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Abstract

An increasing number of advanced breast cancer patients develop overt brain
metastases. This is partly due to recent advances in therapies for visceral metastases
that extend life of patients but remain largely ineffective against late stage brain
metastases. Among the subtypes of breast cancer, triple negative breast cancer
(TNBC) is particularly aggressive and has a strong propensity to metastasise to the
brain. Although TNBC are initially sensitive to chemotherapy (Keam et al., 2007),
response to treatment is usually limited by the development of resistance. Moreover,
current endocrine or human epidermal growth factor receptor 2 (HER2)-targeting
therapies are not effective against TNBC due to the absence of estrogen receptor (ER),

progesterone receptor (PR) or HER2 receptor in this tumour subtype.

Unfortunately, the limited availability of mouse models that closely recapitulate the
entire metastatic process from the mammary gland to the brain remains a major barrier
to identifying relevant prognostic/therapeutic target genes or testing novel therapies
against TNBC brain metastases under clinically relevant settings. Thus, the first aim of
this project was to develop a clinically relevant and robust mouse model of breast
cancer brain metastasis (4T1Br4) that gives rise to a high incidence of spontaneous
brain metastases in syngeneic/immune competent animals. Phenotypic, functional and
transcriptomic characterisation showed that the 4T1Br4 model is phenotypically,
functionally and genetically relevant to human brain-metastatic TNBC. In particular, we
found that 4T1Br4 cells are highly migratory, are more adhesive to brain-derived
endothelial cells and have increased ability to transmigrate endothelial cells and invade
in response to brain-derived factors compared to the parental 4T1 cells from which they

are derived.

We identified a cell adhesion molecule, limitrin, whose high expression is associated
with the increased brain metastatic abilities of 4T1Br4 tumours. Prognostic analysis of
limitrin using BreastMark analysis tool revealed that limitrin is associated with
metastasis and poor clinical outcome in basal-like but not other subtypes of breast
cancer. In addition, we found that limitrin promotes trans-endothelial migration in vitro,
a function likely to be critical for the crossing of tumour cells through the blood-brain
barrier (BBB).



Lastly, we tested the efficacy of novel histone deacetylase inhibitors (HDACi) namely
SB939 and 1179.4b, against mouse (4T1Br4) and human (MDA-MB-231Br) brain
metastatic breast cancer cell lines. SB939 and 1179.4b potently inhibited proliferation
and survival of both cell lines in vitro and inhibited 4T1Br4 tumour growth and
spontaneous metastasis to bone and brain in vivo. Moreover, we observed that both
HDACI have radiosensitising properties against both cell lines in vitro.

In summary, we developed a clinically relevant mouse model of spontaneous TNBC

brain metastasis amenable to identifying therapeutic/prognostic target genes and

evaluating novel therapies against this incurable disease.
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Chapter 1

1. Literature Review

1.1 Overview of thesis structure and objectives

Breast cancer metastasises primarily to the lung, liver, bone and brain. Patients with
advanced breast cancer die of metastases rather than the primary tumour itself.
Despite recent clinical advances in the treatment of metastatic breast cancer, brain
metastasis remain incurable and its incidence is increasing (Steeg et al., 2011, Eichler
et al., 2011). Patients are not routinely screened for the presence of brain metastases
and therefore are often diagnosed when symptoms are already apparent and treatment
options are limited. Hence, there is a need for better therapies and/or biomarkers to
prospectively identify patients at risk of brain metastasis. However, our understanding
of the genes and mechanisms regulating brain metastasis is fragmented, in part due to
the lack of clinically relevant models of breast cancer brain metastasis. Accordingly, the
overall objective of my PhD project was to characterise a new syngeneic mouse model
of spontaneous breast cancer brain metastasis in which to investigate the prognostic
significance and function of a novel brain metastasis gene and to test new therapies

against brain metastasis.

Chapter 1 below presents a review of current literature and summarises our
understanding of breast cancer metastasis to the brain. The chapter highlights some of
the issues in the field and areas of clinical needs and, where relevant, draws a parallel
between the work presented in the results chapters and how they address some of
these issues/needs. The methodology used during my PhD project is described in
detail in Chapter 2. Aims 1, 2 and 3 of my project are addressed specifically in the
results Chapters 3, 4 and 5 respectively. This is followed by a short Discussion
(Chapter 6) that summarises the results from my investigation and the relevance of my

findings to the field. In this chapter, | also propose future areas of investigation.

1.2 Breast cancer —incidence, mortality and subtypes

In Australia, approximately 12,000 patients are diagnosed with breast cancer every
year. Women’s lifetime risk of being diagnosed with breast cancer is 12.5% (1 in 8).
Breast cancer is the second most common cause of mortality in women among all

types of cancer. Mortality from breast cancer is due primarily to metastatic spread, not



Chapter 1

primary tumour. Five-year survival for women with localised disease or lymph node
involvement is close to 100% whereas it drops dramatically when they have distant
metastases (Table 1-1). Breast cancer metastasis to distant organs such as the lung,
liver, bone and brain (Lu and Kang, 2007) is responsible for nearly 3,000 deaths each
year in Australia (Australian Institute of Health and Welfare, 2014). In the United States,
in 2015 alone, it is estimated that 234,190 women will be diagnosed with breast cancer
and 40,730 women will die of it (Siegel et al., 2015).

Table 1-1. Five-year survival of breast cancer patients.

Stages of breast cancer 5-year survival (%)
Localised 98.6
Regional 84.4
Distant 24.3

Table modified from (Howlader N, 2013).

Breast tumours are heterogeneous (Polyak, 2011, Rivenbark et al., 2013) and can be
classified into several molecular subtypes based on gene expression profiling of
thousands of genes using RNAseq or cDNA microarrays that provide a distinctive
“molecular portrait” of each tumour (Perou et al., 2000, Sorlie et al., 2001). The aim of
molecular subtyping of tumours is to guide clinical decisions towards personalised
therapy. However, how to best implement this new molecular classification of breast
cancer patients into routine pathology for diagnostic purposes and the relationships

between molecular classification and clinical parameters is still debated.

Clinical classification of breast cancer patients relies primarily on histological
examination of primary tumour tissues for the expression of cell surface markers
allowing classification into four main histological subtypes (Table 1-2): luminal A
(estrogen receptor (ER) positive, progesterone receptor (PR) positive and human
epidermal growth factor receptor 2 (HER2) negative), luminal B (positive for ER, PR
and HER2), HER2 positive (HER2 amplification) and basal-like (or triple-negative,
negative for ER, PR and HER2) (Allison, 2012). The proportions of these histological
subtypes of breast cancer are: luminal A, 40%; luminal B, 20%; HER2 positive, 15%;
and basal-like, 15-20% (Voduc et al., 2010). The specific breast cancer subtype is a
key determinant of the patient’s local and regional recurrences. The luminal A subtype
is associated with a low risk of local or regional recurrence, whereas the HER2 positive

and basal-like subtypes are associated with a high risk of regional recurrence (Voduc
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et al., 2010). The specific molecular/intrinsic subtype is also relevant to the patient’s
prognosis: while luminal A and B confer good and intermediate prognosis respectively,
HER?2 positive and basal-like breast cancer patients do worse (Sorlie et al., 2001, van 't
Veer et al., 2002). The five-year overall survival rates for luminal A and B breast
cancers are 90.3% and 88.7% respectively, whereas that of HER2 positive and basal-
like are inferior (78.8% and 79.0% respectively) (Onitilo et al.,, 2009). The median
overall survival is 6.1, 9.2 and 3.4 years for the luminal A/B, HER2 and basal-like
subtypes, respectively (Adamo et al., 2011). Of note, the terms triple-negative (TN) and
basal-like are sometimes used interchangeably but these two classifications are not
perfectly overlapping (Bertucci et al., 2008). Breast tumours categorised as “basal-like”
are characterised by the expression of certain basal cytokeratins (CKs) such as CK 5/6
or expression of the epidermal growth factor receptor (EGFR) (Gusterson et al., 2005,
Kanapathy Pillai et al., 2012, Gazinska et al., 2013). Although a majority (50-80%) of
TN tumours are identified as basal-like, not all basal-like tumours are TN (Bertucci et
al., 2008) and recent evidence has revealed that the TN breast cancer (TNBC) is in fact
a heterogeneous disease that encompasses many subtypes. For example, Chen et al.
identified by meta-analysis of gene expression profiles six TNBC subtypes including
two basal-like subtypes (Chen et al., 2012). Therefore caution should be exercised

when using “basal-like” to refer to the TN subtype in general.

Table 1-2. Histological classification of breast cancer subtypes.

Molecular subtype Surrogate markers

Luminal A Strong ER+, PR+/-, HER2-, weak Ki-67
Luminal B Weak ER+, PR+/-, HER2+/-, strong Ki-67
HER2 Strong HER2+, ER/PR+/-

Basal-like ER/PR/HER2-, CK5/6+/-, EGFR+/-

The histological classification of breast cancer subtypes can be distinguished based on
immunohistochemistry assay. Ki-67 is a marker of cell proliferation. CK5/6, cytokeratin
5/6; EGFR, epidermal growth factor receptor. +, positive; -, negative. Table modified
from (Allison, 2012).

1.3 Breast cancer metastasis
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Metastasis refers to a process through which cancer cells spread to distant organs.
Intriguingly, different tumours manifest distinct organ selectivity depending on the types
of cancer. The disproportionate, non-random distribution of target organs for different
types of tumours is termed organotropism. For example, breast cancer patients often
suffer from metastases to the lung, liver, bone and brain. Colorectal cancer commonly
metastasises to the liver but not to the bone and brain. Ninety per cent of advanced
prostate cancer patients develop bone metastases (Lu and Kang, 2007, Hess et al.,
2006). Such organ-selectivity of tumours could be attributed to mechanical factors, i.e.,
the anatomical structure of the vascular system. This concept was first proposed by
James Ewing in 1922 and termed the “vascular flow hypothesis” or “theory of
embolism” (Ewing, 1922). For example, the high incidence of liver metastases in
colorectal cancer patients can be explained by the fact that the first capillary bed
encountered by disseminating colorectal cancer cells is the hepatic portal system to the
liver (Roth et al., 2009, Chambers et al., 2002). Similarly, in experimental animal
models, the route of tumour cell injection substantially influences the anatomical sites
that will be colonised, for example different metastatic patterns between intravenous
injection (via the tail vein) showing lung and liver metastases and intracardiac (via the
left ventricle of the heart) injection showing bone and brain metastases of MDA-MB-
231 cells in mice respectively (Lu and Kang, 2007).

However a body of evidence suggests that factors other than blood flow influence
metastatic organotropism, and this is in line with the “seed and soil” hypothesis
suggested by Stephen Paget (Paget, 1989). From his analysis of 735 autopsy records,
Paget observed that certain tumour cells had affinity for specific organs and postulated
that the propensity of tumours to metastasise to other organs depended on the
compatibility between the cancer cells (the “seed”) and the target organs (the “soil”).
Classical experimental data directly supporting this hypothesis came from studies on
organ-specific metastasis of melanoma led by Isaiah J. Fidler in the 1970s (Fidler and
Nicolson, 1976, Fidler and Nicolson, 1977, Nicolson et al., 1978). When highly
metastatic B16-F10 melanoma cells were injected into syngeneic C57BL/6 mice via
intravenous (i.v.) injection (experimental model), tumours developed in the lungs and
grafted pulmonary tissues in thigh muscle (Hart and Fidler, 1980). Yet, the use of
radioactively labelled tumour cells revealed that tumour cells reached the vasculature
of all organs. This observation led the authors to conclude that the outcome of
metastasis was dependent on both tumour cell properties and host factors. Another
piece of evidence was derived from studies by Tarin et al (Tarin et al., 1984). In these

studies, patients with incurable abdominal cancers were fitted with peritoneovenous
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shunts to relieve their sufferings from ascites. Although the patients had millions of
metastatic tumour cells continuously introduced into the circulation for months or even
years, no apparent increase in lung metastases was observed. After all, Paget’s
century-old hypothesis that metastasis is not a random manifestation remains the

conceptual foundation for modern tumour metastasis studies.

Metastasis requires the completion of multiple steps including cell proliferation and
invasion at the primary site, intravasation, adhesion to the endothelium, extravasation
from the circulation and colonisation of a secondary site. These steps are well
described in works by the Massagué and Kerbel groups (Nguyen et al., 2009, Francia
et al., 2011) (Figure 1.1). This multistep event is an innately inefficient process with
each step being potentially rate-limiting, and this provides opportunities to design
effective anti-metastatic therapies (Stoletov et al., 2014, Eckhardt et al., 2012). In vivo
imaging and cell fate analysis have suggested that the most important in these rate-
limiting steps is the ability to survive and grow in secondary sites. A seminal study by
Luzzi et al. illustrated the fate of b16F1 murine melanoma cells injected through the
mesenteric vein of mice to target the liver (Luzzi et al., 1998). In their study, 87% of the
injected cells were arrested and present in the liver at 90 min and 83% remained there
on day 3, but only 2% formed micrometastases and 0.02% progressed to form
macrometastases on day 10 (Luzzi et al.,, 1998). Similar observations have been
reported (Koop et al., 1996, Cameron et al., 2000, Varghese et al., 2002), suggesting
that early steps of the metastatic cascade are completed efficiently and the major
obstacle to metastatic progression is the regulation of cancer cell growth in the

secondary site.

In secondary organs, the vast majority of metastatic cells fail to form macrometastases
and perish and a tiny subset proceeds to grow, but some cells remain inactive for an
unpredictable period of time until they respond to signals that trigger tumourigenic
growth (Luzzi et al., 1998, Cameron et al., 2000). In clinical observations, it has been
reported that metastases can occur even decades after primary treatment (Meltzer,
1990, Karrison et al, 1999). What makes tumour cells ‘dormant’ — neither in
proliferation nor apoptosis — is not clearly understood but might be associated with p38-
mediated stress signals released by the host organ, which restrains tumour cell
proliferation without inducing apoptosis (Sosa et al., 2011). Another source of tumour
dormancy might be pre-angiogenic micrometastases, where tumour cells proliferation
is balanced by apoptosis (Holmgren et al., 1995). Likewise, little is known about how

dormant tumour cells regain tumourigenic properties. This hidden state of dormancy
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poses a major challenge in controlling metastasis, as dormant cells are likely to be
insensitive to therapies that target actively dividing cancer cells.

Many studies have identified genes that play a role in regulating specific steps of breast
cancer metastasis. Genes that appear particularly relevant to brain metastasis are

discussed in more detail in section 1.9 of this chapter.
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Figure 1.1 The metastatic cascade

Metastasis is a complex process in which each step of dissemination from the primary
site via the circulation to a secondary organ must be completed. The primary tumour
develops, proliferates, and recruits new blood vessels. Pro-angiogenic cytokines
secreted by tumour cells and surrounding stromal cells are thought to play an important

role in vascularisation (Folkman and Klagsbrun, 1987). Escaping from the primary site,
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tumour cells intravastate into the circulation and are disseminated throughout the body.
Circulating tumour cells must survive hostile environments such as hemodynamic
shear forces, lack of substratum, and immune cell attack. It is suggested that tumour
cells cling to platelets to protect themselves from these harsh environments (Ho-Tin-
Noe et al., 2009). Then tumour cells arrest in the vasculature of a secondary site
mainly by size restriction, attach to endothelium and cross the vessels to enter the
secondary organ. Once extravasated, tumour cells must survive the foreign
microenvironment, proliferate, and vascularise to form macrometastases. Overall,
these metastatic steps are rate-limiting and inefficient and the most critical and rate-
limiting step is the regulation of tumour growth in the host organ (Luzzi et al., 1998,

Koop et al., 1996). Image modified from (Francia et al., 2011).

1.4 Breast cancer brain metastasis

1.4.1 Incidence and survival of patients with brain metastases

Historically, 15-20% of patients with metastatic breast cancer develop brain metastases
(Liu et al., 2012). However, retrospective studies from autopsies indicate that the
incidence of brain metastases in advanced breast cancer patients is as high as 30%
(Cheng and Hung, 2007, Steeg et al.,, 2011). Moreover, the incidence of brain
metastases is increasing as a result of improvement in brain imaging modalities and
systemic treatments that control extracranial metastases and prolong patient survival

but are not curative against brain metastases (Steeg et al., 2011, Eichler et al., 2011).

Prognosis for patients with brain metastases is very poor, with a median survival of
approximately 1 month if left untreated, 2 months after symptomatic treatment with
steroids and 3-6 months if treated with radiotherapy after diagnosis (Wadasadawala et
al., 2007). Strong favourable prognostic factors in patients with metastases in the
central nervous system (CNS) include the presence of a single metastasis in the brain,
no other site of or controlled metastasis, controlled primary tumour, a long interval from
primary diagnosis to brain relapse, positive steroid receptor status, age <60 years and
good performance status (Wadasadawala et al., 2007, Eichler et al., 2011). Patients
with CNS metastases achieved a median survival of 25.3 months if they had a

favourable prognostic factor (Sperduto et al., 2012).
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The increasing incidence of brain metastases from breast cancer and the
ineffectiveness of the current therapies underpin the urgent need to more thoroughly
study this disease.

1.4.2 Tumour subtypes that have a high propensity to develop brain

metastases

The TNBC and HER2 positive subtypes of breast cancer have a high affinity for the
brain and develop brain metastases early (2-3 years after initial diagnosis of breast
cancer) (Heitz et al., 2009, Gaedcke et al., 2007, Hicks et al., 2006). Indeed, the
percentage of patients who progress to brain metastasis among breast cancer
subtypes is 37.3% in TNBC, 29.4% in HER2 positive, 18.3% in luminal A and 15.1% in
luminal B. Moreover, the TNBC subtype confers a shorter median survival after brain
recurrence than other subtypes (3.4 months in TNBC, 5.0 months in HER2 positive, 4.0
months in luminal A and 9.2 months in luminal B) (Nam et al., 2008).

1.4.3 Diagnosis of brain metastases

The diagnosis of brain metastasis can be confirmed by contrast-enhanced computed
tomography (CT) or magnetic resonance imaging (MRI) (Figure 1.2). The distribution of
brain metastases is correlated with blood flow and tissue volume, rather than the
specific origin of the primary tumour. Hence, brain metastases are most commonly
found in the cerebral hemispheres (80%), cerebellum (10-15%), brain stem (2-3%),
spinal cord, dura mater, leptomeninges, pituitary, and choroid plexus (Delattre et al.,
1988, Patnayak et al., 2013) (Figure 1.3). However, breast cancer is one of the most
common tumours to metastasise to the leptomeninges (Le Rhun et al., 2013), which
accounts for 2-6% of brain metastases from breast cancer as evidenced from autopsy
(Chang and Lo, 2003).
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Figure 1.2 MRI scan of brains

Left panel, normal brain. Middle panel, solitary brain metastasis. Right panel, multiple
brain metastases. Image modified from (Coutinho et al., 2011, Vallow, 2009, Alsidawi
et al., 2014).
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Figure 1.3 Structure of the brain

The brain is composed of three main structural divisions: the cerebrum, the cerebellum,
and the brainstem. The cerebrum, cerebellum and brainstem make up 85%, 11% and
4% of the brain by weight, respectively. Image reproduced from (Oscar-Berman et al.,
1997).
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Brain metastasis is usually a late manifestation of cancer (Chen et al., 2011, Bartelt et
al., 2004, Graesslin et al., 2010, Lorger and Felding-Habermann, 2010). Brain
metastasis is asymptomatic in up to 60-85% of patients (Soffietti et al., 2006, Seaman
et al.,, 1995). This and the prohibitive costs of brain imaging often deter them from
undergoing routine screening. For this reason, patients are often diagnosed when
symptoms are apparent and treatment options and response are limited. The
symptoms of brain metastasis include gait disturbances, seizures, headaches,
cognitive dysfuction, nausea, vomiting, cranial nerve dysfunction, cerebellar symptoms
(imbalance and nystagmus) and speech disturbances (Chang and Lo, 2003). Therefore,
it is absolutely imperative that we find and develop new biomarkers or gene signatures
that can predict patients at risk of developing brain metastasis. In this regard, Chapter
4 focuses on characterising a potentially new biomarker/therapeutic target called

limitrin.

1.5 The normal blood-brain barrier (BBB)

1.5.1 Structure and function of the normal BBB

The CNS is considered a sanctuary site in the human body due to the presence of the
BBB that protects the brain by preventing foreign substances such as toxins and drugs
from entering the brain parenchyma (Deeken and Loscher, 2007). The BBB has unique
characteristics and is different from capillaries in other organs, such as liver, bone
marrow or spleen capillaries that are composed of discontinuous endothelial cells and
kidney or gastrointestinal capillaries that are composed of fenestrated endothelial cells
(Pries and Kuebler, 2006) (Figure 1.4).

10
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Figure 1.4 Endothelial microvasculature in different organs

Capillaries of the BBB are structurally distinct from capillaries in other organs such as
liver or kidney capillaries that are discontinuous or fenestrated (left). Brain capillaries
are tightly held together by the presence of tight junctions and surrounding basal
membrane, pericytes and astrocyte end-feet (right). Image modified from (Misra et al.,
2003).

Continuous capillaries are loose as they have intercellular clefts of 6-7 nm in size
between endothelial cells (Figure 1.4, left). Plasma and substrates can be transported
from the cell surface to the opposite side of the cell through pinocytic vesicles.
Fenestrae allow diffusion or transport of substrates across endothelial cells. In contrast,
brain capillaries are tightly closed by abundant tight junctions and have no
fenestrations and low pinocytosis (Figure 1.4, right). They are surrounded by the
basement membrane composed of extracellular matrix, including type IV collagen,
fibronectin, laminin, tenascin and proteoglycans, as well as pericytes and astrocyte
end-feet (Wilhelm et al., 2013). Pericytes regulate blood flow, endothelial proliferation,
angiogenesis and inflammatory processes (Wilhelm et al., 2013). Astrocyte end-feet
ensheath over 90% of the endothelial cell surface and further contribute to restricting

the permeability of the BBB.
In addition to the structural tightness of the BBB, brain capillaries have a high

transendothelial electrical resistance (TEER) that prevents the entry of polar and ionic

substances into the brain. Brain capillaries’ TEER is measured between 1000-2000 Q

11
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cm? compared to 10 Q cm? in aortic capillaries (Butt et al., 1990). Thus, due to the
astonishing level of physiological tightness of the BBB, other substances such as drugs
and toxins can enter the brain only via two mechanisms; the paracellular (through cell-
cell junctions of endothelial cells) or transcellular (through endothelial cells) pathway
(Deeken and Loscher, 2007).

1.5.1.1 The paracellular pathway
The paracellular pathway is mainly regulated by the tight junction proteins between

endothelial cells (Figure 1.5). The best characterised among these are occludins,

claudins and junctional adhesion molecules (JAMs).
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Figure 1.5 Schematic of tight junction and adherens junction
Best characterised tight junction proteins include junctional adhesion molecules (JAMS),
occludins and claudins. Adherens junction is cadherin-based. TJ. tight junction; AJ,

adherens junction. Image modified from (Huang et al., 2014).

Occludins were the first tight junction proteins identified in both epithelial and

endothelial cells in 1933 (Furuse et al., 1993). Occludins have two extracellular loops

12
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with a shorter N-terminal and a longer C-terminal cytoplasmic domain. Claudins have a
similar structure to occludins, with two extracellular loops, a shorter N-terminal and a
longer C-terminal domain (Ruffer and Gerke, 2004). Among the claudin family,
claudins-1, -3, -5 and -12 have been shown to play a role in the formation of tight
junction at the BBB in vivo (Liebner et al., 2000, Morita et al., 1999, Nitta et al., 2003,
Wolburg et al., 2003, Schrade et al., 2012). Claudin-5, for example, is highly expressed
in vascular endothelial cells (Hewitt et al., 2006). Consistent with a role in maintaining
the BBB functional integrity, claudin-5 deficient mice show selective penetration of
small molecules (<800 Da) across the BBB (Nitta et al., 2003, Zhang et al., 2010). Thus,
claudins can be used to confirm the histologic identity of certain types of cancer and to

predict patients’ prognosis (Ouban and Ahmed, 2010).

JAMs belong to the immunoglobulin superfamily and are characterised by homophilic
binding and two extracellular loops (Martin-Padura et al., 1998). JAM-A (JAM-1), JAM-
B (JAM-2) and JAM-C (JAM-3) are primarily expressed in the brain endothelial cells
and are involved in the extravasation of leukocytes (Wilhelm et al., 2013, Ludwig et al.,
2005, Johnson-Leger et al., 2002, Chavakis et al., 2004, Ostermann et al., 2002,
Santoso et al., 2002). Studies using a blocking antibody to JAM-A showed reduction in
leukocyte extravasation in vitro and in vivo (Del Maschio et al., 1999, Martin-Padura et
al., 1998, Ostermann et al., 2002). JAM-A has been described as a homophilic
adhesion receptor of tight junctions on epithelial and endothelial cells (Petri and Bixel,
2006, Martin-Padura et al., 1998, Bazzoni et al., 2000, McSherry et al., 2011) but it can
bind to LFA-1 (CD11a/CD8 integrin) on leukocytes during inflammation (Ostermann et
al., 2002). JAM-B also binds to VLA-4 (04B1 integrin) (Ludwig et al., 2009) and JAM-C
binds to Mac-1 (aMB2 integrin) (Santoso et al., 2002) expressed on leukocytes. The
function or expression of JAM-A is still a controversial topic. Naik et al. reported that
JAM-A is a negative regulator of breast cancer cell invasion and metastasis by showing
that T47D and MCF-7 cells, which are less migratory, showed high levels of JAM-A
whereas more migratory MDA-MB-468 and MDA-MB-231 cells showed low levels of
JAM-A (Naik et al., 2008). On the contrary, McSherry et al. reported that JAM-A
mediates migration of breast cancer by interacting with 1 integrin (McSherry et al.,
2011) and is highly expressed in HER2 positive breast tumour (Brennan et al., 2013)
and TNBC breast cancer patients (McSherry et al., 2009). Consistent with McSherry’s
observations, Murakami and colleagues demonstrated that high expression of JAM-A is
related to poor prognosis in breast cancer patients by analysing 444 patients’ samples
(Murakami et al., 2011). This is a more convincing argument than that of Naik et al.,

whose study was based on in vitro experiments using four human cell lines (Naik et al.,
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2008). Choi and colleagues also showed that the expression of JAM-B and JAM-C is
increased in brain metastases compared to TNBC primary tumours (Choi et al., 2013).
In our analysis, we identified limitrin, a new member of the immunoglobulin superfamily
of proteins whose expression is elevated in brain-metastatic breast tumours and that
has a similar structure to JAM-A (Yonezawa et al., 2003). The function of limitrin in
breast cancer brain metastasis is investigated in detail in Chapter 4.

In addition to tight junction molecules, cadherin-based adherens junctions play an
important role in BBB permeability in endothelial cells at the BBB (On et al., 2014, Pal
et al., 1997). Cadherins are transmembrane proteins and over 80 types of cadherins
have been identified in humans (Tepass et al., 2000). Cadherins play a role in
maintaining the structure of cells and tissues and in cellular movement such as cell
migration (Tepass et al., 2000). Among cadherins, E-cadherin is expressed in epithelial
(Shimoyama et al., 1989) and endothelial cells (Abbruscato and Davis, 1999). It is
regulated by calcium and binds to F-actin through a- and B-catenins in cerebral
microvessel endothelial cells (Brown and Davis, 2002). Of particular relevance, loss of
E-cadherin is associated with tumour metastasis (Beavon, 2000) and could be a
predictive marker of brain metastasis in lung cancer patients (Yoo et al., 2012).
Cadherin-10 has a pivotal role in the development and maintenance of the BBB in
human and mouse (Williams et al., 2005). N-cadherin is commonly found in cancer
cells and plays a role in transendothelial migration which is regulated by (3-catenins
signalling (Ramis-Conde et al., 2009, Qi et al., 2005, Qi et al., 2006).

1.5.1.2 The transcellular pathway

The transcellular pathway (Eichler et al., 2011, Blecharz et al., 2015) consists of
passive transcellular diffusion of lipid-soluble agents (Ballabh et al., 2004, Abbott et al.,
2010), cell surface transporters for the uptake of glucose, amino acids and nucleosides
(Abbott et al., 2010, Tamai and Tsuji, 2000), receptor-mediated transcytosis of
hormones or high molecular mass molecules such as insulin and transferrin (Duffy and
Pardridge, 1987, Holly and Perks, 2006) and adsorptive-mediated transcytosis of
cationic molecules such as albumin and plasma proteins (Pardridge, 1994, Kang and
Pardridge, 1994) (Figure 1.6).
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Figure 1.6 Schematic of the transcellular pathway in brain capillary endothelial

cells

The transcellular pathway in brain endothelial cells consists of passive transcellular
diffusion, transport protein systems, receptor-mediated transcytosis and adsorptive

transcytosis. Image modified from (Eichler et al., 2011).

In particular, endothelial cells of the BBB express high levels of drug efflux
transporters/pumps that actively prevent many chemicals, including chemotherapeutic
drugs and toxic substances, from entering the brain (Loscher and Potschka, 2005,
Deeken and Loscher, 2007) (Figure 1.7).
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Figure 1.7 Efflux pumps of the BBB
The most extensively studied among the efflux transporters of the BBB are p-

glycoprotein (p-gp), multidrug resistance proteins (MRPs) and breast cancer resistance
protein (ABCG2). Image modified from (Eichler et al., 2011).
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P-glycoprotein (p-gp) is also known as multidrug resistance gene (MDR1) or ATP
binding cassette sub-family B member 1 (ABCB1). Multidrug resistance proteins
(MRPs) consist of nine members named MRP1 to MRP9. The expression of MRPs
varies in the BBB. Studies have confirmed that the concentration of substrates in the
brain, including etoposide, is increased in MRP1 knock-out mice compared with wild-
type mice (Borst et al., 2000, Wijnholds et al., 2000). Breast cancer resistance protein
(ABCG2) was first discovered in a study of the chemotherapy resistant MCF-7 breast
cancer cell line (Doyle et al., 1998), where the authors observed higher mRNA
expression of ABCG2 compared to that of p-gp and MRP1 in the BBB (Eisenblatter et
al., 2003). Substrates for efflux transporters are shown in Table 1-3. Unfortunately,
anti-cancer compounds that are substrates for these efflux transporters are actively
extruded from the brain endothelium back into the circulation. This is a major issue that
limits the efficacy of therapies against brain metastases and is discussed in more detail

in section 1.6.2.

Table 1-3. Substrates for drug efflux transporters.

Transporter Substrates

P-glycoprotein (p-gp) Doxorubicin, daunorubicin, docetaxel, paclitaxel,
epirubicin, idarubicin, vinblastine, vincristine,
etoposide

MRP1 Etoposide, teniposide, daunorubicin, doxorubicin,

epirubicin, melphalan, vincristine, vinblastine

MRP2 Similar to MRP1

MRP3 Similar to MRP1

MRP4 Methotrexate, 6-mercaptopurine, thioguianine
MRP5 6-mercaptopurine, thioguianine

MRP6 Actinomycin D, cisplatin, daunorubicin,

doxorubicin, etoposide
MRP7 Docetaxel, paclitaxel, Ara-C
MRPS8 5-FU, cisplatin, methotrexate
Breast cancer resistance protein  Mitoxantrone, methotrexate, SN-38, topotecan,
(ABCG2) imatinib, erlotinib, gefitinib

MRP, multidrug resistance protein; Ara-C, arabinofuranosyl cytidine; 5-FU, 5-
fluorouracil; ABCG2, ATP-binding cassette sub-family G member 2; SN-38, 7-ethyl-10-
hydroxycamptothecin (an active metabolite of irinotecan). Substrate of MRP9 is

currently unknown. Table modified from (Deeken and Loscher, 2007).
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The permeability of drugs across the BBB is dictated by a number of physical and
chemical properties. These include low molecular weight (<500 Da), fewer hydrogen
bond donors, fewer positive charges, greater lipophilicity, lower polar surfaces and
reduced flexibility. Typically, brain permeable compounds that are small (<450 Da),
nonpolar (polar surface area <60-70 A?), lipophilic (logP 1.5-2.7) with less than eight
hydrogen bonds, can cross the BBB by passive transcellular diffusion (transcellular
pathway) (Pajouhesh and Lenz, 2005). Polar and/or hydrophilic compounds can
penetrate into the brain only by active transport systems (transcellular pathway).
Lipophilic drugs show lower permeability if they are substrates for drug efflux

transporters (Deeken and Loscher, 2007).

1.5.2 The BBB in brain metastases

1.5.2.1 Trans-endothelial migration mechanisms

Many studies have documented the mechanisms by which leukocytes cross brain
endothelial cells (Dejana, 2006, Mamdouh et al., 2009, Engelhardt and Wolburg, 2004).
Unfortunately, the genes and mechanisms regulating breast cancer metastasis to the
brain are still poorly understood. In 2010, Kienast and colleagues documented the
process of melanoma and lung cancer cells metastasising to the brain by using
multiphoton laser-scanning microscopy imaging in experimental models (Kienast et al.,
2010). The authors showed that cancer cells arrested in vascular branch points by size
restriction, rather than by vascular wall adhesion. After extravasating, the cells
remained in close contact with the vasculature and proliferated in the brain by vessel
co-option or angiogenesis to grow as macrometastases. This study has significance in
that how tumour cells colonise the brain to form metastases was observed in a
picturesque manner. In the same year, Lorger and Felding-Habermann described that
breast cancer cells showed elongated shape to fit into the narrow capillaries in brain
after cell injection, stayed close to the vessel walls at the parenchymal side after
extravasation before initiating proliferation/growth in the brain into macrometastases
(Lorger and Felding-Habermann, 2010). Carbonell and colleagues demonstrated that
breast cancer cells formed vasculature using vessel co-option after extravasation in
brain (Carbonell et al., 2009). Taken together, these studies suggest that melanoma,
lung and breast cancer cells that have a high propensity to metastasise to the brain

may undergo similar physical processes to metastasise to the brain.
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Breast cancer cells secrete several molecules that may enhance their transmigration
through the brain endothelium. For example, MDA-MB-231 breast cancer cells secrete
vascular endothelial growth factor (VEGF) that increases the BBB permeability by
disrupting endothelial F-actin and VE-cadherin (an adherent junction molecule) through
the activation of calcium signalling, thereby facilitating tumour cell adhesion to, and
transmigration through the endothelium (Lee et al., 2003). VEGF-induced disruption of
Z0O-1 (a tight junction molecule) and VE-cadherin in endothelial cells promotes
adhesion of HER2 positive breast cancer cells to endothelial cells (Fan et al., 2011).
Similarly, proinflammatory neuropeptide substance P facilitates adhesion and
transmigration of MDA-MB-231 cells through endothelial cells. Substance P increases
BBB permeability by disrupting or redistributing ZO-1 and claudin-5 and decreasing
TEER in endothelial cells (Rodriguez et al.,, 2014). The same was observed in
melanoma disrupting tight junction molecules in endothelial cells at the BBB. For
instance, when melanoma cells contacted endothelial cells, ZO-1 and claudin-5 were
disrupted and TEER was reduced via serine protease-dependent mechanisms
(Fazakas et al., 2011).

In addition to the paracellular pathway, breast cancer cells can use the transcellular
pathway. Myosin contraction is induced by myosin light chain kinase in endothelial cells
when MDA-MB-231 cells contact endothelial cells, and this in turn facilitates

transcellular migration of the breast cancer cells (Khuon et al., 2010).

A body of evidence indicates that matrix metalloproteinase (MMP)-2 and MMP-9 are
crucial for leukocytes penetration of the basement membrane by cleavage of
dystroglycan, a transmembrane receptor located in endfeet of astrocytes that interacts
with laminin 111 and 211 (Agrawal et al., 2006), or degradation of claudin-5 (Chiu and
Lai, 2013). Similarly, MMP-2 promotes transmigration of breast cancer cells (MDA-MB-
231 and MCF-7) (Lee et al., 2011). These observations imply that breast cancer cells
may share some mechanisms with leukocytes for trans-endothelial migration in the
BBB. In this regard and as mentioned earlier in section 1.5.1.1, JAMs proteins are
involved in transendothelial migration of leukocytes and may play a similar role in

tumour cell transendothelial migration.

1.5.2.2 Protection of brain metastases by the BBB

While the BBB serves as an effective barrier against foreign substances, ironically

tumour cells can benefit from the protection of the BBB against immune cells and anti-
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cancer agents once they have entered the brain parenchyma (Wilhelm et al., 2013).
Astrocytes help maintain the BBB integrity, provide nutrition to and repair for not only
nerve cells but also for brain metastases (Fidler, 2011, Langley and Fidler, 2011).
Astrocytes induce up-regulation of survival genes (GSTA5, BCL2L1 and TWIST1) or
cytokines (interleukin-6 and -8), resulting in increased protection for MDA-MB-231 cells
from chemotherapeutic agents (Kim et al., 2011, Kim et al., 2014). MDA-MB-231Br (a
brain metastatic subline of MDA-MB-231) secretes bone morphogenetic protein 2
(BMP-2) in the brain that induces the differentiation of neural progenitor cells (NPCs)

into astrocytes and the promotion of tumour cell growth (Neman et al., 2013).

Cancer cells establish blood vessels that provide essential nutrients for tumour growth
in the brain. Vascular co-option is one of the mechanisms by which cancer cells recruit
blood vessels. After trans-endothelial migration, cancer cells proliferate in the BBB in
close contact with existing blood vessels. Other mechanisms of vessel formation
including angiogenesis, vasculogenesis and intussusception in the brain are described
in detail in (di Tomaso et al., 2011, Jain et al., 2007, Ricci-Vitiani et al., 2010, Soda et
al., 2011, Wang et al., 2010).

1.6 Clinical treatment of breast cancer and brain metastases

1.6.1 Current treatments for breast cancer
Five main approaches are used to treat breast cancer patients in practice: surgery,

radiation therapy, hormonal therapy, targeted therapy and chemotherapy (Senkus et al.,
2015) (Figure 1.8).
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Figure 1.8 Schematic of treatment options for breast cancer

Five options are available to treat breast cancer in the clinic: surgery, radiation therapy,

hormonal therapy, targeted therapy and chemotherapy.

Surgery: Surgical removal of the tumour mass from the breast is usually the first
treatment for breast cancer patients. Some of the lymph nodes under the armpit may
also be removed if cancer cells are found. There are two basic types of surgery to
remove breast cancer. Mastectomy is a surgery where the entire breast is removed,
and lumpectomy (also known as breast-conserving surgery or partial mastectomy) is a
surgical removal of the tumour and a discreet portion of healthy tissues around it
without removing the entire breast. Some breast cancer patients may receive
chemotherapy prior to surgery, known as neoadjuvant chemotherapy, to shrink the
tumour. Surgery improves the survival of breast cancer patients. Since mammography
can often detect breast cancer at an early stage, five-year survival for stage 0 breast
cancer patients is 99%, and patients with regional lymph node involvement (stage I-IlI)
do well (five-year survival 84%) (Table 1-1). Although surgery is not advised for
patients with metastatic breast cancer (stage V) at diagnosis because the disease is
considered incurable, some studies have demonstrated that surgery improves the
survival of patients with metastatic breast cancer. In a study by Shien et al., surgery
significantly prolonged the overall survival of metastatic breast cancer patients (27
months versus 22 months without surgery) (Shien et al., 2009). They also reported
surgery conferred improved overall survival in young patients (<50 years old) compared
to old patients (>50 years old) with metastatic disease and recommended it should be

considered if the patient is younger than 50 (Shien et al., 2009). The complete surgical
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excision of the primary tumour in patients with metastatic disease (especially those with
bone metastases only) significantly reduces the risk of death by up to 40% compared
with women who do not have surgery (Rapiti et al., 2006). Blanchard and colleagues
reported a 27.1 months median survival in patients who had surgery versus 16.8
months without surgery in stage IV breast cancer (Blanchard et al., 2008). In contrast
to the study by Rapiti et al. (Rapiti et al., 2006), the effect of surgery on prolonged
survival was not evident in patients with bone metastasis only. A potential explanation
for these discrepancies was provided by Olson and Marcom (Olson and Marcom,
2008), who pointed out that patients who underwent surgery had more favourable
disease characteristics (e.g., small and hormone receptor positive primary tumour and
fewer sites of metastases) than patients who did not have surgery. Thus, whether
surgery improves the survival of metastatic breast cancer patients still remains

controversial.

Radiation therapy: Radiotherapy uses high-energy rays or particles to destroy cancer
cells. While sometimes it is given before surgery (neoadjuvant) to shrink the tumour
size, in most cases radiation is applied after surgery (adjuvant) to reduce the risk of
local and regional recurrence on the basis of the results of studies suggesting that
post-operative radiotherapy can reduce the recurrence by at least 60% in patients
(Fisher et al., 2002). The most commonly used modality is external beam radiation
therapy (EBRT, also known as traditional or whole breast radiation therapy) (Zhang et
al., 2015a). EBRT delivers a beam that is highly focused and targets the area affected
by the cancer for minutes from outside the body. Typically, it involves several daily
treatments over 5 to 7 weeks. Another modality is internal radiation therapy (also
known as brachytherapy), which is less common. Instead of directing radiation beams
at the breast, brachytherapy involves a radioactive source being inserted inside or
adjacent to the tumour area post-resection to kill any remaining cancer cells (Zhou et
al., 2015).

Hormonal therapy: Identifying breast cancer subtypes can inform on the best
treatment approach for patients. Generally, endocrine therapies are applicable to
patients with luminal A and B subtypes as these subtypes express ER. Tamoxifen is an
antagonist of the estrogen receptor in the breast tissue and was approved by the Food
and Drug Administration (FDA) for adjuvant (after surgery) hormone treatment of pre-
and post-menopausal women (or men) with ER positive breast cancer (Jordan, 1993).
Tamoxifen reduces breast cancer recurrence and mortality. ER positive breast cancer

patients treated with tamoxifen for 5 years show a significant reduction (31%) in the
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annual breast cancer death rate (Early Breast Cancer Trialists' Collaborative, 2005).
Similarly, women who received tamoxifen showed a 40% reduction in recurrence

compared to those who received placebo (Dignam et al., 2003).

Other treatments available for ER positive patients include aromatase inhibitors
(anastrozole, letrozole, and exemestane) and selective estrogen receptor
downregulators (fulvestrant and ICI 164,384) (Criscitiello et al., 2011). Fulvestrant is
used for postmenopausal women with ER positive metastatic breast cancer who have
progressed on prior endocrine therapy such as tamoxifen (Bundred, 2005, Johnston
and Cheung, 2010, Croxtall and McKeage, 2011) and downregulates ER expression in
breast cancer (Jones, 2003, Howell et al.,, 2004). However, the majority of patients
treated with aromatase inhibitors or fulvestrant develop drug resistance. Garcia-
Becerra et al. described several mechanisms of hormone resistance including loss or
modification in the ER-a expression, regulation of signal transduction pathways, altered
expression of specific microRNAs, balance of co-regulatory proteins, and genetic
polymorphisms. They also suggested new strategies to overcome such resistance
(Garcia-Becerra et al., 2012).

HER2-targeted therapy: Treatment options for patients with HER2 gene amplication
include HER2 targeted therapies such as Trastuzumab and Lapatinib. Trastuzumab
(Herceptin), a monoclonal antibody against HER2 receptor, is approved by the FDA for
patients with metastatic breast cancers that overexpress HERZ2. Introduction of
Trastuzumab into the clinic has significantly improved the prognosis of patients with
HER2 positive breast cancer (Piccart-Gebhart et al., 2005, Viani et al., 2007). Piccart-
Gebhart et al. analysed data from HERZ2 positive breast cancer patients randomly
assigned to one-year Trastuzumab treatment (n = 1694) or observation (n = 1693)
groups (Piccart-Gebhart et al., 2005). In their study, primary recurrence, second
metastasis or death was observed in 7.5% of the Trastuzumab treated group versus
13% in the observation group. Viani et al. compiled and analysed 5 clinical studies
where HER2 positive early breast cancer patients received one-year Trastuzumab
treatment and demonstrated that overall mortality rate was 6% in the Trastuzumab
treated group compared to 8.5% in the non-Trastuzumab treated group (Viani et al.,
2007). Trastuzumab showed not only significant reduction of mortality but also of
recurrence and metastasis rates. Whereas the recurrence and metastasis rates in the
non-Trastuzumab treated group were 15.3% and 10.8%, that of the Trastuzumab

treated group were 8.2% and 6%, respectively (Viani et al., 2007).
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It is noteworthy that although Trastuzumab significantly improves treatment outcome
for HER2 positive breast cancer patients, 70% of patients with HER2 positive breast
cancers do not respond to the treatment because of de novo or acquired resistance to
Trastuzumab (Pohlmann et al., 2009). For this reason, several combinations of
Trastuzumab with various therapies have been developed to enhance the effect of
Trastuzumab and to reduce drug resistance (Lavaud and Andre, 2014, Incorvati et al.,
2013, Kumler et al., 2014). The combination of Trastuzumab with chemotherapy has
been shown to improve recurrence-free survival in patients with HER2 positive breast
cancer (Joensuu et al., 2006, Slamon et al., 2011). The use of Trastuzumab in patients
with pre-existing heart disease is limited due to the drug’s cardiotoxicity with a range of
severity (Piccart-Gebhart et al., 2005, Viani et al., 2007).

Lapatinib, a dual tyrosine kinase inhibitor that targets HER2 and epidermal growth
factor receptor (EGFR), is used in combination therapy for HER2 positive breast cancer
patients who have progressed after previous treatments with Trastuzumab or
chemotherapy (Blackwell et al., 2012). The combination of Trastuzumab and Lapatinib
has been shown to lead to a significant increase in the pathological complete response
rate in HER2 positive breast cancer patients compared to Trastuzumab alone or the
combination of Trastuzumab with chemotherapeutic agents such as taxanes,
anthracyclines, cyclophosphamide or fluorouracil (Baselga et al., 2012, Hicks et al.,
2015).

TNBC and chemotherapy: As mentioned above, TNBC patients, lacking the three
commonly targeted receptors in human breast cancer, i.e., ER, PR, and HER2, do not
benefit from hormonal or anti-HER2-targeted monotherapies (Allison, 2012) and have a
poorer prognosis than patients with other breast cancer subtypes. However, TNBC has
been shown to be more sensitive to chemotherapeutic agents such as anthracyclines,
taxanes or platinum agents than other subtypes (Anders and Carey, 2009). It is well
known that TNBC patients often carry breast cancer 1 (BRCA1) mutations (Seong et al.,
2014, Greenup et al., 2013, Tung et al., 2012). BRCA1 plays a critical role in DNA
double-strand breaks (DSBs) repair by homologous recombination and BRCA
dysfunctions result in a defective DSB repair system in cancer cells (Turner et al.,
2004). This may partly explain why the TNBC subtype is sensitive to DNA-damaging
platinum-containing chemotherapeutic agents (i.e., cisplatin and carboplatin) (Telli,
2014, Anders and Carey, 2009). Nevertheless, the majority of patients with TNBC have
a high risk of relapse. This is attributable in part to residual disease at the time of

surgery that resulted in high risk of relapse and death in the first 3-5 years after surgery
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and the development of chemoresistance (Anders and Carey, 2009, Cheang et al.,
2008, Dent et al., 2007, Dent et al., 2009, Andre and Zielinski, 2012). Therefore, there
is a need for more effective and defined neoadjuvant and adjuvant therapies, surgery
protocols and monitoring blood after surgery in TNBC patients.

Novel targeted and combination therapies for TNBC: Although TNBC lacks
effective therapedutic targets, i.e., ER, PR, and HERZ2, the fact that this subtype is a
heterogeneous disease encompassing many different phenotypes (Lehmann et al.,
2015, Bernardi and Gianni, 2014, Criscitiello et al., 2012, Millis et al., 2015, Metzger-
Filho et al., 2012) may bring the possibility of identifying new targets for the treatment
of subgroups of TNBC patients. For example, EGFR, also known as human epidermal
growth factor receptor 1 (HERL1), is expressed significantly more in TNBC patients
(approximately 60%) than in breast cancer patients overall (less than 30%) (Irvin and
Carey, 2008, Tsutsui et al., 2002). This has led to the suggestion that EGFR may be an
attractive therapeutic target for the treatment of advanced TNBC, especially in
combination with chemotherapy. For instance, cetuximab, a monoclonal antibody that
targets EGFR, showed a higher response rate (17%) in combination with carboplatin
than cetuximab alone (6%) in stage IV TNBC (Carey et al., 2012). Also, cetuximab plus
paclitaxel achieved a major reduction of skin metastases in a TNBC patient (Gholam et
al., 2007). While Lapatinib is used primarily for the treatment of patients with HER2
positive breast cancer, this dual kinase inhibitor also targets EGFR (Kim et al., 2009,
McNeil, 2006), which suggests therapeutic potential for TNBC patients. However, there
are few ongoing clinical studies using Lapatinib for the treatment of TNBC. One clinical
trial is currently recruiting participants (ClnicalTrials.gov identifier #NCT02158507).
Another clinical study used Lapatinib in combination with everolimus (inhibitor of
mammalian target of rapamycin (MTOR) gene) for the treatment of advanced TNBC
patients but this study was stopped and no results were reported (ClnicalTrials.gov
identifier #NCT01272141).

Poly-adenosine diphosphate ribose polymerases (PARPS), like BRCAL, play a vital role
in DNA repair. In particular, PARP1 is essential for sensing DNA single-strand breaks
(SSBs) and recruiting base excision repair proteins at damaged sites, thereby repairing
DNA damages (De Vos et al.,, 2012, Gibson and Kraus, 2012, Riffell et al., 2012).
PARP inhibitors block the repair of SSBs, causing some SSBs to become DSBs. BRCA
can repair these breaks by homologous recombination. However, due to the common

BRCA mutations in TNBC, cancer cells are unable to repair these damages, leading to
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cell death, a mechanism called “synthetic lethality” (Cressey, 2010, Polyak and Garber,
2011) (Figure 1.9).
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Figure 1.9 Synthetic lethality
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DNA repair pathways are categorised into single- and double-strand break
mechanisms. PARP inhibitors block the repair of single-strand breaks (SSBs) that
results in conversion of SSBs to double-strand breaks (DSBs). Since TNBC often have
BRCA mutations, DSBs cannot be efficiently repaired, leading to cancer cell death.

A number of clinical trials of PARP inhibitor combination therapy in breast cancer
patients are currently underway. For example a phase 3 randomised trial of carboplatin
and paclitaxel with or without veliparib in HER2-negative or BRCA-associated breast
cancer patients (ClnicalTrials.gov identifier # NCT02163694). A phase 2 randomised
trial combining the PARP inhibitor veliparib (ABT-888) and carboplatin plus paclitaxel in
TNBC patients showed a pathologic complete response of 52% compared to 26% in
patients that received paclitaxel only (ClnicalTrials.gov identifier # NCT01042379)
(Printz, 2014).

1.6.2 Current treatments for brain metastatic disease

Standard treatments for brain metastases are primarily palliative and include

corticosteroids, surgery, whole brain radiation therapy (WBRT), chemotherapy and
HER2-targeted therapy.
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Corticosteroids are used as an adjuvant treatment to reduce cerebral oedema and
intracranial pressure. In general, dexamethasone is preferred to other steroids because
of its minimal mineralocorticoid effect and long half-life. It is recommended to use 4-8
mg/day for patients who are symptomatic (Ryken et al., 2010).

Surgical resection improves the overall median survival in the range of 14-16 months
(Wronski et al., 1997, Pieper et al., 1997). However, surgery is not feasible for patients
with multiple or large brain metastases. Accordingly, surgery is usually reserved for
patients who have a single brain metastasis (Chargari et al., 2010). As an alternative to
surgery, stereotactic surgery (SRS, e.g., Gamma Knife and CyberKnife), using multiple
radiation beams with high power energy on target tumour, extends the median survival
of patients to 8-13 months (Aoyama et al., 2006, Kocher et al., 2011) (Jaboin et al.,
2013, Bashir et al., 2014, Smith et al., 2014) and is recommended for patients who

have 3 or fewer brain metastases (<4 cm) (Chargari et al., 2010).

WBRT is the most common treatment for patients with multiple (>3) brain metastases
in combination with other modalities. Radiation reduces brain relapses in combination
with surgery, SRS or radiosensitisers, but such combinations do not significantly
improve the survival of patients compared to WBRT alone (Table 1-4) (Chargari et al.,
2010, Rades et al., 2014). Since randomised studies have shown no overall survival
benefit and decline in neurocognitive function (e.g., learning, memory and spatial
information processing) (Chang et al., 2009, Tsao, 2015) from the combination of
WBRT and SRS, the American Society for Radiation Oncology (ASTRO) in 2014
recommended “not to routinely add adjuvant whole brain radiation therapy to

stereotactic radiosurgery for limited brain metastases” (Gemici and Yaprak, 2015).
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Table 1-4. Clinical trials of WBRT plus either focal treatments or chemotherapies.

Study Total Brain relapse Median overall survival (months)
number of (%), WBRT alone WBRT Combined treatment
patients/pati vs. combined alone
ents with treatment
breast
cancer
(Patchell etal.,,  48/3 (6.3%) 52 vs. 20 3.5 9.2 (surgery)
1990)
(Kondziolka et 2714 100 vs. 8 7.5 11 (SRS)
al., 1999) (14.8%)
(Andrews et al., 333/34 29 vs. 18 6.5 5.7 (SRS)
2004) (10.2%)
(Verger et al., 82/13 3.1 4.5 (temozolomide)
2005) (15.9%)
(Suh et al., 515/106 4.4 6.0 (efaproxiral)
2006) (20.5%)
(Scott et al., 106/106 4.5 9.0 (efaproxiral)
2007) (100%)
(Kim et al., 400/400 5.0 12.8 (chemotherapy*)
2012) (100%)

WBRT, whole brain radiation therapy; SRS, stereotactic surgery. Temozolomide is an
oral alkylating agent used as a treatment of gliomas (Kast et al., 2015). Efaproxiral is
an allosteric effector of haemoglobin that increases the oxygenation of hypoxic tumours
(Suh, 2004). *Patients were treated with at least one modality, e.g., taxane-,

capecitabine- or anthracycline-containing regimen.

For breast cancer patients, low-dose (2-3 Gy) radiation (total 30 Gy in 10 fractions) is
the standard. However, as WBRT causes cognitive dysfunctions that usually manifest
weeks or months after WBRT (Chargari et al., 2010, Welzel et al., 2008), the dose and
fractionation schedule must be tailored to each patient to reduce WBRT toxicity in long-

term breast cancer survivors (Chang and Lo, 2003).
Multiple classes of radiosensitisers have been developed and tested in vitro and in vivo

in combination with radiotherapy (Russo et al., 2009, Morgan et al., 2010, Gerster et al.,

2010, Chung et al., 2009). The rationale for the use of radiosensitisers is to improve the
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efficacy of radiation therapy while reducing cognitive losses in patients (Russo et al.,
2009, Morgan et al.,, 2010, Gerster et al., 2010, Chung et al., 2009). However,
radiosensitisers have not demonstrated the same benefits in patients (Wadasadawala
et al., 2007, Chargari et al., 2010) (Viani et al., 2009, Tsao et al., 2012). Viani et al.
analysed eight randomised clinical trial studies (n = 2317 patients in total) and
concluded the combination of WBRT and radiosensitisers (e.g., ionidamine,
metronidazole, misonodazole, motexafin gadolinium, BUdr, efaproxiral, thalidomide)
did not increase the overall survival and tumour response in patients with brain
metastases compared to WBRT alone (Viani et al., 2009). However, the combination of
WBRT and efaproxiral significantly increased the survival of breast cancer brain
metastases patients up to 9 months compared to WBRT alone (4.5 months) (Scott et
al., 2007). This study also reported that the quality of life in patients treated with the
combination was improved compared to the WBRT alone treated group. A phase 3
randomised trial combining WBRT and efaproxiral to treat brain metastases from
breast cancer was completed in 2013, but the results are not available yet
(ClInicalTrials.gov identifier #NCT00083304). A phase 2 clinical trial of motexafin
gadolinium with WBRT followed by SRS to treat brain metastases patients was
completed in 2014 and is awaiting results (ClnicalTrials.gov identifier #NCT00121420).

Chemotherapy alone is unlikely to provide significant benefits as reported in many
clinical studies (Boogerd et al., 1992, Postmus and Smit, 1999, Abrey et al., 2001,
Barlesi et al.,, 2011, D'Antonio et al., 2014). There are at least two potential
explanations for the controversial efficacy of chemotherapy. First, the BBB in the CNS
prevents most chemotherapeutic drugs from entering the brain parenchyma as
discussed in section 1.5.2 (Loscher and Potschka, 2005, Deeken and Loscher, 2007).
Second, brain metastases could develop resistance to chemotherapy since brain
metastasis is generally a late stage event in the course of the disease and is often
diagnosed when patients already would have been heavily pretreated with multiple
chemotherapeutic agents to treat extracranial metastases (Cheng and Hung, 2007,
Steeg et al., 2011, Chargari et al., 2010).

Since 98% of small molecule drugs do not cross the BBB (Pardridge, 2007), numerous
strategies have been developed to improve drug delivery into the CNS. Generally,
delivery of paclitaxel is limited to approximately 10% of the brain, even though it has
been used as an anti-cancer agent with great cytotoxic effect in various types of cancer.
This has resulted in the emergence of a strategy to modify the structure of this drug to

increase its permeability to the brain. For example, ANG1005 (a paclitaxel-brain

28



Chapter 1

delivery vector angiopep 2 conjugate) shows 4 to 54-fold higher drug uptake in brain
metastases of breast cancer than free paclitaxel (Thomas et al., 2009). Another
example is paclitaxel-hyaluronic nanoconjugate (HA-paclitaxel). In preclinical studies,
HA-paclitaxel increased the survival of mice with brain metastases from breast cancer
(MDA-MB-231Br model) by inducing endocytosis in the BBB (Mittapalli et al., 2013).

Another strategy to improve delivery of anti-cancer drugs to the brain is the use of
inhibitors of efflux pumps. Drug efflux pumps and properties required for drugs to
penetrate the BBB were discussed earlier in section 1.5.2. Inhibitors are used to

increase the concentration of substrates in the brain (Table 1-5).

Table 1-5. Outcome of inhibitors of drug transporters.

Transporter Substrate Inhibitor Outcome*  Reference
P-gp Colchicine and PSC 833, 1.8-3 fold (Cisternino et al.,
vinblastine GF 120918 and 2001)
verapamil
Colchicine and PSC 833 and 8.4-9 fold (Drion et al.,
vinblastine verapamil 1996)
Paclitaxel Cyclosporin A, 3-6.5 fold (Kemper et al.,
GF120918 and 2003)
PSC833
MRP1/2 Cryptotanshinone Probenecid and 21.4 fold (Yu et al., 2007)
MK-571
ABCG2 Imatinib Pantoprazole and 1.8-4.2fold (Breedveld et al.,
elacridar 2005)

*Fold increase of brain uptake. P-gp, p-glycoprotein; MRP, multidrug resistance
proteins; ABCG2, breast cancer resistance protein. Table modified from (Deeken and
Loscher, 2007).

In addition to the combination of transporter inhibitors with chemotherapy, other agents
are used to increase drug penetration into the CNS. Mannitol, a hyperosmolar agent,
was shown to increase intracerebral methotrexate levels 4-5-fold compared to the non-
mannitol infused side (Cosolo et al.,, 1989). RMP-7, an analogue of bradykinin,
increases the permeability of lanthanum in brain endothelial cells by disrupting tight
junctions (Sanovich et al., 1995) and significantly increases the uptake of carboplatin in
the brain (Emerich et al., 1999, Gregor et al.,, 1999, Matsukado et al., 1996).
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Alternatively, drugs can be delivered into the brain via receptor-mediated transcytosis.
For this purpose, therapeutic agents are conjugated to antibodies or peptides that bind
to transferrin receptor, insulin receptor, or low density lipoprotein receptor-related
protein 1 or 2 (Jones and Shusta, 2007).

The BBB can also be disrupted physically. Radiation, a standard therapy for patients
with brain metastases, has been suggested to disrupt the BBB thereby resulting in
enhanced drug delivery into the brain. Rats, irradiated at 60 Gy, showed disruption of
the BBB at two weeks post-irradiation (Rubin et al., 1994). This may explain in part the
improvement in survival for patients with brain metastases who received Trastuzumab
in addition to radiation, compared to those treated with radiation alone (see Table 1-4).
Likewise, ultrasound has been shown to disrupt the BBB (McDannold et al., 2006,
Alkins et al., 2013) and to increase the concentration of Trastuzumab in the brain
(Kinoshita 2006).

HER2-targeted therapy: Significantly higher concentrations of drugs, including HER-2
targeting inhibitors such as Trastuzumab and Lapatinib, are often observed in brain
metastases compared to that seen in the normal brain tissues (Lockman et al., 2010)
(Table 1-6). Increased drug permeability in brain metastases is thought to result from
the breakdown of the BBB induced by developing metastatic lesions (Fidler, 2011,
Langley and Fidler, 2011) (Figure 1.10). For example, despite the limited permeability
of Trastuzumab across the intact BBB due to its high molecular weight (145,531 Da),
increased accumulation of Trastuzumab was observed in brain metastases (Dijkers et
al., 2010). Indeed, clinical data show that patients treated with Trastuzumab achieved a

considerable increase in overall survival (Table 1-7).
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Table 1-6. Levels of drug concentration in normal brain tissues versus brain

metastases in mouse models and in patients.

Drug Normal brain Brain tumour  Fold Reference
tissue level* level increase

(viable lesion)

Etoposide 0.1 ug/g 3.9 ug/g 39.0 (Stewart et al., 1984)
Cisplatin 0.25-0.65 pg/g  1.29 ug/g 2.0-5.2 (Stewart et al., 1982)
Vinorelbine 6 ng/g 68 ng/g 11.3 (Stewart et al., 1983)
Paclitaxel” 14 ng/g 22-1,328 ng/g 1.5-94.8 (Lockman et al., 2010)
Doxorubicin® 8 ng/g 15-688 ng/g 1.9-86.0 (Lockman et al., 2010)
Trastuzumab® 0.2 3.5 17.5 (Dijkers et al., 2010)
Lapatinib™ 149 ng/g 672 ng/g 4.5 (Taskar et al., 2012)

Drug levels were measured at resection, autopsy or imaging. *Locations of normal
brain tissues were approx. 2-5 cm from tumour lesions. “Relative uptake value in
positron emission tomography (PET) imaging from metastatic breast cancer patients.
*Trastuzumab and Lapatinib are HER2-targeted therapy. ‘Mouse models, patients if
not indicated.

i g >
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Figure 1.10 Brain metastases induce breakdown of the BBB

Brain metastatic cancer cells migrate and grow along the vessels. After crossing the
BBB, tumour cells interact with astrocytes which provide survival signalling to tumour
cells (Kim et al., 2011, Kim et al., 2014). Tumour cells survive and grow in the brain
parenchyma and form brain macrometastases. As the tumour expands, the vasculature
of the brain changes and the BBB is compromised (dashed black lines of the

vasculature in the right panel). Image reproduced from (Steeg et al., 2011).
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Table 1-7. Summary of the median overall survival of HER2 positive patients with

CNS metastatic disease who received Trastuzumab treatments.

Study No. of patients Median overall survival (months)
With Trastuzumab Without
Trastuzumab
(Kirsch et al., 2005) 47 ~ 26 =49
(Bartsch et al., 2007) 53 21.0 9.0% and 3.0°
(Brufsky et al., 2011) 377 17.5 16.4% and 3.7°
(Park et al., 2009a) 78 13.6 5.5
(Nam et al., 2008) 56 12.8 4.0
(Church et al., 2008) 26 11.9 3.0
(Dawood et al., 2008) 280 11.6 6.1

The overall survival was from the brain metastasis diagnosis. ?Patients received
chemotherapy only. °Patients received no chemotherapy. Table modified from
(Pienkowski and Zielinski, 2010).

However, whilst the introduction of Trastuzumab into the clinic has undoubtedly
improved outcome in HER2-positive patients, controversies still remain regarding its
efficacy as a monotherapy against brain metastases and whether it could actually
contribute to the increase in the incidence of brain metastasis. For example, a meta-
analysis of adjuvant Trastuzumab for early stage HER2 positive breast cancer showed
that despite improvement in disease-free survival, distant disease-free survival and
overall survival in the Trastuzumab group than the other chemotherapy-treated group,
patients who received Trastuzumab had a significantly higher incidence of brain
metastases (Bria et al., 2008). Similar findings have been reported by other groups
(Romond et al., 2005, Park et al., 2009b). Taken together, these observations are
consistent with the contention that Trastuzumab prolongs survival of HER2 positive
patients primarily through better control of systemic disease and may delay the
development of CNS metastases but has limited direct efficacy against established
brain metastases. Further evidence that Trastuzumab may have “preventive” effect
rather than “therapeutic” effect on brain metastases comes from a study by Yap and
colleagues who demonstrated that HER2 positive breast cancer patients who received
Trastuzumab before the diagnosis of brain metastases had significantly longer time to
occurrence of brain metastases (33.2 months) than those who did not (19.1 months)
(Yap et al., 2012).
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T-DM1 is a Trastuzumab monoclonal antibody conjugated with cytotoxic agent DM1
(derivative of maytansine) and was approved by the FDA in 2013 for HER2-positive
patients. T-DM1 alone showed significantly increased progression free (9.6 months)
and overall survival (30.9 months) with less toxicity compared to the combination of
Lapatinib and capecitabine (progression free survival 6.4 months and overall survival
25.1 months) in HER2 positive patients with advanced breast cancer previously treated
with Trastuzumab and a taxane (Verma et al., 2012). A phase 1 clinical study on the
effect of T-DM1 on brain metastasis from HER2 positive breast cancer is ongoing
(ClnicalTrials.gov identifier # NCT02135159).

Lapatinib also has shown efficacy in animal models of breast cancer brain metastasis
and in HER2 positive breast cancer patients with brain metastases. Consistent with the
increased permeability of the BBB in brain lesions, the average concentration of
Lapatinib was found to be 7-9 fold higher in brain metastases than in normal brain
tissues in a HER2 overexpressing experimental mouse model (Table 1-6) (Taskar et al.,
2012). In HER2-positive breast cancer patients with brain metastases, Lapatinib
increased overall survival (12.8 months), compared to chemotherapy alone and non-
treated groups (10.2 months and 2.2 months, respectively) (Kim et al., 2012). Several
trials have also shown that combination of Lapatinib with chemotherapy or WBRT
increases CNS responses and survival of HER2 breast cancer patients with brain
metastases compared to chemotherapy or WBRT alone (Lin et al., 2009, Lin et al.,
2013, Bachelot et al., 2013).

In summary, multiple mono- or combination therapies have been developed and shown
to efficacy in breast cancer patients with brain metastases. These approaches however
extend life only by a few months or years and none are curative. Therefore, studies on
novel targeted therapies for curative treatment of brain metastasis are urgently needed,

especially for TNBC patients.

1.7 Histone deacetylase (HDAC) inhibitors: Emerging compounds

for the treatment of breast cancer brain metastasis

Chromatin structure regulates gene expression and can be remodelled by DNA

methyltransferases, histone acetyltransferases (HATs) and histone deacetylases
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(HDACs) (Marks et al., 2001, Johnstone, 2002, Hadnagy et al., 2008, Falkenberg and
Johnstone, 2014). HATs are responsible for the acetylation of histones that leads to
chromatin opening and transcriptional activation, whereas HDACs deacetylate histones,
thereby resulting in the condensation of chromatins and transcriptional repression
(Figure 1.11). HDAC inhibitors (HDACI) induce hyperacetylation of histones in both
normal and cancer cells, which leads to the activation of tumour suppressor genes
and/or of transcription factors such as p53, E2F transcription factor 1 (E2F1), nuclear
factor-kB (NF-kB), a-tubulin and heat-shock protein 90 (Hsp90). This results in the
inhibition of tumour growth and survival through various actions in cancer (Table 1-8)
(Johnstone, 2002, Bolden et al., 2006, Falkenberg and Johnstone, 2014). Changes in
the level of HDAC expression commonly observed in cancer cells have led to the
suggestion that HDACs could be potential targets for anti-cancer therapy. Indeed,
tumour cells generally show increased sensitivity to HDAC inhibition compared to
normal cells. While the precise mechanism by which HDACi exhibit selective
cytotoxicity against cancer cells while having no or low toxicity against normal cells
remains incompletely understood (Lindemann et al., 2004), the expression levels of
class | HDACs are generally higher in various cancers than in normal tissues and could
account in part for the selectivity of HDACi towards cancer cells (Krusche et al., 2005,
Nakagawa et al., 2007, Weichert, 2009). Several small molecular weight HDACi have
been developed and demonstrated to be brain permeable in vivo including SAHA,
sodium butyrate, phenyl butyrate, MS275 and valporic acid (Steffan et al., 2001, Hockly
et al., 2003, Ren et al., 2004, Faraco et al., 2006, Hess-Stumpp et al., 2007).

Figure 1.11 Chromatin structure regulates transcriptional activity

Left, histone deacetylation and DNA methylation cause the condensation of DNA

around histones. This prevents transcription factors from binding to DNAs, thereby
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leading to gene repression. Right, histone acetylation and DNA demethylation induce
the relaxation of condensed chromatin. The resulting DNA opening leads to gene
activation. DNAs are shown with black lines and histone octamers are in purple. Image
reproduced from (Johnstone, 2002).

Table 1-8. Various actions of HDACI in cancer.

Role Effect Reference

Apoptosis Intrinsic pathway (Ruefli et al., 2001)
(mitochondrial mediated)
Extrinsic pathway (death (Insinga et al., 2005)

receptor mediated)

DNA damage (Chen et al., 2007)
Cell cycle arrest G,/S phase arrest (Noh et al., 2011)

G,/M phase arrest (Du et al., 2014)
Inhibition of angiogenesis Suppression of pro- (Deroanne et al., 2002)

angiogenic genes

Immune modulation Activation of NK cells (Ning et al., 2012)
Activation of cytotoxic T (Murakami et al., 2008)
cells

HDACI, histone deacetylases inhibitors; NK cells, natural killer cells. Table modified

from (Falkenberg and Johnstone, 2014).

SAHA (suberanilohydroxamic acid, also known as Vorinostat) was the first FDA-
approved HDACI for the treatment of advanced cutaneous T cell lymphoma in 2006.
SAHA mediates potent anti-tumour effects including inhibition of tumour growth,
induction of apoptosis and DNA damage response in various cancer cell lines,
including breast cancer (Bolden et al., 2006). SAHA also enhances radiosensitivity, as
evidenced by induction of y-H2AX foci (a marker for DNA double strands breaks) in
treated cells, and decreases the expression of the DNA repair gene, Rad51 and DNA-
dependent protein kinase (DNA-PK), resulting in suppression of lung metastasis in the

highly metastatic murine 4T1 breast cancer model (Chiu et al., 2013).

Interestingly, another study reported that the uptake of SAHA was 2-3 fold higher in
experimental models of MDA-MB-231Br brain metastases than in normal brain and that
the drug distributed evenly throughout brain metastases, in contrast to the

heterogeneous distribution of paclitaxel or doxorubicin in brain metastases (Palmieri et
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al., 2009b, Steeg et al., 2011). Consistent with the demonstrated efficacy of SAHA
against lung metastases and the increased uptake and uniform distribution of SAHA in
brain metastases, Palmieri et al. showed that SAHA induces apoptosis in vitro and
decreases brain metastases partially in the MDA-MB-231Br intracardiac experimental
brain metastasis model in vivo. This response was accompanied by the induction of y-
H2AX foci and reduced expression of the DNA repair gene, Rad52 (Palmieri et al.,
2009b). Further, Baschnagel et al. reported that SAHA sensitises MDA-MB-231Br cells
to radiation in vitro and in vivo, that resulted in a significantly increased survival of mice
compared to SAHA or radiation alone. However, this did not produce complete
remission and the maximum survival of mice was only up to 30 days (Baschnagel et al.,
2009). The combination of SAHA (200, 300 or 400 mg orally once daily) and WBRT for
the treatment of brain metastases is being tested in a phase 1 clinical trial
(ClnicalTrials.gov identifier # NCT00838929). More recently, several HDACi with
increased potency, selective cytotoxicity towards cancer cells and limited toxicity
against normal cells have been developed (Batova et al., 2002, Insinga et al., 2005,
Nebbioso et al., 2005, Yao et al., 2015, Novotny-Diermayr et al., 2010, Kahnberg et al.,
2006). Chapter 5 of this thesis investigates two of these compounds (SB939 and

1179.4b) in brain metastatic breast cancer cell lines in vitro and in vivo.

TNBC is associated with an aggressive mesenchymal-like phenotype (Guarino et al.,
2007, Lehmann et al., 2011, Lindner et al., 2013) that does not respond to anti-
estrogens since this molecular subtype does not express hormone receptors. However,
recent studies suggest that treatment with HDACIi has the potential to convert TNBC to
a more epithelial-like phenotype amenable to endocrine therapy. For example,
panobinostat (LBH589), a pan-HDAC inhibitor (Khan et al., 2008), significantly reduces
MDA-MB-231 lung and brain metastasis presumably by inhibiting the expression of
pro-mesenchymal transcription factors ZEB1 and ZEB2 (Rhodes et al.,, 2014). In
another study, panobinostat was shown to upregulate the expression of the epithelial
marker, E-cadherin, in MDA-MB-231 cells in vitro and in vivo (Tate et al., 2012).
Epithelial-mesenchymal transition (EMT) is a process whereby stationary epithelial
cells are converted to motile mesenchymal cells and plays an important role in tumour
cell invasion, migration and metastasis (Thiery, 2002, Yang and Weinberg, 2008). Loss
of E-cadherin expression is often considered a common indicator of EMT (Thiery, 2002,
Ye et al., 2012). Mesenchymal to epithelial transition (MET) is the reverse process of
EMT and the re-expression of E-cadherin is a hallmark of MET (Wells et al., 2008,
Tiraby et al., 2011). The expression of E-cadherin is regulated by ER (Ye et al., 2010,
Cardamone et al., 2009, Wik et al., 2013, Bouris et al., 2015) and ER promotes MET
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(Tiraby et al., 2011). Consistent with the abovementioned results, other studies have
reported that HDACIi induce the expression of ER-a in ER negative breast cancer cell
lines (Keen et al., 2003, Fan et al., 2008) and sensitise tumour cells to endocrine
therapy (Sabnis et al., 2011). Taken together, these studies suggest a mechanism by
which HDACI could promote a mesenchymal to epithelial transition leading to increases
in ER-a expression and response to anti-estrogens. Whether this strategy could be

effective against TNBC brain metastases, however, remains to be demonstrated.

The HDAC family is subdivided into 4 classes based on their homology to yeast,
subcellular localisation and enzymatic activities (Thiagalingam et al., 2003, Gregoretti
et al., 2004). Class | HDACs (HDAC1, HDAC2, HDAC3 and HDACS8) are generally
detected in the nucleus. Class lla HDACs (HDAC4, HDACS5, HDAC7 and HDAC9) are
expressed in the nucleus and the cytoplasm. Class lIb HDACs (HDAC6 and HDAC10)
are found in the cytoplasm. HDAC11 is a single member of Class IV HDAC and is
localised in the cytoplasm (Gregoretti et al., 2004, Bolden et al., 2006, New et al., 2012,
West and Johnstone, 2014). HDAC isoforms regulate various biological functions in
cancer, including cell survival, proliferation and metastasis (Kim and Bae, 2011, West
and Johnstone, 2014). Several potent pan-HDAC inhibitors have been developed to
interfere with these biological responses in cancer cells. However, most have shown
cardiac toxicity in clinical trials which has prompted the development of isoform-
selective HDAC inhibitors (Gryder et al., 2012, Butler and Kozikowski, 2008, Shultz et
al., 2011). Nevertheless, whether pan-HDAC inhibitors or selective HDAC inhibitors are
most beneficial as anti-cancer drugs is still debated. The fact that most inhibitors in
clinical trials are pan-HDACI, suggests that inhibition of multiple HDACs may be

necessary to achieve sufficient anti-tumour activity in vivo.

1.8 Preclinical mouse models of breast cancer brain metastasis

Metastasis cannot be fully replicated in vitro and therefore animal models are required
to better investigate this process. While several mouse models of breast cancer
metastasis have been developed (Eckhardt et al., 2012, Daphu et al.,, 2013), few
spontaneously metastasise to the brain. For this reason, most studies have employed
experimental models of breast cancer brain metastasis that involve injection of a large
bolus of tumour cells into the vasculature via the left ventricle of the heart or via the
internal carotid artery or injection directly into the brain (Palmieri et al., 2007b, Kodack

et al.,, 2012). While useful to investigate late stage progression, these models lack
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clinical relevance since they bypass the formation of a primary tumour, do not mimic
the spontaneous escape of metastatic cells from the mammary gland, and often gives
rise to numerous brain metastases (>100) that are not usually seen in patients (Gril et
al., 2008, Fitzgerald et al., 2008). Moreover, the majority of these models are human-
rodent xenografts that require the use of immune deficient mice to prevent rejection of
human tumour cells by the murine host (Bos et al., 2009, Palmieri et al., 2007a, Gupta
et al., 2013). Therefore, xenograft models do not take into account the important
regulatory role of the immune system in metastasis, including metastasis to the brain
(Kitamura et al., 2015, Fitzgerald et al.,, 2008, He et al., 2006, Lorger and Felding-
Habermann, 2010).

To the best of our knowledge, the highest incidence of spontaneous brain metastasis
observed in a human-mouse xenograft model (42%, 5 out of 12 mice), was reported in
a study by Bos et al. (Bos et al., 2009) who used the CN34-BrM2 human breast cancer
cell line derived from the parental CN34 line through repeated intracardiac injection.

However this model still suffers from the lack of fully functional immune system.

In this context, syngeneic models of spontaneous breast cancer brain metastasis in
which mouse mammary tumour cells spontaneously spread from a primary tumour in
the mammary fat pad to the brain in immune competent mice provide greater clinical
relevance for the functional characterisation of metastasis genes and/or testing of new
therapies (Eckhardt et al., 2005, Kusuma et al., 2012, Johnstone et al., 2015). However,
few syngeneic models of spontaneous breast cancer brain metastasis have been

described to date.

Syngeneic luminal-like or HER2 positive models such as the mouse mammary tumour
virus-polyoma middle T (MMTV-PyMT), MMTV-neu or Kunming models (Lin et al.,
2003, Herschkowitz et al., 2007, Zheng et al., 2014) circumvent the need for
immunocompromised mice but are only weakly metastatic to the lung or the liver and
not to the brain. Recently, Erin and colleagues described the generation of the 4TBM
brain metastatic cell line (Erin et al., 2013) derived from the 4T1 syngeneic mouse
model of spontaneous TNBC metastasis (Aslakson and Miller, 1992, Johnstone et al.,
2015). However, the authors did not report on the incidence of brain metastasis in the
4T1BM model, an important practical consideration if the model is to be used to
demonstrate the efficacy of novel therapies against brain metastasis. Moreover, the
genetic, phenotypic and functional relevance of this model to brain-metastatic human

TNBC remains to be validated.
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Table 1-9 summarises the major advantages and disadvantages of preclinical mouse
models to investigate brain metastasis. The development and characterisation of a new

4T1-derived spontaneous brain-metastatic TNBC model (4T1Br4) is described in detall
in Chapter 3.
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Table 1-9. Preclinical animal models of brain metastasis.

Model Method Advantages Disadvantages

Syngeneic mouse model

Immunocompetent Orthotopic or ectopical Compatible tumour-stroma No human component
mice injection of murine derived interactions
cell lines Immune competent

More metastatic than xenografts

Human-rodent xenograft model

Immunodeficient mice Primarily intracardiac/carotid  Use of human tumour cells Requires immune compromised mice
injection of patient derived Good correlation between responses  Lack of tumour-host compatibility
cell lines to drugs in models and patients Provides a less realistic tumour

microenvironment
Expensive
Less metastatic than syngeneic models

Spontaneous metastasis model

Tumour Orthotopic injection in the Recapitulates complete steps of Longer duration
transplantation in mammary fat pad spontaneous metastasis Requires multiple in vitro or in vivo
mice Simple procedure preselection

Amenable to primary tumour Limited metastasis to the brain

resection/therapeutic setting
Transgenic mice Spontaneous primary tumour  Useful for study of tumour initiation Long tumour latency or metastasis

formation Simple procedure onset Limited spontaneous metastatic
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Hematogeneous metastasis model (experimental)

Intracardiac injection  Injection of tumour cells into

the left ventricle

Intracarotid artery Injection of tumour cells into

injection the internal carotid artery

Direct implantation model (experimental)

Intraparenchymal Inoculation of tumour cells

implantation directly into the brain
parenchyma by hand or
stereotactic guidance

Leptomeningeal Inoculation of tumour cells

metastasis directly into the subarachnoid
space, or subarachnoid
catheter for delivery to the
cerebrospinal

fluid space

Good metastatic seeding at
secondary site

Relatively simple procedure
Produces predominately cerebral
tumours with minimal noncerebral

metastases

Useful to study metastatic tumour

growth in the brain

Convenient for longitudinal imaging
study with molecular or intravital

microscopic imaging

Chapter 1

distribution (no bone or brain)

Bypass early metastasis steps

Bolus of cells implanted into circulation
No primary tumour

Bypass early metastasis steps
Complex

Time-consuming

Significant microsurgical skills required

Bypass early metastasis steps
Complex

Time-consuming

Significant microsurgical skills required
Bypass early metastasis steps

Does not models of cerebral brain

metastases
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1.9 Novel breast cancer brain metastasis genes

Given the lack of efficacy of current therapies against brain metastasis, particularly for
TNBC, there has been a significant interest in identifying novel brain metastasis genes
that could be used as therapeutic targets in patients as summarised in Table 1-10 and
reviewed in (Steeg et al., 2011, Eichler et al., 2011, Eckhardt et al., 2012, Daphu et al.,
2013). However, due to the limited availability of fresh matched primary tumour and
brain metastases for these analyses, many studies have had to rely on cell cultures or

animal models of metastasis.
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Table 1-10. Genes associated with the formation of brain metastases from breast cancer.

Chapter 1

Gene Function Models Action References
ST6GALNACS Sialyltransferases catalyse the addition of sialic acid  Breast cancer Inhibition suppresses (Bos et al., 2009)
to gangliosides and glycoproteins. Cell-surface patient penetration of an artificial BBB
sialylation has been implicated in cell-cell (CN34) and and enhances brain-
interactions MDA-MB- metastasis-free survival
COX2 Important in prostaglandin production, possibly 231Br
leading to increased permeability of the BBB
HBEGF Heparin-binding EGF-like growth factor, a ligand of
EGFR, promotes cell growth, motility, and
invasiveness
HER2 Receptor tyrosine kinase of the EGFR family Breast cancer Overexpression increases the (Palmieri et al.,
patients and incidence of brain metastasis or 2007a)
MDA-MB- large brain metastases (>50
231Br um?)
HER3 Receptor tyrosine kinase of the EGFR family Breast cancer HER3 and downstream (Da Silva et al.,
patients pathways are involved in cell 2010)
colonisation
Serpins Serine proteinase inhibitors MDA-MB- Counteract plasmins and (Valiente et al.,
231Br results in cell survival and 2014)
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HK2

VEGF-A

FOXC1

NT-3

Heparanase

Hexokinase 2 important in glucose metabolism,
oxidative

phosphorylation, and antiapoptosis

Angiogenic growth factor

Transcription factor essential for mesoderm
development; involved in brain development and

brain tumourigenesis

Neurotrophic factor in nerve growth factor

Enzyme that degrades polymeric heparan sulfate

molecules

MDA-MB-
231Br

MDA-MB-
231Br

Breast cancer

patients

MDA-MB-361,
BCM2
BrainG2

MDA-MB-
231Br

44

High HK2 expression is
associated with poor patient
survival after craniotomy
Increased in brain-metastatic
clones, and VEGFR inhibition
decreases brain tumour burden
via a reduced number of blood
vessels, decreases proliferation
and increases apoptosis
Predicts poor overall survival in
basal-like breast cancer, a
higher incidence of brain
metastasis and a shorter brain-
metastasis-free survival in
lymph-node-negative patients
Induces MET and reduces
cytotoxic respond of microglia
that results in increased growth
of metastatic breast cancer
cells in the brain

Inhibition of heparanase by
microRNA-1258 decreased cell

Chapter 1

(Palmieri et al.,
2009a)

(Kim et al., 2004)

(Ray et al., 2010)

(Louie et al., 2013)

(Zhang et al., 2011)
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invasion in vitro and brain
metastases in an in vivo
experimental model
Cathepsin S Human lysosomal cysteine proteinase MDA-MB- Cathepsin S mediates (Sevenich et al.,
231Br transmigration of the BBB in 2014)
breast cancer cells and
inhibition of cathepsin S
decreased brain metastasis in
an experimental model
MMP-2, MMP- Degradation extracellular matrix proteins and cell ENU1564 PD 166793 MMP inhibitor (Mendes et al.,
3 and MMP-9  surface receptors (Rat) shown to decrease the 2005)
development breast cancer

brain metastases

avp3 Important for sprouting endothelial cells, contributes ~ MDA-MB-435  Activated av33 enhances brain  (Felding-
to angiogenesis, supports invasion and metastasis metastatic tumour cells arrest Habermann et al.,
in the blood flow and tumour 2001, Lorger et al.,
growth through continuous 2009)

upregulation of VEGF, leading
to increased angiogenesis and

decreased hypoxia

BBB, blood-brain barrier; EMT, epithelial-mesenchymal transition; MET, mesenchymal-epithelial transition. ENU1564 is an N-ethyl-N

nitrosourea-induced mammary adenocarcinoma cell line.
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Surprisingly, there is little or no overlap among metastasis genes identified through
these studies (Figure 1.12) (Daphu et al., 2013). The reasons for these discrepancies
are not clear but could be due to differences in methodology, differences in tumour
models/subtypes interrogated and/or the lack of clinical relevance of some of these
models as discussed above. Four genes whose high expression is associated with
brain metastasis in both xenograft models and patients’ tissues are discussed in more
detail below.

Rodent, syngeneic
models

e
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Figure 1.12 Genes involved in brain metastases

Brain metastasis genes identified in animal models and in patients’ tissues show little
or no overlap. However, there are four overlapping genes observed in both xenograft

models and patient studies. Image reproduced from (Daphu et al., 2013).

Of particular interest, Bos and colleagues identified, through gene array analysis
(Affymetrix), a2,6-sialyltransferase (ST6GALNACS), cyclooxygenase-2 (COX2) and the
EGFR ligand heparin-binding EGF (HBEGF) highly expressed in both a brain
metastatic breast cancer cell line isolated from a breast cancer patient (CN34) and the
MDA-MB-231Br cell line (Bos et al., 2009). They provided in vitro evidence that these
gene products facilitate trans-endothelial migration through the BBB and showed that
suppression of each gene by RNA interference is associated with reduced survival in a
human xenograft model in vivo, suggesting that COX2 and HBEGF in primary tumour
enhance extravasation of cancer cells through the non-fenestrated capillaries of the
brain and that ST6GALNACS5 acts a mediator of cancer cell infiltration through the BBB.
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Palmieri et al. (Palmieri et al., 2007a) provided experimental evidence that HER2
directly contributes to brain colonisation. Specifically, they showed that exogenous
expression of HER2 in MDA-MB-231Br cells increases the incidence of large brain
metastases (>50 um?), suggesting that HER2 overexpression promotes the outgrowth
of micrometastases into macrometastases in the brain (Palmieri et al., 2007a). High
cathepsin S expression in primary tumour is associated with increased brain
metastases in breast cancer patients and cathepsin S mediates the transmigration of
the BBB by degrading junctional adhesion molecule B (JAM-B) in MDA-MB-231Br cells
(Sevenich et al., 2014).

1.9.1 Prognostic brain metastasis gene signatures

While some risk factors have been identified for brain metastasis, it is still not possible
to accurately predict breast cancer patients who will progress to develop brain
metastases and those who will not. Prognostic brain metastasis gene signatures have
been developed by various research groups to address our inability to predict patients
at high risk of developing brain metastasis from breast cancer.

Bos et al. (Bos et al.,, 2009) analysed genes associated with brain metastasis by
comparing CN34 cells (obtained from a breast cancer patient) versus CN34-BrM2 cells
(brain-seeking subline of CN34) and MDA-MB-231 cells versus MDA-MB-231Br cells.
Comparative genome-wide expression analysis revealed 243 genes are overexpressed
or underexpressed in the brain metastatic cells of both cell lines. To prioritise brain
metastasis genes, they used univariate analysis using human breast tumour microarray
datasets (368 combined cohort from MSK-82 and EMC-286 sets) and defined a 17-
gene signature correlated with brain relapse (P<0.05), but not associated with relapse
to the bones, liver or lymph nodes. However, it should be noted that 6 genes of the
brain metastasis signature overlapped with the lung metastasis gene signature
suggesting a potential association or shared mechanisms between lung and brain

metastasis.

Klein et al. (Klein et al., 2009) identified two sets of 73 genes that are respectively
expressed in brain or bone metastases from breast cancer. Brain metastasis genes
were analysed using microarray data sets comparing 10 breast cancers relapsing to
the brain and 29 normal human brains. However, a limitation of their study is that the
authors did not analyse genes associated with metastasis to other organs such as the

lung, liver or lymph nodes so as to differentiate them from the brain metastasis gene
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signature. Thus, to unequivocally demonstrate that this signature is specific for the
brain rather than a “general” metastasis signature, these genes should be further
validated by analysing their expression in non-brain metastatic primary tumour versus
brain metastatic primary tumour or in normal brain versus brain metastases, or

matched primary tumours and brain metastases.

Mehrotra et al. (Mehrotra et al.,, 2004) reported a high frequency of five
hypermethylated genes (Cyclin D2, RAR-beta, Twist, RASSF1A, and HIN-1) in brain
metastasis compared to primary breast tumours. The prognostic utility of these
hypermethylated genes is difficult to determine since the study compared unpaired
primary tumours and brain metastases. Therefore it is unclear whether
hypermethylation of these genes is simply induced by the microenvironment of the
brain or represents a set of genes that are hypermethylated in a subpopulation of cells
of the primary tumours and their inactivation promotes their spread to the brain. In
another study, Woditschka et al. (Woditschka et al., 2014) identified two DNA double-
strand break repair genes (BARD1 and RAD51) significantly overexpressed in human
brain metastases compared to matched primary tumours. They demonstrated that
these genes functionally contribute to brain metastasis in vivo. However, the use of a
large number of patient samples is warranted to confirm this study, since these genes

were identified from only 23 matched primary breast cancer and brain metastases.

While many research groups are eagerly trying to define brain-specific metastasis gene
signatures, it is important that brain metastasis genes be identified or validated by
using large cohort datasets or a sizable number of matched primary breast tumours

and brain metastasis tissues/cell lines.

1.10 Hypotheses and specific aims

The incidence of breast cancer patients developing brain metastases is increasing.
Unfortunately, current therapies for brain metastases are not curative and the genes
and mechanisms regulating breast cancer metastasis to the brain remain poorly
understood. Metastasis requires complex interactions between tumour cells and the
stromal microenvironment that can only be fully replicated in vivo. However, clinically
relevant animal models of spontaneous breast cancer metastasis that recapitulate the
complete metastatic cascade from the mammary gland to the brain in immune
competent mice are lacking. | hypothesise that such models would provide greater

clinical relevance for the identification/characterisation of brain metastasis genes
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and/or to test the efficacy of novel therapies against this incurable disease. Accordingly,
the first goal of my PhD project was to develop and characterise a new syngeneic
mouse model of spontaneous breast cancer brain metastasis (4T1Br4) in which to
investigate the function of novel brain metastasis genes and to test novel therapies.

Initial characterisation of 4T1Br4 cells and tumours by gene array profiling uncovered
an association between high expression of a novel member of the JAM family proteins,
limitrin (DICAM), and brain metastatic potential. The prognostic and functional links
between limitrin and breast cancer brain metastasis have not been reported previously
and are investigated herein. Lastly, the project made use of the 4T1Br4 model to test

the efficacy of two novel HDACI against breast cancer brain metastasis.

The specific aims of my project are as follows:

1. To develop and characterise a novel syngeneic mouse model of spontaneous breast

cancer brain metastasis;

2. To determine the prognostic value of limitrin for the identification of breast cancer
patients at risk of developing brain metastases and to investigate the functional

contribution of limitrin to the spread of breast cancer to the brain; and

3. To test the efficacy of novel HDACI (SB939 and 1179.4b) against brain metastases
in a clinically relevant syngeneic mouse model of spontaneous breast cancer

metastasis to the brain.

The methodology and results from my PhD project are presented in the following
chapters together with a summary of my findings and a discussion of their potential
implications for the treatment of breast cancer patients with brain metastases and for

future research avenues.
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2. Materials and Methods

2.1 Materials

2.1.1 General chemicals and reagents

Chapter 2

Reagents Supplier
a-minimal essential medium (a-MEM) GibcoBRL
ABC reagent Vector
Acetic acid BDH
Acrylamide/bisacrylamide Amresco
Ampicillin CSL
B-mercaptoethanol Sigma
BCA protein assay kit Biorad
Bovine serum albumin (BSA) Sigma

Calcein AM

Calcium chloride (CaCl,)

Cell scraper

Chemiluminescence (ECL)

Chloroform

Crystal violet

3,3’ Diaminobenzidine (DAB) substrate
4' 6-diamidino-2-phenylindole (DAPI)
Dulbecco’s Modified Eagle Medium (DMEM)
Dimethylsulfoxide (DMSO)

dNTPs mix

Ethanol

Ethylenediamine tetra-acetic acid (EDTA)
Fetal bovine serum (FBS)

Ficoll-Paque Plus gradient

Filter (0.22 pm)

Filter (0.45 pm)

Fluconazole

Formaldehyde

Formalin (10% buffered)

Glycine
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ENZO Life Sciences
Sigma

Greiner bio-one
Amersham
BDH

Sigma

DAKO

Vector
GibcoBRL
Sigma
Promega

BDH

Boehringer Mannheim

CSL

GE Healthcare
Millipore
Sigma

Sandoz

BDH

Orion

BDH
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Reagents Supplier
Glycerol BDH

Heparin Pfizer

HEPES Sigma

Isoamyl alcohol Sigma
Isopropanol BDH

Isoflurane Abbott

Ketamine hydrochloride TrygLaboratories
L-glutamine Trace
Lipofectamine 2000 Invitrogen

Luciferin

Magnesium chloride (MgCl,)

Matrigel

Methanol

Microcentrifuge tube

MISSION® esiRNA

M-MLV Reverse Transcriptase, RNase H
Minus
N,N,N’,N’-Tetramethylethylenediamine
(TEMED)

Neutral buffered formalin (NBF)
Opti-MEM

Paraformaldehyde (PFA)
Penicillin-streptomycin

Phenol

Poly(ethylene glycol) (PEG) 300
Polyethylenimine (PEI)

Polybrene

Protease cocktail inhibitors (EDTA free)
Proteinase K

Puromycin

PVDF membrane

Qproteome Cell Compartment Kit
RNase A

SB939, 10 mM stock solution prepared in
DMSO and stored at -80°C until used.
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Gold Biotechnology
Amresco

BD Biosciences
BDH

Scientific Specialties
Sigma

Promega

Biorad

Australian biostain
Gibco

Sigma

GibcoBRL

Sigma

Sigma
Polyscience
Santa Cruz

Roche

Promega

Sigma

Milipore

Qiagen

Promega
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Reagents

Supplier

Molecular weight is 358 Da.

Scalpel blade

Skim milk powder

Sodium chloride (NaCl)

Sodium Dodecyl Sulfate (SDS)
Sodium pyruvate

Sulforhodamine B (SRB)

Super RX film

Sterile water for injection

SYBR Green |

Syringe

Tagman chemistry

Tissue culture plastic ware

Transwell polycarbonate membrane inserts
Trichloroacetic acid (TCA)
Tris(hydroxymethyl)aminomethane (Tris
base)

Trizol reagent

Triton X-100

Trypan blue

Trypsin

Trypsin-EDTA

Tween-20

Ultra clean water

Vectastain ABC kit

Vectashield containing DAPI
Vivaspin20 ultrafiltration spin columns
Xylene

1179.4b, 10 mM stock solution prepared in
DMSO and stored at -80°C until used.
Molecular weight is 473 Da.

5X M-MLV RT (H-) buffer

Australia)
Swann-Morton
Diploma

Sigma

Promega

Sigma

Sigma

Fujifilm

Sterisafe

Applied Biosystems
Terumo

Applied Biosystems
BD Biosciences
Corning

BDH

BDH

GibcoBRL

Sigma

Gibco

Sigma

Gibco BRL

Biorad

Invitrogen

Vector

Vector

Sartorius

BDH

Dr. David P. Fairlie (The
University of Queensland,
Australia)

Promega

2.1.2 Antibodies

52



Table 2-1. List of antibodies used in this study.
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Antibodies Applications Dilution Supplier
Anti-ERa Immunohistochemistry 1:50 DAKO
(Mouse,

monoclonal)

Anti-PR (Rabbit, Immunohistochemistry 1:4,000 Santa Cruz
polyclonal) Biotech
Anti-HER2 Immunohistochemistry 1:400 Calbiochem
(Mouse,

monaoclonal)

Anti- pan- Immunohistochemistry 1:400 Sigma
cytokeratin (pan-

CK) (Mouse,

monaoclonal)

Anti-Ki-67 Immunohistochemistry 1:250 Millipore
(Rabbit,

polyclonal)

*Anti-limitrin Western blot, Western blot Prof. Bruce
(Rabbit, immunohistochemistry  1:10,000, Kemp (St.
polyclonal) immunohistochemistry  Vincent’s

Anti-acetylated
histone H3
(Rabbit,
polyclonal)
Anti-GAPDH
(Mouse,
monaoclonal)
Anti-Na+/K+
ATPase (Rabbit,

polyclonal)

Western blot

Western blot

Western blot

1:1,000

1:10,000

1:10,000

1:1,000

hospital, Victoria,
Australia)

Millipore

Abcam

Cell signalling
technology
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Antibodies Applications Dilution Supplier

Anti-y-H2AX Immunofluorescence  1:500 Abcam
(Rabbit,

polyclonal)

Goat anti-rabbit Western blot 1:3,000 BioRad
lgG (H+L) HRP

conjugated

Goat anti-mouse  Western blot 1:3,000 BioRad
lgG (H+L) HRP

conjugated

Goat anti-rabbit Immunohistochemistry 1:250 Vector
IgG biotin

conjugated

Goat anti-mouse  Immunohistochemistry 1:250 Vector
IgG biotin

conjugated

Goat anti-rabbit Immunofluorescence  1:500 Molecular probes
IgG (H+L) Alexa

fluor 488

*Four limitrin antibodies (R161, R184, R5553 and R6921) were generated in
collaboration with Prof. Bruce Kemp (St-Vincent Institute, Melbourne). Rabbit
polyclonal anti-limitrin antibodies were raised against a human C-terminal peptide
sequence of human limitrin (ELAHSPLPAKYIDLDKGFRKENCK), as described in
(Yonezawa et al., 2003).

2.1.3 Oligonucleotides

Genomic DNA was detected by TagMan real time PCR. Primers and probes against
mouse Cherry/Vimentin were designed using Primer Express version 2.0 program and
manufactured by Applies Biosystems (California, US). Primers and probes against

human TurboGFP were designed using NCBI database (www.nchi.nlm.nih.gov) and

manufactured by Integrated DNA Technologies (IDT) (lowa, US). The sequences of

these primers and probes are shown in Table 2-2.
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Table 2-2. Sequences of primers and probes used for amplification of genomic
DNA by TagMan real time PCR.

Primers Sequence

Mouse Cherry Forward 5-GACCACCTACAAGGCCAAGAAG-3
Reverse 5-AGGTGATGTCCAACTTGATGTTGA-3’
Probe 6FAM-CAGCTGCCCGGCGCCTACA-TAMRA

Mouse Vimentin Forward 5-AGCTGCTAACTACCAGGACACTATTG-3’
Reverse 5-CGAAGGTGACGAGCCATCTC-3

Probe VIC-CCTTCATGTTTTGGATCTCATCCTGCAGG-
TAMRA
Human TurboGFP  Forward CAGCGGCTACGAGAACCCCT
Reverse GGCCTCGTAGCGGTAGCTGA
Probe FAM-AGGACGGCGGCGTGCTGCACGTGAGCT-
NFQ

The expression of limitrin MRNA was detected by SYBR Green real time RT-PCR.
Primers were designed using NCBI database. Mouse primers were purchased from
IDT and human primers from GeneWorks. Sequences of these primers are shown in
Table 2-3.

Table 2-3. Sequences of primers used for real time RT-PCR with SYBR Green.

Primers Sequence

Mouse limitrin Forward 5-AACAGCGCGTGTACGAGCCG-3’
Reverse 5-CTGTCCACAGCGCGAATGAGCA-3

Human limitrin ~ Forward 5-TTAACTTGGCGGAGTTCGCT-3’
Reverse 5-TCCTTCCGGAACCCTTTGTC-3

2.1.4 siRNA and shRNA

For in vitro studies of limitrin gene knockdown, endonuclease-prepared siRNAs
(esiRNAs) against limitrin or EGFP (enhanced green fluorescent protein, control) were

obtained from Sigma. The sequences of esiRNAs are shown in Table 2-4.
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Table 2-4. Sequences of siRNAs used in this study.

SiRNA

Sequence

Limitrin
esiRNA
cDNA

EGFP
esiRNA
cDNA

ACAAGGGATCAGGCTCCATATAGGACTGAGGACATCCAGCTAGATTACA
AAAACAACATCCTGAAGGAGAGGGCTGAGCTGGCCCATAGTCCTCTGCC
TGCCAAGGATGTGGATCTGGATAAAGAGTTCAGGAAGGAGTACTGCAAA
TAAATGGACCCTGAGCTTCTGGCTGGGCCAGCAGCTCTGTATCAAAGGA
CATCTCCCTGACCCTCCTGCGGTATTCCTGGCTCTTCTCAGCGGCTGGT
CCGACTTACCTAGAAACTTGGCCTAAACTTGGCAGAGCAGCTGCCTGTA
CTTTGCCCTTCCTAGAATCGCCACCCCTCATCTTGGTGAGCAACTGTGG
GTTCCCTAGAGACTCTGGTATAGTACGATTGCTGCCCTTCAGTCACCTGT
GCCCACTGATGGTCGTACCCCCAACTTAAACACAACAAAGATCCCTTGTT
AATATCCACCAAATGCAAAGTCC
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAG
GGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTG
ACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGC
ACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCAC
CATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG
TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGAC
TTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACA
ACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAA
GGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTC
GCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCCCGTGLTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACC
CCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCG
CCGGGATCACTCTCGGCATGGACGAGCTGTA

For in vivo experiments, pGIPz, pCMV R8.2 and pVSV-G vectors were used. Bacteria

transduced with 5 distinct limitrin shRNA integrated in the mir30 lentiviral vector

(pGIPz) were provided by Dr. Kaylene Simpson (the Victorian Centre for Functional

Genomics (VCFG), Peter MacCallum Cancer Centre, Melbourne, Australia). The

sequences of limitrin ShRNA and scramble shRNA are shown in Table 2-5. The pGIPz

construct has the CMV promoter, the TurboGFP reporter, puromycin resistant markers
and a hairpin sequence (Thomas et al., 2014). pCMV R8.2 and pVSV-G were a kind
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gift from Dr. Didier Trono (Ecole polytechnique fédérale de Lausanne (EPFL),

Switzerland).

Table 2-5. Sequences of limitrin and scramble shRNAs.

shRNA Sequence

Limitrin CCAGCTAGATTACAAAAAC
ShRNA #1

Limitrin CAGCTAGATTACAAAAACA
ShRNA #2

Limitrin AGTACATCGACCTAGACAA
SshRNA #3

Limitrin CCAGAAGTCGGGAAAGTCA
shRNA #4

Limitrin CAGAAGTCGGGAAAGTCAA
shRNA #5

Scramble/non-
silencing
control shRNA
integrated in
the pGIPz

vector

NNNNNNNNGACCCGNNGCCCGGTGCCTGAGTTTGTTTGAATGAGG
CTTCAGTACTTTACAGAATCGTTGCCTGCACATCTTGGAAACACTTG
CTGGGATTACTTCTTCAGGTTAACCCAACAGAAGGCTCGAGAAGGT
ATATTGCTGTTGACAGTGAGCGATCTCGCTTGGGCGAGAGTAAGTA
GTGAAGCCACAGATGTACTTACTCTCECCCARCGEEAGAG TGCCTAC
TGCCTCGGAATTCAAGGGGCTACTTTAGGAGCAATTATCTTGTTTAC
TAAAACTGAATACCTTGCTATCTCTTTGATACATTTTTACAAAGCTGA
ATTAAAATGGTATAAATTAAATCACTTTTTTCAATTGGAAGACTAATG
CGGCCGGCCATTACTCCGTCTCGTGTCTTGTTGCATATGTCTGCTG
GTTTGTTTGATGTTGTTTGCGGGCGGGCCCTATAGTGAGTCGTATT
ACCTAGGACGCGTCTGGAACAATCAACCTCTGGATTACAAAATTTG
TGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTAT
GTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGT
ATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTT
TATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGC
ACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACC
ACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTG
CCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACA
GGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGG
GAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTTGCCACCTG
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GATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAA
TCCAGCGNANCTTCCTTCCCGCGGNCNGCTGNCNGNTCTGCGGC
NTCTTCCGCGNNTTCNCCTTCNCCCNCANANNAN

Blue: hairpin flanking regions, yellow: sense sequence, green: loop sequence, el

ERISENSEISEHUBNeE and white: vector sequence.

2.2 Cell culture methodology

2.2.1 Cells

The mouse mammary tumour cell lines 67NR, 66cl4 and 4T1 were provided by Dr.
Fred Miller (Karmanos Cancer Institute, Detroit, US). These lines are clonal populations
of cells derived from a spontaneous mammary carcinoma arising in a BALB/C mouse
(Dexter et al., 1978). The 4T1 line was further sub-cloned in our laboratory to isolate
two bone-seeking cell lines, 4T1.2 (Lelekakis et al., 1999) and 4T1BM2 (Kusuma et al.,
2012) and one brain-seeking cell line, mCherry-expressing 4T1Br4 (the generation of
these cells is described in Chapter 3). Mouse mammary tumour cell lines were
maintained in a-minimal essential medium (a-MEM) supplemented with 5% fetal bovine

serum (FBS) and 1% penicillin-streptomycin (P/S).

The human non-metastatic breast cancer cell line MCF-7 was obtained from the
American Type Culture Collection (Manassas, VA, US) and human metastatic breast
cancer cell lines, luciferase-expressing MDA-MB-231 (lung-metastatic cell line) and
MDA-MB-231Br (brain-seeking cell line derived from MDA-MB-231), were obtained
from Dr. Joan Massagué (Memorial Sloan Kettering Cancer Center, New York, US).
Human breast cancer cell lines were cultured in Dulbecco's Modified Eagles Medium
(DMEM) supplemented with 10% FBS and 1% P/S.

The bEnd.3 immortalised murine brain microvascular endothelial cell line was a
generous gift from Dr. R. Hallmann (Munster University, Minster, Germany). These
cells were maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 1
mM sodium pyruvate and 1% P/S.

All cell lines were maintained in a humidified incubator at 37°C under 5% CO,. Cells

were passaged when sub-confluent. Mouse mammary tumour cells were detached

58



Chapter 2

using 0.01% EDTA in Dulbecco's phosphate buffered saline (PBS) and human breast
cancer cells and bEnd.3 cells were detached using 0.05% Trypsin-EDTA in PBS. All
cell lines were kept in culture for a maximum of four weeks. Prior to experimentation,
cell viability was assessed by trypan blue exclusion and was higher than 90% in all
experiments. For long-term storage, cells were frozen at -80°C and kept in liquid
nitrogen in a 10% DMSO/90% FBS solution.

2.2.2 Preparation of brain conditioned medium (BCM)

New born pups from BALB/C mice were washed quickly with 70% alcohol and whole
brains were removed under sterile conditions. Whole brains were rinsed twice quickly
with 20 ml PBS containing 2% P/S and fluconazole (6 mg/L), minced with a scalpel
blade and cultured in DMEM supplemented with 20% FBS, 1 mM sodium pyruvate,
fluconazole (6 mg/L) and 2% P/S at 37°C under 5% CO,. The medium was changed
every 2-3 days until cells reached sub-confluence after which brain cells were serum
starved overnight in 15 ml of a-MEM serum free medium (SFM) supplemented with
0.05% bovine serum albumin (BSA), 2 mM L-glutamine, 1 mM sodium pyruvate and
1% P/S. The medium was then replaced with 10 ml of fresh SFM which was collected
after 48 hrs and centrifuged at 1,200 rpm for 5 min at 4°C (BCM). BCM was kept at -
80°C until ready to use and was stable for at least 3 months at -80°C.

2.2.3 Purification of LM-511 from conditioned medium

Recombinant human LM-511 (rhLM-511) was produced by HEK293T cells transfected
with plasmids containing full-length cDNAs encoding LMa5, y1 and B1 chains (kindly
provided by BioStratum Inc, Durham, NC, US). rhLM-511 was purified from serum-free
culture supernatant by affinity chromatography as previously described (Doi et al.,
2002) with some modifications. HEK293T cells were grown in T175 cm? flasks and
maintained in DMEM supplemented with 10% FBS, 0.5 mg/ml G418 and 1% P/S. Cells
were grown to approximately 60-70% confluence. To produce conditioned medium for
the purification of rhLM-511, the cells were washed twice with PBS and serum-starved
in 25 ml of DMEM containing 0.5 mg/ml G418, 1 mM sodium pyruvate and insulin-
transferrin-selenium supplement per flask for up to 6 days. The medium containing
rhLM-511 was harvested, centrifuged at 1,200 rpm for 5 min at 4°C, filtered through a
0.22 um filter-unit and stored at -20°C until required.
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rhLM-511 was purified by gel filtration chromatography (SMART column Superdex 200).
Batches of 250 ml of conditioned medium containing rhLM-511 from 10 flasks were
filtered and concentrated using Vivaspin20 ultrafiltration spin columns with a 100 kDa
cut-off. Columns were centrifuged at 3,000 rpm at 4°C and the concentrated medium
was buffered exchange in PBS to a final volume of 500 pl. The concentrated medium
was then purified by gel filtration on a Superdex 200 size exclusion column with 1%
(w/v) NH4CO3. Samples (100 ul each) were run at 40 pl/min and 80 pl fractions were
collected. Each fraction was analysed on 4% SDS-PAGE to detect the presence of LM-
511 chains. Fractions containing LM-511 were pooled and tested for activity. This work
was performed by Selda Onturk (PhD candidate, Peter MacCallum Cancer Centre,

Melbourne, Australia).

2.3 Protein techniques

2.3.1 Protein isolation

Sub-confluent cells cultured in T75 cm? flasks were placed on ice and washed twice
with ice-cold PBS. Adherent cells were scrapped off in 1 ml of ice-cold lysis buffer
containing 30 mM HEPES, 0.5 M EDTA, 5 M NacCl, 1% (v/v) Triton X-100 and protease
cocktail inhibitors per 1 X 10° cells. The cell lysate was then gently transferred into a
microcentrifuge tube and rotated for 30 min at 4°C before being spun at 13,000 x g for
15 min at 4°C. The supernatant containing the proteins was collected in a fresh

microcentrifuge tube and stored at -20°C.

For the detection of acetylated histone H3 protein by western blot, 1 X 10° cells or 50
mg of crushed frozen tissues were lysed in 1 ml of RIPA buffer containing 10 mM PO,
(pH 7.4), 500 mM EDTA (pH 8), 1% (v/v) Nonidet P-40, 0.5% (v/v) sodium
deoxycholate, 0.1% (v/v) SDS and protease inhibitor cocktail. The lysate was sonicated
four times for 30 sec and spun at 13,000 x g for 15 min at 4°C. The supernatant was

collected and stored at -20°C.

To investigate the differential localisation of limitrin in 66cl4 and 4T1Br4 cells, the
Qproteome Cell Compartment Kit was used for subcellular fractionation according to
the manufacturer’s instructions. Briefly, cell compartments can be selectively isolated

by applying different extraction buffers to a cell pellet (Figure 2.1). The Lysis Buffer
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disrupts the plasma membrane to isolate cytosolic proteins only. The Extraction Buffer
CE2 solubilises the plasma membrane but not the nuclear membrane and the
Extraction Buffer CE3 extracts nuclear proteins.

Cell pellet (approx.
5 x 108 cells)

!

Add Lysis Buffer

T Fraction 1
e

Cytosolic proteins

Add Extraction
Buffer CE2

T = Fraction 2
e

Membrane proteins

Add Benzonase® and
Extraction Buffer CE2

T -E:i Fraction 3
"

Nuclear proteins

Figure 2.1 Schematic diagram of subcellular fractionation adapted from QIAGEN

The protein concentration of each sample was determined using the Pierce BCA
protein assay kit. Briefly, 200 ul of BCA working solution (50 parts of solution A: 1 part
of solution B ratio) was added to each well of a 96-well plate containing 20 pl of each
standard or unknown sample. The plate was incubated for 30 min at 37°C and the
optical density of the wells was measured at 562 nm using a microplate reader
(VersaMax ELISA plate reader, Molecular Devices). Protein concentrations in the
samples were read against a standard curve generated by diluting the 2,000 pg/mi
BSA stock solution in lysis buffer at the following concentrations: 0, 31.25, 62.5, 125,
250, 500, 1,000, 2,000 pg/ml of BSA.

2.3.2 Western blot analysis
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Western blotting was performed using standard methodology (Sambrook et al., 1989).
Briefly, forty micrograms of proteins were separated on SDS-PAGE gel (8% acrylamide
for limitrin or 15% acrylamide for acetylated histone H3) and transferred to a PVDF
membrane in protein transfer buffer (0.19 M glycine, 0.25 M Tris base, 20% methanol)
at 100 volt for 1 hr. The membrane was blocked with 10% (w/v) non-fat dried milk in
PBS containing 0.05% Tween-20 for 1 hr at room temperature (RT) and incubated with
rabbit polyclonal anti-limitrin (1:10,000 dilution) or anti-acetylated histone H3 (1:10,000
dilution) antibody overnight at 4°C. After 3 washes with wash buffer (0.025% Tween-20
and 0.1% BSA in PBS) for 10 min, the membrane was incubated for 1 hr at RT with an
appropriate HRP-conjugated secondary antibody diluted at 1:3,000 in wash buffer. The
membrane was washed three times as above followed by protein detection using
enhanced ECL reagents and Super RX film or ChemiDoc™ MP System (Biorad). An
anti-GAPDH antibody was used as a loading control for immunoblotting of whole cell
lysates and cytosolic fractions whereas an anti-Na+/K+ ATPase antibody was used for
membrane fractions and an anti-histone H3 antibody for nuclear fractions. The
membrane was incubated with either anti-GAPDH (1:10,000 dilution), anti-Na+/K+
ATPase (1:1,000 dilution) or anti-histone H3 (1:10,000 dilution) antibodies for 1 hr at
RT. The incubation with the secondary antibody, washes and ECL development were
performed as described above. Densitometric analysis with Image J software (National

Institutes of Health) was used to quantitate protein levels.

2.4 In vitro functional assays

All in vitro functional experiments were repeated three times.

2.4.1 Proliferation assays

Proliferation rate of 4T1 and 4T1Br4 cells was measured using the Sulforhodamine B
(SRB) colorimetric assay in the presence or absence of 50% v/v BCM, 1% FBS, 50%
viv BCM + 1% FBS or 5% FBS over 5 days. Five hundred cells in 200 pl of growth
medium/well of 96-well plates were seeded in six replicate wells per time point. Three
wells containing only medium were used to measure the non-specific binding of the dye
to the plastic plates. After 1, 2, 3, 4 and 5 days, tumour cells were fixed in 50 pl of ice-
cold 50% trichloroacetic acid and incubated at least for 1 hr at 4°C. Tumour cells were

then washed three times with tap water and stained with 100 pl of 0.4% SRB in 1%
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acetic acid (SRB dye) for 30 min at RT. Unbound dye was washed 3 times with tap
water and once with 1% acetic acid. The SRB dye was solubilised by adding 100 pl of
10 mM Tris (pH.10.5) to each well. Plates were shaken gently for 5 min on a plate
shaker before the optical density was measured at 550 nm using a microplate reader
(VersaMax ELISA plate reader, Molecular Devices). Results were expressed as means
+ standard deviation (SD) of six replicate wells per time point.

To investigate the effect of limitrin-targeting shRNA on cell proliferation, MDA-MB-
231Br cells transfected with a control non-targeting shRNA or a limitrin-targeting
shRNA (1,000 cells per well of 96-well plates in 200 pl of growth medium) were seeded
in six replicate wells. The proliferation rate was measured over 6 days using the SRB

assay as described above.

To assess the effect of histone deacetylase inhibitors (SB939 and 1179.4b) on cell
proliferation, 1,000 4T1Br4 cells or 4,000 MDA-MB-231Br cells were seeded in six
replicate wells of a 96-well plate in 200 ul of growth medium and incubated overnight at
37°C. The next day, the medium was replaced by 200 pl of fresh medium containing
SB939 (18, 39, 78, 156, 312, 625, 1,250, 2,500 or 5,000 nM) or 1179.4b (3.9, 7.8, 15.6,
31.25, 62.5, 125, 250, 500 or 1,000 nM). Cells incubated with 1% DMSO were used as
controls. Proliferation rate was measured by SRB assay after 3 days of treatment with
the HDAC inhibitors, as described above. Dose-response curves were plotted to
determine the half-maximal inhibitory concentrations (ICs) for each compound using
the GraphPad Prism software. Each dot on the curves represents mean + SD of six

replicate wells.

2.4.2 Colony formation assays

The effect of histone deacetylase inhibitors on cell survival was determined by colony
formation assays. 4T1Br4 cells (100 cells/well of 6-well plates) were seeded in three
replicate wells per condition and incubated in 4 ml of growth medium containing either
1% DMSO, 1 pM SAHA, 1 pM SB939 or 1 pM 1179.4b for 7 days at 37°C. After
removing the medium, 3 ml of 0.1% crystal violet (dissolved in 1:1 methanol/Milli-Q
water) was added to each well. Plates were incubated for 30 min at RT and then
washed thoroughly with tap water and air-dried. Colonies with more than 50 cells were

counted manually. Data show mean of colonies/culture condition + SD of triplicate wells.
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To measure the radiosensitising effect of SB939 or 1179.4b on 4T1Br4 cells, 100
4T1Br4 cells were seeded in 2 ml of growth medium per well of 6-well plates (3
wells/test condition). Six hours after seeding, cells were pre-treated with 2 ml of
medium containing either DMSO (control), 530 nM SB939 or 70 nM 1179.4b which
correspond to the ICs, of each drug determined by SRB assay (see Section 2.4.1).
Eighteen hours later, the plates were irradiated and further incubated for 7 days at
37°C. Colonies were stained and counted as described above. Data show mean of

colonies/culture condition £ SD of triplicate wells.

2.4.3 Tumour-endothelial cell adhesion assays

Adhesion assays on endothelial cells were performed in 96-well plates. Triplicate wells
were coated overnight at 37°C with 1 X 10° bEnd.3 cells in 200 ul of growth medium.
Once bENd.3 cells form a complete endothelial monolayer, they were washed twice
with PBS before the addition of tumour cells. Tumour cells were labelled with 5 pul of
calcein-AM (1 mg/ml) in SFM as per manufacturer’s instructions and 4 X 10 cells/100
pl of SFM were added to each well. The plates were incubated for 10 min at 4°C and
further incubated for 30 min at 37°C. Non-adherent cells were removed by two gentle
PBS washes and one wash with Tris-buffered saline (TBS, pH 7.4) supplemented with
2 mM CaCl, and 1 mM MgCl,. Adherent cells were lysed with 1% sodium dodecyl
sulfate (SDS) and cell adhesion was determined by measuring fluorescence at 530 nm
emission with a Molecular imager FX reader (Biorad). Specific adhesion was
expressed as the percentage of total cell input and calculated from a standard curve
made up of 0, 12.5, 25, 50, 75 and 100 pl of calcein-labelled cell lysate derived from
the initial cell suspension. The results represent the mean % of total cell input + SD of
triplicate wells. The statistical differences were analysed using a Student’s t-test;

p<0.05 was considered significant.

2.4.4 Migration and invasion assays

Chemotactic migration and invasion assays were performed in Transwell
polycarbonate membrane inserts (8-um pore size). For migration assays, tumour cells
(2 X 10° cells/200 pl of SFM) were seeded in the upper chamber of triplicate Transwells
and allowed to migrate to the underside of the porous membrane. After 4 hours of
incubation at 37°C, the Transwell membrane was fixed in 10% neutral buffered formalin
at 4°C overnight. After a quick wash with PBS, the upper side of the membrane was

wiped with a cotton swab. Cells on the underside of the membrane (migrated cells)
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were permeabilised with 0.01% triton X-100 for 5 min at RT. Cells were washed with
PBS once and were stained with 0.5 pg/mL of 4',6-diamidino-2-phenylindole (DAPI) for
30 min at RT in the dark. Three random fields per membrane were photographed on a
BX61 fluorescence microscope (Olympus) at 20X magnification. The number of
migrated cells was determined using Metamorph software.

For invasion assays, tumour cells (1 X 10° cells/100 pl of SFM) were mixed with 100 pl
of Matrigel:medium (1:1 ratio) and seeded in the upper chamber of triplicate Transwells.
The number of cells on the underside of the porous membrane was scored after 18

hours of incubation at 37°C, as described for migration assays.

The results show a representative experiment and were expressed as the mean
number of migrated or invaded cells per field £ SD of nine fields of view (3 replicates
well X 3 fields of view per test condition). The statistical differences were analysed

using a Student’s t-test; p<0.05 was considered significant.

2.4.5 Trans-endothelial migration assays

Trans-endothelial migration assay was performed in triplicate Transwell polycarbonate
membrane inserts (8-um pore size). bEnd.3 cells (1 X 10° cells) were seeded in the
upper chamber of the Transwells in DMEM medium supplemented with 10% FBS, 2
mM L-glutamine, 1 mM sodium pyruvate and 1% P/S. After 24 hrs in culture,
endothelial cells were rinsed with PBS. Media from upper and bottom chambers were
removed. Tumour cells (1 X 10°) were labelled with 5 pl of calcein-AM (1 mg/ml) in 1 ml
of SFM. Following the incubation, 2 X 10° cells/200 pl were added to the upper
chamber. Six hundred ul of SFM supplemented with 5% FBS and LM-511 (1 pg/mL)
were added to the lower chamber. After 48 hrs incubation at 37°C, migrated tumour
cells (calcein-AM positive) on the underside of the porous membrane were fixed,
processed for microscopy and counted as described for migration and invasion assays.
The results represent the mean % of total cells + SD of triplicate wells. The statistical

differences were analysed using a Student’s t-test; p<0.05 was considered significant.

2.5 Invivo assays
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2.5.1 Mouse husbandry and animal ethics approval

Mice (5/box) were maintained in a specific pathogen-free environment with food and
water freely available. Female BALB/C mice were obtained from either The Walter and
Eliza Hall Institute (WEHI, Melbourne, Australia) or Animal Resources Centre (ARC,
Perth, Australia), and female NOD scid gamma (NSG) mice from The Peter MacCallum
Cancer Centre (Melbourne, Australia). Mice were monitored every day for signs of
distress or ill health. All procedures involving mice were performed in accordance with
the National Health and Medical Research Council animal ethics guidelines and were
approved by the Peter MacCallum Cancer Centre Animal Experimentation and Ethics
Committee (AEEC, approval numbers #E507 and E509).

2.5.2 Metastasis assays

2.5.2.1 Spontaneous metastasis

Female BALB/C mice (6-8 week old) were anaesthetised with isoflurane and injected
with 2 X 10* viable mCherry expressing- 4T1 or 4T1Br4 cells in 20 pl of PBS or saline
into the fourth mammary fat pad. When tumours became palpable (approximately 10
days), tumour growth was monitored three times weekly using electronic callipers.

Tumour volume was calculated using the formula (length X width?)/2.

For comparison of 4T1 and 4T1Br4 tumour growth rate, the tumour volume was
recorded from day 10 after cell implantation (palpable tumours) until tumours reached
1.5 g (30 days). The effect of histone deacetylases inhibitors (SB939 and 1179.4b) on
4T1Br4 primary tumour growth was also investigated. Mice bearing palpable tumours
were injected intraperitoneally once daily with either 100 pl of vehicle (30% PEG in
saline supplemented with 10% v/v DMSO), SB939 (50 mg/kg) or 1179.4b (20 mg/kg)
for 20 days. Tumour volume was measured for the duration of the treatment. Tumours
and organs including lung, femur, spine and brain were collected and either placed in
10% neutral buffered formalin to be processed for histology or snap-frozen in liquid

nitrogen for metastatic burden analysis by genomic quantitative real-time PCR.

For comparison of 4T1 and 4T1Br4 spontaneous metastatic burden in each organ,
tumours were resected when they reached 0.5 g (approximately 2 weeks after cell
injection). Two weeks after tumour resection, organs were harvested and processed for

histology or metastatic burden analysis, as described above. To gain further insight into
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the effect of histone deacetylases inhibitors on the 4T1Br4 spontaneous brain
metastatic burden, SB939 and 1179.4b treatments were started two days after tumour
resection, when mice have recovered from surgery. Either 100 pl of vehicle (30% PEG
in saline supplemented with 10% v/v DMSO), SB939 (50 mg/kg) or 1179.4b (10 mg/kg)
were administered intraperitoneally once daily for 2 weeks. Brains were removed and
metastases were visualised by Maestro fluorescence imaging. Other organs (lung,
femur and spine) were collected for comparison of metastatic burden by genomic

gquantitative real-time PCR.

2.5.2.2 Experimental metastasis

To compare the brain-metastatic potential of limitrin expressing tumour cells with
limitrin knocked down tumour cells, luciferase-expressing MDA-MB-231Br cells
silenced for limitrin or control cells expressing a non-targeting ShRNA (1 X 10° cells/100
ul saline/mouse for the first experiment and 5 X 10* cells/100 pl saline/mouse for the
second experiment) were injected into the left ventricle of the heart of 6-8 week old
NSG mice (15 mice/group). Mice were monitored every day after cell injection. Once a
week from day 7, the brain metastatic burden was assessed by luminescence imaging.
Mice were injected intraperitoneally with 200 pl of 15 mg/ml luciferin and imaged 10
min after injection using the IVIS in vivo imaging system, Lumina Il (Xenogen). Kaplan
Meier (KM) analysis was used to estimate the survival probability of mice injected with
limitrin-shRNA cells compared to mice injected with control-shRNA cells. KM survival
curves were generated using the GraphPad Prism software. Mice were humanely killed
when showing signs of distress or ill health and this was used as the endpoint for the
experiment. Organs were harvested and processed for histology or metastatic burden

analysis, as described above.

2.6 Histology and immunostaining methods

2.6.1 Tissue fixation method
All tissues were fixed in 10% neutral buffered formalin (except brains that were fixed in

4% PFA) at 4°C overnight before being transferred in 70% ethanol and paraffin
embedded by the Peter MacCallum Cancer Centre’s histology staff.
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2.6.2 Haematoxylin and eosin (H&E) staining

Four pym primary tumour tissue sections or six um brain sections on poly-L-lysine
coated slides were dewaxed in xylene for 10 min, followed by re-hydration in an
ethanol series (100%, 90%, and 70% ethanol) for 4 min and deionised water for 1 min.
Sections were then stained with Mayer's haematoxylin for 4 sec, washed in deionised
water and in blue Scott's tap water. Tissues were counterstained with eosin,
dehydrated in 70%, 90% and 100% ethanol followed by xylene, mounted in DPX and
cover slipped. H&E staining and sectioning of tissue specimens were performed by the
Microscopy and Imaging Core Facility (Peter MacCallum Cancer Centre, Melbourne,

Australia).

2.6.3 Immunohistochemistry (IHC)

To confirm the epithelial origin of tumours and to assess the cell proliferation index of
these tumours, pan-cytokeratin (pan-CK) and Ki-67 antibodies were used, respectively.
Sections were dewaxed as previously described. For pan-CK staining, sections were
incubated in antigen retrieval buffer (10 mM citrate buffer (pH 6.0)) for 3 min at 125°C
and for an additional 10 sec at 90°C in a pressure cooker. For Ki-67 staining, sections
were incubated in antigen retrieval buffer (10 mM citrate buffer (pH 6.0)) in the
microwave at maximum power for 10 min. After antigen retrieval, sections were rinsed
extensively in Milli-Q water and blocked for 30 min at RT in blocking buffer (3% BSA in
PBS). Primary antibodies against pan-CK (1:400 dilution) and Ki-67 (1:250 dilution)
were incubated overnight at 4°C under humidified atmosphere. The sections were
washed three times with wash buffer (TBS containing 0.1% Tween-20) and incubated
with an appropriate biotin-conjugated secondary antibody for 1 hr at RT. Unbound
antibodies were washed as above and tissue endogenous peroxidases were
inactivated in methanol containing 3% hydrogen peroxide for 10 min at RT. Specific
primary-secondary antibody complexes were detected using the ABC reagent and
visualised using a 3,3’ Diaminobenzidine (DAB) substrate kit. All slides were developed
in parallel and the reaction stopped before the detection of a non-specific staining in
control isotype matched antibodies treated sections. Sections were counterstained with

haematoxylin and mounted in DPX mounting medium.

To detect the presence of limitrin in breast cancer tissues, sections were dewaxed in
xylene and rehydrated in graded ethanol solutions prior to antigen retrieval in 10 mM
citrate buffer (pH 6.0) for 3 min at 125°C and for an additional 10 sec at 90°C in a
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pressure cooker. Sections were blocked with 3% BSA in PBS for at least 30 min and
incubated overnight at 4°C under a humidified atmosphere with a primary antibody
against limitrin (1:1,000 dilution in blocking buffer). Washing steps, incubation with the
secondary antibody and development with ABC reagent were performed as described
above. A tissue microarray (TMA) slide obtained from tissue bank of Peter MacCallum
Cancer Centre, Melbourne, Australia. Dr Siddhartha Deb (pathologist, Peter
MacCallum Cancer Centre, Melbourne, Australia) generated TMA scoring data

(intensity of limitrin (0-3) X proportion of cells that stain limitrin positive (0-4)).

2.6.4 Immunofluorescence (IF)

To measure the radiosensitising potential of SB939 or 1179.4b in vitro, MDA-MB-231Br
cells (4 X 10* cells/500 pl/well) were seeded in chamber slides in DMEM medium
supplemented with 10% FBS and 1% P/S and incubated for 18 hrs at 37°C. The
medium was removed and replaced with 500 pl of growth medium containing either 1.7
MM SAHA, 360 nM SB939 or 50 nM 1179.4b per well which correspond to the 1Cg, of
each drug determined by SRB assay (see Section 2.4.1). Following 24 hrs incubation
at 37°C, cells were irradiated with 1 Gy. Either 1 or 24 hrs after irradiation, cells were
rinsed in PBS and fixed with 4% PFA for 30 min, placed in 70% ice-cold ethanol and
stored at 4°C for a maximum of 4 weeks. For y-H2AX staining, cells were washed with
PBS for 15 min at RT and blocked with 8% BSA in PBS containing 0.5% Tween-20 and
0.1% Triton X-100 (PBS-TT) for 30 min at RT. Slides were incubated with an anti-y-
H2AX antibody (rabbit polyclonal) (1:500 dilution in 1% BSA in PBS-TT) for 2 hrs at RT
under a humidified atmosphere before washing three times with PBS for 5 min and
incubated with a secondary antibody (Alexa fluor 488 conjugated goat anti-rabbit IgG,
1:500 dilution in 1% BSA in PBS-TT) for 1 hr at RT. Slides were washed three times as

above and mounted with a Vectashield mounting medium containing DAPI.
The results are presented as a representative experiment from 3 independent
experiments and were expressed as the mean number of cells positive for y-H2AX per

field + SD of nine fields of view (3 replicates X 3 fields of view per condition). Statistical

differences were analysed using a Student’s t-test; p<0.05 was considered significant.

2.7 Molecular Techniques

69



Chapter 2

2.7.1 Isolation of genomic DNA

Crushed frozen tissues were digested overnight at 55°C in 500 pl digestion buffer (50
mM Tris-HCI (pH 7.5), 1% SDS, 100 mM EDTA, 100 mM NacCl, 100 ug/ml proteinase K
and 100 pg/ml RNase A). The next day, 350 ul of saturated NaCl solution was added
and incubated on ice for 30 min. The solution was centrifuged at 13,000 x g for 10 min
at 4°C and the supernatant was transferred to a fresh microcentrifuge tube. An equal
volume of phenol/chloroform/isoamyl alcohol solution (25:24:1) was added to the tube
and mixed thoroughly. The tube was centrifuged at 13,000 x g for 5 min at 4°C and the
supernatant was collected into a fresh tube. To improve DNA purity, the
“phenol/chloroform/isoamyl alcohol” step was performed twice. After adding an equal
volume of chloroform/isoamyl alcohol solution (24:1) and centrifuged the tube (13,000 x
g for 5 min at 4°C), the supernatant was transferred to a fresh tube and 1 ml of 5 M
ammonium acetate/100% ethanol (1:4 ratio) was used to precipitate the DNA by gentle
invertion and centrifugation at 13,000 x g for 30 min at 4°C. The supernatant was
removed and the DNA pellet was washed twice with 70% ethanol by centrifugation at
13,000 x g for 5 min before being air-dried for 10 min at RT. The DNA was dissolved in
200 pl sterile water for injection. The genomic DNA was then quantified by NanoDrop

technology (Biolab), diluted to 10 ng/pl in ultra clean water and stored at -20°C.

2.7.2 Quantitation of metastatic burden using a multiplex TagMan® assay

Real-time quantitative PCR (QPCR) using TagMan® chemistry was used to determine
the relative metastatic burden in mouse organs. Genomic DNA isolated from tissues
(Section 2.7.1) was subjected to multiplexed gPCR to detect the cycle threshold (Ct) for
vimentin (total mouse and tumour cells) and mCherry (tumour cells only). By comparing
the Ct values of vimentin and mCherry (ACt), a score for relative tumour burden was
calculated using the following formula: Relative Tumour Burden (RTB) = 10,000/2°T,
where ACT = CT (mCherry) — CT (vimentin). When comparing the metastatic burden
from two cancer cell lines, the RTB values were adjusted to relative gene copy
numbers calculated from the ratio of signals obtained from purified genomic DNA of
each cell line in culture. Multiplex gPCR reactions consisted of (final concentrations
shown): 40 ng genomic DNA (4 ul), 8 pl of 2X Tagman universal PCR master mix and
1 uM vimentin forward and reverse primer mixture (1 pl), 1 yM vimentin probe (1 pl), 1
MM mCherry forward and reverse primer mixture (1 ul) and 1 yM mCherry probe (1 pl).
Total PCR reaction was 16 pl. The following PCR program was used: enzyme

activation at 50°C for 2 min, 95°C for 15 min, 45 cycles of denaturation at 95°C for 15
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sec and annealing/extension at 60°C for 1 min, followed by generation of melting
curves (95°C for 1 min, 55°C for 1 min, and 55°C for 10 sec repeated for 40-50 cycles).
All gPCR experiments were performed on a StepOne Real-Time PCR System (AB
Applied Biosystems).

To determine the relative metastatic burden in organs of mice injected with shRNA-
limitrin MDA-MB-231Br cells or control-shRNA MDA-MB-231Br cells, the Ct values of
vimentin (host cells) and hTurboGFP (tumour cells) were used in the RTB formula

above.

2.7.3 Isolation of total RNA

Cell pellets from confluent T75 cm?® culture flasks were homogenised in 1 ml TRIzol
reagent and incubated for 5 min at RT. Two hundred pl of chloroform were added and
the samples were vortexed for 15 sec. The samples were incubated for 15 min at RT
and then centrifuged at 12,000 x g at 4°C for 15 min. The aqueous phase containing
RNA (upper phase) was transferred into a fresh microfuge tube and precipitated with
500 pl of iso-propanol. The samples were mixed by inversion, incubated for 10 min at
RT and centrifuged at 12,000 x g at 4°C for 10 min. The supernatant was removed, and
RNA pellets were washed twice with one volume of 70% ethanol and centrifuged at
7,500 x g for 5 min at 4°C. RNA was briefly air-dried before being re-suspended in 50
pl of ultra clean water. The concentration and purity of RNA was quantitated by
NanoDrop technology. Samples were diluted to 1 pg/ul in ultra clean water and stored
at -80°C.

2.7.4 Synthesis of cDNA

Reverse transcription was performed using M-MLV Reverse Transcriptase, RNase H
Minus. Oligo (dT) primers (0.5 pl of a 0.5 pg/ul stock solution) were added to 1 pg of
total RNA. Ultra clean water was added to bring the total reaction volume to 8 ul. The
reaction mixture was incubated at 70°C for 5 min, and then placed on ice for 5 min
before adding the following reagents: 2.5 pl of 5X M-MLV RT (H-) buffer, 2.5 pl of 10
mM dNTPs mixture (2.5 pl of each dATP, dTTP, dCTP and dGTP and 90 pl ultra clean
water to bring the total volume to 100 ul) and 0.5 pl of M-MLV Reverse Transcriptase,
RNase H Minus (200 units/ul). The mixture was incubated for 1 hr at 37°C and cDNA

was kept at -20°C for long-term storage.
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2.7.5 Assessment of limitrin mRNA expression levels utilising SYBR
Green | technology

SYBR Green | was used to determine the relative level of limitrin mRNA expression
compared to that of housekeeping genes mRPS27a (mouse) or hRPL37a (human).
The PCR reaction solution (total volume of 10 pl/tube) consisted of 5 ul of 2X SYBR
Green | master mix, 2 ul of 400 nM limitrin (mouse) or 2 pl of 100 nM limitrin (human)
forward and reverse primer mixture, 1 pl of cDNA and 2 ul of ultra clean water.
Standard cycling procedures were employed, i.e. enzyme activation at 50°C for 2 min,
95°C for 15 min, 40 cycles of denaturation at 95°C for 15 seconds and
annealing/extension at 60°C for 1 min. Specific amplicon formation with each primer
pair was confirmed by dissociation curve analysis (generation of melting curves: 95°C
for 1 min, 55°C for 1 min, and 55°C for 10 sec repeated for 40 cycles). PCR
experiments were performed on a StepOne Real-Time PCR System (AB Applied
Biosystems). Gene expression was measured relative to the expression of mRPS27a
or hRPL37a using the following formula: Relative transcript abundance (RTA) =
10,000/2%°T, where ACT = CT (limitrin) — CT (housekeeping gene)' Ct being the cycle

threshold value.

2.7.6 Transient knockdown of limitrin using small interfering RNA
(siRNA)

MISSION® esiRNA (endoribonuclease-prepared siRNA) was used to generate limitrin
small interfering RNA (SiRNA). 4T1Br4 cells (1 X 10° cells/well of 6-well plates) were
seeded in 4 ml of a-MEM supplemented with 5% FBS without P/S and incubated
overnight. Lipofectamine 2000 (10 pl) was mixed with 490 pl of opti-mem and the
mixture (total volume of 500 pl) was incubated for 5 min at RT. Twenty yuM of limitrin or
non-targeting (EGFP) esiRNA primers were diluted with opti-mem to a final volume of
500 ul which was added to the lipofectamine 2000/opti-mem mixture and incubated for
a further 20 min at RT. The medium of each well was replaced with 1 ml of a-MEM
supplemented with 5% FBS and 1 ml of the lipofectamine mixture. The cells were
incubated for 24 hrs at 37°C before replacing the medium with a-MEM supplemented
with 5% FBS and 1% P/S. Forty-eight hrs later, cells were washed with PBS,
homogenised with 1 ml TRIzol reagent, frozen immediately and processed for total

RNA isolation as described in Section 2.7.3.
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2.7.7 Stable knockdown of limitrin using short hairpin RNA (ShRNA)
2.7.7.1 Isolation of plasmid DNA containing human limitrin shRNA

Plasmid DNA containing a specific human limitrin shRNA sequence was extracted
using the Qiagen-mini prep kit according to the manufacturer's instructions. The
protocol is based on a modified alkaline lysis procedure followed by binding of plasmid
DNA to QIAGEN resin. Plasmid DNA is then eluted in a high-salt buffer (Figure 2.2).
Briefly, bacteria transfected with shRNA-containing plasmid were streaked on a 10-cm
plate containing 10 ml of Luria broth-agar (LB-agar: 1% bacto-tryptone, 85 mM NacCl,
0.5% yeast extract, 1% casein hydrolysate and 1.5% bacto agar) supplemented with
ampicillin (100 pug/ml) and incubated overnight at 37°C. Distinct single colonies of
ampicillin resistant bacteria were picked and incubated for 18-24 hrs at 37°C with
shaking (300 rpm) in glass tubes (1 colony/tube) containing 2 ml of LB medium
supplemented with 100 ug/ml ampicillin. The bacterial cultures were then centrifuged at
10,000 x g for 10 min at 4°C and lysed in an alkaline lysis buffer. The lysate was
applied to anion-exchanged-based QIAGEN tips, then wash with medium salt buffer
before elution of plasmid DNA with high-salt buffer.

l — Pickssingle colony

Culture cells

l

\ Harvest cells

17 Lyse cells

Elute Y=
—

\ — Purified

plasmid DNA

Figure 2.2 Schematic diagram of plasmid DNA extraction

2.7.7.2 Transduction of shRNA to limitrin in the human MDA-MB-231Br tumour
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A monolayer of packaging HEK293T cells were seeded in T25 cm? flasks (~50%
confluency) in DMEM with 10% FBS and 1% P/S and incubated for 24 hrs at 37°C with
5% CO,. Two pg of each pGIPz vector plasmid or 2 pg of a negative transfer plasmid
were mixed to 5 pg of pCMV R8.2 (packaging plasmid), 2.5 yg of pVSV-G (envelop
plasmid) and DMEM to bring the total volume to 521 pl, vortexed for 10 sec at medium
speed and incubated for 10 min at RT. Nine ul of the transfection reagent,
polyethylenimine (PEI) (1 mg/ml) was added to HEK293T cells according to the
manufacturer's instructions. Plasmids were briefly vortexed and added to the HEK293T
cells by swirling the flaks. The cells were incubated for 18 hrs at 37°C with 5% CO,,
after which the transfection medium was replaced with fresh DMEM medium
supplemented with 10% FBS. Twenty-four hrs later, the retroviral supernatant was
harvested and filtered through a 0.45 um filter to remove cell debris. Semi-confluent
MDA-MB-231Br cells were incubated with 5 ml of retroviral supernatant containing
polybrene (4 pg/ml) to aid the incorporation of viral particles. After 24 hrs incubation,
stably infected cells were selected with puromycin (5 pg/ml) over a period of 7 days.
Puromycin resistant cells were expanded in culture and utilised for in vivo experiments
(Section 2.5.2.2).

2.8 Statistical analysis and digital imaging

2.8.1 Statistical methods

All statistical analyses were performed in GraphPad Prism 6 (GraphPad Software). P-
values were calculated using a Student’s t-test, one-way ANOVA with Bonferroni post-
test, one-way ANOVA with Tukey post-test or a two-way ANOVA with Tukey post-test,

as indicated in each figure legend. Values were considered significant when p<0.05.
2.8.2 Digital imaging

Transmitted light images (H&E or immunohistochemistry staining) and fluorescent
images were taken with a BX61 microscope (Olympus) and the images were captured

using a Diagnostic Instruments SPOT camera. Microscopy images were analysed with

MetaMorph (Molecular Devices). Western blots were quantitated using ImageJd (1.47v
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version for Windows, The National Institutes of Health). Ex-vivo fluorescence imaging
of mCherry expressing 4T1Br4 tumours and in vivo bioluminescence imaging of
luciferase expressing MDA-MB-231Br tumours were performed using Maestro™ In-
Vivo Imaging System (CRi) and IVIS Lumina Il (Xenogen), respectively. Digital images

were manipulated using Adobe Photoshop 13.0.1 software and collated using Corel
Draw 12.
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3. Development and characterisation of a novel syngeneic
mouse model of spontaneous breast cancer brain

metastasis

3.1 Introduction

As discussed in Chapter 1, brain metastasis is an increasing problem for which no
curative therapies have been developed (Wadasadawala et al.,, 2007). Clinically
relevant animal models of metastasis are essential to test the efficacy of anti-metastatic
drugs and to investigate mechanisms controlling breast cancer brain metastasis
(Eckhardt et al., 2012). Experimental models of breast cancer brain metastasis
generally show high incidence of brain metastases but do not fully recapitulate the
process of metastasis seen in breast cancer patients, as they bypass the early stages
of the metastatic cascade (Palmieri et al., 2007b, Kodack et al., 2012). In addition, the
majority of experimental models are xenograft models that require the use of immune
deficient mice and therefore do not take into account the role of the immune system in
regulating metastasis to the brain. Orthotopic tumour implantation models (in which
breast cancer cells are injected into the anatomically relevant mammary fat pad) better
recapitulate the spontaneous process of breast cancer metastasis (Eckhardt et al.,
2012). However, few mouse models of spontaneous breast cancer brain metastasis
have been developed so far. Bos and colleagues (Bos et al., 2009) generated a brain-
seeking variant (CN34-BrM2) of the CN34 breast cancer cell line isolated from a breast
cancer patient. The authors reported an impressive incidence (42%) of spontaneous
brain metastasis in the CN34-BrM2 model. Surprisingly, despite such a remarkable
finding, the study by Bos et al. and subsequent studies employing the same cell line
(Valiente et al.,, 2014) only used the CN34-BrM2 model in experimental metastasis
assays. Therefore, it is unclear how reproducible this model is in spontaneous
metastasis assays. Moreover, since CN34-BrM2 is a xenograft model, it requires the

use of immune compromised mice.

The syngeneic 4T1 mouse model is widely used to investigate metastasis (Miller et al.,
1986, Lelekakis et al., 1999) and has been reported to give rise to spontaneous brain
metastases (Pulaski and Ostrand-Rosenberg, 1998). However, spontaneous tumour
spread to the brain is only occasionally observed, most likely reflecting the

genetic/functional heterogeneity of 4T1 tumours. Nevertheless, brain-metastatic
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variants of the 4T1 model have been described in the literature. Lockman and
colleagues introduced the murine 4T1-Br5 brain seeking cell line but it is unclear from
this study how the cell line was developed and how robust the model is in terms of
incidence of mice developing spontaneous 4T1-Br5 brain metastases (Lockman et al.,
2010). In addition, to the best of our knowledge, the 4T1-Br5 line has only been tested
in immune compromised mice using experimental metastasis assays. More recently,
Erin and colleagues (Erin et al., 2013) generated the murine 4TBM brain metastatic cell
line derived from a 4T1 heart metastatic variant. While the 4TBM model has the
advantage of being syngeneic, the authors did not report on the incidence of
spontaneous brain metastasis in this model. Moreover, despite their advantages, the
4TBM and other syngeneic mouse models of breast cancer brain metastasis developed
so far have not been thoroughly validated for relevance to the human disease.
Reproducibility, high incidence of brain metastasis and phenotypic/genetic validation of
mouse models are essential if these models are to be used for therapy testing and/or

for functional characterisation of brain metastasis genes.
This chapter describes the development and characterisation of a new 4T1-derived

syngeneic mouse model of spontaneous breast cancer brain metastasis (4T1Br4) and

its phenotypic, functional and genetic validation.
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3.2 Results

3.2.1 Isolation of a brain metastatic breast cancer cell line

Pulaski and Ostrand-Rosenberg were first to demonstrate that the murine 4T1
mammary carcinoma cells can spread spontaneously to the brain (Pulaski and
Ostrand-Rosenberg, 1998). They injected the cells into the mammary glands of
BALB/C mice and brains were harvested at 5-6 weeks after cell injection. To quantify
the extent of metastasis, brains were minced, digested with collagenase and elastase,
cultured in medium supplemented with 6-thioguanine to select 6-thioguanine resistant
4T1 cells and cell colonies were counted after 10-14 days. While a large number of
colonies developed, due to the methodology used, it is difficult to determine whether
these colonies originated from a single or multiple brain metastases and/or from
circulating tumour cells in the brain vasculature. These observations have been
independently verified by Dr Normand Pouliot in our laboratory (unpublished work and
see results below).

Therefore we chose parental 4T1 cells to derive more aggressive brain metastatic
clonal variants. To facilitate the detection of brain metastases, 4T1 cells were first
stably transduced with an mCherry fluorescent marker gene and then injected into the
mammary fat pad of BALB/C mice. A single spontaneous brain metastasis was
detected by fluorescence imaging in 1 out of 15 mice (7% incidence). The brain
metastasis was microdissected and expanded in standard culture. mCherry-positive
cells were then isolated by fluorescence activated cell sorting (FACS) and further
expanded in culture (4T1Brl). This process was repeated four times to generate the
4T1Br2, 4T1Br3 and 4T1Br4 variants. At this stage, 4T1Br4 tumours gave rise to brain
metastases in approximately 20% of mice compared to 7% in mice bearing parental
4T1 tumours (Table 3.1). Since brain metastasis is most commonly a late event during
metastatic progression, to increase the incidence of mice developing brain metastases,
we reduced the number of cells injected from 1 X 10° to 2 X 10* thereby allowing more
time for cells to disseminate and form metastases in the brain. In addition, to prevent
early termination of experiments due to excessive/unethical primary tumour size,
tumours were resected when they reached approximately 0.4-0.5 g. This protocol also
better reflects the clinical situation for breast cancer patients who typically undergo
surgery to remove the primary tumour before they are diagnosed with brain metastases.
Thus, after clonal selections by FACS, 2 X 10* cells of each clone of 4T1Br4 cells (12
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in total) were injected into the mammary fat pad of 5 or 6 BALB/C mice. Approximately
two weeks after primary tumour resection, mice were harvested and brains were
imaged. This analysis revealed two clones (4T1Br4 clones 2 and 6) giving rise to high
incidence of brain metastases (67-80% of mice) (Table 3-1). Although 4T1Br4 clone 2
showed the highest incidence of brain metastases, this cell line tended to form soft
primary tumours in the mammary fat pad that were difficult to resect completely.
Therefore this cell line was excluded from further experiments. For subsequent
experiments we focused on 4T1Br4 clone 6 and refer to this variant as 4T1Br4 (Figure
3.1).

Table 3-1. Incidence of mice developing spontaneous brain metastases.

Variants Incidence (%)
Parental 4T1 (Bulk) 1/15 (7)
4T1Br4 (Bulk) 1/5 (20)*
4T1Br4 clone 2 4/5 (80)
4T1Br4 clone 4 2/6 (33)
4T1Br4 clone 6 4/6 (67)

*The incidence of brain metastasis from other clonal populations (12 in total) was
similar or lower than the 4T1Br4 bulk population.

Brain
Mammary fat pad | - o iacis
—_— injection —_ |
(1x105cells) 32 days %
471 (7%*) 4T1Br1
emmmmmmmemmmmmmmmmmemmmememmsmessssmess—e—s———————————— FACS (2X)
! Serial in vivo selection to generate 4T1Br2, 4T1Br3 and 4T1Br4 cell lines mCherry +ve
I
: Clonal
ona " ;
I selection | Mammary fat pad umeur Brain metastasis
. o — injection em— (33-80%")
’ (2 x 10 cells) ~2 weeks ~2 weeks after resection

after injection

4T1Br4

* Incidence of mice developing spontaneous brain metastases
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Figure 3.1 Schematic representation of the development of the 4T1Br4 brain

metastatic model

mCherry-tagged 4T1 mammary carcinoma cells (1 X 10°) were injected orthotopically
into 15 mice. After 32 days, mice were sacrificed and the brains examined by Maestro
fluorescence imaging for detection of mCherry (macrometastases). A single mouse
showed a positive mCherry signal in the brain. The metastatic nodule was resected,
minced and cultured. mCherry™® cells were isolated by FACS and expanded in culture
twice (4T1Brl) before re-injecting (1 X 10° cells) into the mammary fat pad of mice.
Following the fourth serial in vivo enrichments (4T1Br4), cells were single cell cloned
and injected (2 X 10” cells) into the mammary fat pad of 5-6 mice per clone. Tumours
were surgically removed when they reached 0.4-0.5 g and metastases were allowed to
develop for an approximately 2 weeks. Two out of 12 clones gave rise to large brain
metastases detectable by fluorescence imaging (macrometastases) and/or
micrometastases detectable by H&E staining of brain tissue sections in up to 80% of

animals.

3.2.2 In vivo functional characterisation of the 4T1Br4 model

To compare the growth of 4T1 parental and 4T1Br4 brain-metastatic tumours, 4T1 and
AT1Br4 cells were injected (2 X 10* cells) into the mammary fat pad and tumour growth
was monitored over 30 days. There was no significant difference in the growth rate of
4T1 and 4T1Br4 tumours in vivo (Figure 3.2A). In a separate assay, 4T1 and 4T1Br4
cells were injected (2 X 10* cells) into the mammary fat pad of mice and primary
tumours were resected about 2 weeks after cell injection when they reached
approximately 0.4-0.5 g (Figure 3.2B). Organs including the brain, lung and spine were
harvested and relative tumour burden (RTB) in each organ was compared between
4T1 and 4T1Br4 tumour-bearing mice. The 4T1Br4 group developed more extensive
brain metastases than the 4T1 group (Figure 3.2C). However, there was no difference
in lung (Figure 3.2D) or spine burden (Figure 3.2E) between groups. This indicates that
the 4T1Br4 tumours are selectively more metastatic to the brain compared to parental

4T1 tumours.
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Figure 3.2 Comparison of 4T1 and 4T1Br4 tumour growth and metastatic burden

in distant organs

(A) Tumour growth was measured between day 19 and day 30. Data show mean + SD
from 15 mice per group. (B) For metastasis assays, 4T1 (n = 13) and 4T1Br4 (n = 15)
primary tumours were resected when they reached approximately 0.5 g (~2 weeks
after cell injection). RTB in (C) brain, (D) lung and (E) spine was measured 3 weeks
after tumour resection. Each dot represents one mouse and the horizontal line
represents mean = SD. p-values were calculated using a Student’s t-test; p<0.05 was

considered significant.

Representative images of the brain and lung metastases visualized by fluorescence
imaging are shown in Figure 3.3A. 4T1Br4 cells typically metastasise to the cerebrum.
H&E staining of a large 4T1Br4 cerebral metastasis showed high level of
vascularisation (Figure 3.3B, arrows) and proliferation as evidenced by high expression
of the Ki-67 proliferation marker (Figure 3.3C). The epithelial nature of the metastatic
lesion was confirmed by detection of cytokeratin (Figure 3.3D) absent in the normal

brain except for the choroid plexus that produces the cerebrospinal fluid (Watanabe et
al., 2012).

Figure 3.3 Fluorescence and histological examination of 4T1Br4 brain

metastases
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+ve

(A) Fluorescence imaging of mCherry™™ (pink) in the lung and brain metastases. (B)
H&E staining (arrows, blood vessels). (C) Ki-67 and (D) pan-cytokeratin were detected
by standard immunohistochemistry. Scale bar = 1 cm in (A), 100 um in (B-D). High

power images of (C) and (D) are shown in insets.

3.2.3 Phenotypic analysis of 4T1Br4 primary tumours and brain

metastases

Tumours of the 4T1 model are basal-like and classified as TNBC (Johnstone et al.,
2015). However, discordance in the expression of hormone receptors and HER2
between primary tumours and matched metastases has been reported in some breast
cancer patients, a phenomenon termed “phenotypic conversion” (Eckhardt et al., 2012,
de Duenas et al., 2014, Duchnowska et al., 2012).

Therefore, to determine the molecular phenotype of 4T1Br4, primary tumours and
matched brain metastases were analysed for the expression of ER, PR and HER2
(Figure 3.4). As expected, 4T1Br4 primary tumours did not express nuclear ER or PR
(Figure 3.4A-B). Similarly, membrane expression of HER2 was negligible (Figure 3.4C).
Importantly, 4T1Br4 brain metastases lacked expression of nuclear ER (Figure 3.4D),
PR (Figure 3.4E) or membrane HER2 (Figure 3.4F). Taken together, these results
indicate that 4T1Br4 tumours are of the TNBC phenotype and that this phenotype is

maintained in brain metastases.
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Figure 3.4 Confirmation of the TNBC phenotype in 4T1Br4 primary tumours and

brain metastases

Standard immunohistochemistry was used for detection of ER, PR and HER2 in
4T1Br4 primary tumours (A-C) and brain metastases (D-F). High power images are
shown in insets. Normal mammary glands were used as positive controls for nuclear
expression of ER (G) and PR (H) (brown staining). Human SKBR3 primary tumour
xenograft was used as a positive control for membrane expression of HER2 (1) (brown
staining). Brain metastatic lesions are delineated by a dotted line. Hematoxylin was
used for nuclear staining (blue). Scale bar = 50 um.

3.2.4 Functional characteristics of the 4T1 and 4T1Br4 cell lines in vitro

For successful development of spontaneous metastases, cancer cells need to survive
and proliferate in the mammary gland, migrate through blood vessels (intravasation),
survive in the circulation, adhere to endothelial cells in distant organs, migrate across
the endothelium (extravasation), invade surrounding tissues and proliferate and survive

to colonise a secondary organ (Francia et al., 2011, Nguyen et al., 2009).
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To gain further understanding of the mechanisms by which 4T1Br4 tumours
spontaneously spread to the brain, we compared the functional properties of 4T1 and
4T1Br4 cells in a series of in vitro functional assays that recapitulate specific aspects of
the metastatic cascade. 4T1 and 4T1Br4 cells did not differ significantly in their
proliferation rates (Figure 3.5A) or colony forming abilities (Figure 3.5B) in response to
5% serum. However, 4T1Br4 cells were significantly more migratory than 4T1 cells in
Transwell chemotaxis assays (Figure 3.5C). Moreover, 4T1Br4 cells were significantly

more adhesive to bEnd.3 brain microvascular endothelial cells (Figure 3.5D).

Laminins are important components of most epithelial and endothelial basement
membranes (Timpl and Brown, 1996, Yurchenco, 2011, Hohenester and Yurchenco,
2013). In particular, laminin-511 is secreted by the endothelial cells of the BBB (Baeten
and Akassoglou, 2011, Sorokin, 2010, Daneman and Prat, 2015) and contributes to the
barrier function and to the attachment of tumour cells to the endothelial basement
membrane through engagement of integrin receptors of laminin, e.g., a3 integrin (Tilling
et al., 1998, Yoshimasu et al., 2004) and 34 integrin (Fan et al., 2011). Thus, to better
mimic the microenvironment of the brain vasculature in trans-endothelial migration
assays (Figure 3.5E), laminin-511 was added to 5% FBS in the lower chamber wells as
chemoattractant. Under these conditions, 4T1Br4 cells showed enhanced ability to
migrate through a monolayer of brain microvascular endothelial cells compared to 4T1
cells (Figure 3.5E).

To test whether 4T1 and 4T1Br4 cells might respond differently to soluble factors
secreted in the brain microenvironment, the effect of serum-free conditioned medium
derived from whole brain primary cell cultures (BCM) was evaluated in invasion,
proliferation and colony forming assays. 4T1Br4 cells were significantly more invasive
than parental 4T1 cells in response to 50% BCM condition used as chemoattractant
(Figure 3.5F). In contrast, 50% BCM alone was not sufficient to promote 4T1 or 4T1Br4
cell proliferation over 5 days (Figure 3.5G). Both cell lines proliferated in response to
1% serum and proliferation rate was further enhanced by combination of 1% FBS and
50% BCM. However, both lines responded equally well to this FBS/BCM combination
(Figure 3.5G). Similarly, in colony forming assays, 4T1 and 4T1Br4 cell lines did not
form colonies in 50% BCM alone after 10 days, but both cell lines formed similar
number of colonies in 1% serum, irrespective of the presence or absence of 50% BCM
(Figure 3.5H). These results indicate that BCM alone is not sufficient to promote
survival or proliferation but enhances the proliferative effect of serum to the same
extent in both 4T1 and 4T1Br4 cells.
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Figure 3.5 In vitro functional characterisation of the 4T1 and 4T1Br4 cell lines

(A) Proliferation assay. Cells were seeded at 500 cells/well in 96-well plates in the
presence of 5% FBS and cultured for 5 days. (B) Colony forming assay. Cells were
seeded at low density (100 cells/well in 6-well plates) in the presence of 5% FBS and
colonies were counted after 10 days. (C) Migration assay. Cells were seeded in the
upper well of Transwell chambers in serum-free medium and 5% FBS added to the
lower well as chemoattractant. Cells that migrated to the underside of the porous
membrane were counted after 4 hours at 37°C. (D) Adhesion assay. Calcein-labelled
cells were seeded onto a monolayer of bEnd.3 brain microvascular endothelial cells
and tumour cells attached to bEnd.3 cells were counted 10 min after cell seeding. (E)
Trans-endothelial migration assay. Tumour cells were seeded onto a monolayer of
bEnd.3 cells in the upper well of Transwell chambers and tumour cells that migrated to
the underside of the membrane in response to 5% FBS + laminin-511 in the lower well
were counted after 48 hr incubation at 37°C. (F) Invasion assay. Tumour cells were
mixed with Matrigel (1:1 ratio) in upper well of Transwell chambers and cells that
migrated to the underside of the membrane in response to 50% BCM in lower well
were counted 18 hr after cell seeding. (G) Proliferation and (H) colony forming assays.
Cells were seeded in the presence of 50% BCM, 1% FBS or both as indicated and
cultured for 5 days (G) or 10 days (H). All experiments were conducted in triplicates

and repeated three times (n = 3). p-values were calculated using a Student’s t-test;
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p<0.05 was considered significant. N.S. not significant, *p<0.05, **p<0.01, ***p<0.005,
**+*n<0.001.

3.2.5 Genetic validation of the 4T1Br4 model and relevance to human
brain metastatic TNBC

The limited overlap in metastasis genes identified between various mouse models and
human tissues has raised doubts about the relevance of mouse models for the
identification of therapeutic targets. For example, a recent review of the literature
(Daphu et al., 2013) identified only four brain metastasis genes whose expression was
commonly increased in xenograft models and in tumour tissues from breast cancer
patients (Bos et al., 2009, Hicks et al., 2006, Graesslin et al., 2010). A recent study by
Bos and colleagues analysed clinical samples from breast cancer patients with known
sites of recurrence and identified differentially expressed genes in brain metastatic
versus non-metastatic human breast tumours (GEO dataset, GSE12276) (Bos et al.,
2009). Thus, to validate the relevance of the 4T1Br4 model to human brain metastatic
TNBC at the transcriptional level, in collaboration with Dr. Richard Redvers (Peter
MacCallum Cancer Centre), we sought to determine whether the expression profile
from 4T1Br4 tumours versus isogenic hon-metastatic 67NR breast tumours (Figure
3.6) was enriched for gene signatures derived from differentially expressed genes of
the brain metastatic versus non-metastatic samples in the Bos cohort. For these
analyses, mCherry-positive tumour cells were freshly isolated from primary tumours by
FACS and RNA subjected to array profiling using the GeneChip Mouse Exon 1.0 ST
Array (Affymetrix Inc, California, US). Gene set enrichment analysis (Subramanian et
al., 2005) was performed to investigate enrichment in our murine brain-metastatic
tumours for the human brain-metastatic gene signatures derived from the Bos cohort
(Table 3-2). This analysis revealed that up-regulated genes in 4T1Br4 tumours
compared to 67NR tumours were significantly enriched in the top 100 up-regulated
genes identified in human brain-metastatic TNBC by Bos and colleagues, as indicated
by the normalised enrichment score (NES = 1.79) which provides a statistical measure
of the degree to which a gene-set is over-expressed (Table 3-2). Moreover, down-
regulated genes in 4T1Br4 tumours compared to 67NR tumours indicated significant
enrichment for in the top 20 down-regulated genes in human brain-metastatic TNBC
(NES = -1.71). From their analysis of human breast tumours, Bos and colleagues
defined a 17-gene metastasis signhature associated with brain relapse (Bos et al., 2009).
Further adding to the relevance of the 4T1Br4 model to the human metastasis, we

found that genes of the human breast cancer brain metastasis signature were over-
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expressed in 4T1Br4 tumours, with seven genes in 4T1Br4 tumours contributing to the
enrichment score, as compared to 67NR tumours (NES = 1.68). Collectively, these
observations demonstrate that the 4T1Br4 model is genetically relevant to human
brain-metastatic TNBC.

Bos et al., 2009 Nature
GEO Datasets GSE12276 4T1Br4 sorted tumour cell expression profiling

Brain
met

Human Genomics Suite F
; B Partek \

Bos et al. breast cancer 4T1Br4 series raw expression data

brain metastasis gene lists

GSEA: Gene set enrichment analysis

Figure 3.6 Genetic relevance of 4T1Br4 to breast cancer patients with brain

Mmetastases

A schematic representation of gene array profiling and GSEA (gene set enrichment
analysis) between primary 4T1Br4 tumours and breast cancer patients with brain
metastases. The raw mRNA expression signal files from the Bos cohort (GSE12276)
were obtained from GEO Datasets, uploaded into Partek Genomics Suite and samples
annotated with their corresponding clinical data to identify TNBC, brain metastatic and
non-metastatic samples for further analysis. Genes differentially expressed (fold-
change <-2 or 22, p-value <0.05) between brain metastatic and non-metastatic TNBC
samples were identified with a one-way ANOVA analysis. From these differentially
expressed genes, subsets were used to define gene signatures as described in Table

3-2. In order to permit GSEA with our murine expression profile data, these human
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genes were converted to functional mouse orthologs (NCBI Homologene;
http://www.ncbi.nlm.nih.gov/homologene/) where they existed. Met, metastasis.

Table 3-2. Gene set enrichment analysis of 4T1Br4 versus brain-metastatic
human breast tumours.

Bos et al. gene signatures (Bos et al., 2009) NES FDR

Top 100 up-regulated genes in TNBC patients 1.79 0.008 *4TiBr4 67NR

with brain metastases Csf3

. Lama4
Top 20 down-regulated genes in TNBC -1.71 0.041 ..m Bir;:lw

patients with brain metastases Angptl4
. . . Pelil
17-gene breast cancer brain metastasis 1.68 0.018 BN BE Hbegf

signature* Ltbpl

NES, normalised enrichment score, corrects for differences in enrichment score (ES)
between gene-sets due to differences in gene-set sizes (>1.5 is significant). ES reflects
the degree to which a gene-set is over-represented at the top or bottom of a ranked list
of genes. FDR, false discovery rate, corrects for multiple hypothesis testing and enable
a more correct comparison of the different tested gene-sets with each other (<0.05 is
significant). Colony-stimulating factor 3, Csf3; laminin subunit alpha 4, Lama4; beta-
1,4-galactosyltransferase 6, B4galt6; angiopoietin-like 4, Angptl4; pellino E3 ubiquitin
protein ligase 1, Pelil; heparin-binding EGF-like growth factor, Hbegf; latent-
transforming growth factor beta-binding protein 1, Ltbpl. Csf3 enhances lung
metastasis of breast cancer cells (Kowanetz et al., 2010). Lama4 promotes breast
cancer cell proliferation and metastasis (Ross et al., 2015). Angptl4 facilitates lung
colonisation by breast cancer cells (Padua et al., 2008). Hbegf promoted breast cancer

cell intravasation, metastasis and invasion (Zhou et al., 2014).
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3.3 Discussion

The aim of this chapter was to develop and characterise a new clinically relevant model
of breast cancer brain metastasis. Such a model is needed to investigate the
mechanisms regulating breast cancer brain metastasis, to identify novel
therapeutic/prognostic targets and to evaluate the efficacy of novel therapies. Current
xenograft models of experimental breast cancer brain metastasis are useful to
investigate late stages of metastasis but lack clinical relevance as they do not
recapitulate the complete metastatic process observed in patients and require the use
of immune deficient mice. Syngeneic mouse models typically metastasise more
aggressive from the mammary gland than xenograft models and have the advantage of
a fully functional immune system. However, few syngeneic mouse models of
spontaneous breast cancer brain metastasis have been described and most have been
derived from the 4T1 tumour line originally developed by Aslakson and Miller (Aslakson
and Miller, 1992). Moreover, the incidence of spontaneous brain metastasis in these
models was either not reported or was relatively low (Erin et al., 2013, Zhang et al.,
2015b). Importantly, the phenotypic and genetic relevance of these syngeneic mouse

models to human breast cancer brain metastasis has until now not been validated.

The 4T1Br4 model described herein possesses many of the desired attributes of a
clinically relevant model of breast cancer brain metastasis. The 4T1Br4 model is robust
and, to our knowledge, gives rise to a higher incidence of spontaneous brain
metastasis than all models previously described. Since 4T1-derived tumours are
aggressive and fast growing, reducing the number of cells inoculated in the mammary
fat pad may have contributed in part to increasing the incidence of brain metastases by
slightly extending the duration of the assay. Bailey-Downs et al. (Bailey-Downs et al.,
2014) pointed out that optimisation of the number of cell implantation is key to obtain
balance between inducing metastases and allowing time for drug testing in a 4T1

syngeneic mouse model.

Similarly, excision of the primary tumours prevented early termination of experiments
due to excessive lung burden and/or primary tumour size, thereby allowing more time
for the development of brain metastases. However, the dramatic increase in brain
metastasis was observed following repeated in vivo selection of brain metastases and
in vitro clonal selection of 4T1Br4 variants. Bulk 4T1Br4 cells isolated from brain
lesions showed increased brain metastatic abilities (up to 20%) compared to parental

4T1 cells (7%). Clonal selection of 4T1Br4 variants drastically increased the incidence
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of brain metastases by up to 80% (Table 3-1). This is consistent with the cellular and
functional heterogeneity of 4T1 tumours (Wagenblast et al., 2015) and indicates that
subsets of 4T1 cells have a greater ability to colonise the brain. Another important
feature of the 4T1Br4 model is that the development of brain metastases in 4T1Br4
most resembles the majority of patients with brain metastases, with the late onset of
brain metastases and extensive systemic disease (Zorrilla et al., 2001). Specifically,
high incidence of lung metastases and moderate incidence of bone metastases
observed in the 4T1Br4 model are consistent with observations in TNBC patients
(Liedtke et al., 2008).

4T1Br4 tumour-bearing mice typically formed one or two brain lesions that
preferentially developed in the cerebrum (Figure 3.3A). This is in agreement with
observations in most advanced cancer patients with brain metastases (Delattre et al.,
1988) but contrasts with the unusually large number (>100) and widespread distribution
of brain metastases observed in some experimental models of breast cancer
metastasis to the brain in which a large bolus of cells is inoculated directly into the
heart or in the carotid artery (Fitzgerald et al., 2008, Gril et al., 2008). Spontaneous
4T1Br4 brain metastases were consistently highly vascularised (Figure 3.3B), a feature
that is likely to contribute to their rapid growth in the brain parenchyma (Lorger and
Felding-Habermann, 2010). High expression of the Ki-67 proliferation marker (Figure
3.3C), a feature of TNBC subsets associated with better response to chemotherapy in
patients (Rhee et al., 2008, Keam et al., 2011), suggests that the 4T1Br4 brain
metastases may be responsive to adjuvant chemotherapy such as docetaxel or
doxorubicin. As such, the 4T1Br4 model may be particularly useful to test the efficacy

of new approaches to deliver chemotherapeutic agents across the BBB.

Knowledge on the molecular phenotype of tumours can inform on the best therapy for
advanced breast cancer patients (Brastianos et al., 2015). However, in some cases
phenotypic discordance between primary tumour and matched metastases have been
reported (Duchnowska et al., 2012, de Duenas et al., 2014, Shigematsu et al., 2011)
suggesting that the efficacy of a given therapy based on the primary tumour phenotype
may not always be the most appropriate for metastatic disease. It is not clear, however,
whether phenotypic conversion is induced by the change of microenvironment in
primary tumours versus brain metastases or whether it reflects clonal selection of a
small subset of breast cancer cells with a different phenotype and greater affinity for
the brain. In this context, we compared the expression of ER, PR and HER2 between

4T1Br4 primary tumours and brain metastases and observed no phenotypic
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discordance, most likely reflecting the clonal nature of the 4T1Br4 model and therefore
consistent with the clonal selection of a 4T1 variant with a TNBC phenotype but
enhanced ability to spread to the brain.

Results from in vivo metastasis assays indicate that 4T1Br4 tumours are more
metastatic to the brain but not to lung or bone compared to parental 4T1 tumours
(Figure 3.2C-E). This suggested the acquisition of functional properties that
“selectively” enhance brain metastasis in 4T1Br4 tumours. To address this, we
performed a series of experiments comparing 4T1 and 4T1Br4 cells in in vitro
functional assays. These assays revealed that proliferation or colony forming ability in
the presence of serum did not differ significantly between 4T1 and 4T1Br4 cells (Figure
3.5A-B), a result in agreement with the similar tumour growth rates observed in vivo
(Figure 3.2A). 4T1Br4 cells were more migratory than parental 4T1 cells in chemotaxis
assays (Figure 3.5C). While increased migration may contribute to a more
aggressive/metastatic phenotype, this property would be expected to enhance
metastasis to multiple sites and is unlikely alone to explain the selectivity of 4T1Br4

tumours to metastasis to the brain.

Interestingly, 4T1Br4 cells showed enhanced adhesion to brain microvascular
endothelial cells and enhanced trans-endothelial migration (Figure 3.5D-E). These
properties are likely to facilitate homing of disseminating 4T1Br4 tumour cells to the
brain by in vivo (Figure 3.2C). Consistent with our observations, Cruz-Munoz et al.
developed a mouse model of spontaneous brain metastasis from melanoma (131/4-
5B1 and 131/4-5B2) and found that brain-seeking properties are associated with
increased adhesion to endothelial cells compared to the parental cell line (113/6-4L)
(Cruz-Munoz et al., 2008). However, the authors also reported that brain conditioned
medium induced a proliferative response in brain-metastatic variants. As this was not
observed in 4T1Br4 cells, their study and ours suggest that melanoma and breast
cancer cells respond differently to mitogenic factors produced in the brain. The
Massagué group demonstrated that three genes (02,6-sialyltransferase ST6GALNACS,
cyclooxygenase COX2 and EGFR ligand HBEGF) are highly expressed in brain
metastatic breast cancer cells isolated from a breast cancer patient (CN34) and in the
brain-seeking MDA-MB-231Br breast cancer line (Bos et al.,, 2009). Their study
revealed that inhibiting the expression of either of these three genes decreased trans-
endothelial migration of breast cancer cells and increased survival of mice inoculated
with human brain metastatic breast cancer cells. They concluded that the three genes

facilitate trans-endothelial migration through the BBB. Consistent with this, the following
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chapter describes the expression and function of a novel cell adhesion molecule
(limitrin/DICAM) and investigates its potential role in regulating trans-endothelial
migration and the spread of breast cancer to the brain.

4T1Br4 cells displayed another property that is likely to facilitate invasion of metastatic
cells into the brain parenchyma. We found that stimulation with BCM enhanced
invasion of 4T1Br4 by ~2-fold compared to parental 4T1 cells (Figure 3.5F). Consistent
with our result, Wang et al. (Wang et al., 2013) reported that astrocyte conditioned
media facilitates invasion of MDA-MB-231Br cells. The authors demonstrated the
inhibition of MMP-2 and MMP-9 significantly decreased invasion of tumour cells
induced by astrocyte conditioned media in vitro and reduced brain metastasis in vivo.
Whether MMP-2 and MMP-9 are secreted in BCM produced from whole brain primary
cell cultures has yet to be determined. However, in a separate study, we have found no
evidence by immunohistochemistry that MMP-9 is expressed surrounding 4T1Br4 brain
lesions (Dr Normand Pouliot, personal communication) suggesting that MMP-9 is not
required or that other proteases may facilitate the invasive growth of 4T1Br4 brain
metastases. Lastly, we found that BCM enhances serum-induced proliferation of brain
metastatic 4T1Br4 cells but not cell survival (Figure 3.5G-H). Taken together, the
results from in vitro assays indicate that enhanced adhesion to and migration through
brain endothelial cells, together with increased invasive response to brain-derived
soluble factors are likely to be key determinants of the selective brain metastatic ability
of 4T1Br4 tumours.

Identifying differentially expressed genes that overlap between mouse 4T1Br4 tumours
and patients’ tumours would underpin the model’s genetic relevance to human TNBC.
Cell culture systems and/or mouse models used to identify genes associated with brain
metastasis have been criticised for their lack of relevance at the transcriptomic level
since they show minimal overlap with brain metastasis genes identified from patients’
tissues (Daphu et al., 2013). For example, Vincent et al. (Vincent et al., 2015) recently
reported significant differences in gene expression between breast cancer cell lines in
vitro and tumours in vivo. These differences were attributed primarily to the lack of
stromal cell populations and the absence of immune component in culture. However, a
key difference between their study and ours is that we specifically isolated 4T1Br4
tumour cells by FACS from whole primary tumours and therefore tumour cells were
subjected to the normal mammary tumour microenvironment of immune competent
mice. To further address concerns about the relevance of syngeneic mouse models of

metastasis to the human breast tumours, we compared differential gene expression at
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the transcriptomic level between non-metastatic 67NR and 4T1Br4 mouse primary
tumours and genes associated with brain recurrence in breast cancer patients
identified from clinical samples with known sites of recurrence by Bos et al (Bos et al.,
2009). These analyses showed significant overlap between breast cancer brain
metastasis genes identified in human TNBC samples and those associated with
4T1Br4 brain metastasis and confirmed that the 4T1Br4 model is genetically relevant to

TNBC patients with brain metastases.

In summary, we found that the 4T1Br4 syngeneic mouse model is phenotypically,
functionally and genetically relevant to human brain metastatic TNBC. To our
knowledge, the 4T1Br4 model shows the highest incidence of spontaneous brain
metastasis among all spontaneous metastasis mouse models previously described.
We propose that the 4T1Br4 model can serve as a clinically relevant platform to
investigate the mechanisms regulating breast cancer metastasis to the brain, to identify
prognostic factors and/or therapeutic targets relevant to human, and to test the efficacy
of novel therapies against TNBC brain metastases. The following chapters investigate
the prognostic significance and function of a new cell adhesion molecule, limitrin, in
trans-endothelial migration assays and evaluate the anti-metastatic efficacy of novel
HDAC inhibitors against brain-metastatic TNBC. These results are presented in
Chapters 4 and 5, respectively.
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4. Evaluation of limitrin as a prognostic marker and

therapeutic target for breast cancer brain metastasis

4.1 Introduction

With assistance from Dr Normand Pouliot in the laboratory, differential gene expression
between parental 4T1 cells and 4T1Br4 brain metastatic cells was assessed by gene
array profiling (Affymetrix microarray technology), in either cultured cells or mCherry*"®
tumour cells isolated from primary tumours by FACS to exclude stromal cells. This
analysis identified 17 genes up-regulated in 4T1Br4 cells compared to 4T1 cells, based

on differential expression cut-off = 3-fold and statistical significance (p<0.05).

Among these genes, limitrin, also known as Dual Immunoglobulin domain Containing
Cell Adhesion Molecule (DICAM), Matrix-remodelling-associated protein 8 (MXRA8) or
Adipocyte-specific protein 3 (Asp3), showed a 12-fold increased expression in 4T1Br4
cells compared to 4T1 cells (Dr Normand Pouliot, unpublished observations). Few
studies have documented the expression and function of limitrin in normal tissues and
to our knowledge, there is currently no reports on its role in cancer. Limitrin belongs to
the immunoglobulin superfamily (IgSF), a group of molecules involved in cell adhesion
(Jung et al., 2008). Many organs including brain, spleen, lung, colon, kidney, heart,
small intestine, liver and stomach and cell lines (monocytes, epithelial cells and
endothelial cells) express limitrin (Jung et al., 2008). In the normal brain, limitrin is
localised at the end-feet of astrocytes of the BBB and was proposed to be involved in
the formation and maintenance of the BBB integrity (Yonezawa et al., 2003). Limitrin
shares structural homology with junctional adhesion molecule A (JAM-A), a protein also
belonging to IgSF that is located in tight junctions (McSherry et al., 2011) and involved
in the transmigration of leucocytes across the endothelium (Yonezawa et al., 2003).
Interestingly, JAM-A has also been linked to poor prognosis in breast cancer patients
(McSherry et al., 2009, Murakami et al., 2011). In addition, the expression of the JAM
family proteins is increased in brain metastases compared to primary tumours in TNBC
patients (Choi et al., 2013).

The structural similarity between limitrin and JAM-A led us to propose that limitrin may
facilitate the adhesion and/or transmigration of tumour cells across the BBB and that its
expression may have prognostic significance in breast cancer patients. Accordingly,

Chapter 4 focuses on investigating the role of limitrin as a prognostic marker to identify
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breast cancer patients at risk of developing brain metastasis. The contribution of limitrin
to breast cancer metastasis to the brain is also examined in functional assays in vitro

and in spontaneous and experimental metastasis assays in mice.
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4.2 Results

4.2.1 Prognostic significance of limitrin expression in brain-metastatic

breast cancer

4.2.1.1 Analysis of the prognostic potential of limitrin in different subtypes of

breast cancer

To investigate the association between limitrin expression and disease outcome in
various molecular subtypes of breast cancer, we used BreastMark prognostic analysis
tool. BreastMark integrates gene expression and survival data from 26 datasets on 12
different microarray platforms allowing examination of the prognostic potential of
approximately 17,000 genes in breast cancer (Madden et al., 2013). BreastMark
analysis revealed a significant association between high expression of limitrin mRNA
and poor clinical outcome in basal-like tumours but not in the other subtypes of breast
cancer, i.e., luminal A, luminal B and HER2 positive tumours (Figure 4.1). Patients with
basal-like breast tumour expressing high levels of limitrin are at higher risk of
developing metastasis (distant disease free survival (DDFS)) and have a reduced
overall survival (OS) time compared to those with low limitrin levels. Therefore, limitrin
has the potential to be a prognostic marker of metastasis in basal-like breast cancers.
In addition, it is important to note that these results are consistent with the basal-
like/TNBC molecular subtype of the 4T1Br4 brain-metastatic mouse model described in
Chapter 3.
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Figure 4.1 Association between limitrin expression in different subtypes of

breast cancer and clinical outcomes

High expression of limitrin is associated with reduced distant disease free survival and
overall survival in basal-like breast tumours. Data were analysed using BreastMark
algorithm (http://glados.ucd.ie/BreastMark/). DDSF, distant disease free survival; OS,
overall survival; LumA, luminal A; LumB, luminal B; Basal, basal-like breast tumour.

p<0.05 is considered significant.

4.2.1.2 Limitrin expression in various breast cancer cell lines and tumours

To further determine the prognostic potential of limitrin and, in particular, its association
with brain metastasis, we examined limitrin mRNA and protein expression levels in a
panel of mouse and human breast cancer cell lines of varying metastatic potential. The
level of limitrin MRNA expression was measured by gRT-PCR and is shown in Figure
4.2. Consistent with our hypothesis, mouse non-metastatic 67NR cells (Aslakson and
Miller, 1992) did not express detectable levels of limitrin mMRNA. Intermediate levels
were found in the weakly lung-metastatic 66cl4 cell line (Miller et al., 1986) and the
lung- and bone-metastatic 4T1BM2 cell line (Kusuma et al., 2012). The highly lymph
node-, lung- and bone-metastatic (but not brain-metastatic) 4T1.2 mouse cell line
(Lelekakis et al., 1999) did not express detectable levels of limitrin. Importantly, the
brain-metastatic 4T1Br4 variant expressed significantly higher levels of limitrin mRNA
in both culture and whole tumours. Expression of limitrin in human cell lines was
consistent with those observed in mouse cell lines. The human non-metastatic MCF-7
cell line (Moss et al., 1999) did not express detectable levels of limitrin mRNA. The

lung-metastatic MDA-MB-231 cell line (Bos et al., 2009) expressed low levels of limitrin
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MRNA. The highest levels of limitrin mMRNA were detected in the brain-seeking MDA-
MB-231Br variant of human MDA-MB-231 cells (Bos et al., 2009).

Expression of limitrin mRNA in mouse cell lines Expression of limitrin mRNA in human cell lines
500+ 10-

ol i

e

50+

Limitrin gene expression (AU)
Limitrin gene expression (AU)

Figure 4.2 Limitrin mRNA expression in mouse and human breast cancer cell

lines and mouse primary tumours

Cells or tissues were homogenised in TRIzol reagent to isolate RNA. RNAs were
synthesised into cDNA and limitrin expression was measured using SYBR Green |
assay. Limitrin expression was significantly higher in brain metastatic 4T1Br4 cells
compared to parental 4T1 cells (in both cultured cells and tumours). Similarly, limitrin
MRNA was expressed significantly more in human brain metastatic MDA-MB-231Br
cells than parental MDA-MB-231 cells or non-metastatic MCF-7 cells. Mouse brain
(pink bar) was used as a positive control since limitrin is abundantly expressed in
astrocytes of the BBB. Data show fold-expression relative to housekeeping genes
(mouse RPS27a or human RPL37a) (n = 3). It should be noted that the relative
expression of mouse and human limitrin mMRNA was determined using different
housekeeping genes and therefore cannot be directly compared. p-values were
calculated using a one-way ANOVA with a Bonferroni post-test; p<0.05 was considered
significant. **p<0.01, ****p<0.001.

Next, we confirmed these observations at the protein level by western blotting. Since
no commercial anti-limitrin antibodies were available, we generated anti-limitrin
antibodies in-house in collaboration with Dr Bruce Kemp (St Vincent's Institute,

Melbourne). Rabbit polyclonal limitrin antibodies were raised against a C-terminal
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peptide sequence of human limitrin (ELAHSPLPAKYIDLDKGFRKENCK) as described
by Yonezawa and colleagues (Yonezawa et al., 2003). The protein sequence of limitrin
is highly conserved (78%) between human and mouse (Yonezawa et al., 2003, Jung et
al., 2008). Table 4-1 and Table 4-2 show the protein coding sequences of mouse and
human limitrin, respectively. A search for Express Sequence Tag (EST) transcript data
in Ensemble.org revealed 8 mouse limitrin transcripts but only 2 protein coding
sequences. The estimated molecular weight of these 2 forms of mouse limitrin are 49
kDa and 35 kDa. However, only the 49 kDa form possesses the sequence similar to

the peptide sequence used for rabbit immunisation.

Table 4-1. Mouse limitrin protein coding sequences.

Two protein coding sequences in mouse

ENSMUST00000030947: 442aa (estimated molecular weight: 49 kDa)
MELLSRVLLWKLLLLQSSAVLSSGPSGTAAASSSLVSESVVSLAAGTQAVLRCQSPR
MVWTQDRLHDRQRVVHWDLSGGPGSQRRRLVDMYSAGEQRVYEPRDRDRLLLSP
SAFHDGNFSLLIRVDRGDEGVYTCNLHHHYCHLDESLAVRLEVTEDPLLSRAYWDGE
KEVLVVAHGAPALMTCINRAHVWTDRHLEEAQQVVHWDRQLPGVSHDRADRLLDLY
ASGERRAYGPPFLRDRVSVNTNAFARGDFSLRIDELERADEGIYSCHLHHHYCGLHE
RRVFHLQVTEPAFEPPARASPGNGSGHSSAPSPDPTLTRGHSIINVIVPEDHTHFFQQ
LGYVLATLLLFILLLITVVLATRYRHSGGCKTSDKKAGKSKGKDVNMVEFAVATRDQAP
YRTEDIQLDYKNNILKERAELAHSPLPAKDVDLDKEFRKEYCK

ENSMUST00000141883: 321aa (estimated molecular weight: 35 kDa)
MELLSRVLLWKLLLLQSSAVLSSGTAAASSSLVSESVVSLAAGTQAVLRCQSPRMVW
TQDRLHDRQRVVHWDLSGGPGSQRRRLVYDMYSAGEQRVYEPRDRDRLLLSPSAFH
DGNFSLLIRAVDRGDEGVYTCNLHHHYCHLDESLAVRLEVTEDPLLSRAYWDGEKEV
LVVAHGAPALMTCINRAHVWTDRHLEEAQQVVHWDRQLPGVSHDRADRLLDLYASG
ERRAYGPPFLRDRVSVNTNAFARGDFSLRIDELERADEGIYSCHLHHHYCGLHERRYV
FHLQVTEPAFEPPARASPGNGSGHSSAPSP

RGD, potential integrin-binding site; ELAHSPLPAKYIDLDKGFRKENCK, immunogenic

peptide used for the generation of anti-limitrin antibodies.

Regarding the human form of the protein, in EST data, we found limitrin has 10
transcripts but only 4 protein coding sequences with estimated molecular weights of 49
kDa, 48 kDa, 49.5 kDa and 37.5 kDa. All 4 proteins contain the peptide sequence used

for rabbit immunisation and thus, we expect to detect these 4 forms by western blotting.
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Table 4-2. Human limitrin protein coding sequences.

Four protein coding sequences in human

ENSTO00000309212: 442aa (estimated molecular weight: 49 kDa)
MALPSRILLWKLVLLQSSAVLLHSGSSVPAAAGSSVVSESAVSWEAGARAVLRCQSP
RMVWTQDRLHDRQRVLHWDLRGPGGGPARRLLDLYSAGEQRVYEARDRGRLELSA
SAFDDGNFSLLIRAVEETDAGLYTCNLHHHYCHLYESLAVRLEVTDGPPATPAYWDG
EKEVLAVARGAPALLTCVNRGHVWTDRHVEEAQQVVHWDRQPPGVPHDRADRLLD
LYASGERRAYGPLFLRDRVAVGADAFERGDFSLRIEPLEVADEGTYSCHLHHHYCGL
HERRVFHLTVAEPHAEPPPRGSPGNGSSHSGAPGPDPTLARGHNVINVIVPESRAHF
FQQLGYVLATLLLFILLLVTVLLAARRRRGGYEYSDQKSGKSKGKDVNLAEFAVAAGD
QMLYRSEDIQLDYKNNILKERAELAHSPLPAKYIDLDKGFRKENCK

ENSTO00000477278: 433aa (estimated molecular weight: 48 kDa)
MIRCAATGSAVLLHSGSSVPAAAGSSVVSESAVSWEAGARAVLRCQSPRMVWTQDR
LHDRQRVLHWDLRGPGGGPARRLLDLYSAGEQRVYEARDRGRLELSASAFDDGNFS
LLIRAVEETDAGLYTCNLHHHYCHLYESLAVRLEVTDGPPATPAYWDGEKEVLAVARG
APALLTCVNRGHVWTDRHVEEAQQVVHWDRQPPGVPHDRADRLLDLYASGERRAY
GPLFLRDRVAVGADAFERGDFSLRIEPLEVADEGTYSCHLHHHYCGLHERRVFHLTV
AEPHAEPPPRGSPGNGSSHSGAPGPDPTLARGHNVINVIVPESRAHFFQOQLGYVLAT
LLLFILLLVTVLLAARRRRGGYEYSDQKSGKSKGKDVNLAEFAVAAGDQMLYRSEDIQ
LDYKNNILKERAELAHSPLPAKYIDLDKGFRKENCK

ENST00000342753: 341aa (estimated molecular weight: 37.5 kDa)
MIRCAATGSAVLLHSGSSVPAAAGSSVVSESAVSWEAGARAVLRCQSPRMVWTQDR
LHDRQRVLHWDLRGPGGGPARRLLDLYSAGEQRVYEARDRGRLELSASAFDDGNFS
LLIRAVEETDAGLYTCNLHHHYCHLYESLAVRLEVTDGPPATPAYWDGEKEVLAVARG
APALLTCVNRGHVWTDRHVEEAQQVVHWDRQPPGVPHDRADRLLDLYASGERRAY
GPLFLRDRVAVGADAFERGDFSLRIEPLEVADEGTYSCHLHHHYCGLHERRVFHLTV
AEPHAEPPPRGSPGNGSSHSGAPGPDPTLARGHNVINVIVPESRAHFFQQLGYVLAT
LLLFILLLVTVLLAARRRRGGYEYSDQKSGKSKGKDVNLAEFAVAAGDQMLYRSEDIQ
LDYKNNILKERAELAHSPLPAKYIDLDKGFRKENCK

ENST0000445648: 450aa (estimated molecular weight: 49.5 kDa)

MALPSRILLWKLVLLQSSAVLLHSGSSVPAAAGSSVVSESAVSWEAGARAVLRCQSP
RMVWTQDRLHDRQRVLHWDLRGPGGGPARRLLDLYSAGEQRVYEARDRGRLELSA

100



Chapter 4

SAFDDGNFSLLIRAVEETDAGLYTCNLHHHYCHLYESLAVRLEVTDGPPATPAYWDG
EKEVLAVARGAPALLTCVNRGHVWTDRHVEEAQQVVHWDRQPPGVPHDRADRLLD
LYASGERRAYGPLFLRDRVAVGADAFERGDFSLRIEPLEVADEGTYSCHLHHHYCGL
HERRVFHLTVAEPHAEPPPRGSPGNGSSHSGAPGPDPTLARGHNVINVIVPESRAHF
FQOLGYVLATLLLFILLLVTVLLAARRRRGGYEYSDQKSGKSKGKDVNLAEFAVAAGD
QMLYRSEDIQLASSPPTDYKNNILKERAELAHSPLPAKYIDLDKDPSGLCPLGA

RGD, potential integrin-binding site; ELAHSPLPAKYIDLDKGFRKENCK, immunogenic

peptide used for the generation of anti-limitrin antibodies.

The reactivity of limitrin antisera against the immunization peptide was confirmed by
standard ELISA and reactive antibodies purified by affinity chromatography on protein
G sepharose column. Four purified limitrin antibodies generated (R161, R184, R5553
and R6921) were further validated by western blotting. We found that R161 at 0.5
ng/ml and R6921 at 1 pg/ml from the 3™ bleed were best for detecting limitrin in mouse
and human breast cancer cell lines, respectively (Figure 4.3). In mouse breast cancer
cell lines, limitrin was not detected in 67NR cells but limitrin was strongly detected as a
doublet in 4T1Br4 cells (Figure 4.3A). In human breast cancer cell lines, 2 bands
corresponding to the estimated molecular weights of limitrin, i.e. 49 kDa and 37.5 kDa
were detected in MDA-MB-231Br cells whereas only one band at 49 kDa with a slightly

weaker signal was observed in MCF-7 cells (Figure 4.3B).
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Figure 4.3 Anti-limitrin antibodies validation by western blotting in mouse and

human breast cancer cell lines

Forty pug of protein was loaded into each lane. Immunoblot with R161, R184, R5553
and R6921 (0.5 pg/ml) in mouse cell lines (A). Immunoblot with R161, R184, R5553
and R6921 (1 pg/ml) in human cell lines (B). Based on limitrin mRNA expression
determined in Figure 4.2, 67NR and MCF-7 cell lines were used as negative controls

for mouse and human cell lines, respectively.

The levels of limitrin was further analysed with the selected anti-limitrin antibodies in
the panel of mouse and human cell lines previously used for limitrin mMRNA expression.
The levels of limitrin in mouse cell lines corresponded well to the mRNA data shown in
Figure 4.2. Non-metastatic 67NR and highly metastatic but non-brain-seeking 4T1.2
cells did not express limitrin protein (Figure 4.4). Brain-metastatic 4T1Br4 cells showed
the highest level of limitrin of all mouse cell lines tested. On the blots (Figure 4.4, left
panel), the band corresponding to limitrin appeared as a doublet that was differentially
expressed in the different cell lines, most likely representing posttranslational
modification. This is supported by the study of Jung and colleagues who demonstrated
that limitrin has 8 glycosylation sites (Jung et al., 2008). Specifically, the authors

detected a single limitrin mRNA transcript by northern blotting but two protein bands by
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western blotting suggesting that limitrin could undergo active posttranslational
processing (Jung et al., 2008).

Intriguingly, 66¢l4 cells that are weakly metastatic to the lung but not to the brain from
the mammary gland expressed intermediate levels of limitrin protein. The biological

significance of this observation is currently unclear and is discussed in the Discussion

section.
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Figure 4.4 Limitrin expression by western blotting in mouse mammary cancer

cell lines

Limitrin expression was significantly higher in mouse brain metastatic 4T1Br4 cells than
in non-brain-seeking mouse breast cancer cell lines. Forty pug of protein were loaded
into each lane. Left panel, representative immunoblot of limitrin (n=3) with R161 (0.5
ng/ml) from the 3" bleed. Right panel, quantitation of limitrin levels relative to GAPDH
by densitometry analysis of the bands on immunoblots. Results are expressed as

mean + SD of 3 experiments.

In agreement with mRNA expression in human breast cancer cell lines, western
blotting analyses confirmed that limitrin expression was higher in human brain-
metastatic MDA-MB-231Br cells compared to non-brain metastatic MCF-7 and MDA-
MB-231 cells (Figure 4.5). In MDA-MB-231Br cells, 2 bands were detected, one below
the 50 kDa molecular marker and one near the 37 kDa marker (Figure 4.5, left panel).
The upper band is likely to correspond to the 3 variants of limitrin that have a predicted
molecular weight of 48, 49 and 49.5 kDa and the lower band to the 37.5 kDa form of
limitrin. Similar to MDA-MB-231Br cells, MDA-MB-231 cells expressed both variants of
limitrin. However, while the intensity for the lower molecular weight was similar in both

cell lines, the signal for the higher molecular weight form was clearly stronger in MDA-
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MB-231Br cells. The non-metastatic MCF-7 cells only weakly expressed the higher

molecular form of limitrin.

AN
N '\@
P
Q Q’
A Q 9 Expression of limitrin protein in human cell lines
& i & 25-
N N N sy 5%
o — — 'gg 2.0 ==
Limitrin 53 15
s 2 —
S 7 2 £ 1.0]
caror DS I
'3
0.0 7, N
: > &
“‘0“ @” :»,5\
\g ¥

Figure 4.5 Limitrin expression by western blotting in human breast cancer cell

lines

Limitrin expression was significantly higher in human brain metastatic MDA-MB-231Br
cells than in other human breast cancer cell lines. Forty pg of total protein were loaded
into each lane. Left panel, representative immunoblot of limitrin (n=3) with R6921 (1
pg/ml) from the 3™ bleed. Right panel, quantitation of limitrin levels (the signal from
both bands was measured) relative to GAPDH by densitometry analysis of the bands

on immunoblots. Results are expressed as mean + SD of 3 experiments.

4.2.1.3 Subcellular localisation of limitrin

Jung and colleagues reported previously that limitrin is expressed in the plasma
membrane, cytoplasm and nucleus of normal epithelial cells (Jung et al., 2008). To
gain further understanding of the subcellular localisation of limitrin in breast cancer
cells, limitrin expression in the cytosol, membrane and nucleus of mouse cell lines was
investigated. As shown in Figure 4.6, limitrin was expressed in all cellular fractions of
both 66¢l4 and 4T1Br4 cells. A doublet was detected in the cytoplasm and in the
membrane of the cells. As mentioned in section 4.2.1.2, this doublet may correspond to
different levels of glycosylation of limitrin. In the cytoplasm, both forms were present in
equal amount. Interestingly, the lower molecular form of limitrin was most abundant in
the membrane fraction of 66cl4 cells whereas 4T1Br4 expressed predominantly the

higher molecular weight form. The higher molecular weight form was the main form
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detected in the nucleus of both cell lines. These observations indicate that the relative
abundance and the subcellular localisation of limitrin forms vary between cell lines.
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Figure 4.6 Differential subcellular localisation of limitrin in 66cl4 and 4T1Br4 cells

Limitrin is expressed in the cytosol, membrane and nuclear fractions (not including
cytoskeletal proteins). Interestingly, 66cl4 cells showed more of the lower molecular
weight form of limitrin and 4T1Br4 cells showed more of the higher molecular weight
form of limitrin in the membrane. Forty pg of protein were loaded into each lane.
Qproteome Cell Compartment Kit was used for this assay. C, M and N represent
cytosol, membrane and nucleus, respectively. Limitrin (R161 (0.5 ug/ml) from the 3™
bleed), GAPDH, Na+/K+ ATPase and Histone H3 antibodies were used as markers for

cytosol, membrane and nucleus, respectively.

4.2.1.4 Detection of limitrin by immunohistochemistry (IHC)

4.2.1.4.1 Optimisation of IHC protocol for anti-limitrin antibodies

In order to determine if limitrin is a prognostic marker for brain metastasis of breast
cancer, it was essential to optimise the IHC protocol for limitrin antibodies. 4T1Br4
primary tumours were fixed either with 10% neutral buffered formalin (NBF) overnight
at 4°C or with zinc-Tris buffer (2.8 mM calcium acetate, 22 mM zinc-acetate, 36.7 mM
zinc chloride, and 0.1 M Tris-HCI, pH 7.4) for 48 hr at 4°C and processed for paraffin
embedding. Sections (4 um) were rehydrated, equilibrated in antigen retrieval buffer
consisting of either citrate buffer (10 mM, pH 6.0) with pressure cooker at 125°C for 3
min and 90°C for 10 sec or trypsin buffer (1 mg/ml, pH 7.8) for 20 min at 37°C (Table 4-
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3). Briefly, sections were blocked in 3% bovine serum albumin (BSA) for 30 min at
room temperature (RT) and incubated with antisera against limitrin used at 5 pg/ml
(R161 from the 3™ bleed that detected limitrin in western blots) or control poly rabbit
antiserum (at 5 pg/ml) overnight at 4°C under humidified atmosphere. The sections
were incubated with an appropriate biotin-conjugated secondary antibody for 1 hr at RT

and a 3,3’ Diaminobenzidine (DAB) substrate kit was used to develop the signal.

Table 4-3 IHC protocol optimisation for limitrin antibodies.

Tissue Fixation Antigen retrieval Staining results
Non Good
10% NBF Trypsin 20 min Non-specific
4T1Br4 Citrate buffer Very good
primary tumour Non Non-specific
Zinc-Tris Trypsin 5 min Good
Citrate buffer Non-specific

10% NBF, 10% neutral buffered formalin.

The best signal was obtained on formalin-fixed paraffin embedded tissues (FFPE) with
heat treatment in citrate buffer as antigen retrieval (Table 4-3). According to the Human
Protein Atlas (www.proteinatlas.org), the normal mammary gland (as well as brain,
kidney, pancreas and testis) expresses high levels of limitrin protein. Thus, for
comparison, staining intensity in 4T1Br4 tumours and normal mammary gland was
measured with the same protocol. As expected, limitrin was detected in epithelial cells
of normal mammary glands and in 4T1Br4 tumours (Figure 4.7D, E and F). The
intensity of the signal in the peripheral region corresponding to the highly proliferative
and vascularised region of the tumours was higher than the central region (Figure 4.7E
and F).
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Figure 4.7 Detection of limitrin in normal mammary glands and in 4T1Br4 primary

tumours by IHC

Tissue were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin.
Antigen retrieval was performed by heat treatment with a pressure cooker in citrate
buffer (pH 6.0). Normal mammary glands are shown in A and D. 4T1Br4 primary
tumours are shown in B, C, E and F. Limitrin was strongly expressed in epithelial cells
of normal mammary glands, consistent with the reported high expression in glandular
structures of the human breast (http://www.proteinatlas.org/ENSG00000162576-
MXRAB8/tissue/breast) (D) and in 4T1Br4 tumours, especially in the peripheral regions
(F). No staining was detected using a control isotype-matched antibody (ISO) (A-C).

Nuclei were counterstained with hematoxylin (blue). Scale bar = 50 um.

Further optimisation was achieved by titrating the anti-limitrin antibodies on mouse
(Figure 4.8) and xenograft tissues (Figure 4.9). The anti-limitrin antibodies, R161, R184,
R5553 and R6921 were used at 0.5, 1 and 5 pg/ml. Lower concentrations of antibodies
(0.5 and 1 pg/ml) were not sufficient to detect limitrin on 4T1Br4 and MDA-MB-231Br
primary tissues. All anti-limitrin antibodies worked only at 5 pg/ml concentration on both
mouse and human tissues. Although all 4 anti-limitrin antibodies detected limitrin in
4T1Br4 primary tumours, R184, R5553 and R6921 (Figure 4.8F, 8G and 8H,
respectively) also showed non-specific binding. Therefore, the R161 antibody (Figure
4.8E) at 5 pg/ml was chosen for staining of limitrin on mouse tissues in subsequent

experiments.
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Figure 4.8 Limitrin IHC staining in 4T1Br4 primary tumour tissues with the four
generated antibodies from 3rd bleed

Tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin.
Antigen retrieval was performed by heat treatment with a pressure cooker in citrate
buffer (pH 6.0). Four anti-limitrin antibodies (R161 (E), R184 (F), R5553 (G) and R6921
(H) from the 3" bleed) were used at 5 pg/ml concentration and incubated overnight on
4T1Br4 primary tumour tissues. No staining was detected using a control isotype-
matched antibody (ISO) (A-D). Nuclei were counterstained with hematoxylin (blue).
Scale bar = 50 um.

All four antibodies also detected limitrin in FFPE MDA-MB-231Br xenograft tissues but
R184, R5553 (Figure 4.9F and 9G) showed non-specific binding. Interestingly, R6921
(Figure 4.9H) showed stronger and more specific limitrin staining than R161 (Figure
4.9E) on human tissues. In addition, R6921 clearly detected limitrin in immunoblot
(Figure 4.3). Therefore, the R6921 antibody at 5 ug/ml was used to visualise limitrin in

human tissues hereafter.
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Figure 4.9 Limitrin IHC staining in MDA-MB-231Br xenograft tissues with the four

generated antibodies from 3rd bleed

Tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin.
Antigen retrieval was performed by heat treatment with a pressure cooker in citrate
buffer (pH 6.0). Four limitrin antibodies (R161 (E), R184 (F), R5553 (G) and R6921 (H)
from the 3" bleed) were used at 5 pg/ml concentration and incubated overnight on
MDA-MB-231Br xenograft tissues. No staining was detected using a control isotype-
matched antibody (ISO) (A-D). Nuclei were counterstained with hematoxylin (blue).

Scale bar = 50 um.
4.2.1.4.2 Limitrin expression by IHC in mouse and xenograft tissues

To confirm the reactivity of anti-limitrin antibodies against mouse and human tumours
using the optimised protocol described above, a panel of mouse and human breast
cancer cells was used to generate primary tumours and FFPE tissue sections were
screened for limitrin expression (Figure 4.10 and 4.11). Consistent with mRNA and
protein levels, only weak diffuse staining was observed in non-metastatic 67NR and
highly metastatic but non-brain-seeking 4T1.2 tumours. The cytoplasm of the lung- and
bone-metastatic 4T1BM2 stained moderately. Positive nuclear staining was observed
in weakly metastatic 66¢l4 cells and to a lesser extent in parental 4T1 tumours. A
stronger limitrin signal was visualised in brain-metastatic 4T1Br4 tumours than in other
mouse primary tumours. Specifically, limitrin staining was particularly high in the
cytoplasm/membrane of 4T1Br4 tumours (Figure 4.10) compared to other tumour

tissues.

109



Chapter 4

4

110



Chapter 4

Figure 4.10 Immunohistochemical detection of limitrin in formalin-fixed paraffin

embedded mouse tumours

Tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin.
Antigen retrieval was performed by heat treatment with a pressure cooker in citrate
buffer (pH 6.0). Brain metastatic 4T1Br4 tumours showed the highest level of limitrin
expression (brown staining) and notably in the cell membrane. None of the tumours
stained positively using a control isotype-matched antibody (ISO). Nuclei were
counterstained with hematoxylin (blue). Scale bar = 50 um. High magnification images

are shown in insets.

Since archival material from patients is usually preserved as FFPE tissues, having
antibodies that recognise limitrin in FFPE human tissues is essential for translation in
the clinic. Hence, the same IHC protocol as for mouse tissues was used to detect
limitrin in FFPE human xenograft tumours. As shown in Figure 4.11, non-metastatic
MCF-7 tumours only expressed low levels of limitrin in the cytoplasm. Moderate
expression of limitrin was detected in the cytoplasm of parental MDA-MB-231 tumours
whereas the highest level of limitrin was observed in brain metastatic MDA-MB-231Br
tumours. Similar to mouse 4T1Br4 tumours, limitrin localised primarily at the cell

surface and cytoplasm in MDA-MB-231Br tumours.

ISO ) Limitrin

MCF-7

MDA-MB-231 ¥

MDA-MB-231Br.
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Figure 4.11 Immunohistochemical detection of limitrin in formalin-fixed paraffin

embedded human xenograft tumours

Tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin.
Antigen retrieval was performed by heat treatment with a pressure cooker in citrate
buffer (pH 6.0). Limitrin was strongly expressed in human brain metastatic MDA-MB-
231Br tissues, especially in membranes (brown staining). Weaker staining of limitrin
was detected in the cytoplasm of non-metastatic MCF-7 and parental MDA-MB-231
tumours. None of the tumours stained positively using a control isotype-matched
antibody (ISO). Nuclei were counterstained with hematoxylin (blue). Scale bar = 50 um.

High images are shown in insets.

Taken together, the data above demonstrate consistent results between limitrin mRNA
and protein levels in both mouse and human breast cancer cell lines of varying
metastatic potential. Brain metastatic 4T1Br4 and MDA-MB-231Br cell lines and
tumours showed the highest levels of limitrin mMRNA and protein. Moreover, consistent
with its potential role in migration across the BBB, limitrin expression is particularly

strong in the plasma membrane of both mouse and human brain metastatic tumours.

4.2.1.4.3 Prognostic marker analysis of limitrin in patient tissues

In Protein Atlas, limitrin expression is reported to be weak or negative in most breast
cancer patient samples (high, 2; medium, 2; low, 1; not detected, 7 out of 12). Since we
could not find any information on the molecular subtype, patient outcome or metastatic
status, these data alone cannot be used to draw conclusions on the prognostic value of

limitrin in each molecular subtype of breast cancer.

First, we used a tissue microarray (TMA) of FFPE samples of 33 human breast
tumours including 14 luminal A, 5 luminal B, 3 HER2 positive and 11 TNBC. Limitrin
was more strongly expressed in the cytoplasm/membrane of all subtypes of breast
tumours compared to the nucleus (Figure 4.12). Notably, stronger limitrin expression
was detected in the luminal A and B and TNBC subtypes. However, whether limitrin
expression is associated with brain metastasis could not be determined in this small
TMA due to the lack of long-term follow-up data on patient outcome and sites of

recurrence.
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Figure 4.12 Quantification of limitrin IHC staining in atissue microarray of 33

breast cancer patient samples

Tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin.
Antigen retrieval was performed by heat treatment with a pressure cooker in citrate
buffer (pH 6.0). R6921 antibody from the 3" bleed at 5 pg/ml was used for staining.
TMA scoring was blindly performed by an independent pathologist based on intensity
of limitrin (scored 0-3) X proportion of cells that stained positive for limitrin (scored 0-4).
Limitrin was strongly expressed in cytoplasm/membrane of luminal A and B and TNBC
primary tumours. None of the tumours stained positively using a control isotype-

matched antibody (ISO). TNBC, triple negative breast cancer.

To more definitely address the prognostic/predictive value of limitrin for identifying
patients at risk of developing brain metastases, a larger scale study in collaboration
with Prof. Sunil Lakhani (University of Queensland) using human archival tissues is
underway. For this analysis, we are using 39 matched pairs of primary breast cancers
and brain metastases, 50% of which are TNBC and 25% are HER2 positive. In addition,
22 unmatched brain metastases and 40 TNBC cases with no reported metastases for
at least 5 years after diagnosis are available. Limitrin expression will be correlated with
the clinical outcome, breast cancer subtype and development of brain metastases in
these patients. Due to time limitation, the data will be completed after the submission of

this thesis.
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4.2.2 Function of limitrin in brain-metastatic breast cancer

4.2.2.1 Function of limitrin in vitro

The precise function of limitrin is currently unknown. In Chapter 3 (Figure 3.5), we
identified four functional features that may contribute to the enhanced brain metastatic
abilities of 4T1Br4 tumours. Specifically, 4T1Br4 cells were more migratory, more
adhesive to brain microvascular endothelial (bEnd.3) cells, more invasive in response
to brain-derived soluble factors and showed increased abilities for trans-endothelial

migration compared to parental 4T1 cells.

To further assess the role of limitrin in these functional responses, we generated
transient limitrin knockdown in 4T1Br4 cells using limitrin-specific small inhibitory RNA
(esiRNA from Sigma). Treating the cells with limitrin SIRNA suppressed the expression
of limitrin mMRNA by up to 35% and the protein expression by up to 65% in 4T1Br4 cells
compared to cells treated with a control non-targeting siRNA (Figure 4.13).
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Figure 4.13 Suppression of limitrin expression by siRNA in 4T1Br4 cells

4T1Br4 cells were transfected with 20 nM of limitrin-specific or control non-targeting
siRNAs for 24 hr and incubated with fresh medium for another 48 hr. Cells were
washed with cold PBS and homogenised in TRIzol reagent to isolate RNA. Limitrin
expression was suppressed at the mRNA level by up to 35% compared to control non-
targeting siRNA (A). Data show a representative experiment (n = 2), mean = SD of
triplicate wells. Limitrin expression was suppressed at the protein level by up to 65%
compared to control non-targeting siRNA (B and C). Expression of limitrin protein was

normalised to GAPDH. Results are expressed as mean + SD of 3 experiments (C).
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As mentioned in the Introduction of Chapter 4, limitrin has a similar structure to JAM-A,
a protein involved in the transmigration of leucocytes across the endothelium
(Yonezawa et al., 2003). Conceivably, limitrin could have a role in trans-endothelial
migration of tumour cells into the brain. To test this hypothesis, we compared the ability
of 4T1Br4 cells (CTRL siRNA) to cross a monolayer of endothelial cells with that of
4T1Br4 limitrin knocked down cells (Limitrin siRNA) in a trans-endothelial migration
assay. Downregulation of limitrin expression significantly reduced the ability of 4T1Br4
cells to migrate through a monolayer of bEnd.3 brain-derived endothelial cells
(approximately 63% inhibition) (Figure 4.14A). In this assay, limitrin expression was
downregulated by 55%, confirming the efficient knockdown of the gene (Figure 4.14B
and 14C). These findings demonstrate that limitrin is essential for trans-endothelial

migration, a response likely to be required for the crossing of the BBB.
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Figure 4.14 Downregulation of limitrin expression inhibits 4T1Br4 trans-
endothelial migration

Migration of 4T1Br4 cells through a monolayer of bEnd.3 brain microvascular
endothelial cells was measured in Transwell assays after 48 hr (A). Data show a
representative experiment (n = 3) and are expressed as mean + SD of triplicate wells.
p-values were calculated using a Student’s t-test; p<0.05 was considered significant.
****p<0.001. Efficient knockdown (55%) of limitrin was confirmed by western blotting
(B). Expression of limitrin was normalised to GAPDH. Data are expressed as mean +

SD of triplicate experiments (n = 3) (C).

4.2.2.2 Function of limitrin in vivo

To assess whether limitrin plays a role in the crossing of the BBB in vivo, limitrin

expression was stably knocked down by short hairpin RNA (shRNA). Five constructs
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were generated and transfected in MDA-MB-231Br cells using lentiviruses that were
produced by HEK293T cells. Infected MDA-MB-231Br cells were selected with
puromycin over 7 days. Limitrin expression was reduced by up to 95% at the mRNA
level and by 65-85% at the protein level with 3 out of 5 constructs (limitrin ShRNA #1,
#4 and #5) compared to control non-targeting ShRNA (Figure 4.15). The most efficient
knockdown of limitrin was obtained with limitrin-targeting shRNA construct #1. Cells
expressing limitrin-targeting shRNA constructs #4 and #5 showed similar levels of

limitrin knockdown. Therefore, limitrin-targeting shRNA #1 and #4 were used for in vivo

studies.
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Figure 4.15 Suppression of limitrin expression by shRNA in MDA-MB-231Br cells

Limitrin mRNA expression by gRT-PCR in control cells and cells expressing limitrin
shRNA constructs #1 to #5 (A). mMRNA level of limitrin decreased by 95% in cells
transfected with shRNA constructs #1, #4 and #5 compared to control non-targeting
shRNA. Data show fold-expression relative to housekeeping genes (RPL37a) and are
expressed as mean + SD of 3 experiments. Limitrin expression by western blotting with
R6921 (1 pg/ml) from 3™ bleed (B). Limitrin expression (normalised to GAPDH) was
reduced by 65-85% with the selected limitrin-targeting shRNA (construct #1, #4 and #5)
compared to control non-targeting shRNA (C). Data are expressed as mean = SD of

triplicate experiments.

The loss of limitrin could affect proliferation of tumour cells and consequently
metastatic burden in vivo. Thus, before performing in vivo experiments, we compared
the proliferation rate of cells expressing the control non-targeting shRNA with that of
cells expressing limitrin-targeting shRNAs (constructs #1 and #4). As shown in figure

4.16, knockdown of limitrin did not affect proliferation of the cells in vitro.
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Figure 4.16 Growth curves of MDA-MB-231Br cells transfected with a control
non-targeting shRNA and limitrin-targeting shRNA construct #1 or #4

MDA-MB-231Br cells (1 X 10° cells) transfected with control non-targeting shRNA
(black) or limitrin-targeting shRNA construct #1 (red) or construct #4 (blue) were
seeded in a well of 96-well plate and cultured for 6 days. Data show a representative
experiment (n = 2) and are expressed as mean = SD of six replicate wells per time

point.

For the first in vivo experiment, MDA-MB-231Br cells (1 X 10° cells per mouse)
expressing control non-targeting shRNA or limitrin-targeting shRNA (constructs #1 or
#4) were injected into NOD-SCID gamma (NSG) mice (16 mice for control shRNA, 10
mice for limitrin shRNA #1 and 17 mice for limitrin shRNA #4) via the left ventricle of
the heart (experimental metastasis model) and the mice harvested when showing signs
of distress. Under those conditions, 2 control mice had detectable brain metastases
whereas a single mouse from each limitrin shRNA group developed brain metastases
(Figure 4.17).
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Figure 4.17 Bioluminescence images of brains of mice injected with limitrin
knockdown MDA-MB-231Br cells

Limitrin
ShRNA #4

MDA-MB-231Br cells (1 X 10° cells) transfected with control non-targeting shRNA or
limitrin-targeting shRNA construct #1 or #4 were injected in the heart of NSG mice.
Mice were imaged before they were harvested when they displayed signs of distress or
ill health. The luminescence images were obtained with IVIS Lumina Il. In the control
shRNA group, overt brain metastases were detected in 2 mice. In limitrin shRNA

groups, brain metastases were found in one mouse each.
In this experiment, the majority of mice from the three groups likely died of extensive

lung and liver metastases rather than overt brain metastases (Figure 4.18). As a result,
no significant difference in survival was found (Figure 4.19).
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Figure 4.18 Incidence of mice with liver and lung metastases

MDA-MB-231Br cells (1 X 10° cells) transfected with control non-targeting shRNA or
limitrin-targeting shRNA construct #1 or #4 were injected in the heart of NSG mice.
Mice were harvested when they displayed signs of distress or ill health. The number of
mice used to generate the graph were n=14 for control shRNA, n=9 for limitrin shRNA
#1 and n=14 for limitrin shRNA #4. Mice developed extensive metastases either in the

liver or lung, or in both.
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Figure 4.19 Overall survival curves of mice injected with limitrin knockdown
MDA-MB-231Br cells
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MDA-MB-231Br cells (1 X 10° cells) transfected with control non-targeting shRNA
(black) or limitrin-targeting ShRNA construct #1 (red) or #4 (blue) were injected in the
heart of NSG mice at day 0. The endpoint of the study was reached when mice
displayed signs of distress or ill health. Mice that died early (up to 5 days after cell
injections) were excluded. Kaplan Meier survival curves were generated with
GraphPad Prism software. The number of mice used to generate these survival curves
were n=14 for control shRNA, n=9 for limitrin shRNA #1 and n=14 for limitrin ShRNA #4.

Since brain metastasis is a relatively late event in the course of breast cancer, we
performed another experiment where fewer cells (5 X 10* cells per mouse) were
injected to delay the development of lung and liver metastasis, thereby allowing more
time for the development of brain metastases. All mice were harvested 21 days after
cell injection and organs including the liver, lung, spine and femur were collected and
metastatic burden measured by genomic quantitative real-time PCR (qPCR).
Unfortunately, we could not obtain the luminescence images of the mouse brains due
to breakdown of the real-time in vivo imaging system (IVIS Lumina Il) in our institute.
For this reason, only metastatic burden in liver, lung, spine and femur could be
analysed by gPCR. The majority of mice in the 3 groups had extensive liver and lung
metastases, as noted in the previous experiment. There was no difference in the

relative tumour burden (RTB) between groups for each organ analysed (Figure 4.20).
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Figure 4.20 Comparison of metastatic burden in mice injected with control or
limitrin knockdown MDA-MB-231Br cells

MDA-MB-231Br cells (5 X 10 cells) transfected with control non-targeting shRNA (C)
or limitrin-targeting shRNA construct #1 (1) or #4 (4) were injected in the heart of NSG
mice at day 0. On day 21, all mice were harvested and liver (A), lung (B), spine (C) and
femur (D) were collected and metastatic burden measured by gPCR. Each dot
represents one mouse and the horizontal line represents mean + SD. p-values were

calculated using a Student’s t-test. N.S. not significant. The number of mice used to
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generate these graphs were n=8 for control ShRNA, n=9 for limitrin sShRNA #1 and n=9
for limitrin sShRNA #4.

The severe immunodeficiency of NSG mice that we used may be too permissive and
give rise to extensive visceral metastases in particular in the liver before development
of brain metastases. As such, the use of SCID or nude mice as used by the Massagué
group would be preferable in future experiments.
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4.3 Discussion

The study of gene expression profiling of 4T1Br4 brain metastatic cells compared to
4T1 non-brain metastatic cells led to the identification of 17 up-regulated genes in
4T1Br4 cells and tissues. Among these genes, limitrin a protein belonging to the
immunoglobulin superfamily and involved in cell adhesion was 12-fold overexpressed
in the brain metastatic variant of 4T1 mouse mammary tumour. Until now, the role of
limitrin in cancer and particularly in breast cancer metastasis has not been investigated.
However, dysregulation of the expression of cell adhesion molecules including
cadherins, integrins, selectins and members of the immunoglobulin superfamily have
been shown to promote metastasis by mediating adhesive interactions between cancer
cells and endothelial cells (Carter et al., 2015, Gassmann et al., 2010, Reymond et al.,
2013). In addition, limitrin shares structural homology with JAM-A, another cell
adhesion molecule that is involved in the transendothelial migration of leucocytes
across the BBB (Yonezawa et al., 2003). On that basis, it was hypothesised that limitrin
could play a similar role to promote breast cancer brain metastasis. Thus, the aim of
this chapter was to investigate the prognostic value of limitrin in breast cancer and its

function in brain metastasis.

BreastMark analysis revealed that limitrin mRNA is significantly associated with
metastasis (DDFS) and poorer survival (OS) in basal-like breast cancer but not in other
molecular subtypes. However, no data were available regarding the link with brain
metastasis. Using qRT-PCR, we showed that the expression of limitrin mRNA is higher
in brain metastatic mouse (4T1Br4) and human (MDA-MB-231Br) TNBC breast cancer
cell lines than in non-brain metastatic breast cancer cell lines. To further analyse the
prognostic significance of limitrin, we generated rabbit polyclonal anti-limitrin antibodies
and tested them by Western blot analysis and IHC. By immunoblotting, limitrin antibody
detected a doublet band at the expected molecular weight of limitrin (approximately 50
kDa) in mouse breast cancer cells. Results derived from EST data indicated that there
is only 2 mouse limitrin variants (49 and 35 kDa). Since only the 49 kDa variant of
mouse limitrin has the peptide sequence used for anti-limitrin antibody generation, it is
likely that the different band sizes are due to post-translational modifications. This is
supported by the study of Jung and collaborators who also observed 2 bands on
immunoblots and who reported that limitrin has two putative N-glycosylation sites and
six putative O-glycosylation sites (Jung et al., 2008). Therefore, the two bands detected
on the blots are presumably two different glycosylation levels of the same core protein.

The use of peptide-N-glycosydase F for removal of N-linked glycosylation or a
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combination of exoglycosidase (i.e. neuraminidase) and O-glycosidase for removal of
O-linked glycosylation could clarify this possibility. Alternatively, the two limitrin bands
observed could be due in part to excess salt present in extraction buffers that could
interfere with protein mobility during electrophoresis. This possibility could easily be
confirmed by addition of a desalting step to the sub-cellular fractionation protocol. In
the human cell lines, the antibodies recognized one band at 49 kDa and one at 37 kDa
corresponding to the expected molecular weight of human limitrin variants. Knockdown
studies of limitrin also confirmed the identity of the bands detected by immunoblotting
in both mouse and human breast cancer cells. Western blot analyses, like qTR-PCR
data, indicated that human and mouse brain metastatic breast cancer cell lines

expressed higher levels of limitrin.

Remarkably, the 66¢cl4 cell line that is weakly metastatic and that does not
spontaneously spread to the brain also showed high limitrin expression. Previous
studies in the laboratory established that the weak spontaneous metastatic ability of
66¢l4 is attributable to the lack of B3 integrin receptor expression, preventing the cells
from escaping from the mammary gland and subsequently developing metastases
(Sloan et al., 2006, Carter et al., 2015). In this context, expression of limitrin in the
66¢l4 cell line suggests that these cells might form brain metastases in the
experimental mouse model that uses direct cardiac injection and bypasses the primary
tumour formation stage. Another unexpected finding was that the highly lung and bone
metastatic 4T1BM2 tumours which do not spread spontaneously to the brain also
express high levels of limitrin. We propose that the rapid development of visceral
metastases (lung and bone) from 4T1BM2 tumours may not allow sufficient time for the
development of brain metastases. Consistent with this possibility, parallel experiments
in the laboratory showed that 4T1BM2 cells efficiently spread to the brain when
inoculated directly into the left ventricle of the heart (unpublished data from Selda
Onturk (PhD candidate, Peter MacCallum Cancer Centre, Melbourne, Australia). These
observations are consistent with the contention that high limitrin expression contributes
to brain metastasis but also suggest that other factors may be required for

spontaneous brain metastasis to occur.

The final stage of the validation of limitrin as a prognostic marker for breast cancer
brain metastasis, is to determine limitrin expression in patient samples. Since most
archival material from breast cancer patients is usually available as FFPE, we
optimised the IHC protocol on FFPE mouse and human tissue sections. Strong limitrin

expression was also observed by IHC in brain metastatic tumours of both mouse and
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human origin. Surprisingly, despite its structure and predicted membrane localisation
(Yonezawa et al., 2003), we found that limitrin expression is not limited to membrane
but is also abundant in the cytoplasm and nucleus of cells. These observations are
consistent with the study of Jung et al. who showed a similar distribution in other cell
types (Jung et al., 2008). Together their studies and ours suggest that limitrin
distribution may be cell type specific and that its function in breast cancer may be
regulated by its specific localisation. Clearly, the biology of limitrin is more complex
than originally believed and further work will be required to address this. Changes in
the sub-cellular distribution of limitrin is likely to indicate shuttling between the
membrane, cytoplasm and the nucleus, as shown for many immunoglobulin-like
proteins, such as EGFR (Li et al., 2009, Brand et al., 2011). Next, we stained a TMA of
33 human primary breast cancers for limitrin. Limitrin was strongly expressed in the
cytoplasm/membrane of the luminal A and B and TNBC subtypes. Taken together,
Breast Mark, gRT-PCR, Western blot and IHC findings indicate that high expression of
limitrin may have prognostic value for predicting the development of brain metastases
in TNBC patients. A larger scale study using several hundred samples using matched
primary tumours and brain metastases with known clinical outcome as well as controls
with no brain metastases (in collaboration with Prof. Sunil Lakhani, The University of

Queensland) is underway to definitely confirm these results.

Next, we investigated whether limitrin has a role in the formation of breast cancer brain
metastasis by assessing its function in in vitro and in vivo assays. To do so, we first
downregulated limitrin in 4T1Br4 cells using siRNAs and performed trans-endothelial
migration assays in vitro. 4T1Br4 cells with reduced limitrin levels were significantly
less migratory through a monolayer of brain microvascular endothelial cells compared
to control 4T1Br4 cells. This is the first report to demonstrate that limitrin contributes to
trans-endothelial migration, a function likely to be critical for crossing of the BBB in vivo.
Notably, as discussed in Chapter 1, three of the brain metastasis genes (COX2,
HBEGF and ST6GALNACS) that Bos and colleagues identified as being overexpressed
in breast cancer brain metastases also enhanced BBB crossing (Bos et al., 2009).
Indeed, molecular or pharmacological inhibition of the expression of these genes in a
breast cancer brain metastatic cell line (CN-34-BrM2c) significantly decreased in vitro
BBB transmigration activity of cancer cells (Bos et al., 2009). This is consistent with
studies on lung cancer and melanoma that demonstrated that active extravasation
across the vascular wall is an essential step in the formation of brain macrometastases
(Kienast et al.,, 2010). It is also noteworthy that Bos and colleagues identified
ST6GALNACS as a specific mediator of BBB extravasation (unlike COX2 and HBEGF
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that are shared mediators of extravasation into the lung and brain) and that breast
cancer cells expressing higher levels of ST6GALNACS5 were more adhesive to brain
endothelial cells (Bos et al., 2009). ST6GALNACS is a sialyltransferase catalysing the
addition of sialic acid to gangliosides and glycoproteins (Harduin-Lepers et al., 2001).
Many studies highlighted a correlation between expression of heavily sialylated
molecules at the surface of cancer cells and tumour cell invasion possibly due to
increased cellular interactions with the microenvironment (Dall'Olio and Chiricolo, 2001,
Harduin-Lepers et al., 2012). Considering that limitrin is a glycoprotein belonging to a
family of cell adhesion molecules, it is conceivable that STEGALNACS brain endothelial
cell-specific adhesive properties are actually mediated through sialylation of limitrin.
Altogether, these data indicate that inhibiting the formation of brain metastases by
therapeutically targeting extravasation of tumour cells is clinically relevant and place

limitrin as a potential therapeutic target.

The role of limitrin in the late stage of brain metastasis formation was further assessed
in vivo by injecting either limitrin expressing or limitrin knockdown MDA-MB-231Br cells
into the left ventricle of the heart of NSG mice to bypass the primary tumour formation.
Unfortunately, in the 2 experiments we did, no significant difference was observed in
terms of survival of mice likely because almost all mice from all groups developed
extensive lung and liver metastases rather than brain metastases. Therefore, we could
not conclude on the function of limitrin in vivo from these particular experiments. The
severe immunodeficiency of NSG mice that we used may be too permissive and give
rise to extensive visceral metastases in particular in the liver before development of
brain metastases. As such, the use of SCID or nude mice as used by the Massagué
group may be preferable in future experiments. Alternatively, the generation of
conditional knockdown of limitrin could be used to study the role of limitrin in homing

and colonisation of the brain.

Although the molecular mechanisms by which limitrin is involved in the brain metastatic
cascade are currently unknown, Jung and colleagues demonstrated that limitrin
facilitates cell-cell adhesion by interacting with av@3 integrin (Jung et al., 2008). Our
own group established that tumour expression of B3 integrin is essential for breast
cancer cells to spontaneously escape the primary tumour but is not required to form
bone or visceral metastases when tumour cells are injected via the left ventricle of the
heart (Carter et al., 2015). In particular, tumour B3 integrin promotes trans-endothelial
migration in vitro and vascular dissemination in vivo (Carter et al., 2015). Possibly,

tumour limitrin and tumour B3 integrin interaction is necessary for the breast cancer
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cells to disseminate to distant organs. This hypothesis implies that limitrin could be
required early in the metastatic cascade and contribute to metastasis to multiple organs.
Against this argument, 4T1.2 cells that do not express limitrin are highly metastatic but
do not metastasise to the brain even when injected directly into the left cardiac ventricle
(unpublished data from Dr. Normand Pouliot). This and the fact that limitrin promotes
tumour cell migration through brain endothelial cells in vitro, is in favour of limitrin being
a breast cancer brain metastasis protein. An interesting possibility is that tumour limitrin
may interact with avB3 integrin in brain endothelial cells and may act as a mediator of
tumour cell extravasation into the brain. However, whether tumour limitrin interacts
specifically with tumour and/or endothelial avB3 integrin remains to be investigated. A
simple way to demonstrate this would be to inhibit 33 integrin expressed on brain
endothelial cells (either using a function blocking antibody, a pharmacological inhibitor
or a molecular inhibitor) before seeding limitrin expressing breast tumour cells for the
trans-endothelial migration assay in vitro. Inhibition of trans-endothelial migration of
tumour cells through inhibition of B3 integrin on endothelial cells would support the
interaction between tumour limitrin and endothelial 83 integrin. Previously, we showed
that the use of B3 integrin knockout mice had no effect on the development of bone
and visceral metastases but we have not looked at breast cancer brain metastasis
(Carter et al., 2015). Future experiments may involve the injection of limitrin expressing
4T1Br4 cells either in the mammary fat pad or into the heart of B3 integrin knockout
mice to clarify the contribution of limitrin/B3 integrin interaction in the formation of brain

metastasis.

Taken together, our data indicate that the ability of tumour cells to spread to the brain
may be related to the expression and subcellular localisation of limitrin. In addition,
other factors are likely to be important for the formation of brain metastases. For
instance, tumour av@3 integrin expression may be critical for breast cancer cells to
escape the primary tumour and endothelial avB3 integrin expression may facilitate
tumour cell-BBB endothelial cell adhesion and extravasation into the brain. In
conclusion, based on these findings we suggest that limitrin is not only a promising
potential prognostic marker but also a potential molecular therapeutic target for breast
cancer brain metastasis. Since there are currently no available pharmacological
inhibitors of limitrin, blocking its interaction with avB3 integrin using B3 inhibitors might

be an efficient strategy to limit brain metastasis.
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5.Novel histone deacetylase inhibitors (HDACI) to treat

breast cancer brain metastasis

5.1 Introduction

The median survival for all cancer patients with brain metastasis is only 1-2 months if
they are not treated (Wadasadawala et al., 2007). In particular, the TNBC subtype has
been shown to have a high propensity to develop brain metastases and confer the
poorest survival among all breast cancer subtypes (Adamo et al., 2011). While initially
TNBC seems to be more sensitive to chemotherapy than other subtypes (Anders and
Carey, 2009), resistance almost invariably develops, leading to high risk of disease
recurrence that is unresponsive to chemotherapy (Carey et al., 2007, Andre and
Zielinski, 2012). Moreover, the unigue structure and physical properties of the BBB
including tight cell-cell junctions and high levels of drug efflux pumps limit the entry of
most chemotherapeutic drugs into the brain (Cheng and Hung, 2007, Steeg et al., 2011,
Pardridge, 2007). Conventional endocrine or HER2-targeted therapies are not effective
against TNBC brain metastases, due to the lack of hormone (ER or PR) and/or HER2
receptors (Allison, 2012). Therefore, it is urgent to develop more effective therapies

against brain metastatic TNBC.

The aim of this chapter is to evaluate the efficacy of two novel histone deacetylase
inhibitors (HDACi) namely SB939 and 1179.4b (Figure 5.1), in breast cancer brain
metastasis models in vitro and in vivo. HDACi have been shown to have limited toxicity
to normal tissues and to induce cell cycle arrest, differentiation, apoptosis and immune
response in many tumour cell types in vivo, including leukemia, lung, prostate and
breast cancers, by regulating acetylation of histone or non-histone proteins (Bolden et
al., 2006, Johnstone, 2002, Falkenberg and Johnstone, 2014). Several of these HDACI
are being tested in phase 1 and phase 2 clinical trials as potential treatment for various
cancers such as leukaemia and advanced solid tumours (Johnstone, 2002, Mork et al.,
2005, Minucci and Pelicci, 2006, Groselj et al., 2013). SAHA (Vorinostat) is known to
have BBB permeability (Palmieri et al., 2009b, Steeg et al., 2011) and was shown to
partially prevent the development of experimental MDA-MB-231Br breast cancer brain
metastases (Palmieri et al., 2009b), to enhance radiosensitivity in the MDA-MB-231Br
experimental model of brain metastasis and to prolong the survival of mice by 2-fold
compared to SAHA alone or irradiation alone. However, this approach is not curative

and only extends survival to 30 days (Baschnagel et al., 2009). More recently several
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HDACI that are more potent than SAHA have been generated (Lu et al., 2007, Suzuki
et al., 2004, Kulp et al., 2006, Fass et al., 2013). Among HDACI, SAHA, Panobinostat
(LBH589) and valproic acid (VPA) are currently being evaluated in phase 1 clinical
trials in combination with radiation therapy for the treatment of brain tumours or brain
metastases (ClnicalTrials.gov identifier #NCT00838929, NCT01600742, NCT00946673,
NCT01324635, NCT00437957 and NCT00513162). These HDACI are all pan-inhibitors
of class | and class Il histone deacetylases (HDACs) (Bolden et al., 2006). While pan-
HDACI are less selective than class-specific HDACI, current evidence indicates that the
activity of pan-HDACi on multiple protein targets may be necessary to achieve

sufficient potency against solid tumours (Balasubramanian et al., 2009, Atadja, 2009).

Figure 5.1 Chemical structure of SB939 and 1179.4b

Molecular weights of SB939 (left panel) and 1179.4b (right panel) are 358 and 473 Da,

respectively.

Recently, Fairlie and colleagues have developed and tested the anti-tumour effects of
several new hydroxamic acid based HDACI on cancer cell lines in vitro including breast,
lung, prostate, colon, ovarian cancers and melanoma (Kahnberg et al., 2006). One of
these compounds, 1179.4b (compound #52), demonstrated highly potent anti-tumour
effects on breast cancer cell lines in vitro and selective cytotoxicity (>10-fold) against
tumour cells compared to normal neonatal foreskin fibroblasts (NFF) (Kahnberg et al.,
2006). However, the efficacy of this novel HDACI has yet to be evaluated in vivo. The
BBB permeability of 1179.4b is expected to be limited based on preliminary
assessment of its biochemical properties (i.e. 5-hydrogen bond donors and high
surface polarity, personal communication, Prof Paul Stupple, Walter and Eliza Hall
Institute of Medical Research, Melbourne). However, given its high potency
demonstrated in vitro (Kahnberg et al., 2006), 1179.4b was included in our study as it
may still be effective to “prevent” the development of brain metastases and/or against

established brain metastases in which the BBB is disrupted, as reported for some
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TNBCs (Yonemori et al., 2010).

SB939 (Pracinostat), an orally available HDACIi, has excellent pharmacokinetic
(Jayaraman et al., 2011) and pharmacodynamic properties (Razak et al., 2011) and is
currently being evaluated in phase 2 clinical trials for the treatment of acute myeloid
leukemia (AML) and myelodysplastic syndrome. SB939 showed higher potency than
SAHA (average 3.5-fold) in various cancer cell lines in vitro, with low toxicity against
normal human dermal fibroblasts (NHDF) (ICso of >100 uM) and higher accumulation in
tumour tissues than SAHA in vivo (Novotny-Diermayr et al., 2010). SB939 is expected
to cross the BBB, as it meets several requirements for the BBB penetration including
low molecular weight (<500 Da) and oil/water distribution coefficient ((LogP)<5) and
absence of efflux ratio indicating that it is unlikely to be a p-gp transporter substrate.
SB939 has not been evaluated in pre-clinical models of breast cancer or brain
metastasis. Here, we document for the first time the effect of SB939 and 1179.4b in
two brain metastatic TNBC models (4T1Br4 and MDA-MB-231Br) in vitro and in vivo.
Further, we present preliminary data on the radiosensitising properties of these novel
HDAC:I in vitro.
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5.2 Results

5.2.1 Evaluation of the efficacy of SB939 and 1179.4b in vitro

The relative potency of SB939 and 1179.4b against 4T1Br4 and MDA-MB-231Br cells
was first assessed in colony formation assays in vitro using a set concentration of 1puM.
SAHA was used as a positive control based on a report that this HDACi effectively
reduced MDA-MB-231Br colony formation by approximately 60% at 1 pM (Palmieri et
al., 2009b). For these assays, 4T1Br4 cells (1 X 10%/well) were seeded in 6 well plates,
allowed to attach for 6 hr and then treated with either DMSO (vehicle control) or 1uM of
SAHA or SB939 or 1179.4b. The number and average size of colonies were measured
after 7 days. In the presence of DMSO alone, 4T1Br4 cells formed approximately 80
colonies (80% plating efficiency) (Figure 5.2). Treatment with SAHA did not reduce the
number of 4T1Br4 colonies compared to control DMSO but reduced the average size
of colonies by about 20% (right panel, p<0.01) indicating that SAHA is cytostatic rather
than cytotoxic at this concentration. By comparison, SB939 significantly inhibited
colony formation (~45% inhibition, p<0.01) and reduced colony size by more than 50%
(p<0.001) whereas 1179.4b completely inhibited 4T1Br4 colony formation (p<0.001).
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Figure 5.2 SB939 and 1179.4b inhibit survival of 4T1Br4 cells

AT1Br4 cells (1 X 10%well) were seeded in 6 well plates, allowed to attach for 6 hr at
37°C and adherent cells treated with 1 pM of SB939 or 1179.4b or SAHA or DMSO
(vehicle control) as indicated. The number and size of colonies (>50 cells) were
measured after 7 days. Representative images of colonies are shown on the left and a
quantitation of triplicate wells/condition shown on the middle and right (n=3). Data show

average number of colonies/culture condition + SD of triplicate wells (middle panel) and

130



Chapter 5

average size of colonies/culture condition + SD of triplicate wells (right panel) (**p<0.01,
****p<0.001 compared to DMSO control). p-values were calculated using a one-way
ANOVA with a Bonferroni post-test; p<0.05 was considered significant.

In parallel experiments, we investigated the effect of SB939 and 1179.4b on MDA-MB-
231Br colony formation. However colonies did not form well with this cell line due to the

high matility of the cells and scattering of the colonies in culture.

The effect of SB939 and 1179.4b on cell proliferation was investigated in a standard
sulforhodamine B colorimetric assay (Figure 5.3). For this assay, 4T1Br4 or MDA-MB-
231Br cells were treated with increasing concentrations of SB939 or 1179.4b and cell
proliferation was measured after 3 days and ICs, values were calculated for each
inhibitor in each cell line (Table 5-1). 1179.4b and SB939 showed significantly greater
potency than SAHA in this assays, with ICs, values of 71 nM and 527 nM respectively
in 4T1Br4 cells or 50 nM and 364 nM respectively in MDA-MB-231Br cells. By
comparison, ICs, values for SAHA were greater than 1 uM in both cell lines (Table 5-1).
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Figure 5.3 SB939 and 1179.4b inhibit proliferation of 4T1Br4 and MDA-MB-231Br

cells

4T1Br4 (1 X 10%well) and MDA-MB-231Br cells (2 x 10%well) were seeded in 96-well
plates and treated with SB939 (blue), 1179.4b (red) or SAHA (green) for 72 hr at 37°C.
Proliferation was measured by colorimetric sulforhodamine B (SBR) assay. Data show
a representative experiment (n=3) and expressed as means + SD of six replicate wells

per time point.
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Table 5-1. IC5p of SB939, 1179.4b and SAHA in 4T1Br4 and MDA-MB-231Br cells.

HDACI 4T1Br4 MDA-MB-231Br
SAHA 1.28 uM 1.71 uM
SB939 527 nM 364 nM

1179.4b 71 nM 50 nM

ICsq, HDACI concentration required for 50% inhibition of cell proliferation.

The cytostatic and cytotoxic effects of SAHA, SB939 and 1179.4b were further
evaluated in colony assays using their respective ICsq concentration (see Table 5-1).
This experiment proceeded as described in Figure 5.2. 4T1Br4 cells formed
approximately 65 colonies (65% plating efficiency) in DMSO alone (control) (Figure 5.4).
SAHA (1.3 pM) and SB939 (530nM) did not reduce the number of colonies compared
to control. However, 1179.4b, even at concentration as low as 70 nM, was sufficient to
significantly reduce the number of 4T1Br4 colonies (Figure 5.4, middle panel). As
expected, all three HDACI decreased the size of 4T1Br4 colonies compared to control
(Figure 5.4, right panel). Taken together, these results indicate that SB939 and
1179.4b are more potent inhibitors than SAHA and that SAHA and SB939 are primarily
cytostatic whereas 1179.4b exert both cytostatic and cytotoxic activities against 4T1Br4
cells at the concentrations tested.

4T1Br4 4T1Br4

Numbers of colonies

Colony size (% of control)

Figure 5.4 IC5, of SAHA, SB939 and 1179.4b inhibits size of colonies of 4T1Br4
cells

4T1Br4 cells (1 X 10%well) were seeded in 6 well plates, allowed to attach for 6 hours

at 37°C and then treated with 1Cs, of SB939 (530 nM) or 1179.4b (70 nM) or SAHA (1.3

uM) or DMSO (control) as shown in Table 5-1. Colonies (>50 cells) were counted and
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the sizes of colonies were measured after 7 days. Representative images of colonies
are shown on the left and a quantitation of triplicate wells/condition shown on the
middle and right (n=3). Data show average number of colonies/culture condition + SD
of triplicate wells (middle panel) and average size of colonies/culture condition + SD of
triplicate wells (right panel) (**p<0.01, ***p<0.001 compared to control. p-values were
calculated using a one-way ANOVA with a Bonferroni post-test; p<0.05 was considered

significant.

5.2.2 Identification of biomarker for the efficacy of HDACIi in vitro

Acetylation of histones is commonly used as a marker of the inhibitory activity of the
HDACIs (Marks et al., 2000, Gottlicher et al., 2001, Somech et al., 2004). Increased
acetylation of histones H3 and H4 has been associated with transcriptional activation of
several genes involved in the suppression of tumour growth such as p21 and p53
(Hadnagy et al., 2008, Gui et al., 2004, Butler et al., 2001). Novotny-Deirmayr et al.
suggested that acetylation of histone H3 might predict favourable outcome in cancer
patients (Novotny-Diermayr et al., 2011). Similarly, Toh et al. reported that acetylation
of histone H4 is associated with good prognosis in patients with esophageal squamous
cell cancer (Toh et al., 2004).

SB939 has been shown to induce hyperacetylation of histone H3 in HCT116 (human
colon cancer) and HL-60 (human promyelocytic leukaemia) cell lines and peripheral
blood mononuclear cells from patients with various malignant tumours (Novotny-
Diermayr et al., 2010, Novotny-Diermayr et al., 2011, Yong et al., 2011). To our
knowledge, the effect of 1179.4b on acetylation of histone H3 or H4 has not been

reported.

To determine if SB939 and 1179.4b induce a similar response in 4T1Br4 and MDA-MB-
231Br cells, changes in acetylation of histone H3 were examined by immunoblotting
following exposure of the cells to SB939 or 1179.4b for 24 hr. As shown in Figure 5.5A
(4T1Br4) and Figure 5.5B (MDA-MB-231Br), while acetylation of histone H3 increased
in a dose-dependent manner following treatment with SB939, histone H3
hyperacetylation in response to 1179.4b was evident even at concentrations as low as
312 nM in both cell lines. These observations were consistent with their respective

potency demonstrated in colony formation and proliferation assays.
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Figure 5.5 SB939 and 1179.4b induce dose-dependent hyperacetylation of
histone H3 in 4T1Br4 and MDA-MB-231Br cells

4T1Br4 (A) and MDA-MB-231Br (B) cells were treated with SB939 or 1179.4b at the
concentrations indicated for 24 hr and cell lysates processed for western blotting.
GAPDH was used as a protein loading control. Ac histone H3, acetylated histone H3.

Data show a representative experiment (n=2).

Next, to guide the dosing regimen for in vivo experiments, we performed time-course
experiments using a single dose of SB939 (2 puM) or 1179.4b (1 pM) at which
acetylation of histone H3 was clearly evident as shown in Figure 5.5. While SB939 or
1179.4b did not induce significant acetylation of histone H3 at 1 or 6 hr in 4T1Br4 cells,
hyperacetylation was strongly induced by either inhibitor 24 hr post-treatment (Figure
5.6A). By comparison, histone H3 acetylation increased gradually from 1 hr to 24 hr in
response to SB939 in MDA-MB-231Br cells or from 6 hr to 24 hr in response to
1179.4b (Figure 5.6B). Thus, histone H3 hyperacetylation was maximal at 24 hr for
both compounds in both cell lines, albeit with a slower kinetic in 4T1Br4 cells than in
MDA-MB-231Br cells.
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Figure 5.6 SB939 and 1179.4b induce time-dependent hyperacetylation of histone
H3in 4T1Br4 and MDA-MB-231Br cells

4T1Br4 (A) and MDA-MB-231Br (B) cells were treated with SB939 (2 uM) and 1179.4b
(1 uM) for up to 24 hr and cell lysates processed for western blotting at the indicated
times. GAPDH was used as a protein loading control. Ac histone H3, acetylated

histone H3. Data show a representative experiment (n=2).

To determine whether hyperacetylation of histone H3 in response to SB939 or 1179.4b
is reversible, cells were treated with each HDACIi for 24 hr and changes in the level of
histone H3 acetylation in 4T1Br4 (Figure 5.7A) and MDA-MB-231Br (Figure 5.7B) cells
were measured over 24 hr after removal of the inhibitors. Cells treated with SB939 (2
pM) showed a rapid decrease in the level of histone H3 acetylation following drug
removal in 4T1Br4 cells but it remained detectable for up to 8 hr in MDA-MB-231Br.
Cells treated with 1179.4b (1 uM) retained higher levels of histone H3 acetylation for up
to 4 hr in 4T1Br4 cells and up to 24 hr in MDA-MB-231Br cells compared to both of
SB939 treated cell lines. Collectively, these data indicate that 1179.4b sustains
acetylation of histone H3 longer in both cell lines compared to SB939 and that both
SB939 and 1179.4b induce higher acetylation of histone H3 in MDA-MB-231Br than in
4T1Br4 cells. These results are again consistent with the greater potency of SB939 and
1179.4b in MDA-MB-231Br than in 4T1Br4 cells demonstrated in proliferation inhibition
assays (Table 5-1).
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Figure 5.7 SB939 and 1179.4b-induced hyperacetylation of histone H3 is

reversible

4T1Br4 (A) and MDA-MB-231Br (B) cells treated with SB939 (2 uM) or 1179.4b (1 uM)
for 24 hr. The cells were washed with PBS gently twice to remove excess HDACi and
changes in histone H3 acetylation were determined by immunoblotting after 1-24 hr as
indicated. GAPDH was used as a protein loading control. Ac histone H3, acetylated
histone H3. Data show a representative experiment (n=2).

5.2.3 Impacts of HDACi on 4T1Br4 primary tumour growth and brain

metastasis in vivo

Since neither SB939 nor 1179.4b has been evaluated in breast cancer metastasis
models, we first assessed the tolerability of these inhibitors in BALB/C mice. SB939 (10,
20 or 40 mg/kg) or 1179.4b (10, 20 or 40 mg/kg) was administered intraperitoneally
once daily for 8 days. There was no significant decrease in body weight of mice (£ 10%
of changes) treated with either inhibitor at all doses tested (vehicle, SB939 or 1179.4b)
(Figure 5.8). Daily monitoring of mice for signs of distress (lethargy, hunched back,
scruffiness, rapid breathing) also indicated no overt toxicity and that both inhibitors are
well tolerated. However, 1179.4b (40 mg/kg) had poor solubility in 30% poly(ethylene
glycol) 300, and therefore this concentration was excluded from further in vivo

experiments.
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Figure 5.8 Effect of SB939 or 1179.4b on BALB/C mouse weight

Vehicle (30% PEG with 10% v/iv DMSO, left panel) or SB939 (10, 20 or 40 mg/kg,
middle panel) or 1179.4b (10, 20 or 40 mg/kg, right panel) was administered
intraperitoneally once daily for 8 days. Body weight was recorded every 2 days. Two

mice were used for each condition. PEG, poly(ethylene glycol) 300.

Based on the limited solubility of 1179.4b at 40 mg/kg, a dose of 20 mg/kg was chosen
for subsequent in vivo experiments. For SB939, the dose was increased to 50 mg/kg
since it retained good solubility at this concentration and was well tolerated at the
highest dose tested (40 mg/kg). To investigate the effect of SB939 and 1179.4b in vivo,
AT1Br4 (2 X 10 cells were injected into the mammary fat pad of 6-8 weeks old
BALB/C mice and drug treatment initiated on day 9, when primary tumours were
palpable. SB939 (50 mg/kg) or 1179.4b (20 mg/kg) was injected intraperitoneally once
daily until completion of the experiment on day 28. Both SB939 and 1179.4b
significantly reduced 4T1Br4 primary tumour growth (Figure 5.9, left panel). Reduced
tumour growth was confirmed by a lower tumour weight in HDACIi-treated mice at
endpoint compared to control mice (Figure 5.9, middle panel). While the primary
objective of this experiment was to evaluate the impact of SB939 and 1179.4b on
primary tumour growth, spines were also collected and relative tumour burden was
measured by genomic quantitative real-time PCR (qPCR) detection of the mCherry
marker gene. Interestingly, metastatic burden in spines was significantly reduced by
either SB939 or 1179.4b treatment in vivo (Figure 5.9, right panel). Brain metastasis
was not evaluated in this experiment since fewer mice/group (8-10) were used,
tumours were not resected, and the experiment had to be terminated earlier (day 28)

due to the large primary tumours size/weight in the control group.
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Figure 5.9 SB939 and 1179.4b inhibit 4T1Br4 primary tumour growth and

metastatic burden in spines

4T1Br4 (2 X 10% cells were injected into the mammary fat pad of mice and tumour
growth measured 3 times a week with electronic calipers (left panel). Tumour
growth/volume was calculated using the formula (length X width?)/2. SB939 (50 mg/kg,
blue) or 1179.4b (20 mg/kg, red) was administered intraperitoneally once daily from
day 9 to day 28. Mice were harvested 1 hr after the last drug treatment. 4T1Br4 primary
tumours were collected and weighed (middle panel). Metastatic burden in spines was
analysed by gPCR (right panel). Data from one experiment (n=1) are expressed as
means + SEM of tumour volume/tumour weight/metastatic burden in spines. Control
(n=9), SB939 (n=10) and 1179.4b (n=8) mice were used. p-values were calculated
using a two-way ANOVA with a Tukey post-test for tumour growth, one-way ANOVA
with a Tukey post-test for tumour weight and a Student t-test for metastatic burden in
spines. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 compared to control (vehicle).

To confirm that effective doses of HDACI reached the primary tumours under the
conditions used, primary tumours were analysed for changes in histone H3 acetylation
by immunoblotting (Figure 5.10). As expected, SB939- or 1179.4b-treated mice
showed a strong increase in acetylation of histone H3 in primary tumours compared to
tumours from control mice confirming that both SB939 and 1179.4b effectively blocked

HDAC activity in vivo and resulted in reduced primary tumour growth.
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Figure 5.10 SB939 and 1179.4b increase acetylation of histone H3 in 4T1Br4

primary tumours

4T1Br4 primary tumours were collected 1 hr after the last treatment on day 28.
Tumours (n=3/group) were homogenised and analysed for acetylation of histone H3 by
western blotting. GAPDH was used as a protein loading control.

To investigate the effects of SB939 and 1179.4b specifically on spontaneous breast
cancer brain metastases, 4T1Br4 (2 X 10 cells were injected into the mammary fat
pad of 6-8 weeks old BALB/C mice. Tumours were resected when they reached
approximately 0.5 g. As shown in Figure 5.11, tumour weights were not significantly

different between groups.

Tumour weight
0.6

Weight (g)

Control SB939 1179.4b
(vehicle) (50 mg/kg) (10 mg/kg)

Figure 5.11 Tumour weight after resection
AT1Br4 (2 X 10% cells were injected into the mammary fat pad of mice and tumours

were resected when they reached ~0.5 g (~2 weeks after cell injection). Drug treatment

was initiated two days after primary tumour resection and continued until completion of
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the experiment. Control (n=11), SB939 (n=11) and 1179.4b (n=12) mice were used for
this experiment (n=1).

SB939 (50 mg/kg) or 1179.4b (10 mg/kg) was injected into mice intraperitoneally once
daily for 2 weeks starting two days after tumour resection. One hour after the last
HDACi treatment, mice were harvested (day 33). Brains were collected for
fluorescence imaging and the incidence of mice with detectable mCherry™ lesions was
scored (Figure 5.12). Under these conditions, spontaneous brain macrometastases
were detected in 45% (5/11) of control mice. In contrast, the number of mice with brain
metastases was dramatically reduced in the SB939 (2/11, 18%) and 1179.4b (1/12, 8%)

treated groups.

45% BM

18% BM

8%BM

Figure 5.12 SB939 and 1179.4b inhibit 4T1Br4 spontaneous brain metastases

Two days after tumour resection, mice were treated once daily with SB939 (50 mg/kg)
or 1179.4b (10 mg/kg) by intraperitoneal injection for 2 weeks. Mice were harvested
and the brains were imaged by fluorescence for detection of mCherry™ lesions.
Control (n=11), SB939 (n=11) and 1179.4b (n=12) mice were used for this experiment
(n=1).

5.2.4 Analysis of the radiosensitising properties of HDACI in vitro

Whole brain radiation therapy (WBRT) is the mainstay of treatment for patients with
brain cancer or brain metastases and is commonly combined with chemotherapy
(Eichler and Loeffler, 2007). However, toxicity to the normal tissue and impairment of
cognitive functions limit the dose that can be administered in patients (Chargari et al.,

2010, Welzel et al., 2008). Therapeutic agents with radiosensitising properties could
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therefore provide an effective strategy to increase the efficacy of radiation therapy
while minimising the side effects of WBRT (Chung et al., 2009, Russo et al., 2009,
Morgan et al., 2010, Gerster et al., 2010). The radiosensitising properties of SB939 and
1179.4b were evaluated first in 4T1Br4 cells using in vitro colony forming assays. Each
HDACi was used at their 1Cs, concentration (see Table 5-1) either alone or in
combination with increasing radiation doses. As shown in Figure 5.13, both SB939 and
1179.4b significantly enhanced radiation-induced cell death, resulting in fewer cell
colonies compared to radiation alone (Figure 5.13). Dose enhancement factor (DEF) at
50% cell survival was 1.45 for both SB939 and 1179.4b.

E 1 _§ 1 P<0.005
T NI [0 O )
> 2
< P<0.001 S P<0.005
E — Untreated E — Untreated
a — SB939 : 3 * — 1179.4b ,

01 T — ) 0.1 T — —

0 2 4 6 0 2 4 6
Radiation dose (Gy) Radiation dose (Gy)

Figure 5.13 SB939 and 1179.4b radiosensitise 4T1Br4 cells

Adherent 4T1Br4 cells were treated with SB939 or 1179.4b for 24 hr followed by
irradiation at the indicated doses. The plates were incubated for 7 days and colonies
(>50 cells) were counted. The effect of SB939 (530 nM, blue) and 1179.4b (70 nM, red)
is shown in the left and right panels respectively. Radiation alone is shown in black in
both panels. 4T1Br4 colonies were significantly decreased by combination of either
SB939 or 1179.4b with radiation compared to radiation alone. Data show a
representative experiment (n=3) and expressed as means = SD of triplicate wells. p-

values were calculated using a Student t-test.

SB939 and 1179.4b also decreased the size of 4T1Br4 colonies. As shown in Figure
5.14 (SB939) and Figure 5.15 (1179.4b), combination treatments reduced the size of
colonies compared to radiation alone at all radiation doses used (e.g., 2 Gy vs 2 Gy +
either HDACI, 4 Gy vs 4 Gy + either HDACi and 6 Gy vs 6 Gy + either HDACI). Taken
together, these results indicate that SB939 and 1179.4b increase not only radiation-

induced cell death (Figure 5.13) but also radiation-induced anti-proliferative effect
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(Figure 5.14 and Figure 5.15).

Colony size (% of control)

-,

DMSO \ 2 y y 4 y “ 6 y
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Figure 5.14 Radiosensitising effect of SB939 (colony size)

Adherent 4T1Br4 cells were treated with SB939 (530 nM) for 24 hr followed by
irradiation at the indicated doses. The plates were incubated for 7 days and the size of
surviving colonies measured. The size of 4T1Br4 colonies was significantly decreased
by combination of SB939 + radiation compared to radiation alone. Data show a
representative experiment (n=3) and expressed as means + SD of triplicate wells (top
panel). p-values were calculated using a one-way ANOVA with a Bonferroni post-test;
p<0.05 was considered significant. Representative images of colonies are shown in the
bottom panel.
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Figure 5.15 Radiosensitising effect of 1179.4b (colony size)

Adherent 4T1Br4 cells were treated with 1179.4b (70 nM) for 24 hr followed by
irradiation at the indicated doses. The plates were incubated for 7 days and the size of
colonies measured. The size of 4T1Br4 colonies was significantly decreased by
combination of 1179.4b + radiation compared to radiation alone. Data show a
representative experiment (n=3) and expressed as means + SD of triplicate wells (top
panel). p-values were calculated using a one-way ANOVA with a Bonferroni post-test;
p<0.05 was considered significant. Representative images of colonies are shown in the
bottom panel.

Since MDA-MB-231Br cells tend to scatter in colony assays, we used an alternative
method to quantitate the radiosensitising effects of SB939 and 1179.4b by measuring
the induction of y-H2AX nuclear foci. y-H2AX is recruited to DNA double strand breaks
induced by ionising radiation and is commonly used as a marker for DNA damage (Kuo
and Yang, 2008, Mah et al., 2010, Sharma et al., 2012). Sustained y-H2AX induction
(>24 hr) usually indicates inability to repair extensive DNA damage induced by ionising
agents and was suggested to be a predictor of tumour radiosensitivity (Taneja et al.,
2004) and cytotoxicity (Denoyer et al., 2015).

For this assay, SB939 and 1179.4b were used at their respective ICs, (see Table 5-1)
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either alone or in combination with a low dose of radiation (1 Gy) (Figure 5.16 and
5.17). As expected, untreated control groups showed only low levels of y-H2AX-positive
cells (~15%) at both 1 hr and 24 hr time points. Irradiation alone induced a strong vy-
H2AX response in approximately 60% of the cells 1 hr after treatment which returned
close to baseline after 24 hr (~25%) indicating a near complete recovery of the cells
after low dose irradiation alone. Treatment with SB939 alone was sufficient to induce vy-
H2AX in 20-25% of the cells at 1 hr and increased y-H2AX further (40-45%) at 24 hr.
The combination of SB939 and irradiation significantly increased y-H2AX (80%) at 1 hr
compared to SB939 or irradiation alone. Importantly, activation of y-H2AX in response
to the combination of SB939 and irradiation was sustained for at least 24 hr in 70% of
the cells, suggesting that cells were unable to recover from extensive DNA damage

induced by the combination of SB939 and irradiation (Figure 5.16).
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Figure 5.16 SB939 radiosensitises MDA-MB-231Br cells

MDA-MB-231Br cells (4 x 10%well) were seeded in chamber slides, allowed to adhere
for 18 hr at 37°C and treated with SB939 (360 nM) for 24 hr. Cells were irradiated with
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1 Gy and incubated for an additional 1 hr or 24 hr at 37°C before analysis of »~H2AX
foci formation by immunofluorescence (top panel). SB939 increased »~H2AX (a marker
for DNA double strands breaks) in MDA-MB-231Br cells when combined with radiation
compared to untreated control, radiation alone or SB939 alone at 1 hr and 24 hr.
SB939 induced sustained expression of »~H2AX for up to 24 hr when used alone or in
combination with radiation (bottom panel). Data show a representative experiment
(n=3) and expressed as means + SEM of six fields of view (2 replicates well X 3 fields
of view per condition). p-values were calculated using a Student t-test. **p<0.01. IR,

irradiation.

Treatment with 1179.4b alone or in combination with irradiation showed a very similar
pattern of DNA damage as SB939 shown in Figure 5.16. 1179.4b alone was also
sufficient to induce y-H2AX in 25% of the cells at 1 hr and increased y-H2AX further
(50%) at 24 hr (Figure 5.17). The combination of 1179.4b and irradiation significantly
increased y-H2AX (90%) at 1 hr compared to 1179.4b or irradiation alone. Importantly,
activation of y-H2AX in response to the combination of 1179.4b and irradiation was
sustained for at least 24 hr in 75-80% of the cells, suggesting that the majority of cells
treated with 1179.4b + IR were unable to recover from extensive DNA damage, as
observed with the SB939 + IR combination.
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Figure 5.17 1179.4b radiosensitises MDA-MB-231Br cells

MDA-MB-231Br cells (4 x 10*well) were seeded in chamber slides, allowed to adhere
for 18 hr at 37°C and treated with 1179.4b (50 nM) for 24 hr. Cells were irradiated with
1 Gy and incubated for an additional 1 hr or 24 hr at 37°C before analysis of »~H2AX
foci formation by immunofluorescence (top panel). 1179.4b increased »-H2AX (a
marker for DNA double strands breaks) in MDA-MB-231Br cells when combined with
radiation compared to untreated control, radiation alone or 1179.4b alone at 1 hr and
24 hr. 1179.4b induced sustained expression of »<H2AX for up to 24 hr when used
alone or in combination with radiation (bottom panel). Data show a representative
experiment (n=3) and expressed as means + SEM of six fields of view (2 replicates well
X 3 fields of view per condition). p-values were calculated using a Student t-test.
**p<0.01. IR, irradiation.
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5.3 Discussion

The median survival of patients with brain metastases is 1-2 months if untreated.
Despite advances in therapies for breast cancer patients, the incidence of patients
developing brain metastases remains high and is increasing. This has been attributed
to the fact that current therapies extend life primarily by controlling visceral metastases
but have limited efficacy against late-stage brain metastases. In addition, most
chemotherapeutic agents used for the treatment of brain metastases have limited BBB
permeability. Moreover, whereas hormone (ER or PR) and/or HER2 receptor-positive
breast cancer patients can benefit from targeted therapies, radiation alone or in
combination with chemotherapy are the only option for TNBC patients with brain

metastases.

Here, we evaluated the efficacy of two novel HDACI, SB939 and 1179.4b, in clinically
relevant models of breast cancer brain metastasis in vitro and in vivo. Until now, neither
compound had been tested for the treatment of breast cancer or brain metastasis in
vivo. We firstly investigated the potency of SB939 and 1179.4b in vitro using colony
forming and proliferation assays in both mouse (4T1Br4) and human (MDA-MB-231Br)
TNBC lines (Figure 5.2 and 5.3). Both SB939 and 1179.4b showed greater cytotoxic
and cytostatic effects in these mouse and human breast cancer brain metastatic cell
lines compared to SAHA, a HDACI currently being tested in phase 1 clinical trials for
the treatment of breast cancer patients with brain metastases. Our results in brain-
metastatic breast tumour lines are in agreement with the study by Novotrny-Diermayr
et al. (Novotny-Diermayr et al., 2010) showing that SB939 was more potent than SAHA

in various cancer cell lines including colon, ovarian, prostate and breast cancers in vitro.

Our study is the first to show that SB939 (50 mg/kg) or 1179.4b (20 mg/kg) significantly
inhibits the orthotopic growth of brain-metastatic breast tumours (Figure 5.9). Whilst we
have yet to investigate the specific mechanisms and signalling pathways by which
SB939 and 1179.4b exert their inhibitory effects in vivo, our data suggest that the
significant reduction in tumour growth observed in vivo may be mediated in part by
inhibition of histone H3 deacetylation as seen in vitro (Figure 5.5-5.7) and in vivo
(Figure 5.10). SB939 inhibits multiple classes of HDACs (classes I, Il and 1V) (Novotny-
Diermayr et al., 2010) whereas 1179.4b strongly inhibits HDAC class | (HDAC 1) and
class Il (HDAC 6) (Gupta et al., 2010). Park et al. reported that HDAC class | (HDAC 1
and 8) and class Il (HDAC 6) have an important role in invasion in breast cancer (Park

et al., 2011). In light of these studies, it is reasonable to propose that the potency of
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SB939 and 1179.4b in 4T1Br4 and MDA-MB-231Br cells may be explained by their
abilities to inhibit both class | and class Il HDACs.

Moreover, SB939 and 1179.4b have been reported also to increase the activity of p21
protein and induce cell cycle arrest in colon and lung cancer cells in vitro, respectively
(Novotny-Diermayr et al., 2010, Kahnberg et al., 2006). This observation is consistent
with the potent cytostatic (and cytotoxic) effect of SB939 and 1179.4b observed in
colony forming assays (Figure 5.4) and suggests that SB939 and 1179.4b may also

increase p21 function in 4T1Br4 cells. This possibility remains to be investigated.

Interestingly, strong acetylation of histone H3 in vitro was detected only 24 hr after
single treatment of 4T1Br4 cells with SB939 or 1179.4b (Figure 5.6). Moreover, the
effect of SB939 and 1179.4b was reversible and histone H3 was rapidly deacetylated
upon removal of SB939 (<1 hr) or 1179.4b (<8 hr) in vitro (Figure 5.7). This contrasts
the high acetylation level seen in primary tumours analysed 1 hr after the last treatment
(Figure 5.10). These observations suggest that SB939 and 1179.4b may accumulate
and induce sustained acetylation of histone H3 in primary tumours following daily
treatment and that this dosage regimen is sufficient to achieve potent inhibition of
4T1Br4 tumour growth. This is consistent with the greater potency of SB939 shown in
HCT116 (human colon cancer) xenograft tumours (Novotny-Diermayr et al., 2010) and
the reports on the drug’s excellent pharmacokinetic (Jayaraman et al., 2011) and
phamacodynamic (Razak et al., 2011) properties. Additional studies are warranted to
evaluate the complete pharmacokinetic/pharmacodynamic properties of 1179.4b in vivo.

To our knowledge, our study is also the first to demonstrate that SB939 and 1179.4b
significantly inhibit spontaneous metastasis to bone (Figure 5.9). Given that SB939 and
1179.4b also inhibited primary tumour growth in this experiment, it is unclear whether
reduced bone metastasis is attributable to reduced metastatic spread from smaller
tumours or a direct effect of these inhibitors on the growth of metastases in bone or
both. Interestingly, a recent study showed that 1179.4b potently inhibits osteoclast
bone resorption activity in vitro (Cantley et al., 2011). Osteoclasts are important
mediators of osteolytic activity and bone loss associated with the development of
breast cancer bone metastases (Yin et al., 2005). Together, these studies and ours
suggest that, in addition to their direct inhibitory effect on tumour cells, inhibition of
osteoclast function by pan-HDACI such as 1179.4b may further contribute to the potent
inhibition of bone metastasis observed in the 4T1Br4 model. Future studies should

confirm these observations in mouse and human xenograft models in vivo.
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In the subsequent series of in vivo experiments investigating the effect of SB939 and
1179.4b on the development of brain metastases, primary tumours were resected
when they reached ~0.5 g, to allow more time for the development of brain lesions (33
days) (Fig 5.11). To specifically test the impact of SB939 and 1179.4b on the ability to
home and colonise the brain, treatment with SB939 (50 mg/kg) and 1179.4b (10 mg/kg)
was initiated after tumour resection. Two weeks after drug treatment commenced,
spontaneous 4T1Br4 brain macrometastases of 4T1Br4 decreased from 45% of control
mice to 18% (SB939) and 8% (1179.4b) (Figure 5.12). These results demonstrate
conclusively that SB939 and 1179.4b potently inhibit brain metastases even when
treatment is initiated after surgical removal of the primary tumour and dissemination of
4T1Br4 cells. It was not possible to determine whether spontaneous brain
micrometastases were already present prior to the beginning of HDACI treatment
started due to the limited mCherry fluorescence signal in micro-lesions. Thus, further
investigations are warranted to confirm whether these HDACI effectively Kill circulating
breast cancer cells in the vasculature before they home to and colonise the brain
(preventive effect) or directly inhibit established brain metastases. The predicted limited
permeability of 1179.4b across the BBB, suggests that its effect is likely to be primarily
preventive although a direct effect on brain metastases in which the BBB is disrupted,
as seen in some patients with TNBC brain metastases (Steeg et al., 2011, Yonemori et
al., 2010) cannot be completely ruled out. Further studies using intracardiac injection of
luciferase-transduced MDA-MB-231Br cells (experimental metastasis model) would be
ideally suited to answer this question. A third possibility is that HDACi could reduce the
trans-endothelial migration ability of tumour cells by directly affecting the tightness or
viability of endothelial cells of the BBB. This could be tested in in vitro transmigration
assays by measuring the effect of HDACI pre-treatment on cultured brain endothelial
cells prior to addition of tumour cells. To our knowledge, the work presented in this
chapter provides the first direct demonstration of the potent anti-tumour and anti-
metastatic effects of SB939 and 1179.4b in clinically relevant models of spontaneous

TNBC brain metastasis.

Our preliminary evaluation of SB939 and 1179.4b radiosensitising properties indicates
that both inhibitors can sensitise 4T1Br4 and MDA-MB-231Br cells to radiation in vitro
(Figure 5.13-17). To our knowledge, this is the first report demonstrating the
radiosensitising properties of SB939 and 1179.4b in brain-metastatic TNBC models.
SB939 or 1179.4b alone increased the expression of y-H2AX at both 1 and 24 hr time
points (Figure 5.16-17). The precise mechanisms by which SB939 and 1179.4b directly
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induce DNA damage are not fully understood. DNA damage could arise from
suppression of DNA repair proteins, such as Rad50 and MRE11, in cancer cells (Lee et
al., 2010) or through the generation of reactive oxygen species (Robert and Rassool,
2012). These events would be expected to lead to recruitment and sustained y-H2AX
induction at sites of DNA damage in cancer cells. Sustained induction of y-H2AX by the
combination of either SB939 or 1179.4b and low dose radiation (1 Gy) (Figure 5.16-17)
indicates that extensive DNA damage occurs under those conditions and contribute to
the anti-tumour effect of SB939 and 1179.4b. Based on these promising results, in vivo
mouse studies should be initiated to assess whether the same combination could
improve the response of established brain metastases to WBRT in mouse and, if

successful, in patients.

In conclusion, we confirmed that HDACi SB939 and 1179.4b showed potent cytotoxic
and cytostatic effects in the brain metastatic breast cancer 4T1Br4 and MDA-MB-231Br
cell lines in vitro. They also significantly reduced not only 4T1Br4 primary tumour
growth but also spontaneous bone and brain metastasis in vivo. In addition, we
observed both HDACi enhance radiosensitivity in both 4T1Br4 and MDA-MB-231br cell
lines in vitro. These findings provide a strong rationale for further studies exploring the
mechanisms of action of SB939 and 1179.4b in metastatic breast cancers and the
efficacy of therapies combining WBRT with either of these HDACI for the treatment of

brain metastasis from breast cancer or other tumour types.
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6.Summary and Conclusion

The increasing incidence of brain metastases in breast cancer patients and their dismal
prognosis justifies the need for a more thorough understanding of this incurable
disease (Steeg et al., 2011, Eichler et al., 2011, Wadasadawala et al., 2007). However,
the lack of clinically relevant models of brain metastasis from breast cancer has limited
our ability to investigate its etiology and regulation by intrinsic and extrinsic factors.
Clinically relevant models of breast cancer brain metastasis are also urgently needed
to test and develop more effective therapies for patients. Current therapies for brain
metastases are only palliative and patients’ survival remains bleak (Wadasadawala et
al., 2007).

In this PhD thesis, we aimed firstly these needs by developing and characterising a
syngeneic mouse model of spontaneous breast cancer brain metastasis. For this
purpose, we chose the murine 4T1 TNBC mammary carcinoma cell line, known to
spontaneously spread to the brain but with a low incidence (Pulaski and Ostrand-
Rosenberg, 1998). The resulting 4T1Br4 variant was developed through repeated in
vivo selection followed by clonal selection in vitro. To our knowledge, the 4T1Br4 model
gives rise to the highest incidence of spontaneous brain metastasis among all
spontaneous metastasis mouse models reported to date. An important attribute of the
4T1Br4 model is that it retains a fully functional immune system known to have an
important regulatory role in metastasis (Kitamura et al., 2015, Fitzgerald et al., 2008,
He et al.,, 2006, Lorger and Felding-Habermann, 2010). Immune-competent animal
models provide a more clinically relevant setting to investigate metastatic processes
and its regulation by the stromal microenvironment. Notably, the results presented in
chapter 3 showed that the 4T1Br4 variant line are more adhesive to and more
migratory through brain microvascular endothelial cells and more invasive than its 4T1
parental cell line in response to brain derived factors. These properties are likely to
contribute to the remarkably high incidence of 4T1Br4 brain metastasis. We also
demonstrated, by analysing differential gene expressions, that the 4T1Br4 syngeneic
model is genetically relevant to brain metastatic human TNBC. In this context, future
studies should focus on investigating the role of genes whose expression was found to
be commonly altered in both human breast cancer brain metastasis tissues and
4T1Br4 tumours. In addition, at least seventeen candidate target genes were identified

by differential expression analysis between parental 4T1 and 4T1Br4 tumours.
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Among these genes, we investigated the prognostic significance of limitrin and found
that its expression (MRNA and protein) is elevated in brain metastatic mouse (4T1Br4)
and human (MDA-MB-231Br) TNBC cell lines compared to non-brain metastatic breast
cancer cell lines and tumours. While consistent with our initial hypothesis, further
validation of limitrin’s prognostic significance and association with TNBC brain
metastasis will be required. Analysis of limitrin expression in large cohorts of patients
with known clinical outcome is currently underway. However, due to time limitation,
completion of this analysis will extend beyond my PhD project. If our study confirms the
association between limitrin and TNBC brain metastasis, our work could pave the way
towards identifying patients at higher risk of developing brain metastases, before the

disease progresses to the brain when therapeutic options are limited.

Another aspect of our study was to investigate the function of limitrin in brain
metastasis of breast cancer. Importantly, we demonstrated for the first time that limitrin
plays a significant role in promoting trans-endothelial migration of brain metastatic cells
in vitro. While these in vitro findings are consistent with the proposed role of limitrin in
promoting tumour cell migration through the BBB, data from in vivo experiments were
inconclusive due to the unexpectedly high level of liver and lung metastasis from MDA-
MB-231Br cells. We propose that this may be due to the use of NSG mice in our study
providing a permissive environment for metastasis to these organs before the
development of overt brain metastases. Optimisation of this model, including reducing
the number of cells injected or the use of less severely compromised mice (SCID or
nude) is needed. If the function of limitrin in vivo can be successfully demonstrated, this
may open new possibilities to develop potential limitrin-targeting inhibitors for TNBC
patients with brain metastases. One potential caveat, however, could be that systemic
delivery of limitrin inhibitors may also disrupt the BBB since limitrin is expressed in the
endfeet of astrocytes in the brain (Yonezawa et al., 2003). In this regard, a good
strategy could be to deliver inhibitors that specifically target tumour limitrin or as
discussed in chapter 4 integrin 3. Alternatively therapies could aim to target limitrin in

primary tumours or in circulating tumour cells before they reach the brain.

Lastly, we made use of the 4T1Br4 and MDA-MB-231Br models as platforms to test
two novel HDACI (SB939 and 1179.4b) for their effects on brain metastasis of breast
cancer cells in vitro and in vivo. Neither SB939 nor 1179.4b had been used for the
study of breast cancer or brain metastasis in vivo. From our results, both HDACI
showed potent cytotoxic and cytostatic effects in both 4T1Br4 and MDA-MB-231Br

cells in vitro and significantly reduced primary tumour growth and spontaneous brain
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metastases of 4T1Br4 in vivo. Further studies are warranted to clarify whether these
inhibitors Kill brain metastatic cells in the vasculature before they colonise the brain or
decrease actual brain metastases. To answer this question, drug treatments should
start after confirmation of the presence of brain metastases by luciferase imaging of

using spontaneous or experimental models.

While patients with brain cancer or brain metastases are commonly treated with WBRT
(Eichler and Loeffler, 2007), radiation is typically accompanied by toxicity to the normal
tissue and impairment of cognitive functions in patients (Chargari et al., 2010, Welzel et
al., 2008). In this context, developing therapeutic agents with radiosensitising
properties is an effective strategy to increase the efficacy of radiation therapy while
minimising the side effects of WBRT (Chung et al., 2009, Russo et al., 2009, Morgan et
al., 2010, Gerster et al., 2010). Our study is the first to report that SB939 and 1179.4b
radiosensitised both 4T1Br4 and MDA-MB-231Br cell lines in vitro. Further studies on
the combination of either of these two HDACI and radiation in primary tumour and brain

metastases of TNBC are strongly warranted.

In conclusion, we have developed and characterised a robust mouse model of
spontaneous breast cancer brain metastasis. The 4T1Br4 model closely recapitulates
the metastatic process and the contribution of the immune system. The model also
gives rise to high incidence of brain metastases enabling testing of experimental
therapies targeting novel molecular targets. The 4T1Br4 is therefore an ideal platform
to investigate mechanisms regulating brain metastasis from breast cancer, to
investigate potential prognostic/therapeutic target including limitrin, and to test novel
therapies against TNBC brain metastases such as novel HDACi (SB939 and 1179.4b)

as presented in chapter 5.
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