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Many pathological conditions and environmental impacts lead to a decrease in tissue
oxygen supply and severe cellular hypoxia. This secondary hypoxia can disturb cellular
homeostasis, limiting the efficacy of the prescribed treatment for the primary disease,
eventually leading to cellular and organismal death. Jun N-terminal kinase 1 (JNK1)
plays a central role in the development of cellular damage under hypoxia,
hypoxia/reoxygenation and ischemia/reperfusion conditions. Therefore, we selected
JNKI protein as a molecular target to limit cellular damage and death during hypoxia.
The primary objective of this research was to study the influence of the suppression of
JNKT on the development of cellular hypoxic damage. It was hypothesized that
suppression of JNK1 will decrease cellular mortality under hypoxia and may increase the
efficacy of traditional treatment of many pathological conditions. The hypothesis was
verified under both in vitro and in vivo conditions. Another objective was to develop a
non-viral system for intracellular delivery of antisense oligonucleotides (ASO) and small

interfering RNA (siRNA). ASO and siRNA targeted to JNK1 mRNA delivered by neutral

i



and cationic liposomes, respectively, showed high efficiency in suppressing JNK1
protein. Such suppression limited the caspase dependent apoptosis signaling pathway and
decreased cellular mortality induced by severe hypoxia. The results suggest that JNK1
protein might be an attractive target for antihypoxic therapy to increase resistance to

many pathological conditions and diseases accompanied by cellular hypoxia.
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1 INTRODUCTION

Hypoxia is a state of oxygen deficiency. Many known pathological conditions lead to a
decrease in oxygen supply of various cells causing oxygen deficit or secondary cellular
hypoxia. When this secondary hypoxia becomes severe, it causes additional cellular
damage, aggravating the primary disorder and leading to cell death. Therefore,
remediation of secondary hypoxic damage should significantly increase the efficacy of
treatment of primary disease and prevent extensive cellular damage. There are several
environmental conditions that cause reduction in the oxygen supply of the body, such as
high altitude, deep mining, diving, etc. Hypoxia influences the pathophysiology of
anemia, polycythemia, tissue ischemia and cancer. The prevention of cellular death under
these conditions may increase the working capacity of the whole organism and prevent

severe adverse effects of tissue hypoxia.

Hypoxia inducible factor alpha (HIF1A) protein is a key initiator of cell death signal
leading to the activation of caspases and causing cell death under hypoxia [1]. Recently,
this protein was tested as a candidate for the remediation of hypoxic cellular damage.
However, it was found that HIF1A plays a bimodal role during hypoxia [2]. While the
activation of HIF1A initiates cell death signal inducing apoptosis, over expression of
HIF1A simultaneously increases cellular resistance to hypoxia. Another protein family
which is implicated in cellular hypoxic damage is mitogen-activated protein kinases
(MAPKS3s), a family of serine-threonine protein kinases that participates in a major

signaling system by which cells transduce extracellular stimuli into intracellular



responses [3]. The best-characterized vertebrate MAPKs fall into three sub-groups. The
first sub-group includes the extracellular signal regulated kinases, ERK1 and ERK2. The
second subgroup is the Jun N-terminal kinases (JNKs) so named, because they can
activate the Jun transcription factor by phosphorylating two residues near its N-terminus.
The third sub-group is the p38 MAPKs. The MAPK ERK pathway regulates growth
proliferation and differentiation. Members of the MAPK JNK and MAPK p38 pathways
are classified as stress activated protein kinases (SAPKs) because they are activated in
response to stress such as osmotic shock, UV irradiation, inflammatory cytokines and

hypoxia [4].

The major role in the activation of apoptosis signaling pathways and hypoxic damage is
played by JNK — a stress-activated protein kinase that can be induced by inflammatory
cytokines, bacterial endotoxin, osmotic shock, UV radiation, and hypoxia [5-7].
Activation of JNK by hypoxia mediates phosphorylation of activating transcriptional
factor-2 (ATF2) and c-Jun bound to the c-jun promoter and stimulates their
transcriptional activities leading to c-jun induction. The newly synthesized c-Jun protein
combines with c-Fos protein to form stable transcriptional factor activator protein-1
(AP1) heterodimers. The formation of AP1 is a key step in the following induction of
central cell death signal leading to the activation of caspase-dependent apoptosis signal
and finally causing cell death. c-Jun N-terminal kinase 1 (JNK1, SAPK1, MAPKS) has
been found to play a central role in the development of cellular damage under hypoxia,

hypoxia/reoxygenation and ischemia/reperfusion.



The first set of studies in this research employ antisense oligonucleotides (ASO) and
small interfering RNA (siRNA) against JNK1 mRNA in an in vitro hypoxia model for
remediation of hypoxia. RNA interference mediated by small interfering RNAs is a
powerful approach for dissecting gene function, drug target validation and disease
therapy. The major obstacle to the use of siRNAs as therapeutics is the difficulty
involved in effective delivery. An approach for the delivery of siRNAs into the cell has
been investigated. The field of gene delivery, particularly siRNA, is still in its infancy
and considerable advances are necessary to exploit its utility in mainstream therapeutics.
Cationic lipids have been used in gene delivery because they can easily complex with
anionic DNA/RNA molecules [8-11]. A positively charged complex is formed owing to
electrostatic interaction of cationic polymers with anionic nucleic acids. The cationic
polyplex can then interact with the negatively charged cell surface to improve uptake.
When complexed with lipids, the nucleic acid is protected from nuclease degradation to
various extents. N-[1-(2,3-Dioleoyloxy)]-N,N,N-trimethylammonium propane (DOTAP)
is a widely used cationic lipid, is relatively cheap, and is efficient in both in vitro and in
vivo applications. Cationic liposomes prepared using DOTAP have been used for
delivery of siRNA. For the delivery of ASO, neutral liposomes have been used
successfully in our laboratory [12,13]. We have proposed to increase the uptake and

efficacy of ASO against JNK1 mRNA by delivering them using neutral liposomes.

Remediation of hypoxic damage has also been explored in an in vivo model of hypoxia.
The efficiency of the liposomal drug delivery system for ASO and siRNA has been

investigated in an in vivo mouse model. The final goal of the project is to effectively limit



apoptosis induction and cellular death under severe hypoxic conditions by suppressing
JNKI protein expression. The studies are expected to fill gaps in our understanding of the
role of JNK1 in the development of hypoxic cellular damage. They address some of the
issues related to the delivery of ASO and siRNA to suppress JNK1 mRNA and protein
expression. The research findings provide promising evidence for the utility of INK1-
targeted ASO and siRNA delivered using liposomes for antihypoxic therapy to increase

resistance to many pathological conditions and diseases due to oxygen deficit.



2 BACKGROUND AND SIGNIFICANCE

2.1 Hypoxia

Hypoxia is a state of oxygen deficiency in the body that is sufficient to cause an
impairment of bodily functions. Hypoxia is caused by the reduction in partial pressure of
oxygen, inadequate oxygen transport, or the inability of tissues to use oxygen.

Hypoxic Hypoxia is a reduction in the amount of oxygen passing into the blood. It is
caused by a reduction in oxygen pressure in the lungs, by a reduced area of gas exchange,
exposure to high altitude, or by lung disease.

Hypemic Hypoxia is defined as a reduction in the oxygen carrying capacity of the blood.
It is caused by a reduction in the amount of hemoglobin in the blood or a reduced number
of red blood cells. A reduction in the oxygen transport capacity of the blood occurs
through blood donation, hemorrhage, or anemia.

Stagnant Hypoxia is an oxygen deficiency due to poor circulation of the blood or poor
blood flow. Examples of this condition are high "G" forces, prolonged sitting in one
position or hanging in a harness, cold temperatures and positive pressure breathing.
Histotoxic Hypoxia is defined as the inability of the tissues to use oxygen. Examples are

carbon monoxide and cyanide poisoning.

2.1.1 Pathological conditions accompanied by hypoxia



Hypoxia influences the pathophysiology of anemia, polycythemia, tissue ischemia,
stroke, myocardial infarction, lung edema and cancer. Several physiologically relevant
genes are up regulated in response to changes in intracellular oxygen tension. These
include erythropoietin, which regulates red blood cell production; vascular endothelial
growth factor (VEGF), which is up-regulated in tumors and in ischemia tissue; tyrosine
hydroxylase, an enzyme critical for dopamine synthesis in the carotid body; and

glycolytic enzymes which maintain ATP production [14].

Ischemia is insufficient blood flow to provide adequate oxygenation. This, in turn, leads
to tissue hypoxia (reduced oxygen) or anoxia (absence of oxygen). Ischemia always
results in hypoxia; however, hypoxia can occur without ischemia if, for example, arterial
hypoxia occurs. The most common causes of ischemia are acute arterial thrombus
formation, chronic narrowing (stenosis) of a supply artery that is often caused by
atherosclerotic disease, and arterial vasospasm. As blood flow is reduced to an organ,
oxygen extraction increases. When the tissue is unable to extract adequate oxygen, the
partial pressure of oxygen within the tissue falls (hypoxia) leading to a reduction in
mitochondrial respiration and oxidative metabolism. High altitude residency, deep sea
diving, air pollution, flying at high altitudes, endurance exercise, physical and emotional

stress can also lead to tissue insufficiency.

Hypoxia affects many organ systems including the lungs, brain, heart, kidney and liver.
There are several pathological conditions accompanied by hypoxia. For e.g. Acute

Respiratory Distress Syndrome (ARDS) is acute lung injury accompanied by severe



hypoxia, increased microvascular permeability and diffuse pulmonary infiltrates. The
mortality rates with ARDS are 40-50% [15]. Respiratory passageway obstruction,
pulmonary insufficiency or right-to-left shunt in the heart can lead to attenuation in
oxygen partial pressure in alveoli or arterial blood oxygen tension [16]. Hypoxia
accompanies renal ischemia, which can result from kidney transplant, trauma, obstructive
uropathy, surgery and cardiopulmonary bypass. Hypoxia has significant implications in
the kidney, where large quantities of oxygen are required to sustain metabolic activity.
During renal ischemia, oxygen partial pressures of < 35 mm Hg are generally considered
hypoxic. Chronic hypoxia is a final common pathway leading to end-stage renal failure
[17]. Ischemia of the kidney is induced by the loss of peritubular capillaries in the
tubulointerstitium in the late stage of renal disease. At the cellular level, ischemia can
induce apoptosis and/or necrosis depending upon the severity and duration of the insult
and the cell type. Upon reperfusion and reoxygenation, cellular injury may continue to
occur [17,18]. The brain is known to be the most vulnerable tissue to stimuli such as

hypoxia and ischemia.

2.1.2 Mechanisms of hypoxic damage and physiological response to hypoxia

Mammalian cells require a constant supply of oxygen to maintain adequate energy
production, which is essential for maintaining normal function and for ensuring cell
survival [19]. Even brief episodes of hypoxia can result in cessation of oxidative
phosphorylation and depletion of cellular adenosine triphosphate (ATP), which results in

profound deficiency in cellular function. Mitochondrial respiration is arrested by low



oxygen tension and ATP content decreases when cells are exposed to hypoxia. Sustained
hypoxia can result in cell death. Brain cells are extremely sensitive to oxygen
deprivation. Some brain cells actually start dying just under five minutes after their
oxygen supply is cut. As a result, brain hypoxia can kill or cause severe brain damage
rapidly. If the lack of oxygen to the brain is limited to a very brief period of time, coma

may be reversible with varying levels of return to function, depending on the extent of

injury.

HIF-1 (hypoxia-inducible factor-1) is the major transcription factor specifically activated
by hypoxia. HIF-1 is a heterodimer consisting of an a- and a 3-subunit. The a-subunit is
specific for hypoxia. The HIF-1 heterodimer binds to response elements of a number of
genes that are up-regulated by hypoxia. It induces the expression of different genes
whose products play an adaptative role for hypoxic cells and tissues. Besides these
protective responses, HIF-1 and/or hypoxia have also been shown to be either anti-
apoptotic or pro-apoptotic, according to the cell type and experimental conditions. More
severe or prolonged hypoxia induces apoptosis, at least in part, initiated by the direct
association of HIF-1a and p53 and p53-induced gene expression. On the other hand,
HIF-1o dimerized with ARNT, as an active transcription factor, can protect cells from

apoptosis induced by several conditions.

2.1.3 Response to hypoxia



Sensing of increased or decreased oxygen levels occurs through specialized
chemoreceptor cells that regulate cardiovascular and ventilatory rates. Cells sense oxygen
concentration and respond to reduced oxygen availability acutely (within minutes)
through the activation of pre-existing proteins and chronically (within hours) through the
regulation of gene transcription. During episodes of compromised oxygen availability,
several chemosensory systems, acting in concert, rapidly modulate pulmonary ventilation
and perfusion as well as blood circulation to optimize the supply of oxygen to
metabolizing tissues. These responses rely both on specialized cells such as the carotid
bodies present in the airway and on the direct response of vascular smooth muscle cells to
hypoxia. Airway neuroepithelial bodies sense changes in inspired oxygen, whereas
arterial oxygen levels are monitored by the carotid bodies. Both respond to decreased O,
supply by initiating activity in efferent chemosensory fibers to produce cardiorespiratory
adjustments on exposure to low environmental O,. At the cellular level, adaptation to
hypoxia is brought about on one hand by increasing the efficiency of energy-producing
pathways, mainly through increased anaerobic glycolysis activity, and on the other hand
by decreasing energy-consuming processes. Several responses are developed by cells and
tissues faced with a hypoxic challenge: 1) increased ventilation and cardiac output 2) a
switch from aerobic to anaerobic metabolism 3) promotion of improved vascularization,
and 4) enhancement of the oxygen carrying capacity of the blood. Most of these
processes take place very early at the onset of hypoxia and occur through the activation
of already present proteins, but in the long term all of them are also mediated by the
upregulation of genes encoding key actors of these responses. The transcriptional

response is mediated in a large part by HIF-1 [19].
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2.2 Experimental models of hypoxia

There are a number of reports of experimental models of hypoxia in literature. These
models have been used to study many pathological conditions accompanied or
upregulated by hypoxia such as cardiac ischemia, angina, myocardial infarction, acute
respiratory lung syndrome (ARS) and liver hypoxia. Some of these experimental models

reported recently are noted below.

In a study by Agoretta et al., both in vivo and in vitro models of hypoxia were used for
investigation of ARS/acute lung injury [15]. Their study evaluated the expression of
adrenomedullin in acute lung injury using experimental models: an in vivo model of rats
treated with acute normobaric hypoxia (9% O;) and an in vitro model of rat lung cell
lines exposed to hypoxia (1% O, calculated based on alveolar gas equations).

A novel and simple method for creating regional hypoxic and ischemic conditions in
neonatal rat cardiac myocyte monolayers was described by Pitts et al. In vitro
experimental models designed to study the effects of hypoxia and ischemia typically
employ oxygen-depleted media and/or hypoxic chambers. The authors claimed that these
approaches allow for metabolites to diffuse away into a large volume and may not
replicate the high local concentrations that occur in ischemic myocardium in vivo. Their
method consisted of creating a localized diffusion barrier by placing a glass coverslip
over a portion of the cardiac myocytes monolayer. The coverslip restricts covered
myocytes to a thin film of media while leaving uncovered myocytes free to access the

surrounding bulk media volume. In contrast with existing models of hypoxia/ischemia,
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this technique provides a simple and effective way to create hypoxic/ischemic conditions
in vitro. Moreover, authors conclude that myocyte death is hastened by the combination
of hypoxia, metabolites, and acidosis and is facilitated by a reduction in media volume,

which may better represent ischemic conditions in vivo [20].

An in vivo temporal hepatic arterial hypoxic model was used in a study for investigating
the mechanism of hypoxic injury and the critical point of liver hypoxia on hepatic and/or
systemic hemodynamics and liver viability. The study introduced a novel experimental
canine model of hepatic arterial deoxygenation using a membrane oxygenator to
investigate the influence of hepatic arterial hypoxia on hepatic hemodynamics and energy
metabolism. Deoxygenation was achieved by perfusion of a gas mixture of O, and N,
through a membrane oxygenator, which was interposed between the femoral artery and
the proper hepatic artery of the dog [21]. In another study, a model of nonischemic
hypoxia of the jejunum was designed in dogs, by shunting of blood from the inferior vena
cava directly into the regional mesenteric arterial supply, thereby lowering the partial
oxygen pressure of the blood that reached the jejunal wall [22]. Poizat et al. developed an
experimental model of hypoxia on isolated rat heart to study the effects of hypoxia on
cardiac performance and metabolism. Isolated hearts, after 30 min preperfusion in an
open system, were transferred to a recirculating system for 40 min and perfused in an

environment of either normoxia (pO, = 660 mmHg) or hypoxia (pO, = 220 mmHg) [23].

To study the effect of hypoxic stress on rat myocardium, a model system consisting of a

hypoxia chamber combined with a commercial narcosis apparatus adapted to small
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animals was used to perform a controlled acute isobaric hypoxia on rats with N,O/O,.
The authors note that the model can be recommended for studies concerning protective

interventions in hypoxia experiments [24].

2.3 Remediation of hypoxia

At a certain stage of the primary disorder, oxygen delivery to tissues significantly
decreases and disrupts the balance between cellular oxygen supply and demand. As a
result, tissue hypoxia develops. This secondary tissue hypoxia and accompanied cellular
metabolic disorders significantly complicate the primary disease or adaptation to the
damaging environmental impacts. Therefore, in parallel with the measures directed for
the correction of the main cause of secondary tissue hypoxia, it would be beneficial to
simultaneously use antihypoxic drugs that increase cellular resistance to oxygen
deficiency. This pharmacological remediation of secondary hypoxic damage will increase
the efficacy of the treatment of the primary disease and prevent extensive cellular damage

[16].

2.3.1 Pharmacological agents that remediate hypoxia

Antihypoxic agents should increase the resistance of the organism against hypoxia by

breaking down the vicious cycle of hypoxic damage and inhibiting cellular apoptotic

signal. Pharmacological antihypoxic agents (PAA) with antihypoxic action can be
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divided into three groups 1) PAAs that regulate oxygen transport 2) PAAs that influence

cellular metabolism 3) PAAs that limit hypoxic cellular damage [16].

2.3.1.1 PAAs that regulate oxygen transport

PAAs that increase oxygen delivery to tissues function by increasing the volume of
ventilation and its efficacy, enhancing the blood oxygen transport and facilitating the

oxygen release from blood to tissues.

PAAs that increase lung ventilation

The use of such PAAs is intended to increase oxygen tension in the arterial blood. Agents
that can be classified in this group include substances of central action such as dopamine
antagonists and other pharmacological agents that increase lung ventilation, inhibitors of
carbo anhydrase which lead to the accumulation of carbon dioxide in the blood and
chemoreceptor stimulation of ventilation. However, under excessive ventilation, carbon
dioxide tension in the arterial blood significantly decreases leading to spasm of vessels
that provide oxygen to brain and heart. Therefore, PAAs that increase lung ventilation
can be prescribed only under marked hypoventilation accompanied by hypercapnia

(decrease in COy).

PAAs that enhance efficiency of lung ventilation and gas exchange
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This group of PAAs includes bronchospasmolytics [25-27] trypsin inhibitors [28,29],
vasodilating agents [30-32] and surfactant substitutes [33-35]. It is known that rapid
ascent to high altitude causes hypoxic pulmonary vasoconstriction and leads to high
altitude pulmonary edema in susceptible humans. Therefore, vasodilating agents may
potentially decrease the severity of hypoxic edema or eliminate it by preventing hypoxic
pulmonary vasoconstriction. Examples of vasodilating agents include acetazolamide and

nickel chloride.

The disturbances of metabolism in the lungs, activation of lipid peroxidation, shifts of the
optimal ratio between synthesis and destruction of phospholipids in the lungs under
severe hypoxia leads to significant changes in phospholipid composition of lung
surfactant and parenchyma. The disturbance in lung phospholipid pattern decreases lung
compliance. This in turn requires shift in respiratory pattern leading to increase of energy
expense of breathing. The change in the lipid composition of parenchyma combined with
its edema increases oxygen diffusion path from the air to the blood and leads to a
decrease in the lung diffusion capacity. This disturbs lung gas exchange. Pharmacological
stimulation of phospholipid production in the lungs has a low efficacy under oxygen and
energy deficit and might be dangerous because it requires significant energy expenditure
and might worsen tissue hypoxia. Therefore, a substitution therapy with artificial

surfactant like Infasurf may be helpful and provide a temporary solution.

PAAs that enhance blood oxygen transport
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Different oxygen transporters, agents that increase myocardial contractility and the
volume of circulating blood, stimulators of erythropoeisis and respiratory function of
blood, stimulators of angiogenesis and other agents can be classified among this group.
Perfluorocarbon emulsions have been studied as oxygen transporters under experimental
traumatic brain injury, hyperoxia, hypercapnia and hypoxia [36,37]. However, the
emulsions did not prevent another determinant of hypoxic tissue injury, the increased free
radical formation. Therefore the use of antioxidants combined with oxygen transporters
may be helpful. The disadvantage of known artificial oxygen transporters is toxicity and

degradation with generation of toxic products.

2.3.1.2 PAAs that influence cellular metabolism

These include agents that 1) decrease cellular metabolism, ii) switch the pathways of

cellular oxidation and iii) enhance biological oxidation

PAAs that decrease cellular metabolism

The agents in this group include beta-adrenomimetics [38-40], gutimine, GABA and
taurine based agents [41-45] and L-carnitine [46]. This group of pharmaceutical agents
that decrease tissue oxygen demand is under investigation and clinical evaluation. The
methods based on the decrease in the actual oxygen consumption may be effective in

extreme situations, but have limited usefulness for prolonged therapy of hypoxia.
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PAAs that switch the pathways of cellular energy metabolism

There are three main pathways of cellular energy production. The first pathway,
glycolysis, while resulting in relatively less energy provides energy fast. The second
pathway, oxidative phosphorylation is the main pathway in aerobic conditions on the
background of unlimited oxygen supply and availability. This pathway is limited under
hypoxia when cellular oxygen supply is substantially reduced. The third pathway,
pentose phosphate pathway represents direct oxidation in cytosol and provides more
energy but is slower compared to glycolysis. The switch from the first to the third energy
production pathway may be done using sodium oxybutyrate and gamma hydroxybutyrate,
serotonin, barbiturates, venotropic drugs and phenotiasin [41,47-51]. However, activation
of cellular aerobic processes is unlikely justified under hypoxic conditions accompanied
by oxygen deficit. The switch of cellular energy metabolism from the third to the first
pathway may be forced by insulin, application of which in combination with glucose and
potassium may be beneficial under the situation when immediate energy production is
required. Gamma hydroxybutyrate has been shown to produce a protective effect in
animal models of cerebral ischemia/hypoxia as well as in human conditions of head

injury-induced coma.

PAAs that enhance biological oxidation
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This group includes vitamins, amino acids, methylene blue, unitol and dicaptol, pentoxyl,
methyl uracil and cystamine [52-58]. The disadvantage of such agents is related to the

necessity of their prolonged use.

2.3.1.3 PAAs that limit hypoxic cellular damage

These agents provide a decrease in the degree of hypoxic cellular damage and prevent
cell death. Some of the main consequences of tissue hypoxia and the decreased efficiency
of its compensation are metabolic acidosis, lipid peroxidation and apoptosis induction

[34].

Metabolic acidosis

Therapy of metabolic acidosis includes measures that provide decrease in the production
of lactic and other metabolic acid, pH correction and elimination of acids from the
organism. Alkali therapy is the only method that is being currently used to increase blood
pH [59-61]. During correction of acidosis, there is a characteristic resistance to injection
of alkali. Acidosis persists despite the injection of high doses of alkali such as
bicarbonates and tris-amine, while the concentration of lactic acid does not increase.
Lactate acidosis in blood is generally accompanied by deep intracellular acidosis, which

persists despite alkali therapy.

Antioxidants
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Since lipid peroxidation plays an important role in hypoxic cellular damage, antioxidants
can be successfully used to promote resistance to severe hypoxic damage. There are
reports of use of natural (alpha tocopherol) and synthetic antioxidants [35,62-65]
antioxidant enzymes (super-oxide dismutase, catalase) and their mimetics for this
purpose. Alpha tocopherol was found to normalize phospholipid composition of lungs; it
significantly inhibited lipid peroxidation and apoptosis induction thus limiting lung
damage under severe hypoxia in rats. The main disadvantage of these PAAs includes the
required prolonged use mainly for prophylaxis and the limited possibility to inject such

substances directly into the blood or in the damaged organ.

Antiapoptotic therapy

Activation of cellular apoptotic signaling by hypoxia leads to cell death by apoptosis.
Therefore, preventing apoptotic cell death should increase the resistance to severe
hypoxia and hypoxic cellular damage. The limitation of cellular proapoptotic signal can
be achieved by the decrease in initial hypoxic cellular damage that triggers cellular
apoptotic cascade. Another way of preventing cellular apoptotic death is the increase in
the activity of cellular antiapoptotic defense. Such increase may be achieved both by
inhibition of the proapoptotic and/or activation of antiapoptotic members of the Bcl-2
protein family. PR39, a praline and arginine rich peptide was found to protect against
hypoxia induced apoptosis [66]. Homocarnosine, a neuroprotective histidine dipeptide

was found to prevent neuronal death induced by oxygen-glucose deprivation followed by
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reoxygenation, possibly by inhibiting the apoptotic process and/or in relation to the

differential attenuation of activity of MAPKs [67].

2.4 Apoptosis

Programmed cell death (apoptosis) plays a critical role in many biological processes in
multicellular organisms, such as embryonic development, immune responses, tissue
homeostasis and normal cell turnover [68-71]. The development and maintenance of
healthy tissues involves apoptosis, a program of physiologically regulated cell death.
Dysregulated apoptosis contributes to many pathologies, including tumor promotion,
autoimmune and immunodeficiency diseases, and neurodegenerative disorders.
Therefore, signaling pathways that trigger apoptosis are of intense interest. The initiation
and execution of apoptosis depend on activation of extrinsic and/or intrinsic death
pathways [72-75]. There are several different mechanisms by which a cell commits
suicide by apoptosis (Fig. 2.1). One generated by signals arising within the cell; another
triggered by death activators binding to receptors at the cell surface and a third that may
be triggered by dangerous reactive oxygen species. A family of proteins known as
caspases is typically activated in the early stages of apoptosis and these proteins in turn
activate other degradative enzymes such as DNAses. Apoptosis involves cleavage of
chromosomal DNA into nucleosomes in a systematic manner. This fragmentation of
DNA is brought about by caspase activated DNAse enzyme, which is released from
inactive state due to cleavage of its inhibitor by a caspase. Mitochondria play an

important role in the regulation of cell death. Various proteins located on the outer
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mitochondrial membrane regulate cell survival and death. Mitochondria release
cytochrome C in response to the apoptotic signals, which together with Apaf-1 and ATP
forms a complex with pro-caspase 9, leading to the activation of caspase 9 and the
caspase cascade. The caspase cascade of proteolytic activity leads to digestion of
structural proteins in the cytoplasm, degradation of chromosomal DNA, and phagocytosis

of the cell.

Death receptors are another means by which cells can undergo programmed cell death
(Fig. 2.1). They bind to specific ligands and initiate the apoptotic process and the caspase
cascade. They include Tumor necrosis factor-alpha (TNF-a) that binds to the TNF
receptor, Lymphotoxin (also known as TNF-) that also binds to the TNF receptor and
Fas ligand (FasL) that binds to Fas. The apoptotic process is regulated by many
intracellular signaling pathways, including the JNK pathway [76-79]. Understanding the
molecular mechanisms by which JNK regulates apoptosis should provide insights into
treatment and prevention of many diseases. The c-Jun NH,-terminal kinase (JNK)
signaling pathway is essential for neuronal apoptosis in response to excitotoxic stress

[19].

2.5 MAPK/JNK and hypoxia

The best-characterized vertebrate MAPKs fall into three sub-groups. The first sub-group

includes the extracellular signal regulated kinases, ERK1 and ERK2. The second

subgroup is the Jun N-terminal kinases (JNKs) so named, because they can activate the
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Jun transcription factor by phosphorylating two residues near its N-terminus. The third
sub-group is the p38 MAPKs. The MAPK ERK pathway regulates growth proliferation
and differentiation. Members of the MAPK JNK and MAPK p38 pathways are classified
as stress activated protein kinases because they are activated in response to osmotic

shock, UV irradiation, inflammatory cytokines and hypoxia [4].

C-Jun N-terminal protein kinase (JNK) is a subfamily of the mitogen activated protein
kinase (MAPK) superfamily [80,81]. JNK has three isoforms (JNKI, 2 and 3), with
slicing variant [77]. Among them, JNK1 and JNK2 are ubiquitously expressed while
JNK3 is mainly expressed in neuronal and heart tissues [37,76,78,79]. INK was
originally identified by its ability to specifically phosphorylate the transcription factor c-
Jun on its N-terminal transactivation domain at two serine residues, Ser63 and Ser73
[80]. The transcription factor c-jun mediates cell stress response. It is a component of the
AP-1 transcription complex, which is an important regulator of gene expression. AP-1
contributes to the control of many cytokine genes and is activated in response to
environmental stress and growth factors [82]. AP-1 plays a central role in induction of
cell death signal leading to the activation of caspase dependent apoptotic signal and
finally causing cell death. Subsequent studies have shown that JNK also phosphorylates
and regulates the activity of transcription factors other than c-Jun, including ATF2, Elk-1,
p53 and c-Myc [36,37,39,83] and non-transcription factors, such as members of the
BCL2 family (BCL2, BCLXL, BIM and BAD), in response to a variety of extracellular
stimuli (Fig. 2.2). Activation of JNK is mediated by a MAP kinase module, i.e., MAP3K,

MAP2K and MAPK, through sequential protein phosphorylation. Hypoxia plays a role in
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regulating mitogen activated protein kinase (MAPK) pathways via upstream and

downstream mechanisms (Fig. 2.3).

2.5.1 JNK as a proapoptotic protein kinase

There is evidence showing that JNK can function as a proapoptotic kinase [9, 12].
Biochemical studies revealed that apoptosis induced by nerve growth factor (NGF)
withdrawal in rat PC-12 pheochromocytoma cells was suppressed by inhibiting the JNK
pathway, whereas activation of the JNK pathway by expressing a constitutively active
MEKK1 induced apoptosis in PC-12 cells. Yet, the exact molecular mechanism by which
c-Jun mediates the proapoptotic function of INK remains to be elucidated. JNK is also
involved in apoptosis induced by other death stimuli in non-neuronal cells. Mouse
embryonic fibroblasts (MEFs) deficient in both jnk1 and jnk2 were resistant to ultraviolet
(UV) irradiation induced apoptosis. Recent studies showed that genetic disruption of
JNK1 alleles alone was sufficient to render immortalized mouse fibroblasts resistant to

UV induced apoptosis.

2.5.1.1 How JNK contributes to apoptosis

It is clear that activation of the INK pathway is involved in apoptosis induced by certain
death stimuli. Two hypotheses have recently been proposed to explain how JNK
activation may contribute to apoptosis. The major difference between these two

hypotheses is whether JINK activation is sufficient to induce or only promote apoptosis,
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as discussed below. The key evidence that suggests INK could induce apoptosis came
from the observation that jnk1”jnk2” mice were resistant to apoptosis induced by UV
irradiation, anisomycin and MMS [81]. Since UV was unable to induce cytochrome C
release or depolarization of mitochondrial membrane potential in jnkl”jnk2 mice, it was
proposed that JNK is an intrinsic component of the mitochondrial-dependent death
pathway during stress-induced apoptosis. In support of this conclusion, it was reported
that in CHO cells the constitutively active INKK2-JNK1 fusion protein was sufficient to
induce apoptosis by activating the intrinsic death pathway. However, overexpression of a
JNKK2-JNKI fusion protein, which has constitutive JNK activity, did not induce
apoptosis in Re/A”" fibroblasts or in other cells including wild type or Zkk” fibroblasts
and HeLa cells. In addition, no increased caspase activation or DNA fragmentation
occurred in cells that express the constitutively active JNK when compared to cells that
express control vector or a kinase-deficient INKK2 (K149M)-JNK 1 mutant.
Identification of JNK target(s) in apoptosis is critical to test these two hypotheses. Further
studies are needed to determine whether JNK activation is sufficient to induce or only

promote apoptosis.

2.5.1.2 The JNK-dependent apoptotic signaling pathway

It has been established that the JNK pathway is activated by the exposure of cells to
stress. However, the exact role of JNK in the stress-response pathway has not been
elucidated. It is possible that JNK may mediate some of the effects of stress on cells.

Alternatively, INK may also represent a protective response that is initiated by the
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exposure to stress. The specific role of JNK in apoptosis may therefore depend upon the
cell type, the nature of the death stimulus, the duration of its activation and probably, the
activity of other signaling pathways [77,78]. Indeed, the JNK pathway has been

implicated in both apoptosis and survival signaling.

The indication that the JNK pathway might be involved in apoptosis came from studies in
neuronal cells. Injection of neutralizing antibodies against c-Jun or overexpression of a c-
Jun truncated mutant lacking its N-terminal transactivation domain blocked apoptosis
induced by nerve growth factor (NGF) withdrawal [84]. Conversely, overexpression of
wild-type c-Jun induced apoptosis of cultured sympathetic neurons. Subsequently, it was
reported that apoptosis of rat PC-12 pheochromocytoma cells following NGF withdrawal
was inhibited by expressing dominant negative mutants of the JNK pathway, while
overexpression of a constitutively active MEKK 1, which is a MAP3K for JNK was able

to induce apoptosis in PC-12 cells [85,86].

It has been reported that c-Jun NH2-terminal kinase (JNK) is activated when cells are
exposed to ultraviolet (UV) radiation. It was shown that primary murine embryonic
fibroblasts with simultaneous targeted disruptions of all the functional JNK genes were
protected against UV-stimulated apoptosis. The absence of JNK caused a defect in the
mitochondrial death signaling pathway, including the failure to release cytochrome c. The
data indicate that mitochondria are influenced by proapoptotic signal transduction

through the JNK pathway [87].
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2.6 siRNA

RNA interference (RNAI) is an evolutionarily conserved mechanism for silencing gene
expression. In primitive organisms, RNAi protects the genome from viruses and other
insertable genetic elements and regulates gene expression during development. RNAi
was first described in animal cells by Fire and colleagues in the nematode Caenorhabitis
elegans [88]. They found that introducing long double-stranded RNA (dsRNA) into C.
elegans led to the targeted degradation of homologous mRNA. Tuschl and colleagues
showed that RNA1 also occurs in mammalian cells [89]. The discovery that RNAi works
in mammalian cells has sparked intense investigation into its role in normal mammalian
cell function, its use as a tool to understand or screen for genes functioning in cellular
pathways in healthy and diseased cells and animals, and its potential for therapeutic gene
silencing. In the past few years there has been an RNAi revolution as researchers have
sought to understand how RNAi works to regulate gene expression, have used it to
perform reverse genetics in mammalian cells and have begun to explore its potential
therapeutic use. RNAi may provide an important new therapeutic modality for treating
infection, cancer, neurodegenerative disease, and other illnesses, although in vivo

delivery of small interfering RNAs into cells remains a significant obstacle [90].

2.6.1 The silencing mechanism

The effector molecules that guide mRNA degradation are small (21 to 25 oligonucleotide

dsRNA), termed small interfering RNAs, produced by cleavage of long dsRNAs.
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Silencing triggers in the form of double-stranded RNA may be presented in the cell as
synthetic RNAs, replicating viruses or may be transcribed from nuclear genes. These are
recognized and processed by cytoplasmic highly conserved Dicer family of RNAse I1-
like enzymes into small interfering duplex RNAs with symmetric 2- to 3-nt 3° overhangs.
The duplex siRNAs are passed to RISC (RNA-induced silencing complex), and the
complex becomes activated by unwinding of the duplex. The antisense (guide) strand of
the siRNA directs the endonuclease activity of RISC to the homologous (target) site on
the mRNA resulting in mRNA cleavage (Fig. 2.4). Activated RISC complexes can
regulate gene expression at many levels. Almost certainly, such complexes act by
promoting RNA degradation and translational inhibition. However, similar complexes
probably also target chromatin remodeling [88,91]. The antisense (guide) strand of short
double-stranded RNAs is incorporated into an RNA-induced silencing complex that can
either suppress protein expression or direct degradation of messenger RNAs that contain

homologous sequence(s).

There is increasing enthusiasm for developing therapies based on RNA interference
(RNA1). The advantage of RNAI lies in its high specificity and potent gene silencing,
coupled with the fact that it can potentially target every gene and every cell has the
necessary machinery. Although some questions remain about specificity and activation of
off-target effects, none of these problems has yet been documented in vivo. Moreover,
some potential untoward events can likely be avoided by judicious choice of sequences or

chemical modification of siRNAs [92].
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2.6.2 Delivery of siRNA

One of the major challenges in transforming small interfering RNA duplexes from
laboratory reagents to therapeutics is developing an effective drug delivery mechanism.
Although the delivery of siRNA to cultured cells is satisfactory for most in vitro
applications, therapeutic delivery in vivo presents an altogether more daunting challenge.
The main obstacle to the use of siRNA is delivery into the cytosol, where they need to be
present for silencing. Naked siRNA are not efficiently taken up even by cells such as
macrophages and dendritic cells, which are actively sampling their environment using
pinocytosis. A further obstacle is the short in vivo half-life of siRNAs (minutes) due to
rapid renal clearance. In addition, some serum RNases can degrade siRNAs leading to a
short serum half-life. Ideally, a delivery mechanism would be capable of binding siRNAs
in a reversible manner (to ensure subsequent efficient release of the siRNAs in target
cells), allow protection (from nucleases) during transit through the circulation and on
release into endosomes, be biocompatible (nontoxic and nonimmunogenic) and

biodegradable, and avoid rapid capture and clearance by the liver and kidney.

Some early steps in addressing these challenges have been made. There are two main
strategies that have been used to deliver siRNAs in vivo. One is to stably express siRNA
precursors, such as shRNA from viral vectors using gene therapy. The other is to deliver
synthetic siRNAs by complexing or covalently linking duplex RNA with lipids and/or
delivery proteins. Coupling of siRNAs to basic fusogenic peptides has been reported to

facilitate the transport of siRNAs across the cell membrane [93]. In a recent study, a
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significant improvement in siRNA delivery in vivo was achieved by covalent attachment
of cholesterol to one of the siRNA strands, which were then introduced intravenously, via
low-pressure injection, into mice [94]. These studies resulted in effective reduction of the
apolipoprotein B and consequently, cholesterol levels in the animals in both liver and

jejunum.

One of the most common methods used for the delivery of charged nucleic acids involves
their electrostatic interaction with cationic carriers. Several types of cationic carriers such
as liposome/lipids, dendrimers, and polymeric amines have been successfully used for the
delivery of plasmid DNA and oligonucleotides in vitro [95]. Even though siRNA is
structurally similar to plasmid DNA with negatively charged anionic phosphodiester
backbones, electrostatic interaction of siRNA largely differs from that of plasmid DNA
[96]. The molecular weight and molecular topography of siRNA and plasmid DNA plays
an important role in their electrostatic interaction with cationic agents. All pDNA
condenses into small nanoparticles of 60-100 nm after neutralization of 70-90% of its
phosphodiester backbone charge with a cationic agent. Cationic agent-condensed pDNA
can then exist in a variety of different morphologies depending upon the cationic
condensing agent, such as spheres, toroids, and rods. Such behavior ensures that pDNA is
almost entirely encapsulated or encased by the cationic agent and protected from
enzymatic or physical degradation within nanometric particles. In contrast to pDNA,
siRNA cannot condense into particles of nanometric dimensions, being already a small
subnanometric nucleic acid. Nonviral vectors, and especially polymers, form looser

complexes with siRNA than with plasmid DNA and incomplete encapsulation of the
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nucleic acid sometimes leads to the exposure of siRNA to enzymatic or physical
degradation prior to delivery to the targeted cells. Consequently, carriers that are
successfully used for the delivery of plasmid DNA cannot necessarily be efficiently

employed for the delivery of siRNA, and a different approach may be required.

Efforts to deliver naked siRNAs involved high pressure tail-vein injections, resulting in
target-specific degradation of a reporter gene transcript in the liver [97]. However, this
harsh treatment requires the rapid injection of solutions two-and-a-half times the blood
volume of the animal. Song et al. developed heavy-chain antibody fragment (Fab)-
protamine fusion protein that deliver noncovalently bound siRNAs via surface receptors
to cells [92]. Some lipid-mediated transfection methods that work in vitro can also be
used for in vivo delivery. Cationic polymer and lipid based siRNA complexes have been
used for systemic delivery in mice [98,99]. In one study, pretreatment by intraperitoneal
injection of cationic liposomes containing siRNAs that targeted TNF-alpha were found to
be successful for the intended purpose of providing protection from sepsis induced by
lipopolysaccharides [98]. Intravenous immunoliposomes have shown efficacy in
delivering siRNAs across the blood brain barrier into glioma cells in the central nervous
system [100]. Optimization of the in vivo stability of siRNAs has been accomplished by
chemically modifying the RNA backbone, and several strategies have been used with
some success for improved in vivo stability that may eventually reduce the requirement
for high dosage. These include 2'F, 2’0—Me and 2'H substitutions in the RNA backbone,

all of which increase serum stability without significant compromise in activity [101].
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Other in vivo delivery approaches for siRNAs include conjugation of cholesterol to the
siRNA sense strand [94], antibody-protamine fusions that bind siRNAs [92], cyclodextrin
nanoparticles [102] and aptamer-siRNA conjugates [103]. Development of RNA1 based
therapeutics is still in its infancy. Some early clinical studies have shown potential for the

use of this new class of therapeutics to tackle challenging diseases in medicine [101].

2.7 Antisense oligonucleotides

Oligonucleotides that control gene expression at the translational level are known as
antisense oligonucleotides (ASO). They are small, chemically modified strands of DNA,
engineered in a sequence that is exactly opposite (hence, “anti”) to the coding (“sense”
sequence of mRNA. ASOs work at post-transcriptional levels. Normally, transcription of
any given gene is carried out by the RNA polymerase II from a transcription start site to
give rise to heteronuclear RNA, which is processed by splicing and polyadenylates to
mature mRNA that is transported to the cytoplasm where it gets translated into protein.
ASOs are designed to bind to their target sense RNA sequence through the formation of
reverse complementary strands with the mRNA (Fig. 2.5). The two mechanisms that
likely play a part in inhibition of gene expression by ASO are: 1) direct blocking in pre-
mRNA and/or mRNA of sequences important for processing or translation, and 2)
degradation of the RNA transcript by RNase H at the site of oligonucleotide binding. The
ASO is undamaged by enzymatic attack and is free to hybridize with multiple RNA

molecules leading to their destruction in a catalytic manner (Fig. 2.5).
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There has been a tremendous progress in the understanding and application of antisense
oligonucleotides since first proposed in 1978 by Zamecnik and Stephensen [97].
Extensive medicinal chemistry has been done on antisense nucleic acids and hundreds of
compounds have been tested in a search for modifications that improve nuclease stability,
increase binding affinity (melting temperature, or Tm), and improve the in vivo
pharmacodynamic properties of oligonucleotides as drugs [7,8]. Pharmaceutical
companies have been working to develop antisense drugs for more than 15 years and
extensive knowledge of the pharmacology and toxicology of synthetic nucleic acids in
vivo has been compiled [9]. As of 2005, one antisense drug is on the market. Formivirsen
(Vitravene), a product of Isis Pharmaceuticals and Novartis Ophthalmics, is a 21-mer
phosphorothioate DNA oligonucleotide that is complementary to the immediate early
region 2 of cytomegalovirus (CMV). This compound has been shown to be effective in
the treatment of CMV retinitis and was approved by the FDA for use by direct
intravitreal injection in 1998 [10,11]. A number of different ASOs have been in clinical
trials against many diseases such as human immunodeficiency virus HIV infections and
cytomeglovirus CMV ocular infections as well as in the control of hematological

disorders [101].

2.7.1 Design of oligonucleotides

Design is critical for the clinical efficacy of oligonucleotides and should include

consideration of length, chemistry, conformation, and ability to hybridize with the target

mRNA [104]. The suggested optimal length for oligonucleotides with efficient antisense
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activity ranges from 12 to 28 bases. There is a consensus that very short sequences are
likely to be nonspecific and sequences longer than 25 bases would experience difficulty
in cellular uptake. Oligonucleotides having the endogenous phosphodiester backbone are
susceptible to degradation by serum and cellular nucleases and hence have limited use for
antisense applications. Various chemical modifications to the backbone have been used to
improve oligonucleotide stability. The most common modifications include the
introduction of phosphorothioate and methyl phosphonate linkages in the backbone.
Phosphorothioate analogs are chosen for their stability against nucleases and the
methylphosphonate backbone for its relative hydrophobicity and ease of diffusion across
membranes. Phosphorothioate backbone oligonucleotides can have significantly
increased biological half-life compared to their corresponding unmodified phosphodiester

oligonucleotides [104].

2.7.2 Delivery of oligonucleotides

Delivery systems play a critical role in the realization of the therapeutic potential of
oligonucleotides and other DNA based therapeutics. The in vitro and in vivo stability of
oligonucleotides is an important consideration for their delivery. Due to their polyanionic
properties, cells take up the nucleic acids by a combination of pinocytosis, adsorptive and
receptor-mediated endocytosis. After the binding of an oligonucleotide to a cell-surface
protein, internalization into the endocytic compartment occurs. This is an active process
and despite previous data, it now appears that in many cell types, adsorptive endocytosis

is the major mechanism by which naked oligonucleotides are internalized. The process of
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fluid phase endocytosis (pinocytosis) contributes a relatively small amount at a relatively
low oligonucleotide concentration, but a cell-type-dependent increasing percentage as the
concentration increases. Oligonucleotide classes that adsorb well (e.g. phosphorothioates)
to the cell membrane are internalized well and tend to produce “antisense' effects.
Conversely, oligonucleotide classes that do not adsorb well to the cell surface
(e.g.morpholino oligonucleotides, peptide nucleic acids (PNAs), methylphosphonates,
and virtually all other uncharged species) are not internalized well when delivered naked
and do not produce “antisense' effects [105]. However, the uptake of free
oligonucleotides into various organs in the body is still not very efficient. Many strategies
have been proposed to improve their cellular uptake including the use of liposomes,
polymeric carriers or by direct conjugation with carrier molecules. For their action at a
target site within the body, there are many biological barriers that need to be overcome:
moving from the bloodstream into tissues, from the extracellular space across the plasma

membrane into the cytoplasm, and from the cytoplasm into the nucleus [106].

Cellular uptake of oligonucleotides appears to be an active process dependent on cell
type, time, concentration, energy, temperature and type of oligonucleotides. Several
strategies have been developed to enhance the cellular uptake of oligonucleotides to
target cells. Oligonucleotides form complexes with cationic liposomes, which can
condense and impart an overall positive charge that facilitates attachment to the cell
membrane while the lipid tails enhance subsequent passage through the lipid bilayer of
the cell membrane. Cationic liposome- oligonucleotides are taken up by endocytosis and

oligonucleotides are released from the liposomes into the cytoplasm due to the
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protonation of the lipids. Some of the ideal properties in an oligonucleotide delivery
vector for therapeutic purposes include high transfection efficiency with a high degree of
target cell specificity, low occurrence of toxicity and immunogenicity, biodegradability,
and stability of the pharmaceutical formulation. In addition, the ideal delivery system
would be simple to formulate and would lend itself to easy modification for customized
oligonucleotide release, delivery, and expression. Currently available oligonucleotide
delivery systems can be classified into 2 types based on their origin (Fig. 2.6):

1) Biological viral delivery systems and 2) Chemical nonviral delivery systems. The
description of non-viral delivery systems is applicable to both ASO and siRNA

therapeutics.

1) Viral Delivery systems

Nonpathogenic attenuated viruses can be used as delivery systems for DNA based
therapeutics. Through millions of years of evolution as infective agents, viruses can
transfer oligonucleotides into cells. For therapeutic purposes, the transgene of interest is
assembled in the viral genome and the virus uses its innate mechanism of infection to
enter the cell and release the expression cassette. The gene then enters the nucleus, is
integrated into the host gene pool, and is eventually expressed. One significant advantage
of viral DNA vectors is their extremely high transfection efficiency in a variety of human
tissues. Retroviral vectors are capable of transfecting high populations (45%-95%) of
primary human endothelial and smooth muscle cells, a class of cells that are generally

extremely difficult to transfect [104]. Despite such impressive statistics for gene transfer,
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there are several concerns over the use of viruses to deliver DNA therapeutics in humans.
The chief concern is the toxicity of the viruses and the potential for generating a strong

immune response owing to their proteinaceous capsid.

2) Nonviral delivery system

Nonviral delivery systems can circumvent some of the problems associated with viral
vectors and are emerging as favorable alternatives to viral vectors. Among the greatest
advantages of nonviral gene vectors are lack of immune response and ease of formulation
and assembly. Commonly used nonviral vectors for delivery of DNA-based therapeutics
can be classified into 2 major types based on the nature of the synthetic material: 1)
Polymeric delivery systems (nucleic acid-polymer complexes) and ii) Liposomal delivery

systems.

Cationic polymers are used in gene delivery because they can easily complex with
anionic nucleic acid molecules. Polymer- nucleic acid complexes, also known as
polyplexes, can be used to deliver nucleic acid into cells. The general mechanism of
action of polyplexes is based on the generation of a positively charged complex owing to
electrostatic interaction of these cationic polymers with anionic nucleic acid. The cationic
polyplex can then interact with the negatively charged cell surface to improve nucleic
acid uptake. Versatility of physicochemical properties and easy manipulation are some of

the most important advantages of polymeric gene carriers. Some of the disadvantages of
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polymeric delivery systems are low transfection, problems in the control of molecular

weight distributions and dispersities of the polyplexes.

2.8 Liposomes

Liposomes are layer lattices of closed bimolecular lipid vesicles intercalated by aqueous
spaces. When formed from typical membrane amphiphiles they persist as equilibrium
structures even in the presence of excess water. Their usefulness as a delivery system
derives from the fact that as dry amphiphiles undergo their sequence of molecular
rearrangement upon addition of aqueous solutions, there is an opportunity for unrestricted
entry of solutes such as enzymes, small molecules or macromolecules and
oligonucleotides before the unfavorable entropy situation of an extended oil-water
interface intervenes. Subsequently, and because of this unfavorable entropy associated
with further addition of water, a further arrangement of the amphiphilic molecules takes

place to yield a series of closed membranes [107].

Each membrane represents an unbroken bimolecular sheet of molecules such that the
hydrocarbon tail of the amphiphiles are back to back and shielded from the aqueous
phase by their hydrophilic head groups. Certain attributes make liposomes potentially
useful vehicles for the purpose of gene delivery. Firstly, they use and recycle natural
membrane molecules that are themselves biodegradable. Secondly, their composition can
be modified to suit a variety of situations, and they can be used to depot or attenuate the

release of either lipophilic or hydrophilic drugs.
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Three common types of cationic lipids are currently employed in lipid-based gene
delivery. The first group is represented by two quaternary ammonium salts with long
mono-unsaturated aliphatic chains, those being N-(1-(2,3-dioleyloxy)propyl)-N,N,N-
trimethyl ammonium chloride (DOTMA, one component of the commercially available
transfection agent Lipofectin®), and N,N-dioleyl-N,N-dimethylammonium chloride
(DODAC). 3b-(N-(N-(dimethylaminoethane)carbamoyl) cholesterol (DC-Chol), a
cationic derivative of cholesterol, belongs to the second group. Lipids of a third category
are distinguished by the presence of multivalent head groups, such as dioctadecyldi-

methylammonium chloride (DOGS), commercially available as Transfectam®.

For systemic in vivo gene therapy, it is critical that the integrity of a plasmid or
oligonucleotide is maintained in the blood for a sufficient length of time for the nucleic
acid to reach tissue sites. When complexed with lipids, the nucleic acid is protected from
nuclease degradation to various extents. Similar to what has been observed with naked
oligonucleotides, the delivery of the complexes of oligonucleotide by lipids into the cell
cytoplasm occurs by the endocytotic / lysosomal pathway, and not by direct delivery
through the fusion of lipid + oligonucleotide particles with the plasma membrane.
Delivery of ASOs using the combination of a viral vector and liposome (virosome) has
also been reported using Hemagglutinating virus of Japan (HJV) [108] and adenovirus
[109]. Influenza virus A envelopes were used in cationic virosomes for the delivery
antisense L-myc oligonucleotides to small cell lung cancer cells. HIV has been used for

virosome construction and antisense oligonucleotide delivery into the myocardium of
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adult rats [105]. Cationic virosomes delivered oligonucleotide into the cytoplasm more

efficiently than cationic liposomes.

Liposomes may also be used in vivo for the delivery of oligonucleotides in the therapy of
intracellular infections (e.g. HIV infections, especially when targeting the pool of virus
harbored in macrophages). The major disadvantages of liposomes (e.g. toxicity, serum
instability) may affect their use in in vivo delivery. Nevertheless, novel liposomal
compositions possess tolerable toxicity and are sufficiently stable in the presence of
plasma and serum. For example, the phosphorothioate oligonucleotides targeted against
the influenza A virus and encapsulated into serum-resistant Tfx-10 liposomes inhibited
viral growth in lung tissues, and increased the overall survival rates of mice infected with
influenza A. Another limitation on the use of liposome technology for systemic drug
delivery is their preferable accumulation in the liver and spleen. This problem can be
partially ameliorated by the use of long-circulating liposomes and/or antibody targeted

liposomes.

2.9 DOTAP

A typical cationic amphiphile generally comprises of three important elements: cationic
head group, hydrophobic anchor, and linker (Fig. 2.7). The positively charged head group
is necessary for binding and complexation to nucleic acid phosphate groups. While the

function of the hydrophobic part is less clear, it probably assists in assembling the lipids
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into a polycationic scaffold as well as in facilitating absorptive endocytosis and/or fusion

with cell membranes.

Cationic lipid-mediated nucleic acid and protein delivery is becoming increasingly
popular for in vitro and in vivo applications because of its simplicity (chemical synthesis),
reproducibility, and relatively low toxicity. N-[1-(2,3-Dioleoyloxy)]-N,N,N-
trimethylammonium propane methylsulfate) (DOTAP) is the most widely used cationic
lipid, is relatively cheap, and is efficient in both in vitro and in vivo applications. The use
of DOTAP, an ester analogue of DOTMA, as transfection reagent was reported in 1988.
The idea behind DOTAP was that using an ester bond instead of the DOTMA ether bond
should reduce toxicity through degradation of the otherwise toxic amphiphile, despite a
trade-off of the ester bond's sensitivity to alkaline hydrolysis thus making it

biodegradable.

DOTAP belongs to and represents the group of monocationic quaternary surfactants, in
which the amine-based cationic headgroup is connected through a linker to two
hydrocarbon tails. The geometry of lipids could be described by the ratio between cross-
section of the hydrophobic part and the polar headgroup area, referred to as packing
parameter P. DOTAP, having P ~0.9, prefers bilayer organization. DOTAP is soluble in
alcohols (e.g., t/-butanol) and other common organic solvents (e.g., chloroform).
DOTAP-containing liposomes are generally prepared either from DOTAP alone or by
mixing DOTAP and helper lipids in common organic solvents, with subsequent

evaporation under vacuum or freeze-drying. The dried lipid layer or "cake" is hydrated
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and dispersed with suitable aqueous solution, usually pure water or buffer, or isotonic 5%
dextrose or 150 mM NaCl, and vortexed. The final lipid concentration in such dispersions
ranges from 1 mM to 20 mM. Lipoplexes are prepared by diluting the desired amounts of
nucleic acid and lipid in aqueous vehicle, with subsequent careful addition of the nucleic

to the lipid, or vice versa [110].

Physical and chemical stability of DOTAP

The degradable components of DOTAP liposomes are DOTAP itself (by virtue of being
an ester lipid) and neutral lipids coformulated with DOTAP, generally a phospholipid or
cholesterol. Because of a high surface pH imposed by DOTAP (pH > 11.0 at surface,
bulk is pH 7.4) DOTAP is prone to base-catalyzed hydrolysis. The rate of DOTAP
hydrolysis at room temperature is quite high, 2 x 10”7 s”'. When DOTAP liposomes are
stored as powder at 4 °C, the stability is preserved for more than 3 years. After storage
for 1 month in HEPES buffer at pH 7.4 at 4°C over 20% of DOTAP molecules undergo
hydrolysis and release one fatty acid. In neutral liposomes, the hydrolysis of ester lipids is
relatively slow because of poor accessibility of ester bonds to water. On the other hand,
the accelerated hydrolysis of DOTAP acyl esters in the liposomes stems from the high
positive charge at the bilayer surface, leading to attraction of hydroxyls to the lipid-water

interface [110].
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Figure 2.1. Summary diagram of the two main apoptotic pathways; the mitochondrial
pathway and the death receptor pathway.
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Figure 2.2. Overview of the signal transduction pathways activated by hypoxia [19]. The
left part of the figure highlights the signaling pathways activated in response to decreased
oxygen. The middle shows how decreased oxygen signals impact cell survival and
growth factor signaling pathways. The right side highlights the stress-activated pathways

that are involved in cellular responses to decreased oxygen.
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Figure 2.3. Hypoxia-mediated regulation of MAPK signaling pathways: The role of the
different MAPK signaling pathways in regulating cellular responses, including cell
survival and death, in response to incoming signals such as hypoxia [4].
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Figure 2.4. A model for the mechanism of RNAi [87]
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Figure 2.5. Mechanism of action of ASO. Binding of ASO to the target mRNA leads to
enzymatic degradation of the mRNA portion of the duplex and prevents the synthesis of
specific protein. The ASO is released for further binding to another mRNA.
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Figure 2.6. Schematic generalized representation of delivery of a DNA-based therapeutic
using a viral or nonviral DNA delivery vector: (1) complexation and/or entrapment of
DNA-based therapeutic with DNA delivery vector; (2) interaction of DNA-based
therapeutic-vector complex with cell membrane; (3) cellular internalization via receptor-
or non-receptor-mediated endocytotic pathways; (4) endosomal breakdown; (5)
cytoplasmic release of DNA-based therapeutic-vector complex or DNA-based therapeutic
alone (Cytoplasm is the site of action for antisense oligonucleotides, aptamer, ribozymes,
DNAzymes, and cytoplasmic plasmid DNA expression systems); (6) dissociation of
DNA-based therapeutic from vector; (7) nuclear translocation of viral vectors or DNA-
based therapeutics. (Nucleus is the site of action for transgenes in plasmids for gene
therapy, siRNA generating plasmids, and antigene oligonucleotides) [104].



Figure 2.7. Chemical structure of DOTAP.
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3 SPECIFIC AIMS

1. To develop a non-viral liposomal delivery system for intracellular delivery of

siRNA and antisense oligonucleotides.

RNA interference mediated by small interfering RNAs is a powerful approach for
dissecting gene function, drug target validation and disease therapy. The major obstacle
to the use of siRNAs as therapeutics is the difficulty involved in effective delivery.
While considerable efforts have recently been made to develop new siRNA carriers, the
research on delivery of siRNA is still in a preliminary stage [111]. Non-viral vectors as
siRNA delivery agents have attracted more and more attention in comparison to viral
vectors, as they have the advantages over non-viral vectors such as ease of synthesis, low

immune response against the vector and potential benefits in terms of safety.

The field of ASO is relatively long-standing compared to siRNA. Early clinical trials
were conducted using naked chemically modified phosphorothioate ASO. Since these
have several toxicological drawbacks, the use of second generation chemically modified
ASO coupled with a delivery agent is desirable. The aims for optimal delivery of ASO
are similar to that of siRNA i.e. enhanced cellular uptake, improved exit from subcellular

compartments and accurate targeting to a particular site of action.

Liposomes are layer lattices of closed bimolecular lipid vesicles intercalated by aqueous

spaces. The dry amphiphiles undergo molecular rearrangement upon addition of aqueous
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solutions and there is an opportunity for unrestricted entry of solutes such as
oligonucleotides in the lipid bilayers. Neutral liposomes have been used successfully in
our laboratory for delivery of drugs, antioxidants and ASO [2,12,13,112,113]. We
propose to increase the uptake and efficacy of ASO by delivering them using neutral

liposomes.

Cationic polymers are used in gene delivery because they can easily complex with the
anionic DNA/RNA molecules. The general mechanism of action of cationic liposomes
and cationic lipid complexes with nucleic acids (lipoplex) is based on the generation of a
positively charged complex owing to electrostatic interaction of these cationic lipids with
anionic nucleic acids. By virtue of their positive charge, these delivery systems have a
high affinity for most cell membranes, which are negatively charged under physiological
conditions and usually gain entry to cells by adsorptive endocytosis. When complexed
with these lipids, the nucleic acid is protected from nuclease degradation to various
extents [114]. N-[1-(2,3-Dioleoyloxy)]-N,N,N-trimethylammonium propane
methylsulfate (DOTAP) is a widely used cationic lipid, is relatively cheap, and is
efficient in both in vitro and in vivo applications. DOTAP belongs to the group of
monocationic quaternary surfactants, in which the amine-based cationic head group is
connected through a linker to two hydrocarbon tails. Cationic liposomes with DOTAP

will be used for delivery of siRNA.

2. To decrease cellular mortality under hypoxia via suppression of JNK1 by ASO

and siRNA targeted to JNK1 mRNA.
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There is a decrease in systemic oxygen supply in many pathological conditions that leads
to secondary cellular hypoxia. When this hypoxia becomes severe, it causes additional
cellular damage, aggravating the primary disorder and leading to cell death. Therefore,
remediation of secondary hypoxic damage may significantly increase the efficacy of the
treatment of the primary disease condition and prevent extensive cellular damage.
Mitogen-activated protein kinases (MAPKs), a family of serine-threonine protein kinases,
play an important role in cell proliferation and cell death. It was found that c-Jun N-
terminal kinase 1 plays a central role in the development of cellular damage under
hypoxia, hypoxia/reoxygenation and ischemia/reperfusion conditions [115-117].
Therefore, INK1 protein was selected as a molecular target to limit cellular damage and

death during hypoxia.

The second goal of this research study is to inhibit JINK1 by ASO and siRNA in vitro.

3. To study the in vivo body and organ distribution of liposomal ASO and siRNA

Following optimization of the liposomal delivery system for ASO and siRNA in vitro,
our goal is to test it in an in vivo mouse model of hypoxia. In order to assess the
feasibility of this approach, the body and organ distribution of the liposomal ASO and
siRNA will be evaluated in mouse.

The efficiency of siRNA in vivo is limited by its low resistance against enzymatic

degradation, limited permeability across cell membrane, and substantial liver and renal
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clearance [118]. A wide variety of methods have been used to facilitate delivery of
siRNA. Cationic polymers are usually employed to bind the siRNA, neutralize charge,
and assist with transport across the cell membrane. Previous studies to investigate organ
distribution of cationic liposomes usually showed a high accumulation in the lung after
intravenous administration [119]. The pattern of organ distribution showed initial
deposition in the lung and subsequent rapid uptake predominantly into Kupffer cells of
the liver. Some studies have discovered a rapid crossing of the endothelial barrier by
lipoplexes, although the mechanism of this transport has yet to be elucidated. It has been
suggested that at sites where the vasculature is fragile, as in the alveoli, small complexes

may be able to pass the endothelial barrier, due to vascular leakage [119].

The in vivo properties of various chemically modified ASOs administered naked (without
a delivery system) have been reported previously [120]. Tissue distribution studies of
both free and liposome encapsulated ASO have indicated that ASO distribution was
dictated primarily by the liposomal carrier when administered in liposomal form [121].
The body and tissue distribution studies that are proposed will aid in the design of
appropriate strategy for delivery of ASO and siRNA in sufficient quantities to the target
sites of action and for the desired time frame to achieve the desired level of gene

inhibition or functional down-regulation.

4. To develop an experimental in vivo model of hypoxia and explore remediation of

hypoxic damage by ASO and siRNA targeted to JNK1 mRNA.
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Hypoxia has elicited a great deal of interest among the scientific community due to its
role in life-threatening pathologies such as stroke, acute renal failure, myocardial
infarction and cancer. Hypoxia that accompanies ischemia has been investigated both in
vivo and in vitro within the last decade [20,122]. An experimental model for lung tissue
hypoxia and acute lung injury induced by hypoxia has been reported previously [15].
There are a few reports in literature wherein inhibition of JNK using either small
molecules or siRNA/ASO was achieved in vitro for elucidation of biochemical and signal
transduction pathways that regulate JNK expression [123-125]. However, inhibition of
JNK in animal models in vivo has not been reported till date. We propose to study the
effect of ASO and siRNA targeted to JNK1 in an experimental mouse model exposed to
acute normobaric hypoxia. Treatment of rat in vivo will be reproduced from the

treatment used in the in vitro experiments.
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4 TO DEVELOP A NON-VIRAL LIPOSOMAL SYSTEM FOR
INTRACELLULAR DELIVERY OF siRNA AND ANTISENSE

OLIGONUCLEOTIDES

4.1 Introduction

Antisense oligonucleotides and siRNAs are both very effective tools to understand gene
function, as drug validation target tools and potential therapeutics agents. The antisense
and RNA interference strategies, in principle, allow for the rational design of highly
sequence-specific nucleic acid drugs that can target a given mRNA inhibiting or
suppressing the expression of the corresponding gene. However, both ASO and siRNA
share similar pharmaceutical problems. They are generally polyanionic macromolecules
that do not readily cross biological barriers. The pharmaceutical challenge is the effective

delivery of these molecules in cell culture and ultimately, in vivo.

Biological instability is the first barrier to consider when delivering ASO and siRNA to
cells. Unmodified phosphodiester (PO) backbone oligonucleotides are rapidly degraded
in biological fluids by a combination of both endo- and exo-nucleases [114,126-128]. To
overcome this problem, a variety of chemically modified antisense oligonucleotides have
been developed [129,130]. The most widely studied of these are the phosphorothioate
(PS) oligonucleotides where one of the non-bridging oxygens in the phophodiester
backbone is replaced with sulphur. More recently other modifications such as peptide

nucleic acids, 2"-methoxyethyl- and morpholino-based oligonucleotides have also been
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investigated [114]. In the present research studies, the DNA backbone of all bases in the
antisense oligonucleotides is P-ethoxy modified to enhance nuclease resistance and

increase incorporation efficacy into liposomes [131]

SiRNAs, due to their double stranded nature are more resistant to nuclease degradation
than antisense oligonucleotides [132]. However, both naked ASO and siRNA cannot
efficiently penetrate cellular lipid membranes and a very small number can gain entry
into the cell. It is widely thought that cellular uptake of siRNA and ASO occurs via
nonreceptor-mediated endocytosis. Thus, delivery systems are typically used to increase
cellular accumulation of these molecules and to facilitate release from endosomes to the
cytosol [133]. Therefore, there is a need for development of efficient delivery systems for
siRNA and ASO. Among the vectors that have been studied, non-viral vectors have
attracted considerable attention in comparison to viral vectors, due to the advantages of
non-viral vectors such as ease of synthesis, low toxicity and low immune response. The
most researched non-viral vectors include liposomes and other nanoparticles. The aims
for optimal delivery of oligonucleotides are enhanced cellular uptake, improved exit from
sub-cellular compartments and cytoplasm of cells, and correct targeting (spatial and

temporal) to a particular site of action.

Liposomes are composed of an aqueous compartment enclosed within a phospholipid
bilayer. They are the most widely used system for nucleic acid delivery and afford
protection to the nucleic acid whilst enhancing cellular delivery. Liposomes usually gain

entry into the cells by absorptive endocytosis. In case of cationic liposomes, the
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efficiency of the lipoplex is partially attributed to a rapid and efficient escape from the
endosomal/lysosomal compartments. It is reported that lipoplexes are able to destabilize
endosomal/lysosomal membranes possibly by perforation. This process is explained by
electrostatic interactions between the oppositely charged cationic lipids of the lipoplex
and anionic phospholipids composing intracellular compartments, leading to disturbances
in the curvature of the vesicles and finally leakage or bursting and release of endosomal

contents to the cytoplasm [119].

In the present research, neutral liposomes were used to deliver antisense oligonucleotides
to cells. These liposomes have been successfully used in our laboratory to deliver genetic
material [12,13]. Cationic liposomes and cationic lipid complexes with siRNA have been
the most successful delivery system in cell culture [132,134]. We used liposomes

formulated with the monocationic lipid DOTAP for delivery of siRNA into cells.

4.2 Materials and Methods

4.2.1 Cell Line

The human embryonic kidney 293 cells were obtained form American Type of Tissue
Culture (Manassas, VA). Cells were cultured in Dulbecco's modified Eagle's medium
(GIBCO Inc., Cincinnati, OH) supplemented with 10% fetal bovine serum (Fisher
Chemicals, Fairlawn, NJ). All experiments were performed on cells in the exponential

growth phase.
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4.2.2 Liposomal composition for the delivery of ASO and intracellular localization

of liposomal ASO

Antisense oligonucleotides (ASO) were synthesized by Oligos Etc. (Wilsonville, OR).
The DNA backbone of all bases in oligonucleotides was P-ethoxy modified to enhance
nuclease resistance and increase incorporation efficacy into liposomes [131]. To analyze
intracellular localization of ASO released from liposomes, a portion of oligonucleotides
were labeled using fluorescein isothiocyanate (FITC) prior to incorporation into
liposomes. The labeling was performed by Oligos Etc. Neutral liposomes were prepared
using previously described lipid film rehydration method [2,13,112]. Briefly, lipids
(Avanti Polar Lipids, Alabaster, AL) were dissolved in chloroform, evaporated to a thin
film in a rotary evaporator, and rehydrated with citrate buffer. The lipid ratio was 7:3:10
(egg phosphatidylcholine: 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine:
cholesterol). Oligonucleotides were loaded into the liposomes by dissolving them in the
rehydration buffer at concentrations of ~1.4 mM. After preparation, free ASO was
separated from the liposomes by passing the liposome suspension through a Sephadex G-
50 column. The encapsulation efficacy ranged from 50 to 60% in different series of
experiments. The mean liposome diameter was about 100-200 nm.

Intracellular localization of ASO was studied by fluorescent and confocal microscopy. In
these experiments cell nuclei were additionally stained by Hoechst 33258 nuclear dye
(Sigma, St. Louis, MO). To study intracellular localization of liposomes, part of the
liposomes were labeled with Cy5.5 and osmium tetroxide and visualized by confocal and

electron transmission microscopy, respectively.
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Labeling of liposomes for electron transmission microscopy was done by adding osmium
tetroxide (0.5%) to rehydration buffer. Cells and tissue sections were fixed prior to
electron microscopy using standard techniques [135,136]. Briefly, cells were primary
fixed for 2 hours in Trump's EM Fixative (combination of low concentration of both
formaldehyde and glutaraldehyde in 0.1 M Milloning's phosphate buffer, pH 7.3).
Postfixation was carried out in 1% osmium tetroxide in buffer for 1 hour followed by
dehydration in graded Ethanol series and embedded in Spurr's low viscosity resin.
Sections were prepared using a diamond knife by LKB-2088 Ultramicrotome (LKB-
Produkter, Bromma, Sweden). Observation and micrographs were made with a JEM-

100CXII Electron Microscope (JEOL LTD., Tokyo, Japan).

An aliquot of neutral liposomes was labeled with fluorescent dye Cy5.5 Mono NHS Ester
(GE Healthcare, Amersham, UK). To this end, lipids and Cy5.5 were dissolved in
chloroform, evaporated to a thin film layer in rotary evaporator and rehydrated with
citrate buffer. Antisense oligonucleotides were loaded into liposomes by dissolving in
rehydration buffer at a concentration of 0.5 mM. Liposomes were extruded gradually
using polycarbonate membranes 200 nm and 100 nm at room temperature using extruder

device from Northern Lipids Inc. (Vancouver, BC, Canada).

4.2.3 Liposomal composition for the delivery of siRNA and intracellular

localization of cationic liposome-siRNA complex (lipoplex)
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To analyze intracellular localization of siRNA, siGLO (siRNA) labeled with Pierce
NuLight DY-547 fluorophore (Dharmacon Inc. Chicago, IL) was used. Cationic
liposomes were labeled with 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) [137]. The
liposomes were prepared using 1,2 Dioleoyl-2-trimethylammonium-propane - DOTAP
(Avanti Polar Lipids, Alabaster, AL) at a concentration of 1 mg/mL. DOTAP and NBD
were dissolved in chloroform, evaporated to a thin film layer in rotary evaporator and
rehydrated with water followed by extrusion through 100 nm polycarbonate membranes.
siRNA was dissolved in phosphate buffered saline at a concentration of 100 pM. To this
solution, DOTAP (1 mg/mL) was added, mixed by pipette and incubated for 15 minutes
at room temperature. The charge ratio of sSiRNA: DOTAP was 1:2.5. Resulting siRNA-
cationic liposome complex (lipoplex) was added to tissue culture flask containing 5-10

mL of medium and 1.5-2.5 x 10° cells. Mean particle size of the complex was >500 nm.

In another set of experiments, aliquots of cationic liposomes were labeled with
fluorescent dye Cy5.5 Mono NHS Ester (GE Healthcare, Amersham, UK). To this end,
lipid and Cy5.5 were dissolved in chloroform, evaporated to a thin film layer in rotary
evaporator and rehydrated with 0.9% NacCl to final concentration of 5 mg/mL of DOTAP.
Liposomes were extruded gradually using polycarbonate membranes 200 nm and 100 nm
at room temperature using extruder device from Northern Lipids Inc. (Vancouver, BC,

Canada).

4.2.4 Particle size and zeta potential measurements
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Particles size measurements were carried out by dynamic light scattering using 90 Plus
Particle Size Analyzer (Brookhaven Instruments Corp., New York, NY). Aliquot of 40
pL of each sample was diluted in 2 mL of water or buffer. Zeta potential was measured
on PALS Zeta Potential Analyzer (Brookhaven Instruments Corp, New York, NY). A 1.5
mL sample aliquot was taken for each measurement. All measurements were carried out

at room temperature. The analysis was performed thrice and average values were taken.

4.2.5 Atomic Force Microscopy

The shape of neutral and cationic liposomes was studied by atomic force microscopy
(AFM) imaging using the previously described procedure [138]. Briefly, 50 uL of
liposome suspension in water was deposited on pre-cut (25x25 mm?) and pre-cleaned
Plain Premium microscope slides (Fisher Scientific Co, Pittsburgh, PA) and kept for 10
min at 100% humidity to achieve particles precipitation. Water was removed by dry
nitrogen flow and dried samples were subjected to imaging with an atomic force
microscope (Nano-R AFM Pacific Nanotechnology Instrument, PNI, Santa Clara, CA) in
close contact using tapping mode etched OMCLACI160TS silicon probes (Olympus
Optical Co. Tokyo, Japan). The captioning was performed in the height mode. The
images were processed, and the measurements were performed with Femtoscan software
v. 2.2.85(5.1) (Advanced Technologies Center, Moscow, Russia). For statistics, no less

than 50 objects of each sample were analyzed.
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4.2.6 Confocal microscopy

Cellular internalization of liposomes, ASO and siRNA was monitored in cells by
confocal microscopy. Two series of experiments were carried out: (1) Neutral liposomes
labeled with Cy5.5 (red fluorescence) contained ASO labeled with FITC (green
fluorescence); (2) NBD-labeled cationic liposomes (green fluorescence) contained siGLO
Red (red fluorescence). Cells were separately incubated for 24 hours at 37 °C with each
liposomal formulation. Red and green fluorescence images were photographed and
digitally overlaid. Superposition of images allows for detecting co-localization of labeled

liposomes and their payload (yellow color).

4.3 Results

4.3.1 Particle size and zeta potential measurements

Table I shows the size and zeta potential of liposomal compositions used in the study. As
can be seen, neutral liposomes have no charge. Inclusion of ASO into neutral liposomes
did not change their size and zeta potential. The size of positively charged DOTAP
liposomes after extrusion was about 100-140 nm (same as for neutral liposomes). Mixing
with siRNA to form a lipoplex led to formation of rather large DOTAP: siRNA
complexes and decreased surface charge due to the electrostatic interactions between

positively charged lipid and negatively charged siRNA.
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4.3.2 Atomic force microscopy

Atomic force microscopy (AFM) has been widely used during the last decade to
characterize morphology of nanoparticles. AFM topographical images of the liposome
preparations revealed convex meniscus shaped particles that were uniformly distributed
on the mica surface (Fig. 4.1 and 4.2). There was no substantial presence of liposome
aggregates observed, as expected from physico-chemical properties of uniformly charged
particles. Since liposomes flattening on the mica surface after deposition and drying
results in distortion of their actual shape in suspension, we calculated the value of
reconstructed diameter (d) from the liposome volume measured by AFM (V) under the
assumption that liposomes adopt spherical shape in aqueous solutions, using the equation
d= (6V/m)1/3 as previously described [139]. The complexation of liposomes with siRNA
resulted in more than 2.5-fold increase of their d to over 500 nm. Liposomes modification

with siRNA makes their appearance “fuzzy”, thus hiding object topology.

4.3.3 Intracellular localization of ASO and neutral liposomes

The use of ASO or siRNA to suppress the expression of a targeted mRNA is limited by
their low ability to penetrate the cellular plasma membrane and interfere with genetic
material. Therefore, a special delivery system is required to enhance their cell
penetration. Liposomes were labeled with osmium tetroxide and ASO with fluorescein
isothiocyanate (FITC) and incubated with human embryonic kidney 293 cells for 24-48

hours. Cell nuclei were stained by Hoeschst 33258 nuclear dye. The labels were
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visualized by electron transmission microscopy (osmium tetroxide) or fluorescence
microscopy (FITC and Hoeschst 33258). Typical images obtained in these experiments
are presented in Figures 4.3 and 4.4. Fluorescent microscopy analysis showed that FITC-
labeled antisense oligonucleotides delivered by liposomes penetrated cells and
accumulated in the cytoplasm and nuclei (Fig. 4.3). The latter can be seen in Figure 4.3 B
as blue-colored structures. Osmium-labeled liposomes were found in cellular perinuclear
regions on electron microscopic evaluation as black spheres with average diameter of
100-200 nm (identified by arrows in Fig. 4.4). Thus, we showed that liposomes could
penetrate human cells and deliver genetic material in the cytoplasm and cellular nuclei.
The delivery of ASO by liposomes into cells was also studied in vitro using confocal
microscopy. Both liposomes and ASO were labeled and studies were conducted by
incubation of cells with these substances for 24 hours. Results are shown in Figure 4.5.
As observed, fluorescence of neutral liposomes and ASO was detected both in the
cellular cytoplasm and nucleus. It is known that liposomes quench the fluorescence of
any loaded agent [140]. Therefore, the visualization of fluorescence suggests that after 24
hours of incubation ASOs were completely released from liposomes and localized in the

cellular cytoplasm and nucleus.

4.3.4 Intracellular Localization of siRNA and cationic liposomes

To study cellular uptake of cationic liposomes, human embryonic kidney 293 cells were
incubated with Cy5.5 labeled cationic liposomes and their intracellular distribution was

examined by confocal fluorescent microscopy. After 24 hours incubation, cationic
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liposomes were detected in the cellular cytoplasm and nucleus (Fig. 4.6) indicating their

effective internalization within cells.

The cellular uptake of DY-547 labeled siRNA (red fluorescence) either free or
complexed with NBD labeled cationic liposomes (green fluorescence) was also studied in
vitro using confocal fluorescent microscopy. Human embryonic kidney 293 cells were
incubated with labeled free siRNA or cationic liposome: siRNA complex for 120 minutes
and then intracellular distribution was examined with time. Results are shown in Figure
4.7. The free siRNA failed to internalize into cells, which was evident by the absence of
measurable red fluorescence in the cellular cytoplasm and nuclei (top panel, Fig. 4.7). In
contrast, when siRNA was delivered using cationic liposomes, fluorescence was
registered in the cellular cytoplasm and nucleus starting at 15 minutes. This can be
observed in the bottom panel of Figure 4.7, where the visible light image digitally
overlaid with both fluorescence images to obtain a composite image showed co-
localization of liposomes and their payload (in yellow color). The results obtained also
show that substantial amount of cationic liposome:siRNA complex penetrated into
cellular cytoplasm area despite their relatively big size (>500 nm). In order to prove that
liposomes were not adhered on the cell surface but actually penetrated the cells, we
analyzed their distribution in different cellular layers from the upper to the lower layer of
the fixed cells (z-sections). The data obtained show that the distribution of either small
(100-140 nm) neutral and cationic liposomes or big (>500 nm) cationic liposome: siRNA
complexes in cytoplasm and nucleus was very similar in different cell layers. The z-

section of cationic liposome-siRNA complex is shown in Figure 4.8. Therefore, both
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neutral and cationic liposome systems can be used for delivery of therapeutic agents with

biological activity into the cellular cytoplasm and nuclei.

4.4 Discussion

It is well known that liposomal drug formulations are more efficient in terms of their
cellular internalization, specific activity, and adverse side effects when compared with
free drugs [2,12,13,139,141-145]. Liposomes of different sizes and surface electric
charge are currently being used for the delivery of encapsulated drugs or complexed large
molecules. While the high effectiveness of liposomal formulations is widely
acknowledged, several aspects of liposomal drug delivery are not clearly understood. The
optimum size and charge of liposomal drugs for their successful intracellular uptake has
not yet been identified. We have made an attempt to better understand the problem in the
present study by investigating in vitro cellular uptake and intracellular localization of
neutral and positively charged liposomes as well as their relatively large complexes with

siRNA.

We used small neutral and positively charged DOTAP liposomes. Uncharged P-ethoxy
ASOs were used as a payload for neutral liposomes while siRNA was complexed to
cationic liposomes. Atomic force microscopy and light scattering data showed that empty
liposomes of both types represent homogenous spherical structures with size of 100-140
nm. Loading of neutral liposomes with neutral modified ASO did not change their

average size and homogeneity. In contrast, complexation of cationic liposomes with
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siRNA led to dramatic (up to 10-times) increase in their size. Investigation of cellular
internalization and localization of liposomes showed that despite the differences in size,
both small empty and loaded liposomes as well as relatively large complexes were able to
deliver their payload to the cellular cytoplasm and even nuclei. Moreover, labeled neutral
liposomes, as well as their payload, were found inside cellular nuclei. These data
reconfirm our transmission electron and fluorescence microscopy findings for the nuclear
penetration of conventional and neutral liposomes with average size of 100-200 nm both
in vitro and in vivo [139,141,142]. Liposomes and liposomal complexes of different sizes
(100-1000 nm) used in this study were able to provide an efficient delivery of
biologically active substances, antisense oligonucleotides and small interfering RNA into

the cellular cytoplasm.
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Table 4.1. Size and zeta potential of liposomes at room temperature

Liposomes/Parameter Size (nm)*  Zeta potential (mV)*
Neutral liposomes (EPC/Chol/DPPC) 120 + 20 0

Neutral liposomes loaded with ASO 130+ 10 0

Cationic liposomes (DOTAP) 120+ 15 +25+4

Cationic liposome: siRNA complexes >500 nm +4£2

*Means + SD are shown.
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Neutral Liposomes

Figure 4.1. Assessment of neutral liposomes by Atomic force and Electron microscopy.



Cationic liposomes Cationic liposomes with siRNA
Panoramic view

Figure 4.2. Assessment of cationic liposomes with and without siRNA using Atomic
force microscopy.

68
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Figure 4.3. Internalization of liposomal antisense oligonucleotides in human embryonic
kidney 293 cells studied by fluorescence (A-C) microscopy. A — visible light image.
Cellular nuclei were stained by Hoechst 33258 nuclear dye (B, blue fluorescence);
antisense oligonucleotides were labeled with fluorescein isothiocyanate (C, green
fluorescence).
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Liposomes I=> Nuclei

Figure 4.4. Internalization of liposomes in human embryonic kidney 293 cells studied by

transmission electron microscopy. Liposomes were labeled with osmium tetroxide
(arrows).
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Liposomes ASO Light + Lip + ASO

Figure 4.5. Cy5.5-Neutral liposomes-ASO-FITC. Intracellular localization of neutral
liposomes and their payload. Cells were incubated with Cy5.5 labeled neutral liposomes
with FITC labeled ASO for 24 hours and visible light and fluorescent images (red and
green fluorescence) were taken by a confocal microscope. Visible light image was
digitally overlaid with both fluorescence images to obtain a composite image showing co-
localization of liposomes and their payload (in yellow color). The panel contains
representative images of neutral liposomes labeled with near infrared dye CyS5.5 (red
fluorescence) containing FITC labeled antisense oligonucleotides (green fluorescence).
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A . B

Figure 4.6. Internalization of Cy5.5-labeled cationic liposomes incubated with human
embryonic kidney 293 cells for 24 hours studied by fluorescence microscopy. A — Visible
light image. B — Image showing fluorescence of Cy5.5 labeled cationic liposomes.
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Free siRNA (DY-547)

Cationic Liposomes (NBD)

15 min 30 min 60 min 120 min

Figure 4.7. Confocal microscopy images of 293 cells incubated with free siRNA (top
panel), cationic liposomes (middle panel) and cationic liposome-siRNA complex (bottom
panel), labeled with fluorescent label as indicated: Time Series. Fluorescence of siRNA
and cationic liposomes was observed using FITC and rhodamine filters, respectively.
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Nucleus

z=1.140 pm z=0.000 pm

Figure 4.8. Confocal microscopy images (light + fluorescence) of cationic liposome-
siRNA complexes. A- Visible light image, B- Image showing fluorescence of Dy-547
labeled siRNA visualized using rhodamine filter. C: Z-series of complex, from the top of
the cell to the bottom.



75

S INTRACELLULAR LIPOSOMAL DELIVERY OF siRNA AND ASO
TARGETED TO JNK1 MRNA LIMITS CELLULAR MORTALITY UNDER

SEVERE HYPOXIA

5.1 Introduction

Many known pathological conditions lead to a decrease in systemic oxygen supply
leading to secondary cellular hypoxia. When this hypoxia becomes severe, it causes
additional cellular damage, aggravating the primary disorder and leading to cell death.
Therefore, remediation of secondary hypoxic damage should significantly increase the
efficacy of treatment of the primary lesion and prevent extensive cellular damage.
Moreover, the prevention of cellular death under environmental conditions which cause
reduction in body oxygen supply (high altitude, deep mining, diving, etc.) might increase

working capacity of tissues and prevent severe adverse side effects of hypoxia.

A cell death signal leading to the activation of caspases and finally causing cell death
plays an important role in initiating and promoting cellular hypoxic damage [16,112].
Hypoxia inducible factor alpha (HIF1A) protein is a key initiator of such a signal under
hypoxic conditions [1]. Therefore, recently we investigated the role of this protein as a
possible target for the remediation of hypoxic cellular damage. However, we found that
HIF1A plays a bimodal role during hypoxia [2]. On the one hand, the activation of
HIF1A during hypoxia initiates cell death signal inducing apoptosis (programmed cell

death, or cellular suicide) and necrosis (pathological cell death). On the other hand,
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overexpression of HIF1A boosts the power of anti-hypoxic systems that increase cellular
resistance to hypoxia. Moreover we found that suppression of HIF1 A predominantly led
to the activation of apoptosis and promoted cell death. Therefore we used this approach

to enhance the efficacy of cancer chemotherapy [12].

The next protein family which attracts attention as a possible target for the remediation of
cellular hypoxic damage is mitogen-activated protein kinases (MAPKs), a family of
serine-threonine protein kinases that participate in a major signaling system by which
cells transduce extracellular stimuli into intracellular responses [3]. Within this group,
two subfamilies are usually distinguished: the extracellular regulated kinases (ERKs) and
the stress-activated protein kinases (SAPK). The major player in the activation of
apoptosis signaling pathways and hypoxic damage is Jun N-terminal kinase (JNK) — a
stress-activated protein kinase that can be induced by inflammatory cytokines, bacterial
endotoxin, osmotic shock, UV radiation, and hypoxia [5-7]. Analysis of literature data
[7,146,147] showed that the activation of cell death under hypoxia includes the following
major steps (Fig. 5.1). Activation of JNK by hypoxia mediates phosphorylation of
activating transcriptional factor-2 (ATF2) and c-Jun bound to the c-jun promoter and
stimulates their transcriptional activities leading to c-jun induction. The newly
synthesized c-Jun protein combines with c-Fos protein to form stable transcriptional
factor activator protein-1 (AP1) heterodimers. The formation of AP1 is a key step in the
induction of central cell death signal leading to the activation of caspase-dependent
apoptosis signal and finally causing cell death. It was found that c-Jun N-terminal kinase

1 plays a central role in the development of cellular damage under hypoxia,
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hypoxia/reoxygenation and ischemia/reperfusion conditions [115-117]. Therefore, we
selected JNK1 protein as a molecular target to limit cellular damage and death during
hypoxia. Here, we report our recent experimental data that clearly support our hypothesis
and demonstrate that inhibition of JNK1 by antisense oligonucleotides or small
interfering RNA targeted to JNK1 mRNA substantially suppresses JNK1 protein
expression and effectively limits apoptosis induction and cellular death under severe

hypoxic conditions.

5.2 Material and Methods

5.2.1 Cellline

Human embryonic kidney 293 cells were obtained form American Type of Tissue
Culture (Manassas, VA). Cells were cultured in Dulbecco's modified Eagle's medium
(GIBCO Inc., Cincinnati, OH) supplemented with 10% fetal bovine serum (Fisher
Chemicals, Fairlawn, NJ). All experiments were performed on cells in the exponential

growth phase.

5.2.2 In vitro hypoxia model

Cells were maintained at 37°C in a humidified incubator containing 21% O, 5% CO; in

air (referred to as normoxic conditions). Hypoxia was produced by placing cell culture

plates in a modular incubator chamber (Billups-Rothenberg Inc., Del Mar, CA) and then
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flushing with a mixture of 1% O,, 5% CO, and 94% N, at a flow rate of 3 L/min for 15
min [148]. The chamber was sealed and placed at 37°C for 48 hours. The flushing

procedure was repeated every 12 hours.

5.2.3 Liposomal delivery of ASO and siRNA

The sequence of INK1 targeted antisense oligonucleotides was 5' — CTC TCT GTA GGC
CCG CTT GG —3'[116]. The DNA backbone of all bases in oligonucleotides was P-
ethoxy modified to enhance nuclease resistance and increase incorporation efficacy into
liposomes. Antisense oligonucleotides were synthesized by Oligos Etc. (Wilsonville,
OR). P-ethoxy modification of oligonucleotides neutralizes negative charge of their DNA
backbone making whole ASO neutral. Consequently, neutral liposomes were used to
deliver neutral antisense oligonucleotides to cells. Liposomes were prepared using
previously described lipid film rehydration method [2,13,112]. Briefly, lipids (Avanti
Polar Lipids, Alabaster, AL) were dissolved in chloroform, evaporated to a thin film in a
rotary evaporator, and rehydrated with citrate buffer. The lipid ratio was 7:3:10 (egg
phosphatidylcholine: 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine: cholesterol).
Oligonucleotides were loaded into the liposomes by dissolving them in the rehydration
buffer at a concentration of 1.4 mM. The encapsulation efficacy ranged from 50 to 60%
in different series of experiments. The mean liposome diameter was about 100-200 nm.
SiRNA possesses negative charge requiring positively charged (cationic) liposomes to
form stable complexes. 1,2 Dioleoyl-2-trimethylammonium-propane (DOTAP, Biontex

Laboratories, Munich Germany) was used to prepare cationic liposomes for the delivery
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of siRNA (Ambion, Austin, TX). The siRNA (7.5 pg, 300 uL) was dissolved in
phosphate buffered saline (pH 7.4) at room temperature. To this solution, 50 pL. of
DOTAP liposomes (1 mg/mL) were added, mixed by pipette and incubated for 15 min at
room temperature. Resulting siRNA-cationic liposome complex was added to the tissue

culture flask containing 5-10 mL of medium and 1.5-2.5 x 10° cells.

5.2.4 Intracellular localization of ASO and liposomes

To analyze intracellular localization of ASO released from liposomes, a portion of
oligonucleotides were labeled by fluorescein isothiocyanate (FITC) prior to incorporation
into the liposomes. The labeling was performed by Oligos Etc. (Wilsonville, OR). These
labeled ASO were used only in ASO release and localization experiments. Intracellular
localization of ASO was studied by fluorescent and confocal microscopy. In these
experiments cell nuclei were additionally stained by Hoechst 33258 nuclear dye (Sigma,
St. Louis, MO). Part of the liposomes were labeled with rhodamine and osmium
tetroxide and visualized by confocal and electron transmission microscopy respectively.
Some of the liposomes were labeled with rhodamine or osmium tetroxide and visualized
by confocal or electron transmission microscopy, respectively. Rhodamine red
succinimidyl ester (Invitrogen, Molecular Probes, Carlsbad, CA) was covalently
conjugated with DSPE—PEG lipid. Rhodamine red succinimidyl ester (RRSE, 2 mg,
0.0026 mM) was dissolved in 1 mL of anhydrous dimethylformamide (DMF, Fisher
Chemicals), and 4.0 mL of N,N-diisopropylethylamine (Fisher Chemicals) was added to

adjust the pH to alkaline and maintain the amine group of the DSPE—PEG lipid in its
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nonprotonated form. The DSPE-PEG lipid (14.5 mg, 0.0075 mM) was dissolved
separately in 2.0 mL of dimethylformamide and mixed with the RRSE solution. The
reaction mixture was stirred for 2 hours protected from light. The DSPE-PEG—RRSE
conjugate was purified to remove free RRSE using a dialysis membrane (MW cutoff of
2000 Da) in DMF as a solvent. The conjugate was further purified by size exclusion G10
Sephadex column chromatography, and the solution was dried under vacuum. The
DSPE-PEG lipid labeled with rhodamine red was used to prepare rhodamine-labeled
liposomes as described earlier. Labeling of liposomes for electron transmission
microscopy was done by adding osmium tetroxide (0.5%) to rehydration buffer. Cells
were fixed prior to electron microscopy using standard techniques [135,136]. Briefly,
cells were primary fixed for 2 hours in Trump's EM Fixative (combination of a low
concentration of both formaldehyde and glutaraldehyde in 0.1 M Milloning's phosphate
buffer, pH 7.3). Postfixation was carried out in 1% osmium tetroxide in buffer for 1 hour
followed by dehydration in graded ethanol series and embedded in Spurr's low-viscosity
resin. Sections were prepared using a diamond knife with an LKB-2088 Ultramicrotome
(LKB-Produkter, Bromma, Sweden). Observations and micrographs were made with a

JEM-100CXII electron microscope (JEOL Ltd., Tokyo, Japan).

5.2.5 Lactic acid and protein concentration

To confirm the existence of cellular hypoxia, the concentration of lactic acid in cell

lysates was measured by enzymatic assay kit 755-10 (Sigma, St. Louis, MO) and was
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expressed per g of protein determined using the BCA protein assay kit (Pierce, Rockford,

IL).

5.2.6 Gene expression

Quantitative RT-PCR was used for the analysis of genes encoding JNK1, caspase 9 and
B2-microglobulin (3,-m) as previously described [2,112,113,149]. RNA was isolated
using an RNeasy kit (Qiagen, Valencia, CA). The following pair of primers were used:
JNK1, 5'-TTGGAACACCATGTCCTGAA - 3' (sense) and 5' — ATG TAC GGG TGT
TGG AGA GC - 3' (antisense); caspase 9, 5' — TGA CTG CCA AGA AAATGG TG -3
(sense) and 5' — CAG CTG GTC CCA TTG AAG AT — 3' (antisense); and B,-m, 5' —
ACC CCC ACT GAA AAA GAT GA —3'(sense) and 5" — ATC TTC AAA CCT CCA
TGA TG — 3' (antisense). Gene expression was calculated as the ratio of analyzed RT-

PCR product to the internal standard (3,-m).

5.2.7 Protein expression

To confirm RT-PCR data the expression of JNK1 protein and caspase 9 were measured.
The identification of the above proteins was determined by Western immunoblotting
analysis and processed using scanning densitometry to quantify the expressed protein. To
this end, harvested cells were lysed in Ripa buffer (Santa Cruz Biotechnologies, Inc.,
Santa Cruz, CA) using a needle and syringe. Following incubation on ice for 45 minutes,

the cells were centrifuged at 10,000 g for 10 min. Protein content in the supernatant was
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determined using the BCA Protein Assay Kit (Pierce, Rockford, IL) and 50 pg of protein
was run on a 15% sodium dodecyl sulphate (SDS) polyacrylamide gel immersed in
Tris/Glycine/SDS buffer (BioRad, Hercules, CA) for 90 minutes at 70 V. Proteins were
transferred to an Immobilon-P nitrocellulose membrane (Millipore, Bedford, MA) in a
Tris/Glycine buffer (BioRad, Hercules, CA) for 90 minutes at 100 V. The membrane was
blocked in non-fat milk for 2 hours at room temperature on a rotating shaker to prevent
non-specific binding, washed and incubated overnight with anti-JNK1 mouse primary
antibody (1:2,000 dilution, Cell Signaling Technology, Inc., Beverly, MA), anti-caspase
9 rabbit primary antibody (1:2,000 dilution, Stress Gen Biotechnologies, Victoria State,
BC Canada) and anti-B-actin mice primary antibody (1:2,000 dilution, Oncogene
Research, San Diego, CA) at 4°C. Following further washing, the membrane was
immersed in goat anti-rabbit and goat anti-mouse IgG biotinylated antibody (1:3000 and
1:1000 dilution, respectively, BioRad, Hercules, CA) at room temperature for 1.5 hours
on a rotating shaker. Bands were visualized using an alkaline phosphatase color
development reagent (BioRad, Hercules, CA). The bands were digitally photographed
and scanned using Gel Documentation System 920 (NucleoTech, San Mateo, CA). B-
Actin was used as an internal standard to normalize protein expression. Protein
expression was calculated as the ratio of mean band density of analyzed protein to that of

the internal standard (B-actin).

5.2.8 Apoptosis
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Apoptosis was analyzed by measuring the enrichment of histone-associated DNA
fragments (mono- and oligo-nucleosomes) in the cell cytoplasm using anti-histone and
anti-DNA antibodies by a cell death detection ELISA Plus kit (Roche, Nutley, NJ) as

previously described [2,13,112,113].

5.2.9 Cellular Viability

Cellular viability after hypoxic exposure and/or JNK1 suppression was assessed using a

modified MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as

previously described [150].

5.2.10 Statistical analysis

Data obtained were analyzed using descriptive statistics, single factor analysis of variance

(ANOVA) and presented as mean value £ SD from 4 to 8 independent measurements.

The difference between variants was considered significant if P < 0.05.

5.3 Results

5.3.1 Intracellular localization of liposomes and antisense oligonucleotides

The use of ASO or siRNA to suppress the expression of a targeted mRNA is limited by

their low ability to penetrate the cellular plasma membrane and interfere with cell genetic
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material. Therefore, a special delivery system is required to enhance the cell penetration.
We have successfully used liposomes to deliver genetic material [12,13]. To show that
liposomes and incorporated ASO can penetrate into the cellular cytoplasm and nuclei, we
labeled liposomes with rhodamine or osmium tetroxide and ASO with fluorescein
isothiocyanate (FITC) and incubated with human embryonic kidney 293 cells for 48
hours. In addition, cell nuclei were stained by Hoechst 33258 nuclear dye. The labels
were visualized by confocal microscopy (rhodamine), electron transmission microscopy
(osmium tetroxide) or fluorescence microscopy (FITC and Hoechst 33258). Typical
images obtained in these experiments are presented in Figure 4.3 (Chapter 4) and Figure
5.2 in the present chapter. Confocal microscope images show that rhodamine-labeled
liposomes (red fluorescence) penetrated and accumulated inside cells (Fig. 5.2 A, B).
Osmium-labeled liposomes were found in cellular perinuclear regions on electron
microscopy images as black spheres with average diameter of 100-200 nm (identified by
arrows in Fig. 5.2 C). These data show that liposomes were most probably internalized
intact by endocytosis (not by the fusion with the plasma membrane) and after destruction
release their payload in the perinuclear region. Further fluorescent microscopy analysis
showed that FITC-labeled antisense oligonucleotides delivered by liposomes did
penetrate cells and accumulated in the cytoplasm and nuclei (Chapter 4, Fig. 4.3 A, C).
The latter can be seen in Chapter 4, Figure 4.3 B as blue-colored structures. Therefore,
we showed that liposomes can penetrate human cells and deliver genetic material in the

cytoplasm and nuclei.
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5.3.2 Selection of antisense oligonucleotides and siRNA sequences

The sequence of ASO targeted to JNK1 mRNA was selected based on the data reported
by Garay et al [116]. The DNA backbone of all bases in oligonucleotides was P-ethoxy
modified to enhance nuclease resistance, eliminate electric charge and increase
incorporation efficacy into liposomes. Neutral liposomes were used for intracellular
delivery of antisense oligonucleotides. Three siRNA sequences targeted to exon 1, exons
1-2 and exon 8 of INK1 protein (locus 5599) were selected as possible candidates for
JNK1 suppression. Cationic liposomes were used for intracellular delivery of siRNA.
Selected liposomal ASO and siRNA were tested on human embryonic kidney 293 cells.
Untreated cells and cells treated with empty neutral and cationic liposomes, free (not
incorporated into liposomes) ASO and siRNA were used as controls. The expression of
gene encoding JNK1 protein was measured by RT-PCR in cells incubated for 48 hours
with above-mentioned substances (Fig. 5.3). As expected, empty liposomes did not
influence the level of targeted mRNA (please compare bands 1, 3 with the band 1 in Fig.
5.3). Free non-liposomal ASO and all non-liposomal siRNA samples showed a limited or
no impact on the expression of JNK1 mRNA. In contrast, liposomal forms of ASO (band
5) and siRNA targeted to exon 1 (band 7) and exons 1, 2 (band 9) substantially decreased
the expression of JNK1 mRNA. Based on the results of these experiments, we selected
siRNA targeted to exon 1 of JNK1 mRNA (sense sequence GGA GCU CAA GGA AUA
GUA Utt) for future experiments. Taken together, these data show that the delivery of
ASO and siRNA by liposomes substantially enhanced their specific activity and in turn

resulted in the decrease in expression of targeted mRNA.
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5.3.3 Suppression of JNK1 decreases apoptosis and mortality under hypoxia

Hypoxia was induced in cell culture by incubation of human embryonic kidney 293 cells
for 48 hours in humidified atmosphere of 1% O,, 5% CO, and 94% N, at 37° C. The
incubation led to statistically significant (P < 0.05) lactate accumulation in cell
homogenates indicating that cellular hypoxia was severe and was accompanied by the
substantial activation of anaerobic glycolysis (Fig. 5.4). As expected, suppression of
JNKI did not influence the severity of cellular hypoxia and did not change the

concentration of lactic acid in normoxic and hypoxic conditions.

Analysis of INK1 mRNA and protein (Fig. 5.5 and 5.6 A, B) showed that hypoxia
significantly (P < 0.05) increased the expression of JNK1 mRNA and protein. The level
of expression of JINK1 protein increased with the duration of hypoxic exposure and
reached a plateau at 36-48 h of hypoxia (Fig. 5.5). Upregulation of this protein led to the
overexpression of procaspase 9 and, more importantly, active form of caspase 9 (Fig. 5.7)

initiating caspase-dependent signaling pathway of apoptosis.

The activation of caspases finally led to significant (P < 0.05) apoptosis induction (Fig.
5.8 A) and decrease in cellular viability (Fig. 5.8 B). About 50% of cells died under
hypoxia. Empty liposomes and free (non-liposomal) ASO did not influence significantly
the expression of JNK1 gene and protein, caspase 9 expression, apoptosis induction and
cell death both in normoxia and hypoxia. Free siRNA slightly but significantly (P < 0.05)

limited this overexpression under hypoxia. However, such limitation did not change the
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expression of pro- and active caspase 9 (Fig. 5.7), apoptosis and cellular viability (Fig.
5.8). In contrast, liposomal ASO and siRNA significantly (P < 0.05) decreased the
expression of JNK1 gene and protein both in normoxia and hypoxia and prevented the
overexpression of this protein in hypoxic conditions. The expression of JNK1 mRNA and
protein under hypoxia after treatment with liposomal ASO and siRNA was significantly
(P <0.05) lower when compared with untreated control in normoxic conditions. The
suppression of JNK1 protein led to a statistically significant decrease in the expression of
pro- and active caspase 9. Consequently, the level of apoptosis in hypoxic conditions
after treatment with liposomal ASO and siRNA was decreased to control levels (Fig. 5.8

A) and cellular viability after hypoxia was significantly (P < 0.05) higher (Fig. 5.8 B).

5.4 Discussion

Tissue hypoxia is often a concomitant manifestation of the primary disorders caused by
environmental impacts, stress and diseases of different etiology. This secondary tissue
hypoxia and accompanying cellular metabolic disorders complicate the progress of the
primary disease and/or the normal physiological adaptive responses to the damaging
environmental impacts. Therefore, along with measures directed toward correcting the
main cause of secondary tissue hypoxia, it would be beneficial to use preparations that
increase the cellular resistance to oxygen deficiency. This pharmacological remediation
of secondary hypoxic damage should significantly increase the efficacy of treatment of
the primary disease, increase the effectiveness of the adaptive responses and prevent

extensive cellular damage and death. However, despite many investigations aimed at the
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study of antihypoxic action of different physiologically active substances, antihypoxants
are not widely used in clinical practice and environmental physiology. Therefore, the

search for an effective antihypoxic therapy is an important task of modern pharmacology.

Based on our previous research and literature search [16,112], we concluded that the
most effective strategy which can lead to substantial limitation of tissue damage under
the conditions of continuous severe secondary hypoxia is the increase in cellular
resistance against hypoxia. Because apoptosis plays a significant role in the development
of tissue damage under severe tissue hypoxia [2,12,16,112], our attention was focused on
the apoptosis signaling cascade under severe hypoxia. The study of the main regulator of
cellular response to oxygen deficit — Hypoxia Inducible Factor — showed that its
activation in hypoxic conditions induces a bimodal effect: it triggers apoptosis and
simultaneously increases the power of antiapoptotic defense [2]. Further investigations
showed that the latter prevails in hypoxic conditions and the suppression of this protein

finally leads to the increase in apoptotic cellular damage and death [12].

The second protein, Jun N-terminal kinase, attracted our attention as a key regulator of
cellular damage under different stresses including hypoxia [5-7]. In the present research,
we tested antisense oligonucleotides and siRNA targeted to JNK1 mRNA as a tool to
break cell death signal induced by severe hypoxia and therefore prevent apoptosis
activation and cell death in the conditions of severe oxygen deficit. We also developed
and tested an effective liposomal delivery system that is capable of delivering active

ingredients into intracellular perinuclear region. The selected ASO and siRNA delivered
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by our liposomal system showed high efficiency in suppressing JNK1 protein. Such
suppression prevented activation of caspase-dependent signaling pathway of apoptosis
under both continuous hypoxia and accompanied cellular metabolic disturbances. Finally,
it decreased hypoxic activation of apoptosis almost down to normal levels and
consequently significantly limited cellular mortality induced by severe cellular hypoxia.
Although the ASO and siRNA targeted to JNK1 decreased the expression of this protein
down to its control levels and prevented caspase-dependent activation of apoptosis under
hypoxia, cellular viability was not restored to control levels. This fact shows that in
addition to apoptosis, hypoxia induced additional INK1-independent pathways of cellular
mortality. Previously, we found that severe hypoxia limits cellular respiration, induces
acidosis, activates lipid peroxidation, stimulates production of prostaglandins and
leukotrienes and substantially disturbs phospholipid composition of cellular membranes
finally leading to the initiation of both apoptosis and necrosis [112]. It is logical to
hypothesize that INK 1-independent necrosis was responsible for the additional cell death

induction by hypoxia on the background of suppressed JNK1 protein.

5.5 Conclusion

The present investigation shows that suppression of JNK1 protein substantially limits
apoptosis and cellular mortality induced by severe cellular hypoxia. It can be concluded
that INK1 protein may be an attractive target for antihypoxic therapy to increase

resistance to many pathological conditions and diseases leading to oxygen deficit.
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Figure 5.1. Schematic of apoptosis induction by hypoxia. Activation of Jun N-terminal
kinase (JNK) by hypoxia mediates phosphorylation of activating transcriptional factor-2
(ATF2) and c-Jun and stimulates their transcriptional activities. The newly synthesized c-
Jun protein combines with c-Fos protein to form stable transcriptional factor activator
protein-1 (AP1) heterodimers. The formation of AP1 activates caspase-dependent
apoptosis signal and finally induces cell death by apoptosis.
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Figure 5.2. Internalization of liposomes in human embryonic kidney 293 cells studied by
confocal (A, B) and transmission electron microscopy. A — visible light image.
Liposomes were labeled with rhodamine (B, red fluorescence), osmium tetroxide (C,
arrows).
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Figure 5.3. Typical image of RT-PCR products of RNA isolated from human embryonic
kidney 293 cells incubated with: 1 — Fresh medium (control); 2 — Empty neutral
liposomes; 3 — Empty cationic liposomes; 4 — Free (non-liposomal) ASO targeted to
JNKI; 5 — Liposomal ASO targeted to JNK1; 6 — Free (non-liposomal) siRNA targeted to
JNKT1 (Exon 1); 7 — Liposomal siRNA targeted to JNK1 (Exon 1); 8 — Free (non-
liposomal) siRNA targeted to JNK1 (Exons 1, 2); 9 — Liposomal siRNA targeted to JNK1
(Exons 1, 2); 10 — Free (non-liposomal) siRNA targeted to JNK1 (Exon 8); 11 —
Liposomal siRNA targeted to JNK1 (Exon 8).
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Figure 5.4. Lactate concentration in human embryonic kidney 293 cells in normoxia and
hypoxia. Means + SD are shown. 1 — Control (fresh medium); 2 — Empty neutral
liposomes; 3 — Empty cationic liposomes; 4 — Free (non-liposomal) ASO targeted to
JNKI; 5 — Free (non-liposomal) siRNA targeted to JNK1 (Exon 1); 6 — Liposomal ASO
targeted to JNK1; 7 — Liposomal siRNA targeted to JNK1 (Exon 1).

* P <0.05 when compared with control
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Figure 5.5. Influence of hypoxia on the expression of INK1 protein (Western blotting) in
human embryonic kidney 293 cells
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Figure 5.6. Expression of JNK1 mRNA (RT-PCR, A) and protein (Western blotting, B)
in human embryonic kidney 293 cells in normoxia and hypoxia. Means + SD are shown.
1 — Control (fresh medium); 2 — Empty neutral liposomes; 3 — Empty cationic liposomes;
4 — Free (non-liposomal) ASO targeted to JNK1; 5 — Free (non-liposomal) siRNA
targeted to JNK1 (Exon 1); 6 — Liposomal ASO targeted to JNK1; 7 — Liposomal siRNA
targeted to JNK1 (Exon 1).

* P <0.05 when compared with control

1 P <0.05 when compared with hypoxia, no treatment
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Figure 5.7. Influence of the suppression of JNK1 on the expression of pro- and active
caspase 9 in human embryonic kidney 293 cells in normoxia and hypoxia. Means + SD
are shown. 1 — Control (fresh medium); 2 — Empty neutral liposomes; 3 — Empty cationic
liposomes; 4 — Free (non-liposomal) ASO targeted to JNK1; 5 — Free (non-liposomal)
siRNA targeted to JNK1 (Exon 1); 6 — Liposomal ASO targeted to JNK1; 7 — Liposomal
siRNA targeted to JNK1 (Exon 1).

* P <0.05 when compared with control

T P <0.05 when compared with hypoxia, no treatment
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Figure 5.8. Influence of the suppression of JNK1 on apoptosis (A) and cellular viability
(B) in human embryonic kidney 293 cells in normoxia and hypoxia. Means + SD are
shown. 1 — Control (fresh medium); 2 — Empty neutral liposomes; 3 — Empty cationic
liposomes; 4 — Free (non-liposomal) ASO targeted to JNK1; 5 — Free (non-liposomal)
siRNA targeted to JNK1 (Exon 1); 6 — Liposomal ASO targeted to JNK1; 7 — Liposomal

siRNA targeted to JNK1 (Exon 1).

* P <0.05 when compared with control

T P <0.05 when compared with hypoxia, no treatment
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6 TO STUDY THE IN VIVO BODY AND ORGAN DISTRIBUTION OF

LIPOSOMAL ANTISENSE OLIGONUCLEOTIDES AND siRNA

6.1 Introduction

During the past 20 years, liposomes have been investigated for the delivery of a variety of
small molecules as well as DNA based drugs. These include conventional small
molecules and plasmid DNA-containing therapeutic genes, antisense oligonucleotides,
and small interfering RNA [12,13,32,101,112,142,151,152]. Lipophilic and hydrophilic
drugs can be incorporated into the lipid membrane or inner aqueous space of liposomes,
respectively. The delivery of different types of payloads requires different properties of
carriers, including their surface charge. While modified uncharged nucleotides can be
delivered by neutral or slightly charged liposomes, native negatively charged ASO,

siRNA, or DNA molecules require cationic liposomes.

For effective delivery of oligonucleotides in vivo, there are a number of important
parameters that need to be considered. There are several biological barriers that stand
between the oligonucleotide and its ultimate site of action in the cytosol or nucleus of
tissue cells. For free oligonucleotides, an important limitation is rapid excretion via the
kidney. For large carriers of oligonucleotides, the vascular endothelial wall comprises a
major barrier. Degradation by serum and tissue nucleases is another barrier affecting
efficient delivery of ASO and siRNA. For large molecules or carrier systems, uptake by

phagocytes of the reticuloendothelial system leading to sequestration in liver and spleen,
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failure to cross capillary endothelium and slow diffusion/binding in extracellular matrix
are all issues to consider. Both small and large delivery agents can be affected by poor
cellular uptake and inefficient release from endosomes. The aims for optimal delivery of
oligonucleotides are therefore enhanced cellular uptake, improved exit from subcellular
compartments and correct targeting (spatial and temporal) to a particular site of action

[114,153].

Modified phosphodiester analogs, such as phosphorothioates, have been made to
overcome the nuclease hydrolysis problem, but they have not provided a completely
satisfactory solution to the problem. Another modified phosphodiester analog that has
been prepared is p-ethoxy (pE) oligos. The modifications of pE oligos are made in the
phosphate backbone so that the modification will not interfere with the binding of these
oligos to the target mRNA. pE oligos are made by adding an ethyl group to the
nonbridging oxygen atom of the phosphate backbone, thus rendering these oligos
uncharged compounds. In spite of their resistance to nucleases, the cellular uptake and
intracellular delivery of pE oligos are still not completely satisfactory because upon
internalization, these oligos remain sequestered inside the endosomal/lysosomal vacuoles,

impeding their access to the target mRNA.

Above and beyond the stability issue, functional delivery of siRNA molecules in vivo is
still the major obstacle and a prerequisite for the development of siRNA therapeutics.
Several recent reports have shown local delivery of siRNAs in vivo, including local

administration to the eye for the treatment of age-related macular degeneration, intranasal
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administration for pulmonary delivery and direct delivery into the central nervous system.
Despite these promising results on local delivery, an effective, non-toxic systemic
application of siRNA-based therapeutics has not yet been developed for clinical

application due to the absence of appropriate non-viral delivery technologies [154].

A large number of previous studies report the in vivo pharmacokinetics and metabolism
of various modified antisense oligonucleotides [120]. For e.g. PS ASOs have been well
characterized in many species, including humans. PS ASOs are well absorbed from
parenteral sites [155], and display rapid distribution and prolonged elimination from
tissue distribution sites [156,157]. PS ASOs distribute broadly in peripheral tissues with
liver and kidney accumulating the highest concentrations. Eventual elimination from
tissue is believed to be primarily a function of metabolism with little to no intact drug
recovered in urine or feces at doses below 10 mg/kg [120]. Compared to ASO, very little
is known about the pharmacokinetics and pharmacodynamics of siRNA. Intravenous or
intraperitoneal injection of siRNAs resulted in a broad tissue distribution with
accumulation preferentially in the liver, jejunum and kidney [94,158]. Literature evidence
suggests that systemically administered lipoplexed siRNAs have better pharmacokinetic
properties than non-formulated siRNA molecules that are rapidly excreted through the
kidney. Recent data demonstrate that cationic lipid-based formulations of siRNAs
improve the biodistribution properties of siRNAs and allow for a predominant uptake of
siRNAs into endothelial cells throughout the body. In contrast to naked or nonformulated
siRNA molecules, the siRNA-lipoplexes were strongly taken up by the vascular

endothelium in the liver, heart and lung [154].
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In the present study, traditional neutral and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) cationic liposomes were investigated. Neutral P-ethoxy-ASO was used as
payload for neutral liposomes while DOTAP liposomes were used to deliver negatively

charged siRNA.

6.2 Materials and Methods

6.2.1 Animals

Studies were conducted in 6-8 week old female SKH1 mice weighing 25-35 g (Charles
River Laboratories, Wilmington, MA). All mice were maintained in micro-isolated cages
under pathogen free conditions in the animal maintenance facilities of Rutgers, The State

University of New Jersey.

6.2.2 Liposomal composition for the delivery of antisense oligonucleotides

Antisense oligonucleotides were synthesized by Oligos Etc. (Wilsonville, OR). The DNA
backbone of all bases in oligonucleotides was P-ethoxy modified to enhance nuclease
resistance and increase incorporation efficacy into liposomes [131]. To analyze
biodistribution of ASO released from liposomes, a portion of oligonucleotides were
labeled with fluorescein isothiocyanate (FITC) prior to incorporation into the liposomes.

The labeling was performed by Oligos Etc. Neutral liposomes were prepared using
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previously described lipid film rehydration method [2,13,112]. Briefly, lipids (Avanti
Polar Lipids, Alabaster, AL) were dissolved in chloroform, evaporated to a thin film in a
rotary evaporator, and rehydrated with citrate buffer. The lipid mole ratio for this
formulation was 51:44:5 egg phosphatidylcholine/cholesterol/1,2,-distearoyl-sn-glycero-
3-phosphoethanolamine-N-aminopolyethelenglycol-MW-2000 ammonium salt,
respectively. ASOs were loaded into the liposomes by dissolving them in the rehydration
buffer at a concentration of ~0.5 mM. After preparation, free ASO was separated from
the liposomes by passing the liposome suspension through a Sephadex G-50 column. The
encapsulation efficacy ranged from 50 to 60% in different series of experiments. The

mean liposome diameter was about 100-200 nm.

An aliquot of neutral liposomes was labeled with near infrared fluorescent dye Cy5.5
Mono NHS Ester (GE Healthcare, Amersham, UK). To this end, lipids and Cy5.5 were
dissolved in chloroform, evaporated to a thin film layer in a rotary evaporator and
rehydrated with citrate buffer. Antisense oligonucleotides were loaded into liposomes by
dissolving in rehydration buffer at a concentration of 0.5 mM. Liposomes were extruded
gradually using polycarbonate membranes, 200 and 100 nm at room temperature using

extruder device from Northern Lipids Inc. (Vancouver, BC, Canada).

6.2.3 Liposomal composition for the delivery of siRNA

Cationic liposomes were prepared using 1,2 Dioleoyl-2-trimethylammonium-propane -

DOTAP (Avanti Polar Lipids, Alabaster, AL) at a concentration of 5 mg/mL. DOTAP
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was dissolved in chloroform, evaporated to a thin film layer in a rotary evaporator and
rehydrated with 0.9% NaCl followed by extrusion through 100 nm polycarbonate
membrane. To analyze intracellular localization of siRNA, siGLO Red (siRNA labeled
with Pierce NuLight DY-547 fluorophore) purchased from Dharmacon Inc. (Chicago, IL)
was used. siGLO was dissolved in phosphate buffered saline at a concentration of
200uM. DOTAP liposomes were mixed with siGLO in ratio 6:1 v/v and incubated at
room temperature for 15 minutes before use. Mean particle size of the complex was >500

nm.

An aliquot of cationic liposomes was labeled with fluorescent dye Cy5.5 Mono NHS
Ester (GE Healthcare, Amersham, UK). To this end, lipid and Cy5.5 were dissolved in
chloroform, evaporated to a thin film layer in rotary evaporator and rehydrated with 0.9%
NaCl to a final concentration of 5 mg/mL of DOTAP. Liposomes were extruded
gradually using polycarbonate membranes, 200 and 100 nm at room temperature using

extruder device from Northern Lipids Inc. (Vancouver, BC, Canada).

6.2.4 Body distribution of liposomes

The distribution of different liposomes and their payload was examined in mice. Labeled,
empty neutral and cationic liposomes as well as liposomes containing labeled ASO or
siRNA were delivered by intravenous administration. Injected volume of liposomes was
100 pL for each formulation. Animals were anesthetized with isoflurane and entire body

images were taken by IVIS imaging system (Xenogen Corporation, Alameda, CA) 30
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minutes, 1 hour, 2 hours and 24 hours after treatment. The animals were euthanized and
lungs, heart, liver, spleen, and kidneys were excised, rinsed in saline and fluorescence
was registered by IVIS imaging system. Visible light and fluorescence images were taken
and overlaid by an imaging system. The intensity of fluorescence was represented on
composite light/fluorescent images by different colors with blue color reflecting the
lowest fluorescence intensity and red color, the highest intensity. Images of each organ
were then scanned and total fluorescence intensity was calculated by a special computer
program developed for our laboratory by Dr. V. P. Pozharov. Preliminary experiments
showed a strong linear correlation between the total amount of labeled substance
accumulated in the organ and calculated total fluorescence intensity (data are not shown).
The fluorescence was expressed in arbitrary units, where, 1 unit represented
approximately 2 x 10'° photons/s/sr/cm”. The method allowed a quantitative comparison

of the accumulation of the same fluorescent dye between different series of experiments.
6.2.5 Statistical analysis

Data were analyzed using descriptive statistics, single-factor analysis of variance
(ANOVA), and presented as mean values + the standard deviation from four to eight
independent measurements. The difference between variants is considered significant if P

<0.05.

6.3 Results
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6.3.1 Body distribution of neutral and cationic liposomes

Body distribution of neutral and cationic liposomes possessed several common and
distinct features (Figs. 6.1 and 6.3). First, after intravenous (i.v.) injection both types of
liposomes accumulated predominately in liver, kidneys and lungs. However, the total
amount of neutral liposomes accumulated in these organs was higher when compared
with cationic liposomes. Substantial amounts of neutral liposomes accumulated in all
organs starting 30 minutes after injection, highest level of fluorescence being observed in
the liver and lungs. In the liver, the level of fluorescence increased gradually within the
24-hour period. In the lung, liposomes accumulated over time resulting in an increased
amount of fluorescence at one hour post-injection, before tapering off at 24 hours. The
total accumulation of cationic liposomes was less as compared to neutral liposomes in all
organs. In this case also, fluorescence was visible starting 30 minutes post-injection. The
liver and lung showed highest level of fluorescence one hour post-injection of cationic
liposomes, after which it decreased. The kidneys showed accumulation of same levels of

fluorescence throughout the experiment.

6.3.2 Body distribution of ASO and siRNA delivered by neutral and cationic

liposomes

Body distribution of ASO and siRNA delivered by neutral and cationic liposomes was
similar to the distribution of liposomes alone (Figs. 6.2 and 6.4). Intravenous delivery led

to predominant accumulation of ASO and siRNA in the liver, kidneys and lungs. In most



106

cases, 24 hours after i.v. injection, liposomal payloads were accumulated mainly in the
liver and kidney, while their amount retained in the lungs substantially decreased when
compared with earlier periods after the treatment. It is interesting, that amount of
relatively large DOTAP: siRNA complexes (>500 nm) accumulated in the lungs was
higher in the later stages of the experiment (1-24 hours), while the quantity of smaller
cationic liposomes without siRNA (10-140 nm) was higher in the earlier stages (0.5-1
hour). It is possible that larger liposome/siRNA complexes require longer time for the

degradation of entire complex and siRNA release.

Both neutral and cationic liposomes did not appear to penetrate through the blood-brain
barrier, as indicated by negligible fluorescence observed in the brain. Consequently, only
trace amounts of ASO and siRNA delivered by liposomes were found in the brain (Fig.

6.5).

6.4 Discussion

The in vivo application of ASO and siRNA for targeting disease relevant genes has been
limited by several technical obstacles such as stability of the oligonucleotides in body
fluids, functional intracellular uptake, bioavailability and cell-type-specific targeting.
Antisense oligonucleotides have been vigorously pursued as a therapeutic strategy for
over 20 years. One ASO, fomivirisen has been approved for treatment of
cytomegalovirus retinitis and is administered by intraocular injection [159]. Balanced

against this success, systemically administered ASOs have failed to gain approval after
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Phase 3 clinical trials. One of the most important lessons from antisense strategies is the
need to understand oligonucleotide biodistribution and focus on diseases that affect
organs and cell types in which synthetic nucleic acids may be most likely to have an
impact after systemic administration. Most in vivo studies with naked siRNAs attempt to
circumvent the problem of poor biodistribution by administering high doses directly to
the target organ by injection [160-162]. However, the systemic administration is still the
most clinically relevant route for indications such as cancer or metabolic diseases. It has
been shown that systemically administered lipoplexed siRNAs have better
pharmacokinetic properties than non-formulated siRNA molecules that are rapidly
excreted through the kidney [154]. The application of cationic lipids to deliver nucleic
acids in vivo has hitherto been limited by their low efficiency and high systemic toxicity

after i.v. administration.

The charge of liposomes has been shown to affect tissue specific liposome uptake.
Macrophages seem to preferentially take up negatively charged liposomes. Liposomal
makeup also influences cellular toxicity, with oligonucleotide delivery using a liposome
with a higher proportion of neutral lipids leading to less cellular toxicity. A complete
understanding of the best liposomal makeup for delivery of therapeutic substances is still
evolving. Literature evidence suggests that in case of cationic liposomes, lipoplex
efficiency is partially attributed to a rapid and efficient escape from the acidic lysosomal
compartment, or to delayed transfer to lysosomes. There is sufficient evidence that
lipoplexes are able to destabilize endosomal/lysosomal membranes [163,164] and it was

demonstrated that efficient cationic lipid formulations are able to perforate the endosomal
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membrane, whereas less efficient lipid formulations are not [165]. This process is
explained by electrostatic interaction between the oppositely charged cationic lipids of
lipoplex and anionic phospholipids composing intracellular compartments leading to
disturbances in the curvature of the vesicles and finally lead to leakage or bursting and
release of endosomal contents to the cytoplasm [119]. The role of this phenomenon on
transfection efficiency, as well as its correlation with lipoplex structure is not well
understood. Landen et al. showed that siRNA delivery using a neutral lipid, such as
DOPC, allows liposomal uptake and breakdown of the intracellular liposome with release
of its contents into the cytoplasm [166]. Neutral liposomes have been used in our
laboratory successfully to deliver ASO [12,13]. Here, we used cationic liposomes
prepared using monocationic lipid DOTAP for the delivery of siRNA and neutral
liposomes for the delivery of p-ethoxylated neutral ASO. Based on fluorescence
intensity, it was found that the total accumulation of cationic liposomes was less as

compared to neutral liposomes in all organs.

6.5 Conclusion

Liposomes and liposomal complexes of different sizes (100-1000 nm) used in this study
were able to provide an efficient delivery of biologically active substances, antisense
oligonucleotides and small interfering RNA in mice with accumulation in liver, kidneys

and lungs.
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Figure 6.1. Body distribution of neutral liposomes. Liposomes were labeled with near
infrared Cy5.5 dye and delivered intravenously. The distribution was measured using
IVIS Xenogen imaging system. The upper panel (a) contains representative images of
different organs excised 0.5, 1 and 24 hours after injection. The intensity of fluorescence
is expressed by different colors with blue color reflecting the lowest intensity and red
color, highest intensity. The bottom panel (b) demonstrates average organ accumulation
of labeled liposomes. Means are shown.
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Figure 6.2. Body distribution of antisense oligonucleotides delivered by neutral
liposomes. P-ethoxy neutral ASO were labeled with fluorescein isothiocyanate (FITC),
encapsulated into neutral liposomes and delivered intravenously into mice. The
distribution was measured using IVIS Xenogen imaging system. The upper panel (a)
contains representative images of different organs excised 0.5, 1 and 24 hours after
injection. The intensity of fluorescence is expressed by different colors with blue color
reflecting the lowest intensity and red color reflecting the highest intensity. The bottom
panel (b) demonstrates average organ accumulation of labeled ASO. Means are shown.
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Figure 6.3. Body distribution of cationic liposomes. Liposomes were labeled with near
infrared dye CyS5.5 and injected intravenously into mice. The distribution was measured
using IVIS Xenogen imaging system. The upper panel (a) contains representative images
of different organs excised 0.5, 1 and 24 hours after injection. The intensity of
fluorescence is expressed by different colors with blue color reflecting the lowest
intensity and red color, the highest intensity. The bottom panel (b) demonstrates average
organ accumulation of labeled liposomes. Means are shown.
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siRNA-DY-547 Delivered by Cationic Liposomes
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Figure 6.4. Body distribution of siRNA delivered by cationic liposomes. siRNA labeled
with near infrared dye (siGLO red) was complexed with cationic liposomes and delivered
intravenously into mice. The distribution was measured using [VIS Xenogen imaging
system. The upper panel (a) contains representative images of different organs excised
0.5, 1 and 24 hours after injection. The intensity of fluorescence is expressed by different
colors with blue color reflecting the lowest intensity and red color reflecting the highest
intensity. The bottom panel (b) demonstrates average organ accumulation of labeled
siRNA. Means are shown.
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Figure 6.5. Relative tissue concentration of empty neutral and cationic liposomes, ASO
and siRNA in different organs. ASO and siRNA were delivered by neutral and cationic
liposomes, respectively. Liposomes, ASO and siRNA were labeled with fluorescent dyes
and intravenously injected to hairless mice. Two hours after treatment, mice were
euthanized, their organs were excised, fluorescence was registered by IVIS imaging
system and normalized per gram of tissue weight in each organ.
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7 TO DEVELOP AN EXPERIMENTAL IN VIVO MODEL OF HYPOXIA AND
EXPLORE REMEDIATION OF HYPOXIC DAMAGE BY ANTISENSE

OLIGONUCLEOTIDES AND siRNA TARGETED TO JNK1 MRNA.

7.1 Introduction

Alterations in oxygen tension (PO) elicit a variety of functional responses in different
cell types, including gene expression, altered metabolic function, altered ion channel
activation, and release of neurotransmitters. The ability to respond to hypoxia is an
essential evolutionary adaptation in higher vertebrates. Hypoxia can be caused by a
generalized reduction in oxygen delivery, such as in altitude and pulmonary diseases, or
by disruption in the local blood supply, such as in ischemic disorders. In vivo, hypoxic
conditions exist when oxygen demand exceeds supply. Hypoxia affects many organ
systems including the lungs, brain, heart, kidney, and liver. Important in the adaptations
to hypoxia is the activation of genes that respond to this oxygen deficit. Hypoxia
inducible factor alpha (HIF1A) protein is a key initiator of cell death signal under
hypoxic conditions [1]. We investigated the role of this protein as a possible target for the
remediation of hypoxic cellular damage and found that HIF1 A plays a bimodal role
during hypoxia [2]. On the one hand, the activation of HIF1A during hypoxia initiates
cell death signal inducing apoptosis (programmed cell death, or cellular suicide) and
necrosis (pathological cell death). On the other hand, overexpression of HIF1A boosts the

power of anti-hypoxic systems that increase cellular resistance to hypoxia.
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It has been shown that another major player in the activation of apoptosis signaling
pathways and hypoxic damage from the MAPK family of proteins, is Jun N-terminal
kinase (JNK) — a stress-activated protein kinase that can be induced by inflammatory
cytokines, bacterial endotoxin, osmotic shock, UV radiation, and hypoxia [5-7]. We
recently investigated the role of this protein as a possible target for the remediation of
hypoxic cellular damage. We demonstrated that inhibition of INK1 by antisense
oligonucleotides (ASO) or small interfering RNA (siRNA) targeted to JNK1 mRNA
substantially suppressed JNK1 protein expression in vitro and effectively limited
apoptosis induction and cellular death under severe hypoxic conditions [151]. Simulating
hypoxia in vitro and in vivo in a controlled environment is a relatively complex exercise.
In our in vitro studies, simulation of hypoxic condition was conducted using a gas
mixture of 1% oxygen, 5% carbon dioxide and 94% nitrogen. Experimental in vivo
models for tissue hypoxia and injury induced by hypoxia have been reported in literature
[49]. In the present study, we have investigated remediation of hypoxic damage by ASO

and siRNA targeted to JNK1 in an experimental mouse model of hypoxia.

Hypoxia has elicited a great deal of interest among the scientific community due to its
role in life-threatening pathologies such as stroke, acute renal failure, myocardial
infarction, lung edema, cancer etc. Oxygen deprivation associated with ischemia has
recently become a subject of intense scrutiny. Hypoxia that accompanies ischemia has
been investigated both in vivo and in vitro within the last decade [20,122]. Hypoxia can
induce significant tissue damage. For instance, in lungs, hypoxia causes several

destructive changes within the lung parenchyma, including the surfactant system-forming
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structures, edematous changes, damage to the alveolar lining and accumulation of
alveolar macrophages. Experimental models for lung tissue hypoxia and acute lung injury
induced by hypoxia have been reported in literature [15,112]. We propose to study the
effect of ASO and siRNA targeted to JNKI1 in an experimental mouse model exposed to
acute normobaric hypoxia (low concentration of oxygen in gas mixture under normal
barometric pressure). Treatment of mice in vivo will be reproduced from the treatment

used in the in vitro experiments where 1% oxygen was used.

The concentration of oxygen that cell cultures were exposed to in our previous study was

1% [151]. Using following equation:

Partial pressure of O, = Mole fraction of O, x Total pressure,

the partial pressure of O required to achieve 1% concentration at a barometric pressure
of 760 mm Hg is ~ 7.6 mm Hg.

Assuming that the respiratory quotient and PACO; are similar in rodents and humans
[167] and using the alveolar gas equation shown below, the fraction O, that the mice are

required be exposed to, was calculated. The calculated value is ~ 8% fraction of O».

PAO, = FIO;, (Pg-PH,O) — PACO; [FIO; + (1-FIO,)/R]
Where,
PAO, = alveolar PO,

Pp = barometric pressure
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FIO, = fraction of inspired oxygen
PH,0 = water vapor pressure in airways
PACO, = alveolar PCO,

PAOQ; is calculated using an assumed R value of 0.8

7.2 Material and Methods

7.2.1 Cell line

The human embryonic kidney 293 cells were obtained form American Type of Tissue
Culture (Manassas, VA). Cells were cultured in Dulbecco's modified Eagle's medium
(GIBCO Inc., Cincinnati, OH) supplemented with 10% fetal bovine serum (Fisher
Chemicals, Fairlawn, NJ). Experiments were performed on cells in the exponential

growth phase.

7.2.2  In vivo hypoxia model

Studies were conducted in 6-8 week old female SKH1 mice weighing 25-35 g (Charles
River Laboratories, Wilmington, MA). The animals were housed at room temperature
with a humidity of 40 + 15 % and light-dark cycle on 12 h/day. Mice received food and
water ad libitum. For each of normoxia and hypoxia, five groups of animals were used.
Group 1 was untreated control, Group 2 was treated with empty neutral liposomes, Group

3 was treated with empty cationic liposomes, Group 4 was treated with ASO targeted to
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JNK1 mRNA delivered by neutral liposomes and Group 5 was treated with siRNA
targeted to JNK1 mRNA delivered by cationic liposomes. Mice in the normoxia group
were kept at room temperature and humidity and breathed room air. Mice in the
normobaric hypoxia group were placed in a 300 x 350 x 600 mm plexiglass chamber
specifically designed for this project (Billups-Rothenberg Inc., Del Mar, CA). Hypoxia
was induced by subjecting the chamber to a constant flow (15-20 L/min) of hypoxic gas
mixture, either 8% oxygen-92% nitrogen or 6% oxygen-94% nitrogen. The oxygen
concentration in the chamber was continuously monitored using an oxygen analyzer
(Vascular Technology Inc, Nashua, NH). A heating pad was placed inside the plexiglass
chamber to maintain the body temperature of mice. Mice from each experimental group
were treated with 100 pL of different formulations by intraperitoneal injection. The dose
of siRNA and ASO was 13 nmoles/mouse (173 and 80 ug siRNA and ASO,
respectively). After treatment, mice were immediately exposed to either normoxia or
normobaric hypoxia for a period of two hours after which they were sacrificed. The
organs were excised and divided in four portions. Three portions were frozen for
subsequent lactate, apoptosis, protein and RNA analyses, while the other portion was

stored in 10% phosphate buffered formalin for further histological evaluation.

7.2.3 Liposomal delivery of ASO and siRNA targeted to JNK1 mRNA

The sequence of antisense oligonucleotides targeted to JNK1 mRNA was 5'— CTC TCT

GTA GGC CCG CTT GG - 3'[116]. The DNA backbone of all bases in oligonucleotides

was P-ethoxy modified to enhance nuclease resistance and increase incorporation
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efficacy into liposomes. P-ethoxy modification of oligonucleotides neutralizes negative
charge of their DNA backbone making the ASO neutral. Antisense oligonucleotides were
synthesized by Oligos Etc. (Wilsonville, OR) according to our design. Neutral liposomes
were used to deliver neutral antisense oligonucleotides to cells. Neutral liposomes were
prepared using previously described lipid film rehydration method [2,13,112,151].
Briefly, lipids (Avanti Polar Lipids, Alabaster, AL) were dissolved in chloroform,
evaporated to a thin film in a rotary evaporator, and rehydrated with citrate buffer. The
lipid ratio was 7:3:10 (egg phosphatidylcholine: 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine: cholesterol). Oligonucleotides were loaded into the liposomes by
dissolving them in the rehydration buffer at concentrations of ~1.4 mM. The liposomes
were extruded gradually using polycarbonate membranes 200 nm and 100 nm at room
temperature using extruder device from Northern Lipids Inc (Vancouver, BC, Canada).
The encapsulation efficacy ranged from 50 to 60% in different series of experiments. The
mean liposome diameter was about 100-200 nm. The sequence of siRNA targeted to
exon 1 JNK1 mRNA (sense sequence GGA GCU CAA GGA AUA GUA UTT) was
selected based on the results of our preliminary experiments. siRNA was synthesized by
Ambion (Austin, TX). siRNA possesses negative charge requiring positively charged
(cationic) liposomes to form stable complexes. Cationic liposomes were prepared from
positively charged dioleoyl-2-trimethylammonium propane - DOTAP (Avanti Polar
Lipids, Alabaster, AL) in concentration 5 mg/mL using thin layer procedure described
above and followed by extrusion through 100 nm polycarbonate membrane. The siRNA
was dissolved in RNase free water at a concentration of 400 uM. To this solution,

appropriate volume of DOTAP (5 mg/mL) was added, mixed by pipette and incubated for
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30 minutes at room temperature. The molar ratio of sSiRNA: DOTAP was ~1:100.

Resulting siRNA-cationic liposome complex was used in the studies.

7.2.4 Lactic acid and protein concentration

Approximately 30-40 mg of tissues (lung, heart, brain, liver, kidney and spleen) were
weighed, lysed in Ripa buffer (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA) and
homogenized using Ultra Turrax T-25 basic homogenizer (IKA Works, Wilmington,
NC). To confirm the existence of cellular hypoxia, the concentration of lactic acid in
tissue homogenates was measured by an enzymatic assay kit (Sigma, St. Louis, MO) and
was expressed per g of protein determined using the BCA protein assay kit (Pierce,

Rockford, IL).

7.2.5 Gene expression

Quantitative RT-PCR was used for the analysis of genes encoding JNK1, caspase 9 and
B-actin as previously described [2,112,113,149]. RNA was isolated using an RNeasy kit
(Qiagen, Valencia, CA). Approximately 25-30 mg of tissue was homogenized in lysis
buffer using Ultra Turrax T-25 basic homogenizer (IKA Works, Wilmington, NC). The
following pair of primers were used: INK1, 5' -TTGGAACACCATGTCCTGAA - 3'
(sense) and 5'— ATG TAC GGG TGT TGG AGA GC — 3' (antisense); caspase 9, 5' —
TGA CTG CCA AGA AAA TGG TG - 3' (sense) and 5' — CAG CTG GTC CCA TTG

AAG AT - 3' (antisense); and B-actin, 5' -GAC AAC GGC TCC GGC ATG TGC A - 3'
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(sense) and 5' -TGA GGA TGC CTC TCT TGC TCT G- 3' (antisense). PCR products
were separated in 4% NuSieve 3:1 Reliant agarose gel (Lonza, Allendale, NJ) in 1X TBE
buffer (0.089 M Tris/Borate, 0.002 M EDTA, pH 8.3; Research Organics Inc., Cleveland,
OH) by gel electrophoresis. Gene expression was calculated as the ratio of analyzed RT-

PCR product to the internal standard ($-actin).

7.2.6 Protein expression

To confirm RT-PCR data the expression of JNK1 protein and caspase 9 were measured

by two methods: Western immunoblotting analysis and immunohistochemistry.

Western Immunoblotting

The identification of the above proteins was determined by Western immunoblotting
analysis and processed using scanning densitometry to quantify the expressed protein. To
this end, approximately 30-40 mg of each tissue was weighed, lysed in Ripa buffer (Santa
Cruz Biotechnologies, Inc., Santa Cruz, CA) and homogenized using Ultra Turrax T-25
basic homogenizer (IKA Works, Wilmington, NC). Following incubation on ice for 45
minutes, the tissues were centrifuged at 10,000 g for 10 min. Protein content in the
supernatant was determined using the BCA Protein Assay Kit (Pierce, Rockford, IL) and
40 pg of protein was run on a 15% sodium dodecyl sulphate (SDS) polyacrylamide gel
immersed in Tris/Glycine/SDS buffer (BioRad, Hercules, CA) for 90 minutes at 70 V.

Proteins were transferred to an Immobilon-P nitrocellulose membrane (Millipore,
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Bedford, MA) in a Tris/Glycine buffer (BioRad, Hercules, CA) for 90 minutes at 100 V.
The membrane was blocked in non-fat milk for 2 h at room temperature on a rotating
shaker to prevent non-specific binding, washed and incubated overnight with anti-JNK1
mouse primary antibody (1:2,000 dilution, Cell Signaling Technology, Inc., Beverly,
MA), anti-caspase 9 rabbit primary antibody (1:2,000 dilution, Stress Gen
Biotechnologies, Victoria State, BC Canada) and anti-B-actin mice primary antibody
(1:2,000 dilution, Oncogene Research, San Diego, CA) at 4°C. Following further
washing, the membrane was immersed in goat anti-rabbit and goat anti-mouse IgG
biotinylated antibody (1:3000 and 1:1000 dilution, respectively, BioRad, Hercules, CA)
at room temperature for 1.5 h on a rotating shaker. Bands were visualized using an
alkaline phosphatase color development reagent (BioRad, Hercules, CA). The bands were
digitally photographed and scanned using Gel Documentation System 920 (NucleoTech,
San Mateo, CA). B-Actin was used as an internal standard to normalize protein
expression. Protein expression was calculated as the ratio of mean band density of

analyzed protein to that of the internal standard (B-actin).

Immunohistochemistry

The identification of the JNK1 protein was also made by immunohistochemical staining
of paraffin embedded tissue sections. After deparaffinization and rehydration, the slides
were stained using Vector® M.O.M. Immunodetection Kit (Vector Laboratories, Inc.,
Burlingame, CA). Mouse monoclonal antibody to JNK1 (Cell Signaling Technology,

Inc., Beverly, MA, 1:40 dilution) was used as primary antibody for detection.
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Biotinylated anti-mouse IgG Reagent (1:250 dilution, Vector Laboratories, Inc.,
Burlingame, CA) and HSP-Streptavidine Detection System (1:500 dilution, Vector
Laboratories, Inc., Burlingame, CA) in combination with DAB substrate kit for
peroxidase were used for visualization. After staining the slides were analyzed by light

microscopy and photographed.

7.2.7 Apoptosis

Apoptosis was analyzed by measuring the enrichment of histone-associated DNA

fragments (mono- and oligo-nucleosomes) in tissue homogenates using anti-histone and

anti-DNA antibodies by a cell death detection ELISA Plus kit (Roche, Nutley, NJ) as

previously described [2,13,107,108].

7.2.8 Statistical analysis

Data obtained were analyzed using descriptive statistics, single factor analysis of variance

(ANOVA) and presented as mean value + SD from 4 to 8 independent measurements.

The difference between variants was considered significant if P < 0.05.

7.3 Veterinary care

Veterinary care followed the guidelines described in the guide for the care and use of

laboratory animals (AAALAC) as well as the requirements established by the Rutgers
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Institutional Animal Care and Use Committee (IACUC). Animal experiments were

performed according to the Rutgers IAUC protocol # 04-007.

7.4 Results

7.4.1 Intracellular localization of liposomes, antisense oligonucleotides and siRNA

The use of ASO or siRNA to suppress the expression of a specific mRNA is limited by
their low ability to penetrate the cellular plasma membrane and interfere with cell genetic
material. Therefore, an appropriate delivery system is required to enhance the cell
penetration of ASO and siRNA. As shown in Chapter 6 and previous work conducted in
our laboratory, we have successfully used liposomes to deliver genetic material [12,13]
[12,13,115]. To show that liposomes and incorporated ASO/siRNA can penetrate into the
cellular cytoplasm and nuclei, liposomes were labeled with Cy5.5; ASO were labeled
with fluorescein isothiocyanate (FITC) and siRNA were labeled with FAM (siGLO
green). The labeled substances were incubated with human embryonic kidney 293 cells
for 2 hours and visualized by confocal microscopy. Typical images obtained in these
experiments are presented in Fig. 7.1. Confocal microscope images show that Cy5.5
labeled neutral and cationic liposomes (red fluorescence) penetrated and accumulated
inside cells (Fig. 7.1 A, B). Further confocal microscopy analysis showed that antisense
oligonucleotides and siRNA delivered by liposomes also were successfully internalized
by cells and accumulated in the cytoplasm (Fig. 7.1 C, D). In addition, ASO delivered by

liposomes demonstrated an efficient nuclear penetration (Fig. 7.1, C). Therefore, it was
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shown that liposomes could penetrate human cells and deliver genetic material in the

cytoplasm and cellular nuclei.

7.4.2 Development of hypoxia model in vivo

Based on the alveolar gas equation and concentration of oxygen used in in vitro studies,
the value for oxygen concentration that was calculated for use in in vivo studies was 8%.
Studies were conducted by inducing hypoxia in mice using a gas mixture with 8%
oxygen and balance nitrogen for two hours. At the end of the experiment, mice were
sacrificed, their organs excised and analyzed for lactate levels, JNK1 gene and protein
expression. In addition, a histological analysis of hypoxic damage of tissues was
performed. Results of lactate levels for each tissue from these studies indicated that
although hypoxia was achieved in mice with exposure to 8% oxygen, the degree of
hypoxic damage was not severe. Lactate levels under hypoxia were found to be slightly
higher than those under normoxia (data not shown). Results of gene and protein
expression studies indicated mild overexpression of JNK1 gene and protein. Histological
analysis showed that hypoxic changes in tissues were not significant. Based of these
results, we increased the severity of hypoxic exposure by decreasing oxygen

concentration in inhalation mixture down to 6%.

Hypothermia is known to have protective effects on hypoxia-induced lethality. Moderate
hypothermia has shown to improve survival [168-171]. The exact mechanism for this

protection is not known. Since hypothermia could potentially be activated in mice under
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hypoxia, this mechanism was suppressed by increasing the body temperature of mice by

utilizing a heating pad (37°C) in the hypoxia chamber for the duration of the experiment.

7.4.3 Suppression of JNK1 decreases apoptosis under hypoxia

Hypoxia was induced in mice by inhalation of gas mixture containing 6% oxygen and
balance nitrogen for two hours. Control mice (normoxia, 1) breathed room air in similar
chamber as animals with hypoxia. As was mentioned above, tissue level of lactate was
used as an indicator of tissue hypoxia. Significant lactate accumulation was observed in
tissues indicating that hypoxia was achieved accompanied by activation of anaerobic
glycolysis. Figure 7.2 shows the average relative increase in lactate levels represented by
the ratio of lactate level in studied tissues under hypoxia to that under normoxia. The
lactate levels showed the highest increase in brain, followed by heart, spleen and lungs.
The severity of hypoxia was not influenced by suppression of JNK1 and did not change

the concentration of lactic acid in normoxic and hypoxic conditions.

Hypoxia significantly (P < 0.05) increased the expression of JNK1 mRNA as shown in
Figure 7.3a for lung, heart and brain (bar #2). Empty liposomes did not appear to have an
influence on the expression of INK1 gene under hypoxia. In contrast, liposomal ASO and
siRNA targeted to JNK1 mRNA significantly (P < 0.05) decreased the expression of
JNKI gene and prevented its overexpression under hypoxia. The expression of JNK1
gene under hypoxia after treatment with liposomal ASO and siRNA was significantly (P

< 0.05) lower when compared with untreated control. This suppression of JINK1 was
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highly pronounced in heart, followed by lung. In brain, the suppression of JNK1 was also
found, but to a lower extent, possibly due to inefficient penetration of liposomal delivery
system through the blood-brain barrier (BBB). Immunohistochemical analysis of INK1
protein confirms the gene expression data. It was found that hypoxia induced the
expression of INK1 protein in all studied organs. Liposomal ASO and siRNA targeted to
JNKI1 mRNA substantially downregulated JNK 1. However, in the brain there was

marginal decrease in the overexpression of JNK1 protein (Fig. 7.3 b).

The upregulation of INK1 gene and protein under hypoxia led to the overexpression of
procaspase 9 and active caspase 9 (Fig. 7.4). The activation of caspase-dependent
signaling pathway of apoptosis led to significant (P < 0.05) apoptosis induction under
hypoxia (Fig. 7.5). Empty liposomes did not influence pro- and active caspase 9
expression. Suppression of INK1 gene and protein in mice treated with liposomal ASO
and siRNA targeted to JNK1 mRNA led to significant decrease in the expression of pro-
and active caspase 9 in lung and heart. Consequently, apoptotic cell death under hypoxia
for those treatments significantly decreased as observed in Figure 7.5, bars 4 and 5. In
brain, apoptosis could not be inhibited likely because liposomes used for the delivery of

ASO and siRNA did not cross the BBB.

7.4.4 Morphology/Histological analysis

As an example of tissue histological changes, we used lung tissues of mice exposed to

6% oxygen for 2 hours. Hematoxylin-eosin stain in lung tissue under normoxia and
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hypoxia showed that hypoxia led to serious lung injury. In addition to apoptosis, hypoxia
leads to necrotic cell death. As shown in the bottom panel of Figure 7.6, lung tissue
edema is observed under hypoxia (no treatment). In mice treated with liposomal ASO and
siRNA targeted to JNK1 mRNA, necrotic damage and edema produced by hypoxia were

significantly less pronounced.

7.5 Discussion

Tissue hypoxia is often a concomitant manifestation of the primary disorders caused by
environmental impacts, stress and diseases of different etiology. This secondary tissue
hypoxia and accompanying cellular metabolic disorders complicate the progress of the
primary disease and/or the normal physiological adaptive responses to the damaging
environmental impacts. Based on our previous research and literature data [16,112], we
suggested that the most effective strategy which can lead to substantial limitation of
tissue damage under the conditions of continuous severe secondary hypoxia is the
increase in cellular resistance against hypoxia. Jun N-terminal kinase, attracted our
attention as a key regulator of cellular damage under different stresses including hypoxia
[5-7,151]. We have shown that antisense oligonucleotides and siRNA targeted to INK1
mRNA delivered using a nanoscale liposomal delivery system in an in vitro cell model of
hypoxia was effective in breaking the cell death signal induced by severe hypoxia. In the
present research, we confirmed these results in an in vivo mouse model of hypoxia. We
showed that suppression of INK1 gene and protein led to significant decrease in

apoptotic cell death by limitation of the caspase-dependent apoptotic signaling pathway.
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Severe hypoxia induces significant damage in all studied tissues. The mechanisms of
hypoxic damage are complicated and not well understood. We studied effect of hypoxia
mainly in three organs, lung, heart and brain. In the case of lung, hypoxia has been shown
to induce destructive-exudative changes within lung parenchyma including surfactant
forming structures, edematous changes and damage to the alveolar lining. Activation of
lipid peroxidation and limitation in cellular antioxidant defense during hypoxia also
contribute to lung injury [112]. In the present study, however, the lipid peroxidation
pathway was not investigated. A variety of experimental and clinical studies have
demonstrated that chronic hypoxia, whether constant or intermittent, has major effects on
heart structure and function [172]. Brain is an active tissue in terms of glucose
metabolism and almost all the energy supplied to maintain its vital functions is derived
from glucose oxidation. Hypoxia leads to restriction of glucose supply and metabolism,
which leads to cerebral edema and infarct. Under hypoxic conditions, the anaerobic
glycolytic pathway is activated which is known to induce cerebral edema formation as a
consequence of depletion of ATP and accumulation of lactate in cerebral tissues. In our
investigations, increased lactate levels were observed in all studied tissues under hypoxia

when compared with normoxia.

In the lung and heart, we showed that suppression of JNK1 gene and protein using a
liposomal delivery system led to significant decrease in apoptotic cell death by limitation

of the caspase-dependent apoptotic signaling pathway. However in brain, this suppression
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was marginal, likely due to poor penetration of the liposomes across the blood-brain
barrier.

The present studies provide confirmation of the role of INK1 gene in the modulation of
cell death due to hypoxia. Our in vitro and in vivo studies demonstrate that remediation of
cell damage resulting from hypoxia can be achieved by suppression of JNK1. Literature
evidence indicates that JNK is also activated during reperfusion following ischemia in rat
heart as well as during hypoxia/reoxygenation [116]. A strong correlation between JNK
activation and apoptosis induction has been described previously in heart and kidney
exposed to ischemia/reperfusion [173]. Injury resulting from ischemia/reperfusion has
been identified as a major stimulus for organ dysfunction and cellular death in several
disease states including angina and myocardial infarction. The future direction of the
investigations in our laboratory may focus on ischemia/reperfusion injury in the context

of activation of JNK1.

7.6 Conclusion

The selected ASO and siRNA delivered by neutral and cationic liposomes demonstrated
showed high efficiency in suppressing JNK1 protein. Such suppression prevented
activation of caspase-dependent apoptotic signaling pathway under hypoxia. It decreased
hypoxic activation of apoptosis close to normal levels and consequently limited cellular
mortality induced by severe cellular hypoxia. The in vivo results corroborate the data

obtained in vitro. Therefore, INK1 protein might be an attractive target for antihypoxic
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therapy to increase resistance to many pathological conditions and diseases leading to

oxygen deficit.
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A. Neutral liposomes- B. Cationic liposomes-
_ Cy5.5

5pm

C. Neutral liposomes- D. Cationic Iiposomes-
ASO-FITC siRNA-FAM

Figure 7.1. Intracellular localization of neutral and cationic liposomes, ASO and siRNA
delivered by neutral and cationic liposomes, respectively. Typical images of 293 cells
incubated 120 min with substanced indicated. Neutral and cationic liposomes were

labeled with Cy5.5 (red fluorescence), ASO were labeled with FITC (green), siRNA were
labeled with FAM (siGLO green).
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Figure 7.2. Accumulation of lactic acid in different organs under hypoxia. (A) Absolute
values. (B) Lactate growth under hypoxia relative to normoxia values. Hypoxia was
induced in mice by the inhalation of gas mixture containing 6% of O, for 2 hours. Means
+ SD are shown. *P < 0.05 when compared with normoxia.
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Figure 7.3. Expression of JNK1 gene and protein in mouse organs under normoxia and
hypoxia. Hypoxia was induced in mice by the inhalation of gas mixture containing 6% O>
for 2 hours. Control mice (normoxia, 1) breathed room air in the same chamber as
animals with hypoxia. Mice were treated with saline (control, 1, 2) and indicated
substances (3-6) immediately before hypoxic exposure. (a) Typical gel electrophoresis
images of RT-PCR products and average expression of JNK1 gene. Gene expression was
calculated as a ratio of band intensity of JNK1 gene to that of internal standard (b-actin).
Means + SD are shown. *P <0.05 when compared with control. (b) Typical images of
tissue section stained with antibody against JNK 1 protein. Dark color indicates high
protein expression.
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Figure 7.4. Expression of caspase 9 in mouse organs under normoxia and hypoxia.
Hypoxia was induced in mice by the inhalation of gas mixture containing 6% O, for 2
hours. Control mice (normoxia, 1) breathed room air in the same chamber as animals
with hypoxia. Mice were treated with saline (control, 1, 2) and indicated substances (3-6)
immediately before hypoxic exposure. (a) Typical images of Western blotting
membranes stained with antibodies against caspase 9. (b) Average expression of caspase
9 calculated as a ratio of band intensity of caspase 9 to that of internal standard (b-actin).
Means = SD are shown. *P < 0.05 when compared with control.
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Figure 7.5. Apoptosis induction by hypoxia in different organs. Hypoxia was induced in
mice by the inhalation of gas mixture containing 6% of O, for 2 hours. Mice were treated
with saline (control, 1) and indicated substances (2-5) immediately before hypoxic
exposure. Means + SD are shown. *P < 0.05 when compared with normoxia. +P < 0.05
when compared with hypoxia treated with saline.
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Figure 7.6. Lung tissue histology showing hematoxylin-eosin stain under normoxia and
hypoxia (top and bottom panels, respectively). Hypoxia leads to apoptotic and necrotic
cell death. Lung tissues in mice treated with ASO and siRNA targeted to JNK1 showed
decrease in tissue necrosis and edema.
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