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Abstract

Resistance to chemotherapy is a major obstacle to the successful treatment of
breast cancer. In order to optimise treatment regimens and identify novel drug
targets, it is important first to understand the molecular mechanisms that can
lead to chemoresistance. In this thesis, | have investigated mMRNA and miRNA
expression profiles of tumour samples taken from patients with oestrogen
receptor positive primary breast cancers treated with neoadjuvant
chemotherapy (NAC) who displayed only a partial response. Samples were
analysed before and after chemotherapy treatment. Gene expression profiles
post-NAC suggested that the MAPK and PI3K-AKT pathways were activated.
MiIRNA expression profiles demonstrated three miRNAs that were consistently
deregulated post-NAC. Further in vitro studies revealed that the increased
expression of miR-26b and miR-195 contributed to significant increases in

chemoresistance (p<0.05).

Pulldown assays using mimics of miR-26b and miR-195 as bait, together with
RNA-Seq, led to the identification of possible MRNA targets of these two
mMiRNAs. Further in vitro studies confirmed REEP4 and SEMAG6D as targets of
miR-26b and miR-195 respectively. As targets of these miRNAs, decreased
expression of these MRNAs would be expected to contribute to
chemoresistance. Chemosensitivity assays suggested a consistent but not
significant increase in resistance when REEP4 was silenced, and a significant
increase in resistance when SEMAG6D was silenced (p<0.05). Investigations
were performed to determine whether the expression of either of the
corresponding proteins had any prognostic value. Results suggested that
REEP4 expression was significantly related to disease free survival, although

the precise relationship was unclear.

The effect of increased expression of the xenobiotic drug pump BCRP induced
by endocrine therapy on chemoresistance was also investigated. Results
suggested that increased BCRP expression led to significant increases in
chemoresistance (p<0.05), thus suggesting that a treatment regimen of

endocrine therapy followed by chemotherapy may not be beneficial.
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I have identified in this thesis several molecular changes that are induced by
chemotherapy or endocrine therapy that contribute to chemoresistance,
including changes in mMRNA, miRNA and xenobiotic drug pump expression.
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Chapter 1: Introduction

1.1 Introduction to breast cancer

1.1.1 Incidence of breast cancer

Breast cancer is the second-leading cause of cancer death in women
worldwide after lung cancer, and accounted for a quarter of all cancers
diagnosed in women in 2012 worldwide (Ferlay et al., 2015). It is currently
estimated that one in seven women in the UK will be diagnosed with breast
cancer sometime in their lifetime, amounting to approximately 50 000

diagnoses per year (CRUK.Available:https://www.cancerresearchuk.org/health-

professional/cancer-statistics/statistics-by-cancer-type/breast-cancer/risk-

factors#heading-Zero). However, with ongoing research into novel treatments

and the advancement of technologies that allow earlier detection of cancer, a
greater proportion of patients are surviving longer post-diagnosis. This is
reflected in the fact that female breast cancer death rates (European age-
standardised) have fallen by 40% in the UK since the mid-1980s (CRUK.

Available: https://www.cancerresearchuk.org/health-professional/cancer-

statistics/statistics-by-cancer-type/breast-cancer/risk-factors#heading-Zero).

1.1.2 Classifying breast tumours

Breast tumours are classified using a variety of systems in order to assess the
extent to which they have spread, their relative growth rates, their aggressive
potential, and to some extent the likelihood of them responding to specific

therapies.

The extent to which the cancer has progressed or spread is commonly
classified using the TNM staging system (Classification of Malignant Tumours)
(Gospodarowicz et al., 2017). The ‘T’ indicates the size of the primary tumour
and the extent of invasion of surrounding tissues (if any). The ‘N’ indicates if
and how many lymph nodes are involved and the ‘M’ indicates whether any
distant metastasis has occurred and if so, to what extent. Each classification

and their stages are shown in Table 1.1.1.


https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer/risk-factors#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer/risk-factors#heading-Zero

Table 1.1.1: Parameters and classifications used to classify breast
tumours (Senkus et al., 2015, Giuliano et al., 2017)

Parameter | Classification | Description
- Tis Carcinoma in situ
T1,T2, T3, T4 | Size of primary tumour (T4 is the largest)
NO No evidence of regional lymph node
metastasis
N N1-3 Extent/location of metastases present in lymph
nodes (N3 is the largest number of nodes, or
more distant nodes)
M MO No distant metastasis
M1 Metastasis to distant organs

Depending on their TNM classification, tumours are subsequently divided into
stages. These categories give a summarised overview of the extent of the
disease and are shown in Table 1.1.2.

Table 1.1.2: Stages of breast tumours (Senkus et al., 2015)

Stage TNM classifications
0 Tis NO MO
A T1 NO MO
IB TO/1 N1 MO
A TO/1 N1 MO
T2 NO MO
1B T2 N1 MO
T3 NO MO
A TO/1/2 N2 MO
T3 N1/2 MO
B T4 NO/1/2 MO
lc TO/1/2/3/4 N3 MO
\Y, TO/1/2/3/4 N1/2/3 M1

Tumours are also classified according to their grade. This is based on the
appearance of the tumour cells. Tumours are given grades of 1, 2 or 3, with ‘1’
designated to tumours where cells appear to be relatively normal, ‘2’
designated to tumours where cells appear to be slightly bigger than normal and
vary more in shape, and ‘3’ designated to tumours where cells are very
different to normal cells due to poor differentiation (Bloom and Richardson,

1957). It has been noted that tumours with lower grades have better outcomes



than higher grade tumours, which tend to recur and metastasise much earlier

after initial diagnosis (Rakha et al., 2010).

Growing evidence has shown that earlier detection of cancer when tumours are
of lower stages leads to better outcomes than late diagnoses (Hiom, 2015).
This is likely due to fewer incidences of metastasis and involvement of lymph

nodes at earlier stages of the disease (Saadatmand et al., 2015).

1.1.2.1 Molecular subtypes of breast cancer and associated survival

statistics

Breast cancer is a heterogeneous disease that can be further classified into
several different molecular subtypes. The subtypes that are used clinically were
initially defined using hierarchical clustering of the gene expression profiles of
breast tumours (Perou et al., 2000, Sorlie et al., 2001), but in clinical practice
this classification is made using surrogate markers, based around three
receptors (Onitilo et al., 2008). The expression of these receptors is determined
at diagnosis and, importantly, partially determines what treatment regimens
would be the most effective (see section 1.2). The three receptors used by
pathologists to determine subtype are the oestrogen receptor (ER), the
progesterone receptor (PR) and the human epidermal growth factor receptor 2
(HER2). The presence and absence of the various combinations of expression
of these receptors largely determines into which subtype of breast cancer the
tumour is defined (Brenton et al., 2005, Voduc et al., 2010), although the
proliferation marker Ki67 is also sometimes used (Hugh et al., 2009, Keam et
al., 2011).

The four main subtypes of breast cancer used clinically in the UK are luminal A,
luminal B, HER2 and triple negative, sometimes referred to as basal, although
it should be noted that the terms actually describe different groups of tumours
(Brenton et al., 2005, Onitilo et al., 2008, Voduc et al., 2010). A summary of
marker expression for each subtype is shown in Table 1.1.3. In brief, as the
name suggests triple negative breast tumours do not express any of the three
receptors, HER2 subtype breast tumours only express the HER2 receptor,
luminal B breast tumours express ER and may express PR and HER2
receptors, and luminal A breast tumours express ER and PR but not the HER2

receptor.
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Table 1.1.3: Molecular subtype classifications of breast cancers showing
receptor status (Feeley et al., 2014, Yersal and Barutca, 2014, Prat et

al., 2015)
MOLECULAR RECEPTOR STATUS Ki67
SUBTYPE ER PR HER?2
Luminal A + +/- - Low
Luminal B + +/- +/- High
Triple Negative | - - - High
HER2 - - + High

The prevalence of each subtype of breast cancer is largely weighted towards
those expressing the oestrogen receptor, therefore luminal A and luminal B
subtypes, with 65-75% of all breast cancers being diagnosed expressing this
receptor (Voduc et al., 2010, Ignatiadis and Sotiriou, 2013). Breast cancers that
express the HER2 receptor (both the HER2 subtype and HER2 positive luminal
B subtypes) account for roughly 15% of all breast cancers (Loibl and Gianni,
2017), and triple negative breast cancers account for the remaining proportion.
Long-term survival and risk of metastasis are just some of the factors that differ
between these subtypes. Response to therapies also differs between subtypes
(Rouzier et al., 2005).

Different molecular subtypes of breast cancer are associated with different
prognoses. Despite the fact that luminal A and luminal B subtypes both largely
express the ER, the former generally has a better prognosis associated with it
than the latter. Luminal A breast cancers have a ten-year survival rate of
roughly 85% whereas luminal B breast cancers have a ten-year survival rate of
just over 65% (Haque et al., 2012). However, luminal A breast cancers have
been noted to have a tendency to lay dormant for many years and can recur
beyond a decade after initial diagnosis (Di Leo et al., 2012, Haque et al., 2012).
It is therefore important for this particular subgroup of patients to be carefully
monitored for any recurrences well beyond the first five years post-initial
diagnosis. Luminal A breast tumours generally have higher expression of ER
related genes whereas luminal B tumours tend to have higher expression of

genes involved in cell proliferation (Brenton et al., 2005).

Basal-like breast cancers are associated with an initial poor prognosis as they
typically have an aggressive nature and suffer relapses rapidly (Toft and Cryns,
2010). However, survival rates ten years post-initial diagnosis tend to stabilise
at roughly 75% in this subtype with later recurrences being relatively rare



(Haque et al., 2012). HERZ2 positive breast cancers are similar to triple negative
breast cancers in that they are also associated with an initial poor diagnosis
and aggressive nature (Voduc et al., 2010). Over-expression of this receptor
correlates with numerous poor prognostic features including large tumour size
and high nuclear grade (Nielsen et al., 2009). Ten-year survival rates of HER2-
positive breast cancer are just below 65%. However, unlike with basal-like
breast cancer, the survival probability of the HER2 molecular subtype continues
to decrease beyond ten years post-initial diagnosis (Haque et al., 2012). The
poor prognoses associated with ER negative tumour subtypes has been
hypothesised to be linked to their resistance to the ER-targeted treatments that
are routinely used with ER positive tumours (Dai et al., 2015).

1.2 Therapies in the treatment of Breast Cancer

1.2.1 Local and systemic therapies are available for the treatment of

breast cancer

There are multiple treatment options available for primary breast cancer.
However, viable treatment options for individual patients depend on a number
of factors. The majority of treatment strategies include surgery to remove the
primary tumour (Miller et al., 2016). This involves either breast conserving
surgery (BCS), where a minimal amount of breast tissue is removed including
the tumour mass and a margin of normal tissue (Park et al., 2000), or a
mastectomy in which all of the breast tissue is removed (Shimkin et al., 1961).
However, unfortunately, not all patients are eligible for surgery for a number of
reasons. Some of these reasons include frailty, particularly in elderly patients
who would not be able to tolerate the stress of undergoing a major procedure,
and comorbidities that may cause an increased risk to the procedure (Chou et
al., 2016, Ethun et al., 2017).

Another available treatment option, almost always used in conjunction with
surgery is radiotherapy. This involves the use of accelerated particles, usually
photons, to create therapeutic, high energy beams. The energy and the focus
of these beams are calculated to target the site of the tumour mass, whilst

minimising the reach of these beams to surrounding normal tissue (Pereira et



al., 2014). The aim of post-surgery radiotherapy is to target any tumour cells
remaining within the breast or local tissues that were outside the main tumour
mass that was resected. The resultant ionising radiation causes clusters of
DNA damage sites, in particular double strand breaks. These clusters refer to
multiple sites of damage within one or two helical turns of DNA. Sites of DNA
damage clusters are more difficult to repair than naturally occurring DNA
damage sites (Lomax et al., 2013). Successful radiotherapy causes clusters of
DNA damage to such an extent that cells are unable to repair the damage and
apoptosis is induced (Roos and Kaina, 2013). Less successful radiotherapy
causes clusters of DNA damage such that cell cycle arrest is induced in order
to allow the sites of DNA damage to be repaired (Wang et al., 2000). A
disadvantage of using radiotherapy in the treatment of breast cancer is the
associated increased risk of toxicities that sometimes do not appear until over
15 years post-treatment (Poortmans, 2013). The most concerning toxicity that
does not appear until many years later is cardiac toxicity. Studies have shown
that ionising radiation used in the treatment of breast cancer also exposes the
heart to this radiation. This exposure increases the rate of subsequent ischemic
heart disease. It was also shown that this increased rate was proportional to
the mean dose of ionising radiation to which the heart was exposed (Darby et
al., 2013).

A third treatment option is the use of systemic therapies, also often used in
conjunction with surgery. The advantage of this treatment type is that it is not
targeted to a specific region of the body and is therefore able to target cancer
cells that have left the local environs of the primary tumour as well, in particular
sub-clinical micro-metastases. Targeting these cells, if present, is critical since
it is the full metastatic recurrences that grow from these cells that lead to
patient deaths in almost all cases. There are several different types of systemic
therapies routinely used for the treatment of primary breast cancer. The type
used depends on a number of factors including the molecular subtype of the
tumour (Higgins and Baselga, 2011), and the overall health of the patient
(Barroso-Sousa et al., 2016). | have divided the relevant systemic therapies
into endocrine therapy, HER2-targeted therapy, cytotoxic chemotherapy and
other targeted therapies in the following sections, in which | discuss each

therapy separately.



Systemic therapies are also typically used in conjunction with radiotherapy with
or without surgery (Miller et al., 2016). The various combinations of treatment
options that can be used in the treatment of breast cancer partly depend on
stage, with lower stage tumours more frequently being treated by local
treatments alone, while increasing proportions of patients with the higher stage
tumours receive systemic treatments in addition. These are the proportions of
patients treated with different combinations of therapies, broken down by stage
- according to the National Cancer Data Base statistics from 2013 (Miller et al.,
2016); of all patients with either stage | or Il breast cancer, the largest
proportion (34%) underwent BCS and ionising radiation with no systemic
therapy. The next two treatment options of equal proportions (17%) were BCS
with both ionising radiation and systemic therapy and mastectomy alone. In
contrast, of patients with stage Ill breast cancer, nearly 50% underwent
mastectomies with both ionising radiation and systemic therapy. The next two
largest proportions of patients were treated with BCS and both ionising
radiation and systemic therapy (15%) and a mastectomy and systemic therapy
(13%). Patients with stage IV breast cancer usually do not undergo surgery as
distant metastasis has already occurred, therefore surgery is often not thought
to have any overall benefits (Blanchard et al., 2008). Therefore, the largest
proportion of patients (48%) receive ionising radiation and/or systemic therapy.
The next largest proportion of patients (28%) did not receive any treatment,
likely due to the conditions indicating no benefits would be gained from any
treatments. As these statistics indicate, systemic therapies are a major
component of therapy regimens in the treatment of breast cancer and have the

advantage of being able to reach all areas of the body, unlike ionising radiation.

1.2.2 Systemic therapies in the treatment of breast cancer

1.2.2.1 Endocrine therapy

Endocrine therapy is a form of targeted systemic therapy that can be used to
treat breast cancer by targeting the oestrogen responsive component of
tumours. This means that endocrine therapy can only be used to treat a subset
of breast cancers — the luminal A and B breast cancers that express the

oestrogen receptor (Table 1.1.3). It is important to note, however, that



endocrine therapies are not always used alone to treat these subtypes of
breast cancer, since these can also be treated with non-targeting, cytotoxic
chemotherapies (see section 1.2.2.3) (Colleoni and Montagna, 2012).
However, some of the criteria that are taken into consideration when making
the choice concerning whether to include chemotherapy with (or — rarely —
instead of) endocrine therapy is the patients’ health and choice. Endocrine
therapies are more well tolerated than chemotherapies and so endocrine
therapies are sometimes the only appropriate treatment option available for

patients who are frail and/or elderly (Barroso-Sousa et al., 2016).

There are multiple classes of endocrine therapies available for the treatment of
breast cancer. Anti-oestrogens, also known as selective oestrogen receptor
mediators (SERMS), such as tamoxifen block the ER (Figure 1.2.1), thus
preventing oestrogen from binding and activating the receptor (Nass and
Kalinski, 2015). Tamoxifen has long been used to treat ER positive breast
cancers in both premenopausal and postmenopausal women (MacCallum et
al., 2000, Davies et al., 2011, Dowsett et al., 2015), and trials have even shown
that breast cancer incidence is decreased in healthy women with a high risk of
developing breast cancer that take tamoxifen (Rutqvist et al., 1995, Kisanga et
al., 2004, Cuzick et al., 2015). However, there are several worries associated
with the use of this drug. Several studies have shown that whilst tamoxifen can
be used successfully to treat ER positive breast cancers, patients who have
been administered this treatment also have an increased risk of developing
second primary cancers, most notably endometrial cancer (Curtis et al., 1996,
Bernstein et al., 1999). There has also been a suggestion that tamoxifen may
increase the risk of developing gastrointestinal cancers (Rutqvist et al., 1995). It
is thought that this increased risk is due to tamoxifen having partial oestrogenic
effects rather than anti-oestrogenic effects in specific tissues including in the
endometrium (Shang, 2006).

A second drug that can be used to treat ER positive breast cancers is
fulvestrant, a selective oestrogen receptor degrader (SERD) (Figure 1.2.1)
(McDonnell et al., 2015). As with tamoxifen and other SERMs, fulvestrant
competitively binds the ER, however it has a much higher binding affinity to the
ER than tamoxifen (89% that of oestradiol (the prototypical endogenous ligand)

vs 2.9% that of oestradiol respectively) (Osborne et al., 2004). Tamoxifen binds



to the ER and induces a conformational change, reducing the ability of the
receptor to interact with coactivators. However, alterations in the cell such as
increased expression of these coactivators can lead to the inhibition by
tamoxifen being overcome and activation of the ER to occur (McDonnell and
Wardell, 2010). Fulvestrant however, accelerates the degradation of ER protein
without affecting ER transcript levels, ultimately preventing ER function
influencing oncogenesis (Nicholson et al., 1995, Osborne et al., 2004). It has
also been noted that fulvestrant does not have oestrogenic properties in other

tissues such as endometrial tissues as tamoxifen does (Carlson, 2005).

Finally, aromatase inhibitors (Als) can also be used to treat ER positive breast
cancers (Figure 1.2.1), although their use is limited to postmenopausal patients
(Maughan et al., 2010). Instead of targeting the ER as SERMs and SERDs do,
Als target oestrogen production by blocking its conversion from androgens. By
blocking this process, oestrogen levels fall to virtually undetectable levels in
plasma, leading to less activation of the ER by oestrogens (Howell and
Dowsett, 2004, Dowsett et al., 2015). Oestrogen is largely produced by the
ovaries in premenopausal women (Goss and Strasser, 2001, Miller, 2003). In
this subset of patients, inhibition of oestrogen synthesis by Als activates a
pathway involving gonadotrophin that ultimately leads to signals to the ovaries
that stimulate aromatase levels, thus limiting the efficacy of the Als. In
postmenopausal women, however, after ovarian failure, oestrogen is largely
synthesised in peripheral tissues and circulates at lower levels. In these
circumstances, ovarian stimulation no longer plays a role, resulting in Als
remaining effective in this subset of patients. Studies comparing Als with anti-
oestrogens, usually tamoxifen, have revealed that Als are the superior
endocrine therapy in terms of response rates, durations of response, and
recurrence rates (Howell and Dowsett, 2004, Dowsett et al., 2015). However,
tamoxifen and Als are often both used to treat different groups of patients
(Brufsky, 2017), and tamoxifen remains the appropriate choice in the

premenopausal context.
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Figure 1.2.1: Endocrine therapy targets of the ER pathway
Aromatase inhibitors (Al) target aromatase enzymes involved in the
conversion of androgens to oestrogen. Selective oestrogen receptor
modulators (SERM) and degraders (SERD) competitively bind the
oestrogen receptor (ER), thus preventing binding of oestrogen to the
receptor, and consequently inhibiting the transcription of oestrogen-
regulated genes.

1.2.2.2 HER2-targeted therapy

Since the development of endocrine therapies that target the hormonal
component of luminal type breast cancers, other targeted therapies have also
been developed that work on a similar principle of attempting to inhibit the
action of a specific receptor. In breast cancer therapy, the most widely used of
these novel targeted therapies are the HER2-targeted therapies. These were
developed after it was discovered that overexpression of HER2 protein was
observed in almost a quarter of all breast cancers and was associated with a
particularly aggressive subtype (Gschwind et al., 2004, Ross et al., 2009).
HER2 is a tyrosine kinase receptor (Nielsen et al., 2009). It has been shown to
form heterodimers with HER1 (also known as EGFR) and HER3, leading to
activation of the PI3K pathway. Numerous clinical trials investigating the effects
of HER2 targeting therapies on HERZ2 positive breast cancers in both the

preoperative and postoperative settings have revealed significant benefits
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associated with HER2 targeted therapies in terms of overall survival and

disease free survival (Dent et al., 2013, Mendes et al., 2015).

The first HER2-targeted therapy was trastuzumab, a monoclonal antibody still
in use today (Nielsen et al., 2009, Higgins and Baselga, 2011). A newer
monoclonal antibody, pertuzumab, has since been developed. These
monoclonal antibodies function by inhibiting the dimerization of the receptors,
thus inhibiting the activation of downstream pathways. There is also evidence
that monoclonal antibodies including trastuzumab also function by stimulating
elements of the immune system such as natural killer cells to target cancer
cells (Clynes et al., 2000, Arnould et al., 2006). Trastuzumab has, however,
been associated with cardiotoxicity although newer HER2-targeted therapies
are associated with a significantly lower risk of cardiac dysfunction (Sendur et
al., 2013). Evidence has suggested that treatment regimens consisting of a
combination of trastuzumab and one of the newer agents do not have
significantly worse cardiotoxicity than trastuzumab alone. However, considering
that HER2-targeted therapies are often administered together with cytotoxic
chemotherapy and cardiotoxicity is associated with both trastuzumab and the
widely used class of therapeutics, the anthracyclines (see section 1.2.2.3.1), it
has been suggested that anthracyclines should not be administered in
combination with trastuzumab (Popat and Smith, 2008). Small molecule
tyrosine kinase inhibitors also exist to treat HER2 positive breast cancers
including lapatinib, which has been shown to inhibit both HER1 and HER2,
leading to inhibition of the downstream AKT and MAPK pathways (Nielsen et
al., 2009). It has been shown that this agent is even able to restore sensitivity
to tamoxifen in tamoxifen resistant tumours. There is even modest evidence
that lapatinib may be able to cross the blood brain barrier (Lin et al., 2008),
providing hope that it could be effective at targeting sub-clinical brain

metastases.

1.2.2.3 Cytotoxic chemotherapy

Cytotoxic chemotherapy was the first chemical means of treating cancers
(DeVita and Chu, 2008) and is still used today to treat a large proportion of
primary breast cancers. According to a study that calculated various statistics

associated with a number of cancers, including breast cancer, in the USA, 40%
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of patients with stage | or Il breast cancer were treated with a therapeutic
regimen including chemotherapy (DeSantis et al., 2014). For the higher stages
of breast cancer, approximately 70% of patients were treated with a regimen
including chemotherapy. Cytotoxic chemotherapy drugs have the ability to Kill
cancer cells using multiple mechanisms. In general, these drugs target various
mechanisms used by cells to proliferate. The inhibition of proliferation can lead
to activation of other pathways that ultimately lead to cell death (Waldman et
al., 1997, Pucci et al., 2000). As such, chemotherapeutic drugs largely target
highly proliferative cells, as is often the case for tumour cells, but also target
other proliferating cells in the body that are completely healthy. This leads to
off-target toxicities that can have adverse effects on patients (Cheok, 2012, Liu
et al., 2015a). This is a disadvantage of chemotherapy as it is administered
systemically and not targeted specifically to tumour cells. There is however an
advantage to this systemic administration. As mentioned previously, unlike
surgical interventions and radiotherapy, chemotherapy as well as other
systemic therapies have the benefit of being able to target cells that have
disseminated from the primary tumour. This is therefore the primary choice of
treatment in the context of metastatic disease (Liu et al., 2015a), although
palliative radiotherapy may be indicated in specific circumstances such as
cases of bone metastases that may cause fractures and/or neurological
complications, extensive brain metastases, and fungating tissue masses
(Cardoso et al., 2012).

Chemotherapy also has the advantage of being able to treat all subtypes of
breast cancer as it is not targeted to any specific molecules present in only
certain subtypes of breast cancer (see Table 1.1.3, for example, since these
receptors provide targets for endocrine therapy and HER2 targeted therapy).
Instead, chemotherapeutic drugs target various generic cell processes such as
DNA replication and mitotic segregation during cell division (Siddik, 2002). It is
for this reason that chemotherapy is the only form of systemic treatment that
can be used to treat triple negative breast cancers (Foulkes et al., 2010).
However, cytotoxic chemotherapy can also be used alone or in conjunction with

targeted therapies to treat receptor positive breast cancers (Gnant et al., 2015).

For patients with ER positive tumours — luminal A or luminal B-type breast

cancers — endocrine therapies are often sufficient (see section 1.2.2.1). In
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these patients, chemotherapy can, however, be recommended for patients with
large or node-positive tumours, and is commonly recommended for luminal B-
type tumours (Gnant et al., 2015), which are more highly proliferative and may
also receive chemotherapy in combination with trastuzumab if HER2 positive.
Interestingly, it has previously been noted that despite the fact that both luminal
A-type tumours and luminal B-type tumours express the oestrogen receptor,
luminal A-type tumours are generally less responsive to chemotherapy drugs
than luminal B-type tumours (Ignatiadis and Sotiriou, 2013, Gnant et al., 2015),
which probably relates to the difference in proliferation rate. Chemotherapy is
also generally administered to patients with HER2 subtype tumours in
conjunction with HER2-targeted therapies (see section 1.2.2.2) (Arteaga et al.,
2012). It has previously been noted that when administered preoperatively,
triple negative and HER2 subtype breast tumours are more sensitive to
anthracycline and taxane-containing chemotherapies (see section 1.2.2.3.1)
than the luminal breast tumours, although gene expression profiles obtained
from the triple negative or HER2 subtype tumours following chemotherapy
suggest that the molecular mechanisms employed that contribute to this

sensitivity vary between them (Rouzier et al., 2005).

1.2.2.3.1 Multiple classes of chemotherapy drugs with different mechanisms of
action are used in the treatment of breast cancer
Different classes of chemotherapeutic drugs can be used, each of which
primarily target different cellular processes. One of the first classes of drug
developed, which is still commonly used today, is alkylating agents (Ralhan and
Kaur, 2007). These directly target DNA using three different mechanisms.
Alkylating agents have the ability to cross-link DNA, resulting in the inability of
the double strands to unwind during replication and transcription. Secondly,
alkylating agents can cause the mispairing of nucleotides leading to mutations.
The final mechanism involves the drug adding alkyl groups to DNA bases.
When DNA repair enzymes attempt to replace these alkylated bases, the DNA
is fragmented. The most commonly used alkylating agent in the treatment of
breast cancer is cyclophosphamide (Stoll, 1970, Wisinski et al., 2013).

Anthracyclines are another class of chemotherapy drug frequently used in the
treatment of breast cancers. These antibiotics have been used to treat breast

cancer for half a century, although more recent retrospective studies have
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suggested that this class of chemotherapeutic drug should be used less
frequently in favour of newer classes of drug that have fewer associated
toxicities (Robson and Verma, 2009). The most commonly used anthracyclines
in the treatment of breast cancer are doxorubicin and epirubicin. There appear
to be multiple possible mechanisms of action used by anthracyclines to Kill
tumour cells. However, the two most prominent mechanisms are through the
inhibition of topoisomerase Il and the production of free radicals (Bonadonna et
al., 1993, Gewirtz, 1999). Topoisomerase Il is an enzyme required for the
unwinding of DNA during replication and transcription by creating double strand
DNA breaks (Nitiss, 2009a). Anthracyclines function by intercalating with the
topoisomerase II:DNA covalent complex and inhibit the DNA from being re-
ligated (Nitiss, 2009b). Anthracyclines can also be oxidised and then converted
back in a reaction that releases reactive oxygen species, which can activate a
number of processes such as apoptosis and cause membrane damage as well
as DNA damage (Thorn et al., 2011). A particular disadvantage of
anthracyclines is associated toxicities, in particular cardiotoxicities as
anthracycline-induced cardiomyopathy is largely irreversible (Hortobagyi, 1997,
Thorn et al., 2011), although evidence suggests that epirubicin is less toxic
than doxorubicin (Khasraw et al., 2012).

Taxanes are a newer class of chemotherapeutic drug that have been
suggested to be less toxic in terms of side effects than anthracyclines and it
has therefore been suggested that these be used preferentially (Robson and
Verma, 2009). These chemotherapeutic drugs target microtubule dynamics,
preventing chromosome segregation, and thereby causing mitosis to halt
(Risinger et al., 2009). They have also been shown to promote apoptosis;
paclitaxel is a common taxane used in the treatment of breast cancer and has
been shown to activate the apoptosis signal-regulating kinase (ASK1), leading
to the inactivation of the anti-apoptotic protein Bcl2 (McGrogan et al., 2008).
Docetaxel is also commonly used to treat breast cancers (Baselga and
Tabernero, 2001). Finally, taxanes have also been shown to inhibit
angiogenesis by reducing cell motility. This inhibition was associated with
decreased activity of Racl and Cdc42 activity, thought to be caused by
cytoskeletal changes induced by the drugs observed in endothelial cells
(Bijman et al., 2006).
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The final class of chemotherapeutic drugs used to treat breast cancers are
platinum-based drugs such as cisplatin (Decatris et al., 2004). Clinically, this
class of drugs has been limited to the triple negative subtype of breast cancers
as studies have shown significant benefits associated with these drugs when
administered in this subtype (Guan et al., 2015, Zhang et al., 2015). Their
primary mechanism of action is very similar to that of alkylating agents in that
they too form intra-strand adducts and inter-strand crosslinks in DNA. Cisplatin
has also been shown to bind RNA and cellular proteins. Interestingly, platinum-
based chemotherapy has been shown to be particularly effective in patients
with BRCA1 mutations or silencing of BRCA1 (Stefansson et al., 2012).

1.2.2.4 Other targeted therapies

Other targeted therapies also exist that can be used to treat breast cancers.
Cyclin dependent kinases (CDKSs) are essential for cell cycle progression and it
has previously been shown that CDK4 and CDKG6 in particular are
overexpressed in breast cancer and may play a particular role in hormone
receptor positive and HER2 positive breast cancers (Malumbres and Barbacid,
2009, Finn et al., 2009, DeMichele et al., 2015). These two CDKs are required
for transition from G1 to S phase of the cell cycle, and several drugs have been
developed to target these kinases, including palbociclib (O'Leary et al., 2016).
This agent has been shown to be well tolerated by patients with significant
increases in progression free survival (PFS) in hormone receptor positive
breast cancer resistant to endocrine therapies compared with hormone
receptor negative breast cancers (DeMichele A et al., 2015). In pre-clinical
models, CDK4/6 inhibitors have also been shown to work well in combination
with HER2-targeted therapies in a bid to overcome resistance to the latter
therapy (Witkiewicz et al., 2014). These two kinases function downstream of
the HER2 receptor and simultaneous inhibition of these kinases and the
receptor should lead to increased cell cycle arrest. Similarly, inhibition of PI3K
has also been shown to be successful in the treatment of breast cancers with
mutant PIK3CA as well as those with resistance to HER2-targeted therapies,
and treatments consisting of combinations of CDK4/6 inhibitors with PI3K
inhibitors have been shown to work synergistically (Vora et al., 2014, Wilks,

2015). However, these targeted inhibitors have not yet entered standard
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practice, with PI3K inhibitors still undergoing clinical trials and further
development (Massacesi et al., 2016). Palbociclib has been approved by the
Food and Drug Administration, but only for the treatment of hormone receptor
positive, metastatic breast cancer when given in combination with the
endocrine therapy letrozole (Vidula and Rugo, 2016). Further clinical trials in

breast cancer are ongoing.

Another promising targeted therapy is poly(ADP-ribose) polymerase (PARP)
inhibitors (Lord and Ashworth, 2017). PARP enzymes are DNA damage
sensors and signal transducers that bind damaged DNA and recruit DNA repair
enzymes. As such, PARP inhibitors have been of particular interest in the
context of BRCA mutations, as these mutations adversely affect DNA repair
capabilities (Livraghi and Garber, 2015). Multiple clinical trials investigating the
efficacy of various PARP inhibitors such as olaparib have been performed in
breast cancers, the majority of which only included breast cancers with BRCA
mutations (Livraghi and Garber, 2015, Kaufman et al., 2015, Michalarea et al.,
2016). These clinical trials have showed promising results in terms of a
favourable response of the tumours to the inhibitors and limited off-target
toxicities. Olaparib has been approved for the treatment of ovarian cancer, but
clinical trials are still ongoing for the treatment of breast cancer (Lord and
Ashworth, 2017, Yamaguchi et al., 2018).

1.2.2.5 Therapeutic drugs can be administered as single agents or in

combination

Systemic therapies can be administered as single agents or as combination
therapies. Not only can multiple chemotherapeutic agents be administered
together for example, but chemotherapeutic agents can also be administered in
combination with endocrine therapies or other targeted therapies (Bergh et al.,
2001, Slamon et al., 2001). There are multiple advantages associated with
administering polytherapies. These include increased rates of survival, higher
rates of overall response and longer durations of response. Another potential
benefit of administering multiple therapies is a greater chance of overcoming
resistance or preventing its development (Masui et al., 2013). A well-known
example of this is in HER2-targeted therapies. Addition of a HER2 targeting

agent such as trastuzumab to chemotherapy led to increased patient response
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rates compared with chemotherapy or HER2 targeting therapies alone (see
section 1.2.2.2).

There are, however, disadvantages to administering multiple therapeutic
agents as opposed to only single agents. Administration of polytherapies is also
associated with increased toxicities such as leukopenia and anaemia. For
example, when the HER2-targeted therapy trastuzumab was given in
combination with a chemotherapy regimen consisting of an anthracycline and
cyclophosphamide, when compared with chemotherapy alone, 27% versus 8%
of patients experienced some cardiac dysfunction. For patients who were
administered paclitaxel alone, 1% experienced cardiac dysfunction whereas
13% experienced this side effect when administered a combination of paclitaxel
and trastuzumab (Slamon et al., 2001, Beslija et al., 2003). As such,
recommendations have been made regarding the use of single agent therapies
versus polytherapies. In metastatic breast cancer, these involve taking into
consideration patient prognosis, symptom control and toxicity profiles with the
ultimate goal being optimising the quality and quantity of life (Beslija et al.,
2003). It has been suggested that in metastatic breast cancer, single agent
therapies are a reasonable option when the primary goals are to limit drug
toxicity whilst maximising the quality of life. This was considered particularly
relevant for those patients with tumours that are ER negative and whose

disease is only slowly progressive.

There are two main approaches that can be taken when administering
polytherapies, and the use of these is partly dependent on the patient (Miles et
al., 2002, Beslija et al., 2003, Bergh et al., 2001). Therapeutic drugs can be
administered simultaneously or sequentially. Studies comparing the efficacies
of these two methods of administration have not discovered any significant
differences between the two in terms of overall survival (Bergh et al., 2001).
However, trends have been noticed specifically in patients with liver
metastases that they had better survival rates when administered simultaneous
combination therapies as opposed to sequential therapies (Joensuu et al.,
1998). It was also noticed that in the former approach, the response and time to
progression tended to be better, but these benefits were accompanied by
increased toxicity. Therefore, as with the decision between administering single

agents versus polytherapies, the choice between administering combination
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therapies simultaneously or sequentially is partially dependent on the patient
(Miles et al., 2002). It has been suggested that in the context of metastatic
breast cancer, administration of therapeutic agents simultaneously may be
preferable to administering them sequentially if an urgent reduction in tumour
burden is required. In contrast, sequential therapies may be especially
appropriate in patients who are frail and/or elderly and may not be able to
tolerate the toxicity associated with simultaneous administration of the
therapies. This second approach may also be beneficial for those patients with
slow growing tumours as this method also allows optimal delivery of each
single drug and therefore potentially reduces the risk of toxicity, which may
improve the quality of life (Miles et al., 2002).

The issue of sequential or simultaneous treatments is of particular relevance to
my work here, since in Chapter 6 | have attempted to study the consequences
of initial treatment with one therapy (endocrine) on response to a subsequent
therapy (cytotoxic chemotherapy). In addition, the remainder of my work
involves identification of changes in expression within tumour cells that are
induced by chemotherapy — and it would be possible to consider the
implications of these changes on any subsequent therapies (in the case of my
work, this would most likely be adjuvant endocrine therapy).

1.2.2.6 Adjuvant therapies versus neoadjuvant therapies

Traditionally, systemic therapies are administered post-surgery in the hope of
eradicating any tumour cells remaining locally after removal of the main tumour
mass, as well as any distant sub-clinical metastatic cells (Sonnenblick and
Piccart, 2015). This therapy is known as adjuvant therapy (Zhang et al.,
2013a). However, in more recent years, the administration of systemic therapy
prior to surgery, known as neoadjuvant therapy, has increased (Kaufmann et
al., 2012, Kesmodel, 2016). Chemotherapy and endocrine therapy as well as
other targeted therapies can be administered in the neoadjuvant setting
although chemotherapy is the most commonly administered neoadjuvant option

(Barroso-Sousa et al., 2016).
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1.2.2.6.1 The advantages of neoadjuvant systemic therapies

There are several potential advantages to neoadjuvant therapies. The first is
that the response of the tumour to the administered drug can be monitored
using non-invasive imaging (Kaufmann et al., 2012, Park et al., 2015). This
allows clinicians to observe whether the tumour is sensitive or resistant to the
therapy and allows the opportunity to change the treatment regimen if the
tumour is non-responsive (Porkka et al., 1994, Polyzos et al., 2009). This of
course is not possible when administering adjuvant therapies, since the primary
tumour is not present, and assessments of therapy response can only be made
subsequently based on whether recurrences occur or not (Gonzalez-Angulo et
al., 2007, Sotgia et al., 2017), at which point it is already too late to avoid these

recurrences.

A benefit of being able to monitor tumour response in the neoadjuvant setting is
that there is a high correlation between response and change in tumour size
(Gajdos et al., 2002, Samuel et al., 2018). It is inferred that a good response in
the primary tumour likely indicates a good response in any disseminated
tumour cells as well. Therefore, if there is a large degree of shrinkage of the
primary tumour post-neoadjuvant therapy, it is likely that any disseminated
tumour cells will also have responded very well to the therapy. The association
between incidences of pathological complete response (pCR) and the
associated improved survival of these patients supports this (Mieog et al.,
2007, Gianni et al., 2014). The term pCR broadly refers to the absence of the
primary tumour, although various groups use differing specific definitions. Two
of the definitions used to define pCR are where no residual cancer at all is left
and where no invasive cancer is detected with various degrees of residual
cancer in axillary nodes and non-invasive cancer cells (von Minckwitz et al.,
2012).

Neoadjuvant therapies are also beneficial in cases where the tumour is
responsive to the treatment and results in tumour shrinkage (Goble and Beatrr,
2003). At diagnosis, some tumours are deemed inoperable due to advanced
lymph node involvement (EI-Charnoubi et al., 2012). Neoadjuvant therapy may
successfully treat affected lymph nodes, thus rendering the tumour operable.
Similarly, a tumour that once required a complete mastectomy could only

require breast-conserving surgery following neoadjuvant treatment (Mauri et al.,
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2005). In the best cases, neoadjuvant therapies can sometimes even result in
pPCR. This occurs in 3-18% of cases. The likelihood of pCR depends on a large
number of factors such as tumour subtypes, stage of disease, the patient and
definition of pCR used (Cortazar et al., 2012, von Minckwitz et al., 2012).

A third advantage for administering systemic therapies in the neoadjuvant
setting does not have immediate clinical benefits, but rather benefits the
research community. It is clear that the administration of systemic therapies
leads to alterations in gene expression (Magbanua et al., 2015, Klintman et al.,
2016). Some of these alterations cause the tumour to be more sensitive to the
treatment whereas others can cause the tumour to be more resistant (Kim et
al., 2013a, Magbanua et al., 2015). The combinations of all these changes put
together results in tumours responding to the treatment to various degrees or
not responding at all. These changes in gene expression can be investigated
only in the neoadjuvant setting as samples from both pre-treatment (biopsy
taken for initial diagnosis) and/or post-treatment (resection from surgical
removal of the tumour) are available, in cases where pCR is not achieved
(Gonzalez-Angulo et al., 2012, Bhola et al., 2013).

The ability to determine gene expression changes associated with systemic
therapies has many advantages. Together with clinical follow-up data, different
gene expression changes can be used as signatures to determine what
changes are associated with numerous factors such as disease free survival,
overall survival and response to subsequent therapies if any (Ayers et al.,
2004, Magbanua et al., 2015). As such, the molecular response of tumours can
be correlated with the observed clinical response and give a greater
understanding of phenomenons such as how resistance is acquired and what
combinations of therapies result in the best outcomes (Rouzier et al., 2005,
Colleoni and Montagna, 2012). Understanding how resistance occurs could
also lead us to strategies that can be used to overcome this resistance such

that more cancers can be treated more successfully.

1.2.2.6.2 Comparing neoadjuvant and adjuvant systemic therapies in the clinical
setting
Several clinical trials have been performed to analyse whether there were any

significant differences between adjuvant and neoadjuvant administration of



21

systemic therapies for primary breast cancer. In one of these studies,
chemotherapy administered to premenopausal patients with tumours too large
for BCS was compared in these two settings (Scholl et al., 1994). In this study,
patients also received radiation therapy and also underwent surgery if tumour
masses remained post-irradiation, irrespective of whether systemic therapies
were administered in the adjuvant or neoadjuvant settings. Where tumour
masses remained post-treatment, surgery was aimed to be as conservative as
possible. Results showed a statistically significant difference in overall survival
of patients between the two treatment arms, with patients who received NAC
having better outcomes than those who received adjuvant chemotherapy.
However, there was no difference in disease free survival (DFS) or rates of

local recurrence.

A meta-analysis published in 2005 (Mauri et al.) considered results from nine
separate randomised trials, including the study described above (Scholl et al.,
1994), in which breast cancer patients were treated either in the neoadjuvant or
adjuvant settings with the same regimen. This study concluded that there were
no significant statistical differences between these two settings in terms of rates
of death, disease progression or recurrences in the form of distant disease.
However, it was noted that neoadjuvant therapies were statistically significantly
associated with an increased risk of loco-regional disease recurrences
compared to adjuvant therapies. This was noted to be of particular importance
if patients received radiation therapy but no surgery. The results from this meta-
analysis could therefore lead to the conclusion that administering systemic
therapies in the adjuvant setting may be superior in terms of disease control,
than in the neoadjuvant setting. It is important to note however, that a treatment
regimen for breast cancer that does not involve surgery is very rare (between
1% and 4% in stages I, Il and IIl) and usually only occurs in stage 1V breast
cancer when distant metastasis is present (Miller et al., 2016).

However, another meta-analysis published two years later (Mieog et al., 2007)
that included data from fourteen randomised trials comparing neoadjuvant and
adjuvant systemic therapies had slightly different conclusions. This meta-
analysis included the studies that were in the former meta-analysis (Mauri et
al., 2005). As with the previous meta-analysis, overall survival was equivalent

in both treatment groups (Mieog et al., 2007). It was noted though, that rates of
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mastectomy were lower in the neoadjuvant group than in the adjuvant group
and that this had no effect on the ability to control local recurrences. NAC was
also associated with fewer side effects such as infectious complications and
cardiotoxicity. When comparing loco-regional recurrences between the two
groups, this meta-analysis excluded trials where it was deemed that patients
received inadequate loco-regional treatment. In the first meta-analysis (Mauri et
al., 2005), data from these trials were included (see above). However, in the
latter meta-analysis (Mieog et al., 2007), data from these trials were removed
from the analysis. Data from the remaining eight studies that reported data on
loco-regional recurrences demonstrated no difference in the rate of loco-
regional recurrences between the neoadjuvant and adjuvant groups. The
results from this meta-analysis could therefore lead to the conclusion that
administering systemic therapies in the neoadjuvant setting may be superior to
the adjuvant setting when considering patient psycho-social outcomes in terms
of increased rates of BCS in the former setting — an outcome usually preferred
by patients. Combining these data with the advantage of being able to monitor
tumour response to the administered therapy in the neoadjuvant setting,
allowing the regimen to be changed if necessary (Porkka et al., 1994,
Kaufmann et al., 2006), it seems there are numerous advantages to

neoadjuvant therapies compared to adjuvant therapies.

1.3 An introduction to microRNASs

MicroRNAs (miRNASs) are short, non-coding RNA sequences typically between
20 and 24 nucleotides in length (Chekulaeva and Filipowicz, 2009). These
single stranded RNA sequences were first identified in 1993 in Caenorhabditis
elegans (Wightman et al., 1993, Lee et al., 1993) and have since been
discovered to regulate gene expression post-transcriptionally (Ambros, 2001).
MiRNAs are now known to repress gene function by inhibiting the translation of
messenger RNAs (mRNAs) and/or targeting mRNAs for degradation (Fabian et
al., 2010, Meijer et al., 2013). However, in more recent years, evidence has
suggested that miRNAs may also be able to up-regulate gene expression
(@rom et al., 2008).
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1.3.1 MiRNAs are expressed as primary transcripts and are

processed to form mature miRNASs

Genes encoding miRNAs have been located in transcription units containing
clusters of distinct miRNAs as well as transcription units that also encode
proteins (Carthew and Sontheimer, 2009). MiRNA genes can be found in the
introns of protein-coding genes and both introns and exons of non-coding
genes (Rodriguez et al., 2004). MiRNA genes can also be found in intergenic
regions (Kim and Nam, 2006). Genes are typically transcribed by RNA
polymerase Il, and transcripts are capped and polyadenylated and form double-
stranded structures known as primary miRNAs (pri-miRNAs) (Carthew and
Sontheimer, 2009). These products are processed by the Drosha-DGCR8
complex (Han et al., 2004). Drosha is a nuclear RNase Il enzyme that cleaves
the pri-miRNA to form precursor mRNAs (pre-miRNAs) that form hairpin
structures. DGCRS is an essential component of the complex: it contains two
double-stranded RNA binding sites. The pre-miRNAs are exported from the
nucleus in a Ran-GTP dependent manner, mediated by Exportin-5 (Murchison
and Hannon, 2004).

Once in the cytoplasm, the pre-miRNAs are further cleaved by a second RNase
[l enzyme known as Dicer, to form the mature miRNA duplex. As with the
Drosha-DGCR8 complex, the involvement of TRBP, known to contain three
double-stranded RNA binding domains, has been shown to be essential in this
process (Chendrimada et al., 2005). One strand of the duplex (the guide
strand) is designated to be loaded onto the RNA-induced silencing complex
(RISC) to form the miRISC, whilst the second strand (the passenger strand) is
degraded (Winter et al., 2009). There is a bias present as to which strand is
selected as the guide strand. This bias has been shown to be influenced by the
thermodynamic properties of the two strands of the pre-miRNA duplex
(Khvorova et al., 2003).

The process of miRNA biogenesis is shown in Figure 1.3.1.
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Figure 1.3.1: Biogenesis of miRNAs

MiRNAs are transcribed by RNA polymerase (Pol) Il and capped and
polyadenylated. They are then processed by the Drosha-DGCR8 complex
before being exported from the nucleus in a process mediated by Exportin
5. The mature miRNA duplex is formed by the Dicer enzyme before the
guide strand is loaded into the RISC. This complex containing the mature
MiRNA strand can then target mMRNA transcripts.

1.3.1.1 MiRNA nomenclature

When the guide and passenger strands of miRNAs were first identified, the
standard nomenclature used to differentiate between the two strands was a
symbol following the miRNA name to denote the passenger strand (Griffiths-
Jones, 2004). However, after it was discovered that different strands were used
as a passenger or guide in different tissues (Bhayani et al., 2012), the ™
system was found to be unhelpful. Therefore, the ‘-5p’ and ‘-3p’ suffix system
was put in place to denote the 5’ strand and the 3’ strand of the duplex

respectively (Kozomara and Griffiths-Jones, 2014).

MiRNA nomenclature is further complicated by the fact that some mature
miRNAs derived from different genes can differ at only one or two positions in
their sequence (Griffiths-Jones, 2004). These miRNAs are differentiated by a
letter suffix, for example miR-26a and miR-26b. Alternatively, some identical

mature miRNAs have different genomic origins. These are differentiated by a
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number suffix, for example miR-19b-1 and miR-19b-2 (Moreno-Moya et al.,
2014).

Finally, miRNA families also exist. A family refers to a group of miRNAs that
derive from a common evolutionary ancestor and normally have similar
physiological functions (Zou et al., 2014). However, their primary sequence is

not always conserved, nor is their secondary structure.

1.3.1.2 MiRNAs identify their targets via a seed sequence

The miRISC complex, composed in part by argonaute proteins (Ago) (Liu et al.,
2005), recognises the 3’ UTR of target mMRNAs by virtue of the seed sequence
of the miRNA (the sequence of nucleotides in positions 2-8 numbering from the
5" end) (Brennecke et al., 2005, Wilczynska and Bushell, 2015). More recently,
miRNAs have also been shown to recognise sequences in the 5’ UTR (drom et
al., 2008) as well as the coding region (Hausser et al., 2013). Evidence also
exists of miRNAs binding their targets via their central regions rather than the
seed region (Matrtin et al., 2014). However, most binding is still thought to occur
between the seed sequence of the miRNA and the 3’'UTR of the target mMRNA.
Because sequence complementarity between a miRNA and its target mRNA is
only required in a limited number of positions (the prototype being the seven
positions in the seed region), each miRNA has many potential targets in terms
of complementarity alone (Wilczynska and Bushell, 2015). It has previously
been noted however, that a surprising number of miRNA genes are located
under the transcriptional control of their target genes (Carthew and Sontheimer,
2009). The location and transcription of miRNA genes could therefore provide
clues as to some of their mRNA targets beyond simple sequence

complementarity.

1.3.2 MiRNAs post-transcriptionally regulate gene expression

Translational repression of target mMRNAs by miRNAs is still a relatively poorly
understood process. However, evidence has shown that this step is essential
for mMRNA degradation (Meijer et al., 2013), but that not all MRNAs are
ultimately degraded — some miRNA-repressed mRNAs can be translationally
reactivated (Wilczynska and Bushell, 2015). Inhibition of translation involves

MiRNASs preventing the formation of the elF4F initiation complex. This is
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achieved by the binding of the RNA helicase elF4A2 to the CCR4:NOT
deadenylase complex (Meijer et al., 2013). This process requires not only the
presence of the miRNA target site in the 3’ UTR of the mRNA, but also
secondary structures in the 5" UTR. These secondary structures are hairpin
loops, the complexity of which seems to contribute to the efficiency of miRNA-
mediated repression of MRNAs (Ricci et al., 2013). In some cases, translational
repression is followed by the deadenylation and eventual degradation of the
MRNA (Djuranovic et al., 2012). This process occurs in specific processing
bodies (P bodies) and the complex is directed to these sites by the Ago
proteins (Behm-Ansmant et al., 2006). The degradation of mMRNAs by miRNAs
requires the GW182 protein, which has been shown to interact with the Ago
proteins, as well as the decapping DCP1:DCP2 complex and the CCR4:NOT
deadenylase complex. It has previously been shown that a switch can be made
between translational repression and degradation of mMRNAs when bound by
miRNAs (Horman et al., 2013). Phosphorylation of Ago2 at S387 was shown to
facilitate the interaction of this protein with GW182, resulting in increased
localisation of mMIRNA:mRNA complexes to P bodies. This phosphorylation, by
Akt3, increased translational repression of target mMRNAs and decreased
degradation.

1.3.3 MiRNAS in cancer

1.3.3.1 Differential expression of miRNAs in breast cancer

Dysregulation of miRNA expression has been observed in multiple cancer
types including chronic lymphocytic leukaemia, lung cancer and breast cancer
(Calin and Croce, 2006). Despite the thousands of miRNAs that we now know
exist, we still know relatively little about what role individual miRNAs play in the
pathogenesis of cancers (Palanichamy and Rao, 2014). However, individual
mMiRNAs have been labelled as oncogenic, as their expression is generally
increased compared to normal levels and are known as oncomiRs (Esquela-
Kerscher and Slack, 2006). Other miRNAs have been labelled as tumour
suppressors, with their expression generally decreased compared to normal

levels. The functions of these miIRNAs are presumed to be the results of the
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mMiRNAs acting through their mRNA targets: either tumour suppressors or

oncogenes respectively.

In breast cancer, many different miRNAs have been implicated in influencing
tumour progression, either by promoting or by inhibiting metastasis and by
increasing sensitivity or resistance to systemic therapies (Corcoran et al.,
2011). Numerous miRNAs have been associated with breast cancer including
increased expression of miR-21 and miR-155 (Volinia et al., 2006), and
decreased expression of let-7 and miR-10b (lorio et al., 2005) relative to non-
cancerous expression. Interestingly, specific miRNAs have been associated
with the differential receptor expression used for subtyping breast cancer (lorio
et al., 2005). These include the miR-26 and miR-30 families with increased
expression in ER positive tumours compared to ER negative tumours, and let-
7c and specific members of the miR-30 family with increased expression in PR
positive tumours compared to PR negative tumours. It is important to note that
in both of these profiling studies, total RNA was isolated from whole tumour
samples containing all cell types, therefore these differential expressions

cannot confidently be assigned to the tumour epithelial cells alone.

MiIRNA expression profiling studies have also been performed on breast
tumours that have taken into consideration which cellular components of
tumours express the dysregulated miRNAs. In one of the first of such studies,
whole tumour samples initially underwent miRNA expression profiling
compared with normal tissue as described above (Sempere et al., 2007). This
led to the identification of numerous dysregulated miRNAs in the tumour tissue
including increased expression of miR-21 and decreased expression of miR-
145 and miR-451 relative to normal tissue expression. In situ hybridisation
(ISH) experiments were then performed on tissue microarrays (TMAS)
containing breast tissue cores. The miRNAs of interest were targeted in order
to view their localisation. MiR-21 was expressed primarily in luminal epithelial
cells and was occasionally detected in fibroblasts. In contrast, miR-145 was
expressed primarily in myoepithelial cells of lobules and ducts and in the
smooth muscle cells within blood vessels. Of significance, miR-451 was
exclusively expressed in erythrocytes and not in any cancer cells. It was
hypothesised that the significant down-regulation of this miRNA observed in the

whole tumour sample may have simply reflected the fact that tumour
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vasculature is inherently different to normal vasculature. This observation
underscored the importance of assessing not only miRNA expression but also

the localisation of this expression within the tumour mass.

More recent profiling studies have taken the observation of the importance of
MiRNA localisation into consideration. In a study investigating whether
circulating miRNA profiles were reflective of miRNA expression profiles in the
breast tumour, miRNA microarrays were performed using RNA extracted from
plasma samples and tumour tissue samples that had been macro-dissected for
areas enriched for tumour epithelial cells (Cookson et al., 2012). This led to the
identification of let-7b, let-7g and miR-18b as potential biomarkers, with higher
expression levels associated with breast tumours to normal breast tissue. In a
separate study investigating the different miRNA expression profiles associated
with breast cancers in different ethnic backgrounds, RNA was also extracted
from tumours that had been macro-dissected for areas enriched for tumour
epithelial cells (Pollard et al., 2018). Nine miRNAs were differentially expressed
across the four ethnic groups. Tumour epithelial cells taken from patients of
Nigerian origins had increased expression of miR-140-5p, miR-194 and miR-
423-5p relative to other ethnic groups, whereas increased expression of miR-
101 was observed in the Indian group. It may, however, be worth emphasising
that although macro-dissection was performed to select areas of tumour
enriched for epithelial cells, other cells present in these areas were also

included in the analyses and may therefore skew some results.

It has been noted that many miRNA genes are located in fragile chromosome
locations and cancer-associated genomic regions (Calin et al., 2004), and that
this may contribute to aberrant expression of miRNAs. For example, miR-335,
located at 7g32.2, is commonly genetically deleted in breast cancers (Png et
al., 2011). However, it was also observed that the promoter also underwent
hypermethylation in every metastatic derivative obtained from the patients’
malignant cell populations (Png et al., 2011). Since then, polymorphisms in the
mMiRNAs themselves have been identified, such as in miR-196a2, where a
specific single nucleotide polymorphism (SNP) was observed to increase the
risk of breast cancer in individuals who were homozygous for this allele (Gao et

al., 2011). However, evidence linking specific polymorphisms in miRNAs with
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breast cancer risk is controversial as meta-analyses and confirmatory studies

often do not obtain the same results (Mulrane et al., 2013).

Polymorphisms in miRNA target binding sites have also been identified. A SNP
in ITGB4 at a potential binding site of miR-34a correlated with decreased
survival in ER negative breast cancers (Brendle et al., 2008). Interestingly,
polymorphisms in genes coding for proteins required in the miRNA biogenesis
pathway, as well as other causes leading to aberrant expression and/or
function of proteins, such as DICER1 and AGO2 have also been associated
with breast cancer risk (Blenkiron et al., 2007, Sung et al., 2012). It is evident
that aberrant miRNA expression contributes to numerous processes in cancer
and evidence has shown that regulation of miRNA expression is complex. This
involves genetic and epigenetic factors of not only the miRNAs themselves but
also the genes required for miRNA processing and function. Further study is
clearly required to understand the exact mechanisms behind miRNA function in
cancer, with a view to identifying novel therapeutic targets (Corcoran et al.,
2011, Liu, 2012, Mulrane et al., 2013).

1.3.3.2 Functions of dysregulated miRNAs in breast cancer

Some miRNAs function as suppressors of metastasis, including miR-335
(Tavazoie et al., 2008). Expression of this miRNA was absent in the majority of
breast cancer patients who suffered relapses and this loss of expression was
associated with poor metastasis-free survival. Investigations into the
mechanism by which miR-335 supresses metastasis led to the identification of
two mRNA targets. These were the products of the metastasis-associated
genes SOX4 and TNC.

Other miRNAs are oncomiRs, including miR-155 (Jiang et al., 2010).
Expression of this miRNA has been shown to be increased in a number of
cancer types including breast. As such, a search for mMRNA targets of this
MiRNA resulted in the identification of SOCSL1. Investigating miR-155 and
SOCSL1 expression in both breast cancer cell lines and primary breast tumours
showed an inverse correlation in expression of these two RNAs. In vitro studies
showed that increased expression of miR-155 led to increased cell proliferation.
Similar results were observed when SOCS1 was knocked down. Interestingly,

in tumours from two patients, increased expression of both miR-155 and
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SOCS1 was observed. Further investigations revealed a SNP in the 3’-UTR of
SOCSL1 at the miR-155 binding site, thus demonstrating that although miRNA
expression may be dysregulated, expression of target MRNAs may not be
affected if binding by the miRNA is inhibited.

However, dysregulation of miRNA can be complex. Although miR-10b had
previously been shown to have decreased expression in breast cancer relative
to normal breast tissue (lorio et al., 2005), subsequent studies revealed that
this miRNA acts as a promoter of metastasis, with over-expression resulting in
non-metastatic breast cancer cells converting to a metastatic phenotype (Ma et
al., 2007). This phenotype was a result of miR-10b targeting HOXD10, leading
to increased expression of the pro-metastatic gene RHOC. In the initial profiling
study where decreased expression of miR-10b was observed relative to normal
tissue, RNA was extracted from whole tumour tissues (lorio et al., 2005).
However, the subsequent functional study was performed only in tumour
epithelial cells (Ma et al., 2007). This again highlights the importance of
performing miRNA expression profiling studies on RNA extracted from specific

tumour components, such as tumour epithelial cells.

1.4 Mechanisms of resistance to systemic therapies

Resistance to systemic therapies accounts for 90% of cases of treatment
failure in metastatic breast cancer (Hodges, 2011). The origins of resistance
are not fully understood, although there are two over-arching categories to this
phenomenon. These are the principles of de novo resistance, where tumour
cells are intrinsically resistant to the administered drugs (Li et al., 2008), and
acquired resistance, which refers to tumours where cells initially respond to the
administered therapy but gradually respond less over time. This is due to the
tumours modifying their reliance on the function of the drug targets in order to
escape death, ultimately leading to increased chances of recurrence and can
also cause tumours to become more aggressive (Pogribny et al., 2010, Higgins
and Baselga, 2011, Hazlehurst et al., 2003).

One aspect of de novo resistance is the phenomenon of clonal selection. This
relates to intra-tumour heterogeneity: the fact that tumours are composed of

different populations of cells and that even within cell populations, there are
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differences between cells (Navin et al., 2011, Gerlinger, 2012, Tudoran et al.,
2016). The hypothesis is that within a tumour, certain clones are intrinsically
resistant to the administered therapy, thus surviving and preventing a complete
response to treatment (Burrell and Swanton, 2014). A contributing factor to
both de novo resistance as well as acquired resistance is the presence of
cancer stem cells, which are often resistant to therapies, and cells that undergo
the epithelial-to-mesenchymal transition (EMT) process (Liu and Wicha, 2010,
Giatromanolaki et al., 2011, Jia et al., 2017). The EMT process has been
proposed to be a highly dynamic process, with cells able to pause the process
such that they exhibit properties of both states and can switch back and forth.
This cellular plasticity mediated by EMT allows cells to switch between drug

resistant and sensitive states dynamically (Jia et al., 2017).

Some other contributors to the development of acquired resistance are therapy-
induced changes in gene expression, alternative splicing events, and
mutagenesis of genes with numerous possible consequences including
alterations of target sites and changes in expression (Poulikakos et al., 2011,
Wood, 2015, Nakazawa et al., 2018). These events can lead to altered gene
function, altered drug binding sites, and/or activation and repression of
molecular pathways that contribute to cell survival and cell death respectively.
These therapy-induced changes ultimately lead to increased cell survival, as a

result of acquired resistance to the administered therapy.

Another important mechanism of acquired resistance is therapy-induced up-
regulation of xenobiotic drug transporter expression (Di Nicolantonio et al.,
2005, Kim et al., 2015). Expression of these pumps can be increased in
response to presence of the therapeutic drug. This is a result of the therapeutic
drug inducing expression of drug pumps that then function to pump out any
drugs in the cell, thus preventing the drug from reaching its target (Vasiliou et
al., 2009). Considering the heterogeneous nature of tumours, it seems likely
that acquired resistance is the result of both intrinsic resistant features and

acquired resistance mechanisms.

1.4.1 Molecular effectors of therapy resistance

Alterations in gene expression are a possible mechanism cells use to avoid

destruction by systemic therapies. One example of this is decreased
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expression of the breast cancer susceptibility gene 1 (BRCAL). This gene
contributes to the double strand DNA break repair mechanism (Scully et al.,
1999). Decreased expression of this gene leads to different responses
depending on the treatment administered. For several drugs, deficiencies in
BRCAL expression results in hypersensitivity, whereas for microtubule-
targeting drugs, such as paclitaxel, resistance is encountered (Chabalier et al.,
2006). Deficiencies in BRCAL are found in many cases of familial breast cancer
and are also found in a small percentage of sporadic breast cancer cases
(Kennedy et al., 2004). In some cases this is due to epigenetic changes where
hyper-methylation of the promoter has occurred, and in other cases is due to
genomic changes where copy number deletions and loss of heterozygosity
occur (Rice et al., 2000, Staff et al., 2003, Chabalier et al., 2006). Determining
BRCAL status of patients is therefore important when deciding which systemic
therapies should be administered in suspected cases of familial breast cancer.
However, since BRCAL aberrations are only found in a small percentage of
sporadic breast cancer cases (Ford et al., 1995), patients diagnosed with this
breast cancer type are not routinely tested (Levy et al., 2011, Grindedal et al.,
2017).

Another example of altered gene expression conferring resistance is the
increased expression of the transcription factor FOXML1 in endocrine therapy
resistance in ER positive breast cancer (Bergamaschi et al., 2014). In this case,
the increased expression of FOXML1 is a result of altered transcription rates. A
previous study had noted that increased expression of 14-3-3C (gene name
YWHAZ) in primary tumours was associated with earlier time to recurrence and
metastasis in breast cancer (Bergamaschi et al., 2013) and increased
expression following tamoxifen treatment was found to be a marker of poor
prognosis (Frasor et al., 2006). 14-3-3C was subsequently observed to regulate
FOXM1, acting upstream of this transcription factor (Bergamaschi et al., 2011).
14-3-3C has also been previously shown to influence expression of other genes
that contribute to chemoresistance such as the xenobiotic drug transporter
ABCBL1 (protein name P-glycoprotein) (Liang et al., 2014). Increased FOXM1
protein expression was correlated with significantly reduced survival in ER
positive breast cancer patients and was also associated with an expansion of

the cancer stem-like cell population as well as resistance to endocrine
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therapies (Bergamaschi et al., 2014). FOXM1 regulates the expression of
genes involved in cell proliferation, metastasis and stem cell-like properties,
implying several mechanisms by which tumour cells would be able to overcome

tamoxifen-induced death.

A more indirect mechanism of conferring resistance to therapeutic drugs is
altered expression and function of enzymes that metabolise the drugs. These
include cytochrome P450 enzymes, which are predominantly expressed in the
liver but have also been shown to be expressed in tumour tissues including
breast (Oyama et al., 2004, van Schaik, 2008). These enzymes are responsible
for converting pro-drugs to active drugs and active drugs to their inactive
metabolites. Increased expression of several of these metabolic enzymes has
been observed in breast cancers, including CYP1B1 (Husbeck and Powis,
2002) and CYP2E1 (Kapucuoglu et al., 2003). Evidence shows a role for
CY1B1 in the metabolism of the anti-oestrogen tamoxifen (Crewe et al., 2002),
whereas CYP2EL1 has been shown to contribute to the metabolism of the
chemotherapy agents cyclophosphamide and etoposide (Kawashiro et al.,
1998, Huang et al., 2000). Numerous polymorphisms in the genes encoding
these enzymes have also been identified. The consequences of these
polymorphisms on enzyme function vary. For example, CYP2D6, another
enzyme involved in tamoxifen metabolism (Coller et al., 2002) has humerous
alleles with different functions (van Schaik, 2008). Patients administered
tamoxifen who were carriers of the alleles with reduced or no activity (examples
include CYP2D6*9, *10, *41 and CYP2D6*3, *4, *5 respectively) had shorter
times to recurrence compared with patients administered tamoxifen who were
carriers of alleles with normal functionality (examples include CYP2D6*1, *2,
*35) (Bonanni et al., 2006, Goetz et al., 2007, Schroth et al., 2007). This was
proposed to be due to the decreased ability of the poor metabolisers to

metabolise tamoxifen into its more active forms, such as endoxifen.

A further mechanism by which cells can become resistant to chemotherapeutic
agents is by expressing xenobiotic efflux pumps, which pump out substrates
such as cytotoxic drugs. A well-known family of proteins that perform this
function is the ABC transporter family (Sharom, 2008). These proteins actively
transport substrates across the plasma membrane against the concentration

gradient. The ABC protein family has a wide variety of substrates, although
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there are many overlaps in substrate specificity between individual members
(Massey et al., 2014). These genes are regulated by a number of mechanisms
including epigenetic changes (Reed et al., 2008, Spitzwieser et al., 2016),
genomic changes (Reed et al., 2008, O'Brien et al., 2008) and transcriptional
changes (Ee et al., 2004, Wang et al., 2008).

1.4.1.1 The role of ABC transporters in multi-drug resistance

The ATP-Binding Cassette (ABC) proteins are membrane bound proteins
involved in the efflux of many compounds across the cell membrane.
Substrates include amino acids, metal ions, and sugars, demonstrating the
important role these transporters play in normal cell function. There are forty-
nine known human ABC genes (Vasiliou et al., 2009, Hodges et al., 2011). The
ABC family is subdivided into seven subfamilies, designated A-G, each of
which has specific characteristics. For example, ABCA subfamily members are
predominantly expressed in the central nervous system and several members
of the ABCB subfamily facilitate intracellular peptide transport (Robey et al.,
2009, Fletcher et al., 2010).

However, in cancer, the presence of the ABC transporters can pose a major
problem during systemic treatment as some of the many substrates that can be
transported across the cell membrane by these pumps include
chemotherapeutic drugs (Eckford and Sharom, 2009). This can lead to multi-
drug resistance as these drug pumps lead to an efflux of drug from the cell,
resulting in lower intracellular drug concentrations and increasing the ability of
the cell to overcome damage-induced cell death (Hazlehurst and Dalton, 2006,
Zahreddine and Borden, 2013). Three ABC genes in particular have been
shown to contribute to multi-drug resistance in breast cancer. These are
ABCB1, known also as MDR1 or P-glycoprotein (Pgp), ABCC1, also known as
MRP1, and ABCG2, known also as MXR or Breast Cancer Resistance Protein
(BCRP) (Eckford and Sharom, 2009, Fletcher et al., 2010).

ABCBL1 has numerous chemotherapeutic substrates that include
anthracyclines, taxanes, mitoxantrone and irinotecan. ABCC1 also has several
chemotherapeutic substrates, some of which are in common with ABCB1 such
as anthracyclines and others that are unique such as antifolate antineoplastic

agents. As with the previous two ABC family members, ABCG2 substrates
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include anthracyclines, mitoxantrone and etoposide (Staud and Pavek, 2005,
Gillet et al., 2007, Fletcher et al., 2010). Of these, ABCG2 / BCRP is of
particular relevance to my work since | study its expression and potential

importance in Chapter 6.

1.4.2 Molecular pathways with indirect influence on resistance to

systemic therapies

Resistance to systemic therapies can also be conferred indirectly by altered
activity of molecular pathways. One such pathway is the mitogen-activated
protein kinases (MAPK) pathway, increased activity of which has been
implicated in resistance to numerous systemic therapies. This pathway is
involved in multiple cellular processes including cell proliferation (Zhang and
Liu, 2002). Some of the effectors activated by this pathway that contribute to
this function are c-fos, c-myc and c-jun (Sanchez et al., 1994, Price et al., 1996,
Zhu et al., 2008). Increased expression of these proteins has previously been
observed in breast cancer cells (Walker and Cowl, 1991, Berns et al., 1992,
Zajchowski et al., 2001). Molecular profiling of residual breast tumours post-
NAC identified decreased expression of DUSP4, which was associated with
high rates of cell proliferation post-NAC and the basal-like subtype of breast
cancers (Balko et al., 2012). The DUSP4 protein (MKP2) is a dual-specificity
MAPK phosphatase, which dephosphorylates ERK1/2, p38 and JNK (Lake et
al., 2016). Reduced expression of MKP2 led to increased activation of the
MAPK pathway and reduced response to chemotherapy (Balko et al., 2012).
Further investigations revealed that in the basal-like subtype of breast cancer,
the DUSP4 promoter is more highly methylated than in other breast cancer
subtypes, suggesting one mechanism, an epigenetic change, for the decreased
expression of this protein post-NAC. Increased activity of the MAPK pathway
has also been associated with endocrine therapy resistance (Haagenson and
Wu, 2010).

Another dysregulated pathway implicated in systemic therapy resistance is the
activation of the PI3K pathway, attributed in part to the over-expression and
activation of growth factor receptors and their coactivators, including integrin
receptors and JAK proteins (Garcia-Becerra et al., 2013, Martz et al., 2014).
Similarly to the MAPK pathway, the PI3K pathway also contributes to the
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regulation of cell proliferation, and also aids in the process of evasion of
apoptosis (Ghebeh et al., 2014). Genomic changes involving mutations in
PIK3CA have been observed in breast cancer, mostly consisting of SNPs
(Isakoff et al., 2005). Several of the most studied mutations result in increased
PI3K activity (Altomare and Testa, 2005), thus providing another possible
mechanism by which PI3K pathway activity can be increased, leading to
resistance to systemic therapies.

1.4.2.1 Molecular pathways as novel therapeutic targets

Identification of these dysregulated pathways and understanding the
mechanisms behind the activities of these pathways that lead to
chemoresistance, potentially allows the identification of novel therapeutic
targets. Specific inhibitors of these molecular pathways have already been
developed, although it has been observed that targeting only one pathway can
result in another pathway being activated instead, resulting in continued
resistance to therapies (Mirzoeva et al., 2009). This was reflected when
inhibitors of the MAPK pathway tested in clinical trials yielded limited positive
results in multiple cancers including breast cancer (Rinehart et al., 2004), and
this has since been attributed to tumours being able to circumvent the effects of
these inhibitors on their target expression (Duncan et al., 2012). Simultaneous
administration of inhibitors of the MAPK and PI3K pathways had a synergistic
effect, increasing apoptosis and cell cycle arrest (Mirzoeva et al., 2009). A
more recent phase Ib clinical trial investigating the efficacy of alpelisib, an
inhibitor of the PI3K catalytic subunit p110a (PIBKCA), in combination with the
endocrine therapy letrozole, showed promising results, particularly in patients
with a mutation in PIK3CA (Mayer et al., 2017). Phase Il and Il trials are
ongoing and will hopefully show limited ability of tumours to circumvent the
inhibition of the PI3K pathway.

1.4.3 Altered miRNA expression in systemic therapy resistance

MiRNAs are regulators of gene expression that act at post-transcriptional levels
(see section 1.3.2). A wide range of miRNAs have also been implicated in
therapeutic resistance, typically through their roles in controlling expression of

protein-coding targets that themselves have roles in resistance, although the
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specific targets have not always been identified for each miRNA. MiR-487a was
down-regulated in a variant of the ER positive, breast cancer cell line MCF7
that was resistant to mitoxantrone (Ma et al., 2013). These resistant cells had
increased expression of the drug efflux pump breast cancer resistance protein
(BCRP), which confers multidrug resistance (see section 1.4.1.1). Several
validation experiments demonstrated that miR-487a was able to down-regulate
BCRP expression by binding to the 3’'UTR of the transcript, therefore that the
down-regulation of miR-487a in the resistant cells was contributing to the

resistance by leading to up-regulation of BCRP.

MiRNAs also influence chemosensitivity via other less direct mechanisms such
as evasion of apoptosis and epithelial-mesenchymal transition (EMT) (Kutanzi
et al., 2011, Wang et al., 2015). One of the mechanisms the chemotherapeutic
doxorubicin uses to kill tumour cells is by increased production of reactive
oxygen species (ROS) (see section 1.2.2.3.1). Increased expression of let-7a
increased the chemosensitivity of doxorubicin resistant triple negative breast
cancer cells, an effect that was attenuated when cells were pre-treated with an
antioxidant (Serguienko et al., 2015). This implicated let-7a in ROS production,
although the precise molecular mechanisms were not identified. In a slightly
different mechanism of inhibition of apoptosis, decreased expression of miR-
149 in doxorubicin resistant ER positive breast cancer cells led to increased
expression of its target NDST1 (He et al., 2014a). This increased expression
led to activation of a heparan sulphate pathway that triggered inhibition of
apoptosis.

An example of a miRNA that influences EMT is miR-125b, which was observed
to be down-regulated in paclitaxel resistant ER positive MCF7 and HER2
positive SKBR3 breast cancer cells (Yang et al., 2015). This down-regulation
resulted in mesenchymal features, apparently including drug resistance, due to

increased expression of the miR-125b target SEMA4C.

Interestingly, multiple miRNAs can target the same transcript. PTEN is a
tumour suppressor gene and over-expression of this gene sensitises ER
positive breast cancer cells to doxorubicin by enhancing caspase-3-dependent
apoptosis (Wang et al., 2011). Both miR-19 (Liang et al., 2011) and miR-21
(Wang et al., 2011) have been shown to mediate chemoresistance via PTEN.

Altogether, over sixty miRNA families have been identified as mediators of
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resistance to systemic therapies in breast cancer (Kutanzi et al., 2011). This
emphasises the vast network of small RNAs that could have a major impact on
breast cancer response to systemic treatments that could be exploited when

searching for novel therapeutic targets.

1.5 Hypothesis and Aims

The hypothesis of this project is that the specific molecular changes that occur
during systemic therapy can lead to resistance to chemotherapy. There are two

main aims to this project:

1. To identify molecular changes that occur during neoadjuvant
chemotherapy and determine which of these changes contributes to
chemoresistance and what their mechanisms of function are.

2. To determine whether the up-regulation of the Breast Cancer Resistance
Protein (BCRP) post-neoadjuvant endocrine therapy could lead to
resistance to subsequent chemotherapy.
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Chapter 2: Materials & Methods

2.1 Ethical considerations and patient samples

Ethical approval was obtained from the Leeds (East) Research Ethics
Committee, reference 06/Q1206/180. Tumour samples were available for
research in the form of formalin-fixed paraffin-embedded (FFPE) cancer tissue
blocks archived as part of routine clinical management at St James’ University
Hospital, Leeds (Leeds Teaching Hospitals NHS Trust). Tissue was available
for two patient cohorts: 1) 5 patients diagnosed with ER positive and HER2
negative primary breast cancer at St James’s University Hospital, and who
were treated with a combination of epirubicin and cyclophosphamide (EC) in a
neoadjuvant setting and showed partial resistance to this treatment, as defined
by MRI assessments during treatment and histopathology assessment of the
resection samples. Matched tissues representing diagnostic core biopsies (pre-
neoadjuvant chemotherapy (NAC)) and resections (post-NAC) were available.
2) 305 patients diagnosed with primary breast cancers of all molecular
subtypes at St James’s University Hospital. Patients were diagnosed with
primary breast cancer between 2005 and 2010. Tumour samples were taken
from patients during surgical resection of the tumour without prior systemic
therapies. Patients with incomplete follow-up data including time of recurrence
(if any) and/or death were excluded. Areas of tumour enriched for tumour
epithelial cells were marked by a breast histopathologist (Dr Eldo Verghese,
project supervisor and consultant pathologist at Leeds Teaching Hospitals NHS
Trust) and three cores with a diameter of 0.6mm were taken from each sample

to construct tissue microarrays (TMAS).

2.2 Tissue sectioning and staining of tissues with
Haematoxylin and Eosin (H&E)

Sectioning procedures were different for samples destined for Laser Capture

Microdissection (LCM), or for immunohistochemistry. For LCM, samples were
sectioned at 10um and placed on MembraneSlide NF 1.0 PEN (415190-9211-
000; Carl Zeiss; Oberkochen, Germany) slides. Samples (whole tissue blocks
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for optimisation or tissue microarrays) for immunohistochemistry were
sectioned at 5uM and placed on SuperFrost Plus™ Adhesion Slides
(12625336; Fisher Scientific; Hampton, USA). Following sectioning, slides were

placed on a hot plate at 70°C for 15 minutes to ensure tissue attachment.

Slides to be Haematoxylin and Eosin (H&E) stained were placed in xylene
three times for 3 minutes each. Tissues were then rehydrated using dilutions of
ethanol (100%, 75% and 50%) for 1 minute each followed by distilled water.
Slides were then placed in filtered Mayer's haematoxylin (008011; Thermo
Fisher Scientific; Waltham, USA) for 2 minutes followed by washing with
distilled water until excess haematoxylin had been removed. This was followed
by staining with 1% eosin for 2 minutes and washing again to remove excess
eosin. Tissues were dehydrated again using dilutions of ethanol (75% and 2x

100%) for 2 minutes each and then xylene for a total of 5 minutes.

2.3 Isolation of tumour epithelial cells using Laser Capture
Micro-dissection (LCM)

All samples were viewed by breast histopathologists (Dr Eldo Verghese,
consultant breast histopathologist at Leeds Teaching Hospitals NHS Trust and
co-supervisor for this work, or Professor Andrew Hanby, consultant breast
histopathologist at Leeds Teaching Hospitals NHS Trust) and areas containing
cancer cells were identified. LCM was performed using the PALM® Robot
Microbeam laser microdissection system (P.A.L.M. Microlaser Technologies
GmbH; Bernried, Germany) using the PALM RoboSoftware 3.2, or the
ArcturusXT™ Laser Capture Microdissection System (Thermo Fisher Scientific;
Waltham, USA). Two approaches were used to isolate epithelial cancer cells.
When samples consisted predominantly of epithelial cancer cells, any
unwanted elements such as stroma or Ductal Carcinoma In Situ (DCIS) were
removed from the slides by LCM (Figure 2.3.1A and B) and tumour cells were
later macro-dissected from the slides into micro-centrifuge tubes using a
scalpel. When samples contained smaller patches of epithelial cancer cells,
dissection occurred using LCM directly (Figure 2.3.1C and D) into an Adhesive
Cap 500 clear (415190-9211-000; Carl Zeiss; Oberkochen, Germany) (for use
with the PALM system, or an Arcturus® CapSure® Macro LCM Cap (10284-04;
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Applied Biosystems; Foster City, USA) (for use with the Arcturus system). For
most samples, 10 to 15 sections were used except where very few cells were
present, in which case up to 25 sections were used. When samples contained
smaller patches of epithelial cancer cells, the total areas of tissue that were

LCM dissected were 7-54mm?.

A

Figure 2.3.1: Isolation of tumour epithelial cells using two different LCM
approaches

Two approaches were taken when performing LCM to isolate tumour
epithelial cells — representative pairs of images for each approach are
shown. (A) An example section of tissue highly enriched with tumour
epithelial cells with only small areas of unwanted elements, in this case
stroma. (B) The same section of tissue shown in (A) after removal of
stroma by LCM - the epithelial cancer cells left behind were collected
manually for RNA extraction. (C) An example section of tissue with small
groups of tumour epithelial cells interspersed with many areas of
unwanted elements. (D) The same section of tissue shown in (C) after
direct isolation of the tumour epithelial cells by LCM; RNA was extracted
from these directly isolated cells.
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2.4 Extraction of total RNA from isolated tumour cells from

patient samples

RNA was extracted from cells using the AllPrep DNA/RNA FFPE Kit (80234,
Qiagen; Venlo, the Netherlands). In brief, cells were re-suspended in Buffer
PKD with proteinase K and incubated at 56°C for 15 minutes followed by a 3
minute incubation on ice. Samples were centrifuged for 15 minutes at 20000g
and the supernatant incubated for a further 15 minutes at 80°C. Buffer RLT was
added together with ethanol before applying the sample to an RNeasy
MiniElute spin column. The spin column was washed with Buffer FRN before a
mixture of DNasel and Buffer RDD was added directly to the membrane and
allowed to incubate at room temperature for 15 minutes. The spin column was
washed again with Buffer FRN and the flow-through reapplied to the
membrane. Washing occurred twice with Buffer RPE before being centrifuged
for 5 minutes to dry the membrane. RNA was eluted in RNase-free water and
stored at -80°C.

2.5 Preparation of cDNA for analysis of miRNA expression in

patient samples

To perform reverse transcription of miRNAs, the TagMan™ MicroRNA Reverse
Transcription Kit (4366597; Applied Biosystems; Foster City, USA) was used
following the manufacturer’s protocol. In brief, up to 200ng total RNA in a
volume of 3pl was mixed with the reverse transcription reaction mixture
containing Megaplex™ RT Primers, Human Pool A v.2.1. (4399966; Applied
Biosystems; Foster City, USA) in 0.2ml PCR® Tubes (321-02-501; Axygen;
Corning, USA). The mixture was incubated on ice for 5 minutes before being
placed in a controlled temperature heat block to undergo reverse transcription
(Table 2.5.1). The cDNA was stored at -20°C.
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Table 2.5.1: Conditions for reverse transcription of cDNAs (from miRNAS)

Number of cycles Temperature (°C) Time (mins)
16 2

40 42 1
50 1 second

1 85 5

1 4 0

Since low levels of RNA were extracted from the FFPE samples, pre-
amplification of the cDNA was required. This was performed using Megaplex™
PreAmp Pool A Primers (4399830; Applied Biosystems; Foster City, USA) and
the TagMan® PreAmp Master Mix (4384266; Applied Biosystems; Foster City,
USA) following the manufacturer’s protocol. In brief, the cDNA was placed in a
mixture with the Pool A primers and master mix into 0.2ml PCR Tubes (321-02-
501; Axygen; Corning, USA) before being placed in a controlled temperature
heat block to undergo pre-amplification (Table 2.5.2). The PCR products were
then diluted with 0.1X TE buffer pH8.0 and stored at -20°C.

Table 2.5.2: Conditions for pre-amplification of miRNAs

Number of cycles Temperature (°C) Time (min)
1 95 10
1 55 2
1 72 2
95 15 seconds
12 60 4
1 99.9 10
1 4 o0

2.6 Expression profiling of miRNAs in patient samples

To analyse miRNA content, samples were mixed with TagMan® Universal PCR
Master Mix (4324018; Applied Biosystems; Foster City, USA) and loaded onto
TagMan® MicroRNA Array A cards (4398977; Applied Biosystems; Foster City,
USA). These were amplified on the 7900HT Fast Real-Time PCR System
(Applied Biosystems; Foster City, USA). Each individual sample was
normalised to the mean of all miRNAs expressed within that sample. Those
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mMiRNAs detected in only one of the paired samples for each patient were also
included in the number of miIRNAs either up- or down-regulated on the
condition that the Ct value of the detected sample was a maximum of 38.5.

2.7 Analysis of mRNAs in patient samples using NanoString

Total RNA was either analysed directly or was first reverse transcribed followed
by pre-amplification. Reverse transcription was performed using 1pl
SuperScript® VILO™ Master Mix (11755050; Thermo Fisher; Waltham, USA)
and 50-110ng total RNA, in a total volume of 5ul. Equal amounts of total RNA
were used for matched pre- and post-NAC samples for each patient. The
mixture was incubated at 25°C for 10 minutes, then 42°C for 60 minutes

followed by 85°C for 5 minutes.

Pre-amplification was performed using TagMan® PreAmp Master Mix (4384266;
Applied Biosystems; Foster City, USA) and pooled MTE primers (containing
primers for all genes in the NanoString codeset chosen). Together with all of
the reverse transcription product (5ul), this mixture, in a total volume of 11pl,
was placed in a controlled temperature heatblock (see Table 2.7.1 for

conditions).

Table 2.7.1: Conditions under which Multiplexed Target Enrichment of
cDNA was performed in preparation for analysis by NanoString
Technologies

Step Temperature (°C) | Time
Denaturation 94 10 mins

94 15s
MTE cycles (10x) 60 4 Mins
Hold 4 o

Total RNA or cDNA was sent for analysis using the nCounter® PanCancer
Pathway panel (NanoString Technologies) to the NanoString service, Human
Dendritic Cell Lab, Newcastle University, UK (contact individual was Ms
Anastasia Resteu; Newcastle University, UK). Data were analysed using the

nSolver Analysis Software 3.0 (NanoString Technologies).
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2.8 Drugs used in tissue culture and their storage conditions

Epirubicin hydrochloride (E9406; Sigma; St Louis, USA) was dissolved in
autoclaved water at a stock concentration of 100mM. It was stored at -20°C in
aliquots of 10pl. Docetaxel (01885; Sigma; St Louis, USA) was dissolved in
dimethyl sulphoxide (DMSO) at a stock concentration of 10mM. It was stored at
-20°C in aliquots of 200ul. Tamoxifen (T5648; Sigma; St Louis, USA) was
dissolved in 100% ethanol at a stock concentration of 53.8mM. It was stored at

-20°C in aliquots of 1ml.

2.9 Cell culture

MCF7, T47D and MDA-MB-175 cells were available within the Hughes group,
having been originally purchased from the European Collection of Animal Cell
Cultures. Cell line identities were confirmed (STR profiles, Leeds Genomics
Service) and lines were consistently negative for mycoplasma (MycoAlert
Mycoplasma detection assay, Lonza, Basel, Switzerland). MCF7 and T47D
cells were routinely cultured in Dulbecco Modified Eagle’s Medium (DMEM)
(31966; Gibco® by Life Technologies™; Waltham, USA), and MDA-MB-175
cells were routinely cultured in Leibovitz's L-15 Medium (11415049; Gibco® by
Life Technologies™; Waltham, USA), all supplemented with 10% Foetal Calf
Serum (FCS) (Sigma-Aldrich; St Louis, USA) and 1% Penicillin/Streptomycin
(15070-063; Gibco® by Life Technologies™; Waltham, USA). MCF7, T47D and
MDA-MB-175 cells were routinely grown at 37°C and MCF7 and T47D cells
were also kept in 5% CO.. Cells were passaged when they had reached over
70% confluency. The media was removed and the cells washed with
Dulbecco’s Phosphate Buffered Saline (DPBS) (14190; Gibco® by Life
Technologies™; Waltham, USA). Trypsin solution (0.05% v/v) (15400054;
Gibco® by Life Technologies™; Waltham, USA) was added and cells were
incubated for up to 5 minutes at 37°C. To inactivate the trypsin, fresh media
was added to the cells and — typically — one-twentieth of this volume for MCF7
and T47D cells (split ratio of 1:20) and one-third of this volume for MDA-MB-

175 cells (split ratio of 1:3) was added to a new flask containing fresh media.
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2.9.1 Development of epirubicin resistant MCF7 and T47D cell lines

MCF7 and T47D cells were treated initially with low doses of epirubicin
hydrochloride (E9406; Sigma) or vehicle control (water) and cultured
continuously as described above. Fresh drug was added once a week, with
doses gradually increased over many months such as to avoid excessive cell
killing. MCF7 cells were initially treated with 1nM epirubicin and T47D cells
were initially treated with 10nM epirubicin. Doses were no longer increased
once MCF7 cells were treated regularly with 350nM epirubicin and T47D cells
with 1uM epirubicin.

2.10Transfection of cells with microRNA mimics and hairpin
inhibitors, and siRNAs

Initial studies were performed using microRNA mimics and hairpin inhibitors
(Dharmacon; Lafayette, USA) with mature sequences listed in Table 2.10.1.
Different numbers of cells in different sized wells were used depending on the
end-point assays to be used, as follows. For subsequent RNA extractions and
colony forming assays, cells were plated into each well of 24-well plates, or for
MTT assays, cells were plated into each well of 96-well plates. Cells were
plated for each assay such that they were 70-80% confluent at the time of
transfection. The following day, Lipofectamine 2000 Transfection Reagent
(11668019; Invitrogen; Carlsbad, USA) was used to transfect cells with the
mimics or inhibitors (final concentrations in each complex for each well are
shown in Table 2.10.1) together with equimolar amounts of the appropriate
controls in Opti-MEM Reduced Serum Medium (31985; Gibco® by Life
Technologies™; Waltham, USA). For MCF7 cells, 0.4 times of the final
transfection mixture volume was added of Lipofectamine 2000 (2:5 ratio). For
MDA-MB-175 cells, 0.25 times of the final transfection mixture volume was
added of Lipofectamine 2000 (5:20 ratio). The mixture containing Lipofectamine
2000 and miRNA mimic or inhibitor was in a final volume of 70ul for 24-well
plates and 15ul for 96-well plates. Twice this volume of Opti-MEM Reduced
Serum Medium and one times of this volume of normal media (DMEM for
MCF7 cells and Leibovitz's L15 for MDA-MB-175 cells) was also added to each
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well. Cells were incubated in transfection media for 24 hours, at which point the

transfection media was replaced with normal media.

Biotinylated miIRCURY LNA™ microRNA Mimics or a negative control (47997-
671; Exiqon; Venlo, the Netherlands) were used to transfect MCF7 cells in
T150 tissue culture flasks (CLS430825; Sigma; St Louis, USA) with
Lipofectamine 2000 as described above. This was performed using mimics of
miR-26b-5p and miR-195-5p and were transfected into cells at final

concentrations of 25nM and 15nM respectively in each complex for each flask.

The siRNAs were purchased from IDT (San Jose, USA) and transfected into
cells using the same protocol as was used for the miRNA mimics and inhibitors.

Sequences are found in Table 2.10.2.



48

Table 2.10.1: MicroRNA mimics and hairpin inhibitors used in
transfections

MiRNA
(product
number)

Mimic /
Inhibitor

Sequence of mature target miRNA

MCF7
(nM)

MDA-
MB-
175
(nM)

hsa-miR-
26b-5p
(C-
300501-
07-0005)

Mimic

UUCAAGUAAUUCAGGAUAGGU

25

hsa-miR-
195-5p
(C-
300643-
03-0005)

Mimic

UAGCAGCACAGAAAUAUUGGC

0.5

hsa-miR-
10a-5p
(C-
300549-
03-0005)

Mimic

UACCCUGUAGAUCCGAAUUUGUG

0.05

hsa-miR-
26b-5p
(IH-
300501-
08-0005)

Inhibitor

UUCAAGUAAUUCAGGAUAGGU

12.5

25

hsa-miR-
195-5p
(IH-
300643-
05-0005)

Inhibitor

UAGCAGCACAGAAAUAUUGGC

25

25

hsa-miR-
10a-5p
(IH-
300549-
05-0005)

Inhibitor

UACCCUGUAGAUCCGAAUUUGUG

50

50

Negative
Control
(CN-
001000-
01-05)

Mimic

Propriety sequence

Negative
Control
(IN-
001005-
01-05)

Inhibitor

Propriety sequence
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Table 2.10.2: Sequences of the siRNAs used in transfections

MRNA (reference Sequence of antisense strand
number)

CCDC6 (161436520) | 5 - UGAAAUUCAGACUAAGCUCAUGCAUUA

REEP4 (76776114) 5 - GUAUCUGACCAACACUCAUCCUCGGUG

SEMAGD (76776117) | 5 - UUCUAAGGUACUCAACCUGUAGUAUCU

PRKCD (76776108) |5 - GAUGUUGAAGCGUUCUUUCUGGAAUAU

ARL2 (76776111) 5 - UUUAUUUCACAACUGAGUGAAGGAUGA

2.11Harvesting cells transfected with non-biotinylated miRNA

mimics or inhibitors or sSiIRNAs for RNA extraction

At the appropriate time points, media was removed and the cells washed with
PBS. The cells were then covered with 100ul of BL buffer (Promega; Madison,
USA) supplemented with 1-Thioglycerol (TG) according to the manufacturer’s
instructions (Promega; Madison, USA). Cells were incubated in the buffer for
20 minutes at room temperature with occasional shaking to allow cell lysis to
occur, followed by collection of the buffer mixture that was stored at -80°C until

RNA extraction occurred.

2.12 Extracting total RNA from cells

RNA was extracted using the ReliaPrep™ RNA Cell Miniprep System (Z6012;
Promega; Madison, USA) according to the manufacturer’s instructions. In brief,
isopropanol was added to the BL+TG buffer cell lysate at a final concentration
of 34%. Samples were placed into a ReliaPrep™ Minicolumn. All centrifugation
steps occurred at 120009 unless stated otherwise. Minicolumns were then
washed with RNA Wash Solution. A DNasel mix was freshly prepared
containing Yellow Core Buffer, MnCl2 and DNasel enzyme that was added to
the membrane and left to incubate for 15 minutes followed by addition of
Column Wash Solution and centrifugation for 15 seconds. This was followed by
two washes with RNA Wash Solution. The final centrifugation step lasted 2
minutes. Nuclease-free (NF) water was then added to the membrane and left
for 1 minute before centrifugation for 1 minute at 5500g. Extracted RNA was
stored at -80°C.
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2.13Analysing miRNA expression using real-time quantitative
PCR (individual miRNAS)

RNA samples first underwent reverse transcription, resulting in stable cDNA
samples. This was achieved using the TagMan Reverse Transcription Kit
(4366597; Applied Biosystems; Foster City, USA) according to the
manufacturer’s instructions. In brief, 1-10ng of total RNA was mixed with a
master mix containing dNTPs, reverse transcriptase, RNase inhibitor and
reverse transcription buffer in a total volume of 15pl. Reactions were placed in
a controlled temperature heat block to allow reverse transcription to occur (see
Table 2.13.1 for conditions).

Table 2.13.1: Conditions for miRNA reverse transcription

Temperature (°C) Time (mins)
16 30

42 30

85 5

MiRNA gPCR was performed by combining TagMan 2x Universal PCR Master
Mix, No AmpErase UNG (4324018; Applied Biosystems; Foster City, USA), NF
water, the primers for the miRNA of interest, and the reverse transcription
product in 10pl total volumes, in technical triplicate reactions. The reference
miRNA used was RNU48.

Reactions occurred in MicroAmp® Optical 96-Well Reaction Plates (N8010560;
Applied Biosystems; Foster City, USA) using a QuantStudio 5 Real-Time PCR
System (Applied Biosystems; Foster City, USA). The conditions for the

reactions are shown in Table 2.13.2.

Table 2.13.2: Conditions for miRNA real-time quantitative PCR

Step Temperature (°C) Time (Mins)

HOLD 95 10

40 cycles 95 15 seconds
60 1
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2.14 Analysing mRNA expression using real-time quantitative
PCR

RNA samples first underwent reverse transcription, resulting in stable cDNA
samples. This was achieved using the GoScript™ Reverse Transcription
System (A5001; Promega; Madison, USA) according to the manufacturer’s
instructions. In brief, 0.5-1ug of total RNA was diluted in NF water before
addition of Random Primers in a total volume of 5ul. Samples were then
incubated at 70°C for 5 minutes and placed in ice water immediately after.
Reactions were combined in a total volume of 20ul containing NF water,
GoScript™ 5X Reaction Buffer, MgClz2, PCR Nucleotide Mix and GoScript™
Reverse Transcriptase. Two control reactions were performed: one lacking
Reverse Transcriptase, and one lacking RNA template. Reactions were placed
in a controlled temperature heat block to allow reverse transcription to occur

(see Table 2.14.1 for conditions).

Table 2.14.1: Conditions for mRNA reverse transcription

Temperature (°C) Time (mins) Function

25 5 Annealing

42 60 Extension

20 15 Thermal inactivation of
reverse transcriptase

Quantification of mMRNA levels of genes of interest was performed using the
GoTag® qPCR Master Mix kit (6001; Promega; Madison, USA) according to the
manufacturer’s instructions. In brief, separate mixtures were prepared
containing GoTag® qPCR Master Mix (2X), CXR Reference Dye and forward
and reverse primers for each gene of interest (Table 2.14.2Error! Reference
source not found.). The reference gene used was beta-actin. Reactions
occurred in MicroAmp® Optical 96-Well Reaction Plates (N8010560; Applied
Biosystems; Foster City, USA) in a total volume of 10ul in technical triplicates.
96-well plates were centrifuged for 1 minute at 1000g. Analyses were
performed in the 7500 Real Time PCR System machine (Applied Biosystems;
Foster City, USA) or QuantStudio 5 Real-Time PCR System (Applied
Biosystems; Foster City, USA), using the 7500 System SDS Software (v1.2) or
the QuantStudio 5 Real-Time PCR Software. The conditions under which the

reactions took place are shown in Table 2.14.3.
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Table 2.14.2: gPCR primer sequences for mRNAs

Primer name (Supplier) Primer sequence

Beta-actin Forward (Sigma) 5 —TTCTACAATGAGCTGCGTGTG
Beta-actin Reverse (Sigma) 5 — GGGGTGTTGAAGGTCTCAAA
ABCG2 Forward (Sigma) 5 — CAGGTGGAGGCAAATCTTCGT
ABCGZ2 Reverse (Sigma) 5 — ACACACCACGGATAAACTGA
CCDC6 Forward (IDT) 5 - CTCCAGAAAATATGATGCGTCAC
CCDC6 Reverse (IDT) 5 — CCTCCAGATACTGTGCCATT
PRKAR2B Forward (IDT) 5 —-TCTCTTTTTGGCATTGTTTTTCAC
PRKAR2B Reverse (IDT) 5 - CTACAATCACTGCTACCTCTCC
GNAI3 Forward (IDT) 5 - CATCCTCTGAATAGCCATCCTC
GNAI3 Reverse (IDT) 5 - AAAAAGCGGCCAAAGAAGTG
E2F7 Forward (IDT) 5 - CAATGTCATAGATGCGTCTCCT
E2F7 Reverse (IDT) 5 - GCTCGCTATCCAAGTTATCCC
PRKCD Forward (IDT) 5 - GGATACATGGTCGGCTTCTTC
PRKCD Reverse (IDT) 5 - CATCGCCTTCAACTCCTATGAG
SEMAG6D Forward (IDT) 5 - ACTGGACTTCCCATCGTACA
SEMAGD Reverse (IDT) 5 - TGCTGTTAACCGAAGACTTCT
ARL2 Forward (IDT) 5 - TTAGCAAAGATGAGGAGGGTTG
ARL2 Reverse (IDT) 5 - GAACTACTTTGAGAGCACCGAT
REEP4 Forward (IDT) 5 - GTACATCATCCACCGCACAT
REEP4 Reverse (IDT) 5 - ATGATCTGTCGCCTGGTG

Table 2.14.3: Conditions for real-time quantitative PCR for mRNAs

Number of cycles Temperature (°C) Time (mins)

1 50 2

1 95 10

40 95 15 seconds
60 1

2.15Chemo-survival assays using MTT assays

Cells were seeded at the appropriate density into 96-well plates. For
transfections, target confluency for the next day was 70-80%. For drug
treatments, target confluency for the next day was 90%. The following day,
cells were either transfected with miRNA mimics/inhibitors/controls or target
siRNAs or controls, treated with epirubicin or docetaxel, or transfected and then
treated with epirubicin forty-eight hours later. Survival was assessed using MTT

assays up to 48 hours after chemotherapy treatment. Medium was removed
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and 25ul of 5mg/ml MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazdium
Bromide) reagent (M6494; Invitrogen; Carlsbad, USA) was added. Cells were
then incubated at 37°C in 5% COz2 in the dark for four hours followed by
removal of the MTT reagent and addition of 50ul 100% isopropanol. Plates
were then placed on a shaker for 15-30 minutes and absorbance was read at
570nm using a Mithras LB 940 Multimode Microplate Reader (Berthold
Technologies; Bad Wildbad, Germany).

2.16 Colony forming survival assays

Cells were transfected with miRNA mimics/inhibitors/controls or targeting
siRNAs or controls as described in section 2.10. Forty-eight hours post-
transfection, MCF7 cells were treated with 30nM epirubicin for twenty-four
hours, or MDA-MB-175 cells were treated with 300nM or 600nM epirubicin for
twenty-four hours. After treatment, cells were removed from the wells using
trypsin as described in section 2.9, and re-seeded at low density in 6-well
plates (technical duplicates for each condition). For MCF7 cells, 100 cells were
plated per well, while for MDA-MB-175 cells 200 cells per well were plated.
Importantly, MDA-MB-175 cells were re-plated in medium that had been pre-
conditioned by MDA-MB-175 cells; this medium was prepared by being placed
on confluent MDA-MB-175 cells for twenty-four hours and then being removed
and centrifuged to ensure no carry-over of cells. This conditioned medium was
prepared fresh where possible. When not possible, conditioned medium was
prepared and stored at -20°C. Following plating, cells were incubated under
standard culture conditions for fourteen days to allow colonies to grow. These
plates were incubated in an incubator dedicated to colony forming assays,
which was opened minimally during experiments; this was important to ensure
that growing colonies were not disturbed and thereby avoid single colonies

being split into multiple smaller colonies.

After fourteen days, growth media was removed and cells washed with DPBS.
Cells were then fixed and stained simultaneously using the following solution
containing 5mg/ml crystal violet (V5265-500ML; Sigma; St Louis, USA): 30%
water, 50% methanol, and 20% ethanol. After four minutes, the solution was

removed and colonies were washed twice with de-ionised water. The plates
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were then air-dried before the number of colonies for each condition was
manually counted. Tight groups of at least 30 cells were considered to be
colonies. To validate the reproducibility of colony counts, a second count of ten
plates was performed by Lisa Allinson (LA; a PhD student colleague at the
University of Leeds) who had also performed colony forming survival assays in
MCF7 cells. Results are shown in Figure 2.16.1, with a R? value of 0.999,
demonstrating that counting of colonies was highly reproducible.

350 1
R?=0.999 @o®

Number of colonies (DB)

100 150 200 250 300 350
Number of colonies (LA)

Figure 2.16.1: Raw colony counts are highly reproducible

Ten plates of colony forming assays were counted by both Lisa Allinson
(LA) and the author (DB). Raw counts were plotted and a line of best fit
drawn, with the correlation coefficient calculated.

2.17Pulldowns of biotinylated-miRNA mimic transfected cells

and RNA preparation

Initially, it was necessary to block the streptavidin-coated agarose beads to be
used in the pulldowns with non-specific RNA and protein, in order to reduce
background recovery. Pierce High Capacity Streptavidin Agarose beads
(20357; Thermo Fisher Scientific; Waltham, USA) were blocked in aliquots of
50ul of slurry. 500ul of ice-cold lysis buffer was added to each aliquot in a 1.5ml
microcentrifuge tube. These were centrifuged at 12000g for 30 seconds before
being washed in lysis buffer and centrifuged again. The beads were then
resuspended in 50ul lysis buffer and final concentrations of 1mg/ml tRNA
(AM7119; Ambion; Foster City, USA) and 1mg/ml albumin (acetylated from
bovine serum) (B2518-10MG; Merck; St Louis, USA) were added. This mixture

was incubated with rotation at 4°C for 3 hours. The beads were then washed
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twice with 300yl ice-cold lysis buffer before being resuspended in 100ul ice-

cold lysis buffer.

MCF7 cells were transfected with biotinylated miRNA mimics as described in
section 2.10. Twenty-four hours post-transfection, cells were harvested with
trypsin and washed twice with ice-cold PBS and centrifuged at 400g for 5
minutes to form a pellet that was resuspended in ice-cold 1.5ml lysis buffer
(see Appendix A.1). This resuspension was vortexed, placed on ice for 20
minutes and vortexed again. The mixture was then centrifuged at 120009 for 15
minutes at 4°C. The majority of the supernatant (except 50ul that was kept
aside as an input control) was added to 100ul blocked Streptavidin Agarose
beads and incubated whilst rotating for 4 hours at 4°C. The mixture was then
centrifuged at 120009 for 1 minute at 4°C and the supernatant removed. The
beads were washed five times with 1ml ice-cold lysis buffer. After the final
wash, beads (and the input control samples) were resuspended in 100ul ice-

cold lysis buffer.

To extract total RNA, 500ul TRI-Reagent (T9424; Sigma; St Louis, USA) was
added to each sample and incubated at room temperature for 5 minutes whilst
mixing occasionally. Then, 100ul chloroform (10332702; ACROS Organics;
Hampton, USA) was added and the mixture was shaken vigorously for 30
seconds before centrifuging at 4°C for 15 minutes at 16000g. The aqueous
phase was transferred to a fresh tube and 5ul GlycoBlue Coprecipitant
(AM9515; Ambion; Foster City, USA) was added. RNA was precipitated in 2.5
volumes of 100% ethanol and 0.1 volume of sodium acetate (S7899; Sigma; St
Louis, USA) at -80°C overnight.

The next day, the mixtures were centrifuged at 4°C for 30 minutes at 16000g.
The supernatant was removed and the pellet washed in 1ml 75% ethanol
followed by vortexing and centrifugation at 4°C for 15 minutes at 16000g. This
wash step was repeated once. After the second, the ethanol was removed and

the pellet was air-dried before being resuspended in 13ul NF water.
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2.18Library preparation for RNA-Seq

Samples of total RNA were first depleted of rRNA using the Ribo-Zero Gold
rRNA Removal Kit (MRZG12324; lllumina; San Diego, USA) according to
manufacturer’s instructions. In brief, rRNA binding buffer and removal mix were
added to total RNA before denaturation at 68°C for 5 minutes, in a total volume
of 15ul. For the input RNA samples, 438-511ng total RNA was used, and for
the pulldown RNA samples, 102-122ng total RNA was used. rRNA removal
beads were then added and binding allowed to occur for 1 minute at room
temperature before the supernatant was cleaned using RNAClean XP beads
and washing with 70% ethanol followed by elution in 11pl Elution Buffer. This
elution was further processed by the addition of an equal volume of Elute,
Prime, Fragment High Mix and the mixture incubated at 94°C for 8 minutes
followed by a brief centrifugation to mix any condensation with the rest of the

mixture.

The whole volume of rRNA-depleted RNA samples then underwent first strand
cDNA synthesis using SuperScript Il Reverse Transcriptase and First Strand
Synthesis Act D Mix in a total volume of 25ul followed by incubation at 25°C for
10 minutes, 42°C for 15 minutes and 70°C for 15 minutes.

Second strand cDNA synthesis was then performed by adding 20ul Second
Strand Marking Master Mix to the first strand cDNA synthesis product and
incubation at 16°C for 1 hour. The sample was then cleaned using 90ul
AMPure XP beads and 80% ethanol followed by resuspension in 17.5ul

Resuspension Buffer.

Following cDNA synthesis, adenylation of the 3’ ends was performed in order to
facilitate ligation to the unique sequence adapters using 12.5ul A-Tailing Mix in
a total volume of 30ul followed by incubation at 37°C for 30 minutes and 70°C
for 5 minutes. This was followed by ligation of the indexing adapters unique to
each sample using 2.5ul RNA Adapter Indexes and 2.5l Ligation Mix, followed
by incubation at 30°C for 10 minutes. 5ul Stop Ligation Buffer was added to
inactivate the ligation, followed by two washes using 80% ethanol and AMPure

XP Beads. Samples were eluted in 20ul Resuspension Buffer.

Samples then underwent PCR amplification specific for those DNA fragments

with adapter molecules on both ends using the PCR Primer Cocktail and PCR
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Master Mix in a total volume of 50ul and incubation at 98°C for 30s and 15
cycles of 98°C for 10 seconds, 60°C for 30 seconds and 72°C for 30 seconds
followed by incubation at 72°C for 5 minutes. Samples were cleaned using 50pl
AMPure XP Beads and 80% ethanol and eluted in 30ul Resuspension Buffer.

Samples were quantified using the Quanti-iT™ High Sensitivity dsDNA Assay
Kit (Q33120; Life Technologies; Carlsbad, USA) and Qubit® 2.0 Fluorometer
(Q32866; Life Technologies; Carlsbad, USA). To assess the presence of only
library prepared fragments and no primer dimers in the final samples, the
quality of the samples was assessed using the Agilent 2200 TapeStation using
the High Sensitivity D1000 ScreenTape (Agilent; Santa Clara, USA). Samples
were sequenced combined in a single lane of paired end sequencing using the

lllumina HiSeq 3000 sequencing platform (San Diego, USA).

2.19Analysis of RNA-Seq data

All analyses described here were performed by Dr James Poulter (a colleague
at the University of Leeds). FASTQ files were aligned to the human genome
using a FASTA reference file using the Spliced Transcripts Alignment to a
Reference (STAR) software (Dobin et al., 2013). This was performed using the
two pass alignment method that has been shown to permit higher sensitivity of
novel splice junction detection than the single pass alignment method
(Veeneman et al., 2016). Header and Read Groups were then manually added
to the SAM files using Picard Tools (Broad Institute; Cambridge, USA) to label
individual samples. Quality control of data was performed using FastQC
(Babraham Institute; Cambridge, UK) before and after removal of adapter
sequences, primers and poly-A tails using Cutadapt software (Martin, 2011). All

samples passed quality control.

Differential expression of genes in samples containing targeting miRNA bait
compared with samples with a non-targeting miRNA bait was performed using
two different methods. The first method involved using the Model-based
Analysis of ChIP-Seq (MACS2) algorithm (Zhang et al., 2008), which identifies
enriched regions of sequence, detecting these regions as peaks. A p value for
each peak is calculated using a dynamic Poisson distribution that takes into

consideration read background levels. This software was designed to analyse
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ChIP-Seq data. My RNA-Seq data was analysed using this software on the
basis that the experiment was performed using a pulldown method and
included samples from both input and pulldown samples. As this software
identifies peaks of read counts above the background level, another factor
taken into consideration was the fact that there would be many more reads of
genes bound to the miRNA bait than any other reads and should therefore be
easily identified by the MACS2 algorithm as peaks.

The second method used DESeq (EMBL; Heidelberg, Germany), an R package
that can be used to test for differential expression of genes by use of the
negative binomial distribution (see Appendix B for commands used). This also
involved the use of featureCounts to annotate the reads with the corresponding
gene identification using hg38 as a reference, to ensure only read pairs were
counted as paired end sequencing was performed, and to ensure chimeric
fragments (fragments with two reads mapped to different chromosomes) were
not counted. Differential expression of genes was calculated after read counts
were normalised to the total number of reads in each sample i.e. pseudocounts
for each test (miR-26b targets compared with non-targeting miRNA targets, and
miR-195 targets compared with non-targeting miRNA targets). Differential
expression of genes was calculated between input samples and between

pulldown samples.

2.20Staining for REEP4 and SEMAGD in breast cancer tissue

samples by immunohistochemistry (IHC)

Immunohistochemistry was performed on tissue microarrays (TMAS) containing
breast cancer tissue samples. TMAs were constructed by Ms Stacey Jones
(colleague at University of Leeds).

Immunohistochemistry was performed by the author and by Dr Filomena
Esteves (colleague at University of Leeds). Sections were dewaxed and
hydrated by being placed in xylene three times for 3 minutes each followed by
100% ethanol for 1 minute each and finally running tap water for 5 minutes.
Antigen retrieval was performed using a 10mM citrate buffer pH6.0 and heating
in a 900W microwave for 10 minutes followed by rinsing in tap water.

Endogenous peroxidase was then blocked using 0.3% hydrogen peroxide
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solution for 10 minutes before being rinsed in running tap water for 5 minutes.
Sections were then blocked using 100ul antibody diluent (003218; Invitrogen;
Carlsbad, USA) before addition of the primary antibody and incubation in a

humidified chamber. See Table 2.20.1 for concentrations of primary antibody

used.

Table 2.20.1: Primary antibodies used for IHC and the dilutions at which
they were used

Antigen | Antibody Dilution (Time)

Anti-REEP4 (rabbit) (ab237689; .
REEP4 Abcam: Cambridge. UK) 1:1000 (1 hour)

Anti-SEMAG6D (N-terminal) (rabbit)

SEMABD | (ah108745; Abcam; Cambridge, UK)

1:25 (overnight at 4°C)

The following day, sections were washed twice for 5 minutes each with 1x Tris-
Buffered Saline with 0.1% Tween 20 (TBST) (see Appendix A.5) followed by
washing for 5 minutes with 1x Tris-Buffered Saline (TBS) before addition of the
secondary antibody: SignalStain® Boost IHC Detection Reagent (HRP, Rabbit)
(8114P; Cell Signaling Technology; Danvers, USA) was added so as to cover
the section and allowed to incubate in a humidified chamber for 30 minutes at
room temperature. Sections were then washed as before with TBST and TBS
followed by addition of 3,3’-diaminobenzidine (DAB) working solution using the
SignalStain® DAB Substrate Kit (8049P; Cell Signaling Technology) and
incubation at room temperature for 1-5 minutes until brown staining developed.
Sections were then rinsed in running tap water for 5 minutes before
counterstaining with Mayer’s Haematoxylin (HSTO011; Solmedia; Shrewsbury,
UK), washing in running tap water for 1 minute and blueing in Scott’s tap water
(see Appendix A.4) for 1 minute and another 1 minute wash in running tap
water. Finally, sections were dehydrated once again using 3x 100% ethanol for
a total of 4 minutes and 3x xylene for 1 minute each before coverslips were
mounted using DPX. Slides were scanned using an Aperio Digital Pathology

Scanner (Leica; Wetzlar, Germany).
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2.21Analysis of REEP4 and SEMAGD expression in patient

samples

Of the 305 cases, 42 were scored for each antigen separately by myself and Dr
Eldo Verghese (consultant breast histopathologist at Leeds Teaching Hospitals
NHS Trust and co-supervisor for this work) from the same digital images.
Staining for both antigens was largely cytoplasmic, with scoring an assessment
of staining intensity. Scoring of REEP4 was divided into three groups: weak,
moderate and strong, with scores of 1, 2 and 3 given respectively. Scoring of
SEMAG6D was divided into two groups: weak and strong, with scores of 1 and 2

given respectively.

Linear weighted kappa statistics were calculated to determine the concordance
between the two scorers using VassarStats (Lowry, 1998). Correlations
between replicate antigen expression scores and between antigen expression
scores and clinical factors were calculated using Spearman rho correlation
coefficients using the statistical software SPSS version 25 (IBM SPSS
Statistics; Armonk, USA). Associations between antigen expression and
disease free survival and overall survival were analysed by Kaplan-Meier
survival curves and log rank tests also using SPSS. All tests were 2-tailed. The

limit of significance was 0.05 for all tests.

2.22Extraction of matched protein and RNA from cells

Cells were removed from culture plastic using trypsin as described previously
(see section 2.9). Following this procedure, 4ml fresh media was added to the
cell suspension. This was then divided into two 15ml falcon tubes: 1ml (for RNA
extraction) and 3ml (for protein extraction) and centrifuged at 400g for 5
minutes. The pellet to be used for protein extraction was washed twice with
PBS before adding 200ul RIPA buffer (see Appendix A.3) supplemented with
the chelating agents 1mM EDTA (E6758; Sigma; St Louis, USA) and 0.5mM
EGTA (E3889; Sigma; St Louis, USA) and 1mM of the protease inhibitor PMSF
(36978; Thermo Fisher Scientific; Waltham, USA). This mixture was left on ice
for 15 minutes to allow cell lysis to occur, followed by centrifugation at 14 000g
for 10 minutes at 4°C. The supernatant containing the extracted protein was
stored at -20°C.
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The smaller pellet was washed once with PBS before being re-suspended in
BL buffer (Promega; Madison, USA) supplemented with 1-Thioglycerol (TG)
according to the manufacturer’s instructions (Promega; Madison, USA) and

stored at -80°C until RNA extraction occurred (see section 2.12).

2.23SDS-PAGE and Western blotting

A final concentration of 1x Laemmli sample buffer (see Appendix A.2)
supplemented with 0.2M dithiothetriol (DTT) (Y00122; Invitrogen; Carlsbad,
USA) was added to the protein sample for a final volume of 50pul. This mixture
was denatured at 105°C for 5 minutes before being transferred to ice for a
further 5 minutes. The samples were then centrifuged at 8000g for 30 seconds

followed by re-suspension and storing on ice until ready to load on the gel.

Samples were loaded onto 4-12% Bis-Tris Gels (NP0321BOX; Novex by Life
Technologies; Carlsbad, USA). A PageRuler Plus Prestained Protein Ladder
(26619; Thermo Fisher Scientific; Waltham, USA) was used to confirm the
correct molecular weights of identified proteins at a later stage. Samples were
separated using the XCell SureLock Mini-cell electrophoresis system
(Invitrogen; Carlsbad, USA) in 1x NuPage MOPS SDS Running Buffer
(NP0OO0O01; Invitrogen; Carlsbad, USA). Gels were run at 180V for 60 minutes.

Proteins were transferred onto 0.45um Polyvinylidene fluoride (PVDF)
membranes (88518; Thermo Fisher Scientific; Waltham, USA) using a wet
method. PVDF membranes were activated by soaking in methanol for 30
seconds followed by rinsing with running water for 5 minutes. A sandwich was
formed using sponges and filter paper (88600; Thermo Fisher Scientific;
Waltham, USA) to flank the gel and the membrane; all soaked in 1x NuPage
Transfer Buffer (NP0006-1; Invitrogen; Carlsbad, USA). The sandwich was
placed in an XCell 1l Blot Module (359577-063; Invitrogen; Carlsbad, USA),
which was locked into the XCell SureLock Mini-cell electrophoresis system.
The blot module was filled with 1x Transfer Buffer and the outer chamber was

filled with de-ionised water. Transfer occurred at 30V for 90 minutes.

Once transfer was complete, the membrane was blocked with the appropriate
blocking buffer (Table 2.23.1) for 1 hour at room temperature to inhibit non-

specific antibody binding. The blot was washed for 5 minutes with TBST to
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remove excess milk proteins. All antibodies were diluted in 1% milk powder
dissolved in TBST. Primary antibodies were added and incubated for the
appropriate times (Table 2.23.1). The blots were then washed 3 times for 10
minutes each with TBST, followed by incubation with appropriate secondary
antibody (Table 2.23.1) diluted in 1% milk powder for 1 hour at room
temperature. The secondary antibody used was a polyclonal rabbit anti-mouse
immunoglobulin conjugated with a horseradish peroxidase (HRP) molecule
(P0260; Dako; Santa Clara, USA) and used at a 1:2000 dilution. A further 3
washes with TBST for 10 minutes each ensured removal of unbound
secondary antibody. Blots were developed using the SuperSignal West Pico
Trial kit (34079; Thermo Fisher Scientific; Waltham, USA) and imaged using
the Bio-Rad Gel Doc Imaging system together with the Image Lab software
(version 5.2.1).

If blots were to be re-probed with a different antibody, blots were re-blocked in
either 5% or 1% milk powder (Table 2.23.1).

Table 2.23.1: Primary antibodies and the conditions in which they were
used for Western blots

Dilution
Antigen Antibody (incubation Blocking buffer
conditions)
Anti-B-actin
(mouse 1:10 000 (1 hour, .
B-actin monoclonal) room ﬁ]o/f)l_gnél.lf_ powder
(A5441; Sigma- temperature)
Aldrich)
BCRP BXP-21 (mouse 1:250 (overnight, | 1% milk powder
monoclonal) 49C) i1 TBST
(ab3380; Abcam)

2.24Cell cycle profiles analysis

Cells were harvested using trypsin (see section 2.9) so as to detach cells from
the flask followed by addition of media to inactivate trypsin. Cells were then
counted using a haemocytometer and 500000 cells were washed in PBS
before being resuspended in 1ml ice-cold 70% ethanol in PBS. Cells were fixed
on ice for 1-2 hours before being transferred to polystyrene round-bottom tubes

(352052; Corning life sciences; Corning, USA). Pellets were formed by
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centrifugation at 500g for 3 minutes at 4°C followed by washing with 500ul ice-
cold PBS and finally resuspension in 470ul ice-cold PBS. Propidium iodide (PI)
was added at a final concentration of 0.02mg/ml (P4864; Sigma; St Louis,
USA) and RNase A (EN0531; Thermo Fisher Scientific; Waltham, USA) at a
final concentration of 0.4mg/ml. Samples were incubated at room temperature
in the dark for 20 minutes before being placed on ice. Samples were analysed,
with 10000 events counted for each sample using the Attune® Acoustic
Focusing Cytometer (Applied Biosystems; Foster City, USA) and
accompanying Attune Cytometric Software Version 2.1. The gating of cells
using forward, side and PI stain scatter parameters is shown in Figure 2.24.1A.
Data was analysed using the ModFit LT software (Verity Software House;

Topsham, USA) with a representative histogram shown in Figure 2.24.1B.
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Figure 2.24.1: Representative density plots with gatings used to identify
cell populations of interest

(A) The left panel shows the forward and side scatter plots with the black
square showing the gate used to identify live cells. The middle panel
shows the propidium iodide (PI) (BL3-A) and forward scatter plots with the
black square showing the gate used to identify nuclei successfully stained
with PI. The right panel shows the PI area (BL3-A) and height (BL3-H)
scatter plots with the black outline showing the gate used to identify single
cells. (B) Histogram of Pl stained cells selected by gates above.
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Chapter 3: Consistent changes in microRNA and mRNA
expression are apparent post-neoadjuvant chemotherapy in

breast cancer

3.1 Abstract

Resistance to chemotherapy in tumours is a common problem encountered in
cancer patients. The aim in this chapter was to identify potential mediators of
chemoresponse using tumour samples from patients with primary breast
cancer taken before and after neoadjuvant chemotherapy (NAC) treatment. My
hypothesis was that in patients showing only a partial response to the
treatment, expression changes between these matched samples may be

associated with chemoresistance.

Formalin-fixed paraffin embedded (FFPE) tissues comprising matched core
biopsy (pre-NAC) and resection (post-NAC) tumour samples were selected
from five primary breast cancer patients. These patients all had tumours that
expressed the oestrogen receptor and displayed only a partial response to the
administered chemotherapy regimen consisting of epirubicin and
cyclophosphamide (EC). Tumour epithelial cells were isolated from these
samples using laser capture microdissection (LCM) and RNA was extracted.
Expression of miRNAs and mRNAs was profiled using low-density gPCR
arrays and NanoString mRNA quantification respectively; fold changes post-
NAC were determined. All miRNAs and mRNAs that were consistently
deregulated post-NAC across all five patients were identified. For miRNAs,
thresholds were set for fold changes of interest, allowing identification of miR-
26b (mean fold change post-NAC of 4.9), miR-195 (2.6) and miR-10a (-4.15)
for further analyses. For mRNAs, pathway analysis using the whole dataset
demonstrated up-regulation of the MAPK and PI3K-AKT pathways, partial up-
regulation of the JAK-STAT pathway and partial down-regulation of the TGF-
Beta pathway post-NAC. | concluded that these miRNA and mRNA expression
analyses identified several potential mediators of chemoresistance for further

testing in other assays.
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3.2 Introduction

Whether patients with primary breast cancer are administered chemotherapy,
endocrine therapy or both depends in part on the molecular characteristics of
their tumours (see section 1.2.2). Patients with hormone receptor positive
breast cancers are only sometimes administered chemotherapy, since
endocrine therapies are often sufficient in combatting the tumour and are
generally less toxic (Semiglazov et al., 2007). However, luminal B-type tumours
are generally treated with chemotherapy and chemotherapy is also usually
recommended for those patients with larger or node-positive tumours (Gnant et
al., 2015, Ignatiadis and Sotiriou, 2013). In some cases, tumour cells are
intrinsically resistant (de novo resistance), or alternatively cells can develop
resistance during the course of the treatment (Li et al., 2008). It is estimated
that of all patients diagnosed with primary breast cancer, 20-50% of these will
eventually suffer a recurrence and develop metastatic disease (Brufsky, 2017).
In the context of metastatic disease, chemoresistance is thought to contribute

to over 90% of cases of treatment failure (Coley, 2009).

Chemoresistance in breast cancer has been associated with various changes
in gene expression (see section 1.4), such as increased expression of
xenobiotic export pumps (Wilson et al., 2006). More recently, changes in
microRNA (miRNA) expression have also been associated with
chemoresistance (Kutanzi et al., 2011, Wang et al., 2015). It has been
observed that overall, miRNAs are down-regulated in cancers as compared to
normal cells (Lu et al., 2005). However, individual miRNA levels have now been
shown to increase in breast cancer, leading to resistance. The gene PTEN is
known to have a tumour suppressive function. Evidence has shown that
inhibition of this gene’s function leads to resistance to chemotherapy in breast
cancer (Steelman et al., 2008). Several miRNAs have now been shown to
contribute to this inhibition; with increased miR-21 expression in doxorubicin-
resistant MCF7 cells compared with parental cells concurrent with reduced
expression of PTEN (Wang et al., 2011). Similar cases of increased miR-19
(Liang et al., 2011) and miR-130b (Miao et al., 2017) expression in
chemoresistant cells and/or patient samples, together with a decrease in PTEN

expression have also been published.
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Treatment with chemotherapy leads to numerous responses in breast cancer
cells such as changes in gene expression (Klintman et al., 2016) that can lead
either directly to cell death or to the activation or inhibition of specific molecular

pathways that function to increase the probability of cell survival.

The administration of neoadjuvant chemotherapy provides matched tumour
samples before and after chemotherapy. Analysing gene expression of such
samples taken from patients who responded poorly to the treatment (indicative
of relative chemoresistance) could lead to the identification of changes in gene
expression that are relevant to the resistance phenotype, and therefore the
identification of novel drug targets to use to attempt to overcome the
resistance. This approach has been used previously. One example of such an
approach is a study in which biopsy samples were taken from gastric cancer
patients prior to treatment with cisplatin and fluorouracil. Of these, 22 patients
developed resistance to the treatment and a second biopsy was taken. Both
pre- and post-treatment samples were analysed using a microarray and
compared. The acquired resistance signature identified consisted of 633 genes
that function in multiple pathways known to contribute to chemoresistance
when deregulated, including DNA repair pathways, drug metabolism and
embryonic stem cell signatures (Kim et al., 2011). A similar approach was
taken in this chapter where the transcriptomes of cancer cells were analysed
from five breast cancer patients both before and after chemotherapy. As these
patients had all displayed only a partial response to the chemotherapy, the aim
was to identify molecular pathways that were altered post-chemotherapy that
could contribute to chemoresistance.

3.2.1 Specific objectives
There were three key objectives in the work described in this chapter:

1. To determine whether FFPE samples of cancer tissue pre-
chemotherapy (core biopsy samples) and post-chemotherapy (resection
samples) could be used successfully to extract RNA of sufficient quality
to perform miRNA and mRNA analyses.

2. To determine miRNA and mRNA expression profiles of a group of breast
tumours that were partially resistant to the administered neoadjuvant

chemotherapy before and after therapy.
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3. To determine a prioritised list of mMIRNA and mRNA expression changes
of interest associated with chemotherapy treatment to direct future
studies on these molecules as potential mediators of chemoresponse.

3.3 Results

3.3.1 RNA of sufficient quantity and quality for downstream
analyses can be extracted from small clinical (FFPE) cancer

samples

Fixing tissue in formalin results in multiple modifications of several key
components of cells that are also of interest in research studies. This includes
RNA, which is susceptible to degradation even in the absence of formalin (Auer
et al., 2003, Schroeder et al., 2006) and suffers further damage when fixed (Li
et al., 2007, Masuda et al., 1999). As the purpose of this study was to identify
changes in miRNA and mRNA expression that occur during chemotherapy, a
preliminary optimisation study was performed to investigate whether the
quantity and quality of RNA extracted from FFPE tissue samples would be
potentially sufficient for the planned down-stream analysis methods.

Small, representative, clinical FFPE samples were used for this preliminary
study — namely two biopsy samples and two resection samples from colon
cancers (at this optimisation stage, the specific cancer type was not felt to be
important. However, the aim was to use samples of similar overall size, cell
type (carcinoma) and clinical fixation procedures). These were sectioned,
stained with haematoxylin and eosin (H&E) and total RNA was extracted from
the whole tissue sections. Biopsy samples were of a comparable size to those
of the breast cancer core biopsies to be used for later analyses whereas, these
resection samples were on average slightly smaller than the breast cancer
resection samples, thereby representing a more stringent test. In order to
assess the impact of using different numbers of sections for extraction on total
RNA recovery, different numbers of sections were used: three (Biopsy 1 and
Resection 1) or four (Biopsy 2 and Resection 2) whole sections for each
sample were used for the final RNA extraction. The RNA quantity and quality

were analysed using the Agilent TapeStation automated analysis machine
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(Figure 3.3.1 and Appendix C). The total RNA yields obtained are shown in
Table 3.3.1. Total RNA yield was consistently greater when four sections of
tissues were used as opposed to three tissue sections. By contrast, the larger
tissue areas of the resections did not consistently yield more RNA than the
smaller biopsies (compare Resection 2 and Biopsy 2). The two platforms
chosen to be used for subsequent miRNA and mRNA expression analyses on
breast tissues require an absolute minimum of 60ng total RNA combined,
although a minimum of 150ng is preferred. Of the four optimisation samples
tested, one biopsy sample and one resection sample had RNA yields that were
too low (38.96ng and 59.92ng respectively) but the other two samples had RNA
yields large enough for further analyses.

Another metric of interest was the RIN® value, quantified on a scale of 1 for
complete degradation to 10 for no degradation (Table 3.3.1) (Padmanaban et
al., 2012). The RIN® values obtained from these samples are low compared
with values obtained from RNA extracted from fresh samples, but were similar

to those in the literature for other FFPE tissues (Ribeiro-Silva et al., 2007).

It has been debated that no minimum RIN value is required for miRNA
expression analysis using RT-gPCR as the assays are inherently robust due to
the short lengths of miRNAs themselves (Dijkstra et al., 2012). Expression
analysis of mMRNAs extracted from FFPE tissues with low RIN values
comparable with those obtained here has previously been successful using
NanoString technologies (Chen et al., 2016a). It was therefore concluded that
RNA of sufficient quality as well as quantity could be extracted from FFPE
tissues with the chosen extraction method.

Table 3.3.1: Concentration and quality of RNA extracted from four FFPE
tumour samples

Tissue sample RNA yield (ng) RIN®
Biopsy 1 39.0 1.7
Biopsy 2 196.0 2.1
Resection 1 59.9 2.1
Resection 2 113.6 2.3

Total RNA was extracted from either three (Biopsy 1 and Resection 1) or
four (Biopsy 2 and Resection 2) whole FFPE tissue sections stained with
H&E. The RNA was then analysed using the Agilent TapeStation
automated analysis machine to determine yield and RNA quality (RIN®).
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The sizes of the RNA fragments was also a metric of interest as this measure
of quality might determine which downstream analysis technologies would be
likely to succeed. RNA fragments obtained from these optimisation samples
were largely over 200 nucleotides long in all samples. A representative graph
showing the range of fragment lengths is shown in Figure 3.3.1. These
fragment sizes are much larger than is required for analysis of miRNA
expression (MiRNAs are themselves only 18-22 nucleotides long) and were
potentially suitable for analysis of mMRNA expression using NanoString
technology, for which RNA fragments of only 100 nucleotides long are required
and have previously been shown to give data from FFPE tissue representative
of those from matched fresh frozen samples (Chen et al., 2016a, Reis et al.,
2011).
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Figure 3.3.1: Representative graph showing range of nucleotide fragment
lengths of RNA extracted from test FFPE samples

RNA was extracted from four FFPE tumour samples; two from biopsy
samples and two from resection samples. The RNA was run on the
Agilent 2200 TapeStation using the High Sensitivity RNA ScreenTape to
determine average lengths of RNA fragments extracted from tissues
stored as FFPE samples. This graph shows results from the Biopsy 2
sample, with the size of the fragments shown on the x-axis and the
guantity of fragments shown on the y-axis. The large peak at 25nt is a
marker used for reference.

3.3.2 Total RNA was successfully extracted from isolated cancer

epithelial cells of five pairs of matched pre-NAC and post-NAC

primary breast tumour samples

Breast cancer patients who could potentially be included in the study were
identified. Patients were included if they were diagnosed with primary breast
cancer, invasive ductal carcinoma of no special type, of the clinically-defined

luminal A subtype (tumours expressing ER but not HER2). These criteria were
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chosen in order to reduce inherent heterogeneity within the cohort associated
with different tumour subtypes. A second reason for these criteria was that
tumours of this subtype typically respond relatively poorly to NAC compared
with other subtypes such as luminal B (Ignatiadis and Sotiriou, 2013), and very
rarely achieve pCR (Colleoni and Montagna, 2012). This maximised the

chances of having sufficient cancer cells post-treatment to allow analysis.

Within the above subgroup of patients, the search was further limited to those
patients who displayed only a partial response to the administered NAC. An
incomplete response to the chemotherapy would suggest that the tumour is
partially resistant to the therapy. As one of the main objectives of this study was
to determine the molecular changes that are associated with chemoresistance,

this limitation was necessary.

Finally, the search was also limited to patients treated only with the epirubicin
and cyclophosphamide (EC) regimen. This additional filter was performed in
order to reduce further the heterogeneity within the results obtained as different
drugs would potentially activate different pathways of resistance and may
therefore make identifying potential therapeutic targets more difficult if certain
pathways were affected in some patients treated with one therapy but were not
affected in other patients treated with a different therapy. The EC regimen was
chosen as that was the most common initial regimen used in this patient group

at St James’s University Hospital, Leeds at the time of sample retrieval.

Limiting the search to only patients who displayed a partial response and were
treated with EC significantly reduced the number of eligible patients. This was
because patients who display no response or poor response to the therapy are
usually switched to a different chemotherapy regimen (typically taxanes). The
final limitation was the availability of sufficient tissue for both pre-NAC and post-

NAC samples.

Once patients had been identified, tumour histology was examined, using either
diagnostic archival H&E slides or new H&E slides produced for the purpose, in
order to assess whether the tissue itself was suitable for the planned analysis.
This was important in terms of the presence of sufficient tumour epithelial cells
(the cells of interest) for downstream analyses as opposed to large amounts of

unwanted elements such as lymphocytes and other stromal cells. Combining all
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of the above criteria, five patients and their tumours were determined to be
appropriate. Table 3.3.2 shows the clinico-pathological features of the patients
whose tumours were used in this study. One of the patients showed a very
good response to NAC during treatment, however the tumour resumed growing

once treatment had ended.

Table 3.3.2: Clinico-pathology features of patients/tumours that were
used in this study

Characteristic Categories Number
Mean Age (Range) 51 (41-64)
Positive receptor status ER 5
(pre-NAC) HER2 0

1 1
Grade (pre-NAC) 2 2

3 2
Response to NAC (as Very good 1
assessed at surgery) Very limited 2

As the purpose of this study was to determine molecular changes that occur in
the cancer cells specifically, isolation of these tumour epithelial cells was
required. This was achieved by sectioning the tissue, staining with
haematoxylin and eosin (H&E) in order to distinguish between tumour cells and
the surrounding stroma, and then isolating the epithelial cells using laser
capture microdissection (LCM). It was felt that this step was patrticularly
necessary since NAC treatment is known to reduce cancer cellularity within the
tumour mass (Sahoo and Lester, 2009, Masood, 2016), therefore analyses
comparing pre-NAC and post-NAC samples without purifying the tumour cells
risk identifying expression changes simply associated with differences in the
tumour-stroma ratio, rather than true expression differences in the tumour cells
present. LCM protocols, with representative images, are described in detail in
section 2.3. These protocols were optimised in order to yield the maximum
amount of RNA possible, largely by isolating tumour epithelial cells available
from up to twenty tissue sections. The settings on the LCM equipment were
also optimised to ensure optimal collection of tissue whilst avoiding tissue

charring.
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Total RNA was extracted from the isolated tumour epithelial cells from pre-NAC
and post-NAC samples from the five cases, and was quantified (using
Nanodrop analysis; assessment of RNA amount/quality using the TapeStation
automated analysis machine was not performed in order to preserve the
maximum amount of RNA for downstream analyses). Total RNA amounts
obtained for each pre-NAC and post-NAC sample per patient are shown in
Table 3.3.3. These met the minimum required amounts for the downstream
analyses: a minimum of 100ng total RNA is preferred for the low density
mMiRNA RT-gPCR arrays and at least 50ng total RNA is required for NanoString
analysis of mMRNA expression; although in one sample (patient 4, pre-NAC) this

was only just the case.

Table 3.3.3: Total RNA extracted from LCM-isolated tumour epithelial cells
from each patient sample

Patient | Pre-NAC (ng) | Post-NAC (ng)
1 1999.4 16814.2

2 469.3 575.63

3 785.2 942.95

4 153.4 401.8

5 305.4 1944.6

A summary of the details of the patient cohort used in this study and the

processes used to analyse RNA expression is shown in Figure 3.3.2.
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S patients

+ ER+/HERZ2- primary breast cancer

+ Administered NAC (epirubicin/cyclophosphamide)

+ Partial response to NAC (as assessed at surgery — one patienthad a
good response initially but tumour resumed growing after NAC)

+ Diagnostic biopsy and surgical resection tumour tissue available

Sample preparation

+ H&E slides of tumour samples examined for sufficient epithelial cells
+ Epithelial cells isolated from FFPE tissue sections using LCM

+ Total RNA extracted from isolated epithelial cells and quantified

Differential miRNA and mRNA expression analyses

* miRNA expression in post-NAC samples compared with pre-NAC
samples analysed using low density RT-gPCR arrays

+ mRNA expression in post-NAC samples compared with pre-NAC
samples analysed using NanoString technologies

Figure 3.3.2: CONSORT diagram of samples used in this study
Five patients were identified who met all the required criteria (top box),
whose samples were prepared for total RNA extraction (middle box) for
mMiRNA and mRNA differential expression analysis between pre- and
post-NAC samples (bottom box).

3.3.3 MiRNAs miR-26b, miR-195 and miR-10a were consistently

deregulated post-NAC in five breast cancer samples

Expression levels of 384 RNAs, including a very large panel of commonly
expressed miRNAs and several RNAs traditionally used as housekeeping
RNAs when investigating miRNA expression such as U6 and RNU48, were
analysed using low density RT-gPCR arrays. Data were normalised to the

mean expression of all RNA species detected.

In my first analysis, | used unsupervised hierarchical clustering to investigate
which miRNA expression profiles were most similar across the samples. It was
possible that the predominant similarities between samples would be between
matched pre-NAC and post-NAC samples, suggesting that tumour specific
differences were relatively more important compared with changes induced by
chemotherapy, or would be within the post-NAC group, suggesting that
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chemotherapy-induced expression changes were predominant. This analysis is
presented as a heat map in Figure 3.3.3. Results from this analysis showed
that there is not a predominant post-NAC miRNA expression profile associated
with NAC. This is demonstrated in the fact that post-NAC samples were not
clustered together. This analysis also shows that there is no clear relationship
within individual tumour samples as pre-NAC and post-NAC samples from the
same patient do not cluster together. Indeed, the results of this analysis show a
combination of these two possible clusters occurs. For example, the two
samples from Patient 4 cluster together but the pre-NAC samples from Patients
1 and 5 also cluster together. This shows that differences between both

tumours and treatment effects can vary largely.
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Row Z-Score

MicroRNA

Patient 3 Post-NAC
Patient 5 Post-NAC
Patient 1 Post-NAC
Patient 1 Pre-NAC
Patient 5 Pre-NAC
Patient 4 Pre-NAC
Patient 4 Post-NAC
Patient 2 Pre-NAC
Patient 2 Post-NAC
Patient 3 Pre-NAC

Figure 3.3.3: Unsupervised hierarchical clustering of patient samples pre-
NAC and post-NAC using miRNA expression data does not show
definite relationships between sample types

RNA was extracted from tumour epithelial cells from pre-NAC and post-
NAC samples from five patients and expression of an array of miRNAs
was determined using low-density miRNA microarrays. Results were
normalised to the average Ct value of each sample and unsupervised
hierarchical clustering was performed. The resultant heat map is shown,

with the dendrogram showing the relationships between the ten samples
at the top.

Following this initial analysis, miRNAs with altered expression between the
matched pre-NAC and post-NAC samples from each individual patient were

identified and miRNAs that were consistently either up-regulated or down-
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regulated across all five patient samples post-chemotherapy were then
selected as possible candidates for further study. Eleven miRNAs were
consistently up-regulated post-NAC whereas two miRNAs were consistently
down-regulated post-NAC. In order to prioritise those miRNAs for further study,
a minimum fold change in each patient was used as a threshold to define the
mMiRNAs of interest. However, previous studies have suggested that even small
changes in miRNA expression can have large impacts downstream (St. Laurent
et al., 2013, Calin and Croce, 2006). Therefore, conservative thresholds were
set, requiring fold changes of more than 1.3 for up-regulation or less than -1.25
for down-regulation. Using these criteria, three miRNAs were selected for
further analysis: miR-26b, miR-195 and miR-10a with mean fold changes of
4.9, 2.6 and -4.15 respectively. Fold changes for each individual patient are
shown in Table 3.3.4. A further nine miRNAs were identified that were up-
regulated in all five patients but the fold-change in one patient sample did not
reach the minimum threshold or was not detected in one patient (Appendix D).
One other miRNA was consistently down-regulated but did not meet the
chosen criteria (Appendix D). Tests for statistical significance of deregulated
mMiRNA expression were considered. However, the cohort was too small for
these tests to be meaningful, adjustments for multiple testing were severe
because of the large panel of RNAs assessed and the suitability of
parametric/non-parametric tests was uncertain. Therefore, | decided to proceed
with candidates based on consistency of deregulation and my (arbitrary)
thresholds for size of fold changes.

Table 3.3.4: Fold changes of selected miRNAs post-chemotherapy for
each patient

. Patient
MicroRNA = I 2 3 4 5 Mean
miR-26b 3.389 1.537 1.922 1.793 15.707 4870
miR-195 3.464 1.837 1.7 1.333 4.497 2.566
miR-10a -2.33 -1.42 -14.39 -1.27 -1.36 -4.154

MicroRNAs that were consistently deregulated post-NAC across all five
patients were identified. For up-regulated miRNAs, a minimum threshold
for the fold change for each individual patient was 1.3 and for down-
regulated miRNAs, a maximum threshold for the fold change for each
individual patient was -1.25. The mean fold change across all patients for
each miRNA is also shown.
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3.3.4 Identifying a mRNA expression signature associated with

chemotherapy treatment

3.3.4.1 Multiple assays failed and conclusions may not be reliable

For mRNA analyses, RNA samples were sent to the Institute of Cellular
Medicine, Newcastle University where they were analysed using the nCounter
PanCancer Pathways Panel (NanoString Technologies) to asses expression of
730 cancer-related genes and 40 internal reference controls. This technology is
based on fluorescent counting of individual target molecules based on their
attachment to barcoded probes. Raw data were normalised relative to a panel
of housekeeping genes; followed by calculation of fold changes for genes post-
NAC compared with pre-NAC. It was, however, noted that two samples failed
quality control. These displayed either low counts for the internal positive
controls within the analysis (patient 3; post-NAC), potentially indicating the
presence of chaotropic contaminants, or low counts for the genes themselves
(patient 3; post-NAC and patient 5; pre-NAC), potentially suggesting excessive

RNA fragmentation or low sample input.

However, for both samples, expression of a few genes was successfully
guantified and levels of these were taken into account in downstream analyses,
although the fold changes in these two patients (3 and 5) should be treated with

some caution.

In an attempt to overcome these issues, | decided to pre-amplify the pairs of
samples from these two patients (Patients 3 and 5) and to repeat the
NanoString analysis with this amplified input. As a positive control, the pair of
samples from Patient 1 were also pre-amplified, which had previously worked
well, in order to allow analysis of how non-amplified (initial - Run 1) and pre-
amplified (repeat - Run 2) analyses compare. Samples underwent pre-
amplification using a pool of primers specific for the genes on the nCounter
PanCancer Panel, before being re-analysed by the Institute of Cellular
Medicine, Newcastle University, on the same nCounter PanCancer Pathways
Panel.

Initial observations of the new data from the two samples that had failed in the

first run showed that even after pre-amplification, these samples failed again.
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Analysis of the new data for Patient 1, which was repeated with pre-
amplification as a control, also presented concerns. Only eighteen more genes
were detected in the pre-amplified second analysis compared with the first
analysis. This represents only 0.02% of all genes on the panel and one-
hundred and eighty four genes were still undetected in both the pre-NAC and
post-NAC samples after pre-amplification, representing 24% of all genes on the
panel. This suggested that pre-amplification had not substantially increased
sensitivity. To determine whether pre-amplification introduced any bias and
whether results between the two runs were comparable, the correlation
between the fold changes determined in the two runs of Patient 1's samples

were first determined (Figure 3.3.4).
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Figure 3.3.4: Fold changes obtained from pre-amplified samples (Run 2)
correlate poorly with those obtained from non-amplified samples
(Run 1)

Tumour epithelial cells were isolated from pre-NAC and post-NAC
samples from a single patient (Patient 1) and RNA was extracted. Gene
expression profiles were determined using this extracted RNA either
without pre-amplification (Run 1) or with pre-amplification (Run 2) using
NanoString PanCancer Pathway analyses. Fold changes in gene
expression comparing post-NAC to pre-NAC in samples that underwent
pre-amp (Run 2) were plotted against fold changes in the same genes as
determined with RNA that did not undergo pre-amplification (Run 1). This
includes the expression of all genes that were detected in all samples
(398 genes). A correlation line is shown along with the R-squared value.

The correlation between the gene expression fold changes obtained in the two

separate runs for samples from Patient 1 was low: the correlation coefficient
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was only 0.1185. This suggests that results obtained from samples that
underwent pre-amplification were not similar to those obtained from samples
that did not undergo pre-amplification. However, it should be noted that any
genes that were not detected in one or more samples were not included as
values for fold changes could not be calculated; therefore this correlation may

under-represent the actual concordance.

3.3.4.2 Changes in gene expression post-NAC lead to alterations in

signalling cascades

Since results obtained after pre-amplification were not similar to those obtained
before pre-amplification and the pre-amplified samples were considered to be
most prone to be unrepresentative due to amplification biases, further analyses
were limited to the results obtained from samples that did not undergo pre-
amplification. Of the samples that successfully passed quality control (eight
samples in total; three matched pairs and individual samples from Patients 3
and 5), a mean of 547 genes (of the 730 targets) were detected. Of the
samples that did not pass quality control, 62 genes were successfully detected
in the Patient 3 post-NAC sample, and 261 genes were successfully detected
in the Patient 5 pre-NAC sample. Once data were normalised and fold changes
calculated, genes consistently changed across all five patients (Table 3.3.5) or
across only the patients for whom the assays worked more reliably (Patients 1,

2 and 4; 209 genes in total) were noted.



80

Table 3.3.5: Genes consistently changed post-NAC across all five patient

samples
Gene Expression change | Mean fold change
post-NAC

KITLG Up 1.654
NR4Al Up 11.380
WEE1 Up 1.802
COL5A1 Down -1.471
EFNA3 Down -3.816
MYB Down -2.066
NOTCH3 | Down -2.028
PPP3R1 Down -1.771
PRKDC Down -1.836
RHOA Down -2.095

Tumour epithelial cells were isolated from pre-NAC and post-NAC
samples from five patients and RNA extracted. Gene expression analyses
were performed using the NanoString PanCancer Pathway Panel.
Expression of genes that were successfully quantified in all five patients
both pre-NAC and post-NAC were identified and those consistently
changed were noted. Mean fold changes for each of these genes were
calculated.

Analysis was then performed to determine whether consistently deregulated
genes were clustered in specific molecular pathways. This analysis was limited
to the 209 genes found to be consistently deregulated in the three patients for
whom the NanoString analyses were most reliable. Genes were grouped into
their functional pathways, as defined by the classifications associated with the
NanoString PanCancer Pathways Panel, and the directions of fold changes
were assessed for each individual gene to determine whether it represented
up-regulation or down-regulation of the pathway overall. Pathways where most
consistently deregulated genes identified were representative of the same
overall change in pathway activity were noted.

3.3.4.2.1 MAPK pathways are activated post-NAC

Of the genes on the NanoString PanCancer Pathways Panel that are part of
the MAPK signalling pathway (157 genes in total), forty-six genes were
consistently deregulated post-NAC. Taking into consideration the function of
these genes (see Figure 3.3.5) and whether they were up-regulated or down-
regulated post-NAC, the global changes in gene expression suggested that this
pathway was activated post-NAC. Of the forty-six consistently deregulated

genes, thirty-four were changed in such a way as to contribute to this



81

activation. In order to make an assessment of whether this expression pattern
showed characteristics of statistically significant activation, a binomial
probability test was performed. The result was a p value of 0.00055, suggesting
that this distribution is not likely to have occurred by chance. Genes of note
included several of the MAPK genes themselves as well as several

downstream targets such as FOS and JUN.
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Figure 3.3.5: The MAPK pathway is activated post-NAC

Diagram showing the major elements that function in the MAPK
pathway. Genes consistently up-regulated post-NAC are shown in green
whereas genes consistently down-regulated post-NAC are shown in red.
Genes shown in white are either not consistently changed or are not
present on the NanoString PanCancer Pathways Panel. Overall,
changes in gene expression suggest increased activation of this
pathway post-NAC (p=0.00055).

3.3.4.2.2 The PI3K-AKT pathway is activated post-NAC

Of the genes on the NanoString PanCancer Pathways Panel that are part of
the PI3SK-AKT pathway (201 genes in total), fifty-three genes were consistently
deregulated post-NAC. As this pathway affects many processes downstream of
AKT including several other pathways, for the purposes of determining whether
this pathway was significantly altered post-NAC, only genes upstream of and
including AKT were included in this analysis. Of these genes (201 in total),
forty-two were consistently de-regulated post-NAC. Taking into consideration

the function of these genes (see Figure 3.3.6) and whether they were up-
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regulated or down-regulated post-NAC, the global changes in gene expression
suggested that this pathway was activated post-NAC. Twenty-nine consistently
deregulated genes were changed in such a way as to contribute to this
activation. As with the analysis of the MAPK pathway, a binomial probability
test was performed to determine whether this expression pattern showed
characteristics of statistically significant activation. The result was a p value of
0.0058, suggesting that this distribution is not likely to have occurred by
chance. Genes of note included several extracellular matrix components such
as COL1AZ2, integrin receptor components such as ITGA2 and ITGB4 as well
as PIK3CG.

Of the downstream effectors, several proteins involved in regulating processes
such as the cell cycle and apoptosis were either up-regulated or down-
regulated, resulting in certain arms of the PISK-AKT pathway being activated

and others being suppressed.
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Figure 3.3.6: The PISK-AKT pathway is activated post-NAC

Diagram showing the major elements that function in the PI3K-AKT
pathway. Genes consistently up-regulated post-NAC are shown in green
whereas genes consistently down-regulated post-NAC are shown in red.
Genes shown in white are either not consistently changed or are not
present on the NanoString PanCancer Pathways Panel. Overall, changes
in gene expression of genes upstream of and including AKT suggest an
increase in activation of this pathway post-NAC (p=0.0.0058).
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3.3.4.2.3 Genes involved in regulating proliferation and metastasis are up-
regulated post-NAC
Fifty-one genes that influence cell proliferation and/or metastasis processes
were consistently deregulated post-NAC, from a total of 137 genes defined as
contributing to this pathway overall on the analysis panel. Of these, thirty-two
(62.7%) were either up-regulated or down-regulated in such a way as to
contribute to increased cell proliferation and/or metastasis post-NAC. A
binomial probability test was performed to determine whether this expression
pattern showed characteristics of statistically significant activation of these
processes. The result was a p value of 0.022, suggesting that this distribution is
potentially not likely to have occurred by chance, although this significance is
marginal in the context of testing multiple potentially significant pathways.
Genes of note included JAK3, MEN1, BCL2A1 and CDKN2A.

3.3.4.2.4 Although individual genes show consistent deregulation, a number of
other pathways do not demonstrate evidence of overall significant
activation or repression
Many other genes included in the NanoString PanCancer Pathway Panel can
be defined as components of a number of further molecular pathways and were
found to be consistently deregulated post-NAC. These include components of
the RAS, JAK-STAT, WNT and TGF-Beta pathways. Assessments were made
as to whether these pathways were overall potentially activated or repressed
post-NAC, using the methodology as above for the MAPK, PISK-AKT and
proliferation/metastasis pathways. However, when binomial probability tests
were performed as before, there was no evidence of significant overall pathway

activation or repression. These observations are summarised in Table 3.3.6.
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Table 3.3.6: Pathways that were not significantly altered post-NAC

Pathway | Activation / | No. of genes No. of genes that | p value
Repression | consistently contribute to
post-NAC | deregulated overall activation
post-NAC or repression
RAS Activation 36 22 0.055
JAK-STAT | Activation 16 11 0.067
WNT Activation 24 14 0.117
TGF-Beta | Repression | 16 9 0.175

Individual genes on the NanoString PanCancer Pathway Panel that were
consistently deregulated post-NAC were noted. According to their function
within pathways and whether they contributed to the overall activation or
repression of these pathways, binomial probability tests were performed to
determine whether these overall activations or repressions were
statistically significant.

3.4 Discussion

Resistance to chemotherapy can present in patients as either de novo or
acquired resistance (Hazlehurst and Dalton, 2006). In the neoadjuvant setting,
this results in primary tumours failing to reduce in size substantially or even
growing bigger. For sub-clinical metastatic cells that have already seeded into
pre-metastatic niches, this chemoresistance can lead to metastatic recurrences
and poor prognoses (Abdullah and Chow, 2013, Kajiyama et al., 2007).
Therefore, it is important to identify the mechanisms behind this resistance in
order to discover alternative molecular targets that can be used in cancer

treatment.

3.4.1 Methodologies for investigating chemoresistance

3.4.1.1 The use of clinical samples versus breast cancer cell lines

A variety of approaches have been used by researchers in attempts to identify
molecular mechanisms that contribute to chemoresistance. Part of this
research includes the attempt to identify gene expression signature patterns
associated not only with chemoresistance but also with chemoresponse. These
approaches have been used to identify altered expression patterns of both
MRNAs and miRNAs.
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The majority of studies that have been performed to identify mMRNAs and
mMiRNAs with altered expression associated with chemoresistance in breast
cancer utilised various breast cancer cell lines, usually with matched parental
and drug-resistant cells. This approach is popular likely due to the ease of
obtaining the required samples. It was used to identify miR-298 as a modulator
of chemoresistance; with reduced expression in doxorubicin resistant breast
cancer cells compared with the sensitive parental cell line. This reduced
expression was associated with increased expression of the xenobiotic drug
transporter P-glycoprotein, thereby conferring resistance (Bao et al., 2012). A
similar approach of using drug-resistant breast cancer cells was used in the
identification of miR-19 (Liang et al., 2011) and miR-21 (Wang et al., 2011),
both of which have increased expression in resistant cell lines compared with
parental controls and were associated with decreased PTEN expression. As a
slight variation of this approach, creating drug-resistant cell lines by
manipulating gene expression has also been performed. For example, Martz et
al. produced cells expressing pre-identified mutant cDNAs (activating or
inhibiting) that function in pathways known to enhance survival of cancer cells,
and investigated the response to several targeted therapies (Martz et al.,
2014).

There are limitations to this approach, however, as there are many other cell
types and extracellular components present in tumour that may influence
response to chemotherapy that are not present under in vitro conditions. A
second approach that uses tumour samples taken from breast cancer patients
would provide a more accurate conclusion in this respect. There have been a
small number of studies that have taken pre-treatment breast cancer samples,
analysed gene expression and correlated these expression data with
responses to subsequent chemotherapy. The primary objective of one such
study was to distinguish separate gene expression patterns for response and
resistance to the chosen chemotherapy regimen. In this study, pre-NAC core
biopsy samples were used for analysis (Cleator et al., 2006). It is important to
note that core biopsy samples are not the only pre-NAC samples available.
Fine needle aspirations have also been used in similar studies (Ayers et al.,
2004, Gonzalez-Angulo et al., 2012), although the identification of genes

associated with chemoresistance was not the purpose of these studies.
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In this study, | have used samples taken from tumours of primary breast
cancer. These were matched samples taken pre-NAC (core biopsy) and post-
NAC (resection) from tumours that showed only a partial response to the
administered chemotherapy that consisted of a regimen of epirubicin and
cyclophosphamide, suggesting a degree of chemoresistance. This allowed the
identification of changes in mMRNA and miRNA expression post-NAC compared
with pre-NAC of a large panel of genes. It is possible that these changes are
associated with the observed chemoresistance. Such an approach of using
matched pre-NAC and post-NAC samples has, although rarely, previously been

used in an attempt to identify genes associated with chemoresistance.

In one such study, pre-treatment core biopsy samples and post-treatment
resection samples (multiple therapy regimens) were used to investigate
expression of multiple genes known to be involved in conferring resistance in
order to observe expression patterns of these genes with respect to response
or non-response to the administered chemotherapies. Interestingly, different
combinations of genes had altered expression post-NAC depending on type of
chemotherapy regimen given (Litviakov et al., 2013). This demonstrates the
fact that different therapies result in different molecular responses. This means
that if a particular change in expression is associated with resistance to a
particular chemotherapeutic drug, it does not translate into the same change in
expression being associated with resistance to all chemotherapeutic drugs. It is
for this reason that | have used tumour samples taken from patients who were
all treated with the same chemotherapy regimen so as to minimise variations
due to different treatments. This study by Litviakov et al. however, used this
approach to determine expression of pre-selected genes rather than for

screening to identify new genes of interest (Litviakov et al., 2013).

3.4.1.2 Whole tumour, microdissection and laser capture microdissection

tissue samples for analysis

Multiple approaches have been used previously when using breast cancer
tissue samples to analyse gene expression in order to identify genes
associated with chemoresistance. The simplest of these approaches is to use
the entire tissue sample available for analysis. In some cases, no mention is

made of samples being dissected in any way (Bhola et al., 2013), however, in
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some instances, specific criteria were set as to what samples were eligible for
analysis. One such criteria was the cellularity of tumour samples, with minimum
thresholds set (Cleator et al., 2006).

A more popular method used by researchers when using clinical samples is the
microdissection of highly cellular regions of available breast tumour samples. In
these cases, one section was used to demarcate areas of tumour cells ranging
between minimum thresholds of 20% to 50% cellularity and these demarcations
were used to guide the manual microdissection of further sections using
needles or razor blades (Balko et al., 2012, Magbanua et al., 2015, Klintman et
al., 2016). The advantage of using samples enriched for tumour cells only is
important when attempting to discover genes specifically associated with
chemoresistance of tumour cells as the influence of gene expression in other
cell types may confound results. This differential expression between sample
types has previously been reported on, where differentially expressed genes
were compared in ER positive tumour samples that had been manually
microdissected with tumour epithelial samples and tumour stroma samples (Xu
et al., 2015). Comparing those genes deregulated in epithelial and stroma
samples, 86% of them were consistently deregulated, with the remaining 14%
of genes inconsistently deregulated. Of these genes consistently deregulated in
epithelial and stroma samples, 91% of genes were found to overlap when
comparing with deregulated genes in the microdissected samples. However,
when comparing deregulated genes in the microdissected samples with those
inconsistently deregulated in the epithelial and stroma samples, the
consistency score was only 52%. These results reinforce the importance of

using only the cell populations of interest for analysis.

The most accurate but much more time consuming method of laser capture
microdissection to isolate tumour cells has also been used previously. This is
the method that | used in this study, although few other studies have used this
technique in a similar context. Other than the time aspect, one possible reason
for this method not being widely used is the amount of tumour sample required
for sufficient material for analysis. In this study, | have used up to twenty
sections of one case for laser capture microdissection in order to collect
enough material for downstream analyses. In the studies where manual

microdissection was used, authors have used three to five sections for each
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case (Balko et al., 2012), four sections for each case (Magbanua et al., 2015)
or one to six sections for each case (Klintman et al., 2016). In contrast, to gain
enough RNA to perform microarray analysis, another group required three
sections and two rounds of RNA amplification (Ma et al., 2003). If avoidance of
RNA amplification is desired, many more sections are required as only a limited

amount of RNA can be extracted from microdissected cells (Fuller et al., 2003).

3.4.2 Specific microRNAs are consistently dysregulated post-NAC

in partially chemoresistant tumours

MicroRNAs have previously been shown to be dysregulated in breast cancer
(Mulrane et al., 2013). Although dozens of dysregulated miRNAs have been
identified, multiple studies investigating the same miRNA sometimes observe
differences in expression and/or function, therefore only those where multiple
studies have shown similar results are concluded to definitely be involved in
breast cancer. These are largely subdivided into two functional groups: tumour
suppressors and oncogenic miRNAs, with eighteen and sixteen major miRNAs
respectively including the miR-200 family in the former group and miR-221/222
in the latter considered as being involved in breast cancer in 2015 (van
Schooneveld et al., 2015, Starlard-Davenport et al., 2015), although these
numbers may have expanded since then. More recently, miRNAs have also
been linked with resistance to chemotherapy (Wang et al., 2015, Kutanzi et al.,
2011). One such miRNA is miR-21. This miRNA was noted to be involved in
the resistance of breast cancer cells to chemotherapeutic taxols, as inhibition of
this miRNA led to increased sensitivity of cells to this treatment (Mei et al.,
2010). Further studies with breast cancer cells have also shown that up-
regulation of miR-21 also leads to resistance to doxorubicin (Wang et al.,
2011). However, it has been noted that the same miRNAs may be dysregulated
in different ways depending on the context such as type of cancer and
treatment. An example of this is with miR-195 expression, which when up-
regulated in glioblastoma multiforme cells contributes to resistance to
temozolomide but increases sensitivity of breast cancer cells to adriamycin
treatment (Ujifuku et al., 2010, Yang et al., 2013). It is therefore important to

identify expression signatures for each cancer type and treatment regimen.



89

An array of 384 miRNAs was chosen and miRNAs that were consistently either
up- or down-regulated post-NAC when compared with pre-NAC were identified.
MicroRNAs that met the chosen requirements were selected.

3.4.2.1 MiR-26b, -195 and -10a are potential mediators of

chemoresistance

Three miRNAs were selected that had large enough fold changes across all
five patient samples. These were miR-26b, miR-195 and miR-10a. The first two
were up-regulated post-NAC, with mean fold change expressions of 4.87 and
2.57 respectively, whereas miR-10a was down-regulated post-NAC, with a
mean fold change of -4.15. Considering the fact that these patients all
displayed partial resistance to the administered chemotherapyi, it is possible
that these consistently changed miRNAs may contribute to the

chemoresistance.

Previous studies have shown that all three of these miRNAs do play roles in
chemoresistance in other cancer types and in some cases in breast cancer
treated with other chemotherapeutics such as platinum-based therapies (Zhao
et al., 2014, Yang et al., 2013, Pogribny et al., 2010), although evidence is
conflicting. Evidence in hepatocellular carcinoma suggests that miR-26b
expression enhances the chemosensitivity of these cells to docetaxel, TNFa
and doxorubicin, in part by targeting TAK1 and TAB3 and suppressing NF-kB
signalling (Rui et al., 2010, Zhao et al., 2014). In contrast, evidence obtained
from work with non-small cell lung carcinoma, both in vitro and in vivo,
suggests that over-expression of miR-26b leads to increased resistance to the
chemotherapeutic drug cisplatin (Liang et al., 2015). These apparent conflicting
data support the theory that, as with other miRNAs, the function of miR-26b is
dependent on context. Previous studies in breast cancer have shown that miR-
26b expression is decreased compared with normal tissue and up-regulation of
this miRNA contributes to suppressed cell proliferation and the promotion of
apoptosis (Liu et al., 2011, Li et al., 2013, Li et al., 2014a). However, there is as
yet no direct evidence linking aberrant expression of miR-26b in tumour
epithelial cells and resistance to anthracyclines such as epirubicin in breast

cancer.
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As with miR-26b, miR-195 has previously been shown to have decreased
expression in tumour tissues including breast cancer and non-small cell lung
carcinoma. As such, miR-195 is generally considered to be a tumour
suppressor (Li et al., 2011, Luo et al., 2014, Liu et al., 2015b). Also similarly,
the role of miR-195 in chemoresistance is not fully understood. Up-regulation of
this miRNA has been shown to result in increased chemosensitivity to
adriamycin in breast cancer (Yang et al., 2013), doxorubicin in colon cancer
(Qu et al., 2015) and 5-FU in hepatocellular carcinoma (Yang et al., 2012).
However, increased expression of miR-195 has also been implicated in
acquired temozolomide resistance in glioblastoma multiforme cells (Ujifuku et
al., 2010) and resistance to doxorubicin in small cell lung cancer cells (Guo et
al., 2010b). This again supports the theory that miRNAs have differing functions

depending on context.

Finally, miR-10a has been shown to have numerous functions. An interesting
function includes the ability of this miRNA to enhance the translation of
ribosomal protein mMRNAs (@rom et al., 2008). This function is the opposite of
the classically defined function of miRNAs where the binding of target mMRNAs
results in the reduced expression of these targets (Farh et al., 2005, Guo et al.,
2010a, Huntzinger and lzaurralde, 2011). In cancers, miR-10a has been shown
to result in increased cell growth in a subset of chronic myeloid leukaemia cells
(Agirre et al., 2008). It is also down-regulated in colorectal cancer tumour
tissues and cells (Eyking et al., 2016). However, decreased expression of miR-
10a blocks the metastatic behaviour of pancreatic cancer (Weiss et al., 2009)
and increased expression has been observed in lymph node metastases of
gastric cancer (Chen et al., 2012) and in medullary thyroid carcinoma (Hudson
et al., 2013). As with miR-26b and miR-195, miR-10a also seems to play
various roles with regards to sensitivity to chemotherapeutic agents. Silencing
of this miRNA reverses cisplatin resistance in a resistant lung cancer cell line
(Sun et al., 2015) and increased expression of miR-10a was found in a cisplatin
resistant ER positive breast cancer cell line (Pogribny et al., 2010). In contrast,
miR-10a was down-regulated in gemcitabine resistant non-small cell lung
cancer cell lines (Zhang et al., 2013b). In breast cancer, increased expression

of miR-10a was associated with a longer relapse-free time in ER positive
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tumours following treatment with the anti-oestrogen tamoxifen (Hoppe et al.,
2013).

In view of all this conflicting evidence, miR-26b, miR-195 and miR-10a are all
possible candidates for contributing to resistance to anthracycline-based

therapies in primary ER positive breast cancers.

3.4.3 Multiple pathways are dysregulated post-NAC in partially

resistant tumours

Several genes have previously been shown to contribute to chemoresistance in
a variety of cancers. These include the MAPK and PI3K pathways as well as
drug efflux pumps (Haagenson and Wu, 2010, Martz et al., 2014, Sun et al.,
2012). In order to identify the pathways that contribute to chemoresistance of
primary ER positive breast cancers to anthracycline-based therapies, total RNA
extracted from five patients who displayed only a partial response to NAC that
was used to perform a miRNA microarray was also used to determine changes

in mMRNA expression using NanoString technology.

3.4.3.1 Ildentifying candidate mRNA genes that contribute to
chemoresistance using pre-NAC and post-NAC samples

As mentioned briefly in 3.4.1.1, the use of pre-NAC and post-NAC samples to
identify genes associated with chemoresistance in breast cancer is not as
widely used as the use of matched parental and chemoresistant cell lines, or
the use of pre-NAC samples and associated correlations with subsequent
clinical data. However, there are some studies that have used pre-NAC and
post-NAC samples, although the primary purpose of these studies was not

always to investigate genes associated with chemoresistance.

Creighton et al. examined breast cancer biopsy samples and matched post-
treatment samples to determine the molecular features of surviving tumour
cells (Creighton et al., 2009). Patients were treated with either endocrine
therapy (letrozole) or chemotherapy (docetaxel). It had previously been noted
that post-chemotherapy, breast cancer samples had an increased proportion of
cells with a CD44*/CD24"°" phenotype compared with pre-chemotherapy

samples and that these cells also have an increased ability to form
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mammospheres. These cells were classed as tumour-initiating cells and
deemed more chemoresistant (Li et al., 2008). Subsequently, this was tested
with samples post-NAET and post-NAC compared with their matched pre-
treatment samples and the increased presence of such cells was confirmed
post-treatment. Several mesenchymal associated genes that had previously
been found to be expressed in this cell population using microarray analysis
were also found to be more highly expressed; a feature usually associated with
the claudin-low subset of breast cancers (Creighton et al., 2009). Claudin-low
breast cancers are largely hormone-receptor negative, have a poor prognosis
and of all the breast cancer subtypes most closely resemble epithelial stem
cells (Prat et al., 2010).

Other studies have also used microarray profiling using pre-NAC and post-NAC
samples. One such study used this method and these samples as well as
samples taken during chemotherapy to analyse gene expression changes that
occur during the course of chemotherapy and then related these changes with
either a response to the chemotherapy (anthracycline followed by a taxane) or
subsequent recurrences. Both a decreased expression of cell cycle inhibitors
together with increased expression of cell proliferation genes and an increase
in interferon signalling were associated with poor response and reduced

recurrence free survival (Magbanua et al., 2015).

3.4.3.2 NanoString Technologies: limitations to sensitivity and

reproducibility

It has been well established that changes in gene expression are associated
with chemoresistance. However, investigations into these changes in patients
using FFPE tissue samples are limited due to this storage method resulting in
cross-linking and fragmentation of RNA as well as modifications (Masuda et al.,
1999, Gnanapragasam, 2010, Kokkat et al., 2013). Unlike with microarrays
where a total signal is measured for each gene, NanoString Technologies uses
probes attached to a barcode unique for each gene and these are then counted
individually. Sample fragment lengths must be at least 100 nucleotides for the
probes (Geiss et al., 2008). As shown in Figure 3.3.1, total RNA extracted from
my FFPE tissues largely met this requirement.
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The technology offered by NanoString is relatively new compared with more
standard technologies used in gene expression analysis, such as microarrays.
The use of NanoString technology is attractive when using RNA sourced from
FFPE samples as very little input of total RNA is required and it can be the
case that no reverse transcription and subsequent amplification of the RNA is
required, thus removing any potential biases associated with these processes
(Reis et al., 2011). NanoString technologies have also been shown to be more
sensitive than other comparable technologies, such as microarrays (Geiss et
al., 2008).

NanoString assays have been used for a number of purposes in the last
decade, although literature searches have revealed that input RNA is usually
derived from tumour samples rather than cells used in vitro. This perhaps
reflects the idea that this technology may provide more accurate results
compared with microarray technology when using limited samples. A
customised NanoString Panel was used to characterise a previously defined
side population of cells in pancreatic tumour samples. Both tumour samples
and adjacent normal tissue fresh frozen samples were used, with some
samples excluded as the RNA extracted had to have a RIN value of greater
than 7. This side population of cells was found to express cancer stem cell
associated and prognostic genes (Van den Broeck et al., 2013). This minimum
RIN value is markedly higher than the RIN values of RNA that | have used in
this study. However, in the above study, RNA was extracted from fresh frozen
tissue whereas | have extracted RNA from FFPE tissue.

In a study of locally advanced head and neck squamous cell carcinoma
(HNSCC), FFPE samples of pre-treatment tissues were collected. Patients
were treated with a combination of chemotherapy (cisplatin or mitomycin C)
and radiotherapy. Of the 158 FFPE samples that matched the specific criteria,
twenty samples had to be omitted due either to insufficient material or low yield
of RNA. Gene expression profiles were identified using a customised
NanoString Panel and together with HPV status, tumour volume and stem cell
marker expression, subgroups of patients with a good prognosis were identified
(Linge et al., 2016).

NanoString Technologies have also been used to analyse gene expression

using breast cancer samples. Klintman et al. used pre-NAC core biopsy and
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post-NAC resection samples to analyse gene expression using a customised
NanoString Panel in order to identify genes with altered expression post-
treatment and associate these changes with prognostic implications (Klintman
et al., 2016). At first, 220 patients were identified, although this number was
reduced due to a number of factors including low cellularity of the tumour.
Three samples were excluded due to insufficient RNA yield where 50-100ng
total RNA was used for NanoString analysis. These are similar amounts of

RNA to the amounts that | have used in this study.

Gene expression analysis using NanoString Technologies of post-NAC breast
cancer samples to identify genes associated with chemoresistance was
performed on 98 samples. One of these samples failed quality control after
being analysed using the NanoString Panel. Using data from the remaining 97
samples, this study concluded that decreased expression of DUSP4 post-NAC

was associated with chemoresistance (Balko et al., 2012).

On running the RNA extracted from the patient samples in this study, two
samples failed quality control following the run, although for different reasons to
that described previously (Balko et al., 2012). This was determined to be likely
due to chaotropic contamination, low concentrations of RNA and highly
fragmented RNA. This demonstrates that although NanoString Technologies
may be more sensitive than other similar technologies such as microarrays
(Geiss et al., 2008), low RNA quantity and quality are still important limiting
factors when analysing gene expression using RNA extracted from FFPE

tissues.

Samples from one patient that were successfully analysed using the
NanoString assays without pre-amplification were pre-amplified together with
the samples that failed the initial analyses in order to allow comparison of
reproducibility with and without pre-amplification, and thereby determine if any
bias was introduced between samples that underwent pre-amplification and
those that didn’t. Fold changes of genes differentially expressed between pre-
NAC samples and post-NAC samples were plotted comparing between values
obtained without pre-amplification (Run 1) and those obtained after pre-
amplification (Run 2). The correlation coefficient had a very low value indicating
that results obtained from samples that underwent pre-amplification were

largely not comparable with those obtained from samples that were not pre-
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amplified. This suggests that the process of pre-amplification does introduce
bias, and therefore should be avoided. This has recently been observed in a
study investigating whether circulating tumour cells could be reliably detected

using NanoString assays (Porras et al., 2018).

Combining all the studies mentioned as well as my own, it is clear that whilst
NanoString assays may indeed be more sensitive and require less input RNA,
as well as being able to analyse gene expression using RNA extracted from
FFPE tissue samples (Geiss et al., 2008, Reis et al., 2011), there are still

limitations of this technology.

3.4.3.3 Consistent changes in gene expression are observed post-NAC
and suggest altered activity of several pathways leading to

chemoresistance

Using the available complete and incomplete datasets, many genes were
identified that were consistently either up- or down-regulated post-NAC across
at least the three patient samples that were successfully analysed. Genes that
were successfully detected in the two patient samples that largely failed
analysis were also taken into account. Using the KEGG database (Kanehisa
and Goto, 2000, Kanehisa et al., 2015, Kanehisa et al., 2016) and the
annotations provided by NanoString Technologies that indicated which
pathways each gene functions in, each pathway was manually annotated
depicting whether individual genes were up-regulated or down-regulated. Each
pathway was then examined to determine whether overall, the changes in gene
expression would lead to activation or suppression of the pathway as a whole
and statistical tests using the binomial test were performed to determine if
these changes were significant. Investigating the functions of these pathways
together with literature searches revealed whether the altered activities of these
pathways may contribute to the partial chemoresistant phenotype observed in

these patients.

MAPK and PI3K-AKT pathways were activated post-NAC and many genes
contributing to alterations in proliferation and metastasis were also involved.
Increased activity of the MAPK pathway, in particular the JNK and p38 arms,
has previously been linked with chemoresistance (Igea and Nebreda, 2015,

Leung et al., 2008, Suzuki et al., 2015). Previous studies have also indicated
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that activation of the PI3BK-AKT pathway has previously been linked with
chemoresistance (West et al., 2002). The activation and suppression of distinct
arms of this pathway downstream of AKT in these patient samples post-NAC
may reflect the fact that these patients do partially respond to chemotherapy
but also display some resistance. The activation of these two pathways and the
changes in gene expression of 25% of genes that are altered in such a way as
to contribute to increased cell proliferation and/or metastasis indicate that these

pathways contribute to the chemoresistance observed in these patients.

As with the PI3BK-AKT pathway, elements of the RAS pathway such as genes
involved in cell motility and cell survival are down-regulated, reflecting the fact
that these tumours showed a partial response to chemotherapy. Other
elements of this pathway such as genes involved in cytoskeletal remodelling
and activating components of the MAPK pathway are up-regulated, reflecting
the partial resistance exhibited by these tumours. Increased activation of the
RAS pathway has previously been shown to contribute to chemoresistance and
has also been shown to act via the MAPK and PI3K-AKT pathways (Jin et al.,
2003).

3.4.4 Conclusions

In this chapter, | have used breast tumour samples taken from patients before
and after NAC, who displayed only a partial response to the chemotherapy.
Consistent changes in mRNA and miRNA expression were observed, with
results suggesting activation of the MAPK and PI3K-AKT pathways, and up-
regulation of miR-26b and miR-195, and down-regulation of miR-10a. The next
aim was to determine whether any of these changes in expression were
associated with changes in chemoresponse in vitro. Further studies were first
designed to investigate the dysregulated miRNAs as these provided individual
molecules to study, rather than the whole molecular pathways provided by the

MRNA expression data.
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Chapter 4: Deregulation of microRNAs in ER positive breast

cancer causes altered chemosensitivity

4.1 Abstract

I have identified miR-26b, miR-195 and miR-10a as consistently deregulated in
luminal A breast cancer cells that survived chemotherapy treatment; this
suggested that these miRNAs may contribute to defining chemoresponse. In
this chapter, | investigated firstly whether these miRNAs alter chemosensitivity
of ER positive breast cancer cells in vitro using miRNA mimics and inhibitors
with two separate chemoresponse assays, and secondly, whether it was
possible to identify the targets of these miRNAs that may be responsible for

their influences.

Increased expression of miR-26b or miR-195 using MiRNA mimics resulted in
significantly increased resistance to the anthracycline epirubicin in two cell lines
representative of luminal A breast cancers (MCF7 and MDA-MB-175); this was
in accordance with the observed increase in expression of these miRNAs in
cancer cells surviving NAC in patients. Surprisingly, increased expression of
miR-10a also resulted in increased chemoresistance in vitro, an observation
apparently in conflict with the down-regulation of miR-10a that was observed
post-NAC in patients. Decreasing expression of miR-26b, miR-195 and miR-
10a using inhibitors generally had less effect, although when significant findings
were made, the results were the opposite of over-expression, as would be
expected. Also, investigation of expression of miR-26b and miR-195 in two ER
positive breast cancer cell lines that had been selected to become resistant to
epirubicin revealed that the expression of these two miRNAs was increased in

the resistant cell lines compared with parental controls.

Next, attempts were made to identify the mRNA targets through which miR-26b
and miR-195 contribute to chemoresistance using predictive algorithms,
literature searches and mining of public datasets. Six putative targets of miR-
26b and five putative targets of miR-195 were identified, including CCDC6 as a
potential target of both. Expression analysis of CCDCG6 after transfection with
miR-26b or miR-195 mimics and inhibitors confirmed that CCDC6 is indeed

downstream of the miRNAs but chemosensitivity assays after transfection with
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CCDC6 siRNA demonstrated that this gene did not alone influence

chemoresistance.

| concluded that miR-26b and miR-195 can contribute to chemoresistance in
breast cancer, but that other assays will be required to identify the pathways

downstream.

4.2 Introduction

4.2.1 The role of miRNAs in chemoresistance

MiRNAs are short, non-coding sequences of RNA typically between twenty and
twenty-four nucleotides long. They were first discovered twenty-five years ago
(Wightman et al., 1993, Lee et al., 1993) and have since been found to regulate
gene expression at post-transcriptional levels (Obernosterer et al., 2006).
There are two principal mechanisms used by miRNAs in this function. These
are the ability to sequester mRNAs such that the transcripts are no longer
accessible to translational machinery (Pillai, 2005) and the ability to mark the
transcripts for destruction (Orang et al., 2014). Ultimately, both of these
mechanisms lead to decreased protein production (see section 1.3.2).

Since their discovery, evidence has shown that individual miRNAs have the
potential to bind to multiple mMRNA targets. An example of this is miR-21, which
has been shown to regulate the expression of PTEN (Wang et al., 2011),
PDCD4 (Asangani et al., 2008) and BCL2 (Dong et al., 2011). Increasing the
complexity of miRNA function, evidence has also shown that a single mRNA
transcript can be targeted by multiple miRNAs. This is evidenced by the fact
that PTEN has been shown to be regulated by both miR-19 (Liang et al., 2011)
and miR-21 (Wang et al., 2011).

The observation that miRNAs generally have decreased expression in cancer
tissue compared to normal tissue (Lu et al., 2005) has led to increased interest
in their regulation and function in multiple contexts, including their ability to
contribute to the classification of tumour subtypes (Blenkiron et al., 2007) or to
determine whether tumours are likely to respond to specific systemic therapies
(van Schooneveld et al., 2015, Muluhngwi and Klinge, 2015).
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Several miRNAs have been identified as regulators of chemoresponse, for
example miR-298 expression has been implicated in response to doxorubicin in
breast cancer (Bao et al., 2012). It is important to note, however, that the same
mMiRNA may have differing functions depending on context. This has been
shown with miR-195, which when up-regulated results in resistance to
temozolomide in glioblastoma multiforme cells but is also associated with
increased sensitivity to adriamycin in breast cancer (Ujifuku et al., 2010, Yang
et al., 2013). This highlights the importance of identifying molecular profiles
associated with sensitivity and resistance to specific treatment regimens rather
than expecting findings to be generic. It is also important that these molecular
profiles are identified for each tumour subtype.

The validation of miRNAs that contribute to chemoresistance has previously
involved the use of MiIRNA mimics and inhibitors. Such a method was used
after it had been established that miR-130b was up-regulated in primary breast
tumours compared with adjacent normal tissue and the discovery that this
mMiRNA was also up-regulated in MCF7 cells that had been selected to become
resistant to adriamycin as compared to parental cells. With the use of a miR-
130b mimic, it was discovered that the up-regulation of this miRNA in normal
MCF7 cells was sufficient to increase chemoresistance and proliferation, and to
decrease apoptosis. The down-regulation of this miRNA using an inhibitor in
MCF7 cells that were resistant to adriamycin increased chemosensitivity and
apoptosis, and reduced proliferation (Miao et al., 2017). A similar approach was
taken in this chapter. MiR-26b, miR-195 and miR-10a were identified as
consistently deregulated in terms of expression in the cancer cells surviving
NAC in ER positive tumours that displayed a partial response to the
chemotherapy (see section 0). In this chapter, | have used mimics and
inhibitors of these mIRNAs to assess whether changes in their expression
levels are sufficient to cause altered chemosensitivity of ER positive breast
cancer cells in vitro. | have also attempted to identify targets downstream of the
MIiRNAs.
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4.2.2 Specific objectives
There were two specific objectives in this chapter:

1. To identify whether miR-26b, miR-195 or miR-10a influence
chemoresponse of ER positive breast cancer cells in vitro.

2. To use predictive algorithms together with literature searches and public
datasets in an attempt to identify putative mRNA targets of the miRNAs
that contribute to chemoresponse and determine if these genes

contribute to the altered chemosensitivity.

4.3 Results

4.3.1 Deregulated miRNAs affect chemo-sensitivity in vitro

Three miRNAs, miR-26b, miR-195 and miR-10a, were identified in Chapter 3
(section 0) as potentially involved in defining chemoresponses of breast
cancers, based on their consistent deregulation of expression in breast cancer
cells that had survived chemotherapy treatment. My next aim was to investigate
in vitro whether these miRNAs individually play roles in contributing to
chemoresponse of breast cancer cells. To do this, | used two different cell lines
representative of the luminal A subtype of breast cancer, since this was the
subtype of breast cancer examined in Chapter 3: these were MCF7 and MDA-
MB-175 cells. The MCF7 cell line is a well-established luminal A representative
(Holliday and Speirs, 2011), whereas MDA-MB-175 cells were classified as
luminal B cells according to the PAM50 classification although there appear to
be results that suggest that this cell line is also luminal A (Jiang et al., 2016). In
addition, two separate methods of determining chemosensitivity were
employed: MTT assays to observe short-term survival of cells after treatment
with an appropriate chemotherapy agent, and colony forming assays to
determine long-term effects on cell viability as assessed by ability to proliferate
sufficiently after treatment to generate a colony of progeny cells. The
anthracycline epirubicin was used, as this was the key component of the

clinical regimen in the treatment of the patients studied in Chapter 3.
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4.3.1.1 The two luminal A representative cell lines MCF7 and MDA-MB-
175 have very different sensitivities to epirubicin

First, it was necessary to determine the sensitivities of the two cell lines to be
used to epirubicin, so that cells could be treated with doses in the appropriate
range after manipulation of miRNA expression. In this context, an appropriate
range meant doses resulting in approximately 20-80% survival, and thereby
suitable for assessment of any induced changes in survival, as opposed to
doses causing very dramatic death or having little effect, which may be
relatively impervious to protection or sensitisation from single gene influences.
MCF7 or MDA-MB-175 cells were treated with a wide range of doses of
epirubicin for 24 hours and MTT assays were performed (Figure 4.3.1). As
expected, epirubicin induced dose-dependent reductions in survival. MCF7
cells were considerably more sensitive than MDA-MB-175 cells, with respective
IC50 doses of 1.1uM and 178uM.

A 1.5 MCF7 B 1.5 MDA-MB-175
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2 2 1.0
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= % 0.5
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Figure 4.3.1: Different epirubicin doses are appropriate in the two
different representative breast cancer cell lines

MCF7 or MDA-MB-175 cells were seeded and treated with a range of
epirubicin concentrations for 24 hours. Cell viability was then measured
using MTT assays. Cell survival at each dose was calculated relative to
viability of vehicle control (water) treated cells for each cell line. (A) The
dose-response curve for MCF7 cells. Data represent means of two
biological repeats with error bars showing SEM. (B) The dose-response
curve for MDA-MB-175 cells. Data represent means of three biological
repeats with error bars showing SEM.
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4.3.1.2 MiRNA mimics and inhibitors successfully modify miRNA

expression levels

Next, | aimed to modify the cellular expression levels of the miRNAs of interest
by transfecting with miRNA mimics or inhibitors, therefore transfections were
performed and RT-gPCR used to assess expression levels. MCF7 or MDA-MB-
175 cells were transfected with targeted miRNA mimics or inhibitors for miR-
26b, miR-195, or miR-10a or appropriate non-targeting mimic or inhibitor
controls. RNA was extracted seventy-two hours later and expression of these
mMiRNAs was then quantified by RT-qPCR (Figure 4.3.2). Transfection with
mMiRNA mimics or inhibitors resulted in successful over-expression (by 145 to
4500 fold) or down-regulation (to 0.4 or lower relative to control levels) of the

mMiRNAs respectively.
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Figure 4.3.2: MiR-26b, miR-195 and miR-10a were successfully up- or
down-regulated in MCF7 and MDA-MB-175 cells

MCF7 (top panels) or MDA-MB-175 (bottom panels) cells were
transfected as shown with individual miRNA mimics (left panels) or
inhibitors (right panels) or controls, and total RNA extracted seventy-two
hours post-transfection. Expression of the targeted miRNAs was
guantified by RT-gPCR relative to RNU48 and is presented relative to
levels in cells transfected with control mimics or inhibitors. These graphs
represent means of three technical replicates from one biological repeat,
with error bars showing SD.

4.3.1.3 Over-expression of miR-26b or miR-195 increases resistance of
MCF7 and MDA-MB-175 cells to chemotherapy

Having successfully confirmed the altered expressions of the miRNAs of
interest with the miRNA mimics and inhibitors, | then wanted to assess the
influence of over-expression and knockdown of these miRNAs individually on
chemoresponse. Initially, | focussed on miR-26b and miR-195, both of which
were up-regulated in the cancer cells that survived NAC in patients. MCF7 or

MDA-MB-175 cells were transfected with either miRNA mimics or inhibitors, or
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appropriate controls. Forty-eight hours post-transfection, cells were treated with
two different doses of epirubicin for twenty-four hours and then MTT assays
were performed to determine effects of the miRNA mimics or inhibitors on cell
viability. Note this forty-eight plus twenty-four hours protocol means that MTT
assays were performed at the same time point as | used previously to test the
degrees of over-expression or knockdown (Figure 4.3.2). Epirubicin doses were
chosen so as to result in approximately 75% or 25% cell viability in the control

transfected samples.

Data obtained from MTT assays in MCF7 cells (Figure 4.3.3) and in MDA-
MB175 cells (Figure 4.3.4) showed that when cells over-expressed miR-26b or
miR-195, cells were significantly more viable after treatment with epirubicin
(p<0.05), suggesting that they were more resistant to the epirubicin treatment
compared with their control counterparts. By contrast, the inhibitors of miR-26b
or miR-195 did not cause compelling changes in chemoresponse, with no
significant differences seen in MCF7 cells, while in MDA-MB-175 cells a slight
(but significant, p<0.05) chemo-protection was seen from the miR-195 inhibitor

at one epirubicin dose only.

The data from these MTT assays in both cell lines suggested that an increase
in either miR-26b or miR-195 expression in ER positive breast cancer cells
caused increased resistance to chemotherapy. Despite these increases in cell
survival being relatively small, the suggestion that the up-regulation of these
mMiRNAs did contribute to chemoresistance appeared convincing based on the
facts that: 1) the increases in cell survival were significant at various doses and
in both cell lines; 2) doses that did not show significant differences appeared to
show similar trends; and 3) these data were consistent with expectations from
patient data where increased expression of these miRNAs was observed in

cells that had survived chemotherapy treatment (see section 0).

Conversely, data obtained using inhibitors of these miRNAs were unexpected
considering the effects of the mimics as it might be expected that the inhibitors
would have the opposite effects on cell survival after epirubicin treatment.
However, data obtained from these MTT assays suggested that decreased
expression of these miRNAs had little effect. In MDA-MB-175 cells, the inhibitor
for miR-195 (Figure 4.3.4D) led to a significant increase in cell survival at the

higher dose of epirubicin (p<0.00005). However, this was the only significant
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result obtained with the miRNA inhibitors and was only observed in one cell line
at one dose of epirubicin, and could therefore be considered an anomaly. In
particular, it may be worth noting that transfection of MDA-MB-175 cells with
the miR-195 inhibitor resulted in the least effective change in expression seen
across the whole panel of miRNA mimics and inhibitors (a decrease in
expression of approximately 60%; Figure 4.3.2), therefore, the result of
increased survival following inhibition of miR-195 and treatment with epirubicin

in MDA-MB-175 cells may be especially questionable.
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Figure 4.3.3: Increased miR-26b and miR-195 expression in MCF7 cells
confers chemoresistance

MCF7 cells were transfected with either mimics (left panels) or inhibitors
(right panels) of miR-26b (A and B) or miR-195 (C and D). Forty-eight
hours post-transfection, cells were treated with two concentrations of
epirubicin (0.5uM or 1uM) or vehicle control (water). Twenty-four hours
post-treatment, MTT assays were performed. Raw absorbance values
were normalised to the control transfected and control untreated samples.
The top panels show the effects of epirubicin on overall survival whereas
the bottom panels are normalised to allow focus on the effects of the
targeted miRNA mimic or inhibitor on survival in epirubicin-treated
samples. Three biological repeats were performed for each experiment,
with error bars showing SEM (*p<0.05, **p<0.005, ****p<0.00005).
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Figure 4.3.4: Increased miR-26b and miR-195 expression in MDA-MB-175
cells confers chemoresistance

MDA-MB-175 cells were transfected with either mimics (left panels) or
inhibitors (right panels) of miR-26b (A and B) or miR-195 (C and D). Forty-
eight hours post-transfection, cells were treated with two concentrations of
epirubicin (174uM or 300uM) or vehicle control (water). Twenty-four hours
post-treatment, MTT assays were performed. Raw absorbance values
were normalised to the control transfected and control untreated samples.
The top panels show the effects of epirubicin on overall survival whereas
the bottom panels are normalised to allow focus on the effects of the
targeted miRNA mimic or inhibitor on survival in epirubicin-treated
samples. Two biological repeats were performed for each experiment,
with error bars showing SEM (*p<0.05, ****p<0.00005).



108

4.3.1.4 Over-expression of miR-10a increases resistance of MCF7 and
MDA-MB-175 cells to chemotherapy

Next, | took the same approach to investigate the role of miR-10a in
chemoresponse; miR-10a had been identified as down-regulated in cancer
cells that survived NAC in patients. MCF7 and MDA-MB-175 cells were
transfected with mimics and inhibitors, treated with epirubicin, and survival was
assessed as before (Figure 4.3.5). MiR-10a mimics induced increased survival
after epirubicin treatment, which was significant in one cell line at one dose

(p<0.05), while — as previously — the inhibitors had little effect.

The data from these MTT assays in both cell lines suggested that, as with miR-
26b and miR-195, increased expression of miR-10a contributed to increased
chemoresistance compared with control transfected cells. Despite the fact that
there was only one significant result in one cell line at one dose, all of the other
results consistently showed an apparent increase in cell viability in both cell
lines, supporting the conclusion that increased miR-10a expression led to
increased cell survival. However, these results were surprising since they were
not concordant with expectations based on patient data, as miR-10a was down-
regulated in cells that survived chemotherapy treatment (see section 0), leading
to an expectation that increased miR-10a expression would lead to decreased

cell survival.
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Figure 4.3.5: Increased miR-10a expression in MCF7 and MDA-MB-175
cells confers chemoresistance not chemosensitivity

MCF7 (A and B) or MDA-MB-175 (C and D) cells were transfected with
either miR-10a mimic (left panels) or miR-10a inhibitor (right panels) or
appropriate control mimic/inhibitor. Forty-eight hours post-transfection,
cells were treated with two concentrations of epirubicin or vehicle control
(water). Twenty-four hours post-treatment, MTT assays were performed.
Raw absorbance values were normalised to the control transfected and
control untreated samples. The top panels show the effects of epirubicin
on overall survival whereas the bottom panels are normalised to allow
focus on the effects of the targeted miRNA mimic or inhibitor on survival in
epirubicin-treated samples. Three biological repeats were performed using
MCF7 cells and two biological repeats were performed using MDA-MB-
175 cells, with error bars showing SEM (*p<0.05).
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4.3.1.5 Expression levels of miR-26b, miR-195 and miR-10a influence
clonogenic survival following chemotherapy in MCF7 and MDA-
MB-175 cells

The data obtained from these short-term MTT assays suggested that over-
expression of miR-26b, miR-195 or miR-10a individually contribute to
chemoresistance. However, it is important to consider that this assay simply
observes cell viability directly after twenty-four hours treatment with the
chemotherapy drug and does not take into account longer-term influences on
proliferative ability. For this reason, colony forming assays were performed as
these assess whether cells retain proliferative capacity, as opposed to merely
staying alive, and therefore these assays may be more sensitive to influences

of some regulators of response.

These experiments were performed using the same initial procedure as that
used in the previous MTT protocol (sections 4.3.1.3 and 4.3.1.4), where cells
(MCF7 or MDA-MB-175) were transfected with individual miRNA mimics or
inhibitors or controls. Forty-eight hours post-transfection, cells were treated with
doses of epirubicin for twenty-four hours. Instead of performing an MTT assay,
however, cells were seeded at low densities in fresh media without epirubicin
and left in culture for two weeks to observe what proportion of cells retained the
ability to form colonies following the epirubicin treatment (Figure 4.3.6 and
Figure 4.3.7).

Epirubicin doses were again selected to allow approximately 50% of cells to
survive epirubicin treatment (ie grow into a colony); note these doses are
considerably lower than the previous short-term assay, since long-term
proliferative ability is sensitive to much lower doses. Initially, experiments were
performed targeting miR-26b or miR-195 (Figure 4.3.6), since for these
mMiRNAs MTT data were concordant with patient data therefore these
represented the most promising candidate mediators of clinically relevant

chemoresistance.

Over-expression of miR-195 caused a significant increase in cell survival in
MCF7 cells after epirubicin treatment (p<0.005) and increased miR-26b also
caused an increase in cell survival, although this was not significant (Figure
4.3.6A). In marked contrast to the MTT assays, the miRNA inhibitors also had
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functional effects in this assay. When MCF7 cells were transfected with miR-
26b or miR-195 inhibitors, clonogenic survival was decreased, which was
significant with the miR-195 inhibitor (Figure 4.3.6B, p<0.0005).

Similar results were observed when miRNA mimics or inhibitors were
transfected into MDA-MB-175 cells, with significant increases in relative
survival when cells were transfected with miRNA mimics (Figure 4.3.6C,
p<0.0005) and significant decreases in survival when cells were transfected
with miRNA inhibitors (Figure 4.3.6D, p<0.005).

The data obtained from colony forming assays suggested that increased
expression of miR-26b and miR-195 led to an increased ability of both MCF7
and MDA-MB-175 cells to survive and form colonies after chemotherapy
treatment. Conversely, decreased expression of these miRNAs led to both cell
lines becoming more sensitive to chemotherapy treatment resulting in fewer
colonies being formed. These results are concordant with those obtained from
MTT assays and also from patient data, providing strong evidence that miR-

26b and miR-195 modulate chemoresistance.

Clonogenic survival assays were also performed after transfection with mimics
or inhibitors for miR-10a in exactly the same way (Figure 4.3.7 [page 110]).
MiR-10a over-expression caused a significant increase in cell survival after
epirubicin treatment in both MCF7 and MDA-MB-175 cells (p<0.05), while miR-
10a down-regulation caused a significant decrease in cell survival after
epirubicin treatment in both cell lines (p<0.05). These data were concordant
with those obtained from MTT assays, but again did not meet expectations
based on patient data where miR-10a expression was decreased in cells that

had survived chemotherapy treatment.
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Figure 4.3.6: Increased miR-26b and miR-195 expression in MCF7 and
MDA-MB-175 cells confers clonogenic survival

MCF7 (A and B) or MDA-MB-175 (C and D) cells were transfected with
either miRNA mimics (A and C) or inhibitors (B and D) or a miRNA control
mimic or inhibitor. Forty-eight hours post-transfection, MCF7 cells were
treated with 30nM epirubicin and MDA-MB-175 cells were treated with
600nM epirubicin for twenty-four hours before being seeded at low
densities and left to grow for fourteen days. Colonies were fixed and
stained with a mixture of methanol, ethanol and crystal violet solution
before being counted. The top panels show for each condition, epirubicin-
treated samples were normalised to their untreated counterparts. The
bottom panels show the miRNA transfected and treated samples
normalised to the control transfected and epirubicin-treated sample. Three
biological repeats were performed with MCF7 cells and two biological
repeats were performed with MDA-MB-175 cells, with error bars showing
SEM (*p<0.05, **p<0.005, ***p<0.0005, ***p<0.00005).
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Figure 4.3.7: Increased miR-10a expression in MCF7 and MDA-MB-175
cells confers clonogenic survival

MCF7 (A and B) or MDA-MB-175 (C and D) cells were transfected with
either a miR-10a mimic (A and C) or inhibitor (B and D) or a miRNA
control mimic or inhibitor. Forty-eight hours post-transfection, MCF7 cells
were treated with 30nM epirubicin and MDA-MB-175 cells were treated
with 600nM epirubicin for twenty-four hours before being seeded at low
densities and left to grow for fourteen days. Colonies were fixed and
stained with a mixture of methanol, ethanol and crystal violet solution
before being counted. The top panels show for each condition, epirubicin-
treated samples were normalised to their untreated counterparts. The
bottom panels show the miRNA transfected and treated samples
normalised to the control transfected and epirubicin-treated sample. Three
biological repeats were performed with MCF7 cells and two biological
repeats were performed with MDA-MB-175 cells, with error bars showing
SEM (*p<0.05, **p<0.005).
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Combining data from both short-term and long-term survival analyses, |
concluded that over-expression of all three miRNAs can individually contribute
to increased chemoresistance and that down-regulation of these miRNAs
individually can contribute to increased chemosensitivity. As miR-26b and miR-
195 were observed to be up-regulated in breast cancer cells post-
chemotherapy in patients, the in vitro data | have obtained are concordant with
these observations. However, miR-10a was observed to be down-regulated
post-chemotherapy in patients, thus the data | have obtained do not conform
with expectations. As such, further work was performed on miR-26b and miR-

195 only, and not miR-10a.

4.3.1.6 Combined manipulation of expression of miR-26b and miR-195

does not strikingly enhance their effects on chemoresponse

Since miR-26b and miR-195 both showed promising results in multiple assays
individually, | decided to observe whether manipulating the expression of both
miRNAs simultaneously would have any additive or synergistic effects on
chemoresponse in the assays previously used. Therefore, | initially transfected
MCF7 cells with either both miRNA mimics or both inhibitors or relevant
controls using the same method described previously (section 4.3.1.2) and
quantified expression levels of both miRNAs post-transfection relative to control
transfected samples (Figure 4.3.8). Simultaneous transfection with both miRNA
mimics or inhibitors resulted in successful over-expression (by 8 and 1200 fold)

or down-regulation (to 0.05 and 0.03 relative to control levels) of the miRNAs.
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Figure 4.3.8: MiR-26b and miR-195 were successfully up- and down-
regulated in MCF7 cells

MCF7 cells were simultaneously transfected with miR-26b and miR-195
mimics (A) or inhibitors (B) or relevant controls and total RNA extracted
seventy-two hours post-transfection. Expression of the targeted miRNAs
was quantified by RT-gPCR relative to RNU48, and are presented relative
to levels in cells transfected with control mimics or inhibitors. These
graphs represent mean of three technical replicates from one biological
repeat, with error bars showing SD.

Having successfully confirmed the altered expressions of the miRNAs of
interest, | then wanted to assess the influence of over-expression and
knockdown of these miRNAs together on chemoresponse. MCF7 cells were
transfected with either both miRNA mimics or inhibitors, or appropriate controls.
Forty-eight hours post-transfection, cells were treated with epirubicin for twenty-
four hours and then either MTT or colony forming assays performed as
previously described (sections 4.3.1.3 and 4.3.1.5) (Figure 4.3.9).

Data from these MTT assays and colony forming assays suggested that when
cells over-expressed miR-26b and miR-195 together, significantly more cells
survived after epirubicin treatment (p<0.05) (Figure 4.3.9A and C). Decreased
expression of both of these miRNAs in MCF7 cells did not have any effect on

cell survival in either of the assays (Figure 4.3.9B and D).

The data obtained from these two assays suggested that increased expression
of both miR-26b and miR-195 led to an increased ability of MCF7 cells to
survive chemotherapy treatment over both a short term and long term. These
results are concordant with those obtained from MTT assays and colony

forming assays after over-expression of individual miRNAs and are also
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concordant with patient data. However, over-expression of both miRNAs
simultaneously did not appear to have any additive or synergistic effects on
chemoresistance compared with over-expression of individual miRNAs.
Conversely, decreased expression of both miRNAs together did not affect the
chemoresponse of MCF7 cells, even in colony forming assays. This was in
contrast with data obtained from colony forming assays following decreased
expression of individual miRNAs where significant increases in
chemosensitivity were observed (Figure 4.3.6). | therefore concluded that
manipulation of both miRNAs simultaneously did not provide any additional
information regarding their roles in chemoresponse. As such, further work was

performed on miR-26b and miR-195 individually.
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Figure 4.3.9: Increased expression of miR-26b and miR-195 together in
MCF7 cells confers chemoresistance

MCF7 cells were transfected with either both mimics (left panels) or both
inhibitors (right panels) of miR-26b and miR-195 or controls. Forty-eight
hours post-transfection, cells were treated with epirubicin or vehicle
control (water). Twenty-four hours post-treatment, either MTT assays (A
and B) or colony forming assays (C and D) were performed. For MTT
assays, raw absorbance values were normalised to the control transfected
and control untreated samples. The top panels show the effects of
epirubicin on overall survival whereas the bottom panels are normalised to
allow focus on the effects of the targeted miRNA mimic or inhibitor on
survival in epirubicin-treated samples. For colony forming assays, cells
were seeded at appropriate densities and left to grow for fourteen days.
Colonies were fixed and stained with a mixture of methanol, ethanol and
crystal violet solution before being counted. The top panels show for each
condition, epirubicin-treated samples were normalised to their untreated
counterparts. The bottom panels show the miRNA transfected and treated
samples normalised to the control transfected and epirubicin-treated
sample. Three biological repeats were performed for MTT assays and two
biological repeats were performed for colony forming assays, with error
bars showing SEM (*p<0.05, ***p<0.0005).
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4.3.1.7 MiR-26b and miR-195 are up-regulated in two ER positive

epirubicin resistant breast cancer cell lines

As a further tool for the study of resistance to epirubicin in ER positive breast
cancer, | developed two cell lines with stable constitutive epirubicin resistance.
To achieve this, | treated the breast cancer cell lines MCF7 and T47D with
initial low doses of epirubicin and gradually increased the drug concentration
over many months of continuous culture, while avoiding increasing excessively
and thereby killing all the cells. | also continuously grew parental cell lines
without epirubicin in parallel, to provide appropriate control cells. | assessed the
degree of resistance of each selected cell line by performing epirubicin dose
responses for the resistant cells as compared to their untreated parental
controls using MTT assays (Figure 4.3.10), exactly as previously described in
section 4.3.1.1. The resistant MCF7 cells had an estimated IC50 12.9 times
greater than that of their parental control cells (Figure 4.3.10A) and the
resistant T47D cells had an estimated IC50 16.7 times greater than that of their

parental control cells (Figure 4.3.10B).

Having concluded that transient over-expression of miR-26b or miR-195 can
lead to increased resistance to epirubicin (sections 4.3.1.3 and 4.3.1.5), and
that these miRNAs were up-regulated in relatively chemotherapy resistant
breast cancer cells in patients, | was next interested in testing whether up-
regulation of these miRNAs was potentially playing a role in these resistant cell

lines.
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Figure 4.3.10: MCF7 and T47D cells are more chemoresistant than their
parental lines after long-term exposure to epirubicin

Epirubicin resistant cell lines were developed by continuous exposure to
increasing concentrations of epirubicin in both MCF7 and T47D cells.
Resistant (R) and parental (wild type, WT) MCF7 (A) or T47D (B) cells
were then exposed to a wide range of doses of epirubicin for 24 hours
before cell viability was measured using MTT assays. Each drug dose
was measured in triplicate. Cell survival at each dose was calculated
relative to cell viability of vehicle control (water) treated cells for each cell
line. The dose-response curves show one biological repeat with error bars
showing +/- SD of technical replicates.

| performed RT-qPCR to determine whether there was differential expression of
miR-26b or miR-195 in the resistant cell lines compared to their parental
controls (Figure 4.3.11). Expression of both miR-26b and miR-195 was
increased in the epirubicin resistant cells compared with their parental controls.
These data further support the hypothesis that both of these miRNAs contribute

to chemoresistance in breast cancer cells.
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Figure 4.3.11: MiR-26b and miR-195 were up-regulated in epirubicin
resistant MCF7 and T47D cells

Total RNA was extracted from MCF7 (A) and T47D (B) epirubicin resistant
(R) or parental control cell lines (wild type, WT). Relative expressions of
miR-26b and miR-195 were quantified by RT-qgPCR, using RNU48 as the
control. Data are expressed relative to wild type, and represent one
biological repeat with error bars showing +/- SD of technical replicates.

4.3.1.8 Epirubicin resistance does not confer resistance to a taxane

Breast cancer patients who are found to have tumours that are substantially
resistant to an initial chemotherapy regimen are often switched to a different
regimen to assess whether responses can be improved by different agents that
may act in different ways (Porkka et al., 1994, Thomas et al., 2004, Polyzos et
al., 2009). In the context of breast cancer neoadjuvant chemotherapy, initial
therapies are often anthracycline-based (such as epirubicin), whereas the
alternative may be taxane-based (such as docetaxel) (Esteva and Hortobagyi,
2008, Rivera and Gomez, 2010). | was therefore interested to investigate
whether the epirubicin resistant cell lines that | had developed were also more
resistant to an alternative chemotherapeutic drug with a different mode of
action. Therefore, epirubicin (an anthracycline) resistant and parental MCF7
and T47D cells were treated with a range of doses of the taxane docetaxel and

relative survival was determined using MTT assays (Figure 4.3.12).

Interestingly, neither epirubicin resistant line was also resistant to docetaxel; in
T47D cells there was no difference in sensitivity to docetaxel between the
epirubicin resistant and parental control cells, while — surprisingly — in MCF7
cells, the epirubicin resistant cells were actually more sensitive to docetaxel

than the parental line. This result emphasises that resistance pathways for
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different agents can be unrelated and do not necessarily give multi-drug

resistance.
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Figure 4.3.12: Epirubicin resistant MCF7 and T47D cells are not resistant
to docetaxel

MCF7 (A) and T47D (B) epirubicin resistant (R) and wild type (WT) cells
were exposed to increasing doses of docetaxel. MTT assays were
performed twenty-four hours post-treatment to measure cell viability. Each
drug dose was measured in triplicate. Cell survival at each dose was
calculated relative to cell viability of vehicle control (DMSO) treated cells
for each cell line. Graphs show means of two biological repeats (+/-
standard error).

4.3.2 ldentification of miRNA targets that potentially contribute to

the chemoresistance phenotype

Having established that over-expression of miR-26b and miR-195 contributes
to chemoresistance, and that increased expression of these miRNAs is
observed in epirubicin resistant cell lines, | then attempted to identify the
possible mechanisms of action of these miRNAs by investigating their potential
MRNA targets.

4.3.2.1 ldentifying putative mRNA targets of miR-26b-5p and miR-195-5p

using predictive algorithms and literature searching

Initially, the on-line resource starBase v2.0 (Yang et al., 2011, Li et al., 2014b)
was used to identify mRNAS that are potentially targeted by either miR-26b or
miR-195. This program gathers data from five prediction algorithms (miRanda,
PicTar, TargetScan, RNA22 and PITA) that use multiple factors to predict
targets including sequences in the mRNAs that match the seed region of
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MiRNAs and the accessibility of these sequences to the miRNAs using free
energy assessments of secondary structures, and also incorporates
experimental evidence, if any. This led to the identification of several thousand

possible targets for both miRNAs.

To narrow down the number of possible targets, those mRNAs predicted by all
five prediction algorithms were given priority. Twenty-four mRNAs were
predicted by all five algorithms for miR-26b and fifty-five mRNAs were predicted
for miR-195. A search of the literature for all seventy-eight potential targets was
performed, to identify genes within the list that had previously been linked or
suggested to be linked to chemoresistance when down-regulated. This criterion
was used since an up-regulation of miRNA expression would most likely lead to
a down-regulation of target mMRNA and/or protein. In addition, transcripts
consistently down-regulated in all the original patients used for initial mMiRNA
discovery according to NanoString mRNA expression data (see section 3.3.4)
were also investigated if predicted to be targets of miR-26b or miR-195 by any
of the predictive algorithms. Transcripts were also considered if consistently
down-regulated in the three patients with complete datasets but not in one of
the other patients with incomplete datasets if they were predicted by all five
predictive algorithms. The final list of candidate targets of interest is shown in
Table 4.3.1 (miR-26b) and Table 4.3.2 (miR-195), along with a summary of the
evidence that led to the inclusion of each entry. It was particularly interesting to
note that CCDC6 was a predicted target of both miR-26b and miR-195.
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Table 4.3.1: Top predicted mRNA targets of miR-26b

Gene No. of Expression post- | Function in
predictive NAC in all patients | chemoresponse
algorithms (NanoString)

PPP3R1 4 Down (5/5 patients) | Activates mitochondrial

apoptosis pathway in
human hepatoma HepG-2
cells (Yang et al., 2017)
PRKAR2B |1 Down (3/3 patients) | Down-regulated in
etoposide and cisplatin
resistant small cell lung
cancer H446 cell line
compared with parental
cell line (Chen et al.,
2017)

GSK3B 5 Down (3/4 patients) | Inactivation leads to
increased resistance to
doxorubicin and tamoxifen
in MCF7 breast cancer
cells (Sokolosky et al.,
2014)

CCDC6 5 Not on panel Reduced expression
confers resistance to
cisplatin in non-small cell
lung cancer but confers
sensitivity to olaparib
(Morra et al., 2015)
ULK1 5 Not on panel Down-regulated in most
breast cancers, addition
of synthetic agonist
induced cell death
associated with
autophagy (Zhang et al.,
2017)

WNT5A 5 Down (3/3 patients) | Decreased expression in
poor responders to
chemotherapy in
osteosarcoma patients
and in chemoresistant cell
line compared with
responders (Walters et
al., 2008)

Potential targets for miR-26b were selected for further study using a
combination of bioinformatics predictions (five different algorithms used),
MRNA expression data concerning down-regulation in breast cancers in
patients post-NAC (Chapter 3), and literature searching for published roles
contributing to chemoresistance.
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Table 4.3.2: Top predicted mRNA targets of miR-195

Gene No. of Expression post- | Function in
predictive NAC patients chemoresponse
algorithms (NanoString)

APH1B 1 Down (3/3 patients) | Down-regulated in MCF7

breast cancer cells
resistant to adriamycin
and paclitaxel (Zhang et
al., 2016)

MYB 5 Down (5/5 patients) | Knockdown in MCF7
breast cancer cells
increased tumourigenesis
and resistance to
tamoxifen (Thorner et al.,
2010)

E2F7 5 Not on panel Reduced expression in
ovarian cancer patients
resistant to platinum-
based therapies
compared with platinum-
sensitive tumours (Reimer
et al., 2007)

CCDC6 5 Not on panel Reduced expression
confers resistance to
cisplatin in non-small cell
lung cancer but confers
sensitivity to olaparib
(Morra et al., 2015)
GNAI3 5 Not on panel Identified in gene
expression signature -
decreased expression in
taxane-based resistant
breast cancer patients
(He et al., 2014b)

Potential targets for miR-195 were selected for further study using a
combination of bioinformatics predictions (five different algorithms used),
MRNA expression data concerning down-regulation in breast cancers in
patients post-NAC (Chapter 3), and literature searching for published roles
contributing to chemoresistance.

At this point, public datasets were mined in order to determine whether there
were significant negative correlations between miR-26b or miR-195 expression
and their predicted mRNA targets in breast cancers, as might be expected if
the miRNA really does target the mRNA in actual breast cancer tissues. These
data are shown in Figure 4.3.13, in the form of scatter plots with correlation

best-fit lines.
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Of the six predicted targets for miR-26b, only one (PRKAR2B) showed a
significant negative correlation between its expression and miR-26b
expression. There were also negative correlations between miR-26b
expression and both CCDC6 and ULK1 expression although these were not
significant (p values 0.1824 and 0.1089 respectively). These analyses support
the proposal that in breast cancer, miR-26b targets PRKAR2B and may target
CCDC6 and ULK1.

Of the five predicted targets for miR-195, there were significant negative
correlations between miR-195 expression and expression of CCDC6, E2F7 and
GNAI3 expression supporting the proposal that miR-195 targets these three

genes.
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Figure 4.3.13: Correlations between miR-26b and miR-195 expression and
expression of their predicted mRNA targets

Expression data for miRNAs and mRNAs of interest in breast cancers
were accessed from a public dataset (TCGA, 2012) by Dr J Thorne
(University of Leeds). Data were obtained from matched miRNA
sequencing and Agilent mMRNA expression arrays respectively from 489
breast cancer tumours. The x axes show expression levels of the miRNA
of interest (relative read depth) whereas the y axes show expression
levels (gene-median centered and logz transformed) of the mRNAS of
interest. (A) Pearson correlations between miR-26b expression and the
six selected predicted mRNA targets (***p<0.0005). (B) Pearson
correlations between miR-195 expression and the five selected predicted
MRNA targets (*p<0.05, **p<0.005).
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4.3.2.2 CCDCE6 is the only potential target gene that can be validated in
MCF7 and MDA-MB-175 cells

In vitro assays were next used to assess whether the miRNA-mRNA pairs
supported by significant negative correlations above were reproduced in cell
lines. In addition, since CCDC6 was to be tested as a target for miR-195, | also
tested whether it was a target for miR-26b even though this latter relationship
was not significant in Figure 4.3.13. MCF7 and MDA-MB-175 cells were
transfected with either miRNA mimics or inhibitors or their controls as
previously, and RNA was extracted seventy-two hours later. Expression levels
of MRNAs were determined using RT-gPCR (Figure 4.3.14 and Figure 4.3.15).
A confirmed canonical miRNA target would be down-regulated by the presence
of the miRNA mimic, and up-regulated by the miRNA inhibitor.

In MCF7 cells, PRKAR2B expression was not significantly altered by over-
expression or inhibition of miR-26b. Similarly, expression of neither E2F7 or
GNAI3 was significantly altered by over-expression or inhibition of miR-195.
However, data concerning CCDC6 looked more promising: CCDC6 expression
was reduced by mimics of both miRNAs (significantly for miR-26b) and was

increased by inhibitors of both miRNAs (significantly for miR-195).

The same experiments were also performed in MDA-MB-175 cells. Results
(Figure 4.3.15) were more variable but did suggest that CCDC6 is a potential
target of miR-26b in these cells. However, results also appeared to
demonstrate that CCDCE6 is not targeted by miR-195 in MDA-MB-175 cells,
unlike in the MCF7 cells.
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Figure 4.3.14: CCDCG6 is a target of miR-26b and miR-195 in MCF7 cells
but PRKAR2B, E2F7 and GNAI3 are not

MCF7 cells were transfected with either the miRNA mimic or inhibitor of
interest or appropriate controls. Cells were harvested seventy-two hours
post-transfection and RNA extracted followed by RT-gPCR to quantify
expression of the potential miRNA targets of interest. These graphs show
three biological repeats and error bars show SEM (*p<0.05). (A)
PRKARZ2B expression following transfection with either miR-26b mimic or
inhibitor. (B) E2F7 expression following transfection with either miR-195
mimic or inhibitor. (C) GNAI3 expression following transfection with either
mMiR-195 mimic or inhibitor. (D) CCDC6 expression following transfection
with either miR-26b or miR-195 mimic or inhibitor.
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Figure 4.3.15: CCDC6 appears to be targeted by miR-26b but not miR-195
in MDA-MB-175 cells, while PRKAR2B, E2F7 and GNAI3 are not
targeted

MDA-MB-175 cells were transfected with either the miRNA mimic or
inhibitor of interest or appropriate controls. Cells were harvested seventy-
two hours post-transfection and RNA extracted followed by RT-gPCR to
guantify expression of the potential miRNA targets of interest. These
graphs show two biological repeats and error bars show SEM (*p<0.05).
(A) PRKAR2B expression following transfection with either miR-26b mimic
or inhibitor. (B) E2F7 expression following transfection with either miR-195
mimic or inhibitor. (C) GNAI3 expression following transfection with either
mMiR-195 mimic or inhibitor. (D) CCDC6 expression following transfection
with either miR-26b or miR-195 mimic or inhibitor.

4.3.2.3 CCDC6 expression does not negatively correlate with miR-26b
and/or miR-195 expression in MCF7 and T47D epirubicin resistant

cell lines

As CCDC6 appeared to be a potential target of miR-26b and miR-195, CCDC6
expression was quantified in the MCF7 and T47D epirubicin resistant cells in
which | had already shown that both of these miRNAs were overexpressed
(Figure 4.3.11). RNA was extracted from the epirubicin resistant and parental
control cell lines and CCDC6 expression in resistant cells relative to parental
control cells was determined by RT-gPCR (Figure 4.3.16). Expression of this
gene was not significantly different in the MCF7 resistant cell line compared to
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its matched control, but was significantly increased in the T47D resistant cell
line. These results suggest that although CCDC6 may be targeted by either or
both of miR-26b and miR-195, this influence is not the main determinant of
relative CCDC6 expression and decreased expression of this gene does not

contribute to chemoresistance in these two epirubicin resistant lines.
2.0+
1.54
1.0+

0.5

Relative mRNA expression

0.0~
< <
Q R

&
& A\

Cell line

Figure 4.3.16: CCDCE6 is not differentially expressed in epirubicin
resistant cell lines in accordance with a role downstream of miR-26b
or miR-195 in chemoresistance

CCDCE6 expression was quantified by RT-gPCR in two ER positive
epirubicin resistant (R) breast cancer cells relative to expression in
sensitive parental cells (WT). This graph shows two biological repeats and
error bars show SEM (*p<0.05).

4.3.2.4 CCDC6 does not modify chemoresponse in MCF7 cells

Although CCDC6 was not significantly down-regulated in the stable epirubicin
resistant cell lines and therefore its down-regulation was seemingly not
contributing to this stable resistance, it remained possible that down-regulation
of CCDC6 was contributing to the miR-26b or miR-195 induced transient
resistance seen in Figure 4.3.3, Figure 4.3.4 and Figure 4.3.6. In addition,
CCDCE6 has previously been linked with chemoresponse (Morra et al., 2015).
Therefore, siRNA against CCDC6 was used to knock-down expression and
chemosensitivity assays were performed to determine whether this decreased
expression would result in increased resistance of breast cancer cells to

epirubicin, thereby supporting miR-26b and miR-195 acting via CCDC6.

To confirm down-regulation of CCDC6 by a targeted siRNA, MCF7 cells were
first transfected with the siRNA or a non-targeting control. RNA was extracted

seventy-two hours post-transfection and CCDC6 expression was measured by
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RT-gPCR (Figure 4.3.17). Results show that expression of CCDC6 was
successfully reduced by the siRNA by approximately 90%.
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Figure 4.3.17: CCDC6 was successfully inhibited by a targeted siRNA

MCF7 cells were transfected with a siRNA targeting CCDCS6 or a control
non-targeting siRNA. RNA was extracted seventy-two hours post-
transfection and CCDC6 expression was quantified by RT-gPCR relative
to expression in non-targeted siRNA transfected MCF7 cells. This graph
represents one biological repeat with error bars showing +/- SD of three
technical replicates.

To assess chemosensitivity, MCF7 cells were transfected with the siRNA
targeting CCDC6 or a non-targeting control, and forty-eight hours post-
transfection were treated with epirubicin for twenty-four hours. Response to
epirubicin was then assessed by performing either MTT assays or colony

forming assays as previously (Figure 4.3.18).

Results from both MTT assays and colony forming assays indicated that MCF7
breast cancer cells with decreased expression of CCDC6 had almost exactly
the same sensitivity to epirubicin treatment as their control transfected

counterparts — with no suggestion of resistance.



132

107 1.0+

0.5+ 0.5+

Relative survival
Relative survival

0.0~ 0.0+
N > N >
[Epirubicin], (mM) mm Control [Epirubicin], (mM)

mm CCDC6
B 1.0+ 1.0

0.54 0.5+

Relative survival
Relative survival

Q

S -
[Epirubicin], (nM) ® [Epirubicin], (nM)

Figure 4.3.18: Reduced CCDC6 expression is not sufficient to induce
chemoresistance in MCF7 cells

MCF7 cells were transfected with siRNAs targeting CCDC6 or control
non-targeting siRNAs. Forty-eight hours post-transfection, cells were
treated with either 1uM or 3uM epirubicin for MTT assays or 30nM
epirubicin for clonogenic survival assays for twenty-four hours. MTT
assays (A) or clonogenic survival assays (B) were then performed. These
graphs show the results of two biological repeats and error bars show the
standard error of the mean. (A) Each sample was first normalised to its
untreated counterpart (left panel), then the CCDC6 siRNA transfected
samples were normalised to the control transfected samples for each
concentration of epirubicin in order to determine the effects of CCDC6
knockdown on chemosensitivity (right panel). (B) Colonies were counted
and numbers were normalised to each untreated sample (left panel), or
relative survival after epirubicin treatment in CCDC6 siRNA transfected
samples was normalised to relative survival in control siRNA transfected
samples after treatment with epirubicin (right panel).

4.4 Discussion

4.4.1 Mimics and/or inhibitors of specific miRNAs have

successfully been used to investigate chemosensitivity

In this chapter | have used mimics and inhibitors of my three miRNAs of
interest, as identified in the screens performed in section 0, to investigate their
roles in chemoresponse. This was performed by transfecting ER positive breast

cancer cells with these mimics and inhibitors followed by treatment with
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epirubicin. This was the same chemotherapeutic drug that was used to treat the
patients in the cohort used for the initial screens (see Chapter 3). Then, by
assessing the cell viability and clonogenic ability of the cells, | successfully
identified miR-26b and miR-195 as contributors to chemoresistance when up-
regulated. This was in accordance with data obtained from the initial screens
performed in section 0 where expression of these two miRNAs was increased
post-NAC compared with pre-NAC in partially chemoresistant breast cancers.

My use of miIRNA mimics and/or inhibitors to investigate roles for miRNAS in
chemosensitivity of cancer cells has a few highly-related published precedents.
A mimic for the miRNA let-7a was used to investigate in vitro what effect
increased expression of this miRNA would have on the sensitivity of epirubicin
resistant HER2 positive breast cancer cells to epirubicin (Wu et al., 2015). It
was noted that following transfection of this mimic into these drug resistant
cells, the IC50, determined by MTT cell viability assays, was significantly less
than their control transfected counterparts (1.53pg/ml compared with
2.25ug/ml). Although this shift in IC50 is comparatively small, compared to the
difference between parental and stably resistant cell lines in my work, it should
be noted that | have not formally assessed IC50s after transient transfections
with mimics and inhibitors; the differences | have seen in this context by MTT or
colony forming survival assays have generally been small and could be of
similar magnitude. Let-7a was previously identified as a miRNA of interest in
breast cancer as it was noted to be rarely expressed in breast tumour initiating
cells but was more highly expressed in differentiated breast tumour cells (Yu et
al., 2007). As this population of tumour initiating cells is generally known to be
more chemoresistant than their differentiated counterparts, the authors
hypothesised that let-7a expression may be reduced in patients with
chemoresistant tumours when compared to those with chemosensitive tumours
and that modulation of let-7a levels may influence chemoresponse (Wu et al.,
2015). In my dataset, let-7a was not consistently changed across all patients

and was therefore not investigated further.

A second example is the use of both mimics and inhibitors of miR-195, the
exact same miRNA | have tested, to investigate the role of miR-195 in the
chemosensitivity of ER positive breast cancer cells to adriamycin (Yang et al.,

2013). This study showed that miR-195 mimic reduced cell viability following
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adriamycin treatment in both MCF7 wild-type and adriamycin resistant cells, as
measured by MTT assays. Increased miR-195 expression had a greater effect
on cell viability in MCF7 wild-type cells compared with resistant cells. However,
when expression of this miRNA was reduced by the inhibitor, no corresponding
increase in cell viability was observed. This is in marked contrast to my study,
where | found miR-195 mimic to protect MCF7 cells from epirubicin, although
my data concur that inhibitors appear to be less successful in inducing changes
in response at least in short-term survival assays. This difference between the
efficacy of mimics and inhibitors may relate to their differing abilities to induce
fold changes in expression of the miRNA — with mimics commonly leading
directly to much greater over-expression than the fold-inhibition of inhibitors
(Figure 4.3.2). Having defined the role of miR-195 in chemoresponse, the
authors then identified Raf-1 as a potential target of this miRNA, and observed
increased protein expression in chemoresistant cell lines compared to parental
cell lines. However, unlike my work, no attempts were made to test functionally
whether the mRNA is a target of miR-195.

These two studies combined emphasise the fact that miRNAs can have
different functions depending on context — in this case the chemotherapy agent
being the difference. Adriamycin, also known as doxorubicin, is a member of
the same chemical family as epirubicin, the anthracyclines. The only difference
between these two drugs is a slight structural modification in epirubicin
resulting in the reorientation of a hydroxyl group. However, multiple clinical
trials have revealed that therapeutically, epirubicin is as effective as
doxorubicin but that off-target toxicities are less harsh (Khasraw et al., 2012). It
is evident that despite the fact that these two drugs are both anthracyclines and
are therefore thought to have similar mechanisms of action, the seemingly
minor structural alteration in epirubicin does appear to have far reaching
effects. It is possible that miR-195 is one of the factors that responds differently
to these slight differences in structure that ultimately leads to the differences in

toxicity observed in patients.

Interestingly, in a previous study in which MCF7 cells were selected for
resistance to individual chemotherapy drugs including doxorubicin and
epirubicin, gene expression microarray analyses revealed more genes were

differentially expressed in doxorubicin resistant cells relative to parental cells
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than in epirubicin resistant cells (Hembruff et al., 2008). Analyses of
expressions of various ABC drug transporters revealed that epirubicin resistant
MCF7 cells, but not doxorubicin resistant cells, had increased expression of
ABCB1 whereas the latter had increased expression of ABCCL1. This provides
further evidence that doxorubicin and epirubicin affect different molecular

pathways.

A final, highly-related example is an investigation into the role of miR-452 in
adriamycin resistant MCF7 cells, in which a mimic and inhibitor were used to
demonstrate that decreased expression of this miRNA was associated with
resistance to adriamycin (Hu et al., 2014). The authors also identified IGF-1R
as a target of miR-452 by using multiple prediction algorithms and observing
transcript and protein expression in response to manipulation of miRNA levels.
This is a similar method to my work to identify and confirm targets of miR-26b
and miR-195, although | only considered transcript expression and not protein
expression. As with let-7a, in my dataset, miR-452 was not consistently

changed post-NAC across all patients and therefore | did not study it further.

4.4.1.1 Using colony forming assays to determine chemosensitivity

| also used miIRNA mimics and inhibitors in the context of colony forming
survival assays. Other studies have also previously used this method to
determine the effect of particular miRNAs on chemoresistance, usually in
parallel with MTT assays. In a study investigating the role of miR-27b in the
chemoresponse of ER negative and HER2 positive breast cancer cells, both
MTT and colony forming survival assays were used (Chen et al., 2018). In this
study, the inhibition of miR-27b resulted in cells being more resistant to
paclitaxel. Inhibition of this miRNA also resulted in increased resistance to
cisplatin, doxorubicin, gemcitabine and fluorouracil, although this was only
performed with MTT assays. The authors also identified CBLB and GRB2 as
targets of miR-27b using multiple prediction algorithms, as | have used,
although they were confirmed as direct targets using luciferase assays instead
of quantifying transcript expression in response to altered miRNA expression.
In my dataset, miR-27b was not consistently changed across all patients post-
NAC, therefore this miRNA was not studied in my work.
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Similarly, a study investigating the role of miR-4443 in chemoresponse also
used both MTT and colony forming survival assays (Chen et al., 2016Db). In this
study, transfection of the triple negative breast cancer cell line MDA-MB-231
with a miR-4443 mimic and treatment with epirubicin resulted in increased
chemoresistance compared with their control transfected counterparts. This
was shown with both MTT and colony forming survival assays, although the
reciprocal experiment with a miR-4443 inhibitor was only performed with MTT
assays. TIMP2 was successfully identified as a target of miR-4443 using only a
single predictive algorithm and quantification of transcript levels following
manipulation of miRNA levels. MiR-4443 was not included on the panel used to
quantify miRNA expression in the patient samples in my study.

In these two studies, where both MTT and colony forming survival assays were
performed, results from the two assays showed the same changes in
chemoresponse. In my dataset however, the measurement of cell viability using
MTT assays following transfection with miRNA inhibitors did not show changes
in chemoresponse whereas colony forming survival assays frequently did.
However, when viewed together, the results from my MTT assays and colony
forming assays indicated that miR-26b and miR-195 contribute to
chemoresistance. This was further supported by the observation that
expression of these miRNAs was also up-regulated in two epirubicin resistant
cell lines. The fact that the MTT assays and the colony forming assays were
also performed in two different cell lines using both mimics and inhibitors and
that all results were consistent, suggests that these results are true indicators
of the role these miRNAs contribute to chemoresponse in ER positive breast
cancer. The other studies discussed here did not perform both assays using
both mimics and inhibitors in multiple cell lines — and in this regard my study

could be viewed as unusually thorough.

4.4.2 Predictive algorithms can successfully identify target mMRNASs

of specific miRNAs

Multiple algorithms exist that use various factors such as nucleotide
seguences, the number of predicted binding sites and free energies of
complexes to predict mRNA targets of miRNAs (Witkos et al., 2011). Combined
with experimental CLIP-Seq (where mRNA fragments bound to argonaute
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proteins that form part of the RISC and the associated miRNA are sequenced)
data obtained from multiple studies to validate these predictions, these
algorithms have demonstrated that of the hundreds of conserved miRNAs and
protein coding genes, there are several thousand potential interactions
between miRNAs and their target mMRNAs (Li et al., 2014b).

Some studies use only a single predictive algorithm coupled with data such as
associations between miRNA expression and observed pathway activity
obtained previously to identify putative target genes of specific miRNAs. In one
such study, miR-26b was found to suppress TNFa-induced NF-kB signalling in
hepatocellular carcinoma cells. In order to identify target mRNAs that may
mediate this phenomenon, the predictive algorithm TargetScan was used. Two
genes, TAK1 and TAB3, which are upstream positive regulators of the NF-kB
pathway, were predicted to have putative miR-26b binding sites in their
3'UTRs. Validation of these genes as targets of this miRNA was performed
using luciferase reporter assays. Sequences containing the wild-type 3’-UTRs
or mutated 3’-UTRs (where potential binding sites were removed) were co-
expressed with the miRNA, and levels of endogenous proteins and transcripts
after up- or down-regulation of the miRNA were assessed. Very interestingly, in
this case target protein levels were significantly reduced when miR-26b
expression was increased, whereas transcript levels were not affected (Zhao et
al., 2014). This is in contrast with results | have obtained as | have shown that
increased expression of miR-26b leads to a significant reduction in the level of
CCDCE6 transcript. This observation suggests that not only do miRNAs have
different functions depending on context but that their mechanism of action may
also differ. As such, previous studies have also observed a down-regulation of
target mMRNA expression when miR-26b expression was increased (Gennarino
et al., 2009).

The contrast between miR-26b affecting transcript levels versus protein levels
does highlight the risk presented by the strategy that | have used — observing
the effects of miRNA expression on potential target mRNA levels only and not
protein levels as well. | thus risked identifying false negative targets that are not
affected at the transcript level but are functionally targeted at the protein level.
This has previously been observed not just with miR-26b but also miR-519
(Abdelmohsen et al., 2008) and miR-19b (Thorne et al., 2018), which were
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shown to affect HUR and P-glycoprotein protein levels respectively but not

transcript levels.

However, it is more common to investigate putative target mRNAs that are
predicted by multiple predictive algorithms. Four databases were used in a
study to identify mRNA targets of miR-27b (Chen et al., 2018). These were
miRanda, PicTar, TargetScan and miRDB. Even focusing only on those genes
predicted by all four algorithms, 277 mRNAs were putative targets. Therefore,
the authors performed functional analyses using KEGG and Gene Oncolcogy
(GO) databases to narrow down the list of genes of interest. Most target genes
functioned in cancer-related pathways and drug-response pathways. Of the
thirteen top candidates, the transcript levels of five genes were found to be
down-regulated by miR-27b in further validations. Further analyses were
performed in which mRNA levels in tumour tissues and matched normal tissues
were compared, which led to the identification of CBLB and GRB2 as high
priority candidate targets. Expression of these two genes was significantly
higher in tumour tissues than in normal tissues and there was a significant
negative correlation between miR-27b expression and CBLB and GRB2
expression in tumour tissues of breast cancer patients. Similarly, | focused on
genes predicted by five different algorithms: TargetScan, miRanda, PicTar2,
PITA and RNA22 together with miRNA and mRNA expression data, all
presented in the starBase v2.0 database (Yang et al., 2011, Li et al., 2014b). |
then performed literature searches to identify those genes that may play a role
in contributing to chemoresponse, and then investigating further only genes of
interest with significant negative correlations between transcript expression and
MiRNA expression in clinical breast cancers using public datasets. The final
stage was in vitro validation by assessing whether potential target transcript
levels were modified by over-expression or inhibition of miRNA expression, as
was performed in the previous study (Chen et al., 2018). As such, | identified
CCDCE6 as a target of both miR-26b and miR-195.

4.4.3 CCDCG6: a function in chemoresponse?

I have shown that CCDCE6 is targeted by both miR-26b and miR-195 and
therefore was potentially a mediator of their roles in chemoresponse, however

reduction of CCDC6 expression alone did not appear to reproduce the altered
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chemosensitivity seen with over-expression of miR-26b or miR-195. CCDC6
was first identified as part of a fusion gene with the protooncogene RET in
papillary thyroid carcinoma (Fusco et al., 1987, Grieco et al., 1990). CCDC6
has since been shown to be involved in the DNA damage response, specifically
in the ATM pathway. In the event of ATM activation, CCDC6 is phosphorylated,
which ultimately promotes apoptosis (Cerrato et al., 2018). It has previously
been noted that attenuation of CCDC6 confers sensitivity to PARP inhibitors in
prostate cancer cells (Morra et al., 2017) as well as in non-small cell lung
cancer and confers resistance to cisplatin (Morra et al., 2015). | therefore
considered CCDCS6 to be a strong candidate regulator of epirubicin resistance
in my experiments. However, in the context of my study, this does not appear
to be the case, although | cannot rule out that changes in its expression may
contribute to the resistance seen with over-expression of these miRNAs only in

the context of the other expression changes they also cause.

4.4.4 Resistance to one class of chemotherapeutic drug does not

always result in resistance to a different class of drug

My results suggest that epirubicin resistance does not alter the
chemosensitivity of T47D cells to docetaxel. However, in MCF7 cells, results
suggest that instead of epirubicin resistant cells being more resistant to
docetaxel, they are actually more sensitive to the second chemotherapeutic
drug (Figure 4.3.12). These data indicate that resistance to one class of
chemotherapeutic drug does not necessarily indicate resistance to other

classes of chemotherapeutic drugs with other mechanisms of action.

Such a phenomenon has previously been observed in MCF7 cells (Wang et al.,
2014). In this study, the response of MCF7 cells resistant to docetaxel
(MCF77xt) or doxorubicin (MCF7pox) were compared to parental MCF7 cells in
the presence of docetaxel, paclitaxel or doxorubicin. As expected, MCF7txTt
cells were more resistant to docetaxel and paclitaxel and MCF7pox cells were
more resistant to doxorubicin. However, MCF7pox cells were not resistant to
either taxane, indeed these cells were actually slightly more sensitive to these
drugs than parental MCF7 cells. Similarly, MCF71xr cells were not resistant to
doxorubicin. The fact that such resistance mechanisms do not necessarily

overlap, strongly support the typical clinical practice of combining
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chemotherapy agents, either concurrently or in sequence (Masui et al., 2013).
This has the benefit of targeting multiple cell processes, thus decreasing the
possibility of cells being able to develop resistance to multiple agents instead of
one. An important clinical consideration however is that the wrong

combinations and/or doses of agents may prove too toxic for patients.

An example where multiple therapies has proved to be the most successful is
in the treatment of HER2 positive breast cancer. Before the development of
HER2-targeted therapies, HER2 expression was considered a marker of poor
prognosis and was treated with chemotherapy (Muss et al., 1994). With the
development of the monoclonal antibody trastuzumab that targets HERZ2, it
became common clinical practice to combine HER2-targeted therapies with
chemotherapy when treating HER2 positive breast cancer after it had been
shown that addition of this targeting drug was associated with numerous
benefits including increased disease-free survival and longer survival when
compared with chemotherapy alone (Slamon et al., 2001). This highlights the
benefits of targeting multiple cell processes at the same time instead of only a

single process.

4.45 Conclusions

| have determined that up-regulation of miR-26b and miR-195 contribute to
resistance to the chemotherapeutic drug epirubicin in ER positive breast cancer
but that down-regulation of miR-10a does not. | have attempted to identify
MRNA targets of miR-26b and miR-195 that function to contribute to this
chemoresistance. | identified CCDC6 as a target of both miR-26b and miR-195,
however down-regulation of this gene was not sufficient to reproduce the
altered chemosensitivity, and its expression profile in constitutively resistant cell
lines did not implicate it as a key mediator of resistance in this context. In the
next chapter, | undertake alternative experimental approaches to identify the
targets downstream of miR-26b and miR-195, with a view to thereby gaining
understanding of the mechanisms by which these miRNAs define

chemoresponse.



141

Chapter 5: REEP4 and SEMAG6D are targets of miR-26b and
miR-195 and may contribute to chemoresponses in breast

cancer

5.1 Abstract

MiR-26b and miR-195 were identified as potential mediators of chemoresponse
in breast cancer cells in Chapters 3 and 4. Attempts were also made to identify
MRNA targets of miR-26b and miR-195 that contribute to this function, by using
predictive algorithms and public miRNA and mRNA expression datasets. This
approach, however, did not allow successful identification of any candidate
genes with relevant functions in chemoresponse. Therefore, in this chapter |
have taken an unbiased approach to identifying the targets of these miRNAs,
by performing a pulldown assay using biotinylated miRNA mimics of miR-26b
and miR-195 as bait, and RNA-Seq to identify RNAs bound to the target
mMiRNAs. Putative mRNA targets of these miRNAs were identified by assessing
pulldown of transcripts relative to control pulldowns, and by taking into account
relative expression in the input samples based on the hypothesis that true
targets may show reduced overall expression in miRNA mimic-transfected
samples. Potential target genes were also prioritised if they were predicted by a
minimum of two different prediction algorithms to be targets of these miRNAs.
Finally, a literature search was performed on candidate genes to identify those

that potentially contribute to chemoresistance when down-regulated.

Four genes were identified as candidates suitable for further experimental
follow up: REEP4 and PRKCD as targets of miR-26b and SEMA6D and ARL2
as targets of miR-195. Cell viability assays were performed following
knockdown of these genes and treatment with chemotherapy. REEP4 and
SEMAGD knockdown contributed to increased chemoresistance in accordance
with roles in chemoresponse down-stream of the miRNAs, but PRKCD and
ARL2 knockdown did not. However, analysis of REEP4 and SEMAG6D protein
expression in a cohort of breast cancer patients that had received adjuvant
chemotherapy revealed a significant, but unclear relationship between REEP4
expression and patient survival, and no significant relationships between

SEMAGD expression and patient survival.
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| concluded that further experimentation is required to define the targets of miR-
26b and miR-195 that are relevant to their roles in defining chemoresponse in

breast cancer.

5.2 Introduction

Aberrant expression of miRNAs has been observed in cancer (Lu et al., 2005),
with more recent evidence showing that aberrant expression of specific
mMiRNAs such as miR-298 in breast cancer influence chemoresponse (Bao et
al., 2012). However, when searching for novel drug targets to overcome
chemoresistance, it could be potentially dangerous to target miRNAs directly
due to the fact that individual miRNAs have the potential to bind multiple mRNA
targets (Asangani et al., 2008, Dong et al., 2011, Wang et al., 2011). It is
possible that in targeting the expression of a specific miRNA, not only could the
expression of MRNAs that contribute to chemoresistance be affected, but the
expression of other mMRNAs with different functions could also be affected,

potentially leading to unforeseen negative consequences.

Evidence has also shown that the same mRNA can be targeted by multiple
mMiRNAs, such as miR-19 and miR-21, which target PTEN (Liang et al., 2011,
Wang et al., 2011). This poses a second challenge to targeting miRNAs directly
as altering expression of one miRNA may not significantly alter target mMRNA
expression if a second miRNA can also regulate its expression. These two
potential challenges demonstrate the importance of identifying the target
MRNASs of aberrantly expressed miRNAs that contribute appropriately to
chemoresponse when identifying novel drug targets to overcome

chemoresistance.

Algorithms that predict mRNA targets of miRNAs are constantly being
developed to reflect new discoveries involving the relationships between these
two RNA species, in order to be more accurate. However, predicted mRNA
targets still require experimental validation. Multiple methods have been
proposed to either prove or discover new miRNA:mRNA binding partners
(Thomson et al., 2011). These include immunoprecipitation of RISC
components, with target mMRNASs being co-immunoprecipitated, with or without

prior cross-linking of RNA to RNA-binding proteins by ultra-violet radiation
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(Hendrickson et al., 2008, Hafner et al., 2010). Another method proposed to
show direct miRNA:mRNA binding involves the use of synthetic biotinylated
mMiRNAs transfected into cells and performing a pulldown, followed by
identification of any mRNAs that were pulled down with the miRNA (drom et
al., 2008). There are of course advantages and disadvantages associated with

all of these methods (Thomson et al., 2011).

Identification of MRNA targets of a specific miRNA by using a synthetic
biotinylated miRNA as bait, performing a pulldown, and identifying RNA
transcripts by RNA-Seq, has previously been used for miR-522 (Tan et al.,
2014). Over-expression of this miRNA had been observed in triple-negative
breast cancer, with increased expression associated with poor prognosis. To
identify how miR-522 contributed to this phenomenon, a synthetic biotinylated
mimic of miR-522 was transfected into the triple negative breast cancer cell line
MDA-MB-468, a pulldown performed, and RNA-Seq performed to identify the
transcripts bound to the miRNA bait. To confirm results obtained from the
pulldown experiment, microarrays were also performed using samples where
miR-522 was either over-expressed or not. There was a large overlap between
MRNAs identified by the pulldown method and those down-regulated when
miR-522 expression was increased. To discover the functions of miR-522,
pathway analysis tools were used to identify biological interactions and
functions of the genes. This led to the conclusions that miR-522 regulates
cellular processes such as proliferation, migration and epithelial-mesenchymal
transition, which explain why over-expression of this miRNA was associated
with a poor prognosis. In this chapter, a similar approach was taken to identify
MRNA targets of miR-26b and miR-195 that contribute to chemoresponse. |
have used synthetic biotinylated mimics of these miRNAs, performed a
pulldown, and identified bound transcripts using RNA-Seq. | then attempted to
validate functional roles for potential targets using chemosensitivity assays in
vitro, and assessing correlations between expression and cancer outcomes in

patients.



144

5.2.1 Specific objectives
There were three key objectives in the work described in this chapter:

1. To identify mRNA targets of miR-26b and miR-195 by performing
pulldown assays using biotinylated-miRNA mimics as bait and
performing RNA-Seq on the bound mRNAs;

2. To determine the function of these target mMRNAs with respect to
chemoresistance;

3. To assess the clinical importance of the proteins encoded by these

target MRNAs in breast cancer patients treated with chemotherapy.

5.3 Results

5.3.1 RNA was successfully recovered using miR-26b and miR-195

mimics as baits, and samples were prepared for RNA-Seq

In Chapter 4, | demonstrated that miR-26b and miR-195 were regulators of
chemotherapy response in breast cancer cells, but | failed to identify the mRNA
targets of the miRNAs that were responsible for these functional effects. My
aim here was to identify the targets by purifying and sequencing the mRNAs
bound by the miRNAs. This involves transfecting relevant cells with miRNA
mimics tagged with biotin at the 3’ end, pulling down the biotinylated miRNAs
and subsequently performing RNA-Seq to identify RNA molecules bound to the
mMiRNAs. Previous studies have successfully identified target mRNAs of
mMiRNAs using this method (Krishnan et al., 2013, Tan et al., 2014). Therefore,
biotinylated miRNA mimics of miR-26b and miR-195 were obtained.

5.3.1.1 Biotinylated microRNA mimics affect chemosensitivity in a similar

manner to their non-biotinylated counterparts

Prior to performing pulldown experiments using biotinylated miRNA mimics,
chemosensitivity assays were performed using MCF7 cells transfected with
these new biotinylated mimics and treated with epirubicin to confirm that the
addition of the biotin tag did not affect the function of these mimics in this
context (previously shown with unbiotinylated mimics in Figure 4.3.3). MCF7
breast cancer cells were transfected with either the biotin-tagged miRNA mimic

or a biotin-tagged mimic control. Cells were treated with epirubicin for twenty-



145

four hours and MTT assays performed (Figure 5.3.1). Data supported the
conclusion that the cells transfected with biotinylated miR-26b or miR-195
mimics were more resistant to chemotherapy than controls, as was the case for
the unbiotinylated mimics, and therefore that the biotin tag had no or little effect
on miRNA function, although it should be noted that the resistance seen in this
experiment was not statistically significant after the two repeats shown.
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Figure 5.3.1: Biotinylated miRNA mimics cause increased resistance to
chemotherapy

Cells were transfected with either biotinylated miR-26b, miR-195 or
negative control mimics. Forty-eight hours post-transfection, cells were
treated with epirubicin or vehicle control (water). Twenty-four hours later,
MTT assays were performed. Data for epirubicin-treated samples were
first normalised to untreated counterparts, then the biotinylated miRNA
mimic transfected samples were normalised to the control transfected
samples for each concentration of epirubicin, in order to determine the
effects of the biotinylated miRNA mimic on chemosensitivity. This graph
shows the results of two biological repeats +/- SEM.

5.3.1.2 RNA was successfully pulled down using biotinylated miRNA

mimics as bait

Having shown that the addition of the biotin tag to the miRNA mimics did not
obviously inhibit the function of these mimics with respect to chemoresistance,
MCF7 cells were transfected with the biotinylated mimics of either miR-26b or
miR-195 or biotinylated controls. Twenty-four hours later, the cells were
harvested, a pulldown assay was performed using streptavidin-coated beads to
capture the biotinylated miRNA mimics, samples were washed, and total RNA
was extracted. Also, a small amount of transfected and lysed cells were not
used in the pulldown, in order to allow extraction of total RNA in the cells, which
represents the input RNA for the pulldown. RNA was then quantified using the

Qubit High Sensitivity Assay and fluorometer (Table 5.3.1).
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Table 5.3.1: Total RNA extracted from MCF7 cells transfected with
biotinylated miRNA mimics before and after a pulldown assay was

performed

Sample MiRNA RNA (ug)
Control 8.76

Input 26b 10.22
195 9.64
Control 0.122

Pulldown 26b 0.102
195 0.113

MCF7 cells were transfected with biotinylated mimics of either miR-26b or
miR-195 or a control. Twenty-four hours later, cells were harvested. A
small volume of lysate (50ul from a total of approximately 2ml) from each
sample was kept separate and total RNA extracted directly as an input
sample. The remaining lysate was added to streptavidin-coated beads
and the mixture left to bind. Beads were collected, washed, and the
pulled-down RNAs were then extracted. RNA was quantified using the
Qubit High Sensitivity Assay and fluorometer.

A minimum of 0.1ug total RNA was required for RNA-Seq protocols leading to
analysis by the HiSeq 3000 Sequencing System. The RNA extracted from all
samples was therefore sufficient to perform the desired analyses.

5.3.1.3 Libraries of sufficient quantity and quality were successfully

prepared for RNA-Seq

Having extracted a sufficient quantity of RNA for the desired analyses, libraries
of the samples were prepared for RNA-Seq. Since miRNAs have previously
been shown to interact with not only mRNAs but other non-coding RNA species
as well (Jalali et al., 2013, Li et al., 2014b), polyA selection, which selects only
MRNAs with polyA tails, was not performed. Therefore, only rRNA depletion
was performed prior to library preparation, so as to minimise the influence of an
overabundance of these rRNAs during subsequent analyses. This was
performed on the pulldown samples and the input samples. Once the libraries
had been prepared, samples were analysed to ensure sufficient quantities and
qualities. A minimum of 3.5ng cDNA was required and single populations with
fragment lengths of 200-400 base pairs. These parameters were assessed
using a Qubit fluorometer (Table 5.3.2) and an Agilent TapeStation automated

analysis machine respectively. Representative graphs showing library-prepared
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samples from input and pulldown samples are shown in Figure 5.3.2, with

remaining graphs shown in Appendix E.

Table 5.3.2: Total cDNA after rRNA removal and library preparation

Sample MiRNA cDNA (ng)
Control 261.9
Input 26b 122.4
195 197.1
Control 6.08
Pulldown 26b 3.62
195 10.68

miR-195

Total RNA extracted from MCF7 cells transfected with biotinylated miRNA
mimics was used to make libraries for RNA-Seq analysis. First, RNA
samples underwent rRNA removal to remove the overabundance of these
RNA species, and then cDNA synthesis was performed. 3’ ends were then
adenylated and adapters ligated onto the ends in order to distinguish
between samples by adding unique labels, before the cDNA samples
were amplified. The final products were quantified using the Qubit High
Sensitivity Assay and fluorometer.
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Figure 5.3.2: Representative graphs showing the fragment populations of

library prepared samples

Libraries that were quantified in Table 5.3.2 were also analysed using the
Agilent 2200 TapeStation using the High Sensitivity DNA ScreenTape to
ensure that only library cDNA fragments were present in the samples and
no primer dimers were present. The x-axis shows fragment length (base
pairs) and the y-axis shows abundance. The ‘lower and ‘upper’ peaks at
25nt and 1500nt are markers used as internal references. The left panel
shows the library prepared from total RNA extracted from cells transfected
with the miR-195 mimic that did not undergo the pulldown process (input)
and the right panel shows the library prepared from RNA extracted
following the pulldown process (pulldown).

Having confirmed that libraries of sufficient quantity (minimum 3.5ng, see Table

5.3.2) and quality (populations with fragment lengths of 200-400 base pairs,
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see Figure 5.3.2) had been prepared, samples underwent paired end RNA

sequencing using the lllumina HiSeq 3000 sequencing platform.

5.3.2 Potential targets of miRNAs were successfully identified

following RNA-Seq analysis

5.3.2.1 Analysis of RNA-Seq data using the MACS2 algorithm

successfully identified cancer-related genes

Analysis of RNA-Seq data was performed using multiple methods. In the first
method, the Model-based Analysis of ChlP-Seq algorithm version 2 (MACS2)
(Zhang et al., 2008) was used to identify enriched regions of sequences
present in the miRNA bait pulldown samples compared with the control
pulldown sample. Pulldown samples were also compared with input samples,
to account for biases such as pulldown efficiency and reads sequenced that
also originate from other areas of the genome. Thus, input samples were used
as normalisation samples, such that for each transcript, the number of reads in
the pulldown sample was normalised to the number of reads in the input
sample. For each miRNA, the top 100 most abundant sequences in the
pulldown samples compared with the control pulldown sample and compared
with the input samples were selected. These sequences represented the most
abundant transcripts, rather than corresponding genes. As a brief validation
method, the genes encoding these transcripts were analysed by the pathway
enrichment analysis software Reactome (Fabregat et al., 2017) to observe
whether they may contribute to chemoresponse. Table 5.3.1 shows that several
targets of both miR-26b and miR-195 are involved in the cell cycle, DNA repair
and DNA replication pathways as well as gene expression (transcription) and
metabolism of proteins, thus suggesting that the methodology has led to
identification of cancer-relevant genes, which may contain contributors to
chemoresistance — with DNA repair being of particular potential relevance to
response to DNA-damaging chemotherapy agents. All 100 sequences,
representing 80 genes as miR-26b mRNA targets, and 86 genes as miR-195
MRNA targets, were included in further analyses.



149

Table 5.3.3: Selected pathways and the number of genes identified as
potential targets of miR-26b and miR-195 that function in them

Pathway Number of miR-26b | Number of miR-195
MRNA targets MRNA targets

Cell Cycle 12 13

DNA Repair 7 2

DNA Replication 1 3

Gene Expression 22 30

(Transcription)

Metabolism of Proteins | 27 42

Genes identified as the top 100 sequences targeted by miR-26b and miR-
195 were analysed by the pathway enrichment analysis software
Reactome. Pathways where multiple miRNA targets were involved were
identified, with a focus on those that may contribute to the response of
cells to chemotherapy.

5.3.2.2 Analysis of RNA-Seq data using the DESeq package combined
with comparisons with MACS2 results and predictive algorithms
showed several genes in common with multiple methods of

analysis

In the second method, the input and pulldown samples were initially analysed
separately. Differential expressions between samples derived from biotinylated
mMiRNA transfected cells and the samples derived from biotinylated control
transfected cells were calculated for both input and pulldown samples, using a
R package called DESeq (Anders, 2010). To narrow down the number of
targets for further investigation, thresholds were applied. Both fold differences
and p value parameters were considered. These p values were calculated
taking into account several factors including fold differences and number of
reads in each sample, although it should be noted this statistical assessment is
still based on only one biological sample. Calculations were performed using
the parameters suggested by the creators of the DESeq package (Anders,
2010) when only one repeat was performed. Initially, for the pulldown
comparisons, the threshold for minimum fold difference was 100, and the
threshold for significance was p<0.05. For the input samples the threshold for
fold difference applied was 0.7, thereby selecting as candidate genes those
that were down-regulated by more than this cut off after transfection with the

mimics, and the threshold for significance was p<0.1. Interestingly, there were
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no transcripts that met both thresholds for fold change and significance within
the pulldown samples or within the input samples, therefore subsequent
analyses were performed separately for those transcripts that met one of these
thresholds. The numbers of genes that met each of the above criteria are
shown in Table 5.3.4.

Table 5.3.4: Number of genes that complied with chosen criteria

MiR-26b No. of genes MiR-26b (input) | No. of genes
(pulldown)

Fold difference 787 Fold difference 8523

>100 <0.7

p<0.05 86 p<0.1 0

MiR-195 No. of genes MiR-195 (input) | No. of genes
(pulldown)

Fold difference 787 Fold difference 8530

>100 <0.7

p<0.05 134 p<0.1 63

Following differential expression analysis of pulldown and input samples,
lists of genes were compiled that met the chosen criteria of minimum and
maximum fold differences and p values.

Comparisons were then made between transcripts identified by the MACS2
algorithm, and those downregulated in input samples (whether those with a
maximum fold difference of 0.7 or p<0.1), and upregulated in pulldown samples
(whether those with a minimum fold difference of 100 or p<0.05) to identify any
that were in common. In Chapter 4 (section 4.3.2.1), | used the multiple
predictive algorithms included in Starbase in attempts to identify putative
MRNA targets of miR-26b and miR-195 — different numbers of gene targets
were predicted depending on whether | set requirements that individual genes
should be predicted by 2, 3, 4 or all 5 specific algorithms available. The
comparisons between transcripts identified by MACS2 and those identified by
DESeq were also compared with those identified by these predictive
algorithms, first to corroborate whether transcripts identified in my experiment
may be true targets of miR-26b and miR-195, and secondly to narrow down the
list of potential genes of interest. For this reason, transcripts identified by
MACS2 and those identified by DESeq were initially compared with those
genes predicted by 2, 3, 4 and 5 algorithms. Following this, the number of
predictive algorithms used in these comparisons depended on the number of

genes common with the other three methods. The aim of these analyses was to



151

initially identify a small number of genes (up to 10 genes of interest) that could

be searched in the literature for any links with chemoresponse.

Multiple comparisons were made between genes identified as up-regulated in
the pulldown samples with those down-regulated in the input samples, those
predicted by between 2 and 5 predictive algorithms, and the top 100 transcripts
identified by MACS2. As noted before, there were no genes in common in the
pulldown samples between those with a minimum fold difference of 100 and
those with p<0.05, and no genes in common in the input samples between
those with a maximum fold difference of 0.7 and those with p<0.1. Therefore,
separate comparisons were made for each of these thresholds. There were no
genes in common between those representing the top 100 transcripts identified
by MACS2 and those with a minimum fold difference of 100 for potential targets

of miR-26b, and only one gene in common for miR-195, which was C120rf60.

Following these comparisons between two groups, further comparisons were
made between three separate groups, with focuses largely on those genes
identified in the pulldown samples and those predicted by a variable number of
algorithms, with a preference for those predicted by a larger number of
algorithms. The focus on genes identified in the pulldown samples was due to
the fact these should only have been present in the sample if they were
attached to the miRNA bait. The focus on genes predicted by as large a
number of predictive algorithms as possible was due to the fact that, in
principle, genes predicted by numerous algorithms would have a larger
probability of being real targets of the miRNA of interest. Combined with those
genes identified in the pulldown samples, this method was thought to be an
effective method of narrowing down the number of potential targets, such that
the majority of these would be true targets. Since not all mMRNAs are down-
regulated by their targeting miRNAs, and since MACS2 used a different method
for analysing data compared with DESeq, both the genes identified as down-
regulated in the input samples and those representing the transcripts identified
by MACS2 were used as the third comparison group separately. This was an
attempt to avoid removing true targets identified by one of these methods from
the list of genes for final consideration.

To narrow down the list of potential targets of interest even further, four

comparisons were made using all four methods. As mentioned previously,
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there were no genes identified by MACS2 that were also identified in the
pulldown samples with a minimum fold difference of 100 for miR-26b and only
one for miR-195, therefore all comparisons with four groups were performed

using genes identified in the pulldown samples with p<0.05.

5.3.2.3 Final comparisons between different methods of analysis showed
seven genes of interest as potential targets of miR-26b and miR-
195

The final multiple comparisons made were designed to identify genes identified
commonly by all four methods (Figure 5.3.3, top panels), which represent
genes highly likely to be true targets of their targeting miRNAs, and those
identified by three methods (Figure 5.3.3, bottom panels), which represent
targets with a slightly lower but still high probability of being true targets. The
comparisons made between three groups were done such as to avoid
identifying the same targets identified by the comparisons between all four
groups, therefore either the criteria for the pulldown identification was varied
between fold change or p value thresholds, and/or the number of Starbase
algorithms included was altered. For this reason, the comparisons made for
targets of miR-26b and miR-195 were not the same. The final comparisons
made between three groups were chosen as these identified a small number of
genes of interest for further investigation. The combination of comparisons with
four groups and with three groups finally led to the identification of three genes
as targets of miR-26b and four genes as targets of miR-195 (within the central
overlaps in Figure 5.3.3, and listed in Table 5.3.5).
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Figure 5.3.3: Final comparisons made between multiple methods of
identifying miRNA target genes of interest

These Venn diagrams show the numbers of genes identified by up to four
different methods. Comparisons were made using genes predicted to be
targets of miR-26b and miR-195 by the predictive algorithms included in
Starbase (numbers in brackets indicate how many algorithms predicted
those targets), differentially expressed genes identified in the input
samples (with a fold reduction in expression of at least 0.7), differentially
expressed genes identified in the pulldown samples (either where p<0.05
or a minimum fold change of 100), and genes identified by the MACS
algorithm (version 2). Those genes identified by all shown methods were
shortlisted for further investigation.
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Table 5.3.5: List of potential miRNA targets of interest, and brief details of
published data relating to roles in cancer biology and/or

chemoresponse
Gene Evidence for role in cancer biology and/or No. of
chemoresponse analyses
in which
gene was
identified

Potential miR-26b targets

REEP4 Microtubule binding protein required for cell division | 4
(Schlaitz et al., 2013). Under-expressed in cancer
(Hornstein et al., 2008, Doyen et al., 2014).

PRKCD Tumour suppressor. Functions as pro-apoptotic 3
protein during DNA damage-induced apoptosis (Liu
et al., 2007).

BLOC1S2 | Expression promotes apoptosis, decreased 3

expression observed in multiple cancers (not tested
in breast cancer) (Gdynia et al., 2008).

Potential miR-195 targets

CHAC1 Elevated expression associated with a poor 4
outcome in breast cancer (Goebel et al., 2012).
CCNE1l Down-regulated in breast cancer cells resistant to 4

doxorubicin (AbuHammad and Zihlif, 2013).
Amplification observed in residual chemoresistant
breast tumours post-NAC (Balko et al., 2014).

ARL2 Reduced expression in breast cancer cells results in | 4
proliferative advantage (Beghin et al., 2009).
Expression has been associated with
chemosensitivity in breast cancer (Beghin et al.,
2008).

SEMAG6D | Tumour suppressor function suggested. High 3
expression has been associated with a favourable
outcome in breast cancer (Chen et al., 2015).

Following identification of likely targets of miR-26b and miR-195, a literature
search was performed to determine whether these genes may contribute to
chemoresponse. Published data concerning the functions of these genes are
summarised in Table 5.3.5. Of these genes, REEP4 and PRKCD seemed to be
promising targets of miR-26b that may contribute to chemoresponse. REEP4
was chosen because it is required in cell division, a process that is targeted by
chemotherapy. PRKCD was chosen because of the evidence of its function as
a pro-apoptotic protein during DNA damage-induced apoptosis, since one of
the targets of the chemotherapy agent used in this project is DNA replication.

BLOC1S2 was not chosen because of the fact that although expression of this
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gene was decreased in multiple cancers, it had not been observed in breast
cancer. ARL2 and SEMAGD seemed to be promising targets of miR-195 that
may contribute to chemoresponse. CHAC1 was not chosen due to the fact that
elevated expression was associated with a poor outcome in breast cancer,
whereas as a target of a miR-195, decreased expression would be expected to
be associated with a poorer outcome. CCNE1 was not chosen due to the
conflicting evidence between increased and decreased expression in
chemoresistant breast cancers. ARL2 and SEMAG6D were both chosen due to
the evidence suggesting lower expression would result in poorer outcomes in

breast cancer.

5.3.3 Confirming mRNA targets of miR-26b and miR-195 and their

functions in chemoresponse

5.3.3.1 Increased miR-26b expression significantly decreased REEP4
transcript levels, and decreased miR-195 expression significantly

increased SEMAGD transcript levels

Having identified two potential mMRNA targets of miR-26b and miR-195 each, an
initial validation step was performed. Although PRKCD was not identified as
down-regulated post-miR-26b mimic transfection in the input sample, the other
MRNA targets were identified in the pulldown samples as well as identified as
down-regulated post-miRNA mimic transfection in the input samples.
Therefore, it was likely that the up-regulation of these miRNAs in ER positive
MCF7 cells using miRNA mimics would lead to down-regulation of the target
transcripts. | tested this by transfecting MCF7 cells with miRNA mimics or
inhibitors or relevant controls, extracting RNA and performing RT-qPCR to
investigate target mRNA expression (Figure 5.3.4). The effect of the miR-26b
mimic or inhibitor on PRKCD expression was also tested as a change in
expression may have been present in the sample analysed by DESeq that did

not meet the required criteria.
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Figure 5.3.4: REEP4 and SEMAGD are targeted by miR-26b and miR-195
respectively but not PRKCD and ARL2

MCF7 cells were transfected with either the miRNA mimic or inhibitor of
interest or appropriate controls. Cells were harvested seventy-two hours
post-transfection and RNA extracted followed by RT-qPCR to quantify
expression of the potential miRNA targets of interest. (A) Gene
expressions of REEP4 and PRKCD following transfection with either miR-
26b mimic or inhibitor. This graph shows three biological repeats and error
bars show SEM (*p<0.05). (B) Gene expressions of SEMAG6D and ARL2
following transfection with either miR-195 mimic or inhibitor. This graph
shows two biological repeats and error bars show SEM (***p<0.0005).

REEP4 showed a significant decrease in expression when miR-26b was up-
regulated, and no change in expression when this miRNA was down-regulated.
SEMAGD showed a decrease in expression after transfection with the miR-195
mimic, and a significant increase in expression when miR-195 was inhibited.
Whereas, neither PRKCD or ARL2 expression changed significantly in the
presence of either miR-26b mimic or inhibitor, or miR-195 mimic or inhibitor
respectively. These data provided support for the hypothesis that REEP4 and
SEMAGD were regulated by miR-26b and miR-195 respectively, but did not
support that PRKCD and ARL2 were so regulated, although it should be noted
that miRNAs do not always impact on the mRNA expression levels of their

targets.

5.3.3.2 Expression of miRNA target genes in epirubicin resistant MCF7
and T47D cells

In Chapter 4 (section 4.3.1.7), | described the development of two epirubicin
resistant ER positive breast cancer cell lines. In both resistant cell lines, miR-
26b and miR-195 were both up-regulated (see Figure 4.3.11). Since | was
attempting to identify mRNA targets of miR-26b and miR-195 that contribute to
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this chemoresistance, | investigated expression of my four putative targets in
these epirubicin resistant cells in comparison to the parental lines with standard
epirubicin sensitivity, with the expectation that true targets of the miRNAs that
were contributing to the chemoresistance they cause would be down-regulated
in the resistant lines. Total RNA was extracted from MCF7 and T47D parental
and epirubicin resistant cells and expression of the genes of interest were
determined by RT-qPCR (Figure 5.3.5). Data showed that in MCF7 cells,
expressions of REEP4 and PRKCD were not changed in resistant cells
compared with parental cells, whereas SEMA6D and ARL2 both had
decreased in expression in resistant cells, although these decreases were not
significant. In T47D cells, however, all transcripts were over-expressed in
epirubicin resistant cells compared with parental cells, with significant increases
for REEP4 and PRKCD.

For the potential miR-26b targets REEP4 and PRKCD, these data provide no
evidence of potential roles down-stream of miR-26b in chemoresistance, since
the genes were not down-regulated in the resistant lines. For the potential miR-
195 targets SEMAGD and ARL2, the result is less clear, with down-regulation in
resistant MCF7 cells supporting a role in resistance down-stream of miR-195,
but the up-regulation in T47D being compatible with these genes being
regulated by different unrelated mechanisms in this line. Data from these two
cell lines highlight the presence of large differences between different cell lines,

even those representative of the same cancer subtype.
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Figure 5.3.5: REEP4, PRKCD, SEMAG6D and ARL2 are differentially
expressed in epirubicin resistant cell lines

Total RNA was extracted from MCF7 (left panel) and T47D (right panel)
epirubicin sensitive (WT) and resistant (R) cells and RT-qPCRs were
performed to determine expression of REEP4 and PRKCD, putative
targets of miR-26b (top panels) and SEMAG6D and ARL2, putative targets
of miR-195 (bottom panels). These graphs show two biological repeats
and error bars show SEM (*p<0.05, ***p<0.0005).

5.3.3.3 Knockdown of SEMAGD caused increased chemoresistance

As increased expression of miR-26b and miR-195 was observed in cells
surviving chemotherapy (Chapter 3, section 0) and was also observed to
contribute to chemoresistance in vitro (Chapter 4, section 4.3.1), decreased
expression of their target MRNAs that are relevant for this function may also
lead to increased chemoresistance. To observe whether down-regulation of the
genes identified by the pulldown assay was sufficient to induce
chemoresistance, MCF7 cells were transfected with siRNAs targeting these
genes. Forty-eight hours post-transfection, cells were treated with the
chemotherapeutic drug epirubicin and chemosensitivity assays were performed
(Figure 5.3.6).

Cells transfected with siRNAs targeting SEMAG6D were significantly more

resistant to chemotherapy at one dose of epirubicin than their control SIRNA
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transfected counterparts. Cells transfected with siRNAs targeting REEP4 were
also potentially more resistant to chemotherapy although this difference was
not significant. The knockdown of PRKCD and ARL2 however did not result in
increased chemoresistance. There was no change in chemosensitivity of cells
following transfection with a siRNA targeting ARL2 suggesting that this gene
did not contribute to chemoresponse in this context. However, there was a
significant increase in chemosensitivity when cells were transfected with
SiRNAs targeting PRKCD followed by treatment with 1uM epirubicin, although

this was not maintained following treatment with 3uM epirubicin.

These results supported the hypothesis that decreased expression of SEMAG6D
contributed to chemoresistance, and were in accordance with data from
epirubicin resistant MCF7 cells, where expression of this transcript was also
decreased (Figure 5.3.5). There was also a suggestion that decreased
expression of REEP4 might contribute to chemoresistance, although this result

was not significant.
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Figure 5.3.6: Knockdown of target mMRNA genes caused altered
chemosensitivity of MCF7 cells

MCF7 cells were transfected with siRNAs targeting the genes of interest
(or negative control). Forty-eight hours post-transfection, cells were
treated with two concentrations of epirubicin (1 or 3uM) or vehicle control
(water). Twenty-four hours post-treatment, MTT assays were performed.
Raw absorbance values were normalised to the control transfected and
control untreated samples. The left panel shows the effects of epirubicin
on overall survival whereas the right panel is normalised to allow focus on
the effects of the targeted miRNA mimic or inhibitor on survival in
epirubicin-treated samples. Two biological repeats were performed for
each experiment, with error bars showing SEM (**p<0.005).
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5.3.3.4 Knockdown of REEP4 and SEMAG6D but not PRKCD or ARL2

caused increased colony forming ability

Colony forming assays were also performed to assess the impact of decreased
expression of my four target mMRNAs on chemoresistance, in order to confirm
the results obtained in 5.3.3.3 in a longer term assay. As before, MCF7 cells
were transfected with siRNAs targeting each of the four genes of interest or
with a control siRNA. Forty-eight hours post-transfection, cells were treated
with 30nM epirubicin or vehicle control for twenty-four hours before being
seeded at a low density and cultured to allow colonies to grow. Colonies were
then counted (Figure 5.3.7). As with the short term cell viability assays,
knockdown of SEMAGED in MCF7 cells resulted in chemoresistance, shown by
the ability to form significantly more colonies than the control transfected
counterpart. Again, similarly to the short term assay, knockdown of REEP4 also
resulted in increased ability to form colonies although again this difference was
not significant. Knockdown of PRKCD and ARL2 again did not affect colony

forming ability after epirubicin treatment.

These data further support the model that REEP4, as a target of miR-26b, and
SEMAGD, as a target of miR-195, may mediate the increased chemoresistance

observed on over-expression of these miRNAs.
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Figure 5.3.7: Knockdown of target mRNA genes altered colony forming
ability of MCF7 cells

MCF7 cells were transfected with siRNAs targeting the genes of interest
(or negative control). Forty-eight hours post-transfection, cells were
treated with 30nM epirubicin or vehicle control (water) for twenty-four
hours before being seeded at low density and left to grow for fourteen
days. Colonies were counted. The left panel shows epirubicin-treated
samples normalised to their untreated counterparts. The right panel shows
the miRNA transfected and treated samples normalised to the control
transfected and epirubicin-treated sample. Three biological repeats were
performed, with error bars showing SEM (**p<0.005).
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5.3.4 Expression of REEP4 and SEMAGD in clinical breast cancer

samples

Having identified REEP4 and SEMAGD as target genes of miR-26b and miR-
195 respectively that potentially contribute to the response of breast cancer
cells in vitro to chemotherapy, further investigations were performed to
determine whether expression levels of these two proteins provide prognostic
or therapy predictive insights in patients. Therefore, tissue microarrays (TMAS)
were constructed using breast cancer samples and immunohistochemistry
(IHC) performed, followed by correlation tests to determine whether expression
of the REEP4 and SEMAGD proteins correlated with disease-free survival
(DFS) and/or overall survival (OS).

Breast cancer patients who could potentially be included in the study were
identified by Ms Stacey Jones (Clinical Research Fellow, Leeds Teaching
Hospitals NHS Trust / University of Leeds). Patients were included if they were
diagnosed with primary breast cancer between 2005 and 2010, received no
neoadjuvant systemic therapy, received adjuvant cytotoxic chemotherapy, and
had complete follow-up data on DFS and OS at the time of sample selection.
These criteria were chosen in order to allow for a wide variety of breast cancer
subtypes, such that differences in protein expression between subtypes may be
noted if present, and also so that the majority of breast cancer subtypes were
represented. Only patients who received adjuvant chemotherapy were selected
in order to test the impact of expression of these proteins on outcomes
specifically after this therapy, although it should be noted that the patients
received a wide variety of additional therapies including endocrine and HER2-

targeted agents (see Table 5.3.6).

Once patients had been identified, tumour histology was examined, using
haematoxylin and eosin (H&E) stained slides in order to assess whether the
tissue itself was suitable for the planned analysis. This was important in terms
of the presence of sufficient tumour epithelial cells since chemoresistance was
attributed to altered expression of the genes of interest in these cells, although
the presence of stromal cells within cores was not avoided. This procedure was
also required to ensure three representative cores of tissue were available from

regions of each tumour. Combining all of the above criteria, 305 patients and
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their tumours were determined to be appropriate. Table 5.3.6 shows the clinico-

pathological features of these patients and tumours.

Table 5.3.6: Clinico-pathology features of patients/tumours that were

used in this study

Characteristic Categories Number (%)
Age
Mean 52, range 25-74
ER 212 (69.5%)
Positive receptor status | PR 160 (52.5%)
HER2 68 (22.3%)
1 16 (5.2%)
Grade 2 113 (37%)
3 161 (52.8%)
Number of lymph nodes | O 115 (37.7%)
involved 21 190 (62.3%)
Cytotoxic chemotherapy | EC-containing 300 (98.4%)
HER2-targeting therapy | Trastuzumab 68 (22.3%)
Tamoxifen 126 (41.3%)
: Anastrozole 104 (34.1%)
Endocrine therapy Others 19 (6.2%)
None 92 (30.2%)

All patients were treated with adjuvant cytotoxic chemotherapy.

Once patients had been identified, three cores were taken from FFPE tumour

blocks by Ms Stacey Jones (Leeds Teaching Hospitals NHS Trust / University
of Leeds) to construct the TMAs. These TMAs were then stained by IHC using
antibodies directed against the REEP4 and SEMAGD proteins.

5.3.4.1 Scoring of immunostained TMAs for REEP4 and SEMAG6D

Once tissues had been immunostained, slides were viewed to determine the
appropriate scoring methods for each antigen, taking advice from Dr Eldo
Verghese (project supervisor and consultant breast histopathologist within
Leeds Teaching Hospitals NHS Trust). Staining of both antigens was largely
cytoplasmic in the epithelial cells, with approximately equal proportions of
epithelial cells being stained in all cases. Scoring therefore consisted only of
staining intensity for both antigens. Representative images of different staining

intensities are shown in Figure 5.3.8.
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Figure 5.3.8: Representative images of staining intensities for REEP4 and
SEMA6D

Representative images of tissues stained for REEP4 or SEMAGD (brown)
and counterstained with haematoxylin (blue) at 40x magnification, with
corresponding scores assigned on the basis of intensity staining.

Of the 915 cores representing 305 cancer cases, 765 cores were assessable
for REEP4 and 773 cores were assessable for SEMAGD. Of the 305 cases,
these represent 293 cases for REEP4 and 291 cases for SEMAG6D. Reasons
for cores being non-assessable included staining artefacts, absence of tumour

epithelial cells in the tissue, or core loss.

5.3.4.2 Scoring concordance between scorers and within cases was

moderate to high

To determine whether reproducible scores were assigned for each antigen, 42
cases were double scored independently by myself and Dr Eldo Verghese.
Weighted kappa statistics were calculated to determine the degree of
concordance between the two sets of scores. Weighted kappa values of 0.41-
0.60 indicate moderate agreement, and values of 0.61-0.80 indicate substantial
agreement (Landis and Koch, 1977), with actual values shown in Table 5.3.7.
These values demonstrated moderate agreement between scorers for REEP4

and substantial agreement between scorers for SEMAGD.
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Table 5.3.7: Weighted kappa values for each antigen with corresponding
95% confidence intervals (Cl) values

Antigen Kw 95% CI
REEP4 0.55 0.41-0.68
SEMAG6D 0.69 0.55-0.83

Variation between cores from the same cases was also determined by
calculating Spearman’s rho correlation coefficients. This was to determine the
probability of selected cores being representative of the whole tumour with
respect to antigen expression — poor correlations would suggest substantial
heterogeneity within the tissue and would suggest use of TMAs could be
problematic. For REEP4, 269 cases were assessed, and for SEMAG6D, 264
cases were assessed, as these had a minimum of two assessable cores.
Correlations for both antigens were strong and significant, indicating little
variation within cases (Table 5.3.8). This indicated that scoring was highly likely

to be representative of the whole tumour.

Table 5.3.8: Correlation coefficients indicate strong correlations between
cores of the same cases for REEP4 and SEMAG6D

Antigen No. of cases Correlation coefficient
REEP4 269 0.92*
SEMA6D 264 0.91*

Spearman’s rho correlation coefficients were calculated for replicate cores
for each antigen, where *p<0.05.

5.3.4.3 REEP4 and SEMAG6D show variable expression in different breast

cancer cases

To determine the frequency of expression scores for each antigen, the mean
expression (rounded to the nearest whole number) was first calculated for each
case from the cores available. Following this, the frequency of each expression
score was then calculated (Figure 5.3.9). For both proteins, each available

score was well represented, demonstrating that expression varied substantially

across the cohort.
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Figure 5.3.9: Frequencies of each expression score for REEP4 and
SEMAGD show variable expression

Once cases had been scored for the expression of each antigen, the total
number of cases were calculated for each expression group. The left
panel shows the number of cases in each expression group for REEP4
and the right panel shows the number of cases in each expression group
for SEMAG6D.

5.3.4.4 Expression of REEP4 and SEMAGD does not correlate with

prognostic factors

Correlations between expression of REEP4 and SEMA6D and prognostic

factors were assessed. These prognostic factors included histological grade,

ER status and presence of lymph node metastasis. Spearman’s rho correlation

coefficients were calculated for each factor with each antigen. Results are

shown in Table 5.3.9 and showed no significant correlations between REEP4

or SEMAG6D expression and any of the prognostic factors.

Table 5.3.9: Correlation coefficients (r) indicate no significant correlations
between antigen expression and prognostic factors

Antigen Lymph node Histological ER status
metastasis grade
r -0.009 0.074 -0.104
REEP4 p 0.874 0.204 0.077
r 0.042 -0.046 -0.002
SEMAGD p 0.472 0.433 0.978

Spearman’s rho correlation coefficients (r) were calculated for individual
antigen expression and the prognostic factors. Prognostic factors included
the presence of metastasis in at least one lymph node, histological grade
of the tumour and ER status.
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5.3.4.5 Expressions of REEP4 and SEMAG6D correlate with each other

Although REEP4 and SEMAGD do not have the same functions, they do have
one factor in common; in this project, REEP4 and SEMAG6D have been shown
to be targeted by miR-26b and miR-195 respectively and both of these miIRNAs
were up-regulated post-NAC in patients who displayed partial resistance to
chemotherapy, therefore it can be inferred that both REEP4 and SEMAG6D may
have been down-regulated in these resistant cells. If so, a positive correlation
between the expressions of these two proteins may exist. Therefore, the
Spearman’s rho correlation coefficient was calculated for the correlation
between the two proteins. A moderate but statistically significant correlation
coefficient of 0.494 was calculated (p=4.97x101%). This suggests that in this
context, there may be a relationship, perhaps in terms of co-regulation of gene

expression, between the two proteins.

5.3.4.6 No significant differences are seen in disease free or overall
survival between different expression values of REEP4 and
SEMAG6D

Although no correlations were observed between REEP4 and SEMAG6D
expression and various prognostic factors, Kaplan-Meier survival analyses
were performed to determine whether expression of either of these proteins
had a significant impact on disease free survival (DFS) or overall survival (OS).
Log rank tests were performed to test the null hypotheses that there were no
significant differences between the different expression groups of REEP4 and
SEMAGD with respect to the probability of a recurrence (in the case of DFS) or
death (in the case of OS). Mean survival times with 95% confidence intervals
were also calculated. The graphs showing Kaplan-Meier survival curves are

shown in Figure 5.3.10 and mean survival times are shown in Table 5.3.10.

Results show there were no significant differences between different
expression groups of either protein for DFS or OS. There is a trend for patients
with higher expressions of REEP4 to have a poorer outcome in terms of DFS
(mean times of 4143 and 3595 days for the low and high groups respectively),
but this was not significant (p=0.051). These results suggest that neither
REEP4 nor SEMAGD have prognostic value in terms of DFS or OS in breast

cancer.
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Figure 5.3.10: Kaplan-Meier survival curves showing DFS and OS for
different expression groups of REEP4 and SEMAG6D

Kaplan-Meier survival analyses were performed showing DFS (left panel)
and OS (right panel) for low, moderate and high expression groups of
REEPA4 (top panel), and low and high expression groups of SEMAG6D
(bottom panel). The x-axis shows survival time in days and the y-axis
shows cumulative survival.
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Table 5.3.10: Mean DFS and OS times for different expression groups of
REEP4 and SEMAG6D show no significant differences

DFS 0S
Mean p Mean p
(95% CI) value (95% CI) value
Low 4143 4240
(3887-4399) (4012-4469)
Moderate | 3726 4008
REEP4 3510-3943) | %091 | 38114006y | 0210
High 3595 3823
(3223-3968) (3479-4168)
Low 3928 4040
(3717-4139) (3855-4224)
SEMAG6D High 3793 0.555 4077 0.879
(3540-4046) (3853-4302)

Log rank tests were performed to compare DFS and OS times between
different expression groups of REEP4 and SEMA6D. Mean survival times
with 95% confidence intervals are shown for each group with significance
values shown for each test.

5.3.4.7 Further analyses reveal significant differences in disease free

survival between expression values of REEP4

Since there was almost a significant difference in DFS between the expression
values for REEP4, and since REEP4 expression was divided into three groups,
| tried to combine the three groups into two groups in an attempt to improve the
statistical power of the analysis. To do this, | combined the moderate
expression group with either the low expression group or with the high
expression group. Kaplan-Meier survival analyses and log rank tests were then
performed as before (see section 5.3.4.6). Mean survival times with 95%
confidence intervals were also calculated. The graphs showing Kaplan-Meier
survival curves are shown in Figure 5.3.11 and mean survival times are shown
in Table 5.3.11.

Results showed significant differences between high and low expression
groups of REEP4 for both combinations of groups, that is when the low and
moderate groups were combined, and when the moderate and high groups
were combined. The analysis with the combination of the low and moderate
groups showed patients with lower expression of REEP4 to have a significantly
better outcome in terms of DFS than those with high expression of this protein
(mean times of 3990 and 3598 days for the low and high groups respectively;
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p=0.042). The analysis with the combination of the moderate and high groups
also showed patients with low expression of REEP4 to have a significantly
better outcome in terms of DFS than those with higher expression of this
protein (mean times of 4143 and 3765 days for the low and high groups
respectively; p=0.036). These results suggest that REEP4 does have
prognostic value in terms of DFS in breast cancer. However, these results were
the opposite to expectations, when considering the fact that REEP4 is a target
of miR-26b, which is up-regulated in chemoresistant tumours, therefore low
expression of REEP4 would be associated with chemoresistance and therefore

a poorer outcome after chemotherapy in terms of DFS.
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Figure 5.3.11: Kaplan-Meier survival curves showing DFS for the two
combined expression groups of REEP4

Kaplan-Meier survival analyses were performed showing DFS for the
combined expression groups of low + moderate (Low) versus high
expression (left panel), and the combined expression groups of moderate
+ high (High) versus low expression (right panel) for REEP4. The x-axis
shows survival time in days and the y-axis shows cumulative survival.
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Table 5.3.11: Mean DFS times for different combined expression groups
of REEP4 show significant differences for both combinations

DFS
Mean p
(95% CI) value
Low (low + 3990
REEP4 m.oderate) (3813-4167)
High 3598 0.042
(3237-3960) |
Low 4143
(3887-4399)
REEP4 High (moderate | 3765 0.036
+ high) (3568-3961) |

Log rank tests were performed to compare DFS between the combined
expression groups of low + moderate (Low) versus high expression, and
the combined expression groups of moderate + high (High) and low
expression for REEP4. Mean survival times with 95% confidence intervals
are shown for each analysis with significance values shown for each test.

The result that REEP4 expression correlated with DFS in the opposite direction
compared to expectations was sufficiently surprising that further analyses were
warranted. In particular, 1 noted that the cohort assembled for this analysis
included many patients treated with ER negative cancers and patients treated
with taxane-based therapy, while my initial cohort (Chapter 3) and subsequent
in vitro work (Chapter 4 and this Chapter) focused on ER positive cancers
treated with epirubicin. | therefore performed Kaplan-Meier survival curves and
log rank tests using data only from those patients with tumours that were ER
positive and were treated with the epirubicin and cyclophosphamide (EC)
chemotherapy regimen, since these patients were more representative of my
previous work. Mean survival times with 95% confidence intervals were also
calculated. This analysis was performed using three different methods. In the
first, all three expression groups were analysed separately as in section
5.3.4.6. In the second and third methods, the moderate expression group was
again combined with either the low or high expression groups. The graphs
showing Kaplan-Meier survival curves are shown in Figure 5.3.12 and mean

survival times are shown in Table 5.3.12.

Results showed a significant difference in DFS between the three expression
groups of REEP4 (mean times of 4367, 3681 and 4309 days for the low,
moderate and high groups respectively, p=0.01). Results also showed a
significant difference in DFS when the moderate group was combined with the
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high expression group (4367 and 3848 days for the low and high groups
respectively, p=0.044). There was no significant difference in DFS when the
moderate group was combined with the low expression group. However, when
considering the Kaplan-Meier survival curves for the three separate expression
groups (Figure 5.3.12, top panel), the moderate expression group appeared to
have the poorest outcome in terms of DFS with both high and low expression
groups apparently having better outcomes, leaving some uncertainty as to the
true answer regarding how levels of REEP4 expression relates to DFS. In
pairwise analyses of these groups, the low expression and the moderate
expression groups, and the moderate expression and the high expression
groups were both independently significantly different (p=0.01 and p=0.045
respectively), hinting at a subtle dose-dependent relationship where the
extremes of expression share good prognosis, and intermediate expression
defined significantly poor outcomes. Although these three groups can be
combined into two groups (Figure 5.3.12, bottom panels), these analyses
probably do not reflect the complexity of the situation and this was
demonstrated by the result differing depending on whether the moderate

expression group was combined with the high or low group.



172

Three separate expression groups

Survival Functions

Cum Survival

axprassion
. p=001 | P
144 Low
Moderae
' High
T Low-censored
Moderae-censored
High-cansored

Low + moderate combined (Low)

Survival Functions

T T T
4000

time (days)

1.0
. *
o ¥
b
%

»
L

08"

e s

0.6

0.4+

Cum Survival

02+

p=0171

Moderate + high combined (High)

Survival Functions

FAPrESSion

1 Low
High

T Low-censored
High-cenzored

08+

05

Cum Survival

0.4

0.0

T T T T
1000 2000 3000 4000

-

time (days)

T
5000

p=0.044

time (days)

Figure 5.3.12: Kaplan-Meier survival curves showing DFS for different
expression groups of REEP4 where tumours were ER positive and
treated with the EC chemotherapy regimen

Kaplan-Meier survival analyses were performed showing DFS for low,
moderate and high expression groups of REEP4 (top panel), combined
expression groups of low + moderate (Low) versus high expression
(bottom left panel), and combined expression groups of moderate + high
(High) versus low expression (bottom right panel). Data analysed was
from patients whose tumours were ER positive and treated with a
chemotherapy regimen containing only EC. The x-axis shows survival
time in days and the y-axis shows cumulative survival.
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Table 5.3.12: Mean DFS times for different expression groups of REEP4
where tumours were ER positive and treated with the EC
chemotherapy regimen show significant differences between
expression groups

DFS
Mean p
(95% CI) value
Low 4367
(4118-4615)
Moderate 3681
REEP4 (3356-4006) 0.01
High 4309
(4051-4568)
Low (low + 4062
moderate) (3832-4292)
REEP4 High 4309 0.171
(4051-4568)
Low 4367
(4118-4615)
REEP4 " "High (moderate | 3848 0.044
+ high) (3590-4107)

Data from ER positive tumours, treated with the EC chemotherapy
regimen, were used to perform log rank tests to compare DFS times
between either all three expression groups of REEP4, the combined
expression group of low + moderate (Low) versus high expression, or the
combined expression group of moderate + high (High) versus low
expression. Mean survival times with 95% confidence intervals are shown
for each group with significance values shown for each test.

5.4 Discussion

5.4.1 Using synthetic biotinylated miRNA mimics as bait to identify
target mRNAs

In Chapter 4, | attempted to identify mRNA targets of miR-26b and miR-195
that contribute to chemoresistance by using predictive algorithms and literature
searches. Despite identifying CCDC6 as a target of both miRNAs of interest,
this gene did not contribute to chemoresistance as expected. Another method
was therefore required to identify mRNA targets of miR-26b and miR-195. The
use of synthetic biotinylated miRNA mimics as bait to capture mRNA transcripts
has previously been described (drom and Lund, 2007). This method has the
advantage of identifying the mRNA targets that are actually bound within the

cell type of interest — and could therefore include both those potentially
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calculated by predictive algorithms as well as those that may bind in non-

canonical ways and are not predicted by current methods (Thorne et al., 2018).

Synthetic biotinylated miRNA mimics have previously been successfully used
to identify mRNA targets of miR-139-5p (Krishnan et al., 2013). Expression of
this miRNA was deregulated in tissue samples of triple negative breast cancer,
with down-regulation frequently observed in a cohort of invasive breast
carcinomas. To identify the function of miR-139-5p in this context, the authors
used a biotinylated mimic of this miRNA as bait, to perform a pulldown in order
to identify target mMRNAs in MCF7 breast cancer cells. RNA that had been
pulled down was analysed using microarrays, instead of RNA-Seq as | have
used. Following identification of target mRNAs, of which there were 1356 that
were significantly enriched compared to the control sample, these were
compared with those predicted by the predictive algorithm TargetScan, of
which there were 346, in order to determine whether the pulldown was
successful. Of these genes, 46 were common to the two methods, which was
significantly more than expected by chance. These results reinforce the fact
that predictive algorithms are limited in their capacity to predict all mMRNA
targets, and indeed may predict false targets. This may explain the limited
success | had in identifying targets of miR-26b and miR-195 using predictive
algorithms in Chapter 4 (section 4.3.2). Following confirmation that the
pulldown was successful, gene set enrichment analysis was performed using
the genes encoding the transcripts that were pulled down. These results led to
the conclusion that miR-139-5p expression regulated metastasis but not
proliferation, with further in vitro studies showing that expression of this miRNA

suppressed invasion and migration of MDA-MB-231 breast cancer cells.

In another study, the authors used this method specifically together with RNA-
Seq to identify the functions of miR-522 based on its mRNA targets as it
allowed unbiased identification of targets without having to rely on any
assumptions based on seed pairing (Tan et al., 2014). Targets identified by this
pulldown method were also compared with those genes identified by
microarray analysis that were down-regulated when miR-522 was over-
expressed. This was similar to my methodology, although down-regulated
MRNAs were identified by RNA-Seq in my experiment, instead of microarray

analysis. The use of RNA-Seq has the advantage of not being limited to the
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detection of genes for which probes are present on the microarray. Following
this comparison, mMRNAs that had been pulled down were also compared with
those predicted by five individual predictive algorithms, with the most overlaps
found between mRNAs enriched in the pulldown and the predictive algorithm
TargetScan. As with the previous study (Krishnan et al., 2013), the authors in
this study (Tan et al., 2014) compared their results with those from predictive
algorithms as a method to ensure the pulldown was successful. Using pathway
analysis with those genes identified by the pulldown, miR-522 was found to
regulate processes including cell cycle progression, cell survival and cell

motility.

In the above mentioned studies, lists of genes corresponding to the transcripts
pulled down with the bait miRNA were compared with those provided by
predictive algorithms as a form of quality check to ensure that the pulldown was
successful. Further analyses were performed using the list of genes identified
by the pulldown alone. As | had already concluded that miR-26b and miR-195
contribute to chemoresistance in Chapter 4 (section 4.3.1), the aim of my
experiment in this chapter was to identify individual genes that contribute to this
phenomenon that are regulated by these miRNAs. Therefore, | compared
genes whose transcripts had been pulled down with the bait miRNA with those
provided by predictive algorithms not only as a quality check to ensure the
pulldown was successful, but also as a means to shorten the list of genes of
interest. For this reason, | also took into account those genes that were down-
regulated in the presence of the miRNAs of interest, unlike in the second study,
where authors used this method as a second quality check (Tan et al., 2014).
Using biotinylated miRNA mimics as bait and comparing results with these two
other methods, followed also by literature searching, | identified two genes of
interest as targets for each miRNA: REEP4 and PRKCD for miR-26b and ARL2
and SEMAG6D for miR-195.

5.4.2 The roles of REEP4 and SEMAGD in chemoresponse

Having identified potentially relevant miRNA targets, | performed a number of
assays to determine their actual relevance in chemoresistance; these
experiments followed a similar flow to those examining the potential targets
studied in Chapter 4 (section 4.3.2). First, expression of potential targets was

determined in parental and epirubicin resistant MCF7 and T47D cells, which
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suggested SEMAG6D and ARL2 as genes with potential roles in
chemoresistance in MCF7 cells but not in T47D cells. These results reinforce
the concept discussed in more detail in Chapter 6 (section 6.4.2.3) that
although both of these cell lines are ER positive and represent the luminal A
breast cancer subtype (Holliday and Speirs, 2011), they do have differential
protein expression profiles (Aka and Lin, 2012). Short term cell viability assays
and long term colony forming assays were then performed, using ER positive
MCF7 cells transfected with REEP4 or SEMAG6D-targeted siRNAs and
treatment with the chemotherapeutic drug epirubicin. These two assays
suggested a role for SEMAGD in chemoresistance, supporting the results
obtained from the MCF7 epirubicin resistant cells. Results for REEP4 were not

significant, but were consistent, and also suggested a role in chemoresistance.

Results obtained for both of these genes were consistent with expectations, as
expression of their miRNA regulators miR-26b and miR-195 was increased
post-NAC in chemoresistant patients. As targets of these two miRNAs,
increased miRNA expression should cause decreased expression of REEP4

and SEMAG6D, and therefore should also lead to chemoresistance.

5.4.2.1 The function of REEP4 in cancer

Very little is known about REEP4 specifically in the context of cancer. It was
identified as a microtubule-binding protein six years ago as part of a known
protein family, with the protein localised to the endoplasmic reticulum (EnR)
(Schlaitz et al., 2013) as with the localisation of other REEP family members
(Park et al., 2010). It has several isoforms, the largest of which is 29.4kDa
(Saito et al., 2004, Schlaitz et al., 2013). REEP proteins contain two conserved
hydrophobic regions in their N-terminal domain (Voeltz et al., 2006), and the
amino acids between these two domains in REEP proteins 1-4 are positively
charged, which represent the microtubule-binding region (Schlaitz et al., 2013).
Investigations into the function of this protein revealed that when depleted
together with REEP3, defects in the structure of the nuclear envelope were
observed (Schlaitz et al., 2013). In normal mitosis, the EnNR membrane aids in
the formation of the nuclear envelope, and is cleared from mitotic chromatin
after the nuclear envelope is formed. However, when REEP4 and REEP3 were

depleted, aberrant association of the EnR with mitotic chromatin was observed,
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as well as other mitotic defects. The authors concluded that REEP4, together
with REEP3, promotes the separation of daughter nuclei through its binding
with microtubules, thereby facilitating the process of mitosis.

The REEP4 gene is situated on chromosome 8p, a region frequently deleted in
several cancers including prostate and rectal carcinomas (Hornstein et al.,
2008, Doyen et al., 2014). Microarray analyses performed on samples of
prostate cancer tissue and benign tissue revealed significant down-regulation
of REEP4 in tumour tissue compared with healthy tissue (Hornstein et al.,
2008). Since REEP4 contributes to the fidelity of the mitotic process, one
possible consequence for lower expression of this gene is less efficient and
accurate mitosis, thus contributing to tumorigenesis. It may also lead to
aberrant expression of other genes in response to inefficient and inaccurate
mitosis, which may contribute to the chemoresistance observed in vitro in this
chapter when REEP4 was silenced in breast cancer cells treated with
chemotherapy.

5.4.2.2 The function of SEMAG6D in cancer

Semaphorins are a family of signalling proteins that regulate the morphology
and motility of many cell types, and function largely through the plexin family of
receptors (Alto and Terman, 2017). The domain essential for signalling, the
sema domain, is located at the N-terminus, and is also the domain that
mediates dimerization with other semaphorin proteins (Klostermann et al.,
1998, Gherardi et al., 2004). Structurally, proximal to the sema domain is the
plexin-sema-integrin (PSI) domain (Siebold and Jones, 2013). SEMAGD was
first identified as a new member of the class 6 transmembrane semaphorin
protein family almost two decades ago, with a predicted molecular weight of
113kDa (Qu et al., 2002, Taniguchi and Shimizu, 2004, Alto and Terman,
2017). It was detected in a variety of human tissues (Qu et al., 2002). However,
when several cancer cell lines were tested, including those representing
leukaemia, colorectal adenocarcinoma and lung carcinoma, no SEMA6D was
detected, suggesting a loss of expression in cancer. Further studies in gastric
cancer, however, revealed significantly higher protein and mRNA expression in
gastric carcinoma tissue compared with normal gastric mucosa (Zhao et al.,

2006). Further examination revealed that the expression of both SEMAG6D and
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its receptor plexin-Al was high in the endothelial cells (Lu et al., 2016).
Together with the observation that when plexin-Al and VEGFR2 were
complexed together and SEMAG6D was bound, leading to VEGFR2 being
phosphorylated, it was concluded that SEMAGD may play a role in tumour

angiogenesis.

With respect to chemoresistance, there is no direct published evidence that
SEMAGD is a contributor, but it has been noted as a target of several miRNAs
that do confer resistance. MicroRNA expression profiling was performed on
ovarian cancer cells that were resistant to either paclitaxel or cisplatin, and was
compared to the parental cells (Sorrentino et al., 2008). MiR-26a and miR-30c
were both down-regulated in both resistant cell lines compared with their
sensitive counterparts. SEMA6D was predicted to be a target of both miRNAs
by the predictive algorithms TargetScan and PicTar. As such, it would be
inferred that up-regulated SEMAG6D would contribute to chemoresistance. It is
worth noting that in my results, SEMAG6D mRNA was pulled down by miR-26b,
with a fold difference of at least 100, and was predicted as a target of this
mMiRNA by four different predictive algorithms. MiR-26a and miR-26b have
highly similar sequences, and they have many mRNA targets in common
(Trompeter et al., 2013, Hu et al., 2018). The inference that up-regulated
SEMAGD would contribute to chemoresistance is in contrast to the results that |
have obtained in this chapter, although it is important to note that my
experiments were performed in breast cancer cells rather than ovarian cancer
cells. It is also important to note, however, that no further investigations were
performed to verify that SEMAGD was a target of miR-26a and miR-30c in the
ovarian cancer cells. As | have shown in Chapter 4 (section 4.3.2.2), where
CCDCE6 appeared to be targeted by both miR-26b and miR-195 in MCF7 cells
but only miR-26b in MDA-MB-175 cells, cellular context is important when
considering mMRNA targets of miRNAs.

5.4.3 REEP4 and SEMAGD expression as prognostic factors in

breast cancer

Since reduced expression of both REEP4 and SEMAGD appeared to contribute
to chemoresistance, expression of the corresponding proteins in patients was

tested to determine if they had any prognostic and potentially therapy predictive
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value. This potential therapy predictive value originates from the fact that in this
cohort, all patients received adjuvant chemotherapy. However, this value
remains only potentially predictive when considering all treatments, as no
comparisons were made with patients who received no adjuvant
chemotherapy. One caveat to this, is that differences could potentially be
observed when analyses are separated between different chemotherapy
regimens, in which case, the protein would have a therapy predictive value

specific to that regimen.

There were no significant correlations between expression of either protein with
ER status, histological grade of the tumour or involvement of lymph nodes,
which is important as it suggests that any correlation with outcome for these
patients could be independent of known prognostic factors — and would
therefore provide new prognostic information not otherwise available. There
were also no significant relationships between protein expression and DFS or
OS, although there was a trend for poorer DFS when REEP4 expression was
higher (p=0.051). It is important to note however, that having started with 305
patients represented on the TMAS, there were only 68 incidences of recurrence
with corresponding REEP4 expression data available. It is possible that with a
larger number of recurrences and therefore larger statistical power, that there
may indeed be a significant difference in DFS between patients with low,
moderate and high expression of REEP4. Since this analysis was performed
using three expression groups, further analyses were performed where the
moderate expression group was combined with either the low or high
expression groups in an attempt to improve the statistical power. This did
indeed lead to significant differences in DFS between the two expression
groups, both when the moderate group was combined with the low group
(p=0.042) and when it was combined with the high group (p=0.036). This led to
the conclusion that REEP4 expression did have prognostic value and

potentially therapy predictive in terms of DFS.

However, although differences in DFS between the two expression groups of
REEP4 were significant, the relationships between REEP4 expression and
DFS were the opposite to expectations based on all the preceding work in the
thesis. Since all previous work was conducted in ER positive breast cancer

cells, and the chemotherapy agent administered was epirubicin, further
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analyses were performed to determine whether expression of REEP4 had a
prognostic value in accordance with expectations in this subgroup of patients.
Once again, significant differences in DFS were observed between the three
expression groups of REEP4 (p=0.01), and when the moderate expression
group was combined with the high expression group (p=0.044). However, these
analyses did not provide simple evidence of how REEP4 expression relates to
DFS, since the moderate expression group appeared to have much poorer
DFS than either the low or the high expression groups (verified in separate
analyses where p=0.01 and p=0.045 respectively). It is important to note
however, that despite performing these analyses using the subgroup of patients
with ER positive tumours and treated with a chemotherapy regimen consisting
only of EC, the majority of these patients were also treated with endocrine
therapies, and some were also treated with radiotherapy. Both of these other
forms of cancer treatment could have influenced the effect of REEP4
expression on DFS. Therefore, this subgroup of patients, although representing
as closely as possible the context in which all previous analyses were

performed, did not represent the precise context of all previous analyses.

According to the online database The Human Protein Atlas, under the
pathology section (Uhlen et al., 2017), there is no difference in OS between
patients with high and low expression of REEP4 (p=0.24). This database uses
RNA-Seq data taken from TCGA datasets, with data available for 1075 patients
for REEP4 expression. My data also shows no difference in OS between
different expression groups of REEP4 (p=0.215). The Human Protein Atlas
database does not provide data regarding DFS. The same result is observed
regarding the prognostic value of SEMAGD in breast cancer, where no
significant difference is observed in OS between the different expression
groups (p=0.2). It is important to note, however, that The Human Protein Atlas
database performed these analyses using RNA expression data, whereas |
used protein expression data. This is particularly important, as mRNA and
protein expression levels do not always perfectly correlate (Riches et al., 2015).
A second important factor to consider is that | identified these proteins as
targets of miRNAs, and miRNAs do not always alter mRNA expression
(Horman et al., 2013, Wilczynska and Bushell, 2015).
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However, in a study investigating SEMAG6D expression in breast cancer, a
difference was observed in OS (Chen et al., 2015). Data was taken from a
TCGA dataset and expression of SEMAG6D was split into three groups: low,
medium and high. The primary aim of this study was to identify genes
differentially expressed between the low and high expression groups and
determine the functions of these genes. These functions included the cell cycle
process, response to drugs and the G-protein coupled receptor (GPCR)
pathway, of which the latter function plays an essential role in cancer
metastasis. Contributing to the results of this analysis, was also the observation
that FOS and FOXO1, which both contribute to oncogenesis and metastasis,
and are also potentially regulated by SEMAG6D, both having increased
expression in the high SEMAGD expression group. Kaplan-Meier analyses
revealed that SEMAG6D expression was significantly associated with OS
(p=0.0156), with further analyses revealing a particularly large difference in the
triple negative subtype of breast cancer (p=0.0083). Although these data do not
correspond with my Kaplan-Meier survival analyses results, they do support my
results that suggest a role for SEMAGD in chemoresistance. If lower expression
of SEMAGD results in increased chemoresistance, this could translate to
patients with lower expression of SEMAG6D not surviving as long due to more

severe therapy failure than those with higher expression.
5.4.4 Conclusions

I have successfully used synthetic biotinylated mimics of miR-26b and miR-195
as bait to pull down mRNA targets of these miRNAs. By using multiple
methods, | selected two candidate targets of interest for each miRNA.
Observing their expression following manipulation of miR-26b and miR-195
expression and performing short and long term cell viability assays, | concluded
that REEP4 is a target of miR-26b and SEMAGD is a target of miR-195,
contributing to chemoresistance when silenced. Further analyses revealed that
SEMAGD expression, however, had no prognostic value in terms of DFS or OS.
REEP4 expression did have prognostic value in terms of DFS in a subgroup of
patients with ER positive tumours, treated with the chemotherapy regimen EC.
However, the exact relationship between REEP4 expression and DFS remains

unclear.
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Chapter 6: Endocrine therapy can induce resistance to

subsequent chemotherapy

6.1 Abstract

Neoadjuvant systemic therapy for breast cancer is not limited to chemotherapy,
since some patients with ER positive tumours can receive neoadjuvant
endocrine therapy (NAET) as an alternative. This is most commonly the case in
patients who are relatively frail and/or suffer from co-morbidities, therefore may
not be suitable for neoadjuvant chemotherapy or for surgery at that time.
However, a proportion of these patients go on to have surgery and some have
adjuvant chemotherapy. Studies on the impact of NAET on response to
subsequent adjuvant chemotherapy have not been performed. Previous work in
the Hughes lab has shown that NAET is associated with significant increases in
expression of Breast Cancer Resistance Protein (BCRP) in the tumour cells.
BCRP is a protein that acts as a xenobiotic pump and expression has
previously been linked with chemoresistance. The aim of this chapter was to
examine whether this increase in BCRP occurs in appropriate cell line models,

and to assess its impact on sensitivity to subsequent chemotherapy.

Expression of BCRP at both protein and mRNA levels (gene name ABCG?2)
was significantly increased in the ER positive cell line T47D following daily
treatment with the endocrine therapeutic 4-hydroxy-tamoxifen (tamoxifen) for
fifteen days (p<0.05). This pre-treatment with tamoxifen was associated with
significantly increased resistance to subsequent treatment with the
chemotherapeutic epirubicin (p<0.05). Cell cycle analysis using flow cytometry
revealed no significant alterations in the proportion of cells in each cycle phase
after this tamoxifen pre-treatment, thus eliminating reduced proliferation as a
potential mechanism of resistance and thereby implicating the increased BCRP

expression as the likely resistance mediator.

These results suggest that the impact of NAET on patients’ response to

adjuvant chemotherapy is worthy of further study.
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6.2 Introduction

Oestrogen receptor positive breast cancers can be treated with endocrine
therapies, of which there are two main classes: anti-oestrogens and aromatase
inhibitors (Lumachi et al., 2011). However, patients with ER positive tumours
can also be treated with cytotoxic chemotherapy, or a combination of both
(Fisher et al., 1997, Paik et al., 2006). Previous studies have noted that of the
ER positive breast cancers, luminal A-type tumours are generally less
responsive to chemotherapies whereas luminal B-type tumours are generally
less responsive to endocrine therapies (Ignatiadis and Sotiriou, 2013, Gnant et
al., 2015).

In a subset of patients, neoadjuvant endocrine therapy (NAET) is being
increasingly recommended instead of neoadjuvant chemotherapy (NAC) as
previous studies have shown similar overall response rates with less
associated toxicity (Semiglazov et al., 2007, LeVasseur et al., 2017). This
subset of patients includes those who are elderly and/or too frail to be treated
with chemotherapy or to undergo surgery (Barroso-Sousa et al., 2016, Spring
et al., 2016), and also includes patients with comorbidities (Macaskill et al.,
2006). However, the consequences of administering adjuvant chemotherapy
following NAET have not been investigated. As the use of NAET for the
treatment of breast cancer is increasing, the incidence of such situations will
also increase. Therefore, investigations into these possible consequences
should be performed.

The expression of drug efflux pumps on tumour cells is a known mechanism for
resistance to systemic therapies (Sharom, 2008). A well known family of
proteins with the ability to export therapeutic drugs is the ABC family, which has
a wide variety of substrates (Massey et al., 2014). One member of this family,
is the Breast Cancer Resistance Protein (BCRP) and the gene encoding it is
ABCG2 (Staud and Pavek, 2005) (see section 1.4.1.1). BCRP is known to be
associated with chemoresistance (Kovalev et al., 2013, Mao and Unadkat,
2015); one of the first discoveries of this drug pump was in a chemotherapeutic
drug resistant subline of MCF7 breast cancer cells that did not overexpress the
previously known drug transporters P-glycoprotein or the multidrug resistance
protein (Doyle et al., 1998, Doyle, 1998). ABCG2/BCRP is of particular interest
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in the context of NAET as it has been shown to have an oestrogen response
element in the promoter of the gene (Ee et al., 2004, Zhang et al., 2006,
Pradhan et al., 2010), therefore expression of the protein may be influenced by
endocrine therapies. Previous studies have shown that NAC has the ability to
induce changes in expression of this protein in breast cancers and that these
induced levels were predictive of survival (Kim et al., 2013a). Altered
expression of this protein post-NAET may therefore influence the sensitivity of

tumour cells to any subsequent chemotherapy treatments.

Previous work in the Hughes lab had demonstrated that increased BCRP
expression was associated with NAET for breast cancer (Figure 6.2.1A and B).
This was further supported by analysis of patient data available from two
separate public datasets. These datasets included data from patients treated
with various NAET regimens where microarray analyses were performed on
samples before and after treatment. Figure 6.2.1C shows the increase in
ABCG2 transcript expression post-NAET relative to pre-NAET expression
levels. As a useful control, it was also shown that in patients who received no
neoadjuvant therapy, tumours did not show any change in ABCG2 expression

over time.
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In A and B, fifty-one matched pre- and post-NAET breast tumour samples
were stained for BCRP (clone BXP-21, Abcam) using
immunohistochemistry. These tumours were from patients with primary
breast cancer that had received NAET for a period of time between one
month and one year. These patients received no other treatment.
Expression of BCRP was quantified in tumour cells by weighted
histoscores using a semi-automated protocol, validated previously (Kim et
al., 2013a). (A) Representative images of matched pre- and post-NAET
breast tissues showing stained BCRP (brown). (B) The left panel shows
individual histoscores for pre- and post-NAET tissue samples with lines
connecting matched samples. The red lines indicate increases in BCRP
expression post-NAET and blue lines indicate decreases in BCRP
expression. The right panel shows median histoscore values with
interquartile range. Significance was assessed using the Wilcoxon signed
rank test. (C) ABCG2 (transcript) expression was assessed using
microarray expression arrays in matched pre- and post-NAET breast
cancer samples in two separate cohorts. In the Edinburgh cohort, fifty-five
patients were treated with the endocrine therapy letrozole. The change in
ABCG2 expression was assessed after two weeks and three months of
treatment relative to pre-treatment expression levels. In the Houston
cohort, ninety-four patients were treated with aromatase inhibitors (no
information as to which) and change in ABCG2 expression was assessed
after two weeks relative to pre-treatment expression levels. ABCG2
expression was also assessed in thirty-seven matched diagnostic biopsy
and surgical excision samples from patients with breast cancer who did
not receive any neoadjuvant therapies (no T). ABCG2 expression in post-
NAET samples is shown relative to pre-NAET samples as log2-fold
changes, with red and blue circles indicating up- or down-regulation for
individual samples respectively. The median change in expression is
shown by the black line, the boxes show the upper and lower quartiles
and the whiskers show 1.5x the interquartile range. Significance of
changes in expression was assessed using paired Wilcoxon tests. This
figure was used in accordance with rights retained by the authors of this
article from the publishers, Elsevier.

6.2.1 Specific objectives
There were three key objectives in the work described in this chapter:

1. To determine whether increased expression of BCRP in response to
endocrine therapy could be replicated in vitro using the anti-oestrogen 4-
hydroxy-tamoxifen and an appropriate cell line.

2. To determine whether pre-treatment of an ER positive cell line with 4-
hydroxy-tamoxifen led to increased resistance to subsequent

chemotherapy.
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3. To determine whether treatment with 4-hydroxy-tamoxifen leads to an
altered cell cycle profile that could explain any altered chemosensitivity

rather than it relating to changes in BCRP expression.

6.3 Results

6.3.1 BCRP expression is up-regulated post-tamoxifen treatment in

an ER positive breast cancer cell line

BCRP expression has previously been shown to be significantly increased
post-neoadjuvant endocrine therapy (NAET) in tumours taken from a cohort of
primary breast cancer patients with ER positive tumours (Figure 6.2.1) (Baxter
et al., 2018). As the main aim of this chapter was to determine whether NAET
leading to increased BCRP expression could potentially lead to increased
chemoresistance, the first objective was to identify a cell line that reproduced in
vitro the up-regulation of BCRP seen in patients post-NAET. Therefore, the ER
positive cell line T47D was treated with 4-hydroxy-tamoxifen (TAM), an agent
that competitively binds the oestrogen receptor, inhibiting its activation and
BCRP expression was investigated post-treatment at different timepoints. This

form of tamoxifen is the more biologically active form of the drug.

6.3.1.1 BCRP expression is up-regulated post-tamoxifen treatment within

24 hours and is maintained for several days

The ER positive cell line T47D was initially treated with 1uM TAM for a period
of up to 24 hours. At various timepoints, protein was extracted for analysis of
BCRP expression by western blot (Figure 6.3.1). BCRP expression was
increased even after only 4 hours of TAM treatment and continued to increase
over time to approximately 2.5 times more than in the control sample after
seventeen hours of exposure to the drug. These results confirmed that BCRP
expression was increased in the presence of TAM in T47D cells and therefore

that T47D may represent a suitable cell line model.
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Figure 6.3.1: BCRP expression is up-regulated post-TAM treatment over a
24 hour period

T47D cells were treated once with 1uM TAM (or vehicle control) and
protein was extracted at the indicated timepoints. Western blots were
performed, probing for BCRP or beta-actin used as a loading control.
BCRP was quantified relative to actin using Image Lab software three
separate times for each blot. One representative western blot is shown in
the left panel, with an accompanying graph in the right panel showing
means of three separate quantifications (+/- standard deviations).

A second ER positive cell line was also tested. MCF7 cells were treated with
TAM using the same method as with the T47D cells. However, BCRP
expression decreased after 4 hours of TAM treatment and slowly returned back
to the original levels after 24 hours of TAM treatment (Figure 6.3.2). As no
increase in BCRP expression was observed in these cells, further experiments

were performed in T47D cells only.
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Figure 6.3.2: BCRP expression is not up-regulated post-TAM treatment
over a 24 hour period

MCF7 cells were treated once with 1uM TAM (or vehicle control) and
protein was extracted at the indicated timepoints. Western blots were
performed, probing for BCRP or beta-actin used as a loading control.
BCRP was quantified relative to actin using Image Lab software three
separate times for each blot. One representative western blot is shown in
the left panel, with an accompanying graph in the right panel showing
means of three separate quantifications (+/- standard deviations).

Next, BCRP expression in T47D cells was also analysed up to four days after a
single dose of TAM to determine whether the rapid increase in expression seen
previously was sustained. A similar increase in BCRP expression was
observed to that observed over a twenty-four hour period and it was sustained

throughout the extended time period (Figure 6.3.3).
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Figure 6.3.3: Up-regulated BCRP expression was maintained up to 4 days
post-TAM treatment

T47D cells were treated on Day 0 with 21uM TAM (or vehicle control) and
protein was extracted once a day. Western blots were performed, probing
for BCRP or beta-actin used as a loading control. BCRP was quantified
relative to actin using Image Lab software three separate times for each
blot. One representative western blot is shown in the left panel, with an
accompanying graph in the right panel showing means of three separate
guantifications (+/- standard deviations).

6.3.1.2 ABCG2 mRNA and protein expression are up-regulated post-daily
TAM treatment for up to fifteen days

Patients who are administered tamoxifen receive a daily oral dose of the drug
(Clarke et al., 1998, Davies et al., 2011). Therefore, to replicate these
conditions in vitro, T47D cells were treated daily with either of two different
doses (1 or 5uM) of TAM for a period of up to fifteen days. ABCG2 (transcript)
and BCRP (protein) expression were analysed by RT-gPCR and western blots

respectively (Figure 6.3.4).
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Figure 6.3.4: Daily TAM treatment for fifteen days increases ABCG2
MRNA and protein levels

T47D cells were treated with either 1 or 5uM of TAM (or vehicle control)
every twenty-four hours for fifteen days. Total RNA and protein were then
extracted and analysed by RT-gPCR (A) or western blot (B) respectively,
with beta-actin used for normalisation. (A) Data represent means of three
biological repeats (+/- standard error); *p<0.05. (B) One representative
western blot is shown in the left panel. The accompanying graph in the
right panel shows means of two biological repeats (+/- standard error);
*p<0.05.

Both ABCG2 mRNA and BCRP protein expression were significantly up-
regulated. This coincides with observations in patients administered NAET
(Figure 6.2.1) (Baxter et al., 2018). The T47D cell line was therefore an
appropriate model cell line that could be used for subsequent tests

investigating the effect of this BCRP up-regulation on chemosensitivity.

6.3.2 Pre-treatment with TAM leads to increased resistance to

subsequent chemotherapy

Having observed in section 6.3.1 that daily treatment of T47D cells with TAM
for a period of fifteen days led to increased expression of BCRP,
chemosensitivity assays were performed on these treated cells to determine
whether they had become more resistant to chemotherapy — as might be
predicted with increased expression of a chemoresistance-associated
xenobiotic pump. Cells were treated with 1 or 5uM of tamoxifen daily for fifteen
days as before. TAM was then removed and cells were cultured for twenty-four
hours in fresh (drug-free) media before being assessed in chemosensitivity
assays. Two concentrations of the chemotherapy drug epirubicin were used to
treat these cells for twenty-four hours, and an MTT assay was performed to
determine cell viability following drug treatments (Figure 6.3.5).
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Figure 6.3.5: T47D cells pre-treated with TAM were more resistant to
chemotherapy

T47D cells were treated daily for fifteen days with either 1 or 5uM of TAM
(or vehicle control) before being treated with the chemotherapy drug
epirubicin at either 2.6uM or 10uM (or vehicle control) for twenty-four
hours. Cell viability assays were then performed. The left panel shows one
biological repeat (data represent means of three technical replicates +/-
standard deviation). The right panel shows means of two biological
repeats (+/- standard error), normalising to survival in the control without
tamoxifen to allow focus on the effect of tamoxifen pre-treatment (*p<
0.05).

T47D cells were more resistant to epirubicin when pre-treated with TAM. In
addition, the higher dose of TAM appeared to confer a higher degree of
chemoresistance, which correlates with the higher induced levels of BCRP

seen previously (Figure 6.3.4).

6.3.3 Pre-treatment with TAM does not significantly alter the cell

cycle profile

Pre-treatment with TAM leads to T47D cells having increased expression of
BCRP (Figure 6.3.4) and becoming more resistant to chemotherapy (Figure
6.3.5). While this is an association, it does not demonstrate a causal link. One
alternative possible explanation for the resistance observed would be that it
could be attributed to an altered cell cycle profile induced by TAM —

particular, tamoxifen can induce reduced proliferation (Sutherland et al., 1983,
Osborne et al., 1983). This may be especially important in this context if there
is a significantly altered proportion of cells in the S phase as the
chemotherapeutic drug epirubicin induces cell death by causing DNA damage,
thus primarily affecting cells during DNA replication (Bell and Dutta, 2002).

Therefore, after daily treatment with TAM for fifteen days as before, the cell
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cycle profiles of the cells were analysed by propidium iodide (PI) staining and

flow cytometry (Figure 6.3.6).
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Figure 6.3.6: TAM did not induce significant alterations in proportions of
cells in different cell cycle stages

T47D cells were treated daily for fifteen days with 5uM of TAM (or vehicle
control). Cells were then stained with Pl and analysed by flow cytometry.
Data were analysed using the ModFit LT software (Verity Software House)
to determine the proportions of cells in each stage of the cell cycle. Data
represent means of two biological repeats (+/- standard error).

There were no significant alterations in the cell cycle profile of T47D cells pre-
treated with TAM when compared with control cells, with no suggestion of a
difference in proportions in S phase — the cycle stage targeted by epirubicin.
Taken in this context, these results suggested that an alteration in the cell cycle
profile was unlikely to be the direct cause of the chemoresistance observed in
pre-treated cells and it is therefore possible that the up-regulation of BCRP
post-tamoxifen treatment may indeed be the cause behind this

chemoresistance.

6.4 Discussion

6.4.1 Oestrogen and anti-oestrogens influence ABCG2/BCRP
expression

Neoadjuvant endocrine therapy is becoming more commonly used in the
treatment of a subset of patients with ER positive breast cancers. However,
there is as yet no evidence of there being any consequences on the sensitivity
of remaining cancer cells to adjuvant chemotherapies. BCRP, a xenobiotic drug

transporter, has previously been shown to confer resistance to a number of



194

chemotherapeutic drugs (Staud and Pavek, 2005). Previous work had shown
that in a statistically significant number of patients treated with NAET, there is
increased expression of this drug pump (Figure 6.2.1) (Baxter et al., 2018).
This means there is certainly a possibility that these patients would not respond

optimally to adjuvant chemotherapy if administered.

| treated an ER positive cell line, T47D, with the anti-oestrogen tamoxifen to
observe initially whether the up-regulation of BCRP could be replicated in vitro
in order to perform subsequent chemosensitivity assays. This was successfully
achieved even after only twenty-four hours after treatment and was maintained
after daily exposure to tamoxifen for a period of fifteen days. This suggests that
lack of oestrogen signalling somehow leads to increased expression of BCRP,
which is certainly possible as putative EREs have previously been identified in
the promoter region of the ABCG2 gene (Ee et al., 2004, Zhang et al., 2006).

Similar increases in BCRP expression have previously been observed in the
absence of oestrogen signalling. In a study that included the ER positive breast
cancer cell lines T47D, which | have used in my study, and MCF7, BCRP
expression was found to be down-regulated in response to oestrogen. This
decrease in BCRP expression was reversed by tamoxifen. This study
concluded that the down-regulation of BCRP by oestrogen occurred post-
transcriptionally (Imai et al., 2005). However, there is also conflicting evidence
from other studies that have shown the opposite effects of oestrogens and anti-
oestrogens on ABCG2 and/or BCRP expression. In one such study where
T47D were also used as in my study, expression of ABCG2 was found to be
increased in the presence of 17p3-oestradiol, which was reversed in the
presence of 4-hydroxy-tamoxifen (Ee et al., 2004), the same anti-oestrogen
that | have used. Similarly, both ABCG2 transcript and BCRP protein levels
increased in response to 17p-oestradiol in MCF7 cells. This effect was
abolished in the presence of tamoxifen. The ERE in the promoter region of the
gene and the presence of the alpha isoform of the ER were found to be
essential for the transcriptional activation of ABCG2 by 17B-oestradiol (Zhang
et al., 2006). Following on from this study, the anti-oestrogen toremifene was
found to lead to decreased expression of both ABCG2 transcript and BCRP
protein in MCF7 cells (Zhang et al., 2010). Taken together, all of these studies

suggest that the regulation of ABCG2 transcript and protein expression is
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complex and can differ depending on culture conditions. This complexity has
previously been commented on (Bailey-Dell et al., 2001, Nakanishi and Ross,
2012) with work still ongoing in attempting to understand the regulation of this
gene. These conflicting data may explain why in my initial experiments treating
cells with TAM for 4-24 hours, the MCF7 cells did not show an increase in

BCRP expression.

It is important to note that all of the work presented in the studies above was all
performed on cell lines in vitro, with no mentions made of observing the effects
of anti-oestrogens in the treatment of breast cancer on ABCG2 and/or BCRP
expression in patients, on which my study was based (Baxter et al., 2018). In
this context, it may be worth emphasising that the regulation | see in vitro

mirrors that in patients and may therefore be more representative.

6.4.1.1 Other mechanisms of BCRP expression regulation

The ABCG2 gene also has three peroxisome proliferator-activated receptor
response elements (PPARE) (Szatmari et al., 2006) and a progesterone
response element (PRE) (Wang et al., 2008). In a study investigating the
effects of progesterone on BCRP expression in human placental BeWo cells,
progesterone increased expression of this protein (Wang et al., 2006). In this
same study, oestrogen decreased expression of BCRP. In a very similar study
investigating the effects of oestrogen and progesterone on BCRP expression in
BeWo cells, the opposite results were obtained: progesterone decreased
expression of BCRP and oestrogen increased expression (Yasuda et al.,
2006). It is evident from these two studies that regulation of BCRP expression
is a complex process that likely is dependent on numerous factors.

MiRNAs have also previously been shown to regulate BCRP expression. As
mentioned previously, miR-487a has been shown to regulate expression by
targeting the 3'UTR, thus influencing the chemosensitivity of ER positive breast
cancer cells (see section 1.4.3) (Ma et al., 2013). In a colon cancer cell line,
miR-519¢ was also observed to target the 3’'UTR of the ABCG2 transcript,
leading to translational repression and eventual degradation of the mRNA (To
et al., 2008). MiR-328 has been reported to target BCRP in ER positive breast
cancer cells (Pan et al., 2009) and miR-520h regulates BCRP expression in

pancreatic cancer cells (Wang et al., 2010).
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6.4.1.2 Investigating correlations between ABCG2 expression and other
oestrogen-regulated genes in breast tumours treated with
endocrine therapies could clarify the regulation of ABCG2

expression in vivo

Previous work shown in Figure 6.2.1 (Baxter et al., 2018), together with the in
vitro work | have performed, demonstrated increased ABCG2 transcript and/or
protein expression post-endocrine therapy. These observations however, do
not demonstrate a direct mechanism of endocrine therapies regulating BCRP
expression. The Edinburgh dataset used in the analysis shown in Figure 6.2.1C
(Baxter et al., 2018), consists of gene expression profiles of tumour samples
taken from ER positive primary breast cancer patients, before and after
treatment with the endocrine therapy letrozole (Miller et al., 2009). A similar
study, the Functional Aromatase Inhibitor Molecular Study (FAIMoS), was also
conducted, in which patients were treated with the endocrine therapy
anastrozole, with and without the addition of the EGFR inhibitor gefitinib (Smith
et al., 2007). In a subsequent study performed by Gao et al. using samples
from the FAIMOoS, gene expression profiles were investigated pre- and post-
anastrozole only therapy (Gao et al., 2014). It would therefore be possible
using these datasets, to assess correlatations between ABCG2 expression and
oestrogen-regulated genes in order to gain understanding into the mechanisms

by which endocrine therapy affects the expression of ABCG2 in patients.

The gene TFF1 is an oestrogen-responsive gene that is frequently expressed
in breast tumours (Prest et al., 2002). As such, TFF1 expression would be
expected to be down-regulated in response to endocrine therapies. With the
observations made of increased BCRP expression post-endocrine therapy in
Figure 6.2.1, together with my in vitro work, a negative correlation between
TFF1 and ABCG2 would be expected. It is important to note, however, that
despite TFF1 being considered an oestrogen-responsive gene, it has been
observed in vitro that in the presence of tamoxifen, a small increase in TFF1
expression occurred in MCF7 breast cancer cells (Kuske et al., 2006), rather
than the expected decrease. In addition, an increase in expression of both
TFF1 and ABCG2 was observed in tamoxifen resistant MCF7 cells compared
with parental cells (Zheng et al., 2018). These results suggest the possibility

that the regulation of TFF1 expression is not simply dependent on the presence
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of oestrogen. Therefore, any correlation between TFF1 and ABCG2 expression

would need to be treated with caution.

Another oestrogen-responsive gene is that encoding PR (gene name PGR). A
negative correlation between PGR and ABCG2 expression would again support
the hypothesis of endocrine therapies inducing ABCG2 expression. However,
as with TFF1, any correlation must be treated with caution, as a positive
correlation between PGR and ABCG2 expression has previously been

observed in untreated primary breast tumour samples (Burger et al., 2003).

PDZK1 and GREB1 are also oestrogen-responsive genes (Xue et al., 2019)
that have been observed to overexpressed in ER positive breast cancers
compared with ER negative breast cancers (Ghosh et al., 2000). As oestrogen-
responsive genes, a negative correlation between the expression of ABCG2
and PDZK1 and GREBL1 individually would be expected. This would support the
hypothesis that endocrine therapies induce ABCG2 expression. This
expectation is supported by previous observations made of the expression of
both PDZK1 and GREBL1 being reduced in the presence of tamoxifen in vitro
(Ghosh et al., 2000, Kim et al., 2013b).

6.4.2 Increased BCRP expression post-tamoxifen treatment causes

increased resistance to chemotherapy in breast cancer

6.4.2.1 A regimen of NAET followed by adjuvant chemotherapy is very
rare in the treatment of breast cancer

In this study, | have shown that post-tamoxifen treatment, expression of both
ABCG?2 transcript and BCRP protein are increased compared with cells that
were not pre-treated. | have also shown that cells pre-treated with tamoxifen
are more resistant to chemotherapy treatment with epirubicin than their non-
treated counter parts. Unfortunately, assessing whether this observation is
relevant clinically is difficult because the administration of tamoxifen in the
neoadjuvant setting followed by adjuvant chemotherapy treatment is not
standard practice in the treatment of ER positive breast cancer, although it is
used fairly rarely. Indeed, from the initial patient cohort in which increased
BCRP expression was observed post-NAET that my study was based on, of

the fifty-one patients, only six received adjuvant chemotherapy. Therefore, no
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studies have been performed to compare the outcomes of patients treated with
NAET followed by adjuvant chemotherapy versus similar patients treated with
adjuvant chemotherapy alone. However, with NAET becoming a more
commonly used treatment regimen for post-menopausal patients (Chia et al.,
2010, Chiba et al., 2017), an increase in the proportion of patients treated with
NAET followed by adjuvant chemotherapy is probable. It is therefore important
- in future - to determine whether this therapy regimen is safe to use.
Unfortunately, even when suitable patient cohorts are available, the follow-up
time required for outcomes is likely to be sufficiently long that it will be many

years before a clear answer is available.

6.4.2.2 Increased BCRP expression causes decreased sensitivity to

chemotherapy

BCRP has previously been shown to be induced by neoadjuvant chemotherapy
(NAC) and that these post-NAC expression levels predict disease free survival
(Kim et al., 2013a). In this study, patients were treated with a regimen
consisting of anthracyclines with or without taxanes. A more expansive study
revealed that there was a correlation between higher BCRP expression and
poor clinical outcomes. In this study, it was observed that when classifying
tumour subsets into either high or low expressions of BCRP, the high
expressing subset had a much shorter time of progression free survival than
the low expressing group, but only if treated with anthracycline-based therapies
(5-fluorouracil, epirubicin and cyclophosphamide) and not when treated with
cyclophosphamide, methotrexate and 5-fluorouracil (Burger et al., 2003). This
observation of different treatment regimens leading to different clinical
responses highlights the fact that each treatment regimen should be
investigated individually with respect to tumour responses as each treatment

regimen has the potential to cause unique responses.

The basis of my study was that previous work had shown an increase in BCRP
expression following NAET (Baxter et al., 2018). No other such studies have
previously been performed. There are however, a large number of studies that
have confirmed that increased BCRP expression leads to increased
chemoresistance. BCRP was first identified in MCF7 cells resistant to

doxorubicin and verapamil when it was noticed that the two transporters known
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previously to confer multi-drug resistance, P-glycoprotein and MRP1, were not
involved (Doyle, 1998). Subsequent studies confirmed the role of BCRP in
conferring resistance to the chemotherapeutic agent mitoxantrone in the
placenta (Allikmets et al., 1998) and in a colon cancer cell line (Miyake et al.,
1999). Since these initial studies, BCRP has also been found to confer
resistance to several other chemotherapeutic drugs including topotecan and
SN-38 (Yang et al., 2000). Importantly, epirubicin, the chemotherapy drug that |
used in this study to determine if cells pre-treated with tamoxifen were more
resistant to chemotherapy treatment than their untreated counterparts, is also a
substrate of BCRP (Brangi et al., 1999). It is therefore possible that the
resistance to epirubicin displayed by the cells pre-treated with tamoxifen in my
study is mediated by the increase in BCRP expression that occurs as a

consequence of the tamoxifen treatment.

6.4.2.3 Changes in cell cycle profile post-TAM treatment do not
contribute to chemoresistant phenotype

Anthracyclines, such as epirubicin, the chemotherapeutic drug used in this
study, function by inhibiting topoisomerase Il (Zunino and Capranico, 1990).
Topoisomerase |l enzymes function by creating transient breaks in both strands
of DNA in order to allow the strands to unwind so that processes such as DNA
replication and transcription can occur (Nitiss, 2009a). If topoisomerase Il
enzymes are inhibited for example by anthracyclines, the DNA can no longer
unwind and replication cannot occur, thus inhibiting cell cycle progression. DNA
replication occurs during the S phase of the cell cycle (Bell and Dutta, 2002).
Therefore, a possible mechanism of resistance to epirubicin of cells after pre-
treatment with tamoxifen other than an increase in drug efflux by BCRP is that
tamoxifen could cause fewer cells to be in S phase. This would mean that
fewer cells would require topoisomerase Il activity, thereby resulting in fewer
active targets of epirubicin, resulting in fewer cells being affected by the

chemotherapeutic drug and an apparent resistant phenotype.

Previous studies have shown that treatment with tamoxifen causes reduced
rates of proliferation of ER positive breast cancer cells (Sutherland et al., 1983,
Osborne et al., 1983). However, the majority of these experiments have been

performed with MCF7 cells. Evidence has shown that there can be marked
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differences between these two ER positive cell lines such as different functional
protein expression profiles (Aka and Lin, 2012) and differences in responses to
oestrogens and anti-oestrogens (Karey and Sirbasku, 1988, Radde et al.,
2015). This is despite the fact that both cell lines are representative of luminal
A-type breast cancers (Holliday and Speirs, 2011). Not only do different cell
lines display differences, but different culture conditions have also been shown
to give rise to different responses to drug treatments in the same cell lines
(Reddel et al., 1985). Interestingly, it has been observed that in the absence of
oestrogen, MCF7 cells increase expression of the ER whereas T47D cells
decrease expression of the ER in the absence of oestrogen (Sweeney et al.,
2012).

All the apparent differences between cell lines and within cell lines perhaps
explain why despite previous studies showing reduced cell proliferation with
fewer cells in S phase and a greater proportion of cells in the Go/G1 phases, |
did not observe any significant differences in cell cycle profiles between those
cells treated with TAM and those that were not treated. Therefore, since my
results suggested TAM did not induce any changes in the cell cycle profile, it is
unlikely that the chemoresistance observed in cells pre-treated with TAM was
due to fewer cells being in the cell cycle phase most affected by the
chemotherapy drug. Coupled with the increase in ABCG2 transcript and BCRP
protein expression post-TAM treatment, these data suggest that the increased
chemoresistance observed post-TAM treatment is potentially due, perhaps in
part, to the increased expression of the xenobiotic drug transporter BCRP.

6.4.2.4 Investigating a correlation between ABCG2 expression and
response to endocrine therapies would indicate whether

increased ABCG2 expression is a marker of poor prognosis

As mentioned in section 6.4.1.2, gene expression profiles of primary breast
tumour samples before and after endocrine therapy are available from the
Edinburgh and FAIMoS datasets (Miller et al., 2009, Gao et al., 2014). In the
Edinburgh study, tumour size was also measured during therapy, and patients
were determined to be either good or poor responders based on whether there
was a minimum of a 50% reduction in tumour size or not post-therapy (Miller et

al., 2009). In the FAIMoS, Ki67 was measured before and after therapy, with
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patients who had an increase in Ki67 of more than 10% post-therapy classed
as poor responders (Smith et al., 2007). As such, correlations between ABCG2
expression and outcome could be performed to determine whether increased
ABCG2 expression is associated with a poor prognosis, as would be expected
based on work presented in this chapter. However, it is important to note that
neither the Edinburgh or FAIMoS studies reported on whether patients were
administered adjuvant chemotherapy, which is the scenario posited in this
chapter. Therefore, while ABCG2 expression could be correlated with response
to the endocrine therapies, it could not be correlated with response to

subsequent chemotherapies.

6.4.3 Conclusions

Previous work has shown that BCRP expression was increased in patients
post-NAET (Baxter et al., 2018). | have successfully replicated this
phenomenon using the ER positive cell line T47D and the anti-oestrogen
tamoxifen. Subsequent chemotherapy treatment demonstrated increased
resistance to this second therapy compared with non-pre-treated cells.
Therefore, it is possible that the increase in BCRP expression post-tamoxifen
treatment causes this increased chemoresistance. These results suggest that a
regimen of NAET followed by adjuvant chemotherapy should be administered
to patients with caution, and outcomes following this regimen should be

assessed in detail when data are available.



202

Chapter 7: General discussion and conclusions

7.1 The molecular mechanisms of chemoresistance in breast

cancer

Resistance to systemic therapies, in particular cytotoxic chemotherapy, poses a
major obstacle to the successful treatment of breast cancer due to a number of
factors. The first is that systemic therapies have the benefit of targeting tumour
cells in most areas of the body simultaneously, rather than being focused to
specific body sites at one time. This is particularly advantageous in the
treatment of sub-clinical micro-metastases, which cannot be specifically
targeted using local therapies when they have not yet been detected. This
inability to detect sub-clinical micro-metastases remains an ongoing problem
(Pantel et al., 2009). The second factor specific to cytotoxic chemotherapy is
that this treatment option is the only fully-established choice of systemic
therapy for certain primary breast tumours, such as those of the triple negative
subtype, which lacks expression of any proteins targeted by the common
targeted therapies (Foulkes et al., 2010). It is also the only choice for those
tumours in the metastatic setting, that were previously treated with targeting
drugs and that developed resistance (Reinert and Barrios, 2015). In such
cases, if resistance to the cytotoxic chemotherapy arises, no alternative types
of systemic therapy exist, other than different classes of chemotherapy drugs,
which may not work if the tumour has developed multi-drug resistance
(Zahreddine and Borden, 2013).

However, it is important to note that newer targeted therapies have been
developed and may soon be approved for primary breast cancer, potentially
providing alternatives to cytotoxics. For example, CDK4/6 inhibitors have
recently been approved for the treatment of metastatic, ER positive breast
cancers in combination with endocrine therapy (Pernas et al., 2018), and the
PARP inhibitor olaparib was recently approved by the FDA for the treatment of
BRCA-mutated metastatic breast cancers (McCann and Hurvitz, 2018). It is,
however, vital that we understand the molecular mechanisms of chemotherapy
resistance in order that we may be able to identify not just novel drug targets so

that resistance may be overcome or prevented, but also that we know which
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successions of treatment regimens can be used successfully if resistance

arises to the initial therapies.

Numerous studies have demonstrated that resistance to cytotoxic
chemotherapy is a result of numerous molecular changes, such as changes in
the expression of miRNAs (Kutanzi et al., 2011), molecular pathway activity
(Balko et al., 2012), and expression of xenobiotic drug pumps (Sharom, 2008).
In this project, | have attempted to identify some of these molecular changes
that contribute to chemoresistance during treatment of ER positive breast
cancers with a cytotoxic chemotherapy regimen consisting of epirubicin and
cyclophosphamide (EC). MiRNA and mRNA expression profiling was
performed on samples taken from breast cancer patients both before and after
neoadjuvant chemotherapy (NAC), who displayed only a partial response to the
administered therapy, thus implying a degree of chemoresistance. Changes in
MRNA expression that occurred during chemotherapy suggested that the
activities of both the MAPK and the PI3K-AKT pathways were increased
(Chapter 3, section 3.3.4.2). This result was in accordance with previous
studies that demonstrated increased activity of these pathways in tumour cells
resistant to chemotherapy (West et al., 2002, Leung et al., 2008, Igea and
Nebreda, 2015). Three miRNAs were consistently dysregulated post-NAC
(Chapter 3, section 0), with further investigations revealing expression of miR-
26b and miR-195 was associated with chemoresistance (Chapter 4, section
4.3.1). Expression of these miRNAs had previously been associated with
chemoresistance, although evidence was conflicting, with results suggesting
that these miRNAs play specific roles in chemoresponse depending on context
(Rui et al., 2010, Ujifuku et al., 2010, Yang et al., 2013, Liang et al., 2015).

MiRNAs execute their function by manipulating gene expression post-
transcriptionally (Ambros, 2001). It would therefore follow that changes in
MIRNA expression lead to alterations in expression of their targets. REEP4
was identified as a target of miR-26b, and SEMAGD was identified as a target
of miR-195 (Chapter 5, section 5.3.3.1). REEP4 is a protein required for cell
division (Schlaitz et al., 2013), whereas SEMAGD is a protein whose function
has been linked with angiogenesis (Lu et al., 2016). While the first function
relates directly to division and therefore DNA replication, a process that is the

main target of the chemotherapeutic drug epirubicin (Nitiss, 2009b), the second
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function also relates, albeit indirectly, to tumour growth as tumours require a

blood supply to survive and grow (Tozer et al., 2005).

Resistance to chemotherapy is not just a result of changes in gene expression
that directly alter the effectiveness of the function of the drug. In order to
perform their function, these cytotoxic drugs must first reach their targets.
Increased expression of xenobiotic drug pumps whose substrates include
cytotoxic drugs can pump these cytotoxic drugs out of the cells (Eckford and
Sharom, 2009), thus preventing the drug from reaching its target. Increased
expression of the xenobiotic drug pump BCRP was observed in patients
following neoadjuvant endocrine therapy (NAET) (Baxter et al., 2018). This
phenomenon was replicated in vitro, and resulted in an increase in
chemoresistance following subsequent challenge with epirubicin (Chapter 6,
sections 6.3.1 and 6.3.2). These results demonstrated that not only can
cytotoxic chemotherapy drugs induce resistance to themselves by altering gene
expression, but that targeted therapies such as endocrine therapies, can also
induce resistance to cytotoxic chemotherapies. This leads back to the concept
of multi-drug resistance (MDR), and the importance of knowing which
successions of treatment regimens can be used successfully. The results in
this thesis indicate that the efficacy of cytotoxic chemotherapy may be reduced
if administered after endocrine therapy, and that this sequence of therapies

should potentially be avoided.

It is important to consider, however, that although | investigated increased
BCRP expression in terms of endocrine therapy, previous studies have shown
that not only is expression of the BCRP gene ABCG2 regulated by the
presence of oestrogens (Ee et al., 2004, Zhang et al., 2006), it has also been
shown to be targeted by miRNAs (Pan et al., 2009, Wang et al., 2010). With
work presented here demonstrating altered miRNA expression contributing to
chemoresistance being induced by cytotoxic chemotherapy, it is possible that
ABCG2 expression, as well as that of other xenobiotic drug pumps, can also be
induced by this form of systemic therapy. Indeed, the PI3K-AKT pathway, the
activity of which was increased post-NAC in my work, and has previously been
shown to confer resistance (West et al., 2002), has also been shown to be
essential for the localisation of BCRP to the plasma membrane (Mogi et al.,

2003, Takada et al., 2005). It has also been shown that cytotoxic chemotherapy
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drugs induced expression of the ABCG2 gene by demethylating the promoter
(Bram et al., 2009). This resulted in a dramatic increase in transcription of this

gene within twelve hours of treatment.

Combining all results together, it is clear that resistance to cytotoxic
chemotherapy is caused by multiple contributing factors, with therapies
inducing changes in miRNA, mRNA, and xenobiotic drug pump expression,
which in turn confer chemoresistance. This highlights the importance of
understanding the molecular changes that occur during chemotherapy, so that
we may be better able to treat breast cancer successfully by preventing and
overcoming chemoresistance. This involves optimising treatment regimens,
and knowing which therapies can be used successfully in second line

treatments if resistance to the first line treatment develops.

7.2 Novel targeted therapies for the treatment of

chemoresistant breast cancers

7.2.1 MiRNA-targeted therapies

In this thesis, | have demonstrated that increased expression of miR-26b and
miR-195 contribute to increased chemoresistance in ER positive breast cancer.
It may therefore be beneficial to inhibit these miRNAs during chemotherapy

treatment of these breast cancers, in order to potentially reduce this resistance.

With the development of miRNA mimics and inhibitors used in vitro to
manipulate miRNA expression in order to discover their functions, therapies
targeting miRNAs also become potentially available. However, it was noted
soon after the discovery of miRNAs as potential therapeutic targets that
delivering these miRNA mimics and inhibitors in vivo to the correct locations
was problematic (Bader et al., 2011, Braicu et al., 2019). This was due to a
number of factors including the inherent nature of these mimics and inhibitors
to be susceptible to nucleases, to be cleared by the kidneys, and to be taken
up by target cells inefficiently. For this reason, numerous studies have
investigated a number of potential delivery agents that could be used to
transport these nucleotide sequences to their targets, as well as modifications

to the sequences themselves.
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As | have demonstrated in this thesis, some miRNAs have increased
expression in cancer, and therefore require suppression. This can be achieved
by antisense inhibition using synthetic oligonucleotides that have been modified
S0 as to resist degradation, and to promote their uptake into cancer tissues
(Esau, 2008, Lennox and Behlke, 2011). These anti-miRNA oligonucleotides
(AMOs) primarily function by sterically blocking miRNA function. Second
generation modifications involve the use of locked nucleic acids (LNAS)
(Walayat et al., 2018). These nucleic acids have been modified such that a
methylene bridge was formed between the 2’0 and the 4’C atoms of the ribose,
thus reducing the flexibility of the structure, effectively ‘locking’ it into a rigid
conformation (Obika et al., 1997). These LNAs have been shown to increase
the binding affinity of the AMOs to their target miRNAs, and are more resistant
to nuclease degradation (Elmen et al., 2008). MiR-155 has been shown to have
elevated expression in cutaneous T cell lymphoma (CTCL) (Ralfkiaer et al.,
2011). Preliminary results for a phase | clinical trial have been published in
which patients with CTCL were included (Querfeld et al., 2016, Querfeld et al.,
2017). In this study, a LNA-modified AMO targeting miR-155 named MRG-106
was used. Results so far have suggested that MRG-106 is well tolerated and is
effective in reducing the effects of miR-155 over-expression. The most
advanced LNA-modified AMO targets miR-122, also known as miravirsen
(Janssen et al., 2013, van der Ree et al., 2016), which was successfully used in
a phase Il clinical trial. However, this trial was performed using patients with a
chronic infection of the hepatitis C virus, rather than cancer.

Increasing expression of specific miRNAs that are down-regulated in tumours
could also be therapeutically beneficial. The delivery of miRNA mimics in the
clinical setting is more developed than the delivery of inhibitors. However, such
deliveries investigated have so far included the use of delivery agents. One
such delivery agent involves the use of nanoparticles, of which there are many
types (Farina et al., 2018). One of these involves the use of liposomes, which
encapsulate the nucleotide sequences. These liposomes are largely composed
of phospholipids, and greatly resemble cell membranes and are thus highly
biocompatible (Bozzuto and Molinari, 2015). This also allows them to
incorporate themselves into the cell membrane in order to deliver their

contents. In order to minimise effects such as low specificity to cancer cells, as
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well as off-target toxicity, surface modifications can be made such that the
liposomes are targeted to cancer cells (Ganju et al., 2017). Such liposomes
loaded with a miRNA mimic of miR-34 have successfully been used in a phase
I clinical trial, which included patients who were diagnosed with one of many
cancers, including hepatocellular cancer, pancreatic cancer and breast cancer
(Beg et al., 2017). These liposomes were optimised to ensure the maximum
possible time in circulation before degradation, and uptake of the contents into
the target cells (Daige et al., 2014). This clinical trial was the first of its kind to
successfully deliver a miRNA mimic using this formulation, named MRX34, to

the desired target site in human patients (Beg et al., 2017).

A second delivery agent involved the use of what were named TargomiRs,
which are comprised of non-viable minicells loaded with a nucleotide sequence
(MacDiarmid and Brahmbhatt, 2011, Lin et al., 2014). These minicells use a
bacterially-derived system to deliver their contents into target cells. As with the
liposomes mentioned previously, additions to the surface of these minicells are
used for targeting to cancer cells. These minicells were successfully used in a
phase | clinical trial which included patients with mesothelioma (van Zandwijk et
al., 2017). A high proportion of mesothelioma patients have high expression of
the epidermal growth factor receptor (EGFR) (Destro et al., 2006). For this
reason, the TargomiR used in the clinical trial was coated with an antibody to
EGFR, thereby targeting the minicells to the mesothelioma cells (van Zandwijk
et al., 2017). The purpose of this clinical trial was to determine whether levels
of miR-16 could be successfully restored, and the safe range of doses of these
minicells that could be administered to patients. MiR-16 has a tumour
suppressor function in mesothelioma, and has been observed to be frequently
down-regulated (Reid et al., 2013). Results from this clinical trial were
promising, and the possibility of additional studies using TargomiRs in
combination with chemotherapy or immune checkpoint inhibitors was

mentioned (van Zandwijk et al., 2017).

Other methods have been proposed to deliver miRNA mimics and inhibitors
efficiently to cancer cells, as well as other methods to inhibit miRNA function.
These include miRNA sponges (Ebert et al., 2007), which are RNAs that
contain multiple, tandem binding sites for the target miRNA, miR-masks (Wang,
2011), anti-AMOs that bind the 3’'UTR of target mRNAs, thus inhibiting binding
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by the miRNA of interest, and adeno-associated viral (AAV) vectors (Kota et al.,
2009, Miyazaki et al., 2012), which contains the miRNA sequence conjugated
with an expression plasmid, and is highly efficient in transducing these miRNA
sequences into the target cell. However, these other methods have not yet

reached the development stage where they can be tested in the clinical setting.
7.2.2 BCRP-targeted therapies

Since BCRP expression can be induced by both endocrine therapy (Chapter 6)
and cytotoxic chemotherapy (Bram et al., 2009), and confers MDR (Allen and
Schinkel, 2002), BCRP is a logical target for novel drugs that could be used to
reverse chemoresistance (Doyle and Ross, 2003). Many drugs have been

identified as potential inhibitors of this xenobiotic drug pump.

Dofequidar fumarate was initially identified as a quinolone derivative that
inhibited another of the ABC drug pumps, Pgp (Suzuki et al., 1997). It was used
in a phase 11l clinical trial where patients with breast cancer were also treated
with a chemotherapy regimen of cyclophosphamide, doxorubicin and
fluorouracil (CAF) (Saeki, 2004). It was discovered that patients had significant
improvements in disease free survival (DFS) and overall survival (OS) if they
had not received prior therapies. In further in vitro and in vivo studies,
dofequidar fumarate was used to treat chemoresistant side populations of cells,
consisting of cancer stem-like cells, from several cancer types including breast,
that over-expressed BCRP but not any other ABC drug pumps (Katayama et
al., 2009). It was discovered that this drug suppressed the function of BCRP.
When xenografts composed of irinotecan-resistant side population cells were
treated with irinotecan together with dofequidar fumarate, tumour growth was
significantly reduced as opposed to irinotecan treatment alone. These results
suggest that dofequidar fumarate could also be used in combination with

cytotoxic chemotherapy in the presence of BCRP over-expression.

Lapatinib, a kinase inhibitor, is a HER2-targeting drug that has also been
shown to inhibit BCRP function (Perry et al., 2010). In an in vitro study using
several cancer cell lines including breast, significant synergy was observed
when lapatinib was administered in combination with the cytotoxic
chemotherapy drug SN-38, resulting in increased apoptosis. This increase in

cell death was attributed to increased accumulation of SN-38 inside the cells.
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Lapatinib was also shown to inhibit the efflux of a BCRP-specific substrate
mitoxantrone. Two phase Il trials investigating the combination of lapatinib with
cytotoxic chemotherapy agents in ovarian, peritoneal and breast cancers did
not show promising results however (Lin et al., 2011, Weroha et al., 2011).
Excess toxicity was a major problem, and lapatinib showed only a limited ability
to inhibit BCRP function.

Other kinase inhibitors have also been identified as potential inhibitors of BCRP
function. Sunitinib malate has been shown to target multiple tyrosine kinase
receptors (Mendel et al., 2003). A phase Il clinical trial was conducted to
determine whether the addition of this drug to the chemotherapy regimen
fluorouracil, leucovorin and irinotecan (FOLFIRI) would be beneficial in the
treatment of metastatic colon cancer (Carrato et al., 2013). This trial had to be
discontinued, however, due to severe adverse effects, including toxicity-related
death. Available results demonstrated no beneficial effect of the addition of
sunitinib malate to OS. A phase /1l trial of sorafenib in combination with
irinotecan for the treatment of metastatic colon cancer and KRAS-mutated

tumours did, however, show some promising results (Samalin et al., 2014).

It seems although there are numerous potential BCRP inhibitors, the few that
do reach the point of being tested in a clinical setting fail due to excess toxicity.
As such, the search for inhibitors of the BCRP drug pump that can reverse
chemoresistance is ongoing (Kathawala et al., 2017, Guo et al., 2018). It is
possible, that as with miRNA-targeted therapies, BCRP inhibitors may be
required to be delivered to cancer cells specifically, rather than be allowed to
inhibit all BCRP pumps, as BCRP is expressed in a variety of healthy tissues
that require this drug pump for normal function (Doyle and Ross, 2003).
Previous BCRP inhibitors that failed in clinical trials, failed due to excess
toxicity (Lin et al., 2011, Carrato et al., 2013), and it is possible that these
toxicities may be prevented if the BCRP inhibitors were delivered specifically to

cancer cells.

7.2.3 Combining existing cytotoxic chemotherapies with novel

targeting therapies

When it was observed that HER2 expression played a significant role in the

prognosis of breast cancer (Gschwind et al., 2004, Ross et al., 2009), HER2-
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targeted therapies were developed that significantly improved DFS and OS
(Dent et al., 2013, Mendes et al., 2015). These HER2-targeted therapies were
administered in combination with existing cytotoxic chemotherapy agents, as
before the development of these agents, chemotherapy alone was still
beneficial. This highlights the possibility of adding novel therapies to existing
therapies to improve outcomes, creating additive or even synergistic effects.
Since individual miRNAs do not cause tumour growth or chemoresistance
alone, any miRNA-targeted therapies should be administered in combination

with existing therapies.

Preliminary studies have already been performed where miRNA-targeted
therapy was combined with the cytotoxic chemotherapy agent paclitaxel to treat
melanoma cells in a mouse model (Shi et al., 2014). In this study, miR-34a
mimic was encapsulated in a lipid nanopatrticle that also contained paclitaxel.
These nanopatrticles provided good protection for the miR-34a mimic and
paclitaxel against degradation in serum. In vitro studies revealed this miRNA-
chemotherapy combination had a synergistic anti-cancer effect. In vivo studies
showed a significant increase in inhibition of tumour growth and elimination of
cancer cells present in the lung using the combination as compared to
nanoparticles loaded only with paclitaxel.

As demonstrated in section 7.2.2, all clinical trials investigating the effects of
potential BCRP inhibitors were performed comparing cytotoxic chemotherapy
alone with a combination of cytotoxic chemotherapy and the potential inhibitor.
The benefit of improved efficacy of combination therapies is, however,
accompanied by the disadvantage of more adverse side effects (Bergh et al.,
2001, Slamon et al., 2001, Beslija et al., 2003). It is therefore important that the
correct combinations of therapies are used so as to limit adverse effects and
maximise positive outcomes. This leads back to the importance of knowing the
molecular changes that are induced by different therapies so that we have a

better understanding of which combinations would be most effective.

7.3 Conclusions

In this thesis | have discovered several molecular mechanisms that contribute

to chemoresistance. In particular, | identified miRNAs, miR-26b and miR-195,
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that enhance chemoresistance, but | failed to identify the specific molecules
downstream of these that cause these functional effects. Nevertheless, the
mMiRNAs themselves present potential therapeutic targets. | also determined
that increased expression of the xenobiotic drug pump BCRP induced by
endocrine therapy, also confers chemoresistance, highlighting the concerns
about the sequence of therapies of endocrine therapy followed by
chemotherapy. In summary, it is clear from my results that resistance to
chemotherapy is a result of multiple molecular changes that all contribute to
overall resistance, and that novel miRNA and BCRP targeting therapies could
be used in combination with existing systemic therapies to prevent and/or

overcome chemoresistance.



Al

A.2

212

Appendix A: Recipes

Cell lysis buffer for pulldown experiment

20mM Tris (pH7.5) (93362; Sigma; St Louis, USA)

200mM NaCl (S3014; Sigma; St Louis, USA)

2.5mM MgCl2 (M8266; Sigma; St Louis, USA)

0.05% Igepal (18896; Sigma; St Louis, USA)

Add fresh: 60U Superase-In RNase Inhibitor (AM2694; Ambion; Foster
City, USA), 1ImM DTT (D1532; Invitrogen; Carlsbad, USA), 1mM PMSF
(36978; Thermo Fisher; Waltham, USA)

Laemmli sample buffer (4x)

9.6ml 1M Tris-HCI (93363; Sigma; St Louis, USA)

3.2g SDS (436143; Sigma; St Louis, USA)

116ml glycerol (BP229-1; Fisher Scientific; Hampton, USA)

11.2ml water

Pinch of Bromophenol blue (ICNA04805732; VWR; Radnor, USA)
Add fresh on the day: 0.2M DTT (D1532; Invitrogen; Carlsbad, USA)

RIPA buffer

10mM Tris-HCI pH8.0 (93363; Sigma; St Louis, USA)

140mM NaCl (S3014; Sigma; St Louis, USA)

0.1% SDS (436143; Sigma; St Louis, USA)

1% Triton X-100 (T8787; Sigma; St Louis, USA)

0.1% sodium deoxycholate (89904; Thermo Fisher; Waltham, USA)
1mM EDTA (E6758; Sigma; St Louis, USA)

0.5mM EGTA (E3889; Sigma; St Louis, USA)

Add fresh on the day: 1mM PMSF (36978; Thermo Fisher; Waltham,
USA), 1ImM DTT (D1532; Invitrogen; Carlsbad, USA)
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Scott’s tap water

20g sodium bicarbonate (S5761; Sigma; St Louis, USA)
3.5g magnesium sulphate (MX0075; Sigma; St Louis, USA)
Make up to 1l

Tris-Buffered Saline (10x) + 0.1% Tween-20 (TBST)

60ml 2.5M NaCl (S3014; Sigma; St Louis, USA)

20ml 1M Tris-HCI (93363; Sigma; St Louis, USA)

Make up to 1l

Check pH 7.5

0.1% Tween-20 (BP337-100; Fisher Scientific; Hampton, USA) in 1x TBS
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Appendix B: Commands used for analysis of RNA-Seq data

using DESeq
> library (“Rsubread”)
> library (“DESeq”)
> input files <-
c (“BAM files”)
> Design <- data.frame(condition = c(“17”, “27, “C"),

testl= c(“y”,”n”,"”y"”), test2= c(“n”,”y”,”y"))

For comparing 1 target miRNA sample with control sample:

44

test2 = DesignS$Stest2 == "y
countTable?2 = fcScounts|[ , test2]

condition = factor( c(“biotin”,”scrambled”))
cds?2 = newCountDataSet (countTable?2, condition)
cds?2 = estimateSizeFactors (cds2)

sizeFactors (cds2)

head ( counts (cds2, normalized=TRUE))

cds?2 = estimateDispersions (cds2, method="blind”,

vV V. V V V V V V

sharingMode="fit-only"”)

> res3 = nbinomTest (cds, “biotin”, “scrambled”)
> write.csv (res3, file="B2vsCon.csv”)

> res3 = nbinomTest (cds2, “biotin”, “scrambled”)
> write.csv (res3, file="B2vsCon.csv”)
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Appendix C: Quality assessments of RNA extracted from

FFPE colon cancer samples using TapeStation automated

analysis
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Figure C.1: Graphs showing range of nucleotide fragment lengths of
RNA extracted from test FFPE samples

RNA was extracted from three other FFPE tumour samples; one from a
biopsy samples (A) and two from resection samples (B and C). The
RNA was run on the Agilent 2200 TapeStation using the High
Sensitivity RNA ScreenTape to determine average lengths of RNA
fragments extracted from tissues stored as FFPE samples. The size of
the fragments are shown on the x-axis and the quantity of fragments
are shown on the y-axis. The large peak at 25nt is a marker used for
reference.
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Appendix D: MiRNAs consistently changed in all five patients

that did not meet the thresholds for fold change

Table D.1: MiRNAs consistently deregulated post-NAC that did not meet
the minimum or maximum thresholds for fold change in all patients

MiRNA Patient 1 | Patient 2 | Patient 3 Patient 4 | Patient 5
let-7¢ 1.708 2.759 1.989 1.147 1.941
miR-26a 1.718 1.18 2.83 1.544 2.686
miR-330 1.695 1.328 1.112 1.822 >30*
miR-335 3.147 4,941 1.156 1.547 >120*
miR-362 1.683 1.031 1.266 2.85 >100*
miR-483-5p | 7023.331 | 3.336 1.127 2.27 19.93
miR-493 >880* >110* Not detected | >40* >30*
miR-885-5p | >870* 1.144 42.026 2.686 >20*
miR-625 27.755 1.237 1.102 4.038 >10*
miR-365 -1.18 -1.47 -4.03 -1.19 -1.66

MicroRNAs that were consistently deregulated post-NAC across all five
patients were identified. A minimum threshold for the fold change for each
individual patient of 1.3 was chosen for up-regulated miRNAs and a
maximum threshold for fold change for each individual patient of -1.25
was chosen for down-regulated miRNAs. Fold changes marked as
>number* are where the miRNA was not detected in the pre-NAC sample
and a Ct value of 40 was used to determine an approximate fold change.
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Appendix E: Quality assessments of library-prepared
samples for RNA-Seq
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Figure E.1: Graphs showing populations of library prepared samples

Library-prepared samples were analysed using the Agilent 2200
TapeStation using the High Sensitivity DNA ScreenTape to ensure that
only library cDNA fragments were present in the samples and no primer
dimers were present. The x-axis shows fragment length (nucleotides) and
the y-axis shows abundance. The ‘lower’ and ‘upper’ peaks at 25nt and
1500nt are markers used as internal references. The left panels show
libraries prepared from total RNA extracted from cells that did not undergo
the pulldown process (input) and the right panels show libraries prepared
from RNA extracted following the pulldown process (pulldown). A and B
show control transfected samples, and C and D show miR-26b mimic
transfected samples.



218

References

ABDELMOHSEN, K., SRIKANTAN, S., KUWANO, Y. & GOROSPE, M. 2008.
miR-519 reduces cell proliferation by lowering RNA-binding protein HUR
levels. Proceedings of the National Academy of Sciences of the United
States of America, 105, 20297-20302.

ABDULLAH, L. N. & CHOW, E. K.-H. 2013. Mechanisms of chemoresistance in
cancer stem cells. Clinical and Translational Medicine, 2, 3.

ABUHAMMAD, S. & ZIHLIF, M. 2013. Gene expression alterations in
doxorubicin resistant MCF7 breast cancer cell line. Genomics, 101, 213-
220.

AGIRRE, X., IMENEZ-VELASCO, A., SAN JOSE-ENERIZ, E., GARATE, L.,
BANDRES, E., CORDEU, L., APARICIO, O., SAEZ, B., NAVARRO, G.,
VILAS-ZORNOZA, A., PEREZ-ROGER, |., GARCIA-FONCILLAS, J.,
TORRES, A., HEINIGER, A., CALASANZ, M. J., FORTES, P., ROMAN-
GOMEZ, J. & PROSPER, F. 2008. Down-Regulation of hsa-miR-10a in
Chronic Myeloid Leukemia CD34+ Cells Increases USF2-Mediated Cell
Growth. Molecular Cancer Research, 6, 1830-1840.

AKA, J. A. & LIN, S.-X. 2012. Comparison of functional proteomic analyses of
human breast cancer cell lines T47D and MCF7. PLoS One, 7, e31532.

ALLEN, J. D. & SCHINKEL, A. H. 2002. Multidrug resistance and
pharmacological protection mediated by the breast cancer resistance
protein (BCRP/ABCGZ2). Molecular Cancer Therapeutics, 1, 427-434.

ALLIKMETS, R., SCHRIML, L. M., HUTCHINSON, A., ROMANO-SPICA, V. &
DEAN, M. 1998. A human placenta-specific ATP-binding cassette gene
(ABCP) on chromosome 4922 that is involved in multidrug resistance.
Cancer Research, 58, 5337-5339.

ALTO, L. T. & TERMAN, J. R. 2017. Semaphorins and their Signaling
Mechanisms. Methods in Molecular Biology, 1493, 1-25.

ALTOMARE, D. A. & TESTA, J. R. 2005. Perturbations of the AKT signaling
pathway in human cancer. Oncogene, 24, 7455-7464.

AMBROS, V. 2001. microRNAs: Tiny regulators with great potential. Cell, 107,
823-826.

ANDERS, S. 2010. Analysing RNA-Seq data with the DESeq package.
Moleclar Biology, 43, 1-7.

ARNOULD, L., GELLY, M., PENAULT-LLORCA, F., BENOIT, L., BONNETAIN,
F., MIGEON, C., CABARET, V., FERMEAUX, V., BERTHEAU, P.,
GARNIER, J., JEANNIN, J. F. & COUDERT, B. 2006. Trastuzumab-
based treatment of HER2-positive breast cancer: an antibody-dependent
cellular cytotoxicity mechanism? British Journal of Cancer, 94, 259-267.

ARTEAGA, C. L., SLIWKOWSKI, M. X., OSBORNE, C. K., PEREZ, E. A.,
PUGLISI, F. & GIANNI, L. 2012. Treatment of HER2-positive breast
cancer: current status and future perspectives. Nature Reviews Clinical
Oncology, 9, 16-32.

ASANGANI, I. A., RASHEED, S. A. K., NIKOLOVA, D. A., LEUPOLD, J. H.,
COLBURN, N. H., POST, S. & ALLGAYER, H. 2008. MicroRNA-21
(miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4
and stimulates invasion, intravasation and metastasis in colorectal
cancer. Oncogene, 27, 2128-2136.



219

AUER, H., LYIANARACHCHI, S., NEWSOM, D., KLISOVIC, M. I. &
KORNACKER, K. 2003. Chipping away at the chip bias: RNA
degradation in microarray analysis. Nature Genetics, 35, 292-293.

AYERS, M., SYMMANS, W., STEC, J., DAMOKOSH, A., CLARK, E., HESS,
K., LECOCKE, M., METIVIER, J., BOOSER, D. & IBRAHIM, N. 2004.
Gene expression profiles predict complete pathologic response to
neoadjuvant paclitaxel and fluorouracil, doxorubicin, and
cyclophosphamide chemotherapy in breast cancer. Journal of clinical
oncology, 22, 2284-2293.

BADER, A. G., BROWN, D., STOUDEMIRE, J. & LAMMERS, P. 2011.
Developing therapeutic microRNAs for cancer. Gene Therapy, 18, 1121-
1126.

BAILEY-DELL, K. J., HASSEL, B., DOYLE, L. A. & ROSS, D. D. 2001.
Promoter characterization and genomic organization of the human
breast cancer resistance protein (ATP-binding cassette transporter G2)
gene. Biochimica Et Biophysica Acta-Gene Structure and Expression,
1520, 234-241.

BALKO, J. M., COOK, R. S., VAUGHT, D. B., KUBA, M. G., MILLER, T. W.,
BHOLA, N. E., SANDERS, M. E., GRANJA-INGRAM, N. M., SMITH, J.
J. & MESZOELY, I. M. 2012. Profiling of residual breast cancers after
neoadjuvant chemotherapy identifies DUSP4 deficiency as a mechanism
of drug resistance. Nature medicine, 18, 1052-1059.

BALKO, J. M., GILTNANE, J. M., WANG, K., SCHWARZ, L. J., YOUNG, C. D.,
COOK, R. S., OWENS, P., SANDERS, M. E., KUBA, M. G., SANCHEZ,
V., KURUPI, R., MOORE, P. D., PINTO, J. A., DOIMI, F. D., GOMEZ,
H., HORIUCHI, D., GOGA, A., LEHMANN, B. D., BAUER, J. A,,
PIETENPOL, J. A,, ROSS, J. S., PALMER, G. A, YELENSKY, R.,
CRONIN, M., MILLER, V. A., STEPHENS, P. J. & ARTEAGA, C. L.
2014. Molecular Profiling of the Residual Disease of Triple-Negative
Breast Cancers after Neoadjuvant Chemotherapy Identifies Actionable
Therapeutic Targets. Cancer Discovery, 4, 232-245.

BAO, L., HAZARI, S., MEHRA, S., KAUSHAL, D., MOROZ, K. & DASH, S.
2012. Increased expression of P-glycoprotein and doxorubicin
chemoresistance of metastatic breast cancer is regulated by miR-298.
The American Journal of Pathology, 180, 2490-2503.

BARROSO-SOUSA, R., SILVA, D. D. F. R., ALESSI, J. V. M. & MANO, M. S.
2016. Neoadjuvant endocrine therapy in breast cancer: current role and
future perspectives. Ecancermedicalscience, 10, 609.

BASELGA, J. & TABERNERO, J. M. 2001. Weekly docetaxel in breast cancer:
Applying clinical data to patient therapy. Oncologist, 6, 26-29.

BAXTER, D. E., KIM, B., HANBY, A. M., VERGHESE, E. T., SIMS, A. H. &
HUGHES, T. A. 2018. Neoadjuvant Endocrine Therapy in Breast Cancer
Upregulates the Cytotoxic Drug Pump ABCG2/BCRP, and May Lead to
Resistance to Subsequent Chemotherapy. Clinical Breast Cancer, 18,
481-488.

BEG, M. S., BRENNER, A. J., SACHDEV, J., BORAD, M., KANG, Y. K.,
STOUDEMIRE, J., SMITH, S., BADER, A. G., KIM, S. & HONG, D. S.
2017. Phase | study of MRX34, a liposomal miR-34a mimic,
administered twice weekly in patients with advanced solid tumors.
Investigational New Drugs, 35, 180-188.



220

BEGHIN, A., BELIN, S., SLEIMAN, R. H., MANQUAT, S. B., GODDARD, S.,
TABONE, E., JORDHEIM, L. P., TREILLEUX, I., POUPON, M. F., DIAZ,
J. J. & DUMONTET, C. 2009. ADP Ribosylation Factor Like 2 (Arl2)
Regulates Breast Tumor Aggressivity in Immunodeficient Mice. PloS
One, 4, e7478.

BEGHIN, A., MATERA, E. L., BRUNET-MANQUAT, S. & DUMONTET, C.
2008. Expression of Arl2 is associated with p53 localization and
chemosensitivity in a breast cancer cell line. Cell Cycle, 7, 3074-3082.

BEHM-ANSMANT, I., REHWINKEL, J., DOERKS, T., STARK, A., BORK, P. &
IZAURRALDE, E. 2006. MRNA degradation by miRNAs and GW182
requires both CCR4 : NOT deadenylase and DCP1 : DCP2 decapping
complexes. Genes & Development, 20, 1885-1898.

BELL, S. P. & DUTTA, A. 2002. DNA replication in eukaryotic cells. Annual
Review of Biochemistry, 71, 333-374.

BERGAMASCHI, A., CHRISTENSEN, B. L. & KATZENELLENBOGEN, B. S.
2011. Reversal of endocrine resistance in breast cancer:
interrelationships among 14-3-3 zeta, FOXM1, and a gene signature
associated with mitosis. Breast Cancer Research, 13, R70.

BERGAMASCHI, A., FRASOR, J., BORGEN, K., STANCULESCU, A,
JOHNSON, P., ROWLAND, K., WILEY, E. L. & KATZENELLENBOGEN,
B. S. 2013. 14-3-3 zeta as a predictor of early time to recurrence and
distant metastasis in hormone receptor-positive and -negative breast
cancers. Breast Cancer Research and Treatment, 137, 689-696.

BERGAMASCHI, A., MADAK-ERDOGAN, Z., KIM, Y. J., CHOI, Y. L., LU, H. L.
& KATZENELLENBOGEN, B. S. 2014. The forkhead transcription factor
FOXM1 promotes endocrine resistance and invasiveness in estrogen
receptor-positive breast cancer by expansion of stem-like cancer cells.
Breast Cancer Research, 16, 436.

BERGH, J., JONSSON, P. E., GLIMELIUS, B., NYGREN, P. & GRP, S. B. U.
2001. A systematic overview of chemotherapy effects in breast cancer.
Acta Oncologica, 40, 253-281.

BERNS, E., KLIJN, J. G. M., VANSTAVEREN, I. L., PORTENGEN, H.,
NOORDEGRAAF, E. & FOEKENS, J. A. 1992. PREVALENCE OF
AMPLIFICATION OF THE ONCOGENES C-MYC, HER2 NEU, AND
INT-2 IN 1000 HUMAN BREAST-TUMORS - CORRELATION WITH
STEROID-RECEPTORS. European Journal of Cancer, 28A, 697-700.

BERNSTEIN, L., DEAPEN, D., CERHAN, J. R., SCHWARTZ, S. M, LIFF, J.,
MCGANN-MALONEY, E., PERLMAN, J. A. & FORD, L. 1999.
Tamoxifen therapy for breast cancer and endometrial cancer risk.
Journal of the National Cancer Institute, 91, 1654-1662.

BESLIJA, S., BONNETERRE, J., BURSTEIN, H. J., GNANT, M., GOODWIN,
P., HEINEMANN, V., JASSEM, J., KOSTLER, W., KRAINER, M.,
MENARD, S., MILES, D., PETRUZELKA, L., POSSINGER, K.,
SCHMID, P., STADTMAUER, E., STOCKLER, M., VAN BELLE, S.,
VOGEL, C., WILCKEN, N., WILTSCHKE, C., ZIELINSKI, C. C. &
ZWIERZINA, H. 2003. Consensus on medical treatment of metastatic
breast cancer. Breast Cancer Research and Treatment, 81, S1-S7.

BHAYANI, M. K., CALIN, G. A. & LAI, S. Y. 2012. Functional relevance of
MiRNA* sequences in human disease. Mutation Research-Fundamental
and Molecular Mechanisms of Mutagenesis, 731, 14-19.



221

BHOLA, N. E., BALKO, J. M., DUGGER, T. C., KUBA, M. G., SANCHEZ, V.,
SANDERS, M., STANFORD, J., COOK, R. S. & ARTEAGA, C. L. 2013.
TGF-B inhibition enhances chemotherapy action against triple-negative
breast cancer. The Journal of Clinical Investigation, 123, 1348-1358.

BIJMAN, M. N. A., AMERONGEN, G. P., LAURENS, N., VAN HINSBERGH, V.
W. M. & BOVEN, E. 2006. Microtubule-targeting agents inhibit
angiogenesis at subtoxic concentrations, a process associated with
inhibition of Racl and Cdc42 activity and changes in the endothelial
cytoskeleton. Molecular Cancer Therapeutics, 5, 2348-2357.

BLANCHARD, D. K., SHETTY, P. B., HILSENBECK, S. G. & ELLEDGE, R. M.
2008. Association of surgery with improved survival in stage IV breast
cancer patients. Annals of Surgery, 247, 732-738.

BLENKIRON, C., GOLDSTEIN, L. D., THORNE, N. P., SPITERI, I., CHIN, S.
F., DUNNING, M. J., BARBOSA-MORAIS, N. L., TESCHENDORFF, A.
E., GREEN, A. R., ELLIS, I. O., TAVARE, S., CALDAS, C. & MISKA, E.
A. 2007. MicroRNA expression profiling of human breast cancer
identifies new markers of tumor subtype. Genome Biology, 8, R214.

BLOOM, H. J. G. & RICHARDSON, W. W. 1957. Histological grading and
prognosis in breast cancer - a study of 1409 cases of which 359 have
been followed for 15 years. British Journal of Cancer, 11, 359-377.

BONADONNA, G., GIANNI, L., SANTORO, A., BONFANTE, V., BIDOLI, P.,
CASALI, P., DEMICHELI, R. & VALAGUSSA, P. 1993. Drugs ten years
later: epirubicin. Annals of Oncology, 4, 359-369.

BONANNI, B., MACIS, D., MAISONNEUVE, P., JOHANSSON, H. A,,
GUCCIARDO, G., OLIVIERO, P., TRAVAGLINI, R., MURACA, M. G.,
ROTMENSZ, N., VERONESI, U. & DECENSI, A. U. 2006.
Polymorphism in the CYP2D6 tamoxifen-metabolizing gene influences
clinical effect but not hot flashes: Data from the Italian tamoxifen trial.
Journal of Clinical Oncology, 24, 3708-3709.

BOZZUTO, G. & MOLINARI, A. 2015. Liposomes as nanomedical devices.
International Journal of Nanomedicine, 10, 975-999.

BRAICU, C., GULEI, D., COJOCNEANU, R., RADULY, L., JURJ, A.,
KNUTSEN, E., CALIN, G. A. & BERINDAN-NEAGOE, I. 2019. miR-
181a/b therapy in lung cancer: reality or myth? Molecular Oncology, 13,
9-25.

BRAM, E. E., STARK, M., RAZ, S. & ASSARAF, Y. G. 2009. Chemotherapeutic
Drug-Induced ABCG2 Promoter Demethylation as a Novel Mechanism
of Acquired Multidrug Resistance. Neoplasia, 11, 1359-U133.

BRANGI, M., LITMAN, T., CIOTTI, M., NISHIYAMA, K., KOHLHAGEN, G.,
TAKIMOTO, C., ROBEY, R., POMMIER, Y., FOJO, T. & BATES, S. E.
1999. Camptothecin resistance: Role of the ATP-binding cassette
(ABC), mitoxantrone-resistance half-transporter (MXR), and potential for
glucuronidation in MXR-expressing cells. Cancer Research, 59, 5938-
5946.

BRENDLE, A., LEI, H. X., BRANDT, A., JOHANSSON, R., ENQUIST, K.,
HENRIKSSON, R., HEMMINKI, K., LENNER, P. & FORSTI, A. 2008.
Polymorphisms in predicted microRNA-binding sites in integrin genes
and breast cancer: ITGB4 as prognostic marker. Carcinogenesis, 29,
1394-1399.

BRENNECKE, J., STARK, A., RUSSELL, R. B. & COHEN, S. M. 2005.
Principles of MicroRNA-target recognition. PloS Biology, 3, 404-418.



222

BRENTON, J. D., CAREY, L. A., AHMED, A. A. & CALDAS, C. 2005. Molecular
classification and molecular forecasting of breast cancer: Ready for
clinical application? Journal of Clinical Oncology, 23, 7350-7360.

BRUFSKY, A. M. 2017. Long-term management of patients with hormone
receptor-positive metastatic breast cancer: Concepts for sequential and
combination endocrine-based therapies. Cancer Treatment Reviews, 59,
22-32.

BURGER, H., FOEKENS, J. A., LOOK, M. P., MEIJER-VAN GELDER, M. E.,
KLIIN, J. G. M., WIEMER, E. A. C., STOTER, G. & NOOTER, K. 2003.
RNA expression of breast cancer resistance protein, lung resistance-
related protein, multidrug resistance-associated proteins 1 and 2, and
multidrug resistance gene 1 in breast cancer: Correlation with
chemotherapeutic response. Clinical Cancer Research, 9, 827-836.

BURRELL, R. A. & SWANTON, C. 2014. Tumour heterogeneity and the
evolution of polyclonal drug resistance. Molecular Oncology, 8, 1095-
1111.

CALIN, G. A. & CROCE, C. M. 2006. MicroRNA signatures in human cancers.
Nature Reviews Cancer, 6, 857.

CALIN, G. A., SEVIGNANI, C., DAN DUMITRU, C., HYSLOP, T., NOCH, E.,
YENDAMURI, S., SHIMIZU, M., RATTAN, S., BULLRICH, F., NEGRINI,
M. & CROCE, C. M. 2004. Human microRNA genes are frequently
located at fragile sites and genomic regions involved in cancers.
Proceedings of the National Academy of Sciences of the United States
of America, 101, 2999-3004.

CARDOSO, F., HARBECK, N., FALLOWFIELD, L., KYRIAKIDES, S.,
SENKUS, E. & GRP, E. G. W. 2012. Locally recurrent or metastatic
breast cancer: ESMO Clinical Practice Guidelines for diagnosis,
treatment and follow-up. Annals of Oncology, 23, 11-19.

CARLSON, R. 2005. The History and Mechanism of Action of Fulvestrant.
Clinical Breast Cancer, 6, S5-S8.

CARRATO, A., SWIEBODA-SADLEJ, A., STASZEWSKA-SKURCZYNSKA, M.,
LIM, R., ROMAN, L., SHPARYK, Y., BONDARENKO, I., JONKER, D. J.,
SUN, Y., DE LA CRUZ, J. A., WILLIAMS, J. A., KORYTOWSKY, B.,
CHRISTENSEN, J. G., LIN, X., TURSI, J. M., LECHUGA, M. J. & VAN
CUTSEM, E. 2013. Fluorouracil, Leucovorin, and Irinotecan Plus Either
Sunitinib or Placebo in Metastatic Colorectal Cancer: A Randomized,
Phase Il Trial. Journal of Clinical Oncology, 31, 1341-1347.

CARTHEW, R. W. & SONTHEIMER, E. J. 2009. Origins and Mechanisms of
miRNAs and siRNAs. Cell, 136, 642-655.

CERRATO, A., MEROLLA, F., MORRA, F. & CELETTI, A. 2018. CCDC6: the
identity of a protein known to be partner in fusion. International Journal
of Cancer, 142, 1300-1308.

CHABALIER, C., LAMARE, C., RACCA, C., PRIVAT, M., VALETTE, A. &
LARMINAT, F. 2006. BRCA1 downregulation leads to premature
inactivation of spindle checkpoint and confers paclitaxel resistance. Cell
Cycle, 5, 1001-1007.

CHEKULAEVA, M. & FILIPOWICZ, W. 2009. Mechanisms of miRNA-mediated
post-transcriptional regulation in animal cells. Current Opinion in Cell
Biology, 21, 452-460.

CHEN, D. N., SI, W. G., SHEN, J. Y., DU, C. Y., LOU, W. Y., BAO, C., ZHENG,
H. L., PAN, J., ZHONG, G. S., XU, L., FU, P. F. & FAN, W. M. 2018.



223

miR-27b-3p inhibits proliferation and potentially reverses multi-
chemoresistance by targeting CBLB/GRBZ2 in breast cancer cells. Cell
Death & Disease, 9, 188.

CHEN, D. Q., LI, Y. F.,, WANG, L. Z. & JIAO, K. 2015. SEMA6D Expression
and Patient Survival in Breast Invasive Carcinoma. International Journal
of Breast Cancer, 2015, article ID 539721.

CHEN, W. D., TANG, Z. Q., SUN, Y. H., ZHANG, Y. Y., WANG, X. F., SHEN,
Z.B., LIU, F. L. & QIN, X. Y. 2012. miRNA expression profile in primary
gastric cancers and paired lymplh node metastases indicates that miR-
10a plays a role in metastasis from primary gastric cancer to lymph
nodes. Experimental and Therapeutic Medicine, 3, 351-356.

CHEN, X., DEANE, N. G., LEWIS, K. B., LI, J., ZHU, J., WASHINGTON, M. K.
& BEAUCHAMP, R. D. 2016a. Comparison of Nanostring nCounter(®)
Data on FFPE Colon Cancer Samples and Affymetrix Microarray Data
on Matched Frozen Tissues. PLoS One, 11, e0153784.

CHEN, X., ZHONG, S. L., LU, P., WANG, D. D., ZHOU, S. Y., YANG, S. J.,
SHEN, H. Y., ZHANG, L., ZHANG, X. H., ZHAO, J. H. & TANG, J. H.
2016b. miR-4443 Patrticipates in the Malignancy of Breast Cancer. PloS
One, 11, e0160780.

CHEN, Y. T., YANG, X., XU, Y. C., CAO, J. R. & CHEN, L. B. 2017. Genomic
analysis of drug resistant small cell lung cancer cell lines by combining
MRNA and miRNA expression profiling. Oncology Letters, 13, 4077-
4084.

CHENDRIMADA, T. P., GREGORY, R. I., KUMARASWAMY, E., NORMAN, J.,
COOCH, N., NISHIKURA, K. & SHIEKHATTAR, R. 2005. TRBP recruits
the Dicer complex to Ago2 for microRNA processing and gene silencing.
Nature, 436, 740-744.

CHEOK, C. F. 2012. Protecting normal cells from the cytotoxicity of
chemotherapy. Cell Cycle, 11, 2227-2228.

CHIA, Y. H., ELLIS, M. J. & MA, C. X. 2010. Neoadjuvant endocrine therapy in
primary breast cancer: indications and use as a research tool. British
Journal of Cancer, 103, 759-764.

CHIBA, A., HOSKIN, T. L., HEINS, C. N., HUNT, K. K., HABERMANN, E. B. &
BOUGHEY, J. C. 2017. Trends in Neoadjuvant Endocrine Therapy Use
and Impact on Rates of Breast Conservation in Hormone Receptor-
Positive Breast Cancer: A National Cancer Data Base Study. Annals of
Surgical Oncology, 24, 418-424.

CHOU, W. C., CHANG, P. H., LU, C. H., LIU, K. H., HUNG, Y. S., HUNG, C.
Y., LIU,C.T., YEH, K. Y, LIN, Y. C. & YEH, T. S. 2016. Effect of
Comorbidity on Postoperative Survival Outcomes in Patients with Solid
Cancers: A 6-Year Multicenter Study in Taiwan. Journal of Cancer, 7,
854-861.

CLARKE, M., COLLINS, R., DAVIES, C., GODWIN, J., GRAY, R., PETO, R. &
EARLY BREAST CANCER TRIALISTS COLLABORATIVE, G. 1998.
Tamoxifen for early breast cancer: An overview of the randomised trials.
Lancet, 351, 1451-1467.

CLEATOR, S., TSIMELZON, A., ASHWORTH, A., DOWSETT, M., DEXTER,
T., POWLES, T., HILSENBECK, S., WONG, H., OSBORNE, C. K. &
O’CONNELL, P. 2006. Gene expression patterns for doxorubicin
(Adriamycin) and cyclophosphamide (cytoxan)(AC) response and
resistance. Breast Cancer Research and Treatment, 95, 229-233.



224

CLYNES, R. A.,, TOWERS, T. L., PRESTA, L. G. & RAVETCH, J. V. 2000.
Inhibitory Fc receptors modulate in vivo cytoxicity against tumor targets.
Nature Medicine, 6, 443-446.

COLEY, H. M. 2009. Mechanisms and consequences of chemotherapy
resistance in breast cancer. European Journal of Cancer Supplements,
7, 3-7.

COLLEONI, M. & MONTAGNA, E. 2012. Neoadjuvant therapy for ER-positive
breast cancers. Annals of Oncology, 23, 243-248.

COLLER, J. K., KREBSFAENGER, N., KLEIN, K., ENDRIZZI, K., WOLBOLD,
R., LANG, T., NUSSLER, A., NEUHAUS, P., ZANGER, U. M.,
EICHELBAUM, M. & MURDTER, T. E. 2002. The influence of CYP2B6,
CYP2C9 and CYP2D6 genotypes on the formation of the potent
antioestrogen Z-4-hydroxy-tamoxifen in human liver. British Journal of
Clinical Pharmacology, 54, 157-167.

COOKSON, V. J., BENTLEY, M. A., HOGAN, B. V., HORGAN, K., HAYWARD,
B. E., HAZELWOOD, L. D. & HUGHES, T. A. 2012. Circulating
microRNA profiles reflect the presence of breast tumours but not the
profiles of microRNAs within the tumours. Cellular Oncology, 35, 301-
308.

CORCORAN, C., FRIEL, A. M., DUFFY, M. J., CROWN, J. & O'DRISCOLL, L.
2011. Intracellular and Extracellular MicroRNAs in Breast Cancer.
Clinical Chemistry, 57, 18-32.

CORTAZAR, P., ZHANG, L., UNTCH, M., MEHTA, K., COSTANTINO, J.,
WOLMARK, N., BONNEFOI, H., CAMERON, D., GIANNI, L. &
VALAGUSSA, P. 2012. Abstract S1-11: Meta-analysis Results from the
Collaborative Trials in Neoadjuvant Breast Cancer (CTNeoBC). Cancer
Research, 72, S1-11.

CREIGHTON, C. J., LI, X. X., LANDIS, M., DIXON, J. M., NEUMEISTER, V.
M., SJOLUND, A., RIMM, D. L., WONG, H., RODRIGUEZ, A.,
HERSCHKOWITZ, J. I., FAN, C., ZHANG, X. M., HE, X. P., PAVLICK,
A., GUTIERREZ, M. C., RENSHAW, L., LARIONQV, A. A., FARATIAN,
D., HILSENBECK, S. G., PEROU, C. M., LEWIS, M. T., ROSEN, J. M. &
CHANG, J. C. 2009. Residual breast cancers after conventional therapy
display mesenchymal as well as tumor-initiating features. Proceedings of
the National Academy of Sciences of the United States of America, 106,
13820-13825.

CREWE, H. K., NOTLEY, L. M., WUNSCH, R. M., LENNARD, M. S. &
GILLAM, E. M. J. 2002. Metabolism of tamoxifen by recombinant human
cytochrome P450 enzymes: Formation of the 4-hydroxy, 4 '-hydroxy and
N-desmethyl metabolites and isomerization of trans-4-hydroxytamoxifen.
Drug Metabolism and Disposition, 30, 869-874.

CURTIS, R. E., BOICE, J. D., SHRINER, D. A., HANKEY, B. F. & FRAUMENI,
J. F. 1996. Second cancers after adjuvant tamoxifen therapy for breast
cancer. Journal of the National Cancer Institute, 88, 832-834.

CUZICK, J., SESTAK, I., CAWTHORN, S., HAMED, H., HOLLI, K., HOWELL,
A., FORBES, J. F. & INVESTIGATORS, |.-I. 2015. Tamoxifen for
prevention of breast cancer: extended long-term follow-up of the IBIS-I
breast cancer prevention trial. Lancet Oncology, 16, 67-75.

DAI, X. F., LI, T., BAIl, Z. H., YANG, Y. K., LIU, X. X., ZHAN, J. L. & SHI, B. Z.
2015. Breast cancer intrinsic subtype classification, clinical use and
future trends. American Journal of Cancer Research, 5, 2929-2943.



225

DAIGE, C. L., WIGGINS, J. F., PRIDDY, L., NELLIGAN-DAVIS, T., ZHAO, J. &
BROWN, D. 2014. Systemic Delivery of a miR34a Mimic as a Potential
Therapeutic for Liver Cancer. Molecular Cancer Therapeutics, 13, 2352-
2360.

DARBY, S. C., EWERTZ, M., MCGALE, P., BENNET, A. M., BLOM-
GOLDMAN, U., BRNNUM, D., CORREA, C., CUTTER, D.,
GAGLIARDI, G. & GIGANTE, B. 2013. Risk of ischemic heart disease in
women after radiotherapy for breast cancer. New England Journal of
Medicine, 368, 987-998.

DAVIES, C., GODWIN, J., GRAY, R., CLARKE, M., DARBY, S., MCGALE, P.,
WANG, Y. C., PETO, R., PAN, H. C., CUTTER, D., TAYLOR, C.,
INGLE, J. & EBCTCG 2011. Relevance of breast cancer hormone
receptors and other factors to the efficacy of adjuvant tamoxifen: patient-
level meta-analysis of randomised trials. Lancet, 378, 771-784.

DECATRIS, M. P., SUNDAR, S. & O'BYRNE, K. J. 2004. Platinum-based
chemotherapy in metastatic breast cancer: current status. Cancer
Treatment Reviews, 30, 53-81.

DEMICHELE, A., CLARK, A., TAN, K., HEITJAN, D., GRAMLICH, K.,
GALLAGHER, M., LAL, P., FELDMAN, M., ZHANG, P., COLAMECO, C.
& LEWIS, D. 2015. CDK4/6 Inhibitor Palbociclib (PD0332991) in Rb+
Advanced Breast Cancer: Phase Il Activity, Safety, and Predictive
Biomarker Assessment. Clinical Cancer Research, 21, 995-1001.

DENT, S., OYAN, B., HONIG, A., MANO, M. & HOWELL, S. 2013. HER2-
targeted therapy in breast cancer: A systematic review of neoadjuvant
trials. Cancer Treatment Reviews, 39, 622-631.

DESANTIS, C. E., LIN, C. C., MARIOTTO, A. B., SIEGEL, R. L., STEIN, K. D.,
KRAMER, J. L., ALTERI, R., ROBBINS, A. S. & JEMAL, A. 2014.
Cancer Treatment and Survivorship Statistics, 2014. CA: a Cancer
Journal for Clinicians, 64, 252-271.

DESTRO, A., CERESOLI, G. L., FALLENI, M., ZUCALI, P. A., MORENGHI, E.,
BIANCHI, P., PELLEGRINI, C., CORDANI, N., VAIRA, V., ALLOISIO,
M., RIZZI, A., BOSARI, S. & RONCALLI, M. 2006. EGFR
overexpression in malignant pleural mesothelioma - An
immunohistochemical and molecular study with clinico-pathological
correlations. Lung Cancer, 51, 207-215.

DEVITA, V. T. & CHU, E. 2008. A History of Cancer Chemotherapy. Cancer
Research, 68, 8643-8653.

DI LEO, A., TURNER, N., MALORNI, L., GUARDUCCI, C., JOHNSTON, S.,
ELLIS, M., BASELGA, J. & INGLE, J. 2012. Optimizing treatment in
luminal breast cancer. Annals of Oncology, 23, ix27-ix28.

DI NICOLANTONIO, F., MERCER, S. J., KNIGHT, L. A., GABRIEL, F. G.,
WHITEHOUSE, P. A., SHARMA, S., FERNANDO, A., GLAYSHER, S.,
DI PALMA, S., JOHNSON, P., SOMERS, S. S., TOH, S., HIGGINS, B.,
LAMONT, A., GULLIFORD, T., HURREN, J., YIANGOU, C. & CREE, I.
A. 2005. Cancer cell adaptation to chemotherapy. BMC Cancer, 5, 78.

DIJKSTRA, J. R., MEKENKAMP, L. J. M., TEERENSTRA, S., DE KRIJGER, I.
& NAGTEGAAL, I. D. 2012. MicroRNA expression in formalin-fixed
paraffin embedded tissue using real time quantitative PCR: the strengths
and pitfalls. Journal of Cellular and Molecular Medicine, 16, 683-690.



226

DJURANOVIC, S., NAHVI, A. & GREEN, R. 2012. miRNA-Mediated Gene
Silencing by Translational Repression Followed by mRNA
Deadenylation and Decay. Science, 336, 237-240.

DOBIN, A., DAVIS, C. A., SCHLESINGER, F., DRENKOW, J., ZALESKI, C.,
JHA, S., BATUT, P., CHAISSON, M. & GINGERAS, T. R. 2013. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics, 29, 15-21.

DONG, J., ZHAO, Y. P., ZHOU, L., ZHANG, T. P. & CHEN, G. 2011. Bcl-2
Upregulation Induced by miR-21 Via a Direct Interaction Is Associated
with Apoptosis and Chemoresistance in MIA PaCa-2 Pancreatic Cancer
Cells. Archives of Medical Research, 42, 8-14.

DOWSETT, M., FORBES, J. F., BRADLEY, R., INGLE, J., AIHARA, T., BLISS,
J., BOCCARDO, F., COATES, A., COOMBES, R. C., CUZICK, J.,
DUBSKY, P., GNANT, M., KAUFMANN, M., KILBURN, L., PERRONE,
F., REA, D., THURLIMANN, B., VAN DE VELDE, C., PAN, H., PETO,
R., DAVIES, C., GRAY, R., BAUM, M., BUZDAR, A., SESTAK, 1.,
MARKOPOULOS, C., FESL, C., JAKESZ, R., COLLEONI, M., GELBER,
R., REGAN, M., VON MINCKWITZ, G., SNOWDON, C., GOSS, P.,
PRITCHARD, K., ANDERSON, S., COSTANTINO, J., MAMOUNAS, E.,
OHASHI, Y., WATANABE, T., BASTIAANNET, E. & EARLY BREAST
CANC, T. 2015. Aromatase inhibitors versus tamoxifen in early breast
cancer: patient-level meta-analysis of the randomised trials. Lancet, 386,
1341-1352.

DOYEN, J., LETOUZE, E., MARISA, L., DE REYNIES, A., MILANO, G.,
ETIENNE-GRIMALDI, M. C., OLSCHWANG, S., GAEDCKE, J.,
GHADIMI, M. & GERARD, J. P. 2014. High-resolution analysis of DNA
copy number alterations in rectal cancer Correlation with metastasis,
survival, and mRNA expression. Strahlentherapie Und Onkologie, 190,
1028-1036.

DOYLE, L. A. 1998. Cloning and characterization of breast cancer resistance
protein (BCRP), a novel ATP-binding cassette (ABC) transporter that
may contribute to the multidrug-resistance phenotype of MCF-7/AdrVp
breast cancer cells. Proceedings of the American Association for Cancer
Research, 39, 696.

DOYLE, L. A. & ROSS, D. D. 2003. Multidrug resistance mediated by the
breast cancer resistance protein BCRP (ABCG2). Oncogene, 22, 7340-
7358.

DOYLE, L. A., YANG, W., ABRUZZO, L. V., KROGMANN, T., GAO, Y., RISHI,
A. K. & ROSS, D. D. 1998. A multidrug resistance transporter from
human MCF-7 breast cancer cells. Proceedings of the National
Academy of Sciences, 95, 15665-15670.

DUNCAN, J. S., WHITTLE, M. C., NAKAMURA, K., ABELL, A. N., MIDLAND,
A. A., ZAWISTOWSKI, J. S., JOHNSON, N. L., GRANGER, D. A.,
JORDAN, N. V., DARR, D. B., USARY, J., KUAN, P. F., SMALLEY, D.
M., MAJOR, B., HE, X. P., HOADLEY, K. A., ZHOU, B., SHARPLESS,
N. E., PEROU, C. M., KIM, W. Y., GOMEZ, S. M., CHEN, X., JIN, J.,
FRYE, S. V., EARP, H. S., GRAVES, L. M. & JOHNSON, G. L. 2012.
Dynamic Reprogramming of the Kinome in Response to Targeted MEK
Inhibition in Triple-Negative Breast Cancer. Cell, 149, 307-321.

EBERT, M. S., NEILSON, J. R. & SHARP, P. A. 2007. MicroRNA sponges:
competitive inhibitors of small RNAs in mammalian cells. Nature
Methods, 4, 721-726.



227

ECKFORD, P. D. W. & SHAROM, F. J. 2009. ABC Efflux Pump-Based
Resistance to Chemotherapy Drugs. Chemical Reviews, 109, 2989-
3011.

EE, P. L. R., KAMALAKARAN, S., TONETTI, D., HE, X., ROSS, D. D. & BECK,
W. T. 2004. Identification of a novel estrogen response element in the
breast cancer resistance protein (ABCG2) gene. Cancer Research, 64,
1247-1251.

EL-CHARNOUBI, W. A. G., SVENDSEN, J. B., TANGE, U. B. & KROMAN, N.
2012. Women with inoperable or locally advanced breast cancer - what
characterizes them? A retrospective review of 157 cases. Acta
Oncologica, 51, 1081-1085.

ELMEN, J., LINDOW, M., SCHUTZ, S., LAWRENCE, M., PETRI, A., OBAD, S.,
LINDHOLM, M., HEDTJARN, M., HANSEN, H. F., BERGER, U.,
GULLANS, S., KEARNEY, P., SARNOW, P., STRAARUP, E. M. &
KAUPPINEN, S. 2008. LNA-mediated microRNA silencing in non-human
primates. Nature, 452, 896-U10.

ESAU, C. C. 2008. Inhibition of microRNA with antisense oligonucleotides.
Methods, 44, 55-60.

ESQUELA-KERSCHER, A. & SLACK, F. J. 2006. Oncomirs - microRNAs with
arole in cancer. Nature Reviews Cancer, 6, 259-269.

ESTEVA, F. J. & HORTOBAGY]I, G. N. 2008. Can early response assessment
guide neoadjuvant chemotherapy in early-stage breast cancer? Journal
of the National Cancer Institute, 100, 521-523.

ETHUN, C. G., BILEN, M. A, JANI, A. B., MAITHEL, S. K., OGAN, K. &
MASTER, V. A. 2017. Frailty and Cancer: Implications for Oncology
Surgery, Medical Oncology, and Radiation Oncology. Ca-a Cancer
Journal for Clinicians, 67, 363-377.

EYKING, A., REIS, H., FRANK, M., GERKEN, G., SCHMID, K. W. & CARIO, E.
2016. MiR-205 and MiR-373 Are Associated with Aggressive Human
Mucinous Colorectal Cancer. PLoS One, 11, e0156871.

FABIAN, M. R., SONENBERG, N. & FILIPOWICZ, W. 2010. Regulation of
MRNA Translation and Stability by microRNAs. Annual Review of
Biochemistry, Vol 79, 79, 351-379.

FABREGAT, A., SIDIROPOULOS, K., VITERI, G., FORNER, O., MARIN-
GARCIA, P., ARNAU, V., DEUSTACHIO, P., STEIN, L. &
HERMJAKOB, H. 2017. Reactome pathway analysis: a high-
performance in-memory approach. BMC Bioinformatics, 18, 142.

FARH, K. K. H., GRIMSON, A., JAN, C., LEWIS, B. P., JOHNSTON, W. K.,
LIM, L. P., BURGE, C. B. & BARTEL, D. P. 2005. The widespread
impact of mammalian microRNAs on mRNA repression and evolution.
Science, 310, 1817-1821.

FARINA, N. H., ZINGIRYAN, A., VROLIJK, M. A., PERRAPATO, S. D., ADES,
S., STEIN, G. S., LIAN, J. B. & LANDRY, C. C. 2018. Nanoparticle-
based targeted cancer strategies for non-invasive prostate cancer
intervention. Journal of Cellular Physiology, 233, 6408-6417.

FEELEY, L. P., MULLIGAN, A. M., PINNADUWAGE, D., BULL, S.B. &
ANDRULIS, I. L. 2014. Distinguishing luminal breast cancer subtypes by
Ki67, progesterone receptor or TP53 status provides prognostic
information. Modern Pathology, 27, 554-561.

FERLAY, J., I., SOERJOMATARAM, M., ERVIK, R., DIKSHIT, S., ESER, C.,
MATHERS, M., REBELO, D. M., PARKIN, D. F. & BRAY, F. 2015.



228

GLOBOCAN 2012 v1. 0, Cancer Incidence and Mortality Worldwide:
IARC CancerBase No. 11. Lyon, France: International Agency for
Research on Cancer; 2013. globocan.iarc.fr

FINN, R. S., DERING, J., CONKLIN, D., KALOUS, O., COHEN, D. J., DESAI,
A.J., GINTHER, C., ATEFI, M., CHEN, I, FOWST, C., LOS, G. &
SLAMON, D. J. 2009. PD 0332991, a selective cyclin D kinase 4/6
inhibitor, preferentially inhibits proliferation of luminal estrogen receptor-
positive human breast cancer cell lines in vitro. Breast Cancer Research,
11, R77.

FISHER, B., DIGNAM, J., WOLMARK, N., DECILLIS, A., EMIR, B.,
WICKERHAM, D. L., BRYANT, J., DIMITROV, N. V., ABRAMSON, N.,
ATKINS, J. N., SHIBATA, H., DESCHENES, L. & MARGOLESE, R. G.
1997. Tamoxifen and chemotherapy for lymph node-negative, estrogen
receptor-positive breast cancer. Journal of the National Cancer Institute,
89, 1673-1682.

FLETCHER, J. |., HABER, M., HENDERSON, M. J. & NORRIS, M. D. 2010.
ABC transporters in cancer: more than just drug efflux pumps. Nature
Reviews Cancer, 10, 147-156.

FORD, D., EASTON, D. F. & PETO, J. 1995. ESTIMATES OF THE GENE-
FREQUENCY OF BRCA1 AND ITS CONTRIBUTION TO BREAST AND
OVARIAN-CANCER INCIDENCE. American Journal of Human
Genetics, 57, 1457-1462.

FOULKES, W. D., SMITH, I. E. & REIS-FILHO, J. S. 2010. Triple-negative
breast cancer. New England Journal of Medicine, 363, 1938-1948.

FRASOR, J., CHANG, E. C., KOMM, B., LIN, C. Y., VEGA, V. B,, LIU, E. T,
MILLER, L. D., SMEDS, J., BERGH, J. & KATZENELLENBOGEN, B. S.
2006. Gene expression preferentially regulated by tamoxifen in breast
cancer cells and correlations with clinical outcome. Cancer Research,
66, 7334-7340.

FULLER, A. P., PALMER-TQY, D., ERLANDER, M. G. & SGROI, D. C. 2003.
Laser capture microdissection and advanced molecular analysis of
human breast cancer. Journal of Mammary Gland Biology and
Neoplasia, 8, 335-345.

FUSCO, A., GRIECO, M., SANTORO, M., BERLINGIERI, M. T., PILOTTI, S.,
PIEROTTI, M. A., DELLAPORTA, G. & VECCHIO, G. 1987. A new
oncogene in human thyroid papillary carcinomas and their lymph-nodal
metastases. Nature, 328, 170-172.

GAJDOS, C., TARTTER, P. I, ESTABROOK, A., GISTRAK, M. A., JAFFER, S.
& BLEIWEISS, I. J. 2002. Relationship of clinical and pathologic
response to neoadjuvant chemotherapy and outcome of locally
advanced breast cancer. Journal of Surgical Oncology, 80, 4-11.

GANJU, A., KHAN, S., HAFEEZ, B. B., BEHRMAN, S. W., YALLAPU, M. M.,
CHAUHAN, S. C. & JAGGI, M. 2017. miRNA nanotherapeutics for
cancer. Drug Discovery Today, 22, 424-432.

GAOQO, L. B., BAI, P, PAN, X. M., JIA, J., LI, L. J., LIANG, W. B., TANG, M.,
ZHANG, L. S., WEI, Y. G. & ZHANG, L. 2011. The association between
two polymorphisms in pre-miRNAs and breast cancer risk: a meta-
analysis. Breast Cancer Research and Treatment, 125, 571-574.

GAO, Q., PATANI, N., DUNBIER, A. K., GHAZOUI, Z., ZVELEBIL, M.,
MARTIN, L. A. & DOWSETT, M. 2014. Effect of Aromatase Inhibition on
Functional Gene Modules in Estrogen Receptor-Positive Breast Cancer



229

and Their Relationship with Antiproliferative Response. Clinical Cancer
Research, 20, 2485-2494.

GARCIA-BECERRA, R., SANTOS, N., DIAZ, L. & CAMACHO, J. 2013.
Mechanisms of Resistance to Endocrine Therapy in Breast Cancer:
Focus on Signaling Pathways, miRNAs and Genetically Based
Resistance. International Journal of Molecular Sciences, 14, 108-145.

GDYNIA, G., LEHMANN-KOCH, J., SIEBER, S., TAGSCHERER, K. E.,
FASSL, A., ZENTGRAF, H., MATSUZAWA, S. |., REED, J. C. & ROTH,
W. 2008. BLOC1S2 interacts with the HIPPI protein and sensitizes
NCH89 glioblastoma cells to apoptosis. Apoptosis, 13, 437-447.

GEISS, G. K., BUMGARNER, R. E., BIRDITT, B., DAHL, T., DOWIDAR, N.,
DUNAWAY, D. L., FELL, H. P., FERREE, S., GEORGE, R. D.,
GROGAN, T., JAMES, J. J., MAYSURIA, M., MITTON, J. D., OLIVERI,
P., OSBORN, J. L., PENG, T., RATCLIFFE, A. L., WEBSTER, P. J.,
DAVIDSON, E. H., HOOD, L. & DIMITROV, K. 2008. Direct multiplexed
measurement of gene expression with color-coded probe pairs. Nature
Biotechnology, 26, 317-325.

GENNARINO, V. A, SARDIELLO, M., AVELLINO, R., MEOLA, N., MASELLI,
V., ANAND, S., CUTILLO, L., BALLABIO, A. & BANFI, S. 2009.
MicroRNA target prediction by expression analysis of host genes.
Genome Research, 19, 481-490.

GERLINGER, M. 2012. Intratumor Heterogeneity and Branched Evolution
Revealed by Multiregion Sequencing. New England Journal of Medicine,
366, 883-892.

GEWIRTZ, D. A. 1999. A critical evaluation of the mechanisms of action
proposed for the antitumor effects of the anthracycline antibiotics
Adriamycin and daunorubicin. Biochemical Pharmacology, 57, 727-741.

GHEBEH, H., AL-KHALDI, S., OLABI, S., AL-DHFYAN, A., AL-MOHANNA, F.,
BARNAWI, R., TULBAH, A., AL-TWEIGERI, T., AJARIM, D. & AL-
ALWAN, M. 2014. Fascin is involved in the chemotherapeutic resistance
of breast cancer cells predominantly via the PI3K/Akt pathway. British
Journal of Cancer, 111, 1552-1561.

GHERARDI, E., LOVE, C. A., ESNOUF, R. M. & JONES, E. Y. 2004. The
sema domain. Current Opinion in Structural Biology, 14, 669-678.

GHOSH, M. G., THOMPSON, D. A. & WEIGEL, R. J. 2000. PDZK1 and
GREBLI1 are estrogen-regulated genes expressed in hormone-responsive
breast cancer. Cancer Research, 60, 6367-6375.

GIANNI, L., EIERMANN, W., SEMIGLAZOV, V., LLUCH, A., TJULANDIN, S.,
ZAMBETTI, M., MOLITERNI, A., VAZQUEZ, F., BYAKHOV, M. J.,
LICHINITSER, M., CLIMENT, M. A., CIRUELOS, E., OJEDA, B.,
MANSUTTI, M., BOZHOK, A., MAGAZZU, D., HEINZMANN, D.,
STEINSEIFER, J., VALAGUSSA, P. & BASELGA, J. 2014. Neoadjuvant
and adjuvant trastuzumab in patients with HER2-positive locally
advanced breast cancer (NOAH): follow-up of a randomised controlled
superiority trial with a parallel HER2-negative cohort. Lancet Oncology,
15, 640-647.

GIATROMANOLAKI, A., SIVRIDIS, E., FISKA, A. & KOUKOURAKIS, M. I.
2011. The CD44+/CD24-phenotype relates to 'triple-negative' state and
unfavorable prognosis in breast cancer patients. Medical Oncology, 28,
745-752.



230

GILLET, J.-P., EFFERTH, T. & REMACLE, J. 2007. Chemotherapy-induced
resistance by ATP-binding cassette transporter genes. Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer, 1775, 237-262.

GIULIANO, A. E., CONNOLLY, J. L., EDGE, S. B., MITTENDOREF, E. A.,
RUGO, H. S., SOLIN, L. J., WEAVER, D. L., WINCHESTER, D. J. &
HORTOBAGYI, G. N. 2017. Breast Cancer-Major Changes in the
American Joint Committee on Cancer Eighth Edition Cancer Staging
Manual. CA: a Cancer Journal for Clinicians, 67, 291-303.

GNANAPRAGASAM, V. J. 2010. Unlocking the molecular archive: the
emerging use of formalin-fixed paraffin-embedded tissue for biomarker
research in urological cancer. British Journal of Urology International,
105, 274-278.

GNANT, M., THOMSSEN, C. & HARBECK, N. 2015. St. Gallen/Vienna 2015: a
brief summary of the consensus discussion. Breast Care, 10, 124-130.

GOBLE, S. & BEAR, H. D. 2003. Emerging role of taxanes in adjuvant and
neoadjuvant therapy for breast cancer - The potential and the questions.
Surgical Clinics of North America, 83, 943-971.

GOEBEL, G., BERGER, R., STRASAK, A. M., EGLE, D., MULLER-HOLZNER,
E., SCHMIDT, S., RAINER, J., PRESUL, E., PARSON, W., LANG, S.,
JONES, A., WIDSCHWENDTER, M. & FIEGL, H. 2012. Elevated mRNA
expression of CHAC1 splicing variants is associated with poor outcome
for breast and ovarian cancer patients. British Journal of Cancer, 106,
189-198.

GOETZ, M. P., KNOX, S. K., SUMAN, V. J., RAE, J. M., SAFGREN, S. L.,
AMES, M. M., VISSCHER, D. W., REYNOLDS, C., COUCH, F. J.,
LINGLE, W. L., WEINSHILBOUM, R. M., FRITCHER, E. G. B., NIBBE,
A. M., DESTA, Z., NGUYEN, A., FLOCKHART, D. A.,, PEREZ, E. A. &
INGLE, J. N. 2007. The impact of cytochrome P450 2D6 metabolism in
women receiving adjuvant tamoxifen. Breast Cancer Research and
Treatment, 101, 113-121.

GONZALEZ-ANGULO, A. M., IWAMOTO, T., LIU, S., CHEN, H., DO, K.-A,,
HORTOBAGY]I, G. N., MILLS, G. B., MERIC-BERNSTAM, F.,
SYMMANS, W. F. & PUSZTAI, L. 2012. Gene expression, molecular
class changes, and pathway analysis after neoadjuvant systemic
therapy for breast cancer. Clinical Cancer Research, 18, 1109-1119.

GONZALEZ-ANGULO, A. M., MORALES-VASQUEZ, F. & HORTOBAGYI, G.
N. 2007. Overview of resistance to systemic therapy in patients with
breast cancer. Breast Cancer Chemosensitivity, 608, 1-22.

GOSPODAROWICZ, M. K., BRIERLEY, J. D. & WITTEKIND, C. E. 2017. TNM
classification of malignant tumours, John Wiley & Sons, Oxford, UK.

GOSS, P. E. & STRASSER, K. 2001. Aromatase inhibitors in the treatment and
prevention of breast cancer. Journal of Clinical Oncology, 19, 881-894.

GRIECO, M., SANTORO, M., BERLINGIERI, M. T., MELILLO, R. M., DONGHI,
R., BONGARZONE, I., PIEROTTI, M. A., DELLAPORTA, G., FUSCO, A.
& VECCHIO, G. 1990. PTC is a novel rearranged form of the RET proto-
oncogene and is frequently detected invivo in human thyroid papillary
carcinomas. Cell, 60, 557-563.

GRIFFITHS-JONES, S. 2004. The microRNA Registry. Nucleic Acids
Research, 32, D109-D111.

GRINDEDAL, E. M., HERAMB, C., KARSRUD, I., ARIANSEN, S. L., MAEHLE,
L., UNDLIEN, D. E., NORUM, J. & SCHLICHTING, E. 2017. Current



231

guidelines for BRCA testing of breast cancer patients are insufficient to
detect all mutation carriers. BMC Cancer, 17, 438.

GSCHWIND, A., FISCHER, O. M. & ULLRICH, A. 2004. Timeline - The
discovery of receptor tyrosine kinases: targets for cancer therapy.
Nature Reviews Cancer, 4, 361-370.

GUAN, X. W., MA, F., FAN, Y., ZHU, W. J., HONG, R. X. & XU, B. H. 2015.
Platinum-based chemotherapy in triple-negative breast cancer: a
systematic review and meta-analysis of randomized-controlled trials.
Anti-Cancer Drugs, 26, 894-901.

GUO, H. L., INGOLIA, N. T., WEISSMAN, J. S. & BARTEL, D. P. 2010a.
Mammalian microRNAs predominantly act to decrease target mRNA
levels. Nature, 466, 835-840.

GUO, L., LIU, Y., BAI, Y., SUN, Y., XIAO, F. & GUO, Y. 2010b. Gene
expression profiling of drug-resistant small cell lung cancer cells by
combining microRNA and cDNA expression analysis. European Journal
of Cancer, 46, 1692-1702.

GUO, X. R.,, TO, K. K. W., CHEN, Z., WANG, X. K., ZHANG, J. Y., LUO, M.,
WANG, F., YAN, S. R. & FU, L. W. 2018. Dacomitinib potentiates the
efficacy of conventional chemotherapeutic agents via inhibiting the drug
efflux function of ABCG2 in vitro and in vivo. Journal of Experimental &
Clinical Cancer Research, 37, 31.

HAAGENSON, K. K. & WU, G. S. 2010. The role of MAP kinases and MAP
kinase phosphatase-1 in resistance to breast cancer treatment. Cancer
and Metastasis Reviews, 29, 143-149.

HAFNER, M., LANDTHALER, M., BURGER, L., KHORSHID, M., HAUSSER,
J., BERNINGER, P., ROTHBALLER, A., ASCANO, M., JUNGKAMP, A.
C., MUNSCHAUER, M., ULRICH, A., WARDLE, G. S., DEWELL, S.,
ZAVOLAN, M. & TUSCHL, T. 2010. Transcriptome-wide Identification of
RNA-Binding Protein and MicroRNA Target Sites by PAR-CLIP. Cell,
141, 129-141.

HAN, J. J., LEE, Y., YEOM, K. H., KIM, Y. K., JIN, H. & KIM, V. N. 2004. The
Drosha-DGCR8 complex in primary microRNA processing. Genes &
Development, 18, 3016-3027.

HAQUE, R., AHMED, S. A., INZHAKOVA, G., SHI, J., AVILA, C., POLIKOFF,
J., BERNSTEIN, L., ENGER, S. M. & PRESS, M. F. 2012. Impact of
breast cancer subtypes and treatment on survival: an analysis spanning
two decades. Cancer Epidemiology Biomarkers & Prevention, 21, 1848-
1855.

HAUSSER, J., SYED, A. P., BILEN, B. & ZAYOLANL, M. 2013. Analysis of
CDS-located miRNA target sites suggests that they can effectively inhibit
translation. Genome Research, 23, 604-615.

HAZLEHURST, L. A. & DALTON, W. S. 2006. De Novo and Acquired
Resistance to Antitumor Alkylating Agents. Cancer Drug Resistance,
377-389. Cancer Drug Discovery and Development. Humana Press,
New York, USA

HAZLEHURST, L. A., LANDOWSKI, T. H. & DALTON, W. S. 2003. Role of the
tumor microenvironment in mediating de novo resistance to drugs and
physiological mediators of cell death. Oncogene, 22, 7396-7402.

HE, D. X., GU, X. T., LI, Y. R., JIANG, L., JIN, J. & MA, X. 2014a. Methylation-
regulated miR-149 modulates chemoresistance by targeting GIcCNAc N-



232

deacetylase/N-sulfotransferase-1 in human breast cancer. Federation of
European Biochemical Societies Journal, 281, 4718-4730.

HE, D. X., XIA, Y. D., GU, X. T., JIN, J. & MA, X. 2014b. A 20-gene signature in
predicting the chemoresistance of breast cancer to taxane-based
chemotherapy. Molecular Biosystems, 10, 3111-3119.

HEMBRUFF, S. L., LABERGE, M. L., VILLENEUVE, D. J., GUO, B. Q.,
VEITCH, Z., CECCHETTO, M. & PARISSENTI, A. M. 2008. Role of drug
transporters and drug accumulation in the temporal acquisition of drug
resistance. BMC Cancer, 8, 318.

HENDRICKSON, D. G., HOGAN, D. J., HERSCHLAG, D., FERRELL, J. E. &
BROWN, P. O. 2008. Systematic Identification of mMRNAs Recruited to
Argonaute 2 by Specific microRNAs and Corresponding Changes in
Transcript Abundance. PloS One, 3, e2126.

HIGGINS, M. J. & BASELGA, J. 2011. Targeted therapies for breast cancer.
The Journal of Clinical Investigation, 121, 3797-3803.

HIOM, S. C. 2015. Diagnosing cancer earlier: reviewing the evidence for
improving cancer survival. British Journal of Cancer, 112, S1-S5.

HODGES, L. M., MARKOVA, S. M., CHINN, L. W., GOW, J. M., KROETZ, D.
L., KLEIN, T. E. & ALTMAN, R. B. 2011. Very important pharmacogene
summary: ABCB1 (MDR1, P-glycoprotein). Pharmacogenetics and
Genomics, 21, 152-161.

HOLLIDAY, D. L. & SPEIRS, V. 2011. Choosing the right cell line for breast
cancer research. Breast Cancer Research, 13, 1.

HOPPE, R., ACHINGER-KAWECKA, J., WINTER, S., FRITZ, P., LO, W.,
SCHROTH, W. & BRAUCH, H. 2013. Increased expression of miR-126
and miR-10a predict prolonged relapse-free time of primary oestrogen
receptor-positive breast cancer following tamoxifen treatment. European
Journal of Cancer, 49, 3598-3608.

HORMAN, S. R., JANAS, M. M., LITTERST, C., WANG, B., MACRAE, I. J.,
SEVER, M. J., MORRISSEY, D. V., GRAVES, P., LUO, B.,
UMESALMA, S., QI, H. H., MIRAGLIA, L. J., NOVINA, C. D. & ORTH, A.
P. 2013. Akt-Mediated Phosphorylation of Argonaute 2 Downregulates
Cleavage and Upregulates Translational Repression of MicroRNA
Targets. Molecular Cell, 50, 356-367.

HORNSTEIN, M., HOFFMANN, M. J., ALEXA, A., YAMANAKA, M., MULLER,
M., JUNG, V., RAHNENFUHRER, J. & SCHULZ, W. A. 2008. Protein
phosphatase and TRAIL receptor genes as new candidate tumor genes
on chromosome 8p in prostate cancer. . Cancer Genomics-

Proteomics 5, 123-136.

HORTOBAGYI, G. 1997. Anthracyclines in the treatment of cancer. Drugs, 54,
1-7.

HOWELL, A. & DOWSETT, M. 2004. Endocrinology and hormone therapy in
breast cancer - Aromatase inhibitors versus antioestrogens. Breast
Cancer Research, 6, 269-274.

HU, J. L., WANG, Z., PAN, Y., MA, J., MIAO, X. Y., Ql, X., ZHOU, H. M. & JIA,
L. 2018. MiR-26a and miR-26b mediate osteoarthritis progression by
targeting FUT4 via NF-kappa B signaling pathway. International Journal
of Biochemistry & Cell Biology, 94, 79-88.

HU, Q., GONG, J. P., LI, J., ZHONG, S. L., CHEN, W. X., ZHANG, J. Y., MA,
T.F.,JI,H., LV, M. M., ZHAO, J. H. & TANG, J. H. 2014. Down-
regulation of miRNA-452 is Associated with Adriamycin-resistance in



233

Breast Cancer Cells. Asian Pacific Journal of Cancer Prevention, 15,
5137-5142.

HUANG, Z. Q., ROY, P. & WAXMAN, D. J. 2000. Role of human liver
microsomal CYP3A4 and CYP2B6 in catalyzing N-dechloroethylation of
cyclophosphamide and ifosfamide. Biochemical Pharmacology, 59, 961-
972.

HUDSON, J., DUNCAVAGE, E., TAMBURRINO, A., SALERNO, P., XI, L.,
RAFFELD, M., MOLEY, J. & CHERNOCK, R. D. 2013. Overexpression
of miR-10a and miR-375 and downregulation of YAP1 in medullary
thyroid carcinoma. Experimental and Molecular Pathology, 95, 62-67.

HUGH, J., HANSON, J., CHEANG, M. C. U., NIELSEN, T. O., PEROU, C. M.,
DUMONTET, C., REED, J., KRAJEWSKA, M., TREILLEUX, I., RUPIN,
M., MAGHERINI, E., MACKEY, J., MARTIN, M. & VOGEL, C. 2009.
Breast Cancer Subtypes and Response to Docetaxel in Node-Positive
Breast Cancer: Use of an Immunohistochemical Definition in the BCIRG
001 Trial. Journal of Clinical Oncology, 27, 1168-1176.

HUNTZINGER, E. & IZAURRALDE, E. 2011. Gene silencing by microRNAs:
contributions of translational repression and mRNA decay. Nature
Reviews Genetics, 12, 99-110.

HUSBECK, B. & POWIS, G. 2002. The redox protein thioredoxin-1 regulates
the constitutive and inducible expression of the estrogen metabolizing
cytochromes P4501B1 and 1A1 in MCF-7 human breast cancer cells.
Carcinogenesis, 23, 1625-1630.

IGEA, A. & NEBREDA, A. R. 2015. The stress kinase p38a as a target for
cancer therapy. Cancer Research, 75, 3997-4002.

IGNATIADIS, M. & SOTIRIOU, C. 2013. Luminal breast cancer: from biology to
treatment. Nature reviews Clinical Oncology, 10, 494-506.

IMAL Y., ISHIKAWA, E., ASADA, S. & SUGIMOTO, Y. 2005. Estrogen-
mediated post transcriptional down-regulation of breast cancer
resistance protein/ABCG2. Cancer Research, 65, 596-604.

IORIO, M. V., FERRACIN, M., LIU, C. G., VERONESE, A., SPIZZO, R.,
SABBIONI, S., MAGRI, E., PEDRIALI, M., FABBRI, M., CAMPIGLIO,
M., MENARD, S., PALAZZO, J. P., ROSENBERG, A., MUSIANI, P.,
VOLINIA, S., NENCI, I., CALIN, G. A., QUERZOLI, P., NEGRINI, M. &
CROCE, C. M. 2005. MicroRNA gene expression deregulation in human
breast cancer. Cancer Research, 65, 7065-7070.

ISAKOFF, S. J., ENGELMAN, J. A, IRIE, H. Y., LUO, J., BRACHMANN, S. M.,
PEARLINE, R. V., CANTLEY, L. C. & BRUGGE, J. S. 2005. Breast
cancer-associated PIK3CA mutations are oncogenic in mammary
epithelial cells. Cancer Research, 65, 10992-11000.

JALALI, S., BHARTIYA, D., LALWANI, M. K., SIVASUBBU, S. & SCARIA, V.
2013. Systematic Transcriptome Wide Analysis of INcCRNA-mMiRNA
Interactions. PloS One, 8, €53823.

JANSSEN, H. L. A., REESINK, H. W., LAWITZ, E. J., ZEUZEM, S.,
RODRIGUEZ-TORRES, M., PATEL, K., VAN DER MEER, A. J.,
PATICK, A. K., CHEN, A., ZHOU, Y., PERSSON, R., KING, B. D.,
KAUPPINEN, S., LEVIN, A. A. & HODGES, M. R. 2013. Treatment of
HCV Infection by Targeting MicroRNA. New England Journal of
Medicine, 368, 1685-1694.



234

JIA, D. Y., JOLLY, M. K., KULKARNI, P. & LEVINE, H. 2017. Phenotypic
Plasticity and Cell Fate Decisions in Cancer: Insights from Dynamical
Systems Theory. Cancers, 9, 70.

JIANG, G. L., ZHANG, S. J., YAZDANPARAST, A,, LI, M., PAWAR, A. V., LIU,
Y. L., INAVOLU, S. M. & CHENG, L. J. 2016. Comprehensive
comparison of molecular portraits between cell lines and tumors in
breast cancer. BMC Genomics, 17, 525.

JIANG, S. A., ZHANG, H. W, LU, M. H., HE, X. H., LI, Y., GU, H., LIU, M. F. &
WANG, E. D. 2010. MicroRNA-155 Functions as an OncomiR in Breast
Cancer by Targeting the Suppressor of Cytokine Signaling 1 Gene.
Cancer Research, 70, 3119-3127.

JIN, W., WU, L., LIANG, K., LIU, B., LU, Y. & FAN, Z. 2003. Roles of the PI-3K
and MEK pathways in Ras-mediated chemoresistance in breast cancer
cells. British Journal of Cancer, 89, 185-191.

JOENSUU, H., HOLLI, K., HEIKKINEN, M., SUONIO, E., ARO, A. R.,
HIETANEN, P. & HUOVINEN, R. 1998. Combination chemotherapy
versus single-agent therapy as first- and second-line treatment in
metastatic breast cancer: A prospective randomized trial. Journal of
Clinical Oncology, 16, 3720-3730.

KAJIYAMA, H., SHIBATA, K., TERAUCHI, M., YAMASHITA, M., INO, K.,
NAWA, A. & KIKKAWA, F. 2007. Chemoresistance to paclitaxel induces
epithelial-mesenchymal transition and enhances metastatic potential for
epithelial ovarian carcinoma cells. International Journal of Oncology, 31,
277-283.

KANEHISA, M., FURUMICHI, M., TANABE, M., SATO, Y. & MORISHIMA, K.
2016. KEGG: new perspectives on genomes, pathways, diseases and
drugs. Nucleic Acids Research, 45, D353-D361.

KANEHISA, M. & GOTO, S. 2000. KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Research, 28, 27-30.

KANEHISA, M., SATO, Y., KAWASHIMA, M., FURUMICHI, M. & TANABE, M.
2015. KEGG as a reference resource for gene and protein annotation.
Nucleic Acids Research, 44, D457-D462.

KAPUCUOGLU, N., COBAN, T., RAUNIO, H., PELKONEN, O., EDWARDS, R.
J., BOOBIS, A. R. & ISCAN, M. 2003. Immunohistochemical
demonstration of the expression of CYP2E1 in human breast tumour
and non-tumour tissues. Cancer Letters, 196, 153-159.

KAREY, K. P. & SIRBASKU, D. A. 1988. DIFFERENTIAL RESPONSIVENESS
OF HUMAN-BREAST CANCER CELL-LINES MCF-7 AND T47D TO
GROWTH-FACTORS AND 17-BETA-ESTRADIOL. Cancer Research,
48, 4083-4092.

KATAYAMA, R., KOIKE, S., SATO, S., SUGIMOTO, Y., TSURUO, T. &
FUJITA, N. 2009. Dofequidar fumarate sensitizes cancer stem-like side
population cells to chemotherapeutic drugs by inhibiting ABCG2/BCRP-
mediated drug export. Cancer Science, 100, 2060-2068.

KATHAWALA, R. J., LI, T.W., YANG, D. W., GUO, H. Q., YANG, D. H., CHEN,
X., CHENG, C. M. & CHEN, Z. S. 2017. 2-Trifluoromethyl-2-
Hydroxypropionamide Derivatives as Novel Reversal Agents of ABCG2
(BCRP)-Mediated Multidrug Resistance: Synthesis and Biological
Evaluations. Journal of Cellular Biochemistry, 118, 2420-2429.

KAUFMAN, B., SHAPIRA-FROMMER, R., SCHMUTZLER, R. K., AUDEH, M.
W., FRIEDLANDER, M., BALMANA, J., MITCHELL, G., FRIED, G.,



235

STEMMER, S. M., HUBERT, A., ROSENGARTEN, O., STEINER, M.,
LOMAN, N., BOWEN, K., FIELDING, A. & DOMCHEK, S. M. 2015.
Olaparib Monotherapy in Patients With Advanced Cancer and a
Germline BRCA1/2 Mutation. Journal of Clinical Oncology, 33, 244-250.

KAUFMANN, M., HORTOBAGY]I, G. N., GOLDHIRSCH, A., SCHOLL, S.,
MAKRIS, A., VALAGUSSA, P., BLOHMER, J.-U., EIERMANN, W.,
JACKESZ, R. & JONAT, W. 2006. Recommendations from an
international expert panel on the use of neoadjuvant (primary) systemic
treatment of operable breast cancer: an update. Journal of Clinical
Oncology, 24, 1940-1949.

KAUFMANN, M., VON MINCKWITZ, G., MAMOUNAS, E. P., CAMERON, D.,
CAREY, L. A., CRISTOFANILLI, M., DENKERT, C., EIERMANN, W.,
GNANT, M. & HARRIS, J. R. 2012. Recommendations from an
international consensus conference on the current status and future of
neoadjuvant systemic therapy in primary breast cancer. Annals of
Surgical Oncology, 19, 1508-1516.

KAWASHIRO, T., YAMASHITA, K., ZHAO, X. J., KOYAMA, E., TANI, M.,
CHIBA, K. & ISHIZAKI, T. 1998. A study on the metabolism of etoposide
and possible interactions with antitumor or supporting agents by human
liver microsomes. Journal of Pharmacology and Experimental
Therapeutics, 286, 1294-1300.

KEAM, B., IM, S. A, LEE, K. H., HAN, S. W., OH, D. Y., KIM, J. H., LEE, S. H.,
HAN, W., KIM, D. W., KIM, T. Y., PARK, I. A.,, NOH, D. Y., HEO, D. S. &
BANG, Y. J. 2011. Ki-67 can be used for further classification of triple
negative breast cancer into two subtypes with different response and
prognosis. Breast Cancer Research, 13, R22.

KENNEDY, R. D., QUINN, J. E., MULLAN, P. B., JOHNSTON, P. G. &
HARKIN, D. P. 2004. The role of BRCAL in the cellular response to
chemotherapy. Journal of the National Cancer Institute, 96, 1659-1668.

KESMODEL, S. A. O., JA 2016. Neoadjuvant Endocrine Therapy for Estrogen
Receptor-Positive Breast Cancer. Journal of Cancer Biology and
Research, 4, 1074-1080.

KHASRAW, M., BELL, R. & DANG, C. 2012. Epirubicin: Is it like doxorubicin in
breast cancer? A clinical review. Breast, 21, 142-149.

KHVOROVA, A., REYNOLDS, A. & JAYASENA, S. D. 2003. Functional
siRNAs and miRNAs exhibit strand bias (vol 115, pg 209, 2003). Cell,
115, 505-505.

KIM, B., FATAYER, H., HANBY, A. M., HORGAN, K., PERRY, S. L.,
VALLELEY, E. M., VERGHESE, E. T., WILLIAMS, B. J., THORNE, J. L.
& HUGHES, T. A. 2013a. Neoadjuvant chemotherapy induces
expression levels of breast cancer resistance protein that predict
disease-free survival in breast cancer. PLoS One, 8, e62766.

KIM, B., STEPHEN, S. L., HANBY, A. M., HORGAN, K., PERRY, S. L.,
RICHARDSON, J., ROUNDHILL, E. A., VALLELEY, E. M., VERGHESE,
E. T. & WILLIAMS, B. J. 2015. Chemotherapy induces Notchl-
dependent MRP1 up-regulation, inhibition of which sensitizes breast
cancer cells to chemotherapy. BMC Cancer, 15, 634.

KIM, H. K., CHOI, I. J., KIM, C. G., KIM, H. S., OSHIMA, A., MICHALOWSKI,
A. & GREEN, J. E. 2011. A Gene Expression Signature of Acquired
Chemoresistance to Cisplatin and Fluorouracil Combination
Chemotherapy in Gastric Cancer Patients. PLoS One, 6, €16694.



236

KIM, H. Y., ABD ELMAGEED, Z. Y., JU, J. H., NAURA, A. S., ABDEL-
MAGEED, A. B., VARUGHESE, S., PAUL, D., ALAHARI, S., CATLING,
A., KIM, J. G. & BOULARES, A. H. 2013b. PDZK1 Is a Novel Factor in
Breast Cancer That Is Indirectly Regulated by Estrogen through IGF-1R
and Promotes Estrogen-Mediated Growth. Molecular Medicine, 19, 253-
262.

KIM, V. N. & NAM, J. W. 2006. Genomics of microRNA. Trends in Genetics,
22, 165-173.

KISANGA, E. R., GJERDE, J., GUERRIERI-GONZAGA, A., PIGATTO, F.,
PESCI-FELTRI, A., ROBERTSON, C., SERRANO, D., PELOSI, G.,
DECENSI, A. & LIEN, E. A. 2004. Tamoxifen and Metabolite
Concentrations in Serum and Breast Cancer Tissue during Three Dose
Regimens in a Randomized Preoperative Trial. Clinical Cancer
Research, 10, 2336-2343.

KLINTMAN, M., BUUS, R., CHEANG, M. C. U., SHERI, A., SMITH, |. E. &
DOWSETT, M. 2016. Changes in Expression of Genes Representing
Key Biologic Processes after Neoadjuvant Chemotherapy in Breast
Cancer, and Prognostic Implications in Residual Disease. Clinical
Cancer Research, 22, 2405-2416.

KLOSTERMANN, A., LOHRUM, M., ADAMS, R. H. & PUSCHEL, A. W. 1998.
The chemorepulsive activity of the axonal guidance signal semaphorin D
requires dimerization. Journal of Biological Chemistry, 273, 7326-7331.

KOKKAT, T. J., PATEL, M. S., MCGARVEY, D., LIVOLSI, V. A. & BALOCH, Z.
W. 2013. Archived Formalin-Fixed Paraffin-Embedded (FFPE) Blocks: A
Valuable Underexploited Resource for Extraction of DNA, RNA, and
Protein. Biopreservation and Biobanking, 11, 101-106.

KOTA, J., CHIVUKULA, R. R., ODONNELL, K. A., WENTZEL, E. A.,
MONTGOMERY, C. L., HWANG, H. W., CHANG, T. C.,
VIVEKANANDAN, P., TORBENSON, M., CLARK, K. R., MENDELL, J.
R. & MENDELL, J. T. 2009. Therapeutic microRNA Delivery Suppresses
Tumorigenesis in a Murine Liver Cancer Model. Cell, 137, 1005-1017.

KOVALEV, A., TSVETAEVA, D. & GRUDINSKAJA, T. 2013. Role of ABC-
cassette transporters (MDR1, MRP1, BCRP) in the development of
primary and acquired multiple drug resistance in patients with early and
metastatic breast cancer. Experimental Oncology, 35, 287-290.

KOZOMARA, A. & GRIFFITHS-JONES, S. 2014. miRBase: annotating high
confidence microRNAs using deep sequencing data. Nucleic Acids
Research, 42, D68-D73.

KRISHNAN, K., STEPTOE, A. L., MARTIN, H. C., PATTABIRAMAN, D. R.,
NONES, K., WADDELL, N., MARIASEGARAM, M., SIMPSON, P. T.,
LAKHANI, S. R., VLASSOV, A., GRIMMOND, S. M. & CLOONAN, N.
2013. miR-139-5p is a regulator of metastatic pathways in breast cancer.
RNA: a Publication of the RNA Society, 19, 1767-1780.

KUSKE, B., NAUGHTON, C., MOORE, K., MACLEOD, K. G., MILLER, W. R.,
CLARKE, R., LANGDON, S. P. & CAMERON, D. A. 2006. Endocrine
therapy resistance can be associated with high estrogen receptor alpha
(ER alpha) expression and reduced ER alpha phosphorylation in breast
cancer models. Endocrine-Related Cancer, 13, 1121-1133.

KUTANZI, K. R., YURCHENKO, O. V., BELAND, F. A.,, CHECKHUN, V. F. &
POGRIBNY, I. P. 2011. MicroRNA-mediated drug resistance in breast
cancer. Clinical Epigenetics, 2, 171-185.



237

LAKE, D., CORREA, S. A. L. & MULLER, J. 2016. Negative feedback
regulation of the ERK1/2 MAPK pathway. Cellular and Molecular Life
Sciences, 73, 4397-4413.

LANDIS, J. R. & KOCH, G. G. 1977. An Application of Hierarchical Kappa-type
Statistics in the Assessment of Majority Agreement among Multiple
Observers. Biometrics, 33, 363-374.

LEE, R. C., FEINBAUM, R. L. & AMBROS, V. 1993. The C. elegans
heterochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14. Cell, 75, 843-854.

LENNOX, K. A. & BEHLKE, M. A. 2011. Chemical modification and design of
anti-miRNA oligonucleotides. Gene Therapy, 18, 1111-1120.

LEUNG, K. T., LI, K. K.-H., SUN, S. S.-M., CHAN, P. K. S., OOI, V. E.-C. &
CHIU, L. C.-M. 2008. Activation of the JNK pathway promotes
phosphorylation and degradation of Bim EL—a novel mechanism of
chemoresistance in T-cell acute lymphoblastic leukemia.
Carcinogenesis, 29, 544-551.

LEVASSEUR, N., YIP, W., LI, H. Q., WILLEMS, K., ILLMANN, C.,
MCDERMOTT, M. & SIMMONS, C. E. 2017. Comparing outcomes of
neoadjuvant endocrine therapy versus chemotherapy in ER-positive
breast cancer: Results from a prospective institutional database. Journal
of Clinical Oncology, 35, 581.

LEVY, D. E., BYFIELD, S. D., COMSTOCK, C. B., GARBER, J. E., SYNGAL,
S., CROWN, W. H. & SHIELDS, A. E. 2011. Underutilization of BRCA1/2
testing to guide breast cancer treatment: Black and Hispanic women
particularly at risk. Genetics in Medicine, 13, 349-355.

LI, D., ZHAO, Y., LIU, C., CHEN, X., Ql, Y., JJANG, Y., ZOU, C., ZHANG, X.,
LIU, S., WANG, X., ZHAO, D., SUN, Q., ZENG, Z., DRESS, A., LIN, M.
C., KUNG, H.-F., RUI, H., LIU, L.-Z., MAO, F., JIANG, B.-H. & LAI, L.
2011. Analysis of MiR-195 and MiR-497 Expression, Regulation and
Role in Breast Cancer. Clinical Cancer Research, 17, 1722-1730.

LI, J., SMYTH, P., FLAVIN, R., CAHILL, S., DENNING, K., AHERNE, S.,
GUENTHER, S. M., O'LEARY, J. J. & SHEILS, O. 2007. Comparison of
MiRNA expression patterns using total RNA extracted from matched
samples of formalin-fixed paraffin-embedded (FFPE) cells and snap
frozen cells. BMC Biotechnology, 7, 36.

LI, J., KONG, X., ZHANG, J., LUO, Q., LI, X. & FANG, L. 2013. MiRNA-26b
inhibits proliferation by targeting PTGS2 in breast cancer. Cancer Cell
International, 13, 7.

LI, J., LI, X., KONG, X., LUO, Q., ZHANG, J. & FANG, L. 2014a. MiRNA-26b
inhibits cellular proliferation by targeting CDK8 in breast cancer.
International Journal of Clinical and Experimental Medicine, 7, 558-565.

LI, J. H., LIU, S., ZHOU, H., QU, L. H. & YANG, J. H. 2014b. starBase v2.0:
decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction
networks from large-scale CLIP-Seq data. Nucleic Acids Research, 42,
D92-D97.

LI, X., LEWIS, M. T., HUANG, J., GUTIERREZ, C., OSBORNE, C. K., WU, M.-
F., HILSENBECK, S. G., PAVLICK, A., ZHANG, X. & CHAMNESS, G.
C. 2008. Intrinsic resistance of tumorigenic breast cancer cells to
chemotherapy. Journal of the National Cancer Institute, 100, 672-679.

LIANG, N. X., ZHOU, X. Y., ZHAO, M., ZHAO, D. C., ZHU, Z. H., LI, S. Q. &
YANG, H. X. 2015. Down-regulation of microRNA-26b modulates non-



238

small cell lung cancer cells chemoresistance and migration through the
association of PTEN. Acta Biochimica Et Biophysica Sinica, 47, 530-
538.

LIANG, R., CHEN, X. Q., BAI, Q. X., WANG, Z., ZHANG, T., YANG, L., DONG,
B. X., GAO, G. X.,, GU, H. T. & ZHU, H. F. 2014. Increased 14-3-3 zeta
Expression in the Multidrug-Resistant Leukemia Cell Line HL-60/VCR as
Compared to the Parental Line Mediates Cell Growth and Apoptosis in
Part through Modification of Gene Expression. Acta Haematologica, 132,
177-186.

LIANG, Z., LI, Y., HUANG, K., WAGAR, N. & SHIM, H. 2011. Regulation of
miR-19 to breast cancer chemoresistance through targeting PTEN.
Pharmaceutical Research, 28, 3091-3100.

LIN, N. U., CAREY, L. A, LIU, M. C., YOUNGER, J., COME, S. E., EWEND,
M., HARRIS, G. J., BULLITT, E., VAN DEN ABBEELE, A. D., HENSON,
J. W, LI, X. C., GELMAN, R., BURSTEIN, H. J., KASPARIAN, E.,
KIRSCH, D. G., CRAWFORD, A., HOCHBERG, F. & WINER, E. P.
2008. Phase Il trial of lapatinib for brain metastases in patients with
human epidermal growth factor receptor 2-positive breast cancer.
Journal of Clinical Oncology, 26, 1993-1999.

LIN, N. U., EIERMAN, W., GREIL, R., CAMPONE, M., KAUFMAN, B.,
STEPLEWSKI, K., LANE, S. R., ZEMBRYKI, D., RUBIN, S. D. &
WINER, E. P. 2011. Randomized phase Il study of lapatinib plus
capecitabine or lapatinib plus topotecan for patients with HER2-positive
breast cancer brain metastases. Journal of Neuro-Oncology, 105, 613-
620.

LIN, R. C. Y., VAN ZANDWIJK, N. & REDI, G. 2014. MicroRNA Therapeutics -
Back in Vogue? Journal of Investigative Genomics, 2, 12-13.

LINGE, A., LOHAUS, F., LOCK, S., NOWAK, A., GUDZIOL, V., VALENTINI,
C., VON NEUBECK, C., JUTZ, M., TINHOFER, I., BUDACH, V., SAK,
A., STUSCHKE, M., BALERMPAS, P., RODEL, C., GROSU, A. L.,
ABDOLLAHI, A., DEBUS, J., GANSWINDT, U., BELKA, C., PIGORSCH,
S., COMBS, S. E., MONNICH, D., ZIPS, D., BUCHHOLZ, F., AUST, D.
E., BARETTON, G. B., THAMES, H. D., DUBROVSKA, A., ALSNER, J.,
OVERGAARD, J., KRAUSE, M., BAUMANN, M. & DKTK, R. O. G. 2016.
HPV status, cancer stem cell marker expression, hypoxia gene
signatures and tumour volume identify good prognosis subgroups in
patients with HNSCC after primary radiochemotherapy: A multicentre
retrospective study of the German Cancer Consortium Radiation
Oncology Group (DKTK-ROG). Radiotherapy and Oncology, 121, 364-
373.

LITVIAKOV, N. V., CHERDYNTSEVA, N. V., TSYGANOQOV, M. M., DENISOV,
E. V., GARBUKOV, E. Y., MERZLIAKOVA, M. K., VOLKOMOROV, V.
V., VTORUSHIN, S. V., ZAVYALOVA, M. V. & SLONIMSKAYA, E. M.
2013. Changing the expression vector of multidrug resistance genes is
related to neoadjuvant chemotherapy response. Cancer Chemotherapy
and Pharmacology, 71, 153-163.

LIU, B. Y., EZEOGU, L., ZELLMER, L., YU, B. F., XU, N. Z. & LIAO, D. J.
2015a. Protecting the normal in order to better kill the cancer. Cancer
Medicine, 4, 1394-1403.



239

LIU, B., QU, J., XU, F., GUO, Y., WANG, Y., YU, H. & QIAN, B. 2015b. MiR-
195 suppresses non-small cell lung cancer by targeting CHEK1.
Oncotarget, 6, 9445-9456.

LIU, H., LU, Z. G., MIKI, Y. & YOSHIDA, K. 2007. Protein kinase C delta
induces transcription of the TP53 tumor suppressor gene by controlling
death-promoting factor Btf in the apoptotic response to DNA damage.
Molecular and Cellular Biology, 27, 8480-8491.

LIU, H. P. 2012. MicroRNAs in breast cancer initiation and progression. Cellular
and Molecular Life Sciences, 69, 3587-3599.

LIU, J. D., VALENCIA-SANCHEZ, M. A., HANNON, G. J. & PARKER, R. 2005.
MicroRNA-dependent localization of targeted mRNAs to mammalian P-
bodies. Nature Cell Biology, 7, 719-723.

LIU, S. L. & WICHA, M. S. 2010. Targeting Breast Cancer Stem Cells. Journal
of Clinical Oncology, 28, 4006-4012.

LIU, X.-X., LI, X.-J., ZHANG, B., LIANG, Y.-J., ZHOU, C.-X., CAO, D.-X., HE,
M., CHEN, G.-Q., HE, J.-R. & ZHAO, Q. 2011. MicroRNA-26b is
underexpressed in human breast cancer and induces cell apoptosis by
targeting SLC7A11. Federation of European Biochemical Societies
Letters, 585, 1363-1367.

LIVRAGHI, L. & GARBER, J. E. 2015. PARP inhibitors in the management of
breast cancer: current data and future prospects. BMC Medicine, 13,
188.

LOIBL, S. & GIANNI, L. 2017. HER2-positive breast cancer. Lancet, 389, 2415-
2429.

LOMAX, M., FOLKES, L. & O'NEILL, P. 2013. Biological consequences of
radiation-induced DNA damage: relevance to radiotherapy. Clinical
Oncology, 25, 578-585.

LORD, C. J. & ASHWORTH, A. 2017. PARP inhibitors: Synthetic lethality in the
clinic. Science, 355, 1152-1158.

LOWRY, R. 1998. VassarStats [Online]. Vassar College, Poughkeepsie, USA.
Available: http://vassarstats.net/kappa.html [Accessed 30 January 2019].

LU, J., GETZ, G., MISKA, E. A., ALVAREZ-SAAVEDRA, E., LAMB, J., PECK,
D., SWEET-CORDERO, A., EBERT, B. L., MAK, R. H. & FERRANDO,
A. A. 2005. MicroRNA expression profiles classify human cancers.
Nature, 435, 834-838.

LU, Y. J,, XU, Q., CHEN, L., ZUO, Y. Z,, LIU,S. C.,, HU, Y. T., LI, X. R., LI, Y.
H. & ZHAO, X. Y. 2016. Expression of semaphorin 6D and its receptor
plexin-Al in gastric cancer and their association with tumor
angiogenesis. Oncology Letters, 12, 3967-3974.

LUMACHI, F., LUISETTO, G., MM BASSO, S., BASSO, U., BRUNELLO, A. &
CAMOZZI, V. 2011. Endocrine therapy of breast cancer. Current
Medicinal Chemistry, 18, 513-522.

LUO, Q. F., WEI, C. K., LI, X. Y., LI, J., CHEN, L., HUANG, Y. X., SONG, H.
M., LI, D. F. & FANG, L. 2014. MicroRNA-195-5p is a potential
diagnostic and therapeutic target for breast cancer. Oncology Reports,
31, 1096-1102.

MA, L., TERUYA-FELDSTEIN, J. & WEINBERG, R. A. 2007. Tumour invasion
and metastasis initiated by microRNA 10b in breast cancer. Nature, 449,
682-688.

MA, M. T., HE, M., WANG, Y., JIAO, X. Y., ZHAOQO, L., BAl, X. F., YU, Z. J., WU,
H. Z., SUN, M. L., SONG, Z. G. & WEI, M. J. 2013. MiR-487a



http://vassarstats.net/kappa.html

240

resensitizes mitoxantrone (MX)-resistant breast cancer cells (MCF-
7/MX) to MX by targeting breast cancer resistance protein
(BCRP/ABCG2). Cancer Letters, 339, 107-115.

MA, X. J., SALUNGA, R., TUGGLE, J. T., GAUDET, J., ENRIGHT, E.,
MCQUARY, P., PAYETTE, T., PISTONE, M., STECKER, K., ZHANG, B.
M., ZHOU, Y. X., VARNHOLT, H., SMITH, B., GADD, M., CHATFIELD,
E., KESSLER, J., BAER, T. M., ERLANDER, M. G. & SGROI, D. C.
2003. Gene expression profiles of human breast cancer progression.
Proceedings of the National Academy of Sciences of the United States
of America, 100, 5974-5979.

MACASKILL, E. J., RENSHAW, L. & DIXON, J. M. 2006. Neoadjuvant Use of
Hormonal Therapy in Elderly Patients with Early or Locally Advanced
Hormone Receptor—Positive Breast Cancer. The Oncologist, 11, 1081-
1088.

MACCALLUM, J., CUMMINGS, J., DIXON, J. M. & MILLER, W. R. 2000.
Concentrations of tamoxifen and its major metabolites in hormone
responsive and resistant breast tumours. British Journal of Cancer, 82,
1629-1635.

MACDIARMID, J. A. & BRAHMBHATT, H. 2011. Minicells: Versatile vectors for
targeted drug or si/shRNA cancer therapy. Current Opinion in
Biotechnology, 22, 909-916.

MAGBANUA, M. J. M., WOLF, D. M., YAU, C., DAVIS, S. E., CROTHERS, J.,
AU, A., HAQQ, C. M., LIVASY, C., RUGO, H. S. & ESSERMAN, L.
2015. Serial expression analysis of breast tumors during neoadjuvant
chemotherapy reveals changes in cell cycle and immune pathways
associated with recurrence and response. Breast Cancer Research, 17,
73.

MALUMBRES, M. & BARBACID, M. 2009. Cell cycle, CDKs and cancer: a
changing paradigm. Nature Reviews Cancer, 9, 153-166.

MAO, Q. & UNADKAT, J. D. 2015. Role of the breast cancer resistance protein
(BCRP/ABCG2) in drug transport—an update. The American
Association of Pharmaceutical Scientists Journal, 17, 65-82.

MARTIN, H. C., WANI, S., STEPTOE, A. L., KRISHNAN, K., NONES, K.,
NOURBAKHSH, E., VLASSOV, A., GRIMMOND, S. M. & CLOONAN, N.
2014. Imperfect centered miRNA binding sites are common and can
mediate repression of target mMRNAs. Genome Biology, 15, R51.

MARTIN, M. 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. European Molecular Biology Network, 17, 10-12.

MARTZ, C. A,, OTTINA, K. A., SINGLETON, K. R., JASPER, J. S., WARDELL,
S. E., PERAZA-PENTON, A., ANDERSON, G. R., WINTER, P. S,,
WANG, T., ALLEY, H. M., KWONG, L. N., COOPER, Z. A., TETZLAFF,
M., CHEN, P.-L., RATHMELL, J. C., FLAHERTY, K. T., WARGO, J. A,,
MCDONNELL, D. P., SABATINI, D. M. & WOOD, K. C. 2014.
Systematic identification of signaling pathways with potential to confer
anticancer drug resistance. Science Signaling, 7, ral21-ral21.

MASOOD, S. 2016. Neoadjuvant chemotherapy in breast cancers. Womens
Health, 12, 480-491.

MASSACESI, C., DI TOMASO, E., URBAN, P., GERMA, C., QUADT, C,,
TRANDAFIR, L., AIMONE, P., FRETAULT, N., DHARAN, B.,
TAVORATH, R. & HIRAWAT, S. 2016. PI3K inhibitors as new cancer



241

therapeutics: implications for clinical trial design. Oncotargets and
Therapy, 9, 203-210.

MASSEY, P. R.,, FOJO, T. & BATES, S. E. 2014. ABC Transporters:
involvement in multidrug resistance and drug disposition. Handbook of
Anticancer Pharmacokinetics and Pharmacodynamics. Springer, New
York, USA.

MASUDA, N., OHNISHI, T., KAWAMOTO, S., MONDEN, M. & OKUBO, K.
1999. Analysis of chemical modification of RNA from formalin-fixed
samples and optimization of molecular biology applications for such
samples. Nucleic Acids Research, 27, 4436-4443.

MASUI, K., GINI, B., WYKOSKY, J., ZANCA, C., MISCHEL, P. S., FURNARI,
F. B. & CAVENEE, W. K. 2013. A tale of two approaches:
complementary mechanisms of cytotoxic and targeted therapy
resistance may inform next-generation cancer treatments.
Carcinogenesis, 34, 725-738.

MAUGHAN, K. L., LUTTERBIE, M. A. & HAM, P. S. 2010. Treatment of Breast
Cancer. American Family Physician, 81, 1339-1346.

MAURI, D., PAVLIDIS, N. & IOANNIDIS, J. P. 2005. Neoadjuvant versus
adjuvant systemic treatment in breast cancer: a meta-analysis. Journal
of the National Cancer Institute, 97, 188-194.

MAYER, I. A., ABRAMSON, V. G., FORMISANO, L., BALKO, J. M., ESTRADA,
M. V., SANDERS, M. E., JURIC, D., SOLIT, D., BERGER, M. F., WON,
H. H., LI, Y.S., CANTLEY, L. C., WINER, E. & ARTEAGA, C. L. 2017. A
Phase Ib Study of Alpelisib (BYL719), a PI3K alpha-Specific Inhibitor,
with Letrozole in ER+/HER2(-) Metastatic Breast Cancer. Clinical
Cancer Research, 23, 26-34.

MCCANN, K. E. & HURVITZ, S. E. 2018. Advances in the use of PARP
inhibitor therapy for breast cancer. Drugs in Context, 7, 212540.

MCDONNELL, D. P. & WARDELL, S. E. 2010. The molecular mechanisms
underlying the pharmacological actions of ER modulators: implications
for new drug discovery in breast cancer. Current Opinion in
Pharmacology, 10, 620-628.

MCDONNELL, D. P., WARDELL, S. E. & NORRIS, J. D. 2015. Oral Selective
Estrogen Receptor Downregulators (SERDs), a Breakthrough Endocrine
Therapy for Breast Cancer. Journal of Medicinal Chemistry, 58, 4883-
4887.

MCGROGAN, B. T., GILMARTIN, B., CAMEY, D. N. & MCCANN, A. 2008.
Taxanes, microtubules and chemoresistant breast cancer. Biochimica Et
Biophysica Acta-Reviews on Cancer, 1785, 96-132.

MEI, M., REN, Y., ZHOU, X., YUAN, X.-B., HAN, L., WANG, G.-X., JIA, Z., PU,
P.-Y., KANG, C.-S. & YAOQ, Z. 2010. Downregulation of miR-21
enhances chemotherapeutic effect of taxol in breast carcinoma cells.
Technology in Cancer Research & Treatment, 9, 77-86.

MEIJER, H. A., KONG, Y. W., LU, W. T., WILCZYNSKA, A., SPRIGGS, R. V.,
ROBINSON, S. W., GODFREY, J. D., WILLIS, A. E. & BUSHELL, M.
2013. Translational Repression and elF4A2 Activity Are Critical for
MicroRNA-Mediated Gene Regulation. Science, 340, 82-85.

MENDEL, D. B., LAIRD, A. D., XIN, X. H., LOUIE, S. G., CHRISTENSEN, J.
G., LI, G. M., SCHRECK, R. E., ABRAMS, T. J.,, NGAI, T. J.,, LEE, L. B,
MURRAY, L. J., CARVER, J., CHAN, E., MOSS, K. G., HAZNEDAR, J.
0., SUKBUNTHERNG, J., BLAKE, R. A., SUN, L., TANG, C., MILLER,



242

T., SHIRAZIAN, S., MCMAHON, G. & CHERRINGTON, J. M. 2003. In
vivo antitumor activity of SU11248, a novel tyrosine kinase inhibitor
targeting vascular endothelial growth factor and platelet-derived growth
factor receptors: Determination of a pharmacokinetic/pharmacodynamic
relationship. Clinical Cancer Research, 9, 327-337.

MENDES, D., ALVES, C., AFONSO, N., CARDOSO, F., PASSOS-COELHO, J.
L., COSTA, L., ANDRADE, S. & BATEL-MARQUES, F. 2015. The
benefit of HER2-targeted therapies on overall survival of patients with
metastatic HER2-positive breast cancer - a systematic review. Breast
Cancer Research, 17, 140.

MIAO, Y., ZHENG, W., LI, N., SU, Z., ZHAO, L., ZHOU, H. & JIA, L. 2017.
MicroRNA-130b targets PTEN to mediate drug resistance and
proliferation of breast cancer cells via the PI3K/Akt signaling pathway.
Scientific Reports, 7, 41942.

MICHALAREA, V., RODA, D., DREW, Y., CARREIRA, S., O'CARRIGAN, B. S.,
SHAW, H., ROUX, R., KUMAR, S., WARD, S., PARMAR, M., TURNER,
A., HALL, E., FANDOS, S. S., PEREZ, R., TUNARIU, N., RAYNAUD, F.,
CULLBERG, M., FOXLEY, A., LINDEMANN, J. P. O., PASS, M.,
RUGMAN, P., LOPEZ, J. S., BANERJI, U., BASU, B., PLUMMER, R.,
KRISTELEIT, R., DE BONO, J. S. & YAP, T. A. 2016. Phase | trial
combining the PARP inhibitor olaparib (01a) and AKT inhibitor AZD5363
(AZD) in germline (g)BRCA and non-BRCA mutant (m) advanced cancer
patients (pts) incorporating noninvasive monitoring of cancer mutations.
Cancer Research, 76, CT010.

MIEOG, J. S. D., VAN DER HAGE, J. A. & DE VELDE, C. 2007. Neoadjuvant
chemotherapy for operable breast cancer. British Journal of Surgery, 94,
1189-1200.

MILES, D., VON MINCKWITZ, G. & SEIDMAN, A. D. 2002. Combination
versus sequential single-agent therapy in metastatic breast cancer.
Oncologist, 7, 13-19.

MILLER, K. D., SIEGEL, R. L., LIN, C. C., MARIOTTO, A. B., KRAMER, J. L.,
ROWLAND, J. H., STEIN, K. D., ALTERI, R. & JEMAL, A. 2016. Cancer
treatment and survivorship statistics, 2016. CA: a Cancer Journal for
Clinicians, 66, 271-289.

MILLER, W. R. 2003. Aromatase inhibitors: Mechanism of action and role in the
treatment of breast cancer. Seminars in Oncology, 30, 3-11.

MILLER, W. R., LARIONOV, A., RENSHAW, L., ANDERSON, T. J., WALKER,
J. R., KRAUSE, A., SING, T., EVANS, D. B. & DIXON, J. M. 2009. Gene
Expression Profiles Differentiating Between Breast Cancers Clinically
Responsive or Resistant to Letrozole. Journal of Clinical Oncology, 27,
1382-1387.

MIRZOEVA, O. K., DAS, D., HEISER, L. M., BHATTACHARYA, S., SIWAK, D.,
GENDELMAN, R., BAYANI, N., WANG, N. J., NEVE, R. M., GUAN, Y.,
HU, Z., KNIGHT, Z., FEILER, H. S., GASCARD, P., PARVIN, B.,
SPELLMAN, P. T., SHOKAT, K. M., WYROBEK, A. J., BISSELL, M. J.,
MCCORMICK, F., KUO, W. L., MILLS, G. B., GRAY, J. W. & KORN, W.
M. 2009. Basal Subtype and MAPK/ERK Kinase (MEK)-
Phosphoinositide 3-Kinase Feedback Signaling Determine Susceptibility
of Breast Cancer Cells to MEK Inhibition. Cancer Research, 69, 565-
572.



243

MIYAKE, K., MICKLEY, L., LITMAN, T., ZHAN, Z. R., ROBEY, R.,
CRISTENSEN, B., BRANGI, M., GREENBERGER, L., DEAN, M.,
FOJO, T. & BATES, S. E. 1999. Molecular cloning of cDNAs which are
highly overexpressed in mitoxantrone-resistant cells: Demonstration of
homology to ABC transport genes. Cancer Research, 59, 8-13.

MIYAZAKI, Y., ADACHI, H., KATSUNO, M., MINAMIYAMA, M., JIANG, Y. M.,
HUANG, Z., DOI, H., MATSUMOTO, S., KONDO, N., IIDA, M., TOHNAI,
G., TANAKA, F., MURAMATSU, S. & SOBUE, G. 2012. Viral delivery of
miR-196a ameliorates the SBMA phenotype via the silencing of CELF2.
Nature Medicine, 18, 1136-1141.

MOGI, M., YANG, J., LAMBERT, J. F., COLVIN, G. A,, SHIOJIMA, I., SKURK,
C., SUMMER, R., FINE, A., QUESENBERRY, P. J. & WALSH, K. 2003.
Akt signaling regulates side population cell phenotype via Becrpl
translocation. Journal of Biological Chemistry, 278, 39068-39075.

MORENO-MOYA, J. M., VILELLA, F. & SIMON, C. 2014. MicroRNA: key gene
expression regulators. Fertility and Sterility, 101, 1516-1523.

MORRA, F., LUISE, C., VISCONTI, R., STAIBANO, S., MEROLLA, F., ILARDI,
G., GUGGINO, G., PALADINO, S., SARNATARO, D., FRANCO, R.,
MONACO, R., ZITOMARINO, F., PACELLI, R., MONACO, G., ROCCO,
G., CERRATO, A., LINARDOPOULOS, S., MULLER, M. T. & CELETTI,
A. 2015. New therapeutic perspectives in CCDC6 deficient lung cancer
cells. International Journal of Cancer, 136, 2146-2157.

MORRA, F., MEROLLA, F., NAPOLITANO, V., ILARDI, G., MIRO, C.,
PALADINO, S., STAIBANO, S., CERRATO, A. & CELETTI, A. 2017.
The combined effect of USP7 inhibitors and PARP inhibitors in hormone-
sensitive and castration-resistant prostate cancer cells. Oncotarget, 8,
31815-31829.

MULRANE, L., MCGEE, S. F., GALLAGHER, W. M. & O'CONNOR, D. P.
2013. miRNA Dysregulation in Breast Cancer. Cancer Research, 73,
6554-6562.

MULUHNGWI, P. & KLINGE, C. M. 2015. Roles for miRNAs in endocrine
resistance in breast cancer. Endocrine-Related Cancer, 22, R279-R300.

MURCHISON, E. P. & HANNON, G. J. 2004. MiRNAs on the move: miRNA
biogenesis and the RNAiI machinery. Current Opinion in Cell Biology, 16,
223-229.

MUSS, H. B., THOR, A. D., BERRY, D. A., KUTE, T., LIU, E. T., KOERNER,
F., CIRRINCIONE, C. T., BUDMAN, D. R., WOOD, W. C., BARCOS, M.
& HENDERSON, I. C. 1994. C-ERBB-2 EXPRESSION AND
RESPONSE TO ADJUVANT THERAPY IN WOMEN WITH NODE-
POSITIVE EARLY BREAST-CANCER. New England Journal of
Medicine, 330, 1260-1266.

NAKANISHI, T. & ROSS, D. D. 2012. Breast cancer resistance protein
(BCRP/ABCG2): its role in multidrug resistance and regulation of its
gene expression. Chinese Journal of Cancer, 31, 73-99.

NAKAZAWA, Y., TANIYAMA, Y., SANADA, F., MORISHITA, R., NAKAMORI,
S., MORIMOTO, K., YEUNG, K. T. & YANG, J. 2018. Periostin blockade
overcomes chemoresistance via restricting the expansion of
mesenchymal tumor subpopulations in breast cancer. Scientific Reports,
8, 4013.



244

NASS, N. & KALINSKI, T. 2015. Tamoxifen resistance: From cell culture
experiments towards novel biomarkers. Pathology Research and
Practice, 211, 189-197.

NAVIN, N., KENDALL, J., TROGE, J., ANDREWS, P., RODGERS, L.,
MCINDOO, J., COOK, K., STEPANSKY, A., LEVY, D., ESPOSITO, D.,
MUTHUSWAMY, L., KRASNITZ, A., MCCOMBIE, W. R., HICKS, J. &
WIGLER, M. 2011. Tumour evolution inferred by single-cell sequencing.
Nature, 472, 90-94.

NICHOLSON, R. I, GEE, J. M. W., MANNING, D. L., WAKELING, A. E.,
MONTANO, M. M. & KATZENELLENBOGEN, B. S. 1995. RESPONSES
TO PURE ANTIESTROGENS (ICI-164384, 1CI-182780) IN ESTROGEN-
SENSITIVE AND ESTROGEN-RESISTANT EXPERIMENTAL AND
CLINICAL BREAST-CANCER. Steroid Receptors and Antihormones,
761, 148-163.

NIELSEN, D. L., ANDERSSON, M. & KAMBY, C. 2009. HER2-targeted therapy
in breast cancer. Monoclonal antibodies and tyrosine kinase inhibitors.
Cancer Treatment Reviews, 35, 121-136.

NITISS, J. L. 2009a. DNA topoisomerase Il and its growing repertoire of
biological functions. Nature Reviews Cancer, 9, 327-337.

NITISS, J. L. 2009b. Targeting DNA topoisomerase Il in cancer chemotherapy.
Nature Reviews Cancer, 9, 338-350.

O'BRIEN, C., CAVET, G., PANDITA, A, HU, X. L., HAYDU, L., MOHAN, S.,
TOY, K., RIVERS, C. S., MODRUSAN, Z., AMLER, L. C. & LACKNER,
M. R. 2008. Functional genomics identifies ABCC3 as a mediator of
taxane resistance in HER2-amplified breast cancer. Cancer Research,
68, 5380-53809.

O'LEARY, B., FINN, R. S. & TURNER, N. C. 2016. Treating cancer with
selective CDK4/6 inhibitors. Nature Reviews Clinical Oncology, 13, 417-
430.

OBERNOSTERER, G., LEUSCHNER, P. J. F., ALENIUS, M. & MARTINEZ, J.
2006. Post-transcriptional regulation of microRNA expression. RNA: a
Publication of the RNA Society, 12, 1161-1167.

OBIKA, S., NANBU, D., HARI, Y., MORIO, K., IN, Y., ISHIDA, T. & IMANISHI,
T. 1997. Synthesis of 2'-O,4'-C-methyleneuridine and -cytidine. Novel
bicyclic nucleosides having a fixed C-3,-endo sugar puckering.
Tetrahedron Letters, 38, 8735-8738.

ONITILO, A. A,, ENGEL, J., GREENLEE, R. T. & MUKESH, B. 2008. Breast
cancer subtypes based on ER/PR and HER2 expression: A population-
based experience. Journal of Clinical Oncology, 26, 22181-22181.

ORANG, A. V., SAFARALIZADEH, R. & KAZEMZADEH-BAVILI, M. 2014.
Mechanisms of miRNA-Mediated Gene Regulation from Common
Downregulation to mMRNA-Specific Upregulation. International Journal of
Genomics, 2014, 970607.

OSBORNE, C. K., BOLDT, D. H., CLARK, G. M. & TRENT, J. M. 1983. Effects
of Tamoxifen on human-breast cancer cell-cycle kinetics - accumulation
of cells in early G1-phase. Cancer Research, 43, 3583-3585.

OSBORNE, C. K., WAKELING, A. & NICHOLSON, R. I. 2004. Fulvestrant: an
oestrogen receptor antagonist with a novel mechanism of action. British
Journal of Cancer, 90, S2-S6.

OYAMA, T., KAGAWA, N., KUNUGITA, N., KITAGAWA, K., OGAWA, M.,
YAMAGUCHI, T., SUZUKI, R., KINAGA, T., YASHIMA, Y., OZAKI, S.,



245

ISSE, T., KIM, Y. D., KIM, H. & KAWAMOTO, T. 2004. Expression of
cytochrome P450 in tumor tissues and its association with cancer
development. Frontiers in Bioscience-Landmark, 9, 1967-1976.

PADMANABAN, A., SALOWSKY, R. & CHER, C. 2012. RNA quality control
using the agilent 2200 TapeStation system—assessment of the RIN e
quality metric. Agilent technologies application notes.

PAIK, S., TANG, G., SHAK, S., KIM, C., BAKER, J., KIM, W., CRONIN, M.,
BAEHNER, F. L., WATSON, D., BRYANT, J., COSTANTINO, J. P.,
GEYER, C. E., WICKERHAM, D. L. & WOLMARK, N. 2006. Gene
expression and benefit of chemotherapy in women with node-negative,
estrogen receptor-positive breast cancer. Journal of Clinical Oncology,
24, 3726-3734.

PALANICHAMY, J. K. & RAO, D. S. 2014. miRNA dysregulation in cancer:
towards a mechanistic understanding. Frontiers in Genetics, 5, 54.

PAN, Y. Z.,, MORRIS, M. E. & YU, A. M. 2009. MicroRNA-328 Negatively
Regulates the Expression of Breast Cancer Resistance Protein
(BCRP/ABCG2) in Human Cancer Cells. Molecular Pharmacology, 75,
1374-1379.

PANTEL, K., ALIX-PANABIERES, C. & RIETHDORF, S. 2009. Cancer
micrometastases. Nature Reviews Clinical Oncology, 6, 339-351.

PARK, C. C., MITSUMORI, M., NIXON, A., RECHT, A., CONNOLLY, J.,
GELMAN, R., SILVER, B., HETELEKIDIS, S., ABNER, A., HARRIS, J.
R. & SCHNITT, S. J. 2000. Outcome at 8 years after breast-conserving
surgery and radiation therapy for invasive breast cancer: Influence of
margin status and systemic therapy on local recurrence. Journal of
Clinical Oncology, 18, 1668-1675.

PARK, K., CHOI, M. K., JUNG, H. H., DO, I.-G., LEE, K. H., AHN, T., KIL, W.
H., KIM, S. W., LEE, J. E. & NAM, S. J. 2015. Molecular characterization
of patients with pathologic complete response or early failure after
neoadjuvant chemotherapy for locally advanced breast cancer using
next generation sequencing and nCounter assay. Oncotarget, 6, 24499-
24510.

PARK, S. H., ZHU, P. P., PARKER, R. L. & BLACKSTONE, C. 2010.
Hereditary spastic paraplegia proteins REEP1, spastin, and atlastin-1
coordinate microtubule interactions with the tubular ER network. Journal
of Clinical Investigation, 120, 1097-1110.

PEREIRA, G. C., TRAUGHBER, M. & MUZIC, R. F. 2014. The role of imaging
in radiation therapy planning: past, present, and future. BioMed
Research International, 2014, 231090.

PERNAS, S., TOLANEY, S. M., WINER, E. P. & GOEL, S. 2018. CDK4/6
inhibition in breast cancer: current practice and future directions.
Therapeutic Advances in Medical Oncology, 10, 1-15.

PEROU, C. M., SORLIE, T., EISEN, M. B., VAN DE RIJN, M., JEFFREY, S. S,,
REES, C. A., POLLACK, J. R.,, ROSS, D. T., JOHNSEN, H., AKSLEN, L.
A., FLUGE, O., PERGAMENSCHIKOQV, A., WILLIAMS, C., ZHU, S. X.,
LONNING, P. E., BORRESEN-DALE, A. L., BROWN, P. O. &
BOTSTEIN, D. 2000. Molecular portraits of human breast tumours.
Nature, 406, 747-752.

PERRY, J., GHAZALY, E., KITROMILIDOU, C., MCGROWDER, E. H., JOEL,
S. & POWLES, T. 2010. A Synergistic Interaction between Lapatinib and



246

Chemotherapy Agents in a Panel of Cell Lines Is Due to the Inhibition of
the Efflux Pump BCRP. Molecular Cancer Therapeutics, 9, 3322-3329.

PILLAI, R. S. 2005. MicroRNA function: Multiple mechanisms for a tiny RNA?
RNA: a Publication of the RNA Society, 11, 1753-1761.

PNG, K. J., YOSHIDA, M., ZHANG, X. H. F., SHU, W. P., LEE, H., RIMNER,
A., CHAN, T. A., COMEN, E., ANDRADE, V. P., KIM, S. W,, KING, T.
A., HUDIS, C. A., NORTON, L., HICKS, J., MASSAGUE, J. &
TAVAZOIE, S. F. 2011. MicroRNA-335 inhibits tumor reinitiation and is
silenced through genetic and epigenetic mechanisms in human breast
cancer. Genes & Development, 25, 226-231.

POGRIBNY, I. P., FILKOWSKI, J. N., TRYNDYAK, V. P., GOLUBOV, A,
SHPYLEVA, S. I. & KOVALCHUK, O. 2010. Alterations of microRNAs
and their targets are associated with acquired resistance of MCF-7
breast cancer cells to cisplatin. International Journal of Cancer, 127,
1785-1794.

POLLARD, J., BURNS, P. A., HUGHES, T. A., HO-YEN, C., JONES, J. L.,
MUKHERJEE, G., OMONIYI-ESAN, G. O., TITLOYE, N. A,, SPEIRS, V.
& SHAABAN, A. M. 2018. Differential Expression of MicroRNAS in
Breast Cancers from Four Different Ethnicities. Pathobiology, 85, 220-
226.

POLYZOS, A., GOGAS, H., MARKOPOULOQOS, C., TSAVARIS, N.,
PAPADOPOULOS, 0., POLYZOS, K. & GIANNOPOULOS, A. 2009.
Salvage Chemotherapy with Oxaliplatin and Capecitabine for Breast
Cancer Patients Pretreated with Anthracyclines and Taxanes.
Anticancer Research, 29, 2851-2856.

POORTMANS, P. 2013. Optimal approach in early breast cancer: radiation
therapy. European Journal of Cancer Supplements, 11, 27-36.

POPAT, S. & SMITH, I. E. 2008. Therapy insight: anthracyclines and
trastuzumab - the optimal management of cardiotoxic side effects.
Nature Clinical Practice Oncology, 5, 324-335.

PORKKA, K., BLOMQVIST, C., RISSANEN, P., ELOMAA, I. & PYRHONEN, S.
1994. SALVAGE THERAPIES IN WOMEN WHO FAIL TO RESPOND
TO FIRST-LINE TREATMENT WITH FLUOROURACIL, EPIRUBICIN,
AND CYCLOPHOSPHAMIDE FOR ADVANCED BREAST-CANCER.
Journal of Clinical Oncology, 12, 1639-1647.

PORRAS, T. B., KAUR, P., RING, A., SCHECHTER, N. & LANG, J. E. 2018.
Challenges in using liquid biopsies for gene expression profiling.
Oncotarget, 9, 7036-7053.

POULIKAKOS, P. I., PERSAUD, Y., JANAKIRAMAN, M., KONG, X. J., NG, C.,
MORICEAU, G., SHI, H. B., ATEFI, M., TITZ, B., GABAY, M. T.,
SALTON, M., DAHLMAN, K. B., TADI, M., WARGO, J. A., FLAHERTY,
K. T., KELLEY, M. C., MISTELI, T., CHAPMAN, P. B., SOSMAN, J. A.,
GRAEBER, T. G., RIBAS, A, LO, R. S., ROSEN, N. & SOLIT, D. B.
2011. RAF inhibitor resistance is mediated by dimerization of aberrantly
spliced BRAF(V600E). Nature, 480, 387-390.

PRADHAN, M., BEMBINSTER, L. A., BAUMGARTEN, S. C. & FRASOR, J.
2010. Proinflammatory Cytokines Enhance Estrogen-dependent
Expression of the Multidrug Transporter Gene ABCG2 through Estrogen
Receptor and NF kappa B Cooperativity at Adjacent Response
Elements. Journal of Biological Chemistry, 285, 31100-31106.



247

PRAT, A., PARKER, J. S., KARGINOVA, O., FAN, C., LIVASY, C.,
HERSCHKOWITZ, J. I., HE, X. P. & PEROU, C. M. 2010. Phenotypic
and molecular characterization of the claudin-low intrinsic subtype of
breast cancer. Breast Cancer Research, 12, R68.

PRAT, A., PINEDA, E., ADAMO, B., GALVAN, P., FERNANDEZ, A., GABA, L.,
DIEZ, M., VILADOT, M., ARANCE, A. & MUNOZ, M. 2015. Clinical
implications of the intrinsic molecular subtypes of breast cancer. Breast,
24, S26-S35.

PREST, S. J., MAY, F. E. B. & WESTLEY, B. R. 2002. The estrogen-regulated
protein, TFF1, stimulates migration of human breast cancer cells. Faseb
Journal, 16, 592-594.

PRICE, M. A., CRUZALEGUI, F. H. & TREISMAN, R. 1996. The p38 and ERK
MAP kinase pathways cooperate to activate ternary complex factors and
c-fos transcription in response to UV light. European Molecular Biology
Organization Journal, 15, 6552-6563.

PUCCI, B., KASTEN, M. & GIORDANO, A. 2000. Cell cycle and apoptosis.
Neoplasia, 2, 291-299.

QU, J., ZHAO, L., ZHANG, P., WANG, J., XU, N., MIl, W., JIANG, X., ZHANG,
C. & QU, J. 2015. MicroRNA-195 Chemosensitizes Colon Cancer Cells
to the Chemotherapeutic Drug Doxorubicin by Targeting the First
Binding Site of BCL2L2 mRNA. Journal of Cellular Physiology, 230, 535-
545.

QU, X. H., WEI, H. D., ZHAI, Y., QUE, H. P., CHEN, Q., TANG, F., WU, Y.,
XING, G. C., ZHU, Y. P, LIU, S. J., FAN, M. & HE, F. C. 2002.
Identification, characterization, and functional study of the two novel
human members of the semaphorin gene family. Journal of Biological
Chemistry, 277, 35574-35585.

QUERFELD, C., FOSS, F. M., PINTER-BROWN, L. C., PORCU, P., WILLIAM,
B. M., PACHECO, T., HAVERKOS, B. M., KIM, Y. H., GUITART, J.,
HALWANI, A. S., DESIMONE, J., SETO, A. G., PESTANO, L. A,,
JACKSON, A. L., WILLIAMS, P. J., DICKINSON, B. A., RUCKMAN, J.,
GORDON, G., RUBIN, P. & MARSHALL, B. S. 2017. Phase 1 Study of
the Safety and Efficacy of MRG-106, a Synthetic Inhibitor of microRNA-
155, in CTCL Patients. Blood, 130, 820.

QUERFELD, C., PACHECO, T., FOSS, F. M., HALWANI, A. S., PORCU, P.,
SETO, A. G., RUCKMAN, J., LANDRY, M. L., JACKSON, A. L.,
PESTANO, L. A., DICKINSON, B. A., SANSEVERINO, M., RODMAN,
D. M., GORDON, G. & MARSHALL, W. 2016. Preliminary Results of a
Phase 1 Trial Evaluating MRG-106, a Synthetic microRNA Antagonist
(LNA antimiR) of microRNA-155, in Patients with CTCL. Blood, 128,
1829.

RADDE, B. N., IVANOVA, M. M., MAI, H. X., SALABEI, J. K., HILL, B. G. &
KLINGE, C. M. 2015. Bioenergetic differences between MCF-7 and
T47D breast cancer cells and their regulation by oestradiol and
tamoxifen. Biochemical Journal, 465, 49-61.

RAKHA, E. A., REIS, J. S., BAEHNER, F., DABBS, D. J., DECKER, T.,
EUSEBI, V., FOX, S. B., ICHIHARA, S., JACQUEMIER, J., LAKHANI, S.
R., PALACIOS, J., RICHARDSON, A. L., SCHNITT, S. J., SCHMITT, F.
C., TAN, P. H., TSE, G. M., BADVE, S. & ELLIS, I. O. 2010. Breast
cancer prognostic classification in the molecular era: the role of
histological grade. Breast Cancer Research, 12, 207.



248

RALFKIAER, U., HAGEDORN, P. H., BANGSGAARD, N., LOVENDORF, M.
B., AHLER, C. B., SVENSSON, L., KOPP, K. L., VENNEGAARD, M. T.,
LAUENBORG, B., ZIBERT, J. R., KREJSGAARD, T., BONEFELD, C.
M., SOKILDE, R., GJERDRUM, L. M., LABUDA, T., MATHIESEN, A. M.,
GRONBAEK, K., WASIK, M. A., SOKOLOWSKA-WOJDYLO, M.,
QUEILLE-ROUSSEL, C., GNIADECKI, R., RALFKIAER, E., GEISLER,
C., LITMAN, T., WOETMANN, A., GLUE, C., ROPKE, M. A,, SKOV, L. &
ODUM, N. 2011. Diagnostic microRNA profiling in cutaneous T-cell
lymphoma (CTCL). Blood, 118, 5891-5900.

RALHAN, R. & KAUR, J. 2007. Alkylating agents and cancer therapy. Expert
Opinion on Therapeutic Patents, 17, 1061-1075.

REDDEL, R. R., MURPHY, L. C., HALL, R. E. & SUTHERLAND, R. L. 1985.
DIFFERENTIAL SENSITIVITY OF HUMAN-BREAST CANCER CELL-
LINES TO THE GROWTH-INHIBITORY EFFECTS OF TAMOXIFEN.
Cancer Research, 45, 1525-1531.

REED, K., HEMBRUFF, S. L., LABERGE, M. L., VILLENEUVE, D. J., CETE,
G. B. & PARISSENTI, A. M. 2008. Hypermethylation of the ABCB1
downstream gene promoter accompanies ABCB1 gene amplification
and increased expression in docetaxel-resistant MCF-7 breast tumor
cells. Epigenetics, 3, 270-280.

REID, G., PEL, M. E., KIRSCHNER, M. B., CHENG, Y. Y., MUGRIDGE, N.,
WEISS, J., WILLIAMS, M., WRIGHT, C., EDELMAN, J. J. B., VALLELY,
M. P., MCCAUGHAN, B. C., KLEBE, S., BRAHMBHATT, H.,
MACDIARMID, J. A. & VAN ZANDWIJK, N. 2013. Restoring expression
of miR-16: a novel approach to therapy for malignant pleural
mesothelioma. Annals of Oncology, 24, 3128-3135.

REIMER, D., SADR, S., WIEDEMAIR, A., STADLMANN, S., CONCIN, N.,
HOFSTETTER, G., MULLER-HOLZNER, E., MARTH, C. & ZEIMET, A.
G. 2007. Clinical relevance of E2F family members in ovarian cancer -
An evaluation in a training set of 77 patients. Clinical Cancer Research,
13, 144-151.

REINERT, T. & BARRIOS, C. H. 2015. Optimal management of hormone
receptor positive metastatic breast cancer in 2016. Therapeutic
Advances in Medical Oncology, 7, 304-320.

REIS, P. P., WALDRON, L., GOSWAMI, R. S., XU, W., XUAN, Y., PEREZ-
ORDONEZ, B., GULLANE, P., IRISH, J., JURISICA, |. & KAMEL-REID,
S. 2011. mRNA transcript quantification in archival samples using
multiplexed, color-coded probes. BMC Biotechnology, 11, 1.

RIBEIRO-SILVA, A., ZHANG, H. & JEFFREY, S. S. 2007. RNA extraction from
ten year old formalin-fixed paraffin-embedded breast cancer samples: a
comparison of column purification and magnetic bead-based
technologies. BMC Molecular Biology, 8, 118-118.

RICCI, E. P., LIMOUSIN, T., SOTO-RIFO, R., RUBILAR, P. S., DECIMO, D. &
OHLMANN, T. 2013. miRNA repression of translation in vitro takes place
during 43S ribosomal scanning. Nucleic Acids Research, 41, 586-598.

RICE, J. C., OZCELIK, H., MAXEINER, P., ANDRULIS, I. & FUTSCHER, B. W.
2000. Methylation of the BRCAL1 promoter is associated with decreased
BRCAL1 mRNA levels in clinical breast cancer specimens.
Carcinogenesis, 21, 1761-1765.



249

RICHES, Z., ABANDA, N. & COLLIER, A. C. 2015. BCRP protein levels do not
differ regionally in adult human livers, but decline in the elderly.
Chemico-Biological Interactions, 242, 203-210.

RINEHART, J., ADJEI, A. A., LORUSSO, P. M., WATERHOUSE, D., HECHT,
J. R., NATALE, R. B., HAMID, O., VARTERASIAN, M., ASBURY, P.,
KALDJIAN, E. P., GULYAS, S., MITCHELL, D. Y., HERRERA, R.,
SEBOLT-LEOPOLD, J. S. & MEYER, M. B. 2004. Multicenter phase Il
study of the oral MEK inhibitor, CI-1040, in patients with advanced non-
small-cell lung, breast, colon, and pancreatic cancer. Journal of Clinical
Oncology, 22, 4456-4462.

RISINGER, A. L., GILES, F. J. & MOOBERRY, S. L. 2009. Microtubule
dynamics as a target in oncology. Cancer Treatment Reviews, 35, 255-
261.

RIVERA, E. & GOMEZ, H. 2010. Chemotherapy resistance in metastatic breast
cancer: the evolving role of ixabepilone. Breast Cancer Research, 12,
S2.

ROBEY, R. W,, TO, K. K. K., POLGAR, O., DOHSE, M., FETSCH, P., DEAN,
M. & BATES, S. E. 2009. ABCG2: A perspective. Advanced Drug
Delivery Reviews, 61, 3-13.

ROBSON, D. & VERMA, S. 2009. Anthracyclines in Early-Stage Breast
Cancer: Is It the End of an Era? Oncologist, 14, 950-958.

RODRIGUEZ, A., GRIFFITHS-JONES, S., ASHURST, J. L. & BRADLEY, A.
2004. Identification of mammalian microRNA host genes and
transcription units. Genome Research, 14, 1902-1910.

ROOS, W. P. & KAINA, B. 2013. DNA damage-induced cell death: From
specific DNA lesions to the DNA damage response and apoptosis.
Cancer Letters, 332, 237-248.

ROSS, J. S., SLODKOWSKA, E. A., SYMMANS, W. F., PUSZTAI, L., RAVDIN,
P. M. & HORTOBAGY]I, G. N. 2009. The HER-2 Receptor and Breast
Cancer: Ten Years of Targeted Anti-HER-2 Therapy and Personalized
Medicine. Oncologist, 14, 320-368.

ROUZIER, R., PEROU, C. M., SYMMANS, W. F., IBRAHIM, N.,
CRISTOFANILLI, M., ANDERSON, K., HESS, K. R., STEC, J., AYERS,
M., WAGNER, P., MORANDI, P., FAN, C., RABIUL, I., ROSS, J. S.,
HORTOBAGYI, G. N. & PUSZTAI, L. 2005. Breast cancer molecular
subtypes respond differently to preoperative chemotherapy. Clinical
Cancer Research, 11, 5678-5685.

RUI, W., BING, F., HAI-ZHU, S., WEI, D. & LONG-BANG, C. 2010.
Identification of microRNA profiles in docetaxel-resistant human non-
small cell lung carcinoma cells (SPC-A1). Journal of Cellular and
Molecular Medicine, 14, 206-214.

RUTQVIST, L. E., JOHANSSON, H., SIGNOMKLAO, T., JOHANSSON, U.,
FORNANDER, T. & WILKING, N. 1995. ADJUVANT TAMOXIFEN
THERAPY FOR EARLY-STAGE BREAST-CANCER AND 2ND
PRIMARY MALIGNANCIES. Journal of the National Cancer Institute, 87,
645-651.

SAADATMAND, S., BRETVELD, R., SIESLING, S. & TILANUS-LINTHORST,
M. M. A. 2015. Influence of tumour stage at breast cancer detection on
survival in modern times: population based study in 173 797 patients.
BMJ-British Medical Journal, 351, h4901.



250

SAEKI, T. 2004. Dofequidar fumarate (MS-209) in combination with CAF
compared with CAF alone for patients with advanced or recurrent breast
cancer. Annals of Oncology, 15, 28-28.

SAHOQO, S. & LESTER, S. C. 2009. Pathology of Breast Carcinomas After
Neoadjuvant Chemotherapy An Overview With Recommendations on
Specimen Processing and Reporting. Archives of Pathology &
Laboratory Medicine, 133, 633-642.

SAITO, H., KUBOTA, M., ROBERTS, R. W., CHI, Q. Y. & MATSUNAMI, H.
2004. RTP family members induce functional expression of mammalian
odorant receptors. Cell, 119, 679-691.

SAMALIN, E., BOUCHE, O., THEZENAS, S., FRANCOIS, E., ADENIS, A.,
BENNOUNA, J., TAIEB, J., DESSEIGNE, F., SEITZ, J. F., CONROQOY, T.,
GALAIS, M. P., ASSENAT, E., CRAPEZ, E., POUJOL, S., BIBEAU, F.,
BOISSIERE, F., LAURENT-PUIG, P., YCHOU, M. & MAZARD, T. 2014.
Sorafenib and irinotecan (NEXIRI) as second- or later-line treatment for
patients with metastatic colorectal cancer and KRAS-mutated tumours: a
multicentre Phase I/Il trial. British Journal of Cancer, 110, 1148-1154.

SAMUEL, O., OLAYIDE, A., GANIYU, R., OLUFEMI, H. & HALIMAT, A. 2018.
Relationship between tumour size and response to neoadjuvant
chemotherapy among breast cancer patients in a tertiary center in
Nigeria. Malawi Medical Journal, 30, 13-16.

SANCHEZ, |., HUGHES, R. T., MAYER, B. J., YEE, K., WOODGETT, J. R.,
AVRUCH, J., KYRIAKIS, J. M. & ZON, L. I. 1994. ROLE OF SAPK/ERK
KINASE-1 IN THE STRESS-ACTIVATED PATHWAY REGULATING
TRANSCRIPTION FACTOR C-JUN. Nature, 372, 794-798.

SCHLAITZ, A. L., THOMPSON, J., WONG, C. C. L., YATES, J. R. & HEALD,
R. 2013. REEP3/4 Ensure Endoplasmic Reticulum Clearance from
Metaphase Chromatin and Proper Nuclear Envelope Architecture.
Developmental Cell, 26, 315-323.

SCHOLL, S. M., FOURQUET, A., ASSELAIN, B., PIERGA, J. Y., VILCOQ, J.
R., DURAND, J. C., DORVAL, T., PALANGIE, T., JOUVE, M.,
BEUZEBOC, P., GARCIOGIRALT, E., SALMON, R. J.,
DELAROCHEFORDIERE, A., CAMPANA, F. & POUILLART, P. 1994.
NEOADJUVANT VERSUS ADJUVANT CHEMOTHERAPY IN
PREMENOPAUSAL PATIENTS WITH TUMORS CONSIDERED TOO
LARGE FOR BREAST-CONSERVING SURGERY - PRELIMINARY-
RESULTS OF A RANDOMIZED TRIAL - S6. European Journal of
Cancer, 30A, 645-652.

SCHROEDER, A., MUELLER, O., STOCKER, S., SALOWSKY, R., LEIBER,
M., GASSMANN, M., LIGHTFOOT, S., MENZEL, W., GRANZOW, M. &
RAGG, T. 2006. The RIN: an RNA integrity number for assigning
integrity values to RNA measurements. BMC Molecular Biology, 7, 3.

SCHROTH, W., ANTONIADOU, L., FRITZ, P., SCHWAB, M., MUERDTER, T.,
ZANGER, U. M., SIMON, W., EICHELBAUM, M. & BRAUCH, H. 2007.
Breast cancer treatment outcome with adjuvant tamoxifen relative to
patient CYP2D6 and CYP2C19 genotypes. Journal of Clinical Oncology,
25, 5187-5193.

SCULLY, R., GANESAN, S., VLASAKOVA, K., CHEN, J., SOCOLOVSKY, M.
& LIVINGSTON, D. M. 1999. Genetic analysis of BRCAL function in a
defined tumor cell line. Molecular Cell, 4, 1093-1099.



251

SEMIGLAZOV, V. F., SEMIGLAZOV, V. V., DASHYAN, G. A., ZILTSOVA, E.
K., IVANQV, V. G., BOZHOK, A. A., MELNIKOVA, O. A., PALTUEV, R.
M., KLETZEL, A. & BERSTEIN, L. M. 2007. Phase 2 randomized trial of
primary endocrine therapy versus chemotherapy in postmenopausal
patients with estrogen receptor-positive breast cancer. Cancer, 110,
244-254.

SEMPERE, L. F., CHRISTENSEN, M., SILAHTAROGLU, A., BAK, M., HEATH,
C.V., SCHWARTZ, G., WELLS, W., KAUPPINEN, S. & COLE, C. N.
2007. Altered microRNA expression confined to specific epithelial cell
Subpopulations in breast cancer. Cancer Research, 67, 11612-11620.

SENDUR, M. A. N., AKSQY, S. & ALTUNDAG, K. 2013. Cardiotoxicity of novel
HERZ2-targeted therapies. Current Medical Research and Opinion, 29,
1015-1024.

SENKUS, E., KYRIAKIDES, S., OHNO, S., PENAULT-LLORCA, F.,
POORTMANS, P., RUTGERS, E., ZACKRISSON, S., CARDOSO, F. &
COMM, E. G. 2015. Primary breast cancer: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up(aEuro). Annals of
Oncology, 26, V8-V30.

SERGUIENKO, A., GRAD, |., WENNERSTROM, A. B., MEZA-ZEPEDA, L. A,
THIEDE, B., STRATFORD, E. W., MYKLEBOST, O. & MUNTHE, E.
2015. Metabolic reprogramming of metastatic breast cancer and
melanoma by let-7a microRNA. Oncotarget, 6, 2451-2465.

SHANG, Y. F. 2006. Molecular mechanisms of oestrogen and SERMs in
endometrial carcinogenesis. Nature Reviews Cancer, 6, 360-368.
SHAROM, F. J. 2008. ABC multidrug transporters: structure, function and role

in chemoresistance. Pharmacogenomics, 9, 105-127.

SHI, S. J., HAN, L., DENG, L., ZHANG, Y. L., SHEN, H. X., GONG, T.,
ZHANG, Z. R. & SUN, X. 2014. Dual drugs (microRNA-34a and
paclitaxel)-loaded functional solid lipid nanoparticles for synergistic
cancer cell suppression. Journal of Controlled Release, 194, 228-237.

SHIMKIN, M. B., CONNELLY, R. R., CUTLER, S. J. & KOPPEL, M. 1961.
Simple and radical mastectomy for breast cancer - a re-analysis of Smith
and Meyers report from Rockford, lllinois. Journal of the National Cancer
Institute, 27, 1197-1215.

SIDDIK, Z. H. 2002. Mechanisms of Action of Cancer Chemotherapeutic
Agents: DNA-Interactive Alkylating Agents and Antitumour Platinum-
Based Drugs. The Cancer Handbook, John Wiley & Sons, Oxford, UK.

SIEBOLD, C. & JONES, E. Y. 2013. Structural insights into semaphorins and
their receptors. Seminars in Cell & Developmental Biology, 24, 139-145.

SLAMON, D. J., LEYLAND-JONES, B., SHAK, S., FUCHS, H., PATON, V.,
BAJAMONDE, A., FLEMING, T., EIERMANN, W., WOLTER, J.,
PEGRAM, M., BASELGA, J. & NORTON, L. 2001. Use of chemotherapy
plus a monoclonal antibody against HER2 for metastatic breast cancer
that overexpresses HER2. New England Journal of Medicine, 344, 783-
792.

SMITH, I. E., WALSH, G., SKENE, A., LLOMBART, A., MAYORDOMO, J. I.,
DETRE, S., SALTER, J., CLARK, E., MAGILL, P. & DOWSETT, M.
2007. A phase Il placebo-controlled trial of neoadjuvant anastrozole
alone or with gefitinib in early breast cancer. Journal of Clinical
Oncology, 25, 3816-3822.



252

SOKOLOSKY, M., CHAPPELL, W. H., STADELMAN, K., ABRAMS, S. L.,
DAVIS, N. M., STEELMAN, L. S. & MCCUBREY, J. A. 2014. Inhibition of
GSK-3 beta activity can result in drug and hormonal resistance and alter
sensitivity to targeted therapy in MCF-7 breast cancer cells. Cell Cycle,
13, 820-833.

SONNENBLICK, A. & PICCART, M. 2015. Adjuvant systemic therapy in breast
cancer: quo vadis? Annals of Oncology, 26, 1629-1634.

SORLIE, T., PEROU, C. M., TIBSHIRANI, R., AAS, T., GEISLER, S.,
JOHNSEN, H., HASTIE, T., EISEN, M. B., VAN DE RIJN, M., JEFFREY,
S. S., THORSEN, T., QUIST, H., MATESE, J. C., BROWN, P. O.,
BOTSTEIN, D., LONNING, P. E. & BORRESEN-DALE, A. L. 2001.
Gene expression patterns of breast carcinomas distinguish tumor
subclasses with clinical implications. Proceedings of the National
Academy of Sciences of the United States of America, 98, 10869-10874.

SORRENTINO, A., LIU, C. G., ADDARIO, A., PESCHLE, C., SCAMBIA, G. &
FERLINI, C. 2008. Role of microRNAs in drug-resistant ovarian cancer
cells. Gynecologic Oncology, 111, 478-486.

SOTGIA, F., FIORILLO, M. & LISANTI, M. P. 2017. Mitochondrial markers
predict recurrence, metastasis and tamoxifen-resistance in breast
cancer patients: Early detection of treatment failure with companion
diagnostics. Oncotarget, 8, 68730-68745.

SPITZWIESER, M., PIRKER, C., KOBLMULLER, B., PFEILER, G., HACKER,
S., BERGER, W., HEFFETER, P. & CICHNA-MARKL, M. 2016.
Promoter methylation patterns of ABCB1, ABCC1 and ABCG2 in human
cancer cell lines, multidrug-resistant cell models and tumor, tumor-
adjacent and tumor-distant tissues from breast cancer patients.
Oncotarget, 7, 73347-73369.

SPRING, L. M., GUPTA, A., REYNOLDS, K. L., GADD, M. A., ELLISEN, L. W.,
ISAKOFF, S. J., MOY, B. & BARDIA, A. 2016. Neoadjuvant endocrine
therapy for estrogen receptor—positive breast cancer: a systematic
review and meta-analysis. Journal of the American Medical Association
Oncology, 2, 1477-1486.

ST. LAURENT, G., SHTOKALO, D., TACKETT, M. R., YANG, Z., VYATKIN, Y.,
MILOS, P. M., SEILHEIMER, B., MCCAFFREY, T. A. & KAPRANOV, P.
2013. On the importance of small changes in RNA expression. Methods,
63, 18-24.

STAFF, S., ISOLA, J. & TANNER, M. 2003. Haplo-insufficiency of BRCAL in
sporadic breast cancer. Cancer Research, 63, 4978-4983.

STARLARD-DAVENPORT, A., MOHAMMED, O. S., LYN-COOK, B. &
KADLUBAR, S. 2015. MicroRNAs: Potential Diagnostic and Therapeutic
Targets for Breast Cancer. Epigenetic Diagnosis & Therapy, 1, 60-71.

STAUD, F. & PAVEK, P. 2005. Breast cancer resistance protein
(BCRP/ABCG2). The International Journal of Biochemistry & Cell
Biology, 37, 720-725.

STEELMAN, L. S., NAVOLANIC, P. M., SOKOLOSKY, M. L., TAYLOR, J. R,
LEHMANN, B. D., CHAPPELL, W. H., ABRAMS, S. L., WONG, E. W.,
STADELMAN, K. M. & TERRIAN, D. M. 2008. Suppression of PTEN
function increases breast cancer chemotherapeutic drug resistance
while conferring sensitivity to mTOR inhibitors. Oncogene, 27, 4086-
4095.



253

STEFANSSON, O. A,, VILLANUEVA, A,, VIDAL, A., MARTI, L. & ESTELLER,
M. 2012. BRCAL epigenetic inactivation predicts sensitivity to platinum-
based chemotherapy in breast and ovarian cancer. Epigenetics, 7, 1225-
1229.

STOLL, B. A. 1970. Evaluation of cyclophosphamide dosage schedules in
breast cancer. British Journal of Cancer, 24, 475-483.

SUN, W., MA, Y. P., CHEN, P. & WANG, D. 2015. MicroRNA-10a silencing
reverses cisplatin resistance in the A549/cisplatin human lung cancer
cell line via the transforming growth factor-beta/Smad2/STAT3/STAT5
pathway. Molecular Medicine Reports, 11, 3854-3859.

SUN, Y.-L., PATEL, A., KUMAR, P. & CHEN, Z.-S. 2012. Role of ABC
transporters in cancer chemotherapy. Chinese Journal of Cancer, 31,
51-57.

SUNG, H., JEON, S., LEE, K. M., HAN, S., SONG, M., CHOI, J. Y., PARK, S.
K., YOO, K. Y., NOH, D. Y., AHN, S. H. & KANG, D. 2012. Common
genetic polymorphisms of microRNA biogenesis pathway genes and
breast cancer survival. BMC Cancer, 12, 195.

SUTHERLAND, R. L., HALL, R. E. & TAYLOR, I. W. 1983. Cell-proliferation
kinetics of MCF-7 human mammary-carcinoma cells in culture and
effects of tamoxifen on exponentially growing and plateau-phase cells.
Cancer Research, 43, 3998-4006.

SUZUKI, S., OKADA, M., SHIBUYA, K., SEINO, M., SATO, A., TAKEDA, H.,
SEINO, S., YOSHIOKA, T. & KITANAKA, C. 2015. JNK suppression of
chemotherapeutic agents-induced ROS confers chemoresistance on
pancreatic cancer stem cells. Oncotarget, 6, 458-470.

SUZUKI, T., FUKAZAWA, N., SANNOHE, K., SATO, W., YANO, O. &
TSURUO, T. 1997. Structure-activity relationship of newly synthesized
quinoline derivatives for reversal of multidrug resistance in cancer.
Journal of Medicinal Chemistry, 40, 2047-2052.

SWEENEY, E. E., MCDANIEL, R. E., MAXIMOV, P. Y., FAN, P. & JORDAN, V.
C. 2012. Models and Mechanisms of Acquired Antihormone Resistance
in Breast Cancer: Significant Clinical Progress Despite Limitations.
Hormone Molecular Biology and Clinical Investigation, 9, 143-163.

SZATMARI, |, VAMOSI, G., BRAZDA, P., BALINT, B. L., BENKO, S.,
SZELES, L., JENEY, V., OZVEGY-LACZKA, C., SZANTO, A., BARTA,
E., BALLA, J., SARKADI, B. & NAGY, L. 2006. Peroxisome proliferator-
activated receptor gamma-regulated ABCG2 expression confers
cytoprotection to human dendritic cells. Journal of Biological Chemistry,
281, 23812-23823.

TAKADA, T., SUZUKI, H., GOTOH, Y. & SUGIYAMA, Y. 2005. Regulation of
the cell surface expression of human BCRP/ABCG2 by the
phosphorylation state of Akt in polarized cells. Drug Metabolism and
Disposition, 33, 905-9009.

TAN, S. M., KIRCHNER, R., JIN, J. M., HOFMANN, O., MCREYNOLDS, L.,
HIDE, W. & LIEBERMAN, J. 2014. Sequencing of Captive Target
Transcripts ldentifies the Network of Regulated Genes and Functions of
Primate-Specific miR-522. Cell Reports, 8, 1225-1239.

TANIGUCHI, M. & SHIMIZU, T. 2004. Characterization of a novel member of
murine semaphorin family. Biochemical and Biophysical Research
Communications, 314, 242-248.



254

TAVAZOIE, S. F., ALARCON, C., OSKARSSON, T., PADUA, D., WANG, Q.
Q., BOS, P. D., GERALD, W. L. & MASSAGUE, J. 2008. Endogenous
human microRNAs that suppress breast cancer metastasis. Nature, 451,
147-152.

THOMAS, E., HOLMES, F. A., SMITH, T. L., BUZDAR, A. U., FRYE, D. K,
FRASCHINI, G., SINGLETARY, S. E., THERIAULT, R. L., MCNEESE,
M. D., AMES, F., WALTERS, R. & HORTOBAGY!I, G. N. 2004. The use
of alternate, non-cross-resistant adjuvant chemotherapy on the basis of
pathologic response to a heoadjuvant doxorubicin-based regimen in
women with operable breast cancer: Long-term results from a
prospective randomized trial. Journal of Clinical Oncology, 22, 2294-
2302.

THOMSON, D. W., BRACKEN, C. P. & GOODALL, G. J. 2011. Experimental
strategies for microRNA target identification. Nucleic Acids Research,
39, 6845-6853.

THORN, C. F., OSHIRO, C., MARSH, S., HERNANDEZ-BOUSSARD, T.,
MCLEOD, H., KLEIN, T. E. & ALTMAN, R. B. 2011. Doxorubicin
pathways: pharmacodynamics and adverse effects. Pharmacogenetics
and Genomics, 21, 440-446.

THORNE, J. L., BATTAGLIA, S., BAXTER, D. E., HAYES, J. L.,
HUTCHINSON, S. A., JANA, S., MILLICAN-SLATER, R. A., SMITH, L.,
TESKE, M. C., WASTALL, L. M. & HUGHES, T. A. 2018. MiR-19b non-
canonical binding is directed by HUR and confers chemosensitivity
through regulation of P-glycoprotein in breast cancer. Biochimica Et
Biophysica Acta-Gene Regulatory Mechanisms, 1861, 996-1006.

THORNER, A. R., PARKER, J. S., HOADLEY, K. A. & PEROU, C. M. 2010.
Potential Tumor Suppressor Role for the c-Myb Oncogene in Luminal
Breast Cancer. PloS One, 5, e13073.

TO, K. K. W., ZHAN, Z. R., LITMAN, T. & BATES, S. E. 2008. Regulation of
ABCG2 expression at the 3 ' untranslated region of its mMRNA through
modulation of transcript stability and protein translation by a putative
MicroRNA in the s1 colon cancer cell line. Molecular and Cellular
Biology, 28, 5147-5161.

TOFT, D. J. & CRYNS, V. L. 2010. Minireview: Basal-like breast cancer: from
molecular profiles to targeted therapies. Molecular Endocrinology, 25,
199-211.

TOZER, G. M., KANTHOU, C. & BAGULEY, B. C. 2005. Disrupting tumour
blood vessels. Nature Reviews Cancer, 5, 423-435.

TROMPETER, H. I, DREESEN, J., HERMANN, E., IWANIUK, K. M., HAFNER,
M., RENWICK, N., TUSCHL, T. & WERNET, P. 2013. MicroRNAs miR-
26a, miR-26b, and miR-29b accelerate osteogenic differentiation of
unrestricted somatic stem cells from human cord blood. BMC Genomics,
14,111.

TUDORAN, O., BALACESCU, O. & BERINDAN-NEAGOE, |. 2016. Breast
cancer stem-like cells: clinical implications and therapeutic strategies.
Clujul Medical, 89, 193-198.

UHLEN, M., ZHANG, C., LEE, S., SJOSTEDT, E., FAGERBERG, L.,
BIDKHORI, G., BENFEITAS, R., ARIF, M., LIU, Z. T., EDFORS, F.,
SANLI, K., VON FEILITZEN, K., OKSVOLD, P., LUNDBERG, E.,
HOBER, S., NILSSON, P., MATTSSON, J., SCHWENK, J. M.,
BRUNNSTROM, H., GLIMELIUS, B., SJOBLOM, T., EDQVIST, P. H.,



255

DJUREINOVIC, D., MICKE, P., LINDSKOG, C., MARDINOGLU, A. &
PONTEN, F. 2017. A pathology atlas of the human cancer
transcriptome. Science, 357, eaan2507.

UJIFUKU, K., MITSUTAKE, N., TAKAKURA, S., MATSUSE, M., SAENKO, V.,
SUZUKI, K., HAYASHI, K., MATSUO, T., KAMADA, K. & NAGATA, I.
2010. MiR-195, miR-455-3p and miR-10ax are implicated in acquired
temozolomide resistance in glioblastoma multiforme cells. Cancer
Letters, 296, 241-248.

VAN DEN BROECK, A., VANKELECOM, H., VAN DELM, W., GREMEAUX, L.,
WOUTERS, J., ALLEMEERSCH, J., GOVAERE, O., ROSKAMS, T. &
TOPAL, B. 2013. Human Pancreatic Cancer Contains a Side Population
Expressing Cancer Stem Cell-Associated and Prognostic Genes. PloS
One, 8, e73968.

VAN DER REE, M. H., VAN DER MEER, A. J., VAN NUENEN, A. C., DE
BRUIJNE, J., OTTOSEN, S., JANSSEN, H. L., KOOTSTRA, N. A. &
REESINK, H. W. 2016. Miravirsen dosing in chronic hepatitis C patients
results in decreased microRNA-122 levels without affecting other
microRNAs in plasma. Alimentary Pharmacology & Therapeutics, 43,
102-113.

VAN SCHAIK, R. H. N. 2008. CYP450 pharmacogenetics for personalizing,
cancer therapy. Drug Resistance Updates, 11, 77-98.

VAN SCHOONEVELD, E., WILDIERS, H., VERGOTE, I|., VERMEULEN, P. B.,
DIRIX, L. Y. & VAN LAERE, S. J. 2015. Dysregulation of microRNAs in
breast cancer and their potential role as prognostic and predictive
biomarkers in patient management. Breast Cancer Research, 17, 21.

VAN ZANDWIJK, N., PAVLAKIS, N., KAO, S. C., LINTON, A,, BOYER, M. J.,
CLARKE, S., HUYNH, Y., CHRZANOWSKA, A., FULHAM, M. J.,
BAILEY, D. L., COOPER, W. A, KRITHARIDES, L., RIDLEY, L.,
PATTISON, S. T., MACDIARMID, J., BRAHMBHATT, H. & REID, G.
2017. Safety and activity of microRNA-loaded minicells in patients with
recurrent malignant pleural mesothelioma: a first-in-man, phase 1, open-
label, dose-escalation study. Lancet Oncology, 18, 1386-1396.

VASILIOU, V., VASILIOU, K. & NEBERT, D. W. 2009. Human ATP-binding
cassette (ABC) transporter family. Human Genomics, 3, 281.

VEENEMAN, B. A., SHUKLA, S., DHANASEKARAN, S. M., CHINNAIYAN, A.
M. & NESVIZHSKII, A. |. 2016. Two-pass alignment improves novel
splice junction quantification. Bioinformatics, 32, 43-49.

VIDULA, N. & RUGO, H. S. 2016. Cyclin-Dependent Kinase 4/6 Inhibitors for
the Treatment of Breast Cancer: A Review of Preclinical and Clinical
Data. Clinical Breast Cancer, 16, 8-17.

VODUC, K. D., CHEANG, M. C., TYLDESLEY, S., GELMON, K., NIELSEN, T.
0. & KENNECKE, H. 2010. Breast cancer subtypes and the risk of local
and regional relapse. Journal of Clinical Oncology, 28, 1684-1691.

VOELTZ, G. K., PRINZ, W. A., SHIBATA, Y., RIST, J. M. & RAPOPORT, T. A.
2006. A class of membrane proteins shaping the tubular endoplasmic
reticulum. Cell, 124, 573-586.

VOLINIA, S., CALIN, G. A, LIU, C. G., AMBS, S., CIMMINO, A., PETROCCA,
F., VISONE, R., IORIO, M., ROLDO, C., FERRACIN, M., PRUEITT, R.
L., YANAIHARA, N., LANZA, G., SCARPA, A., VECCHIONE, A,
NEGRINI, M., HARRIS, C. C. & CROCE, C. M. 2006. A microRNA
expression signature of human solid tumors defines cancer gene



256

targets. Proceedings of the National Academy of Sciences of the United
States of America, 103, 2257-2261.

VON MINCKWITZ, G., UNTCH, M., BLOHMER, J.-U., COSTA, S. D,,
EIDTMANN, H., FASCHING, P. A., GERBER, B., EIERMANN, W.,
HILFRICH, J. & HUOBER, J. 2012. Definition and impact of pathologic
complete response on prognosis after neoadjuvant chemotherapy in
various intrinsic breast cancer subtypes. Journal of Clinical Oncology,
JCO. 2011.38. 8595.

VORA, S. R., JURIC, D., KIM, N., MINO-KENUDSON, M., HUYNH, T.,
COSTA, C., LOCKERMAN, E. L., POLLACK, S. F., LIU, M., LI, X. Y.,
LEHAR, J., WIESMANN, M., WARTMANN, M., CHEN, Y., CAO, Z. A,
PINZON-ORTIZ, M., KIM, S., SCHLEGEL, R., HUANG, A. &
ENGELMAN, J. A. 2014. CDK 4/6 Inhibitors Sensitize PIK3CA Mutant
Breast Cancer to PI3K Inhibitors. Cancer Cell, 26, 136-149.

WALAYAT, A., YANG, M. & XIAO, D. 2018. Therapeutic Implication of miRNA
in Human Disease. Antisense Therapy. IntechOpen. Available from:
https://www.intechopen.com/online-first/therapeutic-implication-of-mirna-
in-human-disease.

WALDMAN, T., ZHANG, Y. G., DILLEHAY, L., YU, J., KINZLER, K.,
VOGELSTEIN, B. & WILLIAMS, J. 1997. Cell-cycle arrest versus cell
death in cancer therapy. Nature Medicine, 3, 1034-1036.

WALKER, R. A. & COWL, J. 1991. The expression of c-fos protein in human
breast. Journal of Pathology, 163, 323-327.

WALTERS, D. K., STEINMANN, P., LANGSAM, B., SCHMUTZ, S., BORN, W.
& FUCHS, B. 2008. Identification of potential chemoresistance genes in
osteosarcoma. Anticancer Research, 28, 673-679.

WANG, F., XUE, X., WEI, J., AN, Y., YAOQ, J., CAIl, H., WU, J., DAI, C., QIAN,
Z., XU, Z. & MIAO, Y. 2010. hsa-miR-520h downregulates ABCG2 in
pancreatic cancer cells to inhibit migration, invasion, and side
populations. British Journal of Cancer, 103, 567-574.

WANG, H., LEE, E. W., ZHOU, L., LEUNG, P. C. K., ROSS, D. D., UNADKAT,
J. D. & MAO, Q. 2008. Progesterone receptor (PR) isoforms PRA and
PRB differentially regulate expression of the breast cancer resistance
protein in human placental choriocarcinoma BeWo cells. Molecular
Pharmacology, 73, 845-854.

WANG, H., VO, T., HAJAR, A., LI, S., CHEN, X. M., PARISSENTI, A. M.,
BRINDLEY, D. N. & WANG, Z. X. 2014. Multiple mechanisms underlying
acquired resistance to taxanes in selected docetaxel-resistant MCF-7
breast cancer cells. BMC Cancer, 14, 37.

WANG, H. G., ZHOU, L., GUPTA, A., VETHANAYAGAM, R. R., ZHANG, Y.,
UNADKAT, J. D. & MAO, Q. C. 2006. Regulation of BCRP/ABCG2
expression by progesterone and 17 beta-estradiol in human placental
BeWo cells. American Journal of Physiology-Endocrinology and
Metabolism, 290, E798-E807.

WANG, J., YANG, M., LI, Y. & HAN, B. 2015. The Role of MicroRNAs in the
Chemoresistance of Breast Cancer. Drug Development Research, 76,
368-374.

WANG, X. F., MCGOWAN, C. H., ZHAO, M., HE, L. S., DOWNEY, J. S.,
FEARNS, C., WANG, Y. B., HUANG, S. & HAN, J. H. 2000. Involvement
of the MKK6-p38 gamma cascade in gamma-radiation-induced cell cycle
arrest. Molecular and Cellular Biology, 20, 4543-4552.




257

WANG, Z. 2011. The Principles of MiRNA-Masking Antisense Oligonucleotides
Technology. MicroRNA and Cancer. Totowa, NJ: Humana Press.

WANG, Z.-X., LU, B.-B., WANG, H., CHENG, Z.-X. & YIN, Y.-M. 2011.
MicroRNA-21 modulates chemosensitivity of breast cancer cells to
doxorubicin by targeting PTEN. Archives of Medical Research, 42, 281-
290.

WEISS, F. U., MARQUES, I. J., WOLTERING, J. M., VLECKEN, D. H.,
AGHDASSI, A., PARTECKE, L. I., HEIDECKE, C. D., LERCH, M. M. &
BAGOWSKI, C. P. 2009. Retinoic Acid Receptor Antagonists Inhibit
miR-10a Expression and Block Metastatic Behavior of Pancreatic
Cancer. Gastroenterology, 137, 2136-2145.€e7.

WEROHA, S. J., OBERG, A. L., ZIEGLER, K. L. A., DAKHILM, S. R.,
ROWLAND, K. M., HARTMANN, L. C., MOORE, D. F., KEENEY, G. L.,
PEETHAMBARAM, P. P. & HALUSKA, P. 2011. Phase Il trial of
lapatinib and topotecan (LapTop) in patients with platinum-
refractory/resistant ovarian and primary peritoneal carcinoma.
Gynecologic Oncology, 122, 116-120.

WEST, K. A., CASTILLO, S. S. & DENNIS, P. A. 2002. Activation of the
PI3K/Akt pathway and chemotherapeutic resistance. Drug Resistance
Updates, 5, 234-248.

WIGHTMAN, B., HA, I. & RUVKUN, G. 1993. Posttranscriptional regulation of
the heterochronic gene lin-14 by lin-4 mediates temporal pattern
formation in C. elegans. Cell, 75, 855-862.

WILCZYNSKA, A. & BUSHELL, M. 2015. The complexity of miRNA-mediated
repression. Cell Death and Differentiation, 22, 22-33.

WILKS, S. T. 2015. Potential of overcoming resistance to HER2-targeted
therapies through the PISK/Akt/mTOR pathway. Breast, 24, 548-555.

WILSON, T. R., LONGLEY, D. B. & JOHNSTON, P. G. 2006. Chemoresistance
in solid tumours. Annals of Oncology, 17, X315-X324.

WINTER, J., JUNG, S., KELLER, S., GREGORY, R. |. & DIEDERICHS, S.
2009. Many roads to maturity: microRNA biogenesis pathways and their
regulation. Nature Cell Biology, 11, 228-234.

WISINSKI, K. B., BURKARD, M. E., NJIAJU, U., DONOHUE, S., HEGEMAN,
R., STELLA, A., MANSKY, P., SHAH, V., GOGGINS, T., QAMAR, R.,
DIETRICH, L., KIM, K., TRAYNOR, A. & TEVAARWERK, A. 2013.
Feasibility of four cycles of docetaxel and cyclophosphamide every 14
days as an adjuvant regimen for breast cancer: A Wisconsin oncology
network study. Cancer Research, 73, 205-211.

WITKIEWICZ, A., COX, D. & KNUDSEN, E. 2014. CDKA4/6 inhibition provides a
potent adjunct to Her2-targeted therapies in preclinical breast cancer
models. Genes & Cancer, 5, 261-272.

WITKQOS, T. M., KOSCIANSKA, E. & KRZYZOSIAK, W. J. 2011. Practical
Aspects of microRNA Target Prediction. Current Molecular Medicine, 11,
93-109.

WOOD, K. C. 2015. Mapping the Pathways of Resistance to Targeted
Therapies. Cancer Research, 75, 4247-4251.

WU, J. N, LI, S. R, JIA, W. J., DENG, H. R,, CHEN, K., ZHU, L. L., YU, F. Y. &
SU, F. X. 2015. Reduced Let-7a Is Associated with Chemoresistance in
Primary Breast Cancer. PloS One, 10, e0133643.



258

XU, H., GUQ, X., SUN, Q., ZHANG, M., QI, L., LI, Y., CHEN, L., GU, Y., GUO,
Z. & ZHAO, W. 2015. The influence of cancer tissue sampling on the
identification of cancer characteristics. Scientific Reports, 5, 15474.

YAMAGUCHI, H., DU, Y., NAKAI, K., DING, M., CHANG, S. S., HSU, J. L.,
YAO, J., WEL, Y., NIE, L., JIAO, S., CHANG, W. C., CHEN, C. H., YU,
Y., HORTOBAGYI, G. N. & HUNG, M. C. 2018. EZH2 contributes to the
response to PARP inhibitors through its PARP-mediated poly-ADP
ribosylation in breast cancer. Oncogene, 37, 208-217.

YANG, C. H., SCHNEIDER, E., KUO, M. L., VOLK, E. L., ROCCHI, E. &
CHEN, Y. C. 2000. BCRP/MXR/ABCP expression in topotecan-resistant
human breast carcinoma cells. Biochemical Pharmacology, 60, 831-837.

YANG, G., WU, D. Q., ZHU, J., JIANG, O., SHI, Q., TIAN, J. & WENG, Y. G.
2013. Upregulation of miR-195 increases the sensitivity of breast cancer
cells to Adriamycin treatment through inhibition of Raf-1. Oncology
Reports, 30, 877-889.

YANG, J. H., LI, J. H., SHAO, P., ZHOU, H., CHEN, Y. Q. & QU, L. H. 2011.
starBase: a database for exploring microRNA-mRNA interaction maps
from Argonaute CLIP-Seq and Degradome-Seq data. Nucleic Acids
Research, 39, D202-D209.

YANG, Q. L., WANG, Y. Y., LU, X. H., ZHAO, Z. L., ZHU, L. H., CHEN, S. L.,
WU, Q., CHEN, C. J. & WANG, Z. W. 2015. MiR-125b regulates
epithelial-mesenchymal transition via targeting Sema4cC in paclitaxel-
resistant breast cancer cells. Oncotarget, 6, 3268-3279.

YANG, X. Y., YIN, J.,, YU, J.,, XIANG, Q., LIU, Y. M., TANG, S. S, LIAO, D. F.,
ZHU, B. Y., ZU, X. Y., TANG, H. F. & LEI, X. Y. 2012. miRNA-195
sensitizes human hepatocellular carcinoma cells to 5-FU by targeting
BCL-w. Oncology Reports, 27, 250-257.

YANG, Y., YANG, H., YANG, J. J.,, LI, L., XIANG, B. Q. & WEI, Q. 2017. The
genetically engineered drug rhCNB induces apoptosis via a
mitochondrial route in tumor cells. Oncotarget, 8, 65876-65888.

YASUDA, S., ITAGAKI, S., HIRANO, T. & ISEKI, K. 2006. Effects of sex
hormones on regulation of ABCG2 expression in the placental cell line
BeWo. Journal of Pharmacy and Pharmaceutical Sciences, 9, 133-139.

YERSAL, O. & BARUTCA, S. 2014. Biological subtypes of breast cancer:
Prognostic and therapeutic implications. World Journal of Clinical
Oncology, 5, 412-424.

YU, F., YAO, H., ZHU, P. C., ZHANG, X. Q., PAN, Q. H., GONG, C., HUANG,
Y. J., HU, X. Q., SU, F. X., LIEBERMAN, J. & SONG, E. 2007. let-7
regulates self renewal and tumorigenicity of breast cancer cells. Cell,
131, 1109-1123.

ZAHREDDINE, H. & BORDEN, K. L. 2013. Mechanisms and insights into drug
resistance in cancer. Frontiers in pharmacology, 4, 28.

ZAJCHOWSKI, D. A., BARTHOLDI, M. F., GONG, Y., WEBSTER, L., LIU, H.
L., MUNISHKIN, A., BEAUHEIM, C., HARVEY, S., ETHIER, S. P. &
JOHNSON, P. H. 2001. Identification of gene expression profiles that
predict the aggressive behavior of breast cancer cells. Cancer
Research, 61, 5168-5178.

ZHANG, H.-H., ZHANG, Z.-Y., CHE, C.-L., MEI, Y.-F. & SHI, Y.-Z. 2013b.
Array analysis for potential biomarker of gemcitabine identification in
non-small cell lung cancer cell lines. International Journal of Clinical and
Experimental Pathology, 6, 1734-1746.



259

ZHANG, J., FAN, M. H., XIE, J., WANG, Z. H.,, WANG, B. Y., ZHANG, S.,
WANG, L. P., CAO, J., TAO, Z. H., LI, T. & HU, X. C. 2015.
Chemotherapy of metastatic triple negative breast cancer: Experience of
using platinum-based chemotherapy. Oncotarget, 6, 43135-43143.

ZHANG, L., FU, L. L., ZHANG, S. Y., ZHANG, J., ZHAOQO, Y. Q., ZHENG, Y. X,
HE, G., YANG, S. Y., OUYANG, L. & LIU, B. 2017. Discovery of a small
molecule targeting ULK1-modulated cell death of triple negative breast
cancer in vitro and in vivo. Chemical Science, 8, 2687-2701.

ZHANG, P., HE, D. X., CHEN, Z., PAN, Q. X., DU, F. F., ZANG, X., WANG, Y.,
TANG, C. L., LI, H., LU, H., YAO, X. Q., JIN, J. & MA, X. 2016.
Chemotherapy enhances tumor vascularization via Notch signaling-
mediated formation of tumor-derived endothelium in breast cancer.
Biochemical Pharmacology, 118, 18-30.

ZHANG, W. & LIU, H. T. 2002. MAPK signal pathways in the regulation of cell
proliferation in mammalian cells. Cell Research, 12, 9-18.

ZHANG, X. H. F., GIULIANO, M., TRIVEDI, M. V., SCHIFF, R. & OSBORNE,
C. K. 2013a. Metastasis Dormancy in Estrogen Receptor-Positive Breast
Cancer. Clinical Cancer Research, 19, 6389-6397.

ZHANG, Y., LIU, T., MEYER, C. A., EECKHOUTE, J., JOHNSON, D. S.,
BERNSTEIN, B. E., NUSSBAUM, C., MYERS, R. M., BROWN, M., LI,
W. & LIU, X. S. 2008. Model-based Analysis of ChIP-Seq (MACS).
Genome Biology, 9, R137.

ZHANG, Y., WANG, H., WEI, L., LI, G., YU, J., GAO, Y., GAO, P., ZHANG, X.,
WEI, F. & YIN, D. 2010. Transcriptional modulation of BCRP gene to
reverse multidrug resistance by toremifene in breast adenocarcinoma
cells. Breast Cancer Research and Treatment, 123, 679-689.

ZHANG, Y. H., ZHOU, G. Y., WANG, H. P., ZHANG, X. F., WEI, F. L., CAl, Y.
P. & YIN, D. L. 2006. Transcriptional upregulation of breast cancer
resistance protein by 17 beta-estradiol in ER alpha-positive MCF-7
breast cancer cells. Oncology, 71, 446-455.

ZHAO, N., WANG, R., ZHOU, L., ZHU, Y., GONG, J. & ZHUANG, S.-M. 2014.
MicroRNA-26b suppresses the NF-kB signaling and enhances the
chemosensitivity of hepatocellular carcinoma cells by targeting TAK1
and TAB3. Molecular Cancer, 13, 35.

ZHAO, X. Y., CHEN, L., XU, Q. & LI, Y. H. 2006. Expression of semaphorin 6D
in gastric carcinoma and its significance. World Journal of
Gastroenterology, 12, 7388-7390.

ZHENG, L. F., MENG, X,, LI, X. M., ZHANG, Y., LI, C., XIANG, C. X., XING, Y.
Y., XIA, Y. F. & XI, T. 2018. miR-125a-3p inhibits ER alpha
transactivation and overrides tamoxifen resistance by targeting CDKS3 in
estrogen receptor-positive breast cancer. Faseb Journal, 32, 588-600.

ZHU, J. D., BLENIS, J. & YUAN, J. Y. 2008. Activation of PI3K/Akt and MAPK
pathways regulates Myc-mediated transcription by phosphorylating and
promoting the degradation of Madl. Proceedings of the National
Academy of Sciences of the United States of America, 105, 6584-6589.

Z0OU, Q., MAO, Y. Z.,HU, L. L., WU, Y. F. & JI, Z. L. 2014. miRClassify: An
advanced web server for miRNA family classification and annotation.
Computers in Biology and Medicine, 45, 157-160.

ZUNINO, F. & CAPRANICO, G. 1990. DNA TOPOISOMERASE-II AS THE
PRIMARY TARGET OF ANTITUMOR ANTHRACYCLINES. Anti-Cancer
Drug Design, 5, 307-317.



260

@ROM , U. A. & LUND, A. H. 2007. Isolation of microRNA targets using
biotinylated synthetic microRNAs. Methods, 43, 162-165.

@ROM, U. A, NIELSEN, F. C. & LUND, A. H. 2008. MicroRNA-10a Binds the
5'UTR of Ribosomal Protein mMRNAs and Enhances Their Translation.
Molecular Cell, 30, 460-471.



