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ABSTRACT:

Glioblastoma multiforme (GBM) is an aggressive, malignant and incurable brain tumour.
The median survival after diagnosis is 15 months. The poor prognosis of GBM tumours is
due to multiple factors including intrinsic tumour cell chemo-resistance. The expression
of ABC transporter multidrug resistance (MDR) proteins including MRP1 on tumour cells
and the endothelium of the BBB critically contributes to drug resistance of this tumour.
Therefore, MRP1 is a potential target for molecular therapy of GBM tumours which, if
successfully targeted may impact drug resistance of the tumour and therapeutic outcome
for the patient. Other signalling pathways such as the Sonic Hedgehog (SHH) pathway are
critical for GBM development however their link to the MDR phenotype is incompletely

understood.

In this thesis, it was hypothesised that MRP1 expression is a critical determinant of the
malignant and drug resistance phenotype of glioblastoma tumour cells, in association
with other key cellular pathways including the Sonic Hedgehog signalling pathway. It was
further hypothesised that RNA interference technology could be used to target and knock
down MRP1 gene expression in glioblastoma cell lines to assess the contribution of this
drug transporter to the biological behaviour of the tumour cells. Specific siRNAs were
synthesised and delivered with lipofectamine in vitro to the T98G GBM cell line and
demonstrated to be effective in downregulating MRP1 mRNA and protein. A nanoparticle
delivery system was then developed and investigated in tissue culture. Optimisation of
this delivery system led to the use of PEl (polyethyleneimine) coated nanoparticles
preloaded with MRP1 targeting siRNAs that proved effective in a slow sustained release

of the siRNA. Down regulation of MRP1 in the T98G GBM cell line was achieved using
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this delivery system and was found to be associated with reduction in proliferation rate
of GBM cells associated with cellular G2 arrest and morphological changes including the
accumulation of lipid droplets within the GBM cells. No sustained apoptosis was evident
following this treatment. The nanoparticle delivery system was applied in a proof of
principle in vivo experiment which demonstrated effective downregulation of MRP1 in
xenografted tumour tissues of US7MG cells (82% at 48 hrs and 65% at 72 hrs) and also
downregulation of MRP1 in non-tumour organ systems (duodenum and kidney).
However, there was no evidence of end organ damage associated with MRP1
downregulation in the examined tissues. To further investigate the observed G2 arrest, a
functional inhibitor of MRP1 (MK571) was investigated and found to cause identical
results in T98G cells. The expression of SHH pathway members were simultaneously
explored using a qRT-PCR approach and it was discovered that key members of this
pathway (Glil, Gli2, Gli3, PATCH 1 and 2, and SUFU) were reduced in their expression
following both siRNA inhibition of MRP1 expression and functional inhibition. To further
investigate these findings, global expression of mRNA of the siRNA treated cells was
explored using an RNAseq approach. This approach failed to corroborate the gRT-PCR
data and further experiments will need to be re-performed to assist interpretation of this
final piece of data. This thesis has demonstrated that downregulation of MRP1 can be
achieved in T98G and U87MG glioblastoma cell lines through RNA interference delivered
in a sustained release nanoparticle system and that this is associated with G2 arrest and

alteration of the SHH signalling pathway, which is not previously demonstrated.
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1 INTRODUCTION AND LITERATURE REVIEW

1.1 Cancer

Cancer continues to be a leading cause of morbidity and mortality in the 215t century. The
clinical phenotype of cancer is due to an inherent abnormality in the growth and death
regulation of somatic cells which is frequently associated with gene mutation or
abnormal expression, and often results in the invasion of distant organs, through
metastasis via the lymphatic and blood systems. Exposure to risk factors such as smoking
and dietary habits may result in the development of cancer by altering the genetic
material of somatic cells (de Robles et al., 2015). Cancer genetics clearly plays an

important role in development and the biological behaviour of a malignant tumour (Vital

et al., 2010, Agnihotri et al., 2013).
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Figure 1-1 Age-standardised mortality and incidence rates for all cancers, by sex, between

1982-2018 in Australia.
Adapted from (AIHW, 2017)



The malignant phenotype may be defined as an abnormal and invasive proliferation of
cells, with the capacity to metastasise to distant sites, causing organ dysfunction.
However, it may also be defined as malignant due to locally aggressive behaviour as is
evident in brain tumours (Becker and Baehring, 2017). Cancer can develop at any age.
Although, some cancers are more common in children; in general, the elderly are more
likely to develop cancer. The ability to survive cancer among other things, is affected by
the tumour type, its location, the stage at diagnosis, the available therapies and the

biological fitness of the patient.

Worldwide, cancer is a leading cause of death (Siegel et al., 2016, Siegel et al., 2018).
Currently in Australia, around 140 cancer deaths are reported every day, representing
47,753 deaths annually (Figure 1-1). In 2018, 138,321 Australians were expected to be
diagnosed with cancer (https://goo.gl/AfWWEy). While some cancers have shown
improvement in the rate of five-year survival, such as prostate cancer, non-Hodgkin’s
lymphoma, kidney cancer, breast cancer and multiple myeloma, the survival from brain

tumours remains dismal (Keegan et al., 2016).

1.2 Brain Tumours

Brain tumours are the most common solid tumour in childhood, and are a leading cause
of death compared to other cancers in children and adults. The morbidity and mortality
are high and risks of therapy include generalised loss of brain function or dementia.
Worldwide, every year a quarter of a million cases of primary malignant brain tumours
are diagnosed. The lack of successful therapeutics and the critical location contribute to

the poor outcomes (Ostrom et al., 2015). Based on the 2004-2013 incidence data in
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Australia, it was estimated that 1891 brain tumour cases would be diagnosed in 2017,
encompassing 1,109 males and 782 females. Approximately, 1400 people were expected

to die as a result (AIHW, 2017).
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Figure 1-2 Mortality and incidence rates of brain cancer by (A) sex and by (B) age between
1982-2018 in Australia. Adapted from (AIHW, 2017).

Glioma is the most common primary brain tumour, arising from glial cells, comprising
approximately 77% of primary malignant brain tumours and 30% of all CNS tumours. Glial
cells are specialised cells that support neuronal function, and are responsible for
providing nutrition to the neuron. The incidence of gliomas has increased significantly
over the last two decades. However, this may in part be driven by improved diagnostic
procedures (Sonali et al., 2018, Evans and Evans, 2016, Li et al., 2014). The annual
incidence of glioma in Australia is 7 per 100,000 people. (AIHW, 2017, Ostrom et al., 2014,
Ostrom et al., 2018). To date, there is no conclusive evidence that identifies the risk
factors for glioblastoma occurrence despite some reports claiming that mobile phone
radiation can increase the incidence of brain cancer (Morgan et al., 2016, Swerdlow et

al.,, 2011, Sadetzki et al., 2005), and other electronic devices that have high signal
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strengths (Mrugala, 2013, Swerdlow et al., 2011). GBM tumours have been found in all
cortical areas, the cerebellum, the brainstem, and the spinal cord (Ostrom et al., 2015,

Oslobanu and Florian, 2015).

The World Health Organisation (Yao et al.) categorises gliomas as either low grade or high

grade based on the histopathology of the tumour (

Figure 1-3). Grading is based on a comparison between the tumour cells and normal brain
cells and includes an estimate of growth, tissue necrosis, and changes in blood vessels. In
addition, the location of the tumour, either above the tentorium (precentorial) or below

the tentorium (infratemporal), is also used to classify gliomas.

Low grade (Grade | and Il) have improved prognosis, whereas high grade tumours (Grade
Il and 1V) are clinically aggressive with poor prognosis. Glioblastoma multiforme is grade

IV and accounts for approximately 75% of gliomas and has an exceedingly poor prognosis.
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Figure 1-3 Histopathological progression of infiltrating astrocytomas (WHO grade II, left) to
glioblastoma multiforme (GBM; WHO grade IV, right).

Blood vessel architecture (arrows) and density are similar in the infiltrating astrocytoma and
normal brain. Moreover, tumour cells are dispersed within the neuropil. In anaplastic
astrocytoma, the blood vessels (arrows) are dilated and tumour cell number is increased. GBM
(*) is characterised by the presence of necrotic cells and microvascular hyperplasia. Adapted
from (Brat et al., 2003, Louis et al., 2016, Wesseling and Capper, 2018, Ceccarelli et al., 2016).

1.3 Overview of Glioblastomas

Glioblastoma multiforme (GBMs) is an incurable aggressive cancer that affects the central
nervous system. The tumours are heterogeneous, intraparenchymal and characterised
with haemorrhage and necrosis. They consist of a number of different cell types including
hyper-proliferative endothelial cells, glioma cells, as well as normal brain cells trapped by
the invading glioma and macrophages (Jain et al., 2007, Holland, 2001). Difficulties in
diagnosis, coupled with the chemo-resistance of these tumours, results in poor patient
survival. GBMs affect children and adults in similar ways. Symptoms include nausea,

vomiting, headache, cranial nerve palsies, gait imbalance, and paralysis. Magnetic
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resonance imaging is used to guide biopsies of the tumours to identify the histological

features of the GBM tumour (

Figure 1-3).

Patients are usually treated by micro-neurosurgery in combination with radio-, chemo-,
and immunotherapies, but these only slightly improve survival time (Bredel, 2001). In the
case of grade IV glioblastoma, individuals treated with these therapies typically survive
between six months to one year. Less than 4% of glioblastoma patients survive for five
years. Glioblastoma is the second leading cause of death amongst children with cancer,
and the most prevalent cause of death among 20 to 39-year old adults with cancer

(Ernest and Sontheimer, 2009).

1.4 Glioblastoma Standard Treatments

Currently, there is no cure for GBM. Standard treatment of GBM in newly diagnosed
patients starts with maximal surgical resection, followed by radiotherapy and adjuvant
chemotherapy with temozolomide (TMZ) (Saran et al., 2016). Surgery is the most
effective method for the treatment of GBM. However, the tumour limits of
glioblastomas, are difficult to detect, and residual tumour tissue may extend into healthy
brain tissues, even after surgery, leading to an increased risk of recurrence. (De Bonis et
al., 2013, Stummer et al., 2000, Lacroix et al., 2001, Castro et al., 2003, Wallner et al.,

1989).

Radiation and chemotherapy are used to reduce growth of any tumour that remains after
surgery. Brain tumours are generally treated with radiation 4-6 weeks after tumour

resection. In some cases, where the tumour is in a region that is difficult to access and
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therefore cannot be resected, radiation is the only available solution. Radiation is
administered at 1.8-2.0 Gy per fraction, five days a week. The most common adverse
effect of using radiotherapy is damage to healthy and normal cells (Jelsma and Bucy,

1967, Castro et al., 2003, Keime-Guibert et al., 2007).

Due to the chemo-resistance of brain tumour cells, new approaches are required to
control and minimise tumour growth. Nitrosoureas (BCNU and CCNU), platinum-based
drugs (cisplatin, cisplatinum, and carboplatin), temozolomide (TMZ), procarbazine, and
naturally occurring compounds (Taxol) are the drugs most commonly used to treat
glioblastoma patients. These drugs can be utilised alone, or in combination with surgery
or radiotherapy. A combination of BCNU, procarbazine, and vincristine has been shown
to be only minimally effective in patients and resulted in an increased survival of only a
few months. TMZ is an imidazotetrazine derivative whose mechanism of action is through
methylation of specific DNA sites. It is currently used as first-line treatment for GBMs,

(Minniti et al., 2009, Perazzoli et al., 2015).

The side effects of chemotherapy are significant and can adversely affect the patient’s
quality-of-life. To date, it has not been possible to cure recurrent GBM with improved
chemotherapeutics (Kemper et al., 2004). Intra-tumoral chemotherapy levels are
reduced by drug efflux through multidrug resistance proteins expressed in the
endothelial and other cells including the blood brain barrier. Chemotherapeutic drugs

also induce MDR in cancer cells (Castro et al., 2003, Wu et al., 2017, Minniti et al., 2009).

Molecular therapies have also been used in conjunction with chemotherapies in some

instances with variable success (Guo et al., 2013). However, despite best efforts, the
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quality of life of the patients is severely affected and the outcome remains dismal (Stupp

et al., 2005, Chinot et al., 2014, Zhang et al., 2016).
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Figure 1-4 Summary of the genetic pathways leading to primary and secondary glioblastomas.
Adapted from (Ohgaki and Kleihues, 2013b). (AACR, License Number: 4132221047825).

1.5 Molecular Alteration and Pathology of GBM

The use of advanced molecular techniques has recently provided a clearer understanding
of the mechanism of gliomagenesis. Like other cancers, the malignant process is linked
to abnormalities in genes which control the cell cycle, signal transduction, cell

proliferation, differentiation, and apoptosis (Appin and Brat, 2015, Stratton et al., 2009).

Distinction can be made between primary and secondary glioblastomas. Primary
glioblastomas present at diagnosis as completed tumours, without clinical, radiological,

or histopathological evidence of a precursor lesion or in-situ cancer. They already
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however have complex genetic alterations. Secondary glioblastomas develop gradually
through de-differentiation from low-grade diffuse astrocytoma (WHO grade Il) or
anaplastic astrocytoma (WHO grade lll). The diagnosis of secondary glioblastoma

requires evidence of evolution from a less malignant astrocytoma to make the diagnosis.

The Cancer Genome Atlas Research Network (Brennan et al.) performed a large-scale
study involving a 209 GBM patient cohort to categorise genomic abnormalities that drive
tumorigenesis (Cancer Genome Atlas Research, 2008). Six hundred-and-one genes from
ninety-one patients were sequenced and analysed. In addition, an interim integrative
analysis of DNA copy number, gene expression, and DNA methylation aberrations was
reported. This report described the mutational spectrum of GBM identifying PIK3R1, NF1,
and ERBB2, receptor tyrosine kinase pathways as containing recurrent mutational events
and confirmed the presence of TP53 gene mutations (Cancer Genome Atlas Research,

2008).

Understanding and classification of GBM transcriptomic and genomic features have
begun to impact anti-GBM therapeutic development. GBM can be divided into pro-
neural, classical, neural, and mesenchymal subtypes, based on gene expression (Ohgaki
and Kleihues, 2013). Specifically, this molecular classification is based on aberrations in
the gene expression of EGFR, NF1, and PDGFRA/IDH1. For example, aberrant EGFR
amplification, an astrocytic cell expression pattern, and loss of chromosome 10 are found
in classical GBMs. However, mutations in IDH1, TP53, or NF1 are not commonly found. In
contrast, mutations in NF1 and PTEN are a feature of mesenchymal GBMs, which have
less EGFR amplification. Pro-neural GBM is characterized as containing mutations in

TP53, IDH1, along with PDGFRA focal amplification. Neural GBM is defined as having the
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expression profile of normal brain tissue and the presence of astrocytic/oligodendrocytic
cell markers (Figure 1-4) (Verhaak et al., 2010). Clinically, the best therapeutic outcome
is seen in classical GBM, and the poorest prognosis seen in pro-neural GBM (Verhaak et
al.,, 2010). IDH, TP53, and ATRX mutations are frequently found in secondary GBMs,
whereas primary GBMs lack IDH mutations. In addition, primary GBMs have mutations in
the EGFR, TP53, PDGFRA, PTEN, CDKN2A/B, NF1 and TERT promoters (Appin and Brat,

2015, Holland, 2001, Brennan et al., 2009, Verhaak et al., 2010).

As a consequence of the clinicopathological correlation the current classification of GBMs
divides those into IDH-wildtype containing and those containing an IDH-mutation (Louis
et al.,, 2016, Wesseling and Capper, 2018, Ceccarelli et al., 2016). The IDH-wildtype
containing GBMs accounts for about 90% of cases, is frequently found in patients over 55
years of age and is found clinically in both primary and secondary GBMs. The GBMs
containing an IDH-mutation are generally associated with secondary GBMs in younger
patients and accounts for about 10% of cases. A third category is NOS (Not Otherwise
Specified) GBMs for which there is no full evaluation of the IDH status available (Ohgaki
and Kleihues, 2013, Louis et al., 2016, Brennan et al., 2009). While there are no
histopathological differences between primary and secondary glioblastomas, genetic and
epigenetic makers, as well as their expression levels, are distinct. For example, in primary
GBMs, the frequency of EGFR alterations, PTEN mutations, MDM2 duplications, and
homozygous CDKN2A deletions are higher than in secondary GBMs. In contrast,
mutations in IDH1 and TP53, MET amplification, and overexpression of PDGFRA are lower
in primary GBMs compared to secondary GBMs (Figure 1-4) (Ohgaki and Kleihues, 2013,

Parsons et al., 2008, Nobusawa et al., 2009, Tso et al., 2006).
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1.6 The multidrug resistance phenotype in GBM

Apart from individual mutation events which lead to drug resistance, particularly
mutations in TP53, drug resistance proteins and signalling pathways that control the
development of the normal brain and also protect neuronal cells from damage, have an
impact on GBM prognosis (Hombach-Klonisch et al., 2018, Jha et al., 2015). GBM relapsed
patients are largely unresponsive to chemo- and radio-therapy. This phenomenon is
associated with increased multidrug resistance protein expression both on the tumour
cells but also the endothelium and blood-brain. However, multidrug resistance is likely to
be more complex than the expression of membrane associate drug pumps. Members of
the Sonic Hedgehog signalling pathway: glioma-associated oncogene-1 (Glil), an
oncogene that is involved in GBM pathogenesis (Clement et al., 2007) has its expression
linked with SHH expression and also therapeutic resistance in glioblastomas. Studies have
shown that the MDR phenotype can be induced when the SHH pathway is activated, and
importantly SHH signalling appears to promote MDR by increasing the transcription of a
subset of ABC transporter proteins (Xu et al., 2013, Das et al., 2013, Sims-Mourtada et
al., 2007, Bidet et al., 2012). This thesis intends to explore this link between the MDR
phenotype and the SHH pathway as well as exploring mechanisms of MDR reversal. The
remainder of this literature review focusses on these two pathways for drug resistance

in GBM.

1.7 Drug resistance in Brain Tumours

Cellular events such as alterations in cell cycle checkpoints, loss of TP53 expression,
modulation of apoptotic pathways, and repair of damaged cellular targets, all make

significant contributions to the MDR phenotype. However, a primary mechanism of
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resistance to chemotherapeutic agents is affected through the expression of ATP
dependent cell membrane pumps that expel the drug from the intracellular

compartment of the cell. Examples of these ATP pumps include MDR1 and MRP1.

1.8 Multidrug Resistance Protein 1

The mechanism of MDR has been widely studied using cytotoxic agents (including
hydrophobic and amphipathic natural products) in cultures of cancer cells (Gottesman et
al., 2002, Ozben, 2006, Kartal-Yandim et al., 2016). There are two different cellular
resistance mechanisms. The first is a transport-based classical MDR mechanism that
involves the ATP-binding transport cassette family (ABC). The second mechanism is a
non-classical MDR mechanism which involve enzymes such as topoisomerase and
glutathione S-transferase (GST) (Stavrovskaya, 2000, Kartal-Yandim et al., 2016). Gyorffy
et al. studied thirty different cancer cell lines treated with eleven different anticancer
therapies. In total, 1481 genes were found to be associated with drug resistance. From
those genes, 1,033 genes were linked to one therapy. In addition, they identified sixty-
seven multidrug resistance candidate genes associated with resistance to four or five

anticancer therapies (Gyorffy et al., 2006).

The ATP-binding cassette (ABC) protein family is the major family related to drug
resistance. Forty-eight human ABC genes have been identified, and these can be divided
into seven subfamilies (ABC-A to G) that are expressed in normal tissues, as well as
tumours. Of these 48 human ABCs only 3 have substantiated evidence of principle drug
resistance mechanisms: Pgp, ABCG2/BCRP and MRP1. Hence the gene principally

responsible for multidrug resistance is MDR1/P-glycoprotein (ABCB1), which is highly
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expressed on the cell plasma membrane, where it acts to protect the cell from toxic
agents (Ozben, 2006, Kathawala et al., 2015). In addition, there are twelve multidrug
resistance-associated proteins (MRP) that are involved in drug transport (MRP1-12) and
a pseudogene originally named ARA. These genes are expressed in a range of different
tissues. However, multidrug resistance protein 1 (MRP1) is expressed in the absence of
MDR1/P-glycoprotein, and has a significant overlap in activity with MDR1. Clinically,
MRP1 is responsible for drug resistance in a range of tumour types (Kathawala et al.,

2015, Leschziner et al., 2006, Stomka et al., 2015).

MRP1 is a member of the adenosine triphosphate (ATP-binding cassette) transporter
protein, sub-family C (CFTR/MRP), member 1 (ABCC1), and is 190 kDa in size (Cole 2014).
It can be found within the plasma membrane, intracellular membranes of brain capillary
endothelial cells, but it remains controversial whether it is found at the BBB (Boumendjel
etal., 2005, Zhang et al., 2004). It was first discovered in the H69AR human small cell lung

cancer cell line in 1992, and in the CNS in 1998 (Cole et al., 1992, Regina et al., 1998).

The MRP1 protein is highly expressed in a range of animal and human tissues, with the
exception of the liver, neuronal, intestine, colon, and peripheral blood mononuclear cells
where it is expressed at lower levels. Importantly, MRP1 protein is expressed in a variety
of different tumour types including neuroblastoma, glioblastoma, breast, lung, colon,
prostate, and in leukaemia (Leslie et al., 2005). In the brain, MRP1 is expressed in
polarised epithelial cells and localised to the basolateral membrane (Sharom, 2008). In
addition, brain capillaries and brain capillary endothelial cell cultures have been
examined for MRP1 mRNA and protein expression (Hartz and Bauer, 2011). The

expression of MRP1 has been extensively studied in lymphoblastic leukaemia, astrocytes,
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the choroid plexus, and microglia (Winter et al., 2013, Gennuso et al., 2004, Stein et al.,

2002).

' v
- T™M6 ™17

i 339 M p 1250 §

\\"‘ s i Q N
. H M w L
\\\"‘~~:~.-_ g F . S T R,,
32GPYFLMSF FFKAIHDLMM?33? 1233gySYSLQV TTYLNWLVRM%0

Figure 1-5 Topology of MRP1 and projections of amphipathic TM a-helices 6 and 17.

A, shown is a schematic diagram of a predicted secondary structure of MRP1/ABCC1. The
positions of TMs 6, 10, 11, 16, and 17, which have been identified as containing key
determinants of MRP1 substrate specificity, are highlighted. Also indicated are CL5 and CL7,
which contain amino acids involved in substrate specificity, proper folding, and plasma
membrane trafficking, as well as the transport mechanism of MRP1. B, shown are helical wheel
projections of 18 amino acids of the amphipathic TM6 (in MSD1) and TM17 (in MSD2) of MRP1.
The clustering on one side of each TM helix of polar residues with side chains capable of H-
bonding is indicated by the shaded curve. Highlighted on the projection of TM6 is Lys, which is
particularly critical for LTC4 and GSH transport. Figure taken directly from Cole et al 2014

The mechanism of MRP-mediated transport is unclear and complex in normal brain and
tumours at the sites of the BBB blood—CSF barrier and intracellular localisation (Golden
and Pollack, 2003). Its main function is in cellular defence as it protects healthy or
cancerous cells from toxic or harmful agents. It can work either independently or in
combination with MDR1 to cause the cellular efflux of drugs (Calatozzolo et al., 2005).
MRP1 transport relies on the presence of intracellular glutathione (Loe et al., 1996, Renes
et al., 1999) and can transport natural product drugs such as doxorubicin, vincristine, and

VP-16 (Karvar, 2014).
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MRP1 structure (Cole, 2014, Gelbmann and Kalejta, 2019) is shown in Figure 1-5. In
addition, it does not play a role in phase Il metabolism. However, due to its Phase lll
(distribution) and Phase Iv elimination through transport of GSH-, glucuronate-, and
sulphate- conjugated organic anions are transported by MRP1. MRP1, and other
members of its family, have been found to be highly expressed in GBMs, the parenchymal
tissue surrounding the tumour, and the tumour vasculature, which can therefore affect
the efficacy of a chemotherapeutic agent, manifesting itself as chemoresistance.
Consequently, this allows an aggressive tumour to increase in size. Thus, a poor response
to anticancer drugs in patients is frequently due to expression of the MRP1 protein, as
well as other family members. Based on this, it has been suggested that ABC transporter
inhibitors, and/or ABC transporter modulation, may be a useful strategy to increase the
efficacy of chemotherapeutic reagents (Tong et al., 2012, Spiegl-Kreinecker et al., 2002,
Abe et al., 1998, Calatozzolo et al., 2005, Hartz and Bauer, 2011, Holland, 2011). However,
this role of drug transportation is not a universal feature of ABC transporters as only a

small subset is actually involved in this directly and only 3 involved in drug resistance.

Tivnan et al. examined the role of MRP1 in the transport of chemotherapeutic agents
temozolomide (TMZ), vincristine, and etoposide, used for the treatment of GBM, in both
primary and recurrent patient-derived GBM cell lines (Tivnan et al., 2015). In this study,
they used a small-molecule inhibitors of MRP1 (MK-571and Reversan), along with gene
silencing of MRP1 using siRNA. The use of these MRP1 inhibitors in both cells lines
improved chemosensitisation to vincristine and etoposide, resulting in increased cell
death and reduced cell viability. TMZ did not induce cell death in these GBM cell lines

when treated with the MRP1 siRNA or MK-571, whereas in the presence of Reversan
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there was enhanced cell death (Tivnan et al., 2015). Additionally, an MRP homolog also
found in GBM is MRP3. GBMs overexpress MRP3 at both mRNA and protein levels.
Multidrug-resistance protein 3 has potential correlation with survival and is thought to
be a potential target for immunotherapy as a cancer immunogen. (Kuan et al 2010).

These findings suggest the ABC transporters may have a significant role in GBM biology.

1.9 Sonic Hedgehog Signalling Pathway

Sonic hedgehog (Nachmias et al.) is one of a group of three proteins in the mammalian
hedgehog signalling pathway family, with the others being Indian hedgehog homolog
(IHH) and Desert hedgehog homolog (DHH) (Nachmias et al., 2004). In 1980, Christiane
Nusslein-Volhard and Eric F. Weischaus discovered the Hh genes unexpectedly when they
were looking for mutations that disrupt the Drosophila larval body plan (Nisslein-Volhard
and Wieschaus, 1980, Elamin et al., 2010). IHH and DHH have significant roles in the
development of normal tissues and bone formation. (Hebrok et al., 2000, Kawahira et al.,
2003, St-Jacques et al., 1999, Yao et al., 2002). SHH is the most potent and extensively
expressed in adult neuronal tissue compared with IHH and DHH (Pathi et al., 2001,
Ingham and McMahon, 2001, Wu et al., 2017, St-Jacques et al., 1999). However, within
the primary cilia of mammalian cells, all three HH orthologues mediate HH signalling

(Zhang et al., 2017).

Sonic hedgehog (Nachmias et al.) signalling is involved in several different molecular and
cellular mechanisms including protein-protein interactions, positive and negative
feedback loops and protein trafficking. It is also involved in post-translational

modifications including lipidation, phosphorylation, and proteolytic cleavage. This
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enables tightly controlled regulation of HH signalling in a spatially and temporally specific
manner, a necessary key factor for cell fate determination, self-renewal and tissue

patterning (Cochrane et al., 2015).

The SHH signalling pathway is an important mediator that is key in embryonic
development and differentiation of the brain, as well as other organs. It has an essential
role in the formation of embryonic structures in vertebrates, including the cerebellum,
neural crest, gut, heart, lung, gonads, eye, bone, cartilage, muscle, limbs, prostate,
pancreas, blood cells, tongue and teeth. In addition, it plays a role in the repair and
renewal of adult tissues, as well as adult tissue homeostasis regulation and
gastrointestinal tract stem cells, blood and brain maintenance (Ingham and McMahon,
2001, Jiang and Hui, 2008, Varjosalo and Taipale, 2008, Scales and de Sauvage, 2009, Wu
et al., 2017, Patel et al., 2017, Sun et al., 2016). HH signalling has various effects on cell
and microenvironment interactions including motility and adhesion changes, directing
cell fate determination, cell proliferation, epithelial-to-mesenchymal transitions and the
receiving cell type. Defects in the activation of the Hh signalling pathway during human
fetal development can result in children being born with congenital defects in the face
and the brain. Cyclopia, microencephaly, holoprosencephaly, the absence of a nose, and
cleft palate are examples of symptoms that can arise in humans in the absence of HH
signalling (Petryk et al., 2015, Muenke and Beachy, 2000, Hu and Marcucio, 2009). SHH
hyperactivation in the CNS is linked with different brain tumours such as
medulloblastoma, gliomas, glioblastoma multiforme, primitive neuroectodermal

tumours, and pituitary adenomas (Varjosalo and Taipale, 2008).
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The HH pathway is activated through the interactions of hedgehog, patched, and
smoothened genes. In the presence of the hedgehog ligand, three GLI transcription
factors that lie downstream in the pathway are activated. GLI1 and GLI2 function as
activators (under some circumstances, GLI2 can function as a repressor), and GLI3 is a
repressor. These three transcription factors are homologs of the Ci (Cubitus interruptus)

gene in Drosophila.

In the target cell, the HH signalling cascade is induced by the binding of HH ligand to the
Patched 1 protein (PTCH). PTCH catalytically represses the activity of SMO in the absence
of the HH ligand, by affecting its localisation at the cell surface. PTCH is a twelve-
transmembrane domain protein with its intracellular loop localised at the primary cilium
base (Error! Reference source not found.). Also, PTCH transports an endogenous i
ntracellular small molecule outside the cell (by preventing SMO translocation to primary
cilia) that can prevent its binding to SMO. In the absence of active SMO in the ciliary
membrane, GLI1, GLI2 and GLI3 remain in complex with SUFU (suppressor of the fused
and negative regulator). PTCH loses its activity upon binding to Hh resulting in activation
of SMO, and thus transduction of the SHH signal (Ming et al., 1998, Marti and Bovolenta,
2002, Pak and Segal, 2016). Also, in the absence of SHH, protein kinase A (PKA) has an
inhibitory role in hedgehog gene transcription. It phosphorylates GLI proteins directly by
translocating them out and into the cilia (Figure 1-). GLI protein phosphorylation results
in their alteration into transcriptional repressors leading to abrogation of SHH gene
expression target (Niewiadomski et al., 2013, Wang et al., 2000, Tempé et al., 2006,

Tuson et al., 2011).
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Figure 1-6 Hedgehog Signalling Pathway. A) Deactivated pathway. SMO primary cilium
localisation blocked by PTCH in the absence of HH B) Activated pathway, in the presence of
HH, SMO released and activated while PATCH degraded. Activation of SMO result in
translocation of GLI into nucleus. HH target genes transcription induce. Adapted from
(doi:10.3390/jdb5040012)

Cytoplasmic protein suppressor of Fused (Deli et al.) negatively regulates HH signalling
through the GLI protein in the cytoplasm which results in suppression of the activation of
GLI transcription (Tostar et al., 2012, Zhang et al., 2017). It protects GLI2, and GLI3
proteins from being degraded by the proteasome and from SPOP-CUL3 mediated
ubiquitination. This function of protection a pool of GLI2 and GLI3 from being converted
into GLI repressor and activator. This feature of the hedgehog pathway is evolutionarily
conserved and independent of the cilium (Tostar et al., 2012, Chen et al., 2009, Cheng

and Yue, 2008, Hoelzl et al., 2017).

As a result, there is an alteration in the balance between the activator and repressor

forms of the Ci /GLI family to transmit the HH signal. Additionally, the atypical kinesin-
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like protein, Fused (Fu), Costal 2 (Cos2), SUFU, and the transcription factor Ci form a
protein complex that serves to transmit the HH signal. Gli and SUFU form a complex in
the cytosol, which is proteolysed to the short repressor. When the pathway is activated,
this complex is disrupted leading to inhibition of proteolysis and the release of active GLI.
GLI is then able to translocate to the nucleus and transcribe Hedgehog target genes
(Wetmore, 2003, Rimkus et al., 2016, Ruiz i Altaba et al., 2002, Ingham and McMahon,

2001, Tukachinsky et al., 2010, Cooper et al., 2005, Jia et al., 2009).

1.10 SHH Signalling in Cancer

In adults, the HH signalling pathway normally regulates epithelial cells of human organs
and has significant roles in controlling the communication between tissues and cells.
Through the alteration of these functions, aberrant HH signalling activation in adults
contributes to the origin, growth and maintenance of cancer and can increase treatment
failure in cancer patients by increasing cancer aggressiveness, chemotherapeutic

response limitation and drug resistance (Cochrane et al., 2015).

Over-expression of genes in the HH pathway have been studied in many different cancers
including basal cell carcinoma (Atwood et al., 2015, Hahn et al., 1996), medulloblastoma,
leukaemia (Zeng et al., 2015), as well as gastrointestinal (Sukegawa et al., 2000), breast
(Im et al., 2013), prostate, hepatocellular carcinoma,(Li et al., 2016, Ertao et al., 2016),
lung, bladder, oral and pancreatic cancers (Drenkhahn et al., 2013, Tang et al., 2012,
Kelleher, 2011, Ishikawa et al., 2014, Thayer et al., 2003, Sukegawa et al., 2000, Gupta et

al., 2010, Ertao et al., 2016).
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In cancer, the HH signalling pathway critically affects the therapeutic response,
tumorigenesis, increases tumour invasiveness, and tumour progression. Recently, the HH
signalling pathway has been studied as a novel therapeutic target, as an important
signalling pathway in cancer. Glioma-associated oncogene homolog (GLI) and
Smoothened (SMO), which are downstream effectors of the Shh pathway have been

targeted as potential therapeutic genes (Shahi et al., 2008).

The mechanisms of HH signalling activation in cancer can be divided into four types:
mutation (Type [; ligand-independent), autocrine (Type ll; ligand-dependent), and two

different types of paracrine signalling (Type llla and Type lIb). See figure 1.6.

Paracrine

Autocrine Paracrine

Figure 1-7 Mechanisms of HH signalling activation in cancer. Activation by mutation of
specific HH genes which result in promotion of cell growth and survival. (B) HH is secreted and
acts on the same cell in an autocrine fashion (self-secretion of Hh). (C) Paracrine HH from a
tumour acting on the adjacent stroma (creates microenvironment suitable for tumour growth).
(D) Reverse paracrine signalling: the tumour stroma secretes HH, which then acts on the
tumour cell. Adapted from (Lin and Matsui, 2012).
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Type | SHH signalling is activated by mutation of specific genes in the pathway within a
tumour cell, leading to ligand-independent constitutive signalling. For example, most HH
signalling activation in basal cell carcinoma (BCCs) is achieved as a result of an inactivate
mutation in PTCH (85-90%), or an activate mutation in SMO (10-20%), GLI1 and GLI2 gene
amplification and translocation may occur, and in a few cases -a mutation in SUFU (Error! R
eference source not found.7 A). These changes are also found in patients with
medulloblastoma, a paediatric cancer of the cerebellum, rhabdomyosarcoma and skin
tumours of keratinocytes. The SHH pathway therefore appears critical in a range of
aggressive tumours and is affected by a number of molecular mechanisms disturbing its
regulation. Understanding the downstream activation effects of these events, including
SMO mutations, may indicate potential targets for specific inhibitors as anticancer
agents. Tumours utilising HH pathway activation are less sensitive to direct inhibitors of
Hh currently in development, requiring different therapeutic approaches to be
formulated (Xie et al., 1998, Taylor et al., 2002, Tostar et al., 2006, Cochrane et al., 2015,

Bonilla et al., 2015, Sekulic and Von Hoff, 2016).

1.11 SHH in Glioblastoma

GLI1, PTCH1, SMO, and SHH are all expressed in glioblastomas, which appear to be HH
signalling active. These genes are found to be active in glioma stem cell cultures
(gliomaspheres) and glioblastoma multiforme (GBM)-derived neurospheres (Bar et al.,
2007, Ehtesham et al., 2007). Tumour progression and tumorigenesis in the brain appears

to be influenced by the activation of SHH signalling pathway (Carpenter and Lo, 2012).
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GLI 1 was reported as highly expressed in glioma cells: approximately 50-fold increased
over normal cells (Kinzler et al., 1987). GLI1 has also been found to be expressed 10-fold
in conditioned media obtained from GBM-derived neurosphere cultures. Bar et al. found
that GLI1, SMO, and PATCH were activated in eight primary GBM cells, and were
subsequently able to establish six GBM cell lines from independent primary tumours. In
GBM, SHH-GLI pathway signalling is also directly linked with the reduction of patient
survival. About 75% of GBM sections obtained from 106 patients were found to express
GLI1 highly, and this was associated with a poor prognosis. Thus, overexpression of GLI1
has been proposed to be a predictive marker for clinical outcome and fundamental to

the malignant process (Rossi et al., 2011).

The impact of GLI1 on patient outcome likely arises due to activation of the SHH pathway
leading to enhanced growth and invasiveness of the tumour, associated with alteration
of the phosphoinositide-3 kinase/AKT pathway, through the induction of matrix
metalloproteinase-2 and-9 production (Chang et al., 2015). Additionally, neurospheres
treated with a siRNA targeting SMO, or cycoplamine, an SMO inhibitor, resulted in the
downregulation of the mRNA expression of GLI1, the stem cell genes SOX2, OCT4,
NANOG, NESTIN and BMI1, as well as reducing cell growth (Ehtesham et al., 2007, Bar et

al., 2007, Clement et al., 2007) thus confirming SHH dependence.

GLI1 was first isolated from a human GBM, however its role in GBM biology is still
incompletely understood. GLI1 is required in many cellular signalling pathways, including
Hedgehog, K-RAS, transforming growth factor-beta, protein kinase A, and epidermal
growth factor receptor signalling, all of which facilitate cellular processes involved in

oncogenesis, tumour progression, and proliferation (Shevde and Samant, 2014, Stecca et
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al., 2007, Schnidar et al., 2009, Filbin et al., 2013). Activation of GLI1, and mutation of
SMO, have been reported to correlate with therapeutic resistance in different tumours,
and are also thought to be associated with poor outcomes due to an increase in cell
proliferation, invasiveness, cell mobility, and differentiation (Li et al., 2016, Chen et al.,
2011, Long, 2015, Mozzetti et al., 2012, Ferruzzi et al., 2012). SHH signalling was
downregulated in Glioblastoma cell lines T98G and U87MG using curcumin (is an indian
traditional medicine and the main active ingredient in turmeric, which give it the yellow
colour. Its belong to family Zingi-beraceae)(Shanmugam et al., 2019). Protein and mRNA
expression were studied and each showed a reduction. Additionally, U87-implanted
nude mice injected with intraperitoneal curcumin demonstrated reduction of tumour GLI
expression and tumour size, as well prolonged survival. In addition, curcumin has been
used in ayurvedic medicine and been studied well in glioma cell lines. However, many
molecular pathways demonstrated response to curcumins such as celluar proliferation,
autophagy, apoptosis, angiogenesis, invasion, immunomodulation, metastasis, and
multidrug resistance implying the effects may not be specific to HH inhibition (Klinger and
Mittal, 2016, Du et al., 2013, Lian et al., 2015, Zanotto-Filho et al., 2015, Meng et al.,

2017, Zanotto-Filho et al., 2011).

In addition there also appears to be interaction with this pathway between the tumour
and its stroma. In glioblastoma cells, HH ligand secreted from the tumor stroma
enhanced the SHH pathway maintenance activity. Bruan et al. developed a reporter gene
that was able to indicate whether the HH ligand was extracellular or intracellular. Using
this reporter, they observed a negative effect of cycoplamine on GBM cells, indicating

that HH acts in an autocrine manner in GBM (Braun et al., 2012, Ferruzzi et al., 2012).
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Therefore, specific inhibition of the HH pathway may be associated with improved
effectiveness of therapy of glioblastoma by limiting tumour growth, tumour
microenvironment interaction and improving clinical outcome by overcoming the

intrinsic resistance of the tumour to standard treatments.

The relationship between the SHH signalling pathway and chemoresistance has been
previously explored in a number of studies. Inhibition of GLI transcription factor activity
demonstrated impaired DNA repair response and reduced drug transfer by ABC
transporters in different tumour cell lines including glioblastoma (Chen et al., 2014, Cui
et al., 2010, Queiroz et al., 2010, Cherepanov et al., 2016). Cui studied the effect of HH
pathway inhibition on U251MG, U87MG and SHG44 Glioma and GBM cell lines and found
inhibition of the HH pathway resulted in down-regulation of MDR1, MRP1, LRP, MGMT,
Bcl-2 and Survivin mRNA expression (Cui et al., 2010). In another study by Sims-Mourtada
et al, different tumour cells including SEG-1 (oesophageal adenocarcinoma); LnCaP
(androgen-receptor-positive prostate carcinoma); PC3 (androgen-receptor-negative
prostate carcinoma) and DM14 (metastatic squamous cell carcinoma) were treated with
exogenous Shh ligand and GLI1-siRNA to investigate chemo-resistance associated with
HH signalling. Their results showed Shh ligand binding resulted in a significant decrease
in drug uptake as well as increased expression of Gli-1, MDR1 and BCRP. While GLI1-siRNA
treated cells demonstrated decreased the expression of these molecules (Sims-Mourtada
et al., 2007). He mechanisms underlying these relationships are not currently

understood.
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1.12 Reversal of Drug Resistance

Reversal of the drug resistant phenotype in cancer is a holy grail. Innovative approaches
are required to target drug resistance mechanisms. Antisense oligonucleotides (ASOs),
which can enhance cell apoptosis, are short single-stranded DNA molecules of
approximately 20 nucleotides that target specific mRNAs and have potential in targeting
multidrug resistance proteins (Chan et al., 2006). ASOs require a delivery system to allow
for effective targeting of the tumour in vivo (Astriab-Fisher et al., 2000, Brigui et al.,
2003). Studies using a specific MRP1 ASO, followed by chemo-sensitisation to single-
agent chemotherapy using VP16 (etoposide) (Kuss et al., 2002), demonstrated that a
lower dose of VP16 was required to kill neuroblastoma cells, compared to cells treated

with VP16 alone.

1.13 siRNA: A More Recent Advance in Cancer Therapy

In 1997, Fire and Mello discovered RNA interference, and in the process invented a new
mechanism for studying eukaryotic gene function, for which they were awarded a Nobel
Prize in 2006. The injection of a specific double-stranded RNA (dsRNA) into cells was able
to target a specific mRNA in Caenorhabditis elegans (Fire et al., 1998). As a result,
scientists have studied the pathways induced by the exogenous dsRNA and its effect on
nuclease activities in cells and have termed this process RNAi interference. RNAI
interference can be used to specifically target genes in eukaryotes. MicroRNAs (miRNAs),
and small interfering RNAs (siRNAs) are the major small non-coding RNAs that are
involved in direct gene regulation (Manjunath and Dykxhoorn, 2010, Brantl, 2002, Bobbin

and Rossi, 2016).
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siRNAs are 20-25-nucleotide double-stranded RNA molecules that turn off gene
expression by directing the degradation of specific mMRNAs and changing chromatin
structure in combination with the RNA-induced silencing complex (RISC) (Alberts et al.,
2008). siRNAs have been developed over the last decade and are a powerful tool that can
target and knock-down genes, owing to their specificity, and their ability to target specific
mMRNA sequences without affecting other untargeted genes. This feature of RNAi can be
used to target different disease-causing proteins (Ge, 2010, O’Keeffe and Campbell,

2016).

However, siRNAs rapidly degrade in serum, they are inherently immunogenic, have poor
bioavailability, and potential off-target effects (Hu and Zhang, 2012, Selvam et al., 2017).
All of these reduce the ability of siRNA to be an optimal drug-like molecule. In order to
overcome the challenges associated with siRNA therapeutics, the identification of
appropriate chemical modifications that improve the stability, specificity, and potency of
siRNA is essential (Selvam et al., 2017). Several modifications of siRNA such as of the
sugar residues, the phosphate linkage, the base, the overhangs and the termini, can
modify the architecture of the duplex (Figure 1-). Modification on the sugar moiety at the
2’-OH position is the most common and widely used, and includes 2’-0O-methoxyethyl (2’-
MOE), 2’-fluoro (2’-F), 2’-O-methyl, 2’,4’-constrained 2’-O-ethyl (cEt), and locked nucleic
acid (LNA) modifications (Bennett and Swayze, 2010). Modification of the 2’-OH does not
affect the targeting ability of the siRNA. Methylation of the 2’-OH has however been
found to increase nuclease stability and binding affinity. However, it has been argued
that 2’-O-methylation can reduce the function and activity of the siRNA (Chiu and Rana,

2003, Braasch et al., 2003, Czauderna et al., 2003, Choung et al., 2006). On the other
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hand, modifying the 2’-position of a functional siRNA by adding fluorine instead of a
hydroxyl, alkoxy, or aryloxy substituent has been shown to increase serum stability,
binding affinity, and nuclease stability, and therefore this represents the most useful
modification (Chiu and Rana, 2003, Shen et al., 2015, Bumcrot et al., 2006). Using siRNA
as a therapeutic target in different diseases has had some significant success. There are
several clinical trials that are progressing well in Phase Il (Bobbin and Rossi, 2016).

Therefore, siRNA may represent the future of disease therapy.
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Figure 1-8 Examples of therapeutic nucleic acid chemical modifications (Indicated in figure).
Adapted from (Burnett and Rossi, 2012). Permission obtained from Elsevier Publishing Group,
License Number: 4095530909485

siRNA helps the RISC complex cleave the target gene mRNA (Kurreck, 2008) by binding to

mMRNA then allowing the endonuclease to cleave the target mRNA into small pieces
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(Figure 1-). As a result, this process blocks and inhibits mRNA transcription and

translation, thus prevents protein production (Alberts, 2008, Bruno, 2011).
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Figure 1-9 Schematic illustration of the gene silencing mechanism of siRNA in eukaryotic cells.
The successful entrance of siRNA into the cell is followed by incorporation into the RNA-
induced silencing complex (RISC). Following this, the siRNA unwinds to form a single strand.
The resultant activated RISC containing the siRNA can then bind to its target site on the target
mRNA. Following binding of the siRNA to its site, it induces mRNA cleavage that results in gene
silencing. This diagram is adapted from
http://www.scbt.com/images/en/gene_silencers/sirna_gene_silencers
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1.14 Drug Delivery for the Treatment of Glioblastoma

It is important to stress that MRP1 expression is intrinsic to the chemoresistance of
tumours in the central nervous system (CNS). (Mohri et al., 2000) MRP1 has been found
to be expressed in nine out of eleven glioblastomas, and three out of six anaplastic
astrocytomas. The mRNA and protein levels of MRP1 have been reported to be 4.5-fold
higher in T98G glioblastoma cells compared to glioma cells (Mohri et al., 2000). MRP1
protein expression was reduced to 25% by treating cells with antisense oligonucleotides,
and increasing the sensitivity of glioblastoma cells to chemotherapeutics, compared to
control oligonucleotide-treated cells. This result confirms that human glioblastomas
express functional MRP1, and that blocking its expression enhances chemosensitivity
(Mohri et al., 2000). Targeting MRP1 may also have unique effects on tumour biology
since an antisense oligonucleotide (ASO) molecule targeting MRP1 has been shown to
cause significant apoptosis with reduced MRP1 expression in neuroblastoma, another
tumour of the nervous system, without the addition of chemotherapeutic agents (Kuss

et al., 2002, Kuss et al., 2011).

The effect of chemotherapeutic agents on apoptosis in human brain tumours can be
increased with localised drug delivery. The combination of paclitaxel and curcumin has
been shown to enhance apoptosis in glioblastomas using a nanoemulsion delivery system
(Ganga, 2008). The idea of using localised therapy in glioblastoma cases can potentially
overcome the side-effects experienced with the administration of high-dose systemic
chemotherapy. Recently, the concept of inserting wafers loaded with chemotherapy
drugs into tumour cavities was developed for use in cases of malignant glioma (Bota et

al., 2007). The GLIADEL Wafer was developed by Guilford Pharmaceuticals and was
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designed to release drugs over a two-to-three-week period. The GLIADEL Wafer is
biodegradable and has been approved by the FDA since 2002. It increases the survival
period in newly diagnosed patients up to several weeks (Kemper et al., 2004, Bota et al.,
2007, Brem et al., 1995). However, it is limited with regard to the drugs that it can be
loaded with, the amount of drug that can be released, and its release kinetics. Another
potential method is siRNA delivery with liposomes and, more recently, with nanoparticles
(Sawyer et al., 2006), which serve to protect the siRNA from rapid degradation, and

localise it to specific sites (Ge, 2010).

1.15 The Difficulty of Drug Delivery

The current methods of delivering therapeutics to human brain tumours include both
invasive and non-invasive strategies. The non-invasive strategies are systemic
administrations through intravenous and oral routes, which have limited success due to
chemoresistance. Administering high doses of drug to overcome chemoresistance has
not improved the success of the treatment, and shows increased toxicity. The invasive
strategy involves the administration of therapeutics by intra-arterial (IA) methods, using
hydrostatic pressure via a catheter located within or around a tumour, or the
intracerebral implantation of chemotherapeutic agents (Laquintana et al., 2009). This has
also failed due to the BBB which is the connection that is formed between cerebral
endothelial cells, and other neighbouring cells as pericytes, astroglia, neurons,
perivascular cells, and microglia. The BBB constitutes a barrier of inter-endothelial tight
junctions (TJ), uptake and efflux transport systems, as well as metabolic and enzymatic
barriers (Deli et al., 2005, Abbott, 2005). TJ function controls the paracellular movement

of micro- and macro-molecules, whereas the endothelial cells are responsible for the
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movement of large solutes and trans-endothelial vesicular trafficking. In addition, these
cells facilitate the CNS requirements such as ions, nutrients, potentially toxic metabolites,

and metabolites that are expressed by plasma membrane transporters (Miller, 2015).

The BBB and the blood—cerebrospinal fluid barrier (BCSFB) control circulation in the
microvasculature and cerebrospinal fluid (CSF), respectively, which are the most
important gateways to enter the brain parenchyma. Thus, the majority of small molecule
drugs and macromolecule agents, such as proteins, peptides, and antibodies do not
permeate into the brain parenchyma, which is one of the most significant challenges for

developing an effective CNS drug delivery.

The BBB creates a privileged microenvironment (Blecharz et al., 2015). The main problem
associated with therapeutic approaches is the reduction in the response of brain cells to
pharmacotherapy in general. About 30—-40% of patients do not respond to psychoactive
drugs, although they do readily penetrate the BBB (Su et al., 2009). Many factors play a
role in this situation, the most important of which is genetics. However, researchers have
found that MDR1 also plays a key role as the majority of drugs are MDR1 substrates,
meaning that MDR1 affects their pharmacokinetics, interactions, and efficacy (Su et al.,
2009). Su found that the concentration of a metabolite of amitriptyline in brains lacking
MDR1 at the BBB, is up to 10-fold higher than in brains expressing MDR1. In addition, the
short half-lives of some therapeutic agents in blood plays a role in limiting their
concentration in glioblastoma cells. Hence a delivery system that either penetrates the
BBB or be able to be delivered locally with high cellular penetration and longevity within

the cell is required.
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As described in previous studies, many kinds of delivery systems can be used to deliver
oligonucleotides such as cationic lipid complexes, polypeptides, surfactants, liposomes,
and polycationic dendrimers. However, it is difficult to use these materials in human brain
tumours for several reasons. For example, (Yoo and Juliano, 2000) found that polycationic
dendrimers are toxic when not in serum. Furthermore, the behaviour of most of these

materials within the body is not entirely understood (Yoo and Juliano, 2000).

Exogenously delivered siRNA can silence the MRP1 gene, and facilitate the diffusion of
hydrophobic chemotherapeutic molecules (e.g. camptothecin and doxorubicin) across
the lipid bilayer of the cell membrane (Munoz et al., 2007, Cole, 2014). The
administration of naked siRNA has been shown to increase the efficacy of some
chemotherapeutics in some cancers (Devi, 2006, Guo et al., 2013). However, negatively
charged naked siRNA is subject to poor cellular uptake, as well as intracellular
degradation, because of endogenous enzymes in the cytoplasm (Zeng and Cullen, 2002).
Therefore, to facilitate the transfection of siRNA in a clinical setting, non-viral vectors

have been used to treat cancer cells.

Recently, researchers have attempted to use a new methodology that uses
nanostructured porous silicon to deliver oligonucleotides into tumour tissue (Laquintana
et al., 2009). The delivery of siRNAs to GBM tumour cells using nanoparticles (NPs) has
been shown to protect siRNAs from nucleases and promote sustained release of the

siRNA (Deeken and Loscher, 2007, Ballarin-Gonzalez et al., 2013, Shi et al., 2014).
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1.16 Nanomedicine:

Nanoparticles are an attractive biomaterial whose use has increased dramatically in the
biomedical field, especially in the therapy of cancer. They can be used as highly specific
materials for the delivery of drugs or genes to organs and tissue sites (Gutkin et al., 2016).
Different types of nanomaterials have been used in cancer therapy, such as polymers,
spheres, and capsules (Gaitzsch et al., 2015), semiconductor quantum dots (Das et al.,
2015), iron oxide (Kievit et al., 2011), gold (Cheng et al., 2015), silver (Hernandez et al.,
2012), metal-organic frameworks (Furukawa et al., 2013), carbon nanotubes (Kostarelos,

2007), liposomes (Yang et al., 2014), and mesoporous silica (Shen et al., 2014).
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Figure 1-10 Schematic illustration of the different types of nanoparticles commonly used for
biomedical applications and drug delivery. Adapted from (Gao et al., 2014).

Some nanoparticles can function to co-deliver two or more drugs for combination
therapy, are able to deliver poorly water-soluble drugs (such as paclitaxel) as well as
macromolecular drugs to intracellular sites; and can be used for drug delivery site
visualisation by incorporating imaging capability. An important property of nanoparticles
is their size. In addition, nanoparticles can penetrate up to ten-fold more in tumour
tissues than in normal tissues (Meng et al., 2013, Barreto et al., 2011, Kamaly et al., 2012).
This increased accumulation of nanoparticles is due to a phenomenon referred to as
enhanced permeability and retention (EPR). Blood plasma circulation time is an
important parameter in the delivery of nanoparticles. In tumour tissue, abnormalities in
the space between endothelial cells, and dilation of tumour blood vessels cause

hyperpermeability of the blood vessels, leading to leakage of blood plasma into the
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interstitial tumour tissue spaces. This enlargement in the size (of the order of hundreds
of nm, compared to normal tissue which is of the order of tens of nm) leads to an
increased penetration of nanoparticles into tumour tissues (Torchilin, 2011, Nichols and

Bae, 2014, Stylianopoulos, 2013, Hobbs et al., 1998).

1.17 Porous Silicon Nanoparticles (pSiNPs)

Porous silicon nanoparticles (pSiNPs) are a nanoparticle-based drug delivery vehicle that
is a new addition to the field of nanomedicine. Recent research into glioblastomas has
shown that it is possible to use biocompatible, biodegradable, synthetic materials with
high porosity as drug vehicles for delivering oligonucleotides into tumours (Steiniger et
al., 2004, Fang et al., 2015, Lee et al., 2015). Canham was the first to use porous silicon
(pSiNPs), a high surface-area form of the semiconductor silicon in vivo, and optimise
absorbability and biocompatibility of this material (Canham, 1995, Anglin et al., 2008).
pSiNPs can be used as a device to deliver many drugs, including the steroid
dexamethasone, ibuprofen, cisplatin, doxorubicin, insulin, and anticancer drugs. Its
principal use is to minimise the risk and side effects of drugs, while simultaneously
increasing their potency. Numerous studies have shown the successful use of pSiNPs as
a drug delivery method (Anglin et al., 2008, Yal¢in et al., 2016, Tosi et al., 2016). The size
of the pores in pSiNPs can be controlled by the fabrication conditions using
electrochemical anodization. Using this, it is possible to generate micropores (<5 nm),
mesopores (5-50 nm), and macropores (>50 nm) (Canham, 1997, Anglin et al., 2008,
Kopermsub et al., 2011, Pastorino et al., 2016). These materials can be loaded with a
variety of bioactive materials, such as proteins, nutrients, drugs, peptides, and

oligonucleotides, owing to their large surface area of about 400-1000 m2/g (Cheng et al.,
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2008, Vasani et al., 2011). Approximately 1.95-2.02 pg of siRNA could be successfully
loaded onto 1 mg of oxidised and amine-functionalised pSiNPs nanoparticles (Kopermsub
et al., 2011). There are additional properties that encourage the use of pSiNPs
nanoparticles as vehicles. Non-toxicity and degradation within the body increase their
usability compared to other nanomaterials such as carbon nanotubes or quantum dots.
Under conditions of chronic dosing, pSiNPs are preferred because they do not need to be
removed, whereas carbon nanotubes remain in the body, and can induce toxicity.
Degradation of the pSiNPs in aqueous solution over time results in a complete conversion
into the non-toxic silicic acid, the major bioavailable silicon form, which is physiological
and well tolerated. The dissolution of pSiNPs materials is expected to occur over a period
of eight-nine weeks (Kashanian et al.,, 2010). Another advantage of Si-based
nanoparticles is that they can be easily sterilised due to their inorganic nature (Anglin et
al., 2008, Jane et al., 2009, Low et al., 2009, McInnes and Voelcker, 2009, Vasani et al.,
2011). The surface of pSiNPs can also be easily chemically modified compared to other
polymeric biomaterials, without affecting the material’s properties. Furthermore, pSiNPs
can be assembled into membranes, films, pellets, and particles, and their degradation
kinetics can be finely controlled via chemical alteration of the silicon material base,
fabrication conditions, and the type of surface functionalization used (Low et al., 2009).
The structural integrity of the material can be improved by ozone oxidation, and
subsequent surface treatments with silanes and biological materials, such as rat collagen
or foetal calf serum. Once synthesised, the surfaces can be characterised using a variety
of commonly used methods, including atomic force microscopy for topography, water
contact angle measurement for wettability, interferometric reflectance spectroscopy for

stability in aqueous solution, and Fourier-transform infrared spectroscopy for surface
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chemistry (Anglin et al., 2008, Low et al., 2009, Vasani et al., 2011, Worsfold et al., 2006).
Compared to other polymeric materials, the surface chemistry of pSiNPs can be modified
with a simple one-step chemical treatment without changing properties (Voelcker, 2014,
Sweetman et al., 2011). The degradation kinetics and structural integrity of the material
can be preserved by stabilising the pSiNP surface in contact with physiological fluids.
Controlling these parameters can change the half-life in vivo from hours to months.
Optimisation can be achieved by changing the chemistry of the silicon material base,
surface functionalisation, as well as the conditions used for synthesis (Mclnnes and

Voelcker, 2009, Yildirimer et al., 2015, Kamaly et al., 2016).

Currently, pSiNPs are being adopted for a range of different uses. In the optical biosensor
industry, silanized pSiNPs have been used for the capture and cross-linking of peptides,
oligonucleotides, and antibodies (Jane et al., 2009). Nanostructured pSiNPs have also
been used as a scaffold for orthopaedic (Coffer et al., 2005) and ophthalmic implants
(Kashanian et al., 2010), including implants into the vitreous of rabbit eyes (Cheng et al.,
2008). Nanostructured pSiNPs attached to both human and rat optical tissues (Cheng et
al., 2008, Kashanian et al., 2010), and their derivative materials, were shown to support
the attachment and growth of these different mammalian cells (Low et al., 2006, Khung
et al., 2006, Khung et al., 2008). Previous studies have shown that epithelial cells could
not be easily attached to ozone-oxidised or polyethylene glycol-silanized surfaces, due to
the inclusion of collagen-coated and amino-silicone surfaces on the pSiNP. However,
increased degradation of the pSiNPs occurred over a time period of 24 hours, despite the
success in the attachment of a wide range of mammalian cells in morphology studies

(Kashanian et al., 2010, Low et al., 2006, Khung et al., 2008).
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Taken together, these previous reports suggest that pSiNPs are a suitable choice of
material to be placed in the brain tissue cavity after tumour resection, in order to increase
the apoptosis of glioblastoma cells induced by the controlled delivery of therapeutic
oligonucleotides. There are several examples of the use of pSiNPs in GBM. Intratumoral
hypoxia in GBM could be treated using an NP-siRNA targeting hypoxia-inducible factor-
la (HIF-1a) (Aldea et al., 2016, Liu et al., 2012). In addition, other researchers (Ebrahimi
Shahmabadi et al., 2014), have demonstrated an effect of cisplatin loaded
polybutylcyanoacrylate (PBCA) nanoparticles (NPs) in GBM. As a similar approach, the
most widely used chemotherapeutic for the treatment of GBM, TMZ, has been
successfully loaded onto pSiNPs, and successfully delivered to GBM cells. Compared to
TMZ treatment alone, this resulted in an increase in uptake of 2—6 fold, and shift of 50—

90% in the IC50 72 h post-treatment (Fang et al., 2015).

Further modifications to the surface, and the porous properties of the material may,
however, be required, including the use of 150-um thick n-type silicon, which has a
slower degradation in aqueous solution; changing the thickness of the porous material
increases the degradation period by up to eight weeks. There are several procedures
used to prepare pSiNPs, including low-pressure plasma using Low Pressure Microwave
Reactor (Knipping et al., 2004), solution phase synthesis (Zou et al., 2004), and the use of
reverse micelles (Eastoe et al., 2006, Takemi Tanaka et al., 2010). However, these
methods produce non-porous particles, which means that they are not useful for
developing a drug delivery system. In contrast, an alternate method has been described
that can be used to prepare particles with a size of 100-200 nm that demonstrates

luminescence after incubation in water, due to the quantum confinement effect and the
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presence of oxide defects at the silicon oxide-silicon interface. This approach uses
electrochemical etching of the single-crystal wafers, followed by lifting of the porous film,
ultrasonication, and filtration (Secret et al., 2013). Furthermore, the synthetic process
and the subsequent complexing of the pSiNPs with therapy affect the pSiNPs surface
charge which may then be either positive, negative or neutral depending on what is

bound.

1.18 Delivery of siRNA Loaded into pSiNPs

As previously described, siRNAs loaded into pSiNPs are required in order for the siRNA
not to be rapidly degraded in solution. In addition, loading into the pSiNP allows for slow

release, increasing its targeting effectiveness.

In contrast to the rapid degradation of freshly prepared pSiNPs in aqueous solutions
(which occurs within minutes), which accelerates the release of loaded oligonucleotides,
thermal hydro-carbonisation (THC) of pSiNPs post-fabrication produces a stable Si—C
layer on the pSi surface (Kafshgari et al., 2015a). As a result, the release of peptides,
oligonucleotides, and hydrophobic model drugs, from THC-pSiNPs is sustained in vitro
and in vivo (Liu et al., 2013, Kovalainen et al., 2012). Capping the pSiNP pores after loading
with positively charged polymers such as polyethyleneimine (PEI) can further extend
release and also promotes the cellular uptake of the negatively charged siRNA (Li et al.,
2011, Takemi Tanaka et al., 2010). Endosomal escape of siRNA from the siRNA-loaded
nanocarriers is crucial for silencing of the target gene to occur (Figure 1-) (Ma, 2014,

Gilleron et al., 2013).
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Figure 1-11 Schematic illustration of the delivery of nanoparticles followed by siRNA release
into the «cytoplasm and <cleavage of the target mRNA. Adapted from
http://arrowheadnew.designlogic.us/technology/rondel

The pH-responsiveness of PEl also aids in the endosomal escape of pSiNPs via the ‘proton
sponge effect’ allowing the oligonucleotide payload to reach its cytoplasmic target. The
proton sponge effect states that after endocytosis the endosome may burst resulting in
a rapid release of its contents into the cytoplasm. This effect is utilized as a drug delivery

method for example to release contents packaged in micelles (usually coated in PEG or
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another protective polymer) into the cytoplasm of a cell after being endocytosed. pSiNps
can also utilise this effect. Recently, an siRNA delivery model, using mesoporous silica
NPs (MSNs) coated with PEI, demonstrated the downregulation of green fluorescent
protein gene expression (Li et al., 2011). However, the well-documented cytotoxicity of
MSNs, due to their disruption of mitochondrial membranes and the generation of
reactive oxygen species (ROS), is a major limitation for their use (Lee et al., 2013,
Jambhrunkar et al., 2014, Di Pasqua et al., 2008, Dunnick et al., 2014). pSiNPs do not show
this level of toxicity either in vitro or in vivo and should therefore be of greater utility
(Park et al., 2009). In this regard, PEI-facilitated cellular accumulation and internalisation
of pSiNPs has been shown to accelerate apoptosis in solid tumours (Shen et al., 2013).
Although post-fabrications such as amine and oxidised modifications on the surface of
pSiNPs may induce inflammation, such toxicity can be eliminated through the use of a

final polymeric coating (Bax et al., 2014, Licciardi et al., 2013, Kafshgari et al., 2015).
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AIMS AND HYPOTHESIS

Hypothesis

It was hypothesised that MRP1 expression is a critical determinant of the multidrug
resistance phenotype in glioblastoma tumours and that down regulation of MRP1 would
result in alteration of the malignant phenotype. It was also hypothesised that by
downregulation of MRP1 other key cellular pathways may be affected which contribute
to the multidrug resistance phenotype in glioblastoma due to its known transporter
functions within the cell membrane. It was the original intention of this thesis to explore
Sonic Hedgehog Expression in GBM and to modulate its expression using porous silicon
particles as a delivery system. However, upon discovery of a relationship in expression in
GBM of MRP1 and members of the sonic hedgehog pathway, this latter aim was

modified.

1. Reducingthe expression of MRP1 is predicted to change the biology of GBM including
the MDR phenotype.
2. That the multidrug resistance phenotype of glioblastoma cells is enhanced by a

relationship between the SHH pathway and MRP1 expression.

Aims

To develop a nanoparticle system capable of delivering siRNA or small molecules to

Glioblastoma cell lines both in vitro and in vivo.

To establish whether a relationship exists between MRP1 and the SHH pathway as a

driver of the MDR phenotype.
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To explore the change in the gene expression profile of GBM cell lines in response to

downregulation or functional inhibition of the MRP1 protein.
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2 MATERIALS AND METHODS:

2.1 Cell Culture Materials

All cell culture methods were published and in current use in Molecular Medicine and
Pathology, Flinders University. All cell culture was performed under sterile conditions in
laminar flow hoods. Millipore Milli-Q water with a resistivity of 18 MQ cm was used for

all the experiments.

2.2 Cell Culture Medium:

Roswell Park Memorial Institute Medium (RPMI) Media 1640 and Dulbecco's Modified

Eagle Medium (DMEM) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Opti-MEM reduced serum medium, Fetal Bovine Serum (FBS), L-glutamine, and

penicillin/streptomycin were purchased from Invitrogen (Carlsbad, CA, USA).

The medium was supplemented with 10% Fetal Bovine Serum (FBS), L-Glutamine-200
mM at 10 uL/mL of media, sodium bicarbonate, 100 units/mL of Penicillin and 100 pg/mL

of streptomycin.

RPMI 1640 and DMEM were used to maintain cell line growth. Opti-MEM reduced serum

medium was used in siRNA transient transfection, THCpSiNPs and MK-571 treatments.

2.3 Cell Culture Methods:

2.3.1 Thawing Cells:

Cell lines stored in liquid nitrogen in liquid phase were removed from liquid nitrogen

storage as required. Upon removal, cell vials were rapidly thawed in a 37°C water bath.
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This process was performed as rapidly as possible to avoid cell toxicity from Dimethyl
sulfoxide (DMSO). 1 mL of appropriately warmed (37°C) media was immediately added
to each vial drop by drop over 5 min. The cell suspensions were then transferred to sterile
10 mL tubes, and an additional 8 mL of media was added to a total volume of 10 mL. 50
uL samples were then removed from each tube for counting and remaining cells pelleted
by centrifugation at 500 g for 5 min. The supernatant was then removed, and cells
resuspended in 1 mL of media for viable cell counting using Trypan Blue exclusion

(Section 2.3.2).

2.3.2 Freezing Cells:

Cell lines were frozen and stored in liquid nitrogen to maintain stocks. Confluent cells
were trypsinised, centrifuged and resuspended in freezing medium. The freezing mix
prepared prior to use contains 2.5 mL media, 1 mL FBS and 1.5 mL DMSO which is filtered
through a 0.2 um filter in a cryogenic vial. Cells were transferred immediately to liquid

nitrogen storage.

2.3.3 Cell Lines:

The experiments in this thesis were performed with two human high-grade glioblastoma
cell lines, T98G and U87MG, which express MRP1 (Mohri et al., 2000; Bahr et al., 2003,
Peigiian et al., 2011). The T98G GBM cell line has been shown to possess the highest drug
and radiation resistance while U87MG has lower resistance (Kundu et al., 2012). US7MG
and T98G are kind gifts from Dr Kerrie McDonald, Cancer Institute NSW (Fowler et al.,
2011). The T98G glioblastoma cell line was derived from a 61-year-old Caucasian male
diagnosed with GBM tumour. A characteristic of the T98G GBM cell line is that it enters

a viable G1 arrested state if overgrown (confluent) or deprived of serum. In culture, T98G
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cells grow as anchorage independent cells (Stein, 1979). The chromosome count of the
T98G cell line is hyper pentaploid with 128 to 132 as the standard number of
chromosomes (American Type Culture Collection (ATCC)). However, only 1.39% of cells
have been demonstrated to possess the hyper pentaploid karyotype (Stein, 1979,

Rostomily et al., 1997).

In these studies, 10% FBS supplemented media was pre-warmed to 37°C in a water bath
prior to use. T98G and U87MG cell lines were incubated at 37°C, in a humidified 5%
carbon dioxide (CO) atmosphere in 20 mL of appropriate media in T75 (75 cm?) flasks.
Cells were split twice a week when they reached 80% confluence and passaged at a ratio
of 1:3.

2.3.4 Maintenance of Cell Lines:
2.3.5 Cell Trypsinisation:

Trypsin was used to harvest cells. Cells were washed with 3 ml of PBS in T75 flasks
following aspiration of the medium. 1ml of 0.25% Trypsin/EDTA was then added to each
flask and incubated until cells detached from the surface at room temperature. 9 mL of
medium was added to each flask to deactivate and neutralise the trypsin then cells were
transferred into a fresh 10 mL tube. 50 pL of cells were removed to determine cell
viability. Cells were spun at 1200 g for 5 min, then resuspended in 1mL fresh media prior

to cell counting and further experimental procedures.

2.3.6 Cell Counting and Viability Assay with Trypan Blue

Prior to each experiment, the viable cell number was ascertained. Cells were counted
using a haemocytometer under a light microscope with 10 times magnification. 50 uL of

cells were taken from harvested cell lines and mixed with an equal volume of Trypan Blue.
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The viable cell count was established by Trypan Blue exclusion, bright cells are viable and

blue cells non-viable, using the following equation, where the result is cells/mL

Total number of cells in 2 squares

x 2(Dilution factor) X 10x*
Number of Haemocytometer squares counted

2.3.7 Mycoplasma Detection Methods

All cell lines were screened for mycoplasma contamination upon establishment in
culture. All cell cultures used in this project tested negative for mycoplasma infection.
Three methods were used to clarify mycoplasma negativity in cell lines; Polymerase Chain
Reaction (PCR), 4’-6’-Diamidino-2-phenylindole (DAPI), and Mycoplasma Detection Kit —

QuickTest (Bio-tool).

2.3.8 Mycoplasma Detection by PCR:

A 200 pL cell suspension was taken from each flask and 1 mL of sterile saline added before
cells were pelleted by centrifugation at 6500x g for 5 min, and the supernatant removed.
The pellet was then resuspended in 90 pL 0.05M NaOH then the solution incubated for
10 min at 98°C to simultaneously lye cells and extract DNA. The solution was then
neutralised with 10 uL 1M Tris-HCl, pH7.5 and allowed to cool. DNA was then diluted 1:10

with sterile water for injection BP in preparation for PCR.

Primers MGSO 5'-TGCACCATCTGTCACTCTGTTAACCTC-3' (mycoplasma genus-specific
oligonucleotide) and GPO-1 5'-ACTCCTACGGGAGGCAGCAGTA-3' (a  primer
complementary to mycoplasma 16S rRNA) were used to amplify a mycoplasma genus-

specific sequence of 715 bp that is routinely used for the detection of mycoplasma
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contamination in cell cultures. An internal control gene was also amplified using primer

specific to HRAG1 (see Table 1 for primer sequences).

Table 2-1 Primers used for mycoplasma testing of cell lines

5’ ACTCCTACGGGAGGCAGCAGTA 3’
5’ TGCACCATCTGTCACTCTGTTACCCTC 3’

573bp
5’ GCCATGAAGAGCAGTGAATTA 3’

5" AGGAATTAACTCACAAACTGC 3’

For PCR reactions, each tube contained the following: 2.5 uL 10x AmpliTaq Gold buffer,
1 puL 50 mM MgCl2, 10 mM dNTPs, 100 ng GPO-1 primer, 100 ng MGSO primer, 50 ng
HRAG1-forward primer, 50 ng HRAG1-reverse primer, 0.2 puL AmpliTag Gold, 15.8 pL
sterile water for injection, and 2 puL DNA for a final volume of 25 pL. (van Kupperveld
1992) Two additional cell lines were also used as controls; one a known positive for

mycoplasma contamination and another known negative for mycoplasma.

PCR products were run in an iCycler thermocycler. PCR cycling conditions were as per

Table 2.
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Table 2-2 Mycoplasma PCR cycling conditions

10 min

30 seconds denaturation
1 min annealing

1 min elongation

The absence of the mycoplasma specific 715 bp band indicated the mycoplasma result is

negative.

2.3.8.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis was routinely used to visualise PCR products throughout this
thesis. 1X TBE buffer (10.8 g Tris and 5.5 g, Boric acid in 900 ml distilled water and 4 ml
0.5 M Na2EDTA (pH 8.0)) was used to make and run gels. PCR products were analysed in
2% agarose (LE, analytical grade) gels containing 5% ethidium bromide. Gels were run at
180 volts for approximately 1.5 hrs. Products were subsequently visualised with UV trans-

illumination.

2.3.9 Mycoplasma Detection Kit — QuickTest

The principle of this kit is to detect the degradation of culture medium components by
the metabolic enzyme produced by mycoplasma. These metabolites are highly specific to
mycoplasma and are not produced by bacteria or eukaryotic cells. The QuickTest kit
contains test strips, reaction A, reaction B, stop solution and positive control. The mixture

changes colour according to the concentration of the metabolites produced by
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mycoplasma. If the sample is infected with mycoplasma, the colour will turn greenish-
blue. The OD value of the examined samples was measured and compared to negative
and positive controls. All materials and samples were stored at room temperature. 100
UL of reaction A was added to all wells. The first well was left blank and 10 pL of media
was added to the second well as a negative control. This media was incubated under the
same conditions as cells in culture for 48 hours. Then, 10 pL of the sample supernatants
was added to all wells. 100uL of reaction buffer B was added to all wells and shaken
gently. Samples were incubated at room temperature for 7 minutes, then 10 pL of stop
solution was added. Samples were measured at Em630 nm using a fluorescent microplate

reader.

The OD value of the blank well was set as zero, and OD of samples were measured. The

equation for calculating the value of OD was as follows:

ODSBmP"E (ODS) - ODnegative control(ODC).

If the ODs — ODc is 2 0.105, the sample is defined to be contaminated by mycoplasma. In

contrast, if ODs — ODc is < 0.105, the sample is free of mycoplasma.

2.3.9.1 Mycoplasma Detection by DNA fluorescence staining (DAPI):

Cells were grown in 6 well plates. After medium was aspirated, cells were incubated with
4% paraformaldehyde at room temperature for 15 minutes, followed by two washes with
1xPBS and incubated for one minute with DAPI solution. Cells were washed three times
with 1xPBS and resuspended in 500ul of 1xPBS then visualised using an Olympus FV1000
confocal microscope. Also, 50ul of fixed cells were mounted on a slide and one drop of
DAPI was added and visualised using immunofluorescence microscope. If the sample is

negative for mycoplasma contamination, the nuclei have a clear appearance without any
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polymorphic bodies surrounding the cells. In contrast, if clusters surround the nuclei, the

sample is positive for mycoplasma.

2.4 MRP1 Targeted in T98G Glioblastoma Cell Line:

2.4.1 Plating/Preparation:

Cells were seeded at a density of 3x10° per well in 6 well plates with 2 mL Opti-MEM® |
Reduced Serum Medium 24hrs prior to treatment with siRNA to allow cell adherence to
the well surface. The experiment contained controls, untreated cells, negative control
siRNA, and two different siRNAs targeted to MRP1. Each sample was plated in triplicate
for two-time points, 48 and 72 hours (based on the half-life of the MRP1 protein 48, 72
hr) (Stewart, 1996), post-treatment. Cells were incubated under standard incubation

conditions (37°C, 5% CO,).

2.4.2 DMEM without Antibiotic:

DMEM (Sigma-Aldrich) with supplement no antibiotic or FBS was used to grow cells
before and after siRNA transfection. Media with 10% FBS was used 24 hours after the

second treatment

2.4.3 Opti-MEM® Reduced-Serum Medium:

Opti-MEM® Reduced-Serum Medium (Invitrogen) was used to prepare siRNA and
Lipofectamine prior to transfection. Reduced serum reduces siRNA degradation (Hu and
Zhang, 2012). Transfected cells were grown in Opti-MEM® reduced serum media after

transfection for 24 hours.
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2.4.4 Cell Viability:

50 uL of treated and untreated harvested cells were taken at 24, 48, 72 and 96 hour time-
points following the treatment. These samples were analysed for cell viability using
Trypan blue exclusion (Trypan Blue purchased from BDH Chemical Ltd, Poole, England

and prepared as 0.2% w/v solution in 0.9% w/v sodium chloride solution).

2.4.5 Harvesting/ Time (post-treatment time points):

Media was aspirated from the wells and retained. Cells were then washed with 1xPBS
followed by the addition of trypsin. This wash was added to the retained media.
Trypsinised cells were washed twice with 1xPBS and centrifuged at 1200 g for 5 min for
RNA extraction, Annexin V analysis (2.7.2), protein level analysis (2.7.1), Calcein-AM

uptake (2.7.3) and cell cycle analysis (2.7.4).

2.4.6 siRNA Treatment:

2.4.6.1 Lipofectamine:

Lipofectamine 2000 (Invitrogen) and siRNA complex diluted in Opti-MEM reduced serum
media were freshly prepared according to the manufacturer’s recommendations. In
summary, on the day of transfection, 9ulL of Lipofectamine reagent was diluted with
150uL of Opti-MEM® Reduced-Serum Medium for 5 min at room temperature. At the
same time, 9uL of 20uM siRNA duplex stock was diluted in 150ulL of Opti-MEM® Reduced-
Serum Medium. The siRNA duplex, and Lipofectamine reagent solutions were gently
mixed together followed by incubation for 20 mins at room temperature. After that,
siRNA-Lipofectamine solution was added to cells in each well as per treatment

requirement.
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2.4.7 Transient Transfection of MRP1-siRNA in T98G Cells:

Cells were exposed to siRNAs to accomplish transient transfection using 150nM of two
species of siRNA against MRP1 and a third representing a negative control (NC-siRNA)
(see details in section 2.4.2). In brief, cells were plated at 3x10° per well in Opti-MEM®
Reduced-Serum media using a 6 well plate and grown overnight to allow adherence.
Transfections were carried out using 9uL of lipofectamine and were performed at 0 and

24 hours.

2.4.8 siRNA:

siRNA was designed and synthesised by Shanghai GenePharma (Shanghai, China) by
contractual arrangement with the department of Haematology using design principles as
outlined on their website. siRNA duplexes, negative control siRNA and fluorescent-
labelled siRNA were also designed by Shanghai GenePharma (Shanghai, China). The
effectiveness and specificity of all agents were tested in the Flinders laboratory to
confirm efficacy. Fluorescence-labelled siRNA sequence is identical to the siRNA for the
MRP1 sequence. The BLOCK-iT™ Fluorescent Oligo, a fluorescein-labelled double-
stranded RNA duplex (16.1 kDa), was designed as a detection tool for uptake of siRNA
into cells (Invitrogen, Mulgrave, VIC, Australia. Exon 7 encoded for the protein
membrane-spanning polymorphism domains while exon 17 encoded for the intracellular
region of the protein hydrophilic nucleotide binding domains (NBDs) (Stomka et al.,

2015).
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Table 2-3 Oligonucleotide Sequences

Sense 5’GAGGCUUUGAUCGUCAAGUTT3’
Antisense 5’ACUUGACGAUCAAAGCCUCTT3’
Sense 5’GGCCUGGAUUCAGAAUGAUTT?’
Antisense 5’AUCAUUCUGAAUCCAGGCCTT3’
Sense 5’UUCUCCGAACGUGUCACGUTT3’
Antisense 5’ACGUGACACGUUCGGAGAATT3’
- FITC labelled oligonucleotide

17

2.5 Porous Silicon Membrane:

2.5.1 Porous Silicon Membrane Synthesis:

The pSi membrane was synthesised by Morteza Hasanzadeh Kafshgari, Mawson Institute,
UniSA. The fabrication of THCpSiNPs, Nitrogen sorption measurements, Dynamic light
scattering and zeta potential, scanning electron microscopy (SEM), and TEM of cells
were performed by MH Kafshgari. siRNA loading and release, PEl coating on
siRNA/THCpSiNPs and Confocal microscopy experiments were performed by MH
Kafshgari and Mohammed Alnakhli. Experiments for cell viability and proliferation,
annexin V, gRT-PCR and protein level were performed by M Alnakhli. Additionally, mouse
experiments were handled by WingYin Tong, Mawson Institute, UniSA, while RNA

extraction and gRT-PCR were accomplished by M Alnakhli.

2.5.2 Fabrication of THCpSiNPs:

p+ type (0.01-0.02 Qcm) silicon wafers were used to fabricate pSiNPs by periodically
etching at 50 mA/cm2 (2.2 s period) and 200 mA/cm2 (0.35 s period) in an aqueous 1:1
HF(38%):EtOH electrolyte for a total etching time of 20 min. The pSi films were detached

from the silicon substrate by increasing the current density to electropolishing conditions
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(250 mA/cm2, 3 s period). In order to stabilise freshly etched hydride terminated pSi
membranes, the detached multilayer films were thermally hydrocarbonised under
N2/acetylene (1:1) flow at 500 °C for 15 min, and then cooled down to room temperature
under a stream of N2 gas. Films were subsequently converted to THCpSiNPs using wet
ball-milling with a ZrO2 grinding jar (Pulverisette 7, Fritsch GmbH, Idar-Oberstein,

Germany) in 1-decene. THCpSiNPs were harvested by centrifugation (1500 x g, 5 min).

2.5.3 siRNA Loading

To load Block-iTTM (40 uL of 322 pug/mLin water) and siRNA (25 pL of 500 pug/mL in water)
into the THCpSiINPs (0.1 mg/mL, 250 L, suspended in EtOH) for the cellular uptake and
reverse transcription polymerase chain reaction (RT-PCR) experiments, the particles
were dispersed by sonication for 1 min, then incubated at 5 °C overnight. Following
incubation, the supernatant was separated from NP by centrifugation (5000 rpm, 5 min)
and the THCpSiINPs with the loaded siRNA (siRNA/THCpSiNPs) or the loaded Block-iTTM
(Block-iTTM/THCpSiINPs) were collected. The amount of the absorbed oligonucleotides
was measured by UV-Vis spectrophotometry (HP8453, Agilent Technologies, Santa Clara,
CA, USA) at 260 nm from three replicates. The concentration of oligonucleotide in the
supernatant was subtracted from the initial concentration of oligonucleotide in the
loading solution. The amount of oligonucleotides absorbed onto the pSiNPs, P (mg/mg)

was calculated using the following equation:

_ V(Co - C)
W

P
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Where V (mL) is the volume of the oligonucleotide solution. CO and C (pug/mL) are the
initial oligonucleotide concentration and the oligonucleotide concentration at the

measurement time, respectively. WD (Kim et al.) is the weight of the pSiNPs.

The total amount of siRNA loaded was 0.4 nmol/sample and found to be constant for the

different loading times

All siRNA loading processes were performed in a biosafety cabinet (Aura 2000,
Microprocessor Automatic Control, Firenze, Italy) to keep the NPs sterile for subsequent

cell uptake studies.

2.5.4 PEI Coating on siRNA/THCpSiNPs:

To coat siRNA/THCpSiINPs with PEI (PEI/siRNA/THCpSiNPs), the sterile siRNA/THCpSiNPs
(0.1 mg/mL) were dispersed by 1 min sonication into PEl solution (250 pL) at
concentrations of 0.05 and 0.1 and 0.2% w/v. The coating was performed at pH 5.7, above
the IEP (= 5.2) of siRNA/THCpSiNPs but below the pKa of PEI (= 9.08 42). The pSiNP
suspension was incubated at 5 °C for 20 min, and then centrifuged at 5000 rpm at 5 °C
for 5 min to collect the coated NPs. After removing the supernatant containing the
unconjugated PEl, the amount of siRNA released during the coating process was
measured using UV-Vis spectrophotometry at 260 nm to determine the final amount of
loaded siRNA into the NPs. The sterile PEI/siRNA/THCpSiNPs were kept at 5 °C until use
in siRNA release and cell uptake studies. The mean particle size and size distribution of
the prepared PEI/siRNA/THCpSiNPs were determined by DLS and scanning electron
microscopy (SEM). The surface charge after PEl coating was determined from zeta

potential measurements. The same procedure was carried out for the PEI coating of the
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Block-iTTM/THCpSiINPs (PEI/block-iTTM/THCpSiNPs). All PEl coating processes were

carried out in the biosafety cabinet to keep the NPs sterile for future cell uptake studies.

2.5.5 Nitrogen Sorption Measurements

The pore volume, average pore diameter, and specific surface area of THCpSiNPs were
calculated from nitrogen sorption measurements performed using a Tristar 3000

porosimeter (Micromeritics Inc., Norcross, GA, USA).

2.5.6 Dynamic Light Scattering and Zeta Potential

The mean hydrodynamic diameter of NPs, size distribution along with the polydispersity
index (PDI) and surface zeta ({)-potential of NPs were determined by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvern, Worcestershire, UK). A scattering

angle of 90° and a temperature of 25 °C was used with NPs dispersed in Milli-Q water.

2.5.7 Scanning Electron Microscopy (SEM)

Images of THCpSiINPs and PEl-coated siRNA/THCpSiNPs (PEI/siRNA/THCpSiNPs) were
acquired by a SEM (Crossbeam 540, Carl Zeiss AG, Oberkochen, Germany) by collecting
the back-scattered electrons (0.7 kV beam energy under high vacuum 2x107* Pa). The
samples were prepared by allowing a single drop of nanoparticle suspension to dry
overnight at room temperature on a thin layer graphite attached to a standard SEM

holder by double-sided carbon tape.

2.5.8 siRNA Release Experiment:

To study release kinetics, the prepared siRNA/THCpSiNPs and PEI/siRNA/THCpSiNPs
(coated with PEI solution at concentrations 0.05, 0.1 and 0.2%w/v) were suspended at
0.1 mg/mL in PBS (100 pL). The solution was transferred into a cellulose membrane

dialysis “bag” (to avoid NP interference in UV absorbance measurements) fitted inside of
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a quartz cuvette (3 mL) filled with PBS and maintained at 37 + 0.5 °C. The amount of
oligonucleotide released was measured using the UV/Vis spectrophotometry every 5 min

for 35 h. All release experiments were conducted in triplicate.

2.5.9 Confocal Microscopy:

T98G cells were seeded onto flat-bottomed 24-well tissue culture plates (Thermo Fisher
Scientific Inc., SA, Australia) at a density of 3x10% cells/cm? in DMEM supplemented with
10% v/v FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin and
cultured in a 37 °C, 5% CO; humidified atmosphere for 24 hours prior to incubation with
NPs. Cells were grown to 80% confluence before exposure to NPs. After 24 hours, the
medium was removed and cells were exposed to Opti-MEM culture medium
supplemented with 5% (v/v) FBS containing 0.1 mg/mL of PEl/block-iTTM/THCpSiNPs or
PEI/FAM-siRNA_A/THCpSiNPs at 37 °C, 5% CO, as specified above. The cell culture
medium did not contain antibiotics. Controls (untreated cells) were generated by
incubating T98G GBM cells in Opti-MEM without NPs for an identical time period.
Following incubation (24 hours), the cells were washed with PBS to remove the non-
internalised NPs. Subsequently, the cells were fixed in 4% paraformaldehyde solution for
30 min, then permeabilised with 0.25% Triton X100 for 5 min at room temperature. The
nuclei of cells were stained with 2 pg/mL Hoechst 33342 for 15 min at room temperature.
Cells were also stained with 100 uM phalloidin-TRITC for 45 min. After washing with PBS,
cells were mounted with the Fluoro-gel mounting reagent. Cells were imaged using a
Nikon A1l laser scanning confocal microscope (Nikon Inc., Rhodes, NSW, Australia)
equipped with the appropriate filters. The efficiency of cellular uptake of NPs was
assessed by counting the number of cells that exhibited green fluorescence (from the

Block-iTTM or FAM-siRNA), together with the total number of cells present.
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2.5.10 TEM of Cells:

Cellular uptake was illustrated using TEM imaging. Briefly, cellulose membrane dialysis
tubes were placed in a 24-well plate, then T98G cells were seeded at a density of 3x10*
cells/cm? for 24 hours in DMEM supplemented (see section confocal microscopy 2.5.9).
After incubation, the medium was removed and cells were exposed to Opti-MEM culture
medium supplemented with 5% v/v FBS containing 0.1 mg/mL of PEI/siRNA/THCpSiNPs
for 24 hours at 37 °C, 5% CO.. For control experiments, medium without the NPs was
used. After incubation, T98G cells cultured on the cellulose membrane were fixed using
4% paraformaldehyde with 4% sucrose in 0.1 M PBS (pH 7.2) overnight. Aqueous osmium
tetroxide solution (2.0% w/v) was added to the fixed cells before dehydrating cells by
exposure to a series of ethanol/water mixtures (70% to 100% ethanol with 5% step
increases). The dehydrated cells were embedded in absolute ethanol, and resin mixture
(Araldite 502, procure 812, D.D.S.A., DMP-30) (1:1) then incubated in pure resin mixture.
The cells were transferred to embedding moulds containing fresh pure resin mixture,
which was then polymerised for 24 hours at 70 °C. Samples were cut with a diamond
knife (sections of 60-100 nm thickness) and placed on a 200-mesh copper grid ProSciTech
Co., Thuringowa, Qld, Australia). The cells placed on the grids were stained with uranyl
acetate for 15 min, and rinsed with de-ionised water, subsequently stained with lead
citrate for 3-5 min, and then rinsed with de-ionised water. The samples were imaged on
a Tecnai™ Spirit Philips TEM (Hillsboro, OR, USA) at 20—120 kV beam energy under high

vacuum (1x107 Pa).

2.5.11 Mouse Tumour Model:

To assess the siRNA delivery, MRP1 knockdown and its subsequent influence on the

proliferative state, and the effect of knockdown on distal organs, a subcutaneous
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xenograft tumour model was established using CD-1 nude mice (nu/nu) of mixed gender
(total of 20 mice). Animal procedures were performed according to a protocol approved
by the South Australian Health & Medical Research Institute Animal Ethics Committee
(Approval number, SAM#98). U87MG cells were trypsinised, washed with warm PBS and
counted. 5x10° cells in chilled PBS were then mixed 1:1 with Matrigel (E1270, Sigma) to
a total volume of 100 pl. CD-1 nude mice between 6 to 8 weeks of age were then
subcutaneously inoculated with the prepared cells on both flanks. Unlimited food and
water were provided ad libitum, and since CD-1 nudes are immunocompromised, they
were housed in individually ventilated cages (IVC). On week 4 post-inoculation, mice
baring tumours reaching 250 mm3 were paired into groups receiving either pSiNP/ Saline,
PSINP/ ctrl siRNA, or pSiNP/ siRNA. Each group and time point contained two mice
bearing four tumours. Each group of mice then intravenously received 2 doses of
prescribed treatment separated by 24 hours. Each mouse received 31.25mg/ kg of pSiNP
carrying the respective siRNA including control siRNA, or equivalent saline per dose. Mice
were humanely killed at 24, 48 and72 hours post-treatment. Tumours, kidneys and
duodenums were harvested. For mRNA level analysis (2.8), tissues were immersed into

RNAlater (AM7023, ThermoFisher).

2.6 MK-571 Functional Inhibitor for MRP1:

MK-571 (Santa Cruz Bio- technology, Inc., Dallas, TX, USA ) is an effective MRP1 inhibitor
as well as several ATP transporters (Vellenga et al., 1999, Zhang et al., 2006, Robbiani et
al., 2000) and a CysLT receptor antagonist (formerly known as LTD4 Receptor). When
MRP1 is functionally active in the cell, Calcein AM is exported by MRP1 and therefore can

be used as an indicator of its transporter function. Calcein-AM is a cell permeable, non-
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fluorescent compound which converts into a highly fluorescent molecule when cellular
esterases cleave the acetoxymethyl ester (AM) moiety. In cells with low or no
endogenous expression of MRP1, Calcein fluorescence will accumulate and be detectable
by flow cytometry or fluorescence microscopy. In contrast, there will no or low

fluorescence of Calcein-AM in cells with high expression of MRP1.

In this project, we used MK-571 to demonstrate the inhibition of MRP1 and compared
this result with the effect of MRP1-siRNA on MRP1 in the GBM cell line. Cells were seeded
at 3x10° cells/well in a 6 well plate and allowed to adhere overnight. Subsequently, a
total of 25uM MK-571 was added and cells were allowed to grow for up to 72 hours in
media containing MK-571. Only one dose was required to inhibit MRP1 function for 72
hrs as tested by Calcein-AM transport experiments. Cells were then washed twice with
PBS at room temperature and analysed by flow cytometry with the FL1 detector channel.
The cells were analysed (Annexin V analysis (2.7.2), protein level analysis (2.7.1), Calcein-
AM uptake (2.7.3) and cell cycle (2.7.4)) for the downstream effects of MRP1 inhibition

at 24, 48, 72 hours.

2.7 Flow Cytometry Analysis:

2.7.1 Determining Protein Level by Flow Cytometry:

Flow cytometry of MRP1 protein levels was performed as follows. Cells treated with
MRP1-siRNA were trypsinised and washed twice with 1xPBS then centrifuged (1200 g)
for 5 min (as described previously (2.4)). Subsequently, 300 puL of BD Cytofix/Cytoperm
solution was added to each tube containing the trypsinised cells (3x10° per tube). The
cells were incubated in the dark at -20 °C for 30 min, washed twice with the BD

Perm/Wash buffer (1 mL) then centrifuged at 1200 g (3 min). Afterwards, treated cells
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were incubated with 10 uL of MRP1 antibody (QCRL-1; 200 pg/mL) for 90 min (-20 °C in
the dark), then washed twice with the BD Perm/Wash buffer. 50 pL of the 1/50 Sheep
anti-Mouse Ig, PE Conjugated Affinity Purified F (ab') secondary antibody was then added
to the cells and kept for 30 min at room temperature. Prior to protein level analysis using
flow cytometry, cells were rinsed twice with PBS. The same procedure was performed for
all samples. A sample without antibodies and sample with secondary antibody were
included in each analysis to address cell auto-fluorescence and non-specific binding
respectively. Dead cells were excluded from analysis. For each sample, a total of 10,000
events were counted. The results were displayed in overlay histograms. All experiments

were carried out in triplicate as technical replicates for each analysis conducted.

2.7.2 Annexin V Analysis:

Treated cells were trypsinised then (1x10° cells/tube) resuspended in 500 pL of the
Annexin V binding buffer (10 mM HEPES/NaOH, PH 7.4, 140 mM NaCl, and 2.5 mM CaCl,)
(final concentration 3x10° cells/100 pL). The suspension was then divided into four FACS
tubes (Falcon™ round-bottom tube, Thermo Fisher Scientific Inc., Waltham, MA, USA).
Samples included cells without Annexin V- FITC or PI, cells with 10 pL of PI (2.5 mg/mL),
cells with 5 pL of Annexin V- FITC (1 mg/mL), and cells with both Pl and Annexin V-FTIC.
Subsequently, the tubes were incubated for 30 minutes at ambient temperature and
protected from light before analysis with the Accuri-C6 flow cytometer (BD Accuri
Cytometers Inc., USA). The same treatment was repeated for control agents. The tests
were performed in triplicate. For each sample, a total of 10,000 events were counted.
FSC-A vs SSC-A plots were used for gating cells and to identify changing scatter properties
of the cells. Ungated events showed all debris came from the remains of dead cells and

crystals from washing and agents. Various Annexin V FITC / Propidium lodide populations
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of gated cells were assessed: viable (Annexin V- PI'), early apoptotic (Annexin V*PI’), and
late apoptotic (Annexin V*PI*) cells. Both early and late apoptotic populations were added
to present a final quantification of apoptosis in all cell samples after treatments. All

experiments were carried in triplicate.

2.7.3 MRP1 Transport Activities (Calcein AM Uptake):

Calcein acetoxymethyl ester (Calcein AM) is a commonly used model substrate for
multidrug resistance proteins. It is a fluorescent dye originally developed for intracellular
calcium ion quantification. Although Calcein uptake is not specific for MRP1 and is also
transported by Pgp, and other related transporters, its use as a tool for the measurement
of change in MRP1 function is recognised particularly where functional or translational
blockade of MRP1 is used within the one cell line. (Feller 1995) Cells were trypsinised and
washed as previously described (2.4.5) at the 48 and 72 hours-time points followed by
incubation with a total of 0.02uM of Calcein AM solution in 500uL DMEM medium for 30
minutes in a CO; incubator at 37°C. Cells were then washed twice and resuspended in
cold PBS. Intracellular fluorescence was quantified using Accuri-C6 flow cytometry (BD
Accuri Cytometers Inc USA). Only live cells were gated according to the typical forward,

and side scatter pattern (Olson et al., 2001, Dogan et al., 2004).

Percentage of Calcein AM uptake was determined using the equation below

(Calcein Fluorescence of Treated Cells) X100

(Calcein Fluorescence of Untreated Cells)
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2.7.4 Cell Cycle Analysis:

The cells were trypsinised at 24, 48 and 72 hours, followed by fixing in 70% ethanol by
single consecutive drops on vortex and incubated at 4°C for 30 min. Fixed cells were
washed twice with 1xPBS in a FACS tube. The pellet was resuspended in 0.5mL of
FxCycle™ PI/RNase Staining (Thermo Scientific Inc.) Solution and incubated for 30 min at
room temperature. Thereafter, the DNA content was analysed by Fluorescence-activated
cell sorting (FACS) analysis using the Accuri-Cé flow cytometer (BD Accuri Cytometers

Inc., USA) on the DNA setting (linear FL2) on low flow.

2.8 Real-time qPCR:

MRP1-mRNA silencing was studied using a BioRad CFX Connect QRT-PCR detection

system with the SYTO9 reagent to detect the level of MRP1-mRNA downregulation.

2.9 RNA Isolation:

RNA was isolated from treated and untreated cells using Trizol according to the
manufacturer’s protocol (Sigma-Aldrich). In summary, trypsinised cells were
homogenised in 1mL of TRIzol reagent and incubated at room temperature for 5 min.
Then 100uL of Bromochloropropane (BCP) was added to the homogenate, and samples
were shaken vigorously by hand for 15 seconds, incubated for 10 minutes at room
temperature, then centrifuged for 15 min at 12000 g at 4°C. The aqueous phase was
immediately transferred carefully to a fresh tube. RNA was precipitated with 500uL
isopropanol and centrifuged for 10 minutes at 12000 g at 4°C. The RNA pellet was washed

with 75% ethanol and centrifuged for 5 minutes at 8000 g at 4°C.
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RNA pellets were dissolved in 15 pL of DEPC treated water after being air-dried for 5-10

min.

2.9.1 Nanodrop Spectrophotometry:

3 pL of each RNA sample was taken after extraction to determine RNA purity and
concentration for use in PCR, using a NanoDrop-8000 spectrophotometer (Thermo Fisher
Scientific U.S.A.). 1uL of RNA was added onto the lower measurement pedestal of the
NanoDrop and software measured the concentration of RNA. DEPC-water was used as a
blank for RNA measurement. The samples were read in triplicate. The purity of the RNA

samples should have an A260/280 ratio <1.8.

2.9.2 Reverse Transcription Polymerase Chain Reaction Amplification:

First strand cDNA was synthesised with a Moloney Murine Leukemia Virus (M-MLV)
Reverse Transcriptase kit according to the manufacturer’s protocol (Promega). Total RNA
and random hexamer primers were used at 2.5 pg and100 ng, respectively. Nuclease-free
deionised water was mixed gently to prepare a mixture up to 14uL. The mixture was
heated to 70°C for 5 min to melt secondary structures within the template, then chilled

immediately on ice for 5 min to prevent secondary structures from reforming.

5uL of M-MLV RT 5X Reaction Buffer, 1uL of a 20Unit/uL RNaseOUT Recombinant
Ribonuclease Inhibitor (Invitrogen) and 1.25uL of 10mM dNTP mix, 1pL of 200U M-MLV
Reverse Transcriptase, RNase H Minus, Point Mutant (MLV RT (H-)) were added to the
mixture. The mixture was vortexed gently and water added to a final volume of 25ul,
followed by incubation at 50°C for 50 minutes. The reaction was inactivated at 70°C for
15 min. First strand cDNA was stored at -20°C for subsequent use in PCR and real-time

PCR.
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2.9.3 Gene-specific primer design:

NCBI Primer-BLAST was used to design specific primers for target genes. The NCBI Human
RefSeq database was used to check for specificity. The following parameters were

considered essential for producing a unique PCR product:

e The desired PCR product size is 75 - 300bp

e Melting temperature between 56-60 °C

e Primers must span at least one intervening intron

e At least 2bp mismatch within the last 5bp of the 3' end compared to off-target mRNA

e The primers could amplify additional splice variants to capture as many transcripts as
possible

e The GC content was set between 45-65%

e To minimise the formation of primer hairpins, cross-dimers and self-dimers were
essential in primer sequences.

Table 2-4 summarises the designed primers and their product size.
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Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Table 2-4 Sequences of PCR primers

5’AAG GAA TGC GCC AAG ACT AG3’

159bp
5’CCT TAA ACA GAG AGG GGT TC3’
5'AGG GAG GAA AGC AGA CTG AC3'

136bp
5'CCA GTC ATT TCC ACA CCA CT3'
5'TTGC CTC CGA GAA GCA AGA AG3'

179bp
5'TCG CAT GTC AAT CGG TAG GG3'
5'GTC TAT GGG AAG TTC GGG GA3'

120bp
5'TTC AGT GGT CGT GGA GCT GT3'
5'GAA GGC TGC ACG AAT GAG GT3'

101bp
5'GTC CTC GTA CCA GCT CTT GG 3'
5'GGA CAG GCT GAT GAC TCA GA3'

147bp
5'GCC CTC GTA GTG CAG AGA CT3'
5'CCC TTT TGA GGA CAG GAC CG3'

156bp
5'AAC ACC ACT ACT ACC GCT GC3'
5'TGT AGG CAT TGG CGT TGA GT3'

198bp
5'CGC CGC AAA GAA GTA CCT TAC3'
5’GTT ACC TTC CTC CAG ATC GT3’

200bp
5" GTC TCG ATG CCT TTG TCA AC3'
5’GCC CAA CAA CAC CAG CTC CT3'

199bp
5’CCT GGG CAT CCT TGA GTT CC3'
5'TGG ATT CGA CTT AGA CTT AGA CCT A3' 250bp
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Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

5'GTT TGA TAA GTT CTA GCT GTG GTG3'

5'GTG AAG GTC GGA GTC AAC GG3’

5'TGG AGG GAT CTC GCT CCT GG3’

5'TTC AGC GGC CAG TAG CAT CTG ACT T3’

5'TGT GAT TAT AGC CTA AGA CCC GGA G3’

5'CGG CTA CCA CAT CCA AGG AAY’

5'GCT GGA ATT ACC GCG GCT3’

5'GAA AAT ACG TGG TTG GAG AGC TCATT3’

5'CCG AGT GAA GAT CCCCTT TTT A3’

5'TGC AGA GGC ATC TCA GCA ACT C3’

5'TTC GGC TAT GCT GCT GTG TT3’

5'CGA CTT CAA CAG CAACTCCCACTCTTCC¥

5'TGG GTG GTC CAG GGT TTCTTA CTCCTT3’

2.9.4 Real Time Polymerase Chain Reaction Amplification:

240b

201bp

178bp

100bp

71bp

284bp

Quantitative real-time PCR using 15 strand cDNA derived from T98 cell line treated with

MRP1 siRNA and controls was used to evaluate changes in expression of MRP1. Primer

information is summarised in Table 4.

The PCR reaction mixture is described in Table 5. The first strand cDNA was diluted 1:5

and 5uL of cDNA was used in each PCR reaction. Each reaction was performed in

triplicate.
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Table 2-5 Real time PCR reactions per tube

For each tube Final concentration Volume used
10X Platinum PCR Buffer 1X 2.5uL

50 mM MgCl, 1.5 mM 0.75 pL

10 mMdNTP mix 0.4 mM 0.5 pL

100 ng/1uL Forward primer 4 ng 1pul

100 ng/1uL Reverse primer 4 ng 1pl
Platinum Taq DNA polymerase 1 Unit 0.2 uL

50 uM SYTO9 green fluorescent nucleic acid stain 2 uM 0.25 uL
Water N/A 13.8 uL
TOTAL N/A 20 pL

PCR reaction plates or tubes were then placed in thermo-cyclers (iCycler Thermo-cycler,

Applied Biosystems).

Table 2-6 Thermo-cycler Real-time PCR amplification conditions

94°C 3 min Enzyme activation
94°C 1 min Denaturation

56°C 1 min Annealing

72°C 1 min Elongation (Read FAM)

55-95°C (0.5°C per step)  6sperstep Read FAM

71| Page



2.9.5 Statistical Analysis for RT-PCR:

Statistical analysis for RT-PCR was performed using the delta-delta method for relative
gene expression level normalised to control housekeeping gene. The delta-delta method
is an accurate method used to detect the changes in gene expression levels, also called
the comparative Ct method. It is dependent on a standard curve of a reference gene.
Delta cycle threshold (ACt) is calculated by the differences between a target and

reference gene then applying the following equation 2-AACt.

ACT = CT target gene - CT control

Then AACT is the difference between ACt of the target sample and the calibrated sample.
Results are expressed as fold change (Livak and Schmittgen, 2001). The data are

expressed as mean + / - standard deviation (SD) and + / - standard error (SE).

2.10 RNAseq Analysis:

RNAseq analysis requires high-quality mRNA and synthesis of a low yield cDNA or
degraded RNA can affect library quality or result in library failure. The Agilent Bioanalyzer
and RNA Nano kit (Agilent Technologies) were used to determine the RNA quality. The
RNA Integrity Number (RIN) was computed from a Bioanalyzer electrophoretic trace and
was required to be greater than 8 for use in RNAseq analyses. RNA samples were

guantified using a Qubit 2.0 fluorometer.

The cDNA library was synthesised by the Flinders Genomics Facility, South Australia using
the lllumina TruSeq Stranded Total RNA LT Sample Prep Kit following the manufacturer’s
protocol. The cDNA libraries were validated, normalised and pooled with the same kit.
The cDNA sequencing was 150bp paired-end read on four lanes using Nextseq 500,
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Illumina. Dr Shashikanth Marri, Flinders Genomics Facility, performed Bioinformatics

analysis on data generated from Nextseq 500.

2.11 Statistical Analysis:

All experiments were performed with technical replicates in triplicate such that each data
point in individual experiments represents these triplicates. In addition, where possible
and as stated in the relevant results section, additional independent experiments were
carried out on different days. The cumulative experimental data were analysed using
Excel software and GraphPad Prism 7. The quantitative data of all experiments are
expressed as mean * standard deviation. A one-way analysis of variance (ANOVA) used
to evaluate the result statistically. A P-value less than 0.05 was considered statistically

significant.
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3

3.1

DOWNREGULATION OF MRP1 BY SIRNA AND MK-571 IN T98G
GLIOBLASTOMA CELL LINE:

Introduction:

MRP1 has been studied in many cancers including glioblastoma, but it is also expressed
in healthy brain tissue. Additionally, both MRP1 mRNA and protein are shown to be
expressed in glioblastoma surgical specimens in high levels after chemotherapy
treatment (Abe et al., 1998, Hasegawa et al., 1994). High expression of MRP1 in many
cancers is linked to the important role of MRP1 in cancer biology, although the focus is
largely about the role of MRPs in chemo-resistance. As would be expected from its role
as a membrane bound transporter, targeting MRP1 expression in both in primary and
recurrent GBM tumours, increases the chemo-sensitivity to therapy (Bahr et al., 2003,

Pazinato et al., 2018, Tivnan et al., 2015, Calatozzolo et al., 2005).

RNA interference technology has been developed to specifically target and knock down
genes in a range of preclinical and clinical scenarios. In the particular case of GBM,
targeting MRP1 using siRNA would potentially reduce drug efflux and increase malignant
cell susceptibility to chemotherapy but may also change the biology of the disease in

ways that have not previously been identified or understood.

In this study, siRNA molecules targeting MRP1 were developed and employed to assess
the effects of inhibition of MRP1 and to explore the biological role of MRP1 in a GBM cell
line T98G. Functional inhibition of MRP1 was also explored using MK571 with the caveat
that this molecule is not specific for MRP1 and has overlapping functional inhibition of

other transporters. (Badagnani et al, 2008) Calcein accumulation was used as an indicator
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of MRP1 activity using a flow cytometric analysis. (Olson et al. 2001) Results of these
experiments are presented below demonstrating the effect of MRP1 functional inhibition
on cell growth, apoptosis and cell cycle in direct comparison with the effects of inhibiting

MRP1 mRNA expression and hence protein expression.
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3.2 Methods:

3.2.1 Functional Inhibitor MK-571 Treatment:

T98G cells were plated as per section Error! Reference source not found. and incubated i
n media for either 24, 48 or 72 hours with 5, 10, 25, 50, and 100uM of MK-571 to
determine the optimum concentration to use in subsequent experiments. 25uM of MK-
571 was established as the optimal concentration based on Calcein-AM retention and

used in subsequent experiments. (see section 2.5 for further details)

3.2.2 MRP1 Functional Assay Using Calcein-AM:

See section 2.6 for further details of methodology and rationale. In brief, following
treatment with either siRNA or MK-571 or no treatment, 5x10° harvested cells were
incubated with 0.20 uM of Calcein-AM for 30 mins at 37°C. and analysed by flow
cytometry with the FL1 detector channel. The control cells were not exposed to Calcein-

AM.

In other experiments, using the IncuCyte™ apparatus, cells were plated, rested overnight
then treated with MK-571 at 25uM for 2 hours at which point 0.02uM of Calcein-AM was
added to the cells. Cellular uptake of Calcein-AM and cell proliferation were examined
and visualised continuously for 72 hours within the Incucyte™ apparatus (see section

2.7.3). Results were recorded for analysis.
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3.3 Results:

3.3.1 Transient Transfection With siRNA Against MRP1:

3.3.1.1 MRP1 mRNA Expression of MRP1-siRNA Transiently Transfected T98G
Cells:

The cells were harvested at the 48-hour time point for mRNA expression analysis using
gRT-PCR following transfection of MRP1 siRNA (0 and 24 hrs) into T98G cells using
lipofectamine only. As a result of siRNA treatment, expression of MRP1 was reduced by
60% in T98G cells treated with siRNA-MRP1 A, while the siRNA-MRP1 B showed 40%
downregulation of MRP1. In addition, the non-specific control siRNA demonstrated
similar expression levels as untreated T98G cells. The specific effects of the MRP1 siRNA

on MRP1 expression are shown in Figure 3-1.

1.20
1.00
0.80 I

Figure 3-1 Relative qRT-PCR of MRP1 gene expression in T98G glioblastoma cell line. Quantitative
RT-PCR demonstrated changes in gene expression following MRP1 siRNA treatment of cells. RNA
was isolated from T98G after 48 hours of treatment with 150 nM siRNA-MRP1 or negative control
siRNA. Relative MRP1 gene expression levels are displayed. Data are expressed as fold change and
normalized to the GAPDH housekeeping gene. Untreated cells were used as a further control. Data
shown are mean 1SD from four independent experiments. (P-Value < 0.05).
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3.3.1.2 MRP1 Protein Levels Detection Following MRP1 siRNA Treatment:

Effects of sSiRNA-MRP1 treatment on the T98G cells were further assessed using flow
cytometry at 96 hours due previous findings, representing 4 half-lives of the MRP1
protein. A reduction in MRP1 protein levels in both MRP1 siRNA treated T98G cells by
almost 70% was demonstrated, compared to untreated cells. NC-siRNA showed similar

MRP1 protein level to untreated cells in 3 separate experiments (Figure 3-2).

150 20
1

100
1

Blue: Cell with PE
Black: Untreated Cells
Red: NC-siRNA

Count

Green: MRP1-siRNA B

w wd Wt WS P w0l -
PE Fluorescence Intensity

Figure 3-2 MRP1 protein expression level on the surface of T98G was determined by flow cytometry.
The overlay histograms represent protein concentration in T98G cells in a single experiment. T98G
cells were transfected with 150nM of either NC-siRNA (Red line), MRP1-siRNA A (Yellow line) or
MRP1-siRNA B (Green line). Untreated cells (Black line) were used as a control. Cells were stained
with the PE-conjugated secondary antibody (Blue line). The fluorescence intensity of PE
corresponds to the MRP1 levels in the cells. Approximately 70% reduction in MRP1 protein level in
both siRNA MRP1 samples were seen at 96 hours. NC-siRNA showed no change in the protein level.
Data were collected from three independent experiments. (P-Value < 0.05).
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3.3.1.3 MRP1 Functional Assay Using Calcein-AM:
Following treatment of T98G cells with siRNA, the inhibition of MRP1 protein level was

measured by flow cytometry and the functional effect of MRP1 downregulation was
assessed using Calcein-AM efflux. Cells treated with both siRNA against MRP1 exhibited
greater fluorescence signals from Calcein-AM than untreated cells, indicating
accumulation of Calcein-AM as a result of MRP1 inhibition. Figure 3-3 illustrates the
cellular accumulation of Calcein-AM at 72 and 96 hours after treatment. Cellular
accumulation increased over this time. Thus, indicating successful inhibition of MRP1

efflux due to downregulation of the MRP1 protein.
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Figure 3-3 Cellular Uptake of Calcein AM after siRNA treatment. T98G cells treated with 150nM
MRP1 siRNA and negative control (untreated cells and NC-siRNA) were used. Trypsinised cells were
washed and incubated with 0.20 uM of Calcein-AM for 30 mins following two washes with PBS
followed by flow cytometry analysis. Increase in cellular uptake was detected at 72 hours in both
siRNA-MRP1 samples.

3.3.1.4 The Cytotoxicity Effect of Transient Transfection of MRP1-siRNA on
T98G Cells:

NC-siRNA transfected cells demonstrated equivalent cell proliferation rates at 24, 48
hours, as observed in untreated control cells. Growth rates plateaued by 72 and 96 hours
of cell culture under the conditions described in section 2.4.1 (Figure 3-4). In comparison,
the proliferation curves were reduced in cells treated with either siRNA targeting MRP1
demonstrating a growth plateau from 48 to 96 hours (Figure 3-4). Both MRP1-siRNA
showed approximately 30% reduction in cell growth at 24 hours and this growth

impairment increased to 45% at 48 hours. At 72 and 96 hours, cell numbers were 50% of
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the untreated or negative control treated cells. Thus, cellular growth was inhibited in

T98G glioblastoma by transient transfection with siRNA targeting MRP1.
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Figure 3-4 Cell count of T98G cells transiently transfected with MRP1-siRNA. T98G (3x10° cells /well)
were transfected with 150nM of siRNA-Lipofectamine complex followed by a second siRNA
treatment at 24hours. Progressive decline in cell number of siRNA-MRP1 treated samples is
demonstrated at each time point. Cells growth continued to decrease slightly at 72 and 96 hours.
The non-specific siRNA treated cells showed similar cell growth as untreated cells. This figure is a
representative of three separate experiments that were conducted. Values represent mean + SD at
each time point 0, 24, 48, 72, and 96 hours. (P- Value < 0.05).

3.3.1.5 Apoptosis Assay in T98G Glioblastoma Cell Line Following MRP1-siRNA
Treatment:

The annexin V assay was used to assess apoptosis which may be caused by MRP1
downregulation. No significant necrosis or apoptosis was seen by 24 hours in all
treatments. (Figure 3-5 A). At 48 hours there was a small but statistically significant
increase in apoptosis in the siRNA treated cells compared with NC treated cells but not

untreated cells. However, by 72 hours this effect was no longer apparent.
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Figure 3-5 Cell Apoptosis of siRNA transfected T98G cells. The effect of transient transfection of
siRNA against MRP1 in T98G cells on apoptosis was measured with Annexin V-FITC/ Pl and analysed
by flow cytometry. A) At the 24-hour time point, the flow cytometry profile represents early
apoptosis (Annexin V-FITC staining), late apoptosis (both Annexin V-FITC and PI staining) and
necrosis (Pl staining). The left upper quadrant represents necrosis, the right upper quadrant
represents late apoptosis and the right lowest quadrant represents early-stage apoptosis. The
numbers indicate the percentage of cell death (apoptosis and necrosis). The living and dead cells
are assessed by forward scatter (FSC) and side scatter and appropriately gated. B) Apoptosis was
measured at 24, 48, and 72 hours. There is no significant increase in apoptosis in comparison to
untreated cells at all time points. Values represent mean + SD of 4 independent experiments. (P-
Value < 0.05).
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3.3.1.6 Effects of MRP1 on Cell Cycle Distribution of T98G Cells After siRNA
Transient Transfection:

To further investigate the cause of cell growth retardation in T98G cells transiently
transfected with siRNA toward MRP1, cell cycle distribution was analysed. The cellular
fraction in each phase of cell cycle was assessed for each treatment group. The results
showed that untreated cells and NC-siRNA treated cells have similar cell cycle patterns at
all time points. Cells treated with siRNA-MRP1 showed an increase in S and G2/M phases

and a reduction in GO/G1 phase in comparison to untreated cells.

Taking into consideration these results, it may be considered that the evident cell growth
retardation occurred without a sustained induction of apoptosis but with persistent cell
cycle changes apparent over 96 hours. The latter would appear to be the predominant
effect of MRP1 downregulation impacting cell growth and represents a likely G2 arrest.
The effects of MRP1 downregulation were then directly compared with functional
blockade of MRP1 to determine if this would result in similar cell growth arrest

independent of siRNA induced downregulation of MRP1 expression.
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Figure 3-6 Cell Cycle analysis in T98G cells. (A) A representative histogram of T98G cells treated with
150nM of MRP1-siRNA A, MRP1-siRNA B, NC-siRNA and untreated cells at 24 hours. Stacked column
charts represent the cell cycle percentage distribution in each phase (B) 24 hours (C) 48 hours and
(D) 72 hours. The data shown are representative of two independent experiments.

3.3.2 Glioblastoma T98G Cell Response After the Inhibition of MRP1 Using
MK-571:

MK-571 is a functional inhibitor of MRP1 and is specific for MRP proteins among the ABC
transporters (specifically MRP1 and MRP4) but is also recently recognised as a CysLT
receptor antagonist (formerly known as LTD4 Receptor) (Vellenga et al., 1999, Zhang et

al., 2006, Robbiani et al., 2000). Its mechanism of action is through competitive inhibition
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of substrate binding. In the following experiments, MK-571 was used to explore the

effects of functional inhibition of MRP1 on the glioblastoma cell line T98G.

3.3.2.1 Calcein AM Cellular Accumulation Following MK-571 Treatment:

Calcein AM cellular accumulation was assessed after treatment of T98G cells with MK-
571 by flow cytometric analysis for fluorescence. Cells incubated with MK-571
demonstrated increased fluorescence over non-treated control cells (Figure 3-7).

Differing concentrations of MK-571 were assessed from 5 to 100uM (Figure 3-8).
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Figure 3-7 Calcein AM accumulation in T98G cells after MK-571 treatment using flow cytometry.
T98G cells were incubated with different concentrations (5, 10, 25, 50 and 100 uM) of MK-571 for
24 hours. The harvested cells were washed with PBS and incubated for 30 minutes with 0.20uM of
Calcein AM. Then, the cells were washed and analysed by flow cytometry. Both 5 and 10 uM of MK-
571 samples showed similar accumulation of Calcein AM. However, the 25uM MK-571 sample
demonstrated optimal cell accumulation without loss of cell integrity. Although 100uM of MK-571
demonstrated the highest accumulation of Calcein AM following inhibition of MRP1 by MK-571, cell
viability appeared impaired (results not shown). Experiments were conducted in triplicate (n = 2).
Values are a mean + standard deviation.
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Figure 3-8 Flow cytometry analysis of Calcein AM cellular accumulation in the presence of 25uM
MK-571. T98G cells were incubated with 25uM MK-571 then exposed to 0.2 uM of Calcein AM for
2 hours. Following incubation of the cell with Calcein-AM they were washed with PBS. The cells
were then analysed by flow cytometry. A) Representative overlay histogram of MK-571 and control.
B) Mean fluorescence of Calcein-AM in the absence or presence of MK-571. The cellular
accumulation of Calcein-AM was increased 2.5-fold. Experiments were conducted in triplicate (n =
4). Values are a mean * standard deviation. p<0.0023 compared to untreated.

3.3.2.2 Cell Growth Following MK-571 Treatment of T98G Cell Line:

Cell growth following incubation with MK-571 was assessed using an Incucyte apparatus.
Figure 3-10 demonstrates a reduction in cell growth over 70 hours (Figure 3-10 A) with
associated accumulation of Calcein-AM fluorescence demonstrating MRP1 functional
blockade (Figure 3-10 B). Microscope derived images taken after 2 hours of incubation

with MK-571 demonstrate the associated increase in cellular fluorescence Figure 3-9.
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Figure 3-9 Morphology of T98G Glioblastoma cell line treated with MK-571 followed by Calcein-AM
using Incucyte. The representative cells pictured here were treated with 25uM of MK-571 and the
control is an untreated population of T98G cells. After two hours, the cells were exposed to 0.25uM

Calcein-AM.
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Figure 3-10 MRP1 inhibitor MK-571 effect on T98G cell line following Calcein-AM incubation using
Incucyte. T98G cells were treated with 25uM of MK-571. Two hours later, 0.02uM of Calcein-AM
was added to both untreated and MK-571 treated cells, incubated in Incucyte and visualised every
2 hours for 72 hours. A) Cell confluence was measured during the incubation and showed similar
growth as Trypan blue assay. Cells treated with MK-571 demonstrated reduction in cell growth. B)
Cellular uptake of Calcein-AM during 72 hours after treatment with 25uM of MK-571. Cells treated
with MK-571 showed increase in fluorescence due to Calcein accumulation. Experiments were
conducted in triplicate (n = 2). Values are mean * standard deviation.
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3.3.2.3 MRP1 Protein Inhibition by MK-571:

MRP1 protein expression was assessed in MK571 treated cells to ascertain whether
functional alteration in MRP1 was associated with any change in MRP1 expression as a
compensatory mechanism. No consistent alteration in protein expression was
demonstrated (example shown in Figure 3.11). At the highest concentration (100 uM MK-
571 represented in pink) MRP1 expression was increased at 96 hours (Figure 3-11) which
may be due to an upregulation in protein to compensate for the functional blockade by
MK-571. At 25 uM MK-571 there appeared to be 56 % reduction in MRP1 protein level
(Figure 3-11) which is unexplained. One possible explanation would be internalisation of
the bound protein which has been seen with disruption of cortical actin in lipid rafts (Kok

et al., 2014, Taylor and Bebawy, 2019). This was not further explored in the thesis
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Figure 3-11 MRP1 protein level in T98G cells treated with MK-571. The overlay histograms represent
MRP1 protein concentration in T98G cells. The cells were harvested at 72 and 96 hours for protein
analysis using flow cytometry. T98G cells were treated with 5, 10, 25, 50, and 100uM of MK-571.
Represented by the following: Red (untreated control cells stained with the PE secondary antibody);
Blue - untreated cells (baseline control), black 5uM, yellow 10uM, green 50uM and Pink 100uM of

MK-571 at 72 hours. The sample containing 100uM expressed a higher level of MRP1 than normal
cells.

3.3.2.4 Investigation of Cytotoxicity of MK-571 Treatment

Further investigation of the role of MRP1 in GBM cell proliferation and cytotoxicity was
performed following functional inhibition of MRP1. Cell growth was evaluated similarly
to the siRNA experiments with cell counts using Trypan blue exclusion and cytotoxicity
assessed with the Annexin V assay and Trypan blue. Results are shown in Figures 3-12
and 3-13. Similar to the effects of MRP1 downregulation, functional impairment of MRP1

leads to a reduction in cell proliferation without evidence of increased apoptotic cell

death.
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Figure 3-12 T98G cell growth evaluation following MK-571 treatment.

T98G GBM cells were incubated with 5, 10, 25, 50 and 100 uM of MK-571 for a maximum of 72
hours. Cells were harvested at 24, 48, and 72 hours and counted using the Trypan blue assay.
Counts showed a reduction in cell growth in all samples. There was a clearly demonstrated
relationship between drug dose and growth at all time points. 25uM of MK-571 resulted in the
median reduction of cell growth at each time point. Experimental results represent the mean

+ SD in triplicate at each time point 0, 24, 48, 72 hours (n=4).

92| Page



1.00E+01

o
3
S 9.00E+00
o
i
> 8.00E+00
7.00E+00
+~ 6.00E+00
C
>
8 5.00E+00
I T 1
O 4.00E+00 - + 1
L
3.00E+00 F
2.00E+00
1.00E+00
0.00E+00
Ohr 24hr 48hr 72hr
= Control MK-571
100% - .
& T I T -
80%
> —
- > [v)
3 c 60%
8%
= = Control
T < 40%
O = MK-571
20%
0%

Ohr  24hr 48hr 72hr
Time points (hrs)

Figure 3-13 T98G cell proliferation following 25uM MK-571 treatment. T98G was incubated in
medium (control) or with 25uM MK-571 for 72 hours. The cells were harvested at 24, 48, and 72
hours and analysed using Trypan Blue assay. A) Cell count showed 50% reduction in growth at 72
hours. However, B) no significant change in cell viability and no increase in cell death was observed.
Cell counts were conducted using Trypan blue assay, while, cell viability was measured using
Annexin-V assay. Experiments were conducted in triplicate (n = 4). Values are a mean * standard
deviation.
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3.3.2.5 Morphological assessment of MK-571 treated cells:
T98G cells treated with 25uM of MK-571 generates apparent lipid vesicles in the

cytoplasm of the cells (Figure 3-14). The overall shape and adherence of the cells appears

the same as untreated cells. However, no lipid droplets were accumulated in the

untreated cells.

25uM MK-571

Untreated Cell

24hrs

48hrs

72hrs

Figure 3-14 Morphology of T98G cells treated with 25uM MK-571. Black arrows point to a formation

of vesicles within the cytoplasm seen after treatment.
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3.4 Discussion:

The presence of the blood brain barrier and ABC transporters at cellular interfaces
significantly increase the chance of treatment failure and tumour recurrence in GBM
where high expression of MRP1 has been demonstrated in the primary patient cell
samples, as well as patient derived cell lines (Mohri et al., 2000, Calatozzolo et al., 2005).
In these particular patients, MRP1 knockdown is an attractive approach to improve drug
exposure, where MRP1 expression has been documented. MRP1 is however, not
uniformly overexpressed in GBM, as like so many tumours, the disease is heterogeneous
at a molecular level. (Alves et al., 2011; Bahr et al., 2003; Tivnan et al., 2015) It has also
been proposed that the cerebral endothelial levels of the ABC transporters may provide
a stronger role for in vivo chemoresistance through these mechanisms and MRP1 levels
may in fact be an artefact of long term tissue culture in some patient samples (Bahr et

al., 2003).

In this study, the MRP1 expressing T98G cell line was used to carry out the in vitro
experiments. This provided us with an accessible in vitro model to study the effects of
MRP1 but has all of the recognised limitations of a cell line with respect to predicting a
primary glioblastoma response. The study aimed to determine the biological effects of
MRP1 inhibition in T98G cells. Reduction of expression of MRP1 mRNA was the initial
investigative plan and two different locations within MRP1 mRNA were targeted with
sequence specific siRNA, directed toward sequences within exome 7 and 17. Although
no combined siRNA administration was performed this remains a possible method of
improving siRNA response and MRP1 downregulation providing the delivery methods do

not prove unnecessarily toxic to the cells. A non-specific siRNA was used as a control for
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the study demonstrating specific effects of the targeted siRNAs. In addition, the effects
of downregulation of MRP1 were directly compared with functional inhibition of MRP1
activity using MK-571 as a chemical inhibitor to further explore the effects of siRNA
inhibition of MRP1 on T98G cells similar to investigations of Roundhill et al. and other

authors (Roundhill et al. 2012, ST Arevalo et al., 2017).

Two doses of siRNA were used to improve the effectiveness of transfection and MRP1
inhibition as after a single dose of siRNA despite mRNA downregulation, there was
inadequate protein reduction due to the long half-life of the MRP1 protein. mRNA
expression was analysed using qRT-PCR. The best time point for analysis of MRP1 mRNA
was reported by Golalipour to be within 36 hours after siRNA-MRP1, as this study found
the effect to be reduced after 48 hours (Golalipour et al., 2006). Other studies have used
different timepoints (Mohri et al., 2000, Matsumoto et al., 2004). In this study, the mRNA
level of MRP1 was measured at 24 hours post the second dose of siRNA which
demonstrated a reduction to 40 and 60% of baseline using MRP1-siRNA_B and MRP1-
siRNA_A Resulting in significantly reduced protein expression and functional reduction in

MRP1 as measured by Calcein AM using flow cytometry.

As stated, MRP1 protein levels analysed using flow-cytometry demonstrated a down-
regulation of MRP1 in GBM evident at 48 hours after two transient transfections with
siRNA targeted to MRP1 and the accumulation of Calcein F confirmed the loss of MRP1
function commensurate with the reduction in protein. 96 hours after siRNA treatment,
protein levels were demonstrated to be 70% reduced from baseline. This result shows
greater reduction compared to Golalipour’s study which achieved only 25% using

antisense oligonucleotides at the same time point. Tivnan reported analysing MRP1
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protein at 72, 96 and 120 hours after siRNA transfection and showed an increase in
protein level at 120 hours while the maximum reduction was observed at 72 hours. Thus,
following several siRNA administrations, an optimum MRP1 protein analysis was seen to
be at 96 hours (Tivnan et al., 2015, Henderson et al., 2011, Golalipour et al., 2006). In
addition, in vitro and in vivo, siRNA inhibition has shown to be stable for five days (Tivnan,
et al., 2015) In this study, although no combination of siRNA-A and siRNA-B were used
due to the predicted large total dose required to deliver effective quantities of each
siRNA in vitro (including lipofectamine effects on cell survival) it remains a potential
option with a mixture of individually or dually loaded nanoparticles for future
experiments. This would require a new exploration of pooling siRNA to maximize the

siRNA efficiency (Christoph et al., 2006, Watanabe et al., 2004).

Additionally, downregulation of MRP1 and functional inhibition of MRP1 in T98G cells
both affected cell proliferation. Transient transfection of T98G cells with siRNA targeted
to MRP1 reduced cell growth without inducing cell death. It has been reported that in a
commercial T98G cell line, either siRNA or MK-571 treatment have induced cell death
(Tivnan et al., 2015, Peterson et al., 2017, Peigfian et al., 2011). However, this effect was
not seen in this study, with only a transient increase in apoptosis at the 48-hour time

point that was lost by the 72-hour time point.

It would be pertinent to note that only one cell line was used for these experiments.
Replication in other GBM cell lines and primary cell cultures if possible, would be the next
step in experimental investigation of the antisense modulation of MRP1 in this cancer
subtype. In addition, new technologies such as CRISPR would provide a different

approach to silencing MRP1 in these tumours.
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MK-571 functional inhibition of MRP1 produced similar results demonstrating that the
biological effects seen with downregulation of MRP1 are a direct effect of loss of its
function. As MRP1 is a transporter predominantly of glutathione conjugated substances
and lipids among other substances and also involved in the redox response of the cell,
one can only infer that it is involved in the transport of a fundamental substance(s)
affecting glioblastoma growth. MRP1 is known to transport lipid derived effectors and
mediators of cell signalling and their receptors. MRP1 is the main transporter for the
cellular excretion of the lipid metabolite leukotriene C4 (LTC4). The images of the cells
treated with MK-571 (Figure 3-14) demonstrate vesicles apparently filled with lipid within
the cytoplasm of the treated cells. The same effect has been seen in neuroblastoma cells
in this laboratory (B. Kuss — personal communication following treatment with MRP1
antisense oligonucleotides) and in other published works. The identity of lipid droplets
needs to be confirmed using specific lipid droplet antibodies and other staining
techniques. However, while MRP1 (and some of the other MRPs) can indeed transport
some conjugated hydrophilic lipid metabolites they do not transport lipids per se and

MRP1 KO mice have no obvious phenotype such as seen in these experiments.

Given the well-known lack of specificity/selectivity of MK571 and Calcein for MRP1, these

effects would need to be more fully investigated to understand their aetiology.

In addition, MRP1 contributes to the protection of some tissues against xenotoxins which
may protect vital cells within the body, in particular the brain via the cerebrospinal fluid.
Lipid transport by MRP1 implies a vastly different role to that of P-glycoprotein at the
biological level and given that prostaglandins are felt to be an important player in GBM

resistance to therapy, it is feasible that inhibition of MRP1 function in GBM cells may
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affect the biology of the disease through a range of mechanisms. For example,
interference in critical metabolic pathways; interference in the cell’s interaction with the
microenvironment through cell receptors and possibly alteration of cell growth and
survival through a change in the balance of signalling molecules (Cole, 2014, Koley and

Bard, 2012).

As such, the next step in this thesis was to further investigate the changes in the cellular
expression profile of T98G cells following inhibition of MRP1 looking at key cell signalling
pathways in GBM. Also, this experiment might be repeated with T98G cells that MRP1
knocked out completely by Crispr9. Global range of GBM cell lines that express MRP1

would be used in extended experiments.
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4

4.1

DELIVERY OF MRP1-SIRNA BY POLYETHYLENEIMINE-
FUNCTIONALISED POROUS SILICON NANOPARTICLES IN
GLIOBLASTOMA

Introduction:

Glioblastoma multiforme (GBM) is an aggressive brain tumour with a poor clinical
prognosis (Lawrence et al., 2010, Tyler et al., 2014, Yoon et al., 2010, Stukel and Caplan,
2009). Malignant glioblastoma cells divide rapidly because the tumour is surrounded by
a well-developed blood supply network (Deeken and Léscher, 2007). Multimodal
treatment, consisting of surgical resection, local radiotherapy and systemic
chemotherapy, is the standard therapy for GBM (Tyler et al., 2014, Mrugala, 2013).
Surgery can remove up to 95% of the GBM tumour, implying that 5% of the tumour
remains and must be dealt with by means other than surgery. A major obstacle to
treatment of cancer is overexpression of the multidrug resistance-associated proteins.
MRP1 has been demonstrated to be active in a range of cancers (Kuss et al., 2002, Munoz
et al., 2007, Quezada et al., 2013, Tang et al., 2004, Vos et al., 1998). Silencing MDR

proteins has been tried in cancer using a variety of approaches.

Exogenously delivered siRNA has been demonstrated to silence the MRP1 gene and
prevent extracellular transport of hydrophobic chemotherapeutic molecules (e.g.
camptothecin and doxorubicin) across the lipid bilayer of the cell membrane (Munoz et
al., 2007, DeGorter et al., 2008) The administration of naked siRNA has been shown to be
effective in downregulating gene targets and in doing so increases treatment efficacy for
some cancers (Devi, 2006, Guo et al., 2013). However, the negatively charged naked

siRNA is subject to poor cellular uptake as well as intracellular degradation because of
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endogenous enzymes in the cytoplasm (Zeng and Cullen, 2002). In order to facilitate the
transfection of siRNA in a clinical setting, non-viral vectors have been used to treat cancer
cells. Alternatively, the delivery of siRNAs to GBM tumour cells using nanoparticles (NPs)
has been demonstrated to protect siRNAs from nucleases and promote a sustained
intracellular release of the siRNA (Deeken and Loscher, 2007, Ballarin-Gonzalez et al.,

2013, Shi et al., 2014).

In this chapter we investigated a possible delivery system for siRNA targeted to MRP1-
mMRNA using thermally hydrocarbonised porous silicon nanoparticles (THCpSiNPs). The
chemistry of the nanoparticles was modified using polyethylenimine (PEl) coating to
improve the release kinetics. Cell viability and cellular uptake of the treated cells in vitro
were also examined using confocal microscopy and transmission electron microscopy
(TEM). The ability of siRNA-loaded THCpSiNPs to mediate the silencing of the MRP1 gene

and protein was then assessed in the T98G glioblastoma cell line.
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4.2 Experimental Materials and Methods:

Porous silicon nanoparticle (THCpSiNP) fabrication, loading, coating, modification of

release conditions, scanning electron microscopy and TEM imaging of loaded cells were

predominantly performed by Morteza Hasanzadeh Kafshgari (Coelho et al.) in

collaboration with Mohammed Alnakhli. Loading, coating and determination of the

release of siRNA for all the experiments have been performed by Mohammed Alnakhli.

In vivo studies have been carried out by Wing Ying Tong (Coelho et al.) and resected

mouse tissue sent to Mohammed Alnakhli for analysis of mRNA expression of MRP1 by

gRT-PCR.

Table 4-1 Terms used in this chapter

Sample abbreviation
Untreated Cells
THCpSINPs
PEI/THCpSiNPs
PEI/NC-siRNA/THCpSiNPs

PEI + MRP1- siRNA+ THCpSiNPs
PEI/ MRP1-siRNA/THCpSiNPs
MRP1-siRNA/THCpSiNPs
MRP1-siRNA/Lipofectamine

UN-MRP1-siRNA

Sample details

Untreated Cells

Cells with uncoated NPs

Cells with PEI coated NPs

Cells with Negative siRNA loaded on NPs and
coated with PEI.

Cells with PEI, MRP1-siRNA and NPs added
separately into wells.

Cells with MRP1-siRNA loaded on NP’s and
coated with PEI.

Cells with MRP1- siRNA loaded on NPs without
coating.

Cells transiently transfected with MRP1-siRNA
using Lipofectamine.

Unmodified siRNA used in the first
experiment. Then 2’-Fluoro modification was
applied in subsequent experiments.

4.2.1 Proliferation and Viability of Cells:

The Annexin V and Trypan Blue exclusion assays were used to assess cell viabilty following

treatment of the T98G cell line with PEI/siRNA/THCpSiNPs. The cells were seeded onto 6-
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well plates at a density of 3 x 10° cells per well and maintained in DMEM 24 hours prior
to treatment. On the experiment day, the medium was replaced with Opti-MEM™
Reduced Serum Media. Routinely, the confluence of cells used was approximately 70-

80%.

e The cultured cells were incubated with prepared sterilised PEI/MRP1-
siRNA/THCpSiNPs or control treatments:

e Unmodified THCpSIiNPs,

e PEl coated THCpSiNPs loaded with NC-siRNA (PEI/NC-siRNA/THCpSiNPs),

e PEl coated THCpSiNPs without an siRNA payload (PEI/THCpSiNPs),

e Treatment with each single component of PEI/MRP1-siRNA/THCpSiNPs i.e.
uncomplexed PEI, siRNA, non-coated THCpSiNPs (PEl + siRNA+ THCpSiNPs,
separately added)

e siRNA complexed with lipofectamine (siRNA/lipofectamine)]

e Untreated cells at a concentration of 0.1 mg/mL (250 pL per well)

Cells were cultured for 24, 48 and 72 hours without change in the culture media. Effects

on cell viability were determined on treated and untreated cells.
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4.3 Results:

4.3.1 pSiNP Characterisation:

pSiNPs were fabricated using pulsed electrochemical etching of single-crystal doped p-
type silicon wafers and subsequent ball milling of the produced pSi multilayer
membranes (Figure 4-1). The average size of THCpSiNPs was measured using Dynamic
light scattering (DLS). It was 145.9 nm (PDI: 0.087), with an average Z-potential of -43 mV
(at pH 7.4). The plate-like morphology of pSiNPs produced by the pulsed electrochemical
etching and ball milling process was illustrated using SEM (Figure 4-2) and TEM (Figure
4-3). The size of the pSiNPs was approximately 150 nm in diameter. In general, the
PEI/MRP1-siRNA/THCpSiNPs are larger than THCpSiNPs and siRNA/THCpSiNPs due to the
coating (Figure 4-3). The shape of THCpSiNPs appear small and spherical at low
magnification. However, upon closer examination they appear as unorganised aspheric
shapes (Figure 4-2). The assessment of THCpSiNPs demonstrated the size and

characteristics to be constant in all preparation experiments.
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Figure 4-1 SEM image of a multilayer pSi film fabricated by pulsed electrochemical etching. (Image
included in supplementary figure S1, H. Kafshgari et al., 2015)

Figure 4-2 SEM images of nanoparticles. (a) THCpSiNPs, (b) PEI/siRNA/THCpSiNPs. (Image included
as figure 6 H. Kafshgari et al., 2015)).
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Figure 4-3 Representative TEM images of (a) THCpSiNPs, (b) PEI/siRNA/THCpSiNPs. (Image included
as figure S2 H. Kafshgari et al., 2015)

THC treatment protects the pSi from oxidative hydrolysis in an aqueous medium as our
interferometric reflectance spectroscopy (IRS) data show (Figure 4-4). Rapid degradation
(50%, resulting in a reduced thickness of the porous film after 250 min of incubation) was
observed for the hydride-terminated film. In stark contrast, the THCpSi film remained
stable with only a slight reduction of its initial thickness (thickness reduction ~4%) after

5 hours of incubation.
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Figure 4-4 Stability of HpSi (red line) and THCpSi (black line) films as a function of time in PBS as
investigated by IRS. (*) Image of HpSi and THCpSi films (representative images of the surface
modifications) fixed into a flow cell with a constant flow rate (3.5 mL min™) of PBS (pH 7.4 and
temperature 37 °C) after 5 hours incubation.

4.3.2 Preparing THCpSiNPs (siRNA Loading onto THCpSiNPs and Coating):

Figure 4-5 showed the kinetics of siRNA release over time. During the first few hours, all
THCpSINPs treatments showed an initial burst, followed by a sustained release.
SiRNA/THCpSiNPs released siRNA significantly earlier than other nanoparticle formats.
However, total siRNA release showed a reduction with an increase in the coating PEI

concentration from 0.05 to 0.2% w/v.

50% of siRNA were released in the medium after about 8 hours, while 100% of siRNA in
the medium was observed after 35 hours. Of note, the size of THCpSiNPs increased by
coating with different PEl concentrations (Table 4-2) due to the relative size of the
nanoparticles and the organic polyamine coating. The variation in size as demonstrated
by the increased SD although not statistically significant, likely results in some variation
of siRNA release. However, all experiments demonstrate internalisation of the
nanoparticles and the supernatant concentrations of siRNA did not vary significantly.

Therefore, it was necessary to keep this as consistent as possible. Different THCpSiNP
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sample preparations were used in different experiments to examine cellular uptake,

cellular proliferation, gRT-PCR, and protein levels.

Table 4-2 Average hydrodynamic diameters, PDI and {-potential of THCpSiNPs after siRNA loading
and PEIl coating measured by DLS.(As published Hasanzadeh Kafshgari et al., 2015).

Particle Average hydrodynamic PDI (-potential

(Coghlan et
diameter (nm) al.)

THCpSiNPs 14591325 -35.0+4.7
siRNA/THCpSiNPs 193.2 £ 25.8 0.192 -11.0+5.2
AN (VK LRVPAZY VST YA L [o N1 [ 213.3 + 78.7 0.120 53.9+7.3

PEI (0.1 w/v%)/siRNA/THCpSiNPs 228.1+77.9 0.085 59.8 +6.1
PEI (0.2 w/v%)/siRNA/THCpSiNPs 236.5 +81.9 0.080 56.1+5.7

100 -

o0
o
]

(2]
o
1

H
o
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20 /.

Cumulative release (%)
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Figure 4-5 Effect of PEl coating and concentration on siRNA release profile from samples:
siRNA/THCpSiNPs  (red), PEI/MRP1-siRNA/THCpSiNPs (0.05% w/v, green), PEI/MRP1-
siRNA/THCpSiNPs (0.1% w/v, yellow) and PEI/MRP1-siRNA/THCpSiNPs (0.2% w/v, blue). Release
medium: PBS, pH 7.4, T =37°C +0.2 (representative data, n = 3). (Data as published, Figure 6
(Hasanzadeh Kafshgari et al., 2015))

Table 4-3 Final Characteristics of THCpSiNPs for siRNA adsorption.
Characteristic Sample

Functionalisation THCpSINPs
Agitation rate (rpm) 300

Type of oligonucleotide SiRNA
Average diameter (nm) 145.9
Diffusion coefficient (m?/s)* 1, 2 ~8.39x10-11

Initial oligonucleotide concentration (ug/mL) EE{]

u
SN

Porosity (%)

Solid density (g/cm?) 3 =2.33
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pSiNPs concentration (mg/mL)
Solution bulk density (g-pSiNPs/cm3)

N O
[EN

Density of solvent (g/cm?3)

Temperature (°C) 25

1
=

4.3.3 Cellular Uptake of siRNA Loaded onto THCpSiNPs:

T98G control cells (not exposed to the NPs) were well-spread, displaying lamellipodia,
with the typical shape and morphology of adherent T98G cells. Also no morphological
changes were observed in the T98G treated cells (exposed to the PEI/NC-

siRNA/THCpSiNPs) after 24 hours incubation (Figure 4-9).
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Figure 4-6 Cell morphology of T98G glioblastoma cell lines incubated with either control samples or
with MRP1-siRNA at different concentrations (0.5 and 1 nmol of siRNA loaded onto THCpSiNPs). At
24 hours, cells were washed twice with PBS and Trypsin was added. Images were taken with a light
microscope at 10X scale. Sample abbreviations are in Table 3-1.
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Treated cells showed punctate green fluorescence, attributed to the internalisation of
the PEI/MRP1-siRNA/THCpSiNPs (Figure 4-6). It is worth noting that the THC modification
guenched the intrinsic luminescence of pSi, so the green fluorescence was only due to
the FAM-MRP1-siRNA. Also, confirming cellular uptake, cells washed with PBS and
incubated with trypsin (Figure 4-6) showed THCpSiNPs present within the cells in samples

coated with PEI. Similar conditions were used to examine each sample.
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Figure 4-7 Fluorescence microscopy of T98G after transfection with PEI/FAM-MRP1-
siRNA/THCpSiNPs (0.1 mg/mL). The uptake of THCpSiNPs in the cells was examined microscopically
at 24 hours. Nuclear staining with DAPI. Green fluorescence represents the loaded nanoparticles
taken up by cells. A & C: Untreated cells; B & D: PEI/FAM-MRP1-siRNA/THCpSiNPs treated cells. C
& D represent merged grey coloured and FAM (green fluorescent) images. Image magnification:

40X.
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Figure 4-8 Progressive Z-stack laser-scanning confocal microscopy image series for T98G cells
incubated with PEI/MRP1-siRNA/THCpSiNPs (0.1 mg/mL) (dark black dots) after 48hours. A:
untreated T98G cells. The roman numbers correspond to images at different planes (height interval:
300 nm; down to up). | and IX are representative of the bottom and top plane of the treated T98G
cells, respectively. Scale bars are 40X.
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To confirm the cellular uptake of PEI/MRP1-siRNA/THCpSiNPs, z-stacks were acquired

using confocal microscopy after 48 hours incubation (Figure 4-8).

a) b)

Cell membrane

1pm 2um Cell membrane

Figure 4-9 Uptake of PEI/Block-iT™/THCpSiNPs by T98G cells. Laser-scanning confocal microscopy
images of (a) control T98G cells without the NPs, and (b) T98G cells incubated with PEI/Block-
iT™/THCpSINPs (I and 1l). The cell nucleus was stained with Hoechst 33342 (blue), PEI/Block-
iT™/THCpSINPs appeared green, and the cell cytoskeleton was stained with phalloidin-TRITC (red).
TEM images of (c) control T98G cells without the NPs and (d) T98G cells incubated with PEI/Block-
iT"/THCpSiNPs. The red arrows indicate the internalised NPs. (Image included as figure 6.
(Hasanzadeh Kafshgari et al., 2015))
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4.3.4 Proliferation and Viability of Cells:

Assessment of cell proliferation and viability were required to determine the cellular
toxicity of nanoparticles as understanding the inherent toxicity is critical for a subsequent
nanomedicine application. Initially one dose of treatment given 24 hours after plating the
cells was investigated for its effect. 1mg of THCpSiNPs, PEI/MRP1-siRNA/THCpSiNPs
(siRNA is unmodified) showed a decrease in cell growth at 24 hours, while the untreated
T98G cells recovered at 72 hours with a 30% increase in cell number. Cells transiently
transfected once with modified MRP1-siRNA showed a steady decrease in growth for 72
hours however, unmodified MRP1-siRNA recovered slowly after 48 hours (Figure 4-10).
Thus, the THCpSINP concentration was reduced to 0.1mg/mL and modified siRNA were
used in all experiments. Again, with one treatment dose, cells started to recover after 48

hours. As a result, two doses of treatments were investigated.

T98G cells were treated twice at 0 and 24 hours. Cells treated with THCpSiNPs either
coated with PEI or alone, PEI/NC-siRNA/THCpSiNPs and PEI+MRP1-siRNA+THCpSiNPs
added separately showed similar proliferation to untreated cells (Figure 4-12). The
growth curve of both PEI/MRP1-siRNA/THCpSINPs and MRP1-siRNA/Lipofectamine
treated cells present a similar decline in cell proliferation during the incubation period
(Figure 4-12). There were no differences in cell viability observed between T98G cells
treated with PEI/MRP1-siRNA/THCpSiNPs or siRNA/Lipofectamine and untreated cells
(Figure 4-13). Moreover, all cells treated with control NP showed a high cell viability

(>93.3%), similar to the viability of the untreated cells.
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Figure 4-10 Proliferation rate of the T98G cells exposed once to NPs (1mg) and controls at different
time points. Proliferation was measured using a Trypan Blue assay on a bright field microscope. Cell
counts are expressed as live cell numbers. Two separate e Experiments were conducted in triplicate
(n = 2; Values are mean # standard deviation). Values are mean t standard deviation. THCpSiNPs:
Nanoparticles; NC-siRNA: negative control siRNA; MRP1-siRNA: siRNA targeting MRP1 gene; PEI:
polyethyleneimine; PEI+MRP1-siRNA+ THCpSiNPs: each added separately.
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Figure 4-11 Proliferation rate of the T98G cells transfected once with the NPs (0.1mg) and controls.
Viable cell number is measured at different time points by the Trypan Blue assay on a bright field
microscope. Cell counts expressed as live cell numbers. Experiments were conducted in triplicate.
(n = 3; Values are mean t standard deviation). THCpSiNPs: Nanoparticles; NC-siRNA: negative
control siRNA; MRP1-siRNA: siRNA targeting MRP1 gene; PEl: polyethyleneimine; PEI+MRP1-
siRNA+ THCpSiNPs: each added separately.
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Figure 4-12 Proliferation rate of the T98G cells transfected twice with NPs (0.1mg)and controls.
Cell counts measured at different time points using a Trypan Blue assay on a bright field microscope.
Cell counts expressed as live cell numbers. The growth curves show a clear significant reduction in
growth with PEI/MRP1-siRNA/THCpSiNPs and MRP1-siRNA/Lipofectamine treatment compared to
negative controls (untreated cells, THCpSiNPs either coated with PEl or alone, PEI/NC-
siRNA/THCpSiNPs and PEI+MRP1-siRNA+THCpSiNPs). Two separate experiments were conducted
in triplicate. (n = 2; Values are mean * standard deviation). THCpSiNPs: Nanoparticles; NC-siRNA:
negative control siRNA; MRP1-siRNA: siRNA targeting MRP1 gene; PEl: polyethyleneimine;
PEI+MRP1-siRNA+ THCpSiNPs: each added separately.
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Figure 4-13 Cell Viability of the T98G cells transfected twice with the NPs and controls measured at
different time points. Experiments were conducted in triplicate. (n = 2; Values are mean  standard
deviation) THCpSiNPs: Nanoparticles; NC-siRNA: negative control siRNA; MRP1-siRNA: siRNA
targeting MRP1 gene; PEl: polyethyleneimine.

4.3.5 Apoptosis Assessment in T98G Following Exposure to THCpSiNPs:

In untreated cells, approximately 97% of the cells were viable at all time points however,
a smallincrease in cell apoptosis was seen at 24 hours which could be due to the absence
of serum or antibiotic in the medium. At 72 hours, untreated cells recovered as the
growth medium was changed at 48 hours of treatment. Apoptosis in control samples
THCpSINPs was slightly increased over time. In contrast, apoptosis in PEI/THCpSiNP and
PEI/NC-siRNA/THCpSiNPs was decreased at 24, 48 and 72 hours. Approximately 3.6 % of
apoptosis in T98G cells treated with PEI/MRP1-siRNA/THCpSINP was observed
consistently during the treatment. On the other hand, cells transiently transfected with
MRP1-siRNA/Lipofectamine showed levels of apoptosis 2.3%, 1.6% and 1.9% respectively

at 24, 48 and 72 hours respectively (Figure 4-14).
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Figure 4-14 T98G cell apoptosis detection after incubation with untreated or transfected with
THCpSINPs , PEI/THCpSiNPs, PEI/NC-siRNA/THCpSiNPs, PEI/MRP1-siRNA/THCpSiNPs or MRP1-
siRNA/Lipofectamine at the concentration 0.1 mg mL-1 of THCpSiNPs and 0.4 nmole of siRNA at 24,
48, and 72 hours. The T98G cell line was analysed with Annexin V-FITC/PI assay after 48 hours of
the treatment. (n = 3; mean * standard deviation shown).
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Figure 4-15 T98G cell apoptosis detection after incubation for 48 hours. A. FSC-A vs SSC-A plots of
populations of gated untreated and THCpSiNP treated cells. B. Apoptosis and necrosis of untreated
cells and cells treated with THCpSiNPs, PEI/THCpSiNPs, PEI/NC-siRNA/THCpSiNPs, PEI/MRP1-
siRNA/THCpSiNPs or MRP1-siRNA/Lipofectamine at the concentration 0.1 mg mL-1. The T98G cell
line was analysed with Annexin V-FITC/PI assay after 48 hours of treatment. The bottom left
quadrant represents the viable cells, the bottom right quadrant shows the early apoptotic cells, the
top left quadrant represents necrotic cells, and the top right quadrant indicates late apoptotic cells
(representative data, n = 4)
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4.3.6 The Effect of THCpSiNPs Loaded With siRNA on MRP1 mRNA Expression:

Multidrug resistance protein 1 (MRP1) expression was assessed in the T98G cell line and
in vivo. T98G cells were incubated with the PEI/MRP1-siRNA/THCpSiNPs and controls for
48 hours. The effect of transient transfection of siRNA targeting MRP1 in T98G was
evaluated using qRT-PCR. T98G cells were treated twice at 0 and 24 hours. MRP1 mRNA
expression in both treated and untreated T98G cells was examined at 48 hours after the
first transfection. PEI/MRP1-siRNA/THCpSIiNPs and positive control siRNA-
MRP1/Lipofectamine significantly inhibited MRP1 expression. Significant downregulation
of MRP1-mRNA (63%) was observed in the PEI/MRP1-siRNA/THCpSiNPs treated cells
(Figure 4-16) compared with untreated cells. Approximately 10% more reduction in
MRP1 mRNA was seen in cells treated with PEI/ MRP1-siRNA /THCpSiNPs compared with
cells transiently transfected using Lipofectamine. There was no downregulation of MRP1-
mRNA in the negative controls or untreated cells. Meanwhile, no noticeable change was
seen in cells transfected with THCpSiNPs either coated with PEIl or not, and loaded with

negative control siRNA.

The in vivo study involved mRNA extraction from tumours dissected at selected time
points then quantitative analysis of MRP1 expression. According to qRT-PCR data, a
reduction of MRP1 mRNA was observed at 48 and 72 hours post-treatment, with the
greatest reduction being 40% at 48 hours (Figure 4-17 A). The expression began to
recover between 48 and 72 hours, reaching approximately 90% at 72 hrs (Figure 4-17 B).
Kidney and duodenum, which express MRP1 at physiological levels were also harvested.
gRT-PCR results suggested that the reduction of MRP1 mRNA in the kidney reached as
much as 60% at 48 hours post MRP1 siRNA treatment, and 55% (n=2) at 72 hours (Figure

4-17 ). The reduction in the duodenum was even more pronounced, being 80% (n=2) at
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48 hours, with no recovery observed after 72 hours post-treatment (Figure 4-17).
Therefore, we conclude that MRP1 siRNA delivered in non-targeted nanoparticles, PEI-
THCpSINPs in this case, induces MRP1 knockdown in kidney and duodenum. This
demonstrates that the PEI- THCpSiNPs successfully delivered siRNA to the tumour (s.c.

xenografts) and yielded significant MRP1 knockdown.
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Figure 4-16 qRT-PCR demonstrating knock-down effects on MRP1 in T98G cell line at 48 hours,
after the incubation of T98G with PEI/MRP1-siRNA/THCpSiNPs and controls.

These data were calculated using the delta delta Ct method. Average of triplicates (+ Standard
Deviation). Difference in expression between MRP1 and GAPDH reference housekeeping gene.
THCpSiNPs: Nanoparticles; NC-siRNA: negative control siRNA; MRP1-siRNA: siRNA targeting MRP1
gene; PEl: polyethyleneimine; PEI+MRP1-siRNA+ THCpSiNPs: each one added separately.
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Figure 4-17 qRT-PCR demonstrating knock-down effects on MRP1 in vivo. mRNA expression data
of two mice injected intraperitoneally with 1nmole siRNA-MRP1 loaded onto THCpSIiNP and PEI
coated. Mice had U87MG cells grown on both left and right flanks. The expression of MRP1 mRNA
A. 48 hours and B. 72 hours after siRNA/ THCpSiINP injection into mice. Samples were from 4
different tumours grown in two mice. C. MRP1 expression in mouse Kidney (K) and D. mouse
Duodenum (D). Both Kidney and Duodenum samples were harvested at 48 and 72 hours. These
data were calculated using the delta delta Ct method. Average of triplicates (witht SD). MRP1
expression difference between MRP1 and GAPDH reference housekeeping gene n=4 tumour using
2 mice.
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4.3.7 MRP1 Protein level:

MRP1 protein level in T98G cells was evaluated by flow cytometry analysis. See Table 4-1
for the relevant details. Flow cytometry demonstrated a significant reduction in MRP1
protein level in both PEI/MRP1-siRNA/THCpSiNPs and MRP1-siRNA/Lipofectamine
treated T98G cells at 96 hrs (~70% reduction of the average protein level compared with
the untreated cells) (Figure 4-18) also consistent with the demonstrated downregulation
of the MRP1-mRNA in T98 cells in vitro (Figure 4-16). A difference in protein level in the
negative controls treated cells was not observed. A reduction of MRP1-protein was not
detected at 48 and 72 hours of incubation with THCpSiNPs (Figure 4-18 A and B). Data

are a representative of one of three independent experiments.
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Figure 4-18 Flow cytometry histograms evaluating MRP1 protein concentration in T98G cells. Cells
were harvested at A. 48 hours, B. 72 hours and C. 96 hours after treatment with nanoparticles and

say all the treatments. Histograms represent the cell count numbers versus fluorescence intensity
expressed as log relative fluorescence.
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4.4 Discussion:

Glioblastomas are aggressive cancers that affect the central nervous system. They are
characterised as highly chemo-resistant tumours protected from chemotherapy
exposure by the BBB and ABC transporters within the tumour cells themselves. A delivery
vehicle may help overcome several resistance mechanisms exhibited by glioblastoma.
The ultimate aim of the experimental work described in this chapter was to develop a
system (in this case using nanoparticles) to deliver siRNA across the BBB in vivo. To
achieve this, initially siRNA targeted towards MRP1 were loaded onto nanoparticles
coated with PEl and delivered to T98G glioblastoma cell line in vitro. This work
demonstrated that designed MRP1 siRNA molecules were effective in reducing
expression of MRP1 mRNA by 60% and that with 2 separate treatments at 24 and 48
hours, protein downregulation could also be achieved when measured at 96 hours post-
treatment. It is noteworthy that the half-life of the mature MRP1 protein is 20 hours
(Almquist et al., 1995) which explains why between 72 — 96 hours there is a measurable
downregulation of the MRP1 protein by flow cytometry. The effects of a single
transfection appear to be insufficient to knock down protein and demonstrate functional
effects of MRP1 downregulation on T98G cells in vitro. A single transfection however did

result in a transient reduction in mRNA, as shown in (Figure 4-16).

In vivo experiments were initiated on the strength of the in vitro results and were planned
to provide adequate siRNA to the mice bearing xenografted U87MG cell tumours. Several
cell lines were trialled prior to the U87MG. However growth was most consistent with
this cell line and experiments were carried forward as such. While statistical analysis was

limited, there were 4 tumours per grouping allowing some statistical analysis in this
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essentially pilot in vivo study. An orthoptic model has been considered, the most relevant
being a rat model with injected cerebral tumours. However, this was beyond the scope
of this thesis. Mice were injected with these nanoparticles in vivo without the aid of any
transfection agents and demonstrated downregulation of target tumours as well as
endogenous cells. The relative inefficiency of the tumour downregulation may relate to
reduces blood supply. (Meng et al., 2013, Gordon et al., 2010, Yu et al., 2018, Van
Woensel et al., 2016). Almost all cells can internalize NPs by a form of pinocytosis. This
includes macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated
endocytosis and mechanisms independent of clathrin and caveolin (Treuel et al., 2013).
Physico-chemical properties of NPs including size, shape, surface charge and surface
chemistry strongly modulate the cellular uptake efficiency. Various nanoparticle delivery
systems have been developed to deliver modulators of MRP1 in glioma cells (Xu et al.,
2015, Saad et al., 2008). It was hypothesised that siRNA-MRP1 loaded onto nanoparticles
administered during resected glioblastoma surgery would allow significant tissue
penetration due to the disruption of the BBB. Delivery at the site of the tumour bed
would then potentially result in the reduction of MRP1 expression, at the mRNA and
protein level consequently increasing the chemosenstivity of the residual tumour cells.
No cerebral spinal fluid or brain samples were taken during the in vivo experiments to
know if systemic administration has the potential to cross the blood brain barrier but this

would be an important next step in the project.

Our studies have also demonstrated reduced cell proliferation in vitro following MRP1
downregulation which has the potential to result in slowed tumour growth. Although this

has not been confidently demonstrated in the presented work, this effect has been seen
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in other tumour types: breast and neuroblastoma (Endo, 2019; Kuss, 2002) MRP1
downregulation also has been shown to increase cell proliferation in mucoepidermoid
carcinoma. (Cai, 2016) The underlying cellular effects clearly require further
investigation. Greater levels of retained nanoparticles would be required to affect
sustained MRP1 reduction and determine the effect on tumour growth and apoptosis as

well as adequately powered mouse experiments to allow confident analysis of the data.

In this study, nanoparticles were modified, loaded and coated followed by biological in
vitro and in vivo studies. We used PEl-coated pSiNPs as the siRNA delivery vehicle to study
the knockdown and phenotypic changes, both in cell lines, tumours and collateral organs.
The pSiNP delivery vehicle for MRP1 siRNA was used due to a number of inherent
desirable properties including high loading capacity, biodegradability and
biocompatibility. Furthermore, successful in vitro knockdown of MRP1 with siRNA
delivered using pSiNPs has previously been demonstrated (Wan et al., 2014, Kafshgari et
al., 2015). The average size of THCpSiNPs used was 145.9 — 170 nm. For gene delivery by
means of nanocarriers, a particle size between 100-300 nm is optimal in order to achieve
high permeability into tumours, to accelerate cell binding and internalisation, and to
avoid renal clearance. In addition, it is smaller than the tumour vasculature average size
ranging from 380 — 780 nm (Hobbs et al., 1998). In our case, the pSiNPs are neither so
small that they are subject to rapid renal clearance nor so large (>400 nm in diameter)
that they are captured by the inter-endothelial gap defence in tumours (Alexis et al.,
2010, Wan et al., 2014). Also, they are within the range of 100nm which allows them to

be longer lasting in the circulatory system. A different process of filtration and
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ultracentrifugation was used to concentrate nanoparticles to obtain best results (Blanco

et al., 2015, Malhotra et al., 2014).

During the siRNA loading onto THCpSiNPs, multiple steps of sonication were applied.
Sonication increases the possibility of siRNA degradation. Thus, a chemical modification
of siRNA was undertaken. 2-Fluoro modification has been shown to increase serum
stability, binding affinity, and nuclease stability (Shen et al., 2015). Also, samples were
kept at 4°C to reduce siRNA degradation (Van Woensel et al., 2016). The cationic polymer
PEI was subsequently coated onto the surface of the THCpSiNPs preloaded with siRNA
(PEI/siRNA/THCpSiNPs). PEI has been reported to be the polymer most used in siRNA
delivery studies and has been considered the “gold standard” in non-viral nucleic acid
delivery (Aliabadi and Uludag, 2016, Aliabadi et al., 2012). PEI caps the pores instead of
penetrating them due to the large gyration radius of PEl (~39 nm) while the THCpSiNPs
average pore size is ~9 nm (LU et al., 2016, Ekhorutomwen et al., 2004). Modification of
THCpSINPs through PEI-coating decelerated siRNA release based on several mechanisms:
(Weglarz et al.) a slow disintegration and dissolution of the PEl cap, (Abel et al.) the
attractive electrostatic forces between positively charged PElI and negatively charged
loaded siRNA, and (3) a decelerated wetting of the hydrophobic surface of THCpSiNPs
(Wan et al., 2014, Kovalainen et al., 2012). Also, the PEI capping facilitated an obvious
improvement of cell uptake in GBM cells. The PEI/MRP1-siRNA/THCpSiNPs were attached

to cells rapidly (Bernkop-Schnurch and Dunnhaupt, 2012, Ragelle et al., 2013).

Cytotoxicity of PEl has been a concern for clinical translation. However, there is no
significant cytotoxicity observed during THCpSiNPs delivery. Although the mechanism of

such diminished toxicity remains unclear, a similar observation was reported by Yuen
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Shan et al., who evaluated PMMA nanoparticles coated with branched 25 kDa PEI for
gene delivery and showed efficient transfection and low cytotoxicity (Siu et al., 2012).
Additionally, in this thesis MRP1 silencing by employing PEI-THCpSiNPs delivery of siRNA
alone resulted in a reduced proliferation rate of GBM cells without causing significant cell
death. The consistent decrease in total cell counts in in vitro MRP1 siRNA transfected
T98G cells, without significant increase in apoptotic cell death was further investigated.
Although, the primary action of MRP1 in glioblastoma has been ascribed to
chemotherapeutic efflux from the cell, others have described a decrease in malignant cell
proliferation and tumour growth when MRP1 action is attenuated in the absence of
chemotherapeutic agents. Thus, in the absence of significantly increased cell cytotoxicity
from the nanoparticles alone, this delivery system may be considered to be a potentially
applicable system and the effects of MRP1 downregulation could be further explored

with only minimal effects of the nanoparticles on the cells themselves.

Following cell transfection, we used qRT-PCR to evaluate MRP1 mRNA expression and
flow cytometry to measure the reduction in MRP1 protein level. High precision
multichannel flow cytometry allows quantitative studies at single cell level as transfection
may not be equivalent in all cells and provides a better understanding of the range of
potential transfection efficiencies. Additionally, it may be correlated with Calcein AM
functional data (Szeremy et al, 2019). While immunoblotting was also briefly
investigated, the size of MRP protein was found to make immunoblotting less reliable
(data not shown). Significant downregulation of MRP1 mRNA expression resulted from
treatment with both PEI/MRP1-siRNA/THCpSiNPs and MRP1-siRNA/Lipofectamine. This

downregulation implies internalisation of PEI/MRP1-siRNA/THCpSiNPs into cells, and
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subsequent release of the loaded siRNA into the cytoplasm exploiting the known proton
sponge effect (Kafshgari et al., 2015, Akinc et al., 2005). On the other hand, there was no

significant change in MRP1 expression in the negative control samples.

The reduction in MRP1-protein level was observed after 96 hours of treatment due to
time taken for protein translation to be inhibited following the halted expression of the
MRP1-mRNA. The 48- and 72-hour time points did not show any changes in MRP1 protein
level, despite anticipation of the 72-hour timepoint to show downregulation, being
approximately 3 half-lives of the mature MRP1 protein. (Wan et al., 2014, Almquist et al.,

1995).

Since PEI-pSiNP delivery of siRNA is a biocompatible and versatile platform, it allowed us
to characterise the MRP1 knockdown approach and to validate the decrease in
proliferation of GBM in vivo as being a direct effect of MRP1 down regulation at both the
mRNA and protein levels. (Carthew and Sontheimer, 2009). Hence, it can be concluded
that the PEI-pSiNPs successfully accumulated and delivered the siRNA into the
subcutaneous xenograft GBM tumour. The best model is a rat brain tumour model.
However, this experiment was meant as a proof of principle of delivering nanoparticles
containing siRNA to a whole organism and demonstrating effective delivery to a tumour.
The next stage of these experiments would be the use of the rat model. This was out of

scope for this thesis.

Bio-distribution of the cationic nanoparticle is well-documented to indicate accumulation
in the liver, spleen, kidney, and lung (Knudsen et al., 2014), and both kidney and in
Brunner’s glands of duodenum tissues are known to express MRP1 as their physiological

phenotype (Evers et al., 1996, Tyden et al, 2010). We observed significant
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downregulation of MRP1 in these two organs, which was even more long-lasting than the
silencing in the S.C. GBM tumour, which may be due to an expected accumulation profile
of the non-targeted PEI-pSiNPs. It is reported that the physiological function of MRP1 in
kidney and the digestive system is related to protection from natural toxins (Broker et al.,
2004). However, histology of the various tissues was preserved during the treatment
period with no ostensible effects on the health and metabolism of the treated mice.
Additionally, if the nanoparticles were to be delivered via an Omaya reservoir allowing
direct delivery to the tumour bed, systemic delivery of drug would be markedly reduced
compared with the intravenously injected nanoparticles given to the mice. Clearly further
investigation of the delivery of nanoparticles containing MRP1 siRNA would be required

before embarking upon human studies.
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5

5.1

THE ROLE OF MRP1 AND SONIC HEDGEHOG PATHWAY
EXPRESSION IN GLIOBLASTOMA:

Introduction:

Glioblastomas are inherently drug resistant tumours. The relationship between drug
resistance and glial tumours is likely to be multifactorial. Cancer stem cells are frequently
held responsible for the drug resistance of cancers. These stem cells are present in
gliomas and may be responsible for the high death rates of these incurable brain
tumours. Human gliomas have been demonstrated to display a stem cell associated
signature in their expression profiling. As such, it has been suggested that HEDGEHOG
(HH)-GLI signalling regulates the expression of “stemness” genes in glioblastoma
(Clement et al., 2007). HH-GLI signalling is also required for sustained glioma growth and
survival, and HH inhibitors such as cyclopamine display additive and synergistic effects
with temozolomide, the current chemotherapeutic agent of choice for CNS tumour
therapy. Within the Sonic Hedgehog signalling pathway, expression of human Patch (Ptc)
confers resistance to growth inhibition by a variety of chemotherapeutic drugs such as
doxorubicin, methotrexate, temozolomide, and 5-fluorouracil (Bidet et al., 2012). Studies
have also shown that the MDR phenotype can be induced when the SHH pathway is
activated, and importantly SHH signalling appears to promote MDR by increasing the
transcription of a subset of ABC transporter proteins (Xu et al., 2013, Das et al., 2013,

Sims-Mourtada et al., 2007, Bidet et al., 2012)

Interference of HH-GLI signalling with various agents suggests that the tumorigenicity of
human gliomas requires an active SHH pathway of which HH/GIi1 are critical members.

But the demonstrated link between HH-Gli1l and chemoresistance is not currently fully
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explained however it appears to also involve glucuronidation of drugs and alteration of

MRP1 expression (Zahreddine et al., 2014, Shahi et al., 2016)

HH-GLI signalling therefore may be significant in the inherent drug resistance and biology

of glioblastoma and other CNS tumours.

This chapter therefore aimed to explore whether there is a relationship between the SHH
pathway and MRP1 mediated drug resistance, hypothesising that downregulation of
MRP1 could result in altered expression of key genes of SHH signalling pathway. PTEN
and TP53 were explored as additional key players in the biology of glioblastoma and in
the T98G Glioblastoma cell line. Cells that were treated previously (see results of chapter
4) were utilised to further investigate expression pathways in the glioblastoma cell line.
MRP1 mRNA expression and protein levels were reduced more than 60% and 70%
respectively in these experiments. Extracted RNA was analysed for quality. qRT-PCR and
RNAseq were used to explore the effect of MRP1 knock down on global glioblastoma

gene expression.
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5.2 Methodology:

RNA extraction,

. . siRNA_MRP1 ) .
Experiment design treatment quality and o!uantlty
analysis
Preliminary Library preparation,
processing of Raw Sequencing quality and quantity
data analysis

Normalization and
differential gene
expression

Mapping and
alignment

Figure 5-1 Typical RNA-seq Data analysis pipeline.
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Table 5-1 Abbreviations specifically used in RNAseq assay in this chapter.

Un_EX1

NC_EX1

MRP1_A_EX1

MRP1_B_EX1

Un_EX2

NC_EX2

MRP1_A_EX2

MRP1_B_EX2

Un_EX3

NC_EX3

MRP1_A_EX3

MRP1_B_EX3

Untreated Cell

Experiment 1

Negative control siRNA

siRNA against MRP1 setl

siRNA against MRP1 set2

Untreated Cell

Experiment 2

Negative control siRNA

siRNA against MRP1 setl

siRNA against MRP1 set2

Untreated Cell

Experiment 3

Negative control siRNA

siRNA against MRP1 setl

siRNA against MRP1 set2
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5.2.1 gRT-PCR assay:

SiRNA and control treated T98G cells were harvested at 48 hours (24 hours following the
second transfection) for mRNA analysis by qRT-PCR, using the delta-delta method for
guantification (See 2.8). Briefly, RNA was extracted using TRIzol® (see section 2.9). First
strand cDNA was synthesised with a Moloney Murine Leukemia Virus (M-MLV) Reverse
Transcriptase kit according to the manufacturer’s protocol (see section 2.9.2).
Quantitative real-time PCR using 1°t strand cDNA derived from T98 cell line treated with
MRP1 siRNA and controls was used to evaluate changes in expression of MRP1 and SHH
key genes. Primer information is summarised in (Table 2-4). The target genes and control
were performed at same time for every experimental samples. The PCR reaction mixture
is described in (Table 2-5). PCR reaction plates were then placed in thermo-cyclers
(iCycler Thermo-cycler, Applied Biosystems) and run according to the conditions in Table

2-6.

5.2.2 Quality and Quantity Assessments:

5.2.2.1 Total RNA Bioanalyzer Assessment:
For quality and quantity analysis of RNA, Agilent RNA 6000 Nano Kit were used for all

samples according to manufacturer's protocol. Samples were run on Agilent 2100

Bioanalyzer machine.

5.2.3 Sequencing:

Following sample preparation, quantity and quality of libraries were assessed. The
Bioanalyser was used to determine the final size of libraries. Sequencing samples were
prepared in Flinders Genomic Facility and run at SAHMRI (South Australia Health and
Medical Research Institute Ltd) Genomic Facility. NextSeq 500 platform were used. A

loading concentration of 10 nM on TruSeqLT kit (lllumina) using individual 150-cycle
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(paired-end 75 bp) was prepared. Paired-end reads containing both ends of the same
RNA fragment were used, and the resulting raw read data was saved in two files. Data

then underwent computational quality controls analysis.

5.2.4 Computational Quality:

A standard pipeline of sequencing facility, adapter trimming was performed. The
sequencing reads passed the quality control requirements for analysis and a FastQC

report was generated including quality analysis plots and metrics.

5.2.5 Reads Mapping

The cleaned sequence reads were then aligned against the Human Genome release 24

(https://www.gencodegenes.org/releases). The BWA aligner (v0.7.12-r1039) was used to

map reads to the genomic sequences. The alignment files are sorted and compressed in
BAM format. Mapping was summarised for the human genome and the known gene
annotation. All the annotated features from the human gene annotation (Ensemble

ftp://ftp.sanger.ac.uk/pub/gencode/Gencode _human/ ) were used. The uniquely

mapping and non-mapping reads to the known genes have been reported.

The counts are generated based on the annotation information from the gene code using

the htseq-count tool (http://htseqg.readthedocs.io/en/master/count.html). The ratio of

calculated RPKM (Reads Per Kilobase of transcript per Million mapped reads) values for
each library and filtered low count genes is taken and transformed into log2 values to
obtain fold change in expression. Due to the low number of samples further statistics

could not be applied to the data.
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5.3 Results:

5.3.1 Quality and Quantity Assessments:

5.3.1.1 Total RNA Bioanalyzer Assessment:
A total RNA Bioanalyzer assay was performed on all RNA samples prior to gRT-PCR and

RNA. This analysis determines the fragments quality, purity and quantity of RNA samples.
Ribosomal RNA (18S and 28S) was calculated. The two peaks indicate 18S and 28S

ribosomal RNA are visible in

Figure 5-2. These were also detected on the generated gel seen in Figure 5-3. The
calculated RIN (RNA integrity number) is 9 implying that the RNA is of high integrity seen
in Figure 5-3. Thus, the RNA was determined to be pure and not containing any significant

degradation.
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Figure 5-2 Bioanalyzer assessment of RNA integrity.

Representative of RNA integrity results after Bioanalyzer assessment. RNAs extracted from
the three different biological experiments were analysed using an Agilent 2100 bioanalyzer and
Agilent RNA 6000 Nano Chips. Software set on Eukaryote total RNA series Il sensitivity. All
samples are uncontaminated. Data indicates the 18S and 28S rRNA subunit. Samples were run
on a single chip. FU stands for fluorescence units. Un; untreated cells, NC; negative control
siRNA, MRP1_A; siRNA target MRP1 set A, MRP1_B; siRNA target MRP1 set B.
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Figure 5-3 Bioanalyzer Agilent RNA 6000 gel-like image of total RNA. A) The gel image generated
by the bioanalyser and present a total RNA gel-like image. B) RNA concentration and C) RNA
integrity number (RIN) as determined by the Agilent Bioanalyzer. All samples showed clear 28S
and 18s distinctive ribosomal RNA bands. Also, gel-like image indicated no contamination in
total RNA found. In addition, RIN of samples were more than 9 which RNAseq requires and,
implies there is no RNA degradation. Samples were run on a single chip. Un; untreated cells,
NC; negative control siRNA, MRP1_A; siRNA target MRP1 set A, MRP1_B; siRNA target MRP1
set B. L; RNA Ladder.
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5.3.2 Quantitative Real-time Polymerase Chain Reaction (qRT-PCR):

5.3.2.1 Internal Controls Validation:
RNA isolated from T98G cells treated as per Chapter 4 (section 4.2.2) The expression of

three different housekeeping genes was analysed: GUSB, 18S and GAPDH. The three
genes were chosen to represent a range of expression levels within the glioblastoma cell
lines to cater for different levels of gene expression. The observed housekeeping gene

amplification threshold (Ct) was found to be constant in all treated and control samples.

IIII
S

GAPDH

30

IIII

GUSB 18

CT Value
= = N N
o (051 o [9,]

(6]

B Untreated Cells  ® NC-siRNA MRP1-siRNA_A MRP1-siRNA_B

Figure 5-4 Real-time PCR CT values of reference genes. The bars represent the candidate
reference genes expression level average in T98G cell transient transfected with either siRNA-
MRP1 or negative control siRNA. Data shown are mean +SD from (GUSB and 18S n=2) and
GAPDH n=4 independent experiments. Housekeeping gene expression was found to be
consistent and independent of the therapy applied to the cells.
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5.3.2.2 Impact of MRP1 Knockdown by MRP1-siRNA on SHH Signalling
Pathway Genes:

Target gene analysis. Components of SHH pathway were analysed for gene expression
changes following MRP1 siRNA engineered MRP1 knockdown. Figure 5-5 shows the
resultant effects expressed as relative fold change of key members of the pathway. The
Ct values are also given. Glil, Gli2, Gli3, PATCH 1 and 2, and SUFU were significantly
reduced in expression in the treated cells. SMO, SHH and PTEN were not significantly
altered. Interestingly, TP53 was also altered. A similar analysis was conducted on MK571
T98G treated cells. This also demonstrated a reduction in the expression of key members
of the SHH pathway. In these cells, the majority have completed or very high inhibition
of MRP1 as judged by Calcein retention which occurs very clearly with MK571 treatment.
In these cells all genes analysed were reduced in expression but particularly Gli2 and Gli3

where expression was almost completely lost.
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Figure 5-5 Relative gRT-PCR of MRP1, SHH key genes, PTEN, and TP53 gene expression in T98G
glioblastoma cell line. Quantitative RT-PCR demonstrated changes in gene expression following
MRP1 siRNA treatment of cells. RNA was isolated from T98G after 48 hours of treatment with
150 nM siRNA-MRP1 or negative control siRNA. Relative gene expression levels are displayed.
Data are expressed as fold change and normalized to the GAPDH housekeeping gene.
Untreated cells were used as a further control. Data shown are mean + SD from four
independent experiments.
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Figure 5-6 Relative QRT-PCR of MRP1, SHH key genes, PTEN, and TP53 gene expression in T98G
glioblastoma cell line treated with MK-571. RNA was isolated from T98G after 48 hours of
treatment with 25uM of MK-571. Relative gene expression levels are displayed. Data are
expressed as fold change and normalized to the GAPDH housekeeping gene. Untreated cells
were used as a further control. Data shown are mean 1SD from two independent experiments.

5.3.3 RNAseq Analysis:
5.3.3.1 NGS cDNA Library Quality and Quantity Assessment:

The LabChip assay was carried by Flinders Genomics Facility to validate the integrity and
provide quantification of NGS libraries. Libraries were shown to be of good quality in this

analysis (see Figure 5-7).
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Figure 5-7 TruSeq Stranded Total RNA Sample Preparation quality and size distribution.

A) bioanalyser RNA B) electrophoresis gel of cDNA. Samples were loaded on Labchip and
analysed using LabChip GX Software Version 4.2.1748.0 SP1. Samples required to be 260bp in
length. Water was used as a negative control.
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5.3.3.2 Quality Control and Sequence Data Evaluation:

The reads per base sequence quality for the 12 pair-end sequenced samples appeared
excellent, with >96% bases above Q30 across all sample and no end trimming required.
The reads were also screened for the presence of any lllumina adaptor/overrepresented
sequences and cross species contamination. Adaptors were trimmed and retained a
length of 35-76nt. Quality analysis plots and metrics were generated by FastQC software,
which analyses the sequencing issues that are arising from library preparation and the

sequencing process.

5.3.3.3 Quality Control (FastQC):
Report generated by FAstQC study different basic statistical values. Plots are of an

untreated cell sample and are representative of all 12 samples. The first plot is per base
sequence quality (see Figure 5-8), which studies the quality value range through all bases.
The reads that sit within the green section imply a high quality, the orange represents
medium quality and the red is an area of poor quality. All samples were within the green

region implying high quality scores across all bases.

The next plot is the per tile sequence quality (Figure 5-8). The best quality achieved and
demonstrated by this plot is when the background is clear dark blue. If there is some
coloured bubble present, this implies there is a loss of sequence in the region. Our

sequencing showed dark blue in all samples implying high sequence quality (Figure 5-9).

Per sequence quality scores plot is present the read quality. A good quality read is
represented by a value above 27, whilst under 20 is considered to be failed sequencing.
Sequencing samples in this study showed a high number of good quality reads (Figure

5-10).
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Quality scores across all bases (Sanger / lllumina 1.9 encoding)

1234567889 1213 1819 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 76
Position in read (bp)

Figure 5-8 Per base sequence quality. showing the quality value range through all bases. All
reads sit within the green section, implying high quality scores across the bases.
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Figure 5-9 Per tile sequence quality. The best quality achieved and demonstrated by this plot is
when the background is clear dark blue which was obtained from the samples submitted for
sequencing.
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Quality score distribution over all sequences
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Figure 5-10 Per sequence quality scores. A good quality read is represented by a value above
27, whilst under 20 is considered to be failed sequencing. Hence all scores were of satisfactory
quality.

Per base sequence content is the analysis of the AT and CG nucleotide content in the
samples. Good quality sequencing should have approximately equal AT and GC content.
The RNA samples showed a consistent nucleotide bias at the 5’ end of the sequencing
reads, which is not considered an issue as they are consistent within samples (Figure
5-11). Sometime this bias is referring to overrepresented sequence which in this case is

expected to be due to long non-coding RNA.
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Sequence content across all bases
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Figure 5-11 Per base sequence content: The RNA samples showed a consistent
nucleotide bias at the 5’ end of the sequencing reads which should not affect read
quality.

The poly(A)+ data plot shows the GC content at each base position through the entire
sequence. Figure 5-12 presents a normal distribution of GC content. The red peak
corresponds to the overall GC content of the underlying genome. The overall GC content
of the genome was calculated from the reference distribution of previous data. This plot

showed that the data was of good quality.
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GC distribution over all sequences
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Figure 5-12 Per sequence GC content - poly(A)+ data of the actual sequence data per
read compared with the theoretical distribution shows good alignment.

The next plot is the Per base N nucleotides. The sequencing machine creates an N base
when it is unable to make a base call with sufficient confidence. Thus, this plot base line
which shows a line at zero indicates excellent quality reads with no replacement of the

bases with N content (Figure 5-13).
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Figure 5-13 Per base N content

Sequence length distribution is useful for detecting any sequence fragments of uniform
length. This uniform length is usually trimmed after the sequencing to avoid any poor-
quality base calls at the end. Thus, the graph represents the fragment size distribution in
the sequencing data. All sequence showed the same size which means good quality

(Figure 5-14).
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Distribution of sequence lengths over all sequences
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Figure 5-14 Sequence length distribution.

The final plot in FastQC is the PCR products duplication level. The lower duplication
persentage means a higher target sequencing coverage. Figure 5-15 is representative of
untreated cells from Experiment One. This analysis showed a low level of duplicates in
the whole sequencing. A similar level of duplication was also detected in all other

samples.
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Figure 5-15 PCR products duplication level.

5.3.3.4 Principal Components Analysis:

Principal component analysis (PCA) is a statistical method to reduce a large set of

variables to a small set, whilst still retaining all relevant information.

Unfortunately,

samples with the same treatments did not cluster together as expected. No apparent

explanation has been provided by the bioinformatic analyst for this result despite all

guality data being excellent and gRT-PCR providing results with apparent clustering of

outcomes. Further replicates would be required to interrogate this data but were not

possible due to time constraints.
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Figure 5-16 Principal components analysis of RNA-seq. Representative of three
independent experiments. It expresses the relationship of samples. In this case it
appears that each experiment clustered with itself rather than the treated cells
clustering with similarly treated cells. No apparent explanation could be provided for

this occurrence in the analysis of the data set.
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5.3.3.5 Mapping

The cleaned sequence reads were then aligned against the Human Genome release 24

(https://www.gencodegenes.org/releases). The Burrows-Wheeler (BWA) aligner

(v0.7.12-r1039) was used to map reads to the genomic sequences. The alignment files
are sorted and compressed in BAM format. Mapping was summarised for the human
genome and the known gene annotation. All the annotated features from the human

gene annotation (Ensembl ftp://ftp.sanger.ac.uk/pub/gencode/Gencode human/ ) were

used. The uniquely mapping and non-mapping reads to the known genes have been
reported. Only sample M03 showed a significant reduction in uniquely mapped reads
(26.73%) compared with other samples where the mapped reads frequency varied from

77% to 85% approximately which is considered to be a satisfactory outcome.
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Table 5-2 Summary of the RNAseq reads.

32743839

35851470

39380876

37574999

30818495

40229452

38640688

38131286

27230390

29284521

32818902

35196850

27799776 (84.90%)

29878469 (83.34%)

10525159 (26.73%)

31510239 (83.86%)

24203505 (78.54%)

32886818 (81.75%)

30985423 (80.19%)

31915539 (83.70%)

21012661 (77.17%)

24833260 (84.80%)

27906561 (85.03%)

29455440 (83.69%)

4443106 (13.57%)

5340454 (14.90%)

28175675 (71.55%)

5439057 (14.48%)

5323161 (17.27%)

6639266 (16.50%)

6991871 (18.09%)

5559695 (14.58%)

4985649 (18.31%)

3786563 (12.93%)

4344545 (13.24%)

4823286 (13.70%)

500957 (1.53%)

632547 (1.76%)

680042 (1.73%)

625703 (1.67%)

1291829 (4.19%)

703368 (1.75%)

663394 (1.72%)

656052 (1.72%)

1232080 (4.52%)

664698 (2.27%)

567796 (1.73%)

918124 (2.61%)
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Table 5-3 Summary of the Mapping statistics reads on genome

- 32743839 32242882 (98.47%) 500957 (1.53%)
- 35851470 35218923 (98.24%) 632547 (1.76%)
- 39380876 38700834 (98.27%) 680042 (1.73%)
- 37574999 36949296 (98.33%) 625703 (1.67%)
- 30818495 29526666 (95.81%) 1291829 (4.19%)
- 40229452 39526084 (98.25%) 703368 (1.75%)
- 38640688 37977294 (98.28%) 663394 (1.72%)
- 38131286 37475234 (98.28%) 656052 (1.72%)
- 27230390 25998310 (95.48%) 1232080 (4.52%)
- 29284521 28619823 (97.73%) 664698 (2.27%)
- 32818902 32251106 (98.27%) 567796 (1.73%)
- 35196850 34278726 (97.39%) 918124 (2.61%)

Table 5-4 shows the distribution of the reads based on human biotype genes. All samples’

reads showed approximately 90-92.55% of protein coding. In addition, RNAseq analysis
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identified long non-coding RNAs at various percentages throughout the samples (1.2% to

3.15%).

163 |Page



Table 5-4 The distribution of the reads based on human biotype genes.

0.15%

0.15%

0.14%

0.14%

0.15%

0.15%

0.18%

0.16%

0.14%

0.14%

0.15%

0.15%

0.05%

0.05%

0.05%

0.05%

0.05%

0.05%

0.05%

0.05%

0.05%

0.06%

0.05%

0.05%

0.02%

0.02%

0.02%

0.02%

0.01%

0.02%

0.02%

0.02%

0.02%

0.02%

0.02%

0.02%

1.78%

1.78%

1.59%

1.98%

1.61%

1.95%

3.15%

2.67%

1.27%

1.49%

1.29%

1.40%

92.57

%
92.55

%
92.56

%
90.57

%
92.25

%

90.90

90.26

90.09

92.12

90.27

91.96

%
92.37

1.79%

1.83%

1.89%

2.09%

2.29%

2.27%

2.08%

2.26%

2.22%

2.02%

2.19%

2.30%

%
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0.53%

0.53%

0.52%

0.52%

0.47%

0.48%

0.58%

0.54%

0.48%

0.47%

0.50%

0.51%

0.19%

0.18%

0.18%

0.20%

0.21%

0.21%

0.23%

0.23%

0.21%

0.20%

0.22%

0.22%

0.10%

0.09%

0.09%

0.12%

0.11%

0.09%
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0.09%
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1.30%
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1.39%

1.45%

1.37%

1.56%

1.59%

0.91%

1.68%

1.09%
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0.10%

0.10%

0.10%

0.08%

0.08%

0.09%

0.08%
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0.02%
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Table 5-5 raw counts (read counts for each gene)

e

e

e

- 44141 48139 15442 51619 35823 45599 60468 63558 36806 41538 43147 45293
- 865 1046 329 1153 554 770 813 907 470 715 751 795
- 46 50 9 45 42 59 31 48 23 31 35 35

- 58 69 33 49 29 49 32 29 58 50 50 42

- 560 492 264 544 483 659 620 649 568 535 621 602
- 266 312 109 307 172 240 269 253 188 218 248 277
- 45 43 25 43 56 66 76 69 85 116 127 100
- 1 2 0 4 0 3 1 2 1 3 6 4
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762 803 192 781 1224 1567 1168 1447 953 921 1023 970

181 177 53 146 147 206 158 169 143 123 132 110
1754 1726 501 1671 1130 1342 1544 1641 1044 1320 1297 1398
0 0 0 0 0 0 0 0 0 0 0 0

Table 5.5 shows the raw read counts for each gene that was analysed by real time PCR prior to RNAseq analysis (Figure 5.5 and 5.6).
Unfortunately the read counts did not correlate with the real time PCR data, and therefore it was deemed that this data was not reliable for

identifying global downstream gene expression changes in response to MRP1 knockdo
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5.4 Discussion:

To study the gene expression changes in SHH signalling pathway, gRT-PCR was chosen as
representing the most sensitive and quantitatively accurate assay. Gene specific primers
were designed to amplify RNA sequences and following RT-PCR, the resultant products
were analysed by melting curve and gel electrophoresis to confirm the singularity of the

product and the lack of non-specific products arising.

Housekeeping genes used in normalising the qRT-PCR results of the target genes were
relatively constant and not influenced by treatment in all experiments. Different
housekeeping genes with different levels of expression were used to avoid skewed
results as studies have shown some housekeeping genes cannot be generally used as a
suitable endogenous control for quantification assays. However, all 3 housekeeping
genes showed consistent CT values (Weglarz et al., 2006, Blanquicett et al., 2002, Thellin
et al., 1999). The Lemma group studied 15 housekeeping genes, with GAPDH showing the
most stable result compared to 18S and GUSB in their analysis. However, in our cell line

model all genes showed consistent values (Lemma et al., 2016).

It is acknowledged that the siRNA induced knock-down of MRP1 was incomplete (60%)
However, despite this MRP1 knockdown showed variant reduction in SHH signalling
pathway key genes. GLI1, GLI2, PATCH 1 and PATCH 2 showed more than 40% reduction
in MRNA expression (p values < 0.001). In addition, GLI3 and SUFU mRNA expression
reduced by 30% (p values <0.03). However, SMO and SHH were reduced by less than 20%
and this was not significant (p values < 0.01). TP53 expression appeared to be affected

by the inhibition of MRP1 and was downregulated by 30% (p values < 0.022) while PTEN
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is showing approximately 15% downregulation but did not reach significance (p values =

0.43).

These findings are novel and have not been previously reported in the literature.
However, other interesting associations between the SHH pathway and ABC transporters
have been found. HhAntag691 (vismodegib) is a small molecular inhibitor of the SHH
signalling pathway through inhibition of SMO. It was discovered by high throughput
screening of a library of small molecule compounds and then optimised through
medicinal chemistry. Its chemical formulation is as follows: 2-chloro-N-(4-chloro-3-
(pyridin-2-yl) phenyl)-4-(methylsulfonyl) benzamide = Ci9H14Cl2N203S. HhAntag691 has
been demonstrated to be around 10-times more potent than cyclopamine (another
known inhibitor of the SHH pathway) and has been used to treat medulloblastoma in
animal models. It was employed in clinical trials for a variety of solid tumours (Zhang et
al.,, 2009, Su and Pasternak, 2013) and more recently as an inhibitor in Basal Cell
Carcinoma with the original data being published in 2015 with follow up in 2018 and 2019
as neoadjuvant therapy in this disease (Koelblinger and Lang, 2018, Woltsche et al.,
2019). Additionally, there are reports with this inhibitor documenting the role of SHH
pathway in embryonic palatal development and its role in cleft palate (Abramyan, 2019).
Other in vivo studies have also demonstrated GLI1 inhibition and SHH signalling pathway
deregulation when this inhibitor is used (Romer et al., 2004). Interestingly, HhAntag691
is also a potent inhibitor of two ABC transporters, ABCG2/BCRP and ABCB1/Pgp, and is a
mild inhibitor of ABCC1/MRP1. Several studies go on to report that it also successfully
inhibited MRP1 activity which is expressed highly at the blood brain barrier in their

experiments (Romer et al., 2004, Gabay et al., 2003). However, no studies using an siRNA
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approach targeting SHH pathway members have demonstrated a reduction in MRP1
expression and therefore it is likely that MRP1 inhibition by this molecule is the direct
effect of binding to MRP1. This fact is not made clear in the publications discussing
HhAntag691 leaving open to speculation the exact mechanism of action. No recent

studies in cancer therapeutics are reported.

Thus, the downregulation of the key genes of SHH signalling pathway and TP53 due to
the transient transfection with MRP1-siRNA suggests that critical cellular pathways could
be affected by knocking down MRP1. This is further supported by the finding that MK571
inhibition of MRP1 also results in SHH pathway member downregulation. The broad
range of molecules transported by MRP1 including lipids and cell signalling regulators
make it possible that these effects are part of a cell signalling pathway disruption
following MRP1 functional loss. To better understand the magnitude of gene expression

changes occurring after MRP1 downregulation RNAseq analysis was attempted.

RNA samples from the same experiments were analysed using the Bioanalyzer to validate
the quality of RNA. As demonstrated above, all samples showed good quality RNA
(represented by a RIN score greater than 9). RNAseq libraries were prepared and
assessed by the LabCHIP assay, demonstrating clean libraries which should have provided
satisfactory data for the RNAseq assay (Langmead et al., 2009, Sultan et al., 2014).
RNAseq data was trimmed and FastQC report was generated. The FastQC report
presented a good quality read integrity and sequencing. However, Principal Component
Analysis (PCA) showed un-clustering of samples even though they were treated the same

way and the same cell line model was used for all experiments (T98G cell line).
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Sequencing of the samples yielded 27 to 40 million reads with good quality coverage of
the reads being gained (77-85%) of the uniquely mapped reads except for one sample
treated with MRP1-siRNA_A in experiment 1 (M03) which only provided 26% uniquely
mapping reads and 71% of multi-mapped reads (Dobin et al., 2013). The multi-mapped
reads of all other samples were approximately 13-18%. Cleaned sequence reads were
aligned to the reference human genome (Langmead et al., 2009). The coverage was high
with 97-98%. The protein coding coverage was 90-92.55% for all samples. In addition, a

low percentage of long non-coding RNA and processed pseudogenes were also detected.

However, to evaluate gene expression, we commenced by comparing housekeeping
genes (GAPDH and GUSB) in all samples and discovered that these housekeeping genes
were inconsistent throughout the experimental samples by this methodology.
Additionally, other genes such as MRP1, which we had previously demonstrated to be
downregulated in the siRNA treated samples by gRT-PCR failed to show a similar
downregulation by RNAseq. In addition, the images generated specifically for exons (2,
7, 17 and 28) of the MRP1 (ABCC1) gene for each experiment were interrogated for
expected read loss surrounding the exons targeted by siRNAs A and B. For the exons, 17
and 28 there was complete knockdown in all the experiments but this included the non-
treated controls. In comparison, for exons 2 and 7 variable knockdown is observed. This
irregularity also extended to a complete absence of mapped reads for the exons 17 and
28 and relatively low numbers of mapped reads to exons 2 and 7 (See appendix A). Thus,
the detailed analysis of housekeeping genes and MRP1 gene expression failed to

demonstrate a consistent interpretable result meaning that analysis of other gene
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expression would be meaningless. Therefore, the sequence data obtained did not meet

the requirements for further analysis despite high QC analysis of the respective samples.

Despite several attempts to interrogate the data with bio-informatician assistance this
aspect of the thesis was unable to be completed. Additional approaches including
proteomics and potentially lipidomics may further assist in understanding the changes
that have been seen and could be the foundation for future studies. The results of the
transciptome analysis were clearly disappointing, however the fact remains that there
appears to be an interdependence of SHH signalling pathway members and MRP1
function which warrants further investigation and that this association is not due to non-
specific siRNA knockdown effects as functional inhibition also results in reduced

expression of the SHH pathway members.
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6 FINAL CONCLUSION:

From the literature review, we found that GBM clinical treatment continues to remain a
challenge worldwide, which is disappointing as it accounts for 75% of gliomas. Poor
prognosis is a result of chemo-resistance and difficulties or delays in diagnosis. Micro-
neurosurgery in combination with radio-, chemo-immunotherapies and adjuvant
chemotherapy with temozolomide (TMZ) are the gold standard treatment for GBM
(Saran et al., 2016). However, survival rates remain dismal, with less than 4% of

glioblastoma patients surviving for five years.

The first results chapter, Chapter 3, highlighted the effects of inhibition MRP1 using two
different sets of siRNA and MK-571 (inhibitor of MRP1 and other transporters) on the
cellular biology of a GBM cell line. Results demonstrating the reduction of mRNA (40 and
60%) and protein levels (70%) were associated with increasing Calcein AM cellular
accumulation, validating the effect of two doses of siRNA causing downregulation of the
protein with a resultant reduction in function. While Calcein accumulation is not specific
for MRP1 function, the siRNA knockdown was specific for MRP1, therefore changes in
calcein AM accumulation are representative of a loss in MRP1 protein in these
experiments. The use of a functional inhibitor of MRP1, MK-571 also resulted in similar
findings of Calcein accumulation, and attenuated cell growth without evidence of
affecting protein expression. This functional inhibition is however less specific for MRP1
inhibition and this needs to be taken in to account when interpreting the results.
Additionally, Calcein changes do not predict for inhibition of all drugs and substances
transported by MRP1 which need to be substantiated by cytotoxic studies, as present in

the literature.
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Interestingly, T98G cell line growth was reduced with slight increase in apoptosis at the
48-hour time point, but with no increase in cell death over a 96-hour period. However,
demonstration of an increase in S and G2 cell cycle phase is consistent with a G2 arrest
in treated samples which may explain the cell proliferation results. As MRP1 is a
transporter of intracellular substances, one can only hypothesise that it is involved in the
transport of key elements in GBM proliferation. These findings remain to be replicated in

different GBM cell lines and if possible, primary cell lines from patients.

The second results chapter of this thesis (Chapter 4) sought to explore a possible delivery
system for siRNA that may ultimately be utilised in a clinical setting. A PEI-pSiNP siRNA
delivery system was effectively synthesised and applied to an in vitro and in vivo model.
This delivery system maintained and prolonged the effectiveness of siRNA and rapidly
delivered siRNA directly into the GBM cells. In addition, MRP1 silencing effected by
employing PEI-pSiNP delivery of siRNA alone resulted in a reduction of cell proliferation
rate of GBM cells without cytotoxic drug co-treatment, indicating that MRP1 expression
has a more fundamental role in the biology of GBM cells than simply a xenobiotic
transporter. Additionally, in terms of transfection efficiency PEI-pSiNP compared
favourably to lipofectamine transfection without significant toxic effects apparent either
in vitro or in vivo. Since the effect of siRNA subsides over time mainly due to the dilution
of intracellular siRNA (Bartlett and Davis, 2006), the proliferation attenuation effect
associated with MRP1 silencing would be transient. Slow sustained nanoparticle delivery
of siRNA may assist in prolongation of the cellular effects. This needs to be explored
further in association with radiotherapy and or chemotherapy in an orthoptic model such

as the Sprague Dawley rat brain tumour model (Connolly et al., 2017, Yang et al., 2018).
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In this thesis, MRP1 knockdown in a GBM cell line was demonstrated in vivo in a
xenografted mouse model, and the proliferation attenuation was also observed in the
tumour, highlighting the potential utility of MRP1 as a therapeutic intervention in the
future. This is envisaged to be possible by installation of the nanoparticles to the tumour
bed after tumour resection and immediately prior to chemo or radiotherapy. A direct
delivery system to the tumour bed would avoid systemic exposure to the siRNA.
However, in the limited experimental tissues investigated there was no end organ
damage in the mouse despite downregulation of MRP1 in the duodenum and kidney. A
more thorough investigation of systemic effects would need to be undertaken in any
subsequent animal models. The long-term effect of repeated exposure to MRP1

downregulation systemically is unknown.

During the study of qRT-PCR of MRP1 mRNA expression, SHH signalling pathway key
genes (GLI1, GLI2, PATCH 1 and PATCH 2) were investigated to assist in the explanation
of the cell proliferation events. These were initially planned as a second target for siRNA
downregulation in this thesis. Unexpectedly SHH pathway members demonstrated a
similar reduction to MRP1 mRNA expression in the siRNA experiments. This has not
previously been reported. Thus, the present study provides novel evidence for a
significant inhibition of SHH signalling pathway genes by targeting MRP1. These studies
will need to be repeated using additional cell lines and further explored in global

expression changes.

SHH signalling pathway contributes to chemo- and radio-resistance (Sims-Mourtada et
al., 2006). However, there are some agents and herbs were used to target MRP1 and

SHH, such as HhAntag691 and Curcumin. (Meng et al., 2017, Shanmugam et al., 2015).
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Studies demonstrated that SHH Hedgehog signalling pathway key genes of GLI1, SMO,
and Sufu protein expression were facilitated by Curcumin treatment in a pancreatic
cancer cell line and Glioma (Yin et al., 2018, Cao et al., 2016). Interestingly, it also inhibits
MRP1 expression, involving the glutathione and GSTs conjugation mechanism required
for MRP1 transport although these effects are likely to be non-specific (Chearwae et al.,

2006, Wortelboer et al., 2003).

The connection between SHH and MRP1 remain to be explained. The original aim of the
thesis was to explore more broadly the effects of MRP1 downregulation on gene
expression in GBM cell lines however this work must now be taken up in future studies.
Given the wide array of substances transported by MRP1 it is likely that gene expression
may be changed by transport of regulatory molecules by MRP1. However, from this work
it is evident that the multidrug resistance phenotype of glioblastoma cells is enhanced by
a relationship of the SHH pathway genes and MRP1 expression and that this warrants
further investigation. Thus, the MRP1 siRNA drug delivery system explored in this thesis
provides an avenue of drug delivery to GBM sufferers which may improve drug sensitivity
in glioblastoma but may also change fundamental biology of the tumours through

regulation of key factors including the SHH pathway members and others yet unknown.
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Experiment three:
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In this study, thermally hydrocarbonised porous silicon nanoparticles (THCpSiNPs) capped with polyethyl-
enimine (PEI) were fabricated, and their potential for small interfering RNA (siRNA) delivery was investi-

gated in an in vitro glioblastorna model. PEl coating following siRNA loading enhanced the sustained

release of siRNA, and suppressed burst release effects. The positively-charged surface improved the

internalisation of the nanoparticles across the cell membrane. THCpSINP-mediated siRNA delivery
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Introduction

Glioblastoma multiforme (GBM) is an aggressive brain tumour
with a poor clinical prognosis." * Malignant glioblastoma cells
divide rapidly because the tumour is surrounded by a well-deve-
loped blood supply network.> Multimodal treatment, consisting
of surgical resection, local radiotherapy and systemic chemo-
therapy, is the standard therapy for GBM.*® Surgery can remove
up to 95% of the GBM tumours; however, a major obstacle to
treatment of this cancer is overexpression of the multidrug
resistance associated protein 1 (MRP1) which reduces the sus-
ceptibility of GBM tumours to chemotherapy.” ™ As a result,
GBM treatment employs intensive chemotherapy regimens
which induce systemic toxicity and associated side effects.""*"
Exogenously delivered siRNA can silence the MRP1 gene
and facilitate diffusion of hydrophobic chemotherapeutic
molecules (e.g. camptothecin and doxorubicin) across the lipid
bilayer of the cell membrane.®'* The administration of naked
SiRNA increases treatment efficacy for some cancers.'>"®
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reduced mRNA expression of the MRP1 gene, linked to the resistence of glioblastoma to chemotherapy,
by 63% and reduced MRP1-protein levels by 70%. MRP1 siRNA loaded nanoparticles did not induce cyto-
toxicity in glioblastoma cells, but markedly reduced cell proliferation. In summary, the results demon-
strated that non-cytotoxic cationic THCpSiNPs are promising vehicles for therapeutic siRNA delivery.

However, the negatively charged naked siRNA is subject to
poor cellular uptake as well as intracellular degradation
because of endogenous enzymes in the cytoplasm.'” Therefore,
to facilitate the transfection of siRNA in a clinical setting, non-
viral vectors have been used to treat cancer cells. The delivery
of siRNAs to GBM tumour cells using nanoparticles (NPs) has
been demonstrated to protect siRNAs from nucleases and
promote sustained release of the siRNA.>"%"?

Porous silicon (pSi) is an increasingly popular biomaterial
for use in therapeutic agent delivery.””*" SiNPs are biodegrad-
able and undergo complete degradation to produce silicic acid
(Si(OH),), a non-toxic soluble form of silicon.>**> Moreover,
the fabrication of pSiNPs from bulk single crystal silicon
wafers by means of electrochemical anodisation in hydro-
fluoric acid (HF) produces a nanostructured material with a
surface area of up to 800 m* g *.** The structural tunability of
pSiNPs allowing macroporous (>50 nm), mesoporous
(5-50 nm), and microporous (<5 nm) pores to be created,
affords an opportunity for the loading and controlled release
of a wide range of different therapeutic agents, such as anti-
cancer drugs, oligonucleotides and high molecular weight
proteins.?*?%?°

Adsorption of siRNA and oligonucleotides to the pSiNP
surface is mediated by electrostatic interactions.***’ Suitable
particle surface functionalisation facilitates electrostatically
driven nucleotide loading.***"***° For example, siRNA
loading into oxidised pSiNPs could be improved 10-fold by
amine-modification of the pSiNPs.*' Alternatively, other pSi
nanostructures, including nanowires and mesoporous micro-
particles, have been successfully used to deliver functional
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siRNA into cancer cells.>®*' We recently succeeded in increas-
ing adsorption of oligonucleotides into thermally hydrocarbo-
nised porous silicon nanoparticles (THCpSiNPs) even further
(to the level of 17 pg mg™") by exploiting the surface properties
and porous structure of the NP.*°

In contrast to the rapid degradation of freshly prepared
PSiNPs in aqueous solutions (within minutes}, which acceler-
ates the release of loaded oligonucleotides, thermal hydro-
carbonisation of pSiNPs post-fabrication produces a stable
Si-C layer on the pSi surface.” As a result, release of peptides,
oligonucleotides and hydrophobic model drugs from
THCpSINPs is sustained, in vitro and in vivo.>** Capping NP
pores after loading with positively charged polymers such as
polyethylenimine (PEI} further extends release and also pro-
motes the cellular uptake of negatively charged siRNA.?*%?

The endosomal escape of siRNA-loaded nanocarriers is
crucial to silencing the target gene.**** The pH-responsiveness
of PEI also aids endosomal escape of pSiNPs via the proton
sponge effect,® allowing the oligonucleotide payload to reach
its cytoplasmic target. Recently, an siRNA delivery model using
mesoporous silica NPs (MSNs) coated with PEI demonstrated
the downregulation of green fluorescent protein gene
expression.”® However, the well-documented cytotoxicity of
MSNs due to the disruption of mitochondrial membranes and
generation of reactive oxygen species (ROS) is a major limit-
36739 HSINPs do not show this level of tox-
icity in vitro and in vivo.*® PEI facilitated cellular accumulation
and internalisation of pSiNPs has been shown to accelerate
the apoptosis of solid tumours.*' Although post-fabrications
such as amine and oxidised modifications on the surface of
pSINPs may induce inflammation, such toxicity can be elimi-
nated through the final polymeric coating.*****

Here, we investigated the loading of siRNA targeted to
MRP1-mRNA and its release from THCpSINPs with and
without PEI coating. Cell viability and cellular uptake, in vitro,
of the treated cells were also examined using confocal
microscopy and transmission electron microscopy (TEM). The
ability of siRNA-loaded THCpSIiNPs to mediate the silencing of
the MRP1 gene and protein was then assessed in the T98G
glioblastoma cell line.

ation for their use.

Experimental
Materials

Ethanol (EtOH), PEI (MW: 25 kDa}), 1-decene, phosphate
buffered saline (PBS), human plasma serum, dodecenylsucci-

Table 1 Sequence of oligonucleotides used in this study
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nic anhydride (DDSA), Araldite® 502 epoxy resin, Embed812
resin (procure 812}, tris-2,3,6-(dimethylaminomethyl}phenol
(DMP-30), osmium tetroxide solution (for electron microscopy,
4% in H,0}, sucrose and uranyl acetate were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Silicon wafers (p+ type,
0.01-0.02 Q cm} and hydrofluoric acid (HF, 38%) were
obtained from Siegert Consulting Co. {Aachen, Germany} and
Merck (Darmstadt, Germany), respectively. Cellulose mem-
brane dialysis tube (Mw cut-off 50 kDa; flat width 10 mm; dia-
meter 6.4 mm, Spectra/Por Biotech-Grade CE dialysis tubing)}
was purchased from Cole-Parmer {Chicago, IL, USA)}. All oligo-
nucleotides used are shown in Table 1. The Block-iT™
Fluorescent oligo, a fluorescein-labelled double-stranded RNA
duplex (16.1 kDa), is designed as a detection tool for siRNA
internalization (Invitrogen, Mulgrave, VIC, Australia). DMEM
culture medium, Opti-MEM culture medium, fetal bovine
serum (FBS), t-glutamine, penicillin, streptomycin, amphoteri-
cin B, Hoechst 33342, Annexin V/FITC, Alexa Fluor® 488 con-
jugate, Annexin binding buffer (5%}, sheep anti-Mouse Ig
(R-phycoerythrin (PE} conjugated F (ab'} secondary antibody),
trypsin  (0.05%, EDTA 0.53 mM)} and Lipofectamine®
RNAIMAX transfection reagent were also purchased from
Invitrogen (Carlsbad, CA, USA). Sterile 0.01 M PBS (pH 7.4},
Triton X-100, propidium iodide (PI}, phalloidin-TRITC were
also obtained from Sigma-Aldrich. Paraformaldehyde solution
4% v/v was obtained from Electron Microscopy Science,
Ft Washington, MD, USA. Fluoro-gel mounting medium was
purchased from ProSciTech, Kirwan, Qld, Australia. The BD
Cytofix/Cytoperm™ kit was obtained from BD Biosciences
(San Jose, CA, USA). MRP1 antibody (QCRL-1} was purchased
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA)}. All solu-
tions were prepared using ultra purified water supplied by a
Milli-Q system (Millipore, Billerica, MA, USA). T98G GBM
cell line (ATCC® CRL-1690™]) from the American Type Culture
Collection (Manassas, VA, USA} was used in the experiments.
Incubation of cells with all samples took place at 37 °C unless
otherwise stated.

Fabrication of THCpSiNPs

p+ Type (0.01-0.02 Q cm} silicon wafers were used to fabricate
pSINPs by periodically etching at 50 mA em™ (2.2 s period)
and 200 mA c¢cm™> (0.35 s period) in an aqueous 1:1 HF
(38%) : EtOH electrolyte for a total etching time of 20 min. The
pSi films were detached from the silicon substrate by increas-
ing the current density to electropolishing conditions (250 mA
em 2, 3 s period). In order to stabilise freshly etched hydride

Oligonucleotide ID

Sequence

Company

2’-Fluoro modified ABCC1 siRNA (siRNA) Sense
Antisense

Negative control siRNA (NC-siRNA) Sense
Antisense

Block-iT™ —

1556 | Biomater. Sci, 2015, 3, 1555-1565

5'>GAGGCUUUGAUCGUCAAGUTT -3’
5'>ACUUGACGAUCAAAGCCUCTT— 3’
5’5 UUCUCCGAACGUGUCACGUTT— 3’
5'>ACGUGACACGUUCGGAGAATT— 3’
FITC labeled oligonucleotide

GenePharma, Shanghai, China

Invitrogen
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terminated pSi membranes, the detached multilayer films
were thermally hydrocarbonised under N,/acetylene (1 : 1) flow
at 500 °C for 15 min, and then cooled down to room tempera-
ture under a stream of N, gas. Films were subsequently
converted to THCpSINPs using wet ball-milling with a ZrO,
grinding jar (Pulverisette 7, Fritsch GmbH, Idar-Oberstein,
Germany} in 1-decene. THCpSiNPs were harvested by centrifu-
gation (1500g, 5 min).

siRNA loading

To load Block-iT™ (40 pL of 322 pg mL™" in water) and siRNA
(25 pL of 500 pg mL™" in water) into the THCpSiNPs (0.1 mg
mL™, 250 pL, suspended in EtOH] for the cellular uptake and
reverse transcription polymerase chain reaction (RT-PCR}
experiments, the particles were dispersed by sonication for
1 min, then incubated at 5 °C overnight. Following incubation,
the supernatant was separated from NPs by centrifugation
(5000 rpm, 5 min) and the THCpSiNPs with the loaded siRNA
(siRNA/THCpSiNPs} or the loaded Block-iT™ (Block-iT™/
THCpSINPs} were collected. The amount of absorbed oligo-
nucleotide was measured by UV-Vis spectrophotometry (HP8453,
Agilent Technologies, Santa Clara, CA, USA} at 260 nm from
three replicates.

The concentration of oligonucleotide in the supernatant
was subtracted from the initial concentration of oligo-
nucleotide in the loading solution. The amount of oligonucleo-
tides absorbed onto the pSiNPs, P {mg mg ™'} was calculated
using the following equation:

()

P= = (1)

where V (mL} is volume of the oligonucleotide solution. C, and
C (pg mL™'} are the initial oligonucleotide concentration and
the oligonucleotide concentration at the measurement time,
respectively. Wy, (mg} is the weight of the pSiNPs.

All siRNA loading processes were performed in a biosafety
cabinet (Aura 2000, Microprocessor Automatic Control,
Firenze, Italy) to keep the NPs sterile for subsequent cell
uptake studies.

PEI coating of siRNA/THCpSiNPs

To coat siRNA/THCpSiNPs with PEI {PEI/siRNA/THCpSiNPs),
the sterile siRNA/THCpSiNPs (0.1 mg mL ™"} were dispersed by
1 min sonication into PEI solutions (250 pL} of concentrations
0.05 and 0.1 and 0.2% w/v. Coating was performed at pH 5.7,
above the IEP (= 5.2} of siRNA/THCpSINPs but below the pK,
of PEI (= 9.08 (ref. 44)}. The pSiNP suspension was incubated
at 5 °C for 20 min, and then centrifuged at 5000 rpm at 5 °C
for 5 min to collect the coated NPs. After removing the super-
natant containing the unconjugated PEI, the amount of siRNA
released during the coating process was measured using
UV-Vis spectrophotometry at 260 nm to determine the final
amount of loaded siRNA into the NPs. The sterile PEI/siRNA/
THCpSINPs were kept at 5 °C until use in siRNA release and
cell uptake studies. The mean particle size and size distri-

This journal is © The Royal Society of Chemistry 2015
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bution of the prepared PEI/siRNA/THCpSINPs were deter-
mined by DLS and scanning electron microscopy (SEM}. The
surface charge after PEI coating was determined from zeta
potential measurements. The same procedure was carried out
for the PEI coating of the Block-iT™/THCpSiNPs (PEl/Block-
iT™/THCpSiNPs}. All PEI coating processes were carried out in
the bio-safety cabinet to keep the NPs sterile for future cell
uptake studies.

Nitrogen sorption measurements

The pore volume, average pore diameter, and specific surface
area of THCpSINPs were calculated from nitrogen sorption
measurements performed using a Tristar 3000 porosimeter
{Micromeritics Inc., Norcross, GA, USA).

Dynamic light scattering and zeta potential

Mean hydrodynamic diameter of NPs, size distribution along
with the polydispersity index (PDI} and surface zeta {{}-poten-
tial of NPs were determined by dynamic light scattering {DLS}
using a Zetasizer Nano ZS (Malvern, Worcestershire, UK]).
A scattering angle of 90° and a temperature of 25 °C was used
with NPs dispersed in Milli-Q water.

Scanning electron microscopy (SEM)

Images of THCpSiNPs and PEI-coated siRNA/THCpSiNPs (PEI/
siRNA/THCpSINPs} were acquired on a SEM (Crossbeam 540,
Carl Zeiss AG, Oberkochen, Germany) by collecting the back-
scattered electrons (0.7 kV beam energy under high vacuum
2 x 10~" Pa). The samples were prepared by allowing a single
drop of nanoparticle suspension to dry overnight at room
temperature on a thin layer graphite attached to a standard
SEM holder by double-sided carbon tape.

siRNA release experiments

To study release kinetics, the prepared siRNA/THCpSiNPs and
PEI/siRNA/THCpSINPs (coated with PEI solution at concen-
trations 0.05, 0.1 and 0.2% w/v} were suspended at 0.1 mg
mL™" in PBS (100 pL}. The solution was transferred into a cel-
lulose membrane dialysis “bag” (to avoid NP interference in
UV absorbance measurements) fitted inside of a quartz cuvette
(3 mL) filled with PBS and maintained at 37 + 0.5 °C. The
amount of oligonucleotide released was measured using the
UV/Vis spectrophotometry every 5 min for 35 h. All release
experiments were conducted in triplicate. siRNA release data
was fitted to a Higuchi model. The simplified Higuchi’s model
{eqn (2}} describes the drug release from an insoluble matrix
of THCpSINPs as a square root of a time-dependent process
linked to the Fickian diffusion.****®

Q = Ku x 1% (2)

where Q is the cumulative release drug in time ¢, Ky (h™") is
a dissolution constant and ¢ is time (h}. The critical release
parameter Ky was calculated for each release experiment
independently. Differences in Ky; were analyzed using one-way
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ANOVA, followed by Tukey HSD post hoc tests (Kaleidagragh
software, Synergy).

Confocal microscopy

T98G cells were seeded onto flat-bottomed 24-well tissue
culture plates {Thermo Fisher Scientific Inc., SA, Australia} at a
density of 3 x 10* cells per cm® in DMEM supplemented
with 10% v/v FBS, 2 mM r-glutamine, 100 U per mL penicillin,
100 pg per mL streptomycin and cultured in a 37 °C, 5% CO,
humidified atmosphere for 24 h prior to incubation with NPs.
Cells were grown to 80% confluence before exposure to NPs.
After 24 h, the medium was removed and cells were exposed
to Opti-MEM culture medium supplemented with 5% (v/v)
FBS containing 0.1 mg mL™" of PEI/Block-iT™/THCpSiNPs
at 37 °C, 5% CO, as specified above. The cell culture medium
did not contain antibiotics. Controls (untreated cells} were
generated by incubating T98G GBM cells in Opti-MEM
without NPs for an identical time period. Following incubation
(24 h), the cells were washed with PBS to remove the non-inter-
nalised NPs. Subsequently, the cells were fixed in 4% parafor-
maldehyde solution for 30 min, then permeablised with 0.25%
Triton X-100 for 5 min at room temperature. The nuclei of
cells were stained with 2 pg mL™" Hoechst 33342 for 15 min at
room temperature. Cells were also stained with 100 pM
phalloidin-TRITC for 45 min. After washing with PBS, cells
were mounted with Fluoro-gel mounting reagent. Cells were
imaged using a Nikon A1l laser scanning confocal microscope
{Nikon Inc., Rhodes, NSW, Australia} equipped with the appro-
priate filters. The efficiency of cellular uptake of NPs was
assessed by counting the number of cells that exhibited green
fluorescence (from the Block-IT™), together with the total
number of cells present.

TEM of cells

Cellular uptake was illustrated by means of TEM imaging as
described previously.?® Briefly, cellulose membrane dialysis
tubes were placed into a 24-well plate, then T98G cells were
seeded at a density of 3 x 10* cells per cm? for 24 h in DMEM
supplemented (see section confocal microscopy). After incu-
bation, the medium was removed and cells were exposed to
Opti-MEM culture medium supplemented with 5% v/v FBS
containing 0.1 mg mL ™" of PEI/siRNA/THCpSIiNPs for 24 h at
37 °C, 5% CO,. For control experiments, medium without the
NPs was used. After incubation, T98G cells cultured on the cel-
lulose membrane were fixed using 4% paraformaldehyde with
4% sucrose in 0.1 M PBS {pH 7.2) overnight. Aqueous osmium
tetroxide solution ({2.0% w/v) was added to the fixed cells
before dehydrating cells by exposure to a series of ethanol/
water mixtures (70% to 100% ethanol with 5% step increases}.
The dehydrated cells were embedded in absolute ethanol and
resin mixture (Araldite 502, procure 812, D.D.S.A., DMP-30)
(1:1) then incubated in pure resin mixture. The cells were
transferred to embedding moulds containing fresh pure resin
mixture, which was then polymerised for 24 h at 70 °C.
Samples were cut with a diamond knife (sectioned of
60-100 nm thickness) and placed on a 200-mesh copper grid

1558 | Biomater. Sci, 2015, 3, 1555-1565
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ProSciTech Co., Thuringowa, Qld, Australia). The cells placed
on the grids were stained with uranyl acetate for 15 min, and
rinsed with de-ionised water, subsequently stained with lead
citrate for 3-5 min, and then rinsed with de-ionised water.
The samples were imaged on a Tecnai™ Spirit Philips TEM
{(Hillsboro, OR, USA} at 20-120 kV beam energy under high
vacuum (1 x 10™° Pa).

Cell viability and proliferation

In vitro cellular toxicity and proliferation of T98G GBM cells
treated with PEI/siRNA/THCpSINPs were evaluated using
Annexin V assay and Trypan Blue exclusion assay. The cells were
seeded onto 6-well plates at a density of 3 x 10° cells per em®
and maintained in DMEM supplemented (see section confocal
microscopy}. The cultured cells were incubated with prepared
sterilised PEI/siRNA/THCpSiNPs or control treatments [(a) unmo-
dified THCpSINPs, (b} PEI coated THCpSINPs loaded with NC-
siRNA (PEI/NC-siRNA/THCpSiNPs), (c) PEI coated THCpSiNPs
without an siRNA payload (PEITHCpSIiNPs), (d) treatment
with each single component of PEI/siRNA/THCpSiNPs ie.
uncomplexed PEI, siRNA, non-coated THCpSiNPs (PEI + siRNA
+ THCpSINPs, separately added), and (e) siRNA complexed
with lipofectamine (siRNA/lipofectamine}] and untreated cells
at a concentration of 0.1 mg mL™" (250 pL per well) for 24,
48 and 72 h to determine the effect of the treatment on cell
viability. Afterward, the cells {1.5 x 10° cells per tube) were
resuspended in 500 pL of the Annexin V binding buffer {final
concentration 3 x 10° cells per 100 pL). The suspension
was then divided into each of four FACS tubes (Falcon™
round-bottom tube, Thermo Fisher Scientific Inc., Waltham,
MA, USA} including the cells without Annexin V-FITC or PI,
cells with 10 pL of PI (2.5 mg mL ™), cells with 5 pL of Annexin
V-FITC (1 mg mL™"), and cells with both PI and Annexin
V-FITC. Subsequently, the tubes were incubated for 30 min at
ambient temperature and protected from light before
being assayed using an Accuri-Cé6 flow cytometer (BD Accuri
Cytometers Inc., USA). The same treatment was repeated for
all control.

To assess proliferation, the treated cells were trypsinised,
and then 50 pL of the suspended cells was taken and mixed
with an equal volume of Trypan Blue. Cells were counted
using a haemocytometer (Abcam ple, Cambridge, UK) on a
bright field microscope (Leitz Wetzlar SM-LUX reflected light
microscope, Wetzlar, Germany). The same was done for the
control samples [THCpSiNPs, PEI/NC-siRNA/THCpSiNPs, PEI/
THCpSiNPs, PEI + siRNA + THCpSiNPs, siRNA/lipofectamine
and untreated cells). All experiments were repeated at least
three times, and the cell viability and proliferation were
reported as the average of duplicate wells + standard deviation.

Quantitative real time-polymerase chain reaction (QRT-PCR)

MRP1-mRNA silencing was studied through the use of a
BioRad CFX Connect QRT-PCR detection system with SYTO9
reagent to detect the level of MRP1-mRNA downregulation.
The QRT-PCR study was performed as described previously.*
Briefly, the T98G cells treated with PEI/siRNA/THCpSiNPs
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Table 2 Sequences of primers for MRPL and GAPDH

Exon
Primer ID Sequence number
siMohb  Forward 5" —=AAGGAATGCGGCAAGACTAG—3' 7
Reverse 5"+ CCTTAAACAGAGAGGGGTTC— 3’ 8§
GAPDH  Forward  5'—GTGAAGGTCGGAGTCAACGG—3"  N/A
Reverse 5'=>TGGAGGGATCTCGCTCCTGG—3"  N/A

were trypsinised (see section cell viability and proliferation),
washed twice with PBS then centrifuged (1200g for 5 min}.
Subsequently, total mRNA was extracted using TRI Reagent®
{Sigma-Aldrich) according to the manufacturer’s protocol.
c¢DNA was synthesised by means of M-MLV H(—} reverse
transcriptase (Promega, Alexandria, NSW, Australia). The
coincident measurement of the “housekeeping” gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH} was used
to control the experimental variations in the amount of RNA
and to normalise the MRP1-mRNA expression data, which was
calculated using the AAC; method. The primers were designed
via the primer-blast web tool (http://www.ncbi.nlm.nih.gov/
tools/primer-blast/}. All primers used for QRT-PCR of MRP1-
mRNA are shown in Table 2. The same procedure was repeated
for the T98G cells treated with negative control samples
(THCPpSiNPs, PEI/NC-siRNA/THCpSiNPs, PEI/THCpSiNPs, PEI
+ siRNA + THCpSIiNPs and untreated T98G cells) and positive
control (siRNA/lipofectamine T98G treated cells). All experi-
ments were performed at least in triplicate.

MRP1-protein level analysis

Flow cytometry of MRP1 protein levels was performed as
described previously.”! The T98G cells treated with PEI/siRNA/
THCpSiNPs were trypsinised and washed twice with PBS then
centrifuged (1200g) for 5 min (see section cell viability and
proliferation}. Subsequently, 300 pL of BD Cytofix/Cytoperm
solution was added to each tube containing the trypsinised
cells (3 x 10° per tube). The cells were incubated in the dark at
—20 °C for 30 min, washed twice with the BD Perm/Wash
buffer (1 mL} then centrifuged at 1200g (3 min). Afterward,
treated cells were incubated with 10 pL of MRP1 antibody
(QCRL-1; 200 pg mL™) for 90 min (20 °C in the dark), then
washed twice with the BD Perm/Wash buffer. Next, 50 pL of
the 1/50 sheep anti-Mouse Ig secondary antibody was added to
the cells and kept for 30 min at room temperature. Before the
protein level was analysed using flow cytometry, cells were
rinsed twice with PBS. The same procedure was performed for
all control samples (THCpSINPs, PEI/NC-siRNA/THCpSiNPs,
PEI/THCpSINPs, PEI + siRNA + THCpSINPs, siRNA/lipofect-
amine and untreated cells. All experiments were performed at
least in triplicate.

Results and discussion
Characterisation of the pSiNPs

pSiNPs were fabricated by means of pulsed electrochemical
etching of single-crystal doped p-type silicon wafers and sub-
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sequent ball milling of the produced pSi multilayer
membranes (Fig. 81 in the ESIY), previously described.?*?*23
DLS showed the average size of THCpSINPs to be 145.9 nm
(PDI: 0.087}, accompanied by an average {-potential of —43 mV
{at pH 7.4}. The plate-like morphology of pSiNPs produced by
the pulsed electrochemical etching and ball milling process®’
was illustrated by means of SEM (see Fig. 2a and b} and TEM
(Fig. S2 in the ESI}), and the depicted sizes were found to
be in agreement with the sizes measured by DLS. For gene
delivery by means of nanocarriers, a particle size between
100-300 nm is optimal in order to achieve high permeability
into tumours, to accelerate cell binding and internalisation,
and to avoid renal clearance.”® In our case, the pSiNPs are
neither so small that they are subject to rapid renal clearance
nor so large (>400 nm in diameter) that they are captured by
the interendothelial gap defense in tumours.*®

THC treatment protects the pSi from oxidative hydrolysis
in aqueous medium as our interferometric reflectance spectrox-
scopy (IRS} data show (Fig. S3 in the ESIt}. Rapid degradation
(50%, resulting in reduced thickness of the porous film after
250 min of incubation} was observed for the hydride-termi-
nated film. In stark contrast, the THCpSi film remained stable
with only a slight reduction of its initial thickness (thickness
reduction ~4%) after 5 h of incubation.

siRNA loading into THCpSiNPs

Equilibrium adsorption studies were performed to investigate
the adsorption capacity of siRNA into THCpSIiNPs. Increasing
siRNA concentration from 28.65 to 229.2 pg mL™" increased
the adsorption capacity (see Fig. 2a}. Data were fitted to a
Langmuir isotherm (R* > 0.9943, Table S1 in the ESIf}, produ-
cing a theoretical model for the adsorption of siRNAs into the
THCpSiNPs.*?

The adsorption kinetics (Table S2 in the ESIT) were studied
and modelled to methodically assess the loading mechanism
(see Fig. 2b}. The rate of adsorption of siRNA was higher at the
beginning of the loading process due to the large unoccupied
surface area (specific surface area of 202 m”> g™' and pore
volume 0.51 cm® g ) of the pSiNPs. Two most commonly used
pseudo adsorption kinetic models [(Lagergren’s first- and
pseudo second-order}®™ were applied to ascertain the mechan-
ism of the sorption process (Table S3 in the ESIf). With
respect to the lowest root mean square deviation [cRMSD}
between the experimental data and the model, the pseudo
second-order model showed a better convergence at the equili-
brium time rather than the Lagergren’s first-order model (see
Table S4 in the ESIt). Goodness-of-fit to the pseudo-second
order kinetic model implies that siRNA loading is rate-limited
by sorption to the THCpSINPs solid phase.

PEI coating on siRNA/THCpSiNPs

The cationic polymer PEI was subsequently coated onto the
surface of the THCpSiNPs preloaded with siRNA (PEI/siRNA/
THCpSiNPs}. The size and {-potential of the siRNA/THCpSiNPs
increased after coating with PEI solutions of 0.05, 0.1
and 0.2% w/v PEI concentration (Table 3). An asymmetric
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Table 3 Average hydrodynamic diameter, PDl and {-potential of
THCPpSINPs after siRNA loading and PEI coating measured by DLS

Average

hydrodynamic {-Potential

Particle diameter (nm) PDI  (mV)

THCpSINPs 145.9 + 32.5 0.087 —35.0+4.7
SiRNA/THCpSiNPs 193.2 + 25.8 0.192 -=-11.0+5.2
PEI (0.05 w/v%)/siRNA/THCpSiNPs 213.3 +78.7  0.120 53.917.3
PEI (0.1 w/v%)/siRNA/THCpSiNPs ~ 228.1 + 77.9 0.085 59.8+6.1
PEI (0.2 w/v%)/siRNA/THCpSiNPs ~ 236.5 + 81.9 0.080 56.1+5.7

cylindrical morphology was observed for PEI-coated siRNA/
THCpSiNPs, and the diameter measured by SEM and TEM
(Fig. 1b and S2b in the ESIt) was in agreement with the DLS
data. Indeed, we expected the PEI to cap the pores rather than
penetrate into them because of the large gyration radius of
PEI (~39 nm (ref. 51)) compared to the average pore size of
THCpSIiNPs (~9 nm). Since the actual size and surface charge
of NPs can change upon injection into the bloodstream
because of the adsorption of blood components, we examined
the effect of incubation in human plasma on particle size and
¢{-potential.>® The adsorption of serum proteins on the surface
led to an increase in the size (to 325 nm in diameter) and
dispersity (PDI) of both THCpSiNPs and PEI/siRNA/
THCpSINPs after 30 min of incubation, and also changed the
{-potentials (Fig. S4 in the ESIT).

The effect of PEI coating on the adsorption capacity of
SiRNA into THCpSINPs was evaluated. The adsorption capacity
gradually decreased with PEI concentration: PEI/siRNA/
THCpSIiNPs coated with 0.05% w/v PEI solution gave an
adsorption capacity of 49.5 pug mg~', 0.1% w/v PEI solution
showed an adsorption capacity: 39.9 pg mg ', and for 0.2%
w/v PEI solution the adsorption capacity was only 24.2 pg mg ™.
In comparison, the adsorption capacity for bare siRNA/
THCpSiNPs was 57.2 pg mg . Release of the negatively
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charged siRNA from the pores and surfaces into the surround-
ing aqueous environment during the PEI coating increased
with increasing concentration of PEI, presumably because the
cationic PEI was able to bind and release siRNA loaded into
the THCpSINPs. Our results compare favourably with previous
siRNA loading studies using PEI coated MSNs and pSiNPs,
where the adsorption capacity was found to be 27 and 8 g
mg ' for PEI coated MSNs and amine-modified pSiNPs,
respectively.*"*°

Sustained siRNA release from PEI/siRNA/THCpSiNPs

The amount of siRNA released from siRNA/THCpSiNPs coated
using PEI (concentrations 0.05, 0.1 and 0.2% w/v) over 35 h
was determined by measuring the absorbance of the PBS solu-
tion (37 °C, pH 7.4) containing the released siRNA at 260 nm.
These release kinetics are shown as a function of time in
Fig. 3. An initial burst was observed from each type of
THCpSIiNPs in the first few hours, followed by a sustained
release. The rate of siRNA release in the initial 24 h decreased
when the coating PEI concentration was increased from
0.05 to 0.2% w/v. In all cases, the release rate for PEI/SiRNA/
THCpSINPs was notably decreased compared to siRNA/
THCpSiNPs. Release data were fitted to the simplified Higu-
chi’s model, which describes drug release based on Fickian
diffusion. The critical model parameter (Kg) and fit (R?) calcu-
lated for each coating condition are shown in Table 4. The Ky
parameters calculated for siRNA from PEI coated THCpSiNPs
were significantly lower than that calculated for the uncoated
THCPpSINPs (p < 0.0001, Tukey HSD test), consistent with the
retardation of siRNA release after PEI capping. Modification of
THCpSIiNPs through a PEI-coating decelerated siRNA release
based on several mechanisms: (1) a slow disintegration and
dissolution of the PEI cap, (2) the attractive electrostatic forces
between positively charged PEI and negatively charged loaded
siRNA, and (3) a decelerated wetting of the hydrophobic
surface of THCpSiNPs.

Fig. 1 Representative SEM images of {(a) THCpSiNPs, (b) PEI/siRNA/THCpSiNPs.
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Fig. 2 (a) Adsorption of siRNA from EtOH/water solution to THCpSiNPs
and (b) rate of adsorption of siRNA into THCpSiNPs. Curves show data fit
to Lagergren's first-order (blue line) and pseudo second-order (dash
green line) kinetic models. Concentration of the pSiNPs = 0.1 mg mL™,
loading medium: EtOH/water (48/2 v/v), agitation rate (300 rpm) at
ambient temperature (n = 3; mean + standard deviation shown).

Cell viability and proliferation

We examined the cytotoxicity induced by THCpSiNPs loaded
with anti-MRP1 siRNA and control oligonucleototide
sequences using the glioblastoma cell line, T98G. T98G cells
were incubated with PEI/siRNA/THCpSiNPs and negative con-
trols (THCpSiNPs, PEI/NC-siRNA/THCpSiNPs, PEI/THCpSiNPs
and PEI + siRNA + THCpSiNPs) at a concentration of 0.1 mg
mL ', and compared with siRNA/lipofectamine (positive
control) and untreated cells for 48 and 72 h. T98G cells were
incubated at a NP concentration of 0.1 mg mL " for 48
and 72 h.

No differences in cell viability were observed between T98G
treated with PEI/siRNA/THCpSiNPs or siRNA/lipofectamine
and untreated cells (see Fig. 4 and S5%). Moreover, all cells
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Fig. 3 Effect of PEI coating and concentration on siRNA release profile
from samples: siRNA/THCpSiNPs (red), PEI/siRNA/THCpSiNPs (0.05%
w/v, green), PEI/siRNA/THCpSiNPs (0.1% w/v, yellow) and PEI/siRNA/
THCPpSINPs (0.2% w/v, blue). Release medium: PBS, pH 7.4, T = 37 °C +
0.2 (representative data, n = 3).

treated with control NP showed a high cell viability (>93.3%),
similar to the viability of the untreated cells (see Fig. 4 and S5
in the ESIT). In our earlier work, cells incubated with siRNA-
loaded amine-modified pSiNPs showed a significant
amount of cell death (33% after 48 h).** Here the PEI/siRNA/
THCpSiNPs induced negligible cell death, as measured by the
Annexin V assay, after the 48 and 72 h incubation, indicating
that the vector with loaded MRP1 siRNA is not in itself toxic to
glioblastoma cells. pSi and its degradation by-product, silicic
acid, are known to be non-toxic, and the biocompatibility of
THCpSiNPs has been shown in vitro and in vivo.*®

We next evaluated the influence of the siRNA delivery
system on the proliferation of glioblastoma cells, by treating
T98G cells with PEI/siRNA/THCpSiNPs at a concentration of
0.1 mg mL " for 24, 48 and 72 h. The THCpSiNP treated showed
similar proliferation to untreated cells (see Fig. 5). Moreover,
treating cells with siRNA/THCpSiNPs did not influence cell
proliferation (Fig. S6 in the ESIt). This is expected since the
internalization of the NPs without PEI coating would be
negligible as shown in previous work.>®*” However, the PEl/
siRNA/THCpSiNPs and siRNA/lipofectamine (SiRNA 390 nmole
per 3 x 10° cells per cm?) treatments showed reduction in cell
proliferation compared with the control cultures. Although,
the primary action of MRP1 in glioblastoma has been
ascribed to chemotherapeutic efflux from the cell, others have
described a decrease in malignant cell proliferation and

Table 4 Results of fitting drug release kinetics data to the simplified Higuchi model

Models and SiRNA/THCpSiNPs PEI (0.05% w/v) PEI (0.1% w/v) PEI (0.2% w/v)
parameters (uncoated) SiRNA/THCpSiNPs SiRNA/THCpSiNPs siRNA/THCpSiNPs
Higuchi K (h25) 17.11 + 0.23% 11.91 + 0.35 10.44 + 0.49 8.12 + 0.35

R? 0.995 0.994 0.994 0.991

“ Ku is reported + standard deviation from triplicate release experiments.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Proliferation rate of the T98G cells transfected with the NPs and
controls at different time points. Proliferation was measured though the
use of the Trypan Blue assay on a bright field microscope (n = 4; mean +
standard deviation).

tumour growth when MRP1 action is attenuated in the
absence of chemotherapeutic agents.”>*

Cell uptake of NPs

The internalisation of PEI/THCpSiNPs preloaded with Block-
iT™ (PEI/Block-iT™/THCpSINPs) was studied in T98G cells
using laser-scanning confocal microscopy. T98G control cells
(not exposed to the NPs) were well-spread, displaying lamelli-
podia, with the typical shape and morphology of adherent
T98G cells (see Fig. 6a). No morphological changes were also
observed in the T98G treated cells (exposed to the PEI/Block-
IT™/THCpSiNPs) after 24 h incubation (see Fig. 6b). Treated
cells showed punctate green fluorescence, attributed to the
internalisation of the PEI/Block-iT™/THCpSiNPs. To confirm

1562 | Biomater. Sci, 2015, 3, 1555-1565

the uptake of PE1/Block-iT™/THCpSiNPs by cells, z-stacks were
acquired using confocal microscopy (Fig. S7 in the ESI}).

1t is worth noting that the THC modification quenched the
intrinsic luminescence of pSi, so the green fluorescence was
only due to the Block-iT™.*> However, green fluorescence
intensity was not observed in the GBM cells treated with the
Block-iIT™/THCpSiNPs without the PEI capping, therefore
showing negligible internalisation of uncoated THCpSiNPs
into the cell interior. TEM was performed to confirm the cell
uptake and distribution of intracellular PEI/siRNA/THCpSiNPs
(see Fig. 4c and d). The internalised NPs were not observed
within the cell nucleus. This can be explained by the fact that
the central pore of the nuclear complex has a diameter of
50 nm,”* smaller than the average size of the NPs (236.5 nm),
thus NP are excluded from transport into the nucleus.

MRP1-mRNA downregulation

MRP1-mRNA expression was investigated following incubation
of T98G GBM cells with the PEI/siRNA/THCpSiNPs and con-
trols for 48 h. Both treated and untreated T98G cells expressed
MRP1-mRNA at 48 h (Table 5). However, significant downregu-
lation of MRP1-mRNA (63%) was observed in the PEI/siRNA/
THCpSiNPs treated cells. This downregulation implies intern-
alisation of PEI/siRNA/THCpSiNPs into cells, and subsequent
release of the loaded siRNA into the cytoplasm exploiting the
known proton sponge effect.”® There was no downregulation of
MRP1-mRNA in the negative controls or untreated cells.

MRP1-protein downregulation

We validated the down-regulation of the MRP1-mRNA
expression by measuring the protein expression of MRP1 using
flow cytometry 98 h after incubation with the PEI/siRNA/

This journal is © The Royal Society of Chemistry 2015
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and (d) T98G cells incubated with PEI/Block-iT™/THCpSiNPs. The red arrows indicate the internalised NPs.

Table 5 Fold change of expression 48 h after the incubation with PEI/
siRNA/THCpSINPs and controls. (n = 7; mean + standard deviation
shown)

Sample ID Fold change of expression Role”
Untreated cells 1.00 + 0.05 NC
THCPSINPs 1.04 + 0.17 NC
PEI + siRNA + THCpSiNPs 1.12 + 0.30 NC
PEI/THCPSiNPs 1.11 + 0.26 NC
PEI/NC-siRNA/THCpSiNPs 1.12.4:0.13 NC
PEI/siRNA/THCpSiNPs 0.37 + 0.14 MS
siRNA/Lipofectamine 0.47 + 0.16 PC

“ Abbreviation: NC: negative control; MS: main sample; PC: positive
control.

THCpSINPs. Downregulation of MRP1 protein (70% reduction
of the average protein level compared with the untreated cells)
was significant and also consistent with the demonstrated
downregulation of the MRP1-mRNA (see Fig. 7). The reduction
of the MRP1-protein level was observed after 96 h of
incubation due protein translation inhibition following the
halted expression of the MRP1-mRNA.*"
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Fig. 7 Flow cytometry histograms evaluating MRP1 protein concen-
tration in T98G cells. Black: untreated cells incubated with the second-
ary antibody; blue: untreated cell; red: cells incubated with the PEI/NC-
siRNA/THCPpSINPs; yellow: cells incubated with siRNA/Lipofectamine
(positive control); green: cells incubated with PEI/siRNA/THCpSiNPs.
Cells were harvested 96 h after treatment with nanoparticles.
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No reduction of MRP1-protein was detected at 48 and 72 h
of the incubation (data not shown), presumably due to
the long half-life of MRP1-protein.>**® Taken together, our
fabricated PEI/siRNA/THCpSiNPs reduced T98G cell growth,
MRP1-mRNA and MRP1-protein expression without inducing
direct cell toxicity proving efficiency for gene silencing in vitro.

Conclusions

We have reported on a promising nanocarrier for controlled
siRNA delivery, based on the electrochemically etched pSiNPs,
which were subsequently modified by the surface-stabilising
THC process. These mesoporous NPs showed a remarkable
capacity for siRNA loading (up to 57 pg siRNA per mg pSiNP
loaded}. The sorption of siRNA within mesopores was
best described by a pseudo second-order kinetics model. To
improve the release of siRNA in vitro, cellular uptake of
the NPs, and endosomal escape, the siRNA loaded NPs were
coated with PEL The PEI capping not only demonstrated sus-
tained release kinetics of the loaded siRNA from the NPs over
35 h but also suppressed burst release to below 11%. TEM and
confocal microscopy imaging confirmed the uptake of PEV/
Block-IT™/THCpSINPs into T98G cells. Intracellular siRNA
release was demonstrated by significant MRP1 gene downregu-
lation (63%} and protein silencing (70%). The PEI coated NPs
did not induce cytotoxicity in T98G cells after 72 h of the treat-
ment. Taken together, our polymer-coated mesoporous silicon
NPs can be potentially used as biocompatible nanocarriers for
efficient gene silencing.
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SEM imaging of muktilayer pSi film

Fig. S1. Representative SEM image of a multilayer pSi film fabricated by the pulsed electrochemical etching.

TEM imaging of THCpSiNPs and PEI/siRNA/THCpSiNPs

The morphology of THCpSINPs and PEI/siRNA/THCpSINPs {Fig. S2} was investigated by means of TEM {JEM-2100F TEM, JEOL
USA, Inc., MA, USA} with 20—120 k¥ heam energy under high vacuum 1x10-5 Pa. Both samples were prepared by allowing a
single drop of the nanoparticle suspension (in EtOH} to dry overnight at room temperature on 200-mesh copper grids

{ProSciTech Co., Thuringowa, Qld, Australia}.
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Fig. S2. Representative TEM images of {a} THCpSiNPs, (b} PEI/siRNA/THCpSiNPs.

Interferometric Reflectance Spectroscopy (IRS)

To measure stability of the surface modifications {THC and hydride terminated}, interferometric reflectance spectra were
acquired using an Ocean Optics USB2000 spectrometer equipped with a tungsten halogen lamp {Ocean Optics, LS-1}. Light
from the lamp was focused onto the surface of the sample using a collimating lens. pSi membranes {THC and hydride
terminated} were clamped into a custom-huilt closed flow cell, through which PBS solution at 37 °C was circulated via a
peristaltic pump {LongerPump BT100-1l, Baoding Longer Precision Pump Co. Ltd., Hebei, China} with a flow rate of 3.5 mL
minL Initial effective optical thickness {(EOT} readings {obtained from interferometric reflectance spectra by fast Fourier
transformation using IGOR software from Wavemetrics Inc., Portland, OR, USA} were recorded every 1 min for a period of 5

h (Fig. $3}.
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Fig. S3. Stability of HpSi {red line} and THCpSi {black line} films as a function of time in PBS as investigated by IRS. {*} Image
of HpSi and THCpSi films {representatives of the surface modifications} fixed into a flow cell with a constant flow rate (3.5
mL min} of PBS {pH 7.4 and temperature 37 °C} after 5 h incubation.



Equilibrium adsorption capacity

To load the siRNA into the THCpSINPs (0.1 mg/mL, 0.050 mL, suspended in EtOH) for the batch adsorption experiments, the
solution (initial concentrations 28, 57, 114 and 229 pg/mL) was dispersed by sonication for 1 min, then incubated at
ambient temperature overnight (300 rpm). After the incubation, the supernatant was removed by centrifugation (5000 rpm,
5 min). The loaded pSiNPs were then collected. The amount of absorbed siRNA was calculated via UV-Vis
spectrophotometry at 260 nm from three replicates. The amount of absorbed siRNA onto the THCpSINPs was calculated

based on Equation S1. The adsorption capacity was then examined by means of Langmuir isotherm given as

R X

- (51)
1+ K fC

where P, (ug/mg) and K; (mL/pg) are the maximum amount of adsorption and the sorption equilibrium constant,

respectively. C (ug/mL) and P (pg-solute/mg-THCpSINPs) are the concentration and amount of adsorption.

Table S1. Langmuir isotherm constants for the adsorption of siRNA from EtOH/water solution to THCpSiNPs.

Ki{mL/mg) Py {ug/mg) R?

0.0172 72.46 0.9943

Adsorption kinetics

SiRNA solution was added to 0.1 mg/mL THCpSINPs suspension (50 pL, EtOH) at a volumetric ratio of 48/2 THCpSINPs
suspension/siRNA solution. Subsequently, the suspension solution was well dispersed by sonication for 1 min before the
incubation (see Table S2) at ambient temperature for different predetermined incubation times (30, 60, 120, 180, 300 and
480 min). Afterward, the loaded THCpSINPs were collected by centrifugation (5000 rpm, 5 min). The amount of the
absorbed siRNA was measured by UV-Vis at 260 nm from three replicates. The amount of siRNA absorbed onto the

THCPSINPs, P (mg/mg), was calculated based on the Equation S1.

Table S2. Characteristics of THCpSiNPs for siRNA adsorption.

Characteristic Sample
Functionalisation THCpSINPs
Agitation rate {rpm) 300
Type of oligonucleotide SiRNA
Average diameter (nm) 145.9
Diffusion coefficient (m2/s)" 1.2 ~8.39x10
Initial oligonucleotides concentration {pug/mL) 230
Porosity (%) 54
Solid density (g/cm3) 3 ~2.33
pSiNPs concentration (mg/mL) 0.1
Solution bulk density (g-pSiNPs/cm3) ~1
Density of solvent (g/cm?) ~1
Temperature (°C) 25

Modeling of siRNA adsorption
Pseudo first and second-order models
The pseudo first and second-order models were used to assess the experimental data in order to evaluate the mechanisms

involved in the adsorption of siRNA into THCpSiNPs (Table S2). The first-order rate expression of Lagergren is given as:

log(P, —P)=logP ——— (52)



Where P, and P (pg/mg) are the amounts of siRNA adsorbed into the THCpSINPs at equilibrium and at time t, respectively,
and k; (1/min) is the rate constant of pseudo first-order model.# The measured data are able to fit to a straight line that is
calculated by drawing log (P.-P) versus t.

The second-order kinetic model can fit a range of sorption data without input parameters beforehand:45

Fo1
P PP .
2" e

e

where k, (Lg/mg min) is the rate constant of pseudo second-order model. Accordingly, there is a linear relationship in the
plot of t/P versus t in the agreement with the second-order model. The slopes and intercepts of the plots are indicating the
second-order rate constant k, and P.. To determine the deviations among data, gzuss (Root Mean Square Deviation) was
applied:

2705

ln PExp_PGJ[

O pep = —Z _— x100 (S4)
P PEXP :

Table S3. Pseudo first and second-order adsorption rate constant and P, value.

Sample Pseudo second-order kinetic model | Lagergren pseudo first-order kinetic model
Ki (1/min)  Peca (ug/mg)  R? Ky (ug/mgmin)  Peca (Mg/mg) R?

0.0005 78.74 0.996 1.68 71 0.889

Table S4. Calculated opysp of the kinetic models.

Kinetic models Orsp Of sample
Pseudo first-order kinetic model 0.1487
Pseudo second-order kinetic model 0.0223




Human plasma protein adsorption

The behavior of nanoparticles in the circulating blood is subjected to the adsorption of proteins of the plasma.® The
adsorption of human plasma proteins towards THCpSINPs (0.1 mg/mL) before and after the PEI coating {with 0.1% w/v) was
evaluated by measuring hydrodynamic diameter, PDI and I-potential. Thus, PEl coated and uncoated THCpSINPs were
suspended in 1 mL of human plasma. The samples were sonicated {30 s} to be well-dispersed, and then incubated at 37 °C
for 0, 30, 60, and 120 min. NPs were then sedimented by centrifugation {5000 rpm, 5 min} and washed with de-ionised
water. For DLS measurement, the treated NPs were resuspended in de-ionised water {1 mL} to measure their hydrodynamic
diameter, PDI and Z-potential. The sorption of serum proteins on the surface led to increase of the primary size and

aggregation {PDI} of THCpSINPs and PEI/siRNA/THCpSINPs, and also changed the primary Z-potential (Fig. S4). These

changes occurred within 30 min of incubation.
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Fig. $4. Effect of human plasma protein adsorption on {a) the average hydrodynamic diameter, (b) PDI and (c) {-potential of THCpSINPs (red line) and
PEI/siRNA/THCpPSINPs (blue line) as a function of time.
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Delivery of siRNA in vitro and in vivo @
using PEl-capped porous silicon nanoparticles
to silence MRP1 and inhibit proliferation

in glioblastoma
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Abstract

Background: Multidrug resistance-associated protein 1 (MRP1) overexpression plays a major role in chemoresistance
in glioblastoma multiforme (GBM) contributing to its notorious deadly nature. Although MRP1-siRNA transfection to
GBM in vitro has been shown to sensitise the cells to drug, MRP1 silencing in vivo and the phenotypic influence on
the tumour and normal tissues upon MRP1 down-regulation have not been established. Here, porous silicon nano-
particles (pSiNPs) that enable high-capacity loading and delivery of siRNA are applied in vitro and in vivo.

Result: We established pSiNPs with polyethyleneimine (PEl) capping that enables high-capacity loading of siRNA

(92 ug of sikRNA/mg PEI-pSiNPs), and optimised release profile (70% released between 24 and 48 h). These pSiNPs are
biocompatible, and demonstrate cellular uptake and effective knockdown of MRP1 expression in GBM by 30%. Also,
siRNA delivery was found to significantly reduce GBM proliferation as an associated effect. This effect is likely mediated
by the attenuation of MRP1 transmembrane transport, followed by cell cycle arrest. MRP1 silencing in GBM tumour
using MRP1-siRNA loaded pSiNPs was demonstrated in mice (82% reduction at the protein level 48 h post-injection),
and it also produced antiproliferative effect in GBM by reducing the population of proliferative cells. These results
indicate that in vitro observations are translatable in vivo. No histopathological signs of acute damage were observed
in other MRP 1-expressing organs despite collateral downregulations.

Conclusions: This study proposes the potential of efficient MRP1-siRNA delivery by using PEl-capped pSiNPs in
achieving a dual therapeutic role of directly attenuating the growth of GBM while sensitising residual tumour cells to
the effects of chemotherapy post-resection.

Keywords: Brain tumour, Gene delivery, Nanoparticles, Multidrug resistance-associated protein, siRNA, Cell
proliferation

Background

Glioblastoma multiforme (GBM) is a deadly form of
brain cancer with only a 5% survival rate at 5 years [1]
and the age-standardised mortality rate of brain cancer
in 2012 remains the same as in 1982 [2]. The mainstay of
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therapy is surgical resection. Factors that contribute to
the deadly nature of this cancer include the invasiveness
of GBM cells, and therefore residual disease, at the resec-
tion margins; the selective permeability of the blood-
brain barrier (BBB), and the inherent chemoresistance in
the endothelial layer at the BBB and in the GBM cells [3,
4]. As the drug fails to penetrate and accumulate, it leads
to poor chemotherapy effectiveness in both consolidation
and treatment of unresectable tumours.

©The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 40 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (httpy/creativecommaons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Chemoresistance results from the expression of mem-
brane-bound efflux transporters, such as the multidrug
resistance protein (MRP) superfamily [5]. Multidrug
resistance-associated protein 1 (MRP1), a MRP sub-
type, is a 190 kDa protein, through the hydrolysis of ATP,
it actively removes substrates from cytoplasm [6]. It’s
overexpression in certain tumours removes drugs from
cancer cells compromising treatment effectiveness [7].
Conventional drugs for GBM treatment, such as temo-
zolomide (TMZ) and vincristine (VCR), are substrates of
MRP1 which is overexpressed in brain tumours [8] and
on the apical surface of endothelial cells of the BBB [9].
These drugs are transported out of the tumour and out
of the intracranial space, contributing significantly to the
multidrug resistant phenotype of GBM.

Inhibition of MRP1 is a strategy for chemosensitisa-
tion and this approach has been substantiated in lung
carcinoma in vitro and in vivo [10]. Small molecules are
discovered to target and attenuate MRP1 function in
various carcinomas over the last decade [11-13]. In com-
parison, small interfering RNA (siRNA) are more eco-
nomical, versatile and effective in specific knockdown
of protein [14], however its susceptibility to degradation
and incapability in penetrating cell plasma membrane are
the main obstacles for translation into clinical practice
[15]. Nanoparticle delivery is a way to overcome those
pharmacokinetic limitations, in which we demonstrated
the use of bare porous silicon nanoparticles (pSiNPs) to
deliver siRNA into cells [16]. In particular, pSiNPs were
used as the delivery vehicle due to their high biocom-
patibility and degradability, and their degradation prod-
uct, silicic acid, is non-toxic and is cleared rapidly [17,
18]. The high porosity and surface area of pSiNPs ena-
bles high concentrations of therapeutics to be delivered
per weight of pSiNP [19, 20]. These pSiNPs have been
employed in drug delivery applications such as delivery
of enzymes [21], small molecules [22], and nucleotides
[23]. The release of the drug can be easily tailored by con-
trolling the degradation rate of pSiNPs and their surface
chemistry [24, 25]. Thermal hydrocarbonisation (THC)
treatment is a well-established modification to improve
the hydrolytic stability of pSiNPs [26-28]. Owing to the
polyanionic nature of siRNA, cationic surface treatments
are believed to be more favourable to retain siRNA inside
pSiNP [29].

MRP1 knockdown in GBM cells in vitro using vari-
ous polymeric vectors as transfection method has sug-
gested that such anti-chemoresistance approach is viable,
however, the inhibition of MRP1 in GBM tumours has
not yet been established. Moreover, the side-effect of
MRP1 knockdown on phenotypes of GBM cells and on
other MRP1-expressing cells has not yet been investi-
gated. Here, we studied the extend of MRP1 silencing
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and associated effects using siRNA delivered in pSiNPs
with PEI optimised capping to control its release, and
also report the effect and mechanism of this on the inhi-
bition of proliferation of GBM cells in vitro and in vivo.
At the same time, we also evaluated the side effects of
MRP1 silencing in the organs that the nanoparticles may
accumulate in. We anticipate that the results will provide
insights into the potential of MRP1 gene therapy in GBM
treatment, and unlock the door to eradication of this fatal
disease.

Methods

Porous silicon nanoparticle (pSiNP) fabrication

pSiNPs were fabricated according to the previously
reported procedure [23, 27] from p+ type (0.01-
0.02 Q cm) silicon wafers (Siegert Consulting Co.,
Aachen, Germany) by periodically etching at 50 (2.2 s
period) and 200 (0.35 s period) mA/cm? in a solution of
1:1 hydrofluoric acid (38%):ethanol (EtOH) for 20 min.
Afterwards, the porous silicon (pSi) films were detached
from the substrate by abruptly increasing the current
density to electropolishing conditions (250 mA/cm?
3 s period). The detached multilayer pSi films were then
thermally hydrocarbonised under N,/acetylene (1:1, vol.)
flow at 500 °C for 15 min, and cooled down to room tem-
perature under a stream N, gas. Subsequently, pSiNPs
were produced by wet ball-milling (ZrO, grinding jar,
Pulverisette 7, Fritsch GmbH, Idar-Oberstein, Germany)
of the thermally hydrocarbonised pSi films in 1-decene.
The completion of THC surface treatment was confirmed
by FTIR analysis via the disappearance of Si-H, species
(2200 cm™') and strong signal corresponding to C-H
(3000 cm™!) and Si-C (770 cm™!) species (Additional
file 1: Figure S1). pSiNPs were harvested by centrifuga-
tion (1500xg, 5 min). pSiNP stock solutions were pre-
pared in EtOH at 20 mg/ml.

siRNA loading, PEl capping and release kinetics

After pSiINP fabrication and characterisation, siRNA
was loaded and particles were coated with polyether-
imine (PEI). Both test siRNA (siRNA) and scramble
siRNA (ctr]l siRNA) were purchased from GenePharma
Co. Ltd. (Shanghai, China). siRNA is complementary to
mRNA sequence encoding for MRP1 (5" GAGGCUUUG
AUCGUCAAGUTT 3'), while ctrl siRNA sequence (5
UUCUCCGAACGUGUCACGUTT 3'), lacks homol-
ogy to all other genes. These siRNAs were solubilised in
molecular biology grade water to make stock solutions
(500 pg/ml). siRNA loading was performed by our previ-
ously established protocol [23]. Briefly, siRNA (100 ul of
500 pg/ml in water) was added to pSiNPs (250 pl of 1 mg/
ml in EtOH), mixed by sonication for 1 min, then incu-
bated overnight at 4 °C. Following the incubation, the
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loaded pSiNPs were isolated by centrifugation at 5000 rcf
at 4 °C then resuspended in EtOH and centrifuged two
more times to wash off unbound siRNA. To cap the
siRNA loaded pSiNPs with PEI, the pellet was then resus-
pended in 0.05% PEI of 25 kDa (Sigma-Aldrich, 408727)
diluted in EtOH and incubated for 20 min. pSiNPs were
centrifuged, and the pellet was washed with EtOH for
three times to wash off excess PEIL

To measure the loading efficiency of siRNA into
pSiNPs, siRNA concentration in the supernatant was
measured at 260 nm by using a Nanodrop spectropho-
tometer (ND2000, ThermoFisher) and the amount of
siRNA was then back calculated. The loading efficiency
(%) =(the siRNA amount in loading buffer —the siRNA
amount in supernatant)/(the siRNA amount in loading
buffer) x 100%.

The release kinetics were determined by incubat-
ing PEI-pSiNPs/siRNA (MRP1 and ctrl) in PBS at 37 °C
for 120 h. The supernatant was extracted at designated
time points, and the amount released was back calcu-
lated from the absorbance measurement at 260 nm. The
in vitro and in vivo treatment schedule was based on
the release kinetics. The reason for conducting release
kinetic assay in PBS, instead of culture medium is that
quantitating siRNA released in protein containing
medium is problematic owing to the masking of the RNA
absorbance at 260 nm. Quantitation in PBS is reliable and
its physiological relevant pH and osmolality are suitable
for demonstrating the siRNA release from PEI-capped
pSiNP.

To compare the siRNA knockdown efficacy and to
delineate the cell phenotypes influenced by the nano-
particle of choice, lipofectamine (Invitrogen, 11668-019)
was used in parallel as a delivery agent. The loading of
siRNA to form a siRNA-lipid complex with lipofectamine
was performed following the supplier’s protocol. Briefly,
siRNA was first diluted in Opti-MEM (Gibco, 51985091).
It was then mixed with lipofectamine at a 1:1 ratio to
form siRNA-lipid complex. All siRNA loadings were car-
ried out immediately prior to cell exposure under sterile
conditions.

Size and zeta-potential characterisation of pSiNPs

To reveal the size distribution and zeta-potential of
pSiNPs, the particles were first washed and resuspended
into MilliQ and sonicated for 5 min. The particles were
then analysed using a Zetasizer Nano ZS (Malvern,
Worcestershire, UK). The analysis was carried out at a
scattering angle of 90° at a temperature of 25 °C.

TEM characterisation
Transmission electron microscopy (TEM) was done
to visually examine the size and structure of pSiNPs
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prepared. pSiNP stock solution was first sonicated to
homogenise particles. PEI-pSiNPs and pSiNPs without
coating, siRNA-loaded or empty were diluted in EtOH.
10 pl of solution was spotted onto each 300 mesh Cu grid
(ProSciTech Co.) and air-dried. The samples were then
observed under a field-emission TEM (JEOL, JEM-2100F,
Japan). The average pore size of pSiNP was determined
firstly by SEM imaging freshly etched pSi film before
detachment and ball milling. TEM images was taken
to further confirm the pore size by measuring pores of
pSiNP. The pore diameter is determined by measuring
wall-to-wall distance of individual pores using Image].
The average was taken from 50 measurements of ran-
domly selected particles.

Cell culture

In this study we used U87 cells of human origin that sta-
bly express cytoplasmic mCherry, a kind gift from Bak-
hos A. Tannous, MGH, Massachusetts, USA, and T98G
cells of human origin (ATCC® CRL-1690™). Both are
well-recognised model cell lines representing GBM,
mCherry expressing GBM cells allow live cell imaging of
nanoparticle uptake. It is documented that both cell lines
demonstrate a similar cell growth rate [30]. Cell lines
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma-Aldrich D6546) supplemented with 10%
foetal bovine serum (Invitrogen), 1% antibiotic—anti-
mycotic (Invitrogen) at 37 °C and 5% CO, in a humidi-
fied incubator. For lipofectamine-based siRNA delivery,
Opti-MEM reduced serum medium was used in culture.
For tumour xenograft inoculation preparation, 10 mM
HEPES buffer (Sigma-Aldrich, H0887) was supplemented
in DMEM for stabilising the pH of high confluence cul-
ture. All experiments were conducted following at least
two passages after thawing cells.

For the functional inhibition assay, MK-571, the MRP1
inhibitor (a leukotriene receptor ligand), was used to
determine the functional activity of MRP1 in T98G GBM
cell line, followed by a Calcein-AM (Santa Cruz Bio-
technology, Inc., Dallas, TX, USA) accumulation assay
[31]. Calcein AM was used to measure the multidrug
transporter-mediated activity. It is a non-fluorescent
probe, but when it permeates the cells, it hydrolyses to
a fluorescent molecule. Cells were seeded at 3x 10°
cells/well in 6 well-plates and allowed to adhere over-
night. Subsequently, a total of 25 uM MK-571 was added
to each well and incubated for a further 72 h. The cells
were analysed at 24, 48, 72 h. At the 24 h time point,
cells were incubated with 0.20 uM of Calcein AM stain-
ing solution at 37 °C. After incubation for 30 min, cell
samples were immediately washed and analysed by
Accuri-C6 flow cytometer (BD Accuri Cytometers Inc.,
USA) to determine cellular uptake of Calcein AM. The
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control experiment was performed under identical con-
ditions. 1 x 10* events were collected by flow cytometry.
Cell viability was measured by trypan blue and Annexin
V as described previously [32].

The cells were seeded into 6-well plates at a density
of 5x 10* cells/cm? and maintained in DMEM for 24 h
after which the cultured cells were exposed to sterilised
pSiNPs (bare/capped with PEI/loaded with siRNA) at a
concentration of 0.125 mg/ml (250 pl per well of 1 mg/
ml) for 24 h. After 24 h, cells were washed with sterile
PBS and a second dose of pSiNPs was added (0.125 mg/
ml) for another 24 h, followed by cells washed with sterile
PBS then maintained in DMEM for another 24 h before
harvesting for different studies.

Cellular uptake of pSiNPs

To visualise the uptake of pSiNPs in U87 cells, nano-
particles fabricated as described above, were fluores-
cently labelled with fluorescein-5-thiosemicarbazide.
pSiNPs were first hydrosilylated to obtain an acti-
vated carboxyl group on the surface by incubating with
neat undecylenic acid (UA) for 16 h at 120 °C [33]. The
pSiNPs were extracted from UA via centrifugation
after the reaction and washed with EtOH five times to
ensure complete removal of excess UA. Next, the car-
boxy-functional pSiNP surface was covalently modified
with fluorescein-5-thiosemicarbazide dye by means of
ethyl(dimethylaminopropyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) coupling reaction. EtOH was
removed from UA-functionalised pSiNPs by centrifuga-
tion and the particles were rinsed with DMF twice. An
8 mM solution of EDC in anhydrous DMF was prepared
and 0.2 equivalents of triethylamine were added to the
solution. In the meantime, 8 mM solution of NHS was
prepared in anhydrous DMF. 500 pl of each solution was
removed, mixed well and added to the UA-functionalised
pSiNPs, followed by addition of 1 ml of fluorescein-5-thi-
osemicarbazide solution (4 mM). The entire reaction
mixture was allowed to react for 24 h at RT in the dark
with stirring. Excess cross linking agent, dye and DMF
were removed by centrifugation and the nanoparticles
were copiously washed with cold water, followed by an
EtOH wash and stored in EtOH. An alternative of track-
ing the subcellular delivery of siRNA is by loading pSiNP
with FAM-labelled siRNA. However, this is not reported
here since the change of physical/chemical properties
of siRNA and the resulting changes in release profile is
unknown.

After fluorescence labelling, pSiNPs were either
coated with PEI as described above, or left uncoated.
The zeta-potential, hydrodynamic size and release pro-
file of fluorescence labelled pSiNPs/PEI capped pSiNP
were unaltered. U87 cells were then exposed to these
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particles for 3 h, then washed three times with warm
PBS to remove excess pSiNPs. Cells were cultured for
another 24 h before fixation, counterstained, mounted
and imaged under a confocal microscope (ELYRA super-
resolution microscope, Zeiss Elyra PS.1).

Trypan Blue viability assay

A Trypan Blue exclusion assay was performed to study
the effect of PEI-pSiNP delivery on the viability of cells.
Briefly, U87 cells exposed to PEI capped or bare pSiNPs
were washed, trypsinised, diluted, and mixed 1:1 with
sterile filtered 0.4% Trypan Blue solution (T8154, Sigma).
After 5 min incubation, cells were counted using a
haemocytometer under a bright field microscope. The
proportion of the viable cells to total cells are reported.

EdU assay of cells

The proliferation rate of U87 cells receiving siRNA
delivery by lipofectamine or PEI-pSiNPs, and respec-
tive controls were assessed through pulse labelling of
cells using the Click-iT EdU Imaging Kit (Invitrogen,
C10337). Briefly, cells were seeded on the poly-L-lysine
coated coverslips at a density of 5x 10* cells/cm?®. At 24 h
post exposure, cells were incubated with 10 mM of EAU
(5-ethynyl-2-deoxyuridine) in DMEM for 1 h. Cells were
then washed and fixed in 4% PFA and permeabilised in
0.5% Triton X-100 in PBS. S-phase cells, which are EAU
positive, were visualised following the protocol specified
by the manufacturer. All cells were counter-stained by
Hoechst 33342, and mounted on a glass slide with fluo-
rescence mounting medium (Dako, $3023). Images were
taken under widefield Olympus IX83 fluorescence micro-
scope using a 10x objective. Image analysis was done
using Fiji Image] v.2.0.0. to automatically count nuclei
with positive staining. The averaged ratio of EQU positive
nuclei to the total number of cells is reported as “EdU
positive nuclei proportion (%)” This directly reflects the
proliferation rate of cells.

Immunofluorescence

The cells were seeded onto poly-L-lysine coated glass
coverslips, in a 6-well plate, at the cell density described,
and were exposed to PEI-pSiNPs with or without siRNA,
or lipofectamine carrying siRNA, or left untreated. After
24 h, cells were fixed for 10 min with 4% freshly pre-
pared PFA at room temperature, quenched with 100 mM
glycine in PBS for 15 min and washed twice with PBS
before permeabilisation in 0.05% Triton X-100 in PBS
for 5 min at room temperature. After permeabilisation,
the cells were washed twice with PBS and blocked with
3% bovine serum albumin (BSA) in PBS for 30 min at
room temperature. The cells were then incubated with
primary antibodies overnight, washed, and incubated
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with fluorochrome-conjugated secondary antibodies
for 60 min. The slides were washed in PBS then coun-
terstained for 15 min. The primary antibody used was
mouse anti-ki67 (Abcam, ab8191). The secondary anti-
body used was Alexa 488 goat anti-mouse (Invitrogen,
A11001). Rhodamine-phalloidin (Invitrogen, R415) and
Hoechst (Sigma-Aldrich, B2261) were used to counter
label the actin filaments and nuclei, respectively. After
washing, cells on coverslips were mounted on a glass
slide. These samples were then imaged at high magnifi-
cation using a confocal microscope (ELYRA Superresolu-
tion Microscope, Zeiss Elyra PS.1).

For statistical analysis, images were taken under a
widefield Olympus IX83 fluorescence microscope, and
counted using the image analysis technique described
above. The averaged ratio of ki67 positive nuclei to the
total number of nuclei was calculated, directly indicating
the progression of the cell cycle.

Western blotting

To study the relative protein expression of MRP1 and cell
cycle checkpoints, protein lysates were analysed by West-
ern blotting. The cells that were exposed to PEI-pSiNPs
with MRP1 siRNA or control siRNA, or siRNA delivered
in lipofectamine, or left untreated were washed in warm
PBS and directly lysed in a sodium dodecyl sulphate (SDS)
lysis buffer (2% SDS, 50 mM Tris pH 6.8) supplemented
with protease inhibitor cocktail (Sigma, P8340). Tissue
samples were thawed and homogenised using Navy Bead
Lysis Kits using a tissue homogeniser (Bullet Blender,
BB24-AU). The protein concentration was quantified by
an EZQ protein quantitation kit (Invitrogen, R3320). The
proteins were then mixed with Laemmli loading buffer
(BioRad, 161-0747) with B-mercaptoethanol, and boiled
at 95 °C for 10 min. To analyse MRP1, proteins were elec-
trophoresed in 10% bis-acrylamide gels, and transferred
onto nitrocellulose membranes overnight. For pCdk2 and
pHistone H3 analysis, electrophoresis was performed
with 14% bis-acrylamide gel. Membranes were blocked
with 5% (w/v) non-fat milk powder (Devondale) in PBST
(0.05% Tween-20 in PBS) for 60 min, followed by wash-
ing with PBST and incubation with a primary antibody
in blocking buffer overnight with rocking at 4 °C. The
primary antibodies used were mouse anti-MRP1, rabbit
anti-Cdk2 pTyrl5, and rabbit anti-Histone H3 pSerl0
(Abcam, ab24102 and ab136810, respectively). The sec-
ondary antibodies used were horseradish peroxidase con-
jugated Immun-Star goat anti-mouse immunoglobulin G
(BioRad, 1705047) and goat anti-rabbit immunoglobulin
G (Agrisera, AS09602). The membranes were washed
and incubated with the secondary antibodies for 60 min.
After washing, membranes were developed with Clarity™
Western ECL Substrate (BioRad, 1705061) and imaged by
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using a Chemi-Doc with a cool CCD camera (Syngene,
G:BOX Chemi XRQ). Expression was measured by densi-
tometry analysis of the bands using Fiji Image], deducting
the background intensity, and normalised to the inte-
grated density of the B-actin housekeeping protein band.
Knockdown efficiency was calculated as test group/con-
trol group x 100%.

To illustrate the distribution of the cell cycle popula-
tion upon exposure to PEI-pSiNPs with MRP1 siRNA,
cells were analysed using flow cytometry, and a histo-
gram of DNA content plotted. Briefly, the exposed cells
were trypsinised, PBS rinsed, and fixed dropwise in 100%
ethanol. The cells in single cells were rinsed and stained
with PI (50 pg/ml), and subsequently analysed using
ImageStream flow cytometer (Amnis). Cell populations is
gated and measured using Amnis software.

Mice tumour model

To assess the siRNA delivery, MRP1 knockdown and
its subsequent influence on the proliferative state, and
the effect of knockdown on distal organs, a subcutane-
ous xenograft tumour model was established using nude
mice. Animal procedures were performed according to a
protocol approved by South Australian Health & Medical
Research Institute Animal Ethics Committee (Approval
number, SAM#98). U87 cells were trypsinised, washed
with warm PBS and counted. 5 x 10° cells in chilled PBS
were then mixed 1:1 with Matrigel (E1270, Sigma) to a
total volume of 100 pl. CD-1 nude mice of mixed gender,
between 6 and 8 weeks of age, were then subcutaneously
inoculated with the prepared cells on both flanks. Food
and water were provided ad libitum, and since CD-1
nudes are immunocompromised, they were housed in
individually-ventilated cages (IVC). On week 4 post-
inoculation, mice bearing tumours reaching 250 mm?
were paired into groups to receive either pSiNPs/Saline,
pSiNPs/ctrl siRNA, or pSiNPs/siRNA (MRP1). Each
group and time point contained at least two mice, each
bearing (four tumours total per treatment). No statisti-
cal difference in tumour size was observed between the
groups (data not shown). Each group of mice received
2 intravenous doses delivered 24 h apart. Each mouse
received 31.25 mg/kg of pSiNPs loaded with siRNA,
or the same amount of unloaded pSiNPs, per dose.
Mice were humanely killed at 24, 72 h post-treatment.
Tumours, kidneys and duodenums were harvested. For
histological analysis, tissues were immediately fixed in
neutral buffered formalin (NBF, Sigma-Aldrich) at 4 °C
for 2 d, followed by paraffin embedding. For protein level
analysis, tissues were immediately cut into small cubes,
1 mm?, immersed in SDS sample buffer, and snap-fro-
zen. For mRNA level analysis, tissues were immersed
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into RNAlater (AM7023, ThermoFisher) and stored at
—-20°C.

Quantitative real time-polymerase chain reaction
(qRT-PCR)

MRP1-mRNA silencing was studied using a BioRad CFX
Connect QRT-PCR detection system with a SYTO9 rea-
gent to detect the level of MRP1-mRNA expression. In
summary, tissue sections were homogenised using TRI
Reagent® (Sigma-Aldrich) (1 ml per 50-100 mg of tis-
sue). TissueLyser II Qiagen (QIAGEN®, Hilden, Ger-
many) was used to disrupt and homogenise tissue. Total
mRNA was extracted using TRI Reagent, according to
the manufacturer’s protocol. cDNA was synthesised from
mRNA using M-MLV H (—) reverse transcriptase (Pro-
mega Corporation, Alexandria, NSW, Australia). The
coincident measurement of the “housekeeping” gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used to control the experimental variations of RNA
and to normalise the MRP1-mRNA expression data,
which was calculated using the AACt method. The prim-
ers were designed via the web tool (http://www.ncbi.nlm.
nih.gov). All primers used for QRT-PCR of MRP1-mRNA
are shown in Table 1.

Immunohistochemistry

Histological sections were immunohistochemically
stained to visualise the MRP1 expression and to study
the proliferative state of the tumours. Microtome sec-
tioned tissue specimens of 5 um were dehydrated at 50 °C
overnight, followed by deparaffinisation and rehydration.
Rehydrated slides were first incubated in sodium cit-
rate buffer pH 6 at 95 °C for 30 min for antigen retrieval
and cooled down to room temperature. For ki67 stain-
ing, slides were additionally incubated with 0.1% Triton
X-100 in PBS for 10 min to permeablise the nuclear enve-
lope. Slides were then incubated in 1% H,O, for 15 min
to quench endogenous peroxidase activity, followed
by serum blocking for 1 h. Goat anti-mouse IgG Fab
(Abcam, ab6668) was added for 1 h to block endogenous
IgG. After washing in PBST, slides were incubated with
primary against ki67 (Abcam, ab8191) or primary against
MRP1 (Santa Cruz, sc-18835) overnight in a moisture
chamber at 4 °C. Slides were then incubated with bioti-
nylated mouse-rabbit polyvalent secondary (Abcam,
ab64264), followed by streptavidin peroxidase (Abcam,
ab64264) incubation. After washing, slides were devel-
oped using 3,3'-diaminobenzidine (DAB) substrate for
15 min then counterstained with Mayer’s haematoxylin
QS (Vector, H-3404), and eventually mounted in cover-
slips with DPX.
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Table 1 Sequences of the primers used in qRT-PCR analy-
sis

Primer ID
MRP1_Human Forward 5'— AAGGAATGCGCCAAGACTAG— 3/
Reverse  5'— CCTTAAACAGAGAGGGGTTC— 3/
GAPDH_Human Forward  5'— GTGAAGGTCGGAGTCAACGG — 3’
Reverse 5/ — TGGAGGGATCTCGCTCCTGG — 3/
MRP1_Mice Forward 5 — TGCAGAGGCATCTCAGCAACTC — 3’
Reverse  5'— TTCGGCTATGCTGCTGTGIT— 3/
GAPDH_Mice Forward  5'— CGACTTCAACAGCAACTCC-
CACTCTTCC— 3
Reverse 5" — TGGGTGGTCCAGGGTTTCTTACTC-
CIT—3'

Hematoxylin and Eosin (H&E) staining

To study the side-effect of MRP1 knockdown in distal
organs, kidney and duodenum were excised and sec-
tioned for histological characterisation. Deparaffinised
and rehydrated sections were stained with Lillie-Mayer’s
H&E (Australian Biostain P/L) following standard pro-
tocols. H&E and immunohistological stained tissue sec-
tions were imaged using a bright-field microscope.

Statistics

Experiments were conducted in triplicate unless oth-
erwise stated. Error bars presented in charts equal+1
standard deviation (SD). Statistical differences were
tested by non-parametric Kruskal-Wallis 1-way ANOVA
test. The hypothesis was accepted at a 95% significant
level (p<0.05).

Results

Characteristics of pSiNPs and siRNA release from pSiNPs
pSiNPs were fabricated as a vehicle to deliver siRNA
for MRP1 silencing. The cellular uptake and biodistri-
bution of the siRNA loaded pSiNP is dependent on the
size and surface characteristics [34]. Their size, pore
structure and colloidal stability were characterised by
means of TEM, dynamic light scattering (DLS), and a
zeta-potential analyser. TEM images show that plate-
shaped pSiNPs were successfully fabricated at the desired
size of approximately 110 nm (Fig. la). These particles
contained pores of approximately 15 nm in size. The
achieved pore dimensions were suitable for loading siR-
NAs, which are approximately 7.5 nm long and 2.5 nm
wide [35, 36]. Judging from TEM images, there was no
observable difference in size between PEI-coated and
non-coated pSiNPs. The hydrodynamic diameter distri-
bution of these particles was further analysed using DLS
in aqueous media (Fig. 1b). This confirmed that particle
size distribution was small, where 70% of pSiNP sized
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between 186 and 198 nm (PDI: 0.12), and 70% of PEI-
pSiNP sized between 169 and 173 nm (PDI: 0.06). The
PEI-pSiNPs were statistically smaller than the uncoated
pSiNPs, and this was attributed to the improved colloi-
dal stability of PEI-pSiNPs in an aqueous medium. To
investigate this phenomenon further, we determined
the surface zeta potential of pSiNPs. Fabricated pSiNP
had a slightly negative zeta potential of —7 mV (Fig. 1c).
As expected, PEI-capped pSiNPs had an overall posi-
tive charge, with zeta-potential reaching 80 mV. Loading
with siRNA resulted in both types of particles becoming
more negatively charged with —20 and 50 mV in pSiNPs
and PEI-pSiNPs, respectively. Nanoparticles with a zeta-
potential of more than +30 mV are predicted to be col-
loidal stable [37, 38], which explains the higher stability
of PEI-pSiNPs.

Based on the colloidal stability and the advantage in
facilitating cellular uptake, we chose PEI-capped pSiNPs
for further study. siRNA was loaded into pSiNPs and
capped with PEI and the loading efficiency was calcu-
lated as 70+ 9%, effectively carrying 23 pg of siRNA per
250 pg of PEI-pSiNPs. This loading capacity is much
higher than pSiNP loading documented without cati-
onic PEI capping, which was only 1.75 pg per 250 pg of
pSiNPs [16]. The release of siRNA in PBS was followed
for up to 120 h (Fig. 1d). Substantial siRNA release was
observed between 24 and 48 h, where 70% siRNA was
released within this period. The release plateaued from
72 h onwards. These kinetics indicated a suitable release
profile that allowed uptake and accumulation of PEI-
pSiNPs in tumours before releasing most of the siRNA
(39].
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Intracellular siRNA delivery by pSiNPs

After confirming that the surface chemistry and siRNA
release profile of PEI-pSiNPs were suitable, pSiNPs were
fluorescently labelled and exposed to the U87 GBM
cell line to characterise cellular uptake. As anticipated,
greater uptake was observed for positively charged
PEI-capped pSiNPs as compared to uncapped pSiNPs
(Fig. 2a). Although PEI-capping benefits the loading,
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favourable release profile, and cellular uptake, it is essen-
tial that the nanoparticle delivery by itself is biocompat-
ible to cells. The viability of U87 cells exposed to both
types of pSiNPs by Trypan Blue exclusion showed no
significant difference between untreated cells and cells
exposed to pSiNPs or PEI-pSiNPs (Fig. 2b). This indicate
that the cytotoxicity of PEI-capped pSiNPs is minimal
and that these particles are fairly biocompatible.

Control PEI-pSiNP

e Untreated Lipo/ siRNA

PEI-pSiNP/ siRNA PEI-pSiNP/ control
siRNA

PEI-pSiNP

Fig. 2 Cellular uptake of pSiNPs and subsequent phenotypic changes in U87 GBM cells. a Cellular uptake of fluorescein labelled pSiNPs. Green:
pSiNPs; red: cytoplasmic mCherry; blue: nucleus. b The viability of U87 cells exposed to pSiNPs measured by Trypan Blue exclusion assay. € MRP1
expression in U7 cells exposed to siRNA via lipofectamine (Lipo/siRNA) or nanoparticle (pSiNP) delivery by immunoblotting. d Phase contrast
image of U87 cells exposed to PEI-pSiNPs carrying MRP1 siRNA and untreated at day 3 post-exposure. e The proliferation of U87 cells as measured
by EdU labelling of cells in S-phase. Green: EdU positive nuclei; Blue: nuclei. f Quantitation of S-phase cell proportions. (* **
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In vitro MRP1 silencing

Next, we employed PEI-pSiNPs to deliver MRP1
siRNA into U87 cells to study downregulation of
MRP1 via immunoblotting. For comparison, we used
lipofectamine(Lipo)-based transfection. Results illustrate
that the MRP1 expression was downregulated in cells
transfected with MRP1 siRNA as compared to untreated
controls, with 51 and 30% downregulation in Lipo/siRNA
(23 pg siRNA) and PEI-pSiNP/siRNA (23 pg siRNA)
treated cells, respectively (Fig. 2c). In contrast, control
siRNA delivered via PEI-pSiNPs did not knock down
MRP1 in U87 cells, ruling out non-specific effects of the
siRNA and of its delivery system. Additionally, the extent
of downregulation was dependent on the concentration
of siRNA delivered as the cells receiving less Lipo/siRNA
(9 pg) expressed more MRP1 as compared to 23 pg
delivered via lipofectamine and PEI-pSiNPs (Fig. 2c).
To demonstrate the effect of MRP1 downregulation by
PEI-pSiNPs/siRNA on drug efflux, we exposed U87 cells
to either DOX, or PEI-pSiNPs/siRNA, or co-treatment,
or left untreated. Result showed that MRP1 silencing
using PEI-pSiNP/siRNA sensitised U87 cells to DOX
(Additional file 2: Figure S2). This indicates PEI-pSiNPs
delivering MRP1 siRNA is a viable approach to reduce
chemoresistance.

Prolonged culture of U87 cells transfected by PEI-
pSiNPs/siRNA for 2 more days, resulted in an observable
reduction in total cell population as seen in a representa-
tive phase contrast image (Fig. 2d). However, such effect
of MRP1 on cancer cell growth has not been well docu-
mented. We speculated that MRP1 knockdown attenu-
ates cell proliferation in parallel to chemosensitisation.
To quantitatively study cell proliferation, U87 cells trans-
fected with siRNA were pulse-labelled by EAU to identify
the population of U87 cells that entered S-phase of the
cell cycle at a given time (Fig. 2e). Significantly less EQU
positive nuclei were observed in Lipo/siRNA and PEI-
pSiNP/siRNA treated cells as compared to untreated or
PEI-pSiNP/ctr] siRNA treated cells (Fig. 2f). Although
there was also a reduction in proliferation rate in PEI-
pSiNP and PEI-pSiNP/ctrl siRNA treated cells as com-
pared to untreated cells, this effect was not significant
(p=0.127). In particular, the EdU proportion of cells
receiving siRNA delivered by PEI-pSiNPs was sig-
nificantly lower than for cells receiving siRNA in lipo-
fectamine (p=0.034). Collectively, these results indicate
a decrease in proliferation rate of GBM cells with MRP1
knockdown by siRNA, which this effect was independent
of the siRNA delivery method.

MRP1 functional inhibitor MK-571
To further elucidate the role of MRP1 in GBM cell pro-
liferation, we exposed them to the functional inhibitor
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MK-571 which attenuates transmembrane transport of
MRP-specific ligands. Unlike MRP1 siRNA, MK-571
did not inhibit the translation of MRP1 proteins. It was
observed that exposure of cells to 25 pM MK-571 was
sufficient to suppress cell growth without causing cell
death (Fig. 3a, b). The inhibition of MRP1 transmem-
brane transport by 25 puM MK-571 was assessed by
monitoring the export of intracellular Calcein AM, a flu-
orescent dye that is a substrate of MRP1, from GBM cells
[40]. When MRP1 is functionally active in the cell, Cal-
cein AM is exported by MRP1 as an indicator of its trans-
porter function. We observed that the cells treated with
MK-571 exhibited greater fluorescence signals from Cal-
cein AM than untreated cells, indicating accumulation of
Calcein-AM as a result of MRP1 inhibition (Fig. 3c, d).

Decrease in proliferation rate and cell cycle arrest

We further studied the proliferation of U87 cells under
MRP1 silencing by monitoring the expression of Ki67,
which plays an important role during mitosis, and hence
serves as a marker for cell proliferation [41]. For all treat-
ment groups, Ki67 expression in the nucleolus and chro-
mosomes was observed during interphase and mitotic
phase, respectively (Fig. 4a). However, the ratio between
the Ki67 positive nuclei and the total population of nuclei
was significantly reduced in Lipo/siRNA and PEI-pSiNP/
siRNA treated U87 cells as compared to untreated con-
trols, but not in PEI-pSiNP/ctrl siRNA (p=0.275) and
PEI-pSiNP treated cells (p=0.127) (Fig. 4b). This is con-
sistent with the observed reduction of EAU labelling and
confirms that the reduced proliferation rate of U87 cells
can be attributed to MRP1 knockdown.

This observation prompted us to study the effect of
MRP1 silencing on cell cycle progression of U87 cells by
probing the activation of cell cycle regulatory kinases. The
elevated abundance of phosphorylated cyclin-dependent
kinases 2 (pCdk2) and histone H3 (pHH3) in U87 cells
implicate cells arresting at G1/S, and G2/M, respectively
[42, 43]. By means of Western blot, we observed that the
abundance of pCdk2 was higher in Lipo/siRNA and PEI-
pSiNPs/siRNA treated U87 cells than for untreated cells
by a factor of 2 and 1.8, respectively. The abundance of
pHH3 was similar among the groups (Fig. 4c). Treatment
with pSiNPs/siRNA and PEI-pSiNPs/ctr]l siRNA resulted
in only a slight pCdk2 elevation as compared to untreated
cells by a factor of 1.2. Since the inhibitory phosphoryla-
tion on Cdk2 is maximal during G1/S [42], the elevated
abundance of pCdk2 may suggest that the observed halt
in proliferation is related to cells arresting at G1/S. A his-
togram of DNA content generated from flow cytometry
also illustrates an increase in G1 cell population (from
34 to 56%), and a decrease of G2/M population (from 33
to 15%) upon MRP1 knockdown via PEI-capped pSiNP
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siRNA delivery (Fig. 4d). Collectively, the observed cell
cycle arrest aligns with the results of cell cycle check-
point proteins expression, EQU and Ki67 studies, which
indicate an obvious reduction in cell proliferation upon
MRP1 downregulation.

MRP1 knockdown and proliferative state in tumours

The relationship between GBM proliferation and MRP1
downregulation was further investigated in a tumour
bearing mouse model. CD-1 nude mice were subcutane-
ously (S.C.) inoculated with U87 cells, and the tumour
growth kinetics were characterised (data not shown).

Once the tumours reached a minimum size of 250 mm?,
mice were treated with PEI-pSiNPs carrying either
siRNA, ctr]l siRNA, or saline intravenously for two con-
secutive days (2 mice and 4 tumours per group). mRNA
extracted from tumours dissected at selected time
points was analysed quantitatively for MRP1 expres-
sion. According to qRTPCR data, a reduction of MRP1
mRNA was observed at 48 and 72 h post-treatment, with
the greatest reduction being 40% at 48 h (Fig. 5a). The
expression began to recover between 48 and 72 h, reach-
ing approximately 90% at 72 h. Reduction of MRP1 was
also observed by immunoblotting at the protein level,
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consistent with gene expression level. The protein expres-
sion of MRP1 in tumours observed at 48 and 72 h post-
treatment with PEI-pSiNPs/siRNA was reduced, by 82
and 65%, respectively, compared to the levels observed
in tumours treated with PEI-pSiNPs delivering control
siRNA (Fig. 5b). This demonstrates that the PEI-pSiNP
successfully delivered siRNA to the tumour and yielded
significant MRP1 knockdown.

To further evaluate the siRNA delivery and knockdown
in vivo, we histologically compared the MRP1 protein
distribution in tumours receiving PEI-pSiNPs/siRNA
and control treatments. Immunohistochemical images
correspond with qRTPCR and immunoblotting results,
demonstrating a general downregulation of MRP1 in
PEI-pSiNP/siRNA treated mice as compared to controls
(Fig. 5¢). Downregulation of MRP1 was also observed in
mouse epidermis and dermis above the S.C. tumour in
mice receiving MRP1 siRNA but not in control animals
(Fig. 5¢, arrows). Within the tumours, there was vari-
ation in downregulation of MRP1. Less MRP1 expres-
sion was seen in the GBM cells adjacent to the dermis,
where blood vessels are abundant, while downregulation
was less effective on the side adjacent to the peritoneum

(Fig. 5¢, squares). This gradient may reflect the penetra-
tion profile of PEI-pSiNPs into solid tumours.

The use of an untargeted delivery by nanoparticles
allows investigation of the collateral downregulation of
MRP1 in distal organs. We harvested kidney and duo-
denum, which also express MRP1 at physiological levels
[44, 45]. qRT-PCR result suggested that the reduction of
MRP1 mRNA in the kidney reached as much as 60% at
48 h post MRP1 siRNA treatment, and 55% (n=2) at 72 h
(Fig. 5d). The reduction in the duodenum was even more
pronounced, being 80% (n=_2) at 48 h, with no recovery
observed after 72 h post-treatment (Fig. 5e). Therefore,
we conclude that MRP1 siRNA delivered in non-targeted
nanoparticles, PEI-pSiNPs in this case, induces MRP1
knockdown in kidney and duodenum.

Ki67 expression in GBM tumours was also examined
to study the proliferation potential of GBM cells experi-
encing MRP1 knockdown. Consistent with the in vitro
results, Ki67 expression in the tumours of PEI-pSiNP/
siRNA treated mice was reduced compared to controls
(Fig. 5f). Such reduction in Ki67 was observed at both 48
and 72 h post-treatment, indicating that the proliferation
retardation was sustained after nascent MRP1 mRNA,
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and protein levels started to restore. A longer time point
analysis will be performed in future studies.

Histopathology of MRP1 expressing organs

Since there is no definite conclusion to date as to the
function of MRP1 in organs physiologically expressing
MRP1, we performed histopathology analysis on the kid-
ney and duodenum, in which MRP1 was shown to be col-
laterally downregulated, for signs of acute necrosis. The
histological sections representing 48 h up to 144 h post-
treatment were H&E stained. Histological analysis of kid-
ney was focused on signs of acute tubular necrosis, which
have been reported for nanotoxicity [46]. There were no
observable differences between kidneys receiving ctrl-
siRNA and MRP1-siRNA. All of them show no damage

to endothelial cells, nor was an eosinophilic staining pat-
tern or pyknosis of nuclei observed around proximal and
distal convoluted tubule (Fig. 5g, arrows), indicating the
absence of damage to tubular cells [47]. In the duode-
num, we did not observe accumulation of lymphocytes
in villi of both the controls and MRP1 silenced groups at
all the time points. Neither did we observe differences in
the population of goblet cells. These results indicate that
there was no sign of acute duodenitis [48].

Discussion

MRP1 expression has been identified in a variety of
tumours and is being comprehensively studied as a thera-
peutic target for chemosensitisation. Various modulators
have been pursued over the last two decades [11, 12].
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Combination therapy has already shown effectiveness
in vitro and in vivo in lung carcinoma [10] and breast
cancers [49]. Clinical trials exploring MRP1 knockdown
with a small molecule modulator in patients with breast,
lung, bowel, melanoma, renal and ovarian cancers are
ongoing [50].

GBM remains poorly treated, therefore exploring the
promise and effect of MRP1 downregulation using a
nanoparticle delivery approach has merit. To date, there
are only a handful of reports based on in vitro trials. For
example, patient derived GBM cells were chemosensi-
tised in vitro using an MRP1 inhibitor [13]. A study by
Tivnan et al. tested chemosensitisation with GBM cells
derived from relapsed patients, demonstrating some
effectiveness in this setting [8]. Additionally, various
nanoparticle delivery systems, including ours, have been
developed to deliver modulators of MRP1 in glioma cells
[51, 52]. However, in vivo effectiveness and effects on
other cells remains to be investigated. Although the cor-
relation between MRP1 expression and more aggressive
phenotype of cancer has been observed [53], phenotypic
effects of the knockdown of MRP1 remain unknown.

In this study, we used PEI-capped pSiNPs as a siRNA
delivery vehicle in vitro and in vivo in order to study the
knockdown and phenotypic changes, both in tumour
and collateral organs. The reason for choosing the pSiNP
delivery vehicle for MRP1 siRNA is due to a number of
inherent desirable properties including high loading
capacity, biodegradability and biocompatibility. Further-
more, we have previously documented the successful
in vitro knockdown of MRP1 with siRNA delivered using
pSiNPs [16, 23]. The PEI-pSiNPs in this study were of an
average size of 170 nm, smaller than the average size of
tumour vasculature ranging from 380 to 780 nm [54].
Additionally, nanoparticles at 100 nm range have gener-
ally proven to be long-lasting in the circulation [34]. We
optimised the release profile for in vivo delivery through
optimising the pSiNP capping and washing procedure.
The percentage siRNA released after 24 h was found
to be only 10%, while 80% of the siRNA was released
between 24 and 48 h. In view of previous studies that
have shown PEI nanoparticles, such as JetPEl, to facili-
tate distribution to the respective organs at 24 h [39], we
believe that the release profile of the PEI-pSiNPs used
here would prevent immature burst release, and thus
deliver most of the siRNA into the tissues. As compared
to other reported nanoparticles of comparable size, chi-
tosan nanoparticles showed siRNA burst release before
24 h with only 10% siRNA being released between 24 and
48 h [55], whilst for PLGA nanoparticles release of 50%
of the loaded amount was reported before 24 h, and only
10% was released between 24 and 48 h [56].
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The superior siRNA retention for the first 24 h is
thought to be due to the electrostatic interaction between
PEI and siRNA and the packing of the siRNA into the
pores of the pSiNPs [57]. The PEI capping also facili-
tated an obvious improvement of cell uptake in GBM
cells as expected. Whilst the risk of cytotoxicity associ-
ated with branched PEI gene delivery due to the charge
density has been a concern for clinical translation [58],
cytotoxicity was not observed with our pSiNP delivery.
This is consistent with our previous study in terms of a
lack of observable apoptotic and cytotoxic phenotypes
[32]. Although the mechanism of such diminished toxic-
ity remains unclear, a similar observation was reported
by Yuen Shan et al,, who evaluated PMMA nanoparticles
coated with branched 25 kDa PEI for gene delivery and
showed efficient transfection and low cytotoxicity [59].

MRP1 protein expression was downregulated with
MRP1 siRNA but not with the scrambled siRNA
sequence, indicating specific MRP1 effects. While the
knockdown efficiency of siRNA delivered with lipo-
fectamine (51%-4%) was observed to be higher than that
of PEI-pSiNPs (30£9%) in vitro, 30% of downregulation
was found to be sufficient to sensitise U87 cells to doxo-
rubicin and reduce the viability by 70% as compared to
exposure to doxorubicin only. While this level of down-
regulation is comparable to our previous in vitro study
[16], the delivery vehicle used here did not cause cyto-
toxicity by itself, indicating that it is potentially applicable
for systemic delivery.

The consistent decrease in total cell counts in MRP1
siRNA transfected U87 cells, without an increase in
apoptotic cell death was further investigated. We dem-
onstrated that the proliferation of GBM cells was pro-
portional to MRP1 expression level by means of an EAU
incorporation assay and Ki67 immunofluorescence, indi-
cating that U87 cells have a much slower proliferation
rate when MRP1 is silenced. Similar studies of MRP1
downregulation in neuroblastoma cells using antisense
expression vectors revealed spontaneous cell death and
a reduction in cell proliferation [60, 61]. For ovarian car-
cinoma cells, Mahdizadeh et al. characterised the effect
of saffron extract-crocin exposure and observed both
MRP1 silencing, cytotoxicity, and a reduction in cell pro-
liferation [62]. However, the mechanism of the observed
proliferation retardation in those cancer types was not
further investigated. In contrast, we observed no glioma
cell death upon transfection.

Here, the cell cycle arrest at G1/S observed in GBM
was demonstrated to be associated with MRP1 silencing
by determining the relative abundance of phosphorylated
Cdk2 and the increase in G1 cell population. This obser-
vation differs from multidrug transporter P-glycoprotein
(Pgp) knockdown, which was shown to cause cell cycle



Tong et al. J Nanobiotechnol (2018) 16:38

arrest at G2/M in leukaemia cells with apoptosis induc-
tion [63]. Since MRP1 and Pgp transport different sub-
strates across the plasma membrane [64], we speculate
that the effect of MRP1 knockdown on proliferation is
mediated through the inhibition of transmembrane traf-
ficking. The functional inhibition of MRP1 using MK-571
also resulting in attenuation of proliferation appears to
support such speculation.

Since PEI-pSiNP delivery of siRNA is a biocompatible
and versatile platform, it allowed us to characterise the
MRP1 knockdown approach and to validate the decrease
in proliferation of GBM in vivo. We demonstrated that
the siRNA delivery resulted in MRP1 downregulation
at both mRNA and protein level. The observed siRNA-
induced knockdown indicates that the siRNA was deliv-
ered into the cytoplasm where it forms RNA-induced
silencing complex (RISC) with the complementary
mRNA before the translation [65]. Hence, it can be con-
cluded that the PEI-pSiNPs successfully accumulated and
delivered the siRNA into the subcutaneous xenograft
GBM tumour.

The MRP1 downregulation was observed throughout
most of the tumour under histological study, indicating
that the size of PEI-pSiNPs (~ 170 nm) was generally able
to penetrate the GBM tumour mass and deliver the pay-
load. The penetration of nanoparticles into solid tumour
depends on the size and surface chemistry of the nano-
particles, and also the architecture of the tumour [66].
Although S.C. tumours do not replicate the complexity of
orthotropic GBM, such as the requirement to transverse
the BBB, our results serve as the first step translating the
promise of the MRP1 silencing approach reported based
on in vitro studies under GBM-specific in vivo tumour
microenvironment. For example, this approach could be
promising for coating the resected bed of the tumour at
the completion of surgery and to use an Omaya reservoir
for MRP1-siRNA delivery to minimise GBM recurrence
through its anti-proliferative and chemosensitising prop-
erties, since the BBB is not intact at glioblastoma pro-
gression, and at post-surgery [67-69].

For the effectiveness of the delivery to early stage of
glioma, where the BBB is intact, such approach remains
to be further optimised and evaluated in suitable ortho-
tropic models.

It has been reported that the expression of Ki67 in brain
cancers correlates with histological malignancy grade
in all glioma subtypes [70]. It is also clinically accepted
that Ki67 generally reflects the cancer aggressiveness,
as its function is closely linked to cell division [41]. The
diminished Ki67 positive proportion in tumours of the
mice receiving PEI-pSiNPs/siRNA indicates that MRP1
downregulation correlates with GBM proliferation, in
agreement with the in vitro result. Thus, we believe our

Page 14 of 17

observations highlight the potential that suppression of
GBM proliferation associated with MRP1 silencing could
be exploited to suppress the progression of the residual
GBM, in parallel to chemosensitising the tumour.

Biodistribution of the cationic nanoparticle is well-
documented to indicate accumulation in the liver, spleen,
kidney, and lung [71], and both kidney and duodenum
tissues are known to express MRP1 as their physiological
phenotype (44, 45]. We observed significant downregula-
tion of MRP1 in these two organs, which was even more
long-lasting than the silencing in the S.C. GBM tumour,
which may be due to the expected accumulation profile
of the non-targeted PEI-pSiNPs. It is reported that the
physiological function of MRP1 in kidney and diges-
tive system is related to protection from natural tox-
ins, cholehepatic and enterohepatic circulation of bile,
and in the protection of the biliary tree tissues against
toxic bile constituents [72]. However, no histopatho-
logical signs that would indicate tissue damage such as
necrosis in these two organs was observed over 6 days
post-treatment. Since MRP1 knockdown in tumour and
proliferation inhibition were observed as early as 48 h
post-injection and sustained despite nascent mRNA
started recovering, this may indicate a possible treatment
window. Future studies should investigate the collateral
damage of MRP1 siRNA plus cytotoxic drug co-treat-
ments in other organs, such as heart which is susceptible
to oxidative damage, while MRP1 knockdown would fur-
ther decrease the tolerance in normal organs to cytotoxic
drugs [73]. In addition, targeted delivery of MRP1 siRNA
should be explored in follow-up studies to minimise the
undesired silencing of MRP1 in other organs. Given that
MRP1 expression also causes radiation resistance, we
speculate that localised delivery at the site of primary
tumour resection may provide a means of sensitisation
towards chemo- and radiotherapy and obviate the need
for systemic exposure and potential toxicity from MRP1
downregulation in other organs.

This study highlights the relationship between MRP1
and GBM cell proliferation, and provides insights into
the relationship between MRP1 expression and malig-
nancy grade. In addition, we demonstrated that MRP1
silencing by employing PEI-pSiNP delivery of siRNA
alone would reduce the proliferation rate of GBM cells
by attenuating the cell cycle at G1/S, without cytotoxic
drug co-treatment, indicating the importance of MRP1
expression in the biology of GBM. Since the effect of
siRNA subsides over time mainly due to the dilution of
intracellular siRNA owing to cell division [74], the pro-
liferation attenuation effect associated with MRP1 silenc-
ing may intensify the therapeutic effect of this approach.
MRP1 knockdown of GBM was demonstrated here for
the first time in vivo, and the proliferation attenuation
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was also observed in the tumour, highlighting the prom-
ise of MRP1 as a treatment to GBM.

Conclusion

Chemoresistance in GBM, partially mediated by MRP1
overexpression in the brain, renders GBM a fatal disease
that is notoriously difficult to eradicate. Gene therapy
aimed at MRP1 silencing has been showing promising
results in sensitising other drug-resistant cancers while
its effect on brain cancers have not been thoroughly
investigated. Here, we demonstrated that the MRP1
silencing using pSiNP-based delivery of MRP1 siRNA
not only drug-sensitised, but also inhibited GBM cell
proliferation by arresting cell cycle at G1/S on its own.
The reduction in proliferation rate was independent of
the siRNA delivery method. This effect may be medi-
ated via transmembrane transporters as suggested by
a MRP1 functional inhibition assay. Through the use of
PEI-capped pSiNP delivery of siRNA, we established
MRP1 silencing in GBM tumours in mice. Consistently,
the reduction of ki67 positive staining in GBM correlated
with MRP1 silencing in the tumour. MRP1 siRNA deliv-
ery was not targeted to tumours and hence also showed
silencing in MRP1-expressing organs such as kidney and
duodenum. However, no histopathological signs were
observed. In conclusion, this study illustrated, for the
first time, the correlations between MRP1 expression and
GBM proliferation. This provides insights into residual
GBM eradication through highlighting the potential that,
apart from chemotherapeutics sensitising, MRP1 silenc-
ing itself may deliver therapeutic effects by attenuating
the growth of GBM.
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