzymes found in eukaryotes such as Drosha and DiGeorge critical region 8 (DGCR8)
act on pri-miRs by cleaving them producing pre-miRs that are approximately 70
nucleotides in length (Yeom et al., 2006). Pre-miRs are then exported from the nucleus
to the cytoplasm by a protein called Exportin 5 (Bohnsack et al., 2004). Once the premiRs are in the cytoplasm, an RNase III enzyme called Dicer processes the pre-miRs by
cleaving out the hairpins, consequently, resulting in double stranded miRs without
hairpins termed miRs duplexes (Sontheimer, 2005). The miRs duplex is loaded into RNA
interference complex called RNA Interfering Silencing Complex (RISC). RISC consists of
proteins such as Argonaute and Canonical Transient Receptor Potential Cation 6
(TRPC6). Argonaute protein is made of two domains, namely, P-element-induced wimpy
testis (PIWI) domain and Piwi Argonaute Zwille (PAZ) domain (Höck and Meister, 2008).
PAZ domain functions to attach the chosen single stranded miRs to a sequence of interest
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within the mRNA of interest. PIWI domain has an activity of RNase H that mainly breaks
down the targeted single stranded messenger RNA (Höck and Meister, 2008; Song et al.,
2003). The miRs strand that binds the target mRNA is called the guide strand and the
miRs strand that is released from the RISC complex because it does not form part of the
RNA interference is called passenger strand (Khvorova et al., 2003; Schwarz et al., 2003).
The guide strand binds to the mRNA of interest through few base complementarity and
degrade the target mRNA through a process called nucleation (Long et al., 2008). At
present not much is known about the regulation of genes such as RBBP6 by microRNAs.
This study was also aimed at identifying microRNAs targeting RBBP6 and relate their
function in MCF-7 breast cancer cells.

2.7.

Retinoblastoma Binding Protein 6

Gene therapy has attracted a lot of interest for the treatment of breast cancer. Research
on finding regulatory biomolecules in the development of cancer has also intensified.
Retinoblastoma binding protein 6 (RBBP6) is one of the genes that have shown potential
as a therapeutic target (Mbita et al., 2012; Motadi et al., 2011; Li et al., 2007). As already
mentioned in chapter 1, the RBBP6 gene is transcribed into three splice variants due to
alternative splicing (Mbita et al., 2012). These splice variants include a 6.1 kilobases (kb)
variant and a 1.1 kilobases transcript (variant 3). The 6.1 kilobases transcript is
alternatively spliced into 2 splice variants, one containing exon 16 (variant 1) while the
other lacks exon 16 (variant 2), consequently, resulting in the three transcripts (Mbita et
al., 2012). Variant 3 is translated into RBBP6 Isoform 3, which only contains Domain With
No Name (DWNN) while variant 1 and 2 are translated into isoform 1 and 2, respectively.
Isoform 1 contains a DWNN domain, zinc finger, RING finger, Proline Rich (PR) domain,
Coiled coil (CC) domain, Serine-arginine (RS), Rb-binding domain (pRB), p53-binding
domain (p53) and Nuclear Localization Signal (NLS) [Fig. 2.3]. Isoform 2 contains all the
domains found in isoform 1 but lacks the Coiled coil domain. Recently, Ntwasa (2016)
reported that there are four isoforms, with isoform 4 containing a DWNN domain, a zinc
finger, RING finger, Proline Rich domain (PR), p53-binding domain and Nuclear
Localization Signal (NLS) (Fig.2.3A). Isoform 1 is made of 1792 amino acids, followed by
isoform 2 with 1758 amino acids, isoform 3 with 118 amino acids (Mbita et al., 2012) and
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lastly, isoform 4 with 952 amino acids (Ntwasa, 2016). It is not clear how the fourth isoform
is derived. Little is known about the expression and regulation of the human RBBP6 splice
variants during cell cycle progression and breast cancer development.
Previously, Gao and Scott (2002) implicated the P2P-R, which is an RBBP6 rat
homologue, in mitotic apoptosis but Mbita et al. (2012) and Motadi et al. (2011) implicated
human RBBP6 in cell cycle regulation. Recently, Ntwasa (2016) reviewed the role of
RBBP6 in carcinogenesis, implicating RBBP6 as a key role player in both carcinogenesis
and cell cycle regulation. It remains a puzzle how RBBP6 is regulated during
carcinogenesis and there is a growing interest in the role played by a novel group of
regulatory biomolecules, microRNAs (miRs), in cell homeostasis and carcinogenesis.
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RBBP6 proven and hypothetical isoforms

Figure 2.3: RBBP6 proven and hypothetical isoforms. (A) RBBP6 isoforms that are
involved in cell cycle regulation and apoptosis (Ntwasa, 2016). (B) RBBP6 hypothetical
variants adapted from:
(http://www.ensembl.org/Human/Search/Results?q=rbbp6;facet_species=Human)
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2.7.1. Retinoblastoma binding protein 6 in carcinogenesis
RBBP6 was first identified as an interactor with the tumour suppressor proteins, pRb and
p53 (Simons et al., 1997). The tumour suppressor protein, p53, is a gene-specific
transcription factor that regulates various genes involved in cell cycle arrest and apoptosis
(Li and Prives, 2007). Following nuclear stress such as exposure to genotoxic chemicals
and radiation, p53 activates p21 gene, which is responsible for the induction of cell cycle
arrest during which damaged DNA is allowed to undergo repair (Fig. 2.4). If the damage
is irreversible, p53 induces the expression of pro-apoptotic proteins of the bcl-2 family,
which includes Bax (Ghobrial et al., 2005). p53 and pRB are the most studied tumour
suppressor genes and are often implicated in cancer progression.

The role played by p53 in cell cycle regulation

Figure 2.4: The role played by p53 in cell cycle regulation (Hanahan and Weinberg, 2000).

22

The locus of the RB gene, identified cytogenetically, is chromosome 13q14.1 (Rodrıg
́ uez
et al., 2002). pRB is a tumour suppressor gene involved in the regulation G1 phase of the
cell cycle. It mainly inhibits cells from exiting G1 phase by interacting with E2F involved
in the transcription of genes required for cell division (Fig. 2.5). In quiescent cells, pRb is
hypo-phosphorylated (active form), but its interaction with cyclin D/CDK 4 and 6, results
in its hyper-phosphorylation. When pRB is hyper-phosphorylated by G1 cyclin-CDK
complexes, it releases E2F allowing E2F to transcriptionally activates its target genes
such as cyclin E. The E2F activates cyclin A and E/CDK2, which consequently allows
cells to proceed from G1 phase to S-phase (Cobrinik, 2005). pRB is dysfunctional in
several major cancers because it prevents excessive cell growth by inhibiting cell cycle
progression until a cell is ready to divide. The relationship between RBBP6 and this
tumour suppressor has not thus far been explored in human cells.

Regulation of pRB in coordination with the cell cycle

Figure 2.5: Regulation of pRB in coordination with the cell cycle. Adapted from Sachdeva
and O’Brien (2012).
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2.7.2. Involvement of RBBP6 in nucleic acid metabolism and embryonic
development
Experimental evidence specifies that RBBP6 is involved in pre-mRNA processing,
transcription, and replication (Di Giammartino et al., 2014; Miotto et al., 2014; Pugh et al.,
2006). Participation of RBBP6 in nucleic acid metabolism is evident from its domain
configuration, which includes a zinc finger, a coiled coil, and a serine–arginine (RS)
domain, since the former two motifs facilitate protein–nucleic acid interactions while the
RS domain is found in pre-mRNA splicing factors (Di Giammartino et al., 2014; Simons
et al., 1997). The importance of RNA-binding zinc knuckle motif in nucleic acid
metabolism was also shown in yeast homologue, Mpe 1 (Minet et al., 2001).
The exact mechanism by which RBBP6 influences splicing is presently unclear.
Nevertheless, the mechanism by which it controls pre-mRNA cleavage and
polyadenylation has been elucidated (Di Giammartino et al., 2014). The full-length isoform
1 binds to the Cleavage stimulation Factor 64 kDa (CstF64), thus permitting proper premRNA processing. Isoform 3 (DWNN) has been shown to hinder this binding
competitively (Di Giammartino et al., 2014).
In mouse embryonic development, RBBP6 is recognized as an ‘early riser’ present in the
oocyte and extremely upregulated at 2–8-cell stages. In the absence of functional PACT,
mouse embryos die at day 7.5 (E7.5) with widespread apoptosis. This lethality can be
partially saved by concomitant deletion of p53 with defects in the anterior–posterior (A–
P) axis suggesting that RBBP6 is important in A–P embryonic patterning (Li et al., 2007).

2.8.

Cell cycle

Cell division cycle (Fig. 2.6) is the time taken by a cell to grow and produce proteins
required for DNA synthesis and cell division. There are four coordinated processes
involved in the eukaryotic cell division cycle (Vermeulen et al., 2003). The cell division
cycle starts with gap 1 (G1), which is a phase where all the vital machinery for the DNA
replication are synthesized. G1 phase is followed by the S phase, at which DNA is
synthesized. Subsequent to S phase is the Gap 2 (G2) phase in which proteins required
to proceed to mitosis phase (M) are synthesized. In the M phase, cells divide into two
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daughter cells. The cell division cycle also consists of two check points (G1/S and G2/M)
found at the boundaries between the G1/S and G2/M phases. A typical human cell divides
roughly every 24 hours and even though mitosis is the most dramatic stage of the cell
cycle, it only lasts about an hour while the interphase takes the 95% of the cell cycle
duration (Harashima et al., 2013).

Typical eukaryotic cell division cycle and CDKs that regulate each phase in the
cycle

Figure 2.6: Typical eukaryotic cell division cycle and CDKs that regulate each phase in
the cycle. Adapted from Moela (2014).

25

2.8.1. Regulation of the cell cycle
It is necessary for cell cycle control mechanisms to be precise in order to sense defects
that can occur during cell division. In the heart of this control is the duty of a family of
protein kinases that are called cyclin-dependent kinases (CDKs). The kinases are
activated and deactivated as the cell progresses through phosphorylation and
dephosphorylation mechanisms. There are four known cyclins that are involved in the
progression of the cell division cycle and are expressed at different phases of the cycle.
The cyclin D/cdk4/6 and cyclin E/cdk2 complexes are responsible for G1 phase entry and
progression and for the transition from G1 to S phase, respectively. Cyclin A/cdk2
complex is required for S phase progression while G2/M transition and progression are
characterised by the cyclin A/cdk1 complex (Fig. 2.6) [Harashima et al., 2013;
Suryadinata et al., 2010; Vermeulen et al., 2003]. Cyclin/cdk complexes (cyclin D/cdk4/6
and cyclin E/cdk2) promote cell division cycle entry and progression by phosphorylating
the retinoblastoma protein (pRb) which functions as a negative regulator of cell division
cycle.

2.9.

Y-box binding protein 1 interaction with RBBP6

The localization of Y-box binding protein 1 (YB-1) is predominantly cytoplasmic, although
it is known to shuttle back and forth between the cytoplasm and the nucleus, it localizes
in the nuclear speckles, where RBBP6 has also been shown (Gao et al., 2002). YB-1
performs a wide variety of cellular functions, including transcriptional and translational
regulation and stress responses to extracellular signals (Kloks et al., 2002). As a result of
its interaction with RBBP6, YB-1 is ubiquitinated and degraded by the Ubiquitin
Proteasome Pathway (UPP), leading to reduced levels of YB-1. Knockdown of YB-1 is
mediated through the RING finger of the RBBP6 protein (Chibi et al., 2008). YB-1 has
been shown to repress levels of p53 and its transactivation of many apoptosis-inducing
proteins (Okamoto et al., 2000). The repressions of YB-1 levels by RBBP6 therefore
established RBBP6 as a pro-apoptotic protein. On the other hand, RBBP6 has been
reported to promote the repression of p53 by facilitating its ubiquitination by HDM2 (Li et
al., 2007), thus acting in an anti-apoptotic manner. Hence, it is possible that RBBP6 acts
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on p53 by two independent pathways, one pro-apoptotic and one anti-apoptotic, with the
final result depending on the relative weights of the two pathways.
Commonly, depletion of RBBP6 isoform 1 coincides with apoptosis, while depletion of
RBBP6 isoform 3 is associated with carcinogenesis (Ntwasa, 2016). For example, isoform
1 is moderately expressed in the nuclei of poorly differentiated colon tumour cells and
strongly expressed in colon cancer lymph node metastasis (Chen et al., 2013). Isoform 3
has been shown to be downregulated in cancerous tissue but not in the nearby noncancerous normal tissues (Mbita et al., 2012). This suggests that different RBBP6
isoforms have different roles in apoptosis, cell cycle regulation and carcinogenesis. There
is a possibility that some RBBP6 isoforms are pro-apoptotic while others are antiapoptotic. This information is lacking, especially in breast cancer development.

2.10. Regulation of RBBP6 by microRNAs
Recently, Varghese et al. (2018) showed that RBBP6 may be under the regulation of miR424, especially in cervical cancer. In their study, they showed that aberrant DNA promoter
methylation of the miR-424 gene resulted in its inactivation. Most importantly, this study
showed that the miR-424 interacts with RBBP6 3’-UTR and silences its activity in SiHa
cells. According to this report, it is more likely that the low expression of miR-424 in
cervical cancer due to its promoter silencing may support the high expression of RBBP6
that has been reported in cervical cancer cells (Teng et al., 2018). Additionally, downregulation of mR-424 has been reported to contribute to angiogenesis (Nakashima et al.,
2010) and inhibition of the proliferation of renal cancer cells (Chen et al., 2013). The
results of these studies suggest the regulation of RBBP6 by microRNAs in cervical
cancer, but there is no a report linking the regulation of RBBP6 variants by microRNAs in
MCF-7 breast cancer cells. This suggest that targeting RBBP6 specific microRNAs for
the treatment of breast cancer can be a promising strategy. Therefore, this study was
aimed at determining the expression pattern of RBBP6 alternatively spliced variants
during arsenic trioxide-induced cell cycle arrest and apoptosis in breast cancer MCF-7
cells. It was also aimed at determining RBBP6 specific microRNAs and how they are
regulated in MCF-7 breast cancer cells.
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CHAPTER THREE: MATERIALS AND METHODS

3.1.

Introduction

This chapter describes all the materials and methods used in this study to achieve the
objectives towards the aims of the study and the results that are discussed in subsequent
chapters. To avoid repetition, all procedures that were conducted several times will only
be described once but any adjustment made will be properly mentioned. The following
techniques were used: 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT) assay (section 3.3), apoptosis detection (section 3.5.1, 3.5.2, and 3.5.3), cell cycle
analysis (section 3.5.4), Polymerase Chain Reaction (PCR) [section 3.9] , Real-Time PCR
[section 3.10], Immunocytochemistry (ICC) [section 3.11] and Web based bioinformatics
tools for the prediction of RBBP6 specific microRNAs (3.12). Recipes for the solutions
required for the methods are provided in Appendix A.

3.1.1. Cell lines
The breast cancer MCF-7 cells (ATCC-HTB-22, biosafety level 1) and non-cancerous
cells (Hek-293, ATCC-CRL-1573, biosafety level 1) were kindly donated by Prof Mervin
Meyer from the University of the Western Cape who had purchased the cells from the
American Type Culture Collection (ATCC, Manassas, USA).

3.1.2. Chemicals and reagents
Curcumin, arsenic trioxide, cobalt chloride, and MTT [3-(4, 5-dimethythiazol- 2-yl)-2, 5diphenyltetrazolium bromide] were bought from Sigma-Aldrich (South-Africa).

3.1.3. Antibodies
The RBBP6 primary antibody was purchased from Novus Biologicals, USA (Cat: NBP149535). This antibody detects RBBP6 proteins and has been shown to have high affinity
for the RBBP6 isoform 1, 2 and 4 (Appendix D). Alexa Fluor 488 secondary antibody was
purchased from ThermoFischer Scientific, USA (Cat: A-11008). This secondary antibody
fluoresces and detects live or fixed cells and generates a stable signal during imaging
(Appendix E).
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3.2.

Cell culture maintenance and treatments

The MCF-7 cells were cultured in complete medium (Dulbecco’s Modified Eagle’s
Medium [DMEM] supplemented with 10% Foetal bovine serum (FBS) and 1% PenicillinStreptomycin-Neomycin) in a humidified atmosphere of 5% CO2 at 37°C. The cells were
nourished every day of the week by changing old growth medium with fresh growth
medium after rinsing twice with 2 ml of 1X phosphate buffered saline (PBS). The cells
were sub-cultured when they were at 80-90% confluent at least once per week and
excess sub-cultures were preserved at -80°C in DMEM growth medium supplemented
with 10% FBS and 5% dimethyl sulfoxide (DMSO).
For the treatment of MCF-7 cells, arsenic trioxide (As2O3) [1×104 µM], Cobalt chloride
(COCl2) [1×106 µM] and curcumin (1×104 µM) stock solution were diluted in complete
medium to yield final required concentrations. For experimental set up, cells were seeded
at a concentration of 1 x 105 cells/ml and incubated at 37°C overnight. Thereafter, the
cells were treated with arsenic trioxide concentrations (4-64 µM) for 24hrs. Cobalt chloride
and curcumin were used as positive controls.

3.3.

Cytotoxicity and cell viability analysis

The 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay was used
to assess the effect of arsenic trioxide on cytotoxicity and cell viability against the MCF-7
cells. The MTT assay is a colorimetric assay that is used to measure cytotoxicity and cell
proliferation. It involves the reaction of Nicotinamide Adenine Dinucleotide Phosphate
Hydrogen (NADPH)-dependent cellular oxidoreductase enzymes that may, under defined
conditions, reflect the number of viable cells present. These enzymes can reduce the
tetrazolium dye MTT to its insoluble formazan form, which has a purple colour once
solubilized for spectrophotometer measurement.
The effect of arsenic trioxide and the positive controls (curcumin and cobalt chloride) on
the viability of MCF-7 cells was assessed using the MTT assay. Briefly, breast cancer
cells (MCF-7) were seeded in a 96-well microtiter plate at 1 × 105 cells/well and exposed
to various concentrations of As2O3 (0-64 μM), cobalt chlorite (0-250 μM) and curcumin (0100 μM) for 24 hours after allowing them to attach for overnight. After 24 hours, media
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containing different concentrations of the treated compounds were removed followed by
addition of 10 μl of MTT (5 mg/ml) into each well and the plates were incubated for an
additional 4 hours at 37°C. After the MTT solution was aspirated off, to achieve
solubilization of the formazan crystal formed in viable cells, 100 µl of DMSO was added
in to each well before absorbance at 570nM could be measured using a GloMax-Multi+
(Promega, USA). Cell survival rate was calculated with the following formula:

Survival rate (%) = Average OD (experimental group) X 100%
Average OD (experimental group)
To further confirm the MTT assay, cell viability was performed using the Muse™ Count &
Viability Kit (Merck Millipore, Germany) following the manufacturer’s instructions.
Subsequent to exposure to different treatments, floating cells were collected by
centrifugation, attached cells were washed with 1X PBS and trypsinized with 1X trypsin.
Complete media was added to inactivate the trypsin followed by centrifugation at 3.500 ×
g for 3 minutes, after the pellet was resuspended in 20 µl of fresh complete media and
mixed with 380 µl of Muse™ Count & Viability reagent followed by incubation for 5 minutes
in the dark. The samples were then analysed using the Muse® Cell Analyzer (MerckMillipore, Germany).
3.4.

Morphological assessment of apoptosis using fluorescence and light
microscopy

The 4',6-diamidino-2-phenylindole (DAPI) staining was used for morphological evaluation
of the MCF-7 cells that had been treated with arsenic trioxide (11 and 32 μM) and the
positive controls [cobalt chloride (100 μM) and curcumin (100 μM)]. Briefly, MCF-7 cells
were plated at a density of 4 × 103 cells per well in a six well plate in a complete medium
(section 3.1) for 24 hours and starved for further 12 hours to synchronize all the cells into
the same phase of the cell cycle. Following exposure of the cells to arsenic trioxide, cobalt
chloride and curcumin the cells were washed with 1X PBS and stained for 15 minutes
with 5µg/ml of DAPI for morphologic assessment of the cells using both fluorescence and
normal light filters on the Nikon Eclipse TS100F Ti-E inverted microscope (Nikon
Instruments, Japan).
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3.5.

Flow cytometry

3.5.1. Apoptosis analysis
To determine how arsenic trioxide (32 µM) reduces the viability of MCF-7 cells as
determined using the cell viability assays, the Muse™ Annexin V & Dead Cell Kit (Merck
Millipore, Germany) was used following the manufacturer’s instructions. Briefly, the MCF7 cells were cultured in 6-well plates at 1 × 105 cells/well overnight, synchronized for 12
hours and treated for 24 hours with curcumin (100 µM) and arsenic trioxide (32 µM).
Following exposure to the different treatments, floating cells were collected by
centrifugation and attached cells were washed with 1X PBS and trypsinized with 1X
trypsin. Complete media was added to inactivate the trypsin. Cell suspension of 100 µl
was then transferred to Eppendorf tubes and mixed with 100 µl of the Muse® apoptosis
reagent, the samples were then incubated in the dark for 20 minutes. The percentage of
apoptotic cells after treatment with the arsenic trioxide and the positive control (curcumin)
was quantified and analysed using the Muse® Cell Analyzer (Merck-Millipore, Germany).
3.5.2. Multi-caspase analysis
To determine the mechanism of arsenic trioxide-induced apoptosis to assess whether the
resultant apoptosis was caspase-dependent or independent, the Muse™ MultiCaspase
Kit (Merck-Millipore, Germany) was used according to the manufacturer’s instructions.
Briefly, MCF-7 cells were seeded in a 6-well plate at 1 × 105 cells/well overnight. The cells
were synchronised for 12 hours followed by treatment with arsenic trioxide (32 µM) and
curcumin (100 µM) as a positive control for 24 hours. After 24 hr incubation, the floating
cells were collected by centrifugation and the attached cells were washed with 1X PBS
and trypsinized with 1X trypsin. Complete media was added to inactivate the trypsin
followed by resuspension into a DMEM media supplemented with 10% FBS. A portion
(50 µl) of each cell suspension was transferred to Eppendorf tubes, followed by addition
of 5µl of the Muse Multi-Caspase Reagent. The sample was vortexed at medium speed
(3.500 × g) for 3 to 5 seconds for mixing purposes. The tubes were then incubated for 30
minutes in the 37°C incubator containing 5% CO2. After incubation, 150 µl of Muse
Caspase7-ADD working solution was added into each tube and mixed by pipetting, and
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the tubes were incubated for 5 minutes in the dark. Following staining, the cells were
quantified and analysed using the Muse® Cell Analyzer (Merck-Millipore, Germany).
3.5.3. MitoPotential analysis
To determine the effect of arsenic trioxide on mitochondrial potential and cellular plasma
membrane permeabilization in MCF-7 cells, the Muse™ MitoPotential Kit (MerckMillipore, Germany) was used following the instructions. Briefly, MCF-7 cells were seeded
in a 6-well plate at 1 × 105 cells/well overnight, after the cells were, synchronised for 12
hours followed by treatment with arsenic trioxide (32 µM) and curcumin (100 µM) as a
positive control for 24 hours. After the treatments, the floating cells were collected by
centrifugation, attached cells were washed with 1X PBS and trypsinized with 1X trypsin.
Complete media was added to inactivate the trypsin followed by centrifugation at 3.500×g
for 3 minutes. The pellets were resuspended in 100 µl of 1 × Assay Buffer, the solutions
were mixed by pipetting up and down followed by addition of 95 µl of MitoPotential
working solution. The samples were mixed followed by incubation for 20 minutes inside
a carbon dioxide incubator. Following incubation, 5 µl of the Muse® MitoPotential 7-AAD
reagent was added in each of the samples, mixed by pipetting and incubated for 5 minutes
at room temperature, and analysed using the Muse® Cell Analyzer (Merck-Millipore,
Germany).
3.5.4. Cell cycle analysis
To evaluate the effect of 11 µM arsenic trioxide and 100 µM cobalt chloride (the positive
control) on the cell cycle phases distribution, the Muse™ Cell Cycle Kit (Merck Millipore,
Germany) was used according to the instructions. Briefly, MCF-7 cells were seeded in a
6-well plate at 1 × 105 cells/well overnight, the cells were further starved for 12 hours to
be synchronized, followed by treatment with arsenic trioxide (11 µM) and cobalt chloride
(100 µM) for 24 hours. Subsequent to exposure to different treatments, the cells were
collected by centrifugation, washed with 1X PBS and trypsinized with 1X trypsin.
Complete media was added to inactivate the trypsin followed by resuspension in 1 ml of
70% ethanol and the samples were stored in -20°C freezer for at least 3 hours for fixation,
after fixation, 200 µl of cells were transferred to a new tube and centrifuged at 300× g for
5 minutes and the cells were washed once with 1X PBS. Lastly, 200 µl of muse cell cycle
32

reagent was added in the cells followed by incubation for 30 minutes at room temperature
in the dark. The stained cells with the relative number of cells in the distinct phases after
the treatment with the IC50s of arsenic trioxide and cobalt chloride were analysed using
the Muse® Cell Cycle Analyzer (Merck-Millipore, Germany).
3.6.

Total RNA extraction

Total RNA is used as a starting point for downstream processes such as microarray
analysis, Reverse Transcription Polymerase Chain Reaction, cDNA library construction,
conventional PCR and quantitative Real-Time PCR. Total RNA was extracted from MCF7 cells using the ZR RNA MiniPrep purchased from Zymo Research, USA. Briefly, MCF7 cells were seeded in 10 × T75 flasks at 1 × 105 cells/ml, followed by treatment with
arsenic trioxide (32 μM and 11 μΜ), cobalt chloride (100 μΜ) and curcumin (100 μΜ) and
incubation for 24 hours at 37°C. After treatments, the floating cells were collected by
centrifugation, then the attached cells were washed with 1X PBS and trypsinized using
1X trypsin. Complete media was added to inactivate the trypsin and the cell suspension
was centrifuged at 2000 x g for 5 minutes, after which the media was discarded followed
by addition of 500 μl of Trizol reagent to each tube. The tubes were left at room
temperature for 5 minutes. The cells were then centrifuged at 4300 x g for 15 minutes,
resulting in three layers. The clear aqueous layer was transferred into a new labelled 1.5
ml centrifuge tube. After, 500 μl of ice cold 95% (v/v) ethanol was added into the 1.5 ml
centrifuge tubes containing aqueous solution, mixed and left at room temperature for 5
minutes. The solutions were then transferred into a filter column that had been inserted
into a collection tube and centrifuged for 5 minutes at 7500 × g at 4°C, and the flow
throughs were discarded. Four hundred microlitre RNA wash buffer was added into each
column and centrifuged at 7500 × g at 4°C for 5 minutes. In an RNase free tube, 5 μl of
DNase 1 was mixed with 75 μl of DNA Digestion Buffer and directly transferred to each
column matrix and incubated at room temperature for 15 minutes. Four hundred microlitre
of Direct-zol RNA Prewash was added into the zymo-spin column and centrifuged for 5
minutes at 7500 ×g at 6°C and the flow through was discarded. This step was repeated
twice. RNA Wash Buffer of 700 μl was added to each column and centrifuged at 7500 ×
g, 2-8°C for 5 minutes to ensure complete removal of the wash buffer. The columns were
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transferred into Eppendorf tubes, RNA Elution Buffer was added to this assembly to elute
the total RNA, the elution was carried out by centrifugation at 7500 × g, 2-8°C for 5
minutes. The resulting RNA was quantified using a UV/VIS Spectrophotometer (Beckman
Coulter, South Africa). RNA purity was confirmed by measuring absorbance and
determining the A260/A280 with 1.8-2.0 showing good purity and quality. RNA integrity
was confirmed by examination of the 18S and 28S RNA bands using agarose gel
electrophoresis. The RNA was stored at -80 ºC in aliquots of 10 μl for future use.
3.6.1. RNA Gel electrophoresis
3.6.1.1. Preparation of RNA agarose gel
Agarose gel (1.5%) was prepared in 1X MOPs [prepared in DEPC water, 0.6% (v/v) 37%
formaldehyde]. When the solution was cooled to about 60°C, 0.0002 µg/µl ethidium
bromide (EtBr) [Promega, USA] was added and the solution poured onto a casting tray
containing the comb and left at room temperature to solidify. The RNA sample (500 ng)
was heated at 65°C for five minutes, cooled on ice and mixed with an equal volume of
the loading dye (BioLabs, USA). The mixture was then loaded onto a 1X MOPS agarose
gel. The RNA was electrophoresed at 90 volts for one hour in 1X MOPS, viewed under
ultraviolet (UV) and captured using MiniBIS DNR Bio Imaging Systems (Lasec, S.A).

3.7.

cDNA synthesis

Complementary DNA (cDNA) was synthesized using the ImProm-II™ Reverse
Transcription System (Promega, USA). One microgram (1 μg) of total RNA extracted from
11 μM As2O3 treated MCF-7 cells, 32 μM As2O3 treated MCF-7 cells and 100 μM cobalt
and curcumin treated MCF-7 cells was added into a reverse transcription reaction mixture
containing 5x Improm II reaction buffer, 25 mM magnesium chloride, 0.5 mM deoxynucleoside triphosphates (dNTPs) mix, recombinant RNAsin (40 u/μl), Improm II Reverse
transcriptase (1 u/μl). The mixture was further diluted with nuclease free water to make
the final volume of 20 μl as illustrated in table 3.1. Following this; the mixture was
incubated at 25ºC for five minutes to allow the primers to anneal at their sites. This was
followed by incubation at 42ºC for an hour to allow reverse transcription to occur. After
this incubation, the reverse transcriptase was inactivated by incubation at 70ºC for five
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minutes and the samples were cooled on ice. The resulting cDNA was quantified using
the UV/VIS Spectrophotometer (Beckman Coulter, South Africa). cDNA purity was
confirmed by measuring absorbance and determining the A260/A280 with 1.6-1.8
showing good purity and quality. The cDNA was stored at -20 ºC for future use.

Table 3.1: The cocktail for cDNA synthesis.
Components

Volume

Final Concentration

5x Improm II reaction buffer

4 μl

1x

5 μl

5 mM

1 μl

0.5 mM each dNTP

Magnesium chloride (25
mM)
dNTP mix
Recombinant RNAsin (40
u/μl)

II

Reverse

transcriptase (1 u/μl)

-

1.0 μl

RNA

5 μl

Final Volume

20 μl

3.8.

20 u

4.5 μl

Nuclease free water
Improm

0.5 μl

1u
500 ng

Primer design

Specific primers for the gene of interest, RBBP6 and a housekeeping gene, GAPDH were
designed

using

nucleotide

sequences

obtained

from

the

NCBI

database

(www.ncbi.nlm.nih.gov), following primer design rules (Appendix B). The primer
sequences were sent to Inqaba Biotech (SA) for primer synthesis. Primers were optimized
using PCR to avoid or minimize nonspecific binding and formation of primer-primer
dimers. Table 3.2 summarizes the designed primers that were used in this study. The
specificity

of

primers

was

confirmed

(blast.ncbi.nlm.nih.gov).
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using

the

Web-based

BLAST

tool

Table 3.2: Different primer sets, sequences and product sizes.
Gene name

GAPDH

RBBP6 variant 1 and 2

RBBP6 variant 3

Primer sequence (5′→3′)

Forward primer: AGCTGAACGGGAAGCTCACT
Reverse primer: TGCTGTAGCCAAATTCGTTG

Amplicon size(bp)

297

Forward primer: GTA TAG TGT CCC TCC TCC AGG

Variant 1 = 445

Reverse primer: GTA ATT GCG GCT CTT GCC TCT

Variant 2 = 343

Forward primer: GGA TAA TAT GTG GCA TCA CTT G
Reverse primer: TCC CTG TAT GAC ACT GTG TTG
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Variant 3 = 121

3.9.

Polymerase chain reaction

Polymerase chain reaction (PCR) is a common laboratory technique used to amplify DNA
molecules. In this study, PCR was used to amplify RBBP6 splice variants, in order to
analyse their expressions during arsenic trioxide-induced cell cycle arrest and apoptosis.
The PCR was performed using a 2X PCR Master Mix (Takara Bio Inc, China), following
the manufacturer’s protocol. As tabulated in table 3.3, briefly, in a microcentrifuge tube,
to make a total of 25 µl reaction, 12.5 µl of 2X PCR Master Mix, 9.5 µl of Nuclease free
water, 1 µl (500 ng) of cDNA, and 1 µl (10 µM) of both reverse and forward primers specific
to each RBBP6 variants and GAPDH (positive control) were mixed. The reactions were
subjected to 30 cycles (Table 3.4) consisting of the three PCR steps (denaturation,
annealing and extension) in T100™ Thermal Cycler machine (Bio-Rad, USA). The
products were electrophoresed on 1.5% agarose gel with 1000 bp DNA molecular weight
marker (BioLabs, USA) to confirm the sizes of the PCR products. The PCR products were
viewed under ultraviolet (UV) and captured using MiniBIS DNR Bio Imaging Systems
(Lasec, S.A).
Table 3.3: The cocktail for Polymerase Chain Reaction.
Reagent

Volume (μL)

Final Conc.

Master Mix (2X)

12.5

1X

Forward primer (10 µM)

1.0

0.4 µM

Reverse primer (10 µM)

1.0

0.4 µM

MgCl2 (25 mM)

2.0

2 mM

Nuclease free water

7.5

-

Template DNA (500 ng)

1.0

-

Total Volume

25.0

-
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Table 3.4: Temperature profiles used for PCR.
Cycle

Temperature (◦C)

Duration (sec)

Taq polymerase activation

98

30

Denaturation

95

30

Annealing

Tm-5

30

Extension

72

45

Holding step

72

60

Number of cycles (30)

-

-

3.9.1. Agarose gel electrophoresis of DNA
Agarose gel electrophoresis is a technique used to separate proteins and nucleic acids
based on size. An agarose gel of 1.5% was prepared in 1X TBE buffer (prepared in
deionised water) by weighing 1.5 g of agarose powder and dissolving it in 100 ml of 1X
TBE buffer. The mixture was microwaved for 1-3 min until the agarose was completely
dissolved. The solution was allowed to cool for 5 minutes, then 0.0002 µg/µl of EtBr
(Promega, USA) was added, the gel solution was poured onto a casting tray containing
the comb and left at room temperature to solidify. The PCR products were then loaded
on the 1.5% agarose gel. The PCR products were electrophoresed at 90 volts for an hour
and viewed under ultraviolet (UV). The images were captured using MiniBIS DNR Bio
Imaging Systems (Lasec, S.A) and further analysed using Quantity One® 1-D analysis
software.

3.10. Quantification of RBBP6 variant 3 mRNA using Real-Time PCR
To quantify the expression of RBBP6 variant 3 in MCF-7 and Hek-293 cells, Real Time
PCR was performed. Real-time PCR differs from conventional PCR in that instead of
detecting and quantifying amplified DNA at the end of the reaction, the amount of PCR
product is measured at each cycle in real time. In this study, cDNAs synthesized from
RNA extracted from untreated MCF-7 cells and Hek-293 cells were quantified using the
UV/VIS Spectrophotometer (Beckman Coulter, South Africa). cDNAs of known
concentration (500ng) were serially diluted by a dilution factor of 10 to 100 and subjected
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to real-time reactions in Qiagen rotor-gene 6000 PCR machine (Bio-Rad, USA). The Real
Time PCR was performed in a 20μl reaction mixture containing cDNA (500, 50 and 5 ng),
Luna Universal qPCR master mix, forward and reverse primers and nuclease free water
as shown in table 3.5, using the conditions shown in table 3.6. The expression of RBBP6
variant 3 and GAPDH as a housekeeping gene was quantified using comparative cycle
number cross point (Ct) method (Livak and Schmittgen, 200)1). This method uses the
comparison of the Ct values of the samples of interest with a control sample and both the
samples are normalised to an appropriate housekeeping gene.
Table 3.5: Real-Time PCR setup.
Component
Luna Universal qPCR
Master Mix
Forward primer (10 μM)
Reverse primer (10 μM)
Template DNA
Nuclease-free Water

20 μl Reaction

Final concentration

10 μl

1X

0.5 μl
0.5 μl
Variable
to 20 μl

0.25 μM
0.25 μM
-

Table 3.6: Typical Real-Time conditions.
Cycle step
Initial Denaturation

Temperature (°C)
95

Time (s)
60

Denaturation

95

15

Extension
Melt Curve

60

30

60–95

Various

Cycles
1
30–45
1

3.11. Immunocytochemistry
To evaluate the effect of arsenic trioxide on the expression and localization of RBBP6
isoforms 1, 2 and 4 in MCF-7 cells, ICC was performed. Breast cancer cells (MCF-7) were
seeded on cover slips in a 6 well plate at 1 × 10 5 cells/well and exposed to various
concentrations of As2O3 (11 and 32 μM), cobalt chlorite (100 μM) and curcumin (100 μM)
for 24 hours after allowing them to attach for overnight. After the 24 hr incubation, the
cells were washed twice with 1X PBS containing 0.5% BSA before fixing the cells in 4%
(w/v) paraformaldehyde (PFA) in 1X PBS at room temperature for 15 min. The cells were
then washed three times with 1X PBS before permeabilization in 1X PBS containing 0.1%
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Triton X-100 for 10 min at room temperature. The cells were then washed twice in 1X
PBS and antibody non-specific binding was blocked using 0.5% BSA for one hr at room
temperature. The cells were then incubated with the [1:50 dilution in 1X PBS-BSA (0.5%)]
for one hr. The protocol for RBBP6 primary antibody is shown in Appendix D. After primary
antibody incubation, the cells were washed twice with 1X PBS-BSA. This was then
followed by incubating the cells with the secondary antibody (Anti-rabbit Alexa Fluor 488)
at 1:500 dilution for one hr in the dark (Appendix E). The cells were washed twice using
1X PBS, counter-stained with DAPI and examined under Nikon Eclipse TS100F Ti-E
inverted microscope (Nikon Instruments, Japan) using the excitation at 590 nm and
emission at 617 nm.

3.12. Prediction and validation of RBBP6 specific miRs
Bioinformatics tools TarBase v.8, miRDB.org and miRbase were used to search for the
miRs targeting RBBP6 specific variants. The miRNA hits specific to RBBP6 transcripts
that were predicted by all the three databases were analysed for their expressions in
MCF-7 breast cancer cells using literature survey.

3.13. Statistical data analysis
The results of the different experiments (Cell viability assay, cell cycle phases analysis
and apoptosis analysis) performed in triplicates were expressed as the mean ± standard
deviation (SD) using one way ANOVA employing the Tukey-Kramer Multiple
Comparisons Test. Data was analysed to obtain statistical significant differences by
comparing two sets of data. When the untreated samples were compared with the treated
samples, the differences were considered significant when *P was ≤ 0.05, **P ≤ 0.01 and
***P ≤ 0.0001.
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CHAPTER FOUR: RESULTS

4.

Introduction

RBBP6 has a wide range of functions and these include a role in cell cycle regulation,
apoptosis, protein stability, DNA replication and mRNA processing (Miotto et al., 2014;
Mbita et al., 2012; Chibi et al., 2008; Pugh et al., 2006; Gao and Scott, 2002). Little is
known about the expression and regulation of the human RBBP6 splice variants during
cell cycle progression and breast cancer development. Therefore, this study was aimed
at determining the expression pattern of RBBP6 alternatively spliced variants during
arsenic trioxide-induced cell cycle arrest and apoptosis of breast cancer cells. It was also
aimed at predicting and identifying RBBP6 specific-miRs. To achieve these aims, MTT
assay, flow cytometry, PCR, Real-Time PCR, ICC as well as Web-based bioinformatics
tools were employed.

4.1.

In vitro reduction of the viability of MCF-7 cells by arsenic trioxide

Cell cytotoxicity was used to measure cell viability after treating the MCF-7 cells with
arsenic trioxide, cobalt chloride (positive control for cell cycle arrest) and curcumin
(positive control for apoptosis). The effect of arsenic trioxide on the growth and viability
of MCF-7 cells was assessed using the MTT assay (section 3.3) and the kit assay (section
3.3).
As shown in figure 4.1A and table 4.1A, arsenic trioxide significantly inhibited the growth
and viability of MCF-7 cells in a dose-dependent manner and its IC50 was extrapolated to
be 11 µM. Apoptosis-inducing concentration was found to be 32 µM (Fig. 4.1A) after 24
h treatment. Cobalt chloride as positive control for cell cycle analysis also inhibited the
growth of MCF-7 cells at an IC50 of 100 µM (Fig. 4.1B and table 4.1B) after 24 h treatment.
Curcumin reduced the viability of MCF-7 cells at an apoptosis-inducing concentration of
100 µM (Fig. 4.1C and table 4.1C) after 24 h treatment. Using GraphPad Prism, the
Tukey-Kramer Multiple Comparisons Test was performed and the results (Fig 4.1 A-C)
were found to be statistically significant (*P < 0.05).
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Table 4.1A: Cell viability average percentages ± standard error of the mean (SEM) after
the treatment of MCF-7 cells with various concentrations of arsenic trioxide (As2O3).
Arsenic trioxide treatments
Control
4 µM
8 µM
32 µM
64 µM

Mean (%) ± SEM
100.00 ± 0.000
79.91 ± 4.782 **
55.43 ± 4.201 ****
28.73 ± 2.134 ****
24.64 ± 2.665 ***

*** indicates p ≤ 0.001 and ** indicates p ≤ 0.01
E f fe c t o f a rs e n ic t r io x id e o n t h e v ia b ilit y o f M C F -7 c e lls

% v ia b ilit y

150

100

**
***

50

***

***

32

64

0
0

4

8

[ a r s e n ic t r io x id e ]  M

Figure 4.1A. Effect of arsenic trioxide on the viability of MCF-7 cells. The effect of
arsenic trioxide significantly (p ≤ 0.01 ** / p ≤ 0.001 ***) reduced the viability of MCF-7
cells in a concentration-dependent manner.
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Table 4.1B: Average percentages of cell viability ± SEM after treating the MCF-7 cells
with various concentrations of cobalt chloride (CoCI2).
Cobalt chloride treatments
Control
50 µM
100 µM
150 µM
200 µM
250 µM

Mean (%) ± SEM
100.00 ± 0.000
60.98 ± 4.128 ***
51.60 ± 1.570 ***
46.99 ± 1.026 ***
39.95 ± 2.200 ***
33.10 ± 5.321 ***

*** indicates p ≤ 0.001
E f f e c t o f c o b a lt c h lo r id e o n t h e v ia b ilit y o f M C F - 7 c e lls

% v ia b ility

150

100

***
***

50

***

***

***

200

250

0
0

50

150

100

[ c o b a lt c h lo r id e ]  M

Figure 4.1B: Effect of cobalt chloride on the viability of MCF-7 cells. Cobalt chloride
significantly (p ≤ 0.001 ***) reduced the viability of the MCF-7 cells in a concentrationdependent manner.

Table 4.1C: Cell viability average percentages ± SEM after treating MCF-7 cells with
various concentrations of curcumin (C21H20O6).
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Curcumin treatments

Mean (%) ± SEM
100.00 ± 0.000
54.08 ± 4.441 ***
48.28 ± 5.944 ***
31.99 ± 3.947 ***
24.80 ± 1.941 ***
26.39 ± 1.630 ***

Control
25 µM
50 µM
75 µM
85 µM
100 µM
*** indicates p ≤ 0.001

E ff e c t o f c u r c u m in o n t h e v ia b ilit y o f M C F -7 c e lls

% v ia b ility

150

100

***
***
***
***

50

***

0
0

25

50

75

85

100

[ c u r c u m in ]  M

Figure 4.1C: Effect of curcumin on the viability of MCF-7 cells. Curcumin significantly (p
≤ 0.001 ***) reduced the viability of the MCF-7 cells in a concentration-dependent
manner.
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4.1.1. Confirmation of arsenic trioxide-reduced cell viability in MCF-7 cells
MTT assay results (Fig. 4.1A-C) were further confirmed by the Muse® Cell Analyzer (Fig.
4.2A-F and Fig.4.3), which also showed that arsenic trioxide (11 µM and 32 µM) and the
positive controls (cobalt chloride and curcumin) significantly inhibited the growth and
viability of MCF-7 cells in a concentration dependent manner. Arsenic trioxide (11 µM)
and cobalt chloride (100 µM) significantly (*P < 0.05) inhibited 51% cell viability in MCF7 cells. Arsenic trioxide apoptosis-inducing concentration (32 µM) also inhibited 66% cell
viability, and the same trend was observed even in the positive control (curcumin). The
same results from three independent experiments were represented graphically (Fig. 4.3)
and summarised in table 4.3, to show that arsenic trioxide was potent in inhibiting the
proliferation of MCF-7 cells in vitro.
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Analysis of % cell viability in MCF-7 cells using the Muse™ Count & Viability Kit

Figure 4.2 A-F: Analysis of % cell viability in MCF-7 cells using the Muse™ Count & Viability Kit. The untreated control (4.2A and
D) was compared with the MCF-7 cells treated for 24 hours with 32 μM of arsenic trioxide (4.2B), 100 μM of curcumin (4.2C), 11
μM of arsenic trioxide (4.2E) and lastly, 100μM cobalt chloride (4.2F). Arsenic trioxide reduced the viability of MCF-7 cells in a
concentration-dependent manner.
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Table 4.3: Cell viability average percentages ± SEM after the treatment of MCF-7 cells
with arsenic trioxide, cobalt chloride and curcumin.
Treatments
Control
Arsenic trioxide (11 µM)
Arsenic trioxide (32 µM)
Cobalt Chloride (100 µM)
Curcumin (100 µM)

Mean (%) ± SEM
Live
95.08 ± 0.858
50.98 ± 1.463 ***
29.44 ± 2.563 ***
48.08 ± 2.277 ***
28.76 ± 2.386 ***

Dead
4.94 ± 0.850
49.78 ± 1.969 ***
70.48 ± 2.610 ***
48.56 ± 2.345 ***
71.04 ± 2.456 ***

*** indicates p ≤ 0.001

Figure 4.3: Confirmation of percentage viability of MCF-7 cells in response to treatment
with arsenic trioxide, cobalt chloride and curcumin. Arsenic trioxide, cobalt chloride and
curcumin significantly (p ≤ 0.001 ***) inhibited the viability of MCF-7 cells in vitro when
compared to the untreated control after 24 h treatment.
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4.2.

Morphological changes of arsenic trioxide, cobalt chloride and curcumintreated MCF-7 cells

To investigate the mechanism of action on how arsenic trioxide, cobalt chloride and
curcumin decreased the viability of MCF-7 cells, their morphology was examined (section
3.4). The treatment of the MCF-7 cells with arsenic trioxide, cobalt chloride and curcumin
reduced their growth and this was evident with fewer cell numbers in treated cells
compared to the untreated control. Using the inverted phase-contrast microscopy (Fig.
4.4), 11 μM arsenic trioxide (4.4b), 32 μM arsenic trioxide (4.4e), 100 µM curcumin (4.4f)
and 100 µM cobalt chloride (4.4c) affected the morphology of the MCF-7 cells after 24hour treatment with these compounds. Many cells showed typical morphological changes
indicative of cells undergoing apoptosis and these include cell shrinkage (full arrow),
membrane blebbing (broken arrow), formation of apoptotic bodies (broken arrow) [Fig.
4.4b, c, e and f]. There was a clear loss of the typical epithelial morphology (full arrow).
On the other hand, the untreated control cells (Fig. 4.4a and d) showed intact and uniform
epithelial morphology (arrow head).
Additionally, DAPI staining (section 3.4) was used to analyse and confirm morphological
changes due to the exposure of the MCF-7 breast cancer cells to arsenic trioxide. Upon
observation under the microscope, MCF-7 cells appeared to undergo apoptotic changes
after treatment with 11 and 32 µM of arsenic trioxide as shown by nuclear condensation
(broken arrow), apoptotic body formation and nuclear fragmentation (broken arrow) [Fig.
4.5b and e] but untreated cells maintained their epithelial morphology and remained
attached on the culture flasks (Fig. 4.5a and d). The same trend was observed even in
the positive controls (cobalt chloride and curcumin) which also reduced the number of
MCF-7 cells and induced typical apoptotic morphological changes (Fig.4.5c and f). These
changes suggested that arsenic trioxide is potent in inducing apoptosis in MCF-7 cells.
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Light microscopic analysis of the effect of arsenic trioxide, cobalt chloride and
curcumin on the morphology of MCF-7 cells

Figure 4.4 A-F Light microscopic analysis of the effect of arsenic trioxide, cobalt chloride
and curcumin on the morphology of MCF-7 cells. Arsenic trioxide-induced visible
apoptotic features on MCF-7 cells (4.4b and e) when compared with the untreated control
cells (4.4a and d). The same trend was observed after treatment with 100 μM of cobalt
chloride (4.4c) and 100 μM of curcumin (4.4f) as positive controls. Magnification: 20X
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Fluorescence microscopic analysis of the effect of arsenic trioxide, cobalt
chloride and curcumin on the morphology of MCF-7 cells

Figure 4.5. A-F: Fluorescence microscopic analysis of the effect of arsenic trioxide, cobalt
chloride and curcumin on the morphology of MCF-7 cells. Arsenic trioxide (11 μM and 32
μM) induced evident apoptotic features on MCF-7 cells as shown by nuclear
condensation and apoptotic body formation (4.5b and e, respectively). The same trend
was observed after treatment with 100 μM of cobalt chloride (4.5c) and 100 μM of
curcumin (4.5f) as positive controls. Magnification: 20X.
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4.3.

Arsenic trioxide induces apoptosis in MCF-7 cells

The objective of this section was to quantitatively analyse the percentage of MCF-7 cells
undergoing apoptosis after arsenic trioxide treatment. The Muse™ Annexin V & Dead
Cell analysis was used (section 3.5.1) and this technique substantiates results obtained
from cytotoxicity assay (section 4.1) and morphology analysis (section 4.2). This assay
denotes the viable cells with no apoptosis activity as “Live”, and cells with early apoptosis
features as “Early Apop”, those cells that are dead and showing late apoptosis features
are denoted by “Late Apop/Dead” and lastly, the cells that are dead without apoptosis
activity are denoted as “Dead”. The Muse™ Annexin V & Dead Cell analysis showed that
arsenic trioxide (32 µM) significantly (*P < 0.05) induced apoptosis in MCF-7 cells. As
shown in figure 4.6, the average percentage of cells positive for apoptosis after treatment
with 32 µM of arsenic trioxide was found to be 60% (Fig. 4.6B) relative to the untreated
control (Fig. 4.6A). The same trend was observed in the positive control (100 μM of
curcumin) cells that exhibited 61% positive cells for apoptosis (Fig. 4.6C). The same
results from three independent experiments were represented graphically (Fig. 4.7) using
the data summarized in table 4.7, to show that arsenic trioxide significantly (*P < 0.05)
induced apoptosis in MCF-7 breast cancer cells.
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Confirmation of arsenic trioxide induced apoptosis in MCF-7 cells

Figure 4.6 A-C: Confirmation of arsenic trioxide induced apoptosis in MCF-7 cells. The Muse™ Annexin V & Dead
Cell apoptosis analysis confirmed that treatment with 32 μM of arsenic trioxide (Fig. 4.6B) and 100 μM of the positive
control, curcumin (Fig. 4.6C) induced apoptosis in MCF-7 cells when compared with the untreated control (Fig. 4.6A).
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Table 4.7: Apoptosis average percentages ± SEM after the treatment of MCF-7 cells with
arsenic trioxide and curcumin.
Treatments

Mean (%) ± SEM

Live

Control
89.97 ± 1.090
Arsenic trioxide (32 52.35 ± 4.914a
µM)
Curcumin (100 µM) 48.66 ± 7.322a

Early
apoptosis

Late
apoptosis

Total
apoptosis

2.61 ± 0.4675
22.51 ± 2.201a

4.54 ± 0.5415
21.89 ± 4.602c

7.42 ± 0.8845
43.77 ± 4.976a

18.85 ± 3.079b

34.16 ± 6.709b

50.75 ± 7.210a

a: ***(p ≤ 0.001); b: ** (p ≤ 0.01) and c: * (p ≤ 0.05)
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Figure 4.7: Average % apoptosis in arsenic trioxide-treated MCF-7 cells. Treatment with
arsenic trioxide (32 µM) and curcumin (100 µM) for 24 hours significantly (p ≤0.05 / p ≤
0.01 ** / p ≤ 0.001 ***) induced apoptosis mode of death in MCF-7 cells relative to the
untreated control.
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4.4.

Arsenic trioxide induces caspase-dependent apoptosis in MCF-7 cells

Several lines of evidence indicate that caspases are important for apoptosis (Zhou et al.,
2006). Caspase activation correlates with the onset of apoptosis and caspase inhibition
attenuates apoptosis. Therefore, the involvement of caspases in arsenic trioxide-induced
cell death in MCF-7 cells was investigated (section 3.5.2). This assay denotes the viable
cells with no caspase activity as “Live”, and viable cells with caspase activity as
“Caspase+”, those cells that are dead and still showing caspase activity are denoted as
“Caspase+/Dead” and lastly, the cells that are dead without caspase activity are denoted
as “Dead”. As shown in figure 4.8, the percentage of cells undergoing caspase-dependent
mode of death after treatment with 32 µM of arsenic trioxide was found to be 74% (Fig.
4.8B) compared to the untreated control (Fig. 4.8A). The same trend was observed in the
positive control (100 μM of curcumin) that showed 67% (Fig. 4.8C) of MCF-7 cells to
undergo caspase dependent mode of death. The same results from three independent
experiments were represented graphically (Fig. 4.9) using the data summarized in table
4.9, to show that arsenic trioxide significantly (*P < 0.05) induced caspase activation in
MCF-7 breast cancer cells.
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Confirmation of arsenic trioxide-induced caspase-dependent apoptosis in MCF-7 cells

Figure 4.8 A-C: Confirmation of arsenic trioxide-induced caspase-dependent apoptosis in MCF-7 cells. The Muse™
MultiCaspase analysis confirmed that treatment with 32 μM of arsenic trioxide (Fig. 4.8B) and 100 μM of the positive
control, curcumin (Fig. 4.8C) induced caspase-dependent mode of death in MCF-7 cells when compared with the
untreated control cells (Fig.4.8A).
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Table 4.9: Average percentages of caspase positive cells ± SEM after treating the MCF7 cells with various concentrations of arsenic trioxide and curcumin.
Mean (%) ± SEM

Treatments
Control (%)

Arsenic trioxide (32 µM)
%

Curcumin (100 µM)
%

Live

81.18 ± 5.102

37.73 ± 5.791a

23.40 ± 6.509a

Caspase+

3.15 ± 1.120

17.42 ± 5.143c

32.96 ± 2.091b

Caspase+/Dead

21.12 ± 7.500

44.02 ± 4.603c

43.34 ± 5.608c

Dead

0.54 ± 0.187

0.11 ± 0.049

0.11 ± 0.039

Total caspase

17.48 ± 5.401

61.44 ± 5.911a

75.96 ± 6.491a

a: ***(p ≤ 0.001); b: ** (p ≤ 0.01) and c: * (p ≤ 0.05)
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Figure 4.9: Average % of caspase positive cells in arsenic trioxide treated MCF-7 cells.
Treatment with arsenic trioxide (32 µM) and curcumin (100 µM) for 24 hours significantly
(p ≤0.05 / p ≤ 0.01 ** / p ≤ 0.001 ***) induced caspase-dependent mode of death in MCF7.
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4.5.

Arsenic trioxide induces the extrinsic apoptotic pathway in MCF-7 cells

The objective of this section was to confirm the apoptosis pathway (section 3.5.3) that is
induced by arsenic trioxide in MCF-7 breast cancer cells. This technique substantiates
results obtained from the apoptosis analysis (section 4.4) and caspase assay (section
4.5). The MitoPotential assay denotes the viable cells with no depolarized membrane as
“Live”, and viable cells with depolarized membrane as “Depolarized/Live”, those cells that
are dead and still showing depolarized membrane are denoted as “Depolarized/Dead”
and lastly, the cells that are dead without depolarization are denoted “Dead”. Muse
MitoPotential analysis revealed that there were undetectable percentage of cells with
depolarized inner mitochondrial membrane following treatment with arsenic trioxide and
the positive control (curcumin) in MCF-7 cells (Fig. 4.10 and 4.11). This suggests that
arsenic trioxide induced death receptor-mediated apoptotic pathway in MCF-7 cells but
not mitochondrial mediated pathway. As shown in figure 4.10, there were no MCF-7 cells
dying through the intrinsic pathway after treatment with 32 µM of arsenic trioxide
(Fig.4.10B) and the same trend was observed in the untreated (Fig. 4.10A) and the
positive control (curcumin) cells (Fig. 4.10C). The same results from three independent
experiments were represented graphically (Fig. 4.11) using the data summarized in table
4.11, to show that arsenic trioxide significantly (*P < 0.05) induced extrinsic apoptotic
pathway in MCF-7 breast cancer cells.
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Confirmation of arsenic trioxide-induced extrinsic apoptosis pathway in MCF-7 cells

Figure 4.10 A-C: Confirmation of arsenic trioxide-induced extrinsic apoptosis pathway in MCF-7 cells. Treatment with 32 μM
of arsenic trioxide(4.10B) and 100 μM of curcumin (4.10C) resulted in undetectable depolarization of the inner mitochondrial
membrane potential and the same trend was observed even in the untreated control (4.10A).
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Table 4.11: Extrinsic apoptosis average percentages ± SEM after the treatment of MCF7 cells with arsenic trioxide and curcumin.
Mean (%) ± SEM

Treatments
Control (%)

Arsenic trioxide (32
µM) %

Curcumin (100
µM) %

Live

88.81 ± 2.715

32.79 ± 3.786a

37.23± 5.321a

Depolarization/live

1.908 ± 0.602

0.425 ± 0.191c

0.0600 ± 0.0400c

Depolarization/Dead 0.185 ± 0.074

0.000 ± 0.000c

0.000 ± 0.000c

Dead

9.09 ± 2.518

66.77 ± 3.901c

62.71 ± 5.351c

Total Depolarization

2.083 ± 0.651

0.4250 ± 0.191a

0.060 ± 0.040a

a: ***(p ≤ 0.001) and c: * (p ≤ 0.05)

Figure 4.11: Arsenic trioxide induced extrinsic apoptosis pathway in MCF-7 cells.
Treatment with arsenic trioxide (32 µM) and curcumin (100 µM) for 24 hours significantly
(p ≤0.05 / p ≤ 0.01 ** / p ≤ 0.001 ***) resulted in undetectable induction of mito-potential
activity in MCF-7 cells relative to the untreated control. This suggests that arsenic trioxide
induces extrinsic not the intrinsic apoptosis pathway in MCF-7 cells.
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4.6.

Arsenic trioxide induces G2/M cell cycle arrest in MCF-7 cells

To further understand how arsenic trioxide reduced the MCF-7 cell growth, cell-cycle
analysis (section 3.5.4) was performed. This assay quantifies cell populations in different
cell cycle phases and check points. The effect of As2O3 and the cell cycle arrest positive
control, cobalt chloride, on MCF-7 cells was observed. Both inducers arrested the MCF7 cells at G2/M cell cycle phase, the treatment with 11 µM of arsenic trioxide showed an
increase in the population of cells at G2/M phase after 24 h and decreased the S phase
population (Fig 4.12B) relative to the untreated control (Fig 4.12A). This trend was also
observed for the treatment with the positive control, 100 μM cobalt chloride (Fig. 4.12C).
The same results from three independent experiments were represented graphically (Fig.
4.13) using the data summarized in table 4.13, to show that arsenic trioxide significantly
(*P < 0.05) induced G2/M cell cycle arrest in MCF-7 breast cancer cells.
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Cell cycle analysis of arsenic trioxide treated in MCF-7 cells

Figure 4.12 A-C: Cell cycle analysis of arsenic trioxide treated MCF-7 cells. The treatment with arsenic trioxide (4.12B) and
cobalt chloride (4.12C) induced G2/M cell cycle arrest in MCF-7 breast cancer cells as compared with the untreated cells
(4.12A).
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Table 4.13: Average percentages of cell populations ± SEM after treating the MCF-7 cells
with arsenic trioxide and cobalt chloride.
Treatments

Mean (%) ± SEM

G0/G1

Control
Arsenic trioxide (11 µM)
Cobalt chloride (100 µM)

S

56.23 ± 2.531
30.60 ± 0.787***
43.75 ± 3.079**

14.13 ± 0.938
23.85 ± 0.952***
22.58 ± 0.974***

G2/M

26.75 ± 2.057
45.13 ± 0.942***
36.45 ± 1.536**

*** indicates p ≤ 0.001 and ** indicates p ≤ 0.01

Figure 4.13: Analysis of arsenic trioxide-induced G2/M cell cycle arrest in MCF-7 breast
cancer cells. The treatment with arsenic trioxide (11 µM) and cobalt chloride (100 µM)
significantly (p ≤0.05 / p ≤ 0.01 ** / p ≤ 0.001 ***) showed an increase in the number of
cells found at the G2/M arrest relative to the untreated MCF-7 cells.
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4.7.

The effect of arsenic trioxide on the expression of RBBP6 splice transcripts

Genetic information is stored as deoxyribonucleic acid (DNA) within the nucleus of each
cell. This genetic information is transcribed into mRNA and translated into functional
proteins. Mutation of normal cellular genes plays a role in causing tumours. Regulation of
genes such as RBBP6 in MCF-7 breast cancer cells is not fully understood, therefore this
study was aimed at determining the expression patterns of RBBP6 alternatively spliced
variants during arsenic trioxide-induced cell cycle arrest and apoptosis in breast cancer
cells. Messenger RNA (mRNA) levels of RBBP6 transcripts in MCF-7 cells treated with
arsenic trioxide (11 and 32 µM), curcumin (100 µM) and cobalt chloride (100 µM) for 24
hours were analysed using conventional PCR (section 3.9) to determine which RBBP6
variant can be implicated in the observed arsenic trioxide-induced cell cycle arrest and
apoptosis. As shown in figure 4.14A (lane 1), untreated MCF-7 cells were observed to
highly express the RBBP6 variant 1 when compared to the treated MCF-7 cells. Arsenic
trioxide-, cobalt chloride-induced cell cycle arrest and arsenic trioxide- and curcumininduced apoptosis downregulated the expression of RBBP6 variant 1. However, all these
compounds did not induce detectable levels of variant 2 (lanes 2-5 in Fig. 4.14A).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control to
ascertain that equal amounts of the cDNAs from untreated and treated samples were
used (Fig. 4.14B). Fig. 4.14C (lanes 1-3) showed that normal cells (Hek 293 cells) express
both variant 1 and 2 with the later down-regulated in breast cancer MCF-7 cells. The PCR
results quantified from three independent experiments using Quantity One® 1-D analysis
software showed that the band density of RBBP6 variant 1 increased in untreated MCF7 cells and downregulated by arsenic trioxide treatment (Fig. 4.15 and table 4.15). The
results further show that RBBP6 variant 2 in both untreated and treated MCF-7 cells was
undetectable.
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Expression analysis of RBBP6 variant 1 and 2 in arsenic trioxide-treated MCF-7
cells and untreated Hek 293 cells

Figure 4.14 A-C: Expression analysis of RBBP6 variant 1 and 2 in arsenic trioxide-treated
MCF-7 cells and untreated Hek 293 cells. Figure 4.14A shows the untreated MCF-7 cells
(lane 1) expressing variant 1, treatment with 11 μM of As 2O3 (lane 2), treatment with 32
μM of As2O3 (lane 3), treatment with 100 µM cobalt chloride (lane 4) and lastly, treatment
with100 µM curcumin (lane 5), all showing repressed expression of variant 1. Figure
4.14B (lanes 1-6) represents GAPDH that was used as a loading control. Lanes M stands
for the molecular weight marker while lanes BL were blank controls. Fig. 4.14C (lanes 13) shows the expression of both variants 1 and 2 by the untreated Hek 293 cells.
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Table 4.15: Average band densities of GAPDH and RBBP6 variant 1 and 2 ± SEM for
PCR analysis in MCF-7 and Hek 293 cells.
Treatments

Control
As2O3 (11 µM)
CoCl2 (100 µM)
As2O3 (32 µM)
C21H20O6 (100 µM)
Hek-293 cells

Mean (%) ± SEM

RBBP6 variant 1

RBBP6 variant 2

244.67 ± 16.45***
Undetectable
Undetectable
Undetectable
Undetectable
256.00 ± 9.018***

Undetectable
Undetectable
Undetectable
Undetectable
Undetectable
210.33± 11.865***

GAPDH

751.0 ± 51.39
668.0 ± 36.36
699.6 ± 30.44
649.6 ± 57.17
699.6 ± 49.67
607.3.6 ± 27.71

*** indicates p ≤ 0.001

Figure 4.15: Analysis of RBBP6 variant 1 and variant 2 band densities in MCF-7 and Hek293 cells. Untreated MCF-7 cells significantly (p ≤ 0.001 ***) show increased band
intensity of the RBBP6 variant 1 which diminished after treatment with arsenic trioxide,
cobalt chloride and curcumin. Untreated MCF-7 cells didn’t show any expression of
RBBP6 variant 2, with only untreated Hek-293 cells showing detectable levels of both
RBBP6 variant 1 and 2.
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The mRNA levels of RBBP6 variant 3 in breast cancer MCF-7 cells and normal embryonic
kidney, Hek 293 cells were also investigated using conventional PCR. Figure 4.16A
shows that the RBBP6 variant 3 is expressed by normal embryonic kidney cells but not
by the breast cancer cells. The blank controls (Fig. 4.16, lanes BL) showed no product as
expected. The untreated Hek 293 cells (Fig. 4.16A, lane 3) showed expression of the
RBBP6 variant 3 while RBBP6 variant 3 was undetectable in MCF-7 cells (Fig. 4.16A,
lane 1) and in Caski cells (Fig. 4.16A, lane 2). The PCR results quantified from three
independent experiments using Quantity One® 1-D analysis software showed that the
band density of the RBBP6 variant 3 has increased in untreated Hek-293 cells and
undetected in untreated MCF-7 and Caski cells (Fig. 17 and table 17). In summary, both
RBBP6 variant 2 and 3 were undetectable in cancer cells, especially breast cancer MCF7 cells. This suggests that both variants 2 and 3 may be crucial in maintaining cell
homeostasis, which is lost during carcinogenesis while the expression of variant 1 may
favour the carcinogenesis process.
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Expression analysis of RBBP6 variant 3 in untreated MCF-7 cells, Caski cells and
Hek 293 cells

Figure 4.16 A-B: Expression analysis of RBBP6 variant 3 in untreated MCF-7 cells, Caski
cells and Hek 293 cells. The results (Fig. 4.16A) show untreated MCF-7 cells (lane 1),
untreated Caski cells (lane 2) both showing undetectable level of RBBP6 variant 3
respectively. Only untreated Hek-293 cells (lane 3) show amplification of RBBP6 variant
3. Figure 4.16B (lanes 1-3) represents GAPDH that was used as a loading control. Lanes
M stand for the molecular weight marker while lanes BL were the blank controls, which
showed no amplification as expected.
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Table 4.17: Average band densities of RBBP6 variant 3 and GAPDH ± SEM for PCR
analysis in MCF-7 cells, Caski and Hek-293 cells.
Samples

Mean (%) ± SEM

RBBP6 variant 3

Untreated MCF-7 cells
Untreated Caski cells
Untreated Hek-293 cells

Undetectable
Undetectable
305.3 ± 22.10**

GAPDH

538.0 ± 45.78
601.6 ± 47.41
554.6± 31.86

** indicates p ≤ 0.01

Figure 4.17: Analysis of RBBP6 variant 3 band densities in MCF-7, Caski and Hek-293
cells. Both untreated MCF-7 and Caski cells had undetectable expression of RBBP6
variant 3, only untreated Hek-293 cells show detectable levels of RBBP6 variant 3.
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4.8.

Quantitative Real-Time PCR analysis of RBBP6 variant 3 (DWNN) in MCF-7
and Hek-293 cells

Real Time PCR (section 3.10) was used to analyse the expression levels of RBBP6
variant 3 in untreated MCF-7 cells and Hek-293 cells. Relative real-time PCR using equal
amounts of cDNA prepared from the two cell lines as a starting template showed that Hek
293 (non-cancerous kidney embryonic cells) had a higher expression of RBBP6 variant
3 than MCF-7 (breast cancer cells). The relative expression of RBBP6 variant 3 mRNA
was calculated using the comparative threshold cycle (Ct) method, a variation of Livak
and Schmittgen’s (2001) method. The expression was normalized using GAPDH as a
house keeping gene, using the relative expression formula:
Ratio (reference/target) = 2Ct (Reference)-Ct (Target)
Table 4.18A shows the average RBBP6 variant 3 Ct values normalized with GAPDH and
delta Ct values for Hek-293 cells and MCF-7 cells. This table further shows the calculated
relative expression of RBBP6 variant 3 in Hek 293 and MCF-7 cells. The MCF-7 cells
were found to have low expression of RBBP6 variant 3 (0.00017) as compared to Hek293 cells (0.0039) [table 4.18A]. The results from three independent experiments were
represented graphically (Fig. 4.18) using the data summarized in table 4.18B, to show
that the expression of RBBP6 variant 3 is significantly (*P < 0.05) higher in Hek-293 cells
than in MCF-7 cells. These results emphasize the important role of RBBP6 variant 3 in
cell growth inhibition and cell cycle arrest as previously shown in Hek-293 cells (Mbita et
al., 2012).

Table 4.18A: Relative expression of RBBP6 variant 3 normalized using GAPDH.
Cell lines
MCF-7
Hek-293

RBBP6 variant 3
Av Ct
25.5
21.5

GAPDH Av Ct
13
13.5

69

Delta Ct
-12.5
-8

Relative
expression
0.00017
0.0039

Table 4.18B: RBBP6 variant 3 relative expression average percentages ± standard error
of the mean (SEM) in MCF-7 and Hek-293 cells.
Treatments
Untreated MCF-7 cells
Untreated Hek-293 cells

Relative expression (%) ± SEM
RBBP6 variant 3
0.000170 ± 0.0000057
0.003900 ± 0.0005859**

** indicates p ≤ 0.01

Figure 4.18: Quantitative analysis of the expression of RBBP6 variant 3 in untreated MCF7 and Hek-293 cells. The results show the relative expression of the RBBP6 variant 3
using the optimised real-time PCR (Appendix C) in MCF-7 and Hek-293 cells. The RBBP6
variant 3 data was normalized to that of GAPDH as a house keeping gene. RBBP6 variant
3 is highly expressed in Hek-293 cells than in MCF-7 cells.
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4.9.

Immunocytochemistry analysis

In this section, RBBP6 protein localization and expression was investigated using
immunocytochemistry (section 3.11). Immunocytochemistry is a technique used to
assess the presence of a specific protein or proteins by the use of a specific antibody,
which binds to it, thereby allowing visualization and examination under a microscope. In
this study, RBBP6 antibody that detects the RBBP6 isoform 1, 2 and 4 was used. It is
important to know the localization of the RBBP6 protein in order to be able to understand
its cellular function. The results below as supported by PCR (Fig. 4.14A) reveal that
RBBP6 isoform 1 but not isoform 2 is detected in untreated MCF-7 cells. The positive
staining in the treatment samples is likely to show the detection of RBBP6 isoform 4 but
not RBBP6 isoform 1 or 2, since PCR (Fig.4.14A) revealed that MCF-7 cells do not
express isoform 2 and upon treatments, RBBP6 variant 1 becomes downregulated.
Protein localization demonstrated that the RBBP6 protein is confined to the nucleus and
cytoplasm of mitotic cells (Fig. 4.19). Untreated MCF-7 cells show the expression of
RBBP6 isoform 1 (C and D), the treatments with 11 µM of arsenic trioxide (E and F), 32
µM of arsenic trioxide (I and J), 100 µM of cobalt chloride (G and H) and 100 µM of
curcumin (K and L) are likely to show the detection of RBBP6 isoform 4. The ICC results
quantified from three independent experiments using the ImageJ software were
represented graphically (Fig. 4.20) using the data summarized in table 4.20, to show the
localization of RBBP6 isoform 1 in untreated MCF-7 cells, and the localization of possible
RBBP6 isoform 4 in treated MCF-7 cells.

71

Localization of RBBP6 isoform 1, 2 and 4 in MCF-7 cells

Figure 4.19 A-L: Localization of RBBP6 isoform 1, 2 and 4 in MCF-7 cells. The results show a negative control (A and B),
no labelling is seen. Micrographs (C-L) show positive RBBP6 staining in the nucleus and cytoplasm. MCF-7 cells show the
expression of RBBP6 isoform 1 in untreated cells (C and D) while RBBP6 isoform 4 expression may be detected upon
treatment with 11 µM of arsenic trioxide (E and F), 32 µM of arsenic trioxide (I and J), 100 µM of cobalt chloride (G and H)
and lastly 100, µM of curcumin (K and L). White dotted arrow points to mitotic cells with increased RBBP6 staining levels.
Magnification: 20x

72

Table 4.20: Average fluorescence intensities ± standard error of the mean (SEM) in MCF7 cells for ICC analysis.
Treatments
Control
Arsenic trioxide (11 µM)
Cobalt chloride (100 µM)
Arsenic trioxide (32 µM)
Curcumin (100 µM)

Fluorescence intensity average (%) ± SEM
RBBP6
21.24 ± 1.705
37.89 ± 2.662**
8.85 ± 0.998***
41.00 ± 3.512**
34.05 ± 2.515***

*** indicates p ≤ 0.001 and ** indicates p ≤ 0.01

Figure 4.20: Analysis of fluorescence intensities for the detection of RBBP6 isoform 1, 2
and 4 in MCF-7 cells. The presence of fluorescence in untreated MCF-7 cells shows the
localization of RBBP6 isoform 1, the increased fluorescence intensity in arsenic trioxide
treated cells is likely to show the localization of RBBP6 isoform 4 but not RBBP6 isoforms
1 nor 2.
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4.10. Predicted RBBP6 specific microRNAs analysis in MCF-7 breast cancer cells
Altered expression of different miRNAs has been demonstrated to play a key role in
cancer development and progression (table 4.21), as well as in drug resistance (Yang et
al., 2013). Therefore, it was important to predict microRNAs targeting RBBP6, and also
to check their expressions in MCF-7 breast cancer cells (section 3.12). The bioinformatics
tools showed that Hsa-miR-195-5p and Hsa-miR-15a-5p microRNAs are specific to
RBBP6 variant 1 (table 4.22). These microRNAs have been shown to be down regulated
in MCF-7 breast cancer cells (table 4.23), allowing the enhanced expression of the
RBBP6 variant 1 which will support the rapid growth of the breast cancer cells. At present,
not much is known about the microRNAs targeting RBBP6 variant 2 and 3. The findings
of this section suggest that Hsa-miR-195-5p and Hsa-miR-15a-5p microRNAs can be
used as biomarkers for the detection of breast cancer.

Table 4.21: RBBP6 specific microRNAs regulated in cancer
Target gene
RBBP6

MicroRNA
Hsa-miR-223

Cancer type

Regulation

Cervical cancer

Up regulated

Reference
McBee

et

al.,

et

al.,

2011;
RBBP6

Has-miR-182-5p

Liver

metastatic Up regulated

cancer
RBBP6

Hsa-miR-424

Huynh
2011

Cervical cancer

Down

Varghese et al.,

regulated

2018

Table 4.22: Different bioinformatics tools predicting RBBP6 variant 1 specific miRNAs.
miRNA
Hsa-miR-15a-5p
Hsa-miR195-5p

TarBase v.8
√
√

miRDB.org
√
√

√: Retrieved from
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miRbase
√
√

Table 4.23: The involvement of RBBP6 specific miRNAs in breast cancer.
Target gene
RBBP6 (variant 1)

MicroRNA
Hsa-miR-195-5p

Cell line
MCF-7

Regulation
Down regulated

Reference
Li et al., 2011;
Yang et al., 2013

RBBP6 (variant 1)

Has-miR-15a-5p

MCF-7

Down regulated

Yang

et

al.,

2010; Luo et al.,
2013
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CHAPTER FIVE: DISCUSSION AND CONCLUSION

5.0.

Introduction

Apoptosis is the best studied mechanism by which many anticancer agents such arsenic
trioxide, cobalt chloride and curcumin induce cell death. These agents (arsenic trioxide,
cobalt chloride and curcumin) may also induce cell cycle arrest (Li et al., 2009). Therefore,
it is important to understand the molecular and signalling pathways that are activated by
arsenic trioxide which was reported to possess anti-proliferative effects and to induce
G2/M arrest and enhances chk2/p53 mediated apoptosis in the study by Yoda et al.
(2008). The regulation of apoptosis by genes such as RBBP6 is not fully understood in
MCF-7 breast cancer cells. After many years subsequent to its discovery, RBBP6 has not
been implicated in MCF-7 breast cancer development. Therefore, this study aimed at
determining the expression patterns of RBBP6 alternatively spliced variants during
arsenic trioxide-induced cell cycle arrest and apoptosis in MCF-7 breast cancer cells. This
study showed that RBBP6 splice variants are regulated in arsenic trioxide treated MCF-7
breast cancer cells. It also showed that arsenic trioxide induces apoptosis and G2/M cell
cycle arrest in MCF-7 cells.
Arsenic trioxide is a Food and Drug Administration (FDA) approved drug for the treatment
of acute myeloid leukaemia called acute promyelocytic leukaemia (APL) [Sanz et al.,
2005]. It works by speeding up the death of leukemic cells and encouraging normal blood
cells to develop properly (Lengfelder et al., 2012). Arsenic trioxide hinders cancer
development and progression through targeting cellular pathways, leading to inhibition of
cell proliferation and invasion, and promoting apoptosis. The controlled release (CR) of
arsenic trioxide to the specific site on the cancerous cells at the therapeutically optimal
rate has been a major goal in minimizing side effects of many cancers such as breast
cancer. Therefore, this study targeted arsenic trioxide to treat breast cancer by regulating
RBBP6 splice variants.
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5.1.

Arsenic trioxide inhibits MCF-7 cell growth

The first objective of the study was to evaluate the effect of arsenic trioxide and the
positive controls (cobalt chloride and curcumin) on the growth of the MCF-7 cells. The
results showed a dose- and time- dependent inhibition of cell growth and decrease in cell
viability (Fig. 4.1A-C; 4.2 and 4.3). These results support the previous studies that showed
the cytotoxic effect of arsenic trioxide on lung cancer (Zheng et al., 2015), prostate and
ovarian carcinoma (Uslu et al, 2000) and myeloma (Gartenhaus et al., 2002).

5.2.

Arsenic trioxide induces features of apoptosis in MCF-7 cells

Cell death is known to occur in two distinct modes, namely apoptosis, a controlled
biological event leading to characteristic cell changes and death (Kanduc et al., 2002)
and necrosis, which is a series of morphological changes in a lethaly injured cell (Fink
and Cookson, 2005). Apoptotic cells are characterized by several cellular and nuclear
morphological features such as cell shrinkage, nuclear fragmentation and DNA
fragmentation.
Therefore, to characterize the mode of cell death associated with arsenic trioxide-induced
growth inhibition of MCF-7 cells, the morphological changes were assessed. These
results (Fig. 4.4 and 4.5) indicate that the growth inhibitory activity of arsenic trioxide in
MCF-7 cells is associated with the induction of apoptosis. To further support these results
arsenic trioxide induced apoptosis was analysed in MCF-7 breast cancer cells.

5.2.1. Arsenic trioxide induces apoptosis in MCF-7 cells
Apoptosis is the type of cell death involving caspase enzymes, that are either activated
by intrinsic pathway that is initiated by DNA damage leading to the release of cytochrome
c and activation of caspase cascade reaction or extrinsic pathway that is initiated by the
binding of the ligand to the receptor on the surface of the target cell, therefore triggering
caspase cascade reaction (Ghobrial et al., 2005).
To confirm apoptosis induction in MCF-7 cells by arsenic trioxide and the positive control
(curcumin), the MUSE® Cell Analyzer was used. The results showed that arsenic trioxide
and the positive control (curcumin) remarkably increased apoptosis in MCF-7 cells (Fig.
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4.6B and C) compared to the untreated control (Fig. 4.6A). These results support studies
done by Zhang et al. (2016) and Wang et al. (2011), where it was demonstrated that
arsenic trioxide induced apoptosis in MCF-7 breast cancer cells. Apoptosis is a better
pathway to eliminate the cancer cells relative to necrosis that leads to inflammation, which
is characterized by redness, swelling, heat, pain, and loss of cell function (Ouyang et al.,
2012).

5.2.2. Arsenic trioxide induces caspase-dependent apoptosis in MCF-7 cells
To further confirm whether the mode of MCF-7cell death was caspase-dependent, multicaspase analysis was performed which revealed that the percentage of cells that
underwent caspase-dependent arsenic trioxide apoptosis was higher (Fig. 4.8B)
compared to the untreated control cells (Fig. 4.8A). This trend was also observed in the
positive control (100 μM of curcumin) that also induced caspase-dependent apoptosis in
MCF-7 cells (Fig. 4.8C). These results support studies done by Zhang et al. (2016) and
Wang et al. (2011), who also implicated arsenic trioxide in caspase-dependent cell death
in solid tumours. The involvement of arsenic trioxide in caspases activation was also
shown in T-cell leukaemia–lymphoma (Mahieux et al., 2001). Yedjou et al. (2010)
supported this by showing similar results in APL.

5.2.3. Arsenic trioxide induces death receptor-mediated apoptotic pathway in
MCF-7 cells
Depolarization of the inner mitochondrial membrane potential is a reliable indicator of
mitochondrial dysfunction and cellular health, which has become increasingly important
in the study of intrinsic apoptotic pathway. Therefore, MitoPotential Assay was performed
to determine the apoptotic pathway that the MCF-7 cells underwent during the arsenic
trioxide-induced cell demise. The results showed that the percentage of cells with
depolarized inner mitochondrial membrane potential following treatment with arsenic
trioxide and its positive control (curcumin) was significantly low in MCF-7 cells and the
same trend was observed even in the untreated control cells (Fig. 4.10.). Many studies
revealed that arsenic trioxide can induce intrinsic apoptosis in tumours (Gao et al., 2014;
Jiang et al., 2015). But Gatti et al. (2014) contradicted by implicating arsenic trioxide in
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extrinsic pathway of apoptosis. This suggests that arsenic trioxide can induce either
extrinsic or intrinsic apoptosis pathway in cancerous cells depending on the cell type. This
study showed that arsenic trioxide-induced apoptotic pathway is independent of the
mitochondria in MCF-7 cells. This was supported by two assays, namely, the Muse™
Annexin V & Dead Cell Assay (Fig. 4.6 and 4.7) and Muse™ MitoPotential Assay (Fig.
4.10 and 4.11). Arsenic trioxide also induced caspase-dependent apoptosis (Fig. 4.8 and
4.9) in MCF-7 cells.

5.3.

Arsenic trioxide induces G2/M cell cycle arrest in MCF-7 cells

In most cases, the advent of apoptosis is reported to be associated with the cell cycle
arrest. Therefore, it was relevant to investigate the effect of arsenic trioxide and the
positive control (cobalt chloride) on cell cycle progression of MCF-7 cells. Clearly, this
study demonstrated that treatment of the MCF-7 cells with arsenic trioxide and cobalt
chloride (positive control) led to the arrest of the cell cycle at G2/M phase (Fig. 4.12 and
4.13). Since cell proliferation is tightly linked to the cell cycle, these results suggest that
the observed arsenic trioxide-induced anti-proliferative activity is associated with cell
cycle arrest at G2/M phase in MCF-7 breast cancer cells. Arsenic trioxide induced G2/M
arrest was also reported in hepatocellular carcinoma (Zhang et al., 2012) and
promyelocytic leukaemia (Park et al., 2001).

5.4.

Arsenic trioxide regulates the expression of RBBP6 variants during cell
cycle arrest and apoptosis

RBBP6 is a 250kDa splicing associated protein that is found in all eukaryotes but has not
been found in prokaryotes. RBBP6 has a wide range of functions and these include a role
in cell cycle regulation, apoptosis, protein stability and mRNA processing (Chibi et al.,
2008; Pugh et al., 2006; Gao and Scott, 2002). RBBP6 has been shown to induce cell
cycle progression by ubiquitinating p53 through Murine Double Minute 2 (MDM2),
therefore, promoting carcinogenesis (Li et al., 2007). RBBP6 variant 1 has ubiquitin ligase
activity and this activity leads to enhanced degradation of p53, the cell guardian, which is
crucial for antitumour formation (Li et al., 2007). Furthermore, RBBP6 isoform 3 is
involved in G2/M arrest, but its absence triggers cell cycle progression and high
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proliferation rates in normal kidney cells (Mbita et al., 2012). Consequently, it would be
advantageous for cancer cells to regulate or not to express this isoform to support their
rapid growth. Some lines of evidence showed that enhanced expression of different
RBBP6 variants correlate with poor clinical prognosis in colon, prostate and oesophageal
cancers (Chen et al., 2013; Singh et al., 2006; Yoshitake et al., 2004). Breast cancer
treatment remains a challenge and therefore, there is a need for more specific and
effective therapeutic tools. RBBP6 is a promising therapeutic target and there are a lot of
promising drug development targets, such arsenic trioxide (As2O3).
This study showed that arsenic trioxide (Fig. 4.14) regulates the expression of RBBP6
variants, especially the two big transcripts; variant 1 and 2. Figure 4.14A (lane 1)
demonstrates that breast cancer cells express RBBP6 variant 1 and lack the expression
of variant 2. Treatment of these cells with arsenic trioxide, cobalt chloride and curcumin
diminished the expression of RBBP6 variant 1 but did not restore the expression of variant
2. RBBP6 variant 1 may be involved in breast cancer development and its expression in
breast cancer cells may promote cell survival. It is no surprise that upon treatment with
arsenic trioxide, this variant is down-regulated.
It was previously suggested that RBBP6 variants and isoforms may have opposing
cellular functions (Mbita et al., 2012). In this study, we showed that RBBP6 variant 3 is
expressed in non-cancerous cells, Hek 293s but undetectable in MCF-7 breast cancer
cells (Fig. 4.16A). RBBP6 variant 3 might be involved in the regulation of cell cycle arrest,
especially in G2/M cell cycle arrest as previously shown in kidney embryonic cells (Mbita
et al., 2012). It is also fitting that gene products that are crucial in cell cycle control to be
down-regulated during carcinogenesis. This study showed that non-cancer cells, at least,
the Hek 293 cells, express both variants 1 and 2 (Fig. 4.14C). These results together
showed that As2O3 is effective against MCF-7 cells and also regulate the expression of
RBBP6 variants.
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5.4.1. Quantitative analysis of the expression of RBBP6 variant 3
RBBP6 isoform 3 has been reported as a cell cycle regulator with anticancer potential
(Mbita et al., 2012). The RBBP6 variant 3 was undetectable in MCF-7 cells but detectable
in Hek-293 cells (Fig.4.16A lane 3), this led to quantitative analysis of this variant using
real time PCR. Real time PCR also confirmed that the expression of RBBP6 variant 3 is
higher in Hek-293 cells than in MCF-7 cells (Fig. 4.18). Up-regulation of this variant in
non-cancerous cells (Hek-293) and down-regulation in cancer (MCF-7) implies that
RBBP6 variant 3 is involved in cell cycle arrest (Mbita et al., 2012). This finding adds to
the sufficient evidence that RBBP6 multiple splice variants are involved in different cellular
mechanisms and may have opposing functions depending on the cells they are
expressed in.

5.4.2. Analysis of RBBP6 protein localization
Immunocytochemistry was performed to locate RBBP6 proteins in MCF-7 cells (Fig.
4.19). This study found that RBBP6 gene products accumulate in the nucleus and
cytoplasm of breast cancer cells (Fig. 4.19). Based on these results, a positive staining
was also observed even in the treatment samples, but the RT- PCR (Fig. 4.14) confirmed
that the positive staining observed in treatment samples is likely to be due to the detection
of RBBP6 isoform 4 but neither isoform1 nor isoform 2. It remains a matter of debate how
RBBP6 isoform 4 is derived. In summary, the findings of this section showed that the
diversity in RBBP6 gene products may be critical in understanding how this gene
influences the carcinogenesis process.

5.5.

Analysis of predicted RBBP6 specific microRNAs in MCF-7 cells

Altered expression of miRNAs plays an important role in regulating cell activities,
including proliferation, apoptosis, morphogenesis, differentiation as well as cancer
development (Calin and Croce, 2006). Dysregulated expression of miRNA was also
reported to play a role in resistance to cancer therapy (Hannafon et al., 2011). The
findings of this study showed that both Hsa-miR-195-5p and Hsa-miR-15a-5p microRNAs
are down regulated in MCF-7 breast cancer cells (table 4.22 and 4.23). This suggests
that Hsa-miR-195-5p and Hsa-miR-15a-5p microRNAs might play tumour-suppressor
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roles in MCF-7 breast cancer cells as previously shown in human cancers (Calin and
Croce, 2006). Our data also imply that both miR-195 and miR-497 might play important
inhibitory roles in breast cancer malignancy, by regulating the expression of RBBP6
variant 1 that is highly expressed in MCF-7 breast cancer cells. This suggest that
microRNAs targeting RBBP6 can be potential therapeutic and diagnostic targets.
5.6.

Conclusion

Cancer is characterized by the loss of cell cycle control and resistance to apoptosis.
Several genes that regulate apoptosis are inappropriately expressed or mutated in breast
cancer. The present study showed the ability of arsenic trioxide to induce G2/M cell cycle
arrest and extrinsic apoptosis in MCF-7 breast cancer cells. This study also showed that
there are RBBP6 variants that are pro-carcinogenic and there are those that are anticarcinogenic. It was found that breast cancer cells express RBBP6 variant 1 and lack the
expression of RBBP6 variant 2. Treatment of these cells with arsenic trioxide diminished
the expression of RBBP6 variant 1 but did not restore the expression of RBBP6 variant
2. MCF-7 breast cancer cells also showed low expression of RBBP6 variant 3. In
conclusion, different RBBP6 variants can be targeted for breast cancer therapeutic
development. In conjunction with RBBP6 expression, arsenic trioxide should be further
explored as possible breast cancer drug.

5.7.

Future work

This study showed the possibly roles of RBBP6 variant 1 and variant 3, but the role of
RBBP6 variant 2 remains unknown because this variant is not expressed in MCF-7 breast
cancer cells but expressed in normal embryonic Hek-293 cells. Therefore, it will be of
interest to upregulate this variant in MCF-7 cells in order to check how this expression will
affect apoptosis and cell cycle.
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CHAPTER SEVEN: APPENDIX

Appendix A:

Stock solutions recipes

Note: The working solutions were diluted down to the desired concentrations with DEPCtreated water or sterile distilled water.
10x TBE: 0.9 M Tris, 0.89 M boric acid and 25 mM EDTA, pH 8.3. This stock solution
was diluted 1X for the electrophoresis of agarose
10x MOPS: 200 mM 3-[N-mophonolino] propane sulphuric acid (MOPS), 50 mM sodium
acetate, 10 mM EDTA.
0.1%v/v DEPC treated water: Diethylpyrocarbonate (DEPC) was diluted in a litre of
deionised H2O and incubated at 37°C with shaking and then autoclaved
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Appendix B:

PCR primer design guidelines

Polymerase Chain Reaction is widely held as one of the most important inventions of
the 20th century in molecular biology. Small amounts of the genetic material can now be
amplified to be able to a identify, manipulate DNA, detect infectious organisms, including
the viruses that cause AIDS, hepatitis, tuberculosis, detect genetic variations, including
mutations, in human genes and numerous other tasks.
PCR involves the following three steps: Denaturation, Annealing and Extension. First,
the genetic material is denatured, converting the double stranded DNA molecules to
single strands. The primers are then annealed to the complementary regions of the
single stranded molecules. In the third step, they are extended by the action of the DNA
polymerase. All these steps are temperature sensitive and the common choice of
temperatures is 94oC, 60oC and 70oC respectively. Good primer design is essential for
successful reactions. The important design considerations described below are a key to
specific amplification with high yield. The preferred values indicated are built into all our
products by default.
1. Primer Length: It is generally accepted that the optimal length of PCR primers is 1822 bp. This length is long enough for adequate specificity and short enough for primers
to bind easily to the template at the annealing temperature.
2. Primer Melting Temperature: Primer Melting Temperature (Tm) by definition is the
temperature at which one half of the DNA duplex will dissociate to become single
stranded and indicates the duplex stability. Primers with melting temperatures in the
range of 52-58 oC generally produce the best results. Primers with melting temperatures
above 65oC have a tendency for secondary annealing. The GC content of the sequence
gives a fair indication of the primer Tm. All our products calculate it using the nearest
neighbor thermodynamic theory, accepted as a much superior method for estimating it,
which is considered the most recent and best available.
Formula for primer Tm calculation:
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Melting Temperature Tm(K)={ΔH/ ΔS + R ln(C)}, Or Melting Temperature Tm(oC) = {ΔH/
ΔS + R ln(C)} - 273.15 where
ΔH (kcal/mole) : H is the Enthalpy. Enthalpy is the amount of heat energy possessed by
substances. ΔH is the change in Enthalpy. In the above formula the ΔH is obtained by
adding up all the di-nucleotide pairs enthalpy values of each nearest neighbor base pair.
ΔS (kcal/mole) : S is the amount of disorder a system exhibits is called entropy. ΔS is
change in Entropy. Here it is obtained by adding up all the di-nucleotide pairs entropy
values of each nearest neighbor base pair. An additional salt correction is added as the
Nearest Neighbor parameters were obtained from DNA melting studies conducted in 1M
Na+ buffer and this is the default condition used for all calculations.
ΔS (salt correction) = ΔS (1M NaCl )+ 0.368 x N x ln([Na+])
Where
N is the number of nucleotide pairs in the primer ( primer length -1).
[Na+] is salt equivalent in mM.
[Na+] calculation:
[Na+] = Monovalent ion concentration +4 x free Mg2+.
3. Primer Annealing Temperature: The primer melting temperature is the estimate of
the DNA-DNA hybrid stability and critical in determining the annealing temperature. Too
high Ta will produce insufficient primer-template hybridization resulting in low PCR
product yield. Too low Ta may possibly lead to non-specific products caused by a high
number of base pair mismatches,. Mismatch tolerance is found to have the strongest
influence on PCR specificity.
Ta = 0.3 x Tm(primer) + 0.7 Tm (product) – 14.9
where,

Tm(primer) = Melting Temperature of the primers
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Tm(product) = Melting temperature of the product
4. GC Content: The GC content (the number of G's and C's in the primer as a
percentage of the total bases) of primer should be 40-60%.
5. GC Clamp: The presence of G or C bases within the last five bases from the 3' end
of primers (GC clamp) helps promote specific binding at the 3' end due to the stronger
bonding of G and C bases. More than 3 G's or C's should be avoided in the last 5 bases
at the 3' end of the primer.
6. Primer Secondary Structures: Presence of the primer secondary structures
produced by intermolecular or intramolecular interactions can lead to poor or no yield of
the product. They adversely affect primer template annealing and thus the amplification.
They greatly reduce the availability of primers to the reaction.
i) Hairpins: It is formed by intramolecular interaction within the primer and should be
avoided. Optimally a 3' end hairpin with a ΔG of -2 kcal/mol and an internal hairpin with
a ΔG of -3 kcal/mol is tolerated generally.

ΔG definition: The Gibbs Free Energy G is the measure of the amount of work that can
be extracted from a process operating at a constant pressure. It is the measure of the
spontaneity of the reaction. The stability of hairpin is commonly represented by its ΔG
value, the energy required to break the secondary structure. Larger negative value for
ΔG indicates stable, undesirable hairpins. Presence of hairpins at the 3' end most
adversely affects the reaction.
ΔG = ΔH – TΔS
ii) Self Dimer: A primer self-dimer is formed by intermolecular interactions between the
two (same sense) primers, where the primer is homologous to itself. Generally a large
amount of primers are used in PCR compared to the amount of target gene. When
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primers form intermolecular dimers much more readily than hybridizing to target DNA,
they reduce the product yield. Optimally a 3' end self dimer with a ΔG of -5 kcal/mol and
an

internal self

dimer with

a ΔG of

-6

kcal/mol is tolerated

generally.

iii) Cross Dimer: Primer cross dimers are formed by intermolecular interaction between
sense and antisense primers, where they are homologous. Optimally a 3' end cross
dimer with a ΔG of -5 kcal/mol and an internal cross dimer with a ΔG of -6 kcal/mol is
tolerated generally.

7. Repeats: A repeat is a di-nucleotide occurring many times consecutively and should
be avoided because they can misprime. For example: ATATATAT. A maximum number
of di-nucleotide repeats acceptable in an oligo is 4 di-nucleotides.
8. Runs: Primers with long runs of a single base should generally be avoided as they
can misprime. For example, AGCGGGGGATGGGG has runs of base 'G' of value 5 and
4. A maximum number of runs accepted is 4bp.
9. 3' End Stability: It is the maximum ΔG value of the five bases from the 3' end. An
unstable 3' end (less negative ΔG) will result in less false priming.
10. Avoid Template Secondary Structure: A single stranded Nucleic acid sequences
is highly unstable and fold into conformations (secondary structures). The stability of
these template secondary structures depends largely on their free energy and melting
temperatures(Tm). Consideration of template secondary structures is important in
designing primers, especially in qPCR. If primers are designed on a secondary
structures which is stable even above the annealing temperatures, the primers are
unable to bind to the template and the yield of PCR product is significantly affected.
Hence, it is important to design primers in the regions of the templates that do not form
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stable secondary structures during the PCR reaction. Our products determine the
secondary structures of the template and design primers avoiding them.
11. Avoid Cross Homology: To improve specificity of the primers it is necessary to
avoid regions of homology. Primers designed for a sequence must not amplify other
genes in the mixture. Commonly, primers are designed and then BLASTed to test the
specificity. Our products offer a better alternative. You can avoid regions of cross
homology while designing primers. You can BLAST the templates against the
appropriate non-redundant database and the software will interpret the results. It will
identify regions significant cross homologies in each template and avoid them during
primer search.
Parameters for Primer Pair Design
1. Amplicon Length: The amplicon length is dictated by the experimental goals. For
qPCR, the target length is closer to 100 bp and for standard PCR, it is near 500 bp. If
you know the positions of each primer with respect to the template, the product is
calculated as: Product length = (Position of antisense primer-Position of sense primer)
+ 1.
2. Product Position: Primer can be located near the 5' end, the 3' end or any where
within specified length. Generally, the sequence close to the 3' end is known with greater
confidence and hence preferred most frequently.
3. Tm of Product: Melting Temperature (Tm) is the temperature at which one half of the
DNA duplex will dissociate and become single stranded. The stability of the primertemplate DNA duplex can be measured by the melting temperature (Tm).
4. Optimum Annealing Temperature (Ta Opt): The formula of Rychlik is most
respected. Our products use this formula to calculate it and thousands of our customers
have reported good results using it for the annealing step of the PCR cycle. It usually
results in good PCR product yield with minimum false product production.
Ta Opt = 0.3 x(Tm of primer) + 0.7 x(Tm of product) - 14.9
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where
Tm of primer is the melting temperature of the less stable primer-template pair
Tm of product is the melting temperature of the PCR product.
5. Primer Pair Tm Mismatch Calculation: The two primers of a primer pair should have
closely matched melting temperatures for maximizing PCR product yield. The difference
of 5oC or more can lead no amplification.
Primer Design using Software
A number of primer design tools are available that can assist in PCR primer design for
new and experienced users alike. These tools may reduce the cost and time involved in
experimentation by lowering the chances of failed experimentation.
Primer Premier follows all the guidelines specified for PCR primer design. Primer
Premier can be used to design primers for single templates, alignments, degenerate
primer design, restriction enzyme analysis. contig analysis and design of sequencing
primers.
The guidelines for qPCR primer design vary slightly. Software such as AlleleID and
Beacon Designer can design primers and oligonucleotide probes for complex detection
assays such as multiplex assays, cross species primer design, species specific primer
design and primer design to reduce the cost of experimentation.
PrimerPlex is a software that can design primers for Multiplex PCR and multiplex SNP
genotyping assays.
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Appendix C:

GAPDH and RBBP6 variant 3 standard curves constructed with dilutions made from Hek 293
cDNA

Figure 11 A-B: GAPDH and DWNN standard curve constructed with dilutions made from a Hek 293 cDNA: Appendix C
demonstrates a good PCR amplification by RBBP6 variant 3 and GAPDH house-keeping genes. The Hek-293 cDNA was
diluted (1 is 1:0, 2 is 1:10, 3 is 1:100) to construct the GAPDH and RBBP6 variant 3 standard curve. The melting curves for
both GAPDH (A) and RBBP6 variant 3 (B) show that only one product was amplified .
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Appendix D:

RBBP6 primary antibody

Protocol specific for RBBP6 Antibody (NBP1-49535)
orders@novusbio.com
Protocols, Publications, Related Products, Reviews and more:
www.novusbio.com/NBP1-49535
Orders:
NBP1-49535
Support: technical@novusbio.com
Web: www.novusbio.com
NBP1-49535 Protocol
Western Blot Protocol
1. Perform SDS-PAGE (4-12% MOPS) on samples to be analyzed, loading 40 ug of
total protein per lane.
2. Transfer proteins to Nitrocellulose according to the instructions provided by the
manufacturer of the transfer
apparatus.
3. Rinse membrane with dH2O and then stain the blot using Ponceau S for 1-2 minutes
to access the transfer of
proteins onto the nitrocellulose membrane. Rinse the blot in water to remove excess
stain and mark the lane
locations and locations of molecular weight markers using a pencil.
4. Rinse the blot in TBS for approximately 5 minutes.
5. Block the membrane using 5% NFDM + 1% BSA in TBS + Tween, 1 hour at RT.
6. Rinse the membrane in dH2O and then wash the membrane in wash buffer [TBS +
0.1% Tween] 3 times for 10
minutes each.
7. Dilute the rabbit anti-RBBP6 primary antibody (NBP1-49535) in blocking buffer and
incubate 1 hour at room
temperature.
8. Rinse the membrane in dH2O and then wash the membrane in wash buffer [TBS +
0.1% Tween] 3 times for 10
minutes each.
9. Apply the diluted rabbit-IgG HRP-conjugated secondary antibody in blocking buffer
(as per manufacturers
instructions) and incubate 1 hour at room temperature.
10. Wash the blot in wash buffer [TBS + 0.1% Tween] 3 times for 10 minutes each (this
step can be repeated as
required to reduce background).
11. Apply the detection reagent of choice in accordance with the manufacturers
instructions (Pierce ECL).
Note: Tween-20 can be added to the blocking or antibody dilution buffer at a final
concentration of 0.05-0.2%,
provided it does not interfere with antibody-antigen binding.
Protocol specific for RBBP6 Antibody (NBP1-49535) Page 1 of 1
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Appendix E:

RBBP6 secondary antibody

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488
Catalog Number A-11008 Product data sheet
Details
Size 500 μL
Host/Isotope Goat / IgG
Class Polyclonal
Type Secondary Antibody
Immunogen
Gamma Immunoglobins Heavy and
Light chains
Target Class IgG
Cross Adsorption
Against human IgG, human serum,
mouse IgG, mouse serum and
bovine serum
Antibody Form Whole Antibody
Conjugate Alexa Fluor® 488
Form liquid
Concentration 2 mg/mL
Purification purified
Storage buffer PBS, pH 7.5
Contains 5mM sodium azide
Storage Conditions 4° C, store in dark
Species Reactivity
Species reactivity Rabbit
Tested Applications Dilution *
Flow Cytometry (Flow) 1-10 μg/mL
Immunocytochemistry (ICC) 4 μg/mL
Immunofluorescence (IF) 4 μg/mL
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