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ABSTRACT

Approximately fifty percent of gliomas, especially glioblastoma multiforme (GBMs), are
resistant to radiation and chemotherapy. Therefore, efforts to develop new mechanisms to
enhance the efficacy of current treatment strategies are clearly warranted. Glioma cells, similar to
many other malignant cells, have a robust appetite for iron to support their rapid growth and high
metabolic rate. With elevated levels of iron uptake, a mechanism to protect cells from augmented
iron induced oxidative damage is needed. This protection is likely provided by the intracellular
iron storage protein ferritin. Ferritin has been detected in the cytosol, mitochondria and nucleus of
almost all malignant tumor cells. Overexpression of H-ferritin in nuclei of glioma cells appear to
protect DNA from iron induced oxidative damage and promote transcription. Overexpression of
H-ferritin in nuclei of breast cancer cells and cervical cancer cells was also found to be associated
with drug resistance. These findings lead to the central hypothesis of my thesis, silencing of H-
ferritin by siRNA enhances the radiation and chemotherapeutic efficacy for treatment of glioma.
It is anticipated that silencing of H-ferritin using gene therapy will decrease resistance to
chemol/radiation therapy. To deliver a therapeutic dose of siRNA, I had to first develop a delivery
system and chose cationic liposomes. Thus, there were three specific aims for my thesis: Aim1:
development and characterization of cationic liposomes described in chapter 2. Aim2:
investigation of whether silencing of heavy chain ferritin using gene therapy enhances radiation
and chemotherapeutic efficacy for the treatment of glioma (illustrated in chapter 3.1). Aim 2 was
further expanded to investigate the treatment of breast cancer, as well as malignant peripheral
nerve sheath tumors. Aim3: examination of the potential roles of H-ferritin in the progression of
malignant cancers (illustrated in chapter 3.11). A number of cell lines; human glioma U251 and

U87 cells, neurofibrama #215 sNF96.2 cells, and breast cancer MCF-7 cells were selected for our



iv
in vitro models, and athymic nude mice were selected as our in vivo model. Cationic liposomes
(C-liposomes) were prepared and characterized for use as a gene delivery vehicle. The
cytotoxicity of C-liposomes was tested in vitro and in vivo. SIRNA was incorporated into C-
liposomes to form C-liposomes:siRNA complexes. The uptake of C-liposomes:siRNA into
glioma cells was confirmed, and the mechanism of uptake was identified. Radiation and
chemotherapeutic efficacy were assessed after H-ferritin was down regulated. The potential role
of H-ferritin in biological pathways was investigated by evaluating the effects on DNA
conformation, the DNA repair related protein MGMT, DNA synthesis (by evaluating
incorporation of BrdU and *H-thymidine) and apoptotic activities.

The C-liposomes exhibited safe, applicable, and stable traits, and its uptake into glioma
cells depended on the endosomal pathway. Immunoblotting analysis demonstrated that sSiRNA
delivered in this manner, decreased H-ferritin protein expression by 90% in U251 cells, and 70%
in MCF-7 cells within 48 hours. This decrease in H-ferritin expression was associated with a
decrease in the LD50 for, nitrosoureas carmustine (BCNU), from concentrations greater than 100
uM to 40 uM in the U251 cells, 30 uM in MCF-7 cells, and 18 uM in MPNST cells. In addition,
knockdown of H-ferritin was associated with a 50% increase in cell death of U251 cells using 20
Gy of radiation in vitro. The in vivo efficacy of SIRNA delivered by C-liposomes was tested in an
athymic nude mouse subcutaneous glioma tumor model. Intratumoral injections of C-liposomes
containing H-ferritin siRNA reduced the required effective dose of BCNU for tumor suppression
by more than 50%. Moreover, intratumoral injections of C-liposomes containing H-ferritin
SiRNA with 4Gy radiation suppressed tumor progression by more than 90% compared with C-
liposomes containing non-specific sSiRNA.

The interaction of H-ferritin with DNA in the presence of BCNU was investigated in

vitro by supercoil relaxation assays. These assays demonstrated that H-ferritin maintained DNA
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in a relaxed form, which would promote DNA transcription even in the presence of radiation and
chemotoxins. In addition to the protective function on H-ferritin on DNA, the anti tumor effect of
H-ferritin siRNA was associated with activation of the apoptotic caspase-3 pathway. However, H-
ferritin did not appear to facilitate DNA repair through the MGMT pathway.

In conclusion, our study demonstrated that the vulnerability of cancer cells to radiation
and chemotherapy can be increased by reducing H-ferritin expression. The importance of ferritin
in cancer cell biology suggests that efficient delivery of siRNA could be a viable therapeutic
option. As importantly, we have demonstrated that siRNA can be delivered effectively by C-

liposomes in an in vivo tumor model.
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Chapter 1

Literature Review

1.1 Introduction

The long-term goal of this project is to develop a novel synergetic therapeutic
strategy that combines gene therapy with radiation or chemotherapy for the treatment of
glioma. This novel synergetic therapeutic strategy may be useful for treating a malignant
tumors, including breast cancer and malignant peripheral nerve sheath tumors (MPNST).
In the present thesis project, heavy chain ferritin (H-ferritin) was down regulated by small
interfering RNA (SiRNA) delivered by cationic liposomes (C-liposomes). Down
regulation of H-ferritin made malignant glioma cells vulnerable and, thus, they become
more sensitive and less resistant to radiation and chemotoxins. The rationale for the
study, that down regulation of H-ferritin sensitizes glioma cells to radiation and

chemotherapy, is based on the following previous findings:

1. We observed that H-ferritin was present in nuclei of human astrocytoma cells

[1, 2] and overexpressed in breast cancer cells [3, 4].

2. We found that H-ferritin interacts with DNA, specifically protecting DNA from

oxidative damage [1, 2, 5] and promoting transcription [6].



2

3. We learned that H-ferritin prevents apoptosis in breast cancer and malignant

mesothelioma cells [7-11].

4. We discovered that upregulation of H-ferritin negatively mediate immune

responses in tumor cells [12-18].

5. We observed that H-ferritin overexpression has been associated with the

development of drug resistance [19, 20].

Ferritin is an iron storage protein that plays a key role in maintaining the
homeostasis of cellular iron, which is an essential trace element for life. The importance
of ferritin in iron metabolism and the above findings, provide a firm basis for our central
hypothesis that down regulation of H-ferritin will sensitize malignant tumor cells to
radiation/chemotoxins, and thereby effectively increase the efficacy of radiation and
chemotherapy for the treatment of glioma and other malignant tumors. Prior research and
background information related to this project are reviewed in the subsequent sections.
Glioma, its formation and treatment, methodology of radiation and chemotherapy, the
characteristics of the anti-cancer drug BCNU, iron metabolism, the function of ferritin in
cell biology, siRNA related gene therapy for treatment of glioma, and the characteristics

of the gene delivery vehicle C-liposomes are all discussed as following.

1.2 Glioma

1.2.1 Glial origin
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Normal brain tissue consists of two different materials: neurons and non-neuronal
(supportive) tissues [21]. The non-neuronal tissues consist of astrocytes, oligodendrocytes,
microglia, ependymal cells, radial glial, satellite, and Schwann cells, which all differentiated from
original glial cells. Glial originating cells have two main functions: they physically surround and
hold neurons, and chemically provide nutrients and oxygen to neurons. These supportive cells of
glial origin settled in a special location of the brain where their functions were necessary.
Astrocytes are involved in several functions, including the uptake of excess neurotransmitters and
formation of the blood-brain barriers. Oligodendrocytes function to cover axons of neurons with
myelin sheathes. Microglias are programmed macrophages that are able to perform phagocytosis,

which protect neurons in central nervous system.

1.2.2 Formation of glioma

Brain tumors arise when neurons or the cells of supportive tissues divide abnormally or
uncontrollably. Brain tumors can be primary (originating from the brain) or secondary
(metastatically transferred to the brain from another part of the body). Glioma, as the images
shown in Figure 1.1, especially glioblastoma multiforme (GBM) is a malignant brain tumor of
the central nervous system (CNS) that arises from cells of glial origin. Glioma includes
astrocytoma, ependymoma, ganglioglioma and oligodendroglioma, which are classified from
grade | to IV (WHO) according to their malignancy. The cause of glioma is unknown, however,
a number of macro environmental factors have been proposed, including exposure to an oil
refinement factory, the rubber-industry, organic agents, and smoking [22]. The micro
environmental cause of glioma is similarly unclear. In recent years, the ideas that cancer may be
initiated by a rare fraction of multipotent cells called “cancer stem cells” (CSC), has grown [23].
However, the techniques for isolating this CSC and biological theory of CSC have yet to be

completely established. Glioma accounts for 70% of all brain tumors [24] and has increased in


http://en.wikipedia.org/wiki/Macrophage
http://en.wikipedia.org/wiki/Phagocytosis
http://en.wikipedia.org/wiki/Central_nervous_system
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incidence from 1977 to 2000 especially amongst older patients. In western countries, astrocytoma
affects caucasians with higher incidence than African/Asian populations [25]. Males are more
often affected than females, and gender differences have been shown to be greater in older age

groups [26].

1.2.3 Impact of glioma

Glioma growth in the brain is particularly threatening, because the brain is delicately
designed in a narrow and closed system, and brain cells performs complicated functions. Tiny
abnormal cellular growth can generate severe consequences, depending on the location of the
lesion. Although the incidence of primary glioma accounts for only 1.35% of all cancers in the
United States, it ranks second in the cause of death amongst all neurological diseases [27].
Gliomas comprise approximately 60% of all cases amongst pediatric brain tumors [28], and
together with leukemia, are the leading cause of cancer related mortality in children [29]. GBM,
the most common and deadly brain tumor with an average survival of 12 months, is characterized
by abnormal cellular proliferation, aggressive angiogenesis, invasiveness, and potential drug

resistance [30].

1.2.4 The challenge for the treatment of glioma

Treating glioma is challenging, because of the difficulties in delivering effective amounts
of chemotoxic agents through the blood-brain-barrier, and completely resecting tumor tissue in
the brain. Higher dosages of chemotherapeutic agents are generally not an option, because they
are often accompanied by devastating adverse side effects offsetting the benefit [31].
Conventional treatment with surgical removal followed by chemo/radiation therapy is ineffective,
due to genomic instability and invasiveness of glioma that escapes surgical removal and radiation.

Recent novel approaches such as gene therapy [32, 33], immunotherapy [34, 35],
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antiangiogenetic therapy [36], and antibody based approaches [37] have been promising.
However, preliminary clinical results of these approaches have not translated into significantly
improved survival [27, 38]. Therefore, efforts to develop new mechanisms to enhance efficacy of
treatment are clearly warranted. To address this critical issue, the present research was designed
using a synergetic approach of gene therapy silencing the H-ferritin gene followed by
chemotherapy/radiation therapy for the treatment of malignant glioma. This thesis work
demonstrated that H-ferritin downregulation by gene therapy is able to increase the efficacy of
radiation and chemotherapy, while lowering the conventional dosage of these agents. This
decrease in dosage is expected to reduce the side effects of anti cancer drugs such as BCNU,

which was used in this study.

1.3 Carmustine BCNU

1.3.1 Treatment of glioma and the mechanism of BCNU

In this work, the anti cancer drug 1,3-Bis(2-chloroethyl)-1-nitrosourea, carmustine
(BCNU) was utilized. BCNU (MW 214.049 g/mol, formula CsHyCL,N3O,) as shown in
Figure 1.2, was created by Southern Research Institute and Cancer Chemotherapy National
Service in 1962, and was accepted for clinical development for the treatment of brain tumors
in the same year it was discovered. The mechanism of BCNU as an anti-cancer drug is
described in Figure 1.3 as follows: 1) BCNU is decomposed to generate chloroethyl
carbonium irons. 2) Chloroethyl carbonium irons react and alkylate O°-gaunine of DNA
molecules. 3) DNA synthesis is disrupted as O°-Gaunine of DNA is modified, which halts
cancer cell division to stop tumor growth [39-41]. BCNU is widely used in the treatment of
glioma, because BCNU is a small molecule, allowing for crossing of the blood brain barrier.

BCNU became the standard chemotherapeutic drug of choice for the treatment of glioma since



1962, and later on for treatment of melanoma, lung, colon and some other cancers [42-44].
The efficacy and the characteristics of BCNU have been evaluated frequently since its use as
an anti cancer drug. One study in 2004 by Brandes and colleagues concluded that the activity
of BCNU for treatment of glioma was comparable with those used in the past, as well as with
the newest therapies such as temozolomide [45]. Although a similar drug like temozolomide
with less cytotoxicity invented in the middle of the 1990’s, the popularity of BCNU is not
reduced. BCNU has turned out to be more valuable for the treatment of glioma, due to the use
of biodegradable polymer wafers impregnated with BCNU that can be located in the surgical

cavity after resection of a malignant glioma [46-48].

1.3.2 The disadvantage of BCNU

Therapeutic function and application of the BCNU regimen are limited by two major
issues: development of drug resistance, and production of acute and chronic cytotoxicity after
a short period of treatment [41, 42]. Two studies suggested that drug resistance is derived from
the ability of living cells to restore DNA integrity via DNA repair mechanisms [49, 50]. The
most recognized DNA repair protein is O°-methylguanine-DNA methyltransferase (MGMT).
When cancer cells experience DNA impairment, a DNA repair mechanism is initiated and
expression of MGMT increases. MGMT is capable of removing the added methyl group from
the DNA and further reversing the alkylation of O°-guanine-DNA. DNA replication is then
resumed [49, 50] and cancer cells grow recurrently. The integrity of the original DNA is
maintained by the action of MGMT, which is one of the leading causes of drug resistance and
chemotherapeutic failure [51]. In other words, upregulation of MGMT for DNA repair is a
major cause of drug resistance [52]. Besides the MGMT mechanism of DNA repair, other
studies suggested that cancer stem-like cells that possess tumorogenic potential are a factor in

drug resitance in glioma [51, 53]. However, in the present study, only the DNA repair pathway



for drug resistance was investigated. Usually, when patients develop drug resistance, the first
step is to increase the dosage. However, with BCNU, this is not an option, since BCNU
cytotoxicity is high and patient recovery is slow. This is because the drug generate side
products such as chloroethynol and acetaldehyde after the decomposition of BCNU, which
causes oxidative stress for normal cells [41]. Although the half life of BCNU is only 12 hours
[54], carmustine chemotherapy in childhood was found to cause lung fibrosis that may remain
asymptomatic for many years or become symptomatic at any time [55]. Treatment with
BCNU for lung parenchyma has caused toxicity of pulmonary fibrosis [56]. Treatment of
glioma involving BCNU also has been reported to cause lung fibrosis, and hematologic and
long-lasting hepatic diseases in adult patients [45, 54, 57]. The challenge we face is
developing a way to lower the cytotoxicity of anti cancer drugs for normal cells, while at the
same time maintaining its efficacy in destroying cancer cells. It is an urgent and major goal for
medical and pharmaceutical researchers to increase the sensitivity of cancer cells to anti
cancer treatments. The present project is designed to use gene therapy in the downregulation

of H-ferritin to reach the goal of increasing the sensitivity of cancer cells to toxins.

1.3.3 Increase the efficacy of BCNU

The objective of the present project is to enhance the efficacy of chemotherapeutic
drugs by using gene therapy to down regulate H-ferritin. Based on the mechanism of drug
resistance induced by the DNA repair protein MGMT in treated cancer cells [42], we expected
that down regulating H-ferritin will increase the sensitivity of cancer cells and lower the
dosage of BCNU required, while maintaining its efficacy. BCNU was selected for present
study for the following reasons: a) BCNU is a small molecule that can cross blood brain
barrier. b) Pure BCNU is commercially available in contrast to temozolomide. ¢) BCNU has

been used since 1962 for treating multiple types of cancers, especially glioma [42] and BCNU



treatment appears to be a valuable therapeutic option for recurrent glioblastoma multiforme
[58]. d) The drug resistance mechanism for BCNU is well studied and continually assessed
[45]. e) The usage of BCNU has been modified and used in multidisciplinary approaches in
recent years [48]. f) The combination of BCNU with surgery and radiation may provide an
enhanced benefit compared with the use of either of these agents alone in select patients with
high-grade glioma [46]. To achieve the goal of increasing the sensitivity of tumor cells for
chemotherapy, H-ferritin small interferon RNA (SiRNA) was used to down regulate H-ferritin

expression.

1.4 Small interfering RNA (siRNA)

1.4.1 The mechanism of siRNA

Small interfering RNAs (siRNAs) are double-stranded RNA molecules 2-nucleotide 3'
overhangs on each side of 20-25 nucleotides in length shown in Figure 1.4. Short interfering
RNA and silencing RNA are the other two names of siRNA. It is likely that the major function of
SiRNA is to sequence-specifically and post-transcriptionally silence the targeted gene and cause a
decrease of the messenger RNA (mRNA) and this should sequentially down regulated protein
expression. SiIRNAs were discovered in plants in late 1990’s by Andrew Hamilton and David
Baulcombe at the Sainsbury Laboratory in Norwich, England. Their work was published in
Science in 1998 a paper titled “A species of small antisense RNA in posttranscriptional gene
silencing in plants” [59]. These workers later were owned the Nobel Prize because of their SIRNA
discovery, which is one of the most dramatic events of the century in the field of molecular
biology. The mechanism for specific gene silencing by siRNA in eukaryote and animals is a
stepwise process related to activities of two enzymes: a member of the RNase-I11 family of ATP-

dependent ribonuclease (Dicer), and RNA-induced silencing complex (RISK) that is shown in
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Figure 1.5. In step one, when long double-stranded RNA (dsRNA ~200 nucleotides) molecules

are introduced, Dicer binds dsRNAs with a high affinity and dsSRNAs are processed into short
fragments (20-25 nucleotides duplexes). In step two, RISK recruits these short fragments (20-25
nucleotides duplexes) forming a complex; the double stranded siRNA will then be unwound. In
step three, the activated RISK will recognize and bind to complementary cognate mRNA. In step
four, the target mRNA is cleaved and degraded. The actions of siRNA influence gene expression
at the posttranscriptional or translational level [60, 61]. This mechanism has been elucidated in
another two publications [62, 63], and has become an important tool for studying gene function in
biomedical research and gene-specific therapies for treatment of different human diseases [59,
64-66]. Soon after its discovery, the revolutionary evolution of siRNA usage experienced a
breakthrough in technology, which was developed by Webb K. Tuschl and colleagues in 2001.
Their work was published in Nature in a paper entitled “Duplexes of 21-nucleotide RNAs
mediate RNA interference in cultured mammalian cells” [64]. The important contribution by
Webb K. Tuschl, is that they made synthetic siRNA possible as one of the most important

milestones for molecular biology.

1.4.2 The applications of siRNA for human diseases

The success of synthetic siRNA further promoted the usage of siRNA and allowed
SiRNA to become a drugable molecule [64]. Custom designing of siRNA simplified and further
promoted its applications. In 2004, there were more than six publications related to the selection
of Web servers for siRNA design [67-73]. Chemically modified and cell type-specifically
targeted [74, 75] siRNAs made this molecule more versatile for its application in different fields.
Implicated in shaping chromatin structure of the genome, curing human diseases, and treating
malignancies, the application of siRNAs shows a promising approach [76, 77]. For example,

SiRNA for anti-viral defense is related to prevention of transmission of HIV infection, inhibition
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of HIV-1 replication, limitation of the production of Hepatitis B, and restriction of viral infections
[77-80]. SIRNA has also been used to inhibit avian sarcoma-leukosis virus and HIV replication in
cell culture [81-83]. In terms of treating neurodegenerative disease, one study revealed that
siRNA down regulation of the mutant htt gene using siRNA diminished cell growth and provided
potential for the treatment of Huntington's disease [84]. In addition to these examples, siRNA

shows promise for the development of therapeutic strategies for the treatment of various cancers.

1.4.4 The applications of siRNA for treating malignant cancers

The use of siRNA for treating malignant cancer has become of great interest, and many
promising siRNAs have been identified, synthesized, and characterized [66]. VEGF siRNA had
been used with the treatment of glioma, the human epidermal growth factor receptor (EGFR)
SiRNA had been employed with management of GBM, and matrix metallopeptidase 9 (MMP-9)
SiRNA based therapeutics have also been administered for the treatment of malignant glioma [85-
89]. One review article recently addressed the potential of silencing multiple messages at the
same time, and suggested that siRNAs might become therapeutically relevant in a "one-hit
multiple-target” context against brain tumor angiogenesis [89]. Some EGFR is overexpressed in
all malignant tumor cells; an EGFR siRNA regimen prolongs survival in mice with intracranial
human brain cancer [90]. Cathepsin B siRNA mediated inhibition both of cathepsin B and
Urokinase-type plasminogen activator receptor (UPAR) leads to decreased cell invasion,
angiogenesis and tumor growth in glioma [91]. One review summarized more than 28 target
genes in different cancers that may be siRNA targets, including VEGF (vascular endothelial
growth factor) siRNA for treating fibrosarcoma, Ewing’s sarcoma, and prostate cancer, HER-2
siRNA for the treatment of ovarian carcinoma and breast cancer, and EGFR and MMP-9" siRNAs
for the treatment of glioma [92]. Another sixteen siRNA genes including that for RAS, were

identified that for treatment of GMB [93, 94]. SIRNA down regulation of telomerase activities
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has also been proposed for the treatment of both carcinomas and sarcomas [95]. For the treatment
of leukemia, siRNA for the fusion gene BCR-ABL induced apoptosis in K562 cells [96].
Furthermore, siRNA has been widely employed for treatment of lung cancer, prostate cancer and
colon cancers [97-102]. In accordance with the promising potential of siRNA for the treatment of
cancer, a major focus of our efforts has been to find a suitable sSiRNA target for ferritin, which is
a key protein in maintaining cellular iron homeostasis [103]. The use of H-ferritin sSiRNA without
a delivery vehicle, with reasonable transfection efficiency, has been employed in our laboratory
since 2005 [1]. However, the mechanism as shown in Figure 1.6, we found that sSiRNA, delivered
by cationic liposomes, not only down regulated H-ferritin, but also demonstrated increased
transfection efficiency compared to H-ferritin siRNA without a delivery vehicle, the results will

be revealed in later chapters.

1.5 Small hairpin RNA (shRNA)

More than a decade after its discovery, siRNA has demonstrated its enchanting ability to
down regulate target genes as described in the preceding sections. However, the application
(downregulation of target genes) is limited by its transient effect. In successful applications, long-
term silencing of a cognate gene is required. A sequence of RNA that makes a tight hairpin turn,
called a small/short hairpin RNA (shRNA) can provide long term silencing of a target gene via
RNA interference. Its mechanism involves the initiation of transcription of shRNAs at a
polymerase Il (pol 11l) promoter and termination at position 2 of a 4-5-thymine transcription
termination site. As shRNA’s are expressed, a stem-loop structure with 3' UU-overhangs is
folded. The ends are then processed and converted into about 21 nt siRNA-like molecules [104].
These siRNA-like molecules can, in turn, achieve long term gene-specific silencing in transfected

mammalian cells [104].
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For the treatment of glioma, shRNAs appeared to show promise of down regulating target genes
as well as siRNAs, but with a characteristic that siIRNA does possess: long-term silencing.
Several studies revealed that shRNA successfully down regulates the surviving gene and inhibits
angiogenesis in U251 cells and its xenograft, and targeted ASlca mRNA, EGFR, UPA and MMP-
9 for the treatment of glioma [105-109]. ShRNA is not used in the present study; however, the
use of H-ferritin shRNA is planned for the down regulation of H-ferritin in systemic treatment of

glioma, and will be discussed in the future direction section.

1.5 Iron

1.5.1 The unique property of Iron

Iron has the symbol, Fe, and atomic number 26. It is a chemical element and metal in the
first transition series and group 8 of the periodic table. The physical and chemical properties of
iron stem from its atomic structure, which establishes its unique position among the other
elements. Its atomic structure and the distribution of the electron-cloud on the outer-most shell
can be viewed in Figure 1.7. Regarding the atomic structure of each element, the distribution of
the electron-cloud on the outer-most shell is critical, as it drives the chemical properties.
According to the atomic orbital theory, the energy state of electrons is stable when the orbital
electron-cloud in the outside shell is half full or completely full. For instance, in the s orbital, two
electrons in s? indicate that the s orbital is filled and one electron represents that the s orbital is
half full filled. In the d orbital, ten electrons in d'° indicate that the d orbital is full filled and five
electrons in d° indicate it is half full filled. The shell for the distribution of the electron-cloud of
®Fe is: 15°25°2p®3s%3p°4s°3d°. The outer most shell is 4s*3d®, which is not a stable energy state
for the electrons, because of the potential of two electrons to be lost from 4s® or 4s°3d®. When two

electrons at 4s® are lost, °Fe becomes Fe**, and the distribution of its electron-cloud is then at a
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more stable energy state as: 1s22s?2p®3s?3p°4s'3d°. It is a stable energe state because of the half
filled orbital of s* and d°. When three electrons from 4s°3d® are lost, °Fe becomes Fe*', and the
distribution of its electron-cloud is turned into an orbital state: 1s?2s22p®3s?3p°3d®. It is then in a
most stable energy state, because d® is a half filled orbital. Thus ferrous (Fe?*) can be converted
into ferric (Fe**) or vice-versa through donation of one electron or gain of one electron from the
environment. The uniguely important role of iron in biological systems stems from its physical

and chemical properties, which result from its special distribution of electrons in the outer shell.

1.5.2 Iron trafficking in human cells

In normal situations, humans receive both heme and nonheme iron from a variety of
foods consumed daily. Upon absorption by intestine, nonheme iron is reduced to Fe** by brush
border ferrireductase. Soon thereafter, transferrin, an abundant and high affinity iron-binding
protein, recruits the iron and binds it. Transferrin, under normal conditions, takes up most of the
iron in serum, solubilizes it, and controls its reactivity. Nearly 30% of the iron-binding sites on
plasma transferrin, in a normal human subject, are occupied by iron [110]. Transferrin that is
carrying iron forms a complex with the transferrin receptor-1 on the surface of cell membranes,
and enters the endosome of the cell through receptor mediated endosytosis [111]. An acidified
environment in the endosome assists in the release of iron upon its arrival. Divalent metal
transport 1 (DMT1), iron exporters, also called SLC11A2, NRAMP2 and DCTL1, recruit the iron
and export it into the cytosol [112, 113]. After entering the cytosol, iron is used for four different
purposes: 1) First, iron is used to generate heme or assembled with sulfur to generate Fe-S
clusters in cytosol [114]. These Fe-S clusters facilitate the maturation of cytosolic and nucleic
proteins, and participate in enzymatic activities including ribonucleotide reductase [115]. Fe-S
biogenesis is critical for Iron regulatory proteins (IRPs) that regulate iron homeostasis and will be

discussed in next section. Secondly, iron is transported into the mitochondria by a mitochondria
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iron importer and produces the Fe-S cluster and heme inside the mitochondria [116, 117].
Thirdly, other irons, assisted by a chaperone protein named PCBP1, are sequestered by the iron
storage protein ferritin [118]. And lastly, the rest of the iron in the cytosol is exported by
ferroportin, also called SLC40A1, IREG1, and MTP1, which is a used to deliver the iron into the

circulating system with the help of ferroxidase [119, 120].

1.5.3 Iron regulation and homeostasis

Being one of the most essential nutrients for cell growth and proliferation, iron is
involved in many redox reactions at the cellular level [121]. Iron is actively involved with
deoxyribonucleic acid and neurotransmitter synthesis, and is located in many active enzymatic
centers and oxygen transporters [122, 123]. Mammalian cells need iron to maintain daily
functions; however, excess iron can be fatal. To maintain iron homeostasis, cells created three
protective mechanisms to systematically regulate iron content and iron related proteins in cytosol.
Two cytosolic iron regulatory RNA binding proteins (IRPs) IRP1 and IRP2, serve as the first
protective mechanism to maintain iron homeostasis. They recognize iron regulated elements
(IREs) in a sequence and structure specific manner [124, 125]. IREs are the sequences of
untranslated regions of mMRNA that are related to iron transport and storage. Acting like an iron
sensor, IRP1 senses the iron status via an Fe-S switch mechanism in the cytosol [126]. When iron
content is limited, and Fe-S clusters is low, IRP1 is activated to be converted into IRE-binding
proteins, which speed up the cellular iron uptake and slow down the rate of iron sequestration
through the stabilization of transferrin 1 mRNA and the suppression of ferritin synthesis. When
iron content is not limited, 4Fe-4S is completely developed and IRP1 cannot bind RNA rather as
a cytoplasmic aconitase with the enzymatic functions [127]. The difference between IRP1 and
IRP2 is that IRP2 does not have Fe-S clusters and is degraded and ubiquinated while iron is in

excess. A second protective mechanism to maintain iron homeostasis is that cytosolic iron can be
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sequestered by ferritin. Ferritin is a cage compound with 24-subunits of two types of chains
(heavy and light chains), which store 4500 iron atoms and change iron into a bioavailable can
form when iron is needed. As we know now, in the cytosol, iron regulation is maintained by IRPs
and ferritin. However, outside the cells, another protein hepcidin, a circulating peptide hormone,
regulates cellular iron homeostasis in the circulation. These regulations relate to the macrophage
iron recycling, hepatocyte iron mobilization, erythroid iron need, hypoxia and iron deficiency or
overload [128-130]. Hepcidin can be expressed by the liver, heart, and pancreas [131], and is
elevated when iron is over-loaded in animals [130]. One study suggested that hepcidin mainly
participates with cellular iron export and is functionally linked with the iron exporter ferroportin,

by triggering its internalization and deprivation inside the lysosomes [132].

1.5.4 lIron and diseases

The process of iron trafficking and iron homeostasis demonstrates the importance of iron
regulation at the cellular level. Iron dysregulation, caused by either iron deficiency or iron excess,
can cause health problems. A consequence of disturbed iron homeostasis is neurodegenerative
diseases. It is believed that the reactive oxygen species (ROS) generated by excess iron may
cause brain cell death. For instance, several studies revealed that patients with Alzheimer's
disease or Parkinson's disease have a dramatic increase in their brain iron content [133, 134]. On
the other hand, imaging studies have indicated that iron levels in the substantia nigra of restless
leg syndrome (RLS) patients are decreased [135]. Iron dysregulation not only contributes to
multiple neurodegenerative diseases [136], but plays a critical role in the carcinogenesis of human
malignant cancers [137]. It is known that excess iron causes oxidative damage through the
generation of free radicals as the Fenton reaction described: Fe?* + H,0, — Fe** + OH- + OH",
Fe** + H,0, — Fe?* + OOH- + H'. Free radicals can further cause the generation of reactive

oxygen species, which can modulate carcinogenesis involved with genetic mutations, by
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activating carcinogens and by subsequent selective expansion of mutated cells [137, 138]. Iron
can also help to maintain the growth of malignant cells as well as growth of pathogens [139, 140].
Glioma cells, like other malignant tumor cells, share a common characteristic of having a robust
appetite for iron uptake to meet their increased energy requirements associated with their rapid
growth [137]. Moderate elevation of body iron levels increases the risk of cancer for humans
[141]. It is a challenge to maintain iron homeostasis. Three protective mechanisms, IRPs, ferritin
and hepcidin are responsible for regulating iron homeostasis at the cellular level. In the present
study, one of these protective mechanisms involving the iron storage protein ferritin will be
addressed. Our intension is to lower the protective function by down regulating ferritin, while at

the same time sensitizing cancer cells to have an increased susceptibility to anticancer drugs.

1.6 Ferritin

1.6.1 The properties of ferritin

Iron’s importance makes the iron storage protein ferritin especially important. Ferritin
has been intensively studied regarding its characteristics, structure, and functionalities [103, 142].
It is generally considered to be a cage compound, capable of storing 4500 ferric atoms, and
consists of 24 subunits with two types of chains: heavy chain ferritin (H-ferritin) which is acidic
(MW 21 kD), and light chain ferritin (L-ferritin) which is basic (MW 19 kD) as shown in Figure
1.8. The difference between H- and L-ferritin is that H-ferritin contains a ferroxidase site that is
able to oxidize the ferrous Fe®* to ferric Fe®*. L-ferritin does not contain a ferroxidase site, but is
able to adjust the microenvironment to take up more iron by iron nucleation [103]. The common
characteristic of heavy and light chain ferritin is that both provide harbor for the storage of iron;
however, H-ferritin stores iron temporarily, while L-ferritin may store iron for a longer period of

time. Intracellular ferritin synthesis is regulated at both the transcriptional and translational level
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in an iron-dependent/iron-independent manner [143]. At the translational level, iron tightly
regulates ferritin synthesis through IRPs and IREs [124, 125, 144]. The ratio of H-and L-ferritin
can be adjusted depending on the specificity of organs [145]. Ferritin tightly regulates the
intracellular availability of iron in aerobic or anaerobic organisms and is thus essential to cell
viability [146]. Importantly, homozygous lethal mutants for the H-ferritin gene (Fth) die in utero
between 3.5 and 9.5 days of gestation [147], which suggests a cytoprotective role of ferritin that
has further been recognized by several other studies described in a review by Orino [103].
Ferritin can be found located in the cytosol, mitochondria and nucleus, and plays a critical role in
inflammatory, malignant and metabolic diseases in domestic and farm animals [103]. This is
because of oxidative stress-mediated damage, which is regulated by iron status. The most
detrimental are the free radicals generated by excess iron in the “Fenton reaction”, as it was

mentioned in the preceding sections.

1.6.2 H-ferritin as a target gene and the rationale

1.6.2.1 H-ferritin protect DNA

The rationale for consideration of ferritin as a potential target for gene therapy, is based
on the discovery of over expression of one of the ferritin subunits, H-ferritin, in the nuclei of
glioma cancer cells [2]. Furthermore, previous studies exposed that H-ferritin mRNA was
elevated in cancer cells including metastatic lung carcinoma and cervical cancer Hela cells [148].
Overexpression of nuclear ferritin was also identified in leukaemia K562 cells [149] and ovarian
cancer cells [150]. Ferritin expression in breast cancer tissue has been shown to be six-fold higher
than normal or benign breast tissue [3, 4]. Ferritin is also over expressed in non-small-cell lung
cancer tissue [151]. Expression of H-ferritin mRNA is additionally associated with clinical and

histopathological prognostic indicators in breast cancer [152]; ferritin expression was enhanced in
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breast carcinoma tissue and paralleled the degree of malighancy [153]. Ferritin, based on its
functionality at both the genetic and cellular levels, was considered to play an important role in
cancer development [154-156]. The most important evidence from our laboratory is that H-
ferritin has been found to be over expressed in the nucleus of astrocytoma tumor cells, where it
appears to interact with DNA and protect DNA from oxidative damage and promote transcription
[1, 2, 5]. Nuclear ferritin has also been reported to protect DNA from UV damage in corneal
epithelial cells [157-159]. Ferritin was also demonstrated to affect gene transcription, with

activation of globin gene expression observed [6].

1.6.2.2 H-ferritin related with drug resistance

In addition to its cytoprotective functions, ferritin appears to also be involved with drug
resistance. Drug resistant cell lines were observed to have an over expression of the ferritin gene.
In hydroxyurea resistant cell lines, which were obtained through multiple exposures of Hela,
Chinese hamster ovary, and rat L6 cells to hydroxyurea, ferritin mRNA expression was elevated
compared to controls [20]. Furthermore, murine erythroleukemia cells transfected with H-ferritin

commensurately acquired multidrug resistance properties [19].

1.6.2.3 H-ferritin related with the immune suppression

Antibodies to placental immunoregulatory ferritin (PLIF) with transfer of polyclonal
lymphocytes arrested MCF-7 human breast cancer growth in a nude mouse model [15]. The
biological function of ferritin goes far beyond its role as an iron storage protein, in that it has been
shown to play a role in immune regulation [18]. First, iron as a cofactor, has been shown to be
required for the proliferation and differentiation of cells for the immune system [12]. Secondly,

overexpression of H-ferritin negatively regulated human and murine hematopoiesis in vitro [13,
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160] and in vivo [160]. Thirdly, H-ferritin has been shown to inhibit the proliferation of T cells in

response to mitogens and damage the maturation of B cells [17]. The immunosuppressive
function of ferritin, suppressed function of lymphocytes, has also been demonstrated in
vitro [16]. Melanoma cells were demonstrated to secrete H-ferritin the media, which has

immunosuppressive effect during the progression of melanoma [14].

1.6.2.4 H-ferritin related with apoptosis

Besides serving as an immune regulator, H-ferritin is additionally involved with
apoptosis. H-ferritin acts as an anti-apoptotic protein to protect the liver from ischemia-
reperfusion injury [8]. In contrast, antisense ferritin oligonucleotides inhibits the growth and
induced apoptosis of human breast carcinoma cells [11]. H-ferritin was also shown to be able to
hinder the apoptotic pathway through inhibition of INK activation, and then limited the signaling
cascade pathway involving caspase-8 activation [9]. Upregulation of H-ferritin by NF-xB
similarly inhibits TNF-a induced apoptosis in NF-kB/RelA null cells [10], while H-ferritin

siRNA increased apoptosis in human mesothelial and mesothelioma cells [7].

1.6.2.5 H-ferritin is a target

Based on well documented evidence, we anticipate that down regulation of H-ferritin by
siRNA in glioma cancer cells will likely offer a novel mechanism to increase the sensitivity of
these cells to chemo/radiation. This mechanism involves removing the protective effects of H-
ferritin on DNA,; reversing drug resistant properties, activating apoptotic pathways, and possibly

increasing immune abilities.

1.7 Cationic liposomes (C-liposomes)



20

1.7.1 The structure of liposomes

Liposomes are closed tiny vesicles of a lipid bi-layer that is self-formed in an aqueous
environment, and were first discovered in 1961 by the British doctor Alec D. Bangham.
Liposomes are composed of similar materials that make up cell membranes, phospholipids. Thus
liposomes exhibit all of the characteristics demonstrated by a cell membrane. Liposomes are
amphiphilic due to its structural building block of a polar (hydrophilic) head connected to an
elongated nonpolar (hydrophobic) tail. The bi-layer is formed on the outside and inner surfaces.
The heads of each building block line up to form the surface face, and are attracted to water. The
tails of each building block line up to form the inner surface. The bi-layer inner surface are faced

and attracted each other and away from water.

1.7.2 The characters of liposomes

The following six distinct features of liposomes make them safe and efficient gene/drug
carriers of great potential. 1. They can be formulated by all kinds of single or mixed
phospholipids, including phosphatidylethanolamine from nature [161], non phospholipids DC-
cholesterol lipids from synthetic sources [162], or pure surfactant components like DOPE [163].
2. Their size can be adjusted to be very small (on the nanometer scale) [164]. 3. Drugs/gene can
be encapsulated into liposomes during their preparation [165, 166]. 4. Its surface can be modified
to be positively or negatively charged according to what is needed. 5. The surface of liposomes
can be conjugated with antibodies [167, 168] or ligands [165], which provide the possibility of
specific targeting of liposomes for the treatment of cancer and other chronic diseases. 6. Since its
composition is similar to biological cell membranes that are biodegradable, there is no
cytotoxicity or anti-immunity associated with their use [169] in contrast to other gene delivery

tools, including viral, polymer, dendrimers and quantum dots. The liposomes without positive or
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negative charges are neutral liposomes that often used for drug delivery. The liposomes made by
the lipids, carried the positive charges, are able to complex with negative charged gene
siRNA/DNA through static electricity, and are cationic liposomes. Cationic liposomes as gene
delivery vehicle are based on the fact that phosphorous backbones of DNA/siRNA are negatively

charged. In present study we only used cationic liposomes.

1.7.3 The application of cationic liposomes

In 1987, Felgner and colleagues first used synthetic cationic liposomes as a DNA carrier
composed of the lipid N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride
(DOTMA) [170]. Although this was only a monocationic lipid, the liposomes were described as
a simple, efficient and highly reproducible gene delivery tool in a simian kidney cell line. Two
years later, the same group reported that cationic liposomes of DOTMA or lipofectin efficiently
transfected DNA/RNA into rat, mouse, Xenopus, and Drosophila cells [171, 172]. Fabricated
monocationic or bicationic lipids were used in the preparation of liposomes by Nejet and
colleagues, who prepared five different types of liposomes: lipofectin, lipofectamine, cellfectin,
DC-cholesterol and DMRIE-DOPE. The ability of these liposomes to deliver DNA was compared
in subcutaneous human tumor xenografts in SCID mice. Among these five liposomes, DC-
cholesterol was found to be superior for transfection in vivo [173]. The cationic liposome
“Lipofectmine 2000” was a successful DNA/siRNA gene delivery tool with high transfection
efficiency if the cell density, ratio of liposomes/DNA, the time of liposome/DNA complexing and
the presence or absence of media components such as antibiotics and serum could be handled
properly [174]. This paper also discussed that Lipofectamine 2000 can be applied for the
transfection of primary neurons, which provides potential for the treatment of neurodegenerative

diseases.
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Cationic liposomes formulated by other monocationic lipids such as DOTAP (1,2
Dioleoyl-3-trimethylammonium-propane), could send siRNAs into various cell types efficiently.
Through the comparison of freshly isolated human monocytes and mouse cells, siRNAs could
activate non-specific pathways in freshly isolated human monocytes and increase TNF-alpha and
IL-6(Interlukin-6) production. Their results indicated that certain SIRNA sequences could activate

innate immunity response genes that can be beneficial for the treatment of cancer [169].

One investigator suggested that “Liposome-mediated RNA transfection should be used
with caution”, and described that reporter mRNAs introduced into HeLa cells by cationic
liposomes by the lipofection-protocol do not present the expected behavior [175]. Thus, we
should be aware of this fact and use liposomes with caution. However, another study carried out
by Grayson and colleagues demonstrated that the conditions, reagent selection, and experimental

design, for a successful performance of siRNA are all critical in HeLa and NIH/3T3 cells [176].

Cationic liposomes of DC-cholesterol /DOPE prepared with other agents such as ethanol
helped in the release of DNA [177], while combination with vitamin D 6 increased the yield of

liposomes.

1.7.5 The cationic liposomes of DC-Cholesterol/DOPE

Bicationic lipids are an even more successful formulation for the composition of cationic
liposomes as gene delivery tool. Back in 1991, Gao and colleagues were the first group use
bicationic lipids, DC-Cholesterol/DOPE (ratio 1:3), its formulation as shown in Figure 1.9, to
prepare cationic liposomes of, that were used in A549 human carcinoma cells. Cationic liposomes
of DC-Cholesterol/DOPE were compared with lipofectin and were less toxic and more efficient
than lipofectin [178]. Two human gene therapy clinical trials using cationic liposomes of DC-

Cholesterol/DOPE as DNA delivery tool, were conducted four years later [179]. Liu and
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colleagues composed cationic liposomes of DC-Cholesterol/DOPE lipids with Tween-80, which
as a surfactant component which appeared to have more favorable physical and biological
activities than traditional cationic liposomes as a carrier for DNA delivery [180]. The transfection
efficiency of cationic liposomes of DOPE/DC-cholesterol lipids in tracheal epithelial cells
strongly correlated with the charge ratio of liposomes/DNA, which was evaluated using
transmission electron microscopy and confocal laser scanning microscopy [181]. As cationic
liposomes of DOPE/DC-Cholesterol bicationic lipids have been widely used as DNA carrier, its
properties have been further investigated. The thermodynamic properties of liposomes were
studied in detail by Miller’s group through various methods including the combination of
isothermal titration calorimetry, circular dichroism, photon correlation spectroscopy, and a
turbidity assay. Through the comparison of DC-Cholesterol/DOPE and CDAN/DOPE (ratiol:1),
it was determined that DC-Cholesterol/DOPE (ratio 3:2) was optimal when experiments were
performed in serum free media [163]. Fast digesting the complex of cationic liposomes/DNA by
serum within short period of time promoted a goal to increase the circulate time of the complex in
the blood. This goal was reached by one group, Choi and colleagues prepared cationic liposomes
of DC-cholesterol/DOPE in Castor-Oil/Tween-80, which demonstrated prolonged circulating
time in blood, and prolonged expression in various tissues, compared with cationic liposomes of
DC-cholesterol/DOPE [182]. B717 siRNA delivered by cationic liposomes of LIC100
successfully down regulated bcL-2 and increased the cytotoxicity of tumor cells in vitro, and
inhibited the growth of prostate cancer in a mouse model [183]. Cationic liposomes of DC-
Cholesterol/DOPE bicationic lipids demonstrated better characteristics for DNA transfection,
compared with DOTAP based liposomes on parameters of electrons spin resonance spectroscopy
and zeta potential [184]. The charge issue is an important parameter of transfection efficiency, as
previously addressed [181]. We learned that cationic liposomes of DC-cholesterol/DOPE

efficiently transfected DNA into the rat glioma C6 cell line [185], and the ratio of
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liposomes/DNA [185] and zeta potential were again emphasized as important parameters [184]
as first addressed by Dalby [174]. Cationic liposomes of DC-cholesterol/DOPE bicationic lipids
provided a much better DNA transfection efficiency, than liposomes of DDAB/DOPE lipids in rat
glioma C6 cell line [186], when energy dispersive diffraction techniques and the role of serum on
the size of lipoplexes were studied by dynamic light scattering. Serum was found to affect the
size of lipoplexes, and the structure of cationic liposomes offered static spaces, both of which are
important factors affecting transfection efficiency. Cationic liposomes of DC-cholesterol /DOPE
bicationic lipids were prepared with other agents like ethanol to help release DNA [177], or
vitamin D6 to increase its yield. One investigator pointed out that the mechanism of transfection
of siRNA and pDNA are different when cationic liposomes of DC-cholesterol/DOPE. DC-
Cholesterol/DOPE/pDNA (1:2 molar ratio) or DC-Cholesterol/DOPE/pDNA (1:1 molar ratio) are
utilized. The transfection efficiency of DC-Cholesterol/DOPE liposomes increased along with the
increased weight ratio of DC-Cholesterol/siRNA. However, the transfection efficiency of DC-
Cholesterol/DOPE liposomes decreased along with the increased weight ratio of DC-
Cholesterol/pDNA [187]. The molar ratio of liposomes/siRNA or DNA affects the final
characteristics of the complex, including size, zeta potential, stability and reproducibility, and

thereby reflects the transfection efficiency [188].

1.7.6 The cationic liposomes of DC-cholesterol/DOPE served in present study

In summary, cationic liposomes of DC-cholesterol/DOPE were found to be an attractive
gene siRNA/DNA delivery tool, with better transfection efficiency than the other liposome
varieties reviewed above [163, 178, 186, 189]. Cationic liposomes of DC-Cholesterol/DOPE
demonstrated superior performance in terms of zeta potential [184], less toxicity [189], a lack of a

negative immune response [169] and reasonable static space shape [186].
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Thus, cationic liposomes of DC-cholesterol/DOPE (molar ratio of 2:1), the structure as
shown in Figure 1.10, were selected as a siRNA delivery tool for this project based on the
previous studies mentioned in the former paragraph, as well as our nanotechnology platform that
uses neutral liposomes conjugated with Interleukin-13 to effectively deliver doxorubicin to
glioma cells [165]. The C-liposomes in the present study and the neutral liposomes we have used
previously share some common physical properties. Both were simple to prepare in the
nanometer scale with similar methods, non-toxic, and have high transfer efficiency. Both
liposomes are internalized by glioma cells through endosomal pathways. However, the C-
liposomes were synthesized with positively charged lipids so they were capable of forming a
complex with siRNA by electrostatic interaction [178, 179]. Cytotoxicity and transfection
efficiency of C-liposomes depend on the uniformity of their size. In the process of preparation,
C-liposomes were extruded multiple times with various sized filters to result in a uniform size,
which contributed to a transfection efficiency of up to 95%. The even size distribution of the C-
liposomes diminished the chance of aggregation and toxicity, consistent with previous studies

[179, 186].



1.8 Figures and legends

-Jeffrey N Bruce and Edgar M Housepian, Oct. 2009
Figure 1.1. Gliomas. Glioma presented by magnetic resonance imaging (MRI). A, T1-
weighted axial MRI without intravenous contrast. This image demonstrates a
hemorrhagic multicentric tumor (glioblastoma multiforme [GBM]) in the right temporal
lobe. Effacement of the ventricular system is present on the right, and mild impingement
of the right medial temporal lobe can be observed on the midbrain. B, T1-weighted

sagittal MRI with intravenous contrast in a patient with GBM.
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Figure 1.2. BCNU.

Its formula: CsHyCI,N3O, , molecular mass: 214.049 g/mol.
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Chemical Degradation of Nitrosoureas Leading to Alkylating Products
Source: Lemoine et al. (1991)
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Figure 1.3. The decomposition of BCNU. First, Chloroethyldiazohydroxide CI(CH,),.N=NOH is
generated from BCNU. Second, Chloroethyl carbonioum iron CICH,CH,* is produced from
Chloroethyldiazohydroxide. Carbonioum iron alkylated DNA through adding alkyl adduct to the O°-

guanine.
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Heavy chain ferritin siRNA

SENSE 5'-3'

Sequence: CCUUCAGGAUAUCAAGAAA
Sequence: GGAGACAGUGAUAAUGAAA
Sequence: GUGCCGUUGUUCAGUUCUA

Figure 1.4. The sequences of heavy chain ferritin SiRNA. The H-ferritin sSiRNA is a pool of
3 target specific 19 nu siRNAd designed to knock down H-ferritin gene expression. Generated

by Santa Cruz Biotechnology Inc.,cat.no. sc-40575. Molecular weight: 13000 g/mole.
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Figure 1.5. The mechanism of siRNA. An RNase Ill-like enzyme known as Dicer processes
dsRNA into small interfering RNA (SiRNA) 20-25 nucleotides in length. Then,
endoribonuclease-containing complexes known as RNA-induced silencing complexes (RISCs)
will assemble with the siRNA and unwind it. The unwound siRNA will guide the RISCs to

complementary cognate messenger RNA molecules, and then cleave the cognate RNA.
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dsRNA

Liposomes

Liposomes:siRNA

— RISC

Hbst mRNA U
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—— and degradation

-Part of it by Anil K. Sood 2010

Figure 1.6. The mechanism of C-liposomes:siRNA. The siRNA is encapsulated into C-
liposomes to generate the C-lipoosmes:siRNA complexes, which will enter cells. SIRNA

will recruit the RISC and recognize the cognate mRNA that will be cleaved and destroyed

sequentially.




Iron Fe, its atomic number is 26.
The atomic structure of iron is as following:
(The blue color indicates the outer most shell).
For Fe%,  1S%2S% 2P°3S% 3p6 4S° 3d° (outer most shell)
For Fe*";  1S?2S? 2P° 352 3p6 45'3d° (outer most shell)
For Fe**; 1S 2S? 2P® 35 3p® 3d” (outer most shell)
Fenton reactions;
Fe*" + H,0, — Fe** + OH- + OH"

Fe*" + H,0, — Fe** + OOH- + H"

Figure 1.7. Properties of iron and the Fenton reactions.

-2e

-3e
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Iron stored
as mineral
inside ferritin

-Rachel Casiday and Regina Frey, Nov. 2000

Department of Chemistry, Washington University St. Louis, MO 63130

Figure 1.8. Ferritin is an iron storage protein. Ferritin is a 450 kDa iron storage protein
consisting of 24 subunits with two types of chains, heavy chains (21 kD) and light chains (19
kD). Ferritin is a spheroid and able to store 4500 iron atoms. Ferritin stores iron and releases it
in a controlled manner. For storing iron in ferritin, Fe (I1) is oxidized to Fe (111) by ferroxidase
on H-ferritin. This process is also described as nucleation in other literature. After nucleation,
Fe (I1) is incorporated in the mineral ferrinydrite, [FeO(OH)]s[FeO(H,PO,)], which is attached
to the inner wall of the sphere. To release bioavailable iron, Fe (I11) is reduced to Fe

(1), which leaves through channels in the spherical structure. Thus, the most important property
of ferritin is its structure, which is capable of storing and releasing iron in a controlled manner
through channels in the spherical structure. An enchanting property of Ferritin is its cage

compound like structure that makes the compound unique.
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-Avanti

Figure 1.9. Lipids for the building blocks of the C-liposomes.

A, 3B-[N-(N',N'-dimethylaminoethane)-carbamoyl]cholesterol hydrochloride (DC-
Cholesterol*HC1). Formula: Cs,Hs;N,O,Cl. Molecular Weight: 537.2 g/mole.

B, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE).

Molecular Formula: C4H-sNOgP. Molecular weight: 744.034 g/mole. The building blocks of C-
liposomes in this project are a blend of DC-Cholesterol/DOPE (30:70 w/w). This blend possesses

good properties from both components, which make it a potential gene delivery vehicle.




Hydrophilic head

Aqueous
solution

Hydrophobic tall‘

- by SuperManu, GFDL

Figure 1.10. The structure of C-liposome. The green color is representative of hydrophilic
heads. The yellow color is representative hydrophobic tails. Most of the siRNAs is encapsulated
in the center of the C-liposome and in the double layer of two building blocks. The siRNA is

protected inside the C-liposome.
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Chapter 2

Development and Characterization of Cationic Liposomes

2.1 Introduction

In this chapter, the experimental procedures for the preparation and characterization of
cationic liposomes (C-liposomes) will be described and illustrated in detail. Three major steps
required for the use of C-liposomes will be discussed, including: first, the development and
characterization of C-liposomes, secondly, the development and characterization of a complex
containing C-liposomes with siRNA (C-liposome:siRNA) and lastly, the development of a
specific targeting treatment of glioma using Interleukin-13 conjugated maleimide cationic

liposomes with siRNA (IL-13-M-C-liposomes:siRNA).

To formulate C-liposomes as a SsiRNA delivery vehicle for this project, DC-
Cholesterol/DOPE lipids with a ratio of 30:70 (w/w) were selected. Insight from the literature [1-
4], regarding the desirable chemical compositions and physical properties of DC-
Cholesterol/DOPE lipids, along with extensive prior experience of our laboratory in the use of
liposomes as a drug delivery system [165, 166], made this an excellent choice for a delivery
system. C-liposomes composed of DC-Cholesterol/DOPE lipids were first used by Gao et al for
DNA delivery in 1991 [178], and are considered to be one of the most efficient gene delivery
systems [186, 190]. After twenty years of research in this area, the biochemical and structural
properties of these lipids are well understood. For the formation of C-liposomes [191], both DC-
Cholesterol and DOPE provide sufficient positive electrical charges that can be measured

macroscopically as zeta potential. The DOPE component is made of two seventeen-carbon-
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hydrogen chains that form a hydrophobic tail, to provide a static space for holding gene cargo,
such as DNA or siRNA, in an intact form inside the C-liposomes. The biodegradable DC-
cholesterol, on the other hand, is composed of three six-carbon rings and one five-carbon ring that
provide structural stability and high hydrophobicity to stabilize the C-liposome and increase its
half life. One study demonstrates that the hexagonal conformation of C-liposomes comprised of
DC-Cholesterol/DOPE lipids is considered a critical structural property for efficient endosomal
escape of genetic cargo [186], which promotes transfection efficiency. Another study revealed a
correlation between structure and transfection efficiency [185]. An additional study compared the
transfection efficiency of five different cationic liposomes during in vitro gene transfer into
human epithelial tracheal cell lines, and revealed a dramatic correlation between transfection
efficiency and charge ratio, due to the morphological or structural changes of DC-
Cholesterol/DOPE lipid [181]. DC-Cholesterol/DOPE is considered to be the most effective
liposome formulation because of its composition [181]. For example, the structure affects the
thermodynamic aspect and the index of biological properties [163, 181]. The molar ratio of DC-
Cholesterol vs. DOPE is another key factor affecting the transfection efficiency. One group
revealed that the most efficient molar ratio of DC-Cholesterol and DOPE in C-liposomes was 1:2
for pDNA delivery, and 1:1 for siRNA delivery, respectively [187]. Our laboratory has previously
utilized neutral liposomes conjugated with Interleukin-13 to deliver doxorubicin to glioma cells
specifically and effectively. This led to a successful suppression of intracranial tumor growth in
an in vivo athymic nude mouse glioma model [165, 166]. With our experience in preparing the C-
liposomes, we have concluded that the actual preparation processes plays a crucial role in the
transfection efficiency. For example, the use of different sized filter membranes, as well as the
number of times for which C-liposomes are passed through the extruder, plays an important role

in transfection efficiency. In addition, the experimental conditions of the transfection itself,
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including whether the transfection is processed with or without serum, is a critical factor that can

affect the transfection efficiency of C-liposomes.

Overall, DC-Cholesterol/DOPE lipids exhibit suitable properties for the formulation of
C-liposomes. The experimental results that are presented in the subsequent chapters demonstrate
that the formulation of C-liposomes comprised of DC-Cholesterol/DOPE lipids provide stability
and a high transfection efficiency, without any observable toxicity and inappropriate immune

responses.

2.2 Materials and Methods

2.2.1 Chemicals and instruments

DC-Cholesterol/DOPE lipids (30:70 w/w) cat. no. 790625P, and Rhodamine labeled
phospholipids [L-a-phosphatidylethanolamine-N-(lissamine Rhodeamine B sulfonyl) (ammonium
salt)] were purchased from Avanti Polar Lipids (Alabaster, AL). BCNU (Carmustine) was
purchased from Sigma Chemical (MO). H-ferritin siRNA (a combination of three different
sequences), siRNA Fluorescence in Conjugate-A, and early endosomal antigen antibody (EEAL),
were all purchased from Santa Cruz Biotechnology, CA. Non-specific (NS) siRNA was
purchased from Qiagen Science, MD. The H-ferritin antibody was a gift from Paolo Arosio
(Milan, ltaly). Female adult athymic nude mice were acquired from Charles River Laboratories.
Chamber slides were purchased from Nalge Nunc International, IL. Agarose
3:1HRB™CODE:E776-100G Amresco, Ohio. Criterion 4-20% gel, protein quantitation Kit,
protein loading buffer were all obtained from BIO-RAD, and PVDF was ordered from Westran S
(cat. no. 10413096). Polycarbonate membranes, (50 nm cat. no. 110603 and 100 nm cat. no.
110605), were purchased from Whatman. A rotary evaporator (Rotavapor R210, HeatingBath

B491) was acquired from Buchi, Switzerland, while a sonicator and extruder (Lipex extruder)
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was from Northern Lipids, Inc., Vancouver, British Columbia, Canada. Ribonuclease A (RNase
A) was purchased from Roche cat. no. 1010 9142 001. The mounting fluid purchased from

Electron Microscopy Sciences cat. no. 17985-10.

2.2.2 Cell culture

The human glioma cell lines U251 and U87, human malignant peripheral nerve sheath
tumor (MPNST) cell line NF96.2, and breast cancer cell line MCF-7, were acquired from ATCC
(American Type Culture Collection, Rockville, MD). U251, U87 and MPNST cells were
maintained in DMEM (Dulbecco’s modified Eagle medium cat. no. 11885, GIBCO, CA)
supplemented with 10% FBS (v/v), 0.1% (v/v), Gentamicin Reagent Solution (cat. n0.18750-060
GIBCO, CA), and 1% (v/v) Non-Essential Amino Acid Solution, cat. no. M7145, Sigma. MCF-7
cells were maintained in MEM (cat. no. 11095, GIBCO) supplemented with 10% FBS (v/v), and
0.1% (w/v) insulin from bovine pancreas, (cat. no. 16634 GIBCO). All cells were maintained

in a humidified atmosphere at 37°C with 5% CO..

2.2.3 Preparation of C-liposomes

To formulate C-liposomes, the DC-Cholesterol/DOPE lipids were dissolved in
methanol/chloroform (1:1 v/v) and subsequently rotary evaporated to obtain a lipid film, which
was dried over Nitrogen for 10 minutes at room temperature, and further dried at 4° C in a
desiccator overnight. The lipid film was hydrated with PBS (2.8 mg/mL w/v), and then sonicated
in a bath-type sonicator for 10 minutes. In order to produce small unilamellar vesicles, different
polycarbonate membranes with decreasing pore sizes were utilized. Vessicles were formed by
extrusion through a 0.1um polycarbonate membrane in conjuction with a 0.05 um polycarbonate

membrane using a nitrogen pressure—operated extruder (Lipex extruder, Northern Lipids, Inc.,
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Vancouver, British Columbia, Canada). All the extrusions were performed for a total of 10 times
at an operating pressure of 800 p.s.i. (5,440 kPa). To study cellular uptake, the C-liposomes were
labeled  with  rhodamine by adding rhodamine-labeled  phospholipids  [L-a-
phosphatidylethanolamine- N-(lissamine Rhodamine B sulfonyl) (ammonium salt) to the DC-

Cholesterol/DOPE lipids (30:70 w/w) in a 1% molar ratio.

2.2.4 Characterization of C-liposomes

2.2.4.1 The size and zeta potential of C-liposomes

The size distributions of C-liposomes and IL-13 conjugated maleimide cationic
liposomes (IL-13-M-C-liposomes) were determined by light scattering analysis through an
ALV/DLS/SLS-5022F compact gonimeter system (ALV, Germany). The zeta potential and poly
dispersity index of C-liposomes were measured by PALS Zeta Potential Analyzer Ver. 3.16,

Brookhaven Instruments Corp.

2.2.4.2 Complex formation of C-liposomes with siRNA

To determine the optimal ratio of components in the C-liposome-siRNA complex, a
number of conditions were tested. C-lipospomes and siRNA’s were mixed on ice in the
following ratios: 0:1, 2:1, 3:1, 4:1, 5:1, 6:1 (C-liposomes:siRNA v/iw pL/ug). Mixtures were
equilibrated at room temperature for 5 minutes before 20 uL of DNA loading buffer was added.
Samples were then loaded onto a 1% agarose gel and electrophoresed at 100 volts for 18

minutes in TAE buffer. Images were captured by an Image Reader (Fuji Film Las-3000).

2.2.4.3 Cytotoxicity of C-liposomes: Evaluation in vitro and in vivo

2.2.4.3.1 Cytotoxicity of C-liposomes: Evaluation in vitro
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To evaluate the potential cytotoxic effects of the C-liposomes in vitro, U251 cells were
seeded in 96-well plates at a concentration of 4,000cells/well and allowed to attach overnight at
37°C. Cultures were transfected with 0, 2, 4 or 6 puL of the C-liposome stock solution (2.8
mg/mL) in DMEM serum free medium. After 3 hours culture medium was replaced with

complete medium. An MTS assay was performed at 24, 48 and 72 hours post transfection.

2.2.4.3.2 Cytotoxicity of C-liposomes: Evaluation in vivo

Cytotoxicity of C-liposomes was also evaluated in vivo. Athymic nude mice were divided
into three groups, with three mice/group. Control mice were injected intraperitoneally (IP) with
50 uL of PBS, while treatment group 1 received 6 pL of C-liposomes, and treatment group 2
received 6uL/1.5ug of C-liposomes:siRNA complex once/week for six weeks. After 6 weeks,
blood was collected; liver and kidney toxicity, total bilirubin, blood urea nitrogen (BUN),
creatine, aspartate amino transferase (AST, also called SGOT), alanine aminotransferase (ALT,
also called SGPT) and alkaline phosphatase were determined using an automated chemistry

analyzer and kits from Thermo Electron, Inc. following the manufacturers instruction.

2.2.4.4 Uptake of C-liposomes:siRNA

In order to visualize the uptake of the C-liposomes:siRNA complex, U251 and U87 cells
were seeded at a concentration of 10,000cells/well in 8-well chamber slides and allowed to attach
overnight at 37°C. After 24 hours the cells were exposed to siRNA-FITC:DMEM (serum free
media) 1puL/ImL or C-liposomes-rhodamine:siRNA-FITC:.DMEM 0.5uL/1uL/ImL for 1 hour.
The cells were then fixed at room temperature with 4% paraformaldehyde and washed in PBS.
Cells were then stained with 1% (w/v) of DAPI (4, 6-diamidino-2-phenylindole) and mounted,

dried overnight in the dark. Images were captured with confocal microscopy.
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2.2.4.5 Internalization of C-liposomes by endosomal pathway

To determine whether C-liposomes are internalizing into cells by the endosomal pathway,
immunocytochemistry was performed. U251 and U87 cells were seeded at a concentration of
10,000cells/well in 8-well chamber slides and allowed to attach overnight at 37°C. After 24 hours
the cells were exposed to C-liposomes-rhodamine: for 1 hour. The cells were then fixed at room
temperature with 4% paraformaldehyde. Immunocytochemistry was performed using a primary
antibody for an early endosomal marker EEAL (1:15dilution) followed by a secondary FITC
conjugated anti-goat 1gG antibody (1:500). Cells were then stained with 1% (w/v) of DAPI and

mounted, dried overnight in the dark. Images were captured through a confocal microscopy.

2.3 Characterization of complex of C-liposomes:siRNA

2.3.1 Complexation of C-liposomes with sSiRNA

To determine whether siRNA could be encapsulated by C-liposomes, freshly prepared C-
liposomes and siRNA-FITC (v/v) were mixed on ice under the following eight conditions: (the
ratio of C-liposomes:siRNA v/w pL/ug) 0:1, 1.2:1, 2.4:1, 3.6:1, 4.8:1, 6.0:1, 7.2:1 and 8.4:1. The
mixtures were equilibrated at room temperature for 5 minutes and then 20 puL of DNA loading
buffer was added. Samples were then loaded onto a 1% agarose gel and electrophoresed at 100
volts for 18 minutes in TAE buffer. The images were captured by an Image Reader (Fuji Film

Las-3000).

2.3.2 Determination of the encapsulation by C-liposomes using RNaseA

To explore the location of the siRNA in the C-liposome:siRNA complex, the following

components: C-liposomes, siRNA-FITC(v/v) and RNaseA were mixed on ice under the following
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eight conditions: (the ratio of C-liposomes:siRNA: RNaseA, viw/U uL/ug/U) 0:1:0, 4:1:0,

0:1:1.6, 0:1:3.2, 0:1:4.8, 4:1:1.6, 4:1:3.2 and 4:1:4.8. The mixtures were equilibrated at room
temperature for 60 minutes and then 20 pL of DNA loading buffer was added. Samples were then
loaded onto a 1% agarose gel and electrophoresed at 100 volts for 18 minutes in TAE buffer. The

images were captured by an Image Reader (Fuji Film Las-3000).

2.3.3 Stability of C-liposomes:siRNA exposed in RNase A at 37°C

To test the stability of the C-liposomes:siRNA related to temperature, the C-liposomes,
SiRNA-FITC(v/v) and RNaseA were mixed on ice under the following eight conditions: (the ratio
of C-liposomes:siRNA:RNaseA, v/w/unit, pL/ug/unit. The first group of four samples (0:1:0,
0:1:1.6, 4:1:1.6, 4:1:3.2) were incubated at room temperature for 1 hour. The second group of
samples (0:1:0, 0:1:1.6, 4:1:0, 4:1:1.6, 4:1:3.2 and 4:1:4.8) were incubated at 37°C for 1 hour. The
mixtures were equilibrated at room temperature for 5 minutes and then 20 uL of DNA loading
buffer was added. The mixtures were then loaded onto a 1% agarose gel and electrophoresed at
100 volts for 18 minutes in TAE buffer. The images were captured by an Image Reader (Fuiji

Film Las-3000).

2.3.4 Stability of C-liposomes:siRNA exposed in human serum

To exam the stability of C-liposomes:siRNA in human serum, the C-liposomes, siRNA-
FITC(v/v) and human serum were mixed on ice under the following eight conditions: (the ratio of
C-liposomes:siRNA: v/w/%, uL/pg/%) 0:1:0, 4:1:0, 0:1:20, 0:1:40, 0:1:60, 4:1:20, 4:1:40 and
4:1:60. All the samples were incubated at 37°C for 1 hour. The mixtures were equilibrated at
room temperature for 5 minutes and then 20 pL of DNA loading buffer was added. The mixtures
were then loaded onto a 1% agarose gel and electrophoresed at 100 volts for 18 minutes in TAE

buffer. The images were captured by an Image Reader (Fuji Film Las-3000).
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2.4 Development of Interleukin-13 conjugated C-liposomes:siRNA

In order to target C-liposome:siRNA specifically to glioma tumor cells, as well as
increase the circulating time of the complex in the blood, Interleukin-13 (IL-13) was conjugated
to the C-liposomes [165, 166]. This was achieved by the incorporation of maleimide and
polyethylene glycol (PEG) into the C-liposomes, thereby generating maleimide C-liposomes (M-
C-liposome) that can attach IL-13 covalently. Two alternative formulas were investigated for M-

C-liposomes in this work and their preparation is described as followed.

2.4.1 No.1 formulation for the preparation of M-C-liposomes

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). In the No.l
formulation for the preparation of M-C-liposomes, 5.0 mg of 1,2-dipalmitoyl-sn-glycerol-3-
phosphochlorine(DPPC) cat. no. 850355P, 0.5 mg of 1,2-Distearoyl-sn-Glycero-3-
Phosphoethanolamine-N-maleimide Polyethylene Glycerol (DSPE-PEG-Mal) cat. no. 880126P,
0.8 mg of 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-Amino(PoluethyleneGlycecol)
2000 (Ammonium Salt, MW 279052 cat. no. 880128P (DSPE-PEG) and 8.0 mg of DC-
cholesterol/DOPE were placed into a round bottom glass with a 250 mL volume. The mixture of
lipids were dissolved in methanol/chloroform (1:1v/v) and subsequently rotary evaporated to
obtain a lipid film, which was dried over N, for 10 min at room temperature and further dried at
4° C in a desiccator overnight. The lipid film was hydrated in PBS (2.8 mg/mL w/v) and then
sonicated in a bath-type sonicator at room temperature for 10 min. In order to produce small
unilamellar vesicles, different polycarbonate membranes with decreasing pore sizes were utilized.
Vessicles were formed by extrusion through a 0.1um polycarbonate membrane in conjuction with
a 0.05 um polycarbonate membrane using a nitrogen pressure—operated extruder (Lipex extruder,

Northern Lipids, Inc., Vancouver, British Columbia, Canada). All the extrusions were performed
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for a total of 10 times at an operating pressure of 800 p.s.i. (5,440 kPa). To study cellular uptake,
the C-liposomes were labeled with rhodamine by adding rhodamine-labeled phospholipids [L-a-
phosphatidylethanolamine- N-(lissamine Rhodamine B sulfonyl) (ammonium salt) to the DC-

Cholesterol/DOPE lipids (30:70 w/w) in a 1% molar ratio.

2.4.2 No. 2 Formulation for preparation of M-C-liposomes

In the No.2 formulation for preparation of M-C-liposomes, 10 mg of 1,2-dipalmitoyl-sn-
glycerol-3-phosphochlorine(DPPC) cat. no. 850355P, 1.0 mg of 1,2-Distearoyl-sn-Glycero-3-
Phosphoethanolamine-N-maleimide Polyethylene Glycerol (DSPE-PEG-Mal) cat. no. 880126P,
1.6 mg of 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-Amino(PoluethyleneGlycecol)
2000 (Ammonium Salt, MW 279052 cat. no. 880128P (DSPE-PEG) and 8.0 mg of DC-
cholesterol/DOPE were placed into a round glass with a 250 mL volume. The mixture of these
four lipids was dissolved in methanol/chloroform (1:1v/v) and subsequently rotary evaporated to
obtain a lipid film, which was dried over N, for 10 min at room temperature and further dried at
4° C in a desiccator overnight. The lipids film was hydrated in PBS (2.8 mg/mL w/v) and then
sonicated in a bath-type sonicator for 10 min. In order to produce small unilamellar vesicles,
different polycarbonate membranes with decreasing pore sizes were utilized. Vessicles were
formed by extrusion through a 0.1um polycarbonate membrane in conjuction with a 0.05 um
polycarbonate membrane using a nitrogen pressure—operated extruder (Lipex extruder, Northern
Lipids, Inc., Vancouver, British Columbia, Canada). All the extrusions were performed 10 times
at an operating pressure of 800 p.s.i. (5,440 kPa). To study cellular uptake, the C-liposomes were
labeled  with  rhodamine by adding rhodamine-labeled  phospholipids  [L-a-
phosphatidylethanolamine- N-(lissamine Rhodamine B sulfonyl) (ammonium salt) to the

liposomes formulation in a 1% molar ratio.
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2.4.3 Complex formation of the M-C-liposomes with siRNA

To ensure that the SiRNA could be complexed with the M-C-liposomes, M-C-liposomes
and siRNA-FITC (v/w) were mixed on ice under the following eight conditions: for the gel of the
No.1 formulation, the ratio of M-C-liposomes:siRNA (v/iw pL/pg) was 0:.1, 0.8:1, 1.6:1, 2.4:1,
3.2:1, 4.0:1, 4.8:1. 5.6:1; for the gel of the No.2 formulation, the ratio of M-C-liposomes:siRNA
(v/w pL/pg) was 0:.1, 0.8:1, 1.6:1, 2.4:1, 3.2:1, 4.0:1, 4.8:1. The mixtures were equilibrated at
room temperature for 5 minutes and then 20 pL of DNA loading buffer was added. The mixtures
were then loaded onto a 1% agarose gel and electrophoresed at 100 volts for 18 minutes in 1X

TAE buffer. Images were captured by an Image Reader (Fuji Film Las-3000).

2.4.4 Conjugation of IL-13 with M-C-liposomes

After ensuring that the M-C-liposomes were able to encapsulate siRNA, IL-13 was
prepared and conjugated with the M-C-liposomes. First, IL-13 was thiolated with 2-
Iminothiolane Hydrochloride. The IL-13 protein, at a concentration of 1.5 mg/ml, was added into
1 mL of PBS with 5 mM of EDTA. Second, 100 uL of a 2 mg/ml stock solution of 2-
Iminothiolane Hydrochloride (Sigma, Cat.16256-500MG FW137g/mol) was dissolved in 2 ml of
d H,0, and added to the IL-13 samples. Third, the samples were stirred at room temperature for
30 minutes, and then at 4°C for additional 30 minutes. Fourth, the thiolated 1L-13 was purified
through the Sephadex™ G-25 Fine column (Amersham Biosciences, cat. no.17-0032-01). Fifth,
the M-C-liposomes were added to the thiolated I1L-13 samples. Sixth, IL-13-M-C-liposomes were
further purified through a centricon 30,000 KD and spun at 3000 RPM at 4°C for 1 hour. (For

additional information on the preparation of IL-13, please refer to [165])

2.4.5 The size and zeta potential of 1L-13-M-C-liposomes
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The size distribution of 1L-13 conjugated maleimide cationic liposomes (IL-13-M-C-
liposomes) was determined by light scattering analysis through an ALV/DLS/SLS-5022F
compact gonimeter system (ALV, Germany). Zeta potential and poly dispersity index of C-
liposomes was measured by a PALS Zeta Potential Analyzer Ver. 3.16, Brookhaven Instruments

Corp.

2.4.6 Complex formulation of the IL-13-M-C-liposomes with siRNA

To ensure the siRNA could be complexed with the IL-13-M-C-liposomes, IL-13-M-C-
liposomes and siRNA-FITC (v/w) were mixed on ice under the following eight conditions: (the
ratio of 1L-13-M-C-liposomes:siRNA v/w uL/ug) 0:.1, *4:1, 0.8:1, 1.6:1, 2.4:1, 3.2:1, 4.0:1,
5.2:1. (Note: *4:1 is presented as a positive control which was used for the the C-
liposomes:siRNA). The mixtures were equilibrated at room temperature for 5 minutes and then
20 pL of DNA loading buffer was added. The mixtures were then loaded onto a 1% agarose gel
and electrophoresed at 100 volts for 18 minutes in 1X TAE buffer. The images were captured by

an Image Reader (Fuji Film Las-3000).

2.5 Results

2.5.1 C-liposomes were uniformly sized and reproducible

The size of the C-liposomes was determined following the procedures described in
section 2.2.4.1. The average means of PDI and zeta potentials are presented from 3 independent
batches of C-liposomes. As indicated in Figure 2.1A, the size (radius) of the C-liposome
generated with our procedures were consistent and produced an average radius of 95 nm which is
within the 80-180 nm range standard suggested in the literature. The PDI of the C-liposomes fell

within the range of 0.1 to 0.2. Before the complex formation, the mean zeta potential of the C-
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liposomes for the 3 different batches equaled 35 mV (+/-0.25), which represents a high positive
charge that should provide efficient affinity to the future siRNA cargo shown in Figure 2.1B.
After the complex formation of the C-liposomes with siRNA, the mean zeta potentials of C-
liposomes:siRNA for the 3 different batches equal 5 mV (+/-0.25) shown in Figure 2.1B, which
represents all the positive charges were neutralized by siRNA. Our data demonstrates that the C-
liposome prepared in our laboratory possess a good quality of Index as the evidence illustrated in

Figure 2.1.

2.5.2 C-liposomes could encapsulate siRNA with an ratio of C-liposomes:siRNA (viw) 4:1

The maximum ratio of C-liposomes to siRNA was determined following the procedures
described in 2.2.4.2. The free siRNA is shown at the bottom of the agarose gel image, while the
complex C-liposomes:siRNA is shown on the top of the image. This information demonstrates
the following: 1) siRNA could be encapsulated by C-liposomes, and the complex generated is
shown at the top of the image in lanes 4-8 of Figure 2.2. 2). More than 90% of the siRNA could
be encapsulated by C-liposomes, as illustrated in lane 6 of Figure 2.2. 3). The C-liposome
complex was saturated with SiIRNA when the ratio of C-liposome:siRNA reached 4pL/1pg(8pL).
In this case, the bottom band in the corresponding column was lightest, while the top band in the
same lane was darkest (shown in Figure 2.2). Beyond this ratio, increasing the concentration of
C-liposomes did not result in a greater formation of the complex, as illustrated in lanes 7-8. Thus
the optimal ratio of C-liposomes to siRNA was determined to be 4:1, as shown in Figure 2.2.

These results further revealed that the C-liposomes are capable of encapsulating the siRNA.

2.5.3 Lack of cytotoxicity with the use of C-liposomes in vitro and in vivo.

The cyctotoxicity of C-liposomes was determined by following the procedures described

in 2.2.4.3. The cyctotoxicity of C-liposomes was first evaluated in vitro described in 2.2.4.3.1
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with increasing concentrations (2, 4 and 6 pL) of C-liposomes stock (2.8 mg/mL) per mL of the
DMEM media utilized. No significant differences in cell proliferation, as determined by an MTS
assay at 24, 48 and 72 hours, were detected relative to control cultures not receiving C-liposomes
(Figure 2.3). Thus C-liposomes were not toxic to U251 cells as shown in Figure 2.3. Potential
toxicity in vivo was evaluated by injecting athymic nude mice with C-liposomes described in
2.2.4.3.2, C-liposomes:non-specific-siRNA, or C-liposomes:H-ferritin-siRNA. PBS treated mice
served as controls. As shown in Figure 2.4A and Figure 2.4B, there were no increases seen in
serum kidney or liver toxicology between treatment and control groups when the following
toxicity markers were evaluated: SGOT, SGPT, Alkaline Phosphatase, and total bilirubin.
Therefore, the use of C-liposomes resulted in no cytotoxicity based on both in vitro and in vivo

experimental results (Figure 2.3-2.4).

2.5.4 C-liposomes:siRNA were uptaken by U251 and U87 cells and internalized through the

endosomal pathway.

The uptake of the C-liposomes:siRNA by U251 and U87 cells was determined following
the procedures described in 2.2.4.4. When cells were exposed to free siRNA-FITC without C-
liposomes, no siRNA was uptaken as detected in image ¢ (U251 cells) of Figure 2.5A and image
k (U87 cells) of Figure 2.5B. In contrast, cultures exposed to C-liposomes-rhodamine:siRNA-
FITC uptaken the siRNA, as demonstrated in image g (U251 cells) and o (U87 cells) of Figure
2.5, siRNAs were internalized by the cells. The mechanism of C-liposomes:siRNA internalization
was determined following the procedures described in 2.2.4.5. U251 and U87 glioma cells were
exposed to C-liposomes-rhodamine and subsequently immunostained for the early endosomal
marker EEAL. Co-localization was observed between C-liposomes-rhodamine and the endosomal

marker EEA1-FITC, as shown in images T (U251 cells) and X (U87 cells) of Figure 2.5C. The
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overlap of C-liposomes and the endosomal marker EEAL suggested that the uptake of the C-
liposomes was through the endosomal pathway (images T and X of Figure 2.5c). This finding is
consistent with our previous reports for the uptake of nanovesicles [165, 166]. These results
suggest that siRNA can be sent to U251 and U87 cells, and involves internalization of liposomes

through the endosomal pathway.

2.5.5 C-liposomes:siRNA complex is stable in RNase A but unstable in human serum.

The stability of C-liposomes:siRNA was investigated following the procedures described
in 2.3.1, 2.3.2, 2.3.3 and 2.3.4. Four experiments were carried out for the investigation. The
first experiment is related to the encapsulation of siRNA by newly prepared C-liposomes. The
bands on top of the image shown in Figure 2.6 demonstrate that the newly prepared C-liposomes
are capable of encapsulating 100% of the SiRNA as shown in Figure 2.6. This complete
encapsulation, where no residual free siRNA was observed at the bottom of the image, was
achieved with a C-liposome concentration of 4.8 uL of a lipids stock of 2.8 mg/mL.(Figure 2.6).
For the second experiment, both free sSiRNA (control group) and the C-liposme;siRNA complex
(treatment group) were exposed to varying amounts of RNAseA. When the treatment group was
exposed to RNAseA, only a small portion of free siRNA (10%) was seen at the bottom of the
image and big portion of sSiRNA (90%) carried by C-liposome complex was seen on the top of the
image in lanes 6-8. This evidence demonstrates that 90% of the siRNAs was encapsulated within
the C-liposomes, while less than 10% of the SiRNAs were outside C-liposomes. The siRNA
(10%) located outside of the C-liposomes was released by RNaseA during the 1 hour incubation
at room temperature shown at the bottom of the image in lanes 6-8 (Figure 2.7). For the third
experiment, the C-liposomes:siRNA complex was incubated with RNaseA at 37°C for 1 hour.
Under these conditions, 90% of the siRNA was contained in the C-liposomes:siRNA complex

(seen at the top of the image) with only 10% of the siRNA free (seen at the bottom of the image)
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in lanes 6-8 of Figure 2.8. The result from this third experiment indicate that the C-
liposome:siRNA complex is stable in 4.8 units of RNAseA at body temperature. In the fourth
experiment, the C-liposome:siRNA complex was exosed to varying amounts of human serum and
incubated at 37°C for 1 hour. Under these conditions, less than 20% of the C-liposome:siRNA
complex remained in 20% human serum, and less than 5% of the C-liposomes:siRNAs complex
remained in 40% human serum (Figure 2.9). These four experiments demonstrate that the C-
liposomes:siRNA complex is stable in the presence of 5 units of RNAseA, yet is unstable in
human serum at 37°C (Figure 2.6-2.9). These findings poses a challenge for the administration of
the current formulation of C-liposome by a vascular route, because of the instability of the C-
liposomes:siRNA complex in serum. However, sSiRNA was stably located inside the C-liposomes

in RNaseA at 37°C for 1 hour.

2.5.6 IL-13-M-C-liposomes were prepared and complexed with siRNA.

IL-13-M-C-liposomes were prepared, characterized and further complexed with sSiRNA
following the procedures described in 2.4.1-2.4.6. Our data reveals that the M-C-liposomes from
the No.1 formulation were capable of encapsulating siRNA completely at a low concentration
(1.6 pL) of the lipid stock, without leaving any residu siRNA, which would be shown at the
bottom of the image in lanes 3-8 of Figure 2.10. The M-C-liposomes of the No.2 formulation
were also capable of completely encapsulating siRNA at a low concentration (0.8 pL) of the lipid
stock, without leaving any residual siRNA, which would be seen at the bottom of the image in
lanes 2-8 of Figure 2.11. The average particle size of M-C-liposomes from the No.2 formulation
was 110 nm which is within the standard acceptable range of 65-180 nm. The PDI of C-
liposomes from this same formulation was 0.175, which also falls within the standard acceptable
range. Thus, our M-C-liposomes have an even size distribution with 90% falling around 110 nm,

as shown in Figure 2.12. The measured mean zeta potential was 64 mV (+/-5), which indicates
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that the positive charge stayed high (Figure 2.13). When M-C-liposomes from the No.2

formulation were conjugated with IL-13, the 1L-13-M-C-liposomes appeared to fully encapsulate
the siRNA without leaving any residual siRNA, which would be shown at the bottom of the
image of Figure 2.14. Although the procedure of conjugating the C-liposome with siRNA was a
long process, the IL-13-M-C-liposomes were able to encapsulate siRNA, and appear to be

functional, as shown in Figure 2.14.

2.6 Summary

1) Untargeted C-liposomes composed of DC-Cholesterol/DOPE lipids were developed
and characterized. 2) The C-liposomes had good physical properties, including an even size
distribution, a desired PDI value, an expected zeta potential value, were non toxic both in vitro
and in vivo, and did not result an immune response. The low level of toxic markers for kidney
and liver function, following the injection of C-liposomes into nude mice, provided evidence of a
lack of immune response. 3) The desired chemical properties of C-liposomes were confirmed by
the demonstration that the C-liposomes could encapsulate siRNA through their electrostatistic
force. 4) The C-liposomes:siRNA complex was stable when placed under conditions of of
RNaseA (5units) at 37°C for one hour. 5) The C-liposomes:siRNA complex was able to enter
U251 glioma cells, MCF-7 breast cancer cells, and malignant peripheral nerve sheeth tumor
(MPNST) NF96.2 cells. The mechanism for entry of the complex appears to be through the
endosomal pathway. 6) Targeted IL-13-M-C-liposomes were also developed and partially
characterized. 7) IL-13 —-M-C- liposomes had desired physical properties including, an even size
distribution, a desired PDI value, and a high zeta potential value. 8) The desired chemical
properties of IL-13 —M-C- liposomes were confirmed by the demonstration that the IL-13-M-C-

liposomes could completely encapsulate siRNA through their electrostatistic force.



2.6 Figures and legends

Solution with PROB1 = 0.5 Baseline=0

001 100 200 300 400 500 GO0 700 800 900 1E3

Radius [nm] (Unweighted log.)

B
Category PDI Zeta Potential
C-liposomes 0.12 +/- 0.02 35 +/- 025
C-liposomes:siRNA 022 +/- 0.02 5 +- 025

Figure 2.1. Characterization of C-liposomes. A: Size (radius) distribution of C-liposomes
measured by dynamic light scattering. The average size of C-liposomes was 95 nm which is
within the standard range of 80 to 180 nm. C-liposomes were evaluated from four
independent batches. B: Corresponding PDI values are within a range of 0.1 t0 0.2. The zeta
potential was 35 (+/-) 0.25 for C-liposomes and 5 (+/-) 0.25 for C-liposome:siRNA

complexes.




54

Lane 1 2 3

Complex —
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Figure 2.2. The optimal ratio of C-liposomes:siRNA, as determined by a 1% agarose
gel. From left to right of the image, the ratio of C-liposomes:siRNA-FITC (v/w pL/ug) was
0:1,2:1, 3:1, 4:1, 5:1 and 6:1. The top bands represent the C-liposomes:siRNA-FITC
complex. The bottom bands represent free sSiRNA-FITC. The optimal ratio of C-liposomes to
SiIRNA was 4:1 (uL/ug), where the band at the bottom is the lightest and the band on the top is

the darkest.
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Figure 2.3. Lack of cytotoxicity of C-liposomes in U251 cells, as tested by an MTS assay.
The graphs represent the optical density of treatment groups normalized to the control groups
from three independent experiments. No significant differences in cell proliferation were
observed with any concentration of C-liposome at 24, 48, or 72 hours post transfection,

relative to control cultures receiving no C-liposome.
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Figure 2.4. Lack of toxicity of C-liposomes in vivo, as evaluated by an automated chemistry

analyzer and kits. Control animals were injected with PBS to represent normal conditions.

Treatment groups included animals injected with C-liposomes, C-liposomes:H-ferritin siRNA, or C-

liposomes:non-specific SIRNA. No significant elevations were observed in the blood counts of any

kidney or liver markers in any of the treatment groups, relative to the control group.
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Figure 2.5. Internalization of C-liposomes:siRNAs in U251 and U87 cells and through the

endosomal pathway in U251 cells. A, B, Panels a-d (U251 cells), i-1 (U87 cells) are representative
confocal images of the cells exposed to sSiRNA-FITC alone as control. FITC signal is not observed
indicating lack of siRNA uptake. Panels e-h (U251 cells), m-p (U87 cells) are representative confocal
images of the cells exposed to C-liposome-rhodamine:siRNA-FITC complexes. Rhodamine & FITC
co-localization around DAPI-labeled nuclei indicative of cellular uptake of liposome:siRNA
complexes is observed. Channels: blue, DAPI; red, C-liposomes-rhodamine; green, siRNA-FITC. C,
co-localization of C-liposomes with endosomal marker EEAL. Panels g-t (U251 cells), u-x (U87 cells)
representative confocal images of the cells exposed to C-liposome-rhodamine (red) and stained for
EEAL (with FITC secondary antibody, green); DAPI, blue. Rhodamine & FITC localization
indicative of endosomal internalization pathway for C-liposomeslabeled C-liposomes (red) and the
image in panel k shows the expression of the early endosomal marker EEAL (green) after
immunocytochemistry. Co-localization of C-liposomes (red) with EEAL (green) demonstrates that the

C-liposomes enter the cell via an endosomal pathway.

57



Lane 1 2 3 4 5 6 7 8 9

Gel

Free siRNA— . -

siRNAlpug — 1 1 1 1 1 1 1 1
Lip pL — 0 12 24 36 48 60 72 80

Figure 2.6. Encapsulation of siRNA by newly prepared C-liposomes under various
concentrations of C-liposomes determined by 1% agarose gel. The top bands represent the
complex of C-liposomes:siRNAs. The bottom bands represent free siRNA. Lane 1, sSiRNA
without C-liposomes serves as a control. Lanes 3-9 contain the complex of C-
liposomes:siRNAs as the treatment groups. C-liposomes can encapsulate siRNAs completely
from a starting concentration of 3.6 puL/mL of the lipids stock without leaving any siRNA

residues.
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Figure 2.7. The complex of C-liposomes:siRNAs were stable in 4.8 unit of RNase A. Lane 1,
siRNA without C-liposomes as control. Lane 2 contains the complex C-liposomes:siRNAs without
RNase as another control. Lane 3-5 contains siRNAs with RNase A. Lane 6-8 contain the complex
of C-liposomes:siRNA with RNase A. The complex of C-liposomes:siRNA were stable up to 4.8

unit of RNase A.
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Figure 2.8. Stability of the C-liposomes:siRNAs complex in RNaseA at 37°C tested by a
1% of agarose gel. Lanes 1 and 5, conatin free sSiRNA and serve as the control group. Lanes
2 and 6, contain free siRNA with RNase, and serve as a positive control. Lanes 3 and 7,
contain the C-liposomes:siRNAs complex with RNaseA and serve as another positive control
group. Lanes 4, 8, 9 and 10 show the C-liposomes:siRNA complex with RNase. Lanes, 1, 2,
3, 4 and 5 represent the condition at room temperature, while lanes 6, 7, 8, 9 and 10 represent

the condition at 37°C. The C-liposome complex is stable at 37°C.
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Figure 2.9. The stability of the C-liposomes:siRNAs complex in human serum tested
using a 1 % agarose gel. Lane 2 contains free siRNA and serves as a control. Lane 3 shows
the C-liposomes:siRNAs complex as a positive control. Lanes 4 -6, contain siRNAs with
human serum. Lanes 7-9, contain the C-liposomes:siRNAs complex with human serum. The

C-liposomes:siRNAs complexes were not stable in even 20% human serum.
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Figure 2.10. Encapsulation of siRNA using M-C-liposomes by No.1 formulation tested
by 1 % agarose gel. Lane 1, contains free siRNA and serves as the control. Lanes 2-9 show
the M-C-liposomes:siRNAs complex and serve as treatment groups. The top bands represent
the M-C-liposomes:siRNAs complex. The bottom bands represent the free sSiRNA. M-C-
liposomes encapsulated all available sSiRNAs completely starting with lipids stock

concentration of 1.6 pL/mL. .
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Figure 2.11. Encapsulation of siRNA by M-C-liposomes by No. 2 formulation, as tested
with a 1 % agarose gel. Lane 1, shows free siRNA and serves as the control. Lanes 2-7,
shows the M-C-liposomes:siRNAs complex, and serve as the treatment groups. The top bands
represent the M-C-liposomes:siRNAs complex. The bottom bands represent free siRNA. M-

C-liposomes encapsulated all available siRNAs completely starting from 0.8 uL/mL of the

lipids stock.
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Figure 2.12. The size distribution of 1L-13-M-C-liposomes determined by dynamic light

scattering. The average size of IL-13-M-C-liposomes measured was 110 nm which was within the

standard range of 65 to 155 nm; 97.7% of the intensity lies on peak 1. Corresponding PDI values lie

within the range of 0.172. This data represents only one batch of the I1L-13-M-C-liposome

preparations.
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Figure 2.13. The zeta potential of I1L-13-M-C-liposomes, as measured by PALS Zeta Potential

Analyzer (Win36), Brookhaven Instruments Corp. The average zeta potential of IL-13-M-C-

liposomes is 64 (+/-) 5 before it was complexed with sSiRNA. This data represents only one batch of

M-C-liposome preparations.
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Figure 2.14. Encapsulation of siRNA by IL-13-M-C-liposomes prepared by No.2
formulation, as tested by a 1 % agarose gel. Lane 1 contains free siRNA and serves as the
control. Lane 2 contains the C-liposomes:siRNA complex to serve as a positive control.
Lanes, 3-8 show the M-C-liposomes:siRNAs complex, and serve as treatment groups. The
top bands represent the IL-13-M-C-liposomes:siRNAs complex . The bottom bands represent
free siRNA. IL-13-M-C-liposomes encapsulated all of the available sSiRNAs completely when

starting with 0.8 pL/mL of lipids stock (No. 2 formulation).
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Chapter 3

The Functional Role of H-ferritin in Cancer Development and Impact of Decreasing H-
ferritin Expression on Radiation and Chemotherapeutic Efficacy in the Treatment of

Glioma

Chapter 3 contains two sections. In section 1, H-Ferritin siRNA enhances radiation and
chemotherapeutic efficacy for the treatment of glioma is described as part I. In section 2, the

functional role of H-ferritin in cancer development is described as part 1.

Part 1 H-ferritin siRNA enhances radiation and chemotherapeutic efficacy

3.1.1 Introduction

In part | of chapter 3, the experimental methods/procedures for testing the central
hypothesis of the present project are described in detail. The central hypothesis of this thesis work
is that down regulation of H-ferritin, using C-liposomes:siRNA, will increase the radiation and
chemotherapeutic efficacy for the treatment of gliomas. The experimental basis for this
hypothesis is that over-expressions of H-ferritin have been detected in malignant tumor cells. The

following 6 kinds of experiments were carefully designed to test the central hypothesis:

1) Demonstration of over-expression of endogenous H-ferritin in malignant tumor cell lines.
Three types of primary tumor cells were investigated, including glioma U251 and U87
cells, neurofibroma #215 and breast cancer MCF-7 cells.

2) Demonstration of H-ferritin expression that is co-localized with glioma stem cell marker

CD133.
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The results from these two studies provided the experimental evidence that H-Ferritin is

over-expressed in a broad spectrum of malignant tumors.

3) Demonstration of down-regulation of H-Ferritin protein expression by C-liposome:H-

ferritin-siRNA tested using Western blot analysis.

This study showed that down-regulation of H-ferritin was achieved with C-liposome:H-
FerritinsiRNA in U251 and MCF-7 cells. Subsequently, the central hypothesis was tested in
experiments 4-6 to investigate whether down-regulation of H-ferritin would facilitate tumor

suppression.

4) Demonstration in vitro of enhanced chemotherapeutic sensitivity of malignant tumors by
H-ferritin down-regulation tested by SRB assay.

5) Demonstration in vitro of enhancing radiation therapeutic sensitivity of glioma by H-
ferritin down-regulation tested by an MTS assay.

6) Demonstration in vivo of enhancing radiation and chemotherapeutic sensitivity by down-

regulation of H-ferritin.

The results from these three experiments provided in vitro and in vivo data and
demonstrate that down-regulation of H-ferritin significantly improved the effectiveness of
conventional radiation and chemotherapies. These results are highly significant, as they suggest a
novel synergistic therapeutic approach with which drug resistance and side effect associated with

conventional treatment may potentially be reduced.

3.1.2 Materials and Methods

3.1.2.1 H-ferritin expression in malignant tumor cells
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In order to visualize the expression of H-ferritin expression in malignant cell cultures,
human glioma U251 and U87 cells (at a density of 20,000cells/well), human malignant peripheral
neuro sheath tumor (MPNST) NF#215 cells (at a density of 30,000cells/well) and breast cancer
MCEF-7 cells (at a density of 10,000cells/well) were seeded in 8-well chamber slides and allowed
to attach overnight. The cells were fixed with 4% paraformaldehyde, and subsequently exposed to
an H-ferritin polyclonal antibody (1:5000) at 4°C overnight. Preparations were rinsed with PBS
three times (15 minutes each), then exposed to secondary-FITC antibody (1:500) for 1 hour at
room temperature and rinsed with PBS an additional three times (15 min each). Cultures were
stained with 1% (w/v) of DAPI in DMEM (4, 6-diamidino-2-phenylindole) for 10 minutes to
visualize nuclei, rinsed with PBS again, and mounted and dried overnight. Images were captured

with fluorescence microscopy.

3.1.2.2 Co-localization of H-ferritin with the glioma stem cell marker CD133

With the intention of demonstrating the co-localization of the glioma stem cell marker
CD133 with H-ferritin in human glioma, neurofiboroma and breast cancer cells,
immunohistochemistry was performed as follows: Human glioma U251 and U87 cells (at a
density of 20,000cells/well), neurofibromatosis #215 cells (at a density of 30,000 cells/well) and
human breast cancer MCF-7 cells (at a density of 20,000 cells/well) were seeded in 8 well
chamber slides and allowed to attach overnight. Cultures were fixed with 4% paraformaldehyde,
subsequently exposed to H-ferritin polyclonal antibody (1:5000) overnight at 4°C, and then
secondary-FITC antibody (1:500) for 1 hour at room temperature. Preparations were rinsed, and
stained with 1% (w/v) of DAPI in DMEM (4, 6-diamidino-2-phenylindole) to visualize nuclei,

and mounted and dried overnight. Images were captured with fluorescence microscopy.
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3.1.2.3 Down-regulation of H-ferritin expression in U251 and MCF-7 cells tested by Western

blott analysis.

To ensure that H-ferritin siRNA delivered by C-liposomes is able to down regulate H-
ferritin expression, the levels of H-ferritin in glioma and breast cancer cells were determined
guantitatively by Western blot analysis. Briefly, U251 cells (166,000 cells/well), and MCF-7 cells
(200, 000 cells/well) were seeded into six-well plates and allowed to attach overnight. Cultures
were transfected with C-liposomes:siRNA:DMEM (4uL/1ug/1mL) for 3 hours before media was
changed to complete media. Cell lysate was harvested using RIPA buffer (Sigma, cat. no. R0278-
50ML) at 24 h, 48 h, and 72 h post transfection. Lysate was centrifuged at 14,000 rpm for 10
minutes at 4°C and supernatant containing total protein was collected. The total protein was
quantified, and equal amounts of protein was loaded on a 4-20% Tris-HCL Criterion ™ Precast
Gel (Bio-Rad CA, Cat. no. C091007D1). Protein was later transferred to a PVDF membrane
(Whatman UK, Cat. no. 10413096). Membranes were blocked for 1 hour with 5% (w/v) dry milk
in TBS-T [Tris 25 mM (pH 7.6)]-buffered saline 0.9% (w/v)-Tween-20 0.1% (v/v)] at room
temperature. Membranes were incubated overnight at 4°C with a monoclonal H-ferritin antibody
(1:50,000 dilutions). The secondary antibody (GE Healthcare UK, Cat. no. NA931V, 1:5000
dilutions) utilized was sheep anti-mouse IgG conjugated to horseradish peroxidase, and
membrane were incubated in secondary antibody for 1.5 hours at room temperature.
Subsequently, the blot was exposed to Western Lightning Chemiluminescence Reagent (Perkin
Elmer Life Science, Cat. no. NEL 104) for 1 minute and exposed to X-ray film. H-ferritin bands
migrated to an apparent molecular weight of 21 kDa. Bands were scanned by a Densitometer
(GS-800 Calibrated, Bio-Rad) and quantified using Quantity One-4.5.0 software (Bio-Rad). Data

are expressed as a percentage of the control value.
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3.1.2.4 Enhancing chemotherapeutic sensitivity of malignant tumors by H-ferritin down-

regulation tested in vitro

To test the central hypothesis that H-ferritin down-regulation by C-liposomes:H-ferritin-
siRNA will increase chemotherapeutic sensitivity for treatment of malignant tumors, an SRB
(sulforhodamine B) assay was performed in three cell lines. U251 and sNF96.2 cells were seeded
into 96-well plates at a density of 2,000 cells/well and MCF-7 cells at a density of 4,000
cells/well, and allowed to attach overnight. Cultures were transfected with C-liposomes:H-
ferritin-siRNA:DMEM (4uL/1pg/1mL) for 3 hours, before cell media was replaced with
completed media. Preparations were exposed to BCNU at concentrations of 0, 20, 40, 60, 80 and
100 uM beginning 48 hours after transfection. SRB assays were performed 48 hours post BCNU

exposure. Data are expressed as a percentage of the control with respect to untreated cells.

3.1.2.5 Enhanced sensitivity of glioma to radiation therapy by H-ferritin down-regulation

tested by an MTS assay in vitro

In order to test the hypothesis that C-liposomes:H-ferritin-siRNA will increase radiation
sensitivity for the treatment of glioma, an MTS assay was performed on glioma U251 cells. Cells
were seeded into 96-well plates at a density of 2,000 cells/well and allowed to attach overnight.
Preparations were transfected with C-liposomes:H-ferritin-siRNA:DMEM (4uL/1pg/1mL) for 3
hours. Following transfection, cell media was replaced with complete media. At 24 hours post
transfection, cells were then exposed to y-radiation with 20 Gy. An MTS assays was performed at
24, 48 and 72 hours post y-radiation. Data are expressed as a percentage of the control with

respect to untreated cells.

3.1.2.6 Enhanced radiation and chemotherapeutic sensitivity by ferritin down-regulation

tested in vivo.
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To further test the central hypothesis, an in vivo approach was taken. Subcutaneous
tumors were prepared by implanting 15 x 10° human U251 glioma cells in the flank of adult
female athymic nude mice. When tumor volume reached1.0 to 1.4 cm?® in two weeks, the mice

were assigned to the following three experimental regimes.

3.1.2.6.1 Down-regulation of H-ferritin expression in subcutaneous tumor xenograft tested

by Western blotting analysis.

With the goal of testing whether C-liposomes:H-ferritin-siRNA is capable of decreasing
H-ferritin expression in a tumor xenograft model, similar to the situation seen in cell culture
models, a group of mice (n=9) with subcutaneous tumors were prepared. Animals were divided
into three groups, with 3 mice in each group. Mice were intratumorally injected with (a) 0.1M
PBS, (b) C-liposomes:non-specific-siRNA (6 pL/1.5 pg viw) or (c) C-liposomes:H-ferritin-
SIRNA (6 pL/1.5 pg viw). Tumors were excised 48 hours after the injection of C-
liposomes:siRN, homogenized with RIPA buffer, and total protein isolated and quantified.
Immunoblotting analysis was performed to determining expression levels of H-ferritin along with
the house-keeping protein 3 actin. Detailed procedures are described in the preceding section

(Section 3.2.3).

3.1.2.6.2 Increased chemotherapeutic efficacy by C-liposomes:H-ferritin-siRNA tested in

vivo.

With the purpose of testing whether C-liposomes:H-ferritin-siRNA is capable of
increasing chemotherapeutic efficacy, mice were randomly assigned to receive either: (a) C-
liposomes:non-specific sSiRNA or (b) C-liposomes:H-ferritin sSiRNA (6 uL/1.5 pg v/w). In both
cases C-liposomes were intratumorally injected on a weekly basis. The following day after C-

liposomes were injected, all mice received intraperitoneal injections of BCNU at a dosage of 12.5
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mg/kg of body weight. This regimen was conducted for a total of 7 weeks. Tumor size was
determined weekly by an individual blinded to treatment groups. A group receiving BCNU alone
in this study was not included, as the effect of BCNU alone on tumors is well-established in the
literature [192] Furthermore, the goal of the study was to compare the effects of animals
receiving BCNU and H-ferritin siRNA to animals receiving BCNU and non-specific siRNA to

determine if there is a difference in efficacy between these two groups.

3.1.2.6.3 Increased radiation efficacy by C-liposomes:H-ferritin-siRNA tested in vivo.

To further assess whether C-liposomes:H-ferritin-siRNA increase radiation sensitivity,
nine mice with subcutaneous tumors were randomly assigned to receive either: (a) 0.1M PBS, (b)
C-liposomes: non-specific-siRNA or (c) C-liposomes:H-ferritin-sSiRNA (6 pL/1.5 pg viw).
Animals receiving C-liposomes (with either siRNA) were injected with the appropriate liposomes
intratumorally on a weekly basis. Two days after the C-liposomes:siRNA injections, of all of the
animals received systemic y-radiation of 4Gy. This regimen was conducted for a total of 7 weeks.
Tumor size was recorded weekly by an individual blinded to treatment groups. The goal of the
study was to compare the effects of animals receiving radiation and H-ferritin SiRNA to animals
receiving radiation and non-specific siRNA to determine if there is a difference in efficacy

between these two groups.

3.1.3 Results

3.1.3.1 Expression of H-ferritin in malignant tumor cells.

H-ferritin expression was monitored following the procedures described in Section
3.1.2.1. Representative images from immunocytochemistry in b, ¢, h and k of Figure 3.1 revealed

that H-ferritin is expressed in human glioma cells (U251 in b), (U87 in e), malignant peripheral
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neuro sheeth tumor cells (#215 in h) and breast cancer cells (MCF-7 cells in k). It is also apparent
that H-ferritin is expressed inside nucleus of all the tumor cells. It is likely that H-ferritin plays an
important role in tumor cell proliferation. The results from this study provide evidence that H-

ferritin is expressed in a broad spectrum of malignant tumors.

3.1.3.2 H-ferritin is co-localized with the glioma stem cell marker CD133 in malignant

tumor cells

The co-localization of H-ferritin expression with glioma stem cell marker CD133 was
monitored following the procedures described in Section 3.1.2.2. The images obtained from
immunocytochemistry revealed that CD133 expression (b, h) is co-localized with H-ferritin
expression (e, i) as shown in Figure 3.2-3.4; co-localization of CD133 with H-ferritin is shown in
image j. CD133 has been used, although not exclusively, as a marker for the identification of
stem cells from normal and cancerous tissues. The co-localization of H-ferritin and CD133 in
these cell lines established an experimental relationship between cancer stem cells marker and H-

ferritin expression.

3.1.3.3 H-ferritin is down regulated in U251 and MCF-7 cells by C-liposomes:siRNA

H-ferritin expression was down-regulated following the procedures described in Section
3.1.2.3. As shown in Figure 3.5, C-liposomes efficiently delivered H-ferritin siRNA into
U251and MCF-7 cells, and released functional H-ferritin-siRNA that successfully down-
regulated H-ferritin. In U251 cells, H-ferritin expression was reduced by 90% at 24 and 48 hours
post transfection, and by 50% at 72 hours post transfection. Delivery of non-specific-siRNA by
C-liposomes, as well as treatment with only C-liposomes, had no effects on H-ferritin expression.
In MCF-7 cells, H-ferritin-siRNA was only slightly downreuglated at 24 hours, but was

decreased by 60% at 48 hours, and 80% at 72 hours post transfectionin, as seen in Figure 3.6.
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These results show that H-ferritin siRNA, delivered by C-liposomes, is able to silence H-ferritin
gene and protein expression, which establishes the technical foundation for testing our hypothesis

and proposed therapeutic strategies.

3.1.3.4 H-ferritin siRNA enhanced sensitivity of U251 cells to chemotherapy in vitro and in

vivo.

H-ferritin SIRNA enhanced chemotherapeutic efficacy in vitro following the procedures
described in Section 3.1.2.4. This set of experiments was pivotal for the entire research project i.e.
that is it answered the question as to whether down-regulation of H-ferritin would facilitate
conventional chemotherapy for cancer treatments. As demonstrated in Figure 3.7, the presence of
H-ferritin siRNA decreased the LD50 for BCNU from > 100 uM to 40 uM in U251 cells.
Similarly, for the cell lines MCF-7 and sNF96.2, knockdown of H-ferritin with siRNA decreased
the LD50 for BCNU from > 100 uM to 20 puM as shown in Figure 3.8 and 3.9. These
experiments provide in vitro evidence to support the hypothesis and demonstrate that C-
liposome:H-ferritin-siRNA gene therapy can enhance the efficacy of chemotherapy for the

treatment of malignant tumor cells.

H-ferritin siRNA delivered by C-liposomes down regulated H-ferritin locally and
efficiently in subcutaneous xenograft (Figure 3.11) following the procedures described in Section
3.1.2.6.1. Sequentially, H-ferritin siRNA was found to enhance chemotherapeutic sensitivity in
vivo following the procedures described in Section 3.1.2.6.2. The chemotherapeutic efficacy of
BCNU was enhanced by the presence of C-liposomes:H-ferritin-siRNA. Tumor growth was
effectively suppressed by 50% (*p<0.01) at week 5 and 100% (*p<0.01) at week 7, in animals
receiving C-liposomes:H-ferritin-siRNA compared to the control group receiving C-

liposomes:non-specific-siRNA (Figure 3.12). Throughout the course of the C-liposomes:siRNA
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injections, both groups received 12.5mg/kg of BCNU weekly through IP injection route. This

concentration of BCNU is less than 50% of the reported effective dose [192] and was chosen also
based on the decreased LD50 observed in the cell culture study demonstrating proof of concept.
The study was terminated at week 7 because the tumor growth was too large to continue in the
control group. Our data revealed that silencing of H-ferritin by gene therapy enhanced
chemotherapeutic efficacy for the treatment of glioma. These data provided in vivo evidence to

support the hypothesis.

3.1.3.5 H-ferritin siRNA enhances sensitivity to radiation in vitro and in vivo

H-ferritin siRNA enhanced radiation efficacy in U251 cells following the procedures
described in 3.1.2.5. To determine whether H-ferritin sSiRNA could sensitize cells to radiation
therapy, U251 cells were treated with C-liposomes:siRNA for 24 hours, and then subjected them
to y-radiation. The proliferation rate of U251 glioma tumor cells was suppressed by knockdown
of H-ferritin with siRNA in the presence of 20 Gy by 35% at 24 hours, 50% at 48 hours and 60%
at 72 hours post radiation exposure compared to cells treated with the NS siRNA (Figure 3.10).
It was noted that C-liposome:non-specific-siRNA increased cells survival slightly at 48 and 72
hours post y-radiation compared with controls; however, this increase in cell survival was not

significant.

H-ferritin siRNA similarly enhanced radiation efficacy in vivo following the procedures
described in 3.1.2.6.3. The radiation efficacy was enhanced by the presence of C-liposomes:H-
ferritin-siRNA. Tumor growth was effectively suppressed by 100 fold at week 5 and 1000 fold at
week 7 in animals receiving C-liposomes:H-ferritin-sSiRNA compared to control animals
receiving C-liposomes:non-specific-siRNA (Figure 3.13). Throughout the course of the C-

liposome:siRNA injections, both groups received radiation (4 Gy) weekly by a systemic regimen.



7

The amount of radiation used in the literature ranges from 2 t025 Gy, most studies report using 5
Gy, and historic untreated controls are available [193-198]. We chose the lower range (4Gy) and
showed a significant and dramatically increase of efficacy of this dose in the presence of sSiRNA
for H-ferritin (Figure 3.1.3). The study was terminated at week 7 because tumors were too large
for the study to continue in the control group. This study demonstrated two things: that treatment
effectiveness could be increased using a low dosage of radiation, such that side effects associated
with treatment could be alleviated, and (in support of the hypothesis) that down regulation of H-

ferritin expression could enhance radiation therapy for the treatment of glioma.

3.1.3.6 H-ferritin siRNA down regulated H-ferritin expression in a tumor xenograft model.

H-ferritin expression was down regulated following the procedures described in
3.1.2.6.1. Direct intratumoral injection of C-liposomes:H-ferritin-siRNA in a subcutaneous
xenograft model resulted in a greater than 60% decrease in H-ferritin expression at 48 hours post
injection, compared with H-ferritin expression in animals injected with C-liposomes alone or C-
liposomes:non-specific-siRNA (Figure 3.11). These results demonstrate that, although H-ferritin

is downregulated in vivo, the extent of downreulation is not as much as in vitro (Figure 3.5).

3.1.4 Summary

The results presented in part | of chapter 3 provided concrete experimental data to
positively test the central hypothesis. All data obtained support the central hypothesis that down-
regulation of H-Ferritin enhanced the efficacy of chemo- and radiation treatments for cancer. In
particular, the experimental results (Section 3.1.3.4) showed that downregulation of H-ferritin
reduced tumor volume by 60% when given in combination with only 40% of the standard BCNU

dosage. Combining H-ferritin down regulation with radiation treatment showed a similar effect
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(Section 3.1.3.5). These results suggest that combining H-ferritin down regulation with a lower
dosage of conventional cancer treatments may bring great benefit to patients, as it would
significantly reduce the side effects of chemo-/radiation therapies. The immunocytochemistry
results (Section 3.1.3.1) suggest that a broad spectrum of malignant tumors may be treated with
this synergetic approach, as H-ferritin expression was observed in all the cancer cell lines studied
in this research (human glioma U251 and U87 cells, malignant peripheral neuro sheath tumor
#215 cells, and breast cancer MCF-7 cells). Furthermore, the finding of co-localization of H-
ferritin with the glioma stem cell marker CD133 (Section 3.1.3.2) suggested that this synergetic

treatment strategy could be also effective in treating metastatic tumors.



3.1.5 Figures and Legends

H-ferritin-FITC Overlap

U251-gliomacells

U87-gliomacells

#215-malignant
peripheral neuro
sheath tumor
cells

MCF-7-breast
cancer cells

Figure 3.1. H-ferritin expression in malignant tumor cells detected by
immunocytochemistry. The blue colors of three images a, d, g and j, represent DAPI.
The green color of three images b, c, h and k represent H-ferritin expression and three
images ¢, f, 1 and | represent the overlap. A, b and c represent U251, d, e and f

represent U87 cells, g, h and i represent NF 215 and j, k and | represent MCF-7 cells.
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CD133 Ab

Overlap

CD133 Ab & H-ferritin Ab

Figure 3.2. H-ferritin in U251 cells is associated with the glioma stem cell marker

CD133 Ab only
as control

H-ferritin Ab

H-ferritin Ab only
as control

CD133, as tested by immunocytochemistry. The blue colors of three images a, d and g
represent DAPI. The red color of the two images b and h represent CD133 expression. The
green color of the two images e and i represent H-ferritin expression. The images c, f and |
represent overlap. The co-localization of H-ferritin with CD133 demonstrated that glioma

U251 cells share some stem cells properties.
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CDI33Ab &
H-ferritin Ab

Figure 3.3. H-ferritin in U87 cells is associated with the glioma stem cell marker CD133, as

tested by immunocytochemistry. The blue colors of three images a, d and g represents DAPI.
The red color of the two images b and h represent CD133 expression. The green color of the
two images e and | represent H-ferritin expression. The images c, f and j represent overlap. The

co-localization of H-ferritin with CD133 demonstrated that glioma U87 cells share some stem

cells properties.
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H-ferritin Ab
g h

Overlap

Figure 3.4. H-ferritin in NF #215 cells is associated with the glioma stem cell marker

CD133, as tested by immunocytochemistry. The blue colors of three images a, d and g

represents DAPI. The red color of the two images b and h represent CD133 expression. The

green color of the two images e and i represent H-ferritin expression. The images c, f and j

represent overlap. The co-localization of H-ferritin with CD133 demonstrated that malignant

peripheral neuro sheath tumor #215 cells share some stem cells properties.
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Figure 3.5. Down regulation of H-ferritin expression in U251 cells, as tested by Western
blot. The image on the top of the graph shows downregulation of H-ferritin expression by H-
ferritin siRNA in U251 cells tested by immunoblotting analysis. Lanes, 1, 4 and 7 were
treated with C-liposomes alone as control group. Lanes 2, 5 and 8 were treated with C-
liposomes containing non-specific-siRNA as additional control group. Lanes 3, 6 and 9 were
treated wtih C-liposomes:H-ferritin-siRNA as a treatment group. H-ferritin SiRNA down
regulated H-ferritin at 24, 48 and 72 hours post transfection. The siRNA carried and released
by C-liposomes is functional. B-actin was used to demonstrate that equal amounts of protein
were loaded in each lane. The graph represents the optical density of the scanned Western

blots.
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Figure 3.6. Down regulation of H-ferritin expression in MCF-7 cells, as tested by
Western blot. The image represents the results of down regulating H-ferritin expression in
MCF-7 cells by H-ferritin siRNA, as tested by immunoblotting analysis. Lanes, 1, 3 and 5
were treated with C-liposomes containing non-specific-siRNA as control group. Lanes 2, 4
and 6 were treated with C-liposomes containing H-ferritin-siRNA as treatment group. HH-
ferritin was down-regulated by 10% at24 hours, 70% at 48 hours, and 90% at 72 hours post

transfection. SiRNA carried and released by C-liposomes was functional.
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Figure 3.7. H-ferritin siRNA increases the chemotherapeutic sensitivity of glioma U251
cells, the cell survive was tested by SRB assay. The relative cytotoxicity of H-ferritin-siRNA
vs. a non-specific SiRNA in the presence of increasing concentrations of BCNU was determined
by SRB assay. 4, BCNU alone serves as a control group. m, BCNU+ C-liposomes:non-specific-
siRNA represents another control group. A, BCNU+ C-liposomes:H-ferritin-siRNA represent
the treatment group. The data revealed that cells are more vulnerable to BCNU at each
concentration examined in the presence of H-ferritin-siRNA, compared with non-specific
siRNA. The data represent the mean and standard error of three experiments at each

concentration (*p<0.01).
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Figure 3.8. H-ferritin siRNA increases the chemotherapeutic sensitivity of breast cancer

MCEF-7 cells, as tested by an SRB assay. The relative cytotoxicity of H-ferritin-siRNA vs. a

non-specific SiRNA in the presence of increasing concentrations of BCNU was determined

by an SRB assay. ¢, BCNU alone serves as a control group. m, BCNU+ C-liposomes:non-specific-

siRNA represents another control group. A, BCNU+ C-liposomes:H-ferritin-sSiRNA represents a

treatment group. The data reveal that cells are more vulnerable to BCNU at each

concentration examined in the presence of H-ferritin-siRNA compared with non-specific-

SIRNA. The data represent mean and standard error of three experiments at each

concentration (*p<0.01).
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Figure 3.9. H-ferritin siRNA increases the chemotherapeutic sensitivity of malignant
peripheral neuro sheeth tumor (MPNST) sNF96.2 cells, as tested by an SRB assay.
The relative cytotoxicity of H-ferritin-siRNA vs. a non-specific sSiRNA in the presence of
increasing concentrations of BCNU was determined by an SRB assay. ¢, BCNU alone
serves as a control group. m, BCNU+ C-liposomes:non-specific-siRNA represents another control
group. A, BCNU+ C-liposomes:H-ferritin-siRNA represents a treatment group. The data
revealed that cells are more vulnerable to BCNU at each concentration examined in the
presence of H-ferritin sSiRNA, compared with the control group of non-specific SiRNA.
The data represent the mean and standard error of three experiments at each concentration

(*p<0.01).
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Figure 3.10. H-ferritin siRNA increases the sensitivity of glioma U251 cells to radiation, as
tested by an MTS assay. The relative cytotoxicity of H-ferritin-siRNA vs. a non-specific SIRNA
in the presence of radiation (20 Gy) was determined by an MTS assay. The stripes represent C-
liposomes:non-specific-siRNA and serve as a control group. The dots represents C-liposomes:H-
ferritin-siRNA and are the treatment group. The data indicate that cells are more vulnerable to
radiation at each time point examined in the presence of H-ferritin sSiRNA, compared with non-

specific siRNA. The data represent the mean and standard error of three experiments at each

concentration (***P<0.0001).
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Figure 3.11. Down regulation of H-ferritin in a tumor xenograft model, as analyzed by
Western blot. Images on the top of the graph represent the results of immunoblotting analysis. The
bottom graph represents the optical density of the scanned images from the image on top. Lanes 1,
2 and 3 were treated with PBS as a control group. Lanes 4, 5 and 6 were treated with C-
liposomes:non-specific-siRNA as another control group. Lanes 7, 8 and 9 were treated with C-
liposomes:H-ferritin-siRNA and are the treatment group. H-ferritin expression was effectively
decreased at 48 hours post injection of C-liposomes:H-ferritin-siRNA, as shown in lanes 7, 8 and 9.

H-ferritin siRNA carried and released by C-liposomes is functional, even in a tumor xenograft.
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Figure 3.12. H-ferritin siRNA is an effective adjuvant for chemotherapy in a subcutaneous

tumor mouse model. The data are plotted as average tumor size from measurements of 5 mice

for each condition on a weekly basis. ¥, C-liposomes:non-specific-siRNA. A, C-liposomes:H-

ferritin-siRNA. The differences between NS and H-ferritin siRNA were significant at week 5, 6

and 7 (*p<0.01).
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Figure 3.13. H-ferritin siRNA is an effective adjuvant for radiation therapy in a

10.0
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subcutaneous mouse tumor model. The data are plotted as an average tumor size from

measurements of 2 or 3 mice for each condition on a weekly basis ¥, C-liposomes:non-

specific-sSIRNA.m, C-liposomes:H-ferritin-siRNA. The differences between NS and H-

ferritin-siRNA were significant at week 5, 7.5 and 10 (*p<0.01, (**p<0.001).
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Chapter 3

Part 2 The functional role of H-ferritin in cancer development

3.11.1 Introduction

In part 1l of chapter 3, the experimental methods/procedures for investigating the
functional role of H-ferritin in cancer development are described in detail. The experimental
premise is based on the results of the part | of chapter 3; H-ferritin SiRNA enhanced the radiation
and chemotherapeutic efficacy for treatment of gliomas. The following 4 kinds of experiments

were carefully designed to assess the functional role of H-ferritin in cancer development:

1) Investigation on the role of H-ferritin in DNA superhelical formation by supercoil
relaxation assays.

2) Investigation of potential correlation between the DNA repair protein MGMT and H-
ferritin.

3) Investigation of H-ferritin on apoptotic pathways.

4) Investigation of the role of H-ferritin role in DNA synthesis.

3.11.2. Materials and Methods

3.11.2.1 Supercoil relaxation assays

Following the successfully testing of the central hypothesis with in vivo and in vitro
experiments described in part | of chapter 3, further experiments were performed to investigate
the potential mechanisms by which H-ferritin may protect DNA during the rapid proliferation of
tumor cells. A series of supercoil relaxation assays were performed to monitor the conversion of

supercoiled circular DNA to relax and/or linear circular DNA. DNA back bone cleavage was
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assessed in the presence or absence of H-ferritin/L-ferritin and the chemotherapeutic agent BCNU
or radiation. Supercoiled DNA plasmid pUC19 (BioLabs) consists of covalently closed circular
DNA, and was selected for use as an in vitro model system that has been applied to investigate
DNA interactions previously in our laboratory [1]. The basic procedures for the supercoil
relaxation assays are as follows. 1) 1 ug of supercoiled DNA plasmid pUC19 was dissolved in
10 mM Hepes (pH7.5), 50 mM NaCl, 2.5 mM MgCl, and 2.5 mM DTT (total volume 30 uL),
which allows the resolution of topoisomers under standard electrophoresis without ethidium
bromide. 2) The samples were loaded on al.5% agarose gel and run at 40 mA for 6 hours at room
temperature. Gels were then immersed in 100 ml of TAE buffer containing 5 pL of SYBR Safe
DNA gel stain (Invitrogen) for 10 minutes. The conversion of DNA to relaxed (R), linear (L) and
supercoiled forms (SC) was monitored using a LAS 3000 Fuji image reader. Three independent

assays were performed as explained in the following section.

3.11.2.1.1 Heavy chain ferritin alters the effects of BCNU on DNA coiling.

To study how heavy chain ferritin affects the function of the chemotherapeutic agent
BCNU, a supercoil relaxation assay was performed under conditions of BCNU and heavy chain
ferritin. The supercoiled DNA plasmid pUC19 was treated with incremental concentrations of
BCNU in the presence or absence of 2.5 pM H-ferritin for one hour at 37°C. The reaction was

terminated with 50% (v/v) glycerol, 50 mM EDTA and 0.1 % Bromophenol blue.

3.11.2.1.2 H-ferritin, but not L-ferritin alters the function of BCNU on DNA coiling.

To investigate whether the alterations on DNA by heavy chain ferritin are unique to H-
ferritin, a supercoil relaxation assay was performed under the conditions of BCNU, heavy chain
ferritin, or light chain ferritin. The supercoiled DNA plasmid pUC19 was treated with 5 pM of

BCNU and incremental concentrations of heavy chain or light chain ferritin for one hour at 37°C.
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The reaction was terminated with 50% (v/v) glycerol, 50 mM EDTA and 0.1 % Bromophenol

blue.

3.11.2.1.3 Protection of DNA by heavy chain ferritin even under radiation.

To investigate whether H-ferritin protects DNA in the face of radiation, a supercoil
relaxation assay was performed under the conditions of H-ferritin, L-ferritin and 4 Gy of y-
radiation. The supercoiled DNA plasmid pUC19 was treated with 4 uM of heavy chain ferritin, 4
UM of L-ferritin, or not treated to serve as a control group for 1 hour at 37°C. Subsequently all
samples were treated with an incremental dosage of y-radiation. The reaction was terminated with

50% (v/v) glycerol, 50 mM EDTA and 0.1 % Bromophenol blue.

3.11.2.2 Correlation between the expression of the DNA repair protein MGMT and H-

ferritin.

To explore the role of H-ferritin in the process of DNA repair, the DNA repair proteinQ°-
methylguanine-DNA methyltransferase (MGMT) expression was assessed by Western blot in
U251 and MCF-7 cells. Briefly, U251 cells at a density of 166,000 cells/well and MCF-7 cells at
a density of 333,000 cells/well were seeded into six-well plates and allowed to attach overnight.
Cultures were transfected with either C-liposomes:non-specific-siRNA:-DMEM or C-
liposomes:H-ferritin-siRNA:DMEM (4ul/1pg/1mL) for 3 hours, before media was replaced with
complete media. Cell lysate was harvested using RIPA buffer (Sigma, cat. no. R0278-50ML) at
24 h, 48 h, and 72 h post transfection. Total protein was quantified and Western blot analysis
performed. Membranes were incubated overnight at 4°C with a monoclonal MGMT antibody
(Cell Signaling 1:1000 dilutions), followed by secondary anti-rabbit 1gG conjugated to

horseradish peroxidase (GE Healthcare UK, cat. no. NA934V, 1:5000 dilutions) for 1.5 hours at
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room temperature. Blots were then exposed to the Western Lightning Chemiluminescence

Reagent and examined using a LAS 3000 Fuji image reader.

3.11.2.3 H-Ferritin and the apoptotic pathway.

In order to test whether H-ferritin siRNA facilitates the apoptotic pathway or not, U251
cells (at a density of 166,000 cells/well) and MCF-7 cells (at a density of 333,000 cells/well) were
seeded into six-well plates and allowed to attach overnight. Cultures were transfected with either
C-liposomes:non-specific-siRNA:DMEM or C-liposomes:H-ferritin-siRNA:DMEM
(4ul/1pg/1mL) for 3 hours, and then serum free media was changed to complete media. Cell
lysate was collected using lysis buffer from the Caspase-3 Fluorometric kit (R&D cat. no.
BF1100) at 48 hours post transfection; the assay was performed following the manufacturer’s
instruction. Data was analyzed using a fluorescence plate reader (Spectra A 340PC 384,

Molecular Devices).

3.11.2.4. Heavy chain ferritin and DNA synthesis.

To investigate whether H-ferritin is involved in DNA synthesis, 5-Bromo-2’-

deoxyuridine (BrdU) and ®H-Thymidine incorporation into DNA in glioma cells was tested.

3.11.2.4.1. Heavy chain ferritin facilitates DNA synthesis, as measured by BrdU

incorporation.

In order to test the effects of H-ferritin on DNA synthesis, immunocytochemistry was
performed using a BrdU anti body. U251 and U87 cells (at a density of 20,000cells/well) were
cultured in chamber slides overnight. Cultures were transfected with C-liposomes:siRNA:DMEM

(4pL/1ug/1mL) for 3 hours and then serum free media was replaced with complete media. After
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72 hours post transfection, 30 uM BrdU (Sigma, cat. no. B5002) was added to the cells for 3

hours. Cells were fixed by 4%PFA and then exposed to anti-BrdU-Alexa-Fluor 488 conjugate
(Invitrogen, cat. no. 21303) Ab overnight at 4°C. Preparations were rinsed, then stained with 1%
(w/v) DAPI in DMEM (4, 6-diamidino-2-phenylindole for 10 minutes) to visualize nuclei, and

mounted and dried overnight. Images were captured with fluorescence microscopy.

3.11.2.4.2 Heavy chain ferritin facilitates DNA synthesis, as measured by 3H—thymidine

incorporation.

To study the effects of H-ferritin on DNA synthesis, 3H-Thymidine incorporation was
tested. U251 and U87 cells (at a density of 166,000/well) were cultured in six well plates and
allowed to attach overnight. Cells were transfected with C-liposomes:siRNA:DMEM
(4uL/1ug/ImL) for 3 hours and then serum free media was replaced with complete media.
Cultures were then exposed to *H-Thymidine 72 hours post transfection. Cells were collected
using 200 uL of 0.5 M of sodium hydroxide and 200 pL of 5% acidic acid following 2, 4 and 6
hours of *H-thymidine exposure. *H-Thymidine incorporation (counts per minute (CPM)) was

detected with a scintillation counter.
3.11.3 Results

3.11.3.1 H-ferritin, but not L-ferritin, inhibited the action of BCNU on DNA coiling,

affected DNA coiling under radiation.

Heavy chain ferritin altered the action of BCNU even when exposed to radiation,
following the procedures described in 3.11.2.1.1.-3.11.2.1.3.  The results from the supercoil
relaxation assay using pUC19 DNA plasmid revealed that BCNU exposure converted circular

DNA to the supercoiled form, as seen in the right panel of the image in Figure 3.14. The effects
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of BCNU were attenuated by H-ferritin, as shown in the left panel of the image in Figure 3.14
and were concentration dependent (left panel of Figure 3.15). However, horse spleen ferritin
(which is composed of 95% L-ferritin) was not able to attenuate the effect of BCNU on pUC19
DNA plasmid, as shown in the right panel of Figure 3.15. Furthermore, the presence of H-ferritin
was associated with a 5-10% shift of total DNA into relaxation and linear form. in the presence of
y-radiation, as shown in Figure 3.16. The conformation of pUC19 DNA plasmid treated with L-
ferritin (middle of the panel) looked similar to the control treated plasmid (left panel of the
image) (Figure 3.16), while the H-ferritin treated plasmid showed a different pattern. H-ferritin
administration shifted 5-10% DNA into a relaxed and linear form shown in the middle panel of
Figure 3.16. These results demonstrate that H-ferritin is capable of maintaining pUC19 plasmid

DNA in a relaxed and linear form under the anti-tumor agent BCNU and radiation (4Gy).

3.11.3.2 MGMT expression in malignant tumor cells.

MGMT expression levels were determined by immunoblotting analysis following the
procedures described in 3.11.2.2. MGMT expression was not observed in U251 cells, but was
detected in MCF-7 cells. However, down regulation of H-ferritin did not alter MGMT expression
in MCF-7 cells, as shown in Figure 3.17. These results demonstrate that H-ferritin is not involved

with the MGMT related DNA repair pathway.

3.11.3.3 H-ferritin siRNA increased Caspase-3 activity in U251 and MCF-7 cells.

An anti-apoptotic effect by heavy chain ferritin was assessed following the procedures
described in 3.11.2.3. Caspase-3 activity, a protein involved in the apoptotic pathway, was tested
48 hours post transfection of C-liposoemes:siRNA. Compared to cells transfected with non-

specific siRNA, Caspase-3 activity was increased by nearly 60% ***p<0.0005) in U251 cells
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with silenced H-ferritin, as shown in Figure 3.18, and by 20% (*p<0.05) in MCF-7 cells, as

shown in Figure 3.19. This data suggests that H-ferritin plays a role in anti-apoptotic functions

during tumor development.

3.11.3.4 BrdU and *H-thymidine incorporation is decreased by H-ferritin downregulation.

The role of heavy chain ferritin in DNA synthesis was investigated following the
procedures described in 3.11.2.4. The images captured by fluorescence microscopy, demonstrated
that BrdU incorporation in U251 and U87 cells was decreased by H-ferritin downregulation, as
shown in image b and h of Figure 3.20. BrdU incorporation was higher in cultures treated with
C-liposomes:non-specific siRNA as shown in image e and k of Figure 3.20. *H-thymidine
incorporation in U251 and U87 cells, shown in Figure 3.21-3.21, corresponded with the results
obtained from the study of BrdU incorporation shown in Figure 3.20. The results of both the

BrdU and 3H-thymidine incorporation implied that H-ferritin may promote DNA synthesis.

3. 1.4 Summary

To understand the mechanism by which downregulation of H-ferritin sensitizes glioma
cells to chemo- and radiation therapy. The functional role of H-ferritin in cancer development
related with a number of biological pathways was investigated. The experimental results
demonstrated that H-ferritin protects DNA from oxidative stress [1, 2] maintains DNA in a
relaxed and linear form, which facilitates gene transcription [2, 149] and prevents apoptosis [7-
10]. H-ferritin facilitated BrdU and *H-thymidine incorporation with DNA synthesis in U251 and
U87 cells. However, down regulation of H-ferritin does not affect the MGMT DNA repair
pathway. Further investigation is needed to completely determine the multifunctional role of H-

ferritin in biological pathways of both normal and malignant cells.



3.11.5 Figures and legend

o BEERENEE anmmnwEw

— e b s & e I <R

ot en e oow

i iilbiii ST e

BCNUpM > 0 0.1 1.0 10 20 40 0 01 05 1.0 10 20 40
plus rHF 2.5 uM no rHF

Figure 3.14. H-ferritin attenuated the effects of BCNU on DNA, as evidenced
by a supercoil relaxation assay. The effect of BCNU with H-ferritin on DNA
was tested by a supercoil relaxation assay on a 1% agarose gel. Supercoiled
DNA plasmid pUC19 was treated with incremental concentrations of BCNU in
the presence (left panel) or absence (right panel) of 2.5 uM H-ferritin. The
conversion to the supercoiled form (SC) of DNA was induced by BCNU (right
panel on the bottom). This effect was inhibited by H-ferritin (left panel on the

bottom). (R; relaxation form, L; linear form, SC; Supercoiled form).
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Figure 3.15. Influence of H-ferritin on DNA relaxation, as evidenced by a supercoil
relaxation assay. A comparison of the effect of H-ferritin and L-ferritin on DNA was tested
by a 1% agarose gel. Supercoiled DNA plasmid pUC19 was treated with 5uM of BCNU and
then exposed to incremental concentrations of H-ferritin (left panel) or L-ferritin (right
panel). The conversion to the relaxed (R) and linear (L) form was observed in the presence of
H-ferritin (left panel) but not in the presence of L-ferritin (right panel). The presence of H-
ferritin was associated with an increase in the relaxed and linear forms (left panel). L-ferritin
had a minimal effect (right panel). (R: relaxation form, L: linear form, SC: Supercoiled

form).
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Figure 3.16. Influence of H-ferritin on DNA relaxation under radiation, as evidence
by a supercoil relaxation assay. A comparison of the effect of H-ferritin and L-ferritin
on DNA under radiation was tested by a supercoil relaxation assay. Supercoiled DNA
plasmid pUC19 was treated with incremental dosages of y-radiation; without ferritin (left
panel), with H-ferritin (middle panel) or with L-ferritin (right panel). The conversion to
the relaxed (R) and linear (L) forms was observed in the presence of H-ferritin (middle
panel) but not in the presence of L-ferritin (right panel). H-ferritin kept DNA in a relaxed

and linear form even under radiation (middle panel).
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Figure 3.17. MGMT expression in MCF-7 cells, as tested by Western blot. Down
regulating H-ferritin by siRNA did not alter MGMT expression in MCF-7 cells at 24
hours, 48 hour and 72 hours post transfection. The evidence demonstrates that H-ferritin is

not associated with the MGMT related DNA repair pathway.
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Caspase-3 activity in U251 cells
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Figure 3.18. H-ferritin is associated with increased Caspase-3 activity in U251 cells.
Caspase-3 activity in U251cells was examined. The exposure of U251 cells to C-
liposomes:H-ferritin-siRNA (HF) is accompanied by an increase in Caspase-3 activity.
There were no significant effects on Caspase 3 activity when cultures were exposed to C-
liposomes:non-specific-sSiRNA (NS). The data suggest that H-ferritin plays a role in the
apoptotic process in U251 glioma cells. Data are normalized to the control group. The

differences between the NS and HF siRNA are significant (***p<0.0005).
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Figure 3.19. H-ferritin is associated with increased Caspase-3 activity in MCF-7 cells.
Caspase-3 activity was measured in breast cancer cells MCF-7 cells. The exposure of
MCEF-7 cells to C-liposomes:H-ferritin:siRNA is accompanied by an increase in caspase-3
activity. No effects on Caspase-3 activity were seen when cultures were exposed to C-
liposomes:non-specific-siRNAcompared to controls. . Thus, H-ferritin appears to prevent
apoptosis in MCF-7 cells. Data are normalized to untreated controls. The differences

between the NS and HF siRNA are significant (*p<0.05).
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Figure 3.20. BrdU incorporation, as tested by immunocytochemistry. U251 cells: Panels a,
b, and c represent H-ferritin-siRNA as treatment group, while panels d, e and f represent non-
specific-siRNA as control group. U87cells: Panels g, h and i represent H-ferritin-siRNA as
treatment group, while panels j, k and | represent non-specific-siRNA as control group. Blue
color; DAPI. Green color; BrdU-FITC. Donwregulation of H-ferritin was associated with a

decrease in BrdU incorporation (panels b and h).
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Figure 3.21. *H-Thymidine incorporation in U251 cells. The blue color represents
C-liposomes:non-specific-siRNA as control group. The red color represent C-
liposomes:H-ferritin-siRNA as treatment group. Down regulation of H-ferritin
decreased *H-Thymidine incorporation with DNA at 4 hours post exposure of *H-
Thymidine(*p<0.01), but not at the 2 and 6 hour time point. These results indicate that

H-ferritin may facilitate DNA synthesis in glioma U251cells.
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Figure 3.22. *H-Thymidine incorporation in U87 cells. The blue color represents C-
liposomes:non-specific-siRNA which serves as a control group. The red color represents
C-liposomes:H-ferritin-siRNA which is the treatment group. Down regulation of H-ferritin
decreased °*H-Thymidine incorporation with DNA at 6 hours post exposure of °H-

Thymidine (*p<0.01), but not at the 2 or 4 hour time point. These results indicate that H-

ferritin may facilitate DNA synthesis in glioma U87cells.
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Chapter 4

Discussion

4.1 Introduction

In this chapter, the scientific and clinical significance of the present work, including
major issues in the development of C-liposomes, as well as the synergetic strategy for the
treatment of glioma will be discussed. The mission of the present project is to demonstrate that
knockdown of H-ferritin using gene therapy, is capable of enhancing radiation and
chemotherapeutic efficacy for the treatment of glioma. However, the implication of this work has
been extended for the potential treatment of malignant peripheral never sheath tumors (MPNST)
and breast cancer. The discussion provided in this chapter may help to guide further studies

initiated by this work.

4.2 Advantages and pitfalls of C-liposomes

C-liposomes were used as a gene delivery vehicle in the present study, and are an
extension of the nanotechnology platform previously used in our laboratory [165, 166]. The C-
liposomes in this study and the neutral liposomes used in previous studies in our laboratory, share
some common physical properties. Both were prepared on a nanometer scale by similar methods,
were non-toxic, and have high transfer efficiency. Both types of liposomes are internalized by
glioma cells through the endosomal pathway. The C-liposomes were synthesized with positively
charged lipids, so that they were capable of forming a complex with siRNA or DNA using
electrostatic interactions, as demonstrated by the experimental results in Figure 2.2 and 2.5. The
C-liposomes have been used as a gene (DNA/siRNA) delivery vehicle since they were first

created in 1987 [170]. In addition to C-liposomes, various agents, including dendrimers,
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polymers, cyclodextrins, lipofectamines, and C-liposomes from DOTAP/DOPE lipids, have been
extensively investigated for their potential application as vehicles for gene delivery. Based on a
careful literature study, C-liposomes of DC-Cholesterol/DOPE lipids appear to possess many
competitive advantages over the other agents mentioned above. For instance, the transfection
efficiency of dendrimers is significantly lower than for C-liposomes, mainly because it is difficult
to the PDI to be reduced down to the level of our C-liposomes [199]. As for the polymers, the
binding of polymer to siRNA or DNA is non-specific and difficult to control, because the the
polymer:siRNA complex is heterogeneous. Thus, the release of the “payload” (decomplex) is
generally not as simple as for lipoplexes (C-liposomes:siRNA) [200]. Cyclodextrins, another
class of compounds that showed promises as a gene delivery agent, have inherent toxicity, as
concentrated cyclodextrins easily aggregate to form micellar-type CD aggregates [201].
Lipofectamine has superior transfection efficiency; however, its potential application is limited by
its high selectivity for cell types [202]. In other words, it is only effective for a limited number of
cell lines. Further work is needed to overcome this obstacle. Lastly, in terms of the composition
of C-liposomes, C-liposomes made from DOTAP/DOPE lipids, have a lack of stability when
complexed with DNA/siRNA which leads to a lower the transfect efficiency [181]. With these
considerations, C-liposomes composed of DC-Cholesterol/DOPE were selected for this thesis
work. Our experimental results show that C-liposome-DC-Cholesterol/DOPE have several unique

properties that make them a favorable compound to be further developed as a gene delivery agent.

It is important to understand the superior performance of C-liposomes, based on basic
chemistry principles, as it may provide insights that can be utilized in the formulation of more
effective molecular vehicles. DOPE has a long tail with 17 carbon hydrogen chains, which
provides static space for the accommodation and protection of genes. As our results demonstrate,

in Figure 2.7-2.8, 90% of the siRNA was encapsulated inside the C-liposome. DC-Cholesterol is
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a biodegradable derivative of human cholesterol. This may be a factor contributing to its high
transfection efficiency, as it is capable of releasing functional siRNA easily in a controlled
manner. DC-Cholesterol is made of three six carbon member rings and one five carbon member
ring, and is highly hydrophobic. Hydrophobicity and ratio of components in C-liposomes, are key
parameters for optimizing a liposome’s stability, cytotoxicity, and transfection efficiency. Other
important physical parameters include the size distribution and the PDI of C-liposomes.
Cytotoxicity and transfection efficiency of C-liposomes depend on the scale and uniformity of
size. During the process of preparing C-liposomes, multiple extrusions with different sized
membrane filters resulted in a uniform size of about 100 nm, which contributed to a transfection
efficiency of over 90%. The homogeneous size distribution of the C-liposomes (90% of C-
liposomes were 90 nm, with a range from 60 to 180 nm) reduced the chance of aggregation,
thereby resulting in low toxicity. Transfection efficiency and toxicity were evaluated in an in vivo
model, as shown in Figure 2.4 A-B. In the past, our laboratory has demonstrated that SiRNA
delivered through nuclear transfection without C-liposomes down regulated H-ferritin expression
approximately for 5 fold in glioma cells compared with controls [5]. The same siRNA delivered
with C-liposomes, down regulated H-ferritin expression by more than 9-fold in cell culture. Thus,
the present study indicated that a nanoliposome delivery system can optimize the amount of
SiRNA delivered, and increase the siRNA efficacy. The effective down regulation of H-ferritin
expression in the present study, using C-liposomes, resulted in effective suppression of glioma
progression in vivo (Figure 3.12-13). The results of our study indicate that the size distribution
and formulation of lipids play a key role in the ability of C-liposomes to serve as a gene delivery

agent.

To prepare our C-liposomes for IV injection, the stability of the C-liposomes was tested

using RNaseA and human serum. As the results indicate in Figure 2.7-2.9, 90% of the siRNA
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was encapsulated inside of the C-liposomes, with only 10% of the siRNA released in 5 U of
RNaseA at 37°C, suggesting that C-liposomes are stable under these conditions at body
temperature. However, the stability of C-liposomes:siRNA was greatly reduced in 40% human
serum, and more than 50% of the siRNA was released in 20% human serum (Figure 2.9). This
result limits the administration of C-liposome:siRNA via the vascular system, and further
investigation is needed to address this issue. One potential solution involves modifying the
composition of C-liposomes by adding a certain percentage of polyethylene glycol (PEG) and
maleimide lipids. This could increase both the stability of C-liposomes and ability to conjugate
with IL-13. Although IL-13 conjugated C-liposomes appeared to be able to encapsulate siRNA,
as shown in Figure 2.12, their stability in serum is still unknown. Further characterization of IL-

13-C-liposomes is required, and will be discussed in the future direction section.

4.3 Scientific significance of a synergetic strategy of H-ferritin down-regulation by gene

therapy with conventional treatments

The use of siRNA for the treatment of cancer is an area of considerable interest and many
promising siRNA targets have been identified. More than 28 target genes have been evaluated in
different types of cancer. VEGF (vascular endothelial growth factor) siRNA has been implicated
for the treatment of fibrosarcoma, Ewing’s sarcoma, prostate cancer, and glioma. EGFR
(epidermal growth factor receptor) siRNA is applied for the treatment of glioma [92]. The major
focus of this thesis work is to demonstrate that H-ferritin is a suitable siRNA target for the

treatment of cancer.

The targeting of a ferritin protein with sSiRNA may seem counterintuitive, as ferritin is
typically considered to be a stable cytosolic iron storage protein with a slow turnover. It has been

reported, however, that the half life of cytosolic ferritin in K562 cells [203], human fibroblast
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cells [204] and in Hela cells [205] is approximately 12 hours. These reports are consistent with
the dramatic down regulation of H-ferritin seen at 24 hours in the human astrocytoma cell line
shown in Figure 3.5. Ferritin plays a key role in cellular iron homeostasis [206]. It tightly
regulates the intracellular availability of iron in aerobic or anaerobic organisms [146], and is thus
essential to cell viability. Ferritin functions as an iron storage and regulating protein that is
located in the cytosol, mitochondria and nucleus [1]. Iron is an essential trace element for cell
growth and proliferation, because it is involved in a variety of redox reactions [121] and is
essential to maintaining cellular homeostasis [207]. Ferritin was chosen as a potential target for
SiRNA therapy after H-ferritin was found to be present in the nuclei of glioma cells [1, 2].
Nuclear ferritin, comprised mostly of H-ferritin, is non-randomly distributed, and is thought to be
involved in facilitating DNA synthesis, as it has been found to associate with heterochromatin [2,
5]. Nuclear ferritin has been shown to have a protective function, as shown by its ability to
protect the DNA of corneal epithelial cells from UV damage and oxidative stress [157-159].
Aside from protecting DNA, H-ferritin may also be involved in acquired drug resistance.
Repeated exposure of cells to hydroxyurea results in resistance to this toxic agent, and is
accompanied by an increase in ferritin mRNA [20]. Additionally, ferritin overexpression is
associated in the development of various cancers [4, 149-151, 153]. Thus, our central hypothesis
is that down regulation of H-ferritin by siRNA in cancer cells could provide a mechanism to
increase chemotherapeutic sensitivity in the treatment of tumors, by removing the protective
functions of H-ferritin, including anti-drug and anti-apoptotic effects. Successful testing of the
hypothesis in the present work provides experimental evidence that H-ferritin is intimately
involved in DNA synthesis of tumor cells. H-ferritin expression was found in human glioma
U251, U87, neurofibroma #215 cells, and human breast cancer MCF-7 cells. Furthermore, H-
ferritin expression was co-localized with the glioma stem cell marker CD133 in U251, U87 and

NF#251 cell lines. H-ferritin’s potential roles in DNA protection, DNA repair, apoptotic
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pathways, and DNA synthesis, were investigated in the present project, and are described in the

following section.

First, we postulated that the anti-tumor effects of H-ferritin sSiRNA may be associated
with the ability of H-ferritin to alter the function of BCNU. BCNU is known to be a DNA
alkaylating agent that is capable of converting DNA to a supercoiled form, as shown in Figure
3.14. H-ferritin is capable of reversing this function of BCNU, and maintains DNA in a relaxed
and linear form, which may assist gene transcription. In contrast, L- ferritin was unable to reverse
this function of BCNU, as shown in Figure 3.15. This finding is consistent with the presence of
H-ferritin in the nuclei of cancer cells [1, 5] and the subsequent effects on gene transcription

[149].

Second, H-ferritin may have an anti-apoptotic function in malignant tumor development.
The data collected in the present work support this notion, as H-ferritin sSiRNA was associated
with an increased activation of caspase-3, shown in Figure 3.18-3.19. These results correspond
with the findings that overexpression of H-ferritin inhibited tumor necrosis factor (TNFo)-
induced apoptosis [10], and down regulation of H-ferritin resulted in a 20% increase in apoptosis
within malignant mesothelioma cells [7]. Up-regulation of H-ferritin is well known to prevent
apoptotic activity [7, 8, 10]. In the radiation experiments of the present study, H-ferritin down-
regulation greatly enhanced radiation therapy, with more than 90% tumor suppression, as shown
in Figure 3.13. This may be because down regulation of H-ferritin by siRNA reduced the
antiapoptotic function of H-ferritin and, thus, promoted apoptotic activity. The supercoil
relaxation assays shown in Figure 3.16 indicated that H-ferritin effectively protected DNA, by
maintaining DNA in relaxed and linear forms even under radiation (4Gy). One potential
mechanism, by which H-ferritin may prevent apoptosis, is by limiting the amount of iron

available to participate in oxidative stress reactions.
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Thirdly, H-ferritin may promote DNA synthesis and transcription. H-ferritin has been
demonstrated to be concentrated in the nuclear heterochromatin containing fraction of SW1088
astrocytoma cells [5]. Additionally, H-ferritin has been shown to bind DNA in SW1088 glioma
cells and promote DNA relaxation, and increase transcription [6]. In this study, knockdown of H-
ferritin expression was shown to inhibit DNA synthesis, as demonstrated by decreased
incorporation of BrdU and *H-thymidine, shown in Figure 3.20-3.21. The underlying mechanism
appears to be the ability of H-ferritin to partially maintain DNA in relaxed and linear forms
under radiation, which may be associated with the facilitating transcription The decreased BrdU
and *H-thymidine incorporation seen with H-ferritin siRNA further implies that H-ferritin possess
an ability to protect DNA (shown in Figure 20-21). Previous studies have demonstrated that
ferritin releases iron in a controlled manner to promote DNA relaxation [2, 5]. These reports are
consistent with the observations in this study, where H-ferritin maintained DNA in the relaxed
form even in the presence of an akylating agent, or under radiation (4Gy). Thus the data presented
herein provide a compelling argument for a protective and trophic role of H-ferritin in tumor
growth, through direct protection of DNA, which may permit continued transcription and hence
tumor growth. H-ferritin appears to not be involved in the MGMT related DNA repair pathway
in glioma U251 cells and H-ferritin sSiRNA did not alter the expression of MGMT in MCF-7 cells,

as shown in Figure 3.17.

4.4 Clinical significance of a synergetic strategy of H-ferritin down-regulation by gene

therapy with conventional treatment

Successful testing the central hypothesis is of clinical significance. First, GBM is a
deadly brain tumor and is difficult to treat because of its drug resistant characteristics. The
difficulty for many chemotoxic agents is the need to traverse the blood-brain-barrier in effective

amounts. Higher dosages of chemotherapeutic agents are generally not an option because they are
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often accompanied by stronger adverse side effects [31]. Radiation toxicity is also a concern, as is
surgical resection of tumor tissue in elegant brain regions [208]. One effective way to increase the
efficacy of therapeutic agents is to increase the sensitivity of the cancer cells to these agents. As
demonstrated in vitro and in vivo (Figure 3.7-3.9, 3.12,), the BCNU regimen, utilized with H-
ferritin-siRNA, was only half of the concentration (12.5 mg/kg body weight) of the conventional
dose (25 mg/kg body weight) used in previous studies [192]. This 50% reduction in dosage, when
used it in combination with H-ferritin sSiRNA suppressed tumor growth by 80% at week 7 in a
subcutaneous tumor model (Figure 3.12). A reduction in the dosage of either chemo- or radiation
while maintaining treatment efficacy, would immediately benefit patients by alleviating the

excruciating side-effect of conventional cancer treatments.

Second, the synergetic strategy demonstrated in present work may prove to be a potential
solution for the problem of drug resistance in cancer. Drug resistance has been a major difficulty
in the treatment of many cancers, particularly in glioma. No direct data was present presented in
this study to demonstrate this; however, as discussed above in Section 4.2, H-ferritin is capable of
reversing the effects of BCNU. Specifically, H-ferritin prevented the DNA supercoiling normally
seen with BCNU, and instead maintained DNA in a relaxed and linear form. Therefore, down
regulation of H-ferritin could attenuate these reversing effects, and subsequently defeat drug

resistance.

4.5 Summary

In conclusion, our study demonstrated an increased vulnerability of cancer cells to
radiation and chemotherapy, by reducing H-ferritin expression using gene therapy. The
importance of ferritin in cancer cell biology suggests that efficient delivery of siRNA could be a

viable therapeutic option for the treatment of cancer. The results from present project are a
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promising initial step toward the development of siRNA gene therapy using H-ferritin as a target
for the treatment of multiple tumor types. A key component of SiRNA gene therapy is an

effective delivery system.

4.6 Future directions

Project 1. Enhance radiation and chemotherapeutic efficacy through down regulating heavy
chain ferritin gene by small hairpin RNA (shRNA) delivered by Interleukin-13 conjugated

cationic liposomes for systematic treatment of glioma.

Reasoning: The present project has demonstrated that down regulation of H-ferritin enhances
radiation and chemotherapeutic efficacy in vitro/vivo. However, the current regimen of present
work cannot be applied for systematic treatment of glioma for two reasons. 1) C-liposomes as a
gene delivery vehicle are not specific. 2) Cognate gene down regulation by siRNA is only a
transient process. Thus, using IL-13-M-C-liposomes to target glioma cells would avoid non

specificity, and gene downregulation using shRNA would be permanent.

Aim 1; Development and characterization of glioma targeted cationic liposomes such as

Interneukin-13 conjugated M-C-liposomes.

1) Test the zeta potential, PDI and the size distribution of 1L-13-M-C-liposomes formulated
by different lipids.

2) Test the stability, toxicity of the IL-13-M-C-liposomes and its capability of encapsulating
small hairpin RNA (shRNA). These C-liposomes should be stable in serums for several
hours, and specifically target glioma cells.

3) Test the uptake of IL-13-M-C-liposomes:shRNA in glioma cells.

4) Study the mechanism by which IL-13-M-C-liposomes:shRNA are uptaken.
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Aim 2; Enhance radiation and chemotherapeutic efficacy using IL-13-M-C-liposomes:shRNA-H-

ferritin for the treatment of glioma.

1) Down regulation of H-ferritin in U251 cells by IL-13-M-C-liposomes:shRNA.
2) Testing enhancement of radiation and chemotherapeutic efficacy in vitro/vivo for the

treatment of glioma.

Aim 3; Investigating the role of H-ferritin on DNA synthesis, apoptosis, and DNA repair

pathways.

Significance:  Lower side effects for the treatment of glioma during radiation/chemotherapy,

while maintaining/increasing efficacy.

Project 2. The role of H-ferritin in drug resistance.

Reasoning: One study suggested that CD133 is related to drug resistance in cancer cells. The
present study also demonstrated that H-ferritin attenuates the effect of the anti cancer drug BCNU

on DNA supercoiling. H-ferritin is also co-localized with CD133.

Aim1: Down regulation of H-ferritin by siRNA/shRNA may decrease the CD133 expression in

U251, U87 and MCF-7 cells.

1) Demonstrate H-ferritin expression.
2) Demonstrate CD 133 expression.

3) CD133 expression evaluated when H-ferritin is downregulated.

Aim 2: Drug resistance is decreased in H-ferritin negative cell lines.
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1) Develop cell lines with or without H-ferritin. Isolate astrocytes from ferritin knockout
mice. Transfect cell lines to stably express H-ferritin. Select cell lines with or without
H-ferritin. Investigate drug resistance in cell lines expressing or not expressing H-

ferritin.

Significance: This would further demonstrate the importance of H-ferritin in cancer treatment.

Project 3. Study the association of increased levels of H-Ferritin with immune responses using
the primary cells from glioma patients.

Project 4. One study revealed “FHC is induced downstream of NF-kappaB and is required to
prevent sustained JNK activation and, thereby, apoptosis triggered by TNFalpha. FHC-mediated
inhibition of JNK signaling depends on suppressing ROS accumulation and is achieved through
iron sequestration.” Down regulation of H-ferritin by siRNA/shRNA may affect this signaling

cascade pathway.
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