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Abstract

Expression of calpastatin protein or exon3-containing variant (CASTexon3 mRNA)
is negatively associated with various clinicopathological features of the high-risk
group for breast cancer recurrence, including the presence of lymphatic invasion,
a predominant form of lymphovascular invasion (LVI). It is mostly unknown how
individual calpastatin isoforms originated from a single gene regulate such
processes. This study, therefore, aimed to assess the role that individual
calpastatin isoforms, encoded by CASTexon3 mRNA, play in regulating calpain

activity as well as breast cancer progression and LVI in vitro.

Stably transfected monoclonal cells overexpressing calpastatin Type 1 (231CAST1
and T47DCAST1), Type 2 (231CAST2), Type 3 (T47DCAST3) and the mock-
transfected controls (231Ctrl and T47DCtrl) were generated from MDA-MB-231
and T47D lines using DNA transfection and single-cell selection techniques. By
immunofluorescence confocal microscopy, Type 1 and 3 were expressed mainly in
the cytoplasm and partially in the nuclei. Type 2 uniquely showed a predominant
perinuclear expression. This suggested to select Type 1 and 2 to fully examine and
compare their roles in regulating breast cancer progression and LVI due to the
differences between their intracellular localisation and mRNA sequences by only
one exon. The cell models overexpressing Type 1 and 2 were examined for calpain
activity using the t-BOC assay. Growth curve and clonogenic survival assays were
used to assess the effect of calpastatin isoform overexpression on cancer
progression-related phenotypic endpoints, i.e., cell proliferation and clonogenicity,
respectively. For LVI-related phenotypic features, the cell models were assessed
for cell migration and interactions to blood vascular hMEC-1 vs lymphatic hTERT-
LEC endothelial cells (BECs vs LECs) using scratch-wound migration and static

adhesion assays, respectively.

While calpain inhibitor calpeptin significantly suppressed calpain activity, cell
proliferation, migration, and interactions to hMEC-1 model in MDA-MB-231 cells,
upregulation of both Type 1 and 2 unexpectedly contributed to a significant
increase of calpain activity (39.82 and 70.78 %increase respectively) and

promotion of cancer progression- and LVI-related phenotypic endpoints of the



cells. Type 1 overexpression seemed to shorten the doubling time of MDA-MB-231
and T47D cells relative to controls (29.13 vs 38.41 hours and 33.11 vs 41.97 hours,
respectively), although a significant difference was not observed. MDA-MB-231
doubling time was not affected by Type 2 overexpression (35.63 hours), while
MDA-MB-231 clonogenic survival was not altered by both Type 1 and 2
overexpression (survival fraction = 1.04 and 0.96 respectively). Type 1
overexpression significantly enhanced MDA-MB-231 and T47D cell migration by
42.61% and 93.30%, respectively, at 24 hours post-scratch, with a similar increase
in migration observed at other time-points. Type 2-overexpressing MDA-MB-231
migration was also enhanced with statistical significance observed at 2 hours after
wounding (37.44% increase). Type 1 and 2 overexpression showed differential
effects on tumour cell adhesion to both EC models - inducing and suppressing
effects, respectively. However, a significantly increased adhesiveness of 231CAST1
cells was only observed with hTERT-LEC cells (41.47% increase), while a
significantly reduced adhesion of 231CAST2 cells was only detected with the hMEC-
1 model (49.80% decrease). T47D cells did not adhere firmly to either EC model
limiting the ability to study the role of Type 1 in regulating cell adhesion. With
limited upregulation of calpain activity by a 24-hour treatment with 0.5 uM A23187
in both 231CAST1 (35.39% increase) and 231CAST2 cells (10.12% increase), A23187
significantly inhibited the interactions previously observed between hMEC-1 and
tumour cells, including 231CAST1 (42.83% inhibition), 231CAST2 (12.86%
inhibition), and the mock-transfected cells (35.42% inhibition), but did not affect

other phenotypic endpoints.

This study presented the opposing role of calpastatin to what has been published
before in regulating calpain activity and cancer progression. Type 1 may induce
tumour cell proliferation, migration, and endothelial interactions, in particular to
LECs. Type 2 may enhance breast cancer cell migration but suppress tumour cell
adhesion, specifically to BECs. These differential effects of Type 1 and 2 probably

related to their distinct subcellular localisation.
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Chapter 1

Chapter1  Introduction
1.1 Breast cancer

1.1.1 Epidemiology

Breast cancer occurs principally in women and rarely in men. In the UK, there
were around 370 male (< 1%) and 54,800 female new cases diagnosed in 2015
(Cancer Research UK, 2018). One in eight women (12.08%) will be diagnosed
with breast cancer in their lifetime, and more than 80% of breast cancers are
diagnosed in women over 50 years of age (Cancer Research UK, 2017). In 2018,
breast cancer was the most common female cancer diagnosed in the UK with
55,439 new cases (26.7%) as well as in Thailand, my home country, where
19,510 new cases (22.8%) were registered (Global Cancer Observatory, 2019d;
Global Cancer Observatory, 2019¢). In the same year, breast cancer was also
recognised as the most common malignancy amongst women globally with
2.09 million new estimated cases (24.2%), and it was the leading cause of
female cancer death worldwide (Global Cancer Observatory, 2019f).
Approximately 0.6 million women around the world were estimated to have
died from breast cancer (16% of all female cancer deaths) (Global Cancer
Observatory, 2019c). In the UK, this disease was the second leading cause of
cancer death amongst women with 11,849 deaths (14.3%) following lung
cancer (21.4%) (Global Cancer Observatory, 2019b). Over the last decade,
however, the mortality rates of female breast cancer in the UK have reduced
by around 19%, while the incidence rates have increased by approximately 6%
(Cancer Research UK, 2018). In Thailand, breast cancer was ranked third in 2018
with 5,902 deaths (11.8%) following lung (14.7%) and liver carcinomas (13.7%)
(Global Cancer Observatory, 2019a). Although the breast cancer incidence is
lower in Thailand, the mortality-to-incidence ratio (MIR) is higher (MIRthailand =
0.3, MIRte uk = 0.2) (Global Cancer Observatory, 2019a; Global Cancer
Observatory, 2019b; Global Cancer Observatory, 2019d; Global Cancer
Observatory, 2019e).


http://www.nationalbreastcancer.org/breast-cancer-diagnosis
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The 5-year survival rate of breast cancer is higher in developed countries at 73%
as compared to 57% of patients surviving five years in developing countries
(Parkin et al., 2005; Allemani et al., 2015; da Costa Vieira et al., 2017). In the
UK, breast cancer survival is improving and has doubled in the last four decades.
In England and Wales, 87% and 78% of women diagnosed with breast cancer
survive their disease for 2 5 and > 10 years, respectively (Cancer Research UK,
2018). Within a decade, the 5-year survival rate in Thailand, regarded as a
developing country, has increased from 65.9% (1995-1999) to 71.3% (2005-
2009) (Allemani et al., 2015). During 2014 to 2035, the incidence rate for breast
cancer in the UK is estimated to increase by 2%, whereas the mortality rate is
projected to drop by 26% (Cancer Research UK, 2018). In 2050, the worldwide
incidence of new cases is predicted to reach 3.2 million (Hortobagyi et al.,
2005). The increases in breast cancer incidence and survival rates in developed
countries can be accredited to improving public awareness, and the evolution
of public health systems related to early diagnoses through organised
mammographic screening programmes. In addition to early detection of the
disease, adequacy and accessibility of treatment facilities influence the
decrease in mortality rates (Youlden et al., 2012; Rivera-Franco & Leon-

Rodriguez, 2018).

1.1.2 Risk factors
1.1.2.1 Age, hormonal status and genetics

The risk of developing breast cancer increases with age. Before 40 years, the
likelihood of developing breast cancer is extremely low (1 in 206 or 0.49%), but
it dramatically increases approximately 8-fold after the age of 40. The risk for
women aged between 40-59 and 60-69 are comparable at 3.75% (1 in 27) and
3.40% (1 in 29) respectively. After the age of 70, the risk doubles to 6.50%
(Jemal et al., 2010). The increased risk with age is partially due to increased
exposure to the sex hormone oestrogen, and genetic mutations acquired over

a lifetime.
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The risk of disease development increases in women with early menarche
(menstruation beginning before 12 years) as well as in women with a late age
of natural menopause (age 55 years or later) (Michaud et al., 2011). Each 1-year
delay in menarche reduces the relative risk by 5%; each 1-year delay in
menopause increases the relative risk by 3% (Collaborative Group on Hormonal
Factors in Breast, 2012). Women with oophorectomy at the age < 35 or bilateral
oophorectomy at the age < 40 years are classified into a low-risk group; the
relative risk of breast cancer by age at oophorectomy is 3.0 (Shah & Wong,
2006; Michaud et al.,, 2011). Exogenous sex hormones, e.g., hormonal
contraceptives or hormone replacement therapy (HRT), also influence the risk
of promoting breast carcinogenesis. The relative risks of developing breast
cancer among current and recent users (discontinuation within the previous six
months) are 1.19 for combined oral contraceptives (P <0.001) and 1.20 for all
hormonal contraceptive products (P = 0.002) compared to the women who
never use any of them. The risk increases with the duration of hormonal
contraceptive use, from 1.09 with less than a year of use to 1.38 after use for >
10 years (P = 0.002) (Morch et al., 2018). The risk of breast cancer remains
higher in the more than 5-year users who have stopped using hormonal
contraceptives (Morch et al., 2018), and it will abate over time within 5-15 years
of discontinuation of hormonal contraception (Westhoff & Pike, 2018). HRT has
been found to increase the relative risk of breast cancer over the time of use;
for every five years of use, the relative risk is increased by 10% (Ross et al.,
2000). Current users of HRT are more likely than non-users to develop breast
cancer (P < 0.0001) and to subsequently die from it (P = 0.05) with 1.66 and
1.22, respectively, relative risk (RR) (Beral, 2003). The risk is substantially higher
for combined HRT use (RR = 1.24) than for estrogen replacement therapy use
(RR = 1.06) (Ross et al., 2000). In past users, the relative risk remains slightly
increased among women who stopped using HRT for about a year (RR=1.14, P
= 0.03), but there is no significant difference between that of never users, for

cessation of HRT for less than 5 years, 5-9 years, and > 10 years (Beral, 2003).
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Genetic factors and family history also enhance the risk of developing breast
cancer in women. Women with a significant family history of breast cancer,
especially in first- and second- degree relatives, are at high risk of developing
the disease (RR = 2.6) (Shah & Wong, 2006). Less than 30% of hereditary breast
cancers are caused directly by mutated forms of susceptibility genes that are
inherited from a parent to their child. Approximately 25% of hereditary cases
are caused by a mutation in one of the rare but highly penetrant genes, i.e.,
BRCA1, BRCA2, PTEN, TP53, CDH1, and STK11, which are associated up to an
80% lifetime risk of breast cancer. The other 2-3% of cases are a result of a
mutation(s) in the rare, moderate-penetrance genes, e.g., CHEK2, BRIP1, ATM,
and PALB2, each of which confers to a two-fold increase in risk (Shiovitz &
Korde, 2015). BRCA1 and BRCA2 are the most commonly recognised
susceptibility genes of breast cancer as well as of ovarian cancer. They are
tumour suppressor genes and play a role in the maintenance of genome
integrity (Narod et al., 1995; Filippini & Vega, 2013). Three to eight per cent of
female breast cancer cases carry a mutation in one of them (Brody & Biesecker,
1998). The mutations in BRCA1 and BRCA2 increase a lifetime susceptibility of
developing breast cancer by 82% (Shiovitz & Korde, 2015). The study by Rakha
et al. (2008) indicates that mutations in BRCA1 tend to cause tumours with
triple-negative basal-like phenotypic property and a high histologic grade. The
tumour suppressor gene PTEN is another well-recognised susceptibility gene of
breast cancer. The risk of developing breast cancer is increased by 67-85% over
a lifetime by mutations of PTEN (Shiovitz & Korde, 2015; Ngeow et al., 2017).
Mutation of this gene is also associated with a higher risk of developing
endometrial, colorectal, renal, thyroid as well as second breast cancers (Ngeow

et al., 2017).

1.1.2.2 Lifestyle factors

Alcohol consumption and smoking are thought to increase the risk of
developing breast cancer by altering the level of oxidative stress (Kopp et al.,
2017). Alcohol consumption is the only dietary factor that has provided

consistent evidence of associating with breast cancer in clinical trials. Studies
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indicate a positive dose-response relationship between alcohol consumption
and the risk of breast cancer. Every an increment of 10 g of alcohol consumed
per day causes an elevated breast cancer risk by approximately 7-10%
(Hamajima et al., 2002; Key et al., 2006; Zhang et al., 2007). The relative risk of
breast cancer is 1.32-1.43% for 30 g alcohol per day (Zhang et al., 2007) and
1.33-1.61 for 245 g per day (Hamajima et al., 2002).

Smoking is a lifestyle factor that provides contradictory evidence of associating
with breast cancer. Hamajima et al. (2002) state that there is no association
between smoking and the development of breast cancer in women who
reported drinking no alcohol. The relative risks of breast cancer were 1.03 for
former-smokers and 0.99 for current smokers compared to never-smokers.
Other studies report a positive association between smoking and the
development of breast cancer. A relatively recent publication reports the
incidence of breast cancer being higher in current and former smokers than in
never-smokers, indicated by hazard ratios (HR) of 1.24 and 1.13, respectively
(Gaudet et al., 2013). Breast cancer has been found to be associated with
smoking duration of 40 years (HR = 1.57), smoking intensity of 40 cigarettes a
day (HR = 1.21), cumulative exposure of 40 pack-years (HR = 1.19), and latency
of smoking for 40 years since initiation (HR = 1.19) (Catsburg et al., 2015).
Smoking significantly increases the risk of breast cancer in women whose

smoking began before the age of 17 (HR =1.24; P=0.002) (Jones et al., 2017).

Consumption of a high-fat diet, inactivity and obesity have also been associated
with an increased risk of cancers (Yee, 2005). In the UK, 5.5% of all cancers in
2010 was contributed by overweight (body mass index or BMI = 25-30), and
obesity (BMI > 30) (Parkin & Boyd, 2011). Amongst premenopausal women,
BMI > 25 is significantly associated with an increased risk of invasive breast
carcinoma (P = 0.01); HRs are 1.59 for BMI 25-29.9 and 1.70 for BMI > 30
compared to BMI < 25 (Cecchini et al., 2012). The study of Schoemaker et al.
(2018), however, has found that the HRs for breast cancer decrease with

increasing BMI when compared to the group of underweight (BMI < 17). The
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breast cancer risks of BMI > 30 are abated by 23% (HR = 0.77) for younger
women aged 18 to 24 years and by 12% (HR = 0.88) for the age of 45-54 years

compared to the group of BMI < 17.

1.1.3 Breast cancer classification
1.1.3.1 Histological classification

Breast cancer is broadly divided into non-invasive (in situ) and invasive
carcinomas. Non-invasive breast carcinoma is comprised of two types - ductal
carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS). Non-invasive
carcinoma cells are confined to the ducts or lobules and do not invade
surrounding adipose or connective tissues of the breast. DCIS is the most
common form of non-invasive breast cancer (90%) (Sharma et al., 2010) and
regarded as a non-obligate precursor to invasive carcinomas. DCIS, however,
can progress to invasive cancer within 6-10 years (Dunn et al., 2010; Ryan &
Faupel-Badger, 2016), and 14-53% of DCIS will not progress to that stage
(Punglia et al., 2018). LCIS is less common and considered to be a risk factor by
increasing 7-10 fold of risk for developing invasive breast cancer (Mao et al.,
2017). Invasive carcinomas can be further classified based on the
morphological feature of the tumour-histological type. The diverse histologic
types of breast cancer differ in biological behaviour and consequently have
differences in response to therapy and prognoses (Michaud et al., 2011; Nagao
et al., 2012). Adenocarcinomas are the most common histology classified as
invasive ductal adenocarcinoma (IDC) and invasive lobular adenocarcinoma
(ILC) (75-80% and 5-15% of all invasive breast cancer, respectively) (Schnitt &
Guidi, 2004; Sharma et al., 2010; Michaud et al., 2011;). Clinical response of IDC
to primary anthracycline-based polychemotherapy is significantly better than
that of ILC (60% vs 47%; P = 0.04) (Bollet et al., 2008). ILC patients (n = 122;
12%), however, have better clinical outcomes compared to patients with IDC (n
=912; 88%) - 87% vs 66% 5-year recurrence-free survival rate (P = 0.004), and
93% vs 70% 5-year overall survival rate (P = 0.001) (Cristofanilli et al., 2005). In

a smaller study by Song et al. (2013), the 5-year disease-free and overall survival
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rates of patients with IDC (n = 767) were 71.2 and 85.1%, respectively.
Inflammatory breast cancer (IBC) is one of the rare types of breast cancer (1-
5%) and is classified as an aggressive form of locally advanced disease with poor
prognosis (median survival = 2.9 years) (Hance et al., 2005; Tryfonidis et al.,
2015). One of the key pathological characteristics of IBC is dermal lymphatic
vessel invasion by cancers forming emboli and resulting in blockage of
lymphatic drainage and peau d'orange (orange peel) appearance of the breast

(Edge et al., 2010; Hortobagyi et al., 2017).

1.1.3.2 Molecular classification

Breast cancer is a complex and heterogeneous disease with multiple distinctive
characteristics, different morphological features and clinical behaviours (Badve
et al., 2011). The heterogeneity of this disease can be confirmed by molecular
profiling using DNA microarrays, through gene expression profiling and by the
use of the immunohistochemical expression of protein markers. Molecular
stratification allows breast cancers to be subdivided into several distinct
subtypes; however, five common intrinsic subtypes are typically considered for
planning breast cancer management, assessing prognosis and predicting
patient outcomes. The five intrinsic subtypes (luminal A and B, HER2-enriched,
basal-like, and normal-like) are stratified corresponding to the expression of
oestrogen receptor (ER), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER2) (Perou et al., 2000; Sorlie et al., 2001; Sotiriou
etal., 2003; Desmedt et al., 2009; Russnes et al., 2017), as summarised in Table
1.1. The molecular subtypes are potentially predictive of response patterns to

specific therapeutic agents.

Table 1.1 Subtypes of breast carcinomas

Subtypes Characteristics Frequency Prognosis
Luminal A ER*, PR*", HER2", low Ki-67 index 40% Best
Luminal B ER*, PR*", HER2", high Ki-67 index 20% Good
HER2-enriched ER,, PR, HER2? 10-15% Poor
Basal-like ER", PR, HER2 (Triple-negative) 15-20% Poor

Data summarised from Sorlie et al. (2001), Sotiriou et al. (2003), Desmedt et al. (2009), Gemignani
and Armstrong (2014), and Ahn et al. (2015).
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The largest cluster is dominated by ER-positive (ER*) tumours and can be
classified into two subgroups (luminal A and B) by Ki-67 (proliferating cell
nuclear antigen) index (Brenton et al., 2005; Cheang et al., 2009). The luminal
A type is regarded as the largest subtype (40% of all cases), and is positive for
ER (ER*), negative for HER2 (HER") and has low Ki-67 index (< 14%). The luminal
B type (20% of all cases) expresses ER*, HER2"/HER2* and has a high Ki-67 index
(Kim et al., 2012; Gemignani & Armstrong, 2014; Ahn et al., 2015). Luminal B
breast cancer commonly has a higher expression of genes related to mitosis
and cell proliferation, such as CCNB1, MKI67, and MYBL2, compare to luminal
A type (Cheang et al., 2009). ER and PR statuses are key predictors of the
response to hormone therapy (Mosly et al., 2018). The luminal A subtype is
considered as a low-risk group, showing a good response to endocrine therapy
compared to the luminal B subtype, which generally has a higher grade and
exhibits a higher rate of proliferation (Kang et al.,, 2003a; Ahn et al., 2015;
Dowsett et al., 2011; Ahn et al., 2015). Breast cancer with high positivity of the
proliferation marker Ki-67 is associated with worse survival (HR = 1.95) (de

Azambuja et al., 2007).

The other main cluster is the ER-negative (ER™) tumours, which are stratified
into two subgroups - HER2-enriched and basal-like (10-15% and 15-20% of all
breast cancer cases, respectively). The HER2-enriched or HER2* group is
characterised by high expression of erbB2/HER2-related genes/proteins, low to
intermediate expression of luminal-related genes/proteins (such as oestrogen
receptor gene-1 and progesterone), and low expression of basal-related
genes/proteins (e.g., keratin 5 and FOXC1) (Prat et al., 2015). HER2 is a target
for HER2-directed therapy, and HER2-positive malignant tumours benefit the
most from the use of chemotherapy plus anti-HER2 therapy (Prat et al., 2014;
Prat et al., 2017). The basal-like subgroup constitutes 15-20% of breast cancers
and is described by negative expression of ER, PR, and HER2, in addition to the
expression of genes characteristic of myoepithelial/basal epithelial cells, such
as basal cytokeratin 5, 6 and 17 (Perou et al., 2000; Alluri & Newman, 2014).

Triple-negative breast cancer (TNBC) and basal-like subtype share the similarity
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of lacking expression of such three markers, but they are not biologically-
synonymous. Approximately 71-79% of TNBC are basal-like breast cancer, while
68-77% of basal-like cases are identified as TNBC (Bertucci et al., 2008; Prat et
al., 2013). Both basal-like and TNBC are associated with aggressive pathologic
features and poor prognosis compared to other subtypes (Dent et al., 2007;
Banerjee et al., 2006). While ER* tumours typically respond to hormone therapy
and HER2* tumours respond to anti-HER2 treatment, there is no currently
targeted therapy in widespread use for ER"/HER2™ breast cancer. Normal-like
breast cancer is defined by gene expression similar to patterns found in normal

breast tissue (Russnes et al., 2017).

1.1.3.3 TNM classification

According to the American Joint Committee on Cancer (AJCC) staging system,
breast cancer is generally diagnosed and categorised into five stages (0 to IV)
by TNM Stage Grouping based on extent and size of primary tumour (T),
presence and extent of lymph node involvement (N), and presence of distant
metastases (M) (Edge et al., 2010; Giuliano et al., 2018). Stage 0 refers to
carcinoma in situ or disease without invasion of cancer cells into the basement
membrane of the breast tissue. Stage | and |l refer to early breast cancer that
is small invasive tumours with/without nodal micrometastasis in stage |, and
with axillary lymph node involvement in stage Il (Edge et al., 2010; Giuliano et
al., 2017). Most patients with these stages are managed by surgery, followed
by adjuvant therapy (chemotherapy, radiotherapy, hormone and/or HER2
targeted therapy) within 31 days after surgery as suggested in the clinical
guidelines for the management of breast cancer by the National Health Service
(NHS) England (Breast Cancer Expert Advisory Group, 2016). Stage |l represents
locally advanced disease and is diagnosed by the presence of a large tumour
with extensive lymph node involvement in which either the tumour or node is
fixed to the chest wall (Edge et al., 2010). The appropriate initial treatment for
patients with this stage of the disease is neoadjuvant chemotherapy, followed
by local therapy (surgery and radiotherapy) and further adjuvant systemic

therapy (Michaud et al., 2011). Stage IV is advanced or metastatic disease and
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is characterised as cancer cells spreading to lymph nodes, and migrating
beyond the primary site into distant organs through the bloodstream and/or
lymphatic system (Edge et al., 2010; Wells et al., 2013). Metastasis is a robust
indicator of disease progression, and associates with failure of primary
treatments, and difficulty in eradicating cancer by locoregional therapy. It is
also a sign of a potentially incurable state and has the worst survival rate of the
various tumour types (Scheel and Weinberg, 2012; Wells et al., 2013). In breast
cancer, for instance, patients with a higher tumour stage tend to have a worse
prognosis. The five-year overall survivals of breast cancer diagnosed in stages 0
toIVare 92,87, 75,46 and 13%, respectively (Kumar et al., 2013). The principal
therapeutic goals for patients with metastasis are prolonging their survival and
improving/maintaining their quality of life. Palliative radiotherapy and systemic
treatment (chemotherapy, hormone, or HER2 targeted therapy) can control
disease and relieve symptoms associated with the dissemination of cancer

(Jutzy et al., 2018).

1.1.3.4 Prognostic classification by Nottingham Prognostic Index (NPI)

The Nottingham Prognostic Index (NPI) is an effective tool for predicting
prognosis in patients by combining significant prognostic factors into one
unified system. The index is calculated from the primary tumour size, the
involvement of the regional lymph node and tumour grade, as shown in the
formula below (Haybittle et al., 1982). The lymph node status is classified into
three stages: stage 1 no nodal involvement, stage 2 involvement of either up
to three low axillary nodes or of the internal mammary node (assessed in
medially located tumours) and stage 3 involvement of four or more low axillary
nodes and/or the apical axillary node or of both low axillary and internal
mammary nodes. Breast cancers can be placed into six prognostic categories
regarding NPI - excellent (2.02-2.4), good (2.41-3.4), moderate 1 (3.41-4.4),
moderate 2 (4.41-5.4), poor (5.41-6.4), and very poor (6.41-6.8). Table 1.2

shows the frequency and 10-year survival of each NPI group.

NPI = [0.2 x Tumour size (cm)] + Lymph node stage (1-3) + Histological grade (1-3)
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Table 1.2 NPI prognostic groups and prognosis

1980-1986 1990-1999
Group NPI : :
Frequency 10-yearsurvival Frequency 10-year survival
Excellent 2.02-2.4 12% 88% 15% 96%
Good 2.41-34 19% 72% 21% 93%
Moderate 1 3.41-4.4 29% 61% 28% 81%
Moderate 2 4.41-5.4 24% 42% 22% 74%
Poor 541-6.4 11% 15% 10% 55%
Very poor 6.41-6.8 5% 12% 4% 38%

Data reproduced from Lee and Ellis (2008). Copyright© 2008 by Elsevier with
permission conveyed through Copyright Clearance Centre.

The NPI is an excellent tool to stratify the prognosis of breast cancer patients;
in incorporating of predictive factors (ER and HER2 statuses), menopausal
status and patient desires, NPI is beneficial for guiding the choice of adjuvant
systemic treatments (Lee & Ellis, 2008). The Nottingham Prognostic Index Plus
(NPI+) has been developed as a more modern version in an attempt to assist
clinicians in offering a more personalised adjuvant treatment plan in all early-
stage cases. The NPI+ evolved based on the evaluation of seven biological
classes of breast cancer (luminal A and B, luminal N, basal p53 normal, basal
p53 altered, HER2*/ER* and HER2*/ER"; Table 1.3) that incorporate additional
with six clinicopathological prognostic factors, i.e., positive nodal number,

stage, size, mitosis, PR and lymphovascular invasion (LVI) (Rakha et al., 2014).

Table 1.3 Seven core breast cancer NPI+ biological classes

Subtypes Characteristics

Luminal A high expression of CK7/8, ER, HER3 and HER4

Luminal B high expression of CK7/8, ER, HER3 and HER4 but lower
expression of PR

Luminal N high expression of CK7/8 and ER but low expression of HER3 and
HER4

HER2+/ER+ HER2 overexpression and ER*

HER2*/ER HER2 overexpression and ER

basal p53 normal high basal expression and low expression p53

basal p53 altered high basal expression and high expression p53

Data summarised from Rakha et al. (2014).

The NPI+ has not been routinely used yet but is expected to be continuing

education (CE) for health care professionals with a launch for NHS (England)
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clinical use soon (NIHR Innovation Observatory, 2015). Other breast cancer
prognostic tools are available for routine use, e.g., Oncotype DX, MammaPrint,

PAMS50, IHCA tests.

1.2 Cancer metastasis and lymphovascular invasion

1.2.1 Metastatic dissemination of cancer
1.2.1.1 Definition and the metastatic cascade

Metastasis is a result of malignant cells disseminating from a primary tumour
to establish secondary tumours in an adjacent or distant location (Menezes et
al., 2016). It is one of eight core biological hallmarks of cancer that describe
biological capabilities acquired during the multistep development of human
malignant tumours, including 1) sustaining proliferative signalling, 2) evading
growth suppressors, 3) resisting cell death, 4) enabling replicative immortality,
5) inducing angiogenesis, 6) activating invasion and metastasis, 7)
reprogramming of energy metabolism to fuel cell growth and division, and 8)

evading immune destruction (Hanahan & Weinberg, 2011).

Metastasis symbolises the final-outcome of a complex series of sequentially
cell-biological events called ‘the invasion-metastasis cascade’ (described
further below). The process involves 1) acquisition of genetic and/or epigenetic
changes within the tumour cells, and 2) coordination of non-neoplastic stromal
cells, which supply the initial metastatic cells with essential stimuli to grow and
produce macroscopic metastases (Valastyan & Weinberg, 2011). The
metastatic property of the tumour cells is acquired from inherited processes.
Genetic changes occur in most cells of the primary tumour, providing them with
aninherited general predisposition for metastatic dissemination (Weigelt et al.,
2005). Two theories have been proposed to describe the acquisition of genetic
and/or epigenetic changes. The first theory called ‘the late stage or clonal
selection theory’ explains that only subpopulations of cancer cells in the
primary tumour acquire phenotypic alterations, late in tumorigenesis, through

an accumulation of various genetic modifications, with the changes, resulting
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in the capability of tumour cells to complete the metastatic cascade (Weigelt et
al., 2005; Talmadge, 2007). Contrastively, the second theory, based on
expression microarray data from human tumours, suggests that most cancer
cells in a primary tumour have a metastatic phenotype, suggesting metastasis

is an early phenomenon in tumorigenesis (Pantel & Brakenhoff, 2004).

The invasion-metastasis cascade is a complex series of sequential cell-biological
events (Figure 1.1). The sequence consists of six steps: 1) a detachment of
tumour cells from the original tumour, local invasion and migration through the
basement membrane, extracellular matrix (ECM) and stromal layers, 2)
intravasation into the blood and/or Ilymphatic vessels (so-called
lymphovascular invasion or LVI), and 3) evasion of the host immune responses.
The latter steps are 4) arrest in a distant capillary bed and invasion through the
vascular basement membrane and ECM in the process of extravasation from
the vessels to new locations, 5) adaptation to survive and grow in the foreign
microenvironments of the secondary sites to form micrometastases, and 6)
ultimately metastatic colonisation (Pantel & Brakenhoff, 2004; Mohammed et

al., 2009b; Valastyan & Weinberg, 2011; Martin et al., 2013).

Intravasation

Local invasion

Primary tumor formation

Extravasation

Survival in the circulation

o e T e ee
2 l R Clinically detectable
Micrometastasis X o macroscopic metastases
formation Metastatic colonization (.’:
~ , Y
\ ) { .
@ — /7§ \
(o) / /@ f\ﬂ\\

Figure 1.1 The invasion-metastasis cascade. Reproduced from Valastyan & Weinberg, 2011.
Copyright© 2019 by Elsevier with permission conveyed through Copyright Clearance Center, Inc.

The metastatic cascade is a series of sequential and interrelated events. Each
event can be a rate-limiting step, and a failure at any step would cause a failure

of metastasis (Poste & Fidler, 1980; Talmadge & Fidler, 2010). The end-product
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of the cascade relies on the intrinsic properties of the malignant cells as well as
the host response, in other words, metastatic dissemination is a balance of
host-tumour cellular interactions, which vary amongst patients (Talmadge &

Fidler, 2010).

1.2.1.2 Incidence and prognosis of metastasis

Metastasis is a sign of disease progression and associated with a poorer
prognosis, and shortened survival compared to earlier stages of disease (Shord
& Cordes, 2017). The five-year overall survival of breast cancer, for example,
diagnosed in an advanced stage is 13% (Kumar et al., 2013). Approximately 30%
of new patients diagnosed with solid tumours (melanomas included) is present
with clinically evident metastases, while 20% have hidden metastases at the
time of diagnosis (Kumar et al., 2018). Microscopic cancer metastases
(micrometastases) can be found in newly diagnosed cancer patients. In many
cases, cancer relapses at distant organs, even though the primary tumour has
been eliminated, suggesting that small clusters of cancer cells exist although
clinically undetectable (Medina & Shord, 2011). Even small cancers with <5 mm
diameter can generate multiple metastases 5-10 years prior to detection. This
phenomenon has been observed in most of the common human solid
malignancies, including cancers of the breast, prostate, colon, kidney, lungs,
and malignant melanomas (Friberg & Nystrom, 2015). Some patients with
micrometastasis can possibly be cured with systemic chemotherapy (Medina &

Shord, 2011).

The onset and time course for the development of metastasis generally depend
upon the type of cancer, and a variety of patterns of metastasis are observed
for different diseases. Breast cancer metastasis, for example, can occur very
early (median time = 53 months; an average of time = 69 months after primary
surgery without systemic adjuvant treatment), and commonly spreads to the
bones (38%), lungs (30%), liver (23%), and brain (5%) (Dillekas et al., 2014;
Shord & Cordes, 2017). Prostate cancer frequently metastasises to bone (90%)

(Bubendorf et al., 2000), while about 70% of colorectal cancer patients will
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develop metastasis in the liver (Rothbarth & van de Velde, 2005), which
presents at first diagnosis in 14-18% of all cases, or 10-25% at the time of
primary cancer resection (Jegatheeswaran et al., 2013; Valderrama-Treviio et
al., 2017). Such different sites of spread according to tumour type suggests
different tumour types have individually preferential sites of metastatic
dissemination. A number of theories have been put forward to explain the

different patterns.

1.2.1.3 Theories to explain metastatic patterns of spread

Metastasis is the spread of a tumour to positions that are physically separated
from the primary tumour. The invasiveness of cancer cells allows them to
invade adjacent tissue and disseminate to the remote sites by one of three
pathways: 1) seeding within body cavities, 2) haematogenous spread, or 3)
lymphatic spread (Kumar et al., 2018). Not all of the cells, however, that
dissociate from a primary tumour cause a metastatic lesion. The shed cells
firstly need to find a favourable environment for growth (Minn & Massave,

2011).

The ‘seed and soil’ hypothesis was originally proposed by Stephen Paget, since
1889, suggesting that the metastatic process does not happen by chance but
occurs in organ-preference patterns and is the result of interactions between
metastatic cancer cells (seeds), and their favourable microenvironment for
growing (soil) provided by the specific organs (Paget, 1989). The specific
characteristics of malignant cells and the biological uniqueness of the
microenvironments present within distinct tissues/organs influence tumour
cells to disseminate to particular locations and potentially grow in such sites. In
addition, endothelial cells in the vasculature of different organs express
different cell-surface receptors and growth factors, contributing to supporting
or inhibiting extravasation and growth of metastatic cells (Pasqualini &

Ruoslahti, 1996; Uehara et al., 2003; Talmadge & Fidler, 2010).

In breast cancer metastasis, for example, CXCR4 receptor has been found to be

involved in targeting lymph nodes, bone marrow, liver or pulmonary as the
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selective sites for metastasis of breast cancer cells as its ligand, CXCL12
chemokine, is highly expressed there (Huang et al., 2009). Retrospective
molecular/histologic analyses of breast cancers have shown that phenotype
influences organ-specific metastasis patterns. Bone relapses are most
abundant amongst the luminal subtypes, while lung relapses are highly
associated with the basal-like subtype (Smid et al., 2008; Kennecke et al., 2010;
Yousefi et al., 2018). In vivo gene-expression analyses indicate that metastasis
of breast cancer to selective organs is mediated by a specific set of genes, e.g.
overexpressed IL11, CTGF, CXCR4, and MMP1 in promoting bone metastasis
(Kang et al., 2003b), and MMP1, CXCL1 and PTGS2 in lung metastasis (Minn et
al., 2005). For another example, in prostate cancer metastasis, platelet-derived
growth factor (PDGF) and autophosphorylation of its receptor (PDGF-R) have
been found to associate with the growth of metastatic prostate tumour cells in
the bone parenchyma. High PDGF and activated PDGF-R expression levels were
detected in bone lesions of the mice injected by PC-3MM2 human prostate
cancer cells into the tibias, while those increased proteins were not observed
in lesions at the adjacent musculature. Endothelial cells within the bone lesions
expressed phosphorylated PDGF-R when they were exposed to tumour cells

which expressed PDGF (Uehara et al., 2003).

In 1928, James Ewing proposed an opposing hypothesis to the seed and soil
theory. The hypothesis states that the anatomical structure of the vascular
system is important for the metastatic distribution patterns. In the circulatory
network of the primary tumour, tumour emboli appeared in the circulation
through intravasation are more likely to be mechanically trapped in the
vascular network of the first connected organ (Ewing, 1928). Ewing’s
hypothesis, however, cannot explain the observation that certain organs which
receive a considerable amount of blood supply, such as heart, kidney, spleen,
skin, and muscle, are rarely found with metastatic colonisation. Meanwhile,
other organs, such as bone, brain, and adrenals, are frequently seen as
involvement in sites for metastasis in particular cancer types, even though they

are served by a tiny fraction of the circulatory system (Ribatti et al., 2006).
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1.2.2 Lymphovascular invasion
1.2.2.1 Lymphovascular invasion in metastasis

Lymphovascular invasion (LVI), an early step in the invasion-metastasis
cascade, plays a crucial role in metastases development by allowing
disseminated tumour cells to spread to distant tissues or the new organ sites
through two endothelial systems - the lymphatic and blood vascular system
(Martin et al., 2013), so-called lymphatic/lymphogenous, and haematogenous
spreads respectively. Intravasations of disseminated tumour cells into
lymphatics or blood vessels are termed as lymphatic invasion (LI) or blood
vascular invasion (BVI), respectively. In addition, there is evidence showing that
circulating tumour cells can also colonise their tumours of origin in a process
called ‘tumour self-seeding’. Self-seeding, for instance, of breast, colon, and
melanoma tumours in murine models is preferentially mediated by aggressive
circulating malignant cells, including those with brain, bone, or lung tropism. In
a breast cancer model, self-seeding has been reported to accelerate tumour
growth, stromal recruitment, and angiogenesis via seed-derived factors such as

the chemokine CXCL1 (Kim et al., 2009).

Lymphatic spread is frequently observed in carcinomas, while haematogenous
spread is typical in sarcomas. All forms of cancer, however, may distribute via
one or both systems, as several interconnections between the lymphatics and
vascular systems exist. Principally, the pattern of lymph node metastasis is
governed by the site of the primary tumour, and the local lymphatic drainage
pathways. Breast carcinoma, for instance, usually develops in the upper outer
guadrant and first disseminates to the axillary nodes, whereas medial breast
lesions can spread via the chest wall to the nodes along the internal mammary

(thoracic) artery (Kumar et al., 2018).

The presence of LVI is associated with an increased risk of lymph node
involvement, local recurrence, and distant metastasis (Lee et al., 2006;
Ejlertsen et al., 2009). Lymph node involvement itself is an indicator for that

cancer has already developed its ability to metastasise and is also associated
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with poor prognosis, as discussed in section 1.2.3 (Nathanson et al., 2009; Song
et al., 2011; Ryu et al., 2018). Several tumour types are prone to metastasise to
regional lymph node via tumour-associated lymphatics, such as breast cancer,
squamous cell carcinoma, and melanoma (Ji, 2016). Expanded lymphatic
vessels and lymphangiogenesis have been mainly observed in peritumoural
areas of numerous human tumour types (Stacker et al., 2002; Pepper et al.,
2003). In breast carcinoma, for instance, the presence of LVI is suggested to
help for identifying the disease with high risk for lymph node, and distant
metastasis (Davis et al., 1985; Woo et al., 2002; Nathanson et al., 2009; Song et
al., 2011). The existence of LVI is significantly associated with increasing
numbers of positive axillary lymph nodes (P < 0.0001, n = 1713) (Davis et al.,
1985); systemic metastasis is significantly associated with LVI but only when

regional lymph node is positive (P = 0.0013, n = 1668) (Nathanson et al., 2009).

1.2.2.2 Lymphatic vs blood vessel architectural features in lymphovascular
invasion

The lymphatic system is a unique vasculature, different yet analogous to the
blood vasculature. The blood vascular and the lymphatic systems play
functionally harmonising roles in tissue perfusion, and fluid reabsorption (Hong
et al., 2004). The lymphatic capillaries transmit tissue fluid (lymph), containing
extravasated plasma proteins and cells of the immune system, from
extracellular spaces into the larger collecting vessels, the collecting trunks, and
eventually to the central venous system, complementing the role of the blood
vascular system in maintaining tissue homeostasis. This process is termed ‘the
blood-lymph circulatory loop’ (Witte et al., 2001; Witte et al., 2006). In addition
to providing a route for interstitial fluid return to the circulation, the lymphatic
system plays an important role in lipogenesis, and a central role in the
immunoregulatory network by directional guiding antigen-presenting cells, and
lymphocytes to lymph nodes (Pepper et al., 2003; Witte et al., 2006).
Lymphatics are also implicated in diverse developmental, growth, repair, and
pathologic processes that are either similar to or distinct from such effects by

the blood vasculature (Witte et al., 2006). Regarding pathology, the lymphatic
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system is found as one of the most important pathways for malignant cell

metastasis (Pepper et al., 2003).

Although lymphatic and blood vasculatures share numerous common
properties, they also have individually distinct structural features characterised
at the ultrastructural level. Lymphatic and blood capillaries are similar
structurally, in that they are composed of endothelial cells with flat nuclei, a
well-formed basal lamina, deep caveolae, isolated vesicles, intercellular
junctions, and adhesion plates (Asioli et al., 2008). Generally, the lymphatic
capillaries structurally differ from the blood capillaries in that they have a more
irregular, and broader blind-ended structure with incomplete basal lamina, and
their endothelium is extremely attenuated. The basal lamina of blood
capillaries is covered by pericytes, which are absent in lymphatics (Pepper &
Skobe, 2003; Ji et al., 2007). Lymphatic vessels are composed of a single thin
layer of lymphatic endothelial cells (LECs) with overlapping intercellular
junctions caused by the extensive superimposition of adjacent LECs (Pepper &
Skobe, 2003). These vessels are directly bound to the surrounding ECM through
an anchoring filament mainly containing fibrillin. Elevated interstitial fluid
pressure increases the tension of the anchoring filaments attached to the LECs
to pull open the overlapping cell junctions, allowing fluid, macromolecules, and
disseminated cells flow into the vessel (Hong et al., 2004; Oliver & Alitalo, 2005;
Ohtani & Ohtani, 2012).

Tumour cells, in general, more easily penetrate lymphatics than blood vessels
due to looser junctions between the ECs, and their discontinuous basement
membrane (Oliver & Alitalo, 2005). The thin-walled initial lymphatic vessels
provide less resistance, and more contact area for disseminated tumour cells
to penetrate the lymphatic system compared to blood vessels, although a pre-
existing blood vascular bed is possibly required to direct lymphangiogenesis (Ji
et al., 2007). The lymphatic system has many other pros over the blood
circulation as a transport pathway for disseminated tumour cells. The size of

the smallest lymphatic vessels are a lot larger than blood capillaries; and flow
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velocities are orders of magnitude lower (Pepper et al., 2003). In addition,
tumour cells located free in the periductal lymphatic spaces are flushed rapidly,
with the high interstitial pressure of tissue fluid (lymph), into the lymphatic
labyrinth adjacent to the primary tumour through the sinuses and on into the
lymphatic drainage channels (Hartveit, 1990). Lymph is closely identical to
interstitial fluid, and that promotes the viability of disseminated tumour cells.
Oppositely, in the bloodstream, disseminated tumour cells will confront various
obstacles, i.e., serum toxicity, high shear stresses, and mechanical deformation,
resulting in an extremely low accomplishment rate for metastasis (Liotta et al.,
1991; Weiss & Schmid-Schonbein, 1989; Pepper et al., 2003; Chiang et al.,
2016). The lymphatic dissemination pathway, therefore, potentially promotes
the survival of disseminated malignant cells, subsequently to improve their

metastatic efficiency (Pepper et al., 2003).

1.2.2.3 Molecular mechanisms regulated lymphovascular invasion

LVI is regulated by molecular mechanisms as well as multiple interactions
between a variety of molecules and cell types. Once the carcinoma cells have
migrated to a location of intravasation, they interact with the surface of the
endothelial cells through complex biochemical interactions mediated by
proteins, lipids, and carbohydrates. For example, interactions between a
complex of glycosphingolipids and a2B1 integrin receptors result in developing
adhesion of cancer cells to ECs (Van Slambrouck et al., 2014; Marciel &
Hoffmann, 2017). The adhering cells will then penetrate through the basement
membrane, and endothelium into the lumina of lymphatic or blood vessels
before extravasating the vessels to form metastatic foci at the new sites (Martin
et al.,, 2013). Thus, cell-cell adhesion plays a crucial role to facilitate the
attachment of tumour cells to ECs. Calpains and calpastatin, a focus of the
current study, have also been implicated in cell adhesion and LVI, as discussed
in section 1.3.5.2 and 1.3.5.3. Tumour cells are able to invade into the lymphatic
or blood vessels by degrading the vascular ECM and basement membrane
through activation of the proteolytic urokinase-type plasminogen activator

system (uPA/uPAR), and secretion of proteases such as matrix
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metalloproteinases (MMP)-1, -2, and -9 (reviewed in Pachmayr et al., 2017,
Chiang et al., 2016). Also, intravasation is stimulated by increasing
neoangiogenesis, which is activated by various pathways, including PI3K/Akt,

STAT3, and RAS (Samame Perez-Vargas et al., 2013).

Expression of the uPA receptor (uPAR) could be increased by Src through
increased activity of activator protein 1 (AP1) in SW480 colon cancer cells. Src
expression has been found to promote invasion and intravasation, and the
increased invasion depends upon the expression of uPAR. Suppression of uPAR
expression was an action of the tumour suppressor PDCD4 (programmed cell
death 4), overexpression of which in HEp3 human epidermoid-carcinoma cells
has been found to prevent intravasation (Leupold et al., 2007). In RKO colon
cancer cells, miR-21 suppressed PDCD4; thus, inhibition of miR-21 resulted in a
decrease of intravasation (Asangani et al., 2008). In relevance to the
plasminogen activation (PA) system, cleaved CDCP1 (a product of proteolysis
activity of plasmin) could form a complex with B1-integrins, leading to activation
of focal adhesion kinase (FAK) and phosphoinositide 3-kinase (P13K). Inhibition
of FAK or PI3K has been observed to decrease intravasation (Casar et al., 2014).
In TNBC MDA-MB-231 cell line, direct tumour-promoting interactions of uPAR
with uPA or the insulin-like growth factor receptor 1 (IGF1R) were
demonstrated, and they could be significantly decreased once uPAR was
downregulated. The paired knockdown of uPAR and uPA or IGF1R additively
and significantly inhibited cell viability, migration, and invasion of the cell
model. In a cohort of patients with TNBC, the complexes formed by uPAR with
uPA or with IGF1R significantly correlated with the histological grade as well as
with cathepsin B and D, which have been found to be implicated in cell invasion

and metastasis (Huber et al., 2016).

The MMP family is also implicated in intravasation (Deryugina & Quigley, 2015).
Expression of MMP-1 in HEp3 human epidermoid-carcinoma cells has been
found to activate the endothelial protease-activated receptor 1 (PAR1) to

facilitate vascular permeability and intravasation (Juncker-Jensen et al., 2013).
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By being a source of MMP-9, neutrophils assisted tumour angiogenesis and
intravasation. Neutrophil MMP-9 mediated the development of the
intravasation-sustaining vasculature through its ability to proteolytic remodel
the tumour matrix, resulting in the linked release of angiogenesis factors -
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor
(bFGF). The released and functionally induced VEGF and bFGF directly regulated
the microarchitecture and functions of the intratumoural vasculature, including
its capability to sustain tumour cell intravasation, and metastatic
dissemination. Epidermal growth factor receptor (EGFR)-mediated regulation
of tumour cell intravasation through MMP-9/VEGF pathway has been shown in
several cancer cell types, including breast, lung, head and neck squamous
carcinomas and glioblastomas - expression and activity of MMP-9 were
enhanced by activation of the pathways downstream of EGFR. Conjointly, EGFR
inhibitors could suppress MMP-9 expression and indirectly diminish tumour
growth via suppressing VEGF production (Deryugina & Quigley, 2015).
Downregulation of VEGF production in tumour xenografts treated with an anti-
EGFR agent was associated with normalisation of morphology and permeability
of tumour-associated vessels (Cerniglia et al., 2009). MMP-2 was also able to
activate VEGF expression in A549 lung cancer cells via alphaVbeta3 integrin-
mediated PI3K/AKT signalling; recombinant human-MMP-2 restored
angiogenesis in MMP-2 downregulated cells (Chetty et al., 2010). PI3K/AKT
signalling, as mentioned above, involved with neoangiogenesis, increase of
which promoted intravasation (Pachmayr et al., 2017). Paradoxically,
suppression of MMP-1, -2, or -9 in vivo was shown to increase the intravasation

of human fibrosarcoma cells (Deryugina & Quigley, 2015; Chiang et al., 2016).

Murine models of metastatic breast cancer usually feature mutated
oncoproteins that activate PI3K, Stat3, and Ras signalling. These three
oncogenes were activated together and demonstrated cooperation during
primary tumour formation; however, the efficient spread of cancer was only
dependent on Ras (Wright et al., 2015). Activation of Ras, which is able to

activate cellular invasion, motility, epithelial-mesenchymal transition (EMT),
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cell survival, and angiogenesis (Campbell & Der, 2004; Smakman et al., 2005;
Pylayeva-Gupta et al., 2011), has been proposed as a key determinant for
clinical metastasis and adverse prognosis of ERa*/luminal breast cancer (Wright
et al., 2015). In addition to enhancing cell invasion, STAT3 activation has a major
role in protecting the tumour cells from immune surveillance through
modulating secretion of various inflammatory factors, such as IL6 and TNFaq,
which function as an immunosuppressor and elevate the survival possibility of

tumour cells during their transit through circulation (Nguyen et al., 2009).

1.2.3 Metastasis and lymphovascular invasion in breast cancer
1.2.3.1 Metastasis in breast cancer

Approximately 4-6% of women have advanced or metastatic breast cancer at
diagnosis (Cardoso et al., 2012; Sogaard et al., 2008; Louwman et al., 2008), and
approximately 30% of women with early disease will develop distant cancer
dissemination (O'Shaughnessy, 2005). Ten to fifteen per cent of patients with
aggressive breast cancer develop distant metastasis within three years after
diagnosis (Weigelt et al., 2005). Approximately one-fifth of patients with
metastatic cancer at diagnosis will survive five years (Cardoso et al., 2012); the
mean survival of the patients is 18-24 months (Gennari et al., 2005; Martino et
al., 2013). Most metastatic breast cancer cases, therefore, are incurable, and
palliation is the principal goal of treatment, intending to maintain or improve

guality of life, and probably improving survival (Cardoso et al., 2012).

Different tumour types have different preferential sites of metastasis, although
most cancers are able to disseminate to various parts of the body. Breast
cancers mainly spread to bone (38%), lungs (30%), liver (23%), and brain (5%)
(Dillekas et al., 2014; Shord & Cordes, 2017). More than 50% of women who
have metastases at primary diagnosis will develop bone metastases (Coleman
& Rubens, 1987; Jensen et al., 2011), and 13.6% of patients with stage |-l
cancer will develop bone metastasis at 15 years of follow-up (Liede et al., 2016).
Kennecke et al., 2010 investigated the incidence of metastases within a 15-year

follow-up period in 3,726 patients diagnosed early stage of breast cancer and
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found that bone will be the predominant site of metastasis for the luminal A
(66.6%), luminal B (71.4%), and luminal/HER2 (65%) groups but is the least
common site in the basal subtype (39%). Patients with HER2-positive breast
cancer have a higher possibility of brain metastases compared with HER2-
negative cases (Kennecke et al., 2010; Musolino et al., 2011; Pestalozzi et al.,
2006). The highest incidence of brain metastases, 22.2%, is found in patients
diagnosed with HER2-enriched subtype followed by triple-negative basal-like
(10.9%), triple-negative nonbasal (7.2%), luminal B (4.7%) and luminal A
subtypes (2.2%) (Kennecke et al., 2010). In the brain metastatic breast cancer
cell line (231-BR), overexpression of HER2 resulted in stimulating the outgrowth
of the cells in the brain (Palmieri et al., 2007). The clinical manifestation of
metastatic breast cancer, however, depends on the site of metastases but can
include symptoms of bone pain, difficulty breathing, swollen abdomen,

jaundice, and altered mental status (Michaud et al., 2011).

1.2.3.2 Lymphovascular invasion in breast cancer
1.2.3.2.1 Incidence and prognosis of lymphovascular invasion

LVI has traditionally been related to poor prognostic breast cancer. However, it
is ambiguous, using haematoxylin and eosin (H&E) staining method, whether
patients who have the occurrence of LVI should be reconsidered to reclassify
from a low risk of recurrence category into a high-risk group (Ejlertsen et al.,
2009). Due to false positive and negative results yielded by H&E staining, to
improve the detection of LVI, the guidelines of the Danish Breast Cancer
Cooperative Group (DBCG) has recommended supplementary use of specific
endothelial cell markers, i.e., podoplanin (immunostained by D2-40) for
lymphatic endothelium, and CD31 or CD34 for endothelium of all vessels
(Ejlertsen et al., 2009). As reported by a systematic review of data published
between 1964 and 2012, the rates of LVI and LI using H&E were variable (9-50%
and 10-49%, respectively) and less variable using immunostaining (D2-40 for
LECs and CD31, CD 34, or Factor VIII for ECs) (32-41% and 21-42%, respectively).

However, the BVI rates detected by H&E and/or classical staining approach (4-
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46%) and immunostaining (1-29%) were both variable (Gujam et al., 2014a).
Due to the evidence showing extremely high sensitivity (97.3%), specificity
(98.8%), and accuracy (88.9%) of using D2-40 as a method in detecting LI
(Evangelou et al., 2005) as opposed to H&E stain, which could not distinguish LI
from BVI, several studies have proposed that relying on D2-40 to detect LI was
a much responsible approach in predicting outcomes in patients with breast
cancer (He et al., 2017). In comparison, BVI was rarely specifically examined

(Gujam et al., 2014a).

By using the specific markers (D2-40, CD31 and CD 34), the current group
assessed the incidence of LVI in two cohorts of patients with early invasive
lymph node (LN)-negative breast cancer (n = 177 and 1005) and consistently
found that although there was a very high microvascular density, in comparison
to lymphatic vessel density, LI accounted for 96% of all LVI cases and only 4%
for BVI (Mohammed et al., 2007; Mohammed et al, 2011). LI was
predominantly detected in the peritumoural areas in breast cancer (76-80%)
(Van den Eynden et al., 2006; Mohammed et al., 2011), while intratumoural LI
was present in a lesser proportion of cases (24-40%) (Van den Eynden et al.,

2006; Mohammed et al., 2007; Mohammed et al., 2011).

The presence of LVI or LI, in particular, has been suggested to help to identify
who is at increased risk for axillary LN metastasis (Davis et al., 1985; Lauria et
al., 1995; Woo et al., 2002), local recurrence (Pinder et al., 1994; Veronesi et
al., 1995; Sundquist et al., 2000; Voogd et al., 2001) or distant metastasis
(Veronesi et al., 1995; de Mascarel et al., 1998; Voogd et al., 2001; Lee et al.,
2006; Ejlertsen et al., 2009). Both LVI or LI are considered as a poor prognostic
factor in patients with operable breast cancer either with (Davis et al., 1985;
Song et al., 2011) or without axillary LN involvement who are undergoing
adjuvant treatment (Nime et al., 1977; Pinder et al., 1994; Lauria et al., 1995;
de Mascarel et al., 1998; Woo et al., 2002; Lee et al., 2006; Mohammed et al.,
2011; He et al., 2017). Peritumoural LI, in particular, could be a feature to

identify patients with intermediate-risk for recurrence and death from the
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disease (Harbeck & Jakesz, 2007). Although BVI has been reported as a minority
of LVI, it also showed a correlation with axillary LN involvement, increases of
tumour size and grade as well as associations with tumour recurrence (Gujam
et al., 2014b) and poor survival (Weigand et al., 1982; Lauria et al., 1995; Gujam
et al., 2014b). However, the systemic review mentioned that the role of BVI in

predicting breast cancer survival is not clear (Gujam et al., 2014a).

As mentioned, LVI is a negative prognostic factor in breast carcinomas either
with or without LN involvement. For instance, fifty-five percents of 349 LN-
positive patients with primary invasive breast cancer were detected LVI
existence, confirmed by the specific markers when interpretation results by
H&E staining were vague (Song et al., 2011). LVI was significantly associated
with tumour size 22 cm (P < 0.001), high histological grade (P = 0.007), number
of involved LN (P < 0.001), ER status (P = 0.001), and age <40 years (P = 0.009).
LVI was also a significant independent prognostic factor for disease-free
survival (DFS) and overall survival (OS) in LVI-present patients (P < 0.001 and P
= 0.006). For the whole patient cohort, LVI remained an independent
prognostic factor for DFS (RR = 2.59; P = 0.005) (Song et al., 2011). In a larger
study of LN-negative patients, LVI identified in 19% of 2760 tumours was
associated with increasing tumour size (P < 0.0001), higher histological grade (P
< 0.0001), younger age (P < 0.0001) as well as less favourable NPI group (P <
0.0001) (Lee et al., 2006). LVI was an independent prognostic factor in LN-
negative operable invasive breast carcinoma for OS in either a group of patients
with no adjuvant therapy (RR = 1.64, P <0.0001) or a group of selective adjuvant
therapy (RR = 1.66, P = 0.004) (Lee et al., 2006). The LN-negative patients,
however, traditionally fall into the good NPI group, but approximately 20% of
these women will, unfortunately, die of breast cancer when followed up for 20+
years. LVI, therefore, can potentially be an early predictor of metastatic
dissemination. It has been included in the establishment of the NPI+ index,
which aims to provide improved and highly significant patient outcome

stratification compared with the traditional NPI (Rakha et al., 2014).
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As a majority of LVI, LI is also considered as a negative prognostic factor in
breast carcinomas either with or without LN involvement (Mohammed et al.,
2014; Mohammed et al., 2011). By using D2-40, the presence of LI (211 of 218
LVI-positive cases) investigated in LN-negative breast cancer (n = 1005) by the
current group was significantly associated with 20-year OS and 20-year disease-
free interval (DFI) (P <0.0001 and < 0.0001). The presence of even only a single
LI was also associated with poorer OS and DFl compared to LI-negative patients
(OSLi-positive = 66%, OSti-negative = 85%, P < 0.001; DFliipositive = 62%, DFlLinegative =
78%, P <0.001) (Mohammed et al., 2011). The subsequent study by the current
group in LN-positive breast carcinoma (n = 557) also found that the presence of
LI (n = 262, 47%) was a poor prognostic factor for the 20-year OS, DFI, and
development of distant metastasis in the whole LN-positive cases. Lower OS
rate and DFI rate were present in the group of LI-positive (OSu-positive = 54%, OS.-
negative = 72%, P < 0.0001; DFlu-positive = 43%, DFluinegative = 61%, P < 0.0001). Fifty-
one per cent of tumours that developed distant metastasis showed positive LI
compared with 36% of cases that do not metastasise (P < 0.0001). The most
common site of metastasis observed in either LI-present or Ll-absent breast

cancer cases was bone (16% vs 14%) (Mohammed et al., 2014)

Breast tumours with higher lymph vessel density (LVD) were reported to be
associated with the presence of LI (P < 0.001), LN metastasis (P < 0.001),
advanced tumour stage (P < 0.001), poor NPI (P = 0.009) as well as shorter OS
(P=0.015), and DFI (P =0.01) (Mohammed et al., 2009a). In other cancers, high
LVD was also associated with adverse clinicopathological variations and
outcomes, including in gastric (Gao et al., 2009), colorectal (Chen et al., 2009),
and lung carcinomas (Sun et al.,, 2009). Anti-lymphangiogenic treatment,
therefore, is currently developing as a promising strategy for prophylaxis or
treatment of metastasis and lymphatic disorders. Amongst a series of anti-
angiogenic agents approved by the Food and Drug Administration in the last
decade, the most common is bevacizumab, initially accepted as a therapeutic

substance in colorectal cancer associated with hepatic metastases. To date,
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several anti-angiogenic substances have been characterised, but very few anti-

lymphangiogenic agents have been taken into account (Raica et al., 2016).

1.2.3.2.2 Preference of lymphatic invasion in breast cancer and associated
factors

Evidence to explain the preference of LI in breast cancer remains sparse. The
anatomical and physiological properties of lymphatic vessels, which promote LI
over BVI, have been hypothesised and described in section 1.2.2.2. Also, a more
active process inducing tumour cells to interact with LECs and enter the lumen
of lymphatic capillaries has been suggested. This process involves complex
interactions of the three main components - tumour cells, stromal cells and the
LECs (Mohammed et al., 2009b). The cellular cross-talk involves a large number
of molecules, including macrophage and associated cytokines, chemokine

gradients, and the calpain-calpastatin system as discussed below.

Macrophage and associated cytokines

In regulating the process of LVI and metastasis, with data from the current
group, macrophage and associated cytokines, such as tumour necrosis factor-a
(TNF-a) and Interleukins (IL), may be involved. Safuan et al. (2012)
demonstrated that breast cancer cells (MDA-MB-231 and MCF7) had higher
endogenous in vitro adhesive ability to blood endothelial cells (BECs, i.e.,
HUVEC and hMEC-1) compared to lymphatic endothelial cells (LECs, i.e., hnTERT-
LEC and HMVEC dLy Neo) (P < 0.001). However, while TNF-a treatment of ECs
or breast cancer cells alone did not contribute a significant change of tumour—
endothelial cell adhesion, double stimulation of both endothelial and tumour
cells with TNF-a preferentially caused a significantly-increased LEC interaction

(P <0.001) than the adhesion to BECs (P < 0.01) (Safuan et al., 2012).

IL-1B also seemed to be an important factor that might play a role in regulating
lymphatic invasion and breast cancer metastasis (Safuan, 2012). Upon
stimulation with IL-1B, significant increases in cell migration and the number of
MDA-MB-231 cells that transmigrated across hMEC-1 and hTERT-LEC were

observed with comparable affinity to both ECs, suggesting that IL-1p might be
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implicated in the regulation of tumour cell transmigration across and adhesion
to ECs as well as LVI. Paradoxically, high cytoplasmic IL-1B expression
(combined expression of mature and immature forms) detected by
immunohistochemistry (IHC) in breast tumours was significantly associated
with the absence of LI (Safuan, 2012). A study by Song et al. (2003), however,
indicated that the secreted form of mature IL-18 in the extracellular
compartment but not the mature cytosolic IL-1B was able to increase tumour
growth, invasion, and metastasis. While IL-6 and IL-10 did not affect adhesion
patterns of MDA-MB-231 and MCF-7 cells to both hMEC-1 and hTERT-LEC cells,
only IL-10 significantly inhibited MDA-MB-231 migration in a dose-dependent
manner (P =0.03) (Ahmad et al., 2018). In a cohort of 1380 patients with early-
stage invasive disease, high expression of both IL-6 and IL-10 was associated
with improved DFI (P < 0.05), and only IL-6 was associated with breast cancer-
specific survival (P = 0.017) (Ahmad et al., 2018). The study of patients
diagnosed with cutaneous melanoma (n = 202) revealed that a high
macrophage count could be associated with promoting neovascularisation (P =
0.003), primary tumour growth (mitotic rate; P = 0.005), and the existence of LI
(P =0.002) (Storr et al., 2012b).

Chemokines

Chemokines have been recognised as a key player in a role that providing
directional signals for cancer cell invasion and metastasis (Zlotnik, 2008;
Talmadge & Fidler, 2010). Chemokine receptor CXCR4 was found to play a
potential role in targeting lymph nodes, bone marrow, and pulmonary tissue,
as the selective sites for the dissemination of breast cancer, as they expressed
the ligand CXCL12 (Huang et al., 2009). CCL21/CCR7 axis was also involved in
lymph node metastasis; CCR7 expression positively correlated with lymph node
metastasis of triple-negative breast cancer (P = 0.0096, n = 181) (Li et al.,
2017b). The expression of CCL21/CCR7 by breast cancer showed the ability to
promote tumour-induced lymph-vascular recruitment in vivo and regulate the
expression and secretion of lymphangiogenic factor VEGF-C, leading to the

promotion of proliferation, migration, and tube formation of the primary
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human LECs in vitro (Tutunea-Fatan et al., 2015). In oesophageal squamous cell
carcinoma (ESCC), enhanced adhesive ability of CCR7-expressing ESCC cell line
was observed in response to CCL21/secondary lymphoid-tissue chemokine

(SLC), in particular, in the presence of HMVEC-LLy LECs (P = 0.005).

Calpastatin

Calpastatin, the focus of the current study, has been first discovered by the
current group in the extent that involving with breast cancer LI. A cohort of 177
patients with breast cancer showed that downregulation of calpastatin protein
(P <0.025, n =53) and exon3-containing variant (CASTexon3) (P <0.014, n = 56)
was significantly associated with a presence of LI (Storr et al., 2011b). The
implication of calpastatin in LVI has been confirmed in a subsequence larger
cohort of early-stage invasive breast cancer. This study demonstrated a
significant association between high calpastatin expression and the absence of
intra-tumoural LI (P = 0.014, n = 1266) (Storr et al., 2012a). These two studies
suggest that resultant altered calpain activity via differed expression of
calpastatin may be involved in regulating LI in breast cancer. The associations
between calpastatin level and other clinicopathological variations will be

described in section 1.3.5.3.4.

1.3 Calpains and calpastatin

Calpastatin is the specific endogenous inhibitory protein of calpain (Carragher
& Frame, 2002). pu-Calpain and m-calpain, also known as conventional calpains,
are ubiquitously expressed and are the most intensely studied calpains among
fifteen members of the family (reviewed in Leloup & Wells, 2011; Storr et al.,
2011a). Both calpains are recognised as important regulators of various
physiological pathways, such as cell proliferation, survival, apoptosis, adhesion,
and migration (Fei et al., 2013). An imbalance between the level of calpain and
calpastatin is postulated to be an important factor causing dysregulation of
calpain activity and subsequently leading to a wide range of diseases and
pathologies (Potz et al., 2016), including, for example, muscular dystrophies

(Tidball & Spencer, 2000), degenerative nerve diseases (Tsuji et al., 1998; Elkind
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et al., 2011), Alzheimer's disease (Higuchi et al., 2012), degenerative vascular
disorders (Miyazaki & Miyazaki, 2018), diabetes (Gurlo et al., 2016), cataract
formation (Carragher, 2006), myocardial infarction (Sandmann et al., 2001),
and cancer. Dysregulation of calpain activity is related to tumour invasion
(Mamoune et al., 2003), metastasis (Storr et al., 2011a), and response to
anticancer therapies (Kulkarni et al., 2010; Kulkarni et al., 2012; Liu et al., 2006;
Mlynarczuk-Bialy et al., 2006). Calpastatin expression, as mentioned in
1.2.3.2.2, is also associated with cancer progression, in particular of the

presence of LI (Storr et al., 2011b; Storr et al., 2012a).

1.3.1 Calpain family

Calpains are a conserved family of intracellular Ca%*-dependent cysteine
proteases (EC 3.4.22.17 Clan CA, family C02). They mediate the activities of a
large number of specific substrates by partial cleavage that is somewhat similar
to post-translational modification rather than performing digestion or
degradation. Thus, calpain is considered as a modulator/regulatory protease
rather than a digestive/degradative enzyme (Sorimachi et al., 2011b). Typical
cellular digestive proteases are usually independent of calcium and are active
to degrade their substrates completely in acidic compartments. In comparison,
the regulatory proteases of the calpain family are entirely inactive in the
absence of Ca?* as well as at resting cytoplasmic Ca?* levels but activated at
neutral pH in the presence of Ca?*. The calpain-mediated proteolysis modifies
the structure and/or function of their target substrate proteins by partial
truncation at one or a few sites (Baudry et al., 2013; Sorimachi et al., 2011b).
This subsequently impacts various physiological phenomena, including cell
signal transduction, morphogenesis, proliferation, migration, apoptosis and
death (Sorimachi et al., 2010; Sorimachi et al., 2011a; Leloup & Wells, 2011;
Baudry et al., 2013). The ubiquitous py- and m-calpains are the most well-
characterised members in modulating these physiological pathways. In
regulating the cellular biological activities, only one or two calpain molecules
are required to act on its substrate, whereas the proteasomal and lysosomal

proteases function in a co-ordinated step-wise pathway together with proteins
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mediating ubiquitination and intracellular compartmentalisation (e.g.

autophagosomes and endosomes) (Sorimachi et al., 2011b).

Based upon the primary sequence characteristics of the calpain-like cysteine
protease sequence motif defined in the conserved domain (the CysPc domain),
calpain homologs have been identified in a wide range of living organisms
(Croall & DeMartino, 1991; Sorimachi et al., 2011b; Ono & Sorimachi, 2012).
They are observed in almost all eukaryotes and a few bacteria, but not in
archaebacterial (Sorimachi et al., 2011a). In human, calpains are expressed in a
wide range of cells and tissues (Goll et al., 2003). Thus far, fifteen human calpain
genes (CAPNn, n = 1-3, and 5-16) encoding fifteen calpains and two genes for
small regulatory subunits (CAPNS1 and CAPNS2; 30 kDa) have been identified
(Sorimachi et al., 2011a). Calpastatin, the specific endogenous calpain inhibitor,
is sometimes also considered as a member of the calpain family. Calpains are
classified based on the presence/absence of the EF-hands of protein domain
structure into classical/typical EF domain calpains (i.e. conventional and
unconventional EF-calpain subunits) and non-classical/atypical non-EF domain
calpains (Storr et al., 2011a). Classical calpains are comprised of four domains
I-IV (DI-DIV), while non-classical calpains have certain domains of the classical
calpains deleted or replaced (Suzuki et al., 2004) (Figure 1.2). The members of

the calpain family are listed in Table 1.4.
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Figure 1.2 Schematic structure of p-calpain heterodimer and calpain family members.
Reproduced from Storr et al., 2011a. Copyright© 2011 by Nature Publishing Group with permission
conveyed through Copyright Clearance Center, Inc.

The classical calpains (80K) are comprised of four domains (DI-DIV) with the

presence of penta EF-hands (PEF). This class consists of calpain-1, -2, -3, -8, -9,
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-11,-12, -13, and -14 (Ono & Sorimachi, 2012). Calpain-1 and calpain-2 are the
80-kDa calpain large catalytic subunits that separately interact with a smaller
30-kDa regulatory subunit (CAPNS1 or calpain-4; domain V-VI) to form
functional heterodimeric calpains called micro (u)-calpain and milli (m)-calpain,
respectively (Kawasaki et al., 1986; Leloup & Wells, 2011). p-Calpain and m-
calpain are known as the ‘conventional calpains’. Both are ubiquitously
expressed, and, as mentioned, they are the most intensely studied and well-
characterised among all members of the calpain family. Their names are
designated based upon the levels of Ca?* requirement for their activity in vitro.
u-Calpain and m-calpain can be activated at neutral pH by the micromolar
range (3-50 pM) and the millimolar range (0.4-0.8 mM) of Ca?*, respectively, for
in vitro half-maximal activation (Cong et al., 1989; Kapprell & Goll, 1989; Baudry
et al., 2013). The unconventional EF domain calpains (calpains-3, -8, -9, -11, -
12, -13, and -14) are composed of four domains, which are originally found in

the large catalytic subunit of the conventional calpains (Suzuki et al., 2004).

Table 1.4 The calpain family

Protein Gene Other names Class Expression

Calpain-1 CAPN1 u-calpain large subunit, Classical Ubiquitous
CAPN1[uCL]

Calpain-2 CAPN2 m-calpain large subunit, Classical Ubiquitous, except
CAPN2[mCL] erythrocytes

Calpain-3 CAPN3 p94, nCL-1, CAPN3[p94] Classical Skeletal muscle, lens,

retina

Calpain-5 CAPN5S hTRA-3, nCL-3, Non-classical Ubiquitous
CAPN5[hTRA-3]

Calpain-6 CAPNG6 CAPNX, CAPN6[CANPX] Non-classical Embryonic muscles,

placenta

Calpain-7  CAPN7 PalBH, CAPN7[PalBH] Non-classical Ubiquitous

Calpain-8  CAPNS8 nCL-2, CAPN8[nCL-2] Classical Gl tract

Calpain-9 CAPN9 nCL-4, CAPN9[nCL-4] Classical Gl tract

Calpain-10 CAPN10  CAPN10 Non-classical Ubiquitous

Calpain-11 CAPN11 CAPN1lc Classical Testis

Calpain-12 CAPN12 CAPN12 Classical Hair follicle

Calpain-13 CAPN13  CAPN13 Classical Ubiquitous

Calpain-14 CAPN14 CAPN14 Classical Ubiquitous

Calpain-15 CAPN15  SOLH, CAPN15[SOLH] Non-classical Ubiquitous

Calpain-16 CAPN16 CAPN16[demi-calpain, C6orf103]  Non-classical Ubiquitous

CAPNS1 CAPNS1  calpain small subunit (CSS)1, Ubiquitous
calpain-4, calpain S1, 30K, CAPNS1

CAPNS2 CAPNS2  (CSS2, calpain S2, CAPN14, CAPNS2 Lens

Data summarised from Suzuki et al., 2004; Saez et al., 2006; Leloup & Wells, 2011; Sorimachi et al.,
2011a; Sorimachi et al., 2011b; Ono & Sorimachi, 2012.
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In addition to calpain-1 and -2, calpain-9 also forms heterodimers with small
subunits (30K) but calpains-3 and -13 form homodimers (Ravulapalli et al.,
2009). CAPN8/9[G-calpain] is the first hybrid heterodimer of two distinct
calpain catalytic subunits (calpain-8 and -9) observed in vivo; heterodimer
formation is crucial to stabilise the CAPN8/9[G-calpain] existence (Hata et al.,
2010; Sorimachi & Ono, 2012). Others do not apparently interact with 30K,
although they have a similar calmodulin-like domain associating to domain IV,

which is critical for heterodimerisation with 30K subunit (Suzuki et al., 2004).

DI is the N-terminal anchor helix region of the large subunit. It is autolysed
when calpains are activated by Ca?*, but this does not seem to be a requirement
as a prior condition for the activation (Nakagawa et al., 2001; Storr et al.,
2011a). The autolysis, however, contributes to a lower requirement for Ca?*
(Suzuki et al., 1981; Imajoh et al., 1986b), a substrate specificity change
(Nakagawa et al., 2001), and the dissociation of heterodimeric calpains into
subunits driven by factors such as crystal formation or autolysis of active
enzymes (Zhang & Mellgren, 1996; Pal et al., 2001; Nakagawa et al., 2001;
Sorimachi et al., 2010).

The conserved protease (CysPc) domain Il, also known as a catalytic domain, is
a common structural and functional element for the calpain family. In the
absence of Ca?*, the inactive DIl is divided into two protease core subdomains
(PC1 and PC2 or Dlla and Dllb), which, upon Ca?" binding onto each core
domain, fold into a single functional CysPc domain that contains an active
cysteine catalytic cleft (Strobl et al., 2000; Moldoveanu et al., 2004) to interact

with substrates or calpastatin (Hanna et al., 2008).

DIl contains a C2 domain-like (C2L) domain, which binds Ca%** and
phospholipids (Tompa et al., 2001). This domain is a highly conserved region in
the calpain family, and it is involved in calcium-mediated conformational
changes that are required for calpain activity and inhibition of calpain by

calpastatin (described in section 1.3.4) (Hanna et al., 2008; Moldoveanu et al.,
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2008). It may play a crucial role in the Ca?*-dependent membrane translocation

of calpains (Kawasaki & Kawashima, 1996; Tompa et al., 2001).

The carboxy-terminal DIV is a calmodulin-like Ca?*-binding domain. It is highly
homologous to the carboxy-terminal DVI of the regulatory subunit (30K
CAPNS1). DIV and DVI both contain five EF-hand motifs (PEF-hand), which is
involved in Ca?* binding except the fifth EF-hand (Minami et al., 1987; Hosfield
et al., 1999). The fifth EF-hands of the small subunit and the large subunit
interact to each other, resulting in the heterodimer formation (Imajoh et al.,
1987; Blanchard et al., 1997; Suzuki et al., 2004). In the presence of Ca?*, the

structural changes in DIV are not noticeable (Saez et al., 2006).

DV is the N-terminus of the regulatory subunit (30K CAPNS1) which contains a
glycine-rich region, so-called a glycine-rich hydrophobic (GR) domain (Baudry
et al.,, 2013). This domain possibly facilitates interaction with the plasma
membrane and/or membrane proteins through hydrophobic interactions. The
majority of this domain is autolysed during calpain activation, indicating that
this region does not engage in protease activity (Imajoh et al., 1986a; Sorimachi
et al., 2010). In humans, the physiological roles of a regulatory subunit

homologue encoded by the CAPNS2 remain unclear (Schad et al., 2002).

The non-classical calpains (atypical non-EF domain calpains) is composed of the
molecules that lack PEF-hand motifs with/without C2L domain. PEF and C2L are
normally present in DIV and DIIl of the classical calpains, respectively (Sorimachi
et al., 1993; Ono & Sorimachi, 2012). Regarding the missing of domain IV, non-
classical calpains cannot form a dimer with 30K (Suzuki et al., 2004). Calpain-5,

-6, -7, -10, -15, and -16 are categorised into this class.

In addition to the structure-oriented classification, calpain can be classified
based upon their localisation - ubiquitous or tissue-specific. Six out of fifteen
calpains are regarded as tissue-specific calpains expressed mainly in a particular
tissue, i.e., calpain-3 (skeletal muscle), -6 (embryonic muscle and placenta), -8

and -9 (gastrointestinal (Gl) tracts), -11 (testis), and -12 (hair follicles). The other
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calpains are ubiquitously expressed (Suzuki et al., 2004; Sorimachi et al., 2011a;

Storr et al., 2011a; Ono & Sorimachi, 2012), as summarised in Table 1.4.

1.3.2 Calpastatin

Calpastatin was first proposed, in 1979, as the name for the protein inhibitor of
calpains by Takashi Murachi (Murachi, 1989). Calpastatin, as shown in Figure
1.3, comprises of five domains - a region of 150-230 amino acid residues on its
N-terminal Leader domain (XL and L domains) followed by four mutually
homologous C-terminal regions of approximately 140 amino acid residues

(inhibitory domains I-1V).

Leader domain Inhibitory domains

ABC AB C ABC ABC

R #
Type 1 T - % 3 5 Y
ATG

Type 2 Colmv R 3s[e T7Ts]

ATG
Type 3 [ TR 6 17 8]

Figure 1.3 Schematic structure of calpastatin protein, cDNA and gDNA. Reproduced from
Storr et al., 2011a, Nature Reviews Cancer, 11, 364-374; Copyright© 2011 by Nature Publishing Group
with permission conveyed through Copyright Clearance Center, Inc.

Calpastatin is regarded as a unique inhibitor as the amino acid sequence of the
inhibitory domains have no homology with any other polypeptides (Emori et
al., 1988; Kawasaki et al., 1989). Each inhibitory domain is capable of reversibly
binding to, and inhibiting one calpain molecule in the presence of Ca?*, i.e., a
single calpastatin molecule is capable of simultaneously binding up to four
heterodimer calpain molecules. The four domains differ in their ability to inhibit
calpains in the order of domain | 2 domain IV > domain Il > domain Il (Kawasaki
et al.,, 1989; Wendt et al., 2004; Hanna et al., 2007). Calpastatin has more
efficiency in inhibiting m-calpain than it does p-calpain, with the IC50 for m-
calpain being 2- to 10-fold lower than the IC50 for p-calpain (Maki et al., 19873;
Maki et al., 1987b; Maki et al., 1988; Emori et al., 1988; Wendt et al., 2004).
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Amongst the four repetitive inhibitory domains, conserved residues are not
evenly distributed but are clustered in restricted regions termed subdomains
A, B, and C (Asada et al., 1989; Maki et al., 1989; Takano et al., 1988) encoded
by separate exons in the human gene (Lee et al., 1992b), suggesting individual
functional roles toward inhibition of calpain. Although subdomains A and C
have no inhibitory activity either individually (Uemori et al., 1990) or when
together (Ma et al., 1994), both are a requirement for enhancing the inhibitory
activity of subdomain B; missing of A has more effect to the inhibitory capacity
of calpastatin than missing of C subdomain (Maki et al., 1988; Uemori et al.,
1990; Ma et al., 1994). Subdomain B contains a conserved amino acid sequence
(LGXK(R)D(E)XYIPPXYRXLL) that seems to be a requirement for inhibitory
activity but that, paradoxically, has only slight inhibitory activity by itself (Emori
et al., 1988; Kawasaki et al., 1989; Uemori et al., 1990; Wendt et al., 2004).

The single CAST gene located on chromosome 515 (National Center for
Biotechnology Information, 2019) encodes for multiple calpastatin isoforms.
Differential promoter usage and alternative splicing produce a variety of
calpastatin mRNA transcripts primarily involving the leader or L domain, which
is composed of 8 exons, or in the first inhibitory domain, resulting in various
calpastatin polypeptide production with specific exon composition and N-
terminal variation (Lee et al., 1992b; Takano et al., 1999; Takano et al., 2000;

Parr et al., 2001a; Parr et al., 2004; Minobe et al., 2006).

Calpastatin Types 1, 2, 3 and 4 are the most intensely studied amongst all
isoforms. They are encoded by the mRNA transcripts generated by differential
promoter usage. The properties of calpastatin transcripts and proteins are
summarised in Table 1.5. Calpastatin Type 1 and Type 2 both contain the XL
domain but different N-terminal sequences generated from tandem promoters
associated with exons 1xa and 1xb, respectively. Calpastatin Type 3 is
generated from a promoter associated with the untranslated exon 1u, resulting
in a protein in which lacks XL region from the L domain (Takano et al., 2000;

review in Storr et al., 2011a). Calpastatin Type 4 is a testis-specific isoform (Li &
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Goldberg, 2000; Li et al., 2000) lacking the L domain and the inhibitory domain

| due to the production of a promoter between exons 14 and 15 (14t-L or 14t-S

exon in a domain Il) (Takano et al., 2000; review in Storr et al., 2011a).

Table 1.5 Summary of calpastatin isoforms identified in tissues.

Properties of transcript

Properties of protein

Type 1; contains 1xa, 1y, 1z, 2, 3,4, 5, 6, 7, 8 exons
for XL-L domain and exons for all four inhibitory
domains; predicts an 85-kDa polypeptide.

Type 2; contains 1xb, 1y, 1z, 2, 3, 4, 5, 6, 7, 8 exons
for XL-L domain and all four inhibitory domains;
predicts an 84-kDa polypeptide.

Type 3; prototypal; contains 1u, 2, 3,4, 5,6, 7, 8
exons for L domain and exons for all four inhibitory
domains; predicts a 77—78-kDa polypeptide.
Deletion of exon 3 in domain L; contains all four
repeating domains; predicts a 74-75-kDa
polypeptide.

Deletion of exons 3 and 6 in domain L; contains all
four repeating domains; predicts a 72-73-kDa
polypeptide.

Lacks domains L and I; 46-kDa polypeptide.

Type 4; lacks domains L and | and part of domain II;
molecular weight unknown.

Lacks domains L, I, and Il; predicts a 35-kDa
polypeptide.

Lacks domains L, I, I, and lll: predicts an 18.7-kDa
polypeptide.

Rate of migration in SDS-PAGE and
tissue expression is unknown.

Migrates as a 145-kDa polypeptide in
four SDS-PAGE; contains XL domain that
has three protein kinase A sites in some
species; present in cardiac tissue.
Migrates as 135-kDa in SDS-PAGE;
present in mammalian skeletal muscle
and many other tissues.

Migrates as 125-kDa in SDS-PAGE;
present in mammalian skeletal muscle
and other tissues.

Rate of migration in SDS-PAGE unclear
(110-115-kDa??); tissue distribution
has not been characterised.

Migrates as 70-kDa in SDS-PAGE; in
human, pig, rabbit erythrocytes;
possibly also in other cells where it may
have been identified as a degradation
product.

Rate of migration in SDS-PAGE s
unknown; transcript found in testis.
Rate of migration in SDS-PAGE ~55 kDa;
found in human placenta.

Rate of migration in SDS-PAGE
unknown; found in human testis.

Data adapted from Wendt et al., 2004. Copyright© 2004 by Walter de Gruyter and Company with
permission conveyed through Copyright Clearance Center, Inc.

Alternative splicing is also responsible for producing several types of
calpastatin. It occurs variously in different species. Deletion of the region
corresponding to exon 3 has been observed partially in calpastatin human
cDNA clones (Lee et al., 1992a; Lee et al., 1992b) but has been found in all
calpastatin cDNA clones of rat (Ishida et al., 1991; Lee et al., 1992a; De Tullio et
al., 1998). In mouse, either non-deleted isoform or the exon-3-deleted type of
calpastatin are detected in tissues and cultured myoblast cell line (Takano et
al., 1999). Isoforms with exons 4 and/or exon 6 deleted are present in rat

calpastatin, while an exon 5-deleted isoform is found in human. Such isoforms,
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however, are undetectable in mouse (Takano et al., 1999). Isoforms deleted in
the inhibitory domain | are also present in human (exon 11), and mouse (exon
12) calpastatins (Lee et al., 1992b; Takano et al., 1999). In human tissues, the
exon 11l-deleted isoform is expressed in brain tissues and neuroblastoma cell

lines but cannot be detected in heart nor liver (Lee et al., 1992b).

The cellular consequence of expression of the various calpastatin splice variants
has not been fully described. The absence of exon 6 promotes the formation of
intracellular storage aggregates (De Tullio et al., 2009), while the lack of exon 3
eliminates a stretch of basic amino acids, Lys-Lys-Arg-His-Lys-Lys, from the L
domain. This part of the L domain has been described to be involved in binding
calpastatin to biomembranes (Goll et al., 2003). In addition, a calpastatin exon
3-containing mRNA (CASTexon3) has been suggested to play a crucial role in
regulating LVI, the initial process of metastatic dissemination, of breast cancer.
Down-regulation of an exon 3 containing variant (CASTexon3 mRNA) (P <0.014,
n = 56) and the low level of calpastatin (P < 0.025, n = 53) was shown to be
significantly associated with the presence of LI in breast cancer (Storr et al.,
2011b). Calpastatin exon 3 containing Types 1, 2 and 3 are, therefore, the focus

of the current study.

1.3.3 Calpain and calpastatin distribution in subcellular and tissue levels

Calpain and calpastatin principally co-localise in the cytoplasm, with a slight
multitude around the nuclear region (Gil-Parrado et al., 2003). Under calcium-
stimulating conditions, dissociation of calpain from calpastatin is crucial for
calpain activation, resulting in re-localisation of calpain to the plasma
membrane where it cleaves and regulates downstream targets including cell
adhesion- or migration-modulating regulators, while calpastatin remains in the
cytoplasm (Gil-Parrado et al., 2003; Stifanese et al., 2010). Nuclear calpain is
believed to be implicated in promoting cell survival via several signalling
pathways, including NF-kB, Ku80, and PI-3K/Akt (Baghdiguian et al., 1999;
Tremper-Wells & Vallano, 2005; Baek et al., 2016; Burchett et al., 2019).

Perinuclear localisation of calpastatin might be a consequence of accumulated
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aggregation of calpastatin after being disassociated from binding to calpain
(Averna et al., 2003), possibly causing an elevation of cell migration but a
reduction of nuclear calpain-mediated pro-survival effects. Likewise, the
accumulation of calpastatin in the nuclei may promote cell death through
suppressing the pro-survival effects mediated by nuclear calpain (Burchett et

al., 2019).

In breast cancer tissues, distribution of calpain-1, -2 and calpastatin
investigated by IHC has been observed predominantly in the cytoplasm with
some granularity and heterogeneity between adjacent tumour cells, but
extremely infrequently detected in the nucleus (Storr et al., 2011c; Storr et al.,
2012a; Storr et al., 2016). The localisation of calpain-4, however, has not been
shown in breast cancer tissue but in the tissue of ovarian tumour, showing that

calpain-4 principally distributed in the cytoplasm (Yang et al., 2017).

1.3.4 Calpain activation and calpain-calpastatin interaction

Ca?* tightly controls calpain function by activating calpain activity and plays a
role as an inducer of the inhibitory action of calpastatin - the only known
protein inhibitor specific for calpain (Branca, 2004; Storr et al., 2011a). Thus,
efficient control of intracellular Ca%" concentration is critical for the
physiological functions of the calpain-calpastatin system (Croall & DeMartino,
1991; Ono & Sorimachi, 2012). Aberrant calpain activity due to a shift of Ca®
homeostasis is associated with various pathological conditions, e.g., neuronal
injury, neurodegenerative diseases (Higuchi et al., 2012; Stifanese et al., 2010;
Vosler et al., 2008), retinal neurodegeneration (Hoffmann et al., 2013),
dystrophic skeletal muscle (Zhao et al., 2012), and myocardial infarction
(Garcia-Dorado et al.,, 2012). In addition to Ca?* and calpastatin, there are
additional mechanisms regulating calpain activity, including calpain expression
level, post-translational modifications, phosphorylation of substrates or
calpains themselves, the intervention of phospholipids, and formation of
multiprotein complexes containing calpains (Lebart & Benyamin, 2006; Fei et

al., 2013).
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1.3.4.1 Calpain activation

Calpain distributes and localises in the cytosol as an inactive protease before
translocating to membranes in response to increase in cellular Ca%t+
concentration and being activated in the presence of Ca* (Suzuki et al., 2004).
During activation, Dl is autocatalytically hydrolysed, resulting in dissociation of
30K from the 80K subunit. The activated calpain, or the free 80K subunit,
hydrolyses substrate proteins at membranes or in the cytosol after being
released from membranes (Suzuki et al., 1995; Suzuki et al., 2004). Studies on
the mechanism of calpain activation have thus far been performed using mainly
U- or m-calpains (Moldoveanu et al., 2002b). m-Calpain contains at least three
different Ca?*-binding sites - a protease DII, an acidic loop region in C2L DIIl, and

calmodulin-like DIV and DVI.

The mechanism for calpain activation regulated by Ca?* comprises of two
stages. The first stage is the binding of Ca?* to release constraints imposed by
domain interactions. In the absence of Ca?*, the nonfunctional conformation of
the catalytic DIl contains subdomains Dlla and Dllb separated by structural
constraints imposed by an interaction between DI and DVI on one side and the
strong electrostatic bonds between DIlb and DIIl on the other side (Strobl et al.,
2000; Reverter et al., 2001; Moldoveanu et al., 2002b; Suzuki et al., 2004).
Binding of Ca?* to DIV, DVI, and DIlI results in separation of DI from DVI and DI
from DIll, subsequently leading to conformation changes and dissociation, as
mentioned, of 30K from the 80K subunit. The second stage is the formation of
the active site cleft occurring only after the previous step by two Ca?* atoms
bound to DIl (one each to Dlla and Dllb) (Moldoveanu et al., 2002b; Suzuki et
al., 2004). Upon Ca?* binding, Dlla and DlIb are folded into a single functional
CysPc domain containing an active cysteine catalytic cleft (Strobl et al., 2000;
Moldoveanu et al., 2004) to interact with substrates or calpastatin (Hanna et

al., 2008).
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1.3.4.2 Calpain-calpastatin interaction

The activity of the calpains is tightly controlled by calpastatin, which is an
intrinsically unstructured protein capable of reversibly binding and inhibiting
up to four molecules of calpain in the presence of Ca?*. Calpastatin, located in
intracellular storage aggregates, is released into the cytosol, by intracellular
calcium influx, to interact with calpain. Calcium also acts as an inducer of the
inhibitory action of calpastatin by restructuring calpain to allow the A, Band C
subdomains within each inhibitory domain of calpastatin to bind; A binds to
domain IV, and C binds to domain VI of the calpains in a Ca?*-dependent manner
(Ma et al., 1994; Yang et al., 1994; Wendt et al., 2004). Although binding of
subdomain B to the calpains has been assumed to be Ca?*-independent, the
synthetic 24-residue peptide designed to mimic subdomain B of calpastatin
binds to bovine calpain with higher specificity and a higher rate of binding in
the presence of Ca?* compared with binding in the absence of Ca?* (Croall &
McGrody, 1994). The Ca?* concentration requirement for binding of calpastatin
to calpain is associated with calpain but not with calpastatin (Kapprell & Goll,

1989). There is no evidence that calpastatin binds Ca%* (Wendt et al., 2004).

Subdomains A and C fold as amphipathic a-helices binding to the exposed Ca?*-
induced hydrophobic pockets on DIV and DVI, respectively (Hanna et al., 2008;
Moldoveanu et al., 2008). Ca%*-binding to the EF-1 hand initiates exposure of
the hydrophobic pocket due to the movement of the first helix in the EF-1 hand
(Todd et al., 2003). The B-region binds to calpain only after calpain has been
activated by Ca%* (Wendt et al., 2004; Hanna et al., 2008; Moldoveanu et al.,
2008), and have inhibitory property only if it contains 13 amino acids or more.
A longer amino acid sequence has higher inhibitory activity, suggesting that
inhibition necessitates interaction over a huge area of the calpain molecule (Ma
et al., 1994; Wendt et al., 2004). Region B inhibits calpain by occupying both
sides of the catalytic cleft (DI-DIII) to obstruct the active site in the extended
substrate-like orientation (Moldoveanu et al., 2008). While passing through the
active site cleft, calpastatin escapes proteolytic cleavage, by looping out and

around the active site cysteine (Hanna et al., 2008;). The presence of DIl to DVI
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is necessary for the regulatory effects of calpastatin; calpains which lack these
domains can evade the inhibition by calpastatin, in the other word, calpastatin
can inhibit only dimeric calpains, e.g., pu- and m-calpain (Moldoveanu et al.,

2002a).

1.3.5 Roles of calpains and calpastatin in cancer

As mentioned, the calpain-calpastatin system has been implicated in the
development, progression and response to therapies of various cancers, such
as carcinomas of the pancreas, bile duct and ampulla (Storr et al., 2012d),
ovarian (Storr et al., 2012c; Zhang et al., 2019), gastric (Peng et al., 2016b), lung
(Xu et al., 2019), and breast (Storr et al., 2015). In breast cancer, the calpain-
calpastatin system, in particular the conventional calpains (u- and m-calpain),
their catalytic subunits (calpain-1 and calpain-2) and specific inhibitor
calpastatin have been investigated in a wide range of in vitro and in vivo studies
focussing on their association with cellular functions related to cancer
progression and metastasis as well as clinical outcomes and treatment

responses.

1.3.5.1 Cell proliferation, survival, and apoptosis

Calpains are involved in cell proliferation, survival or apoptosis via regulating
various crucial regulators, such as Myc, B-catenin, cyclin E, tumour-suppressor
protein p53, nuclear factor-kB (NF-kB), and caspases. Figure 1.4 shows a
schematic representation of conventional calpain substrates and major events

of tumour cell pathophysiology in which conventional calpains are involved.
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Figure 1.4 Schematic representation of conventional calpain substrates and major events
of tumour cell pathophysiology in which conventional calpains are involved. Reproduced

from Moretti et al., 2014. Copyright© 2011 by Elsevier Inc. with permission conveyed through
Copyright Clearance Center, Inc.

Calpain activity involves Myc and B-catenin, the two important regulators of
cell proliferation and survival. The Myc family of nuclear oncogenes encodes
transcription factors generally promoting cell growth, proliferation, and
apoptosis in mammalian cells. They are one of the most commonly activated
genes in human cancers, and uncontrollable Myc expression is one of the most
important hallmarks of the hyperproliferation associated with most cancers
(Dang, 2012; McMahon, 2014). In Eu-myc lymphoma cells, c-Myc activation was
found together with highly increased calpain activity, leading to tumorigenesis,
while calpastatin expression was detected at much lower levels compared to
the normal splenic B cells (Li et al., 2012). In rat fibroblasts, c-Myc enhanced
calpain activity through suppressing calpastatin expression. Silencing of
calpastatin in c-Myc-negative cells resulted in the restoration of calpain activity,
leading to stimulated cell growth, cell cycle redistribution, tumorigenicity as
well as anchorage independence, which is a crucial feature for cancer cell
detachment from a primary tumour before floating around in the blood

vessels/lymph nodes without undergoing anoikis (Niapour et al., 2008). Thus,
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knockdown of calpastatin promoted transformation in c-Myc-negative cells. In
primary chicken embryo fibroblasts, calpain activity was increased during
oncogenic transformation induced by various common oncoproteins, including
v-Myc, v-Src, v-Jun, k-Ras, and v-Fos. Anchorage-independent growth of all
transformed cells could be inhibited by calpain inhibition (Carragher et al.,,
2004). While increased calpain activity caused oncogene-induced apoptosis
associated with transformation by v-Myc (Carragher et al., 2004), apoptosis
induced by the calpain inhibitor (PD150606 or knockdown of calpain-4) was
strongly dependent on c-Myc (Niapour et al., 2008). Myc could be up-regulated
under improper conditions for cancer growth, such as nutrient deficiency and
hypoxia, resulting in enhancing apoptosis. However, cancer cells were able to
escape Myc-induced apoptosis through calpain-mediated proteolysis of Myc to
a transcriptionally inactive form called ‘Myc-nick’, which refers to augmented
anchorage-independent growth and cell survival. Myc-nick has been found to
delay colon cancer cell death following treatment with chemotherapy agents
(e.g., imatinib, cisplatin, and etoposide) and promote the disease progression
and metastasis through inducing cell survival, the actin-bundling protein fascin,

filopodia formation, and cell motility (Conacci-Sorrell et al., 2014).

B-Catenin, a substrate for calpain, functions as a transcriptional coactivator of
genes that are able to stimulate cell proliferation and suppress apoptosis. B-
Catenin mutations, which are commonly present in human cancers, cause the
constitutive transcriptional coactivation of tumour-promoting genes. In breast
and prostate cancers, where mutations of B-catenin rarely occur, the calpain-
mediated proteolysis of B-catenin contributed to aberrant stabilisation of the
protein and enhanced oncogenic activity (Rios-Doria et al., 2004). However, in
colon carcinoma cells, calpain caused degradation of B-catenin promoted by Gq
signalling (Li & lyengar, 2002), resulting in a decrease of cell proliferation, and
anchorage-independent growth (Benetti et al., 2005). Silencing of endogenous
calpain, in colon cancer cells, contributed to an increase of the free
transcriptional competent pool of endogenous B-catenin. Calpain inhibitors

(calpastatin and growth arrest-specific protein 2 (Gas2)) could control the level,

45



Chapter 1

localisation and functions of p-catenin through regulating calpain. In
comparison, Gas2DN (Gas2 dominant negative) induced calpain activity in vitro,
increased degradation of stabilised/mutated B-catenin in vivo, and reduced
anchorage-independent growth and proliferation of colon cancer cells in vitro

(Benetti et al., 2005).

Cyclin E is a required protein for the G1/S transition of the cell cycle. Calpain-
mediated cleavage of cyclin E has been found to produce a hyperactive low-
molecular-weight cyclin E (Wang et al., 2003). Overexpression of cyclin E in
MCEF-7 breast cancer cells could transactivate calpain-2 expression, resulting in
cleavage of cyclin E itself and other calpain substrates, i.e., FAK, pp60src, p53,
and calpastatin. In a murine breast tumour model, high expression of
proteolysed cyclin E and FAK was observed with higher metastatic potential. In
human breast cancer, high expression of cyclin E was detected together with
the expression of the low molecular weight isoforms, high level of calpain-2,
and proteolysis of FAK (Libertini et al., 2005). In breast cancer patients, cyclin E
overexpression was observed in 10-25% of all cases and may be associated with
expression or activity of calpain-2. In addition, the upregulation of cyclin E was
clinically associated with greater genomic instability, more aggressive
behaviour, a poor response to tamoxifen (P = 0.001 for poor relapse-free
survival, HR =4.01, n = 108), and poor clinical outcome (P < 0.001, HR for death
=13.3, n=256) (Span et al., 2003; Keyomarsi et al., 2002).

Calpain activity has been shown to involve in pro-survival activities of tumour-
suppressor protein p53 and nuclear factor-kB (NF-kB). Protein p53 is activated
in response to DNA damage to prevent the replication of cells sustaining genetic
injury by inducing cell cycle arrest or apoptosis. To sustain high accumulated
levels of p53 within the cell following DNA damage, stabilisation of p53 is co-
occurred with the activation of the protein (Kubbutat & Vousden, 1997). Wild-
type p53 is a substrate for proteolytic cleavage by p- and m-calpains (Pariat et
al., 1997), indicating a role for both proteases in regulating p53 stability and

avoidance of p53 dependent apoptosis (Gonen et al.,, 1997; Kubbutat &
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Vousden, 1997). GAS2, which was cleaved during apoptosis to allow
rearrangement of the actin cytoskeleton, could enhance p53 stability through
its physical association with calpain to impede cleavage of p53 (Benetti et al.,
2001). Calpain inhibition by calpain inhibitor 1 increased the levels of activated
p53, the level of p21 protein, and the activation of caspases, contributing to cell
arrest in GO/G1 and apoptosis in various tumour cell lines (Atencio et al., 2000).
Mutation of p53 is the most common genetic change identified in human
neoplasia, and mutant p53 proteins, with altered tertiary structures, have been
reported their various susceptibilities to calpains - some of them being resistant
to degradation and others having more sensitivity (Pariat et al., 1997). Although
p53 mutation in breast cancer has been found at a lower incident compared to
other solid tumours, it was associated with more aggressive diseases (ER
tumours: P=0.044, n=11/37; PR tumours: P=0.012, n=13/42) (Mazars et al.,
1992), and worse overall survival (P = 0.01, relative hazard (RH) =2.0, n =2319)
(Pharoah et al., 1999; Gasco et al., 2002).

Activation of NF-kB rapidly leads to the transcription of various genes involving
with cell survival and apoptosis as well as other multiple aspects of
oncogenesis, such as cell proliferation, cycle progression, neoplastic
transformation, and migration, (Piva et al., 2006; Pianetti et al., 2001). In breast
cancer, while calpain inhibition by calpeptin was reported to increase TNF-a-
induced NF-kB activation in vitro (Fei et al., 2013), calpain also promoted NF-kB
activation in vitro and in vivo by mediating degradation of tumour suppressor
PTEN, which was able to prevent HER-2-induced NF-kB activation via inhibiting
Akt kinase signalling pathway (Pianetti et al., 2001). Calpain-2 has been
reported to be responsible for PTEN degradation (Briz et al., 2013). In addition,
calpain also modulated the activity of NF-kB through regulating its inhibitor,
IkBa. IkKBa could be cleaved by calpain in HepG2 liver cells (Han et al., 1999),
while calpastatin overexpression inhibited calpain activity, degradation of IkBa,
and NF-kB activation in murine models (Li et al., 2014). Proteolytic cleavage of
IkBa was found to be responsible by p-calpain (Shumway et al., 1999), m-

calpain (Han et al., 1999) as well as calpain-3 (Baghdiguian et al., 1999).
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Calpain also plays a role to cooperate with some cellular apoptotic pathways.
Storr et al. (2015) reviewed the implications of calpain activity in inducing
apoptosis through the caspase cysteine protease machinery, as caspase-7, -9, -
10 and -12 are substrates for calpain-mediated proteolysis. Calpain cleavage
leads to activation of caspase-7,-10 and -12, but inactivation of caspase-9 (Chua
et al., 2000; Tan et al., 2006; Gafni et al., 2009). For caspase-7, it was found to
be cleaved by calpain-1 and caspase-3, and two different products produced
from calpain-1-dependent cleavage were more active than the products
produced from the cleavage mediated by caspase-3 (Gafni et al., 2009). During
endoplasmic reticulum (ER) stress, caspase-12 was activated by calpain,
contributing to apoptotic cell death (Tan et al., 2006; Martinez et al., 2010).
Interestingly, caspase-8, which is a pro-apoptotic protease, has been
discovered to impede neuroblastoma metastasis through inducing apoptosis;
however, it also stimulated cell migration amongst non-apoptotic cells,
suggesting that caspase-8 is able to stimulate metastasis when apoptosis is
compromised (Barbero et al., 2009). Caspase-8 prevented -calpastatin-
mediated inhibition of calpain-2 by restricting their interaction, leading to
enhancement of calpain-2-mediated cleavage of FAK, and further promoting
cell migration (Barbero et al., 2009). During apoptosis, calpastatin was cleaved
by calpain-1, -2, and caspases (Porn-Ares et al., 1998; Wang et al., 1998). The
high-molecular-weight form of calpastatin was cleaved by caspase-1, -3, and -
7, while calpastatin with missing of domain L and inhibitory domain | was
sensitive to proteolysis by caspase-1 but resistant to caspase-3 and -7 (Wang et
al., 1998). In calpastatin-silenced mice, calpain inhibition appeared to facilitate
the apoptotic responses without the activation of caspase 3 (Takano et al.,

2005).

Calpain also assists pro-apoptotic pathways through cleaving numerous
substrates involved with caspase-dependent apoptosis, such as BAX, BCL-2,
CDK5, APAF1, JNK, JUN, FOS, Cain, and calpastatin (reviewed in Storr et al.,
2011a; Storr et al., 2015). Calpain located in mitochondria is implicated in

caspase-independent apoptosis through modulating proteolytic cleavage of
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apoptosis-inducing factor (AIF) (Polster et al., 2005; Liu et al., 2009). Activation
of poly(ADP-ribose) polymerase 1 (PARP1) DNA repair enzyme, following DNA
damage, contributed to mitochondrial calcium dysregulation, leading to calpain
activation and further promote AlF-induced apoptosis (Vosler et al., 2009; Storr

etal., 2011a).

1.3.5.2 Cell migration, adhesion, and invasion

Cell motility is a crucial property of tumour cells to promote metastasis. Before
invading into lymphatic or blood vessels, tumour cells detach themselves from
the growing tumour cell mass, followed by invasion and migration through the
ECM, and eventually adhere to the vascular walls. These phenomena are
considered prerequisites for the LVI event (Pantel & Brakenhoff, 2004;
Aleskandarany et al., 2015). Likewise, after leaving the vessels, tumour cells
also require invasive, migratory, and adhesive abilities to move and grow at a
new site. Cellular movement involves multiple steps: 1) creating membrane
protrusions at a leading edge and attachment to a new site by a cell front; 2)
connecting actin cytoskeleton to the ECM substratum; and 3) producing pulling
force to promote cell detachment at the trailing edge and that allows cells to

move forward (Wells et al., 2005).

Calpains have been implicated in regulating several key steps to allow cellular
movement, including destabilising cell adhesion to ECM, promoting turnover of
focal adhesion, membrane protrusion, invadopodia formation, cell spreading,
rear detachment, and chemotaxis (Franco & Huttenlocher, 2005; Storr et al.,
2011a). These phenomena are involved with numerous key regulators of cell-
matrix and cell-cell interactions, many of which are identified as proteolytic
substrates for conventional p- and m-calpains, such as focal adhesion complex
components (e.g., FAK and talin), cell adhesion molecules (e.g., cadherins), and
other related molecules (e.g., PKC) (Hoskin et al., 2015; reviewed in Franco &
Huttenlocher, 2005, and Storr et al., 2011a). Figure 1.5 shows calpain-mediated

signalling mechanisms in the regulation of cell migration and invasion.

49



Chapter 1

Calpains have been demonstrated to modulate the dynamic turnover of
integrin-associated focal adhesion structures and influence cell migration
through mediating proteolytic cleavages of central molecules of focal adhesion
complexes, i.e., talin (Franco et al., 2004b), and FAK (Chan et al., 2010), as well
as other focal adhesion-related proteins, such as ezrin, vinculin, fodrin, and a-

actinin (Storr et al., 2011a).

Direction of migration

Leading edge

Lamellipodia

Integrin-linked
focal adhesion

Invadapodia
Figure 1.5 Calpain and migration. Pharmacological and molecular intervention studies that target
calpain activity suggest a role for multiple calpain substrates, and thus several distinct calpain-
mediated signalling mechanisms, in the regulation of cell migration and invasion. Reproduced from
Storr et al., 2011a. Copyright© 2011 by Nature Publishing Group with permission conveyed through
Copyright Clearance Center, Inc.

In a breast cancer cell model, the membrane-cytoskeleton linker protein ezrin,
a specific substrate for calpain-1 (Yao et al., 1993), plays a role in regulating
focal adhesion and invadopodia dynamics through altering calpain activity.
Downregulation of ezrin by shRNA was accompanied by a reduction of calpain-
mediated proteolytic cleavage of the focal adhesion- and invadopodia-
associated proteins talin, FAK, and cortactin (Hoskin et al., 2015). Rodriguez-
Fernandez et al. (2016) proposed calpain as a potential target in regulating
cancer progression and metastasis, particularly in breast cancer. This study
showed that calpain inhibitors (calpeptin, calpain inhibitor VI, and ALLN)
suppressed calpain (recombinant calpain-1, and -2)-mediated cleavage of
lactating mammary gland focal adhesion protein talin-1 as well as cell adhesion
molecules (E-cadherin, B-catenin, and &-catenin). This suggests that both
calpain-1 and -2 were able to precisely recognise and cleave those adhesion

proteins from mammary gland epithelia. Also, knockdown of calpain-1

significantly prevented calpain-mediated cleavage of all those adhesion-related
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proteins and reduced the migration ability of MCF-7 and MDA-MB-231 breast
cancer cells (not determined (ND) for knockdown of calpain-2) (Rodriguez-
Fernandez et al., 2016). Paradoxically, calpain-dependent cleavage of paxillin,
a focal adhesion-associated protein, has been found to generate paxillin delta,
which functioned as a paxillin antagonist and negatively regulated focal
adhesion disassembly and turnover, leading to a reduction of migration in Hela

cervical cancer and HEK 293 embryonic kidney cell lines (Cortesio et al., 2011).

Alternative pro-migratory mechanisms for calpain have been explored. Calpain
is likely to regulate membrane protrusions, depending on the cleavage of
proteins that modify the actin cytoskeleton such as cortactin (Storr et al.,
2011a), which is a substrate for calpain-2 (Perrin et al., 2006). Calpain-resistant
cortactin increased transient membrane protrusion and decreased cell
migration in fibroblasts (Perrin et al., 2006), suggesting that calpain proteolysis
of cortactin regulates migration through stabilising lamellipodia and
pseudopod. Franco et al. (2004a) revealed that calpain-2 plays a role in
preventing membrane protrusions and regulating lamellipodial dynamics at the
leading edge of migrating fibroblast cells. Downregulation of calpain-2 and -4
similarly resulted in the cells with a protrusive morphology, increased transient

membrane activity, and altered protrusion kinetics (Franco et al., 2004a).

Calpains are also involved in cell invasion. In highly metastatic rat mammary
adenocarcinoma MTLn3 cells, calpain-2 depletion contributed to impaired
invadopodia development, which could be recovered by expression of a
truncated fragment of PTP1B, a product of calpain cleavage. This suggests that
calpain proteolysis regulates PTP1B-Src mediated invadopodia (Cortesio et al.,
2008). Calpain activity was also required for augmenting expression and activity
of MMP2 and MMP9, which are the main ECM enzymes produced and released
from protrusive invadopodia to degrade collagen, as well as uPAs (Popp et al.,
2003; Jang et al., 2010; Postovit et al., 2002) and MT-MMP1 (or called MMP14)
in various cells (Kwak et al., 2012), resulting in ECM remodelling and cell

invasion. Adipose-derived stromal/stem cells (ASCs) cultured in breast cancer
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condition media had increased mRNA expression of MMP-15 and calpain-4 as
well as decreased calpastatin mRNA expression. Such dysregulated mRNA
expression was associated with the enhanced cell invasion of ASCs, and
silencing of each protease or protease inhibitor confirmed that they play a role
in ASCs invasion (Strong et al., 2012). These findings support the previous
studies indicating that ASCs are associated with enhancing cell invasion and
metastasis of either in vitro (Jotzu et al., 2011) or clinical breast cancer cells

(Zimmerlin et al., 2011).

Calpain is also involved in the epithelial-mesenchymal transition (EMT) in
various cancer cells. In A549 lung adenocarcinoma cell line, calpain-2 was
upregulated during TGF-B-induced EMT (Keshamouni et al., 2009), while
fibronectin seemed to activate cell migration/invasion through ERK1/2-calpain-
2 signalling (Meng et al., 2009), indicating a potential role of calpain in
fibronectin-induced EMT. In breast tissue, fibronectin is a primary component
of the mammary mesenchymal compartment and undergoes dramatic changes
during breast cancer development. Increased fibronectin expression was
observed in the stroma of breast tumours (loachim et al., 2002) and associated
with an invasive and metastatic breast cancer phenotype (Zhou et al., 2015). In
MCF-7 breast cancer cells, fibronectin induced an EMT-like morphological
alteration as well as cell migration and invasive abilities with increased calpain-
2 expression and increased calpain-mediated proteolysis of FAK1. Calpain
inhibitors (calpeptin, calpain inhibitor | and IV) was able to reverse the

fibronectin-induced EMT and inhibit FAK proteolysis (Li et al., 2017a).

In short, a growing body of evidence indicates the crucial roles of calpain in
regulating breast tumour cell proliferation, survival, adhesion, migration and
invasion through a variety of pathways, with such involvement contributing to
disease progression and metastasis. In a similar vein, calpain inhibition either
by silencing calpain expression or the use of inhibitors (endogenous/synthetic
inhibitors) has provided evidence to support that the calpain/calpastatin

system is a potential target for anti-metastasis therapy.
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1.3.5.3 Prognosis and clinical outcomes in breast cancer patients

Clinically aberrant expression of calpains and calpastatin was reported in
several cancer types, and that irregularity has been found to be associated with

clinicopathological variables and clinical outcomes.

1.3.5.3.1 Calpain-1

Calpain-1 expression is heterogeneous in different cancers in comparison with
normal or non-malignant counterparts. Calpain-1 expression level was
relatively higher in chronic lymphocytic leukaemia (B-CLL) (P < 0.01, 15 cases of
B-CLL vs 15 age- and sex-matched healthy volunteers) (Witkowski et al., 2002),
but lower in ovarian cancer (Salehin et al., 2011). The unchanged calpain-1 level
was also observed in numerous types of cancer, including gastric cancer (n =51
pairs of cancerous and matched normal peritumoral gastric mucosa) (Liu et al.,
2017), colorectal adenocarcinoma (n = 50 pairs of tumour tissues and normal
adjacent colonic mucosa) (Lakshmikuttyamma et al., 2004), and endometrial

cancer (29 endometrial cancerous vs 18 benign tissues) (Salehin et al., 2010).

In a large cohort of early-stage invasive breast cancer (n = 1315), high calpain-
1 expression was associated with various clinicopathological variations,
including positive status of ER (P = 0.001) and PR (P = 0.005) as well as low-
grade tumours (P = 0.014) (Storr et al., 2012a). In term of clinical outcomes,
calpain-1 expression was associated differently with different breast cancer
types and conditions. Although there was no correlation between calpain-1 and
HER2 gene amplification or HER2 expression, high calpain-1 was significantly
associated with poor relapse-free survival (P = 0.001, n = 93) in HER2-positive
patients treated with trastuzumab following adjuvant chemotherapy. This
suggests calpain-1 as a biomarker to predict relapse-free survival in patients
with such condition (Storr et al., 2011c). This suggestion was subsequently
confirmed by the two following cohorts, conducted by the current group, also
showing that high calpain-1 was significantly associated with poor relapse-free
survival (P =0.01, n =194; P =0.019, n = 87) (Pu et al., 2016). Moreover, the

negative association between calpain-1 level and relapse-free survival
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remained present when those two cohorts were combined (P = 0.01, n = 281)
(Pu et al., 2016). Conversely, in large but operable inflammatory breast cancer
treated with neoadjuvant chemotherapy, low calpain-1 expression had a
significant association with adverse breast cancer-specific survival (P = 0.003, n
=43) (Storr et al., 2016). In other cases, the association between calpain-1 level
and clinical outcomes was not present, such as in the cohorts of patients with
early-stage invasive breast carcinomas that were unclassified (n = 1371) or

classified as triple-negative/basal-like tumours (n = 387) (Storr et al., 2012a).

1.3.5.3.2 Calpain-2

Calpain-2 is highly expressed in cancers compared to normal/non-cancerous
counterpart, including in gastric cancer (P < 0.0001, 51 pairs of cancerous and
normal peritumoural gastric mucosa) (Liu et al, 2017), and colorectal
adenocarcinoma (P < 0.05, 50 pairs of tumour tissues and normal adjacent
colonic mucosa) (Lakshmikuttyamma et al., 2004). Calpain-2 expression has
also been detected at a reduced level in ovarian cancer (Salehin et al., 2011),
but unchanged in endometrial cancer (29 endometrial cancerous vs 18 benign
tissues) (Salehin et al., 2010), and chronic lymphocytic leukaemia (B-CLL) (15
pairs of B-CLL cases and age- and sex-matched healthy volunteers) (Witkowski

et al., 2002).

In an extensive cohort of patients with early-stage invasive breast cancer
conducted by the current group, high calpain-2 expression was positively
associated with a presence of peri-tumoural LI (P = 0.022, n = 1286) and
negatively associated with relapse-free survival (P = 0.043, n = 1286) (Storr et
al., 2012a). In an independent cohort of ER" cases (n = 387), a presence of high
calpain-2 was also significantly associated with worse prognoses - breast
cancer-specific- and relapse-free survivals (P = 0.003 and < 0.001, respectively),
suggesting that calpain-2 could prognostically stratify patients with breast
cancer (Storr et al., 2012a). Both cohorts have been further independently
performed analyses on patients with triple-negative or basal-like tumours,

showing that high calpain-2 expression remained statistically associated with
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both disease-specific- and relapse-free survivals for either basal-like (P = 0.025,
n=270/1371; P =0.020, n = 149/387 respectively) or triple-negative subgroups
(P =0.043, n = 236/1371; P = 0.033, n =253/387 respectively) (Storr et al.,
2012a). This study discovered the interesting findings showing that in the
presence of low calpain-2 expression, patients diagnosed triple-negative/basal-
like tumours had comparable breast cancer-specific survival to the patients
with non-basal or receptors (ER, PR or HER2)-positive disease. Paradoxically,
high calpain-2 expression has been found to be significantly associated with
high overall survival (P =0.031, n =94) in large but operable non-inflammatory
breast cancer treated with neoadjuvant therapy (Storr et al., 2016). In HER2-
positive patients treated with trastuzumab following adjuvant chemotherapy,
there was no correlation between calpain-2 expression and HER2 expression,

HER2 gene amplification, or relapse-free survival (n = 92) (Storr et al., 2011c).

1.3.5.3.3 Calpain-4

Calpain-4 has been frequently detected at a higher level in various cancers
compared to normal/non-cancerous tissues, such as ovarian carcinomas (P <
0.01 determined in 91 cases with ovarian carcinomas, 5 borderline ovarian
tumour tissues, and 5 normal ovarian epithelial tissues) (Yang et al., 2017),
glioma (P < 0.01; 279 gliomas vs 21 normal tissues) (Cai et al., 2014), non-small
cell lung cancers (NSCLC) (8 pairs of NSCLC and matched adjacent noncancerous
tissues) (Gu et al., 2015), melanoma (P < 0.01; 120 melanoma vs 34 normal
tissues) (Wang et al., 2017), and gastric cancer (P = 0.026, 33 paired gastric

cancer and adjacent normal tissues) (Peng et al., 2016a).

Higher calpain-4 mRNA expression was also detected together with high
expression of the protein in various cancers, including nasopharyngeal
carcinoma (P < 0.05 and < 0.05 respectively; 7 tumour samples vs 2 normal
tissues) (Zheng et al., 2014), intrahepatic cholangiocarcinoma (P = 0.003 and <
0.001 respectively; 33 tumour tissues vs 13 normal liver tissues from healthy

donors) (Zhang et al., 2013a), and renal carcinoma (P = 0.013 and 0.005
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respectively, 40 paired tumour and adjacent non-tumour tissues) (Zhuang et

al., 2014).

Although calpain-4 expression or the correlation of which with the clinical
outcome of patients diagnosed with breast cancer remain unrevealed, high
calpain-4 expression in ovarian cancer was reported to be significantly
associated with shorter overall survival (P = 0.0331, n =91) (Yang et al., 2017).
The roles of calpain-4 in cell survival, migration or invasion have also been

demonstrated, as described in section 1.3.5.1 and 1.3.5.2.

1.3.5.3.4 Calpastatin

Aberrant expression of calpastatin has been observed in various cancers; with
clinical studies showing low calpastatin levels correlating with cancer
progression and worse outcome, such as in the operable inflammatory breast
cases (Storr et al., 2016), and patients with bile duct and ampullary carcinomas
(Storr et al., 2012d). Low expression of calpastatin in comparison to
normal/adjacent tissue has been reported in gastric cancer (P < 0.0001, n =51
pairs of cancerous tissues and matched normal peritumoral gastric mucosa) (Liu
et al., 2017), colorectal adenocarcinoma (P < 0.05, 50 paired tumour tissues and
adjacent colonic mucosa) (Lakshmikuttyamma et al., 2004), and ovarian cancer
(Salehin et al., 2011). On the other hand, higher calpastatin expression was
reported in endometrial cancer (n = 29) compared to benign tissue (n = 18) (P
= 0.037) (Salehin et al., 2010), while unchanged expression was present in
chronic lymphocytic leukaemia (B-CLL; n=15) compared with non-malignant

cells (15 age- and sex-matched healthy volunteers) (Witkowski et al., 2002).

In breast cancer, downregulation of calpastatin protein (P = 0.025, n = 53) and
exon3-containing variant (P = 0.014, n = 56) was significantly associated with
the presence of LI (Storr et al., 2011b). Calpastatin has been confirmed to be
involved with LI in a subsequent larger cohort showing that high calpastatin
expression was associated with the absence of intra-tumoural LI (P =0.014, n =
1266) (Storr et al., 2012a). This suggests that calpastatin may play a crucial role

in regulating the initial process of metastatic dissemination of breast cancer via
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regulating LVI. Calpastatin expression was also negatively associated with
clinicopathological variations of the high-risk group for breast cancer
recurrence. Low calpastatin exon 3-containing mRNA was significantly
associated with larger tumour size (>2 cm, P = 0.003), higher NPI (P = 0.012),
and negative HER (P = 0.042). Low calpastatin protein was associated with
negative status of ER (P = 0.010) and PR (P = 0.022) as well as basal phenotypic
tumour (P = 0.008) (Storr et al., 2011b). On the other hand, high calpastatin
expression significantly associated with clinicopathological features of the low-
risk group, including older patients (240 years, P = 0.002), small tumours (<2
cm, P=0.022), low grade (P=0.002), low NPI (P=0.001), ER-positive (P=0.001),
and PR-positive (P < 0.001), and non-basal phenotypic breast cancer (P =0.003)
(Storr et al., 2012a). Also, in HER2-positive patients treated with trastuzumab
following adjuvant chemotherapy (n = 93), calpastatin expression was found to
be correlated with NPl (P = 0.003), lymph node status (P = 0.007), HER2
expression level (r = 0.350, P = 0.001), and HER2 gene amplification (r = 0.258,
P =0.027) (Storr et al., 2011c).

Calpastatin expression was also associated with clinical outcomes in patients
with breast cancer. In a cohort of large but operable primary breast cancer
patients treated with neoadjuvant chemotherapy, low expression of
calpastatin was significantly associated with adverse breast cancer-specific
survival in inflammatory breast cancers (P = 0.020, n = 43). In contrast, high
expression was significantly associated with adverse disease-specific survival in
non-inflammatory disease (P =0.035, n = 94) (Storr et al., 2016). In other words,
low calpastatin was associated with improved breast cancer-specific survival in
non-inflammatory large but operable primary breast cancer treated with
neoadjuvant chemotherapy, while high calpastatin was associated with
improved disease-specific survival in inflammatory cases. However, in other
cases, the association between calpastatin expression and clinical outcomes
(disease-specific or relapse-free survivals) was not present, such as in the
cohorts of patients with early-stage invasive breast cancer (P = 0.094, n = 53,

Storr et al., 2011b; n = 1371, Storr et al., 2012a), primary breast cancer treated
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with trastuzumab following adjuvant chemotherapy (P =0.298, n = 93) (Storr et
al., 2011c), or triple-negative or basal-like tumours (n = 387) (Storr et al.,
2012a). Furthermore, calpastatin mRNA expression was not correlated with
breast cancer-specific survival (P = 0.204, n = 56) or disease recurrence (P =

0.097, n = 56) in lymph node-negative patients (Storr et al., 2011b).

Amongst all types of breast cancer, calpastatin expression may be more
important in inflammatory breast cancer. Calpain-1 expression level also
associated with the survival in the inflammatory cases, as described in sections

1.3.5.3.1.

1.4 Hypothesis, aim, and objectives

Hypothesis:

A growing body of evidence mostly indicates negative involvement of
calpastatin expression to calpain activity and physiological pathways/
clinicopathological characteristics related to breast cancer progression and
metastasis in vitro, in vivo animal models, or clinical studies (sections 1.3.5.1,
1.3.5.2, and 1.3.5.3.4). Low expression of calpastatin protein or exon 3-
containing CAST mRNA is negatively associated with the presence of LI, which
is a predominant form of LVI and a poor prognostic factor in patients with
operable breast cancer either with or without LN-involvement (section
1.2.3.2.1). Although various calpastatin isoforms originate from a single gene,
the mechanism whereby each regulates calpain activity is mostly unknown,
with no prior studies investigating their differential ability to regulate cancer
progression and LVI. In this study, therefore, we hypothesise that calpastatin
isoform overexpression suppresses calpain activity as well as breast cancer cell

phenotypic endpoints related to cancer progression and LVI.
Aim:

The overall aim of the thesis is to study the role of overexpression of calpastatin

isoforms (Type 1, 2, and 3) encoded by exon 3-containing CAST mRNA in
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regulating calpain activity and phenotypic behaviours related to breast cancer

progression and LVI.

Objectives:

1. Establish stably transfected monoclonal breast cancer cell models
overexpressing calpastatin Type 1, 2, and 3, using cell lines representing
two different subtypes of breast cancer, by DNA transfection.

2. Explore intracellular localisation of calpastatin isoforms in the established
transfected cell lines using immunofluorescence confocal microscopy.

3. Investigate the role that individual calpastatin isoforms play in regulating
breast cancer cell proliferation and clonogenicity to understand
processes involved in regulating breast cancer progression, using growth
curve and clonogenic survival assays, respectively.

4, Investigate the role that individual calpastatin isoforms play in regulating
breast cancer cell migration and tumour cells-endothelial interactions to
understand processes involved in regulating breast cancer LVI, using

scratch-wound migration and static adhesion assays, respectively.
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Chapter 2  Materials and methods
2.1 Cell culture

2.1.1 Cell lines and growth medium

Seven breast cancer cell lines representing various subtypes of breast cancer
were used in this study, including basal-like/triple-negative (MDA-MB-231,
MDA-MB-468 & SUM149), luminal (MCF-7 & T47D), and HER2-positive (SKBR3
& JIMT-1) cell lines. All cells were obtained from the American Type Culture
Collection (ATCC) except for SUM149, an inflammatory breast cancer cell line,
that was a kind gift from Dr Fedor Bertidchevski, University of Birmingham. All
breast cancer cell lines were used within a passage window of fifteen. The
immortalised human microvascular endothelial cell line (hMEC-1) was
purchased from ATCC, and the human telomerase reverse transcriptase
lymphatic endothelial cell line (hTERT-LEC) was kindly provided by Prof
Sebastian F. Schoppmann, University of Vienna, Austria. The endothelial cells
were used in static adhesion assays within a passage window of 8. All cells were
cultured in the defined growth media listed in Table B2.1 (Appendix B) at 37°C
in an incubator maintained at 95% relative humidity and a CO; level of 5%.
Stably transfected MDA-MB-231 and T47D cell lines established from section
2.6 were routinely cultured with selection medium (750 pg/mL G418 in
complete medium) (section 2.6.1) that was replaced by regular medium,
without G418, two days before cells being used in experiments. Iron
supplemented donor bovine serum (DBS) (Gibco, Life Technologies, USA) was
heat-inactivated by incubating for 30 minutes in a 56°C water bath before being
used to prepare complete media. All cell culture related reagents were pre-
warmed to 37°C in a water bath, and cell culture was performed under aseptic

conditions in a Class Il biological safety cabinet.

To ensure there is no misidentification or cross-contamination of cell lines,
short tandem repeating (STR) DNA profiling can be applied to identify human
cell lines derived from the tissue of a single individual (Nims et al., 2010; Reid
etal., 2013). Thus, all cell lines were regularly verified for authenticity using the
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Promega Powerplex® 16 short tandem repeat (STR) system, conducted by
postdoctoral researchers within the group, Dr Sarah Storr or Dr Aula Ammar,
approximately every six months. All cell lines were also routinely screened for
mycoplasma infection, one of the main problems in cell culture, that can
extensively affect cell physiology and metabolism (Nikfarjam & Farzaneh,
2012). Mycoplasma infection was assessed by senior technicians every 4-6

months using the MycoProbe® Mycoplasma Detection Kit (R&D Systems, USA).

2.1.2 Subculture of adherent cell lines

Adherent cells were cultured in tissue culture flasks with routine culture media
and subcultured when the confluency reached 70-80%. To subculture, the
culture medium was removed, and the cell layer was washed once with
Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich, UK). The cell layer
was then entirely covered by excess volume of 0.5 mg/mL trypsin-EDTA (Sigma-
Aldrich, UK) for 30 seconds (1 mLin a T25cm? flask, 3 mLin a T75cm? flask, or 5
mL in a T175cm? flask). The excess trypsin-EDTA was removed, and the
adherent cells were incubated at 37°C, 5% CO> for 2 minutes for MDA-MB-231
cells and 4 minutes for the other cell lines, to detach from the flask surface.
Cells were checked under a microscope to ensure complete detachment.
Complete culture media was added to deactivate the trypsin-EDTA before
harvesting the cells. The homogeneous suspension of harvested cells was split
into a new tissue culture flask with different cell subcultivation ratios
depending on the level of confluence and the cell type. Cultures with 70-80%
confluence were split in a subcultivation ratio of 1:5 to 1:10 for MDA-MB-231
cells and 1:4 to 1:6 for the other cell lines. Fresh complete medium was then
added to an appropriate total volume (5 mLin a T25cm? flask, 15 mLin a T75cm?
flask, or 25 mL in a T175cm? flask) before transferring the flask containing the

subcultured cells into the incubator.

2.1.3 Cryopreservation and recovery from cryopreservation

To control for genetic drift, limit the risk of bacterial, fungal, viral or cellular

cross-contamination, and to ensure low passage number for subsequent
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experiments, cells were initially obtained from a master cell stock before being
expanded, frozen down and kept in liquid nitrogen as stocks. To freeze cell
down, once the culture reached 70-80% confluence, cells were harvested with
trypsin-EDTA and homogeneously suspended in complete medium. The total
number of cells and the percentage of viability were determined using trypan
blue exclusion dye method; cells were counted with a haemocytometer or a
Countess® Automated Cell Counter (Life Technologies, USA). The cell
suspension was then centrifuged at 170 x g for 5 minutes. The supernatant was
discarded, and the cell pellet resuspended in an appropriate volume of freezing
medium (mix of 10% dimethyl sulfoxide (DMSO) and 90% complete medium)
to achieve a final concentration of 1x10° to 1x107 cells/mL. The cell suspension
was stored in labelled cryovials (1 mL in each vial) before being placed in a
CoolCell® alcohol-free cell freezing container which ensures a -1°C/minute
freezing rate. Cells were placed at -70°C overnight before being transferred for

long-term storage in liquid nitrogen (-180°C) for future use.

To recover frozen cells from liquid nitrogen, vials were thawed in a 37°C water
bath, and cells immediately transferred into a 15-mL conical centrifuge tube
containing 9 mL of pre-warmed complete culture medium. To remove DMSO,
the cell suspension was centrifuged at 170 x g for 5 minutes. The supernatant
was discarded, and the cell pellet resuspended in fresh culture medium before
being transferred into a T25cm? tissue culture flask. Culture medium was
refreshed the following day, and cells were cultured following routine

procedures.

2.2 Chemicals and drug preparation

Stock solution of drugs and chemicals were prepared in DMSO (D2650, Sigma-
Aldrich, Germany) to a concentration of 100 mM calpeptin (03-34-0051,
Calbiochem, EMD Millipore, USA), 10 mM A23187 calcium ionophore (aka
calcimycin, C7522, Sigma-Aldrich, Germany), 50 mM doxorubicin (D1515,
Sigma-Aldrich, Germany), 100 mM PP2 (P0042, Sigma-Aldrich, Germany), 10
mM cytochalasin D (C8273, Sigma-Aldrich, Germany), 2 mM t-Boc-Leu-Met-
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CMAC (A6520, Invitrogen, USA), and 10 mM CellTracker Green CMFDA (C7025,
Invitrogen, USA). TNF-a (300-01A, Peprotech, USA) stock solution was prepared
by dissolving 0.1 mg in 1 mL of 0.1% bovine serum albumin (or BSA, Sigma-
Aldrich, Germany) in PBS. The stock solutions of all drugs were stored at -20°C.
Mitomycin C (MO0503, Sigma-Aldrich, Germany) stock solution, at a
concentration of 1 mg/mL, was freshly prepared in sterile dH,O on an
experimental day before being sub-diluted using complete culture medium to
achieve the final working concentrations for cell treatment. The solvent for
preparing drug stock solution, i.e., DMSO or dH,0, was added to the negative
control at the same volume equivalent to that in the drug treatment group. The

final percentage of DMSO did not exceed 0.1% v/v in any groups.

2.3 Cell growth curve analysis and evaluation of cell proliferation

Cell growth analysis was started by seeding two millilitres of cell suspension per
well in 6-well tissue culture plates at the following seeding densities: 5x10%/mL
for MDA-MB-231 cells, 1x10°/mL for MDA-MB-468, SUM149, MCF-7, and JIMT-
1 cells, and 2x10%/mL for T47D and SKBR3 cells. The stably transfected cells
established from section 2.6 were plated at the densities that were used for
their parental cell lines. Cells in triplicate wells were trypsinised (section 2.1.2)
and counted using a haemocytometer every 24 hours after cell seeding over a
96-hour time course. The growth curves were then plotted as the average total
cell number vs time points on a linear scale and a semi-log scale. The doubling
time of each cell line was calculated from log phases of their growth curves,
using the following equation where N1 is an initial cell number; N2 is a final cell
number; T is a time interval. Data represent the average cell doubling time %
standard deviation (SD) of at least two independent experiments, each

performed in triplicate.
Doubling time = T x [log(2)/(log(N2) — log(N1))]

To evaluate the effects of drug treatment on cell proliferation, cells were
seeded in a 6-well plate at the seeding densities described above and treated

by drugs the next day. Cells were treated with various concentrations of drugs:
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calpeptin (25, 50, 100 and 200 uM for MDA-MB-231; 25, 50, 75, 100 and 200
uM for T47D), A23187 (0.5 and 1 uM for MDA-MB-231), cytochalasin D (0.01,
0.1, 1, 2, and 10 uM for both cells), CellTracker Green CMFDA (1 uM for T47D),
and doxorubicin (a positive control at 0.25, 0.5, and 1 uM for both cells). DMSO
at 0.1% was used as a negative control. At 24, 48 and 72 hours after exposure
to drugs, cells from triplicate wells were trypsinised (section 2.1.2) and counted
using a haemocytometer. The total cells in drug treatment wells were
calculated as percentages of the total cells relative to control wells at each time
point. Data represent the average percentage cell number = SD of three
independent experiments, each performed in triplicate. The dose- or time-
response curves were generated by plotting the average percentages of cell

number versus drug concentrations or the exposure time, respectively.

2.4 Western blotting
2.4.1 Cell treatment and preparation of cell lysate

Subconfluent cell cultures were harvested by trypsinisation (section 2.1.2). Cell
pellets (5x10° cells) collected by centrifugation at 170 x g for 5 minutes were
washed twice in 10 mL of PBS each time to removed residual serum proteins.
After centrifugation, PBS was aspirated, and the pellets were lysed by
incubation at 4°C for 10 minutes with 1 mL of RIPA lysis buffer (R0278, Sigma-
Aldrich, Germany) supplemented with 1X Halt Protease Inhibitor Cocktail
containing protease inhibitors, phosphatase inhibitors and EDTA
(ThermoFisher, USA). Cell lysates were centrifuged at 4°C for 10 minutes at
15000 rpm to remove debris, and supernatants were collected and stored at -
70°C. Frozen lysates were thawed on ice prior to use and repeat freeze-thaw

cycles avoided.

To assess the effect of serial cell passaging on levels of HA-tagged calpastatin
isoform and total calpastatin expression in the stably transfected cells
(231CAST1 and 231CAST2 cells established from section 2.6), they were
subcultured ten times from master stocks (passage number 0 or P. 0). Cell

lysates from subconfluent cell cultures at P. 2, 4, 6, 8, and 10 were collected
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using the method described above. The effect on marker expression, of HA-
tagged calpastatin and total calpastatin in 231CAST1 and 231CAST2 cells, was
measured following short-term cell culturing once the selection agent G418
was removed. Cells were initially routinely cultured with the selection medium
(750 pg/mL G418) to reach subconfluence before being harvested using
trypsinisation (section 2.1.2) and split into three cultures. One culture was lysed
to prepare a cell lysate that was used as a reference sample of Day 0, while the
other two cultures were grown in parallel in G418-deficient or containing
medium to reach subconfluence at Day 3. For each culture condition
(with/without G418), cells from Day 3 were harvested and separated to prepare
cell lysates and to continue culturing in a new flask with the same culture
medium until Day 7. Cell lysates from Day 7 were then collected. This process

of cell lysate preparation was repeated three times.

2.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE separates proteins according to their molecular weight by them
migrating through a gel matrix by electrophoresis; smaller proteins migrate
faster. The rate of migration, however, can be influenced by the structure and
charge of the proteins that are eliminated by the use of sodium dodecyl
sulphate (SDS) and polyacrylamide gel in SDS-PAGE, resulting in the formation
of denatured proteins with a net negative charge. The protein separation by
SDS-PAGE, therefore, is merely based on polypeptide chain length, which is

proportional to the molecular weight of the proteins.

Protein samples were prepared by mixing cell lysate (13 volumes) with sample
buffer (4X) (5 volumes), and reducing agent (2 volumes). Details of materials
are shown in Table 2.1. Before loading the samples equally (15 or 20 pulL) into
each well of the gel, they were denatured using a heat block at 100°C for 5
minutes and cooled immediately on ice. Magic Marker (LC5602, Invitrogen,
USA) and Rainbow Marker (GE Healthcare, USA) or SeeBlue® plus2 Prestained
Standard (LC5925, Invitrogen, USA) were loaded into the same gel to allow

comparison against known molecular weight proteins.
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Table 2.1 Materials for determination of protein expression by Western blotting

Processes The calpain-calpastatin system HA-tagged calpastatin and the
proteins in seven cell lines calpain-calpastatin system proteins
in transfected cells
Sample A mix of cell lysate (13 volumes), A mix of cell lysate (13 volumes),

preparation

NuPAGE® LDS sample buffer (4X)
(ThermoFisher, USA) (5 volumes)
and NUPAGE® Reducing Agent

(ThermoFisher, USA) (2 volumes)

Bolt® LDS Sample Buffer (4X)
(ThermoFisher, USA) (5 volumes),
Bolt® Sample Reducing Agent (10X)
(ThermoFisher, USA) (2 volumes)

Protein Gels: NUPAGE®4-12 % Bis-Tris Gel: Bolt® 4-12 % Bis-Tris Plus Gels
separation Protein Gels (ThermoFisher, USA)  (ThermoFisher, USA)
Running buffer: 50 mL NuPAGE Running buffer: 50 mL Bolt® MES
MOPS SDS Running Buffer (20X) SDS Running Buffer (20X)
(ThermoFisher, USA) and 950 mL  (ThermoFisher, USA) and 950 mL
dH,0 dH,0
Electrophoresis: 125V for 120 Electrophoresis: 200 V for 35
minutes minutes
Protein Transfer buffer: 25 mL NUPAGE® Transfer buffer: 25 mL Bolt®
transfer Transfer Buffer (20X) Transfer Buffer (20X)

(ThermoFisher, USA), 100 mL
methanol and 375 mL dH;0.

(ThermoFisher, USA), 100 mL
methanol and 375 mL dH,0

Electrophoresis: 10 V for 90
minutes

Electrophoresis: 25V for 60
minutes

As defined in Table 2.1, for investigating the expression of calpain-calpastatin
system proteins in seven breast cancer cell lines, proteins contained in cell
lysates were isolated by electrophoresis at 125 V for 120 minutes using
materials and reagents of NUPAGE® (ThermoFisher, USA). For the experiments
assessing the expression of conventional calpains and calpastatin in stably
transfected cell lines established from section 2.6, proteins were isolated using

materials and reagents of Bolt® (ThermoFisher, USA) at 200 V for 35 minutes.

2.4.3 Immunoblotting

The separated bands of proteins bound on the gel were transferred onto a 0.2-
micron nitrocellulose membrane (Millipore, USA) by electrophoresis in 1X
transfer buffer (5 % v/v of 20X transfer buffer and 20 % v/v methanol in dH20),
as defined in Table 2.1. The membrane with transferred proteins was then
placed into a 50-mL centrifuge tube containing 10 mL of blocking buffer (5%

w/v nonfat milk (Marvel Dried Skimmed Milk, UK) in 0.1 % v/v Tween20/PBS),
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and incubated at room temperature for 1 hour on a tube roller mixer. The

blocking buffer was used to block the remaining surface of the membrane to

prevent nonspecific binding of the detection antibodies during subsequent

steps. To detect the expression of target proteins, the blocking buffer was

replaced with the primary antibody diluted in blocking buffer. The dilution

ratios and details of each antibody are listed in Table 2.2. The membrane was

incubated with primary antibody at 4°C overnight on a tube roller mixer before

being washed three times with 10 mL of 0.1 % Tween20/PBS for 5 minutes at

room temperature.

Table 2.2 Sources and dilutions of primary antibodies used in Western blotting

Antibody Company Catalogue Host Dilution
number

Mouse calpastatin EMD Millipore, MAB3084 Mouse 1in 1000
monoclonal antibody (PI-11)  Merk, Germany
Mouse calpain 1 large Santa Cruz sc-81171 Mouse  1in 1000
subunit monoclonal Biotechnology,
antibody (P-6) USA
Rabbit calpain-Il (m-Calpain)  Chemicon®, AB1625 Rabbit  1in 2500
polyclonal antibody Millipore, USA
Mouse calpain small subunit  EMD Millipore, MAB3083 Mouse 1in 1000
(u-or m-Calpain) Merk, Germany
monoclonal antibody (P1)
Mouse HA tag monoclonal Abcam, USA ab18181 Mouse 1in 1000
antibody [HA.C5]
Mouse a-fodrin monoclonal  Enzo Life BML-FG6090- Mouse 1in 1000
antibody (AA6) Sciences, USA 0100
Rabbit B-actin polyclonal Abcam, USA ab8227 Rabbit  1:1000
antibody
Mouse B-actin monoclonal Abcam, USA ab20272 Mouse 1in 5000
antibody
[mAbcam8226](HRP)
Polyclonal rabbit anti-mouse  Dako, USA P0206 Rabbit  1:1000
Immunaglobulin/HRP
680 Donkey anti-Mouse IgG ~ IRDye®, LI-COR,  926-32222 Donkey 1in 5000
(H+L) USA
800CW Donkey anti-Rabbit IRDye®, LI-COR,  926-32213 Donkey 1in 5000

IgG (H+L)

USA
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To ensure equal loading amount amongst all samples, the level of B-actin
expression was used as an internal loading control, with it being detected by
incubating the membrane with an anti-human B-actin antibody (with or
without horseradish peroxidase (HRP) tag) for 1 hour at room temperature. The
HRP tagged B-actin antibody was applied in chemiluminescent Western blotting
used in the selection of transfected monoclonal cells (section 2.6.3). The
membrane was rewashed three times, with 10 mL of 0.1 % Tween20/PBS for 5

minutes at room temperature.

The nitrocellulose membrane was then incubated with secondary antibodies
for 1 hour at room temperature to probe primary antibody-bound target
proteins. The secondary antibodies used in the experiments were produced in
a species different from those of the primary antibody, and cell lines. A
combination of two fluorescent secondary antibodies (680 Donkey anti-Mouse
IgG and 800CW Donkey anti-Rabbit I1gG, IRDye®, LI-COR, USA) was applied for
fluorescent Western blotting. In chemiluminescent Western blotting, proteins
of interest were probed by a polyclonal rabbit anti-mouse
immunoglobulin/HRP, while B-actin was probed by an HRP-tagged B-actin
antibody, as mentioned previously. The membrane was washed three times,

with 0.1 % Tween20 in PBS.

The fluorescently probed proteins were visualised using an Odyssey FC Imager
(LI-COR Biosciences, USA). The fluorescence intensity was quantified by Image
Studio Software Version 4.0. The quantitative expression of target proteins was
calculated by normalising the signals of the target proteins to the signal of B-
actin. Data represent the average protein expression or the percentage relative
protein expression to the respective control + SD of three independent
experiments. Chemiluminescent Western blotting is considered to be more
sensitive compared to fluorescent Western blot technique (Kondo et al., 2018).
The HRP-labelled proteins were Vvisualised using the enhanced
chemiluminescence (ECL) (GE Healthcare, Life Sciences, USA) with X-ray films

(GE Healthcare Amersham™ Hyperfilm™ ECL, USA).

68



Chapter 2

2.5 Measurement of mRNAs expression

2.5.1 Purification of total RNA from cultured cells

The working area, micropipettes and microcentrifuge were cleaned thoroughly
with RNaseZapTM cleaning agent (Sigma-Aldrich, Germany) for removing
RNase, and the materials used in the experiment were RNase-free, such as
pipette tips, and collection tubes. Total RNA from each cell line was
independently collected in triplicate from subconfluent cultured cells by using
QlAamp RNA Blood Mini Kit (52304, Qiagen, Netherlands) or RNeasy Plus Mini
Kit (74134, Qiagen, Netherlands) for the evaluation of CAST mRNA expression
from the seven breast cancer cells or the established transfected cell lines,

respectively.

2.5.1.1 Purification of total RNA from seven breast cancer cell lines

Total RNA was extracted, using the QlAamp RNA Blood Mini Kit (52304, Qiagen,
Netherlands), following the manufacturer’s instructions. Monolayer cells in a
T25cm? flask were lysed directly by adding 350 pL of RLT buffer to < 5x10° cells
or 600 pL RLT buffer to 5x10°-1x107 cells after completely aspirating cell-culture
medium. The number of cells was assessed from a representative flask cultured
in parallel. The cell lysate was collected using a sterile cell scraper (Falcon, USA)
then vortexed or pipetted to mix. No cell clumps were visible before pipetting
the lysate directly into a QlAshredder spin column placed in a 2 mL collection
tube. The homogenised lysate was collected by centrifugation for 2 minutes at
13000 rpm. To precipitate nucleic acids, 350 plL of 70% ethanol was added to
the homogenised lysate and mixed well by pipetting. The sample, including any
precipitate which may have formed, was then carefully pipetted into a new
QlAamp spin column in a 2 mL collection tube without moistening the rim and
centrifuged for 15 seconds at 13000 rpm. The QlAamp spin column was

transferred into a new 2 mL collection tube.

To eliminate gDNA contamination, on-column DNase digestion was performed

using the RNase-Free DNase Set (79254, Qiagen, Netherlands). The spin-
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column membrane was washed by adding 350 uL RW1 Buffer and centrifuged
for 15 seconds at 10000 rpm. The flow-through was discarded. DNase | stock
solution (10 uL) was gently mixed with 70 pL Buffer RDD by inverting the tube
before being directly added to the QlAamp spin column membrane and placed
on the benchtop (20-30°C) for 15 minutes. A volume of 350 uL RW1 Buffer was
added to the QlAamp spin column then centrifuged for 15 seconds at 13000

rpm to remove DNA contamination.

The QlAamp spin column was washed twice by adding 500 uL of RPE Buffer and
centrifuged at 13000 rpm for 15 seconds and 3 minutes, respectively. To
eliminate the chance of possible Buffer RPE carryover, the QlAamp spin column
was placed in a new 2 mL collection tube and centrifuged at 13000 rpm for 1
minute. The QlAamp spin column was then transferred into a 1.5 mL collection
tube. To elute RNA from the column, RNase-free water (30-50 uL) was directly
pipetted onto the QJAamp membrane and centrifuged for 1 minute at 13000

rom. RNA in the collection tube was stored in -70°C for further cDNA synthesis.

2.5.1.2 Purification of total RNA from transfected breast cancer cell lines

RNAprotect Cell Reagent (76526, Qiagen, Netherlands) and RNeasy Plus Mini
Kit (74134, Qiagen, Netherlands) were used in the preparation of total RNA
from stably transfected breast cancer cell lines established from section 2.6.
The culture media was first removed before subconfluent cultures in a T25cm?
flask being washed three times with 3 mL PBS. To detach adherent cells, 500 pL
RNAprotect Cell Reagent was directly added to cell monolayer. The mix of cells
and RNAprotect Cell Reagent was pipetted up and down then stored in a 1.5
mL sterile Eppendorf tube at -80°C or directly performed isolation and
purification of total RNA by using RNeasy Protect Mini Kit according to the
following instructions. The mix of cells and RNAprotect Cell Reagent (1 volume)
was transferred into a 15 mL centrifuge tube containing DNase/RNase free
distilled water (9 volumes) before being centrifuged for 5 minutes at 4100 rpm.
After centrifugation, the white cell pellet has appeared at the tube bottom. The

supernatant was completely removed by pipetting, and the pellets were
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loosened by flicking the tube. Cells were then lysed by adding Buffer RLT Plus
(up to 5x10°cells/ 350 puL RLT or 5x10° to 1x107 cells/ 600 puL RLT) and vortexing
for 1 minute to completely dissolve pellets. The lysate was homogenised by
transferring directly into a QlAshredder spin column placed in a 2 mL collection

tube before centrifugation for 2 minutes at 13000 rpm.

To remove gDNA contamination, the homogenised lysate was transferred to a
gDNA Eliminator spin column placed in a 2 mL collection tube and centrifuged
for 30 seconds at 13000 rpm. To precipitate nucleic acids, a volume of 70%
ethanol was added to the flow-through then mixed well by pipetting but not
centrifuged. The sample, including any precipitate that may have formed, was
transferred to an RNeasy spin column placed in a 2 mL collection tube before
being centrifuged for 15 seconds at 13000 rpm. The RNA contained in the
RNeasy spin column was washed using RW1 Buffer and RPE Buffer and

extracted by RNase-free water by the processes described in section 2.5.1.1.

The RNA preparations were measured for both the amount of total RNA and
their purity by using a Nanodrop spectrophotometer ND100 (ThermoFisher,
USA). The ratio of absorbance at 260 nm and 280 nm were used to assess the
purity of RNA; a ratio of ~2.0 is commonly accepted as pure for RNA (Desjardins
& Conklin, 2010). The volume of the total RNA solution contained 1 or 2 ug RNA

was prepared for further cDNA synthesis.

2.5.2 cDNA synthesis by reverse transcription
2.5.2.1 cDNA conversion for the seven breast cancer cell lines

Reverse transcription (RT) is the process by which RNA is converted into
complementary DNA (cDNA) by the retroviral enzyme reverse transcriptase.
One microgram of total RNA prepared from section 2.5.1.1 was reverse
transcribed to cDNA by using oligo(dT)15 priming and the GoScriptTM Reverse
Transcription System (A5000, Promega, USA). The RNA and primer mix was

prepared in 0.2 mL PCR tubes using the components listed in Table 2.3
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Table 2.3 Components of RNA sample preparation and reverse-transcription reaction mix.

Components Volume (ul)
RNA sample preparation
RNA (1 pg/reaction) X uL
Oligo(dT)15 (0.5 pg/reaction) 1ul
Nuclease-Free Water (to a final volume of 5 uL) Y uL
Final volume 5ulL

Reverse transcription reaction mix

Nuclease-Free Water (to a final volume of 15 ul) X uL
GoScript™ 5X Reaction Buffer 4 uL
MgCl, (25 mM) 4 uL
PCR Nucleotide Mix (final concentration 0.5 mM each dNTP) 1ul
Recombinant RNasin® Ribonuclease Inhibitor (40 u/pl) 0.5 uL
GoScript™ Reverse Transcriptase 1ul
Final volume 15 plL

Five microlitres of RNA sample was placed into a preheated 70°C heat block for
5 minutes then immediately chilled on ice for at least 5 minutes. Each tube was
centrifuged for 10 seconds using a microcentrifuge to collect the condensate
and maintain the original volume. The reverse transcription reaction mix was
prepared in a microcentrifuge tube to allow 15 pL for each cDNA synthesis
reaction by combining the components of the GoScript™ Reverse Transcription
System in the order listed in Table 2.3. Each component was combined, and the
mix was then gently vortexed before dispensing into the reaction tubes. All

procedures were performed on ice.

The 5 pL mix of RNA and primer was added to 15 uL reaction mix for a final
reaction volume of 20 pL per tube. The transcription reaction was performed
on a controlled-temperature heat block using the following conditions: 5
minutes at 25°C (annealing), 55 minutes at 42°C (extension), and 15 minutes at
70°C (to inactivate reverse transcriptase). The reaction tubes were frozen at -
20°C for long-term storage before proceeding to a real-time quantitative

polymerase chain reaction (RT-gPCR) (section 2.5.3.1).
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2.5.2.2 cDNA conversion for transfected breast cancer cell lines

cDNAs of the stably transfected breast cancer cell lines were synthesised from
1 or 2 ug of the total RNA extracted as described in section 2.5.1.2 by using the
RT? First Strand Kit (330404, Qiagen, Netherlands). To eliminate gDNA
contamination, the gDNA elimination mix for each RNA sample was prepared
by combining the components shown in Table 2.4. All components, including
RNA, were mixed gently by pipetting up and down and centrifuged briefly. The
mix was then incubated at 42°C for 5 minutes and placed immediately on ice

for at least 1 minute.

Table 2.4 Components of gDNA elimination mix and reverse-transcription reaction mix

Components Volume (ul)

gDNA elimination mix

RNA (1 or 2 ug) XL
Buffer GE 2 uL
RNase-free water (to a final volume of 10 pl) Y pL
Total volume 10 uL
Reverse-transcription reaction mix

5X Buffer BC3 4 uL
Control P2 1ul
RE3 Reverse Transcriptase Mix 2 ul
RNase-free water 3uL
Total volume 10 uL

The reverse-transcription reaction mix was prepared from the components
listed in Table 2.4. A 10 pL aliquot of the reverse-transcription mix was added
into each reaction tube containing 10 puL genomic DNA elimination mix (1 or 2
ug RNA existed) and mixed gently by pipetting up and down. To synthesise
cDNA, the transcription reaction was performed on a controlled-temperature
heat block using the following conditions: incubated at 42°C for precisely 15
minutes (annealing and extension), then immediately incubated at 95°C for 5
minutes to stop the reaction. The reactions were maintained frozen at -20°C for

long-term storage prior to RT-gqPCR analysis described in section 2.5.3.2.
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2.5.3 Real-time quantitative polymerase chain reaction analysis
2.5.3.1 CAST isoform expression in the seven breast cancer cell lines

Expression of calpastatin mRNAs, i.e., total CAST, CAST containing exon3
(CASTexon3), CAST1, CAST2 and CAST3, in seven breast cancer cell lines was
evaluated relative to the expression of HPRT, a reference gene, using RT-qPCR.
The gene expression levels were analysed using the relative standard curve
method. Amplification of the target genes and a reference gene in samples took
place alongside standard curve analysis, allowing the quantification of gene
expression within the cell lines. Before studying CAST expression in all samples,
optimisations of a serial dilution of the standard cDNA and sample dilution ratio
were performed. A serial dilution of the standard (5, 1, 0.2, 0.04, 0.008, and
0.0016 pg) was prepared from JIMT-1 cell cDNA stock synthesised from 1 pg
total RNA, while sample dilutions (1in 20 and 1in 50) were prepared from cDNA
stocks of JIMT-1 and T47D cells. Following optimisation, as described in the
section of results, a dilution of 1:70 was used for all samples, while a standard
serial dilution defined above was remained to be used for creating standard

curves.

A Stratagene MX3000p real-time cycler (Stratagene, USA) was used to perform
RNA amplification and quantification. In a total volume of 10 pL reaction, 1 pL
of each cDNA sample was amplified by the SYBR green detection method using
9 ulL of SYBR master mix (0.5 uL of each forward and reverse primers, 5 uL of
SYBR master mix (2X) (4309155, Life Technologies, USA), and 3 uL of RNase-free
water (AM9935, Invitrogen, USA). Concentrations of all calpastatin primers in
the reactions were 10 uM, while the concentration of HPRT primers was 2 uM.
Sequences of specific oligonucleotide forward and reverse primers
complementary to a specific sequence on the target genes, designed by Prof

Tim Parr, School of Biosciences, are presented in Table 2.5.
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Table 2.5 Sequences of specific oligonucleotide forward and reverse primers

Genes Primers

HPRT forward primer 5'-AAATTCTTTGCTGACCTGCTG-3'
reverse primer 5'-TCCCCTGTTGACTGGTCATT-3'
Total CAST forward primer 5’-ACCTGCAGATGACCAAGACCCCA-3’
reverse primer 5’-TGCTTTGGAGCTGGAAGCAGCC-3’
CASTexon3 forward primer 5’-AACCAGCAAGTCTTCCAGTATGAA-3’
reverse primer 5’-GTCCTTCCATCTGTTGGCTGA-3’
CAST1 forward primer 5’-CCGCCGCACCCA-3’
reverse primer 5’-CCTTTCTTTTCTCCTGGTTTGGA-3’
CAST2 forward primer 5'-CCAGCCGGTTGTTGCC-3'
reverse primer 5'-GGCGATTCACTGGTTTTTTCA-3'
CAST3 forward primer 5’-AGAGAGCTGGGCTGGAGCTC-3’
reverse primer 5’-TTTTCAGGAGGTCTGCATTCCT-3’

The reactions for each sample were performed in triplicate in an optical 96-well
reaction plate (ThermoFisher, USA). Three negative control samples, where
RNase-free water was substituted for cDNA, were included in each run (no
template control, NTC). Reaction conditions were started by heating to 95°C for
10 minutes to activate the AmpliTag Gold® DNA Polymerase, followed by 40
amplification cycles consisting of 95°C for 15 seconds to denature the DNA, and
60°C for 1 minute to allow annealing of the primers and extension. After 40
cycles, samples were denatured, and melting curve analyses were taken over
40 cycles, in 1°C steps from 60°C to 95°C. Real-time PCR results were analysed
using 7500 software v2.0.1. CAST expression in each cell line was presented
relative to its HPRT reference gene content. Data represent the average
expression of CAST or the average relative gene expression to the respective

control £ SD of three independent experiments, each performed in triplicate.

2.5.3.2 CAST isoform expression in transfected cell lines

Expression of CAST1 or CAST2 in CAST-transfected cell lines was evaluated
relative to the expression of HPRT, a reference gene, using RT-qPCR. To

optimise standard serial dilution, standard curves of CAST1, CAST2 and HPRT
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were created from a 2-fold standard serial dilution (18, 9, 4.5, 2.25, 1.125,
0.563, and 0.281 pg) of cDNA mix of 231CAST1 and 231CAST2 cells (1:1 ratio).
cDNA of each cell line was reversed transcribed from 1 ug of total RNA. By
running 40 PCR cycles using the protocol mentioned in section 2.5.3.1, the Ct
values of CAST2 standards were detected at the late cycles (~30 and more) or
undetectable (for 0.281 ug standard). In an attempt to increase CAST2 cDNA
template, standard serial dilution was then prepared from only 231CAST2 cells’

cDNA to generate standard curves of all investigated mRNA.

cDNA samples which reverse-transcribed from 2 pg of total RNA (section
2.5.2.2) were preparedasa 1in 20,1in5, or 1in 40 cDNA dilution to measure
the expression of CAST1, CAST2 or HPRT, respectively. A standard serial dilution
prepared from the synthesised cDNA stock of 231CAST2 cells was used to
create standard curves (CAST1 and CAST2: 100, 66.67, 44.44, 29.63, 19.75, and
13.17 pg; HPRT: 10, 5, 2.5, 1.25, 0.625, and 0.3125 pug). In a total volume of 10
ulL reaction, 1 plL of each cDNA sample was amplified by SYBR green detection
method using 9 pL of SYBR master mix (1 pL of each forward and reverse
primers, 5 pL of SYBR Green ROX gPCR Mastermix (2x) (330523, Qiagen,
Netherland), and 2 uL RNase-free water (AM9935, Invitrogen, USA)).
Concentrations of HPRT, CAST1 and CAST2 primers in the reactions were 100,
100, and 50 nM, respectively. Three negative control samples, where the
RNase-free water was substituted for cDNA, were included in each run. The
amplification and quantification of genes, as well as melt curve analysis, were
performed as described in section 2.5.3.1. Expression levels of CASTs were

estimated from standard curves, as explained in section 2.5.3.1.

2.6 Establishment of stably transfected breast cancer cell lines
overexpressing calpastatin isoforms

2.6.1 Optimisation of G418 concentration in the selection medium

Before transfection, the concentration of G418 selective antibiotic (Geneticin)
(10131, Gibco, Life Technologies, UK) was optimised to select cells transfected

with HA-tagged, GFP removed, pZsGreenl-N1 plasmids modified from
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pZsGreenl-N1 plasmids (632448, Clontech, USA). A neomycin resistance
cassette (Neo") contained in the plasmid allows stably transfected eukaryotic
cells to be selected by G418. By that, optimal selection G418 concentration in
complete medium (termed selection medium) should kill all untransfected cells
within 7-10 days. For MDA-MB-231 cells, 750 pg/mL G418 supplemented
culture medium was the optimal selection medium previously optimised by Dr
Sarah Storr, a postdoctoral researcher in the group. The current study sought
to confirm such data by repeating the optimisation twice, each in duplicate.
Subconfluent cells (70%) in a 6-well tissue culture plate were treated by G418
at different concentrations (0, 200, 300, 400, 500, 600, 700, 750, 800, 900, 1000
ug/mL) for 7-10 days. Medium supplemented with/without G418 was
refreshed every 3-4 days. Cells were examined visually, each day, by phase-
contrast microscopy to ascertain the lowest concentration that could kill all
parental cells within 7-10 days. Experiments with T47D cells were also

conducted independently three times, in duplicate each time.

2.6.2 DNA transfection

From section 3.2.1, two breast cancer cell lines (MDA-MB-231 and T47D) were
chosen to produce stably-transfected cells overexpressing calpastatin isoform
1, 2 or 3 following DNA transfection. DNA constructs of CAST1, CAST2 or CAST3
were designed by Dr Kirsty Jewell within Prof Tim Parr’s Group, School of
Biosciences. Cloning of CAST1, CAST2 or CAST3 cDNA genes into the HA-tagged,
GFP removed, pZsGreen1-N1 plasmids was performed in the high-efficiency
JM109 Escherichia coli (Promega, USA) by Dr Kirsty Jewell. Maps of pZsGreen1-
N1 & HA-tagged, GFP-removed pZsGreen1-N1 plasmids and cDNA constructs of
full-length calpastatin are shown in Appendix B (Figure 2B.1, Figure 2B.2, Figure
2B.3 and Figure 2B.4). Nucleotide sequences of HA-tagged CAST1, CAST2, or
CAST3, as well as of a plasmid, are also present in Appendix B. Three different
transfection reagents, i.e., FUGENE®HD (Promega, USA), Lipofectamine®3000
(Life Technologies, USA) or Viromer®Red transfection reagents (Lipocalyx, UK),
were used to optimise the transfer of DNA constructs into MDA-MB-231 and
T47D cells.
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The transfection reagents are commonly applied to deliver RNA or plasmid DNA
into cells in vitro by facilitating negatively charged nucleic acid genetic materials
to overcome the electrostatic repulsion of the negatively charged cell
membrane. Lipofectamine®, a chemical transfection formulation of cationic
lipids, forms liposomes in an agueous condition before interacting with nucleic
acids to form the liposome-nucleic acid transfection complexes (lipoplexes)
(Felgner et al., 1994; Rao et al., 2015). Liposomal or cationic lipid-based
transfection reagents have dominated the field of nonviral gene delivery since
1987 (Rao et al., 2015) and offer a wide range of applications; however, they
may not be efficient in all cell types. Ambrosini et al. (1999), additionally,
indicated the limitations of cationic lipid-based technology, including colloidal

stability, cytotoxicity, and their effects on the lipid metabolism of the cell.

Nonliposomal transfection reagents, including FUGENE® HD and Viromer®Red,
are an alternative to liposome-mediated transfection methods. These reagents
include polymers that can form complexes with DNA or RNA (polyplexes) and
other types of lipids that are capable of forming micelles in aqueous solutions.
Viromer®Red is a transfection formulation of the polymers called
polyethylenimine (PEI), which is the most highly studied cationic polymers and
has been found to perform comparably to Lipofectamine® 3000 in transfecting
diverse cells lines including glial cells. However, Viromer®Red requires further
modification to minimalise the effects on cell viability (Rao et al., 2015).
FUGENE®HD is a chemical transfection formulation of cationic lipids that form
micelles in agueous solutions before forming complexes with DNA or RNA.
FUGENE®HD is recognised as the most preferred transfection reagent, as
indicated by its maximal transfection efficiency for several cell lines (MC3T3-E1,
C3H10T1/2, Hela, C2C12, Hep G2, and HCT116) compared to other six
commercially available reagents, including jetPEI® (a formulation of PEI) and
Lipofectamine®2000 (Yamano et al., 2010). However, transfection efficiency
comparison between FUGENE®HD and Lipofectamine®3000, to our knowledge,

has not been tested.
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A day before performing transfection, cells were seeded in a tissue culture plate
to form 70% confluent cells in the following day. MDA-MB-231 cell were seeded
by 3.6x10° 1.8x10°, or 0.75x10° cells/well in a 6-, 12-, or 24-well plate,
respectively; T47D cells were seeded by 7x10° 2.5x10° 1x10°, or 1.5x10%
cell/well in a 12-, 24-, 48- or 96-well plate, respectively. On the day of
performing transfection, the culture medium was replaced with Opti-MEM |
reduced serum medium (without antibiotics) (ThermoFisher, USA). For
optimisations, transfection reagent/DNA mixtures were prepared in different
ratios (1.7-3.5 uL FUGENE®HD per 1 ug DNA; 1.5-3 pL Lipofectamine®3000 per
1 ug DNA; 0.4 uL Viromer®Red per 1 ug DNA). To prepare the mixtures from
FUGENE®HD or Lipofectamine®3000 reagents, the reagent and DNA constructs
were mixed in Opti-MEM medium as described in the manufacturer's
instructions before incubation at room temperature for 10 or 5 minutes,
respectively. To use Viromer®Red, Buffer RED supplied with the reagent was
used as a diluent of the mixtures as described in the manufacturer's
instructions; the mixture of transfection reagent and DNA constructs were
incubated at room temperature for 15 minutes before use. The transfection
reagent/DNA mixtures were then added dropwise to the wells while gently
swirling the plate. The final amount of DNA construct in each well was 2000,
500, 250, and 88 ng for a 12-, 24-, 48- and 96-well plate, respectively. In each
transfection experiment, the dilution of the transfection reagent without a DNA
construct was added into a negative control well, which would have no living

cell after selection.

At 24, 48 or 72 hours following transfection, the 750 ug/mL G418 selection
medium, optimised from section 2.6.1, was applied to select transfected MDA-
MB-231 or T47D cells (multiclonal populations). The selection medium was
refreshed every 3-4 days. To validate and assess the success of transfection, cell
lysates collected from the CAST-transfected cells were examined by Western
blotting (section 2.4) for the expression of HA-tagged and total calpastatin with

results compared to that of parental and mock-transfected control cells.
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2.6.3 Selection of monoclonal cell populations expressing the highest
level of HA-tagged calpastatin isoforms

Individual cells from the multiclonal mixed population were transferred into 96-
well plates (1 cell/well) by adding 100 pL of 10 cells/mL cell suspension in each
well and maintained cultured in the selection medium in an attempt to make
monoclonal populations. The established monoclonal populations were
assessed for HA-tagged and total calpastatin expression levels using
chemiluminescent Western blotting, as described in section 2.4, to select the
one with the highest levels of the proteins for using as cell models of the current

project.

2.7 Immunofluorescence microscopy

Immunofluorescence (IF) microscopy is a widely-used technique for
investigating intracellular localisation of proteins (Shakes et al., 2012). In the
current project, intracellular localisation of the HA-tagged full-length forms of
calpastatin Type 1, Type 2 and Type 3 in the established transfected cell lines
(section 2.6) was examined and compared with that of GFP-tagged truncated
forms (only XL and L domains), encoded by exon3-containing/lacking variants,

previously investigated by Dr Sarah Storr (unpublished data).

A day before performing immunolabelling of HA-tagged calpastatin, cells were
seeded onto a collagen-coated round coverslip (Corning® BioCoat™, Germany),
which was placed at the bottom of a 6-well plate. Cell plating density for MDA-
MB-231 cell lines was 5x10° cells/well and 8x10° cells/well for T47D cell lines.
After overnight incubation, the culture medium was gently removed using a
1000 pL micropipette, and adherent cells were gently washed with 500 uL of
PBS for 5 minutes, three times. Cells were then fixed on the coverslip with 1 mL
of 4% paraformaldehyde solution in PBS for 15 minutes at room temperature
before being washed three times with 500 pL of PBS, for 5 minutes each time.
Cells were incubated with a blocking buffer (10% normal goat serum (Sigma-
Aldrich, Germany) and 0.3% Triton™ X-100 (Sigma-Aldrich, Germany) in PBS) for

60 minutes at room temperature. Following the blocking step, cells were
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incubated in the dark at 4°C overnight with a mouse monoclonal antibody of
HA tag (6E2) conjugated with green fluorescent Alexa® 488 dye (2350S, Cell
Signalling Technology, USA); dilution ratio of the antibody was 1 in 800 in
antibody dilution buffer (1% bovine serum albumin (A9418, Sigma-Aldrich,
Germany) and 0.3% Triton™ X-100 in PBS). Cells were then washed with 1 mL
of 0.1% Tween20/PBS for 5 minutes, three times. To visualise cell morphology,
F-actin staining using phalloidin conjugated with far-red fluorescent Alexa
Fluor™ 635 dye (A34054, Invitrogen, USA) (1:40 dilution in PBS) was performed
in the dark at room temperature for 30 minutes followed by washing with 1 mL
PBS for 5 minutes repeated three times. To visualise nuclei, cells were
counterstained with a 1:5000 dilution in PBS of blue fluorescent Hoechst33258
dye (10 mg/mL) (H3569, Invitrogen, USA) in the dark for 10 minutes at room
temperature then washed with 1 mL PBS for 5 minutes repeated three times.
The coverslips covered with adherent cells were mounted with 50% glycerol in
PBS and sealed with clear nail polish on a microscope slide before scanning
using a Leica SP8 Confocal Laser Scanning Microscope (Germany). The laser
excitation and emission wavelengths to detect HA tag, F-actin and nuclei are
shown in Table 2.6. GFP (green fluorescent protein) contained in the truncated
forms of calpastatin is a visual marker of calpastatin that can be directly

detected by the confocal microscope without immunolabelling.

Table 2.6 Confocal laser scanning microscope settings

Target Marker Laser excitation Emission

Nuclei  Blue fluorescent Hoechst33258 dye 405 nm 415—-480 nm
HA-tag Green fluorescent Alexa® 488 dye 488 nm 500 — 600 nm
GFP GFP 488 nm 500 - 600 nm
F-actin  Red fluorescent phalloidin 635 nm 650 — 750 nm

2.8 t-Boc calpain activity assay

Calpain activity can be examined by various assays. Many of them detect the
activity level in cell lysates. During the preparation of cell lysates, however, the

subcellular structure is disrupted then causes the rapid association between
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calpastatin and active calpain (Han et al., 1999). To avoid false determination
of cellular calpain activity, the current assay, therefore, assessed calpain
activity in living intact cells by detecting fluorescent intensity of a cleaved
fragment of a membrane-permeant calpain substrate t-BOC-Leu-Met (tert-
Butyloxycarbonyl-L-Leucyl-L-Methionine-7-Amino-4-Chloromethylcoumarin or
CMAQC). This calpain substrate has an excitation/emission maxima ~330/403.
After entering the cell, the coumarin moiety of t-Boc-Leu-Met conjugates to
glutathione, resulting in the formation of t-butoxycarbonyl-Leu-Met-7-amino-
4-methylcoumarin glutathione conjugate (t-Boc-Leu-Met-MAC-SG) which is
nonfluorescent and membrane-impermeant (Rosser et al., 1993). After
cleavage by calpain, the cleaved fragments produce blue fluorescence with
excitation/emission maxima ~351/430 from the coumarin moiety, allowing the

measurement of intracellular calpain activity.

In the current work, 5x10° MDA-MB-231 or 1x10° T47D cells were plated in
T25cm? tissue culture flasks. After 24-hour incubation, cells were treated with
calpeptin (a calpain inhibitor) or A23187 (an inducer of calcium ions influx).
Concentrations and incubation periods of calpeptin treatment were optimised
for cells using 50 or 75 uM calpeptin treatment for 0.5, 1, 2 and 24 hours. To
examine the effect of A23187 on calpain activity, MDA-MB-231 or the
transfected cells made from section 2.6 were treated with a single dose of 0.5
UM A23187 for 24 hours, 2 uM A23187 for 30 minutes, or 50 uM calpeptin for
30 minutes as well as a double treatment of A23187 treatment condition as
indicated followed by calpeptin for 30 minutes. Negative control cells were
treated by 0.1% DMSO in the culture medium. Cells were then harvested by
trypsinisation (section 2.1.2) and diluted to 5x10°/mL in 600 pL serum-free
RPMI-1640 medium, which was aliquoted into two groups (250 pL each). Two
microlitres of pre-warmed t-BOC-Leu-Met (2 mM stock) or 2 uL DMSO (final
concentration = 0.8%) was added to each group to assess the total fluorescence
intensity or to assess the background fluorescence intensity, respectively. The
samples were transferred into a 96-well optical-bottom plate in duplicate wells

(100 pL/well) before being red fluorescence intensity using a BMG FLUOstar
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OPTIMA Microplate Reader (Germany) (pre-heated to 37°C). Fluorescence was
continuously measured on a ten cycle kinetic window (excitation/emission

350/430, gain 2000, ~4 minutes interval) at 37°C.

To obtain the absolute fluorescence intensity of the cleaved t-BOC representing
calpain activity, the background fluorescence intensity obtained from the
reading of medium containing 0.8% DMSO was subtracted from the total
fluorescence intensity of each sample. The reading of the first cycle baseline
was then subtracted from the reading at each cycle. The percentage of calpain
activity was calculated using the equation shown below. Data represent the
average * intra-experimental SD for one experiment or + inter-experimental SD

for at least two independent experiments, each in duplicate.

] o Fluorescence intensity of treated cells
Calpain activity (%) = - , X 100
Fluorescence intensity of untreated cells

2.9 Clonogenic survival

The clonogenic survival assay can be used to evaluate the ability of single cells
to form colonies, as represented by the plating efficiency (PE), or to examine
cell survival by calculating the surviving fraction (SF) which represents the
reproductive integrity of cells after receiving an experimental treatment. The
colony-forming ability of each cell is represented by colony-forming units, each
containing 250 cells. PE values of MDA-MB-231 or T47D cell lines were assessed
by incubating cells at low density (e.g. 100, 200, 300, 400, 600, and 800 cells)
per T25cm? tissue culture flask in six parallel set for each cell line. MDA-MB-231
or T47D cells were incubated undisturbed for 14 or 21 days, respectively,
allowing single cells to form colony-forming units. The incubation time for both
cell types has been optimised previously by PhD students in the group,
including Dr Abdullah (2019). After incubation, the culture medium was
aspirated, and flasks were gently washed with PBS. Colonies were then fixed
with 50% methanol in 0.9% saline solution for 5 minutes, followed by absolute
methanol for 10 minutes. Colonies staining was performed at room

temperature for 2 hours using a 0.5% crystal violet solution. After aspirating the
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staining reagent, flasks were washed gently in running tap water and left to dry
at room temperature. Colony-forming units were counted. PE was generated
from untreated controls and calculated as the following equation. The PE values
of transfected MDA-MB-231 or T47D cells established from section 2.6 were

assessed and compared to those of parental cells.

Number of colonies formed
= X 100%

Number of cells plated

SF values of MDA-MB-231 cells and the stably transfected 231Ctrl, 231CAST1
and 231CAST2 cells in response to the effects of doxorubicin (10 nM; a positive
control), calpeptin (50 uM) or A23187 (0.5 and 1 uM) were assessed. Cells were
initially seeded in triplicate wells at 1x10° cells per well of a 6-well culture plate
and incubated for 24 hours before being treated by drugs for 24 or 72 hours.
DMSO (0.1%) was used as a negative control. After 24 or 72 hours of drug
treatment, cells in triplicate wells were harvested by trypsinisation (section
2.1.2), pooled and seeded at low-density in T25cm? tissue culture flasks in six
parallel set for each treatment. Flasks were incubated undisturbed for 14 days.
SF values of cells following treatment were calculated according to the
following equation (Woolston & Martin, 2011).

SF = Number of colonies formed after treatment
B Number of cells plated x PE

Data represent the average PE or SF * SD of at least three independent

experiments, with each experiment containing six parallel data sets.

2.10 Haptotaxis scratch-wound migration assay

The haptotaxis scratch-wound migration assay is a simple, reproducible
technique (Cory, 2011) and is commonly used to study the collective and
directional movement of populations of cells (Moutasim et al., 2011). The assay
is generally applied to evaluate basic cell migration parameters, e.g., speed,
persistence, and polarity. In this assay, cells are grown to form a confluent
monolayer, and a thin wound (cell-free area) is introduced by scratching with a

pipette tip. At the wound edge, cells polarise and migrate into the wound gap.
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Advantages of this technique are that there is no requirement of the use of
gradient chambers or specific chemoattractants, and the assay produces a
robust directional migratory response, even in cell types that do not express
their strong responses in single cell migration assays (Cory, 2011). A
disadvantage of this assay, however, is that it completely oversimplifies the
complex process of invasion, lacking the tumour structural architecture and
stromal components (Moutasim et al., 2011). To truly assess migration, the
influence of proliferation closing the wound has to be taken into account - this
was accomplished by using mitomycin C, an anti-proliferative agent, for the
experiment of MDA-MB-231 cells or 0.5% DBS containing culture medium for

T47D cells” migration assessment.

In the current work, optimisation of tumour cell seeding density was performed
before conducting scratch-wound assays to ensure a greater than 90%
confluent monolayer was formed before drug treatment and wound
production. Cells, suspended in complete culture medium at various densities,
were seeded in 12-well tissue culture plates (1 mL/well) in duplicate wells. The
seeding densities of parental MDA-MB-231 cells and their stably transfected
cells (231Ctrl, 231CAST1 and 231CAST2) were tested at 2x10°, 2.5x10°, and
3x10° cells/well; and 9x10°, 10x10°, 11x10° and 12x10°/well were tested for
parental T47D and their stably transfected cells (T47DCtrl and T47DCAST1).

Scratch wound migration assays were initiated by plating 2.5x10°/well of
parental MDA-MB-231 and their transfected cells, or 10x10°/well of parental
T47D and their transfected cell lines, to form confluent monolayers following a
24-hour incubation (as optimised previously). Before wound scratching, cells
were pre-treated with PP2, cytochalasin D, calpeptin, or A23187
(concentrations are shown in Appendix B, Table B2.2) for 24 hours. PP2 and
cytochalasin D were first optimised in an attempt to use as a cell migration
inhibitor, while calpeptin and A23187 were examined for their effect on cell

migration through regulating calpain activity.
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After drug treatment, a 10 or 200 uL pipette tip was used to produce a wound
at an angle of 90° on the confluent cell monolayer of T47D or MDA-MB-231
cells, respectively, through the centre of the well with one flowing movement
to give a clean straight edge. A 200 pl pipette tip was too large to produce a
proper width of T47D wound. Wound scratch at 90° angle to the tissue culture
plate was shown to produce a more consistent and reproducible width as
compared to wounds made by 45° angle scratch, investigated by Dr Yimin
Zhang (a previous PhD student of the group) (Safuan, 2012). The monolayer
was then rinsed twice with 500 pL of PBS to remove cellular debris and the
released stimuli from ruptured cells, e.g., extracellular signal-regulated kinase,
growth factors (Dieckgraefe et al., 1997; Xu et al., 2004; Yin et al., 2007), and to
smooth the edge of the scratch. Complete medium containing 10 pg/ml
mitomycin C or 0.5% DBS containing medium was added to inhibit cell
proliferation of MDA-MB-231 or T47D clones, respectively. To monitor the
wound healing, two areas of a wound were then imaged at 100X magnification
at 0 hours and the other time points after scratch, as indicated in the section of
results. The wound areas were measured using Image J 1.43u software
(National Institute Health, USA), and the percentage of wound closure at each
time point calculated relative to the initial wound area obtained at 0-hour post-
scratch. Data represent the average percentage of wound closure + SD of at
least two independent experiments, each in triplicate. Optimised experimental
conditions for examining migration ability for each cell line are present in

Appendix B, Table B2.2.

The effect of G418-removed culture medium, on migratory ability, was
examined on the transfected 231Ctrl, 231CAST1 and 231CAST2 clones
produced from section 2.6; these cells were routinely cultured with the
selection medium (750 pg/mL G418). G418 was removed from the culture
medium of the transfected cells for 0, 1, 3, 5, 7, 10 or 14 days before performing

cell migration assessment.
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2.11 Endothelial adhesion assays

2.11.1 Peripheral blood mononuclear cell isolation

Peripheral blood mononuclear cells (PBMCs) were used as a positive control in
static adhesion assays (described in section 2.11.2). PBMCs were isolated from
whole blood using a density-gradient centrifugation method, as described in
the study of Safuan et al. (2012). Blood was collected, under informed consent,
from three healthy donors (25 mL/donor), in a vacutainer tube (BD, UK)
containing 170 IU heparin as an anticoagulant. PBMC isolation was performed
in a sterile 50 mL centrifuge tube (Falcon, UK) by firstly adding 12.5 mL
Histopaque® 1119 (Sigma-Aldrich, Germany) into a tube to separate the
granulocytes, then tilting the tube and slowly adding Histopaque® 1077 (Sigma-
Aldrich, Germany) on top of the layer of Histopaque 1119 to separate the
mononuclear cells. Twenty-five millilitres heparinised blood was then layered
on top of the Histopaque 1119 and Histopaque 1077, followed by centrifuging
at 670 x g for 30 minutes, at room temperature. After centrifugation, several
layers of cells and liquid were formed. The second layer, containing PBMCs
(Figure 2.1), from three separate tubes of three donors was collected and
pooled before being washed twice with RPMI-1640 growth medium
supplemented with 10% DBS and cryo-preserved, as described in section 2.1.3,
in RPMI-1604 medium containing 10% DBS and 10% DMSO (1x10° cell/mL/vial).
Frozen PBMCs were stored in liquid nitrogen until use and were used
throughout all endothelial adhesion assays to demonstrate reproducibility and

appropriate endothelial response.

centrifuge

Blood ————d> <€— Plasma
o Mononuclear cells
< D‘ <€— Histopaque 1077
Histopaque 1077 =—>

<€—— Granulocytes
<€— Histopaque 1119

-h Red Blood cells

Figure 2.1 PBMC separation by density-gradient centrifugation method. Left tube represents
blood layered on top of Histopaque 1077 and Histopaque 1119. Right tube represents the formed cell
layers after centrifugation. PBMCs are in the second layer.

Histopaque 1119 =——>>
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2.11.2 Static adhesion assays

Optimisation of endothelial cell plating density was carried out before
conducting static adhesion assays, to ensure confluent monolayers were
formed after 24 hours. Endothelial cell (EC) suspensions, in complete medium
(500 L), at different densities were plated in a 24-well plate and incubated for
24 hours. Seeding densities in the optimisations were 2.5x10°, 3x10°, and
3.5x10° cells/mL for hAMEC-1 blood vascular ECs and 1.5x10°, 2x10°, and 2.5x10°
for hTERT-LEC lymphatic ECs. After 24 hours incubation, 3x10° cells/mL hMEC-

1 and 2x10° cells/mL hTERT-LEC cells produced confluent monolayers.

As a positive control, determination of PBMC adhesion to TNF-a-stimulated ECs
(a 24-hour treatment with 5 ng/mL TNF-a) was assessed immediately before
conducting each tumour cell adhesion assay to demonstrate that ECs were
responding appropriately. ECs were seeded to form a confluent monolayer
after 24 hours. Culture medium was then removed and replaced by the medium
with or without 5 ng/mL TNF-a (300-01A, Peprotech, USA). After 24 hours of
drug treatment, monolayers were washed once with medium and incubated
for 5 minutes at 37°C with 1x10° cells PBMCs in a total volume of 500 pL/well.
Non-adherent cells were removed from the endothelial layer by washing twice
with pre-warmed RPMI-1640 serum-free medium, and then the RPMI-1640
containing 10% DBS was added. Two fields at the central area marked by grid
lines on the bottom of the plates were imaged using phase-contrast microscopy
(Leica, Switzerland) at 100X magnification. Adherent PBMC number from the
two areas were counted. Data represent the average sum of adherent cell
number from the two fields + SD of at least three independent experiments,

with each experiment performed in triplicate.

For tumour cell adhesion assays, following 24 hours of EC seeding, the culture
medium was removed, and monolayers were refreshed and incubated with
complete medium for another 24 hours. On the day of investigating tumour cell
adhesion, the experiment was started after ensuring that the ECs responded

appropriately to the cytokine from the PMBC adhesion assay. Tumour cells, i.e.,
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MDA-MB-231, T47D parental cells and their respective transfected cell lines
(231Ctrl, 231CAST1, and 231CAST2; T47DCtrl, and T47DCAST1), which had been
pre-treated with/without 50 uM calpeptin or 0.5 uM A23187 for 24 hours in
T25cm? tissue culture flasks, were harvested by trypsinisation (section 2.1.2).
Safuan et al. (2012) indicated that trypsin had no effect in altering tumour cell
adhesion to ECs. One million tumour cells were labelled with 1 uM CellTracker
Green CMFDA (ThermoFisher, USA) at 37°C for 30 minutes. CellTracker Green
CMFDA had no effect on the proliferation of MDA-MB-231 (Safuan, 2012) or
T47D cells after 72 hours of exposure (optimised in the current study). After
labelling, the cell suspension was centrifuged at 170 x g for 5 minutes to remove
CellTracker Green CMFDA, and tumour cell pellets were re-suspended in 10 mL

of RPMI-1640 containing 10% DBS to produce 1x10° cells/mL cell suspension.

The endothelial cell monolayers were washed once with the medium before
being incubated with 500 pL of tumour cell suspension at 37°C for 35 minutes.
The incubation period for determining MDA-MB-231 cell adhesion to the ECs
was optimised by Dr Safuan (2012), and the same incubation condition also
applied in the studies with T47D cells. Non-adherent cells were then removed
from the endothelial layers by washing twice with pre-warmed RPMI-1640
serum-free medium, followed by addition of RPMI-1640 containing 10% DBS.
Two fields at the central area marked by grid lines on the bottom of the plates
were pictured using a fluorescence microscope (Leica SP8, Switzerland) at 400X
magnification, and the number of adherent tumour cells was counted from
those two fields. Data represent the average sum of adherent cell number from
the two fields or as the percentage of absolute adherent cell number relative
to the respective control + SD of at least three independent experiments, with

each experiment performed in triplicate.

2.12 Statistical analysis

All results are presented as average * intra-experiment standard deviation (SD)
of one experiment or inter-experiment SD of at least two independent

experiments, each performed in duplicate or triplicate. Inter-experiment SDs
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were calculated as combined SD using the following formula where SD1 and
SD2 are intra-experiment SD of individual experiment 1 and 2, respectively; n,
and n; are the numbers of replicate in each experiment; y is the number of
experiments. The formula was confirmed as appropriate following discussions
between Dr Abhik Mukherjee, Professor Stewart Martin, and a biostatistician

at the University of Nottingham, UK (Mukherjee, 2004).

[(n, — 1) X SD,* + (n, — 1) x SD,?]
SDcombined = n, + n,—y

IC50 values were calculated from dose-response curves using a GraphPad
Prism7 non-linear regression model between logarithms of concentrations and
normalised response. All of the figures were plotted using Microsoft Excel
software version 2016 or GraphPad Prism7 software. Statistical analysis was
performed using GraphPad Prism7 software. Data were analysed using the
Student t-test for comparison between two groups or one-way ANOVA test for
comparison between more than two groups. Statistical analysis was performed
when at least three independent experiments were conducted. Values of P <

0.05 were considered statistically significant.
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Chapter 3  Calpastatin isoform overexpression and
intracellular localisation

3.1 Hypotheses and aims

Several studies, as described in section 1.3.5, have indicated that calpain and
calpastatin expression is associated with breast cancer progression,
chemotherapeutic response or clinical outcomes in different stages and
subtypes of breast cancer (Storr et al., 2011b; Storr et al., 2011c; Storr et al.,
2012a; Storr et al., 2016; Pu et al., 2016). Expression of calpastatin protein or
exon 3-containing CAST mRNA was negatively associated with the presence of
LI, and ER, PR, or basal phenotypic tumours in early-stage breast cancer cases
(Storr et al., 2011b; Storr et al., 2012a). Calpastatin expression also positively
correlated with the levels of HER2 expression and HER2 gene amplification in
HER2-positive patients treated with trastuzumab following adjuvant
chemotherapy (Storr et al., 2011c). Together, the heterogeneity and
differential expression of the calpain-calpastatin system may present in

different breast cancer cell types.

In addition, the correlation between calpastatin and calpain expression has
been reported in various cancers, such as gastric cancer (Liu et al., 2017),
ovarian carcinoma (Storr et al., 2012c; Zhang et al., 2019), endometrial cancer
(Salehin et al., 2010), and breast cancer (Storr et al., 2011c; Davis et al., 2014;
Storr et al., 2016). In a cohort of large but operable breast tumours, treated
with neoadjuvant chemotherapy, calpastatin expression was significantly
correlated with the expression of calpain-1 but not with calpain-2 (Storr et al.,
2016). Paradoxically, in early-stage breast cancer cohorts, the expression of
calpastatin correlated with the expression of calpain-9 (Davis et al., 2014), and

calpain-2, but not calpain-1 (Storr et al., 2011c).

Calpain and calpastatin have been reported to colocalise in the cytoplasm with
a slight multitude around the nuclear region (Gil-Parrado et al., 2003). By IHC

studies in breast cancer tissues, calpain-1, calpain-2 and calpastatin distributed
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predominantly in the cytoplasm with some granularity and heterogeneity
between adjacent tumour cells, but infrequently detected in the nucleus (Storr
etal., 2011c; Storr et al., 2012a; Storr et al., 2016). Although various calpastatin
isoforms originate from a single CAST gene (section 1.3.2), the differential

intracellular localisation of each isoform is mostly unknown.

Thus, the hypotheses of this chapter were as follow:

1. Calpain-calpastatin system proteins (calpain-1, -2, -4 and calpastatin) and
calpastatin mRNA (total CAST, CASTexon 3, CAST1, CAST2 and CAST3) are

differentially expressed in different breast cancer phenotypes.

2. Overexpression of calpastatin isoforms alters the expression levels of

calpains.

3. Calpastatin isoforms localise in cytoplasm, nuclei, or at the perinuclear

location.

Aims:

1. Examine expression of the calpain-calpastatin system proteins (calpain-1, -
2, -4 and calpastatin) and CAST mRNA (total CAST, CASTexon 3, CAST1,

CAST2 and CAST3) in different breast cancer phenotypes in vitro.

2. Establish stably transfected monoclonal populations of breast cancer cell
lines overexpressing different calpastatin isoforms (Type 1, 2, and 3), using

cell lines representing two different subtypes of breast cancer.

3. Examine the effect of calpastatin isoform overexpression on the expression
levels of conventional calpain subunits (calpain-1, -2 and -4) in the

transfected cell lines.

4. Investigate the effect of cell culture factors (serial cell passaging and
influence of G418-presence and removal) on calpastatin expression or the

migratory ability of the transfected cell lines.

5. Explore intracellular localisation of calpastatin isoforms in the transfected

cell lines.
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3.2 Establishment of stably transfected breast cancer cell lines
overexpressing calpastatin isoforms

This study aimed to establish stably transfected monoclonal breast cancer cell
clones overexpressing calpastatin isoform 1, 2 or 3 from two breast cancer cell
lines representing different subtypes of breast cancer. Seven breast cancer cell
lines from different subtypes were included in the study, i.e., basal-like (MDA-
MB-231, MDA-MB-468 and the inflammatory SUM149 cells), luminal (MCF-7
and T47D), and HER2+ (SKBR3 and JIMT-1) breast cancer cells. Amongst all cells,
two cells were selected to be transfected with cDNA constructs encoded for
full-length calpastatin Type 1, 2, or 3 upon their low calpastatin protein or CAST

MRNA expression but high calpain as well as rapid proliferation.

3.2.1 Selection of breast cancer cell lines to overexpress calpastatin
isoforms

3.2.1.1 Cell growth characteristics of seven breast cancer cell lines

Growth curve analyses were conducted to evaluate the growth characteristics
of breast cancer cell lines and included evaluating the population of doubling
times (DTs). Generally, rapid proliferation is an important characteristic of cells,
potentially contributing to the successful establishment of transfected
monoclonal clones. In addition, the growth curve also allows the determination
of the best time range for evaluating the effects of interventions such as drug
treatment on the proliferation of cells (Assanga & Lujan, 2013). In the current
study, population doubling times of seven breast cancer cell lines, summarised
in Table 3.1, were calculated from the log phase of their growth curves (shown
in Appendix C Figure C3.1 and Figure C3.2). Cells ranked from shortest to
longest DTs were MDA-MB-231 cells (19.07 + 0.76 hours), T47D (29.53 + 1.48
hours), MDA-MB-468 (32.15 + 0.24 hours), JIMT-1 (37.19 + 3.28 hours), MCF-7
(38.29 + 4.98 hours), SUM149 (42.88 + 1.18 hours), and SKBR3 (74.45 + 2.07

hours), respectively.
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Table 3.1 Doubling times of breast cancer cell lines calculated from current data and
reviewed from publications

Cell lines DTs from current data DTs from publications
(subtype) (hours) (hours)
MDA-MB-231 19.07 £ 0.76 (n=3) 20.00 £ 1.60 (Abdullah, 2019), 27.78 + 5.14

(TNBC/ basal-like)

MDA-MB-468
(TNBC/ basal-like)
SUM149

32.15 £ 0.24 (n=2)

42.88 +1.18 (n=2)

(Limame etal., 2012), 28.1 £ 1.2 (Watanabe
et al., 2001)

29.9 + 0.5 hours (Watanabe et al., 2001),
~30-40 hours (DSMZ),

33.95 hours (SIB, 2019)

(TNBC/ basal-like/
inflammatory type)

T47D 29.53 +1.48 (n=3) 31.1 + 0.6 hours (Watanabe et al., 2001),
(luminal) 34.00 £ 0.51 hours (Abdullah, 2019)
MCF-7 38.29 + 4.98 (n=2) 34 hours (Silva et al., 2013), 35 hours

(luminal) (Maldonado et al., 2014), 38.5 hours (Yue et
al., 2012), 44.2 hours (Risinger et al., 2015)

SKBR3 74.45 % 2.07 (n=2) ~2-3 days (Stengl et al., 2017), 65.1 hours

(HER2+) (Yue et al., 2012)

JIMT-1 37.19 £ 3.28 (n=2) ~30-40 hours (DSMZ)

(HER2+)

Subtypes of breast cancer cell lines are reviewed from Tanner et al. (2004), Subik et al. (2010),
Barnabas and Cohen (2013), Menon et al. (2014), and Mota et al. (2017). DTs is doubling times; TNBC
is triple-negative breast cancer; n is the number of independent experiments.

Table 3.1 shows the comparable cell doubling times of seven cell types between
calculated from the current data and indicated in publications, indicating that
all seven cell lines behaved properly, and the experimental technique was

reliable. Cells were further examined for their expression of calpain-calpastatin

system proteins and CAST mRNA to select the cell models for transfection.

3.2.1.2 Expression of the calpain-calpastatin system proteins across seven breast
cancer cell lines

Quantitative analysis of the calpain-calpastatin system protein expression
provided important information to choose two breast cancer cells expressing
low calpastatin but high calpains (calpain-1, -2 and -4) to be used as cell models
for calpastatin isoform overexpression by DNA transfection. The intrinsic
expression of the proteins of interest in the different cell lines was quantified

by fluorescent Western blotting (section 2.4). Results are presented as the

relative expression ratio of the target protein to B-actin in Figure 3.1.
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Figure 3.1 Quantitative analysis of the calpain-calpastatin system protein expression

across seven breast cancer cell lines by Western blotting. Lysates were independently
prepared in triplicate from different passages. Representative blots of three independent experiments
are presented. B-actin was used as the sample loading control (42 kDa, green bands). Red bands
indicate (A) calpastatin (100-120 kDa), (B) calpain-1 (82 kDa), (C) calpain-2 (80 kDa) and (D) calpain-4
(28 kDa). Lane M: protein markers, Lane 1: MDA-MB-231, Lane 2: MDA-MB-468, Lane 3: SUM149,
Lane 4: MCF-7, Lane 5: T47D, Lane 6: SKBR3, and Lane 7: JIMT-1. Relative expression of (A) calpastatin,
(B) calpain-1, (C) calpain-2 and (D) calpain-4 are presented as ratios to B-actin expression. Data
represent the average + SD of three independent experiments, each performed without replicate. P-
values express the level of statistical differences between the two groups; * P < 0.05.
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Calpastatin, as shown in Figure 3.1-A, had duplicate bands localised between
100 and 120 kDa, representing the expression of various calpastatin isoforms
that show heterogeneity in molecular weights (Parr et al., 2001b). The duplicate
bands of calpastatin were also observed previously by the PhD projects of the
current group in the various breast (Pu, 2016), and ovarian cancer cell lines
(Zhang, 2018). The relative levels of calpastatin were not significantly different
amongst the seven breast cancer cells. T47D cells showed the relatively lowest
level of the protein followed by all basal-like types, including MDA-MB-231,
MDA-MB-468 and SUM149, then MCF-7, SKBR3 and JIMT-1, respectively
(Figure 3.1-A).

In the study of calpains, the relatively highest level of calpain-1 (Figure 3.1-B)
was detected in SKBR3 cells, followed by T47D, JIMT-1, MCF-7, then the basal-
like MDA-MB-468, SUM149, and MDA-MB-231 cells, respectively. A significant
difference of calpain-1 expression was observed between SKBR3 and MDA-MB-
231 cells (P =0.0251). Calpain-2 levels in MDA-MB-231 and SUM149 cells were
relatively highest amongst all cells and approximately 50-fold higher than MCF-
7’s expression (P = 0.0375 and 0.0304 respectively), which was barely
detectable. Relative moderate levels of calpain-2 were detected in SKBR3,
JIMT-1, T47D, MDA-MB-468 cells, respectively (Figure 3.1-C). The levels of
calpain-4 from high to low were found in SKBR3, SUM149, T47D, MDA-MB-231,
JIMT-1, MDA-MB-468, and MCF-7, respectively (Figure 3.1-D). A significant
difference in calpain-4 expression was found only between the highest level in

SKBR3 and the lowest level in MCF-7 (P= 0.0256).

Briefly, luminal T47D and basal-like subtype cells (MDA-MB-231, MDA-MB-468
and SUM149) were the cells of choices for establishing cells overexpressing
calpastatin isoforms, as they were ranked the first and second places,
respectively, amongst all cells in expressing the lowest calpastatin expression.
T47D cells expressed the medium-to-high level of all calpains (calpain-1, -2 and
-4) relative to the other cells. Meanwhile, all basal-like subtype cells expressed

comparable levels of calpain-1 and -4, while the highest calpain-2 expression
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was observed in MDA-MB-231 and SUM149 cells amongst all seven cells. To
select two cells for overexpressing calpastatin isoforms, supportive data
acquired from the RT-qPCR analysis of CAST mRNAs expression shown in the

following section 3.2.1.3 were also applied.

3.2.1.3 Expression of CAST mRNAs across seven breast cancer cell lines

To select two breast cancer cells expressing low CAST mRNA expression for
overexpressing calpastatin isoforms, RT-qPCR analyses for quantifying the
expression levels of total CAST, CAST-containing exon3 (CASTexon3), CAST1,
CAST2 and CAST3 were performed in seven breast cancer cells lines defined in
section 3.2.1.2, using the relative standard curve method (section 2.5).
Standard curves of CASTs and HPRT reference gene were produced from a
standard serial dilution prepared from cDNA of JIMT-1 cells, the cells that
expressed the highest level of calpastatin protein amongst all seven cell types

(section 3.2.1.2).

3.2.1.3.1 Optimisation of a standard serial dilution and sample dilution

A standard serial dilution and sample dilution were initially optimised. As
shown in Figure 3.2-A and -B, a standard serial cDNA dilution (5, 1, 0.2, 0.04,
0.008, and 0.0016 pg) prepared from JIMT-1 cells’ cDNA stock solution was used
to create standard curves of total CAST and HPRT mRNA. The amplification
efficiencies (%E) of both total CAST (E = 115.764%) and HPRT mRNA
amplification (E = 100.686%) were around 90-110%, which is the range of
reliability of quantitative PCR analysis (Broeders et al., 2014). A strong linear
correlation between cycle threshold (Ct) values and log quantities of total CAST
or HPRT was observed and indicated by R? > 0.99. This indicates that the

experimental design used in the current work was optimal.

The current work also aimed to optimise the dilution ratio of cDNA samples that
made the Ct values fell near the middle of the range of the standard curves.
cDNA stock solution of the cells expressing the highest and lowest levels of

calpastatin protein amongst all seven cell lines (JIMT-1 and T47D cells
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respectively; section 3.2.1.2) was diluted 1:20 or 1:50 before being assessed the

expression of total CAST and HPRT (Figure 3.2).
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Figure 3.2 Optimisation of a standard serial dilution and sample dilution for RT-qPCR
analysis. Standard curves of (A) total CAST and (B) HPRT were created as the relationship between
the cycle threshold (Ct) values and log quantities of cDNA. A standard serial dilution (5, 1, 0.2, 0.04,
0.008, and 0.0016 ug) was prepared from JIMT-1 cells’ cDNA stock (black spots). Samples were
prepared as 1:50 and 1:20 dilution solution from T47D cells’ cDNA stock solution (red and green spots,
respectively) or JIMT-1 cells’ cDNA stock solution (purple and blue spots, respectively). In the linear
equation, y is Ct value, and x is log quantity. Data represent Ct values of each standard and sample
from one experiment performing in triplicate.

As demonstrated in Figure 3.2-A and -B, the Ct values of all samples were
present at the lower part of the standard curves, even the samples of T47D cells
diluted 1:50 (red spots) which was assumed to have the lowest content of total
CAST mRNA. Meanwhile, the Ct values of the JIMT-1 samples diluted 1:20 were
present around the edge of the standard curves (blue spots). Therefore, in the
following experiments, cDNA samples should be more diluted by using a 1:70
dilution ratio, while standard curves were remained to produce from a standard

serial dilution used in optimisation.

3.2.1.3.2 CAST mRNA expression across seven breast cancer cells

Expression levels of total CAST, CASTexon3, CAST1, CAST2, CAST3, and HPRT
reference gene in seven breast cancer cell lines were measured and calculated
using the linear equations of standard curves, as shown in Table 3.2. R? values
at > 0.9 were observed for all standard curves, indicating a linear correlation
between the cycle threshold (Ct) value and log quantity of all mRNA. The
amplification efficiencies of most PCR reactions (total CAST, CAST1 and CAST3)
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fell in the ideal range for quantitative analysis (90-110%; Broeders et al., 2014).
Although the efficiencies of PCR reactions of CASTexon3 (E = 116.567%), CAST2
(E = 78.588%) and HPRT (E = 75.539%) were slightly out of the range, the
information required to compare those mRNA expression levels across seven

cell lines were obtained.

Table 3.2 Linear equations of standard curves and amplification efficiencies of PCR
reactions for evaluating CAST and HPRT mRNA expression in seven breast cancer cell lines

Genes Linear equations of the standard curves R? Efficiencies of PCR
reaction (%)

Total CAST y = —3.301x + 21.559 0.977 100.868
CASTexon3 y = —2.980x + 29.584 0.971 116.567
CAST1 y = —3.347x + 23.034 0.994 98.977
CAST2 y = —3.971x + 22.359 0.924 78.588
CAST3 y = —3.560x + 24.48 0.952 90.955
HPRT y = —4.092x + 28.622 0.968 75.539

In the linear equation, y is Ct value, and x is log quantity.

Figure 3.3 displays CAST mRNA expression levels as ratios to HPRT levels. Figure
3.3-A shows that the lowest level of total CAST mRNA was detected in T47D
(relative expression (R) = 0.36), followed by SUM149 (R = 0.5), MDA-MB-231,
JIMT-1, and MDA-MB-468 (R < 1), then SKBR3 and MCF-7 cells (R > 1). T47D
cells’ total CAST expression was significantly different from that in SKBR3 and
MCF-7 cells (P = 0.0296 and 0.0041 respectively), while the level of total CAST
MRNA in SUM149 cells was significantly lower than that in MCF-7 cells (P =
0.0152). The lowest expression of CASTexon3 was also observed in T47D cells
(R = 0.1) followed by SUM149 (R = 0.4), MDA-MB-468 cells (R = 0.8) then MCF-
7, SKBR3, JIMT-1 cells (R ~ 1), and lastly MDA-MB-231 cells (R = 6.4), which
expressed CASTexon3 to a level that was significantly higher than the
expression in all other cell lines (P < 0.0001) (Figure 3.3-B). Besides MDA-MB-
231, T47D cells’” CASTexon3 expression was statistically different from that in
MCF-7, SKBR3 and JIMT-1 cells (P = 0.0097, 0.0090 and 0.0050, respectively),
whereas such expression in SUM149 cells was different from that in JIMT-1 cells

(P = 0.0473).
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Figure 3.3 Quantitative analysis of CAST mRNA expression across seven breast cancer cells
by RT-gPCR. Samples were independently prepared in triplicate from different passages, and each

was assessed mMRNA expression in triplicate. Relative expression of (A) total CAST, (B) CASTexon3, (C)
CAST1, (D) CAST2, and (E) CAST3 was presented as ratios to HPRT expression. Data represent the
average = SD of three independent experiments, each in triplicate. P-values were assessed for showing
the level of statistical differences between the two groups; * P <0.05, **P < 0.01, *** P <0.001, and
**%% p (00001,

T47D’s CAST1 expression (R ~ 2) was the lowest amongst all cell lines followed
by SKBR3, MCF-7 (R = 8-9), SUM149, MDA-MB-468 (R ~ 13) then MDA-MB-231
(R = 18.4) and JIMT-1 cells (R = 20.7), respectively (Figure 3.3-C). The CAST1
expression level of T47D cells was significantly lower than the levels detected
in all other cells (P-values presented in Figure 3.3-C). The expression in SKBR3
cells was significantly different only to the first three cells expressing the
highest level of CAST], i.e., JIMT-1, MDA-MB-231, and MDA-MB-468 cells (P <
0.0001, < 0.0001 and 0.0458 respectively). The levels in JIMT-1 and MDA-MB-

231 cells were significantly different from the expression in all other cells. For
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CAST2 expression (Figure 3.3-D), the lowest level of CAST2 was found in T47D,
MDA-MB-231, SKBR3, and SUM149 (R ~ 6-7) followed by MDA-MB-468 and
JIMT-1 (R ~ 14-16), and finally MCF-7 cells (R ~ 28). The CAST2 levels of MCF-7
or JIMT-1 cells were significantly higher than the level detected in all other cell
lines, while MDA-MB-468 cells significantly expressed CAST2 in different levels
from all cells except JIMT-1 (description of P-values presented in Figure 3.3-D).
The lowest CAST3 expression levels were detected in SKBR3 and MCF-7 cells (R
~4), followed by T47D (R = 9.5), then JIMT-1 (R ~14), and, lastly, basal-like
SUM149, MDA-MB-468, and MDA-MB-231 cells, respectively (R ~ 19-21)
(Figure 3.3-E). The highest content of CAST3 detected in the top three cells
statistically differed from the levels expressed in the last bottom two cells,

MCF-7 and SKBR3 lines (description of P-values presented in Figure 3.3-E).

In summary, based upon the results from the current section 3.2.1 two cell
lines, representing different breast cancer subtypes, were chosen to
overexpress calpastatin isoforms. One of the selected cells was luminal T47D
cells due to their lowest calpastatin expression and medium-to-high levels of all
conventional calpain subunits (calpain-1, -2 and -4) relative to all other six cells
(section 3.2.1.2). In addition, the RT-gPCR analysis of CAST mRNA expression
(section 3.2.1.3) provided supportive information for choosing T47D cells as a
cell model — all CAST mRNA levels in T47D cells were detected either in the
relatively lowest or very low levels compared to other cells. The basal-like cells
(MDA-MB-231, MDA-MB-468 and SUM149) expressed the lowest levels of
calpastatin following T47D cells. These three cells expressed similar levels of
calpain-1 and -4, while amongst all seven cells, the highest calpain-2 expression
was observed in MDA-MB-231 and SUM149 cells. MDA-MB-231 and SUM149
cells, generally, expressed similar levels of all investigated CAST mRNA, except
for CASTexon3 and CAST1 that were detected at the lower level in SUM149
cells. However, MDA-MB-231 cells have been found to grow approximately two
times faster than SUM149 cells (DTs = 19.07 and 42.88 hours respectively;
section 3.2.1.1), suggesting a higher potential in MDA-MB-231 cells to establish

transfected monoclonal populations after DNA transfection. T47D cells also

101



Chapter 3

proliferated rapidly. Amongst seven cells, T47D doubling time (29.53 hours)
was ranked a second place behind MDA-MB-231 cells (section 3.2.1.1).
Therefore, the luminal T47D and the basal-like MDA-MB-231 cells were

selected to overexpress calpastatin isoforms in the following section 3.2.2.

3.2.2 Calpastatin DNA transfection and selection of transfected
monoclonal cells

MDA-MB-231 and T47D cells were used to generate monoclonal cell models
overexpressing full-length calpastatin Type 1, Type 2, and Type 3 by DNA
transfection technique (section 2.6). Before transfection, the concentration of
the antibiotic G418 was optimised to select the transfected cells. Non-
transfected T47D and MDA-MB-231 cells were observed to be killed using 750

ug/mL G418 within 7 and 10 days, respectively.

MDA-MB-231 and T47D cells were transfected by the DNA constructs encoding
for HA-tagged calpastatin Type 1, 2 or 3, using transfection reagents
(Lipofectamine®3000, Fugene®HD, and Viromer®Red). HA-tagged, GFP
removed, pZsGreenl-N1 plasmid (an empty vector) was also transferred into
the cells to produce mock-transfected controls. Transfection was performed
with various dilution ratios between DNA constructs and the transfection
reagents, various incubation periods (24-72 hours) in different multiple-well
cell culture plates, as defined in Appendix C (Table C3.1 and Table C3.2 ). Areas
of multiple-well cell culture plates seemed to matter to transfection in T47D
cells, as discussed further in Chapter 5. The transfected multiclonal populations
were then selected and expanded by complete culture medium supplemented
with 750 pg/mL G418 before being examined for HA-tagged calpastatin isoform
expression to confirm transfection using Western blotting (section 2.4). Single
cell clones were then generated and tested for HA-tagged calpastatin isoform
expression, and the clones showing the highest expression were used as cell

models for the current project.
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3.2.2.1 Transfected monoclonal MDA-MB-231 clones

MDA-MB-231 cells were successfully transfected by the DNA constructs of the
empty vector (3874 bp) and CAST2 (6306 bp) by the same condition - a 48-hour
incubation of a 1.7: 1 ratio of Fugene®HD : DNA in a 12-well plate. Amongst all,
a CAST1 DNA construct (6351 bp) was the largest one and could not be
delivered into MDA-MB-231 cells by such conditions but by a 48-hour
transfection with 1.5:1 and 3:1 of Lipofectamine®3000: DNA in a 24-well plate

to produce multi-clonal populations A and B, respectively.

From the multiclonal population of mock-transfected MDA-MB-231 control
(231Ctrl), five 231Ctrl clones were established, and clone 1 was chosen due to
its morphology that, amongst all clones, looked the most similar to the parental
cells. To confirm the transfection of CAST1 in MDA-MB-231 cells using Western
blotting, firstly, a positive control lysate of HEK293 cells transfected with an HA-
tagged minigene (HEK293-HA tag) was used to show that the anti-HA tag
antibody used in this study was specific. An HA-tagged protein expressed in
HEK293 cells was detected at around 60 kDa by Western blotting (Figure 3.4-
A). As expected, MDA-MB-231 parental cells did not express the HA-tagged
protein (Figure 3.4-A) but expressed total calpastatin (100-120 kDa, Figure 3.4-
B). B-actin used as the sample loading control was detected at similar
expression levels in all samples at 42 kDa. Both multiclonal CAST1-transfected
MDA-MB-231 (231CAST1) populations A and B overexpressed total calpastatin
compared to parental MDA-MB-231 positive control cells (Figure 3.4-B).
However, the population A expressed HA-tagged calpastatin (100-120 kDa),
representing calpastatin isoform 1 expression, at a higher level compared to
the population B (Figure 3.4-A). Therefore, monoclonal cell selection was
performed starting from the population A. Amongst all eleven 231CAST1 clones
established from the multiclonal population A, eight of them expressed HA-
tagged calpastatin. 231CAST1 clone 5, showing the highest level of the HA-
tagged protein (Figure 3.5-A) and overexpressing total calpastatin (Figure 3.5-
B) relative to the negative controls (MDA-MB-231 and 231Ctrl clonel), was

selected and used as a cell model in the current project.
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Figure 3.4 HA-tagged and total calpastatin expression in CAST1- and CAST3-transfected

multiclonal MDA-MB-231 populations detected by Western blotting. Blots of the
experiments are presented. Both (A) HA-tagged and (B) total calpastatin localise at 100-120 kDa. B-
actin was used as the sample loading control (42 kDa). Lane M: protein markers, Lane 1: a positive
control for HA tag expression- HEK293 cells transfected with HA-tagged minigene (HEK293-HA tag),
Lane 2: a positive control for total calpastatin expression- parental MDA-MB-231 cells, Lane 3-4:
multiclonal 231CAST1 populations A and B (multi231CAST1(A) and multi231CAST1(B) respectively),
and Lane 5: multiclonal 231CAST3 population (multi231CAST3).
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Figure 3.5 HA-tagged and total calpastatin expression in CAST1-transfected monoclonal
MDA-MB-231 populations detected by Western blotting. Blots of the experiments are

presented. Both (A) HA-tagged and (B) total calpastatin localise at 100-120 kDa. B-actin was used as
the sample loading control (42 kDa). Lane M: protein markers, Lane 1: a positive control for HA tag
expression- HEK293 cells transfected with HA-tagged minigene (HEK293-HA tag), Lane 2: a positive
control for total calpastatin expression- parental MDA-MB-231 cells, Lane 3: a negative control for HA
tag expression- 231Ctrl clone 1, Lane 4-14: 231CAST1 clones A-1 to A-11 established from the
multiclonal 231CAST1 population A.

As shown in Figure 3.6-A, amongst all five monoclonal cell lines established
from the multiclonal population of CAST2-transfected MDA-MB-231 cells
(231CAST2), 231CAST2 clone 1 showed the highest levels of calpastatin Type 2,
represented by the level of HA-tagged protein. Also, this clone 1 expressed a
higher level of total calpastatin relative to the other four clones as well as the
negative MDA-MB-231 control cells (Figure 3.6-B). Thus, 231CAST2 clone 1 was

then used as a cell model for this project.
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Figure 3.6 HA-tagged and total calpastatin expression in CAST2- and CAST3-transfected
monoclonal MDA-MB-231 populations detected by Western blotting. Blots of the

experiments are presented. (A) HA-tagged and (B) total calpastatin localise at 100-120 kDa. B-actin
was used as the sample loading control (42 kDa). Lane M: protein markers, Lane 1: a positive control
for HA tag expression - HEK293 cells transfected with HA-tagged minigene (HEK293-HA tag), Lane 2,
8: a positive control for total calpastatin expression - parental MDA-MB-231 cells, Lane 3-7: 231CAST2
clones 1to 5, Lane 9-12: 231CAST3 clones 1 to 4.

MDA-MB-231 cells transfected with CAST3 DNA construct (6102 bp), termed
231CAST3, could survive and expand in the selection medium following
transfection using the same condition as used for producing the empty vector-
and CAST2-transfected multiclonal populations. However, neither the
multiclonal population produced after CAST3 transfection (Figure 3.4-A) nor
their four established monoclonal cell lines (Figure 3.6) had a detectable
expression of HA-tagged calpastatin. After several attempts of MDA-MB-231
transfection with CAST3, the cells could not be transfected. Due to time

restrictions, transfection of CAST3 in MDA-MB-231 cells was discontinued.

As a summary, the current work was successful in establishing monoclonal
231Ctrl, 231CAST1 and 231CAST2 cell lines for using as cell models in the

current project.

3.2.2.2 Transfected monoclonal T47D clones

Transfection in T47D cells was more difficult and took more experiments to
succeed compared to MDA-MB-231 cells, as summarised in Appendix C (Table
C3.2). Similar to MDA-MB-231 cells, transfection of the largest DNA construct
of CAST1 in T47D cells was also more challenging compared to the other smaller
DNA constructs, as it took more attempts to be successful. Lipofectamine

seemed to be an optimal transfection reagent to delivery CAST1 constructs into
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the cells. CAST1-transfected multiclonal T47D cells were a pooled population of
all survived transfected populations produced from a 72-hour incubation with
1.5:1 of Lipofectamine:DNA as well as a 48- or 72-hour incubation with 2:1,
2.5:1 and 3:1 ratios of Fugene:DNA. In comparison, all other DNA constructs
could be transferred into the cells by incubation with a 2.5:1 ratio of
Fugene:DNA — a 48-hour incubation for the empty vector and a 72-hour
incubation for CAST2 and CAST3 DNA constructs. Importantly, the density of
multiclonal population survived after transfection and selection using the
selection medium seemed to matter (discussed further in Chapter 5).
Transfections of CAST1 and CAST2 in T47D cells were successful after being
performed in a 96-well plate instead of using a plate containing a larger surface

area (defined in Table C3.2, Appendix C).

Three empty vector-transfected T47D cell clones (T47DCtrl) were established
and expanded in the selection medium. Amongst them, T47DCtrl clone 2 was
chosen due to its morphology showing the most similarity to the parental cells.
For confirmation of CAST1 transfection using Western blotting, as presented in
Figure 3.7-A, a positive control (HEK293-HA tag) showed a signal of HA-tagged
protein at around 60 kDa, whereas the parental T47D and the selected mock-
transfected T47DCtrl clone 2 did not show a signal of HA-tagged calpastatin.
The CAST1-transfected multiclonal T47D cells (multiT47DCAST1) expressed HA-
tagged calpastatin localised around 100-120 kDa. For the selection of
monoclonal T47DCAST1 cell lines (Figure 3.7-B), amongst all ten monoclonal
populations, clone 7 was the only one expressing HA-tagged calpastatin
localised at the same position as the protein observed in 231CAST1 clone 5 (the
selected cell model from section 3.2.2.1), which was used as another positive
control in addition to HEK293-HA tag. Thus, T47DCAST1 clone 7 was used as
another cell model of calpastatin Type 1 overexpression in addition to the

231CAST1 clone in the following experiments.
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Figure 3.7 HA-tagged and total calpastatin expression in CAST1-transfected multiclonal
and monoclonal T47D populations detected by Western blotting. Blots of the experiments

are presented. (A) HA-tagged and (B) total calpastatin localise at 100-120 kDa. B-actin was used as
the sample loading control (42 kDa). Lane M: protein markers, Lane 1 and 6: a positive control lysate
of HEK293 cells transfected with HA-tagged minigene (HEK293-HA tag), Lane 2 and 5: a negative
control lysate of parental T47D, Lane 3: a negative control lysate of T47DCtrl clone 2, Lane 4:
multiclonal CAST1-transfected T47D population (multiT47DCAST1), Lane 7: a positive control lysate
of 231CAST1 clone 5, Lane 8-17: T47DCAST1 clones 1 to 10.

T47D cells transfected with CAST2 DNA construct could survive and expand in
the selection medium following transfection by incubating cells with the 2.5:1
ratio of Fugene:DNA for 48 hours in a 12-well plate (study 1; Figure 3.8).
However, neither the multiclonal population produced after CAST2
transfection (Figure 3.8-A) nor its two established monoclonal populations
(Figure 3.8-C) had a detectable expression of HA-tagged protein. After several
attempts of T47D transfection with CAST2, the cells could be transfected the
second time (study 2; Figure 3.9). Multiclonal T47DCAST2 populations 2A, 2B
and 2C were independently produced from the same transfection conditions -
a 72-hour transfection with the 2.5:1 ratio of Fugene:DNA in a 96-well plate.
HA-tagged calpastatin expression was detected in the population 2B but not in
the population 2A (Figure 3.9-A); population 2C was not examined the protein
expression. The population 2B was, therefore, subsequently performed
monoclonal cell selection, and only two clones could survive and expand in the
selection medium. However, the expression of HA-tagged calpastatin was
detected in positive controls (HEK293-HA tag and the selected 231CAST2 clone
1 from section 3.2.2.1) but not observed in both T47DCAST2 clones (Figure 3.9-

C). Due to time constraints, the monoclonal population selection for

T47DCAST2 cells could not be completed by the current project.
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Figure 3.8 HA-tagged and total calpastatin expression in CAST2-transfected multiclonal
and monoclonal T47D populations established from study 1 detected by Western
blotting. Blots of the experiments are presented. (A, C) HA-tagged and (B, D) total calpastatin localise
at 100-120 kDa. B-actin was used as the sample loading control (42 kDa). Lane M: protein markers,
Lane 1, 4, 11 and 17: a positive control lysate of HEK293 cells transfected with HA-tagged minigene
(HEK293-HA tag), Lane 2, 5, 12 and 16: a negative control lysate of parental T47D cells. Lane 3: the
multiclonal T4A7DCAST2 population survived in the selection medium (multiT47DCAST2 (1)), Lane 6-8:
T47DCtrl clones 1 to 3, Lane 9-10: T47DCAST2 clone 1-1 and 1-2 established from multiT47DCAST2
(1) population.
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Figure 3.9 HA-tagged calpastatin and total calpastatin expression in CAST2-transfected
multiclonal and monoclonal T47D populations established from study 2 detected by
Western blotting. Blots of the experiments are presented. Both (A, C) HA-tagged and (B) total

calpastatin localised at 100-120 kDa. B-actin was used as the sample loading control (42 kDa). Lane
M: protein markers, Lane 1, 7: a positive control lysate of HEK293 cells transfected with HA-tagged
minigene (HEK293-HA tag), Lane 2, 6: a negative control lysate of parental T47D, Lane 3: a negative
control lysate of T47DCtrl clone 2 (T47DCtrl clone2), Lane 4-5: multiclonal T47DCAST2 populations 2A
and 2B (multiT47DCAST2 (2A) and (2B)), Lane 8: a positive control lysate of 231CAST2 clone 1, Lane
9-10: TA7DCAST?2 clones 2B-1 and 2B-2 establish from multiT47DCAST2 (2B) population.

CAST3 DNA constructs were successfully delivered into T47D cells - multiclonal
T47DCAST3 cells expressed HA-tagged calpastatin (Figure 3.10-A), representing
overexpression of calpastatin Type 3, and overexpressed total calpastatin
relative to the parental T47D cells (Figure 3.10-B). Amongst five established

monoclonal T47DCAST3 populations, there were only two clones expressing

108



Chapter 3

the HA-tagged protein (clone 2 and 5), and T47DCAST3 clone 2 had higher HA-
tagged calpastatin expression compared to clone 5. By comparison with the
parental cells, total calpastatin expression was evidently higher in clone 2 but
weakly detected in clone 5. Thus, T47DCAST3 clone 2 was chosen as one of the
cell models used in the current study. As a summary, the current work was
successful in establishing monoclonal T47DCtrl, T47DCAST1 and T47DCAST3

cell lines.
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Figure 3.10 HA-tagged and total calpastatin expression in CAST3-transfected multiclonal
and monoclonal T47D populations detected by Western blotting. Blots of the experiments

are presented. Both (A) HA-tagged and (B) total calpastatin localise at 100-120 kDa. B-actin was used
as the sample loading control (42 kDa). Lane M: protein markers, Lane 1: a positive control lysate of
HEK293 cells transfected with HA-tagged minigene (HEK293-HA tag), Lane 2: a negative control lysate
of parental T47D cells, Lane 3: multiclonal T47DCAST3 population (multiT47DCAST3), Lane 4-8:
T47DCAST3 clone 1 to 5.

Briefly, monoclonal breast cancer cells overexpressing calpastatin isoforms 1, 2
or 3 could not be all established from the same cell line, neither MDA-MB-231
nor T47D cells. The current project successfully created six stable monoclonal
cell lines, i.e., the cells overexpressing calpastatin Type 1 (231CAST1 and
T47DCAST1), Type 2 (231CAST2), Type 3 (T47DCAST3), and the respective
mock-transfected controls (231Ctrl and T47DCtrl). Based upon a difference
between CAST1 and CAST 2 mRNA sequences by only one exon, overexpression
of calpastatin Type 1 and Type 2, especially in MDA-MB-231 cells, was selected

to fully examine and compare their roles to each other in regulating breast

cancer progression and LVI (Chapter 4).
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3.3 Expression of the calpain-calpastatin system proteins and
CAST mRNA in the cells overexpressing calpastatin isoforms

The current work sought to quantitatively evaluate the overexpression levels of
HA-tagged calpastatin isoform and the particular CAST mRNA in the transfected
cell clones established from section 3.2. The cells overexpressing calpastatin
Type 1 (231CAST1 and T47DCAST1) and Type 2 (231CAST2) were used as cell
models after being ensured that they significantly overexpressed calpastatin
isoform protein or mRNA. The expression of conventional calpain subunits was

also quantified whether it was affected by altered calpastatin expression.

3.3.1 Expression levels of the calpain-calpastatin system proteins

The current study aimed to quantify the expression levels of HA-tagged
calpastatin isoform and total calpastatin in 231CAST1 and 231CAST2 clones
compared to mock-transfected 231Ctrl and parental MDA-MB-231 cells.
Calpastatin overexpression was also examined for its impact on conventional
calpain subunit (calpain-1, -2 and -4) expression. The protein expression was
assessed using fluorescent Western blotting (section 2.4), and representative

blots of three independent experiments are shown in Figure 3.11.
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Figure 3.11 Representative blots of quantitative analysis of calpain-calpastatin system protein
expression in MDA-MB-231 cells overexpressing calpastatin isoforms by Western blotting.
Representative blots of three independent experiments are presented. Red bands indicate (A) HA-tagged
calpastatin (100-120 kDa), (B) calpastatin (100-120 kDa), (C) calpain-1 (82 kDa), (D) calpain-2 (80kDa), and
(E) calpain-4 (28-kDa). B-actin was used as the sample loading control (42 kDa, green bands). Lane M:
protein markers, Lane 1: a positive control lysate of HEK293 cells transfected with HA-tagged minigene
(HEK293-HA tag), Lane 2: MDA-MB-231, Lane 3: 231Ctrl, Lane 4: 231CAST1, Lane 5: 231CAST2.
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Results were presented as the relative expression ratio (R) of the target protein
to B-actin (Table 3.3) that subsequently being calculated as fold expression
relative to that in mock-transfected 231Ctrl control (except for HA-tagged

protein) (Figure 3.12).

Table 3.3 Calpain-calpastatin system protein expression in MDA-MB-231 cells
overexpressing calpastatin isoforms assessed by Western blotting.
Relative protein expression ratio (R) to B-actin

Cell clones HA-tagged Calpastatin Calpain-1 Calpain-2 Calpain-4
calpastatin

231Ctrl 0 0.49 0.19 411 3.49
+0.48 +0.03 +0.47 +0.46

MDA-MB-231 0 0.75 0.17 4.30 3.36
+0.53 +0.01 +0.71 +0.28

231CAST1 1.10 1.71 0.26 4.60 3.86
+0.46 +1.58 +0.07 +0.49 +0.20

231CAST2 0.73 1.12 0.25 4.22 3.68
+0.25 +0.93 +0.07 +0.58 +0.38

Data represent the average relative expression ratios of calpains or calpastatin to B-actin + SD of
independent experiments (n = 6 for HA-tagged and total calpastatin, n = 3 for calpain-1, -2, and -4), each
performed without replicate; n is the number of independent experiments.
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Figure 3.12 Quantitative analysis of calpain-calpastatin system protein expression in MDA-

MB-231 cells overexpressing calpastatin isoforms by Western blotting. Cell lysates were
prepared independently in triplicate from different cell passages of 231Ctrl, parental MDA-MB-231,
231CAST1 and 231CAST2 cells. (A) HA-tagged calpastatin expression in each line is presented as a ratio to
B-actin expression; the expression of (B) calpastatin, (C) calpain-1, (D) calpain-2, and (E) calpain-4 in each
cell line is presented as fold expression relative to 231Ctrl cells. Data represent the average + SD of three
independent experiments for calpains and six independent experiments for HA-tagged and total calpastatin,
each performed without replicate. P-values were assessed for showing the level of statistical differences
between CAST-overexpressing cells and the mock-transfected control or parental MDA-MB-231 cell lines;
*P < 0.05, ¥*P<0.01, ***P<0.001, and ****P<0.0001.

111



Chapter 3

The mock-transfected 231Ctrl cells expressed all investigated proteins in a
similar pattern to parental cells, i.e., HA-tagged calpastatin (no expression),
total calpastatin (1 vs 1.023 fold, P > 0.9999), calpain-1 (1 vs 0.90 fold, P =
0.7788), calpain-2 (1 vs 1.067 fold, P = 0.9848) and calpain-4 (1 vs 0.97 fold, P =
0.9964) (Figure 3.12). Such data indicate that the empty-vector transfection
and the selective agent (G418) had no effect on the expression of the calpain-
calpastatin system proteins in MDA-MB-231 cells. The 231CAST1 and 231CAST2
clones expressed similar levels of the HA-tagged calpastatin (R = 1.1 and 0.73,
respectively; P=0.1096; Table 3.3 and Figure 3.12). As expected, the expression
of HA-tagged proteinin 231CAST1 and 231CAST2 clones was significantly higher
than that found in the mock-transfected control (P < 0.0001 and = 0.0005,
respectively) or the parental cells (P < 0.0001 and = 0.0005, respectively). Total
calpastatin levels in 231CAST1 and 231CAST2 cells, as presented in Figure 3.12,
were also similar (P = 0.1941) and significantly increased in comparison to the
mock-transfected 231Ctrl cells by 3.44 fold in 231CAST1 cells (P < 0.0001) and
2.61 fold in 231CAST2 cells (P = 0.0035). Also, 231CAST1 and 231CAST2 cells
significantly expressed higher total calpastatin levels than the parental cells (P

=0.0002 and 0.0099, respectively).

Figure 3.12 shows that amongst all conventional calpain subunits, only a
calpain-1 expression significantly increased in both MDA-MB-231 clones
overexpressing calpastatin Type 1 (231CAST1 cells) by 1.40 fold (P =0.0188) and
Type 2 (231CAST2 cells) by 1.33 fold (P = 0.0446) in comparison to the
expression in the mock-transfected 231Ctrl cells. The increased calpain-1 levels
were not different between in 231CAST1 and 231CAST2 clones (P = 0.9215). In
comparison to parental cells, calpain-1 expression was also statistically higher
in both 231CAST1 (P = 0.0055) and 231CAST2 cells (P = 0.0122). However,
significant changes in the expression of calpain-2 or -4 were undetectable by
Western blotting analysis in both 231CAST1 and 231CAST2 clones compared to

that of 231Ctrl and parental cells.
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3.3.2 Expression levels of CAST mRNA

This study aimed to evaluate CAST1 and CAST2 mRNA expression levels in the
CAST1-transfected cells (231CAST1 and T47DCAST1) and the CAST2-transfected
clone (231CAST2), respectively, in comparison with that in the respective
control cells, including the mock-transfected controls (231Ctrl or T47DCtrl) or
parental cells (MDA-MB-231 or T47D), using RT-gPCR technique (section 2.5).

The levels of mMRNA were quantified using the relative standard curve method.

Firstly, standard curves of CAST1, CAST2 and HPRT reference gene were created
from a 2-fold standard serial dilution (0.28-18 ug) of cDNA mix of 231CAST1 and
231CAST2 cells (1:1 ratio) (section 2.5.3.2). The PCR reactions of CAST1 and
HPRT had high amplification efficiencies (E = 85.62% and 93.20%, respectively)
and contributed to the linearity of the standard curves (R? = 0.9959 and 0.9820,
respectively). However, CAST2 PCR amplification efficiency (E = 64.06%) and the
linearity of the CAST2 standard curve (R? = 0.7630) were low. By running forty
PCR cycles using the protocol mentioned in section 2.5.3.1 with a range of
standard concentrations (0.28-18 pg), the Ct values of CAST2 standards were
detected at the late cycles (~30 and more) to undetectable (for 0.28 ug
standard), suggesting deficient amounts of CAST2 cDNA templates in
standards. In an attempt to increase CAST2 cDNA template, standard serial
dilution was then prepared from only 231CAST2 cells’ cDNA to generate

standard curves of all investigated mRNA.

Standard curves of CAST1, CAST2 and HPRT were then created from a standard
serial dilution of 231CAST2 clone’s cDNA - a 1.5-fold serial dilution (13.17-100
ug) for CAST1 and CAST2 expression analyses and a 2-fold serial dilution
(0.3125-10 pg) for HPRT expression assessment. Melt curves of CAST1, CAST2
and HPRT showed that there was only one PCR product of a target gene
amplified in each reaction (Figure 3.13), indicating specificity of primers as well
as absences of contamination with gDNA and primer-dimers. There was also no
peak of primer-dimer or contamination presented in the no template control

(NTC; flat red lines, Figure 3.13).
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Figure 3.13 Melt curves of CAST1, CAST2 and HPRT mRNA amplified in all standards.
Standard serial dilution was prepared as a 1.5-fold dilution (13.17-100 pg) for CAST1 and CAST2
expression analyses or a 2-fold dilution (0.3125-10 ug) for HPRT expression assessment. Red lines
represent the melt curves of no template control.

In CAST2 PCR reaction, the peak heights of the melt curves generated from the
lowest two concentrations of the standards (13.17 and 19.75 ug indicated by
pink and purple peaks, respectively) were very low (Figure 3.13). Moreover,
most of the CAST2 standards had late Ct values (>30), indicating low
concentrations of the amplicon presented in the reactions, as supported by
very poor PCR efficiency (27.44%, Table 3.4). Such results suggest that CAST2
expression levels could not be assessed by using the current protocol. Due to
time constraints, it was not possible to optimise and repeat the PCR reactions
using a new protocol for CAST2 expression analysis in the transfected cells.

Therefore, the quantitative analysis of CAST2 expression was discontinued in

the current project.

Table 3.4 Linear equations of standard curves and amplification efficiencies of PCR
reactions for evaluating CAST and HPRT mRNA expression

mRNA Linear equations of the standard curves R? Efficiencies of PCR
reaction (%)

CAST1 y = —3.9647x + 34.071 0.9851 78.74
CAST2 y = —9.4976x + 46.683 0.9915 27.44
HPRT y = —3.5808x + 24.955 0.9688 90.22

In the linear equation, y is C; value, and x is log quantity of cDNA.

As shown in Table 3.4, the standard curves of CAST1 and HPRT showed linearity
by R = 0.9855 and 0.9688, respectively. The amplification efficiencies were
90.22% for HPRT PCR and 78.74% for CAST1 PCR. Quantities of CAST1 and HPRT

MRNA expressed in the target sample cells were calculated from the linear
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equations derived from the standard curves (shown in Table 3.4). The
expression levels of CAST1 in 231CAST1 and T47DCAST1 cells were calculated
as a relative expression calculated by normalisation to HPRT levels, then shown
as a relative ratio out of CAST1 expression in the respective mock-transfected

controls (231Ctrl or T47DCtrl) (Figure 3.14).

CAST1 mRNA

kokkok I MDA-MB-231 clones
T T47D clones

Relative expression
(ratio with HPRT and control cells)

Figure 3.14 Quantitative analysis of CAST1 expression in transfected MDA-MB-231 and

T47D cells by RT-gPCR technique. Samples were independently prepared in triplicate from
different passages of the control cells (231Ctrl or T47DCtrl), parental cells (MDA-MB-231 or T47D),
and CAST1-transfected cells (231CAST1 or T47DCAST1). Expression of CAST1 and HPRT reference gene
were extrapolated from the standard curves. Relative expression of CAST1 was calculated by
normalising to HPRT expression and calibrating with the expression of the respective mock-
transfected controls (231Ctrl or T47DCtrl). Data represent the average = SD of three independent
experiments, each performed in triplicate. P-values were assessed for showing the level of statistical
differences between CAST1-overexpressing cells and the mock-transfected controls or parental cell
lines;* P<0.05, ** P<0.01, *** P<0.001, and **** P < (0.0001.

As shown in Figure 3.14, mock-transfected 231Ctrl and parental MDA-MB-231
cell lines expressed a comparable level of CAST1 mRNA with no statistical
difference (P = 0.9695). On the other hand, T47DCtrl cells expressed lower
levels of CAST1 than that detected in the parental T47D cells (~2 fold difference,
P = 0.0155), indicating that plasmid transfection or G418 affected CAST1
expression in T47D cell line. Both 231CAST1 and T47DCAST1 cells significantly
overexpressed CAST1 mRNA compared to their respective mock-transfected
controls (2.60 and 6.22 fold increases, respectively; P = 0.0020 and < 0.0001,

respectively) and parental cells (P = 0.0016 and < 0.0001, respectively).

As a brief summary, 231CAST1 and T47DCAST1 clones were confirmed for their
overexpression of HA-tagged and total calpastatin (section 3.3.1) and/or CAST1
MRNA (section 3.3.2) in comparison to the respective mock-transfected and

parental cells. Although CAST2 mRNA expression in 231CAST2 clone could not
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be examined due to poor efficiency of the RT-qPCR, 231CAST2 cells were
confirmed for their HA-tagged and total calpastatin overexpression compared
to the mock-transfected and parental cells (section 3.3.1). Therefore,
T47DCAST1, 231CAST1, and 231CAST2 clones could be used to assess the
effects of calpastatin isoform overexpression on phenotypic endpoints related

to breast cancer progression and LVI (Chapter 4).

3.4 Effects of cell culture factors on calpastatin expression and
migration of transfected cells

3.4.1 Effects of serial cell passaging on calpastatin expression in
transfected cells

To ensure that the level of calpastatin isoform overexpression in the CAST-
transfected cells remained stable during the study, the effect of serial cell
passaging on the expression of HA-tagged and total calpastatin was assessed.
MDA-MB-231 cells overexpressing calpastatin Type 1 and Type 2 (231CAST1
and 231CAST2 cells respectively) were serially subcultured for ten times from
the master stocks (passage number 0 or P. 0), and the cell lysates at P. 2, 4, 6,
8 and 10 were analysed for the protein expression using the fluorescent

Western blotting technique (section 2.4).

Figure 3.15 shows representative blots of (A) HA-tagged and (B) total
calpastatin expression analyses as well as (C, D) the relative expression ratio (R)
of the B-actin normalised calpastatin level in the cells at each passage number
against the expression in the passage number 2. 231CAST1 cells at all
investigated passage numbers (P. 2, 4, 6, 8 and 10) expressed similar levels of
both HA-tagged calpastatin (R = 1, 0.84, 1.01, 0.96 and 0.63, respectively) and
total calpastatin (R =1, 0.69, 0.90, 0.66 and 0.72, respectively). There was no
statistical difference between the protein expression in 231CAST1 cells at
passage number 2 and the following passage number 4, 6, 8 or 10 (HA-tagged
calpastatin: P = 0.9907, > 0.9999, > 0.9999, and 0.8279, respectively; total
calpastatin: P =0.6001, 0.9859, 0.5111, and 0.6724, respectively).
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Figure 3.15 Effects of serial cell passaging on HA-tagged and total calpastatin expression
in MDA-MB-231 cells overexpressing calpastatin isoforms detected by Western blotting.
Cells were serially subcultured from the master stock (P. 0) before being collected cell lysates in
triplicate from different passages. Representative blots of three independent experiments in (A)
231CAST1 and (B) 231CAST2 clones are shown here. Red bands indicate HA-tagged and total
calpastatin (100-120 kDa). B-actin was used as the sample loading control (42 kDa, green bands). Lane
M: protein markers, Lane 1-5: 231CAST1 at P. 2, 4, 6, 8, and 10, respectively, and Lane 6-10: 231CAST2
at P. 2, 4, 6, 8, and 10, respectively. Expression levels of HA-tagged and total calpastatin in (C)
231CAST1 and (D) 231CAST2 clones were normalised by B-actin expression before being calculated
as the relative expression ratio to P. 2. Data represent the average * SD of three independent

experiments, each performed without replicate. No statistical difference is present between each
passages and P.2.

Similarly, 231CAST2 cells at P. 2, 4, 6, 8 and 10 also expressed the similar levels
of HA-tagged calpastatin (R = 1, 0.89, 1.26, 1.43, and 1.08, respectively) and
total calpastatin (R=1, 1.18, 1.96, 1.17, and 0.85, respectively) (Figure 3.15-D).
The levels of both proteins in 231CAST2 cells at P. 4, 6, 8 and 10 were not
significantly different from that at P. 2 (HA-tagged calpastatin: P = 0.9981,
0.9607, 0.8136 and 0.9996, respectively; total calpastatin: P = 0.9767, 0.0628,
0.9767 and 0.9839, respectively).
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To summarise, subculturing transfected cells up to ten times from the master
cells did not significantly affect the levels of HA-tagged and total calpastatin
expression. Therefore, in the current project, all transfected cells established

from section 3.2 were used until they reached passage number 10.

3.4.2 Effects of G418-free culture medium on calpastatin expression
and cell migration in transfected cells

Mock-transfected 231Ctrl cells significantly proliferated with a longer doubling
time in the selection medium compared to the parental cells (section 4.3.1.1).
Yallop and Svendsen (2001) have reported that G418 slowed down cell growth
and affected the metabolism of the stably transfected baby hamster kidney
BHK 570 cell line. This raised the question of whether G418 may affect
phenotypic endpoints of transfected cells. To avoid such effects, the current
work intended to culture the transfected cells in the short-term and conduct
experiments using G418-free culture medium after ensuring that G418 removal
had no effect on calpastatin expression or cell migration, a representative

phenotypic endpoint, in the transfected MDA-MB-231 cells.

3.4.2.1 Effects of G418-free culture medium on calpastatin expression

The current work aimed to compare the calpastatin expression levels between
transfected cells cultured with G418-containing and removed medium. Figure
3.16 shows the expression levels of HA-tagged and total calpastatin after
culturing cells for three (Day 3) and seven days (Day 7) in the culture medium
with/without G418 relative to that in the primary cells, which were routinely

cultured in the selection medium (Day 0).

In 231CAST1 cells, culturing cells with the G418-free medium for either three
or seven days did not alter the levels of HA-tagged and total calpastatin
expression compared to routinely culturing cells with the selection medium
(HA-tagged calpastatin: 1.23 vs 1.12 (P = 0.9963) and 1.64 vs 1.99 (P = 0.8031)
for Day 3 and Day 7 respectively; total calpastatin: 1.05 vs 1.07 (P = 0.9999) and
0.80 vs 1.33 (P = 0.1893) for Day 3 and Day 7 respectively). Likewise, no

118



Chapter 3

difference of either HA-tagged or total calpastatin expression was observed
between the 231CAST2 cells cultured with the G418-free and G418-containing
culture medium for either three days (HA-tagged calpastatin: 1.27 vs 0.81, P =
0.6009; total calpastatin: 1.61 vs 0.91, P = 0.3557) or seven days (HA-tagged
calpastatin: 1.05 vs 1.06, P > 0.9999; total calpastatin: 0.74 vs 0.70, P > 0.9999).

O 231CAST1-D. 3 G418 removed
®  231CAST1 - D. 7 G418 removed
231CAST2 - D. 3 G418 removed
231CAST2 - D. 7 G418 removed
@ 231CAST1 - D. 3 G418 removed
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Figure 3.16 Effects of G418-free culture medium on HA-tagged and total calpastatin
expression in MDA-MB-231 cells overexpressing calpastatin isoforms detected by
Western blotting. Representative blots of three independent experiments are presented. Red bands
indicate (A) HA-tagged and (B) total calpastatin (100-120 kDa). B-actin was used as the sample loading
control (42 kDa, green bands). Lane M: protein markers, Lane 1: a positive control lysate of HEK293
cells transfected with HA-tagged minigene (HEK293-HA tag), Lane 2: MDA-MB-231, Lane 3: 231Ctrl,
Lane 4,5, and 7: 231CAST1 cultured with selection medium at day (D.) O, 3, and 7, respectively, Lane
6 and 8: 231CAST1 cultured with G418-free medium at day 3 and 7 respectively, Lane 9, 10 and 12:
231CAST2 cultured with selection medium at day (D.) 0, 3, and 7, respectively, Lane 11 and 13:
231CAST2 cultured with G418-free medium at day 3 and 7, respectively. (C) Expression levels of HA-
tagged and total calpastatin were normalised by B-actin expression before being calculated as the
relative expression ratio to Day 0. Data represent the average = SD of three independent experiments,
each performed without replication. No statistical difference is present between Day O and other
groups as well as between selection medium and G418-removed medium groups.
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In comparison with the initial control cells on Day 0, the levels of HA-tagged and
total calpastatin expression were not significantly changed in the cells cultured
either with or without G418 for three of seven days. In 231CAST1 cells, the
relative expression of HA-tagged calpastatin, as well as total calpastatin, was
not altered after three days (P = 0.9497 and 0.9991) or seven days (P = 0.3476
and 0.8809) of cell culture using the G418-removed medium compared to the
control. 231CAST2 cells also remained to express similar levels of both HA-
tagged and total calpastatin compared to the control cells (day 0) after being
cultured with the G418-removed medium for three (P = 0.9054 and 0.4786

respectively) or seven days (P = 0.9998 and 0.9479 respectively).

Briefly, G418 removal from culture medium for up to seven days did not affect
the expression of HA-tagged or total calpastatin in both 231CAST1 and
231CAST2 cells.

3.4.2.2 Effects of G418-free culture medium on cell migration

The current study aimed to investigate the effect of G418-removed culture
medium on the migration of the transfected MDA-MB-231 cell lines. The
transfected cells were assessed for their migration activity using scratch-wound
assay (section 2.10) after being pre-cultured with the G418-free medium for 1,
3, 5,7, 10 or 14 days compared with the control cells cultured routinely in the

selection medium (0 days of exposure to the G418-free medium).

Figure 3.17 shows the percentage of wound closure, representing cell migration
activity, at 24 hours post-scratch. As shown in Figure 3.17-A, mock-transfected
231Ctrl cells pre-incubated with G418-free culture medium for 1-14 days
showed a similar migratory ability (40.04-51.21 %wound closure) to the control
cells (0 days) (49.77 + 2.73 %wound closure) but remained to migrate
significantly slower than the parental cells at all exposure periods to G418-free
medium (65.27-79.60 %wound closure). G418 removal from the incubation
medium up to 14 days also did not affect the migration activities of 231CAST1
(Figure 3.17-B) and 231CAST2 cells (Figure 3.17-C). There was no significant

difference between the migratory activities of the CAST-transfected cells pre-
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cultured in the G418-free medium for 1-14 days (59.55-67.10 %wound closure
for 231CAST1; 34.91-54.79 %wound closure for 231CAST2 cells) compared to
the control cells cultured with the selection medium (0 days) (56.12 + 4.96
%wound closure for 231CAST1; 60.31 + 7.62 %wound closure for 231CAST2
cells) (Figure 3.17-B, -C).

G418-removed medium

100 -

%Wound closure

MDA-MB-231 231Ctrl 231CAST1 231CAST2

MOdays Wmlday m3days M5days m7days M 10days 14 days

Figure 3.17 Effects of G418-free medium on the migration of transfected MDA-MB-231
cells examined by scratch-wound assay. Before conducting migration assessments, 231Ctrl,

231CAST1 and 231CAST?2 cells were cultured in the G418-free culture medium for 0, 1, 3, 5, 7, 10 or
14 days, while MDA-MB-231 parental cells were routinely cultured in the complete medium.
Mitomycin C was used for the inhibition of cell proliferation after wound-scratch. Wound closure was
examined at 24 hours post-scratch. Data represent the average + SD of three independent
experiments, each performed in triplicate. Significant differences between the percentage wound
closures of MDA-MB-231 and 231Ctrl cells were observed at all periods of exposure (* P<0.5, ** P<
0.01, and *** P <0.001 vs MDA-MB-231). No significant difference is present within each cell line in
comparison with the control group (0 days).

In summary, the levels of calpastatin expression and migration activity of the
transfected MDA-MB-231 cells were not affected by G418 removal from cell
culture for up to 7 and 14 days, respectively. Thus, in the following phenotypic
assessments, to avoid the possible effect of G418 on phenotypic features, the
regular culture medium was used in culturing the transfected cells for two days

before performing experiments and also used in experimentation.

3.5 Intracellular localisation of calpastatin isoforms

This study aimed to investigate intracellular localisation of full-length
calpastatin Type 1, Type 2 or Type 3 in breast cancer cells and compare to that
of the respective truncated forms (only XL and L domains) assessed previously

by Dr Sarah Storr, a doctoral researcher of the current group (unpublished
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data). The truncated version of calpastatin was encoded by exon3-
containing/lacking cDNA. The IF confocal microscopy was used to explore the
intracellular localisation of calpastatin isoforms in addition to being used for

monitoring CAST transfection in the established transfected cells (section 2.7).

Cellular distribution of the HA-tagged full-length version of Type 1 was tracked
in 231CAST1 and T47DCAST1 cells, Type 2 in 231CAST2 cells, and Type 3 in
T47DCAST3 cells, by using the green Alexa Fluor®488 conjugated anti-HA-tag
antibody. Phalloidin was used to label F-actin to visualise cell outline (red), and
Hoechst was used to label nuclei (blue). Figure 3.18-A and -B display the
confocal microscopic images of the negative controls showing no expression of
HA-tagged protein. The figures present parental (MDA-MB-231 and T47D) and
mock-transfected cells (231Ctrl and T47DCtrl) showing no expression of HA-
tagged calpastatin as well as the cells (231CAST2 and T47DCAST1) expressing

HA-tagged proteins that were not probed with the anti-HA-tag antibody.

..

MDA-MB-231 (40x) 231Ctrl (40x) 231CAST2 w/o incubation
of HA tag antibody (40x)

T47D (40x) T47DCtrl (40x) T47DCAST1 w/o incubation
of HA tag antibody (40x)

Figure 3.18 Confocal microscopic images of negative controls in the study of intracellular
localisation of calpastatin isoforms in (A) MDA-MB-231 and (B) T47D cells. The left panel
shows images of parental cells (MDA-MB-231 and T47D). The middle panel shows images of mock-
transfected cells (231Ctrl and T47DCtrl). The right panel shows images of 231CAST2 and T47DCAST1
clones unprobed with the anti-HA-tag antibody.
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Figure 3.19, Figure 3.20 and Figure 3.21 show the subcellular distribution of
calpastatin Type 1, 2, and 3, respectively. Results revealed that both full-length
and truncated forms of all types localised in the same fashion in breast cancer
cells. The distribution of each calpastatin isoform within the basal-like MDA-
MB-231 cells and the luminal T47D cells seemed no different. Type 1 and Type
3 were expressed mostly throughout the cytoplasm and slightly distributed in
the nuclei, as shown in Figure 3.19 and Figure 3.21, respectively. Type 2
localisation was unique and different from the other isoforms as its expression
was cytoplasmic with a predominant perinuclear expression. Figure 3.20 shows
representative images of Type 2 calpastatin as visible spots in the MDA-MB-231

line and fibre-like aggregation in T47D cells.

A. Truncated calpastatin Type 1 B. Full-length calpastatin Type 1

MDA-MB-231 (63x) MDA-MB-231 (40x)

T47D (63x) T47D (40x)

Figure 3.19 Intracellular localisation of (A) GFP-tagged truncated and (B) HA-tagged full-
length forms of calpastatin Type 1 in MDA-MB-231 and T47D cells detected by IF confocal

microscopy. The left column of each panel shows labelling confocal images of GFP or HA tag (green),
nuclei (blue), and F-actin (red); the right column of each panel shows a singular expression of GFP or
HA tag (green).
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A. Truncated calpastatin Type 2 B. Full-length calpastatin Type 2

MDA-MB-231 (40x)

T47D (63x)

Figure 3.20 Intracellular localisation of (A) GFP-tagged truncated and (B) HA-tagged full-
length forms of calpastatin Type 2 in MDA-MB-231 and T47D cells detected by IF confocal
microscopy. The left column of each panel shows labelling confocal images of GFP or HA tag (green),

nuclei (blue) and F-actin (red); the right column of each panel shows a singular expression of GFP or
HA tag (green).

A. Truncated calpastatin Type 3 B. Full-length calpastatin Type 3

MDA-MB-231 (63x)

T47D (63x) T47D (63x)

Figure 3.21 Intracellular localisation of (A) GFP-tagged truncated and (B) HA-tagged full-
length forms of calpastatin Type 3 in MDA-MB-231 and T47D cells detected by IF confocal

microscopy. The left column of each panel shows labelling confocal images of GFP or HA tag (green),
nuclei (blue) and F-actin (red); the right column of each panel shows a singular expression of GFP or
HA tag (green).
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Also, the intracellular localisation of an exon 3-deleted version of the truncated
calpastatin Type 1 (TypelA3), Type 2 (TypelA3) and Type 3 (TypelA3) has been
investigated by Dr Storr (unpublished data). As shown in Figure 3.22, they
distributed similarly to both truncated and full-length forms, encoded by

exon3-containing cDNA of CAST, in MDA-MB-231 cells.

Truncated Type 143 Truncated Type 243 Truncated Type 3A3

Figure 3.22 Intracellular localisation of GFP-tagged truncated calpastatin isoforms exon 3
deletion (A3) in MDA-MB-231 cells detected by IF confocal microscopy. The upper row shows

labelling confocal images (63x) of GFP (green), nuclei (blue), and F-actin (red); the lower row shows a
singular expression of GFP (green).

Briefly, the stably transfected monoclonal breast cancer cells overexpressing
calpastatin Type 1, Type 2 and Type 3 were not wholly created from the same
breast cancer cell line, neither MDA-MB-231 nor T47D (section 3.2). The current
project successfully overexpressed Type 1in MDA-MB-231 and T47D cells, Type
2 in MDA-MB-231 cells, and Type 3 in T47D cells. The difference between Type
1 and Type 2 in subcellular localisation (section 3.5) and their mRNA sequences
differing by only one exon suggested to examine and compare the roles of
calpastatin isoforms, mainly between Type 1 and 2, in regulating phenotypic
endpoints related to breast cancer progression and LVI in MDA-MB-231 cell
models. T47DCAST1 clone was also included in the phenotypic assessment to

compare the role of full-length calpastatin Type 1 in different cell types.
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3.6 Summary

1. MDA-MB-231 and T47D cells were chosen as in vitro cell models amongst
seven cell lines to overexpress calpastatin isoforms based upon their low

expression of calpastatin protein/mRNA and high calpains.

2. Stably transfected monoclonal cells overexpressing HA-tagged full-length
calpastatin Type 1 (231CAST1 and T47DCAST1 cells), Type 2 (231CAST2 cells),
and Type 3 (T47DCAST3 cells) and their respective mock-transfected

monoclonal control cells (231Ctrl and T47DCtrl cells) were generated.

3. HA-tagged calpastatin expression, representing the expression of
calpastatin isoforms, significantly increased in both 231CAST1 and 231CAST2
cells relative to mock-transfected cells (P < 0.0001 and = 0.0005, respectively).
Total calpastatin was also significantly overexpressed relative to mock-
transfected cells by 3.44 fold in 231CAST1 cells (P < 0.0001) and 2.61 fold in
231CAST2 cells (P = 0.0035).

4. Amongst all conventional calpain subunits, only calpain-1 expression
significantly increased in both 231CAST1 (1.40 fold increase, P = 0.0188) and
231CAST2 cells (1.33 fold increase, P = 0.0446) in comparison to the expression

in the mock-transfected cells.

5. CAST1 mRNA significantly overexpressed in the CAST1-transfected cell
clones, i.e., 231CAST1 cells (2.60 fold increase; P = 0.0020) and T47DCAST1

clones (6.22 fold increase; P < 0.0001), relative to mock-transfected controls.

6. CAST2 mRNA expression in 231CAST2 cells could not be examined due to
the poor amplification efficiency (27.44%) of the RT-qPCR method. However,
overexpression of HA-tagged and total calpastatin observed in the cells allowed

231CAST2 clone to be another in vitro cell model for the current project.

7. 231CAST1 and 231CAST2 cell lines were confirmed for their persistent
expression of HA-tagged and total calpastatin after being serially subcultured
from the master cells (passage number 0) for ten times. Thus, all transfected
cells were routinely cultured with the selection medium (750 pug/mL G418) and

used in routine experiments up to passage number 10.
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8. Short-term removal of G418 from the culture medium did not affect the
HA-tagged and total calpastatins expression (up to 7 days) and the migration
(up to 14 days) of 231CAST1 and 231CAST2 cells, compared to the cells
routinely cultured in the selection medium. To avoid the possible effect of G418
on cell behaviours, the G418-free culture medium was used to culture all
transfected cells for two days before performing and while conducting the

experiments.

9. Type 1 and Type 3 calpastatin localised in MDA-MB-231 and T47D cells
generally throughout the cytoplasm and slightly in the nuclei. Type 2 was found
to have a cytoplasmic expression with a predominant perinuclear localisation —

spots in MDA-MB-231 cells and fibre-like aggregation in T47D cells.

10. Full-length calpastatin isoforms distributed in breast cancer cells similarly
to their truncated forms (only XL and L domains), encoded by cDNA either

containing or lacking exon 3.

11. Calpastatin Type 1 and Type 2 were selected to examine and compare their
roles to each other in regulating phenotypic endpoints related to breast cancer
progression and LVI (Chapter 4) due to the differences between them in

subcellular distribution and mRNA sequences by only one exon.
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Chapter4 Roles of calpastatin isoform overexpression in
breast cancer progression and LVI

4.1 Hypotheses and aims

Calpastatin, as described in section 1.3.5.3.4, is the specific endogenous
inhibitor of conventional calpains, with the current group reporting calpastatin
involvement in breast cancer progression and LVI, in particular LI. The
expression levels of calpastatin protein or exon3-containing calpastatin variants
were negatively associated with the presence of LI and other
clinicopathological characteristics of the high-risk group for cancer recurrence
(such as ER-, PR-, and basal phenotypic tumours) (Storr et al., 2011b; Storr et
al., 2012a), as well as lymph node involvement in breast cancer (Storr et al.,
2011c). This suggests that calpastatin may play a crucial role in regulating breast
cancer progression and LVI. As described in section 1.3.5, generally, calpain
activity, which can be activated by Ca?* but limited by calpastatin, is positively
implicated in several cellular physiological functions related to cancer
progression and metastasis, such as cell proliferation, survival, apoptosis,
migration, and invasion. In addition to activating calpain, Ca%* influx plays a
significant role in enhancing calpain inhibition by calpastatin, suggesting that
calpastatin might attenuate activated calpains rather than prevent activation
(Wells & Leloup, 2010). As mentioned by several studies (sections 1.3.5.1 and
1.3.5.2), reduction of calpain activity by calpastatin overexpression,
pharmacological calpain inhibitors (e.g., calpeptin) or genetic disruption of
calpain, generally, contributes to inhibition of cancer progression-related or
metastasis-related physiological functions. The calcium ionophore A23187, a
well-characterised mobile ion-carrier, has been previously used to increase
intracellular Ca?* content and calpain activity in several cell lines, including
MDA-MB-231 breast cancer cells (Varga et al., 2018; Pu, 2016), before

examining the implications of an enhanced calpain activity on cellular functions.
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Thus, the hypotheses of the current chapter were as follow:

1. Calpastatin isoform overexpression suppresses calpain activity in breast
cancer cells.

2. Calpastatin isoform overexpression suppresses breast cancer cell
phenotypic endpoints related to cancer progression and LVI.

3. A23187 increases calpain activity, leading to the promotion of breast

cancer cell phenotypic endpoints related to cancer progression and LVI.

Aims: The current project focused on the role of calpastatin isoform
overexpression in regulating phenotypic endpoints related to breast cancer
progression and LVI in vitro using stably transfected breast cancer cells
overexpressing calpastatin Type 1 (231CAST1 and T47DCAST1 cells), Type 2
(231CAST2 cells), or Type 3 (T47DCASTS3 cells), established from the section 3.2,
as cell models. The effects of Type 1 overexpression and Type 2 overexpression
on the phenotypic endpoints were principally assessed and compared with
each other in MDA-MB-231 cells, due to the differences between calpastatin
Type 1 and Type 2 in intracellular localisation (section 3.5) and their mRNA

sequences differing by only one exon. The present chapter aimed to:

1. Assess the effect of calpastatin isoform overexpression on calpain activity
in breast cancer cells in the presence/ absence of A23187.

2. Evaluate the role that overexpression of individual calpastatin isoforms
plays in regulating breast cancer cell proliferation and clonogenicity, to
understand processes involved in regulating breast cancer progression in
vitro, in the presence/ absence of A23187.

3. Evaluate the role that overexpression of individual calpastatin isoforms
plays in regulating breast cancer cell migration and vascular endothelial
interactions to understand the processes involved in regulating breast

cancer LVI in vitro, in the presence/ absence of A23187.
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4.2 Role of calpastatin isoform overexpression in regulating
calpain activity in vitro

4.2.1 Effects of calpeptin on cell proliferation

Calpeptin is a cell-permeable peptide aldehyde inhibitor, which binds to the
active site of calpain and reversibly inhibits protease activity (Tsujinaka et al.,
1988). The current project selected calpeptin to use as a comparator to the
effect of calpastatin isoform overexpression on calpain activity and in vitro
phenotypic endpoints because it shows more selectivity to inhibit calpain
activity over the chymotrypsin-like activity of the eukaryotic proteasome
compared to other protease inhibitors, including calpain inhibitors 1 (ALLN) and
2 (ALLM) (Figueiredo-Pereira et al., 1994). In addition, calpeptin is the universal
calpain inhibitor used in many studies, allowing them to compare their results

to each other.

The effect of calpeptin on cell proliferation was evaluated in basal-like MDA-
MB-231 and luminal T47D cells over 72 hours. Response to treatment by
doxorubicin, a positive control, was initially assessed to ensure that cells were
responding as expected. The effect of doxorubicin at multiple concentrations
(0, 0.25, 0.5 and 1 uM) on cell proliferation was evaluated and is presented as
dose-response curves in Figure 4.1. Table 4.1 shows the IC50 values of

doxorubicin on the proliferation of both cell lines at each time point.
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Figure 4.1 Effect of doxorubicin on breast cancer cell proliferation. (A) MDA-MB-231 and (B)
T47D cells were treated with multiple concentrations of doxorubicin (0.25, 0.5, and 1 uM) for 24, 48
or 72 hours. Data represent the percentage cell proliferation as the average percentage of cell number
relative to the no-treatment control = SD of three independent experiments, each performed in
triplicate.
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Table 4.1 IC50 values of doxorubicin on breast cancer cells proliferation (n = 3).

Cell lines IC50 of doxorubicin (uM)
24 hours 48 hours 72 hours
MDA-MB-231 0.72+£0.17 0.10+0.03 0.06+0.01
T47D 0.43 +0.08 0.19+0.01 0.07+0.01

No significant difference between IC50 values of doxorubicin in MDA-MB-231 and T47D cells was
observed at each time points; n is the number of experiment. No significant difference in the IC50
values observed between both cell lines at each time-point.

Doxorubicin reduced MDA-MB-231 and T47D cell proliferation in a time- and
dose-dependent manner. IC50 values of doxorubicin in inhibiting the
proliferation of MDA-MB-231 vs T47D cells were 0.72 £ 0.17 uM vs 0.43 £ 0.08
UM, 0.10 £ 0.03 uM vs 0.19 + 0.01 pM, and 0.06 + 0.01 pM vs 0.07 + 0.01 uM,
at 24, 48, and 72 hours, respectively, of drug treatment. There was no
significant difference in the IC50 values observed between both cell lines at
each time-point. In clinical practice, the ESMO clinical practice guidelines
suggested doxorubicin for breast cancer treatment; the recommended dose of
doxorubicin hydrochloride is 60 mg/m? administered as an intravenous bolus
every 21 days for 4 cycles of therapy, in combination with cyclophosphamide

(Cardoso et al., 2019).

A previous PhD project conducted by the current group also obtained
comparable IC50 values for doxorubicin in MDA-MB-231 and T47D cell lines at
all time points-0.42 £ 0.09 uM vs 0.61 £ 0.21 uM, 0.16 £ 0.06 uM vs 0.15 £ 0.01
uM, and 0.10 + 0.03 uM vs 0.07 + 0.03 uM for 24, 48, and 72 hours of drug
exposure (Abdullah, 2019). Also, the IC50 values from the current work
correspond well to previously reported studies. Twenty-four-hour treatment
with doxorubicin exhibited anti-proliferative effect with an IC50 value of 1-2.7
uM for MDA-MB 231 (Aroui et al., 2009; Pilco-Ferreto & Calaf, 2016), and 0.383
UM for T47D (Putri et al., 2016). The reported IC50 values of the 48-hour drug
treatment in MDA-MB-231 cells were 0.14-1 uM (Pichot et al., 2009; Wu et al.,
2013; Pilco-Ferreto & Calaf, 2016), while 0.25-0.29 uM IC50 values were
indicated in T47D cells (Barzegar et al., 2015; Pichot et al., 2009). Treatment of
0.088-0.1241 uM doxorubicin for 72 hours caused a 50% reduction of MDA-
MB-231 proliferation (Gouaze-Andersson et al., 2007; Zhang et al., 2012).
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Therefore, both MDA-MB-231 and T47D cells, in the current study, responded

to doxorubicin as expected, indicating that cells behaved properly in culture.

At 24 hours after drug exposure, as presented in Figure 4.1, MDA-MB-231 cells
were more resistant to the anti-proliferative effect of doxorubicin compared to
T47D cells, especially at the highest concentration (1 uM). Doxorubicin at 1 uM
caused 45.10% and 15.47% cell proliferation in MDA-MB-231 and T47D cells,
respectively. At this time point, 0.5 uM doxorubicin inhibited approximately
50% cell proliferation of MDA-MB-231 and T47D cells (53.80 + 2.46 and 46.09
t 6.65% cell proliferation, respectively). Treatment with 0.5 uM doxorubicin
was therefore used as a positive control in subsequent proliferation assays to

evaluate the effects of other agents on the proliferation of both cell types.

The impacts of calpeptin at multiple concentrations on the proliferation of
MDA-MB-231 (5, 25, 50, 100 and 200 uM) and T47D cells (25, 50, 75, 100 and
200 uM) were assessed and are presented in dose-response curves in Figure
4.2. Anti-proliferative effects of calpeptin are more evident in T47D than that

in MDA-MB-231 cells.
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Figure 4.2 Effect of calpeptin on cell proliferation of breast cancer cells. (A) MDA-MB-231
and (B) T47D cells were treated with multiple concentrations of calpeptin (0-200 uM) for 24, 48 and
72 hours. Data are from cell counts before being calculated as the average percentage of cell number
relative to the no-treatment control = SD of three independent experiments, each performed in
triplicate.

MDA-MB-231 responded to calpeptin in a time- and dose-dependent manner.
The anti-proliferative effect of calpeptin started with a concentration higher
than 50 uM in the first 48 hours of treatment. Treatment with 50 uM calpeptin

for 24 to 48 hours caused 96-99% proliferation and started showing a small
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anti-proliferative activity after 72 hours of drug treatment (83.20%
proliferation). Pu (2016), another former member of the current group,
previously reported similar data showing that 25 and 50 uM calpeptin were
non-toxic to MDA-MB-231 cell growth after 24 and 48 hours of exposure. These
two concentrations, however, were slightly toxic if the duration of treatment
was extended to 72 hours (Pu, 2016). In the current study, marked decreases
of MDA-MB-231 cell proliferation started from 100 uM calpeptin at all
treatment periods (70.48, 38.80 and 26.88 %cell proliferation for 24-, 48- and
72-hour time points, respectively). Dr Pu also observed the effects of 100 uM
calpeptin on MDA-MB-231 cells, causing approximately 60%, 40% and 30% cell
proliferation for each time point (Pu, 2016). Calpeptin at 200 uM, in the current
work, substantially inhibited MDA-MB-231 cell proliferation (7.69, 0.48 and
0.24 %cell proliferation for each time point) with more evident effects

compared to 100 uM calpeptin.

Calpeptin also affected the T47D cell proliferation in a time- and dose-
dependent manner. A small anti-proliferative ability of calpeptin on T47D cells
was initially observed at higher than 25 uM at all time-points. Treatments with
50 and 75 puM calpeptin for 24 hours caused a reduction to 78.64% and 72.41%
cell proliferation, respectively. Marked anti-proliferative effects of calpeptin
were observed from 100 uM for the 24-hours drug exposure (42.27% cell
proliferation), and 75 uM for the longer treatments (40.90 and 36.91 %cell
proliferation for 48 and 72 hours of drug exposure, respectively). Calpeptin at
100 puM vs 200 uM substantially inhibited T47D cell proliferation by causing
42.27% vs 37.54%, 13.79% vs 8.92%, and 8.00% vs 0.69% proliferation for the

24-, 48-, and 72-hour treatment, respectively.

Although calpain inhibitory effect of treatment with 100 uM calpeptin for 24
hours was significantly detected in MDA-MB-231, as indicated in the study of
Pu (2016), this concentration evidently demonstrated a cytotoxic effect on both
MDA-MB-231 and T47D cells. Thus, experiments were conducted to identify a
calpeptin concentration causing minimal cytotoxicity but maximal inhibition of

calpain activity in MDA-MB-231 and T47D cells.
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4.2.2 Inhibitory effect of calpeptin on calpain activity

The effective concentration of calpeptin required to inhibit calpain activity in
MDA-MB-231 and T47D cells was optimised in the current section using t-Boc
assay (section 2.8). A previous PhD study by the current group indicated that
100 uM calpeptin treatment for 0.5, 6, or 24 hours significantly inhibited calpain
activity in SKBR3, MCF-7, and MDA-MB-231 breast cancer cells (Pu, 2016).
Calpeptin at 100 uM was initially used, in the current study, in an attempt to
verify the t-Boc assay assessment of calpain activity. Figure 4.3 shows
fluorescence intensities of the cleaved substrate t-BOC-Leu-Met at cycle 1-10
(Figure 4.3-A) and the percentages of calpain activity in MDA-MB-231 at cycle
10 (Figure 4.3-B) in response to calpeptin treatment. The fluorescence
intensities are presented as pooled data from three independent experiments,
and the percentages of calpain activity were calculated independently from
each experiment before being averaged. Treatment with 100 uM calpeptin for
30 minutes significantly reduced calpain activity in MDA-MB-231 cells by 21.89
+4.49% (P = 0.0011), confirming and corroborating the previous data (20-30%

reduction) by Pu (2016), indicating that t-Boc assay provided consistent results.
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Figure 4.3 Inhibition of calpain activity in MDA-MB-231 cells by calpeptin (100 uM). MDA-
MB-231 cells treated with 100 uM calpeptin for 30 minutes were examined for their calpain activity by t-
Boc assay. Results are presented as (A) fluorescence intensities of the cleaved substrate t-BOC-Leu-Met at
cycle 1-10, and (B) percentages of calpain activity at cycle 10. Data represent the average + SD of three
independent experiments, each in duplicate. P-values were assessed for showing the level of statistical
difference between a calpeptin treatment group and no-treatment control;** P < 0.01.

To optimise calpeptin treatment conditions to generate a significant reduction
of calpain activity but with minimal toxicity, calpeptin at 50 and 75 uM was
examined on both cell lines at various incubation periods (0.5, 1, 2 or 24 hours),

as shown in Figure 4.4.
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A. Fluorescence intensities of the cleaved t-BOC-Leu-Met at cycle 1-10
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Figure 4.4 Inhibition of calpain activity in breast cancer cells by calpeptin (50 uM and 75

[J.M). MDA-MB-231 or T47D cells treated with 50 or 75 uM calpeptin for 0.5, 1, 2 and 24 hours were
examined for their calpain activity using t-Boc assay. Results are presented as (A) fluorescence intensities of
the cleaved substrate at cycle 1-10, and (B) percentages of calpain activity at cycle 10. Calpain activity
assessment of each condition was performed independently. Data represent the average + SD of three
independent experiments, each performed in duplicate. P-values were assessed for showing the level of
statistical differences between calpeptin treatment groups and no-treatment control; ¥*P < 0.05, **P <0.01.
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As shown in Figure 4.4, calpeptin at 50 uM and 75 pM exhibited similar
capabilities to reduce calpain activity in both cells for all incubation periods. In
MDA-MB-231 cells, 50 uM calpeptin in comparison to 75 uM calpeptin reduced
calpain activity with the similar abilities - 31.02% vs 22.18% (P =0.2923), 17.57%
vs 20.83% (P =0.8160), 7.97% vs 20.68% (P = 0.4906), and 28.76% vs 22.29% (P
= 0.5039) for the 0.5-, 1-, 2-, and 24-hour treatment, respectively. Similarly,
calpeptin at 50 uM compared to 75 UM calpeptin also attenuated calpain
activity in T47D cells by similar levels - 32.54% vs 38.15% (P = 0.6796), 13.42%
vs 10.94% (P = 0.8355), 32.38% vs 21.40% (P = 0.1698), and 24.13% vs 35.59%
(P =0.1703) for the 0.5-, 1-, 2-, and 24-hour treatment, respectively.

The incubation period seemed to be a significant parameter in the calpain
inhibitory activity of calpeptin (Figure 4.4-B). In MDA-MB-231 cells, significant
calpain inhibition by both 50 and 75 uM calpeptin was observed only in the 0.5-
hour treatment (P =0.0036 and 0.0173, respectively) and at the most prolonged
24-hour treatment (P = 0.0088 and 0.0213, respectively). The treatment for 1
hour (P = 0.1509 and 0.0981) or 2 hours (P = 0.7922 and 0.2942) did not
significantly inhibit calpain activity and produced a relative lower effect
compared to the 0.5-hour treatment. Similarly, calpain activity of T47D cells was
significantly decreased by treatment with 50 and 75 uM calpeptin for 0.5 hours
(P = 0.0345 and 0.0179, respectively), 2 hours (P = 0.0017 and 0.0128,
respectively), and 24 hours (P = 0.0091 and 0.0013, respectively). The 1-hour
treatment did not show a significant effect in T47D cells (P =0.3102 and 0.4313),
and its effect was relatively lower than the effect of the 0.5-hour treatment.
Together, the depletion of calpain inhibition by calpeptin observed when the
breast cancer cells exposed to the drug for longer than 30 minutes might be due
to cellular compensation of calpain activity occurring shortly (at least for 1 hour)
before recovery of calpain inhibitory effect by calpeptin was significantly re-

detected.

In summary, the conditions of calpeptin treatment for MDA-MB-231 and T47D
cells were optimised by considering the concentration required to significantly

inhibit calpain activity with minimal effect on cell proliferation as well as the
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incubation period required to get maximal calpain inhibition. Calpeptin at 50
UM, therefore, was selected for future experiments due to its significant calpain
inhibitory effect with no toxic on MDA-MB-231 cell proliferation or a small effect
on the proliferation of T47D cells (section 4.2.1). As the 24-hour treatment of
50 uM calpeptin showed a significant impact to inhibit calpain activity in both

cells, this condition was used in subsequent experiments.

4.2.3 Inductive effect of A23187 calcium ionophore on calpain activity

A23187 calcium ionophore is commonly used to enhance the intracellular Ca?*
influx and calpain activity in various cell lines, including MDA-MB-231 and MCF-
7 breast cancer cells (Journé et al., 2004; Varga et al., 2018). In the current
study, A23187 was investigated its effect on calpain activity detected by the t-
Boc assay in MDA-MB-231 wild type before being used in experiments of their

transfected cell clones.

Previous studies by the current group suggested that treatment with A23187
at 2 uM for 30 minutes was able to increase calpain activity in MDA-MB-231
cells by 94% detected by the Suc-LLVY-AMC assay (Pu, 2016). The 24-hour
treatment with complete culture medium containing 2 uM A23187 was
reported to cause only 5.1% MDA-MB-231 induction of cell apoptosis and
necrosis (conducted by Dr Yimin Zhang). However, this treatment, by visual
estimation, damaged approximately 50% integrity of cell monolayers in
parental MDA-MB-231 and the respective transfected cell lines (Figure 4.5). The
integrity of cell monolayers is an important factor if wishing to evaluate cell
migration by scratch-wound assay. While A23187 at 1 uM slightly damaged cell
monolayers by around 20%, 0.5 uM A23187 showed no effect. Thus, A23187 at
0.5 uM was assessed its ability to induce calpain activity in MDA-MB-231 cells

in comparison to 2 uM A23187.
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Figure 4.5 Effect of A23187 on the integrity of breast cancer cell monolayers. Representative
images of cell monolayers of MDA-MB-231 parental and the stably transfected cell lines (231Ctrl,
231CAST1 and 231CAST2) treated with A23187 at 0, 0.5, 1 and 2 uM for 24 hours (100x magnification).
Calpain activity in MDA-MB-231 cells was assessed in response to a single
treatment with 2 uM A23187 for 30 minutes, 0.5 uM A23187 for 24 hours, or
50 uM calpeptin for 30 minutes; and by a double treatment of 2 uM A23187 for
30 minutes/ 0.5 uM A23187 for 24 hours followed by 50 uM calpeptin for 30

minutes, as presented in Figure 4.6.
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Figure 4.6 Effect of A23187 or calpeptin on calpain activity in MDA-MB-231 cells. Results
are presented as (A, B) fluorescence intensities of the cleaved substrate at cycle 1-10, and (C) percentages
of calpain activity at cycle 10. (A) Cells were treated with 2 uM A23187 or 50 uM calpeptin alone for 30
minutes, or treated with A23187 for 30 minutes followed by calpeptin for 30 minutes; (B) cells were treated
with 0.5 uM A23187 for 24 hours or 50 uM calpeptin for 30 minutes alone; or treated with A23187 for 24
hours followed by calpeptin for 30 minutes. (C) A bar chart shows cellular calpain activity in response to 2
UM or 0.5 uM A23187 from the experiments performed separately. Data represent the average + SD of (A)
three or (B) two independent experiments, each performed in duplicate.
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As shown in Figure 4.6-A, and -C, calpain activity in MDA-MB-231 cells treated
with 2 uM A23187 alone for 30 minutes was increased by approximately 10%
(110.79% calpain activity) relative to control. While calpeptin alone reduced
calpain activity by around 9%, the double treatment produced approximately
100% calpain activity, suggesting that calpeptin normalised A23187-enhanced
calpain activity. However, changes in calpain activity compared to the
untreated cells were not significant in any single or combined drug treatments.
For the treatment with 0.5 uM A23187 for 24 hours (Figure 4.6-B and -C),
A23187 alone increased calpain activity by 58% relative to basal activity of
control (158% calpain activity). The double treatment caused 128% calpain
activity, again suggesting that the A23187-enhanced calpain activity could be

attenuated by calpeptin.

In summary, treatment with A23187 at 0.5 uM for 24 hours increased calpain
activity to a level that was higher than the calpain activity influenced by the
treatment with 2 uM A23187 for 30 minutes (58% vs 10% increased calpain
activity). A23187-increased calpain activity could be attenuated by calpain
inhibition using calpeptin. Treatment with 0.5 uM A23187 for 24 hours was

therefore used in subsequent experiments.

4.2.4 Effects of calpastatin isoform overexpression on calpain activity
4.2.4.1 Calpain activity in calpastatin isoform overexpressing MDA-MB-231 cells

The current section sought to determine the consequences of upregulation of
individual calpastatin Type 1 or Type 2 on calpain activity in MDA-MB-231 cell,
using the t-Boc assay. As reviewed in sections 1.3.5.1 and 1.3.5.2, calpain
activity in the calpastatin-overexpressing cells was postulated to be lower than
the basal activity in the mock-transfected cells. In this study, however, the
unexpectedly opposing results, as shown in Figure 4.7, were observed.
Overexpression of calpastatin Type 1 and Type 2 significantly contributed to
relative increases of calpain activity in 231CAST1 (139.82%, P = 0.0157) and
231CAST2 cells (170.78%, P = 0.0009), respectively, compared to the calpain
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activity level in the mock-transfected 231Ctrl cells. Difference between calpain

activity in 231CAST1 and 231CAST2 was not observed (P = 0.0727).
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Figure 4.7 Calpain activity of MDA-MB-231 cells overexpressing calpastatin isoforms. MDA-
MB-231 cells overexpressing calpastatin Type 1 (231CAST1) or Type 2 (231CAST2) or the mock-
transfected cells (231Ctrl) were examined for their calpain activity using the t-Boc assay. Results are
shown as (A) fluorescence intensities of the cleaved t-BOC-Leu-Met at cycle 1-10 and (B) percentages
of calpain activity at the cycle 10 relative to the mock-transfected control. Data represent the average
+ SD of three independent experiments, each performed in duplicate. P-values were assessed for
showing the level of statistical differences between CAST-overexpressing cells and the mock-
transfected control; *P < 0.05 or *** P < (0.001.

4.2.4.2 Effects of A23187 calcium ionophore on calpain activity

The effect of A23187 on calpain activity in MDA-MB-231 cells overexpressing
different calpastatin isoforms was examined. Calpain activity in mock-
transfected 231Ctrl cells was first examined whether the cells respond to the
presence of A23187 or calpeptin similarly to the parental cells, explored in

section 4.2.3. The results are shown in Figure 4.8.
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Figure 4.8 Effect of calpeptin or A23187 on calpain activity in the mock-transfected MDA-
MB-231 cells. Results are shown as (A) fluorescence intensities of the cleaved substrate t-BOC-Leu-
Met at cycle 1-10, and (B) percentages of calpain activity at cycle 10. The mock-transfected 231Ctrl
cells were treated with 50 uM calpeptin or 2 uM A23187 alone for 30 minutes, or treated with A23187
for 30 minutes, followed by calpeptin for 30 minutes. Data represent the average = SD of two
independent experiments, each in duplicate.
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Figure 4.8 shows that while treatment with 2 uM A23187 for 30 minutes did
not affect calpain activity in 231Ctrl cells (101.78%), a double treatment
(A23187 and calpeptin, respectively) resulted in the similar calpain activity level
to the effect of the 30-minute calpeptin treatment alone (95.75% vs 93.79%),
suggesting that a small calpain inhibitory effect observed in the double
treatment was caused by calpeptin. However, neither single treatments nor
double treatment of the calpain regulators significantly affected calpain activity

in 231Ctrl, or wild type cells (section 4.2.3).

The role that calpastatin isoform overexpression plays in regulating calpain
activity of MDA-MB-231 cells in the presence of A23187 was investigated using
231CAST1 and 231CAST2 cells treated with different A23187 conditions - 2 uM
A23187 for 30 minutes or 0.5 uM A23187 for 24 hours. As shown in Figure 4.9,
the treatment of 2 uM A23187 remained to cause no effect in inducing calpain
activity in mock-transfected cells but seemed to slightly increase calpain activity

in both 231CAST1 and 231CAST2 cells by 13.52 % and 12.21%, respectively.
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Figure 4.9 Effect of A23187 on calpain activity in MDA-MB-231 cells overexpressing calpastatin
isoforms. MDA-MB-231 overexpressing calpastatin Type 1 (231CAST1) or Type 2 (231CAST2) or the mock-
transfected cells (231Ctrl) were treated with (A) 2 uM A23187 for 30 minutes or (B) 0.5 uM A23187 for 24
hours. Results are presented as (A, B) fluorescence intensities of the cleaved substrate at cycle 1-10, and
(C) percentages of calpain activity at cycle 10 relative to the mock-transfected control. The experiments of
2 UM and 0.5 uM A23187 were performed separately. Data represent the average + intra-experimental SD
for one experiment of 0.5 UM A23187 treatment or * inter-experimental SD for two independent
experiments of 2 uM A23187 treatment, each in duplicate.
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For the prolonged treatment (Figure 4.9-B and -C), 0.5 uM A23187, which
caused 58% increase of calpain activity in parental MDA-MB-231 (section 4.2.3),
seemed to be ineffective in stimulating calpain activity of the mock-transfected
231Ctrl cells but effective in the treated 231CAST1 and 231CAST2 compared to
the no-treatment controls - 91.52% vs 100% for 231Ctrl cells, 174.25% vs
128.70% for 231CAST1 cells or 188.49% vs 171.17% for 231CAST2 cells. In other
words, the 0.5 uM A23187-treated cells had higher calpain activity relative to
their respective no-treatment controls by 35.39% and 10.12% in 231CAST1 and
231CAST2 cells, respectively. The results of this study, however, were
generated from only one experiment due to unstable fluorescence signals
observed in repeated experiments (data not shown), and the study was not

resumed due to time limitations.

4.3 Role of calpastatin isoform overexpression on in vitro models
of breast cancer progression (proliferation and clonogenic
survival)

The calpain-calpastatin system has been implicated in various cancer
progression-related cellular functions, such as cell proliferation, survival, and
apoptosis (section 1.3.5.1). The role of calpastatin isoforms in regulating
phenotypic characteristics related to cancer progression, however, has not
been previously examined. This section aimed to evaluate the role that
overexpression of individual calpastatin isoforms plays in regulating breast
cancer cell proliferation and clonogenicity, to understand processes involved in

regulating cancer progression in vitro, in the presence/absence of A23187.

4.3.1 Cell proliferation
4.3.1.1 Effects of calpastatin isoform overexpression on cell proliferation

The effect of calpastatin isoform overexpression on cell proliferation was
examined using all stably transfected monoclonal MDA-MB-231 or T47D cells,
established from section 3.2, as in vitro cell models. Growth curves are shown

in Appendix D (Figure D4.1 and Figure D4.2). Figure 4.10 and Table 4.2 show
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and compare cell growth characteristics and doubling times, respectively,

amongst all transfected cells.
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Figure 4.10 Effect of calpastatin isoform overexpression on breast cancer cell proliferation.
(A) MDA-MB-231, (B) T47D parental cells and their respective transfected cells overexpressing
calpastatin Type 1 (231CAST1 and T47DCAST1), Type 2 (231CAST2), Type 3 (T47DCAST3), and the
mock-transfected controls (231Ctrl and T47DCtrl) were examined for their proliferation over 96 hours.
Growth analyses of each cell line were performed independently. Growth characteristics of parental
cells are from section 3.2.1.1. Data represent the average cell number per well £ SD of three
independent experiments, each in triplicate.

Table 4.2 Cell doubling times of parental and stably transfected breast cancer cell lines.

Transfection Doubling time (hours)
MDA-MB-231 T47D
No (Parental cells) 19.07 £ 0.76** 29.53+1.48
Empty vector 38.41+751 4197 £5.01
CAST1 29.13+0.65 33.11+8.62
CAST2 35.63+£3.83 -
CAST3 - 37.09 £6.46

Growth analyses of each cell line were performed independently. Doubling times of parental cells are
from section 3.2.1.1. Data represent the average cell doubling time + SD of three independent
experiments, each performed in triplicate. P-values were assessed for showing the level of statistical
differences between each cell line and the mock-transfected controls;** P < 0.01.

As shown in Figure 4.10 and Table 4.2, the mock-transfected 231Ctrl cells
proliferated significantly slower than the corresponding parental cells, causing
the longer doubling time (38.41 vs 19.07 hours, P =0.0018). Likewise, the mock-
transfected T47D cells (T47DCtrl) seemed to have longer doubling time relative
to parental cells, although there was no statistical difference (41.97 vs 29.53
hours, P = 0.0822). In this study, growth curve analyses of all transfected cells

were performed in the selection medium (750 pg/mL G418), suggesting that
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the longer doubling times of both mock-transfected 231Ctrl and T47DCtrl cells

might be as a consequence of G418 or the empty-vector contained in both cells.

Amongst all CAST-transfected cells, calpastatin Type 1 overexpression in both
231CAST1 (29.13 vs 38.41 hours, P = 0.0676) and T47DCAST1 cells (33.11 vs
41.97 hours, P = 0.2382) seemed to influence cell proliferation, leading to a
shorter doubling time compared to the respective mock-transfected cells,
although a significant difference was not detected. The doubling times of
231CAST2 cells overexpressing Type 2 calpastatin (35.63 hours, P = 0.7664), as
well as T47DCAST3 cells overexpressing Type 3 protein (37.09 hours, P =

0.6445), were not different from that of their mock-transfected controls.

4.3.1.2 Effects of A23187 calcium ionophore on cells proliferation

This study aimed to 1) optimise the non-toxic concentration of A23187 on cell
proliferation for using in subsequent experiments and 2) investigate the impact
of A23187 on the proliferation of the cells overexpressing calpastatin isoforms.
The parental MDA-MB-231 and their transfected cells were treated with
A23187 at 0.5 or 1 uM for 24, 48, and 72 hours then cell proliferation assessed.
As shown in Figure 4.11, mock-transfected 231Ctrl cells responded to 0.5 uM
doxorubicin, a positive control, similarly to parental MDA-MB-231 cells. The
percentages of cell proliferation of the parental cells vs 231Ctrl mock-
transfected cells were 51.81% vs 49.13%, 30.82% vs 27.40% and 14.62% vs
11.31% after being treated by the drug for 24, 48 and 72 hours, respectively.
The parental cells consistently responded to the positive control, as they did
previously in section 4.2.1, suggesting that the parental cells behaved as

expected, and the experimental technique was robust.
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Figure 4.11 Effect of A23187 on cell proliferation in MDA-MB-231 cells overexpressing

calpastatin isoforms. Parental MDA-MB-231 cells and their transfected cell lines overexpressing
calpastatin Type 1 (231CAST1), and Type 2 (231CAST2), and the mock-transfected cells (231Ctrl) were
treated with (A) doxorubicin (0.5 uM) or (B) A23187 (0.5 and 1 uM) for 24, 48, and 72 hours. Data
represent the average percentages of cell number relative to the no-treatment control + SD of three
independent experiments, each performed in duplicate. P-values were assessed for showing the level
of statistical differences between the A23187 treatment groups and no-treatment control within each
cell line; * P< 0.5, **P <0.01, *** P <0.001 or **** P <0.0001. No significant difference observed
between parental and mock-transfected cell lines at each time-point in the study of doxorubicin.

A23187 treatment similarly affected cell proliferation in all cell lines in a dose-
and time-dependent manner. A23187 treatment at 0.5 uM for 24 hours did not
significantly affect cell proliferation of any cell line (> 95% cell proliferation). For

prolonged treatment, 0.5 uM A23187 caused a small anti-proliferative effect in

all cell lines. More than 80% cell proliferation was demonstrated at 48 hours of
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drug treatment; 95.65, 89.84, 79.42, and 87.84 %cell proliferation was
observed for the parental MDA-MB-231, 231Ctrl mock-transfected, 231CAST1,
and 231CAST2 cells, respectively. After 72 hours of drug exposure, A23187
decreased cell proliferation to approximately 70% for all cells, except for

231CAST2 cells (~ 53.41%).

A23187 at a higher concentration (1 uM) exhibited higher proliferative
inhibition in all cell lines. A 24-hour drug treatment contributed to
approximately 90% or more of cell proliferation in the parental MDA-MB-231
(87.42%), 231Ctrl (95.30%), and 231CAST1 cells (92.41%) but caused a higher
effect on 231CAST2 cell proliferation (79.20%). The 48-hour treatment
inhibited cell proliferation by ~30% in the parental MDA-MB-231, 231Ctrl, and
231CAST1 cells (72.55, 69.30, 74.37% cell proliferation, respectively), and ~40%
for 231CAST2 cells (61.45% cell proliferation). After extending the treatment of
1 uM A23187 up to 72 hours, the cell proliferation was inhibited by
approximately 50% in parental MDA-MB-231, 231Ctrl, and 231CAST1 cells but
67.22% in 231CAST2 cell line. Amongst all cells, 231CAST2 cells seemed to be

more sensitive to A23187.

4.3.2 Clonogenicity
4.3.2.1 Effects of calpastatin isoform overexpression on clonogenicity

The effect of calpastatin isoform overexpression on clonogenicity of breast
cancer cells was examined using stably transfected MDA-MB-231, as cell
models. Calpeptin was used in the current study to demonstrate the effect of
calpain inhibition on clonogenic survival. Clonogenic survival assays of all cells
were performed in the regular culture medium, without G418, and the results

presented as plating efficiency (PE) or surviving fraction (SF).

As shown in Figure 4.12, within 14 days, parental MDA-MB-231 cells were able
to form colonies with 42.25 + 4.73% PE, which is comparable to the previous
data (52.89 + 13.69%) obtained by Dr Abdullah (2019), a former PhD student of

the current group. The 24-hour treatment of 50 uM calpeptin that had no anti-
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proliferative effect on MDA-MB-231 cells (section 4.2.1) also showed no effect
on clonogenic survival of the cells (SF = 0.99 + 0.17, P = 0.9607). Thus, the
treatment of calpeptin was not included in the following assays to be used as a

comparator for calpastatin overexpression’s effect on clonogenic survival.
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50 - 1.20 1
> &
g 40 1 o 100 4
S @ 0.80 -
& 30 4 -
o ¥ 060 -
£ 20 4 2
,_‘;; S 0.40 4
& 10 4 2 0.20 |

0 T ] 0.00 T 1

A Control Calpeptin 50 uM B Control Calpeptin 50 uM

Figure 4.12 Effect of calpeptin on clonogenicity of MDA-MB-231 cells. Cells were treated
with 50 uM calpeptin for 24 hours before being plated for clonogenic survival. Data represent the
average percentages of (A) plating efficiency or (B) surviving fraction + SD of three independent
experiments, each experiment containing six parallel data sets. No significant difference is present
between the calpeptin treatment group and no-treatment control.

For transfected cell lines (Figure 4.13), the PE value of mock-transfected 231Ctrl
cells was significantly lower than the parental cells (PE = 46.85 + 4.37% vs 69.07
+6.74%, P =0.0009). SF of 231Ctrl cells relative to parental cells was 0.68 + 0.05
(P <0.0001), perhaps indicating that the empty vector is having an effect. There
was no significant effect of isoform overexpression on clonogenicity in either
231CAST1 (PE = 49.32 + 6.08%, P = 0.9427; SF = 1.04 + 0.20, P = 0.9147) or
231CAST2 cells (PE = 45.35 + 3.82%, P = 0.9860; SF = 0.96 + 0.23, P = 0.9147) in

comparison with that of the mock-transfected control.
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Figure 4.13 Effect of calpastatin isoform overexpression on MDA-MB-231 clonogenicity.
Clonogenic survival assays were performed in parental MDA-MB-231 cells and their transfected cell
lines overexpressing calpastatin Type 1 (231CAST1), and Type 2 (231CAST2), and the mock-transfected
cells (231Ctrl). Colonies were formed within 14 days. Data represent the average plating efficiency or
surviving fraction £ SD of nine independent experiments, each containing six parallel data sets. P-
values were assessed for showing the level of statistical differences between each cell line and the
mock-transfected control; *** P < 0.001 or **** P < (0.0001.
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4.3.2.2 Effects of A23187 calcium ionophore on clonogenic survival

This study aimed to 1) optimise the non-cytotoxic concentration of A23187 on
clonogenic survival for using in subsequent experiments and 2) interpret the
impact of A23187 on clonogenicity of the cells overexpressing calpastatin
isoforms. Figure 4.14 shows the clonogenic survival, represented by SF values,
of stably transfected MDA-MB-231 cells overexpressing calpastatin Type 1
(231CAST1) and Type 2 (231CAST2) as well as control cells (the wild type and

the mock-transfected cells) after pre-treated with A23187 for 24 or 72 hours.

MDA-MB-231 (24hr)

1.00
0.80
0:60 * ok K K
0.40
0.20
0.00

Surviving fraction

MDA-MB-231  231Ctrl 231CAST1 231CAST2
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Figure 4.14 Effect of A23187 on clonogenic survival of MDA-MB-231 cells overexpressing
calpastatin isoforms. Parental MDA-MB-231 cells, and their transfected cell lines overexpressing
calpastatin Type 1 (231CAST1), Type 2 (231CAST2), and mock-transfected cells (231Ctrl) were treated
with A23187 (0.5 and 1 uM) or 10 nM doxorubicin for (A) 24 or (B) 72 hours before being plated to
form colonies. For (A) the 24-hour treatment, PE values were 73.03 + 5.30% (MDA-MB-231), 47.42 +
5.31% (231Ctrl), 53.61 +9.26% (231CAST1), 43.19 + 5.35% (231CAST2). For (B) the 72-hour treatment,
PE values were 62.64 + 9.96% (MDA-MB-231), 42.57 + 4.90% (231Ctrl), 40.17 + 4.92% (231CAST1),
and 36.31 + 3.42% (231CAST2). Data represent the average percentages of surviving fraction + SD of
three independent experiments, each experiment containing six parallel data sets. P-values were
assessed for showing the level of statistical differences between drug treatment groups and no-
treatment control within each cell line; * P <0.05, **P < 0.01, *** P<0.001, and **** P < 0.0001.

In the current study, 10 nM doxorubicin was used as a positive control. It caused
approximately 60-66% MDA-MB-231 colony inhibition following exposure to
doxorubicin for 24 hours (P < 0.0001), or 84-89% colony inhibition for the 72-

hour drug exposure (P <0.0001). The mock-transfected 231Ctrl cells responded

148



Chapter 4

to doxorubicin similarly to the parental cells. Pre-incubation with the drug for

72 hours resulted in 83-91% colony inhibition in 231Ctrl cells (P < 0.0001).

A23187 calcium ionophore suppressed clonogenic survival of all cell lines in a
dose- and time-dependent manner. Clonogenic survival of all cells, including
231CAST1, 231CAST2, and their negative control cells (parental MDA-MB-231
and 231Ctrl cells), was not affected by pre-treatment with 0.5 uM A23187 for
24 hours (4-14% inhibition, SF = 0.86-0.96, Figure 4.14). For the prolonged pre-
incubation (72 hours), 0.5 uM A23187 significantly inhibited colony formation
by 25% for parental MDA-MB-231 (SF = 0.75, P = 0.0305), 29% for 231Ctrl (SF =
0.71, P = 0.0156), and 41% for 231CAST2 (SF = 0.59, P = 0.0011), but did not
significantly affect clonogenic survival of 231CAST1 cells (SF = 0.95, P =0.7262).
Pre-incubation for 72 hours with 1 uM A23187 showed significant effect in
suppressing colony formation by 76% (SF = 0.24, P < 0.0001), 72% (SF = 0.28, P
<0.0001), 82% (SF =0.18, P =0.0002), and 78% (SF = 0.22, P < 0.0001) for MDA-
MB-231, 231Ctrl, 231CAST1, and 231CAST2 cells, respectively.

In summary, the 24-hour treatment with 0.5 uM A23187 showed the ability to
increase calpain activity (section 4.2.3 and 4.2.4.2) but had no toxicity on the
integrity of cell monolayers (section 4.2.3), cell proliferation (section 4.3.1.2)
and clonogenic survival (section 4.3.2.2) in all MDA-MB-231 cell clones.

Therefore, this condition was used in subsequent experiments.

4.4 Role of calpastatin isoform overexpression in breast cancer
LVl in vitro

As previously mentioned, calpastatin has been reported to be associated with
breast cancer LVI, in particular LI (Storr et al., 2011b; Storr et al., 2012a).
Although the calpain-calpastatin system has been shown to regulate cellular
functions related to LVI, such as cell migration and adhesion (section 1.3.5.2),
the mechanism whereby each calpastatin isoform regulates such phenotypic
endpoints remains unknown. The current work, therefore, aimed to investigate
the role that overexpression of calpastatin Type 1 and 2 individually play in

regulating haptotaxis cell migration and endothelial interactions (specifically
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cancer cell adhesion to lymphatic vs blood vessel ECs), using transfected breast
cancer cell overexpressing Type 1 (231CAST1 and T47DCAST1 cells) and Type 2
(231CAST2 cells) as in vitro cell models, in the presence/absence of A23187.

To regulate calpain activity, 0.5 uM A23187 treatment for 24 hours was used in
the current experiments. This A23187 condition seemed to be active at
inducing calpain activity in parental MDA-MB-231 (section 4.2.3), 231CAST1,
and 231CAST2 cells (section 4.2.4.2) but had no significant effect on cell
proliferation (section 4.3.1.2), clonogenic survival (section 4.3.2.2), or the
integrity of cell monolayers (section 4.2.3) in all parental and transfected MDA-
MB-231 cells. Due to time limitations, the effect of A23187 on calpain activity
in wide-type or transfected T47D cells was not examined. The treatment with
0.5 uM A23187 for 24 hours optimised in MDA-MB-231 cells, therefore, was
used in the studies of T47D cell lines. Calpeptin treatment at 50 uM for 24
hours, which significantly inhibited calpain activity in MDA-MB-231 and T47D
cells (section 4.2.2), was used to show the effect of calpain inhibition on the

investigated cellular functions.

4.4.1 Cell migration
4.4.1.1 Optimisation of cell plating density to form cell monolayers

Optimisation of cell plating density to form confluent cell monolayer (90-100%)
was performed before conducting the scratch-wound (haptotaxis) migration
assay. Figure 4.15 shows representative images of cell monolayers formed at
24 hours after cell plating at various cell densities, as indicated. A density of
2.5x10° cells/well produced confluent monolayers for all parental and stably
transfected MDA-MB-231 cell lines (mock-transfected 231Ctrl, 231CAST1 and
231CAST2). Plating cells at a slightly lower concentration (2x10° cells/well) did
not produce 90-100% confluent cell monolayers, whereas over confluent
monolayers were formed with a density of 3x10° cells/well. In comparison to
MDA-MB-231 cells, all parental and transfected T47D cells (mock-transfected
T47DCtrl and T47DCAST1; no image available) required a higher cell density

(one million cells/well) to form confluent cell monolayers. At higher cell
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densities (1.1 and 1.2 million cells/well), over confluent T47D cell monolayers

were created.

A. Parental and transfected MDA-MB-231 B. Parental T47D
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Figure 4.15 Optimisation of cell plating density for scratch-wound migration assay.
Representative images (100x magnification) of (A) parental and transfected MDA-MB-231 cells, and
(B) T47D parental cells at 24 hours after plating cell at the indicated cell densities (cells/well).

4.4.1.2 Optimisation of positive control for inhibiting cell migration
44.1.2.1 PP2

PP2 is a c-Src kinase inhibitor that has been shown to inhibit the migration of
various cell lines (Bartscht et al., 2012), including breast cancer cells (e.g., MDA-
MB-231, MCF-7, SKBR3 and T47D) (Li et al., 2010; Liu & Feng, 2010; Fan et al.,
2012). PP2 reportedly significantly inhibited migration of MDA-MB-231 cells
after pre-incubating cells with 5 uM PP2 for an hour (Tang et al., 2011), while
treatment with the drug for 24 hours had no effect on cellular viability or
proliferation (Nelson et al., 2014). In the current study, the effect of pre-
incubation with PP2 on MDA-MB-231 cell migration was studied using a range
of concentration up to 5 UM compared to the effect of calpain inhibition using
100 uM calpeptin. The scratch-wound assay was used to examine the migration
activity of the cells (section 2.10). Representative images of wound healing in
response to 0, 1.25, 2.5 and 5 uM PP2 are shown in Figure 4.16. The inhibitory
effect of PP2 on MDA-MB-231 cell migration, represented by a decrease of the
percentage of wound closure, was observed with increasing concentration of

PP2 (Figure 4.16). However, the effect of PP2 in inhibiting cell migration was
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not significant. At 20 or 24 hours post-scratch, 5 uM PP2 prevented MDA-MB-
231 cell migration by 10.66% (P =0.4897) and 11.63% (P =0.1121), respectively.
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Figure 4.16 Effect of PP2 and calpeptin on MDA-MB-231 cell migration detected by
scratch-wound assay. Cells were treated with PP2 (1.25, 2.5, and 5 uM) or 100 uM calpeptin for 24

hours before scratch-wound. Mitomycin C was used for the inhibition of cell proliferation after
wounding. Representative images of wounds at indicated time points are shown (100x
magnification); %wound closure at 20 and 24 hours post-scratch was calculated relative to the initial
wound area. Data represent the average + SD of three independent experiments, each performed in
triplicate. P-values were assessed for showing the level of statistical differences between the
treatment groups and no-treatment control; ** P < 0.01.

Additional PP2 optimisation, to use as a positive control for migration assay,
was attempted by increasing concentration > 5 uM; however, turbidity was
detected in the PP2 working preparations at 1, 10, and 25 uM prepared in 0.1%
DMSO/complete culture medium. The precipitation of PP2 remained present
at the bottom of the tube after centrifuging at 1000 rpm for 5 minutes even
though heat was applied to facilitate solubility of PP2. As mentioned in the
product sheet, PP2 is a non-polar molecule that can be dissolved by
approximately 0.15, 1.4, and 3 mg in 1 mL of ethanol, DMSO, and
dimethylformamide (DMF), respectively (Cayman Chemical, 2015). Although
100 mM PP2 in DMSO stock solution was an absolute solution, PP2 contained
in the working preparations of 0.1% DMSO/complete medium became

insoluble due to the sparingly soluble property of PP2 in aqueous buffers

(Cayman Chemical, 2015). The incompletely dissolved drug can lead to variation
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and wrong interpretation of the results. Thus, PP2 was discontinued to verify

as a positive control for cell migration assessment.

The activity of 100 uM calpeptin on cell migration was also determined at this
time. Although the calpain inhibitor at 100 uM caused a significant inhibition in
wound healing by 24.98% (P = 0.0015) at 24 hours post-scratch, it seemed to
slightly affect the integrity of the MDA-MB-231 cell monolayer (no image) and
affected cell proliferation (~30% inhibition, section 4.2.1), suggesting that the
decreased wound healing was more likely a consequence of cytotoxicity of

calpeptin on cell proliferation.

4.4.1.2.2 Cytochalasin D

Cytochalasin D, a potent inhibitor of actin polymerisation, has been reported to
inhibit cell migration (Shuster et al., 1996), with 1 uM cytochalasin D reported
to inhibit the migratory ability of MDA-MB-231 cells (Glenn et al., 2016). The
current section aimed to optimise the concentration of cytochalasin D that did
not affect MDA-MB-231 and T47D cell proliferation but effectively inhibited cell

migration.

4.4.1.2.2.1 Effects of cytochalasin D on cell proliferation

MDA-MB-231 and T47D cell proliferation was assessed 24 hours after being
treated with various concentrations of cytochalasin D (0.01, 0.1, 1, 2 and 10
uM) or with 0.5 uM doxorubicin (positive control). Figure 4.17-A shows that
exposure to doxorubicin for 24 hours caused 52.19 + 9.05% and 44.94 + 10.94%
cell proliferation in MDA-MB-231 and T47D cells, respectively. The proliferative
inhibition by doxorubicin, shown in this study, was similar to the previous
results in both cells (section 4.2.1), suggesting that the breast cancer cells

behaved as expected and the experimental technique was robust.

Cytochalasin D inhibited proliferation of MDA-MB-231 and T47D cells in a dose-
dependent manner (Figure 4.17-B); the cell number was reduced with
increasing concentrations. MDA-MB-231 cells were relatively more resistant to

cytochalasin D compared to T47D’s. Cytochalasin D at 0.01 and 0.1 uM had no
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effect on the proliferation of MDA-MB-231 (97.60 + 2.12% and 99.80 + 5.60%
cell proliferation, respectively), whereas the higher concentrations (1, 2 and 10
UM) caused a substantial decrease of cell number (40-50% reduction). For T47D
cells, cytochalasin D at 0.01 uM did not affect cell proliferation (92.80 + 5.49%
proliferation) but started to show the anti-proliferative effect at 0.1 uM (32.58
+ 5.41% inhibition); > 70% cell proliferative inhibition was observed in the

treatment with higher concentrations.
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Figure 4.17 Effect of cytochalasin D and doxorubicin on breast cancer cell proliferation.
MDA-MB-231 and T47D cells were treated with (A) 0.5 uM doxorubicin or (B) cytochalasin D (0.01,
0.1, 1, 2 and 10 uM) for 24 hours. Data represent the average percentages of cell number relative to
the no-treatment control + SD of three independent experiments, each performed in duplicate for
T47D or triplicate for MDA-MB-231.

The 24-hour treatment with cytochalasin D at the concentrations that did not
markedly alter cell proliferative was then examined for the effect on cell
migration in the following section 4.4.1.2.2.2 - 0.1 and 0.2 uM for MDA-MB-

231; 0.02 and 0.04 uM for T47D cells.

4.4.1.2.2.2 Effects of cytochalasin D on cell migration

Scratch-wound migration assays were performed in breast cancer cells treated
with cytochalasin D at low doses that had minimal, if any, effect on cell
proliferation, i.e., 0.1 and 0.2 uM for MDA-MB-231 and 0.02 and 0.04 uM for
T47D cells (section 4.4.1.2.2.1). Figure 4.18-A and -B show that MDA-MB-231
cells migrated faster than T47D cells. Within 24 hours, the parental MDA-MB-
231 cell wound was almost completely closed, by 80.34 + 5.34%, while only
29.66 * 3.18% wound closure was observed in T47D cells. Cytochalasin D at the
chosen concentrations had no effect in reducing the migration of either cell

line. At 24-hour post-scratch, wounds of cytochalasin D-treated MDA-MB-231
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cells were closed by ~82% for both 0.1 and 0.2 uM. For T47D, 0.02 and 0.04 uM
cytochalasin D caused 24-25% and 27-28% wound closure at 18 and 24 hours
post-scratch, respectively. At 48 hours post-wounding, assessment of wound
closure in T47D cell monolayers could not be extended longer than 24 hours
post-scratch due to significant cytotoxicity becoming apparent in controls, with

lots of floating cells evident.
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Figure 4.18 Effect of cytochalasin D on breast cancer cell migration detected by scratch-wound
assay. (A) MDA-MB-231 and (B) T47D cells were treated with cytochalasin D (CytoD) at the indicated
concentrations for 24 hours before wounding, followed by the addition of mitomycin C to inhibit cell
proliferation. Representative images of wounds at indicated time points are shown (100x
magnification). Wound closure (%) was calculated relative to the initial wound area. Data represent
the average + SD of two independent experiments, each in triplicate.

Due to inactive ability of PP2 and cytochalasin D in inhibiting migration of MDA-
MB-231 or T47D cell lines, calpeptin was then considered as a potential positive
control if it could be demonstrated that non-toxic concentrations were able to

significantly inhibit breast cancer cell migration (section 4.4.1.2.3).

4.4.1.2.3 Calpeptin

Calpeptin at 50 and 75 uM, which showed no or little effect, respectively, on
MDA-MB-231 and T47D cell proliferation (section 4.2.1), had a parallel ability

in inhibiting wound healing in each cell line, as shown in Figure 4.19. At 24 hours
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after wounding, 50 and 75 uM calpeptin suppressed MDA-MB-231 cell
migration by 21.78 + 2.86 and 16.88 * 6.89% relative to the untreated group,
respectively but had no effect on T47D cell migration. Wound closure of the
untreated group at 24 hours (35.49 + 10.57%) was similar to that of the
calpeptin-treated T47D cell monolayers (42.22 + 5.77% and 35.21 + 9.31% for
50 and 75 uM calpeptin, respectively). As indicated above, T47D wound closure
at 48 hours could not be assessed due to cellular toxicity in controls (Figure

4.19-B).
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Figure 4.19 Effect of calpeptin on breast cancer cell migration detected by scratch-wound
assay. (A) MDA-MB-231 and (B) T47D cells were treated with calpeptin (50 and 75 uM) for 24 hours

before wound-scratch, followed by the addition of mitomycin C to inhibit cell proliferation.
Representative images of wounds at indicated time points are shown (100x magnification). %Wound
closure was calculated relative to the initial wound area. Data represent the average * SD of two
independent experiments, each in triplicate.

It may be that the significant effect of calpeptin was present on the migration
of MDA-MB-231 but not on T47D’s because T47D cells migrated slowly and
much more slowly than MDA-MB-231 cells; if cells are not moving fast then

obvious changes will not be seen. However, 50 uM calpeptin was used as a

positive control in subsequent migration experiments.
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4.4.1.3 Effects of 0.5% DBS culture medium on cell proliferation

As T47D cell migration may be affected by the anti-proliferative agent
mitomycin C, an alternate strategy was used, i.e., low serum conditions. Thus,
instead of using mitomycin C to inhibit cell proliferation after wounding, 0.5%
DBS culture medium was used for T47D cell migration assessment. To ensure
that wound healing of parental and transfected T47D cell lines was not
influenced by cell growth, the effect of 0.5% DBS-containing culture medium on
cell proliferation was examined in comparison to the routine used complete
culture medium containing 10% DBS. Cell proliferation of T47D, T47DCtrl and
T47DCAST1 cells at 24, 48, and 72 hours post-medium refreshment was
analysed as the percentages of cell number relative to the cell number at a 24-

hour time point, as shown in Figure 4.20.
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Figure 4.20 Effects of 0.5% DBS culture medium on the proliferation of parental and
transfected T47D cells. As indicated in (A) a study flow diagram, (B) parental T47D, (C) mock-
transfected T47DCtrl and (D) T47DCAST1 cells were plated and incubated with 10% DBS culture
medium for 24 hours before being refreshed with the culture medium containing 10% or 0.5% DBS.
Cell proliferation at 24, 48, and 72 hours post-medium refreshment was presented as the percentage
cell number relative to that of a 24-hour time point. Data represent the average = SD of three
independent experiments, each in triplicate. P-values were assessed for showing the statistical
differences between the groups at 48 or 72 hours and a 24-hour time point group; *P< 0.05, **P<
0.01, ***P<0.001.

While culturing cells in 10% DBS culture medium allowed the growth of all cell

lines, 0.5% DBS culture medium slowed the proliferation of either parental
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T47D or transfected cell lines (T47DCtrl and T47DCAST1). By culturing cells with
0.5% DBS culture medium, the cell number of T47DCtrl and T47DCAST1 cells
was stable over 24, 48 and 72 hours post-medium refreshment, indicating that
no cell proliferation occurred throughout the experimental period. Although
the growth of T47D parental cells was decreased by the use of 0.5% DBS culture
medium, significant increases in cell number over 48 (P = 0.0487) and 72 hours
of investigation (P = 0.0012) were observed in comparison to the 24-hour time

point.

Based upon no influencing effect of low-serum medium on wound healing
through enhancing the growth of T47DCAST1 and mock-transfected T47DCtrl
cells over 72 hours of investigation, the effect of calpastatin Type 1 on T47D cell
migration, therefore, could be interpreted from the difference of migration
ability between T47DCAST1 cells and the respective mock-transfected cells. The
0.5% DBS culture medium was therefore used to inhibit the proliferation of

T47D cell lines after producing wounds in subsequent migration assays.

4.4.1.4 Effects of calpastatin isoform overexpression on cell migration

Migration ability of breast cancer cells, which overexpressed calpastatin Type 1
(231CAST1 and T47DCAST1) or Type 2 (231CAST2), was assessed using scratch-
wound migration assay in comparison with their mock-transfected controls.
Calpeptin at 50 uM optimised from section 4.4.1.2.3 was used as a positive
control to show the effect of calpain inhibition on breast cancer cell migration.
As shown in Figure 4.21, calpeptin evidently inhibited the migration of mock-
transfected 231Ctrl cells at all time-points as well as it could in the parental
MDA-MB-231 (section 4.4.1.2.3). Wound closures of calpeptin-treated cells vs
untreated cells were 3.11% vs 4.30% (P = 0.0495), 5.66% vs 8.78% (P = 0.1663),
8.97% vs 12.09% (P = 0.4055), and 36.40% vs 46.37% (P = 0.0836) for 2, 4, 6,
and 24 hours post-scratch, respectively. However, the significant effect of
calpeptin was only present at a 2-hour time point. In comparison, calpeptin had
no effect on the migration of mock-transfected T47DCtrl cell over 72 hours of

investigation.
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Figure 4.21 Effect of calpastatin isoform overexpression on breast cancer cell migration
detected by scratch-wound assay. Monolayers of MDA-MB-231, T47D, their respective

transfected cells overexpressing calpastatin Type 1 (231CAST1 & T47DCAST1) or Type 2 (231CAST2),
and mock-transfected controls (231Ctrl & T47DCtrl) were scratch-wounded. After wounding,
mitomycin C and 0.5% DBS culture medium were used to inhibit the proliferation of MDA-MB-231 and
T47D cells, respectively. Wound closure was measured at (A) 2, 4, 6 and 24 hours post-scratch for
MDA-MB-231 cells, and (B) 6, 24, 48 and 72 hours post-scratch for T47D cells. Pre-treatment with 50
UM calpeptin for 24 hours was used to show the effect of calpain inhibition. Representative images of
wounds at indicated time points are shown (100x magnification). %Wound closure was calculated
relative to the initial wound area. Data represent the average + SD of three independent experiments,
each performed in triplicate. P-values were assessed for showing the statistical differences between
each group and the non-treated mock-transfected control;*P <0.05, ** P < 0.01, *** P < 0.001, and
*EXED <0.0001.

Type 1 overexpression, in either T47D luminal or MDA-MB-231 basal-like breast
cancer cells, unexpectedly demonstrated the opposing effect to the activity of
calpeptin. Both 231CAST1 and T47DCAST1 cells exhibited a significantly higher
migratory activity compared to the respective mock-transfected controls at all
time-points. Wound closures of 231CAST1 vs 231Ctrl were 7.61% vs 4.30% (P =
0.0001), 15.22% vs 8.78%, (P = 0.0072), 22.16% vs 12.09%, (P = 0.0047), and
66.13% vs 46.37%, (P = 0.0026) at 2, 4, 6, and 24 hours post-scratch,
respectively. T47DCAST1 cells also migrated significantly faster than the mock-
transfected T47DCtrl cells at all investigated time points (6, 24, 48 and 72 hours
post-scratch). Wound closures of T47DCAST1 vs T47Ctrl were 9.92% vs 5.68%
(P =0.0048), 27.41% vs 14.18% (P = 0.0054), 44.67% vs 21.33% (P = 0.0002),

and 57.68% vs 29.09% (P <0.0001), respectively, for each time point.
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Likewise, calpastatin Type 2 overexpression increased 231CAST2 cell migration
at all time-points; however, a significant increase of 231CAST2 cell migration
relative to the mock-transfected cells was only present at 2 hours after
wounding (P = 0.0120). At each time point, 231CAST2 cells migrated to close
the cell-free area by 5.91%, 11.07%, 16.37%, and 54.79%. Migratory abilities
between 231CAST1 and 231CAST2 cells were significantly different only at 2
hours post-scratch (P = 0.0182).

4.4.1.5 Effects of A23187 calcium ionophore on cell migration

The role of calpastatin isoform overexpression in regulating breast cancer cell
migration was also examined whether it could be altered by the presence of
A23187 calcium ionophore. Figure 4.22 shows the effect of A23187 or calpeptin

on cell migration in the parental and transfected MDA-MB-231 cells.
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Figure 4.22 Effect of A23187 or calpeptin on cell migration in MDA-MB-231 cells
overexpressing calpastatin isoforms detected by scratch-wound assay. (A) parental MDA-
MB-231, (B) mock-transfected 231Ctrl, (C) the stably transfected cells overexpressing calpastatin Type
1 (231CAST1), and (D) Type 2 (231CAST2) were treated with 0.5 uM A23187 or 50 uM calpeptin for
24 hours. Mitomycin C was used for the inhibition of cell proliferation after wounding. Wound closure
was measured at 2, 4, 6 and 24 hours post-scratch. Data represent the average + SD of three
independent experiments, each performed in triplicate. P-values were assessed to show the statistical
differences between the treatment groups and no-treatment controls at each time-point; * P < 0.05.

Figure 4.22-A and -B show that the migration rate of the mock-transfected
231Ctrl cells was significantly slower than that of the parental cells. At each

time point (2, 4, 6, and 24 hours post wound creation), wound closures of
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parental cells vs 231Ctrl cells were 7.65% vs 4.30% (P = 0.0581), 14.84% vs
8.78% (P =0.0122), 21.51% vs 12.09% (P = 0.0089), and 79.60% vs 46.37% (P =
0.0004), respectively. As both 231Ctrl and parental cells migrated under the
same condition, the slower migration of 231Ctrl cells might be a result of the
empty vector transfection. Calpeptin at 50 uM inhibited migration of both
231Ctrl and MDA-MB-231 cells by a similar effect. In comparison with an
untreated group, calpeptin significantly reduced wound healing of parental
cells at 6- and 24-hour time points by 27.89% (15.51 vs 21.51 %wound closure,
P = 0.0235) and 18.02% (65.26 vs 79.60 %wound closure, P = 0.0344),
respectively. Meanwhile, significant decreases of calpeptin-treated 231Ctrl cell
migration were detected at 4, 6 and 24 hours after wounding with 35.54% (5.66
vs 8.78 %wound closure, P = 0.0326), 25.81% (8.97 vs 12.09 %wound closure, P
= 0.0403), and 21.50% (36.40 vs 46.37 %wound closure, P = 0.0486),

respectively, relative to wound closure of untreated cells.

Treatment with 0.5 uM A23187 for 24 hours did not alter the migration in either
parental MDA-MB-231 or mock-transfected 231Ctrl cells at any time-point
(Figure 4.22-A and -B). Wound closures at 24 hours post-scratch of A23187-
treated groups in MDA-MB-231 or 231Ctrl vs the respective controls were
78.50% vs 79.60% (P = 0.9586) and 46.97% vs 46.37% (P = 0.9782), respectively.
For CAST-transfected MDA-MB-231 cells, A23187 also had no significant effect
on cell migration at any time-point. Although there was no statistical
significance, A23187 seemed to increase the migration of treated 231CAST1
cells relative to the untreated cells by 13.53% (75.08% vs 66.13% wound
closure, P = 0.1598) (Figure 4.22-C) but slightly decrease cell migration in
231CAST2 cells by 8.19% (50.30% vs 54.79% wound closure, P = 0.4630) at 24

hours post-scratch (Figure 4.22-D).

For T47D cell clones, T47DCtrl mock-transfected cells also significantly migrated
slower than the parental T47D cell line (Figure 4.23-A and -B). Wound closures
of T47D vs T47DCtrl cells were 24.41% vs 5.68% (P = 0.0002), 56.03% vs 14.18%
(P=0.0002), 76.65% vs 21.33% (P =0.0001), and 95.85% vs 29.09% (P < 0.0001),

at 6, 24, 48, and 72 hours post-scratch, respectively. Such data is strongly
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suggestive of the empty vector reducing the migratory ability of breast cancer
cells if 0.5% DBS did not affect the proliferation of both parental and mock-
transfected T47DCtrl cells. The mock-transfected T47DCtrl and parental cells
responded similarly to calpeptin and A23187 (Figure 4.23-A and -B). Calpeptin
could not inhibit the migration of either cell line; at 72 hours post-scratch,
wound closures of calpeptin-treated groups in T47D or T47DCtrl vs the
respective controls were 90.30% vs 95.85% (P = 0.0833) and 28.20% vs 29.09%
(P =0.8748), respectively. A23187, generally, seemed to have no effect on the
migration of either cell line at all time points although a 5.55% decrease of cell
migration was significantly observed in A23187-treated T47D group at 72 hours
post-scratch (87.61 %wound closure, P = 0.0186). Wound closure of A23187-
treated T47DCtrl (27.23%, P = 0.5926) at the same time-point was similar to the

control.
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Figure 4.23 Effect of A23187 or calpeptin on cell migration in T47D cells overexpressing
calpastatin isoform detected by scratch-wound assay. (A) parental T47D, (B) mock-transfected
T47DCtrl, and (C) the transfected cells overexpressing calpastatin Type 1 (T47DCAST1) were treated
with 0.5 uM A23187 or 50 uM calpeptin for 24 hours before wounding. Culture medium containing
0.5% DBS was used for the inhibition of cell proliferation after wound-scratch. Wound closure was
measured at 6, 24, 48 and 72 hours post-scratch. Data represent the average + SD of three
independent experiments, each performed in triplicate. P-values were assessed for showing the
statistical differences between the treatment groups and no-treatment controls at each time-point; *
P<0.05.
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Also, A23187 did not cause any changes in the migration of calpastatin Type 1-
overexpressing T47DCAST1 cells over 72 hours of investigation (Figure 4.23-C).
Wound closures of A23187-treated T47DCAST1 cells vs no-treatment group
were 10.06% vs 9.92% (P = 0.8727), 25.87% vs 27.41% (P = 0.5755), 45.08% vs
44.67% (P = 0.9099), and 57.79% vs 57.68% (P = 0.9632), at 6, 24, 48, and 72

hours post-scratch, respectively.

Such data suggest that, in terms of migratory effects, calpastatin isoform (1 or
2) overexpression may play a role in promoting breast cancer progression and
LVI through enhancing cell migration. A23187 used as a calpain regulator
seemed not to have any effect on calpastatin isoform overexpression in

influencing cell migration.

4.4.2 Endothelial cell interactions

The adhesive ability of breast cancer cells to blood vessel vs lymphatic
endothelial cells (BECs vs LECs) in response to overexpression of calpastatin
Type 1 or Type 2 was investigated in the current study using a static cell
adhesion assay protocol. In the assay, CellTracker Green CMFDA Dye was used
to detect the number of tumour cell adhered to the confluent monolayers of

hMEC-1 blood vascular or hTERT-LEC lymphatic ECs (section 2.11).

4.4.2.1 Effects of CellTracker Green CMFDA labelling on cell proliferation

MDA-MB-231 cells labelled with 1 uM CellTracker Green have previously shown
a comparable proliferative rate to the unlabelled cells over 72 hours (Safuan,
2012). In the current study, the effect of CellTracker Green CMFDA labelling on
T47D cell proliferation was examined by cell counting with a haemocytometer
(section 2.3). Figure 4.24 shows no difference between the proliferation of
T47D cells with and without labelling with 1 uM CellTracker Green at 24 hours
(P =0.3050), 48 hours (P = 0.8509) or 72 hours (P = 0.3089) following labelling.
CellTracker Green CMFDA at 1 uM was therefore used for labelling MDA-MB-

231 and T47D tumour cells in subsequent adhesion experiments.
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Figure 4.24 Effect of CellTracker Green CMFDA labelling on T47D cell proliferation. 147D
cells were incubated with 1 uM CellTracker Green CMFDA at 37°C for 30 minutes before being plated
and determined cell number over 72 hours. Data represent the average + SD of three independent
experiments, each performed in triplicate.

4.4.2.2 Optimisation of endothelial cell plating density

Optimisation of hMEC-1 or hTERT-LEC endothelial cell plating density to form
confluent cell monolayer (90-100%) was performed before conducting any
static adhesion assessment of PBMC or breast cancer cells. Figure 4.25 shows
representative images of cell monolayers formed at 24 hours post-cell seeding
in a 24-well culture plate at various cell plating densities. After 24 hours of
incubation, 3x10° hMEC-1 cells/mL and 2x10° hTERT-LEC cells/mL produced
>90% confluent monolayers. Therefore, these densities were used in

subsequent adhesion assays.

hMEC-1

hTERT-LEC

Figure 4.25 Optimisation of endothelial cell plating density for static adhesion assay.
Representative images of hMEC-1 and hTERT-LEC endothelial cells (100x magnification) at 24 hours
after plating cells at the indicated cell densities.

4.4.2.3 Effects of calpastatin isoform overexpression on cell adhesion

Before performing each experimental assessment of the role of calpastatin

isoform overexpression on breast tumour cell adhesion to hTERT-LEC lymphatic
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or hMEC-1 blood vascular ECs, PBMC adhesion onto TNF-a-treated ECs was
initially assessed and used as a positive control to ensure that ECs were
appropriately responsive and behaved as expected. Figure 4.26 shows a
significant increase of PBMC adhesion to both TNF-a-stimulated hMEC-1 and
hTERT-LEC ECs compared to the unstimulated control cells (P < 0.0001 and P =

0.0066 respectively).
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Figure 4.26 PBMC adhesion to endothelial cells. hMEC-1 and hTERT-LEC endothelial cell
monolayers were pre-treated by 5 ng/mL TNF-a before being performed static PBMC cells adhesion
studies. Data represent the average PBMC adhered cell number (per two 100x fields) + SD of
independent experiments (n = 5 for hMEC-1 and n= 3 for hTERT-LEC), each in triplicate; n is the
number of experiment. P-values were assessed for showing the statistical differences between the
treatment groups and no-treatment controls; ** P <0.01 and ****P < 0.0001.

The number of PBMC adhered on hMEC-1 cells increased by 7.6 fold from 6.00
+ 2.33 to 45.67 + 11.35 cells by stimulating hMEC-1 cells with 5 ng/mL TNF-a,
while the stimulated hTERT-LEC cells by the same treatment caused an
approximately 9-fold increase of the number of adhered PBMC from 3.89 + 2.33
to 35.56 £ 6.74 cells. Such results confirm previous findings reported in PhD

theses from the current group (Safuan, 2012; Ahmad, 2016).

The effects of calpastatin isoform overexpression on MDA-MB-231 cell
adhesion to ECs were assessed using 231CAST1 and 231CAST2 clones
overexpressing Type 1 and Type 2 calpastatin, respectively, as in vitro cell
models. Figure 4.27 presents the absolute number of tumour cells adhering
towards EC monolayers, and Table 4.3 shows percentages of adhered tumour

cell relative to the number of adhered mock-transfected 231Ctrl control.
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Figure 4.27 Adhesion to endothelial cells of MDA-MB-231 cell overexpressing calpastatin

isoforms. Static adhesion assays were performed on MDA-MB-231 cells overexpressing calpastatin
Type 1 (231CAST1) and Type 2 (231CAST2), mock-transfected 231Ctrl and parental MDA-MB-231 cells.
231Ctrl cells pre-treated with 50 uM calpeptin for 24 hours were used to show the effect of calpain
inhibition. The adhered tumour cell number (per two 400x fields) to hMEC-1 and hTERT-LEC was
assessed. Data represent the average * SD of independent experiments (n =5 for hMEC-1 and n=3
for hTERT-LEC), each in triplicate; n is the number of experiment. P-values were assessed for showing
the statistical differences between each cell line and the mock-transfected control (+ P < 0.05 and ++
P <0.01) and between adhesion to h(MEC1 and hTERT-LEC within a group (* P < 0.05).

Table 4.3 Percentage of adhered MDA-MB-231 cells overexpressing calpastatin isoforms
to endothelial cells.

Endothelial Percentage of adhered cell number to endothelial cells
cells (relative to the number of adhered 231Ctrl control cells)
MDA-MB-231  231Ctrl 231Ctrl 231CAST1  231CAST2
+ calpeptin

hMEC-1 94.31 100 67.79 108.91 50.20*
+36.67 +24.27 +30.62 +23.25
hTERT-LEC 149.38** 100 93.83 141.47** 90.80
+9.31 +16.90 +18.77 +8.47

Percentages of adhered cells were calculated relative to the number of adhered 231Ctrl cells. Data
represent the average + SD of independent experiments (n = 5 for hMEC-1; n= 3 for hTERT-LEC), each
performed in triplicate; n is the number of experiment. P-values were assessed for showing the
statistical differences between each group and 231Ctrl cells; * P <0.05 and ** P < 0.01.

As demonstrated in Figure 4.27, higher affinity towards hMEC-1 cells relative to
hTERT-LEC cells was observed significantly in 231Ctrl cells (38.10 £ 6.89 vs 22.22
+ 5.59 cells, P = 0.0171), and also detected markedly in 231CAST1 cell (41.03 +
9.05 vs 32.11 £ 3.79 cells, P = 0.3367). Meanwhile, the comparable numbers of
adhered tumour cells to both EC types were observed in parental MDA-MB-231
(30.20+7.51vs 33.33 £3.73 cells, P =0.6552) and 231CAST2 cells (19.20 £ 6.29
vs 19.89 + 5.73, P = 0.9075). To compare adhesion ability to ECs between the
mock-transfected 231Ctrl control and the parental cells, Figure 4.27 shows that

the absolute number of adhered 231Ctrl cells to both hMEC-1 (38.10 *+ 6.89 vs
30.20 £ 7.51 cells, P=0.4658) and hTERT-LEC monolayers (22.22 + 5.59 vs 33.33
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+ 3.73 cells, P = 0.3050) was not statistically different from that of MDA-MB-
231 cells. However, as presented in Table 4.3, the percentage adhesion ability
towards hTERT-LEC of parental cells was significantly higher relative to 231Ctrl
cells (P = 0.0025), but not different in adhesion to hMEC-1 cells. As with
previous endpoints mentioned earlier, such data is suggestive of the empty
vector affecting MDA-MB-231 cell adhesion to LECs. Although there was a
difference of adhesion ability between 231Ctrl and the parental cells, the role
of calpastatin isoform overexpression on endothelial interactions was
interpreted from the adhesion ability of breast cancer cells overexpressing

calpastatin isoforms relative to that of the mock-transfected 231Ctrl control.

Treatment with 50 uM calpeptin for 24 hours used as a comparator to the effect
of calpastatin isoform overexpression was found to significantly impede the
number of the mock-transfected 231Ctrl control cells adhering to hMEC-1 cells
from 38.10 + 6.89 cells to 22.13 * 6.01 cells (P = 0.0381) (Figure 4.27),
accounting for a 32.21% decrease (Table 4.3). Although the calpain inhibitor
caused a 6.17% decrease of the adhesive ability of 231Ctrl cells to LECs, a

statistical significance was not detected (P = 0.9307).

For CAST-transfected cells, calpastatin Type 1 overexpression seemed to
increase the affinity of 231CAST1 cells to both hMEC-1 and hTERT-LEC cells in
comparison to mock-transfected control. The adhesion of 231CAST1 cells to
hMEC-1 was only 8.91% greater than that of mock-transfected cells (P =
0.9522). On the other hand, the adhesive ability of 231CAST1 to hTERT-LEC was
significantly higher than the adhesion of mock-transfected cells by 41.47% (P =
0.0080). In comparison, Type 2 overexpression seemed to suppress the
adhesiveness of 231CAST2 cells to both ECs. Adhesion of 231CAST2 cells
towards hMEC-1 was significantly less relative to 231Ctrl cells, represented by
49.80% decrease in adhered cell number (P = 0.0232). Meanwhile, adhesion of
231CAST2 cells to hTERT-LEC was 9.20% lower than the number of adhered
231Ctrl cells (P = 0.7846). Together, the higher affinity of 231CAST1 cells or
lower affinity of 231CAST2 cells to ECs might suggest a differential role for

calpastatin Type 1 and Type 2, respectively, in breast cancer cell-endothelial

167



Chapter 4

interactions — inductive and suppressive effects, respectively. Overexpression
of Type 1 was more likely to affect LEC interaction, whereas Type 2

overexpression seems to be more involved with adhesion to BECs.

The adhesive ability of parental T47D to hMEC-1 and hTERT-LEC was
investigated using the same experimental design as used for MDA-MB-231
cells. In this study, static adhesion assays of PBMCs and MDA-MB-231 cells to
both ECs were performed prior and in parallel, respectively, to the study of
T47D cell adhesion. The consistent adhesion to hMEC-1 and hTERT-LEC ECs by
PBMC (7- and 5-fold increase, respectively) (Figure 4.28-A) and MDA-MB-231
(24.67 £ 6.03 and 34.33 + 4.93 cells, respectively) (Figure 4.28-B) indicated that
the ECs responded as expected, and the technique in performing the adhesion
assay was reliable. However, T47D cells could not firmly adhere to either EC
model after being incubated for 35 minutes, 1, 2, 3, 12, 15, or 20 hours. At each
time of the washing in the protocol, the adhered T47D cells were substantially

washed away from the endothelial monolayers (Figure 4.28-C).
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Figure 4.28 T47D cell adhesion to endothelial cells. static adhesion assays of (A) PBMC and (B)
MDA-MB-231 cells to hMEC-1 and hTERT-LEC ECs were performed prior and in parallel, respectively, to the
study of (C) T47D cell adhesion. Data represent the average of adhered cell number (per two 100x fields for
PBMCs or 400x fields for tumour cells) + SD of triplicate wells of one experiment. (C) Representative images
of fluorescent labelled T47D cells adhered to hMEC-1 or hTERT-LEC monolayers (400x magnification). T47D
cells were incubated with hMEC-1 (for 20 hours) or hTERT-LEC monolayers (for 15 hours) before washing
and removing unattached tumour cells twice.
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After the second wash, cells were almost entirely removed. T47DCAST1 cells,
therefore, could not be used to ascertain the role of calpastatin Type 1
overexpression in endothelial cell interactions by using the current static

adhesion protocol.

4.4.2.4 Effects of A23187 calcium ionophore on cell adhesion

The effect of A23187 on endothelial interactions of the MDA-MB-231 lines
overexpressing calpastatin Type 1 and Type 2 was assessed in the current study.
Figure 4.29 shows percentages of tumour cells adhering to hMEC-1 or hTERT-
LEC cells in response to A23187 or calpeptin treatment calculated relative to

untreated controls.
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Figure 4.29 Effect of A23187 or calpeptin on adhesion of MDA-MB-231 cells

overexpressing calpastatin isoforms to endothelial cells. MDA-MB-231 cells overexpressing
calpastatin Type 1 (231CAST1) and Type 2 (231CAST2) and the mock-transfected cells (231Ctrl) were
pre-treated by 0.5 uM A23187 for 24 hours before being examined adhesion activity to h(MEC-1 and
hTERT-LEC. Percentage of adhered cells (per two 400x fields) was calculated relative to a no-treatment
control. Data represent the average + SD of independent experiments (n =5 for h\MEC-1 and n = 3 for
hTERT-LEC), each in triplicate; n is the number of experiment. P-values were assessed for showing the
level of statistical differences between drug treatment groups and no-treatment control within each
cell line; * P<0.05 and *** P < 0.001.

Treatment of 231Ctrl mock-transfected control, 231CAST1 and 231CAST2 cells
with 0.5 uM A23187 for 24 hours significantly inhibited their adhesion to hMEC-
1 cells but did not show any significant effect on tumour cell adhesion to hTERT-
LEC cells (Figure 4.29-A and -B). A23187 significantly reduced the adherence of
mock-transfected 231Ctrl cells to hMEC-1 monolayers (35.42% inhibition, P =
0.0144) by a similar level as the inhibitory effect of 50 uM calpeptin (32.21%
inhibition, P = 0.0244). However, A23187 seemed to have no effect on the
adhesion of 231Ctrl to hTERT-LEC cells (109.78 + 22.95% adhered cells, P =
0.7036). Although calpeptin showed an inhibitory effect on 231Ctrl-hTERT-LEC
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cell interaction, its activity was not statistically significant (6.17% inhibition, P =

0.8624).

As shown in Figure 4.29-A, 231CAST1 or 231CAST2 cells overexpressing
calpastatin Type 1 and 2, respectively, treated with A23187 also had a
significantly lower affinity to hMEC-1 relative to untreated controls; they
exhibited 57.17 + 13.50% (P = 0.0001) or 87.14 + 11.65% cell adhesion (P =
0.0388) relative to the activity of non-treated cells. In term of adhesion to LECs
(Figure 4.29-B), no significant effect of A23187 was detected in either 231CAST1
(72.21 £ 21.48% adhered cells, P = 0.0886) or 231CAST2 cells (105.25 + 20.58%
adhered cells, P = 0.6817), although a decrease in adhered cell number was

observed by 27.79% in the treated 231CAST1 cells.

4.5 Summary

1. Calpain activity in MDA-MB-231 cells was significantly increased following
overexpression of calpastatin Type 1 and Type 2 in MDA-MB-231, while

calpeptin significantly caused calpain inhibition in the parental cells.

2. Calpastatin Type 1 overexpression seemed to shorten cell doubling times
in either MDA-MB-231 or T47D cells, while overexpression of Type 2 and Type
3 had no such effect in MDA-MB-231 and T47D cells, respectively.

3. Overexpression of calpastatin Type 1 and Type 2 had no effect in

regulating clonogenicity of MDA-MB-231 cells.

4. Overexpression of calpastatin Type 1 in both MDA-MB-231 and T47D
cells, as well as Type 2 in MDA-MB-231 line, increased cell migration. In
comparison, calpeptin inhibited cell migration in either parental or mock-
transfected cell lines of MDA-MB-231 cells but had no such effect on that of
T47D lines.

5. Calpastatin Type 1 overexpression seemed to increase the adhesiveness
of MDA-MB-231 cells to BECs and LECs, while Type 2 overexpression and

calpeptin tended to suppress adhesion of the tumour cells to both ECs. Type 1
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overexpression was more likely to affect LEC interactions, whereas

overexpression of Type 2 seemed to be more involved with BEC interactions.

6. A23187 at 0.5 puM 1) induced calpain activity in MDA-MB-231 cells
overexpressing Type 1 and Type 2 and the wild type cells; 2) did not affect cell
proliferation, clonogenic survival, and migration in all parental and transfected
MDA-MB-231 cells; and 3) significantly suppressed adhesion to hMEC-1 cells
but not to hTERT-LEC cells in all parental and transfected MDA-MB-231 cells.
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Chapter 5  Discussion, limitations and conclusion

5.1 Discussion

Currently, breast cancer is the most common female cancer in the UK and
globally, and it is also the leading cause of female cancer death worldwide
(Global Cancer Observatory, 2019c; Global Cancer Observatory, 2019e; Global
Cancer Observatory, 2019f). Approximately 30% of women with early disease
will develop distant dissemination (O'Shaughnessy, 2005), and the mean
survival of the metastatic stage is as short as 18-24 months (Gennari et al.,
2005; Martino et al., 2013). LVI, an early and crucial step in the metastasis
process, has been suggested to help to identify who is at increased risk for
axillary lymph node metastasis, local recurrence, or distant dissemination
(Ejlertsen et al., 2009). Although rich in blood vasculature, LI (96%) is the
predominant type of breast cancer LVI (Lauria et al., 1995; Mohammed et al.,
2011). LVI, Ll and BVI have been reported as being associated with poor survival
in operable breast cancer patients, either with or without axillary lymph node

involvement, who are undergoing adjuvant treatment (section 1.2.3.2.1).

Calpastatin is a specific endogenous inhibitor of calpain, a Ca?*-dependent
cysteine protease. To our knowledge, the current group published the first
report of calpastatin being involved in breast cancer progression, in particular
LI. The previous IHC and gene expression studies suggested that calpastatin
may negatively be implicated in breast cancer progression, lymph-node and
distant metastases through regulating LI (Storr et al., 2011b; Storr et al., 2011c;
Storr et al., 2012a). In addition to its correlation with lymph-node status (Storr
etal., 2011c), calpastatin expression is negatively associated with the presence
of LI (Storr et al., 2011b; Storr et al., 2012a). High calpastatin significantly
associated with the absence of intratumoural LI as well as clinicopathological
features of the low-risk group for breast cancer recurrence, including older
patients (240 years), small tumours (<2 cm), low grade, low NPI, ER-positive,
PR-positive, and non-basal phenotypic breast cancer (Storr et al., 2012a).

Meanwhile, decreased expression of calpastatin protein and the exon 3-
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containing variant have been found to associate with the existence of LI and
clinicopathological variations of the high-risk group for breast cancer
recurrence. Low calpastatin exon 3-containing mRNA expression was
significantly associated with tumour size, and NPI, while low calpastatin was
associated with negative ER and PR statuses, and basal phenotype (Storr et al.,
2011b). In other tumours, for instance, bile duct and ampullary carcinomas, low
nuclear calpastatin expression was also found to be associated with the
presence of LVl and increased tumour stage (Storr et al., 2012d). Paradoxically,
high calpastatin was reported to be preferentially expressed in endometrial
cancer than benign tissue (Salehin et al., 2010), and also associated with serous
ovarian cancer, the most common form of epithelial ovarian tumours (Storr et
al., 2012c). Associations between calpastatin expression and clinical outcomes
were also present. Adverse breast cancer-specific survival was associated with
high calpastatin in large but operable non-inflammatory breast cancer patients,
but with low calpastatin in large but operable inflammatory cases (Storr et al.,
2016). Low cytoplasmic expression of calpastatin was also associated with poor
overall survival in patients with bile duct and ampullary carcinomas (Storr et al.,
2012d). However, calpastatin expression was not associated with clinical
outcomes in early-stage invasive breast cancer patients (Storr et al., 2011b;
Storr et al., 2012a; Storr et al., 2016), triple-negative/basal cases (Storr et al.,

2012a), and ovarian carcinomas (Storr et al., 2012c).

m-Calpain and p-calpain are conventional heterodimeric calpains consisting of
a common, smaller regulatory subunit (calpain-4) and a distinct, larger catalytic
calpain subunit (calpain-1 or calpain-2, respectively). They are strictly regulated
by Ca?* concentration and interaction with calpastatin (section 1.3). Both
proteases are recognised as important regulators of various cellular pathways,
and dysregulation of the calpain-calpastatin system, such as an imbalance
between the level of calpain and calpastatin, is associated with a wide range of
pathologies, including cancer progression and metastasis (section 1.3).
Although various calpastatin isoforms originate from a single gene, the

mechanism whereby each regulates calpain activity is mostly unknown, with
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nothing previously examined regarding their ability to regulate cancer
progression and LVI. It was therefore of interest to determine the role that
individual calpastatin isoforms, encoded by exon 3-containing CAST mRNA, play
in regulating breast cancer cell proliferation and clonogenicity as well as cell
migration and endothelium interactions. Results would help to understand the
processes involved in regulating breast cancer progression and LVI. Also,
intracellular localisation of different isoforms was explored. Stably transfected
breast cancer cells overexpressing calpastatin Type 1, Type 2 or Type 3 were
established in the current project from two cell lines representing different

breast cancer subtypes before being used as in vitro cell models.

5.1.1 Expression of calpain and calpastatin system proteins and CAST
mRNA in different breast cancer phenotypes in vitro

Previous IHC analyses, conducted by the current group, revealed that
expression of calpain family members, specifically calpain-1, -2, -9 and
calpastatin, were associated with the chemotherapy response or clinical
outcomes in particular subtypes of breast cancers, including basal-like, triple-
negative and HER2-enriched (Storr et al., 2011c; Storr et al., 2012a; Davis et al.,
2014; Pu et al., 2016; Pu, 2016). Such data suggested a heterogeneous
expression of the calpain-calpastatin system in different breast cancer cell
types. To select breast cancer cell lines with low calpastatin/CAST mRNA but
high calpains levels for overexpressing calpastatin isoforms, the current study
first screened the protein expression levels of calpastatin and conventional
calpain subunits using fluorescent Western blotting in seven breast cancer cell
lines representing different types of breast cancer, including basal-like (MDA-
MB-231, MDA-MB-468 and SUM149), luminal (MCF-7 and T47D), and HER2-
enriched (JIMT-1 and SKBR3). In addition to assessing calpastatin/calpain levels,
CAST mRNA levels were studied by RT-qPCR, respectively (section 3.2). Also, cell
growth characteristics assessed in the current project, as well as clonogenicity
and cell motility demonstrated in the published literature, were used as

supporting information.
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Diverse expression of the calpain-calpastatin system proteins (calpain-1, -2, - 4
and calpastatin) (section3.2.1.2 ), as well as the levels of CAST mRNA (total
CAST, CASTexon3, CAST1, CAST2 and CAST3) (section 3.2.1.3), was observed
across seven cells. Besides, it seemed that there was no direct effect of the
breast cancer cell phenotype on the expression of calpain, calpastatin, and
CAST mRNA. Calpastatin was detected at the lowest level in T47D cells followed
by all three basal-like cells, MCF-7, SKBR3 and JIMT-1, respectively, however,
with no statistical significance. Similar results were also reported in the study
by Pu (2016). Both HER2-enriched cell lines were the top-ranked cells
expressing the highest calpastatin. Such data corresponded to the findings of
breast cancer studies demonstrating a positive correlation of HER2 level with
the expression of calpastatin protein (r = 0.350, P = 0.001) (Storr et al., 2011c)
or with exon 3-containing variant (y? = 4.127, d.f. = 1, P = 0.042) (Storr et al.,
2011b). A correlation between calpastatin level and HER2 gene amplification
ratio was also observed (r =0.258, P =0.027) (Storr et al., 2011c). In the current
study, calpain-1, -2, and -4 were expressed across all seven breast cancer cell
lines with the relatively highest levels of calpain-1 and -4 in SKBR3 cells and
calpain-2 in MDA-MB-231 and SUM149 basal-like cells. The lowest levels of
calpain-1 in MDA-MB-231 and calpain-2 in MCF-7 were also previously
observed by the current group, conducted by chemiluminescent Western
blotting across six cell lines (except SUM149) (Pu, 2016). Wu and colleagues
also found that MCF-7 cells had a deficient level of calpain-2 (Wu et al., 2006).

The RT-qPCR analysis of total CAST and CASTexon3 mRNA expression supported
the phenomenon presenting the relatively lower expression of calpastatin
protein in T47D and the basal-like cells. The lowest expression of both total
CAST and CASTexon3 mRNA was also detected in T47D, followed by the basal-
like cells except for MDA-MB-231 in the case of CASTexon3 mRNA. MDA-MB-
231 had a relatively higher CASTexon3 mRNA level amongst all seven cells.
Considering the expression of individual CAST1, CAST2 and CAST3, T47D

showed the relatively low-to-lowest levels of all mMRNA compared to the rest of
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breast cancer cells. Meanwhile, all basal-like cells had a relatively high CAST1

and CAST3 mRNA, but low CAST2 mRNA (section 3.2.1.3).

The low expression of the calpastatin protein and mRNA observed in T47D
luminal and three basal-like cells, suggesting to select two cells from them as in
vitro cell models for overexpressing calpastatin isoforms. The T47D cell line was
first designated due to its promisingly supportive characteristics to accomplish
the creation of transfected monoclonal cells, including its relatively medium-
to-high expression of all calpains (section 3.2.1.2), its second shortest doubling
time (29.53 hours) amongst seven cell lines (section 3.2.1.1), and its clonogenic

ability (~20% PE in three weeks; Abdullah, 2019).

Three basal-like cell lines expressed comparable levels of calpain-1 and -4, while
the highest calpain-2 amongst all seven cells was observed in MDA-MB-231 and
SUM149 cells (section 3.2.1.2). Within 14 days, MDA-MB-231 cells showed a
high capability to form colonies with 69.07 £ 6.74% PE (section 4.3.2.1), which
was comparable to the previous results observed by the current group - 52.89
+ 13.69% in 14 days by Abdullah (2019) and 52.83 + 7.43 in 18 days by Zhang
(2014). SUM149 cells could also form colonies with 40-60% PE within a similar
period (14 days) (Rahal et al., 2018). Although the clonogenic abilities of MDA-
MB-231 and SUM149 cells were comparable, MDA-MB-231 cells proliferated
with the shortest doubling time (~19 hours) compared to the other six cells,
and more than two times faster than SUM149 cells (~43 hours) (section
3.2.1.1), suggesting a superior property of MDA-MB-231 over SUM149 to
establish the transfected monoclonal clones successfully. As calpastatin has
been reported to inhibit calpain-mediated cell proliferation (section 1.3.5.1),
calpastatin overexpression in more rapidly proliferating cells, therefore, might

show the expected results more clearly.

In addition, calpastatin has also been found to inhibit calpain-mediated cell
migration and adhesion (section 1.3.5.2). Higher cell migration activity or
adhesion ability towards BECs and LECs were considered as the other superior

quality for the cells to be selected as a cell model to overexpress calpastatin

176



Chapter 5

isoforms. MDA-MB-231 cells, by scratch-wound assay, were able to migrate
two times faster (24 hours) (section 4.4.1; Ahmad, 2016; Pu, 2016) than
SUM149 cells (48 hours) (Novikov et al., 2016), to almost wholly close cell-free
gaps. This was considered as an advantage as the expected calpain inhibitory
effects on cell migration following calpastatin overexpression in MDA-MB-231
could be clearly detected compared to SUM149 cells. To our knowledge to date,
there is no evidence of SUM149 adherent ability to ECs, while MDA-MB-231
exhibited a higher adhesion ability to both BECs and LECs compared to MCF-7,
a luminal cell line (Safuan et al., 2012). Thus, the basal-like MDA-MB-231 and
the luminal T47D cell lines were selected to generate the stably transfected

monoclonal cells overexpressing HA-tagged full-length calpastatin isoforms.

5.1.2 Establishment of stably transfected breast cancer cells
overexpressing calpastatin isoforms

In an attempt to stably transfect cells with DNA constructs containing cDNA
encoding HA-tagged full-length calpastatin isoforms or the empty vector
(section 3.2.2), cationic nanomeric complexes were applied in the current
study, regarding their properties that are stable enough for creating their
bound nucleic acids from degradation and are capable of entering cells
regularly by endocytosis (Scherer et al., 2002). Instead of using the viral or other
nonviral delivery methods, cationic nonviral delivery systems were used in the
present project, due to several advantages compared to those methods, such
as low toxicity and antigenicity, because they are produced only from biological
lipids, as well as a long-term expression with fewer risk of insertional
oncogenesis. However, lower efficiency remains the disadvantage of this
system (Nayerossadat et al., 2012). The transfection efficiency of vectors,
generally, is associated with cell types, type of DNA, and medium conditions,
while the optimal amount of DNA used in transfection varies widely, depending

on the type of DNA and target cell line (Yamano et al., 2010).

As mentioned in section 2.6.2, FUGENE®HD is recognised as the most preferred

transfection reagent, as indicated by its maximal transfection efficiency for
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several cell lines compared to other commercially available reagents, including
jetPEI® (a formulation of polyethylenimine) and Lipofectamine®2000 (Yamano
et al., 2010). To our knowledge, transfection efficiency comparison between
FUGENE®HD and Lipofectamine®3000 reagents used in this study has not been
tested. In the current study, the relatively smaller DNA constructs of CAST2
(6306 bp), CAST3 (6102 bp) or the empty vector (4018 bp) were efficiently
delivered into MDA-MB-231 or T47D cells by FUGENE®HD (cationic micelle). In
comparison, CAST1 constructs containing the most extensive DNA sequence
(6351 bp) seemed to be more challenging for being delivered into both breast
cancer cells compared to the other constructs, and Lipofectamine®3000
seemed to be more effective in delivering the CAST1 constructs into the cells
compared to FuGENE®HD and Viromer®Red (a formulation of

polyethylenimine).

Amongst all transfections, the generation of CAST1- or CAST2-transfected T47D
populations was the most challenging work and took more attempts to
accomplish. Although dense, small colonies of the transfected cells were
apparent in several experiments, the single cells separated from them by
trypsinisation could not survive or proliferate. This might be due to G418
selective reagent, which was reported to extend the doubling time of various
transfected cells (Yallop & Svendsen, 2001), in parallel with the area of a
multiple well culture plate used in transfection experiments that might be too
large for a small number of T47D cells to survive and expand. As suggested by
T47D growth curve (Appendix C Figure C3.2), the high density of cells as
6.1x10°cells/well in a six-well plate were required for T47D to initiate log phase
of cell growth at 24 hours post-cell seeding, while 2- to 4-fold lesser cell
densities were required for the other six breast cancer cell lines, including MDA-
MB-231 (4-fold lesser) (Appendix C Figure C3.1). In addition, only approximately
20% of single T47D cells could survive and form colonies containing at least 50
cells in a T25cm? culture flask within 21 days (Abdullah, 2019). In comparison,
MDA-MB-231 cells had more competency to form colonies (2- to 3-fold higher

PE) within a shorter period (14 or 18 days) in the same culture containers
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(section 4.3.2.1; Abdullah, 2019; Zhang, 2014). Transfections of CAST1 and
CAST2 constructs in T47D cells were successful after being performed in a 96-
well plate instead of using a plate comprised of a larger surface area. In short,
the generation of stable CAST-overexpressing cells may require careful
consideration of the size of the DNA constructs as well as the proliferating rates

and clonogenic abilities of the parental cells.

The current project successfully established stable MDA-MB-231 clones
overexpressing calpastatin Type 1 (231CAST1) and Type 2 (231CAST1), as well
as T47D clones overexpressing Type 1 (T47DCAST1) and Type 3 (T47DCAST3),
and their respective mock-transfected control cells (231Ctrl and T47DCtrl).
Multiclonal 231CAST3 cells and their established monoclonal clones made in
section 3.2.2.1 did not express HA tag and, therefore, were not used in this
study. Similarly, monoclonal population selection of T47DCAST2 clone
remained unaccomplished after several attempts (section 3.2.2.2). Due to time
constraints, it was not possible to produce 231CAST3 and T47DCAST2 clones,
and they were dismissed from this study. Therefore, the series of stably
transfected cells overexpressing calpastatin Type 1, Type 2 or Type 3 could not
be completely made from either the MDA-MB-231 or T47D cell lines by this
study. However, 231CAST1 and 231CAST2 clones were principally used as in
vitro cell models in the current project to investigate and compare the roles of
calpastatin Type 1 and Type 2 with each other in regulating phenotypic
characteristics related to breast cancer progression and LVI due to their mRNA
sequences differing by only one exon. As T47DCAST1 clone overexpressed Type
1 calpastatin, it was also considered as another cell model of the study. All of
these clones were used as cell models if their overexpression of calpastatin

isoform protein or mRNA was present.

5.1.3 Expression of the calpain-calpastatin system proteins and CAST
mRNA in transfected cells models

The CAST1- or CAST2-transfected monoclonal breast cancer cells were

guantitatively analysed to ascertain the overexpression of HA-tagged
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calpastatin isoforms and total calpastatin using Western blotting analysis
(section 3.3.1), and/or the particular CAST mRNA expression (CAST1 or CAST2
MRNA) using RT-qPCR method (section 3.3.2). The ultimate aim was to select
clones for studying the effects of calpastatin isoform upregulation on

phenotypic endpoints related to breast cancer progression and LVI in vitro.

In transfected MDA-MB-231 cells, total calpastatin levels were significantly
higher than the mock-transfected 231Ctrl cells by 3.44 fold in 231CAST1 cells (P
< 0.0001) and 2.61 fold in 231CAST2 cells (P = 0.0035). The generic calpastatin
antibody used in this study identified the expression of total calpastatin as
duplicate bands migrated between 100 and 120 kDa, indicating the detection
of multiple calpastatin isoforms. The duplicate bands of calpastatin were also
observed previously in Pu (2016)’s and Zhang (2018)’s PhD theses. The
molecular diversity of calpastatin appears in human and other species. In
humans, according to differences in mobility on SDS-PAGE, calpastatins are
classified into the tissue type (100-120 kDa) and the erythrocyte type (70 kDa)
which lacks the amino-terminal domains (domains L and I). Takano et al. (1993)
described that diversity amongst the tissue type calpastatins is caused by
alternative splicing and post-translational processing while conversion from the
tissue type to the erythrocyte type is a consequence of proteolytic processing.
Human T98G Glioblastoma and WI-38 fibroblast cell lines have been evaluated
for the expression of the non-deleted, the exon 3-deleted and the exon 3- and
5-deleted calpastatin mRNA types, corresponding to 117, 114 and 110 kDa
calpastatin proteins. In human hematopoietic cells, human erythrocytes
showed the 110-kDa form (the tissue type) in addition to the predominant 70-
kDa form (the erythrocyte type), whereas the mononuclear and
polymorphonuclear cells expressed the tissue type (110 and 114 kDa) (Takano
etal., 1993).

HA-tagged calpastatin expression significantly increased in both 231CAST1 and
231CAST2 cells relative to the mock-transfected 231Ctrl cells (P < 0.0001 and =
0.0005, respectively) and the parental cells (P < 0.0001 and = 0.0005,
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respectively). Such results indicate overexpression of calpastatin Type 1 in
231CAST1 clone and Type 2 in 231CAST2 clone. Both cells overexpressed similar
levels of HA-tagged calpastatin (P = 0.1096). Interestingly, by using the HA-tag
antibody, duplicate bands of HA-tagged calpastatin located at 100-120 kDa (a
major band migrated at the higher position) were shown in 231CAST2 cell line
(section 3.4.1, Figure 3.15-B), whereas a single band was detected in 231CAST1
clone slightly above 120 kDa (section 3.4.1, Figure 3.15-A). The duplicate bands
of HA-tagged calpastatin observed in 231CAST2 cells can be explained by the
study of Parr et al. (2004). Parr et al. (2004) revealed that in porcine skeletal
tissues the 145-kDa full-length calpastatin Type 1 could be detected by the anti-
1xa peptide antibody and the 135-kDa band was the translation product of Type
3 mRNA presumably originating from the AUG codon in exon 2. Interestingly,
the 135-kDa peptide could be translated from Type 1 mRNA by starting the
translation at the downstream AUG codon in exon 2 or from the upstream AUG
codon in exon 1xa before subsequently being cleaved to a truncated protein
(Parr et al., 2004). Cong et al. (1998) also described the presence of a doublet
of peptide bands translated from bovine calpastatin Type 2 mRNA in a similar
way, and that can be used to explain the duplicate bands of HA-tagged
calpastatin observed in 231CAST2 cells. The peptides originated mainly from
the upstream AUG codon in exon 1xb of the HA-tagged Type 2 mRNA (a major
band), and a minority of them was then subsequently cleaved to a truncated

protein (a minor band).

CAST1 mRNA was significantly overexpressed in both 231CAST1 (2.60 fold, P =
0.0020) and T47DCAST1 cell lines (6.22 fold, P < 0.0001) relative to the mock-
transfected counterparts. The PCR protocol for analysing CAST2 mRNA
expression in the current study, however, was not optimal according to its poor
PCR efficiency (27.44 %E). Theoretically, the number of templates should
double after each cycle of PCR reaction, resulting in E =2 or 100% (Booth et al.,
2010). The PCR with amplification efficiency between 90% and 110% is
considered an acceptable method for quantitative analysis (Broeders et al.,

2014). The poor amplification efficiency of PCR could be a consequence of
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several parameters, such as non-optimal primer sequence or inappropriate
primer concentration, resulting in a small amount of product (amplicon) or no
product due to non-specific amplification or primer-dimer formation (Abd-
Elsalam, 2003; Green & Sambrook, 2018). The other factors for the poor PCR
efficiency include poor reaction conditions, inaccurate sample and reagent
pipetting, improper analysis of standard (Green & Sambrook, 2018), and a
presence of PCR inhibitors originated from the sample or introduced during
sample preparation (such as cell debris, bacterial cells, immunoglobulin,
polysaccharides, contaminants from the nucleic acid extraction phase)

(Schrader et al., 2012).

The poor efficiency of the PCR analysis for CAST2 mRNA expression indicated
that the PCR condition used in this study was not optimal for evaluating CAST2
expression in 231CAST2 cells and required modification and optimisation. By

using a Primer-Blast tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)

and a Primer 3 tool (http://primer3.ut.ee/), it has been found that the forward

primer for the CAST2 expression analysis has no site to align against the CAST2
cDNA sequence constructed in the plasmid. The CAST2 cDNA sequence used in
this study starts with the first ATG start codon appeared in the natural CAST
mMRNA sequence, leading to an absence of a forward primer binding site from
the CAST2 cDNA sequence, in which normally shown at the early region of the
natural CAST mRNA sequence. Amplification of CAST2 cDNA by only reverse
primers, therefore, could not double the number of templates after each cycle.
Ideally, by use of both forward and reverse primers, the number of amplicons
formed after a given number of cycles is 2" (E=2 or 100%), where n is the

number of cycles (Kralik & Ricchi, 2017).

Due to time constraints, primer redesign, PCR protocol optimisation or CAST2
expression analysis seemed impossible to be completed by the current project;
however, it can be continued in future projects by our group. Although there
was no confirmation of CAST2 mRNA overexpression in 231CAST2 cells, they

significantly showed upregulation of HA-tagged and total calpastatin, as well as
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the signal of HA-tagged calpastatin detected under a confocal microscope
(section 3.5), leading to consideration of 231CAST2 clone as another in vitro cell

model for the current project in addition to 231CAST1 and T47DCAST1 cell lines.

The effect of calpastatin isoform overexpression on the expression levels of
calpain-1, -2 and -4 was also explored in 231CAST1 and 231CAST2 cells
compared to that in the mock-transfected 231Ctrl control (section 3.3.1). The
expression levels of all investigated proteins (calpastatin, calpain-1, -2 and -4)
were comparable in between the mock-transfected and the parental cell lines
(P>0.9999, 0.7788, 0.9848 and 0.9964, respectively). Such results suggest that
there was no effect of the empty vector and G418 on the expression of the
calpain-calpastatin system proteins. While the empty vector was not likely to
alter the expression level of any conventional calpain subunits, only calpain-1
expression significantly increased in calpastatin isoform-overexpressing MDA-
MB-231 clones, including 231CAST1 (1.40 fold, P = 0.0188) and 231CAST2 cells
(1.33 fold, P =0.0446), relative to that detected in the mock-transfected control
(section 3.3.1). This suggests that the increase of calpastatin in MDA-MB-231
might induce the expression of calpain-1, as supported by a correlation
observed between the expression of calpain-1 and calpastatin in various
studies. In a cohort of large but operable breast tumours, treated with
neoadjuvant chemotherapy, calpastatin expression significantly correlated
with the expression of calpain-1 but not with calpain-2 (Storr et al., 2016).
Paradoxically, in early-stage breast cancer cohorts, the expression of
calpastatin correlated with the expression of calpain-9 (Davis et al., 2014),
calpain-2, but not calpain-1 (Storr et al., 2011c). In addition to breast cancer,
Liu et al. (2017) indicated that in normal-appearing peritumoural gastric
mucosa, calpastatin expression strongly correlated with the expression of
calpain-1(r=0.741; P <0.0001) but weakly correlated with calpain-2 (r = 0.535;
P < 0.0001). In gastric cancer tissues, the expression of calpain-1, -2, and
calpastatin significantly correlated with each other (P < 0.05), although the
correlations were weak (r = 0.342, 0.553 and 0.441 for calpastatin correlation

with calpain-1, or-2 and calpain-1 correlation with calpain-2, respectively) (Liu
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et al., 2017). In both endometrial and ovarian cancers, calpastatin expression
has been observed to correlate with calpain-1 (endometrial cancers: r = 0.579,
P =0.001, Salehin et al., 2010; ovarian cancer: r = 0.602, P < 0.001, Storr et al.,
2012c; r =0.512, P < 0.001, Zhang et al., 2019) but not with calpain-2 (Salehin
et al., 2010; Storr et al., 2012c; Zhang et al., 2019). These phenomena could be
explained by the possibility of balancing feedback within the calpain-calpastatin
system to promote an equilibrium between calpain and calpastatin levels and

minimise the effects of perturbations.

5.1.4 Effects of cell culture factors on calpastatin expression and
migration of transfected cells models

Persistent expression of HA-tagged and total calpastatin was confirmed in
231CAST1 and 231CAST2 cell lines after being serially subcultured from the
master cells (passage number 0) for ten times (section 3.4.1). There was no
difference in the expression of the HA-tagged and total calpastatin between
passage number 2 and 10 of both 231CAST1 (P = 0.8279 and 0.6724,
respectively) and 231CAST2 cells (P = 0.9996 and 0.9839, respectively),
indicating stable transfection in both clones. Thus, all stably transfected cells
were routinely cultured in selection medium (750 pg/mL G418) and used in

routine experiments up to passage number 10.

As the mock-transfected 231Ctrl cells cultured in the selection medium
significantly proliferated slower than the parental cells (38.41 vs 19.07 hours, P
=0.0018; section 4.3.1.1), G418 contained in the selection medium might affect
the phenotypic endpoints of the transfected cells. Yallop and Svendsen (2001)
stated that G418 affected the growth and metabolism in baby hamster kidney
BHK 570 cells transfected with the human gastric inhibitory peptide (h-GIP).
G418 slowed down the cell growth and increased utilisation of glutamine. In
the transfected Chinese Hamster Ovary (CHO) 679 cells by glucagon receptor,
G418 affected the cell metabolism by that the flux of glucose was directed away
from lactate production and towards both the TCA cycle to provide energy and

biosynthetic pathways (Yallop & Svendsen, 2001). In addition, Kung and
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colleagues reported the G418-associated reduction of cell-associated
glycosylphosphatidylinositol (GPl)-anchored alkaline phosphatase (AP) in either
transfected or wild-type COS-1 monkey kidney epithelial cells (Kung et al.,
1997).

To avoid the effects of G418 on phenotypic endpoints of interest, G418-free
culture medium was used in the following experiments. Short-term removal of
G418 from the culture medium for seven days had no effect on the expression
levels of HA-tagged and total calpastatin in 231CAST1 (P = 0.8031 and 0.1893,
respectively) and 231CAST2 cell lines (P > 0.9999 and >0.9999, respectively)
compared to the cells cultured in parallel in the selection medium. By
comparing with the cells of day 0, HA-tagged and total calpastatin expression
in both 231CAST1 (P = 0.3476 and 0.8809) and 231CAST2 cell lines (P = 0.9998
and 0.9479) remained unchanged after the cells were cultured in the G418-free
medium for seven days. As concluded in the study of Yallop and Svendsen
(2001), the expression of the proteins of interest in the transfected CHO 679
and BHK 570 cells remained stable without selection by G418 over six months.
The CHO cells transfected with plasmid DNA encoding both GFP and neomycin
phosphotransferase (neo) cassettes maintained high-level green fluorescence
after removal of G418 from the growth medium for 12 weeks (Gubin et al.,
1997). This suggests that the stably G418-resistant transfectants are able to

maintain expression of the proteins of interests in the non-selective medium.

The transfected 231CAST1, 231CAST2 and mock-transfected 231Ctrl cells were
pre-incubated with G418-free medium for up to 14 days before being examined
migratory activity using scratch-wound assay (section 3.4.2.2). The migration
abilities of such cells were not different from that of the respective control
groups cultured and performed the migration assay in the selection medium.
The absence of differences in cell migration characteristics might be a
consequence of unchanged levels of HA-tagged and total calpastatin at
different culture conditions and suggested stable transfection of 231CAST1,
231CAST2 and 231Ctrl cells. Although 231Ctrl cells were pre-treated with the
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G418-removed medium for up to 14 days, their migration remained to be
significantly slower than the parental cells, suggesting that G418 was not a
factor inhibiting 231Ctrl cell migration. Thus, the slower migration ability of
231Ctrl cells compared to the parental cells might be a consequence of plasmid
transfection or overexpression of the resistance protein produced from Neo'
resistant gene (Yallop & Svendsen, 2001). Although G418 did not affect the
migration of the transfected MDA-MB-231, it might affect other phenotypic
endpoints. Thus, to recover from and avoid the effect of G418 on phenotypic
features, complete G418-free culture medium was then used to culture all
transfected cells, including MDA-MB-231 and T47D clones, for two days before

performing and while conducting the experiments.

5.1.5 Intracellular localisation of calpastatin isoforms

The full-length forms of each calpastatin Type 1, Type 2 or Type 3 seemed to
have similar patterns of intracellular distribution, detected by IF confocal
microscopy, in comparison to the respective truncated (only XL and L domains)
forms encoded by cDNA containing exon3 (investigated by Dr Sarah Storr,
unpublished data) in both MDA-MB-231 and T47D cell models (section 3.5). In
addition, an exon 3-deleted version of the truncated calpastatin isoforms also
distributed similarly to both truncated and full-length forms, encoded by
exon3-containing CAST in MDA-MB-231 cells (investigated by Dr Sarah Storr,
unpublished data). In consideration of the CAST mRNA structure, both
calpastatin Type 1 and Type 2 contain the XL and L domain but possess different
N-terminal sequences generated from tandem promoters, which are
associated with exons 1xa and 1xb, respectively. Calpastatin Type 3 is
generated from a promoter that is associated with the untranslated exon 1u,
resulting in a protein that lacks XL region (section 1.3.2; Takano et al., 2000;
review in Storr et al., 2011a). Together, the Leader domain excluded exon 3
may play a role as a crucial component in regulating intracellular localisation of

calpastatin Type 1, Type 2 and Type 3.

186



Chapter 5

Calpastatin Type 1 and Type 3 localised principally throughout the cytoplasm
and partially in the nuclei in both MDA-MB-231 and T47D lines. Consistent with
previous in vitro observation in large cell lung cancer-103H cell line, calpastatin
homogeneously distributed in the cytoplasm, with a slight multitude around
the nuclear region, and it was also found to accumulate in the nuclei (Gil-
Parrado et al., 2003). In breast cancer tissue, the distribution of calpastatin
investigated by IHC using the generic calpastatin antibody has also been
observed predominantly in the cytoplasm but infrequently in the nucleus (Storr
et al., 2011c; Storr et al., 2012a; Storr et al., 2016)). Paradoxically, De Tullio et
al. (1999) revealed that calpastatin distributed as an aggregation that was
almost completely confined in two granule-like structures without surrounding
membranes, and it was nearly absent in the nucleus and cytosol. Such data
suggest that most of the calpastatin intracellularly distributed in specific
structures rather than localised in a diffused form throughout the cytosol. The
unique localisation of calpastatin aggregation has been similarly observed in
various human or murine cell types, such as murine erythroleukemia MEL cells
and pheochromocytoma PC12 cells, as well as human neuroblastoma LAN-5
cells and aortic smooth muscle AoSMC cells (De Tullio et al., 1999). Such
calpastatin aggregations were affected by an increase of the intracellular Ca?*,
which resulted in calpastatin gradually becoming a soluble protein (De Tullio et
al., 1999). Although calpastatin Type 2 did not distribute definitely in two-
granule-like structure, this isoform was also found unique localisation in the
cytoplasm with a predominant perinuclear expression, i.e., visible spots in

MDA-MB-231 cells and fibre-like aggregations in T47D cell line.

Calpain and calpastatin co-localise in the cytoplasm, with a slight multitude
around the nuclear region (Gil-Parrado et al., 2003). Dissociation of calpain
from calpastatin is crucial for calpain activation under calcium-stimulating
conditions, resulting in calpain re-localises to the plasma membrane where it
cleaves and regulates downstream targets including cell migration- or
adhesion-enhancing effectors, while calpastatin remains in the cytoplasm (Gil-

Parrado et al., 2003; Stifanese et al., 2010). Calpains can reside in or translocate
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to the cell nucleus (Tremper-Wells & Vallano, 2005). Several studies have
suggested calpains as one of the DNA process-regulating proteins (Baek et al.,
2016), and nuclear or translocated calpains has been shown to play a role in
promoting cell survival via several signalling pathways, including Ku80, NF-kB
and PI-3K/Akt (Baek et al., 2016; Baghdiguian et al., 1999; Tremper-Wells &
Vallano, 2005; Burchett et al., 2019).

Ku80, a subunit of the Ku protein complex, is an initiator of the non-
homologous, end-joining (NHEJ), double-strand breaks (DSBs) repair pathway.
The nuclear Ku80 can be cleaved in a calcium concentration-dependent manner
by m-calpain but not by p-calpain, and the cleaved Ku80 still forms a Ku
heterodimer, leading to DNA DSB repair. Thus, translocated or nuclear m-
calpain promotes the NHEJ pathway through the cleavage of Ku80 (Baek et al.,
2016). Calpain 3-dependent IkBa degradation has been demonstrated to take
place in a co-expression cell system. IkBa overexpression causes depletion of
nuclear accumulation of NF-kB, leading to apoptosis. Calpain 3, present in
healthy muscle as sarcoplasmic and nuclear forms, controls IkBa turnover and
indirectly regulates NF-kB-dependent expression of survival genes
(Baghdiguian et al., 1999). Ca?*/calmodulin-dependent protein kinase Type IV
(CaMKIV) is highly enriched in the nucleus and thought to be critical for
improved survival. Under conditions of sustained Ca?* influx, nuclear calpain
regulates Ca?-dependent signallings, including PI-3K/Akt pathway, via
proteolysis of nuclear CaMKIV and subsequently resulting in an improved long-

term cell survival (Tremper-Wells & Vallano, 2005).

The phenomenon of perinuclear localisation of calpastatin Type 2 observed in
this study could potentially be a consequence of accumulated aggregation of
calpastatin after disassociation from binding to calpain (Averna et al., 2003) and
possibly results in driving cell migration but antagonising the pro-survival
effects mediated by nuclear calpain, as described by Burchett et al. (2019).

Besides, the distribution of calpastatin Type 1 and Type 3 in the nuclei may
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promote cell death through suppressing the pro-survival effects mediated by

nuclear calpain (Burchett et al., 2019).

Intracellular localisation of calpastatin in human malignant glioma (MG) cells
has been found to be regulated by hypophosphorylated nuclear factor | (NFls)
through the usage of an alternative CAST promoter located upstream of exon4
(Burchett et al., 2019). Binding of hypophosphorylated NFI to CAST intron3
increased utilisation of the alternative promoter, resulting in a higher ratio of
class 2 CAST variant (translating to ~135-kDa XL-less calpastatin isoforms by the
alternative promoter) to class 1 variant (translating to ~145-kDa full-length
calpastatin by the canonical promoter). Class 1 variant encodes full-length
human calpastatin, which contains domains XL, L, and four inhibitory repeats,
shares homology with the ~145 kDa bovine calpastatin Type Il. Depletion of
NFIs in U251 MG cells was observed together with a reduction of class 2 CAST
variant but an increase of class 1 CAST variants. In NFI-hypophosphorylated
U251 MG cells, calpastatin was primarily distributed in the nucleus and
cytoplasm, with increased immunostaining in the perinuclear region. On the
other hand, depletion of NFlIs resulted in increased accumulation of calpastatin
at the plasma membrane (Burchett et al., 2019). In addition, in vivo
phosphorylation of calpastatin by protein kinase A (PKA) has been found to
cause a 5-fold elevated level of membrane-associated calpastatin (from 6% to
30%) (Adachi et al., 1988). In support of that, three PKA phosphorylation sites
were located within the XL domain (Cong et al., 1998). Hence, phosphorylation
by PKA may cause calpastatin containing the XL domain to be more likely to
localise to and suppress calpain activity at the plasma membrane, resulting in
inhibiting cell migration, compared to the XL-less isoforms. Calpastatin
containing the XL domain could be Type 1 and Type 2 calpastatin of the current
study or calpastatin encoded by class 1 variants in the study of Burchett et al.
(2019), and the XL-less isoforms could be the translational product of class 2

variants (Burchett et al., 2019) or Type 3 of the current project.
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The different intracellular localisation between calpastatin Type 1 and Type 2
(section 3.5) suggested to study and compare their effect on calpain activity
and phenotypic endpoints related to breast cancer progression (cell
proliferation and clonogenicity) and LVI (cell migration and adhesion to ECs) in
vitro. Therefore, the breast cancer cells transfected with CAST1 cDNA
(231CAST1 and T47DCAST1) and CAST 2 cDNA (231CAST2) were used as
principal cell models for the current project. All cellular functions were assessed
in the presence/absence of A23187 calcium ionophore, used to ensure calpain
activation. Calpeptin, a calpain inhibitor, was used as a comparator to the effect

of calpastatin isoform overexpression.

5.1.6 Role of calpastatin isoform overexpression in regulating calpain
activity in vitro

Calpain activity, which is strictly regulated by Ca?*, has been implicated in
cancer progression and metastasis, by facilitating various related physiological
pathways, such as cell cycle redistribution, growth, survival, migration,
adhesion, and invasion, through interacting with crucial regulators of those
pathways (sections 1.3.5.1 and 1.3.5.2). Depletion of calpain activity by
upregulation of calpastatin, pharmacological calpain inhibitors (e.g., calpeptin)
or genetic disruption of calpain contribute to inhibition of calpain-dependent
cellular functions. This indicates that calpain is a positive regulator of cancer
progression and metastasis, whereas calpastatin is an inhibitor of these
processes. The opposing effects of calpain or calpastatin on cancer progression
and metastasis have also been shown in several in vitro or in vivo studies
(Carragher et al., 2001; Lokuta et al., 2003; Cortesio et al., 2011; Raimbourg et
al., 2013; Machado et al., 2015; Machado et al., 2017).

In this study, the role that calpastatin isoform overexpression plays in
regulating calpain activity in breast cancer cells was explored and compared to
that of calpeptin (section 4.2). Calpeptin treatment conditions causing minimal
cytotoxicity but maximal inhibition of calpain activity in MDA-MB-231 and T47D

cells were identified. Calpeptin at 50 and 75 uM had no or slightly anti-
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proliferative effect in MDA-MB-231 and T47D cells, respectively, after 24 hours
of exposure (section 4.2.1). Both concentrations exhibited similar capabilities
to reduce calpain activity in both cells for all incubation periods (0.5, 1, 2, and
24 hours) (section 4.2.2). Consistent with the previous publications, the
inhibitory effect of calpeptin was not in a dose-dependent manner in breast
cancer cells (Pu, 2016). In ovarian cancer cells, calpain inhibitory effects were
not different between calpeptin at 50 uM and higher concentrations in PEO1,
PEO4 and SKOV3 cells (Zhang, 2018) but reduced with concentrations >25 uM
in OV2008 cells (Woo et al., 2012).

Calpain activity could not be significantly inhibited following treatment with
calpeptin for 1 or 2 hours in MDA-MB-231 and 1 hour for T47D cells, and the
inhibitory effects of calpeptin at the indicated time-points were decreased
compared to the 0.5-hour treatment (section 4.2.2). The reduction of calpain
inhibition by calpeptin observed when the breast cancer cells exposed to the
calpain inhibitor for longer than 30 minutes might be due to cellular
compensation of calpain activity occurring shortly before recovery of calpain
inhibitory effect by calpeptin significantly re-detected, or it might be a result of
the sensitivity of the t-boc assay. By considering the differences between
controls and treated cells, it could be that the assay was not sensitive enough
to show significant differences at all time points. Wide variations of calpain
activity detected by the t-boc assay were also observed in the studies of Pu
(2016) and Zhang (2018). However, as the non-cytotoxic concentration of
calpeptin (50 pM) caused a significant calpain inhibition following cell
treatment for 24 hours in both MDA-MB-231 and T47D cells, calpeptin was used
as a comparator to the effect of calpastatin isoform overexpression in the

subsequent phenotypic endpoint assessments.

Several in vitro or in vivo studies demonstrated that calpastatin overexpression
prevented calpain activity or calpain-mediated proteolysis (Lu et al., 2002;
Vaisid et al., 2007; Schoch et al., 2012; Diepenbroek et al., 2014; Ye et al., 2015).

On the other hand, a deficiency/decrease in calpastatin enhanced calpain
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activity/upregulation (Carragher et al., 2002; Diepenbroek et al., 2014). In the
current study, although 231CAST1 and 231CAST2 clones significantly
overexpressed both HA-tagged calpastatin isoforms and total calpastatin
(section 3.3.1), higher calpain activity was unexpectedly detected in both CAST-
transfected cells relative to that in their mock-transfected cells (39.82%
increase, P = 0.0157; and 70.78% increase, P = 0.0009, respectively) (section
4.2.4.1). Such increased calpain activity in the calpastatin isoform-
overexpressing MDA-MB-231 clones might be due to an increased ratio of
calpains to calpastatin, which could be a result of the significantly-increased
calpain-1 levels detected in both 231CAST1 and 231CAST2 cells (section 3.3.1).
As overexpression of HA-tagged calpastatin (sections 3.2.2.2 and 3.5) and
CAST1 mRNA (section 3.3.2) was detected in T47DCAST1 cells, calpain-1
expression and calpain activity in T47DCAST1 clone might also increase.
Furthermore, increased calpain activity might also be a consequence of the L-
domain contained in calpastatin Type 1, 2 and 3, as described by the studies of

De Tullio et al. (2014) and De Tullio et al. (2018).

Calpastatin domain L recognises a site at domain |l of calpain not coincident
with the catalytic cleft and which possibly directs the first downstream
inhibitory unit to the substrate cleft (De Tullio et al., 2014). In other words, the
existence of the L-domain is able to increase the affinity of the downstream
inhibitory unit for the active cleft, and when this complex is formed, calpain is
inhibited. De Tullio et al. (2014), however, demonstrated that the L-domain of
calpastatin is responsible for the decrease in inhibitory efficiency at high
calpastatin concentration and calpain is never fully inhibited even in the
presence of an excess of calpastatin. At this condition, the association of the
inhibitor with calpain occurs at the other sites in the EF-hands located in
domains IV and VI of the protease (De Tullio et al., 2014; De Tullio et al., 2018).
In the presence of Ca?*, the interaction of calpastatin containing the L-domain
with the EF-hands creates a steric hindrance that obstructs the binding of
another calpastatin molecule at the catalytic site. In this complex, calpain is

therefore active and able to digest substrates including other calpastatin
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molecules (De Tullio et al., 2014) that are primarily digested to 15 kD active
inhibitory units before being shortened into inactive fragments (De Tullio et al.,
2000). De Tullio et al. (2014) reported that calpastatin Type 1, 2 and 3 at the
concentration as high as 7 nM caused a loss of efficiency in inhibiting calpain
activity. Therefore, in addition to the increase of calpain-1 level, the increased
calpain activity in both 231CAST1 and 231CAST2 cells might be a consequence

of L-domain-containing calpastatin isoforms overexpressed in their cells.

5.1.7 Role of calpastatin isoform overexpression in in vitro models of
breast cancer progression (cell proliferation and clonogenicity)

Calpain activity is involved with a variety of cellular functions related with
cancer progression, such as inducing cell cycle progression (Carragher et al.,
2002; Honda et al., 2004; Janossy et al., 2004; Ho et al., 2012; Ma et al., 2011;
Kovacs & Su, 2014), suspending cancer cell death, and inducing cancer cell
survival (Conacci-Sorrell et al., 2014; Gonen et al., 1997; Kubbutat & Vousden,
1997). Calpain inhibition, including inhibition mediated by calpastatin
overexpression, however, prevented those processes (section 1.3.5.1). The
current study evaluated the role that overexpression of individual calpastatin
isoforms plays in regulating breast cancer cell proliferation and clonogenicity,
to understand processes involved in regulating breast cancer progression in

vitro.

5.1.7.1 Calpastatin isoform overexpression and cell proliferation

Growth curve analyses of all transfected cells were performed with the
selection medium containing G418 (section 4.3.1.1). The mock-transfected
231Ctrl and T47DCtrl cells proliferated with longer doubling times compared to
their respective parental cells (38.41 vs 19.07 hours, P = 0.0018 for MDA-MB-
231; 41.97 vs 29.53 hours, P = 0.0822 for T47D), suggesting possible effects of
the empty vector transfection or G418 on the proliferation of the mock-
transfected cells. As mentioned in section 5.1.4, G418 has been reported to
slow down cell growth and extend doubling time of the transfected CHO 679

cells and BHK 570 cells; metabolism of those cells was also affected by G418
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(Yallop & Svendsen, 2001). However, the effect of G418 on cell proliferation
may be cell type dependent, and the mechanism still needs to be explained by

further studies.

Calpain inhibition following the treatment with 50 uM calpeptin for 24 hours
had no effect on the proliferation of MDA-MB-231 and T47D wild type cell lines
(section 4.2.1), as well as on the clonogenicity of MDA-MB-231 cells (section
4.3.2.1; ND for T47D). Calpeptin at various concentrations, however, reduced
the proliferation of both cells in a time- and dose-dependent manner (section
4.2.1). Upregulation of Type 1 calpastatin unexpectedly accelerated the
proliferation of both MDA-MB-231 and T47D cells by shortening the population
doubling time from 38.41 to 29.13 hours and from 41.97 to 33.11 hours,
respectively (section 4.3.1.1), however, such effect was not statistically
significant. In comparison, overexpression of Type 2 in MDA-MB-231 and Type
3 in T47D cells had no effect on cell proliferation. The doubling times of
231CAST2 (35.63 hours) and T47DCAST3 cells (37.09 hours) were similar to that

of the respective mock-transfected cells (38.41 and 41.97 hours, respectively).

Generally, calpain activity acts as a positive inducer on cell proliferation, while
calpastatin impedes the effect of calpain (section 1.3.5.1). Calpain was found to
induce hyperphosphorylation of the retinoblastoma protein (pRb) and increase
the level of cell cycle proteins (cyclin-dependent kinase 2, cyclins A, and D),
leading to facilitating the progression of transformed cells through the G1 stage
of the cell cycle (Carragher et al., 2002). Calpain inhibition by calpastatin
overexpression or calpain inhibitors was found to decrease such effect of
calpain (Carragher et al., 2002). Janossy et al. (2004) reported calpain as a
requirement for promoting the cell cycle at the G1 checkpoint, as well as in the
S and G2M phase progression. Honda et al. (2004) also stated that calpain was
involved in mitosis. Silencing of calpain-2 expression, but not calpain-1, using
specific siRNA and/or inhibiting the calpain activity by specific peptidyl calpain
inhibitors resulted in abnormal mitosis, which was accompanied by

chromosome misalignment. Also, calpain inhibition delayed the prometaphase

194



Chapter 5

and repressed the generation of polar ejection force on chromosomes. Calpain
2 was demonstrated to mediate the proliferation of mammary cancer cells via
Akt-FoxO-p27Kip1 signalling pathway (Ho et al., 2012). Knockdown of calpain-
2 caused an increase in protein phosphatase 2A (PP2A) level and a reduction in
Akt activation, contributing to the activation and nuclear translocation of
FoxO3a transcription factor that was associated with the elevated level of
cyclin-dependent kinase inhibitor p27Kipl and a reduction in the breast
carcinoma cell proliferation (Ho et al., 2012). Incubation of the pulmonary
artery smooth muscle cells (PASMCs) with epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) significantly increased the calpain
activity and cell proliferation. The effects of the growth factors could be
decreased using specific calpain inhibitor MDL28170 or siRNAs against calpain-
1 and -2 (Ma et al., 2011). In murine models of melanoma, calpain inhibition
through overexpressing calpastatin in both tumour and transgenic mice
diminished tumour growth. Calpastatin overexpression only in B16-F10
melanoma cell also reduced the tumour growth either in vitro or in vivo but
enhanced tumour dissemination through enlarging cell resistance to apoptosis

(Raimbourg et al., 2013).

Paradoxically, in some cases, such as in colon carcinoma cells, calpain
decreased proliferation and anchorage-independent growth of cancer cells
(Benetti et al., 2005) through facilitating the degradation of B-catenin, a
substrate of calpain (Li & lyengar, 2002). In the adult murine models, lack of
calpastatin and the consequently increased calpain activity reduced the
proliferation of neural stem cells (NSC) in the subgranular zone of the
hippocampus (Machado et al., 2015), whereas calpastatin overexpression
enhanced the proliferation of such NSC (Machado et al., 2017). In MDA-MB-
231-Luc-D3H1 xenograft mouse models of breast cancer, disulfiram-induced
calpain activation suppressed tumour growth and lung nodule growth (Kim et
al., 2017). In addition, calpain can play a role to cooperate with either caspase-
dependent or caspase-independent apoptosis, and the calpain-mediated

apoptosis resulted in amplification of cell resistance to cell death (section
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1.3.5.1; Chua et al., 2000; Tan et al., 2006 ; Gafni et al., 2009 ; Polster et al.,
2005 ; Liu et al., 2009).

Although both 231CAST1 and 231CAST2 clones were observed the increases of
calpastatin expression (3.44- and 2.61-fold increase respectively; section 3.3.1)
and calpain activity (39.82 and 70.78 % increase respectively; section 4.2.4.1)
relative to the mock-transfected control, only calpastatin Type 1
overexpression seemed to show an effect on cell proliferation. This suggested
that Type 1 calpastatin might act as a stronger regulator that mediated MDA-
MB-231 cell proliferation compared to Type 2 calpastatin. Although the
shortened doubling time observed in Type 1-overexpressing cells was an
unexpected result, it corresponded to the increased calpain activity detected in
the cells. Calpain activity assessment in T47DCAST1 cells should be assessed in
future work to investigate whether their shorter doubling time in comparison
with the mock-transfected cells is as a result of increased calpain activity or a

unique role of calpastatin Type 1.

5.1.7.2 Calpastatin isoform overexpression and clonogenicity

To investigate the role of calpastatin isoform overexpression in breast cancer
cells clonogenicity (section 4.3.2.1), transfected MDA-MB-231 models were
cultured in the regular medium, without G418, for two days before being used
in and during performing the clonogenic survival assays. Thus, G418 was not
the factor for any alterations in the clonogenic survival of breast cancer cells. In
comparison to parental MDA-MB-231 cells, significant colony inhibition was
observed in the mock-transfected 231Ctrl cells (SF = 0.68 + 0.05, P <0.0001),
perhaps indicating that the empty vector is having an effect on cell
clonogenecity. In term of plating efficiency, a PE value of the mock-transfected
cells was significantly lower than that of the parental cells (PE = 46.85 + 4.37%
vs 69.07 + 6.74%, P = 0.0009). Such PE of the parental cells was similar to the
previous result evaluated by the current group using the same protocol (52.89
+ 13.69; Abdullah, 2019), suggesting the reliability of the present results.

However, there was no significant effect of either calpeptin or calpastatin
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isoform overexpression on MDA-MB-231 clonogenic survival (SF =0.99 £ 0.17,
1.04 £ 0.20, and 0.96 £ 0.23 for calpeptin-treated parental cells, 231CAST1, and
231CAST2, respectively). Due to time limitations, T47DCAST1 clone, which was
successfully made in the late period of the project, were not assessed for their
clonogenic survival by the present project. However, T47DCAST1 clonogenic

survival will be studied in the future project of the current group.

Although overexpression of calpastatin Type 1 and Type 2 had no effect on
clonogenicity of MDA-MB-231 cells, overexpression of total calpastatin has
mostly been reported to impede calpain-mediated clonogenicity in various in
vitro cell models. In the establishment of Caco-2 cell line overexpressing
calpastatin by Potter et al. (2003), calpastatin overexpression level was limited
(up to 2.5-fold) due to decreased clonogenicity related to increasing calpastatin
overexpression. Calpastatin overexpression levels, as low as 2.4-fold, hindered
the recovery of the calpastatin-overexpressing Caco-2 clones determined by
MTT assay compared with the mock-transfected cells. The Caco-2 cells
expressing higher calpastatin levels were nearly absent (Potter et al., 2003). Xu
and Mellgren (2002) explored the effect of calpastatin overexpression on the
growth of isolated colonies of CHO cell lines and found a decreased growth of
the colonies adhering to tissue culture plates (2D) but no different effect on the
clonogenicity in soft agar (3D) compared to the mock-transfected cells.
Generally, a 3D tissue culture model more closely mimics the native
environment in vivo and provides better conditions for the cells compared to
traditional culture on a 2D surface (Kapatczynska et al., 2018). The 3D and in
vivo studies, therefore, are suggested to confirm the role of calpastatin
overexpression on colony formation. Calpain inhibition using calpain inhibitors
(10 pM ALLN or 30 uM Calpain Inhibitor Ill) was also found to reduce the
clonogenic survival of Kasumi-1 leukemic cells significantly but showed no
effect on the clonogenicity of HL-60 leukemic cells (Osman et al., 2009).
Conversely, the high level of calpastatin overexpression in MCF-7 breast cancer
cells was reported to delay B-lap-mediated apoptosis and showed higher ability

to increase clonogenic survival of the cells at the presence of 1.5 uM B-lap
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compared to the MCF-7 cells that overexpressed calpastatin at the lower level

and the wild-type cells (Tagliarino et al., 2003).

5.1.8 Role of calpastatin isoform overexpression on in vitro models of
breast cancer LVI (cell migration and endothelial interactions)

Before entering into the lumina of lymphatic or blood vessels, tumour cells
detach from the growing tumour mass, followed by invasion and migration
through the ECM before adhering to the vascular walls. These phenomena are
considered prerequisites for the LVI event (Pantel & Brakenhoff, 2004;
Aleskandarany et al., 2015). Calpastatin expression level was found to be
negatively associated specifically with LI (Storr et al., 2011b; Storr et al., 2012a),
the predominant form of breast cancer LVI (Mohammed et al.,, 2007,
Mohammed et al.,, 2011). This raised the question if different calpastatin
isoforms play a differential role in regulating the LVI-related breast cancer cell
phenotypic features. The current study, therefore, assessed the roles of
calpastatin Type 1 and Type 2 in regulating breast cancer cell migration by the
haptotaxis scratch-wound assay (section 4.4.1.4) and vascular endothelial

interactions by static adhesion assay (section 4.4.2.3).

5.1.8.1 Calpastatin isoform overexpression and cell migration

For cell migration assessment, MDA-MB-231 inherently migrated faster than
T47D under control conditions. Within 24 hours, scratched wounds of MDA-
MB-231 and T47D cell monolayers could be closed by approximately 70-80%
and 40-50%, respectively (section 4.4.1.4). The haptotaxis scratch-wound assay
was therefore performed over a 24-hour interval for MDA-MB-231 parental
and the respective transfected cells or over a 72-hour interval for T47D parental

and the respective transfected cells.

Both mock-transfected 231Ctrl and T47DCtrl cells migrated largely slower than
their respective parental cells at all investigated time points (2, 4, 6, and 24
hours for MDA-MB-231; 6, 24, 48, and 72 hours for T47D). For instance, at 24-

hour post-scratch, wound closures of 231Ctrl or T47DCtrl vs the respective
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parental cell lines were 46.37% vs 79.60% (P = 0.0004) and 14.18% vs 56.03%
(P = 0.0002), respectively. As all transfected cells were treated with the non-
selective medium two days before being used in the assays and during
experimentation, G418 was not the factor interfering cell migration of the
transfected cells (supported by section 3.4.2.2). Such data is suggestive of the

empty vector reducing the migratory ability of breast cancer cells.

The empty vector was a potential factor causing a reduction in the migration
rate of mock-transfected T47DCtrl cells in comparison to the parental cells.
Moreover, the current study was considerate of the differential effects of the
low-serum culture medium (0.5% DBS), used as a proliferative inhibitor after
wound-scratch, on the wound healing of both cells. As described in section
4.4.1.3, by culturing cells in 0.5% DBS culture medium, the numbers of
transfected T47DCtrl and T47DCAST1 cells were stable over 72 hours of growth
curves analyses. In comparison, parental T47D cells remained to significantly
proliferate in the low-serum medium, although at a slower rate compared to
being cultured with the regular medium (10% DBS). This suggests that in
addition to the effect of the empty vector, the slower wound healing in
T47DCtrl cells compared to T47D parental cells might be a result of the low-
serum medium significantly inducing the proliferation of the parental cells but

lacking the effect on T47DCtrl proliferation.

Unexpectedly and unlike the effect of calpeptin, overexpression of Type 1 in
both MDA-MB-231 and T47D cells, as well as Type 2 in MDA-MB-231 cells,
increased cell migration. In comparison, calpeptin significantly inhibited
migration of either parental or mock-transfected MDA-MB-231 cells (18.02 and
21.50 % inhibition, respectively, at 24-hour post-scratch; section 4.5.1.5).
Although significant downregulation of calpain activity was detected by the t-
boc assay following calpeptin treatment (section 4.2.2), calpeptin could not
induce any alteration to the migration of either parental or mock-transfected
T47D cells. As the 24-hour treatment with 50 uM calpeptin did not have any
effect on cell proliferation in MDA-MB-231 and T47D (section 4.2.1), the
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changes in cell migration influenced by such agent were not a result of different
cell proliferation rates between the experimental and no-treatment groups.
Calpastatin Type 1 overexpression significantly induced the migration of both
231CAST1 and T47DCAST1 cells at all investigated time points. For instance, at
24 hours post-wounding, both cells migrated significantly faster relative to their
respective mock-transfected controls by 42.61% for 231CAST1 cells, and
93.30% for T47DCAST1 cells. Type 2-overexpressing 231CAST2 also seemed to
have higher migratory activity relative to the mock-transfected cells at all time-
point, but a significant effect of Type 2 overexpression was only observed at 2

hours after producing wound (37.44% increase) (section 4.4.1.4).

Conventional calpain-1 and -2, generally, have been positively implicated in
regulating cell motility by several mechanisms, including destabilising cell
adhesion to ECM, promoting rear detachment, cell spreading, membrane
protrusion, chemotaxis, and adhesion complex turnover. Calpains regulate
such processes through their proteolytic substrates, including components of
adhesion complex and migration-related proteins (section 1.3.5.2). Calpain
inhibition, by calpastatin upregulation, pharmacological calpain inhibitors (e.g.,
calpeptin) or genetic disruption of calpain, can prevent the calpain-mediated
cleavage of substrates related to cell migration, leading to the inhibition of in
vitro or in vivo migration of various cell types, including breast cancer MDA-MB-
231 and MCF-7 cells (Rodriguez-Fernandez et al., 2016). For instance, calpain
inhibitors | and Il altered the amount of integrin receptor that detached from
the cell and remained on the substratum at the rear of the CHO cells during
migration, resulting in stabilising cytoskeletal linkages and reducing the rate of
rear cell detachment and cell migration (Huttenlocher et al., 1997). Also, the
CHO cells expressing low calpain-1 level showed the reduced migration rates
and the altered morphology (Huttenlocher et al., 1997). Potter et al. (1998)
revealed that wild-type NIH-3T3 fibroblasts extended lamellae within 30
minutes after plating, and the spreading of the cells on culture plates could be
inhibited by calpastatin overexpression and treatment with calpain inhibitors

(calpeptin and MDL 28, 170). In addition, fibroblast cells overexpressing
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calpastatin encoded by a full-length cDNA lacking only exon 3 were unable to
assemble actin-rich processes and presented a decrease in calpain activity,
causing an increase of the ERM protein ezrin but not radixin and moesin (Potter
et al., 1998). Calpastatin-overexpressing myoblasts could not migrate due to
their rounded morphology, loss of membrane extensions, and disorganisation
of stress fibres, leading to a significant defect in new adhesion formation.
Myristoylated alanine-rich C kinase substrate (MARCKS) level was accumulated
in the myoblast cells having a decreased calpain activity, suggesting that calpain
is involved with either migration or adhesion of myoblast cells through
regulating this actin-binding protein (Dedieu et al.,, 2004). Calpastatin
overexpression also caused a reduction of neuroblast migration in the dentate
gyrus (DG) of the hippocampus in adult murine models (Machado et al., 2017),
while the absence of calpastatin and the consequently increased calpain

activity resulted in the opposing outcome (Machado et al., 2015).

In breast cancer, as defined in section 1.3.5.2, a growing body of evidence
indicates the roles of calpain in regulating breast tumour cell migration and
invasion through a variety of pathways, contributing to disease progression and
metastasis. In a similar vein, calpain inhibition either by overexpressing
calpastatin, silencing calpain expression or using inhibitors has provided
evidence to support that the calpain/calpastatin system is a potential target for
anti-metastasis therapy. For instance, Rodriguez-Fernandez et al. (2016)
showed that calpain is a potential target in regulating disease progression and
metastasis of breast cancer. Calpain inhibitors (calpeptin, calpain inhibitor VI,
and ALLN) suppressed calpain 1-, and calpain 2-mediated cleavage of lactating
mammary gland adhesion proteins (E-cadherin, B-catenin, d-catenin, and talin-
1), indicating that both proteases could precisely recognise and cleave adhesion
proteins from mammary gland epithelia. Knockdown of calpain-1 significantly
suppressed calpain-mediated cleavage of those adhesion proteins and reduced
the migration ability of MCF-7 and MDA-MB-231 breast cancer cell lines
(Rodriguez-Fernandez et al., 2016). However, a previous study of the current

group showed that knockdown of calpastatin had no significant effect on MDA-
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MB-231 and MCF-7 cell migration either with or without the treatment of
A23187 calcium ionophore (Pu, 2016).

As defined, the role of Type 1 and Type 2 calpastatin overexpression in
increasing breast cancer cell migration was an unexpected finding since most
reports show that calpastatin overexpression is much more likely to reduce
calpain-associated cell migration. However, there are studies reporting the
opposing role of calpain inhibition in cell migration and cancer metastasis.
Raimbourg et al. (2013) showed a contradictory role of the calpain-calpastatin
system to what has been published before in metastatic dissemination in a
murine model of melanoma. Calpain inhibition through overexpressing
calpastatin in both tumour and host impeded tumour growth but paradoxically
increased metastatic dissemination to regional lymph nodes. Calpastatin
overexpression in B16-F10 melanoma cell line also reduced the tumour growth
both in vitro and in vivo but enhanced tumour dissemination through increasing
cell resistance to apoptosis and accelerating migration. Besides, calpastatin
transgene expression restricted to host cells decreased immune cell infiltration
in the tumour as well as angiogenesis required for antitumor immunity,
allowing tumour cells to escape tumour niche and disseminate (Raimbourg et
al., 2013). Lokuta et al. (2003) also reported the negative regulatory effect of
calpain activity on cell migration; calpain inhibition in neutrophil caused
increased cell polarisation, rapid chemokinesis in the absence of exogenous
activators, and altered morphology. High calpain activity detected in resting
neutrophils was assumed to repress neutrophil adhesion and migration as well
as to maintain their unstimulated spherical morphology (Lokuta et al., 2003).
Raimbourg et al. (2013) hypothesised that cells exhibiting high calpain activity
may have low focal adhesion dynamics since focal adhesion components are
targets for calpains; inhibition of calpain activity, therefore, support migration.
Furthermore, as mentioned in section 1.3.5.2, cell migration requires a subtle
balance between cellular focal adhesions and detachment from the ECM, both
of which can be regulated by calpain activity. Calpain-dependent proteolysis of

paxillin, for example, has been shown to generate proteolytic fragment, called
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paxillin delta, which functioned as a paxillin antagonist. Paxillin delta was found
to negatively regulate focal adhesion dynamics by reducing focal adhesion
disassembly and decrease migration in HeLa and HEK 293 cell lines (Cortesio et
al., 2011). Kim et al. (2017) reported that disulfiram/Cu-induced calpain
activation in MDA-MB-231 cells could cause the degradation of focal adhesion
molecules (talin and vimentin), the collapse of vimentin filaments, and

eventually the reduction of cell migration and invasion.

Although the inductive effect of calpastatin Type 1- or Type 2-overexpression
on the migration of 231CAST1 or 231CAST2 cells, respectively, was
contradictive to the inhibitory effect of calpain inhibition reported in most
published studies, the increased migration ability corresponded to the
increased calpain activity detected in both cells (section 4.2.4.1). Zhang (2018)
stated that ovarian cancer cell lines, including SKOV3, PEO1 and PEO4 ranked
from high to low, seemed to show a positive linear correlation between calpain
activity level and migratory ability, similar to what was reported in non-tumour
human myoblasts cells and rhabdomyosarcoma cells (Roumes et al., 2010). In
the current study, the migration ability of the basal-like cell clones from high to
low was 231CAST1, 231CAST2 and mock-transfected 231Ctrl (section 4.4.1.4),
while ranking 231CAST2, 231CAST1, and 231Ctrl clones from high to low calpain
activity levels (section 4.2.4.1). Between 231CAST1 and 231CAST2, however,
their calpain activity (39.82 vs 70.78 % relative increase) and ability to migrate
(42.61 vs 18.16 %relative increase) were not statistically different. The
presumption that the increased migration activities of calpastatin isoform 1- or
2-overexpressing breast cancer cells might be due to the increased calpain
activity or the specific property of each isoform on cell migration had no firm
supportive information obtained from the present study. Therefore, in a future
study conducted by the current group, calpain activity assessments in
T47DCAS1 clone should be considerate. Monoclonal T47DCAST2 clone is also
suggested to be completely established and used to prove the presumption,

mentioned above.
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5.1.8.2 Calpastatin isoform overexpression and endothelial interactions

To our knowledge, this is the first report whereby the role of the calpain-
calpastatin system on tumour cell-endothelial interactions was verified. Static
adhesion assays revealed that the mock-transfected 231Ctrl cells (P = 0.0171)
showed significantly preferential adhesion towards BECs (i.e., hMEC-1) as
opposed to LECs (i.e., hTERT-LEC). Such preferential adhesion of tumour cells
has also been previously reported in MDA-MB-231 and MCF-7 breast cancer
cells by the studies of the current group (Safuan, 2012; Safuan et al., 2012;
Ahmad, 2016). Although the in vitro studies seemed to suggest that BVI was a
preference for breast cancer cells, the IHC study of the current group has
demonstrated that LI (96%), detected by D2-40, is a predominant form of breast
cancer LVI (Mohammed et al., 2007; Mohammed et al.,, 2011). However,
evidence to explain the preference of Ll in breast cancer remains sparse. The
anatomical and physiological properties of lymphatic vessels, which promote LI
over BVI, have been described in section 1.2.2. More active processes inducing
tumour cells to interact with LECs and enter the lumen of lymphatic capillaries
have been suggested, such as the cellular cross-talk involving a large number of
molecules, including macrophage and associated cytokines, as well as

chemokine gradients (section 1.2.3.2.2).

The data obtained from the current study is suggestive of the empty vector
affecting MDA-MB-231 cell adhesion to LECs. The percentage adhesion ability
to hTERT-LEC of the mock-transfected 231Ctrl cells was significantly lower
relative to parental cell line (P =0.0025), but not different in adhesion to hMEC-
1 cells. Although there was a difference of adhesion ability between the mock-
transfected 231Ctrl and parental MDA-MB-231 cells, the role of calpastatin
isoform overexpression on endothelial interactions was interpreted from the
adhesion ability of breast cancer cells overexpressing calpastatin isoforms

relative to that of the mock-transfected 231Ctrl cells.

Type 1 and Type 2 calpastatin seemed to have differential roles in regulating

tumour cell-endothelial interactions (section 4.4.2.3). Type 2 overexpression
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preferentially reduced the adhesiveness of MDA-MB-231 cells to hMEC-1 cells
(49.80% inhibition, P =0.0232) as opposed to hTERT-LEC cells (9.20% inhibition,
P =0.7846), consistent with the effect of calpain inhibition by calpeptin to the
mock-transfected cell adhesion (32.21% inhibition, P = 0.0244 to hMEC-1;
6.17% inhibition, P = 0.9307 to hTERT-LEC). Conversely, Type 1 overexpression
played a different role by preferentially causing an increased affinity of the
tumour cells to the hTERT-LEC cells (41.47% induction, P = 0.0080) rather than
to hMEC-1 cells (8.91% induction, P = 0.9522). Although an increase of calpain
activity was detected in both 231CAST1 and 231CAST2 cells, they had opposing
roles in tumour cell adhesion to ECs and different preferences on the type of
ECs to interact with, suggesting a unique effect of each calpastatin Type 1 and
Type 2 on tumour cell-endothelial interactions. Differential subcellular
localisation between both isoforms may be involved with their opposing roles

in regulating tumour cell adhesion.

The number of studies showing the implication of calpain on cell-endothelial
interactions is limited, and calpain activity has been found to positively regulate
such processes. In a genetic Zucker rat model of type 2 diabetes, proteolytic
activity of p-calpain was increased in parallel with the increased expression of
vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion
molecule-1 (ICAM-1) (Stalker et al., 2005). Leukocyte-mesenteric endothelial
interactions and such increased expression of those two cell adhesion
molecules could be suppressed by calpain inhibition using benzyloxycarbonyl-
leucyl-leucinal (ZLLal) (Stalker et al., 2005). Also, calpain has been discovered to
enhance leukocyte cell-endothelial interaction through angiotensin Il (Ang Il)
type 1 receptor (AT(1)R) signalling (Scalia et al., 2011). Ang llI-induced calpain
activation can cause endothelial dysfunction with disruption of the EC barrier
and increased leukocyte-blood vessel endothelial interactions in both in vivo
studies with mesenteric postcapillary venules and ex vivo studies with aortas of
murine models. While leukocyte adhesion was hindered by the calpain inhibitor
ZLLal, the study has verified that calpain-expressed endothelium rather than

leukocyte-expressed calpain was the target of Ang Il (Scalia et al., 2011).
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Collectively, higher calpain-expressing LECs or BECs may lead to a higher
possibility of lymphatic or blood vessel invasion, respectively, through Ang

[I/AT1R signalling and an increased level of cell adhesion molecules.

However, calpain activation is also associated with suppression of cell-cell or
cell-ECM interactions, but calpain inhibition stabilises cell adhesion (section
1.3.5.2). For the role of calpain activity in cell-cell adhesion, knockdown of
calpain-1 significantly suppressed calpain-mediated cleavage of the lactating
mammary gland proteins (E-cadherin, B-catenin, and 3-catenin) and reduced
disruption of cell adhesion in MCF-7 and MDA-MB-231 breast cancer cells
(Rodriguez-Fernandez et al., 2016). By calpain activation, integrins, which are
heterodimeric cell-surface receptors and fundamental in cell-cell and cell-
matrix adhesion, could be negatively regulated their functions in mediating
adhesion, signalling, and cytoskeleton association during apoptosis of human
umbilical vein ECs (Meredith et al., 1998). Calpain can also shift the functional
outcome of integrin signalling from cell spreading to retraction in CHO cells by
mediating cleavage of integrin B3 subunit at C-terminal Tyr(759) (Flevaris et al.,
2007). Calpain-mediated disassembly of focal adhesions results in a reduction
in the strength of cell adhesion to ECM (section 1.3.5.2). In primary chicken
embryo fibroblasts (CEF), calpain-dependent proteolysis of FAK was observed
accompanied by v-Src-induced disassembly of focal adhesions. Calpain
inhibitors | and 1l, however, suppressed v-Src-induced focal adhesion
disruption, loss of substrate adhesion, and cell migration (Carragher et al.,
2001). In CHO cell line, calpain inhibition using calpain inhibitors | and Il have
been shown to specifically stabilise peripheral focal adhesion, decrease the rate
of cell detachment, increase cell adhesiveness, and modify the fate of integrin
receptors at the rear of the cell during migration (Huttenlocher et al., 1997). In
neutrophil, calpain inhibition increased cell adhesion, polarisation,
chemokinesis in an absence of exogenous activators and altered neutrophil
morphology. High calpain activity with p-calpain being the predominant active

isoform detected in resting neutrophils may act as a negative regulator of
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neutrophil adhesion, protrusion, and migration and may also function to

maintain their unstimulated spherical morphology (Lokuta et al., 2003).

The effect of calpastatin Type 1 overexpression in enhancing cell adhesion to
ECs as observed in MDA-MB-231 cells could not be assessed in the T47D luminal
A cell model by the same experimental design. With extending the adhesion
period of the assay from 35 minutes, as used in the experiment of MDA-MB-
231 cells, to 20 hours, T47D parental cells did not firmly adhere to both hMEC-
1 and hTERT-LEC monolayers (section 4.4.2.3). Almost entirely adhered T47D
cells detached from EC monolayers after the washing step. Together with
results from scratch-wound assays, T47D cells had a relatively lower migration
ability, as opposed to MDA-MB-231 cells; at a 24-hour time point, MDA-MB-
231 and T47D cells migrated under the same condition (10 pg/mL mitomycin C
in complete medium) to cover approximately 80% and 35%, respectively, of the
cell-free area (section 4.4.1.2.3). These findings suggest lower abilities of the
luminal cells in LVI and metastasis, in comparison with the basal-like triple-
negative cells. Consistent with previous studies of the current group, MCF-7
luminal A breast cancer cells showed lower affinities to both hMEC-1 and
hTERT-LEC models compared to the basal-like triple-negative MDA-MB-231
cells (Safuan, 2012; Safuan et al., 2012, and Ahmad, 2016). The cohort study of
invasive breast cancer patients, however, showed no statistic difference of the
prevalence of LI, detected by D2-40, amongst all four main subtypes, including
triple-negative (22.5%), luminal A (20.9%), luminal B (27.7%), and HER2-
enriched cases (31.7%) (He et al., 2017).

5.1.9 Effects of A23187 calcium ionophore on calpain activity and
phenotypic characteristics

Efficient control of intracellular Ca?* concentration is critical for mediating
fundamental cell physiology, including cell cycle, proliferation, apoptosis,
motility and invasion (Cui et al., 2017), via regulating calpains (Croall and
DeMartino 1991; Ono and Sorimachi 2012; Cui et al., 2017), and other

intracellular downstream effectors, such as calmodulin (CaM), calmodulin-
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dependent protein kinase Il (CaMKIl), nuclear factor of activated T-cells (NFAT),
and NF-kB (Farfariello et al., 2015; Cui et al., 2017). In the calpain-calpastatin
system, Ca?* flux plays a significant role in both activating calpain and enhancing
calpastatin inhibition of calpains, suggesting that calpastatin might attenuate
activated calpains, rather than prevent activation (Wells & Leloup, 2010).
A23187 calcium ionophore, used in the current study, has been reported to
enormously enhance a Ca?* influx into MCF-7 breast cancer cells after being
exposed to 0.01-10 uM A23187 for 24 hours (Journé et al., 2004). A23187
promotes the release of intracellular Ca?* stores and the influx of extracellular

Ca?* (Mtango et al., 2008), before subsequently increasing calpain activity.

A23187 has demonstrated the inductive effect on calpain activity in a variety of
cell types. In SH-SY5Y neuroblastoma cells, cleavage of caspase-7 and -9, the
direct substrates of calpains, was activated by pre-incubation with 1 uM
A23187 for 5, 10, and 30 minutes but inhibited by 5 uM calpain inhibitor Il (Chua
et al., 2000). Exposure of human T lymphocyte Jurkat cells to 1 uM A23187 for
0.5, 1, 2 or 3 hours induced calpain-dependent cleavage of cain/cabinl during
apoptosis as well as Rhodamine-110-based substrate. Such A23187-induced
calpain activities could be suppressed by calpeptin and zLLY calpain inhibitors
(Kim et al., 2002). Heterodimeric calpains, for another example, in erythrocytes
could be rapidly activated by 3 uM A23187 (Molinari et al., 1994). In breast
cancer cells, calpain activity in MDA-MB-231 cells could be enhanced after 30
minutes of exposure to 0.1 uM (10% increase detected by t-Boc assay) and 2
UM A23187 (94% increase detected by Suc-LLVY-AMC assay) (Pu, 2016). In the
current study, by using t-Boc assay, calpain activity in MDA-MB-231 cells pre-
treated with 2 uM A23187 for 30 minutes was enhanced by approximately 10%,
which could be normalised towards the basal level after exposure to 50 uM
calpeptin for another 30 minutes. In comparison, 0.5 uM A23187 treatment for
24 hours exhibited the higher inductive effect on calpain activity by increasing
58% calpain activity, which was attenuated to 28% by a 30-minute treatment
of calpeptin (section 4.2.3). Although the prolonged treatment of 0.5 uM

A23187 for 24 hours contributed to the largely increased calpain activity in
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parental cells (58% increase), no similar effect on the activity was observed in
231Ctrl mock-transfected cells (section 4.2.4.2). This might be an impact of the
empty vector on calpain activity. For calpastatin-overexpressing cells, A23187
seemed to enhance calpain activity in both 231CAST1 (35.39% increase) and
231CAST2 cell lines (10.12% increase) (section 4.2.4.2).

With limited upregulation of calpain activity explored by the t-Boc assay in the
transfected 231CAST1, 231CAST2 and 231Ctrl cell lines by the 24-hour
treatment with 0.5 uM A23187 (section 4.2.4.2), no significant alteration to
proliferation (section 4.3.1.2), clonogenic survival (section 4.3.2.2), and
migration was observed (section 4.4.1.5). Consistently, such unchanged
phenotypic features also appeared in MDA-MB-231 parental cells although
upregulated calpain activity by A23187 was evidently detected (section 4.2.3).
However, A23187 at a higher concentration (1 uM) or prolonged treatment
(>24 hours) significantly inhibit proliferation and colony formation in all MDA-

MB-231 cell clones (sections 4.3.1.2 and 4.3.2.2).

An increase in intracellular Ca?* has been reported in either suppressing or
enhancing cell proliferation through regulating calpain activity or other
pathways. For instance, in LNCaP prostate cancer cells, increased intracellular
Ca?* using A23187 was found to enhance the degradation of androgen receptor
(AR) (Pelley et al., 2006), a substrate of calpain (Libertini et al., 2007). Such
A23187-mediated degradation of AR has been found to be associated with
either activating or suppressing cell proliferation in prostate cancer in vitro and
in vivo (Yang et al., 2016). In human myelo-erythroid CD34+ leukaemia cells (TF-
1), increased intracellular calcium levels was found to induce cell survival and
proliferation through the activation of the MAPK pathway. Moderate elevation
of Ca?* concentration by cyclopiasonic acid protected TF1 cells from apoptosis,
whereas a higher, but transiently, increased Ca?* level by ionomycin enhanced
cell proliferation. In both cases, caspase-3 activity was attenuated, and Bcl-2
was up-regulated. The higher elevation of Ca?* by ionomycin induced MEK-

dependent biphasic ERK1/2 activation, leading to transferring the cells from
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GO/G1 to S/M phases (Apati et al., 2003). However, Hipfner and Cohen (2004)
stated that signals that trigger cell proliferation also could trigger programmed
cell death. In the case of Ca%*, when the alteration of intracellular CaZ* level
exceeds the normal spatial and temporal boundaries, Ca?* is able to contribute

to cell death through both necrosis and apoptosis (Berridge et al., 2000).

The anti-proliferative effect of A23187 in MDA-MB-231 clones at the higher
concentration (1 uM) and the prolonged treatment (> 24 hours; section 4.3.1.2)
might be a consequence of calcium alteration exceeding the normal spatial and
temporal variation of cellular Ca?* levels or the ability of A23187 in inducing cell
apoptosis through enhancing calpain activity or other factors, such as
calmodulin, NFAT, and NF-kB (Cui et al., 2017). Calpain activity is involved with
both caspase-dependent/independent apoptosis (section 1.3.5.1) and can be
induced by A23187, other calcium ionophores or calcium influx in various
cancer cells, such as pheochromocytorna PC12 (Ray et al., 2000), intestinal
CaCo-2 (Chakrabarti & McClane, 2005), hepatocellular carcinoma HCC (Shi,
Zhang et al. 2013), large cell lung carcinoma LCLC 103H (Gil-Parrado et al.,
2002), hepatic stellate (HSCs) (Li, Yan et al. 2018), breast cancer MDA-MB-231
and MCF-7 cell lines, and xenograft mouse models of breast cancer (Sareen et
al., 2007). A23187 may also decrease the clonogenicity of the MDA-MB-231
clones (section 4.3.2.2) through enhancing calpain-mediated apoptosis.
However, Vara-Ciruelos and co-workers revealed that pre-treatment with 10
UM A23187 for 6 hours exhibited a protective effect against etoposide (100 and
250 nM) in impeding clonogenic survival of HeLa human cervical cancer and

G361 human Caucasian malignant melanoma cells (Vara-Ciruelos et al., 2018).

Without a statistic significance, migration of 231CAST1 cells seemed to be
increased by A23187 (from 66.13 to 75.08 %wound closure, P = 0.1598 at 24
hours post-scratch), indicating an effect of A23187-mediated calpain activity on
cell migration (section 4.4.1.5). By contrast, a significant reduction of cell
migration was observed in A23187-treated T47D parental cells at 72 hours post-
scratch (from 95.85 to 87.61 %wound closure, P = 0.0186, section 4.4.1.5). The
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study in ovarian cancer cells by Zhang (2018) also found that A23187
significantly contributed to increased calpain activity detected by the t-Boc
assay and the inhibition of SKOV3 cell migration detected by the scratch-wound
assay. The reduced migratory ability of A23187-treated cells might be due to
the Ca?*-inducing effect of A23187 in inducing calpain-mediated proteolysis of
adhesion complex components and migration-related proteins, such as paxillin
(Cortesio et al.,, 2011) or talin and vimentin (Kim et al., 2017), which
subsequently cause a suppression of cell migration, as discussed in section
5.1.8.1. Elevated Ca?* induced by A23187 may also downregulate tumour cell
migration through other pathways, such as calcineurin-mediated signalling in
cell chemotaxis to type IV collagen, as observed in A2058 human melanoma
cells (Hodgson & Dong, 2001). Moreover, it is possible that A23187-induced
Ca?* concentrations can initiate cell death through necrosis or apoptosis
(Berridge et al., 2000). Apoptosis could be induced by A23187 or initiated
spontaneously to maintain the homeostatic cellular balance (Gavrilescu &
Denkers, 2003). Amongst all T47D cell clones, parental cells were the only type
of cells remaining proliferative in 0.5% DBS medium, used in inhibiting cell
proliferation post-scratch, throughout 72 hours of experimentation (section
4.4.1.3). Thus, apoptosis might be responsible for overgrowth of the wild type

cells at the 72-hour time point, leading to a reduction of cell migration.

Amongst all phenotypic endpoints assessed in all MDA-MB-231 clones,
treatment with A23187 at 0.5 uM for 24 hours only significantly affected
tumour cell-BEC interactions (section 4.4.2.4), suggesting that tumour adhesion
to BECs might be relatively more sensitive to the effect of Ca?* influx compared
to the other phenotypic characteristics investigated in the current project.
Although overexpression of calpastatin Type 1 and Type 2 seemed to have
contradictory roles on MDA-MB-231 cell adhesion to both hMEC-1 and hTERT-
LEC models (i.e., inductive and suppressive, respectively), A23187 was able to
significantly suppress the interactions between either 231CAST1 or 231CAST2
and the hMEC-1 models but did not cause any significant alteration on the

adhesion to hTERT-LEC cells (section 4.4.2.4). With a potential to induce calpain
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activity detected by t-Boc assay (section 4.2.4.2), A23187 significantly reduced
the adhesion to hMEC-1 cells in 231CAST1 and 231CAST2 (57.17 and 87.14
%inhibition, respectively). Although there was no statistical significance, LEC
interactions were reduced by A23187 in 231CAST1 cells (27.79% inhibition) but
increased in 231CAST2 cells (5.25% induction). A23187 or increased cytosolic
Ca?* have been reported to either increase or decrease cell adhesion, as will be
discussed further. Although A23187-upregulated calpain activity in 231Ctrl
mock-transfected cells seemed not to be detected by the t-Boc assay, A23187
significantly suppressed 231Ctrl cell adhesion to hMEC-1 cells (35.42%
inhibition) but seemingly increased the adherence to the hTERT-LEC model
(9.78% induction). These findings suggest that A23187 might regulate 231Ctrl
cell adhesion through other pathways, as discussed further below, rather than

via controlling the calpain system.

A23187, generally, has been reported to induce tumour-endothelial cell
interactions through influencing pro-adhesive molecules, which are
lipoxygenase products of arachidonic acid (AA) metabolism. Treatment of
human umbilical vein ECs (HUVECs) and bovine aortic ECs (BAECs) with
inflammatory stimuli, including A23187, significantly increased the numbers of
MCEF-7 breast cancer cells and JEG-3 choriocarcinoma cells adherent to the ECs
compared to GH-3 non-metastatic pituitary cell. Upon stimulation, while GH-3
cells preferentially generated prostaglandins, MCF-7 and JEG-3 carcinoma cells
produced lipoxygenase products (LTB4 and 5-HETE). The lipoxygenase inhibitor
nordihydroguiaretic acid partially inhibited adhesion of MCF-7 and JEG-3 to ECs,
suggesting that lipoxygenase products of AA play a role in tumour-EC
interaction and metastasis (Damtew & Spagnuolo, 1997). Increasing cytosolic
Ca?* by oxidised low-density lipoprotein (LDL) or A23187 induced a
phosphatidylserine-dependent adhesion of Jurkat T cells to HUVECs (Qu et al.,
2000). Although to our knowledge, there is no publication showing the effect
of A23187 on calpain-mediated endothelial interactions, A23187 may increase
the interactions through influencing calpain activity, as calpain activity has been

found to positively regulate such processes (discussed in section 5.1.8.2).
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A23187 also dramatically enhanced AA-mediated adhesion of metastatic
human breast carcinoma MDA-MB-435 cells to various ECM protein substrates,
such as vitronectin and type IV collagen (Palmantier et al., 1996; Kennett et al.,
2004). AA-mediated adhesion of MDA-MB-435 cells to collagen type IV
depended on the PKC pathways and was associated with the translocation of
PKCu from the cytoplasm to the membrane (Kennett et al., 2004). As PKC is a
substrate for p-calpain- and m-calpain-mediated cleavage to produce a
catalytically active PKC fragment (Mikawa, 1990), inhibition of calpain activity
by calpeptin or MDL-28170 has been shown to repressed the production of the
truncated PKCu and attenuated the increased AA-mediated adhesion of the
breast cancer cells (Kennett et al., 2004). These studies revealed the evidence
for calpain cleavage of a non-structural protein causing an increase of tumour
cell adhesion. Treatment with A23187 also enabled the rapid induction of
integrin-dependent T cell adhesion to three distinct ligands: the ECM protein
fibronectin, and the cell surface molecules VCAM-1 and ICAM-1 (Shimizu et al.,
1992). Moreover, the calcium-sensing receptor (CaSR), a family C G protein-
coupled receptor, that can be activated by raising the levels of extracellular
divalent cations, has been reported to promote cell adhesion and migration
through coupling to members of the integrin family of ECM-binding proteins in

medullary thyroid carcinoma cells (Tharmalingam et al., 2011).

Although the effects of A23187 or increased cytosolic Ca?* mostly have been
described to increase cell adhesion, the effects of A23187 in suppressing the
interactions previously observed between tumour cells and the EC models
(section 4.4.2.4) might be due to an increase in calpain-mediated cell
detachment (discussed in section 5.1.8.2) through A23187-induced calcium ion
influx. For instance, the ion channel kinase TRPM7 was reported to be
implicated in focal adhesion disassembly and cell detachment through
regulating m-calpain activity by mediating the local influx of Ca?* into peripheral
adhesion complexes. While silencing of TRPM7 by siRNA strengthened cell
adhesiveness and elevated the number of peripheral adhesion complexes in

HEK 293 cells, knockdown of m-calpain prevented TRPM7-induced cell
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rounding and loss of cell adhesion (Su et al., 2006). In addition, the observed
decrease in the adhesive ability of transfected MDA-MB-231 cells to ECs might
be a result of A23187-induced apoptosis, as mentioned previously that calcium
ionophores (i.e., A23187) or calcium influx were able to induce apoptosis
through regulating calpain activity or different pathways. There are
publications illuminating the association between apoptosis and loss of cell
adhesion. Loss of cell-ECM adhesion or unligated integrin leads to activation of
anoikis, a form of apoptosis, which is an important mechanism for preventing
detached cells surviving in inappropriate places and growing dysplastically
(Suzanne & Steller, 2009), through both major signalling routes for cell death,
i.e., the intrinsic (mitochondria) and extrinsic (death receptor) pathways (Zhong
& Rescorla, 2012). For instance, in hepatocellular carcinoma cells, the reduction
of adhesion signal molecules (i.e., FAK, ILK, PKB, and B-catenin) has been found
to induce apoptosis (Su et al., 2005). Whereas alterations in cell adhesion are
known to regulate caspases, they are also able to regulate cell adhesion
(Suzanne & Steller, 2009). Disassembly of adherens junctions during apoptosis
in Drosophila has been found to be progressive and require the amino-terminal
cleavage of the B-catenin Armadillo, a major regulator of cadherin-mediated
adhesion, by the apoptotic effector caspase DrICE (Kessler & Muller, 2009;
Suzanne & Steller, 2009).

As treatment with 0.5 pM A23187 for 24 hours had no effect on the
proliferation (section 4.3.1.2) and clonogenic survival (section 4.3.2.2) of all
transfected MDA-MB-231 clones, their decreased adhesive ability towards ECs

was not a result of the cytotoxicity of such treatment.

5.2 Limitations and suggestions for future work

5.2.1 Cell lines, other models and related phenotypic assays

Breast cancer is a complex and heterogeneous disease with multiple distinctive
characteristics, different morphological features and clinical behaviours (Badve
et al.,, 2011). Molecular stratification based on protein or gene expression

profiling allows breast cancers to be subdivided into several distinct subtypes.
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Five common intrinsic subtypes (luminal A and B, HER2-enriched, basal-like,
and normal-like), however, are typically considered for differentially planning
breast cancer management, assessing prognosis, and predicting patient
outcomes (Perou et al., 2000; Sorlie et al., 2001; Sotiriou et al., 2003; Desmedt
et al., 2009; Russnes et al., 2017). In the in vitro settings, the current study
found that calpastatin Type 1 and Type 2 potentially play a role in regulating
cellular functions related to breast cancer progression and LVI. However, this is
mainly generated from only one cell representative of basal-like breast cancer
(MDA-MB-231) and partly in one cell representative of luminal A subtype
(T47D). It would be insightful to explore the full differential functions of all
calpastatin Type 1, Type 2 and Type 3, encoded by exon3-containing cDNA, in
regulating breast cancer progression and LVI of both MDA-MB-231 and T47D
lines, as well as other cell models. Further study, therefore, is required to
confirm the role of calpastatin Type 1 and Type 2 as regulators of cancer
progression and LVI in more representative cell lines of various breast cancer
subtypes, i.e., luminal A (e.g., MCF-7 and BT483), luminal-B (e.g., BT474 and
UACC812), HER2-enriched (e.g., JIMT-1 and SKBR3), and basal-like (e.g., MDA-
MB-468 and SUM149). Moreover, it would be useful to confirm how calpastatin
Type 1 and Type 2 modulate calpain activity and the phenotypic endpoints by
the specific knockdown of Type 1 or Type 2 using shRNA or CRISPR-Cas9, or
knockdown of the basal calpastatin expression followed by upregulation of
each calpastatin isoform in breast cancer cell lines. For future breast cancer
research, IHC or in vivo xenograft studies are suggested, to examine the
association between calpastatin Type 1 or Type 2 and pathological variations
related to breast cancer LVI, progression, or metastasis. In addition, it is
interesting to investigate whether calpastatin isoforms retain their unique
subcellular localisation in cell line-derived xenograft murine models and human

breast cancer tissues.

All the in vitro investigations in the current study were performed in a two-
dimensional (2D) model, which does not adequately mimic the in vivo

microenvironment (Huh et al., 2011). Although the traditional 2D cell culture
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has been demonstrated to be a valuable technique for cell-based studies to
improve our understanding of cell biology, tissue morphology, mechanisms of
diseases, protein production, the development of tissue engineering, and drug
action, limitations of 2D models have been increasingly recognised. In focusing
on drug discovery and cell-based biosensors, 2D cell culture examinations
sometimes deliver nonpredictive and misleading information for in vivo
responses (Birgersdotter et al., 2005; Weaver et al., 1997; Bhadriraju & Chen,
2002), and only 10% of the compounds successfully progress through clinical
development (Edmondson et al., 2014). To provide more physiologically-
relevant data and more predictive/promising information for in vivo studies,
growing cells as three-dimensional (3D) models, consisting of cell
aggregates/spheroids within/on a biologically derived matrix (e.g., matrigel,
collagen and hyaluronic acid), is more reflective to their existence in vivo
(Edmondson et al., 2014; Kapatczyniska et al., 2018) and being feasibly co-
cultured with other cell types (Breslin & O'Driscoll, 2013). Cellular components
naturally occurring in 3D models’ microenvironment may be more likely to
translate into clinical outcomes (Breslin & O'Driscoll, 2013). As noted in the
literature, 3D models altered cell proliferation, adhesion, invasion and the
related protein expression in comparison to 2D models and could resemble the
in vivo structural and oxygen conditions, as well as the gradients of immune
factor, growth factor, and cytokine of the tumour microenvironment (Weaver
et al., 1997; Fuller & Howell, 2014). Thus, it would be of interest to additionally
determine if the overexpression of calpastatin Type 1, Type 2 or Type 3 act as
key players in regulating breast cancer cells to grow, form colonies, migrate,

and adhere to ECs in 3D or co-culture models.

All data of cell motilities obtained from the current project was based on static
assays. It, therefore, would be worthy to investigate the effect of calpastatin
isoforms on tumour cell migration, and tumour cell-endothelial interactions
under the presence of dynamic flow, as the flow-based assays are more
reflective of the environment of the in vivo processes (Florey & Haskard, 2007;

Shetty et al., 2014). Furthermore, the role that calpastatin isoforms play in
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modulating tumour cell invasion, another crucial cellular function involved in
LVI, assessed either with 2D or 3D models and with/without flow could also be

carried out.

5.2.2 Regulation of calpain activity

Calpain activity is strictly regulated by calcium and endogenous calpain
inhibitor calpastatin. A23187 calcium ionophore was supposed to be used in
the current project as a calpain activator; however, it seemed to demonstrate
the opposite effect to calpain activation, including the suppressing of cell
proliferation, clonogenic survival, migration and endothelial interaction (with
BECs in particular), although a statistical significance was not observed in some
cases. As mentioned in section 5.1.9, efficient control of intracellular CaZ*
concentration is critical for mediating various normal cellular physiology (e.g.,
cell proliferation, apoptosis, migration, adhesion and invasion), and complexity
of Ca?*-signalling, regulating intracellular Ca** concentration, regulates such
cellular processes not only through calpain system but also via various
mechanisms (Farfariello et al., 2015; Cui et al., 2017). A23187-mediated
apoptosis was suspected as a primary underlying mechanism of those
suppressed phenotypic endpoints (e.g., cell proliferation, clonogenic survival,
migration and BEC interactions); treatment with A23187 might induce
programmed cell death via regulating other factors, such as calmodulin, NFAT,

and NF-kB (Cui et al., 2017), in addition to activating calpain.

In addition to Ca?*, A23187 as a mobile ion-carrier also forms stable complexes
with other divalent cations, such as Mn?*, Mg?* and Zn?*. A rise in intracellular
cytosolic of Mn?* has been found to inhibit cell growth and induce apoptosis of
various in vitro cells, such as Epstein Barr virus (EBV)-negative Burkitt's
lymphoma (BL-CL), EBV-transformed B (EBV-BCL) (Schrantz et al., 1999), and
prostate cancer cells (Hernroth et al., 2018). Moreover, Mn?*levels in patients
with breast cancer was lower compared to healthy controls (Shen et al., 2015).
A reduction in intracellular concentration of Mg?* was observed, along with

increased apoptosis in HT29 colon cancer cell (Cappadone et al., 2012). TRPM7-
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mediated Mn?* influx has been shown to stimulate migration in human vascular
smooth muscle (Callera et al., 2009), osteoblastic (Abed & Moreau, 2009; Abed
et al., 2011), and pancreatic adenocarcinoma cell lines (Rybarczyk et al., 2012).
Human breast cancer MDA-MB-231 cells illustrated Mg?*-dependent migration
on fibronectin that could be inhibited by Zn%*; however, Zn?* could not exhibit
identical activity when the migration was modulated by Mn?* exposure
(Lymburner et al., 2013). Thus, it was difficult to draw a firm conclusion that the
phenotypic endpoints of breast cancer cell lines, observed in the current study,

were definitely influenced by Ca?* influx-induced calpain activity.

A wide variety of studies reported calpain activation by other factors besides
Ca?*. Dibucaine, a sodium channel blockade and local amide anaesthetic, has
been recognised and used as a calpain activator in several studies, for more
than two decades (Fox et al., 1991; Rutledge & Whiteheart, 2002; Zhang et al.,
2011; Zhang et al., 2013b). High-energy compounds, such as adenosine
triphosphate (ATP), guanosine triphosphate (GTP), phosphoenolpyruvate,
pyrophosphate, phosphocreatine, and acetyl coenzyme A, were also reported
to induce intracellular calpain activity (Nguyen & Chen, 2014). These
compounds, however, have also been involved with cell physiology via other
pathways, such as enhancing apoptosis via inducing caspase-3 activity by ATP
(Zamaraeva et al., 2005), caspase-3, -6, -8, and -9 (-like) but not caspase-1 (-
like) activity by dibucaine (Arita et al., 2000). Surprisingly, 19-mer oligopeptide
calpastatin subdomains A (SGKSGMDAALDDLIDTLGG) and C
(SKPIGPDDAIDALSSDFTS) can strongly activate p- and m-calpain and increase
the Ca?* sensitivity of both proteases in vitro (Tompa et al., 2002; Banoczi et al.,
2007; Vilagi et al., 2008; Toke et al., 2009). As calpastatin is a specific inhibitor
of calpain, subdomains A or C or their derivatives may be able to act as a specific
calpain activator. Vilagi et al. (2008) synthesised a membrane-permeable
calpain activator, by conjugating an oligo-arginine tail to both 19-mer peptides,
the conjugates of which could enhance neuronal excitability on rat brain slices
ex vivo without additional Ca%* requirement. This literature proposed that the

synthesised activator can be used with any mammalian cells to specifically
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challenge the calpain system without a rise of cytoplasmic Ca?* (Vilagi et al.,

2008).

To continue examining whether calpain activation is involved in specific
phenomena in future studies, it is suggested that: 1) further optimisation of
A23187 working concentrations lacking apoptosis inductive effect is required,
or 2) more specific calpain activators would be interesting, or 3) different types
of activators are necessary to determine whether calpains are involved in
specific phenomena. A lack of specificity in activating calpain activity by
pharmacological calpain activators might cause an insufficiency in altering
phenotypic characteristics of cells or provide misleading information regarding

the involvement of calpain activity in the investigated cellular physiology.

Likewise, since all pharmacological calpain inhibitors are not specific but only
selective to calpain, the inhibitory effect might be deficient in showing
significant changes in cellular functions, such as no effect of calpeptin
presented in regulating cell migration of T47D parental and mock-transfected
cells (section 4.4.1.5). Therefore, it is necessary to use various inhibitors to
determine whether inhibition of calpain activity is involved in this specific
phenomena. Calpeptin (benzyloxycarbonyl-Leu-norLeu-H) has been recognised
as a synthesised cell-penetrative peptide inhibitor against u- and m-calpain
since 1988 (Tsujinaka et al., 1988). It shows more selectivity to inhibit calpain
activity over the chymotrypsin-like activity of the eukaryotic proteasome
compared to calpain inhibitors | (ALLN) and Il (ALLM) (Figueiredo-Pereira et al.,
1994), which more preferentially inhibit p- and m-calpains, respectively, than
others (Zimmerman et al., 1995). Comparing with leupeptin, calpeptin has
more sensitivity to p-calpain, yet is less active against papain, a proteolytic
enzyme (Tsujinaka et al., 1988). Besides proteases, calpeptin also inhibits the
Ca%*-activated mitochondrial K channel in murine models, resulting in the
inductive activation of the permeability transition pore of inner mitochondrial
membranes, the opening of which is responsible for ion equilibration and loss

of membrane potential in apoptosis (Derksen et al., 2016). In the case of
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investigating calpain-mediated apoptosis, use of calpeptin may lead to an
incorrect conclusion of calpain activity, if there is no awareness of the other

targets for calpeptin.

Although a variety of calpain inhibitors are commercially available, it remains
that the discovery of novel calpain inhibitors, driven primarily by improvements
in the specificity for calpains and bioavailability of calpain inhibitors, is required
(Ono et al., 2016). As differential functions in pathophysiological mechanisms
between pu- and m-calpains are present (Prangsaengtong et al., 2012; Santos et
al., 2012; Wang et al., 2016), specific inhibition of each protease may
potentially provide more information regarding the role of such proteases, and
also improve the therapeutic efficacy of the inhibitors on the target
pathologies. Although, to date, a p-calpain-specific inhibitor has not been yet
established (PD151746, an a-mercaptoacrylate derivative, has only ~20-fold
selectivity for p-calpain over m-calpain (Wang et al., 1996), mCalp-I, a peptidyl
a-ketoamide derivative, has been reported to be >100-fold more selective for
m-calpain than for p-calpain (Li et al., 1996; Wang et al., 2014). Moreover, the
observed differential effects of different calpastatin isoforms on the
investigated phenotypic endpoints might be due to their different selectivity in
inhibiting different types of calpain. Therefore, the use of various
specific/selective calpain inhibitors as a comparator to the effects of calpastatin

isoforms is suggested for future projects.

5.2.3 Expression of calpastatin mRNA and proteins

CAST2 mRNA expression in the CAST2-transfected cell model could not be
assessed due to poor PCR efficiency. Thus, PCR protocol optimisation and
CAST2 mRNA expression analysis are required for the future study of the
current group. Although there is no commercially available antibody for specific
detection of calpain isoforms expression, HA-tag antibodies could be
responsible for detecting the expression of HA-tagged full-length calpastatin

Type 1, Type 2 or Type 3. For future projects, it would be useful to produce the
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specific antibodies for each isoform by the current group, collaborators, or the

professional company.

Differential subcellular localisation between calpastatin Type 1 and Type 2 may
be involved with their opposing role in regulating tumour cell adhesion to ECs.
In the presence of A23187, localisation of both isoforms was not changed
(investigated by Dr Sarah Storr, unpublished data). It would be interesting to
investigate the intracellular co-localisation of each calpastatin isoform and

calpain in the presence /absence of Ca?* influx.

5.3 Conclusion

The current study presents the first evidence for the roles of calpastatin isoform
overexpression in regulating breast cancer progression and LVI. The data
suggest that modulating calpain activity via upregulation of calpastatin isoform
1 and 2, encoded by exon3-containing CAST cDNA, contributes to the
promotion of breast cancer progression and LVI differentially in vitro. This
project sheds light on calpastatin Type 1 overexpression in inducing breast
tumour cell proliferation, migration, and endothelial interactions, in particular
that of LECs. Although calpastatin Type 2 upregulation enhanced breast tumour
cell migration, it prevented tumour cell adhesion, specifically to BECs. The
current study, therefore, presents an important in vitro preliminary evidence
supporting that both calpastatin isoforms 1 and 2 may play a role in promoting
tumour progression but are opposingly involved in LVI. The opposing roles in
regulating LVI may be related to their differential subcellular localisation: Type
1 localised mostly throughout the cytoplasm and slightly in the nuclei may
enhance LI, and Type 2 cytoplasmically distributed with a predominant
perinuclear expression may prevent BVI. Further study, therefore, is valuable
to investigate and conclude the role of calpastatin Type 1 and Type 2 as

regulators of breast cancer progression and LVI.
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Appendix B

Table B2.1 Cell lines and culture media

Cell lines Components of culture media Sources Volume
MDA-MB-231 and MDA- Minimum Essential Medium Eagle (MEM) (with Earle’s salts and sodium bicarbonate, M2279, Sigma-Aldrich, UK 500 mL
MB-468 without L-glutamine)
Basal-like/ triple-negative ) ) ) ) )
- bp- ) Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 57 mL
(ER", PR, HER2Y)
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 5.7mL
L-glutamine (200 mM) G7513, Sigma-Aldrich, UK 5.7 mL
MEM Non-essential amino acids solution (100x) M7145, Sigma-Aldrich, UK 5.7mL
SUM149 Ham's F-12 medium H4878, Sigma-Aldrich, UK 500 mL
Basal-like/ triple-negative  Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 50 mL
(ER,, PR, HER2') and - . ) . - . . .
inflammatory type Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 5mL
Insulin (10 mg/mL) 19278, Sigma-Aldrich, UK 0.25 mL
Hydrocortisone (5 mg/mL) H0888, Sigma-Aldrich, UK 0.2mL
T-47D Dulbecco’s Modified Eagle’s Medium (DMEM) (with 4500 mg/L glucose, L-glutamine, and D5796, Sigma-Aldrich, UK 500 mL
Luminal (ER*, PR*, HER2")  sodium bicarbonate, without sodium pyruvate)
Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 5.6 mL
MCF-7 RPMI-1640 medium R8758, Sigma-Aldrich, UK 500 mL
Luminal (ER", PR, HER2')  peat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 5.6 mL
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Cell lines Components of culture media Sources Volume
JIMT-1 Dulbecco’s Modified Eagle’s Medium (DMEM) (with 4500 mg/L glucose, L-glutamine, and D5796, Sigma-Aldrich, UK 500 mL
HER2* (ER", PR, HER2%) sodium bicarbonate, without sodium pyruvate)
Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 5.6 mL
SKBR3 McCoy's 5A medium (modified, with L-glutamine and sodium bicarbonate) M9309, Sigma-Aldrich, UK 500 mL
bL’EnF:izr:;VHERT (ER’, PR, Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 5.6 mL
hMEC-1 MCDB131 Gibco, Life Technologies, UK 500 mL
Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 60 mL
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 6 mL
Hydrocortisone (5 mg/mL) H0888, Sigma-Aldrich, UK 0.12mL
Endothelial growth factor (100 ug/mL) AF-100-15, PeproTech, USA 0.06 mL
L-glutamine (200 mM) G7513, Sigma-Aldrich, UK 30 mL
hTERT-LEC Growth Medium MV C-22020, PromocCell, UK 500 mL
Growth Medium MV SupplementMix C-39225, PromoCell, UK 1 mix
Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 60 mL
Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL) P4333, Sigma-Aldrich, UK 6 mL

Note: Expression of ER, PR, and HER2 in breast cancer cell lines is reviewed from Tanner et al. (2004), Subik et al. (2010), Barnabas and Cohen (2013), Menon et al. (2014),

and Mota et al. (2017).
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Figure 2B.1 Maps of A) pZsGreen1-N1 plasmid (4708 bp) and B) HA-tagged, GFP-removed, pZsGreen1-N1 plasmid (4018 bp).
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Figure 2B.2 Maps of HA-tagged, GFP-removed, DNA constructs of full-length calpastatin Type 1 (6351 bp)
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Figure 2B.3 Maps of HA-tagged, GFP-removed, DNA constructs of full-length calpastatin Type 2 (6306 bp).
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Sequence of HA-tagged, GFP removed, pZsGreen1-N1 plasmid (4018 bp)

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTT
ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCC
ATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCA
GTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCAT
TATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCA
TGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTC
CACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAAC
TCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTGGTTTAGT
GAACCGTCAGATCCGCTAGCATGEGTGGTGGTGGTGGTGGTTACCCATACGATGTTCCAGATTACGCTTAA
GGTACCGCGGGCCCGGGATCCACCGGTCGCCACCTAAGCGGCCGCGACTCTAGATCATAATCAGCCATACC
ACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATG
CAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCAC
AAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCGTAAATT
GTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGA
AATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACA
AGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCA
CTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAA
GGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGC
GAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCG
CTTAATGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTA
TTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAA
AAAGGAAGAGTCCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCA
GGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCC
AGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAAC
TCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTT
ATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTA
GGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACG
CAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCT
GATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCC
CTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTG
TGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCT
GTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGA
TCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCG
GTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTC
AAGGCGAGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGT
GGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAG
CGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTA
TCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGG
GTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGA
AAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGG
AGTTCTTCGCCCACCCTAGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGC
TATGACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGT
CCCAGGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTC
CCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAGGCCCTGCCA
TAGCCTCAGGTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAA
GATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTA
GAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCAC
CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCA
GAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCAC
CGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCG
GGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACA
GCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGC
TTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGG
GAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGA
TTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCT
GGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCG
CCATGCAT

Note: Glycine linker, HA tag
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HA-tagged full-length CAST1 sequence (2418 bp)

HA-tagged CAST1 (2418 bp) constructed in GFP removed, pZsGreenl-N1
plasmid. The whole DNA construct (6351 bp) is consisted of 2373 bp of CAST1

sequence.

ATGTCCCAGCCCGGCCAGAAGCCCGCCGCLCTCCCCGCGGCCCCGGCGAGCAGCCGLLCGLCLCCGLLCGLACCCA
TGAGCATGTCAGTGAAAAAACCAGTGAATCGCCTTCCAAACCAGGAGAAAAGAAAGGATCAGATGAGAAA
AAAGCAGCAAGCCTCGGCAGCAGTCAATCCTCCAGAACCTATGCTGGTGGAACAGCCTCGGCCACCAAGGT
GTCAGCTTCCTCTGGTGCAACCAGCAAGTCTTCCAGTATGAATCCCACAGAAACCAAGGCCATTCCAGTCAG
CCAACAGATGGAAGGACCACATCTTCCTAACAAGAAAAAACACAAAAAACAGGCTGTAAAAACAGAACCTG
AGAAGAAGTCACAGTCAACCAAGCTGTCTGTGGTTCATGAGAAAAAATCCCAAGAAGGAAAGCCAAAAGA
ACACACAGAGCCAAAAAGCCTACCCAAGCAGGCATCAGATACAGGAAGTAACGATGCTCACAATAAAAAA
GCAGTTTCCAGATCAGCTGAACAGCAGCCATCAGAGAAATCAACAGAACCAAAGACTAAACCACAAGACAT
GATTTCTGCTGGTGGAGAGAGTGTTGCTGGTATCACTGCAATATCTGGCAAGCCGGGTGACAAGAAAAAAG
AAAAGAAATCATTAACCCCAGCTGTGCCAGTTGAATCTAAACCGGATAAACCATCGGGAAAGTCAGGCATG
GATGCTGCTTTGGATGACTTAATAGATACTTTAGGAGGACCTGAAGAAACTGAAGAAGAAAATACAACGTA
TACTGGACCAGAAGTTTCAGATCCAATGAGTTCCACCTACATAGAGGAATTGGGTAAAAGAGAAGTCACAA
TTCCTCCAAAATATAGGGAACTATTGGCTAAAAAGGAAGGGATCACAGGGCCTCCTGCAGACTCTTCGAAA
CCCATAGGGCCAGATGATGCTATAGACGCCTTGTCATCTGACTTCACCTGTGGGTCGCCTACAGCTGCTGGA
AAGAAAACTGAAAAAGAGGAATCTACAGAAGTTTTAAAAGCTCAGTCAGCAGGGACAGTCAGAAGTGCTG
CTCCACCCCAAGAGAAGAAAAGAAAGGTGGAGAAGGATACAATGAGTGATCAAGCACTCGAGGCTCTGTC
GGCTTCACTGGGCACCCGGCAAGCAGAACCTGAGCTCGACCTCCGCTCAATTAAGGAAGTCGATGAGGCAA
AAGCTAAAGAAGAAAAACTAGAGAAGTGTGGTGAGGATGATGAAACAATCCCATCTGAGTACAGATTAAA
ACCAGCCACGGATAAAGATGGAAAACCACTATTGCCAGAGCCTGAAGAAAAACCCAAGCCTCGGAGTGAAT
CAGAACTCATTGATGAACTTTCAGAAGATTTTGACCGGTCTGAATGTAAAGAGAAACCATCTAAGCCAACTG
AAAAGACAGAAGAATCTAAGGCCGCTGCTCCAGCTCCTGTGTCGGAGGCTGTGTGTCGGACCTCCATGTGT
AGTATACAGTCAGCACCCCCTGAGCCGGCTACCTTGAAGGGCACAGTGCCAGATGATGCTGTAGAAGCCTT
GGCTGATAGCCTGGGGAAAAAGGAAGCAGATCCAGAAGATGGAAAACCTGTGATGGATAAAGTCAAGGA
GAAGGCCAAAGAAGAAGACCGTGAAAAGCTTGGTGAAAAAGAAGAAACAATTCCTCCTGATTATAGATTA
GAAGAGGTCAAGGATAAAGATGGAAAGCCACTCCTGCCAAAAGAGTCTAAGGAACAGCTTCCACCCATGA
GTGAAGACTTCCTTCTGGATGCTTTGTCTGAGGACTTCTCTGGTCCACAAAATGCTTCATCTCTTAAATTTGA
AGATGCTAAACTTGCTGCTGCCATCTCTGAAGTGGTTTCCCAAACCCCAGCTTCAACGACCCAAGCTGGAGC
CCCACCCCGTGATACCTCGCAGAGTGACAAAGACCTCGATGATGCCTTGGATAAACTCTCTGACAGTCTAGG
ACAAAGGCAGCCTGACCCAGATGAGAACAAACCAATGGAAGATAAAGTAAAGGAAAAAGCTAAAGCTGAA
CATAGAGACAAGCTTGGAGAAAGAGATGACACTATCCCACCTGAATACAGACATCTCCTGGATGATAATGG
ACAGGACAAACCAGTGAAGCCACCTACAAAGAAATCAGAGGATTCAAAGAAACCTGCAGATGACCAAGAC
CCCATTGATGCTCTCTCAGGAGATCTGGACAGCTGTCCCTCCACTACAGAAACCTCACAGAACACAGCAAAG
GATAAGTGCAAGAAGGCTGCTTCCAGCTCCAAAGCACCTAAGAATGGAGGTAAAGCGAAGGATTCAGCAA
AGACAACAGAGGAAACTTCCAAGCCAAAAGATGACGGTGGTGGTGGTGGTGGTTACCCATACGATGTTCCA
GATTACGCT

Note: Glycine linker, HA tag
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Sequence of HA-tagged full-length CAST2 (2373 bp)

HA-tagged CAST2 (2373 bp) constructed in GFP removed, pZsGreenl-N1
plasmid. The whole DNA construct (6306 bp) is consisted of 2328 bp of CAST2

sequence.

ATGGCATTCGCCAGCTGGTGGTACAAGACGCATGTCAGTGAAAAAACCAGTGAATCGCCTTCCAAACCAGG
AGAAAAGAAAGGATCAGATGAGAAAAAAGCAGCAAGCCTCGGCAGCAGTCAATCCTCCAGAACCTATGCT
GGTGGAACAGCCTCGGCCACCAAGGTGTCAGCTTCCTCTGGTGCAACCAGCAAGTCTTCCAGTATGAATCCC
ACAGAAACCAAGGCCATTCCAGTCAGCCAACAGATGGAAGGACCACATCTTCCTAACAAGAAAAAACACAA
AAAACAGGCTGTAAAAACAGAACCTGAGAAGAAGTCACAGTCAACCAAGCTGTCTGTGGTTCATGAGAAAA
AATCCCAAGAAGGAAAGCCAAAAGAACACACAGAGCCAAAAAGCCTACCCAAGCAGGCATCAGATACAGG
AAGTAACGATGCTCACAATAAAAAAGCAGTTTCCAGATCAGCTGAACAGCAGCCATCAGAGAAATCAACAG
AACCAAAGACTAAACCACAAGACATGATTTCTGCTGGTGGAGAGAGTGTTGCTGGTATCACTGCAATATCTG
GCAAGCCGGGTGACAAGAAAAAAGAAAAGAAATCATTAACCCCAGCTGTGCCAGTTGAATCTAAACCGGAT
AAACCATCGGGAAAGTCAGGCATGGATGCTGCTTTGGATGACTTAATAGATACTTTAGGAGGACCTGAAGA
AACTGAAGAAGAAAATACAACGTATACTGGACCAGAAGTTTCAGATCCAATGAGTTCCACCTACATAGAGG
AATTGGGTAAAAGAGAAGTCACAATTCCTCCAAAATATAGGGAACTATTGGCTAAAAAGGAAGGGATCACA
GGGCCTCCTGCAGACTCTTCGAAACCCATAGGGCCAGATGATGCTATAGACGCCTTGTCATCTGACTTCACC
TGTGGGTCGCCTACAGCTGCTGGAAAGAAAACTGAAAAAGAGGAATCTACAGAAGTTTTAAAAGCTCAGTC
AGCAGGGACAGTCAGAAGTGCTGCTCCACCCCAAGAGAAGAAAAGAAAGGTGGAGAAGGATACAATGAG
TGATCAAGCACTCGAGGCTCTGTCGGCTTCACTGGGCACCCGGCAAGCAGAACCTGAGCTCGACCTCCGCT
CAATTAAGGAAGTCGATGAGGCAAAAGCTAAAGAAGAAAAACTAGAGAAGTGTGGTGAGGATGATGAAA
CAATCCCATCTGAGTACAGATTAAAACCAGCCACGGATAAAGATGGAAAACCACTATTGCCAGAGCCTGAA
GAAAAACCCAAGCCTCGGAGTGAATCAGAACTCATTGATGAACTTTCAGAAGATTTTGACCGGTCTGAATGT
AAAGAGAAACCATCTAAGCCAACTGAAAAGACAGAAGAATCTAAGGCCGCTGCTCCAGCTCCTGTGTCGGA
GGCTGTGTGTCGGACCTCCATGTGTAGTATACAGTCAGCACCCCCTGAGCCGGCTACCTTGAAGGGCACAG
TGCCAGATGATGCTGTAGAAGCCTTGGCTGATAGCCTGGGGAAAAAGGAAGCAGATCCAGAAGATGGAAA
ACCTGTGATGGATAAAGTCAAGGAGAAGGCCAAAGAAGAAGACCGTGAAAAGCTTGGTGAAAAAGAAGA
AACAATTCCTCCTGATTATAGATTAGAAGAGGTCAAGGATAAAGATGGAAAGCCACTCCTGCCAAAAGAGT
CTAAGGAACAGCTTCCACCCATGAGTGAAGACTTCCTTCTGGATGCTTTGTCTGAGGACTTCTCTGGTCCACA
AAATGCTTCATCTCTTAAATTTGAAGATGCTAAACTTGCTGCTGCCATCTCTGAAGTGGTTTCCCAAACCCCA
GCTTCAACGACCCAAGCTGGAGCCCCACCCCGTGATACCTCGCAGAGTGACAAAGACCTCGATGATGCCTT
GGATAAACTCTCTGACAGTCTAGGACAAAGGCAGCCTGACCCAGATGAGAACAAACCAATGGAAGATAAA
GTAAAGGAAAAAGCTAAAGCTGAACATAGAGACAAGCTTGGAGAAAGAGATGACACTATCCCACCTGAAT
ACAGACATCTCCTGGATGATAATGGACAGGACAAACCAGTGAAGCCACCTACAAAGAAATCAGAGGATTCA
AAGAAACCTGCAGATGACCAAGACCCCATTGATGCTCTCTCAGGAGATCTGGACAGCTGTCCCTCCACTACA
GAAACCTCACAGAACACAGCAAAGGATAAGTGCAAGAAGGCTGCTTCCAGCTCCAAAGCACCTAAGAATGG
AGGTAAAGCGAAGGATTCAGCAAAGACAACAGAGGAAACTTCCAAGCCAAAAGATGACGGTGGTGGTGGT
GGTGGTTACCCATACGATGTTCCAGATTACGCT

Note: Glycine linker, HA tag
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Sequence of HA-tagged full-length CAST3 (2169 bp)

HA-tagged CAST3 (2169 bp) constructed in GFP removed, pZsGreenl-N1
plasmid. The whole DNA construct (6102 bp) is consisted of 2124 bp of CAST3

sequence.

ATGAATCCCACAGAAACCAAGGCCATTCCAGTCAGCCAACAGATGGAAGGACCACATCTTCCTAACAAGAA
AAAACACAAAAAACAGGCTGTAAAAACAGAACCTGAGAAGAAGTCACAGTCAACCAAGCTGTCTGTGGTTC
ATGAGAAAAAATCCCAAGAAGGAAAGCCAAAAGAACACACAGAGCCAAAAAGCCTACCCAAGCAGGCATC
AGATACAGGAAGTAACGATGCTCACAATAAAAAAGCAGTTTCCAGATCAGCTGAACAGCAGCCATCAGAGA
AATCAACAGAACCAAAGACTAAACCACAAGACATGATTTCTGCTGGTGGAGAGAGTGTTGCTGGTATCACT
GCAATATCTGGCAAGCCGGGTGACAAGAAAAAAGAAAAGAAATCATTAACCCCAGCTGTGCCAGTTGAATC
TAAACCGGATAAACCATCGGGAAAGTCAGGCATGGATGCTGCTTTGGATGACTTAATAGATACTTTAGGAG
GACCTGAAGAAACTGAAGAAGAAAATACAACGTATACTGGACCAGAAGTTTCAGATCCAATGAGTTCCACC
TACATAGAGGAATTGGGTAAAAGAGAAGTCACAATTCCTCCAAAATATAGGGAACTATTGGCTAAAAAGGA
AGGGATCACAGGGCCTCCTGCAGACTCTTCGAAACCCATAGGGCCAGATGATGCTATAGACGCCTTGTCATC
TGACTTCACCTGTGGGTCGCCTACAGCTGCTGGAAAGAAAACTGAAAAAGAGGAATCTACAGAAGTTTTAA
AAGCTCAGTCAGCAGGGACAGTCAGAAGTGCTGCTCCACCCCAAGAGAAGAAAAGAAAGGTGGAGAAGG
ATACAATGAGTGATCAAGCACTCGAGGCTCTGTCGGCTTCACTGGGCACCCGGCAAGCAGAACCTGAGCTC
GACCTCCGCTCAATTAAGGAAGTCGATGAGGCAAAAGCTAAAGAAGAAAAACTAGAGAAGTGTGGTGAGG
ATGATGAAACAATCCCATCTGAGTACAGATTAAAACCAGCCACGGATAAAGATGGAAAACCACTATTGCCA
GAGCCTGAAGAAAAACCCAAGCCTCGGAGTGAATCAGAACTCATTGATGAACTTTCAGAAGATTTTGACCG
GTCTGAATGTAAAGAGAAACCATCTAAGCCAACTGAAAAGACAGAAGAATCTAAGGCCGCTGCTCCAGCTC
CTGTGTCGGAGGCTGTGTGTCGGACCTCCATGTGTAGTATACAGTCAGCACCCCCTGAGCCGGCTACCTTGA
AGGGCACAGTGCCAGATGATGCTGTAGAAGCCTTGGCTGATAGCCTGGGGAAAAAGGAAGCAGATCCAGA
AGATGGAAAACCTGTGATGGATAAAGTCAAGGAGAAGGCCAAAGAAGAAGACCGTGAAAAGCTTGGTGA
AAAAGAAGAAACAATTCCTCCTGATTATAGATTAGAAGAGGTCAAGGATAAAGATGGAAAGCCACTCCTGC
CAAAAGAGTCTAAGGAACAGCTTCCACCCATGAGTGAAGACTTCCTTCTGGATGCTTTGTCTGAGGACTTCT
CTGGTCCACAAAATGCTTCATCTCTTAAATTTGAAGATGCTAAACTTGCTGCTGCCATCTCTGAAGTGGTTTC
CCAAACCCCAGCTTCAACGACCCAAGCTGGAGCCCCACCCCGTGATACCTCGCAGAGTGACAAAGACCTCG
ATGATGCCTTGGATAAACTCTCTGACAGTCTAGGACAAAGGCAGCCTGACCCAGATGAGAACAAACCAATG
GAAGATAAAGTAAAGGAAAAAGCTAAAGCTGAACATAGAGACAAGCTTGGAGAAAGAGATGACACTATCC
CACCTGAATACAGACATCTCCTGGATGATAATGGACAGGACAAACCAGTGAAGCCACCTACAAAGAAATCA
GAGGATTCAAAGAAACCTGCAGATGACCAAGACCCCATTGATGCTCTCTCAGGAGATCTGGACAGCTGTCC
CTCCACTACAGAAACCTCACAGAACACAGCAAAGGATAAGTGCAAGAAGGCTGCTTCCAGCTCCAAAGCAC
CTAAGAATGGAGGTAAAGCGAAGGATTCAGCAAAGACAACAGAGGAAACTTCCAAGCCAAAAGATGACGG
TGGTGGTGGTGGTGGTTACCCATACGATGTTCCAGATTACGCT

Note: Glycine linker, HA tag
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Table B2.2 Experimental conditions for migration assay

Cell lines

MDA-MB-231 and their
stable transfected cells

T47D and their stable
transfected cells

Seeding density (cells/well)

Incubation time to form a
monolayer

Create wound

PP2 (a selective inhibitor of Src-
family tyrosine kinases)

Cytochalasin D (a potent
inhibitor of actin

polymerisation)

Calpeptin (a calpain inhibitor
used as a positive control)

A23187 (a mobile ion-carrier
that increases intracellular Ca2*
levels)

Cellular proliferation inhibitor

Post-scratch duration

3x10°/well

24 hours

90° by a 200 pL pipette tip

1.25,2.5and 5 uM

0.1 and 0.2 uM (24 hours)
treatment only in parental
cells

50 and 75 uM (24 hours)
treatment only in parental
MDA-MB-231 and 231Ctrl
cells

0.5 UM (24 hours)

10 pg/mL Mitomycin C

24 hours

10x10°/well

24 hours

90° by a 10 uL pipette tip

0.02 and 0.04 uM (24
hours) treatment only in
parental cells

50 and 75 uM (24 hours)

treated only in parental
T47D and T47DCtrl cells

0.5 UM (24 hours)

0.5% Serum medium

72 hours
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Appendix C
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Figure C3.1 Growth curves of basal-like breast cancer cell lines. Figures on the left present
total cell number at each time-point while figures on the right present the log cell number at the
indicated time-points chosen for population doubling time analysis. Data represent the average
+ SD of three independent experiments for MDA-MB-231, and of two independent experiments
for MDA-MB-468 and SUM149.
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Figure C3.2 Growth curves of luminal and HER2-enriched breast cancer cell lines. Figures
on the left present total cell number at each time-point while figures on the right present the log
cell number at the indicated time-points chosen for population doubling time analysis. Data
represent the average * SD of three independent experiments for T47D, and of two independent
experiments for MCF-7, SKBR3, and JIMT-1 cells.
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Table C3.1 Summary of transfection conditions and monoclonal population selection in
MDA-MB-231 cells

Clones

Transfection

Summary of transfection
conditions
Ratios of transfection
reagent (uL) to DNA
constructs (ug),
incubation period & a
multiple-well plate used

for transfection

Optimal conditions to
produce multiclonal
population

Selection of
monoclonal
population

231Ctrl 1)

Fugene 1.7 : 1 for 48hrin
a 12-well plate

Fugene 1.7 : 1; 48hrin
a 12-well plate
Performing 1
experiment to success

Performing 1
experiment to success
producing 5
monoclonal clones;
clonel was chosen.

231CAST1 1)

2)

Fugene 1.7 : 1 for 48hrin
a 12-well plate
Lipofectamine 1.5 : 1 and
3:1for 48hrin a 24-well
plate

Viromer Red 0.4 : 1 for
48hr in a 24-well plate

Lipofectamine 1.5 : 1;
48hrin a 24-well plate
(population A)
Lipofectamine 3 :1 ;
48hrin a 24-well plate
(population B)
Population A showed
higher HA tag
expression compared to
the population B.
Performing 2
experiments to success

Performing 5
experiment to success
producing 11
monoclonal clones
from the population
A; 8 clones expressed
HA tag; clone5 was
chosen.

Performing 3
experiment from the
population B but
unsuccessful.

231CAST2 1)

Fugene 1.7 : 1 for 48hrin
a 12-well plate

Fugene 1.7 : 1; 48hrin
a 12-well plate
Performing 1
experiment to success

Performing 1
experiment to success
producing 5
monoclonal clones; all
clones expressed HA
tag; clonel was
chosen.

231CAST3 1)

Fugene 1.7 : 1 for 48hrin
a 12-well plate; Fugene
25:1,3:1,3.5:1for48
and 72hrin a 24-well
plate; Fugene 3 : 1 for
48hrin a 12-well plate or
for 72hr in a 6-well plate
Lipofectamine 1.5 : 1 and
3:1for 48hrin a 24-well
plate; Lipofectamine 1.5 :
1for 24hrina 24-,12-or
6- well plate

Fugene 1.7 : 1; 48hrin
a 12-well plate- success
to produce the multi-
clonal population but it
was found out later that
there was no HA tag
expression.

Performing 4
experiments but
unsuccessful

Performing 1
experiment to success
producing 4
monoclonal clones;
none of them
expressed HA tag.
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Table C3.2 Summary of transfection conditions and monoclonal population selection in

T47D cells
Clones Transfection Selection of monoclonal
Summary of transfection Optimal conditions to population
conditions produce multiclonal
Ratios of transfection reagent population
(uL) to DNA constructs (ug),
incubation period & a multiple-
well plate used for transfection
T47DCtrl 1) Fugene 1.7:1for48hrina24- Fugene2.5:1;48hrinal12- Performing1

well plate; Fugene 2.5 : 1 for
48hrin a 12-well plate

well plate
Performing 2 experiments to
success

experiment to success
producing 3
monoclonal clones;
clone2 was chosen.

T47DCAST1 1)

3)

Fugene1.7:1,2:1,2.2:1,
2.5:1and3:1for48hrina
24-well plate; Fugene 2:1 and
3:1for 48 and 72hrin a 48-
well plate; Fugene 2.5 : 1 for
48 and 72hrin a 48 and 12-
well plate; Fugene 3 : 1 for
72hrin a 12-well plate
Lipofectamine 0.75:1,1.5: 1
and 3 : 1 for 48hr in a 24-well
plate; Lipofectamine 1.5 : 1 for
24,48 and 72 hr in a 48-well

plate
Viromer Red 0.4 :1; 48hrina
24-well plate

Pooled surviving transfected
cells from the conditions of
the 9t experiment- Fugene
2:1,2.5:1and 3:1 for 48 and
72hr in a 48-well plate and
Lipofectamine 1.5 : 1 for
72hrin a 48-well plate
Performing 9 experiments to
success

Performing 2
experiments to success
producing 10
monoclonal clones;
only 1 clone (clone?)
expressed HA tag.

T47DCAST2 1)

Fugene 1.7 : 1 for 48hr in a 24-
well plate; Fugene 2.5 : 1 for
48hrin a 12-well plate;
Fugene 2.5: 1 for 24, 48 and
72hrin a 24-well plate;
Fugene2:1,25:1and3:1
for 48 and 72hr in a 48-well
plate; Fugene 2.5:1; 48 and
72hr in a 96-well plate (2
wells)

Lipofectamine 1.5: 1and 3: 1
for 48hr in a 24-well plate

1

Fugene 2.5:1; 48hrin
a 12-well plate- Success
to produce the multi-
clonal population but it
was found out later
that there was no HA
tag expression.
2) Fugene2.5:1;72hrin
a 96-well plate (3 wells)
- success to produce 3
multi-clonal
populations
(populations A, B, C)
from each well;
population B expressed
HA tag, population A
had no HA tag
expression; population
C: N/A.
Performing 5 experiments to
success

1) The 1t multiclonal
transfected
population —
performing 1
experiment to
success producing 2
monoclonal clones;
none of them
expressed HA tag.

2) The 2" multiclonal
transfected
population —
performing 3
experiments to
success producing 2
monoclonal clones
from the population
B; none of them
expressed HA tag.

**unfinished making

monoclonal clones

expressing HA tagged
calpastatin from the

population B

T47DCAST3 1)

Fugene 1.7 :1; 48hrin a 24-
well plate; Fugene 2.5 : 1 for
48 and 72hrin a 12-well plate

1) Fugene2.5:1;72hrina
12-well plate —
successful making
multiclonal population
expressing HA tagged
calpastatin

Performing 4 experiments to

success

Performing 3
experiments to success
producing 5
monoclonal clones;
only 1 clone (clone2)
expressed HA tag.
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Appendix D
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Figure D4.1 Growth curves of parental and stably transfected MDA-MB-231 cell lines.
MDA-MB-231 cells and their transfected cell lines with overexpression of full-length calpastatin
Type 1 (231CAST1), Type 2 (231CAST2) and the mock-transfected cells (231Ctrl) were examined
growth curve analysis over 96 hours in selection medium. Figures on the left present total cell
number at each time-point. Data represent the average + SD of three independent experiments,
each in triplicate. Figures on the right show the representative log phases at the indicated time-
points for population doubling time analysis.
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Figure D4.2 Growth curves of parental and stably transfected T47D cell lines. T47D cells
and their transfected cell lines with overexpression of full-length calpastatin Type 1 (T47DCAST1),
Type 3 (T47DCAST3), and the mock-transfected cell (T47DCtrl) were examined growth curve
analysis over 96 hours. Figures on the left present total cell number at each time-point. Data
represent the average + SD of three independent experiments, each in triplicate. Figures on the
right show the representative log phases at the indicated time-points for population doubling

time analysis.
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